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Fritz Zwicky, 1933
The Coma Galaxy Cluster

Image Credit: NASA/JPL-Caltech/GSFC/SDSS

Early evidence for dark matter:
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Dark matter: evidence

• What kind of particle is 
dark matter?

• How does it interact 
with Standard Model 
particles?

• How does it affect 
structure in the 
Universe?
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Indirect detection: key questions

• What kind of particle is dark matter?

• How does it interact with Standard Model particles?

• How is it distributed in the Universe?  (And can this 
tell us about its particle properties?)
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How to detect particle dark matter?
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Particle dark matter candidates
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Star:ng with this prior… 

(Just take a look at the program…) 
Aspen, 2/8/2011  1 

Credit: Annika Peter

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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G. Jungman et al. JPhysics Reports 267 (1996) 195-373 221 

Using the above relations (H = 1.66g$‘2 T 2/mpl and the freezeout condition r = Y~~(G~z~) = H), we 
find 

(n&)0 = (n&f = 1001(m,m~~g~‘2 +JA+) 

N 10-S/[(m,/GeV)((~A~)/10-27 cm3 s-‘)I, (3.3) 

where the subscript f denotes the value at freezeout and the subscript 0 denotes the value today. 
The current entropy density is so N 4000 cmm3, and the critical density today is 
pC II 10-5h2 GeVcmp3, where h is the Hubble constant in units of 100 km s-l Mpc-‘, so the 
present mass density in units of the critical density is given by 

0,h2 = mxn,/p, N (3 x 1O-27 cm3 C1/(oAv)) . (3.4) 

The result is independent of the mass of the WIMP (except for logarithmic corrections), and is 
inversely proportional to its annihilation cross section. 

Fig. 4 shows numerical solutions to the Boltzmann equation. The equilibrium (solid line) and 
actual (dashed lines) abundances per comoving volume are plotted as a function of x = m,/T 
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Fig. 4. Comoving number density of a WIMP in the early Universe. The dashed curves are the actual abundance, and 
the solid curve is the equilibrium abundance. From [31]. 

Thermal relic dark matter
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• if DM is a WIMP produced 
thermally in the early 
universe, its pair 
annihilation cross-section 
is related to the relic 
abundance today

• measured DM abundance 
gives prediction for the 
annihilation cross-section: 
<σv> ~ 3 x 10-26 cm3 s-1

Jungman, Kamionkowski, and Griest 1996

Evolution of comoving density of DM particles
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Other candidates for indirect searches
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• 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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Credit: Sky & Telescope / Gregg Dinderman

Indirect dark matter signals
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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]
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Anomalies!
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Credit: Jester @ http://resonaances.blogspot.com

http://resonaances.blogspot.com
http://resonaances.blogspot.com
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Anomalies!

12

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

indirect detection

http://resonaances.blogspot.com
http://resonaances.blogspot.com
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Indirect detection: selling points
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• 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! see also Dan Hooper’s talk
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Indirect messengers
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Instruments Advantages Challenges

Gamma-ray 
photons

Fermi, ACTs (HESS, 
VERITAS, MAGIC, CTA, 

GAMMA-400)

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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Predicting indirect signals

particle physics factor x astrophysics factor

several packages publicly-available to perform 
these calculations and more

15
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Calculating indirect signals
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Tools to calculate indirect signals

• DarkSUSY: http://www.fysik.su.se/~edsjo/darksusy/

• PPPC4DMID: http://www.marcocirelli.net/PPPC4DMID.html

17
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http://www.marcocirelli.net/PPPC4DMID.html
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Annihilation and decay spectra

particles produced at energies up to the dark 
matter mass for annihilation (half the mass for 
decay)

spectral shape encodes info about particle 
properties

spectra shown are source spectra in vacuum -- 
secondary processes can modify observed spectra

18
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Dark matter photon spectra

• “soft” channels: 
produce a continuum 
gamma-ray spectrum 
primarily from decay of 
neutral pions 

• “hard channels”: include 
final state radiation 
(FSR) associated with 
charged leptons in the 
final states

• line emission: γγ, Zγ, hγ 
(not shown), loop-
suppressed

19
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Spectra calculated with PPPC 4 DM ID [Cirelli et al. 2010]



J. Siegal-Gaskins SLAC Summer Institute | “Shining Light on Dark Matter” | August 10, 2014

Astrophys Space Sci (2007) 309: 505–515 509

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

Φ(E) = Ω2
DMρ2

c

8πH0

σv

m2
χ

∫ zmax

0
dz

∆2

h(z)
N(E′) (3)

Bertone 2007

Indirect dark matter signals
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The DM distribution

motivated by numerical simulation results, 
constrained by observations

DM density in inner part of halo goes as roughly r-Γ 
with Γ ≈ 1, but there is likely large variation 
between halos, and this is only weakly constrained 
for individual objects

presence of baryons can significantly modify the DM 
density

21
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The dark matter spatial distribution

Credit: Springel et al. (Virgo Consortium)



Log10( Intensity / K  [1030 cm-2 s-1 sr-1] )
-14 -9-12 -7

Image credit: JSG 2008

Dark matter annihilation signal
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Density profiles
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where Bf is the branching fraction of final state f , and dNf/dE is the photon spectrum from
annihilation or decay to the final state f . We calculate the photon spectrum for each final
state using DarkSUSY [47].

2.2 Density profiles

In light of the uncertainty in the DM distribution in the Inner Galaxy and the dependence
of the signal on it, we consider a range of density profiles. As benchmarks, we consider the
widely-used NFW profile [10], as well as the Einasto profile [11]. The NFW profile is given
by
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where r is the distance from the GC and rs is a scale radius, which indicates the transition
radius between where the density scales as r�1 and r�3. We fix rs = 20 kpc [13]. The Einasto
profile is described by
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where rs is a scale radius and a controls how rapidly the profile slope changes. We take
rs = 20 kpc and a = 0.17 [13].

To consider flatter and steeper profiles, we generalize the NFW profile as follows
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and vary the inner slope � from 0.5 to 1.5, fixing rs = 20 kpc as for the NFW and Einasto
profiles. The NFW profile corresponds to � = 1. For all density profiles, we normalize the
density at the solar circle to ⇢� = 0.43 GeV/cm3 [48].

The density profiles considered here are compared in Fig. 1. Fig. 2 shows the corre-
sponding J factors for annihilation and decay as a function of angle from the GC. Near the
GC the variation between J factors for different profiles for annihilation spans many more
orders of magnitude than the variation in the case of decay.

3 Observational setup

3.1 Observational capabilities of CTA

The CTA collaboration has explored the observational capabilities of several different possible
array configurations [49]. In this work, we adopt the simulated results for Array I, which
consists of 3 large size telescopes, 18 medium size telescopes and 56 small size telescopes.
We use the effective area and energy resolution obtained by the Paris-MVA analysis method
assuming Array I [49]. Several other array configurations have been adopted in other analyses,
in particular Arrays E and B were considered in the GC sensitivity analysis of [31]. Arrays I
and E are both balanced in terms of having a range of telescope sizes and good sensitivity over
a broad energy range. Array B is an example of a compact array, which is more optimized
for low energies and for DM studies tends to yield better sensitivity (as in [31]). In this work
we adopt Array I due to the fact that detailed information about its expected capabilities
that is necessary for this study (i.e., effective area and energy resolution) is readily available.
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Fig. 4. E↵ect of self-interacting dark matter (SIDM) on halo structure, from simulations by Rocha et al. (2013). The left panel shows a Milky Way mass CDM halo,
and the middle panel shows the same halo from an SIDM simulation with cross-section of 1 cm2 g�1. The structure and substructure are similar, but the SIDM halo is
rounder and less dense in the center. The right panel compares the density profiles of a CDM and SIDM halo, showing the core produced by elastic scattering. This halo has
M = 4.2⇥ 1013M

�

, but similar behavior is found at other halo masses.

WDM; recent examples include Polisensky & Ricotti (2011),
Anderhalden et al. (2012), Lovell et al. (2012), Macciò et al.
(2012), Schneider et al. (2012), and Angulo et al. (2013).

Warm dark matter is a “just-so” solution to CDM’s prob-
lems, requiring a particle mass (or free-streaming velocity)
that is tuned to the particular scale of dwarf galaxy halos.
However, the more serious challenge to WDM is observational,
for two reasons. First, WDM does too good a job in elim-
inating power on small scales; for a thermal relic of mass
m = 2 keV, there are too few subhalos in the Milky Way to
host the known satellite galaxies (Polisensky & Ricotti 2011).
It also appears in conflict with observations of strong-lens sys-
tems, which show evidence for a significant subhalo fraction
as well as the existence of small (108M

�

) subhalos (Dalal &
Kochanek 2002; Dobler & Keeton 2006; Vegetti et al. 2010a,b,
2012; Fadely & Keeton 2011, 2012). Second, suppressing pri-
mordial fluctuations on small scales alters the predicted struc-
ture of Lyman-↵ forest absorption towards quasars at high
redshift, where these scales are still in the quasi-linear regime
(Narayanan et al. 2000). Recent studies of the Lyman-↵ forest
set a lower limit on the dark matter particle mass of several
keV, high enough that the dark matter is e↵ectively “cold”
from the point of view of the cusp-core problem (Seljak et
al. 2006; Viel et al. 2008; but see Abazajian 2006 for a coun-
terclaim of a lower minimum particle mass). Even setting
these problems aside, it appears that WDM on its own does
not fix the shape of rotation curves across the full range of
galaxy masses where conflict with CDM is observed (Kuzio
de Naray et al. 2010). While some uncertainties in the nu-
merical simulations and observational data remain, it appears
that WDM cannot solve the cusp-core and missing satellite
problems while remaining consistent with Lyman-↵ forest and
substructure observations.

