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Abstract

We present detailed results of Swift observations of the nearby TeV-detected blazar Mrk 421, based on the rich
archival data obtained during 2005 March—2008 June. The best fits of the 0.3—-10 keV spectra were mainly obtained
using the log-parabolic model, yielding low spectral curvatures expected in the case of the efficient stochastic
acceleration of particles. During strong X-ray flares, the position of the synchrotron spectral energy distribution
peak E, was beyond 8 keV for 41 spectra, while it sometimes was situated at the UV frequencies in quiescent
states. The photon index at 1 keV exhibited a broad range, and the values a < 1.70 were observed during the
strong flares, hinting at the possible presence of a jet hadronic component. The spectral parameters were correlated
in some periods, expected in the framework of the first- and second-order Fermi accelerations of X-ray emitting
particles, as well as in the case of turbulence spectrum. The 0.3-10keV flux and spectral parameters sometimes
showed very fast variability down to the fluctuations by 6-20% in 180-960 s, possibly related to the small-scale
turbulent areas containing strongest magnetic fields. X-ray and very high-energy fluxes often showed correlated
variability, although several occurrences of more complicated variability patterns are also revealed, indicating that
the multifrequency emission of Mrk 421 could not be generated in a single zone.
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1. Introduction

BL Lacertae objects (BLLs) constitute an extreme class of
active galactic nuclei (AGNs) exhibiting weak or absent
emission lines, strong flux variability in different spectral
bands, compact radio structure, superluminal motion of some
components, and a very broad continuum ranging from the
radio to very high-energy ~-rays (E > 100 GeV), that makes
them the most frequently detected class of the extragalactic
TeV sources.” These properties are most successfully explained
as arising from a relativistic jet closely aligned to our line of
sight (Urry & Padovani 1995 and references therein).

BLLs show a double-humped spectral energy distribution
(SED) in the log v—log vF, plane. Due to the nonthermal and
polarized emission in the frequency range of the lower-energy
SED component, its origin is widely accepted to be produced
by a distribution of relativistic leptons radiating via the
synchrotron process (Falomo et al. 2014). Depending on the
position of the synchrotron SED peak, E,, BLLs are divided
into two subclasses (Padovani & Giommi 1995 and references
therein): high-energy-peaked objects (HBLs, peaking at UV—
X-ray frequencies), and low-peaked objects (LBLs, with E,
situated in the infrared-optical part of the spectrum).

However, there is a variety of models for the origin of the
SED higher-energy component: (i) an inverse Compton (IC)
scattering of synchrotron photons by their “parent” electron—
positron population (so-called synchrotron self-Compton
model, SSC; Marscher & Gear 1985); (ii) hadronic models
incorporating a production of ~-rays by relativistic protons,

5 http://tevcat.uchicago.edu/

either directly (proton synchrotron; Miicke et al. 2003) or
indirectly (e.g., synchrotron emission from a secondary
electron population; Mannheim 1993). A valid model can be
discerned via the intense multiwavelength (MWL) flux
variability and inter-band cross-correlation study, which also
provides important clues about underlying physical processes,
as well as the structure and dynamics of the BLL emission
zone. The one-zone SSC model predicts nearly simultaneous
variations in both the synchrotron and Compton components,
while the multi-zone SSC and hadronic models predict more
complicated timing (Fossati et al. 2008).

The nearby HBL source Mrk421 (z = 0.03, Aleksié
et al. 2015a) was the first TeV-detected extragalactic object
(Punch et al. 1992). Consequently, it was a frequent target of
MWL campaigns (see, e.g., Macomb et al. 1995; Fossati
et al. 2008; Acciari et al. 2011; Aleksi¢ et al. 2015a; Balokovié
et al. 2016), which revealed an extreme X-ray and VHE
behavior of this source, leading to a great advance in our
understanding of the blazar phenomenon. It exhibited the most
extreme VHE flares (e.g., a flux increase by a factor of 20-25
in ~30 minutes on 1996 May 7; Gaidos et al. 1996), a giant
X-ray flare with intra-day X-ray variability by a factor up to
nine in 2013 April (Kapanadze et al. 2016a, hereafter Paper I),
and variability by more than one order of magnitude on yearly
timescales at longer wavelengths (Ahnen et al. 2016).

In this paper, we present the results of a detailed spectral
analysis, based on the rich archival data obtained with X-ray
Telescope (XRT, Burrows et al. 2005) onboard the satellite
Swift (Gehrels et al. 2004) during 2005 March-2008 June.
Although the majority of these data were included in
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Table 1
Summary of the XRT and UVOT Observations in 2005 March-2008 June
ObsID Obs. Start—End Exp. CR UVW1 UVW1 UvM2 UvVM2 Uuvw2 Uuvw2
(UTC) (s) (ctss™) (mly) (mag) (mly) (mag) (mly)
@ (@) 3 “ ©) O] ® ® (10)
30352001 2006 Jan 02 10:52:00 Jan 03 2192 67.76(0.23)  11.87(0.04) 15.91(0.59)  12.09(0.04)  11.12(0.24)  11.82(0.04)  13.74(0.45)
14:07:11
30252002 2006 Jan 04 10:42:00 Jan 04 4553 88.22(0.17)  11.85(0.03)  16.20(0.52)  12.11(0.03)  10.91(0.17)  11.82(0.03)  13.74(0.29)
14:09:23
30252003 2006 Jan 05 10:48:00 Jan 05 1538 71.95(0.23)  11.86(0.04) 16.05(0.52)  12.13(0.04) 10.71(0.17)  11.83(0.03)  13.62(0.28)
14:10:56
30252004 2006 Jan 07 09:44:01 Jan 08 4741  52.64(0.11)  11.79(0.07)  17.13(0.59) 11.96(0.04)  12.54(0.22) 11.74(0.04)  15.22(0.45)
12:48:15

Note. The columns are as follows: (1) observation ID; (2) observation start and end (in coordinated universal time, UTC); (3) exposure (in seconds); (4) observation-
binned count rate (CR) with its error; (5)—(10) de-reddened UVOT magnitudes and fluxes.

(This table is available in its entirety in machine-readable form.)

published papers (see Tramacere et al. 2009; Acciari et al.
2011; Aleksi¢ et al. 2012), the high X-ray brightness of the
source and excellent instrumental capabilities of Swift-XRT
(good photon statistics and low background counts) allow us
to perform a detailed study of X-ray spectral and flux
variability on timescales shorter than 1ks. Note that Acciari
et al. (2011) and Aleksi¢ et al. (2012) were mostly focused on
TeV-band variability, searching for the MWL correlations and
SED modeling, and no detailed X-ray spectral and flux
variability studies were performed. Although the study of
Tramacere et al. (2009) (hereafter T09) is focused on the
Swift-XRT observations between 2006 April and 2006 July to
investigate trends between the spectral parameters and an
orbit-resolved spectral analysis was performed, the source
was very bright and very densely sampled XRT observations
were performed. This allows us to carry out even suborbit-
resolved spectral analysis (down to timescales as short as
100 s) and search for very fast flux variability on timescales of
a few hundred seconds. Moreover, T09 used only the log-
parabolic model for the spectral analysis, while many spectra
from the aforementioned period do not show a significant
curvature and can be fitted with a simple power law (see
Section 3.4). Finally, no detailed study of short-term flux and
spectral variability was performed within those studies, while
our analysis has revealed extreme behavior on these time-
scales. Furthermore, we compare the obtained results to those
from the epoch of the unprecedented X-ray flare in 2013 April
presented in Paper I and from the period 2013 November—
2015 June (Kapanadze et al. 2017a, hereafter Paper II). Using
the XRT observations, we also performed a study of the
0.3-10 keV flux variability on diverse timescales and checked
its correlation with the simultaneous MWL fluxes obtained
with different instruments: Ultraviolet-Optical Telescope
(UVOT; Roming et al. 2005) and Burst Alert Telescope
(BAT; Barthelmy et al. 2005) onboard Swift, All-Sky Monitor
(ASM) onboard Rossi X-ray Timing Explorer (RXTE, Levine
et al. 1996), and ground-based Cherenkov-type and optical
telescopes.

The paper is organized as follows. Section 2 describes the
data processing and analysis procedures. In Section 3, we
provide spectral results. Those related to the MWL flux and
spectral variability on diverse timescales are presented in
Section 4. We discuss our results in Section 5, and provide our
conclusions in Section 6.

2. Observations and Data Reduction
2.1. X-Ray Observations

The source was observed 109 times by XRT between 2005
March 20 and 2008 June 12, with a total exposure of 367.4 ks.
The information about each pointing and the corresponding count
rates are provided in Table 1.%7 The raw event files were reduced,
calibrated, and cleaned with the XRTPIPELINE script incorpo-
rated in the XRTDAS package (a part of HEASOFT v. 6.21,
developed at ASI Science Data Center and distributed by
HEASARC) by applying the standard filtering criteria and the
latest calibration files of Swift calibration database (CALDB)
v.20170306.

We selected the events with the 0-2 grades for the
Windowed Timing (WT) mode, and the grade of 0—12 was
used for the Photon Counting (PC) observations (used only
three times). In both regimes, the selection of the source and
background extraction regions, correction of count rates for
pile-up and other effects (bad/hot pixels, vignetting) was
performed with the package XSELECT, following the recipes
described in detail in Paper I. The background-subtracted
light curves were constructed using different time bins (see
Section 4). In the WT mode, the pile-up correction was
applied when the 0.3-10keV count rate was close to or
higher than 100 cts s ! (Romano et al. 2006).

From the daily-binned BAT data, obtained within the Swift-
BAT Hard X-ray Transient Monitor program® (Krimm
et al. 2013) and provided by the BAT team, we used only
those corresponding to the detection of the source with 50
significance (the threshold generally accepted for coded-mask
devices) to study a variability of the 15-150keV flux.
However, we also plotted the data corresponding to their
detection with 3¢ significance in Figure 4(c) (used by some
authors for flux variability study; see, e.g., Horan et al. 2009).

2.2. UVOT Observations

The source was observed in the ultraviolet bands UVWI,
UVM2, and UVW2 at the central wavelengths of 2600 A,
2200 A, and 193 A, respectively (along with the 0.3—10 band)

® The three leading zeros in observation IDs (ObsID) are omitted everywhere

in the paper.

Tables 1, 2, 5, and 7 are available, in their entirety, in machine-
readable form.
8 http:/ /swift.gsfc.nasa.gov /results /transients /weak /Mrk421/
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Table 2
Results of the Spectral Analysis with the Log-parabolic Model

ObsID a b E, 10 x K X; /dof log Fy3-2kev log F>_10 kev log Fi3-10kev HR
@ (@) 3 “ ® © O] ® ©)] 10)
35014001 Orbit 2 2.55(0.02) 0.15(0.04) 0.02(0.01) 1.03(0.01) 1.06/218 —9.43(0.01) —9.97(0.01) —9.32(0.01) 0.29(0.01)

Orbit 4 2.51(0.02) 0.16(0.06) 0.03(0.01) 1.09(0.02) 1.05/179 —9.42(0.01) —9.93(0.02) —9.30(0.01) 0.31(0.01)

Orbit 5 2.49(0.02) 0.12(0.04) 0.02(0.01) 1.16(0.02) 0.89/211 —9.40(0.01) —9.88(0.02) —9.27(0.01) 0.33(0.01)

Orbit 6 2.43(0.02) 0.13(0.04) 0.02(0.01) 1.26(0.02) 1.05/224 —9.37(0.01) —9.81(0.01) —9.23(0.01) 0.36(0.01)

Note. The E, values (Column 4) are given in keV; unabsorbed 0.3-2 keV, 2-10 keV, and 0.3-10 keV fluxes (Columns 7-9)—in erg em2s!

(This table is available in its entirety in machine-readable form.)

and an average duration of 150s in each filter, ranging
between 50 and 900 s. Unfortunately, Mrk 421 was not target-
ed with UVOT during 2005 April-November or 2007 March—
2008 January, and only a few times in 2006 April-July (see
Table 1). The observations were carried out in the image
mode, where the image is accumulated onboard, discarding
the photon timing information within each exposure to reduce
the telemetry volume and the transmission time.

The photometry for the sky-corrected images obtained in
these bands was performed using the UVOTSOURCE tool
(maintained by the HEASOFT package) and the calibration files
included in the CALDB v.20170130. The measurements were
done using a 20 arcsec radius because the source was very
bright in these bands. When the source was brighter than
12mag, a pile-up was estimated and the corresponding
correction was performed using the recipe provided in Page
et al. (2013). The magnitudes were then corrected for Galactic
absorption, converted into milli-Janskys (mlJy), and corrected
for the host contribution according to the recipe provided in
Paper II (see Table 1 for the results).

