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Abstract

Most active galactic nuclei at the center of the nearby galaxies have supermassive black holes accreting at sub-
Eddington rates through hot accretion flows or radiatively inefficient accretion flows, which efficiently produce
jets. The association of radio and X-ray flares with the knot ejection from MS81* inspires us to model its
multiwavelength spectral energy distribution (SED) during these flares to constrain the physical parameters of the
jet. Moreover, we construct a long-term light curve in X-rays to identify the flares in the available data and
constrain the jet parameters during those periods. The jet activity may vary on short as well as long timescales,
which may produce flares in different frequency bands. The SEDs from radio to X-ray during the quiescent as well
as flaring states are found to be satisfactorily explained by synchrotron emission of relativistic electrons from a
single zone. The variation in the values of the jet parameters during the different states is shown and compared with
high-synchrotron peaked blazars.
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1. Introduction

Most giant galaxies are known to host supermassive black
holes (SMBHs) at their centers. In our local universe, most of
these SMBHs are underfed due to low, sub-Eddington
accretion rates and are classified as low-luminosity active
galactic nuclei (LLAGNSs). Unlike typical active galactic nuclei
(AGNs), which have a thin disk, LLAGNs have radiatively
inefficient accretion flow (RIAF) at their inner radii and a
truncated thin disk at the outer radii. Observations and
theoretical studies suggest that these accretion flows are quite
efficient at producing bipolar outflows and jets. Therefore, it
has been suggested that in most of these LLAGNS, emission
comes from three components: a jet, RIAF, and an outer thin
disk. Their relative contribution to the spectral energy
distributions (SEDs) of LLAGNS is not yet known. The low
luminosity of these sources makes them incapable of sustaining
structural features like a broad-line region (BLR) and dusty
torus; ergo, they do not follow the unification model of AGNs.

The SMBHs spend most of their lifetime as LLAGNSs, but
these are not as well studied as their brighter counterparts due
to their faintness. Due to its proximity, M81™ is relatively bright
and has been one of the most extensively observed LLAGNS.
Thus, it allows us to explore the underlying physical
mechanisms of the otherwise less-known LLAGNS.

MS81" is located at a distance of 3.6 Mpc (Freedman et al.
1994) with a SMBH of estimated mass 7 x 10’ M., at the
center of the massive spiral galaxy NGC 3031. The bolometric
luminosity of M81* is 9.3 x 10* ergs', implying an
Eddington ratio of 1.1 x 107> Lggq, where Lgqq is the
Eddington luminosity. The low Eddington ratio, the absence
of a thin disk at the inner radius (Young et al. 2018), and its
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proximity make it a prototype LLAGN to study the emission
mechanisms and temporal features of LLAGNs, which yet
remain unexplored.

Jet-dominated spectral models for M81* have previously
been used to explain the data from radio to X-ray frequencies
(Markoff et al. 2008), with both synchrotron and synchrotron
self-Compton (SSC) as the proposed dominant mechanisms of
X-ray emission, providing a good fit to the observed data. It is
important to understand whether the jet activity of M81" is
similar to the jet activity of the general population of high-
luminosity AGNs, which have been extensively studied in the
recent past with multiwavelength data from various telescopes.

A uniquely large radio flare (Pooley 2011) was seen to be
followed by a discrete knot ejection in M81%, suggesting a
similar jet-production mechanism to luminous AGNs (King
et al. 2016). An X-ray flare and a radio rebrightening were
found to be associated with the ejected knot. Their result has a
significant impact on the understanding of the jet activity of
MB81%, as this indicates for the first time the presence of radial
motion in the jet of a low-luminosity AGN.

We constrain the physical parameters of the jet during the
emission of the discrete knot in radio frequencies by
constructing and modeling the multiwavelength SEDs. More-
over, we identify several X-ray flares in the long-term light
curve of M81* (2005 April 21-2014 May 24) constructed using
Swift data. The methods followed to analyze the X-ray, UV-
optical and gamma-ray data are given in Section 2, and the
methods used to identify the flares and quiescent state are
discussed in Section 3. We discuss the construction of the
SEDs during the different states in Section 4.1 and,
subsequently, the modeling of these SEDs is discussed in
Section 4.2.

