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The Fermi-LAT Gamma-ray SKY

Sources for the observed gamma-rays are:
i)Galactic Diffuse Emission: decay of pi0s (and other mesons) from pp (NN) 
collisions in the ISM, bremsstrahlung radiation off CR e, Inverse Compton 
scattering: up-scattering of CMB and IR, optical photons from CR e
ii)from point sources (galactic or extra galactic) 
iii)Extragalactic Isotropic 
iv)”extended sources”(Fermi Bubbles, Geminga, Vela ...)
v)misidentified CRs (isotropic due to diffusion of CRs in the Galaxy)



BUT ALSO the UNKOWN, e.g. Looking for 
DM annihilation signals

For a DM annihilation signal
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The Signal:  
Gamma Rays from Dark Matter Annihilations 
The gamma ray signal from dark matter 
annihilations is described by: 

1) Distinctive “bump-like” spectrum 

Figure 6. The gamma ray spectrum per WIMP annihilation for a 100 GeV (left) and 500
GeV (right) WIMP. Each curve denotes a different choice of the dominant annihilation
mode: bb̄ (solid cyan), ZZ (magenta dot-dashed), W+W− (blue dashed), τ+τ− (black
solid), e+e− (green dotted) and µ+µ− (red dashed).

quarks, leptons, Higgs bosons or gauge bosons, dark matter particles can
produce gamma rays directly, leading to monoenergetic spectral signatures.
If a gamma ray line could be identified, it would constitute a “smoking
gun” for dark matter annihilations. By definition, however, WIMPs do not
annihilate through tree level processes to final states containing photons
(if they did, they would be EMIMPs rather than WIMPs). On the other
hand, they may be able to produce final states such as γγ, γZ or γh through
loop diagrams. Neutralinos, for example, can annihilate directly to γγ [57]
or γZ [58] through a variety of charged loops. These final states lead to
gamma ray lines with energies of Eγ = mdm and Eγ = mdm(1−m2

Z/4m2
dm),

respectively. Such photons are produced in only a very small fraction of
neutralino annihilations, however. The largest neutralino annihilation cross
sections to γγ and γZ are about 10−28 cm3/s, and even smaller values are
more typical [59].

The Galactic Center has long been considered to be one of the most
promising regions of the sky in which to search for gamma rays from dark
matter annihilations [59, 60]. The prospects for this depend, however, on
a number of factors including the nature of the WIMP, the distribution of
dark matter in the region around the Galactic Center, and our ability to
understand the astrophysical backgrounds present.
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Signals of thermal DM

–Production (accelerators)
–Cosmic rays/indirect detection (PAMELA/
Fermi/WMAP...)

–Direct detection (DAMA/XENON/CDMS...)
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So How do we search for that ?



The first use of templates on Gamma-ray maps —> 
The discovery of the Fermi(Haze)-Bubbles
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The first use of templates on Gamma-ray maps —> 
The discovery of the Fermi(Haze)-Bubbles
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The first use of templates on Gamma-ray maps —> 
The discovery of the Fermi(Haze)-Bubbles
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The Success Story of Templates:

The galactic center and inner galaxy is a very interesting region but 
also very complicated. YET we discovered the “Fermi Haze/
Bubbles”, the “Galactic Center Excess”, also emission from Loop I.

Repeating the exercise in different energies (updated analysis, using a 
new class of photon cuts allowing for better angular resolution)

• A clear excess emission in the 
galactic center emerges


• 90% of the total emission in the 
inner few degrees is removed


• Residuals not related to the galactic 
center (GC) are up to ~5% as bright 
as the GC resi-dual


• Excess emission cuts-off at ~10 GeV 
(is in some dis-agreement with later 
findings)   

Daylan, Finkbeiner, Hooper, Linden, Portilo, 
Rodd, Slatyer, 1402.6703 
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FIG. 9: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

of the Galactic Plane, while values greater than one are
preferentially extended perpendicular to the plane. In
each case, the profile slope averaged over all orientations
is taken to be � = 1.3 (left) and 1.2 (right). From this
figure, it is clear that the gamma-ray excess prefers to
be fit by an approximately spherically symmetric distri-
bution, and disfavors any axis ratio which departs from
unity by more than approximately 20%.

In Fig. 11, we generalize this approach within our
Galactic Center analysis to test morphologies that are

not only elongated along or perpendicular to the Galac-
tic Plane, but along any arbitrary orientation. Again,
we find that that the quality of the fit worsens if the the
template is significantly elongated either along or per-
pendicular to the direction of the Galactic Plane. A mild
statistical preference is found, however, for a morphology
with an axis ratio of ⇠1.3-1.4 elongated along an axis ro-
tated ⇠35� counterclockwise from the Galactic Plane in
galactic coordinates (a similar preference was also found
in our Inner Galaxy analysis). While this may be a statis-

6

FIG. 5: Left frame: The value of the formal statistical �2� lnL (referred to as ��2) extracted from the likelihood fit, as
a function of the inner slope of the dark matter halo profile, �. Results are shown using gamma-ray data from the full sky
(solid line) and only the southern sky (dashed line). Unlike in the analysis of Ref. [8], we do not find any large north-south
asymmetry in the preferred value of �. Right frame: The spectrum of the dark matter component, for a template corresponding
to a generalized NFW halo profile with an inner slope of � = 1.26 (normalized to the flux at an angle of 5� from the Galactic
Center). Shown for comparison (solid line) is the spectrum predicted from a 35.25 GeV dark matter particle annihilating to bb̄
with a cross section of �v = 1.7⇥ 10�26 cm3/s ⇥ [(0.3GeV/cm3)/⇢local]

2.

ground templates, we include an additional dark matter
template, motivated by the hypothesis that the previ-
ously reported gamma-ray excess originates from annihi-
lating dark matter. In particular, our dark matter tem-
plate is taken to be proportional to the line-of-sight inte-
gral of the dark matter density squared, J( ), for a gen-
eralized NFW density profile (see Eqs. 2–3). The spatial
morphology of the Galactic di↵use model (as evaluated
at 2 GeV), Fermi Bubbles, and dark matter templates
are each shown in Fig. 4.

As found in previous studies [8, 9], the inclusion of the
dark matter template dramatically improves the quality
of the fit to the Fermi data. For the best-fit spectrum and
halo profile, we find that the inclusion of the dark matter
template improves the formal fit by ��2 ' 1672, cor-
responding to a statistical preference greater than 40�.
When considering this enormous statistical significance,
one should keep in mind that in addition to statistical er-
rors there is a degree of unavoidable and unaccounted-for
systematic error, in that neither model (with or without
a dark matter component) is a “good fit” in the sense
of describing the sky to the level of Poisson noise. That
being said, the data do very strongly prefer the presence
of a gamma-ray component with a morphology similar
to that predicted from annihilating dark matter (see Ap-
pendices B and D for further details).2

2
Previous studies [8, 9] have taken the approach of fitting for the

spectrum of the Fermi Bubbles as a function of latitude, and then

subtracting an estimated underlying spectrum for the Bubbles

(based on high-latitude data) in order to extract the few-GeV

As in Ref. [8], we vary the value of the inner slope of
the generalized NFW profile, �, and compare the change
in the log-likelihood, � lnL, between the resulting fits in
order to determine the preferred range for the value of
�.3 The results of this exercise (as performed over 0.5-
10 GeV) are shown in the left frame of Fig. 5. While
previous fits (which did not employ any additional cuts
on CTBCORE) preferred an inner slope of � ' 1.2 [8],
we find that a slightly steeper value of � ' 1.26 provides
the best fit to the data. Also, in contrast to Ref. [8],
we find no significant di↵erence in the slope preferred
by the fit over the entire sky, and by a fit only over the
southern sky (b < 0). This can be seen directly from
the left frame of Fig. 5, where the full-sky and southern-
sky fits for the same level of masking are found to favor
quite similar values of � (the southern sky distribution
is broader than that for the full sky simply due to the
di↵erence in the number of photons).

In the right frame of Fig. 5, we show the spectrum of
the emission correlated with the dark matter template,
for the best-fit value of � = 1.26. While no significant
emission is absorbed by this template at energies above
⇠10 GeV, a bright and robust component is present at
lower energies, peaking near ⇠1-3 GeV. Relative to the

excess. However, this approach discards information on the true

morphology of the signal, as well as requiring an assumption for

the Bubbles spectrum. It was shown in Ref. [8] (and also in this

work, see Appendices B and D) that the excess is not confined

to the Bubbles and the fit strongly prefers to correlate it with a

dark matter template if one is available.
3
Throughout, we denote the quantity �2 lnL by �2

.

Looking for excesses in the inner galaxy

Daylan et al.
2014
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FIG. 1. Intensity of the Fermi GeV excess at 2 GeV as function of Galactic latitude (see text for details), compared with the
expectations for a contracted NFW profile (dotted line). Error bars refer to statistical ±1� uncertainties, except for Refs. [12, 13]
for which we take into account the quoted systematics coming from di↵erent astrophysical models. The result from Ref. [25] for
the higher-latitude tail and the preliminary results by the Fermi-LAT team [16] on the Galactic center include an estimate of
the impact of foreground systematics. In these cases, the adopted ROIs are shown as bands (for Ref. [25], overlapping regions
correspond to the north and south parts of the sky). Gray areas indicate the intensity level of the Fermi bubbles, extrapolated
from |b| > 10�, and the region where HI and H2 gas emission from the inner Galaxy becomes important.

in the inner few degrees, as well as the higher-latitude
tail up to  ⇠ 20�. We show the di↵erential inten-
sity at a reference energy of 2 GeV. At this energy the
putative excess emission is – compared to other fore-
grounds/backgrounds – strongest, so the uncertainties
due to foreground/background subtraction systematics
are expected to be the smallest.

