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WIMP DM

Ωχh2 ~ 0.1 (3 10-26 cm3s-1/〈σvfo〉)

Its relic density is determined by the very same 
annihilation processes we can use to detect it!

The gravitational effects of DM have been has been 
demonstrated from plethora of astrophysical and 
cosmological observations.

An attractive possibility: WIMP 
candidates-- the annihilation rate 
comes purely from particle 
physics and automatically gives 
the right answer for the relic 
density!
 
In turn, we expect dark matter 
to annihilate to Standard Model 
particles, with cross sections 
which are within near reach of 
current experiments. 

DM origin connected to the weak scale (hierarchy)? -> WIMPs: 
A stable particle with a weak-scale mass, Mχ~MZ, which interacts with weak 
like interactions (~GF) with the SM particles will be produced and freeze-out 
in the early universe with an observed thermal relic density! 

P. L
ipari’s

 talk

While it is convincingly demonstrated from many experiments that DM makes 
up ~22% of energy density of the Universe, there are many candidates.



DM in γ rays
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The gravitational effects of DM have been has been 
demonstrated from plethora of astrophysical and 
cosmological observations.

An attractive possibility: WIMP 
candidates-- the annihilation rate 
comes purely from particle 
physics and automatically gives 
the right answer for the relic 
density!
 
In turn, we expect dark matter 
to annihilate to Standard Model 
particles, with cross sections 
which are within near reach of 
current experiments. 

Fermi LAT

HESS

Good targets: enhanced DM 
density (ρ2) + close by (1/d2).



DM in γ rays: 
morphology

In our Galaxy,  ρSun=0.43±0.15 GeV cm-3 

(Salucci et al. 2010.); NFW/Einasto profiles 
found in simulations while cored profiles 
agree more with observations and some 
simulations which include baryons.

[Springel, V. et al, MNRAS, 2008.]

N-body simulations find cuspy 
DM profiles in smooth halos, 
and numerous subhalos 
population. 

This talk

Maja’s talk!
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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 (ρs):
this precision is sufficient 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 ρs (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 ρ⊙ = 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 differ 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 affected,
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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[Cirelli, M. et al. JCAP, 2011.]



DM in γ rays: 
spectra

Advances in Astronomy 3

Secondary photons (tree level)
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Figure 1: A schematic of the different sources and energy distributions of γ-rays from WIMP annihilation. (a) Secondary photons arising
from the decay of neutral pions produced in the hadronization of primary annihilation products. (b) Internal bremsstrahlung photons
associated with charged annihilation products, either in the form of final state radiation (FSR) from external legs or as virtual internal
bremsstrahlung (VIB) from the exchange of virtual charged particles. (c) Monochromatic line signals from the prompt annihilation into
two photons or a photon and Z boson. This process occurs only at loop level, and hence is typically strongly suppressed.

destroy small scale structure and violate constraints from
galaxy clustering and the Lyman alpha forest. The attention
thus turns to extensions of the Standard Model, which
themselves are theoretically motivated by the hierarchy
problem (the enormous disparity between the weak and
Planck scales) and the quest for a unification of gravity
and quantum mechanics. The most widely studied class of
such models consists of supersymmetric extensions of the
Standard Model. Additionally models with extra dimensions
have received a lot of attention in recent years. Both of these
approaches offer good DM particle candidates: the lightest
supersymmetric particle (LSP), typically a neutralino in R-
parity conserving supersymmetry, and the lightest Kaluza-
Klein particle (LKP), typically the B(1) particle, the first

Kaluza-Klein excitation of the hypercharge gauge boson, in
Universal Extra Dimension models. For much more infor-
mation, we recommend the comprehensive recent review of
particle DM candidates by Bertone et al. [65].

The direct products of the annihilation of two DM
particles are strongly model dependent. Typical channels
include annihilations into charged leptons (e+e−,µ+µ−,
τ+τ−), quark-antiquark pairs, and gauge and Higgs bosons
(W+W−,ZZ,Zh,hh). In the end, however, the decay and
hadronization of these annihilation products results in
only three types of emissions: (i) high energy neutrinos
and antineutrinos, (ii) relativistic electrons and protons
and their antiparticles, and (iii) γ-ray photons. Additional
lower energy photons can result from the interaction of

[M. Kuhlen, AA, 162083]

★ for DM annihilation channels to 
gauge bosons and/or quarks/tau: 
annihilation products hadronize 
producing π0 which then decays to 
gammas. 
most likely scenario; morphology 
follows that of a DM distribution.

★ for DM annihilation channels to 
leptons: gammas are produced in 
electron radiative losses: 
morphology correlates with 
ambient backgrounds and fields.

This t
alk
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Figure 1: A schematic of the different sources and energy distributions of γ-rays from WIMP annihilation. (a) Secondary photons arising
from the decay of neutral pions produced in the hadronization of primary annihilation products. (b) Internal bremsstrahlung photons
associated with charged annihilation products, either in the form of final state radiation (FSR) from external legs or as virtual internal
bremsstrahlung (VIB) from the exchange of virtual charged particles. (c) Monochromatic line signals from the prompt annihilation into
two photons or a photon and Z boson. This process occurs only at loop level, and hence is typically strongly suppressed.

destroy small scale structure and violate constraints from
galaxy clustering and the Lyman alpha forest. The attention
thus turns to extensions of the Standard Model, which
themselves are theoretically motivated by the hierarchy
problem (the enormous disparity between the weak and
Planck scales) and the quest for a unification of gravity
and quantum mechanics. The most widely studied class of
such models consists of supersymmetric extensions of the
Standard Model. Additionally models with extra dimensions
have received a lot of attention in recent years. Both of these
approaches offer good DM particle candidates: the lightest
supersymmetric particle (LSP), typically a neutralino in R-
parity conserving supersymmetry, and the lightest Kaluza-
Klein particle (LKP), typically the B(1) particle, the first

Kaluza-Klein excitation of the hypercharge gauge boson, in
Universal Extra Dimension models. For much more infor-
mation, we recommend the comprehensive recent review of
particle DM candidates by Bertone et al. [65].

