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The Galactic and extragalactic diffuse gamma-ray emission has been one of hot topics
in high-energy astrophysics. The Galactic diffuse gamma-rays is a powerful probe to study
cosmic-rays and the interstellar medium in the Milky Way. The extragalactic diffuse gamma-
ray emission is composed of contributions from unresolved sources such as active galactic
nuclei. They may also contain the signature of exotic physics like the annihilation of dark
matter. Our knowledge of the diffuse gamma-ray emission was not good enough in the last
century, however, due to the limited angular resolution, effective area and energy coverage
of past instruments. The situation has been improved significantly by the advent of the
Large Area Telescope (LAT) on board Fermi: Gamma-ray Space Telescope launched in 2008
June. The Fermi-LAT also has a capability to measure cosmic-ray electron spectrum up to
about 1 TeV and may probe nearby cosmic-ray electron accelerators or dark matter signal.
We review the observation and analysis of the diffuse gamma-ray emission and cosmic-ray
electrons by the Fermi-LAT, and implications on astrophysics and particle physics.

§1. Introduction

The Galactic diffuse gamma-ray emission is produced by interaction of Galactic cosmic-rays
(CRs) with the interstellar medium (ISM) via nucleon-nucleon interaction and bremsstrahlung, and
with the interstellar radiation field via inverse Compton scattering. It is a direct probe of Galactic
CRs in distant locations, and may include signature of physics beyond the standard model, such as
dark matter annihilation. Therefore the Galactic diffuse gamma-ray emission has been of significant
interest and studied extensively since the beginning of the gamma-ray astrophysics.!3) It is also
a foreground for the much fainter extragalactic diffuse emission.

One of the outstanding questions since the last century is a so-called ” GeV-excess”, the excess
diffuse emission above 1 GeV seen in the EGRET data?:® relative to that expected from the model
based on the directly measured CR spectra. This finding led to the proposal that the emission was
a long-awaited signature of dark matter annihilation.®) More conservative interpretations include
the unexpectedly large variations of CR spectra in the Milky Way?) and the instrumental effect.¥)
The Fermi-LAT, with much improved sensitivity®) over the EGRET, had been expected to shed
light on this issue.

The extragalactic diffuse gamma-ray emission, or the extragalactic gamma-ray background
(EGB), was first detected by SAS-2 mission® and its spectrum was measured up to 10 GeV
by the EGRET.1Y The EGRET also established that the blazars (active galactic nuclei with a
relativistic jet pointing towards us) represent the most numerous populations of gamma-ray objects.
Therefore, undetected blazars (i.e., those under the sensitivity level of EGRET) are the most likely
candidates for the origin of the EGB. Studies of the luminosity function of blazars showed that
the contribution of blazars to the EGRET EGB could be in the range of 20-100%.'Y713) It is
thus possible that the EGB encrypts the signature of truly diffuse emission processes, such as
intergalactic shocks produced by large-scale structures'® and the annihilation of dark matter.
The contribution from non-blazar objects such as galaxy clusters and starburst/normal galaxies is
also of interest. Therefore the EGB is one of main topics to be explored by the Fermi-LAT.
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CR electrons lose energy rapidly via synchrotron radiation and inverse Compton scattering
during their propagation in the interstellar space, making their spectrum softer than that of CR
protons. This fact indicates that at the very high energy end CR electrons can probe nearby CR
sources in the vicinity of the solar system. Recent results on the CR electron spectrum, published
in 20082009 by PAMELA, ATIC'®) and H.E.S.S.17) have opened a new phase in the study
of high-energy CR electrons. PAMELA reports an increase of positron fraction above 10 GeV,
while ATIC detected a prominent spectral feature at around 500 GeV in the inclusive electron and
positron spectrum. H.E.S.S. reports a sharp steepening or cutoff in the e~ + e spectrum above
1 TeV. These results are not compatible with the conventional model of CR electrons and positrons
proposed before. The nature of possible sources had been widely discussed, such as nearby pulsars
and dark matter annihilation. (For a review, see Ref. 18))

§2. Galactic Diffuse Gamma-ray Emission

2.1. Diffuse Gamma-rays at Intermediate Latitude

Testing the GeV excess was one of the early studies of the diffuse gamma-ray emission seen
by Fermi-LAT. Ref. 19) studied the data at intermediate Galactic latitude (10° < |b] < 20°).
This region was chosen since it maximizes the fraction of signal from diffuse gamma-rays produced
in the vicinity of the solar system, and hence uncertainties associated with CR propagation and
knowledge of the ISM gas distribution should be minimized. '
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Fig. 1. (left) Diffuse emission spectra averaged over all Galactic longitudes for latitude range 10° < |b| < 20°
obtained by the Fermi LAT'® and the EGRET. Systematic uncertainties are shown by hatched areas. (right)
Fermi-LAT data and the model for the same sky region. The contribution of each model component is also
presented. Upper solid line and lower one represent the pion-decay and bremsstrahlung, respectively.

