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Galactic Center in X-rays
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Sgr B2 molecular cloud

Sgr-B2 is.the most masswe (~ 1O7I\/I@) cloud
in the CMZ.
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Mosaic of the Chandra images of the Galactic center region. Credit: NASA/CXC/UMass/D. Wang et al.




Sgr B2 molecular cloud

18-60 keV

INTEGRAL observatory: hard X-ray
source IGR J17475-2822 was
associated with Sgr B2
(Revnivtsev+2004)
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Reflection scenario: Sgr A+ activity

Sgr A* is a supermassive black hole with a mass of 4.3 - 10° M, situated
in the Galactic Center (GC).

Now Sgr A* is in a quiescent state with a luminosity of
~ 1033734 5pr ¢!, which is ten orders of magnitude less than its
Eddington limit. Was Sgr A* active in the past?

Sunyaev+1993 predicted a possible X-ray activity of Sgr A* in the recent

past, which can be detected by the reflected emission of the CMZ.
Observational features of the reflected

emission: Nz

powerful fluorescent line Fe K, at 6.4 keV

EWs.4 kev ~ 1 keV

hard X-ray continuum

m U |ti—yeal' ti me Varia bility v Sunyaev&Churazov 1998



Cosmic ray scenatrio
An alternative hypothesis of the X-ray emission generation is

bombardment of a neutral matter by low-energy cosmic ray (LECR)
particles.

Requirements:

e presence of a LECR flow with a sufficient density and power
o Fe K, line with EWg 4 ey < 1 keV

e hard X-ray continuum

e absence of a multi-year time variability

e photon index of the continuum depends on the CR slope



Observed variability of the GC molecular clouds traces the

propagation of the Sgr A* flare front (Ponti+ 2010)
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Recent X ray polarimetry results confirm reflection scenario



Sgr B2 molecular cloud

Sgr B2 light curve in the 20-60 keV energy band
(black data) obtained from 2003 to 2010.
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Sgr B2 molecular cloud
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» The decreasing trend of the Sgr B2
emission strongly supports the
reflection scenario.

» After 2011 emission could be a result
of long-lived multiple scatterings

Flux, mCrab

2004 2006 2008 2010 2012 2014 2016 2018 2020

Data, years Cosmic rays scenario

* The low-energy cosmic ray ions
Constant flux level after 2011 (LECRp, Tatischeff+2012) model.

» Estimated cosmic ray ionization rate
Kuznetsova+ 2021 too high compared to the GC
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Sgr B2 molecular cloud
after 2011

4-12 keV

INTEGRAL
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Zhang+2015

0.00011 0.00023 0.00035 0.00046 0.00058 0.00069 0.00081 0.00092 0.00104

E. Shtykovskaya (Kuznetsova) in prep.
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The Arches cluster

One of the densest known young clusters in’
the local group of galaxies e,

. : i - Arches
B+ SNRO0.9+0.1 . ' M Cluster.
1E 1743.1-2843 l |

Sagittarius B2

Sagittarius B1

Age 1-3 Myr, ~160 O-type stars g ‘ C‘g‘i&é:f,{:’;” |
3x10° Msun pc2 in the'core af ~10” * » ¥ = S —_——

Mosaic of the Chandra images of the Galactic center region. Credit: NASA/CXC/UMass/D. Wang et al.




X-ray emission
from the Arches cluster

Thermal emission from the cluster: colliding winds from massive stars
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X-ray emission
from the Arches cluster

2000-2010

Origin of fluorescence?
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NuSTAR: X-ray image 2012

The Arches cluster is detected above 10 keV for the first time.

3-10 keV

The core of the cluster

and extended emission

= Thermal emission
from the core
dominates
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Blended 6.4 and 6.7 keV

lines

= 6.7 keV line comes
from the core

= 6.4 keV line confirms
XMM results
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Non-thermal continuum

= No point sources in the
core

= Continuum follows 6.4
keV line intensity

Krivonos et al., (2014)
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XMM+NuSTAR: Spectral analysis

2012 2015
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Krivonos et al., 2014, 2016



Arches cloud morphology
2013-2015 (XMM)

|
Arche clou:d

orphology has ché

o1 2012 to bright clyips




Arches cloud (XMM)

