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ABSTRACT

Recent NuSTAR and XMM—Newton observations of the molecular cloud around the Arches
stellar cluster demonstrate a dramatic change both in morphology and intensity of its non-
thermal X-ray emission, similar to that observed in many molecular clouds of the Central
Molecular Zone at the Galactic Center. These variations trace the propagation of illuminating
fronts, presumably induced by past flaring activities of Sgr A*. In this paper, we present results
of a long NuSTAR observation of the Arches complex in 2016, taken a year after the previous
XMM+-NuSTAR observations which revealed a strong decline in the cloud emission. The 2016
NuSTAR observation shows that both the non-thermal continuum emission and the Fe K,
6.4keV line flux are consistent with the level measured in 2015. No significant variation has
been detected in both spectral shape and Fe K, equivalent width EWg 4k.v, Which may be
interpreted as the intensity of the Arches non-thermal emission reaching its stationary level.
At the same time, the measured 2016 non-thermal flux is not formally in disagreement with
the declining trend observed in 2007-2015. Thus, we cannot assess whether the non-thermal
emission has reached a stationary level in 2016, and new observations, separated by a longer
time period, are needed to draw stringent conclusions. Detailed spectral analysis of three bright
clumps of the Arches molecular cloud performed for the first time showed different EWe 4yev
and absorption. This is a strong hint that the X-ray emission from the molecular cloud is a mix
of two components with different origins.

Key words: ISM: clouds — X-rays: individual: Arches cluster.

initial masses larger than 20 M) and its average mass density is

1 INTRODUCTION ~3 x 10° Mppc=? (Figer et al. 1999, 2002). The Arches core is

The Arches cluster (Cotera et al. 1996; Serabyn, Shupe & Figer
1998) is a massive star cluster, which is located in the Galactic
Center (GC) region at the projected angular distance of 28 pc
from Sgr A*. The cluster contains more than 160 O-type stars with

* E-mail: eakuznetsova@cosmos.ru (EK); krivonos @cosmos.ru (RK)
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about 9” (~0.35 pc at 8 kpe) in radius (Figer et al. 1999).

The first X-ray observation of the region around the Arches
cluster with Chandra (Yusef-Zadeh et al. 2002) revealed its bright
X-ray emission. This emission, characterized by the 6.7 keV Fe line,
was detected in the narrow region consistent with the Arches cluster
position (hereafter ‘the core’). The thermal emission of the cluster
was attributed to the multiple collisions between strong winds of
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massive stars (Yusef-Zadeh et al. 2002; Wang, Dong & Lang 2006;
Capelli et al. 2011a). In addition to the cluster’s core emission, the
extended emission of a different origin, spatially consistent with a
nearby molecular cloud, was detected around the cluster (hereafter
‘the cloud’). The observed prominent Fe K,, line and the power-law
continuum emission point out to its non-thermal nature (Wang et al.
2006; Tsujimoto, Hyodo & Koyama 2007; Capelli et al. 2011b;
Tatischeff, Decourchelle & Maurin 2012; Krivonos et al. 2014,
2017; Clavel et al. 2014).

Two main hypotheses have been developed to explain the non-
thermal emission from the Arches ‘cloud’ emission. The first
approach implies irradiation of the molecular cloud by an external
X-ray source. The possible X-ray sources inside or nearby the cloud
have been excluded, based on the required X-ray luminosity (Capelli
etal. 2011b) to explain the 6.4 keV line flux (Tatischeff et al. 2012;
Krivonos et al. 2014). The sufficient luminosity could be provided
by a nearby X-ray source, e.g. 1E1740.7-2942 (Churazov et al.
1993) or with the past activity of Sgr A*, as originally suggested by
Sunyaev, Markevitch & Pavlinsky (1993) to explain the fluorescent
line emission observed in the giant molecular cloud Sgr B2 in the
GC region (see also Koyama et al. 1996; Sunyaev & Churazov
1998; Murakami et al. 2000; Revnivtsev et al. 2004; Terrier et al.
2010; Zhang et al. 2015). The hypothesis of the past Sgr A*’s flaring
activity is also supported by the discovery of a propagation of Fe
K echos in the Central Molecular Zone (CMZ), where Sgr A* is
presumably the source of the illumination on the clouds (Ponti et al.
2010, 2013; Clavel et al. 2013; Ryu et al. 2013; Churazov et al.
2017a,b; Terrier et al. 2018).

Alternatively, a fluorescent emission of the molecular cloud can
be a result of bombardment by low-energy cosmic ray (CR) particles
(Capelli etal. 2011b; Tatischeff et al. 2012). The steady non-thermal
continuum and Fe K flux observed in the Arches cloud for a decade
was initially considered as a strong evidence for the CR heating of
the Arches molecular cloud (Tatischeff et al. 2012). However, a
recently discovered time variability of the non-thermal power-law
continuum and 6.4 keV line (Clavel et al. 2014), strongly contradicts
the CR scenario (see e.g. Dogiel et al. 2014) for a significant fraction
of this emission.

