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Abstract
Investigating the Physics of Hard X-ray Outbursts from the
Galactic Center Supermassive Black Hole Sagittarius A?
Shuo Zhang
The Galactic center supermassive black hole (SMBH) Sagittarius A? (Sgr A? ) is the
closest such object and thus is an ideal target for investigation of galactic nuclei and their
activity cycles. Its remarkable underluminous X-ray state is punctuated by outbursts on
different time and energy scales. This thesis presents a study of past, current and possible
future X-ray outburst activities from Sgr A? , using the hard X-ray telescope NuSTAR.
Indication of substantial past Sgr A? activity, similar to that observed in low-luminosity
active Galactic nuclei, has come from the Galactic center molecular clouds (GCMCs). Using
these X-ray reflecting GCMCs, I have studied the characters of past Sgr A? X-ray outbursts.
The current X-ray quiescence of Sgr A? is punctuated by directly detectable flares. The
radiation mechanism and physical process of these X-ray flares are poorly understood. From
∼ 1 Ms NuSTAR observations of Sgr A? , I collected nine bright X-ray flares. I studied their
timing behavior and the correlation between flares’ strengths and their spectra. Future Sgr
A? X-ray activity could increase due to the infall of a gas cloud G2 into this SMBH. Finally,
I present the Galactic center cosmic-ray population revealed by non-thermal X-ray filaments
and its connection to Sgr A? outbursts.
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Chapter 1
Introduction
The Nuclear Spectroscopic Telescope Array (NuSTAR), the first focusing hard X-ray telescope working in the 3-79 keV band, was successfully launched on 2012 June 13. With
>

unprecedented sensitivity and angular resolution in the hard X-ray energy band (∼ 10 keV),
it opened up a new window on the high-energy universe. One of its key science targets is
the Galactic Center supermassive black hole Sagittarius A? (Sgr A? ).
Sgr A? is a remarkably underluminous black hole with a bolometric luminosity about nine
orders of magnitude lower than its Eddington luminosity. It is the closest such object and is
thus an ideal target for investigation of galactic nuclei and their activity cycles (Morris et al.
1999). However, its current X-ray quiescent state is punctuated by flaring activity, while the
surrounding molecular clouds carry evidence of much more violent X-ray outbursts in the
past. This mysterious Sgr A? X-ray activity has only been well-studied in the limited X-ray
energy below ∼ 10 keV. The hard X-ray emission above 10 keV is crucial in unveiling the
nature of these X-ray outbursts from the Galactic Center supermassive black hole.
NuSTAR operates in the broad X-ray energy band of 3–79 KeV. It achieves unprecedented spatial, spectral and timing resolution beyond 10 keV allowing, for the first time,
investigation of Sgr A? X-ray activity in the hard X-ray band. Using the Sgr A? observations obtained by NuSTAR, I investigated the physics of the hard X-ray outburst history of
1

2
Sgr A? . In section 2, I present my study of current Sgr A? X-ray flares on the time scale of a
few hours with X-ray luminosities of LX ∼ 1034−36 erg s−1 , that are directly detectable with
currently operating X-ray observatories. In this section, I also discuss future Sgr A? flaring
activity, which could be affected by accretion of objects such as a gas cloud. In section 3, I
present my investigation of Sgr A? giant X-ray outbursts on the time scale of a few years,
that took place a few hundred years ago, with X-ray luminosities of LX ∼ 1038−39 erg s−1 .
The glorious past of Sgr A? is encoded in the X-ray emission of the Galactic Center giant
molecular clouds in the Central Molecular Zone (Morris & Serabyn 1996). As there is evidence that Sgr A? was more active in the past, it is likely that Sgr A? also used to be more
effective in accelerating cosmic-ray particles. Therefore, in Section 4 I discuss the Galactic Center cosmic-ray population revealed by filamentary structures unique in the Galactic
Center, and study Sgr A? as a possible cosmic-ray accelerator.
In the following, I introduce details of the instrument performance of the NuSTAR observatory in Section 1.1, the Galactic Center environment and Sgr A? hard X-ray outburst
activity in Section 1.2, and the NuSTAR Galactic Center survey campaign, from which the
data presented in this work come, in Section 1.3.

1.1

Instruments Onboard NuSTAR X-ray Observatory

Nothing is more exciting in astrophysics than opening up a new observational window on
the universe. Breakthroughs in hard X-ray focusing technologies in the last decade enable
development of X-ray observatories orders of magnitude more sensitive than collimators and
coded mask telescopes previously used to observe the cosmos in this energy band (Hailey
et al. 2010). Large concentration factors achieved by focusing instruments result in significant
improvements in the signal-to-background ratio over coded mask instruments. NuSTAR is
a mission under the Explorer Program as described in the 2010 science plan for the NASA
Science Mission Directorate (SMD). It launched on 2012 June 13 from the Reagan test site

3
on the Kwajalein Atoll in a compact configuration on a Pegasus XL vehicle. This launch
site was chosen to achieve a low-inclination orbit for the telescope, so that passages through
the South Atlantic Anomaly (SAA), a region with a high concentration of trapped particles,
are minimized.
NuSTAR carries the first focusing hard X-ray optics into outer space (Hailey et al. 2010).
It takes sub-arcminute images of the sky in the 3–79 keV bandwidth, extending the sensitivity
of focusing far beyond the ∼ 10 keV high-energy cutoff achieved by all previous X-ray
satellites, and with an unprecedented 100 times better sensitivity than previous missions
(Harrison et al. 2013). Each of the two identical co-aligned X-ray telescopes consists of
depth-graded multilayer-coated Wolter-I conical approximation X-ray optics that focus Xrays onto the focal plane of pixelated Cadmium Zinc Telluride detectors. The focal length
of 10.14 m is achieved by means of a deployable mast. A diagram of the observatory in
the deployed and stowed configurations in shown in Figure 1.1. The angular resolution of
NuSTAR is 1800 full width half maximum (FWHM), with a 5800 half power diameter (HPD)
(Harrison et al. 2013). Its energy resolution in the hard X-ray range has FWHM response
of 400 eV at 10 keV and 0.9 keV at 60 keV.
NuSTAR has a number of important scientific goals which are part of the two-year
primary science mission. These include an extragalactic survey probing blazars, taking a
census of obscured active galactic nucleus (AGN) activity out to the peak epoch of galaxy
<

formation in the universe (at z ∼ 2); spatially resolving

44

Ti emission in young supernova

remnants; observing line and continuum emission from core-collapse supernovae in the Local
Group, and from nearby Type Ia events to constrain explosion models; and conducting a deep
survey of several regions in the Galactic Center, including one centered on the supermassive
black hole at the Galactic Center Sgr A? .

4

Figure 1.1: Diagram of the NuSTAR observatory in the deployed (top) and stowed (bottom)
configurations, from Harrison et al. (2013).

1.2

The Galactic Center Environment and Sgr A?
Activity

The Galactic Center is the closest galactic nucleus allowing for direct imaging, and thus is
the best laboratory to explore the physical processes that might also take place in other
galactic nuclei. The Galactic Center can be directly observed in the long-wavelength bands
from infrared to radio, and the short wavelength bands from X-rays to very-high-energy

5
(VHE) γ-rays. In the optical window, the Galactic Center is obscured by thick dust (Becklin
& Neugebauer 1968; Becklin et al. 1978). Sgr A? is a bright radio source located at the
dynamical center of the Galaxy. Precise measurements of the stellar orbits within 0.500 (∼
0.02 pc) of Sgr A? revealed the presence of a compact object with a mass of M ∼ 4 × 106 M ,
suggesting the presence of a supermassive black hole (Genzel et al. 1996; Ghez et al. 2008).
At radio wavelengths, the Galactic Center also exhibits numerous mysterious arcs, threads
and large-scale filamentary structures which might trace the Galactic Center magnetic field
as shown in Figure 1.3 (Yusef-Zadeh et al. 1984; Morris & Serabyn 1996). Radio-bright
energized gas clouds are distributed along the Galactic plane. The infrared observations
of the Galactic Center uncovered the existence of the densest and most massive molecular
clouds in the Galaxy, forming a ring-like structure within a few hundred pcs from Sgr A?
(Morris & Serabyn 1996).
At the high energy end of the electromagnetic spectrum, recent Fermi observations revealed a significant GeV excess in the Galactic Center, spherically symmetric about the
Galactic Center between ∼ 0.06◦ and ∼ 10◦ with a spectrum peaking at 1–3 GeV and wellfit by a power-law with a photon index of Γ ∼ 2.4 (e.g. Hooper & Goodenough 2011; Hooper
& Linden 2011; Gordon & Macı́as 2013; Daylan et al. 2016). Two scenarios have be proposed
to explain this Galactic Center GeV excess. The astrophysical explanation is a millisecond
pulsar origin, while the competing exotic scenario is dark matter annihilation. Another significant discovery in the GeV band is giant γ-ray bubbles (or Fermi bubbles), which suggests
that Sgr A? could have reached its Eddington luminosity a few million years ago (Su et al.
2010). Figure 1.2 is a cartoon showing Sgr A? , the Galactic plane, Fermi bubbles, and the
Central Molecular Zone.
In the very-high-energy γ-ray band, a TeV source positionally coincident with the compact radio object Sgr A? is surrounded by a diffuse component of radiation associated with
the the Central Molecular Zone (Aharonian & Neronov 2005; Aharonian et al. 2006). The

6

Figure 1.2: 4 × 4 degree region around the Galactic Center constructed from 1-m wavelength
radio data obtained by VLA.
The extremely bright radio object is Sgr A? . Along the galactic plane are gas clouds, arcs,
threads, and filaments. Their uncertain origins challenge present theories of the dynamics
of the galactic center. Credit: N. E. Kassim, D. S. Briggs, T. J. W. Lazio, T. N. LaRosa, J.
Imamura (NRL/RSD).
most recent deep H.E.S.S. γ-ray observations of the Galactic Center, with arcminute angular
resolution, demonstrate evidence for the presence of petaelectronvolt (PeV) protons within
the central 10 pcs of the Galaxy (HESS Collaboration 2016). HESS Collaboration (2016)
claimed that the supermassive black hole Sgr A? is linked to this PeVatron, considering
Sgr A? went through active phases in the past.

7
In the X-ray energy band on which my study focuses, frequent monitoring of the Galactic
center by Chandra, XMM-Newton, Swift, RXTE and INTEGRAL has revealed thousands of
stable or transient point sources (Muno et al. 2004, 2009; Degenaar et al. 2012). The majority
of the detected X-ray sources are believed to be cataclysmic variables (CVs) (Muno et al.
2009; Hailey et al. 2016; Hong et al. 2016). CVs containing magnetic white dwarfs (mCVs)
make up ∼ 20% of all CVs. mCVs are further classified as polars and intermediate polars
(IPs) depending on whether the rotational period of the white dwarf is synchronized to its
orbital period. Polars have similar spectra and luminosities as non-magnetized CVs, while
IPs have higher luminosities and harder spectra than those of polars and non-magnetic CVs.
The temperatures of non-magnetic CVs and polars are usually 1-3 keV, whereas IPs should
have temperatures higher than 15 keV or so. What is more interesting is the nature of those
>

X-ray sources other than CVs. A few of the brightest point sources with LX ∼ 1034 erg s−1
have been identified as systems harboring neutron stars or black holes (e.g., Degenaar et al.
2012). The highest X-ray luminosity point X-ray source observed in the past decades is
LX ∼ 1037 erg s−1 .
Besides numerous point sources, there are also several components of diffuse X-ray emission in the Galactic Center region. A soft, truly-diffuse emission best fit with a thermal
plasma with a temperature of kT ∼ 1 keV extends beyond the disc yet is bound to the
Galaxy (e.g., Muno et al. 2004); this is mainly attributed to supernova heating of the interstellar medium and stellar winds from young massive stars in star forming regions (Kaneda
et al. 1997; Muno et al. 2004). Another thermal diffuse emission component can be be
well-fit with a plasma model with kT ∼ 7.5 keV, which comes from resolved and unresolved
accreting magnetic white dwarfs (Muno et al. 2004; Krivonos et al. 2007; Heard, & Warwick
2013). A distinct hard X-ray diffuse emission component present in the central 4 × 8 pcs has
recently been revealed by subarcminute-resolution images in the 3–40 keV band obtained by
NuSTAR (Perez et al. 2015). These could indicate a significantly more massive population
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of accreting white dwarfs (Hailey et al. 2016). Diffuse 6.4 keV Fe Kα line emission was found
to correlate with the giant molecular clouds and has been interpreted as X-ray reflection of
past energetic X-ray outbursts from the Galactic Center (Sunyaev et al. 1993; Koyama et al.
1996). At a smaller spatial scale, closer to Sgr A? , the supernovae remnant Sgr A East also
produces two diffuse emission components: a kT ∼ 1 keV plasma and a kT ∼ 3 − 4 keV
plasma (Maeda et al. 2002).
At the dynamical center of the Galaxy, the X-ray counterpart of Sgr A? is a faint Xray point source with a quiescent luminosity of LX = 2 × 1033 erg s−1 (Baganoff et al.
2003). Flaring activity of Sgr A? in X-rays was discovered by Chandra in 2001, during
which the Sgr A? luminosity increases by a factor up to a few hundred (Baganoff et al. 2001;
Nowak et al. 2012; Neilsen et al. 2013; Degenaar et al. 2013). Sgr A? flares have also been
detected in the near-infrared (NIR) band (e.g., Genzel et al. 2003; Eckart et al. 2006a). The
radiation mechanism and the physical processes involved in flare generation have been under
debate. While NIR flares can be attributed to the synchrotron emission mechanism since
NIR emission is polarized, current X-ray observations have not been able to unambiguously
discriminate among the three different radiation mechanisms proposed to account for the Xray flares: synchrotron radiation with a cooling break, synchrotron self-Compton emission,
inverse Compton emission, or some combinations of these. These radiation mechanisms are
invoked by two distinct classes of physical processes: magnetic reconnection with electron
acceleration process (Markoff et al. 2001; Liu et al. 2004; Yuan et al. 2004; Dodds-Eden
et al. 2010) and transient features in the accretion flow of Sgr A? (Tagger & Melia 2006;
Broderick & Loeb 2005; Yusef-Zadeh et al. 2006; Eckart et al. 2006b; Trap et al. 2011;
Zubovas et al. 2012). The key to pinning down the radiation mechanism and the physical
processes involved is simultaneous determination of the NIR and broadband X-ray spectra,
which is achievable via joint observation campaigns by NuSTAR, Chandra, XMM-Newton
and NIR observatories.
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Another type of bright X-ray feature in the Galactic Center region is the giant molecular
clouds in the Central Molecular Zone, extending to ∼ 300 pc from the Galactic Center. The
molecular clouds display both a significant 6.4 keV Fe Kα line and continuum emission up to
∼ 100 keV (Koyama et al. 1996; Revnivtsev et al. 2004; Ponti et al. 2010; Terrier et al. 2010;
Clavel et al. 2013; Zhang et al. 2015). The most popular explanation for the bright X-ray
emission from the molecular clouds is X-ray reflection from the clouds due to illumination by
past giant Sgr A? X-ray outbursts a few hundred years ago. The Fermi bubble, the X-ray and
very-high-energy γ-ray bright Central Molecular Zone, and the current mild X-ray flaring of
Sgr A? suggest that the Sgr A? activity has dramatically decreased over time. The various
types of X-ray sources in the Galactic Center region detected below 10 keV are illustrated
in Figure 1.4.
The hard X-ray emission beyond 10 keV is believed to carry crucial information on the
current Sgr A? X-ray flares and giant X-ray outbursts a few hundred years ago. Therefore,
our knowledge of the Sgr A? X-ray outburst history benefits greatly from the NuSTAR
Galactic Center survey campaign, which is introduced in the following section.

1.3

NuSTAR Galactic Center Survey Campaign

In the hard X-ray band (> 10 keV), INTEGRAL/IBIS claimed a detection of a persistent
hard X-ray source IGR J17456−2901 located between 1E 1743.1−2843 and Sgr A? , particularly bright in the 20–40 keV range as shown in Figure 1.5 (Bélanger et al. 2006). The
centroid of this Galactic Center emission above 40 keV, however, seems to shift several
arcminutes to the west, towards Sgr A? . This variation in the centroid of the emission combined with the 120 spatial resolution of the INTEGRAL/IBIS coded aperture mask has led
to speculation that the emission results not from a single object, but from a collection of the
many surrounding diffuse and point-like X-ray sources (Krivonos et al. 2007). However, the
existence of a new high-energy X-ray source could not be ruled out without high-resolution
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Figure 1.3: A cartoon showing Sgr A? , the Galactic plane, Fermi bubbles, and Galactic
Center molecular clouds (not to scale).
images of the region in the hard X-ray energy band.
To unveil the origin of the hard X-ray emission from the Galactic Center, NuSTAR
initiated a large Galactic Center survey soon after its launch in June 2012. The main goal of
this survey program is to study the nature of the thousands of point X-ray sources and hard
X-ray diffuse emission in the Galactic center . A number of single-pointing observations, some
coordinated with other telescopes, were performed to study Sgr A? X-ray flares (Barrière
et al. 2014; Zhang et al. 2016), Galactic Center hard X-ray diffuse emission (Perez et al. 2015),
non-thermal X-ray filaments (Zhang et al. 2014; Nynka et al. 2015; Mori et al. 2015), giant
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Figure 1.4: The crowded Galactic center in X-rays as observed by Chandra.
This image combines 1–3 keV X-rays (colored red), 3–5 keV (green) and 5–10 keV X-rays
(blue), showing Sgr A? , diffuse X-ray emission, illuminated giant molecular clouds, X-ray
filaments, diffuse X-ray emission, and thousands of X-ray point sources including black hole
systems, neutron star systems and CVs. Credit: NASA/CXC/UMass/D. Wang et al.
molecular clouds (Krivonos et al. 2014; Zhang et al. 2015; Mori et al. 2015) and bursting X-ray
transients including discovery of the first transient magnetar SGR 1745−29 (Mori et al. 2013;
Kaspi et al. 2014). Originally motivated to study the mysterious INTEGRAL/IBIS source
IGR J17456−2901, six observations, with ∼ 25 ks exposure time each, were performed to
cover the 40 ×30 area between Sgr A? and the low mass X-ray binary (LMXB) 1E1743.1−2843.
Another survey covering larger regions at ≥ 100 from Sgr A? was conducted primarily with
the aim of revealing the nature of the X-ray point sources in the surrounding ∼ 50 pcs (Hong
et al. 2016), and thus is not included in this work.
Here, I investigate three types of X-ray sources using all the available NuSTAR Galactic
Center survey data: the Galactic Center supermassive black hole Sgr A? , the giant molecular clouds, and the X-ray filamentary structures. All three of these X-ray phenomena have
a connection with the Sgr A? X-ray activity history. This work enhances our understanding of the physical processes taking place in the immediate vicinity of the Galactic Center
supermassive black hole and sheds light on activity cycles of Galactic nuclei as well.
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Figure 1.5: INTEGRAL/IBIS significance mosaic of the Galactic Center in 20–40 keV.
The grid lines indicate Galactic coordinates with a spacing of 0.5◦ , from Bélanger et al.
(2006).

Chapter 2
Sgr A? Hard X-ray Flares
2.1

Introduction

The super massive black hole Saggitarius A? (Sgr A? ) located at the nucleus of the Milky
<

Way Galaxy is remarkably underluminous. The bolometric luminosity of Sgr A? is L ∼
1037 erg s−1 , which is several orders of magnitude lower than its Eddington luminosity as a
4 × 106 M mass black hole (Narayan et al. 1998; Baganoff et al. 2003; Ghez et al. 2008).
As the closet supermassive hole ∼ 8 kpc from earth (Reid & Brunthaler 2004), Sgr A? is an
ideal lab to study accretion processes of quiescent systems. The quiescent state of Sgr A?
is punctuated by flares in near-infrared (NIR) (Genzel et al. 2003; Eckart et al. 2006a) and
X-rays lasting up to a few hours (Baganoff et al. 2001; Porquet et al. 2003; Dodds-Eden et al.
2009; Trap et al. 2011; Neilsen et al. 2013, 2015; Degenaar et al. 2013; Ponti et al. 2015).
While, the X-ray flares are observed roughly once per day, the NIR flares are more frequent.
During the X-ray flares, Sgr A? luminosity increases by a factor up to a few hundred over
the quiescent luminosity. Fast variability with a shortest reported timescale of 47s in NIR
(Dodds-Eden et al. 2009) and a few hundred seconds in X-rays (Porquet et al. 2003; Nowak
et al. 2012; Barrière et al. 2014) suggest a compact emission region within ∼ 10 RS from
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the black hole. After a decade of intense Sgr A? monitoring, there still remain many puzzles
regarding the origin of the flaring activity.
A non-thermal process is supported by the fast timescale of the flares, flattening of the
X-ray spectra and simultaneous NIR variability (Falcke & Markoff 2013). A diverse set of
models have been proposed for the origin of the flares. One class of model is the electron
acceleration process, such as jet acceleration (Markoff et al. 2001), turbulent shocks (Liu
et al. 2004) and magnetic reconnection (Yuan et al. 2004; Dodds-Eden et al. 2010). Another
class of model is related to transient events in the Sgr A? accretion flow, represented by
accretion instability (Tagger & Melia 2006), an orbiting hot spot (Broderick & Loeb 2005),
expanding plasma blobs (Yusef-Zadeh et al. 2006; Eckart et al. 2006a; Trap et al. 2011) and
tidal disruption of asteroids (Zubovas et al. 2012). All of the proposed flare models have to
be consistent with the polarization detection in the NIR, which points to synchrotron NIR
flares (e.g., Eckart et al. 2006b). However, so far the X-ray observations have not been able
to distinguish between different flare radiation mechanisms. These flare models invoke two
types of radiation models for the X-ray flares: 1) synchrotron emission (with a cooling break,
or SB model) where the NIR to the X-ray emission are generated from one population of
electrons with a spectral break in the UV; 2) inverse Compton (IC) emission where the NIR
emitting electrons up-scatter the NIR synchrotron emission itself (synchrotron self-Compton,
SSC) or the sub-mm photons in the environment (external Compton, EC).
Dozens of Sgr A? X-ray flares have been observed so far, mainly by Chandra, XMMNewton and Swift. The spectral properties of the X-ray flares carry vital information in
our attempt to understand the radiation mechanisms and the physical processes behind
the flares. Recent studies invoked debate on whether the flare spectral shapes depend on
the luminosities (Porquet et al. 2003; Nowak et al. 2012; Degenaar et al. 2013). During the
Chandra Sgr A? X-ray Visionary Project (XVP), thirty-nine X-ray flares were detected in the
2–8 keV band (Neilsen et al. 2013). Data in this relatively narrow bandwidth did not provide
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evidence for X-ray color differences between faint and bright flares. Using the 3–79 keV data
obtained by NuSTAR in 2012, Barrière et al. (2014) for the first time reported different
spectral indices between two flares: a harder spectrum for the brighter one, detected at the
95% confidence level. The flare spectrum beyond 10 keV could potentially help distinguish
between radiation models (SB vs. SSC). However, due to limited statistics, the different
emission mechanisms could not be unambiguously discriminated, although the SB model is
preferred with more realistic ranges of model parameters.
In this chapter I present my Sgr A? flare study results obtained from the 2012-2015
NuSTAR Galactic Center observation campaign. I searched for X-ray flares from a total of
∼ 1 Ms of NuSTAR observations. My analysis focuses on the spectral properties of the ten
detected X-ray flares. Using this large, unique hard X-ray flare database, I investigated the
flares spectral dependence on their luminosities. In section 2.2, I introduce the NuSTAR
Galactic Center observation campaign from which I obtained the data used in this work.
In Section 2.3, I present the data reduction. Then I demonstrate the flare search result in
section 2.4, followed by the spectral properties for each detected flare in section 2.5. Finally,
in section 2.6 I discuss our results with a focus on the correlation between flare spectra and
luminosities.

2.2

NuSTAR Sgr A? Observation Campaign

The first Sgr A? observation was initiated in 2012 July as a coordinated observation campaign
with Chandra and Keck. Three NuSTAR Galactic Center observations resulted in 375 ks
total exposure time, during which four bright flares with X-ray luminosities in the range of
L3−79

keV

= (0.73–3.97)×1035 erg s−1 were detected by NuSTAR up to 79 keV (Barrière et al.