3. Spectral Analysis

The 0.3-10keV spectral analysis was performed by means
of the XSPEC package (Arnaud 1996), using the latest
response matrix from the XRT calibration files from Swift
CALDB, as well as ancillary response files generated via the
XRTMKAREF task (to account for the aforementioned effects).
The instrumental channels were combined to include at least
20 photons per bin using the GRPPHA task to yield a spectrum
valid for the y?-statistics. We fixed the hydrogen column
density to the Galactic value Ny = 1.9 x 102 cm 2 (Kalberla
et al. 2005), and performed a fit of the reduced spectra using
different models, generally applicable for blazar X-ray spectra
(see Section 3.1).

For each spectrum, the model validity was checked by means
of reduced chi-squared (xf), distribution of the residuals, and
F-test. We extracted the spectra from separate orbits of the
particular ObsID when it was impossible to use the same source
and/or background extraction regions for all orbits, or the
source showed a flux variability during this observation. We
adopted the same method even for a single orbit when the flux
varied within it, or when there was no satisfactory value of Xf
for the spectrum extracted from the whole orbit. In similar
situations, we extracted the spectra even from the segments

of the particular orbit, especially in higher X-ray states.
The task EDITMOD was used to remove the absorption
component in order to measure de-absorbed 0.3-2keV,
2-10keV, and 0.3-10keV fluxes, as well as their errors (in
logarithmic units). The hardness ratio (HR) was calculated as

HR = F2_10 keV/Fb.3—2 keVs where the quantities F2_10 keV and
Fy3_2kev stand for the unabsorbed 2-10keV and 0.3-2 keV
fluxes, respectively. This parameter is useful to study spectral
variability and reveal spectral trends during X-ray flares when
the spectra extracted from different observations are fitted with
different spectral models (see the next subsections).

3.1. Spectral Curvature

For the majority of the 0.3-10 keV spectra in 2005 March—
2008 June (870 out of 1200 spectra), a simple power law,
F(E) = KE~' (with T, the photon index throughout the
observation band; K, the normalization factor), was excluded at
the 99.99% confidence level, and the log-parabolic model
(Massaro et al. 2004, hereafter M04)

F(E) = K(E/Ey) (@+V0eE/E) (1)

was clearly preferred by the aforementioned tests (with Ej, the
pivot energy fixed to 1keV; a, the photon index at the energy
Ei; b, the curvature parameter). In addition, this model showed
a better fit to the aforementioned spectra than a broken power
law.’ By means of the best-fit values of the parameters a and b,
the position of the SED peak and the flux at the peak are
calculated as'” (M04)

E, = E/10¢-9/% eV, )
S, = 1.6 x 10°K10@-9*/4% ergm25, 3)

The results of the spectral analysis performed using the log-
parabolic model are provided in Table 2. The distributions of
spectral parameters and their properties observed during the
whole period 2005-2008, as well as in its separate parts
(“Periods” 1-6, selected depending on the occurrence of
enhanced X-ray activity of Mrk 421; see the caption of Table 3)
are presented in Figure 1 and Table 3, respectively. For
comparison, we have also included the results from the 2013
April period here.

The curved 0.3—10 keV spectra mostly showed low values of
parameter b: 57% of the values from the range b = 0.07-0.47
were smaller than b = 0.20, and only 23 spectra (2.6%) yielded
b > 0.35 (see Figure 1(a), first panel). In 2005 March-2008
June, the parameter b mostly showed relatively small values:
96% of the log-parabolic spectra yielded b < 0.35. Note that
the source showed a similar distribution of this parameter in the
epoch of the giant X-ray flare in 2013 April and during 2013

? See https: //heasarc.gsfc.nasa.gov /xanadu/xspec/manual /XSmodelBknpower.

html
19 The corresponding uncertainties are calculated by propagation of the errors
related to the parameters included in each equation.
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Table 3
Distribution of Spectral Parameters in Different Periods
Par. Minimum Maximum Mean Skewness
(1) 2 3) @ (%)
2005-2008
b 0.09 0.47 0.21 0.60
a 1.62 2.63 2.07 0.38
E, 0.80 7.94 2.71 0.85
T 1.68 2.74 1.91 0.26
HR 0.22 1.49 0.79 0.04
Periods 1-2
b 0.07 0.29 0.19 0.17
a 1.90 2.56 2.09 0.50
E, 0.87 1.83 1.31 0.27
T 2.13 2.74 2.58
HR 0.23 0.93 0.59 0.23
Period 3
b 0.09 0.22 0.14 0.57
a 1.69 2.15 1.89 —0.35
E, 0.83 7.94 2.88 0.90
T 1.68 2.15 1.89 0.08
HR 0.60 1.49 0.98 0.59
Period 4
b 0.12 0.47 0.28 0.30
a 2.01 2.56 2.24 0.61
E, 0.80 0.88 0.74
T 1.89 2.32 2.25
HR 0.25 0.68 0.47 —0.30
Periods 5-6
b 0.07 0.34 0.20 0.41
a 1.62 2.33 2.01 —0.39
E, 0.81 7.94 3.18
T 1.78 1.88 1.84
HR 0.22 1.14 0.75 0.63
2013 April
0.09 0.47 0.22 0.31
a 1.68 2.55 2.00 0.53
T 1.70 2.35 1.99 0.10
HR 0.41 1.31 0.76 0.37

Note. Period 1: 2005 March 1-September 3; Period 2: 2005 October 2-2006
March 22; Period 3: 2006 April 17-2006 July 27; Period 4: 2007 October 6 to
2008 January 24; Period 5: 2008 January 25-April 17; Period 6: 2008 April
26-June 13. Minimum and maximum values are listed in columns 2 and 3,
respectively. Mean value is in column 4, and skewness is the last column. The
values corresponding to a detection below 3¢ (parameter b) and upper limits to
E, are not included here.

November—2014 May, while the spectral curvature generally
was larger in 2015 January—June (see Figure 6 and Papers I-1I).

The spectra from Period 3 exhibited the lowest curvatures
with a mean value » = 0.14 and with a positive skewness
indicating a shift of the distribution toward values lower than b
(3rd panel). In contrast, the narrowest synchrotron SEDs (i.e.,
the largest curvatures) are found in Period 4, which showed a
mean value twice as large, but smaller skewness (see the fourth
panel of Figure 1(a) and Table 3). Note that all the values larger
than b = 0.35 belong to this period.

Kapanadze et al.

The parameter b showed a weak positive correlation with
photon index at 1keV (see Figure 2(a) and Table 4 for the
Spearman coefficient p and corresponding p-value), and very
weak anti-correlations with the position of the synchrotron
SED and with unabsorbed 0.3—10 keV flux (see Figure 2(b) and
(c) and Section 5.3 for the discussion). Note that we restricted
the search for the correlation b-E, to the spectra with
E, > 0.8keV and E, < 8keV (as explained below). This
anti-correlation was found with 99% confidence level only for
Periods 5 and 6. The correlations a—b and b—Fy3_jorey are
revealed only for Periods 2 and 3.

3.2. Photon Index

The photon index at 1keV showed a very wide range of
values during 2005-2008: Aa = 1.01, with the smallest value
of a = 1.62, and 46% of the spectra were harder than a = 2
(Figure 1(b), first panel). Note that this percentage was smaller
in 2013 January—May (39%; Paper I) and in 2013 November—
2015 June (20%; Paper II). Note also that 87% of the
0.3-10keV spectra from the period 2006 April-July showed
a < 2, and this percentage is significantly higher than that
shown during the giant X-ray flare in 2013 April (61%).

The majority of these hard spectra (65%) belong to Period 3,
with a mean value @ = 1.89 (see the 3rd panel of Figure 1(b)).
For other periods, the mean value ranged between a = 1.90
(Period 6) and @ = 2.30 (Period 1). However, the softest
spectra are derived from the nine observations performed
between 2006 December 5 and 2007 May 12: @ = 2.42 and the
softest value a = 2.63 during the whole 2005 March—-2008
June Period. Period 6 is characterized by the widest range of
the photon index Aa = 0.71.

Figure 2(d) exhibits an anti-correlation between the
parameter a and 0.3-10keV flux, implying that the source
mostly followed a “harder-when-brighter” trend during
2005-2008. However, samples belonging to the particular
periods show different slopes, leading to the significant scatter
of the data points in the a—Fy3_jokev plane. Although the
sample from the whole Period 6 follows the general “harder-
when-brighter” trend, the subsample of the spectra extracted
from orbits 3-21 of ObsID 30352099 show an exception to this
trend: on average, they are the hardest (@ = 1.62-1.81) and
yield the largest 0.3-10keV fluxes (see Table 2), but their
subsample exhibits a weak positive photon index—flux
correlation, and is thus an outlier from the whole sample in
the a—Fys_10kev plane. As for the subsamples from other
periods, the “harder-when-brighter” trend was the strongest in
Period 2, while the source followed it weakly in Periods 4
and 5 (see Table 4). The softest spectra from the period
2006 December—2007 May also follow the aforementioned
trend, and they yield the one of the lowest values of unabsor-
bed 0.3—-10 keV flux during the whole 2005 March—-2008 June
period.

3.3. The Position of the SED Peak

The position of the SED peak showed a very wide range
between E, = 0.02keV and E, = 22.4keV. Note that 29
spectra showed the E,, values larger than 10 keV (see Figure 3
for the corresponding SEDs). Of these spectra with high Ep,
90% belong to Period 3 and other three spectra to Period 6.
However, the SED peaks of the spectra with E, 2 8keV
(about 5% of the log-parabolic spectra) are poorly constrained
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Figure 1. Distribution of the values of spectral parameters in different periods.

by the observational data; because these spectra show the
photon indices considerably smaller than a = 2, these values
should be considered as lower values to the intrinsic position of
the synchrotron SED peak. Moreover, the values E, < 0.8 keV

