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Indirect detection

Credit: NASA/General Dynamics

Fermi Gamma-ray Space Telescope
[gamma rays and cosmic rays]

Cherenkov Telescope Array 
[gamma rays and cosmic rays]
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AMS-02 [cosmic rays]

IceCube
[neutrinos]



CosmoCruise | September 6, 2015J. Gaskins

Particle dark matter candidates
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Assume dark matter is a WIMP (weakly-
interacting massive particle):

• weak interactions with Standard 
Model

• GeV - TeV mass scale

• can pair annihilate or decay to 
produce Standard Model particles
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Other candidates for indirect searches

9

• Sterile neutrinos

• viable warm or cold DM candidate depending on 
production mechanism

• radiatively decay to active neutrinos producing a 
photon line at half the sterile neutrino mass

• most currently viable parameter space is for 1-100 
keV mass (X-ray energies)

• responsible for claimed 3.5 keV line?

• Superheavy dark matter (mass > 1012 GeV) 

• non-thermal relic

• can annihilate or decay to SM particles, such as ultra-
high-energy cosmic rays or neutrinos
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adapted from Bertone 2007
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the Galactic center, in terms of DM annihilation. The dis-
covery of an EGRET source in the direction of Sgr A*
was in fact a potentially perfect signature of the existence
of particle DM, as thoroughly discussed in (Stecker 1988;
Bouquet et al. 1989; Berezinsky et al. 1994; Bergstrom
et al. 1998; Bertone et al. 2001; Cesarini et al. 2004;
Fornengo et al. 2004). However, it was subsequently real-
ized that the EGRET source could have been slightly offset
with respect to the position of Sgr A*, a circumstance clearly
at odds with a DM interpretation (Hooper and Dingus 2004).

Recently the gamma-ray telescope HESS has detected
a high energy source, spatially coincident within 1′ with
Sgr A* (Aharonian et al. 2004) and with a spectrum extend-
ing above 20 TeV. Although the spatial coincidence is much
more satisfactory than in the case of the EGRET source, the
“exotic” origin of the signal is hard to defend, since the im-
plied mass scale of the DM particle (well above 20 TeV,
to be consistent with the observed spectrum) appears to be
difficult to reconcile with the properties of commonly stud-
ied candidates, and the fact that the spectrum is a power-law,
then, points towards a standard astrophysical source (see e.g.
the discussion Profumo 2005). The galactic center, however,
remains an interesting target for GLAST, since it will ex-
plore a range of energies below the relatively high thresh-
old of HESS, where a DM signal could be hiding (Zahari-
jas and Hooper 2006). The recent claim that the profile of
large galaxies could be much more shallow than previously
thought (Mashchenko et al. 2006), should not discourage
further studies, especially in view of the possible enhance-
ment of the DM density due to interactions with the stellar
cusp observed at the Galactic center (Merritt et al. 2007).

The detection of a signal from the Galactic center would
be extremely interesting, but can it prove the existence of
DM? Realistically, one may hope to observe, at most, a
“bump” above the background. Without peculiar spectral
features it would be hard to claim discovery of DM, unless
a fit of the spectrum points towards a mass compatible with
the eventual findings of new physics searches at accelera-
tors. Figure 1 illustrates the difficulties associated with the
unambiguous identification of a DM signal. Any excess, at
any energy, could in principle be explained in terms of DM
particles with appropriate properties: the normalization of
the flux can be adjusted by changing the distribution of DM
particles, the energy scale can be varied over several orders
of magnitude, taking advantage of our ignorance on the DM
mass scale; even the slope can be modified, since different
annihilation channels lead to different spectra.

This doesn’t mean that the tentative identifications pre-
sented above are ruled-out: the signature of DM could have
been already found in one or several sets of data, and all
the above claims should be taken seriously and further in-
vestigated without prejudice, especially in view of the fact
that we don’t know what DM is! However, it is important to

Fig. 1 The problem with indirect searches: the lack of constraints on
the mass scale, the profile and the leading annihilation channel, leads
to uncertainties on the energy scale and on the spectrum normalization
and shape respectively

look for clear smoking-gun of DM annihilation, and study
theoretical scenarios with unambiguous signatures that can
be tested with present and future experiments. To this aim,
we summarize in the next section some recently proposed
ideas that go precisely in this direction, and that may shed
new light on the nature of particle DM.