2014). The bright flare detected in October 2012 was simultaneously detected by Chandra,
while no X-ray flare was covered in the Keck observation window The Sgr A? region was
also covered by four out of six pointings (∼ 25 ks exposure each) of the NuSTAR Galactic
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Center mini-survey conducted in October 2012 (Mori et al. 2015).
In 2013, major X-ray observatories, including Chandra, XMM-Newton and Swift, conducted long Sgr A? observing campaigns in order to investigate potential variation in Sgr A?
X-ray activity caused by pericenter passage of the very red Brγ object called G2 (Gillessen
et al. 2012; Witzel et al. 2014). A recent study of all the 150 XMM-Newton and Chandra
Galactic Center observations over the last 15 years suggested that both the luminosity and
the rate of bright Sgr A? flares could have increased around the G2 pericenter passage between 2013 and 2014 (Ponti et al. 2015). It is still uncertain whether this variation is due to
clustering of bright flares observed during more frequent monitoring or increased accretion
activity induced by G2. Increased X-ray activity from the Galactic Center discovered by Swift
on 2013 April 24 UT triggered a NuSTAR Target of Opportunity (ToO) observation. Instead
of a G2 related event, the first transient magnetar in the Galactic Center (SGR J1745−29)
was discovered (Kennea et al. 2013; Mori et al. 2013). Later in 2013, the Galactic Center
X-ray activity was increased further when two X-ray transients, CXOGC J174540.0−290005
and AXJ 1745.6−2901, went into into burst at different times (see ATELs 5095, 5074, 5226,
1513). NuSTAR allocated a total of ∼ 380 ks to monitor these Galactic Center transient
phenomena in 2013. These observations were dominated by the bright X-ray transients, thus
making it impossible to characterize even the brightest Sgr A? flares.
Another 100 ks NuSTAR observation was allocated to a multi-wavelength Sgr A? observation campaign coordinated with Chandra and Spitzer in summer 2014. A third joint
Sgr A? observation campaign (PI: G. Ponti), aimed at monitoring the interaction between
the G2 object and Sgr A? , started in fall 2014 extending to spring 2015 with a total NuSTAR
exposure time of ∼ 300 ks. A summary of all the 27 NuSTAR observations with Sgr A? in
the field of view (FoV) are listed in Table 2.1.

NuSTAR Obs
Target
Sgr A?
Sgr A?
Sgr A?
Mini-survey
Mini-survey
Mini-survey
Mini-survey
SGR J1745−29
SGR J1745−29
SGR J1745−29
SGR J1745−29
SGR J1745−29
SGR J1745−29
SGR J1745−29
SGR J1745−29
SGR J1745−29
SGR J1745−29
SGR J1745−29
SGR J1745−29
Sgr A? w/T2
Sgr A? w/T2
Sgr A? w/T2

Sgr A? w/T2
Sgr
Sgr
Sgr
Sgr

A?
A?
A?
A?

w/T2
w/T2
w/T2
w/T2

w/T1*
w/T1

w/T2**
w/T2
w/T2
w/T2

obsID
30001002001
30001002003
30001002004
40010001002
40010002001
40010003001
40010004001
30001002006
80002013002
80002013004
80002013006
80002013008
80002013010
80002013012
80002013014/6
80002013018
80002013020
80002013022
80002013024
30001002008
30001002010
30002002002

Start(UTC)
2012-07-20 02:11:07
2012-08-04 07:56:07
2012-10-16 18.31:07
2012-10-13 06:41:07
2012-10-13 19:21:07
2012-10-14 09:56:07
2012-10-15 00:31:07
2013-04-26T
2013-04-27T
2013-05-04T
2013-05-11T
2013-05-18T
2013-05-27T
2013-06-14T
2013-06-07T
2013-07-31T
2013-08-08T
2013-08-09T
2013-08-13T
2014-06-18 02:21:07
2014-07-04 10:36:07
2014-08-30 19:45:07

30002002004

2014-09-27 17:31:07

30002002006
30002002008
30002002010
30002002012

2015-02-25
2015-03-31
2015-04-01
2015-04-02

23:41:07
04:41:07
06:31:07
08:21:07

Joint Obs
Exp
Instrument
154.22 ks
Chandra
77.14 ks
Chandra
49.56 ks
Chandra
23.91 ks
–
24.22 ks
–
23.98 ks
–
23.99 ks
–
37.2 ks
–
49.8 ks
–
38.6 ks
–
32.7 ks
–
39.0 ks
–
37.4 ks
–
26.7 ks
–
29.5ks
–
22.3 ks
–
12.0 ks
–
11.2 ks
–
11.7 ks
–
33.17 ks
–
61.34 ks
Chandra
59.79 ks XMM-Newton
XMM-Newton
Chandra
67.24 ks XMM-Newton
XMM-Newton
29.20 ks XMM-Newton
25.72 ks
–
14.38 ks
–
13.05 ks
–

obsID
13842
13852
13851
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
16597
0743630201
0743630301
16217
0743630401
0743630501
–
–
–
–

Start(UTC)
Exp
2012-07-21 11:52:48 191.74 ks
2012-08-04 02:36:57 156.55 ks
2012-10-16 18:48:57 107.05 ks
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
2014-07-05 02:14:47 16.5 ks
2014-08-30 19:20:01 33.9 ks
2014-08-31 20:23:30 26.9 ks
2014-08-30 04:49:05 34.53 ks
2014-09-27 17:30:23 33.5 ks
2014-09-28 21:01:46 39.2 ks
–
–
–
–
–
–
–
–

Table 2.1: NuSTAR Galactic Center Observations During 2012 to 2015 and Simultaneous Observations
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T1 is CXOGC J174540.0−290005, an X-ray transient detected during the observation of the Galactic center magnetar SGR
J1745−29. **T2 is AXJ 1745.6−2901, another X-ray transient going tinto outburst during the magnetar monitoring, and
remaining in the outburst state for the following Sgr A? flare observations in 2014 and 2015.
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2.3
2.3.1

Data Reduction
NuSTAR

I analyzed all the existing NuSTAR Galactic Center observations with Sgr A? in the FoV,
resulting in 27 observations with total exposure of ∼ 1 Ms. I reduced the data using the
NuSTAR Data Analysis Software NuSTARDAS v.1.3.1. and HEASOFT v. 6.13, filtered
for periods of high instrumental background due to SAA passages and known bad detector
pixels. Photon arrival times were corrected for on-board clock drift and precessed to the
Solar System barycenter using the JPL-DE200 ephemeris. For each observation, I registered
the images with the brightest point sources available in individual observations, improving
the astrometry to ∼ 400 . I used a source extraction region with 3000 radius centered on the
radio position of Sgr A? at R.A.=266.41684, Decl.=-29.00781 (J2000) (Reid & Brunthaler
2004). Then I extracted 3 − 30 keV light curves in 300 s bins with deadtime, PSF, and
vignetting effects corrected. For all the 27 observations I examined the data obtained by
both focal plane modules FPMA and FPMB, and made use of those not heavily contaminated
by ghost-rays from faraway irrelevant bright X-ray sources.
To derive the NuSTAR flare spectra, I used the same source region as used for light curves
to extract the source and background spectra. The source spectrum was extracted from the
flaring intervals determined by the flare search method, while the background spectra are
extracted from the off-flare intervals. Spectra of FPMA and FPMB are combined and then
grouped with a minimum of 3σ signal-to-noise significance per data bin, except the last bin
at the high-energy end for which we require a minimum of 2σ significance.

2.3.2

Chandra

Chandra observed Sgr A? 38 times at high spectral resolution with the HETGS during the
2012 XVP campaign (Neilsen et al. 2013). Three of these observations were coordinated with
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the NuSTAR pointings; the details of the overlapping observations are listed in Table 2.1.
For the current analysis, I used the same Chandra data extraction procedure as Neilsen et al.
(2013). Briefly, this involves processing with standard tools from the ciao software package
(v. 4.5), identifying photons dispersed by the transmission gratings using the diffraction
equation, and extracting events from a small region (a 2.5 pixel radius circle for the zeroth
order photons and 5 pixel wide rectangular strips for the first-order dispersed photons) to
limit the background. Finally, the 2–8 keV light curves are extracted in 300 s bins.
For the spectral analysis, I used the same extraction region as for the light curves to
create zeroth order and first-order grating spectra and responses. I extracted spectra for
the on-flare and off-flare time intervals separately, using the off-flare periods as background
spectra to be subtracted. To account for pileup in the zeroth order spectrum, I used the
pileup kernel developed by Davis (2001), although the pileup parameter is poorly constrained
by the data.

2.4
2.4.1

Flare Search and Detection Results
Flare Search Methods

For the NuSTAR observations, I applied Bayesian block analysis to the combined FPMA
and FPMB light curves as descried in Barrière et al. (2014). The Bayesian block analysis
addresses the problem of detecting and characterizing local variance in the light curves, e.g.
transient phenomena (Scargle et al. 2013). This Bayesian statistics based method represents the signal structure in terms of a segmentation of the time interval into blocks (or
subintervals) separated by change points. The statistical properties of the signal change discontinuously at the change points but are constant within one block between change points.
In the case of detecting flaring activities, the range of time is divided into blocks, where the
count rate is modeled as constant within errors. The Bayesian block analysis achieves the
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following features: 1) imposing as few preconditions as possible; 2) avoiding assumptions
about smoothness or the signal shape; 3) able to handle arbitrary sampling and large dynamic ranges in amplitude, time scale and signal-to-noise; 4) largely automatic; 5) applicable
to multivariate problems; 6) able to incorporate variation of the exposure or instrumental
efficiency during the measurement, as well auxiliary, extrinsic information; 7) able to operate
both retrospectively and in a real-time fashion; 6) able to suppress observational errors while
preserving valid information in the data. Therefore, the Bayesian block analysis is by far
one of the most popular methods for detecting and characterizing the Sgr A? X-ray flares.
I used the Bayesian block analysis algorithm as described by Scargle et al. (2013). The
dynamic programming algorithm employs a Monte Carlo derived parametrization of the
prior on the number of blocks and finds the optimal location of the change points. The
number of change points is affected by two input parameters: the false positive rate f pr,
which quantifies the relative frequency with which the algorithm falsely reports detection
of change point with no signal present, and the prior estimate of the number of change
points, ncp−prior . For the NuSTAR data, I used f pr = 0.01 and a geometric prior: ncp−prior =
4 − log(f pr/0.0136 N 0.478 )), where N is the total number of events (Scargle et al. 2013;
Barrière et al. 2014).
The same Bayesian block analysis algorithm was modified to read XMM-Newton events
files and then applied to all the XMM-Newton observations as well, as described in Ponti
et al. (2015). For the Chandra observations, direct fits were adopted for the Chandra X-ray
light curves to detect and characterize X-ray flares, as described in detail in Neilsen et al.
(2013). The properties of the detected flares are not sensitive to the detection algorithm.
The flares are modeled with one or more Gaussian components superimposed on a constant
background, which was steady throughout 2012 before various transient activities began in
early 2013.
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2.4.2

Flare Detection Results

2012 Joint Sgr A? Observation Campaign and Mini-survey: Six Flares Detected
For the three 2012 NuSTAR Sgr A? observations (obsID 30001002001, 30001002003, 30001002
004), the Bayesian block analysis led to detection of four bright X-ray flares from Sgr A?
(for details see Barrière et al. 2014). Three out of the four bright flares were detected in
a row within ∼ 20 hrs from 2012 July 20 to July 21, noted as J20, J21-1 and J21-2, with
durations of 920s, 1238s and 3099s respectively. Flare J21-1 demonstrated rapid and significant variability on a time scale of ≤ 100 s. The baseline count rate of the Sgr A? region
in 3–79 keV is 0.59 ± 0.01 cts s−1 . The baseline emission is dominated by faint X-ray point
sources and diffuse emission around Sgr A? , while the instrument background merely contributes to < 5 × 10−3 cts s−1 . During the flares, the count rate in the same source region
reaches 0.73 ± 0.03 cts s−1 for flare J20, 0.80 ± 0.03 cts s−1 for J21-1, and 1.05 ± 0.02 cts s−1
for J21-2. As my NuSTAR X-ray flare database gets larger, from now on I name the flares
based on the flare detection order instead of detection date. Thus, J20, J21-1 and J21-2 will
be noted as Nu1, Nu2 and Nu3 hereafter.
These three NuSTAR observations were partly coordinated with Chandra. In the coordinated Chandra observations (0bsID 13842, 13852, 13851), the direct fit algorithm detects
7 flares (Table 1, Neilsen et al. 2013). I then compared the Chandra flare detection results
and the NuSTAR good time intervals (GTIs), and found three out of the seven Chandra
flares were partially captured by NuSTAR. For one of the three flares, only ∼ 100 s are
covered by the NuSTAR good time intervals (GTIs), resulting in poor statistics, and thus
it is not included in the following analysis. A faint flare was detected by Chandra on 2012
August 5 with ∼ 3σ significance. The NuSTAR GTIs partly covered this flare (hereafter
flare Nu4), resulting in a marginal detection (∼ 2.5σ). While the Sgr A? region baseline
emission remains the same as that in July, the NuSTAR 3–79 keV count rate of flare Nu4 is
0.64 ± 0.02 cts s−1 . Due to the low detection significance, flare Nu4 is hardly detected when
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applying Bayesian block analysis to NuSTAR observations alone.
In the 2012 October NuSTAR mini-survey, four of the six observations have the Sgr A?
region included in the FoV (obsID 40010001002, 40010002001, 40010003001, 40010004001).
I performed the Bayesian block analysis on these four observations, following the procedures
described in Barrière et al. (2014). An increase of Sgr A? X-ray activity is detected at ∼ 3.3σ
significance level on 2012 October 15 (hereafter flare Nu5). During 2012 October, the Sgr A?
baseline emission count rate is is 0.57 ± 0.01 cts s−1 , consistent with that of 2012 July,
while the count rate during flare Nu5 is 0.80 ± 0.07. As there are no joint Galactic Center
observations during the Mini-survey, thus there is no verification of detection for flare Nu5
from other observatories.
Another simultaneously detected Sgr A? flare by Chandra and NuSTAR is the bright one
detected on on 2012 October 17, hereafter flare Nu6. This bright flare results in a significant
detection level of ≥ 10σ for both X-ray observatories. Compared with the full profile of flare
Nu6 obtained by Chandra, NuSTAR captured the peak ∼ 1249 s of the flare. The NuSTAR
flare peak count rate reaches 1.20 ± 0.02 cts s−1 , while the baseline emission maintained the
same level as earlier NuSTAR observations in 2012.
2013 NuSTAR Galactic Center Transient Observations: No Flare Detected
When the magnetar SGR J1745-29 (merely 2.400 away from Sgr A? ) went into outburst in
2013 April with a peak flux of F1−10

keV

∼ 2 × 10−11 erg cm−2 s−1 , the Sgr A? source region

was dominated by its bright X-ray emission (Ponti et al. 2015). The severe contamination
from the magnetar prevents a clear detection and clarification of even the brightest X-ray
flares for observations 30001002006 to 80002013024 (see Table 2.1). During the magnetar
monitoring campaign, flare detection further suffered from two nearby X-ray transients going
into outburst in 2013 May and July respectively. The baseline emission from the Sgr A? area
is therefore highly variable due to contamination from the three bright X-ray transients. A
routine flare search via Bayesian block analysis on the ∼ 380 ks Galactic Center observations
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conducted in 2013 found no Sgr A? flaring activity.
2014 Joint Observation Campaign: No X-ray Flare Detected
During the 100 ks Sgr A? observations coordinated with Chandra and Spitzer (obsID 30001002
008, 30001002010 for NuSTAR; obsID 16597 for Chandra) the X-ray flux of the magnetar
SGR J1745-29 dropped to F1−10

keV

∼ 2 × 10−12 erg cm−2 s−1 , allowing adequate characteri-

zation of Sgr A? X-ray flares. In the 16.5 ks Chandra observation (obsID 16597), I found no
Sgr A? flaring activity via a direct light curve fit. Since the X-ray transient AXJ 1745.6−2901
was still in outburst, for the NuSTAR observation it elevates the Sgr A? region 3–79 keV
count rate to 0.84 ± 0.02 cts s−1 , which is ∼ 50% higher than that in 2012. The increased
baseline emission makes it very hard for NuSTAR to detect faint Sgr A? flares with luminosities less than 20 times the Sgr A? quiescent luminosity. Via the Bayesian block analysis,
I found no flaring activity from Sgr A? in the 100 ks NuSTAR observation, which suggested
that no bright Sgr A? flares with LX ≥ 20LXq took place during this time range. Around
2014 June 18 T 09:24, Sgr A? flaring activities were detected by Spitzer /SMA. But we found
no X-ray counterpart for this flare. The Spitzer /SMA flare characteristics will be discussed
elsewhere.
2014-2015 Joint Observation Campaign: Four Flares Detected
I applied the Bayesian block analysis to both the NuSTAR and the XMM-Newton light
curves. Four X-ray flares were simultaneously detected by XMM-Newton and NuSTAR in
2014 fall (obsID 30002002002, 30002002004 for NuSTAR; obsID 0743630201, 0743630301,
0743630401, 0743630501 for XMM-Newton). Three out of the four flares were detected in a
row within ∼ 26 hrs on 2014 August 30, August 31 and September 1, hereafter flare Nu7,
Nu8 and Nu9. XMM-Newton was able to capture the full profile for all the three flares (see
Figure 2 in Ponti et al. 2015). However, due to interruption caused by earth occultation,
NuSTAR good time intervals (GTIs) only captured the rising half (∼ 1215 s) of flare Nu7
lasting for a total of ∼ 2727 s (Figure 2.1). Similarly, part of the rising stage (∼ 518 s) of
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flare Nu8, lasting for ∼ 1467 s, was captured by the NuSTAR GTIs. And for flare Nu9,
half the full flare with a total duration of ∼ 4354 s falls into the NuSTAR GTIs. This
is the second time that multiple flares are detected by NuSTAR roughly within one day.
The transient source AXJ 1745.6−2901 continued to stay in the outburst state, therefore
continuing to contaminate the Sgr A? region. During the 2014 fall NuSTAR observation, the
baseline emission from the Sgr A? region is 0.78 ± 0.02 cts s−1 , about 30% higher than that
in 2012. XMM-Newton detected a fainter X-ray flare on 2014 September 29. The NuSTAR
observation in the same time range results in 2σ detection (hereafter Nu10), which is not
detectable with NuSTAR data alone.
Table 2.2 lists the flare duration and detection significance for the ten flares detected by
NuSTAR, some of them jointly detected with Chandra/XMM-Newton. For all the jointly
detected X-ray flares, NuSTAR captured only part of the full flare duration, because of the
interruption by earth occultation.

2.5
2.5.1

Flare Spectral Properties
The brightest X-ray Flare Detected by NuSTAR

Flare Nu6 is the brightest X-ray flare detected by NuSTAR. It was simultaneously detected
by both NuSTAR and Chandra. While Chandra captured the full flare lasting ∼ 5900 s
(Nowak et al. 2012), NuSTAR only captured the peak ∼ 1249 s of the flare mainly due
to interruption by the earth occultation. As there is no spectral change in different time
sections of this flare as revealed by Chandra (Neilsen et al. 2013), I jointly fitted the ∼ 1249 s
NuSTAR flare peak and the full ∼ 5900 s Chandra flare.
Joint spectral fitting is done in the 0.5 − 9 keV band for Chandra and 3 − 79 keV
band for NuSTAR data using the Interactive Spectral Interpretation System version 1.6.2-19
(Houck & Denicola 2000), setting the atomic cross sections to Verner et al. (1996) and the
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Figure 2.1: NuSTAR 3 − 79 keV light curves of four bright X-ray flares with > 3σ detection.
NuSTAR 3 − 79 keV light curves showing four flares with > 3σ detection, including flare
Nu5 (upper left), Nu7 (upper right), Nu8 (lower left) and Nu9 (lower right). The NuSTAR
light curves are deadtime, PSF, and vignetting corrected and extracted from a 3000 radius
circle centered on Sgr A? in 100s bin. The light curves of four bright flares Nu1, Nu2, Nu3
and Nu6 are showed in Figure 1 and 2 in Barrière et al. (2014).
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NuSTAR

Joint Obs

Flare

Start (UT)

D (s)

S (σ)

Instrument

Start(UT)

D (s)

S (σ)

Nu1

2012-07-20 12:15:21

920

5

–

–

–

–

Nu2

2012-07-21 01:45:15

1238

7

–

–

–

–

Nu3

2012-07-21 06:01:12

3099

20

–

–

–

–

Nu4

2012-08-05 08:20:17

1319

2

Chandra

2012-08-05 07:41:54

3623

3

Nu5

2012-10-15 01:11:10

822

4

–

–

–

–

Nu6

2012-10-17 19:50:08

1249

20

Chandra

2012-10-17 19:35:09

5900

11

Nu7

2014-08-30 23:44:15

1215

14

XMM

2014-08-30 23:42:08

2727

10

Nu8

2014-08-31 04:23:41

1104

8

XMM

2014-08-31 04:31:35

1469

6

Nu9

2014-09-01 01:08:17

2175

5

XMM

2014-09-01 00:43:38

4359

15

Nu10

2014-09-29 06:06:55

6273

2

XMM

2014-09-29 06:06:55

7655

6

Table 2.2: NuSTAR Flares and simultaneous detection by Chandra/XMM-Newton
Start time, duration (D) in seconds and detection significance (S) are listed for each Sgr A? X-flare
detected by NuSTAR. For the flares jointly detected with other X-ray instruments, I also list the
start time, duration and significance derived from data obtained by other instruments. NuSTAR
usually only detect parts of the flares, due to interruption by earth occultation and SAA passage.

abundances to Wilms et al. (2000). The joint spectra is well-fit by a simple absorbed powerlaw, with dust scattering (Baganoff et al. 2003) taken into account for the Chandra spectra
(Tbabs*dustscat*powerlaw). I did not use the dust scattering model for the NuSTAR
spectra. With an extraction region as large as 5000 in radius, the photons scattering into
and out of the line of sight compensate for each other (Barrière et al. 2014). The best-fit
+0.3
23
−2
photon index is Γ = 2.06+0.19
−0.16 with the absorption column density NH = (1.4−0.2 )×10 cm ,

yielding a reduced χ2 of 0.94 for 57 degree-of-freedom (dof) (Table 2.3). Both the photon

χ
−2 0 2

Counts s−1 keV−1
10−3
0.01

27

1

10
Energy (keV)

Figure 2.2: Combined NuSTAR and Chandra spectra of the brightest flare detected by
NuSTAR.
NuSTAR FPMA and FPMB combined spectra (green) and Chandra zeroth-order and 1st
order spectra (black and red, respectively) for flare Nu6 peak jointly fitted to an absorbed
power-law model. The crosses show the data points with 1-σ error bars, and the solid lines
show the best fit model. The lower panel shows the deviation from the model in units of
standard deviation.
index and the column density are consistent with those derived from the NuSTAR spectrum
+0.70
23
cm−2 , Barrière et al. 2014), but the parameters
alone (Γ = 2.04+0.22
−0.20 , NH = 1.66−0.61 × 10

are now better constrained. The spectra with the best-fit absorbed power-law model for
the flare peak is shown in Figure 2.2. The 0.5–79 keV unabsorbed flare peak flux is FX =
(6.2±0.6)×10−11 erg cm−2 s−1 , corresponding to a luminosity of LX = (4.7±0.5)×1035 erg s−1
assuming the distance to the Galactic Center of 8.0 kpc (Reid & Brunthaler 2004). This is
by far the brightest X-ray flare detected by NuSTAR and one of the brightest flares detected
by Chandra.
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Parameters

Value

NH (1023 cm−2 )

1.4+0.3
−0.2

Γ
Flux (erg cm2 s−1 )
χ2ν (DoF)

2.06+0.19
−0.16
(6.2 ± 0.6) × 10−11
0.94 (57)

Table 2.3: Power-law model for the brightest NuSTAR flare.
NH is the column density, Γ is the photon index of the power-law. The unabsorbed flux is given
in the 0.5 − 79 keV band. The goodness of fit is evaluated by the reduced χ2 and the number of
degrees of freedom given in parentheses. The errors are at 90% confidence level.

