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Abstract. Mkn 421 is a nearby active galactic nucleus dominated at all wavelengths by a very broad non-
thermal continuum thought to arise from a relativistic jet seen at a small angle to the line of sight. Its spectral
energy distribution peaks in the X-ray and TeVWfay bands, where the energy output is dominated by cooling

of high-energy electrons in the jet. In order to study the electron distribution and its evolution, we carried
out a dedicated multi-wavelength campaign, including extensive observations by the recently launched highly
sensitive hard X-ray telescopuSTAR, between December 2012 and May 2013. Here we present some initial
results based oNUSTAR data from January through March 2013, as well as calibration observations conducted
in 2012. Although the observations cover some of the faintest hard X-ray flux states ever observed for Mkn 421,
the sensitivity is high enough to resolve intra-day spectral variability. We find that in this low state the dominant
flux variations are smooth on timescales of hours, with typical intra-hour variatiogssé6. We do not find
evidence for either a cufidin the hard X-ray spectrum, or a rise towards a high-energy component, but rather
that at low flux the spectrum assumes a power law shape with a photon index of approximately 3. The spectrum
is found to harden with increasing brightness.

1 Introduction for the high-peaked BL Lac (HBL) class [1]. Its proximity
and brightness in many spectral bands make it an impor-

Mkn 421Iis one of lthe :gaNresthand belst—_st_uc;ie_d blazars 3¢ object to study in the context of AGN jet physics.
active galactic nuclei ) whose relativistic jet is ori- The non-thermal and polarized continuum observed in

ented almost directly along our line of sight. Like the other HBL objects from the radio to the X-ray suggests that

AG.N of this pre;, Mkn A.'Zl shows a flat rad|q spgctrum, this part of the spectral energy distribution (SED) is due
optical polarization, rapid and correlated variability, and to electron synchrotron radiation. Theray part of the

other characteristics of relativistically beamed AGN. Its SED s likely due to the inverse Compton scattering by the
energy output shows the usual two peaks, located respec-

. ; o . %ame electrons responsible for the synchrotron radiation,
tively in the X-ray and TeVy-ray bands, which is typical ., e seed photons are most likely the synchrotron pho-

3e-mail: mislavb@astro.caltech.edu tons internal to the jet. This scenario is the basis of the so-
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called Synchrotron Self-Compton (SSC) model, which has onz 2012 2oz 2o 2013
been successfully invoked to explain the complete SED : - - : -
of the BL Lac class of objects; see e.g. [2, 3]. In the

context of the SSC model, the variability in X-rays and
high-energyy-rays is expected to be high and correlated
since they are produced by the same high-energy elec

s cem?]

Fermi-LAT rate

[10

8 -
7 -
6 -
5 -
4 -
3 -
2 -
1-
trons. The time scales for energy loss of those electron: oo é SR o
are very short, in agreement with the variability amplitude & Z it § 30kev ° 8% agﬁ
observed in Mkn 421 (spanning approximately two orders # & 2 © FPMB . ‘. $
of magnitude) and rapid intra-day variability observed dur-  _ e ; %
ing epochs of high activity; see e.g. [4, 5]. g5 14f ¢ o MAXI 220 keV
In order to provide insight into the radiative processes, %Z, or . +y N
the distribution of radiating particles, constraints on the ¢ $[, +* ‘;ﬂ» 777777777 gomme ey iien
= 2f e °> &8 24t -

particle acceleration, and thus the structure of the relativis-
tic jet, we conducted a multi-wavelength study of Mkn 421
focused on the X-ray and Tey-ray bands. Coordinated .
simultaneous observations were carried out from Decem
ber 2012 to May 2013 with the MAGIC and VERITAS s s i s
. 56123 56185 56246 56307 56366

ground-based Cherenkov-telescope arrays, andiliie modified Julian day (MJD)
andNuSTAR orbiting X-ray observatories. The campaign
was supported by coordinated (but not necessarily simultagigyre 1. GeV y-ray and X-ray count rates for Mkn 421 in the
neous) observations by ground-based optical, infrared an@eriod between the start of July 2012 and the end of March 2013.
radio observatories, and the orbitirgrmi y-ray observa-  The Fermi-LAT, MAXI and Swift-XRT count rates were taken
tory. In this report we present a preliminary analysis of the from publicly available data [7-9]. Binning is weekly for the
NUSTAR data from January through March 2013. Fermi-LAT and MAXI data, per-observation for th®wift-XRT