Our results are mentioned in Section 5 and discussed in
Section 6. Interestingly, we find that all the SEDs covering
radio to X-ray frequencies can be explained by synchrotron
emission from the jet of M81%, similar to the high-synchrotron
peaked blazars (HSPs) like Mrk 421 (Sinha et al. 2015).
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2. Multiwavelength Observations and Data Analysis
2.1. X-Ray

The Swift telescope has monitored M81* several times
between 2005 April 21 and 2021 May 24. The X-ray data
were taken from the X-Ray Telescope (XRT) instrument on
board Swift, in both photon counting (PC) and windowed
timing (WT) modes. The data reduction was performed using
the standard data pipeline package (XRTPIPELINE
v0.13.5) in order to produce cleaned event files. For the
observations in WT mode, the source events were extracted
using a circular aperture of radius 118", and the background
events were extracted from an annular region with an inner
and outer radius of 200”6 and 271”4, respectively, chosen to
be symmetrically placed about 100 pixels. The count rate
for each of these observations was below the pile-up limit
(~100 counts s~ ). For the observations in PC mode, the
source events were extracted from a circular region of radius
118" centered on the source. The background events were
extracted from an annular region of inner radius and outer
radius of 141” and 213", respectively (King et al. 2016). The
observations with the count rate above the pile-up limit
(~0.5 counts s~ ') were checked for pile-up effect by
modeling the XRT point-spread function (PSF) with the
King function following the standard procedure. The source
event files for the observations with pile-up were then
extracted by excluding the events within the circle of radius
up to which the pile-up was significant (varying between
2" and 10”). The spectra were obtained from the corresp-
onding event files using the XSELECT v2 . 4g software; we
created the response files using the task xrtmkarf and then
combined them with the source and background spectra using
grppha. Due to low count rates, we binned the spectra with
a minimum count of I per bin using grppha. We used
XSPEC to fit each spectrum using Cash statistics. We fit each
spectrum with a simple absorbed power law (tbabs*po)
with corresponding Galactic hydrogen column density (Ny)
along the direction of M81* fixed to 5 x 10*° cm ? (King
et al. 2016). The power law is defined as A(E) = KE™ T,
where the photon index I', and the normalization K were
allowed to vary. The flux obtained in the soft X-ray band
(0.5-2.0 keV) and hard X-ray band (2.0-10.0 keV) at each
epoch is shown in Figures 1(a) and (b), respectively.

Observations taken by another X-ray instrument, NuSTAR,
during the period of the detected flares were also analyzed for
completeness.

An observation was taken by NuSTAR on 2015 May 18
during Flare B. The data were processed using NUSTARDAS
(v1.8.0) along with CALDB v20190627. The cleaned
event files with an exposure of ~20.9 ks were obtained using
nupipeline. We extracted the source spectrum from a
circular region of radius 100” centered on the source for both
Focal Plane Modules A and B (FPMA and FPMB). The
background spectrum was extracted from a region of an
equivalent radius away from the source. We carried out the
spectral fitting over an energy range of 3.0-60.0 keV for FPMA
and FPMB simultaneously using XSPEC with the same
baseline model along with three Gaussian absorption lines
with centroid energies fixed at 6.4, 6.68, and 6.96 keV (Page
et al. 2004).
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2.2. UV-Optical