The intensities were derived by a careful rescaling of
results in the literature that fully takes into account
the assumed excess profiles. In most works, intensities
are quoted as averaged over a given Region Of Interest
(ROI). Instead of showing these averaged values, which
depend on the details of the adopted ROI, we use the
excess profiles to calculate the di↵erential intensity at a
fixed angular distance from the GC. These excess pro-
files usually follow the predictions similar to those of
a DM annihilation profile from a generalized Navarro-
Frenk-White (NFW) density distribution, which is given
by

⇢(r) = ⇢s
r3
s

r�(r + rs)3��
. (1)

Here, rs denotes the scale radius, � the slope of the in-
ner part of the profile, and ⇢s the scale density. As ref-
erence values we will – if not stated otherwise – adopt
rs = 20 kpc and � = 1.26, and ⇢s is fixed by the re-
quirement that the local DM density at r� = 8.5 kpc is
⇢� = 0.4 GeV cm�3.

We note that the intensities that we quote from
Ref. [25] refer already to a b̄b spectrum and take into
account correlated foreground systematics as discussed
below. In the case of a broken power-law, the intensities
would be in fact somewhat larger.

We find that all previous and current results (with the
exception of Ref. [7], which we do not show in Fig. 1)
agree within a factor of about two with a signal morphol-
ogy that is compatible with a contracted NFW profile
with slope � = 1.26, as it was noted previously [14, 25].
As mentioned in our Introduction, the indications for a
higher-latitude tail of the GeV excess profile is a rather
non-trivial test for the DM interpretation and provides
a serious benchmark for any astrophysical explanation
of the excess emission. However, we have to caution
that most of the previous analyses make use of the
same model for Galactic di↵use emission (P6V11). An
agreement between the various results is hence not too
surprising. Instead in the work of Ref. [25], the ⇡0,
bremsstrahlung and ICS emission maps, where calcu-
lated as independent components, with their exact mor-
phologies and spectra as predicted from a wide variety
of foreground/background models. As it was shown in
Ref. [25], the exact assumptions on the CR propagation
and the Galactic properties along the line-of-sight can im-
pact both the spectrum and the morphology (which also
vary with energy) of the individual gamma-ray emission
maps. To probe the associated uncertainties on those

Calore, IC, Weniger, 2014

Planck Collaboration: Detection of the Galactic haze with Planck

Fig. 9. Top: The microwave haze at Planck 30GHz (red, −12 µK < ∆TCMB < 30 µK) and 44GHz (yellow, 12 µK < ∆TCMB < 40
µK). Bottom: The same but including the Fermi 2-5 GeV haze/bubbles of Dobler et al. (2010) (blue, 1.05 < intensity [keV cm−2
s−1 sr−1] < 1.25; see their Fig. 11). The spatial correspondence between the two is excellent, particularly at low southern Galactic
latitude, suggesting that this is a multi-wavelength view of the same underlying physical mechanism.
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ABSTRACT

Using precise full-sky observations from Planck, and applying several methods of component separation, we identify and characterize the emission
from the Galactic “haze” at microwave wavelengths. The haze is a distinct component of diffuse Galactic emission, roughly centered on the Galactic
centre, and extends to |b| ∼ 35◦ in Galactic latitude and |l| ∼ 15◦ in longitude. By combining the Planck data with observations from the Wilkinson
Microwave Anisotropy Probe we are able to determine the spectrum of this emission to high accuracy, unhindered by the large systematic biases
present in previous analyses. The derived spectrum is consistent with power-law emission with a spectral index of −2.55 ± 0.05, thus excluding
free-free emission as the source and instead favouring hard-spectrum synchrotron radiation from an electron population with a spectrum (number
density per energy) dN/dE ∝ E−2.1. At Galactic latitudes |b| < 30◦, the microwave haze morphology is consistent with that of the Fermi gamma-ray
“haze” or “bubbles,” indicating that we have a multi-wavelength view of a distinct component of our Galaxy. Given both the very hard spectrum
and the extended nature of the emission, it is highly unlikely that the haze electrons result from supernova shocks in the Galactic disk. Instead, a
new mechanism for cosmic-ray acceleration in the centre of our Galaxy is implied.

Key words. Galaxy: nucleus – ISM: structure – ISM: bubbles – radio continuum: ISM

1. Introduction

The initial data release from the Wilkinson Microwave
Anisotropy Probe (WMAP) revolutionised our understanding of
both cosmology (Spergel et al. 2003) and the physical processes
at work in the interstellar medium (ISM) of our own Galaxy
(Bennett et al. 2003). Some of the processes observed were
expected, such as the thermal emission from dust grains, free-
free emission (or thermal bremsstrahlung) from electron/ion
scattering, and synchrotron emission due to shock-accelerated
electrons interacting with the Galactic magnetic field. Others,
such as the anomalous microwave emission now identified as

! Corresponding author: K. M. Górski, e-mail:
krzysztof.m.gorski@jpl.nasa.gov

spinning dust emission from rapidly rotating tiny dust grains
(Draine & Lazarian 1998a,b; de Oliveira-Costa et al. 2002;
Finkbeiner et al. 2004; Hinshaw et al. 2007; Boughn & Pober
2007; Dobler & Finkbeiner 2008b; Dobler et al. 2009), were
more surprising. But perhaps most mysterious was a “haze” of
emission discovered by Finkbeiner (2004a) that was centred
on the Galactic centre (GC), appeared roughly spherically
symmetric in profile, fell off roughly as the inverse distance
from the GC, and was of unknown origin. This haze was
originally characterised as free-free emission by Finkbeiner
(2004a) due to its apparently very hard spectrum, although it
was not appreciated at the time how significant the systematic
uncertainty in the measured spectrum was.
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6. Morphology and spectral variations

The average spectrum of the bubbles is an important characteristic, but it may be insu�cient

for distinguishing among the models of the bubbles’ formation and the mechanisms of the gamma-ray

emission. In this section, we calculate the spectrum of the bubbles in latitude strips, and estimate

the significance and the spectrum of the enhanced gamma-ray emission in the south-eastern part of

the bubbles, called the “cocoon” (Su & Finkbeiner 2012). We search for a jet inside the bubbles and

determine the location and the width of the boundary of the bubbles.

6.1. Longitude Profiles
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Fig. 22.— Residual intensity integrated in di↵erent energy bands for the baseline model derived with GALPROP

templates in Section 3.2 (top) and for the example model derived with the local templates analysis in Section 4.3

(bottom).

To give a general idea about the morphology of the bubbles, we present the profile plots of the

residual intensity corresponding to the Fermi bubbles at di↵erent latitudes integrated in three energy

bands: 1 - 3 GeV, 3 - 10 GeV, 10 - 500 GeV. The residual intensity is shown in Figure 22. There is

an L-shaped over-subtraction at low energies in the GALPROP residuals in the low latitude part of the

northern bubble. This residual is spatially correlated with the star forming region ⇢ Ophiuchi, which

might have a di↵erent CR spectrum compared to the average. Notice that this feature is not present in

the residuals obtained from the local template analysis, which allows the adjustment of the normalization

of the CR density in local patches. The profile plots in 10� latitude strips are shown in Figure 23.

An excess of emission in the southern bubble for latitudes �40� < b < �20� and longitudes 0� <

` < 15� corresponds to the cocoon proposed by Su & Finkbeiner (2012). There is also a slight excess of

emission for 20� < b < 40� around ` = 10�. At some latitudes, the width of the boundary of the bubbles

is approximately or smaller than 5�. We study the width of the edge in more detail in Section 6.3.
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obtained for di↵erent Galactic foreground models and choices in the analysis strategy. The systematic

errors include the uncertainties of the LAT e↵ective area Ackermann et al. (2012). The distributions of

the fit parameters ↵ and � for the log parabola fits are shown in Figure 19 on the left.

The power law with a cuto↵ fit above 100 MeV is dominated by low and intermediate energies. In

order to find a value of the high-energy cuto↵ unbiased by low energies, we fit the power law with a

cuto↵ in the range 1 GeV to 500 GeV. We obtain Ecut = 113 ± 19[stat]+45
�53[syst] GeV and � = 1.87 ±

0.02[stat]+0.14
�0.17[syst]. The distribution of indices and cuto↵ energies of the power law with exponential

cuto↵ fits are shown in Figure 19 on the right. The corresponding distributions of �2 per number of

degrees of freedom (NDF) are presented in Figure 20. The log parabola gives a good description of the

data over the whole energy range. The simple power law does not describe the data well even above 1

GeV. The power law with a cuto↵ is preferred over a power law with at least 7� significance.

We calculate the total luminosity of the bubbles for |b| > 10� for each determination of the spectrum

in the energy range from 100 MeV to 500 GeV. The bubbles are found to have a luminosity of (4.4 ±
0.1[stat]+2.4

�0.9[syst]) ⇥ 1037 erg s�1. The distribution of the solid angle subtended by the bubbles, and the

luminosity for the models considered are shown in Figure 21.
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Fig. 18.— Left: SED of the bubbles for |b| > 10� obtained using the GALPROP template analysis (red squares)

and local template analysis (green triangles). The points with error bars represent the spectra obtained with the

two methods (Figures 6 and 15). The shaded bands are the systematic uncertainties due to the analysis procedure

and Galactic foreground modeling as described in 3.3 and 4.4. Right: combined bubble SED compared to the

earlier result from Su & Finkbeiner (2012) for |b| > 20�. The baseline model is the same as the GALPROP curve in

the left plot. The systematic uncertainties are the envelope of all possible spectra obtained from the two methods.

In the combined spectrum we include the uncertainties in the LAT e↵ective area (Ackermann et al. 2012) by adding

them in quadrature to the envelope of the other systematic uncertainties. The curves show the functional forms

fitted to the SED points. Solid blue line: log parabola. Dotted red line: simple power law. Dash-dotted green line:

power law with an exponential cuto↵.
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6. Morphology and spectral variations

The average spectrum of the bubbles is an important characteristic, but it may be insu�cient

for distinguishing among the models of the bubbles’ formation and the mechanisms of the gamma-ray

emission. In this section, we calculate the spectrum of the bubbles in latitude strips, and estimate

the significance and the spectrum of the enhanced gamma-ray emission in the south-eastern part of

the bubbles, called the “cocoon” (Su & Finkbeiner 2012). We search for a jet inside the bubbles and

determine the location and the width of the boundary of the bubbles.

6.1. Longitude Profiles
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Fig. 22.— Residual intensity integrated in di↵erent energy bands for the baseline model derived with GALPROP

templates in Section 3.2 (top) and for the example model derived with the local templates analysis in Section 4.3

(bottom).