Using the 2015 XMM+NuSTAR data set, Krivonos et al. (2017)
showed that the Arches cloud experienced a strong emission
decrease, along with a significant decrease of the Fe K,, equivalent
width (EW). This could indicate either a change in the reflection
geometry (illumination of different structures along the line of sight)
or that the putative CR component has become more dominant. In
any case, the question remains whether the non-thermal continuum
and the 6.4 keV line emission will decrease to a zero flux level when
the X-ray illuminating front leaves the molecular cloud or if some
background CR heating takes place.

As discussed above, the variable component of the Arches com-
plex non-thermal emission is generated by Thomson scattering of
X-ray flare photons leaving the Arches cloud complex. Chernyshov
et al. (2018) suggested that the other (possibly stationary) compo-
nent can be caused by either i) Thompson scattering of photons
from the same or a different X-ray flare, ii) another molecular cloud
complex which is situated at large distance from the Arches cluster
and on the same line of sight, or iii) the excitation of CR particles,
however more restrictions must be satisfied. The authors argue that
in case of a single cloud complex (i) the EW variations are likely
associated with iron abundance changes in it during the flare moving
across the cloud. For the second case with two different clouds
(i1), Chernyshov et al. (2018) calculated the temporal delay of the
Compton echo for the first variable component at about 100 yr. This
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Table 1. The list of the Arches cluster observations, which have been used
in this work.

Experiment ObsID Start Date Exposure, s

XMM 0762250301 2015-09-27 15:48:39 114000

NuSTAR 40101001002 2015-10-19 06:21:08 107189
40101001004 2015-10-25 13:56:08 107856
40202001002 2016-10-28 13:16:08 150856

is in agreement with Churazov et al. (2017a) who estimated X-ray
flare event with 110 yr age. For the second variable component, the
estimated time delay is about 230 yr (Chernyshov et al. 2018). It is
more likely that these two components were caused by the different
flares rather than the same flare. The suggestion of two different
flares are consistent with scenario of two flares of Sgr A* 110 and
240 yr ago (Clavel et al. 2013; Chuard et al. 2018; Terrier et al.
2018).

Changes in the morphology of the Arches cluster cloud are
similar to those seen for Sgr B2, where the non-thermal emis-
sion likely reaching the background level as well, revealing a
substructure of two compact cores and a newly emerging cloud
that confirms the propagation of the illuminating front(s) from
an X-ray flare (Zhang et al. 2015). These similarities between
the Arches cloud emission and GC molecular clouds (Krivonos
et al. 2017) support the reflection mechanism of the non-thermal
emission.

In this work, we analysed observations of the Arches cluster
region with NuSTAR in 2015-2016 and XMM-Newton in 2015,
with the aim to monitor the non-thermal emission around the
cluster. Additionally, we carried out detailed spectral analysis of
the emission clumps detected with XMM—-Newton observations
in 2015. The paper is structured as follows: in Section 2, we
describe observations of the Arches cluster with NuSTAR in
2016 and outline the data analysis; 2016 NuSTAR data analysis
morphology and spectral analyses are presented in Section 3;
Section 4 contains the analysis of the combined NuSTAR and
XMM-Newton 2015-2016 observations. We investigate the sub-
structure of the Arches cloud non-thermal emission revealed by
the 6.4keV line emission clumps observed with XMM-Newton
(Section 5). We discuss and summarize the obtained results in
Section 6.

2 OBSERVATION AND DATA ANALYSIS

The Arches cluster region was observed in October 2016 during the
NuSTAR Legacy survey' of the Sgr A molecular clouds with a total
exposure time of 150 ks. The list of the used NuSTAR observations
is shown in Table 1.

The hard X-ray orbital telescope NuSTAR (Harrison et al. 2013),
launched in 2012, provides imaging at energies above 10keV with
sub-arcminute angular resolution. NuSTAR carries two identical
coaligned X-ray telescope modules (referred as FPMA and FPMB)
with a full width at half-maximum (FWHM) of 18”. The energy
response covers a wide range from 3 to 79keV with a spectral
resolution of 400 eV (FWHM) at 10 keV.

