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Introduction

Some of us believe in 
the WIMP miracle.

DM is a neutral, very long lived, 
weakly interacting particle.

galactic rotation curves
weak lensing (e.g. in clusters)

‘precision cosmology’ (CMB, LSS)

DM exists

- weak-scale mass (10 GeV - 1 TeV)
- weak interactions
- give automatically correct abundance

�v = 3 · 10�26cm3/sec
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Charged CRs

1. the PAMELA/Fermi/HESS ‘excesses’
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Moore � 30.28 0.105

Figure 1: DM profiles and the corresponding parameters to be plugged in the functional forms
of eq. (1). The dashed lines represent the smoothed functions adopted for some of the computations
in Sec. 4.1.3. Notice that we here provide 2 (3) decimal significant digits for the value of rs (⇥s):
this precision is su⇥cient for most computations, but more would be needed for specific cases, such
as to precisely reproduce the J factors (discussed in Sec.5) for small angular regions around the
Galactic Center.

Next, we need to determine the parameters rs (a typical scale radius) and �s (a typical
scale density) that enter in each of these forms. Instead of taking them from the individual
simulations, we fix them by imposing that the resulting profiles satisfy the findings of
astrophysical observations of the Milky Way. Namely, we require:

- The density of Dark Matter at the location of the Sun r� = 8.33 kpc (as determined
in [48]; see also [49] 3) to be �� = 0.3 GeV/cm3. This is the canonical value routinely
adopted in the literature (see e.g. [1, 2, 51]), with a typical associated error bar of
±0.1 GeV/cm3 and a possible spread up to 0.2⇧ 0.8 GeV/cm3 (sometimes refereed
to as ‘a factor of 2’). Recent computations have found a higher central value and
possibly a smaller associated error, still subject to debate [52, 53, 54, 55].

- The total Dark Matter mass contained in 60 kpc (i.e. a bit larger than the distance to
the Large Magellanic Cloud, 50 kpc) to be M60 ⌅ 4.7⇥ 1011M�. This number is based
on the recent kinematical surveys of stars in SDSS [56]. We adopt the upper edge of
their 95% C.L. interval to conservatively take into account that previous studies had
found somewhat larger values (see e.g. [57, 58]).

The parameters that we adopt and the profiles are thus given explicitly in fig. 1. Notice that
they do not di�er much (at most 20%) from the parameter often conventionally adopted in
the literature (see e.g. [2]), so that our results presented below can be quite safely adopted
for those cases.

of spherical symmetry, in absence of better determinations, seems to be still well justified. Moreover, it is
the current standard assumption in the literature and we therefore prefer to stick to it in order to allow
comparisons. In the future, the proper motion measurements of a huge number of galactic stars by the
planned GAIA space mission will most probably change the situation and give good constraints on the
shape of our Galaxy’s DM halo, e.g. [46], making it worth to reconsider the assumption. For what concerns
the impact of non-spherical halos on DM signals, charged particles signals are not expected to be a�ected,
as they are sensistive to the local galactic environment. For an early analysis of DM gamma rays al large
latitudes see [47].

3The commonly adopted value used to be 8.5 kpc on the basis of [50].
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DM halo profiles
From N-body numerical simulations:

  cuspy: NFW, Moore
  mild: Einasto
  smooth: isothermal, Burkert
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reader with ready-to-use final products, as opposed to the generating code. We make an
e�ort to extend our results to large, multi-TeV DM masses (recently of interest because
of possible multi-TeV charged cosmic ray anomalies) and small, few-GeV DM masses (re-
cently discussed because of hints from DM direct detection experiments), at the edge of the
typical WIMP window. Above all, our aim is to provide a self-consistent, independently
computed, comprehensive set of results for DM indirect detection. Whenever possible, we
have compared with existing codes, finding good agreement or improvements.

2 Dark Matter distribution in the Galaxy

For the galactic distribution of Dark Matter in the Milky Way we consider several possi-
bilities. The Navarro, Frenk and White (NFW) [35] profile (peaked as r�1 at the Galactic
Center (GC)) is a traditional benchmark choice motivated by N-body simulations. The
Einasto [36, 37] profile (not converging to a power law at the GC and somewhat more
chubby than NFW at kpc scales) is emerging as a better fit to more recent numerical sim-
ulations; the shape parameter � varies from simulation to simulation, but 0.17 seem to
emerge as a central, fiducial value, that we adopt. Cored profiles, such as the truncated
Isothermal profile [38, 39] or the Burkert profile [40], might be instead more motivated by
the observations of galactic rotation curves, but seem to run into conflict with the results of
numerical simulations. On the other hand, profiles steeper that NFW had been previously
found by Moore and collaborators [41].

As long as a convergent determination of the actual DM profile is not reached, it is
useful to have at disposal the whole range of these possible choices when computing Dark
Matter signals in the Milky Way. The functional forms of these profiles read:

NFW : ⇥NFW(r) = ⇥s
rs

r

⇤
1 +

r

rs

⌅�2

Einasto : ⇥Ein(r) = ⇥s exp

⌥
� 2

�

⇧⇤
r

rs

⌅�

� 1

⌃�

Isothermal : ⇥Iso(r) =
⇥s

1 + (r/rs)
2

Burkert : ⇥Bur(r) =
⇥s

(1 + r/rs)(1 + (r/rs)2)

Moore : ⇥Moo(r) = ⇥s

�rs

r

⇥1.16
⇤

1 +
r

rs

⌅�1.84

(1)

Numerical DM simulations that try to include the e�ects of the existence of baryons have
consistently found modified profiles that are steeper in the center with respect to the DM-
only simulations [42]. Most recently, [43] has found such a trend re-simulating the haloes
of [36, 37]: steeper Einasto profiles (smaller �) are obtained when baryons are added.
To account for this possibility we include a modified Einasto profile (that we denote as
EinastoB, EiB in short in the following) with an � parameter of 0.11. All profiles assume
spherical symmetry 2 and r is the coordinate centered in the Galactic Center.

2Numerical simulations show that in general halos can deviate from this simplest form, and the isodensity
surfaces are often better approximated as triaxial ellipsoids instead (e.g. [44]). For the case of the Milky
Way, however, it is fair to say that at the moment we do not have good observational determinations of its
shape, despite the e�orts already made studying the stellar tidal streams, see [45]. Thus the assumption

5
EinastoB = steepened Einasto

(effect of baryons?)

6 profiles:
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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⇥e.
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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⇥e.
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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⇥e.
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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⇥e.
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PS: post AMS 2014
positron fraction antiprotons

background ?

electrons + positrons

YES:
⇥�v⇤ � 10�23 cm3/sec
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one TeV, leptophilic DM 
with huge 
‘tension’ between positron frac and e++e-

Addendum (2013) to Cirelli, Kadastik, Raidal, Strumia 0809.2409 (2008)
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Gamma constraints
from Inverse Compton on         in halo� e±

See also: 
Papucci, Strumia, 
0912.0742FERMI coll., Cuoco - Zaharijas, 1205.6474

Updated results from 
the FERMI coll. itself

5� < b < 15�
�80� < ` < +80�



Gamma constraints
     from  DM annihilations in Satellite Galaxies�

FERMI
1310.0828 Fermi coll.,
Alex Drlica-Wagner 

Text4 years data:
weaker bound

(or 10 GeV DM 
peeping out?)