An alternative idea, made popular by Spergel & Stein-
hardt (2000), is that cold dark matter has weak interactions
with baryons but strong self-interactions. The required scat-
tering cross-section is roughly (m/g)�1 cm2 where m is the
particle mass; note that 1 cm2 g�1 ⇡ 1 barnGeV�1 is approx-
imately a nuclear-scale cross section. In this case, elastic scat-
tering in the dense central regions of halos is frequent enough
to redistribute energy and angular momentum among par-
ticles, creating an isothermal, round core of approximately
constant density (Burkert 2000). Some early studies suggested
that this idea was ruled out by gravitational lensing (Miralda-
Escudé 2002) or by catastrophic gravitational core collapse
found in a simulation of an isolated halo (Kochanek & White

2000), but recent numerical studies show that these concerns
are not borne out in fully cosmological simulations. Instead,
simulations show that there is a viable window of mass and
cross-section where self-interacting dark matter (SIDM) can
produce cored dark matter profiles and remain consistent with
observational constraints (Rocha et al. 2013; Peter et al.
2013).

Figure 4, based on Rocha et al. (2013), compares the struc-
ture and density profiles of halos formed from the same initial
conditions with collisionless CDM and SIDM. Elastic scatter-
ing in the central regions, where an average particle expe-
riences a few collisions per Hubble time, flattens the density
cusp and reduces triaxiality. The scattering mechanism would
operate across a wide range of halo masses, allowing SIDM to
address both the rotation curves of Milky Way-like galaxies
and the central densities of dwarf satellites. Because they are
more weakly bound, SIDM subhalos are more easily subject
to tidal disruption than CDM subhalos. However, the sup-
pression of the low-mass subhalo count is not significant for
allowed cross sections except in the innermost region of the
host halo (Vogelsberger et al. 2012; Rocha et al 2013). Thus,
SIDM can solve the cusp-core problem while leaving enough
subhalos to host Milky Way satellites, unlike WDM.

The prospects for SIDM appear much more hopeful than
for WDM (though for a summary of pro-WDM views see Bier-
mann et al. 2013). Velocity-independent cross sections in the
range ⇠ 0.1�0.5 cm2 g�1 create cores that are approximately
the right size for Milky Way dwarf galaxies, spiral galaxies,
and galaxy clusters (Newman et al. 2013a,b; Rocha et al.
2013) while leaving halos triaxial enough to match observa-
tions (Peter et al. 2013). Cross sections in this range are also
consistent with observations of merging galaxy clusters (Clowe
et al. 2006; Randall et al. 2008; Dawson et al. 2012). More-
over, particle model builders have recently focused attention
on new classes of “hidden sector” models that generically pro-
duce SIDM particle candidates, although in general the elas-
tic scattering cross section has a strong velocity dependence
(Ackerman et al. 2009; Buckley 2010; Feng et al. 2010; Tulin
et al. 2013a,b). For these models, strong self-interactions may
only be present in a narrow range of halo mass, leaving halos
on other scales e↵ectively collisionless. Observationally, the
goal is to either rule out or find evidence for SIDM cross sec-
tions � > 0.1 cm2 g�1, as for smaller cross-sections the halo
phenomenology is likely to be indistinguishable from CDM.

There are alternative dark matter physics mechanisms
that could reduce the central densities of halos, including par-

Footline Author PNAS Issue Date Volume Issue Number 5

Weinberg et al. 2013

• adiabatic contraction: baryons pull 
in the DM, steepening the profile

• feedback: supernovae blow out gas, 
rapidly changing the potential and 
disrupting cuspy DM profiles

• self-interacting DM: allowing DM to 
exchange energy leads to a 
flattening of the DM profile
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Pierre, JSG, & Scott, 2014
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Pierre, JSG, & Scott, 2014

10�1 100 101

100

102

104

106

 

 
2

�
5

�
1

�
�
�
�

angular dependence of dark matter intensity
(p

ro
po

rt
io

na
l t

o 
in

te
ns

ity
) 

angle from Galactic Center

15 pc

inner regions: 

⇢(r) / r��



J. Siegal-Gaskins SLAC Summer Institute | “Shining Light on Dark Matter” | August 10, 2014

Gamma-ray searches

look for prompt and sometimes also secondary 
emission from WIMP annihilation/decay; sift through 
large, uncertain backgrounds

to observe gamma rays below about 10 GeV MUST 
GO TO SPACE: Fermi Large Area Telescope (LAT)

for high energies, need large effective area: ground-
based imaging atmospheric Cherenkov telescopes 
(IACTs), e.g., H.E.S.S., MAGIC, VERITAS, and CTA

28
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Overview of the Large Area Telescope 
Atwood, W. B. et al. 2009, ApJ, 697, 1071 

Tracker/Converter (TKR): 
•  Si-strip detectors 
•  ~80 m2 of silicon (total) 
•  W conversion foils 
•  1.5 X0 on-axis 
•  18XY planes   
•  ~106 digital elx chans 
•  Highly granular  
•  High precision tracking 
•  Average plane PHA 

Calorimeter (CAL): 
•  1536 CsI(Tl) crystals 
•  8.6 X0 on-axis 
•  large elx dynamic range 
(2MeV-60GeV per xtal) 
•  Hodoscopic (8x12) 
•  Shower profile recon 
•  EM vs HAD separation 

Anti-Coincidence (ACD): 
•  Segmented (89 tiles + 8 ribbons) 
•  Self-veto @ high energy limited 
•  0.9997 detection efficiency  

LAT: 
•  modular - 4x4 array  
•   3ton – 650watts 

γ"

e+ e- 

3 

The Fermi Large Area Telescope (LAT)
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• pair-production detector: detects charged 
particles as well as gamma rays

• excellent charged particle event identification 
and background rejection

• 20 MeV to > 300 GeV

• angular resolution ~ 0.1 deg above 10 GeV

• large FOV ~ 2.4 sr

Overview of the Large Area Telescope 
Atwood, W. B. et al. 2009, ApJ, 697, 1071 

Tracker/Converter (TKR): 
•  Si-strip detectors 
•  ~80 m2 of silicon (total) 
•  W conversion foils 
•  1.5 X0 on-axis 
•  18XY planes   
•  ~106 digital elx chans 
•  Highly granular  
•  High precision tracking 
•  Average plane PHA 

Calorimeter (CAL): 
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•  8.6 X0 on-axis 
•  large elx dynamic range 
(2MeV-60GeV per xtal) 
•  Hodoscopic (8x12) 
•  Shower profile recon 
•  EM vs HAD separation 

Anti-Coincidence (ACD): 
•  Segmented (89 tiles + 8 ribbons) 
•  Self-veto @ high energy limited 
•  0.9997 detection efficiency  

LAT: 
•  modular - 4x4 array  
•   3ton – 650watts 
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Fermi data and analysis 
tools are public!
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3-year all-sky map, E > 1 GeV

Image Credit: NASA/DOE/International LAT Team

The Fermi LAT gamma-ray sky
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Fermi LAT dark matter search targets
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Fermi LAT dark matter search targets
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Miguel Sánchez-Conde’s talk
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Current constraints
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JSG 2014 (in prep)

95% CL  upper limits on annihilation cross section to bb
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Anomaly: the Galactic Center GeV excess
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 DM annihilation and/or unresolved millisecond pulsars (MSPs).

Energy spectrum of the excess:

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

uncomfortably similar to MSPs

Excess is spatially extended:

if from annihilation, need steep DM density profile r-γ with γ = 1.2-1.4

uncertain if MSPs could explain large extension and steep profile

To generate amplitude of the excess:

requires roughly thermal relic DM annihilation cross section

would require a few thousand MSPs, which seems plausible

32

see: Hooper & Goodenough 2011, Abazajian & Kaplinghat 2012, Hooper & 
Slatyer 2013, Gordon & Macías 2013, Abazajian et al. 2014, Daylan et al. 2014, 

and others
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A dark matter signal in the Inner Galaxy?
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Daylan et al. 2014

Energy spectrum of excess in Galactic Center
8

FIG. 7: The spectrum of the dark matter component derived in our Galactic Center analysis, for a template corresponding to an
NFW halo profile with an inner slope of � = 1.2 (left) or 1.3 (right), normalized to the flux at an angle of 5� from the Galactic
Center. We caution that significant and di�cult to estimate systematic uncertainties exist in this determination, especially at
energies below ⇠1 GeV. 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 = 2.15⇥ 10�26 cm3/s ⇥ [(0.3GeV/cm3)/⇢

local

]2 (left) or �v = 1.0⇥ 10�26 cm3/s
⇥ [(0.3GeV/cm3)/⇢

local

]2 (right). The dot-dash and dotted curves include an estimated contribution from bremsstrahlung, as
shown in the right frame of Fig. 2.

FIG. 8: The value of ��2 as a function of the inner slope
of the dark matter halo profile, �, as found in our Galactic
Center likelihood analysis. The best-fit value is somewhat
shallower than found in our analysis of the larger Inner Galaxy
region, favoring � ⇠ 1.17 (rather than � ' 1.26).

