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ABSTRACT

Context. The X-ray emission in BL Lac objects is believed to be dominated by synchrotron emission from their relativistic jets.
However, when the jet emission is not strong, one could expect signatures of X-ray emission from inverse Compton scattering of
accretion disc photons by hot and energetic electrons in the corona. Moreover, the observed X-ray variability can also originate in the
disc, and get propagated and amplified by the jet.

Aims. Here, we present results on the BL Lac object Mrk 421 using the Nuclear Spectroscopic Telescope Array data acquired during
2017 when the source was in a moderate X-ray brightness state. For comparison with high jet activity state, we also considered one
epoch of data in April 2013 when the source was in a very high X-ray brightness state. Our aim is to explore the possibility of the
signature of accretion disc emission in the overall X-ray emission from Mrk 421 and also examine changes in accretion parameters
considering their contribution to spectral variations.

Methods. We divided each epoch of data into different segments in order to find small-scale variability. Data for all segments were
fitted using a simple power-law model. We also fitted the full epoch data using the two component advective flow (TCAF) model to
extract the accretion flow parameters. Furthermore, we estimated the X-ray flux coming from the different components of the flow
using the lowest normalisation method and analysed the relations between them. For consistency, we performed the spectral analysis
using models available in the literature.

Results. The simple power-law function does not fit the spectra well, and a cutoff needs to be added. The spectral fitting of the data
using the TCAF model shows that the data can be explained with a model where (a) the size of the dynamic corona at the base of the
jet is from ~28 to 10 ry, (b) the disc mass accretion rate is from 0.021 to 0.051 Mgyq, (c) the halo mass accretion rate is from 0.22 to
0.35 Mgaq, and (d) the viscosity parameter of the Keplerian accretion disc from 0.18 to 0.25. In the assumed model, the total flux, disc
and jet flux correlate with the radio flux observed during these epochs.

Conclusions. From the spectral analysis, we conclude that the spectra of all the epochs of Mrk 421 in 2017 are well described by the
accretion-disc-based TCAF model. The estimated disc and jet flux relations with radio flux show that accretion disc can contribute to
the observed X-ray emission, when X-ray data (that cover a small portion of the broad band spectral energy distribution of Mrk 421)
are considered in isolation. However, the present disc-based models are disfavoured with respect to the relativistic jet models when
considering the X-ray data in conjunction with data at other wavelengths.
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1. Introduction

Active galactic nuclei (AGN) emit X-rays from their very cen-
tral region and are believed to be powered by accretion of matter
onto a supermassive black hole (~10°-10'" M) located at their
centre. The process of accretion leads to AGN emitting copious
amounts of radiation (luminosity ~10*>~10* ergs~!) and pro-
ducing a variety of highly energetic phenomena (Lynden-Bell
1969; Shakura & Sunyaev 1973; Rees 1984). The majority of
AGN emit some to very little radio-emission and are referred to
as radio-quiet AGN, while the minority emit ample radiation in
the radio band and are called radio-loud AGN (Kellermann et al.
1989). However, recently, it has been proposed that AGN can
be better divided based on their physical differences (Padovani
2017) into non-jetted AGN (those lacking strong relativistic jets)
and jetted AGN, namely (those with strong relativistic jets).

Among the jetted AGN are blazars, a peculiar category char-
acterised by extreme flux variations across the entire electro-
magnetic spectrum over a range of timescales from minutes to
days (Wagner & Witzel 1995; Ulrich et al. 1997), flat spectra in
the radio band, and high optical polarisation and polarisation
variability (Angel & Stockman 1980; Andruchow et al. 2005;
Rakshit et al. 2017). Such characteristics are now attributed to
their relativistic jets oriented close to the line of sight to the
observer and are subjected to Doppler boosting.

Blazars are divided into two categories, namely, flat-
spectrum radio quasars (FSRQs) and BL Lac objects (BL Lacs).
This division is historically based on the presence or absence of
emission lines in the spectra of those objects. FSRQs have emis-
sion lines in their optical/infrared spectra, while BL Lacs have
either weak emission lines (equivalent width <5 A) or featureless
spectra (Urry & Padovani 1995). It is now believed that FSRQs
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are powerful sources with strong relativistic jets and powered
by the standard optically thick and geometrically thin accretion
discs. On the other hand, BL Lacs are weak sources with radia-
tively inefficient and geometrically thin accretion discs. In such
discs, the reduced ultraviolet (UV) emission might not be able
to photoionise the broad line region (BLR), leading to weak or
absent broad emission lines in BL Lacs (Ghisellini 2019).

Alternatively, the weakness or absence of emission lines in
the spectra of BL Lacs could be understood in the context of the
continuum being enhanced due to Doppler boosting, and becom-
ing dominant during the increased jet activity of BL Lacs. It was
shown by Foschini (2012) that the faint lines detected in BL Lacs
could be due to the combined effect of the boosted jet emission
and a weak accretion disc. Removal of the contribution of the
boosted jet emission to the continuum leads to emission lines
in BL Lacs having FWHM similar to that of other AGN. This
finding leads to the hypothesis that during the low jet activity
or faint state of BL Lacs, the observed X-ray emission could
include a significant contribution from the inverse Compton (IC)
scattering of soft photons from the accretion disc off the “hot
corona”, in addition to the synchrotron emission from the rela-
tivistic jet. According to Ghisellini et al. (2011) a physical dis-
tinction between FSRQs and BL Lacs can be made based on the
ratio of the luminosity of the BLR to the Eddington luminos-
ity (LpLr/Lgdq) With FSRQs having Lgy r/Lgqq greater than 5 X
10> compared to BL Lacs.

The broad band spectral energy distribution (SED) of
blazars, shows two prominent peaks, one peaking around radio-
optical-X-ray frequencies and the other one peaking at X-ray to
GeV y-ray energies. In the leptonic scenario of emission from
blazar jets, the low-energy peak is attributed to the synchrotron
emission process, while the high-energy peak is attributed to
the IC process. Also, based on the location of the synchrotron
peak in the SED, blazars are further divided into low synchrotron
peaked (LSP; vpeax < 10'* Hz), intermediate synchrotron peaked
(ISP; vpeax = 10'*715 Hz), and high synchrotron peaked (HSP;

Vpeak > 10" Hz) blazars. The observed X-ray emission in blazars
is mostly by synchrotron or synchrotron self-Compton (SSC)
processes, and is therefore jet dominated. Therefore, the X-ray
flux variations in these objects are believed to be due to their
relativistic jets. However, in the non-jetted category of AGN
such as Seyfert galaxies the observed X-ray emission is predomi-
nantly due to IC scattering of optical/UV photons from the accre-
tion disc by energetic electrons in the corona and therefore the
X-ray flux variations in them are attributed to the accretion disc
(Haardt & Maraschi 1993).

In the faint- or low-jet-activity state of FSRQs, promi-
nent accretion disc emission is seen in the broad band SED
(Raiteri et al. 2009) in many sources and therefore in their faint
state, their observed X-ray emission could also include a contri-
bution from the accretion disc or corona. Similarly, in the case
of BL Lacs, continuum emission is dominated by non-thermal
emission from their relativistic jets. However, occasionally broad
emission lines are seen in their optical spectra which suggests
that the BLR is photoionised by the accretion disc emission.
Emission lines (though weak) are seen in many BL Lac objects
(Raiteri et al. 2009; Vermeulen et al. 1995; Corbett et al. 2000;
Stocke et al. 2011). Also, broad emission lines are seen in many
vy-ray detected BL Lacs (Shaw et al. 2013), a large fraction of
them belonging to the LSP and ISP category. Recently, from
X-ray observations carried out on the BL Lac object Mrk 421
Chatterjee et al. (2018) found a break in the power spectral den-
sity, which the authors attributed to the influence of the disc on
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the jet emission from Mrk 421. In the X-ray light curves of many
blazars, log normal (LN) flux distribution is observed similar to
that seen in Seyfert galaxies (Ackermann et al. 2015; Sinha et al.
2016) which again argues in favour of a contribution from
the accretion disc to the observed X-ray emission of blazars.
According to Wandel & Urry (1991), the observed UV and X-
ray emission from BL Lacs can come from accretion disc. These
authors were able to fit the observed UV and soft X-ray spec-
trum of the BL Lac object PKS 2155-304 using accretion disc
spectra. Also Grandi & Palumbo (2004) and Zdziarski & Grandi
(2001) found the signature of accretion disc emission in the X-
ray spectra of the blazar 3C 273 and the radio galaxy 3C 120.
However, this model of Wandel & Urry (1991) was not sup-
ported by Smith & Sitko (1991), who from optical polarimet-
ric observations on the BL Lac PKS 2155-304, claimed to
have found no observational evidence for the contribution of the
accretion disc to the observed UV and optical continuum. A long
term multi-wavelength lightcurve and SEDs study showed that
the data fits well with the LN model, and inferred the lognor-
mality character might have originated from the disc and been
amplified by the jet (Kapanadze et al. 2020; Acciari et al. 2021).