To give a general idea about the morphology of the bubbles, we present the profile plots of the

residual intensity corresponding to the Fermi bubbles at di↵erent latitudes integrated in three energy

bands: 1 - 3 GeV, 3 - 10 GeV, 10 - 500 GeV. The residual intensity is shown in Figure 22. There is

an L-shaped over-subtraction at low energies in the GALPROP residuals in the low latitude part of the

northern bubble. This residual is spatially correlated with the star forming region ⇢ Ophiuchi, which

might have a di↵erent CR spectrum compared to the average. Notice that this feature is not present in

the residuals obtained from the local template analysis, which allows the adjustment of the normalization

of the CR density in local patches. The profile plots in 10� latitude strips are shown in Figure 23.

An excess of emission in the southern bubble for latitudes �40� < b < �20� and longitudes 0� <

` < 15� corresponds to the cocoon proposed by Su & Finkbeiner (2012). There is also a slight excess of

emission for 20� < b < 40� around ` = 10�. At some latitudes, the width of the boundary of the bubbles

is approximately or smaller than 5�. We study the width of the edge in more detail in Section 6.3.
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Planck Collaboration: Detection of the Galactic haze with Planck

Fig. 9. Top: The microwave haze at Planck 30GHz (red, −12 µK < ∆TCMB < 30 µK) and 44GHz (yellow, 12 µK < ∆TCMB < 40
µK). Bottom: The same but including the Fermi 2-5 GeV haze/bubbles of Dobler et al. (2010) (blue, 1.05 < intensity [keV cm−2
s−1 sr−1] < 1.25; see their Fig. 11). The spatial correspondence between the two is excellent, particularly at low southern Galactic
latitude, suggesting that this is a multi-wavelength view of the same underlying physical mechanism.
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ABSTRACT

Using precise full-sky observations from Planck, and applying several methods of component separation, we identify and characterize the emission
from the Galactic “haze” at microwave wavelengths. The haze is a distinct component of diffuse Galactic emission, roughly centered on the Galactic
centre, and extends to |b| ∼ 35◦ in Galactic latitude and |l| ∼ 15◦ in longitude. By combining the Planck data with observations from the Wilkinson
Microwave Anisotropy Probe we are able to determine the spectrum of this emission to high accuracy, unhindered by the large systematic biases
present in previous analyses. The derived spectrum is consistent with power-law emission with a spectral index of −2.55 ± 0.05, thus excluding
free-free emission as the source and instead favouring hard-spectrum synchrotron radiation from an electron population with a spectrum (number
density per energy) dN/dE ∝ E−2.1. At Galactic latitudes |b| < 30◦, the microwave haze morphology is consistent with that of the Fermi gamma-ray
“haze” or “bubbles,” indicating that we have a multi-wavelength view of a distinct component of our Galaxy. Given both the very hard spectrum
and the extended nature of the emission, it is highly unlikely that the haze electrons result from supernova shocks in the Galactic disk. Instead, a
new mechanism for cosmic-ray acceleration in the centre of our Galaxy is implied.

Key words. Galaxy: nucleus – ISM: structure – ISM: bubbles – radio continuum: ISM

1. Introduction

The initial data release from the Wilkinson Microwave
Anisotropy Probe (WMAP) revolutionised our understanding of
both cosmology (Spergel et al. 2003) and the physical processes
at work in the interstellar medium (ISM) of our own Galaxy
(Bennett et al. 2003). Some of the processes observed were
expected, such as the thermal emission from dust grains, free-
free emission (or thermal bremsstrahlung) from electron/ion
scattering, and synchrotron emission due to shock-accelerated
electrons interacting with the Galactic magnetic field. Others,
such as the anomalous microwave emission now identified as

! Corresponding author: K. M. Górski, e-mail:
krzysztof.m.gorski@jpl.nasa.gov

spinning dust emission from rapidly rotating tiny dust grains
(Draine & Lazarian 1998a,b; de Oliveira-Costa et al. 2002;
Finkbeiner et al. 2004; Hinshaw et al. 2007; Boughn & Pober
2007; Dobler & Finkbeiner 2008b; Dobler et al. 2009), were
more surprising. But perhaps most mysterious was a “haze” of
emission discovered by Finkbeiner (2004a) that was centred
on the Galactic centre (GC), appeared roughly spherically
symmetric in profile, fell off roughly as the inverse distance
from the GC, and was of unknown origin. This haze was
originally characterised as free-free emission by Finkbeiner
(2004a) due to its apparently very hard spectrum, although it
was not appreciated at the time how significant the systematic
uncertainty in the measured spectrum was.
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6. Morphology and spectral variations

The average spectrum of the bubbles is an important characteristic, but it may be insu�cient

for distinguishing among the models of the bubbles’ formation and the mechanisms of the gamma-ray

emission. In this section, we calculate the spectrum of the bubbles in latitude strips, and estimate

the significance and the spectrum of the enhanced gamma-ray emission in the south-eastern part of

the bubbles, called the “cocoon” (Su & Finkbeiner 2012). We search for a jet inside the bubbles and

determine the location and the width of the boundary of the bubbles.

6.1. Longitude Profiles
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Fig. 22.— Residual intensity integrated in di↵erent energy bands for the baseline model derived with GALPROP

templates in Section 3.2 (top) and for the example model derived with the local templates analysis in Section 4.3

(bottom).

To give a general idea about the morphology of the bubbles, we present the profile plots of the

residual intensity corresponding to the Fermi bubbles at di↵erent latitudes integrated in three energy

bands: 1 - 3 GeV, 3 - 10 GeV, 10 - 500 GeV. The residual intensity is shown in Figure 22. There is

an L-shaped over-subtraction at low energies in the GALPROP residuals in the low latitude part of the

northern bubble. This residual is spatially correlated with the star forming region ⇢ Ophiuchi, which

might have a di↵erent CR spectrum compared to the average. Notice that this feature is not present in

the residuals obtained from the local template analysis, which allows the adjustment of the normalization

of the CR density in local patches. The profile plots in 10� latitude strips are shown in Figure 23.

An excess of emission in the southern bubble for latitudes �40� < b < �20� and longitudes 0� <

` < 15� corresponds to the cocoon proposed by Su & Finkbeiner (2012). There is also a slight excess of

emission for 20� < b < 40� around ` = 10�. At some latitudes, the width of the boundary of the bubbles

is approximately or smaller than 5�. We study the width of the edge in more detail in Section 6.3.
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obtained for di↵erent Galactic foreground models and choices in the analysis strategy. The systematic

errors include the uncertainties of the LAT e↵ective area Ackermann et al. (2012). The distributions of

the fit parameters ↵ and � for the log parabola fits are shown in Figure 19 on the left.

The power law with a cuto↵ fit above 100 MeV is dominated by low and intermediate energies. In

order to find a value of the high-energy cuto↵ unbiased by low energies, we fit the power law with a

cuto↵ in the range 1 GeV to 500 GeV. We obtain Ecut = 113 ± 19[stat]+45
�53[syst] GeV and � = 1.87 ±

0.02[stat]+0.14
�0.17[syst]. The distribution of indices and cuto↵ energies of the power law with exponential

cuto↵ fits are shown in Figure 19 on the right. The corresponding distributions of �2 per number of

degrees of freedom (NDF) are presented in Figure 20. The log parabola gives a good description of the

data over the whole energy range. The simple power law does not describe the data well even above 1

GeV. The power law with a cuto↵ is preferred over a power law with at least 7� significance.

We calculate the total luminosity of the bubbles for |b| > 10� for each determination of the spectrum

in the energy range from 100 MeV to 500 GeV. The bubbles are found to have a luminosity of (4.4 ±
0.1[stat]+2.4

�0.9[syst]) ⇥ 1037 erg s�1. The distribution of the solid angle subtended by the bubbles, and the

luminosity for the models considered are shown in Figure 21.
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Fig. 18.— Left: SED of the bubbles for |b| > 10� obtained using the GALPROP template analysis (red squares)

and local template analysis (green triangles). The points with error bars represent the spectra obtained with the

two methods (Figures 6 and 15). The shaded bands are the systematic uncertainties due to the analysis procedure

and Galactic foreground modeling as described in 3.3 and 4.4. Right: combined bubble SED compared to the

earlier result from Su & Finkbeiner (2012) for |b| > 20�. The baseline model is the same as the GALPROP curve in

the left plot. The systematic uncertainties are the envelope of all possible spectra obtained from the two methods.

In the combined spectrum we include the uncertainties in the LAT e↵ective area (Ackermann et al. 2012) by adding

them in quadrature to the envelope of the other systematic uncertainties. The curves show the functional forms

fitted to the SED points. Solid blue line: log parabola. Dotted red line: simple power law. Dash-dotted green line:

power law with an exponential cuto↵.
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6. Morphology and spectral variations

The average spectrum of the bubbles is an important characteristic, but it may be insu�cient

for distinguishing among the models of the bubbles’ formation and the mechanisms of the gamma-ray

emission. In this section, we calculate the spectrum of the bubbles in latitude strips, and estimate

the significance and the spectrum of the enhanced gamma-ray emission in the south-eastern part of

the bubbles, called the “cocoon” (Su & Finkbeiner 2012). We search for a jet inside the bubbles and

determine the location and the width of the boundary of the bubbles.

6.1. Longitude Profiles
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Fig. 22.— Residual intensity integrated in di↵erent energy bands for the baseline model derived with GALPROP

templates in Section 3.2 (top) and for the example model derived with the local templates analysis in Section 4.3

(bottom).

To give a general idea about the morphology of the bubbles, we present the profile plots of the

residual intensity corresponding to the Fermi bubbles at di↵erent latitudes integrated in three energy

bands: 1 - 3 GeV, 3 - 10 GeV, 10 - 500 GeV. The residual intensity is shown in Figure 22. There is

an L-shaped over-subtraction at low energies in the GALPROP residuals in the low latitude part of the

northern bubble. This residual is spatially correlated with the star forming region ⇢ Ophiuchi, which

might have a di↵erent CR spectrum compared to the average. Notice that this feature is not present in

the residuals obtained from the local template analysis, which allows the adjustment of the normalization

of the CR density in local patches. The profile plots in 10� latitude strips are shown in Figure 23.