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 [43], a model for
the isotropic gamma-ray background, and all gamma-ray
sources listed in the 2FGL catalog [44], as well as the
two additional point sources described in Ref. [45]. We
allow the flux and spectral shape of all high-significance
(
p
TS > 25) 2FGL sources located within 7� of the

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

p
TS > 25,

 = 2� � 7� and
p
TS = 10 � 25, or  < 2� and any

TS), we adopt the best-fit spectral shape as presented in
the 2FGL catalog, but allow the overall normalization to
float. We additionally allow the spectrum and normal-
ization of the two new sources from Ref. [45], the 20 cm
template, and the extended sources W28 and W30 [44]
to float. We fix the emission from all other sources to the
best-fit 2FGL values. For the Galactic di↵use emission,
we adopt the model gal 2yearp7v6 v0. Although an up-
dated Galactic di↵use model has recently been released
by the Fermi Collaboration, that model includes addi-
tional empirically fitted features at scales greater than 2�,
and therefore is not recommended for studies of extended
gamma-ray emission. For the isotropic component, we
adopt the model of Ref. [46]. We allow the overall nor-
malization of the Galactic di↵use and isotropic emission
to freely vary. In our fits, we found that the isotropic
component prefers a normalization that is considerably
brighter than the extragalactic gamma-ray background.
In order to account for this additional isotropic emission
in our region of interest, we attempted simulations in
which we allowed the spectrum of the isotropic compo-

m$ = 35 GeV
$$ → bb 

with bremsstrahlung

NB: Abazajian et al 
(2014) find strong 

dependence of spectrum 
of excess on details of 

background model
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Excess is spatially extended 12

FIG. 13: To constrain the degree to which the gamma-ray ex-
cess is spatially extended, we have repeated our Inner Galaxy
analysis, replacing the dark matter template with a series of
concentric ring templates centered around the Galactic Cen-
ter. The dark-matter-like emission is clearly and consistently
present in each ring template out to ⇠12�, beyond which sys-
tematic and statistical limitations make such determinations
di�cult. For comparison, we also show the predictions for a
generalized NFW profile with � = 1.4.

tical fluctuation, or the product of imperfect background
templates, it could also potentially reflect a degree of tri-
axiality in the underlying dark matter distribution.

We have also tested whether the excess emission is, in
fact, centered around the dynamical center of the Milky
Way (Sgr A⇤), as we have thus far assumed. In Fig. 12,
we plot the ��2 of the fit found in our Galactic Center
analysis, as a function of the center of our dark matter-
motivated template. The fit clearly prefers this template
to be centered within ⇠0.05� degrees of the location of
Sgr A⇤.

An important question to address is to what degree the
gamma-ray excess is spatially extended, and over what
range of angles from the Galactic Center can it be de-
tected? To address this issue, we have repeated our Inner
Galaxy analysis, replacing the dark matter template with
a series of concentric ring templates, each 1� wide, and
centered around the Galactic Center. We smooth the ring
templates to a 1� Gaussian (full-width-half-max), and fit
the normalization of each ring template independently.
Instead of allowing the spectrum of the ring templates
to each vary freely (which would have introduced an un-
tenable number of free parameters), we fix their spectral
shape to that found for the dark matter component in the
single template fit. We also break the template associ-
ated with the Fermi Bubbles into five templates, in 10�

latitude slices (each with the same spectrum, but with
independent normalizations).

The results of this fit are shown in Fig. 13. The dark-
matter-like emission is clearly and consistently present in
each ring template out to ⇠12�, beyond which system-

atic and statistical limitations make such determinations
di�cult. For comparison, we also show the predictions
for a generalized NFW profile with � = 1.4 (after appro-
priate smoothing). While this value for the profile slope
is slightly steeper that that found in Secs IV and V, we
caution that systematic uncertainties associated with the
di↵use model template may be biasing this fit toward
somewhat steeper values of �. This is consistent with
results from the inner Galaxy analysis when the Galactic
plane is masked at 2 degrees, which also suggest a slightly
steeper profile slope.

To address the same question within the context of
our Galactic Center analysis, we have re-performed our
fit using dark matter templates which are based on den-
sity profiles which are set to zero beyond a given radius.
We find that templates corresponding to density profiles
set to zero outside of 800 pc (600 pc, 400 pc) provide
a fit that is worse relative to that found using an un-
truncated template at the level of ��2=10.7 (57.6,108,
respectively).

We have also tested our Galactic Center fit to see if
a cored dark matter profile could also provide a good
fit to the data. We find, however, that the inclusion
of even a fairly small core is disfavored. Marginalizing
over the inner slope of the dark matter profile, we find
that flattening the density profile within a radius of 10
pc (30 pc, 50 pc, 70 pc, 90 pc) worsens the overall fit
by ��2=3.6 (12.2, 22.4, 30.6, 39.2, respectively). The
fit thus strongly disfavors any dark matter profile with a
core larger than a few tens of parsecs.

Lastly, we confirm that the morphology of the anoma-
lous emission does not significantly vary with energy. If
we fit the inner slope of the dark matter template in our
Inner Galaxy analysis one energy bin at a time, we find a
similar value of � ⇠1.2-1.3 for all bins between 0.5 and 10
GeV. At energies below 0.5 GeV, the fit prefers somewhat
steeper slopes (� ⇠ 1.6) and a corresponding spectrum
with a very soft spectral index, probably reflecting con-
tamination from the Galactic Plane. At energies above
10 GeV, the fit prefers a lower value for the inner slope
(� ⇠ 1.0), suggesting that the residual emission found
above 10 GeV is most likely associated with other resid-
ual structures, and not with the steepened NFW-like pro-
file consistently preferred in the 0.5-10 GeV range.

The results described in this section indicate that the
gamma-ray excess exhibits a morphology which is both
approximately spherically symmetric and steeply falling
(yet detectable) over two orders of magnitude in galacto-
centric distance (between ⇠20 pc and ⇠2 kpc from Sgr
A*). This result is to be expected if the emission is pro-
duced by annihilating dark matter particles, but is not
anticipated for any proposed astrophysical mechanisms
or sources of this emission.

γ = 1.4

also detected out to 
at least |b| ~ 20 deg 

(Hooper & Slatyer 2013)
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Needed cross section is close to thermal relic value

13

FIG. 14: The quality of the fit (�2, over 25-1 degrees-of-freedom) for various annihilating dark matter models to the spectrum
of the anomalous gamma-ray emission from the Inner Galaxy (as shown in Fig. 5) as a function of mass, and marginalized
over the value of the annihilation cross section. In the left frame, we show results for dark matter particles which annihilate
uniquely to bb̄, cc̄, ss̄, light quarks (uū and/or dd̄), or ⌧+⌧�. In the right frame, we consider models in which the dark matter
annihilates to a combination of channels, with cross sections proportional to the square of the mass of the final state particles,
the square of the charge of the final state particles, democratically to all kinematically accessible Standard Model fermions, or
80% to ⌧+⌧� and 20% to bb̄. The best fits are found for dark matter particles with masses in the range of ⇠20-40 GeV and
which annihilate mostly to quarks.

FIG. 15: The range of the dark matter mass and annihilation cross section required to fit the gamma-ray spectrum observed
from the Inner Galaxy, for a variety of annihilation channels or combination of channels (see Fig. 14). The observed gamma-ray
spectrum is generally best fit by dark matter particles with a mass of ⇠20-40 GeV and that annihilate to quarks with a cross
section of �v ⇠ (1� 2)⇥ 10�26 cm3/s.

VII. IMPLICATIONS FOR DARK MATTER

In this section, we use the results of the previous sec-
tions to constrain the characteristics of the dark matter
particle species potentially responsible for the observed
gamma-ray excess. We begin by fitting various dark mat-
ter models to the spectrum of the gamma-ray excess as
found in our Inner Galaxy analysis (as shown in Fig. 5).
In Fig. 14, we plot the quality of this fit (�2) as a function

of the WIMP mass, for a number of dark matter annihila-
tion channels (or combination of channels), marginalized
over the value of the annihilation cross section. Given
that this fit is performed over 25-1 degrees-of-freedom,
a goodness-of-fit with a p-value of 0.05 (95% CL) cor-
responds to a �2 of approximately 36.8. We take any
value less than this to constitute a “good fit” to the Inner
Galaxy spectrum. Excellent fits are found for dark mat-
ter that annihilates to bottom, strange, or charm quarks
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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)
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(circles = sources)
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FIG. 1. Shown in the top row are photon counts in four energy bins that have significant evidence for an extended source
with a spectrum, morphology, and rate consistent with a 30 GeV mass WIMP annihilating to bb̄-quarks in the 7� ⇥ 7� region
about the GC. This row shows the 17 2FGL point sources in the ROI as circles. The second row shows the residuals for the
fit to the region varying all the sources in the 2FGL catalog as well as the amplitudes of Galactic di↵use and isotropic di↵use
models. The presence of an extended source and oversubraction of the central point sources are visible here. The third row
shows the best fit model counts for 30 GeV WIMP annihilating to bb̄-quarks. The fourth row is the residual emission for this
model without subtracting the extended component. The fifth row contains the residuals when the extended component is also
subtracted. The maps have been filtered with a Gaussian of width � = 0.3�.
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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)

???



J. Siegal-Gaskins SLAC Summer Institute | “Shining Light on Dark Matter” | August 10, 2014

Does DM uniquely improve the fit?

38



J. Siegal-Gaskins SLAC Summer Institute | “Shining Light on Dark Matter” | August 10, 2014

Does DM uniquely improve the fit?

38

No.



J. Siegal-Gaskins SLAC Summer Institute | “Shining Light on Dark Matter” | August 10, 2014

Does DM uniquely improve the fit?

38

models adding 
an additional 
component 

with an 
extended 

spatial 
distribution

annihilation into !þ!" leptons. This is a significant finding
and hints at the possibility of an underlying signal due to
dark matter even if the bulk of the extended emission is due
to astrophysical sources.

