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Summary. — The Galactic center (GC) is expected to be the brightest source
of possible dark matter (DM) annihilation signal. Excess gamma-ray emission has
been detected by several groups. Both DM and more conventional astrophysical
explanations of the excess have been proposed. In this report, we discuss possible
effects of modeling the Fermi bubbles at low latitudes on the GC excess. We consider
a template of the Fermi bubbles at low latitudes derived by assuming that the
spectrum between 1 GeV and 10 GeV at low latitudes is the same as at high latitudes.
We argue that the presence of the Fermi bubbles near the GC may have a significant
influence on the spectrum of the GC excess, especially at energies above 10 GeV.

1. — Introduction

The Galactic center (GC) is expected to be the brightest source of possible annihila-
tion of dark matter (DM) particles [1]. Hints of the excess in the GC were claimed soon
after the Fermi LAT data became available [2,3]. It was also argued that the excess
has an extension larger than the Fermi LAT point spread function [4]. Further studies
by several groups have confirmed that the excess is indeed extended with a spectrum
peaking around a few GeV [5-8].

Apart from DM annihilation, possible interpretations of the excess include additional
sources of cosmic rays (CR) near the GC [9-11], an unresolved population of millisecond
pulsars (MSPs) [12-17], Fermi bubbles near the Galactic plane (GP) [18,19]. The inter-
pretation of the GC excess depends crucially on uncertainties related to modeling of the
Galactic foreground emission and resolved point sources [20-22].

One of the largest uncertainties in the GC excess is the behavior of the Fermi bubbles
near the GP [22]. Although the Fermi bubbles are relatively easy to model at high
latitudes above and below the GP [23,24], the study the Fermi bubbles near the GP
suffers from the same uncertainties in the Galactic foreground modeling as the GC excess
itself. The problem is further complicated by the absence of a clear counterpart of the
Fermi bubbles in other frequencies. Numerical modeling of the bubbles [25-28] and
observations of lobes in other galaxies show that the bubbles can be either completely
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expelled from the GC by the pressure of the gas, or they can have an hourglass shape
centered at the GC, or they can have an extended base in the GC. Although the gamma-
ray spectrum of the Ferm: bubbles may change as a function of the latitude due to
energy losses, energy dependent propagation effects, or re-acceleration inside the volume
of the bubbles, observations suggest that the spectrum of the bubbles is uniform at high
latitudes [6,24].

In this report, we consider a model of the Fermi bubbles at low latitudes derived
with the assumption that their spectrum is the same at low latitudes as at high latitudes
and discuss the effect of including the low latitude bubbles template on the GC excess
spectrum. The discussion is based on the results reported in [22].

2. — GC excess with high latitudes bubbles template

In order to study the effect of the Fermi bubbles on the GC excess, we first review a
derivation of the excess in a model that includes a template for the bubbles at latitudes
|b| > 10° [24]. The analysis is based on 6.5 years of Fermi LAT data between August
4, 2008 and January 31, 2015, Pass 8 UltraCleanVeto class events with a zenith angle
cut < 90°. We take the data between 100 MeV and 1TeV in 27 logarithmic energy
bins. The maps are constructed using HEALPix [29] with a pixel size of ~ 0°.46 at low
latitudes and ~ 0°.92 at high latitudes [22].

The model is derived by fitting templates corresponding to different emission compo-
nents to the data in each energy bin. The templates consist of 7 and bremsstrahlung
emission components separated in five Galactocentric rings derived with GALPROP
code [30-33]. The inverse Compton templates are also derived with the GALPROP
code. They are separated in three components related to the three interstellar radiation
fields (cosmic microwave background, starlight, and infrared components). The other
components are Loop I, flat Fermi bubbles template at high latitudes, Sun and Moon
templates, point sources template (derived with fluxes from the 3FGL catalog). The
Large Magellanic cloud, the Cygnus region, and the other extended sources in the 3FGL
catalog are treated as independent components. The cores of 200 brightest PS from the
3FGL catalog are masked within 1°. The GC excess is modeled by DM annihilation in
generalized NFW profile [34] with index v = 1.25, p(r) W The spectra of the
different components obtained by fitting the templates to the data in each energy bin and
the residual with the GC excess emission added back are shown in fig. 1. Although the
excess flux integrated over the whole sky is relatively small, < 1%, the intensity of excess
emission near the GC is about 15% of the total gamma-ray intensity in that region.

