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70 µm, 350 µm, Herschel, see Bally (2013) 
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HST/NICMOS Pa α GC Survey 
Mauerhan et al. (2010), Dong et al. (2011) 

Energy	  sources	  in	  Central	  Molecular	  Zone	  

•  Three extraordinary star clusters + several tens of isolated massive stars 
⇒ 0.04 SN per century (2% of the Galactic rate in ~10-6 of the volume) 
+ Tidal disruption of stars, clouds (G2) etc. by Sgr A* (e.g. Dogiel et al. 2009) 
+ Proper motion of the Arches + Quintuplet clusters (Tatischeff et al. 2012) 
+ Gas turbulence, pulsars etc.. 
•  Fermi bubbles: AGN event releasing ~ 1055 – 1057 erg about 1 – 3 Myr ago?   

(e.g. Guo & Mathews 2012; but see Crocker et al. 2011, 2014) 



Cosmic-‐ray	  energe7cs	  
• With only “classical” sources (i.e. 0.04 SN per century): 

  PCR,p ~ 1.3 × 1039 erg s-1  and  PCR,e ~ 2 × 1037 erg s-1       
(assuming the Galactic average PCR,p/PCR,e ~ 70 ± 20, Strong et al. 2010) 

•  If these CRs deposit all their energy in the CMZ:  
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•  CR energy to produce the 
diffuse TeV γ-ray emission:  

~ 1050 erg (in 109 – 1015 eV) 
 

⇒  energy loss by advection 

⇒ ε
CR

~ 2 eV cm
-3

 

HESS 



Cosmic-‐ray	  energy	  deposit	  in	  the	  CMZ	  
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•  Low-energy CRs (E < a few tens of MeV) deposit their energy in the 
CMZ by ionization and heating of the ambient gas (⇒ chemistry) 

! What is the deposited power (depends on the CR spectrum/sources)? 
! Are SNe the only significant sources of CRs in the CMZ? 
⇒  Two potential tracers: the H3

+ molecule and the Fe Kα line at 6.4 keV  

Polarized intensity at 2.3 GHz 
Carretti et al. (Nature 2013) 



H+
3 and CO in the galactic centre 5157
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Figure 4. Locations of new point sources for studying H+
3 and CO in the CMZ, superimposed on a

radio contour map of the GC that approximately covers the CMZ. Sources observed previously are
located in the small rectangular area, expanded at the bottom. Spectra of circled sources labelled
a and i are shown in figure 5. (Online version in colour.)

part of that band. To date, we have identified approximately 300 candidates out
of the total of 2 000 000 objects in the GLIMPSE catalogue in our search area.
Two-thirds of those candidates have been observed; of them approximately 30
have smooth-infrared spectra suitable for high-resolution spectroscopy.
Figure 4 shows results of the search as of the end of 2011. It can be seen that

there is now a sample of suitable objects whose sight-lines cover a much wider
extent of the CMZ than as of 2008. High-resolution spectra of key lines of H+

3
and CO have been secured for some of these. Below, we discuss two of the more
interesting cases.

6. New spectra on new sight-lines

Figure 5 [16] shows spectra of H+
3 and CO lines towards two new sources, labelled

a and i in figure 4, whose 2MASS catalogue names are J17433273–2951430 and
J17470898–2829561 (hereafter J1743 and J1747), respectively. The H+

3 R(1, 1)
l

line profile towards J1743 consists of four narrow absorption features, three of
which correspond to dense clouds known from previous radio and millimetre
observations. The fourth, at a radial velocity of zero, arises in warm diffuse gas,
as demonstrated by the lack of CO absorption at that radial velocity and by
the presence of R(3, 3)l absorption at that radial velocity [17]. Zero velocity would
be expected for gas with pure outward motion lying in front of J1743, because
that source is located on a sight-line passing close to the western edge of the
CMZ, where radial motions of CMZ gas are perpendicular to the line of sight.
The spectra of J1747 in figure 5 are complex, because it is embedded within the

giant molecular cloud Sgr B, a hotbed of turbulence and massive star formation.
The array of absorption features at positive velocities is associated with this cloud,
and the sharp features near −30 and −50 km s−1 with the intervening arms. The
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300 pc 

H3
+	  chemistry	  in	  diffuse	  gas	  of	  the	  CMZ	  

•  Formation:  
 CR  +  H2 → H2

+ +  e‐ +  CR’ 
 H2

+ +  H2 → H3
+ +  H 

•  Destruction (in diffuse clouds): 
 H3

+ +  e‐ → H2 +  H  or  H  +  H  +  H   

⇒ Assuming N(H3
+) increases linearly 

with ζ2 (?), ζ2L = (1.3 – 4.5)×105 cm s-1 
(Goto et al. 2008) 

