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Unlike the time variable iron line emission from molecular clouds which is produced by past
activity of Sgr A*, the origin of the diffuse line emission in the Galactic center (GC) region is
debated. We investigated the origin of this line emission and a source of H2 ionization within
200 pc central radius. We showed that iron atoms and H2 molecules in the diffuse interstellar
medium of the GC are not ionized by the same particles. Iron atoms of the diffuse gas are most
likely ionized by X-ray photons emitted by Sgr A* while the molecular hydrogen in the GC
region is likely ionized by cosmic rays. Production of the line emission from molecular clouds
by cosmic rays (CRs) depends strongly on processes of CR penetration into them. We show that
turbulent motions of neutral gas may generate strong magnetic fluctuations in the clouds, which
prevent free penetration of CRs into the clouds from outside. We provided also analysis of H2

ionization within 1 pc (CND) central region and showed that the ionization there is likely provided
by subrelativistic CRs.
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1. Introduction

The distribution of molecular hydrogen in the Galactic central (CG) region (R ≤ 100 pc) is
strongly nonunform. Most of the gas is concentrated in dense (nH ≥ 104 cm−3) giant molecular
clouds whose mass is about M ≤ 106M⊙ (see the reviews [1, 2]).

Some of the GC molecular clouds are seen in the 6.4 keV iron line which is excited when the
K shell of the iron atom is ionized. The origin this line is nonthermal because the temperature of
the clouds is about 100 K. Up to recent time different interpretations of ionization were suggested
but the discovery of temporal variations of the line emission with a period about 10 years (see
[3, 4, 5, 6, 7] and references therein) proved clearly the initial idea [8] that this line was excited
by a flux of hard X-rays emitted about 100 years ago by a central source, probably by the central
black hole Sgr A*. The required X-ray luminosity in this case is about 1039 erg s−1. Indeed, the
expected time variations of the iron line in the case of its photon origin is about 10 years, for which
the front of X-rays crosses a cloud of several pc radius.

Recently a new diffuse component of hydrogen was discovered (see [9, 10]), which fills more
or less uniformly the region of the 200 pc radius around the GC with the density n ∼ 102cm−3.
This hydrogen may emit a truly diffuse 6.4 keV emission found by Suzaku [11]. This emission
is concentrated in an extended region in the GC, with angular scales ℓ ∼ 0.6◦ in longitude and
b ∼ 0.2◦−0.4◦ in latitude. According to [11] this diffuse component of the 6.4 keV line may have
completely different origin than that from the clouds.

Another processes of ionization was found from measurements of the IR absorption lines
generated by ionizedf molecular hydrogen in the GC. These measurements found the ionization
rate in the GC about ζ ∼ (1−3)×10−15s−1, which is two orders of magnitude higher than in other
parts of the Galaxy (see [12] and references therein). The source of ionization is still debated.

Below we discuss ionization processes of iron and hydrogen in the molecular clouds and in
the diffuse component of hydrogen.

2. Ionization of the GC Molecular Clouds by CRs

Most of the GC molecular clouds show temporal variations of the 6.4 keV line that is in favour
of iron ionization by hard X-rays emitted by Sgr A*. It could be another component of the line
flux from the clouds, which is produced by CRs if their density inside the cloud is high enough.
Gamma-ray observations showed that CRs of high energies penetrated into the cloud [13, 14, 15].
Moreover, there are indications that in some molecular complexes iron atoms mainly are ionized
by CRs (see [16]).

One of the key problem of interaction between CRs and molecular clouds is, how CRs pene-
trate into the dense hydrogen gas of the clouds. This problem in nontrivial.