Due to NuSTAR’s known ‘stray-light’ issue, when detectors
can be illuminated by X-rays passing outside the field of view
the X-ray optics (Madsen et al. 2017), the data from FPMB are

Thttps://www.nustar.caltech.edu/page/legacy _surveys
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J174555.8-284914

Figure 1. NuSTAR 3-79keV image in Galactic coordinates of Sgr A
molecular clouds region, including the Arches cluster, taken in 2016 (FPMA
data only, exposure 150 ks). The extraction of the source and background
spectra was done, respectively, in the circle R = 50" and annulus (70" <
R < 130”). Solid elliptical sky regions shows positions of selected Sgr A
molecular clouds (Clavel et al. 2013). NGP 13 label denotes position of
a hard X-ray source detected in the NuSTAR survey of the GC region
(Hong et al. 2016). Small solid circle labelled CXOGCS J174555.8-284914
shows the position of corresponding X-ray source (Section 4.1). The image
was smoothed using DMIMGADAPT task from CIAO-V.4.9 with the following
parameters: tophat kernel, smoothing scales 1-20, the number of scales is
30, the minimum number of counts is 20.

strongly contaminated by photons from the bright X-ray source
GX 3 + 1, which forced us to exclude FPMB data in this work.
Fig. 1 shows the FPMA image of the Arches cluster region in the
full 3-79keV energy band. Arches was observed at ~4' distance
from the optical axis, which led to a somewhat efficiency decrease,
however without a visible distortion of the point spread function
(PSF).

It is worth noting that celestial coordinates of each photon
registered by NuSTAR are subject to a systematic offset, which
can be as high as 14” (Mori et al. 2015). We noticed an offset
between the cluster’s centroid position and its catalogued coor-
dinates at the level of 3—4”. Similar to Krivonos et al. (2017),
we performed an astrometric correction by shifting coordinates
of each photon using a reference position of the Arches core
centroid, measured in the first NuSTAR observation of the Arches
cluster in 2012 (Krivonos et al. 2014), when the offset was
negligible.

We extracted spectrum of the Arches cluster complex, and
corresponding response matrices, using the nuproducts task, a
part of NuSTAR Data Analysis Software package (NUSTARDAS
v.1.8.0), built in HEASOFT software (version 6.22). Note that in
this paper, we often compare our results with those of Krivonos
et al. (2017) who used older HEASOFT version 6.17. We checked
that different versions do not introduce strong deviations to the

results. The source extraction region was a circle with a radius of
50" positioned at the cluster position R.A. = 17"45"50.52%, Dec.
= —28°49'22.41" (Krivonos et al. 2014, 2017). The background
spectrum was obtained from the annulus region within the radii
range R = 70-130" (see Fig. 1), excluding R = 15” circular region
of the source CXOGCS J174555.8-284914 (Law & Yusef-Zadeh
2004), as described in Section 4.1. The interactive spectral and
2D image analysis were done using XSPEC (Arnaud 1996) and
SHERPA (Freeman, Doe & Siemiginowska 2001) tools included,
respectively, in HEASOFT 6.22 and CIAO-V.4.9 (Fruscione et al. 2006)
software packages.

3 NuSTAR OBSERVATIONS OF THE ARCHES
CLUSTER IN 2016

3.1 2D image analysis

Since the Arches cluster demonstrated a strong drop of its non-
thermal emission in 2007-2015 (Clavel et al. 2014; Krivonos
et al. 2017), one would expect a further fall even below the
detection threshold. The main question we address in this section is
whether the Arches stellar cluster is still surrounded by the spatially
extended emission, previously detected with NuSTAR in 2012-2015
(Krivonos et al. 2014, 2017). The NuSTAR angular resolution of 18”
(FWHM) does not allow us to directly resolve the emission around
the cluster’s core. Therefore, we use a simple 2D image analysis
with the SHERPA package to estimate a spatial extension of the
cluster emission compared to that expected from the NuSTAR PSF.
SHERPA performs spatial fitting of a data image using a 2D source
model convolved with supplied instrumental PSF.

We first analysed the 2016 NuSTAR 3-79keV image of the
Arches cluster region using 2D Gaussian model G1 with a fixed 4”
FWHM (PSF smearing effect) and free centre position, representing
a point-like X-ray source. The model is represented in the SHERPA
notationaspsf (gauss2d.G1l) *emap+const2d.bkg*emap,
where G1 is 2D Gaussian, associated with the emission of the
stellar cluster, emap contains exposure map, and const2d.bkg
component estimates the background count rate, in the assumption
of a flat distribution. As shown in Fig. 1, the fitting area was limited
by a circle with R = 50" around the cluster’s centroid position
and the background count rate was estimated in the annulus 70”
< R < 130” with the same centre position, excluding the circle
region with R = 15" of X-ray source CXOGCS J174555.8-284914
(Section 4.1). The difference between the 3—79 keV image and the
best-fit model is characterized by strong deviations indicating that
the X-ray emission of the Arches cluster is not consistent with a
point-like X-ray source (Law & Yusef-Zadeh 2004; Wang et al.
2006). To quantitatively estimate the spatial scale of the extended
emission of the Arches cluster, we added a second 2D Gaussian
model G2 with a free position and FWHM parameter. The list of
free parameters of this new complex model includes the position
of G1, the position and width of G2, and the flat background level.
The extended model provides a good fit to the data, characterized
by no strong deviations in the residuals, and fit statistics x> = 1.
The fitting procedure estimates a spatial scale of the extended
emission G2 as being 32” £ 7" FWHM, which is significantly larger
than the NuSTAR PSF (18" FWHM). This result indicates that the
spatially extended emission of the Arches cluster is still present in
2016. The position of the G2 extended component is shifted off by
13” £ 3” from the position of the Arches stellar core (G1), which
also indicates that the extended emission is not associated with the
stellar cluster.