M81" was monitored by Swift’s Ultra-violet Optical
Telescope (UVOT) in some or all of six filters, V (5468 A),
B (4392 A), U (3465 A), Wi (2600 A), M2 (2246 A), and W2
(1928 A) simultaneously with multiple XRT observations. We
reduced the data using the standard procedures by extracting
source counts from a circular region of 5” radius centered on
the source, while background counts were extracted from an
annulus region centered on the source with inner and outer radii
of 27”5 and 35", respectively. We used the tool uvotsource
to derive the magnitudes, which were then corrected for
Galactic extinction using the extinction values obtained with
the python module extinction and the reddening law with
R, = 3.1 from Fitzpatrick (1999). The corrected observed
magnitudes were further converted into fluxes using the zero-
point correction flux (Breeveld et al. 2011). The Swift-UVOT
light curve is shown in Figures 1(c) and (d). The host-galaxy
flux (Pian et al. 2010) was further subtracted for the U, Wi, M2,
and W2 filters.

2.3. Gamma-Ray

We analyzed the data collected by Fermi’s Large Area
Telescope (LAT) over a period of ~13.5 yr ranging from 2008
August 8 to 2022 February 28 with fermitools v2.0.0,
fermipy v1.0.0, and Pass 8 event-processed data. A strong
gamma-ray emitter, the starburst galaxy M82, is located 0.62°
away from MS81". Since the PSF of Fermi-LAT at lower
energies is larger than the separation, contamination from M82
to the gamma-ray flux cannot be ruled out (Lenain &
Walter 2011). Therefore, we selected the events in the
10-300 GeV energy range, where the PSF is smaller than the
separation. The events are selected in a 15° x 15° region of
interest (ROI) centered on the position of M81*. The data were
binned spatially with a scale of 0.1° per pixel and eight
logarithmically spaced bins per energy decade. We then
manually added a point source at the center of the ROI, as
MS81* does not belong to the 4FGL catalog. The source was
modeled with a power-law spectrum.

We only selected the Source class events (evclass=128
and evtype=3) with the recommended filter expression
(DATA_QUAL>0 && LAT_CONFIG == 1). Also, a max-
imum zenith angle cut of 90° was applied to reduce the
contamination from secondary gamma-rays from the
Earth’s limb.

We included the standard diffuse templates, “gl1_iem_v07”
and “iso_P8R3_SOURCE_V2_v1,” available from the Fermi
Science Support Center,' to model the Galactic diffuse emission
and the residual background and isotropic extragalactic
emission, respectively.

A binned maximum-likelihood analysis was performed by
taking into account all the sources included in the updated
fourth source catalog (4FGL-DR?2) and lying up to 5° outside
the ROI in order to obtain the spectral parameters and the
significance of detection of the source.

Automatic optimization of the ROI was performed using the
function optimize within the package to ensure that all the
parameters were close to their global likelihood maxima. To look
for any additional sources in our model which were not included
in the 4FGL catalog, we used £ind_sources () with a power-

! https: //fermi.gsfc.nasa.gov/ssc/data/access /lat/BackgroundModels.html
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Figure 1. The light curve in (a) soft X-ray energies (0.5-2.0 keV) and (b) hard X-ray energies (2.0-10.0 keV), and the light curve in the (c) optical and (d) UV. The
yellow region represents the quiescent state (MJD 56467.7-MJD 56796.7). The brown line (MJD 55814.83-MJD 55823.35), and the purple (MJD 56796.74-MJD
56983.37) and teal (MJD 56983.37-MJD 57160.25) shaded regions represent Flare A, Flare B, and Flare C, respectively.

law model with index 2, sqrt_ts_threshold=5.0, and The normalization of all the sources within a radius of 5° from
min_seperation=0.5. Additional sources, when detected the ROI and the isotropic and Galactic diffuse emission templates
with TS > 25, were included during the LAT analysis. were left to vary. We derived an upper limit on the gamma-ray
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Figure 2. Same as Figures 1(a) and (b), zoomed in to the region of Flare B and Flare C to show the change in flux.

flux of M81* as 2.58 x 10" erg cm % s~ over the 10-300 GeV
energy range.

3. Long-term Light Curve

We construct a long-term light curve by plotting the
absorption-corrected soft (0.5-2 keV) and hard (2.0-
10.0 keV) X-ray flux and optical and UV flux with the date
of observations in Figure 1.