It is known that propagation of charged particles in the interstellar medium is determined by
particle scattering on magnetic field fluctuations . The frequency of resonant scattering on MHD-
waves is described (see e.g. [17]) as

ν ∼ 2π2ωH
kW (k)

H2 (2.1)
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where H is the large scale magnetic field, k is the wave number of fluctuations, for the resonat
scattering k ∼ ZeH/pcµ (here p is the particle mometum and µ is the particle pitch-angle), W (k)
is the spectrum of magnetic fluctuations, and ωH = eH/mc. For high enough scattering frequency
particle propagation can be described as diffusion with the effective diffusion coefficient

D ∼ v2

ν
(2.2)

where v is the particle velocity.
In a low ionized gas of molecular clouds MHD-waves are damped due to ion-neutral friction

(see [18]), i.e. particle propagate there without scattering. On the other hand, the neutral gas in
the molecular clouds is strongly turbulized (see the review [19]). These turbulent motions excite
fluctuations of magnetic field. As a result a spagetti like structure of magnetic field line is generated
inside the clouds and the energy of magnetic fluctuations is concentrated at the correlation length
of magnetic field, L, which is much smaller than a size of the molecular cloud [20, 21]. Propagation
of magnetized charged particles along tangled magnetic field lines can also be descibed as diffusion
with the effective diffusion coefficient

D ∼ vL (2.3)

which is constant for relativistic particles. In order to calculate the rate on ionzation by CRs we
should define their spectrum inside the clouds.

In the dense gas of clouds CRs loose their energy by ionization with the rate(
dE
dt

)
i
≡ b(E) =− 2πne4

mcβ (E)
lnΛ(E) . (2.4)

where m is the electron mass, v is the proton velocity, β = v/c, lnΛ is the Coulomb logarithm.
The spectrum of CRs inside the cloud, Np(E,x), can be derived from the equation (see [22])

∂
∂E

(b(E)N)−D
∂ 2

∂x2 N = 0 , (2.5)

where x is the coordinate from the surface to the center.
The boundary conditions on the cloud surface (x = 0) is

N|x=0 = N0(E) (2.6)

where N0 is the CR spectrum in the intercloud medium.
With the derived spectrum N(E) one can calculate the inization rate of hydrogen, ζ , and the

intensity of 6.4 keV line emission, F6.4, from the equations

ζ ≃
Emax∫

I(H2)

dEσ ioni
p (E)N(E)v(E) , (2.7)

F6.4 ≃ ηFenHV
Emax∫

I(Fe)

dEσFe
p (E)N(E)v(E) (2.8)
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where σ ioni
p and σ Fe

p are the cross-sections of hydrogen and iron ionization by protons taken e.g.
from [23], I(H2) is the ionization potentials of hydrogen, I(Fe K) = 7.1 keV is the ionization
potentials of iron, Emax is the maximum energy of CRs, ηFe is the iron abundance, and V is the
cloud volume.

Simple estimations [22] show that if the ionization rate in Sgr B2 is 4×10−16 s−1 as measured
in the GC (see [24]) then the expected 6.4 keV flux produced by CR protons equals or is below 1%
of the flux produced by X-ray photons from Sgr A*.

Our calculations showed also that hydrogen ionization in the GC by electrons (see e.g. [25, 26]
is problematic because the density of electrons is strongly depressed by ionization losses in the
intercloud medium. In our opinion, in spite of their short lifetime electrons are unable to reproduce
the simultaneous short time variability of the iron line fluxes from the GC clouds which are distant
from each other by hundred pc.

3. Hydrogen Ionization in the CND

One of the most massive molecular complexes with the radius of Rc = 3.5 pc, the circumnu-
clear disk (CND) is located directly in the GC and surrounds the central black hole, Sgr A*. Total
mass of the CND was estimated between (2−10)×105M⊙[2, 27].

Below we analyse processes of ionization in the CND which may differ from these processes in
other molecular clouds (see [28]). Observations of the Fermi LAT gamma ray telescope [29] found
a prominent gamma-ray flux in the GeV region (the source 2FGL J1745.6-2858 in the second
Fermi LAT source catalog [30]) that indicated that this region is filled with high energy cosmic
rays (CRs). The ionization rate measured in the direction of this cloud from the IR data gave the
value ∼ 1.2× 10−15 s−1, that does no differ from the average in the GC. However, the ionization
rate calculated for the CR density in the CND derived from the gamma ray data was in four orders
of magnitude higher (see [31]). This discrepancy between estimations of the ionization rate from
the IR and gamma ray data requires a special analysis, using kinetic equaions which describe CR
propagation in the CND region.

