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2 Brief description

The main scientific activities of our group are in the field of X- and gamma-
ray Astrophysics and Astroparticle physics. The results from the data anal-
ysis of Swift XRT, NuStar, Chandra and Fermi LAT telescopes are used to
investigate the particle acceleration and emission processes in the different
classes of active galactic nuclei. The analysis of available data allows to in-
vestigate the emission processes and relativistic outflows in the most extreme
regimes (keV-TeV).
Below we present several abstracts from the papers published in 2017.

• On a GRB afterglow model consistent with hypernovae observations

We describe the afterglows of long gamma-ray-burst (GRB) within the con-
text of a binary-driven hypernova (BdHN). In this paradigm afterglows orig-
inate from the interaction between a newly born neutron star (νNS), created
by an Ic supernova (SN), and a mildly relativistic ejecta of a hypernova (HN).
Such a HN in turn result from the impact of the GRB on the original SN Ic.
The observed power-law afterglow in the optical and X-ray bands is shown to
arise from the synchrotron emission of relativistic electrons in the expanding
magnetized HN ejecta. Two components contribute to the injected energy:
the kinetic energy of the mildly relativistic expanding HN and the rotational
energy of the fast rotating highly magnetized νNS. As an example we re-
produce the observed afterglow of GRB 130427A in all wavelengths from
the optical (1014 Hz) to the X-ray band (1019 Hz) over times from 604 s to
5.18× 106 s relative to the Fermi-GBM trigger. Initially, the emission is dom-
inated by the loss of kinetic energy of the HN component. After 105 s the
emission is dominated by the loss of rotational energy of the νNS, for which
we adopt an initial rotation period of 2 ms and a dipole/quadrupole mag-
netic field of . 7× 1012 G/∼ 1014 G. This approach opens new views on the
roles of the GRB interaction with the SN ejecta, on the mildly relativistic ki-
netic energy of the HN and on the pulsar-like phenomena of the νNS. This
scenario differs from the current ultra-relativistic treatments of the afterglow
in the collapsar-fireball model and it is, instead, consistent with the current
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2 Brief description

observations of the mildly relativistic regimes of X-ray flares, γ-ray flares and
plateau emission in the BdHN.

• Comparing 3C 120 jet emission at small and large scales

Important information on the evolution of the jet can be obtained by compar-
ing the physical state of the plasma at its propagation through the broad-line
region (where the jet is most likely formed) into the intergalactic medium,
where it starts to significantly decelerate. We compare the constraints on the
physical parameters in the innermost (≤ pc) and outer (≥ kpc) regions of the
3C 120 jet by means of a detailed multiwavelength analysis and theoretical
modeling of their broadband spectra. The data collected by Fermi LAT (γ-
ray band), Swift (X-ray and ultraviolet bands) and Chandra (X-ray band) are
analyzed together and the spectral energy distributions are modeled using
a leptonic synchrotron and inverse Compton model, taking into account the
seed photons originating inside and outside of the jet. The model parameters
are estimated using the Markov Chain Monte Carlo method. The γ-ray flux
from the inner jet of 3C 120 was characterized by rapid variation from MJD
56900 to MJD 57300. Two strong flares were observed on April 24, 2015 when,
within 19.0 minutes and 3.15 hours the flux was as high as (7.46± 1.56) ×
10−6 photon cm−2 s−1 and (4.71± 0.92)× 10−6 photon cm−2 s−1 respectively,
with ≥ 10σ. During these flares the apparent isotropic γ-ray luminosity was
Lγ ' (1.20− 1.66)× 1046 erg s−1 which is not common for radio galaxies. The
broadband emission in the quiet and flaring states can be described as syn-
chrotron self-Compton emission while inverse Compton scattering of dusty
torus photons cannot be excluded for the flaring states. The X-ray emission
from the knots can be well reproduced by inverse Compton scattering of cos-
mic microwave background photons only if the jet is highly relativistic (since
even when δ = 10 still Ue/UB ≥ 80). These extreme requirements can be
somewhat softened assuming the X-rays are from the synchrotron emission
of a second population of very-high-energy electrons. We found that the jet
power estimated at two scales is consistent, suggesting that the jet does not
suffer severe dissipation, it simply becomes radiatively inefficient.

• Rapid Gamma-ray variability of NGC 1275

We report on a detailed analysis of the γ-ray light curve of NGC 1275 using
the Fermi large area telescope data accumulated in 2008-2017. Major γ-ray
flares were observed in October 2015 and December 2016/January 2017 when
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the source reached a daily peak flux of (2.21± 0.26)× 10−6 photon cm−2 s−1,
achieving a flux of (3.48± 0.87)× 10−6 photon cm−2 s−1 within 3 hours, which
corresponds to an apparent isotropic γ-ray luminosity of' 3.84× 1045 erg s−1.
The most rapid flare had e-folding time as short as 1.21± 0.22 hours which
had never been previously observed for any radio galaxy in γ-ray band. Also
γ-ray spectral changes were observed during these flares: in the flux versus
photon index plane the spectral evolution follows correspondingly a counter
clockwise and a clockwise loop inferred from the light curve generated by an
adaptive binning method. On December 30, 2016 and January 01, 2017 the
X-ray photon index softened (ΓX ' 1.75− 1.77) and the flux increased nearly
∼ 3 times as compared with the quiet state. The observed hour-scale variabil-
ity suggests a very compact emission region (Rγ ≤ 5.22× 1014 (δ/4) cm im-
plying that the observed emission is most likely produced in the subparsec-
scale jet if the entire jet width is responsible for the emission. During the
active periods the γ-ray photon index hardened, shifting the peak of the
high energy spectral component to > GeV, making it difficult to explain the
observed X-ray and γ-ray data in the standard one-zone synchrotron self-
Compton model.

• High Energy Gamma-Ray Emission From PKS 1441+25

We present the γ-ray observations of the flat-spectrum radio quasar PKS
1441+25 (z=0.939), using the Fermi large Area Telescope data accumulated
during January - December 2015. A γ-ray flare was observed in January 24,
when the flux increased up to (2.22± 0.38)× 10−6 photon cm−2 s−1 with the
flux-doubling time scale being as short as ∼ 1.44 days. The spectral analy-
sis shows that from April 13 to April 28, 2015 the MeV-to-GeV photon index
has hardened and changes in the range of Γ = (1.73− 1.79) for most of the
time. The hardest photon index of Γ = 1.54± 0.16 has been observed on MJD
57131.46 with 11.8σ which is not common for flat-spectrum radio quasars.
For the same period the γ-ray spectrum shows a possible deviation from
a simple power-law shape, indicating a spectral cutoff at Ecut = 17.7± 8.9
GeV. The spectral energy distributions during quiescent and flaring states are
modeled using one-zone leptonic models that include the synchrotron, syn-
chrotron self Compton and external inverse Compton processes; the model
parameters are estimated using the Markov Chain Monte Carlo method. The
emission in the flaring states can be modeled assuming that either the bulk
Lorentz factor or the magnetic field has increased. The modeling shows that
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2 Brief description

there is a hint of hardening of the low-energy index (∼ 1.98) of the under-
lying non-thermal distribution of electrons responsible for the emission in
April 2015. Such hardening agrees with the γ-ray data, which pointed out a
significant γ-ray photon index hardening on April 13 to 28, 2015.
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4 Comparing 3C 120 jet emission
at small and large scales

4.1 Introduction

The recent observations in the High Energy (HE; ≥ 100 MeV) γ-ray band
show that the extragalactic γ-ray sky is dominated by the emission of Active
Galactic Nuclei (AGNs) of different types. Dominant in these are blazars - an
extreme class of AGNs which have jets that are forming a small angle with
respect to the line of sight [92]. Blazars are very bright and luminous sources
known to emit electromagnetic radiation in almost all frequencies that are
currently being observed, ranging from radio to Very High Energy (VHE; >
100 GeV) γ-ray bands. Their broadband spectrum is mainly dominated by
non-thermal emission produced in a relativistic jet pointing toward the ob-
server. Other important class of γ-ray emitting AGNs observed by Fermi
Large Area Telescopes (Fermi LAT) are radio galaxies with relativistic jets
at systematically larger angles [4, 58]. Due to larger jet inclination angle as
compared with blazars, the jet emission is not significantly Doppler boosted,
making it less prevalent over such components as the radiation from mildly
relativistic outflows or emission from extended structures. This opened a
new window to have an insight into the particle acceleration and emission
processes in different components of AGNs.
The radio galaxy 3C 120, at a distance of ≈ 144.9 Mpc, is an active and pow-
erful emitter in all the observed wavebands. In the radio band, its character-
istics are closer to the Fanaroff-Riley class I radio sources [26] with a powerful
one-sided radio jet from sub-pc to 100 kpc scales [48]. The one-sided parsec-
scale jet has been studied by long baseline interferometry and superluminal
motion has been observed with apparent speed up to 4-6 c [50, 44, 43]. Re-
cently, using X-ray and radio observations, [63] found that the dips in the
X-ray emission are followed by ejections of bright superluminal knots in the
radio jet which clearly establishes an accretion-disk-jet connection. The kpc-
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4 Comparing 3C 120 jet emission at small and large scales

scale jet of 3C 120 has a complex structure with several knots, k4, k7, s2, s3,
and k25 (see Fig. 2 of [48], where on the 1.6 GHz radio contours the sec-
tion of the jet with knot labels is shown), detected in the radio, optical, and
X-ray bands [47, 48]. The knots are labeled by their distance from the core
in arcseconds (e.g., k4, k7) and the smooth sections of the jet detected in the
optical band [49] are labeled as s2 and s3. These knots appeared to have
interesting morphology and spectra, more tricky among which is the X-ray
emission from the knot k25: it has a very weak radio flux but it is bright in
the X-ray band. It is a real challenge for one-zone synchrotron emission sce-
nario to interpret the emission from k25 in case of which large deviation from
the minimal energy condition is required. It has been suggested that X-rays
might be produced through the synchrotron radiation of an electron popu-
lation distinct from that responsible for the radio emission [48]. Alternative
theories such as proton synchrotron emission [11] or inverse-Compton scat-
tering of CMB photons [96] have also been proposed. However, it is to date
not clear which is the exact mechanism responsible for the X-ray emission.
The core of 3C 120?s jet itself has interesting and peculiar features. It is very
bright in the X-ray band with a flux of ≈ 5× 10−11 erg cm−2s−1 at 2-10 keV,
variable on time scales from days to months [45]. The γ-rays from 3C 120
had been already detected by Fermi LAT during first 15 months? scan of the
whole sky [4] which was then confirmed by the data accumulated for two
years [58]. Also a long-term (several months) variability had been found us-
ing the five-year Fermi LAT data [81] with short periods (days and hours)
of brightening [89, 54]. Inverse Compton scattering of synchrotron photons
seems to be the mechanism responsible for the γ-ray emission from 3C 120
[89, 81] while the flares and the fast γ-ray variability are explained within
more complex structured jet scenarios [54].
Combining of the data derived at the sub-pc and kilo-parsec regions of the
same jet could greatly help to understand the features of powerful extra-
galactic jets, e.g., shed some light on the evolution and propagation of the
jets from the central engine to the outer regions, where the jet is starting to
significantly decelerate. This approach can be fruitfully applied to the sources
showing a large-scale jet long enough to be resolved by Chandra. Unfortu-
nately, the best-studied blazars do not tend to have well-studied large-scale
jets, precisely because the blazars are most closely aligned with the line of
sight, reducing the projected angular dimension of the large-scale jet. Thus,
only a few jets can be studied on both scales. The prominent features of 3C
120, e.g., the strong jet well resolved in both small (pc) and large (kpc) scales
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4.2 Observations and data analysis of central region

makes this object an ideal target for investigation of the processes occurring
in the powerful jet along its propagation.
The low statistics in the γ-ray band did not allow to study the flux changes
on sub-month scales (the light curves contain many upper limits). The recent
update of the Fermi LAT event-level analysis from PASS7 to PASS8 has signif-
icantly improved the event reconstruction and classification which increased
the sensitivity and improved the angular resolution. Combining this with the
data accumulated for a longer period (8 years) would significantly improve
the statistics allowing to perform a detailed study of the γ-ray flux evolution
in time. Also, the analysis of the Swift data will allow to explore the emis-
sion from the core region with the help of contemporaneous Spectral Energy
Distributions (SEDs). Moreover, due to several Chandra observations of the
large-scale jet of 3C 120 in 2001-2016, the overall exposure is large enough
to perform a spectral analysis of the X-ray data. This motivated us to have
a new look on the emission from the jet of 3C 120 in small and large scales
using the most recent data available.
The paper is structured as follows. The analyses of Fermi LAT and Swift
XRT/UVOT data are presented in Section 6.2. The analysis of Chandra data
is described in Section 6.3. The modeling of the emission from the core and
knots is presented in Section 6.4. The results are discussed in Section 5.5 and
summarized in Section 4.6.

4.2 Observations and data analysis of central
region

4.2.1 Fermi LAT data extraction

On board the Fermi satellite, LAT is a pair-conversion telescope designed
to detect HE γ-rays in the energy range 20 MeV - 300 GeV. Operating since
August 4, 2008, it is always in the survey mode by default, scanning the en-
tire sky every ∼3 hours, thereby providing continuous monitoring of γ-ray
sources. Details about the Fermi LAT can be found in [17].
In the current paper we analyze the data accumulated for 8 years, from the
beginning of the Fermi LAT mission up to August 8, 2016 (MET 239557417-
460339204). Fermi LAT Science Tool version v10r0p5 is used with the instru-
ment response function P8R2 SOURCE V6. The recently updated PASS8 ver-
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4 Comparing 3C 120 jet emission at small and large scales

Figure 4.1: The γ-ray light curve of 3C 120 from August 4, 2008, to August 4,
2016. (a) The bin intervals correspond to 90 days. (b) The light curve obtained
by adaptive binning method assuming 20 % of uncertainty. The change of
photon index is shown in the insert.

sion of the data in the energy range between 100 MeV - 300 GeV is analyzed.
The entire data set is filtered with gtselect and gtmktime tools and only the
events with a high probability of being photons evclass=128, evtype=3 have
been considered. The zenith angle cutoff > 90◦ is made to exclude atmo-
spheric γ-rays from the Earth limb that can be a significant source of back-
ground.
The photons from a circular Region of Interest (ROI) centered on VLBI radio
positions of 3C 120 (RA,dec) = (68.296, 5.354) are used in the analysis. The
photons are binned within 14.1◦ × 14.1◦ square regions with gtbin tool, with
a stereographic projection into 0.1◦ × 0.1◦ pixels. In order to account for the
emission from other sources within ROI, the model file is generated using
the Fermi-LAT third source catalog [7] and the sources within 10◦ + 5◦ from
the position of 3C 120 are included in the model file. Since 3C 120 is not in-
cluded in the catalog, a point-like source in the known location of 3C 120 was
added to the model file. The Galactic background component is modeled
using the LAT standard diffuse background model gll iem v05 rev1 and
iso source v05 ? for the isotropic γ-ray background. The normalization of
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4.2 Observations and data analysis of central region

background models as well as the fluxes and spectral indices of the sources
within 10◦ are left as free parameters during the analysis.