An excess of emission in the southern bubble for latitudes �40� < b < �20� and longitudes 0� <

` < 15� corresponds to the cocoon proposed by Su & Finkbeiner (2012). There is also a slight excess of

emission for 20� < b < 40� around ` = 10�. At some latitudes, the width of the boundary of the bubbles

is approximately or smaller than 5�. We study the width of the edge in more detail in Section 6.3.

Fermi-LAT Collaboration Result July 2014

Planck Coll. 2012

Fermi Coll. 2014

Su, Slatyer and Finkbeiner  work

ApJ 724, 1044 (2010) (arXiv:1005.5480) 
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FIG. 3. Preferred DM mass and annihilation cross-section (1,
2 and 3 � contours) for all single channel final states where
ICS emission can be safely ignored. Vertical gray lines refer
to the W , Z, h and t mass thresholds. The p-values for an-
nihilation to pure W+W �, ZZ and t̄t final states are below
0.05, indicating that the fit is poor for these channels; see
Tab. I. Uncertainties in the DM halo are parametrized and
bracketed by A = [0.17, 5.3], see Sec. V. The results shown
here refer to A = 1.

that the interpolation at mass threshold agrees with our
own results from PYTHIA 8.186.

In addition to gamma rays, CR electrons and positrons
are produced as final (stable) products of DM annihila-
tions. These CR electrons/positrons, like all other elec-
trons/positrons propagate in the Galaxy and produce
ICS and bremsstrahlung emission.5 Generally, the ICS
emission is expected to be more important for DM mod-
els with significant branching ratios to (light) leptons.
Therefore we separate our discussion to first address the
cases when ICS emission can be safely ignored, before
discussing in detail ICS emission for annihilation to lep-
tons.

A. Single annihilation channels without ICS

We first discuss annihilation to pure two-body annihi-
lation states for the cases when ICS emission can be safely
ignored. This turns out to be all cases except annihila-
tion to electrons and muons. In Fig. 3 we show the best-

5 CR p and p̄ from DM annihilations can also give their own ⇡0

emission of DM origin, but are suppressed from the p̄/p measure-
ments already by at least five orders of magnitude compared to
the conventional Galactic di↵use ⇡0 emission.

Channel
h�vi

(10�26 cm3 s�1)
m�

(GeV) �2
min p-value

q̄q 0.83+0.15
�0.13 23.8+3.2

�2.6 26.7 0.22

c̄c 1.24+0.15
�0.15 38.2+4.7

�3.9 23.6 0.37

b̄b 1.75+0.28
�0.26 48.7+6.4

�5.2 23.9 0.35

t̄t 5.8+0.8
�0.8 173.3+2.8

�0 43.9 0.003

gg 2.16+0.35
�0.32 57.5+7.5

�6.3 24.5 0.32

W+W � 3.52+0.48
�0.48 80.4+1.3

�0 36.7 0.026

ZZ 4.12+0.55
�0.55 91.2+1.53

�0 35.3 0.036

hh 5.33+0.68
�0.68 125.7+3.1

�0 29.5 0.13

⌧+⌧� 0.337+0.047
�0.048 9.96+1.05

�0.91 33.5 0.055
⇥
µ+µ� 1.57+0.23

�0.23 5.23+0.22
�0.27 43.9 0.0036

⇤
��ICS

TABLE I. Results of spectral fits to the Fermi GeV excess
emission as shown in Fig. 2, together with ±1� errors (which
include statistical as well as model uncertainties, see text).
We also show the corresponding p-value. Annihilation into
q̄q, c̄c, b̄b, gg and hh all give fits that are compatible with
the observed spectrum. There is also a narrow mass where
annihilation into ⌧+⌧� is not excluded with 95% CL signifi-
cance. Annihilation to pure W+W �, ZZ and t̄t is excluded
at 95% CL, as is the µ+µ� spectrum without ICS emission
(��ICS). Bosons masses are from the PDG live [93].

fit annihilation cross-section and DM mass for all other
two-body annihilation states involving SM fermions and
bosons. The results are also summarized in Tab. I, where
we furthermore give the p-value of the fit as a proxy for
the goodness-of-fit. As with previous analyses, we find
that annihilation to gluons and quark final states q̄q, c̄c
and b̄b, provide a good fit. In the case of the canonical b̄b
final states, we find slightly higher masses are preferred
compared to previous analyses, see e.g. Refs. [11, 13, 14].
This is because of the additional uncertainty in the high-
energy tail of the energy spectrum that is allowed for in
this analysis. The highest mass to b̄b final states that
still gives a good fit (with a p-value > 0.05) is 73.9 GeV.

As the tail of the spectrum extends to higher energy, we
also consider annihilation to on-shell t̄t and SM bosons.
For t̄t, we find that the fit is poor because the DM spec-
trum peaks at too high an energy (⇠ 4.5 GeV rather than
the observed peak at 1–3 GeV). As the p-value is very low
for this channel, we do not consider it further. Pure an-
nihilation to pairs of W and Z gauge bosons are also ex-
cluded at a little over 95% CL significance. However, per-
haps surprisingly, annihilation to pairs of on-shell Higgs
bosons (colloquially referred to as “Higgs in Space” [94])
produce a rather good fit, so long as h is produced close to
rest. This is analogous to the scenario studied in Ref. [95]
in a di↵erent context. One interesting feature of this
channel is the gamma-ray line at m�/2 ' 63 GeV from
h decay to two photons. This is clearly visible in the
central panel of Fig. 2. The branching ratio for h ! ��
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FIG. 12. Upper panel: Shown are the 95% CL upper limits on the velocity averaged cross-section for 100% bb̄ final states. The
horizontal dotted blue line denotes the thermal decoupling cross-section expected for WIMPs particles. Shown for comparison
are the upper limits obtained from the analysis of Dwarf Galaxies in Ref. [47] and GC analysis in Ref. [16] (see more details in
Fig. (11)). Lower panel: Shown are the regions of the parameter space which provide a good fit to Fermi-LAT data as derived
in this work (grey area) and in Hooper et al [16] (yellow area).

crolensing and dynamical data (see Fig. 5 of [34]) with
� = 1.3 to be ⇥0 = 0.34 GeV cm�3. Our ⇥0 for � = 1.2
and � = 1.3 match the corresponding ⇥0 in Ref. [16].
But, without the upper limit for their line of sight inte-
gral, it is not clear whether this match is coincidental or
not. Note that in the upper-limits plot of Fig. 12, the
match is not as good for M > 100 GeV but this likely
due to in their corresponding plot they use their 10 to
100 GeV bin and for M > 100 GeV the DM spectrum

significantly overlaps with that region.

For � = 1.2 the match is not as good, see Fig. 12.
As Fig. 2 shows the inner PSs are very degenerate with
the excess emission component and in the GC analysis of
[16] they use the 2FGL parameters for all the PSs except
Sgr A* which they fit a PS to the data without an GC
excess emission component. Their Sgr A* fit (see Fig. 4 of
Ref. [16] )is very similar to ours for the baseline model in
Fig. 2. They do use a broken power law parametrization

Gordon, Macias 2012 Calore, IC, McCabe, 
Weniger 2014
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FIG. 3. Preferred DM mass and annihilation cross-section (1,
2 and 3 � contours) for all single channel final states where
ICS emission can be safely ignored. Vertical gray lines refer
to the W , Z, h and t mass thresholds. The p-values for an-
nihilation to pure W+W �, ZZ and t̄t final states are below
0.05, indicating that the fit is poor for these channels; see
Tab. I. Uncertainties in the DM halo are parametrized and
bracketed by A = [0.17, 5.3], see Sec. V. The results shown
here refer to A = 1.

that the interpolation at mass threshold agrees with our
own results from PYTHIA 8.186.

In addition to gamma rays, CR electrons and positrons
are produced as final (stable) products of DM annihila-
tions. These CR electrons/positrons, like all other elec-
trons/positrons propagate in the Galaxy and produce
ICS and bremsstrahlung emission.5 Generally, the ICS
emission is expected to be more important for DM mod-
els with significant branching ratios to (light) leptons.
Therefore we separate our discussion to first address the
cases when ICS emission can be safely ignored, before
discussing in detail ICS emission for annihilation to lep-
tons.

A. Single annihilation channels without ICS

We first discuss annihilation to pure two-body annihi-
lation states for the cases when ICS emission can be safely
ignored. This turns out to be all cases except annihila-
tion to electrons and muons. In Fig. 3 we show the best-

5 CR p and p̄ from DM annihilations can also give their own ⇡0

emission of DM origin, but are suppressed from the p̄/p measure-
ments already by at least five orders of magnitude compared to
the conventional Galactic di↵use ⇡0 emission.

Channel
h�vi

(10�26 cm3 s�1)
m�

(GeV) �2
min p-value

q̄q 0.83+0.15
�0.13 23.8+3.2

�2.6 26.7 0.22

c̄c 1.24+0.15
�0.15 38.2+4.7

�3.9 23.6 0.37

b̄b 1.75+0.28
�0.26 48.7+6.4

�5.2 23.9 0.35

t̄t 5.8+0.8
�0.8 173.3+2.8

�0 43.9 0.003

gg 2.16+0.35
�0.32 57.5+7.5

�6.3 24.5 0.32

W+W � 3.52+0.48
�0.48 80.4+1.3

�0 36.7 0.026

ZZ 4.12+0.55
�0.55 91.2+1.53

�0 35.3 0.036

hh 5.33+0.68
�0.68 125.7+3.1

�0 29.5 0.13

⌧+⌧� 0.337+0.047
�0.048 9.96+1.05

�0.91 33.5 0.055
⇥
µ+µ� 1.57+0.23

�0.23 5.23+0.22
�0.27 43.9 0.0036

⇤
��ICS

TABLE I. Results of spectral fits to the Fermi GeV excess
emission as shown in Fig. 2, together with ±1� errors (which
include statistical as well as model uncertainties, see text).
We also show the corresponding p-value. Annihilation into
q̄q, c̄c, b̄b, gg and hh all give fits that are compatible with
the observed spectrum. There is also a narrow mass where
annihilation into ⌧+⌧� is not excluded with 95% CL signifi-
cance. Annihilation to pure W+W �, ZZ and t̄t is excluded
at 95% CL, as is the µ+µ� spectrum without ICS emission
(��ICS). Bosons masses are from the PDG live [93].

fit annihilation cross-section and DM mass for all other
two-body annihilation states involving SM fermions and
bosons. The results are also summarized in Tab. I, where
we furthermore give the p-value of the fit as a proxy for
the goodness-of-fit. As with previous analyses, we find
that annihilation to gluons and quark final states q̄q, c̄c
and b̄b, provide a good fit. In the case of the canonical b̄b
final states, we find slightly higher masses are preferred
compared to previous analyses, see e.g. Refs. [11, 13, 14].
This is because of the additional uncertainty in the high-
energy tail of the energy spectrum that is allowed for in
this analysis. The highest mass to b̄b final states that
still gives a good fit (with a p-value > 0.05) is 73.9 GeV.

