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+ Extended/diffuse emission: 90% of the LAT photons! 

cosmic rays    +          interstellar medium    →    secondary gamma ray emission
many parameters: distribution of sources, magnetic fields, gas, injection spectra...

The Fermi skyThe interstellar gamma-ray emission in the Milky Way is produced by cosmic rays 
interacting with the interstellar gas and radiation field and carries information on 
the acceleration, distribution, and propagation of cosmic rays. 

Galactic Gamma-Ray 
Interstellar Emission

data sources galactic diffuse isotropic

Inverse Compton                      Bremsstrahlung !0-decay

x-ray, gamma-rayx-ray, gamma-ray

proton

proton 

synchotron radiation 
inverse Compton scattering 

bremsstrahlung radiation 

All of these mechanisms create also non !-ray radiation 

S. Murgia, 
ICRC15 IC

diffuse γs: 90% of LAT photons 
first measurement >10 GeV!
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The Fermi LAT sky

3FGL: ~>3000 sources!

3FGL [Fermi LAT coll. 1501.02003] 
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~1400 (11m) ~3000 (4yr)~1800(2 yr)

better statistics, improved event and gamma ray background analysis and search criteria

Point sources:

extragalactic

galactic
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Extended signals in the Galaxy ? 

point sources from the 3FGL 
catalog
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model(s) of the diffuse emission

LAT data

‘template fitting’ procedure - in a nutshell 
- chose templates of your emission components  
- fit them to the data in each pixel and energy bin 
- normalization of templates obtained using maximal likelihood approach 

5



-

How to search for extended signals in the Galaxy ? 
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Fermi 1 < E < 5 GeV
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Fig. 4.— Full sky residual maps after subtracting the SFD dust and disk templates from the Fermi-LAT 1.6 year gamma-ray maps in
two energy bins. Point sources are subtracted, and large sources, including the inner disk (−2◦ < b < 2◦,−60◦ < ℓ < 60◦), have been
masked. Two large bubbles are seen (spanning −50◦ < b < 50◦) in both cases. Right panels: Apparent Fermi bubble features marked
in color lines, overplotted on the maps displayed in the left panels. Green dashed circles above and below the Galactic plane indicate the
approximate edges of the north and south Fermi bubbles respectively. Two blue dashed arcs mark the inner (dimmer) and outer (brighter)
edges of the northern arc – a feature in the northern sky outside the north bubble. The red dotted line approximately marks the edge of
Loop I. The purple dot-dashed line indicates a tentatively identified “donut” structure.

artifact of that subtraction.
Next, a simple disk model is subtracted (Figure 3, mid-

dle row). The purpose of this subtraction is to reveal the
structure deeper into the plane, and allow a harder color
stretch. The functional form is (csc |b|) − 1 in latitude
and a Gaussian (σℓ = 30◦) in longitude. The disk model
mostly removes the IC gamma-rays produced by cosmic
ray electrons interacting with the ISRF including CMB,
infrared, and optical photons; as discussed previously,
such electrons are thought to be mostly injected in the
Galactic disk by supernova shock acceleration before dif-
fusing outward.
Finally, we fit a simple double-lobed geometric bub-

ble model with flat gamma-ray intensity to the data, to
remove the remaining large-scale residuals towards the
GC (Figure 3, bottom row). In this model, we identify
the approximate edges of the two bubble-like structures
towards the GC in the bottom left panel (shown with
dashed green line in right panels of Figure 4). We then
fill the identified double-lobed bubble structure with uni-
form gamma ray intensity, as a template for the “Fermi
bubbles” (bottom right panel of Figure 3). If the Fermi
bubbles constitute the projection of a three dimensional
two-bubble structure symmetric to the Galactic plane
and the minor axis of the Galactic disk, taking the dis-
tance to the GC R⊙ = 8.5 kpc, the bubble centers are

approximately 10 kpc away from us and 5 kpc above and
below the Galactic center, extending up to roughly 10
kpc as the most distant edge from GC has |b| ∼ 50◦.
No structures like this appear in GALPROP models, and in
fact GALPROP is often run with a box-height smaller than
this. Because the structures are so well centered on the
GC, they are unlikely to be local.
In Figure 4, we show the full sky residual maps at 1−5

GeV and 5−50 GeV after subtracting the SFD dust and
the disk model to best reveal the Fermi bubble features.
Although photon Poisson noise is much greater in the
5 − 50 GeV map, we identify a Fermi bubble structure
morphologically similar to the structure in the 1−5 GeV
map, present both above and below the Galactic plane.
In Figure 5, we show the full sky maps at 1−5 GeV with

the zenithal equal area (ZEA) projection with respect to
both north pole and south pole. We found no interesting
features appear near the poles.

3.1.3. Low Energy Fermi Map as a Diffuse Galactic Model

In Figure 6, we show the 0.5− 1 GeV and 2− 50 GeV
residual maps after subtracting only the SFD dust map
as a template of foreground π0 gammas. The residual
maps should be dominated by IC emission from CR elec-
trons interacting with the ISRF. We use the 0.5− 1 GeV
maps as a template of IC emission from high energy elec-

discovery 
of the FBs

[Su+., ApJ, 2010, 1005.5480]            
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‘template fitting’ procedure - in a nutshell 
- chose templates of your emission components  
- fit them to the data in each pixel and energy bin 
- normalization of templates obtained using maximal likelihood approach 

point sources from the 3FGL 
catalog
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The significance map of the residuals (defined as (data�model)/
⇥
model) for the baseline model

defined in Section 3 integrated over energies 6.4GeV < E < 290GeV is shown in Figure 4 (left). The

template of the bubbles is determined by applying a threshold in the smoothed significance map. To find

the threshold, we create a histogram (Figure 4, right) with the smoothed significance in each pixel in the

region of interest and outside the region of interest (orange and black respectively in Figure 3, left). We

consider the outside region as the background region and fit a Gaussian to the histogram. The width

of the Gaussian is denoted as �BG. The threshold in the definition of the template of the bubbles is set

to 3�BG. The results for a di�erent threshold of 4�BG are included in the systematic uncertainties (see