Mrk 421 (z = 0.03; de Vaucouleurs et al. 1991) is one
of the closest BL Lac objects hosted in an elliptical galaxy
at a distance of 140 Mpc (Hyp=71km s7! Mpc‘l, Q,,=0.27,
Q, =0.73) and hosting a 4 x 108 M, black hole (BH) at the
centre (Wagner 2008). The SED of Mrk 421 has the classi-
cal two-peak shape (Urry & Padovani 1995; Ulrich et al. 1997)
and it has been studied extensively in a broad energy band
ranging from radio to very high-energy y-rays (Fossati et al.
2008; Abdo et al. 2011; Shukla et al. 2012; Aleksic et al. 2015).
Most of the observed properties of Mrk 421 are understood
to arise from a relativistic jet at a small angle along our line
of sight (Urry & Padovani 1995). There are frequent multi-
wavelength (MWL) campaigns on this object to understand its
multiscale variability (Macomb et al. 1995; Gupta et al. 2004;
Acciari et al. 2009; Paliya et al. 2015; Pandey et al. 2017, and
references therein). It is an HSP BL Lac and is also the first
extra-galactic source detected in TeV y-rays (Punch et al. 1992).
As suggested by several studies, the X-ray spectra of HBLs
are curved and described well with the log-parabola model
(Massaro et al. 2004; Tramacere et al. 2007), where the photon
index is not a constant, but rather varies with logarithmic energy.
In 2006, the source was observed with a peak flux of ~85 mCrab
in the 2-10keV band, indicating that the first peak of SED
occurred at an energy beyond 10keV (Tramacere et al. 2009;
Ushio et al. 2009). Again, in 2013 April, Mrk 421 was observed
to undergo a major X-ray outburst and was extensively stud-
ied by multiple observational facilities, including the Nuclear
Spectroscopic Telescope Array (NuSTAR) and Swift satellites.
Mrk421 showed very high optical emission during its histor-
ically low X-ray emission during January-February 2013 and
the presence of multiple compact regions contributing to the
broadband emission during low-activity states was suggested by
Balokovi¢ et al. (2016). On the contrary, low optical emission
during high X-ray emission was also reported in February 2010
by Abeysekara et al. (2020). Therefore, the optical and X-ray
emission are found to show different behaviour (Carnerero et al.
2017). A MWL study was performed very recently using
the radio to TeV energy band data, where the authors stud-
ied (anti)correlation between optical and hard X-ray energy
bands (MAGIC Collaboration 2021). Also, the source has been
studied for its X-ray and y-ray flux variability characteris-
tics (Kapanadze et al. 2016; Rani et al. 2017, 2019; Rajput et al.
2020).
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A huge amount of MWL data available on BL Lacs are well
explained assuming the centre is viewed along the jet. In such a
view, though the jet emission is significantly Doppler boosted,
one can also see the central region of BL Lacs. Therefore, it is
quite natural to expect contributions of both the accretion disc
in the UV/optical emission and corona in the observed X-rays.
When the jet emission dominates, it might not be possible to
find the signature of the accretion disc/corona in the continuum
emission from BL Lacs. However, when the jet is less active,
emission from the accretion disc or corona could form a signif-
icant component of the observed continuum emission. A weak
(equivalent width <1 A) and narrow FWHM = 300 + 30 kms™!
Lya emission line was seen in Mrk 421 by Stocke et al. (2011).
The weakness of this line could be due to the combined effects
of (a) the Doppler boosting of the continuum emission by the
relativistic jet that is closely aligned with the observer and (b)
the weak accretion disc. Taking Doppler boosting into account,
the intrinsic FWHM of the Lya line in Mrk 421 was found to
be similar to that seen in other AGN (Foschini 2012). These
observations clearly demonstrate that during the faint state of
BL Lacs, the accretion disc and corona emission can also be
an important contributor to the observed X-ray emission, but,
might not dominate the non-thermal emission from the jet. In
a detailed MWL study by Acciari et al. (2021) showed that the
flux distributions of Mrk 421 in radio and soft X-rays are better
described with a Gaussian function, while in the optical, hard
X-rays, high energy, and VHE y-rays are preferably described
with a LN distribution. Such distribution of flux implies that the
emission is being powered by a multiplicative process rather than
an additive one. In addition, Chakrabarti & D’Silva (1994) men-
tioned that very high energy y-rays from blazars could be due
to Fermi acceleration taking place at the surface of the CEN-
trifugal pressure-supported BOundary Layer (CENBOL) of a
thick disc. Here, CENBOL behaves like a dynamical corona
also a base of the jet (see Mondal & Chakrabarti 2021). At this
point, it is worth asking whether or not a static corona and
normal corona can explain the same behaviour. The answer is
no, as the normal corona cannot remain hot for ages unless
heated by some underlying heating mechanism. It has been
observed that the spectral index steepens with age (Saikia et al.
2016, and references therein), because jets are not reheated
and only cool down with age. Therefore, it is essential to con-
sider a dynamical advective halo or dynamic corona to replen-
ish the electrons. Considering the above observed and theo-
retical constraints, in this work, we aimed to fit the observed
X-ray spectra of Mrk421 during its moderately X-ray bright-
ness state with disc-based models in order to derive various
disc parameters that could provide useful inputs into the accre-
tion characteristics of Mrk421. However, we note that in the
literature, X-ray emission from Mrk421 is explained by pro-
cesses that do not arise from the disc (MAGIC Collaboration
2021, and references therein). This paper is organised as fol-
lows: in Sect. 2 we explain the observations and data reduc-
tion procedures, and in Sect. 3, we discuss the various analyses
carried out on the data sets. Finally, we provide conclusions in
Sect. 4.

2. Observation and data reduction

Mrk 421 was in its moderate-brightness state in the radio (a
proxy for jet emission) during 2017 and high-brightness state
during 2013. Figure 1, shows its MWL light curves, which
include the one-month binned y-ray light curve for the energy

range 100 MeV to 200 GeV! from the Fermi Gamma-ray Space
Telescope, the optical V-band light curve from Steward Obser-
vatory (Smith et al. 2009) and the 15 GHz radio light curve from
the Owens Valley Radio Observatory (OVRO; Richards et al.
2011). The V-band light curve was directly taken from Stew-
ard archives and we have not performed host-galaxy correction
on the photometric points. Also shown in the same figure is
the degree of polarisation in the optical V-band. From the soft
X-ray light curve from the Swift/XRT and the hard X-ray light
curve from the Swift/BAT (Arbet-Engels et al. 2021) it is evident
that Mrk421 was in a moderate X-ray brightness state during
the year 2017 compared to previous years. The vertical dotted
lines in Fig. 1 show the epochs considered in the present paper.
Analysis of the X-ray data available during the low-jet-activity
state of the source through accretion disc-based models fits to
the observed X-rays could be a way of deriving various accretion
disc parameters of the source. We therefore searched the archives
of the NuSTAR (Harrison et al. 2013) for the availability of X-
ray data and find four epochs of both data available during the
same period. For comparison, we also selected one epoch dur-
ing 2013, when the source was in a bright jet-activity state that
yielded high and variable X-ray and y-ray emission (Paliya et al.
2015; Acciari et al. 2020). The details of the observations are
given in Table 1. The flux of the source in the optical, X-ray, and
y-ray bands and the optical polarisation during those four epochs
are given in Table 2. From Table 2, it is to be noted that though
the source is detected in the y-ray band with good test statistic
(TS)? values, it is in a relatively quiescent state (see Fig. 1).

Considering the historic brightness state of the source, it is
likely that the source is in a relatively faint state in the opti-
cal in 2017. Carnerero et al. (2017) presented the optical light
curves during 2008-2015 in R-band. The lowest brightness state
was in 2008, when the R-band brightness was 13.5 mag. The
R-band brightness during the four epochs ranges between
13.09 and 13.32 mag, which suggests that during the four epochs
considered in this work, the R-band brightness is close to the his-
toric faint state of Mrk 421. Low optical emission cannot always
be a proxy for low X-ray emission, because a flare in X-ray can
have no corresponding flare in the optical. In such cases, the opti-
cal and X-ray emission may not be co-spatial (Carnerero et al.
2017). On the contrary, there can be instances of an optical
flare with no counterpart in the X-ray band. Also, the multi-
band flux variability characteristics of blazars are highly com-
plex, as revealed from recent observations Rajput et al. (2019,
2020, 2021). However, inspection of Fig. 1 indicates that the
source is in a relatively faint state across different bands of the
electromagnetic spectrum during 2017. Therefore, during 2017,
the contribution of relativistic jet to the total emission in the
optical/UV/X-ray may be relatively lower compared to the high
jet-activity state in 2013.

