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1 Topics

The study of compact objects such as white dwarfs, neutron stars, and black
holes requires the interplay between nuclear and atomic physics together
with relativistic field theories, e.g., general relativity, quantum electrodynam-
ics, quantum chromodynamics, as well as particle physics. In addition to the
theoretical physics aspects, the study of astrophysical scenarios characterized
by the presence of at least one of the above compact objects is the focus of ex-
tensive research within our group, e.g. physics of pulsars. This research can
be divided into the following topics:

* Nuclear and Atomic Astrophysics. We study the properties and pro-
cesses occurring in compact stars in which nuclear and atomic physics
have to be necessarily applied. We focus on the properties of nuclear
matter under extreme conditions of density, pressure, and temperature
in compact star interiors. The matter equation of state is studied in
detail taking into account all the interactions between the constituents
within a fully relativistic framework.

* White Dwarfs Physics and Structure. The aim of this part of our re-
search is the construction of the white dwarf structure within a self-
consistent description of the equation of state of the interior together
with the solution of the hydrostatic equilibrium equations in general
relativity. Non-magnetized, magnetized, non-rotating, and rotating white
dwarfs are studied. The interaction and evolution of a central white
dwarf with a surrounding disk, as occurred in the aftermath of white
dwarf binary mergers, is also a subject of study.

* White Dwarfs Astrophysics. We are interested in the astrophysics of
white dwarfs both isolated and in binaries. Magnetized white dwarfs,
soft gamma repeaters, anomalous X-ray pulsars, white dwarf pulsars,
cataclysmic variables, binary white dwarf mergers, and type Ia super-
novae are studied. The role of a realistic white dwarf interior structure
is particularly emphasized.
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1 Topics

Neutron Stars Physics and Structure. We calculate the properties of the
interior structure of neutron stars using realistic models of the nuclear
matter equation of state within the general relativistic equations of equi-
librium. Strong, weak, electromagnetic, and gravitational interactions
have to be jointly taken into due account within a self-consistent fully
relativistic framework. Non-magnetized, magnetized, non-rotating, and
rotating neutron stars are studied.

Neutron Stars Astrophysics. We study astrophysical systems harbor-
ing neutron stars such as isolated and binary pulsars, low and inter-
mediate X-ray binaries, and merging double neutron stars and neutron
star-white dwarf binaries. Most extreme cataclysmic events involving
neutron stars and their role in the explanation of extraordinarily ener-
getic astrophysical events such as gamma-ray bursts are analyzed in
detail.

Black Hole Physics and Astrophysics. We study the role of black holes
in relativistic astrophysical systems such as gamma-ray bursts, active
galactic nuclei, and galactic cores. Special attention is given to the ap-
plication of the theory of test particle motion both in the neutral and
charged case, as well as to general relativity tests.

Radiation Mechanisms of Compact Objects. We here study possible
emission mechanisms of compact objects such as white dwarfs, neu-
tron stars, and black holes. We are interested in the electromagnetic,
neutrino, and gravitational-wave emission in compact object magneto-
spheres, and accretion disks surrounding them, as well as inspiraling
and merging relativistic binaries (double neutron stars, neutron star-
white dwarfs, white dwarf-white dwarf, and neutron star-black holes).
We also study the radiation from particle acceleration in the vicinity of
stellar-mass and supermassive black holes by surrounding electromag-
netic fields.

Exact and Numerical Solutions of the Einstein and Einstein-Maxwell
Equations in Astrophysics. We analyze the ability of analytic exact so-
lutions of the Einstein and Einstein-Maxwell equations to describe the
exterior spacetime of compact stars such as white dwarfs and neutron
stars. For this, we compare and contrast exact (analytic) solutions with
numerical solutions of the stationary axisymmetric Einstein equations.
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The problem of matching between interior and exterior spacetime is
addressed in detail. The effect of the quadrupole moment on the prop-
erties of the spacetime is also investigated. Particular attention is given
to the application of exact solutions in astrophysics, e.g. the dynamics
of particles around compact stars and their relevance in astrophysical
systems such as X-ray binaries and gamma-ray bursts.

Critical Fields and Non-linear Electrodynamics Effects in Astrophysics.
We study the conditions under which ultrastrong electromagnetic fields
can develop in astrophysical systems such as neutron stars and in the
process of gravitational collapse to a black hole. The effects of non-
linear electrodynamics minimally coupled to gravity are investigated.
New analytic and numeric solutions to the Einstein-Maxwell equations
representing black holes or the exterior field of a compact star are ob-
tained and analyzed. The consequences on extreme astrophysical sys-
tems, for instance, gamma-ray bursts, are studied.
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3 Publications 2022

3.1 Refereed Journals

3.1.1 Printed

1. Sousa, M. E; Coelho, J. G.; de Araujo, J. C. N.; Kepler, S. O.; Rueda, J.
A., The double white dwarf merger progenitors of SDSS J2211+1136 and ZTF
J1901+1458, The Astrophysical Journal, 941, 28, 2022.

Double white dwarf (DWD) mergers are possibly the leading formation
channel of massive, rapidly rotating, high-field magnetic white dwarfs
(HFMWDs). However, the direct link connecting a DWD merger to any
observed HFMWD is still missing. We here show that the HFMWDs
SDSS J2211+1136 and ZTF J1901+1458, might be DWD merger prod-
ucts. J2211+1136 is a 1.27 M WD with a rotation period of 70.32 s and
a surface magnetic field of 15 MG. J1901+1458 is a 1.327-1.365 M. WD
with a rotation period of 416.20 s, and a surface magnetic field in the
range 600-900 MG. With the assumption of single-star evolution, the
currently measured WD masses and surface temperatures, the cooling
ages of J2211+1136 and J1901+1458 are, respectively, 2.61-2.85 Gyr and
10-100 Myr. We hypothesize that these WDs are DWD merger products
and compute the evolution of the post-merged configuration formed
by a central WD surrounded by a disk. We show that the post-merger
system evolves through three phases depending on whether accretion,
mass ejection (propeller), or magnetic braking dominates the torque
onto the central WD. We calculate the time the WD spends in each of
these phases and obtain the accretion rate and disk mass for which the
WD rotational age, i.e., the total time elapsed since the merger to the
instant where the WD central remnant reaches the current measured
rotation period, agrees with the estimated WD cooling age. We infer
the mass values of the primary and secondary WD components of the
DWD merger that lead to a post-merger evolution consistent with the
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observations.

. Carvalho, G. A.; Anjos, R. C. dos; Coelho, J. G.; Lobato, R. V.; Malheiro,

M.; Marinho, R. M.; Rodriguez, J. F; Rueda, J. A.; Ruffini, R., Orbital
decay of double white dwarfs: beyond gravitational-wave radiation effects, The
Astrophysical Journal, 940, 90, 2022.

The traditional description of the orbital evolution of compact-object
binaries, like double white dwarfs (DWDs), assumes that the system is
driven only by gravitational wave (GW) radiation. However, the high
magnetic fields with intensities of up to gigagauss measured in WDs
alert a potential role of electromagnetic (EM) emission in the evolution
of DWDs. We evaluate the orbital dynamics of DWDs under the effects
of GW radiation, tidal synchronization, and EM emission by a unipo-
lar inductor generated by the magnetic primary and the relative mo-
tion of the non-magnetic secondary. We show that the EM emission can
affect the orbital dynamics for magnetic fields larger than megagauss.
We applied the model to two known DWDs, SDSS J0651+2844 and ZTF
J1539+5027, for which the GW radiation alone does not fully account
for the measured orbital decay rate. We obtain upper limits to the pri-
mary’s magnetic field strength, over which the EM emission causes an
orbital decay faster than observed. The contribution of tidal locking and
the EM emission is comparable, and together they can contribute up to
20% to the measured orbital decay rate. We show that the gravitational
waveform for a DWD modeled as purely driven by GWs and including
tidal interactions and EM emission can have large relative dephasing
detectable in the mHz regime of frequencies relevant for space-based
detectors like LISA. Therefore, including physics besides GW radiation
in the waveform templates is essential to calibrate the GW detectors
using known sources, e.g., ZTF J1539+5027, and to infer binary param-
eters.

. Rueda, J. A,; Li, Liang; Moradi, R.; Ruffini, R.; Sahakyan, N.; Wang, Y.,

On the X-Ray, Optical, and Radio Afterglows of the BidHN I GRB 180720B
Generated by Synchrotron Emission, The Astrophysical Journal, 939, 62,
2022.

Gamma-ray bursts (GRBs) are systems of unprecedented complexity
across the electromagnetic spectrum, including the radio, optical, X-
rays, gamma-rays in the megaelectronvolt (MeV) and gigaelectronvolt
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3.1 Refereed Journals

(GeV) regime, as well as ultrahigh-energy cosmic rays (UHECRs), each
manifested in seven specific physical processes with widely different
characteristic evolution timescales ranging from 104 s to 107 s or longer.
We here study the long GRB 180720B originating from a binary system
composed of a massive carbon-oxygen (CO) star of about 10M, and a
companion neutron star (NS). The gravitational collapse of the CO star
gives rise to a spinning newborn NS (vNS), with an initial period of
Py = 1 ms that powers the synchrotron radiation in the radio, optical,
and X-ray wavelengths. We here investigate solely the GRB 180720B
afterglows and present a detailed treatment of its origin based on the
synchrotron radiation released by the interaction of the YNS and the SN
ejecta. We show that in parallel to the X-ray afterglow, the spinning vNS
also powers the optical and radio afterglows and allows to infer the YNS
and ejecta parameters that fit the observational data.

. Rueda, J. A; Ruffini, R.; Li, L.; Moradi, R.; Rodriguez, J. E; Wang, Y.,
Evidence for the transition of a Jacobi ellipsoid into a Maclaurin spheroid in
gamma-ray bursts, Physical Review D, 106, 083004, 2022.

In the binary-driven hypernova (BAHN) scenario, long gamma-ray bursts
(GRBs) originate in a cataclysmic event that occurs in a binary system
composed of a carbon-oxygen (CO) star and a neutron star (NS) com-
panion in close orbit. The collapse of the CO star generates at its center
a newborn NS (vNS), and a supernova (SN) explosion. Matter from the
ejecta is accreted both onto the VNS because of fallback and onto the
NS companion, leading to the collapse of the latter into a black hole
(BH). Each of the ingredients of the above system leads to observable
emission episodes in a GRB. In particular, the vNS is expected to show
up (hereafter vYNS-rise) in the early GRB emission, nearly contemporary
or superimposed to the ultrarelativistic prompt emission (UPE) phase,
but with a different spectral signature. Following the vNS-rise, the vNS
powers the afterglow emission by injecting energy into the expanding
ejecta leading to synchrotron radiation. We here show that the vNS-rise
and the subsequent afterglow emission in both systems, GRB 180720B
and GRB 190114C, are powered by the release of rotational energy of
a Maclaurin spheroid, starting from the bifurcation point to the Jacobi
ellipsoid sequence. This implies that the vINS evolves from a triaxial
Jacobi configuration, prior to the vNS-rise, into the axially symmetric
Maclaurin configuration observed in the GRB. The triaxial vNS config-

1117



3 Publications 2022

uration is short-lived (less than a second) due to a copious emission of
gravitational waves, before the GRB emission, and it could be in princi-
ple detected for sources located at distances closer than 100 Mpc. This
appears to be a specific process of emission of gravitational waves in
the BAHN I powering long GRBs.

Becerra, L. M.; Moradi, R.; Rueda, J. A.; Ruffini, R.; Wang, Y., First min-
utes of a binary-driven hypernova , Physical Review D, 106, 083002, 2022.

We simulate the first minutes of the evolution of a binary-driven hy-
pernova (BAHN) event, with a special focus on the associated accretion
processes of supernova (SN) ejecta onto the newborn neutron star (VNS)
and the NS companion. We calculate the rotational evolution of the YNS
and the NS under the torques exerted by the accreted matter and the
magnetic field. We take into account general relativistic effects through
effective models for the NSs binding energy and the specific angular
momentum transferred by the accreted matter. We use realistic hy-
percritical accretion rates obtained from three-dimensional smoothed-
particle-hydrodynamics (SPH) numerical simulations of the BAHN for
a variety of orbital periods. We show that the rotation power of the YNS
has a unique double-peak structure while that of the NS has a single
peak. These peaks are of comparable intensity and can occur very close
in time or even simultaneously depending on the orbital period and the
initial angular momentum of the stars. We outline the consequences of
the above features in the early emission and their consequent observa-
tion in long gamma-ray bursts.

. Rastegarnia, F; Moradi, R.; Rueda, J. A.; Ruffini, R,; Li, Liang; Es-

lamzadeh, S.; Wang, Y.; Xue, S. S., The structure of the ultrarelativistic
prompt emission phase and the properties of the black hole in GRB 1807208,
The European Physical Journal C, 82, 778, 2022.

In analogy with GRB 190114C, we here analyze the ultra-relativistic
prompt emission (UPE) of GRB 180720B observed in the rest-frame time
interval t,y = 4.84-10.89 s by Fermi-GBM. We reveal the UPE hierar-
chical structure from the time-resolved spectral analysis performed in
time sub-intervals: the spectrum in each shorter time interval is always
titted by a composite blackbody plus cutoff power-law model. We ex-
plain this structure with the inner engine of the binary-driven hyper-
nova (BAHN) model operating in a quantum electrodynamics (QED)
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regime. In this regime, the electric field induced by the gravitomag-
netic interaction of the newborn Kerr BH with the surrounding mag-
netic field is overcritical, i.e., E > E., where E; = m2c®/(el). The over-
critical field polarizes the vacuum leading to an e™ e~ pair plasma that
loads baryons from the surroundings during its expansion. We calcu-
late the dynamics of the self-acceleration of the pair-electromagnetic-
baryon (PEMB) pulses to their point of transparency. We character-
ize the quantum vacuum polarization process in the sequences of de-
creasing time bins of the UPE by determining the radiation timescale,
Lorentz factors, and transparency radius of the PEMB pulses. We also
estimate the strength of the surrounding magnetic field ~ 10 G and
obtain a lower limit to the BH mass, M = 2.4 M, and correspondingly
an upper limit to the spin, & = 0.6, from the conditions that the UPE is
powered by the Kerr BH extractable energy and its mass is bound from
below by the NS critical mass.

. Wang, Yu; Rueda, J. A,; Ruffini, R.; Moradi, R.; Li, Liang; Aimuratov,
Y.; Rastegarnia, F.; Eslamzadeh, S.; Sahakyan, N.; Zheng, Yunlong, GRB
190829A-A showcase of binary late evolution, The Astrophysical Journal,
936, 190, 2022.

GRB 190829A is the fourth closest gamma-ray burst (GRB) to date (z =
0.0785). Owing to its wide range of radio, optical, X-ray, and very-
high-energy (VHE) observations by H.E.S.S., it has become an essen-
tial new source examined by various models with complementary ap-
proaches. We here show in GRB 190829A the double-prompt pulses
and the three-multiwavelength afterglows are consistent with the type
IT binary-driven hypernova (BAHN II) model. The progenitor is a bi-
nary composed of a carbon-oxygen (CO) star and a neutron star (NS)
companion. The gravitational collapse of the iron core of the CO star
produces a supernova (SN) explosion and leaves behind a new neu-
tron star (vNS) at its center. The accretion of the SN ejecta onto the NS
companion and onto the vNS via matter fallback spins up the NSs and
produces the double-peak prompt emission. The synchrotron emission
from the expanding SN ejecta with the energy injection from the rapidly
spinning vNS and its subsequent spin-down leads to the afterglow in
the radio, optical, and X-ray. We model the sequence of physical and
related radiation processes in BdHNe and focus on individuating the
binary properties that play the relevant roles.
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8.

Rueda, J. A.; Ruffini, R.; Kerr, R. P., Gravitomagnetic interaction of a Kerr
black hole with a magnetic field as the source of the jetted GeV radiation of
gamma-ray bursts, The Astrophysical Journal, 929, 56, 2022.

We show that the gravitomagnetic interaction of a Kerr black hole (BH)
with a surrounding magnetic field induces an electric field that accel-
erates charged particles to ultra-relativistic energies in the vicinity of
the BH. Along the BH rotation axis, these electrons/protons can reach
energies of even thousands of petaelectronvolts, so stellar-mass BHs in
long gamma-ray bursts (GRBs) and supermassive BHs in active galactic
nuclei can contribute to the ultrahigh-energy cosmic rays through this
mechanism. At off-axis latitudes, the particles accelerate to energies of
hundreds of gigaelectronvolts and emit synchrotron radiation at giga-
electronvolt energies. This process occurs within 60° around the BH ro-
tation axis, and due to the equatorial symmetry, it forms a double-cone
emission. We outline the theoretical framework describing these accel-
eration and radiation processes, how they extract the rotational energy
of the Kerr BH, and the consequences for the astrophysics of GRBs.

. Arguelles, C. R.; Mestre, M. F,; Becerra-Vergara, E. A.; Crespi, V.; Krut,

A.; Rueda, J. A.; Ruffini, R., What does lie at the Milky Way centre? Insights
from the S2-star orbit precession, Monthly Notices of the Royal Astronom-
ical Society: Letters, 511, L35, 2022.

it has been recently demonstrated that both, a classical Schwarzschild
black hole (BH), and a dense concentration of self-gravitating fermionic
dark matter (DM) placed at the Galaxy center, can explain the precise as-
trometric data (positions and radial velocities) of the S-stars orbiting Sgr
A*. This result encompasses the 17 best-resolved S-stars and includes
the test of general relativistic effects such as the gravitational redshift
in the S2-star. In addition, the DM model features another remarkable
result: The dense core of fermions is the central region of a continuous
density distribution of DM whose diluted halo explains the Galactic ro-
tation curve. In this Letter, we complement the above findings by ana-
lyzing in both models the relativistic periapsis precession of the S2-star
orbit. While the Schwarzschild BH scenario predicts a unique prograde
precession for S2, in the DM scenario, it can be either retrograde or pro-
grade, depending on the amount of DM mass enclosed within the S2
orbit, which, in turn, is a function of the DM fermion mass. We show
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3.1 Refereed Journals

that all the current and publicly available data of S2 cannot discriminate
between the two models, but upcoming S2 astrometry close to the next
apocentre passage could potentially establish if Sgr A* is governed by a
classical BH or by a quantum DM system.

10. Rueda, J. A.; Ruffini, R.; Li, Liang; Moradi, R.; Sahakyan, N.; Wang,
Y., The white dwarf binary merger model of GRB 170817A, International
Journal of Modern Physics D, 31, 2230013, 2022.

Following the GRB 170817A prompt emission lasting a fraction of a sec-
ond, 108 s of data in the X-rays, optical, and radio wavelengths have
been acquired. We here present a model that fits the spectra, flux, and
time variability of all these emissions, based on the thermal and syn-
chrotron cooling of the expanding matter ejected in a binary white dwarf
merger. The 1073M, of ejecta, expanding at velocities of 10° cm 571,
are powered by the newborn massive, fast rotating, magnetized white
dwarf with a mass of 1.3M,, a rotation period of 2 12 s, and a dipole
magnetic field ~ 10'° G, born in the merger of a 1.0+0.8 M, white dwarf
binary. Therefore, the long-lasting mystery of the GRB 170817 A nature
is solved by the merger of a white dwarf binary that also explains the
prompt emission energetics.

3.1.2 Accepted for publication or in press

1. Uribe, J. D.; Rueda, ]J. A., Neutrino Flavour Oscillations in Gamma-Ray
Bursts, to be published as a chapter in the book “New phenomena and
new states of matter in the Universe: from quarks to Cosmos”, Eds.
Peter Hess, Thomas Boller, and Cesar Zen Vasconcellos, World Scientific
2021.

In the binary-driven hypernova model of long gamma-ray bursts, a
carbon-oxygen star explodes as a supernova in the presence of a neu-
tron star binary companion in close orbit. Hypercritical (i.e. highly
super-Eddington) accretion of the ejecta matter onto the neutron star
sets in, making it reach the critical mass with the consequent formation
of a Kerr black hole. We have recently shown that, during the accre-
tion process onto the neutron star, fast neutrino flavor oscillations occur.
Numerical simulations of the above system show that a part of the ejecta
keeps bound to the newborn Kerr black hole, leading to a new hyper-
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critical accretion process. We address here the occurrence of neutrino
flavor oscillations given the extreme conditions of high density (up to
10'?2 ¢ cm~3) and temperatures (up to tens of MeV) inside this disk. We
estimate the evolution of the electronic and non-electronic neutrino con-
tent within the two-flavor formalism (v,vy) under the action of neutrino
collective effects by neutrino self-interactions. We find that neutrino
oscillations inside the disk have frequencies between ~ (105—109) s 1
leading the disk to achieve flavor equipartition. This implies that the
energy deposition rate by neutrino annihilation (v +7 — e~ +e™) in
the vicinity of the Kerr black hole, is smaller than previous estimates
in the literature not accounting by flavor oscillations inside the disk.
The exact value of the reduction factor depends on the v, and v, optical
depths but can be as high as ~ 5.

. Rueda, J. A.; Ruffini, R., An Inner Engine Based on Binary-Driven Hy-

pernovae for the High-Energy Emission of Long Gamma-Ray Bursts, to be
published as a chapter in the book “New phenomena and new states
of matter in the Universe: from quarks to Cosmos”, Eds. Peter Hess,
Thomas Boller, and Cesar Zen Vasconcellos, World Scientific 2021.

A multi-decade theoretical effort has been devoted to finding an effi-
cient mechanism to use the rotational and electromagnetic extractable
energy of a Kerr-Newman black hole (BH) to power the most ener-
getic astrophysical sources, gamma-ray bursts (GRBs) and active galac-
tic nuclei (AGN). We show an efficient general relativistic electrody-
namical process that occurs in the “inner engine” of a binary-driven hy-
pernova (BAHN). The inner engine is composed of a rotating Kerr BH,
surrounded by a magnetic field of strength By, aligned and parallel to
the rotation axis, and a very low-density ionized plasma. The gravit-
omagnetic interaction between the Kerr BH and the magnetic field in-
duces an electric field that accelerates charged particles from the envi-
ronment. Along the BH rotation axis, the particles reach energies above
10'8 eV hence contributing to ultrahigh-energy cosmic rays, and at other
latitudes emit synchrotron radiation at GeV energies which explains the
high-energy emission of long GRBs observed by Fermi-LAT.
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3.1.3 Submitted for publication

1. Wang, Yu; Becerra, L. M.; Fryer, C. L.; Rueda, J. A.; Ruffini, R., GRB
171205A: Hypernova and Newborn Neutron Star, submitted to The Astro-
physical Journal. E-print: https:/ /arxiv.org/abs/2208.02725

GRB 171205A is a low-luminosity, long-duration gamma-ray burst (GRB)
associated with SN 2017iuk, a broad-line type Ic supernova (SN). It is
consistent with being formed in the core-collapse of a widely separated
binary, which we have called the binary-driven hypernova (BdHN) of
type I1I. The core-collapse of the CO star forms a newborn NS (vNS) and
the SN explosion. Fallback accretion transfers mass and angular mo-
mentum to the VNS here assumed to be born non-rotating. The accre-
tion energy injected into the expanding stellar layers powers the prompt
emission. The multiwavelength power-law afterglow is explained by
the synchrotron radiation of electrons in the SN ejecta, powered by en-
ergy injected by the spinning vNS. We calculate the amount of mass and
angular momentum gained by the vNS, as well as the vNS rotational
evolution. The vNS spins up to a period of 47 ms, then releases its rota-
tional energy powering the synchrotron emission of the afterglow. The
paucity of the VNS spin explains the low-luminosity characteristic and
that the optical emission of the SN from the nickel radioactive decay
outshines the optical emission from the synchrotron radiation. From
the VNS evolution, we infer that the SN explosion had to occur at most
7.36 h before the GRB trigger. Therefore, for the first time, the analysis
of the GRB data leads to the time of occurrence of the CO core-collapse
leading to the SN explosion and the electromagnetic emission of the
GRB event.

2. S. Campion, J. D. Uribe-Suarez, J. D. Melon Fuksman, J. A. Rueda, MeV,
GeV and TeV neutrinos from binary-driven hypernovae, submitted to Sym-
metry, Special Issue Neutrino physics and astrophysics: theory and experi-
ments.

We analyze neutrino emission channels in energetic (> 10°? erg) long
gamma-ray bursts within the binary-driven hypernova model (BAHN).
The BAHN progenitor is a binary system composed of a carbon-oxygen
star and a neutron star companion. The gravitational collapse leads to
a type Ic supernova explosion and triggers an accretion process onto
the NS. For orbital periods of a few minutes, the NS reaches the criti-
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3.2

1.

cal mass and forms a black hole. Two physical situations produce MeV
neutrinos. First, during the accretion, the NS surface emits neutrino-
antineutrino pairs by thermal production. We calculate the properties
of such a neutrino emission, including flavor evolution. Second, if the
angular momentum of the SN ejecta is high enough, an accretion disk
might form around the black hole. The disk’s high density and tem-
perature are ideal for MeV-neutrino production. We estimate the flavor
evolution of electronic and non-electronic neutrinos and find that neu-
trino oscillation inside the disk leads to flavor equipartition. This effect
reduces (compared to assuming frozen flavor content) the energy depo-
sition rate of neutrino-antineutrino annihilation into electron-positron
(ete™) pairs in the black hole vicinity. We then analyze the produc-
tion of GeV-TeV neutrinos around the newborn black hole. The inter-
action of the magnetic field surrounding the black hole with the gravit-
omagnetic field induces an overcritical electric field leading to a spon-
taneous e*e” pair creation by vacuum breakdown. The eTe™ plasma
self-accelerates due to its internal pressure, and during the expansion,
engulfs protons. The hadronic interaction of the protons in the expand-
ing plasma with the ambient protons leads to neutrino emission via the
decay chain of m-meson and u-lepton, around and far from the black
hole, along different directions. These neutrinos have energies in the
GeV-TeV regime, and we calculate their spectrum and luminosity. We
also outline the detection probability by some current and future neu-
trino detectors.

Conference Proceedings

Rueda, Jorge A.; Ruffini, Remo; Moradi, Rahim; Wang, Yu, A brief re-
view of binary driven hypernova, The Fifteenth Marcel Grossmann Meet-
ing on General Relativity. Edited by E. S. Battistelli, R. T. Jantzen, and
R. Ruffini. Published by World Scientific Publishing Co. Pte. Ltd., 2022.

The binary-driven hypernova (BAHN) model of long gamma-ray bursts
(GRBs) involves a binary system composed of a carbon-oxygen core
and a companion neutron star (NS) or a black hole (BH). This model,
tirst proposed in 2012, succeeds and improves upon the fireshell model
and the induced gravitational collapse (IGC) paradigm. After nearly a
decade of development, the BAHN model has reached a nearly com-
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plete structure, giving an explanation of all the observables of long
bursts into its theoretical framework, and has given a refined classifi-
cation of long GRBs according to the original properties of the progeni-
tors. In this article, we present a summary of the BAHN model and the
physical processes at work in each of the envisaged Episodes during its
occurrence and lifetime, duly contextualized in the framework of GRB
observations.

. Rueda, Jorge A., On the origin of the long gamma-ray burst afterglow as syn-
chrotron radiation from binary-driven hypernovae, to appear in AIP Conf.
Proc. as a contribution to the Proceedings of the 17th Italian-Korean
Symposium on Relativistic Astrophysics, held on August 2-6, 2021.

Long gamma-ray bursts show an afterglow emission in the X-rays, op-
tical, and radio wavelengths with luminosities that fade with time with
a nearly identical power-law behavior. In this talk, I present an analytic
treatment that shows that this afterglow is produced by synchrotron
radiation from the supernova ejecta associated with binary-driven hy-
pernovae.

1125






THE ASTROPHYSICAL JOURNAL, 941:28 (10pp), 2022 December 10
© 2022. The Author(s). Published by the American Astronomical Society.

OPEN ACCESS

https: //doi.org/10.3847/1538-4357 /aca015

CrossMark

The Double White Dwarf Merger Progenitors of SDSS J2211+1136 and ZTF

J1901+1458

M. F. Sousa'?@®, J. G. Coelho'*®, J. C. N. de AraUJo ,S. 0. Kepler , and J. A. Rueda®>%’

! Divisdo de Astrofisica, Instltuto Nacional de Pesqulsas Espaciais, Avenida dos Astronautas 1758, 12227 010, Sdo José dos Campos, SP, Brazil;

manoelfelipesousa@gmail.com
2 ICRANet- Ferrara, Dip. di Fisica e Scienze della Terra, Universita degli Studi di Ferrara, Via Saragat 1, 1-44122 Ferrara, Italy

4 Instituto de Fisica, Universidade Federal do Rio Grande do Sul, 91501-970 Porto Alegre, RS, Brazil
E ICRANet, Piazza della Repubblica 10, 1-65122 Pescara, Italy
D1p di Fisica e Scienze della Terra, Universita degli Studi di Ferrara, Via Saragat 1, I-44122 Ferrara, Italy
7INAF, Istituto di Astrofisica e Planetologia Spaziali, Via Fosso del Cavaliere 100, I-00133 Rome, Italy
Received 2022 August 19; revised 2022 November 2; accepted 2022 November 2; published 2022 December 9

Abstract

Double white dwarf (DWD) mergers are possibly the leading formation channel of massive, rapidly rotating, high-
field magnetic white dwarfs (HFMWDs). However, a direct link connecting a DWD merger to any observed
HFMWD is still missing. We here show that the HFMWDs SDSS J221141.80+113604.4 (hereafter J2211+4-1136)
and ZTFJ190132.94-145808.7 (hereafter J1901+41458) might be DWD merger products. J22114-1136 is a
1.27 M, white dwarf (WD) with a rotation period of 70.32 s and a surface magnetic field of 15 MG. J1901+41458
is a 1.327-1.365 M. WD with a rotation period of 416.20s, and a surface magnetic field in the range
600-900 MG. With the assumption of single-star evolution and the currently measured WD masses and surface
temperatures, the cooling ages of J2211+41136 and J1901+1458 are, respectively, 2.61-2.85 Gyr and 10-100 Myr.
We hypothesize that these WDs are DWD merger products and compute the evolution of the postmerged
configuration formed by a central WD surrounded by a disk. We show that the postmerger system evolves through
three phases depending on whether accretion, mass ejection (propeller), or magnetic braking dominates the torque
onto the central WD. We calculate the time the WD spends in each of these phases and obtain the accretion rate and
disk mass for which the WD rotational age, i.e., the total time elapsed since the merger to the instant where the WD
central remnant reaches the current measured rotation period, agrees with the estimated WD cooling age. We infer
the mass values of the primary and secondary WD components of the DWD merger that lead to a postmerger
evolution consistent with the observations.

Unified Astronomy Thesaurus concepts: Stellar remnants (1627); White dwarf stars (1799); Stellar mergers (2157);

3 Nicleo de Astrofisica e Cosmologia (Cosmo-Ufes) & Departamento de Fisica, Universidade Federal do Espirito Santo 29075-910, Vitéria, ES, Brazil

Compact binary stars (283); Compact objects (288); Stellar rotation (1629)

1. Introduction

It has long been proposed that double white dwarf (DWD)
mergers can produce high-field magnetic white dwarfs
(HFMWDs; see, e.g., Wickramasinghe & Ferrario 2000).
There are increasing observational results pointing to this
scenario (see below), but still a direct link is missing
connecting a DWD merger to any observed HFMWD. Here,
we aim to provide such a link.

In general, the central remnant of a DWD merger can be (i) a
stable newborn white dwarf (WD), (ii) a type-Ia supernova (SN
ITa), or (iii) a newborn neutron star (NS). Sub-Chandrasekhar
remnants might end either as (i) or (ii) (Benz et al. 1990;
Raskin et al. 2012; Zhu et al. 2013; Becerra et al. 2018, 2019;
Schwab 2021a), super-Chandrasekhar remnants as (ii) or (iii)
(Saio & Nomoto 1985; Schwab et al. 2016; Becerra et al.
2018, 2019; Schwab 2021a). We are here interested in those
DWD mergers whose remnant is a stable, ultramassive (21 M,
but sub-Chandrasekhar) HFMWD. Those central remnants
might avoid unstable burning, leading to an SN Ia if their
central density remains under some critical value of a few

Original content from this work may be used under the terms

B of the Creative Commons Attribution 4.0 licence. Any further
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109gcm’3 (see Becerra et al. 2018, for further details).

Numerical simulations show that HFMWDs might indeed
originate in DWD mergers (see, e.g., Garcia-Berro et al. 2012;
and Section 2 for further details). The general merged
configuration is a central remnant that contains the mass of
the (undisrupted) primary, surrounded by a hot corona with
about half of the (disrupted) secondary mass, and a rapidly
rotating Keplerian disk with roughly the other half of the
secondary mass. Little mass (~10> M) is ejected from the
system (see Section 4 for further details). The hot and
convective corona works as an efficient cw-type dynamo that
might lead to magnetic fields of <10'° G (Garcia-Berro et al.
2012). For a recent discussion of the emergence of high
magnetic fields in observed WDs, we refer the reader to
Bagnulo & Landstreet (2022).

Therefore, theory tells us that stable WD remnants of DWD
mergers can exist (see, e.g., Schwab 2021a). It remains to have
observational support. Observations confirm the ex1stence of
HFMWDs with magnetic field strengths in the range 10°-10° G
(Kiilebi et al. 2009; Ferrario et al. 2015; Kepler et al. 2016),
and that most of them are massive (see, e.g., Kepler et al.
2016). The latest measurements of the transverse velocities of
massive WDs also suggest that a fraction of them are DWD
merger products (see Cheng et al. 2020, and references
therein). There is an additional observational argument
supporting this conclusion. The rate of DWD mergers is
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expected to be (5-9) x 10713 yr’] Mg ' Maoz & Halla-
koun 2017; Maoz et al. 2018). Using a Milky Way-like stellar
mass 6.4 X IOIOM@ and the extra;aolating factor of Milky Way
equivalent galaxies, 0.016 Mpc™ (Kalogera et al. 2001), the
above rate translates into a local cosmic merger rate of
(3.7-6.7) x 10> Gpc > yr '. This merger rate is 5-8 times
larger than the population of SN Ia (see, e.g., Ruiter et al.
2009). Therefore, even if we were to explain the entire SN Ia
population with the double-degenerate channel, i.e., with DWD
mergers, we can safely conclude that many DWD mergers do
not produce SNe Ia (see also Cheng et al. 2020).

All the above leads to a rather obvious question (but with no
obvious answer), where and which are the WDs produced by
(some of) those mergers? To answer this question, we here
reconstruct the DWD progenitor of two recently detected
HFMWDs, SDSSJ221141.80+113604.4 (hereafter J2211
+1136; Kilic et al. 2021b) and ZTFJ190132.9+145808.7
(hereafter J1901+1458; Caiazzo et al. 2021). J2211+1136 has
a mass of 1.27 M, rotation period of 70.32 s, surface magnetic
field strength of 15 MG, effective temperature T.¢ = 9020 K,
and cooling age 2.61-2.85 Gyr (Kilic et al. 2021a, 2021b). The
corresponding parameters of J1901+1458 are a mass in the
range of 1.327-1.365 M, rotation period of 416.20 s, surface
magnetic field in the range 600-900 MG, effective temperature
Toie = 46,00075000° K, and cooling age 10-100 Myr (Caiazzo
et al. 2021). The cooling age is estimated assuming single-star
evolution and the currently measured WD masses and effective
temperatures.

Following numerical simulations of DWD mergers, we
model the postmerger configuration as a central HFMWD
remnant surrounded by a Keplerian disk (see Section 2 for
details). We compute the postmerger rotational evolution of the
system and infer the model parameters for which the WD
rotational age, i.e., the time at which it reaches the current value
of the rotation period, agrees with the estimated cooling age.
We show that the postmerger configuration evolves through
three phases dominated by accretion, mass ejection (propeller),
and magnetic braking (see Section 3 for details). The latter
phase dominates the duration of the rotational age. We derive
the accretion rate, the disk mass, and the mass of the premerger
DWD primary and secondary binary components for which the
postmerger system agrees with observations.

We organize the article as follows. In Section 2, we
summarize the properties of the merged configuration derived
from numerical simulations that serve as the starting point of
our calculations. Section 3 describes the theoretical treatment to
compute the rotational evolution of the postmerger configura-
tion. Section 4 explains the different types of rotational
evolution. We apply in Section 5 the theoretical model to the
HEMWDs J2211+1136 and J1901+1458. In Section 6, we
infer the parameters of the premerger DWD progenitors for the
two sources. Finally, Section 7 outlines the conclusions of this
article.

2. Merger and Postmerger Properties

According to numerical simulations of DWD mergers (see,
e.g., Benz et al. 1990; Guerrero et al. 2004; Lorén-Aguilar et al.
2009; Longland et al. 2012; Raskin et al. 2012; Zhu et al.
2013; Dan et al. 2014; Becerra et al. 2018), the merged
configuration is the central, rigidly rotating, isothermal WD
core of mass More, surrounded by a hot envelope of mass M.,
with differential rotation and a rapidly rotating Keplerian disk

Sousa et al.

of mass M,; The mass of the disrupted secondary star
distributes between the envelope and the disk. Some material
of mass My, falls back onto the WD remnant, and only a tiny
amount of mass M.; escapes from the system. Dan et al. (2014)
obtained the following fitting polynomials of the properties of
the merged configurations from numerical simulations of DWD
mergers for a variety of initial conditions:

More = M (0.7786 — 0.5114 g), (1a)

Meny = My (0.2779 — 0.464 g + 0.7161 ¢?), (1b)
My = Mo (—0.1185 + 0.9763 g — 0.6559 ¢?), (1c)
My, = Mi(0.07064 — 0.0648 g), (1d)

M, 0.0001807 M, (1e)

" 001672 + 02463 ¢ — 069824 + ¢

where M, = M + M, is the total binary mass, with M, and M,
the masses of the primary and secondary, and g = M,/M; < 1
is the binary mass ratio. The goodness of the polynomial fitting
was reported in Dan et al. (2014) with R? statistic values of
0.97, 0.88, 0.78, and 0.8, respectively, for the first four fitting
functions (1a)—(1d), which means they fit the 97%, 88%, 78%,
and 80% of the corresponding variance.

We model the postmerger evolution after the short-lived
phase in which the WD core incorporates the envelope. The
postmerger system is thus composed of the WD remnant of
mass M, radius R, surrounded by the accretion disk of mass M.
As for the magnetic field configuration, we adopt a dipole
+quadrupole model with a dipole strength B and a quadrupole
strength Bg,,q. Hence, the magnetic dipole moment is 1 = BR®.

For fixed My, Equation (le) shows that the unbound mass
decreases for increasing ¢, so the lowest value is obtained for
the largest possible binary mass ratio (g=1), i.e,
Mj=3.4 x 10~* M,o.. Given the approximate mass conserva-
tion, we estimate the mass of the final WD by

M= Mcore + Menv + be + Macc: (2)

where M,.. <M, is the accreted mass. As we shall show,
M < M, because some mass is ejected from the system during
the propeller phase (see more details in Section 4). With the aid
of Equations (la)—(le), Equation (2), and the estimate of the
accreted mass, in Section 6 we estimate the parameters of the
merging binary.

In the following calculations, we assume a constant value of
M given by the current value of the mass of the WD, i.e., the
final value given by Equation (2), neglecting the effect of the
increase in mass, M,... We also assume a constant accretion
rate onto the central WD, M. These assumptions have a
negligible effect on the results because mass accretion and
ejection consume the disk mass in a timescale much shorter
than the WD lifetime, and so magnetic braking dominates the
rotational evolution.

3. Postmerger Rotational Evolution

3.1. Accretion and Propeller Torque

When the magnetosphere radius, R,,, is smaller than the WD
radius, R, the disk extends up to the WD surface, i.e., ;=R.
When R, > R, the disk extends up to r; = R,,. Therefore, we
have

r; = max(R, R,,), 3)



THE ASTROPHYSICAL JOURNAL, 941:28 (10pp), 2022 December 10

where R, is the Alfvén radius® (see, e.g., Pringle & Rees 1972):

s 2/7
Rn=|—"E—| . “)
M~2GM

From Equation (4), we obtain that the condition R,, > R is

satisfied for accretion rates
y B2 R5/2

M gq4 g0 BN

Mg yr! (M/M)"*

where Bg = B/(10° G) and Rg = R/(10% cm).

As we shall see, the accretion rate onto the remnant WD is
much lower than the above value, so the WD evolves always in
the regime R,, > R. In this case, the magnetic field lines thread
the disk at ;= R,, and the matter flows from the disk to the
WD through the magnetic field lines. Whether this mass flow
spins up or down the central WD depends on the value of the
so-called fastness parameter:

&)

w=—, (6)

where Qx is the Keplerian angular velocity at r; = R,,;:

GM
O = /R—,i' )

The specific (i.e., per unit mass) angular momentum of the
matter leaving the disk is [; = QKr,-2 = OkR? = /GMR,,,
while the specific angular momentum of the corotating
magnetosphere at r=R,, is I, = QR2. Therefore, the WD
will change its angular momentum at a rate given by (Menou
et al. 1999)

jacc = Lacc = (ll - lm)M = 6(1 - w)7 (8)
where
8 = MR?2 Qx = M\JGMR,, 9)

M being the accretion rate, i.e., the rate at which mass flows
from the disk to the WD at the inner disk radius, r=r;=R,,,.
When w < 1, the inflowing material accretes onto the WD and
transfers angular momentum to it (exerts a positive torque).
When w>1, the system enters into a so-called propeller
regime, in which the WD centrifugal barrier expels the
inflowing mass from the disk. Such mass leaves the system
removing angular momentum from the central WD, i.e., it
exerts a negative torque onto it. For additional discussions
about the propeller mechanism, we refer the reader to, for
example, Illarionov & Sunyaev (1975) and Wang (1995).

3.2. Magnetic Dipole Torque

The central remnant is also subjected to the torque by the
magnetic field. Since the ratio between the stellar radius, R, and
the light-cylinder radius, R.=c¢/Q, is small, i.e.,
R/Ri.=QR/c <1072, finite-size effects in the determination
of the radiation field can be safely neglected. Therefore, we use
the torque exerted by a point-like dipole+quadrupole magnetic
field configuration (Pétri 2015):

Tmag = Télip + Tt‘quad’ (10)

8 This magnetosphere radius assumes spherical accretion and a pure dipole
magnetic field configuration.
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Taip = —kaip 3, 11
]:]uad = _kquad Q5, (12)
where
2 B’RS _,
kdip = ET S11Y 9, (13)
B2 4R8
Kquad = 32 Pand® G20, (cos2 0 + 10sin? ), (14)

135 ¢

0 being the inclination angle of the magnetic dipole moment
with respect to the WD rotation axis, and the angles 6, and 6,
specifying the geometry of the quadrupole field. We can write
the total magnetic torque as
2 B2R6Q)3 (

3 3

sin? @ + n?>—

45 (1

202
T = 16RQ)’

where 7 is a parameter that measures the quadrupole-to-dipole
magnetic field strength ratio as

By : -
n= ‘*T‘“‘\/sm2 01(cos? 6, + 10sin6,). (16)

Having defined the torques acting on the central WD, we can
write the equation of angular momentum conservation as

Tior = Tace + Tmag =J=~ IQ’ (17

whose integration gives the evolution of the WD rotational
properties (e.g., angular momentum and angular velocity). The
last equality neglects the change in time of the WD moment of
inertia, /, as required by self-consistency with the approx-
imation of constant mass. The above differential equation can
be integrated given initial condition to the angular velocity,
Qo=Q(1r=0), and setting all the model parameters, i.c.,
{M,R, 1, M, My, B, Byyaa, 0, 01, 65, }. The qualitative and
quantitative features of the result are not sensitive to the initial
condition of the angular velocity, 2. We shall explore a
variety of initial rotation periods ranging from a few seconds to
hundreds of seconds.

The magnetic field and the mass of the WD are set by
observations (and so its radius and moment of inertia from its
structure properties, e.g., mass—radius relation), so it remains to
set M, M,, and 6. Without loss of generality, we shall assume
an orthogonal dipole, # =90°, and an m =1 mode for the
quadrupole, i.e., (0, 6,) = (7/2, 0). For the disk mass, we shall
set values around M,;~0.30M,. according to numerical
simulations (see, e.g., Dan et al. 2014, Becerra et al. 2018, and
Sections 5 and 6 for details on the effect of different disk
masses). Therefore, it remains only to set the value of M. We
shall do so by requesting that the value of (2 equals the current
observed value at the evolution time consistent with estimated
WD cooling age.

4. Types of Rotational Evolution

The WD might follow different types of rotational evolution
depending on the model parameters and initial conditions. In
the most general case, the system evolves through three stages
until it reaches the current rotation period: a phase I of
accretion (the WD spins up) or ejection of matter (the WD
spins down) by propeller, a phase II in which accretion and
matter ejection episodes balance each other so the WD spin
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Figure 1. |T,..| and [Ty, as a function of w > 1 where we considered a WD
with B =100 MG, M = 1077 M., yr~", and a quadrupole-to-dipole magnetic
field strength ratio By,q/B. The ratio By,q/B = 0.0 corresponds to the case of
a pure dipole magnetic field.

remains at an equilibrium value, and a phase III which the
system enters once the disk mass ends, so the WD spins down
because of magnetic braking.

Because DWD mergers always form a debris disk around the
newborn central remnant (see, e.g., Lorén-Aguilar et al. 2009;
Dan et al. 2014), we rule out an evolution with only phase III,
i.e., without either accretion or matter ejection and only
evolving due to magnetic braking. Therefore, the postmerger
WD necessarily starts its evolution either at the phase I or II

We now focus on the most general case, i.e., when the
system evolves through the above three stages until it reaches
the current rotation period. The division of the evolution into
three phases depends on the value of the fastness parameter,
that is, w>1, w1, and w< 1. Depending on the initial
angular velocity, (), the initial value of the fastness parameter
can either be wy>1 (o> Q) or wy<1 (Qp < Ng). The
torque, Ty, is either negative when the propeller mechanism is
active (w > 1) or positive when the accretion process is active
(w < 1). On the other hand, the magnetic torque, Tp,g, always
removes angular momentum. When there is mass flowing from
the inner radius of the disk, the propeller or the accretion
dominates the changes in the rotational period given that Ty
dominates over Ty.g. Figure 1 shows T, and Tp,, as a
function of w > 1 up to the value of w == 1, for fiducial values of
the dipole magnetic field and the accretion rate, respectively,
B =100 MG, and M = 107 M., yr'. We consider T, with
different values of By,q/B in order to assess the effect of Bqyaq
on the spin evolution. Figure 2 is analogous to Figure 1 but for
w < 1. Here, we only consider the pure magnetic dipole case,
Buad/B = 0, because for low values of the angular velocity the
torque by the quadrupole magnetic field is very small compared
to that produced by the magnetic dipole (see Equation (15)).
These figures show that |T,ec| > |Taip| for the entire present
phase, with the only exception being when w = 1, where they
become comparable as T,.. drops significantly.

It is worth mentioning that for Bq,aq/B = 1000, the intensity
of Tiae approaches the intensity of T, for values of the
angular velocity around a few seconds. However, when the
angular velocity decreases, T, drops rapidly while T
remains high for nearly the entire phase of w > 1. Thus, T,
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Figure 2. |T,..| and [Ty, as a function of w < 1 where we considered a WD
with B =100 MG, M = 10"7 M, yr', and a quadrupole-to-dipole magnetic
field strength ratio By,.q/B = 0.0, since the effect of the quadrupole magnetic
field is very small when we take into account the values of w < 1 presented
here (See Equation (15)).

still dominates the torque and Ty, (even with Bqyaa/B = 1000)
contributes very little to this first evolution stage.

Taking the above into account in this first regime, we can
approximate with sufficient accuracy the total torque by
Tior & Ty Within this approximation, Equation (17) has the
analytic solution

w=1+ (wo— De /e, (18)

where wo = /) is initial fastness parameter and T, is the
timescale (e-folding time) of the propeller/accretion phase:

I 1

s e 0 e b yyr, (19)

M_R} o

Tace =

0¥ g cmz, M_7is

and R, is the

where 1,9 is the moment of inertia in units of 1
the accretion rate in units of 10~' M, yr '
Alfvén radius in units of 10° cm.

When w=a1, the WD enters phase II of evolution,
characterized by Ty & Trnag- When this occurs, T),,, decele-
rates the star to an angular velocity slightly smaller than g, so
to a fastness parameter w < 1. Then, T, turns positive and the
WD accretes matter, spinning it up. This happens until the WD
returns once more to the regime of w 2 1. Upon reaching this
regime, due to the torques T, and T, the WD rotation
decelerates once more until w < 1. The accretion acts, and the
propeller process ceases again. In summary, in this stage the
WD goes through successive spin-up and spin-down stages in
which the fastness parameter oscillates around unity, so the
angular velocity oscillates around an equilibrium value,
Q & (deq = Q. Therefore, we can assume that in this phase
remains constant at

V2 Gmy i m |
Al Ry T
. 3/7
)5/3
—0.225[(1”/1”3%] rad s~ (20)
8 '8

This phase lasts until the disk can feed the accretion and
propeller. Thus, the duration timescale of this phase is of the
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order Ty =~ My /M ~ 10° yr, that is, the time required to
consume the disk mass.

After the disk is exhausted, the system evolves to the regime
w < 1. Without mass flowing from the disk, only the magnetic
dipole exerts torque. Equation (15) and Figure 1 show that the
effect of the quadrupole magnetic field on the magnetic torque
is negligible in the range of angular velocities of the regime
w < 1. In this case, the torque due to dipole radiation dominates
and we can accurately approximate the total torque by
Tiot = Tnag =~ Taip- Thus, we can solve Equation (17) analyti-

cally:
~1/2
W= (1 n ﬂ) , @1)

Tdip

where O0t=1t—t;, with t; being the initial time of the pure
magnetic dipole torque phase, and here we have assumed that
this phase starts with an initial value of the fastness parameter
equal to unity, i.e., w(t =t;) = 1. The characteristic spin-down
timescale, 74ip, is given by

I IR}
2kap Q% 2GMB?R3(1 + sin®0)
3
149Rm,9

(M/M2)BERG(1 + sin® )

Tdip =

Gyr, (22)

which is much longer than the timescale of the previous phases.
The above implies that we can approximate the total
postmerger age of the WD to the time it spends in this final
phase.

We can invert Equation (21) and find the elapsed time, Ay,
for the WD to reach an observed angular velocity, Qqps, i.€.,

2
Atgps = Tdip[(éZK ) - 1}. (23)
obs

Since 74i, depends on 2k and the latter depends on R,,, and
so on M, we can use Equation (23) to express M in terms of
Qobs and Afgpg:

-7/6
_ _BROQG (| Zkap Qs o4
V2 (GM)y? ro

Therefore, Equation (24) allows one to obtain, from
observational parameters such as mass, angular velocity,
magnetic field, and the estimated age of the WD (e.g., the
cooling age), the accretion rate for which the rotational
evolution agrees with observations.

5. Analysis of Specific Sources

Having described all the generalities of the postmerger
evolution, we turn to describe the rotational evolution of two
observed HFMWDs, namely, J2211+1136 and J19014-1458.
We infer the time the WD spends in each phase, and calculate
the accretion rate that leads to the rotational evolution to agree
with the estimated WD cooling age. This assumption agrees
with the fact that the cooling tracks of these sources are
estimated considering the current mass of the WD, so the
cooling age is the evolution time of the postmerger central
remnant after the envelope has been fully incorporated into the
isothermal core and the WD composition has settled down (see,
e.g., Schwab 2021b, for more details). The above is also
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Figure 3. Accretion rate as a function of cooling age, calculated from
Equation (24), for J2211+1136. The WD parameters are M = 1.27 M.,
R =321 x 10® cm, and Py, = 70.3 5. The dipole magnetic field is B =15
MG and 6 = 90°.

supported by the fact that the initial phase of fusion containing
the envelope is short lived (~104—105 yr; see, e.g., Garcia-
Berro et al. 2012; Schwab 2021a) compared to the estimated
age of the WD and, as we show in this article, also the duration
of the accreting phase is negligible.

We do not take into account any delay due to crystallization,
phase separation due to sinking or dilution of heavier elements,
or nuclear energy that can possibly occur as proposed, for
example, by Cheng (2020) and Blouin & Daligault (2021).

5.1. Rotational Evolution of J2211+1136

J221141136 is a recently observed isolated WD with a
rotation period P, = 70.32 s (Kilic et al. 2021b). It has a mass
M=1.27 M, a stellar radius R=3210 km,9 and a surface
(dipole) magnetic field B =15 MG. The cooling age is in the
range f.oo = 2.61-2.85 Gyr depending on the WD interior
composition (Kilic et al. 2021a, 2021b).

First, to explore the evolutionary path of the WD rotation,
we need to know the accretion rate values for which the
rotational evolution time agrees with the cooling age. For this
task, we use Equation (24), assuming Afops = feo0- Figure 3
shows that this condition implies that A must be in the range
~(2.60-2.68) x 1077 M yrfl. For an aligned rotator (0 = 0),
the corrlesponding accretion rate range is (2.21-2.24) x 10~’
Mg yr .

To analyze in detail the phases of spin evolution, we
consider a value of M within the above range, e.g.,
M =262 x 100’M,, yr '. Furthermore, we consider six
values for the initial rotation period to verify that the solution
is not sensitive to this initial condition. For this task, we choose
three values below and three values above the equilibrium
period, Py =2m/Qeq~61.5s, ie., Po=(3.14, 21.5, 41.5,
81.5, 101.5, 119.8) s. Figure 4 shows the evolution of the WD
rotation period for these initial conditions. We observe that,
irrespective of Py, the WD accelerates or decelerates toward P
on a comparable timescale. Therefore, the duration of the
rotational evolution in phase I is not sensitive to the specific
value of Py,

® We estimate the radius from the measured mass and surface gravity,
log(g) = 9.214 (Kilic et al. 2021b), i.e., R = \|/GM/g.
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Figure 4. Evolution of the rotation period of the J221141136 for an accretion rate of M = 2.62 x 10-’M_, yr~" and for different values of initial rotational periods,
Py = (3.14,21.5,41.5, 81.5, 101.5, 119.8) s. The dotted lines divide the evolution into three stages according to the value of w. In the first stage, the WD can start with
w > 1 or w< 1 depending whether the initial period is below or above the equilibrium period, P.q = 61.15 s (Equation (20)), respectively. For both values, the
involved torques are magnetic torque, Ty,,g, and accretion torque, T.. However, T is the dominant torque in this phase. For w & 1, Tia & Tycc and the system goes
through the P.,. For w < 1, the involved torque is Tiag. Tacc NO longer acts on the star, as in the third stage the disk has already been exhausted. The upper dashed line

indicates the current rotation period of the WD.

Because of the above result, we examine in detail the
evolution curve for a single case, e.g., Po=3.14s. For the
parameters of this WD, and a M, = 0.30 M, which lies within
the range of consistent values obtained for the disk mass and
numerical simulations (see Section 6 for more details), the
evolution of the rotation period of J2211+1136 crosses the
three stages until it reaches the current value of the rotation
period. First, it passes through the regime of w > 1, such that
the torques T.. and Tgjp spin-down the WD to a period of
61.5s in At;~0.37 Myr. This time is marked by the first
dotted line in Figure 4. The amount of disk mass ejected by the
propeller effect during this time is My, 1 = M At =~ 0.096 M.

From this period value, the parameter w~ 1 and the system
enters the equilibrium period regime, where the WD rotation
period is oscillating around P4 (see Equation (20)). The system
remains at this stage until the disk mass ends. The phase lasts
At, =~ 0.78 Myr. Therewith, adding the duration of the first and
second stages, we have up to this point an evolution time of
At; + Aty = 1.15Myr. This time is marked by the second
dotted line in Figure 4. In this phase II, the disk mass loss is
divided in equal parts in accretion and ejection, so
Miycer = Mios» = (1/2)M Aty ~ 0.102 M. Therefore, by the
end of phase II, the total disk mass has indeed been consumed,
ie., 0.096 M.+ 0.204 M, =M,. The disk mass has been
distributed in a total ejected mass
Mpss = Mioss.1 + Mioss2 =~ 0.2 M, and a total accreted mass
Mee = Macc,2 ~ 0.1 M.

After this point, the system enters the regime of w < 1, where
the only active torque is Tiyy,. Thus, Ty, spins the WD down
from a period of 61.5s to the observed period P,,s = 70.3s,
reached at a time of 2.66 Gyr (see Figure 4). Phase III is by far
the longest, so the WD spends most of its evolution in this
regime.