2.5.2

Spectral Dependence of Seven NuSTAR X-ray Flares on
Their Luminosities

In order to investigate the flare spectral dependence on their luminosities, I analyzed the
spectra of all the X-ray flares detected by NuSTAR. To ensure a fair comparison between
the flares, I made use of data obtained by a single instrument, i.e. NuSTAR. For bright
flares with > 5σ detection significance, i.e. flares Nu1, Nu2, Nu3, Nu6, Nu7, Nu8 and Nu9,
I applied χ2 statistics. The first set of four flares (Nu1, Nu2, Nu3, Nu4) were detected in
2012 fall, when no X-ray transient in the Galactic Center was detected. When the second
set of three flares (Nu7, Nu8, Nu9) was detected in 2014 fall, AXJ 1745.6−2901 was still in
bursting state and increasing the Sgr A? region baseline emission by ∼ 30%.
I first checked the light curve and the spectrum of AXJ 1745.6−2901 during the flare
and the off-flare time ranges in observation 30002002002 where the second set of three bright
flares were detected. Throughout this observation, the source did not demonstrate significant
variation except during the eclipse of the source. The count rate in the 3000 region centered
on AXJ 1745.6−2901 was constant at 2.00 ± 0.01 cts s−1 , while during the eclipse the count
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rate dropped to 0.34 ± 0.02 cts s−1 . No eclipse coincided with any of the three flares. When
selecting the background spectra during the off-flare time range, I excluded the eclipses.
Next, I compared the spectra of AXJ 1745.6−2901 during and off flares. Both can be
22
well fit with a simple absorbed power-law model, yielding NH = 20.0+1.4
cm−2 and
−1/3 × 10

Γ = 1.77 ± 0.03. The absorbed 3-79 keV flux during and off the flares was constant at
F3−79

keV

∼ 9.5 × 10−11 erg sm−2 s−1 . Therefore, the contamination from AXJ 1745.6−2901

in the Sgr A? region did not vary significantly during and off the flares. Thus, it can be
treated as a constant contribution to the background spectrum.
Firstly I fit the two set of spectra separately, and found that the best-fit values of the
absorption column density for each set are consistent with each other. Therefore, here I
assumed that the absorption column density does not vary for different flares. I used a simple
absorbed power-law model to fit the spectra of the seven flares, using Verner et al. (1996)
atomic cross sections and Wilms et al. (2000) abundances for the interstellar absorption. I
performed a joint fit of the seven X-ray flares in 3–79 keV, with the value of NH tied among
23
the seven spectra. The resultant column density is NH = 1.7+0.5
cm−2 , consistent
−0.4 × 10

with the best-fit NH value I derived for the brightest flare using combined NuSTAR and
Chandra data. Table 2.4 lists the corresponding best-fit photon index, flux and luminosity
for all the flares from the brightest to the faintest. I also calculated the strength of each
flare, which is defined as the ratio of the unabsorbed 2–10 keV flare flux and the quiescent
state fluxF2−10

keV

−12
erg cm−2 s−1 (Nowak et al. 2012).
= 0.47+0.04
−0.03 × 10

Among the seven flares, the very bright flare Nu6 (Γ = 2.0 ± 0.2) has a harder and
distinctively different spectrum from the the moderate flare Nu2 (Γ = 2.8 ± 0.6) at 90%
confidence level, which is also discussed in Barrière et al. (2014). Although, the photon
indices for the other five flares overlap with the photon indices of both flare Nu2 and Nu6, at
95% confidence level, the flares show a weak trend that brighter flares tend to have harder
spectra (Figure 2.3). Flares with strengths less than 30 times the Sgr A? quiescent flux
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(Nu1, Nu2 and Nu9, black in Figure 2.3) have the best-fit photon indexes of Γ = (2.5–
2.8) ± (0.6 − 1.2); flares with strengths higher than 30 times while lower than 50 times the
Sgr A? quiescent flux (Nu3, Nu7 and Nu8, red in Figure 2.3) have best-fit photon indexes of
Γ = (2.2–2.3) ± (0.2–0.5); and the brightest flare O17 with strengths higher than 50 times
the Sgr A? quiescent flux has the hardest spectrum with a photon index of Γ = 2.0 ± 0.2. As
it seems to suggest that brighter flares have harder spectra, I performed a linear fitting to
the flare photon indices with respect to their strength. I found that a linear function with
a slope of a = −0.016 ± 0.009 fits to the data. Therefore, the trend of brighter flares with
harder spectra is not statistically significant (∼ 2σ). This result is consistent with previous
works (Nowak et al. 2012; Neilsen et al. 2013; Degenaar et al. 2013). Based on the current
hard X-ray flare database, we can draw the following conclusion. While the Sgr A? X-ray
flares can have a range of spectral indices, I found no obvious correlation between the flare
spectral shapes and their luminosities.
For the three faint flares with detection significance lower than 5σ, I tried an absorbed
power-law fitting using Cash statistics. While fitting NH to NH = 1.7 × 1023 cm−2 , the
spectral indices of the three flares cannot be well constrained, resulting in Γ = (2 − 3) ± 3.
All three flares possess luminosity less than 20 times the quiescent level.

2.6

Discussion of Flare Spectral Dependence on Luminosity

Using the ∼ 1 Ms NuSTAR Galactic Center observations from 2012 fall to 2015 spring, I
searched for flaring activities from the supermassive black hole via Bayesian block analysis
and also comparison with simultaneous X-ray observations by Chandra and XMM-Newton.
NuSTAR has so far captured a total of ten X-ray flares in the broad energy band of 3–
79 keV. This allows us to study the Sgr A? flares in a broad X-ray energy band without bias
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Figure 2.3: Flare spectral index vs. strength.
Spectral Index vs. strength for seven X-ray flares detected by NuSTAR since 2012 fall with
detection significance > 5σ. The flare strength is defined as the ratio of the flare 2-10 keV
12
−2 −1
unabsorbed flux and the quiescent state flux of Fq (2−10 keV) = 0.47+0.04
s .
−0.03 ×10 erg cm

The seven flares are grouped into three sets: moderate flares with flare strengths less than
30 times the Sgr A? quiescent flux, bright flares with strengths higher than 30 times while
lower than 50 times the Sgr A? quiescent flux, and very bright flares with strengths higher
than 50 times the Sgr A? quiescent flux. Moderate flares include Nu9, Nu1 and Nu2 (black);
bright flares include Nu2, Nu8 and Nu3 (red); very bright flares include Nu6 (green). Out
of the seven flares, flare Nu6 and Nu2 have distinctively different photon indices. A linear
fitting of the flare indexes over strengths gives a slope of a = −0.016 ± 0.009.
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Flare

Γ

Fabs 3 − 79 keV

L3−79

keV

10−11 erg cm−2 s−1 )

1035 erg s−1

Strength

Nu1 (J20)

2.7 ± 0.9

0.7+0.6
−0.3

0.7+0.4
−0.3

18+13
−8

Nu2 (J21-1)

2.8 ± 0.6

0.9 ± 0.3

0.9 ± 0.3

25+13
−8

Nu3 (J21-2)

2.2 ± 0.2

2.2 ± 0.4

2.1 ± 0.3

35+10
−7

Nu6 (O17)

2.0 ± 0.2

4.4 ± 0.7

4.0 ± 0.5

54+14
−11

Nu7 (VB3)

2.3 ± 0.2

2.4 ± 0.3

2.3 ± 0.3

43+11
−9

Nu8 (B3)

2.3 ± 0.5

1.8 ± 0.3

1.7 ± 0.3

34+10
−9

Nu9 (B4)

2.5+1.2
−0.8

0.8+0.5
−0.3

0.7+0.4
−0.2

15+11
−7

Nu5 (mini)

3±2

0.5 ± 0.3

0.6 ± 0.3

18+11
−9

Nu4 (A05)

2±2

0.4+0.3
−0.2

0.3+0.3
−0.2

4+4
−3

Nu10 (B5)

3±3

≤ 0.15

≤ 0.2

≤6

Table 2.4: Spectral properties of the ten Sgr A? X-ray flares detected by NuSTAR.
The second column gives the best-fit photon index Γ. The fluxes are determined using the cflux
23 cm−2 is determined by jointly
convolution model. The column density of NH = 1.4+0.3
−0.2 × 10

fitting the seven bright X-ray flares within NH tied together. For the three faint flares (in the lower
part of the table), the column density is fixed to NH = 1.4 × 1023 cm−2 . Absorbed flux (noted
as Fabs ) and corresponding luminosities assuming a distance of 8 kpc with isotropic emission are
reported. The strength is defined as the ratio of the 2–10 keV unabsorbed flare flux to the 2–10 keV
−12 erg cm−2 s−1 (Nowak et al. 2012). All
unabsorbed Sgr A? quiescent flux of Fq = 0.47+0.05
−0.03 × 10

error are reported at the 90% confidence level.

by instrumental effects induced from comparison between data from different instruments.
Seven flares were significantly detected with ≥ 5σ confidence level, with 3–79 KeV luminosities ranging from LX (3 − 79 keV) ∼ (0.7–4.0) × 1035 erg s−1 , corresponding to a factor
of 13–54 above the quiescent luminosity of Sgr A? . Five out of the seven bright X-ray flares
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were simultaneously detected with Chandra or XMM-Newton in the X-ray energy band,
while one of them is jointly detected with SIFONI in the NIR band. Three flares on the low
flare luminosity end are detected at low significance level. One of the three faint flares has
a 2–10 keV luminosity a factor of ∼ 18 above the quiescence level, but it is detected from
the NuSTAR observation at only ∼ 4σ level due to its relatively short duration. The other
two faint flares were not detectable in the NuSTAR observation alone, since NuSTAR is not
sensitive to flares below 10 times the Sgr A? quiescent luminosity. These two flares were
detected from the simultaneous Chandra or XMM-Newton observations and also partly captured by NuSTAR. For the brightest flare, Nu6, jointly detected by NuSTAR and Chandra,
I analyzed its X-ray spectrum in the broad X-ray energy band of more than 2 orders of magnitude coverage (0.5–79 keV) by combining the spectra obtained by the two observatories.
Both the local absorption column density and the flare photon index are better constrained
23
(NH = 1.4+0.3
cm−2 , Γ = 2.06+0.19
−0.2 × 10
−0.16 ) compared to previous work. Unfortunately, due to

the limited statistics above 10 keV, the spectrum of Nu6 cannot distinguish between the SB
and the IC flare radiation models, although the the SB model is favored based on physical
arguments (Barrière et al. 2014).
There has been debate on whether all flares have the same spectra, and whether there is
any correlation between flare photon indices and their luminosities. Previous X-ray studies
suggested different spectral slopes for the bright flares (Baganoff et al. 2001; Porquet et al.
2003; Bélanger et al. 2005). But the difference was more recently explained as the result of
different spectral modeling methods and instrumental effects (Nowak et al. 2012). Nowak
et al. (2012) analyzed the brightest Chandra/XMM-Newton flares and found no evidence
for a spectral difference among them. Degenaar et al. (2013) reported six flares observed by
Swift with luminosities in the range of L2−10

keV

∼ (0.9–2) × 1035 erg s−1 . One of them shows

slightly softer spectrum (Γ = 3.0 ± 0.8) compared to others (Γ = 2.0 ± 0.6). however, the
spectral difference mainly occurs below ∼ 3 keV, which could be due to a variation of the
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absorption, variation of background emission, or even a different X-ray source. Thus, there is
no solid evidence for different spectral slopes for the bright flares with different luminosities.
Using a larger data base obtained by Chandra, Neilsen et al. (2013) investigated the flare
hardness ratio between 4–8 keV and 2–4 keV for 39 Sgr A? flares with a wider range of
luminosities in L2−10

keV

∼ (0.1–2.0) × 1035 erg s−1 , and found no flare color difference.

Thus, prior to the NuSTAR observations, there was no evidence for spectral differences
between bright and faint flares. By virtue of the broadband spectroscopy with NuSTAR,
two flares were detected with distinctively different photon indices (95% confidence level) in
the 2012 Galactic Center observation campaign. This for the first time demonstrates that
Sgr A? flares can have different X-ray spectra.
Whether there is spectral dependence on luminosity is important in discriminating and
constraining both the flare radiation mechanisms and the physical processes. My investigation of the seven NuSTAR bright flares suggests no significant correlation between the flare
spectral shapes and their luminosities. A conclusion from our spectral analysis is that the
Sgr A? X-ray flares have a range of spectral slopes. It suggests the magnetic reconnection
model as an acceleration mechanism. The SB radiation mechanism predicts that the X-ray
flare spectral slopes can differ significantly (Yuan et al. 2004). Variations in the electron
maximum Lorentz factor γmax and the number ratio of NIR emitting electrons and X-ray
emitting electrons ηIX would lead to X-ray flares with different luminosities and/or different
spectral slopes. The variation in flare spectra could also be due to different radiation mechanisms. The SSC radiation mechanism will lead to a rather steep X-ray spectrum with some
curvature, requiring a power-law with cutoff, while the SB mechanism predicts a power-law
with no cutoff in the X-rays (Falcke & Markoff 2000; Markoff et al. 2001).
One interesting phenomena is that six out of the seven bright NuSTAR flares are detected
in two clusters. Three of them occurred in a row roughly within one day in 2012 fall (Nu1,
Nu2, Nu3). The flare luminosity increases with time from Nu1 to Nu3: the moderate flare
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Nu1 was followed by a bright flare ∼ 12 hours later and then a brighter one ∼ 18 hours later
(Figure 2.1), see also Figure 1 in Barrière et al. 2014. Another three flares were detected
in cluster in 2014 fall (Nu7, Nu8, Nu9), also roughly within one day. Contrary to the 2012
case, the luminosity of the second cluster of flares decreases with time from Nu7 to Nu9: the
bright flare Nu7 was followed by a less bright flare Nu8 ∼ 5 hours later and then a fainter
moderate flare Nu9 ∼ 25 hours later.
In the Galactic Center legacy program, another ∼ 370 ks has been allocated to Sgr A? .
Our goal is to detect at least one very bright flare simultaneously with other X-ray and NIR
instruments. Simultaneous determination of spectral shape in NIR, X-rays and hard X-rays
will be able to pin down the flare radiation mechanism, i.e., SB vs. IC models (Dodds-Eden
et al. 2009; Trap et al. 2011). No simultaneous measurements of NIR and X-ray spectra
for a bright flare has been achieved in the past 16 years of Sgr A? monitoring. Another
motivation of continuing Sgr A? monitoring is to look for a potential G2 passage effect on
Sgr A? flaring activities. Ponti et al. (2015) reported an increase in both the flaring rate and
the luminosities for bright flares (∼ 3.5σ). Future X-ray observations will help to distinguish
whether it is caused by the G2 passage, intrinsic properties of quiescent supermassive black
hole, or more frequent monitoring.

Chapter 3
Past Sgr A? Hard X-ray Outbursts
Revealed By Galactic Center
Molecular Clouds
3.1

Introduction

Sgr A? is a remarkably underluminous black hole with a bolometric luminosity about 10−9
times its Eddington luminosity LEdd for a M = 4 × 106 M black hole (Ghez et al. 2008;
Gillessen et al. 2009), where LEdd is the luminosity above which the outward force of radiation
exceeds the inward gravitational force. Its X-ray quiescent state with LX ∼ 1033 erg s−1 is
punctuated by flares up to a few 1035 erg s−1 (e.g., Baganoff et al. 2001; Porquet et al. 2008;
Nowak et al. 2012), during which the bolometric luminosity is still orders of magnitudes
below its Eddington value. Hard X-rays up to ∼ 79 keV have also been detected from the
flares by NuSTAR (Barrière et al. 2014). Whether it has ever experienced more substantial
increases in activity in the past, as observed in low-luminosity Active Galactic Nuclei (AGN),
is still under discussion.
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Indication of such past activity of Sgr A? has come from Galactic Center molecular clouds.
In the populous Central Molecular Zone, Sgr B2 is the densest and most massive molecular
cloud with a total mass of M ∼ 6 × 106 M and a high column density of NH ∼ 1024 cm−2
through the cloud (Lis & Goldsmith 1990). It has complicated substructures including
compact star-forming cores Sgr B2(M), Sgr B2(N) and Sgr B2(S) (e.g., Benson & Johnston
1984; Sato et al. 2000; Etxaluze et al. 2013). In an extremely simplified picture, its density
profile can be described as a dense core with a radius of 0.15–0.3 pc (200 –400 assuming the
Sgr B2 distance of 7.9 ± 0.8 kpc, Reid et al. 2009) and an H2 density of (3–9)×106 cm−3 ,
surrounded by an envelope extended to ∼ 5 pc (∼ 2.20 ) with a density of 104 –105 cm−3 and a
larger diffuse component reaching ∼ 22.5 pc with a roughly constant density of ∼ 103 cm−3
(Lis & Goldsmith 1990; de Vicente et al. 1997).
Sgr B2 is the first Galactic Center molecular cloud from which a strong 6.4 keV Fe
Kα line was discovered (Koyama et al. 1996). ASCA detected this significant line feature
with an equivalent width of about 1 keV, which was later confirmed by Chandra, Suzaku
and XMM-Newton observations (Murakami et al. 2001; Koyama et al. 2007; Terrier et al.
2010). Time variability of the Sgr B2 Fe Kα line was revealed by years of monitoring by
different instruments. As shown in Figure 3.1, the Fe Kα line flux began declining in 2001
and decreased by a factor of ∼ 0.4 by 2005, and further decreased by a factor of 0.39 ± 0.04
from 2005 to 2009, (Revnivtsev et al. 2004; Inui et al. 2009; Nobukawa et al. 2011; Dogiel
et al. 2011). This flux and morphology change of the X-ray emission is also observed from
other Galactic Center molecular clouds. Interestingly, the molecular clouds exhibit Fe Kα
line variability in different ways: some are rising; some are decreasing; and an emission peak
is detected in the “Bridge” structure (centered on R.A.=17h 46m 06.9s , Decl.=−28◦ 540 31.400 ,
J2000) with a time scale as short as two years (Muno et al. 2007; Ponti et al. 2010; Capelli
et al. 2012; Clavel et al. 2013).
Reflection of incoming X-rays by cold molecular material is a natural explanation for
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Figure 3.1: Evolution of the 6.4 keV Fe Kα emission from Sgr B2 (Dogiel et al. 2011).
the observed X-ray emission. In the X-ray reflection nebula (XRN) model, K-shell photoionization and the subsequent fluorescence produce a strong Fe Kα line with an equivalent
width of EW ≥ 1 keV, while a competition between Compton scattering of high energy
photons and photoelectric absorption of low energy photons gives rise to a Compton reflection
hump around 20–30 keV (Sunyaev et al. 1993; Sunyaev & Churazov 1998; Koyama et al.
1996). An embedded or nearby transient X-ray source was ruled out as the illuminating
source, since no transient source has been sufficiently bright (L ≥ 1037 erg s−1 ) for a duration
of several years since 1993 within or close to Sgr B2 (e.g. Revnivtsev et al. 2004; Terrier et al.
2010). Sgr A? was proposed to be the likely source illuminating Sgr B2. A major outburst
from Sgr A? , with a luminosity of a few 1039 erg s−1 lasting more than 10 years and ending
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a few hundred years ago would explain the Sgr B2 emission (Koyama et al. 1996; Terrier
et al. 2010). This hypothesis is reinforced by the discovery of a superluminal Fe K echo from
the “Bridge”, which points to propagation of an event far away from the clouds (Ponti et al.
2010). However, the story gets complicated by the different Fe Kα line variability detected
from different Galactic Center molecular clouds, which cannot be explained with a single
outburst from Sgr A? . The strong and fast variation of the Fe Kα line flux in the “Bridge”
region requires a two-year peaked outburst with luminosity of at least 1039 erg s−1 , while
the slower Fe Kα line behavior detected in other clouds suggests a second flare with a longer
duration (Clavel et al. 2013).
The propagation of cosmic-ray particles within the molecular clouds is an alternative
explanation for the Fe Kα emission. Low-energy cosmic ray electrons (LECRe) and protons
(LECRp) can both produce hard X-rays and Fe Kα emission (Valinia et al. 2000; Dogiel et al.
2009). The cartoon in Figure 3.2 illustrates the radiation mechanisms invoked by different
Sgr B2 models: XRN vs. LECRe/LECRp. The Sgr B2 6.4 keV Fe Kα flux variation time
scale of ∼ 10 years is too short compared to the Coulomb cooling time of ∼ 100 MeV
protons invoked in the LECRp scenario, and thus rules it out as a major contributor to the
fast changing Fe Kα emission of Sgr B2 (Terrier et al. 2010). However, LECRp could be a
major contributor to a non-time varying component of the Sgr B2 Fe Kα emission, which
could be detectable once the reflected X-ray emission fades. Dogiel et al. (2009) estimated
that LECRp could contribute to about 15% of the observed maximum Fe Kα flux obtained
around 2000. In the LECRe scenario, a fast variation can be produced. Even if LECRe
seems to successfully explain the X-ray emission from several Galactic Center molecular
clouds (Yusef-Zadeh et al. 2007a, 2013), it meets challenges for most of the Fe Kα bright
structures (Dogiel et al. 2013, 2014). In the case of Sgr B2, the CR electron energy required
to produce the cloud X-ray emission is as high as the bolometric luminosity of the entire
cloud (Revnivtsev et al. 2004). By applying the LECRe model to their observational data,

40
Terrier et al. (2010) derived the required metallicity of Z/Z ∼ 3.1, which is higher than
current measurements of the Galactic Center metallicity ranging from slightly higher than
solar (Cunha et al. 2008; Davies et al. 2009) to twice solar (Giveon et al. 2002). In contrast,
the metallicity required by the X-ray reflection scenario is Z/Z ∼ 1.3, matching well with
the metallicity measurements. However, even if LECRe is not the dominant process in the
Galactic Center and particularly in Sgr B2, we cannot exclude that, in specific regions, the
LECRe process contributes to the baseline level of the Fe Kα emission.

Figure 3.2: Illustration of the two types of models for Sgr B2 X-ray emission: XRN and
LECRe/LECRp.

Though the Galactic Center molecular clouds have been studied extensively below 10 keV,
investigation of the continuum emission extending beyond 10 keV has been limited. The
hard X-rays from the Sgr B2 region were first detected by GRANAT/ART-P (Sunyaev
et al. 1993) and then by INTEGRAL/IBIS in 2004 (Revnivtsev et al. 2004). In the Xray reflection scenario, Terrier et al. (2010) derived an illuminating source spectral index of
Γ ∼ 2 with combined XMM-Newton and INTEGRAL/IBIS spectra. Years of monitoring
with INTEGRAL/IBIS reveal that the hard X-ray emission decreased by a factor of 0.4
from 2003 to 2009 (Terrier et al. 2010). Nevertheless, INTEGRAL/IBIS was not able to
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spatially resolve the hard X-ray emission. Thus, the accuracy of the hard X-ray luminosity
was limited.
Hard X-ray observations are crucial to better constrain the origin of the Galactic Center
molecular cloud non-thermal X-ray emission. With unprecedented spatial and spectral resolution in the 10–79 keV band, NuSTAR observed molecular clouds in 2013 as part of the
Galactic plane survey campaign, including the Sgr B2 region. For the first time, NuSTAR
resolved its hard X-ray morphology and obtained a broadband spectrum from a single instrument. In this Section 3.2.1, I introduce the observations and data reduction for NuSTAR and
XMM-Newton data used for the following analysis. I present the morphology of the central
9000 radius region of Sgr B2 and the newly discovered cloud feature G0.66−0.13 in section
3.2.2, their time variability in section 3.2.3 and their spectroscopy in section 3.2.4. Based
on these observational results, I discuss the implications for both the X-ray reflection and
low energy cosmic-ray theories of X-ray emission in sections 3.2.5, 3.2.6 and 3.2.7. Besides
Sgr B2, NuSTAR also detected several other molecular clouds above 10 keV, including MC1
and the “Bridge” region. Therefore, I also briefly discuss these two clouds and the origin of
their X-ray emission in section 3.3. Finally, I summarize my conclusions from the Galactic
Center molecular cloud study in section 3.4. These results are presented in Zhang et al.
(2015).