MNRAS 484, 1627-1636 (2019)
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Figure 2. The Arches cluster NuSTAR 2016 spectrum extracted from the
50" circle region around the cluster (detector module A only). Solid, dashed,
dotted, and dash—dotted lines are the total model (see Table 2), thermal
APEC, Fe K, line, and non-thermal power-law components respectively.

3.2 Spectral analysis

As shown in the previous subsection, the extended emission,
associated with the non-thermal radiation of the neutral or low-
ionization state material of the molecular cloud is still present
around the stellar cluster. For quantitative evaluation, we perform a
spectral analysis comparing the recent 2016 NuSTAR observations
with previous results from Krivonos et al. (2017) based on the
NuSTAR and XMM-Newton data acquired in 2015.

We reduced the 2016 NuSTAR observation of the Arches cluster
and extracted source and background spectra from 50” circular and
70-130" annulus regions, respectively, as described in Section 2.
The background-subtracted FPMA spectrum of the Arches cluster
region is shown in Fig. 2. To fit the spectrum, we applied the same
spectral model wabs x (APEC + Gaussian + powerlaw) used
in Krivonos et al. (2017), which contains the thermal emission of
the stellar cluster described by the collisionally ionized plasma
emission model (APEC) and the non-thermal emission of the
molecular cloud in the form of power-law and Gaussian 6.4 keV
line. The thermal emission is characterized by k7T, Z/Z, and Iyt
parameters describing, respectively, the temperature in keV, the
metallicity relative to the solar one, and the normalization in units of
107"8 [nenudVI(4m D?), where ne and ny are the electron and proton
number densities in units of cm ™3, and D is the cluster distance in
cm. The metallicity was fixed at Z = 1.7Z, according to Tatischeff
etal. (2012). The non-thermal emission is approximated by a power-
law continuum and Fe 6.4 keV line, represented by a Gaussian with
the width fixed at 0.1 keV. All the emission spectral components
are subject to interstellar photo-electric absorption modelled with
wabs in XSPEC. Due to limited energy response of the NuSTAR
below SkeV, the fitting procedure does not allow us to constrain
the absorption, and we fixed it at Ny = 9.5 x 10?> cm~2 (Tatischeff
et al. 2012). The equivalent width (EW) of the 6.4keV line was
estimated with the SHERPA package with respect to the power-
law component only. The fitting procedure demonstrated a strong
correlation between components, causing a degeneracy of model
parameters: plasma temperature k7" and power-law photon index I".
To overcome this, for the following analysis, we fixed the APEC
temperature at 2.4 keV, as measured by Krivonos et al. (2017) in
2015 NuSTAR observations. Best-fitting model parameters are listed
in Table 2. For comparison with 2015 NuSTAR observations, we

MNRAS 484, 1627-1636 (2019)

Table 2. Best-fit model parameters for the Arches cluster region, measured
with NuSTAR in 2015 (Krivonos et al. 2017) and 2016 (this work). Model:
wabs x (APEC + Gaussian + powerlaw).

Parameter Unit 2015 yr 2016 yr 2015&2016
Nu 10?2 cm =2 9.5 (fixed) 9.5 (fixed) 9.5 (fixed)
kT keV 24705 24(fixed) 2.4 (fixed)
It see Section 3.2 92+53 8477 9.1
AEgaxev keV 0.1 (fixed) 0.1 (fixed) 0.1 (fixed)
Egaev keV 63+£1.1 63£03 63+0.1
Foakev 10%phem=2s~!  26+1.5 2573 2412
EWe xev eV 450 £ 150 580£250 540 + 140
r 24104 27104 26+02
FY ey 107Pergem™2s7! 56707 4477 58408
x2/d.of. 0.97/364  0.82/204  0.91/574

included in the table the best-fitting parameters of the same model
adopted from Krivonos et al. (2017).

The spectral analysis of the NuSTAR observations of the Arches
cluster complex in 2015 and 2016 does not demonstrate strong
variations of both thermal emission of the cluster and non-thermal
emission of the surrounding molecular cloud. The main parameters
of the non-thermal emission, power-law slope and normalization,
and EW of the iron 6.4 keV line, are consistent within uncertainties
between the observations. We conclude that further observations
of the Arches cluster region are needed to confirm or deny the
stationary level of the Arches cloud non-thermal emission.