3. — Fermi bubbles template at low latitudes

Since there are no clear counterparts of the Fermi bubbles in other frequencies that
can be used to derive a template of the gamma-ray emission, one needs to make some
assumption to construct a model of the bubbles at low latitudes. The assumption that
we will make is that the spectrum of the bubbles at low latitudes is the same as at high
latitudes in the energy range between 1 GeV and 10 GeV.

In order to derive the bubbles template, we first model the gamma-ray emission by
the gas-correlated templates (7° and bremsstrahlung), PS, and a combination of smooth
components, which are introduced to provide a generic model for the other components
of emission, such as the Loop I and the bubbles. Then we subtract the gas-correlated
components and the point sources from the data and decompose the remaining residuals
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Fig. 1. — Left: spectrum of components of gamma-ray emission in a model with Fermi bubbles
determined at [b| > 10°. “Other” components include Loop I, extended sources, Sun, and
Moon templates. See sect. 2 for more details on the different components of emission. Right:
fractional residual in the model with spectra shown on the left plot summed over energy bins
between 1.1 GeV and 6.5 GeV plus the GC excess modeled by the gNFW DM annihilation
template.

between 1 GeV and 10 GeV into two components correlated with o« E~%? and oc E~24
spectra. The former spectrum is the spectrum of the Fermi bubbles at high latitudes,
the latter one is the average spectrum of the other astrophysical components: Loop I, IC,
and isotropic. The residual after subtracting the gas-correlated emission and PS from
the data and the two spectral components are shown in fig. 2. Then we introduce a cut in
significance at 20 level of the o« E~1Y component to derive the Fermi bubbles template
(fig. 3).

An alternative template of the bubbles as well as a template of the GC excess can be
derived if we separate the residuals after subtracting the gas-correlated components and
PS from the data into three spectral components, where the first two components have
the same spectra as before (o E~? and oc E~%%) while for the third component we take
an average spectrum of MSPs oc E—16¢=F/4 GeV [35,36]. The maps for the bubble-like
and MSP-like spectral components are shown in fig. 4.
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Fig. 2. — Left panel: residual obtained by subtracting gas-correlated components of emission (7°
and bremsstrahlung) and PS from the data. These residuals are decomposed into two spectral
components: o< £~ spectrum (middle panel) and oc E~2* spectrum (right panel).
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Fig. 3. — Left: significance map of the F~1 spectral component in the middle panel of fig. 2.
Right: bubbles template obtained from the £~ spectral component by cutting at 20 signifi-
cance in the left plot and taking the connected component.

The effect of including the all-sky bubbles template on the GC excess flux is shown
in fig. 5. We see that the GC excess flux is completely absorbed by the Ferm: bubbles
template at £ > 10 GeV and it is reduced by a factor 2 2 below 10 GeV.

4. — GC excess and Fermt bubbles near the GC

In this section we briefly discuss the morphology of the bubble-like and the MSP-like
spectral components. The latitude profile plots for the spectral components maps in
fig. 4 are shown in fig. 6.

The bubble-like component is shown on the left. The distribution is flat at latitudes
10° < |b| < 50°. The flatness of the profile is especially clear at negative latitudes where
there is less overlap with the local gas clouds compared to positive latitudes. However,
close to the GP, there is an increase in the intensity of emission for longitudes ¢ = 0°,
—5° by a factor 3 to 4 compared to high latitudes, while the intensity around ¢ = 5° is
consistent with zero. Thus, the intensity of emission from the Fermi bubbles appears to
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Fig. 4. — Bubble-like oc E~ (left panel) and MSP-like o E-16o-E/1GeV (right panel) spectral
components obtained in three-component decomposition of the residuals in the left panel of fig. 2.
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Fig. 5. — Spectrum of the excess integrated within 10° from the GC. The “Sample” model
corresponds to the GC excess spectrum in fig. 1 on the left. It is derived with the Fermi
bubbles template for [b] > 10°. In the “SCA bubbles”, the bubbles template is presented in
fig. 3 on the right, while the GC excess is modeled by the gNFW template. In the “3-component
SCA” model with bubbles and the GC excess templates are derived from the “Bubbles-like” and
“MSP-like” spectral components in fig. 4, respectively.