(48% of log-parabolic spectra), derived from the spectra with
photon indices considerably higher than a = 2, are system-
atically higher than those obtained from the contemporaneous
broadband SEDs by means of the fit with the log-parabolic
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Table 4 Table 4
Correlations between Spectral Parameters and Multiband Fluxes (Continued)
Quantities 14 p Quantities p p
2005-2008 2013 April
b and a 0.41(0.09) 5.17 x 1077 b and Ep —0.26(0.11) 1.70 x 1073
band E, —021(0.09) 322 x 107 aand Fys 10kev —0.63(0.05) 5.67 x 1012
b and Fy3_10kev ~0.26(0.08) 1.01 x 107 T and Foa 100y —0.80(0.04) 289 x 10-12
a and Fy3_10kev ~0.57(0.06) 5.89 x 10710 HR and Fos 1o 1oy 0.65(0.06) 435 x 10-11
E, and Fo3_10kev 0.31(0.09) 1.70 x 1073 Fos ey and Fy_1o ey 0.88(0.03) <10-15
log £, and log S, 0.42(0.10) 6.35 x 108 Fos-10kev and Fract 0.78(0.12) 0.014
I" and F0_3,]0 keV —058(006) 2.24 x 10710
HR and Fy3-10kev 0.53(0.06) 447 x 1077 Note. Fluxes denoted by “F;” for the particular i-band) in different periods.
Fys-2xev and Fr_jgkev 0.74(0.04) 5.44 x 10713
Fos_10kev and Fyyg 0.60(0.08) 4.67 x 10710
Far and Fasm 0.53(0.09) 8.00 x 10-8 function (introduced by Landau et al. 1986)
Fasm and Fyue 0.45(0.08) 2.13 x 10°°
Fovywi and Fyyw 0.89(0.02) <1071 log vF, = A(log v)*> + B(log v) + C. (@)
Period 1 Th .
erefore, these values also should be considered as upper
a and Fy3_10kev —0.53(0.10) 4.01 x 107 limits, and consequently they (as well as those higher than
[ and Fo3-10kev —0.67(0.05) 4.88 x 107! 8keV) were not used when searching for correlations of E,
HR and Fo3-10 kev 0.69(0.05) 4.02 x 711(37” with other spectral parameters or with the 0.3—10 keV flux. All
Fos-2iev and Fo-10iev 0830.04) <10 log-parabolic spectra from Period 1, 2006 December—2007
Period 2 May and 93% of those from Period 4 are characterized by
b and a 0.25(0.09) 499 % 10-4 E, < 0.8keV. In contrast, 91% of the log-parabolic spectra
b and Fys_1orev ~0.30(0.10) 8.19 x 105 from Period 3 show their synchrotron SED peaks at energies
a and Fy3_10kev —0.79(0.04) 3.03 x 10714 higher than 0.8 keV.
E, and Fy3_10kev 0.34(0.12) 8.44 x 1075 Fifty-nine percent of the values with 0.8keV < E}, < 8keV
logE, and log S, 0.42(0.10) 6.35 x 1078 (i.e., the spectra with well-constrained synchrotron SEDs) are
HR and Fy3_10kev 0.77(0.04) 8.41 x 1014 included in Period 3, and the mean value E, = 2.88keV (see
Foz-zkev and Fo_jogev 0.91(0.02) <10715 Figure 1(c)). This period also comprises the majority of the
- hard X-ray peaking spectra (i.e., £, > 2 keV; 148 out of 205).
Period 3 In contrast, Periods 2 and 4 show E, < 1.83keV and
b and a 0.29(0.09) 3.15 x 1073 E, < 0.96keV. This parameter shows a weak positive
a and Fy3_10kev —0.65(0.05) 4.19 x 10712 correlation with the 0.3-10keV flux, which was observed
b and Fy3_10kev —0.35(0.10) 230 x 1073 separately in Periods 2 and 3 (see Figure 2(e) and Table 4).
Ep and Fo3-10kev 0.29(0.12) 370 x 107* Moreover, the spectra that peak beyond 8keV yield
log E, and log S, 0.53(0.09) 9.34 x 10710 0.3-10keV fluxes, which are significantly higher than
I and Fy3_10kev —0.56(0.05) 6.67 x 10710 9.8 x 10 "%ergem ?s™' (the weighted mean value in
HR and Fy3_10kev 0.55(0.05) 9.54 x 10710 2005-2008).
F0_3_2 kev and Fg_l() keV 0.79(0.04) 224 x 10714
Period 4 3.4. Power-law Spectra and Hardness Ratio
@ and Fos ooy 035(0.09) 677 % 10-6 Table 5 presen.ts.the .I‘eSl'lltS for 330 spectra in 2005—2008,
HR and Fos. 1o ey 0.38(0.08) 148 x 10-6 which do not exhibit a 51gn1ﬁcapt curvature: the parameter b is
Foso ey and Fy_1okev 0.85(0.03) <10-15 close to zero and/or detected with ~10 significance, and the fit
with the log-parabolic model did not give better statistics than
Period 5 that with the simple power-law. Therefore, the latter model was
b and E, ~0.23(0.10) 1.05 % 10-3 chosen for these spectra. The 0.3-10 keV Photon index, derived
@ and Fys1orey —0.40(0.08) 556 x 10-7 from these spectra, also showed a wide range of values
log E, and log S, 0.33(0.12) 101 x 10-5 AT = 1.06 (see Figure 1(d)) and the hardest value I' = .1.68
HR and Fos_10 ey 0.41(0.06) 220 x 10-7 (derived from the fourth 190 s segment. of the fifth orbit of
Forsrey and Fy_1okey 0.65(0.05) 767 % 10-12 ObsID 30352014). Note that the vast majority of these spectra
(96%) and the hardest values of the parameter I' belong to
Period 6 Period 3.
b and E, —0.48(0.07) 149 % 10-% In many cases, some.orbits of the same observ'ation yielded
@ and Foxiorey 0.61(0.06) 643 x 10-11 power-law spectra, while those from other or.blts showed a
log Ey and log S, 0.73(0.09) 275 % 10-14 curvature and ﬁtteq well with the log-parabolic model. Thls
HR and Fys_ 1oy 0.58(0.06) 400 x 10-10 mal'nly happeneq with the densely sampled XRT observations
Fosrrev and B 1o e 0.89(0.03) <1015 during 2006 April 22-24 (ObsID 206476000) and June 14-27

(ObsID 3035208-3035201616). Some orbits yielded both
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Figure 3. Log-parabolic spectra yielding E, > 10 keV, along with the distribution of the residuals. In each spectrum, a solid line represents the log-normal model

defined by Equation (2).

(The complete figure set (seven images) is available.)

log-parabolic and power-law spectra. For example, while the
spectra extracted from the second, third, and fourth segments of
the first orbit of ObsID 30352011 (each of 200 s) are well-fit
with a simple power-law model, those from the first and fifth
segments are curved. In total, we extracted 111 spectra from
34 orbits of the most densely sampled observation, and 52% fit
well with the power-law model. Furthermore, 91% of the
spectra extracted from another densely sampled observation
with ObsID 30352014 (June 23) do not show a curvature. Only
power-law spectra were extracted from the observations with
ObsID 52100007 (Period 1), 52101001 (Period 2), 215769000,
and 30352016 (Period 3).

The power-law spectra are found in different brightness
states, and they followed a “harder-when-brighter” trend
similar to the log-parabolic spectra (see Figure 2(f) and
Table 4), although one data point from Period 6 shows a large
offset from the general trend.

The values of the hardness ratio, derived from log-parabolic
and power-law spectra, showed a wide range of AHR = 0.92.
Eighty-two percent of the values are larger than HR = 0.5, and
315 spectra (27%) show HR > 1 (Figure 1(e) and Table 3; all
spectra presented in Figure 3 yield HR values above this
threshold). Note that the spectra with a hardness ratio larger
than HR = 1 were much more rarely observed in 2013 April
and 2013 November-2015 June (8% of all spectra in each
period; see Figure 6(Ac), (Bc)).

The mean value of this parameter within the period ranges
from HR = 0.34 (2006 December—2007 May) to HR = 0.98
(Period 3). The HR-Flux plane brings together power-law
and log-parabolic spectra to check the presence of a “harder-
when-brighter” spectral trend during the particular flare in
some period, or prove whether the power-law and log-
parabolic spectra follow this trend differently. A positive
correlation between HR and the unabsorbed 0.3—-10 keV flux
in all periods (Figure 2(g)) confirms the dominance of a
“harder-when-brighter” spectral evolution during X-ray
flares. This trend was the strongest in Period 2 (see
Table 4), and the data points, which correspond to Orbits
3-21 of ObsID 30352099, do not follow the general trend;
they form an outlier in the HR-flux plane (similar to
parameter a).

4. Flux and Spectral Variability
4.1. Long-term Flux Variability

During 2005 March—-2008 June, the 0.3—10keV flux was
highly variable, by a factor of 20, and showed several flares
(Figure 4(a)), which are discussed in detail in the next sub-
section. During the 3.3 year period, the highest and weighted
daily-binned count rates were 155.6ctss™ ' and 35.5ctss ',
respectively. The former value was recorded during
ObsID 30352099 (2008 June 12—13) and higher rates were
observed only on 2013 April 12. Unfortunately, that period was
not densely covered by the XRT observations, in contrast to
2013 April. Figure 4(a) shows that the source often exhibited
its high X-ray states in the period presented here, similar to the
strong X-ray activity epochs observed in 2010, 2013, and 2015.
Generally, Mrk 421 was the brightest, as well as one of the
most violently variable blazars in X-rays during 2005-2008.

Figure 4(b) present a historical VHE light curve of Mrk 421
(in Crab units), constructed using the data from the observations
performed with VERITAS (from the VERITAS website,''
Aleksi¢ et al. 2015a, 2015b; Balokovi¢ et al. 2016), MAGIC
(Steinke 2012; Preziuso 2013; Aleksi¢ et al. 2015a, 2015b;
Ahnen et al. 2016), Whipple'> (Acciari et al. 2014), and
HAGAR (Sinha et al. 2016). The VHE fluxes, provided in units
of phem ?s™!, were converted into Crab units using the
relations 1Crab = 1.96 x 10 '"%phcm 2s™! for the data with
E > 200GeV (Albert et al. 2008), and 1Crab = 8.08 x
10 ""phem 2s™' for those with E > 400GeV (Ahnen
et al. 2016). During 2005-2008, the source showed an overall
variability by a factor of 26; it underwent a very strong VHE flare
during Modified Julian Date MJD 54587-54590 (2008 May) when
the source did not exhibit a comparable X-ray activity. Note that
the source was often detected with 3¢ significance and showed
flaring activity in different periods discussed in Section 4.2.

Among 116 detections with 5o significance of Mrk 421 with
BAT during 2004-2015, the majority belong to the period
2005 March-2008 June. The source showed a strong
15-150keV variability, underwent a strong flare by a factor
of ~7, and reached its highest historical brightness during

" hitp: //veritas.sao.arizona.edu / veritas-science / veritas-blazar-spectra
'2 http: / /veritas.sao.arizona.edu /veritas-science /mrk-421-long-term-
lightcurve


http://veritas.sao.arizona.edu/veritas-science/veritas-blazar-spectra
http://veritas.sao.arizona.edu/veritas-science/mrk-421-long-term-lightcurve
http://veritas.sao.arizona.edu/veritas-science/mrk-421-long-term-lightcurve
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Table 5
Results of the Spectral Analysis with the Power-law Model
Obsld r K X; /dof log Fo3-2 kev log F>_10 kev log Fo3-10 kev HR
@ @ 3 “ (6)) © O] ®
52100007 Orbit 1 2.68(0.02) 0.41(0.01) 0.93/193 —9.80(0.01) —10.40(0.01) —9.71(0.01) 0.25(0.01)
Orbit 2 2.67(0.02) 0.41(0.05) 0.97/180 —9.80(0.01) —10.39(0.01) —9.70(0.01) 0.26(0.01)
Orbit 3 2.70(0.05) 0.39(0.01) 1.15/58 —9.82(0.01) —10.43(0.03) —9.72(0.01) 0.24(0.02)
Orbit 4 2.74(0.02) 0.39(0.04) 1.00/184 —9.81(0.01) —10.46(0.01) —9.72(0.01) 0.23(0.01)

Note. Unabsorbed 0.3-2 keV, 2-10 keV, and 0.3-10 keV fluxes (Columns 5-7) are given in units of erg em2s7 !

(This table is available in its entirety in machine-readable form.)

MID 53929-53939 (2006 July—August), following the epoch of
a high 0.3-10keV state and hardest spectra (Figure 4(c)).

The source was detected 647 times with 3¢ significance, in
the 1.5-12keV band, by RXTE-ASM during the period
presented here.'”> It showed a strong variability, with
maximum-to-minimum flux ratio R ~ 15 (Figure 4(d)). The
corresponding light curve exhibits flaring activity on various
timescales, and the strongest flares are observed, along with
those recorded by XRT, BAT, and Cherenkov-type telescopes.

The source was observed few times with UVOT during
2005-2008. The corresponding light curves present a weaker
and slower variability, with a maximum-to-minimum flux ratio
of 3.3-4.5 in the UVWI-UVW?2 bands, than in the X-ray-TeV
energy range (Figure 4(e)). Densely sampled light curves,
constructed via V- and R-band fluxes obtained with the 2.3 m
Bock and 1.5 m Kuiper telescopes of Steward observatory,'* as
well as using the archival V-band data extracted from the
website of American Association of Variable Star Observers
(AAVSO0),"” show that the source did not undergo strong
optical flares (maximum-to-minimum flux ratio of 3.8-4.7) and
exhibited significantly lower brightness states than during
2012-2014 (Figure 4(f)), in contrast to the higher-energy
bands.

4.2. Shorter-term Flares

Below, we concentrate on the results from different periods
defined in Table 6. The same table gives the summary of each
period: maximum 0.3-10keV count rates, unabsorbed
0.3-10keV and 2-10keV, UVOT-band and other MWL
fluxes, maximum-to-minimum flux ratios, and fractional
variability amplitudes'® calculated as (Vaughan et al. 2003)

For = 100((S2 — 02,) /F)'/2 %, )

where $? is the sample variance, o2, —the mean square error,
and F—the mean flux. The MWL light curves from each
subperiod are presented in Figure 5.

In Period 1, the source showed strong variability by a factor
of ~10 in the 0.3-10 keV band (see Table 6 and Figure 5(a)),
accompanied by enhanced VHE activity along with increasing

'3 The data retrieved from http: //xte.mit.edu/asmlc/ASM.html.
14 See hitp: //james.as.arizona.edu/psmith /Fermi/ and Smith et al. (2009) for
details. We have de-reddened and converted the corresponding magnitudes into
linear fluxes according to Bessel (1979). In the R-band, the host contribution is
subtracted from the total flux according to Nilsson et al. (2007). The host
contribution in the V-band was derived according to Fukugita et al. (1995) and
subtracted from the total V-band flux.
15 https: //www.aavso.org/data-download

F, values are not provided in the UVW1 band because no flux variability
was detected due to larger errors and sparsely sampled observations in the
majority of the periods.

