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THE GAMMA-RAY SKY above 1 GeV

i LAT data

5 years of Ferm
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This guy
esn’t change

—&—— Total EGB
10-5 ———  |GRB
Resolved sources, |b|>20°

IGRB - Abdo et al. 2010

10°

10° 10° 10°
Ackermann+14 Energy [MeV]

Energy range: 100 MeV - 820 GeV

Significant high-energy cutoff feature in IGRB spectrum, consistent with simple

source populations attenuated by EBL

~50% of total EGB above 100 GeV now resolved into individual LAT sources &



Origin of the IGRB

in the Fermi LAT energy range

Fornasa & Sénchez-Conde, ———— DGRB energy spectrum (Ackermann et al. 2014)

PhyS. Reports, 598 (2015) Foreground system. error (Ackermann et al. (2014)
[1502.02866] Blazars (Ajello et al. (2015)
Misaligned AGNs (Di Mauro et al. 2014)

Star-forming galaxies (Tamborra et al. 2014)
Millisecond pulsars (Calore et al. 2014)

E? d®/dEDQ [MeV cm? s sr |

10*
Energy [MeV]

 Cumulative emission of unresolved sources
e Dark matter?



Cosmological DM annihilation

DM halos and substructure expected at all
scalesdowntoa M_. ~10° M.

DM annihilation signal from all DM halos

at all redshifts should contribute to the
IGRB.

Lower redshifts (z < 2) contribute the
most (EBL gamma-ray attenuation;
‘redshifted’ energy).

Zoom sequence from 100 to 0.5 Mpc/h
Millenium-Il simulation boxes (Boylan-Kolchin+og)



The IGRB as a powerful tool
to probe the nature of the DM
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DM-induced observed y-ray sky

v-ray (simulated) sky

Two approaches possible:

1. INTENSITY spectrum
2. Angular power spectrum of ANISOTROPIES



The IGRB as a powerful tool
to probe the nature of the DM
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observed y-ray sky

DM-induced
v-ray (simulated) sky

Two approaches possible:

L INTENSITY et Y

2. Angular power spectrum of ANISOTROPIES
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DM cosmological signal predictions

FLUX from
extragalactic
DM annihilation

|
EBL attenuation WIMP-induced

WIMP annihilation Domi 11
(Dominguez+11)  wpjyx multiplier”  spectrum

cross-section

The flux multiplier is a measure of the clumpiness of the DM in the Universe,
and is the main source of theoretical uncertainty in this game.

Uncertainties in this parameter traditionally huge!

Simulations do
not resolve the
whole hierarchy
of structure
formation...

an extrapolation of more
than 10 orders of magnitude!

11 12 13 14 15 19

10~ 106 1 My? — log{M/(h-" M)]

(Sefusatti, DSU13)




Previously, this was the common picture:

Normalized
flux multiplier

Most optimistic
c(M) power-law
extrapolation

Semi-analytical

MSII-Sub1 :

Conservative
Are all these scenarios power-law
realistic, i.e., well MSil-Res extrapolation

/7 "=

motivated in ACDM?

Only resolved

halos in MSII

Abdo+10

In our work, these uncertainties are drastically reduced by means of:

- A better understanding at small halo masses, thanks to both recent
theoretical and numerical developments.
-Two independent and complementary approaches to compute C(z).

12



Flux multiplier: approaches

HALO MODEL (HM)

Implies to describe the structure of individual

halos and subhalos, and their cosmic evolution.

- OUR BENCHMARK MODEL

non-linear matter POWER SPECTRUM (PS)

Directly measured in simulations.

— Good to study uncertainties

(only one quantity extrapolated)

MASC&Prada 14

MultiDark

Bolshoi

Ishiyama+13

Moore+01

Colin+04

VL-II

Ishiyama 14 Diemand+05
Anderhalden & Diemand 13 — P12
Diemand+05

Logio €200

5
Logyq Mago [h™" M)

k [h Mpc™1]

Disclaimer: both approaches use extrapolations over several orders
of magnitude down to the smallest predicted mass scales. &)




HM vs. PS predictions agree pretty well!

Ackermann+1s, JCAP09(2015)008 [astro-ph/1501.05464]

OUR BENCHMARK MODEL.:
calculated in Halo Model
approach using the most
up-to-date parameters.

p factor ~1 7

[Mevem

AN fdF

..... PS (max)

I

HM m, = 500 GeV, bb

UNCERTAINTY BAND:

Estimated by means of the non-linear
matter Power Spectrum approach. It
will directly translate into uncertainties
in our DM limits.