4 THE COMBINED 2015-2016 DATA SET

4.1 2D image analysis

Assuming that the morphology of the Arches extended emission
has not significantly changed since 2015 (which is confirmed by
spectral analysis, see previous section), we combined the NuSTAR
observations from 2015 and 2016 into one data set, producing
mosaic images in three energy bands: 3-79keV, 3-10keV and
10-20keV, shown in Fig. 3. The full 3-79 keV band mosaic image
reveals both the emission of the stellar cluster and the extended
emission. The surface brightness distribution of the Arches in the
3-10keV band is dominated by the stellar custer. Finally, the hard
10-20keV band highlights the distribution of the non-thermal
emission around the Arches cluster.

‘We then repeated the 2D image analysis on the combined NuSTAR
mosaic images, in order to better determine properties of the
extended emission. The best-fit model and residuals of the fit for
3-79keV energy band image are shown in Fig. 4. The residual
image shows small-scale fluctuations with amplitude an order of
magnitude less than the input 3-79 keV NuSTAR mosaic image.
The positions of the residual fluctuations are spatially consistent
with the 6.4 keV Arches cloud clumps described in Section 5. Note
that we excluded the G1 Gaussian model from the fitting procedure
in the 10-20 keV band due to negligible contribution of the thermal
emission from the stellar cluster at energies above 10 keV. The best-
fitting model parameters are shown in Table 3. In all three bands,
the spatial size of the G2 component is larger than the NuSTAR
PSF, which confirms the presence of the extended emission around
the cluster above 10keV. We checked that the centroid position of
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Figure 3. The NuSTAR mosaic images of the Arches cluster region 2015-2016 in 3—79keV (left), 3-10keV (centre), and 10-20keV (right) energy bands.
The images are corrected for the exposure and adaptively smoothed with dmimgadapt task from CIAO-V.4.9 using a tophat kernel with parameters as for Fig. 1.
The sky grid indicates Galactic coordinates in degrees. The solid circle with the radius of 15” shows the position of the Arches stellar cluster. The 15” dashed

circle denotes the position of the hard X-ray point source CXOGCS J174555.8-284914.

e —————— N N I
2205 223e-05 24le-05 341e-05 899%-05 2.80e-05 3.25e-05 579%-05 2.0le-04 9.99e-04 0.000026 0.000033 0.000073 0.000296 0.001541 -13e-05 -6.4e-06 29e-07  7e-06 14e-05

Figure 4. An example of 2D fitting procedure of the Arches cluster mosaic image. Small and large solid regions are G1 and G2 components of the best-fit
Gaussian model with central positions and FWHM radii listed in Table 3, respectively. The fitting Zarea constrained by the R = 50" circle region (large dashed
circle) with excluded R = 15” region of the source CXOGCS J174555.8-284914 (small dashed circle). a) The 3-79 keV NuSTAR mosaic image. b) The Best-fit
spatial model of the Arches cluster complex in 3—79 keV energy band with two gaussians G1 and G2 convolved with the NuSTAR PSF. ¢) The same as plot b,
but not convolved with the PSF. d) The residuals after subtracting best-fitting model smoothed with a tophat kernel (R = 3 px).

Table 3. The 2D-fitting procedure best-fit parameters with the 1o errors the extended G2 component in the 3—10keV and 10-20 keV bands
of the 50" central region of the Arches cluster for the 3-79, 3-10, and are consistent with each other within 3¢ confidence interval, which
10-20keV energy bands, based on 2015-2016 data. points out to the same extended component detected in the soft and
the hard energy bands, respectively.

Parameter 3-T9keV 3-10kev 10-20keV Note the G2 component is more extended in the 10-20keV

Core (2D Gaussian, G1) band compared to the 3—10keV (see Table 3). This is mainly
Centre RA (J2000) 17:45:50.52 17:45:50.54 caused by lower statistics of the Arches non-thermal emission
Centre Dec (J2000)  —28:49:2239  —28:49:22.35 above 10keV and nearby image fluctuations probably associated
FWHM 4" (fixed) 4" (fixed) with the systematic noise. To estimate the level of the systematics,
Norm. (x 1073) 37+05 3.6+0.5 we analysed the source-free region of the 10-20keV image and

found that the relative non-statistical fluctuations can be as high as

Cloud (2D Gaussian, G2) 15 per cent

nggeDlz/: ((JJ;(;)(;)(?)) j;;j;; 0477 6 J2784j95219375 1 J;;jgssz i0752 Fig. 3 also reveals an X-ray excess located ~1" to the east of
FWHM e '9 i 3/', s 37,,5 i 3,; 5 61;’ 0;14,‘1 the cluster, clearly seen in the full 3-79keV and hard 10-20keV

) ) ’ ) o0 band images. Its centroid position RA. = 17"45"56.0°, Dec. =
Norm. (x 1076) 6384118 670+ 152 61417

—28°49'16.4" is consistent within 3o uncertainty with the position
of the X-ray source CXOGCS J174555.8-284914 (Yusef-Zadeh