3.1. Identification of Flares

For the identification of statistically significant X-ray flares
in the light curve, we use the Bayesian Block algorithm
(Scargle et al. 2013). The algorithm finds the optimally spaced
time intervals by taking into account the statistical fluctuations
from the flux measurement errors. We use the astropy
implementation of the Bayesian Block algorithm with a false-
positive rate of 0.01 with the option of “measures” in the fitness
function. The change in flux states obtained by the Bayesian
Block algorithm is represented by a magenta line in Figure 1.
The height of each block represents the statistical mean of all
the flux measurements within that block. We define the
statistical mean of all the flux measurements as the base (or
quiescent) flux. If the mean flux value in a block exceeds the
base value by a factor of no, we consider it as a flare, where n is
an integer and o is the standard deviation. By this definition,
we identify two flares, Flare B and Flare C, seen in both soft
and hard X-ray energies, as shown in Figures 1 and 2. We also
consider Flare A in our study since it was identified as an X-ray
flare preceding a radio rebrightening that followed the largest
radio flare observed for M81* by King et al. (2016), even
though it exceeds the base flux value by only 0.8¢ (shown by
the red line in Figure 1). The corresponding flux in the higher-

energy range is close to the baseline flux, which is consistent
with no flare seen in this band by King et al. (2016), as well.

3.2. Identification of Quiescent State Period

We select the time period of MJD 56467.7-MJD 56796.7 for
the quiescent state. The flux in this time period is close to the
mean average flux over the entire time period of the light curve.
Also, the response matrix files of the observations of this period
are the same, thus eliminating the need to sum different
response files.

4. Multiwavelength Spectral Energy Distributions

4.1. Construction of Spectral Energy Distributions for
Different States

In Figure 3, we zoom in to the time period over which
rebrightening of M81* was observed in the radio band in 2011
(King et al. 2016). Though an increase in flux in the soft X-ray
band is seen, it is not found to be statistically significant, as
discussed in Section 3.1. However, to estimate the jet
parameters, electron distribution, and their evolution with time
during knot ejection, we consider this period as Flare A. The
green dashed lines represent the four epochs over which radio
observations were recorded by King et al. (2016). We refer to
them as Epochs 1, 2, 3, and 4, respectively, in our paper. Since
Epoch 1 lies within the flaring period of Flare A, we include
this to construct a quasi-simultaneous SED for Flare A.
Similarly, simultaneous and quasi-simultaneous SEDs are
constructed for Epochs 2, 3, and 4.

To construct a SED for Epoch 2, we have taken the
Swift observation recorded on the same day (2011 September
21). For Epoch 3 (2011 September 27), due to a lack of
observation by Swift, we construct a SED with only radio
measurements. For Epoch 4 (2011 October 4), the
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Figure 3. The light curve during the time period considered at the time of knot
ejection (King et al. 2016). The measurements in radio are taken from the same
work. The black data points are Swift measurements. The magenta lines in
panels (a) and (b), represent the Bayesian blocks, as in Figure 1. The blue
dotted line is the mean flux over the entire period of 16 yr that we have
considered in our study. The red line in panel (a) is the mean flux plus 0.80,
which represents the peak flux of the X-ray flare associated with the knot
ejection, while the blue dotted—dashed line represents 1o over the mean flux.
The vertical dotted—dashed lines represent the four epochs: 2011 September 17,
September 21, September 27, and October 4, in the same order. For Flare A, we
consider the radio data taken at Epoch 1 (2011 September 17) as it lies within
the flare period for a simultaneous radio to X-ray SED. We also construct the
SEDs for Epochs 2, 3, and 4, when quasi-simultaneous single-epoch X-ray
measurements are available.

Swift observation recorded on 2011 October 3 has been used
for constructing the SED.