⇒  With L ~ 50 pc, ζ2 = (1 – 3)×10-15 s-1 

⇒ H3
+ line intensity ratios also provide the density and T° of the diffuse 

gas. In the GC n = 50 – 200 cm-3, T = 200 – 300 K (Goto et al. 2008, 2011) 

⇒ Diffuse molecular gas is pervasive in the CMZ. Filling factor: fV ~ 0.3 

Background IR sources ~30 known 
sources in the CMZ (Geballe 2012) 



Fe	  Kα	  line	  emission	  at	  6.4	  keV	  

The XMM view of the Galactic Centre 
Jones et al. 2012 

MOPRA CMZ project 
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Collisional ionization by CR electrons/ions 
or photoionization by hard X-rays?  



Diffuse	  6.4	  keV	  line	  emission	  

•  Global distribution of the Fe I 
Kα line emission with Suzaku 
(Uchiyama et al. 2011, 2013)  

•  Bright diffuse and point 
sources were excluded  
•  The intensity profile shows two 

components: the Galactic ridge 
and GC X-ray emissions 
⇒  A major contribution from 

unresolved sources, perhaps 
magnetic CVs (Heard & 
Warwick 2013)? 

  or 
⇒  Widespread Fe ionization in 

the diffuse molecular gas 
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Fig. 1. Left : An example of the spectra with the best-fit phenomenological model in the 2.3–5 keV band (OBSID 503013010). We
also show the positions of the lines included in the model. Right : the same as the left panel, but that in the 5–10 keV.

equation 1 represent the intensity profiles of the GCXE
and GRXE, respectively. The parameters lC and lR are
the e-folding scale lengths along the Galactic plane, while
the parameters bC and bR are the e-folding scale heights
perpendicular to the Galactic plane, for the GCXE and
GRXE, respectively.
At first, we fitted the line intensity profiles with free

parameters of IC, IR, lC, lR, bC and bR for all the ele-
ments independently. Then the parameters for SXV Kα
and FeXXV Kα were well constrained with relatively small
errors, while those of the other lines had large errors. In
detail, the scale heights bC and bR for SXVI Lyα, ArXVII

Kα and CaXIX Kα were ∼ 0.◦4 and 4◦, near to the same
values of SXV Kα. Those for ArXVIII Lyα, CaXX Lyα,
and FeXXVI Lyα were ∼ 0.◦3 and 3◦, near to the same val-
ues of FeXXV Kα. We therefore linked these parameters
with two groups; “SXV Kα” and “FeXXV Kα” groups, as
shown in table 2. The spectral analyses in the next section
support that the two groups roughly correspond to the low
temperature plasma (LP) and high temperature plasma
(HP), respectively (see figure 7). Finally, we re-fitted the
line intensity profiles simultaneously with the constraints
mentioned above. Then all the profiles were still nicely
described with the two-exponential model (equation 1)
within reasonable errors of the relevant parameters. The
best-fit parameters are summarized in table 2.
For the S and Fe lines, the intensity normalizations of

the GCXE and GRXE (IC and IR) were well determined.
The ratios of FeXXVI Lyα to FeXXV Kα (Lyα/Kα) are
0.45± 0.06 and 0.20± 0.08 in the GCXE and GRXE, re-
spectively, which indicate the plasma temperatures are
respectively ∼ 8 and ∼ 5 keV, respectively. On the
other hand, those of SXVI Lyα to SXV Kα are < 0.09
and 0.37± 0.14 in the GCXE and GRXE, respectively.
Therefore the respective plasma temperatures are kT < 1
keV and kT ∼ 1.3–1.6 keV. These facts support that the
GCXE and GRXE consist of, at least, two-temperature
plasmas as already reported by the previous works (see
introduction).
The Fe I Kα line should be emitted by cold neutral mat-

ter and have a different origin from the above thermal
lines. Therefore we fitted its intensity profile separately.
We also fitted the intensity profiles of the 2.3–5 and 5–8
keV bands with the same phenomenological model but in-
cluding the contribution of the CXB. The spectrum and
intensity of the CXB were estimated according to Kushino
et al. (2002) with an absorption of NH = 6× 1022 cm−2

(Ebisawa et al. 2001, Yamauchi et al. 2009). These best-fit
parameters are also listed in table 2.
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Fig. 3. Intensity distribution of the Fe I Kα line along the
Galactic plane.