3.2
3.2.1

Sgr A? X-ray Outburst Reflected by Sgr B2
Observations and Data Reduction

The NuSTAR observatory operates in the broad X-ray energy band from 3 to 79 keV (Harrison et al. 2013). Sgr B2 was observed by NuSTAR in October 2013 in two 25% overlapping
pointings, with a total exposure time of 293.7 ks (See Table 3.1).
In both observations, the Sgr B2 region was imaged with the two co-aligned X-ray tele-
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scopes, with corresponding focal plane modules FPMA and FPMB, providing an angular
resolution of 5800 Half Power Diameter (HPD) and 1800 Full Width Half Maximum (FWHM)
over the 3–79 keV X-ray band, with a characteristic spectral resolution of 400 eV (FWHM)
at 10 keV. The nominal reconstructed NuSTAR astrometry is accurate to 800 (90% confidence level, Harrison et al. 2013). The data were reduced and analyzed using the NuSTAR
Data Analysis Software NuSTARDAS v. 1.3.1. and HEASOFT v. 6.13, then filtered for periods of
high instrumental background due to South Atlantic Anomaly (SAA) passages and known
bad/noisy detector pixels.
The NuSTAR detectors are not completely shielded from incident X-rays that do not
go through the optics, which are referred to as stray light. Bright X-ray sources within
∼ 1–5 degrees of the NuSTAR field of view can significantly contaminate one or both of the
detector planes. The contaminated detector pixels can be removed based on a numerical
model that fully takes into account the telescope geometry (Krivonos et al. 2014). Thus, to
make a stray-light-free mosaic, I used this model to remove stray-light patterns from both
FPMA and FPMB detectors by flagging the contaminated detector pixels as bad, when
processing with the NuSTARDAS pipeline. As a result, stray-light from the the X-ray sources
SLX 1744−299 and 1E 1740.7−2942 was removed from FPMA detectors, and that from
GX 3+1 and SLX 1735−269 were removed from FPMB detectors. I then registered these
stray-light-free images with the brightest point sources available in individual observations.
As a result, the astrometry is improved to ∼ 400 . Lastly I combined the exposure-corrected
images in different energy bands (Figure 3.3).
On the other hand, removing the stray-light patterns is not necessary for spectral extraction. The stray-light background does not significantly change from one sky pointing to
another, provided that they are separated by no more than 100 –200 (Krivonos et al. 2014).
Therefore, for the Sgr B2 core region detected in one observation, I extracted the background
from the same detector region in the other observation. This was our motivation for using
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two 25% overlapping sky pointings. This background subtraction method has been applied
to many sources detected by NuSTAR suffering from stray-light (e.g., Zhang et al. 2014;
Krivonos et al. 2014), and is proven to subtract mild stray-light contamination properly.
Due to the extremely bright stray-light contamination within 9000 of Sgr B2 on FPMB, I
used FPMA data only for the Sgr B2 core spectrum. From the selected data sets, I extracted
source spectra from a circular region of 9000 radius centered on Sgr B2 (R.A.=17h 47m 20.4s ,
Decl.=−28◦ 230 07.000 , J2000). In this way, I had two source-background pairs with the Sgr B2
core detected on FPMA in observations 40012018002 and 40012019001. I combined the two
FPMA source spectra and their associated response files and background spectra. The
resultant spectrum was grouped such that the detection significance in each data bin is at
least 3σ. The confidence level for all the error bars reported in this paper are 90%.
Another cloud feature, G0.66−0.13 (R.A.=17h 47m 41.5s , Decl.=−28◦ 260 23.000 , J2000) (Ponti
et al. 2014), is only captured in the second observation (obsID 4001201901) and avoids the
stray light from GX 3+1 on FPMB. I thus used both FPMA and FPMB from the second
observation for its spectral analysis. The spectra were combined and grouped with the same
method as for the central 9000 region.
I also collected and analyzed all the XMM-Newton data available in the archive covering
the Sgr B2 and G0.66−0.13 regions. This includes observations performed in 2000, 2001,
2002, 2004 and 2012. The 2000 data were excluded due to low effective exposure and
poor statistics, while for the other years we used all the available observations. The list
of XMM-Newton observations is presented in Table 3.1, along with the total EPIC pnequivalent exposure times (i.e., computed assuming a 0.4 ratio between the effective areas
of the MOS and pn detectors). For each selected observation we extracted the spectra from
all available EPIC instruments using the XMM-Newton Extended Source Analysis Software
(ESAS; Snowden et al. 2008) distributed with version 12.0.1 of the XMM-Newton Science
Analysis Software. For each exposure, calibrated event files were produced with the tasks
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epchain and emchain and filtered with pn-filter and mos-filter in order to exclude the time
intervals affected by soft proton contamination. The spectra were then extracted with the
ESAS mos-spectra and pn-spectra scripts and rebinned to have at least 30 counts in each
bin to apply chi-square statistics. The quiescent component of the EPIC internal particle
background (QPB) was estimated using archival observations provided within the ESAS
database and taken with the filter wheel closed.
Instrument

Observation ID

Start Time (UTC)

Exposure (ks)

NuSTAR

40012018002

2013-10-22T16:56:07

142.2

NuSTAR

40012019001

2013-10-25T22:31:07

151.6

XMM-Newton

0112971501

2001-04-01T00:25:11

9.2

XMM-Newton

0030540101

2002-09-09T11:11:26

19.3

XMM-Newton

0203930101

2004-09-04T02:53:45

48.5

XMM-Newton

0694640601

2012-09-06T10:56:15

66.6

XMM-Newton

0694641301

2012-09-16T18:34:18

72.9

XMM-Newton

0694641401

2012-09-30T19:39:50

58.3?

Table 3.1: NuSTAR and XMM-Newton observations of Sgr B2.
? In

the observation 069464140, the exposure time is 58.3 ks for Sgr B2 and 44.8 ks for G0.66−0.13,

as for the latter there are no MOS1 data available.

3.2.2

Spatial Distribution of X-ray Emission

Figure 3.3 shows the resultant 170 × 110 NuSTAR sky mosaics of the Sgr B2 region in the
3–40 keV, 3–10 keV, 6.2–6.6 keV and 10–40 keV bands. The 3–40 keV image shows that
two features are significantly detected: the central 9000 of Sgr B2 and a newly discovered
cloud feature G0.66−0.13, whose 6.4 keV Fe Kα emission turned bright in 2012 as revealed
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by the XMM-Newton data. The green circle of 9000 radius outlines the central region of
Sgr B2, corresponding to 3.4 ± 0.3 pc with the cloud distance of 7.9 ± 0.8 kpc (Reid et al.
2009). The green ellipse outlines the cloud feature G0.66−0.13, with a semi-major axis of
13000 (4.9 ± 0.5 pc) and a semi-minor axis of 7600 (2.9 ± 0.3 pc). G0.66−0.13 is ∼ 14 pc
away from the center of Sgr B2 in the projected sky plane. Sgr B2 and G0.66−0.13 are
both about 100 pc away from Sgr A? in the projected sky plane. The lower energy 3–10 keV
image is also shown to compare with previous observations of Sgr B2 by Chandra, XMMNewton, and other imaging observatories. The 6.2–6.6 keV band image (continuum emission
subtracted) shows the Fe Kα line emission morphology of the Sgr B2 region. The 10–40 keV
band image provides the line-free continuum emission morphology. All the images are scaled
individually to illustrate the morphology of major features. The images are overlaid with
6.4 keV line emission contours. The contours are made from the 2012 image of the XMMNewton Central Molecular Zone scan in the 6.28–6.53 keV band, from which the continuum
emission (estimated assuming a power law model between two adjacent bands) has been
subtracted (Ponti et al. 2014).
The 10–40 keV image demonstrates that the high energy X-ray morphology of Sgr B2 is
resolved at sub-arcminute scales for the first time. It clearly reveals substructures of Sgr B2
and proves that the X-ray emission in this energy band is extended (Figure 3.3). Both the
central 9000 of Sgr B2 and G0.66−0.13 are significantly detected above 10 keV. G0.66−0.13
shows two bright cores separated by about 10000 , well correlated with its 6.4 keV line contour.
The size of each peak is ∼ 2000 . The 10–40 keV surface brightness of the whole G0.66−0.13
region is (3.5±0.8)×10−6 ph cm−2 s−1 arcmin−2 . Within the central 9000 region of Sgr B2, the
10–40 keV emission peaks at the center, coinciding with the compact star-forming core Sgr
B2(M), with a surface brightness of (1.6±0.1)×10−5 ph cm−2 s−1 arcmin−2 for the central 2500
radius region. It is detected at the ∼ 17σ level and likely to be the hard X-ray counterpart
of Sgr B2(M). The right panel of Figure 3.4 shows the zoomed-in 70 × 50 image of the central
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region in 10–40 keV. Besides Sgr B2(M), X-ray emission around the additional compact core
Sgr B2(N), about 5000 north of Sgr B2(M), is also detected (∼ 5σ). The zoomed-in images
in Figure 3.4 are overlaid with the source regions of Sgr B2(M) (RA= 17h 47m 20.30s , Dec=
−28◦ 230 04.0100 , J2000) and Sgr B2(N) (RA= 17h 47m 20.30s , Dec= −28◦ 230 04.0100 , J2000)
defined from sub-mm band observations by Herschel (Etxaluze et al. 2013). X-ray emission
from a third compact core Sgr B2(S), south of Sgr B2(M), is not detected in 10–40 keV. The
surrounding regions show lower surface brightness, with the western half of the annulus from
2500 to 9000 brighter than the eastern half. The 10–40 keV morphology strongly resembles the
optical depth map at 250 µm, which indicates the local column density, derived from sub-mm
continuum emission (Etxaluze et al. 2013). In the 250 µm optical depth map, Sgr B2(M)
and Sgr B2(N) have the highest optical depths (τ250µm > 1), while the surrounding areas
have gradually lower τ250µm with the western region higher than the eastern. It suggests that
the hard X-ray continuum emission traces the local column density of the cloud material.
In the 6.2–6.6 keV band, only the main compact core Sgr B2(M) is significantly detected.
Sgr B2(N) is not detected at 6.4 keV, nor in the 3–10 keV band (left panel of Figure 3.4).
This could be due to higher local absorption. The Fe Kα line emission is not detected from
the G0.66−0.13 region. This is a dramatic change from its 2012 Fe Kα line morphology
represented by the cyan contours, where G0.66−0.13 was brighter than the Sgr B2 core
region. This indicates that the G0.66−0.13 Fe Kα emission has a short life time (e-folding
decay time) of about 1 year.
Finally, the small white circle with 1600 radius illustrates a bright point source CXOUGC
J174652.9−282607, which is registered in the Chandra point source catalogue (Muno et al.
2009). The source is detected up to ∼ 40 keV by NuSTAR (R.A.= 17h 47m 52.968s , Decl.=
−28◦ 260 07.3700 , J2000).
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Figure 3.3: NuSTAR mosaic images of the 170 ×110 Sgr B2 region in 3–40 keV, 3–10 keV,
6.2–6.6 keV and 10–40 keV.
The green circle is the central 9000 of Sgr B2 and the green ellipse shows the new cloud feature
G0.66−0.13. The small circle shows a bright point source CXOUGC J174652.9−282607. All the
images are in ph s−1 pixel−1 , overlaid with J2000 coordinates and 6.4 keV line emission contours
(cyan) made from 2012 XMM-Newton observations. Sgr A? is outside of the field of view to the
bottom right. The dark regions with irregular shapes are those of no exposure, which are cut out
due to contamination of stray-light from bright point sources outside the field-of-view.
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Figure 3.4: Zoomed-in image of the 60 × 40 Sgr B2 region in 6.2–6.6 keV and 10–40 keV.
Zoomed-in 60 × 40 NuSTAR mosaic image of the central Sgr B2 region in 6.2–6.6 keV with
continuum emission subtracted (left panel) and 10–40 keV (right panel). Both images are
in cts s−1 and overlaid with 6.4 keV line emission contours (cyan) and J2000 coordinates.
The two main compact cores Sgr B2(N) and Sgr B2(M) are outlined with 1500 radius and
2000 radius circles, respectively. The region for the central 9000 of Sgr B2 is overlaid for
comparison. Sgr B2(M) is detected in both energy bands, while Sgr B2(N) is only detected
above 10 keV.

3.2.3

Time Variability

With the XMM-Newton data in 2001, 2002, 2004, 2012 and the most recent 2013 NuSTAR
observation of Sgr B2, I obtained the observed 6.4 keV line flux for the central 9000 radius
region of Sgr B2 by fitting the spectra using χ2 statistics in XSPEC v. 12.8.2. The model I
use for the spectral fitting is wabs*(apec+wabs*pl+gauss+gauss), where wabs stands for
a photoelectric absorption model, apec for a emission spectrum from collisionally-ionized
diffuse gas, pl for a power-law emission spectrm, and gauss for a gaussian line profile (for the
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reasons to use this model see section 3.2.4). The cross-calibration correction factor between
NuSTAR and XMM-Newton is less than 10% (Madsen et al. 2015), thus the systematic errors
in flux measurements between the two instruments are smaller than our statistical errors. All
the model parameters are fixed to be the same for all the years, while the normalizations for
the power-law and Gaussian components are left free. It results in a good fit with χ2ν = 1.0
for d.o.f. = 517. The resultant absorbed flux change of the central 9000 of Sgr B2 over
time is shown in Figure 3.5 with square data points. The 6.4 keV line flux shows a clear
decreasing trend from 2001 to 2013, which can be fit with a linear decay model with a slope
of s = −0.25×10−5 ph cm−2 s−1 yr−1 . The varying flux is preferred at a ∼ 7σ level over a flat
light curve. In 2013 the observed 6.4 keV line flux is down to (0.83±0.21)×10−5 ph cm−2 s−1 ,
which corresponds to about 20% of the 2001 observed flux. The 6.4 keV line flux decrease
rate is compatible with previous work showing that the 6.4 keV line emission of a more
extended Sgr B2 region in 2005 is about 60% that of 2000 (Inui et al. 2009). The life time of
the X-ray photons is t ∼ 11 years, which agrees well with the ∼ 11-year light crossing time
for the central 9000 , with a distance of 7.9 kpc (Reid et al. 2009). Although the 2001–2013
light curve shows a decreasing trend, note that the 2013 Fe Kα emission is at the same
level as that of 2012. With limited statistics, it is not conclusive whether the Sgr B2 Fe Kα
emission was still decreasing in 2013 or it had reached a constant background emission level.
Future observations of the Sgr B2 region will constrain its timing variability.
Seven-year monitoring of Sgr B2 by INTEGRAL/IBIS reveals that the hard X-ray continuum emission flux decreases with a similar trend to the 6.4 keV emission, both decaying
up to 40% from 2003 to 2009 (Terrier et al. 2010). This decay profile predicts that the hard
X-ray emission in 2013 reaches ∼ 30% that of 2001. The 10–40 keV flux of the central 9000 of
Sgr B2 measured by NuSTAR in 2013 is F10−40

keV

= (1.9±0.2)×10−12 erg cm−2 s−1 . There-

fore, the extrapolated 10–40 keV flux of the central Sgr B2 region in 2001 is F10−40

keV

∼

6.3 × 10−12 erg cm−2 s−1 based on the hard X-ray decay profile. To verify the estimated flux
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in 2001, I extrapolated the 2001 XMM-Newton spectrum into higher energies and derived
the 10–40 keV flux of the central 9000 in 2001 to be F10−40

keV

= (6 ± 2) × 10−12 erg cm−2 s−1 ,

which matches with the 2001 flux value extrapolated based on NuSTAR measurements in
2013. This will be used to derive the luminosity of the primary source in section 3.2.5.
The newly discovered cloud feature G0.66−0.13, 60 (14 pc) from the central Sgr B2
region in the projected plane, was not significantly brighter than surrounding regions at
6.4 keV until 2012. I derived its 6.4 keV line flux from XMM-Newton observations in 2001,
2004 and 2012 (stars in Figure 3.5). The 2002 XMM-Newton observation has very poor
statistics for this region and thus was not used. The 2001 flux is poorly constrained to
F6.4

keV

= 0.05 × 10−5 ph cm−2 s−1 with an upper limit of 1.60 × 10−5 ph cm−2 s−1 . In

2001 and 2004, the luminosity of the G0.66−0.13 6.4 keV emission was at the same level as
the surrounding regions. The 2012 XMM-Newton observation of Sgr B2 clearly revealed a
significantly increased 6.4 keV flux, twice that of 2004 and higher than the central Sgr B2
area. The 6.4 keV line emission contours shown in Figure 3.3 also shows that the brightest
subregions within G0.66−0.13 were brighter than the Sgr B2 core at 6.4 keV in 2012. The
G0.66−0.13 6.4 keV emission experienced an increase prior to 2012 and a fast decay from
2012 to 2013. However, the 6.4 keV line flux sharply decreases and results in a non-detection
by NuSTAR in 2013, giving an upper limit (90% confidence level) to the 6.4 keV line flux of
5 × 10−6 ph cm−2 s−1 . The 6.4 keV line flux in 2013 is less than 50% of the value measured
by XMM-Newton in 2012. It requires a short lifetime of ∼ 1 year, which roughly matches
the light crossing time of the two bright cores within G0.66−0.13 (2–3 years).
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Figure 3.5: Time variability of the 6.4 keV Fe Kα line for the central 9000 of Sgr B2 and the
additional cloud feature G0.66−0.13.
The Sgr B2 absorbed 6.4 keV line flux was measured in 2001, 2002, 2004 and 2012 by XMMNewton (red squares), and in 2013 by NuSTAR (orange square). The 6.4 keV line flux shows
a clear decay of up to 80% of the measured Sgr B2 flux from 2001 to 2013. A χ2 hypothesis
test favors a linearly decreasing flux at the 6.7σ level, the red line shows the best-fit linearly
decay model with a slope of s = −0.25 × 10−5 ph cm−2 s−1 yr−1 . The absorbed 6.4 keV line
flux of G0.66−0.13 was measured in 2001, 2004 and 2012 by XMM-Newton (blue stars) and
in 2013 by NuSTAR (green upper limit). The G0.66−0.13 6.4 keV line emission experienced
an increase before 2012 and a fast decay from 2012 to 2013. The blue line shows the bestfit linearly increasing model with a slope of 0.12. Yet in 2013 the 6.4 keV line was not
significantly detected by NuSTAR.
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3.2.4

X-ray Spectroscopy

Central 9000 Radius Region of Sgr B2
I extracted a NuSTAR spectrum from the central 9000 radius region of Sgr B2 (R.A.=17h 47m
20.4s , Decl.=−28◦ 230 07.000 , J2000).

The background subtraction method leaves mainly

the molecular cloud emission and previously detected X-ray point sources (for the background subtraction method see section 3.2.1). Thus, I first checked the flux contribution
from known point sources in our source and background regions. The background regions
I use do not contain any point sources above the Chandra detection threshold. In the
source region, there are four point sources detected by Chandra within 9000 of Sgr B2: CXOUGC J174723.0−282231, CXOUGC J174720.1−282305, CXOUGC J174718.2−282348 and
CXOUGC J174713.7−282337. Takagi et al. (2002) suggested that the spectrum of these
point sources can be best-fit with a thermal plasma model of ∼ 5 keV, and proposed they
could be young stellar objects (YSOs). I checked each of the four sources using the stacked
spectrum made from all archived Chandra data between 1999-09-21 and 2012-10-31 available
for Sgr B2. Their summed observed flux corresponds to ∼ 7% of the total observed flux of
the central 9000 region below 10 keV. By extrapolating their spectra into a higher energy
band, I estimate their flux contribution above 10 keV is only ∼ 4%. Therefore the flux contribution from point sources is not significant for my study. Their spectra can be best fit with
a collisionally ionized plasma model APEC with a temperature of ∼ 3 keV, consistent with
Takagi et al. (2002) within error bars. I thus used this model to represent unresolved X-ray
point sources and any possible residual Galactic Center diffuse X-ray background within the
source region.
Model 1: Ad hoc X-ray Reflection Model
To examine the X-ray reflection scenario, I first applied a popular model, with the wabs
absorption model for a direct comparison with previous work. The model is composed of a
power-law and two Gaussians representing the Fe Kα emission line at 6.40 keV and the Kβ
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line at 7.06 keV, modified by intrinsic absorption column density. All the model components
are subject to the foreground absorption, resulting in the XSPEC model wabs*(apec+wabs*pl
+gauss+gauss). I fixed the line energies of the two Gaussians to be 6.40 keV (best-fit
centroid energy of the Fe Kα line of ∼ 6.44 keV) and 7.06 keV, with the normalization ratio
of Kβ/Kα set to 15% (Murakami et al. 2001).
The 3–79 keV spectrum is well-fit with this simple model (χ2ν =0.97 for d.o.f. = 91). The
best-fit model parameters are listed in Table 3.2. The temperature of the thermal component
is 2 ± 1 keV with an unabsorbed 2 − 10 keV flux of F2−10

keV

= (6 ± 4) × 10−13 erg cm−2 s−1 ,

consistent with the spectra of the point sources within 9000 of Sgr B2. The 6.4 keV Fe Kα
line has an observed flux of F6.4

keV

= (8.3 ± 2.1) × 10−6 ph cm−2 s−1 . I calculated its

equivalent width (EW) based on the power-law as the only continuum component, resulting
in EW= 1.2+0.7
−0.3 keV. The best-fit power-law photon index is Γ = 1.9 ± 0.5, consistent with
previous measurements of Γ ≈ 2 (Terrier et al. 2010). The observed 10–40 keV flux is
F10−40

keV

= (1.9 ± 0.2) × 10−12 erg cm−2 s−1 . The intrinsic absorption column density is

found to be NH (i) = (5.0 ± 1.3) × 1023 cm−2 , on the lower end of, but still consistent with,
the previous result of (6.8 ± 0.5) × 1023 cm−2 derived using the combined 2003 XMM-Newton
and 2003-2004 INTEGRAL/IBIS data (Terrier et al. 2010). All components are subject to a
foreground interstellar column density of NH (f ) = (1.1 ± 0.4) × 1023 cm−2 . The foreground
column density value is consistent with our analysis of accumulated 2001-2012 XMM-Newton
data of the inner 9000 of Sgr B2, which gives NH (i) = (1.0 ± 0.2) × 1023 cm−2 .
Although this ad hoc model can fit well to the data, it is not self-consistent, with the continuum emission and fluorescence lines decoupled. A power-law can only measure the spectral
slope of the observed scattered continuum, but not the illuminating source spectrum. The
model is valid for measuring the illuminating source spectrum only when a molecular cloud
is optically thin (NH  1024 cm−2 ) and the Compton scattering is negligible. Interpretation
of the resultant best-fit value for the intrinsic column density NH (i) calls for caution. As
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this ad hoc model does not take cloud geometry into account, the NH (i) measured by this
model represents a characteristic column density of the cloud, while in reality illuminating
X-ray photons are absorbed and scattered in various locations of the cloud.
Model 2: Self-consistent X-ray Reflection Model MYTorus
In the X-ray reflection scenario, to consistently measure the illuminating X-ray spectrum
and to properly determine the intrinsic column density, a self-consistent XRN model based
on Monte-Carlo simulations is required. Murakami et al. (2001), Revnivtsev et al. (2004),
Terrier et al. (2010) and Odaka et al. (2011) have applied Monte-Carlo based X-ray reflection models to Sgr B2 data in order to study its morphology and spectrum. The MYTorus
model is the only XRN model available in XSPEC to self-consistently measure the illuminating
source spectrum and the intrinsic column density (Murphy & Yaqoob 2009). MYTorus was
originally developed for Compton-thick Active Galactic Nuclei (AGN) assuming a toroidal
reflector with neutral materials and uniform density. The default Fe abundance in the
MYTorus model is one solar and does not allow variation. There are three components offered in the model: the transmitted continuum (MYTZ), the scattered continuum (MYTS)
and the iron fluorescence lines (MYTL). In the case of Galactic Center molecular clouds,
the observed spectrum only contains the last two components, because we are seeing only
the reflected X-ray photons off the cloud. I thus use the combination of MYTS and MYTL.
Both components depend on the intrinsic equatorial hydrogen column density NH (i), the
illuminating source spectrum photon index Γ, the inclination angle θobs between the line-ofsight and the torus symmetry axis, and the model normalization NM T . To self-consistently
measure the illuminating source spectrum, all the parameters are linked between MYTS and
MYTL as a coupled mode where the same incident X-ray spectrum is input into both components. I select a termination energy of the incident power-law as the maximum available
value of 500 keV. As the best-fit energy centroid for the Fe Kα line is ∼ 6.44 keV, I select
an energy offset of +40 eV for the MYTL component to allow freedom for the centroid en-
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ergy. The resultant model is wabs*(apec+MYTS+MYTL), where the two MYTorus components
are implemented as table models in Xspec: atable{mytorus scatteredH500 v00.fits}+
atable{mytl V000010pEp040H500 v00.fits}.
The coupled mode of the MYTorus model can be applied to the Galactic Center molecular
cloud X-ray reflection spectra with some restrictions, by treating a quasi-spherical cloud as
part of a virtual torus and rescaling incident X-ray flux properly (see Figure 3.6 for geometry).
Due to the toroidal geometry and the uniform density profile MYTorus assumes, for molecular
clouds I restricted the applicability of the model to the inclination angle range of θobs ≤ 60◦
and the equatorial column density range of NH ≤ 1024 cm−2 , in order to be insensitive to the
torus geometry. When NH (i) reaches ∼ 1024 cm−2 , I derived the systematic error based on
the MYTorus model to be 25% for NH , 3% for Γ and 10% for the model normalization (Mori
et al. 2015). Note that the NH (i) measured by the MYTorus model is an averaged value over
the torus.
This self-consistent model can fit to the Sgr B2 spectrum well, yielding χ2ν = 1.09 for
d.o.f. = 92 (left panel of Figure 3.7). Both the best-fit temperature and the flux of the
apec component are consistent with the fitting results of the ad-hoc power-law model. The
foreground column density is NH (f ) = (1.2 ± 0.1) × 1023 cm−2 , consistent with that derived
from the ad hoc model and better constrained. However, the intrinsic equatorial column
density is NH (i) = (1.01 ± 0.16stat ± 0.25sys ) × 1024 cm−2 , which is twice the NH (i) value
measured with the ad hoc model. The NH (i) value derived with the two models cannot be
directly compared due to the lack of geometry definition for NH (i) in the ad hoc model.
NH (i) in the MYTorus model corresponds to the minor diameter of the torus (or diameter of
the quasi-spherical cloud), while NH (i) in the ad hoc model roughly corresponds to the cloud
radius as it “measures” an averaged effect, which might explain the difference by a factor of
2. The best-fit NH (i) value derived by the MYTorus model is consistent with the molecular
line emission measurements, which indicates a H2 column density of NH ∼ 1024 cm−2 (Lis
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& Goldsmith 1990). For the central 9000 of Sgr B2, the cloud radial optical depth due to
Thomson scattering derived by the MYTorus model is τT = 0.67 ± 0.27. As a result, the
central 9000 of Sgr B2 is marginally optically thin. The illuminating source spectrum photon
index is constrained to be Γ = 2.2 ± 0.4 with the systematic error negligible, compatible
with the observed spectrum slope of Γ = 1.9 ± 0.5 measured by the power-law model which
does not consider Compton scattering. With the hard upper limit on the inclination angle
θobs = 60◦ chosen for this study, the MYTorus model is not sensitive to the parameter θobs .
Therefore, this parameter could not be constrained by this work.
Applicability of MYTorus Model to Sgr B2 Spectroscopy
Though with limitations, MYTorus is currently the best self-consistent XRN model available. The MYTorus model was originally developed to study X-ray spectra of Compton-thick
AGNs. The assumed geometry is a torus with a uniform distribution of neutral material
reflecting incoming X-rays from an illuminating source at the center. Three model components are offered: the transmitted continuum (MYTZ), the scattered continuum (MYTS)
and Fe fluorescence lines (MYTL). The model allows a range of values for three key model
parameters: the illuminating source photon index Γ = 1.4 − 2.6, the equatorial hydrogen
column density (corresponding to the minor diameter of the torus) NH = 1022 − 1025 cm−2
and the inclination angle θobs = 0◦ − 90◦ . Considering a spherical molecular cloud as part
of a virtual torus, the MYTorus model can be applied to molecular cloud spectra with some
limitations. Figure 3.6 shows the geometry of a molecular cloud and a virtual torus. In the
MYTorus model, the observation angle θobs is defined as the angle between the light-of-sight
(LOS) and the symmetry axis of the torus. In contrast, most Galactic center molecular cloud
publications use the scattering angle θ. A face-on case in the MYTorus model (θobs = 0◦ )
corresponds to a cloud in the same projected plane as the illuminating source, where the
scattering angle is θ = 90◦ . For three key assumptions of the MYTorus model, I discuss the
valid parameter space where the model is applicable to the molecular cloud X-ray reflection
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spectra in the following.
• Toroidal Reflector
In the face-on case (θobs = 0◦ ), MYTorus gives an accurate solution for a fully illuminated
quasi-spherical molecular cloud, as different azimuthal parts of the torus all scatter at the
same angle θ = 90◦ . To derive the incoming X-ray flux that illuminates the cloud (red circle
in Figure 3.6, which is part of the grey virtual torus), I simply need to rescale it by the
solid angle ratio of the torus (fixed to Ω/2π = 0.5) and the cloud. For Sgr B2, its solid
angle to Sgr A? is ∼ 2.89 × 10−4 . When the inclination angle deviates from θobs = 0◦ , i.e.
the face-on case, different azimuthal parts of the torus scatter incoming X-rays at different
angles. The reflected spectrum thus shows variation and becomes inaccurate for a quasispherical molecular cloud. However, the scattered component MYTS does not vary strongly
<