In addition to the agreement of the rotational and cooling
ages, the full proof of the present scenario would arise from the
further agreement of the model spin-down rate with corresp-
onding observational measurement (see, e.g., the case of 4U

0142+61 in Rueda et al. 2013). For the magnetic dipole
braking mechanism (see Equation (15)), the spin-down rate is
given by

p_ 8RB
3C3 IR)bs

sin2 6. (25)

For J2211+1136, adogting R =13210 km,
I=(2/5MR*=1.04 x 10°° g cm?, and B = 15 MG, we obtain
P~33x 107sin?0 s s~ (see also Williams et al. 2022).
This spin-down rate is too low to be detected, e.g., two orders
of magnitude lower than the one of the pulsating WD G 117-
BI5SA, P~ 5.12 x 1073 s s~ (Kepler et al. 2021).

5.2. Rotational Evolution of J1901+1458

J1901+-1458 has a period of rotation P,,; =416.2's, a mass
M =1.327-1.365 M., a stellar radius R = 214071 km, and a
surface (dipole) magnetic field in the range B = 600-900 MG.
The cooling age iS f.,0 = 10-100 Myr (Caiazzo et al. 2021).
For simplicity, we consider M = 1.35 M, with R =2140 km in
the analysis of this source. Furthermore, we follow the
analogous procedure described above for J2211+1136. We
analyze the evolution of the WD rotation period for different
values of the initial rotation period, a disk mass of M,;=0.34
M, consistent with the range of values obtained in Section 6,
and a value of M consistent with Equation (24). We use a
dipole magnetic field strength of B=800 MG, inferred in
Caiazzo et al. (2021) from the analysis of the position of the
Ha, HB, and H~y spectral lines.

Using Equation (24), we obtain the accretion rate as a
function of 7., Considering 6 =90°, we obtain M ~ (6.92
-8.05) x 10~ 'M_, yr ' (See Figure 5). For an aligned rotator,
M ~ (6.87-7.39) x 107 M, yr'. Figure 6 shows the
rotation-period evolution for M = 8.0 x 10-’M,, yr ', and
initial values of the rotation period Py = (3.14, 108.7, 258.7,
558.7, 708.7, 814.2) s. The curves approach the equilibrium
period, Peq, in a timescale of the same order of magnitude.
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Figure 5. Accretion rate as a function of cooling age calculated from
Equation (24) for J1901+1458. The WD parameters are M = 1.35 M.,

R=214x10® cm, Py=3.14s, and P, =4162s. The magnetic field
strength is B = 800 MG and 6 = 90°.

Thus, also for this source, we see that the final evolution time is
not affected by the choice of the initial period.

Without loss of generality, we now describe the phases of the
spin evolution in the case Py = 3.14 s. The system first evolves
through the propeller regime w > 1, in which the WD spins
down to a period of 388.6s in Af; ~5.98 kyr (marked by the
first dotted line in Figure 6). During this time, the amount of the
disk mass ejected was My | = MAf ~ 4.8 x 1073M,,.

After the rotation period reaches w= 1, the second stage
starts. Thus, J19014-1458 evolves through spin-down and spin-
up stages around the equilibrium period value, until the disk
mass ends. We estimate that this phase lasts At ~0.42 Myr.
Up to this point, the postmerger evolution time adding the two
stages is At + At & 0.425 Myr, which is marked by the
second dotted line in Figure 6. In this phase II, we have
Miyeer = Miggr = (1/2)M Aty ~ 0.168 M,,. Thus, in this
source, nearly the entire disk mass is consumed in phase II,
SO we have a total ejected mass
Moss = Mioss.1 + Mioss2 = 0.17 M, and a total accreted mass
My = ace,2 N 0.17 M.

In the subsequent evolution, the only torque acting on the
WD is Ty, so the WD enters the phase characterized by w < 1.
The WD spins down from a period of 388.6s to the observed
period P,,; =416.2s. This occurs in ~96.2 Myr. Figure 6
shows this last stage for the spin evolution.

The spin-down rate in the current phase for J1901+1458 can
be estimated from Equation (25). Adopting R=2140 km,
I= (2/5)MR2 =5.0 x 10¥ g cm?, and B = 800 MG, we obtain
P ~29 x 10-5sin20 s s~!, which is consistent with the
upper limit value of P < 10~ s s~ presented in Caiazzo et al.
(2021). In this case, the resulting spin-down rate is similar to
the spin-down rate of G 117-B15A. Therefore, although
experimentally challenging, timing analyses, as in the one
done by Kepler et al. (2021) for G 117-B15A, could lead in the
future to the final proof of the DWD merger scenario for J1901
+1458 presented in this work.

6. The DWD Merger Progenitors

We now turn to estimate the masses of the components (M,
and M,) of the DWD progenitor of the above two systems. For
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this task, we have to estimate the binary total mass, My, and
mass ratio, ¢, so that

M= — Mo M= —L M, (26)
I +gq I +g¢

First, we use the fact that DWDs eject a tiny amount of mass
during merger (Lorén-Aguilar et al. 2009; Dan et al. 2014),
which allows us to assume baryon mass conservation with an
error of at most one part in a thousand. Then, for a given disk
mass, My, and accretion rate, M, we have here obtained in the
postmerger evolution the total accreted mass by the central WD
remnant, M,.., and the total mass loss due to action of the
propeller, M. Clearly, M, = M, . + M. Therefore, we can

write the total binary mass as

Mioe = M + Mioss + Mej ~ M + M, (27)

where we recall that M is the current measured mass of the
WD, and M, can be written as

Md + Mcons
2 bl

where the & sign is used when phase I starts with propeller
(wp > 1) or accretion (wg < 1). The quantity M., is the disk
mass consumed in phase I. We now can find a equation for M,
as a function of the mass ratio, g. To do this, we substitute
Equation (27) into Equation (Ilc) and solve it for M, which
leads to

Mloss = (28)

Mi=~ QoM+ Meny), 29)

where Q = — 0.1185 4+ 0.9763¢ — 0.6559¢°. Furthermore, we
can use Equation (29) together with Equation (28) to express
Mo in terms of g:

Moy = —2 (M + M) (30)
20 0

Therefore, with the equations obtained above, we can
calculate M,,, and the masses of the components of the DWD
progenitor with the following general procedure. Having
chosen the initial rotation period and the accretion rate, we
calculate the disk mass consumed in phase I, M,,s. Thus, the
disk mass function My = M;(Mons, q), given by Equation (29),
and the mass loss function Mioss = Mioss(Mcons, @), given by
Equation (30), become a function of g. These functions are
concave-down parabolas with maximums at q*, so the disk
mass and mass loss increase with g up to the maximum value
MP™ = My(g™) and Mps* = Miess(g™), to then decrease up to
the values M (g = 1) and M,,(q = 1), respectively. Therefore,
if My<Myqg=1) or Mioss < Mioss(q = 1), there is a unique
solution for g. If M, > M (g = 1) or Myoss > Mioss(q = 1), there
are two solutions for ¢.

We shall seek for solutions with a disk mass that satisfies
My Z M™, where M;™ = 0.1 M, is approximately the
minimum disk mass obtained in the numerical simulations of
Dan et al. (2014), taking into account that M ~ 1.3 M, in the
two analyzed systems.

We recall that in view of the nonzero disk mass left by DWD
mergers, we have already discarded solutions in which the
system evolves only through phase III, i.e., only under the
action of the magnetic dipole torque. Therefore, we are left
with three possible cases: (i) evolution with phases I4111, (ii)
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Figure 6. Evolution of spin period of the J19014-1458 for M = 8.0 x 10"M,, yr~' (with B =800 MG) and for different values of initial rotational periods,
Py = (3.14, 108.7, 258.7, 558.7, 708.7, 814.2) s. The dotted lines divide the evolution into three stages according to the value of w. In the first stage, the WD can start
with w > 1 or w < 1 depending whether the initial period is below or above the equilibrium period, P.q = 388.6 s (Equation (20)), respectively. For both values, the
involved torques are dipole radiation torque, 7iyag, and accretion torque, Ty, in the propeller phase. However, T is the dominant torque in this phase. For w~ 1,
Tinag = Tacc and the system goes through the equilibrium period, Peq. For w < 1, the involved torque is Tyip. Tace NO longer acts on the star, as in the third stage the disk
has already been exhausted. The upper dashed line indicates the current rotation period of the WD.

with phases II+1I1I, and, the most general case, (iii) with phases
I4+1I+1II1. We now analyze each case.

6.1. Case (i): Evolution with Phases I+I1I

In this case, the system does not evolve through phase II, so
the entire disk mass is consumed in phase I, i.e., Mcons = M.
From Equation (28), we have that when phase I is a propeller
(wo>1), Myoss =M, while if it is an accretor (wg< 1),
Mioss = 0. It can be shown that under these conditions, to
satisfy the boundary condition of approximate equality of the
rotational and the cooling age, either the disk mass must be
My < M;™ = 0.1 M, or the accretion rate must have very
large values >107> M., yr'. Therefore, we do not consider
this case as astrophysically viable.

6.2. Case (ii): Evolution with Phases II+III

In this case, the initial angular velocity satisfies {2y = {)eg, SO
there is no phase I and the disk mass is divided in equal parts
into accretion and propeller. We have M,,s=0, so
Equation (28) leads to M, = My/2.

6.3. Case (iii): Evolution with Phases I+II1+I11

In this general case, the system evolves through the three
phases as described in Section 4. The angular velocity at the
beginning of phase III, say (14, is approximately given by the
equilibrium value, i.e., {2gip ~ {2q. With this constraint, we can
estimate M.qns by

QQ 2/3 _
anszl( eq) 1n(M), @31)

GM Quip — Qg

which is obtained from Equation (18), solving it for ¢, making
t = Al = Meons/M and Q = Q.. Therefore, Mo lies in the
range 0 < M ons < M.
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Figure 7. Disk mass, M, and mass loss, M}, as a function of the binary mass
ratio, g. The solid curve represents the solutions for J2211+1136
M=127TM., Py=3.14s, M =262 x 107 7M,, yr"), while the dashed
horizontal line shows the corresponding value used in the simulation.

6.4. Specific Examples

To exemplify the approach above, we consider the cases of
J221141136 and J1901+1458 in Section 5, i.e., in the general
evolution (iii) in which the system evolves through phases 1411
+III. Figure 7 shows the functions M (Mo, ¢q) and
Mioss(Meons, ¢q) for 1221141136, given M s~ 0.1 M,
(Pp=3.14s and M =2.62 x 10°'M, yr '). Figure 8 is
analogous to Figure 7 but for J190141458, with
Meops ~4.8 x 10> M., (Py=3.14s and M = 8.0 x 107"M,,
yr '), Thus, for J22114+1136 and J1901+1458, we obtain
M™ ~ 0.36 M., My(g=1)~0.297 M, and
M ~ 037 My, My(q=1)=~0.304 M, respectively. From
the M;™ and MJ"™™ values obtained above, we note that our
choice for the disk mass of J2211+1136, M; = 0.30 M, and of
J1901+4-1458, M ;= 0.34 M_,,, are within the range of physically
plausible values. The horizontal dashed lines in Figures 7 and 8
represent these values and their intersection with the curve of
the source gives the mass ratio g to these cases.
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Figure 8. Disk mass, M, and mass loss, M}, as a function of the binary mass
ratio, g. The solid curve represents the solutions for J1901+1458
(M=135M,, Py=3.14s, M =38.0 x 1077M, yr’l), while the dashed
horizontal line shows the corresponding value used in the simulation.

Moreover, Figures 7 and 8 show that, given a value of ¢, we
can estimate the M, and M., SO we can calculate M, from
Equation (27). With these values, we can obtain the primary
and secondary mass via Equation (26). In Figure 9, we show
the M,—M, plane of possible solutions of the DWD progenitor.
Each pair (M,, M) in this figure corresponds to a value of g
and, consequently, to a value of M. Therefore, we can infer the
values M, and M, for the simulated cases in Section 5 taking
into account the assumed value of M.

Therefore, since for the two systems we have chosen a disk
mass value M, > M (q = 1), there are two possible values of
mass ratio, g, and g, (see Figures 7 and 8). For J2211+41136,
we obtain g, =0.495 and ¢, = 0.993, while for J1901+1458,
q.=0.565 and g, = 0.924. For J2211+1136, the mass ratio ¢,
gives M, =0.983 M., M, =0.487 M, while the solution g,
gives My =0.737 M., M, =0.732 M. For J1901+1458, the
mass ratio ¢q, gives M1 =0.971 M., M, =0.549 M, and g,
gives M| =0.790 M, M, = 0.729 M,.,. Table 1 summarizes the
results of the above analysis. In particular, it lists the
parameters of the premerger DWD and the parameters of the
postmerger system for the disk mass and accretion rate in the
simulations of Section 5.

Interestingly, the inferred parameters of the DWD progenitor
of J1901+1458 and J2211+1136 (see Table 1) are consistent
with the parameters of known systems, e.g., NLTT 12758, a
0.83 + 0.69 M., DWD (Kawka et al. 2017). This result further
supports the link that we have here provided between DWD
mergers and the formation of HFMWDs.

7. Discussion and Conclusions

In this article, we have investigated the possibility that the
HFEMWDs J2211+41136, and J19014-1458 are DWD merger
products. Based on numerical simulations of DWD mergers,
we have modeled the postmerger system as a central WD
surrounded by a disk from which there is a mass inflow toward
the WD remnant. We have calculated the postmerger rotational
evolution of the WD and inferred the system parameters for
which the rotational age agrees with the WD cooling age.

We have shown that the postmerger configuration evolves
through three different phases depending on whether accretion,
mass ejection (propeller), or magnetic braking dominate the
torque on the WD. We have shown that the WD spends most of
its lifetime in the third phase, in which only magnetic braking
torques the WD (see Figures 4 and 6). We have used the
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Figure 9. Predicted range of the primary and secondary mass. The solid curve
represents the solutions for J2211+1136 (postmerger WD mass of
M=127M,., Py=3.14s, and M = 2.62 x 10°'M, yr’l) and the dashed
curve for J1901+1458 (postmerger WD mass of M = 1.35 M, Py =3.14s,
and M = 8.0 x 10°"M,, yr V).

Table 1
Parameters of the Premerger (DWD) and Postmerger (Central Remnant WD
+Disk) Systems Leading to the Current Observed Parameters of J2211+4-1136
and J1901+1458

Parameter J2211+1136 J1901+1458
Premerger system

Gas Gb 0.49, 0.99 0.56, 0.92
Mo (M) 1.47 1.52

M, (M) 0.98, 0.74 0.97, 0.79
M, (M) 0.49, 0.73 0.55, 0.73
M, 1073 M) 4.96, 0.51 3.61, 0.68
Postmerger system

M (M) 1.27 1.35¢

R (km) 3210 2140 .

P (s) 70.32, 416.20,

B (10° G) 15, 800
Bguaa (G) Unconstrained Unconstrained
M, (M) 0.30 0.34
M0 "M, s 2.62 8.0
Moss (M) 0.20 0.17
Atyps (Gyr) 2.66 0.096

Notes. There are two possible solutions for the mass of the DWD components,
M, and M,, corresponding to the two values of the binary mass ratio, g, and g,
that solve the system constraints (see Figures 7 and 8). At is the rotational
age, i.e., the total time elapsed since the merger to the instant when the WD
reaches the current measured rotation period. We recall that we constrain the
system to have Aty equal to the estimated WD cooling age. See the text for
further details.

References.

* Kilic et al. (2021b).

® Kilic et al. (2021a).

¢ Caiazzo et al. (2021).

measured mass, magnetic field strength, and cooling age to
infer the mass accretion rate and the disk mass.

The results of this article are the first attempt to establish a
direct link between observed HFMWDs and their DWD merger
progenitors. We conclude that the observed parameters of
J221141136 and J1901+1458 are consistent with a DWD
merger origin, and we have obtained the mass of the premerger
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DWD primary and secondary binary components (see Table 1).
Interestingly, the derived parameters of the merging DWDs are
in line with those of known DWDs (like NLTT 12758; see
Kawka et al. 2017), which further supports the connection
between HFMWDs and DWD mergers.

If HFMWDs like J2211+1136 and J1901+1458 are DWD
merger products, the newborn merged remnant, besides being
massive and highly magnetic, might be fast rotating in its early
postmerger life (e.g., in its first 1-100 kyr; see Figures 4 and 6).
WDs with such extreme properties might power a variety of
transient and persistent electromagnetic phenomena in astro-
physical sources. For instance, Schwab (2021a) discusses
evolutionary models of DWD merger remnants and how they
might experience a ~10 kyr luminous giant phase during their
final approach to the single massive WD or a NS fate.

The DWD merger and its early activity can also lead to low-
energy gamma-ray bursts. Phenomena in the merged magneto-
sphere can power the prompt gamma-ray emission, the cooling
of the expanding (~107>M.) ejecta can power an infrared/
optical transient days to week postmerger, and synchrotron
emission of the ejecta and the WD pulsar-like emission can
lead to extended (years) X-ray, optical, and radio emission
(Rueda et al. 2019, 2022).

Massive, fast-rotating HFMWDs with pulsar-like activity
might show up as magnetars (see, e.g., Malheiro et al. 2012;
Rueda et al. 2013; Coelho & Malheiro 2014; Mukhopadhyay &
Rao 2016; Coelho et al. 2017; Caceres et al. 2017; Becerra
et al. 2018; Borges et al. 2020, and references therein). Other
high-energy phenomena involving DWD mergers and
HFMWD products are the emission of high-energy neutrinos
(see, e.g., Xiao et al. 2016) and particle acceleration leading to
very-high-energy (>10'° eV) and ultra-high-energy (>10'®
eV) cosmic rays. In addition, space-based detectors of
gravitational waves (GWs) like the Laser Interferometer Space
Antenna expect to detect the GW radiation driving the
dynamics of compact, detached DWDs (see, e.g., Stroeer &
Vecchio 2006; Korol et al. 2022). Electromagnetic radiation
phenomena might affect the evolution of merging DWDs
detectable through the deviations from the case when pure GW
radiation drives the orbital dynamics (see Carvalho et al. 2022,
and references therein), and the fast rotation and high magnetic
fields might also lead to GW radiation from HFMWD pulsars
(see, e.g., Sousa et al. 2020a, 2020b).
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Abstract

The traditional description of the orbital evolution of compact-object binaries, like double white dwarfs (DWDs),
assumes that the system is driven only by gravitational-wave (GW) radiation. However, the high magnetic fields
with intensities of up to gigagausses measured in WDs alert a potential role of the electromagnetic (EM) emission
in the evolution of DWDs. We evaluate the orbital dynamics of DWDs under the effects of GW radiation, tidal
synchronization, and EM emission by a unipolar inductor generated by the magnetic primary and the relative
motion of the nonmagnetic secondary. We show that the EM emission can affect the orbital dynamics for magnetic
fields larger than megagausses. We applied the model to two known DWDs, SDSS J0651+2844 and ZTF J1539
45027, for which the GW radiation alone does not fully account for the measured orbital decay rate. We obtain
upper limits to the primary’s magnetic field strength, over which the EM emission causes an orbital decay faster
than observed. The contribution of tidal locking and the EM emission is comparable, and together they can
contribute up to 20% to the measured orbital decay rate. We show that the gravitational waveform for a DWD
modeled as purely driven by GWs and including tidal interactions and EM emission can have large relative
dephasing detectable in the mHz regime of frequencies relevant for space-based detectors like LISA. Therefore,
including physics besides GW radiation in the waveform templates is essential to calibrate the GW detectors using
known sources, e.g., ZTF J15394-5027, and to infer binary parameters.

Unified Astronomy Thesaurus concepts: White dwarf stars (1799); Close binary stars (254); Compact binary stars
(283); Stellar magnetic fields (1610); Gravitational waves (678)

1. Introduction

Our Galaxy hosts a predicted number of (1-3) X 108 double
white dwarfs (hereafter DWDs; Nelemans et al. 2001, 2005;
Maoz et al. 2012), of which observational facilities have
detected only about 100. This situation can improve thanks to
forthcoming space-based detectors of gravitational waves
(GWs) like the Laser Interferometer Space Antenna (LISA),
which expects to detect the GW radiation driving the dynamics
of compact, detached DWDs (see, e.g., Stroeer & Vec-
chio 2006; Korol et al. 2022). The detection and analysis of
GW signals need the development of gravitational waveform
templates that accurately encode the physics driving the binary
dynamics. The traditional description of the orbital evolution of
compact-object binaries, like DWDs, assumes that the GW

Original content from this work may be used under the terms

B of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOIL

radiation of two point-like masses orbiting the common center
of mass is an accurate description of the binary dynamics,
neglecting any other interactions. However, the orbital
evolution is affected by additional effects like the dark matter
background (see, e.g., Pani 2015; Gémez & Rueda 2017) and
the electromagnetic (EM) emission (see, e.g., Marsh &
Nelemans 2005; Wang et al. 2018). We focus in this article
on the effects of the latter.

There is mounting observational evidence that the compo-
nents of DWDs can be highly magnetized. Depending on the
binary component masses, the merger of a DWD may not lead
to a prompt type Ia supernova (SN) but a newborn, massive,
fast-rotating, highly magnetic WD (see, e.g., Becerra et al.
2018). Mergers of DWDs have been proposed as progenitors of
ZTF J190132.9+145808.7 Caiazzo et al. (2021) and the
recently discovered isolated, highly magnetic, rapidly rotating
WD (rotation period of 70.32 s), SDSS J221141.80+113604.4
(see Kilic et al. 2021 for details). These rotation rates are
consistent with the theoretical predictions for DWD merger
remnants, in agreement with the many works published in the
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last decade about the theory of highly magnetic, massive, and
fast WDs from DWD mergers (Malheiro et al. 2012; Coelho &
Malheiro 2012; Rueda et al. 2013; Coelho & Malheiro 2014,
Coelho et al. 2014; Lobato et al. 2016; Mukhopadhyay &
Rao 2016; Caceres et al. 2017; Coelho et al. 2017; Becerra
et al. 2018; Otoniel et al. 2019; Sousa et al. 2020a, 2020b; and
Borges et al. 2020).

The above extreme properties of some WDs have led to the
proposal that DWD mergers can power low-energy gamma-ray
bursts (GRBs). The prompt gamma-ray emission arises from
the transient activity of the magnetosphere during the merger,
the infrared/optical transient from the merger ejecta, and an
extended X-ray and radio emission powered by the WD central
merger remnant (Rueda et al. 2019). In addition, high-energy
neutrinos may be the product of cosmic-ray acceleration in
DWD mergers and newborn pulsars (Xiao et al. 2016). The
rapid rotation and strong magnetic fields can accelerate
particles to energies higher than petaelectronvolts (PeV; i.e.,
10" eV), and the surrounding material can naturally generate
ultrahigh-energy cosmic rays (UHECR) with energies larger
than exaelectronvolts (EeV; i.e., 10'8 eV), in particular, with a
heavy composition (Piro & Kollmeier 2016; dos Anjos et al.
2021). The rotational magnetic instability surrounding the
source can lead to the formation of hot, magnetized corona and
high-velocity outflows. Additionally, the low volume of the
surrounding material facilitates the escape of UHECRs from
the environment (Piro & Kollmeier 2016; Ji et al. 2013;
Beloborodov 2014; Venters et al. 2020). The operation of the
near generation of multimessenger observatories like the
Cherenkov Telescope Array (CTA; Actis et al. 2011),
POEMMA (Olinto et al. 2017), and IceCube (The IceCube
Collaboration 2011) will shed more light on several high-
energy scenarios and interpretations for understanding particle
acceleration in a DWD merger.

Given all the above, in this article, we analyze the dynamics
of DWDs in the premerger stage under the action of GW
emission, tidal interactions, and EM emission. The inclusion of
a large variety of possible emissions besides the GW radiation
could complicate the analysis of the results and hide the
essential physics we would like to spot here. Therefore, we
emphasize here only the effects of the EM emission on the
binary dynamics using the unipolar inductor model (UIM;
Goldreich & Lynden-Bell 1969) applied to DWDs (see, e.g.,
Wu et al. 2002; Dall’Osso et al. 2006; Lai 2012). The EM
emission in the UIM originates from the energy dissipation of
the closed circuit formed by the magnetized primary star, the
nonmagnetic secondary, and the magnetic field lines. The
motion of the secondary relative to the magnetic field lines of
the primary generates the electromotive force (EMF) that drives
the current through the magnetic field lines (see, e.g., Wu et al.
2002; Lai 2012). We refer the reader to Lai (2012; and
references therein) for estimates of the EM emission from the
UIM in a variety of compact-object binaries.

We show with specific examples that the EM emission by
the UI overcomes the emission from a hot WD and magnetic-
dipole braking. Such an EM emission is comparable to the
quadrupolar GW radiation by two orbiting point-like masses.
Therefore, we include the EM emission in the binary dynamics
and quantify its contribution to the rate of orbital decay. We
show that the EM emission can significantly affect the binary
dynamics, accounting for a sizable part of the orbital decay
measured in some compact DWDs and the GW properties (e.g.,

Carvalho et al.

phase, intensity). Therefore, it is of paramount relevance to
understand and model the physical phenomena that drive the
binary dynamics to develop astrophysical waveform templates
useful to detect and infer binary parameters from GW signals
(see, e.g., Bourgoin et al. 2022).

We organize the article as follows. In Section 2, we recall the
aspects of the UIM that are relevant for the modeling of the
DWD dynamics, estimate the EM dissipation for fiducial
values of the masses and magnetic field, solve (numerically)
the equations of motion, and compare with the orbital decay of
a pure GW-radiation-driven dynamics. Section 3 analyzes
within the UIM two known DWDs, SDSS J0651+2844 and
ZTF J1539+5027. We analyze the constraints on the system
given by the measured orbital decay, obtain upper limits to the
primary’s magnetic field, and estimate the contribution of tidal
synchronization and EM emission to the orbital decay. We
quantify in Section 4 the effect of the EM emission in the phase
evolution of the GWs. Finally, we present in Section 5 the
conclusions of this article.

2. Unipolar Inductor and Orbital Dynamics

We follow the general framework of the UIM presented in
Wu et al. (2002) and use the associated EM dissipation
estimated in Lai (2012). The binary system is composed of a
magnetic primary with mass M;, radius R;, and magnetic
moment £, and a nonmagnetic secondary with mass M, and
radius R,. Unless otherwise stated, we estimate the WD radius
from the mass—radius relation presented in Carvalho et al.
(2018) and Carvalho (2019). The secondary is synchronous, so
it has angular velocity w; = wy, where

wo= | (1)
r

is the orbital angular velocity according to Kepler’s third law.
The primary is asynchronous with angular velocity {2 measured
by the parameter o =/wy. Hereafter, we denote with
M=M;+ M, and r the binary’s total mass and orbital
separation.

The evolution of the binary system under the combined
(nonlinearly coupled) GW radiation, tides, and EM emission
losses in the UIM is obtained from energy and angular
momentum conservation, which lead to the system of equations
Wu et al. (2002)

LU()i_P 1

. L
= = Ecw — 2
wo P g(wo)[ oW 1 — a]’ @

) 1 . L
S-- Eow — T LGN | SR
« g(wop) 1 — « aliwy
where P =2m/wp is the orbital period, L is the EM power
released by the circuit, and Egw is the rate of energy loss via

GW radiation for a system of two point-like masses in circular
orbit

2
. 32G q 2.4 6
Egw = —— =2 21— | M2r*w
o 5c5(l+q) b
2 4/3
32G GMw
= _2=Y(_4 ME( 30) , @)
5 c\l+g¢g c
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where we have used Equation (1) in the second equality, and

(@ s Y6 Ry’
g(wo) = 3(1+chlwo) 1 5“”)(r)’
5)

with ¢ = M,/M, the binary’s mass ratio.

The above model of the binary dynamics remains valid to the
point when either Roche lobe overflow of the secondary or a
merger takes place. Therefore, the maximum orbital angular
velocity of the system is

max GM
Wy = r3— 5 (6)

being rnin = Max(r, fng), where according to Eggleton’s
formula for the Roche lobe Eggleton (1983)

_ 066> +In(1 + ¢'/3)
0.4942/3

and 7y = R; + R,. For instance, for a 0.6 + 0.6 M, binary,
with R =R,~78x10%cm, r;,~2.06x10°cm, and
Fmrg R 1.56 X 10” cm. For these figures, Equation (6) leads to
wix ~ 0.13rad s~!, corresponding to a minimum orbital
period of 46.43 s. In all the examples presented in this article,
the orbital dynamics is analyzed far from any of the above two
physical situations.

The equations of motion, Equations (2)-(3), account for the
torques due to the EM emission and from tides (see Wu et al.
2002 for details). We now recall the EM power of the UIM.
The motion of the conductive secondary into the primary’s
rotating magnetosphere induces an electromotive force
& = 2Ry|E|, where the electric field and associated electric
potential U through the secondary star are

L Ry, @)

L, ¥ xB
E= ,
C

U = 2R|E|, ®)

being
V= r(wo— Mo = (GMwp)'*(1 — a)¢, ©9)

and we have used Equation (1) in the second equality. The total
energy dissipation is Wu et al. (2002)

L =2I*R, (10)

where the factor 2 accounts for the upper and lower parts of the
circuit, R is the total resistance of the system, and I/ = U/R is
the electric current.

Lai (2012) has shown that a high twist of the magnetic field
causes the disruption of the magnetic flux tubes, hence short-
circuiting the system. The azimuthal twist is given by
£, = =By /B. = 16v/(c*R), where B, is the toroidal
magnetic field generated by the current in the circuit on the
upper side of the primary. Therefore, we limit the twist
parameter to &, <1 (e, R 2 16v/c?), so that the circuit
remains active. Bearing the above in mind, we parameterize the
resistance in terms of the value given by the impedance of free
space, i.e.,

R="1"C2, (11)
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Figure 1. Value of 7, as a function of wy, given by Equation (13), for
selected values of a.

which leads to

4v _ 4(GMuwy\'’?
=t o _( L 0) (1 - am, (12)
e ™ c

where we have used Equation (9) to obtain the second equality.
We limit the value of 7 so to have & <1 during the entire
evolution. Therefore, 71,,,, is

s S\
Nmax = — . (13)
4\ GMwy 1 -«

Figure 1 shows the value of 7,,, as a function of the wy, for
selected values of a.

Having set all the above, the EM power, Equation (10),
derived in Lai (2012) can be written as

L 20—}
1 —« Tc

R;
4

2p2
1

(14

Normalizing the physical quantities in Equation (14) to fiducial
parameters for DWDs, the EM power reads

~ 2 6
L 97 w1078 ( R )
1 —a« 106G 10° cm

2 \4/3 14/3
(it () (%) " s

where we have used the primary’s magnetic moment
= BR}, with B the magnetic field, and have introduced

B=./d - a)nB, (16)

a quantity that encloses the degeneracy among «, 7, and B in
Equations (2) and (3).

Figure 2 shows the EM power, Equation (15), as a function
of the orbital angular velocity, in the case of & =0.9, and
M, =M,=06M, (Ri=R,=7.79 x 108 cm), for selected
values of the magnetic field strength ranging from 10° G to 10°
G. For instance, for a magnetic field B = 10° G, n =100, and
orbital period of 50 and 300s, Equation (15) leads,
respectivelg, to an EM power of 2.66 x 10°° erg s~' and
6.23 x 10°° erg s~ '. This luminosity is much larger than the
blackbody luminosity of a hot WD with surface temperature of
10* K, Lgg = 47R7oT* ~ 4.33 x 103 erg s~ !, or the EM
emission owing to magnetic-dipole braking, respectively,
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Figure 2. EM power as a function of orbital angular frequency given by
Equation (15), for selected values of the primary’s magnetic field. In this
example, we set 7=100, and the binary is mass-symmetric with
M, =M, = 0.6 M. The mass—radius relation is taken from Carvalho et al.
(2018). For comparison, we also show the GW power (black dashed curve)
given by Equation (4).

Laip ~ (1/c)B?REQ* ~ 136 x 10  erg s' and
1.05 x 103 erg s .

Figure 2 also indicates that for magnetic fields of the order of
10° G, the EM emission of the UIM can even overcome the
GW emission before merger, so it largely affects the orbital
dynamics at those evolution stages. For lower magnetic fields,
the EM emission lowers but remains comparable to the GW
emission at high frequencies, i.e., for compact binaries. Under
these conditions, the orbital evolution is not driven only by GW
radiation, but rather by a coupling between GW and EM
emission. Figure 3 shows the evolution of wy with time, for an
initial orbital period of 10 minutes. We compare the results of
the orbital dynamics given by Equation (2), which accounts for
GWs, tides, and EM emission, with the case when the
dynamics is purely driven by GW radiation. In the latter case,
the rate of orbital decay is given by

G3/3 M1M2P_5/3 a7
S M3 .

Bips = Pow = *95—6(271')8/3

In this specific example, for magnetic fields 2106 G, the tidal
locking and the EM emission starts to affect the orbital
dynamics, and for fields ,>V108 G the effects become noticeably
large.

3. Constraining the Magnetic Field in Observed Double
White Dwarfs

Since the orbital evolution of the binary is affected by the
EM emission and tides, it is theoretically possible to infer the
magnetic field or at least to put constraints on it from
measurements of the orbital decay rate. Therefore, given
measurements of the orbital period, P, the spin-down rate of the
orbital period, By, and the binary component masses, M; and
M, (the corresponding WD radii are assumed to be known from
the mass-radius relation), we can constrain the magnetic field.
For this task, we request that the spin-down rate predicted by
the UIM, which includes the effect of the GWs, the EM
emission, and tides, does not exceed the measured orbital
decay, B, ie.,

Bys = P, (18)
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where P is the period decay given by the model, which is
obtained from the solution of the system of Equations (2)—(3).
In this light, we analyze two known compact DWDs, ZTF
J1539+45027 (Burdge et al. 2019) and SDSS J0651+-2844
(Brown et al. 2011; Hermes et al. 2012).

3.1. SDSS J0651+2844

Table 1 lists the parameters M, M,, P, and P, of SDSS
J0651+-2844, reported in Brown et al. (2011) and Hermes et al.
(2012). Given values of P and P, Equation (18), with P given
by Equation (2), gives a relation between M, and M, for every
given value of B. Figure 4 shows examples of the constraints
on the masses obtained from the orbital period and decay rate
of SDSS J0651+4-2844. We compare the results of the UIM
with the case of pure GW radiation, i.e., when using
Equation (17), the case with 90% of GW radiation and the
case with GW radiation plus tides, i.e., Equations (2) and (3)
with L = 0. The agreement with the observational data requires
that the M,—M, relations cross the measurements of M; and M,
represented within 1o error by the blue rectangle. The pure
GW-driven evolution is consistent with the data, but the current
statistical uncertainties in the measured masses and P allow
alternative explanations of the binary dynamics including
additional physics to the GW emission, like Ul and tides, for a
relatively wide parameter space. Therefore, tighter constraints
on P are needed to conclude more on the sole basis of timing.
The absence of Zeeman splitting in the spectra of J0651-+2844
rules out magnetic fields B > 10° G.

In Hermes et al. (2012) and Burdge et al. (2019), it has been
pointed out that, indeed, a sizable portion of the observed
orbital decay might arise in these DWDs from tidal interac-
tions. Besides GWs and tides, the model studied in this work
takes also into account the effect of EM emission from an
active UI in the binary. Figure 4 shows three curves of the
UIM, and the case of including GWs and a full tidal locking but
without EM emission (B = 0). We recall that as the
synchronization parameter « changes with time (see, e.g.,
Figure 3), the value of B must be considered as a constraint at
the observational period. For B = 107 G (red curve), the effect
of the EM emission is relatively small, so the dynamics is
dominated by GW radiation and tidal synchronization. This
model nearly follows the curve of the model Pgw = 0.9P,,
which suggests that roughly 90% of the orbital decay is due to
GW radiation, and the remaining 10% to tidal locking. For
B =58 x 10" G (green curve), the EM emission has
considerable effects in the dynamics, as shown by the
difference of this curve in comparison with the examples with
lower magnetic field values. In fact, the data do not favor
models with high values of B as shown by the upper limit on B
set by the 3¢ upper limit on P. For B > 9.7 x 10’ G, the
M ,—M, curve for those cases lie outside the rectangle of 1o
uncertainties in the masses. Although due to the nonlinearity of
the model is not possible to separate the individual contribu-
tions to the P, we have checked that a curve in which 77% of
the orbital decay is due to GW radiation approaches the green
curve in the lower right part of the rectangle (middle panel),
suggesting that the contribution of GW radiation in the green-
curve model could be around that value, and the
remaining ~ 23% is shared in comparable amounts by the
tidal interactions and EM emission.
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Figure 3. Examples of numerical solution of the equations of motion, Equations (2)—(3), for selected values of the primary’s magnetic field. In these examples, we set
1 = 100, the binary is mass-symmetric with M, = M, = 0.6 M, and we assign an initial (+ = 0) values for the orbital period and the degree of synchronization of the
primary, respectively, P(0) = 10 min (i.e., wy(0) = 0.0105) and «(0) = 0.5. The mass—radius relation is taken from Carvalho et al. (2018). For comparison, we also
show the solution of the equations of motion when only GW radiation is considered, i.e., the solution to Equation (17). Upper left: orbital evolution, wy. Upper right:
orbital decay rate, P, normalized to the value for the case of only GW radiation, Pgw. Lower left: evolution of the primary’s synchronization, o. Lower right: evolution
of the twist parameter, .

Example of DWDs with Short Orbital P:r?:))(lii }Fhat Are Targets for LISA-like Missions
Binary M,/ M, My/ M., P (s) Byps (s References
ZTF J1539+5027 0.610759%3 02101531 41479 £2.9 x 107° (—2.373 4 0.005) x 10" Burdge et al. (2019)
SDSS J0651+2844 0.50 + 0.04 0.26 & 0.04 7652 5.5 x 107° (9.8 +28) x 10712 Brown et al. (2011); Hermes et al. (2012)

Note. An upper limit for the magnetic field of the UIM can be set if the DWD has measured P, P, M,, and M,. See main text for details.

3.2. ZTF J1539+5027

Table 1 lists the parameters M, M,, P, and Py of ZTF
J1539+5027, reported in Burdge et al. (2019). In this case, the
masses of the DWD components are not known from
photometric and/or spectroscopic measurements. The reported
values of the masses have been obtained in Burdge et al. (2019)
from crossed information by the measured spectroscopic radial-
velocity semiamplitudes, the constraint to the mass-radius
relation of the primary combined with the ratio of the primary’s
radius to the semimajor axis, R;/r inferred from lightcurve
modeling, and constraints imposed by the binary chirp mass
assuming that the orbital decay is 100% driven by GW
radiation (solid black curve), or 90% (dotted black curve),
assuming a 10% from tidal interaction considering full
synchronization of both the primary and the secondary.

Since in this case the mass values depend on the adopted
model, we apply the present model considering GW radiation,
tides, and the EM emission by the UI, and cross-check it with
the other independent constraints. We plot in Figure 5 the
results for B = 1.0 x 10° G (blue curve), 2.0 x 10" G (orange
curve), and 2.8 x 10’ G (green curve). In doing this, we
adopted in the function g(wy) given by Equation (5), the
observational constraint on the secondary’s radius,
R,/r=0.28, as reported in Burdge et al. (2019). For B8 < 107
G, the EM emission effect is relatively small. In fact, the blue
curve partly overlaps with the black dotted curve Pgyw = 0.9P,
with the remaining ~10% dominated by the partial tidal
synchronization. For larger values of B, the EM emission has
appreciable effects. Indeed, models with B > 2.8 x 107 G are
not favored by the observational data, since the resulting
M ,—M, relation falls below the lower limit imposed by the 50%
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Figure 4. Constraints on the binary masses and magnetic field for SDSS J0651+2844. We have used the values inferred from photometric and spectroscopic
measurements of the orbital period, decay rate, and masses reported in Hermes et al. (2012) (see also Table 1). The blue rectangle represents the 1o uncertainties on the
masses. Left: constraints considering the lower limit for the decay rate, P = —(9.8 — 2.8) x 10~'2 s 5!, which gives the lower limit to the contribution of B and
tides. Pure GW radiation is consistent with 1o errors in the masses. Center: constraints considering the central value of the decay rate, P = —9.8 x 1025 s, Right:
constraints considering the upper limit for the decay rate, P = —(9.8 + 2.8) x 10125 s™", which we use to estimate the upper limit on B. Summarizing, the current
decay rate is consistent with a pure GW-driven dynamics, but the uncertainties on the mass measurements and P are broad enough to allow solutions of GW emission
admixed with a UI and tides, although the absence of Zeeman splitting in the spectra rule out magnetic field strengths B > 10° G.
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Figure 5. Constraint on the binary masses and magnetic field of the primary in ZTF J1539+4-5027. We have used the orbital period and decay rate reported in Burdge
et al. (2019) and listed in Table 1.

contour level of the mass—radius constraint shown in Burdge
et al. (2019). Figure 5 shows that within the above range of
allowed values of B, some solutions allow slightly lower values
for the masses with respect to the solution considered in
Burdge et al. (2019) of nearly 90% of P arising from GWs and
10% from tidal synchronization.

4. Intrinsic Time-domain Phase Evolution of Gravitational
Waves

Having shown that physics besides GW radiation, e.g., tidal
and EM emission, can have appreciable effects on the orbital
dynamics, we analyze in this section the effect that this could
have on the gravitational waveform.

The evolution of the orbital angular frequency is quite slow
for a considerable part of the lifetime of the binary.
Consequently, these systems can be considered as quasi-

monochromatic GW emitters. It is worth mentioning that if the
source is exactly monochromatic (given the sensitivity of the
detector) the nature of the system cannot be determined by
observing its gravitational radiation. We will consider only the
evolution stages when the system is not monochromatic, that is,
only those orbital frequency regimes of the system in which an
interferometer is capable of detecting changes in frequency.
For a quasi-monochromatic source, the intrinsic parameters
of the gravitational waveform template are the frequency, f, its
time derivative, f , and the wave amplitude, h, (Takahashi &
Seto 2002). The amplitude depends both on intrinsic
parameters (e.g., the binary mass) and also on external
parameters like the distance to the source. The first two
parameters (f and f) define the intrinsic time-domain phase
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Figure 6. Difference in the intrinsic time-domain phase evolution between the two models AQ,, = QY — QY™ for a binary with M = 1.2 M., g =1, n = 100,

and two selected values of the magnetic field B = 8 x 107 G (solid curves), B =2 x 10® G (dashed curves). The different colors correspond to different initial values
of o used in the numerical integration. The intrinsic time-domain phase parameter encapsulates two of the intrinsic observable obtained from GW data. Since
AQ,, > 1, the UIM waveform gets out of phase with respect to the waveform in the case of only GW radiation. A sufficiently large dephasing can be detected by

LISA for appropriate conditions (see main text for details).

evolution of the GWs as (Damour et al. 2013)

w? 27 dN

Qu w P 27Td Inw’ (19
which provides information on the rate change of the GW
phase per logarithmic change in frequency. Here, w = 2wy is
the GW angular frequency. The quantity O, is useful to
compare the phase evolution of two waveforms given it is
invariant under phase and time shifts. The integral of the
difference between the value of Q. of two waveforms gives
their relative dephasing. For a binary emitting only GW in the

pure point-like quadrupole approximation, the phase evolution
GW ;
o s

- 48y

where v=MM,/M* = q/(q+ 1)* is the so-called symmetric
mass ratio. For example, a binary with M = 1.2 M., g=1
(v=1/4), driven only by GW emission, has

SV =32 x 102 at f=w/(27) = 1 mHz

As already mentioned, the frequency evolution of a binary
under GW, tidal interaction, and EM emission is different from
a pure GW-radiation-driven dynamics. Therefore, the GW
phase evolution is also different. The slower a system changes
its frequency, the more cycles it achieves before changing its
frequency, i.e., Q,, is larger. Since the evolution of the binary
under pure GW emission is slower (see Figure 3), we can infer
that Q™ < QSV.

Figure 6 shows the difference in the parameter Q,, between
the UIM and the pure GW emission model,
AQ, =05V — QU™ as a function of the GW frequency,
for M=12 M., g=1, n=100, two selected values of the
magnetic field, B=8 x 10’ G (continuous curves) and
B=2x10®G (dashed curves), and for different initial values
of synchronization parameter o.. For each magnetic field case,

05v - izz(GMW)‘g 5 (G

_5
3
= ! - ) . Qo)

C Cc

the different curves corresponding to different ay,; converge
rapidly. This is a consequence of the existence of a quasi-
attractor different from unity in the dynamics of synchroniza-
tion parameter, « (see, e.g., Figure 3). Furthermore, the
intrinsic time-domain evolution is affected for increasing
values of the magnetic field.

The considerable difference between the models implies a
relative dephasing of the gravitational waveforms, even when
the changes in frequency are small. Suppose that we observe
the above system at a GW frequency of 6 mHz, i.e., at an
orbital period of P =5.6 minutes, and the synchronization is
a=0.8. After 2 yr of evolution, the GW frequency has
changed 1.57 x 1073 %, in the case of the UIM model with
magnetic field B=8 x 10" G, and 1.47 x 10> %, in the case
of GW emission. For the former frequency change, the
difference  in  phase  of  the waveforms is
A® ~ AQ,dInw = 1.48 x 107 rad. For a magnetic field of
2 x 10® G, the system changes its frequency 1.88 x 10> % in
the same time interval and the de?hasing between the two
waveforms increases to ~5.19 x 10° rad.

From the observational viewpoint, we can distinguish the
two systems by the fact that the observable f is different at the
same frequency. This difference can be measured by GW
detectors like LISA (Amaro-Seoane et al. 2017). The error in
estimating f by using the matched-filtering method is
(Takahashi & Seto 2002)

(p))T.

obs
where (p) is the signal-to-noise ratio (S/N) accumulated in the
observing time, Tops. The S/N for quasi-monochromatic
sources can be estimated as (Maggiore 2008)

Afror = 0.43(£)%, 1)

A2
2\ 6 hC (f(‘)bs) 22
) = S T Su ) 22
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where the factor 6/25 comes from averaging over the angles
and considering two Michelson interferometers, f,,s is the
observed GW frequency, S,(f) is the power spectrum density
of the detector noise, and ﬁc is the reduced characteristic
amplitude (Flanagan & Hughes 1998)

he(f) = ho(f)NN = ho(f)(f Tps » (23)

with ho = 4v(GM /dc?) (nGMf /c3)?/? the GW amplitude and
d is the distance to source.

Using the same system at a GW frequency f= 6 mHz, the
differences between the UIM and the pure GW emission model
for B=8x10" G and B=2x10® G are, respectively,
Af =926 x 1007 Hz s ' and Af =3.91 x 107 Hz s .
Suppose that the binary is located at a distance of 1 kpc, so after
2 yr of observations by LISA, it could reach an S/N (p) ~ 246,
and Equation (21) gives Af,,,, ~ 4.38 x 1078 Hzs~'. These
figures imply that LISA could discriminate between the two
waveforms.

This effect can be used to calibrate the detectors observing
known astrophysical sources and pinpoint additional effects
besides GW radiation in the orbital dynamics. For instance, we
have shown that the gravitational waveform has the imprint of
the EM emission, so the detection of GW radiation from these
binaries can constrain the magnetic fields present. The above
can be accomplished if the additional effects like the EM
emission are accounted in the gravitational waveform
templates.

5. Conclusions

We have shown in this article that both tidal locking and EM
emission from the Ul mechanism can contribute to binary
dynamics of DWDs as much as the GW radiation. Therefore,
physics besides GW radiation can cause large effects in the
orbital decay rate and, consequently, on the GW waveforms. At
the same time, this can modify the outcome of population
synthesis models and the DWD merger delay time distribution,
relevant for the massive WD population from merging DWDs
and the double-degenerate channel of type Ia SN.

Particularly relevant is the effect of the EM emission on the
orbital decay for a magnetic field parameter B > 107 G, leading
to the possibility of constraining the magnetic field from
measurements of the orbital decay in known DWDs. We
applied the present model to two DWDs. For SDSS J0651
+2844 (see Section 3.1 and Figure 4), we obtain an upper limit
B ~ 6 x 107 G, and for ZTF J1539+5027 (see Section 3.2 and
Figure 5), the upper limit is B ~ 2.8 x 10’ G. We have
estimated that in these systems tidal locking and EM emission
can be of the same order and might have a combined
contribution of ~20% to the orbital decay.

The fact that the contribution of physics beyond the GW
radiation is already evident in known binaries motivated us to
quantify the effect of the different orbital dynamics on the GW
time-domain phase evolution, i.e., on the gravitational wave-
form (see Section 4). We have shown that the waveforms
obtained assuming two different dynamics, one driven totally
by GW radiation and one driven by GW, tides, and EM
emission, have an extremely diverse phase evolution (see
Figure 6) that can be measured by LISA. The sensitivity of
LISA to distinguish differences in the phase evolution of
different waveforms is particularly important for known
sources, since the accurate modeling of the templates will
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allow an accurate test of the detector itself. For instance, as
pointed out in Burdge et al. (2019), a crucial verification
source for LISA is ZTF J1539+5027, which emits GWs with
frequency f~ 5 Hz and could be detected with an accumulative
large S/N of about 143 in 4 yr of LISA observations. For this
S/N and observing time, Equation (21) states that the error in
estimating f by matched filtering will be Af, a2 x 10~!8
Hz s '. This value of Af, ., together with our estimates in
Section 4, implies that LISA will be sensitive enough to
discriminate between different models for this system. The
difference in f at the GW frequency of this source between a
model accounting for GW radiation, tidal interactions, and EM
emission and a model with only GW radiation is in the range
10°7-107"° Hz s ' for magnetic fields 10’-10° G. In
addition, the well-constrained binary inclination angle con-
strains the relative amplitude of two GW polarizations, and the
measured orbital decay already constraints the chirp mass
(Burdge et al. 2019) and, as shown in this article (see Figure 4),
physics beyond GW radiation.

There are additional targets of interest for potential studies of
this topic, e.g., the eclipsing DWD ZTF J22434-5242, with an
orbital period of 8.8 minutes and masses M; = 0.323 M, and
M, =0.335M_ derived from photometric measurements
(Burdge et al. 2020). The most relevant feature of ZTF J2243
45242 for the present analysis is that neither WD component is
close to fill its Roche lobe, which allows a cleaner a simpler
analysis of the binary dynamics.

We have shown that the dynamics of DWDs is largely
affected by the UI for B = /(1 — a)nB in the range 10-100
MG. For large values of 7= 10°-10> (see Figure 1), the above
implies that the binary dynamics might deviate from the pure
GW-driven dynamics even for moderate values of the magnetic
field strength B > 10° G. Those fields are detectable by Zeeman
splitting and features of the spectral absorption lines at optical
and UV wavelengths (see, e.g., Ferrario et al. 2015, for details).
Magnetic fields near ~1000 MG shift the spectral lines at
wavelengths far off their zero-field locations and show
stationary transitions (see, e.g., ZTF J1901+1458 in Caiazzo
et al. 2021). In the case of SDSS J0651+2844, ZTF J1539
45027, and ZTF J22434-5242, strong magnetic fields in the
luminous components are ruled out by the absence of Zeeman
splittings in the cores of the Balmer absorption lines. However,
as we have shown above, the Ul might still be present and
affect the orbital dynamics for high values of 7, leading to a
high effective magnetic field B. Therefore, the measurement of
the magnetic field strength of a high-magnetic WD in a close
DWD via measured Zeeman splitting would become a
compelling target for follow-up timing to test the theoretical
framework presented in this work.
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Abstract

Gamma-ray bursts (GRBs) are systems of unprecedented complexity across all the electromagnetic spectrum,
including the radio, optical, X-rays, gamma rays in the MeV and GeV regimes, as well as ultrahigh-energy cosmic
rays, each manifested in seven specific physical processes with widely different characteristic evolution timescales
ranging from 10~'* s to 107 s or longer. We here study the long GRB 180720B originating from a binary system
composed of a massive carbon-oxygen (CO) star of about 10M. and a companion neutron star (NS). The
gravitational collapse of the CO star gives rise to a spinning newborn NS (¢NS), with an initial period of Py =1 ms
that powers the synchrotron radiation in the radio, optical, and X-ray wavelengths. We here investigate solely the
GRB 180720B afterglows and present a detailed treatment of its origin based on the synchrotron radiation released
by the interaction of the NS and the SN ejecta. We show that in parallel to the X-ray afterglow, the spinning NS
also powers the optical and radio afterglows and allows to infer the ¥NS and ejecta parameters that fit the

observational data.

Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629)

1. Introduction

GRB 180720B was observed in gamma rays by Fermi
Gamma-ray Burst Monitor (GBM; Roberts & Meegan 2018),
the CALorimetric Electron Telescope (CALET) GMB (Cherry
et al. 2018), Swift Burst Alert Telescope (BAT; Siegel et al.
2018), Fermi Large Area Telescope (LAT; Bissaldi & Racusin
2018), and Konus-Wind (Frederiks et al. 2018). The High Energy
Stereoscopic System (H.E.S.S.) observed the source in the sub-
TeV energy domain (100440 GeV; Abdalla et al. 2019). In the
X-rays, the X-ray telescope (XRT) on board the Neil Gehrels
Swift Observatory (for short, Swift) observed the source from 91 s
after the Fermi GBM trigger (Siegel et al. 2018), Monitor of All-
sky X-ray Image (MAXI) Gas Slit Camera (GSC) started at 296 s
(Negoro et al. 2018), and NuStar from 243 to 318 ks (Bellm &
Cenko 2018). The 1.5 m Kanata telescope observed the source in
the optical and near-infrared as early as 78 s from the gamma-ray
burst (GRB) trigger time (Sasada et al. 2018). Additional
observations by optical, infrared, and radio telescopes can be
found in Martone et al. (2018), Sasada et al. (2018), Itoh et al.
(2018), Kann et al. (2018), Crouzet & Malesani (2018), Watson
et al. (2018), Schmalz et al. (2018), Covino & Fugazza (2018),
Lipunov et al. (2018), Jelinek et al. (2018), Zheng & Filippenko
(2018), Sfaradi et al. (2018), 1zzo et al. (2018), and Abdalla et al.
(2019). The identification of the Fe II and Ni II lines in the optical
observations by the Very Large Telescope (VLT) X-shooter
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telescope led to the source cosmological redshift of z=0.654
(Vreeswijk et al. 2018). With the knowledge of the redshift, the
GRB 180720B isotropic energy released is Eis, = 5.92 x 10> erg
(Ruffini et al. 2018b; Fraija et al. 2019; Abdalla et al. 2019). For
additional details on the GRB 180720B data, we refer the reader
to Section 3.

Therefore, GRB 180720B is specially relevant to test GRB
models given the statistical significance of the available multi-
wavelength observational data. In this article, we analyze the source
X-ray, optical, and radio afterglow emission. The description of the
afterglow emission of GRB 180720B within the traditional jetted
fireball model driven by the interaction of internal and external
shocks with the surrounding and interstellar medium, we refer, e.g.,
to Abdalla et al. (2019), Fraija et al. (2019), Ronchi et al. (2020),
and Rhodes et al. (2020). We here focus on the description of the
GRB 180720B afterglow emission within the binary-driven
hypernova (BAHN) model.

The BAHN scenario proposes that the GRB progenitor is a
binary consisting of a carbon-oxygen (CO) star and a neutron star
(NS) companion of ~2 M. The gravitational collapse of the CO
star, unlike considerations of the collapsar scenario that purports
the formation of a single black hole (BH) of ~5-10M
(Woosley 1993), creates in the supernova (SN) explosion a
newborn NS (vNS) of ~1.5 M. For compact CO-NS binaries
with orbital periods of the order of a few minutes, the accretion of
the SN ejecta onto the companion NS leads to the formation of a
BH (see, e.g., Fryer et al. 2014, 2015). These systems, called
BdHN I, explain the long GRBs with energy release >10° 2 erg.
For wider binaries, the accretion is not sufficient for the NS to
reach the critical mass for gravitational collapse, so it remains
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stable as a massive NS. These systems, called BAHN II, are
characterized by energies <10 erg. In agreement with the above
arguments, GRB 180720B has been classified as a BAHN I (see
Moradi et al. 2021a, hereafter Paper I). We give further
observational and theoretical details below and in Section 2.

The interaction of the SN ejecta with the ¥NS and the
companion BH leads to complementary explosive episodes,
which have been gradually identified in the last 20 years
(Ruffini et al. 2021). In Section 2, we present a detailed
description of the physical processes that occur in BdHNe I and
their related observables, based on the ongoing interplay
between theoretical developments and numerical simulations to
fit up-to-date observations. In addition to the X-rays, GeV and
sub-TeV afterglows, the presence of the six episodes in GRB
180720B, marked by their specific spectra representing
different underlying physical processes has been confirmed in
Paper I (see Section 2 for additional details):

I. Episode 1 (UPE I): the BH formation and its consequent
ultrarelativistic emission (UPE) phase originated from the
vacuum polarization with its characteristic Lorentz factor
I'~ 100 (Ruffini et al. 1999, 2000). This marks the first
manifestation of the BH (BH rise). In GRB 180720B, the
UPE I extends from t;=4.84s to t;=6.05s, its isotropic
energy is EQpe; = (6.37 4 0.48) x 1052 erg, and its
spectrum is best fited by a CPL+BB model (index
a=—1.13, cutoff energy E.=2220.569keV, and black-
body (BB) temperature k7'=50.31keV in the observer’s
frame); see Figure 5(A) in Paper L.