MNRAS 484, 1627-1636 (2019)
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Figure 5. Joint 2015-2016 NuSTAR X-ray spectrum of the Arches cluster
region. 2015 and 2016 NuSTAR data are marked with circles and squares,
respectively. The total model is represented by a solid line. Dashed, dotted,
and dash—dotted lines represent thermal plasma, 6.4keV emission line
(width fixed at 0.1keV) and power-law continuum model components,
respectively.

et al. 2002; Law & Yusef-Zadeh 2004), as identified with the
SIMBAD astronomical database (Wenger et al. 2000). The source,
also labelled as A4 in Yusef-Zadeh et al. (2002), is highly absorbed
(Ng ~ 4 x 107 cm~2) and has a hard power-law like spectrum with
apeak near the 6.4 keV Fe line (Law & Yusef-Zadeh 2004). To avoid
a possible contribution from this source to the background count
rate assessment, we excluded 15” circular region around it from the
spatial and spectral analysis.

4.2 Spectral analysis

To better estimate the model parameters, we simultaneously fitted
the 2015 and 2016 data sets for the following spectral analysis. The
last column of Table 2 shows the results of the fitting procedure with
the same model used in Section 3.2, and Fig. 5 demonstrates the
combined spectral fit. The best-fitting model parameters of the data
sets are in general agreement with individual NuSTAR observations
in 2015 and 2016.

To extend a spectral coverage to the low energies, and to
determine the total line-of-sight absorption column density Ny, we
added spectrum based on XMM—Newton observation carried out on
27th September 2015 (Table 1), extracted from the same 50" circular
region (Krivonos et al. 2017). The combined 2015 XMM-Newton
and 2015-2016 NuSTAR broad-band spectrum of the Arches cluster
region is shown in Fig. 6. The best-fitting model parameters with
the free absorption parameter are listed in Table 4. The Ny value
was determined as (9.3 £ 0.5) x 10%2cm~2, which is consistent
with Ny = (9.5 £ 0.3) x 10%? cm~? measured by Tatischeff et al.
(2012). The joint fit gives a solid measurement of the power-law
I' = 2.21 £ 0.15 up to 30-40keV, which is in agreement within
1o uncertainty with I' = 2.03 £ 0.16 measured by Krivonos et al.
(2017).

To describe the Arches non-thermal continuum in the combined
2015 XMM-Newton and NuSTAR spectrum, additionally to a simple
power-law model, Krivonos et al. (2017) also applied CR-induced
emission model developed by Tatischeff et al. (2012) and self-
consistent X-ray reflection model REFLIONX (Ross & Fabian
2005). We checked that adding 2016 NuSTAR data set to the joint
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Figure 6. Joint XMM-Newton 2015 and NuSTAR 2015-2016 spectrum
of the Arches cluster extracted from the 50" circle region around the
stellar cluster. Crosses and diamonds represent MOS1/MOS2 and PN
data, respectively. Circles and squares show, respectively, 2015 and 2016
NuSTAR/FPMA data. The best-fitting spectral model (solid line, Table 4)
includes emission of the thermal plasma (dashed), fluorescent Fe Ko line
emission (dotted) with a fixed width of 0.01 keV and power-law continuum
(dash—dotted).

Table 4. Best-fit parameters for the Arches cluster extracted from R =
50" circular region, based on 2015 XMM-Newton and 2015-2016 NuSTAR
observations. For comparison observations are shown best-fit parameters
of the 2015 NuSTAR+XMM data (Krivonos et al. 2017). Model: wabs x
(APEC + Gaussian + powerlaw).

Parameter Unit 2015 201542016

N 102 cm=2 9.3102 93 + 0.5
kT keV 1.95 + 0.14 1.957016

Ikt see Section 3.2 18 £ 3 17 £ 3
AEsaxev keV 0.01 (fixed) 0.01 (fixed)
Egaxev keV 6.38 + 0.02 6.38 £ 0.03
Féaxev 1079 phem 25! 3.1 £ 06 3.0 £ 06
EWsaxev eV 700740° 660 + 80
r 2.03 = 0.16 221 £ 0.15
Lpow 1075 em=25~ ' keV~! 22110 331y’

C 0.82 % 0.04 0.69 % 0.04
x2/d.o.f. 1.00/918 0.97/1167

2015 XMM-Newton and NuSTAR fit allows to better constrain
the parameters of these models; however, the improvements are
still not enough to significantly confirm or rule out either of them.
For simplicity, we do not list the best-fitting results of physically
motivated spectral models in this paper.