Processes of hydrogen ionization in the CND was analysed in [28]. The estimated gamma-ray
flux from this region (the source 2FGL J1745.6−2858) for E > 2 GeV is about Iobs = 1.08×10−10

erg cm−2s−1 with the spectral index γ = 2.68 (see [29]). For the CND radius Rc = 3− 5 pc this
gives the average gas density there of about nH ≃ 4×105 cm−3.

To estimate the spectrum of CR protons in this region we take the kinetic equation,

∂N
∂ t

−∇(D∇N)+
∂

∂E

(
dE
dt

N
)
+

N
T

= Q(E,r, t) (3.1)

where N(E) is the CR density, E is the particle energy, dE/dt is the rate of energy losses for protons
or electrons, Q(E) is the source function, T is the particle lifetime, which e.g. is the time of p− p
collisions, and D is an effective diffusion coefficient due to scattering on magnetic fluctuations.

If a point-like source (Sgr A*) emits a power-law momentum spectrum of particles (∝ p−γ )
with the spectral index γ then its energy spectrum can be presented as

Q(r,E, t) = A(E, t)δ (r) (3.2)
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with

A(E) = A0(t)
E +Mc2

(E2 +2Mc2E)(γ+1)/2 (3.3)

Here M is a particle mass, E its energy, and A0 is proportional to the source power.
For the observed gamma ray flux from the CND we can estimate the spectrum of protons from

the equation

Fγ(Eγ , t) =
nHc
R2
⊙

R∫
0

r2dr
∫

E
N(E,r, t)

dσ
dEγ

(E,Eγ)dE , (3.4)

where nH is the average hydrogen density in the gamma-ray emitting region, R⊙ = 8 kpc is the
distance from Earth to the CND, and dσ/dEγ(E,Eγ) is the differential cross-section for gamma-
ray production in proton-proton collisions [32].

If the source stationary emits CRs, the ionization rate of hydrogen produced by these protons
in the CND is about 4.6×10−15s−1. So, unlike [31], we do not see any descrepancy between the
observed gamma-ray flux from the CND and the ionization rate there derived from the IR data. The
estimated radio flux from the CND at ν = 1.5 GHz produced by secondary electrons is about 4.63
Jy.

We calculated also an X-rays flux generated by bremsstrahlung of protons and electrons in
the range 20-40 keV which is about 3×10−13erg cm−2s−1. The spectral index of bremsstrahlung
radiation in this range is −1.53.

For the transient source of protons in the SgrA* of the form

Q(E,r, t) = A(E)δ (r)δ (t) (3.5)

the spectra of protons in relativistic and subrelativistic energy ranges are respectively

Nrel(E,r, t) =
A0E−γ

(4πDt)3/2 e−t/τpp exp
(
− r2

4Dt

)
(3.6)

Nsubrel(E,r, t) =
A′

0

√
E

(4πDt)3/2 exp
(
− r2

4Dt

)(
at +E3/2

)−(γ+1)/3
(3.7)

where the energy of ionization losses for subrelativistic protons is presented as(
dE
dt

)
i
=− 2πe4nH

mecβ (E)
ln
(

m2
ec2Wmax

4πe2h̄2n

)
≃ a√

E
(3.8)

Our calculations showed that the necessary ionization rate 1.2×10−15s−1 and the gamma-ray
flux Iobs = 1.08×10−10 erg cm−2s−1 can be obtained e.g. for the diffusion coefficient in the CND
D = 3×1027 cm2s−1 if the proton ejection occured about 100 yr ago.