II. Episode 2 (vNS-rise): the accretion of ejecta onto the NS
leads to the NS spin-up, which we describe in this article.
The first appearance of this interaction in GRB 180720B,
referred as the vNS-rise, extends from #;=6, 05s to
t4=9.07s, has an isotropic energy of EMNV=
(1.13 £ 0.04) x 103 erg, and its spectrum is best fitted
by a CPL model (o« =—0.98, and E.=737keV, in the
observer’s frame); see Figure 5(B) in Paper I.

III. Episode 3 (UPE II): is marked by the observation of the
first significant GeV photon at ;= 7.06 s and includes as
well the continuation of the UPE phase from #;=9.07s
to f¢=10.89s, with an isotropic energy of E)fyy =
(1.6 £ 0.95) x 10°3 erg. The spectrum of the UPE II is
best fitted by a CPL+BB model with model parameters
of o =—1.06"31, E. = 1502.58¢ keV, and kT =
39.811% keV; see Figure 5(C) in Paper 1.

IV. Episode 4 (Cavity): this radiation occurs in the cavity
formed during the gravitational collapse of the NS and the
consequent BH formation, which becomes further depleted
by the UPE phase (Ruffini et al. 2019a). For GRB
180720B, it occurs from 7= 16.94s to ty=19.96s, with
an isotropic energy of EMFY = (4.32 + 0.19) x 1072 erg,
characterized by a CPL spectrum (o = —1.16, E, = 607.96
keV). Its spectrum is given in Figure 5(D) in Paper 1.

V. Episode 5 (SXF), and VI) Episode 6 (HXF): the
interaction of the UPE with the SN ejecta, which has a
typical torus-like morphology with a cone of half-
opening angle ~60° from the normal to the orbital plane
(Ruffini et al. 2021), creates the further emission of hard
X-ray flares (HXFs) and soft X-ray flares (SXFs; Ruffini
et al. 2018c). The HXF of GRB 180720B occurs from
t:=28.95s to ty=3498s, with LY = (7.8 %
0.07) x 10°" ergs™ ', and is best fitted by a CPL model

Rueda et al.

with E. = (5.570%) x 102 keV, o= —1.198 £ 0.031; see
Figure 5(E) in Paper 1. The SXF occurs from =55 s to
=755, with Lgp i, = 1.45 x 10% erg, and is best
fitted by a PL4+-BB spectrum with o = —1.79 + 0.23, and
kT =0.99 £+ 0.13 keV; see Figure 5(F) in Paper I.

In GRB 180720B, as indicated in Paper I, the emission
processes originate from three independent energy sources,
following the evolution of the progenitors composed of a
COcore and a companion NS:

1. The SN. As all SNe, it generates a pulsar, which here is
indicated by vNS.

2. The vNS. The first appearance of the NS (vNS-rise) shows
that it has been spun up by fallback accretion of SN ejecta
and is then followed by the late X-ray afterglow with a
power-law luminosity Ly oc £~ "***%°! From the energetics
of the ¥NS-rise and the X-ray afterglow, we infer that the
VNS period and magnetic field are P, ys0=1.01 ms and
Baip=42x 10" G.

3. The BH. The appearance of the BH (BH rise), formed from
the NS companion collapse by accretion of SN ejecta, is
marked by the UPE phase followed by the observation of
GeV, cavity, HXF, and SXF. From the MeV-GeV emission
powered by the BH extractable energy, we infer the BH
mass M=24M., and spin parameter, a=0.55 (see
Paper I).

During the UPE phase of GRB 180720B, the inner engine of
the GRB operates in an overcritical regime. The inner engine
consists of a Kerr BH of mass M and angular momentum J,
surrounded by a very-low-density plasma of ions and electrons
with p ~ 10~'* g cm 2 (Ruffini et al. 2019b) in the presence of
a uniform magnetic field around the BH, amplified by the
gravitational collapse (Rueda et al. 2020). Following the
quantum vacuum polarization process in decreasing time bins,
we have determined the timescale of the radiation (7 ~ 107° S),
the Lorentz factors (I'~30), the radius of transparency
(R" ~ 10° cm), and energy (E ~ 10* erg) of radiation pulses
during the UPE phase. The detailed analysis of the UPE phase
of GRB 180720B is presented in Rastegarnia et al. (2022).
Figure 1 shows the light curve and spectra of different
astrophysical processes underlying different episodes in GRB
180720B; for more details see Paper 1.

In this article, we exclusively analyze the radio, optical, and
X-ray afterglows of GRB 180720B. We extend the description of
the GRB afterglow developed by Ruffini et al. (2018a) within the
BdHN scenario. In this approach, the afterglow originates from the
synchrotron radiation produced by the expansion of the SN ejecta
in the presence of the NS magnetic field. We here provide the
theoretical formulation of the underlying synchrotron radiation and
demonstrate that the spinning ¢NS, in addition to the X-ray
afterglow, also originates from the optical and the radio afterglows.

In addition, we present the fundamental result that in GRB
180720B, Episode VI, namely, the luminosity of the optical SN
bump is expected to be comparable to the optical synchrotron
radiation. Unfortunately, there was no optical follow-up of
GRB 180720B ~15-20 days after the trigger predicted in
Ruffini et al. (2018b); see Figure 2.

The article is organized as follows. Section 2 summarizes the
sequence of physical phenomena that occur in a BAHN and their
related observables in GRB data. In Section 3, we represent the
X-ray, optical, and radio afterglow data of GRB 180720B. In
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Figure 1. Luminosity light curve of GRB 180720B and spectra related to the different Episodes identified in GRB 180720B. The plots and best fits are reproduced

from Paper I by the author’s permission.

Section 4, we represent the formulation related to synchrotron and
pulsar radiation of the vNS. In Section 5, we represent the
concluding remarks.

2. Physical Processes and Observables of BdHNe

We summarize the sequence of physical phenomena in a
BdHN, their related electromagnetic emission, and associated
observed emission episodes in GRBs data. The BAHN event roots

in the induced gravitational collapse (IGC) scenario proposed in
Rueda & Ruffini (2012). It starts with the core collapse of the CO
star that leads to the vNS at its center, and the ejection of the
outermost layers in form of SN explosion. The latter produces a
hypercritical accretion process onto the NS companion (Fryer
et al. 2014; Becerra et al. 2016), while fallback of the innermost
layers accrete onto the NS (Becerra et al. 2019).

Precursors. The hypercritical accretion onto both NSs can
be observed as precursors to the prompt gamma-ray emission
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Figure 2. Optical luminosity of prototype SN 1998bw (gray) vs. optical
(purple) afterglow of GRB 180720B. In this GRB, no optical data were
observed ~16-24 days after the trigger as we predicted in Ruffini et al.
(2018b). Most likely, the associated SN could have been detected if optical
observations had been made at the time. The r-band optical data are retrieved
from Abdalla et al. (2019). The optical luminosity of prototype SN 1998bw is
plotted from reference (Iwamoto et al. 1998).

of BAHN I (see, e.g., GRB 090618 in Becerra et al. 2016; GRB
130427A in Wang et al. 2019; and also Becerra et al,
submitted, for new numerical simulations), or in the prompt
emission itself of BAHN II (see, e.g., GRB 180728A in Wang
et al. 2019; and, very recently, GRB 190829A in Wang et al.
2022).

From now on, we specialize the discussion on BdHN I. The
newborn Kerr BH is surrounded by the magnetic field inherited
from the collapsed NS (see Rueda et al. 2020, for a discussion
on the nature of the magnetic field in BAHN I) and by low-
density ionized matter (Becerra et al. 2016; Ruffini et al. 2019a;
Becerra et al. 2019). These three ingredients conform the so-
called inner engine of the high-energy emission of the GRB
(Ruffini et al. 2019b; Rueda & Ruffini 2020; Moradi et al.
2021b; Ruffini et al. 2021). The BH extractable energy powers
both the ultrarelativistic prompt emission (UPE) phase and the
GeV emission (see below).

The gravitomagnetic interaction of the Kerr BH of mass M and
angular momentum J, with the external magnetic field of strength
B, induce an electric field in the vicinity of the BH horizon,
E ~ QuryBy/c = aBy/2, where Qy=ca/Q2ry) and ry are the
Kerr BH an%ular velocity and outer horizon, respectively. Here,
a=cJ/(GM") is the BH dimensionless spin parameter. The full
mathematical expressions of the electromagnetic field outside the
Kerr BH for a parallel, asymptotically uniform exterior magnetic
field are given by the Papapetrou—Wald solution (Wald 1974). The
above electric field is overcritical, i.e., E > E. = m€2c3/ (e2), for
magnetic field strengths B > 2E../c.. These values are attainable if
the magnetic field is amplified in the process of gravitational
collapse of the NS to a BH (see, e.g., discussion in Rueda et al.
2020).

The UPE phase. One of the most exciting recent developments
is the explanation of the MeV radiation of the UPE phase of
GRBs. The necessity of introducing new physics in the GRB
prompt emission has arisen from the revealed hierarchical or self-
similar structure observed in the UPE of GRB 190114C (Moradi
et al. 2021c) and GRB 180720B (Rastegarnia et al. 2022). The
quality of the data of the Fermi satellite and Swift has allowed to
perform an in-depth time-resolved analysis of the GRB prompt
emission. Such analysis has shown that the spectra of the UPE, on
ever decreasing time intervals (of up to a fraction of a second),
shows similar BB4+CPL spectra. These self-similar BB+CPL

Rueda et al.

spectra on rebinned time intervals point to a microscopic
phenomenon operating on shorter and shorter timescales. We are
not aware of any explanation of the above UPE hierarchical
structure from traditional models based on an ultrarelativistic jet.
We have recently explained this phenomenon in the context of the
inner engine of BAHN I, for GRB 190114C in Moradi et al.
(2021c) and for GRB 180720B in Rastegarmia et al. (2022). The
UPE phase is explained by the overcritical regime of the electric
field that leads to the quantum electrodynamics (QED) process of
vacuum polarization, i.e., the formation of an electron—positron
(ete”) pair plasma. The e'e  plasma self-accelerates, loads
baryons from the medium, and reaches transparency at large radii
Ry with Lorentz factor I'. Ruffini et al. (1999) presented the first
numerical simulations of the dynamics of the expansion and
transparency of such optically thick -electromagnetic—baryon
plasma, which has been called the PEMB pulse. The dynamics
of the plasma depends only on the initial conditions of energy and
baryon load, which following the inner engine theory, depend only
on the mass, angular momentum, and electric energy stored in the
dyadoregion, i.e., the region outside the BH where the electric field
is overcritical. Therefore, the plasma dynamics is set by the inner
engine parameters M, J, and B. As the electric energy is induced
by the gravitomagnetic interaction of the BH and the magnetic
field, it is the BH extractable energy that ultimately powers the
UPE. Therefore, in each process of expansion and transparency of
a PEMB pulse, the Kerr BH loses a fraction of M and J. After the
energy release of a PEMB pulse, the mass and angular momentum
of the BH have decreased to M = My — AM and J = J, — AJ. For
the UPE of GRB 190114C, we have estimated that the initial
PEMB pulse has R, ~ 10°cm, I'~10% and plasma energy
~10% erg, leading to AM/M ~ AJ/J~10"° (Moradi et al.
2021c). Related to the new lower value of J, it corresponds to a
new lower value of the electric field, E = Ey(1 — AJ/J). Therefore,
the system restarts a new process characterized by new lower
values of M, J, and E, which lead to a lower e e~ plasma energy.
The extremely short QED timescale of the vacuum polarization
process, Nﬁ/(mecz)z 1072 s, guarantees that the process can
repeat over time until the electric field reaches the critical value.
For GRB 180720B, the UPE phase driven by the above QED
mechanism, ends at ;= 10.89s.

The Cavity. The SPH simulations of the SN explosion and the
NS accretion show the region around the NS that collapses to a
BH is characterized by a low density of the order of 107° g
cm . Numerical simulations show that the density inside this
cavity is further depleted by the BH formation and the expansion
of the e*e™ plasma to values of the order of ~107"*-107"3 g
cm > (Ruffini et al. 2019a). The emission from the cavity walls,
characterized by a CPL spectrum, has been there identified in the
case of GRB 190114C. The cavity emission has been also
identified in GRB 180720B (see Figure 1 and Table 1).

The soft and hard X-Ray flares (SXFs and HXFs). They
originate from the breakout of the e*e” plasma from high-
density regions of the ejecta around the BH. In those regions, the
e"e” plasma loads more baryons than in the case of the low-
density regions leading to the UPE phase. This leads the plasma
to reach transparency with a lower Lorentz factor <5 (Ruffini
et al. 2018d). The occurrence of this emission in several GRBs
has been analyzed in light of the numerical simulations of the
e"e” plasma expansion in the realistic SN ejecta obtained from
the three-dimensional simulations, and it has been shown that the
emission is viewed within at an intermediate angle, between the
binary plane and the rotation axis (see, also, Ruffini et al. 2021).
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Table 1
Episodes and Afterglows of GRB 180720B
Event Astrophysical Process Duration(s) Spectrum Ei, (erg) References
CPL+BB
I) BH rise Vacuum polarization 1.21 a=—1.13, E. = 2220.57 keV (6.37 £ 0.48) x 102 Moradi et al. (2021¢)
(UPE 1) around BH kT=50.31 keV
CPL
II) NS-rise Synchrotron radiation 3.01 a=—0.98, E. =737 keV (1.13 £ 0.04) x 10° Rueda et al. (2020)

powered by vNS

CPL
IIT) BH rise Synchrotron radiation 600 a=—-2.040.1 (22 +£0.2) x 1072 Ruffini et al. (2019b)
(GeV radiation) powered by BH

CPL+BB

BH rise Vacuum polarization 1.82 a = —1.06, E. = 1502.5 keV (1.6 £ 0.95) x 107 Moradi et al. (2021c)
(UPE 1I) around BH kT=39.8 keV

CPL
IV) Cavity Radiation from cavity’s 3.02 a = —1.16, E. = 607.96 keV (4.32 £ 0.19) x 10°? Ruffini et al. (2019a)

wall

CPL

V) HXF Emission from outer 6.03 a=—1.198+0.031 (3.93 £+ 0.33) x 10°? Ruffini et al. (2018d)
SN layers E. =550 keV
CPL+BB
VI) SXF Emission from outer 15.12 a=—1.79£0.23 (2.89 £ 0.42) x 107 Ruffini et al. (2018c)
SN layers kT =0.99 £+ 0.13 keV
expected to be expected to be
VII) Optical SN Nickel decay ~10° PL ~10% Not observed
for GRB 180720B

PL

X-ray Afterglow Synchrotron radiation ~10’ (2.61 +1.0) x 10 Rueda et al. (2020)
powered by vNS

PL

Optical Afterglow Synchrotron radiation ~3x10° (6.10 = 1.0) x 10®° Abdalla et al. (2019)
powered by vNS This work

PL
sub-TeV emission Unknown ~3x10° (2.40 £ 1.8) x 10®° Abdalla et al. (2019)

PL
Radio Afterglow Synchrotron radiation ~2x10° (2.21 £0.24) x 10* Rhodes et al. (2020)

powered by vNS

This work

Note. This table reports the name, the underlying astrophysical process, the duration (s), the best-fit spectrum, the isotropic energy (erg), and the reference for each

event in GRB 180720B.

The GeV emission. The induced electric field accelerates to
ultrarelativistic energies electrons surrounding the BH. Along the
BH rotation axis, the electric and magnetic field are parallel, and
the electrons accelerate without energy losses. Under these
conditions, the electrons reach energies of up to 10'®eV and
protons of up to 10*'eV (Rueda & Ruffini 2020), leading to
ultrahigh-energy cosmic rays (UHECRs). Outside the polar axis,
the synchrotron radiation of the accelerated electrons peaks at
GeV energies, explaining the observed GeV radiation of GRBs
(Ruffini et al. 2019b; Rueda & Ruffini 2020; Moradi et al. 2021b;
Rueda et al. 2022a). The theoretical framework of the inner engine
based on the above description has been applied to the explanation
of the GeV emission of GRBs. The case of GRB 130427A has
been analyzed in Ruffini et al. (2019b), and GRB 190114C
and the extension of the theoretical framework to active galactic
nuclei (AGNs) like M87" in Rueda & Ruffini (2020) and

Moradi et al. (2021b). A rigorous general relativistic treatment of
the inner engine and the emission produced by charged particles
accelerated by the induced electric field can be found in Rueda
et al. (2022a). The theoretical model predicts that the above
emission process occurs within 60° degrees from the BH rotation
axis, which agrees with the lack of observed GeV emission in a
fraction of BAHN I (see Ruffini et al. 2021, for details).

The multiwavelength afterglow. This is the main topic of this
aticle. In the BdHN model, the afterglow originates from
synchrotron radiation in the SN ejecta, powered by the ¥NS and
not from ultrarelativistic blastwaves, as shown in Ruffini et al.
(2018a), Wang et al. (2019), and Rueda et al. (2020). These works
have carried out the numerical integration of the electron kinetic
equation taking into account the expansion of the SN from
numerical simulations, the radial dependence of the magnetic field
expected from pulsar theory, and the power of the NS as a pulsar.
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Figure 3. Luminosity light curve of GRB 180720B including the observations in gamma rays from Fermi GBM (yellow), soft X-rays from Swift XRT (red), radio data

from AMI-LA (brown diamonds; retrieved from Rhodes et al. 2020), and r-band optical data (purple circles; retrieved from Abdalla et al. 2019).

More recently, we have presented analytic solutions of the above
treatment that are consistent with our previous numerical calc-
ulations. Wang et al. (2022) has presented the analytic treatment of
the X-ray, radio, and optical afterglow emission of GRB 190829A.
The consistency of this theoretical treatment with the multi-
wavelength afterglow data is here extended to the case of GRB
180720B.

The optical SN. We finish the general description of BdHNe
with the emission of the SN in the optical wavelengths. This
emission is powered by the energy release of nickel decay (into
cobalt) in the ejecta. The SN associated with GRBs are similar
with each other, roughly independent of the wide GRB
energetics (see, e.g., Cano et al. 2017 and Aimuratov et al.,
to be submitted). This indicates that the pre-SN progenitor (i.e.,
the CO star) leading to the core-collapse SN event triggering
the GRB, is similar in all GRBs. This is a relevant information
for the formation channel of the CO-NS binaries leading to
GRBs (see, e.g., Fryer et al. 2015).

3. Data of GRB 180720B

On 20 July 2018, GRB 180720B triggered Fermi GBM at
14:21:39.65 UT (Roberts & Meegan 2018), Swift BAT at
14:21:44 UT (Siegel et al. 2018), and Fermi LAT at 14:21:44.55
UT (Bissaldi & Racusin 2018). Swift XRT began to observe 91 s
after the Fermi GBM trigger (Siegel et al. 2018). These gamma-
ray and X-ray data are retrieved and analyzed by Fermi GBM
Data Tools (Goldstein et al. 2021) and HEASoft'’, respectively.
The corresponding gamma-ray and X-ray luminosity light curves
are shown in Figure 3. This GRB also triggered several optical
telescopes. The optical light curve of the r band in Figure 3 is
reproduced from Abdalla et al. (2019), which gathers the
observations from Kanata (Sasada et al. 2018), Multicolor Imaging

10 https: / /heasarc.gsfc.nasa.gov /lheasoft/

Telescopes for Survey and Monstrous Explosions (Itoh et al.
2018), Tien Shan Astronomical Observatory (Reva et al. 2018),
Mobile Astronomical System of Telescope-Robots (Lipunov et al.
2018), International Scientific Optical Network-Castelgrande
(Schmalz et al. 2018), Observatorio de Sierra Nevada (Kann
et al. 2018), Las Cumbres Observatory (Martone et al. 2018), and
Katzman Automatic Imaging Telescope (KAIT; Zheng &
Filippenko 2018).

KAIT provides the latest observation at 3.874 days after the
trigger. This time is much before than the time expected for the SN
optical bump, based on the previous SNe statistics (Cano et al.
2017). Considering the burst occurs at a distance of z=0.654,
Ruffini et al. (2018b) predicted that the SN optical flux should have
peaked at 21.8 4= 4.3 days after the trigger, i.e., on 2018 August 11,
with the uncertainty from 2018 August 7 to 15. In Figure 2, we plot
the optical luminosity of SN 1998bw and the observed optical
afterglow of GRB 180720B. The peak luminosities of other SNe
associated with GRBs vary about 0.5-3 times (Cano et al. 2017).
The figure shows that the expected optical flux of the SN is not
much lower than the optical flux of the synchrotron radiation.
Therefore, the SN signal could have been observed if the source
were monitored at the optical wavelengths at 21.8 4.3 days, as
suggested in Ruffini et al. (2018b). Regretfully, we have to
conclude that the missing of SN optical signal is due to the missed
prolonged optical follow-up of GRB 180720B (see Figure 2),
which has been a big missing opportunity for a further
observational verification of a theoretical prediction of the BAHN
model.

The GRB 180720B triggered also radio emission observed
by the Arcminute Microkelvin Imager Large Array (AMI-LA;
Staley et al. 2012; Anderson et al. 2017). The observed flux,
which comprises over 5 logarithmically spaced data points, was
retrieved from Rhodes et al. (2020).

The broad-band luminosity light curve of GRB 180720B is
presented in Figure 3.
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4. Synchrotron and Pulsar Radiation of the ¥NS

We here follow and extend the treatment of the GRB afterglow
by Ruffini et al. (2018a) within the BdHN scenario. In this picture,
the afterglow originates from the synchrotron radiation produced by
the expansion of the SN ejecta in the presence of the magnetic field
of the YNS. We now estimate the emission generated by the
synchrotron mechanism in the X-rays, in the optical, and in the
radio, together with the pulsar emission of the vNS.

4.1. Synchrotron Emission by the Expanding Ejecta

The evolution of the distribution of radiating electrons per
unit energy, N(E, 1), is determined by the kinetic equation (see,
e.g., Kardashev 1962; Rybicki & Lightman 1979)

ON(E, 1) o ..
== — " [EN(E E 1
y 8E[ N(E, )] + Q(E, 1), (D

where Q(F, ?) is the number of injected electrons into the ejecta
per unit time 7, per unit energy E, and E is the electron energy
loss rate.

In the present model, the electrons are subjected to adiabatic
losses due to the ejecta expansion and synchrotron radiation
losses because of the presence of the NS magnetic field. The
electrons lose their energy efficiently by synchrotron radiation,
S0 we can assume a one-zone model adopting that the emission
originates from the innermost layer of the ejecta, which we
denote as r = R,. We assume that the ejecta expand at constant
velocity vy o, so the radius evolves as

Ri(t) = Ry 1, ()

where 7 = t/ty, and t, = Ry o/Vy 0.

Having specified the pace at which the ejecta expand, we can
write the energy balance equation governing the evolution of
the electron’s energy (see, e.g., Kardashev 1962)

. E
—E = 7 + f;yn(E, 1), 3)

where the first term on the right-hand side accounts for
expansion and adiabatic losses, and the second term is given by
the bolometric synchrotron radiation power (see, e.g., Longair
2011)

Py (E, 1) = BB (1)E?, 4)

where 3 = 2¢*/(3m.}c7), and By(f) is the magnetic field the
electrons are subjected to. From the traditional pulsar theory,
we expect that, beyond the light cylinder, r = ¢ /S, where £ is
the rotation angular velocity of the NS, the magnetic field of
the NS decreases linearly with distance (see, e.g., Ostriker &
Gunn 1969; Goldreich & Julian 1969). Therefore, we adopt
that the magnetic field strength at the ejecta position varies with
time as

Bulr) = By 20 = 222, )

% 7

where B,-(O) is the magnetic field strength at r =R, (, and we
have used Equation (2).

For completing the specification of Equation (1), we need
to introduce the distribution of the injected electrons. We
assume a power-law distribution (see, e.g., Kardashev 1962;
Pacini & Salvati 1973; Rybicki & Lightman 1979;

Rueda et al.
Longair 2011)
Q(E, 1) = Qo(E™,

where v and E,,,x are parameters to be determined from the
observational data, and Qu(f) can be related to the power
released by the NS and injected into the ejecta. We adopt an
injected power of the form

0 < E < Emax, (6)

—k

t

Lii(t) = Lo(l + —) , @)
Iy

where L, t,, and k are model parameters to be obtained from

the fit of the observational data. Therefore, the function Qy(f)

can be found from

Emax E277
Ly = [ EQE ndE= 0T (®)
which using Equation (7) leads to
: —k
Qo(1) = qo(l + t—) , )
q

where ¢, = (2 — W)LO/Erﬁ;].

Having specified the evolution of the ejecta by Equation (2)
and the magnetic field by Equation (5), as well as the rate of
particle injection given by Equations (6) and (9), we can now
proceed to the integration of the kinetic Equation (1).

First, we find the evolution of a generic electron injected at time
t=t; with energy E; Equation (3) can be integrated analytically
leading to the energy evolution (Rueda et al. 2022b; Rueda 2022)

Ei(t;/1)
1+ .ME,-t,»(% - iz)
t; t

i

E= (10)

where M = (B /2.
The solution of Equation (1) can be written as (see, e.g.,
Pacini & Salvati 1973)

NE D= [ 0lE, 1, B B %dEi, (11)

where #,(t, E;, E) is obtained from Equation (10).

We can write N(E, ) as a piecewise function of time depending
upon the behavior of the energy injection (9). All the observational
data of GRB 190114C is contained in the regime where
synchrotron losses are dominant. In this case, the solution of
Equation (11) is well approximated by Rueda (2022)

2#;2,5—(7“)’ 1<,
NE. 1 53*,0(’}’ -1 (12)
, ) = k
t,/t .
7q°2(q/ *) PkE-04D, <t < 1,
53*,0(’7 -1
where E, < E < Ep,x, being
f
E, ty = 12 ME . (13)

Mty

The electrons emit most of the synchrotron radiation at
frequencies close to the critical frequency Ve = aB4E>, where
a = 3e/ (47rme3c5). Therefore, we can assume v =/ Vg, SO the
bolometric synchrotron power from Equation (4) can be written
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approximately in terms of the radiation frequency as
Rn(E.1) = Ry, ) = ZBo, (14)

and the spectral density, i.e., energy per unit time, per unit
frequency, as (see, e.g., Longair 2011)

@wwz&mwwwn@

ﬂ n - 331’“ A20-p—1 1-p (15)

= —Q2 2 vz,
*,0
2

where we have used N(E, 1) =7 tAlE*V, where 7, [, and p are
known constants from Equation (12).

The synchrotron luminosity radiated in the frequencies [v,
1»] can be then obtained as

%)
Lan@i v 0 = [ dgn(v, 0dv ~ vlgn@ 0, (16)
v

where v; = v, 1, =v+ Ay, with Av denoting the bandwidth.
Because Jgy, shows a power-law behavior in frequency (see
Equation (15)), we have used in the second equality of
Equation (16) the approximation Av/v < 1. By substituting
Equation (15) into Equation (17), we obtain that, at the
frequency v, the synchrotron luminosity is given by

PHL 21 p1 3p

Lgyn (v, t)—gaz UB*OI PV 17

Equation (17) implies that the synchrotron radiation follows

a power-law behavior both in time and radiation frequency,
2-p—1) 3—p

Lgyn o<t 2 v2, where p=++1 and the value of / depend
on whether we are in the phase of constant injection or power-
law injection (see Equation (12)). Therefore, the synchrotron
radiation leads to a rainbow luminosity, characterized by the
same power-law index in the X-ray, optical, and radio
wavelengths (see Figure 4). This occurs when the system
remains over time in the same physical regime, namely, when
the observational data are contained within times # < #,, and the
electron energies are in the range FE, < E < Ej.x; see
Equation (13). Otherwise, the power-law behavior changes
when the system makes a transition to a regime of dominance
of adiabatic over synchrotron losses. In the present case, we did
not find evidence in the GRB afterglow data of the occurrence
of the transition to such a physical regime. This implies that the
ratio of the luminosity at different frequencies depends only on
the power-law index of the injection rate as (Rueda 2022)

i 2
M_(ﬂ)2 _(ﬂ)z. (18)
Lgyn (12) %) %)
Therefore, we can set the value of ~y by fitting the observed X-rays
to optical luminosity ratio. Once we have fixed +, the optical (or
X-rays) to radio luminosity ratio is also set. Figure 4 shows that
the obtained synchrotron luminosity at radio wavelengths also
agrees with the observational data. This result implies that the
model leads to the correct observed spectrum of the afterglow

emission in a wide range of energies from the radio to the X-rays,
which strongly supports the present scenario.

Rueda et al.

4.2. Newborn NS Evolution and Pulsar Emission

At some point in the time evolution, when the synchrotron
luminosity has fallen sufficiently, the pulsar emission of the NS
becomes observable. We calculate this emission by adopting a
dipole+quadrupole magnetic field model following Pétri (2015).
In this model, the total pulsar (spin-down) luminosity is given by

Ly = Ldip + Lquad

19)

16 R2Q)?
(1 LR,

3 c?
with R the NS radius, and ¢ defines the quadrupole to dipole
strength ratio

B ua
&= \/cos X, + 10sin? y, —— d d (20)
Bdlp

where the angles y; and Yy, define the quadrupole field
geometry, and we have assumed the dipole field in the m =1
mode, i.e., inclined 90° with respect to the stellar rotation axis.
The quadrupole field span between the m = 0 and m = 1 modes
for values of the angles in the range 0°-90° (see Pétri 2015, for
further details).

The evolution of the ¥NS is calculated from by integrating
the energy balance equation

_(W + T) =L = Linj + L, (21)

where W and T are the ¥NS gravitational and rotational energy,
respectively.

Table 2 lists the values of the model parameters that fit the
afterglow of GRB 180720B in the X-ray, optical, and radio
energy bands. Figure 4 shows that the observed afterglow
luminosity that fades with time with the same power-law behavior
in the X-rays, optical, and radio is explained by the synchrotron
emission. The synchrotron lumm051ty in the X-rays decays
exponentially after a few 10% s, while it keeps its power-law
behavior at lower energies. This occurs because around this time
the critical synchrotron radiation energy (hi.;) falls below the
keV range. After this time, the pulsar emission from the vNS
dominates the X-ray emission. The pulsar emission is character-
ized by a plateau followed by a power-law decay (at times longer
than the characteristic spin-down timescale). However, in the
afterglow there is also the additional power-law contribution from
the synchrotron emission. When the plateau phase of the pulsar
emission is comparable (but smaller) to the synchrotron power-
law luminosity, the sum of the two contributions can lead to a
power-law luminosity shallower than the power law of the pure
synchrotron radiation. In GRB 180720B, the Xrag afterglow
shows two different power laws, the first at times 10°~10° s and
the second at times >10*s (there is a hole in the data at 10°— 10*
s). In the time interval 10°~10° s, the X-ray luminosity shows a
shallower power law than the pure synchrotron luminosity, as it
can be seen by comparing it w1th the power law of the optical and
radio synchrotron at times >10*s. Such a shallower power-law
luminosity indicates the presence of the ¥NS magnetic-braking
radiation, and indeed it is well fitted by the sum of the synchrotron
and the plateau of the newborn NS pulsar emission (see Figure 4).

The subsequent dominant role of the pulsar emission in the
observed X-ray emission has allowed us to infer the strength of
the dipole and the quadrupole components of the magnetic
field, as well as the rotation period of the vNS. Therefore,
in the BAHN model the afterglow is characterized by a typical
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Figure 4. Luminosity of GRB 180720B in the X-ray (0.3—10 keV), optical (r band), and radio (5.0 and 9.0 GHz) energy bands. The X-ray data are produced by the
methods developed by the Swift XRT team to produce the the light curves (Evans et al. 2009). The radio data from AMI-LA are retrieved from Rhodes et al. (2020),

and the r-band optical data are retrieved from Abdalla et al. (2019).

Table 2
Numerical Values of the Theoretical Model of Synchrotron Radiation that Fit
the Multiwavelength Observational data of GRB 180720B as Shown in

Figure 4
Parameter Value
7y 1.34
k 1.73
Lo (10 erg s 1) 5.50
Emax (10* m,c?) 1.00
1, (8) 40.00
Ry (10" cm) 1.99
V0 10° cm s7h) 1.00
B, (10° G) 251
200.00
B, (10" G) 1.50
P (ms) 1.00

power-law luminosity in the X-ray, optical, and radio
wavelengths, given by the synchrotron radiation emitted by
the expanding SN ejecta in the magnetized medium of the VNS,
together with the pulsar-like emission of the latter.

The radio emission shows an excess over the synchrotron
emission at a few 10° s whose nature is unclear. This excess
could be a signature of the SN or the emergence of the VNS
pulsar in the radio wavelengths, but further observational data
at longer times and additional theoretical modeling are needed
to confirm or disregard any of these possibilities.

5. Conclusions

We have pointed out the essential role of the gravitational
collapse of the CO star of about 10M, in the presence of a
companion NS leading to a variety of independent processes:
1) the SN originated from the COcore collapse, 2) the ejecta
accreting on the ¥NS spins it up to milliseconds and generates

the radio, optical, and X-ray afterglows, 3) the ejecta accreting
onto the companion NS, leading to the BH formation that
generates the UPE phase and GeV emission.

We have here addressed the afterglows driving the three
different components of the X-ray, radio, and optical emissions.
We have shown that the synchrotron emission generated by
accelerated electrons in the expanding SN ejecta, powered by the
VNS injected energy, explain the observed power-law emission in
the X-ray, optical, and radio wavelengths. In our interpretation, the
synchrotron power-law luminosity in the X-rays ends about ~10° s
due to the transition of the synchrotron critical frequency to values
below the X-ray range. At 10°~10° s, the X-ray luminosity shows a
shallower decay that resembles a plateau, which we have
interpreted as the emergence of the ¥NS pulsar emission. The fit
of such a behavior of the X-ray luminosity and its subsequent
power-law emission with the pulsar emission has allowed us to
infer the NS initial spin (1 ms), and the dipole and quadrupole
magnetic field strengths, respectively, By, =1.5 X 10" G and
Bquaa =200Bg;, (see Table 2 for the values of all the model
parameters).

The synchrotron radiation in the optical wavelengths over-
comes most of the optical SN except for the SN peak that could
have been barely observed. However, no observational data of
GRB 180720B were acquired at the needed time of ~20 day
after the trigger, where we predicted the occurrence of the SN
peak time (Ruffini et al. 2018b). The associated SN could have
been detected if observations at optical wavelengths had been
taken at those times.

From the analysis presented in Paper I, the most general BAHN 1,
GRB 180720B, comprises seven independent episodes character-
ized by specific spectral signatures and energetics. They originate
from the gravitational collapse of a CO star in the presence of a
binary NS companion. Their successful analysis has clarified the
occurrence of the most energetic and possibly one of the most
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complex systems in the universe. Some episodes have been
observed in selected BdHNe I, e.g., in GRB 190114C (Ruffini et al.
2021) and GRB 130427A (Ruffini et al. 2019b). It is the first time
that six of these episodes have been observed in a single source.
This has been made possible by the statistically significant data
available and the special inclination of the viewing angle with
respect to the equatorial plane of the binary system in GRB
180720B. The latter made possible the observation of the HXF and
the SXF. Only the seventh episode, the final observation of the
optical SN due to the nickel decay, with a predicted peak
bolometric optical luminosity of L, . = (8.9 +3.8) x 10" erg s ™'
and rest-frame peak time of 7, =(1.2£0.24) x 10° s, was
observationally missed.

In summary, the interaction of the SN ejecta with thevNS
originated the emission of (1.39 = 0.05) x 10 erg, revealed in
the vNS-rise, and different afterglows in the X-ray, optical,
radio, and sub-TeV emission. Likewise, an emission of
(1.7 + 1.0) x 10> erg originates from the accretion of the SN
ejecta onto the companion fast-spinning magnetized NS,
creates the two events of ultrarelativistic jetted emissions
(UPE I and UPE 1II), and the jetted GeV emission; see details in
Table 1.

Therefore, BAHNe I are characterized by seven episodes and
four long-lasting emissions in the radio, optical, X-ray, and
GeV bands. The total energy originating into the gravitational
collapse of the COcore in GRB 180720B is therefore
(8.0£1.0) x 10%3 erg, which classifies this source as a
Giganova.
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In the binary-driven hypernova (BdHN) scenario, long gamma-ray bursts (GRBs) originate in a
cataclysmic event that occurs in a binary system composed of a carbon-oxygen (CO) star and a neutron star
(NS) companion in close orbit. The collapse of the CO star generates at its center a newborn NS (vNS), and
a supernova (SN) explosion. Matter from the ejecta is accreted both onto the NS because of fallback and
onto the NS companion, leading to the collapse of the latter into a black hole (BH). Each of the ingredients
of the above system leads to observable emission episodes in a GRB. In particular, the vNS is expected to
show up (hereafter #NS-rise) in the early GRB emission, nearly contemporary or superimposed to the
ultrarelativistic prompt emission (UPE) phase, but with a different spectral signature. Following the
UNS-rise, the NS powers the afterglow emission by injecting energy into the expanding ejecta leading to
synchrotron radiation. We here show that the vNS-rise and the subsequent afterglow emission in both
systems, GRB 180720B and GRB 190114C, are powered by the release of rotational energy of a Maclaurin
spheroid, starting from the bifurcation point to the Jacobi ellipsoid sequence. This implies that the NS
evolves from a triaxial Jacobi configuration, prior to the vNS-rise, into the axially symmetric Maclaurin
configuration observed in the GRB. The triaxial vNS configuration is short-lived (less than a second) due to
a copious emission of gravitational waves, before the GRB emission, and it could be in principle detected
for sources located at distances closer than 100 Mpc. This appears to be a specific process of emission of

gravitational waves in the BdHN I powering long GRBs.

DOI: 10.1103/PhysRevD.106.083004

I. INTRODUCTION

The progenitor of long gamma-ray bursts (GRBs) in the
binary-driven hypernova (BAHN) model is a binary system
composed of a carbon-oxygen (CO) star and a neutron star
(NS) companion (see, e.g., Refs. [1-7]). The gravitational
collapse of the iron core of the CO star leads to the
formation of a newborn NS (vNS) at its center and to a
supernova (SN) explosion that eject the outer layers of the
star. Some part of the ejecta is accreted by the NS
companion and also by the vNS via matter fallback
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accretion. Both accretion processes proceeds at hypercritical
(i.e., highly super-Eddington) rates thanks to a copious
neutrino emission [6,8]. In compact binaries with orbital
periods of a few minutes, the hypercritical accretion onto the
NS companion brings it the critical mass inducing its
gravitational collapse and forming a rotating (Kerr) BH.
These systems have been called BdHN 1. In less compact
binaries, the NS companion does not reach the critical mass
and hold stable as a more massive, fast rotating NS. These
systems have been called BdHN II.

In this article, we focus on BdHN 1. The fallback
accretion onto the vNS spins it up to a millisecond rotation
period (see [7] for numerical simulations). We shall show in
this work that in this early phase, the huge vNS rotational
energy of up to a few 107 erg can power what we have

© 2022 American Physical Society
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called the NS-rise, i.e., the first observed emission from the
UNS. Subsequently, the NS fuels the synchrotron radiation
originated from the expanding SN ejecta leading to the
afterglow observed in the x-rays, optical and radio energy
bands following a power-law luminosity [9,10]. The accre-
tion onto the companion NS leads to the BH formation that
leads to the ultrarelativistic prompt emission (UPE) phase
[11] and the GeV emission [12-16].

We aim here to estimate the NS energy budget and
check if it explains the vNS-rise emission. We use as a
proxy the case of GRB 180720B and GRB 190114C. For
this task, we first individuate in the data of these sources the
VUNS-rise emission based on the expectation of the BAHN I
model. First, if the yNS powers the vNS-rise and the x-ray
afterglow, we look for the conjunction of the back-in-time
extrapolation of the observed x-ray power-law luminosity
of the afterglow with the vNS-rise power. Second, we
expect the vNS-rise to show up either as a precursor to the
UPE or at most to superpose to it. Having established the
connection between the vNS-rise and the afterglow, and
with the knowledge of their energetics, we evaluate if the
UNS can indeed power these emissions. For self-consis-
tency with the modeling of the afterglow in the BAHN
scenario (see, e.g., [9,10]), we seek for the NS parameters
that can explain the emissions demanding rigid rotation and
axial symmetry. With the estimate of the NS parameters,
we discuss the previous early life of the NS and on the
possible associated emission of gravitational waves during
its evolution toward the axially symmetric stage.

We describe in Sec. II the sequence of physical phenom-
ena that occur in a BAHN I and their associated observables
in the GRB data. In Sec. III, we first individuate the
UNS-rise emission in GRB 180720B and GRB 190114C.
Then, we proceed to the evaluation of the VNS parameters
and their evolution modeling it as a stable Maclaurin

TABLE L

spheroid. This assumption, together with the energy con-
servation equation, allows to infer the time evolution of the
VNS structure without additional assumptions. We show that
the vNS-rise and the afterglow emission energetics require
that the initial parameters of the Maclaurin spheroid are
close to the parameters of the bifurcation point to the Jacobi
sequence of ellipsoids. This result suggests that the vNS
before the GRB emission evolves from a Jacobi ellipsoid
into a Maclaurin spheroid by emission of gravitational
waves. Therefore, the only mechanism that can generate
gravitational radiation in the BAHN scenario of GRBs
originates in the transition from the triaxial configuration
(ellipsoid) at birth to the axially-symmetric state (spheroid).
In Sec. IV, we elaborate on the entity of this emission and
discuss its possible detectability.

II. SEQUENCE OF BDHN PHYSICAL
PHENOMENA AND OBSERVABLES

The above sequence of physical phenomena that occur in
a BAHN I are related to specific observational episodes in
the GRB data that we summarize in Table I and discussed
below for GRB 180720B and GRB 190114C.

The UPE phase. The BH forms and together with the
surrounding magnetic field and ionized matter from the SN
ejecta composes the inner engine [12]. The gravitomagnetic
interaction of the newborn Kerr BH with the magnetic field
induces an electric field [13,16]. The electric field is initially
overcritical, i.e., larger than the quantum electrodynamics
(QED) critical field for vacuum polarization, E, = m2c3/
(eh) ~ 1.32 x 10'® Vem™!, generating an e*e~ plasma.
The plasma self-accelerates owing to its internal pressure,
loads with it some baryons from the environment, and
finally reaches transparency in an ultrarelativistic regime
with characteristic Lorentz factor I' ~ 100 [11,18]. The UPE
is the first manifestation of the BH and the blackbody (BB)

GRB observables associated with the BAHN I component and physical phenomena.

GRB observable

BdHN I component/phenomena

UNS-rise UPE GeV
(soft-hard x-rays) (MeV)

Afterglow
X-ray flares (X/optical/

emission  early afterglow radio)

Early SN emission [17]
Hypercritical accretion onto the NS and NS [3,6]
BH formation from NS gravitational collapse [11,12,15]
Transparency of ultrarelativistic e*e™ (from vacuum
polarization) in low baryon load region [11,18]
Synchrotron emission by the inner engine: newborn
BH -+ B-field + SN ejecta [12,13,15,16]
Transparency of ultrarelativistic e*e~ (from vacuum
polarization) in low baryon load region (SN ejecta) [19]
Synchrotron emission from SN ejecta with
energy injection from vNS [9,10,17]
Pulsarlike emission from the vNS [9,10,17]

®
®
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component from the plasma transparency at MeV energies is
the signature in the spectrum that allows its identification in
the GRB data. Another special signature of the UPE is its
hierarchical structure shown for the first time in GRB
190114C [11], i.e., a refined time-resolved analysis of the
UPE shows that its spectrum in rebinned time intervals (up
to a fraction of second) shows always a cutoff power-law +
blackbody (CPL + BB) model. Numerical simulations of
the QED physical process for the UPE of GRB 190114C,
which extends from the rest-frame time f; = 1.99 s to
ty = 3.99 s, show that the plasma transparency occurs in
pulses in a nanosecond timescale, which explains the similar
spectra of the UPE hierarchical structure (see [11] for
details). In GRB 180720B, the UPE has been identified
in two time intervals [20]. The UPE I extends from 7 =
484s to ty=06.05s, has isotropic energy Eypg =
(6.37 4-0.48) x 10°% erg, and its spectrum is best fitted
by a CPL + BB model, index a = —1.13, cutoff energy
E. = 2220.57 keV, and BB temperature k7 = 50.31 keV
in the observer’s frame. In the UPE II continues the UPE
phase from t; = 9.07 s to t; = 10.89 s, has an isotropic
energy of Eypgy = (1.6 +0.95) x 10%3 erg, and its spec-
trum is best fitted by a CPL + BB model with o = —1.06,
E. = 1502.5 keV, and kT = 39.8 keV. The UPE of GRB
180720B also shows the hierarchical structure in rebinned
time intervals first observed in GRB 190114C. The electric
energy that powers the plasma is induced by the gravito-
magnetic interaction of the BH and the magnetic field, so
the BH extractable energy powers the UPE. Each process of
expansion and transparency of the plasma takes away a
fraction of mass and angular momentum of the BH. The
UPE ends when the induced electric field becomes under-
critical. For GRB 190114C, it occurs at t,; = 3.99 s [11],
while for GRB 180720B, at ¢; = 10.89 s [20].

The UPE is similar to the emission of the jet in the
traditional fireball model in which the a collimated relativ-
istic jet expands with I" ~ 10?—10° (see, e.g., Refs. [21-25]).
One of the main differences between this model and the
UPE in the BAHN scenario is the duration of this emission.
The jetted fireball continues to emit while the central engine
powers it, so the internal and external shocks keep interact-
ing with the interstellar medium extending the emission
from the prompt to the afterglow, including the very-high-
energy emission by synchrotron self-Compton radiation
(see, e.g., [26-29], and references therein). In the BAdHN
model, the UPE occurs only while the induced electric field
is overcritical and can create the eTe™ plasma. These
conditions in the BAHN last short (few seconds) and explain
only the prompt emission of the GRB. There are no
additional mechanisms to produce ete™ pairs, so when
the electric field becomes undercritical, the UPE shuts
down. The induced undercritical field keeps extracting
the BH energy powering the GeV afterglow emission by
synchrotron radiation of accelerated electrons (see details in
[12,13,15,16]). The synchrotron radiation from the

expanding ejecta of the SN powered by the emission of
the vNS explains the X-optical-radio afterglow (see below
for further details). Therefore, the emission of the ete™
ultrarelativistic (I' ~ 100) plasma is limited to the UPE and
does not contribute to the GRB afterglow emission.

The vNS-rise. The accretion of ejecta onto the NS and
the NS companion transfer mass and angular momentum to
them. One-dimensional simulations of the above process
has been presented in [3,4], two-dimensional in [5], and
three-dimensional in [6,7]. Since the magnetic field of the
VNS is expected to be larger than the one of the older NS
companion, we expect the vNS to dominate the observed
energy release in this phase. In GRB 190114C, the
UNS-rise emission extends from #;=0.79s to t; =
1.18 s [11,14]. In GRB 180720B, it extends from
ty =6, 05 s to t,; = 9.07 s, has an isotropic energy of
E,ns = (1.13 £0.04) x 107 erg, and its spectrum is best
fitted by a CPL model (@« = —0.98, and E, = 737 keV, in
the observer’s frame). The energy released from the
vNS-rise becomes dominant over the UPE for about 3 s,
which explains the observed apparent split UPEs I and 11
discussed above. After that time, the vNS-rise emission
fades and the UPE becomes again observable. Recent
numerical simulations of the early evolution of BAHN I
(Becerra et al., submitted; see also [7]) show that the NS
companion can reach the critical mass for BH formation
before the second peak of fallback accretion experienced by
the vNS. This phenomenon makes indeed possible for the
vNS-rise emission to superpose to the UPE in some cases.

The cavity. The massive accretion process onto the NS
companion and the BH formation reduce the matter density
around the newborn BH [7]. Numerical simulations show
that the expanding e e~ plasma causes a further decrease of
the density from 1077 gcm™ to a value as low as
1071 gecm™, and its interaction with the cavity walls
generates emission characterized by a spectrum similar to
a Comptonized blackbody with a peak energy of a few
hundreds of keV [30]. For GRB 190114C, the emission
from the cavity extends from #;=11s to 20 s [I1].
For GRB 180720B, it occurs from f¢;=1694s to
fty =19.96 s, with an isotropic energy of EM¢ =
(4.32 4 0.19) x 10°? erg, characterized by a CPL spectrum
(a = —1.16, E. = 607.96 keV).

Soft x-ray flares (SXFs) and hard x-ray flares (HXF's). In
the regions of high matter density surrounding the newborn
BH site, the expanding e* e~ plasma engulfs high amounts
of baryons leading to transparencies occurring at distances
~10'2 cm with Lorentz factors <5, observable as SXFs
and/or HXFs (see [31] for numerical simulations and
specific examples). The HXF of GRB 180720B occurs
from t;=2895s to ft;=3498s, with Lyxpio =
(7.8 £0.07) x 10°" ergs™', and its spectrum is best fitted
by a CPL model with E, = (5.570%) x 10% keV, a =
—1.198 £0.031. The SXF occurs from t;=55s to
ty =758, with Lgyp i = 1.45 x 10° erg, and its spectrum
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is best fitted by a PL + BB model with ¢ = —1.79 + 0.23,
and k7 = 0.99 + 0.13 keV.

The x-ray afterglow. In [14], 380 long GRBs have
been identified as BAHN L. It has been there shown that
their x-ray afterglow, observed by the Neil Gehrels Swift
satellite [19,32,33], with a luminosity in the cosmological
source rest-frame that decreases with time as a power-law
[14], i.e.,

LX :Axt_ax, (l)

where A, and ay depend on the source. In this article, we
confine our attention to the BAHN I prototypes GRB
180720B, with Ay = (2.5 4+0.4) x 103 ergs™! and ay =
1.44 +0.01, and GRB 190114C, with Ay = (5.14 +
2.03) x 10 ergs™' and ay = 1.37 £0.05. Figure 1
shows the vNS-rise and the x-ray afterglow of GRB
180720B and GRB 190114C, in the cosmological rest-
frame of the sources. In GRB 180720B, the vNS-rise is
observed at 6.05-9.06 s, and in GRB 190114C at 1.12—
1.68 s from the Fermi-GBM trigger. The afterglow in the
optical and radio energy bands also shows a similar power-
law but much less luminous, so the x-ray luminosity is an
excellent proxy of the total (bolometric) afterglow lumi-
nosity, i.e., we assume L = Ly.

In the BAHN model, the GRB afterglow is explained by
the electron synchrotron radiation produced in the SN ejecta
while it expands through the vNS magnetic field lines, and
the NS pulsar emission that becomes observable in the late-
time afterglow (see, e.g., [9,10]). Numerical simulations of
the hypercritical process onto the vNS [7] show that it gains
sufficient energy (and angular momentum) during the early
fallback accretion to power the energy of the observed
afterglow. The fit of the x-ray afterglow data with the
above synchrotron radiation model shows that typically
the magnetic field at ~10'2 cm is B ~ 10° G and decreases
linearly with the radial distance. This behavior is indeed
expected from the toroidal component of the ¥NS magnetic
field at large distances from the light cylinder [9,10,17].

GRB 180720B

53 Ax=(112.67 93.89) 1052, @ = 1.43 £ 0.07
10 & +  Swift-XRT 0.3-10 keV
4 VNS-rise
'TA 10°
w
< 10"
£ 0¥ i
g 10 h -
— “g
10% o
43
10
10" 10' 10° 10° 10* 10° 10°
Rest-Frame Time (s)
FIG. 1.

Summarizing, the synchrotron emission occurs in the
optically thin region of the SN ejecta that expands at mildly
relativistic velocity, v = 0.1¢c, in the vNS magnetic field, at
distances above 10!2 cm. We refer the reader to [10] for the
application of the above afterglow model to GRBs 130427A,
160509A, 160625B, 180728A, and 190114C.

III. YNS STRUCTURE EVOLUTION

In Fig. 1, we show the backward extrapolation to early
times of the power-law luminosity of the x-ray afterglow.
We notice that it joins the vNS-rise emission. We interpret
this coincidence as an observational verification of the
BdHN picture that the NS energy powers the vNS-rise and
the afterglow emissions. The above is our central working
hypothesis in this article. Therefore, we assume the
vNS-rise is the first release of the vNS energy gained
during the fallback accretion process and continues to
release it at the pace given by the power-law luminosity
inferred from the x-ray afterglow.

We are not here interested in the precise modeling of the
emission mechanisms but in estimating the NS parameters
and their evolution, consistent with the required energetics
at every time. In this way, we avoid including ad hoc
models for the radiation mechanism and the removal of
energy and angular momentum. For instance, the traditional
model of magnetic-dipole radiation might not be sufficient
for an accurate description of the rotational energy loss of
pulsars. The measurements of the pulsar braking index
deviate from the expected value (n = 3) of magnetic dipole
radiation (see, e.g., [34]). Deviations from the pure dipole
braking in the very early life of pulsars can be due to the
occurrence of glitches (see [34-36] and references therein)
which could also release high-energy emission observable
in GRBs (see, e.g., [37]). In addition, the explanation of the
late-time afterglow of GRBs demands at least the presence
of a substantial quadrupole component (see, e.g., [9,10]).

Having established all the above, we obtain the evolution
of the vNS from the energy conservation equation

GRB 190114C

53 Ax=(5.14% 2.03) x 10°2,4,=1.37£0.05
+  Swift-XRT (0.3-10 keV)
4 VNS-rise

10 \

Luminosity (erg.s™1)

'y
L XY 'ih‘k"
iy,

Rest-Frame Time (s)

Luminosity of the ¥NS-rise (red point) and the x-ray afterglow (black points) of GRB 180720B (left panel) and GRB 190114C

(right panel) observed by Swift-XRT, measured in the cosmological rest-frame. The dashed yellow line is the power-law fit given by Eq. (1).
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E=—L,~—Ly, (2)

where Ly is given by Eq. (1) and we assume it as valid from
the vNS-rise time on. In agreement with the afterglow
description in the BAHN model, we do not apply a beaming
correction to the required vNS energetics, and do not
include gravitational-wave radiation losses since the vNS
is axially symmetric in this phase. In Eq. (2), we are
assuming that the transient proto-NS regime in which the
VNS energy loss is dominated by neutrino emission is over.
Therefore, we consider the energy loss is dominated by
photons and that the vNS is cold, so its energy is dominated
by the kinetic rotational energy and the gravitational energy
[see Eq. (8) below].

We turn now to evaluate the NS parameters and their
evolution during the vNS-rise and the afterglow emissions.
For this task, we model the vNS as a stable Maclaurin
spheroid, i.e., a self-gravitating, oblate, homogeneous (i.e.,
uniform density), rigidly rotating Newtonian configuration
of equilibrium. We refer the reader to Ref. [38] for details
on these incompressible configurations, and to Ref. [39] for
the generalization to compressible polytropes. From the
solution of the gravitational Poisson equation, it turns out
that given a density p, all the properties of the spheroid are
function of the eccentricity, ¢ = (a®> — b?)/a?, where a
and b are, respectively, the semimajor (equatorial) and
semi-minor (polar) axis. The angular velocity is given by
(e.g., [40])

Q2 = 21Gpy(e). (3)

(3 —2¢2)(1 —e?)"/?arcsin(e)  3(1 —€?)

g(e) = &3 - 2 . (4)

The angular momentum, J, and moment of inertia, /, are
given by

2
I=1,(1-e)13 I,=

J =19, _
075

Mai.  (5)
where the mass and equatorial radius are
a=ay(l-¢)7"°  (6)

being a, the radius of the homogeneous, nonrotating (i.e.,
spherical) star of mass M, density p, and with the same
volume of the spheroid, so it fulfills the equation

B 3IM
47ra3 ’

P (7)

The total energy is the sum of the kinetic rotational (7") and
gravitational (W) energy

3GM?arcsi 1
Eersw, we_CMarcsinte) Lo g
5 a e 2

Following the BdHN scenario, the NS must cover the
energy released in the vNS-rise and the subsequent after-
glow emission. This is confirmed by the backward extrapo-
lation of the X-ray afterglow power-law emission to the
time of the NS-rise, which shows the connection between
the two emissions (see Fig. 1).

By integrating analytically Eq. (2), and equating it to
Eq. (8), we obtain the following algebraic, nonlinear
implicit equation whose solution gives the eccentricity as
a function of time

A
aGlypF(e) = —2— 1=, )
l-a,
3]_22/3 42_3 1_2]/6
F=-2+ ( ze) (4e )(3 ¢) arcsin(e),
e e
(10)

where we have used the asymptotic condition e(o0) = 0.
Therefore, Eq. (2) and the equilibrium properties of the
Maclaurin spheroid allows us to estimate the evolution of
all the relevant physical properties of the vNS. The above
framework tells us that given values of M (or alternatively
p) and a, all stellar parameters (energy, angular momen-
tum, moment of inertia, angular velocity) depend only on
the eccentricity, e(r). Summarizing, the solution e(r) is
obtained from Eq. (2) which leads to the implicit algebraic
equation (9). With the knowledge of e(¢), the evolution of
the rotational energy and the gravitational energy are
obtained from Eqs. (8), likewise the evolution of the radius
from Eq. (6), the angular momentum and moment of inertia
from Egs. (5), and the angular velocity from Eq. (3).