1000




DM limits

No statistically significant evidence of WIMP signals in the IGRB - set DM limits.

Conservative limits

Only DM. No astrophysical contributions to
the measured IGRB.

Not preferred Galactic diffuse model among
those tested in IGRB measurement paper.

Sensitivity reach

Total astrophysical contribution fully

explains the measured IGRB at all energies.

We can entirely rely on a Galactic diffuse

model to derive the IGRB.
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Ackermann+1s, JCAP0g(2015)008 [astro-ph/1501.05464]

bb, 10 GeV Extragalactic
_____ _ Galactic substructure

—_
S
%)

E?® [MeV s~ 'em™2sr7!]

_____ - Galactic substructure

bb, 10 GeV Extragalactic

Power Law + Exp cut—off

Sensitivity

reach

Examples of DM spectra at the border of being excluded at 20 level
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Conservative limits

 — HM, SS-REF
— HM, SS-MIN

Segue 1, MAGIC

— PS (min—max), SS-REF |
PS (min—max), SS—MIN °

- ]

GC Halo, HESS

e

Stacked dSph, LAT

bb

10! 102

104
m, [GeV]

. HM, SS-REF
J— HM, SS-MIN

Segue 1, MAGIC

— PS (min—»max), SS-REF |
PS (min—-max), SS—MIN :

Stacked dSph, LAT

 — HM, SS-REF
— HM, SS-MIN

Segue 1, MAGIC

— PS (min—»max), SS—REF |
PS (min-max), SS—MIN °

Stacked dSph, LAT

10! 102

m, [GeV]

| HM, SS-REF
J— HM, SS-MIN

Segue 1, MAGIC

MW halo, LAT

Stacked dSph, LAT

— PS (min—»max), SS—REF |
PS (min—max), SS—MIN :

<O-V>freeze—0ut %

Ackermann+1s, JCAP09(2015)008 [astro-ph/1501.05464]




| HM,SS-REF ... PS (min—>max), SS—REF | | HM,SS-REF ~ .. PS (min—>max), SS—REF |
g HM, SS—MIN PS (min—max), SS—MIN : HM, SS—-MIN PS (min—max), SS—MIN :

Segue 1, MAGIC ] i Segue 1, MAGIC

GC Halo, HESS ]

10-26;
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10! 10! 10? 10° 10*

m, [GeV] m, [GeV]

| ___HM,SS-REF = ' ... PS (min—max), SS—REF | | ___HM,SS-REF =~ ' ... PS (min»max), SS—REF |
g HM, SS—MIN PS (min—-max), SS—MIN : HM, SS—MIN PS (min—»max), SS—MIN

Segue 1, MAGIC Stacked dSph, LAT ] i Segue 1, MAGIC

4[
- MW halo, LAT

Stacked dSph, LAT

Ackermann+1s, JCAP09(2015)008 [astro-ph/1501.05464]
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— This work
Conservative limits (Ackermann et al. 2014c¢)
Sensitivity reach (Ackermann et al. 2014c)

T

° EGB Spectrum (Ackermann et al., 2014b) |
Sum of components 7
All Blazars - this work
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5555 Radio Galaxies (Inoue 2011)
Star-forming Gal. (Ackermann et al. 2012)
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— This work
Conservative limits (Ackermann et al. 2014c¢)
Sensitivity reach (Ackermann et al. 2014c)
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Segue 1, MAGIC dSph, LAT

T

Astrophysical contribution to the IGRB
derived as accurately as possible

T

T

T

DM constraints lie between conservative

limit and sensitivity reach. .
10
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Ajello, Gasparrini, MASC+15




Sensitivity projections

Expected evolution of the limits for 15 years of LAT data in the ‘realistic’ setup

— 50 m. limits, Ackermann+ (2015)
15 years + optimized astro, syst/2 + stat/2 IGRB error

15 years + optimized astro, syst/10 + stat/2 IGRB error
DM Clustering uncertainty

Thermal Relic Cross Section
(Steigman—+ 2012)

Charles, MASC, et al., Phys. Reports, 636 (2016) [1605.02016]

19




MW Halo: Ackermann+ (2013)
MW Center: Gomez-Vargas+ (2013)
dSphs: Ackermann+ (2015)

Unid. Sat.: Bertoni+ (2015)

Virgo: Ackermann+ (2015)
Isotropic: Ajello+ (2015)

X-Correl.: Cuoco+ (2015)

APS: Gomez-Vargas+ (2013)

Daylan+ (2014)
—— Gordon & Macias (2013)

bb

Thermal Relic Cross Section _
(Steigman+ 2012) 3
Calore+ (2014) ]

—— Abazajian+ (2014)

10?
m, [GeV]
Charles, MASC, et al., Phys. Reports, 636 (2016) [1605.02016]
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DM constraints
from IGRB anisotropies too!