The baseline y-ray flux (Fig. 1) is ~2 x 1077 phcm™2s7!.
During epochs C and D, the y-ray activity state is also
close to this value. Considering the X-ray light curves from
December 2012-April 2018, the minimum 0.3-2 keV X-ray flux
was 5.71phs™! and the maximum 0.3-2keV X-ray flux was
117.44phs™!. During January-December 2017, the minimum
and maximum flux values were 8.84 and 41.64 phs~' respec-
tively. During the epochs analysed in this work, the flux values
ranged between 13.27 and 26.73phs~! (Table 2). The source

' https://fermi.gsfc.nasa.gov/ssc/data/access/lat/4yr_
catalog/ap_lcs.php

2 A TS of 25 roughly indicates detection at the 50~ level, Mattox et al.
(1996).
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Fig. 1. Long-term flux and polarisation variation of the source. From top, we show the flux variation in the y-ray, optical and radio bands. The
bottom panel shows the variation in the degree of polarisation (%) in the optical V-band. The blue dashed lines show the epochs of NuSTAR
observations studied here. The green dotted line correspond to data taken during April 2013. The bottom three panels show the fluxes from the
Swift observation. The X-ray and UV light curves are taken from Arbet-Engels et al. (2021).

Table 1. Log of observations.

OBSID Epoch Date MIDstart MIDend  Exposure (s)
60202048002 A 03-01-2017 57756.99385 57757.52163 23691
60202048004 B 31-01-2017 57784.99038 57785.55288 21564
60202048006  C  28-02-2017 57812.92441 57813.49733 23906
60202048008 D 27-03-2017 57839.91052 57840.63969 31228
60002023031 E 14-04-2013 56396.90355 56397,29939 15605

is therefore not in the faintest X-ray state; however, the X-ray
flux values are much weaker than at other times and therefore
the contribution of jet emission during these four epochs is rela-
tively low compared to other epochs. Also, during that period, the
y-ray, optical, and X-ray variations are correlated, and they are
also at the moderate brightness states. Between epochs E (his-
toric bright state; fluxes are given in Sect. 3.4) and D, the soft
flux has decreased by 5.8 times, and the hard (2-10keV) flux
has decreased by 22.6 times. The reduction of hard flux between
E and D is much larger, followed by soft X-ray. This points to
a relatively low dominance of the jet emission in epoch D com-
pared to E and an emerging contribution of UV emission from the
accretion disc. Between epochs B and D, the hard X-ray flux has
decreased by a factor of ~3.5, while the UV flux has increased
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by a factor of 1.2. The moderate brightness state in the optical,
y-ray and radio bands along with low optical polarisation in com-
parison to the polarisation at the high X-ray brightness state in
2013 (see Figs. 1 and 2) indicates that the jet activity in Mrk 421
during 2017 is likely to be lower. The y-ray light curve in Fig. 2
is binned by 1 day. There are also reports in the literature that
point to varied correlation between optical flux and the degree
of optical polarisation (Gaur et al. 2012; Pandey et al. 2022).
Models available in the literature on polarisation in
blazars point to shock propagation through twisted fields
inside the jet being the cause of the changes in polarisation
(Blandford & Konigl 1979; Lyutikov et al. 2005; Marscher et al.
2008; Itoh et al. 2016, and references therein). In the present
study, of the four epochs considered, in three epochs namely A to
C, the source was at a moderate X-ray brightness state, and was
brighter than the typical average X-ray brightness over a qui-
escent period of 4-5 months (Abdo et al. 2011). However, dur-
ing epoch D, the X-ray brightness of the source was lower than
the typical average quiescent brightness. Also, multi-band SED
modelling coupled with other analyses points to the presence of
multiple emission zones that give rise to the observed emission
even during the quiescent state (Balokovic et al. 2016). Such
multiple emission regions contributing to the overall observed
emission too will give rise to the low level of optical polarisation
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Table 2. Flux and polarisation values of Mrk 421 during the epochs studied in this work.

Epoch Date y-ray TS Radio V-band R-band Soft Hard uv Hard/Soft
(flux) (mly) (mag) pol. (%) (mag) (phs™) (phs™) (phs™)

A 03Jan. 2017 3.4 97 046+0.02 13.67+0.03 298+0.06 13.32+0.03 26.68+0.26 6.42+0.07 - 0.24

B 31Jan. 2017 2.1 29 0.50+0.01 13.61+0.02 1.31+0.06 1326+0.02 26.73+1.78 6.46+0.77 7.05+0.11 0.24

C 28 Feb.2017 69 19 0.49+0.01 13.55+£0.02@ 252+0.06@ 13.19+0.03 2548 +0.85 6.46+0.42 - 0.25

D 27Mar. 2017 2.7 11 048+0.01 1342+0.02® 143+0.05® 13.09+0.02 1327+044 1.88+026 8.71+0.21 0.14

Notes. The y-ray fluxes are in units of 10”7 phcm™2s~!. The optical flux and polarisation measurements during ¥ and ® belong to 27
February 2017 and 28 March 2017. The columnc ‘Soft” and ‘Hard’ list the Swifti/XRT 0.3-2keV and 2-10keV band fluxes.
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Fig. 2. Zoomed-in version of Fig. 1, clearly depicting the brightness states of the four epochs analysed in this work.

typically observed in this source, except during instances that
are close to flaring episodes. Given the presence of multiple
emission regions contributing to the observed broad band emis-
sion during the quiescent state of Mrk421, we aim to explore
the possibility that there is disc emission in the observed X-ray
spectrum, and under this hypothesis, deduce various accretion
parameters of the source. We therefore aim to use the Two
Component Advective Flow (TCAF; Chakrabarti & Titarchuk
1995) model on the four sets of data analysed in this work. How-
ever, we note that multi-band SED fitting of the observations
both in quiescent and flaring states invokes SSC processes for
the observed X-rays. Recently Jana et al. (2017) estimated jet
flux using the TCAF model for systems where the lowest contri-

bution can be treated from the disc only (and that too not boosted
by the Doppler effect) while the brightest part will have both the
disc and the jet. Figure 3 shows the optical spectra of the source
taken from the Steward Observatory (Smith et al. 2009) archives
for the epochs considered in this present study. The combined
spectrum of the four epochs is shown in black. The positions of
the Ha and HR lines are marked with vertical dashed lines and
zoomed at the upper and lower corners. The emission lines are
not visible in the optical spectra taken during those four epochs
using a moderate size optical telescope. This indicates that even
in the moderate X-ray brightness state, the Doppler boosted
jet emission dominates to swamp the emission lines. Alterna-
tively, high S/N observations with larger aperture telescopes,
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Fig. 3. Optical spectra taken from Steward Observatory during the same observation period as considered in the NuSTAR analysis. The four
different colours correspond to the four epochs considered for X-ray analysis and the black curve shows the combined spectrum. Zoomed-in
regions around Ha and Hp lines are also shown in the top right and bottom left.

might have detected faint emission lines. The NuSTAR data were
extracted using the standard NUSTARDAS V1.3.1° software. We
ran the NUPIPELINE task to produce cleaned event lists and
NUPRODUCTS to generate the spectra. We used a region of 30”
for the source and 50” for the background using DS9. The
data were grouped by grppha command, with a minimum of
30 counts rate per energy bin. The same binning was used for
all observations.

As blazar variability timescales can range from hours
to minutes depending on the underlying physical processes
(Aharonian et al. 2007; Paliya et al. 2015), we split each epoch
of observation into different segments, with each segment con-
taining ~1.8 ks of data. This division of the data into segments
is to investigate spectral variations over a timescale of hours.
For that purpose, we first made our own GTI files for each
time range using the gtibuild task in SAS* environment and
used those GTI files during the pipeline extraction (same as in
Mondal & Chakrabarti 2019). As the data quality in each seg-
ment is highly noisy above 20keV, for the analysis of the data
pertaining to each segment we used the data in the energy range
of 3-20keV. However, considering each epoch of observation
as unique, the data is of good S/N up to 60keV, and therefore,
for analysis of each epoch of observation we used the data in
the energy range of 3—60 keV. For spectral analysis of the data,
we used XSPEC® (Arnaud 1996) version 12.11.0. Each segment
of the data was fitted using the simple power-law (PL) model,
while each epoch of observation was fitted using an accre-
tion disc-based TCAF model, the thermal Comptonization model
THCOMP and the PL model. We used the absorption model thabs
(Wilms et al. 2000) with the Galactic hydrogen column density
fixed at 1.5 x 102 atoms cm™2 (Elvis et al. 1989; Kalberla et al.
2005) throughout the analysis.