The direct products of the annihilation of two DM
particles are strongly model dependent. Typical channels
include annihilations into charged leptons (e+e−,µ+µ−,
τ+τ−), quark-antiquark pairs, and gauge and Higgs bosons
(W+W−,ZZ,Zh,hh). In the end, however, the decay and
hadronization of these annihilation products results in
only three types of emissions: (i) high energy neutrinos
and antineutrinos, (ii) relativistic electrons and protons
and their antiparticles, and (iii) γ-ray photons. Additional
lower energy photons can result from the interaction of
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Figure 1: A schematic of the different sources and energy distributions of γ-rays from WIMP annihilation. (a) Secondary photons arising
from the decay of neutral pions produced in the hadronization of primary annihilation products. (b) Internal bremsstrahlung photons
associated with charged annihilation products, either in the form of final state radiation (FSR) from external legs or as virtual internal
bremsstrahlung (VIB) from the exchange of virtual charged particles. (c) Monochromatic line signals from the prompt annihilation into
two photons or a photon and Z boson. This process occurs only at loop level, and hence is typically strongly suppressed.

destroy small scale structure and violate constraints from
galaxy clustering and the Lyman alpha forest. The attention
thus turns to extensions of the Standard Model, which
themselves are theoretically motivated by the hierarchy
problem (the enormous disparity between the weak and
Planck scales) and the quest for a unification of gravity
and quantum mechanics. The most widely studied class of
such models consists of supersymmetric extensions of the
Standard Model. Additionally models with extra dimensions
have received a lot of attention in recent years. Both of these
approaches offer good DM particle candidates: the lightest
supersymmetric particle (LSP), typically a neutralino in R-
parity conserving supersymmetry, and the lightest Kaluza-
Klein particle (LKP), typically the B(1) particle, the first

Kaluza-Klein excitation of the hypercharge gauge boson, in
Universal Extra Dimension models. For much more infor-
mation, we recommend the comprehensive recent review of
particle DM candidates by Bertone et al. [65].

The direct products of the annihilation of two DM
particles are strongly model dependent. Typical channels
include annihilations into charged leptons (e+e−,µ+µ−,
τ+τ−), quark-antiquark pairs, and gauge and Higgs bosons
(W+W−,ZZ,Zh,hh). In the end, however, the decay and
hadronization of these annihilation products results in
only three types of emissions: (i) high energy neutrinos
and antineutrinos, (ii) relativistic electrons and protons
and their antiparticles, and (iii) γ-ray photons. Additional
lower energy photons can result from the interaction of

★ ‘Feature-full’ (hard or line shaped) emission (photons from Final State Particles 
(FSR) or internal states (VIB) and annihilation to a γ-ray line (two photons/Zγ) 
through loop processes); or box shaped emission, to four photos via an intermediate 
state. low signals but easier to distinguish from astrophysics radiation.

limits the search for spectral features.
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FIG. 1: The spectrum of box-shaped gamma-ray features. The left panel displays the unconvoluted

(dashed) and convoluted (solid) box spectra for mDM = 100 GeV, mφ = 60 GeV and �σv� = 3 ×

10−26 cm3/s on top of the 2-yr Fermi-LAT data (borrowed from [23]) for the galactic centre region.

The right frame shows the convoluted box spectra for mDM = 100 GeV, �σv� = 3 × 10−26 cm3/s

and several values of mφ.

We are interested in exploring box-shaped gamma-ray features in the energy range rele-

vant for typical WIMPs, i.e. from a few GeV to a few TeV, so we shall focus on Fermi-LAT

performance and data all through the manuscript. The energy resolution of the LAT instru-

ment is parameterised according to [32], giving σ(E)/E = 8 (12)% at E = 1 (200) GeV. We

consider as our main target fields of view the galactic centre and halo regions as defined in

[23] (cf. Table 1 therein). The former features ∆Ω = 1.30 sr,
�
∆Ω dΩ Jann = 9.2× 1022 GeV2

cm−5 sr and
�
∆Ω dΩ Jdec = 6.9 × 1022 GeV cm−2 sr, while the latter presents ∆Ω = 10.4

sr,
�
∆Ω dΩ Jann = 8.3 × 1022 GeV2 cm−5 sr and

�
∆Ω dΩ Jdec = 2.2 × 1023 GeV cm−2 sr,

assuming a Navarro-Frenk-White (NFW) profile normalised to a local dark matter density

of 0.4 GeV/cm3. Following the findings of [23], we shall focus on the centre (halo) region

to derive constraints on annihilating (decaying) dark matter. For the centre region, figure 1

(left) shows the unconvoluted and convoluted box spectra taking mDM = 100 GeV, mφ = 60

GeV (or ∆m/mDM = 0.4) and �σv� = 3× 10−26 cm3/s, as well as the 2-yr Fermi-LAT data

(borrowed from the analysis in [23]). Figure 1 (right) illustrates instead the effect of varying

the mass degeneracy parameter ∆m/mDM . The plots highlight the key phenomenological

features of the dark matter models under scrutiny. As discussed above, in the limit of van-
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[M. Kuhlen, AA, 162083] [A. Ibarra et al., 2012]
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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,

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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Claims of a 
tentative detection 
of such signature 
~130 GeV, in the 
vicinity of the GC; 
Fermi LAT analysis 
in progress. [C. Weniger, 

1204.2797] [Su and Finkbeiner, 1206.1616]

DM in γ rays: 
spectra P. L

ipari’s
 talk



★Diffuse emission: Majority (~90%) of LAT photons. Diffuse emission was 
measured for the first time with this satellite at energies >~ 10 GeV.

★Point sources:  1888 sources in 2FGL (AGNs, pulsars, SNR, ...)

The Fermi sky

This t
alk



Two components:
Isotropic: high latitude emission, due to e.g.  unresolved energetic 
extragalactic sources.

Diffuse emission



Two components:
Galactic: interaction of CR e/p/nuclei with interstellar medium and fields.

Diffuse emission



Galactic diffuse emission: γ-rays 

γ rays in the Fermi-LAT energy range: 
• π0 decay produced by CRp scattering on the interstellar gas.
• Inverse Compton scattering of CRe on interstellar radiation field, 
• bremsstrahlung from CRe scattering on the interstellar gas. 
γ ray emission correlates spatially with the gas and ISRF distribution and 
depends on spatial and energy distribution of interstellar CR. 
We use an ‘effective’ theory as implemented in GALPROP.

distribution 
of CR 
sources in 
the disk and 
their energy 
injection 
spectrum
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DM signal expected to be high (Sun is ‘only’ ~8 kpc away from 
the GC + DM content of the Milky Way is high!)
but, diffuse emission presents strong background + there are no 
smoking guns in this analysis!  

MW halo as a DM target 

Diemand et. al, APJ, 2006. 

Predicted DM gamma ray signal.