4.2.2 Temporal variability

In order to have SEDs with contemporaneous data for broadband model-
ing we created γ-ray light curves with different time binning. The γ-ray
light curve is calculated with the unbinned likelihood analysis method im-
plemented in the gtlike tool. (0.1− 300) GeV photons are used in the analysis
with the appropriate quality cuts applied in the data selection. The photon
indices of all background sources are fixed to the best guess values obtained
in full time analysis in order to reduce the uncertainties in the flux estima-
tions. The power-law index of 3C 120 is first considered as a free parameter
and then as a fixed one. Since no variability is expected for the background
diffuse emission, the normalization of both background components is also
fixed to the values obtained for the whole time period.
The light curve obtained for 90-day binning is shown in the upper panel of
Fig. 6.2. Before ≈ MJD 56000 (March 14, 2012), the source is mostly unde-
tectable by Fermi LAT: only in two of the total 15 cases, the source detection
significance exceeded the required threshold of 4σ. Then the source flux was
high enough to be detected by Fermi LAT, and up to≈MJD 56800 it remained
constant with no significant changes. Starting from ≈ MJD 56800, the flux
substantially increased up to a few times 10−7photon cm2 s−1 and remained
so till ≈ MJD 57350. The standard χ2 analysis revealed a highly variable γ-
ray flux, where the probability of the flux to be constant is p(χ2) << 5%. No
strong variation of the γ-ray photon index is found during the time under
consideration.
The active state identified above can be further investigated using denser
time sampling. However, considering the relatively weak flux, the light curve
will contain many upper limits preventing to make any conclusion. There-
fore, a light curve generated with an adaptive binning method is used. In
this method, the time bin widths are flexible and chosen to produce bins
with constant flux uncertainty [60]. This method allows detailed investiga-
tion of flux changes in time, since at times of high fluxes, the time bins are
narrower than during lower ones, therefore the rapid changes of the fluxes
can be found. In order to reach the necessary relative flux uncertainty, the
integral fluxes are computed above the optimal energies [60] (E0 = 183.2 MeV
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4 Comparing 3C 120 jet emission at small and large scales

in this case). Also, in order to improve the accuracy of the method, the flux of
bright sources which lie close to 3C 120 have been taken into account. This is
done by providing the parameters of confusing sources during the adaptive
binning light curve calculations.
For 20% adaptively binned intervals, light curve is generated for the en-
ergy range 100 MeV-300 GeV (lower panel in Fig. 6.2). As it is expected,
initially it took a long time to reach the necessary 20 % uncertainty. In-
deed, the first bin contains the data from the start of the mission to MJD
56919.31(19 September 2014), amounting to more than 6 years. Afterwards,
it took shorter time to reach the required uncertainty. The most dramatic in-
crease in the γ-ray flux was observed on April 24, 2015. First, within 19.0 min
the flux reached (7.46± 1.56) × 10−6 photon cm−2 s−1 with Γ = 2.29± 0.21
and 11.2σ detection significance. Then for another 3.15 hours it was as high
as (4.71± 0.92)× 10−6 photon cm−2 s−1 with Γ = 1.97± 0.14 and 12.7σ. Then
the flux slowly decreased down to a few times 10−7 photon cm−2 s−1 with the
bin size varying within 10 to 35 days. The source was in an active state up to
≈MJD 57300 and then turned again into its quiescent state, in which case the
data should be accumulated for '254 days.

4.2.3 Spectral analysis

In order to investigate the emission from 3C 120 in its quiet and active states,
the γ-ray spectra were extracted from the following periods:

1) long quiescent states, namely, between MJD 54682.65 and MJD 56919.31.

2) the active state after MJD 56919.31. The period overlaps with the Swift
observations on MJD 56934.19, 56937.70 and 5638.50. Although the
Swift observation lasted several thousands of seconds, in order to in-
crease the γ-ray photon statistics, the Fermi LAT spectrum was extracted
from 15 days (MJD 56919.31-56934.76), when the source showed a com-
parable flux level as inferred from the light curve obtained by an adap-
tive binning method.

The spectrum of 3C 120 was modeled as a power-law function (dN/dE ∼
N0 E−Γ) with the normalization and index considered as free parameters. In
order to find the best matches between the spectral models and events, a
binned likelihood analysis is performed with gtlike for the first period, while
an unbinned analysis was applied for the second one. The spectral fitting
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4.2 Observations and data analysis of central region

Table 4.1: Parameters of spectral analysis

Swift XRT
Obsid ΓX νFν reduced χ2

MJD ×10−11erg cm−2 s−1

37594002 1.42± 0.07 4.27± 0.18 0.43
37594004 1.53± 0.08 2.41± 0.11 0.75
37594042 1.76± 0.04 6.73± 0.15 1.21
37594048 1.72± 0.04 5.37± 0.12 1.05
37594049 1.80± 0.06 3.73± 0.13 0.86

Fermi LAT
date Flux Γ TS

10−8photon cm−2 s−1

2008/08/04-2014/09/19 2.87± 0.49 2.79± 0.08 179.43
2014/09/19-2014/10/04 24.9± 4.21 2.57± 0.16 90.5

Chandra
Region ΓX νFν reduced χ2

×10−14erg cm−2 s−1

k4 1.82± 0.10 15.97± 2.3 1.03
k7 2.72± 0.66 1.85± 0.82 1.03
s2 2.64± 1.26 0.78± 0.51 0.81
s3 2.14± 0.28 0.45± 0.37 0.89

k25 inner 1.63± 0.22 3.89± 1.42 0.98
k25 outer 1.62± 0.11 12.16± 1.9 0.79
k25 new 1.80± 0.19 6.28± 1.67 0.91

results are summarized in Table 4.1 and the plot of the SEDs is shown in Fig.
4.2. During the flaring periods, the γ-ray flux increased nearly by an order of
magnitude and the photon index hardened.

4.2.4 Swift observations

Swift satellite [29] observed 3C 120 in its γ-ray quiescent and active states. As
the X-ray flux varies as well (see www.bu.edu/blazars/VLBA GLAST/3c120.html),
we have selected the observations made on MJD 55252.70 and MJD 55800.25
when the X-ray flux also was low. During the γ-ray active state 3C 120 was
observed only three times, on MJD 56934.19, MJD 56937.70 and MJD 56938.50.
The data from two of the instruments on board Swift, the UltraViolet and Op-
tical Telescope (UVOT) and the X-Ray Telescope (XRT), have been used in the
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4 Comparing 3C 120 jet emission at small and large scales

analysis.

4.2.5 Swift XRT

The Swift-XRT observations were made in the photon counting (PC) (Obsid
37594002, 37594004) and windowed timing (WT) (Obsid 37594042, 37594048,
37594049) modes. The data were analyzed using the XRTDAS software pack-
age (v.3.3.0) distributed by HEASARC as part of the HEASoft package (v.6.21).
The source spectrum region was defined as a circle with a radius of 30 pixels
(∼ 71′′) at the center of the source, while the background region - as an an-
nulus centered at the source with its inner and outer radii being 80 (∼ 190′′)
and 120 pixels (∼ 280′′), respectively. For the PC-mode observation 37594004,
the count rate was above 0.5 count/s, being affected by the piling up in the
inner part of the PSF. This effect was removed by excluding the events within
a 4-pixel radius circle centered on the source position. Then, using xrtmkarf
task, ancillary response files were generated by applying corrections for the
PSF losses and CCD defects.
The spectrum was rebinned to have at least 20 counts per bin, ignoring the
channels with energy below 0.5 keV, and fitted using XSPEC v12.9.1a. The
results of the fit are given in Table 4.1 and the corresponding spectra are
shown in Fig. 4.2. The 0.5-6.0 keV spectrum is well fitted by an absorbed
power-law model with column density NH = 1.06 × 1021 cm−2. Although
the X-ray flux did not increase significantly (the highest flux of F0.5−6 keV '
(6.73± 0.15)× 10−11 erg cm−2 s−1 observed on October 4, 2014, exceeds the
lowest one ∼ 2.8 times), the X-ray photon index softened, changing in the
range of Γx = (1.76− 1.80) during the bright γ-ray periods.

4.2.6 Swift UVOT

In the analysis of the Swift UVOT data, the source counts were extracted
from an aperture of 5.0′′ radius around the source. The background counts
were taken from the neighboring circular region having a radius of 20′′. The
magnitudes were computed using the uvotsource tool (HEASOFT v6.21), cor-
rected for extinction according to [43] using E(B−V) = 0.256 from [45] and
zero points from [16], converted to fluxes following [40]. The corresponding
spectra are shown in Fig. 4.2. The optical-UV data points harden during the
flaring periods.
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4.3 Chandra observations of the knots

4.3 Chandra observations of the knots

In the public archive we found 5 observations (ObsId 3015, 16221, 17564,
17565, 17576) of 3C 120 with Chandra telescope, the overall observation time
being 251.86 ksec. We applied the standard data reduction procedure, using
the Chandra Interactive Analysis of Observations (CIAO) 4.8 with Chandra
Calibration Database (CALDB) version 4.7.2. We checked for flaring back-
ground events and did not find any significant flares. The readout streaks
were removed for each observation and the events files were then re-projected
to a single physical coordinate system (using observation 16221 as a refer-
ence). Also, to reduce the uncertainties caused by the position offsets of dif-
ferent observations, we made astrometric corrections, following the thread
from www.cxc.harvard.edu/ciao/threads/reproject aspect/. For each knot,
the source region and the background are selected based on the position and
shape given in Table 3 and Fig. 3 of [48].
We extracted the spectra and created weighted response files for each obser-
vation, using the specextract script. The knots spectra were rebinned using a
different count threshold depending on the total number of counts, and fitted
in the 0.5-10 keV energy range using a power-law with the Galactic absorp-
tion model (column density fixed at NH = 1.06× 1021 cm−2), where the index
and the normalization are allowed to vary freely. The spectral fit was done
with Sherpa using levmar optimization method and chi2datavar statistics.
The fitted spectral parameters are summarized in Table 4.1. The X-ray emis-
sion from the core is heavily saturated making it impossible to study the in-
nermost parts of the jet. However, the nearby k4 knot?s emission is well
resolved from the core, the X-ray spectral index being 1.82± 0.1 and the flux
being (1.60± 0.23) × 10−13 erg cm−2 s−1. The net counts from k7, s2 and s3
knots are relatively low < 50 (as compared with > 100 from other knots),
not enough for a detailed spectral fitting. The fitting resulted in a steep X-ray
slope (> 2.0) and a relatively faint X-ray flux (≤ 10−14 erg cm−2 s−1). Because
of low statistics and estimated large uncertainties, we did not consider them
further. Following [48] we also sub-divide k25 into inner, outer and new
regions which have different properties in the radio band (the inner refers
to the upstream edge and the outer refers to the western edge, see Fig. 3 of
[48]). The X-ray emission from all 3 regions has harder X-ray emission spectra
(≤ 1.8) with the X-ray flux varying within (3.89− 12.16)× 10−14 erg cm−2 s−1.
It is interesting to note that the flux of k25 outer is at the same level as
that of the bright k4 but with a significantly harder X-ray spectral index of
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4 Comparing 3C 120 jet emission at small and large scales

Figure 4.2: The broadband SED of 3C 120 core emission for quiescent (left)
and flaring (right) states. Left panel: The blue and red solid lines are the
synchrotron/SSC model fitting for two different X-ray fluxes, taking into ac-
count the radio data and assuming Swift UVOT data are upper limits. Instead
the dashed blue line is calculated assuming optical/UV emission is also pro-
duced by the jet. Right panel: The SED in flaring state fitting with one-zone
synchrotron/SSC (red solid line) and two zone SSC+ EIC (blue solid line)
models. The model parameters are presented in Table 2.

ΓX = 1.62± 0.11. The knot SEDs shown in Fig. 4.3 have been calculated by
sample energy flux in Sherpa.

4.4 Modeling the spectral energy distributions

4.4.1 The core region

The broadband SEDs of 3C 120 core?s emission in its quiescent and flaring
states are shown in Fig. 4.2 with the radio data (gray) from [42, 89] where the
data from the period corresponding to the γ-ray quiescent state of 3C 120 is
analyzed. As in the previous studies [42, 81, 89, 54] the SEDs hint at the exis-
tence of two nonthermal emission peaks in the IR/optical/UV and HE γ-ray
bands. The UVOT data revealed a rather hard optical-UV spectrum which
indicates that perhaps direct thermal emission from the accretion disk was
being observed [31, 36, 35].
Taking into account the results of the previous studies of other Fermi LAT-
observed radio galaxies [1, 5, 81, 89], the multiwavelength emission of 3C 120
is modeled using the synchrotron/Synchrotron Self-Compton (SSC) [62, 20,
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4.4 Modeling the spectral energy distributions

Table 4.2: Parameters obtained from the fit of the emission from the inner jet
of 3C 120 during quiescent and flaring states.

Parameter SSC(blue-dashed) SSC (red) SSC SSC+EIC

Doppler factor δ 4 4 6 4(6)

Normalization of electron distribution N′0 × 1050 eV−1 15292.18+34383.07
−10357.06 16.77+176.69

−14.02 1.96+2.75
−1.13 1713.92+19.88

−18.69(817.55+118.64
−117.96)

Electron spectral index α 3.12+0.15
−0.16 1.85+0.31

−0.22 2.79+0.16
−0.13 3.12± 0.22(3.24+0.89

−0.80)

Minimum electron energy E′min (MeV) 354.51+27.20
−24.55 228.18+92.19

−120.10 67.57+18.03
−20.65 117.23+11.80

−12.64(514.51+569.19
−352.58)

Cut off electron energy E′cut (GeV) 3.21+0.60
−0.46 4.61+1.63

−0.77 6.32+2.93
−1.48 1.68+0.42

−0.41(4.05+5.37
−2.10)

Maximum electron energy E′max (TeV) 2.30+3.84
−1.54 1.90+3.02

−1.26 1.83+2.19
−1.27 10.71+4.64

−6.56(54.56+75.36
−40.27)

Magnetic field B [G] 0.16+0.006
−0.007 0.0023+0.00025

−0.00018 0.86+0.11
−0.09 0.63± 0.12(0.11+0.11

−0.08)

Electron energy density Ue(erg cm−3) 1.02× 10−3 1.99× 10−2 0.14 4.39× 10−4(0.25)

Jet power in magnetic field LB × 1044 erg s−1 2.58 4.98× 10−4 0.22 38.34(0.0034)

Jet power in electrons Le × 1044 erg s−1 2.46 48.00 1.09 1.06(2.02)

34] and/or External Inverse-Compton (EIC) [86] models. The radio through
optical emission is due to the synchrotron emission of energetic electrons in
the homogeneous, randomly oriented magnetic field, while the X-ray to HE
γ-ray emission is due to the inverse Compton scattering of the same syn-
chrotron photons or photons of external origin.
In the flaring state (right panel of Fig. 4.2) the X-ray flux moderately increased
and the spectrum softened, while the HE γ-ray flux increased and its spec-
trum shifted to higher energies. Within the synchrotron/SSC or EIC scenarios
such modifications can be explained by means of introducing changes in the
electron acceleration, increase of the comoving radius and bulk Lorentz fac-
tor [72] or due to the contribution from external photons. Here we discuss
the following possibilities: (i) in the quiescent state the jet energy dissipa-
tion occurs close to the central black hole and the dominant mechanism is the
synchrotron/SSC emission, (ii) in the flaring period again the dominant pro-
cesses is SSC, although the emission region has a higher bulk Lorentz factor,
and (iii) the optical/UV/X-ray emission is due to the synchrotron/SSC emis-
sion from an extended and slow-moving region, while the HE γ-rays come
from a compact and fast-moving region, where EIC is dominating. This is
similar to the scenario adopted by [90] to explain the very fast VHE γ-ray
variations and the hard GeV spectrum of PKS 1222+216. The choice of this
scenario is justified since strong changes are observed only in the γ-ray band.
The emission region (the ”blob”) is assumed to be a sphere with a radius of R
which carries a magnetic field with an intensity of B and a population of rela-
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4 Comparing 3C 120 jet emission at small and large scales

tivistic electrons which have a power-law with an exponential cut-off energy
distribution expected from shock acceleration theories [52]:

N′e(E′e) = N′0
(

E′e/me c2
)−α

Exp[−E′e/E′cut] (4.4.1)

for E′min ≤′ Ee ≤ E′max where E′min and E′max are the minimum and maximum

electron energies, respectively. The total electron energy Ue =
∫ E′max

E′min
E′eN′e(E′e)dE′e

is defined by N′0, α is the electron spectral index and E′cut is cut-off energy.
Since the blob moves along the jet with a bulk Lorentz factor of Γbulk, the ra-
diation will be amplified by a relativistic Doppler factor of δ = 1/Γbulk(1−
βcos(θobs)), where θobs is the angle between the bulk velocity and the line of
sight. For 3C 120, the averaged bulk Lorentz factor has been estimated to
be Γbulk = 5.3 ± 1.2 [56, 22], while different mean values for θobs were ob-
tained in VLBI observations; θobs varies from 9.7◦ [51] to 20.5◦ [56]. So, we
assumed δ = 4 (e.g., θobs ∼ [15◦ − 20◦]) and δ ≈ 6 (e.g., θobs ∼ 9.7◦) for
the quiescent and flaring states, respectively. In the quiescent state, since
no significant γ-ray variability is observed (or it varies in a long period)
most likely the emission is produced in a large region for which we assume
R ≈ 4× 1017cm ∼ 0.1 pc. Instead, in the active state the fast γ-ray flares in
day/sub-day scales indicate that the emitting region size should be R/δ ≤
c× t× δ = 1.56× 1016 (t/1 day) (δ/6) cm.
In the flaring state, the inverse Compton scattering of external photons ei-
ther reflected from the BLR [86] or from the hot dusty torus [19, 32] can con-
tribute to the emission in the γ-ray band. For any reasonable assumption
about the jet opening angle (θ = 0.1◦) and Doppler boosting factor (δ = 6)
the γ-ray emission region is at the distance ∼ R/θ ≈ 2.3 pc well beyond the
radius of BLR (5.9− 7.4)× 1016 cm determined from reverberation mapping
[76]. In this case the dominant external photon field is the IR radiation from
the hot dusty torus which, as we assume, has a blackbody spectrum with
a luminosity of LIR = ηLdisk (η = 0.6) [36] and these photons are filling a
volume that for simplicity is approximated as a spherical shell with a radius
of RIR = 3.54× 1018(Ldisk/1045)0.5cm [69]. The accretion disk luminosity was
estimated using the Swift UVOT data points observed during the flaring peri-
ods. Reproducing the UVOT fluxes with the Shakura-Sunyaev disk spectrum
[84] fixing the peak energy at ∼ 10 eV, we obtained that the disk luminosity
Ldisk = 1.2× 1045 erg s−1 (see Fig.4.2 black dashed line), which is close to the
value obtained in [54].
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4.4 Modeling the spectral energy distributions

Figure 4.3: The SED of knots. The radio-to-optical data (black points) are from
previous studies and the X-ray data (red points) are derived in this paper.
Black lines are the IC/CMB model calculated for δ = 10, and blue lines are
the fit by the two-component synchrotron model.