Section 3.3). Figure 5 shows the resulting templates of the bubbles. We distinguish between flat and

structured templates. In the flat template the value is 1 if the significance of the residual is more than the

threshold and 0 otherwise, while the structured template is equal to the residual flux if the significance

of the residual is greater than the threshold and 0 otherwise. In the baseline model, the bubbles are

modeled with a structured template created with a significance threshold of 3�BG.

Significance of integrated residuals for E = 6.4� 289.6 GeV
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Fig. 4.— Left: significance of integrated residual map at energies 6.4GeV < E < 290GeV, defined as

(data�model)/
⇥
model, smoothed with a 2� Gaussian kernel. The large-scale residuals outside of the bubbles

are due to imperfect modeling of Loop I and the local gas. Right: histogram of values in the smoothed residual

significance map. Dashed (red): background region (Figure 3). Dash-dotted (green): the region of interest. Solid

(blue): all sky. Dotted (cyan): Gaussian fit to the background distribution, the width is �BG = 1.5. The threshold

in the definition of the bubbles’ template is set to 3�BG and is shown as a vertical dashed black line. All pixels

inside the elliptical masking region and above |b| = 10� with the level of residual flux larger than the threshold are

included in the template of the bubbles (Figure 5).

In the next step the template of the bubbles is included in the all-sky fit. This time, since no PS

mask is applied, the point sources are included in the fit and not masked as in the derivation of the Fermi

bubbles’ template. The integrated residual map after including the structured template of the bubbles in

the fit and fitting the point sources is shown in Figure 6 (left). The spectra for the di�erent components

are presented in Figure 6 (right).

In the rest of the paper, the model of the foreground emission components and the Fermi bubbles

-

How to search for extended signals in the Galaxy ? 
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model(s) of the diffuse emission

LAT data

[Fermi LAT coll., ApJ, 2014,1407.7905]

– 29 –

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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‘template fitting’ procedure - in a nutshell 
- chose templates of your emission components  
- fit them to the data in each pixel and energy bin 
- normalization of templates obtained using maximal likelihood approach 

point sources from the 3FGL 
catalog
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-

point sources from the 3FGL 
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FIG. 4: The spatial templates (in galactic coordinates) for the Galactic di�use model (upper left), the Fermi bubbles (upper
right), and dark matter annihilation products (lower), as used in our Inner Galaxy analysis. The scale is logarithmic (base
10), normalized to the brightest point in each map. The di�use model template is shown as evaluated at 2 GeV, and the dark
matter template corresponds to a generalized NFW profile with an inner slope of � = 1.3.

These cuts on CTBCORE have a substantial impact
on Fermi ’s PSF, especially at low energies. In Fig. 3,
we show the PSF for front-converting, Ultraclean events,
at three representative energies, for di�erent cuts on
CTBCORE (all events, Q2, and Q1). Such a cut can
be used to mitigate the leakage of astrophysical emission
from the Galactic Plane and point sources into our re-
gions of interest. This leakage is most problematic at
low energies, where the PSF is quite broad and where
the CTBCORE cut has the greatest impact. These new
event classes and their characterization will be further
detailed in an upcoming paper, which will be accompa-
nied by a data release of all-sky maps for each class, and
the instrument response function files necessary for use
with the Fermi Science Tools [40].

Throughout the remainder of this study, we will em-
ploy the Q2 event class, corresponding to the top 50%
(by CTBCORE) of Fermi ’s front-converting, Ultraclean
photons, except at energies above 10 GeV, where we do
not apply any additional cuts to CTBCORE.

IV. THE INNER GALAXY

In this section, we follow the procedure previously pur-
sued in Ref. [8] (see also Refs. [41, 42]) to study the
gamma-ray emission from the Inner Galaxy. We use the
term “Inner Galaxy” to denote the region of the sky that
lies within several tens of degrees around the Galactic
Center, excepting the Galactic Plane itself (|b| < 1�),

which we mask in this portion of our analysis.

Throughout our analysis, we make use of the Pass 7
(V15) reprocessed data taken between August 4, 2008
and December 5, 2013, using only front-converting, Ul-
traclean class events which pass the Q2 CTBCORE cut
as described in Sec. III. We also apply standard cuts to
ensure data quality (zenith angle < 100�, instrumental
rocking angle < 52�, DATA QUAL = 1, LAT CONFIG=1).
Using this data set, we have generated a map of the
gamma-ray sky, smoothed to 2 degrees full-width-half-
maximum. We apply the point source subtraction
method described in Ref. [42], using the 1FGL catalogue
and masking out the 200 brightest sources. We then per-
formed a pixel-based maximum likelihood analysis on the
map, fitting the data in each energy bin to a sum of spa-
tial templates. These templates consist of: 1) the Fermi
Collaboration p6v11 Galactic di�use model (which we
refer to as the Pass 6 Di�use Model),1 2) an isotropic
map, intended to account for the extragalactic gamma-
ray background and residual cosmic-ray contamination,
and 3) a uniform-brightness spatial template coincident
with the features known as the Fermi Bubbles, as de-
scribed in Ref. [42]. In addition to these three back-