NUSTAR (Nuclear Spectroscopic Telescope Array) is d_ata and per-o_rbit for thHUSTAR data. Note that the uncertain- _
a hard X-ray (3-79 keV) observatory launched into low tle_s on data points from the latter two are too small to be seenin
Earth orbit in June 2012 [6]. It features the first focus- this plot. TheNuSTAR count rates are plotted separatgly for its
. . s two modules, FPMA and FPMB. The dotted vertical lines mark
ing X-ray telescope to extend high Sens_'tw'ty beYO”d themid-points of theNuSTAR observations and the dashed horizon-
~10 keV cutdf shared by all currently active focusing soft | jines denote long-term median count rates.
X-ray telescopes. The inherently low background associ-
ated with concentrating the X-ray light enabMisSTAR to
achieve approximately a one-hundred-fold improvement
in sensitivity over the collimated or coded-mask instru- were reduced using the standard NuSTARDAS pipéline
ments that Operate’ or have Operated’ in the same Spectrﬁersion 1.2.0. Figure 1 shows the observations listed above
range. Part of th&luSTAR primary mission is aimed at With publicly available light curves in X-ray [7, 8] and
advancing our understanding of astrophysical jets througH>eV y-ray bands [9] in order to provide a broader context.
observations of archetypal blazars, such as Mkn 421, with
unprecedented spectral and temporal resolution in the uns
derexplored hard X-ray band.
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Analysis of Flux Variability

The variations in count rate between tNaSTAR obser-
. vations, and the range covered in each observation alone,
2 NuSTAR Observations are entirely dominated by the intrinsic variability of the
target, i.e. they are in clear excess of the observational un-
In order to maximize the strictly simultaneous overlap of certainties. For example, the calibration observation taken
observations bWuSTAR and ground-based Tejray ob-  jn July 2012 shows flux variability of up to 30% within an
servatories during the dedicated campaign, the observatiofoyr and a distinct increase in which the rate doubled in
times were arranged according to visibility of Mkn 421 at 4 roughly linear fashion over a 12-hour period (see up-
the MAGIC and VERITAS sites. Coordinated observa- per panel of Figure 2). We note that it coincided with
tions in 2013 were performed on January 10, 15 and 20highly increased activity in the Gey-ray band observed
February 6, 12 and 17, and March 5, 12 and 17. A typ-py Fermi-LAT [10], but we lack stficient X-ray cover-
ical NUSTAR observation spanned 10 hours, resulting in age to physically relate these two events. The MAXI light
15-20 ks of source exposure after accounting for orbitaleyrve shown in Figure 1 suggests that the peak of the X-
modulation of visibility and intervals of high background ray emission occured between mid-July and mid-August
radiation. In addition to these dateSUSTAR observed 2012, after theNuSTAR observation.
Mkn 421 for pointing calibration on 2012 July 7 and 8 The campaign observations up to the end of March
(70 ks in totat) and on 2013 January 2 (10 ks). The data 2013 have covered relatively low flux states of Mkn 421,

1Due to sub-optimal pointing, the count rates for this observation have  2http://heasarc.gsfc.nasa.gov/docs/nustar/analysis/
increased systematic uncertainties, estimated to 4%. nustar_swguide.pdf
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The Innermost Regions of Relativistic Jets and Their Magnetic Fields
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Figure 3. Hardness ratio (defined here as the ratio of count rates
in the 3-7 and 7-30 keV bands) versus the 3-7 keV count rate.
The grey error ellipses represent individual 10-minute data bins
and their uncertainties; FPMA bins have dashed, while FPMB