As for the initial conditions, we must specify a value of
M (or alternatively p), ag, and at the initial time of
evolution, 7y, which is the time of the occurrence of the
vNS-rise, a value for the eccentricity, e(,). We here adopt
ay = 10° cm, and seek for the mass and initial eccentricity
of the spheroid that allow to explain the vNS-rise and
afterglow emission, which are specified by the values of Ay
and ay.

We have found that the high luminosity and energy
released at the vNS-rise requires the vNS to have the fast
spin and the maximum (or very close to it) eccentricity
allowed by the axially symmetric Maclaurin spheroid,
namely the values of the bifurcation point to the sequence
of Jacobi ellipsoids (triaxial configurations), i.e., e(fy) =
0.813 [38]. Table II summarizes the initial conditions of the
Maclaurin spheroid modeling the NS in GRB 180720B
and GRB 190114C. The inferred rotation periods corre-
spond to frequencies of 1.72 kHz for GRB 180720B and
1.47 kHz for GRB 190114C. These high rotation rates are
indeed close to the maximum allowed values of uniformly

083004-5



J.A. RUEDA et al.

PHYS. REV. D 106, 083004 (2022)

TABLE II. Properties of the NS modeled as a Maclaurin
spheroid that powers the vNS-rise and the x-ray afterglow in
GRB 180720B and GRB 190114C. The radius « is assumed to be
10° cm, and we obtain the mass M seeking for the solution of
Eq. (9) at the initial time 7, (VNS-rise time) as shown in Fig. 2. The
value reported here is the minimum mass, which corresponds to
the solution for the maximum eccentricity of stable Maclaurin
configurations, e, ~ 0.813. The density is given by Eq. (7). The
corresponding initial rotation period of the configuration is
obtained from the initial rotation angular velocity, Qq, = 27/ P,,
where € is calculated by plunging p and e, into Eq. (3).

GRB 180720B GRB 190114C

Ay (254+0.4) x 10 (5.14 £2.03) x 107
ay 1.44 4 0.01 1.37 +£0.05
fo(s) 6.05 1.12

eo 0.813 0.813

ap (10° cm) 1.0 1.0

a (10° cm) 1.2 1.2
M(Mg) 3.19 2.3

p (101 gem™) 1.52 1.09

P, (ms) 0.58 0.68

rotating NSs (see, e.g., [41]), which is consistent with the
Maclaurin spheroid be at the bifurcation with the Jacobi
sequence. The fallback accretion process in the first
minutes of the vNS life can transfer sufficient mass and
angular momentum to bring it to these critical values (see
[7,42] for recent numerical simulations of this process
in BdHNe).

Figure 3 shows the evolution of the eccentricity (upper
row) and the contribution of the rotational and gravitational
power (lower row) to the total power released during the
evolution. The rotational power dominates over the gravi-
tational power during most of the evolution, although the
latter contributes significantly at early times. For instance,
W/E > 0.1 at eccentricities e = 0.5.

GRB 180720B

25/
20}
151
10f

0.5F
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00—
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1 n n n 1

0.4 0.6 0.
e

IV. CONCLUDING REMARKS

We have calculated the evolution of the NS in BdHN I
assuming that it powers the vNS-rise and the afterglow
emission. By modeling the NS as a Maclaurin spheroid,
we have shown that its parameters (rotation period and
eccentricity) have to be very close (or equal to) to the ones
of the transition point to the Jacobi sequence of ellipsoids
(see Table II).

At the bifurcation point with the Jacobi ellipsoids
sequence, the ratio of the rotational to gravitational energy
of Maclaurin spheroids is 7/|W| = 0.14, where the con-
figuration becomes secularly unstable and is evolution
driven by gravitational radiation [38]. Since the vNS at
the vNS-rise time are at, or close to, the bifurcation point,
they have this 7/W ratio. In addition, assuming a spherical
radius of ay = 10° cm, we have found that the mass of the
spheroids is 3.2 My and 2.3 M, respectively, for GRB
180720B and GRB 190114C (see Table II). Centrally
condensed objects (so not of uniform density) at rigid
rotation become unstable against mass shedding (Keplerian
limit) at lower values of this ratio (see, e.g., [41]). Instead,
configurations with differential rotation can have a T/|W|
ratio up to the maximum value of 0.5 set by the virial
theorem. Given the mass and 7/|W| ratio, our result
suggests that the NS might have some differential rotation.
Therefore, the NS could evolve from the hypermassive
stability region (mass > maximum mass of rigidly rotating
stars; supported by differential rotation) into the supra-
massive one (mass > maximum mass of non-rotating stars;
supported by rigid rotation). The above situation is similar
to the evolution of a hypermassive NS formed in a NS
binary merger (see, e.g., [43,44], for the stability analysis of
the merged object modeled as a Riemann-S ellipsoid) and
becomes an interesting topic of further investigation in a
fully general relativistic framework (see, e.g., [45]).

GRB 190114C

I.h.s and r.h.s of Eq. (9)

FIG. 2. Left-hand side (lhs, colored curves) and right-hand side (rhs, dashed gray horizontal line) of Eq. (9) at the NS-rise time, for
GRB 180720B (left panel) and GRB 190114C (right panel). The dashed black vertical line marks the maximum eccentricity of stable

Maclaurin spheroids, e, ~ 0.813. The units of the vertical axis are of 10°3 ergs
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Evolution of the eccentricity (upper row) and the gravitational and rotational power released (lower row) by the vNS modelled

as a Maclaurin spheroid, in the cases of GRB 180720B (blue curves) and GRB 190114C (red curves).

The parameters of the NS inferred from the present
model suggest the properties of the NS even if the exact
values can be slightly different depending on factors like
the nuclear equations of state, the interior rotation law (i.e.,
uniform or differential rotation), and the use of general
relativity. Our analysis indicates that the NS powering the
afterglow emission of these GRBs must be massive (likely
~2 M), fast rotating (likely ~1 kHz), and initially with
high eccentricity. Even though, in the present model, the
NS is stable since it belongs to the stable branch of
Maclaurin spheroids. The high value of the NS mass is
comparable to or higher than the critical mass of uniformly
rotating NS in general relativity for some nuclear equations
of state. It suggests the NS equations of state must be stiff,
which is consistent with the observation of stable massive
NSs above two solar masses, e.g., PSR J0952-0607, the
heaviest NS measured to date with a mass of 2.35+
0.17 M, [46].

Therefore, the vNS could have evolved from a triaxial
body (Jacobi-like ellipsoid) into an axially symmetric body
(Maclaurin spheroid) by emission of gravitational waves, as
anticipated in early models of pulsars (e.g., [47-49]) and
verified by [50,51]. The gravitational-wave emission drives
the evolution of the ellipsoid to the Maclaurin sequence in

relatively short time [49,51]. This emission carries out
angular momentum which plays a role in bringing the
NS to the observed short-rotation period: the ellipsoid
spins up while it loses angular momentum because the
gravitational-wave-driven  evolution occurs along the
Riemann-S sequence conserving circulation [51]. The gravi-
tational-wave power released by the triaxial configuration
with equatorial ellipticity € and moment of inertia / about the
rotation axis is Egw = (32/5)(G/c’)2e*Q° [48]. For
instance, assuming a rotation frequency of 1 kHz, and the
moment of inertia inferred for the NS in GRB 180720B, we
obtain Egy ~ 1.5 x 10%(e/0.1)? ergs™, and the character-
istic timescale gy ~ E/Egw < 1 s, where E ~ 105 erg is
the gravitational energy of the triaxial configuration, and we
are assuming that the ellipticity can be as large as 0.1 at early
post-birth times. This implies a large amount of energy
carried out by this burst of gravitational waves, AEgy ~
Egwrgw ~ 10°% erg. The associated characteristic strain at a
detector of gravitational waves is h. ~4G/(c*D)IeQ?* ~
1.6 x 10723(¢/0.1)(100 Mpc/D), where D is the distance
to the source (e.g., [52]). This signal could be detected by
upgraded versions of the Nautilus cryogenic detector, which
was conceived for this aim (see, e.g., [53]), and working in
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coincidence with the Advanced LIGO and Virgo interfer-
ometers at these frequencies (e.g., [54]). In view of the
above, and the possible enhancement of the strain depending
upon the number of cycles of the signal in the detector [52],
there is a chance to calibrate gravitational-wave detectors
[55] observing this radiation before the GRB prompt
emission for sources located at D < 100 Mpc.

In the present BAHN I scenario, the above is the specific
emission of gravitational waves associated with the long
GRB. The core-collapse leading to the uNS radiates
negligible gravitational waves, AEgy ~ 1077 Myc? ~
10 erg (see, e.g., [56,57]). Since there is no relativistic
jet launch in the BAHN scenario, mechanisms such as the

gravitational-wave emission from an accelerating jet [58]
are not expected either to be at work in BdHNe [16].
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We simulate the first minutes of the evolution of a binary-driven hypernova event, with a special focus on
the associated accretion processes of supernova ejecta onto the newborn neutron star (v/NS) and the NS
companion. We calculate the rotational evolution of the NS and the NS under the torques exerted by the
accreted matter and the magnetic field. We take into account general relativistic effects through effective
models for the NSs binding energy and the specific angular momentum transferred by the accreted matter.
We use realistic hypercritical accretion rates obtained from three-dimensional smoothed-particle-hydro-
dynamics numerical simulations of the binary-driven hypernova event for a variety of orbital periods.
We show that the rotation power of the vNS has a unique double-peak structure while that of the NS has a
single peak. These peaks are of comparable intensity and can occur very close in time or even
simultaneously depending on the orbital period and the initial angular momentum of the stars. We
outline the consequences of the above features in the early emission and their consequent observation in

long gamma-ray bursts.

DOI: 10.1103/PhysRevD.106.083002

I. INTRODUCTION

The phenomenological classification of gamma-ray
bursts (GRBs) is based on the observed time it takes to
release 90% of the total isotropic energy (E;,,) in the
gamma-rays prompt emission, 7Tgq. Long GRBs are
those with Tgy > 2 s and short GRBs are the sources with
Too <2s [1-5]. The Burst And Transient Source
Experiment on board the COMPTON Gamma-Ray
Observatory showed the isotropic distribution of GRBs
in the sky, which suggests their extragalactic origin [6]. The
BeppoSAX satellite launched allowed the follow-up of the
GRB emission leading to the discovery of a long-lasting
x-ray afterglow with the first case of GRB 970228 [7].
BeppoSAX improved the GRB localization to arcminutes
resolution, which allowed the detection of the optical
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counterparts and host galaxies by earth-based telescopes.
These observations led to measuring the cosmological
redshift of GRBs. More afterglows were detected, and
the cosmological distances of ~5-10 Gpc confirmed the
GRB cosmological origin. These measurements confirmed
the (long-time suspected) great energy release of GRBs,
Eio ~ 10010 erg.

It was soon reached the consensus that the huge
energetics involved in both short and long GRBs imply
they are related to the process of gravitational collapse at
the end of massive stars, i.e., processes involving neutron
stars (NSs) and/or black holes (BHs). For short bursts,
NS-NS and/or NS-BH binary mergers were proposed (see,
e.g., the pioneering works [8—11]). For long bursts, the
picture of a collapsar [12], the core-collapse of a single
massive star leading to a BH (or a magnetar) surrounded by
a massive accretion disk, has become the traditional GRB
model (see, e.g., [13,14], for reviews). The traditional
model for the prompt emission of both short and long
GRBs follows the dynamics of a fireball, an optically thick
plasma of electron-positron (e~e™) pairs and photons
in equilibrium with a baryonic plasma [8,9,11,15,16].

© 2022 American Physical Society
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The current version of the traditional model of GRB
assumes the fireball expands in a collimated relativistic
jet expanding with Lorentz factors I' ~ 10°~103 [17-21].
The internal shock produces the prompt emission, and the
external shock generates the afterglow by interacting with
the interstellar medium producing synchrotron radiation,
and very-high-energy emission by synchrotron self-
Compton [13,14,22,23]. There have been additional details,
modifications and/or extensions made to the above main
picture, and we refer the reader to the recent comprehensive
book by [24] for more details on the latest developments of
the traditional GRB model.

The optical follow-up of the afterglow guided by the
GRB localization by BeppoSAX (then extended by the
Neil Gehrels Swift Observatory [25-27]) led to another
great discovery: the association of long GRBs with type Ic
supernovae (SNe). The first evidence of such an association
was the temporal and spatial coincidence of GRB 980425
and SN 1998bw [28]. Many additional associations fol-
lowed, confirming the GRB-SN connection [29-31]. There
have been attempts to overcome the natural drawback of the
extreme requirement of the gravitational collapse of a
massive star to form a collapsar, the jetted fireball, and
an SN explosion. Some models propose that an efficient
neutrino emission from the accretion disk might power a
successful SN explosion [32] or a beamed outflow/wind
that hosts the nucleosynthesis of the nickel required to
explain the optical SN (see, e.g., [33-35]).

Having recalled the generalities of the traditional model
of GRBs, we turn now to the alternative scenario based on a
binary progenitor. First, we recall the seminal work of [36]
that, from a binary stellar evolution viewpoint, pointed out
a variety of binaries that can lead to GRB events. Second,
long GRBs and SNe are characterized by very different
energetics, the latter in the range 10*-10°' erg, and the
former in the range 10%°-103* erg. The high GRB ener-
getics point to the gravitational collapse to a stellar-mass
BH, while a SN originate in the core collapse of a massive
star forming a NS. The formation of a BH in core-collapse
SN is discarded by the low observed masses of pre-SN
progenitors, <18 M [37], which are unable to lead to
direct collapse to a BH (see [37,38], although the threshold
mass for BH formation is not sharply defined and may
depend on several physical pre-SN star properties [39]).
From this point of view, it seems unlikely that the GRB and
the SN can both originate from the single-star progenitor.
One of the most compelling reasons for the quest for a
binary GRB progenitor arises from their association with
SNe of type Ic, i.e., that lack hydrogen (H) and helium (He)
in their spectra. From theory and observations, the most
accepted view is that SNe Ic are produced by bare He,
carbon-oxygen (CO), or Wolf-Rayet (WR) stars whose
hydrogen and helium envelopes have been stripped during
their evolution (see, e.g., [40,41]). The stripped envelope
He/CO/WR are thought to form tight binaries with a

compact-star companion (e.g., a NS) that helps them to
get rid of its H/He layers through multiple mass-transfer
and common-envelope phases (see, e.g., [40,42—-47], and
Sec. II for further details).

The binary-driven hypernova (BDHN) model of long
GRBs follows the natural fate of some stripped-envelope
binaries. The GRB progenitor is a CO-NS binary at the end
of the thermonuclear evolution of the CO star, i.e., at the
second core-collapse SN event in the evolution of the
binary (the first SN formed the NS companion; see Sec. II
for details on the binary evolutionary path). The BDHN is
rooted in the concept of induced gravitational collapse that
can occur when the CO star undergoes SN in presence
of the NS companion [48], and the different emissions
observed in the GRB are explained through a sequence of
physical processes following the SN explosion (see, e.g.,
[48-54]). The sequence of physical processes is as follows
(see Fig. 1). The gravitational collapse of the iron core of
the CO star leads to the formation of a newborn NS (vNS)
at its center and ejects the outer layers of the star. The ejecta
triggers an accretion process onto the NS companion, while
matter fallback also occurs leading to an accretion process
onto the vNS. Both accretion processes proceed at hyper-
critical (i.e., highly super-Eddington) rates thanks to a
copious neutrino emission [54,55]. In compact binaries
with orbital periods of a few minutes, the hypercritical
accretion onto the NS companion brings it the critical mass
inducing its gravitational collapse and forming a rotating
(Kerr) BH. We have called these systems BDHN of type I
(hereafter BDHN I). In less compact binaries, the NS
companion does not reach the critical mass and holds stable
as a more massive and fast rotating NS. We have called
these systems BDHN of type II (hereafter BDHN II).
Therefore, if the binary is not disrupted by the explosion,
the BDHN scenario contemplates two possible fates, the
formation of a NS-NS (in BDHN II), or the formation of a
NS-BH (in BDHN I). Only the former fate has been
considered in stripped-envelope binaries (see Sec. II).

We recall in Sec. II the sequence of physical processes
that occur in BDHN I and II triggered by the SN explosion
in the CO-NS progenitor binary. Those processes lead to
specific observables (episodes) that can be identified in the
data (multiwavelength light-curves and spectra) of high-
energetic (BDHN I) and low-energetic (BDHN II) GRBs.
In-depth time-resolved analyses have led to the interpre-
tation of the GRB data in terms of the above physical
episodes in both BDHN I and II (see, e.g., [S7-61] and
references therein).

In this article, we focus on the possible observable
emission by the NS and the NS companion during their
individual hypercritical accretion processes in the first
minutes of evolution following the core collapse of the
CO star leading to the SN explosion, and address its
possible observables in long GRBs. The relevance of this
task is boosted by the recent results obtained in the detailed
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FIG. 1. SPH simulation of a BDHN I: model “30mlpleb” of Table 2 in [49]. The binary progenitor is composed of a CO star of
~9 M, produced by a ZAMS star of 30 M, and a 2 My NS companion. The orbital period is ~6 minutes. Each frame, from left to
right, corresponds to selected increasing times with # = O s the instant of the SN shock breakout. The upper panel shows the mass
density on the equatorial plane and the lower panel the plane orthogonal to the equatorial one. The reference system is rotated and
translated to align the x axis with the line joining the binary components. The origin of the reference system is located at the NS
companion position. The first frame corresponds to ¢ = 40 s, and it shows that the particles entering the NS capture region form a tail
behind the star. These particles then circularize around the NS, forming a thick disk that is already visible in the second frame at
t = 80 s. Part of the SN ejecta is also accreted by the NS as is appreciable in the third frame at # = 171 s. At t = 337 s (about one
orbital period), a disk structure has been formed around the NS and the NS companion. This figure has been produced with the

SNsplash visualization program [56].

time-resolved analysis of GRB 190829A [62]. This source
is a low-luminosity GRB, hence interpreted as a BDHNe II.
The prompt emission of GRB 190829A shows a double-
peak structure as expected from the emissions due to
accretion process onto the vNS and the NS companion
[49]. The additional properties of the BDHN model, e.g.,
the multiwavelength afterglow by synchrotron radiation of
the SN ejecta powered by the vNS, also fit the observational
data of this source.

The above results on the successful qualitative and
quantitative interpretation of GRB 190829A encourage
us to enlarge our knowledge on the early accretion process
in BDHNe by exploring as much as possible the system
parameters. In this line, we recall that [49] presented a
comprehensive analysis of the accretion process onto both
NSs exploring a wide window of values for some system
parameters such as the SN explosion energy, orbital period,

initial NS companion mass, CO star mass, asymmetric SN
explosions, and three different NS equation of state (EOS).
These simulations assume the NSs are initially nonrotating
and aim to determine the fate of the NSs. Namely, they
evaluate if the NSs reach the critical mass for gravitational
collapse and form a BH. We aim here to assess the previously
uncounted effect of an initially rotating NS companion. In
particular, we evaluate how an initially nonzero angular
momentum of the NS companion affects the rate at which
the NS and the NS gain gravitational mass, angular
momentum, and rotational power. The latter is a proxy for
the power releasable by the stars in the early BDHN evolution
before the BH formation. Based on these results, we discuss
the possible observational features of the above process in the
data of low-energetic and high-energetic GRBs.

The article is organized as follows. In Sec. II, we
summarize the physical processes leading to the GRB
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observables and the stellar evolution formation channel of
BDHNe. Section III presents the numerical simulations of
the SN explosion in the CO-NS binary used in this article,
with emphasis on the estimation of the accretion rates onto
the NS and the NS companion. We present in Sec. IV the
treatment to calculate the evolution of the NSs structure
parameters with focus on the rotational evolution under the
action of accretion and magnetic torques. In Sec. V, we
calculate the rotational energy gained by the stars during
the hypercritical accretion for a variety of initial conditions,
and discuss the relevant features for GRB observations.
Finally, in Sec. VI we draw the conclusions of this article.

I1. PHYSICAL PROCESSES, OBSERVABLES, AND
EVOLUTIONARY PATH OF BDHNE

Before entering into details of the calculation, we recall
the emission episodes of a BDHN event and how they are
associated with the observed emissions in a long GRB.

A. Physical processes and related observables

First, as we shall show in this article, the SN explosion
and the hypercritical accretion onto the NS and the NS
companion can be observed as precursors to the prompt
gamma-ray emission (see, e.g., [54,60]).

In the case of BH formation (BDHN I), the gravito-
magnetic interaction of the newborn Kerr BH with the
surrounding magnetic field inherited from the collapsed
NS induces an electric field. This system is what we have
called the inner engine of the high-energy emission of long
GRBs [58,61,63,64].

The induced electric field is initially overcritical leading
to an electron-positron (e*e™) pair plasma. The plasma
self-accelerates to ultrarelativistic velocities and once it
becomes transparent its gamma-rays emission is observed
as the GRB ultrarelativistic prompt emission (UPE) phase
(see [57,65], for details). The eTe™ plasma loaded with
baryons from the SN ejecta, expand through the ejecta and
as it gets transparent lead to the gamma- and x-ray flares
observed in the early afterglow [66].

The electric field accelerates to ultrarelativistic velocities
the electrons from the matter surrounding the BH.
Along the BH rotation axis the electric and magnetic field
are parallel, so there are no significant radiation losses,
implying that electrons gain a kinetic energy equal to the
electric potential energy difference from the acceleration
point to infinity. Electrons can reach energies of up to
10'8 eV and protons of up to 10*' eV [63], hence con-
tributing to ultra high-energy cosmic rays. Off-polar axis,
synchrotron radiation losses occur leading to the observed
GeV emission of long GRBs [61,63,64,67].

Synchrotron radiation by relativistic electrons in the
ejecta expanding in the magnetized medium provided by
the vNS magnetic field, and powered by the vNS rotational
energy, explains the afterglow emission in the x-rays,

optical, and radio wavelengths [59,60,68]. Because this
synchrotron afterglow depends only on the vNS, it is
present both in BDHN I and 1II.

Finally, there is the emission observed in the optical band
powered by the energy release of nickel decay (into cobalt)
in the SN ejecta. We refer to [69—71] for recent reviews on
the BDHN scenario of long GRBs and the related physical
phenomena.

B. Evolutionary path

Possible binary evolution paths for the formation of the
CO-NS binaries of BDHNe have been discussed in [52].
The natural evolutionary paths are those conceived for the
formation of ultrastripped binaries, mainly introduced in
the literature for the explanation of the population of binary
neutron stars and low-luminosity and/or rapid-decay-rate
SNe [72,73]. The evolution starts from two massive stars.
The first core-collapse SN of the primary star forms a NS.
After that, the system undergoes a series of mass transfer
phases, ejecting both the hydrogen and helium shells of
the secondary to produce a binary composed of a massive
CO star and a NS.

The traditional picture assumes that the second SN
explosion in the binary evolution, when the iron core of
the CO star undergoes gravitational collapse, forms an
NS-NS binary (see, e.g., [73-75]). The BDHN model
explores the possibility that for short orbital period binaries,
the NS companion of the exploding CO star can accrete
enough mass to reach the critical mass and form a Kerr BH.
Numerical simulations include most of the relevant
physical processes occurring in the cataclysmic event
(see Sec. III for details). In those cases, the explosion
generates an NS-BH if the binary keeps bound [52]. Our
numerical simulations of the BDHN scenario show three
possible fates for the binaries: NS-NS, NS-BH, or binary
disruption [49].

Simulations of the stellar evolution of massive binaries
with detailed physics are still under development. Most
stellar evolution simulations have focused on single stars,
and most of the existing simulations of binary evolution do
not self-consistently account for possible effects of the
binary interactions on the thermonuclear and mass loss of
the binary components (see discussion in [76,77]). These
latter works represent a step toward self-consistent stellar
evolution models leading to ultrastripped binaries, and
possibly allowing for more compact binaries where the
BDHN process occurs. Current simulations have lead to
CO/He-NS binaries with orbital periods as short as
50 minutes (e.g., [73]), which is close to the orbital periods
we consider here (see, e.g., Fig. 2).

Because of the rareness of the GRB phenomenon,
consistent with the short orbital periods required for
BH formation in BdHNe, we expect these CO-NS binaries
to be a small subset of the ultrastripped binaries. Since
0.1%-1% of the total SN Ibc are expected to be
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FIG. 2. Accretion rate onto the vNS (left) and onto the NS companion (right) as a function of time, obtained from SPH simulations of

BDHNe with different orbital periods.

ultrastripped binaries [73], we estimate that only
~0.01%-0.1% of ultrastripped binaries are needed to
explain the observed population of BDHNe [52].

III. SIMULATION OF THE BDHN
EARLY EVOLUTION

We first obtain from numerical simulations a realistic
time evolution of the accretion rate onto the vNS and
the NS companion. We perform smoothed-particle-
hydrodynamics (SPH) simulations with the SNSPH code
adapted to the binary system progenitor of the BDHN
presented in [49]. This Newtonian, three-dimensional (3D)
Langrangian code calculates the evolution of the position,
momentum (linear and angular), and thermodynamics
(pressure, density, temperature) of the particles. The code
calculates the accretion rate by counting the particles
that become gravitationally captured by either NS. The
Newtonian scheme suffices for this task since the size of the
gravitational capture region (i.e., the Bondi-Hoyle radius)
for the system parameters is hundreds to thousands times
bigger than the Schwarzschild radius of the NSs [49].
Having obtained the rate of particles (i.e., baryonic mass)
that are gravitationally captured by the NS, i.e., My and
M8, we calculate the NSs gravitational mass and angular
momentum evolution including general relativistic effects
as described in Sec. IIL

Figure 1 shows snapshots of the mass density of the SN
ejecta in the y-x plane, the binary equatorial plane, and the
z-x plane at different times. In this simulation, the mass of
the CO star, just before its collapse, is around 8.89 M.
This pre-SN configuration is obtained from the thermonu-
clear evolution of a zero-age-main-sequence (ZAMS) star
of Mzams = 30 Mg. The NS companion has a mass of
2 M, and the orbital period before the SN explosion is of
5.77 min. The latter is the shortest orbital period that the
system can have without triggering Roche-lobe overflow
(see, e.g., [51]).

The SPH simulation starts when the SN shock front
reaches the CO star surface, i.e., we mapped to a 3D-SPH
configuration, the 1D core-collapse supernova simulation
of [78]. At this moment, the collapse of the CO star has
formed a vNS of 1.75 M, and around 7.14 M, is ejected
by the SN explosion. In the simulation, the /NS and NS
companion are modeled as point masses, and interact only
gravitationally with the SN particles and between them. We
allow these two point particles to increase their mass by
accreting other particles from the SN material following the
algorithm described in [49].

Figure 1 shows that the SN ejecta which is gravitation-
ally captured by the NS companion forms first a tail behind
the star, and then circularize around it forming a thick disk.
At the same time, the particles from the innermost layers of
the SN ejecta that were not able to escape from the NS
gravitational field, fallback and are accreted by the vNS.
After a few minutes, part of the material in the disk around
the NS companion is also attracted by the NS, producing
an enhancement of the accretion process onto the vNS.
The hydrodynamics of the matter infalling and accreting
onto a NS at hypercritical rates has been extensively studied
in different astrophysics contexts taking into account
details on the neutrino emission, e.g., fallback accretion
in SN [79-82], accreting NS in x-ray binaries [83], and for
the case of BDHNe, we refer to [51,54,55] for details. The
latter includes a formulation in a general relativistic back-
ground, and account for neutrino flavor oscillations. The
relevant, not obvious result is that these simulations show
that the NS can indeed accrete the matter at the hypercritical
rate at which baryonic mass from the SN ejecta falls into
the gravitational capture region of the NS. Therefore, we
assume in this article that the accretion rate inferred with
the SPH code as described in Sec. II as the effective
baryonic mass accretion rate onto the NS, i.e., we assume
My,ns = My and My ns = MYS.

Figure 2 shows the accretion rate onto the vNS and the
NS companion obtained from SPH simulations for selected

083002-5



BECERRA, MORADI, RUEDA, RUFFINI, and WANG

PHYS. REV. D 106, 083002 (2022)

orbital periods that cover a range of BDHN I and II. The
accretion rate onto the NS shows two prominent peaks.
The second peak of the fallback accretion rate onto the vNS
is a unique feature of BDHNe because, as explained above
(see, also, [49], for additional details), it is caused by the
influence of NS companion. The accretion rate onto the NS
companion shows a single-peak structure, accompanied by
additional peaks of smaller intensity and shorter timescales,
more evident in binaries with short orbital periods. Such
small peaks are produced by episodes of higher and lower
accretion that occur as the NS companion orbits across the
ejecta and find regions of higher and lower density.

IV. NEUTRON STAR ROTATIONAL EVOLUTION

We calculate the evolution of the vNS and the NS
companion gravitational mass and angular momentum
following the formalism described in [49]. At every time,
we describe the NS as a rigidly rotating configuration
described by a stationary, axisymmetric metric fulfilling
the Einstein field equations. Under these conditions, each
equilibrium configuration is characterized by its baryonic
mass, M,, and its angular momentum, J. Instead of
integrating the Einstein equations at every time step, we
adopt the following procedure:

(1) We neglect any direct effect of the binary companion

gravitational field in the self-gravity of the other star.
This assumption is based on the relatively large
binary separations involved, i.e., about 10°-10*
Schwarzschild radii of the NS. Therefore, we cal-
culate the evolution of each NS independently on the
other. The only effect caused by the presence of the
binary companion on the baryonic mass accretion
rate as discussed in Sec. II (see Fig. 2).

(2) We use the NS equilibrium configurations calculated
in [84] through the numerical integration of the
Einstein equations with the rapidly rotating neutron
star numerical code. The main result we use here is
that the gravitational (Komar) mass of the NS, fully
determined by M, and J, i.e., M = M(M,,J), can
be obtained from the following approximately EOS-
independent fitting formula relating the above three
quantities [84]:

M, M 13 /M\2[ 1
v T 1__'1.7 1
M, MO+200(M®> ( 130’ ) m

where j = ¢J/(GM?) is the dimensionless angular
momentum. We notice that this dimensionless
parameter is different from the dimensionless Kerr
parameter, a = ¢J/(GM?), so the two parameters
are related by j = a(M/My)>

(3) Ithas been shown in full generality that the evolution
of the NS gravitational mass satisfies [85]

= (2w, + (M) 1 @
oM, ), T Nar )y,

where M, is the baryonic mass accretion rate and J
is the rate at which angular momentum is transferred
to the NS. We recall that M » 18 here obtained from
the SPH numerical simulations described in Sec. II.
For the numerical integration of Eq. (2), we must
know the partial derivatives which comes out from
the integration of the Einstein equations.

(4) We can obtain analytic expressions for the two
partial derivatives in Eq. (2) readily from Eq. (1):

6/4) 1
-— = T 3)
<0ﬂb i U aes(l ="

<aﬂ> B 210%/42].0'7
9j /)y, 1 +i0n(1=1357"7)

where y = M /M.

(5) Finally, we must supply the angular momentum
conservation equation by specifying the torques
acting onto the stars, i.e., an equation for J. We
assume that the NSs are subjected to the positive
torque by accretion and the negative torque due to
the magnetic braking mechanism, i.e.,

(4)

*'/ = Tpee T Tmag> (5)

where each torque is specified below.

With the above procedure, we obtain the evolution of M
and J with time. We now proceed to the specification of
the torques acting on the NSs. We start with the angular
momentum transfer by accretion. Accordingly to the
numerical simulations, we assume that the infalling
material form a disk around the star before being accreted.
Therefore, the accreted matter exerts a (positive) torque

Tacc — Zle’ (6)

where [ the specific (i.e., per unit mass) angular momentum
of the innermost stable circular orbit around the NS, and
x <1 is an efficiency parameter of angular momentum
transfer. The angular momentum of the last stable circular
orbit around rotating NSs was calculated in [86] from
numerical integration of the geodesic equations in the
exterior stationary axially symmetric spacetime of the
NSs. The latter were obtained from numerical integration
of the Einstein equations for the same EOS used in [84].
The relevant result that we use here is the following
approximate EOS-independent expression of [ in terms
of M and J that fit the numerical results [86]:
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=M [2\f ;037<M /1'\4@)0-85]’ (7)

where it can be seen that the first term is the specific angular
momentum of the last stable circular orbit for the
Schwarzschild metric and the second term is a nonlinear
correction due to the rotation.

The stars are also subjected to the (negative) torque
by the magnetic field. We adopt the pointl dipole +
quadrupole magnetic field model [87]:

Tmag = Tdip + Tquad> (8)
2 B2 ROQY
Tgip = —3%51112 g, 9)

805
Tquad =— 1?5%51112 0,(cos?0, +10sin%6,), (10)
where £ is the inclination angle of the magnetic dipole
moment with respect to the rotation axis, and the angles 6,
and 6, specify the geometry of the quadrupole field. For the
dipole magnetic field, with strength By, the pure axisym-
metric mode m = 0 is given by £ = 0, and the pure m = 1
mode by ¢ = 7/2. For the quadrupole, with strength B ,qs
the m = 0 mode is given by 6, = 0 and any value of ,, the
m =1 mode is given by 6, = /2 and 0, =0, and the
m =2 mode is set by 6, = 6, = z/2. For our estimates,
we adopt the m = 1 mode for the dipole and leave the
quadrupole free to range between the m =1 and m = 2
modes. Therefore, we can write the total magnetic
torque (8) as

_ _~Tdp
mag 3 C3

2 B R°Q’ 16R292
8 45 2 ) (11)

where 7 is the quadrupole to dipole magnetic field strength
ratio defined by

B,
1= /cos> 0, + 10sin? g, . (12)
Bgip

We compute the stellar angular velocity as Q = J/I,
being / the moment of inertia which we estimate with the
EOS-independent approximate expression [88]

=(3) Mgi /Mg (13)

'We neglect finite-size effects since the ratio between the
stellar radius, R, and the light-cylinder radius, R; = c¢/Q, is
small, i.e., R/R; = QR/c < 0.1 (see [87], for further details).

where b; = 1.0334, b, =30.7271, by = —12.8839, and
b, = 2.8841. This expression for the moment of inertia
neglects the contribution of rotation. We expect an appre-
ciable contribution near the mass-shedding limit where it
can be up to 20% larger than a nonrotating estimate (see,
e.g., Fig. 3 and related discussion in [89]). This could
change at some level the quantitative estimates but not the
qualitative conclusions.

Having specified all the above, the evolution of the
stellar angular momentum can be computed from angular
momentum conservation equation (5), with the aid of
Egs. (6) and (11).

We can now proceed to the integration of the system of
differential equations (2) and (5) for the NS and the NS
companion. For this, we must specify the initial mass and
angular momentum, as well as the strength of the magnetic
dipole and quadrupole. We plot in Fig. 3 examples of
evolution of the rotation period (P = 2z/Q) of the vNS
with time. We have set initially a nonrotating configuration,
i.e., j(0) = 0, an initial mass of 1.8 M, a magnetic dipole
strength By, = 10" G, a stellar radius R = 10° cm,
selected values of the quadrupole to dipole strength ratio,
and the m = 1 mode of the quadrupole, i.e., (6;,6,) =
(7/2,0). The figure shows that for shorter orbital periods
the vNS becomes a faster rotator. The angular momentum
transferred by accretion is proportional to the accretion rate,
see Eq. (6), so higher accretion rates imply faster rotation
rates. Indeed, the presence of the NS companion creates a
second peak of accretion onto the ¥NS, and that peak of
accretion becomes higher for shorter orbital periods (see
Fig. 2). Therefore, the shorter the orbital period, the more
the accretion rate onto the vNS, and consequently the faster
its rotation rate. We can see the phase of spinup of the NS
followed by the phase of spindown due to magnetic
braking. The presence of a nonzero quadrupole component
enhances the spindown phase, making it start earlier and at
a higher rotation period (the minimum of the curve shifts to
upper left values). The black curves correspond to the case
of a pure dipole magnetic field.

V. ROTATIONAL POWER EVOLUTION

We turn now to estimate the energy gained during the
accretion process and that can be released. We plot in Fig. 4
the time derivative of the energy [90]

E=QJ, (14)

for the vNS and the NS companion. The energy gain
follows the behavior of the accretion rate (see Fig. 2),
namely, for the NS is characterized by two peaks, while
the NS companion shows a single peak. The reason for this
is that at early times the rotational evolution is dominated
by the accretion torque which is proportional to the
accretion rate. The relative position and intensity of the
peaks depends on the orbital period and on the initial
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Evolution of the vNS (left panel) and the NS companion (right panel) rotation period starting from a nonrotating star, i.e.,

j(0) = 0. The vNS and the NS companion initial mass are 1.8 M and 2 M, respectively. For both stars the radius is 10® cm, the
magnetic dipole field strength is By, = 10"3 G, and the quadrupole to dipole strength ratio is varied from 0 (pure dipole) to 1000.
The quadrupole field is set in the m = 1 mode, i.e., (6;,6,) = (z/2,0). The plot shows the phases of spinup and spindown of the vNS.
The spindown phase is enhanced by the presence of the quadrupole component. The black curves correspond to the case of a pure dipole

magnetic field.

angular momentum of the NSs. In this example, we set
an initially nonrotating vNS, and nonzero values for the
initial angular momentum of the NS companion (which is
more likely to be fast rotator at the time of the BDHN
occurrence) in the range 0 < j(0) < 1. This corresponds to
an initial NS angular momentum in the range 0 < J(0) <
8.8 x 10 gcm?s™!. Assuming, for instance, an initial
mass of 1.8 M, for which Eq. (13) gives a moment of
inertia I ~ 1.43 x 10 gcm?, this leads to a range of initial
rotation frequency 0 < f(0) < 685 Hz, i.e., initial rotation
periods P(0) > 1.46 ms. This is far from the mass-
shedding limit. It has been shown that, at mass shedding,
the Kerr parameter reaches an EOS-independent maximum

value a = 0.7 (see [91] and also Fig. 7 and Table I in [84]).
Instead, the specific value of the angular momentum (or
the rotation frequency) depends on the mass of the
configuration that reached the mass-shedding limit. The
above NS of 1.8 My NS would be at mass shedding if
j~0.7x 1.82 ~2.27. For instance, for the TM1 nuclear
EOS, the configuration at the crossing point between the
mass-shedding limit and the secular axisymmetric insta-
bility has o = 0.7 and M ~ 2.62 M, which leads to j ~ 4.8
and a rotation frequency of 1.34 kHz [84].

The second peak of E of the vNS is a unique feature
of BDHNe because this is originated by the second peak of
fallback accretion onto the vNS induced by the presence of
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FIG. 4. Evolution with time of E, given by Eq. (14), for the zNS and the NS companion. We set the vNS initially as nonrotating (i.e.,
J(0) = 0), and explore the effects of a nonzero initial value of the NS companion angular momentum. In this example, we have initial
values of the NS dimensionless angular momentum from j(0) = 0 (first curve in blue from bottom to top), to j(0) = 1 (last curve in
orange from top to bottom). Each plot corresponds to a binary with a different orbital period (see also Fig. 2). In this example, for
simplicity, we set the same initial mass and magnetic dipole moment for both stars, respectively, 1.8 M, radius R = 10° cm, and a pure

dipole (7 = 0) with magnetic field strength By, = 102 G.

the NS companion (see Fig. 2 and [49] for further details).
The intensity of the second peak of the NS decreases for
longer orbital periods. In fact, for a single-star system, the
second peak disappears as the second peak of fallback
accretion vanishes [49]. The intensity of this peak is
comparable to that of the NS companion.

For a faster initial rotation rate, the peak of E for the NS
companion increases its intensity and its time of occur-
rence, fnens, shifts to earlier times. Consequently, the
time of occurrence of the vNS second peak, #,eu2 x5, and
IpeakNs Of the NS companion, can be very close to each
other (e.g., a few seconds of time separation) or even
simultaneous depending on the orbital period and the initial

angular momentum of the stars. For the interpretation of
GRB data, it is useful to estimate the time separation of
these two peaks, i.e.,

Alpeaks = Tpeak, NS — Ipeak2 /NS - (15)
We show in Fig. 5 At as a function of the initial
(dimensionless) angular momentum of the NS companion,
j(0), and for the selected orbital periods relevant for
BDHN I and II studied in this work. We have set the
VNS as initially nonrotating. When both stars are initially
nonrotating, i.e., for j(0) = 0, the figure shows that Az,
starts positive for long orbital periods, so the peak of the NS
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FIG. 5. Time separation between the peak of E of the NS
companion and the second peak of E of the NS (see Fig. 4).

occurs after the second peak of the vNS. For shorter orbital
periods, the time separation of the peaks decreases. The
peaks become simultaneous for an orbital period close to
Py, ~ 31 min, where Ay vanishes. For Py, < 31 min,
Afpears becomes negative, so the peak of the NS occurs
before the second peak of the vNS. If we read Fig. 5 at a
fixed orbital period, we see that the time separation
between peaks decreases for larger initial angular momen-
tum of the NS companion. Therefore, only in binaries with
P, 2 31 min the two peaks can occur simultaneously or
very close to each other, e.g., with a few seconds of time
separation.

VI. CONCLUSIONS

The increasing amount and quality of the multiwave-
length data of GRBs allow us to test theoretical models in
great detail. With the aim of providing further tests of the
BDHN scenario of GRBs, we calculated in this article the
evolution of a BDHN in the first minutes after the SN
explosion. Specifically, we calculated the evolution of the
vNS formed at the center of the SN, and of the NS
companion, as a result of the mass and angular momentum
transferred onto them by the hypercritical accretion of SN
ejecta. We calculated the accretion rate onto the NS and
the NS companion using three-dimensional SPH numerical
simulations performed with the SNSPH code adapted to
BDHNe presented in [49].

We followed the evolution of mass and angular momen-
tum calculated from energy and angular momentum con-
servation accounting for general relativistic effects by using
effective models for the NS binding energy and the specific
angular momentum transferred by the accreted matter. We
have compared and contrasted the features of the accretion
rate onto the two stars (see, e.g., Fig. 2). Particularly
relevant is the two-peak structure of the accretion rate onto
the NS with respect to the single-peak structure of the one
onto the NS companion.

With the knowledge of the accretion rate and having
specified the torques due to the accretion process and the
magnetic field, we integrated the energy and angular
momentum equilibrium equations to determine the rota-
tional evolution of the vNS and the NS companion. We
have shown that the NSs evolve first in a spin-up phase
dominated by the positive torque due to the accretion
process to then start a spin-down phase dominated by the
negative torque due to the presence of the magnetic field.
We considered both a pure magnetic dipole or a dipole +
quadrupole magnetic field configurations (see, e.g., Fig. 3).
We show that the shorter the orbital period, the higher the
rotation rate acquired by the NS during the accretion
process (see Fig. 3). This result implies that the NS in
BDHN II are slower rotators than the NS in BDHN 1.

We then focused on the evolution of the power gained by
the NSs during their corresponding accretion processes.
This serves as an estimate of the releasable power by the
NS and the NS companion during this early BDHN
evolution. We have shown that the evolution of the power
with time reflects the features of the accretion rate, i.e., it
has a two-peak structure for the ¥NS and a single-peak
structure for the NS companion (see Fig. 4). We have also
studied the dependence of the NS power both on the orbital
period and the initial angular momentum of the NS
companion. The most relevant feature from the observa-
tional point of view is that the second peak of the vNS
power is comparable both in intensity as well as in the time
of occurrence to the peak of the NS companion power (see
Fig. 4). We deepened into this latter feature by studying the
time separation between the second peak of the vNS power
and the peak of the NS companion power, as a function of
the initial angular momentum of the NS companion and for
a variety of orbital periods (see Fig. 5).

The rotational energy powered gained by the vNS and
the NS companion during their early accretion processes,
and the accretion power itself, can lead to early emissions
prior to the main prompt emission phase. The results of this
work imply the possibility of observing precursors in the
x-ray and/or in the gamma rays with a double-peak
structure. Therefore, this theoretical prediction of the
BDHN evolution and associated emissions during the first
minutes after the SN explosion are relevant for the detailed
interpretation of GRB multiwavelength data before the
prompt emission. In BDHNe II, low-luminosity GRBs in
which the NS companion does not collapse to a BH, the
vNS and NS emissions presented in this article could be
observed as a double-peak prompt emission, as shown in
the recent analysis of GRB 190829A [62].

The UPE phase of the GRB (in a BDHN 1), the GeV
emission, and the following x-optical-radio afterglow are
explained by different physical processes occurring in a
BDHN after its early evolution analyzed in this work. For
details on the UPE phase, see [57], for the GeV emission,
see [61,63,64,67], and, for the afterglow, see [59,60,68].
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Therefore, the theoretical work presented in this article
complements the self-consistent picture developed in the
BDHN model for a complete interpretation of the multi-
wavelength data of long GRBs, starting from the x and
gamma-ray precursors, to the UPE in the MeV, to the GeV
emission, to the x-optical-radio afterglow, and finally to the
optical emission powered by the radioactive decay of nickel
in the SN ejecta.
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Abstract In analogy with GRB 190114C, we here analyze
the ultrarelativistic prompt emission (UPE) of GRB 180720B
observed in the rest-frame time interval #,f = 4.84-10.89 s by
Fermi-GBM. We reveal the UPE hierarchical structure from
the time-resolved spectral analysis performed in time sub-
intervals: the spectrum in each shorter time interval is always
fitted by a composite blackbody plus cutoff power-law model.
We explain this structure with the inner engine of binary-
driven hypernova (BdHN) model operating in a quantum
electrodynamics (QED) regime. In this regime, the electric
field induced by the gravitomagnetic interaction of the new-
born Kerr BH with the surrounding magnetic field is overcrit-
ical,i.e., |E| > E., where E, = ch3/(eh). The overcritical
field polarizes the vacuum leading to an et e~ pair plasma
that loads baryons from the surroundings during its expan-
sion. We calculate the dynamics of the self-acceleration of the
pair-electromagnetic-baryon (PEMB) pulses to their point of
transparency. We characterize the quantum vacuum polariza-
tion process in the sequences of decreasing time bins of the
UPE by determining the radiation timescale, Lorentz factors,
and transparency radius of the PEMB pulses. We also esti-
mate the strength of the surrounding magnetic field ~ 104
G, and obtain a lower limit to the BH mass, M = 2.4 Mg,
and correspondingly an upper limit to the spin, « = 0.6,
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from the conditions that the UPE is powered by the Kerr BH
extractable energy and its mass is bound from below by the
NS critical mass.

1 Introduction

The binary-driven hypernova (BAHN) model has been pro-
posed for the description of long-duration gamma-ray bursts
(GRBs), following the induced gravitational collapse (IGC)
scenario [51]. The progenitor is a binary system composed
of a carbon-oxygen core (COg¢qre) and a neutron star (NS)
companion. These COcore-NS binaries are expected to form
in the late stages of the binary evolution of massive bina-
ries, e.g., ~ 15 + 12M zero-age main-sequence (ZAMS)
stars [53]. The more massive star undergoes core-collapse
supernova (SN) and creates a NS when its thermonuclear
evolution is over. After multiple common-envelope phases
and binary interactions during the X-ray binary phase of the
system (see, [23,24], and references therein), the hydrogen
and helium envelopes of the less massive main-sequence star
are stripped, leading to the formation of the COgre (see [23],
and Fig. 1 and section 2 in [53]). The system at this point
is @ COg¢qre-NS binary in tight orbit, which is taken as the
initial configuration of the BAHN model for long GRBs [4—
6,24,53].

In the last decade, theoretical progress in the analysis
of BdHNe, including three-dimensional numerical simula-
tions, has identified their sequence of physical events [4—
6,23,24,29,51]. The gravitational core-collapse event of the
COcore forms a newborn NS (vNS) at its center and powers

@ Springer
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a type Ic SN explosion. The SN ejecta is partially accreted
by the vNS because of matter fallback and partially by the
NS companion at hypercritical (i.e., highly super-Eddington)
rates due to a powerful neutrino emission process occurring
on top the NS surface [4,7]. The fallback accretion onto the
VNS contribute to the energy of prompt emission and spins
up the vNS (Becerra et al., submitted; see also [6] and Yu
et al., in press). The vNS rotational energy powers the syn-
chrotron emission leading to the afterglow [6,24,51,55,71].
For orbital periods of a few minutes, the NS companion
reaches the critical mass for gravitational collapse leading
to the formation of a rotating (Kerr) black hole (BH). These
systems have been called BAHN I, which explain the sub-
class of energetic long GRBs with Ejs, > 10°% erg. Up to
now, 380 long GRBs have been interpreted as BAHNe I [71].
Therefore, three pillars of BAHN I, responsible for different
episodes of this subclass of long GRBs are: (1) SN, (2) BH,
and (3) vNS. The interplay between these three components
leads to different episodes of BAHN I. For longer orbital peri-
ods, the NS companion does not reach the critical mass and
hold stable as a more massive, fast rotating NS. These sys-
tems have been called BAHN II, which explain the subclass of
energetic long GRBs with Ejs, < 10°2 erg. The emergence
of the optical SN naturally expected in the BAHN scenario
(see e.g., [18,43,66,68]) completes the BAHN approach.

The experimental verification of the entire sequence of
Episodes in a BAHN I has been recently achieved in GRB
190114C [38] and GRB 180720B [36]. Thanks to the high
quality of the data and the brightness of these sources, we
have identified through a detailed time-resolved analysis the
following Episodes of a BAHN I [36,38]: the emission from
the vNS (the vNS-rise); the BH formation, known as BH-
rise, originating the ultrarelativistic prompt emission (UPE)
phase; the formation of the cavity around the newborn BH,
formed in the gravitational collapse of the companion NS to
the BH, and further depleted by the UPE phase [59]; the soft
and hard X-ray flares (SXF and HXF) originating from the
interaction of the UPE phase with the expanding SN ejecta
[67]; the X-ray afterglow powered by the rapidly rotating
vNS [53,58,83], and the gigaelectronvolt (GeV) emission
from the BH following the UPE [37,69]. We discuss in Sect. 2
the observational identification of the above episodes in the
case of GRB 180720B.

In this article, we perform a time-resolved spectral anal-
ysis of the UPE phase of GRB 180720B and interpret it in
the context of the BH formation in a BAHN I. A most rel-
evant result of this kind of analysis has been the discov-
ery of the hierarchical structure of the UPE phase of GRB
190114C. The spectrum on rebinned shorter time intervals
shows always a similar blackbody plus cutoff power-law (BB
+ CPL) model during the entire UPE phase [38]. The explana-
tion of such a hierarchical structure of the UPE phase has been
found in the sequence of microphysical elementary events,
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in the quantum electrodynamics (QED) regime of vacuum
polarization, that occurs in the formation of the BH in the
inner engine of the GRB [69]. The inner engine is the system
composed of the newborn rotating BH surrounded by a uni-
form magnetic field, aligned with the BH rotation axis, and
the low-density (~ 10~!'% g cm™>) matter of the SN ejecta in
the cavity.

The physical process, which combines the pure general
relativistic effect of gravitomagnetism and QED works as
follows. The gravitomagnetic interaction of the Kerr BH with
the magnetic field induces an electric field, and the structure
of such an electromagnetic field has been modeled with the
Papapetrou—Wald solution [82]. The intensity of the induced
electric field is proportional to the BH spin parameter and the
magnetic field strength. The newborn BH is not charged. The
interaction of the gravitomagnetic field of the Kerr BH with
the surrounding magnetic field, By, induces an electric field
around the BH. This electric field is nearly radial, and despite
its quadrupolar nature, decreases with distance roughly as
1/r%. Hence, it is possible to define an “effective charge”,
Qetf, as the proportionality constant of such a field, i.e., E ~
Qefr/ 12, where [37,52,69]

G
Qett = —52BoJ. ey
C

It can be shown that the Papapetrou—Wald solution, due
to theorems by Ipser [26], Wald [81] and Carter [19], pro-
duces the unique solution which, at perturbative level, rep-
resents the transformation of the Kerr BH into a charged
rotating Kerr—Newman BH, with effective charge given by
the above equation, i.e., Eq. (1) of the paper. It can be indeed
checked that for relatively low values of the spin parameter
a = cJ/(GM?) < 0.6, the Papapetrou—Wald solution can
be approximated by the Kerr—Newman solution [37]. We take
advantage of the above property to estimate the energy and
the QED effect with the Kerr—Newman geometry for which
an analytic expression for the energy of the dyadoregion has
been derived in Cherubini et al. [12]. In fact, the difficulty
of the origin of a charged BH is overcome by the idea of the
effective charge.

The inner engine in the UPE phase operates in an overcrit-
ical QED regime in which the induced electric field is larger
than the critical field for vacuum polarization, i.e., E > E,
where

l’l’lzC3 16
Ee == ~132x10" V/em. 2)

The MeV radiation of the UPE and its associated hierarchi-
cal structure is explained by the inner engine in this overcrit-
ical regime, and is powered by the rotational energy of the
Kerr BH. In this article, we focus on the UPE phase of GRB
180720B.
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The overcritical electric field of the inner engine generates
an initially optically thick eTe™ plasma that self-accelerates
under its own internal pressure while engulf ambient baryons.
The first numerical simulations of the expanding optically
thick pair electromagnetic-baryon plasma, called PEMB
pulse, were presented in [60]. For instance, for a BH mass
10M and effective charge to mass ratio of ~ 0.1, adopted
for GRB 991216 [57], the produced eTe™ plasma pairs lie
between the radii 1| = 6 x 10° cm and ry = 2.3 x 108
cm, with total energy of Eyo = 4.8 x 1033 erg, and the total
number of pairs is Ny+,- = 2 x 108, This leads to the pair
number density of 103 < 77,+,- < 107 cm™ and the opti-
cal depth of T ~ o7 Np+p- X [r2 —r1] ~ 1016-10%! > 1,
being o1 = 6.6 x 1072 cm™? the Thomson cross-section.
Such an optically thick PEMB pulse self-accelerates outward
reaching ultrarelativistic velocities [60,61] up to Lorentz fac-
tors of I ~ 300 at transparency and emits MeV photons. The
observation of such thermal photons signs the first evidence
of the Kerr BH formation, i.e., the BH-rise. The high Lorentz
factor guarantees the avoidance of the so-called GRB com-
pactness problem [44,49].

In Rueda et al. [53] (see Sect. 7 therein), it has been dis-
cussed that numerical simulations of BAHN I point to the
possible presence of a torus-like distribution of matter with
higher density on the equatorial plane that can serve to anchor
the magnetic field. The physical process leading to the UPE
phase requires the presence of low-density ionized matter on
the polar regions, i.e., above and below the BH. Therefore,
the presence of matter with higher density on the equatorial
plane, providing it is not as massive as to change the assumed
spacetime geometry, does not interfere with the production
of the pair plasma around the BH.

The emitted energy in the UPE phase is paid by the rota-
tional energy of the BH, hence it reduces its angular momen-
tum, and consequently the intensity of the induced electric
field. This process continues until the electric field reaches
the value E. and no more pairs can be created via vacuum
breakdown. We here analyze all the above process occurring
during the UPE phase in the case of GRB 180720B, which
is another BAHN I and its data quality allows us to perform a
detailed time-resolved spectral analysis analogous to the one
applied successfully to GRB 190114C in [38]. We confirm in
this paper the presence in the 10 keV-10 MeV energy band
the very same hierarchical structure of the UPE phase in GRB
180720B already found in GRB 190114C. We simulate the
above physical process of the inner engine that explains the
UPE energetics, luminosity and spectrum and infer from it
the magnetic field strength, the initial mass and spin of the
BH, and their time evolution.

The electro-vacuum Papapetrou—Wald solution used in the
inner engine differs from other models of the electromagnetic
field structure around astrophysical BHs (see, e.g., [32,42]).
A detailed theoretical review of such models is presented

by Komissarov [32]. In those models, the field structure and
parameters enforce the condition E - B # 0, while in the
Papapetrou—Wald solution naturally exist regions where such
acondition is naturally satisfied in the Kerr BH surroundings.
In the BAHN I, the BH is surrounded by a very-low dense
plasma in which the screening of the electric field is unlikely
to occur, guaranteeing the stability of the Papapetrou—Wald
electromagnetic field structure. This differs from the environ-
ment envisaged for describing the mechanism of generating
powerful relativistic jets from a black hole system in AGNs
and X-ray binary systems, e.g., in Komissarov [32] and Par-
frey et al. [42], where the surrounding plasma has a much
larger density and may cause the screening of the electric
field. Therefore, the inner engine parameters and physical
processes are different with respect to these models and have
been guided by the GRB analysis. Specifically, our approach
gives a theoretical explanation to the time-resolved spectral
analysis of the UPE phase, and the MeV luminosity observed
by Fermi-GBM.