The best-fit model for an extended source in the GC is a
projected density-squared source with " ¼ 1:2 for the inner
density profile and a general log-parabola spectrum. The
spectrum is best-fit by a log-parabola with N0 ¼ ð3:17%
0:33Þ ' 10"3 ph cm"2 s"1 sr"1, #¼0:488%0:062 and
$¼0:325%0:011, with fixed Eb ¼ 100 MeV. The spec-
trum of the extended source is also consistent with a power
law with exponential cutoff with N0 ¼ ð6:62% 0:74Þ '
10"3 ph cm"2 s"1 sr"1,# ¼ 1:48% 0:05 andEc ¼ 2:46%
0:2 GeV, with E0 ¼ 100 MeV. Other central profile index
values for " as well as the Einasto profile gave good fits and
were detected at high significance. The case of " ¼ 1:4was
found to be strongly degenerate between the extended
source spectrum and amplitude and that of Sgr A( (2FGL
J1745.6-2858), since the flux of the extended source was
largely within the point spread function of the Fermi-LAT
spatial resolution.
Since the dark matter particle mass is a prior for the GC

gamma-ray analysis, we treat it as a systematic uncertainty.
The best-fit dark matter annihilation models we tested are
the case of dark matter particle masses, m% of 30 and

100 GeVannihilating to b !b and a #$" dark matter profile
with # ¼ 1, $ ¼ 3, " ¼ 1:2 [cf. Eq. (2.1)]. Using the
model of m% ¼ 30 GeV annihilating into b !b, shown in

Fig. 1 are the data counts map (first row), baseline residuals
(second row), GC extended source model best fit (third
row), residuals when not including the extended source in
the best-fit model (fourth row), and total model residuals
(bottom row), for four significant energy bins. Taking
m% ¼ 100 GeV annihilating into b !b, the data counts map

(first row), baseline model residuals (second row), GC
extended source model best fit (third row), residuals
when not including the extended source in the best-fit
model (fourth row), and full model residuals (bottom
row), for four significant energy bins, are shown in Fig. 2.
The " ¼ 1:3 density profile model data counts map

(first row), baseline residuals (second row), GC extended
source model best fit (third row), residuals when not
including the extended source in the best-fit model

TABLE II. The best-fit TS), negative log-likelihoods, and
" lnL from the baseline, for specific dark matter channel mod-
els, using the #$" profile [Eq. (2.1)] with # ¼ 1, $ ¼ 3, and
" ¼ 1:2.

Channel, m% TS) " lnL " lnL

b !b, 10 GeV 2385.7 139 913.6 156.5
b !b, 30 GeV 3460.3 139 658.3 411.8
b !b, 100 GeV 1303.1 139 881.1 189.0
b !b, 300 GeV 229.4 140 056.6 13.5
b !b, 1 TeV 25.5 140 108.2 "38:0
b !b, 2.5 TeV 7.6 140 114.2 "44:0
!þ!", 10 GeV 1628.7 139 787.7 282.5
!þ!", 30 GeV 232.7 140 055.9 14.2
!þ!", 100 GeV 4.10 140 113.4 "43:3

TABLE I. The best-fit TS), negative log-likelihoods, and
" lnL from the baseline for general models in the 200 MeV–
100 GeV analysis.

Spatial model Spectrum TS) " lnL 4 lnL

Baseline * * * * * * 140 070.2 * * *
Density # ¼ 0:7 LogPar 1725.5 139 755.5 314.7
Density2" ¼ 0:9 LogPar 1212.8 139 740.0 330.2
Density2" ¼ 1:0 LogPar 1441.8 139 673.3 396.9
Density2" ¼ 1:1 LogPar 2060.5 139 651.8 418.3
Density2" ¼ 1:2 LogPar 4044.9 139 650.9 419.2
Density2" ¼ 1:3 LogPar 7614.2 139 686.8 383.4
Density2 Einasto LogPar 1301.3 139 695.7 374.4
Density2" ¼ 1:2 PLCut 3452.5 139 663.2 407.0

TABLE III. The best-fit total flux and 68% error of the GC
extended source models for the 200 MeV–100 GeV analysis. LP
is log-parabola spectrum, and PLcut is power-law spectrum with
an exponential cutoff.

Model Flux and error [ph cm"2 s"1]

Density # ¼ 0:7 LP ð1:31% 0:06Þ ' 10"5

Density2" ¼ 0:9 LP ð2:31% 0:06Þ ' 10"6

Density2" ¼ 1:0 LP ð5:29% 0:40Þ ' 10"6

Density2" ¼ 1:1 LP ð3:36% 0:23Þ ' 10"6

Density2" ¼ 1:2 LP ð2:69% 0:17Þ ' 10"6

Density2" ¼ 1:3 LP ð2:01% 0:11Þ ' 10"6

Density2 Einasto LP ð4:21% 0:32Þ ' 10"6

Density2" ¼ 1:2 PLcut ð2:97% 0:22Þ ' 10"6

" ¼ 1:2, b !b, 30 GeV ð1:77% 0:06Þ ' 10"6

" ¼ 1:2, b !b, 100 GeV ð4:90% 0:23Þ ' 10"7

" ¼ 1:2, !þ!", 10 GeV ð5:13% 0:20Þ ' 10"7

TABLE IV. The best-fit negative log-likelihoods, " lnL from
the baseline model and fluxes with 68% errors for the general
models in the 1–100 GeV analysis. The baseline model for this
analysis has lnL ¼ "176 478:6. LP is log-parabola spectrum,
PLcut is power-law spectrum with an exponential cutoff and PL
is power-law spectrum without an exponential cutoff.

Spatial model Spectrum " lnL Flux [10"7 ph cm"2 s"1]

Density2" ¼ 1:0 LogPar 189.5 1:57% 0:08
Density2" ¼ 1:2 LogPar 206.2 1:51% 0:09
Density2" ¼ 1:2 PLcut 205.4 1:49% 0:09
Density2" ¼ 1:2 PL 126.1 1:22% 0:08
Density2 Einasto LogPar 189.2 1:45% 0:09
Axisym # ¼ 1:4 LogPar 202.1 2:00% 0:12
Axisym # ¼ 0:7 LogPar 165.5 1:87% 0:15

KEVORK N. ABAZAJIAN AND MANOJ KAPLINGHAT PHYSICAL REVIEW D 86, 083511 (2012)

083511-8

Abazajian & Kaplinghat 2012 

improvement 
in fit 

(2∆lnℒ > 25
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significant&)
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(circles = sources)

spectral comparison
4

FIG. 3: The gamma-ray spectrum of the |b| = 10� � 20� re-
gions of the Inner Galaxy (see Ref. [11]), after subtracting
emission from inverse Compton scattering [11], compared to
the spectral shape best-fit to 37 MSPs observed by Fermi
(solid line); see Fig. 2. Also shown for comparison are
the shapes corresponding to spectral parameters that better
match this emission: � = 1.0, Ecut = 2.75 GeV (dashed) and
� = 0.5, Ecut = 2.0 GeV (dotted).

(see Ref. [11] for details).2 The spectral shape observed
from these 37 resolved MSPs exhibits a much softer spec-
tral index than the spectrum of the excess emission ob-
served from the Inner Galaxy, especially at energies be-
low ⇠1-2 GeV. Also shown for comparison are harder
spectral shapes, corresponding to � = 1.0, E

cut

= 2.75
GeV (dashes) and � = 0.5, E

cut

= 2.0 GeV (dots).
While such hard spectra can provide a good fit to the
emission observed from the Inner Galaxy (especially the
� = 0.5, E

cut

= 2.0 GeV case), they are not consistent
with the spectral shape shown in Fig. 2. The compar-
ison between these harder spectral shapes and the er-
ror bars shown in Fig. 2 yields fits of �2 = 17.8 and
38.9 (over 5-1 degrees-of-freedom) for these two parame-
ter sets (� = 0.5, E

cut

= 2 GeV, and � = 1.0, E
cut

= 2.75
GeV, respectively), each of which can be excluded at be-
yond the 99.8% confidence level. At least at face value,
it appears that we can exclude at high confidence a MSP
origin for the emission observed from the low-latitude re-
gions of the Inner Galaxy.

Perhaps, however, the MSPs that have been resolved
by Fermi are not representative of all such objects, and
the di↵use emission from the sum of all unresolved (and

2
Note that while we have chosen to compare to the spectrum

observed from the |b| = 10

��20

�
region of the Inner Galaxy, this

spectrum is very similar to that extracted from higher latitude

regions [11]. We have chosen to not use the spectrum extracted

from the |b| = 1

� � 10

�
region due to di�culties in separating

this signal from emission associated with the Galactic Disk.

faint) MSPs has a much harder spectral index than is
observed from resolved (and brighter) sources. Among
Fermi’s MSPs, however, we see no evidence for this. In
particular, we find a best-fit spectral index of � = 1.36
for the sum of the 21 MSPs with gamma-ray luminosi-
ties less than 1037 GeV/s (above 100 MeV), and � = 1.34
for the sum of the 8 MSPs with gamma-ray luminosities
less than 1036 GeV/s. These values are not very di↵er-
ent from that found in our overall best-fit, � = 1.46. If
MSPs exhibit a correlation between hard spectral indices
and low luminosities, this trend is not evident among the
observed source population.

Furthermore, if hard spectrum, low-luminosity sources
dominate the di↵use emission from MSPs, then the hard
spectral index should be reflected in the emission ob-
served from globular clusters, which should contain a
representative sample of MSPs. Although the spectra of
the 11 globular clusters included in the 2FGL [17] have
large error bars and are thus di�cult to evaluate indi-
vidually, the sum of the spectra from these 11 sources is
quite similar to that observed from Fermi’s MSPs. Simi-
larly, the Fermi Collaboration studied 8 globular clusters
and found their (statistically weighted) average spectral
index to be � =1.35 [15], again similar to that observed
from resolved MSPs.