27
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4.4.2 The large-scale jet emission

We assembled the 3C 120 knots? SEDs from the radio to X-ray bands, using
the radio-to-optical data from [48] (black points in Fig. 4.3) and the X-ray
data obtained in Section 6.3 (red points in Fig. 4.3). The X-ray flux is well
above the extrapolation from the radio-to-optical spectra and it hardens; this
is more evident for the k25 new where LX/Lrad ' 250. This confirms the
previous findings that two different components are necessary to explain the
radio-to-optical and X-ray emission from the knots of 3C 120.
The detected highly polarized emission led to a conclusion that the radio-
to-optical emission from the knots is of a synchrotron origin. The radiative
mechanism usually considered to explain the origin of the X-ray emission is
either the synchrotron emission from a second, much more energetic popu-
lation of electrons (e.g., [55, 48, 64, 79]) or the inverse Compton scattering on
various possible sources of soft photons, including the synchrotron photons
(SSC; e.g., [46]) and the cosmic microwave background photons (IC/CMB:
e.g., [91]). Most naturally, the X-ray emission could originate from IC scat-
tering of synchrotron photons with a density of Usyn = Lradio/4πR2

k4 c ≈
3.2× 10−14 erg cm−3 where Lradio ' 2.0× 1040 erg s−1 is the radio luminosity
of k4 and Rk4 ≈ 0.42 kpc is the knot size. When comparing the radio and X-
ray data it becomes clear that LSSC ≥ Lsyn (UB ≤ Usyn) which is satisfied only
if B ≤ 0.8 µG, which is in contradiction with the averaged value of ≥ 10 µG
usually estimated for the knots. In such a weak magnetic field, the observed
radio luminosity can be accounted for only if the particle energy (Ue) strongly
dominates over the magnetic field thus contravening the equipartition con-
dition. Because of this we only consider (1) the inverse Compton scattering
of CMB photons and (2) synchrotron emission from a second, much more en-
ergetic population of electrons. In the IC/CMB scenario, it is assumed that
the emitting region moves with a relativistic bulk Lorentz factor of Γbulk in
order to predict a larger X-ray luminosity, since in the jet frame the energy
density of CMB photons will be enhanced by a factor of Γ2

bulk. The condition
of LX−ray > Lradio is satisfied only if δ is at least 10. In contrast, if the X-
ray emission is produced by synchrotron radiation from a second population
of relativistic electrons with very high maximum energy, it is not required
to have a highly relativistic jet, and we assume δ = 1. Since the electrons
with high maximum energy would quickly cool down, most likely they had
been produced in a separate episode of acceleration, which occurred more
recently. Moreover, the second population of electrons can be produced in
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different parts of the knot [e.g., [70, 88]]. We do not go much into details, but
assume that there are two different electron populations responsible for the
emission.
In the IC/CMB scenario, the underlying electron distribution is given by Eq.
6.3.1 with the cutoff energy allowed to vary only for k4, where the optical
flux at ∼ 1014 Hz allows to constrain the HE tail of synchrotron emission,
while for the other knots it is fixed at Ecut = 100 GeV due to the lack of data.
In addition, a power-law distribution in the form of NPL ∼ E−αPL

e is added
to model the X-ray spectrum in the two-component synchrotron scenario.
Since the data are not enough to constrain Emax,PL, an artificial HE limit of
EPL,max = 1 PeV has been introduced, whereas EPL,min is left as a free param-
eter only ensuring that the flux from the second component does not exceed
the first one. In our calculations we used the shapes and sizes of the knots as
provided in [48]. To make the deviation from the equipartition condition as
less as possible, we define η = Ue/UB, which is used as a free parameter with
Ue during the fit. This will allow to find the optimum value for η when η = 1
does not give satisfactory representation of the data. In the two-component
synchrotron model, we fix η = 1 and perform fitting of the radio-to-optical
data. Then fixing this magnetic field, the X-ray data are fitted with the second
component.

4.4.3 Fitting technique

In order to constrain the model free parameters we have modified the naima
package [95] which derives the best-fit and uncertainty distributions of spec-
tral model parameters through MCMC sampling of their likelihood distribu-
tions. The prior likelihood, our prior knowledge of the probability distribu-
tion of a given model parameter and the data likelihood functions are passed
onto the emcee sampler function for an affine-invariant Markov Chain Monte
Carlo run. In the parameter sampling, the following expected ranges are con-
sidered: 1.5 ≤ (α, αPL) ≤ 10, 0.511 MeV ≤ E′cut ≤ 1 TeV and N0 and B are
defined as positive parameters. The synchrotron emission is calculated using
the parameterization of the emissivity function of synchrotron radiation in
random magnetic fields presented in [13] while the IC emission is computed
based on the monochromatic differential cross section of [12].
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Table 4.3: The parameters derived from the modeling of the knots SEDs.
Parameter k4 k25 inner k25 outer k25 new

U′e(Ue)[erg cm−3]× 10−12 111.8+16.49
−9.91 (531.52+110.7

−84.76) 20.65+9.95
−3.47(102.91+82.45

−45.22) 30.25+6.21
−2.73(48.56+26.11

−13.47) 7.43+2.89
−1.43(4.09+1.27

−0.63)

α 2.59± 0.03(2.48± 0.06) 2.44± 0.1(2.41+0.22
−0.26) 2.42± 0.04(2.20+0.17

−0.15) 2.62+0.14
−0.10(2)

E′min(Emin)[MeV] 24.01+3.62
−5.44(4.40+2.92

−2.31) 18.2± 10.6(3.39+3.57
−1.90) 22.23+5.53

−8.43(4.04+8.48
−2.92) 19.1+7.11

−8.57(1445.67+3852.81
−1198.91)

B′(B) [µG] 5.61(115.6) 2.35(50.85) 1.36(34.94) 0.93(10.14)

η 89.39+7.48
−12.75 94.04+49.8

−43.7 410.86+64.28
−104.94 214.3+162.67

−124.63

Ue,p(erg cm−3)× 10−14 6.01+5.85
−2.38 2.36+2.59

−1.19 7.22+3.01
−1.93 13.22+15.7

−5.62

αp 2.69+0.22
−0.18 2.66+1.15

−0.54 2.32+0.17
−0.18 2.73+0.29

−0.24

Emin,p[TeV] 2.83+3.22
−1.73 6.89+9.83

−5.17 5.31+5.65
−3.16 8.88+10.24

−6.78

LB × 1042 6.48(128) 71.26(333.7) 31.98(211) 0.67(3.69)

Le × 1044 5.81(1.28) 66.98(3.34) 131.45(2.11) 1.44(0.04)

4.5 Results and discussion

In this paper, the multiwavelength emission from the 3C 120 core is investi-
gated using the Swift XRT/UVOT and Fermi LAT data. Quiescent and flaring
states are identified and their modeling allowed to investigate the jet proper-
ties and physical processes that take place in the core where, most likely, the
jet is formed. On the other hand, the jet properties are also estimated at large
distances from the core using the Chandra X-ray data.
The adaptively binned γ-ray light curve showed that before MJD 56900 and
after MJD 57300, the source was in a quiescent state characterized by a rela-
tively faint γ-ray emission with the flux and the photon index consistent with
the previously reported values. Then, from MJD 56900 to MJD 57300, most
of the time, the source was in an effective γ-ray emitting state with rapid
γ-ray flares. During the bright periods, the γ-ray photon index hardened
and corresponds to ≈ 2.3 and ≈ 2.0. Two strong events with (7.46± 1.56)×
10−6 photon cm−2 s−1 and (4.71 ± 0.92) × 10−6 photon cm−2 s−1 within ac-
cordingly 19.0 min and 3.15 hours were detected on April 24, 2015, which
are the highest fluxes detected so far from 3C 120. At a distance of 144.9
Mpc, these correspond to an isotropic γ-ray luminosity of (1.20 − 1.66) ×
1046 erg s−1. The same value estimated for the quiescent state (the first bin
in Fig. 6.2 red data) is 2.85 × 1043 erg s−1. Yet, assuming δ = 6, the to-
tal power emitted in the γ-ray band in the proper frame of the jet would
be Lem,γ = Lγ/2 δ2 = (1.67− 2.31) × 1044 erg s−1 during the peak flux and
Lem,γ = 8.9× 1041 erg s−1 in a quiescent state (assuming δ = 4). Thus, during
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the peak emission, the energy released in the γ-ray band corresponds to large
fraction of Eddington luminosity (LEdd = 6.5× 1045 erg s−1 for the black hole
mass of 5.5× 107M� [73]) while it is a small fraction (∼ 1.4× 10−4) in the
quiescent state.
Usually the radio galaxies have a luminosity of ≤ 1044 erg s−1 [4, 8], and
the peak γ-ray apparent luminosity of (1.20− 1.66)× 1046 erg s−1 is unusual,
more characteristic for BL Lac objects. Such a strong γ-ray output observed
from 3C 120 is not surprising as the jet inclination angle is relatively small as
compared with other radio galaxies.
In the X-ray band, the average flux in the 0.5-10.0 keV range is around (2.4−
4.3)× 10−11 erg cm−2 s−1 in the quiet state and (5.4− 6.7)× 10−11 erg cm−2 s−1

in October 4-7, 2014 (active state). When the lowest and highest fluxes from
Table 4.1 are compared, a nearly 2.8 times increase of the X-ray flux is found,
but its amplitude is lower as compared with the substantial increase in the γ-
ray band. During the considered periods, the source spectra were always
hard, ΓX < 2.0. At bright γ-ray flares, the X-ray photon index softened
(1.72− 1.80) as compared with the hard photon index of 1.42− 1.53 in a qui-
escent state. The small change in the X-ray flux level and the photon index
softening might indicate that different mechanisms are contributing to the ac-
celeration and/or cooling of electrons which modifies the power-law index
and the minimum energy of underlying electrons.
The data accumulated during several observations of 3C 120 allowed to re-
solve and study the X-ray emission from the large-scale jet of 3C 120. In par-
ticular, the counts from k4 and k25 are high enough for detailed spectral anal-
ysis, resulting in a flux of≤ 1.60× 10−13 erg cm−2 s−1 with hard X-ray photon
indices≤ 1.8 which imply that most of the energy is released above 10 keV. It
is interesting to note that the X-ray flux of (1.22± 0.19)× 10−13 erg cm−2 s−1

from k25 outer located at ∼ 16 kpc from the core is of the order of the flux
from the nearby k4 at ∼ 2.5 kpc however with a much harder, ΓX = 1.62±
0.11, X-ray photon index.

4.5.1 The origin of emission from the inner Jet

The broadband emission modeling results obtained in the quiescent and flar-
ing states are shown in Fig. 4.2 with the corresponding parameters in Table
6.2. In the quiescent state, the X-ray spectra have different photon indicies,
ΓX = 1.42± 0.07 and 1.53± 0.08, this is why both spectra have been consid-
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ered during the fit. In the fit we also included the archival radio data from
the observations in the period when the source was in the quiescent state.
The radio emission can be produced from the low-energy electrons which are
accumulated for longer periods, so the the radio flux should not exceed the
presented limit. When both radio and optical/UV data are considered, in
order to have model which predicts emission below the radio flux, a larger
value of E′min is required. However, the increase of E′min would also affect the
flux predicted by SSC in the X-ray band; for example, the blue dashed line in
Fig. 4.2 illustrates the model for E′min ' 354.51± 25.91 MeV (summing the
errors in quadrature), beyond which the model predicts either a high radio
flux or a low X-ray flux. The magnetic field is B = 0.16 G with an energy
density of UB = 1.07× 10−3 erg cm−3, slightly higher than that of the elec-
trons, Ue = 1.02× 10−3 erg cm−3. This magnetic field energy density should
be considered as an upper limit, since the Swift UVOT data may represent
the direct thermal disc emission, so, in principle, the synchrotron component
can be much lower. Thus, in the second modeling, we assume that the low-
energy component is only defined by the radio data (blue and red solid lines
in Fig. 4.2). In this case the underlying electron distribution is characterized
by a harder power-law index (α = 2.22± 0.19 and α = 1.85± 0.27 for blue
and red solid lines respectively) and higher cut-off energy E′cut = 4.61± 1.27.
The magnetic field is significantly lower, B = 2.3× 10−3 G, and the jet should
be strongly particle-dominated to have the peak flux of the HE component
exceeding that of the low energy one. This particle dominance can be min-
imized assuming that the X-ray emission is of a different origin (e.g., from
another blob or from thermal Comptonization near the disk). When the op-
tical/UV and X-ray data are assumed as upper limits in the fit, a lower flux
from SSC emission is expected (gray line in Fig. 4.2 [left panel]) and now
Ue/UB ≈ 43.
When the SED in the flaring period is modeled considering SSC emission (red
solid line in Fig. 4.2 [right panel]) the electron distribution as well as the mag-
netic field should vary. As the X-ray spectrum is soft (ΓX = 1.8), the modeling
yielded a lower E′min = (67.57± 19.38) MeV and α ' 2.79± 0.15. As the γ-ray
spectrum is shifted to higher energies, then E′cut = (6.32± 2.32) GeV cutoff is
required. Since the emitting region radius decreases ∼ 25.6 times, in order to
produce a synchrotron flux of the same order (or higher), the magnetic field
should increase (0.86± 0.1 G), because the synchrotron emission depends on
the total number of the emitting electrons Ne, δ and magnetic field B. In this
case, the required electron energy density exceeds that of the magnetic field
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only 2.6 times, meaning there is no significant deviation from equipartition.
The radio data are also plotted as reference values, but we note that in the
flaring state the radio flux can also increase. However, the model does not
predict a flux that significantly exceeds the observed radio data.
In the right panel of Fig. 4.2, SSC (blue dashed) and EIC (blue dot dashed)
modeling of the SED is shown (blue solid line corresponds to SSC+EIC).
The X-ray emission can be explained by the SSC emission produced in a
blob of the size similar to that emitting in a quiescent state, but additional
changes in α, E′cut and B are necessary to account for the new X-ray spectrum.
Whereas the γ-ray emission is entirely due to the IC scattering of external
photons in the fast and compact blob which is strongly particle-dominated
with Ue/UB ≈ 519 and the magnetic field B = 0.11± 0.1 G which does not
differ much from the values obtained in the one-zone models. In the radio
band, the modeling predicts a higher flux as compared with the presented
radio data. As the radio data are not from the source active periods, this is
not a strong argument to disfavor such modeling. When a larger value for
E′min is used in the modeling, it does not introduce significant changes in the
model parameters (especially in the energetics of the jet). Even if the data
are not sufficient for the estimation of the parameters with a high signifi-
cance, so the conclusions are not definite, this is an interesting modeling, as
it could possibility explain the rapid γ-ray activities. Such blob can be natu-
rally formed in the reconnection events that could produce compact regions
of rapidly moving plasma inside the jet (”jet in jet scenario”, [40, 41]).