As the tail of the spectrum extends to higher energy, we
also consider annihilation to on-shell t̄t and SM bosons.
For t̄t, we find that the fit is poor because the DM spec-
trum peaks at too high an energy (⇠ 4.5 GeV rather than
the observed peak at 1–3 GeV). As the p-value is very low
for this channel, we do not consider it further. Pure an-
nihilation to pairs of W and Z gauge bosons are also ex-
cluded at a little over 95% CL significance. However, per-
haps surprisingly, annihilation to pairs of on-shell Higgs
bosons (colloquially referred to as “Higgs in Space” [94])
produce a rather good fit, so long as h is produced close to
rest. This is analogous to the scenario studied in Ref. [95]
in a di↵erent context. One interesting feature of this
channel is the gamma-ray line at m�/2 ' 63 GeV from
h decay to two photons. This is clearly visible in the
central panel of Fig. 2. The branching ratio for h ! ��
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FIG. 2: The fraction of “blank sky” locations with a test
statistic (TS) larger than a given value, as empirically deter-
mined for a collection of 1905 randomly selected sky locations
constrained to lie at a galactic latitude |b| > 30� and at least
1� (5�) from point-like (extended) 3FGL sources [28]. For the
blue curve, no additional requirements are placed on the blank
sky locations. For the red curve, the blank sky locations used
are additionally required to lie no closer than 0.5� from any
source listed in the BZCAT, CRATES, CGRaBS, or ATNF
catalogs (see Sec. IV). The shaded region surrounding each
curve represents the poisson errors on this determination. In
generating this figure, we have adopted a spectral shape cor-
responding to a 49 GeV dark matter particle annihilating to
bb̄ (corresponding to the best-fit mass for the Galactic Center
gamma-ray excess [9]).

our analysis to four years of Fermi-LAT data,3 evaluate
an energy range of 300 MeV – 100 GeV in 20 energy bins
utilizing 8 energy bins per decade except for the final bin
(which was extended to an energy of 100 GeV), and we
scan the likelihood fits using power-law, rather than dark
matter motivated, spectral shapes. In Fig. 1 we show the
distribution of the TS calculated in our analysis (TSHL)
compared to that obtained by the Fermi-LAT collabora-
tion (TS3FGL) in the same energy range. We find that our
TS values are, on average, slightly (13.5%) lower those
reported in the 3FGL. We attribute this primarily to the
fact that we normalize the background by fitting over a
10� ⇥ 10� region, rather than over the entire sky. The
dashed curve in Fig. 1 represents the best-fit gaussian of
this distribution, with a mean of -0.135 and a standard
deviation of 0.176.

Secondly, we apply the “blank-sky” null-test employed
in previous dwarf spheroidal studies. Specifically, we se-
lect 1905 sky locations with |b| > 30�, which are 1� re-
moved from any 3FGL source and 5� removed from any
extended 3FGL source. In this case, we employ the full

3
MET range: 239557417 - 365467563

FIG. 3: The log-likelihood fit of Reticulum II in 24 energy
bins spanning 500 MeV to 500 GeV. The upper limits corre-
spond to 2� confidence in each energy range. The white line
corresponds to the best fit from a 49 GeV dark matter particle
annihilating to bb̄.

6.5 years of data, adopt the default energy range, and
test the comparison to a 49 GeV dark matter model an-
nihilating to bb̄ (corresponding to the best-fit value of
the mass for the spectrum of the Galactic Center ex-
cess [9]). In Fig. 2 we show the resulting distribution of
our blank-sky test locations. While the existence of sys-
tematic errors in the modeling of the gamma-ray back-
ground drives this distribution far from that expected
from Poisson variations, the result is in good agreement
with all previous studies. In this figure, we show results
corresponding to the case in which no additional require-
ments are placed on the blank sky locations (blue), and
to when the blank sky locations used are further required
to lie no closer than 0.5� from any source listed in the BZ-
CAT, CRATES, CGRaBS, or ATNF catalogs (red). This
will be discussed in more detail in Sec. IV.

III. RESULTS

In Fig. 3, we show the delta-log-likelihood (�LG(L))
distribution for our analysis of Fermi data from the direc-
tion of Reticulum II. As in both Ref. [26] and Ref. [27],
we find an excess of events in the bins covering approx-
imately ⇠2-10 GeV. For a spectral shape corresponding
to a 49 GeV dark matter particle annihilating to bb̄ (the
best-fit mass for the Galactic Center excess [9]), we find
a value of TS=17.4 from Reticulum II, corresponding to
a significance of 3.2� (see Fig. 2). If we do not impose
this choice of the dark matter mass, but rather allow the
mass to float as a free parameter, the value of the TS
increases only slightly (to 18.1), illustrating the compat-
ibility between this signal and that observed from the

The Ret. II excess is
 ~20 photons
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FIG. 12. Upper panel: Shown are the 95% CL upper limits on the velocity averaged cross-section for 100% bb̄ final states. The
horizontal dotted blue line denotes the thermal decoupling cross-section expected for WIMPs particles. Shown for comparison
are the upper limits obtained from the analysis of Dwarf Galaxies in Ref. [47] and GC analysis in Ref. [16] (see more details in
Fig. (11)). Lower panel: Shown are the regions of the parameter space which provide a good fit to Fermi-LAT data as derived
in this work (grey area) and in Hooper et al [16] (yellow area).

crolensing and dynamical data (see Fig. 5 of [34]) with
� = 1.3 to be ⇥0 = 0.34 GeV cm�3. Our ⇥0 for � = 1.2
and � = 1.3 match the corresponding ⇥0 in Ref. [16].
But, without the upper limit for their line of sight inte-
gral, it is not clear whether this match is coincidental or
not. Note that in the upper-limits plot of Fig. 12, the
match is not as good for M > 100 GeV but this likely
due to in their corresponding plot they use their 10 to
100 GeV bin and for M > 100 GeV the DM spectrum

significantly overlaps with that region.

For � = 1.2 the match is not as good, see Fig. 12.
As Fig. 2 shows the inner PSs are very degenerate with
the excess emission component and in the GC analysis of
[16] they use the 2FGL parameters for all the PSs except
Sgr A* which they fit a PS to the data without an GC
excess emission component. Their Sgr A* fit (see Fig. 4 of
Ref. [16] )is very similar to ours for the baseline model in
Fig. 2. They do use a broken power law parametrization

What are the explanations for these emissions?

Calore, IC, McCabe, 
Weniger 2014Gordon, Macias 2012

Geninger-Sameth, 
Kousiapas 2015
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FIG. 3. Preferred DM mass and annihilation cross-section (1,
2 and 3 � contours) for all single channel final states where
ICS emission can be safely ignored. Vertical gray lines refer
to the W , Z, h and t mass thresholds. The p-values for an-
nihilation to pure W+W �, ZZ and t̄t final states are below
0.05, indicating that the fit is poor for these channels; see
Tab. I. Uncertainties in the DM halo are parametrized and
bracketed by A = [0.17, 5.3], see Sec. V. The results shown
here refer to A = 1.

that the interpolation at mass threshold agrees with our
own results from PYTHIA 8.186.

In addition to gamma rays, CR electrons and positrons
are produced as final (stable) products of DM annihila-
tions. These CR electrons/positrons, like all other elec-
trons/positrons propagate in the Galaxy and produce
ICS and bremsstrahlung emission.5 Generally, the ICS
emission is expected to be more important for DM mod-
els with significant branching ratios to (light) leptons.
Therefore we separate our discussion to first address the
cases when ICS emission can be safely ignored, before
discussing in detail ICS emission for annihilation to lep-
tons.

A. Single annihilation channels without ICS

We first discuss annihilation to pure two-body annihi-
lation states for the cases when ICS emission can be safely
ignored. This turns out to be all cases except annihila-
tion to electrons and muons. In Fig. 3 we show the best-

5 CR p and p̄ from DM annihilations can also give their own ⇡0

emission of DM origin, but are suppressed from the p̄/p measure-
ments already by at least five orders of magnitude compared to
the conventional Galactic di↵use ⇡0 emission.

Channel
h�vi

(10�26 cm3 s�1)
m�

(GeV) �2
min p-value

q̄q 0.83+0.15
�0.13 23.8+3.2

�2.6 26.7 0.22

c̄c 1.24+0.15
�0.15 38.2+4.7

�3.9 23.6 0.37

b̄b 1.75+0.28
�0.26 48.7+6.4

�5.2 23.9 0.35

t̄t 5.8+0.8
�0.8 173.3+2.8

�0 43.9 0.003

gg 2.16+0.35
�0.32 57.5+7.5

�6.3 24.5 0.32

W+W � 3.52+0.48
�0.48 80.4+1.3

�0 36.7 0.026

ZZ 4.12+0.55
�0.55 91.2+1.53

�0 35.3 0.036

hh 5.33+0.68
�0.68 125.7+3.1

�0 29.5 0.13

⌧+⌧� 0.337+0.047
�0.048 9.96+1.05

�0.91 33.5 0.055
⇥
µ+µ� 1.57+0.23

�0.23 5.23+0.22
�0.27 43.9 0.0036

⇤
��ICS

TABLE I. Results of spectral fits to the Fermi GeV excess
emission as shown in Fig. 2, together with ±1� errors (which
include statistical as well as model uncertainties, see text).
We also show the corresponding p-value. Annihilation into
q̄q, c̄c, b̄b, gg and hh all give fits that are compatible with
the observed spectrum. There is also a narrow mass where
annihilation into ⌧+⌧� is not excluded with 95% CL signifi-
cance. Annihilation to pure W+W �, ZZ and t̄t is excluded
at 95% CL, as is the µ+µ� spectrum without ICS emission
(��ICS). Bosons masses are from the PDG live [93].

fit annihilation cross-section and DM mass for all other
two-body annihilation states involving SM fermions and
bosons. The results are also summarized in Tab. I, where
we furthermore give the p-value of the fit as a proxy for
the goodness-of-fit. As with previous analyses, we find
that annihilation to gluons and quark final states q̄q, c̄c
and b̄b, provide a good fit. In the case of the canonical b̄b
final states, we find slightly higher masses are preferred
compared to previous analyses, see e.g. Refs. [11, 13, 14].
This is because of the additional uncertainty in the high-
energy tail of the energy spectrum that is allowed for in
this analysis. The highest mass to b̄b final states that
still gives a good fit (with a p-value > 0.05) is 73.9 GeV.