X-ray brightness. The ASM light curve shows a long-term
flare, by a factor of four, after the end of the XRT campaign. In
the declining phase of the ASM-band flare, a strong
15-150 keV flare, by a factor of six, was observed with BAT.

In the middle of Period 2, a fast X-ray event with a
brightening and subsequent decline by about 50% within
5.9 days was observed (Figure 5(b)). Its peak was accompanied
by those in the ASM, BAT, and VHE bands. The MAGIC and
Whipple observations revealed other peaks on MID 53706,
53712, 53731, 53763, 53790, coinciding with those in the
ASM and BAT bands.

We observe three X-ray flares by a factor of 2.4-4.5
simultaneously in the XRT and ASM bands around
MIJD 53847, 53909, and 53931 in Period 3 (Figure 5(c)). The
latter was accompanied by a strong BAT-band flare, at a factor
of ~10. ASM revealed two other 1.5-12 keV flares, by a factor
of 3-5, around MJD 53877 and 53923, which were not covered
by XRT observations. The VERITAS and Whipple observa-
tions showed three VHE peaks in the epochs of high X-ray
states, although no VHE detections were reported during the
strongest simultaneous XRT-, ASM-, and BAT-band flare. In
Periods 1-3, the R-band flux did not show a variability
correlated with those observed in the higher-energy bands.

A correlated MWL flaring activity, by a factor of 1.7-2.9,
was observed at the end of Period 4 (MJID ~ 54480;
Figure 5(d)). Before this event, simultaneous high VHE/X-
ray states were recorded at MJD ~ 54466. However, no VHE/
UV /optical data are available for the initial part of this period
(MJD 54380-54397), when an X-ray flare, by a factor of ~3,
was recorded by XRT and ASM. An X-ray flare, recorded
during MJD 54500-54510 (Period 5) with XRT and ASM, was
also accompanied by enhanced VHE and UV activity, and the
R-band light curve showed a peak several days earlier
(Figure 5(e)). Moreover, we observe strong simultaneous
flaring activity in the XRT, ASM, BAT, and VHE bands
during MJD 54542-54565 (accompanied by an uncorrelated
optical-UV variability).

We observe an uncorrelated VHE/X-ray variability in
Period 6: a very strong VHE flare on MJD 54589 (when the
source attained its highest VHE state during 2005-2008) was
accompanied by lower ASM- and XRT-band states
(Figure 5(f)). The next VHE peaks, revealed with the MAGIC
observations, coincided with those in the ASM band. However,
during the highest XRT-, ASM-, and BAT-band states on
MIJD 54629-54630, the source was observed only with
Whipple detecting it below the 30 significance. The densely
sampled R-band light curve does not show a correlated
variability with higher-energy bands and exhibits a slow
long-term flare, by a factor of 2.3, during the most of this
period.


http://xte.mit.edu/asmlc/ASM.html
http://james.as.arizona.edu/psmith/Fermi/
https://www.aavso.org/data-download

THE ASTROPHYSICAL JOURNAL, 854:66 (27pp), 2018 February 10

Kapanadze et al.

200 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
[ : .(a),XF;T — 71— L s e e e e e L S e p S .. 7T T

150_ ° _
‘I_'—' || . i
") | ! :

100 : ¢ ] =
ﬁ L1 . : :_. ‘i: 3 . o !. : i
2 osoll o ties ] S 3 il gk
o o S . 1« i - : P %

L1 e ) A o v ) ) ) - i
IR LU VRO ST B

o o ’ ]
§ 2 . Ke ;
| % ] !% | % | ﬁ | | | _-

002 i
) 3 * o
20.01 —i ; ﬁ : +| ! ! : " % ]
g 0 -_I o “ o o o‘“+ ‘+‘0*0;‘k ’ o ¢ ’, e ¢* ¢ ;h *‘t*t“ . et 4 "0{*_-

| | | |

CR[cts s"]

|
i i .
| | 7
80 . e “w & “\A B .
?60'_: Li\,/\,’\.'z_.5.5..,_..___.. s‘g:“’ M'\v&' W gﬁ. i o * 1
= | +25 | ? . .3 1
I U RV S R
I TR W BV R e M,
] e Y R T
i | $ |
80 (f) Johnson-Cousins | f“.‘, ¢ _
= o, | % T ]
: g et e T
% q0p V1O | H g Jratt Q% g Pou o
g e e S e e Y R
20 - - M’W P L LR RTINS
ae B o AR TN RS
0 I'5(|)o' — '1o|oo' — '15|oo' = '2o|oo' — '25|oo' — '3o|oo' — '35|oo' — '4o|oo' — '45|oo'
MJD-53000 [d]
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The period 2005 March—2008 June is indicated by the vertical dashed lines.
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Table 6
Summary of the Flux Variability in the XRT, BAT, and UVOT Bands
BAT XRT UvoT
Per. MID R Fa  CRGSY0 R Feae By R0 Fa Foie Roz2 Fa  Rwa Fa  Rw  Fa Ry
@ 2 3) @ ) ©® ) ) 10 adAn 12) a3 a4 a5 a6 A7 1)
1 53430-53559 7.98 48 74.34 9.7 69.6 8.22 23.5 75.3 15.86 10.5 64.3 1.1 4.7 1.1 7.7 1.1
2 53647-53742 2.64 22 88.22 20 260 13.84 35 31.6  15.60 1.8 16.2 1.1 4.7 1.2 7.1 1.1
3 53847-53931 10.67 77 89.67 56 421 18.30 54 35.0 14.89 4.2 23.2 1.3 13.7 2.5 36.8 1.7
4 5438054484 52.20 34 265 9.44 11.2 48.4  16.00 5.7 37.8
5 5450254569 4.00 52 84.70 30 259 15.78 6.7 35.6 18.66 4.6 22.1 2.5 23.5 2.6 22.0 2.1
6 54588-54630 3.40 37 155.63 54 726 3133 12.2 59.9  26.18 6.2 41.7 1.6 14.7 14 104 1.2

Note. Taken from Swift observations of Mrk 421 in different periods defined in columns 1-2. Columns 3-5: maximum 0.3-10 keV flux (in cts s~ 1), maximum-to-
minimum flux ratio, and fractional amplitude (in per cents), respectively; maximum unabsorbed flux (in 107'° erg cm ™2 s '), maximum-to-minimum flux ratio and
fractional amplitude in the 2-10 keV (Columns 6-8) and 0.3-2 keV (Columns 9-11) Bands; maximum-to-minimum flux ratio and fractional amplitude in the UVW2
(Columns 12-13), UVM2 (Columns 14-15) and UVW1 (Columns 16—17) bands. The errors of F,,, for the 0.3-10 keV count rate, 0.3-2 keV, and 2-10 keV fluxes
are 0.1-0.2, while those in the UVOT and BAT bands are 0.7-1.5 and 24, respectively.

4.3. Spectral Variability

Figure 6(Ab) shows that the photon index at 1 keV varied on
diverse timescales during 2005 March-2008 June. The largest
hardenings were observed during MJD 54382-54387 and
MIJD 54595-54630 (Aa = 0.52-0.71), and the largest soft-
ening with Aa = 0.83 was shown during MJD 53932-54075.
This parameter often was variable by Aa = 0.06-0.25 on intra-
day timescales, generally associated with the intra-day
variability (IDV) events and sometimes occurring within 1 ks
time intervals (see Section 4.4 and Table 7 for details).

Similar to parameter a, the 0.3—-10 keV photon index varied
on diverse timescales, and it showed the largest hardening with
AT' = 0.41 during MJD 53908.02-53909.70, followed by
a softening by AL =0.36 during the next 1.2day
(Figure 6(Ab)). On intra-day timescales, this parameter varied
by AT = 0.05-0.25, associated with the 0.3-10keV IDVs.
The hardness ratio also often varied by 10-77% on intra-day
timescales during the 0.3-10keV IDVs (see Table 7). On
longer timescales, this parameter showed the largest increase,
by a factor of 3.2, during MJD 54595630 (Figure 6(Ac)).

The largest variability of the curvature parameter (an increase
by Ab = 0.35) was recorded during MJD 54474-54482. In
contrast to the aforementioned parameters, b varied with 3o
significance only once on intra-day timescales (see Figure 6(Ad))
and Section 4.4.2.

The parameter E}, showed an extreme variability during 2005
March—2008 June. Namely, it showed a shift by E, > 6 keV
during MJD 53847.36-848.18 (Figure 6(Ae)). Furthermore, the
synchrotron SED peak position shifted by E, > 6keV from
1.9keV toward higher energies and then moved back to
2.6keV during MJD 53908.97-53910.07. On intra-day time-
scales (in addition to the aforementioned extreme event), E,
varied by the amplitudes from 0.6 keV to more than 7.2 keV
during the 0.3—10keV IDVs (see Table 7), mostly moving to
higher energies with the increasing flux and vice versa.

4.4. Intra-day Flux and Spectral Variability

During 2005 March-2008 June, the source showed 118
instances of the IDV in the 0.3—10keV band (defined as a flux
change with 99.9% confidence within a day), revealed by
means of the y2-statistics. For each event, the values of reduced
x?2, fractional variability amplitude, and the ranges of the
spectral parameters a, b, E},, and HR are provided in Table 7.
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4.4.1. The Fastest IDVs

The source underwent the fastest variability during the 2008
June 12-13 observation (ObsID 30352099), when it declined
by 4-10% in 180-1200 s and brightened by 7-8% in 180-600 s
(Figure 7(a)). The most dramatic variability occurred during the
sixth orbit, when the brightness dropped by 9% in 180 s and
then increased by 8% in the same time afterwards. During these
instances, the spectrum softened by Aa = 0.08-0.10 in
400-500s and hardened by Aa = 0.07 in 330s. In the case
of the well-constrained SEDs, the largest variability was
AE, = 3.2keV in 400 s during the third orbit.

As for other very fast IDVs, the brightness increased by
4-19% in 180-900s (Figure 7(b), (d), (e), (h), (j), (k)) and
declined by 6-20% in 180-960 s (Figure 7(c), (f), (g), (i)—(0)).
The most extreme variability was observed during the first orbit
of ObsID 30352053 (Figure 7(e)): the source brightened twice
by 11% and 19% in 240 s and 180 s, respectively. During these
events, only E, parameter showed variability: it moved to
lower energies by 0.82—1.30keV in 500-1100 s and increased
by ~1.2keV in 550-600 s (Figures 7(f), ()).

4.4.2. IDVs from the Extended XRT Observations

Figure 8 presents the light curves of the most densely
sampled XRT observations of Mrk 421 in 2006 June 15-25,
which lasted 830ks. Compared to the aforementioned IDVs,
the source varied slowly: it brightened by 12-85% in
5.2-47.8 ks and declined by 8-44% in 6-53 ks. The spectra
hardened by Aa = 0.08-0.26 in 17-47ks and softened by
Aa = 0.09-0.21 in 7-40ks (with a similar variability of the
parameter I'). The source did not follow a ‘“harder-when-
brighter” trend within some intervals of this campaign (e.g.,
during 6.4-12.5ks since MJD 53901.94). The position of the
synchrotron SED peak shifted by AE, > 7.2keV toward
higher energies, moved back to the energies less than 0.8 KeV
in 741 ks, and often followed the 0.3—10 keV flux variations.

The 0.3-10keV light curve showed an interesting behavior
during the densely sampled observation with 30 orbits and total
duration of 167 ks during 2007 October 14—15 (Figure 9(a)): an
almost symmetrical profile with a brightness increase—drop by
~50% in about 50 ks and a two-peak maximum. Similar to the
aforementioned campaign, the source did not follow a “harder-
when-brighter” trend during some intervals. The spectral
curvature varied with Ab = 0.22 and showed higher values
around the second peak while the photon index showed a larger
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variability and softer values in the time interval containing

this peak.

During the densely sampled XRT campaign on 2007
October 24-25 (see Figure 9(b)), the source initially showed
a slow variability (a brightening by 40% in 31ks during
ObsID 30352027), while the flux decayed by a factor of 2.2 in
5.6ks and then increased by a factor of 2.1 in 5.2 ks during

MJD-54000 [d]

MJD-54000 [d]

Using the

Tan ~ 1.4 hr.

12

MJD-54000 [d]

Figure 5. MWL variability of Mrk 421 in different periods (daily-binned data). In the VHE plots, black points correspond to the VERITAS data; gray points and

circles represent those from the MAGIC and Whipple observations, respectively. As for the BAT light curves, black and gray points stand for the detections with 5o
and 3o significances, respectively.