= 30% flux drop in 6.4 keV line and continuum (>40)
= EW is constant over time 0.9%0.1 keV

=» a large fraction of the non-thermal emission is due to the
X-ray reflection
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Arches cloud after 2015

= non-thermal flux _°
continues to decrease E - WL . %
= Time decay 8 yr for 6.4 ﬁ_‘ - ot R %
keV line and continuum, 2| o _ T
similar to Sgr B2 cloud. i ° B.4h- ke ling ’
= EW shows drop in 2015 -
with a factor of 2 Tl o$ -------- S N
3 . o
41 ¢ .
=7 continuum % N
£

2000 2002 2004 2006 2008 2010 2012 2014 2016
Time [year]

Krivonos+ 2016, Kuznetsova+ 2019
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25 years of XMM
observations of the
Sgr A complex

6.4 keV line

Stel+ 2025

s ¥ d
: Arthes C|
- -
»

Bridge

G0.11-0711

Gﬁ.rmes Cl.

»
Bridge

L4
»
G0.11-0.11

OArv:m;-s Cl.

»
Bridge

G0.11-0.14

2000

2001

—
25 lyr

@A I'C:'IES =8

ME

Bridge
@ i
1C2

G0.11-0.11

@Arches Cl.

Bridge

G0.11-0.11

@Archcs Cl.

a%m )
Bridge

G0.11-0.11

2002 @A’hes cl,

25 lyr

MC1

Bridge i

G0.11-0.11

@Arches Cl.

Bridge

G0.11-0.11

OArches e

Bridge ‘ ME(:l

.
‘C?

G0.11-0.11

OAr«:hes Cl.

Bridge

G0.11-0.11

2004 v‘\ﬂ?s Cl
.

Bridge MC1

MC2
G0.11-0.11 25 lyr

©An:hes Cl

G0.11-0.11

OAI’ChE‘S Cl
Bridge :_

G0.11-0.11

OArr: hes Cl

G0.11-0.11



25 years of XMM
observations of the

Sgr A complex

6.4 keV line
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Detection of very high energy (VHE) y-rays from
clusters of young massive stars (Aharonian+ 2019)

Differential luminosities {erg s GeV‘1)
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Arches cluster after 2015

Direct detection of the non-thermal X-ray emission

from the Arches star cluster Krivonos+ 2025
“XMM-Newton<2020 ' ' i '
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Arches cluster after 2015

Chandra 2022 Spatial analysis
—— Total
9 P PSF * (ATN+A1S+A2)
9 E e = —— Halo
g
-
oob _; —— Astroph. background
~ Instr. background R.1:) : R2
. I b
i sl b e B
) e s J'“"-;-;r:rﬂf-
< | :
= 2 3 15 g o 20 30

Offset, arcsec

1.10e-07 1.69e-07 4.04e-07 1.34e-06 5.06e-06

work is ongoing... Spatial halo is detected!

Krivonos et al., in prep
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Central Hard X-ray diffuse emission

Inner ~10 pc around Sgr A*

DB00-58"
. . ; i Arches
B+ SNR0.9+0.1 , | 7 . Cluster
P 1E 1743.1-2843 l | )
Sagittarius B2 " ' " ‘Sagittarius A

e

Sagittarius B1

e TSI d
ey & Radio Arc .

Mosaic of the Chandra images of the Galactic center region. Credit: NASA/CXC/UMass/D. Wang et al.




Inner 12 pc x 12 pc at 3-10 keV — @ NuSTAR

\
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Credit: Kerstin Perez

» The brightest emission (white)
comes from the hot plasma
surrounding Sgr A* (flaring
removed) and the pulsar wind
nebula G359.95-0.04

» The surrounding emission (red and
) fills the shell of supernova
remnant Sgr A East

* To the north-east lies the extended
emission of the Sgr A-East

“plume” (bright blue),

“cannonball” ., hon-
thermal filament G359.97-0.038

* The entire region sits in a field of
GRXE and unresolved point source

emission (dark blue)
7



Inner 12 pc x 12 pc at 20-40 keV __ @ NuSTAR

K Perez et al., Nature 520, 646 649 (30 Apr|l 2015

* Bright emission from pulsar
wind nebula remains

* [n addition, there is an
unresolved >20 keV X-ray
emission extending along
the Galactic plane from the
Galactic Center

