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Cosmic rays (CRs) in our galaxy are thought to be generated via diffusive shock acceleration.
Gamma-ray observations have revealed that protons and/or electrons are accelerated to energies
up to 100 TeV in supernova remnants (SNRs), and hence SNRs are the most plausible source
of CR production. Whereas low-energy cosmic rays (LECRs) below the MeV band have impor-
tant information on the initial acceleration mechanism, there has been very little information on
LECRs due to lack of an effective probe. By interacting with neutral iron atoms in the interstellar
medium, LECRs produce fluorescent X-ray line emission at 6.40 keV. The 6.40 keV line obser-
vation can be a probe to investigate LECRs. The Suzaku data analysis discovered the 6.40 keV
line emission from several SNRs interacting with molecular clouds (W28, Kes 67, Kes 69, Kes 78,
Kes 79, W44 and 3C391). The 6.40 keV line emission would be produced by MeV protons with
the energy density of > 10-100 eV cm 3. Furthermore, we discovered the 6.40 keV line emis-
sion from a giant molecular cloud located near the Galactic center. The energy density of MeV
protons is estimated to be ~80 eV cm 3. The diffusion length of MeV protons is very short, and
thus the MeV protons should be produced in situ. Surprisingly, there is no SNR in the vicinity.
The LECRs would possibly be generated by stochastic acceleration via Alfvén turbulence.
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1. Introduction

Galactic cosmic rays (CRs) have been thought to be accelerated in shocks of supernova rem-
nants (SNRs). X-ray observations by ASCA revealed that electrons are accelerated to energies of
~100 TeV [@]. Observations of gamma-ray emission via 7° decay have offered evidence that pro-
tons are accelerated in SNRs [[]. On the other hand, there has been little information of low-energy
(below the MeV band) cosmic rays (LECRs). This is because LECRs coming from our galaxy are
hardly observed inside the heliosphere due to the solar modulation. Only exception is Voyager-
I, which has escaped the heliosphere [B]. Furthermore, there is no effective probe to indirectly
measure LECRs so far.

Along the Galactic plane, there is diffuse X-ray emission which cannot be resolved into dis-
crete sources (the Galactic ridge X-ray emission; GRXE) [B]. The GRXE is accompanied with
K-shell lines from neutral iron (at 6.40 keV), helium-like iron (at 6.68 keV), and hydrogen-like
iron (at 6.97 keV) [H]. We measured the distributions of these iron K-shell lines and the averaged
GRXE spectrum, and found that a significant fraction of the neutral iron emission (the 6.40 keV
line) of the GRXE is likely to originate from the interaction between LECRs and molecular clouds
(MCs) [B, @]. We then found that the 6.40 keV line can be a prove to investigate the LECRs.

2. Method

When LECRs are bombarded with the interstellar medium, in particular, MCs, the neutral
iron line at 6.40 keV is produced via inner-shell ionization of neutral iron, and at the same time,
the X-ray continuum is produced via inverse bremsstrahlung (for protons) or bremsstrahlung (for
electrons). The cross section of iron K-shell ionization peaks at ~ 10 MeV and ~ 10 keV for
protons and electrons, respectively [B]. The cross section for electrons has a sharp cut-off at 7.1 keV,
while that for protons varies smoothly [B]. This difference of cross section results in the difference
of the equivalent width (EW) of the 6.40 keV line between protons and electrons. The EW of
the 6.40 keV line as a function of particle index is calculated by [B] and shown in figure . Here
we adopt the iron abundance of 1-1.5 solar. The 6.40 keV line produced by electrons has the
EW below ~ 600 eV, while for protons the EW can be above 1 keV. Thus, we can distinguish the
irradiating particles by the EW.

The 6.40 keV line can be produced also by X-rays with the energy higher than 7.1 keV (K-
edge). In this case, the 6.40 keV lines is generated via photoionization, and the continuum is due
to Thomson scattering. The EW in the X-ray scenario depends on the angle 0 between the line of
sight and the incident photon direction [HB]. Figure 0 shows the EW as a function of photon index
with the reflection angle 8 = 90°, which gives the maximum EW. The 6.40 keV line produced by
the X-ray irradiation has the EW below 1 keV and can be distinguished from the proton origin.