<

with θobs as long as θobs ∼ 60◦ and NH ∼ 1024 cm−2 . When θobs > 60◦ , the spectral variation
starts to become significant, for the following two reasons. Firstly, as the inclination angle
increases, the X-ray photons back-scattered by the side of the torus hit the closer side of
the torus before reaching the observer and thus are subject to further absorption. Secondly,
multi-scattering can become important and cause angular-dependent X-ray flux, although it
<

is negligible at NH ∼ 1024 cm−2 .
Next I determined the systematic error of measuring NH , Γ and model normalization
based on the MYTorus model. I simulated MYTS spectra for θ = 60◦ and NH = 1023 −
1024 cm−2 and fit with the MYTS model with θobs set to 0◦ . The deviations of the bestfit value of these model parameters from their input value are adopted as the systematic
errors. At NH = 1023 cm−2 , the deviation of NH , Γ and model normalization from their
input are 10%, 1% and 7%, while at NH = 1024 cm−2 , the deviations increase to 25%, 3%
and 10%. Therefore the reflected X-ray spectrum model MYTorus is not sensitive to the
<

<

reflector geometry in the NuSTAR energy band as long as θobs ∼ 60◦ and NH ∼ 1024 cm−2 .
Similar to the face-on case, the incident X-ray flux can be derived by rescaling it with
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the solid angle ratio of the torus Ω/4π = 0.5 and central 9000 of Sgr B2 cloud Ω/4π =
2.89 × 10−4 × (100 pc/R)2 with systematic error < 10%. However, the conversion from the
incident angle in the MYTorus model to the position of the cloud cannot be well established.
Note that the NH measured by the MYTorus model is an averaged value over the torus: it
does not take into account the specific geometry of the studied cloud and its possible partial
illumination (see e.g. Odaka et al. 2011). The systematic errors are estimated solely based on
the MYTorus model and might therefore be underestimated. The more sophisticated model
under development will better constrain the NH (Walls et al. in prep).
• Fe Abundance Fixed to Solar
The Fe abundance is important in determining the incoming X-ray flux solely from measurements of Fe fluorescent lines, while the 3–79 keV broadband spectrum of NuSTAR also covers
the energy range where Compton scattering dominates (> 10 keV) over Fe fluorescence. The
incoming X-ray flux is determined self-consistently from both the Compton scattering process with the MYTS component and the Fe fluorescence process via the MYTL component.
The best-fit model parameters (NH , Γ and normalization) of MYTS do not vary significantly
when the MYTS model is fit to the cloud X-ray spectra with or without the 6–10 keV energy
range which covers the 6.4 keV Fe Kα line, the 7.06 keV Fe Kβ line and the 7.1 keV Fe
K edge. Data tables for different Fe abundances in the range of ZF e = 0.5 − 3.0 will be
implemented in the modified XRN model for molecular clouds.
• Uniform Density
The incoming X-ray flux from the illuminating source will not be significantly affected by
non-uniform density profiles as long as NH ≤ 1024 cm−2 , where multiple-scattering is negligible. If the density is not uniform, large clouds can include very dense clumps where
multiple-scattering effects can be significant. For Sgr B2, the largest optical depth is τT ∼ 1
in the direction of the densest cores Sgr B2(M), in which case the multiple-scattering effects
are negligible. The current X-ray reflection nebula model does not address the complicated
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density profile of Sgr B2, which contains compact cores, clumps and an overall decreasing
density profile. A more sophisticated model with a reasonable density profile of Sgr B2 implemented is under development and will reduce the uncertainties caused by non-uniformity
of Sgr B2.
Model 3: Self-consistent Cosmic Ray Electron Model LECRe
To determine whether cosmic-ray electrons can be a major contributor to the remaining
Sgr B2 X-ray emission in 2013, I tested the LECRe model (Tatischeff et al. 2012). The LECRe
model has four free parameters: the power-law index of the accelerated particle source
spectrum, s, the path length of cosmic rays in the non-thermal X-ray production region, Λ,
the minimum electron energy, Emin , and the model normalization, NLECR , which provides the
power injected in the interaction region by primary cosmic-ray electrons of kinetic energies
between Emin and the fixed value of Emax = 1 GeV: dW/dt = 4πD2 NLECR erg s−1 , where
D is the source distance. Since the fit is not sensitive to the path length of LECRe, I fix it to
Λ = 5 × 1024 H − atoms cm−2 as was used in Tatischeff et al. (2012) for the Arches region.
As shown in the middle panel of Figure 3.7, it results in an acceptable fit to the data with
χ2ν = 1.18 for d.o.f. = 92 (Table 3.2). The best-fit electron spectral index is s = 2.8 ± 0.5
with an intrinsic column density of NH = (5.5 ± 1.3) × 1023 cm−2 . Previous analysis with
XMM-Newton and INTEGRAL/IBIS data found that s ∼ 1.5, but with an unconstrained
error bar (Terrier et al. 2010). The best-fit minimum electron energy is as low as 3 keV, with
an upper bound of 50 keV. Electrons with such low energy cannot leave their acceleration
site, nor penetrate the cloud. The best-fit molecular cloud metallicity is Z/Z
higher than Z/Z

= 4.0+2.0
−0.6 ,

= 3.1 ± 0.2 derived by Terrier et al. (2010). Such a metallicity value

is too high compared to current measurements of the Galactic Center interstellar medium
metallicity which ranges from slightly higher than solar to twice solar. I also explored the
best-fit s values with different NH values and found that s = 2.1 − 3.2 corresponding to
NH = (1 − 10) × 1023 cm−2 . In these parameter ranges, the required metallicity is always
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Z/Z > 3, and the minimum electron energy is Emin < 100 keV.
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Figure 3.6: A cartoon illustrating how the MyTorus model geometry is related to the Galactic
Center molecular cloud geometry.
A spherical cloud is represented by a red circle, while a virtual torus is represented by a grey area).
The illuminating source (Sgr A? for GCMC) is shown by the yellow star. In the MYTorus model,
the incident angle θobs is defined as the angle between the symmetry axis of the torus (dotted grey
line) and the LOS (black vertical line). When applying to the Galactic Center molecular cloud case,
the quasi-spherical cloud can be considered as part of the torus. Incoming X-ray photons from the
illuminating source are scattered by the cloud at an angle θ to the direction of the observer. The
green lines show the travel paths of the X-ray photons. dproj is the projected distance between the
cloud and the illuminating source as seen by the observer, and dlos is the LOS distance between
the cloud and the projected plane. A face-on view of the torus (θobs = 0◦ ) corresponds to the case
where the cloud locates in the projected plane noted by a dashed black horizontal line (θ = 90◦ ,
dlos = 0).
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Furthermore, compared to the X-ray reflection nebula models, the LECRe model results
in a poorer fit above 10 keV as it cannot fit to the spectrum curvature equally well. The
high energy part of the spectrum thus provides a more excluding constraint on the LECRe
model, which does not depend on the high metallicity required by the significant Fe Kα line.
I therefore confirm that the unphysical best-fit model parameters makes the LECRe scenario
unlikely to be a major process to account for the Sgr B2 X-ray emission in 2013. If there is
an underlying contribution from cosmic-ray electrons, it has to be significantly lower than
the current level.
Model 4: Self-consistent Cosmic Ray Proton Model LECRp
While cosmic-ray electrons can be safely excluded as a major contributor to the 2013 Sgr B2
X-ray emission, low energy cosmic-ray proton/ion bombardment could be a major process
if the Sgr B2 X-ray emission observed in 2013 has already reached the constant background
level. The LECRp model has the same model parameters as the LECRe model, with four
free parameters s, Λ, Emin and NLECR . As the path length cannot be constrained by the
fit, I fix it to Λ = 5 × 1024 H − atoms cm−2 , a typical value for nonrelativistic particles
propagating in massive molecular clouds of the Galactic Center environment (Tatischeff
et al. 2012). The right panel in Figure 3.7 shows that it results in an overall good fit with
χ2ν = 1.17 for d.o.f. = 92 (Table 3.2). The best-fit Fe abundance is Z/Z = 2.5+1.5
−1.0 , which
is consistent with the Galactic Center metallicity. The cosmic-ray proton spectral index
is s = 1.9+0.8
−0.7 . This agrees with the cosmic-ray proton spectral index derived with the
LECRp model for the Arches region using the XMM-Newton spectrum (s = 1.9+0.5
−0.6 , Tatischeff
et al. 2012) or the NuSTAR spectrum (s = 1.7 ± 0.6, Krivonos et al. 2014) Cosmic-ray iron
bombardment was proposed by these authors to explain the X-ray emission from the Arches.
As discussed in Tatischeff et al. (2012), with such a relatively hard cosmic-ray spectrum,
the X-ray emission produced by cosmic-ray protons depends weakly on the minimum ion
energy Emin . Therefore, I fix it to Emin = 10 MeV nucleon−1 . The total power required
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by cosmic-ray protons in the cloud can be derived from the best-fit model normalization
NLECR = (1.4 ± 0.4) × 10−7 erg cm−2 s−1 . The power injected by primary protons of
energies between Emin = 10 MeV and Emax = 1 GeV is dW/dt = (1.0 ± 0.3) × 1039 erg s−1
for D = 7.9 keV. However, the power injected into the cloud by the cosmic-ray protons
depends on the minimum energy Emin . For Emin = 1 MeV and Emin = 100 MeV, the
−7
best-fit model normalizations are NLECR = 2.0+1.1
erg cm−2 s−1 and NLECR =
−0.5 × 10
−7
0.7+0.3
erg cm−2 s−1 , respectively. The corresponding power injected by cosmic-ray
−0.1 × 10

protons is in the range of dW/dt = (0.4 − 2.3) × 1039 erg s−1 . This is the required cosmic-ray
proton power to explain the current Sgr B2 X-ray emission level. Therefore, the LECRp
scenario could explain the current level Sgr B2 X-ray emission and can only be excluded by
further variability.

Figure 3.7: The 3–79 keV X-ray spectrum of the central 9000 of Sgr B2 measured with
NuSTAR FPMA and fitted with three different models.
The crosses show the data points with 1σ error bars. The solid lines are the best-fit models.
The lower part of the plots shows the deviation from the model in units of standard deviation.
The spectrum is fitted with the self-consistent XRN model MYTorus (left panel), the LECRe
model (middle panel) and the LECRp model (right panel). While all the models can fit the
spectrum well overall, the LECRe model results in a poorer fit above 10 keV.
Main Compact Cores Sgr B2(M) and Sgr B2(N)
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By studying the 250µm continuum emission obtained with Herschel, Etxaluze et al. (2013)
show that the local optical depth at Sgr B2(M) and Sgr B2(N) (τ250µm ∼ 1) is higher than
that of the surrounding region by a factor of 2–5. The local column density of Sgr B2(M)
is therefore NH ∼ 1.8 × 1024 cm−2 based on the conversion relationship τ250µm /NH = 5 ×
10−25 cm2 for the Sagittarius region (Bernard et al. 2010). The molecular line emission
measurements also revealed that the Sgr B2(M) column density is NH ∼ 2 × 1024 cm−2 (Lis
& Goldsmith 1990). I extracted a spectrum from a 2000 radius region (Figure 3.4) centered
on Sgr B2(M) to measure the local optical depth independently using the X-ray data. The
Sgr B2(M) spectrum is fit with the MYTorus model using the same model settings for the
central 9000 region. The model yields a good fit with χ2ν = 1.06 for d.o.f. = 39. While all
the other key parameters are consistent with those derived from the central 9000 region, the
+3.2

+0.5

stat
sys
24
cm−2 , twice that of
intrinsic equatorial column density is NH (i) = (2.0−1.0stat
−0.5sys ) × 10

the whole 9000 region. The LECRp model can also fit well to the Sgr B2(M) spectrum (χ2ν =
1.02 for d.o.f. = 39), giving consistent NH (i) value. It agrees well with the local column
density value derived from molecular line emission and the 250µm continuum emission. The
corresponding radial optical depth in the direction of Sgr B2(M) is τT = 1.3+2.5
−1.0 . The
NuSTAR observations confirm that the Sgr B2(M) region is not optically thin, though with
large error bars. The 10–40 keV flux of Sgr B2(M) and Sgr B2(N) falling into the central
9000 region is F10−40

keV

= (6.1 ± 0.2) × 10−13 erg cm−2 s−1 , contributing to about one third

of the total flux of the central 9000 . The surrounding regions within the 9000 radius region
contribute to the remaining two thirds of the total flux. The second core, Sgr B2(N), does
not have sufficient statistics to perform a similar analysis.
The new feature G0.66−0.13
Since neither focal plane module is severely contaminated by stray light, I was able to use the
combined FPMA and FPMB NuSTAR data for G0.66−0.13. Furthermore, the G0.66−0.13
region does not contain sources registered in the Chandra point source catalogue (Muno
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et al. 2009). The background-subtracted NuSTAR spectrum for G0.66−0.13 does not show
any significant line features. Considering that the Fe Kα line emission was significantly detected by XMM-Newton in 2012, there could have been a sharp decrease in Fe Kα from 2012
to 2013. Since the sharply decreasing Fe Kα emission cannot be explained by the LECRp
scenario, I examine the G0.66−0.13 spectra only with the MYTorus model. In contrast to
the NuSTAR spectrum background subtraction (see section 3.2.1 for details), for the XMMNewton spectrum, the background region is selected from a less-crowded region far away
from the Galactic plane. Therefore, the thermal component in the XMM-Newton spectrum
represents the Galactic Center diffuse X-ray emission, while the thermal component in the
NuSTAR spectrum represents undetected point source and residual diffuse emission. Therefore I use the model wabs*(apec+MYTS+MYTL) for the spectral fitting of the 2013 NuSTAR
spectrum and the 2012 XMM-Newton spectrum, with all the temperature of the apec model
unlinked due to different thermal components, and the model normalizations of apec, MYTS
and MYTL unlinked in order to measure the emission decrease of both the Fe Kα and the
continuum. The model gives a good fit (χ2ν =1.18 for d.o.f. = 55), with a best-fit photon
22
index of Γ = 1.4 ± 0.5, a foreground column density of NH (f ) = (8.2+4.3
cm−2 and
−4.5 ) × 10
23
an intrinsic equatorial column density of NH (i) = 3.0+3.8
cm−2 (Figure 3.8). The
−1.9 × 10

intrinsic density NH (i) is lower than that of the central 9000 radius region of Sgr B2, indicating that G0.66−0.13 is optically thin. However, in the case that G0.66−0.13 is partially
illuminated, the measured NH (i), which is the illuminated column density, would be smaller
than the cloud intrinsic column density. The 10–40 keV flux for the NuSTAR 2013 data
is F10−40

keV

= (9.0 ± 1.2) × 10−13 erg cm−2 s−1 in 10–40 keV. The observed 6.4 keV flux

in 2012 measured by XMM-Newton is F6.4

keV

= (1.5 ± 0.2) × 10−5 ph cm−2 s−1 , while the

2013 NuSTAR spectrum does not require a 6.4 keV line, with a 6.4 keV flux upper limit of
5 × 10−6 ph cm−2 s−1 (90% confidence level). The 8–12 keV non-thermal continuum emission measured by NuSTAR in 2013 dropped to ∼ 50% of that measured by XMM-Newton
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in 2012. Both the fluorescence emission and the hard X-ray emission show fast variability
(or short life time), which could be due to a partial illumination of G0.66−0.13.
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Figure 3.8: 2013 NuSTAR and 2012 XMM-Newton spectra of G0.66−0.13 fit to the XRN
model.
The NuSTAR spectrum (black) and the XMM-Newton spectrum are fit with the XRN model
of wabs*(apec+MYTS+MYTL), with the normalizations of apec, MYTS and MYTL unlinked in
order to measure the emission decrease. The crosses show the data points with 1σ error
bars, and the solid lines show the best model. The lower panel shows the deviation from
the model in units of standard deviation. The 6.4 keV line was significantly detected by
XMM-Newton in 2012, but not detected by NuSTAR in 2013. It suggests a fast decay of
fluorescence emission within one year.

Parameter
Unit
NH (f )
1023 cm−2
NH (i)
1023 cm−2
Z/Z
kT
keV
−13
e
10
erg cm−2 s−1
Fapec
F6.4keV
10−6 ph cm−2 s−1
EW6.4 keV
keV
Γp.l.
f
Fp.l.
10−12 erg cm−2 s−1
ΓM T
NM T
10−2 ph cm−2 s−1
Λ
H − atoms cm−2
s
Emin
keV
NLECR
10−7 erg cm−2 s−1
χ2ν (d.o.f.)

Power-lawa
1.1 ± 0.4
5.0 ± 1.3
–
2.1+1.1
−0.9
6+3
−4
8.3 ± 2.1
1.2+0.7
−0.3
1.9 ± 0.5
(1.9 ± 0.2)
–
–
–
–
–
–
0.97 (91)

MyTorusb
LECRec
1.2 ± 0.1
1.3 ± 0.5
10.1 ± 4.1
5.5 ± 1.3
1(f)
4.0+2.0
−0.6
+2.3
3.5+2.5
3.4
−1.4
−1.2
+2
+4
6−3
7−3
–
–
–
–
–
–
–
–
2.2 ± 0.4
–
1.8+0.7
–
−1.1
–
5 × 1024 (f)
–
2.8+0.4
−0.5
–
3+47
−...
–
2.8 ± 0.2
1.09 (92)
1.18 (92)

LECRpd
1.2 ± 0.6
6.5+3.9
−2.6
2.5+1.5
−1.0
2.6+1.4
−0.7
6±3
–
–
–
–
–
–
5 × 1024 (f)
1.9+0.8
−0.7
104 (fixed)
1.4 ± 0.4
1.17 (92)

Table 3.2: Spectral analysis of the central 9000 of Sgr B2 with NuSTAR data.
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The goodness of fit is evaluated by χ2ν and the number of degrees of freedom given in parentheses. The errors are 90% confidence.
a Power-law Model: wabs*(apec+wabs*pow+gauss+gauss).
Power-law model is characterized by foreground interstellar absorption column density NH (f ), temperature kT and 2 − 10 keV
flux Fapec (2 − 10 keV) of apec, intrinsic absorption column density NH (i), photon index Γp.l. and 10 − 40 keV observed flux
Fp.l. (10 − 40 keV) of power-law, equivalent width EW and observed flux F6.4keV of the 6.4 keV iron line.
b MYTorus model: wabs*(apec+MYTorus).
The MYTorus model is characterized by NH (f ), kT and Fapec (2 − 10 keV) of apec, the intrinsic absorption column density
NH (i), photon index ΓM T of the illuminating power-law spectrum and the power-law normalization NM T , while the inclination
angle is fixed to θobs = 0◦ .
c LECRe model: wabs*(apec+wabs*LECRe).
The LECRe model is characterized by NH (f ), NH (i), kT and Fapec (2 − 10 keV) of apec, the power-law index s of the accelerated
particle source spectrum varying from 1.5 to 5, the path length Λ of the cosmic rays in the non-thermal X-ray production
region varying from 1021 to 1026 H − atoms cm−2 , minimum energy Emin and the model normalization NLECR for LECRe. NLECR
provides the power injected in the interaction region by primary cosmic-ray electrons or protons of kinetic energies between
Emin and Emax = 1 GeV.
d LECRp model: wabs*(apec+wabs*LECRp).
The LECRp model is characterized by NH (f ), NH (i), kT and Fapec (2 − 10 keV) of apec, s ranging from 1 to 5, λ ranging from
1021 to 1026 H − atoms cm−2 , Emin and the model NLECR for LECRp.
e F
apec in 2 − 10 keV.
f F
p.l. in 10 − 40 keV.
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3.2.5

X-ray Reflection Model

The broadband spectrum obtained by NuSTAR supports the XRN scenario where Sgr B2
reflects incoming X-rays from an illuminating source, which is most likely a past X-ray outburst from Sgr A? . The illuminating source photon index measured with the broadband
NuSTAR spectrum in 2013 using the MYTorus model is constrained to Γ = 2.2 ± 0.4, compatible with the illuminating source photon index of Γ = 2.0 ± 0.2 derived with combined
XMM-Newton and INTEGRAL/IBIS spectra obtained in 2003-2004 when Sgr B2 was much
brighter (Terrier et al. 2010). The outburst spectrum is also compatible with, though at the
extreme end of, the average AGN photon index of 1 ≤ Γ ≤ 2 with cut-off energies between
30 keV to 300 keV (Molina et al. 2013), which is also expected for the Sgr A? spectrum if it
became active.
The Sgr B2 cloud as a whole has been discussed as an optically thin cloud (e.g. Koyama
et al. 1996; Sunyaev & Churazov 1998; Revnivtsev et al. 2004; Terrier et al. 2010). In
2013, NuSTAR found the hard X-ray emission is concentrated in the central 9000 radius
region of Sgr B2, but it is unknown whether the hard X-ray emission in 2003-2009 was
similarly concentrated within 9000 or more extended, due to the poor angular resolution of
INTEGRAL/IBIS. While in the direction of the compact core Sgr B2(M) the optical depth
>

is as high as τT ∼ 1, the majority of the central 9000 radius region is optically thin with
τT < 1. Besides, the 10–40 keV image shows that the X-ray continuum emission traces the
local column density as measure by Herschel, also suggesting the majority of the central
9000 of Sgr B2 is optically thin. Therefore, although there are complicated substructures
with higher local column densities, the central 9000 can be considered as optically thin for a
simplified calculation of Sgr A? outburst luminosity.
For an optically thin cloud, the luminosity of the primary source can be derived via
two independent analytical methods: the Fe Kα fluorescence process using the 6.4 keV
line flux we measured, and the Compton scattering process with the measured hard X-ray
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continuum. Previously, the primary source luminosity has been calculated mainly based on
the fluorescence process, due to good measurements of the Fe Kα line but poorly constrained
continuum emission. The Fe Kα line emission flux for continuum radiation is expressed by
Sunyaev & Churazov (1998) as

F6.4 = φ

Ω
ZF e τT I(8) ph cm−2 s−1
4πD2

(3.1)

where Ω is the cloud solid angle subtended to the illuminating source, D is the distance to
the observer, ZF e is the iron abundance relative to solar, τT is optical depth due to Thomson
scattering, and I(8) is the illuminating source flux at 8 keV. φ is a factor of the order of
unity, which depends on the source spectrum. Sunyaev & Churazov (1998) assumed the
source spectrum to be bremsstrahlung with a temperature from 5 to 150 keV, corresponding
to φ ∼ 1.0 − 1.3. Now, with a better knowledge of the primary source spectrum, we know it
can be well described with a power-law with Γ ≈ 2. Γ ranges from 1.8 to 2.6, as measured
with the MYTorus model, corresponding to φ ∼ 1.1 − 1.3. In the calculation hereafter we will
adopt Γ ≈ 2 and its corresponding φ = 1.18.
Using the Sunyaev & Churazov (1998) approach, we adopt the characteristic value L8 ,
the illuminating source luminosity at 8 keV in the 8 keV wide energy band. Thus, L8 can
be expressed with I(8) as L8 = I(8) × 8 × 8 × 1.6 × 10−9 erg s−1 . For the central region of
Sgr B2 we adopted r = 9000 assuming it was entirely illuminated, so the luminosity of the
source required to produce the observed 6.4 keV line is:
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L8 = 3 × 10



F6.4
10−4



0.1
τT



d
100 pc

2

(ZF e )−1 erg s−1

(3.2)

where d is the distance between the molecular cloud and the illuminating source. For a
power-law spectrum with Γ ≈ 2, L8 corresponds to 30% of the source luminosity at 3 −
79 keV. While the 6.4 keV line flux has been decreasing over the past decade, the maximum
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observed Fe Kα flux should be used to calculate the peak primary source luminosity. As
the XRN model I use does not measure the iron abundance of Sgr B2, I used the most
recently measured value ZF e = 1.3 ± 0.1 (Terrier et al. 2010). With the maximum central
9000 Sgr B2 flux F6.4 = (4.3 ± 0.6) × 10−5 ph cm−2 s−1 obtained in 2001 and spatially
average optical depth τT = 0.67 ± 0.27 measured by NuSTAR, the resultant primary source
luminosity is L8 = (1.5 ± 0.7) × 1038 (d/100 pc)2 erg s−1 , corresponding to a 3–79 keV
luminosity of L3−79
L1−100

keV

keV

= (5.0 ± 2.3) × 1038 (d/100 pc)2 erg s−1 or 1–100 keV luminosity of

= (0.7±0.3)×1039 (d/100 pc)2 erg s−1 . This is comparable to the L1−100

keV

∼ 1.1×

1039 (d/100 pc)2 erg s−1 derived from XMM-Newton and INTEGRAL/IBIS data obtained in
2003-2004 (Terrier et al. 2010). The uncertainty of the primary source luminosity mainly
comes from the measurement uncertainty of τT and the distance between Sgr B2 and the
primary source, d. The solid angle Ω could also be lower in the case of partial illumination,
which would result in an underestimation of the primary source luminosity.
Since this was the first time the Sgr B2 10–40 keV continuum emission has been resolved,
I also derived the primary source continuum luminosity from the Compton scattered continuum. As discussed in Capelli et al. (2012), the observed scattered continuum at an angle θ
with respect to the incident radiation direction is:
S( E) =

Ω 3τT (1 + cos2 θ)
I(E) ph cm−2 s−1 keV−1
D2 8π
2

(3.3)

where I(E) is the photon flux from the source in units of ph s−1 keV−1 . This relationship
is based on Thomson scattering, which is a good approximation for incident photons with
energies of a few keV. However, when the photon energy is higher, electron quantum mechanical effects become important. As a result, we need to consider the Compton scattering
process. Starting with the Compton scattering cross section formula, we derived a correction
factor from Thomson scattering to Compton scattering as fT C = (1 +

E
(1
511 keV

− cos θ))−4

assuming a power-law spectrum with Γ ≈ 2. The correction holds as long as E  mc2 for
the electrons, which is true for the NuSTAR energy band of 3 to 79 keV. Thus, for any X-ray
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photon energy, the Compton scattered continuum can be expressed as:


−4
Ω 3τT (1 + cos2 θ)
E
S(E) =
1+
(1 − cos θ)
D2 8π
2
511 keV
×I(E) ph cm−2 s−1 keV−1
The observed 10–40 keV scattered continuum flux is F10−40 =

R 40

keV
S(E)E
10 keV

(3.4)
dE erg cm−2 s−1 .