The intensity distributions of S, Ar, Ca and Fe along
the Galactic plane were shown in figures 2 and 3. Also the
2.3–5 keV and 5–8 keV band intensities are given in figure
4 together with the best-fit models. In these figures, all the
data points were multiplied by factors of I(l∗,0)/I(l∗, b∗)
to correct the intensity dependence along the latitude.
From figures 1, 2 and table 1, we demonstrate a clear

separation of the GCXE and GRXE. The GCXE is con-
centrated near the Galactic center (Sgr A∗) with e-folding
parameters of about 0.◦6 (lC in table 2) along the longi-
tude. The latitude extension (bC; scale height) is about
0.◦2–0.◦4. The GRXE is more extended with the e-folding
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data were observed as Suzaku Key project observations. The
total effective exposure was about 3.2 Ms. The details of these
observations are summarized in table 1.

The XIS contains four sets of X-ray CCD camera systems
(XIS 0, 1, 2, and 3) placed on the focal planes of four modules
of the X-Ray Telescope (XRT) onboard the Suzaku satellite.
XIS 0, 2, and 3 have front-illuminated (FI) CCDs, while XIS 1
has a back-illuminated (BI) CCD. Detailed descriptions of the
Suzaku satellite, the XRT, and the XIS can be found in Mitsuda
et al. (2007), Serlemitsos et al. (2007), and Koyama et al.
(2007a), respectively.

In these observations, the XIS was operated in the normal
clocking full window mode, with a time resolution of 8.0 s.
One of the FI CCD cameras (XIS 2) had been out of function
since 2006 November, and hence 71% of the total exposure
was observed without XIS 2. Although the XIS CCDs were
significantly degraded by on-orbit particle radiation, the CCD
performance had been calibrated well with the checker-flag
charge-injection (CI) method (Nakajima et al. 2008; Ozawa
et al. 2009) until 2006 October, and has been restored with the
spaced-row CI (SCI) method (Prigozhin et al. 2008; Uchiyama
et al. 2009). The SCI method was used in 75% of the total
exposure. The XIS 2 and SCI status during the observations is
given in table 1.

We reprocessed the data using the calibration data base
(CALDB) released at 2008-10-20 and xispi in the HEADAS
software package version 6.6.1. We confirmed that the center
energy of the Mn I K˛ line of the onboard calibration sources
(55Fe) was consistent with 5.895 keV within a calibration
uncertainty of 20 eV, and the energy resolutions were 130–
180 eV (FWHM) at 5.9 keV during the observations.

3. Analysis and Results

In order to investigate the intensity profiles of the Fe K˛
lines along the Galactic longitude and latitude, X-ray spectra
were made from the rectangles shown in figures 1a and 1b,
respectively. The sizes of the rectangles along the longitude
(figure 1a) are 60 ! 120 (0.ı1 in longitude and 0.ı2 in latitude),
while those along the latitude (figure 1b) are 120 ! 60 (0.ı2 in
longitude and 0.ı1 in latitude). Here, we adopted a new coor-
dinate of (l", b") = (l + 0.ı056, b + 0.ı046), where the origin
of this coordinate, (l", b") = (0ı, 0ı), is the position of Sgr A"

(Reid & Brunthaler 2004) and the b" = 0ı line corresponds the
Galactic plane. With this new coordinate, the centers of each
rectangle along the longitude (figure 1a) are given as (l", b")
= (0.ı1 ! n, 0ı), where n is an integer number. The centers of
each rectangle along the latitude (figure 1b) are b" = 0.ı1 ! n
and l" = #1.ı104, #0.ı784, #0.ı504, #0.ı114, 0.ı226, 0.ı556,
0.ı876, and 1.ı226. To extend the profile to larger b" values, we
used data at (l", b") = (0.ı056, #1.ı954) (OBSID 502059010).
Since the Fe K˛ flux at this position is lower than any other
regions, we made a spectrum of 170 ! 170 rectangle. To make
spectra of diffuse emission, bright sources listed in table 2 and
the CCD corners illuminated by the calibration sources were
excluded from all of the rectangles.

Using xissimarfgen (Ishisaki et al. 2007) and xisrm-
fgen, the effective area of the XRT and the response of
the XIS were calculated, and ancillary response files and

Fig. 1. (a) Rectangles to extract X-ray spectra for the longitudinal
distribution overlaid on the Suzaku XIS image in the 6.55–6.8 keV
band. Bright point source regions (circles, see table 2) were excluded
before making the spectra. (b) Same as (a), but for the latitudinal
distribution.

redistribution matrix files were made for each observation.
Since the responses of the FIs were almost the same, we
merged the FI spectra.