The article is organized as follows. In Sect. 2, we present
the observations of GRB 180720B by different satellites and
then introduce the 6 Episodes of this GRB obtained from the
observations. In Sect. 3, we perform the time-resolved spec-
tral analysis during the UPE phase of GRB 180720B thanks
to the recent progress in the understanding of the UPE phase
of GRB 190114C [39], and the high signal-to-noise (S/N)
ratio of the Fermi-GBM data during the UPE phase of GRB
180720B. In Sect. 4, we introduce the structure of the elec-
tromagnetic field used to study the properties of inner engine
of GRB 180720B. We also discuss the physical differences
of this electromagnetic field and the operation of the inner
engine to extract the rotational energy of the BH with the
existing literature on the subject. In Sect. 5, we determine
the mass and spin of the BH in the inner engine of GRB
180720B during the UPE phase and in the subsequent evolu-
tion. In Sect. 6, we describe the vacuum polarization process
in the inner engine and how it originates the UPE phase. In
Sect. 7, we analyze the compactness problem and the general
formulation of transparency condition during the UPE phase.
In Sect. 8, we obtain the magnetic field and BH parameters
at transparency point during the UPE phase. We follow the
quantum vacuum polarization process down to a timescale
oft ~ 1077, marking the hierarchical structure of the UPE
imposed by the observed luminosity and the electromagnetic
configuration of the inner engine during the UPE phase. We
compute the value of the magnetic field, By, the Lorentz fac-
tors, the baryon loads, the energy emitted and radii at the
transparency of each PEMB pulse. We also discuss relevant
differences between our approach and different models in the
literature, e.g. by Komissarov [32] and Parfrey et al. [42]. In
Sect. 9, we summarize the conclusions of this work.
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Fig. 1 Luminosity of GRB 180720B in the cosmological rest-frame
of the source. Blue circles: obtained from Fermi-GBM in the 10 keV—
10 MeV energy band. Red circles: obtained from Fermi-LAT in the
0.1-10 GeV energy band. The Episode 1 shows the BH-rise (UPE I)
from #r = 4.84 sto fy = 6.05 s. The Episode 2 shows the vNS—
rise from fy = 6.05 s to fyf = 9.07 s. The Episode 3 represents
the second UPE phase (UPE II) from #y = 9.07 sto fy = 10.89 s.
The Episode 4 shows the Fermi-GBM the cavity from f,y = 16.94 s

2 Observational data of GRB 180720B

On July 20, 2018, GRB 180720B triggered the Fermi-GBM
at 14:21:39.65 UT [48], the CALET Gamma-ray Burst Mon-
itor at 14:21:40.95 UT [11], the Swift-BAT at 14:21:44
UT [76], the Fermi-LAT at 14:21:44.55 UT [9], and the
Konus-Wind at 14:21:45.26 UT [22]. The X-ray telescope
(XRT) on board the Neil Gehrels Swift Observatory (here-
after Swift), began observing 91 s after the Fermi-GBM
trigger [76], MAXI/GSC started at 296 s [40] and NuStar
covered later times from 243 to 318 ks [8]. Just 78 s after
the Fermi-GBM trigger, the 1.5-m Kanata telescope per-
formed optical and NIR imaging polarimetry of the source
field and found a bright optical R-band counterpart within
the the Swift-XRT error circle, observed by HOWPol and
HONIR attached to the 1.5-m Kanata telescope [72]. Addi-
tional observations followed by optical, infrared and radio
telescopes [1,16,17,27,28,30,31,33,35,45,73,74,84,87].
Following the optical observation, redshift z = 0.654 was
identified from the Fe II and Ni II lines by the VLT/X-shooter
telescope [34]. This allows to determine the cosmological
rest frame time tf = fobs/(1 + z), being fyps the observed
time, as well as the isotropic energy (Ejs,) and the isotropic
luminosity (Ljg,) of this source. GRB 180720B has isotropic
energy of Ej, = 5.92 x 10%3 erg during the Tyy of the
Fermi-GBM. The sub-TeV (100440 GeV) observation by
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to tf = 19.96 s. The Episode 5 the hard X-ray Flares (HXF), from
tef = 28.95 s to ty = 34.98 s. The Episode 6, the soft X-ray Flares
(SXF), from t,f = 55 s to t,f = 75 s. The rest-frame 0.1-100 GeV
luminosity light-curve of GRB 180720B after UPE phase is best fitted
by a power-law with slope of ay = 1.87 £ 0.13 and, amplitude of
(4.6 £2.9) x 1073 erg s~!. The purple circles present the radio data
from AMI-LA retrieved from Rhodes et al. [47]. The green squares
represent the r-band optical data retrieved from Abdalla et al. [1]

the High Energy Stereoscopic System (H.E.S.S.) has been
alsoreported for this GRB [1]. The diversity and the statistical
significance of the observed data have made this GRB one of
the proper candidates to test the GRB models. The luminosity
light-curve in radio, optical, and gamma-rays of the GRB
1807208 is shown in Fig. 1.

2.1 The episodes of GRB 180720B

Six different episodes relating to six different astrophysical
processes have been recently identified in the time domain
analysis of GRB 180720B [36]:

(D Episode 1 (UPE I): the BH formation caused by hyper-
critical accretion onto the companion NS in BdHN I, and
its subsequent UPE phase originated from vacuum polariza-
tion and expanding PEMB pulses with their characteristic
Lorentz factor I ~ 100 [60,61]. This episode pinpoints the
first manifestation of the BH (BH-rise) which is the subject
of the current paper. The UPE I of GRB 180720B occurs
from f#f = 4.84 sto ty = 6.05 s. Its measured isotropic
energy is EMe¥ = (6.37+0.48) x 10°% erg, and its spectrum
is best fitted by a CPL + BB model (index o« = —1.13, cutoff
energy E. = 2220.569 keV, and blackbody (BB) tempera-
ture k7 = 50.31 keV in the observer’s frame); see Fig. 2.

(II) Episode 2 (vNS-rise): the fallback of the SN ejecta
onto the VNS spins it up ([6] and Becerra et al., submitted).
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Fig. 2 Luminosity light-curves and spectra related to the different Episodes identified in GRB 180720B. Plots and best fits are reproduced from

[36] by the author’s permission

The first evidence of this interplay in GRB 180720B, referred
to as the vNS-rise, spans from #y = 6,05 sto #r = 9.07 s.
The isotropic energy of this phase EEAI\?:/ = (1.13£0.04) x
1053 erg, and its spectrum is best fitted by a CPL model
(¢ = —0.98, and E. = 737 keV, in the observer’s frame);
see Fig. 2.

(IIT) Episode 3 (UPE II): it is evidenced by the first sig-
nificant observed GeV photon at # = 7.06 s. This phase
also includes the continuation of the UPE phase (UPE II)
from #y = 9.07 sto #f = 10.89 s, with an isotropic
energy of EMeyy; = (1.6 £ 0.95) x 10° erg. A CPL +
BB model with model parameters of o = —1.06“:8:8{,
E. = 1502.5785¢ keV and kT = 39.871% keV is the best
fit for the spectrum of this phase; see Fig. 2.

(IV) Episode 4 (Cavity): the gravitational collapse of
the NS and the consequent BH formation creates a cavity,
which becomes further depleted by the expanding PEMB
pulses [59]. The collision and partial reflection of the ultra-
relativistic PEMB pulses from the cavity’s wall results in
radiation with a CPL spectrum that has an energy of ~ 1032
erg and a luminosity of ~ 10°! erg s~!. These values are
comparable to the UPE and vNS-rise energetics [59]. For
GRB 180720B, this emission extends from #,f = 16.94 s
to 19.96 s, with an isotropic energy of Eg[{,’v

(4.32 4 0.19) x 102 erg, characterized by a CPL spectrum
(¢ = —1.16, E. = 607.96 keV). Its luminosity and spectrum
is given in Fig. 2.

(V) Episode 5 soft X-ray flare (SXF), and VI) Episode
6 hard X-ray flare (HXF): HXF and SXF emissions result
from the interaction of the PEMB pulses with the SN ejecta
occurring at r = 10'2 ¢m from the BH [67]. The HXF of
GRB 180720B extends from t, = 28.95 s to t,f = 34.98 s,
with L%‘}\F’!iso = (7.8 £0.07) x 10°! erg s~!. Its spectrum is
best fitted by a CPL model with E. = (5.570%) x 10% keV,
a = —1.198 £ 0.031. The SXF occurs from #f = 55 s to
frf =755, with L?XFJSO = 1.45x 10 erg s~!. Its spectrum
is best fitted by a PL+BB model with« = —1.79+£0.23, and
kT =0.99 £0.13 keV; see Fig. 2.

The cavity, SXF, and HXF have energetics similar to the
UPE phase because they are also created by the interaction
of expanding PEMB pulses with SN ejecta; (see, [71], and
references therein).

One-dimensional [23,24], two-dimensional [5], and three-
dimensional [4,6] simulations of BAHN model clearly show
that the accretion of the SN ejecta onto the vNS and NS com-
panion transfers both mass and angular momentum to them.
According to numerical simulations of the early evolution
phase of BAHN I, the NS companion can reach its critical
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Table 1 The time-resolved spectral fit parameters for GRB 180720B
(CPL + BB model) during the UPE I phase (t; = 4.84 sto t,f = 6.05s).
This table summarizes the time intervals in the rest and observer frames,
their significance (), the power-law index, cut-off energy, temperature,
ADIC, BB flux, total flux, BB to total flux ratio, Fgg/ Fiot, and finally
the isotropic energy. The first block (first row) in the table contains
the spectral best-fit parameters for UPE 1. The second block (second,
third, fourth, and fifth rows) contains the time-resolved spectral best-fit

parameters for Deltat,y = 0.3 s. To select the best model from two dif-
ferent given models, we adopt the deviance information criterion (DIC),
defined as DIC = — 2log[ p(data| é)]+2pD1c, where 4 is the posterior
mean of the parameters, and ppjc is the effective number of parameters.
The preferred model is the model with the lowest DIC score. Here we
define ADIC = (CPL + BB) — CPL, if ADIC is negative, indicating the
CPL + BB is better. After comparing the DIC, we find the CPL + BB
model is the preferred model over the CPL and other models

n~n by ~tpa S a E. kT ADIC  Fgp Fiot Fraio  Evot
(s) (s) (keV) (keV) (1079) (1079) (10°2 erg)
Obs Rest-frame (erg ecm2 s (erg cm~2 s

8.000~10.000 4.840~6.050 14274 — 1137000 222178 503735 - 108 1397032 27.1413:% 0.05 9.53
8.000~8.500  4.840~5.142 82.61 —1.06700 29651315 64478 -84 24473 43617528 0.06 3.83
8.500~9.000  5.142~5.445 89.78  — L1003 189873% 562730  —s51 1977012 31477438 0.06 276
9.000~9.500  5.445~5.747 7253  — 107709 9537265 342%103 23 037703 15771733 002 138
9.500~10.000 5.747~6.050 60.82  — 1197003 178873} 381749 —32 076105 15421350 005 135

Table 2 The parameters of the time-resolved spectral best fits of GRB
180720B (CPL + BB model) from the t,f = 9.07 s to t,f = 10.89 s.
This table reports: the time intervals both in rest-frame and observer
frame, the significance (S) for each time interval, the power-law index,

cut-off energy, temperature, ADIC, BB flux, total flux, the BB to total
flux ratio, Fgp/Fiot and finally the isotropic energy. The ADICs are
reported in column 6

n~n i ~ g2 S o E. kT ADIC  Fpp Fot Fuio  Euot
(s) (s) (keV) (keV) (107%) (107%) (10°2 erg)
Obs Rest-frame (erg cm~2 s (erg cm~2 s

15.00~18.00 9.07~10.89 274.60 —1.06700 1502.5753% 39.8%1% —226.4 1997033 4555730 0.041001 16.0%555,
15.00~16.50 9.07~9.98  190.63 —1.047001 1750.57| 1] 40.5730 —176.6 2.08%03% 48.031358 0.041001 8.4610307
16.50~18.00 9.98~10.89 21576 —1.057005 115137102 371738 — 787 1.6370%) 41.83%55) 0.041002 73710812
15.00~15.75 9.07~9.53 10593 —1.07709% 1198.072111 31.4733  —41.5 094707 23.847465 0.041003 2.1704)
15.75~16.50 9.53~9.98  163.07 —1.027001 1949.47 350 46.27368 — 154 3.43%)2) 72.68133% 0.041001 5.1670:478
16.50~17.25 9.98~10.44 155.67 —1.157005 2382.3%3)73 453737 — 1256 2.8579 53.96%9 3% 0.05100% 4751045
17.25~18.00 10.44~10.89 159.05 —0.937005 684.7507 239738 308 0.6370% 35741338 0.021007 3.15703%3
15.00~1538 9.07~9.30  69.11 —1.067007 71127293 289737 302 0.787)14 14277459 0.05T0:0% 0.628703%
15.38~15.75 9.30~9.53  83.03 —1.017003 1319.4720%9 31.0732 —28.9 083703 32.187%43 0.031004 1.42710.284
1575~16.12 9.53~9.75  109.59 —1.02750 1967.971038 43.6730 —72.6 2.63703% 6261788 0.0470:92 2761030
16.12~16.50 9.75~9.98  133.10 —1.017002 191947181 47.9"33  —107.5 431F}% 82.08154 0.051005 3.611031
16.50~16.88 9.98~10.21 133.12 —1.097002 2574.372829 557038 1179 516139} 83.97181 0.067005 3.770381
16.88~17.25 10.21~10.44 89.16 —1.247003 1537.973227 319734 —27.8 1.3870% 24257731 0.06100% 1.07703%
17.25~17.62 10.44~10.66 12576 —0.867003 696.1732 22538 273 08373 45.89%32 0.021003 2.021023,
17.62~18.00 10.66~10.89 102.97 —1.02700% 62247004 25784 255 039703 2551149 0.02700% 1.1270218
15.00~15.19 9.07~9.19  51.57 —1.01701% 805373500 33.07]3) —288.8 0.8075%) 19.237234 0047927 0.42370302
15.19~15.38 9.19~9.30  42.03 —1.197000 120137816 275743 —27.1 09779 12.897808 0.0810 05 0.28470 %8
1538~15.56 9.30~9.41  53.84 —1.007007 1158572005 234783 — 271 02970%¢ 27.597733 0.0175:9° 0.608™152
15.56~15.75 9.41~9.53  63.61 —1.067007 1839.873300 394778 322 174779 40955515 0.04759% 0.90279308
1575~15.94 9.53~9.64  72.54 —1.04700% 1896.873207 408737 —303 2787118 514475233 0057007 1137025
15.94~16.12 9.64~9.75  83.99 —0.99700% 1950272318 47.577¢ 343 2341312 74725553 00300 1.657050¢
16.12~1631 9.75~9.87  85.09 —0.95T00% 1379.27307% 32.773% —39.2  1.8477% 63.067122  0.03%00; 1.397071
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Table 2 continued

n~n L1 ~ trf2 N (24 E. kT ADIC Fgp Frot Fratio Eot
(s) (s) (keV) (keV) (107%) (107%) (10°2 erg)
Obs Rest-frame (erg cm2 s (erg cm~2s7)
+0.02 +260.1 +2.8 +1.63 +12.08 +0.02 +0.266
1631~16.50 9.87~9.98  104.94 —1.05%703 2304.7730)% 621758 —854 67275 97.871%0 0.071007 2.1513%2
+0.03 +346.9 +5.6 +3.89 +16.65 +0.03 +0.367
16.50~16.69 9.98~10.10 107.18 —1.04%7 03 2737.17330 584720 —86.1 6.577,%, 119207195 0.06%00 2.62%0307
0.13 709.1 8.6 4.06 28.29 0.08 0.623
16.69~16.88 10.10~10.21 82.58 —1.13%72 1910.07(05,, 58.6755 —86.9 3.6713%% 53297337, 0.077005 117705
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Fig. 3 Time-resolved spectral analysis of the UPE I phase of GRB [5.142s-5.445s], [5.445s-5.747s], and [5.747s—6.050s] are shown in
180720B. This phase, extending from #f = 4.84 to t,r = 6.05, is panels a—c, respectively. The CPL + BB is confirmed to be the best fit
divided into four time intervals with duration of Afy =~ 0.3 s. The for each time interval. The best fit parameters are listed in Table 1
spectra of the best fit for the rest-frame time intervals [4.840s—5.142s],
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Fig. 4 Time-resolved spectral analysis of UPE Il phase of GRB
180720B. a The first iteration: spectrum of the entire UPE II phase
extended from 7 = 9.07 s tofy = 10.89 s. b The second itera-
tion: spectral analysis carried out over two equal rest-frame time inter-
vals of [9.07s—-9.98s] and [9.985—10.89s]. ¢ The third iteration: spec-
tral analysis performed over four equal rest-frame time intervals of
[9.075-9.53s], [9.535-9.98s], [9.98s—10.44s] and [10.44s—-10.89s]. d
The fourth iteration: spectral analysis performed over eighth equal rest-
frame time intervals of [9.07s-9.30s], [9.30s-9.53s], [9.53s-9.75s],
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[9.755-9.98s], [9.98s—10.21s], [10.21s-10.44s], [10.44s—10.66s] and,
[10.66s—10.98s]. Finally, e the fifth iteration: spectral analysis per-
formed over sixteen equal rest-frame time intervals of [9.07s-9.19s],
[9.195-9.30s], [9.30s-9.41s], [9.415-9.53s], [9.535-9.64s], [9.64s—
9.75s], [9.75s-9.87s], [9.875-9.98s], [9.98s—10.10s], [10.10s—10.21s],
[10.21s-10.32s], [10.325-10.44s], [10.44s—10.55s], [10.55s—10.66s],
[10.66s—10.78s] and, [10.78s—10.89s]. The CPL + BB is confirmed to
be the best fit for each time interval. The spectral best fit parameters
correspond to each iteration are reported in Table 2
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mass for BH formation before the second peak of fallback
accretion onto the nuNS (Becerra et al., submitted; see also
[6]). In some cases, this phenomenon allows the vNS-rise
emission to superpose to the UPE. In GRB 180720B, the
energy released by the vNS-rise dominates the UPE phase
for about three seconds, resulting in split UPEs I and II. After
that, the vNS-rise emission fades and the UPE becomes vis-
ible again.

The detailed explanation of Episodes 4 to 6 of GRB
1807208 is presented in [36]. This work is devoted to the
UPE I and UPE 1II phases of GRB 180720B. Following
the explanation of the UPE phase in GRB 190114C [39],
we first present the detailed spectral analysis of the UPE
phase of GRB 180720B and then its astrophysical mecha-
nism based on the inner engine of GRBs [69] and expanding
PEMB pulses [38].

3 The time-resolved spectral analysis of the UPE phase

Due to the high signal-to-noise (S/N) ratio of the Fermi-GBM
data acquired during the UPE phase, a refined spectral anal-
ysis is performed in the [4.84-6.05] time interval in three
iterations, and in the [9.07-10.89] time interval in five iter-
ations on decreasing time bins, while maintaining reliable
statistical significance. The time intervals between iterations
are halved.

For the final iteration of the UPE 1, i.e., the third iteration,
the UPE I is divided into four time intervals of Az ~ 0.3 s:
[4.840s—5.1425],[5.1425-5.4455],[5.4455-5.7475], [5.747s—
6.050s].

For the last iteration of the UPE II where reliable statis-
tical significance is still fulfilled, i.e., the fifth iteration, the
UPE 1I is divided into 16 time intervals of At ~ 0.11 s:
[9.075-9.19s], [9.195-9.30s], [9.30s-9.41s], [9.415-9.53s],
[9.535-9.64s], [9.645-9.755], [9.755-9.87s], [9.875-9.98s],
[9.985-10.10s], [10.10s—10.215], [10.21s-10.32s], [10.32s—
10.44s], [10.445-10.55s], [10.555-10.66s], [10.665—10.78s]
and [10.78s—10.89s].

The spectral analysis is performed over each time interval.
The presence of a cut-off power-law plus black body (CPL +
BB) as the best spectral fit is confirmed in each time interval
and for each iterative process. The time intervals both in rest-
frame and observer frame, the significance (S) for each time
interval, the power-law index, cut-off energy, temperature,
ADIC, BB flux, total flux, the BB to total flux ratio, Fgp/ Fiot
and finally the isotropic energy of entire the UPE phase and
its sub-intervals are shown in Table 1 and Table 2; see also
Fig. 3 and Fig. 4. The evolution of the temperature and the
luminosity during the UPE phase, as obtained by the time-
resolved spectral analysis, are shown in Fig. 5.

The time-resolved spectral analysis over each iteration,
reveals acommon spectral feature for each time interval char-

o ¢
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Fig. 5 a The Luminosity during the UPE phase. b The rest-frame tem-
perature during the UPE phase. The luminosity and temperature data
points are obtained from analyses with A, = 0.3 s time resolution
reported in Table 1 (UPEI), and Af¢ = 0.11 s time resolution reported
in Table 2 (UPE II)

acterized by the CPL+BB best-fit model with a rest-frame
temperature of k7 = 20-60 keV and the ratio of blackbody
flux (Fgp) to the total flux (Fio) of

0.01 < 1B

< 0.07. 3)
tot

In essence, the UPE II is a continuation of the UPE I,
and there is no distinction between the two. The observed
discontinuity in the UPE phase is caused by the simultane-
ous occurrence of the UPE phase and the vNS-rise in this
GRB. The temporal coincidence of these two emissions in
a BAHN depends on binary parameters, more relevant the
orbital period (Rueda et al.; to be submitted). As a result,
we assume in this paper that the UPE phase extends from
t =4.84 1oty = 10.89 s.

The existence of the BB components in the spectrum of the
UPE phase has been identified as the characteristic signature
of e e~ pair creation in presence of baryons (the PEMB
pulse) originating from the vacuum polarization process [39,
60,62—64]. This subject will be addressed in Sects. 6 and 7.

4 The properties of inner engine
The physics of inner engine was first described in [52,69] for
GRB 130427A and [37] for GRB 190114C. The Papapetrou—

Wald solution [41,82] is used to describe the newborn Kerr
BH in the BdHNe I surrounded by a magnetic field and by the

@ Springer



778 Page 10 of 17

Eur. Phys. J. C (2022) 82:778

low-density plasma in the cavity [59]. The gravitomagnetic
interaction of the newborn Kerr BH with the magnetic field
induces a strong electric field in the BH vicinity [54]. In [39],
it was shown that the UPE phase of GRB 190114C can be
originate by the QED process of vacuum polarization in an
overcritical field, i.e., |E| > E., where E_ is the critical field
for spontaneous et e~ pair creation in vacuum and is given
by Eq. (2). Following this framework, we apply in this work
the inner engine in the QED overcritical regime to explain
the UPE phase of GRB 180720B observed by Fermi-GBM.
We give the details of the physical process in Sect. 6.

In this section, we focus on the structure of the elec-
tromagnetic field around the BH to investigate the condi-
tions under which the overcritical field regime can develop.
The components of the electric and magnetic field (in the
Carter’s orthonormal tetrad) in the approximation of small
polar angles can be written as [52,69]

2ByJ G (P =a%)

Ep = o En &2)2 4)

E; =0 (5)

bt ) o
SN CETY

Bé =0. @)

where ¥ = r2 +42c0s20, A = r2 —2Mr + 4%, M =
GM/c*, a = a/c = J/(Mc), being M and J the mass
and angular momentum of the Kerr BH. The (outer) event
horizon is located at r. = (M + v M? — &2).

We can now introduce the effective charge [69]

G
Oeff = 6—32301, (8)

which when is replaced in the charge of the Kerr—Newman
solution, it leads to a radial electric field equal to the one of the
Papapetrou—Wald solution given by Eq. (4) [39]. Therefore,
up to linear order in 6 and in the dimensionless BH spin
parameter & = a/(GM/c?), the electric field can be written
as

2ByJ G (r? —a? 1 2
— ( ) "\w“——ozBor—er. 9

B = 3 (rz_,_&z)z 2

The specific value of the mass, spin parameter, and mag-
netic field in the inner engine will be determined as a function
of operative astrophysical processes, which are presented in
the next sections. We now discuss how the gravitational col-
lapse of the NS in a BAHN I can lead to an engine with
an electromagnetic field structure that can be approximately
described by the Papapetrou—Wald solution. To the best of
our knowledge, there are no numerical simulations dedicated
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to demonstrating the formation of this specific configuration.
Nevertheless, we refer to Sec. 7 of [53] which discusses the
nature of the magnetic field around the newborn BH in a
BdHN I and its support from numerical simulations of grav-
itational collapse.

Numerical simulations in [6] show that the magnetized
NS companion of the COcqpe, in the accretion process, gains
not only a considerable amount of mass but also angular
momentum. Therefore, we conclude that the BH forms from
the collapse of a magnetized (10'2-10'3 G), fast rotating
(millisecond period) NS once it reaches the critical mass.
The same simulations show that SN material remains bound
around the nascent BH in a torus-like structure. This matter
is essential to anchor the magnetic field outside the newborn
BH. The matter density in the off-equatorial directions is low,
as shown by numerical simulations in [59]. The above picture
naturally leads to the inner engine: a rotating BH surrounded
by a magnetic field and very low density ionized matter.

The numerical simulations of the magneto-rotational col-
lapse of NS starting from the seminal simulations of J. Wil-
son in [85,86]. These early works already showed the ampli-
fication of the magnetic field in the gravitational collapse.
This result is confirmed by simulations of NS binary mergers
leading to a BH surrounded by an accretion disk, whose post-
merger system show similarities with the inner engine picture
and support the present scenario. Some relevant works on this
subject are [20,21,46,75,77,78].

Equation (9) tells us that if the above processes occur and
amplify the magnetic field strength to values By = (2/a) B,
near the BH horizon, where B, = E, = 4.41 x 1013 G, an
overcritical electric field will develop and lead to the QED
process of vacuum polarization.

5 Mass and spin of BH

The energy condition is obtained from the mass—energy for-
mula of the Kerr BH [13,14,25]
252
2 2
= ——5 + M. 10

4G2M2, " (19)

The extractable energy of a Kerr BH E¢y is given by the
subtracting the irreducible mass, M;,,, from the total mass
of the BH, M:

1++1—a?
Eext = (M — Migp)c® = 1—,/% M. (11)

which we use to obtain M as a function of o, M(«), by
requesting the condition that observed UPE emission origi-
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Fig. 6 NS critical mass as a function of the spin parameter « for the
NL3 and TM1 EOS. We recall that the maximum spin parameter of a
uniformly rotating NS is amax = 0.71, independently of the NS EOS;
see e.g. Cipolletta et al. [15]

nates from BH extractable energy, i.e.
Eupg = Eext- (12)

The goal is to show that the Kerr BH extractable energy
can explain the energetics of the UPE phase and, in turn, it
leads to estimate the mass and spin of BH. Equation (11)
has two parameters, M and o, hence we must supply another
equation to determine them.

In BdHNe I the BH originates from the hypercritical accre-
tion of SN ejecta onto the NS, i.e., the BH forms when the
NS reaches its critical mass. Therefore, the mass of the BH
must satisfy the constraint

M > M (@), (13)

where M i () is the critical mass of a rotating NS with Kerr
spin parameter «. The NS critical mass value depends on the
nuclear equation of state (EOS). In Cipolletta et al. [15], it
was shown that, for instance, for the NL3, GM1 and TM1
EOS, the critical mass for rigidly rotating NS is fitted with a
maximum error of 0.45% by the expression

Meic () = M (1 +kjP), (14)

crit

where k, p, and Mcjrio are parameters that depend upon
the nuclear EOS, being the latter the critical mass in the
non-rotating case, and j = c¢J/(GMg)?>. With the relation
between j and «, i.e., j = a(M/Mg)?, Eq. (14) becomes
an implicit non-linear algebraic equation for the NS critical
mass as a function of «. For instance, we show in Fig. 6
the numerical solution of Eq. (14) for the NL3 (k = 0.006,
p = 1.68) and TM1 (k = 0.017, p = 1.61) EOS. We limit
the value of the spin parameter to omax ~ 0.7, which has
been found to be the maximum value attainable by rigidly
rotating NS independent on the nuclear EOS (see [15] for
details).
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Fig. 7 Luminosity of GRB 180720B in the cosmological rest-frame
of the source. Blue circles: obtained from Fermi-GBM in the 10 keV-
10 MeV energy band. The light grey parts represent the UPE phase;
UPE I from ty = 4.84 sto t;y = 6.05 s, and UPE II from t#f =
9.07 sto #y = 10.89 s. The rest-frame luminosity light-curve of GRB
180720B during the UPE phase is fitted by a power-law with slope of
aupe = 0.36 £ 0.23 and, amplitude of (1.21 & 0.70) x 105 erg s~!

We now proceed to estimate the mass and spin parameter
of the BH at the beginning of the UPE phase, namely at #,f =
4.84 s. For this task, we solve Eq. (12) using Eype = Eupgr+
Eypgr = 2.24 x 103 erg, together with the inequality (13).
We use the minimum possible value in the latter so to set a
lower limit to the BH mass, and correspondingly an upper
limit to the spin parameter. For the NS critical mass, we use
Eq. (14) for the TM1 EOS. We obtain the lower limit to the
BH mass, M = 2.40M, and the upper limit to the spin,
a = 0.60. The corresponding irreducible mass of the BH
which is assumed to be constant during the radiation process
is My = 2.28 Mg,

Since the MeV emission during the UPE phase is powered
by the extractable rotational energy of the Kerr BH [see Eq.
(12)], the time derivative of Eq. (11) gives the luminosity

dEew  dM
dr —  dr’

Lypg = — (15)

The rest-frame 10 keV-10 MeV luminosity light-curve
of GRB 180720B during UPE phase is fitted by a power-
law with slope of aypg = 0.36 & 0.23 and, amplitude of
(1.21 £+ 0.70) x 1073 erg s~ . From this luminosity (see
Fig. 7), and using as initial BH mass and spin at t,; = 4.84 s
the values estimated above, Eq. (15) can be integrated to
obtain the time evolution of the BH mass and spin during the
UPE phase which is shown in Fig. 8.

6 Vacuum polarization and its role in the formation of
UPE phase

The UPE phase has been explained by introducing the con-
cept of the the dyadosphere around the Reissner—Nordstrom
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Fig. 8 The evolution of the mass and spin of BH, as a function of rest-
frame time (t;r) for GRB 180720B during the UPE phase (f,y = 4.84—
10.89 s). The MeV energetic is paid by the exctractable energy of the
Kerr BH (Eq. 15), leading to the reduction of the mass and spin during
the UPE phse

BH [56] and dyadotorous around the Kerr—Newman geome-
try [12]. The dyadoregion is the region around the BHs, char-
acterised by the overcritical electric field |E| > E_, filled by
the highly dense e™ e~ pairs produced by vacuum polariza-
tion process (see [64] for more details).

Following Ref. [39], we use the dyadoregion framework in
the Kerr—Newman geometry taking advantage of the effective
charge defined by Eq. (8). For the calculation of the trans-
parency properties of the e e™ pair plasma formed from the
vacuum polarization process (analyzed in Sect. 7), we need
the initial energy of the pairs, E +,-, and the radius of the
dyadoregion, 7.

The dyadoregion extends from the BH horizon to the dis-
tance rg at which the electric field has the critical value E..
Applying this condition to the Kerr—Newman electric field
one obtains [12]

2 ) 1/2
1 A 1 A A
I ] Ty Jatp (16)
M 2 Je 4 p2e? e

with e = E.MoG*?/c* ~ 1.873 x 107°, and

L Qe _ 2ByJG/c?
T JGM JGM

is the effective charge-to-mass ratio. Therefore, the width of
the dyadoregion is

a7

Ad(t) = ra(t) —re(1). (18)
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The energy of e e~ pairs generated (at a given time) by
the inner engine is estimated as the electromagnetic energy
stored in the dyadoregion (see [12] for details), i.e., E +,- =
E(, r,), where

CBIGIEN (1),

4ry rd

a? a
X [(1 + —2) arctan (—)
ry r4
A2 A
— (1 + a_2) arctan (i)] . (19)
I‘d rd

7 General formulation of transparency condition of the
UPE phase

(2BoJG/c>)?

Eirp = 7

We follow the treatment of the transparency introduced in
[39]. The existence of the overcritical electric field around
the BH leads to the following sequence of events:

(1) The formation of an optically thick dyadoregion
around BH dominated by the high density and pressure
of the neutral eTe™y plasma [64], formed in a timescale
~ h/(mec*) ~ 10721 s, with total energy EY} - = Eiwo.
This plasma is endowed with a baryonic mass Mp, with
baryon load parameter Z = Mpc?/ Eiso. This optically thick
pair electromagnetic-baryon pulse is known as the PEMB
pulse first introduced by [60].

(2) The self-acceleration and expansion of the PEMB
pulses due to their high internal pressure achieved by pair-
plasma thermalization in a very short timescale (~ 10713).
They reach ultra-relativistic velocities of up to I" ~ 100 in
the case of long GRBs [2,3,60]).

(3) Emission of thermal radiation. When the PEMB pulses
expand with ultra-relativistic velocities, the e* e~ y plasma
becomes optically thin [60,63]. The condition of trans-
parency is

T = 07 (Npte- + Znp)Aq ~ o7 (Znp)Aa,
ZMp

= onAd =1, (20)
where Ay is the thickness of the PEMB pulses, o7 is the
Thomson cross-section, Z is the average atomic number of
baryons (Z = 1 for Hydrogen atom and Z = 1/2 for general
baryonic matter), my is nucleon mass and Mp is the baryon
mass. For the values of # considered in the present work,
ie., Z = 10731072, we can safely assume n,+,- < np.
Therefore, from Eq. (20) the lower bound of transparency
radius is

1/2 1/2
R" = ("_T%) " <"_T‘@Eis"> " @1)

87 my 87 myc?
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This emission at transparency, previously known as P-
GRB, is characterised by a thermal component observed in
the spectral analysis of prompt emission of GRBs. The energy
of this blackbody component that signs the occurrence of the
UPE phase is

EgPrp = aTh T*(1 —v/e)4n R Ay, (22)

obs

where a = 40 /c, being o the Stefan-Boltzmann constant.
The most efficient process to create the ete™ plasma
around BH is the vacuum polarization, which proceeds on
a quantum timescale of the order of the Compton time,
/(m.c®) ~ 10721 5 [61]. The electric field screening time
is given by the time it takes to charged particles to induce
a field that opposites to the original field. This timescale, of
the order of 7y /c ~ 107 s (r is the BH horizon radius),
is 16 orders of magnitudes larger than quantum time scale.
This guarantees that the formation of the e™e™ pair plasma
and its self-expansion by internal pressure starts before any
screening process of the electric field could be at work. The
dynamics of the expanding plasma from the vicinity of the
BH up to the transparency point depends upon the plasma
energy, E\%,_, and the baryon load parameter, % [60,63].
As discussed in Sec. XIin [38] and in Sects. 8 and 9 of this
paper, the BH extractable energy powers the energy for the
creation of the ete™ plasma around the BH, which is then
used in the kinetic energy of expansion of the PEMB pulse
and in the radiation released at transparency. Therefore, in
each of these processes, the Kerr BH loses a fraction of its
mass—energy and angular momentum. This implies that the
BH mass and angular momentum, at the time 7y + At, are
M = My— AM and J = Jyo — AJ, where AM and AJ are
the BH mass—energy and angular momentum extracted by the
PEMB pulse expansion and emission process. We estimate
that each process extracts AM/M ~ AJ/J ~ 107, Since
the induced electric field depends linearly on J, see Eq. (4),
the new value of the induced electric field, E, is lower than the
previous value, Ey, fulfilling £ = Eq(1—AJ/J). Asaresult,
the system begins a new process in presence of the same
magnetic field By, which is kept constant, and a new, lower
effective charge Qefr = Qefr,0 — AQett, Where AQefr =
2BgAJ. Therefore, we assume that the spacetime evolves
from one stationary axially symmetric metric to the next, and
at each step the electromagnetic field structure of the inner
engine is given by the Papapetrou—Wald solution, and the
latter can be approximated by the Kerr—Newman metric of
charge Qe.fr. Once the plasma is formed, it self-accelerates,
expanding to the point of transparency. We recall that the
dynamics of the plasma depends only on the initial conditions
of energy and baryon load, which in turn depend only on M,
J and Qcgr. This means that the plasma dynamics at times
t > tg, being ty the time of its formation and beginning
of the expansion, depends only on the values at 7y of M,
J and By. Thus, the QED process of ete™ formation and

its dynamics leading to transparency of the PEMB pulses
efficiently extracts the BH energy without being affected by
any screening process of the electric field. Therefore, the
decrease of the electric field with time is driven by the BH
energy extraction which lowers the BH angular momentum,
not because of an electric field screening. This ensures that
the above process can repeat over time until the electric field
reaches the critical value. For GRB 180720B, this occurs
at f;r = 10.89 s. After this time, the vacuum polarization
process does not occur any longer.

The corresponding value of the Lorentz factor at the
instant of transparency, I”, and the baryon load parameter
can be inferred from UPE observables as follows. The cal-
culation involves the following quantities: (a) the isotropic
energy of PEMB pulses, Ejso; (b) the ratio of the blackbody
energy of the P-GRB to the isotropic energy, ES®pp/ Eiso}
(c) the observed value of the blackbody temperature of the
P-GRB, Typs; (d) the width of the dyadoregion at decoupling,
Ag, obtained from Eq. (18). The properties of the plasma at
transparency are obtained from the solution of the following
equations simultaneously.

The first equation is obtained by substituting Eq. (21) into
Eq. (22), and dividing it by Ejso

E()bS a T4 t@
P—GRB — obs O_T Ad , (23)
Eiso 162" myc?

and the second equation is obtained from the energy conser-
vation

Eobs Ewi i
1 = P—GRB + Kinetic (24)
Eiso Eiso

where Exinetic 1S the kinetic energy of the baryonic PEMB
pulses

Exinetic = (I' = )Mpc?. (25)

By substituting Eq. (25) in Eq. (24) we have

b:
PR PR = (26)
r—1 Eiso '

8 Magnetic field and transparency condition and
timescale of radiation during the UPE phase

The time evolution of the mass and spin of BH during the UPE
was discussed in in Sec 5; see Fig. 8. In order to calculate the
magnetic field during the UPE phase, i.e., in the time interval
4.84 < ty < 10.89 s, we assume that the electric field therein
is overcritical, which guarantees the occurrence of the UPE
phase. Therefore, we infer a magnetic field strength By =

@ Springer
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Fig. 9 a The evolution of the 1.10 5% 104
overcritical electric field
reaching its critical value at the 1.08 % § }Oﬁ
end of UPE phase & 1.06 5
(tzf =10.89 s). b The energy & 8 1x 102%
stored in dyadoregion obtained 1.04 y 5x10
from Eq. (19). ¢ The width of 1.02 1% 1()3(1)
dyadoregion obtained from Eq. ’ 5x10
(18). d Repetition time scale of 1.00
the inner engine from Eq. (27). e 5 6 7 8 9 10 11 5 6 7 8 9 1011
The Lorentz factor, I which (a) tif (8) (b) b (8)
tends to unity at t =10.89 s 5% 10% @
confirming the the end of UPE. B 10710
[f]: The transparency radius; see 1x104 = I
Sect. 8. All values are plotted as ‘g 5000 ,%D 10
a function of rest-frame time for % ,E’ 1012
GRB 180720B during the UPE < 1000 S 101
phase (1 = 4.84-10.89 s) 500 2 o
100 E
5 6 7 8 9 10 11 5 6 7 8 9 10 11
(c) trt (5) (d) fir (5)
4.5
3.5
20 225
c,\(.)
— =15
10 z
3
5
5 6 7 8 9 10 11 5 6 7 8 9 10 11
(e) ; ®
f (S) tht (S)

2.14 x 10" G such that the electric field given by Eq. (9), at
the end of the UPE phase at t;,y = 10.89 s, fulfills | E,, | = E.

For this magnetic field, the dyadoregion energy at #;; =
4.84 is 5 x 10 erg obtained from Eq. (19). Figures 9[a]
and 9[b] show the evolution of magnitude of electric field
and the dyadoregion energy during the UPE phase. The total
isotropic energy of the UPE phase is £ gg E = 223%x10P erg,
consequently, there exist ~ 10° PEMB pulses during UPE
phase.

For the first PEMB pulse, assuming By = 1.87 x 104 G,
the width of the dyadoregion at transparency point is Ag =
4.1 x 10* cm; obtained from Eq. (18). From the hierarchical
structure of UPE phase in this GRB presented by Eq. 3, we
have Eg'isGRB /Eiso ~ 0.03 and the temperature kTops ~
50 keV; see Table. 2.

With these and following the previous section the trans-
parency radius R" = 4.5x10° cm, the baryon load parameter
B =3.1x 10_2, and finally the Lorentz factor I" = 38, are
obtained.

After the first PEMB pulse, whose energetics (A E) is paid
by the rotational energy of the BH (by reducing the AJ from
the angular momentum of the BH), the system starts over
with the new value of the BH mass, angular momentum and
effective charge, as explained above.

We infer from the MeV luminosity, the evolution of the
radiation timescale 1, (t) of the PEMB pulses by requiring it

@ Springer

Table 3 The parameters of the inner engine and the transparency point,
obtained from the starting time of the UPE phase for GRB 180720B
(tf = 4.84 s) and GRB 190114C (t,f = 1.9s)

GRB180720B GRB190114C
R™ (cm) 4.5 % 10° 9.4 x 10°
B 3.1 x 1072 5.1 x 1073
r 30 139
74 (5) 5% 10710 3.1 x107°
Ag (cm) 4.1 x 10* 1.8 x 10°
By (G) 1.87 x 101 2.3 x 10
[E|/E,. 1.11 1.25
to explain the MeV emission energetics, i.e.:
E@),ra))
T,(t) = — 27

Lvev

where the E¢_ () r,)) is the energy of dyadoregion from
Eq. (19), determined from the new values of J and M for
each PEMB pulse, and Lyev is the MeV luminosity obtained
from the best fit in Sect. 5.

These parameters obtained from the starting time of the
UPE phase, are similar to those of GRB 190114C; see
Table 3. The evolution of the PEMB pulse timescale, the
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Lorentz I" factor, transparency radius, are shown in Fig. 9d—
f, respectively.

We recall that the inner engine model has been first moti-
vated to explain the GeV emission of GRBs as powered by an
electrodynamical process that extracts the rotational energy
of the newborn Kerr BH [37,54,59], and in [38] for GRB
190114C and here for GRB 180720B it has been extended
to explain the UPE phase. Following [37,38], we summarize
some key takeaways of our approach with respect to exist-
ing literature on this subject, in particular from numerical
simulations.

There is a vast literature about magnetic fields around BHs
and how they may act in a mechanism that could extract the
mass—energy of a Kerr BH. Ruffini and Wilson [65] made an
early attempt using a matter-dominated magnetized plasma
accreting in a disk around a pre-existing Kerr BH. They used
the infinite conductivity condition, Faﬁuﬂ = 0, where Fug
is the electromagnetic field tensor and u” is the plasma four-
velocity, leading to E - B = 0. Under these conditions, the
acceleration of particles and processes of energy extraction
were not possible. This work was further developed by Bland-
ford and Znajek [10], who introduced the concept of gaps
and spontaneous e e~ pair creation in the context of a BH,
closely following the pulsar theory by Sturrock [79] and Rud-
erman and Sutherland [50], to have regions in the magneto-
sphere where E - B # 0. They imposed a force-free condi-
tion, FygJ B — 0, where J# is the current density. Their aim
was to produce an ultrarelativistic matter-dominated plasma
whose bulk kinetic energy could be used to explain the ener-
getics of a jet at large distances from the BH. The alterna-
tive view of Thorne and MacDonald [80] extended the work
of Blandford and Znajek [10] and analyzed the problem of
matter-dominated accretion in a magnetic field anchored to
a rotating surrounding disk. The physical system, however,
remained the same of Blandford and Znajek [10].

More recently, numerical simulations based on different
models with respect to the one used in this article have been
developed with the premise that the background electric field
of a electro-vacuum solution (like the Papapetrou—Wald solu-
tion) might be screened from the surrounding plasma in the
magnetosphere (see e.g. Komissarov [32] and Parfrey et al.
[42]). These simulations have mainly addressed the physics
of relativistic jets of plasma emerging from active galactic
nuclei and X-ray binary systems and a especially detailed
treatment and review of their theoretical models is presented
by Komissarov [32]. The choice of parameters and physi-
cal processes are different from the ones we have used for
the GRB analysis. In our approach, we have been guided
by the theoretical explanation of the following crucial obser-
vations of GRBs: (1) the time-resolved spectral analysis of
the UPE phase; and (2) the MeV luminosity observed by
Fermi-GBM. From this, we have identified the physical pro-
cesses and parameters that have to be fulfilled in order to

fit the vast amount of high-quality observational data. Their
parameters enforce the condition E-B # 0, while we use the
Papapetrou—Wald solution which naturally possesses regions
fulfilling such a condition in the BH vicinity.

In our model, the magnetic field inherited from the col-
lapsed NS is rooted in the surrounding material, and the elec-
tric field is created by the interaction of the gravitomagnetic
field of the rotating BH with the external magnetic field. Since
the electric field is assumed to be overcritical at the begin-
ning, in a very short timescale of the order of the Compton
time, 7/ (mecz) ~ 10721 s, which is much shorter than any
electromagnetic process, it is originated a region dominated
by the high density and high pressure of the neutral PEMB
pulse. The PEMB pulse self-accelerates to the ultrarelativis-
tic regime and finally reaches transparency at a radius ~ 10'°
cm.

As soon as the BH forms, the first and the most efficient
process in action to produce the eTe™ plasma and, con-
sequently decreasing the rotational energy of BH, occurs
through the Schwinger critical field pair production. Since
an overwhelming amount of pair plasma is created in quan-
tum timescales, the plasma expansion by its internal pressure
starts well before any electric field screening. This process
takes a fraction of angular momentum of the Kerr BH. The
BH then is left with a slightly smaller angular momentum
J*=J—AJ,with AJ/J ~ 1079, being AJ the angular
momentum extracted to the BH and the same magnetic field.
This process leads to a new, lower value of the induced elec-
tric field. This process continues up to the moment when the
electric field becomes undercritical.

The expanding e e~ photon plasma sweeps matter in the
cavity reducing the density of the latter to values as low
as ~ 10714 g cm3, as shown by numerical simulations in
Ruffini et al. [59]. This low-density ionized plasma is needed
to fulfill an acceleration of charged particles leading to the
electrodynamical process around a newborn BH. This den-
sity is much lower the Goldreich-Julian density, for instance
oGy ~ 10711 g ecm™3, obtained for the present inner engine
parameters. Moreover, the matter energy density inside the
cavity is negligible comparing to the electromagnetic energy
density, namely /oM/(B2 — E2) ~ 10714, while in Komis-
sarov [32] (see also [42]), this ratio is 0.05 or higher.

9 Discussion and conclusions

Following a new paradigm opened by the theoretical under-
standing and data analysis of GRB 190114C [39,70], we have
analyzed in this paper the UPE phase of GRB 180720B. We
have here shown that also in GRB 180720B, a time-resolved
spectral analysis conducted on shorter and shorter time inter-
vals reveals the hierarchical structure of the UPE. Namely,
the spectrum of the UPE phase, obtained in multiply rebinned

@ Springer



778 Page 16 of 17

Eur. Phys. J. C (2022) 82:778

time intervals, holds its features and is always fitted by a
BB+CPL model (see Fig. 4). We have shown the statistical
significance of such a structure down to a time resolution of
0.11s.

We have then linked the above hierarchical structure of
the UPE phase to a sequence of microphysical elementary
events in the QED regime of the inner engine, occurring on
a timescale of 7, ~ 10~ 5. The understanding of the under-
lying quantum nature is not possible without the discovery
of the observed hierarchical structure of the UPE phase.

The inner engine is composed of a Kerr BH rotating in
a uniform magnetic field By, aligned with the BH rotation
axis, described by the Papapetrou—Wald solution, immersed
in a rarefied plasma. The gravitomagnetic interaction of the
rotating BH with the magnetic field induces an electric field.
The process that originates the 10 keV—10 MeV radiation
is triggered by the vacuum polarization that occurs when
the induced electric field in the inner engine is overcritical,
i.e., |[E| > E.. This process forms around the BH an opti-
cally thick pair e™ e~ y plasma whose high internal pressure
drives its self-accelerating expansion. During the expansion,
the plasma is loaded with baryons forming the PEMB pulse
that reaches ultrarelativistic regime with I" ~ 30 and the
transparency point where the radiation becomes observable
[64]. We assume that the magnetic field By ~ 10 G is
constant during the UPE phase.

In the radiation timescale of the PEMB pulses, 7, ~
107 s, the above process extracts AJ ~ 1072 J of angular
momentum of the Kerr BH, leaving it with a new, lower
angular momentum J* = J — AJ. Since the magnetic
field is assumed constant during the UPE phase, the new
value of the induced electric field is lower. Then, the system
starts a new vacuum polarization process in the presence of
the same magnetic field By, and a new effective charge of

s = Qefr — AQefi, Where AQefr = 2BoAJ. It leads to
the production of approximately 10° PEMB pulses, which
one after another reach the transparency point and their radi-
ations form the UPE phase. This process continues till the
electric field lowers to |E| < E..

The magnetic field in this scenario is inherited from the NS
and is amplified in the gravitational collapse to a BH. Con-
sequently, the electric field and consequent effective charge,
Qetf =2BoJG/ 3, are induced by the gravitomagnetic inter-
action of the rotating BH with the external magnetic field
[53,54]. The electric field is overcritical during the UPE
phase. In a quantum timescale, /i/(m.c?) ~ 1072 s, the
dyadoregion characterized by the high density and high pres-
sure of the eTe™y plasma develops and dominates over any
other electromagnetic process [64].
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Abstract

GRB 190829A is the fourth-closest gamma-ray burst to date (z=0.0785). Owing to its wide range of radio,
optical, X-ray, and very-high-energy observations by HESS, it has become an essential new source that has been
examined by various models with complementary approaches. Here, we show in GRB 190829A that the double
prompt pulses and the three multiwavelength afterglows are consistent with the type II binary-driven hypernova
model. The progenitor is a binary composed of a carbon—oxygen (CO) star and a neutron star (NS) companion. The
gravitational collapse of the iron core of the CO star produces a supernova (SN) explosion and leaves behind a new
NS (vNS) at its center. The accretion of the SN ejecta onto the NS companion and onto the ¥NS via matter fallback
spins up the NSs and produces the double-peak prompt emission. The synchrotron emission from the expanding
SN ejecta, with energy injection from the rapidly spinning NS and its subsequent spindown, leads to the afterglow
in the radio, optical, and X-ray bands. We model the sequence of physical and related radiation processes in
BdHNe, and focus on individuating the binary properties that play the relevant roles.

Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629); Black hole physics (159); Neutron stars (1108);
Supernovae (1668); Type Ic supernovae (1730)

1. Introduction synchrotron self-Compton (SSC) process (Mészdros 2002;
Piran 2004; Zhang 2018; Abdalla et al. 2019; MAGIC
Collaboration et al. 2019; Zhang 2019; Abdalla et al. 2021).
Here, we present an alternative approach: the progenitor is a
binary system composed of a carbon—oxygen core (CO,o) and
a companion neutron star (NS) in a tight orbit with an orbital
period of a few minutes. The iron core of the CO,,,. collapses
and generates a supernova (SN) at the end of its thermonuclear

As one of the closest gamma-ray bursts (GRBs; Dichiara
et al. 2019; Heintz et al. 2019; Hu et al. 2021), GRB 190829A
has been the subject of one of the most extensive observational
campaigns, including but not limited to the Fermi satellite
(Fermi GBM Team 2019), the Neil Gehrels Swift Observatory
(Perley & Cockeram 2019), the High Energy Stereoscopic

System (HESS; Abdalla et al. 2021), the Gran Telescopio
Canarias (GTC; de Ugarte Postigo et al. 2019), and the
Gamma-Ray Burst Optical /Near-Infrared Detector (GROND;
Bolmer et al. 2019). GRB 190829A has become a key source
for testing details of alternative GRB models. The conventional
concept of GRBs postulates that when the core of a single
massive star collapses, a relativistic jet-like outflow forms and
propagates. The internal shock in the outflow produces prompt
emissions. The outflow then interacts with the interstellar
medium, generating the afterglow via the synchrotron process,
as well as the very-high-energy (VHE) emission via the

Original content from this work may be used under the terms

B of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOIL

evolution, with a new NS (¢vNS) being left at the SN’s center.
The accretion of SN ejecta onto the companion NS and the
fallback accretion onto the vNS contribute to the energy of
prompt emission, spinning up the ¥NS. The rotational energy
from the NS spindown powers the afterglow of the
synchrotron emission (Rueda & Ruffini 2012; Fryer et al.
2014; Becerra et al. 2019; Rueda et al. 2021; Ruffini et al.
2021). The observed optical SN (Perley & Cockeram 2019; de
Ugarte Postigo et al. 2019) completes this alternative self-
consistent approach.

Specifically, Abdalla et al. (2021) presented the HESS
observations of VHE photons of hundreds of GeV, lasting
10%s. The VHE photons exhibit a luminosity decaying index
and a spectral shape similar to the ones of the X-ray afterglow
emission. The standard forward-shock model was applied to
the afterglow, revealing its difficulties in explaining these
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observations. Rhodes et al. (2020) showed that the radio
observations could be explained within the synchrotron
forward-shock model. Hu et al. (2021) presented the optical
observations, analyzed the multiwavelength data, and com-
pared this burst with GRB 180728A. Fraija et al. (2021)
modeled the optical and X-ray observations in the afterglow
using the synchrotron forward-shock model, and the VHE
observations with SSC scattering. Zhang et al. (2021a)
interpreted the VHE observations using the external inverse-
Compton scenario, with the seed photons coming from prompt
emission pulses. Chand et al. (2020) analyzed various episodes
of this burst and concluded that the shockwave breakout model
could not explain the entire burst. Sato et al. (2021) proposed
that this GRB was being viewed from an off-axis angle, in an
attempt to solve the dilemma of the VHE photons being
produced in a low-luminosity GRB. Zhang et al. (2021b)
proposed that the interaction of the hard X-ray photons in the
first prompt pulse with the dusty medium produces the second
prompt pulse, as well as a medium rich in electron—positron
pairs, in which the SSC process produces the VHE emission.
Dichiara et al. (2021) focused on the early afterglow, with their
multiwavelength studies purporting the existence of both
forward and reverse shocks.

The above articles present detailed observations, including
radio, optical, X-ray, and VHE, and give a variety of
interpretations of the different emission episodes: they all
generally assume a single progenitor and ultrarelativistic shock
waves. In this article, we start by focusing on the nature of the
binary progenitor, and far from describing a single leading
ultrarelativistic process, we emphasize the existence of a
number of episodes with different emission processes, which
we examine in their rest-frames. We do not evidence any
ultrarelativistic emission. On the contrary, we evidence: (1) the
special role of two early pulses, observed by Fermi and Swift,
relating to the progenitors of binary components; (2) the crucial
role of synchrotron electromagnetic radiation from the mild-
relativistic expanding SN ejecta in describing the afterglow
composed of radio, optical, and X-ray emissions; and (3) we
finally address the appearance of the SN, for which the optical
emission is brighter than the synchrotron emission. Therefore,
in our approach, we model the sequence of the physical and
related radiation processes, and focus on individuating the
binary properties that play the relevant roles.

The binary model was proposed in 2012 (Rueda &
Ruffini 2012), and it has been in development for one decade.
The physical picture and the modeling of the SN ejecta
accretion onto the NS companion have been gradually
extended to include the required physics, allowing the study
of a wide range of binary parameters, based on detailed
analysis of multiple well-observed GRBs and statistical
analysis of different GRB components (Ruffini et al.
1999, 2000, 2010, 2015; Wang et al. 2015; Ruffini et al.
2018a, 2018b, 2018c; Wang et al. 2018; Ruffini et al. 2019;
Wang et al. 2019b; Rueda et al. 2020; Rueda & Ruffini 2020;
Moradi et al. 2021b; Ruffini et al. 2021). The numerical
simulations of the occurring physical processes have been
upgraded from one dimension (Fryer et al. 2014) to two
dimensions (Becerra et al. 2015) to three dimensions (Becerra
et al. 2016, 2019). The latest simulations (Becerra et al. 2019)
implemented a smoothed particle hydrodynamics method, and
examined a large selection of the initial conditions and
outcomes of the binary system after the SN explosion. Rueda
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et al. (2019) and Rueda et al. (2021) have reviewed the entire
development process. In this article, we have the scenario—
namely, a type II binary-driven hypernova (BdHN II)—that the
NS does not accrete enough matter to reach the critical mass for
black hole (BH) formation, meaning that it remains stable as a
more massive NS (MNS).