3. Result and Discussion

3.1 Eastern Region of Galactic Center

We have performed the 6.40 keV line survey on the Galactic plane |/| < 4° near the Galactic
center using the Suzaku satellite, and investigated the intensity distribution of the iron lines at
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Figure 1: Equivalent widths of 6.40 keV for the X-ray, LECR electron, and LECR proton models shown
with green, blue, and red lines, respectively [B, B]. The solid rectangle indicates the constrained parameter
space for the eastern region of Galactic center.

6.40, 6.68, and 6.97 keV, respectively. The detailed analysis is written in [[]. The 6.68 and
6.97 keV lines have symmetrical distributions between the eastern (positive /) and western (negative
1) sides within |/| = 1°.5-3°.5. On the other hand, an asymmetrical distribution of the 6.40 keV
line intensity was found (figure B). The symmetrical model with the dashed curves well represents
the data in the western side, whereas the data points in the eastern side significantly exceed the
same model. This inconsistency indicates that the excess 6.40 keV line has a different origin from
the 6.68, 6.97 keV lines. In order to examine the unknown origin, we compared the excess with
the distribution of MCs. The red lines in figure D are the '>CO line intensity taken by NANTEN,
which nicely fills the residuals in the eastern side. The 6.40 keV line should be emitted from the
cold interstellar gases.

We, then, made an X-ray spectrum of the excess component and fit the spectrum with a power
law plus a Gaussian line at 6.40 keV (figure B). The best-fit photon index of the continuum and
the EW are 341 and 1.3 0.4 keV, respectively. If we take systematical uncertainty of statistical
fluctuation of the symmetrical component into account, the EW value is constrained to be 0.7—
5.9 keV. As is mentioned in Sec.2, the EW value is a key to distinguish the origin: X-rays, cosmic-
ray protons, or electrons. The allowed parameter region is shown in figure [. The electron origin
is completely rejected. The X-ray origin is marginally accepted. Using the 6.40 keV line flux and
the total mass of the molecular gas in the area, we should require an X-ray irradiating source with a
unrealistic luminosity Ly = 10*°(D/450 pc)? erg s~!, where D is the distance of the 6.40 keV line
emitting region from the source. No source with such a luminosity is found in this area. Thus, the
X-ray origin would be unlikely.

In the case of the proton origin, adopting the spectral index of —2.5 from the best-fit result
(see figurell), we estimate the energy density of ~ 80 eV cm™ in 0.1-1000 MeV. This value is
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Figure 2: Intensity profile of the 6.40 keV line (circle) overlaid with the '2CO intensity (red) [I]. The
dashed lines well represents the distribution of the 6.40 keV line in the western side. A symmetric model
cannot explain the eastern side. The blue lines are the sum of the symmetric distribution model and the '>CO

intensity multiplied by a constant factor.
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Figure 3: X-ray spectrum of the excess component in the eastern region of Galactic center. The solid line
consists of a continuum with I = 3 and the 6.40 keV line with the equivalent width of 1.3 keV.

about two orders of magnitude higher than the average value 1 eV cm—> of the cosmic rays [[CT].
The diffusion length of MeV protons is very short, and thus the MeV protons should be produced

in situ. There is no possible accelerating source, such as a SNR, a pulsar wind nebula, or a highly-
active black hole. Furthermore, since the excess 6.40 keV emission distributes about 2 degree,
corresponding to 300 pc (at 8 kpc), acceleration by a single known object would be difficult. In the

previous observations of the MCs, the gas velocity has a quite large dispersion of ~ 100 km s~

[2]. In such a case, Alfvénic turbulence may occur and results in stochastic acceleration [[3].

3.2 Galactic SNRs

SNRs are the most plausible source accelerating the Galactic cosmic rays. Our measurement
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of LECRs with the 6.40 keV line should be valid for SNRs. In fact, analyzing the Suzaku data of
3C391 and Kes79, [[4, [3] reported detection of the 6.40 keV line which would originated from
LECRs. We expanded the search for the 6.40 keV line to other SNRs located in the eastern region
of the Galactic ridge, where 3C 391 and Kes 79 are located. We selected five SNRs (W28, W44,
Kes 67, Kes 69, and Kes 78) which interact with MCs and carefully analyzed the archive Suzaku
data in the 5—-10 keV band. Detailed results will be reported by Nobukawa et al. (in prep).