Figure 1 (left) shows LAT data averaged over all Galactic longitudes and latitude range 10° <
|b| < 20°. Also shown are the EGRET data for the same region of the sky. The hatched bands
surrounding the LAT and EGRET represent the systematic uncertainties of these instruments.
Although the contribution by point sources has not been subtracted for both data sets, the effect
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on the diffuse emission is minor.

As shown by the figure, the LAT-measured spectrum is significantly softer than the EGRET
measurement with an integrated intensity Jpar(> 1 GeV) = (2.35 £ 0.01) x 1076 cm™2 57! sr~!
compared to the EGRET intensity JegreT(> 1 GeV) = (3.16 £ 0.05) x 1076 cm™2 57! sr~! where
the errors are statistical only. Even if we take account of the systematic uncertainties of two
instruments, the LAT spectrum is lower and softer than that measured by the EGRET above
1 GeV. We thus do not confirm the EGRET GeV-excess in this region of the sky and give strong
constraints on the dark matter interpretations proposed to explain the EGRET data.

On the other hand, the LAT spectrum agrees reasonably with the spectrum of an a priori
diffuse gamma-ray model based on the pre- Fermi CR measurements as shown by the right panel of
the figure. In this figure we replots the Fermi-LAT data along with the spectra of a diffuse emission
model based on local CR measurements, sources detected with more than bo significance and an
isotropic component. The last term is thought to be comprised of residual particle contamination
and the true extragalactic diffuse emission, and was obtained by fitting to data at higher Galactic
latitudes. The Fermi-LAT spectral shape agrees well with the model in 100 MeV - 10 GeV.
Although the overall intensity of the model is systematically lower by 10-20%, the diffuse gamma-
ray emission model is based on pre-Fermi data, and the difference between the model and the data
is of the same order as the uncertainty in the measured CR spectra at the relevant energies. The
uncertainty of the ISM gas distribution could also contribute to the observed small discrepancy.
We thus conclude that the LAT data and the model agree well with each other, providing a solid
basis for future work to understand the diffuse gamma-rays and the CR distribution in larger scale.
We also note that, although the Fermi-LAT data rule out the large EGRET GeV-excess, it is still
interesting to look for a smaller excess in diffuse gamma-ray emission from, e.g., the Galactic halo
where the signal due to dark matter annihilation is expected.

2.2. CR density Distribution

Knowledge of the distribution of CR densities within our Galaxy is a key to understand their
origin and propagation. We thus performed the analysis of diffuse gamma-ray emission observed
in the second (Galactic longitude 100° < [ < 145°) and the third (210° < [ < 250°) Galactic
quadrants. Those windows host kinematically well-defined segments of the Galactic spiral arms
present along the line of sight and are the best regions to study the CR density distribution across
the outer Galaxy.

Following a well-established approach that dates back to the COS-B era,?®) we modeled the
v-ray emission as a linear combination of maps tracing the column density of the interstellar gas.
Provided that the H1 column densities are accurately measured, the emissivity per H1 atom (traced
by the 21 cm line of atomic hydrogen21)) directly probes the average CR densities in each of the
region studied. In Figure 2 we summarize the integrated emissivity gradient (above 200 MeV)
found beyond the Solar circle in the second and the third quadrants. The bow-ties indicate the
systematic uncertainty due to the optical depth correction applied to the H 1 line intensities, which
was found to be the dominant source of the systematics. See Ref. 23),24) for details of the analysis.
Despite the uncertainties due to the optical-depth correction, both LAT studies consistently point
to a slowly decreasing emissivity profile beyond Galactocentric radius R = 10 kpc.

We will consider the predictions by a CR propagation model to see the impact of such a flat
profile on the CR source distribution and propagation parameters. We utilize the GALPROP
code,?%) a numerical code which solves the CR transport within the Galaxy. A conventional model
with the CR halo size zp = 4 kpc predicts a gradient (solid line in Figure 2 left) steeper than that
inferred from the LAT data.
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Fig. 2. Comparisons of the emissivity gradient obtained by the LAT and model expectations taken from Ref. 22).
The bow-ties represent our estimates for the second (black) and the third (gray) quadrants, and the curves give
the model predictions. The left panel shows models with different halo size from 1 kpc to 20 kpc (the solid line
corresponds to 4 kpc). The right panel shows different choices of the break distance Rpx (from 10 to 15 kpc)
beyond which a flat CR source distribution is assumed.