5 6.4KEV CLUMPS OF THE ARCHES CLOUD

The broad-band NuSTAR spectral analysis of the Arches non-
thermal X-ray emission has been previously performed in a wide
circular region covering the stellar cluster itself and surrounding
molecular cloud (see Sections 3 and 4, Krivonos et al. 2014, 2017).
Other studies, mainly based on XMM—Newton observations, used an
elliptical region excluding the stellar cluster (see ellipse parameters
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Figure 7. The 6.4keV (left) and 6.7 keV (right) line flux mosaic images constructed, respectively, in the 6.32-6.48 and 6.62—6.78 keV energy bands (XMM—
Newton, 2015, Krivonos et al. 2017). The maps are continuum-subtracted and shown in Galactic coordinates. The solid ellipses represent the source spectrum
extraction regions of the Arches cloud clumps. The cluster core emission bright in 6.7 keV line is shown by the dashed ellipse. The small dashed circle (R
= 15”) indicates the position of the hard X-ray source CXOGCS J174555.8-284914 (Yusef-Zadeh et al. 2002; Law & Yusef-Zadeh 2004). The large dashed
circle region (R = 50”) shows the source spectrum extraction region of the Arches cluster non-thermal emission (see Section 2). The images are adaptively
smoothed using the DMIMGADAPT task from CIAO-V.4.9 with the following parameters: tophat kernel, smoothing scales 0.1-5, the number of scales is 10, the

minimum number of counts is 20.

Table 5. Definitions of the sky regions of the Arches clumps used for the spectral analysis.

2

Region RA (J2000) Dec. (J2000) Parameters Area, arcsec
Clump S 17:45:52.92 —28:50:21.30 26", 44", 130° 3556
Clump N 17:45:49.24 —28:48:54.65 207, 33", 169° 14371
Clump E 17:45:52.82 —28:49:25.35 137,22",162° 906
Excluded cluster 17:45:50.47 —28:49:15.70 16”,29”,177°

Note. ') The surface area of clump N is computed with the cluster region excluded.

in Tatischeff et al. 2012; Clavel et al. 2014; Krivonos et al. 2017).
Thus, the spectral extraction region often included the whole Arches
non-thermal emission, which was characterized by regular and
extended shape, traced by iron 6.4keV line flux (Tatischeff et al.
2012). Note that integrating the signal over large region may average
emission having different trend and/or different origin (see e.g.
Clavel et al. 2013). The smaller ellipse which was used in the
previous XMM—-Newton analysis may still be too large to understand
the complexity of the current EW variation. To investigate this, we
carried out new analysis of the clumps revealed in the 6.4 keV line
using the 2015 XMM-Newton data.

We followed the procedure described in Krivonos et al. (2017)
for analysing the XMM—-Newton MOS1, MOS2, and PN data and
extracted 2—7.5 keV spectra of three clumps S, N, and E (see Fig. 7)
within elliptical regions, whose parameters are listed in Table 5. The
regions are shown in Fig. 7. Note that for the clump N region we
excluded the elliptical region containing the bright 6.7keV line

emission from the Arches cluster core. The spectra of clumps
are shown in Fig. 8. Each spectrum was approximated with the
XSPEC model wabs x (APEC + Gaussian***V + powerlaw) +
Gaussian®**V , consistent with previous XMM-Newton study of the
Arches non-thermal emission by Clavel et al. (2014). The spectral
model includes the APEC thermal emission of the astrophysical
plasma with kT = 2.2keV (chosen to mimic the combination of
1 and 7keV plasma components in the Galactic center, Clavel
et al. 2014), non-thermal power-law continuum with a fixed photon
index I' = 1.6 and unabsorbed Fe K, 6.4keV line with a fixed
width of 0.01 keV. Following Krivonos et al. (2017) we also added
an absorbed Gaussian line at 2.45keV, presumably belonging
to the K, line from He-like Sulfur (S). The strength of photo-
electric absorption is freely fitted for each clump individually. The
equivalent width of the Gaussian lines was calculated with respect
to the power-law component without absorption. The results of the
fitting procedure are shown in Table 6.
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Figure 8. The spectra of each clump obtained with XMM-Newton in
2015. Diamonds, circles, and squares represent MOS1, MOS2, and PN
data, respectively. The spectra were extracted in the 2-7.5keV energy
range for all clumps except clump E for which energy range was 2—
7.3keV due to low statistics. The solid line represents best-fit model (wabs
x (APEC + Gaussian®>*3%V 4 powerlaw) + Gaussian®*¥V) with the
following components: thermal plasma (dashed), Sulfur 2.45keV, and Fe
6.4keV line emission (dotted) and non-thermal power-law continuum
(dash—dotted).

MNRAS 484, 1627-1636 (2019)

The spectral properties of N and E emission are similar, including
EWg 4xev, Which indicates the same origin of the cloud emission.
The clump S has the highest flux in the 6.4 keV line and continuum;
however, its EWg 41y value (570 &= 50 eV) is smaller than for N and
E (980 £ 170 eV and 830 = 200, respectively). From the other side,
the clump S has the largest size compared to the others. To estimate
the surface brightness, we divided the observed 2-7.5keV flux of
each clump by the corresponding source extraction area as listed in
Table 6.