4.5.2 The origin of emission from knots

The black lines in Fig. 4.3 represents the IC/CMB radiation model calculated
for δ = 10. The obtained parameters are presented in Table 4.3. Similar pho-
ton indicies observed in the radio and X-ray bands allowed to well define
the power-law index of electrons which varies from 2.4 to 2.6. The cut-off
energy estimated for k4 is E′c ≈ (916.3± 251.4) GeV implies there is an ef-
fective particle acceleration above the TeV energies. E′min ' (18.20− 24.01)
MeV is estimated, which we obtain by requiring a turnover below the X-ray
data in order to not overproduce the radio/optical flux but in principle lower
values cannot be excluded. The IC scattering of CMB photons with uCMB '
4.0 × 10−11 erg cm−3 density (when δ = 10) still predicts a flux lower than
the observed one, so we were forced to adopt larger values of η. We found
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that when B = (0.93− 5.6) µG and η = (83.4− 410.8), the IC/CMB model
can reproduce the observed spectra. The maximum electron energy density
is estimated to be 1.12× 10−10 erg cm−3 for the k4, while for the other knots
it is > 4 times lower. This is natural, since even if the total number of par-
ticles is conserved, the low-energy cutoff moves to lower energies (because
of adiabatic losses), the normalization decreases and Ue does so as well. The
IC/CMB component predicts emission up to ∼ εCMB(Ee/mec2)2 ≈ 27.4 GeV
so that γ-ray emission is also expected. However, even if the predicted flux is
above the Fermi LAT sensitivity (∼ 10−13 erg cm−2s−1), its level (a few times
10−13 erg cm−2s−1) would be still below the core emission in the quiet state
(Fig. 4.2). Moreover, the Doppler boosting of δ ≥ 10 requires the jet to be
highly relativistic or viewed at small angles at kpc distances from the core
which seems unrealistic for 3C 120, so even lower flux levels are expected.
The blue lines in Fig. 4.3 show the two-component synchrotron model fitting
of knots’ SEDs. The radio-to-optical data of the four knots are modeled with
synchrotron emission with the following plausible parameters: B between
10.1 and 115.6 µG and an electron power-law index of α = 2.20− 2.48. The
plasma in the knots is in equipartition, Ue = UB = (4.1 − 531.5) × 10−12

erg cm−3, which requires more than 10 times stronger magnetic field for all
the knots, as compared with the previous modeling. The synchrotron emis-
sion of the second population of electrons for the same magnetic field can
explain the X-ray flux when Emin ' (2.83− 8.88) TeV and α = 2.32− 2.69.
The particle energy density of this component is negligible as compared with
the other one. A significant contribution from the electrons with Ee ' 10 TeV
is expected, the cooling time of which tcool = 6 π m2

e c3/σTB2 Ee ' 255.75
yr. This corresponds to a travel distance of c× tcool ' 78.4 pc, which is much
smaller than the size of the knots. Thus, it is required that the particle acceler-
ation in situ over the entire volume of the knots should be extremely efficient.
The above obtained parameters were estimated taking into account the equipar-
tition condition, when the system is close to internal pressure or energy den-
sity condition. But for jet dynamics and propagation more important is the
jet pressure balance with the ambient medium. The results presented here
and previous observations of the knots allow to put important constraints on
some of the physical parameters of the jet. The jet half opening angle (θj) at
kpc scale can be estimated using the first resolved jet knot (k4); at a distance
of 4 arcseconds from the core its radius is 0.738 arcsecond, implying θj '
10.45◦. Having the independent information on the jet Doppler factor, the
upper bound on the magneto sonic (Mach) number is Mj ∼ 1/tan(θj) Γbulk '

34



4.5 Results and discussion

5.42/Γbulk. If the jet remains relativistic up to kpc scale with Γbulk = 5.3± 1.2,
Mj ' 1.02. For the pc jet of 3C 120, assuming an R = 1.56× 1016 cm emit-
ting region at parsec distance, Mj corresponds to 37.32. Thus, the relativistic
jet with an initial high Mach number comes into static pressure equilibrium
with the interstellar medium of the parent galaxy, starting to interact with
it, causing the Mach number to decrease. This is qualitatively supported by
the radio/X-ray observations, which reveal that at the distance of after k4/k7
knots the jet starts to expand (e.g., Fig. 3 of [48]).

4.5.3 Jet energetics

The fundamental quantity is the total power (particles + magnetic field) trans-
ported by the jet flow. The total jet power can be estimated using the parame-
ters derived from the SEDs modeling by Le = πcR2

bΓ2Ue and LB = πcR2
bΓ2UB

[23] for electrons and magnetic field, respectively (Γ = 1 is assumed in the
two-component synchrotron model). The protons with unknown contribu-
tion to the jet have not been considered in the calculations, since a number of
assumptions need to be made.
In the quiescent state, the total power at the jet core for all models presented
in Fig. 4.2 is Ljet = Le + LB ' (2.35− 48.0)× 1044 erg s−1 (like in [89, 54, 81]).
Thus, the isotropic γ-ray luminosity, Lem,γ ' 8.2× 1041 erg s−1, is only the
small fraction of the total jet power. The jet?s total power, Ljet ' 1.31 ×
1044 erg s−1, decreases in the active state, since it scales with the emitting re-
gion size (Ljet ∼ R2 U) and a smaller region is considered. However, this re-
gion is more energetic, as the particle energy density is ∼ 146.9 times higher
than that in the quiet state. The SSC+EIC scenario requires a total jet lumi-
nosity of Ljet ' 4.14× 1045 erg s−1, which is higher than the previous values,
but is well achievable for the black hole mass in 3C 120.
When the jet power is estimated for the knots, their largest reasonable vol-
umes are used, so that the obtained values are the upper limits. In case of the
beamed IC/CMB scenario the total jet power should be Ljet ' (1.4− 131.4)×
1044 erg s−1 in order to explain the X-ray luminosity of LX ' (1.0− 4.0)× 1041

erg s−1. This jet luminosity is mostly defined by the kinetic energy of parti-
cles since the modeling reveals a moderate domination of particles over the
magnetic field (η >> 1). In the two-component synchrotron model, the total
jet luminosity is lower, Ljet ≤ 6.7× 1044 erg s−1, where the contribution of the
X-ray emitting component is negligible. The powers independently derived
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for the inner and outer regions of the jet are of the same order, suggesting that
the jet does not substantially dissipate its power until its end but it becomes
radiatively inefficient farther from the formation point.

4.6 Summary

The main properties of the powerful jet of 3C 120 are investigated by com-
paring the physical state of the plasma on sub-pc and kpc scales. The main
processes responsible for the broadband emission in the innermost (≤ pc;
Swift XRT/UVOT and Fermi LAT data) and outer (≥ 1 kpc; Chandra data)
regions are also studied.
On April 24, 2015, a rapid and dramatic increase of the γ-ray flux was ob-
served from the inner jet of 3C 120. Within 19.0 min and 3.15 hours the
flux was as high as (7.46± 1.56)× 10−6 photon cm−2 s−1 and (4.71± 0.92)×
10−6 photon cm−2 s−1 above 100 MeV which corresponds to an isotropic γ-
ray luminosity of (1.2− 1.6)× 1046 erg s−1. Such luminosity is unusual for ra-
dio galaxies and more typical for BL Lacs. The synchrotron/SSC mechanism
gives a reasonable explanation of the multiwavelength SED in the quiescent
and flaring states. The increase and rapid changes in the flaring state can be
also explained assuming an additional contribution from the blob where the
dominant photon fields are of external origin. The necessary jet kinetic power
is Ljet ' (1.31− 48.0)× 1044 erg s−1.
The X-ray emission from the knots has a hard photon index of ' (1.6− 1.8)
with a luminosity of LX ' (1.0− 4.01)× 1041 erg s−1. This X-ray emission can
be explained by IC/CMB models only if δ > 10, otherwise the particle energy
density will strongly dominate over that of the magnetic field. If the X-rays
are produced from the direct synchrotron radiation of the second population
of electrons, which are produced more recently than the cooler population re-
sponsible for the radio-to-optical spectrum, lower jet luminosity and no bulk
relativistic motion on kpc scales is required.
The jet luminosities of the innermost and outer regions are comparable, sug-
gesting that the jet does not suffer important energy losses from the regions
close to the black hole to those at hundreds of kiloparsecs from it. However,
at larger distances the magnetic field and the particle energy density decrease
and the jet becomes radiatively inefficient.
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5 Rapid Gamma-ray variability of
NGC 1275

5.1 Introduction

Due to its proximity (z = 0.0176, ≈ 75.6 Mpc) and brightness, the radio
galaxy NGC 1275 has been a target for observations in almost all energy
bands. Core-dominated asymmetrical jets at both kpc [38] and pc scales [12]
have been detected in the radio band with characteristics more similar to
those of Fanaroff and Riley type 1 sources [21]. The emission in the X-ray
band is mostly dominated by the thermal emission from the cluster, although
a nonthermal component in the energy range 0.5-10 keV with a photon in-
dex of ΓX ' 1.65 has been observed [19, 20]. High Energy (HE; > 100 MeV)
γ-rays from NGC 1275 had already been detected by Fermi Large Area Tele-
scope (Fermi ) using the data obtained during the first 4 months of observa-
tions [2]. Then, using the data accumulated for longer periods γ-ray flux and
photon index variation on month timescales were detected [28]. However,
the γ-ray emission is variable also in shorter (a few days?) timescales [17].
Very High Energy (VHE; > 100 GeV) γ-ray emission with a steep spectral
index of 4.1± 0.7 was detected by MAGIC, using the data accumulated be-
tween August 2010 and February 2011 [8]. No hints of variability above 100
GeV were seen on month time scales.
Even if the observed γ-ray variability allowed to exclude Perseus cluster as
the main source of γ-ray emission, the exact mechanisms responsible for the
broadband emission from NGC 1275 are still unclear. The multiwavelength
Spectral Energy Distribution (SED) hints at a double-peaked SED with the
peaks around 1014 Hz and (1023 − 1024) Hz [10]. Within a ”classical” mis-
aligned BL Lac scenario, a one-zone synchrotron/Synchrotron Self Compton
(SSC) interpretation of the SED can well explain the HE peak constrained by
Fermi and MAGIC data but has difficulties explaining the low energy data. It
requires that the jet should be more aligned than it is estimated, e.g., 30◦− 55◦
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Table 5.1: Parameters of spectral analysis
Fermi

Period Date Fluxa Photon Indexb Test Statistic Highest photon energyc

57442.32-57444.45 2016/02 (24−26) 4.18± 0.85 1.93± 0.14 123 10.39
57752.75-57753.25 2016/12 (30−31) 8.56± 2.30 1.79± 0.17 106 34.77

57753.81 2016/12 31 34.82± 8.67 1.93± 0.19 102 5.84
57754.00-57755.75 2017/01 (01−02) 6.27± 1.20 1.67± 0.11 178 4.18

Swift-XRT
Obsid Date Exp. time Photon Indexd Unabsorbed Fluxe χ2

red (d.o.f.)
34380005 2016-02-25 2750 1.52 ± 0.08 3.10 ± 0.19 1.04 (75)
87312001 2016-12-30 939 1.75 ± 0.12 8.64 ± 0.76 0.74 (24)
87311001 2017-01-01 619 1.77 ± 0.17 10.57 ± 1.26 1.15 (15)
31770011 2017-01-01 984 1.77 ± 0.08 10.29 ± 0.55 0.95 (173)

Notes: a: Integrated γ-ray flux in the 0.1− 100 GeV energy range in units of 10−7 photon cm−2 s−1.
b: γ-ray photon index from likelihood analysis. c: Photon energy in GeV. d: Photon index from
X-ray data analysis. e: X-ray flux in the energy range 0.3–10 keV in units of ×10−11 erg cm−2 s−1

(corrected for the Galactic absorption).

[48]. Therefore additional assumptions on the jet properties and/or more
complex scenarios for inverse-Compton scattering should be made.
In the HE γ-ray band frequently flaring activities are known for NGC 1275
[14]. A substantial increase of the γ-ray flux in the HE and VHE γ-ray bands
was detected in October 2015 and January 2017 [39, 35, 36, 33]. In October
25, 2015 Fermi detected a bright flare with a daily peak flux of (1.6± 0.2)×
10−6 photon cm−2 s−1 [39]. Then, in the night between 31 December 2016 and
01 January 2017 a major flare was detected in the VHE γ-ray band when the
flux was 60 times higher than the mean flux [35]. Also the flux > 100 MeV
was about 12 times higher than the most significant flux observed with AG-
ILE [33]. Besides, Swift observations during this major γ-ray active period
provided data in the UV and X-ray bands and so giving a unique chance to
investigate the flaring activity of NGC 1275 in the multiwavelength context.
The goal of this paper is to have a new look on the γ-ray emission from NGC
1275 in the last ∼ 8.7 years in general and during the major flaring periods in
particular. The larger data set allows to investigate the γ-ray flux evolution in
time with improved statistics in shorter time scales, while a detailed analysis
of recently observed exceptional flares will allow to have an insight into the
particle acceleration and emission processes.
This paper is organized as follows. The Fermi data reduction and tempo-
ral analyses are presented in Section 6.2. The spectral analyses of Fermi and
Swift data are described in Section 6.3. We present our results and discussion
in Section 6.4. Summary is given in Section 5.5.
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Figure 5.1: Top panel: The light curve of 0.1 < Eγ < 500 GeV γ-rays from
NGC 1275 from August 4, 2008 to March 5, 2017, with 3-day (blue) binning.
Middle panels: Sub intervals covering F1 (left) and F2 (right). F1 is shown
with 8-hour (blue) and 12-hour (red) time intervals and F2 with 3-hour (blue)
and 6-hour (red) bins. The red dashed lines show the fit of F1 and F2 with Eq.
6.2.1. Lower panels: The plot of Npred/

√
Npred vs Flux/∆Flux for 8-hour

(left) and 3-hour (right) bins.
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5.2 FERMI LAT OBSERVATIONS AND DATA
ANALYSIS

The Large Area Telescope on board the Fermi satellite is a pair-conversion
telescope sensitive to γ-rays in the energy range of 20 MeV - 500 GeV [13].
We have used the publicly available data accumulated during the last ∼
8.7 years of Fermi operation (from August 4, 2008 to March 15, 2017). The
data were analyzed with the standard Fermi Science Tools v10r0p5 software
package released on May 18, 2015. The most recent reprocessed PASS 8 events
and spacecraft data were used with P8R2 SOURCE V6 instrument response
function. Only the events with a higher probability of being photons (ev-
class=128, evtype=3) in the energy range of 100 MeV - 500 GeV were ana-
lyzed. In the analysis we selected different radii (9◦, 10◦, 12◦ and 15◦) of
the Region of Interest (ROI) to ensure that the selected ROI is an accurate
representation of the observation. This yielded essentially the same results
within statistical uncertainties, so a radius of 12◦ was used and the pho-
tons from a 16.9◦ × 16.9◦ square region centered at the location of NGC 1275,
(RA,dec)= (49.96, 41.51), were downloaded. The recommended quality cuts,
(DATA QUAL==1)&&(LAT CONFIG==1) and a zenith angle cut at 90◦ to
eliminate the Earth limb events were applied with gtselect and gtmktime
tools. We binned photons with gtbin tool with an Aitoff projection into pix-
els of 0.1◦ × 0.1◦ and into 37 equal logarithmically-spaced energy bins. Then
with the help of gtlike tool, a standard binned maximum likelihood analysis
is performed. The fitting model includes diffuse emission components and
γ-ray sources within ROI. The model file is created based on the Fermi third
source catalog (3FGL) [6] and the Galactic background component is mod-
eled using the Fermi LAT standard diffuse background model gll iem v06
and iso P8R2 SOURCE V6 v06 for the isotropic γ-ray background. The nor-
malization of background models as well as fluxes and spectral indices of
sources within 12◦ are left as free parameters. As in 3 FGL, the γ-ray spec-
trum of NGC 1275 was modeled using a log-parabolic spectrum.
Using of the data accumulated for an almost 2 times longer period than in 3
FGL, can result in new γ-ray sources in the ROI which are not properly ac-
counted for in the model file. In order to probe for additional sources, a Test
Statistics map of the ROI (TS defined as TS = 2(logL− logL0), where L and
L0 are the likelihoods when the source is included or is not) is created with
gttsmap tool using the best-fit model of 0.1-500 GeV events. To identify the
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coordinates of the excess hot spots with TS > 25 (5 σ) we used the find source
iterative source-finding algorithm implemented in Fermipy 1. In the TS map
it identifies the peaks with TS > 25 and adds a source at each peak starting
from the highest TS peak. The sources position is obtained by fitting a 2D
parabola to the log-likelihood surface around the maximum. Alternatively,
the sources position was calculated by hand using the pixels surrounding the
highest TS (similar to the method used in [34]). Both methods resulted in sim-
ilar values. For each given point we sequentially added a new point source
with a conventional spectral definition (power-law) and performed binned
likelihood analysis with gtlike. For the further analysis we used the model
file with the new additional point-like sources to have better representation
of the data.