The non X-ray background (NXB) spectra sorted by the cut-
off rigidity were made from the same source region in the
detector coordinate using xisnxbgen (Tawa et al. 2008). The
spectra of NXB were subtracted from those of the GCDX.

We fitted the spectra in the 5–10 keV band with
a phenomenological model that consists of four Gaussians and
an absorbed power-law continuum. The line centers of the
Gaussians were fixed to 6.40 (Fe I K˛), 6.68 (Fe XXV K˛), 6.97
(Fe XXVI K˛), and 7.06 (Fe I Kˇ) keV according to the APEC
model (Smith et al. 2001) and Kaastra and Mewe (1993). The
intrinsic widths of these lines were fixed to 0 eV. The intensi-
ties of the Fe I K˛, Fe XXV K˛, and Fe XXVI K˛ lines in the
model were free parameters. The intensity of the Fe I Kˇ line
was fixed to 0.125-times that of the Fe I K˛ line according to
Kaastra and Mewe (1993). The normalization, photon index,
and interstellar absorption of the absorbed power-law model
were free. The cross section of the photoelectric absorption
was obtained from Morrison and McCammon (1983).

The FIs and BI spectra were fitted simultaneously. We
did not use the BI data above 8 keV, because the NXB fluxes
become high in this energy band. If one rectangle region over-
lapped more than two separate observations, we made separate
spectra, which were fitted simultaneously.

Some examples of the spectra and the best-fit models are
shown in figure 2. In these figures, we find some resid-
uals at the 8–9 keV band, which are identified as Fe XXV Kˇ,
Ni XXVII K˛, and other weak lines (Koyama et al. 2007b).
Inclusion of these lines, however, does not change the best-
fit intensities of the Fe K˛ lines. The best-fit intensities of the

R=200 pc 



Observed	  6.4	  keV	  photon	  yield	  per	  H2	  ioniza7on	  

•    
 

 with I6.4 = (7.3 ± 0.7) ph cm-2 s-1 sr-1 
(Uchiyama et al. 2013), Ω = 2Rh/D2 
and V = πR2h the solid angle at the 
observer position and volume of the 
thick disk, and 

 
⇒    

2 Dogiel et al.
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Fig. 1.— Cross sections involved in the calculation of the 6.4 keV
photon yield per H2 ionization in the CR model. Solid lines: cross
sections for producing the 6.4 keV line by interaction of fast elec-
trons (thin line) and protons (thick line) with Fe atoms. Dashed
lines: H2 ionization cross sections for impact of electrons (thin line)
and protons (thick line).

molecules relative to the total number of H atoms, Ni(E)
the differential equilibrium number of CRs of type i prop-
agating in the diffuse gas, vi(E) the velocity of these par-
ticles, Emax their maximum kinetic energy, σKα

iFe (E) the
cross section for producing the 6.4 keV line by interac-
tion of fast particles of type i with Fe atoms, and σioni

iH2
(E)

the cross section for ionization of the H2 molecule by the
particle i. We have neglected in this equation the con-
tribution of secondary electrons for both 6.4 keV line
production and H2 ionization.

The cross sections σKα
iFe and σioni

iH2
are shown in Fig. 1

for both CR electrons and protons. The H2 ionization
cross sections were taken from Padovani et al. (2009). In
addition to the CR impact ionization reaction i + H2 →
i + H2

+ + e−, the proton cross section σioni
pH2

includes the
charge-exchange process p + H2 → H + H2

+, which is
dominant below ∼ 40 keV (see Padovani et al. 2009, Fig-
ure 1). The cross sections σKα

eFe and σKα
pFe were calculated

as in Tatischeff et al. (2012). We see that the H2 ion-
ization cross sections are much higher than that for the
X-ray line production. At relativistic energies, the dif-
ference is by a factor ∼ 2000 for electrons and ∼ 3000
for protons.

The propagated CR spectrum Ni(E) could be calcu-
lated in the framework of a given model for the source
of these particles. Here instead, for the sake of gen-
erality, we use a simple power law in kinetic energy,
Ni(E) ∝ E−s, allowing the spectral index s to take any
value within a reasonable range. Calculated values of
X6.4,i are shown in Fig. 2 as a function of s.