The discrepancy between the gamma-ray emissivity gradient and the distribution of putative
CR sources has been known as the “gradient problem” since the COS-B era.28) The most straight-
forward possibility is a larger halo size, as discussed by, e.g., Ref. 25)-27). We therefore tried
several choices of 2z, as summarized in the dotted lines in the same panel, and found that a very
large halo (2, > 10 kpc) provides a gradient compatible with the gamma-ray data, if we fully take
into account the systematic uncertainties. A CR source distributions flatter than a standard one
are also investigated, as shown by the right panel of the figure. We obtained a reasonable fit to
the data using a flat CR source distribution beyond R = 10 kpc. The LAT data thus favors a very
large halo size and/or a flat CR source distribution than usually assumed.

Obviously the solution discussed above is not unique. The exploration could be extended
to a non-uniform diffusion coefficient?®) or convection.??) The bottom line is that the LAT data
give good constraints on the CR and the matter distribution in the outer Galaxy and the diffuse
gamma-ray model is significantly improved. In the future, the extension to the inner part and
the accurate determination of the gradient over the whole Galaxy will be key to constraining the
CR origin and transport. In addition, better modeling the Galactic diffuse emission is essential in
searching for a dark matter signal in gamma-rays. For a review, see Ref. 30).

§3. Extragalactic Gamma-ray Background

The Galactic diffuse gamma-ray emission presents a strong foreground signal to the much
fainter extragalactic diffuse emission, and hence is a source of the systematic uncertainty of the
EGB. The instrumental background from mis-classified CRs also contributes to the error of the
EGB spectrum. To overcome this issue, Ref. 31) adopted very stringent event selection criteria at
the expense of efficiency. The Galactic diffuse gamma-ray emission was modeled using the GAL-
PROP code, with particular attention given to characterizing the systematic uncertainties in the
foreground modeling. The isotropic background was then derived through a simultaneous fit to
the Galactic diffuse emission, resolved gamma-ray sources and the solar gamma-ray emission in
|b] > 10°. The obtained isotropic component contained the contributions from the CR background.
The residual background was estimated using the detailed instrument simulation, and then sub-
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tracted from the fitted isotropic component to obtain the true EGB. The derived EGB spectrum
from 200 MeV to 100 GeV is shown in Figure 3 (left), which visually shows how important the
modeling of the Galactic diffuse emission is to evaluate the EGB spectrum.
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Fig. 3. (left) Fermi-LAT measured gamma-ray intensity with fit results for the energy range from 200 MeV fto
100 GeV and for |b| > 10° reported by Ref. 31). Note that LAT data are dominated by the systematic uncer-
tainties, not the statistical errors. (right) Extragalactic gamma-ray background spectra measured by Fermi-LAT
and EGRET, together with three potential types of gamma-ray spectra induced by dark matter considered in
the analysis of Ref. 32).

Using the Fermi-LAT EGB, Ref. 32) consider three types of generic dark matter candidates
with distinctively different gamma-ray signatures: those annihilating into quarks, charged leptons
and monochromatic photons. The most conservative limit on an annihilation cross section (ov)
can be placed by restricting the dark matter signals not to exceed the measured intensity. Pre-
dicted gamma-ray fluxes from annihilating dark matter are strongly affected by the underlying
distribution of dark matter, and a moderate case considered by Ref. 32) for three representative
annihilation final states (u*u~, bb, and ) is exemplified by Figure 3 right panel. The obtained
limits for the dark matter cross sections are (ov) = 1.2x 10723 cm3s™? (for a 1.2 TeV WIMP annihi-
lating to u* ™), 5x 10725 cm3®s™! (for a 200 GeV WIMP annihilating to bb) and 2.5x 10726 cm3s™!
(for a 180 GeV WIMP annihilating to ~v). It is already possible for leptonic dark matter model
to exclude some model space proposed to explain the excess of electrons and positrons measured
by the Fermi-LAT and PAMELA experiments. (See also § 4)