1 Unlike more recently released Galactic di�use models, the p6v11
di�use model does not include a component corresponding to
the Fermi Bubbles. By using this model, we are free to fit the
Fermi Bubbles component independently. See Appendix D for a
discussion of the impact of varying the di�use model.

model(s) of the diffuse emission

LAT data
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0.5-1 GeV residual

 

-20-1001020 00

 

-20

-10

0

10

20

00

0

5

10

15

20

0

5

10

15

20

1
0

-6 c
o
u
n
ts

/c
m

2/s
/s

r

1-3 GeV residual

 

-20-1001020 00

 

-20

-10

0

10

20

00 
-2

0

2

4

6

8

10

12

-2

0

2

4

6

8

10

12

1
0

-6 c
o
u
n
ts

/c
m

2/s
/s

r

3-10 GeV residual

 

-20-1001020 00

 

-20

-10

0

10

20

00

0

1

2

3

4

0

1

2

3

4

1
0

-6 c
o
u
n
ts

/c
m

2/s
/s

r

10-50 GeV residual

 

-20-1001020 00

 

-20

-10

0

10

20

00 

0.0

0.5

1.0

1.5

0.0

0.5

1.0

1.5

1
0

-6 c
o
u
n
ts

/c
m

2/s
/s

r

FIG. 7: Intensity maps (in galactic coordinates) after subtracting the point source model and best-fit Galactic di�use model,
Fermi bubbles, and isotropic templates. Template coe⇥cients are obtained from the fit including these three templates and
a � = 1.3 DM-like template. Masked pixels are indicated in black. All maps have been smoothed to a common PSF of 2
degrees for display, before masking (the corresponding masks have not been smoothed; they reflect the actual masks used in
the analysis). At energies between �0.5-10 GeV (i.e. in the first three frames), the dark-matter-like emission is clearly visible
around the Galactic Center.

V. THE GALACTIC CENTER

In this section, we describe our analysis of the Fermi
data from the region of the Galactic Center, defined as
|b| < 5�, |l| < 5�. We make use of the same Pass 7 data
set, with Q2 cuts on CTBCORE, as described in the pre-
vious section. We performed a binned likelihood analysis
to this data set using the Fermi tool gtlike, dividing
the region into 200⇥200 spatial bins (each 0.05�⇥0.05�),
and 12 logarithmically-spaced energy bins between 0.316-

10.0 GeV. Included in the fit is a model for the Galac-
tic di�use emission, supplemented by a model spatially
tracing the observed 20 cm emission [45], a model for
the isotropic gamma-ray background, and all gamma-ray
sources listed in the 2FGL catalog [46], as well as the
two additional point sources described in Ref. [47]. We
allow the flux and spectral shape of all high-significance
(
⇤
TS > 25) 2FGL sources located within 7� of the

Galactic Center to vary. For somewhat more distant or
lower significance sources (� = 7� � 8� and

⇤
TS > 25,

‘Galactic centre excess’

harder task! 
apply template fitting procedure to the inner ~<20 deg with addition of the FBs
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[Daylan+, 1402.6703]
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Background modeling uncertainties
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[Calore+, JCAP 1503 (2014)]  

Consistent Results!

Daylan et al. (2014, 1402.6703)

Inner GalaxyGalactic Center

Gamma-Ray Spectrum
Many works reaching similar results: Vitale & Morseli (2009), 
Goodenough & Hooper (2009), Hooper & Goodenough (2011, PLB 697 
412), Hooper & Linden (2011, PRD 84 12), Abazajian & Kaplinghat (2012, 
PRD 86 8), 1207.6047, Hooper & Slatyer (2013, PDU 2 118), 1302.6589 
Gordon & Macias (2013, PRD 88 8) 1306.5725 Macias & Gordon (2014, 
PRD 89 6) 1312.6671, Abazajian et al. (2014, PRD 90 2) 1402.4090, 
Daylan et al. (2014) 1402.6703, 1407.5583 1407.5625 1410.1527

spectrum

[Daylan+, 1402.6703]
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Figure 13. Differential fluxes for the 15� ⇥ 15

� region about the GC of the
NFW component with spectrum modelled with an exponential cut-off power
law. The envelopes include the fit uncertainties for the normalisation and
spectral index. Hatch styles: Pulsars, intensity-scaled (red, vertical); Pulsars,
index-scaled (black, horizontal); OBstars, intensity-scaled (blue, diagonal-
right); OBstars, index-scaled (green, diagonal-left). Results from selected
other works are overlaid. Filled symbols: Hooper & Slatyer (2013), different
symbols bracket the results obtained when different regions of the sky are
considered in the fit; Angled crosses: Gordon & Macı́as (2013); Open sym-
bols: Abazajian et al. (2014), front-converting events shown with triangles,
front- and back-converting events shown with squares and circles, depend-
ing on the modelling of the fore-/background. Stars : Calore et al. (2015a).
Note: the overlaid results are rescaled to the DM content over the 15� ⇥ 15

�

region for an NFW profile with index �=1.

stant for each IEM, the interplay between the centrally peaked
positive residual template and the interstellar emission com-
ponents is not surprising. Because the IC component is max-
imally peaked toward the GC for all IEMs an additional tem-
plate that is also peaked there will also be attributed some
flux when fit. Over all IEMs the effect of including the NFW
model for the residual results in an IC annulus 1 contribution
that is up to three times smaller and H I annulus 1 contribution
that is up to three times larger.

Note that even if a centrally peaked template is included as
a model for the positive residual, it does not account for all of
the emission. This can be seen in Fig. 14, which shows the
residual counts for the NFW template and IEM with the best
spectral residuals (Pulsars index-scaled). Qualitatively, the re-
mainder does not appear distributed symmetrically about the
GC below 10 GeV, and still has extended positive residuals
even at higher energies along and about the plane.