ObsID 30362028. These two extreme events were separated by
the 23 ks interval when the source varied relatively weakly.
equation Ty = Ar X InQ2)/In(F/F)
et al. 2013), we obtain the flux doubling and halving times

(Saito

Note that the flux doubling event was not

characterized by a “harder-when-brighter” trend, in contrast to
other parts of the observation.
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Figure 9(c) presents another run of densely sampled XRT
observations performed 2006 April 22-26 when the source
initially declined by 39% in 52 ks and exhibited very weak
variability during the subsequent 308 ks. In the latter period,
the only exception was the first orbit of ObsID 30252006, when
the brightness increased by 21% in 1.20ks. Note that the
0.3-10keV spectrum, on average, was one of the hardest
during 2005-2008 and E, was always larger than 2keV.

5. Discussion
5.1. The Position of the Synchrotron SED Peak

Our X-ray spectral study of Mrk 421 has revealed an extreme
variability of the parameter E, during 2005 March—2008 June.
In lower X-ray states, the synchrotron SED peak was situated at
energies as low as a few tens of eV, while the source was a hard
X-ray peaking HBL on 205 occasions (amounting to 24% of all
log-parabolic spectra). The latter result is extreme for this
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source, and this period was remarkable for the unprecedented
high percentage of hard X-ray peaking spectra for Mrk 421.
During the strongest X-ray flares in 2013 April, 27 spectra from
the XRT observations (13% of all log-parabolic spectra)
showed E, > 2keV with the highest value of 10keV (see
Paper I and Figure 6(Be)), versus E;™* = 22.4keV in the
period presented here (see Figures 6(Ae)—(Be) and Paper I).
Although NuSTAR observations in the 3—79 keV energy range
in 2013 April showed a higher percentage of hard X-ray
peaking spectra (19%), the peaks with E, < 3.5 keV are poorly
constrained by the observational data and should be considered
as upper limits to the intrinsic value (Paper I). Furthermore, the
highest value of E, from these observation does not exceed
5keV. As for the period of 2013 November-2015 June, only
28 spectra (5% of all log-parabolic spectra) showed the position
of the synchrotron SED peak in hard X-rays and
E;™ = 9.2keV (Paper II).
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Table 7
Summary of the 0.3-10 keV IDVs in 2008 March—2008 June
ObsID(s) Dates AT(hr) Xf /dof Bin Far (%) aorT b E, (keV) HR
(e)) (@) ©)] @ (5) 6) ) ® ©) 10)
35014001 2005 Mar 31 14.75 10.88/34 120's 6.7(0.4) 2.43(0.02)-2.56(0.03)LP 0.13(0.04)-0.15(0.06) 0.02(0.01)-0.03(0.01) 0.29(0.01)-0.36(0.01)
2.56(0.01)-2.59(0.01)PL
35014002 2005 Apr 01 19.47 12.60/12 120's 5.9(0.5) 2.35(0.02)-2.36(0.02) 0.10(0.04)-0.28(0.04) 0.03(0.01)-0.24(0.06) 0.37(0.01)-0.42(0.01)
35014006 2005 Jul 07 3.51 2.440/21 120's 1.3(0.3) 2.20(0.02)-2.29(0.02)LP 0.08(0.04)-0.16(0.04) 0.02(0.01)-0.17(0.05) 0.47(0.02)-0.62(0.02)
2.56(0.01)PL

Note. In Column 1, “Or” stands for “Orbit.” The third column gives the total length of the particular observation (including the intervals between the separate orbits). Columns 7-10 give the ranges of the photon index,
curvature parameter, the position of the synchrotron SED peak, and hardness ratio. In Column 7, the acronyms “LP” and “PL” denote log-parabolic and power-law spectra, respectively.

(This table is available in its entirety in machine-readable form.)
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Figure 8. X-ray IDVs from the most densely sampled XRT observations of Mrk 421 in 2006 June (see the next page for Figures 8(d)—(g)). In the second panel of each
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0.8-8.0 keV.

Note that the largest shifts in £}, toward higher energies and
vice versa, reported in Section 4.3, correspond to the shift of
~1 order of the frequency, and the overall range of the peak
frequency (defined as v, = E,/h) during the whole 2005
March-2008 June A log v, = 2.5 orders. However, the varia-
bility of E, in Mrk 421 is less extreme than that exhibited by
Mrk 501 during the dramatic X-ray flare in 1997 April when
the position of the synchrotron SED moved from 0.94 keV to
beyond 100keV (Pian et al. 1998; Tavecchio et al. 2001).
While the presence of the synchrotron peak beyond 100 keV
was firmly established during that unprecedented event, it
could not be constrained from above due to the insufficient
sensitivity of BeppoSAX beyond 100keV (see Tavecchio
et al. 2001). Mrk 501 showed a large shift from 0.79 keV to
~22keV, also during the strong X-ray activity in 2014 March—
October, observed with XRT. Note that 95% of these spectra
showed E, > 2keV and a distribution peak at ~3.5keV
(Kapanadze et al. 2017b), while Mrk421 exhibited a
significantly lower percentage in the aforementioned three
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periods when it underwent significantly stronger X-ray flares in
those epochs than did Mrk 501 in 2014.

Different investigations of Mrk 421 data still try to understand
its strong spectral variability in terms of a single physical
process, with (at best) limited success. Namely, the detection of
the correlation S, oc E)* can be used to draw a conclusion about
which physical factor makes the main contribution to the
observed spectral variability of the source, depending on the
values of the exponent « (ranging between 0.60 and 4; Massaro
et al. 2008; Tramacere et al. 2011). Figure 10(a), (b), (d) presents
a weak positive S,—E, correlation during the period 2005
March-2008 June, Periods 2 and 5, respectively, while we
observe a medium correlation in Period 3 (Figure 10(c)) and a
strong one in Period 6 (Figure 10(e); see Table 4). In the latter
case, a = 0.52 4+ 0.09, which is close to a = 0.60, implying
that the main driver of the observed spectral changes is the
variability of parameters D, (the momentum-diffusion coeffi-
cient) and g (the exponent describing the turbulence spectrum)
during stochastic acceleration of the particles (Tramacere
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Figure 8. (Continued.)

et al. 2011). Namely, there is a transition from the Kraichnan
spectrum (¢ = 3/2) of the turbulence into the “hard sphere”
spectrum (¢ = 2) through the Kolmogorov one (g = 5/3). In
other periods, the exponent showed significantly smaller values
(o ~ 0.25), leading to the conclusion that the observed strong
spectral variations in each one were triggered by the underlying
complex and variable physical conditions, with no dominant
factor. On the other hand, the aforementioned relation is
obtained in the framework of the synchrotron emission
mechanism from one dominant homogeneous component that
may not be an appropriate assumption for our target in those
periods.

5.2. Interband Cross-correlations

5.2.1. Hard versus Soft X-Rays and Spectral Hysteresis

The unabsorbed soft 0.3-2keV flux showed a strong
positive correlation with the hard 2-10 keV flux in all periods,
although this correlation was weaker in Period 5 (Table 4).
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Figure 2(h) shows that the sub-samples from Periods 3 and 6
(with the most extreme spectral behavior of our target) have
different, larger slopes compared to those from other periods,
which may hint at different underlying physical conditions.

However, the hard flux varied with a larger amplitude than
the soft one in each period (see Table 6 and Figure 11),
yielding a strong spectral variability. This difference was
especially large in Period 1 when a maximum-to-minimum flux
ratio R = 10.5 in the 0.3-2keV flux versus R = 23.5 in the
2-10keV band. For the whole 2005 March—2008 June period,
R = 89.5 in the 2-10 keV flux, while this quantity was equal to
17.3 in the soft X-rays. Note that both these ratios are
significantly larger than their counterparts from the period 2013
November—2015 June and 2013 April.

The difference in the variability of Mrk 421 in the soft and
hard X-rays leads to the interesting behavior of the source in
the HR—flux plane (so-called spectral hysteresis; Figure 11). On
longer-term timescales, it followed clockwise (CW) loops
during some intervals of Periods 3-6 (see Figure 11(b)—(f) and
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Figure 9. X-ray IDVs from other densely sampled XRT observations of Mrk 421. In the second panels, black and blue points stand for parameters a and I',
respectively. In bottom panels, gray triangles represent E, values beyond the range of 0.8-8.0 keV.

Table 8 for details). In the case of the CW-type spectral
evolution, the acceleration (7..), synchrotron cooling (7gyn),
and flux variability (7,) timescales of the X-ray emitting
particles should be related as follows (Cui 2004):
Toyn > Tyar > Tace OF Tyyn > Tace > Tvar- In that case, the
spectral evolution should be due to the flaring component
starting in the hard X-ray band, triggered by a rapid injection of
very energetic particles rather than by a gradual acceleration
(T09). The spectrum is expected to become progressively
harder in the brightening phase of the source and softer in the
declining phase. Consequently, the hard X-rays’ variability
leads that in the soft X-rays both during the increase and the
decrease of brightness, resulting in a so-called soft lag
(Takahashi et al. 1996). In fact, 0.3-2 keV and 2-10keV light
curves in Figure 11 (lower panels) exhibit possible soft delays
at MJD 53901 and MJD 54474, although the XRT observations
of Mrk 421 are not suitable for using the local cross-correlation
function (LCCF, Max-Moerbeck et al. 2014) to estimate the
significances and derive exact values of these delays; the
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duration of each observation generally was much shorter than
the time intervals between them.

Counterclockwise (CCW) loops were evident during some
intervals in Periods 1 and 3-6 (see Figure 11(b)-(f) and
Table 8). During the CCW-type spectral evolution,
Teyn A Tace A Tyar, the particles are gradually accelerated, while
the brightness decline epoch can be dominated by the particle
escape effects; therefore, we should observe a hard lag
(Ravasio et al. 2004). The corresponding 0.3-2keV and
2-10keV light curves show possible hard lags at MJD 54481
and MJD 54562. Note that such spectral evolution can be
related to the stochastic acceleration of the particles (see
Section 5.3).

Note also that the source showed hysteresis patterns even on
intra-day timescales. Namely, it followed CW loops during the
0.3-10keV IDVs observed during 2006 June 15-25 (see
Figure 11(g)—(h) and (k)-(n), and Table 8 for details), April
22-25 (Figure 11(j)) and July 15 (Figure 11(p)), 2007 October
8-15 (Figure 11(i), (0)). The opposite trend was relatively rare
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Figure 10. The S,—E,, relation in different periods.

and observed most clearly on 2006 June 21 (during 19 ks;
Figure 11(g)). In other cases, it was not present, or observed
during some short intervals on 2006 June 1618 (Figures 11(h),
(1) and April 22 (Figure 11(j)), 2007 October 14 (Figure 11(i)).
No clear trend was evident on 2008 June 12—-13, when Mrk 421
showed its highest X-ray state during 2005-2008 (neither
during the whole observation, nor during its separate orbits
when the source underwent extremely fast IDVs; see
Section 4.4.1). Hysteresis patterns on intra-day timescales
were also observed during 2013 January—May, and changes
from the CW-type evolution into the opposite one within a
single observation and vice versa were revealed also in those
cases (Paper I). The presence of CW loops was reported by
Brinkmann et al. (2001) and Acciari et al. (2009) from XMM-
Newton observations of our target that were performed in 2000
and 2006, respectively. A similar result was obtained by
Takahashi et al. (1996) from the prolonged ASCA observation
on 1996 May 16/17. No clear patterns were presented on intra-
day timescales during 2013 November—2015 June (Paper II).

Our study of the hysteresis patterns in Mrk 421 shows
various interplays between electron acceleration, synchrotron
cooling, and flux variability timescales in 2005-2008 (similar
to the 2013-2015 period). A CW trend dominated during
Period 3 and a pure CCW trend was evident in Period 1. In
other periods (except for Period 2, when no clear loops were
evident), CW and CCW trends alternated with each other (even
tree-times in turn during Periods4 and 5). A CW-type
evolution was dominant on intra-day timescales, similar to
earlier reported findings, and this result hints at the importance
of the second-order Fermi process during the fast X-ray
variability (see Rebillot et al. 2006). Our HR-flux planes
exhibit the cases when the spectrum started to become harder,
while the 0.3-10keV flux was still decreasing, which may
indicate the propagation of a new injection from the hard band,
as the soft band is still decreasing (T09). The presence of CW
or CCW loops and their interchanges on intraday timescales
demonstrate that the physical factors responsible for the
observed spectral changes varied rapidly in the jet area where
the electrons underwent an acceleration to the energies
sufficient for the production of X-ray photons.