4 New strategies

Before starting the discussion of new strategies for the un-
ambiguous detection of DM, we recall the first, and more
clear signature that one may hope to detect: distinctive spec-
tral features, and in particular annihilation lines. This has
been discussed thoroughly in literature, and although it ap-
pears unlikely that commonly discussed candidates such as
the supersymmetric neutralino, possess prominent enough
feature to be detected with current or upcoming experi-
ments, it is probably good to keep this possibility in mind,
and to search future gamma-data for signatures of this kind.

4.1 Gamma-ray background

Although most searches have focused on the identification
of point-sources associated with regions where DM accumu-
lates, it is interesting to ask what the gamma-ray background
produced by the annihilations of DM in all structures, at any
redshift, would be. The first calculation of this type was per-
formed in (Bergstrom et al. 2001), and then further studied
in (Taylor and Silk 2003; Ullio et al. 2002). The annihilation
background can be expressed as
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Anomalies!
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Credit: Jester @ http://resonaances.blogspot.com

http://resonaances.blogspot.com


CosmoCruise | September 6, 2015J. Gaskins

Anomalies!

12

Credit: Jester @ http://resonaances.blogspot.com

indirect detection
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Indirect detection: selling points

13

• only way to identify particle DM in an 
astrophysical context

• needed to show that a DM candidate detected at 
a collider or in a lab indeed is the cosmological 
DM and is stable on cosmological timescales

• for WIMPs, there is a theoretical prediction for 
the total annihilation cross section

• anomalies!
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Indirect messengers
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Instruments Advantages Challenges

Gamma-ray 
photons

Fermi, HESS(-II), VERITAS, 
MAGIC, CTA, GAMMA-400, 

DAMPE, ASTROGAM

point back to source, 
spectral signatures

backgrounds, attenuation

Neutrinos
IceCube/DeepCore/PINGU, 

ANTARES, KM3NET, 
Super-K, Hyper-K

point back to source, 
spectral signatures

low statistics, backgrounds

Charged 
particles

PAMELA, AMS(-02), 
ATIC, ACTs, Fermi, CTA, 

CALET, GAPS

antimatter hard to produce 
astrophysically

diffusion, propagation 
uncertainties, don’t point 

back to sources

Multiwavelength 
emission

[radio to X-ray telescopes!]
often better angular 

resolution, more statistics, 
different backgrounds

depends on assumptions 
about environment for 
secondary processes
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The Fermi Large Area Telescope (LAT)

15

• launched June 2008

• 20 MeV to > 300 GeV

• angular resolution:

•  ~ 0.1 deg above 10 GeV

• ~ 1 deg at 1 GeV

Credit: NASA/General Dynamics

Fermi data and analysis 
tools are public!
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Log10( Intensity / K  [1030 cm-2 s-1 sr-1] )
-14 -9-12 -7

Image Credit: JG 2008

Dark matter in the gamma-ray sky
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Log10( Intensity / K  [1030 cm-2 s-1 sr-1] )
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Image Credit: JG 2008

Dark matter in the gamma-ray sky
The inner galaxy

The Milky Way 
halo

The Sun

Anisotropies

Dwarf 
galaxies

Spectral 
lines

Unassociated sources 
(subhalos?)

The isotropic gamma-ray 
background

Galaxy 
clusters
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Image Credit: NASA/DOE/International LAT Team

The Fermi LAT gamma-ray sky

5 years, E > 1 GeV
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A dark matter signal in the Inner Galaxy?
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• Using Fermi LAT data, multiple groups have claimed an excess at a few GeV from the Galactic 
Center and higher Galactic latitudes.  The excess has been interpreted as emission from dark 
matter (DM) annihilation and/or unresolved millisecond pulsars (MSPs).

A dark matter signal in the Inner Galaxy?
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see: Hooper & Goodenough 2011, Morselli, Cañadas, Vitale (Fermi LAT) 2011, Abazajian & Kaplinghat 
2012, Hooper & Slatyer 2013, Gordon & Macías 2013, Abazajian et al. 2014, Daylan et al. 2014, Calore et al. 

2014, and others
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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.