5. DISCUSSION
5.1. Interstellar Emission

This study is the first using the Fermi–LAT data that has
made a separation between the large-scale interstellar emis-
sion of the Galaxy and that from the inner ⇠ 1 kpc about the
GC. The IC emission from annulus 1 is found to dominate
the interstellar emission from the innermost region, and rep-
resents the majority of the IC brightness from this component
along and through the line-of-sight toward the GC. The con-

Pulsars index-scaled IEM was tested by also setting them to the GALPROP
predictions and refitting for the annulus 1 interstellar emission, point sources,
and residual model parameters. The normalisation and cut-off energy of the
residual model did not appreciably change, indicating that the majority of any
effect related to the structured fore-/background from the index-scaled IEMs
is likely from annulus 4.

tribution by the IC from annulus 1 to the total flux depends on
the IEM and whether the residual is fitted (Sec. 4.3). For the
latter case the IC from annulus 1 is still up-scaled compared
to the GALPROP predictions, but by a factor ⇠ 2 lower than
if fitted solely for the interstellar emission components and
point sources. The remainder is distributed across the H I-
related ⇡

0-decay annulus 1 component and the template used
to fit the residual centred on the GC. For either case (residual
template used/not-used), the fitted fluxes attributed to the IC
annulus 1 component across all IEMs are within a factor ⇠ 2

– the flux and its range is the important quantity, instead of
the individual (model-dependent) scaling factors.

The Pulsars intensity-scaled IEM with the residual tem-
plate gives the minimal ‘enhanced’ flux for IC annulus 1.
The average CR electron intensity & 5 GeV in the Galac-
tic plane is estimated for this model within ⇠ 1 kpc of the
GC as ⇠ 2.8± 0.1⇥ 10

�4 cm�2 s�1 sr�1, where the uncer-
tainty is statistical only. This energy range is used because its
lower bound corresponds to the CR electron energies produc-
ing ⇠ 1 GeV IC �-rays. This is ⇠ a factor of two higher than
the local total CR electron density for this same energy range
for the Pulsars baseline model. On the other hand, the OB-
stars intensity-scaled IEM fitted without the residual compo-
nent gives the maximal ‘enhanced’ flux for IC annulus 1. The
average CR electron intensity & 5 GeV in the Galactic plane
within ⇠ 1 kpc of the GC for this IEM is ⇠ 9.4± 0.1⇥ 10

�4

cm�2 s�1 sr�1.
Measurements of the interstellar emission at hard X-ray

energies to MeV �-rays by INTEGRAL/SPI (Bouchet et al.
2011) show that the majority is due to IC scattering by ⇠GeV
energy CR electrons off the infrared component of the ISRF21.
The GALPROP calculations, which follow the same “conven-
tional” model normalisation condition to local CR measure-
ments as used in this paper, made to interpret the SPI measure-
ments indicate that IEMs with at least factor of 2 higher CR
densities toward the inner Galaxy are a plausible explanation
for the data. Another possible explanation is a higher intensity
for the radiation field energy density in the inner Galaxy than
used in the standard ISRF model of Porter et al. (2008); these
possibilities are not tested here because they require detailed
investigations that are beyond the scope of the current work.
The higher CR electron densities obtained from this analy-
sis are plausible given the same electrons are IC scattering
different components of the ISRF to produce the interstellar
emission & 1 GeV and at SPI energies.

The purpose for fitting the baseline IEMs to the data
was to obtain estimates for the interstellar emission fore-
/background. However, the fit results for the individual rings
for each IEM potentially give some information on the large-
scale distribution of CRs througout the Galaxy. Tables 5 and 6
in Appendix A.1 give the fit coefficients and fluxes for the
scaled IEMs, while Fig.15 shows the integrated fluxes for the
1–10 (top) and 10–100 GeV (bottom) energy ranges, respec-
tively, over the 15�⇥ 15

� region for the GALPROP-predicted
and scaled version of each IEM for the Pulsars (left) and OB-
stars (right) source distributions.

The fitting procedure generally increases the intensity of
each annulus relative to the nominal model. The coeffi-
cients for the intensity-scaled Pulsars and OBstars IEMs are
mostly higher than the GALPROP predictions toward the in-
ner Galaxy (annuli 2 � 3). Those for the OBstars IEM are

21 The majority of the IC �-rays in the energy range of this study are
produced by scattering off the optical component of the ISRF.

Ajello+, ApJ 819 1 44 (2016)]

[Charles+, Phys.Rept. 636 (2016)]
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Figure 12: Measurements of the radial profile of the Galactic center excess (markers and bands) compared with predictions of
hydrodynamical and N-body simulations of Milky Way-like structures (red lines). This figure is from Ref. [160] (reproduced
by permission of the AAS); see that reference for additional details.

more, it is important to distinguish between measuring an excess with respect to models of �-ray emission
from predicted cosmic-ray populations interacting with estimated dust, gas and radiation field, and being
able to interpret that excess as a clear signal of DM. Accordingly, we can expect systematic uncertainties
in modeling the Galactic fore/background to significantly limit the sensitivity of searches for DM signals
from the Galactic center. Furthermore, as described above, a population of unresolved pulsars in the inner
Galaxy would be a di�cult-to-reduce background for the best-fit DM models.

Therefore, in projecting the search sensitivity we account for such systematic limitations. The b
e↵

(in
counts) for several radial profiles are shown in Fig. 13.2

Figure 13: Estimated be↵ for several DM radial profiles, for a 60 �
⇥ 60 � area centered on the Galactic center for 15 years of

P8R2 SOURCE data. The plot shows the total integrated be↵ for annihilations to bb̄ as a function of the WIMP mass, m�. The
left-hand plot includes all Galactic latitudes |b| < 30 �, the right-hand plot excludes the Galactic plane (|b| < 2 �).