[Su, Slatyer, Finkbeiner, ApJ 724 (2010)]

→ standard astrophysical emission expected to correlate with the gas and 
radiation field content. 
→ naive estimates S/N for DM searches optimal ~10 deg away from the 
Galactic plane  
However Fermi-LAT revealed extended structures in the γ-ray diffuse 
emission: 
•Fermi bubbles: a lobe like emission in the region of the Galactic Center 
•Loop-1 (discovered previously in radio)

To account for the non-uniform cosmic-ray flux 
through the Galaxy, the gas column densities are 
distributed within six galactocentric rings. To obtain 
the model intensity, the emissivities for each of those 
components were fitted to Fermi-LAT photons. 
The data used in this study were obtained in the all-sky 
survey mode,  summing all the valid statistics of the last 
14 months. We selected photons from the 
P6_V3_Diffuse class having a zenith angle less than 
105o and an energy above 300 MeV so that we have 
both large photon counts and good spatial resolution. 
Figure 1 shows both the LAT counts map with the 
sources removed and the model map for E>300 MeV.

Figure !1: Fermi-LAT counts map for E>300MeV with 
sources removed (up)  and diffuse model counts 
prediction for the same energy range (down).

4.RESULT

Figure 2: Residual map (LAT counts minus model) for 
photons with E>300 MeV.

Figure 2 shows the difference between the photon 
counts detected by the Fermi-LAT above 300 MeV and 
the counts expected from the diffuse emission model 
above the same energy. We have masked the Galactic 
plane for |b|<5o. We observe an excess of photons in the 
direction of Loop I.

Figure 3: The Galaxy radio map at 408MHz from 
Haslam et al. [2].

As a comparison we show in Figure 3 the radio 
continuum at 408 MHz of Haslam et al. [2] 
predominantly produced by synchrotron emission of 
high energy electrons spiraling in Galactic magnetic 
field.
The residual map shows arc-like structures on both 
sides of the plane that are strongly reminiscent of the 
synchrotron spurs observed in both the 408MHz map 
and the polarized light by WMAP at 23GHz [4]. These 
“arcs” are best seen along the NPS (l ! 30°) and l ! 20° 
up to 50° in latitude, and at l ! 290° from 30° to 60° in 
latitude. The structures seen in the residual map toward 
the inside of Loop I are partially coming from 
hydrogen gas not correctly accounted for in the model. 
A excess with harder spectrum possibly associated with 
Loop I in the northern and southern central region is 
also observed.

5.CONCLUSION

The high sensitivity of the LAT together with a precise 
model for the Galactic emission allowed for the first 
time the observation of an excess of !  rays related to 
Loop I. Only a careful study of the spectra and of the 
spatial correlation with the synchrotron data will tell us 
the emission origin. This excess is much fainter than 
the pion production and the bremsstrahlung 
contribution associated to the hydrogen gas and also 
fainter than the inverse Compton emission from the 
Milky Way as calculated by GALPROP. 

References
[1] Large et al., MNRAS, 1962,124,405
[2] Haslam et al., 1981, A&A, 209
[3] Miville-Deschênes et al., 2008, A&A 490, 1093
[4] Page et al., 2007, ApJS, 170 335

2 2009 Fermi Symposium, Washington, D.C., Nov 2-5 

eConf C091122

[Casandjian, FS (2009)]

Residuals (data-modeling):

Because of a substantial uncertainty in diffuse modeling and degeneracies with 
DM signal, we set DM limits rather than look for its signatures. 



Data set: 24 months data, p7 clean event selection in the 1-100 (400) GeV 
energy range.

ROI: 5o <|b|<15o and |l|<80o.
This way we: 
1 - minimize DM profile uncertainty (which is the highest in the Galactic Center 
region)
2 - limit astrophysical uncertainty by masking out the Galactic plane, cutting-out high 
latitude emission from Fermi lobes/Loop I
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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 (ρs):
this precision is sufficient 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 ρs (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 ρ⊙ = 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 differ 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 affected,
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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Data set and Region of interest
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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 differ 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 affected,
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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In our ROI, at 
5<b<15deg →r ~1 kpc
the two profiles are quite similar 
(advantage wrt the Galactic 
Center studies, for example)

DM models

5

Our aim is to constrain the DM properties and treat the parameters of the astrophysical diffuse gamma-ray back-154

ground as nuisance parameters. Those parameters are typically correlatedwith the assumed DM content and it is155

thus important to consider them since they affect directly the DM fit. It is clear, for example, that the CRSD is156

expected to have a large effect on the DM component. This can be seen from Fig. 1 which tells that the gamma-ray157

signal produced by DM is degenerate with a CR source placed in the inner Galaxy. In particular, while the π0
158

component traces the gas, the IC astrophysical component is expected to be smooth, as the one from DM and thus159

difficult to distinguish from it. Besides small morphological differences they mainly differ in the energy spectrum160

which is however quite model dependent in the DM case. To properly explore the model uncertainty we introduce an161

approach to fit, based on LAT data, an a-priori free CRSD both for nuclei and CREs and we also fit from the same162

LAT data the CRE injection spectrum which directly affects the IC component. It is important to stress that to163

constrain DM in a self-consistent way, we will fit the CR distribution and DM at the same time, in order to take into164

account properly the degeneracy among the two. However, from the above considerations we can also conclude that165

the π0 component should have little degeneracy with DM because it has a different morphology. Fortunately, in our166

region of interest, , above and below the inner Galaxy, and around few GeVs in energy, this component is dominant167

over IC and bremsstrahlung for about a factor 4− 5. So, we roughly expect the same factor in improvement in DM168

constraints with respect to the case in which limits without modeling of the background are derived. We will, indeed,169

see in sections VI and VIII that this expectation approximately holds.170

With the general approach above we set DM limits using the profile likelihood method (outlined in Section VIIA)),171

in order to properly take into account the parameters which we consider. Besides the approach above, we will also172

quote conservative upper limits using the data only (i.e. without performing any modeling of the astrophysical173

background). These conservative limits are along the lines of the work of [5, 6], which use a similar approach to set174

the DM limits based on the Fermi 1st year data.175

IV. MAPS176

A. DM maps177

The template maps used in the fits to model the contribution from a DM annihilation/decay signal depend on the178

assumed DM distribution and the assumed annihilation/decay channel. Numerical simulations of Milky Way size179

halos reveal a smooth halo which contains large number of subhalos [24, 25]. The properties of the smooth halo seem180

to be well understood, at least on the scales resolved by simulations ( outside of a few hundreds of parsecs around the181

Galactic center), and to converge among the various simulations. The properties of the subhalo population, on the182

other hand, are more model dependent. The gamma-ray signal from the subhalo population is expected to dominate183

in the region of the outer halo, while in the inner <∼ 20◦ region of the Galaxy, its contribution is expected to be184

subdominant, [26–28]. In our region of interest subhalo contribution should therefore be mild and we conservatively185

consider only the smooth component in this work. We parametrize the smooth DM density ρ with an NFW spatial186

profile [29] and a cored (isothermal-sphere) profile [30, 31]:187

NFW: ρ(r) = ρ0

�
1 +

RS

R0

�2 1

r
RS

�
1 + r

R0

�2 (1)