Thus, integrating both sides of equation (4) gives us the relationship between F10−40 and L8 .
I keep the first order correction term of the integrated form and neglect higher order terms.
As a result, the source luminosity in the 8 keV wide band can be expressed with observed
10–40 keV Compton scattered continuum measured at angle θ as:
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L8 = 4 × 10
×



F10−40
−11
10 erg cm−2 s−1



0.1
τT



d
100 pc

2

1
× (0.72 + 0.12(1 − cos θ)) erg s−1
2
1 + cos θ

(3.5)

I used the maximum value of the hard X-ray continuum flux in 2012 from the lightcurve
obtained by XMM-Newton. In section 3.2.3, I estimated the 10–40 keV flux of the central 9000
in 2001. The resultant source luminosity is L8 = (3.6 ± 1.8) × 1038 f (θ) (d/100 pc)2 erg s−1 ,
where f (θ) =

1
(0.72
1+cos2 θ

+ 0.12(1 − cos θ)) ∼ 0.36–0.84 corresponding to θ ∼ 0◦ –180◦ . As

the scattering angle range cannot be derived from the XRN model fitting in our study, I
adopt cos θ ∼ 0.8 based on VLBI observation results (Reid et al. 2009) to derive a nominal
value for f (θ). The error of f (θ) is calculated corresponding to the full allowed range of
+1.6
the scattering angle θ = 0◦ –180◦ , resulting in f (θ) = 0.46+0.38
−0.10 . Thus, L8 = (1.7−0.9 ) ×

1038 (d/100 pc)2 erg s−1 , corresponding to a 3–79 keV luminosity of L3−79
1038 (d/100 pc)2 erg s−1 or a 1–100 keV luminosity of L1−100

keV

keV

+5.2
)×
= (5.6−2.9

39
2
= (0.8+0.7
−0.4 ) × 10 (d/100 pc)

erg s−1 .
This result is consistent with L8 calculated via the photoelectric absorption process.
Indeed, comparing equations (2) and (5), I have
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L8 (abs)
=
L8 (scat)

3



F10−40
10−11 erg cm−2

4





(ZF e )−1

= 0.8+0.4
−0.6
f (θ)
s−1

s−1

F6.4
10−4 ph cm−2

(3.6)

which is a factor of the order of unity. The primary source luminosity independently calculated via the Compton scattering is remarkably consistent with that calculated via photoelectric absorption. The consistency strongly supports the X-ray reflection scenario. With
Equation (4), the primary source luminosity in any energy band can be directly derived given
the measurement of the molecular cloud flux in the same energy band. This continuum-fluxbased method has also been applied to other Galactic Center molecular clouds to test the
XRN model and constrain the Sgr A? outburst history (Mori et al. 2015).
The MYTorus model can also give the illuminating source spectrum, although it assumes
fixed solar abundance for iron and that the observation angle cannot be constrained with the
data. By rescaling the incoming X-ray flux by the solid angle ratio of the torus (Ω/4π = 0.5)
and Sgr B2 (Ω/4π = 2.89 × 10−4 ), I derived the primary source luminosity to be L8 =
38
(1.4+0.5
(d/100 pc)2 erg s−1 (see section 3.2.4 for details), As the 2013 X-ray emission
−0.1 ) × 10

from Sgr B2 is 30% that of its maximum flux (Section 5), the primary source luminosity
38
with the peak Sgr B2 flux is L8 = (4.6+1.6
(d/100 pc)2 erg s−1 , or L3−79
−3.6 ) × 10

keV

=

39
2
−1
(1.5+0.5
with the 2001 Sgr B2 X-ray flux. With large error bars,
−1.1 ) × 10 (d/100 pc) erg s

the primary source luminosity derived by the MYTorus model overlaps with that derived
with the analytical calculations, though the best-fit luminosity value is higher. For the other
Galactic Center molecular clouds, the MYTorus model also gives a primary source luminosity
higher than that derived from the analytical calculation roughly by a factor of 2 due to
different assumptions of the geometry and Fe abundance .
The analytical calculations above are valid for an optically thin (τT  1) cloud where
the fluorescence photons are not scattered and the continuum emission photons are scattered
once inside the cloud. Sgr B2 has very complicated density profile, including three main
compact cores (Sgr B2(N), Sgr B2(M) and Sgr B2(S) from north to south) and numerous
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clumpy regions. Overall its density decreases as radius becomes larger. Without a model
fully considering the density distribution within Sgr B2, the measured τT for a specific region
is an averaged value. For the 9000 radius region we adopt, and larger regions previous works
adopt (e.g., 4.50 radius region in Terrier et al. 2010), the averaged optical depth for such
large regions is τT  1, thus have been treated as optically thin as a whole. However, for the
compact cores at the center of Sgr B2, which have higher local density, the local optical depths
are higher than 1 as indicated by Herschel and NuSTAR measurements, though with large
error bars. For these regions, multiple-scattering could take place during the decay stage.
The X-ray emission life time of optically thick material is longer than its light crossing time
(t = τT r/c when τT  1) due to multiple-scattering. The reflected X-ray emission follows
an exponential decay for optically thick materials and a parabolic decrease for optically
thin materials. Therefore, the optically thicker material flux decreases much slower at late
stages. If the compact core regions are confirmed to be optically thick, X-ray emission
from the central compact cores Sgr B2(M) and Sgr B2(N) could still be bright enough to
be detected when the surrounding optically-thin regions completely fades. However, if the
optical depth in the direction of the compact cores can be more tightly constrained to τT = 1,
the multi-scattering effect would be negligible. Future observation of Sgr B2 can test this
prediction and better constrain the local optical depth in the direction of the compact cores.
The Role of G0.66−0.13 in the XRN Scenario
G0.66−0.13 is an elliptical feature with a major radius of ∼ 5 pc and a minor radius of ∼ 3 pc.
The illuminating source photon index (Γ = 1.4 ± 0.5) is compatible with that of the central
23
cm−2
region of Sgr B2 (Γ = 2.2 ± 0.4). The intrinsic column density of NH (i) = 3.0+3.8
−1.9 × 10

is lower than the column density of the central part of Sgr B2. The primary source luminosity
based on its 2012 peak Fe Kα emission is L8 = (1.3 ± 0.5) × 1038 (R/100 pc)2 (ZFe )−1 erg s−1 ,
or L3−79

keV

= (4.3 ± 1.6) × 1038 (R/ 100pc)2 (ZFe )−1 erg s−1 . It is consistent with the

primary source luminosity required by the central region of Sgr B2. The Fe Kα line intensity
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of G0.66−0.13 exhibits fast decay at 6.4 keV. The linear fitting shows that the G0.66−0.13
Fe Kα emission demonstrates an increasing trend prior to 2013 (Figure 3.5). However, the
increase could be much sharper. I do not have good enough statistics to distinguish between
a linear increase from 2000 to 2012 and a sharp peak in 2012 on top of a baseline Fe Kα
emission. In 2012, the peak Fe Kα emission from G0.66−0.13 was brighter than the Sgr B2
core Sgr B2(M). The non-detection of its Fe Kα emission in 2013 suggests a fast decrease in
Fe Kα line flux. The fast flux decrease with a life time of t ∼ 1 year roughly matches the
light crossing time of the peak within G0.66−0.13 (r/c ∼ 2 years).
Both Sgr B2 and G.66−0.13 are about 100 pc away from Sgr A? , while the G0.66−0.13
X-ray flux reached the peak 12-18 years after Sgr B2. If G.66−0.13 was illuminated by the
same Sgr A? outburst that illuminated Sgr B2, it should be 16-23 pc behind the Sgr B2
center in the line-of sight assuming Sgr B2 is 130 pc in front of the projection plane (Reid
et al. 2009). Therefore, G0.66−0.13 could be a molecular clump, with a higher local density
than its surrounding environment, located in the Sgr B2 envelope which extends to about
22.5 pc.

3.2.6

Cosmic-ray Electron Model

LECRe cannot be the major contribution to the bright Fe Kα line emission from Sgr B2, as
both the required iron abundance and the electron power are too high to be physical (e.g.
Revnivtsev et al. 2004; Terrier et al. 2010). After a decade of decreasing Fe Kα line flux, I
tested whether the the constraints on the LECRe parameters by the remaining emission level
in 2013 are still excluding this scenario. Generating the bremsstrahlung emission with the
observed slope of Γ = 1.9 in 3–79 keV requires a relatively soft electron spectra with s ∼ 2.8
and a minimum CR electron energy far below 100 keV as I measured, which is illustrated
in Tatischeff et al. (2012). For such a soft CR spectrum, the neutral Fe Kα line is predicted
to be relatively weak, with EW ≤ 0.4 × (Z/Z ) keV (Figure 3 in Tatischeff et al. 2012).
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Therefore, to fit the observed Fe Kα line EW of ∼ 1.3 keV as measured by NuSTAR, the
required Fe abundance is found to be ZF e = 4.0+2.0
−0.6 , still significantly exceeding the current
measurement of GC metallicity of solar to twice solar. This is due to the relatively inefficient
production of 6.4 keV photons by LECRe interactions, for which the Fe fluorescence yield
R6.4

keV

= LX (6.4 keV)/(dWe /dt) is always lower than 1 × 10−6 (Z/Z ) for s > 2.3 and

Emin < 100 keV (Tatischeff et al. 2012). Besides the unphysical Fe abundance required by
the Fe Kα emission, the LECRe model also results in an overall poorer fitting to the broadband
3–79 keV spectrum compared to the XRN model. Especially, the hard X-ray part of the
spectrum has more residuals for the LECRe model, thus providing a more exclusive constraint
which does not depend on local metallicity.
Another difficulty in explaining all the Fe Kα emission with LECRe is the lack of an
obvious particle acceleration site. Yusef-Zadeh et al. (2002) suggested that the interaction
of non-thermal radio filaments and the cloud could locally accelerate CR electrons. YusefZadeh et al. (2007b) detected a non-thermal radio source in Sgr B2, but it is unclear whether
it could serve as a particle accelerator. Even if there exists a local CR acceleration site, the
non-thermal electrons with energies below 100 keV are not able to escape the acceleration
region and penetrate the whole dense cloud. Based on the unphysical values of the required
metallicity and minimum electron energy, I conclude that the LECRe scenario cannot be a
major contributor to the remaining X-ray emission from Sgr B2 in 2013. Currently I do not
have sufficient data to determine how much the LECRe bombardment may contribute to the
Sgr B2 Fe Kα emission. Future X-ray polarization measurements could potentially reveal
the contributions from X-ray reflection and cosmic ray bombardment.

3.2.7

Cosmic-ray Proton Model

Although it is clear that the Sgr B2 Fe Kα emission decreases since 2001, the consistent Fe
Kα emission in 2012 and 2013, and the lack of measurements between 2005 and 2011 do
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not allow me to determine whether the Fe Kα emission was still decreasing in 2013 or had
reached the constant baseline emission level. Future observations of Sgr B2 can distinguish
between the two cases. Dogiel et al. (2009) estimated that CR protons could contribute
to about 15% of the observed maximum Fe Kα flux obtained around 2000, although this
prediction is highly model dependent. In 2012 and 2013, the Sgr B2 Fe Kα emission reached
20% of that measured in 2001, therefore the 2012 and 2013 Fe Kα emission could be mainly
due to CR proton bombardment.
The 2013 NuSTAR Sgr B2 spectrum can be fit well with the self-consistent LECRp model.
The required metallicity of Z/Z = 2.5+1.5
−1.0 overlaps with the Galactic Center environment
metallicity of one solar to twice solar. Assuming all the X-ray emission from the central
9000 Sgr B2 in 2013 is due to CR proton bombardment, the required total power of the
CR proton of energies between Emin = 10 MeV and Emax = 1 GeV in the cloud region is
dW/dt = (1.0±0.3)×1039 erg s−1 . Taking the uncertainty of Emin into account, the required
power of the CR proton ranges from dW/dt =(0.4–2.3)×1039 erg s−1 . According to Tatischeff
et al. (2012), there is an additional 40% power comes from α-particles with Cα /Cp = 0.1,
the final required total kinetic CR ion power is (0.6–3.2) ×1039 erg s−1 , which is roughly
10% of the steady state mechanical power supplied by supernovae in the inner ∼ 200 pc of
the Galaxy Tatischeff et al. (2012). The required power injection is quite significant and
probably difficult to fully be accounted with typical sources.
The power deposited into the cloud is lower than the incident CR ion power, because CR
ions with energies lower than Emin cannot penetrate the cloud and, with a path length of
Λ = 5 × 1024 cm−2 , those ions with energies higher than 180 MeV can escape from the cloud
without depositing energy in it (Tatischeff et al. 2012). Therefore, the power deposited by
CR ions into central Sgr B2 is Ẇd ∼ 8 × 1038 erg s−1 . With the central 9000 of Sgr B2 mass
of M ∼(0.5–2)×106 M estimated based on the simplified Sgr B2 density profile and a total
mass of M = 6 × 106 M (Lis & Goldsmith 1990), the corresponding ionization rate can be
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estimated to be ζH ∼(6–10)×10−15 H−1 s−1 using Equation (11) in Tatischeff et al. (2012).
This CR ionization for the dense materials in Sgr B2 is comparable to the Galactic Center
CR ionization rate of ζH ∼(1–3)×10−15 s−1 , which is found to be uniform throughout the
Galactic Center on scales of 200 pc (e.g. Goto et al. 2011).
The Galactic Center LECR ion source has been suggested to be Galactic supernovae or
star accretion onto Sgr A? (Dogiel et al. 2013 and the references therein). However, there
could be local LECR ion sources, which would increase the local CR ionization rate and
therefore the LECRp contribution to the X-ray emission (Dogiel et al. 2009; Tatischeff et al.
2012). The X-ray emission from the Arches region used to be interpreted in this scenario.
However, a significant decrease in the Fe Kα line emission from the Arches revealed that the
CR ion bombardment cannot be the dominant physical process (Clavel et al. 2014). Sgr B2
is by far the only Galactic Center molecular cloud which is likely to have reached or will
soon reach the baseline X-ray emission level. Therefore, the remaining emission from Sgr B2
will be a unique and powerful tool to probe the CR population in the Galactic Center in the
X-ray energy bands. The LECRp scenario will stay valid as long as no further decrease is
observed in the coming years.

3.3

Other Galactic Center Molecular Clouds

Besides Sgr B2, the Sgr A clouds including MC1, MC2, the Bridge and G0.11−0.11 were
covered by the NuSTAR GC mini-survey as well as XMM-Newton observations in 2012.
Figure 3.9 shows the 10–20 keV exposure-corrected smoothed image of the Galactic Center region. Diffuse X-ray emission is present between the Sgr A complex and the LMXB
1E1743.1−2843. This diffuse emission is likely a mixture of the ∼ 8 keV thermal diffuse
emission and the X-ray emission from the molecular clouds. Three molecular clouds, MC1,
the Bridge and the Arches cluster indicated by green dashed ellipses (defined in Ponti et al.
2010), are clearly detected above 10 keV (figure 3.9). The NuSTAR image is overlaid with
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Fe Kα line emission contours obtained from the 2012 XMM-Newton observations (cyan). It
is evident that the 10–20 keV hard X-ray emission is well correlated with the Fe Kα line
emission in these cloud regions. Another Galactic Center molecular cloud, Sgr C, is not
suitable for NuSTAR observations because of strong ghost-ray background from the bright
persistent low-mass X-ray binary (LMXB) 1A1742−294.
With a separation of ∼ 12 pc, MC1 is the closest to Sgr A? in projection among the
molecular clouds emitting the Fe Kα line emission. MC1 was one of the brightest clouds in
2012. Its Fe Kα line flux of the whole cloud stayed nearly constant from 2000 to 2010 (Ponti
et al. 2010; Capelli et al. 2012). Using Chandra data, Clavel et al. (2013) found different time
variations in sub-divided regions in the MC1 cloud between 2000 to 2010 – the Fe Kα line
flux decreased in the region closer to Sgr A? while it increased in the regions farther away
from Sgr A? . In 2012, XMM-Newton and NuSTAR detected the brightest Fe Kα line and
hard X-ray continuum emission coinciding with the central region of MC1, where Fe Kα line
flux has been most prominent since 2002 (Clavel et al. 2013). The complicated molecular
cloud feature, the “Bridge”, is located on the east side of MC1. It contains multiple cloud
features exhibiting a range of Fe Kα line flux light curves (Ponti et al. 2010; Capelli et al.
2012; Clavel et al. 2013). Within the Bridge, there are two sub features bright in both the
Fe Kα line and hard X-ray continuum emission. For the Arches region, detailed imaging and
spectral analysis can be found in Krivonos et al. (2014).
Some giant molecular clouds are not detected due to their low X-ray luminosities, including G0.11−0.11, MC2, the 20 km s−1 and 50 km s−1 cloud. G0.11−0.11 is located at the east
end of the Bridge. NuSTAR detected two hard X-ray sources within it. One is the X-ray
filament G0.13−0.11, and the other is the bright magnetic CV CXOUGC J174622.7−285218
(Muno et al. 2009). These two X-ray sources do not have strong Fe Kα line emission and
thus do not appear in the 6.4 keV Fe Kα contours in Figure 3.9. Neither Fe Kα emission
nor hard X-ray continuum emission were significantly detected by NuSTAR from the cloud
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G0.11−0.11, probably because its X-ray emission has been decaying over the last decade
(Capelli et al. 2012). Similarly, no hard X-ray emission above 10 keV was detected from
other clouds such as MC2, the 20 km s−1 and 50 km s−1 cloud. According to the linearly
decreasing trend of Fe Kα line flux (Clavel et al. 2013), hard X-ray emission from MC2 may
have dropped below the NuSTAR detection threshold. The results are consistent with no
apparent detection of Fe Kα emission from the 20 km s−1 cloud and the 50 km s−1 cloud
<

(Ponti et al. 2010). However, given their small offsets (∼ 10 pc) from the Galactic Center,
where X-ray transients are highly concentrated, X-ray outbursts lasting over a few years
(e.g., the transit magnetar SGR J1745−29) may illuminate these clouds. Thus, the X-ray
reflection of the outbursting transients may be observed through time-varying Fe Kα line
and hard X-ray continuum emission in the near future.
With the current data, only MC1 and the Bridge allow for spectral analysis. Applying
the MYTorus model with the same settings to the spectra of MC1 and the Bridge, the
23
equatorial hydrogen column density yield NH = 2.3+1.0
cm−2 for MC1 and NH =
−0.6 × 10
23
1.5+0.6
cm−2 for the Bridge. The measured NH values correspond to Thompson depth
−0.3 × 10

of τT ∼ 0.1, indicating that, unlike Sgr B2, MC1 and the Bridge are optically thin. The
best-fit primary source photon indices derived from the spectra of MC1 and the Bridge are
Γ = 2.1+0.2
−0.1 and Γ = 1.8 ± 0.1, respectively. The inclination angle is well contained to
θobs = 4.5◦ +15
−4.5 for the Bridge, suggesting that the Bridge is located close to the projection
plane of the primary source which is mostly likely Sgr A? . In contrast, the MC1 inclination
angle is poorly constrained as θobs = 60◦−23 with the upper limit unbounded, mainly because
the MC1 data have poorer photon statistics than the Bridge data. The 1.5–20 keV combined
NuSTAR and XMM-Newton spectra are shown in Figures 3.10 and 3.11.
MC1, the Bridge and Sgr B2 clouds have consistent primary power-law index of Γ ∼ 2.
Since the inclination angle θobs cannot be uniquely associated with the light-of-sight location
of a cloud, the MYTorus model can only give a lower bound of the illuminating source
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luminosity LX , for the case the cloud and the primary X-ray source are located in the same
projection plane. Using the best-fit primary X-ray fluxes at θobs = 0◦ , it gives the primary
>

>

source luminosity of LX ∼ 1.1 × 1038 erg s−1 (using MC1 data) and LX ∼ 0.9 × 1038 erg s−1
(using the Bridge data). Here, we assumed that the illuminating X-ray source is located at
Sgr A? and rescaled the primary X-ray flux as described in section 3.2.4.
None of the the X-ray transients in the Galactic Center had persistent outbursts over a
long enough period of (> 10 years) to illuminate MC1 and the Bridge at the observed flux
>

levels. It is extremely rare for a bright outburst with LX ∼ 1036 erg s−1 to last for a few
years. Clavel et al. (2013) also argued that even if there is an undetected X-ray transient
>

with outburst luminosity of LX ∼ 1037 erg s−1 with a duration longer than 10 years, such as
GRS1915+105, it would require an unrealistic Galactic Center cloud distribution to account
for the observed Fe Kα emission. As a result, Sgr A? is the most likely illuminating source
for MC1 and the Bridge.
Based on the different timing variations of Fe Kα line emission from different Galactic
Center molecular clouds, Capelli et al. (2012) and Clavel et al. (2013) suggested that Sgr A?
X-ray outburst activity in the past hundred years had multiple distinct periods with vastly
<

different outburst power before declining to the current flaring state with LX ∼ 1036 erg s−1
(Nowak et al. 2012; Degenaar et al. 2013). Given the error bars in primary source photon
indices and the lower bounds of primary source luminosities in Table 3.3, the primary Xray spectra are consistent between MC1, the Bridge and Sgr B2. Thus, with the current
NuSTAR data alone, it is inconclusive whether these clouds were illuminated by different
Sgr A? outbursts in the past or not. Continuing long-term monitoring of the Sgr A clouds by
NuSTAR, with improved XRN models and photon statistics, will be able to tightly constrain
Sgr A? ’s outburst history (e.g., the number of giant Sgr A* outbursts, their X-ray luminosities
and durations) over the last few hundred years.
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Figure 3.9: NuSTAR 10-20 keV exposure-corrected smoothed image of the Galactic Center
region in Galactic coordinates.
Green dashed ellipses: selected molecular clouds. Cyan contours: 6.4 keV Fe Kα continuumsubtracted intensity contours from XMM-Newton. Green polygons: Chandra morphologies of
the two X-ray filaments detected above 10 keV. Green circles (r = 1000 ): two hard X-ray point
sources. PS 1 and PS 2 are known Chandra point sources, CXOUGC J174551.9−285311 and
CXOUGC J174622.7−285218, respectively (Muno et al. 2009).
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Figure 3.10: 1.5-20 keV XMM-Newton (black) and NuSTAR (red) spectra of the MC1 cloud
fit with the MYTorus model.
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Figure 3.11: 1.5-20 keV XMM-Newton (black) and NuSTAR (red) spectra of the Bridge
cloud fit with the MYTorus model.
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Parameters

MC1

Bridge

Sgr B2

2.1

8.5

64

∼ 12

∼ 20

∼ 100

Equatorial column density NH [1023 cm−2 ]

2.3+1.0
−0.6

1.5+0.6
−0.3

10.1 ± 4.1

Primary photon index Γ

2.1+0.2
−0.1

1.8 ± 0.1

2.2 ± 0.4

∼ 1.1 × 1038

∼ 0.9 × 1038

∼ 5.0 × 1038

Cloud area size (armin2 )
Projected distance from Sgr A? [pc]

Primary luminosity LX [erg s−1 ] (2-20 keV)

>

>

>

Table 3.3: Comparison of molecular cloud and primary source parameters between MC1,
the Bridge and the Sgr B2 core using the self-consistent XRN model.