. o ) bins have dotted ellipse edges. The black squares and error bars
Figure 2. Upper Panl: Light curve of the July 2012 observation (10 uncertainties) denote median count rate and median hard-

(FPMA in black, FPMB in grey) shown as an example for the oo ratio within 1 cps wide bins delimited by dotted vertical

count rate modeling; the two models fitted to each orbit of data e The clear harder-when-brighter behaviour indicates spec-
are show in purple (constant) and blue lines (linebgwer Pan- tral variability

els: The colored histograms on the left-hand side (colors match-
ing the upper panel) show the redugé&dlistributions for the two
models fitted to everWuSTAR orbit up to the end of March 2013.
The right panel shows the distribution of the residual scatter upon  The lower panels of Figure 2 show the results of the
subtraction of the best-fit linear trend from observed count ratesfitting procedure performed on all orbits. We find that the
in each orbit, in units of the median rate uncertainty within the majority of orbits are better described by a linear trend
orbit, (7r)or- The colors are according to the mean count rate 4 5 constant one. Linear trends account for most of
of the orbit: the lowest-rate third in red, the mid-rate third in or- y o ¢ ht6-orhit variability and approximate smooth vari-
ange and the highest-rate third in yellow, distributed as shown_ . o
in the inset. The residual scatter distribution is slightly skewed at!ons on super-orbital tlm_esgfiles of a few hou_rs. On 2 10-
to values greater than unity, indicating tk&#t0% of orbits show minute timescale, the Va_”ab'“ty amplitude typlcz_illy does
excess variability on sub-orbital timescale. not exceed the observational count rate uncertainty of ap-
proximately 3%. Based on the mildly overpopulated tail of
the y?/d.o.f. distribution for the linear trend fits, we esti-
mate that up to 20% of orbits show excess variance beyond
even though the lowest and the highest observed fluxethe simple linear trend. Subtracting the trend and com-
span approximately an order of magnitude. Modest counparing the residual scatter to the median rate uncertainty
rates are apparent from both MAXI aBdift-XRT datain  within each orbit, (or)qp, gives a distribution slightly
comparison with long-baseline light curves and the intenseskewed towards values greater than unity (see lower right
flaring episodes covered in the literature, e.g. [11]. Verypanel of Figure 2). This is consistent with intrinsic sub-
high fluxes in X-ray and-ray bands have been observed orbital variability on a~10-minute timescale ig20% of
later in the campaign, peaking in mid-April 2013 [12—-14]. orbits. We find no evidence for an increase in variability
The data from this flaring period will be presented in a with flux.
dedicated publication.

With the possible exception of thg Iowest_—flux §tates, 4 Spectral Analysis
the observed count rates are not consistent with being con-
stant during any of the observations — as demonstratedror spectral analysis we use spectra grouped to a minimum
by light curves in Figures 1 and 2. In order to quantify of 20 photons per bin and perform the modeling<spec
the variability on timescales shorter than the observationsyersion 12.8.0. The spectra of 8luSTAR observations
we divide the data into individudluSTAR orbits, as they  of Mkn 421 are above the background level at least up to
represent the most natural, although somewhat arbitrary25 keV and up to 40 keV in high-flux observations. The
way of partitioning the data. The orbits are approximately dominant background component above 25 keV is internal
90 minutes long and contain up to 50 minutes of sourceinstrument background. With good background character-
exposure. We treat each orbit independently and fit twoization the spectra may be used up to the high-energy end
simple light curve models to the observed count rate inof the NUSTAR band at 79 keV.
each one: a constant rate during an orB{t) = (R)qp, We initially model the X-ray spectrum as a simple
and a linear trend in timég(t) « t. We examine the count power law, F(E) « ET, whereT is the photon index.
rate in the 3—30 keV band, where the background contri-The model includes fixed Galactic absorptidiy(= 1.6 x
bution is negligible. The top panel of Figure 2 provides 10°° cm?) and the redshift of Mkn 421z(= 0.0308). Fit-
an example of the two models fitted to the July 2012 datating all full-observation spectra with a power law model
binned to 10-minute time intervals. and find that: i) the mean photon ind€k), is 296+0.13;