Isothermal : ρ(r) = ρ0
R2

S +R2
c

r2 +R2
c

. (2)

These are traditional benchmark choices, as NFW is motivated by N-body simulations, while cored profiles are instead188

motivated by the observations of rotation curves of galaxies and are also found in simulations of a Milky Way size halos189

involving baryons [32]. The Einasto profile [33, 34] is emerging as a better fit to more recent numerical simulations,190

but for brevity we do not consider it here. It is expected that this profile should lead to DM limits stronger by ∼ 30%191

in our ROI, with respect to a choice of an NFW profile [6]. For the local density of dark matter we take the value of192

ρ0 = 0.43 GeV/cm3 [35] 4, and the scale radius is assumed to be R0 = 20 kpc (NFW) and Rc = 2.8 kpc (isothermal193

profile). The actual choice of the DM density profile does not have a huge effect on our limits (see section VIII) as194

we do not consider the central few degrees of the Galaxy (where these distributions differ the most). A choice of a195

more extended core of ∼ 5 kpc seems possible, although less favored by the data [36] (however see [41]). With this196

rather extreme choice our limits would worsen by a factor of <∼ 2. We also set the distance of the solar system from197

the center of the Galaxy to the value RS = 8.5 kpc [37].198

For the annihilation/decay spectra we consider three channels with distinctly different signatures: annihila-199

tion/decay into bb̄ channel, into µ+µ−, and into τ+τ− . In the first case gamma rays are produced through hadroniza-200

4 To be noted that values ranging from 0.2 up to 0.7 GeV/cm3 are still viable [35].

ρ0=0.43 GeV/cm3, 
Rc=20 kpc (NFW), 2.8 kpc (Iso)

We test a set of 12 DM benchmark cases, in the mass range 5 GeV-10 
TeV.
Two DM density profiles: 
i) NFW and 
ii) Isothermal DM profiles.



We test a set of 12 DM benchmark cases, in the mass range 5 GeV-10 
TeV.
Two DM density profiles: 
i) annihilating (χχ→SM SM) characterized by annihilation cross 
section 〈σv〉 and 
ii) decaying (χ→SM SM) characterized by the life time τ.

DM models



DM models

We test a set of 12 DM benchmark cases, in the mass range 5 GeV-10 
TeV.
Three DM annihilation/decay channels: 
i) χχ/χ→bb
ii) χχ/χ→µµ
iii) χχ/χ→ττ



i) χχ/χ→bb→ qq... → π0...→ photons

0.1 0.5 1.0 5.0 10.0 50.0 100.0

5�10�5
1�10�4

5�10�4
0.001

0.005

E �GeV�

E
2 �
�MeV

cm
�
1 s
�
1 s
r�
1 �

�b� � 15°, �b� � 5°, �l� � 80°
ΧΧ� bb

mΧ � 250 GeV

�Σv� � 4 10�25cm3s�1

Π0

ICS

DM

bb, 250 GeVpreliminary

DM models

We test a set of 12 DM benchmark cases, in the mass range 5 GeV-10 
TeV.
Three DM annihilation/decay channels: 
i) χχ/χ→bb
ii) χχ/χ→µµ
iii) χχ/χ→ττ

preliminary



ii) χχ/χ→µµ(ττ) → ee... → photons radiated from final and internal states
                                              → radiative photons (IC in interactions with ambient ISRF)
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When electrons are produced in DM annihilation/decay they were propagated with the GALPROP code, 
with propagation parameters consistent with the one used to model astrophysical diffuse emission.
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We test a set of 12 DM benchmark cases, in the mass range 5 GeV-10 
TeV.
Three DM annihilation/decay channels: 
i) χχ/χ→bb
ii) χχ/χ→µµ
iii) χχ/χ→ττ
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conservative ‘no-background’ limits:
These limits do not involve any modeling of the astrophysical background, and 
are robust to that class of uncertainties (i.e. they are conservative). 

The expected counts from DM, (nDM) are compared with the observed counts 
(ndata) and the upper limits at 3(5) sigmas is set from the requirement: 
nDM - 3(5) √nDM > ndata, 
in at least one energy bin. 
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To take into account uncertainties in the diffusion modeling we model together 
standard and DM induced diffuse emission.

Why is that important? Significant degeneracy among the two signals. 

Method II

Limits derived with modeling the astrophysical signal:

Note here that due to our limited ROI derived astrophysical parameters are only 
effective, because we do not fit the full sky (work in progress).

We demonstrate a method in which we use the gamma ray data to determine the 
best fit astrophysical and DM parameters. We then turn the problem around and 
use this machinery to set DM limits.
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For each set of parameters which enter a CR propagation equation (size of the diffusion 
zone, diffusion index, etc) we produce the three components of the Galactic diffuse emission. 
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Fitting procedure: linear parameters

We fit these templates to the data, leaving their overall normalizations as a free 
(linear!) parameters of a fit (incorporating both morphology and spectra).

ADD an isotropic map (to mimic 
isotropic extra Galactic contribution)

AND a DM map, for a fixed mass and 
particle physics benchmark case:



However,  to take into account uncertainties in the diffusion modeling we repeat 
this procedure over a grid of astrophysical models.

In particular, we scan over CR parameters which are degenerate with a DM signal: 
1- height of the diffusive zone (2<z<15 kpc; 
with rest of parameters fixed by the CR data and B/C ratio)

– 70 –

Fig. 20.— Latitude profile for model SSZ4R20T150C5 showing the innermost l±30◦ about Galactic

centre for 200 MeV – 1.6 GeV (top), 1.6 GeV – 13 GeV (middle), and 13 GeV – 1000 GeV (bottom).

See Figure 18 for legend.
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Fig. 20.— Latitude profile for model SSZ4R20T150C5 showing the innermost l±30◦ about Galactic

centre for 200 MeV – 1.6 GeV (top), 1.6 GeV – 13 GeV (middle), and 13 GeV – 1000 GeV (bottom).

See Figure 18 for legend.

[Ackermann et al., ApJ (2012)]

A larger halo gives a broader latitude 
distribution → degenerate with DM 
contribution.

Fitting procedure: non-linear parameters



In particular, we scan over parameters which are degenerate with a DM signal: 
2- electron injection index (1.8<eI<2.9)

Harder electron injection spectrum → 
harder gamma-ray emission → can be 
confused with a DM contribution (if DM 
too produces electrons).
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FIG. 1: The 2σ contours in the enhancement factor - mass plane for a) annihilation to µ+µ−, b) the Nomura-Thaler model N3

and c) the Arkani-Hamed et al. model AH4. The contours are shown for PAMELA and Fermi, whereas the HESS data is only

used as an upper limit. The black dot is the example model shown in Fig.2.