Annihilation

Min212 GeV, >3 x 107 o' ¢ BB, My 210" Mo Predictions of DM-induced anisotropies from N-body

Fermi-LAT measurement (1.38-1.99 G . . ] .

ALY smoon simulations + semi-analytical models
Uncertainty on MW mass
GAL-AQ (median)

GAL-AQ (10% and 90% quantiles)
Adding uncertainty on MW mass
EG-LOW

EG-HIGH

Uncertainty on boost factor

Annihilation, bb

00

Cif gy [cm™ s2 sr2 sr]

Thermal (o,,,v) (Steigman et al., 2012)

. Fermi LAT dwarf Spheroidals (Ackermann et al., 2015)
———————— Fermi LAT IGRB intensity (Ajello et al., 2015)
——— REF scenario

REF scenario (conservative)
MAX scenario

MIN scenario

Uncertainty on M (MAX)

Uncertainty on M::" (MIN)

,,,,,,,,,,,,

200 300 400 500 600
Multipoles

n

<0, V> [em® §7]

Comparison between DM predictions and observed
anisotropic sky yields competitive DM limits. ' P

Fornasa+16, PRD accepted [1608.07289] b



Remarks

The IGRB is a powerful tool to understand the nature of DM.

* Bothitsintensity and anisotropy.

New predictions for the cosmological DM annihilation signal.
—> Halo Model and Power Spectrum, which remarkably agree.
—> Theoretical uncertainty now a factor <2o.

LAT IGRB intensity spectrum used to set new DM limits:
- Complementary to and competitive with other DM probes.
—> 15 years of LAT data will improve the 4.1 year limits by a factor ~2 to 5.

IGRB anisotropies a powerful tool, too!

[Fornasa’s
talk]

—->New measurement by the LAT.
—> Suggests the existence of two source populations!

= New DM limits not as competitive as those from intensity IGRB.

22
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HALO MODEL (I): bAslcS

Sum of DM annihilations in all halos, at all cosmic epochs.

FLUX
MULTIPLIER

Halo mass Halo masses
function and concentrations

[MASC & Prada 2014]
Planck cosmology.

Prada+12 concentration-

. mass model.
5’? MultiDark Y L \ .
S Boishol U NFW DM density profiles
Ishiyama+13 y .
Moore+01 I | . |
Colin+04 Sl e - -6
olin+ | Wl Mmln A 10 Msun

VL-II

Ishiyama 14

Anderhalden & Diemand 13
Diemand+05

Diemand+05
— P12

Tinker+o8 HMF, with z=0

°, parameters as in Prada+12.
Logqg Mago [ M]




HALO MODEL (Il): substructure treatment

* Halo substructure expected at all mass scales downto M.
—> enhancement (boost) of the DM signal expected

* Relevant parameters: subhalo mass function and minimum subhalo mass.

Miin=10""?M_, a=2
—— Mmin=10"°M_, a=2
Mm|n=1 0_12M®, Cl’=1 .9

We adopt the fiducial model
in MASC & Prada (2014)

It assumes that subhalos
have similar internal
properties as main halos.

L= I—host N [1+B]/ S0
10 12 B=0 - no boost
Logyo Magy (M) B=1-> L, X2 due to subhalos

[MASC & Prada 2014] 26



Subhalo concentrations? Yes.

 Difficulty in defining them:
— More complex evolution compared to field halos.
— Tidal forces modify the DM density profile

— Reduced R, ., i.e. the radius at whichV__,, is reached

max/

* Solution: choose a definition independent of the profile

See also Diemand+08

* Still useful to compare to the standard c_;:

For NFW:

27



c, results from VL-Il and ELVIS

Median values

Four radial bins:

Clear increase of
subhalo concentration

as we approach the
host halo center

Moliné, MASC+
[1603.04057]

b < Xgup < 0.1
0.1 < Xgyp < 0.3
0.3 < Xgup < 1.0
1.0<xXgup<1.5

P12 = = = = ]

b < Xgub < 0.1
0.1 <Xgyp < 0.3
0.3 <Xxgyp<1.0
1.0 <xgyp < 1.5

Vimax [km/s] Ma00 [h"Mo]