Unlike the traditional fireball model, the BdHN model
considers a central engine arising in the final evolutionary stage
of the CO,y. in the presence of a binary companion. An SN
explosion occurs, which triggers the GRB emission and generates
a UNS. Therefore, in addition to the physical processes of single-
star collapse models, we need to consider not only the binary
interactions, but also the appearance of the vNS. The most
influential interactions are the accretion of the SN ejecta onto the
NS companion, with the fallback accretion onto the NS spinning
it up. The afterglow is produced by the mildly relativistic
expanding SN ejecta, which contain a large number of electrons
accelerated by the kinetic energy of the SN and the energy
injection from the rapidly spinning NS and its subsequent
spindown. In this article, we will model the afterglow of GRB
190829A, following the above picture. An additional advantage is
that it naturally accounts for the observed association of GRBs
with type Ic SNe (Rueda & Ruffini 2012), as well as indicating
the peak luminosity of the optical SN emission well above the
synchrotron optical emission.

This article is structured as follows. In Section 2, we present
the physical picture and the emission episodes that our model
predicts. In Section 3, we introduce the observational data. In
Section 4, we analyze the prompt emission and explain the
prompt pulses by means of the SN explosion and the accretion
of SN ejecta onto the companion NS and vNS. In Section 5, we
analyze the afterglow, then model the radio, optical, and X-ray
emissions using the synchrotron emission from the SN ejecta.
In Section 6, we present the conclusions of the article.

2. Physical Picture and Expectations

As recalled in the introduction, we consider a binary system
composed of a CO.q and an NS with an orbital period of a few
tens of minutes (Ruffini et al. 2021). At a given time, the COope
collapses, forms a NS at its center, and induces an SN explosion.
Most of the SN energy (~10> erg) is deposited in the neutrino,
while a small percentage of the energy goes to the kinetic energy
of the SN ejecta (~10°'=10"*erg), which expands outward at
velocities of around 0.1¢ (Arnett 1996; Branch & Wheeler 2017,
Cano et al. 2017). The low-density outermost layer has the highest
speed, while the denser regions expand with slower velocities.
After a few minutes, the SN ejecta reach the companion NS, and
the hypercritical accretion starts. In the meantime, some matter
falls back, leading to an accretion process onto the vNS. This
fallback accretion is significantly amplified by the companion NS,
which alters the trajectory of the partial SN ejecta that flow back
to the /NS (Becerra et al. 2019; J. A. Rueda et al. 2022, in
preparation). The accretion rate onto the companion NS rises
exponentially and peaks in a few minutes. The numerical
simulations presented in Fryer et al. (2014), Becerra et al.
(2016, 2019), and J. A. Rueda et al. (2022, in preparation) show
that the entire hypercritical accretion process may last for
hundreds of minutes, while the peak accretion rate of
~107> M., s', supplied by the high-density and slow-moving
part of the SN ejecta, holds only for tens of seconds to tens of
minutes, depending on the binary separation, with the energy
release being in the order of 10*-10* erg s~ '. The accretion onto
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Figure 1. The ongoing accretion process onto the NS and the NS companion,
as simulated in Becerra et al. (2019). The NS is located at the center of the dark
blue spot, and is accreting the surrounding material. The SN ejecta are also being
accreted by the NS companion, which is located at the center of the green spot.
We also notice that the expansion of the SN ejecta is distorted by the companion
NS and that some of the SN ejecta are flowing back to the #NS. This process
creates a unique feature of BdHNe: the fallback accretion onto the vNS is
enhanced, creating a second peak of accretion at about an orbital period of time
after the SN explosion (see, e.g., Figure 5 in Becerra et al. 2019 for more details).

the NS has two components. The first is the typical fallback
matter, analogous to the case of the SN of a single star, which
leads the accretion rate to reach a peak, then to decay nearly as a
power law with time, oc 7> /3. The peak luminosity produced by it
is weak, <10 ergs™!, and can hardly be for cosmological
distances. The second component is the unique feature of the
binary system that is induced by the interaction of the SN ejecta
with the NS companion. The presence of the companion enhances
the fallback onto the NS, creating a second peak of accretion
(Becerra et al. 2019; see, e.g., Figure 1). The second part
contributes the most to the accreting mass, with an accretion rate
of ~107>M_, s~ ! at about an orbital period of time after the SN
explosion (J. A. Rueda et al. 2022, in preparation). The fallback
accretion also transfers angular momentum to the NS, spinning it
up to a rotation period of a few milliseconds (Bhattacharyya &
Chakrabarty 2017). The peak luminosity from the fallback
accretion is of the order of 10*-10* erg s~! and occurs at
minutes to tens of minutes after the SN explosion. As we show
below, the fallback accretion will continue as a source of energy
that powers the afterglow. The SN produces ~0.4 M., nickel,
whose radioactive decay energy is emitted mainly at optical
wavelengths, with a corresponding flux that peaks at around
~13 days in the source rest-frame (Cano et al. 2017). This optical
signal can be observed from some low-redshift sources (~z < 1)
that are less affected by the absorption (Woosley & Bloom 2006).

In summary, from the observational point of view, a few
minutes after the SN explosion, we first expect to observe the
signal from the accretion onto the companion NS and the VNS,
whose peak times may overlap or be separate, depending on the
binary separation, hence there will be one or two pulses with
luminosities of the order of 10*¥ergs™' to 10 ergs™'. We
will then observe the afterglow emission due to the synchrotron
emission from the SN ejecta, with a luminosity that decays as a
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power law, and at ~13 days we will observe an optical bump
from the radioactive decay of nickel.

3. Observations

At 19:55:53 UT, on 2019 August 29, GRB 190829A triggered
the Fermi-Gamma-Ray Burst Monitor (GBM; Fermi GBM
Team 2019). Swift-Burst Alert Telescope (BAT) was triggered
51 s later, but fortunately GRB 190829A was in the Swift-BAT
field of view before the trigger. Here, in this paper, we take the
GBM trigger time as T,. The Swift-X-Ray Telescope (XRT)
started to observe at time T, + 148.3 s (Dichiara et al. 2019). The
redshift of z=0.0785+0.005 was proposed by Swift-UVOT
(Dichiara et al. 2019), the Half Meter Telescope (Xu et al. 2019),
and the Nordic Optical Telescope (Heintz et al. 2019), via
associating to a nearby galaxy, and was later confirmed by the
spectroscopic observations of GTC (Hu et al. 2021). GRB
190829A is one of the nearest GRBs ever observed. The SN
association has been found and confirmed by the Liverpool
Telescope, GTC (Perley & Cockeram 2019; de Ugarte Postigo
et al. 2019), and GROND (Bolmer et al. 2019).

We retrieve the Fermi data from the Fermi Science Support
Center,'® and they were analyzed using the Multi-Mission
Maximum Likelihood framework (3ML; Vianello et al.
2015)."7 The spectrum fitting is performed by a Bayesian
analysis with Markov Chain Monte Carlo iterations within the
3ML framework, and the results are double-checked by
implementing the Fermi GBM Data Tools (Goldstein et al.
2021). For a detailed Bayesian analysis of the data and the
reduction procedure applied to a GRB spectrum, we refer to Li
et al. (2019), Li (2019a, 2019b), Li et al. (2021), and Li &
Zhang (2021). We retrieve the Swift data from the UK Swift
Science Data Centre,'® and the analyzing and fitting are carried
out by HEASoft'? and 3ML. The VHE data observed by HESS
are from Chand et al. (2020), the optical data observed by GTC
are taken from Hu et al. (2021), and the radio emission
observed by the Arcminute Microkelvin Imager—Large Array
(AMI-LA) are taken from Rhodes et al. (2020).

4. Prompt Emission: SN Explosion and NS Accretion

Both the GBM and BAT light curves show two pulses—see,
e.g., the Fermi-GBM light curves in Figures 2 and 3. The first
pulse starts to rise at time —0.75 s, peaks at 1.02's, and fades at
8.05s. The cutoff power-law function gives a best fit over the
power law and band functions. We also tested the addition of a
blackbody component to the above models, but this did not lead to
a statistical improvement of the fit. As shown in Figure 4, the fit of
the spectrum is characterized by the power-law index
a=—1.154+0.06 and peak energy E,= 144.28 £50.67 keV.
The integrated isotropic energy” from 1keV to 10 MeV gives
4254 1.02x 10* ergs™'. The averaged luminosity is
4844 1.16 x 10*® ergs™'. After 38.45s, the second, larger
pulse rises at 46.50 s, peaks at 51.65 s, and fades at 64.00 s.
This pulse is best fitted by a band function with a low peak

16 https: / /fermi.gsfc.nasa.gov /ssc/
7 hitps: //threeml.readthedocs.io
18 https: //www.swift.ac.uk
19 https: / /heasarc.gsfc.nasa.gov /Iheasoft/
For the calculation of the luminosity distance, we use a Friedman—
Lemaitre-Robertson—Walker metric, Hubble constant Hy = 67.4 £ 0.5 km/s/

Mpc, and matter density €2, = 0.315 4 0.007 (Planck Collaboration et al.
2020).
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Figure 2. The count rate of the GRB 190829A prompt emission from the raw data of Fermi-GBM: the first pulse is from —0.75 s to 8.05 s, indicated by the orange
dotted line, and the second pulse is from 46.50 s to 64.00 s, indicated by the green dashed line.

energy E, = 13.58 = 0.42 keV, which almost touches the lower
edge of the Fermi-GBM energy band. Because of the small
amount of data of energy lower than E,, the low energy is
unconstrained; in fact, we obtain o =0.50 £ 1.01. The high-
energy index 0= —2.53 4+ 0.02 appears to be a typical value.
The total energy in the second pulse is 3.56 4+ 0.50 x 10° erg,
and the averaged luminosity is 2.05 + 0.29 x 10*° erg s ™', Our
spectral fit is consistent with the analysis of Hu et al. (2021).

We interpret these two pulses as being due to the accretion
onto the companion NS and the fallback accretion onto the
vNS. The observed energy and luminosity are consistent with
our expectation that the emission from the accretion processes
with a luminosity of ~10**-~10* ergs™".

Numerical simulations of BdHNe show that the time evolution
of the vNS fallback accretion rate has a two-peak structure, the
second peak being a unique feature of the binary interactions, while
the accretion onto the MNS companion shows a single-peak
structure (see, e.g., Figure 5 in Becerra et al. 2019). The first peak
of the vNS fallback accretion is probably not observable, because,
before it occurs, the star has little rotational energy to be released.
Therefore, we assume that the two observed pulses are related to
the second peak of the vNS accretion and the peak of the MNS
accretion. The simulations show that the fallback accretion rate
onto the NS weakly depends on the binary parameters, while the
time of occurrence and intensity of the accretion peak onto the
MNS crucially depends on the orbital period and the initial angular
momentum of the MNS at the beginning of the accretion. The
larger the orbital period, the lower the MNS accretion peak, and the
later it occurs, the more it approaches the time of occurrence of the
second accretion peak of the vNS. The relatively short time
separation between the two observed peaks in GRB 190829A
suggests a binary period of the order of tens of minutes. This is also
suggested by the energy released in the emission. For an orbital
period in the range of 2040 minutes, we expect a peak accretion
rate of the MNS in the range of 10 *-10°M,, s~ (see Figure 5 in
Becerra et al. 2019), which translates into an accretion power of

10%-10* erg s~', assuming 10% efficiency in the conversion
from gravitational to radiation energy. If we assume that the
energy release is powered by the rotational energy gained during
the accretion process, then we end up with similar figures. The
star gains angular momentum at a rate of J ~ 2+/3GMM/
¢~ 4 x 10% gem? s™!, for 1.5M, and the above accretion rate,
which implies a spinup rate of about 40 Hz min ", The simulations
show that the MNS accretion peaks at about one-tenth of the orbit,
therefore, for the above range of orbital periods, at the time of the
accretion the MNS could rotate with a frequency of 80-160 Hz,
which implies a rotation power of QJ ~ (2-5) x 10* erg s7!,
where (2 is the stellar angular velocity.

5. Afterglow: Synchrotron and vNS Pulsar Radiation

Figure 3 shows the multiwavelength luminosity light curves.
We notice the continuity of the Swift-BAT and Swift-XRT
observations, and a soft X-ray depression at ~10°-10°s after
the prompt emission, then from 3 x 107 s the soft X-rays decay as
a power law of index —1.2640.06. The optical and radio
afterglows also have a power-law decay behavior. The VHE
emission evolves similarly to the X-rays, with a luminosity of
~25% of the absorption-corrected X-ray luminosity, similar to
other GRBs with VHE observations (Abdalla et al. 2019; MAGIC
Collaboration et al. 2019; Zhang 2019; Abdalla et al. 2021).

The optical observations show an additional bump after 10°s
(Perley & Cockeram 2019; de Ugarte Postigo et al. 2019), which
indicates the SN optical emission powered by nickel decay.

We here follow and extend the treatment of the GRB
afterglow by Ruffini et al. (2018a) within the BdHN scenario.
In this picture, the afterglow originates from the synchrotron
radiation produced by the expansion of the SN ejecta in the
presence of the magnetic field of the vNS. We now estimate the
emission generated by the synchrotron mechanism in the
X-rays, in the optical, and in the radio, together with the pulsar
emission of the vNS. The vNS contributes the energy of
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Figure 3. The luminosity of GRB 190829A, including the data from HESS (yellow) for TeV; Fermi-GBM (orange dots); Swift-BAT (purple triangles) for the prompt
emission of hard X-rays and gamma-rays; Swift-XRT (blue crosses) for the soft X-rays (absorbed); GTC (green diamonds) for the optical i band, from which the SN
2019yw is extracted (red diamonds)—the optical signal of the SN overshoots the synchrotron optical emission; and AMI-LA (brown stars) for the radio observation.

afterglow by two means: first, the fallback accretion of
surrounding matter, the energy from which dominates the
early afterglow; and second, the release of rotation energy from
its spindown, which produces the late-time X-ray afterglow.
This model predicts that the VHE emission is not directly
emitted by this synchrotron emission, although it seems to be
related to the vNS activity (see Section 6).

5.1. Synchrotron Emission by the Expanding Ejecta

Because the electrons lose their energy from synchrotron
radiation very efficiently, we can apply a one-zone model,
assuming that the radiation originates from the ejecta, say
r = R,. We assume that the ejecta expand at a constant velocity
V4.0, SO the radius evolves as

R(t) = Rso 1, ey

where 7 = t/ty and 1, = Ry o/Vs 0.

In agreement with pulsar theory (see, e.g., Goldreich &
Julian 1969; Ostriker & Gunn 1969), we assume that, at large
distances from the vNS, beyond its light cylinder, the magnetic
field decreases linearly with distance. This implies that the
magnetic field strength felt by the expanding ejecta evolves
with time as

By o

R
Bi(f) = Byg —2 = X0 2
R i

where B is the magnetic field strength at r=R4p, and we
have used Equation (1).

The evolution of the distribution of radiating electrons per
unit energy, N(E, 7), is obtained from the solution of the well-
known classical kinetic equation (see, e.g., Kardashev 1962),

ONE, 1 D .
0 " g [ENE, 1]+ QE, 1), 3)

which accounts for the particle energy losses, where Q(E, 7) is the
number of injected electrons per unit time, per unit energy, and E
is the electron energy-loss rate. In the present case, the electrons
are subjected to adiabatic losses, due to the ejecta expansion, and
to synchrotron radiation losses, because of the magnetic field.

Therefore, the electron energy evolves with time, according to
the classical energy balance equation (Kardashev 1962):

. E
—E= " + Byn(E, 1), C))

where
Py (E, 1) = BB; (t)E? Q)

is the bolometric synchrotron power and 3 = 2¢*/(3m} ") (for
details, see, e.g., Longair 2011).

We adopt a distribution of the injected particles following a
power-law behavior (see, e.g., Kardashev 1962; Rybicki &
Lightman 1979; Longair 2011):

QE, 1) = QoME™, 0 <E < Enax, (6)

where v and E,,x are parameters to be determined from the
observational data. We now address the function determining
the rate of particle injection, Qq(f), which is related to the
power injected by the NS into the ejecta, i.e., the injected
electrons are accelerated by the energy from the fallback
accretion onto the ¥NS. We assume that the bolometric power
released by the vNS is given by

—k

Lin(t) = Lo(l + i) : @)
Iy

where Lo, t,, and k are model parameters. Because the ejecta

surround the vNS, the power released by the vNS is injected

into the ejecta, so the function Qy(#) can be found from energy

conservation as

Enmax E270
Lini(t) = E Q(E, t)dE = p)—max 8
0= [ EeE ndE= 07 ®)
which, via Equation (7), leads to
—k
t
Qo(t) = qo(l + —) ) )
Iy

where ¢, = (2 — 7)L0/En21;f’.

With the specification of the ejecta evolution given by
Equation (1), that of the magnetic field given by Equation (2),
and the rate of particle injection given by Equations (6) and (9),
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Figure 4. Top: the spectrum of the first pulse observed by Fermi-GBM. The blue points are the data and the orange curve indicates the fitting by a cutoff power law
with power-law index v = —1.45 and the peak energy E, = 144.28 keV. Bottom: the spectrum of the second pulse. The blue points are the data and the orange curve
indicates a band function fitting, with the low-energy index a = 0.50, the high-energy index 3= —2.53, and the peak energy E, = 13.58 keV.

we proceed to integrate the kinetic Equation (3). For this task, we
must first find the time evolution of the energy of a generic
electron injected at time ¢ = #; with initial energy E;. With all the
above, Equation (4) is a Riccati differential equation that has the
following analytic solution (Rueda et al. 2022; Rueda 2022):

Ei(t;/1)

E= ,
1+ ME[I,’(E% — %2)

10

where M = 8B /2.

Following Pacini & Salvati (1973), we write the solution to
Equation (3) as

an

dE;,
OE

o
NE D= [ QIE. 1t E. E) (11)
where #4(t, E;, E) is obtained from Equation (10). The solution
N(E, t) can be written as a piecewise function of time,
depending upon the behavior of the energy injection in
Equation (9); i.e., at times ¢ < t,, it can be approximated as a

constant, while at longer times it is well approximated by a
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pure power-law function. In addition, as we shall show below,
the GRB afterglow data is well explained by a regime in which
synchrotron radiation losses dominate over adiabatic losses.
Under these conditions, the solution of Equation (11) can be
written as (Rueda et al. 2022)

D ppeeen <y,
N D BBio(y — 1) (12)
1) =~
, t, /t)* '
MIHE—@H), t, <1<t
ﬁB*,O(’Y -1

where the electron energy is in the range E, < E < E ., being

i
Mty

E, ty = t2 ME . (13)
The synchrotron luminosity radiated in the frequencies [v,
1»] can then be obtained as

Lan@r vss ) = [ dyav, v, (14)

where Jgyn(v, 1) is the synchrotron spectral density (energy per
unit time, per unit frequency), vy = v, and v, = v+ Av, with
Av being the bandwidth. The synchrotron power is mostly
emitted at radiation frequencies close to the so-called critical
frequency v = aB*Ez, where o = 3¢/ (47Tm63(:5) (see, e.g.,
Rybicki & Lightman 1979). Therefore, the bolometric
synchrotron power of Equation (5) can be readily written in
terms of the radiation frequency v as

B
Psyn(E7 t) ~ [;yn(l/s t) = ﬁB*V = é T,OV7 (15)
« a

and, within the same approximation (see, e.g., Longair 2011),
Jyndv =~ Pyn (v, t)N (E, t)dE. (16)

We now replace this into Equation (14) and obtain the
synchrotron luminosity

-3

B » 2200
Loyn(v, 1) = Ea 2 773*,20 t

I-p—1) 3-p
2

vz, (17)

where we have used the approximation Av/v<1 in the
integration of Equation (14) in view of the power-law behavior
of Jeyn and we have written the electron distribution as
N(E, t)=n tAlE*P, with n, [, and p being known constants
from Equation (12).

Therefore, the synchrotron power has a power-law
dependence in both time and radiation frequency; see
Equation (17). If, over time, the system remains in the same
physical regime in which the energy losses of the electrons
are dominated by synchrotron radiation, the luminosities in
the X-ray, optical, and radio wavelengths decrease with the
same power-law index (see Figure 5). For the parameters of
GRB 190829A (see Table 1), we found that this condition is
fulfilled; i.e., the afterglow data remains at times ¢ < t;, and is
explained by electron energies that hold in the range
E, < E < Ex—see Equation (13). In this case, the ratio
of the synchrotron luminosity at different frequencies is
constant in time, because it depends only on the power-law
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Figure 5. The luminosity of GRB 190829A in the X-ray (0.3-10 keV), optical
(i band; Hu et al. 2021), and radio (5.5 and 15.5 GHz) energy bands (Rhodes
et al. 2020).

Table 1
Numerical Values of the Theoretical Model of Synchrotron Radiation that Fit
the Multiwavelength Observational Data of GRB 190829A, as Shown in

Figure 5
Parameter Value
5 1.01
k 1.63
Lo (10% erg s7h 8.00
Enmax (10% moc?) 5.00
1, (8) 1050.00
Ry (10" cm) 1.00
Vio (10° cm s 1) 1.00
B (10° G) 5.01
¢ 100.00
Baip (107 G) 5.00
P (ms) 8.00

index of the injection rate as (Rueda 2022)

3—p 2-9
M = (ﬂ)2 = (ﬂ)z (18)
Ly, (v2, 1) v 1%}

In practice, we fix the value of v from the X-rays to the
optical luminosity ratio. Having fixed ~, the ratio of the optical
(or X-rays) to radio luminosity is fixed, too. Figure 5 shows
that this procedure leads to a synchrotron luminosity in the
radio band that also agrees with the observations. This result
implies that this model correctly describes the afterglow in the
wide range of energies, including the radio and the optical, in

addition to X-rays, giving strong support to the proposed
scenario for afterglow emission.

5.2. NS Evolution and Pulsar Emission

As the synchrotron luminosity fades with time, the pulsar-
like emissions of the NS and the MNS companion become
observable in the X-ray afterglow. We expect the magnetic
field of the younger ¥NS to dominate over that of the much
older MNS companion. By the time of the BdHN event, the
MNS magnetic field could have decayed with respect to its
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birth value. Although microphysical mechanisms leading to
magnetic field decay in pulsars have been debated, a relevant
mechanism for such a decay is that, during the evolution, the
binary passes through common envelope and X-ray binary
phases, in which the magnetic field is reduced by long-term
accretion episodes (see, e.g., Payne & Melatos 2007, and
references therein, for numerical simulations).

Bearing the above in mind, we assume that the pulsar
emission observable in the afterglow is driven by the magnetic
field of the NS. We calculate this pulsar emission following
the dipole + quadrupole magnetic field model presented in
Pétri (2015). The total pulsar (spindown) luminosity is obtained
by summing the dipole and quadrupole contributions:

Ly = Ldip + Lquad

19

202
_ %Q‘*Bd%pzw sin? Xl(l + lO RO )
C

45 2

with R being the ¥NS radius and & defining the quadrupole-to-
dipole strength ratio

B
£= \/cosz X, + 10sin? x, B?u.ad , (20)

dip

where the modes can be separated as: x; =0 and any value of
x> for the m =0 mode; (xi, Xx2)=(90° 0°) for the m=1
mode; and (x1, x2) = (90°, 90°) for the m =2 mode.

The evolution of the vNS is calculated by integrating the
energy balance equation,

_(W + T) =L = Linj + L, (21)

where W and T are, respectively, the NS gravitational and the
rotational energy.

Table 1 lists the model parameters that fit the afterglow of
GRB 190829A in the X-ray, optical (Hu et al. 2021), and radio
energy bands (Rhodes et al. 2020), as shown in Figure 5. The
power-law luminosity observed in the multiwavelength data
after 10° s is well explained by the synchrotron emission. We
do not find evidence up to times of 10" s of a change in the
power-law index, which implies that the system up to these
times has not yet transitioned to the physical regime of the
dominance of adiabatic losses over synchrotron losses.
Although there is a good agreement of the model with the
data after 10° s, the fit of the emission <10%s is complicated.
At those times, the behavior of the light curve is far from
smooth, which is likely due to factors other than the
synchrotron alone. The modeling of this early part of the
afterglow is challenging for the presently simplified synchro-
tron picture, and probably needs very detailed information on
the density profile of the ejecta and the absorption processes
that we are not considering. The light curve at early times may
catch short-timescale details of the evolution, so the accurate
evaluation of the absorption and/or scattering processes (e.g.,
synchrotron self-absorption or Thomson scattering), leading to
the evolution of the optical depth, might need a detailed
radiative-transfer calculation, including possible deviations of
the density and the expansion velocity from spherical
symmetry (e.g., polar-angle dependence and filaments arising
from Rayleigh-Taylor instability) and/or possible deviations
of the thermodynamics variables (e.g., temperature and
composition) that are needed for the evaluation of the opacity
at every photon energy, position, and time. In addition, the
early evolution of the NS could be highly complex, leading to
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an energy injection that deviates from the law assumed in
Equation (7). The latter implies a constant injection rate at
times ST, 10*s (see Table 1), leading to the rising
synchrotron luminosity following a power law at those times
(see Figure 5).

The VHE emission observed in the 0.2-4 TeV energy band
of HESS is not explained by the above synchrotron model. We
now estimate whether the SSC radiation could originate such
an emission. The SSC emission is produced by synchrotron
photons that upscatter off the relativistic electrons that produce
them. The upscattering increases the energy of those photons
by a factor equal to the square of the electron Lorentz factor,
leading to a spectrum with a shape similar to the synchrotron
spectrum, but at higher energies (Dermer & Menon 2009;
Zhang 2018; Wang et al. 2019a; Nigro et al. 2022). Figure 6
shows as an example the first observational epoch of HESS
(17438.5 +805.5 s) and our estimate of the SSC emission for
the parameters of our synchrotron model. The SSC emission
peaks at a few hundreds of MeV, cuts off at<10 GeV, and has a
lower luminosity with respect to that observed in the HESS
energy bandwidth. Therefore, we conclude that neither the
synchrotron nor the SSC radiation explain the VHE emission of
GRB 190829A as observed by HESS. However, the similar
power-law behavior of the VHE and the X-ray light curves
suggests that the former could be related to some (presently
unexplored) transient activity of the ¥NS. We notice that the
HESS team expressed a similar conclusion, that the traditional
afterglow model, including SSC radiation, does not explain
their observations, and they expected a multizone emission
model (Abdalla et al. 2021).

We turn now to the synchrotron emission. The critical
synchrotron radiation energy (hv.;;) decreases with time, so the
peak of the synchrotron radiation shifts to lower energies with
time. Around 10° s, the critical radiation energy falls below the
keV range, leading to the exponential decay of the synchrotron
emission in the X-rays after that time. Subsequently, the pulsar
emission from the ©NS dominates the observed X-ray
emission. We have taken advantage of this behavior to infer
the strength of the dipole and quadrupole components of the
magnetic field, as well as the rotational period of the vNS.

The bump observed in the optical data at about 10° s is
explained by the SN emission powered by the energy released
from nickel decay (Amett 1996), where, in this specific GRB,
the type Ic SN 2019oyw optical signal overshoots the
synchrotron optical emission. For the detailed SN observations
and analysis, we refer the reader to the article from GTC (Hu
et al. 2021).

The radio emission shows some excess over the synchrotron
emission, from a few 10% s to 107 s. This feature may be a
signature from the vNS pulsar, although further observational
data and theoretical analysis are needed to confirm this
hypothesis.

6. Discussion and Conclusion

The BdHN scenario describes the late evolution of a
COc¢ore—NS binary. In particular, it predicts the electro-
magnetic signals that can be observed from a sequence of
episodes that are triggered when the CO.,. undergoes
gravitational collapse at the end of its thermonuclear
evolution, generating an SN and forming a NS at its center.
The ejected material from the SN accretes onto the companion
NS and also onto the ¥NS, via matter fallback. The fate of the
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Figure 6. The synchrotron and SSC spectra of the first HESS observational epoch. The synchrotron spectrum well fits the optical and X-ray data. Neither the

synchrotron nor the SSC spectra are able to reproduce the HESS observations.

companion NS depends on the initial mass and, crucially, on
the binary separation (i.e., the orbital period) that sets the
accretion rate. BdHNe I are characterized by short orbital
periods of the order of a few minutes, where the NS reaches
by accretion the critical mass for gravitational collapse into a
BH. We refer the reader to Ruffini et al. (2021) for a
comprehensive analysis of 380 BAHN 1. In this article, we
have analyzed GRB 190829A, which is classified as a BAHN
II. These sources are characterized by longer orbital periods,
i.e., larger binary separations, with lower accretion rates, and
therefore the companion NS does not reach the critical mass
for gravitational collapse.

GRB 190829A, at the close distance of redshift 0.0785, was
observed by multiband telescopes and satellites on the ground
and in space. These detailed observations have given us the
opportunity to find the emissions that correspond to the
episodes that are expected to occur in a BAHN II. The initial
X-ray pulse of energy ~4.25 x 1049 erg and the second pulse
of energy ~3.56 x 10°° erg represent the accretion of the SN
ejecta onto the companion NS and the vNS; see Figures 2 and 4
for their light curves and spectra.

We explained the radio, optical, and X-ray afterglow
emissions as being due to the synchrotron radiation from the
SN ejecta expanding into the magnetic field of the vNS. The
VNS continuously injects energy into the SN ejecta, from
fallback accretion and spindown, owing to magnetic braking.
From the fitting of afterglow synchrotron emission—see
Figure 5—we infer the ©NS spinning at an 8 ms period, with
a dipole field of 5 x 10'* G. The observed VHE emission is
explained neither by this synchrotron radiation process nor by
SSC radiation. However, the fact that the VHE light curve
shows a similar power-law decay to the X-rays, with a lower
luminosity being released, but at higher photon energy, is
suggestive of a process relating to a transient activity of the
VNS, e.g., glitches, which shares a portion of the rotational

energy and leads to a narrow-angle emission near the light
cylinder. The modeling of such a complex physical phenom-
enon needs further theoretical work and simulations, and, as
such, goes beyond the scope of the present article. This same
VHE emission parallel to the X-ray afterglow has also been
observed in GRB 180720B (Moradi et al. 2021a) and GRB
190114C (R. Ruffini et al., to be submitted).

The BAHN model naturally contains an SN, and indeed in
GRB 190829A the SN association was observed. The peak of
the SN standard optical luminosity (R. Moradi et al., to be
submitted) is higher than the synchrotron optical emission—see
Figure 3—which makes the optical SN signal distinguishable.

In general, this article presents an evolutionary picture of
the late stage of a binary system, which produces a GRB
induced by an SN. We have observed two pulses of luminosity
~10* erg s~ from the accretion of the SN ejecta onto the NS
and the VNS, as well as the NS spindown. From the observa-
tions, we infer that the NS has an initial spin of 8 ms and a
dipole magnetic field 5 x 10'* G.
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Abstract

We show that the gravitomagnetic interaction of a Kerr black hole (BH) with a surrounding magnetic field induces
an electric field that accelerates charged particles to ultra-relativistic energies in the vicinity of the BH. Along the
BH rotation axis, these electrons /protons can reach energies of even thousands of petaelectronvolts, so stellar-mass
BHs in long gamma-ray bursts (GRBs) and supermassive BHs in active galactic nuclei can contribute to the
ultrahigh-energy cosmic rays thorough this mechanism. At off-axis latitudes, the particles accelerate to energies of
hundreds of gigaelectronvolts and emit synchrotron radiation at gigaelectronvolt energies. This process occurs
within 60° around the BH rotation axis, and due to the equatorial symmetry, it forms a double-cone emission. We
outline the theoretical framework describing these acceleration and radiation processes, how they extract the
rotational energy of the Kerr BH and the consequences for the astrophysics of GRBs.

Unified Astronomy Thesaurus concepts: Black hole physics (159); Gamma-ray bursts (629); Active galactic nuclei

(16); Ultra-high-energy cosmic radiation (1733)

1. Introduction

In the absence of any observational evidence, the process of
gravitational collapse was studied in the simplest possible
mathematical solution of the Einstein equations, i.e., for a
spherically symmetric and vacuum spacetime (Oppenheimer &
Snyder 1939; Finkelstein 1958; Kruskal 1960). The renaissance
of the physics of general relativity started with the new era of
relativistic astrophysics heralded by three discoveries:

1. On 1962 June 12, the first evidence of an X-ray source
outside the solar system, Sco X1 (Giacconi et al. 1962),
whose nature as a binary system was identified by
Shklovskii (1968). This was the first source of a long
number of binary X-ray sources discovered later (see,
e.g., Giacconi & Ruffini 1978). The identification of the
detailed nature of Sco X1 stills today represents an open
problem (see, e.g., Jia et al. 2020).

2. On 1963 July 26, the discovery by Kerr (1963) of an
algebraically special metric, among the solutions of the
Einstein field equations in vacuum, that describes the
gravitational field of a spinning mass. The Kerr solution
introduced a theoretical formalism of unprecedented
complexity in general relativity to describe the effect of
the rotation in the black hole (BH) geometry. From an
observational point of view, the Kerr metric offered, in
principle, since 1971 (see below) an unprecedented
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energy source for an astrophysical system, alternative,
e.g., to nuclear energy sources.

3. On 1963 March 16, the epochal discovery of the quasar
nature of the radio source 3C 273 by Schmidt (1963), at
z=0.158, i.e., at a distance of about 760 Mpc, implying
energies of 10°° erg originating from the nuclear region
of a galaxy. The explanation of the energy source in
terms of the rotational energy of the BH is among the
leading open astrophysical problems still today, and
gaining additional crucial observations from closer active
galactic nuclei (AGNs) as M87 at z = 0.00436 (Bird et al.

2010) and IC 310 at z=0.0189 (Bernardi et al. 2002).

The authentic shock of the pulsar discovery, the very quick
identification of its nature as the first observed gravitationally
collapsed object, and the long awaited explanation of the nature
of the supernova (SN), marked the real birth of relativistic
astrophysics and of the physics of gravitational collapse. The
discovery of the Crab Nebula pulsar by Hewish et al. (1968)
allowed:

1. The first, unequivocal observational identification of a
pulsar as a rapidly rotating NS (Gold 1968; Pacini 1968;
Finzi & Wolf 1969).

2. The possibility to confirm the hypothesis of Baade &
Zwicky (1934) that NSs originate in SNe. In this case, the
Crab pulsar had originated in the SN observed by
Chinese astronomers in the year 1054 (Shklovskii 1953;
Shklovskij 1969).

3. To conceptually realize that, the process of gravitational
collapse leading to NS formation is not an isolated event
in time, but followed by a long-lasting emission of
thousands of years. The conceptual role of this prolonged
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emission, traditionally neglected, is now acquiring a
special role in the context of gamma-ray bursts (GRBs),
where both the collapse to a NS and to a BH are observed
daily with a long-lasting X-ray and gigaelectronvolt
emission (see Ruffini et al. 2021, references therein, and
Equations (1) and (2) in this article).

In Princeton, John A. Wheeler’s group proceeded ahead in
the study of BHs adopting as a background the geometry of the
Kerr solution. This research program soon materialized in three
steps:

1. The introduction in 1969 of the effective potential
technique to determine the properties of corotating and
counter-rotating orbits, including the often quoted last
stable circular orbits in the Kerr metric (see Ruffini &
Wheeler in Section 104 of Landau & Lifshitz 1975).

2. The identification, among these trajectories, of the ones
corresponding to reversible and irreversible transforma-
tions presented in Christodoulou (1970). The derivation
by Demetrios Christodoulou of the mass-energy formula
of a Kerr BH was made possible by introducing the
concept of irreducible mass M, (from the Italian
irreducible) following the definition of ergosphere
introduced in Christodoulou (1970) by Ruffini and
Wheeler. The further relation between the irreducible
mass and the horizon area was soon shown in
Christodoulou & Ruffini (1971) and Hawking (1971).
These results were obtained practicing on the gedanken
Penrose process, see Figure 2 in Christodoulou (1970),
which we found to be physically not implementable, as
confirmed later by Penrose & Floyd (1971).°

3. The publication of Introducing the Black Hole (Ruffini &
Wheeler 1971a), where the BH was introduced as a
physical system characterized by three parameters, the
total mass, M, the angular momentum, J, and the
irreducible mass, M;,, with the geometry given by the
Kerr metric.

A first step in this novel domain established the absolute
upper limit to the value of the critical mass of a nonrotating NS,
3.2 M, generalizing the first established value of 0.7 M., by
Oppenheimer & Volkoff (1939). The result was obtained, out
of first principles, imposing the non-violation of causality, a
fiducial nuclear density, and adopting the validity of general
relativity (Rhoades & Ruffini 1974). A second step was the
discovery of the first BH in our galaxy, Cygnus X1 (Leach &
Ruffini 1973; Ruffini 1974; Giacconi 2003), using X-ray and
optical data and imposing the above critical mass limit for BH
formation. Nevertheless, the discovery of such a Galactic
object, although of great interest, did not offer any evidence for
the new physics of the irreducible mass. It was clear that a
binary X-ray source evolves on a timescale of 10% yr, so we
initially thought that we would have to wait for too long to see
what occurs next in their evolution. But this was a big mistake.
The gravitational collapse releases about 10°% erg, so such an
event would be visible from any place in the universe, and from
the number of binary X-ray sources, that would lead to the
observation of these events almost everyday. We had to wait a
third gigantic step following the launch of Beppo-Sax and the

 The negative results on the Penrose process have in no way affected the
derivation of the irreducible mass, uniquely based on the reversible and
irreversible transformations, which never attracted Penrose’s attention.
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discovery of the extragalactic origin of GRBs (Costa et al.
1997; van Paradijs et al. 1997). It was then started an
unprecedented experimental effort of observing these most
unique sources in the vastest range of wavelengths, from the
radio to the kiloelectronvolt, to the megaelectronvolt, to the
gigaelectronvolt, to teraelectronvolt, to the ultrahigh-energy
cosmic rays (UHECRs). As a result, we have the opportunity to
observe these sources up to high values of the cosmological
redshift, e.g., z= 10, allowing us to witness on a daily basis the
birth of NSs and BHs. This new unprecedented condition
allows us, for the first time, to submit also our own theoretical
analysis to the scrutiny of direct observations and to verify
which one of our theoretical assumptions, introduced 49 yr ago,
were made just for the sake of simplicity or mathematical
convenience.

In parallel, a novel path of theoretical research was gaining
attention, diverging from a pure gravitational analysis of an
isolated BH, in vacuum and stationary. Interest was called on
the electrodynamics and magneto-hydrodynamics around BHs
and on BH gravito-hydrodynamics (see Punsly 2009, and
references therein). The BH theory based on the above
theoretical developments and on the vastest multiwavelength
observations has been started to be constructed, with necessary
changes of paradigm, and new ones that we infer in this article.

This article is dedicated to the development of the theoretical
framework of the inner engine originating the gigaelectronvolt
radiation of GRBs within the binary-driven hypernova (BdHN)
scenario (see Ruffini et al. 2019b, references therein, and
Section 2 for details). It emphasizes the special role of the
interaction of the gravitomagnetic field of a Kerr BH with a
uniform, asymptotically aligned background test magnetic
field, following the mathematical solution of the Einstein—
Maxwell equations by Papapetrou (1966) and Wald (1974),
hereafter referred to as the Papapetrou—Wald solution (see
Sections 3-6 for details). As we shall show, the above leads to
a mechanism of particle acceleration and radiation in the BH
vicinity, leading to UHECRSs along the BH rotation axis, and to
gigaelectronvolt radiation at off-axis latitudes within 60° of the
polar axis, with equatorial symmetry, i.e., there is a double-
cone emission structure. The theory equations and their
solution describing the particle acceleration and radiation
processes, how they extract the rotational energy of the Kerr
BH, as well as the consequences for the astrophysics of GRBs
and AGN are outlined here.

The article is organized as follows. In Section 2, we outline
the observational features of the formation of a Kerr BH in a
BdHN of type I, using GRB 190114C as a prototype. Section 3
describes the structure of the electromagnetic field of the
Papapetrou—Wald solution. In Section 3, we present the general
relativistic equations of motion for charged particles including
radiation losses. We show in Section 4 specific results of the
numerical integration of the equations of motion. In Section 5,
we analyze the properties of the photon four-momentum
observed at infinity to infer the properties of the observed
radiation. Section 6 is devoted to give quantitative estimates of
the radiation power and the spectrum. In Section 7, we describe
how the energy of the Kerr BH is extracted in the present
mechanism. Finally, we present in Section 8 our conclusions.
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Figure 1. Numerical simulation of a BdHN I from Becerra et al. (2019; Model
“25m1pO8E” from Table 2 therein). The CO star of mass Mco = 6.85 M,
explodes as SN in presence of a binary companion NS of mass Mys = 2 M.
At the center of the SN, it is formed as a ¥NS of mass 1.85M,. The orbital
period of the binary system is 4.8 minutes. This plot shows a snapshot of the
mass density on the binary equatorial plane at a time 159 s from the SN
explosion. The reference system is rotated and translated so that the x-axis is
along the line that joins the NS and the NS, and the axis origin (0, 0) is located
at the NS position. In this simulation, the NS reaches the point of gravitational
collapse with a mass of 2.26M, and angular momentum 1.24GM§ /c. This
binary system kept bound up the final time of the simulation despite the orbit
widens, reaching an orbital period of 16.5 minutes and an eccentricity of
€ =0.6. In this simulation, the collapse of the NS into a BH occurs at
t = 21.6 minutes.

2. BH Formation in a BAHN I: GRB 190114C as a
Prototype

Prior to the year 2000, GRBs were traditionally considered
as single objects originating their energy from a Kerr BH (see,
e.g., Rees & Meszaros 1992; Woosley 1993; Piran 1999).
Since then, a new scenario has been gradually developing in
which GRBs originate in binary systems leading to their
classification in nine GRB subclasses (see, e.g., Ruffini et al.
2016; Wang et al. 2019; Rueda et al. 2020). What has become
clear is that a BH is generated only in some short GRBs
originating in NS-NS mergers, and only in some long GRBs
originating in binaries composed of a carbon—oxygen (CO) star
and a NS companion in tight orbit.

We here focus on the latter special subclass of long GRBs
that originate in short-period CO-NS binaries. The GRB
ignition works as follows. As the CO star gravitationally
collapses, it gives origin to a SN explosion and to a new NS
(hereafter ¥NS) at its center. The ejected matter in the SN
produces a hypercritical (i.e., highly super-Eddington) accre-
tion process both onto the ¥NS (via matter fallback) and onto
the companion NS. For short orbital periods of the order of a
few minutes, the accretion process onto the NS companion is
sufficiently massive to lead it to the critical mass, hence
forming a BH (see Figure 1). We have called these systems
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BdHN of type I (see, e.g., Wang et al. 2019). Until now, 380 of
BdHN I have been identified, with their evolution following a
precise sequence of episodes, which we here indicate using
GRB 190114C as a prototype (Moradi et al. 2021a, 2021b).

The time ¢t =0 coincides with the trigger of GRB 190114C
given by the Fermi satellite. The progenitor is a CO-NS binary
with an inferred orbital period of 5 minutes (Rueda et al. 2020).
The appearance of the vNS, hereafter NS rise (formerly called
SN rise), following the CO star core collapse, occurs between
0.79 and 1.18s in the rest frame of the source. The vNS rise
triggers the entire BAHN I evolution. In the SN explosion, as
usual, a ¥NS is created, which operates in addition to the binary
companion NS (see Figure 1). The spectrum of the vNS rise,
observed in the gamma rays by the Fermi-GBM detector, is
shown in Figure 2 (upper left panel). The energy of the vNS
rise in GRB 190114C is E,yg.rise = 2.82 x 10°% erg (Ruffini
et al. 2021).

The SN ejecta now accrete at hypercritical rates onto the
binary companion NS. At 1.9s, the NS companion reaches its
critical mass and collapses creating a Kerr BH, highlighted by
the onset of the gigaelectronvolt emission (see Figure 2; lower
left panel). Between 1.9 and 3.9 s in the source rest frame, the
ultra-relativistic prompt emission (UPE) occurs, characterized
by a cutoff power-law plus blackbody (CPL + BB) spectrum
and the energetics reported in Figure 2 (upper right panel). The
energy released observed in the UPE phase is
Eupe = 1.47 x 10> erg (Moradi et al. 2021b).

At 47.83 s, the Neil Gehrels Swift satellite turns on and
allows performing the observations of the ongoing emission of
the X-ray afterglow. One of the major successes of the BAHN I
theory has been the identification in the SN accretion onto the
rapidly rotating ¥NS, with a spinning period of 2.1 ms (Rueda
et al. 2020), the energy source of the afterglow of GRB
190114C (see Figure 2; lower right panel). The observations of
GRB 190114C and of its twin source GRB 180427A have
further allowed to explain the observed spectra of the afterglow
characterized by the synchrotron emission originating from the
rapidly rotating NS, interacting with the SN ejecta. Further
examples of afterglows fulfilling this approach and leading to
the determination of the vNS rotation period have been the
cases of GRB 180728A with a vNS spin of 3.5ms, GRB
130427A with 0.95ms, GRB 160625B with 0.5 ms, GRB
160509A with 0.75 ms, and GRB 090926A with 1.1 ms (Rueda
et al. 2020).

The most significant result has been that all 378 identified
BdHN I have an afterglow characterized by a decreasing
luminosity with time, that expressed in the rest frame of the
source is well fitted by a power-law function

Lx = Ax 7%, ey

which for GRB 190114C Ay = (5.14 +2.03) x 10°* ergs ™'
and ax=1.37+0.05 (Ruffini et al. 2021). The observed
energy released in the X-ray emission is Ex = 2.11 x 10°% erg.

We have identified above the role of the SN in creating a
magnetized rapidly rotating vNS, as well as its role in
producing a hypercritical accretion process onto the vNS
which helps to power the X-ray afterglow. There are three main
conclusions on the afterglow:

1. The initial rotational energy of the NS with the observed
power-law luminosity given by Equation (1) may well
justify an afterglow emission occurring for an infi-
nite time.
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Figure 2. Upper left panel: NS rise spectrum of BAHN I 190114C, corresponding to a time interval from t = 1.12 s (t,y = 0.79 s) to = 1.68 s (t, = 1.18 s). The best-
fit model is a CPL+BB with parameters (in the observer’s frame): low-energy photon index —0.71, peak energy E. = 524.7 keV, and blackbody temperature
kT = 18.42 keV. The energy of the VNS rise is E,ns.rise = 2.82 X 10°% erg. Upper right panel: spectral analysis of the UPE phase of GRB 190114C, i.e., in the time
interval from t = 2.7 s (t,y = 1.9 s) to t = 5.5 s (t,; = 3.9 s). The best-fit model is a CPL+BB with the following parameters: power-law index o = —0.7 1t8;8§, cutoff
energy E, = 717.6233% keV, temperature kT = 111.64723 keV. The observed energy released in the UPE is Eypg = 1.47 x 10%? erg (Moradi et al. 2021b). Lower left
panel: multiwavelength luminosity of BdAHN I 190114C. The blue points are the rest frame 10 keV—10 MeV luminosity from Fermi-GBM. The black points are the
rest frame 0.3-10 keV luminosity from Swift-XRT. The red points are the rest frame 0.1-20 GeV luminosity from Fermi-LAT. It follows a decaying power law with
amplitude (4.6 & 0.6) x 10°% erg s, and index agey = 1.19 + 0.04. The green points are the rest frame 0.3—-1 TeV luminosity from MAGIC. Lower right panel:
luminosity of GRB 190114C observed by the Swift-XRT in the 0.3—10 keV energy band. The luminosity is well fitted by a power-law function given by Equation (1),
with Ax = (5.14 £ 2.03) x 10°% erg s~ ' and ax = 1.37 + 0.05. The observed energy released in the X-ray emission is Ex = 2.11 x 10°% erg (Moradi et al. 2021b).

2. These results open a new scenario with respect to the
usually assumed ultra-relativistic blast waves in the
traditional GRB model, which has been shown to
contradict model-independent constraints (Ruffini et al.
2018) and imply unacceptable energetic requirements for
the system.

3. The presence of a rapidly spinning NS in the afterglow
can lead to the possibility of relating vNS glitches to the
emission of teraelectronvolt emission, e.g., in GRB
180720B (Moradi et al. 2022, submitted).

At 3.9s, at the end of the UPE phase, the gigaelectronvolt
radiation observed by LAT is emitted following a decreasing
power-law luminosity (see Figure 2; lower left panel)

LGeV = AGeV [TaGy, (2)

with Agev =7.75 + 0.44 x 10”2 ergs” and

agev = 1.2 £0.04. The energy of the gigaelectronvolt emis-
sion is Egey = 8.3 x 10°% erg (Moradi et al. 2021a).

The existence of the above-mentioned power laws in the
X-ray emission observed by the Swift satellite, originating from
the rotational energy extraction from a spinning vNS, see
Equation (1), and the analogous one in the gigaelectronvolt

observed by the Fermi-LAT satellite, originating from the
rotational energy extraction Kerr BH, see Equation (2), are the
two conceptually new observables characterizing GRBs. Every
gravitational collapse episode occurring within a GRB, either
leading to a rotating NS or to a rotating BH, is not an isolated
event in space and time. On the contrary, it is the beginning of a
process characterized by a decreasing power-law luminosity
that, in principle, may last the entire life of the universe. What
is clear is that, currently, we are observing all alive Kerr BHs
and not dead Schwarzschild BHs. The crucial characterization
of this difference resides in the jetfed emission and the possible
presence of trapped surface and of shadows cannot be
meaningfully addressed on the ground of this physics.

In order to approach in the following sections the physics of
the inner engine, we have first to introduce three main new
paradigms:

1. The rotational energy extraction from a Kerr BH and the
associated acceleration process originates in the grav-
itomagnetic interaction of the Kerr BH with a uniform
background magnetic field (Ruffini et al. 2019b).
Necessarily, the conditions of stationarity of the Kerr
solution, as well as assuming such a solution in vacuum
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and all the considerations of the geodesics of uncharged
particles have to be superseded, see Section 3.

2. The geodesic equations of motion of massive particles
around a Kerr BH (Ruffini & Wheeler 1971a, 1971b) are
superseded by the equation of motion of positively and
negatively charged particles in the field of a Papapetrou—
Wald solution, taking into due account the radiation-
reaction forces; see Sections 4 and 5, as well as
Appendices A—C.

3. The fundamental role of the reversible transformations
stands, indeed, the irreducible mass M;, is the funda-
mental regulator of the energy extraction process from the
Kerr BH and the emission of the radiation power and
spectrum; see Sections 6 and 7.

3. The Electromagnetic Field Structure

The inner engine of the high-energy emission of long GRBs
was presented in Ruffini et al. (2019b), and applied there to
GRB 130427A. It is composed of a Kerr BH (Boyer &
Lindquist 1967; Carter 1968), embedded in a test, asymptoti-
cally aligned magnetic field, described by the Papapetrou—
Wald (Papapetrou 1966; Wald 1974) solution of the Einstein—
Maxwell equations.

We here present a full (numerical) integration of the
equations of motion of a charged particle in the electromagnetic
field of the Papapetrou—Wald solution, accounting for radiation
in the background of the Kerr metric. We use geometric units
¢ =G =1, unless otherwise specified.

Denoting by = 9/0¢t and ¥ = 9/ ¢, respectively the time-
like and space-like Killing vectors for the Kerr metric (see
Appendix A), the electromagnetic four-potential is given by
(Wald 1974)

B
Au = 70 % +a By 77#’ (3)

where B, is the asymptotic value of the magnetic field strength.
Because of 7' = ¢}, and ¢ = ¢}, ;, the nonvanishing compo-

nents of the four-potential, in the Boyer-Lindquist coordinate
basis of the Kerr metric (see Appendix A), read a

A = faBo[l - %(1 + cos29)], )

2Mra?
by

Ay = %Bosin29[r2+a2 — ¢! +00529)]. ©)

As in Damour et al. (1978), we introduce a local Lorentz
observer, specifically a locally nonrotating (LNR) observer
(Bardeen 1970; Bardeen et al. 1972), in order to analyze the
electromagnetic field properties and the equations of motion.

The LNR observer carries a tetrad basis with vectors e;; see
Appendix A for details on the tetrad and related framework of
the subsequent calculations. We use a hat to distinguish
components (projections) in the LNR frame from the ones in
coordinate frame. Latin alphabet (e.g., a) and Greek indexes
(e.g., p) run over the spacetime coordinates, i.e., from 0-3 (z, r,
0, and ¢), while Latin indexes (e.g., i) run only over the spatial
coordinates.

In the LNR frame, the electric and magnetic field
components are given by

E; =E, eif‘ = Fj;, (6a)
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B; =B, el' = ¢;iF/F, (6b)

where F,, is the electromagnetic field tensor in the coordinate
basis. Expressed in Boyer—Lindquist coordinates, the electric
and magnetic field are (Damour et al. 1978)

BoaM
I
— 2r2sin?6 X, (Ta)

[(r2 + a®)(#? — a*cos?0)(1 + cos?h)

F=

1/2

Ep = BoaM 2ra?sin 6 cos O(1 + cos?6), (7b)

24172
By cosf
- Y241/2
- (r* + ah)¥?}, (8a)
A/2B,sin @
- 24172
+r¥?). (8b)
For completeness, we give the expressions of the electric and

magnetic field in the Boyer-Lindquist coordinate basis (see
Equation (B2))

B: = {2Mra*[2r? cos? § + a*(1 + cos*0)]

i= [Ma?(r? — a2 cos?0)(1 + cos20)

[A 1
E=E;e; +Eyey=E; Ee,+Egﬁeg, (9a)
B =B;e; + Byey = B; /ée —i—BALe (9b)
FEr 0 €o 7 5 r [ /—E 0-

Figures 3 and 4 show the electric and magnetic field lines as
seen by the LNR observer, in the x—z plane in Kerr—Schild
coordinates (see Appendix A). We describe now the physical
situation in the northern hemisphere since because of the
equatorial symmetry, the situation in southern hemisphere will
be exactly the same. Electrons move outwardly where the
electric field is inwardly directed. Clearly, the opposite happens
for protons, they move outwardly where the electric field is
outwardly directed. In Figure 3, we show the case of an
asymptotically parallel magnetic field to the BH spin. The
electric field is inwardly directed in the cone of semi-aperture
angle 6 ~ 55° from the polar axis. Therefore, in this situation
we have a polar electronic jet. At 0 =0, the electric field
vanishes and reverse direction, i.e., the electric field becomes
outwardly directed. In Figure 4, we show the case of an
asymptotically antiparallel magnetic field to the BH spin. In
this case, the electric field is outwardly directed in the cone of
semi-aperture angle 6, = 55° from the polar axis, creating a
polar electronic jet.

For moderate spin values (i.e., a/M < 0.7), the electric and
magnetic fields are accurately represented by the lowest order
of their expansions in the dimensionless spin parameter a/M,
i.e., up to first order we have

E; ~ —M@ cos?d — 1), (10a)
r

Ej~0, (10b)

B; ~ Bycos 0, (10c)

By~ —Bo,|1 — M sine. (10d)
r

We can see that within this approximation, the electric field
reverses sign at cos . = \/§/3, i.e., 0L ~ 5474, in agreement
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Figure 3. Electromagnetic field configuration for a polar electronic jet. Left panel: electric field lines (blue-colored lines) of the Papapetrou—Wald solution for a BH
spin parameter a/M = 0.3, in the xz plane in Kerr—Schild coordinates. Center panel: magnetic field lines (gold-colored lines). Right panel: electric and magnetic field
lines together. It can be directly checked from the slow-rotation expressions of the fields, Equation (10), that the electric field intensity decreases from the polar axis to
the equator along a contour of constant radial distance. The magnetic field is asymptotically (at infinity) parallel to the BH spin. The colored background is a density
plot of the electric field energy density, which decreases from red to blue. The BH horizon is represented by the black filled disk. Distances are in units of M and the
fields in units of By. Electron acceleration (outward photon emission) occurs in the region where the electric field is inwardly directed. This region, limited by the
dashed-black lines, is defined in the northern hemisphere by the spherical polar angles (measured clockwise from the rotation axis) — 6, < 6 < 0., and by equatorial
symmetry, in the southern hemisphere by © — 6, < § < m + .. At the angle 6., the electric field reverses direction, i.e., E - B = 0. For the above parameters,

0. ~ 55°. We have used the general transformation from Boyer-Lindquist to Kerr—Schild coordinates (A6); see Appendix A for details.

with the full numerical result. It can be checked that the
magnetic field is asymptotically directed along the z-direction.
Evaluating the Kerr—Schild components (see Appendix B),
e.g., on the plane ¢ =0, we obtain

B; = B;sinf + Bjcosf

zBosinHCOSH(l — |1 = Zﬂ)’ (11a)

r

. 2M
ByA:BgﬁcosG:—Bos1n0<:0s0ﬁ 1 - —, (11b)
r r r

B: = B;cosf — Bysinf

= 30(00529 +sin?f |1 — Zﬂ) (11c)
r

It is then clear that for radial distances r>>2M, we have
B; — 0, B; — 0, and B; — By. The dominance of the z-
component actually occurs everywhere and for any value of the
BH spin parameter a, as can be seen from Figure 3, which
shows the electric and magnetic field lines without any
approximation.