have larger intensity near the GP for longitudes ¢ < 0°. The apparent asymmetry of the
Fermi bubbles with respect to the GC may have implications for the interpretation of the
Fermi bubbles as emanating from the supermassive black hole at the GC. The presence
of the asymmetry is subject to large uncertainties in the distribution of gas towards the
GC [22] and needs to be investigated further.

The latitude profiles for the MSP-like spectral component exhibit a morphology con-
sistent with spherical symmetry with respect to the GC. There is a slight excess of
emission in the GP at £ = £5°, b = 0° relative to the off plane locations b = +5°, £ = 0°.
If this component is indeed coming from MSPs, then the slightly higher intensity along
the GP can be interpreted as contribution of MSPs in the disk of the Galaxy on top of
the MSPs in the bulge. One can also see the slightly larger emission along the GP in
fig. 4 on the right. Overall, we find that the spectral component derived with MSP-like
spectrum is generally consistent with the expectations for the distribution of MSPs in
the Galaxy.

10X 10" Bubbles-like spectral componeqt . 25 »10~° MSP-like spectral component‘
&% (=50 &% (=50
0.8 B8 =00 ] 90 Bd =00 |
$-8 (=-50° : ¢4 (=507
0.6 i
. IRp
) + s i
0.4 Y S T
: 2N Ee N
X 1.0 '
2k 02 i AT 4 f 0w
IS . B & 3 ==
BB Tl 1 s i
0 i L § by 0.5 ¥1 *"?;
o 3 \ \i\
. P g
00 S Y] wﬁ) ¥ LT
—0.2 . !;/‘!' $/ 1 1 **T\II‘FY
04 L - —0.5 ; -
=80 —60 —40 -20 ) 20 10 60 80 280 —60 —40 —20 0 20 10 60 80

b (deg) b (deg)

Fig. 6. — Latitude profiles of the bubble-like (left) and MSP-like (right) spectral components in
fig. 4. The normalization corresponds to the intensity of these components at 2 GeV.
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Fig. 7. — Radial profile of the MSP-like spectral component in fig. 4 on the right.

The radial profile of the MSP-like component is shown in fig. 7. Within &~ 7° the profile
is consistent with the GC excess modeled by the gNFW profile (sect. 2). The deviation
at large distances from the GC can be interpreted as the contribution of the MSPs in
the GP.

5. — Conclusions

In this report we discuss a derivation of the Fermi bubbles template at low latitudes
and the effect of the inclusion of this template in the model for Galactic emission on
the spectrum of the GC excess. We find that the Fermi bubbles near the GP may have
an intensity 3 to 4 times higher than at high latitudes. The bubbles in the GP may
also have asymmetric distribution with respect to the GC: in our model, the intensity
of the Fermi bubbles at positive latitudes is significantly smaller than the intensity at
negative latitudes. We also find that modeling of the Fermi: bubbles near the GP can
have a significant impact on the properties of the GC excess. In the presence of the
all-sky bubbles template, the GC excess flux is consistent with zero above 10 GeV and is
reduced by a factor of about 2 or more below 10 GeV compared to the model with the
bubbles template determined for |b] > 10°.

Future observations, such as the Cherenkov Telescope Array may be able to detect
the higher intensity emission from the Fermi bubbles in the GP. If the spectrum of
the Fermi bubbles in the GP does not have a softening or a cutoff observed at high
latitudes [24], then it may be possible to detect neutrino emission from the Fermi bubbles
with IceCube and KM3NeT in the hadronic model of gamma-ray emission. Further
study of the microwave counterpart of the Fermi bubbles at low latitudes may help to
discriminate the leptonic and hadronic models of the gamma-ray emission. Progress
in understanding of the Fermi bubbles near the GC will help to get a more precise
description of the GC excess, which will help to disentangle its nature.
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