Gamma constraints
     from  DM annihilations in Satellite Galaxies�

HESS 1410.2589 HESS coll.



Theorist’s reaction



Theorist’s reaction

1. the ‘PAMELA frenzy’



Needs:

- TeV or multi-TeV masses

- no hadronic channels

- very large flux

Challenges for the 
‘conventional’ DM candidates

SuSy DM KK DM

difficult ok

difficult difficult

no ok

for any Majorana DM, 
s-wave annihilation cross section

�ann(DMD̄M� ff̄) ⇥
�

mf

MDM

⇥2



Enhancement

- DM is produced non-thermally:

- astrophysical boost

- resonance effect

- Sommerfeld effect

at freeze-out today

How to reconcile                                   with                             ?� = 3 · 10�26cm3/sec � � 10�23cm3/sec

the annihilation cross section 
today is unrelated to the 
production process

no clumps clumps

off-resonance on-resonance

v/c � 0.1 v/c � 10�3

+ (Wimponium)



- Minimal extensions of the SM: 
heavy WIMPS (Minimal DM, Inert Doublet) 

- More drastic extensions: 
New models with a rich Dark sector

- Decaying DM

Model building

Tytgat et al. 0901.2556Cirelli, Strumia et al. 2005-2009

Ibarra et al., 2007-2009          Nardi, Sannino, Strumia 0811.4153

M.Pospelov and A.Ritz, 0810.1502: Secluded DM - A.Nelson and C.Spitzer, 0810.5167: Slightly Non-Minimal DM - Y.Nomura and J.Thaler, 0810.5397: DM through the 
Axion Portal - R.Harnik and G.Kribs, 0810.5557: Dirac DM - D.Feldman, Z.Liu, P.Nath, 0810.5762: Hidden Sector - T.Hambye, 0811.0172: Hidden Vector - K.Ishiwata, 
S.Matsumoto, T.Moroi, 0811.0250: Superparticle DM - Y.Bai and Z.Han, 0811.0387: sUED DM - P.Fox, E.Poppitz, 0811.0399: Leptophilic DM - C.Chen, F.Takahashi, 
T.T.Yanagida, 0811.0477: Hidden-Gauge-Boson DM - E.Ponton, L.Randall, 0811.1029: Singlet DM - S.Baek, P.Ko, 0811.1646: U(1) Lmu-Ltau DM - I.Cholis, G.Dobler, 
D.Finkbeiner, L.Goodenough, N.Weiner, 0811.3641: 700+ GeV WIMP -  K.Zurek, 0811.4429: Multicomponent DM - M.Ibe, H.Murayama, T.T.Yanagida, 0812.0072: Breit-
Wigner enhancement of DM annihilation - E.Chun, J.-C.Park, 0812.0308: sub-GeV hidden U(1) in GMSB - M.Lattanzi, J.Silk, 0812.0360: Sommerfeld enhancement in 
cold substructures - M.Pospelov, M.Trott, 0812.0432: super-WIMPs decays DM - Zhang, Bi, Liu, Liu, Yin, Yuan, Zhu, 0812.0522: Discrimination with SR and IC - Liu, Yin, 
Zhu, 0812.0964: DMnu from GC - M.Pohl, 0812.1174: electrons from DM - J.Hisano, M.Kawasaki, K.Kohri, K.Nakayama, 0812.0219: DMnu from GC - R.Allahverdi, 
B.Dutta, K.Richardson-McDaniel, Y.Santoso, 0812.2196: SuSy B-L DM - S.Hamaguchi, K.Shirai, T.T.Yanagida, 0812.2374: Hidden-Fermion DM decays - D.Hooper, 
A.Stebbins, K.Zurek, 0812.3202: Nearby DM clump - C.Delaunay, P.Fox, G.Perez, 0812.3331: DMnu from Earth - Park, Shu, 0901.0720: Split-UED DM - .Gogoladze, 
R.Khalid, Q.Shafi, H.Yuksel, 0901.0923: cMSSM DM with additions - Q.H.Cao, E.Ma, G.Shaughnessy, 0901.1334: Dark Matter: the leptonic connection - E.Nezri, M.Tytgat, 
G.Vertongen, 0901.2556: Inert Doublet DM - J.Mardon, Y.Nomura, D.Stolarski, J.Thaler, 0901.2926: Cascade annihilations (light non-abelian new bosons) - P.Meade, 
M.Papucci, T.Volansky, 0901.2925: DM sees the light - D.Phalen, A.Pierce, N.Weiner, 0901.3165: New Heavy Lepton - T.Banks, J.-F.Fortin, 0901.3578: Pyrma baryons - 
K.Bae, J.-H. Huh, J.Kim, B.Kyae, R.Viollier, 0812.3511: electrophilic axion from flipped-SU(5) with extra spontaneously broken symmetries and a two component DM 
with Z2   parity - ...

A.Arvanitaki, S.Dimopoulos, S.Dubovsky, P.Graham, R.Harnik, S.Rajendran, 0812.2075

http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Gogoladze%2C%20Ilia%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Gogoladze%2C%20Ilia%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Khalid%2C%20Rizwan%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Khalid%2C%20Rizwan%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Shafi%2C%20Qaisar%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Shafi%2C%20Qaisar%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Yuksel%2C%20Hasan%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Yuksel%2C%20Hasan%22


�DM ⇥ 3 · 1027sec
�

1 TeV
MDM

⇥5 �
MGUT

2 · 1016 GeV

⇥4

Decaying DM
DM need not be absolutely stable, 
just                                                  .�DM � �universe � 4.3 1017sec

Motivations from theory?
- dim 6 suppressed operator in GUT

- or in TechniColor

Arvanitaki, Dimopoulos et al., 2008+09

Nardi, Sannino, Strumia 2008

The current CR anomalies can be due to decay with:

- gravitino in SuSy with broken R-parity...

�decay � 1026sec
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What sets the overall expected flux?

Indirect Detection
    and      from  DM decay in halop̄ e+

� n �decay

��1
decay = �decay � 1026sec



FIG. 10: Same as Fig. 1, but for the decay channels φDM → "+"−. Upper panels: φDM → e+e−

with MDM = 2000GeV (solid) and 300GeV (dotted). Middle panels: φDM → µ+µ− with MDM =

2500GeV (solid) and 600GeV (dotted). Lower panels: φDM → τ+τ− with MDM = 5000GeV

(solid) and 2000GeV (dotted).

with present measurements of the antiproton flux and the diffuse extragalactic gamma-ray

flux. The most promising decay channels for a fermionic or a scalar dark matter particle are

listed in Tab. II, where we also show the approximate mass and lifetime which provide the

best fit to the data. It should be borne in mind that the astrophysical uncertainties in the

propagation of cosmic rays and in the determination of the background fluxes of electrons

and positrons are still large. Besides, the existence of a possibly large primary component

of electrons/positrons from astrophysical sources, such as pulsars, cannot be precluded.
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FIG. 5: Same as Fig. 1, but for the decay channels ψDM → "±"∓ν. Upper panels: ψDM → e−e+ν

with MDM = 2000GeV (solid) and 400GeV (dotted). Middle panels: ψDM → µ−µ+ν with MDM =

3500GeV (solid) and 1000GeV (dotted). Lower panels: ψDM → τ−τ+ν with MDM = 5000GeV

(solid) and 2500GeV (dotted).