We constrain the emission in the gamma-ray band with the
upper limit on gamma-ray flux from M81*. The compilation of
multiwavelength data for the different epochs and flares is

Tomar & Gupta

shown in Figure 4, which includes both archival data and the
data analyzed in the present work (shown in color).

4.2. Modeling of Spectral Energy Distributions

We model the compiled broadband SEDs in different states
using the time-dependent code GAMERA® to investigate the
evolution of the broadband spectrum, in particular, the X-ray
spectrum. We consider a homogeneous and spherical emission
region (blob) of radius R having a magnetic field B and moving
down along the jet with a bulk Lorentz factor I'. This region
contains relativistic electrons having a power-law distribution
of particles and emitting radiation through synchrotron and
SSC processes. Using this code, we calculate the particle
spectrum N =N(E, f) under the continuous injection of
particles described by Q(FE, t) and energy-loss rate b = b(E,
7). The code solves the transport equation,

ON O(bN) N

N _0E ) — _ A 1
ot QE. 1) OE fese M

where .. = g is the timescale over which the leptons escape
from the emission region. The code subsequently calculates the
synchrotron and SSC emission, which are Doppler boosted by
a factor of & in the observer’s frame due to relativistic
beaming, where § = [['(1 — Bcos)]~! is the Doppler factor,
T" is the bulk Lorentz factor of the emission region or the jet
frame, (3 is the intrinsic speed of the emitting plasma, and 6 is
the viewing angle of the jet with respect to the line of sight of
the observer. For modeling, we consider a quiescent state as the
time at which the system attains a steady state, i.e., N(E, ) no
longer evolves with time. For Epochs 2, 3, and 4, the time over
which the electron spectrum evolves is constrained by the
number of days between each epoch. For each flare, we allow N
(E, f) to evolve over the time period of the respective
flare obtained with the Bayesian block method. For all the
SEDs, the Lorentz bulk factor has been kept at a fixed value of
3.7 (Doi et al. 2013). We vary the parameters that define the
injected electron distribution, e.g., the spectral index, the
minimum Lorentz factor (I},,), the maximum Lorentz factor
(I'nax), and the normalization factor (A), and also the parameters
of the emission region, e.g., the radius of the emission region
(R) and the magnetic field (B) in that region to fit the data.
Here, the primed quantities denote the parameters in the
comoving frame of the emission region in the jet, and the
unprimed quantities are the values of the parameters measured
in the observer’s frame. The energy density of the injected
electrons is Uéinj in the comoving frame, and the jet power in
the injected electrons, Py, is calculated with the following
expression:

Pinj = TRT?cU, 1y =

e

312¢ [ Emx
p—— EQO(E)dE. 2
w fE R0 ®)

5. Results

We identify three flares (Flare A, Flare B, and Flare C) in the
soft X-ray band, as shown in Figure 1. A flare is observed in
the high X-ray band for both Flare B and C but not for Flare A.

2 http://libgamera.github.io/GAMERA /docs/main_page.html
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Figure 4. The multiwavelength data of M81™ at different epochs and flaring periods are shown in color. In the X-ray band, the power-law component of the X-ray
spectrum obtained in these different states has been shown, with the shaded region representing the errors at 90% confidence level (2.7060). The simultaneous
multiwavelength data from Markoff et al. (2008) at a quiescent period are also shown by open circles for reference. The gray diamonds are the archival data obtained
from NASA /IPAC Extragalactic Database (NED), shown here as a secondary constraint for modeling at the frequencies where the simultaneous/quasi-simultaneous

data are not available.

In Figures 1(c) and (d), we show the flux in optical and UV
bands as obtained by Swift-UVOT. The flux in UV and optical
bands is also found to be increased during Flare B and Flare C.
This flux is corrected for Galactic extinction and host-galaxy
contribution. Therefore, the rise in flux in these bands during
Flare B and C points toward variability in M81".

Interestingly, the X-ray flux shows a significant variation at
different time intervals (Figure 4). Using time-dependent SED
modeling, the evolution of the jet parameters has been studied
in each state.