FIG. 2: Spectra for examples of good fit models in 1. The signal and background are shown for electrons (e+
+ e−) together

with Fermi [9] and HESS data [11, 27]. The HESS data and the background model has been rescaled with a factor 0.85. In

the inset, the positron fraction as measured with PAMELA is shown together with the predicted signal for the same model.

towards the galactic centre and dwarf spheroidals were
investigated. For Einasto or NFW profiles, the best fit
models are excluded due to gamma rays from the galactic
centre. However, for less steep profiles, like an isothermal
sphere, our best fit models are not excluded by these
data.

For the N and AH models, constraints from gamma
rays and radio (including final state radiation photons)
were investigated in [18]. The same conclusion holds for
these models, if the halo profile is an Einasto or NFW
profile (or steeper), the models are already excluded.
However, for shallower halo profiles, like an isothermal
sphere, the models are still viable. One should note that
the electron and positron fluxes discussed in this paper
are not very dependent on the choice of halo profile, so
the best-fit models derived here, would be more or less
the same for an NFW profile instead of the isothermal
profile we used in our analysis.

Given the large amounts of high-energy electrons and
positrons injected into the galaxy with these models, it
is also fair to wonder about secondary radiation from
inverse Compton scattering on the interstellar radiation
field [14, 15, 17, 28]. In [14] it is concluded that models
annihilating to µ+µ− are at tension with EGRET data

and that Fermi will be able to probe these models. Given
the new Fermi data, lower boost factors are needed than
those assumed in [14], so the tension with EGRET data is
less severe. However, Fermi should still be able to probe
these models. For the N3 and AH4 model, we get very
similar constraints [17] and these are also viable with a
shallow halo profile.

One should also note that we have chosen to work
with a rather standard halo and diffusion model, but it is
rather straightforward to rescale our results via the en-
hancement factor introduced in Eq. (1). Note that the
dependence on ρ0 and τ0 in Eq. (1) is a very good ap-
proximation for high energies. For lower energies (i.e. the
PAMELA range), it is more involved as the positrons at
these energies have propagated rather far. Keeping the
signal fixed at higher energies, it is possible to move the
signal from dark matter up at lower energies by having
a larger significant diffusion region (by having a larger
diffusion zone half height and a larger diffusion coeffi-
cient). Increasing τ0 will also increase the fluxes at low
energies slightly more than the linear relation in Eq. (1)
as positrons then sample a larger (and partly denser) re-
gion in the galaxy. These effects are more pronounced
for steeper halo profiles, like a Navarro-Frenk-White [29]

Fitting procedure: non-linear parameters

However,  to take into account uncertainties in the diffusion modeling we repeat 
this procedure over a grid of astrophysical models.



In particular, we scan over parameters which are degenerate with a DM signal: 
3- different choice for the gas maps: dust to gas ratio (0.0120<d2HI<0.0170) 

Underestimating gas content in some regions of the Galaxy can also be 
compensated by DM. 

However,  to take into account uncertainties in the diffusion modeling we repeat 
this procedure over a grid of astrophysical models.

Fitting procedure: non-linear parameters



CR source distribution is obtained from 
observation of SNR or its tracers. Large 
observational bias towards the Galactic Center → 
source distribution in that region degenerate 
with a DM contribution.

Astrophysical model: Cosmic 
ray source distribution

18

There are four different source distributions currently considered in the Fermi 

analysis of the diffuse signal (Troy’s talk).

Since in this model CR sources go to zero in 

the GC region and have low gradient in the 

nearby region, -> it gives one of the most 

conservative DM limits, among currently 

discussed models. 

In this analysis we use the distribution of 

CR sources (SNR) as inferred from the 

direct observation of SNR (Case & 

Bhattacharya 1998). This distribution is 

based on the observation of 46 SNR, and is 

expected to suffer from heavy 

observational bias, especially in the GC 

region, which is the most critical for the 

DM searches. 

Radial distribution of CR sources  
(additional linear parameters) 

We produce template maps for a CR source distribution, which is a step function in 
radial bins. We then fit these radial bins to the data and determine the distribution of 
CR consistently with the other parameters!

In addition we constrain astrophysical sources 
to be zero within 3 kpc from the GC region to 
stay conservative, given the complicated region. 



The profile likelihood method is used to combine all the models on a grid, and to 
derive the DM limits marginalized over the astrophysical uncertainties.

Profile likelihood method 
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Different curves correspond to 
different sets of non-linear parameters - 
different grid points!

For each DM normalization then, 
the best fit linear parameters are 
found, and the overall likelihood of 
the model.

LogLikelihood vs DM normalization (σv) 
for a fixed DM model and a mass:
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expected from DM annihilation. The GaRDiAn (Gamma-Ray DIffuse ANalysis) software package, [13, 52] is used for359

this processing. The expected counts are then compared with the observed counts in our ROI and the upper limit is360

set to the DM normalization which gives counts in excess of the observed ones in at least one bin. More precisely, we361

set 3σ upper limits given by the requirement niDM −3
√
niDM > ni [53], where niDM is the expected number of counts362

from DM in the bin i and ni the actual observed number of counts. It should be noted that the formula assumes a363

Gaussian model for the fluctuations, which is a good approximation given the large bin size and the number of counts364

per bin we use in this case (see below). The large Poisson noise present especially at high (> 10 GeV) energies due to365

the limited number of counts per pixel, affects the limits for DM masses above 100 GeV, weakening them somewhat.366

To reduce the Poisson noise, only for the present case of no background modeling we choose a larger pixel size so to367

increase the number of counts per pixels. However, a very large pixel size would wash out the DM signal, diluting it368

in large regions, again weakening the limits. We chose the case with a pixel size of about 7◦ × 7◦ (nside=8) since it369

gives a reasonable compromise between the two competing factors7. In this way limits typically improve by a factor370

of a few with respect to the case nside=64. Limits for DM masses below 100 GeV, instead, are only very weakly371

affected by the choice of the pixel size in the range 1− 7◦. Finally, again only for the present case of no modeling of372

the background, we use an extended energy range up to 400 GeV. This, in practice, is important only for the µ+µ−
373

case for masses above 100 GeV and when we consider FSR only (since the µ+µ− FSR annihilation spectrum is peaked374

near the energy corresponding to the DM mass and thus can be constrained only by using higher-energy data). For375

the other cases, instead, there is always significant gamma-ray emission below 100 GeV, either from prompt or IC376

photons and the extended energy range does not affect the limits appreciably.377

The limits derived from this analysis are discussed in Sec.VIII. These constraints are about a factor of 5 worse than378

those obtained with a modeling of the background (see next section), which is in agreement with the estimate made379

in Sec. III.380

VII. DM LIMITS WITH MODELING OF ASTROPHYSICAL BACKGROUND381

We derive a second set of upper limits taking into account a model of the astrophysical background. As described382

in sections II and III, the approach we use is a combined fit of DM and of a parameterized background model and383

we consider the uncertainties in the background model parameters through the profile likelihood method described384

below.385

A. Profile Likelihood and grid scanning386

For each DM channel and mass the model which describes the LAT data best maximizes the likelihood function
which is defined as a product running over all spatial and spectral bins i ,