3.4

Conclusion

I studied in detail the X-ray emission of the densest and most massive Galactic Center
molecular cloud Sgr B2. I presented its broadband X-ray spectra, X-ray morphology and
time variability and discussed two possible origins of the observed X-ray emission from
Sgr B2: X-ray reflection nebula and cosmic ray bombardment. Then I compared the Sgr B2
observation with that of other Galactic center giant molecular clouds, including MC1 and the
Bridge clouds. NuSTAR observations of all three molecular clouds are consistent with the
X-ray reflection nebula scenario, with Sgr A? as the most likely primary X-ray source. With
the current NuSTAR data alone, it is inconclusive whether different clouds reflect Sgr A?
X-ray outbursts with different luminosity levels in different epochs. Follow-up observations
will shed light on this remaining question. In the following I list the major conclusions of
this chapter.
• Central 9000 of Sgr B2: The substructures of Sgr B2 are resolved at sub-arcminute scales
at hard X-ray energies (> 10 keV). The hard X-ray continuum emission in the10–40 keV
band reveals two compact star-forming cores, Sgr B2(M) and Sgr B2(N), surrounded by
diffuse emission with the western side brighter than the eastern side. The central 9000 region
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is marginally optically thin on average.
• Main Compact Cores Sgr B2(M) and Sgr B2(N): Compact cores Sgr B2(M) and
Sgr B2(N) are resolved above 10 keV for the first time. Both the 6.4 keV line emission and
the 10–40 keV continuum emission peak at the location of the main compact core Sgr B2(M).
While Sgr B2(N) is significant in 10–40 keV continuum emission, it is not detected at 6.4 keV
in 2013 perhaps due to higher local absorption. The Sgr B2(M) spectrum requires a high
optical depth of τT = 1.3+2.5
−1.0 , consistent with the Herschel measurement, suggesting it is not
optically thin.
• XRN vs. LECR for Sgr B2: After a decade of decline, the Sgr B2 Fe Kα emission in
2012 reached 20% of that in 2001, but remained at the same level during 2012–2013. The
lack of Sgr B2 observations between 2005 and 2011 does not allow us to determine whether
the 2013 Fe Kα emission kept decreasing (which could be explained by the XRN or the
LECRe model) or had reached the constant background level (for which the LECRp model
is favored). I first excluded the LECRe scenario based on unphysical best-fit parameters,
no matter whether the Fe Kα emission is decreasing or not. The significant 6.4 keV line of
Sgr B2 in 2013 requires the Fe abundance to be at least 3.4 solar, significantly exceeding
the current measurements of the Galactic Center metallicity. The best-fit minimum electron
energy is far below 100 keV. With such low energies, the non-thermal electrons are not able to
penetrate Sgr B2 even if there is a local CR particle acceleration site. Therefore, I conclude
that the cosmic-ray electron scenario cannot be a major contributor to the remaining level
of the X-ray emission from Sgr B2 in 2013.
The 2013 Sgr B2 X-ray emission can be best explained by the XRN scenario if the X-ray
emission is still decreasing. I examined the XRN scenario with an ad hoc XRN model and a
self-consistent XRN model. Due to the lack of geometrical information in this ad hoc model,
interpretation of the intrinsic column density of NH (i) = (5.0 ± 1.2) × 1023 cm−2 calls for
caution. With the self-consistent XRN model MYTorus, we derive the intrinsic equatorial
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column density to be NH (i) = (1.0 ± 0.4) × 1024 cm−2 , twice that derived from the ad
hoc model. This corresponds to τT = 0.67 ± 0.27, confirming that the central 9000 region is
marginally optically thin on average. In the XRN scenario, I developed an analytical method
to calculate the primary source luminosity via Compton scattering with the 10–40 keV
scattered continuum (Equation 5). With this approach the primary source luminosity in
any X-ray energy band can be derived with the observed continuum emission. The resulting
primary source luminosity is L3−79

keV (scat)

38
2
−1
= (5.6+5.2
−2.9 ) × 10 (d/100 pc) erg s . This is

remarkably consistent with the primary source luminosity calculated via the photoelectric
absorption process based on the updated source spectral shape, which yields L3−79

keV (abs)

=

(5.0 ± 2.3) × 1038 (d/100 pc)2 erg s−1 . I found that L8 (abs)/L8 (scat) is of order of unity,
confirming the self-consistency of the XRN model.
In case the Fe Kα emission has reached the background level in 2013, the reflected Xrays could have completely faded and the cosmic-ray proton/ion process could be a major
contributor. The required total cosmic-ray ion power is dW/dt = (0.6 − 3.2) × 1039 erg s−1 ,
comparable to 10% of the mechanical power supplied by supernovae in the inner ∼ 200 pc
of the Galaxy. The cosmic-ray ionization rate is found to be ζH ∼ (6 − 10) × 10−15 H−1 s−1 ,
consistent with the cosmic-ray ionization rate in the Galactic Center environment. If the
Sgr B2 X-ray emission has indeed reached the background level, this could be a powerful
tool to constrain the cosmic-ray ion population in the Galactic Center.
• The new cloud feature G0.66−0.13 within Sgr B2: The Fe Kα line flux of G0.66−0.13
reached its peak in 2012 and quickly diminished within ∼ 1 year. The fast variability is
best explained by the XRN scenario. The required primary source luminosity L3−79

keV

=

−1
(4.3 ± 1.6) × 1038 (d/100pc)2 Z−1
is consistent with that derived from central Sgr B2.
Fe erg s

Assuming G0.66−0.13 is illuminated by the same Sgr A? outburst that illuminates Sgr B2, it
should be 16-23 pc behind the Sgr B2 center along the line-of sight, which is still within the
Sgr B2 region. G0.66−0.13 could be a molecular clump with a local column density higher
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than surroundings located in the Sgr B2 envelope.
• Other Galactic Center molecular clouds and Sgr A? outburst history: The hard X-ray
emission from the Sgr A clouds has also been detected by NuSTAR beyond 10 keV for the
first time, including MC1 and the Bridge clouds. Hard X-ray continuum emission is spatially
correlated with Fe Kα line emission (EW∼ 1 keV) from these clouds. Applying the MYTorus
model to the combined XMM-Newton and NuSTAR spectra of MC1 and the Bridge yields
intrinsic column densities of NH ∼ 1023 cm−2 and primary X-ray spectra with Γ ∼ 2. A firm
lower bound for the X-ray luminosity of the past Sgr A? outburst illuminating MC1 and the
>

Bridge is LX ∼ 1038 erg s−1 . With the current data and the X-ray reflection model, it is still
unclear whether the Sgr A and Sgr B clouds were illuminated by different Sgr A? flares in
the past.

Chapter 4
Galactic Center Cosmic-rays Revealed
by Filamentary Structures
4.1

Introduction

The Galactic Center hosts not only the supermassive black hole Sgr A? , supernova remnants
(SNRs), pulsar wind nebulae (PWNe), dense molecular clouds and star clusters, but also
many mysterious non-thermal filamentary structures. Originally detected at radio wavelengths (e.g., Yusef-Zadeh et al. 1984), many non-thermal filaments were later revealed to
be strong X-ray emitters (e.g., Lu et al. 2008; Johnson et al. 2009). Within (l, b) = 1◦ × 0.◦ 5
of Sgr A? , numerous (≈ 17) X-ray filaments are now well-resolved on arcsecond scales in
Chandra observations (Lu et al. 2008; Muno et al. 2008; Johnson et al. 2009). Figure 4.1
displays some of the X-ray filaments detected by Chandra in the Galactic Center region.
Their emission mechanism and nature have been under debate since their discovery.
Among the Galactic Center non-thermal filaments, G359.89−0.08 (XMM J17450−2904)
(Sakano et al. 2003; Lu et al. 2003), the X-ray counterpart to Sgr A-E (Ho et al. 1985), is by
far the most luminous. Discovered in archival XMM-Newton and Chandra observations of
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Figure 4.1: Chandra 5–8 keV mosaic image of the Galactic Center displaying many nonthermal X-ray filaments.
This mosaic image is made from ∼ 2 Ms Chandra Galactic Center observations taken from
1999 to 2012. The black circle shows the location of Sgr A? . And the yellow regions outlines
some of the Galactic Center X-ray filaments.
the Galactic Center (Sakano et al. 2003; Lu et al. 2003), it was noted for its highly absorbed
featureless spectrum and wisp-like linear emission extending ∼ 2000 nearly perpendicular to
the Galactic plane. The large X-ray absorption column is consistent with a Galactic Center
origin (Sakano et al. 2003). The X-ray wisp was identified as a plausible counterpart to a
radio filament recorded in archival VLA images of the Galactic Center at 2-cm, 6-cm, and
20-cm wavelengths (Ho et al. 1985; Yusef-Zadeh & Morris 1987; Lang et al. 1999). The
radio spectral index (α, Sν ∼ ν α ) was measured to be -0.4 by Ho et al. (1985) using 2-cm
and 6-cm continuum data, and more recently derived as -0.17 by Yusef-Zadeh et al. (2005)
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using high-resolution continuum data at a number of wavelengths between 2 and 20 cm. The
negative spectral index suggested a non-thermal nature, which was confirmed by detection of
radio polarization. Although their morphologies are similar, the X-ray feature is significantly
offset from the radio wisp (∼ 1000 ). The more compact X-ray emission region suggests that
the difference between radio and X-ray morphologies could be due to synchrotron cooling
losses in an advective flow (Yusef-Zadeh et al. 2005; Sakano et al. 2003).
One possibility for the origin of the synchrotron particles is a ram-pressure confined
pulsar wind nebula as proposed by Lu et al. (2003). They reported the marginal (2.5 σ)
detection of a point source (CXOU J174539.6−290413), which they speculated to be the
pulsar that powers the pulsar wind nebula. However, the point source was not confirmed by
deeper Chandra observations (Yusef-Zadeh et al. 2005; Johnson et al. 2009). In the pulsar
wind nebula scenario, the X-ray spectrum is harder towards the pulsar, which may be due
to a number of factors such as a synchrotron spectrum frequency break close to the neutron
star, synchrotron burnoff, or a similar aging mechanism. This phenomena was investigated
by Johnson et al. (2009) using deep Chandra observations. Their detailed, spatially resolved
spectral analysis showed no appreciable spectral steepening across either the minor or major
axis of the filament, to within the 90% confidence error bar, thus disfavoring a pulsar wind
nebula scenario.
Another plausible explanation is a supernova remnant and molecular cloud (SNR−MC)
interaction, in which the Sgr A-E radio emission is due to the interaction between the
shock front of a second supernova remnant south of Sgr A East and the molecular cloud
M−0.13−0.08, also known as the 20 km s−1 cloud (Ho et al. 1985; Coil & Ho 2000; YusefZadeh et al. 2005). The second supernova remnant, G359.92−0.09, is believed to explain the
circular feature south of Sgr A East in the 20-cm continuum emission map, which is shown
in Pedlar et al. (1989). Because of the observed redshifted gas at the position of Sgr A-E,
Coil & Ho (2000) suggested that Sgr A-E is the result of a SNR shock wave expanding into
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the 20 km s−1 cloud behind it along the line-of-sight. This is contradicted by the very high
absorption derived in X-ray observations, which suggests Sgr A-E is embedded in, or behind,
the 20 km s−1 cloud (Johnson et al. 2009). Because of these controversies, no compelling
conclusions have been drawn to date about the nature of Sgr A-E. The origin of the other
fainter non-thermal X-ray filaments is still under debate as well. The previously unexplored
hard X-ray spectroscopy and morphology of these filaments will contribute to our knowledge
of these unique features in the Galactic Center.

4.2

Observations and Data Reduction

Sgr A-E is in the Galactic Center field that has been monitored by NuSTAR since July 2012.
In all the observations, the Galactic Center region was imaged with the two co-aligned X-ray
optics/detector pairs, focal plane modules FPMA and FPMB. The nominal reconstructed
NuSTAR astrometry is accurate to 800 (90% confidence level) (Harrison et al. 2013), but
improves significantly after image registration (∼ 200 ).
During the NuSTAR Galactic Center monitoring campaign, three observations were centered on Sgr A? , and six observations were conducted in 2012 as part of a broader Galactic
Center survey. In addition, NuSTAR triggered Target-of-opportunity observations of the
newly discovered magnetar SGR J1745−29 near Sgr A? in 2013 (Mori et al. 2013; Kaspi
et al. 2014). Sgr A-E was fully captured in six observations, listed in Table 4.1, resulting in a
total exposure time of 338.5 ks. I analyzed all the data sets for imaging, spectral and timing
information. The data were reduced and analyzed using the NuSTAR Data Analysis Software NuSTARDAS v.1.1.1. and HEASOFT v. 6.13, and filtered for periods of high instrumental
background due to South Atlantic Anomaly (SAA) passages and known bad detector pixels.
Photon arrival times were corrected for on-board clock drift and precessed to the Solar System barycenter using the JPL-DE200 ephemeris and the coordinates of the Chandra peak
emission of the G359.89−0.08 at RA=17h 45m 40s .4, Dec=−29◦ 040 29.000 (J2000.0) (Lu et al.
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2003). Figures 4.2 and 4.3 show the X-ray morphology of G359.89−0.08.
ObsID

Start Date (UTC)

Exposure (ks)

Target

30001002001

2012 07 20

154.22

Sgr A?

30001002004

2012 10 16

49.56

Sgr A?

40010001002

2012 10 13

23.91

GC Survey

40010002001

2012 10 13

24.22

GC Survey

30001002006

2013 04 27

36.99

Magnetar ToO

80002013002

2013 04 27

49.60

Magnetar ToO

Table 4.1: NuSTAR observations of Sgr A-E.

4.3

Morphology

I made NuSTAR mosaic images to illustrate the morphology of the Sgr A-E region based
on the following steps. I first registered images using bright sources available in individual
observations (Nynka et al. 2013). The resulting offsets were used to correct narrow band
images which were exposure-corrected and combined. Because the ∼ 2000 elongation perpendicular to the Galactic plane is not resolved by NuSTAR below 10 keV, I also made Chandra
mosaiced images to illustrate the wisp-like shape of Sgr A-E. The Chandra image was made
from all the archived Chandra data between 1999-09-21 and 2012-10-31 available for Sgr AE. Individual observations were registered to a common astrometric frame and merged. In
total, the resulting Chandra image includes ≈1.8 Ms and ≈3.4 Ms of ACIS-I and HETG 0th
order data, respectively.
To compare with the radio morphology, I made 20-cm continuum contours of Sgr A-E
out of the VLA 20-cm continuum map from Yusef-Zadeh et al. (1984). Figure 4.2 shows the
10 − 50 keV NuSTAR mosaic overlaid with the Chandra 2 − 10 keV contours. Detection of
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Sgr A-E in the 10-50 keV energy band is consistent with a point source. The high energy
(> 10 keV) centroid lies closer to the south-east end of the filament, consistent with the
position of the low energy (< 10 keV) centroid. in Figure 4.3, I show the Chandra 2-10 keV
image overlaid with the VLA 20-cm contours to illustrate the filament shape and the ∼ 1000
offset between the radio and X-ray emission.

4.4

Spectroscopy

I analyzed the full spectral data from the six observations using an extraction region of 6000
in radius centered on Sgr A-E. Local background was extracted from individual observations. I joint-fitted the data with XMM-Newton observations to better constrain the column
density. Two XMM-Newton (PN, MOS1 and MOS2) observations (obsID 0658600101 and
0658600201) were used, yielding a 102.5 ks exposure time in total. The data were processed
with XMM-Newton Scientific Analysis System SAS version 13.0.0. A 4000 radius aperture was
used to extract source photons, and the background spectra were extracted from local surrounding regions. Joint spectral analysis was done in the 1-12 keV band for XMM-Newton
and 5 − 79 keV band for NuSTAR data using XSPEC version 12.8.0 (Arnaud 1996).
The spectrum up to ∼ 50 keV is well-fit (χ2ν = 0.91 for 298 DoF) by a simple absorbed
23
power-law model with Γ = 2.28+0.17
cm−2 , using the Tbabs
−0.18 and NH = (7.2 ± 1.0) × 10

absorption model with Verner et al. (1996) atomic cross sections and Wilms et al. (2000)
abundances (see Table 4.2). The updated abundances increase the derived absorption column
density by a factor of two compared to previous measurements (Sakano et al. 2003; Lu et al.
2003; Yusef-Zadeh et al. 2005; Johnson et al. 2009). The high column density supports
Sakano’s argument that the source is embedded or behind the 20 km s−1 cloud M−0.13−0.08.
The 3 − 79 keV flux is FX = (2.0 ± 0.1) × 10−12 erg cm−2 s−1 , corresponding to a luminosity
LX = (2.6 ± 0.8) × 1034 erg s−1 at 8.0 kpc. The fitting result is consistent with previous
measurements (Sakano et al. 2003; Lu et al. 2003; Yusef-Zadeh et al. 2005), while the photon
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Figure 4.2: NuSTAR 10–50 keV mosaic image of Sgr A-E
The image is overlaid with Chandra 2–10 keV contours (magenta dashed) of Sgr A-E. The
image is shown in a linear color scale with the scale range chosen to highlight the high
energy centroid. The 10–50 keV emission is consistent with a point source, and its centroid
is consistent with the 2–10 keV emission centroid, ∼ 2000 southeast of the putative pulsar.
index is much better constrained. The featureless spectrum (Figure 4.4) also demonstrates
a proper background subtraction, lacking the 6.7 keV line from the Galactic Center diffuse
emission. This agrees with Chandra and XMM-Newton measurements, where likewise no
line features were detected.
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Figure 4.3: Chandra 2–10 keV image overlaid with VLA 20-cm continuum contours (green
dashed) of Sgr A-E. The X-ray feature is ∼ 1000 offset from the radio wisp.

4.5

Pulsation Search

Although the lack of evidence for a point source in the Chandra energy band argues against
a pulsar powering Sgr A-E, together with Dr. Eric Gotthelf, I nevertheless searched the
NuSTAR data above 10 keV for a coherent signal. The high time-resolution of the NuSTAR
data allows a search for pulsations with P ≥ 4 ms, covering the expected range for an isolated
rotation-powered pulsar. For each observation listed in Table 4.1 we generated light curves
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Figure 4.4: NuSTAR and XMM-Newton spectra of Sgr A-E jointly fitting to an absorbed
power-law model.
The image show NuSTAR (blue and cyan for FPMA and FPMB, respectively), and XMMNewton (black, red and green for PN, MOS1, MOS2, respectively) spectra. The crosses show
the data points with 1-σ error bars, and the solid lines show the best fit model. The lower
panel shows the deviation from the model in units of standard deviation.
by extracting photons in the 10–30 keV range from an 1800 radius aperture centered on the
source, to optimize the signal-to-noise ratio. We searched each light-curve for significant
power from a coherent signal using a fast Fourier transform (FFT) sampled at the Nyquist
frequency. To account for possibly significant spin-down of a highly energetic pulsar during
the observation span of the longest observations (ObsID 30001002001), we performed an
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Parameters

Values

NH (1023 cm−2 )

7.2 ± 1.0

Γ

2.28+0.17
−0.18

flux (erg/cm2 /s)
χ2ν (DoF)

(2.0 ± 0.1) × 10−12
0.91 (298)

Table 4.2: Power-law model for the XMM and NuSTAR dataof Sgr A-E.
NH is the column density, Γ is the photon index of the power-law. The 3–79 keV flux is given. The
goodness of fit is evaluated by the reduced χ2 and the degrees of freedom is given in parentheses.
The errors are 90% confidence.

“accelerated” FFT search. This required four frequency derivative steps to be sensitive to
Ėmax = 1038 erg s−1 .
From a search of all the observations, the most significant signal has a power of 38.12 for
ObsID 30001002001, corresponding to a probability of false detection of ℘ > 1 for 4 × 228
search trials. The resulting period is not reproduced in the other observations. We conclude
that no pulsed X-ray signal is detected in the > 10 keV band from Sgr A-E. After taking
into account the local background, estimated from a annulus region around the source, we
place an upper limit on the pulse fraction at the 99.73% confidence level (3σ) of fp < 66%
for a blind search for a sinusoidal signal P > 4 ms.
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4.6

Magnetic Flux Tube Trapping Galactic Center
Cosmic-rays

4.6.1

PWN Scenario

The featureless power-law spectrum extending up to ∼ 50 keV is consistent with synchrotron
emission. Using the most recent measurement of Sgr A-E radio spectral index (α = −0.17,
Yusef-Zadeh et al. 2005), there is a significant spectral steepening from radio to X-rays. This
is consistent with the synchrotron picture suggested by Sakano et al. (2003) and Yusef-Zadeh
et al. (2005), where with an injecting electron spectrum of ∝ E −p , the emitted synchrotron
spectrum is ∝ E −(p−1)/2 at radio wavelengths and ∝ E −(p/2) in X-rays. Assuming a magnetic
field of B = 100–300 µG as estimated by Yusef-Zadeh et al. (2005) and Ho et al. (1985) re<

spectively, ∼ 100–200 TeV electrons are required to generate up to 50 keV synchrotron emission (hνmax = 13.9(B/100 µG)(E/100 TeV)2 keV, where hνmax is the maximum energy of
the synchrotron emission, B is the magnetic field strength, and E is the electron energy). The
synchrotron cooling lifetime of the electrons is τsyn = 12.5(E/100 TeV)−1 (B/100 µG)−2 yr.
For electrons with energies of ∼ 100–200 TeV with their corresponding magnetic field
strength, their synchrotron cooling time is ∼ 2–6 yr. Therefore, there must be continuous injection of relativistic electrons considering that the flux of Sgr A-E has maintained the
same level from 2003 to 2013.
One explanation for the origin of the required high-energy electrons is the pulsar wind
nebula picture proposed by Lu et al. (2003). In this scenario, the putative pulsar, detected
at the ∼ 2.5σ level, is moving north-west supersonically, generating the X-ray tail behind
it to the south-east. The authors also pointed out that the ∼ 1000 offset between the radio
and X-ray emission (Figure 4.3) can be explained by a ram-pressured confined pulsar wind
nebula, because the radio emission comes from accumulated radio synchrotron particles (with
longer lifetimes than X-ray synchrotron particles) over a longer history of the pulsar wind
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nebula, and are thus offset from the X-ray feature. However, two X-ray observational results
conflict with this scenario. First, the point source interpreted as the pulsar was not detected
in deeper Chandra observations (Yusef-Zadeh et al. 2005; Johnson et al. 2009). Second,
the centroid of the higher energy emission (>10 keV) sits close to the southeast end of the
filament, ∼ 2000 (∼ 0.8 pc at 8.0 kpc) from the putative point source. If the point source is
indeed a pulsar powering the pulsar wind nebula, the ∼ 100 TeV electrons in the post-shock
outflow can only travel up to ∼ 0.05 pc given the post-shock speed of ∼ 0.1c (Kennel &
Coroniti 1984) before losing most of their energy through synchrotron emission. Thus, the
hard X-ray emission should be produced in the vicinity of the termination shock around
the pulsar, which is not consistent with observations. Thus, both the NuSTAR hard X-ray
observations and the deep Chandra observations argue against the pulsar wind nebula picture
with a pulsar moving northwest.
But can Sgr A-E be a pulsar wind nebula moving southeast? Although it is consistent
with the fact that the hard X-ray centroid sits close to the southeast end of the pulsar wind
nebula, there is no pulsar wind nebula with radio emission leading the X-ray head. Nondetection of a pulsar from both the image and the timing analysis also does not support the
pulsar wind nebula scenario.
Another powerful argument against the pulsar wind nebula picture comes from the radio
morphology of Sgr A-E. The 20-cm continuum map (Fig. 21, Fig. 22 in Yusef-Zadeh et al.
2004) shows two long and highly curved filamentary structures, Sgr A-E and Sgr A-F (the
latter is not detected by NuSTAR since its X-ray flux is about two orders of magnitude
lower than that of Sgr A-E (Yusef-Zadeh et al. 2005), and is below the NuSTAR detection
threshold). A new 6-cm continuum radio map made with JVLA (B and C arrays) shows
sub-arcsecond structures in the radio filaments in unprecedented detail and reveals that both
Sgr A-E and Sgr A-F consist of a bundle of bright radio filaments that are part of a largescale filamentary structure extending north to Sgr A East (Figure 4.5, Morris et al. 2014).
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The 6-cm morphology suggests that both Sgr A-E and Sgr A-F are organized magnetic field
structures illuminated along its length by synchrotron emission. Based on all these results,
I conclude that Sgr A-E is unlikely to be a pulsar wind nebula.