Fig. 14 shows the expected upper-limit bands for the statistical errors-only case as well as for indicative
values of f

syst

(0.01 and 0.1).

2Fig. 13 was made using the “binned model map simulations” for the di↵use Galactic and isotropic background components,
together with the “all-sky photon simulations” of the cataloged point sources as described in App. D.
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• uses more data (80m) 
• uses improved event selection: pass 8 (improved angular and energy resolution, increased effective 

area at the high- and low-energy ends) 

• checks additional systematic uncertainties: 
• GALPROP model parameters variations 
• Alternative gas maps (softer GCE spectrum < 1GeV) 
• Include additional sources of CR electrons near the GC (Gaggero+2015, Carlson+2015 ; GCE reduced) 
• add data driven template of the Fermi Bubbles (excess >10 GeV gone)

[A. Albert, APS 2016 meeting]

Updated Fermi LAT analysis (preliminary) 
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Bubbles template from  
Spectral components analysis (SCA) 

•  Assume that the bubbles have the same spectrum near the GC 
as at high latitudes ~E-1.9 between 1 and 10 GeV 

•  Cut on significance to obtain the bubbles template 

 
•  Fermi bubbles template  
in the inner Galaxy: 

20 

Data – gas – PS  ~E-1.9 component Bubbles template 

This work 

30o 
 

15o 
 
 

0o 

 
-15o 

 
-30o 

Acero et al (Fermi LAT), 
ApJS 223 (2016) 



• uses more data (80m) 
• uses improved event selection: pass 8 (improved angular and energy resolution, increased effective 

area at the high- and low-energy ends) 

• checks additional systematic uncertainties: 
• GALPROP model parameters variations 
• Alternative gas maps (softer GCE spectrum < 1GeV) 
• Include additional sources of CR electrons near the GC (Gaggero+2015, Carlson+2015 ; GCE reduced) 
• add data driven template of the Fermi Bubbles (excess >10 GeV gone)

[A. Albert, APS 2016 meeting]

Updated Fermi LAT analysis (preliminary) 

New emission component in 
the Galactic centre appears 
robust to various checks of the 
systematic uncertainty 
its exact spectral features are 
model dependent
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Origin of the excess?
i) Individually unresolved point sources?
pulsars?

- spectral twins of ~50 GeV DM
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Figure 18. Left panel: Constraints on the ⌅⇥v⇧-vs-m� plane for three di�erent DM annihilation
channels, from a fit to the spectrum shown in figure 14 (cf. table 4). Colored points (squares) refer to
best-fit values from previous Inner Galaxy (Galactic center) analyses (see discussion in section 6.2).
Right panel: Constraints on the ⌅⇥v⇧-vs-� plane, based on the fits with the ten GCE segments.
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Figure 19. Constraints on the ⌅⇥v⇧-vs-m� plane at 95% CL, individually for the GCE template
segments shown in figure 15, for the channel ⇤⇤ ⇥ b̄b. The cross indicates the best-fit value from a fit
to all regions simultaneously (m� ⇤ 46.6GeV, ⌅⇥v⇧ ⇤ 1.60� 10�26 cm3 s�1). Note that we assume a
NFW profile with an inner slope of � = 1.28. The individual p-values are shown in the figure legend;
the combined p-value is 0.11.

mass fixed at 49GeV. This plot is based on the fluxes from the segmented GCE template,
see figure 16. As expected, the cross-section is strongly correlated with the profile slope. We

– 35 –

Could it be dark matter?

~100 GeV

~thermal 
cross 
section

Thermal cross section & <~100 GeV & at the Galactic centre 

Spatial distribution close to the predicted NFW profiles.

Right on the spot where WIMP DM is supposed to be!
Right on the spot where WIMP 
dark matter is supposed to be!

[Abazajian, 2012, Mirabal, 2014; Macias, 2014, Petrovic
+, 2015, Brandt+2015, Lee+, 2015, Bartels+, 2015…]12

- Fermi LAT 
discovered 
100+ of these 
objects in the 
Galaxy
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FIG. 7: The distance from the Solar System (left) and distance from the Galactic Plane (right), as a function of period, for
pulsars in the ATNF catalog [12]. The groups of points that form horizontal lines are millisecond pulsars in globular clusters.

FIG. 8: Left: The distance from the Galactic Plane and distance to the Solar System projected along the Galactic Plane for
those millisecond pulsars observed by Fermi and with coordinates given in the ATNF catalog. Right: The locations in the
Galactic Plane of those millisecond pulsars observed by Fermi and with coordinates given in the ATNF catalog, and with
|z| < 1.5 kpc. In this coordinate system, the Galactic Center is located at (0, 0), while the Solar System is at (0, 8.5 kpc).
Shown for comparison are the approximate locations of the Orion-Cygnus, Sagittarius, and Perseus arms of the Milky Way.

dinates given in the ATNF catalog is shown. From these
two figures, it is clear that the MSP distribution is not
highly concentrated within a few hundred parsecs of the
Galactic Plane, instead favoring a distribution at least
as broad as h|z|i ' 0.5 kpc.3 Thus reducing the value of
h|z|i alone (as shown in the upper left frame of Fig. 6)
does not seem to be a viable way to accommodate the
observed flux distribution. Furthermore, the left frame

3
While h|z|i ' 0.5 kpc provides the best-fit to the observed dis-

tribution of observed MSPs, observational bias favoring nearby

sources might lead us to slightly underestimate this quantity. We

take 0.5 kpc to be an approximate lower limit for h|z|i.

of Fig. 7 and the lower frame of Fig. 8 do not reveal any
very large local overdensity of MSPs.