The limits obtained so far were a factor of 10-1000 times higher than the expected thermal
WIMP cross section, (ov) ~ 3 x 10725 cm3s~!. More stringent limit can be derived in principle
by first subtracting the contributions from unresolved astrophysical sources. Ref. 33) examined
the logN-logS distribution of high-latitude sources. They found that most of unassociated high-
latitude sources are likely to be blazars (see Figure 4 left panel). The distribution is compatible at
brighter fluxes (more than 6 x 1078 ph cm™2 s—1) with a Euclidean function, but at fainter fluxes
the logN-logS distribution displays a significant flattening. By extrapolating and integrating the
logN-log$ distribution to zero flux, they derived a fraction of less than 40% for the contribution
by blazars to the EGB, as summarized by Figure 4 right panel. The contribution of other sources
is less determined but has been extensively studied by theoretical calculations (e.g., Ref. 34),35)).

NI | -El ectronic Library Service



Sor yushi ron Kenkyu

—C10— o = #H &

F 3 T ; s 3
L 7 C e mm e LAT O Difuse background ]
107 E = L 4
E 3 s e Uncasalved 80u1co8 10,1100 GoY band
C ] 210° E
Lagsrein T E 3
g1°E E LA ]
2 F 3 [ t B
W [ ] E [ ]
T — w104 _
Z™ E + Alblazars E Wi E 3
F = FSRQs 3 zZ .
[ s+ BLLacs 7 W = B
04l _ - [ _
E ¥ Unassociated 3
F 2 Blazar Candidates Y ] 10 j
R R RN B R =R P N Ll
107 ° i ° 10? 10° 0* 10°
10 10 Energy [Me\&

10°
Fi00 [Ph cm™ s

Fig. 4. (left) Cumulative source count distribution of Ferm: blazars and subsamples reported by Ref. 33). (right)
Contribution of point sources to the EGB obtained by extrapolating and integrating the logN-logS to zero flux,
taken from Ref. 33). The line from 100 MeV to 100 GeV was derived from the study of log/N-logS in the whole
band, while three solid lines come from the study of individual energy band. The bands show the total (statistical
and systematic) uncertainty.

§4. Cormic-Ray Electrons

It was recognized in the early stage of the LAT design that being a pair-conversion type
gamma-ray telescope, the LAT intrinsically is an electron spectrometer.?® Thanks to its large
effective erea, large solid angle and long exposure, the LAT gives by far the highest statistics on
CR electron and positron spectrum from about 10 MeV to 1 TeV.

The resulting spectrum of high energy CR electrons from 7 GeV to 1 TeV is shown in Fig-
ure 5 (left) together with the CR electron spectra previously reported. The Fermi-LAT spectrum
smoothly connects with the HESS electron measurements at higher energies and can be fitted by
a power-law with spectral index of 3.03-3.13 within the systematic errors. It does not confirm the
anomalous spectral features reported by ATIC.16)

Nevertheless, there is a less dramatic feature apparent above 200 GeV in the Fermi-LAT
spectrum. While the data are compatible with a power-law spectrum within the systematic uncer-
tainties, if a model with a power-law spectrum constrained by other data (such as the model curve
shown in the figure) is compared with the Fermi-LAT data, the significance of the spectral feature
can be high. Therefore the Fermi-LAT data and the positron fraction measured by PAMELA®®
have motivated the construction of dark matter models to produce the apparent features observed
by these instruments. Those scenarios require a self-annihilation cross section about 100-1000
times larger than the expected thermal WIMP cross section ({ov) ~ 3 x 10726 cm3®s~!) to explain
the relatively large number of additional electrons and positrons, as discussed, e.g., by Ref. 18).
Some parameter space of such models is excluded by the Fermi-LAT EGB spectrum.32)

A more conservative scenario is to invoke the nearby CR electron/positron accelerators such
as pulsars. If a few sources are responsible of PAMELA positron fraction and Fermi-LAT electron
spectrum, anisotropy of CR electron may be observed in high energies. Although Fermi-LAT has
not detected significant anisotropy of the arrival direction in 60 GeV up to 480 GeV, the obtained
upper limit has been already close to the expectations from individual nearby pulsars, as shown
by Figure 5 (right).
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Fig. 5. (left) The Fermi-LAT CR electron spectrum compared with previous measurements.?” The band shows
systematic errors. Dashed line shows the model based on pre-Fermi results. (right) Dipole anisotropy as a
function of minimum energy of Fermi-LAT CR electrons reported by Ref. 38). Solid line corresponds to the
pure diffusive model calculated by GALPROP. The anisotropy expected from two nearby pulsars are shown by
dashed and dotted lines. See Ref. 38) for details.
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