5.2.1 Temporal variability

The γ-ray light curve is calculated using the unbinned likelihood analysis
method implemented in the gtlike tool. (0.1− 500) GeV photons are used in
the analysis with the appropriate quality cuts applied in the previous section.
Different model files are used to ensure that the possible contribution from
sources within ROI are properly accounted for. In the model file obtained
from the whole-time analysis, the photon indices of all background sources
are first fixed to the best guess values in order to reduce the uncertainties
in the flux estimations, then those of the sources within ROI are considered
as free parameters. In addition we analyzed the data accumulated during
the one-month periods covering the major flares (01-30 October and 15 De-
cember 2016-15 January 2017). Then we fixed the spectral parameters of all
background sources as in [7]. All approaches yielded essentially the same
results. We used the latter model as the rising and decaying times of the first
flare can be evaluated better. Given shorter periods are considered, the spec-
trum of NGC 1275 has been modeled using a power-law function with the
index and normalization as free parameters. Since no variability is expected
for the background diffuse emission, the normalization of both background
components is also fixed to the values obtained for the whole time period.
Fig. 6.2 (upper panel) shows the γ-ray light curve with three-day bin size.
Despite the fact that the flux sometimes exceeded the averaged value pre-
sented in 3FGL (≈ 2.26× 10−7 photons cm−2 s−1), pronounced flaring activ-

1http://fermipy.readthedocs.io/en/latest/
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ities were detected in October 2015 (hereafter Flare 1 [F1]) and in December
2016/January 2017 (hereafter Flare 2 [F2]). Starting from 22 October 2015 the
daily averaged flux of NGC 1275 was above 10−6 photons cm−2 s−1 and re-
mained high for 5 days with a daily averaged maximum of (1.48± 0.20) ×
10−6 photons cm−2 s−1 observed on 24 October 2015. Another substantial in-
crease in the γ-ray flux was observed on December 31, 2016 when the flux
increased from about (4 ∼ 5) × 10−7 photons cm−2 s−1 to (2.21 ± 0.26) ×
10−6 photons cm−2 s−1 within a day with a detection significance of ∼ 21.5σ.
The photon statistics allowed us to study these flares with denser time sam-
pling (sub-day) for the first time. The shortest bin sizes have been chosen
to ensure that i) the flare rise and decay periods are well constrained and ii)
the detection significance for each bin exceeds the ∼ 5σ limit. The statistics
allowed to use bins with 8-hour intervals for F1 and 3-hour bins for F2. For
example, from MJD 57317 to MJD 57322, the detection significance varied be-
tween 5.1σ and 13.1σ, and from MJD 557753 to MJD 57754 it was between
5.3σ and 10.4σ. The corresponding light curves are shown in the middle pan-
els of Fig. 6.2. In order to check if the likelihood fit has converged in each
time bin, the plot of Npred/

√
Npred vs Flux/∆Flux is shown in the lower

panels of Fig. 6.2 for 8-hour (left) and 3-hour (right) bins. We verified that the
fit has converged in the surrounding bins as well. As one can see, it seems
there is a linear correlation without any declination, so the errors are an ac-
curate representation of the observation.
Further, the γ-ray flux and photon index variations are investigated using a
light curve generated by an adaptive binning method [32]. In this method, the
time bin widths are flexible and chosen to produce bins with a constant flux
uncertainty. This method allows detailed investigation of the flaring periods,
since at times of a high flux, the time bins are narrower than during lower flux
levels, therefore rapid changes of the flux can be found. In order to reach the
necessary relative flux uncertainty, the integral fluxes are computed above
the optimal energy [32] which in this case is E0 = 208.6 MeV. Also, in order
to improve the accuracy of the method, the flux of bright sources which lie
close to NGC 1275 have been taken into account. This is done by providing
the parameters of confusing sources during the adaptive binning light curve
calculations. The light curve calculated assuming a constant 15% uncertainty
is shown in Fig. 5.2 (upper panels) for the period covering the large flares.
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Figure 5.2: Top panels: The upper panel shows the period of major flares with
the constant uncertainty (15%) light curve above 208.6 MeV obtained with the
adaptive binning method. The lower panel shows the photon index variation
during the same period. Bottom panels: The photon index vs. the flux above
208.6 MeV for F1 (left) and F2(right).
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5.3 Spectral analysis

5.3.1 Fermi data

The changes in the γ-ray photon index are investigated by analyzing the data
from the following four periods:

i) overlapping with the observation of Swift on 30 December 2016. Even
if the Swift observations lasted ∼ 960 seconds, in order to increase the
statistics, the γ-ray spectrum has been extracted for the period MJD
57752.75-57753.25 where the source has a comparable flux as revealed
from the light curve with a 6-hour binning (Fig. 6.2, middle right panel).

ii) MJD 57754.00-57755.75, when the flux is relatively constant and it coin-
cides with the observations of Swift on 01 January 2017.

iii) at the peak of F2 (MJD 57753.81), using the data accumulated for 3
hours.

iv) MJD 57442.32-57444.45, which corresponds to the quiet (steady) state in
the X-ray and γ-ray bands.

The γ-ray spectrum of NGC 1275 has been modeled using a power-law func-
tion (dN/dE ∼ N0 E−Γ) where the normalization (N0) and power-law index
(Γ) are considered as free parameters. The best matches between the spectral
models and events are obtained with an unbinned likelihood analysis imple-
mented in gtlike. The spectral fitting results are summarized in Table 5.1.
After analyzing the data for each considered period, the SEDs are obtained
by freezing the NGC 1275 photon index in the model file and separately run-
ning gtlike for smaller energy bins of equal width in log scale. The SED for
each period is shown in Fig. 5.3. Although some features can be noticed, it is
hard to make any conclusion because of large uncertainties in the estimated
parameters.
We separately analyze the Fermi data to determine the energy of the highest
energy photon detected from NGC 1275 using gtsrcprob tool and the model
file obtained from the likelihood fitting. All spectral parameters of the sources
within ROI are first fixed to the best fitting values obtained in the whole time
analysis and then are left free. Both yielded identical results. In this case,
additional care must be taken since IC 310, which is known to be a strong
emitter in the VHE γ-ray band [9], is only at a distance of 0.623◦. So both
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sources are considered to estimate the probability whether the photon be-
longs to NGC 1275 or to IC 310. The highest-energy photons detected during
the four periods mentioned above are presented in Table 5.1.

5.3.2 Swift UVOT/XRT data

During F2, Swift [24] had observed NGC 1275 three times (see Table 5.1). Un-
fortunately, there were no observations overlapping with F1. In addition to
these observations, the Swift data of February 25, 2016, corresponding to a
relatively stable state in the X-ray band have been analyzed. The XRT data
were analyzed with the XRTDAS software package (v.3.3.0) distributed by
HEASARC along with the HEASoft package (v.6.21). The source region was
defined as a circle with a radius of 10.6 pixels (25′′) at the center of the source,
while the background region as an annulus centered at the source with its
inner and outer radii being 20 (47′′) and 30 pixels (71′′), respectively. Such se-
lections allowed to minimize the possible contribution from the cluster emis-
sion. For PC mode observations (Obsid 87312001, 87311001), the count rate
was above 0.5 count/s, being affected by the piling-up in the inner part of the
PSF. This effect was removed, excluding the events within a 4 pixel radius
circle centered on the source position. All spectra were re-binned to have at
least 20 counts per bin, ignoring the channels with energy below 0.3 keV, and
fitted using Xspec v12.9.1a. The results of the fit are presented in Table 5.1.
In the analysis of Swift-UVOT data, the source counts were extracted from an
aperture of 5.0′′ radius around the source. The background counts were taken
from the neighboring circular source-free region with a radius of 20′′. The
magnitudes were computed using the uvotsource tool (HEASOFT v6.21) cor-
rected for extinction according to [43], using E(B− V) = 0.14 from [45] and
zero points from [16] converted to fluxes, following [40]. The corresponding
spectra are shown in Fig. 5.3.

5.4 RESULTS and DISCUSSIONS

The γ-ray emission from one of the brightest radio galaxies in the MeV/GeV
band- NGC 1275- has been investigated using the Fermi data accumulated
during the last ∼ 8.7 years. The γ-ray light curve appears to be quite a
complex one, with many peaks and flaring periods. The highest fluxes were
detected in October 2015 and December 2016/January 2017 when the daily
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averaged peak γ-ray fluxes ' (1.48 − 2.21) × 10−6 photons cm−2 s−1 inte-
grated above 100 MeV were detected. It reached its maximum of (3.48 ±
0.87) × 10−6 photon cm−2 s−1 on December 31, 2016, within 3 hours, which
is the highest γ-ray flux observed from NGC 1275 so far; it exceeds the av-
eraged flux by a factor of ∼ 15.4. The apparent isotropic γ-ray luminosity
at the peak of the flare, Lγ ' 3.84× 1045 erg s−1 (using dL = 75.6 Mpc), ex-
ceeds the averaged γ-ray luminosity of other radio galaxies detected by Fermi
(usually ≤ 1045 erg s−1 [5]); it is more comparable with the luminosity of BL
Lac blazars. This is quite impressive, considering the large Doppler boost-
ing factors of blazars (δ ≥ 10) as compared with the value of δ ∼ (2 − 4)
usually used for the radio galaxies. Yet, at δ = 4 the total power emitted
in the γ-ray band in the proper frame of the jet would be Lem,γ ' Lγ/2 δ2 '
1.2× 1044 erg s−1. It is of the same order as the kinetic energy of the NGC 1275
jet (Ljet ' (0.6− 4.9)× 1044 erg s−1) estimated from broadband SED modeling
[2]. This implies that during the discussed flaring period a substantial frac-
tion of the total jet power, (Lem,γ/Ljet ≤ 1), is converted into γ-rays. These
assumptions are in a strong dependence with δ, which is highly unknown.
But it seems that δ = 4 is already a limiting case, and larger decrease of Lem,γ
is not expected.
The γ-ray spectrum estimated during the peak flux appeared as a nearly flat
one (cyan data in Fig. 5.3), though the photon index estimation uncertainty is
large (Γ = 1.93± 0.19). This is similar with the spectrum measured in a quiet
state (Fig. 5.3, gray data), although with a significantly increased flux. The
γ-ray photon index measured before and after the peak flux hints at spectral
hardening (see Table 5.1 and Fig. 5.3 blue and red data). However, large un-
certainties in the photon index estimations do not allow us to make strong
conclusions on the spectral hardening or softening. Although, as compared
with the quiet state, it is clear that during the active states the γ-ray flux in-
creases and the spectrum shifts to higher energies.

The broadband SED of NGC 1275 (Fig. 5.3) shows that during the bright
γ-ray states, the X-ray flux also has increased. The analysis of the Swift
XRT data detected during F2 results in an unabsorbed flux of F0.3−10 keV ≈
(0.86− 1.06)× 10−10 erg cm−2 s−1 which nearly 3 times exceeds the averaged
flux observed in February 2016. We note that the X-ray photon index mea-
sured during the quiet state is somewhat similar to the values measured by
XMM-Newton [19] and Swift BAT [11] while during the active states the X-
ray photon index is steeper (∼ 1.7). In the lower energy band, the UV flux
from UVOT observations is relatively stable when comparing the quiescent
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Figure 5.3: The multiwavelength SED for the periods presented in Table 5.1.

Table 5.2: Parameter values best explaining the flares.
Flare period tr ± err td ± err t0 Fc F0

(hour) (hour) MJD ×10−7photon cm−2s−1 ×10−7photon cm−2s−1

2015 October 32.49± 7.20 2.22± 1.19 57320.41± 0.19 8.43± 1.42 23.92± 3.08
2016 December/2017 January 8.03± 1.24 1.21± 0.22 57753.88± 0.04 9.73± 1.75 41.96± 4.82

and flaring states, albeit the data from all filters are not available to make
definite conclusions.

5.4.1 γ-ray photon index variation

The γ-ray photon index changes during ∼ 8.7 years of Fermi observations
are investigated with the help of an adaptively binned light curve. In Fig.
5.2 (upper panels) the photon flux and index variation in time are shown
for the time that covers only F1 and F2. In the course of ∼ 8.7 years, the
hardest photon index of Γ = 1.62± 0.13 was observed on MJD 55331.51 for
∼ 2.78 days, while the softest index of Γ = 2.77± 0.21 was detected on MJD
56124.71. The lowest and highest fluxes (above 208.6 MeV) were Fγ = (4.27±
1.06)× 10−8 photon cm−2 s−1 and Fγ = (1.18± 0.28)× 10−6 photon cm−2 s−1,
respectively. When the source is in active state, the data accumulated for
a few hours is already enough to reach 15% flux uncertainty, while in the
quiet states, the data should be accumulated for several days. Interestingly,
in the first ∼ 8.7 years of Fermi operation, the highest-energy photon with
Eγ = 241.2 GeV has been detected on MJD 57756.62 (after F2) within a cir-
cle of 0.071◦ around the nucleus of NGC 1275 with the 3.36σ probability to
be associated with it. Another events with Eγ = 221.5, 164.9, 125.6, 123.3
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and 109.2 GeV have been observed on MJD 55402.39, 56760.82, 56610.75,
56578.00 and 57694.65, respectively. We note that the PSF of Fermi at ener-
gies > 10 GeV is sufficient to distinguish the photons with high accuracy,
so the highest energy photons are most likely coming from NGC 1275. It
appeared that the γ-ray spectra for the periods when the highest energy pho-
tons were emitted, have mostly harder photon indexes (e.g., Γ = 1.74± 0.14
when Eγ = 241.2 GeV photon was detected). Likewise, when photons with
Eγ = 221.5, 164.9, 125.6, 123.3 and 109.2 GeV were detected, the photon in-
dexes were Γ = 1.81± 0.15, 1.93± 0.15, 1.79± 0.13, 1.94± 0.14 and 1.86± 0.15,
respectively. This hardening is probably associated with the emission from
reaccelerated or fresh electrons, which produce also the observed highest en-
ergy photons.
The spectral changes observed in the photon-index-flux plane give us impor-
tant information about the dynamics of the source and an insight into the
particle acceleration and emission processes. The photon index Γ as a func-
tion of the flux during F1 and F2 is shown in the bottom panels of Fig. 5.2.
A counter-clockwise loop is observed during F1, while during F2 the spectral
index and flux changes follow a clockwise path. Such loops are expected to
occur as a consequence of diffusive particle acceleration at strong shocks and
cooling of the radiating particles. As discussed in [29], it is expected to have a
counter-clockwise loop, if the variability, acceleration and cooling timescales
are similar, implying that during the flare, the spectral slope is controlled by
the acceleration rather than by the cooling processes. Consequently, the oc-
currence of a flare propagates from lower to higher energies, so the lower
energy photons lead the higher energy ones. Instead, if the spectral slope
is controlled by synchrotron cooling or any cooling process that is faster at
higher energies, a clockwise loop will be seen. The counter-clockwise loop
observed during F1 suggests that, most likely, this flaring event is due to
the acceleration of the lower-energy electrons. Note that such ‘harder-when-
brighter’ behavior was already observed during the previous flares of NGC
1275 [28, 17]. The clockwise loop observed during F2 indicates that during
this flare the flux started to increase at low energies (HE radiating particles
cool down and radiate at lower and lower energies) and then propagate to
HE. This shows that HE electrons are playing a key role during F2, which
also produce the highest energy photons from NGC 1275 observed around
F2.
The interpretation of the mechanism responsible for spectral evolution can
be more complicated than it was discussed above. It has been already shown
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that, depending on the change of the total injected energy, the dominance of
synchrotron and Compton components can also vary, so that the trajectory in
the photon index-flux plane evolves clockwise or counterclockwise, depend-
ing on the total energy and the observed energy bands [15, 31]. Thus, the
observed spectral evolution is quite sensitive to various parameters in the
model and it is hard to draw any firm conclusions. The discussions above
are of first order approximation and are generally meant to understand the
dynamics of the system.

5.4.2 Minimum flux variability period:

During F1 and F2, the flare time profiles are investigated by fitting them (Fig.
6.2 middle panels blue data) with double exponential functions in the follow-
ing form [4]:

F(t) = Fc + F0 ×
(

e
t−t0

tr + e
t0−t

td

)−1

(5.4.1)

where t0 is the time of the maximum intensity of the flare (F0) and Fc is the
constant level present in the flare. tr and td are the rise and decay time con-
stants, respectively. The fitting parameters are summarized in Table 5.2 and
the corresponding fit is shown in Fig. 6.2 middle panels (red dashed line).
The time profiles show asymmetric structures in both flares, showing a slow
rise and a fast decay trend. The time peak of the flares calculated by tp = t0 +
tr td/(tr + td)ln(td/tr) is MJD 57320.18 for F1 with the maximum intensity of
(2.39± 0.31)× 10−6 photon cm−2s−1. The rise time is 32.49± 7.20 hours with
a sudden drop within 2.22± 1.19 hours. The parameters of F2 are better esti-
mated and are characterized with a shorter rise time, when within 8.03± 1.24
hours the flux reaches its maximum of (4.20± 0.48)× 10−6 photon cm−2s−1

on MJD 57753.79 and drops nearly 4 times in ∼ 6 hours. The minimal e-
folding time is td = 1.21± 0.22 hours, using the decay time scale of F2, and it
is the most rapid γ-ray variability observed for NGC 1275. We note that even
if the rise time of F2 is used, the flux e-folding time of about 8.03± 1.24 hours
will still be shorter than any previously reported value.
The obtained shortest flux e-folding time, td = 1.21± 0.22 hours, is unusual
for radio galaxies and has never been observed for any other radio galaxy
so far. It is more similar to the rapid γ-ray variability detected from several
bright blazars [18, 22, 23, 44, 37, 27, 41, 7]. [18] was the first to point out that
during the γ-ray flares of PKS 1510-089 the flux doubling time-scale was as
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short as 1.3± 0.12 hours which was the shortest variability time-scales mea-
sured at MeV/GeV energies at that time. It is interesting that such rapid γ-ray
variability is mostly observed from flat-spectrum radio quasars. The asym-
metric profile of NGC 1275 flares can be explained if assumed that the accel-
erated particles (e.g., by shock acceleration) quickly cool down due to the in-
crease of the magnetic field (assuming the electrons dominantly lose energy
by synchrotron cooling). In order to interpret the fast decay (tdec = 1.21±
0.22 hours) as cooling of relativistic electrons (tdecay = tcooling/δ; tcooling =

6 π m2
e c3/σTB2 Ee) with Ee = 100 GeV, the magnetic field should be B ≈

478 mG (δ/4)−1/2(tdec/1.2 h)−1/2 (Ee/100GeV)−1/2 (where we assumed a
moderate Doppler boosting factor of δ = 4), which is not far from the typical
values usually used in the modeling of emission from radio galaxies [1, 3].
Even if the magnetic field is 10− 100 times lower than this value, the shock
acceleration time scales (tacc ≈ 6 rg c/v2

s [42]) would be more than enough
to accelerate the electrons > 100 GeV within the observed rise time scale
(8.03± 1.24 hours).