In some decaying dark matter scenarios, the dark matter particles decay into charged

leptons of different flavors and not exclusively in just one channel. As an illustration of the

predictions of this class of scenarios, we show in Fig. 4 the positron fraction and the total

electron plus positron flux for a dark matter particle that decays democratically into the three

flavors, for MDM = 2000 GeV (solid) and 300 GeV (dotted). Although these scenarios could

explain the PAMELA excess, the predicted spectral shape of the total flux is not consistent

with the Fermi data: either the energy spectrum falls off at too low energies or it presents
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Decaying DM
Which DM spectra can fit the data?
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E.g. a fermionic                             with                             : MDM = 3.5 TeV
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Decaying DM
But, again: gamma ray constraints

(although: no radio, neutrino constraints)
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Figure 3: The regions on the parameter space MDM–�dec that are excluded by the Fermi and
H.E.S.S. constraints and that can be explored by CTA, together with the regions of the global
fit to the charged CR data, for di � erent decay channels.
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The PAMELA  and FERMI regions are in conflict 
with these gamma constraints.
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The “Theory of DM”
Arkani-Hamed, Weiner, Finkbeiner et al. 0810.0713

0811.3641

Basic ingredients:
Dark Matter particle, decoupled from SM, mass             
new gauge boson (“Dark photon”), 

couples only to DM, with typical gauge strength, 
- mediates Sommerfeld enhancement of         annihilation:

        fulfilled

- decays only into            or              
for kinematical limit
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Extras:
�       is a multiplet of states and        is non-abelian gauge boson:

    splitting                                (via loops of non-abelian bosons)
- inelastic scattering explains DAMA
- eXcited state decay                     explains INTEGRAL

�
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2. the ‘130 GeV line’

Gamma rays



A matter of perspective: plausible mass ranges
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‘only’ 90 orders of magnitude!
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     from  DM annihilations in galactic center�
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So what are the 
particle physics 
parameters?

1. Dark Matter mass 

2. annihilation cross section �ann



What if a signal of DM is  already  hidden 
in Fermi diffuse     data?�

Fermi 130 GeV line

Figure 4. Upper sub-panels: the measured events with statistical errors are plotted in black. The
horizontal bars show the best-fit models with (red) and without DM (green), the blue dotted line
indicates the corresponding line flux alone. In the lower sub-panel we show residuals after subtracting
the model with line contribution. Note that we rebinned the data to fewer bins after performing the
fits in order to produce the plots and calculate the p-value and the reduced χ2

r ≡ χ2/dof. The counts
are listed in Tabs. 1, 2 and 3.
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Figure 1. Left panel: The black lines show the target regions that are used in the present analysis in
case of the SOURCE event class (the ULTRACLEAN regions are very similar). From top to bottom,
they are respectively optimized for the cored isothermal, the NFW (with α = 1), the Einasto and the
contracted (with α = 1.15, 1.3) DM profiles. The colors indicate the signal-to-background ratio with
arbitrary but common normalization; in Reg2 to Reg5 they are respectively downscaled by factors
(1.6, 3.0, 4.3, 18.8) for better visibility.
Right panel: From top to bottom, the panels show the 20–300 GeV gamma-ray (+ residual CR)
spectra as observed in Reg1 to Reg5 with statistical error bars. The SOURCE and ULTRACLEAN
events are shown in black and magenta, respectively. Dotted lines show power-laws with the indicated
slopes; dashed lines show the EGBG + residual CRs. The vertical gray line indicates E = 129.0 GeV.
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Fig. 3.— All-sky CLEAN 3.7 year maps in 5 energy bins, and a residual map (lower right). The residual map is the 120− 140 GeV map
minus a background estimate, taken to be the average of the other 4 maps where the average is computed in E2dN/dE units. This simple
background estimate is sufficient to remove the Galactic plane and most of the large-scale diffuse structures and even bright point sources.
A cuspy structure toward the Galactic center is revealed as the only significant structure in the residual gamma-ray map. All of the maps
are smoothed with a Gaussian kernel of FWHM = 10◦ without source subtraction.

are available on the Internet, and it is from these files
that we build our maps.
The point spread function (PSF) is about 0.8◦ for 68%

containment at 1 GeV and decreases with energy as r68 ∼
E−0.8, asymptoting to ∼ 0.2◦ at high energy. The LAT
is designed to survey the gamma-ray sky in the energy
range from about 20 MeV to several hundreds of GeV.
We use the latest publicly available data and instru-

ment response functions, known as Pass 7 (P7 V6)4. For
most figures in this work we use the CLEAN event class,
which has larger effective area than ULTRACLEAN and
lower background than SOURCE. In a few cases, we show
figures made with ULTRACLEAN or SOURCE events as ev-
idence that this choice has no qualitative effect on our
results.
Photons coming from the bright limb at Earth’s

horizon, dominantly produced by grazing-incidence CR
showers in the atmosphere, are a potential source of con-
tamination. We minimize this background by selecting
events with zenith angle less than 100◦ as suggested in

4 Details at http://fermi.gsfc.nasa.gov/ssc/

data/analysis/documentation/Pass7 usage.html

the Fermi Cicerone5. We also exclude some time in-
tervals, primarily while Fermi passes through the South
Atlantic Anomaly.

2.2. Map Making

We generate full-sky maps of counts and exposure us-
ing HEALPix, a convenient equal-area iso-latitude full-
sky pixelization widely used in the CMB community.6

Spherical harmonic smoothing is straightforward in this
pixelization, and we smooth each map by the kernel re-
quired to obtain an approximately Gaussian PSF of some
target FWHM, usually 10◦. We generate maps for front-
and back-converting events separately, smooth them to
a common PSF, and then combine them.
We construct maps both with and without point source

subtraction. We subtract point sources listed in the Sec-
ond Fermi-LAT catalog (2FGL), which is based on 24
months of P7 V6 LAT observations.7 The PSF and ef-

5 http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/.
6 HEALPix software and documentation can be found at

http://healpix.jpl.nasa.gov, and the IDL routines used in
this analysis are available as part of the IDLUTILS product at
http://sdss3data.lbl.gov/software/idlutils.

7 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/2yr catalog,
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Figure 1. Map at 120-140 GeV showing regions with positive and negative excesses around the background.
Three most significant regions from [2] are shown with white circles, the remaining regions from [2] are
shown with green circles.

Region Power law parameters χ2 Prominent Significance
Features σ

REG 1 Γ = 3.4± 0.4; N100 = 4.3 ± 0.6 0.98 Line at 115 GeV 3.86
REG 2(overall) Γ = 2.2± 0.2; N100 = 7.1 ± 0.6 0.94 –
REG 2(60–110 GeV) Γ = 1.4± 0.8; N100 = 8.0 ± 2.0 2.12 Dip at 95 GeV -4.7
REG 2(110–200 GeV) Γ = 2.7± 0.5; N100 = 7.8 ± 1.4 0.29 –
REG 3 Γ = 3.6± 0.5; N100 = 2.3 ± 0.4 0.79 Line at 80 GeV 2.86

Table 1. Continuum fits for regions REG 1, REG 3, REG 2. We fit the background at overall (60-200 GeV)
or specified energy band using the power law (N(E) = N100(E/100 GeV−Γ) and show the most prominent
feature above this background together with its formal significance.