Also shown in this Figure is the 6.4 keV photon yield
per H2 ionization deduced from observations. The latter
is estimated by assuming that the diffuse 6.4 keV line
emission is emitted from a thick disk centered on Sgr A∗,
with volume V = πR2h and solid angle at the observer
position Ω = 2Rh/D2 (R and h are the disk radius and
height perpendicular to the Galactic plane, respectively,
and D the distance to the Galactic center):

X6.4 =
4πD2I6.4Ω
V ⟨nH2⟩ζ2

. (2)

Here, I6.4 = (7.3±0.7) ph cm−2 s−1 sr−1 is the measured
intensity of the diffuse Fe Kα line emission near Sgr A∗
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Fig. 2.— 6.4 keV photon yield per H2 ionization in diffuse molec-
ular gas. Theoretical values obtained from Eq. (1) are compared
with the range deduced from X-ray and H+

3 observations, assum-
ing ⟨nH2⟩ = 50 cm−3 and R = 200 pc (Eq. (3)). We used for the
calculations ηFe = 6.9 × 10−5, which is twice the solar abundance
(Asplund et al. 2009), and fH2 = 0.5, i.e. n(H2) ≫ n(H).

(Uchiyama et al. 2013), ζ2 ≈ (1 − 3) × 10−15 s−1 is the
estimated ionization rate of the H2 molecule in the diffuse
molecular gas (Goto et al. 2008), and ⟨nH2⟩ the mean
density in the disk of H2 molecules of the diffuse gas
(⟨nH2⟩ = fV nH2 , where fV is the volume filling factor of
the diffuse molecular gas and nH2 the H2 number density
in this gaseous component). We then get

X6.4 =
8I6.4

⟨nH2⟩ζ2R
= (3)

≈ (0.6 − 1.9) × 10−6 ×
(

⟨nH2⟩
50 cm−3

)−1( R

200 pc

)−1

.

We see in Fig. 2 that the theoretical photon yield is
almost constant for low values of s, which reflects the
constancy of the cross section ratio σKα

iFe/σioni
iH2

at rela-
tivistic energies (Fig. 1). The calculated photon yield
amounts to <∼ 10% of the measured value at low s and
rapidly declines for s ! 0.75.

Yusef-Zadeh et al. (2013) estimated that a pop-
ulation of LECR electrons responsible for the ion-
ization of the diffuse H2 gas would contribute to
∼ 10% of the diffuse 6.4 keV line emission de-
tected by Suzaku, which is consistent with the
maximum contribution we expect for a hard elec-
tron spectrum (see Fig. 2). These authors also
suggested that the remaining 90% of the X-ray
emission is produced by interactions of electrons
with a denser (n ∼ 103 cm−3) molecular gas.
But this would imply the existence of a massive
(∼ 107 M⊙) molecular gas component with a high
ionization rate (ζ2

>∼ 10−14 s−1), which should have
been detected with H+

3 observations (see, e.g.,
Geballe 2012). Independent of the exact den-
sity of the diffuse molecular gas, the comparison
of the cross sections σKα

iFe and σioni
iH2

(Fig. 1) show
that the bulk of the diffuse 6.4 keV line emission
is not produced by CRs.

3. THE ORIGIN OF THE DIFFUSE 6.4 KEV LINE
EMISSION: PAST FLARING ACTIVITY OF SGR A∗

Unlike the 6.4 keV line emission from dense clouds, the
X-ray fluorescence emission from the diffuse gas is pre-
dicted to be almost constant for several hundred years,

〈n
H
2

〉 = f
V
n
H
2

.

– 1 –

1. Introduction

2. H2 ionization and 6.4 keV line emission from cosmic rays

We assume that the diffuse 6.4 keV line emission from the central molecular zone (CMZ)

is emitted from a thick disk centered on Sgr A∗, with diameter d and height perpendicular to

the Galactic plane h. The intensity of the diffuse Fe Kα line emission near Sgr A∗, as recently

measured by SUZAKU, is IX = (7.3 ± 0.7) ph cm−2 s−1 sr−1 (Uchiyama et al. 2012). This emission
is most likely produced in neutral or low-ionized Fe atoms of the diffuse and warm (T ≈ 250 K)
molecular gas revealed by infrared absorption lines of H+

3
(Oka et al. 2005; Goto et al. 2008, 2011).

Measurements of H+3 column densities on eight sight lines between the Central and Quintuplet

stellar clusters imply that ζ2L = (1.3–4.5)×105 cm s−1 (Goto et al. 2008), where ζ2 is the ionization
rate of the H2 molecule and L the absorption path length through the diffuse molecular gas. The

ratio of the 6.4 keV photon emission rate and H2 ionization rate in this gas can be written as

X6.4 =
4πD2IXΩ fLd

V⟨nH2⟩ζ2L
, (1)

where D is the distance to the Galactic center, Ω = dh/D2 the solid angle sustained by the disk at

the observer position, V = πd2h/4 the volume of the disk, ⟨nH2⟩ the mean density in the disk of
H2 molecules of the diffuse gas (⟨nH2⟩ = fVnH2, where fV is the volume filling factor of the diffuse

molecular gas and nH2 the H2 number density in this gaseous component), and fL = L/d. We thus

get

X6.4 =
8I6.4

⟨nH2⟩ζ2R
= (0.6 − 1.9) × 10−6 ×

( ⟨nH2⟩
50 cm−3

)−1( R

200 pc

)−1
(2)

Noteworthy, X6.4 does not depend on the size of the disk, except through the mean density ⟨nH2⟩
and length fraction fL.