By modeling the SED during the quiescent state (2013 June
24-2014 May 19), we find that the radio to X-ray emission can
be explained by one-zone synchrotron emission, which extends
up to 10?° Hz, while the SSC emission is well below the upper
limits that we have obtained by Fermi-LAT in the gamma-ray
energy band from 10 to 300 GeV. The system attains a steady
state after 200 days. It is noted that the hard spectrum of X-rays
in the quiescent state requires a hard-injected electron spectrum
with spectral index p=2.42 (Figure 5(a)). The size of the
emitting region is 0.029 pc, and the system is found to be
particle dominated with Up/U. ~ 0.017, two orders of
magnitude away from the equipartition of energy in the jet.
The jet parameter values used for our SED modeling are shown
in Table 1. The total jet power during the quiescent state is
8.84 x 10*" ergs™', while it shows little variation during the
other epochs and flares.

Subsequently, we perform the SED modeling for all the
other states, as shown in Figure 5(a)-(g). Synchrotron emission
can explain the radio to X-ray data for all the epochs and flares.
All the SEDs simulated from our model are presented together
in Figure 5(h) to show the variation in spectral shape and flux
during the different states of M81™.

During Flare A, the X-ray spectrum hardens, which is
explained by the hardening in the injected electron distribution.

After 4 days, at Epoch 2, the radio spectrum has softened (as
also seen in Figure 3), and the X-ray spectrum with similar flux
has hardened. This is explained by a change in injected electron
energy density.

Six days later, on 2011 September 27, at Epoch 3, the radio
spectrum becomes harder. Due to the lack of X-ray data at this
epoch, we have fitted the radio spectrum with synchrotron
emission using a parameter set similar to Epoch 2. It is found
that, again, the injected electron density is increased to fit the
radio data at this epoch.

Eight days later, at Epoch 4, the X-ray spectrum is found to
be softer than that at Epoch 2. It is interesting to note that,
while the X-ray flux at this epoch is lower than that of the
quiescent state, the radio flux becomes the maximum at this
epoch (see Figure 3). The spectral index of the injected electron
distribution required to explain the emission is maximum at
this epoch. Further, the injected electron density at this epoch is
maximum.

Flare B (2014 May 19-2014 November 22) and Flare C
(2014 November 22-2015 May 18) show flaring in both soft
and hard X-ray bands.

The values of the radius of the emission region (R) during
Flare B and Flare C are the same as that during the quiescent
state, and the magnetic field has been kept fixed at 0.003 Gauss,
while the injected electron spectrum becomes harder.

Epoch 4 requires the highest injected electron density among
all the states, as shown in Table 1. At all epochs and states, the
power in electrons has the highest contribution to the total jet
luminosity.

The Swift UV-optical data points can be explained as
multiblackbody thermal emission from the disk (Markoff
et al. 2008; Lucchini et al. 2022).

The variation of parameter values in the different states
obtained from the X-ray data analysis (top two panels) and
SED modeling is shown in Figure 6.
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Figure 5. One-zone SED modeling of M81" during different states. Panel (c): the dotted curves in the modeling represent the evolution of the SED from the initial
time of injected electrons to the final age of the system, which explains the emission at this epoch. Panels (a)-(g): X-ray data for different states are shown in black.
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Table 1

Parameters Obtained from the Modeling of the SEDs of M81" in Different States
Parameter Quiescent State Flare A Epoch 2 Epoch 3 Epoch 4 Flare B Flare C
Spectral index 242 2.3 2.3 2.3 2.57 2.26 2.26
Cain 400 400 400 400 580 400 400
Tnax 1.5 x 10 1.5 x 10 1.5 x 10 1.5 x 108 1.5 x 10 1.5 x 10 1.5 x 10
R (cm) 9.x10' 9.x10' 9.x10' 9.0 x 10 9.0 x 10'® 9.0 x 10" 9.0 x 10'°
B (Gauss) 0.004 0.004 0.004 0.004 0.004 0.003 0.003
Doppler factor 4.1 4.1 4.1 4.1 4.1 4.1 4.1
Bulk T 3.7 3.7 3.7 3.7 3.7 3.7 3.7
U, iy (erg cm ™) 1.19 x 107" 157 x 1071 420 x 107" 770 x 107" 1.17 x 1071° 121 x 1071 1.98 x 107"
P inj (erg s 1.25 x 10% 1.64 x 10% 439 x 10 8.06 x 10 1.64 x 10° 1.27 x 10% 2.07 x 10%
uy,/u’ 0.017 0.027 0.020 0.017 0.014 0.008 0.007