Lk(θDM ) = Lk(θDM ,
ˆ̂
�α) = max�α

�

i

Pik(ni; �α, θDM ), (3)

where Pik is the Poisson distribution for observing ni events in bin i given an expectation value that depends on387

the parameter set (θDM , �α). θDM is the intensity of the DM component, �α represents the set of parameters which388

enter the astrophysical diffuse emission model as linear pre-factors to the individual model components (cf. equation389

5 below), while k denotes the set of parameters which enter in a non-linear way. Individual GALPROP models have390

been calculated for a grid of values in the k parameter space. For each family of models with the same set of non-391

linear parameters k the profile likelihood curve is defined for each θDM as the likelihood which is maximal over the392

possible choices of the parameters �α for fixed θDM (see [54] and references therein). The notation
ˆ̂
�α represents the393

conditional maximization of the likelihood with respect to these parameters. The linear part of the fit is performed394

with GaRDiAn, which for each fixed value of θDM finds the �α parameters which maximizes the likelihood and the value395

of the likelihood itself at the maximum8. However, since building the profile likelihood on a grid of θDM values is396

computationally expensive, we use an alternative approach including θDM explicitly in the set of parameters fitted by397

GaRDiAn. In this case GaRDiAn also computes the θDM value which maximize the likelihood (the best fit value θDM0)398

and its 1σ error estimated from the curvature of the logL around the minimum. We then approximate the profile399

likelihood as a Gaussian in θDM with mean θDM0 and width σθDM0 . We have verified that this approximation works400

extremely well for a subset of cases for which we also explicitly computed the profile likelihood, tabulating it on a401

grid of θDM values. We will thus use this approximation throughout the rest of the analysis.402

In this way we end up with a set of k profiles of likelihood Lk(θDM ), one for each combination of the non-linear403

parameters. The envelope of these curves then approximates the final profile likelihood curve, L(θDM ), where all the404

7 The mask is always defined (and applied) at nside = 64. After applying the mask the data (and the models) are downgraded to the
larger pixel size.

8 Technically, instead of maximizing the likelihood, GaRDiAn minimizes the (negative of) log-likelihood, -logL, using an external minimizer.
For our analyses we used GaRDiAn with the Minuit [55] minimizer.



�0.01 0.00 0.01 0.02 0.03
�10

0

10

20

30

Σv norm

�
2
�
Lo
g�L�

�b� � 15°, �b� � 5°, �l� � 80°, ΤΤ, AN, NFW

zh � 10 kpc, Γe,2 � 2.3, Hi2d � 0.014�1020 mag cm2

zh � 8 kpc, Γe,2 � 2.3, Hi2d � 0.014�1020 mag cm2

zh � 6 kpc, Γe,2 � 2.3, Hi2d � 0.014�1020 mag cm2

m � 750 GeV

ymin � 9

ymin � 25

LogLikelihood vs DM normalization (σv) 
for a fixed DM model and a mass:

The envelope of all LogL curves 
represents the final profile 
likelihood over which we set limits.

Minima of LogL functions is 
well populated, making it 
possible to set 3(5)σ DM 
limits marginalizing over many 
astro models which are within 3
(5)σ within the minimum!

Profile likelihood method 

preliminary



Note: all LogLs are renormalized to the same minimum. 

Profiles over single CR 
parameters show that 
many models are within 3
(5)σ of the minimum:
All models with 
1.9<eI<2.5, 
0.0120<HI2d<0.0160, 
4<z<15 
populate the minimum.

In other words, DM limits are not set based on a single diffuse model, but most of the models 
within working framework are within 3(5) σ of the minimum, and are thereby marginalized 
over to define the 3(5) σ DM limits.  

preliminary

Results

The profile likelihood method can be used also to determine other parameters.



Profiles over single CR 
parameters show that 
many models are within 3
(5)σ of the minimum:
All models with 
1.9<eI<2.5, 
0.0120<HI2d<0.0160, 
4<z<15 
populate the minimum.

Note: all LogLs are renormalized to the same minimum. 

In other words, DM limits are not set based on a single diffuse model, but most of the models 
within working framework are within 3(5) σ of the minimum, and are thereby marginalized 
over to define the 3(5) σ DM limits.  

Results

The profile likelihood method can be used also to determine other parameters.
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However, to get more conservative DM constraints we set the distribution of 
CRe and CRp to zero in the inner 3 kpc. I.e. we force DM to make up all the sources in 
the central parts of the Galaxy, and model and subtract only emission R>3 kpc.

preliminarypreliminary

Distribution of CR electrons and of CR protons, obtained in the fit.

Matches a standard CR source distribution (Yus) at  R>3 kpc. 

Results



Blue: “no-background limits”.
Black: limits obtained by marginalization over the CR source 
distribution, diffusive halo height and electron injection index, gas to 
dust ratio, in which CR sources are held to zero in the inner 3 kpc.
Limits with NFW profile (not shown) are only slightly better.
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 DM limits: µ+µ-channel

Blue:  here we used only photons produced by muons to set “no-background 
limits” (‘FSR only’).
Violet: “no-background limits” FSR+IC
Black: limits from profile likelihood and  CR sources set to zero in the inner 3 kpc.
DM interpretation of PAMELA/Fermi  CR anomalies strongly disfavored (for annihilating DM).
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 Limits: τ+τ-channel
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Blue:  here we used only photons produced by muons to set “no-background 
limits” (‘FSR only’).
Violet: “no-background limits” FSR+IC
Black: limits from profile likelihood and  CR sources set to zero in the inner 3 kpc.
DM interpretation of PAMELA/Fermi  CR anomalies strongly disfavored (for annihilating DM).



Summary

We test the LAT data for a contribution from the DM signal in our Galaxy and 
derive upper limits on DM self-annihilation cross section and decay time.