The ratio of the number of 6.4 keV photons and H2 ionization produced by cosmic rays of

type i (electrons or protons) propagating in diffuse molecular gas can be estimated from

X6.4,i ≈
aFe

fH2

∫ Emax
I(FeK)

Ni(E)σKαiFe(E)dE
∫ Emax
I(H2)

Ni(E)σioniiH2
(E)dE

, (3)

where I(Fe K) = 7.1 keV and I(H2) = 15.6 eV are the ionization potentials of the K shell of Fe

and of H2, respectively, aFe is the Fe abundance, fH2 = n(H2)/(2n(H2) + n(H)) is the fractional

density of H2 molecules relative to the total number of H atoms, Ni(E) is the differential flux of

cosmic-rays of type i propagating in the diffuse gas, Emax is the maximum kinetic energy of these

particles, σKα
iFe
(E) is the cross section for producing the 6.4 keV line by interaction of fast particles

of type i with Fe atoms, and σioni
iH2
(E) the cross section for ionization of the H2 molecule by the

•  Can X6.4 be explained if Fe atoms and H2 molecules of the diffuse gas 
are ionized by the same CR particles or photons?  

R 

h 



Theore7cal	  6.4	  keV	  photon	  yield	  per	  H2	  ioniza7on	  

• X6.4 produced by CRs:  

• H2 ionization X-sections much higher than that for Fe Kα line production 
⇒ X6.4 < 7 × 10-8 independent of Ni(E) ⇒ bulk of the diffuse 6.4 keV line 

emission not produced by CRs, but likely by hard X-rays emitted by 
Sgr A* hundreds of years ago (Dogiel et al. 2013) 
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ABSTRACT
We investigate the origin of the diffuse 6.4 keV line emission recently detected by Suzaku and the

source of H2 ionization in the diffuse molecular gas of the Galactic center (GC) region. We show
that Fe atoms and H2 molecules in the diffuse interstellar medium of the GC are not ionized by the
same particles. The Fe atoms are most likely ionized by X-ray photons emitted by Sgr A∗ during a
previous period of flaring activity of the supermassive black hole. The measured longitudinal intensity
distribution of the diffuse 6.4 keV line emission is best explained if the past activity of Sgr A∗ lasted
at least several hundred years and released a mean 2 − 100 keV luminosity >∼ 1038 erg s−1. The H2
molecules of the diffuse gas can not be ionized by photons from Sgr A∗, because soft photons are
strongly absorbed in the interstellar gas around the central black hole. The molecular hydrogen in the
GC region is most likely ionized by low-energy cosmic rays, probably protons rather than electrons,
whose contribution into the diffuse 6.4 keV line emission is negligible.
Subject headings: Galaxy: center — ISM: clouds — cosmic rays — line: formation — X-rays: ISM

1. INTRODUCTION

The Central Molecular Zone (CMZ) has long been
known as a thin layer of about 300× 50 pc in size, con-
taining a total of 2.4×107 M⊙ of dense (n ∼ 104 cm−3),
high filling factor (f > 0.1) molecular material orbiting
the Galactic center (see the review of Ferrière et al. 2007;
Ferrière 2012). This canonical picture was drastically
changed after the discovery of H+

3 absorption lines gener-
ated by ionization of H2 molecules. Observations of Mc-
Call et al. (2002) and Oka et al. (2005) showed that H+

3
are mainly generated in diffuse (n ∼ 102 cm−3) clouds,
where the ratio of H+

3 to molecular hydrogen abundance
is 10 times higher than in dense clouds. This diffuse gas
has a high filling factor (fV ∼ 0.3), an unusually high
temperature (TH ∼ 250 K) and a high and almost uni-
form ionization rate (ζ2 ∼ (1−3)×10−15 s−1) throughout
the CMZ (see Geballe 2012, and references therein). The
source of this gas ionization is still debated.