Daylan et al. 2014
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• Energy spectrum of the excess:

• can be fit by DM with mass of ~10-40 GeV, depending on annihilation channel

• uncomfortably similar to MSPs

• Excess is spatially extended:

• if from annihilation, need possibly steep DM density profile r-γ with γ = 1.0-1.4

• uncertain if MSPs could explain large extension and steep profile

• To generate amplitude of the excess:

• requires roughly thermal relic DM annihilation cross section

• for the Galactic Center would require a few thousand MSPs, which seems plausible

• for higher Galactic latitudes (|b|>10 deg), hard to explain with MSP models

A dark matter signal in the Inner Galaxy?
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Excess over what?

• Galactic diffuse emission associated 
with cosmic-ray interactions (sum 
of many processes)

• isotropic gamma-ray background 
(measured)

• detected gamma-ray sources (e.g., 
pulsars, supernova remnants)

19

(circles = sources)

JG 2015 (in prep) 

Fermi LAT data
observed counts (1-35 GeV)

What’s in the model:
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• Galactic diffuse emission associated 
with cosmic-ray interactions (sum 
of many processes)

• isotropic gamma-ray background 
(measured)

• detected gamma-ray sources (e.g., 
pulsars, supernova remnants)

19

(circles = sources)

JG 2015 (in prep) 

Fermi LAT data
observed counts (1-35 GeV)

What’s in the model:

What’s not in the model:
• unresolved gamma-ray sources

• dark matter
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FIG. 6: Intensity maps (in galactic coordinates) after subtracting the best-fit Galactic di↵use model, Fermi bubbles, and
isotropic templates. At energies between ⇠0.5-5 GeV (i.e. in the first three frames), the dark-matter-like emission is clearly
visible around the Galactic Center.

analysis of Ref. [8], the cut on CTBCORE significantly
hardens the spectrum at energies below 1 GeV, render-
ing it more consistent with that extracted at higher lati-
tudes (see Appendix A). Shown for comparison (as a 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. The
spectrum of this component is in good agreement with
that predicted by this dark matter model, yielding a fit
of �2 = 26.4 over the 25 error bars between 0.3 and 100
GeV. We also note that the spectral shape of the dark
matter template is quite robust to variations in �, except
at energies below ⇠ 600 MeV, where the spectral shape

can vary non-negligibly with the choice of inner slope (see
Appendix C).

In Fig. 6, we plot the maps of the gamma-ray sky in
four energy ranges after subtracting the best-fit di↵use
model, Fermi Bubbles, and isotropic templates. In the
0.5-1 GeV, 1-2 GeV, and 2-5 GeV maps, the dark-matter-
like emission is clearly visible in the region surrounding
the Galactic Center. Much less central emission is vis-
ible at 5-20 GeV, where the dark matter component is
significantly less bright.

Daylan et al. 2014

(for best-fit model w/o dark matter component)
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FIG. 6: Intensity maps (in galactic coordinates) after subtracting the best-fit Galactic di↵use model, Fermi bubbles, and
isotropic templates. At energies between ⇠0.5-5 GeV (i.e. in the first three frames), the dark-matter-like emission is clearly
visible around the Galactic Center.

analysis of Ref. [8], the cut on CTBCORE significantly
hardens the spectrum at energies below 1 GeV, render-
ing it more consistent with that extracted at higher lati-
tudes (see Appendix A). Shown for comparison (as a 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. The
spectrum of this component is in good agreement with
that predicted by this dark matter model, yielding a fit
of �2 = 26.4 over the 25 error bars between 0.3 and 100
GeV. We also note that the spectral shape of the dark
matter template is quite robust to variations in �, except
at energies below ⇠ 600 MeV, where the spectral shape

can vary non-negligibly with the choice of inner slope (see
Appendix C).

In Fig. 6, we plot the maps of the gamma-ray sky in
four energy ranges after subtracting the best-fit di↵use
model, Fermi Bubbles, and isotropic templates. In the
0.5-1 GeV, 1-2 GeV, and 2-5 GeV maps, the dark-matter-
like emission is clearly visible in the region surrounding
the Galactic Center. Much less central emission is vis-
ible at 5-20 GeV, where the dark matter component is
significantly less bright.

Daylan et al. 2014

dark matter?