The electric field (Equation (7)) is induced by interaction of
the magnetic field and the BH gravitomagnetic field. In fact, it
is easy to check that it vanishes for a = 0. As we have seen in
Figures 3 and 4, the electric field has a quadrupolar nature.
Thus, although the BH has a zero net charge, we can think of
this field as produced by a quadrupolar distribution of charges
of surface density (Thorne et al. 1986)

rysin*@ — M cos?0(1 + cos?0)
(r? + a*cos? )

i

1
o = —Boan,(ry — M)
47

12)

which in the slow-rotation approximation becomes
o~ —-—(1 — 3cos?0). (13)

From this expression it is clear that it equals E;/(47), where
the electric field is given by Equation (10), as expected. From
this expression, we have that the surface charge vanishes at
cos by = J3 /3, which leads to 0, = 54°74, consistent with
the value already obtained directly from the electric field
expression and shown in Figures 3 and 4.

By introducing the dimensionless radius and the spin
parameter in units of M, it can be seen that the surface charge
o does not depend explicitly on M, but only on By and a/M.
Figure 5 shows the surface charge (Equation (12)) as a function
of 6, for a BH spin parameter a/M = 0.3, the same as used in
Figure 3. This surface charge o in fact agrees with the electric
field lines in the upper row plots of Figure 3. In the first patch,
0 =10, 0] (the angle 6 is measured clockwise from the polar
axis), the electric field lines are inwardly directed as expected
from o < 0;the electric field lines in the region 6=[6.,
m— 604] point outward in agreement with o >0. A similar
analysis for the other patches confirm the self-consistency of
the scenario. The angle 6. is the one for which ¢ vanishes. For
this numerical example, 0. ~ 54°95.

We can compute the charge induced on a surface patch of the
horizon as

Opuch = //a gl dxidxi = f/‘04/|h99h¢¢| o do, (14

where h; is the induced metric on the horizon,
ds® = hydx'dx’ = hgpd0® + hyyd¢’, being
hog = X, = r? + a*cos®0, and hy, = (2Mr)*sin?0/%,,
obtained by taking constant slices ¢ and r=r, in the Kerr
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Figure 4. Electromagnetic field configuration for a polar protonic jet. Similar to Figure 3 but for a magnetic field asymptotically (at infinity) antiparallel to the BH
spin. In this case, protons move outward where electrons do in Figure 3, namely, in the double cone of angle 6. ~ 55° from the polar axis.
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Figure 5. Surface charge (Equation (12)) in units of B, as a function of the
spherical polar angle 6, and for a BH spin parameter a/M = 0.3. The blue and
red colors indicate, respectively, the regions with negative and positive surface
charge density.

metric (A3). Therefore, Equation (14) becomes
Qpatch = 47TMV+ f 0'(0) sin 9d0, (15)
A0

where we have already performed the integral over ¢ taking
advantage of the axial symmetry and Af denotes the angular
region subtended by two spherical polar angles. The integral in
Equation (15) from O to 7 vanishes, so the net charge of the BH
is zero. In the example of Figure 5, the charge of the negatively
charged patches is obtained by summing the integrals in the
regions 0 =1[0, 0.] and 6 = [7 — 0, «], while the positively
charged one is obtained from the integral in the region 6 = [6..,
7 — 6.]. For the case of a/M = 0.3, we obtain

Q. = 40.1119 x M?B,, (16)

and therefore, O+ Q, =0, as expected.

We can obtain an analytic expression of the patch charge in
the slow-rotation regime. By replacing o given by
Equation (13) into Equation (15), we obtain the charge on
any patch,

1 a
Opatch ~ EMZBOM cos 0(cos?d — 1) ap. a7

We can now evaluate the total negative and positive charge as
we proceeded before, which leads us to
243 a 243
=+=——M’B)— =+
Q- 9 " M 9

where in the last equality we have used the BH angular
momentum via the relation a = J/M. Turning to the previous
numerical example, i.e., a/M=0.3, Equation (18) gives
Q. =+ 0.1155M"B,, which is pretty close to the value given
by Equation (16), validating once more the accuracy of the
slow-rotation approximation.

ByJ, (18)

4. Equations of Motion

In the LNR frame, the particle equations of motion can be
written as

Dut = % + whd
dr dr ¢
where u? and F ﬁ“;; and F¢ are, respectively, the components of
the particle’s four-velocity and the electromagnetic field tensor,
projected onto the observer’s tetrad, see Equations (B6) and
(BS), 7 is the particle’s proper time along its worldline, and
wé‘ﬁg are the spin coefficients given by Equation (B14) The last
term on the right-hand side are the components of the radiation-
reaction force (see, e.g., Landau & Lifshitz 1975) per unit
mass, projected onto the LNR frame, i.e.,

it = %ngu’; — Fa, (19)

2 2 R
Fa= g(i) q—(FegFéduéué)u‘i
m

3\m
2 2 . 2 DFé .
N 2(1) Cpapby 1 3(1) g—Lubul,  (20)
3\m) m ?® 3\m dx¢

where in the last term the covariant derivative of the

electromagnetic tensor in the LNR frame can be computed via
Equation (B12).

The radiation-reaction force (20) is largely dominated by the
first term; hence,

2.2 R
Fir 3(1) 9 (P ututyud = — Lo, Q1)
3\m/) m m
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where we have defined the radiated off power
2
zg(i)fqu+vaV—@-mﬂ. (22)
m

We can work in the slow-rotation regime, which provides
sufficient accuracy for our purpose. Within this approximation,
Equation (19) becomes

B _epiiy P
dr m m
6Ma3sm6’v9 A, 23)
r2J1 —2M/r 2M/r r
and
dv' e . 5o o P . P
= *—[(Er — v’B )(5; + v’B7HL + (VVB — v Br)ézﬁ
dr m 0 )
PR Py Mr A P
—E"VYV'] — | —— — 6Masin®?
my (\/1 —2M/r 3
5 0y2 S
- 6Masin9v®+w)2+r2 1_2ﬂ(¢)2 7_5
(-2 e
M .5 rcosf ?55
+ vrv9 _ N
| (1 — 2M/r)3/2 sin @ vy ] r2
[ ; L. 2 15 6%
—| 6Masinv’ — 12 |1 — 2ﬂv’vo _r ?Osevﬁvo .
r sin r3

(24

where E*, B, and B? are given by their corresponding slow-
regime expressions given by Equation (10).

It is worth assessing the relative importance of the purely
gravitational terms in the dynamics of the particle. It is clear
than the contribution of the square brackets on the right-hand
side of Equation (23) is dominated by the first term inside them.
Then, because of E” o< 1/r2, the order of magnitude of the
ratio between the electric field term and the gravitational one is
given by wga/M, where wg = eBy/m is the so-called gyration
angular frequency. Therefore, since the largest value of the spin
parameter is a =M, the largest value that the electric to
gravitational contributions ratio can attain is wg, which
becomes of the order of unity only for an extremely weak
magnetic field of the order of microgauss. This 1mphes that, for
a magnetic field 10'' G, the electric field term is 10'7 bigger
than the gravitational one. Only in the limit r—r,, the
gravitational attraction can play some role against such a huge
electric force. Therefore, we expect the evolution of v to be
dictated only by the first term on the right-hand side of
Equation (23). A similar analysis can be done for the evolution
of the spatial velocity, which we therefore expect to be fully
dominated by the terms in the first row of Equation (24).

4.1. A Specific Numerical Solution

We turn now to show specific examples of numerical
solutions to the equations of motion (23) and (24), for inner
engine parameters: M =4.4M_, a/M=0.3, By=10"" G (so
wp~ 1.8 x 10® rads™).

Rueda, Ruffini, & Kerr

o 1.2

5 04 06 08 1
y—Y%

Figure 6. Example of numerical solution of the equations of motion in the
slow-rotation regime, given by Equations (23) and (24). The figure shows the
electron’s trajectory in Kerr—Schild Cartesian coordinates, for which we have
used the transformation from Boyer-Lindquist coordinates given by
Equation (B15). The inner engine parameters in this case are M =4.4M.,
a/M =03, and By=10"" G (s0 wz~ 1.8 x 10'® rad s '). We have set as
initial conditions the location ry=2r, =4M, (7’(0) 20°, ¢(0)=0, and
velocity components v*(0) = v”(O) =0, and v‘”(O) '30 -1 / Jo» with
4o = 2. For the sake of illustration, the trajectory is shown here at times
0 < wpT < 65, in which the spiraling behavior is better appreciated. The
displacements in the x and y directions are in units of 107 3m and, the one in
the z-direction, in units of 107 "%m.

Figure 6 shows an example of the trajectory of an electron
initially located at ro=2r, ~4M, 6(0) =20°, ¢(0)=0. The
initial values of the electron’s velocity components were, in this
specific example, set to have a spiraling electron motion, that is
setting up an initially dominating azimuthal velocity; in
particular, we have chosen Vv (0) =17(0)=0 and

v2(0) = «/’702 — 1/%, with 4, = 2. The trajectory is shown
at times wpT <65, when the spiraling behavior is better
appreciated. At longer times, the electron follows closely the
magnetic field lines, which are nearly z-directed (see Figure 3),
so the z-component of the velocity becomes dominant (see also
Figure 7).

In Figure 6, the position displacements in the x and y
direction are in units of 10~'?M and the one in the z-direction
in units of 107'?M. Indeed, a dimensionless proper time
wp T =065 corresponds to 7~3.7 x 107'7 s, so the observer
measures a displacement Az ~ AT~ 22 x 1076
cm~~4 X 10’12M, for the chosen BH mass. The displacements
in the x-y plane are ~1/4 smaller since the particle’s velocity is
dominated by the z-component.

Figure 7 shows the evolution of the position and velocity
components v of an electron located at r(0)=2r,, 0
(0)=0°0001 (upper row), 6(0)=20° (lower row), and ¢
(0)=0. The electron has been set initially at rest, i.e.,

vi(0) = v/(0) = v4(0) = 0, so 4(0) = 1. This figure shows
that, in general, the motion along the z-direction is dominant,
and it is even more pronounced for small spherical polar angles
(motion nearly attached to the BH rotation axis).

5. Photon Four-momentum Measured at Infinity

We refer the reader to Appendix B for the general equations
between the four-momentum measured by the observer at rest
at infinity, the LNR observer and the comoving observer. We
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Figure 7. Electron’s position (coordinate frame) and velocity (LNR frame), as a function of dimensionless proper time, wpT. The electron is initially located at Boyer—
Lindquist coordinates 7(0) = 2r,, (0) = 0°0001 (upper row), #(0) = 20° (lower row), and ¢(0) = 0. The electron is initially at rest, i.e., v (0) = v’ (0) = v¢(0) = 0,
i.e., 4(0) = 1. The particle position and the velocity components are shown in both Boyer—Lindquist and (Kerr—Schild) coordinates. The inner engine parameters are
the same as in Figure 6. Notice that in Figure 6 we represent displacements, namely, the relative particle position with respect to the initial position, while here we
represent the actual position of the particle, namely, the position with respect to the coordinates origin. In addition, in Figure 6 the displacement in the x and y
directions is in units of 10~">M and the one in the z-direction is in units 10’]2M, while in this figure the x, y, and z position are in units of M.

can gain some (analytical) insight into the features of the
photon emission by assuming v/ ~ 1, v/ =~ 0 and v* ~ 0. In
this one-dimensional approximation of motion, Equation (C6)

reduces to
N 7 (1)
kO = kO ”5/67”[1 4+ ypf I’l(l)], n = e"*”l&’
1 +vin®
o eVt @ . 3

—— . n
AI1 + v nM]

which in the slow-rotation regime can be written as

J20)

N1 —2M/r

kO = 4(1 + BcosO),

"
A1 4+ v nM]

(25a)

(25b)

(26a)

nr::(l _ %__)_ESEEZj;EiH (26b)
r )1+ Bcos®
rnf— |1 — 2M sm(?cos@ % (260)
r \1+ [Fcos® ¥
rsind n — 2Ma sin 0 sin © sin ®

2M 1
3 + -
r r \1 + BcosO )%

(26d)

where we have introduced the notation fi’ = v". We have also
parameterized the spatial components of the photon four-
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Figure 8. Spatial components of the photon four-momentum measured by an observer at rest at infinity. The emitter (electron) is initially located at Boyer—Lindquist
coordinates (0) = 2r,, 6(0) = 020001 (left) and A(0) = 20° (right), and ¢(0) = 0. The comoving frame emission angles have been set to ® = 0 and © = 7/2. The
solid curves are obtained from the full expressions given by Equation (C6), while the dashed curves are the corresponding components of the four-momentum given
by the approximate expressions given by Equation (25); see also Table 1. The approximate expressions remain accurate for the entire evolution only for an emitter
moving along the BH rotation axis, or for small departures of the spherical polar angle. The azimuth component of the four-momentum remains nearly constant and is

a purely general relativistic effect of dragging of inertial frames.

Table 1
Photon Four-momentum Components Calculated with Equation (26), for Specific Angles of Emission, © and ®, as Measured by the Comoving Observer

® = 0: plane e e,

® = 7/2: plane e(—e,

0=0 0=mx/2 O=n 0=0 0=mx/2 O=m7
Ji—2m/r\1-5 \/Tm/r\/ua \/172M/r\/1—3 Ji=2m/r\ 1453
n" 1 —2M/r 1 —2M/rp —(1 = 2M/r) 1 —2M/r A —2M/r) B —(1 = 2M/r)
n? 0 a/ma/m 0 0 0 0
n? 2Ma/r’ 2Ma/r 2Ma/r’ 2Ma/r’ 2Ma/r* + (1/)(1/r sin) 2Ma/r’

Note. We have used the relation between the Lorentz factor 4 and  given by Equation (C7).

momentum in the orthonormal comoving frame as

n® = sin O sin P,
27)

D =cosO, n® =sinOcos?,

where © and & are spherical polar and azimuth angles
measured by this local observer. This choice satisfies
n“ng, = 1, which derives from k'“k,, = 0.

Thus, by assigning values to these angles in their corresp-
onding range, i.e., © € [0, 7] and ® € [0, 2], we can compute
from Equation (26) the corresponding normalized components
of the photon four-momentum in the coordinate frame. Figure 8
compares and contrasts the photon four-momentum compo-
nents calculated with the general Equation (C6) with the ones
obtained from the approximate Equation (26). In this example,
the photons are emitted from the two positions (r, §) of
Figure 7, and make angles ® =0 and © = /2 as measured by
the comoving observer.

Table 1 shows the photon four-momentum components as
measured by the observer at rest at infinity, i.e., k", for photons
emitted in the plane ® =0 of the comoving observer (i.e.,
e—€), and in the plane ®=7/2 (i.e., eye(), in the
directions © =0, 7/2, and 7.

It can be seen from the above equations (see also their
summary in Table 1) that

1. There is a purely general relativistic effect: the azimuthal
photon four-momentum component, n('*’, has a contrib-
ution from the angular velocity w associated with the
frame-dragging effect. This contribution vanishes only
for photons emitted by electrons accelerated along the BH
rotation axis (6 =0). For off-axis motion, it does not
vanish and it can be even larger than the polar
component, n? (see Table 1 and Figure 8).

2. The above implies that relativistic aberration by which
photons are measured at infinity as confined within an
angle 1/+ around the direction of motion of the emitter
(see, e.g., Landau & Lifshitz 1975), strictly holds only
along the BH rotation axis. However, the radial
component of the four-momentum is still dominant and
the traditional relativistic aberration can be assumed for
practical purposes.

6. Radiation Power and Spectrum

The above result allows us to estimate the radiation by
acceleration using known results from special relativity. Most
of the synchrotron power is radiated around the peak of the
spectrum, which occurs near the -characteristic angular
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Figure 9. Electron Lorentz factor v, given by Equation (C7), and photon critical energy ¢,, given by Equation (28), as a function of the emitter (electron) proper time,

wpT. In this example, the electron starts is motion at rest at the position r(0) = 2r,, ¢(0) = 0, and 6(0) = 1° (blue), 14° (green), and 27° (red).
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Figure 10. Left panel: power radiated off to infinity as a function the dimensionless proper time. Right panel: energy distribution of the synchrotron power per unit

volume, wP,n, sin @, where n, is given by Equation (31). This gives an estimate of the energy radiated to infinity per unit time, per unit volume. In this example, the
electron starts is motion at rest at three different selected positions (r, 6, ¢): H(0) =2r,, ¢(0) =0, and 6(0) = 1° (blue), 14° (green), and 27° (red).

frequency (Landau & Lifshitz 1975) the gigaelectronvolt regime at the asymptotic Lorentz factor.
c Therefore, most of the radiation is emitted at gigaelectronvolt
we = =7, (28) energies.
p We now turn to the energy distribution of the radiation. The
where p is the relativistic curvature radius synchrotron power radiated by an electron, per unit angular

frequency w, and integrated over the solid angle is (see, e.g.,

. mcy [((E +v xBY — (v EY]\>. (209)  Landau & Lifshitz 1975)
lq] 3 o2 00

The left panel of Figure 9 shows the electron Lorentz factor R= ;?WFW (), F(x) = x fx Ks/3(y)dy. (30)
as a function of the dimensionless proper time, and the right ) ) )
panel the characteristic photon energy, €. = fiw,.. We show the where x = w/w,, and Ks/; is the modified Bessel function of
results for three different initial conditions: the electron starts the second kind.
its motion at rest at [r(0), 6(0), ¢(0)], where r(0)=2r,, ¢ We plot in Figure 10 the (bolometric) power radiated off at
(0) =0, and A(0) = 1° (blue curves), #(0) = 14° (green curves), infinity (left panel), Py, as a function of dimensionless proper
and 6(0) =27°. time. The obtained power per electrons shows that to emit, for

The electron reaches an asymptotic value when acceleration instance, a luminosity of L= 10" ergs™', we must accelerate
and radiation losses balance each other. At small values of the about N, ~ L/P,, ~ 103 electrons. Since the acceleration
spherical polar angle, the electron experiences less radiation occurs in the proximity of the BH horizon, these electrons
losses reaching a higher Lorentz factor and higher photon occupy a volume V, ~ 4773 /3 ~ 10" cm?, implying a number
energy. Furthermore, the photon characteristic energy falls in density n, ~ N, /V, ~ 10%/10'° = 10" cm . In fact, for the

11
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LNR observer the inner engine can accelerate the following
number of electrons per unit volume

E2
n€ = 2’

87 Am,c

€1y}

where E is given by Equation (7). The electric field near the
horizon is E & aBy/2, where a = a/M, so Equation (31) gives
ne = 3(aBy)?/ (32m4m,c?). For the present quantitative exam-
ple, so using 4 ~ 10* (see Figure 9), Equation (31) gives
n,~ 10" cm™>, as expected from our previous estimate. The
number of electrons around the Kerr BH can be either lower
and higher than this value, but the inner engine can accelerate
at most the above number of electrons. The density in the cavity
created around the Kerr BH formed from the gravitational
collapse of the NS in a BAHN is of the same order as the above
value (see Becerra et al. 2019; Ruffini et al. 2019a, for
numerical simulations). This implies that the inner engine in
BdHNe works efficiently using its full energy reservoir.

The right panel of Figure 10 shows the spectrum density, i.e.,
the radiated power per unit volume, wP,27mn,sinf, as a
function of the photon energy (calculated as € = hw). Here, n,
is given by Equation (31). This plot confirms that most of the
energy is emitted in the gigaelectronvolt domain, and the
above-mentioned value of the electron density of particles that
can be accelerated; in fact, P, X n, ~ 10" x 108 =10*
erg s 'em

Summarizing, the gravitomagnetic interaction of the Kerr
BH with the surrounding magnetic field efficiently accelerate
electrons from the ionized environment in the BH vicinity. This
acceleration and radiation process emits photons in the
gigaelectronvolt regime for magnetic fields in the
10'°-10'"'G and stellar-mass Kerr BHs. The emission
originates in proximity of the BH horizon and within 60°
from the BH rotation axis with equatorial symmetry, hence
generating a double-cone jetted high-energy (=GeV) emission.

7. The BH Energy Extraction

It is clear that the energy radiated off to infinity must
necessarily come from the BH extractable energy

Eexl.r = (M - Mirr)czs (32)

where the total mass M is given by the BH mass-energy
formula (Christodoulou 1970; Christodoulou & Ruffini 1971;
Hawking 1971)
C2 J2
M?= —— + MZ, (33)
acmz "

where J, M, are respectively the angular momentum and the
mass of the BH.

In order to understand better how the BH rotational energy is
extracted, it is useful to recall the inner engine operation:

1. The magnetic field and the BH rotation induce an electric
field as given by the Papapetrou—Wald solution (see
Section 2). For aligned and parallel magnetic field to the
BH spin, the electric field is nearly radial and inwardly
around the BH rotation axis within an angle 6. ~ 60°
(see Figure 3).

2. The induced electric field accelerates electrons outwardly.
The number of electrons that can be accelerated is set by

12

Rueda, Ruffini, & Kerr
the energy of the electric field

1
Ex —E;zr3 &
P Nies
where we have used Equation (10).
3. The maximum possible electron acceleration/energy is
set by the electric potential energy difference from the
horizon to infinity

G B;J?
ct M

) (34)

AP = le a By.
c

(35)

4. Along the polar axis, radiation losses by acceleration are
absent because the electric and magnetic fields are
parallel. Therefore, electrons accelerated on the BH
rotation axis can gain the full potential energy difference
(Equation (35)).

5. At off-axis latitudes, the accelerated electrons emit
synchrotron radiation. In order to explain the observed
luminosity, Lgey, the radiation timescale, ?,,4, must fulfill

dEextr ~ 8

dEgev _ £
Sdt

dt

Lgev = (36)

Trad

where £ is given by Equation (34), and we assume most
of this energy is radiated off in high-energy photons, as
we have shown in Section 6. We take here into account
that the energy reservoir is the rotational energy of the
BH; therefore, the extractable energy must satisfy

Eextr > EGeV’ (37)

where Eq is given by Equation (32) and Egey is the
energy observed at high energies, i.e.,
Ecev = [Laev di. (38)

6. Once the energy £ has been emitted, the BH is left with
new values of mass and angular momentum, which have

been reduced by amounts dM and dJ, respectively. The
change in the BH mass is

c2dM = dEq ~ dEgev =~ E. (39)

According to the BH mass-energy formula (33), if in the
energy extraction process the irreducible mass is kept
constant, the change in the BH angular momentum is

2
A — ch‘
Q4

7. The above steps are repeated, with the same efficiency, if
the density of plasma is sufficient, namely, if the number
of the particles is enough to cover the new electric
energy. Therefore, the inner engine evolves in a sequence
of elementary processes, each emitting a well-defined,
precise amount of BH rotational energy.

(40

Therefore, the total fractional changes of mass and angular
momentum in the whole emission process are

AM _ ) M @1
M M
N1
AT (1 N Mm) 7 42)
7 M
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Figure 11. Radiation timescale 7,4 given by Equation (44), as a function of the
dimensionless proper time wgT. It can be seen how f.4 becomes as short as
107" s when the electrons reach the peak radiation power at wpT ~ 300 (see
Figure 9).

where we have used Equations (33), (39), and (40), and the
relation between the BH irreducible mass and the horizon:
G 2Mg,
2 M
As a quantitative example, let us use our present fiducial
parameters By = 1o G, M =4.4M,, and o = 0.3. In this case,
the electric energy is &~ 2.04 x 10%7 erg. The radiated
luminosity is set by the timescale at which &£ is radiated off.
Figures 9 and 10 show that electrons reach a Lorentz factor
Y3 X 104, SO an energy of nearly
€, =ym.c?~ 10" eV~ 107" erg, which is then radiated off
at a rate P ~ 10'3 ergs ™', leading to a radiation timescale

(43)

ry =

pun"
fad = — P
o0

(44)

of the order of ~107'* s. We recall that p,. is the four-
momentum of the particle measure by an observer at rest at
infinity and n* is the time-like Killing vector. This estimate of
the timescale is confirmed by Figure 11, which shows the time
evolution of 4. This radiation timescale implies that the
system radiates off with a power &/fq ~ 105! ergs™'. This
energy is mainly radiated at photon of energies €. of the order
of gigaelectronvolt (see right panels of Figures 9 and 10).

For these parameters, in each elementary emission, the BH
mass and angular momentum experience fractional changes
dM/M ~2.59 x 107"® and dJ/J~1.12 x 107", respectively.
The BH irreducible mass can be readily obtained from
Equation (43), i.e., Mi,~4.35M.. Therefore, the total
extractable energy is

Eoxr = AMc? ~ 0.012Mc? ~912xlm2eg If Eey is
emitted, the total fractional changes in the BH mass and
angular momentum will be, respectively, AM/M ~0.012 and
AJ/J ~0.50.

8. Discussion and Conclusions

Summarizing, all BdHN I are powered by three independent
sources of energy:
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1. The BAHN I is triggered by the vNS rise produced in the
core collapse of the CO star generating a vNS at its
center. The vNS rotational energy powers the synchrotron
emission from the expanding SN that originates the X-ray
afterglow (see Rueda et al. 2020, and references therein).

2. The hypercritical accretion of the SN material onto the
binary companion NS leads to the formation of the BH
when it reaches the critical mass for gravitational collapse
(see, e.g., Becerra et al. 2016, 2019). This smooth
accretion leading to BH formation does not emit any
detectable signal of gravitational waves and is alternative
to the direct gravitational collapse of a massive star
(collapsar).

3. The gravitomagnetic interaction of the Kerr BH with the
surrounding magnetic field, in presence of ionized matter
of the SN ejecta, leads to the process of extraction of the
BH rotational energy, generating the jetted high-energy
(2GeV) emission. We have here shown that this radiation
is emitted in the vicinity of the BH horizon within 60°
from the BH rotation axis (see Sections 2 and 6).

We have focused in this article on the inner engine of the
high-energy emission, which as we have shown drives a new
paradigm in the theory of GRBs:

1. There is no need for bulk motion. The traditional GRB
model uses the gravitational pull to accelerate matter in
bulk up to very large distances ~ 10'°~10'® cm, where
the ultra-relativistic blastwave becomes transparent to
high-energy photons. The inner engine, instead, radiates
at horizon scales the kinetic energy rapidly gained by
single-particle acceleration (Sections 3—6). As shown in
Moradi et al. (2021a) and Ruffini et al. (2019b), the
radiated high-energy photons are transparent to magnetic
pair production, likely the most important opacity source
of this system.

2. There is no need for massive accretion. The density of
ionized matter needed for the inner engine to explain the
gigaelectronvolt emission of a long GRB is much lower
than the corresponding one requested by traditional
matter accretion. For example, an accretion disk produces
a luminosity Lgg = nMc?, where 7 is a parameter
accounting for the efficiency in converting gravitational
energy into radiation. Adopting a fiducial value n=0.1,
in order to get a luminosity of 10’ erg s ™', the BH must
accrete matter at a rate M = 1073 M, s~ . This implies a
consumption of protons by the BH at a rate of
N, ~ M /m, ~ 10° s™", or a proton number density rate
i, = N,/(@xr} [3) ~ 1033 em °s~'. Clearly, smaller
values of 7 require larger accretion rates. The inner

engine, instead, produces the same luminosity by
accelerating electrons with a rate
NFVN/ﬂmg—&“A¢ﬂw)NIOM s ie.,

M ~ m,N, ~ 1077 M s~" (for fully ionized matter), or
an electron density of #, ~ 102° cm 3 s see discussion
of Equation (31) in Section 6 for further details. This
implies that the geodesic equations of motion of massive
particles around a Kerr BH, traditionally applied to the
problem of gravitational matter accretion, are superseded
by the equation of motion of charged particles, account-
ing for the radiation reaction, accelerated in the electro-
magnetic field of the Papapetrou—Wald solution (see
Sections 4-6).
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3. The BH is responsible only for the high-energy radiation.
During the acceleration region, the electrons radiate
mainly at high energies, e.g., 20.1 GeV (see Section 6).
The fundamental role of the reversible transformations
holds. Indeed, the energy budget is paid by the BH
extractable energy (Rueda & Ruffini 2020), and the
irreducible mass M;, of the BH mediates the energy
extraction process (see Section 7).

On the occasion of this 50th anniversary of the publication of
Introducing the Black Hole, we would like to thank all the
people who have contributed during these 50 years to finally
identifying the energy extraction process of a Kerr BH. We are
most grateful to Prof. Robert Jantzen for insightful discussions
on the general relativistic framework presented in this article.
We thank Dr. Li Liang for the preparation of the upper left,
upper right, and lower right panels of Figure 2.

Appendix A
The Kerr Metric

A.l. The Original Kerr Metric and the Boyer—Lindquist
Coordinates Form

The Kerr spacetime metric, which is stationary and axially
symmetric, describes the exterior field of a rotating BH. In
Eddington—Finkelstein-like coordinates (u, r, 6, ¢), it reads as

ds? = —(1 — ZMr)du2
by
2, A, 2
+ 2du dr + ¥ do* + Esm 0 do
s

~ Dasin?f dr db — Mdu dé, (Al
where ¥ = r? + g% cos? 4, A=r—2Mr+d*>  and
A=+ d®? — Ad?’sin?0, with M and a=J/M, respec-

tively, the BH mass and angular momentum per unit mass. This
form of the Kerr metric differs from the original one presented
by Kerr (1963), in the signs of the u coordinate and of the BH
spin parameter a (see Kerr 2007 in Wiltshire et al. 2009, for
details).

The current most used form of the Kerr metric uses the
spheroidal Boyer-Lindquist coordinates (Boyer & Lind-
quist 1967), which is obtained via the coordinate transforma-
tion (Carter 1968; Kerr 2007)

r2 + a?

du — dt + dr, do — do + %dr, (A2)

while r and 0 hold the same. In these coordinates, the Kerr
metric reads (Carter 1968; Kerr 2007) as

ds? = 7(1 - ZM’)dﬂ 242 4 sae
> A

4a M rsin? 0

n %Snﬁ 0de? — didg, (A3)

and the (outer) event horizon is located

atr, =M + NM? — a?.

Computations are facilitated by writing the metric in the
general form of an asymptotically flat, stationary, axisymmetric
metric, which using the notation of Bardeen (1970) and
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Bardeen et al. (1972) reads as
ds® = —e?dt* + e*(d¢ — wdt)?

+ eXhdr? 4 e*2dh?, (A4)
where
e = E 2V = —sin?f, e = —,
A
oy, = 2Mar (AS)

A.2. Kerr—Schild Coordinates

The Kerr metric was also presented by Kerr (1963) in Kerr—
Schild spacetime coordinates (¢, x, ¥, z) which are related to the
Boyer-Lindquist ones by (see Kerr 1963, 2007, for details)

x = (rcos¢ — asing)siné,
y=(rsin¢ + acos ¢)sinb,

z=rcosb, (A6)
whose inverse transformation can be written as
2 r]% —a®+ \/(rf — a?)? + 44272
> ,
2
0 = arctan| — + y
2 + a
¢ = arctan(l) + arctan(g), (A7)
X r

where r; = \/x? + y? + z2, and we have given the expressions
for 6 and ¢ in terms of arctan functions which give the right

angle sign on any quadrant. In these coordinates, the Kerr
metric reads (Kerr 1963) as

52 = —dt* 4 dx® + dy? + d7?
2Mr3 [

PR dt + dz+

r rP+a

+

2()cd)c—‘—ydy)

2
a
— ———@dy —ydv) |,
r2+a2( y =y )]
(A8)

which explicitly show the quasi-Minkowskian character of the
metric (see Kerr 2007, for details).

Appendix B
Locally Nonrotating Observers

B.1. Observer’s Frame using the Boyer—Lindquist Coordinate
Basis

We denote coordinate basis vectors by e, = 9/0x, and dual
one-form basis vectors by e =dx“. Thus, the tetrad carried by
the LNR observer (Bardeen 1970; Bardeen et al. 1972) has the
following dual 1-form basis vectors:

/EAe’ e = e’ e = JT e,

3_  2Mrasinf o
e’ = +

Bl
A (B1)

— sm0 e?,
by



THE ASTROPHYSICAL JOURNAL, 929:56 (17pp), 2022 April 10

which are naturally identified from the metric (A4), and tetrad

vectors given by
A
- €
Y

2Mar

A
e; = e + e, ep=
NsaA " a4’
Jz " ¢ \ A siné >

where in the second equality of each covector and vector, we
have used the definitions (AS).

It is also useful to write the coordinate basis 1-forms in terms
of the observer’s basis ones, i.e.,

ej= (B2)

of — 1 o e — 2Mar 1 et /E 1 e
JE VX AA sinf Asing

(B3)
and the corresponding relation among basis vectors
e = J@ e; — 2Mar e;, e = xz er,
A JZ A A
o=V ej, e,= \/gsiné’ e,. (B4)

For the formulation of the equations of motion in the LNR
frame, we must know the components of the involved four-
vectors and tensors projected onto the observer’s tetrad. The
covariant (contravariant) components of a vector and a tensor
in the observer’s frame are given by

I 4 _ Ld Ap
Az =esA,, A feﬂA

Bgj=elelBu, BY®=clel B, (BS)
where we recall the Greek indexes label the components in the
coordinate frame. Thus, the four-velocity velocity of a particle

with respect to the observer’s frame is

ul = ut e, (B6)
and the spatial components
. pi
- e’ (B7)
w et

so we can write the velocity four-vector of the particle as
i = (5, 4v), where 4 = (1 — viv;)~1/2 is the Lorentz factor of
the particle measured by the LNR observer. The four-velocity
of the LNR observer, e;, with respect to an observer at rest at
infinity can be written as

ul = Te, + T'Ve,, (B8)
where

A 2Mar

(B9)
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In the slow-rotation regime, at first order in the spin parameter,
the spatial velocity of the observer becomes

2Ma

73

V= . (B10)
This expression is much accurate than expected; indeed, for a
spin parameter a < 0.7, it overestimates the full expression by
less than 5% for radial distances r 2> 2r, and for any polar
angle. Of course, the expression increases the accuracy for the
lower spin values and for the larger distances.

The spatial velocity of the LNR observer, as seen by a
locally static observer, is instead given by

2Marsind _ 2Masin0
VA r2J1T —2M/r’

where the last approximation corresponds to the slow-rotation
regime. The tetrad basis carried by this observer is not used in
this article; hence, it is not here presented.

In a non-coordinate frame, the covariant derivative of a
tensor is given by

Vlnr, s —

(B11)

DBf aB[f . PR
—_— a — a
I ot T VWeaBi —wipBY (B12)

where the spin connection coefficients, w? 5 play the role of
the affine connection coefficients. For the present LNR
observer, the spin coefficients can be obtained directly from
the rotation vectors (Bardeen et al. 1972)

Wgp = Waje €5, (B13)
where
Wikt = —Wwiif = —V, e M,
ann an — Wr V—v—pu, Bl4
Wity = ~wiip = ——e (Bl4a)
Wipp = —wpi = —Vg e,
w0
Wiip = —Wpp = W —v—iiy (B14b)
Wr oy
Wigr = —Waip = - e¥ v (Bl4c)
Weo g,
Wigh = —Wyip = 2 ¥y (B14d)
Wipp = —Whrr = Hyg € 12,
Wiph = —Wop) = — o, €11, (Bl4e)
Wigp = —wipp = —V e,
- o U—r—
Wit = —Wop = —w,e” VT, (B14f)
wpps = —wppp = —Woe
Ann — Apn — 1 V—v—p Bl14
Whgi = —Woy = W € 2, (Bl4g)

2

with the colon notation f, = 9f/0x°, and we have used the
antisymmetric property wgs; = —Wjgs-
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B.2. Observer’s Frame Using the Kerr—Schild Coordinate
Basis

The relation between the spatial coordinate basis vectors in

Boyer-Lindquist and coordinates is therefore given by
e, = sinfcos¢ e, + sinfsin¢ e, + cosf e, (B15a)

ey = (rcosfcosp — acosfsingp)e,
+ (rcos@sing + acosfcos p)e, — rsind e,

(B15b)
e, =—(rsinfsin¢ + asinf cos @)e,
+ (rsinf cos ¢ — asinfsin ¢)e,, (B15c¢)
while the vectors of the inverse transformation are
r2 ar
e, =| —sinflcosp — —sinfsin ¢ |e,
' ( & 6-2 <z>)
r a
+ | —cosfcos¢ — —cosf sin )e
( ) S ¢ e
r
— sing + cos? f cos )em Bl6a
( Y sinf ¢ Y sinf ¢ )e ( )
e, = r—zsinﬁsimb + ﬂsinﬂcosqﬁ e
S v "
+ (L cosfsing + 2 cosf cos gb)e
S S ’
r
+ cos¢ — cos? @ sin )e; ,  (Bl16b
( Y sind ¢ > sind ¢)es ( )
r2 + a? ro. a
e, = cosf e — Esm& ey + ECOSG e;. (Bléc)

In the limit @ — 0, or in the weak-field limit » — oo (so a/
r—0), the above transformation reduce to the ones from

traditional spherical to coordinates:
e, = sinf cos¢ e, + sinflsing e, + cosl e, (B17a)

eg = rcosfcosge + rcosfsing e, — rsinf e, (B17b)

e, = —rsinfsing e, + rsinfcos¢ e, (B17¢)
and
. 1 1 .
e, =sinfcos¢ e, + —cosbfcosp eg — ——sing ey,
r sin
(B18a)
ey:sinGSimﬁer+lc059sin¢eg+ — Cos ¢ ey,
r rsin
(B18b)
e, =cosfe — lsin¢9 €. (B18c)

r

Using the coordinate basis relation (B15), one can express
the observer’s tetrad (B2) in the coordinate basis.

Appendix C
Photon Four-momentum Measured by Different Observers

We are interested in determining the photon four-momentum
measured by an observer at rest at infinity. To do so, we have to
express it in terms of the four-momentum measured by an
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observer comoving with the emitter (i.e., the radiating
electron), which sees an isotropic radiation field.

First, we relate the comoving and the LNR frames via a
Lorentz boost:

ew = Al € (@)
where the components of the Lorentz boost are
0 0 ; Y g
Aoy =% Ag =i, () =05+ = 1v’v;, (C2)

where we denote vector components in the comoving frame
with round brackets, and we recall 4 = (1 — v'v;)~1/2 is the

Lorentz factor of the emitter measured by the LNR observer.
The tetrad basis of the LNR frame is related to the one of the
coordinate frame by

e, =e él e, (C3)
where the transformation components eéL are given by
Equations (B2).

Therefore, the relations between the comoving tetrad basis
and the basis of the observer at rest at infinity are

b b b
e = Ny ef € €= A" Det e, (C4)

where A?@ can be obtained from Equation (C2) by changing

the sign of the velocity components, i.e., v\ — —v, and the

transformation components e are given by Equations (B1).
The photon four-momentum in the coordinate frame, k*, is

therefore related to the photon four-momentum in the

comoving frame, KD, by

kit = el ALy k@), (C5)

and we recall that for photons the above four-momenta satisfy,
respectively, k“kﬂ =0 and k' ")k(a) = 0. Thus, the four-momenta
are related by

kO = k©@%e~"[1 + v; n®), (Coa)

kO . A2 .
n = —e M| A"+ a4 v’v]fn(f) , (Cé6b)
0 P
0) . 42 A .
n’ = k—oe‘LZ[ﬁve +n® + Av—vev;n(/)], (C6e)
k J+1
0) .
n? = kk—oe*‘l’ {e" WAl + v nY]

~

2 A
ﬂ—v%; n(./)},

+Avd + n® +
4+1

(C6d)
where we have introduced the normalized four-momenta by
n*=k"/k® and n'“ =k“/K?. We recall that the Lorentz
factor measured by the comoving and the observer at rest at
infinity are related by

0 0

y=u'=u eé) = e, (C7)

For the sake of completeness, we also present the components
of the inverse relation

k@ = b AP@ g, (C8)
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which leads to the explicit components

kO — ko*ye”[l — et vyF pr

_ eluzfllvé n9 _ e\I/*VV$(n(D — w)]s (C9a)
kO R -1
(1) —_ = v _ Ayt =Vt r
n k(o)e { '+ e Vn" + 72 %
% [e'ulfl/v;” n" + el‘zfyvé nﬁ + 6\1’7'/\/(13(1/145 - w)]};
(C9b)
JAl R -1 5
@ % v) a0 Joy— V3,0 4
T o¢ { W e
% [e'“l*yvf n+ e#z*"vé n? + e‘yiuv(}(n(b — w)l},
(C9¢)
k° 3 Y15
G v) a0 Vv e — ¢
n k(o)e { WP + e V(n? — w) + P v

X [em=yf pr 4 ety pf 4 e¥ryo(nd — w)]).

(C9d)

ORCID iDs
J. A. Rueda @ https: //orcid.org/0000-0002-3455-3063
R. Ruffini ® https: //orcid.org/0000-0003-0829-8318

References

Baade, W., & Zwicky, F. 1934, PhRv, 46, 76

Bardeen, J. M. 1970, ApJ, 162, 71

Bardeen, J. M., Press, W. H., & Teukolsky, S. A. 1972, ApJ, 178, 347

Becerra, L., Bianco, C. L., Fryer, C. L., Rueda, J. A., & Ruffini, R. 2016, ApJ,
833, 107

Becerra, L., Ellinger, C. L., Fryer, C. L., Rueda, J. A., & Ruffini, R. 2019, ApJ,
871, 14

Bernardi, M., Alonso, M. V., da Costa, L. N., et al. 2002, AJ, 123, 2990

Bird, S., Harris, W. E., Blakeslee, J. P., & Flynn, C. 2010, A&A, 524, A71

Boyer, R. H., & Lindquist, R. W. 1967, JMP, 8, 265

Carter, B. 1968, PhRv, 174, 1559

Christodoulou, D. 1970, PhRvL, 25, 1596

Christodoulou, D., & Ruffini, R. 1971, PhRvD, 4, 3552

Costa, E., Frontera, F., Heise, J., et al. 1997, Natur, 387, 783

Damour, T., Hanni, R. S., Ruffini, R., & Wilson, J. R. 1978, PhRvD, 17, 1518

Finkelstein, D. 1958, PhRv, 110, 965

17

Rueda, Ruffini, & Kerr

Finzi, A., & Wolf, R. A. 1969, ApJL, 155, L107

Giacconi, R., & Ruffini, R. (ed.) 1978, Physics and Astrophysics of Neutron
Stars and Black Holes (Amsterdam: North-Holland)

Giacconi, R. 2003, RvMP, 75, 995

Giacconi, R., Gursky, H., Paolini, F. R., & Rossi, B. B. 1962, PhRvL, 9, 439

Gold, T. 1968, Natur, 218, 731

Hawking, S. W. 1971, PhRvL, 26, 1344

Hewish, A., Bell, S. J., Pilkington, J. D. H., Scott, P. F., & Collins, R. A. 1968,
Natur, 217, 709

Jia, S. M., Bu, Q. C., Qu, J. L., et al. 2020, JHEAp, 25, 1

Kerr, R. P. 1963, PhRVL, 11, 237

Kerr, R. P. 2007, arXiv:0706.1109

Kruskal, M. D. 1960, PhRv, 119, 1743

Landau, L. D., & Lifshitz, E. M. 1975, The Classical Theory of Fields (Oxford:
Pergamon)

Leach, R. W., & Ruffini, R. 1973, ApJL, 180, L15

Moradi, R., Rueda, J. A., Ruffini, R., & Wang, Y. 2021a, A&A, 649, A75

Moradi, R., Rueda, J. A., Ruffini, R., et al. 2021b, PhRvD, 104, 063043

Oppenheimer, J. R., & Snyder, H. 1939, PhRv, 56, 455

Oppenheimer, J. R., & Volkoff, G. M. 1939, PhRv, 55, 374

Pacini, F. 1968, Natur, 219, 145

Papapetrou, A. 1966, AIHPA, 4, 83

Penrose, R., & Floyd, R. M. 1971, NPhS, 229, 177

Piran, T. 1999, PhR, 314, 575

Punsly, B. 2009, Black Hole Gravitohydromagnetics (Berlin: Springer)

Rees, M. J., & Meszaros, P. 1992, MNRAS, 258, 41P

Rhoades, C. E., & Ruffini, R. 1974, PhRvL, 32, 324

Rueda, J. A., & Ruffini, R. 2020, EPJC, 80, 300

Rueda, J. A., Ruffini, R., Karlica, M., Moradi, R., & Wang, Y. 2020, ApJ,
893, 148

Ruffini, R. 1974, in Astrophysics and Gravitation, 349

Ruffini, R., Melon Fuksman, J. D., & Vereshchagin, G. V. 2019a, AplJ,
883, 191

Ruffini, R., Moradi, R., Rueda, J. A., et al. 2019b, ApJ, 886, 82

Ruffini, R., Moradi, R., Rueda, J. A., et al. 2021, MNRAS, 504, 5301

Ruffini, R., Rueda, J. A., Muccino, M., et al. 2016, ApJ, 832, 136

Ruffini, R., Wang, Y., Aimuratov, Y., et al. 2018, ApJ, 852, 53

Ruffini, R., & Wheeler, J. A. 1971a, PhT, 24, 30

Ruffini, R., & Wheeler, J. A. 1971b, ESRO, 52, 45

Schmidt, M. 1963, Natur, 197, 1040

Shklovskii, I. S. 1953, DoSSR, 90, 983

Shklovskii, I. S. 1968, SvA, 11, 749

Shklovskij, I. S. 1969, Supernovae (New York: Interscience)

Thorne, K. S., Price, R. H., & MacDonald, D. A. 1986, Black Holes: The
Membrane Paradigm (New Haven, CT: Yale Univ. Press)

van Paradijs, J., Groot, P. J., Galama, T., et al. 1997, Natur, 386, 686

Wald, R. M. 1974, PhRvD, 10, 1680

Wang, Y., Rueda, J. A., Ruffini, R., et al. 2019, ApJ, 874, 39

Wiltshire, D. L., Visser, M., & Scott, S. M. 2009, The Kerr Spacetime
(Cambridge: Cambridge Univ. Press)

Woosley, S. E. 1993, AplJ, 405, 273



Monthly Notices

MNRAS 511, L35-L39 (2022)
Advance Access publication 2021 December 14

https://doi.org/10.1093/mnrasl/slab126

What does lie at the Milky Way centre? Insights from the S2-star orbit
precession

C. R. Argiielles,"">3* M. F. Mestre,'* E. A. Becerra-Vergara,>>>* V. Crespi,! A. Krut,>?

J. A. Rueda “?3*¢7* and R. Ruffini>*%’

YFacultad de Ciencias Astrondmicas y Geofisicas, Universidad Nacional de La Plata, Paseo del Bosque, BI9OOFWA La Plata, Argentina
2ICRANet, Piazza della Repubblica 10, I-65122 Pescara, Italy

3ICRA, Dipartimento di Fisica, Sapienza Universita di Roma, P.le Aldo Moro 5, I-00185 Rome, Italy

4Instituto de Astrofisica de La Plata, UNLP & CONICET, Paseo del Bosque, BI9OOFWA La Plata, Argentina

SGIRG, Escuela de Fisica, Universidad Industrial de Santander, Bucaramanga 680002, Colombia

9ICRANet-Ferrara, Dipartimento di Fisica e Scienze della Terra, Universita degli Studi di Ferrara, Via Saragat 1, I-44122 Ferrara, Italy
7INAF, Istituto de Astrofisica e Planetologia Spaziali, Via Fosso del Cavaliere 100, 1-00133 Rome, Italy

Accepted 2021 November 30. Received 2021 November 29; in original form 2021 September 10

ABSTRACT

It has been recently demonstrated that both, a classical Schwarzschild black hole (BH), and a dense concentration of self-
gravitating fermionic dark matter (DM) placed at the Galaxy centre, can explain the precise astrometric data (positions and radial
velocities) of the S-stars orbiting Sgr Ax. This result encompasses the 17 best resolved S-stars, and includes the test of general
relativistic effects such as the gravitational redshift in the S2-star. In addition, the DM model features another remarkable result:
The dense core of fermions is the central region of a continuous density distribution of DM whose diluted halo explains the
Galactic rotation curve. In this Letter, we complement the above findings by analysing in both models the relativistic periapsis
precession of the S2-star orbit. While the Schwarzschild BH scenario predicts a unique prograde precession for S2, in the DM
scenario, it can be either retrograde or prograde, depending on the amount of DM mass enclosed within the S2 orbit, which, in
turn, is a function of the DM fermion mass. We show that all the current and publicly available data of S2 cannot discriminate
between the two models, but upcoming S2 astrometry close to next apocentre passage could potentially establish if Sgr Ax is

governed by a classical BH or by a quantum DM system.

Key words: stars: kinematics and dynamics — Galaxy: centre — Galaxy: structure —dark matter.

1 INTRODUCTION

The most effective method to explore the nature of the supermassive
compact object at the centre of our Galaxy, Sgr A, has been
the tracing of the orbits of the S-cluster stars. This astrometric
data acquisition has been performed by two leading groups, one
of which started a significant progress in constraining the central
object mass (Eckart & Genzel 1997; Schodel et al. 2002; Gillessen
et al. 2009, 2017; Genzel et al. 2010). More recently, this group has
incorporated the GRAVITY instrument of the VLT, allowing us to
detect the gravitational redshift of the S2-star (Gravity Collaboration
et al. 2018a), to detect flares or hotspots close to Sgr Ax (Gravity
Collaboration et al. 2018b), and to detect the relativistic precession
of the S2-star orbit of about 12 arcmincycle’! as predicted by the
Schwarzschild BH (Gravity Collaboration et al. 2020). In parallel, a
second group reached similar constraints to the mass of the central
compact object in Sgr A% (Ghez et al. 1998, 2005, 2008; Boehle et al.
2016), mainly operating with the Keck, Gemini North, and Subaru
Telescopes, using the Adaptative Optics technique. This group has
recently confirmed the detection of the S2-star relativistic redshift

* E-mail: carguelles@fcaglp.unlp.edu.ar (CRA); eduar.becerra@icranet.org
(EAB-V); jorge.rueda@icra.it (JAR)

© 2021 The Author(s)
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(Do et al. 2019), converging with the first group in an estimate of the
central object mass of about 4 x 10° M.

From these two observational campaigns, the inference on the
nature of Sgr Ax has been reached on the ground of novel theoretical
understandings. A recent important result has been obtained in
Matsumoto, Chan & Piran (2020) (see also Tursunov et al. 2020), by
re-considering the flare emissions around Sgr A, emphasizing both,
that their motion is not purely geodesic, and establishing a limit on the
spin of a putative Kerr BH mass of |a| < 0.5. Soon after, in Becerra-
Vergara et al. (2020), it was introduced an alternative model to the
classical BH in Sgr Ax by re-interpreting it as a high concentration of
quantum self-gravitating DM made of fermions of about 56 keV ¢ =2
rest mass. This alternative approach can explain the astrometric data
of both the S2-star and the G2 object with similar accuracy than the
Schwarzschild BH scenario, but without introducing a drag force on
G2 which is needed in the BH case to reconcile it with the G2 post-
pericentre passage velocity data. An underlying assumption about
the nature of such a DM quantum core is its absence of rotation,
which is well supported by recent upper bounds on the spin of the
central BH of @ < 0.1, based on the spatial distribution of the S-stars
(Al et al. 2020; Fragione & Loeb 2020; Peilker et al. 2020). The
first results obtained in Becerra-Vergara et al. (2020) within the DM
scenario have been further extended in Becerra-Vergara et al. (2021)
by considering the 17 best resolved stars orbiting Sgr A, achieving
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Figure 1. Relativistic periapsis precession A¢ per orbit as a function of
the darkino mass as predicted by the RAR DM models for the S2-star. The
precession is retrograde for m < 56.4 keV ¢ =2 while it becomes prograde for
m > 56.4 keV c¢~2 (see also Table 1).

an equally good fit than in the BH paradigm. Remarkably, such a
dense DM core is the central region of a continuous distribution
of DM whose diluted halo explains the Galactic rotation curves
(Argiielles et al. 2018; Becerra-Vergara et al. 2020, 2021). Core-
halo DM distributions of this kind are obtained from the solution
of the Einstein equations for a self-gravitating, finite-temperature
fluid of fermions in equilibrium following the Ruffini-Argiielles—
Rueda (RAR) model (Ruffini, Argiielles & Rueda 2015; Argiielles
et al. 2016, 2018, 2019, 2021; Gémez et al. 2016; Gomez & Rueda
2017; Becerra-Vergara et al. 2020, 2021; Penacchioni et al. 2020;
Yunis et al. 2020). These novel core-halo DM profiles, as the ones
applied in this Letter, have been shown to form and remain stable in
cosmological time-scales, when accounting for the quantum nature
of the particles within proper relaxation mechanisms of collisionless
fermions (Argiielles et al. 2021). There are other alternative scenarios
for Sgr Ax involving a compact object of quantum nature, e.g.
a boson star composed of ultralight scalars (see e.g. Torres et al.
2000). However, unlike the ~50-345 keV c~2 fermionic DM RAR
solutions, those boson stars do not explain the Galaxy rotation curves.

In this Letter, we focus the attention solely on the S2-star, which
has been continuously monitored in the last 27 yr, and shows one of
the most compact orbits around Sgr A* with an orbital period of about
16 yr and a pericentre of 0.56 mpc (i.e. about 1450 Schwarzschild
radii of the 4 x 10° M, central object). Even though it is relatively
far from Sgr Ax where relativistic effects are feeble and hard to
detect, S2 is currently considered the best tracer of the Sgr Ax
gravitational potential. Being its most precise astrometric data taken
around pericentre passages, see e.g. Gravity Collaboration et al.
(2018a, 2020) and Do et al. (2019).

With the aim of making progress in disentangling the nature of
Sgr Ax, we analyse here the relativistic periapsis precession of the
S2-star in the above BH and DM scenarios. As the main result of
this work, it is shown that the precession of the S2-star within the
RAR DM model can be either retrograde or prograde depending
on the amount of DM mass enclosed within the orbit. The latter is
shown to be a function of the mass of the DM fermion (hereafter
darkino). In particular, we show that for a 56 keV ¢ =2 darkino mass,
the RAR model predicts a retrograde S2 orbit precession, while for
a slightly larger darkino mass of 58 keV c¢~2, it predicts a prograde
precession. The latter very much similar to the Schwarzschild BH
case. By fitting all the publicly available S2 astrometric data, we
conclude that none of the above scenarios about the nature of
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Sgr Ax can be currently discriminated. This is mainly due to the large
eccentricity of the S2 orbit, implying that its cumulative precession
has a better chance of detectability away from the pericentre passage
and closer to apocentre (Parsa et al. 2017). Consequently, we assess
at which epoch during the S2 orbital motion these scenarios can be
disentangled, being the S2 high precision data beyond 2019 of utmost
importance for this task.

2 PRECESSION OF THE S2 ORBIT

In both models here considered for Sgr Ax, the spherically symmetric
space—time metric can be written as ds* = A(r)c>d”® — B(r)dr* —
r2(d9? + sin 26d¢?), where (r, 8, ¢) are the spherical coordinates, c is
the speed of light, and A(r), B(r) are the metric functions to be found
by solving the Einstein field equations. For the Schwarzschild BH
model, such equations can be solved analytically leading to: A(r) =
1 — 2GMgy/(c*r) and B(r) = 1/A(r), where G is the gravitational
constant and Mgy is the BH mass. For the RAR DM model, the
system of Einstein equations is solved numerically for A(r) and B(r),
together with the Tolman and Klein thermodynamic equilibrium
conditions, and the (particle) energy conservation along geodesics
(Argtielles et al. 2018). These metric potentials are not analytic
and their radial dependence depend on the boundary-value problem
specified to have solutions that agree with the galaxy observables.
A solution of the RAR DM model for the case of the Milky Way,
with specific boundary conditions that agree either with the overall
rotation curve, the orbits of the 17 best resolved S-cluster stars, and
the G2 object, was presented in Becerra-Vergara et al. (2020, 2021)
for a darkino mass of 56 keV ¢ 2.

A necessary condition to be fulfilled by the RAR DM profiles
in order to explain the S2 orbit, is that the corresponding DM core
radius (r.) be smaller than the S2 pericentre (which for the case of
m=>56keVc?2isr, ~04 mpc < rys,) = 0.56 mpc). However,
as first understood in Argiielles et al. (2018), and further detailed
here, more compact DM cores with r. < rys,) (under fixed Milky
Way halo boundary conditions) can also explain the S-cluster stellar
orbits for different darkino masses. Thus, in this Letter, we explore
other Milky Way RAR profiles from m = 55 to 60 keV ¢ 2, which
will be essential to compare the properties of the S2 orbit precession
for different central DM concentrations.