Neutral Fe Kα line emission at 6.4 keV is observed from
several dense molecular clouds in the Galactic center
(GC) region. Detections of time variability of the
X-ray emission from Sgr B2 (see e.g. Nobukawa
et al. 2011) and from several clouds within 15′ to
the east of Sgr A∗ (Muno et al. 2007; Ponti et al.
2010), strongly suggest that the Fe Kα line emis-
sion from these regions is a fluorescence radiation
excited by a past X-ray flare from the supermas-
sive black hole. In this model, the variability of the
line flux results from the propagation of an X-ray light
front emitted by Sgr A∗ more than ∼ 100 years ago.

The neutral Fe Kα line can also be generated by
charged particles (see Dogiel et al. 1998; Valinia et al.
2000), and observations do not exclude that the 6.4 keV
emission from some of GC clouds is produced by CR elec-
trons or protons and nuclei (see, e.g., Fukuoka et al. 2009;
Capelli et al. 2011; Tatischeff et al. 2012; Yusef-Zadeh et

al. 2002, 2013; Dogiel et al. 2009a, 2011).
Uchiyama et al. (2013) recently found with Suzaku dif-

fuse emission at 6.4 keV from an extended region of the
GC region, with a scale length in longitude of ℓ ∼ 0.6◦
and an extent in latitude of b ∼ 0.2◦–0.4◦. These authors
concluded that this emission can hardly be explained by
point sources and is truly diffuse. Based on the equiva-
lent width (EW) of the line (∼ 460 eV), they also con-
cluded that the origin of the Fe I Kα line emission from
the diffuse gas in the GC might be different from that
of the dense clouds. However, Heard & Warwick (2013)
recently suggested that unresolved stellar sources may
make an important contribution to the observed diffuse
emission at 6.4 keV.

We investigate in this paper if the diffuse 6.4 keV
line emission and the H+

3 absorption lines from diffuse
clouds can have the same origin, i.e. if Fe atoms and
H2 molecules in this medium can be ionized by the same
particles. In this investigation, we obtain new constraints
on the past X-ray flaring activity of Sgr A∗, as well as
on the density of low-energy cosmic rays (LECRs) in the
GC region.

2. H2 IONIZATION AND 6.4 KEV LINE EMISSION FROM
COSMIC RAYS

The ratio of the number of 6.4 keV photons and H2 ion-
ization produced by CRs of type i (electrons or protons)
propagating in diffuse molecular gas can be estimated
from

X6.4,i ≈
ηFe

fH2

∫ Emax

I(Fe K) Ni(E)σKα
iFe (E)vi(E)dE

∫ Emax

I(H2) Ni(E)σioni
iH2

(E)vi(E)dE
, (1)

where I(Fe K) = 7.1 keV and I(H2) = 15.6 eV
are the ionization potentials of the K shell of Fe and
of H2, respectively, ηFe is the Fe abundance, fH2 =
n(H2)/(2n(H2) + n(H)) the fractional density of H2

Z = 2 Zsol 
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Arches cluster  
region 

XMM-Newton 
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• Variable	  6.4	  keV	  emission:	  fluorescence	  
excited	  by	  a	  past	  flaring	  ac*vity	  of	  Sgr	  A*	  

Tatischeff et al. (2012) 
(see also Capelli et al. 2011) 

Ponti et al. (2010) 



• Massive (a few 104 Msol) and dense cluster of young (2.5 Myr) stars, 
with ~160 O-type stars (e.g. Figer et al. 2002) 

•  From star proper motions (Keck): V* ~ 200 km s-1 (Clarkson et al. 2012) 

•  The bright 6.4 keV line emission remained constant over ~8.5 years of 
XMM-Newton observations (Capelli et al. 2011; Tatischeff et al. 2012)  

• Not well correlated with the molecular gas (Chandra; Wang et al. 2006), 
but suggestive of a bow shock due to the cluster’s supersonic motion 

The	  X-‐ray	  emission	  around	  the	  Arches	  cluster	  

6.4 keV Fe Kα	

XMM-Newton 

Paschen α line 
HST/NICMOS 

Tatischeff et al. (2012) 

 Stolte et 
al. (2008) 



Nonthermal	  X-‐ray	  produc7on	  models	  for	  XSPEC	  
•  Generic, steady-state, slab models for 
CR electrons and protons (+ α particles) 

•  Differential equilibrium spectrum:  
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•  Free parameters: Emin, index of the power-law source spectrum s, Λ 
and the ambient medium metallicity relative to solar Z ⇒ XSPEC 

•  2nd set of models: with CR metals in variable proportions (i.e. with the 
broad lines from the fast ions) 