5.4.3 The origin of emission

The observed short time scale variability of 1.21± 0.22 hours allows to con-
strain the characteristic size of the emitting region radius to Rγ ≤ δ× c× τ ≈
5.22× 1014 (δ/4) cm. If the entire jet width is responsible for the emission,
assuming the jet half-opening angle θj ' 0.1◦, the location of the emitting re-
gion along the jet will be r ' Rγ/θj ' 0.1 (δ/4) (θj/0.1◦)−1 pc. This strongly
suggests that the observed emission is most likely produced in the subparsec-
scale jet. In principle the jet can be much more extended and the emission is
produced in a region smaller than the width of the jet. For example, mul-
tiple regions moving in a wider jet having different beaming factors can be
an alternative possibility [30]. In this model, the emission is expected to take
place in a broadened jet formation zone close to the central supermassive
black hole, where even for a large jet angle, a few emission zones can move
directly toward the observer and Doppler boost the emission. Here the emis-
sion region is very close to central source, again implying that the innermost
jet (subparsec-scale) is responsible for the emission.
The SED presented in Fig. 5.3 as well as that in [10], hint at a double-peaked
SED similar to those of other GeV/TeV-emitting radio galaxies [1, 3] and
blazars. This similarity allowed to model the SED of NGC 1275 within the
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one-zone synchrotron SSC scenario [10]. However, it failed to reproduce the
required large separation of the two peaks (gray data in Fig. 5.3) with small
Doppler factors (δ = 2 − 4) typical for radio galaxies. With the new data,
the situation even worsened: even if the data are not enough to exactly iden-
tify the location of the peaks, clearly, the first peak is at ∼ (1014 − 1015)Hz
(unchanged) while the rising shape of the MeV/GeV spectrum indicates the
second peak shifted to higher frequencies. Such large separation of the two
SED peaks unavoidably requires a higher Doppler factor than that used pre-
viously. Moreover, if one-zone SSC emission dominates, usually it is ex-
pected to have correlated changes in the X-ray/γ-ray band, which are not
observed here. One can avoid these difficulties by assuming that HE emis-
sion is produced in a local substructure of the jet, which is characterized by
a higher boosting factor and/or smaller inclination angle. For example, the
mini-jets generated by local reconnection outflows in a global jet (‘jets in a
jet’ model [25]) can have extra Lorentz boosting and the emission can be pro-
duced around these local reconnection regions. This successfully explains the
fast TeV variability of M87 [26] so that it can be naturally considered also in
this case. In addition, two-zone SSC models, when different regions are re-
sponsible for low and high-energy emissions, can be an alternative. In more
complex-structured jet models the seed photons for IC scattering can be of ex-
ternal origin (the emission region is the layer and external photons are from
the spine, or vice versa [46]) the energy of which is higher than that of syn-
chrotron photons resulting in the shift of the emission peak to higher ener-
gies. However, these models involve additional parameters, which cannot
be constrained with the current data set and additional observations in the
radio/optical and VHE γ-ray bands are required.

5.5 SUMMARY

We report on the results of ∼ 8.7 years’ γ-ray observations of NGC 1275
radio galaxy. The source displayed prominent flaring activities in October
2015 and December 2016/January 2017 with the 3-hour peak flux above 100
MeV of (3.48± 0.87)× 10−6 photon cm−2 s−1 observed on 2016 December 31
corresponding to an apparent isotropic γ-ray luminosity of Lγ ' 3.84 ×
1045 erg s−1. This luminosity is more typical for BL Lac blazars and corre-
sponds to a large fraction of the kinetic energy of the NGC 1275 jet, implying
that the γ-ray production efficiency is very high.
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During the major flares, the photon statistics allowed us to investigate the
flare properties with as short as 3-hour intervals for the first time. This al-
lowed to find very rapid variability with the flux e-folding time as short as
1.21± 0.22 hours, which is very unusual for radio galaxies. The γ-ray pho-
ton index of the source was evolving during the flaring periods, showing
counter clockwise and clockwise loops in the photon-index-flux plane dur-
ing the flares in October 2015 and December 2016/January 2017, respectively.
Also, some of the highest energy γ-ray photons observed from the source
during ∼ 8.7 years arrived around the same active periods. Perhaps this
rapid γ-ray flare was associated with effective particle acceleration that led
to emission of these photons.
The observed hour-scale variability suggests that the emission is produced
in a very compact emission region with Rγ ≤ 5.22× 1014 (δ/4) cm, and per-
haps it is produced in a sub-parsec scale jet. During the γ-ray activity, the HE
component not only increased but also shifted to higher energies. Consider-
ing this shift and the large γ-ray luminosity, it makes it very challenging to
explain the observed X-ray and γ-ray data in the standard synchrotron/SSC
models. Additional assumptions on the jet structure/emission processes are
to be made.
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6 High Energy Gamma-Ray
Emission From PKS 1441+25

6.1 Introduction

Recent observations in the γ-ray band (≥ 100 MeV) show that the extragalac-
tic γ-ray sky is dominated by emission from blazars - an extreme class of
Active Galactic Nuclei (AGNs) which have jets that are forming a small an-
gle with respect to the line of sight [92]. Blazars are known to emit elec-
tromagnetic radiation in almost all frequencies that are currently being ob-
served, ranging from radio to Very High Energy (VHE; > 100 GeV) γ-ray
bands. The broadband spectrum is mainly dominated by non-thermal emis-
sions produced in a relativistic jet pointing toward the observer. Due to small
inclination angle and large bulk motion, the emission from blazars is affected
by relativistic beaming which has enormous effects on the observed lumi-
nosities. Indeed, the observed luminosity (Lobs) is related to the emitted lu-
minosity (L′em) as Lobs = δ3+α L′em. If so, the observed luminosity can be thus
amplified by a factor of thousands or even more (usually δ ≥ 10). Such ampli-
fication makes it possible to detect emission even from very distant blazars.
A key feature of the non-thermal emission from blazars is the distinct vari-
ability at all frequencies (with different variability time scales - from years
down to a few minutes). The shortest variability time scales are usually ob-
served for the highest energy band; an example is the minute scale variability
of PKS 2155-304 [10] and IC 310 [16] which implies that the emission is pro-
duced in a very compact region. Therefore, by observing blazars one gets a
unique chance to investigate the jet structure on sub-parsec scales.
By their emission line features blazars are commonly grouped as BL Lacer-
tae objects (BL-Lacs) and Flat-Spectrum Radio Quasars (FSRQs) [92]. BL Lacs
have weak or no emission lines, while FSRQs have stronger emission lines.
The difference in the emission-line properties of FSRQs and BL Lacs may be
connected with that in the properties of accretion in these objects [33].
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The multiwavelength observations of blazars have shown that their Spec-
tral Energy Distribution (SED) has two broad non-thermal peaks - one at the
IR/optical/UV/X-ray and the other at the Higher-Energy (HE; > 100 MeV)
γ-ray band. The low-energy peak is believed to be due to the non-thermal
synchrotron emission of relativistic electrons while the origin of the second
component is still debated. One of the most widely accepted theories for the
second peak is that it is produced from Inverse Compton (IC) scattering of
low energy synchrotron photons (Synchrotron Self Compton; SSC) [34, 62, 20]
which often successfully explains the emission from BL-Lacs [27]. Besides,
the photons from the regions outside the jet may serve as seed photons for
IC scattering - External Compton (EC) models which are used to model the
emission from FSRQs. The external photon field can be dominated either by
the photons reflected by BLR [86] or by photons from a dusty torus [19, 37].
Domination of one of the components mostly depends on the localization of
the emitting region; for example, if the energy dissipation occurs within BLR
then the observed HE emission is mostly due to IC scattering of BLR reflected
photons, otherwise, if the emitting region is far from the central source, then
the IC scattering of torus photons will dominate. SSC and EC models assume
that the emission is produced by the same population of electrons, though
up to now it is not clear whether it is produced in the same part of the jet
or by different electron populations. Alternatively, the HE emission can be
explained by the interaction of energetic protons; e.g., a significant fraction of
the jet power goes for acceleration of protons so that they reach the threshold
for pion production [66, 67].
The majority of the blazars detected in VHE γ-ray band are high-frequency-
peaked BL Lacs for which the synchrotron bump is in the UV/X-ray bands. In
addition to BL Lacs, there are also 5 FSRQs detected in the VHE γ-ray band
which is rather surprising, since the Broad Line Region (BLR) structure of
these objects, which is rich in optical-UV photons, makes these environments
strongly opaque to VHE γ-rays [59, 75]. Moreover, FSRQs have a relatively
steep photon index in the energy range of > 100 MeV as was observed with
the Fermi Large Area Telescope (Fermi LAT) which does not make them as
strong emitters of VHE γ-ray photons. Detection of FSRQs in the VHE γ-ray
band is challenging for the near-black-hole dissipation scenarios; it assumes
that the γ-rays are most likely produced farther from the central source, out-
side the BLR, where the dominant photon field is the IR emission from the
dusty torus. Typically, the temperature of torus photons ∼ 103 K is lower
than that of the photons reflected in the BLR ∼ 105 K, and, in principle, VHE
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photons with energy up to ∼ 1 TeV can escape from the region. Thus, the
observations of FSRQs in VHE γ-ray band provide an alternative view of
blazar emission as compared to BL Lacs. Moreover, since FSRQs are more
luminous than BL Lacs, they could, in principle, be observed at greater dis-
tances. Indeed, the farthest sources detected in the VHE γ-ray band are the
FSRQs at a redshift of z ≥ 0.9 (e.g., PKS 1441+25 [6, 15] and S3 0218+35 [14]).
That is why FSRQs are ideal for estimation of the intensity of Extragalactic
Background Light (EBL) through the absorption of VHE photons when they
interact with the EBL photons [24, 61].
Among FSRQs, PKS 1441+25 is one of the most distant sources detected so
far at z=0.939 [85]. In April 2015 both VERITAS and MAGIC collaborations
announced the detection of VHE γ-rays from PKS 1441+25 (with up to 250
GeV photons) [35, 36]. A strong emission from the source had been detected
on April 20 to 27, 2015. During the same period, the source had been also ob-
served with the telescopes Swift and NuSTAR. The origin of the multiwave-
length emission from PKS 1441+25 observed in April is modeled assuming
the emission region is beyond the BLR, and the emission in the VHE γ-ray
band is mostly due to the IC scattering of the dusty torus photons [6, 15].
Moreover, the large distance to PKS 1441+25 allowed to indirectly probe the
EBL absorption at redshifts up to z ∼ 1 with the help of ground-based γ-ray
instruments.
In the theoretical interpretation of the multiwavelength emission from blazars,
the size/location of the emitting region, magnetic field and electron energy
distribution are uncertain. Only during flaring periods some of the unknown
parameters can be constrained based on the observations in different bands.
The observations of PKS 1441+25 during the bright period in April 2015 by
different instruments provide us with data on the maximums of the emit-
ting components (Swift UVOT/ ASAS-SN and Fermi LAT) as well as on the
transition region between these components in the energy range from 0.3 to
30 keV (Swift XRT and NuSTAR) [6]. Similar data (up to HE γ-ray band)
are available also from the observations carried out on January 06 to 28, 2015,
which is the period of the large flare that was observed with Fermi LAT. Thus,
by modeling the emission in these two periods and estimating the parameter
space that describes the underlying particle distribution responsible for the
emission through the Markov Chain Monte Carlo (MCMC) technique, one
can investigate and explore particle acceleration/emission processes and jet
properties in these two significant flaring periods which are crucial for un-
derstanding the origin of the flares. This motivated us to have a new look
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at the origin of the multiwavelength emission from PKS 1441+25, using cur-
rently available data from Swift, NuSTAR and Fermi LAT.
This paper is structured as follows. The results of the spectral and temporal
analysis of the Fermi LAT data are presented in Section 6.2. The broadband
SED modeling with MCMC technique is presented in Section 6.3 and discus-
sion and conclusions are presented in Section 6.4.

6.2 Fermi LAT DATA ANALYSIS

The large Area Telescope on board the Fermi satellite is a pair-conversion
telescope sensitive to γ-rays in the energy range from 20 MeV to 300 GeV.
It constantly scans the whole sky every 3 hours already more than 8 years.
More details about Fermi LAT can be found in [18].
In the present paper, for spectral analysis we use the publicly available data
acquired in the periods from January 06 to 28 and from April 15 to 26, 2015.
These two periods have been picked, because they are contemporaneous with
the Swift XRT observations of the source [6]. The data were analyzed with
the standard Fermi Science Tools v10r0p5 software package released on May
18, 2015 available from the Fermi Science Support Center 1. The latest re-
processed PASS 8 events and spacecraft data are used with the instrument
response function P8R2 SOURCE V6 . We have downloaded photons in the
energy range from 100 MeV to 100 GeV from a region of interest defined as
a circle of a 20◦ radius centered at the γ-ray position of PKS 1441+25 (RA,
Dec) = (220.996, 25.039) [7]. Only the events with higher probability of be-
ing photons (evclass=128 evtype=3) have been considered in the analysis. A
cut on the zenith angle of 90◦ is applied to reduce contamination from the
Earth-limb γ-rays produced by cosmic rays at their interaction with the up-
per atmosphere. The model file, describing the region of interest, contains
point sources from the Fermi LAT third source catalog [7] (3FGL) within 25◦

from the target, as well as contains Galactic gll iem v05 rev1 and isotropic
iso source v05 diffuse components. All point-source spectra were modeled
with those given in the catalog, allowing the photon index and normalization
of the sources within 20◦ to be free in the analysis. Also, the normalization of
diffuse background components was not fixed.

1http://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
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Figure 6.1: The γ-ray spectrum of PKS 1441+25 above 100 MeV averaged over
the Fermi LAT observations in January (blue) and April (red).

Parameter Name Blue Red
Flux (photon cm−2 s−1) (5.89± 0.30)× 10−7 (3.63± 0.36)× 10−7

α 1.99±0.04 1.74±0.06
TS 2174 910

Table 6.1: The best parameters obtained with gtlike for power-law modeling.
For each time period, photon flux in the range 0.1− 100 GeV, photon index
and detection significance are presented.

6.2.1 Spectral analysis

In order to find the best matches between spectral models and events, an un-
binned likelihood analysis is performed with gtlike. The PKS 1441+25 spec-
trum has been initially modeled as a power-law function where the normal-
ization and the power-law index are taken as free parameters. The best fit
parameters obtained with gtlike analysis are presented in Table 6.1 and the
corresponding spectrum is shown in Fig. 6.1 (blue and red data for January
and April, respectively). The spectrum is calculated by separately running
gtlike for 5 energy bands equal on a log scale.

The fluxes presented in Table 6.1 significantly exceed the averaged flux
given in 3FGL (≈ 1.28× 10−8 photon cm−2 s−1) [7]. The photon index esti-
mated in January 2015 is consistent with the value reported in 3FGL α = 2.13
(averaged over 4 years of observations); however, a relative hardening of
α = 1.74 ± 0.06 is observed in April, which is rarely observed for FSRQs.
Moreover, we note an indication of deviation of the power-law model with
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Figure 6.2: The γ-ray light curve of PKS 1441+25 from January to December
2015 (a). The bin intervals correspond to 1- day (blue data) and 3-days (green
data). The light curve obtained by adaptive binning method assuming 20 %
of uncertainty is presented in red (b). The change of photon index for 3-day
binning (green) and with adaptive binning method are shown in (c).