1 Introduction

It has been recently reported in [1] that the γ-ray emission from the region around the Galactic
Center (GC) exhibits a line-like excess at the energies ∼ 130 GeV. An interest to this result is
based on the expectation that any signal of astrophysical origin at high energies would have a
broad (compared to the Fermi spectral resolution) spectral shape. Diffuse emission with the line-
like spectrum has therefore been considered as an exotic one, e.g. as a “smoking gun” for dark
matter annihilation [3]. The region of [1] was selected by maximizing signal-to-noise ratio for
the expected dark matter annihilation signal. The preprint of [1] was followed by [2] where the
claim was confirmed and it was demonstrated that a similar excess originates from several regions
of the size ∼ 3◦ around the Galactic plane. A number of works [2, 4–7] have discussed possible
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What if a signal of DM is  already  hidden 
in Fermi diffuse     data?�

Figure 4. Upper sub-panels: the measured events with statistical errors are plotted in black. The
horizontal bars show the best-fit models with (red) and without DM (green), the blue dotted line
indicates the corresponding line flux alone. In the lower sub-panel we show residuals after subtracting
the model with line contribution. Note that we rebinned the data to fewer bins after performing the
fits in order to produce the plots and calculate the p-value and the reduced χ2

r ≡ χ2/dof. The counts
are listed in Tabs. 1, 2 and 3.
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Figure 1. Left panel: The black lines show the target regions that are used in the present analysis in
case of the SOURCE event class (the ULTRACLEAN regions are very similar). From top to bottom,
they are respectively optimized for the cored isothermal, the NFW (with α = 1), the Einasto and the
contracted (with α = 1.15, 1.3) DM profiles. The colors indicate the signal-to-background ratio with
arbitrary but common normalization; in Reg2 to Reg5 they are respectively downscaled by factors
(1.6, 3.0, 4.3, 18.8) for better visibility.
Right panel: From top to bottom, the panels show the 20–300 GeV gamma-ray (+ residual CR)
spectra as observed in Reg1 to Reg5 with statistical error bars. The SOURCE and ULTRACLEAN
events are shown in black and magenta, respectively. Dotted lines show power-laws with the indicated
slopes; dashed lines show the EGBG + residual CRs. The vertical gray line indicates E = 129.0 GeV.
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Figure 4. Upper sub-panels: the measured events with statistical errors are plotted in black. The
horizontal bars show the best-fit models with (red) and without DM (green), the blue dotted line
indicates the corresponding line flux alone. In the lower sub-panel we show residuals after subtracting
the model with line contribution. Note that we rebinned the data to fewer bins after performing the
fits in order to produce the plots and calculate the p-value and the reduced χ2

r ≡ χ2/dof. The counts
are listed in Tabs. 1, 2 and 3.
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Figure 1. Left panel: The black lines show the target regions that are used in the present analysis in
case of the SOURCE event class (the ULTRACLEAN regions are very similar). From top to bottom,
they are respectively optimized for the cored isothermal, the NFW (with α = 1), the Einasto and the
contracted (with α = 1.15, 1.3) DM profiles. The colors indicate the signal-to-background ratio with
arbitrary but common normalization; in Reg2 to Reg5 they are respectively downscaled by factors
(1.6, 3.0, 4.3, 18.8) for better visibility.
Right panel: From top to bottom, the panels show the 20–300 GeV gamma-ray (+ residual CR)
spectra as observed in Reg1 to Reg5 with statistical error bars. The SOURCE and ULTRACLEAN
events are shown in black and magenta, respectively. Dotted lines show power-laws with the indicated
slopes; dashed lines show the EGBG + residual CRs. The vertical gray line indicates E = 129.0 GeV.
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Theorist’s reaction

2. the ‘130 GeV line’ frenzy



Challenges
DM is neutral: need ‘something’ to couple to �

It’s ‘easy’ to make a line: 

any 2-body final state 

with at least one     . But:�



DM is neutral: need ‘something’ to couple to 
Challenges

Lee & Park2 1205.4675Dudas et al., 1205.1520

a loop Chern-Simons axions magn dipole ...

Heo, Kim 1207.1341‘Higgs in space!’ 0912.0004
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MSSM
dark sector...

Kyae, Park 1205.4151
Cline 1205.2688
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Model building  not exhaustive! Ex. 1: ‘resonance, loop and forbidden channel’
Jackson, Servant, 

Shaughnessy, 
Tait, Taoso, 

‘Higgs in space’, 
0912.0004

(a) DM charged under U’(1)
(b) Z’ is tR-philic
(c) mDM ≲ mtop

line(s)

today: 
    kinematically forbidden
    little in other channels

      small continuum

Early Universe: 
         relic abundance

However:
 - anomalies, need 
   to UV complete

(c)

(b)

(b)

with large rate 
if on resonance 
(masses & couplings)

(a)

(only via Z-Z’ mixing)
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- may overshoot other observations
- too large annihilation in the EU

But solutions exist

Model building

In summary:
 kinematically forbidden channel
 different diagrams
 s-wave vs p-wave
 coannihilations and splitting
 DM production is decoupled from annihilations
 ...
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Figure 1. The map of significance of residuals for the region around the
Galactic Center.

backgrounds correspondingly. The number of free parameters
for the diffuse background model is 2 (the norms for each of the
backgrounds). The total number of free parameters in our model
is thus 48.

This model is similar to the one described in
Chernyakova et al. (2010).

2.2 Analysis

The data analysis was performed using the LAT Science Tools
package with the P6 V3 post-launch instrument response func-
tion (Rando et al. 2009).

We find the best-fit values of all parameters of the model
of Section 2.1 (using gtlike likelihood fitting tool) and deter-
mine resulting log-likelihood (Mattox et al. 1996) of the model.
Best fit values for the obtained fluxes agree within statistical
uncertainties with fluxes reported in Fermi Catalog (Abdo et al.
2010a) and in Chernyakova et al. (2010) (e.g. for the central
source we obtained the flux 5.68 × 10−8 cts/cm2/s while the
catalog gives (5.77 ± 0.3) × 10−8 cts/cm2/s).

We then freeze the values of the free parameters of our
model and simulate spatial distribution of photons at energies
above 1 GeV (using gtmodel tool). The significance of resid-
uals, (Observation - Model)/ statistical error, is shown in Fig 1.
We see the absence of structures in the central 2◦ region. The
average value of residuals is about 10% in the 2◦ region around
the GC, compatible with estimated systematic errors (10-20%)
of Fermi LAT at 1 GeV.3

Thus we see that the adopted model (point sources plus
galactic and extragalactic diffuse components) explains the
emission from the GC region and no additional components is
required.

3 DISCUSSION

We conclude that the signal within central 1◦−2◦, contain-
ing the “excess” found by Hooper & Goodenough 2010 (HG10
hereafter), can be well described by our model : (point sources
plus Galactic and extragalactic diffuse background compo-
nents). The discrepancy is then due to a different interpretation
of the data.

3 See e.g. http://fermi.gsfc.nasa.gov/ssc/data/
analysis/LAT_caveats.html
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Figure 2. Spectrum of the point source at the GC reported in
Chernyakova et al. (2010) (green points) together with the HG10 total
spectrum from 1.25◦ (black points), excess (blue squares) and GC point
source flux from HG10 (red open circles). Continuation of the HESS
data (van Eldik et al. 2008; Aharonian et al. 2004) (blue points) data
with a power law is shown with dashed black line.