3 https://heasarc.gsfc.nasa.gov/docs/nustar/analysis/
4 https://www.cosmos.esa.int/web/xmm-newton/
sas-threads

5 https://heasarc.gsfc.nasa.gov/xanadu/xspec/
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3. Spectral analysis
3.1. Modéel fits to the spectra

First, we carried out simple PL model fits to each segment of the
data in all the epochs. The TBABS *PL model fits the data satisfac-
torily, with reduced y? between 0.5-1.5. The model parameters
and the reduced y? for all the segments are given in Table 3. Sec-
ondly, for all the data in each epoch of observations, we extracted
the spectra in the 3-60 keV band and fitted them with both accre-
tion disc and thermal Comptonization models.

For the data belonging to each epoch of NuSTAR, fitting
the spectra with the phenomenological PL model (TBABS*PL),
was found not to be satisfactory with y?> > 1.2 (see Table 4),
except for epoch D, where it was unity. We further fitted the
NuSTAR data using CUTOFFPL model, which returns a good fit
with y? ~ 1. We hypothesise that this is a signature of a multi-
process system where disc and jet can both contribute. It is worth
mentioning that considering the MWL observation up to the TeV
band requires synchrotron-process-based models to fit and infer
the data and variability, which is believed to originated from the
jet (see MAGIC Collaboration 2021, for a very recent study).
Also, in the literature, the X-ray spectrum in blazars is known
to be derived from the conventional power-law form with a ten-
dency to show curvature, which is generally attributed to a syn-
chrotron cooling break (see Gaur 2020, and references therein).

In the literature on blazars, curved X-ray spectra are common
and normally used whenever the X-ray instrumental resolution
allows the detection of such curvature (see e.g., Massaro et al.
2004). Here, we provide a different view based on the discus-
sions in the literature (see earlier sections) that suggest vari-
ability originating in the disc can be amplified by the jet.
Hence, following our hypothesis, the accretion disc-based model
can be applied to Mrk421 data during its low- or moderate-
jet-activity state. We therefore used the thermal Comptoniza-
tion model THCOMP (Zdziarski et al. 2020) along with par-
tial ionization ZXIPCF (Reevesetal. 2008) and DISKBB as
TBABS*ZXIPCF* THCOMP*DISKBB to fit the NuSTAR data, which
returned good fits. For proper representation and estimation of


https://heasarc.gsfc.nasa.gov/docs/nustar/analysis/
https://www.cosmos.esa.int/web/xmm-newton/sas-threads
https://www.cosmos.esa.int/web/xmm-newton/sas-threads
https://heasarc.gsfc.nasa.gov/xanadu/xspec/
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Table 3. Results of TBABS™PL model fits to each segment from epochs A to D.

Epoch  Seg. No. MIDstart MlIJDend TpL F3_10kev F10-20kev F3_20kev HR X%/d.o.f.
1 57756.99385  57757.03783 2413 +£0.029 2423 +0.003 0.937+0.001 3.360 +0.006 0.387 +0.001 1.0/158
2 57757.03783  57757.08181 2.473+0.038 2.472+0.005 0.901 +£0.001 3.374+0.012 0.364 +0.001 0.8/99
3 57757.08181  57757.12580 2.375+0.022 2.623 +0.001  1.053 £0.014 3.676 £ 0.005 0.401 = 0.005 1.2/208
4 57757.12580  57757.16978 2373 +0.031  2.805+0.003  1.128 £ 0.008  3.933 £0.005 0.402 +0.003 0.9/154
5 57757.16978  57757.21376  2.391 £0.028  2.829 + 0.001 1.118 £ 0.001  3.947 £0.005 0.395 +0.001 0.9/161

A 6 5775721376  57757.25774  2.405+0.022 2.793 +£0.008 1.089 +£0.004 3.883 +£0.005 0.390 = 0.002 1.0/207
7 5775725774 5775730172 2.392+0.034 2.889 +0.009 1.140+0.005 4.029 +£0.002  0.395 +0.002 1.0/123
8 57757.30172  57757.34570  2.404 £0.022  3.075+0.008 1.200 £ 0.007 4.275+0.009  0.390 + 0.002 1.0/202
9 57757.34570  57757.38968  2.401 £0.024  3.131+0.002 1.224+0.006 4.355+0.011 0.391 £ 0.002 0.9/186
10 57757.38968  57757.43367 2.446+0.036 2977 +0.010 1.114+0.013  4.091 £0.002 0.374 +0.005 0.8/123
11 57757.43367  57757.47765 2479 +£0.021 2992 +0.007 1.084 £0.006 4.077 £0.011  0.362 + 0.002 1.2/213
12 57757.47765  57757.52163 2.411+0.022 2.883+0.009 1.117+0.004 4.000+0.005 0.387 +0.002 1.0/209
13 57784.99038  57785.03725 2368 £0.027  3.186+0.002  1.287 +£0.005 4.473 +£0.004 0.404 +0.002 1.2/181
14 57785.03725  57785.08413 2306 +0.030 3.439+0.015 1.477+0.004 4916+0.004 0.429 +0.002 0.9/146
15 57785.08413  57785.13100 2.341+£0.022 3408 £0.005 1.415+0.005 4.824+0.002 0.415 +0.002 1.0/199
16 57785.13100  57785.17788  2.341 £0.036  3.403 +0.008 1.411+0.009 4.814+0.003 0.415+0.003 0.9/106
17 57785.17788  57785.22475  2.256 £0.026  3.440+0.007 1.549 £0.004  5.000 £ 0.004  0.450 +0.001 1.1/173
18 57785.22475  57785.27163 2337 +0.022 3.619+0.004 1.507+0.014 5.126 +0.010 0.416 + 0.004 1.1/208

B 19 57785.27163 5778531850 2.314+0.030 3.537+0.009 1.507 +£0.006 5.045+0.005 0.426 +0.002 0.8/154

20 57785.31850  57785.36538  2.299 £0.026  3.449 +0.005 1.491 £0.005 4.939+0.004 0.432 +0.002 1.0/177
21 57785.36538  57785.41225 2.432+0.022 3259 +0.010 1.237+0.006 4.496+0.001 0.380 +0.002 1.0/199
22 57785.41225 5778545913 2.470+0.045 3.025+0.012 1.105+0.010 4.130+0.023  0.365 + 0.004 0.8/75
23 57785.45913  57785.50600 2.520 £0.022 2542 +0.004 0.884 +£0.003 3.426 +0.018  0.348 £ 0.001 1.1/200
24 57785.50600  57785.55288  2.509 £0.020  2.127 +£0.002  0.747 £0.002  2.874 +0.008  0.351 +£0.001 1.1/241
25 57812.92441  57812.96848 2.566 +0.022 2510+ 0.005 0.834 +0.003 3.345+0.011 0.332+0.001 1.0/189
26 57812.96848  57813.01255 2.443+£0.040 2.565+0.003 0.963 +£0.007 3.528 £0.014 0.375+0.003 0.6/86
27 57813.01255  57813.05662  2.548 +0.028  2.301 +£0.001  0.775+0.005 3.080+0.006 0.337 = 0.002 0.7/162
28 57813.05662  57813.10069  2.462 +0.026  2.577 +£0.003  0.950 +0.001  3.526 +0.004  0.369 + 0.001 0.9/171
29 57813.10069  57813.14476  2.476 £0.039 2773 +0.018  1.008 £0.002  3.781 £0.022  0.364 = 0.002 0.9/98
30 57813.14476  57813.18883  2.396 +0.021 2968 +0.008  1.166 +0.005 4.134 +£0.014  0.393 +0.002 1.2/215
31 57813.18883  57813.23291 2.387+£0.030 2951 +£0.003 1.170£0.002  4.121 £0.009  0.396 = 0.001 1.0/148