From the results shown in Fig. 6, constrained by the
observed spatial distributions of Figs. 7 and 8, we con-
clude that we are forced to consider MSP luminosity func-
tions favoring somewhat higher values than are found in
the FGL base model. In terms of the magnetic field pa-
rameter, this favors B

0

⇠ (2� 6)⇥ 108 G, although one
should keep in mind that this parameter is somewhat de-
generate with the period distribution, and with the frac-
tion of rotational energy loss that goes into gamma ray
production. We consider examples of what appear to be
reasonably viable MSP population models in Fig. 9. In
the upper frames, we show the flux distribution; for the

!"#$%&'()%*+,-.)/0(-'&123)4,,+5+('67,)
89:);#<)==)$5',,#(>)

?'(%@)#%)'()8A::B>)

Why pulsars?

What are the options for the origin of the GCE?



PROs: 

- we know that GC had 
periods of increased 
activity in the past 

- energetics reasonable

Activity of the Galactic centre 
Injection of high energetic cosmic rays at the Galactic centre during a burst-like 

event in the past.

see for example discussion in Su+ 2010 

Francesca Calore  University of Amsterdam

Signs of the past activity of the GC: 
• Formation of Fermi bubbles => 

large-scale outflows generated by 
(a) jet from MBH or (b) starburst 
events about 10 million years ago. 

• X-ray reflection nebulae at the GC 
=> Sgr A* activity about 300 yr 
ago. 

• Galactic center Lobe (ROSAT data) 
=>  

• OB stellar association: evidence 6 
Myr ago + 2 clusters in the inner 50 
pc formed 10 million years ago => 
hints for a global event with 
enhanced star formation rate.

Ekin ⇠ 1055erg � ⇠ 106yr

L. Jouvin’s talk  

Slide from G. Ponti

Etot, GCE~1051-52 erg

Etot, Fermi Bubbles~1054-55 erg

(Etot, SNR)~1051 erg

[Su+,2010]

13

A transient?

Origin of the excess?



Petrovic, Serpico, GZ, 1405.7928 

three parameters:   

- energy loss parameter b,  

- diffusion coefficient and  

- time of the bursting event

notably of the form E�� exp (�E/E⇥) with a harder power-law index like � ⇤ 1.5
can also improve the spectral agreement at low energies, at the expenses of adding an
explicit injection cuto� parameter E⇥ ⇤ O(100)GeV.

2 4 6 8 10 12 141⇤ 10�7

5⇤ 10�7
1⇤ 10�6

5⇤ 10�6
1⇤ 10�5

5⇤ 10�5
1⇤ 10�4

⇥ �deg⇥

E
F
�GeV

cm
�
2 s
�
1 s
r�
1 ⇥

b0, t0, E0
0.3 b0, 3 t0
3 b0, 0.3 t0

0.5 1.0 2.0 5.0 10.0 20.0

1⇥ 10�8

5⇥ 10�8
1⇥ 10�7

5⇥ 10�7
1⇥ 10�6

5⇥ 10�6

E �GeV⇥

E
F
�GeV

cm
�
2 s
�
1 s
r�
1 ⇥

b0, t0, E0
0.3 b0, 3 t0, 2 E0
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Figure 2. Left Panel: Latitude profile of the inverse Compton emission from an electron
population injected t0 (red, solid), 0.3 t0 (orange, dashed) and 3 t0 (blue, dotted) years ago
(where t0 = 1 Myr). Right Panel: The spectra of the inverse Compton emission (the same
color scheme) at 5⇤ away from the Galactic plane. The overall energetics is given in units of
E0 = 3 ⇥ 1052 erg, and energy losses are expressed in terms of the default value b0, which
assumes w ⇤ 4 eV cm�3. The orange dashed line at the bottom indicates the bremsstrahlung
contribution to gamma ray emission 5⇤ away from the GC.
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a source of E0 = 3 ⇥ 1052 erg, calculated with our default values for the set of parameters
(solid). In addition, the di�usion index is varied to 0.3 D0 (dashed) and 3 D0 (dotted), where
D0 (10 GeV) = 6⇥ 1028 cm2s�1.

Note that, depending on the acceleration mechanism (leptonic or hadronic) a
bursting event could also inject a population of high energy protons in the medium,
which would as well produce gamma ray emission and additional secondary electrons
in the interactions with the interstellar gas. In that scenario, the considerations devel-
oped here should be modified, notably because of the much longer energy loss timescales
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notably of the form E�� exp (�E/E⇥) with a harder power-law index like � ⇤ 1.5
can also improve the spectral agreement at low energies, at the expenses of adding an
explicit injection cuto� parameter E⇥ ⇤ O(100)GeV.
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Note that, depending on the acceleration mechanism (leptonic or hadronic) a
bursting event could also inject a population of high energy protons in the medium,
which would as well produce gamma ray emission and additional secondary electrons
in the interactions with the interstellar gas. In that scenario, the considerations devel-
oped here should be modified, notably because of the much longer energy loss timescales

9

spectra spatial distribution
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Could a burst like injection of electrons explain the GC excess?

⌲ 3GeV Inverse Compton emission cut-off and 1 kpc scale have consistent solution 
in an event which happened a Myr ago!  

Flux normalization of the excess gives energy injection~1052 erg.