(for best-fit model w/o dark matter component)
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FIG. 6: Intensity maps (in galactic coordinates) after subtracting the best-fit Galactic di↵use model, Fermi bubbles, and
isotropic templates. At energies between ⇠0.5-5 GeV (i.e. in the first three frames), the dark-matter-like emission is clearly
visible around the Galactic Center.

analysis of Ref. [8], the cut on CTBCORE significantly
hardens the spectrum at energies below 1 GeV, render-
ing it more consistent with that extracted at higher lati-
tudes (see Appendix A). Shown for comparison (as a 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. The
spectrum of this component is in good agreement with
that predicted by this dark matter model, yielding a fit
of �2 = 26.4 over the 25 error bars between 0.3 and 100
GeV. We also note that the spectral shape of the dark
matter template is quite robust to variations in �, except
at energies below ⇠ 600 MeV, where the spectral shape

can vary non-negligibly with the choice of inner slope (see
Appendix C).

In Fig. 6, we plot the maps of the gamma-ray sky in
four energy ranges after subtracting the best-fit di↵use
model, Fermi Bubbles, and isotropic templates. In the
0.5-1 GeV, 1-2 GeV, and 2-5 GeV maps, the dark-matter-
like emission is clearly visible in the region surrounding
the Galactic Center. Much less central emission is vis-
ible at 5-20 GeV, where the dark matter component is
significantly less bright.

Daylan et al. 2014

dark matter?

(for best-fit model w/o dark matter component)
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Can the GeV excess be millisecond pulsars?

21

(circles = sources)

• first, note that only a few dozen MSPs have been detected in 
gamma rays; Galactic MSP population could be ~ 10k!  We’ve 
only seen the tip of the iceberg.

• adopt a spatial model and luminosity function for the MSPs, 
calibrated to detections in radio (start with base model of 
Faucher-Giguere & Loeb 2010)

• from model, calculate flux distribution of MSPs for |b|>10 deg

• (at low Galactic latitudes, model and observational uncertainties 
are larger)

Can unresolved MSPs produce the high-latitude excess?
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source count distribution (|b|>10 deg) 5

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] (h|z|i = 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|/h|z|i), (1)

where r and z describe the location in cylindrical coor-
dinates. To begin, we will consider values of �r = 5 kpc
and h|z|i = 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

Unresolved sources
(contribute to diffuse)

Resolved sources
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compared to that predicted in the base model of Ref. [21] (h|z|i = 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|/h|z|i), (1)

where r and z describe the location in cylindrical coor-
dinates. To begin, we will consider values of �r = 5 kpc
and h|z|i = 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

Unresolved sources
(contribute to diffuse)

Resolved sources

base model can roughly account for the amplitude of Inner Galaxy 
excess, but strongly overpredicts number of Fermi-detected MSPs
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FIG. 9: Top: As in Fig. 6, but for parameters which yield flux distributions which are in reasonable agreement with observations.
Bottom: The observed gamma-ray flux (after subtracting inverse Compton emission) between 1.9 and 3.5 GeV from the regions
associated with the Fermi Bubbles, in five latitude bands (|b| = 1� � 10�, 10� � 20�, 20� � 30�, 30� � 40�, and 40� � 50�),
compared to the prediction from MSPs in the same four models used in the upper frames. In each case, only ⇠5-10% of the
observed emission can be accounted for by millisecond pulsars. See text for details.

lower choice of B
0

used in each frame (dot-dashed), we
approximately saturate the observed source distribution.
The distributions shown for slightly larger values of B

0

should be considered more realistic, many of the sources
included in the dashed histogram are likely to be sources
other than MSPs (in particular among Sybil’s inconclu-
sive sources). In the lower frames of Fig. 9, we show the
gamma-ray flux at 1.9-3.2 GeV (the approximate peak of
the observed excess) observed by Fermi from various lat-
itude ranges of the Inner Galaxy [11], and compare this
to the predicted flux in the same four MSP population
models. Clearly these models cannot account for the ob-
served emission, falling short in each case by a factor of

⇠10-20.4

4
In calculating the contribution to the di↵use gamma-ray emis-

sion as shown in the lower frames of Fig. 9, we have treated

any MSP with a flux less than 4.1 ⇥ 10

�10
cm

�2
s

�1
above 1

GeV as unresolved and included its emission in the prediction

for the di↵use flux. In light of the hard spectra of MSPs, this is

a fairly conservative threshold, and we expect most MSPs with

fluxes above ⇠ 2.4⇥ 10

�10
cm

�2
s

�1
to be resolved (see Fig. 6

of Ref. [17]). At high-latitudes, this provides a reasonable upper

limit for the contribution to the di↵use flux. At lower-latitudes,

however, some MSPs slightly brighter that our assumed thresh-

old may go unresolved. If we increase our point source threshold

by a factor of 2 (as is appropriate for sources at |b| ' 10

�
[20]),

we find that the low-latitude di↵use flux approximately doubles,

still falling well short of that required to explain the observed

Can the GeV excess be millisecond pulsars?