C 32 57813.23291  57813.27698 2418 £0.032 2978 £0.006 1.146+0.002 4.124 +0.002  0.385 + 0.001 0.9/136

33 57813.27698  57813.32105 2.448 +0.023  3.389+0.002  1.265+0.003  4.654 +0.008 0.373 +0.001 1.1/198
34 57813.32105  57813.36512  2.440+0.035 3.515+0.006 1.323+0.002 4.839+0.031 0.376 = 0.001 1.1/118
35 57813.36512  57813.40919 2.489+0.025 3.432+0.013 1.232+0.001 4.664 +0.021  0.359 + 0.001 1.1/183
36 57813.40919  57813.45326  2.472+0.023 3.568 +0.009 1.301 +£0.003 4.869 +0.010 0.365 +0.001 0.9/191
37 57813.45326  57813.49733 2406 +0.017 3.919+0.006 1.525+0.005 5.444+0.017 0.389 +0.001 1.2/244
38 57839.91052  57839.95341 2938 +£0.067 0.576 +0.001 0.131 £0.003  0.707 £0.002  0.227 + 0.005 0.9/39
39 57839.95341  57839.99630 2.985+0.106 0.589 +0.001 0.130+0.005 0.717 £0.002  0.221 +0.008 1.5/19
40 57839.99630  57840.03920 2.789 +£0.069  0.612+0.004 0.163 £0.001  0.767 £0.008  0.266 = 0.002 1.0/46
41 57840.03920  57840.08209 2.778 £0.086  0.601 £0.009  0.161 £0.003  0.763 +£0.001  0.268 + 0.006 0.8/28
42 57840.08209  57840.12498 2.688 £0.073  0.640 +0.001  0.188 £0.002  0.829 +£0.001  0.294 +0.003 0.8/30
43 57840.12498  57840.16787  2.731 £0.048  0.697 +£0.004  0.196 £ 0.002  0.886 +0.005 0.281 +0.003 0.9/72
44 57840.16787  57840.21077  2.521 £0.069  0.750 +£0.002  0.261 +£0.002  1.011 £0.008  0.348 +0.003 1.1/37
45 57840.21077  57840.25366  2.522 +0.052  0.785+0.001  0.272 + 0.001 1.057 £ 0.003  0.346 + 0.001 1.1/61
D 46 57840.25366  57840.29655  2.609 £0.048  0.765 +0.006  0.244 +£0.002  1.009 +£0.005 0.319 = 0.004 1.0/73
47 57840.29655  57840.33944  2.869 +0.074  0.836 +0.003  0.205+0.002  1.040 £ 0.009  0.245 +0.003 0.5/129
48 57840.33944  57840.38234  2.673+0.040 0.951 £0.004 0.284 £0.003  1.235+0.002  0.299 +0.003 0.9/104
49 57840.38234  57840.42523  2.523+0.045 1.093+0.005 0.380+0.003 1.472+0.003 0.348 + 0.003 1.2/77
50 57840.42523  57840.46812  2.667 £0.052  1.141 +£0.001  0.343 £0.003  1.484 +0.002 0.301 +0.003 0.9/59
51 57840.46812  57840.51101 2.633+0.035 1.138+£0.001  0.353 £0.004 1.491 £0.007 0.310 = 0.004 1.2/121
52 57840.51101  57840.55391  2.604 +£0.059 1.109+0.001 0.355+0.003 1.464 +0.007 0.320 + 0.003 0.9/47
53 57840.55391  57840.59680  2.590 £0.041  1.175+0.001  0.381 + 0.001 1.556 +0.394  0.324 + 0.001 0.9/88
54 57840.59680  57840.63969 2.588 £0.033  1.186+0.004 0.386 +£0.002 1.572+0.006 0.325 +0.002 1.0/133

Notes. The fluxes are in units of 107! ergcm™s™!. I'p,_ is the power-law photon index.

parameters of the THCOMP model, we used the “energies” com-
mand to extend the energy range from 0.01 to 1000 keV. During
the fitting we kept the ionization rate (log &) at 0.0 for the ZXIPCF
model and the scattering fraction (f;.) was kept fixed at 1 for all
epochs for the THCOMP model. Addition of DISKBB provided the
temperature of the disc (7i,) which was found to be reasonable
(see Table 5). For epoch D, the partial covering factor (Cy) was
the lowest 0.07 and the temperature of the corona was the low-
est among the four epochs. This implies increased generation of
disc photons, which upon being inverse Compton scattered by
the hot electrons in the corona cooled the corona down. This is
also consistent with the lowest flux state of the source at epoch

D. We found the temperature of the corona to have values of
144 +£46,55+8,51+9, and 27 + 5keV for epochs A, B, C, and
D respectively. We therefore found the temperature of the corona
to decrease from epochs A to D. The results of the best-fit model
parameters are given in Table 5. From the DISKBB model-fitted
norm we estimated R;,/r,, which comes out to be 57, 25, 17, and
2 for epochs A to D. The estimated values are significant and as
per our hypothesis, this could be a signature of the presence of
possibly a truncated disc component.

Further, to study the accretion flow parameters and geo-
metrical variation of the flow and its contribution to the spec-
trum, we fitted the four observations in the 3-60keV band
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Table 4. Best-fit parameters and fluxes for the models TBABS*PL to
NuSTAR.

Epoch  MIDstart MIJDend I'pL F3_60kev )(3 /d.o.f.
A 57756.99385 57757.52163 2.436 +0.006 5.166 +0.017 1.2/456
B 57784.99038 57785.55288 2.421 +£0.006 5.547 +0.006 1.4/452
C 57812.92441 57813.49733 2.488 +0.006 5.335+0.022 1.5/451
D 57839.91052 57840.63969 2.661 +£0.011 1.430+0.001 1.0/316

Notes. Flux is in units of 107'% erg cm?s™'.

using the physical TCAF model. For spectral fitting, we ran
the source code directly in XSPEC as a local model®. The
TCAF model’ (Chakrabarti & Titarchuk 1995) can successfully
fit the X-ray data on low-mass X-ray binaries (Debnath et al.
2014, 2015; Mondal et al. 2014; Iyer et al. 2015, and references
therein) and AGN (Mandal & Chakrabarti 2008; Nandi et al.
2019; Mondal & Stalin 2021), and has been used to infer the
outburst behaviour as well as the variability properties of com-
pact objects. This model requires five parameters, namely, (i)
the mass of the black hole (Mpy), (ii) the disc accretion rate
(rng), (iii) the halo accretion rate (r1,), (iv) the shock location,
which is the boundary of the CENBOL (Chakrabarti 1989, X;
in units of r,, where r, is the Schwarzschild radius, 2G Mgy /c?),
and (v) the shock compression ratio (R). For TCAF model fits,
we froze the mass of the BH at 4 x 108 M, (Wagner 2008),
which gives r; = 1.2 x 10'* cm. The quality of fits for all epochs
appears to be good with the reduced y? ranging from 0.9 to
1.1. It can be seen that the accretion rate of the disc component
varies in the range from 0.02-0.05 Mggqq and the halo accretion
rate varies from 0.22-0.35 Mgqq. An increase in the disc accre-
tion rate leads to an increase in the number of soft photons.
This cools the corona by inverse Compton scattering, causing
the inner edge of the disc to move inward from ~20 to 10 7.
The results of the TBABS*ZXIPCF*TCAF model fits are given in
Table 6 and shown in Fig. 4. From the parameters obtained from
TBABS*ZXIPCF¥TCAF fits to the data we derived post-facto val-
ues of kT, of 189, 55, 38, and 20keV for epochs A to D respec-
tively. We are not using any simple equation to calculate k7 in
the source code, which depends on all of the input parameters.
Therefore, estimating error is beyond the scope of this paper.

From the fitting of four epochs of data with both THCOMP
and TCAF models we infer the following: (i) The TCAF model
alone is a good representation of the observations in the
full energy band, proving different accretion flow parameters.
(i) The thermal Comptonization THCOMP model along with
DISKBB fits well the data providing values of the temperature of
the corona, the photon index, and the temperature of the disc. (iii)
The nature of variation of kT is in agreement with the variation
in mass accretion rate. (iv) The highest accretion rate obtained
for the epoch D from TCAF is in agreement with the lowest flux,
and the lowest shock compression ratio observed. (v) The ability
of non-magnetic disc models to fit the data, can be a signature of
low magnetic field.

3.2. Photon index and spectral flux

On hourly timescales, the photon index (I'p) is found to vary
between 2.2 and 3.0 (AI' = 0.8) within a span of 83 days
from epochs A to D. We note that I'p;, was always high, which

% https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/
nodel®1.html
7 Currently the model is not available in XSPEC as a local/table model.
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implies that the source was in a high/soft spectral state. The
very low flux spectrum with high I'pp, belongs to epoch D.
The left panel of Fig. 5 shows the variation of I'pp with seg-
ments of every epoch of observation. Significant change in I'p.
was observed during epoch D. On each epoch of observation,
the source exhibited small-scale fluctuations in I'p;.. The green
shaded band shows the error bar and black vertical lines show
transition in each epoch. To check the behaviour of I'p of all
the segments with the total flux in the 3-20keV band, we plot-
ted the variation of I'pp with the total flux F3_pkev in Fig. 5.
We fitted the observed data points in the I' versus flux dia-
gram using a linear function of the form I' = a X F3_39key + b,
taking into account the errors in both I" and flux following
Press et al. (1992). This fitting gave a significant negative cor-
relation between I' and flux with a correlation co-efficient of
—0.860, that is, the value of photon index decreases with increas-
ing flux indicating a ‘harder-when-brighter’ trend in the 3—
20keV band. The same behaviour has also been observed using
the same data by MAGIC Collaboration (2021). Such behaviour
is more often seen in the HSP category of blazars (Giommi et al.
1990; Pian et al. 1998). Mrk 421 is an HSP blazar and the harder
when brighter trend could be most likely due to change in the
power-law component of the relativistic jet (Rani et al. 2017).
However, such a trend in the X-ray band can also be due to pro-
cesses related to the accretion disc/corona as discussed towards
the end of the following section.