5.2.2. X-Rays versus VHE and Optical-UV Emissions

Figure 12(a) shows a moderate positive correlation between
the 0.3-10keV and VHE fluxes, while the latter had a
relatively weak correlation with the ASM-band flux (see
Figure 12(b) and Table 4). As shown in Section 4.2,
simultaneous X-ray-TeV flares occurred in all periods
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discussed in Section 4. However, the outliers from the general
trend in the planes Fxrr—Fygg and Faysy—Fvge hint at
uncorrelated X-ray—TeV variability in some epochs. No VHE
detections of our target were reported at the end of Period 3
when there was a strong XRT/ASM/BAT-band flare. A
similar situation occurred in the first half of Period 4 (two
strong flares in the XRT/ASM bands), in Period 5 (the flare
around MJD 54512 and 54543 detected with ASM), and Period
6 (around MJD 54630, when the highest 0.3—-10keV and
1.5-12keV states state in 2005-2008 were recorded). In
contrast, the strongest flare, with the highest VHE state during
the 3.3 year period presented here, was observed during
MID 55588-55589 (Period 6), when the source showed low
X-ray state; however, it was not detected even with 3o
significance in the BAT band.

In the beginning of Period 5, a strong X-ray flare was
accompanied by a weaker VHE variability, which is explained
by the reduction of the Compton cross-section in the Klein-
Nishina regime, strongly suppressing the increase of the flux at
highest photon energies (Kataoka et al. 2000).

Uncorrelated X-ray and TeV variabilities in Mrk 421 have
been reported by different authors. During the MWL campaign
in 2002 December—2003 January, an X-ray flare by a factor of
seven was not accompanied by a comparable TeV-counterpart
within three days (Rebillot et al. 2006). The TeV flux reached
its peak days before the X-ray flux during the giant flare in
2004, which is impossible to explain under the standard one-
zone SSC model—Btazejowski et al. (2005) suggested this as
an instance of an “orphan” TeV flare. Acciari et al. (2009) did
not find a correlation between the simultaneous X-ray—VHE
data obtained with XMM-Newton, Whipple, and VERITAS in
2006-2008. Several occasions of uncorrelated XRT and VHE
variability were observed in 2013 November—2015 June
(Paper II): strong, fast VHE flares by factor of 7-13, either
without or having non-comparable X-ray brightenings. On the
contrary, the source was not detectable or showed a low TeV
state during the three X-ray flares—or else there were some
shifts between the flares in these bands, which is difficult to
explain with the one-zone SSC scenario.

Figure 12(c) presents a positive correlation between the
15-150keV flux beyond 15keV (BAT-band) and that below
12 keV (observed with ASM). Contemporaneous flares in these
bands were observed in the middle of Period 2, at the end of
Periods 3, 5, and 6, and during the second half of Period 4.
However, Figure 5 also presents the occasions when the flares
beyond 15 keV were not accompanied by a comparable lower-
energy flaring activity (at the end of Periods 1-2). On the
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(The complete figure set (seven images) is available.)

contrary, no BAT detections with 50 occurred during several
ASM-band flares (Periods 3-5). These events suggest either the
presence of a separate lepton population producing a flare
beyond 15 keV, or that the particles responsible for the lower-
energy X-ray flares were not able to produce a flare at higher
energies in some epochs.

We have not found a significant correlation between the
contemporaneous X-ray and optical-UV observations: Figure 5
demonstrates a mostly “independent” and longer-term optical-
UV variability of the source in different periods, with a low
state or long-term declining trend along with several X-ray
flares. A similar situation was reported by Aleksi€ et al. (2015a)
for Mrk 421 from the MWL campaign in 2009 January—June;
those authors explained it as a hardening of the electron energy
distribution that can shift the entire synchrotron bump to higher
energies. Our finding of a positive E,—flux correlation (see
Section 3.3), i.e., a shift of the synchrotron SED peak location
toward higher energies with the increasing X-ray flux, also
favors the suggestion of Aleksic¢ et al. (2015a). A similar result
was reported also by Tanihata et al. (2004) from the MWL
campaign performed for Mrk 421 in 1998 April. Note that the
shift of the peak of electron energy distribution with higher
brightness was predicted by Katarzyriski et al. (2006) in the
framework of the stochastic acceleration of electrons with a
narrow initial energy distribution, but having an average energy
significantly higher than the equilibrium energy. Finally, UV
fluxes showed a strong correlation to each other (see Table 4
and Figure 12(d)), and did not exhibit features hinting that they
originate from different electron populations.

5.3. Spectral Curvature and Acceleration Processes

The majority of the 0.3—10keV spectra of Mrk 421 derived
from the XRT observations in 2005-2008 were curved. The
presence of the spectral curvature and its properties can hint at
possible mechanisms that accelerate particles to the energies
necessary for the emission of X-ray photons. According
to M04, the log-parabolic spectrum of the electrons can be
established by the first-order Fermi mechanism at a shock front
propagating in a medium where the electrons are confined by a
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magnetic field whose confinement efficiency is decreasing with
an increasing gyroradius. In that case, the probability p, of a
particle’s subsequent acceleration at step i is related to its
Lorentz factor +; (i.e., to its energy) as p; = g/, where g and
q are constants. If g > 0, the probability of subsequent
acceleration becomes gradually lower as the energy increases,
and this may cause the establishment of the log-parabolic
electron spectrum (the so-called energy-dependent acceleration
probability process; EDAP). In the framework of EDAP, a
positive correlation between parameters a and b is expected,'’
but this was the case only for the 0.3—10 keV flares observed in
Periods 2 and 3'® (see Section 4.1). Note that we plotted the
chi-squared contours of parameter a versus b for the spectra
corresponding to the different X-ray states. Generally, these
contours were elongated closely to the direction perpendicular
to the overall correlation (see Figure 13, online-only material),
demonstrating that the a—b correlation is physical rather than
due to the degeneracy. However, these correlations were very
weak, hinting at the presence of different acceleration processes
(e.g., stochastic mechanism; see below) along with EDAP in
these periods. A positive a—b correlation was reported by
Kapanadze et al. (2017b) from the XRT observations of our
target in 2015 February, and a significantly stronger a—b
correlation was reported in M04 from the BeppoSAX observa-
tions in 1997-1999. Other bright HBLs (1ES 19594650,
Mrk 501, PKS 2155—304) have not exhibited an evidence of
EDAP (see Kapanadze et al. 2014, 2016b, 2016¢c, 2017b,
2017c).

On the other hand, a curved spectral distribution can be
established by stochastic acceleration arising from the magnetic
turbulence close to the shock front (T09). The simulations of
Virtanen & Vainio (2005) showed that the efficiency of the
second-order Fermi acceleration may be comparable to that of

17 See M04 for the details and for the derivation of this correlation.

'® We checked the presence of the a—b correlation in these periods by selecting
higher pivot energies instead of the mutual 1keV. This change yields
practically the same values of the parameter b, while the photon index a shows
a systematic shift to higher values and the associated uncertainties increase.
Therefore, the positive a—b correlation was observed again in these periods,
although it becomes relatively weak due to the presence of larger uncertainties.
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Table 8
List of CW and CCW Loops Shown by Mrk 421 in the HR—Flux Plane

Figure MID Variability Event
CW Evolution
11b, Panel 1 53847.30-53908.12 Low-amplitude flares in the beginning and middle of Period 3 (Figure 5(c))
11b, Panel 2 53910.10-53931.28 Strongest X-ray flare in Period 3 (Figure 5(c))
11c, Panel 1 54398.08-54422.40 High state during the first flare in Period 4 (Figure 5(d))
11c, Panel 2 54472.70-54477.41 Brightness fluctuation during the second flare in Period 4 (Figure 5(d))
11d 54502.40-54510.14 The first flare in Period 5 (Figure 5(e))
11e, Panel 1 54512.52-54538.20 Flux decline and increase between strong flares in Period 5 (Figure 5(e))
11f, Panel 1 54588.76-54592.23 Low-amplitude flare in the start of Period 6 (Figure 5(f))
11g, Panel 2 53907.70-53908.00 IDV on 2006 June 21 (Figure 8(d))
11h, Panel 1 53904.04-53905.33 IDVs during 2006 June 18-19 (Figure 9(c))
11h, Panel 2 53905.69-53905.88 IDV on 2006 June 19 (Figure 8(c))
11h, Panel 2 53906.82-53906.96 IDV on 2006 June 20 (Figure 8(c))
11i 54387.01-54387.00 IDV on 2007 October 14 (Figure 9(a))
11i 54388.50-54388.80 IDV on 2007 October 15 (Figure 9(a))
11j, Panel 1 54847.29-54848.70 IDVs during 2006 April 22-23 (Figure 9(c))
11j, Panel 2 54849.11-54849.90 IDV on 2006 April 23 (Figure 9(c))
11k 53909.41-53909.90 IDVs during 2006 June 23-24 (Figure 8(f))
111 53902.35-53903.84 IDVs during 2006 June 16-17 (Figure 8(b))
11m 53908.10-50908.50 IDV on 2006 June 22 (Figure 8(e))
11m 53908.60-50908.99 IDV on 2006 June 22 (Figure 8(e))
11n 53910.31-53911.09 IDV during 2006 June 24-25 (Figure 8(g))
11o 54381.70-54382.00 IDV on 2007 October 8
11p 53931.29-53931.60 IDV on 2007 July 15
CCW Evolution
11a 53430.11-53559.42 Strong X-ray flare in Period 1 (Figure 5(a))
11b, Panel 2 53908.12-53910.10 Fast X-ray flare in the middle of Period 3 (Figure 5(c))
11c, Panel 1 54381.50-54398.08 Brightness increase during the first flare in Period 4 (Figure 5(d))
11c, Panel 2 54422.40-54465.67 Decline after the first flare and the second flare in Period 4 (Figure 5(d))
11c, Panel 3 54477.41-54482.38 Fast minor flare superimposed on the second flare in Period 4 (Figure 5(d))

11d
11e, Panels 1-2
11f, Panels 1-2

54510.14-54512.52
54556.60-54569.21
54593.20-54629.82

11g, Panel 2 53907.00-53905.70
11h, Panel 2 53905.33-53905.69
11h, Panel 2 53906.55-53906.82
12i 54388.00-54388.50
11j, Panel 2 54848.70-54849.11

111 53902.09-53902.35

Fast minor flare superimposed on the second first in Period 5 (Figure 5(e))
The second strong flare in Period 5 (Figure 5(e))

Strong flare in Period 6 (Figure 5(f))

IDV on 2006 June 21 (Figure 8(d))

IDV on 2006 June 19 (Figure 8(c))

IDV on 2006 June 20 (Figure 8(c))

IDV on 2007 October 15 (Figure 9(a))

IDV during 2006 April 23-24 (Figure 9(c))

IDV on 2006 June 16 (Figure 8(b))

the shock acceleration. Massaro et al. (2011) demonstrated that
the electrons in the jets of TeV-detected HBLs should undergo
a more efficient stochastic acceleration than in those of the
TeV-undetected HBLs, and the synchrotron SEDs are expected
to be relatively broad (i.e., to have small values of the
parameter b). As we have shown in Section 3.1, the source
mostly exhibited a low curvature and showed an anticorrelation
with the parameter E},, as expected in the case of effective
stochastic acceleration—showing that spectral curvature is
related to the acceleration, rather than to the cooling process
(T09). However, the latter was weak (or very weak) in different
periods, which can be explained as due to “contamination” of a
stochastic acceleration of the electrons by cooling and other
types of acceleration processes (Kapanadze et al. 2016c¢).
Note also that the source showed an unprecedentedly large
percentage of power-law spectra in 2005-2008. As noted
above, this period showed the importance of the EDAP (first-
order Fermi process), although the parameter ¢ should be not
dependent on the particle’s energy in some cases (necessary
for the efficient EDAP), leading to the establishment of the
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power-law energy distribution of X-ray emitting electrons
(see M04). On the other hand, this distribution can be related to
fact that the turbulent magnetic field was not sufficiently strong
for efficient second-order Fermi acceleration. This means that
the properties of the magnetic field in the jet of Mrk 421 were
variable in 2005-2008, and sometimes it was not characterized
by confinement efficiency decreasing with a rising particle’s
energy. Our results also show that the magnetic field properties
sometimes were rapidly variable within the jet emission zone:
the source showed a transition from a log-parabolic spectrum
into a power-law one, and vice versa, within 1 ks observational
runs (see Section 3.4).