Figure 6.3: The light curve’s sub interval that covers a major flaring period.
The red dashed line shows the flare fit with Eq. 6.2.1.
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respect to the data above 10s of GeV energies observed in April (red bowtie
plot in Fig. 6.1). In order to check for a statistically significant curvature in the
spectrum, an alternative fit of the power-law with an exponential cutoff func-
tion in the form of dN/dE ∼ E−α

γ × Exp(−Eγ/Ecut) is done, which results in
α = 1.56± 0.1 and Ecut = 17.7± 8.9 GeV (black bowtie plot in Fig. 6.1). The
power-law and cutoff models are compared with a log likelihood ratio test:
the TS is twice the difference in the log likelihoods, which gives 8 for this case.
Note that the TS probability distribution can be approximated by a χ2 distri-
bution with 1 degree of freedom (dof) corresponding to the difference of the
dof between the two functions. The results give P(χ2) = 0.0046, which again
indicates a deviation from a simple power-law function. The best-fit cutoff
power-law function is shown as a black bowtie line in Fig. 6.1. However,
2.8 σ is not a high enough significance to claim for a statistically significant
curvature although it is as high as 3.86 σ if the data collected during the whole
month of April are considered.

6.2.2 Temporal analysis

In order to investigate the size of the γ-ray emitting region, light curves
with different time binning are generated. A characteristic timescale for flux
variation τ would limit the (intrinsic) size of the emission region to R ≤
c × δ × τ/(z + 1). Thus, it is crucial to do a variability analysis in order to
distinguish between different emission processes.
The light curve of PKS 1441+25 for the period from January to December
2015 has been calculated by the gtlike tool, applying the unbinned likelihood
analysis method. (0.1− 100) GeV photons from a region with a 10◦ radius
centered on the position of PKS 1441+25 are used in the analysis with the ap-
propriate quality cuts applied as in the previous case. During the analysis, in
order to reduce the uncertainty in the flux estimations, in the model file the
photon indices of all background sources are fixed to the best guess values.
Two different sets of light curves are calculated, considering the power-law
index of PKS 1441+25 as being fixed and then as free. Since no variability
is expected for the background diffuse emission, the normalization of both
background components is also fixed to the values obtained for the whole
time period.
The γ-ray light curve of PKS 1441+25 obtained with one-day and three-days
binning is presented in Fig. 6.2 (a) (blue and green data respectively). In the
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light curve there can be identified several periods when the flux was in high
as well as in quiescent states. A major increase of the γ-ray flux had been de-
tected in the period from January 21 to 28, 2015, with a daily averaged max-
imum of (1.55± 0.18)× 10−6 photon cm−2 s−1 observed on January 25, 2015.
Unfortunately the peak flare of January 25 was not observed by Swift. The
γ-ray photon index evolution in time in a three-day long binning is shown
in Fig. 6.2 (c) with green data (three-day long binning is used since the pho-
ton index uncertainties are less than in one-day binning). During the flaring
period the photon index is 1.9− 2.0. Also an increase in the flux can be no-
ticed around January 22nd which lasted just one day. In order to check if this
brightening is statistically significant, light curves with denser time sampling
(half a day and 4 hours) are generated. However, the corresponding flux in-
crease is within the uncertainty of the surrounding bins, while the peak of the
flux around 25th of January is present in both light curves. In addition, a sub-
stantial increase in the γ-ray flux was observed in April, from June to about
July 15, mid August and around October-November; but the maximum flux
intensity was lower as compared with that observed during the strong γ-ray
outburst of January 21 to 28 (Fig. 6.2). The active state in April is the pe-
riod when PKS 1441+25 was observed by MAGIC on MJD 57130-57139 and
VERITAS on MJD 57133-57140 [6, 15]. The γ-ray light curve with three-day
binning shows that, between MJD 57125.56- 57140.64 (from April 13 to April
28, 2015), the γ-ray photon index is significantly harder, Γ = (1.73− 1.79).
It implies that during the observations in the VHE band the source was in a
state characterized by a hard γ-ray photon index in the MeV-to-GeV range.
Next, in order to investigate the flux changes in time, and in particular in
the flaring periods, the light curves have been generated by an adaptive bin-
ning method. In this method, the time bin widths are flexible and chosen
to produce bins with constant flux uncertainty [60]. This method allows de-
tailed investigation of the flaring periods, since at times of a high source flux,
the time bins are narrower than during lower flux levels, therefore the rapid
changes of the flux can be found. In order to reach the necessary relative flux
uncertainty, the integral fluxes are computed above the optimal energies [60]
which correspond to E0 = 215.4 MeV in this case.
Adaptively binned light curves in the 215 MeV-300 GeV energy range with
20% and 15% uncertainties have been generated. Flare is present in both light
curves. The light curve with 20% flux uncertainty at each bin is presented in
Fig. 6.2 (b) with red color. It confirms all the features visible in the constant-
bin-width light curve, but also allows us to investigate fast variability during
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high-flux states in greater detail. The first flare episode occurred during MJD
57043.30-57049.38, when the time width was less than ∼ 15 hours. A strong
flaring period is observed around the 24th-25th of January. The flux peak of
(1.14± 0.24)× 10−6 photon cm−2 s−1 was observed on the 24th of January at
22:35 pm in a bin with a half-width of 3.1 hours. The analysis of the data
acquired in the mentioned period on the energies of > 100 MeV results in
a flux of (2.22± 0.38) × 10−6 photon cm−2 s−1, which is the highest photon
flux detected from this source. The data analysis for the entire flaring period
(January 21-28) resulted in a flux of (1.05± 0.06)× 10−6 photon cm−2 s−1 and
a photon index of ∼ 1.98± 0.04 [80]. After MJD 57049.38, PKS 1441+25 was
in its quiescent state, and the data should be accumulated for more than a
day to reach 20 % uncertainty. Then from MJD 57109.89 to MJD 57143.91,
PKS 1441+25 was again in its active state which was characterized by emis-
sion with a significantly hardened γ-ray photon index. Starting from MJD
57126.70 to MJD 57141.93, the photon index of PKS 1441+25 hardened and
reached ≤ 1.9 most of the time. Measured within a few hours, the photon
index kept varying from Γ = 1.73 to Γ = 1.91. The hardest photon index
of Γ = 1.54± 0.16 was observed on MJD 57131.46 with 11.8σ and the data
being accumulated for ≈ 29 hours. Other periods, when PKS 1441+25 was
bright enough to be detected on sub-day scales, are MJD 57177.38- 57199.76
and MJD 57243.02-57249.39. For the rest of the time the source was in its
quiescent state and the data should be accumulated for a few days or even
longer in order to detect the source. The analysis of the light curve with the
new adaptive binning method for the first time allowed us to investigate the
flaring activity of PKS 1441+25 with a sub-day resolution and to perform de-
tailed investigation of the flux and photon index changes.
Furthermore, to derive the flare doubling timescales and understand the na-
ture of the January flare, the light curve is fitted with an exponential function
in the form of [2]

F(t) = Fc + F0 ×
(

e
t−t0

tr + e
t0−t

td

)−1

(6.2.1)

where t0 is the time of the maximum intensity of the flare (F0), Fc is the con-
stant level present in the flare, tr and td are the rise and decay time con-
stants, respectively. The fit shows that the flare is best explained when t0 =
57048.25 ± 0.18, tr = 1.92 ± 0.3, td = 0.72 ± 0.1 and F0 = (22.6 ± 1.4) ×
10−7photon cm−2s−1. The fit of the flaring period is shown in Fig. 6.3 with
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a dashed red line. Using this technique, it is also possible to estimate the
shortest time variability (flux doubling) defined by τ = 2tr,d, corresponding
to τ = 1.44 days which is used to put an important constraint on the radiative
region size. We note that the previous PKS 1441+25 γ-ray emission studies
with the Fermi LAT data that covered only the period in April did not allow
to properly estimate the γ-ray emitting region size, while here the analysis
of the flaring period in January allowed to constrain the flare doubling time
which is necessary for constraining the γ-ray emission region size.

6.3 BROADBAND SED MODELLING

It is hard to make theoretical modeling of the observed broadband SED be-
cause the structure of the central region of blazars is complex and the exact
localization of emitting regions is unknown. The observed fast variability
indicates compactness of the emitting region but its localization remains an
open problem. Along the jet, the emission can be produced in different zones
and depending on the distance from the central black hole different compo-
nents can contribute to the observed emission [87].

6.3.1 Broadband SED

The broadband SEDs of PKS 1441+25 for different periods are shown in Fig.
6.4 where with red and blue colors are the SED observed in January and April
respectively, while the archival data from ASI science data center 2 are shown
with gray color. We note that during the high states, the second emission peak
increased by intensity and shifted to HEs. This kind of change has already
been observed during the flaring state of 4C+49.22 [25] and PKS 1510-089 [1].
During the flaring periods the low-energy component’s intensity increased
as compared with the quiescent state; the increase in April exceeded that one
observed in January (although the power-law photon index in the X-ray band
(≈ 2.3) had been relatively constant during both observations). More evident
and drastic is the change of the peak intensity of the low energy component;
from January to April it increased by nearly an order of magnitude and as
compared with the quiescent state it increased ≥ 15 times. On the contrary,
the peak of the second component (in the HE γ-ray band) is relatively con-

2http://tools.asdc.asi.it/SED/index.jsp
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stant, only the photon index in the MeV-GeV energy range is harder during
the observations in April. The Compton dominance of the source is stronger
and evident during the flaring periods which suggests that the density of the
external photon fields significantly exceeds the synchrotron photon density
(Uext/Usyn >> 1).
Such a strong amplification of the emission from blazars can be explained by
means of introducing changes in the emission region parameters, e.g., in the
magnetic field, emitting region size, bulk Lorentz factor and others, and/or
particle energy distribution. In principle, all the parameters describing the
emitting region can be changed at the same time if the flares are due to a
global change in the physical processes in the jet, which also affect the jet dy-
namics and properties. However, usually, the change in one or two parame-
ters is enough to explain the flares. An interesting study of the flaring activity
in FSRQs as a result of changes in different parameters has been investigated
in [72]. Namely, the emission spectra evolution as a function of changes in
different parameters (e.g., bulk Lorentz factor, magnetic field, accretion rate,
etc.) is investigated. In the case of PKS 1441+25, during its flaring periods,
both the low energy and HE components increased several times. The in-
crease of the second component is most likely due to moving of the emitting
region outside its BLR. In principle, there are two possibilities: i) either the
emitting region moves faster due to increasing bulk Lorentz factor and leaves
the BLR or ii) the bulk Lorentz factor is unchanged and only the emitting re-
gion is moving beyond the BLR. In the first case, since the external photon
density in the comoving frame of the jet depends on the Doppler boosting
factor, a strong increase in the Compton dominance will be observed. We
note that the change of the bulk Lorentz factor will also affect the low energy
component. In the second case, the flaring activity is due to the change of
the location of the emitting region and due to the magnetic field amplifica-
tion. Additional increase of the magnetic field from January to April is also
evident when the low energy component kept increasing (this corresponds
to the case shown in Fig. 1 (b) in [72]). Accordingly, we discuss two possibil-
ities. First, we assume that δ has increased from 10 in the quiescent to 18 in
the flaring periods, and then we assume that it was constant (δ = 18) in both
periods. These values are below and above the estimated mean bulk Lorentz
factor of FSRQs obtained from the analysis of a large sample of γ-ray emitting
FSRQs [38]. The emission region size can be estimated through the observed
variability time scale τ = 1.44 d implying that Rb ≤ δ c τ/(1+ z) ≈ 3.5× 1016

cm when δ = 18 and Rb = 1.92× 1016 cm when δ = 10.
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6.3.2 Theoretical modeling

We attempt to fit the SEDs in the high states of January and April as well
as in the quiescent state. Even if a quiescent state SED is constrained with
non-simultaneous data, its modeling provides an insight into the dominant
physical processes which are constantly present in the jet but are covered by
the flaring components during the high states. We modeled the PKS 1441+25
SED for high and quiescent states in the framework of single-zone leptonic
models that include the synchrotron, SSC, and EC processes. The emission
region (the ”blob”), assumed to be a sphere with a radius of R which is mov-
ing with a bulk Lorentz factor of Γ, carries a magnetic field with an intensity
of B and a population of relativistic electrons. The blob velocity makes a
small angle with respect to the line of sight, so the emission is amplified by
a relativistic Doppler factor of δ. The energy spectrum of the population of
electrons in the jet frame, which is responsible for the non-thermal emission
is assumed to have a broken power-law shape:

N′e(E′e) =

N′0
(

E′e
mec2

)−α1
E′e,min 6 E′e 6 E′br

N′0
(

E′br
mec2

)α2−α1 ( E′e
mec2

)−α2
E′br 6 E′e 6 E′e,max

(6.3.1)

where N′0 is connected with the total electron energy Ue =
∫ E′max

E′min
E′eNe(E′e)dE′e,

α1 and α2 are the low and high indexes of electrons correspondingly below
and above the break energy E′br, and E′min and E′max are the minimum and
maximum energies of electrons in the jet frame, respectively. The electron
spectrum given in Eq. 6.3.1 is naturally formed from the cooling of relativis-
tic electrons [57, 53].
The low-energy (from radio to optical/X-ray) emission is due to the syn-
chrotron emission of electrons with an energy spectrum as given by Eq. 6.3.1
in a homogeneous and randomly oriented magnetic field. For the quiescent
state we assume the energy dissipation occurs close to the central source re-
gion and it is explained as an IC scattering of synchrotron photons (SSC).
Instead the high state emission is dominated by that from a region well out-
side the BLR in order to avoid the strong absorption of photons with energies
≥ 100 GeV (similar assumptions have been already made in [6, 15]). In this
case the dominant external photon field is the IR radiation from the dusty
torus which, as we assume, has a blackbody spectrum with a luminosity of
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LIR = η Ldisc (η = 0.6, [33]) and a temperature of T = 103 K and fills a vol-
ume that for simplicity is approximated as a spherical shell with a radius of
RIR = 3.54× 1018 (Ldisc/1045)0.5 cm [69]. The disc luminosity is estimated
from the BLR luminosity, Ldisc = 10× LBLR ≈ 2× 1045erg s−1 [94].

6.3.3 Fitting technique

In order to constrain the model parameters more efficiently, we employed
the MCMC method, which enables to derive the confidence intervals for each
model parameter. For the current study we have modified the naima pack-
age [95] which derives the best-fit and uncertainty distributions of spectral
model parameters through MCMC sampling of their likelihood distributions.
The prior likelihood, our prior knowledge of the probability distribution of a
given model parameter and the data likelihood functions are passed onto the
emcee sampler function for an affine-invariant MCMC run. In addition, there
are multiple simultaneous walkers which improve the efficiency of the sam-
pling and reduce the number of computationally expensive likelihood calls.
We run the sampling with 64 simultaneous walkers, for 100 steps of burn-
in, and 100 steps of run. In the parameter sampling, the following expected
ranges are considered: 1.5 ≤ (α1,2) ≤ 10, 0.511 MeV ≤ E′(br, min, max) ≤ 1 TeV,
and N0 and B are defined as positive parameters. The synchrotron emission
is calculated using the parameterization of the emissivity function of syn-
chrotron radiation in random magnetic fields presented in [13] while the IC
emission is computed based on the monochromatic differential cross section
of [12].

6.3.4 SED modeling and results

The results of SED modeling are shown in Fig. 6.4 with the corresponding
parameters in Table 6.2. The radio emission is due to the low-energy elec-
trons which are accumulated for longer periods, that is why, the radio data
are treated as an upper limit for the purposes of our modeling. To have an in-
dication of a change in the energetic contents of the jet, as well as of changes
in the radiating particle distribution, first we try to fit the SED in a quiescent
state which is modeled assuming two different Doppler boosting factors. The
gray solid line in Fig. 6.4 shows the synchrotron/SSC emission assuming
that the jet Doppler boosting factor is δ = 10, and the gray dashed line is the
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Figure 6.4: The broadband SED of PKS 1441+25 for January (red), April (blue)
and for the quiescent state (gray). The blue, red and gray lines are the mod-
els fitting the data with the electron spectrum given by Eq. 6.3.1 for January,
April and for the quiescent state, respectively. The model parameters are pre-
sented in Table 6.2. The UV-X-ray and VHE γ-ray data observed in January
and April are from [6] and HE γ-ray data (Fermi LAT) are from this work.