As the tail of the spectrum extends to higher energy, we
also consider annihilation to on-shell t̄t and SM bosons.
For t̄t, we find that the fit is poor because the DM spec-
trum peaks at too high an energy (⇠ 4.5 GeV rather than
the observed peak at 1–3 GeV). As the p-value is very low
for this channel, we do not consider it further. Pure an-
nihilation to pairs of W and Z gauge bosons are also ex-
cluded at a little over 95% CL significance. However, per-
haps surprisingly, annihilation to pairs of on-shell Higgs
bosons (colloquially referred to as “Higgs in Space” [94])
produce a rather good fit, so long as h is produced close to
rest. This is analogous to the scenario studied in Ref. [95]
in a di↵erent context. One interesting feature of this
channel is the gamma-ray line at m�/2 ' 63 GeV from
h decay to two photons. This is clearly visible in the
central panel of Fig. 2. The branching ratio for h ! ��

DM

YES?

YES?

3

FIG. 2: The fraction of “blank sky” locations with a test
statistic (TS) larger than a given value, as empirically deter-
mined for a collection of 1905 randomly selected sky locations
constrained to lie at a galactic latitude |b| > 30� and at least
1� (5�) from point-like (extended) 3FGL sources [28]. For the
blue curve, no additional requirements are placed on the blank
sky locations. For the red curve, the blank sky locations used
are additionally required to lie no closer than 0.5� from any
source listed in the BZCAT, CRATES, CGRaBS, or ATNF
catalogs (see Sec. IV). The shaded region surrounding each
curve represents the poisson errors on this determination. In
generating this figure, we have adopted a spectral shape cor-
responding to a 49 GeV dark matter particle annihilating to
bb̄ (corresponding to the best-fit mass for the Galactic Center
gamma-ray excess [9]).

our analysis to four years of Fermi-LAT data,3 evaluate
an energy range of 300 MeV – 100 GeV in 20 energy bins
utilizing 8 energy bins per decade except for the final bin
(which was extended to an energy of 100 GeV), and we
scan the likelihood fits using power-law, rather than dark
matter motivated, spectral shapes. In Fig. 1 we show the
distribution of the TS calculated in our analysis (TSHL)
compared to that obtained by the Fermi-LAT collabora-
tion (TS3FGL) in the same energy range. We find that our
TS values are, on average, slightly (13.5%) lower those
reported in the 3FGL. We attribute this primarily to the
fact that we normalize the background by fitting over a
10� ⇥ 10� region, rather than over the entire sky. The
dashed curve in Fig. 1 represents the best-fit gaussian of
this distribution, with a mean of -0.135 and a standard
deviation of 0.176.

Secondly, we apply the “blank-sky” null-test employed
in previous dwarf spheroidal studies. Specifically, we se-
lect 1905 sky locations with |b| > 30�, which are 1� re-
moved from any 3FGL source and 5� removed from any
extended 3FGL source. In this case, we employ the full

3
MET range: 239557417 - 365467563

FIG. 3: The log-likelihood fit of Reticulum II in 24 energy
bins spanning 500 MeV to 500 GeV. The upper limits corre-
spond to 2� confidence in each energy range. The white line
corresponds to the best fit from a 49 GeV dark matter particle
annihilating to bb̄.

6.5 years of data, adopt the default energy range, and
test the comparison to a 49 GeV dark matter model an-
nihilating to bb̄ (corresponding to the best-fit value of
the mass for the spectrum of the Galactic Center ex-
cess [9]). In Fig. 2 we show the resulting distribution of
our blank-sky test locations. While the existence of sys-
tematic errors in the modeling of the gamma-ray back-
ground drives this distribution far from that expected
from Poisson variations, the result is in good agreement
with all previous studies. In this figure, we show results
corresponding to the case in which no additional require-
ments are placed on the blank sky locations (blue), and
to when the blank sky locations used are further required
to lie no closer than 0.5� from any source listed in the BZ-
CAT, CRATES, CGRaBS, or ATNF catalogs (red). This
will be discussed in more detail in Sec. IV.

III. RESULTS

In Fig. 3, we show the delta-log-likelihood (�LG(L))
distribution for our analysis of Fermi data from the direc-
tion of Reticulum II. As in both Ref. [26] and Ref. [27],
we find an excess of events in the bins covering approx-
imately ⇠2-10 GeV. For a spectral shape corresponding
to a 49 GeV dark matter particle annihilating to bb̄ (the
best-fit mass for the Galactic Center excess [9]), we find
a value of TS=17.4 from Reticulum II, corresponding to
a significance of 3.2� (see Fig. 2). If we do not impose
this choice of the dark matter mass, but rather allow the
mass to float as a free parameter, the value of the TS
increases only slightly (to 18.1), illustrating the compat-
ibility between this signal and that observed from the

The Ret. II excess is
 ~20 photons

Brandon Anderson, Stockholm University | 5th Fermi Symposium
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FIG. 12. Upper panel: Shown are the 95% CL upper limits on the velocity averaged cross-section for 100% bb̄ final states. The
horizontal dotted blue line denotes the thermal decoupling cross-section expected for WIMPs particles. Shown for comparison
are the upper limits obtained from the analysis of Dwarf Galaxies in Ref. [47] and GC analysis in Ref. [16] (see more details in
Fig. (11)). Lower panel: Shown are the regions of the parameter space which provide a good fit to Fermi-LAT data as derived
in this work (grey area) and in Hooper et al [16] (yellow area).

crolensing and dynamical data (see Fig. 5 of [34]) with
� = 1.3 to be ⇥0 = 0.34 GeV cm�3. Our ⇥0 for � = 1.2
and � = 1.3 match the corresponding ⇥0 in Ref. [16].
But, without the upper limit for their line of sight inte-
gral, it is not clear whether this match is coincidental or
not. Note that in the upper-limits plot of Fig. 12, the
match is not as good for M > 100 GeV but this likely
due to in their corresponding plot they use their 10 to
100 GeV bin and for M > 100 GeV the DM spectrum

significantly overlaps with that region.

For � = 1.2 the match is not as good, see Fig. 12.
As Fig. 2 shows the inner PSs are very degenerate with
the excess emission component and in the GC analysis of
[16] they use the 2FGL parameters for all the PSs except
Sgr A* which they fit a PS to the data without an GC
excess emission component. Their Sgr A* fit (see Fig. 4 of
Ref. [16] )is very similar to ours for the baseline model in
Fig. 2. They do use a broken power law parametrizationNO?

What are the explanations for these emissions?

Gordon, Macias 2012 Calore, IC, McCabe, 
Weniger 2014

Geninger-Sameth, 
Kousiapas 2015

Fermi Coll 2015
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FIG. 4: The observed flux distribution (proportional to dN/d logS) of identified millisecond pulsars with |b| > 10� (solid black),
compared to that predicted in the base model of Ref. [21] (�|z|⇥ = 1 kpc, �r = 5 kpc, B0 = 108 G, normalized to accomodate
the observed number of very bright sources). Also shown are the distributions of identified MSPs plus all unidentified Fermi
sources (dotted blue), and of identified MSPs plus all unidentified sources found by the Sibyl algorithm [27] to be either likely
pulsars or sources of an inconclusive nature (dashed black). Also shown is the range of Fermi’s threshold to resolve an individual
source [17]. This base model cannot account for the observed number of bright MSPs without significantly overpredicting the
number of fainter MSPs.

ated with the Fermi di�use model [11]; this argues against
an energy-dependent error in Fermi’s e�ective area be-
ing responsible for the apparently hard spectrum of the
Inner Galaxy’s GeV excess. Furthermore, the large an-
gular size of the regions of interest, and their significant
distance from the Galactic Center, make any mismodel-
ing of Fermi’s point spread function an unlikely source of
large distortions to the spectrum.

To summarize the results of this section, we find that
the gamma-ray spectra observed from individual MSPs
consistently reveal a spectral index that is much too
soft to accommodate the signal observed from the Inner
Galaxy. Furthermore, we find no evidence for a popu-
lation of low-luminosity and spectrally hard MSPs that
might be able to account for the signal.

IV. THE DISTRIBUTION OF MILLISECOND
PULSARS IN THE MILKY WAY

In the previous section, we showed that the gamma-
ray spectrum observed from individual MSPs (and from
collections of MSPs in globular clusters) is not consistent
with the spectral shape of the Inner Galaxy’s GeV excess.
In this section, we set aside this conclusion for the time
being and focus instead on constraints derived from the
observed spatial and flux distributions of MSPs. We will

use this information to assess the question of whether
the intensity and morphology of the Inner Galaxy’s GeV
excess might originate from a population of unresolved
MSPs.

A. Millisecond Pulsars Associated with the
Galactic Disk

We begin by considering MSPs which follow a distri-
bution similar to that of the Milky Way’s disk. As our
starting point, we adopt the “base model” of Ref. [21],
which includes a spatial distribution and luminosity func-
tion for MSPs in the Milky Way. In particular, we adopt
a spatial distribution of MSPs with a number density
given by:

n(r, z) ⇥ exp(�r2/2�2
r) exp(�|z|/⇤|z|⌅), (1)

where r and z describe the location in cylindrical coor-
dinates. To begin, we will consider values of �r = 5 kpc
and ⇤|z|⌅ = 1 kpc, as adopted in the “base model” of
Ref. [21].