The spectrum of the central point source (1FGL J1745.6-
2900c, probably associated with the Galactic black hole Sgr
A∗) was taken in HG10 to be a featureless power-law start-
ing from energies about 10 TeV (results of HESS measure-
ments, blue points with error bars in Fig. 2, (Aharonian et al.
2004; van Eldik et al. 2008)) and continuing all the way down
to ∼ 1 GeV. The flux attributed in this way to the central
point source is significantly weaker than in the previous works.
For comparison, the (PSF corrected) spectrum of the GC point
source reported in Chernyakova et al. (2010) is shown in Fig. 2
in green points. Its spectral characteristics are fully consistent
with the results of 11-months Fermi catalog Abdo et al. (2010a)
(∼ 6 × 10−8 cts/cm2/s above 1 GeV, compared to the ∼

5×10−9 cts/cm2/s at the same energies in HG10). The change
of the slope of the source spectrum below ∼ 100 GeV, as com-
pared with the HESS data is explained by Chernyakova et al.
(2010) with the model of energy dependent diffusion of pro-
tons in the few central parsecs around the GC. Alternatively,
the spectrum can be explained with the model developed in
Aharonian & Neronov (2005). The low-energy (GeV) compo-
nent of the spectra in this model is explained by synchrotron
emission from accelerated electrons, while high-energy (TeV)
one by inverse Compton radiation of the same particles. Accord-
ing to the analysis of Abdo et al. (2010a); Chernyakova et al.
(2010) the central point source provides significant contribution
to the flux in the 1.25◦ central region. HG10 suggest, apparently,
a different interpretation. They assume that there is no signifi-
cant change in the spectrum of the central source at∼ 100 GeV
and the spectrum observed by HESS at high energies continues
to lower energies. Then, large fraction of the flux between the
energies ∼ 600 MeV and ∼ 6 GeV has to be attributed to the
“DM excess”. One of the reasons in favor of such an interpreta-
tion could be the feature in the total spectrum from the central
region (rise between∼ 600MeV and several GeV) discussed in
HG10. Such a feature would also be consistent with a possible
contribution from millisecond pulsars (Abazajian 2010), that is
also expected to have a maximum at ∼ 2− 3 GeV.

To illustrate the nature of the spectral shape at these ener-

c© 0000 RAS, MNRAS 000, 000–000

Abazajian 1011.4275

add
msec

pulsars
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backgrounds correspondingly. The number of free parameters
for the diffuse background model is 2 (the norms for each of the
backgrounds). The total number of free parameters in our model
is thus 48.

This model is similar to the one described in
Chernyakova et al. (2010).

2.2 Analysis

The data analysis was performed using the LAT Science Tools
package with the P6 V3 post-launch instrument response func-
tion (Rando et al. 2009).

We find the best-fit values of all parameters of the model
of Section 2.1 (using gtlike likelihood fitting tool) and deter-
mine resulting log-likelihood (Mattox et al. 1996) of the model.
Best fit values for the obtained fluxes agree within statistical
uncertainties with fluxes reported in Fermi Catalog (Abdo et al.
2010a) and in Chernyakova et al. (2010) (e.g. for the central
source we obtained the flux 5.68 × 10−8 cts/cm2/s while the
catalog gives (5.77 ± 0.3) × 10−8 cts/cm2/s).

We then freeze the values of the free parameters of our
model and simulate spatial distribution of photons at energies
above 1 GeV (using gtmodel tool). The significance of resid-
uals, (Observation - Model)/ statistical error, is shown in Fig 1.
We see the absence of structures in the central 2◦ region. The
average value of residuals is about 10% in the 2◦ region around
the GC, compatible with estimated systematic errors (10-20%)
of Fermi LAT at 1 GeV.3

Thus we see that the adopted model (point sources plus
galactic and extragalactic diffuse components) explains the
emission from the GC region and no additional components is
required.

3 DISCUSSION

We conclude that the signal within central 1◦−2◦, contain-
ing the “excess” found by Hooper & Goodenough 2010 (HG10
hereafter), can be well described by our model : (point sources
plus Galactic and extragalactic diffuse background compo-
nents). The discrepancy is then due to a different interpretation
of the data.

3 See e.g. http://fermi.gsfc.nasa.gov/ssc/data/
analysis/LAT_caveats.html
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The spectrum of the central point source (1FGL J1745.6-
2900c, probably associated with the Galactic black hole Sgr
A∗) was taken in HG10 to be a featureless power-law start-
ing from energies about 10 TeV (results of HESS measure-
ments, blue points with error bars in Fig. 2, (Aharonian et al.
2004; van Eldik et al. 2008)) and continuing all the way down
to ∼ 1 GeV. The flux attributed in this way to the central
point source is significantly weaker than in the previous works.
For comparison, the (PSF corrected) spectrum of the GC point
source reported in Chernyakova et al. (2010) is shown in Fig. 2
in green points. Its spectral characteristics are fully consistent
with the results of 11-months Fermi catalog Abdo et al. (2010a)
(∼ 6 × 10−8 cts/cm2/s above 1 GeV, compared to the ∼

5×10−9 cts/cm2/s at the same energies in HG10). The change
of the slope of the source spectrum below ∼ 100 GeV, as com-
pared with the HESS data is explained by Chernyakova et al.
(2010) with the model of energy dependent diffusion of pro-
tons in the few central parsecs around the GC. Alternatively,
the spectrum can be explained with the model developed in
Aharonian & Neronov (2005). The low-energy (GeV) compo-
nent of the spectra in this model is explained by synchrotron
emission from accelerated electrons, while high-energy (TeV)
one by inverse Compton radiation of the same particles. Accord-
ing to the analysis of Abdo et al. (2010a); Chernyakova et al.
(2010) the central point source provides significant contribution
to the flux in the 1.25◦ central region. HG10 suggest, apparently,
a different interpretation. They assume that there is no signifi-
cant change in the spectrum of the central source at∼ 100 GeV
and the spectrum observed by HESS at high energies continues
to lower energies. Then, large fraction of the flux between the
energies ∼ 600 MeV and ∼ 6 GeV has to be attributed to the
“DM excess”. One of the reasons in favor of such an interpreta-
tion could be the feature in the total spectrum from the central
region (rise between∼ 600MeV and several GeV) discussed in
HG10. Such a feature would also be consistent with a possible
contribution from millisecond pulsars (Abazajian 2010), that is
also expected to have a maximum at ∼ 2− 3 GeV.

To illustrate the nature of the spectral shape at these ener-
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Figure 1. The map of significance of residuals for the region around the
Galactic Center.

backgrounds correspondingly. The number of free parameters
for the diffuse background model is 2 (the norms for each of the
backgrounds). The total number of free parameters in our model
is thus 48.

This model is similar to the one described in
Chernyakova et al. (2010).

2.2 Analysis

The data analysis was performed using the LAT Science Tools
package with the P6 V3 post-launch instrument response func-
tion (Rando et al. 2009).

We find the best-fit values of all parameters of the model
of Section 2.1 (using gtlike likelihood fitting tool) and deter-
mine resulting log-likelihood (Mattox et al. 1996) of the model.
Best fit values for the obtained fluxes agree within statistical
uncertainties with fluxes reported in Fermi Catalog (Abdo et al.
2010a) and in Chernyakova et al. (2010) (e.g. for the central
source we obtained the flux 5.68 × 10−8 cts/cm2/s while the
catalog gives (5.77 ± 0.3) × 10−8 cts/cm2/s).