We make several conservative choices in the analysis:
- we consider intermediate latitudes where uncertainty due to the profile is smaller.
- we model and subtract astrophysical signal only at >3 kpc from the GC, which is 
relatively well modeled (compared to inner Galaxy). 

We derive competitive DM limits and demonstrate a method which can be used to 
study diffuse emission. 

The limits can be improved by using complementary constraints on CR propagation 
parameters (as AMS02, Planck, Lofar, etc.), models for Galactic structures (i.e. Fermi 
Bubbles) and complementary constraints on the Galactic DM distribution... work in 
progress.



Extra Slides
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Parameter Value

Halo Height zh(kpc) 2 4 6 8 10 15

Diffusion Coefficient D0 (cm
2
s
−1

) 2.7× 10
28

5.3× 10
28

7.1× 10
28

8.3× 10
28

9.4× 10
28

1.0× 10
29

Diffusion Index δ 0.33 0.33 0.33 0.33 0.33 0.33

Alfven Velocity vA (km s
−1

) 35.0 33.5 31.1 29.5 28.6 26.3

Nucleon Injection Index (Low) γp,1 1.86 1.88 1.90 1.92 1.94 1.96

Nucleon Injection Index (High) γp,2 2.39 2.39 2.39 2.39 2.39 2.39

Nucleon break rigidity ρbr,p(GV) 11.5 11.5 11.5 11.5 11.5 11.5

TABLE I: CR diffusion parameters from [12] used in this work.

velocity of the Galactic winds perpendicular to the Galactic Plane Vc. Following ref.[12] we will parameterize the165

nucleon injection spectrum as a broken power law in rigidity with γp,1, γp,2 the injection index before and after the166

break respectively and ρbr,p the break rigidity. Similarly, the electron injection index is parametrized as double broken167

power law with γe,1, γe,2, γe,3, the injection index in the three rigidity zones and ρbr,e,1, ρbr,e,2 the two breaks.168

We use in the following the results and formalism of ref. [12] and we briefly summarize here the approach and169

results presented there. The reader is then referred to ref. [12] for more details and thorough discussion. In that work170

a grid of models is considered with 4 values of zh, 2 values of Rh and 4 different models of CR Source Distributions171

(CRSDs). The CRSDs are set to correspond to the incompletely determined distribution of Supernova Remnants172

(SNR), or tracers of star formation and collapse (pulsars, OB stars) [19, 20]. For each of these 32 models 4 different173

assumptions on the column density of the hydrogen gas derived from its tracers are made for a total of 128 models.174

For each of the models, a fit of the model prediction to the local intensity of different CR nuclei and the B/C ratio175

is performed in order to fix the parameters (D0, vA, γp,1, γp,2, ρbr). Thus, the CR fit provides the injection spectrum176

for nuclei, the Alfvén speed and the relation (zh, D0) for different values of zh. In a second step they determine also177

the electron injection spectrum from a fit of the model to the local spectrum of CRE using the diffusion parameters178

obtained in the first fit. However, we are not going to use the result of a second step, since we will instead fit the179

electron spectrum from gamma-ray data. As the last step in [12] an all-sky fit to the Fermi-LAT gamma-ray data is180

then performed to find the remaining parameters like the XCO factors2. The ISRF normalizations in various regions181

of the sky are also left as parameters free to vary in the fit, to account for possible uncertainties in the ISRF itself182

and the CRE distribution. In our analysis, we will also consider the ISRF uncertainties in more detail in section IX.183

Thus, we use only the results from the first step of the analysis in [12] described above, but then allow for more184

freedom in certain parameters governing the CR distribution and astrophysical diffuse emission and constrain these185

parameters by fitting the models to the LAT gamma-ray data. Compared to [12], the main difference in our analysis186

is the use of a free CRSD whose parameters will be determined from the fit to the LAT data, as opposed to the 4 fixed187

CRSDs explored in ref. [12]. The procedure which we employ to obtain the best fit CRSD is described in detail in188

section VII. Another important difference is that we will keep the CRE source and proton source distributions (which189

we will refer to as eCRSD and pCRSD) separate. This is justified as we dont know a priori if the bulk of CR protons190

and electrons is injected by the same class of sources. We report in Table I the CR diffusion and injection parameters191

for different values of zh taken from [12] which we will use in the following3. Notice that the diffusion parameters in192

principle depend on the CRSD, but the dependence is weak and will be neglected in the following. There is also slight193

dependence from the parameters used to produce the gas maps (see section IV) and the assumed XCO distribution,194

which is also weak and will be neglected as well. Besides the free CRSDs and the scan over different values of zh we195

will also scan injection spectra by varying the index γe,2 while we will fix γe,1 = 1.6, γe,3 = 4 [12], ρbr,e,1 = 2500 MV196

and ρbr,e,3 = 2.2 TV. The last two parameters are left free to vary in the analysis performed in [12] although the fitted197

values typically differ less than 20% for ρbr,e,1 and less than 10% ρbr,e,3 with respect to the values we report above.198

A. Limitations of the model199

The model described above represents well the gamma-ray sky, although various residuals ( at a ∼ 30% level, [12]),200

both at small and large scales, remain. These residuals can be ascribed to various limitations of the models like:201

i) imperfections in the modeling of gas and ISRF components, ii) simplified assumptions in the propagation set-up202

(e.g. assumption of isotropicity and homogeneity of the diffusion coefficient), iii) unresolved point sources, which are203

expected to contribute to the diffuse emission, at a level of 10%, and have not been taken into account in the modeling204

in [12]), iv) missing structures like Loop I [21] or the Galactic Bubbles/Lobes [22].205

2 The procedure is iterated few times in order to consider the feedback of the renormalized XCO factors in the propagation of CREs.
3 More precisely, the zh=2, 15 cases are not reported in [12]. The values used here for zh = 2, 15 are, however, obtained in the same way
as the other zh cases.
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Non linear Parameters Symbol Grid values

index of the injection CRE spectrum γe,2 1.925, 2.050, 2.175, 2.300, 2.425, 2.550, 2.675, 2.800

half height of the diffusive haloa zh 2, 4, 6, 8, 10, 15 kpc

dust to HI ratio d2HI (0.0120, 0.0130, 0.0140, 0.0150, 0.0160, 0.0170) ×10−20 mag cm2

Linear Parameters Symbol Range of variation

eCRSD and pCRSD coefficients cei ,c
p

i
0,+∞

local H2 to CO factor Xloc

CO 0-50 ×1020 cm−2 (K km s−1)−1

IGB normalization in various energy bins αIGB,m free

DM normalization αχ free
aThe parameters D0, δ, vA, γp,1, γp,1, ρbr,p are varied together with zh as indicated in Table I.