Our detailed spectral study of Mrk 421 also has revealed an
anti-correlation between the spectral curvature and 0.3—-10 keV
flux, which implies that the source, on average, showed smaller
curvatures (i.e., wider synchrotron SEDs related to a more
efficient stochastic acceleration) during X-ray flares than in
lower states. This result leads to the suggestion that the
stochastic acceleration probably was more efficient in the jet
during X-ray flares that in other epochs. According to the
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shock-in-jet scenario, longer-term blazar flares can be related to
the propagation of a shock moving down the jet (Sokolov
et al. 2004). The relativistic magnetohydrodynamic simulations
of Mizuno et al. (2014) showed that shock propagation through
an inhomogeneous medium can yield an amplification of the
turbulent magnetic field in a shocked medium, due to its
interaction with higher-density inhomogeneities existing in the
pre-shock medium. Eventually, the amplification of the jet
turbulence can make the second-order Fermi mechanism more
efficient. Our discovery of possibly more efficient stochastic
acceleration during the flaring states is in favor of these
scenarios.

However, the b—Ej3_j9xey correlation was weak or not
observed in all periods discussed in Section 4.2, which hints at
the presence of other types of the acceleration mechanisms
(e.g., EDAP) not yielding wide SEDs. Such complex accel-
eration is expected in the scenario presented in Katarzyriski
et al. (2006): initially, the particle can be efficiently accelerated
at the shock front. After escaping into the shock downstream
region, the particle is still accelerated by the stochastic
mechanism. As a result, the particle energy may increase
enough to let the particle re-enter the shock acceleration region
and repeat an acceleration cycle by the first- and second-order
Fermi mechanisms.

Similar to Mrk 421, low spectral curvatures were found
for Mrk 501 during the prolonged flaring activity in
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2014 March—October (Kapanadze et al. 2017b). As for other
bright HBLs, they generally showed larger curvatures com-
pared to our target (Kapanadze et al. 2014, 2016¢c, 2017c).
The difference was especially conspicuous in the case of
1ES 19594650 in 2015 August-2016 January, when the
majority of the spectra yielded b > 0.40 with several values
larger than 0.70 (Kapanadze et al. 2016b; the value never
shown by Mrk 421).

Mastichiadis & Moraitis (2008) showed that the electrons
need an acceleration time of hours in order to attain energies
corresponding to the Lorentz factor v ~ 10° during the
gradual acceleration. This timescale can be very long for
the first-order mechanism (EDAP), but it matches with the
stochastic acceleration timescale within reasonable ranges of
different physical parameters (Tammy & Duffy 1992). Note
that the simulations of Virtanen & Vainio (2005) showed that
the stochastic acceleration in relativistic shocks showed a
gradual shift of the whole particle spectrum to higher energies
as the particles were accelerated behind a shock front. The
predictions of Mastichiadis & Moraitis (2008) are in accord
with another of our results—the dominance of a CW-type
spectral evolution during the fast variability (0.3—10keV
IDVs; see Section 5.2.1).

5.4. Photon Index and Hardness Ratio

An extreme spectral variability of our target in 2005-2008
was reflected in a very wide range of the photon index. In the
low X-ray states, the log-parabolic spectra were very soft, with
the photon index at 1keV exhibiting a maximum value
a = 2.63. Note that the source showed even softer 0.3-10 keV
spectra during 2013 January—2015 June, with a,,x amounting
to 2.83 (Papers I-II). On the other hand, the source exhibited
harder spectra than during the giant X-ray flare: the hardest
spectrum yielded a = 1.68 and HR = 1.31 in the latter case
(Paper I), while there were several spectra with a = 1.62-1.67
and HR = 1.32-1.49 in 2005-2008. Even harder spectra with
a = 1.34-1.45 were reported by Ravasio et al. (2004) from the
two XMM-Newton observations on 2002 November 4, although
a log-parabolic fit yielding a = 1.16-1.50 for another two
spectra (from 2002 November 14 and December 1 observa-
tions) gave unacceptable values of Xf- The source also showed
very hard spectra and wide range of parameter a during the
BeppoSAX observations of 1997-2000 (a = 1.70-2.54; M04).

On the other hand, more extreme results were reported for
1ES 19594650, with 88-95% of spectra harder than a = 2 and
22 spectra with a = 1.46-1.61 (i.e., harder than those from our
study) in the epochs of strong X-ray flares observed during
2016 August—2017 January and 2016 June—August (Kapanadze
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et al. 2016b, 2017c). Out of 154 curved spectra of Mrk 501
during 2014 March—October, 153 showed a < 2, and 36
spectra out of those 153 yielded a = 1.39-1.61 (Kapanadze
et al. 2017b). Note that our target showed spectra harder than
a = 1.70 significantly more rarely than Mrk 501 and 1ES 1959
4650 in the aforementioned periods. Such very hard spectra
are expected in the framework of hadronic models rather than
within the one-zone SSC scenario (see Mannheim 1993;
Shukla et al. 2015). This result may hint at the possibility of
fewer hadronic contributions to the jet matter of Mrk 421 than
in Mrk 501 and 1ES 1959+4-650. Note that the latter source is
more prominent with uncorrelated X-ray—VHE variability and
“orphan” TeV flares (see Krawczynski et al. 2004; Kapanadze
et al. 2016b, 2017c) than our target, and the uncorrelated
variability is “tolerated” by hadronic models (see, e.g., so-
called synchrotron proton blazar model; Abdo et al. 2011), in
contrast to one-zone SSC scenarios.

As for the power-law spectra, the source exhibited a range of
the 0.3-10keV photon index I' = 1.68-2.74 in 2005-2008,
and practically the same range was shown in 2013 January—
May (Paper I). However, there was a significantly higher
percentage of power-law spectra in the former period (28%
versus 13%), while they were observed rarely in 2013
November—2015 June (5%; Paper II). Source 1ES 19594650
also showed a very uneven percentage of power-law spectra in
different epochs: it amounted to 16% in 2017 January—August
(Kapanadze et al. 2017c) against 2% in 2005-2014 and only
one occasion in 2015 August-2016 January (Kapanadze et al.
2016b, 2016c). We therefore conclude that the physical
conditions in HBL jets are not equally suitable for the
generation of a power-law energy spectrum of the X-ray
emitting particles in different epochs.

A good fit of the most of these spectra with the power-law
model cannot be simply related to the possible case when the
presence of the synchrotron SED peak position far beyond
the XRT instrumental range can make difficult to evaluate the
spectral curvature in the 0.3—10 keV energy range (see Massaro
et al. 2008): the log-parabolic spectra showed comparable
hardness ratios in those epochs when the power-law spectra
were observed. Nevertheless, the source showed an anti-
correlation between the curvature parameter and the X-ray
brightness; i.e., on average, the farther the SED peak position
from the lower energy bound of XRT, the higher the spectral
curvature was. However, for the XRT observation performed
on 2006 June 23 (MJD 53909), yielding values HR > 1.35 for
the power-law spectra (i.e., harder than the hardest log-
parabolic spectra), T09 performed a joint XRT-BAT spectral
analysis and found a significant spectral curvature with
b=10.13 £0.02 and E, = 34f%% keV; i.e., the non-detection
of significant curvature from the XRT data alone was related to
the presence of the synchrotron SED peak location far beyond
the instrumental range of this telescope. A similar situation was
found for the power-law spectra from the 2006 April 22
observation (MJD 53847; Orbits 1-4 of MID 206476000),
which yielded a significant curvature with b = 0.11-0.13 and
E, = 2011 — 267 keV in the case of the joint XRT-BAT
spectral analysis.

In the period presented here, the source showed an unp-
recedentedly high percentage of spectra with HR > 1 (26%),
i.e., those with higher hard 2—-10keV flux compared to the soft
0.3-10keV flux. Note that such spectra were observed in flaring
X-ray states of Mrk421, and this result is unusual for HBL

23

Kapanadze et al.

sources where the contribution of X-ray photons of the IC origin
in the 0.3-10keV energy range is not expected in higher X-ray
states, in contrast to the LBL sources. The spectra with HR > 1
were observed significantly more rarely in 2013 April and 2013
November—2015 June (8% of all spectra in each period; see
Figures 6(Ac)-6(Bc)). In the latter period, the source followed a
“harder-when-brighter” trend during spectral variability that
was stronger than in 2005-2008: the correlation coefficient
between HR and Fys_jpxeyv amounted to 0.64 and 0.53,
respectively. This result is partially related to the fact that the
sub-sample corresponding to the strongest flare in 2008 June
showed an opposite trend (see Sections 3.2 and 3.4). Note that
the source showed a ‘“softer-when-brighter” trend also for the
sub-sample from the 2014 January—February observations of our
target (Paper II). The same trend was seen within some short
intervals during the very intense XRT campaign performed in
2006 June (see Section 4.4.2). This trend can be related to the
consecutive emergence of soft X-ray components in the X-ray
emission zone resulting in a brightness increase while softening
the observed 0.3—-10keV spectrum.

5.5. Flux Variability
5.5.1. Variability Amplitudes

During the 3.3 year period presented here, Mrk 421 showed a
strong X-ray flaring activity, by a factor of 2—10, on timescales
of few days to weeks, and a maximum-to-minimum flux ratio
of 20 and 15 in the XRT and ASM bands, respectively.
However, this range could be significantly larger in the ASM
band because the source’s detection in the lower states was
restricted by the limited instrumental capabilities. The
0.3-10keV count rate exceeded the threshold of 100cts s '
for the first time since the start of Swift observations on 2008
June 12, and attained a value of 155.6 cts s~ ' (corresponding to
5.7 x 107 ergem 2 s~ '). Comparable or higher brightness
states were observed only during the giant X-ray flare in 2013
April (see Figure 6(Aa), (Ba)). In contrast to the latter, the
source was observed only once with XRT in 2008 June, and it
was monitored intensively only within some restricted intervals
during both the 2006 April and 2006 June flares (the epochs of
the most extreme spectral behavior). Therefore, the details of
these extreme flares are unknown. Although the contempora-
neous ASM observations exhibit a very strong flare in the
1.5-12keV energy range, comparable flares were also
observed with this instrument in 2006 and 2010, in contrast
to the XRT band.

Due to the extreme position of the synchrotron SED peak
location in 2006 April-June, the source then showed its
strongest 15-150keV flare; an unprecedented number of
detections with 50 significance during 2005-2016 occurred
in this epoch. This flare was significantly stronger than those
recorded along with the strongest X-ray flares in 2008 June and
2013 April.

In the log v—F,,; plane, where the F,,. values from each band
are calculated using all the available data obtained with various
instruments during 2005-2016, Mrk 421 shows a double-
peaked shape with the highest variability in the X-ray and VHE
bands (Figure 14(a)). In each band, daily binned data are used
to calculate F,., except for the 0.3-300 GeV energy range
where the one-week binned data obtained with the Large Arc
Telescope (LAT) onboard the satellite Fermi (Atwood
et al. 2009). A similar shape is evident in Figure 14(b), (c)
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Figure 14. F,, as a function of the energy in different periods.

where a log v—F,,; plot is constructed separately for the periods
2005-2008 and 2013 April. In the latter case, the 2D binned
LAT fluxes are used to derive the fractional amplitude. Note
that the value of F,, is known to be dependent on the data
sampling, and the use of larger time bins in the LAT band (due
to limited sensitivity) could underestimate F,.. For the
calculation of fractional amplitudes from observations per-
formed with the the 26 m telescope of University of Michigan
Radio Astronomy Observatory (UMRAO; 4.8-14.5 GHz
frequencies; Aller et al. 1985), Owens Valley Radio Observa-
tory'® (OVRO, 15 GHz; Richards et al. 2011), ASM, MAXI
satellite” (Matsuoka et al. 2009), BAT, Whipple, VERITAS,
MAGIC, and First G-APD Cherenkov Telescope (FACT;
Anderhub et al. 2013), we used only the flux values from those
time bins when the source was detected with 30-50
significances. Therefore, the aforementioned two-humped
shape in the logv—F,, should be treated with caution. Note
also that the F,, value from the BAT observations is larger than
that from the whole 2005-2016 period. This result could be
related to fact that the position of the synchrotron SED peak
was observed significantly more frequently in 2005-2008 than
during 2009-2016.