Again following Ref. [21], we take the gamma-ray lu-
minosity (above 100 MeV) of a MSP to be equal to 5%
of its energy loss rate, Ė, except for the most luminous

sources which follow L� ⇥
p
Ė. For the distribution of

As reference we need 1-3x10^3 MSPs in the 
inner 2 kpc bellow threshold
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a spatial distribution of MSPs with a number density
given by:
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Inner Galaxy’s GeV excess. Furthermore, the large an-
gular size of the regions of interest, and their significant
distance from the Galactic Center, make any mismodel-
ing of Fermi’s point spread function an unlikely source of
large distortions to the spectrum.

To summarize the results of this section, we find that
the gamma-ray spectra observed from individual MSPs
consistently reveal a spectral index that is much too
soft to accommodate the signal observed from the Inner
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lation of low-luminosity and spectrally hard MSPs that
might be able to account for the signal.
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with the spectral shape of the Inner Galaxy’s GeV excess.
In this section, we set aside this conclusion for the time
being and focus instead on constraints derived from the
observed spatial and flux distributions of MSPs. We will

use this information to assess the question of whether
the intensity and morphology of the Inner Galaxy’s GeV
excess might originate from a population of unresolved
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We begin by considering MSPs which follow a distri-
bution similar to that of the Milky Way’s disk. As our
starting point, we adopt the “base model” of Ref. [21],
which includes a spatial distribution and luminosity func-
tion for MSPs in the Milky Way. In particular, we adopt
a spatial distribution of MSPs with a number density
given by:

n(r, z) ⇥ exp(�r2/2�2
r) exp(�|z|/⇤|z|⌅), (1)

where r and z describe the location in cylindrical coor-
dinates. To begin, we will consider values of �r = 5 kpc
and ⇤|z|⌅ = 1 kpc, as adopted in the “base model” of
Ref. [21].

Again following Ref. [21], we take the gamma-ray lu-
minosity (above 100 MeV) of a MSP to be equal to 5%
of its energy loss rate, Ė, except for the most luminous
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Γ = −2.5 and a hard cutoff at radius r = 3 kpc [13, 15].
As reference γ-ray energy spectrum, we adopt the stacked
MSP spectrum from Ref. [35], dN

dE ∝ e−E/3.78GeVE−1.57.
The γ-ray luminosity function is modeled with a power-
law, dN

dL ∝ L−α, with index α = −1.5 [31, 35], and with
lower and upper hard cutoffs at Lmin = 1029 erg s−1 and
Lmax = 1034–1036 erg s−1, respectively. Luminosities are
integrated over 0.1–100 GeV. Our results depend little on
Lmin. Given that only about 70 MSPs have been detected
in γ-rays up to now [32], Lmax is not well constrained.
The γ-ray luminosity of the brightest observed MSP is
somewhere in the range 0.5–2 · 1035 erg s−1 [32, 35], de-
pending on the adopted source distance [25, 31]. Diffuse
emission is modeled with the standard model for point
source analysis, gll iem v06.fits, and the correspond-
ing isotropic background.

Data. For our analysis, we use almost seven years of
ultraclean Fermi-LAT P8R2 data, taken between 4 Aug
2008 and 3 Jun 2015. We select both front and back con-
verted events in the energy range 1–4 GeV, which covers
the peak of the GCE spectrum. The Region Of Interest
(ROI) covers the inner Galaxy and spans Galactic longi-
tudes |#| ≤ 12◦ and latitudes 2◦ ≤ |b| ≤ 12◦. The data is
binned in Cartesian coordinates with a pixel size of 0.1◦.

Wavelet peaks. The wavelet transform of the γ-ray
data is defined as the convolution of the photon count
map, C(Ω), with the wavelet kernel, W(Ω),

FW [C](Ω) ≡
∫

dΩW(Ω− Ω′)C(Ω′) , (1)

where Ω denotes Galactic coordinates (note that
∫

dΩW(Ω) = 0). However, the central observable for
the current analysis is the signal-to-noise ratio (SNR) of
the wavelet transform, which we define as

S(Ω) ≡
FW [C](Ω)

√

FW2 [C](Ω)
, (2)

where in the denominator the wavelet kernel is squared
before performing the convolution. If the γ-ray flux var-
ied only on scales much larger than the extent of the
wavelet kernel, and in the limit of a large number of
photons, S(Ω) would behave like a smoothed Gaussian
random field. Consequentially, S(Ω) can be loosely in-
terpreted as the local significance for having a source at
position Ω, in units of standard deviations.
As wavelet kernel, we adopt the second member of the

Mexican Hat Wavelet Family, MHWF2, which was shown
to provide very good source discrimination power [36],
and which was used for identification of compact sources
in Planck data [37]. The wavelet can be obtained by
a successive application of the Laplacian operator to a
two-dimensional Gaussian distribution with width σb ·R.
Here, σb = 0.4◦ corresponds to the Fermi-LAT angu-
lar resolution at 1–4 GeV, and R is a tuning parameter.
We find best results when R varies linearly with latitude
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FIG. 1. SNR of the wavelet transform of γ-rays with energies
in the range 1–4 GeV, S(Ω). The black circles show the po-
sition of wavelet peaks with S ≥ 2; the red circles show the
position of 3FGL sources. In both cases, the circle area scales
with the significance of the source detection in that energy
range. The dashed lines indicate the regions that we use for
the binned likelihood analysis, where latitudes |b| < 2◦ are ex-
cluded because of the strong emission from the Galactic disk.
The subset of 3FGL sources that remains unmasked in our
analysis is indicated by the green crosses.

from R = 0.53 at b = 0◦ to R = 0.83 at b = ±12◦. This
compensates to some degree the increasing diffuse back-
grounds towards the Galactic disk, while optimizing the
source sensitivity at higher latitudes [37].

The resulting SNR of the wavelet transform, S(Ω),
is shown in Fig. 1. As expected, the Galactic diffuse
emission is almost completely filtered out by the wavelet
transform, whereas bright sources lead to pronounced
peaks. We adopt a simple algorithm for peak identifi-
cation: We find all pixels in S(Ω) with values larger than
in the four adjacent pixels. We then clean these results
from artefacts by forming clusters of peaks with cophe-
netic distances less than 0.3◦, and only keep the most
significant peak in each cluster.

In Fig. 1, we show the identified wavelet peaks with
peak significance S > 2, as well as all 3FGL sources for
comparison [1]. For sources that are bright enough in
the adopted energy range, we find a good correspondence
between wavelet peaks and the 3FGL, both in terms of
position and significance (we compare the significance of
wavelet peaks, S, with the 1–3 GeV detection significance
for 3FGL sources).

It is worth emphasizing that for the adopted spheri-
cally symmetric and centrally peaked distribution of the
CSP, most of the sources would be detected not directly
at the GC, but a few degrees away from the Galactic disk.
This is simply due to the much weaker diffuse emission

Sensitivity analyses on point-sources 
and astrophysics modeling:

Bartels, Krishnamurthi, Weniger PRL 2016
Lee, Lisanti, Safdi, Slatyer, Xue PRL 2016
Huang, Ensslin, Selig JPCS 2016.
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Figure 7. As in Figs. 2 and 3, we show the gamma-ray spectrum predicted from ten sub-regions
of the Inner Galaxy, for models with two cosmic ray outbursts, using the 35 propagation models
described in table 3. In each case, the injected spectra and normalizations were selected to provide
the best fit to the data (as presented in Ref. [9]). For each of the 35 propagation models, we show the
one combination (individual green lines) that provides the best-fit. The thick black line denotes the
overall best-fit model (Model C/XX).

[11] Fermi/LAT Collaboration Collaboration, V. Vitale and A. Morselli, Indirect Search for
Dark Matter from the center of the Milky Way with the Fermi-Large Area Telescope,
arXiv:0912.3828.
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Figure 7. As in Figs. 2 and 3, we show the gamma-ray spectrum predicted from ten sub-regions
of the Inner Galaxy, for models with two cosmic ray outbursts, using the 35 propagation models
described in table 3. In each case, the injected spectra and normalizations were selected to provide
the best fit to the data (as presented in Ref. [9]). For each of the 35 propagation models, we show the
one combination (individual green lines) that provides the best-fit. The thick black line denotes the
overall best-fit model (Model C/XX).

[11] Fermi/LAT Collaboration Collaboration, V. Vitale and A. Morselli, Indirect Search for
Dark Matter from the center of the Milky Way with the Fermi-Large Area Telescope,
arXiv:0912.3828.

– 22 –

Carlson and Profumo PRD 2014 
(PROTONS MAYBE?) (actually no)
Petrovic, Serpico, Zaharijias  JCAP 2014 
(ELECTRONS ?)
IC, Evoli, Calore, Linden, Weniger, Hooper 
JCAP 2015 (ELECTRONS CAN + FB 
CONNECTION?)

Radio Limits:
Bringmann, Vollmann, Weniger  PRD 2014 
(RELEVANT FOR DM)
IC, Hooper, Linden PRD 2015 (NOT 
RELEVANT FOR DM)



Bursts of Cosmic Rays: Possible Connection to the Fermi Bubbles

�0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

⇥10�5 ⇥10�5

�1

0

1

2

3

4

E
2

d
N

d
E

[G
eV

/
(c

m
2
s
sr

)]

⇥10�6 ⇥10�6

�0.5

0.0

0.5

1.0

1.5

2.0
⇥10�6 ⇥10�6

�1.0

�0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

E
2

d
N

d
E

[G
eV

/
(c

m
2
s
sr

)]

⇥10�6 ⇥10�6

100 101 102

E [GeV]

�1.0

�0.5

0.0

0.5

1.0

1.5
⇥10�6

100 101 102

E [GeV]

⇥10�6

.
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of the Inner Galaxy, for models with two cosmic ray outbursts, using the 35 propagation models
described in table 3. In each case, the injected spectra and normalizations were selected to provide
the best fit to the data (as presented in Ref. [9]). For each of the 35 propagation models, we show the
one combination (individual green lines) that provides the best-fit. The thick black line denotes the
overall best-fit model (Model C/XX).
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McDermott, Fox, IC, Lee JCAP 2016
Wavelet techniques (TIE BRAKER?):

Figure 4. C as defined in Eq. (3.3) for a 35 GeV dark matter signal with M · 〈σv〉 = 30×10−26 cm3/s
(left); CB over the same wavelet levels (left middle); and their difference, ∆C, for the mock data set
(right middle). We compare this to the residual using a simple subtraction of the average template
from the signal.