Examples	  of	  X-‐ray	  emissions	  from	  LECR	  protons	  	  



6.4	  keV	  emission	  from	  LECR	  electrons	  /	  protons	  

Contrary to 
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source spectra 



Spectral	  analysis	  of	  the	  Arches	  cloud	  emission	  

N
H
= (12.2

-1.6

+1.4 )×1022  cm-2

kT = 2.0
−0.3

+0.7  keV

Z =1.7±0.2 Z
sol

s(LECRP) =1.9
−0.6

+0.5

E
min

=10 MeV (fixed)

Λ = 5×1024  H cm-2  (fixed)

⇒  nonthermal X-rays possibly from LECR ions, but not electrons 
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χ2/ν = 558/493 = 1.13 
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N
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sol
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⇐ not OK 

LECR electrons 



Recent	  varia7on	  of	  the	  Arches	  cloud	  emission	  	  

Variation of the Arches non-thermal emission 3

Figure 1. (Top Left) Mopra N2H+ map of the Arches cloud position integrated between –40 and –10 km s−1 (Jones et al. 2012). A
significant molecular contribution is there albeit a slight shift of the molecular emission to the south east compared to the X-ray emission
of the Arches region. (Others) Continuum and background subtracted Fe Kα maps of the Arches cluster region for seven different years,
from top left to bottom right: 2000, 2002, 2004, 2007, 2011, 2012 and 2013. The maps are displayed in Galactic coordinates and smoothed
using a gaussian kernel of 20′′ radius. The solid white ellipse is the cloud region, the cyan ellipse is the cluster region, and the two dashed
ellipses are two cloud subregions: north and south. The overall cloud shows morphological variations from period to period with a clear
decrease in the overall emission in 2012.

Figure 2. Fe Kα line flux lightcurve of the Arches cloud. The
emission is compatible with a constant emission up to 2011 with
an average value of F6.4keV = 8.2 × 10−6 ph cm−2 s−1 but the
constant fit on the whole period is rejected at 4.3σ due to a more
than 30% drop in 2012.

Figure 3. Continuum flux lightcurve associated with the power-
law component of the Arches cloud. The lightcurve is compatible
with a constant emission up to 2011 with an average value of
Icont = 19.3 × 10−5 ph cm−2 s−1 keV−1 but the constant fit on
the whole period is rejected at 5.6σ.

c⃝ 2014 RAS, MNRAS 000, 1–5
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emission is compatible with a constant emission up to 2011 with
an average value of F6.4keV = 8.2 × 10−6 ph cm−2 s−1 but the
constant fit on the whole period is rejected at 4.3σ due to a more
than 30% drop in 2012.

Figure 3. Continuum flux lightcurve associated with the power-
law component of the Arches cloud. The lightcurve is compatible
with a constant emission up to 2011 with an average value of
Icont = 19.3 × 10−5 ph cm−2 s−1 keV−1 but the constant fit on
the whole period is rejected at 5.6σ.
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6.4 keV line  nonthermal continuum  

•  3 more years of XMM observations compared to Tatischeff et al. (2012) 

•  30% flux drop in 2012 detected at more than  4σ for both the Fe Kα 
line and the associated continuum  
⇒  A large fraction of the nonthermal emission is in fact due to the 

reflection of an X-ray transient source (Clavel et al. 2014) 



On	  the	  variable	  emission	  from	  the	  Arches	  cloud	  
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•  The nonthermal X-ray emission seems 
to be related to the cluster itself, not 
to a distant source (Sgr A*) 
• A transient source in the cluster 

should have a 4 – 12 keV luminosity of  
~1036 erg s-1, whereas the cluster 
current luminosity is ≈ 5×1033 erg s-1  
• A transient source in a long-lasting 

(>8.5 years) bright state some decades 
ago was not detected with Einstein  
and subsequent X-ray telescopes 

Sgr A* 



Conclusions	  

• Most of the 6.4 keV line emission from both diffuse and dense 
molecular clouds in the GC is likely due to the past activity of Sgr A*  
(but see Yusef-Zadeh et al. 2007, 2013) 

• More observations and work are needed on the origin of the variable, 
nonthermal X-ray emission from the Arches cluster region 

• Assuming that N(H3
+) increases linearly with the cosmic-ray flux,                

ζ2 = (1 – 3)×10-15 s-1 
•  The CR power needed to explain such an H2 ionization rate is 

                        with 

•  This is comparable to the power supplied by SNe, but a large fraction 
of the latter (>~95%; Crocker et al. 2011) is advected by the GC outflow 

⇒  Unconventional CR sources (other than SNe) may play a role in the GC 

P
CR

~ ζ
2
n
H 2
VW ~ 2×10

39
 erg s

−1
               W ≈ 40 eV