We then freeze the values of the free parameters of our
model and simulate spatial distribution of photons at energies
above 1 GeV (using gtmodel tool). The significance of resid-
uals, (Observation - Model)/ statistical error, is shown in Fig 1.
We see the absence of structures in the central 2◦ region. The
average value of residuals is about 10% in the 2◦ region around
the GC, compatible with estimated systematic errors (10-20%)
of Fermi LAT at 1 GeV.3

Thus we see that the adopted model (point sources plus
galactic and extragalactic diffuse components) explains the
emission from the GC region and no additional components is
required.

3 DISCUSSION

We conclude that the signal within central 1◦−2◦, contain-
ing the “excess” found by Hooper & Goodenough 2010 (HG10
hereafter), can be well described by our model : (point sources
plus Galactic and extragalactic diffuse background compo-
nents). The discrepancy is then due to a different interpretation
of the data.

3 See e.g. http://fermi.gsfc.nasa.gov/ssc/data/
analysis/LAT_caveats.html
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Figure 2. Spectrum of the point source at the GC reported in
Chernyakova et al. (2010) (green points) together with the HG10 total
spectrum from 1.25◦ (black points), excess (blue squares) and GC point
source flux from HG10 (red open circles). Continuation of the HESS
data (van Eldik et al. 2008; Aharonian et al. 2004) (blue points) data
with a power law is shown with dashed black line.

The spectrum of the central point source (1FGL J1745.6-
2900c, probably associated with the Galactic black hole Sgr
A∗) was taken in HG10 to be a featureless power-law start-
ing from energies about 10 TeV (results of HESS measure-
ments, blue points with error bars in Fig. 2, (Aharonian et al.
2004; van Eldik et al. 2008)) and continuing all the way down
to ∼ 1 GeV. The flux attributed in this way to the central
point source is significantly weaker than in the previous works.
For comparison, the (PSF corrected) spectrum of the GC point
source reported in Chernyakova et al. (2010) is shown in Fig. 2
in green points. Its spectral characteristics are fully consistent
with the results of 11-months Fermi catalog Abdo et al. (2010a)
(∼ 6 × 10−8 cts/cm2/s above 1 GeV, compared to the ∼

5×10−9 cts/cm2/s at the same energies in HG10). The change
of the slope of the source spectrum below ∼ 100 GeV, as com-
pared with the HESS data is explained by Chernyakova et al.
(2010) with the model of energy dependent diffusion of pro-
tons in the few central parsecs around the GC. Alternatively,
the spectrum can be explained with the model developed in
Aharonian & Neronov (2005). The low-energy (GeV) compo-
nent of the spectra in this model is explained by synchrotron
emission from accelerated electrons, while high-energy (TeV)
one by inverse Compton radiation of the same particles. Accord-
ing to the analysis of Abdo et al. (2010a); Chernyakova et al.
(2010) the central point source provides significant contribution
to the flux in the 1.25◦ central region. HG10 suggest, apparently,
a different interpretation. They assume that there is no signifi-
cant change in the spectrum of the central source at∼ 100 GeV
and the spectrum observed by HESS at high energies continues
to lower energies. Then, large fraction of the flux between the
energies ∼ 600 MeV and ∼ 6 GeV has to be attributed to the
“DM excess”. One of the reasons in favor of such an interpreta-
tion could be the feature in the total spectrum from the central
region (rise between∼ 600MeV and several GeV) discussed in
HG10. Such a feature would also be consistent with a possible
contribution from millisecond pulsars (Abazajian 2010), that is
also expected to have a maximum at ∼ 2− 3 GeV.

To illustrate the nature of the spectral shape at these ener-
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Figure 1. The map of significance of residuals for the region around the
Galactic Center.

backgrounds correspondingly. The number of free parameters
for the diffuse background model is 2 (the norms for each of the
backgrounds). The total number of free parameters in our model
is thus 48.

This model is similar to the one described in
Chernyakova et al. (2010).

2.2 Analysis

The data analysis was performed using the LAT Science Tools
package with the P6 V3 post-launch instrument response func-
tion (Rando et al. 2009).

We find the best-fit values of all parameters of the model
of Section 2.1 (using gtlike likelihood fitting tool) and deter-
mine resulting log-likelihood (Mattox et al. 1996) of the model.
Best fit values for the obtained fluxes agree within statistical
uncertainties with fluxes reported in Fermi Catalog (Abdo et al.
2010a) and in Chernyakova et al. (2010) (e.g. for the central
source we obtained the flux 5.68 × 10−8 cts/cm2/s while the
catalog gives (5.77 ± 0.3) × 10−8 cts/cm2/s).

We then freeze the values of the free parameters of our
model and simulate spatial distribution of photons at energies
above 1 GeV (using gtmodel tool). The significance of resid-
uals, (Observation - Model)/ statistical error, is shown in Fig 1.
We see the absence of structures in the central 2◦ region. The
average value of residuals is about 10% in the 2◦ region around
the GC, compatible with estimated systematic errors (10-20%)
of Fermi LAT at 1 GeV.3

Thus we see that the adopted model (point sources plus
galactic and extragalactic diffuse components) explains the
emission from the GC region and no additional components is
required.

3 DISCUSSION

We conclude that the signal within central 1◦−2◦, contain-
ing the “excess” found by Hooper & Goodenough 2010 (HG10
hereafter), can be well described by our model : (point sources
plus Galactic and extragalactic diffuse background compo-
nents). The discrepancy is then due to a different interpretation
of the data.

3 See e.g. http://fermi.gsfc.nasa.gov/ssc/data/
analysis/LAT_caveats.html
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Figure 2. Spectrum of the point source at the GC reported in
Chernyakova et al. (2010) (green points) together with the HG10 total
spectrum from 1.25◦ (black points), excess (blue squares) and GC point
source flux from HG10 (red open circles). Continuation of the HESS
data (van Eldik et al. 2008; Aharonian et al. 2004) (blue points) data
with a power law is shown with dashed black line.

The spectrum of the central point source (1FGL J1745.6-
2900c, probably associated with the Galactic black hole Sgr
A∗) was taken in HG10 to be a featureless power-law start-
ing from energies about 10 TeV (results of HESS measure-
ments, blue points with error bars in Fig. 2, (Aharonian et al.
2004; van Eldik et al. 2008)) and continuing all the way down
to ∼ 1 GeV. The flux attributed in this way to the central
point source is significantly weaker than in the previous works.
For comparison, the (PSF corrected) spectrum of the GC point
source reported in Chernyakova et al. (2010) is shown in Fig. 2
in green points. Its spectral characteristics are fully consistent
with the results of 11-months Fermi catalog Abdo et al. (2010a)
(∼ 6 × 10−8 cts/cm2/s above 1 GeV, compared to the ∼

5×10−9 cts/cm2/s at the same energies in HG10). The change
of the slope of the source spectrum below ∼ 100 GeV, as com-
pared with the HESS data is explained by Chernyakova et al.
(2010) with the model of energy dependent diffusion of pro-
tons in the few central parsecs around the GC. Alternatively,
the spectrum can be explained with the model developed in
Aharonian & Neronov (2005). The low-energy (GeV) compo-
nent of the spectra in this model is explained by synchrotron
emission from accelerated electrons, while high-energy (TeV)
one by inverse Compton radiation of the same particles. Accord-
ing to the analysis of Abdo et al. (2010a); Chernyakova et al.
(2010) the central point source provides significant contribution
to the flux in the 1.25◦ central region. HG10 suggest, apparently,
a different interpretation. They assume that there is no signifi-
cant change in the spectrum of the central source at∼ 100 GeV
and the spectrum observed by HESS at high energies continues
to lower energies. Then, large fraction of the flux between the
energies ∼ 600 MeV and ∼ 6 GeV has to be attributed to the
“DM excess”. One of the reasons in favor of such an interpreta-
tion could be the feature in the total spectrum from the central
region (rise between∼ 600MeV and several GeV) discussed in
HG10. Such a feature would also be consistent with a possible
contribution from millisecond pulsars (Abazajian 2010), that is
also expected to have a maximum at ∼ 2− 3 GeV.