23
Hooper, Cholis, Linden, JG, Slatyer 2013 
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compared to the prediction from MSPs in the same four models used in the upper frames. In each case, only ⇠5-10% of the
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Latitude dependence of excessSource count distribution
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  Yuan & Zhang 2014 claim MSPs ok with softer luminosity function.
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FIG. 9: Top: As in Fig. 6, but for parameters which yield flux distributions which are in reasonable agreement with observations.
Bottom: The observed gamma-ray flux (after subtracting inverse Compton emission) between 1.9 and 3.5 GeV from the regions
associated with the Fermi Bubbles, in five latitude bands (|b| = 1� � 10�, 10� � 20�, 20� � 30�, 30� � 40�, and 40� � 50�),
compared to the prediction from MSPs in the same four models used in the upper frames. In each case, only ⇠5-10% of the
observed emission can be accounted for by millisecond pulsars. See text for details.

lower choice of B
0

used in each frame (dot-dashed), we
approximately saturate the observed source distribution.
The distributions shown for slightly larger values of B

0

should be considered more realistic, many of the sources
included in the dashed histogram are likely to be sources
other than MSPs (in particular among Sybil’s inconclu-
sive sources). In the lower frames of Fig. 9, we show the
gamma-ray flux at 1.9-3.2 GeV (the approximate peak of
the observed excess) observed by Fermi from various lat-
itude ranges of the Inner Galaxy [11], and compare this
to the predicted flux in the same four MSP population
models. Clearly these models cannot account for the ob-
served emission, falling short in each case by a factor of

⇠10-20.4

4
In calculating the contribution to the di↵use gamma-ray emis-

sion as shown in the lower frames of Fig. 9, we have treated

any MSP with a flux less than 4.1 ⇥ 10

�10
cm

�2
s

�1
above 1

GeV as unresolved and included its emission in the prediction

for the di↵use flux. In light of the hard spectra of MSPs, this is

a fairly conservative threshold, and we expect most MSPs with

fluxes above ⇠ 2.4⇥ 10

�10
cm

�2
s

�1
to be resolved (see Fig. 6

of Ref. [17]). At high-latitudes, this provides a reasonable upper

limit for the contribution to the di↵use flux. At lower-latitudes,

however, some MSPs slightly brighter that our assumed thresh-

old may go unresolved. If we increase our point source threshold

by a factor of 2 (as is appropriate for sources at |b| ' 10

�
[20]),

we find that the low-latitude di↵use flux approximately doubles,

still falling well short of that required to explain the observed

Can the GeV excess be millisecond pulsars?
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adjusting MSP model parameters to better reproduce the 
observed source counts leads to models that cannot 

explain the amplitude of the observed excess 

data

model

Latitude dependence of excessSource count distribution

Cholis et al. 2014 claim MSPs can only 
contribute a few percent of the excess, based 

on X-ray binary population.

  Yuan & Zhang 2014 claim MSPs ok with softer luminosity function.

 Petrović et al. 2014 say depends on assumed luminosity function, currently can’t 
exclude MSPs.
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Bed of Procrustes
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Statistics of the Inner Galaxy emission

• GeV excess analyses to date have used spatial templates based on the 
average properties of the emission from DM or sources because we 
do not know the locations of unresolved sources

• real data contains information that is lost in spatial models which 
represent average source emission

• we will use statistical information in the emission to constrain the 
properties of its contributors

25
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sources map DM map

Statistical properties of diffuse emission

• diffuse emission arising from point sources has different clustering 
properties than emission from a smooth source (such as DM 
annihilation in the Inner Galaxy)

• can use the 1pt-PDF (# of pixels with k counts vs k counts) to 
characterize the clustering properties
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The 1pt-PDF

• in the case of uniform 
exposure, the 1pt-PDF 
for a truly isotropic 
source will be Poisson-
distributed