A double-humped shape in the log v—F,,, plane, exhibiting
the highest variability in the X-ray and VHE bands, was
interpreted by Furniss et al. (2015) as resulting from a
correlation between the synchrotron and IC peaks, and it
provides an indication that the electron energy distribution is
most variable at the highest energies (see Aleksic et al. 2015b).
Although a limited sensitivity and the use of larger time bins
can underestimate F,,. values for some instruments, a double-
peak shape in the logv—F, plane seems to be inherent for
HBLs, and it has been reported by various authors for Mrk 421
from the MWL campaign performed in various epochs (Paper I,
Aleksi¢ et al. 2015b; Ahnen et al. 2016; Balokovi¢ et al. 2016),
for Mrk 501 in 2014 March—October (Kapanadze et al. 2017b),
and for 1ES 1959+650 in different epochs (Kapanadze et al.
2016¢c, 2017c).

5.5.2. Flux Variability on Intra-day Timescales

Our target was very active also on intra-day timescales, and
the corresponding duty cycle (DC, Romero et al. 1999), the
fraction of total observation time during which the object
displayed 0.3-10keV IDVs, was 84%; i.e., it was practically
the same as in 2013 January—May (Paper I), while the DC was
only 46% in 2013 November—2015 June. However, this result

' hup: //www.astro.caltech.edu/ovroblazars/
20 Retrieved from http: / /maxi.riken.jp/.
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can be partially related to significantly less densely sampled
observations in the latter period. Mrk 421 was a target during
the exposure of 119 ks distributed over 124 XRT orbits within
a period lasting 830ks (including the intervals between the
orbits or subsequent observations) in 2006 June 15-25 (see
Figure 8). This was a density of observations unprecedented
since the start of blazar monitoring with Swift, and it was more
intense than that carried out during the giant flare in 2013 April
10-17. The source was also targeted very frequently during
some other time intervals of 2005 March—2008 April presented
in Figure 9. As for the period 2013 November-2015 June, the
densest samplings amounted only to 7.3-9.6ks, distributed
over 7-8 orbits within 36-294 ks.

Figure 15 presents the quantity f,,. as a function the flux for
the 0.3—-10keV IDVs that occurred in Mrk421 in different
periods. We see that the majority of these events in the period
presented here (the first panel) occurred during higher X-ray
states, and a similar situation was observed during the giant
flare in our target (second panel). However, the majority of the
0.3-10keV IDVs occurred in lower states during the period
2013 November—2014 May, and the highest values of f,,. were
recorded in these states (last panel), in contrast to the former
two periods. The IDVs observed during the flaring epochs
favor the shock-in-jet scenario (interaction of a propagating
shock front with jet inhomogeneities; Sokolov et al. 2004).
IDVs caused by other mechanisms occurring in the innermost
blazar area should be more conspicuous when the source is
relatively faint, i.e., the variable emission from the black hole
vicinity will not be overwhelmed by the huge amount of the
flux produced near the shock front (see, e.g., Kapanadze et al.
2014, 2016a, 2016c). We conclude that the importance of the
flow disturbances occurring in the innermost AGN region and
triggering 0.3-10keV IDVs could be higher in 2013
November-2014 May, while a shock interaction with jet
inhomogeneities could be the dominant process producing
0.3-10keV IDVs in the period presented here and in 2013
April.

Similar to the periods 2013 January—May and 2013 November—
2015 June, Mrk421 showed rapid flux changes within 1ks
observational runs in 2005-2008: brightness increases by 4—-19%
within 180-900 s and declines by 4-20% within 180-960 s. Note
that these instances mostly were observed in higher X-ray states
and this result also is in favor of the shock-in-jet scenario: shock
propagation can strongly amplify the turbulence in the shocked jet
material (as discussed in Section 5.3). The higher-energy photons
(including those having 0.3-10keV energies) are expected to
originate in the smallest areas, which contain the strongest
magnetic field, yielding the most rapid time variability (see
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Figure 15. F,. values of the 0.3-10 keV IDVs plotted vs. flux in different periods. The vertical, red dashed lines represent the mean weighted value of the 0.3-10 keV

flux during 2005-2015.

Mizuno et al. 2014). Although two very fast IDVs in Figure 7 are
observed at relatively lower brightness states (corresponding to
21-29 cts s~ ') compared to other instances presented in the same
figure, they belong to the epochs of X-ray flares in the first half of
Periods 4 and 6. Nevertheless, these states are significantly higher
than those shown by Mrk 421 during the densely sampled XRT
observations performed in the quiescent states in 2005-2016
(corresponding to CR < 10ctss™; see Figure 4(a)).

The densely sampled XRT observations, performed in
2005-2008, show that the source exhibited an unequal
activity in different time intervals on intra-day timescales: it
varied only by 13-54% within 24-82 ks and did not even
show a flux variability at the 30 confidence level during
18-65ks (see Figures 8-9), while the same observations
showed the fastest flux doubling/halving times of about 1.4 hr
and the source underwent rapid IDVs for a few hundred
seconds. Note that Mrk421 showed more than 15 flux
doubling /halving instances on intraday timescales (versus
two instances in 2005-2008) with shorter doubling and
halving times on some occasions (about 1.0hr and 1.2 hr,
respectively). Their amplitudes were also larger compared to
those observed in the period presented here: while the
strongest IDV was related to the flux increase by a factor of
2.1 in 2005-2008, the source showed several brightenings by
a factor of 2.4-8.8 in 2008 April. Moreover, the source did not
exhibit the intervals with non-variability or slow variability
during the densely sampled observations XRT and NuSTAR
performed in that period, in contrast in the period presented
here. A stronger variability of Mrk 421 on intraday timescales
in 2013 April could be related to more highly developed
turbulence (according to Mizuno et al. 2014 and Sokolov
et al. 2004) which, in turn, possibly was established after the
propagation of a significantly stronger shock through jet that
yielded a giant flare with significantly higher X-ray states than
those observed in 2005-2008.

Along with the 0.3-10keV flux, different spectral para-
meters showed variability on intraday timescales. Sometimes
these variations occurred even within 1 ks observational runs,
and these events were related to the IDVs presented in
Section 4.4.1. Namely, the spectrum softened by
Aa = 0.08-0.10 in 400-500s and hardened by Aa = 0.07
in 330s. In the case of the SED peaks, which are well-
constrained by the XRT data, the most extreme variability was
a shift by 1.2-3.2keV toward higher energies in 400-600 s.
These instances should be related to the rapid changes in the
energy distribution of X-ray emitting particles and underlying
physical conditions in the jet-emission zone. The source
showed similar rapid events also in 2013 April (Paper I),
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while the spectral changes were less extreme during 2013
November—2015 June, and only one occasion of the intra-hour
variability was recorded (see Paper II).

6. Conclusions

In this paper, we have presented the results of a detailed
spectral study of nearby TeV-detected blazar Mrk 421, based
on the rich archival data obtained with Swift-XRT during 2005
March-2008 June. This period was characterized by the
dominance of log-parabolic spectra, although we obtained a
significantly higher percentage of the power-law spectra (28%)
compared to other periods (5-13%). The E|, parameter showed
a positive correlation with the 0.3-10keV flux: during strong
X-ray flares, the position of the synchrotron SED peak of 41
log-parabolic spectra were found beyond 8keV, with con-
siderably higher lower limits to £}, than during the giant X-ray
flare in 2013 April. On the other hand, the position of the
synchrotron SED peak sometimes shifted to energies as low as
a few tens of eV in quiescent states. In the case of 24% of all
log-parabolic spectra, Mrk 421 was a hard X-ray peaking HBL
source. In the case of the SED peaks well-constrained by
observational data, they showed rapid shifts by 1.2-3.2keV
toward higher energies in 400—600 s. The sample of the spectra
from the period 2008 April-June showed a relation S, = EI?‘6,
as expected in the case of variable momentum-diffusion
coefficient and turbulence spectrum (a transition from the
Kraichnan into the hard-sphere one). Strong spectral variations
in other periods indicate the presence of complex and variable
underlying physical conditions, with no dominant factor.

The source mostly showed low spectral curvature during
2005-2008, as expected in the case of efficient stochastic
acceleration in the jet of Mrk 421. The viability of the second-
order Fermi mechanism is corroborated by the observed E,—b
anti-correlation, although the weakness of the latter and the
presence of the a—b correlation in some periods leads us to the
suggestion that both Fermi mechanisms could be at work in
the jet of our target. This possibility is in agreement with the
previous theoretical studies yielding a consecutive shock and
stochastic accelerations of particles in the jets of TeV-detected
blazars.

In the period presented here, the photon index at 1keV
exhibited a broad range of the values, and several times it was
smaller than in 2013 April (¢ = 1.62-1.67). The 0.3-10keV
photon index from the power-law spectra also showed a broad
range (I' = 1.68-2.74), and such spectra were mostly observed
in 2006 April-June when the source often exhibited both
power-law and log-parabolic spectra during a single XRT
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observation, even within 1 ks interval in some cases. This result
may hint at extremely fast variability of the magnetic field
properties in the X-ray emitting jet area of Mrk 421: a transition
from the state with confinement efficiency decreasing with the
particle’s energy and/or higher turbulence (yielding a log-
parabolic energy spectrum of electrons) into the state without
these properties (power-law spectrum) and vice versa. The
photon index index at 1keV sometimes showed the values
a < 1.70, which is easier to explain in the case of some
hadronic contribution to the jet matter. The photon index varied
on diverse timescales, even within the 1 ks observational runs:
they hardened by Aa = 0.07 in 330s and softened by
Aa = 0.08-0.10 in 400-500s. The hardness ratio, calculated
from both log-parabolic and power-law spectra, showed a very
broad range AHR = 0.92 and unprecedentedly high percent-
age (26%) of values larger than HR = 1 (i.e., higher 2-10keV
flux compared to the soft 0.3—-10 keV flux, rarely observed in
HBL sources). Similar to the photon index, this parameter
varied on diverse timescales and the source mostly followed a
“harder-when-brighter” spectral trend during this variability.
However, some small sub-samples of the spectra followed an
opposite spectral trend, which is unusual for HBL sources and
can be related to the emergence of soft X-ray components in
the X-ray emission zone.

Along with extreme spectral variability, Mrk 421 showed a
strong X-ray flaring activity, by a factor of 2—10, on timescales
of few days to weeks, and a maximum-to-minimum flux ratio
of 20 in the XRT band. The 0.3-10keV count rate exceeded
the threshold of 100 ctss™' (corresponding to the unabsorbed
0.3-10keV flux of about 2.5 x 10~ ergcm 25~ ") for the first
time since the start of Swift observations. We detected 118
instances of intraday 0.3-10keV flux variability, including
those with flux doubling and halving times of about 1.4 hr. On
20 occasions, flux variability was observed within 1ks
observational runs (brightenings by 4-19% in 180-900 s and
declines by 6-20% in 180-960 s), generally observed in higher
X-ray states and possibly related to the small-scale turbulent
areas with the strongest magnetic fields in the shocked jet
material.

The unabsorbed hard 0.3-2keV flux showed a strong
positive correlation with the hard 2-10keV flux, although the
latter varied more strongly, which led to interesting behavior of
the source in the HR—flux plane: while it mostly showed
clockwise hysteresis patterns during some flares, 2-3 cycles of
the change between the opposite spectral trends were observed
in some epochs (implying a change in the interplay between the
particle’s acceleration, synchrotron cooling, and flux variability
timescales). On intraday timescales, the source generally
showed a CW-type spectral evolution, as expected from earlier
simulations of the stochastic acceleration of the particles behind
the relativistic shock front. The X-ray and VHE fluxes often
showed a correlated variability, although we found several
occasions challenging one-zone SSC scenarios: a strong TeV
flare was not accompanied by comparable X-ray activity and
vice versa. The source sometimes underwent a UV-optical
decline along with X-ray flares, possibly associated with the
stochastic acceleration of electrons having a narrow initial
energy distribution, shifting the distribution peak to higher
energies in accord with the increasing X-ray brightness.

The period presented here shows the importance of densely
sampled Swift and MWL observations of Mrk 421. Intensive
Swift and NuSTAR campaigns in 2013 April 10-21 revealed a
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giant X-ray flare in our target. Densely sampled XRT
monitoring in 2006 April and June showed extreme spectral
behavior, enabling us to reveal characteristic features of the
physical processes responsible for the acceleration of the
particles to tremendous energies and yielding the flux
variability on diverse timescales. Similar intensive campaigns
of nearby X-ray bright HBLs with Swift and other satellite/
ground-based instruments in different spectral bands will be
very useful for gaining a deeper understanding of blazar
physics, their internal structure, and the unstable processes
underlying their extreme observational features.
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