Figure 4.5: JVLA 6-cm image of Sgr A-E and Sgr A-F. Both filaments are strongly curved
and consist of bundles of continuous non-thermal filaments (Morris et al. 2014).
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4.6.2

SNR-MC Interaction

Another possible explanation of the Sgr A-E emission mentioned by several authors is the
shock wave front of a supernova remnant driving through the 20 km s−1 cloud, where Sgr A-E
is part of the supernova remnant. Having derived a power-law spectrum with photon index of
Γ = 2±0.5 from Chandra data, Yusef-Zadeh et al. (2005) suggested that particles accelerated
to relativistic energies emitting X-ray synchrotron emission can be explained by Bykov et al.
(2000), in which a supernova remnant forward shock wave propagates in a molecular cloud,
producing non-thermal electrons. In this model, non-thermal X-ray emission comes from the
low-energy tail of the GeV γ-ray emission resulting from non-thermal Bremsstrahlung and
inverse Compton scattering (IC scattering), thus producing a sharply rising νFν spectrum
(photon index Γ ≤ 1.5) in 1–100 keV. However, the broadband NuSTAR and XMM-Newton
spectra constrain the photon index to Γ = 2.28+0.17
−0.18 , which cannot be explained by the Bykov
model.
In a more recently developed supernova remnant and cloud (SNR-MC) interaction model
by Tang et al. (2011), the X-ray emission comes from both primary particles and secondary
electron-positron pairs produced via p − p interactions in the shell evolving in the interstellar
medium (ISM) and in the shell interacting with the molecular cloud. If the shell evolves
in the molecular cloud, Bremsstrahlung and IC scattering contribute to the X-ray emission,
also predicting very hard spectra similar to the Bykov model. Moreover, according to their
spectral energy distribution (SED) calculation, the emission from the supernova remnant
shell evolving into the ISM is more luminous in X-rays than the shell evolving in the molecular
cloud, which is not consistent with the assumption that Sgr A-E is due to the SNR shell
driving through the 20 km s−1 cloud. Thus this model cannot explain the Sgr A-E spectrum
or morphology.
Current SNR-MC interaction theories cannot explain the X-ray morphology or a spectrum
with Γ > 2. There is no observational evidence of shock excitation such as OH 1720 MHz
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masers. Further, G359.92−0.09 is merely speculated to be a supernova remnant and has
never been confirmed (Ho et al. 1985). Since there is little supporting evidence for this
scenario, I conclude that Sgr A-E is unlikely to be due to an SNR-MC interaction.

4.6.3

Magnetic Flux Tube Trapping Cosmic Ray Electrons

Based on their radio morphologies, it has been pointed out that non-thermal filaments might
trace the Galactic Center magnetic field lines (e.g.,Yusef-Zadeh et al. 1984). Their filamentary structures might be magnetic flux tubes, where relativistic electrons get trapped in
locally enhanced magnetic fields (Boldyrev & Yusef-Zadeh 2006) and generate synchrotron
emission. Particularly for Sgr A-E, the radio polarization detection suggests that the local
magnetic field lines are parallel to the filament (Ho et al. 1985), which is consistent with
this picture. The Sgr A-E radio structure, a bundle of filaments revealed by the new 6-cm
continuum map, also supports the magnetic flux tube interpretation. The more compact
X-ray region compared to the radio wisp region, and the point-like X-ray emission above
10 keV compared to the elongated feature below 10 keV can be explained by synchrotron
cooling losses. The offset between radio and X-ray emission could be due to differing spatial
distributions of GeV and TeV electrons.
A persistent problem with the magnetic flux tube hypothesis has been the origin of
the Galactic Center cosmic-ray electrons. Magnetic reconnection zones formed in collisions
between magnetic flux tubes and molecular clouds have been proposed as a mechanism
for accelerating electrons to high energies (e.g., Lieb et al. 2004). Linden et al. (2011)
summarized problems with this theory, one of which is that collisional reconnection results
in a maximum electron energy of less than 10 MeV, insufficient to produce the observed
X-rays by synchrotron radiation.
I propose two possible cosmic-ray electron sources. Bamba et al. (2010) reported Suzaku
observations of old pulsar wind nebulae with ages up to ∼ 100 kyr and radii up to ∼ 20–30 pc.
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They showed that the X-ray sizes of the pulsar wind nebulae increase with the characteristic
age of the host pulsar. In order to explain the observed correlation between the extended
X-ray emission and pulsar age, they noted that the magnetic field must decrease with time.
When the pulsar wind nebula magnetic field strength decays to a few µG (comparable to
the Galactic center magnetic field strength), TeV electrons can diffuse up to a few tens of pc
with enough energy to emit synchrotron X-rays. No such old extended pulsar wind nebulae
have been observed near the Galactic Center , which could be due to the strong Galactic
Center diffuse emission. Taking the pulsar wind nebula associated with the 51 kyr old pulsar
PSR J1809−1917 for example, the observed nebula size is 21±8 pc (Bamba et al. 2010). The
surface brightness of its large-scale extended emission is ∼ 4×10−14 ergs cm−2 s−1 arcmin−2 in
0.8-7 keV (Kargaltsev & Pavlov 2007), an order of magnitude lower than the Galactic Center
diffuse emission surface brightness of ∼ (1–4) × 10−13 ergs cm−2 s−1 arcmin−2 in the same
energy band (Muno et al. 2004). If such low surface brightness pulsar wind nebulae exist
in the Galactic Center, they would be very hard to resolve from the Galactic Center diffuse
X-ray emission. However, if the relativistic electrons were to get trapped in locally enhanced
magnetic fields, the synchrotron emission would be enhanced. With an electron spectral
index p = 2Γ − 1 ∼ 3, synchrotron emissivity is proportional to B(p+1)/2 ∼ B2 . Thus, when
the magnetic field strength increases from the large-scale Galactic Center magnetic field of
B ∼ 10 µG (e.g. Tsuboi et al. 1985) to the local Sgr A-E magnetic field of B ∼ 100–300 µG
(Yusef-Zadeh et al. 2005; Ho et al. 1985), the synchrotron emission should be enhanced by
a factor of ∼ 100–900, i.e. in the case of the pulsar wind nebula around PSR J1809−1917,
for example, its surface brightness is enhanced to ∼ 0.4–4 × 10−11 ergs cm−2 s−1 arcmin−2 ,
significantly higher than the Galactic Center diffuse emission. Thus, old extended pulsar
wind nebulae near the Galactic Center could serve as TeV cosmic-ray electron sources for
magnetic flux tubes. Besides Sgr A-E, there are several fainter non-thermal filaments detected by NuSTAR above 10 keV, which could potentially be explained by this scenario as
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well.
Another possible TeV electron source is a molecular cloud illuminated by cosmic rays
from nearby cosmic-ray accelerators such as supernova remnants or Sgr A? (Aharonian &
Neronov 2005; Aharonian et al. 2006). Cosmic-ray protons that reach the molecular cloud
produce secondary electrons inside the cloud. The secondary electrons with particle energy
between ∼ 100 MeV and ∼ 100 TeV can quickly escape the cloud. Because their diffusive
propagation timescale to escape the cloud is shorter than the energy loss timescale (Gabici
et al. 2009), where the electron escape timescale is the sum of the diffusive time scale and
2
the cloud crossing time scale (τescape ≈ τdif f + τcross = Rcl
/6D + Rcl /c, where Rcl is the

cloud radius, and D is the diffusion coefficient), and the electron energy loss time scale is
due to three processes: ionization losses, bremsstrahlung emission and synchrotron emission
e
e
+1/τBrems +1/τsyn )−1 ). Current theoretical models do not specifically predict
(τloss
= (1/τion

the flux of electrons escaping from the 20 km s−1 cloud. Extending the models to this scenario
would be informative. However, there are phenomenological predictions of such a scenario.
In particular, I expect correlations between hard X-ray emission and magnetic flux tubes
associated with giant molecular clouds. Indeed there is some evidence of such a correlation
from the preliminary analysis of NuSTAR Galactic Center survey data.

4.6.4

Galactic Center Cosmic-ray Origin and Relationship to Sgr A?

There is a good correlation between the spatial distribution of VHE γ-ray emission and giant
molecular clouds, pointing to a hadronic cosmic-ray origin, where cosmic-ray protons interact
with the molecular clouds (Aharonian et al. 2006). Recently, H.E.S.S. revealed a 1/r cosmicray proton density radial profile from the Galactic Center. It provides a strong evidence
for the existence of a PeVatron (PeV cosmic-ray accelerator), located within 10 pc of the
Galactic Center and injecting cosmic rays continuously for > 1 kyr (Viana et al. 2015; HESS
Collaboration 2016). On the other hand, a unique phenomenon in the Galactic Center
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is the existence of numerous non-thermal filaments, the majority of which are associated
with giant molecular clouds. Both the X-ray and radio observations suggest that the nonthermal filaments are magnetic flux tubes, where a highly-ordered strong magnetic field traps
GeV/TeV electrons and produces synchrotron emission in the radio/X-ray band (Zhang et al.
2014; Morris et al. 2014). Up to ∼ 100 TeV electrons are required to produce synchrotron
emission up to 50 keV from the brightest X-ray filament Sgr A-E
A key to link these Galactic Center phenomena is whether these secondary electrons
can escape the cloud. Gabici et al. (2009) modeled TeV-PeV cosmic-ray proton interaction
with a molecular cloud, showing that secondary electrons with energies up to ∼ 100 TeV
can quickly escape from a cloud, because their diffusive propagation timescale to escape the
cloud is shorter than the energy loss timescale as discussed above. In this scenario, the X-ray
spectra of the magnetic flux tubes carry information about the cosmic-ray electron spectra,
from which I can derive the primary cosmic-ray proton spectra.
I plan to investigate this cosmic-ray and cloud interaction model, and to bridge the
theoretical prediction and observations by applying the hadronic interaction model to the
Galactic Center giant molecular clouds. The distribution of the magnetic flux tubes could
also point to the location of the cosmic-ray accelerator. New filament surveys will determine
the boundary of the magnetic flux tubes, which can reveal the age and duration of a possible
Galactic Center cosmic-ray proton outburst. Lastly, another interesting topic is to investigate
Sgr A? as a TeVatron/PeVatron candidate proposed by the HESS Collaboration (2016).
The VHE γ-ray diffuse emission in the Galactic center requires the Galactic cosmic-rays to
reach energies of at least a few PeV, implying that our Galaxy contains PeV accelerators
(PeVatron). Sgr A? , as a viable alternative to supernova remnants, is proposed as a likely
PeVatron.
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4.7

Other Galactic Center X-ray Filaments

Throughout the Sgr A? and Galactic Center mini-survey observations, NuSTAR detected
three non-thermal X-ray filaments (G359.89−0.08 or Sgr A-E, G359.97−0.038 and G0.13−0.11)
above 10 keV. Sgr A-E is associated with the 20 km s−1 cloud and has been discussed in
details in sections 4.1 to 4.6. Another Galactic Center non-thermal filamentary structure,
G359.97−0.038, is located at the interaction site of the supernova remnant Sgr A East and
the 50 km s−1 cloud. G0.13−0.11 is located in the molecular cloud G0.11−0.11 and was also
detected by the mini-survey observation. G359.95−0.04 is the closest non-thermal filament
from Sgr A? , merely 900 away. These hard X-ray filaments are among the brightest in the
soft X-ray band with 2-8 keV fluxes above FX = 1 × 10−13 erg cm−2 s−1 or an unabsorbed
luminosity of LX = 8 × 1032 erg s−1 at a distance of 8 kpc (Johnson et al. 2009).
G359.97−0.038 is located just outside the Sgr A East shell, and it is close to the “Plume”
region. By jointly fitting the NuSTAR and Chandra spectra of the filament, we reported
in Nynka et al. (2015) that its non-thermal spectrum extends to ∼ 50 keV with the bestfit power-law index of Γ = 1.3+0.3
−0.2 . Using the high-resolution radio and Chandra image of
the filament as well as the spectral energy distribution model fitting including the NuSTAR
results, we found the PWN scenario again highly unlikely. Unlike Sgr A-E, the morphology of
G359.97−0.038 does not resemble that of a magnetic flux tube. The synchrotron cooling time
(τsyn ∝ E −1 ) is shorter for electrons with higher energies. Therefore, the more extended radio
emission of Sgr A-E compared to its X-ray emission is consistent with electrons subject to
synchrotron cooling losses. However, G359.97−0.038 in the X-rays is more extended that its
radio counterpart, challenging the synchrotron emission mechanism. The X-ray morphology
of G359.97−0.038 is shown in Figure 4.6. A plausible explanation is that G359.97−0.038
results from the interaction between the supernova shell of Sgr A East and nearby molecular
clouds. It is known that the far side of Sgr A East is pushing into the 50 km s−1 molecular
cloud, M−0.02−0.07. According to the spectral energy distribution model of supernovae and
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cloud interaction developed by (Bykov et al. 2000), the harder X-ray power-law spectrum of
Γ = 1.3 is typical of non-thermal bremsstrahlung and inverse Compton emission of electrons
accelerated at the supernova remnant and cloud interaction site. The hypothesis is further
supported by the large width of the CS J = 1 − 0 line exceeding the cloud bulk velocity of
50 km s−1 and the detection of the OH 1720 MHz masers nearby. The lack of an apparent
radio counterpart is also consistent with this picture. The GeV source 2FGL 1745.6−2858
detected by Fermi is coincident with the position of G359.97−0.038 (Yusef-Zadeh et al. 2013).
If the GeV source is associated with G359.97−0.038, it is additional evidence supporting the
supernova remnant and cloud interaction scenario since the SED model of Bykov et al. (2000)
predicts a peak in the GeV band.

Figure 4.6: NuSTAR 10–40 keV mosaic image of the X-ray filament G359.97−0.038 on the
boundary of Sgr A East.
The image is overlaid with the Chandra 2–8 keV contours (white). The green circle is 1500
in radius. The top and bottom inserts indicate the NuSTAR and Chandra ACIS-I on-axis
PSFs (Nynka et al. 2015).
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The third hard X-ray filament G0.13−0.11 is located near the Radio Arc region and
is embedded in the molecular cloud G0.11−0.11. The filament is a candidate pulsar wind
nebula due to its cometary shape in both the X-ray morphology and its radio counterpart.
A point-like feature CXOGCS J174621.54−285256 within G0.13−0.11 is suggested to be the
putative pulsar (Wang et al. 2002). It is not possible to extract a clean NuSTAR spectrum
of the filament due to the limited statistics, and contamination from the X-ray bright bright
magnetic cataclysmic variable CXOUGC J174622.7−285218, merely ∼ 4000 away from the
filament. A deeper NuSTAR observation with more than ∼ 200 ksec exposure will be
required to perform useful spectral and timing analysis of G0.13−0.11.
Contrary to the previous interpretation of the Galactic Center X-ray filaments as pulsar
wind nebulae (Muno et al. 2007; Lu et al. 2008; Johnson et al. 2009), the new NuSTAR
survey reveals that two of the three hard X-ray filaments (G359.89−0.08 or Sgr A-E and
G359.97−0.038) detected above 10 keV are unlikely to be pulsar wind nebulae. G359.89−0.08
is powered by synchrotron radiation from TeV cosmic-ray electrons trapped in locally enhanced magnetic fields within magnetic flux tubes, while G359.97−0.038 is most likely to
be illuminated by Sgr A East interacting with the 50 km s−1 cloud. Both scenarios indicate
a reservoir of cosmic-ray electrons and protons in the central 10 pc region. The very-highenergy γ-ray observations sugges a significant excess of very-high-energy cosmic-rays in the
Galactic Center region (Aharonian et al. 2006; Viana et al. 2015). The energy density of the
>

E ∼ 10 TeV cosmic-rays in the central molecular zone is found to be an order of magnitude
larger than that of the “sea” of cosmic-rays that universally fills the Galaxy. The source
nature of the powerful Galactic Center cosmic-ray accelerator could be Sgr A? , a supernova
remnant, or supernova remnant/cloud interactions. Thanks to its unprecedented energy resolution in the broad X-ray band beyond 10 keV, NuSTAR has revealed the source nature
for the three brightest X-ray filaments. Future deeper X-ray filament surveys will pin down
the source natures of more X-ray filaments and shed light on the nature of the powerful
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cosmic-ray accelerator in the Galactic Center.

4.8

Conclusion

In this Chapter, I present my study of a type of X-ray source unique to the Galactic Center
– non-thermal filamentary structures. The Galactic Center X-ray filaments were previously
interpreted as pulsar wind nebulae, while NuSTAR analysis of three brightest X-ray filaments
has revealed that they are of different origins – magnetic flux tubes trapping ∼ 100 TeV
cosmic-ray electrons for G359.89−0.08 (or Sgr A-E), the supernova remnant Sgr A East
interacting with the 50 km s−1 cloud for G359.97−0.038, and a putative pulsar wind nebula
for G0.13−0.11.
While both the pulsar wind nebulae and the supernova remnant - cloud interaction site
can locally accelerate particles to high enough energies to produced the observation X-ray
emission, the magnetic flux tube scenario requires a reservoir of very-high-energy cosmicrays in the Galactic Center region. Proposed powerful cosmic-ray accelerators include the
Galactic Center supermassive black hole Sgr A? . The VHE spectra of the Galactic Center
γ-ray emission, the Fermi bubbles and the X-ray bright Galactic Center molecular clouds all
indicate that Sgr A? has been much more active, and more efficient in accelerating particles
than it is nowadays.
Broadband X-ray morphology and spectroscopy obtained by future deeper Galactic Center surveys will be vital to revealing the nature of more X-ray filaments with lower luminosities. It will shed light on which scenario – pulsar wind nebulae, magnetic flux tubes
and supernovae remnant and cloud interaction – is dominant in the Galactic Center. The
non-thermal filaments carry important information about the Galactic Center cosmic-ray
engine. The distribution and the spectroscopy of the X-ray non-thermal filaments will point
to the location and constrain the power of the cosmic-ray accelerator.

Chapter 5
Conclusion and Outlook
Although Sgr A? stays in a remarkably quiescent state nowadays, there has been evidence of
X-ray flaring activity and more substantial X-ray outbursts in the past from the supermassive
black hole. The previously poorly-explored hard X-ray emission (≥ 10 keV) from the Galactic
Center holds the key to unveil the origin of the multiple stages of the Sgr A? outburst activity.
NuSTAR’s unprecedented spatial, spectral and timing resolution in hard X-rays for the first
time resolve different hard X-ray sources in the Galactic Center: Sgr A? , tens of bright X-ray
point sources, diffuse hard X-ray emission, giant molecular clouds, non-thermal filaments, etc.
In this thesis, I systematically study the Sgr A? hard X-ray outbursts from two perspectives:
1) current Sgr A? X-ray flares using NuSTAR Sgr A? observations; 2) past giant Sgr A?
X-ray outbursts reflected by giant molecular clouds. The substantial activities of Sgr A? in
the past naturally lead to more effective cosmic-ray particle acceleration. Therefore, I also
investigate the relationship between the unique Galactic Center non-thermal X-ray filaments
and past Sgr A? activities. The key conclusions of my study are as follows.
• Current Sgr A? X-ray flares: Using ∼ 1 Ms of NuSTAR Galactic Center observations
from 2012 fall to 2015 spring, I found a total of ten X-ray flares via Bayesian block analysis
and searched for the same flares with simultaneous X-ray observations using Chandra and
XMM-Newton. Employing the NuSTAR data, I studied the spectral properties of the ten
110
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X-ray flares in the broad NuSTAR X-ray energy band without bias from instrumental effects
induced by using different instruments. The ten flares show a range of photon indices. Some
show distinctively different spectral indices, suggesting the magnetic reconnection scenario as
the acceleration mechanism. Using the seven flares detected with ≥ 5σ confidence level, I also
investigate the flare spectral dependence on the luminosity. I found no obvious correlation
between flare spectra and their luminosities, considering a trend of brighter flares with harder
spectra is merely at the 1.8σ level.
• Past giant Sgr A? X-ray outbursts reflected by molecular clouds: Using the NuSTAR
Galactic Center survey data, I studied the hard X-ray emission from several Galactic Center
giant molecular clouds. Especially, I investigated the origin of X-ray emission from the
densest and most massive Galactic Center cloud Sgr B2 in detail. The 2013 Sgr B2 X-ray
emission can be best explained by the X-ray reflection nebula (XRN) model if its X-ray
emission keeps decreasing. I for the first time analyzed the Sgr B2 X-ray spectra using
a self-consistent XRN model, providing more accurate measurements of the illuminating
source photon index and the cloud absorption optical depth. In parallel, I developed an
analytical method to calculate the primary source luminosity via Compton scattering with
the 10–40 keV scattered continuum, and confirmed the consistency of the XRN model. I
also compared the Sgr B2 observation with that of other Galactic Center giant molecular
clouds, including MC1 and the Bridge clouds. With the current NuSTAR data alone, it is
inconclusive whether different clouds reflect Sgr A? X-ray outbursts with different luminosity
levels in different epochs.
• X-ray filaments and past substantial Sgr A? activities: The Galactic Center X-ray
filaments were previously interpreted as pulsar wind nebulae. I studied the brightest Xray filament, G359.89−0.08 (or Sgr A-E) in detail. Through multi-wavelength analysis, I
ruled out the pulsar wind nebula scenario and the supernova remnant–cloud interaction
scenario. Instead, I propose that Sgr A-E is a magnetic flux tube trapping ∼ 100 TeV
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cosmic-ray electrons. Furthermore, I propose that the TeV cosmic-ray electrons come from
giant molecular clouds, where PeV cosmic-ray protons interact with giant molecular clouds
producing secondary TeV electrons. Such magnetic flux tubes require a reservoir of veryhigh-energy cosmic-rays in the Galactic Center region. The new H.E.S.S. results on the
Galactic Center diffuse γ-ray emission, the Fermi bubble, and the X-ray bright Galactic
Center molecular clouds all indicate that Sgr A? has been much more active in the past
than it is today. Therefore, it is likely that Sgr A? used to be more efficient in accelerating
particles and served as the major cosmic-ray engine in the Galactic Center.
Finally, I would like to provide an outlook for the subjects investigated in this thesis. In
the future, by adding more Sgr A? X-ray flares to our current database, we will be able to
test the flare spectral dependence on luminosity, which will help to resolve whether there
are different types of X-ray flares. Meanwhile, the key to elucidating the physical processes
involved in flare production is simultaneous determination of the spectral shape of a bright
flare in the NIR, X-ray and hard X-ray bands. It will be achieved by coordinated observations with NuSTAR, Chandra, XMM-Newton, Swift and the NIR observatories. If the
passage of G2 indeed plays a role in increasing Sgr A? activity, future years could be a
golden era for flare studies. For the X-ray studies on molecular clouds, the measurements of
the Compton shoulder, a spectral signature of the XRN model, could be achieved by X-ray
micro-calorimeter which provides high resolution spectroscopy with an imaging array. Due
to the very sad loss of Hitomi (Astro-H), the next attempt at an X-ray micro-calorimeter is
part of the ESA Athena mission, the next flagship X-ray observatory planned for launch in
2028. On the other hand, another XRN model signature, X-ray polarization, has a chance
to be measured by future X-ray Explorers. Proposed X-ray polarization measurement missions including PolSTAR, GEMS, PRAXyS, and the X-ray Timing and Polarization (XTP)
telescope. The measurements of both the Compton shoulder and the X-ray polarization will
significantly better constrain the distance of the clouds, which will offer tighter constraints
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on the luminosity of past Sgr A? X-ray outbursts. To reveal the nature of the Galactic Center
cosmic-ray engine calls for deeper hard X-ray Galactic Center surveys. The distribution and
the spectroscopy of the X-ray non-thermal filaments will point to the location and power
of the cosmic-ray accelerator. Future deep Galactic Center filament surveys will solve this
remaining mystery.
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