In this case the radio flux produced by the secondary electrons is about 5 Jy at ν = 1.5 GHz
and the flux of hard X-rays in the range 20-40 keV is about 1.3×10−13 erg cm2s−1. It is interesting
to notice that the region of X-ray emission is more extended than the CND. The reason is that the
lifetime of electrons emitting at the frequency 1.5 GHz is quite long, about 104 yr. Therefore, a
significant fraction of these electrons, generated at initial stages, escape from the CND and form a
halo around this region. They generate X-ray emission in the halo by inverse Compton while this
emission in the CND is produced by bremsstrahlung.
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4. Ionization of the Diffuse Molecular Gas in the GC

As we mentioned in the Introduction 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, i.e. it may be generated by sources
other than the hard X-ray photons from Sgr A*. The origin of the diffuse component cannot be
determined from time variability as in the case of compact clouds. Unlike the line emission from
the clouds, the diffuse flux of 6.4 keV line generated by Sgr A* photons is almost constant for
several hundred years, just for the time needed for a photon to cross the 100 pc GC region (see
[33]). Therefore other selection criteria should be developed.

One of the questions is whether the ionization of diffuse iron and hydrogen in the GC have the
same origin, i.e. whether they are ionized by the same particles: photons or by CRs or not. This
problem was analysed in [34].

If ionization of hydrogen and iron is produced by CRs, it is easy to calculate the ratio of their
ionization rates, X6.4,i , which is

Xest
6.4,i ≈

ηFe

fH2

∫ Emax
I(Fe K) Ni(E)σKα

iFe (E)vi(E)dE∫ Emax
I(H2)

Ni(E)σ ioni
iH2

(E)vi(E)dE
, (4.1)

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 molecules relative to the total number of H atoms, Ni(E) the differential equilibrium number
of CRs of type i propagating in the diffuse gas, vi(E) the velocity of these particles, Emax their max-
imum kinetic energy, σ Kα

iFe (E) the cross section for producing the 6.4 keV line by interaction of fast
particles of type i with Fe atoms, and σ ioni

iH2
(E) the cross section for ionization of the H2 molecule

by the particle i. We have neglected in this equation the contribution of secondary electrons for
both 6.4 keV line production and H2 ionization.

As follows from calculations of [34] the value of Xest
6.4,i is less than 7×10−8 in units: 6.4 keV

photons per one H2 ionization.
This value estimated from observational data (see [11] and [12]) gives

Xobs
6.4,i ≃ (0.6−1.9)×10−6 , (4.2)

i.e, more than order of magnitude higher than the estimation Xest
6.4,i . Thus, CRs are unable to ionize

simultaneously iron and hydrogen in the GC.
The diffuse hydrogen can be effectively ionized by low energy cosmic rays (electron or pro-

tons, see [25] and [34]) but as it follows from Eqs. (4.1) and (4.2), CRs are unable to provide
enough ionization of iron there. The CR luminosity requred for the hydrogen ionization 3×10−15

s−1 is about 2×1039 erg s−1 that can be supplied by energy sources in the GC (see [35]) .
With appropriate equations we can investigate the alternative process, ionization of hydrogen

and iron by Sgr A* photons. The distribution of primary photons in the disk as a function of energy
EX and radius r is then given by

nph(EX ,r) =
Q0

4πcr2E2
X

exp
(
−⟨nH2⟩σabs(EX)r/ fH2

)
θ(r− cT )θ(cT + c∆t − r) , (4.3)
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where θ(x) is the Heaviside function, σabs the photoelectric absorption cross section per H atom,
∆t is the duration of the X-ray flare, T is the time passed from flare termination, and nH2 is the
hydrogen density in the GC. The flux of primary X-ray photons from Sgr A* was taken in the form
Q0E−2

x (see [36] and [37]).
The longitudinal distribution of 6.4 keV line emission in the direction l can be calculated from

I6.4(ℓ) =
ηFe⟨nH2⟩

4π fH2

∫ Emax

I(Fe K)
σKα

XFe(EX)
∫
l

nph(EX ,r)dl
)
dEX , (4.4)

where σKα
XFe is the cross section for producing the 6.4 keV line by Fe K-shell photoionization [23].