3.3. X-ray variability

To quantify the X-ray flux variation, we used the excess vari-
ance or the fractional variability amplitude F,. (Edelson et al.
1996; Nandra et al. 1997; Vaughan et al. 2003). Fy,, is the vari-
ance after subtracting the contribution expected from measure-
ment errors and is defined as

S2 0_2
Fya = _—zerr (N
x
where > = Zfi | Xi/N is the arithmetic mean of x; X S 2 and 02,

are the sample variance of the light curve and mean square error
associated with the measured fluxes x; respectively.

N
1
2_ 1 Y
$= o1 ,E:l(xz X), )
2 _ 1 2
05 = N i; Torriv 3)

Using Eq. (1), we calculated the fractional variability amplitude
for each segment of observations and the measurement uncer-
tainties of Fy, were estimated following Vaughan et al. (2003)
as

L o )2 +( T | )2_ @
2N X2F N x
The results of the variability analysis are listed in Table 7.
We found the amplitude of the flux variations to increase from
epochs A to D and the highest flux variations were seen in
epoch D.

In the observed period presented here, the hardness ratio
(HR) was calculated for each segment from the PL model-fitted

err(Fyar) = (


https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node101.html
https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node101.html
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Table 5. Parameters of TBABS*ZXIPCF*THCOMP*DISKBB model fits to the spectra.

Epoch MJDstart MJDend Cy kTe r Tin Nabb X% /d.o.f.
(keV) (keV) x10"3

A 57756.99385 57757.52163 0.26+0.02 144 +46 2.49+0.06 0.07+0.02 3.13+1.02 1.0/451

B 57784.99038 57785.55288 0.33 +0.07 55+8 2.53+£0.09 0.08 +£0.02 0.61 £0.17 0.9/448

C 57812.92441 57813.49733 0.3 +0.03 51+9 2.6 +0.1 0.08 = 0.02 0.26 = 0.05 1.1/446

D 57839.91052 57840.63969 0.07 + 0.01 27+5 2.58+0.07 0.09+£0.02 29e-3+3e-4 1.0/312

Notes. Cy is the partial covering fraction, kT, and I are the temperature of the corona and photon index of the spectrum respectively. Ti, and Ngpp

are the temperature and normalisation of the DISKBB model component.
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Fig. 4. 3-60keV spectra fitted with the TBABS*ZXIPCF*TCAF model along with the residuals. The panels a—d correspond to the data acquired at

epochs A, B, C, and D, respectively.
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Fig. 5. Variation in I'p, with segment number (left panel). The green shaded band is the 1-o error region and the black lines show the transition
from one observation to the other. The right panel shows the I'p_ variation with total flux. The red solid line is the weighted linear least-squares fit
to the data. Both panels show a significant change in I'p;. from 2.2 to 3.0 in about 83 days.
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Table 6. Results of TBABS*ZXIPCF*TCAF model fits to the spectra.

MIJDstart MIJDend Ct g Tty X

R N, x 10* Fiot Faisk Fiet X2

0.221 £ 0.011
0.232 +0.012
0.278 + 0.045
0.346 + 0.031

57756.99385 57757.52163 0.31 £0.03 0.021 + 0.002
57784.99038 57785.55288 0.36 £0.04 0.028 + 0.002
57812.92441 57813.49733 0.24 £0.03 0.035 + 0.003
57839.91052 57840.63969 0.06 +0.01 0.051 +0.013

9.80 =

9.90 +

19.77£3.79 1.91+0.31

10.81 £2.02 2.23 +0.32

3.48 +0.02
4.05+0.01
3.44 +0.03

1.36 £0.18
2.02+0.31
1.35+0.22
0.42 +0.03

5.09 +0.02
5.30 +0.01
5.16 +0.02
1.41 +0.01

1.61 £0.01
1.25 +0.01
1.71 £ 0.01
1.41 +0.01

1.0/450
0.9/447
1.1/446
1.0/311

1.61 242 +0.53

1.68 1.72+0.13

Notes. ri1g, and iy, represent TCAF model-fitted sub-Keplerian (halo) and Keplerian (disc) rates in Eddington rate units respectively. X, (in

Schwarzchild radius r,), and R are the model-fitted shock location and
sation. Fluxes are in 10710 ergs cm=2 57!

Table 7. Flux variability characteristics for each epoch of Mrk 421.

OBS ID EPOCh Frar + err(Fyar)
3-10keV 10-20keV 3-20keV
60202048002 A 0.079=0.001  0.085+0.002  0.080%0.001
60202048004 B 0.139+0.001  0.203+0.002  0.156+0.001
60202048006 C 0.163£0.001  0.1870.001  0.168 +0.001
60202048008 D 0.272+0.001  0.353+0.002  0.276+0.021
spectra for the energy range 3—20 keV. In our case HR = 20’]—20‘1"5,

where, Fo-20kev and F3_jorev are the flux in hard and soft
energy bands. In Fig. 6, we show the HR variation with total
observed flux. In ~83 days, HR changed by a factor of more
than 2, and the source had the lowest hard flux during the
fourth epoch (2017 March 27). We performed the weighted least-
squares fitting to the observed data points in the HR vs. flux dia-
gram. We found a strong positive correlation between the HR
and total flux. We obtained a correlation coefficient of 0.874
which also indicates that our spectrum becomes harder as the
flux increases, confirming the results which are interpreted from
photon index vs. flux diagram (Fig. 5). It can also be seen from
Table 3 that there is a noticeable transition in flux in all energy
bands. Between epochs C and D the brightness in the soft band
reduced by a factor of 7 in magnitude, whereas in the hard band
the brightness dropped by a factor of 12. This large jump in flux
between epochs C and D also implies that the corona which
reprocesses soft photons from the Keplerian disc and scatters
them as hard radiation has significantly cooled down and there-
fore can not produce enough hard radiation- and the source has
moved to a lower flux state. This abrupt change in the flux is
a signature of (a) sudden change in flow configuration, which
means viscosity has changed suddenly (Mondal et al. 2017) or
(b) the appearance of some absorbers. The significant change in
CENBOL geometry consistent with the flux variation can also be
seen from the TCAF model-fitted parameters, where the size of
the CENBOL has changed by a factor of ~2. Also, this is consis-
tent with the estimated decrease in the temperature of the corona
from epochs A to D. From Table 7, it is evident that hard X-rays
are more variable than the soft X-rays. This might be indicative
of a more complex dependence of variability on energy and other
physical mechanisms. The difference between soft and hard X-ray
variability could, for example, be related to the size of the emit-
ting region, or the corona and thus the cooling effect. There are
arguments in the literature regarding similar observational flux
variability characteristics to those noticed here. If the high-energy
electron cloud is located at the inner edge of the accretion disc,
which is the Comptonizing corona in our case or above its inner
part (Zdziarski et al. 1999), and the low-energy emitting region is
associated to some outflow from the disc or a second cloud with
lower temperature (Petrucci et al. 2013), then the hard flux could
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shock compression ratio values respectively. N, is the model normali-
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Fig. 6. Variation of the soft (3—10keV), hard (10-20keV) and total (3—
20keV) fluxes and HR.

be more variable than the soft flux. This could explain both the
harder-when-brighter trend in the spectra and the hotter-when-
brighter trend in the corona of Mrk 421.

3.4. Contribution of the jet to spectral flux

In this section, we compare the spectral fitting with the accretion
disc model to estimate the contribution from both disc and jet.
To investigate the relative importance of jet emission over the
accretion disc emission in Mrk 421, and to compare the parame-
ters obtained from spectral fits to the data acquired during 2017,
we identified one NuSTAR data (OBSID = 60002023031, here-
inafter epoch E) from observations on 14 April 2013. The source
was in a very active state in y-rays, optical and X-rays during
epoch E, and the X-ray emission during this epoch is expected
to be dominated by the emission from the relativistic jet. The
R-band, the Swift/XRT soft and hard bands, and UV fluxes are
11.90 + 0.03 (mag), 77.41 £ 0.26, 50.62 + 0.18, and 30.97 + 0.74
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in units of phs~!, respectively. The hardness ratio (hard/soft flux)