To illustrate the nature of the spectral shape at these ener-

c© 0000 RAS, MNRAS 000, 000–000

Abazajian 1011.4275

add
msec

pulsars

Hooper, Linden 1110.0006

Objection: know your backgrounds!

Still works...
Best fit: 8 GeV, τ+ τ-, ∼thermal σv

No, too few 
(and we should have seen them elsewhere)

and wrong spectra
Hooper et al. 1305.0830

What if a signal of DM is  already  hidden 
in Fermi diffuse     data from the GC?

No no, MSPs can do.

Y
ua

n,
 Z

ha
ng

 
14

04
.2

31
8

GeV gamma excess?

A diffuse GeV excess 
from around the GC

Dan Hooper

(LMXB (tracers of MSP?) 
seen in M31 with this distribution)



Hooper, Goodenough 1010.2752

�

Boyarsky et al., 1012.5839

add
low-E SgrA
spectrum

2 A. Boyarsky, D. Malyshev, O. Ruchayskiy

Figure 1. The map of significance of residuals for the region around the
Galactic Center.

backgrounds correspondingly. The number of free parameters
for the diffuse background model is 2 (the norms for each of the
backgrounds). The total number of free parameters in our model
is thus 48.

This model is similar to the one described in
Chernyakova et al. (2010).

2.2 Analysis

The data analysis was performed using the LAT Science Tools
package with the P6 V3 post-launch instrument response func-
tion (Rando et al. 2009).

We find the best-fit values of all parameters of the model
of Section 2.1 (using gtlike likelihood fitting tool) and deter-
mine resulting log-likelihood (Mattox et al. 1996) of the model.
Best fit values for the obtained fluxes agree within statistical
uncertainties with fluxes reported in Fermi Catalog (Abdo et al.
2010a) and in Chernyakova et al. (2010) (e.g. for the central
source we obtained the flux 5.68 × 10−8 cts/cm2/s while the
catalog gives (5.77 ± 0.3) × 10−8 cts/cm2/s).

We then freeze the values of the free parameters of our
model and simulate spatial distribution of photons at energies
above 1 GeV (using gtmodel tool). The significance of resid-
uals, (Observation - Model)/ statistical error, is shown in Fig 1.
We see the absence of structures in the central 2◦ region. The
average value of residuals is about 10% in the 2◦ region around
the GC, compatible with estimated systematic errors (10-20%)
of Fermi LAT at 1 GeV.3

Thus we see that the adopted model (point sources plus
galactic and extragalactic diffuse components) explains the
emission from the GC region and no additional components is
required.

3 DISCUSSION

We conclude that the signal within central 1◦−2◦, contain-
ing the “excess” found by Hooper & Goodenough 2010 (HG10
hereafter), can be well described by our model : (point sources
plus Galactic and extragalactic diffuse background compo-
nents). The discrepancy is then due to a different interpretation
of the data.

3 See e.g. http://fermi.gsfc.nasa.gov/ssc/data/
analysis/LAT_caveats.html
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Figure 2. Spectrum of the point source at the GC reported in
Chernyakova et al. (2010) (green points) together with the HG10 total
spectrum from 1.25◦ (black points), excess (blue squares) and GC point
source flux from HG10 (red open circles). Continuation of the HESS
data (van Eldik et al. 2008; Aharonian et al. 2004) (blue points) data
with a power law is shown with dashed black line.

The spectrum of the central point source (1FGL J1745.6-
2900c, probably associated with the Galactic black hole Sgr
A∗) was taken in HG10 to be a featureless power-law start-
ing from energies about 10 TeV (results of HESS measure-
ments, blue points with error bars in Fig. 2, (Aharonian et al.
2004; van Eldik et al. 2008)) and continuing all the way down
to ∼ 1 GeV. The flux attributed in this way to the central
point source is significantly weaker than in the previous works.
For comparison, the (PSF corrected) spectrum of the GC point
source reported in Chernyakova et al. (2010) is shown in Fig. 2
in green points. Its spectral characteristics are fully consistent
with the results of 11-months Fermi catalog Abdo et al. (2010a)
(∼ 6 × 10−8 cts/cm2/s above 1 GeV, compared to the ∼

5×10−9 cts/cm2/s at the same energies in HG10). The change
of the slope of the source spectrum below ∼ 100 GeV, as com-
pared with the HESS data is explained by Chernyakova et al.
(2010) with the model of energy dependent diffusion of pro-
tons in the few central parsecs around the GC. Alternatively,
the spectrum can be explained with the model developed in
Aharonian & Neronov (2005). The low-energy (GeV) compo-
nent of the spectra in this model is explained by synchrotron
emission from accelerated electrons, while high-energy (TeV)
one by inverse Compton radiation of the same particles. Accord-
ing to the analysis of Abdo et al. (2010a); Chernyakova et al.
(2010) the central point source provides significant contribution
to the flux in the 1.25◦ central region. HG10 suggest, apparently,
a different interpretation. They assume that there is no signifi-
cant change in the spectrum of the central source at∼ 100 GeV
and the spectrum observed by HESS at high energies continues
to lower energies. Then, large fraction of the flux between the
energies ∼ 600 MeV and ∼ 6 GeV has to be attributed to the
“DM excess”. One of the reasons in favor of such an interpreta-
tion could be the feature in the total spectrum from the central
region (rise between∼ 600MeV and several GeV) discussed in
HG10. Such a feature would also be consistent with a possible
contribution from millisecond pulsars (Abazajian 2010), that is
also expected to have a maximum at ∼ 2− 3 GeV.

To illustrate the nature of the spectral shape at these ener-
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An excess with respect to what?
Extracting ‘data points’ is not trivial:

GeV gamma excess?

i. choose a ROI (shape, extension, masking...) and harvest Fermi-LAT data
ii. impose sensible cuts (Pass N, angles, CTBCORE...)
iii. in each energy bin, fit to a sum of spatial templates:

1. Fermi Coll. diffuse
2. isotropic
3. unresolved point sources
4. features (bubbles...)
5. AOB (molecular gas...)

iv. repeat the same, adding a template for:
6. Dark Matter, having chosen a certain profile!

v. if iii.     iv. improves χ2, there’s evidence for DM
vi. the component fitted by 6 is the residual excess to be explained 

Note: 
Adding 6 will in general change the recipe of 1...5  (you’ll need a bit more of x here, a bit less of y there...). 
Changing the profile of 6 too. 
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Figure 1. The map of significance of residuals for the region around the
Galactic Center.

backgrounds correspondingly. The number of free parameters
for the diffuse background model is 2 (the norms for each of the
backgrounds). The total number of free parameters in our model
is thus 48.

This model is similar to the one described in
Chernyakova et al. (2010).