This equation desribes nicely the spatial distribution and intensity of the diffuse 6.4 keV line
in the GC. The necessary X-ray luminosity of Sgr A* is ∼ 1039 erg s−1 if ∆t = 10 yr and ∼ 1038

erg s−1 if ∆t = 100 yr.
With these parameters of the primary X-ray flux we can calculate the ionization rate due to

both photoelectric ionization and Compton scattering which is:

ζ2(r, t)≃
Emax∫

I(H2)

dEX σ ioni
XH2

(EX)cnph(EX ,r, t)Msec(EX)+

2
Emax∫
EI

dEX cnph(EX ,r, t)

Emax
e∫

I(H2)

dEe
dσc

dEe
Msec(Ee) , (4.5)

where σ ioni
XH2

is the H2 photoelectric ionization cross section [38], dσc/dEe the Klein-Nishina dif-
ferential cross-section as a function of the energy of the recoil electron Ee, Msec(Ee) = [Ee −
I(H2)]/W with W ≈ 40 eV [39] the mean multiplicity of H2 ionization by a secondary electron,
EI ≈

√
mec2I(H2)/2 the minimum energy of an X-ray photon to ionize an H2 molecule by Comp-

ton scattering, Emax
e = 2E2

X/(mec2 +2EX), and nph(EX ,r, t) is given by Eq. (4.3).
It follows, however, from the numerical calculations of Eq. (4.5) (see [34]) that the ionization

rate of hydrogen produced by the primary photons is more than one order of magnitude less than
observed while the generate enough 6.4 keV photons. Then we conclude that the origin of 6.4 kev
line and hydrogen ionization is different, the first is produced by the X-ray photons from Sgr A*
while the second by low energy cosmic rays.

5. Conclusion

Here is a summary of our analyis of ionization processes in the GC region.

• Efficiency of CR penetration into dense molecular clouds depends strongly on the structure of
magnetic field inside the clouds. Two limit case are possible: 1. when CRs freely propagate
through the cloud without scattering if magnetic fluctuations are damped due to friction of
ion and neutral components of the gas in the clouds; 2. The observed turbulence of neutral
gas in the clouds may excite fluctuations of the magnetic field. In some conditions the energy
of magnetic fluctuations is concentrated at scales which are much smaller that the cloud size.
Then, propagation of magnetized charged particles along tangled magnetic field lines can be
described as diffusion with a relatively small diffusion coefficient;

7
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• When the front of primary photons emitted by Sgr A*, leaves a cloud, the intensity of the 6.4
keV line from there is determined by CRs. This situation is expected for the cloud Sgr B2,
because as follows from observations the front of Sgr A* photons has crossed already the
cloud. Our estimations for this cloud show that the background (stationary) flux from this
cloud generated by CRs is about several per cents in the most favourable case. Otherwise,
the flux of iron emission is negligible.

• We do not see any conflict between gamma-ray data and the rate of hydrogen ionization as it
was mentioned in previous publications. For the proton spectrum, which we derived from the
gamma-ray data, we obtained the ionization rate in the CND region about 10−15s−1 (about
the average value in the GC region) if this ionization is provided by CR protons;

• We estimated the spectrum of hard X-ray in the range 20− 40 kev produced by CRs in the
CND region. This flux is about 10−13 erg cm−2s−1. In the CND region, this flux is generated
by inverse bremsstrahlung of protons and by bremsstrahlung of secondary electrons. If,
however, a part of secondary electrons escapes from the CND region, then they generate by
inverse Compton an additional X-ray flux in the medium surrounding the CND which can be
seen as an X-ray halo around the CND.

• We showed that the ionization of iron in the diffuse hydrogen gas in the GC is also provided
by primary X-ray photons emitted by Sgr A* hundred years ago, as in the case of the GC
molecular clouds. Ionization of background hydrogen by these photons is negligible. We
showed that hydrogen is ionized by low energy CR, most likely by protons;
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