Table 6.2: Model parameters.
Parameter Quiescent Quiescent January April

Doppler factor δ 10 18 18 18

Normalization of electron distribution N′0 × 1048 eV−1 10.68+3.09
−2.64 43.44+6.59

−7.76 23.83+8.11
−7.32 6.12+1.67

−1.56

Low-energy electron spectral index α1 2.14± 0.04 2.09+0.03
−0.04 2.10+0.04

−0.05 1.98± 0.03

High-energy electron spectral index α2 3.39+0.27
−0.14 3.38± 0.06 3.46± 0.06 3.64± 0.01

Minimum electron energy E′min (MeV) 1.84+1.75
−1.23 286.37+30.64

−25.39 1.97+0.31
−0.34 4.16+1.00

−1.86

Break electron energy E′br (GeV) 2.83+0.51
−0.31 1.11+0.14

−0.12 1.62+0.23
−0.15 3.11+0.15

−0.23

Maximum electron energy E′max (GeV) 46.27+49.74
−13.76 82.32+13.47

−17.14 127.82+26.74
−24.75 202.79+21.2

−14.6

Magnetic field B [G] 0.19± 0.013 0.046± 0.002 0.11+0.005
−0.004 0.18+0.009

−0.006

Jet power in magnetic field LB × 1043 erg s−1 0.49 0.31 1.71 4.51

Jet power in electrons Le × 1045 erg s−1 2.11 4.07 9.60 4.47
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case of δ = 18. In case of δ = 10, as the emitting region size is as small as
Rb = 1.92× 1016 cm, the magnetic field should be as strong as B = 0.19 G
to account for the observed data, while at δ = 18 the magnetic field is much
weaker, B = 0.046 G. Also, the underlying electron distribution for the case
of δ = 10 is characterized by a slightly higher break (2.83 GeV versus 1.11
GeV) in order to account for the observed emission.
The emission in flaring periods is modeled assuming that the HE emission is
entirely due to the IC scattering of external photons (Fig. 6.4). In all calcu-
lations the absorption due to the EBL was taken into account using a model
from [28] since a strong absorption is evident at ≥ 100 GeV (red dashed line
in Fig. 6.4). In both periods the HE electron spectral index is within the range
of α2 ∼ (3.46− 3.64) which is required to explain the UV-X-ray data with a
photon index of≈ 2.3. The lack of low-energy data makes the precise estima-
tion of the low energy electron index harder. Only the Swift XRT/NuSTAR
data from the observation of the transition region between low and high en-
ergy components allows to define the parameters Emin and α1. The low en-
ergy electron index is in a typical range expected from shock acceleration
theories, α1 ≈ 2.
As distinct from the quiescent state, in order to explain the flaring activities,
both, the electron distribution and the magnetic field should be varying. We
note that the magnetic field required for modeling of flaring periods, (B ≥
0.11 G), is weaker than that one estimated in the quiescent state in case of
δ = 10 (B ∼ 0.19 G). Since the synchrotron emission depends on the total
number of emitting electrons Ne, δ and magnetic field strength B, in case of
smaller δ (and emitting region size) the magnetic field should be stronger.
Instead, when δ is constantly equal to 18 in both states, the magnetic field
should be nearly ∼ 2.4 and ∼ 3.9 times stronger in January and April, re-
spectively, in order to explain the observed data. As the synchrotron photon
density is proportional to B2, the increase in the magnetic field strength re-
sulted in the observed increase of the synchrotron flux by a factor of 5.7 and
15.3 (Fig. 6.4). In the modeling of the SEDs observed in the flaring periods
of January and April, the magnetic field should be changed in accordance
with the increase in the low energy component. Since the emission in the HE
band is dominated by the IC scattering of external photons, this component
remains stable during those periods (this corresponds to Fig. 1 (b) [72]).
The electron spectra obtained during the fit of SEDs in quiescent and flaring

states are shown in Fig. 6.5. It is clear the evolution of the electron spectra
during the quiescent and high states. The low energy indexes of the underly-
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Figure 6.5: The electron spectra (broken power laws) obtained from the fit
of the quiescent and flaring states of PKS 1441+25. Details on the parameter
values are given in Table 6.2.

ing electron distribution in the quiescent state (δ = 10) are softer as compared
with the flaring period (April). The total electron energy for modeling the
emission in the quiescent period, when δ = 18, is almost of the same order as
that in the flaring periods, which is expected, as the magnetic field is weaker,
most of the jet energy is carried by particles. During the flaring periods, there
are evident changes also in the underlying electron distribution. The electron
distribution best describing the data observed in April hints at i) hardening
of the low energy index, ii) a higher break at ∼ 3.1 GeV and maximum ener-
gies of ∼ 203 GeV. Ebr and Emax are expected to shift, as the γ-ray spectrum
observed in April is slightly inclined toward HEs, as compared with the Jan-
uary spectrum (see Fig. 6.4). However, due to the large uncertainties in the
estimations, especially for α1 (since the data in between 100 keV and 100 MeV
are missing), no definite conclusions can be drawn. For a statistically signif-
icant claim for hardening, there are required additional data in the energy
range characterizing the rising part of the low and high energy components,
which will allow to constrain α1 with higher confidence. We note, however,
that the significant hardening of the γ-ray emission observed in April (Fig.
6.2 (c)) supports and strengthens the assumptions on the hardening of the
low energy electron index.
Similar modeling of the SED of PKS 1441+25 observed in April has been al-
ready done in [6, 15], but it was done in a different manner. For example,
in [15] the low electron energy index is fixed to be α1 = 2, a value expected
from strong shock acceleration theories, while in our case all the parameters
can vary in the fitting procedure. After having observed the hardening of the
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γ-ray photon index in April, we believe that exact estimation of α1 is impor-
tant. Moreover, possible hardening or softening of α1 would point out the
acceleration processes in the jet. However, the main difference in the mod-
eling presented here, as compared with the previous ones, is the size of the
emitting region (blob). They used larger blob size, 5× 1016 cm, in [15] and
4× 1017 cm in [6]. In our case, the modeling of the January flare time profile
allowed us to constrain the emitting region size by Rb ≤ 3.5× 1016 (δ/18)
cm. Another difference with the previously reported parameters is that in
our case the electron energy density is nearly 100 times higher than the mag-
netic field energy density. In [6] Ue/UB = 1.5, which is related to the fact
that much bigger emitting region size is used. We note that in [15], where the
considered blob size is similar to our case, they also found that Ue/UB ≥ 10.
Moreover, in our case the radius of the IR torus is derived from a different
scaling law, which can cause additional difference in the estimation of the to-
tal energy. Despite using different approaches and parameters as compared
with those used in the previous modelings, we note, that the main parame-
ters for the underlying electron distribution obtained during April are similar
to the previously reported values.

6.4 DISCUSSION and CONCLUSIONS

In this paper, we present the results of the study of the γ-ray emission from
PKS 1441+25 during January-December 2015. The data from the observations
of a bright GeV flare in January allow us to estimate the emitting region size
whereas the modeling of the broadband SED of PKS 1441+25 in January and
April provided a chance to probe into the physical process during the flaring
periods.
The γ-ray light curve generated with an adaptive binning method shows that
the source entered its high activity state around MJD 57043.3 and the flux
reached its maximum on January 24, when, within a few hours, the flux in-
creases up to Fγ(> 100 MeV) = (2.22± 0.38)× 10−6 photon cm−2 s−1. Dur-
ing this γ-ray brightening the fit of the flare profile shows a slow rise and
a fast decay trend with the shortest variability (flux doubling) time being
τd = 1.44 days. The rise of the flare can be attributed to the shock acceler-
ation, whereas the decay phase cannot be explained by cooling of particles.
Indeed, for the electrons that emit γ-rays with εγ = 1 GeV, as measured
in the observer frame, the corresponding cooling timescale would then be
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∼ (3 me c/σT uIR) × (εIR(1 + z)/εγ)0.5 [82] which corresponds to 0.47 days
in this case. This timescale is shorter than the observed e-folding decay
timescales of the flares, implying that the observed flux decrease is related
to the processes other than radiative losses.
After the flare on MJD 57049.38, the source is in its quiet state and the next
increase in the flux is observed starting from MJD 57109.89. Even if during
this period, the flux amplitude is lower than one that observed in January,
an interesting modification of the γ-ray emission spectrum is observed. First,
the γ-ray photon index hardened during MJD 57126.70-57141.93, it was≤ 1.9.
This period coincides with the one when VHE γ-rays from PKS 1441+25 were
detected. The hardest γ-ray photon index, Γ = 1.54± 0.16, has been observed
on MJD 57131.46 with a convincingly high detection significance of 11.8σ.
This photon index is unusual for FSRQs which are with an averaged photon
index of 2.4 in the third Fermi LAT AGN catalog (see Fig. 8 of [9]). This pho-
ton index is even harder than the index of B3 1151+408 (Γ = 1.77) which has
the hardest photon indexes in the clean sample of Fermi LAT detected FS-
RQs. Although, hard photon indexes have been occasionally observed dur-
ing rapid flaring events in FSRQs [71]. The observed hardening was perhaps
related to the emission of new energetic particles that were either injected into
the emitting region or re-accelerated. Next, the data analysis covering only
the period in April shows that the γ-ray flux hints at a spectral curvature and
a power-law with an exponential cut-off model is preferred over the simple
power-law modeling assuming a break around Ecut = 17.7± 8.9 GeV with a
significance of 2.8σ. Although the low statistics does not allow to claim for
a statistically significant curvature in the spectrum, the γ-ray photon index
observed in the VHE γ-ray band (∼ 5.4, which corresponds to an intrinsic
index of 3.4 after correction for the EBL) strongly supports the presence of
a break or a cut-off in the PKS 1441+25 spectrum around tens of GeV. Most
likely, this break is defined by the break present in the radiating electron spec-
trum rather than is caused by the absorption within BLR [75] (otherwise the
photons with >100 GeV would be strongly absorbed).

The origin of multiwavelength emission: The SEDs observed during qui-
escent and flaring states are modeled using one-zone leptonic models and
the model parameters are estimated using the MCMC method. The HE γ-ray
emission observed in the flaring states can be explained by IC scattering of
IR photons from the dusty torus whereas the SSC model gives a satisfactory
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representation of the data observed during the quiescent state. The flares ob-
served in January and April can be explained assuming there are changes in
the bulk Lorentz factor or in the magnetic field. If the emitting region leaves
the BLR region due to the increase of the bulk Lorentz factor (from δ = 10
to δ = 18), the Compton dominance will increase as it has been observed
in the γ-ray band. Indeed in the flaring states, the IC to synchrotron lumi-
nosities ratio Lγ/Lsyn ≈ 200 and ≈ 28 in January and April, respectively as
compared with that in the quiescent state Lγ/Lsyn ≈ (2− 4). At the same
time, the increase in the low energy component indicates that the magnetic
field also increased between the flares in January and April [72]. On the other
hand, if the bulk Lorentz factor is unchanged (δ = 18), only the change in the
emitting region location and amplification of the magnetic field can explain
the multifrequency behavior observed during the flares. It is possible to dis-
tinguish between these two scenarios, provided there are data in the hard
X-ray or soft γ-ray band, as the modeling with δ = 18 predicts a higher flux
in the hard X-ray band than when δ = 10 is assumed (gray dashed and solid
lines in Fig. 6.2). Such data are missing in this case, making it hard to give
exact interpretation of the origin of the flare. Anyway, physically reasonable
parameters are used in both of these scenarios.
When comparing the electron parameters required for the modeling of the
SEDs in January and April, we find a hint of possible hardening of the low
energy electron index in April. We note, however, that no definite conclusions
can be drawn since α1 is poorly constrained (due to missing or nonsufficient
data). For all that, the April hardening of the γ-ray photon index in the MeV-
GeV energy region supports our assumptions on hardening of the power-law
index of the underlying electron distribution.

Jet Energetics: The jet power in the form of magnetic field and electron
kinetic energy are calculated by LB = πcR2

bΓ2UB and Le = πcR2
bΓ2Ue, re-

spectively, and are given in Table 6.2. The jet power in the electrons changes
in the range (4.5 − 9.6) × 1045 erg s−1 during the flares, while in the quies-
cent state it is of the order of (2.1− 4.1) × 1045 erg s−1. Assuming one pro-
ton per relativistic electron (e.g., [23, 30]), the total kinetic energy in the jet
is Lkin = 8.02× 1047 erg s−1 and Lkin = 1.35× 1047 erg s−1 for January and
April, respectively.
The maximum γ-ray flux during the period of high activity is (2.22± 0.38)×
10−6 photon cm−2 s−1 which corresponds to an isotropic γ-ray luminosity
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of Lγ = 1.22 × 1049 erg s−1 (using a distance of dL ≈ 6112.8 Mpc). Like-
wise, the γ-ray luminosities in the periods of January and April were Lγ =
3.48× 1048 erg s−1 and Lγ = 5.21× 1048 erg s−1, respectively. Yet, at δ = 18
the total power emitted in the γ-ray band in the proper frame of the jet
would be Lem,γ = Lγ/2 δ2 = 1.89 × 1046 erg s−1 during the peak flux and
would change within Lem,γ = (5.38 − 8.04) × 1045 erg s−1 in January and
April. These luminosity values account for only a small fraction (≤ 6.7%)
of the total kinetic energy of the jet. However, assuming that the standard
radiative efficiency of the accretion disc ηdisc ∼ 10%, the accretion power
would be Lacc = 2× 1046 erg s−1. Thus during the flaring period the power
emitted as γ-ray photons constitutes the bulk of the total accretion power
Lem,γ/Lacc ≈ 1, while in January and April it made a substantial fraction of it
- Lem,γ/Lacc ≈ (0.3− 0.4); this is in a good agreement with the recent results
by [39], which showed that the radiative jet power in blazars is higher than
(or of the order of) the accretion disk luminosity.

The observations in both X-ray and γ-ray bands show that after the activ-
ity observed in January and April the emission from the source again en-
ters a quiescent state. A small increase in the γ-ray flux has been observed
only in June, August and October-November 2015. Also, the UV/X-ray flux
measured by Swift in May 2015 [6] shows that the synchrotron component is
weaker than it was in April. Thus, this indicates that the magnetic field in
the emitting region started to decrease. In addition, in the γ-ray band, the
flux slowly decreases down to a few times 10−7 photon cm−2 s−1 for most of
the time after August 2015, and the γ-ray photon index reaches its mean level.
These point out that the emission from the blob outside the BLR region weak-
ened, and the decrease of the Compton component shows that the emission
responsible for the emission in the quiescent state (SSC) starts to dominate
again. Since in this case the emission occurs close to the central source, due
to the strong absorption, it is not expected to have emission of VHE γ-ray
photons.
The multiwavelength observations of PKS 1441+25 during the flaring periods
allowed us to investigate and discuss the changes that possibly took place in
the jets and caused flaring activities. However, the parameters describing the
underlying electron distribution below the break are poorly constrained, be-
cause the data describing the rising part of both low and HE components are
missing. It did not allow us to exactly identify the processes responsible for
the acceleration of particles in the jet. However, the future possible observa-
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tions of flaring periods also in other energy bands will provide a chance to
investigate the dominant particle acceleration processes.
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A. S. Johnson, R. P. Johnson, T. J. Johnson, W. N. Johnson, T. Ka-
mae, H. Katagiri, J. Kataoka, N. Kawai, M. Kerr, J. Knödlseder,
M. L. Kocian, M. Kuss, J. Lande, L. Latronico, M. Lemoine-Goumard,
F. Longo, F. Loparco, B. Lott, M. N. Lovellette, P. Lubrano, G. M.
Madejski, A. Makeev, M. N. Mazziotta, W. McConville, J. E. McEnery,
C. Meurer, P. F. Michelson, W. Mitthumsiri, T. Mizuno, A. A. Moi-
seev, C. Monte, M. E. Monzani, A. Morselli, I. V. Moskalenko, S. Mur-
gia, P. L. Nolan, J. P. Norris, E. Nuss, T. Ohsugi, N. Omodei, E. Or-
lando, J. F. Ormes, M. Ozaki, D. Paneque, J. H. Panetta, D. Parent,
V. Pelassa, M. Pepe, M. Pesce-Rollins, F. Piron, T. A. Porter, S. Rainò,
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A. Stamerra, M. Strzys, T. Surić, L. Takalo, F. Tavecchio, P. Tem-
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M. L. Lister, and A. M. Stirling.

Observational evidence for the accretion-disk origin for a radio jet in an
active galaxy.

Nature, 417:625–627, June 2002.

89



Bibliography

[64] H. L. Marshall, B. P. Miller, D. S. Davis, E. S. Perlman, M. Wise, C. R.
Canizares, and D. E. Harris.

A High-Resolution X-Ray Image of the Jet in M87.
ApJ, 564:683–687, January 2002.

[65] R. Mirzoyan.
Discovery of Very High Energy Gamma-Ray Emission from the distant

FSRQ PKS 1441+25 with the MAGIC telescopes.
The Astronomer’s Telegram, 7416, April 2015.
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