6 DISCUSSION AND SUMMARY

In this paper, we present results of a long NuSTAR (150 ks)
observation of the Arches complex in 2016. The complex includes
a stellar cluster with a bright thermal (kT ~ 2 keV) X-ray emission
and a nearby molecular cloud, characterized by an extended non-
thermal X-ray continuum and fluorescent Fe K, 6.4 keV line. Recent
NuSTAR and XMM-Newton observations of the Arches non-thermal
emission demonstrate a dramatic change both in morphology and
intensity, and continuous observations are needed to shed light on
the nature of the current low-level emission.

Despite the fast decrease observed in 2007-2015 (Krivonos
et al. 2017), the NuSTAR observations in 2016 show that the
non-thermal emission is still present around the Arches stellar
cluster, as demonstrated by our spectral and spatial analysis.
Furthermore, the 3-20 keV flux of the emission in 2016 remains at
the same level as measured in 2015 without a significant change in
the spectral shape. However, 1-year interval may not be long enough
to see a strong flux variation, which is followed from the fact that
the measured 2016 non-thermal flux is not in contradiction with
the declining trend observed in 2007-2015 (Krivonos et al. 2017).
The overall drop of the EWg 4x.y from ~0.9keV in 2002-2015 to
0.6-0.7keV in 2015 (Krivonos et al. 2017) has been confirmed
at the same level in 2016. These results may indicate that the
intensity of the Arches non-thermal emission reached its stationary
level. At the same time, the declining trend predicts the 2016 flux
at the level of F3_) v = S.Zfé:é x 10783 ergem™2s~!, which is
consistent within the errors with our measurement F3_»g v =
44721 x 10~Bergem=2s~! in 2016 (Table 2). Thus, we cannot
assess whether the non-thermal emission has reached a stationary
level in 2016, and new observations, separated by a longer time
period, are needed.

To better constrain the spectral properties of the Arches complex
in this state, we constructed its broad-band spectrum using NuSTAR
2015-2016 and XMM-Newton 2015 observations, with the total
exposure time of 350 ks and 114 ks, respectively. The joint fit gives
a solid measurement of the power-law I' = 2.21 £ 0.15 up to 30—
40keV, which is, however softer than I' = 2.03 £ 0.16 measured
by Krivonos et al. (2017) in 2015 with the same XMM—Newton data
set.

The rough 2D spatial analysis with NuSTAR shows that the
morphology of the non-thermal emission in 2016 is still associated
with molecular cloud and is not consistent with the possible
emission of the stellar cluster.

Finally, we performed the spectral analysis of three bright Fe K,
line emission clumps of the Arches molecular cloud (Krivonos et al.
2017), based on XMM—-Newton observations in 2015. The analysis
showed different EWg4y.y values for clumps S (570 £+ 50eV)
and N-E (~900eV). The clump S also demonstrates a weaker
interstellar absorption than two others. This finding confirms that the
X-ray emission from the molecular cloud is a combination of two
components with different origins. The different EWs of the iron K,
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Table 6. Best-fitting model parameters of three non-thermal emission clumps around the Arches stellar cluster measured
with XMM-Newton in 2015. The model is described in XSPEC notation as wabs x (APEC + Gaussian®>**¢V +

powerlaw) + Gaussian®*¥V.

Parameter!) Unit Clump S Clump N Clump E
Ny 1022 ecm 2 55 +05 724+ 1.0 8.2 + 1.1
It see Section 3.2 0.9 4+ 0.5 1.7 + 0.6 13 4+ 05
B> 45kev keV 245 £ 0.01 246 £ 0.03 2371507
Naasiev 1070 phem=2 5! 53718 43430 4.9+48
EW) 4510V eV 260 + 40 710 + 150 1500 + 400
E64kev keV 6.39 + 0.02 6.39 + 0.03 6.35 & 0.03
Ne4kev 1079 phem=2s! 26 + 04 14 +03 1.2 £ 03
EWe 4kev eV 570 + 50 980 =+ 170 830 + 200
NEy 1075 phkeV~'em 257! 9.1 £ 038 2.9 £ 0.7 3.0 £ 0.6
FEY ooy 10~ P ergem 257! 335 + 028 1.08+0:2 1.30 £ 0.22
553:5 eV 10~ ergem=2 s~ ! arcsec 2 94 + 0.8 7.5{;7 143 + 24
C 1.02 £ 0.05 0.72 + 0.06 1.1 £0.1
x2ld.of. 1.33/151 1.18/54 1.07/53

1) gbow
Note. V) Sy 5 1e

factor between MOS1/MOS?2 and PN data.

line may also be produced by the different reflection geometry of
the clumps. Chernyshov et al. (2018) favour the scenario of two
Sgr A* flaring events, consistent with different 6.4 keV line EWs
found in this work. This is also in agreement with the studies of
other molecular clouds in the CMZ, which imply two Sgr A* flares
(Clavel et al. 2013; Chuard et al. 2018; Terrier et al. 2018).

Further monitoring observations of the Arches complex are
strongly needed to trace the on-going evolution of the clumps and
to confirm the reached stationary level of the non-thermal emission
of the whole Arches cloud region.
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