3,89e-06 5.01e-06 6.14e-06 7.25e-06 8.38e-06 9.50e-06 1.06e-05 1.17e-05 1.29e-05
Credit: Kerstin Perez



Diffuse emission has 8 pc x 4 pc o
spatial extent — @ NuSTAR

N

\C - 20-40 keV data
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Spectra examined from regions

away from central pulsar nebula -

\Cannonballl |

\ . G359. 97 0.038
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3.80e-06 5.02e-06 6.16e-06 7.28e-06 8.42e-06 89.54e-06 1.07e-05 1.18e-05 1.28e-05

Credit: Kerstin Perez

NuSTAR

» Spectra taken from >75%
encircled energy radius away

from the central pulsar wind
nebula

» Different dominant emission
sources at low energy:
“Northeast” region has significant
overlap with Sgr A East,
“Southwest” region only
underlying point sources

 Combined with XMM-Newton

data from same time periods at
2-10 keV
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Photons/s/keV/cm?

Spectrum of “Southwest” region — @ NuSTAR

» Below 20 keV dominated by:

104 - L 'I : | | _ kT, =1.0*93,, keV } gt:::?glll\lyRaCtive
: 1 4y =50 heated plasma...
10 _ KT, =7.51%,1 5 keV } Magnetic
;- i A Z, =1.7 Cataclysmic
10 | L TR Variables (Polars
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| AT A I | RN Polars
> 1t O |
g R A AT R HJ.!‘ . : : :
=0 % ﬁukmlﬁ"nufw\ﬂlﬁ‘ﬁi‘wM!,\Nﬁ!‘i!"‘w"‘%wu” JP Wﬁi'ul C'“ d‘wu‘ﬂwwﬁﬁ + - *2-10 keV luminosity-to-mass ratio of
2 LY “‘ly'“ “'ﬂ'.]w-' ‘L * ,H'I“Iﬁ'u A | | - low-energy thermal component consistent

with that measured by XMM-Newton

* Above 20 keV dominated by:
N(E) = ET with I' = 1.5*03
OR
Thermal bremsstrahlung with
kT ~ 60 keV (> 35 keV)

Credit: Kerstin Perez




NuSTAR

The SNR
Sgr A East

“N—

I

* Above 20 keV dominated by:

S8

V, dominated by:

2.3709,,

kT1 = 1.1+0'1_0_2 keV

* Below 20 ke
Z

1 -6+°'3-o.4

N(E) = ET with I

OR

“Northeast” region shows same

high-energy spectrum

10+ [ Sgr A East

WO/ ADY/S/SUOIOY

Credit: Kerstin Perez

Thermal bremsstrahlung with

kT ~ 60 keV (> 36 keV)
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Origins of Diffuse Hard X-ray o
Emission (DHXE) — @ NuSTAR

Any possible explanation of the DHXE must account for:
« symmetric along the Galactic plane around Sgr A*
 non-thermal with I' = 1.6 or thermal with kT = 60 keV (>36 keV)
* L(20-40 keV) = 2.4x1034 ergs/s within the 8 pc X 4 pc FWHM

Anomalously massive Intermediate Polars (IPs) with <M,,;> = 0.9M,

Quiescent black hole low-mass X-ray binaries (QBH-LMXB)
« Previously undiscovered large population (~600-1200)
« Must have very faint or long-recurrence outburst

Millisecond pulsars with non-thermal high-energy spectrum
« Previously undiscovered large population (~3000)

Bremsstrahlung and inverse Compton emission from Sgr A* particle outflows
interacting with dense molecular material

« No correlation with radio or radiation density models

Credit: Kerstin Perez



Galactic Center in X-rays

. Remaining non-

thermal emission; U 7 "Naked? stellar DB00-58
multiple scatterings .. -~ . cluster, search for .4 »
or/and CRs? 4 . CR acceleration - -Hard X-ray
.7, - ‘ i ' Arches diffuse emission
B+ SNR0.9+0.1 , ' Ll Cluster. .
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Sizg
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* .Cold'Gas'Cloud -
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Mosaic of the Chandra images of the Galactic center region. Credit: NASA/CXC/UMass/D. Wang et al.
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