Although we have shown in this section that the
gamma-ray spectrum observed from individual MSPs
(and from globular clusters) is incompatible with that
from the Inner Galaxy as reported in Ref. [11], one might
worry that systematic uncertainties in the low-energy
(<⇠ 1 GeV) spectrum could possibly alter this conclusion.
The error bars presented in Ref. [11] (and shown in our
Fig. 3) are purely statistical, and do not reflect the pos-
sible mismodeling of point sources or of di↵use emission.
While the over-subtraction of low-energy emission from
known point sources could, in principle, lead to an ar-
tifically hard spectrum at low-energies, only if the Fermi
collaboration’s source catalog [20] overestimates the total
flux from the 35 sources in the |b| = 10�� 20� region, for
example, by more than a factor of two in the in the 300-
1000 MeV range (a variation several times larger than the
quoted errors) could the spectrum of the Inner Galaxy’s
GeV excess be consistent with that observed from indi-
vidual MSPs. More di�cult to rule out is the possibily
that the Fermi collaboration’s di↵use model significantly
overestimates the density of cosmic rays in the region of
interest, leading the analysis of Ref. [11] to e↵ectively
oversubtract gamma-ray emission from pion production
and other di↵use processes, potentially artificially hard-
ening the spectrum of the GeV excess at low energies. We
note that the fit residuals from the analysis of Ref. [11],
averaged over the regions in question, are much smaller
than the signal at all relevant energies; re-adding them
to the signal does not meaningfully soften the spectrum.

Although systematic uncertainties in the Fermi instru-
ment response functions below 1 GeV could plausibly
skew the inferred spectral shape, no evidence for this is
seen in other spectral components, such as that associ-
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FIG. 3: The gamma-ray spectrum of the |b| = 10� � 20� re-
gions of the Inner Galaxy (see Ref. [11]), after subtracting
emission from inverse Compton scattering [11], compared to
the spectral shape best-fit to 37 MSPs observed by Fermi
(solid line); see Fig. 2. Also shown for comparison are
the shapes corresponding to spectral parameters that better
match this emission: � = 1.0, Ecut = 2.75 GeV (dashed) and
� = 0.5, Ecut = 2.0 GeV (dotted).

(see Ref. [11] for details).2 The spectral shape observed
from these 37 resolved MSPs exhibits a much softer spec-
tral index than the spectrum of the excess emission ob-
served from the Inner Galaxy, especially at energies be-
low ⇠1-2 GeV. Also shown for comparison are harder
spectral shapes, corresponding to � = 1.0, E

cut

= 2.75
GeV (dashes) and � = 0.5, E

cut

= 2.0 GeV (dots).
While such hard spectra can provide a good fit to the
emission observed from the Inner Galaxy (especially the
� = 0.5, E

cut

= 2.0 GeV case), they are not consistent
with the spectral shape shown in Fig. 2. The compar-
ison between these harder spectral shapes and the er-
ror bars shown in Fig. 2 yields fits of �2 = 17.8 and
38.9 (over 5-1 degrees-of-freedom) for these two parame-
ter sets (� = 0.5, E

cut

= 2 GeV, and � = 1.0, E
cut

= 2.75
GeV, respectively), each of which can be excluded at be-
yond the 99.8% confidence level. At least at face value,
it appears that we can exclude at high confidence a MSP
origin for the emission observed from the low-latitude re-
gions of the Inner Galaxy.

Perhaps, however, the MSPs that have been resolved
by Fermi are not representative of all such objects, and
the di↵use emission from the sum of all unresolved (and

2
Note that while we have chosen to compare to the spectrum

observed from the |b| = 10

��20

�
region of the Inner Galaxy, this

spectrum is very similar to that extracted from higher latitude

regions [11]. We have chosen to not use the spectrum extracted

from the |b| = 1

� � 10

�
region due to di�culties in separating

this signal from emission associated with the Galactic Disk.

faint) MSPs has a much harder spectral index than is
observed from resolved (and brighter) sources. Among
Fermi’s MSPs, however, we see no evidence for this. In
particular, we find a best-fit spectral index of � = 1.36
for the sum of the 21 MSPs with gamma-ray luminosi-
ties less than 1037 GeV/s (above 100 MeV), and � = 1.34
for the sum of the 8 MSPs with gamma-ray luminosities
less than 1036 GeV/s. These values are not very di↵er-
ent from that found in our overall best-fit, � = 1.46. If
MSPs exhibit a correlation between hard spectral indices
and low luminosities, this trend is not evident among the
observed source population.

Furthermore, if hard spectrum, low-luminosity sources
dominate the di↵use emission from MSPs, then the hard
spectral index should be reflected in the emission ob-
served from globular clusters, which should contain a
representative sample of MSPs. Although the spectra of
the 11 globular clusters included in the 2FGL [17] have
large error bars and are thus di�cult to evaluate indi-
vidually, the sum of the spectra from these 11 sources is
quite similar to that observed from Fermi’s MSPs. Simi-
larly, the Fermi Collaboration studied 8 globular clusters
and found their (statistically weighted) average spectral
index to be � =1.35 [15], again similar to that observed
from resolved MSPs.

Although we have shown in this section that the
gamma-ray spectrum observed from individual MSPs
(and from globular clusters) is incompatible with that
from the Inner Galaxy as reported in Ref. [11], one might
worry that systematic uncertainties in the low-energy
(<⇠ 1 GeV) spectrum could possibly alter this conclusion.
The error bars presented in Ref. [11] (and shown in our
Fig. 3) are purely statistical, and do not reflect the pos-
sible mismodeling of point sources or of di↵use emission.
While the over-subtraction of low-energy emission from
known point sources could, in principle, lead to an ar-
tifically hard spectrum at low-energies, only if the Fermi
collaboration’s source catalog [20] overestimates the total
flux from the 35 sources in the |b| = 10�� 20� region, for
example, by more than a factor of two in the in the 300-
1000 MeV range (a variation several times larger than the
quoted errors) could the spectrum of the Inner Galaxy’s
GeV excess be consistent with that observed from indi-
vidual MSPs. More di�cult to rule out is the possibily
that the Fermi collaboration’s di↵use model significantly
overestimates the density of cosmic rays in the region of
interest, leading the analysis of Ref. [11] to e↵ectively
oversubtract gamma-ray emission from pion production
and other di↵use processes, potentially artificially hard-
ening the spectrum of the GeV excess at low energies. We
note that the fit residuals from the analysis of Ref. [11],
averaged over the regions in question, are much smaller
than the signal at all relevant energies; re-adding them
to the signal does not meaningfully soften the spectrum.

Although systematic uncertainties in the Fermi instru-
ment response functions below 1 GeV could plausibly
skew the inferred spectral shape, no evidence for this is
seen in other spectral components, such as that associ-

best-fit to 
Fermi-detected 

MSPs
GeV excess at 
high latitudes 
(data points)

MSP spectrum 
similar but too soft 

at low energies



J. Siegal-Gaskins SLAC Summer Institute | “Shining Light on Dark Matter” | August 10, 2014

Can the GeV excess be millisecond pulsars?

40
Hooper, Cholis, Linden, JSG, Slatyer 2013 

(circles = sources)

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

• adopt a spatial model 
and luminosity 
function for the 
MSPs, calibrated to 
detections in radio

• base model can 
roughly account for 
the amplitude of 
Inner Galaxy excess, 
but strongly 
overpredicts number 
of Fermi-detected 
MSPs

Can unresolved MSPs 
produce the high-
latitude excess?

Unresolved sources
(contribute to diffuse)
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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
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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
observed emission can be accounted for by millisecond pulsars. See text for details.
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• Hard to explain with gamma-ray millisecond pulsars.  Other source 
populations?  (NB: Yuan & Zhang 2014 claim MSPs ok with softer 
luminosity function.)

• Attributable to uncertainties in modeling of Galactic diffuse 
emission?

• Sum of several processes with not-strongly-constrained inputs: 

• cosmic-ray spectra and distribution

• gas distribution

• interstellar radiation field

• magnetic fields

• Galactic diffuse model tuned to fit all-sky data

• Systematics?  (Not statistics-limited!)
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• Lacroix et al. point out importance of:

• inverse Compton

• propagation model

• diffusion (and latitude dependence of secondary 
emission)

4

scenarios in which DM particles annihilate either into 100%
leptons, a mixture of leptons and bb̄ or 100% bb̄. Note that the
term “leptons” refers to a mixture of the e+e�, µ+µ�, t+t�
channels, with 1/3 of the annihilations into each of these chan-
nels.

A. Prompt, IC and Bremsstrahlung contributions

To compare the importance of the different components,
we use a 7� ⇥ 7� region corresponding to the signal found in
Ref. [5].

1. Prompt emission

The flux of prompt gamma rays (energy per unit time per
unit surface area per unit solid angle) is given by the integral
over the line of sight coordinate s of the DM density squared
(see, e.g., Refs. [20])

E2
g

dn
dEgdW

=
E2

g
4p

1
2

✓
r�

mDM

◆2
hsvi dN

dEg

Z

l.o.s.

✓
r(~x)
r�

◆2
ds

(10)
The flux from the squared 7� ⇥7� region is then given by:

E2
g

dn
dEg

= 4
Z qfov

0

Z qfov

0
E2

g
dn

dEgdW
cosbdb dl, (11)

where l and b are respectively the longitude and the latitude,
and qfov = 3.5� defines the field of view. This corresponds
to the flux expected for a given annihilation channel. To get
the total flux, we then sum and weight the different channels
(leptons, leptons+b-quarks, bb̄).

2. IC and Bremsstrahlung emissions

In contrast, computing the flux of gamma rays emitted by
electrons requires to take into account propagation. This can
be expressed as (see, e.g., Ref. [12])

E2
g

dn
dEgdW

=
1

4p

Z

l.o.s.
j(Eg,s, l,b)ds, (12)

where j(Eg,s, l,b)⌘ j(Eg,~x) is the photon emissivity obtained
after propagation of the electrons and after taking into account
the photon emission due to their interactions with the ISRF
and atomic nuclei in the interstellar medium1. The emissivity
is therefore given by (see Refs. [14, 15]):

j(Eg,~x) = Ne

Z mDM

Emin
e

P(Eg,Ee,~x)y(Ee,~x)dEe, (13)

1 Contrary to the literature, here we include the overall E2
g factor of Eq. (12)

in the emission spectrum, so that the emissivity has units of energy per unit
time per unit volume.