• sources feature a larger 
high-count tail and 
larger low count tail at 
the expense of the 
moderate-count regime

27

– 12 –

Fig. 2.— Left plot: nk is the number of pixels with k photons, the red dots correspond to pixel

counts derived from Fermi data, the errors bars are equal to
√
nk. We consider three sources: AGN-like

point sources (blue dotted line), isotropic Poisson contribution (brown dashed line), and non-isotropic

Galactic diffuse emission (black dash-dotted line). Note, that the total model on this plot is not the sum

of the components, the corresponding generating function of the PDF is a product of the generating

functions in Equation (20). Npoints corresponds to the number of points on the x-axis that we have used

for fitting, k < 500. Right plot: green solid line is the physical model for the AGN-like source counts,

blue dotted line is the source counts in pixels in the presence of PSF (Equation (12)), points represent

expected number of m-photon sources per deg2 as defined in Equation (11), blue star is the value of the

isotropic flux.

At smaller position of the break the contribution of point sources becomes larger (qps ∼ 0.3

for the left point in Figure 3) but the fit has smaller likelihood. It would be interesting to estimate

constraints on models involving high redshift AGNs to explain the unresolved part of the EGB

(e.g., Abazajian et al. 2010; Neronov & Semikoz 2011) using the statistics of photon counts.

We can also put an approximate lower bound of 51% on Galactic diffuse emission, and

an approximate upper bound of 32% on isotropic emission consistent with Poisson statistics.

In terms of the absolute flux values, the total gamma-ray flux above 1 GeV for |b| > 30◦ is

Ftot = 1.75 × 10−6 s−1cm−2sr−1, the diffuse Galactic flux is FGal > 8.8 × 10−7 s−1cm−2sr−1,

the isotropic component of the flux is Fisotr = (5.6 ± 0.6) × 10−7 s−1cm−2sr−1, the flux from

AGN-like point sources with dN/dS parameters given in Table 1 and in Figure 2 is FPS =

(3.0± 0.4)× 10−7 s−1cm−2sr−1.

Using this value of the total flux from AGN-like point sources, we can estimate the gamma-

Malyshev & Hogg 2011 

NB: 1pt-PDFs are NOT additive
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1pt-PDF analysis of the Inner Galaxy

• > 6 years of Fermi LAT data, Pass 8

• ROI: +/- 7.5 deg box centered on the Galactic Center

• energy range: 1-6 GeV (optimized to maximize GeV excess signal / 
Galactic diffuse background) 

• today showing results of simulations only, NO DATA
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Models to reproduce the GC excess

• spatial distribution: DM annihilation profile

• energy spectrum to match the excess

• amplitude to match excess in ROI

29

empirical models for DM and sources based 
on observed properties of excess:

(today showing results 
for standard NF W 

profile; steeper profiles 
easier to distinguish from 

Galactic diffuse) 

source flux distribution (dN/dS)

• dN/dS ~ S-alpha 

• distribute sources up to catalog threshold
(today showing results 

for alpha=-1) 
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Inner Galaxy Components

• resolved 
sources 
(catalog)

• Galactic diffuse

• unresolved 
sources

• dark matter

• IGRB (included 
in model, but 
subdominant 
and not shown 
here)

30

Galactic diffuse

unresolved sources dark matter

resolved sources
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GAL+2FGL+ISO+
unresolved sources

GAL+2FGL+ISO+
dark matter

Total emission models

GAL+CAT+ISO+
unresolved sources

GAL+CAT+ISO+
dark matter
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1pt-PDF

CAT: most pixels with 
very few counts

GAL: most pixels with
moderate counts

PRELIMINARY
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SRC: more low- 
and high-count 

pixels

1pt-PDF

PRELIMINARY
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1pt-PDF (zoomed on low-count range)
w/ sources

w/ DM
PRELIMINARY

offset between 
distributions is 
clear even with 
backgrounds
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Fitting multiple contributions to 1pt-PDF

• we take a simulation-based approach to predict the 1pt PDF from 
models

• models are convolved with Fermi instrument response, correctly 
accounting for nonuniform exposure, PSF

• best-fit model parameters are determined by likelihood analysis

35

(in progress)

See also recent work by:
Lee et al. 2015 (non-Poissonian template fit)
Bartels, Krishnamurthy, & Weniger 2015 (wavelet analysis)
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Fitting multiple contributions to 1pt-PDF

• we take a simulation-based approach to predict the 1pt PDF from 
models

• models are convolved with Fermi instrument response, correctly 
accounting for nonuniform exposure, PSF

• best-fit model parameters are determined by likelihood analysis

35

(in progress)

(stay tuned!)