Note. Here U, and U are the energy densities in electrons and the magnetic field in the jet frame. P, inj is the jet power in injected electrons. The escape time for each

case is taken to be R/c.

6. Discussions

Our time-dependent modeling of the SEDs shows that the
radio to X-ray emission observed from MS81* can be well
explained by synchrotron emission from the jet in all the states
(quiescent to high X-ray flux states) and the epochs of radio
knot emission.

6.1. Comparison with High-synchrotron Peaked Blazars

The synchrotron emission peaks at 8.2 x 10'® Hz in the
quiescent state of M81”, which is similar to extreme HSPs
where the radio to X-ray data can be explained by the
synchrotron emission of relativistic electrons, with the peak
frequencies higher than 10'7 Hz (Costamante et al.
2001, 2018). For HSPs, e.g., 1ES 1959+650 (Chandra et al.
2021), 1ES 12184304 (Sahakyan 2020), and Mrk 501 (Singh
et al. 2019), it has been noted that the synchrotron peak
frequencies, vy, can reach frequencies higher than 10'7 Hz, at
least in the flaring states, showing extreme high-synchrotron-
peaked behavior. We observe a similar behavior during the
X-ray flares of M81". The synchrotron peak shifts to higher
frequencies with the increase in the amplitude of the X-ray flux,
with the maximum value of v/,cq reaching up to 3.32 x 10" Hz
during Flare C.

6.2. Photon Index during Flares

A harder-when-brighter behavior is commonly seen during
X-ray flares of blazars, which manifests itself as a decrease in
photon index with increasing flux (Xue et al. 2006).
Figures 6(a) and (b) suggest a similar behavior in M81*. Our
modeling shows that the spectral index of the injected electron
distribution must decrease with increasing X-ray flux
(Figure 6(c)).

6.3. Magnetic Field during Flares

The magnetic field required to fit the SEDs of M81* during
all states is of the order of milligauss, which is two orders of
magnitude lower than the magnetic field required to fit the
quiescent states of other LLAGNs detected in gamma-rays (see
Tomar et al. 2021). However, in those cases the X-ray data
have been fitted with SSC emission except for M87, where the
synchrotron emission covers the X-ray data. The magnetic field
required to explain the synchrotron emission from the HSP
Mrk 501 during its high activity state in X-rays is of the order

of 0.1 Gauss (MAGIC Collaboration et al. 2020a) in the single-
zone leptonic model, which is similar to the magnetic field used
in the modeling of several LLAGNSs (Tomar et al. 2021) in the
quiescent state. Ten extreme high-frequency peaked BL Lacs
(Acciari et al. 2020), which include 1ES 20374521, TXS 0210
+515, BZB 080+3455, and TXS 0637-128, and six other
sources, were modeled with a single-zone conical-jet model.
The magnetic field required to explain their X-ray data with
synchrotron emission of leptons varies in the range of
0.02-0.25 G, which is comparable to Mrk 501 and higher
than that of M81".

6.4. Role of Doppler Boosting in Flaring

In the present work, the value of the Doppler factor 4.1 has
been adapted from Doi et al. (2013), which is much lower than
the typical value of the Doppler factor of the order of 10
observed in blazars. In other LLAGNS, the values of the
Doppler factor are 1.6 for NGC 315, 1 for NGC 4261, 2.3 for
NGC 1275, and 2.3 for M87 (Tomar et al. 2021), which are
comparable to that of M81*.