FIG. 1. Spectrum of the residual extended emission in the 7� ⇥ 7�
region around the GC. The blue points are the residuals in the Fermi-
LAT data extracted by the authors of Ref. [5]. The prompt contri-
bution (black dashed), IC (green dashed-dotted) and Bremsstrahlung
(red dotted) emissions from 10 GeV DM annihilating only into lep-
tons add up to give a very good fit to the data, as shown by the
black solid line. This figure is obtained for a best-fit cross section
of hsvi= 0.86⇥10�26 cm3 s�1.

where y is the electron spectrum after propagation, P = PIC+
PBrems is the emission spectrum, Ne = 2 takes into account the
fact that both electrons and positrons radiate, and Emin

e is the
minimum electron energy from kinematics.

For IC emission, the emission spectrum reads (see e.g.,
Refs. [14, 15])

PIC(Eg,Ee,~x) = Eg
3sTc
4g2

L

Z 1

1/4g2
L

dq
�
Eg �E0

g (q)
� n(E0

g (q),~x)
q

⇥
✓

2q lnq+q+1�2q2 +
1
2

e2

1� e
(1�q)

◆
,

(14)

where e = Eg/Ee and the initial energy of the photon of the
ISRF is related to q via:

E0
g (q) =

Eg

4qg2
L(1� e)

. (15)

In Eq. (14), n is the sum of the number densities per unit en-
ergy for the different components of the photon bath. We as-
sume a constant value for n, corresponding to the value at the
GC. Note that lower bound of the integral in Eq. (13) is equal
to a minimum energy that is close to the energy of the emitted
photon: Emin

e =
⇣

Eg +
�
E2

g +m2
e
�1/2

⌘
/2. For the gamma-ray

energies of interest here (typically Eg > 0.1 GeV), Emin
e is very

close to Eg.
For Bremsstrahlung emission, the spectrum is given by [14,

15]

PBrems(Eg,Ee,~x) = c ngas
ds
dEg

(Eg,Ee), (16)
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FIG. 4. Best fits to the Fermi residual with the gamma-ray spectrum
from annihilations of 10 GeV DM particles into leptons, with a gas
density of 10 cm�3.

these IC and Bremsstrahlung components enable one to sig-
nificantly improve the quality of the fit.

To make a more quantitative statement, we define the good-
ness of fit by the criterion c2 < 29.6, which gives a p-value
greater than 10�3 [21], corresponding to 11 data energy bins
and one free parameter, hsvi. Note that in our analysis we
combine in quadrature the statistical and systematic errors
provided in Ref. [5]. For prompt emission with only leptons,
the best fit is obtained for hsvi= 2.02⇥10�26 cm3 s�1, with
c2 = 41.93, which is a very bad fit. However, we obtain a c2

of 10.21 for a cross section of 0.86⇥ 10�26 cm3 s�1 when
we add up the IC and Bremsstrahlung contributions. This
demonstrates the importance of taking into account the dif-
fuse gamma-ray emission from electrons. Note that the error
bars on the cross section at the 1s level are of the order of
0.06⇥10�26 cm3 s�1.

For the channel with 90% leptons + 10% bb̄, the differ-
ence is smaller than for leptons only, but the c2 is never-
theless reduced from 16.46 (with a best-fit cross section of
2.11 ⇥ 10�26 cm3 s�1) down to 9.57 (with a best-fit cross
section of 0.89 ⇥ 10�26 cm3 s�1) when including IC and
Bremsstrahlung emissions. Hence, in such a scenario, both
spectra with or without the IC and Bremsstrahlung contribu-
tions fit the data, but there is a clear preference for the total
spectrum.

Shown in Fig. 3 are the best fits for the prompt spectrum
and the total spectrum in the case of a 30 GeV DM particle
annihilating into 100% bb̄. The corresponding best-fit val-
ues of the annihilation cross section are not very different:
hsvi = 2.2⇥ 10�26 cm3 s�1 for the prompt emission (with
c2 = 11.24), and hsvi = 2.03⇥ 10�26 cm3 s�1 for the total
emission (with c2 = 11.98). In this case, the contributions
from IC and Bremsstrahlung are sub-dominant, except at low
energy. This is due to the fact that the IC and Bremsstrahlung
emission spectra take large values for electron energies close
to the DM mass (Ee must be much greater than the observed
energy Eg). Electrons originating from bb̄ tend to have an en-

FIG. 5. Best fits to the Fermi residual with the gamma-ray spectrum
from annihilations of 10 GeV DM particles into leptons. The purple
hatched area represents the uncertainty on the best fit for the total
spectrum including IC and Bremsstrahlung due to the uncertainty on
the diffusion model. The band is bracketed by the fluxes for the MIN
and MAX sets, respectively at the top and the bottom.

ergy spectrum peaked at low energy, unlike those originating
from leptonic annihilation channels that peak closer to the DM
mass. Hence, looking at the gamma-ray spectrum at lower en-
ergies could be a good way to test whether the bb̄ channel,
which is usually claimed to be the preferred channel, indeed
agrees with other data sets from the GC.

So far, we have shown that taking B = 3 µG and ngas =
3 cm�3 leads to a very good fit to the data with the total spec-
trum, particularly for the leptonic channel. However, the fits
are fairly robust with respect to changes in these parameters.
For instance, taking B = 10 µG — a value that may be more
consistent with the value close to the GC — leads to a small
global shift of the IC and Bremsstrahlung contributions (due
to greater losses). The resulting best fit is only slightly af-
fected, with c2 = 10.35 and hsvi = 0.92 ⇥ 10�26 cm3 s�1

for the leptonic channel. When taking a greater value for
ngas, namely 10 cm�3, the resulting spectrum is harder at
low energy but still provides a very good fit to the data, with
c2 = 16.6 and hsvi= 0.6⇥10�26 cm3 s�1, as shown in Fig. 4.

Finally, the diffusion model introduces an additional un-
certainty, which is quantified by the MIN and MAX sets of
propagation parameters and degenerated with the cross sec-
tion (although changing the diffusion parameters mostly af-
fects the low-energy end of the spectrum, since the prompt
contribution remains fixed). This uncertainty is shown in
Fig. 5. The hatched area is bounded by the spectra for the
MIN and MAX sets (respectively at the top and the bottom
of the band) computed with the best-fit cross section obtained
with the MED set. Hence the uncertainty on the diffusion
model translates into an error on the best-fit value for the cross
section. The corresponding values for the MIN and MAX
sets are hsviMIN = 0.68 ⇥ 10�26 cm3 s�1 and hsviMAX =
1.18⇥10�26 cm3 s�1.

Lacroix, Boehm, Silk 2014
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scenarios in which DM particles annihilate either into 100%
leptons, a mixture of leptons and bb̄ or 100% bb̄. Note that the
term “leptons” refers to a mixture of the e+e�, µ+µ�, t+t�
channels, with 1/3 of the annihilations into each of these chan-
nels.

A. Prompt, IC and Bremsstrahlung contributions

To compare the importance of the different components,
we use a 7� ⇥ 7� region corresponding to the signal found in
Ref. [5].

1. Prompt emission

The flux of prompt gamma rays (energy per unit time per
unit surface area per unit solid angle) is given by the integral
over the line of sight coordinate s of the DM density squared
(see, e.g., Refs. [20])
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where l and b are respectively the longitude and the latitude,
and qfov = 3.5� defines the field of view. This corresponds
to the flux expected for a given annihilation channel. To get
the total flux, we then sum and weight the different channels
(leptons, leptons+b-quarks, bb̄).

2. IC and Bremsstrahlung emissions

In contrast, computing the flux of gamma rays emitted by
electrons requires to take into account propagation. This can
be expressed as (see, e.g., Ref. [12])
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where j(Eg,s, l,b)⌘ j(Eg,~x) is the photon emissivity obtained
after propagation of the electrons and after taking into account
the photon emission due to their interactions with the ISRF
and atomic nuclei in the interstellar medium1. The emissivity
is therefore given by (see Refs. [14, 15]):

j(Eg,~x) = Ne

Z mDM

Emin
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P(Eg,Ee,~x)y(Ee,~x)dEe, (13)

1 Contrary to the literature, here we include the overall E2
g factor of Eq. (12)

in the emission spectrum, so that the emissivity has units of energy per unit
time per unit volume.

FIG. 1. Spectrum of the residual extended emission in the 7� ⇥ 7�
region around the GC. The blue points are the residuals in the Fermi-
LAT data extracted by the authors of Ref. [5]. The prompt contri-
bution (black dashed), IC (green dashed-dotted) and Bremsstrahlung
(red dotted) emissions from 10 GeV DM annihilating only into lep-
tons add up to give a very good fit to the data, as shown by the
black solid line. This figure is obtained for a best-fit cross section
of hsvi= 0.86⇥10�26 cm3 s�1.

where y is the electron spectrum after propagation, P = PIC+
PBrems is the emission spectrum, Ne = 2 takes into account the
fact that both electrons and positrons radiate, and Emin

e is the
minimum electron energy from kinematics.