In Figs. 3 and 4, we demonstrate the method by which we will isolate new extended

emission from dark matter annihilation that could plausibly explain the Fermi Galactic center

excess. As summarized in Tab. 2, the mock data set “DM35” includes a signal template that

approximately mimics 35 GeV dark matter annihilating to b̄b pairs with 〈σv〉 $ 10−26 cm3/s.

(For ease of interpretation, we use a simple power-law photon spectrum, described in App. B,

with M · 〈σv〉 = 30×10−26 cm3/s.) In Fig. 3 we compare a signal histogram and its associated

CDF with the the average of the CDFs of the background templates. We show this comparison

at three wavelet levels, covering angular scales from roughly 3◦ to 22◦. This demonstrates the

method outlined in Sec. 3.2: if the CDF of the signal is sufficiently different from the average

of the CDFs of the background, the wavelet level is retained for further analysis. We see that

w4 and w5 (corresponding to angular scales from approximately 6◦ to 22◦) differ significantly

from the background expectation and exceed the significance threshold outlined in Sec. 3.2,

while w3 (at smaller angular scales, from 3◦ to 6◦) has a CDF that does not score high enough

on the KS test to exceed this threshold. This can be seen in the top row by noticing that

the tail of the signal histogram extends considerably farther than the background histogram

for w4 and w5, but not w3. Equivalently, in the lower row we see that the maximal distance

between the signal CDF and the Asimov CDF is relatively large at the higher levels. Of

course, this does not mean that the signal in the dark matter dataset is restricted to w4

and above. The signal is of course present on w3 and lower, but systematic uncertainties are

more pronounced there. The signal does not rise above the thresholding procedure outlined

in Sec. 3.2.

In Fig. 4 we compare the output of our method with the residual from a map-only method.

The left panels show C and CB for the signal analyzed in Fig. 3, while the third panel shows

∆C. When we compare this to the rightmost panel, it is evident that the wavelet-cleaned

map offers a much clearer view of the excess. This demonstrates the advantage of our method:

without inserting any signal information in advance (neither regarding the morphology nor the

angular extent), we extract a clear residual image of an excess emission component extending

– 14 –
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What are wavelets?

Allow analysis of data in both time/space and 
frequency space 

Different type of structures 
will have a different power at 
different levels of the deco-
mposition (e.g. edges and 
other small scale structures  
vs larger scale variations).

Wavelets can find these different structures.

Wavelets have been used in image compression (JPEG), de-
noising, fast signal identification, even in HEP data 
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two sine waves

6

Fourier

wavelet

0.0 0.5 1.0 1.5 2.0 2.5
0

1

2

3

4

5

Freq.

po
w
er

-4 -2 2 4

-2

-1

1

2

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

0.2

0.4

0.6

0.8

1.0

position

sc
al
e

Mex. hat

two sine waves

6

Fourier

wavelet

0.0 0.5 1.0 1.5 2.0 2.5
0

1

2

3

4

5

Freq.

po
w
er

-4 -2 2 4

-2

-1

1

2

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

0.2

0.4

0.6

0.8

1.0

position

sc
al
e

Mex. hat



sine waves with transition
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Technique was developed in McDermott, Fox, Cholis, Lee JCAP 2016 using 
simulated data. Requires statistics but has less dependence on fore-ground/
background assumptions (in the end it does also have some systematics).

Is it better than the Templates?

Decompose the sky into 8 scales (smallest 6): 
j w1 w2 w3 w4 w5 w6

θ [0.7◦, 1.4◦] [1.4◦, 2.8◦] [2.8◦, 5.6◦] [5.6◦, 11.3◦] [11.3◦, 22.5◦] [22.5◦, 45◦]

Table 1. Angular scales that dominate the wavelet levels wj for "max = 512.

up to a maximum level jmax. The maximum level is determined by the number of modes
"max retained in the first smoothed image c0, with jmax = 1 + log2 "max. The filters, Ĥ and
Ĝ, are "× (2"+ 1) matrices defined in terms of the scaling and wavelet functions as:

Ĥj(",m) ≡
φ̂!c/2j+1(")

φ̂!c/2j (")
Θ

(
"c

2j+1
− "

)
, Ĝj(",m) ≡ 1− Ĥj(",m). (2.12)

Again, we point out that the IUWTS inherits azimuthal information solely from the image.
For any j, the “wavelet level” wj depicts objects with support in the modes which are

being removed as one goes to the image cj . The most smoothed map depicts the (isotropic)
average of the original image. Each wavelet level leading up to cjmax depicts structures of a
fixed range of sizes, increasing dyadically with j. Like the á trous wavelet, the IUWTS offers
lossless reconstruction of an initial image c0 by adding together all wavelet levels wj with the
monopole cjmax :

c0(θ,ϕ) =
jmax∑

j=1

wj(θ,ϕ) + cjmax(θ,ϕ). (2.13)

Because each level of the wavelet decomposition has the same number of pixels, the IUWTS
contains redundant information. The maps cj (obtained by repeated application of Ĥ) are
smoothed by removing high-"modes fromM . The levels wj (obtained by repeated application
of Ĝ, or equivalently by differences of adjacent values of cj) allow resolution of small-scale
structures by subtracting smoothed images from less smooth images.

The IUWTS is inherently suited to the study of isotropic emission. For instance, other
wavelet transforms like the ridgelet or curvelet transforms can break the isotropy of the
transform and pick out a preferred axis [9, 14]. In contrast, the IUWTS provides a mild bias
in favor of isotropic and homogeneous structures, since infinitely many modes are required to
reconstruct arbitrarily hard edges; by dropping wavelet levels, we automatically smooth the
edges of the underlying structure. However, we consider this bias to be outweighed by the
model-independent nature of the IUWTS, since, in the absence of some principled reason to
break isotropy by picking an axis, assuming isotropy is a safe starting point.

We emphasize that this procedure is different from Gaussian smoothing (or other av-
eraging) over small angular scales. When a wavelet level wj is removed, structures whose
angular support is confined to the angular scales between the levels j − 1 and j are removed
entirely, and do not contribute any power to the smoothed image cj . In this way, the IUWTS
is formally similar to implementing a series of bandpass filters. However, the smoothness of
the scaling function φ̂ ensures that no structures are ever caught “between levels,” as would
happen if φ̂ were a simple step function. The IUWTS in some sense provides a generalized
“soft filter,” where the filter is not sharply sensitive to the cutoffs of each level.

2.3 Uncertainties

There are two sources of uncertainty inherent to this method. First, each observed pixel
carries with it a Poisson uncertainty from the statistics of counting. Second, the variety of

– 7 –
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Zoom in the inner 80 x 80 degrees: 
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Adding everything back together 
(but not the map average):

Zooming further in and masking the galactic disk:



Edges

Zooming further in and masking the galactic disk:

Adding everything back together 
(but not the map average):



Fermi Bubbles: 
(we clearly find
them )

We do not directly 
disentangle Fermi 
Bubbles from GCE.

Zoom out 
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Profile of the Inner Galaxy Emission 
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Profile of the Inner Galaxy Emission 

Same as in 
Calore et al. 
& the inner 2 
degrees

Isotropic Emission is 
subtracted in our 

analysis (flux outside 
of bubbles <0)

GCE

There is a smooth transition from 
the GCE to the Fermi Bubbles



Additional Energies/Profiles

GCE: 

Statistical errors are smaller than systematics. 
Systematics come from the collection ISM  that we average 
over in the first step when we subtract the galactic diffuse 
emission.
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Spectra

Spectra are harder than template works. 
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Spectra / Comparison to Templates

Wavelets are sensitive in finding features and characterizing the
power at different scales (morphology). That is done by relying
On large statistics, i.e. small number of energy bins —> at the 
expense of the spectral analysis (i.e. we can’t find spectral features 
as well).

This work

Calore et al. (2014)

Daylan et al. (2015)

Fermi coll. (2015)
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In agreement with Su 
et al. & ~ Fermi. Coll. 

Fermi Bubbles: 
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The Wavelet Promise:

Is there more amplitude(flux) in small scales (e.g. point sources/
filaments) or in large scales (diffuse emission as is ICS)? 
Fermi Bubbles: 

Scales j ≥ 1

Scales j ≥ 3
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The Wavelet Promise:

Fermi Bubbles: 

�50�  b  �20�

Scales j ≥ 1

Scales j ≥ 3
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The Fermi Bubbles have very little amplitude in small scales in 
agreement with the leptonic association (WMAP/Planck Haze)

Is there more amplitude(flux) in small scales (e.g. point sources/
filaments) or in large scales (diffuse emission as is ICS)? 
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The GCE has small amplitude emission at small scales apart 
from region 0. Regions 1 and 2 are also PS contaminated. For 
regions 3 and above (>5 degrees), there is agreement with the 
diffuse association (CE electron bursts or even DM?)

inner 2 deg.

negative coef.

close to the disk

Diffuse and 
positive 

Diffuse and 
positive 



Conclusions, future directions
• Using the wavelet technique we developed in McDermott et. al JCAP 1607 (2016), 

(arXiv:1512.00012) and analyzed data in Balaji et al. 1803.01952. 

• We also find the Fermi Bubbles and the Galactic Center Excess and are in agreement 
with most template results.   

• Extract spectra both at different regions and also at different scales! 

• We can ask questions on the underlying properties of these emissions.  

• The GCE only in the inner 5 degrees has power in low scales (e.g from point sources 
and miss-modeling of gas distribution). 

• Regarding the interpretations we still have to make a connection with simulations we 
have from 2016 and run some more…IC,McDermott, Yu-Dai, Fox, Balaji (early stages) 

• The Fermi Bubbles are diffuse above 20 degrees. We do find substructure that may 
be associated with a cocoon/jet. 

• Use this technique to study other regions of the sky.  

• A GREAT SET OF TOOLS TO STUDY THE GAMMA-RAY DATA