Mrk 501 is at a distance of 140 Mpc, and M81" is only at a
distance of 3.4 Mpc from us. If we compare their X-ray fluxes,
during the qouiescent state the X-ray flux of Mrk 501 is a few
times 107" erg cm 2 sec”' (see Figure 1 of MAGIC
Collaboration et al. 2020a and Figure 1 of Ahnen et al.
2017), whereas the X-ray flux of M81* is about 10~"'" erg cm >
sec”'. During the flaring state, the X-ray and gamma-ray flux
becomes a factor of 2 or higher than the flux in the quiescent
state in the case of Mrk 501, but in the case of M81%, a factor of
2 variations in X-ray flux is observed only during Flare C
(which is the only X-ray flare with a significance of more than
30). During flares, the X-ray and gamma-ray flux of the blazars
may become much higher compared to the same during their
quiescent state, as happened during the intense TeV flare of
1ES 19594650 in 2016 (MAGIC Collaboration et al. 2020b).
In Figure 7, we compare the SED of 1ES 19594650 with that
of M81" during quiescent and flaring states. The unusually high
gamma-ray flux has been explained with a small emission
region and high Doppler factor value in the range of 40-60.

It is important to mention here that the value of the Doppler
factor plays an important role in producing higher flux and
higher variability in flux in blazars. Due to high values of the
Doppler factor, a higher flux of photons is expected from
blazars in all energy bands compared to LLAGNS as the flux is
Doppler boosted by a factor of §* in the observer’s frame.
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Moreover, as a result of high values of the Doppler factor, the
increase in flux during flaring states with respect to the
quiescent state is higher compared to LLAGNS.

6.5. Other Parameters during Flares

In the long-term X-ray light curve of M817, the variation in
the X-ray flux is within a factor of 2 of the quiescent state flux;
as a result, we do not report any large variation in the injected
power of electrons during Flare A, Flare B, and Flare C when
the magnetic field is nearly constant. During Epochs 2, 3, and 4
the rise in the radio flux requires considerably higher power in
injected electrons compared to the quiescent state.

Figure 6 shows how the values of two of the observables (X-
ray photon index, I',, and flux) and our model parameters
(electron spectral index at injection, I',, the energy density in
injected electrons in the comoving frame, Ue',inj, the magnetic
field, B, and the jet power in injected electrons, P, ;) change in
the different states of M81* that we have considered in our
study.

A hard-injected electron spectrum is required to explain the
hardness in the X-ray spectrum, which is observed during Flare
B and Flare C. At the other epochs, too, the injected electron
spectrum evolution is found to be in accordance with the
evolution of the X-ray spectrum. The jet remains dominated by
particles during all the states, and equipartition in energy is not
maintained.

During flares, the X-ray flux increases but the shape of the
SED does not change significantly from the quiescent state.
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The synchrotron peak flux increases, and the peak shifts
slightly toward higher energy in the flaring states. The injected
jet power in electrons is found to increase with increasing
X-ray flux during flares. While the X-ray flux is lower at Epoch
4 than the quiescent state, the jet power is the highest at this
epoch. This could be attributed to the increase in radio
emissions.

LLAGNSs are interesting sites to study cosmic-ray accelera-
tion, multiwavelength flares, the time evolution of the particle
spectrum, and jet parameters. We conclude from the SED
modeling of the different states and epochs of M81" that the
synchrotron emission from the one-zone model can explain the
radio to X-ray emission from M81*. Detection of gamma rays
can help to constrain the model better. Low values of Lorentz
bulk factor, magnetic field, and jet power in electrons compared
to those of high-luminosity AGNs are common features of
LLAGNSs. With more observations on the spectral and temporal
evolution of LLAGNS, it would be possible to confirm whether
the jet activities of LLAGNs and high-luminosity AGNs are
similar.
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