For IC emission, the emission spectrum reads (see e.g.,
Refs. [14, 15])

PIC(Eg,Ee,~x) = Eg
3sTc
4g2

L

Z 1

1/4g2
L

dq
�
Eg �E0

g (q)
� n(E0

g (q),~x)
q

⇥
✓

2q lnq+q+1�2q2 +
1
2

e2

1� e
(1�q)

◆
,

(14)

where e = Eg/Ee and the initial energy of the photon of the
ISRF is related to q via:

E0
g (q) =

Eg

4qg2
L(1� e)

. (15)

In Eq. (14), n is the sum of the number densities per unit en-
ergy for the different components of the photon bath. We as-
sume a constant value for n, corresponding to the value at the
GC. Note that lower bound of the integral in Eq. (13) is equal
to a minimum energy that is close to the energy of the emitted
photon: Emin

e =
⇣

Eg +
�
E2

g +m2
e
�1/2

⌘
/2. For the gamma-ray

energies of interest here (typically Eg > 0.1 GeV), Emin
e is very

close to Eg.
For Bremsstrahlung emission, the spectrum is given by [14,

15]

PBrems(Eg,Ee,~x) = c ngas
ds
dEg

(Eg,Ee), (16)

6

FIG. 4. Best fits to the Fermi residual with the gamma-ray spectrum
from annihilations of 10 GeV DM particles into leptons, with a gas
density of 10 cm�3.

these IC and Bremsstrahlung components enable one to sig-
nificantly improve the quality of the fit.

To make a more quantitative statement, we define the good-
ness of fit by the criterion c2 < 29.6, which gives a p-value
greater than 10�3 [21], corresponding to 11 data energy bins
and one free parameter, hsvi. Note that in our analysis we
combine in quadrature the statistical and systematic errors
provided in Ref. [5]. For prompt emission with only leptons,
the best fit is obtained for hsvi= 2.02⇥10�26 cm3 s�1, with
c2 = 41.93, which is a very bad fit. However, we obtain a c2

of 10.21 for a cross section of 0.86⇥ 10�26 cm3 s�1 when
we add up the IC and Bremsstrahlung contributions. This
demonstrates the importance of taking into account the dif-
fuse gamma-ray emission from electrons. Note that the error
bars on the cross section at the 1s level are of the order of
0.06⇥10�26 cm3 s�1.

For the channel with 90% leptons + 10% bb̄, the differ-
ence is smaller than for leptons only, but the c2 is never-
theless reduced from 16.46 (with a best-fit cross section of
2.11 ⇥ 10�26 cm3 s�1) down to 9.57 (with a best-fit cross
section of 0.89 ⇥ 10�26 cm3 s�1) when including IC and
Bremsstrahlung emissions. Hence, in such a scenario, both
spectra with or without the IC and Bremsstrahlung contribu-
tions fit the data, but there is a clear preference for the total
spectrum.

Shown in Fig. 3 are the best fits for the prompt spectrum
and the total spectrum in the case of a 30 GeV DM particle
annihilating into 100% bb̄. The corresponding best-fit val-
ues of the annihilation cross section are not very different:
hsvi = 2.2⇥ 10�26 cm3 s�1 for the prompt emission (with
c2 = 11.24), and hsvi = 2.03⇥ 10�26 cm3 s�1 for the total
emission (with c2 = 11.98). In this case, the contributions
from IC and Bremsstrahlung are sub-dominant, except at low
energy. This is due to the fact that the IC and Bremsstrahlung
emission spectra take large values for electron energies close
to the DM mass (Ee must be much greater than the observed
energy Eg). Electrons originating from bb̄ tend to have an en-

FIG. 5. Best fits to the Fermi residual with the gamma-ray spectrum
from annihilations of 10 GeV DM particles into leptons. The purple
hatched area represents the uncertainty on the best fit for the total
spectrum including IC and Bremsstrahlung due to the uncertainty on
the diffusion model. The band is bracketed by the fluxes for the MIN
and MAX sets, respectively at the top and the bottom.

ergy spectrum peaked at low energy, unlike those originating
from leptonic annihilation channels that peak closer to the DM
mass. Hence, looking at the gamma-ray spectrum at lower en-
ergies could be a good way to test whether the bb̄ channel,
which is usually claimed to be the preferred channel, indeed
agrees with other data sets from the GC.

So far, we have shown that taking B = 3 µG and ngas =
3 cm�3 leads to a very good fit to the data with the total spec-
trum, particularly for the leptonic channel. However, the fits
are fairly robust with respect to changes in these parameters.
For instance, taking B = 10 µG — a value that may be more
consistent with the value close to the GC — leads to a small
global shift of the IC and Bremsstrahlung contributions (due
to greater losses). The resulting best fit is only slightly af-
fected, with c2 = 10.35 and hsvi = 0.92 ⇥ 10�26 cm3 s�1

for the leptonic channel. When taking a greater value for
ngas, namely 10 cm�3, the resulting spectrum is harder at
low energy but still provides a very good fit to the data, with
c2 = 16.6 and hsvi= 0.6⇥10�26 cm3 s�1, as shown in Fig. 4.

Finally, the diffusion model introduces an additional un-
certainty, which is quantified by the MIN and MAX sets of
propagation parameters and degenerated with the cross sec-
tion (although changing the diffusion parameters mostly af-
fects the low-energy end of the spectrum, since the prompt
contribution remains fixed). This uncertainty is shown in
Fig. 5. The hatched area is bounded by the spectra for the
MIN and MAX sets (respectively at the top and the bottom
of the band) computed with the best-fit cross section obtained
with the MED set. Hence the uncertainty on the diffusion
model translates into an error on the best-fit value for the cross
section. The corresponding values for the MIN and MAX
sets are hsviMIN = 0.68 ⇥ 10�26 cm3 s�1 and hsviMAX =
1.18⇥10�26 cm3 s�1.
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FIG. 9. Left panel: Limits from radio observations on the annihilation rate of DM particles into 80% ⌧+⌧� and 20% b̄b, for
a generalized NFW profile with an inner slope of 1.26 (lowest line). The other curves show the same limits when adding an
artificial core to the DM profile with a core size rc as indicated (i.e. assuming a constant profile for galactocentric distances
smaller than what is stated next to the respective curve). Right panel: same as left panel but with an inner slope of � = 1.04.

In arriving at this expression, the monochromatic ap-
proximation for synchrotron radiation was used,

E =

✓
4⇡m3

e⌫

eB

◆ 1
2

= 0.46
⇣

⌫

GHz

⌘ 1
2

✓
B

mG

◆� 1
2

GeV , (7)

which we checked a↵ects our limits by less than 30% for
the masses of interest here. The integration volume in
Eq. (6) is a cone corresponding to the 400 region (⇠ 0.32 pc
of diameter at the GC) observed at Jodrell Bank [100].
We restrict the integration to a region r < r

max

= 1pc
where di↵usion can be safely neglected, see Fig. 8, thus
ignoring the synchrotron emission of electrons created in
regions where di↵usion e↵ects are not clearly negligible.
While this restriction has no significant e↵ect on our lim-
its for the case of a generalized NFW profile, it renders
our limits in the presence of a core, as discussed below,
rather conservative.

In Fig. 9 we show the results from confronting the DM
hypothesis with the 408MHz Jodrell Bank upper limit
in the case where the annihilation of DM particles oc-
curs with a branching ratio of 80% into ⌧

+

⌧

� and with
20% into b̄b. Besides limits for a generalized NFW pro-
file with � = 1.26 (left panel) and � = 1.04 (right panel),
we also show limits for these profiles if an ad hoc cuto↵
at a galactocentric distance rc is introduced in the DM
density profile. Below this, the DM density is assumed
to stay constant, i.e. ⇢�(r<rc) = ⇢�(rc) while ⇢�(r>rc)
is given by Eq. (2). At much smaller scales than con-
sidered here, such a DM density plateau is expected to
result from the large DM annihilation rate [117]. Here, it
rather serves as a phenomenological parameterization of
the maximal e↵ect that uncertainties in the DM distribu-
tion at small scales may have on our limits. Let us stress
that the DM interpretation of the GeV excess fixes the
form of the density profile down to roughly 10 pc [21],
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FIG. 10. Constraints from GC radio observations for various
annihilation channels, along with the corresponding contours
characterizing the DM interpretation of the GeV excess in
gamma rays [21]. These constraints assume an ad hoc core
in the DM density profile at galactocentric distances smaller
than rc = 2pc, i.e. only slightly below the O(10) pc distance
down to which the signal profile is observed in gamma rays
(see Fig. 9 for an indication of how limits improve if the profile
is assumed to continue to smaller scales).

and that there is no particular reason to expect a cuto↵ at
only slightly smaller scales. GC radio observations thus
place extremely tight constraints on annihilating DM for
the steep density profiles considered here, at least if ex-
tending down to r > rc ⇠ 1 pc.5 In fact, as we will discus

5

It is worth stressing that for such large core sizes, rc & 1 pc,

the limits shown in Fig. 9 are rather strongly a↵ected by our
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FIG. 5. Reference p̄ limits (thick line) and e↵ects of varying
the propagation scenario for b̄b final states. As in Fig. 4, the
area above the lines is excluded at 95%CL. For comparison,
also the signal region for a DM interpretation of the gamma-
ray excess in the inner Galaxy [21] is plotted, rescaled to
� = 1.04.

find that any interpretation of the gamma-ray excess as
being due to DM annihilating into quark final states is
in strong tension with the cosmic-ray antiproton data.

Let us, finally, comment on the impact of di↵erent
propagation scenarios on our limits. Conventionally, the
corresponding uncertainty is bracketed by two sets of
propagation parameters, ’MIN’ and ’MAX’, that are con-
sistent with the B/C analysis and, respectively, minimize
and maximize the primary antiproton flux from DM anni-
hilation [82]. As we have stressed before, however, there
are several additional observations that constrain these
parameters much better than the B/C analysis alone,
such that the range of allowed fluxes spanned by MIN
and MAX must be considered unrealistically large. In
order to give a conservative indication of the involved as-
trophysical uncertainties, and in order to follow the typ-
ically adopted procedure, we still show in Fig. 5 how our
limits change when varying the propagation parameters
within these ranges.3 As can be seen from this figure,
the DM interpretation of the excess becomes compatible
with limits from the PAMELA antiproton data only in
the most unfavourable case of propagation parameters –
at least within the cylindrical two-zone di↵usion model
that is commonly considered. Antiproton data from the
AMS-02 experiment on board of the international space

furthermore significantly weaker due to the deliberate choice of

not including data with T < 10GeV.