012 3 45 6 7 05 10 15 20 25 3.0
best-fit x* / d.o.f. normalized residual scatter [ (o), 1
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e We find evidence that the low-energy photon index

Tramacere et al. 2009 04-07/2006 (I'1) strongly varies with flux, while the flux dependence
| Oiobelsetal 2007 : — of the high-energy index) is weaker in the flux range
32l tl-’ﬁ ™ ' oy ! of the data presented here. The break energyfirdit
_28F o t I"ﬂ N 1 to constrain since for many orbits the uncertainties in the
S oat i 1 best-fit value reach below the low-energy end of MuS-
TAR band at 3 keV, ffectively causing’; to become un-
bound by data. In Figure 4 we show the best-fit parameters
I'1, E, andI'; as functions of 2—10 keV flux for alNuS
TARorbits up to the end of March 2013. The equivalentre-
sults from [15] are plotted for comparison, demonstrating
that the spectral trends found in tNaSTAR data smoothly
continue into the previously accessible flaring regime, now
covering nearly two orders of magnitude in flux.

-105 -10.0 9.5 -9.0 8.5 5 Summary and Conclusion

log (2-10keV flux[ergs™' cm™2 ])

The data and the analysis presented here are preliminary,
Figure 4. Top Panel: Comparison of the spectral variability ~put indicative of the new results uncoveredXySTAR in
ranges observed witduSTAR up to the end of March 2013 (dark  the hard X-ray band. Its high sensitivity enabled probing
green), and up to the end of April 2013 (light green), to the yhe fiyx state significantly fainter than previously possible
ranges previously studied two selected examples from the I't'with comparable spectral and temporal resolution. The

erature [11, 15]. Lower Three Panels: The green points with observed variability ranges over an order of magnitude
errorbars (& uncertainties) are best-fit parameters of the broken. y 9 9 ’

power law model fitted to Mkn 421 spectra of individnaisTaR ~ Including instances of flux-doubling over a half-day pe-
orbits. For the orbits where the lower boundEyis below 4 keV riod and occasional variability on10-minute timescales.

(i.e. close to the lower end of ttuSTAR band) the break energy [N this low-flux regime we find that the hard X-ray spec-
was fixed to 7 keV and the uncertainty is estimated to range betrum does not cut b steeply, nor show any sign of an
tween 4 and 12 keV. The grey data points are for the same modeihcrease towards the inverse-Compton component of the
(also Ir uncertainties) fitted to 2001 RXTE data, from [15]. SED, but rather saturateslatr 3. The spectrum hardens
with an increase in flux, which can be phenomenologically
described with a broken power law model: the break en-
ergy E, ~ 7 keV separates the soft and the hard power
ii) the observations with higher mean flux systematically law slopes, both of which change with flux. This can be
prefer values of lower tharXT'); iii) the observations with  understood in terms of acceleration and cooling processes
lower mean flux systematically prefer valuesIohigher  of radiating particles in the Mkn 421 jet, and the result-
than(I'); and iv) the best-fif? increases with flux, ow- ing shape of the high-energy tail of the relativistic electron
ing to curvature apparent in the higher-flux spectra. Thesenergy distribution. These results, together with a broader
trends are entirely consistent with the observed hardeninginalysis of the multi-wavelength data more physical mod-
as the source brightens, shown in Figure 3. The modelingeling, will be presented in more detail in a paper currently
implies that alI" ~ 3 power law fits the low-flux spectra in preparation.
well. However, the curvature and the consequent poorer
fits of the power law model at high flux may either be in-
trinsic or simply an &ect of superposition of spectra with References
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