was 0.65 during this epoch. We fitted the spectra obtained during
epoch E with PL, THCOMP and TCAF. The PL was not found to
be useful, and indeed returned a poor fit with a X% of 3.7 dur-
ing epoch E, while TCAF fits the data well (y? of 1.18) with
g = 043, my = 0.304, X; = 27.47, and R = 2.82. The nor-
malisation from the TCAF fit was found to increase by a fac-
tor of about 60 times, compared to the normalisation obtained
during epoch D, when the source was in the lowest flux state
in X-rays among all the epochs analysed here. The total X-ray
flux was also high with the value 27.57 x 1070 ergscm=2s7".
Figure 7 shows the TCAF model-fitted spectrum when the nor-
malisation is free (see in panel a) and for an average normal-
isation (see in panel b) obtained from the fit of other epochs.
The fit shown in panel b is not very good when the normali-
sation for the fit is frozen to the average value obtained from
the relatively low flux data (epochs A-D) fitting. Moreover, it
shows that the spectrum is softening gradually, this could be
due to the cooling effect in the jet and can be explained well
by the LOGPAR model, which is often used for this source.
Therefore, our comparative fitting of the less and very active jet
epochs shows that the disc could be present; although it might
be weak and subdominant. We also point out that multi-band
data from UV/optical, X-ray, and y gathered during the same
epochs analysed in this work were equally fit with synchrotron
and SCC models (MAGIC Collaboration 2021). It is to be noted
that for moderately emitting X-ray jets, TCAF is sufficient to fit
the data since it uses cylindrical geometry for interception flux
calculations. For computation of the average optical depth, TCAF
code does not use a slab geometry given in Sunyaev & Titarchuk
(1980), but rather it uses a spherical geometry. In both the cases,
the centrifugal force supported torus and matter inside the fun-
nel of the torus-which constitutes the pre-jet matter till the sonic
surface- were taken into account while computing the inter-
cepted photons. For consistency, we checked that the THCOMP
also fits the data well with kT, = 24+ 6keV andI" = 2.41 +0.05.

As the normalisation is a scale factor that depends on the
source distance and its inclination, it is constant between epochs
for a particular source. If its value changes drastically, this
could point to an additional emission process contributing to the
observed X-ray; for example, emission from the jet. Therefore,
the normalisation can also be a probe to estimate the flux con-
tributions from both the disc and jet. This has been successfully
applied to black hole binary systems (Jana et al. 2017, and oth-
ers). As Mrk 421 is a jetted candidate, we applied this finding for
this candidate as a case study. Considering that in the lowest nor-
malisation epoch, the flux contribution is mainly from the disc,
and increasing norm implies an excess contribution from the jet
in addition to the disc contribution. Therefore, the total flux Fiy
can be written as the sum of disc and jet, as

Fiotal = Faisk + Fiet- )

Here, Fgix can be obtained by using the lowest norm in
epoch D to all other epochs and the jet contribution can be esti-
mated by subtracting the lowest flux contribution from the disc
from the total flux in Table 6 (in Col. (8) when the norm is free).
Therefore, for this epoch, Fje is zero. This is also reflected in the
third panel of Fig. 8.

For all the epochs, Fig. 8 shows the relation (ax?) between
the radio flux (a proxy for jet emission) and the X-ray emission
coming from different components of the accretion-jet system.
The three panels in Fig. 8 show the variation of the radio flux
with the total flux, the disc flux from the TCAF fits, and the jet
flux obtained from Eq. (5). In this figure, the red circles are the

observed/estimated flux values, while the solid black curve is
the fitted function. We find that the radio flux is anti-correlated
with the X-ray flux from the accretion disc, while it is corre-
lated with the jet X-ray emission. The normalisation in TCAF fits
increases from epochs D — C —» A — B — E. This indicates that
the relative contribution of the jet emission over the disc emis-
sion increases in the sequence D - C— A — B — E, with the
X-ray jet emission being maximum during epoch E and mini-
mum during epoch D.

3.5. Joint fit to the Swift/’XRT and NuSTAR data

For estimating various accretion parameters as discussed in the
previous section, we used only data from NuSTAR covering the
energy range from 3-60 keV. It is likely, that inclusion of X-ray
data with energies lower than 3 keV could have an impact on the
derived accretion parameters. To test this, we performed a joint
spectral analysis of Swift/XRT and NuSTAR data with THCOMP
and TCAF models.

For Swift/XRT data, the spectrum files were generated using
the online product generator (Evans et al. 2009)®. The data were
binned to 20 counts rate per energy bin. For the joint spectral
analysis, we used data in the energy range from 0.4 to 60 keV.
For epochs A to D, Swift/XRT data covering the energy range
of 0.4 to 8keV were used except for epoch C, where the data
from energy range 0.4 to SkeV were used, owing to poor S/N
beyond 5 keV. The results of the THCOMP model fit to the joint
Swift/XRT and NuSTAR data are given in Table 8. A compar-
ison of Table 8 with that of Table 5 indicates the parameters
obtained from combined Swift/XRT + NuSTAR data and NuSTAR
data alone agree within errors. Similarly, Fig. 9 shows the TCAF
model fits to the combined spectra, and the derived parameters
are given in Table 9. In the TCAF model fits, the parameters
obtained from the joint Swift/XRT and NuSTAR data also agree
within errors to the parameters obtained using only NuSTAR
data. In model fits to the combined data set, an extra Gaussian
component was required to fit the excess flux in the 0.5-0.7 keV
range. We note that the disc parameters (that are needed for the
estimation of viscosity parameter) obtained from joint fitting are
in agreement with that obtained using NuSTAR data alone within
errors.

3.6. Estimating the accretion disc viscosity parameter

Flux variability on different timescales (hours to years) in
AGN can be explained by several theoretical models, namely
(a) relativistic jet based models (Marscher & Gear 1985;
Gopal-Krishna & Wiita 1992; Calafut & Wiita 2015) where
the variability timescale is long and (b) the accretion-disc-
based models where the variability can take place over short
timescales. In the case of the latter models, it is believed that
the observed X-ray variability in both black hole X-ray binaries
and Seyfert galaxies mainly comes from two key components,
accretion disc and its dynamic corona where the X-rays are pre-
dominantly produced close to the BH by IC scattering of the
optical/UV seed photons from the accretion disc. On the other
hand, the geometrically thin, cold, and optically thick accretion
disc reprocesses the variable X-ray emission coming from the
innermost optically thin, hot corona in a complex way, therefore
playing mostly a passive role in the variability on the shortest
timescales. Furthermore, studies of different timescales in accre-
tion discs of blazars have led to interpretations suggesting that

8 https://www.swift.ac.uk/user_objects/
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Fig. 8. Radio flux variation with different components of the flux obtained from TCAF model fit. The red solid circles are the observed data points

and the black solid line is the functional dependence between fluxes.

Table 8. Results of TBABS*ZXIPCF*THCOMP* (DISKBB+GAUSS ) model fits to the joint Swift/XRT and NuSTAR spectra.

Epoch  MIJDstart MIJDend Ct kT, r T; Nabb x2/d.of.
(keV) (keV) x10°

A 57756.99385 57757.52163 0.57+0.11 138+12 240+0.01 0.07+0.01 4.07+0.39 1.0/750

B 57784.99038 57785.55288 0.63+0.03 35+4 243+0.02 007+0.02 4.62+025 1.0/676

C 57812.92441 57813.49733 0.65+0.08 38+5 248+0.03 0.07+0.02 391+040 1.1/489

D 57839.91052 57840.63969 0.12+0.01 21+3 254+0.04 0.07+001 132+0.11 1.1/553

Notes. The GAUSS component is required in the energy range of ~0.5—-0.7 keV to fit the excess around that energy. The other parameters are the

same as in Table 5.

the observed variations are solely due to jet or to the variations
in the disc carried out, and that are subsequently amplified by jets
(Wiita 2006). Hence, the X-ray variability can be used to probe
the properties of accretion on to the BH. The physical scenar-
ios that describe the large-scale variability in different accretion
disc-based models are the formation and fragmentation of spiral
shocks in accretion disc (Wiita et al. 1992; Chakrabarti & Wiita
1993), asymmetries and geometric effects in accretion disc
(Mangalam & Wiita 1993), or fluctuations propagating from the
outer radii of the accretion disc towards the centre and couple
with the emission from the inner region of the disc (Lyubarskii

A178, page 12 of 15

1997; Arévalo & Uttley 2006). It has been shown for black hole
X-ray binaries that the viscosity and inverse Compton cooling
can be responsible for small-scale variability and different flux
states (Mondal et al. 2017) during the outburst phase of the BHs.
The timescales of these variations can be scaled up for AGN
through the BH mass (McHardy et al. 2006).

Studying the variability using any physical accretion disc
model is important to understand the underlying dynamics
behind these. X-ray flux variations in blazars in the low flux
state can possibly be explained by disc accretion. Very recently,
Chatterjee et al. (2018) discussed on the accretion disc origin
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Table 9. Results of TBABS*ZXIPCF*(TCAF+GAUSS) model fits to the joint Swift/XRT and NuSTAR spectra.

MJDstart

MIDend C, f ﬁ'ld th X s

R N, x 10* Fiot Faisk Fie x*/d.of.