⌲ set the energy cut-off and spatial scale!}

http://arxiv.org/abs/arXiv:1405.7928


numerical calculation:

Francesca Calore  University of Amsterdam26

• Hard injection indices (<2)  

• At least two bursts  
• High re-acceleration 
• No excess in the inner 2 degrees
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Two-burst model? Younger

Older

Francesca Calore  University of Amsterdam26

• Hard injection indices (<2)  

• At least two bursts  
• High re-acceleration 
• No excess in the inner 2 degrees
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Two-burst model? Younger

Older

Myr & 0.1 Myr 

[Cholis+,2015]

-> could work, but:

(most analyses mask 2 deg, properties of 
GCE highly uncertain there)

Viable, though non minimal solution -- 
but we know that the GC environment is 
rich with astro events. 
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Could a burst like injection of electrons explain the GC excess?



Origin of the excess?

How can we tell? 

DM — multi-target and -messenger tests 
MSPs — radio pulsar searches (e.g. w SKA [Calore+, 2016]), … 
Transient event — detect a change of spectrum with latitude, single out the responsible 
past event, … ???? 

Ideas/comments are welcome! 
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Extra slides 
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Fermi bubbles

1) leptonic (IC) emission 
same population of 
electrons extrapolated to 
lower energies can 
explain WMAP/Planck 
‘haze’

– 44 –
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Fig. 34.— Left: IC model fit to the baseline gamma-ray spectrum of the Fermi bubbles (Section 5). The spectrum

of electrons for the ISRF at 5 kpc is a power law with an index 2.2 and an exponential cuto� at 1.25 TeV (Section

7.1). If we take into account only IC scattering on CMB photons, then the electron spectrum has an index 2.3

and a cuto� at 2.0 TeV. Right: index and cuto� energy for electron spectra determined for di�erent derivations of

gamma-ray foregrounds and di�erent definitions of the Fermi bubbles templates (for the ISRF at 5 kpc above the

Galactic center). The red cross corresponds to the baseline model values with the statistical errors.

microwave haze emission is harder than the synchrotron emission for a stationary population of electrons

in the Galaxy. The microwave haze spatially overlaps with the gamma-ray bubbles at |b| < 35⇥. We

confirm that the population of electrons that produces the gamma-ray emission of the Fermi bubbles via

IC scattering can also produce the microwave haze (Dobler et al. 2010; Su et al. 2010; Su & Finkbeiner

2012; Dobler 2012; Ade et al. 2013).

The range of spectra of the synchrotron emission corresponding to the systematic uncertainty in the

electron spectrum (Figure 34) is shown in Figure 35 on the right. For each electron spectrum, we find the

magnetic field that gives the best fit to the microwave data. We find B = 8.4 ± 0.2[stat]+11.2
�3.5 [syst] µG,

where the value is for the baseline model, the statistical uncertainty is calculated using the statistical

errors of the WMAP and Planck haze spectra, the systematic uncertainty is due to modeling of the

gamma-ray foregrounds and the definition of the template of the bubbles. The allowed magnetic fields

are approximately in the range from 5 to 20 µG. A larger index (softer spectrum) corresponds to a greater

number density of electrons at lower energies; in this case the magnetic field is ⇥ 5µG. A harder index

requires a magnetic field of ⇥ 20µG. The uncertainties of the index and magnetic field are due to large

uncertainties in the distribution of electrons around 10 � 30 GeV. We note that the spectrum of the

microwave haze was obtained for latitudes �35⇥ < b < �10⇥ (Pietrobon et al. 2012), i.e., the derived

magnetic field corresponds to the region of the bubbles encompassed by these latitudes. At higher

latitudes the microwave haze emission has smaller intensity, which can be explained if the magnetic field

decreases with height above the Galactic plane.

The main contribution to the IC signal comes from electrons at energies > 100 GeV. We show in

2) hadronic origin 
interaction with ionized 
gas 
time scale for 
interaction Gyr

many open issues still: 
how are CRs transported with 
no energy losses,  
sharp edges...

origin of the emission? Planck map

– 46 –

7.2. Hadronic model of the bubbles

For the calculation of the spectrum of gamma rays produced in hadronic interactions, we use the

cross sections described in Kamae et al. (2006) and Karlsson & Kamae (2008), which are implemented

in the cparamlib package11. In this analysis, we consider only proton cosmic rays in the hadronic model

of the gamma-ray emission in the bubbles. We parameterize the spectrum of the protons as a function

of momentum. A power law with an exponential cuto� spectrum of the CR protons

dn(p)

dp
⇤ p�ne�pc/Ecut (16)

gives a better fit at high energies than a simple power-law spectrum (Figure 36). The parameters of the

power law with a cuto� function are n = 2.13± 0.01[stat]+0.15
�0.52[syst] and Ecut = 14± 7[stat]+6

�13[syst] TeV.

In order to estimate the amount of energy in hadronic cosmic rays required to produce the gamma-ray

signal, one needs to know the density of gas inside the bubbles. We take into account only ionized

hydrogen and we use nH = 0.01 cm�3 as a reference value for the density12. It is of the same order of

magnitude as the plasma density nH ⇥ 0.0035 cm�3 at 2 kpc above the Galactic center (Snowden et al.

1997).
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Fig. 36.— Primary gamma-ray emission of hadronic model of the Fermi bubbles spectrum using a simple power

law or a power law with an exponential cuto� for the spectrum of protons.

The total energy in hadronic CRs above 1 GeV required to produce the gamma rays is (3.5 ±
0.1[stat]+4.7

�3.0[syst]) � 1055
�
0.01 cm�3

nH

⇥
erg. Including heavier nuclei may change this estimate. However,

the evaluation of this e�ect depends on the uncertain composition of CRs and gas in the bubbles, hence

it is beyond the scope of the modeling in this paper. In the relevant energy range of the proton kinetic

11https://github.com/niklask/cparamlib

12Note, that the gamma-ray emissivity integrated along the line of sight, which is relevant for the template fitting, is

dominated by H I from the local ring, while the emissivity a few kpc above the Galactic plane is dominated by ionized

hydrogen.