We made the 6.40 keV line band image (figure B). Non X-ray background was subtracted and
the vignetting effect was corrected. One can see local enhancements of the 6.40 keV line in all
the five SNRs. The SNRs are located on the Galactic plane (5° < [ < 40°, |b| < 1°), and hence
the hard X-ray band above 5 keV is dominated by the Galactic background, i.e. the GRXE. We
examined the spectra extracted from the regions where the 6.40 keV line emission is enhanced and
their surrounding regions by fitting with a model consisting of a power law and Gaussian lines and
measured the intensities of the 6.40 keV, 6.68 keV, and 6.97 keV lines. Comparing the iron K-shell
lines between the enhanced and the surrounding regions, we found no excess in other iron lines
than the 6.40 keV line. The significances of the 6.40 keV line enhancement are 1.6 ¢, 2.7 ¢, 2.9 o,
2.0 0, and 2.0 o for W28, Kes 67, Kes 69, Kes 78, and W44, respectively.

SNRs can have an iron line at ~ 6.4 keV originated from high temperature plasma in low ion-
ization state nt < 10° s cm ™. The enhance of the 6.40 keV line detected in this study can originate
from the rarely ionized iron ejecta. However, the SNRs concerned are in a dense environment and
interact with dense MCs (typically n > 103 cm~3), and hence the plasma easily reaches a high ion-
ization state in their evolution [[8]. Furthermore, whereas SNRs from which the iron K-shell line
is detected have higher electron temperature of > 1 keV [[d], All our samples have SNR plasma
with electron temperature of < 1.0 keV [, IR, T4, PO] (Since no previous report is available for
Kes 67, we analyzed the spectrum and obtained the temperature of 0.440.1 keV). On the other
hand, since all the SNRs are associated with MCs, a natural explanation is the interaction between
high-energy particles (X-rays or cosmic rays) and the MCs.

Because the spectrum extracted from each SNR had limited statistics, we co-added the spectra
extracted from the enhanced and the surrounding regions, respectively, to study the origin of the
6.40 keV line quantitatively. We, then, subtracted the latter spectrum from the former one. In
the same manner as the eastern region of the Galactic center (Sec. 3.2), the spectrum was fitted
with a model of a power law plus the 6.40 keV line, resulting in the photon index of 1.5-8 and
the equivalent width of l.OJ_rg:Z keV. Assuming the iron abundance in the interstellar medium on
the Galactic ridge of 1.0 solar, the electron origin cannot explain the result (see the lower limit
of each line in figure M). In the case of the X-ray origin, a source with the luminosity Ly ~
10°8(D/100 pc)? erg s~! is required. No such a bright source is observed in the vicinity of the five
SNRs. Therefore, the enhanced 6.40 keV line would come from the LECR protons.

We investigate a correlation between the morphologies of the 6.40 keV line emission and MCs
(figure B). In Kes 69 and W44, the 6.40 keV line and the MCs are well correlated, while it is
not the case in other three samples. Although the spatial resolution is not good, HI clouds were
detected in W28 and Kes 67. Their distributions seem to coincide with the peaks of the 6.40 keV
line emission. For Kes 78, no good HI data have been taken. Using the averaged value of the
column density Ny = 10?> cm~2, the energy density of the LECR protons is calculated to be at
least 10~100 eV cm 3. Due to the Lorentz force and ionization loss, MeV protons hardly diffuse.
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Figure 4: 6.40 keV line emission map (color) of the five SNRs. The contours are HI at 37.5 km s~!, HI at
18.1 kms~1, 13CO (J = 1-0) at 80-84 km s~!, and '>2CO (J = 2-1) at 40.0-50.3 km s~!, for W28, Kes 67,
Kes 69, Kes 78, and W44, respectively [, 2, D3, 4, DF].
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The 6.40 keV line emission should trace the site where MeV protons are generated by a shock
interacting with the MCs or HI clouds.

4. Conclusion

We discovered the 6.40 keV line produced by LECR protons from the five SNRs (W28, Kes 67,
Kes 69, Kes 78, W44, in addition to the previous detection in 3C391, Kes79), and the eastern
region of the Galactic center, with the energy densities of > 10-100 eV cm ™3 and ~ 80 eV cm 3,
respectively. For the SNRs, the incident LECR protons are generated in situ, where the shock front
contacts with MCs or HI clouds, and then produce the 6.40 keV line. On the other hand, in the
eastern region of the Galactic enter, there is neither SNR, a pulsar wind nebula, nor a highly active
black hole. Stochastic acceleration by Alfvén turbulence is a possible origin for the LECR protons.
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