3

Given that L = 1kpc as featured by the MIN model proposed in

Ref. [82] has in the meantime been firmly ruled out, however, we

used instead a MIN’ model with the same parameters as MIN

but with L = 2kpc and a di↵usion coe�cient of D
0

= 9.65 ·
10

26

cm

2

s

�1

. This takes into account the lower bound of L �
2 kpc from radio observations [89, 90] and the fact that B/C only

is sensitive to L/D
0

[75, 83].
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FIG. 6. Upper limits (95% CL) on the relative branching
ratios into leptonic two-body final states, as derived from
a spectral analysis [98] of AMS-02 positrons. We assume
100% annihilation into leptonic final states. For each point,
we determine the DM mass and cross-section by a fit to the
gamma-ray spectrum of the inner Galaxy excess [21], assum-
ing � = 1.26. The green regions are excluded, while the gray
region shows where the spectral fit to the GeV excess worsens
significantly (see text for details). The white area shows the
remaining allowed parameter space, corresponding to an al-
most pure ⌧+⌧� final state. Note, however, that this gives a
fit to the data that is still much worse (by about ��2 ⇠ 130)
than a fit with a b̄b final state.

station may improve limits on a DM contribution by as
much as one order of magnitude with respect to the cur-
rent PAMELA data [76, 91, 94]. Expected to be pub-
lished in less than a year from now, AMS-02 data will
thus either show an excess also in antiprotons or allow
to rule out the DM hypothesis with rather high confi-
dence. Similar conclusions apply more generally to other
quark annihilation channels and DM profiles than what
is shown explicitly in Fig. 5 (i.e. b̄b and � = 1.04).

B. Positrons

The energy spectrum of cosmic-ray positrons as well
as the positron fraction (the fraction of positrons in the
total electron and positron flux) was recently measured
with unprecedented precision by the AMS-02 [95] exper-
iment, in the energy range 0.5 to 350 GeV. AMS-02 con-
firmed the rise in the positron fraction at energies above
10 GeV that was previously observed by PAMELA [96]
and Fermi LAT [97], but with significantly smaller sta-
tistical and systematical errors. This allowed for the first
time a dedicated spectral search for signals from light
(m� . 350 GeV) DM particles annihilating into leptonic
final states [98, 99], in a way that is largely independent
of the origin of the rise in the positron fraction itself. For
DM masses around 10 GeV, the limits on the annihila-
tion cross-section into e

+

e

� (µ+

µ

�) are very tight and
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FIG. 9. Left panel: Limits from radio observations on the annihilation rate of DM particles into 80% ⌧+⌧� and 20% b̄b, for
a generalized NFW profile with an inner slope of 1.26 (lowest line). The other curves show the same limits when adding an
artificial core to the DM profile with a core size rc as indicated (i.e. assuming a constant profile for galactocentric distances
smaller than what is stated next to the respective curve). Right panel: same as left panel but with an inner slope of � = 1.04.

In arriving at this expression, the monochromatic ap-
proximation for synchrotron radiation was used,
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which we checked a↵ects our limits by less than 30% for
the masses of interest here. The integration volume in
Eq. (6) is a cone corresponding to the 400 region (⇠ 0.32 pc
of diameter at the GC) observed at Jodrell Bank [100].
We restrict the integration to a region r < r

max

= 1pc
where di↵usion can be safely neglected, see Fig. 8, thus
ignoring the synchrotron emission of electrons created in
regions where di↵usion e↵ects are not clearly negligible.
While this restriction has no significant e↵ect on our lim-
its for the case of a generalized NFW profile, it renders
our limits in the presence of a core, as discussed below,
rather conservative.

In Fig. 9 we show the results from confronting the DM
hypothesis with the 408MHz Jodrell Bank upper limit
in the case where the annihilation of DM particles oc-
curs with a branching ratio of 80% into ⌧

+

⌧

� and with
20% into b̄b. Besides limits for a generalized NFW pro-
file with � = 1.26 (left panel) and � = 1.04 (right panel),
we also show limits for these profiles if an ad hoc cuto↵
at a galactocentric distance rc is introduced in the DM
density profile. Below this, the DM density is assumed
to stay constant, i.e. ⇢�(r<rc) = ⇢�(rc) while ⇢�(r>rc)
is given by Eq. (2). At much smaller scales than con-
sidered here, such a DM density plateau is expected to
result from the large DM annihilation rate [117]. Here, it
rather serves as a phenomenological parameterization of
the maximal e↵ect that uncertainties in the DM distribu-
tion at small scales may have on our limits. Let us stress
that the DM interpretation of the GeV excess fixes the
form of the density profile down to roughly 10 pc [21],
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FIG. 10. Constraints from GC radio observations for various
annihilation channels, along with the corresponding contours
characterizing the DM interpretation of the GeV excess in
gamma rays [21]. These constraints assume an ad hoc core
in the DM density profile at galactocentric distances smaller
than rc = 2pc, i.e. only slightly below the O(10) pc distance
down to which the signal profile is observed in gamma rays
(see Fig. 9 for an indication of how limits improve if the profile
is assumed to continue to smaller scales).

and that there is no particular reason to expect a cuto↵ at
only slightly smaller scales. GC radio observations thus
place extremely tight constraints on annihilating DM for
the steep density profiles considered here, at least if ex-
tending down to r > rc ⇠ 1 pc.5 In fact, as we will discus
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It is worth stressing that for such large core sizes, rc & 1 pc,

the limits shown in Fig. 9 are rather strongly a↵ected by our
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FIG. 5. Reference p̄ limits (thick line) and e↵ects of varying
the propagation scenario for b̄b final states. As in Fig. 4, the
area above the lines is excluded at 95%CL. For comparison,
also the signal region for a DM interpretation of the gamma-
ray excess in the inner Galaxy [21] is plotted, rescaled to
� = 1.04.

find that any interpretation of the gamma-ray excess as
being due to DM annihilating into quark final states is
in strong tension with the cosmic-ray antiproton data.

Let us, finally, comment on the impact of di↵erent
propagation scenarios on our limits. Conventionally, the
corresponding uncertainty is bracketed by two sets of
propagation parameters, ’MIN’ and ’MAX’, that are con-
sistent with the B/C analysis and, respectively, minimize
and maximize the primary antiproton flux from DM anni-
hilation [82]. As we have stressed before, however, there
are several additional observations that constrain these
parameters much better than the B/C analysis alone,
such that the range of allowed fluxes spanned by MIN
and MAX must be considered unrealistically large. In
order to give a conservative indication of the involved as-
trophysical uncertainties, and in order to follow the typ-
ically adopted procedure, we still show in Fig. 5 how our
limits change when varying the propagation parameters
within these ranges.3 As can be seen from this figure,
the DM interpretation of the excess becomes compatible
with limits from the PAMELA antiproton data only in
the most unfavourable case of propagation parameters –
at least within the cylindrical two-zone di↵usion model
that is commonly considered. Antiproton data from the
AMS-02 experiment on board of the international space

furthermore significantly weaker due to the deliberate choice of

not including data with T < 10GeV.

3

Given that L = 1kpc as featured by the MIN model proposed in

Ref. [82] has in the meantime been firmly ruled out, however, we

used instead a MIN’ model with the same parameters as MIN

but with L = 2kpc and a di↵usion coe�cient of D
0

= 9.65 ·
10

26

cm

2

s

�1

. This takes into account the lower bound of L �
2 kpc from radio observations [89, 90] and the fact that B/C only

is sensitive to L/D
0

[75, 83].
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FIG. 6. Upper limits (95% CL) on the relative branching
ratios into leptonic two-body final states, as derived from
a spectral analysis [98] of AMS-02 positrons. We assume
100% annihilation into leptonic final states. For each point,
we determine the DM mass and cross-section by a fit to the
gamma-ray spectrum of the inner Galaxy excess [21], assum-
ing � = 1.26. The green regions are excluded, while the gray
region shows where the spectral fit to the GeV excess worsens
significantly (see text for details). The white area shows the
remaining allowed parameter space, corresponding to an al-
most pure ⌧+⌧� final state. Note, however, that this gives a
fit to the data that is still much worse (by about ��2 ⇠ 130)
than a fit with a b̄b final state.

station may improve limits on a DM contribution by as
much as one order of magnitude with respect to the cur-
rent PAMELA data [76, 91, 94]. Expected to be pub-
lished in less than a year from now, AMS-02 data will
thus either show an excess also in antiprotons or allow
to rule out the DM hypothesis with rather high confi-
dence. Similar conclusions apply more generally to other
quark annihilation channels and DM profiles than what
is shown explicitly in Fig. 5 (i.e. b̄b and � = 1.04).

B. Positrons

The energy spectrum of cosmic-ray positrons as well
as the positron fraction (the fraction of positrons in the
total electron and positron flux) was recently measured
with unprecedented precision by the AMS-02 [95] exper-
iment, in the energy range 0.5 to 350 GeV. AMS-02 con-
firmed the rise in the positron fraction at energies above
10 GeV that was previously observed by PAMELA [96]
and Fermi LAT [97], but with significantly smaller sta-
tistical and systematical errors. This allowed for the first
time a dedicated spectral search for signals from light
(m� . 350 GeV) DM particles annihilating into leptonic
final states [98, 99], in a way that is largely independent
of the origin of the rise in the positron fraction itself. For
DM masses around 10 GeV, the limits on the annihila-
tion cross-section into e

+

e

� (µ+

µ

�) are very tight and
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Summary: Part I

• indirect detection tests particle nature of DM with astrophysical observations

• we are beginning to probe favored models of dark matter with gamma-ray 
searches

• hints of possible dark matter signals have been uncovered in gamma-ray data!  
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