Fermi LAT coll., ApJ, 2014, 1407.7905.
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[Planck coll., A&A, 2013]



Origin of the excess?

FB likely originated in a past transient 
event 

Independent evidence for more recent 
energy injections 

Inverse Compton emission from electrons 
injected during an energetic burst event 
~Myr ago could explain properties of the 
excess 

[Petrovic, Serpico, GZ, 1405.7928] 

Individually unresolved point sources?
how can we tell?

discover gamma-ray pulsation - hard, too 
few photons  
discover radio pulsation - might be possible 
with the SKA  
use statistical properties of the LAT data to 
determine if the signal is ‘point source-like’

�.

An observational challenge
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~10σ confidence that it is point 
source like 
such population could explain the 
full excess

[Bartels+, 2015  
Lee+, 2015] 

http://arxiv.org/abs/arXiv:1405.7928


Zooming In 
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milli second pulsars

traditional pulsars

MSPs: older, 109yrs (vs 104yrs ordinary pulsars)  
-> migrate further from the origin and spatial distribution less constrained

pulsars come in two kinds

What is the origin of the GCE?



Bartels+: Wavelet transform (spatially constrained Fourier transform) of inner Galaxy data 
-> filters out structures of a specific size (point sources) while removing diffuse emission.

(astro) Interpretation 02: 

Unresolved population of milli second pulsars 
 

Histogram of peaks and MC results: point source like excess more high significance 
peaks and less low significance peaks. 

��
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Histogram of peaks and MC results: point source like excess more high significance 
peaks and less low significance peaks. 
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(astro) Interpretation 02: 

Unresolved population of milli second pulsars 
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Millisecond pulsars – where?
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(astro) Interpretation 02: 

Unresolved population of milli second pulsars 
 Results: 

- For a luminosity function index around 1.5, a MSP population with the best-fit 
normalization would reproduce 100% of the excess emission 
- Lee+15, finds that ~60 MSPs just below the threshold cold explain the excess.
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Figure 1. Numbers of simulated MSPs in our regions of interest (
⌅
b2 + l2 ⇥ 5⇥, |b| ⇤ 2⇥ ) in

0.2 logarithmic size gamma-ray flux bins, for parameter values spanning our parameter space:
we explore the values of the maximal luminosity of MSP, Lmax = 1. (1.5, 3.) � 1037 [ph s�1]
shown with (Solid) (Long-Dashed, Dot-Dashed) lines. Each color band shows results for three
assumptions on the luminosity index �L varying between 2 (Orange), 1.5 (Blue) and 1 (Green),
shown respectively from top to bottom, on the left of the figure. Note that the lines corresponding
to the same value of �L (same color band) but di�erent Lmax (linestyles) are intersecting, as
indicated by the di�erent intensity of color shading. Vertical lines show the current Fermi LAT
point source sensitivity in our ROI taken from [22] (Solid line) in addition to two times improved
(Dashed) and four times improved (Dotted line) sensitivity.

�L = 1 �L = 1.5 �L = 2

F (> 10�10 ph cm�2 s�1)/ F (> 4 10�12 ph cm�2 s�1) 94% 82% 52%

Table 4. Ratio of the cumulative flux of the simulated MSP sample above the flux of 10�10 ph
cm�2 s�1, to the total cumulative flux calculated above our lowest flux bin, 4 � 10�12 ph cm�2

s�1. Numbers are given for the case with Lmax = 1.5� 1037 ph s�1.

events as large as 3 would still be compatible at 95% with a lack of observations. Note
that at the moment it is unclear if/how many MSPs from this region of the sky have been
detected, yet. This is a tricky problem since the definitions of a source detection and its
identification as belonging to a particular class of objects may di�er. In the case of the
2PC catalog used for this study, additional requirements are clearly demanded to enter the
catalog, such as detection of a pulsation from the source. The numbers obtained in our table
are in this respect optimistic, representing a number of spectrally identified ‘pulsar like’

10

CONs:  
2. too many MSPs should have been detected as point sources

Petrovic, Serpico, GZ, 
JCAP(2014),1411.2980 

Simulate MSP population with 
parameters within their 
uncertainty ranges - and only 
at the high luminosity end 
(most relevant, but 
incomplete sample).  

Fermi PS sensitivity

find 1-20 MSPs above the 
threshold - (3FGL a dozen of 
pulsar like unIDs in that region) 

Is this robust? We have only probed local population - have a complete 
sample only over a narrow range of luminosities. 

(astro) Interpretation 02: 

Unresolved population of milli second pulsars 
 

http://arxiv.org/abs/arXiv:1405.7928


Fermi LAT analysis with the pass8 80m of data.  
pass 8: improved direction and energy reconstruction, better background rejection, a wider energy 
range, and significantly increased effective area at the high- and low-energy ends.

DM search in the inner Galaxy
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[A. Albert, APS 2016 meeting]

updated Fermi LAT analysis (preliminary)

uncertainties due to the method used to 
partition the gas along the line of sight, as well 
as uncertainties related to the input interstellar 
tracer data and their angular resolution.
This method is not 385 applicable toward 
the Galactic center (and anticenter) because 
in those directions the velocity from circular 
motion is almost perpendicular to the line of 
sight. Also, in the case of CO, for clouds in the 
central molecular zone (CMZ) tidal streams 
largely dominate over regular circular 388
motion 