57756.99385
57784.99038
57812.92441
57839.91052

57757.52163
57785.55288
57813.49733
57840.63969

0.48 £0.03 0.022 +0.003
0.77+0.13 0.027 + 0.001
0.78 £0.16 0.034 + 0.004
0.46 +£0.02 0.051 + 0.008

0.243 £ 0.011

0.348 +0.021

0.222 +£0.010 20.09 £2.48 2.41+0.36 0.99+0.13
991+1.23 238+0.34 0.93+0.15
0.292+£0.011 1098 £2.59 2.87+0.21 1.05+0.24
9.93 +1.63

1423 £0.04 5.42+0.02
1423 £0.04 7.05+0.05 7.19+0.06 1.0/675
16.72+£0.42 5.00+0.01 11.73+0.30 1.15/488
5.95+0.08 5.95+0.08 - 1.0/552

8.81£0.05 1.49/749

1.73£0.19 0.26 +0.04

Notes. The GAUSS component is required in the energy range of ~0.5—-0.7 keV to fit the excess around that energy. The other parameters are the

same as in Table 6.

of variability of Mrk421 using AstroSat data. Here, we use
the results of the spectral analysis of the X-ray observations of
Mrk 421 by NuSTAR during 2017 using TCAF model to under-
stand the flux variations and find they are possibly caused by the
accretion disc through the accretion rate variation, which also
represents the viscosity («) fluctuation.

It is believed that @ parameterisation provides the basis
for developing the accretion disc theory and related obser-
vations. There are several methods to estimate the o param-
eter. For instance, in the case of observations, if we
assume that the optical variability of the AGN is caused
by disc instabilities, then comparing the thermal timescales
of a-disc (Shakura & Sunyaev 1973, hereafter SS73) models
with the observed variability timescales, one can put con-
straints on the viscosity parameter for different candidates
(Siemiginowska & Czerny 1989; Starling et al. 2004). In the
numerical simulation, Balbus & Hawley (1991) showed that the
a-parameter can be obtained from the outward transport of angu-
lar momentum in weakly magnetized disc by magnetohydrody-
namic turbulence. Pessah et al. (2007) inferred observationally
that in order to make MRI-driven turbulence, angular momentum
transport is required for large values of the effective « viscosity
(@ = 0.1), the disc must be threaded by a significant vertical

magnetic field, and the turbulent magnetic energy must be in
near equipartition with the thermal energy. On the other hand,
in an advection-dominated disc, Narayan & McClintock (2008)
argued that the required viscosity is 0.1-0.3. All these estimates
seem to show a very broad range of the a parameter, 0.001—
0.6 (see also Hawley et al. 1995). However, a narrow range of
a parameter for blazars was estimated by Xie et al. (2009). In
the present study, we made an attempt to estimate the viscosity
parameter for Mrk 421.

To estimate the viscosity parameter we used the disc accre-
tion rate returned by the TCAF model fits to the spectra. We
assumed that the disc radiates locally as a black body with an
effective temperature of

MguM
T:(mi

1/4
1/4,~3/4
r b

8no ) !

where f = [1 = (rin/r)"/?] ~ 1, r is the radial distance of the
disc. We considered the outer boundary of the disc as 500 r.
The kinematic viscosity (v) can be written as

M
3nx’
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where, X is the surface density of the disc and can be obtained
from the density (o in gmcm™) and scale height (H in cm) of
the disc. According to the SS73 prescription, v can be written
as acsH, where ¢ is the isothermal sound speed corresponding
to the effective disc temperature. After combining these equa-
tions and performing a few steps of algebra, we obtained the a-
parameter value. Our estimated values of a range between 0.18
and 0.25 in the Keplerian component of the two component disc.
We also estimated different time-scales of the flow, for exam-

ple the dynamical (t4yn = vGMgu/ r3) and thermal time-scales
(tm = a‘ltdyn) are ~2 yr and 8-10yr respectively, whereas the
viscous timescale (t,is = tm(H/r)?) is ~30-36 Myr.

4. Conclusions

In this paper, we present a study of the flux and spectral vari-
ability of Mrk 421 using NuSTAR data obtained in 2013 and
2017. During the 2017 epoch, we found the PL photon index
to change from 2.2 to 3.0. We split each epoch of observation
into several segments to study the flux and spectral variability
on short timescales. We noticed that while the hardness ratio
(Table 3) is almost doubles, the average count rate of the source
varies by a factor of 4 in ~83 days. We found that each epoch
of observation in the energy band 3—60keV could be well fit-
ted with phenomenological THCOMP and physical TCAF models.
Each segment of data could be well fitted with the simple PL
model. From the obtained F,, (in Table 7), we conclude that
the source was significantly variable in all the epochs. We also
found a strong correlation between the PL index and the bright-
ness of the source in the total energy band with a “harder-when-
brighter” behaviour.

Mrk 421 is a HSP blazar which generally lacks emission
lines in the optical spectra. Under such circumstances, the origin
of the observed X-ray flux variations lies in their jets (Abdo et al.
2011). Alternatively, during the less active state, one may expect
a contribution of the accretion disc to the observed emission,
albeit unlikely to dominate over jet contribution. Recently,
Chatterjee et al. (2018) noticed a break in the power spectral
density from X-ray observations of Mrk421 at around the same
time as that of the NuSTAR data analysed here. The observations
from AstroSat used by Chatterjee et al. (2018) were also taken
during the moderate brightness state of Mrk421. Such breaks,
which are normally seen in the X-ray power spectral density of
Seyfert galaxies, are believed to be due to the X-ray being pro-
duced in the accretion disc. For this reason, we hypothesise that
in the low or moderate X-ray activity of Mrk421, disc emis-
sion could manifest itself in the observed X-rays, and therefore
we fit each epoch of data using the disc-based TCAF model to
investigate whether the observed flux variations can be explained
with changes in the accretion rate or changes in the geometry
of the accretion disc. The derived parameters from the model
fits show that the disc mass accretion rate of the disc varied
by a factor of ~3 from 0.02 to 0.051 Mgyq and the size of the
CENBOL as envisaged in the TCAF model also changed signif-
icantly. This size varied from 20 to 10 r; between epochs A and
D. In epoch D, the inner edge of the disc moved significantly
inward with the lowest shock compression ratio, the shrinking
of the CENBOL was maximum, and the accretion rate was the
highest. This implies a transition of the source to a lower flux
state with a significant flux change. Also, both physical TCAF
and phenomenological THCOMP model fits suggested the tem-
perature of the CENBOL changed from epochs A to D. The
CENBOL was found to be hotter with increasing brightness
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of the source. Therefore, the shrinking of the CENBOL, the
increase in the mass accretion rates, and the decrease in the flux
values follow the correlation with I'p;, variation. Even though
both the model temperatures show the same profile, the static
corona (used in THCOMP) cannot behave in the same way as
the dynamic corona/CENBOL (used in TCAF) does because the
static corona would cool quickly if there were no underlying
heating mechanism. Therefore, the temperature estimated from
the TCAF model is more realistic.

We note that accretion disc-based models like TCAF can
fit the spectra without adding any other component. This indi-
cates that even though Mrk 421 is a HSP blazar, in the low- to
moderate-activity state during the period of our observation, the
disc could contribute significantly to the total observed X-ray
emission, albeit not dominating over the jet contribution. The
difference in the flux variations between the hard and soft bands
and subsequently the hardness ratio could also be due to changes
in the size of the emission region or the CENBOL. Thus, the hard
emission might originate from the changing corona region at the
inner edge of the disc. On the other hand, the presence of jet and
its contribution to the total spectra would imply that the grav-
itational potential energy of the infalling matter not only gets
transformed into radiation, but can also amplify magnetic field,
which allows the field to retrieve large store of rotational energy
and transform a part of it to jet power.

Thus, based on the modelling of the five epochs of NuSTAR
data of Mrk 421 for the energy band 3—60 keV from the relatively
low and very high jet activity, we conclude that (i) simple PL
alone is not a good representation of the observed X-ray emission,
but CUTOFFPL fits the data well; (ii) both TCAF and THCOMP fit
the observed X-ray emission well to give the accretion and spec-
tral properties, though TCAF gives the physical parameters of the
flow; and (iii) non-magnetic accretion disc models are found to
be adequate to fit the low- to moderate-X-ray activity state data
of Mrk421. However, the X-ray-y-ray correlation is one of the
important characteristics in the broadband emission of Mrk 421,
that occurs during high and low activity, as reported multiple times
in the literature over the last years, and particularly for the data
obtained in the year 2017, as reported in MAGIC Collaboration
(2021). The existence of this correlation implies substantial emis-
sion from the jet-probably related to SSC models-that also occurs
during the very low activity; however, even during the low blazar
activity, the present disc-base models can not dominate the X-ray
emission of Mrk 421.
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