TABLE II: Summary table of the parameters varied in the fit. The top part of the table shows the non linear parameters and
the grid values at which the likelihood is computed. The bottom part shows the linear parameters and the range of variation
allowed in the fit. The coefficients of the CRSDs are forced to be positive, except ce,p1 and ce,p2 which are set to zero. The local
XCO ratio is restricted to vary in the range 0-50 ×1020 cm−2 (K km s−1)−1, while αIGB,m and αχ are left free to assume both
positive and negative values. See the text for more details.

are confident that this approach gives the desired statistical properties, i.e., good coverage and discovery power, also

in our analysis.

B. Free CR Source Distribution and constrained setup limits

In this section we introduce the first set of linear parameter, i.e. the coefficients defining the CRSDs. The remaining

linear parameters will be introduced in the next section.

As noted in section II, CRSDs (for example the ones considered in [13]) can be modeled from the direct observation

of tracers of SNR, and so can be observationally biased. The uncertainty in the distribution of the tracers in the inner

Galaxy is therefore large and should be taken into account in the derivation of the DM limits. We therefore fit the

CRSD from the gamma-ray data, as described below.

Due to the linearity of the propagation equation it is possible to combine solutions obtained from different CRSDs.

To exploit this feature we define a parametric CRSD as sum of step functions in Galactocentric radius R, with each

step spanning a disjoint range in R:

e, pCRSD(R) =

�

i

ce,pi θ(R−Ri)θ(Ri+1 −R) (4)

We choose 7 steps with boundaries: Ri =0, 1.0, 3.0, 5.0, 7.0, 9.0, 12.0, 20.0 kpc. The expected gamma-ray all sky

emission for each of the 14 single-step primary e and p distributions are calculated with GALPROP. It is also worth

noting that a different GALPROP run needs to be done for each set of values of the non-linear parameters, since, for

a given e, pCRSD the output depends on the entire propagation setup. For more accurate output, especially in the

inner Galaxy, which we are interested in, GALPROP is run with a finer grid in Galactocentric radius R with dr = 0.1
kpc, compared to the standard grid of dr = 1 kpc. The coefficients ce,pi are set to unity for the individual GALPROP

runs and then fitted from the gamma-ray data as described below.

In order to have conservative and robust limits we constrain the parameter space defined above by setting ce,p1 =

ce,p2 = 0, i.e. setting to zero the e, pCRSDs in the inner Galaxy region, within 3 kpc of the Galactic Center. In this

way, potential e and p CR sources which would be required in the inner Galaxy will be potentially compensated by

DM, producing conservative constraints. A second important reason to set the inner e, pCRSDs to zero is the fact

that they are strongly degenerate with DM (especially the inner eCRSD, see Figure 1). Besides slight morphological

differences, an astrophysical CRE source in the inner Galaxy is hardly distinguishable from a DM source, apart,

perhaps, from differences in the energy spectrum. To break this degeneracy we would need to use data along the

Galactic Plane (within ±5
◦
in latitude) since these are expected to be the most constraining for the e, pCRSDs in

the inner Galaxy. However, the Galactic Center region is quite complex and modeling it is beyond the scope of the

current paper. We therefore defer such a study to follow-up publications.



Additional checks: 

To asses the impact of the remaining CR parameters we varied them one at a time and 
checked the variation of the DM limits for some DM mass and channel.
The results confirm that the electron spectrum and the CR Source Distribution have the 
major impact, while the other parameters have a subdominant effect on DM limits.
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Parameter |δσ/σ| [%], bb̄ |δσ/σ| [%], µ+µ−

vA [ 30; 36; 45] km s
−1

[ 6; 0; 11] [ 4.; 0; 9]

γp,1 [ 1.8; 1.9; 2;] [ 1.0; 0; 2.5] [1.5; 0; 2.0;]

γp,2 [ 2.35; 2.39; 2.45] [ 2.5; 0; 1.5] [2.5; 0; 1.5]

ρbr,p [ 10; 11.5; 12.5] GV [ 0.5; 0; 1.0] [0.9; 0; 1.5]

HI2d [ 0.0110, 0.0140; 0.0170] [3; 0; 12] [ 3;0; 9]

γe,2 [ 2.0; 2.45; 2.6] [ 17; 0; 7] [ 18; 0; 5]

(D0, zh) [ (5.0e28, 4); (7.1e28, 10)] cm
2
s
−1

[ 0;; 10] [ 0; 7]

CRSD [ SNR; Yus] [ 0; 61] [ 0; 59]

KRA(δ = 0.5); KOL(δ = 0.3); PD(δ = 0.6) [ 4.0; 0; 3.0] [1.0; 0; 5]

Vc [0; 20] km s
−1

[ 0; 6] [ 0; 4]

GMF [ Conf 1
∗
, Conf 2

∗
] [ 0; 3] [ 0; 8]

TABLE II: Relative variation |δσ/σ|[%] of the limits on the DM velocity averaged annihilation cross-section derived in this

work with respect to changes in the underlying astrophysical diffuse emission model. The table shows the relative variation for

selected DM models (bb̄ and µ+µ−
channel, for a 150 GeV DM) in a simplified set-up when only one parameter is varied at a

time. Each row corresponds to the indicated parameter. The bold values correspond to the reference value.

2 kpc in z, normalized to 5 µG locally. The alternative configuration we tested has in addition a further component531

of constant 100 µG intensity within 0.4 kpc from the GC, as motivated by some recent result [64]. This alternative532

configuration also produces changes in the limits of less than 10%.533

X. SUMMARY534

In this work we constrain the contribution to the diffuse gamma-ray emission from DM annihilating or decaying535

in the Milky Way halo, based on the Fermi-LAT gamma-ray data. We use GALPROP to model of the astrophysical536

diffuse background, and, using a profile likelihood approach, we explore the effect of various unknown parameters in537

the modeling of the astrophysical background like the diffusive halo height, the CR source distribution the electron538

injection index and the gas to dust ratio in order to get more robust constraints. The limits we obtain are competitive539

with complementary probes of DM like dwarfs, clusters of Galaxies or recent constraints from CMB for DM models540

with prompt spectra and significantly improve over those for DMmodels with significant Inverse Compton contribution541

like DM annihilating into µ+µ−. The limits are only weakly dependent on the choice of the DM profile and they are542

robust with respect to the uncertainties in the astrophysical model, which we directly include in the fit.543

An obvious, but not immediate, improvement of this analysis would be a full scan of the CR parameters from a544

simultaneous fit to both gamma and cosmic-ray data. An effort in this direction is currently ongoing and will be545

reported in future publications.546
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