2.2 Analysis

The data analysis was performed using the LAT Science Tools
package with the P6 V3 post-launch instrument response func-
tion (Rando et al. 2009).

We find the best-fit values of all parameters of the model
of Section 2.1 (using gtlike likelihood fitting tool) and deter-
mine resulting log-likelihood (Mattox et al. 1996) of the model.
Best fit values for the obtained fluxes agree within statistical
uncertainties with fluxes reported in Fermi Catalog (Abdo et al.
2010a) and in Chernyakova et al. (2010) (e.g. for the central
source we obtained the flux 5.68 × 10−8 cts/cm2/s while the
catalog gives (5.77 ± 0.3) × 10−8 cts/cm2/s).

We then freeze the values of the free parameters of our
model and simulate spatial distribution of photons at energies
above 1 GeV (using gtmodel tool). The significance of resid-
uals, (Observation - Model)/ statistical error, is shown in Fig 1.
We see the absence of structures in the central 2◦ region. The
average value of residuals is about 10% in the 2◦ region around
the GC, compatible with estimated systematic errors (10-20%)
of Fermi LAT at 1 GeV.3

Thus we see that the adopted model (point sources plus
galactic and extragalactic diffuse components) explains the
emission from the GC region and no additional components is
required.

3 DISCUSSION

We conclude that the signal within central 1◦−2◦, contain-
ing the “excess” found by Hooper & Goodenough 2010 (HG10
hereafter), can be well described by our model : (point sources
plus Galactic and extragalactic diffuse background compo-
nents). The discrepancy is then due to a different interpretation
of the data.

3 See e.g. http://fermi.gsfc.nasa.gov/ssc/data/
analysis/LAT_caveats.html
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Figure 2. Spectrum of the point source at the GC reported in
Chernyakova et al. (2010) (green points) together with the HG10 total
spectrum from 1.25◦ (black points), excess (blue squares) and GC point
source flux from HG10 (red open circles). Continuation of the HESS
data (van Eldik et al. 2008; Aharonian et al. 2004) (blue points) data
with a power law is shown with dashed black line.

The spectrum of the central point source (1FGL J1745.6-
2900c, probably associated with the Galactic black hole Sgr
A∗) was taken in HG10 to be a featureless power-law start-
ing from energies about 10 TeV (results of HESS measure-
ments, blue points with error bars in Fig. 2, (Aharonian et al.
2004; van Eldik et al. 2008)) and continuing all the way down
to ∼ 1 GeV. The flux attributed in this way to the central
point source is significantly weaker than in the previous works.
For comparison, the (PSF corrected) spectrum of the GC point
source reported in Chernyakova et al. (2010) is shown in Fig. 2
in green points. Its spectral characteristics are fully consistent
with the results of 11-months Fermi catalog Abdo et al. (2010a)
(∼ 6 × 10−8 cts/cm2/s above 1 GeV, compared to the ∼

5×10−9 cts/cm2/s at the same energies in HG10). The change
of the slope of the source spectrum below ∼ 100 GeV, as com-
pared with the HESS data is explained by Chernyakova et al.
(2010) with the model of energy dependent diffusion of pro-
tons in the few central parsecs around the GC. Alternatively,
the spectrum can be explained with the model developed in
Aharonian & Neronov (2005). The low-energy (GeV) compo-
nent of the spectra in this model is explained by synchrotron
emission from accelerated electrons, while high-energy (TeV)
one by inverse Compton radiation of the same particles. Accord-
ing to the analysis of Abdo et al. (2010a); Chernyakova et al.
(2010) the central point source provides significant contribution
to the flux in the 1.25◦ central region. HG10 suggest, apparently,
a different interpretation. They assume that there is no signifi-
cant change in the spectrum of the central source at∼ 100 GeV
and the spectrum observed by HESS at high energies continues
to lower energies. Then, large fraction of the flux between the
energies ∼ 600 MeV and ∼ 6 GeV has to be attributed to the
“DM excess”. One of the reasons in favor of such an interpreta-
tion could be the feature in the total spectrum from the central
region (rise between∼ 600MeV and several GeV) discussed in
HG10. Such a feature would also be consistent with a possible
contribution from millisecond pulsars (Abazajian 2010), that is
also expected to have a maximum at ∼ 2− 3 GeV.

To illustrate the nature of the spectral shape at these ener-
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Non-trivial 
SgrA spectrum

Petrović, Serpico, Zaharijas 1405.7928

Carlson, Profumo 1405.7685

the GC spit 1052 ergs in e± 1 mln yrs ago and they do ICS on ambient light, 
‘fits’ both spectrum and morphology

but: can one really get everything right?

but: why correlation with gas density not seen?
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4. the ‘3.5 KeV line’

X-rays



A matter of perspective: plausible mass ranges
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‘only’ 90 orders of magnitude!

http://resonaances.blogspot.fr/2014/03/weekend-plot-all-of-dark-matter.html
http://resonaances.blogspot.fr/2014/03/weekend-plot-all-of-dark-matter.html


X-ray line

Text

Bulbul et al., 1402.2301

Boyarsky, Ruchayskiy, 
1402.4119

3.55 - 3.57 ± 0.03  KeV
73 clusters
z = 0.01 - 0.35

3.5 KeV
Andromeda galaxy 
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X-ray line
Sterile neutrino decay
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Possible challenges:
- EU production?
- Perseus flux too large?
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X-ray line
Sterile neutrino decay

Caveat:
- no line seen with Chandra in the Galactic Center (but conclusion depends on how one models the local background)

- no line seen in dSphs  (but results are not conclusive)

- no line seen in other galaxies  (but errors might be underestimated? says Boyarski’s group)

- no line seen in other clusters   (but seen in Perseus with Suzaku! maybe it’s proper of Perseus?)

- morphology incompatible with DM   

Riemer-Sørensen, 1405.7943

Malyshev et al., 1408.3531

Anderson et al., 1408.4115

m⌫ = 7.1 KeV
⌧ ' 1029 sec
sin2 2✓ ⇠ few 10�11

Urban, Strigari et al., 1411.0050

Perhaps reconciled 
if it is excited DM?
Cline & Frey, 1410.7766

Possible challenges:
- EU production?
- Perseus flux too large?

Carlson, Profumo2, 1411.1758



X-ray line
Sterile neutrino decay

Caveat 2:
- Jeltema & Profumo, 1408.1699: it’s just Potassium/Clorine lines

- Bulbul et al. 1409.4143, Boyarsky at al. 1409.4388: bulls#!t

- Jeltema & Profumo, 1411.1759: insist

m⌫ = 7.1 KeV
⌧ ' 1029 sec
sin2 2✓ ⇠ few 10�11

Possible challenges:
- EU production?
- Perseus flux too large?



X-ray line
Sterile neutrino decay
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Other possibilities:
axion (1402.7335), axino (1403.1536, 1403.1782, 1403.6621), modulus (1403.1733), ALP (1403.2370), 
gravitino (1403.6503), excited DM (1404.4795), the good the bad and the unlikely (1403.1570), 
sgoldstino (1404.1339), magnetic DM (1404.5446), majoron (1404.1400), annihilating effective DM 
(1404.1927), 7KeV scalar DM (1404.2220)...

m⌫ = 7.1 KeV
⌧ ' 1029 sec
sin2 2✓ ⇠ few 10�11

Possible challenges:
- EU production?
- Perseus flux too large?
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- any convincing result must be multimessenger
- beware of uncertainties, beware of astrophysics
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