The equations of motion (e.o.m.) of a test particle in the
above space—time metric, assuming without loss of generality the
motion on the plane § = 7/2, are i = E/(c?A(r)); ¢ = L/r?;
i=[=A'(r) ¢ i>=B'(r) i>+2r $*1/(2 B(r)), where E and L
are, respectively, the conserved energy and the angular momentum
of the test particle per unit mass, the overdot stands for derivative
with respect to the proper time 7, while the superscript comma
(") denotes derivative with respect to the radial coordinate r. We
perform the numerical integration of the e.o.m. with a Dormand—
Prince algorithm (Strehmel 1988). In addition, the appropriate initial
conditions have been chosen in such a way that the test particle
motion starts at the apocentre, i.e. #(to) = 0, ¢(to) = 7, 1(To) = T,
and 7/(tp) = 0. We integrate the equations for a sufficiently long time,
which assures that the particle performs more than two consecutive
orbits, so we can compute the net precession of the real orbit over two
consecutive cycles. For instance, denoting the time of apocentre in
two consecutive orbits, respectively, as fypo1 and f,p02, the precession
of the real orbit over those two cycles is A¢p = P (tapo2) — P(fapo1)-

We start by analysing the effects of different DM core concentra-
tions with corresponding darkino masses, on the precession A¢ (as
defined above) for the S2-star. For this task, we use all the publicly
available astrometric measurements (Do et al. 2019) that include
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Table 1. Comparison of the BH and RAR DM models that best fit of all the publicly available data of the S2 orbit.

Model Mco re AMpm/Mco p Ta (x> Ag Aday
[10° Mol [mpc] [as] [as] [arcmin] [arcmin]
1 RAR (m =55keVc2) 3.55 0.446 1.39 x 1072 0.01417 0.23723 2.9719 —26.3845 —32.1116
11 RAR (m = 56 keV c2) 3.50 0.427 5.99 x 1073 0.01418 0.23618 3.0725 —4.9064 —5.9421
I RAR (m=57keVc?) 3.50 0.407 221 x 1073 0.01417 0.23617 3.2766 4.8063 5.8236
IV RAR (m=58keVc2) 3.50 0.389 7.13 x 1074 0.01424 0.23609 3.2814 7.7800 9.4243
A% RAR (m =59 keVc2) 3.50 0.371 293 x 1074 0.01418 0.23613 3.3356 9.0456 10.9613
VI RAR (m =60keVc?) 3.50 0.355 1.08 x 1074 0.01423 0.23610 3.3343 9.8052 11.8764
BH 4.07 3.89 x 107* 0 0.01427 0.23623 3.3586 11.9501 14.4947

The second column shows the central object mass, Mco. For the Schwarzschild BH model, Mco = Mgy, while for the RAR model, Mco =
M, with M, the DM core mass. The third column shows the radius of the central object, r.. For the Schwarzschild BH model, r. is given by the
event horizon radius, Rsey, = 2GMpg/c?. The fourth column shows the DM mass enclosed within the S2 orbit, AMpm/Mco. The best-fitting
pericentre and apocentre radii of the S2 orbit are given, respectively, in the fifth and sixth columns. The values of the average reduced-y? of
the best fits, defined as in Becerra-Vergara et al. (2020), are given in the seventh column. The last two columns show, respectively, the model
predictions of the periapsis precession of the real orbit, A¢, and of the sky-projected orbit, Aggyy.
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Figure 2. Relativistic precession of S2 in the projected orbit on the plane of the sky as predicted in the BH and RAR DM models. While it is prograde for the
BH and RAR (m = 58 keV ¢~2) (in dashed black and green, respectively), it is retrograde for the RAR DM model (m = 56 keV ¢ 2) (in dashed red). The solid
(theoretical) curves and grey (data) points correspond to the first period (*21994-2010) while the dashed (theoretical) curves and cyan (data) points to the second
period (~2010-2026). Right-hand panels: zoom of the region around apocentre (top panel) and pericentre (bottom panel). The astrometric measurements are

taken from Do et al. (2019).

data obtained from the instruments NIRC on Keck I (1995-2005) and
NIRC2 on Keck II (2005-2018). In Fig. 1, we show A¢ as a function
of the darkino mass m, within a narrow particle mass range around
56 keV c~2. In the BH case, the precession of the orbit per cycle
is given by the well-known expression A¢py = 6nGMpgp/[c*a(l —
¢%)], which is always prograde (A¢ > 0) and for a 4.07 x 10° Mg
BH mass and the S2 orbital parameters gives 12 arcmin. In the DM
case, A¢ has no analytic expression, but the numerical solutions
show that it increases non-linearly from negative to positive (i.e.
from retrograde to prograde) with the darkino mass (see Fig. 1).

Given the DM quantum core is surrounded by an extended and
more diluted DM mass, there are two competing effects in the RAR
model which lead to three different possibilities for the S2 orbit
precession. The effects can be roughly separated into a prograde
effect caused by the gravitational potential of the DM core lying
inside the S2 pericentre (similar to a relativistic point-like source),
and aretrograde effect caused by the gravitational potential generated
by the extended mass between the pericentre radius rp, and the
apocentre radius ry, i.e. AMpy = [’ :"’ 4mtr? ppm(r)dr. Due to the
scaling behaviour of the core-halo RAR profiles with the underlying
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Figure 3. Relativistic precession of S2 as manifested in the right ascension as a function of time after last pericentre passage, where effects are more prominent.
BH model (Left-hand panel) and RAR model for m = 56 keV c? (Right-hand panel).

four free parameters of the theory (Argiielles et al. 2018, 2019), both
effects are related to each other. That is, the larger the darkino mass
is, the more compact the DM core is (resembling more and more
the BH case; Argiielles et al. 2018), with consequent less extended
mass fraction AMpy/M.. The above leads to: (i) Prograde precession
(A¢ > 0) as shown in Fig. 1 and occurring for m > 56.4 keV c—2
with a corresponding DM core mass of M. = 3.50 x 10°M,. In this
case, the retrograde effect due to the extended DM mass AMpu/M.
is not enough to compensate for the prograde one. For larger fermion
masses, this prograde trend gets closer to the Schwarzschild value
of 11.95 arcmin, and is approached for m ~ 345 keV ¢ ™2, the mass
value for which the DM core becomes unstable against gravitational
collapse into a ~4.2 x 10° My BH (Argiielles et al. 2018). (ii) Null
precession (A¢ = 0) occurring for m = 56.4 keV ¢~ % with M, =
3.50 x 10°M when the above two effects balance each other.
(iii) Retrograde precession (A¢ < 0), as shown in Fig. 1 for m <
56.4 keV c=2 when the fraction of the DM core mass AMpu/M.
between rps,) and rys,) is large enough. As detailed in Table 1,
such a threshold value of AMpy/M. below which its associated
retrograde effect becomes negligible (and thus the precession is
always prograde) is ~ 0.1 per cent. Moreover, for m > 57 keV ¢ 72,
the fraction of extended mass, Mpm/Mco, falls below 0.1 per cent, in
agreement with the current bounds for an extended mass within the
S2 orbit in the Schwarzschild BH case (Gravity Collaboration et al.
2020).

Then, we proceed to compare the predictions on the periapsis
precession of the S2-orbit analogous to that of Fig. 1, i.e. calculated
at apocentre, but in the plane of the sky (A¢g) for seven different
models: one Schwarzschild BH and six RAR DM models for the
Milky Way (i.e. already reproducing its rotation curve) with m from
55 and up to 60 keV ¢ 2. The obtained values of A¢gy are given
in the last column of Table 1, together with each set of free model
parameters (e.g. Mgy for the BH model and M. for RAR at each given
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m) that best fits the astrometry data of S2. Some a posteriori model
properties including the DM core radius . and the extended DM
mass fraction AMpwm/M. are included in the table. The best-fitting
models are obtained following the procedure of Becerra-Vergara et al.
(2020), where the full set of best-fitting orbital parameters of S2 (for
m = 56 keV ¢2) can also be found.

Fig. 2 shows the relativistic precession of S2 projected orbit, in
a right ascension—declination plot. It can be there seen that while
the positions in the plane of the sky nearly coincide about the last
pericentre passage in the three models, they can be differentiated
close to next apocentre. Specifically, the upper right-hand panel
evidences the difference at apocentre between the prograde case (as
for the BH and RAR model with m = 58 keV ¢2) and the retrograde
case (i.e. RAR model with m = 56 keV ¢ ).

The same conclusion can be better evidenced, and quantified, by
showing the S2 orbit precession effects in right ascension (X) as a
function of time, as predicted by each of the above two models. This
is plotted in Fig. 3 showing the clear difference in X between two
consecutive periods, each one starting at about the pericentre passage.
The first period is shown by the long-dashed blue curve, and the
second period is shown by the short-dashed red curve which extends
beyond the last pericentre passage, where the predicted precession
in each model is more evident. Indeed, the BH case (left-hand panel)
shows a prograde trend with a maximal shift of AX & 0.7 mas at
2026.0 with respect to the former period (and being ~0.4 mas at
2021.2), while the RAR (m = 56 keV c¢~2) case (right-hand panel)
shows a retrograde trend with a maximal shift of AX ~ 0.3 mas at
2026.3 with respect to the former period (being AX =~ (0.2 mas at
2021.2).

Unfortunately, the publicly available data in the relevant time-
window of Fig. 3 are only a few data points within the first period
[shown in blue dots and obtained from Do et al. (2019)], where the
large error bars impede to discriminate between the models. Even if
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the improved S2 astrometric resolution obtained by the GRAVITY
Collaboration between 2018 and 2019.7 reaches the 0.1 mas, it covers
the range around pericentre passage where the predicted AX in both
models is too low to safely discriminate between these models.

3 DISCUSSION AND CONCLUSIONS

In this Letter, we have demonstrated that unlike the classical
Schwarzschild BH prograde precession for the S2 orbit, when
assuming a quantum DM nature for Sgr Ax according to the RAR
model, it can be either retrograde or prograde depending on the
amount of DM mass enclosed within the S2 orbit. Such a trend,
in turn, depends on the darkino mass. We have shown that within
the current astrometric resolution for S2, upcoming data close to
the next apocentre passage have a good chance to validate one of
the above predicted directions of the orbital precession. Additional
constraints to the darkino mass could arise from the orbits of the
faint stars S62 and S4714 whose pericenters have been estimated to
be about one order of magnitude smaller than that of S2 (Peiflker
et al. 2020). If confirmed, the fermion mass would need to be
larger (~100 keV ¢~2) for the quantum core to be compact enough
to lie inside those pericentre distance and produce such elliptic
orbits.

Finally, we outline some astrophysical and cosmological conse-
quences of the RAR DM model, in addition to the present results. The
RAR model predicts a mechanism for supermassive BH formation
in the high-redshift Universe when the dense core of DM reaches its
critical mass for gravitational collapse (Argiielles et al. 2021). For a
darkino mass of about 50 keV ¢ =2, such a critical mass is ~10% M.
This numerical value can be affected by the additional accretion of
baryonic matter on the darkino core. Furthermore, the RAR model
provides as well the quantum nature and mass of the DM particles,
and the morphology of the DM profiles on inner halo scales. As
recently shown in Argiielles et al. (2021), the formation of core—halo
RAR DM profiles is predicted within violent relaxation mechanisms
with the following key properties. (i) They form and remain stable
within cosmological time-scales. (ii) They are wuniversal, ranging
from the scales of dwarfs up to the galaxy cluster scales (Argiielles
et al. 2019). (iii) On inner halo scales, the RAR density profiles
develop an extended plateau (similar to Burkert profiles), thereby not
suffering from the core-cusp problem associated with the standard
Lambda cold dark matter cosmology (see e.g. Bullock & Boylan-
Kolchin 2017).
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Following the GRB 170817A prompt emission lasting a fraction of a second, 108s of
data in the X-rays, optical, and radio wavelengths have been acquired. We here present
a model that fits the spectra, flux, and time variability of all these emissions, based on
the thermal and synchrotron cooling of the expanding matter ejected in a binary white
dwarf merger. The 1073 Mg, of ejecta, expanding at velocities of 109 cms™!, are powered
by the newborn massive, fast rotating, magnetized white dwarf with a mass of 1.3M¢,
a rotation period of 2>12s, and a dipole magnetic field ~ 100 G, born in the merger
of a 1.0 + 0.8M white dwarf binary. Therefore, the long-lasting mystery of the GRB

*Based on a talk presented at the Sixteenth Marcel Grossmann Meeting on Recent Developments
in Theoretical and Experimental General Relativity, Astrophysics and Relativistic Field Theories,
online, July 2021.
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170817A nature is solved by the merger of a white dwarf binary that also explains the
prompt emission energetics.

Keywords: Gamma-ray bursts; white dwarfs; white dwarf mergers.

1. Introduction

GRB 170817A is a short gamma-ray burst (GRB) whose prompt emission lasts
less than a second, as was detected by the gamma-ray burst monitor (GBM)
onboard the NASA Fermi Gamma-ray Space Satellite,!? and confirmed by INTE-
GRAL. It was subsequently associated with GW170817, a gravitational wave signal
reported by the LIGO/Virgo Collaboration about 40 min after the Fermi-GBM cir-
cular.* These initial data were then associated with the optical-infrared-ultraviolet
source AT 2017gfo, which started to be observed about 12h (x4 x 10%s) after
the GRB trigger.”® Further data of GRB 170817A have been in the mean time
acquired in the X-rays and in the radio from 10°s after the GRB trigger, and still
ongoing.

It has been well established that short GRBs are produced by neutron star
binary (NS-NS) mergers.” 11 Therefore, it is not surprising that GRB 170817A
was labeled as such from the very beginning,!*'? despite the fact that it had
been soon recognized that GRB 170817A was observationally very different from
typical short GRBs.? Indeed, a comparison of GRB 170817A in the gamma-rays,
X-rays and in the optical with typical short GRBs led'® to suggest that GRB
170817A looks more like a white dwarf binary (WD-WD) merger rather than an
abnormal, special or unique NS-NS merger.* Identified additional sources similar to
GRB 170817A and have proposed an alternative interpretation of them as WD-WD
mergers.

In the mean time, 10%s of data of GRB 170817A have been acquired in the
X-rays, in the optical, and in the radio wavelengths, besides just the MeV radi-
ation of the prompt emission. These observations have indeed led to alternative
explanations. In fact

e The NS-NS merger interprets the associated optical counterpart AT 2017gfo as a
nuclear kilonova produced by the decay of r-process, which yields in the matter
ejected in the merger.> 8

e The experimental confirmation of the nuclear kilonova needs a univocal spectro-
scopic identification of the atomic species present in the ejecta.'® 12 This has not
been achievable in view of lack of available accurate models of atomic spectra,
the nuclear reaction network, density profile, and details of the radiative trans-
port (opacity). Other mechanisms can also explain the photometric properties
of AT 2017gfo, for instance the cooling of the expanding ejecta of a WD-WD
merger.'32% We will further elaborate this scenario in this paper.

e The NS-NS merger leading to a jet propagating throughout the ejected matter
appears in conflict with recent data by the Chandra X-ray Telescope at 107-10%s
after the GRB trigger.?!:22
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In view of all the above, we here explore further and extend the suggestion
by Ref. 13 of GRB 170817A being the product of a WD-WD merger, adding new
observations all the way up to 10%s.

e The possibly observed re-brightening in the X-ray afterglow of GRB 170817A at
1000 days agrees with the predicted appearance of the pulsar-like activity of the
newborn WD from a WD-WD merger.!3:20

e The rate of GRB 170817A-like events is well explained by the rate of WD-WD

mergers.!3:20

e Interestingly, the host galaxy of GRB 170817, NGC 4993 distant at about 40
Mpec, is an old elliptical galaxy.! Elliptical old galaxies are amply recognized as
preferred sites of type Ia supernovae produced by the so-called double-degenerate

scenario, namely, by WD-WD mergers.?3:24

The aim of this paper is to extend the treatment of Ref. 20 on WD-WD mergers,
and exploit the analogy with the synchrotron emission in the X-rays, optical and
radio bands in the afterglow of long GRBs?° 2% to determine the emission of WD-
WD mergers across the electromagnetic spectrum. Then, we apply the above con-
siderations to the luminosity in the X-rays, optical and radio wavelengths observed
in the afterglow of GRB 170817A.

We here show the prominent role of rotation and its effect on the synchrotron
emission from the interaction of the newborn rotating object with the ejected mat-
ter in the merger. This process is energetically predominant and has been neglected
in traditional simulations of these merging systems. The ejected matter expands in
the magnetic field of the newborn fast rotating WD, which injects rotational and
accretion energy into the expanding ejecta. While expanding, the ejecta radiate
energy across the electromagnetic spectrum due to thermal cooling and synchrotron
emission. We evidence that the newborn WD becomes observable as a pulsar when
the synchrotron radiation fades off. The amount of mass ejected, the mass, rota-
tion period, and strength of the magnetic field of the newborn WD are the most
important features that determine the electromagnetic emission of the system.

We show that the above process leads to a hard-to-soft evolution of the emitted
radiation with specific decreasing luminosities that approach a distinct power-law
behavior. The late-time luminosity is dominated by the pulsar activity of the new-
born object, therefore the asymptotic power-law gives information on the param-
eters of the newborn central object. The total energy radiated during the whole
evolution is dominated by the energy injected and radiated from the central WD,
so it is covered by its rotational energy.?? Energy and angular momentum conser-
vation allow to infer, for instance, the spin and magnetic field of the newborn WD
directly from the light-curve of the source, prior to any detailed fit of the observa-
tional data with the theoretical model (see Refs. 26-28, for the case of long GRBs).

We apply the above considerations to GRB 170817A and show the agreement of
the WD-WD merger scenario with all the available observational multiwavelength
data from the gamma-rays all the way down to the radio wavelengths. This paper is
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organized as follows. In Sec. 2, we formulate the general physical conditions of the
WD-WD coalescence that constrain the parameters of the newborn WD formed
at merger. Section 3 presents an estimate of a possible mechanism leading to a
gamma-ray prompt emission in these mergers, and how it compares with GRB
1780817A. Section 4 is devoted to the analysis of the WD-WD post-merger early
optical-infrared-ultraviolet emission by thermal cooling, and how it compares with
AT 2017gfo. In Sec. 5, we present the theoretical model of the synchrotron emission
powered by the newborn WD, and how it leads to a multiwavelength emission (from
the radio to the gamma-rays). A comparison with the emission of GRB 170817A
t > 10%s is presented. We outline our conclusions in Sec. 6. We use cgs units
throughout.

2. Merging Binary and Post-Merger Remnant

The fate of the central remnant of a WD-WD merger with a total mass near (below
or above) the Chandrasekhar mass limit can be one of the three possibilities: (i) a
stable newborn WD, (ii) a type la supernova, or (iii) a newborn neutron star. Sub-
Chandrasekhar remnants can lead either to (i) and (ii), while super-Chandrasekhar
remnants produce either (ii) or (iii). Super-Chandrasekhar remnants are supported
by angular momentum, so they are less dense and metastable objects whose final
fate is delayed until the excess of angular momentum is loss, e.g. via magnetic
braking, inducing its compression.30-3!

We are here interested in WD-WD mergers leading to stable, massive, sub-
Chandrasekhar newborn WDs with a mass 2 1.0M. These WDs can have rotation
periods as short as ~0.5s (see Ref. 32) and can also avoid the trigger of unstable
burning leading to type Ia supernova providing its central density is kept under
some critical value of a few 10° gcm=3.3!

Numerical simulations of WD-WD mergers show that the merged configuration

has in general three distinct regions:3!:33739

a rigidly rotating, central WD, on top
of which there is a hot, convective corona with differential rotation, surrounded by
a rapidly rotating Keplerian disk. Roughly, half of the mass of the secondary star,
which is totally disrupted, goes to the corona while the other half goes to the disk.
The above implies that little mass is ejected in the merger. Numerical simulations
show that the amount of expelled mass is approximated by Ref. 39

0.0001807

~ —0.01672 + 0.2463¢ — 0.6982¢2 + ¢*’

me; ~ h(q) M, h(q) (1)

where
1+
M =my +mo = <Tq) ma, (2)
is the total binary mass, and ¢ = my/my < 1 is the binary mass ratio. Equation (1)
tells us that for a fixed total binary mass, the larger the mass symmetry, the smaller
the mass that is ejected. Thus, for a fully symmetric mass ratio, ¢ = 1, the amount
of expelled matter becomes mej ~ 3.4 10~4M.
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WD-WD merger simulations show two important ingredients for our model.
First, the central remnant (the newborn WD) is degenerate, namely, massive
(2 1.0My), fast rotating, and magnetized.3! Second, although the amount of
expelled matter is negligible with respect to the total mass of the system, the
ejecta are crucial for the electromagnetic emission in the post-merger evolution.

We start with a double WD with components of mass m; and ms, with corre-

sponding radii R, and Ry. We shall make use of the analytic mass-radius relation*®

Ri  0.0225 /1 — (mi /M)
R@ N /1 (mi/Mcrit)1/3 ’

where i = 2 is the molecular weight, and

5.816 M
Mepit = TQ

is the critical mass of (carbon) WDs, M and R are the solar mass and radius.
Since little mass is expelled, we estimate the newborn WD mass as

2+
mwd%M—md=m1+m2—md%<2—qq)m2, (5)

(3)

~ 1.4 My, (4)

where we have approximated the disk mass by mg ~ ms/2, according to numerical
simulations. Combining Egs. (2) and (5), we obtain

14+¢
M~2—=) myd, 6
(2+Q>md (6)

and using Egs. (1) and (6), we obtain
24 q Mej
Myd | —— . 7
‘ (1+Q> 2h(q) 7

As we shall see in Sec. 6, the above equations allow us to infer, from the inferred
mass of the ejecta from the fit of the multiwavelength data of GRB 170817A, the
parameters of the merging components and of the newborn WD.

3. The Prompt v-Ray Emission

GRB 170817 was first detected by the GBM on board the Fermi satellite.? The
gamma-ray emission was confirmed by INTEGRAL.?

GRB 170817A is as a short burst with a duration (Tyg) of 2.048s, as reported
in the NASA/HEASARC database.* We performed a Bayesian spectral analysis of
the Fermi-GBM data by using the Multi-Mission Maximum Likelihood Framework
(3ML, see Ref. 41), and the best model is selected by comparing the deviance
information criterion (DIC, see Refs. 42, 43). We first fit the data with a single
power-law function, and obtained a DIC value of 3138. We then compare this model
to the blackbody (Planck) spectrum over the same time interval, and obtained a

ahttps://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html.
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Fig. 1. Spectral fits of vF, spectrum for the entire pulse (—0.320 to 1.984s) of the Fermi-GBM
observation of GRB 170817A. This time interval is the best fit with a Comptonized function, with
a cutoff energy F. = 500 + 317keV, a = —1.42 £+ 0.18, and time-averaged flux is (1.84 4+ 0.82) X
10~ "ergs™! cm™? (see Sec. 3 for details of the data analysis).

DIC value of 3146. We also fit the data with a Comptonized (i.e. a cutoff power-law,
hereafter CPL) function, and obtained a DIC value of 3128. The CPL model leads
to a DIC improvement of 10 with respect to the power-law model, and of 18 with
respect to the blackbody model, which suggests the CPL as the model that best
fits the data. We refer to Refs. 44-48 for a detailed Bayesian analysis of the data
and the reduction procedure applied to GRBs.

As discussed above, the entire pulse (—0.320 to 1.9845s) is best fitted by a CPL
with a cutoff energy E. = 500 + 317keV and power-law index a@ = —1.42 + 0.18
(see Fig. 1). The time-averaged flux is (1.84 4 0.82) x 10~ "ergs™!ecm—2. With
the measured cosmological redshift of z = 0.009783, corresponding to a source
distance of ~ 43 Mpc, the isotropic energy released in this time interval is estimated
to be (4.161’?:%2) x 10%6 erg. The nonthermal energy released at energies above
1 MeV corresponds to only 2.82% of the emission corresponding to ~ 1.17 x 10*° erg.
Therefore, most of the energy is released below MeV energies, which corresponds
to ~4.04 x 1040 erg.

We here advance the possibility that the v-ray prompt emission of GRB 170817A
occurs from activity in the merged magnetosphere. We could think of the WD pulsar
magnetosphere in an analogous way as the NS pulsar magnetosphere, therefore
the presence of the strong magnetic field and rotation produces the presence of a
electric field by Faraday (unipolar) induction.*® Numerical simulations show that
the merger forms a transient hot corona with temperatures 108-10° K that cools
down rapidly mainly by neutrino emission.?' Therefore, thermal production of e*e™
pairs can occur for short time before it cools below the pair formation energy
threshold. The charged particles are accelerated by the electric field to then follow
the magnetic field lines generating both curvature and synchrotron photons. Since
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the magnetic field lines are curved, photon—photon collisions occur roughly in all
directions, so the majority of the photons with energy in excess of m.c?
into pairs again and generate a thermal plasma. A minority of photons escape along
the rotation axis (see below), leading to the observed nonthermal emission above
1 MeV.

The cross-section of the vy — e~ e™ process is given by

can decay

3o = =, = = 1+ B
Oy = == (1= 5%) [2B(6* =2) + (3 = BY) In | —= | | , (8)
16 1-p5
where o7 ~ 6.65 x 10725 cm? is the Thomson cross-section, and 3 is the e~ (or e™)
velocity (in units of ¢) in the center of momentum frame

= 2
p= \/1 B EincErgt (1 — cosl)’ (9)

being €nc.tgt = €inc.tat/(Mec?) the normalized energy of the incident and target
photons which collide making an angle § measured in laboratory frame.

Photons emitted along the curved magnetic field lines are expected to be
absorbed since they will be radiated nearly isotropically. In this case, (cos#) ~ 0
and the cross-section becomes maximal at €nc€et ~ 4, and 0., ~ op/4. Under

these conditions, the v~ optical depth is

Ltgto"y’y ~ Ltgt €inc 0T
ATTr cergy 64T mecd’

Tyy = Mgt OyyT = (10)
where 7 is the source size and ng is the density of target photons, which we
have estimated as nigt & Ligt /(47 1% C €4gt), where Lygt is the luminosity emitted at
energies larger than the target photon energy.

For a transient hot corona, most photons are emitted at energies around the
peak of the Planck spectrum, which for a temperature of a few 10° K implies €j,c ~
€rgt ~ SkT ~ 1MeV. Assuming a source size r ~ Ryq ~ 10° cm, and a target
luminosity Ligt ~ 4mR20T* ~ 105 ergs™!, the optical depth (10) 7., ~ 101°.

The above conditions imply that most photons interact generating an optically
thick pair plasma which explains the dominant blackbody component observed
by Fermi-GBM. The observed nonthermal component is explained if ~ 1% of the
photons escape from the system, which can occur near the rotation axis of the WD.
There, the interaction angle could approach values as small as cosf ~ 1, thereby
reducing drastically the photon—photon cross-section.

4. Thermal Cooling of the Ejecta as Origin of the Kilonova

The second observed emission associated with GRB 170817A is the optical counter-
part at about 0.5 d after the Fermi-GBM trigger, i.e. AT 2017gfo.”%5%:5! For the
modeling of this thermal emission of the expanding ejecta, we must take into account
that in a nonhomogeneous distribution of matter, the layers reach transparency at
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different times. For simplicity, we consider the ejected matter as a spherically sym-
metric distribution extending at radii r; € [Ry, Rmax], with corresponding velocities
V; € [Us, Umax], in self-similar expansion

T’Z'(t) = 7"@07?”, Ui(t) =nNn = ’Ui’otAn_l, (11)

where £ = t/ty, being t,. = nR. o/vs o the characteristic expansion timescale, which

is the same for all layers in view of the condition of self-similarity. Here, r; o and

v;,0 are the initial radius and velocity of the layer (so at times ¢ < ¢, close to the

beginning of the expansion. The case n = 1 corresponds to a uniform expansion.
The density at the position r = r; is given by

R 3—m -1 r —-m
(=) ") () e

where me; is the total mass of the ejecta, and m is a positive constant. The distri-
bution and time evolution given by Eq. (12) ensure that at any time the total mass
of the ejecta, i.e. the volume integral of the density, is always equal to me;.

We divide the ejecta into N shells defined by the N + 1 radii

(Rmax,O - R*,O)

(3 —m) me;
4m Ri,o

p(ri) =

rio=Rio+1 N , 1=0,1,.... N, (13)

so the width and mass of each shell are, respectively, Ar = (Rmax,0 — R«0)/N, and
rita A

m; = / 42 p(r)dr =~ 3rz-2p(ri)Ar, (14)
T4 m —

so in view of the decreasing density with distance, the inner layers are more massive
than the outer layers. The number of shells to be used must be chosen to satisfy
the constraint that the sum of the shells mass gives the total ejecta mass, i.e.

N
ij = mej, (15)
7j=1

where we have introduced the discrete index j = ¢ + 1 to differentiate the counting
of the shells from the counting of radii given by Eq. (13). In this work, we use
N =100 shells which ensures that Eq. (15) is satisfied with 99% of accuracy.
Under the assumption that the shells do not interact with each other, we can
estimate the evolution of the ith shell from the energy conservation equation

E; = —P; Vi — Leool,i + Hinj,i, (16)
where V; = (47/3)r3, E;, and P; are the volume, energy, and pressure of the shell,
while Hiy;; is the power injected into the shell, and

CEi

e 17
i (1 + Topt,i) (17)

Lcool,i ~
is the bolometric luminosity radiated by the shell, being 7,p¢,; the optical depth.
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Assuming a spatially constant, gray opacity throughout the ejecta, the optical
depth of the radiation emitted by the ¢th layer is given by

Topt,i = / kp(r)dr = / kp(r)dr = Ti’0£_2n, (18)

o0 anax

<&>m—1_< R* >m—1
m—3 KMMej T anax

m—1 47TR370 X R, \™ 3
Rmax

where we have used Eq. (12), and & is the opacity.

We adopt a radiation-dominated equation of state for the ejecta and, improving
with respect to Ref. 20, accounting for the radiation pressure, i.e.

E; =3PV, + L, . (20)
e

The power injected into the ejecta originates from the newborn central WD.?"
This energy is absorbed and thermalized becoming a heating source for the expand-
ing matter. The power-law decreasing density (12) suggests that the inner the layer
the more radiation it should absorb. In order to account for this effect, we weigh
the heating source for each shell using the mass fraction, i.e.

" Hog (21)

ej

Hinj,i =
where m; is the shell’s mass, and adopts the following form for the heating source:

-
Hinj = Hj, (1 + é) , (22)
where Hy and 0 are model parameters. According to Ref. 20, power from fallback
accretion with Hy ~ 10% ergs™!, § ~ 1.3, and t. ~ t, (see Table 1), dominates the
energy release from the newborn WD at these early-times.

The photospheric radius at a time ¢ is given by the position of the shell that
reaches transparency at that time. Namely, it is given by the position of the shell
whose optical depth fulfills 7,p¢ ;[7i(t)] = 1. Using Eq. (18), we obtain

Rmax i\n
Ryn = 0 - —. (23
R* m— m—1
ATRZ o |1 — ( ) .
N m—1 Rnax Roax m £2n
m—3 KMej R,

Equation (23) shows that when the entire ejecta is optically thick, Rpn = Rmax-
Then, the transparency reaches the inner shells all the way to the instant over which
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Fig. 2. Left: emission from the expanding, cooling ejecta at early-times in the visible (r and V)
and in the infrared (i and K) bands, following the theoretical treatment of Sec. 6. Right: zoomed
view of the left panel figure at the times relevant for the comparison with the observational data
of AT 2017gfo.7-8:50,51

Rpon = R, reached at t = ti; , when the entire ejecta is transparent. The time ¢,
is found from the condition Topt, «[Rs(tr,«)] = 1, and is given by

fo = QT3 A ( R, >m_1 |\ I (24)
! m— 147R2 § \ Riax R, \" 3
- (w)

n(m-—3)
At t < tir «, the photospheric radius evolves as Ry o<t m-1 | while at later times,
Rpn o ™. For the parameters of our system, t, . ~ 10°s (see Fig. 2).
The bolometric luminosity is given by the sum of the luminosity of the shells

N
Lbol - Z LCOOl,j7 (25)
=1

so the effective temperature of the thermal blackbody radiation, T, can be obtained
from the Stefan—Boltzmann law, i.e.

(26)

where ¢ is the Stefan—Boltzmann constant. The power per unit frequency, per unit
area, is given by Planck’s spectrum

2mhy?
o2

B,(v,t) = [emtem — 1]7L, (27)

where v is the radiation frequency, h and k; are the Planck and Boltzmann con-
stants. Most of the thermal cooling is radiated in the visible, infrared and ultraviolet
wavelengths, which we refer to as optical. Therefore, the spectral density (power
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Table 1. Numerical values of the theoretical model
parameters that determine the thermal cooling of
the expanding ejecta which fits the data of AT
2017gf0 shown in Fig. 2.

Parameter Value
n 1.22
m 9.00
mej (1073 M) 1.00
Ry (10 cm) 4.00
vs,0 (102 cm s71) 1.00
k (cm? g~1) 0.20
Hp (10%° erg s—1) 8.16
0 1.30
te/ts 1.00

per unit frequency) given by the thermal cooling at a frequency v is
Jeool(V, ) = 4T R2) (1) By (v, 1), (28)

and the luminosity radiated in the frequency range [v1, /5] can be then obtained as

V2

Leoor (1, v2i ) = / Teowr (v, ). (29)

V1

Figure 2 shows the luminosity in the r, V', i, and K energy bands obtained from
Eq. (29), and compares them with the corresponding observations of AT 2017gf0.
For the fit of these data, we have set the parameters, as shown in Table 1.

The value of the parameter vmax,0 does not have any appreciable effect in the
evolution, so it cannot be constrained from the data. This happens because most
of the mass is concentrated in the innermost layers, so they dominate the thermal
evolution. For self-consistency of the model, we have set vmax,0 = 2040, a value
that keeps the outermost shell velocity well below the speed of light at any time in
the evolution. As for the initial value of the internal energy of the shells, F;(tg), we
have set them to the initial kinetic energy of each layer, E; = (1/2)m;v;(to)?.

There is a general agreement of the model with the observations, although it
cannot catch any detailed observational feature. There are some extensions to the
present model that can increase its accuracy. For instance, we can abandon the
assumption of spherical expansion allowing the layers to have a latitude-dependent
velocity. Such a detailed treatment goes beyond our present scope that is to show
the broad agreement of a WD-WD merger model with the multiwavelength data
but not a dedicated model of AT 2017gfo.

5. Synchrotron and WD Pulsar Radiation

We have shown above that the expanding matter reaches full transparency at about
10°s. After this time, the emission originated from the newborn WD as well as the
one originated in the ejecta itself, become observable. We here follow the treatment
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in Ref. 28 for the explanation of the X-ray afterglow of long GRBs as originating
from a newborn spinning NS powering the expanding SN. Here, we simulate the
emission generated in the X-rays, in the optical, and in the radio by the synchrotron
emission of electrons accelerated in the expanding magnetized ejecta, together with
the emission of the newborn spinning WD pulsar.

We show below that synchrotron radiation originating in the merger ejecta dom-
inates the emission up to nearly 10%s. We find evidence of the newborn WD pulsar
emission, owing to magnetic dipole braking, in the X-ray luminosity at approxi-
mately 10%s, when the synchrotron radiation was not fully overwhelming yet, and
then at times 108 s, when the synchrotron luminosity sufficiently decreased for the
WD pulsar emission to be fully observed (see Fig. 4 for details).

5.1. Synchrotron emission by the exrpanding ejecta

In this model, a fraction of the kinetic energy of the merger ejecta is used to
accelerate electrons that, owing to the presence of the magnetized medium provided
by the newborn WD, convert their kinetic energy into synchrotron radiation. The
electrons are continuously injected from the newborn WD into the ejecta. The
magnetic field threading every ejecta layer evolves as

B;o
thn

Bi(t) = Big [”’O r = 20 (30)

T (t)

where Bi(o) is the magnetic field strength at r = r; o, and p gives the spatial depen-
dence of the field at large distance from the newborn WD.

Because the electrons lose their energy very efficiently by synchrotron radiation
(see details below), we can simplify our calculation by adopting that the radiation
originates from the innermost layer of the ejecta, which we will denote to as R..
The evolution of this layer, following Eq. (11), is given by R.(t) = R. ot", v.(t) =
v*,ofn_l, t, = nR*,O/U*,O, and the magnetic field at its varying position decreases
with time as B, (t) = By ol "

The evolution of the distribution of radiating electrons is determined by the

kinetic equation accounting for the particle energy losses®?

ON(E,t) o .-
-t = JEN(E,t Et), 31
S22 = — B N(E, 1)+ Q(E.1) (31)
where Q(FE,t) is the number of injected electrons per unit time, per unit energy,
and F is the electron energy loss rate.
In our case, we assume electrons are subjected to adiabatic losses by expansion

and synchrotron radiation losses, i.e.

—FE= + BB.(t)*E?, (32)

Texp
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where 3 = 2e?/(3mc"), B(t) is the magnetic field, and
R, t t

Texp = — = — = —°, 33
ep === (33)
is the characteristic timescale of expansion.
In order to find the solution to the kinetic equation (31), we follow the treatment
of Ref. 53, adapted to our specific physical situation. We consider a distribution of
the injected particles following a power-law behavior, i.e.

Q(E,t) = Qo(t)E™", 0< E < Enax, (34)

where v and Fy,.x are parameters to be determined from the observational data,
and Qo(t) can be related to the power released by the newborn WD and injected
into the ejecta. We assume that the injected power has the form

—k
Linj (t) = Ly (1 + i) , (35)
tq
where Lo, t4, and k£ are model parameters. We have not chosen arbitrarily the
functional form of Eq. (35), actually, both the powers released by magnetic dipole
braking and by fallback accretion (see Eq. (22)) obey this sort of time evolution.
Therefore, the function Qo(t) can be found from

max 2_7

Fmax E E
Linj(t) = /O EQ(E,t)dE = /0 Qo(t)E*™dE = Qo(t)ﬁ, (36)

which using Eq. (35) leads to

Qo(t) = q (1 - i) - : (37)

tq

where go = (2 — ) Lo/ E5.3.-

Having specified the evolution of the ejecta by Eq. (11) and the magnetic field
by Eq. (30), as well as the rate of particle injection given by Egs. (34) and (37), we
can now proceed to the integration of the kinetic equation (31).

First, we find the evolution of a generic electron injected at time ¢ = t; with

energy F;. Integration of Eq. (32) leads to the energy evolution
By (t:/t)"

= — , (38)
14 MEitz' [577(1"'12“)_1 - gn(1+lzu)—1]
where we have introduced the constant
_ BBZot 39
Tn(l+2u) -1 (39)

which have units of 1/(energy x time"). In the limit ¢/¢t, > 1 and n = 1, Eq. (38)
reduces to Eq. (3.3) of Ref. 53, and in the limit ¢, — oo, reduces to the solution
presented in Sec. 3 of Ref. 52 for synchrotron losses in a constant magnetic field.
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The solution of Eq. (31) is given by

N(E,1) = /E OOQ[Ei,ti(t,Ei,E)]%dEi, (40)

where the relation t;(t, E;, E') is obtained from Eq. (38).

We can write N (FE,t) as a piecewise function of time, separating it into different
time intervals that allow simplifications and approximations depending upon the
physical situation at work, and on the behavior of the energy injection given by
Eq. (37). All the observational data of GRB 170817A are contained in the time
interval t < t, and at electron energies int he range Fj < E < FEnax (see definition
of t, and Ej below) where synchrotron losses are dominant. Under these conditions,
the solution of Eq. (40) is well approximated by

90 2un —(v+1)
BN A DN t <t
BBZ,(y—1) | =l
N(E,t) ~ . LK (41)
Wovl) (t_q) ek p=0tl g <t <,
*,0 - *
and we have defined
52;1,71—1 1
Eb — W, tb — t*(Mt:'EmaX)m (42)

With the knowledge of N(FE,t), we can proceed to estimate the synchrotron
spectral density (energy per unit time, per unit frequency) from Jeyn(v,t)dv =
Pyyn (v, EYN(E,t)dE, where Pyyy, (v, E) is the synchrotron power per unit frequency
v, radiated by a single electron of energy E. Most of the synchrotron radiation
is emitted in a narrow range of frequencies around the so-called photon critical
frequency, ¢ it. Thus, we can assume electrons emit the synchrotron radiation at

VA Verit & B, E?, (43)

where a = 3e/(4mm2c®). This gives a relation between the electron energy and the
radiation frequency, and Puyy (v, E) can be approximated to the bolometric power

Piyn(v, E) = Py (v) = BB?E*(v) = gB*I/. (44)

Within this approximation, the spectral density is
Jsyn (v, t) = Poyn (V)N (E, t)% (45)
It can be seen from Eq. (41) that in each time and frequency interval we can write
N(E,t) =nt'E~?, (46)

where 1 and the power-law indexes [ and p are known constants from Eq. (41).
With this, the spectral density (45) becomes

ﬁ p—3 ptl 2l—pn(p+1) 1—p
2

Jsyn (v, 1) = Pla Z B, 5t vz, (47)
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The synchrotron luminosity in the frequencies [v1, 2] can be then obtained as

vo
Lsyn(yl,yg;t):/ Jsyn (v, t)dv, (48)

1
which in a narrow frequency band from vy = v to vo = v + Av where Av/v < 1,

can be well approximated as

5 p—3 PEL . 2l—pn(p+1) 3—p

Loygn (v, t) R vdgyn (v, t) = —a' 2 nB.§ t z vz, (49)

where we have used Eq. (47).

5.2. WD evolution and pulsar emission

The central WD emits also pulsar-like radiation. We adopt a dipole 4+ quadrupole
magnetic field model.®* In this model, the total luminosity of spindown is

Lsd - Ldip + Lquad

2 . 16 R? (Q?
:Ei3943ip33d$n2X1<1+§215—7§——>, (50)
where the parameter ¢ defines the quadrupole to dipole strength ratio as
B ua
£ = \/cos2 Y2 4 10sin? y, 22u2d (51)
Bdip

and the modes can be separated: x; = 0 and any value of y2 for the m = 0 mode,
(x1,x2) = (90°,0°) for the m = 1 mode, and (x1,x2) = (90°,90°) for the m = 2
mode.

The WD evolution is obtained from the energy balance equation

_(W + T) = Lioy = Linj + Lsd, (52)

where W and T are, respectively, the gravitational and rotational energies of the
newborn WD. We can obtain an analytic, sufficiently accurate solution of Eq. (52)
by noticing the following. The power injected in electrons Liyj is larger than Lgg
and has a shorter timescale with respect to the spindown timescale (see Eq. (35)
and Fig. 5), so at ¢t < t,, we have Lot ~ Lin;. At later times, Lot ~ Lgq, so the
luminosity should approach the spindown luminosity

" —s
Lsd — Lsd,O (1 + _> 5 (53)
Tsd

where s = (np+1)/(ny, — 1), being n; the so-called braking index (n, = 3 for a pure
dipole and n, = 5 for a pure quadrupole), and 7y is the spindown timescale

1
S - ] 4
T A0 (54)
being A = (2/3)(B;,Ry.q)/(c’T), and Q the initial angular velocity of the WD.
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With the above, Eq. (52) is integrated analytically accounting for changes in
the WD structure. We describe the WD as an effective Maclaurin spheroid,®® so
the angular velocity, €, is related to the spheroid eccentricity, e, by

3 —2e2) (1 — e2)/2 arcsin(e 3(1—¢?
Q% = 21Gpg(e), gle) = ( )( ) ) - ( )7 (55)

e3 e2

where p = 3mya/(47R3 ;) is the density of the sphere with the same volume of the
spheroid, being myq and Ryq the corresponding values of the mass and radius of
the WD. The total energy of the spheroid is also a function of the eccentricity as

E=T+W =nGplyF(e), (56)
where Iy = (2/5)mwaR2,, and
_ »2)2/3 2 _ _ .2\1/6 2
Fle) =—-2+ 3(1—¢7) + (de” —3)(1 — ) arcsin(e) ~ —46 (57)

15’
being the last line a series expansion of the function F which is accurate enough
for low values of the eccentricity and which allows to give an analytic solution for

e2 e3

the eccentricity as a function of time.
Then, integrating Eq. (52) and using Eqgs. (56) and (57), we obtain

e(t) ~ %@), Q =~ \/27GpO(t), (58)

where
O(t) = —F(eo) + G(1), (59)
- L()tq i ok Lsd,OTsd L e
g(t)_—wGpIO(k—l) <1+tq> —1 +—7Tpro(S—1) <1+7_Sd) —1],
(60)

where eg is the initial value of the spheroid eccentricity, and we have used that the
function g(e) in Eq. (55) satisfies g(e) = —F(e), at the order of our approximation.
We recall that the moment of inertia changes with the eccentricity as I = Ip(1 —
e?)~1/3 x~ Iy(1 + €2/3). The corresponding parameters of the model that explains
the afterglow emission at different wavelengths are presented in the next section.

6. Model Parameters from the Multiwavelength Data

We proceed to determine the model parameters that best fit the GRB 170817A
afterglow. We list in Table 2 the value adopted for each parameter of the present
model to fit the multiwavelength data of GRB 170817A shown in Fig. 3. We did
not consider here data at MeV energies because it is only present in the prompt
emission that we have already discussed in Sec. 3 and is explained by a different
mechanism from the synchrotron radiation. There are observations in the 30 MeV-
10 GeV energy band by AGILES” which give upper limits ~ 10**-10%° ergs=! in
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Table 2. Numerical values of the theoretical
model of synchrotron radiation of Sec. 5 that
fit the multiwavelength observational data of
GRB 170817A as shown in Fig. 3.

Parameter Value
0 1.13
k 2.70
7 1.50
Lo (1039 erg s™1) 1.80
By (10° G) 1.00
Emax (105 mec?) 1.00
tqy (107 ) 1.22
¢ 0.00
Baip (100 G) 1.30
P (s) 12.21

1040, .
1038/“’*\%\
1036»

1034/%‘1«,\\%\*\!\

106 107 10°

time (s)

Luminosity (erg/s)

Fig. 3. Comparison of the theoretical (solid curves) light-curves with the observational data
(points) of GRB 170817A, in selected energy bands from the radio to the gamma-rays. The radio
data at 3 GHz have been taken from Refs. 56-63; the infrared (F606W HST band) data points
are retrieved from Refs. 63—64; the X-ray (0.3-10keV) data from CXO are taken from Ref. 66.

the time interval ~ 103-10°s. For the parameters of Table 2, no emission is indeed
expected at these energies because the maximum synchrotron radiation frequency
obtained from Eq. (43) falls below 10 GeV before ~10%s. The synchrotron lumi-
nosity vanishes at these energies at longer times.

Having discussed the gamma-rays, we turn now to the X-rays, optical and radio
emission. Figure 3 compares the absorbed luminosity predicted by the model (see
Sec. 4), as a function of time, in selected energy bands, with the corresponding
observational data of GRB 170817A. We have here included the X-ray data the
0.3-10keV energy band from the Chandra X-ray Observatory (CXO) including the
latest observations,’¢ the infrared data from the HST at ~5 x 10'* Hz,%37% and
the radio data at 3 GHz.%¢ 63,66

The model shows a satisfactory fit of the data in the X-rays, optical and radio
data, both where the luminosity rises, at times t ~ 105-107s, and where it fades
off, at t > 10”s. We show a closer view in Fig. 4 of the X-rays, optical, and radio
luminosities around the time of the peak luminosity. The synchrotron luminosity
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Fig. 4. Zoomed views of the radio (left), optical (center), and X-ray (right) luminosities around
transparency. The dashed curves represent the unabsorbed luminosities. The dotted curve in the
right panel shows the contribution from the newborn WD pulsar which causes the deviation from
the pure synchrotron power-law luminosity at times 23 X 107 s.

rises as a power-law while the energy injection is constant, i.e. up to t ~ t, =
1.2 x 107 s, while it decreases as a power-law at later times. Probably the most
interesting feature that can be seen from these zoomed views appears in the X-ray
emission, where we can see in addition to the synchrotron luminosity, evidence of
the WD pulsar emission owing to the magnetic dipole braking. The contribution
from the pulsar emission is seen first at t ~ 10°s when the synchrotron radiation
is rising but is still comparable with the pulsar spindown luminosity. Then, the
synchrotron luminosity takes over, reaches a peak at approximately 107 s, and then
decreases. While the optical and radio counterparts continue to fade with time as
dictated by the synchrotron radiation, the accuracy of the X-ray data of the CXO
presented in Ref. 66 allows to identify a clear deviation in the X-rays at a few 107 s
from such a power-law behavior. This is again the signature of the emergence of
the WD pulsar emission.

We have used the entity of this deviation to constrain the WD pulsar param-
eters. Since the pulsar emission depends on the WD radius (see Sec. 5.2), we first
estimated the mass of the newborn WD. To accomplish this task, we must apply the
considerations of Sec. 2. From the inferred mass of the ejecta, me; = 1073 Mg, (see
Table 1), we obtain an upper limit to the binary mass ratio via Eq. (7), by requesting
that the newborn object be a stable, sub-Chandrasekhar WD, i.e. myq < 1.4Mg,
which leads to ¢ < 0.87. According to this maximum mass ratio and the ejecta mass
value, Eq. (5) constraints the secondary mass to the range mo < 0.85Mg. With the
knowledge of ¢ and mqy, Eq. (2) constrains the total binary mass to M < 1.82M.
Thus, the primary component must satisty mq < 0.97Mq.

We assume that the newborn WD is stable, therefore it might have a mass close
but not equal to the Chandrasekhar mass, since some mass will be accreted via
matter fallback. Hereafter, we shall adopt in our estimates myq ~ 1.3Mg, so a
radius Ryq ~ 3.4 x 108 cm. With these WD structure parameters, we can proceed
to constrain the magnetic field strength and rotation period.

The X-ray emission data show that deviation from the pure synchrotron emission
behavior starts at ~3 x 10" s, and extends up to when we have data, namely, up to
~108s (see Fig. 4). This would suggest to chose this time for the spindown timescale
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Tsd, but at the moment it is only a lower limit to 7,q because the luminosity did
not reach yet the power-law given by the pulsar luminosity.

Hereafter, we assume a pure dipole (i.e. & = 0) because the fit of the X-ray
emission does not require at the moment the quadrupole component (see Fig. 4).
By eliminating the rotation angular velocity between the pulsar luminosity (50)
and the spindown timescale (54), we can express the magnetic field strength as

31/2.3/2]

- QS/QL;ngvded

Bdip ) (61)
where I is the moment of inertia. We can use Eq. (61) to give an upper limit to
Baip by setting as values of Lggq and 7yq, the values of the latest value of the X-ray
luminosity data, i.e. Lyg = Lx =~ 4.87 x 103 ergs™!, and 7,q ~ 10%s. With this,
we obtain an upper value Bqip max ~ 7.46 X 10 G. To this upper value of Baip, it

corresponds an upper value of the initial rotation period which can be obtained by
calculating Py = 27/Qq from Eq. (50), i.e.

1/4
2B3, RS
P,=2 ___dip’ wd 62
0 7T ( CSLsd ) ( )

from which we obtain Py max ~ 75.25s. We can further constrain the rotation period
by seeking for values of the magnetic field strength and rotation period in agreement
with the model presented in Sec. 3 for the prompt emission. Such a mechanism is
expected to release magnetic energy stored in the magnetosphere, i.e.

1

Ep ~ EB?lipR\?vd7 (63)
so we need a dipole magnetic field strength
B — 6EB 1/2 - 6Epr0mpt 1z (64)
wo\RL) T\ R '

If we assume that the entire energy of the prompt emission, Fprompt ~ 4.16 % 1046 erg
(see Sec. 3) is paid by the magnetosphere energy, we obtain a magnetic field Bgip =
9.61 x 10'° G. If we require the magnetic field energy to cover only the nonthermal
component of the prompt, i.e. 1.17 x 10%° erg (see Sec. 3), then the dipole magnetic
field becomes 1.30 x 10 G. For the above magnetic field values, Eq. (62) gives,
respectively, Py ~ 30s, and Py ~ 12s. The WD pulsar luminosity shown in Figs. 3
and 5 corresponds to the latter case.

The energy released (and injected into the ejecta) by the fallback accretion
phase is Ep, = Hot./(6 — 1) ~ 3.34 x 10*® erg. Energy and angular momentum
are transferred to the newborn WD during this phase, and since the rotational to
gravitational energy ratio of a uniformly rotating WD is of the order of 1072 32
the newborn WD has gained about a few 1046 erg of rotational energy during this
phase. This might produce at a rotation period decrease of the order of a second,
which confirms that the WD must be already fast rotating at birth.
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Fig. 5. Power injected into the ejecta by the newborn WD and the pulsar emission as given,
respectively, by Egs. (35) and (50). See the main text for further details.

In Fig. 5, we plot the power injected in energetic electrons from the WD, Liy;,
and the luminosity due to magnetic dipole braking, Lsq. Both components release
an energy of the order of 1046 erg. From the inferred rotation period of 12.21s, the
initial eccentricity turns out to be ey & 0.39, so the moment of inertia is about 5%
bigger than the one of the equivalent spherical configuration. Using the evolution
equations (58), we obtain that the moment of inertia, for instance from 10%*s to
10%s, changes in about 0.03%. This small change in the structure of the WD, and
the associated change in the rotational and gravitational energy, are sufficient to
pay for the energy released by the ongoing magnetospheric phenomena responsible
for the injection of particles into the ejecta and for the pulsar emission; see Sec. 5.2.

7. Conclusions

We have here addressed a self-consistent explanation of GRB 170817A, including
its associated optical emission AT 2017gfo, based on a WD-WD merger. The most
recent data of Chandra of the X-ray emission of GRB 170817A at ~ 10%s (~1000d)
after the GRB trigger,?"?? indicate an X-ray re-brightening. This is explained by
the emergence of the pulsar-like activity of the newborn WD (see Figs. 3 and 4),
as predicted in Refs. 13, 20. We have here inferred that the newborn object is
consistent with a massive (~ 1.3 M), fast rotating (P 2 12s), highly magnetized
(B ~10'° G) WD, formed in a 1.0 + 0.8 WD-WD merger (see Secs. 2 and 6).
The post-merger emission at different wavelengths is explained as follows. The
prompt gamma-ray emission detected by the Fermi-GBM, with a luminosity of
~ 107 ergs™! and observed duration of <1s, can be explained by the transient
hot corona produce at the merger. The high temperature produces photons that
undergo e~ e™ pair creation, the pairs are accelerated by the electric field induced
by the 10'® G magnetic field an the WD rotation, thereby producing photons. The
system is highly opaque to these photons (see Sec. 3) to the 7 pair production
process. Only a small percentage of photons is expected to be able to escape from
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the system along the polar axis, leading to the small amount of nonthermal emission
observed above 1 MeV, while the rest is expected to form a nearly thermal plasma.

The ejecta expand with velocities ~10° cms™!, and release energy by thermal
cooling (see Sec. 4) and synchrotron radiation (see Sec. 5), powered by the newborn
WD at the merger (see Sec. 5.2). Fallback accretion onto the newborn WD injects
energy into the ejecta at early-times, heating up the ejecta. The ejecta is optically
thick up to nearly 10°, so the ejecta cool by diffusion while it expands. The thermal
radiation is in agreement with the data of the early optical counterpart AT 2017gfo
(see Fig. 2). This explanation is markedly different from the nuclear kilonova from
decay of r-process synthesized heavy nuclei in an NS-NS merger ejecta.

The signature of the synchrotron radiation is identified from nearly 10° s, which
explains the rising and decreasing luminosities with the same power-law slopes in
the X-ray, optical and radio emissions (see Fig. 3 for details).

The X-ray data are essential for identifying the emergence of the newborn WD
as a pulsar. We have shown evidence of the pulsar emission around 10%s and at late-
times 108 s, causing the X-ray luminosity to deviate from the power-law emission of
a pure synchrotron emission (see Figs. 3 and 4). These data reveal a rotation period
>12s, and magnetic field of ~10'° G. The follow-up of the GRB 170817A X-ray
emission in the next months/years to come is crucial to confirm this prediction.

Summarizing, GRB 170817A /AT 2017gfo are explained by a WD-WD merger.
The 1073M expelled in the merger expand and radiates via thermal and syn-
chrotron cooling. The former explains AT 2017gfo and the latter the late-time X-
rays, optical and radio emission. In this line, the association of GW170417A with
GRB 170817A! is not confirmed in our treatment based on the new data in the
X-rays, optical, and in the radio up to 108s. Therefore, we indicate the necessity
to further inquire on the spacetime sequence of the early part of these events.

Indeed, WDs of parameters approaching the present ones have been already
identified, e.g. the WD in V1460 Her with P ~ 395, and the most recent observa-
tion of the WD in LAMOST J024048.51+195226.9 with P ~ 255.%9 WDs of similar
properties have been proposed as a model of SGRs and AXPs.”® ™ Therefore, the
newborn WD pulsar in GRB 170817A could show itself in the near future as an
SGR/AXP in the GRB 170817A sky position.
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