See also recent work by:
Lee et al. 2015 (non-Poissonian template fit)
Bartels, Krishnamurthy, & Weniger 2015 (wavelet analysis)
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Imaging atmospheric Cherenkov telescopes (IACTs)

36

Image credit: H.E.S.S. Collaboration
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The Cherenkov Telescope Array

• next-generation gamma-ray observatory 
with > 100 telescopes

• will trigger as low as ~ few tens of GeV 
(compared to ~ 100 GeV for current 
IACTs)

• open observatory

• designed to operate for 30 years

• Northern and Southern sites

• Southern: in Chile, near Paranal

• Northern: La Palma, Canary 
Islands, Spain

• 27 nations, ~ €300M

37

Image credit: CTA Collaboration
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Current and future capabilities

• stuff about radio observations of the inner galaxy

• stuff about angular resolution of future gamma-ray instruments

38

LAT and CTA is the same at a given energy, the Fermi-LAT will be able to
do a better measurement of a source. While HAWC’s performance in these
quantities is rather modest, its main goal is to detect new sources and study
variability and find transients. HAWC is not shown in Figure 1 as differ-
ential sensitivity curves has not been provided by the HAWC collaboration
and indeed, it is not the relevant quantity for the aforementioned goals. In
the energy range at which this study is focused, HAWC is not competitive
with the Fermi-LAT and CTA except perhaps for the detection of very short
timescale transients such as GRBs.
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Figure 2: Left: Angular resolution for Fermi-LAT [29] and CTA [30]. H.E.S.S. [31] and
HAWC [32] are shown as examples for a current-generation IACT and for a next-generation
water Cherenkov detector. Also shown is the limiting angular resolution that could be
achieved if all Cherenkov photons emitted by the particle shower could be detected [33].
The CTA curve has not been optimized for angular resolution and enhanced analysis
techniques are expected to improve this curve. Right: Energy resolution for Fermi-LAT
and CTA. Shown is the 68% containment radius around the mean of the reconstructed
energy. It is evident that the energy resolution of Fermi-LAT in the overlapping energy
range is significantly better than the CTA resolution.

2. The SensitivityModel

The sensitivity of gamma-ray detectors is determined by three basic char-
acteristics: the effective collection area, residual background rate and angular
resolution, all of which are typically a strong function of gamma-ray energy.

5

Funk et al. 2012

(limit for IACTs)
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IACTs vs Fermi LAT

• IACTs have much larger effective area (Fermi LAT effective 
area ~ 0.8 m2 vs ~ 106 m2 for CTA), allowing sensitivity to 
smaller fluxes at higher energies

• IACTs have a large irreducible cosmic-ray background 
whereas the LAT can reject charged CRs at high efficiency

➡ this is a major challenge for searches for extended 
signals, such as dark matter annihilation in the Inner 
Galaxy

39
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Comparison of targets

40

Carr et al. 2015 (CTA Consortium)

500h, WW, different targets

(statistical errors only)

SENSITIVITY OF MAIN TARGETS

12/15J. Carr, ICRC 2015

• For Galactic Halo with 
cuspy profile CTA can 
probe below thermal 
cross-section

• Systematics must be 
controlled to attain 
statistically possible 
sensitivity

CTA Halo/Sculptor: 
30 GeV threshold

CTA LMC: 200 GeV 
threshold

CTAFermi

HESS

SYSTEMATICS MUST BE 
CONTROLLED EXTREMELY 

WELL TO ACHIEVE 
STATISTICALLY-POSSIBLE 

SENSITIVITY
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Summary

• this is an exciting time for indirect detection!

• the Galactic Center GeV excess is an intriguing possible dark matter 
signal, but it’s important to rule out non-exotic explanations before 
claiming a dark matter origin

• the 1pt-PDF may offer a unique and robust means of distinguishing 
between sources and a smooth distribution; recent analyses point to a 
source origin for the excess

• CTA will probe a large region of favored WIMP parameter space — an 
excellent WIMP dark matter detector
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