Improved subhalo boost model

1. Make use of our best knowledge on subhalo concentrations.
2. Tidal stripping included (Roche criterium).

Moliné, MASC+ [1603.04057]

MAIN HALOS | SUBHALOS

Moo = 102 Mg, Ry, = 80 kpc

Main halos

C200
Cogo- tidally stripped

Coqo» tidally stripped s

10" 10" 10 10" 10™ 10'°
Mago [ Me]

Factor 2-3 larger boosts Very small boost for subhalos, e.g. dwarfs

Agrees also with Bartels & Ando (2015) and Zavala & Afshordi (2015) b




POWER SPECTRUM APPROACH

?ANL(]C, Z

/kmam dk k3PNL(k, Z) B /kmaa‘, dk

k 2772

I

Integral over the non-linear Adimensional Py,
matter power spectrum, Py,

Ay, is measured in simulations.

MAX extrapolation to the lowest scales

MIN extrapolation to the lowest scales

We follow Sefusatti+14, which uses the
Millenium simulations (MS and MS-II).

Results scaled to Planck cosmology.

Extrapolation to low masses with MS-II.

k [h Mpc™']

Sefusatti, Zaharijas et al., MNRAS (2014) Substructure naturally accounted for.

30



HM vs. PS predictions (I)
redshift evolution

Normalized flux multiplier

Both the PS and HM results
are fully consistent with each
other.
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Benchmark HM (solid
line)within PS-min and PS-
max, as expected.

Ackermann+1s, JCAP09(2015)008 [astro-ph/1501.05464]



HM vs. PS predictions (ll)
dependence on minimum halo mass

Normalized flux multiplier

Good agreement except at
the highest (probably
unrealistic) M_._tested

PS-min nearly insensitive to
M- Not true for PS-max.

Comparison at z=o0 a fair
estimate, since most of the

DM signal comes from low z.

PS (max)

PS (min)
HM

Ackermann+1s, JCAP09(2015)008 [astro-ph/1501.05464]



Galactic DM annihilation signal

Would the Galactic DM signal be sufficiently isotropic?
- if so, added to the extragalactic signal when setting the DM limits.

- If not, treated as an additional foreground.

SMOOTH COMPONENT:

NFW DM density profile.
A factor ~16 difference between 20 and 9o degrees of latitude.

—> Anisotropic signal: additional foreground

GALACTIC SUBSTRUCTURE:

Factor ~2 anisotropy (Via Lactea IlI); in other prescriptions, only 10%.

—> Sufficiently isotropic signal: added to extragalactic when setting DM limits.

Two substructure scenarios: total Galactic boosts of 3 and 15 [MASC&Prada 14].

33



Galactic DM annihilation signal: substructure

—> Sufficiently isotropic signal: added to the extragalactic signal when setting DM limits.

Aquarius Via Lactea II

Substructures intensity
relative to average value
at |b|>20 deg

Factor ~2 anisotropy

In other prescriptions,
only 10% anisotropy

Following MASC & Prada (2014), we assume two Galactic substructure scenarios:

1. Annihilation boost of a factor 3 (Minimal B¢, ¢ bstructure)-

2. Annihilation boost of a factor 15 (Benchmark B, ¢ypstructure)-

(Both for M. .=10®* M, but assuming different slopes of the subhalo mass function)

sun/




Robustness of the IGRB
in the presence of a Galactic DM signal
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Ackermann+1s, JCAP09(2015)008 [astro-ph/1501.05464]
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Robustness of the IGRB
in the presence of a Galactic DM signal

Ackermann+1s, JCAP09(2015)008 [astro-ph/1501.05464]

“onservative limits ensitivity reach

<O—V>freeze—ou g— ’ <(rv>freeze—ou

— HM, SS—REF PS (min—»max), SS—REF — HM, SS—-REF PS (min-»max), SS—REF
HM, SS-MIN PS (min—»max), SS—-MIN HM, SS-MIN PS (min—»max), SS—MIN

10°
m, [GeV]

IGRB changed by Gal. DM IGRB changed by ',a{'."D !

(V) freeze—out — (T V) freeze—out

— HM, SS-REF PS (min—»max), SS-REF = HM, SS-REF PS (min—»max), SS—REF
HM, SS—-MIN PS (min—»max), SS—-MIN HM, SS-MIN PS (min—»max), SS—MIN

103
m, [GeV]

Gray regions indicate DM annihilations cross sections which would alter the
measured IGRB significantly due to the signal from Galactic smooth DM component.



(y-ray) DM searches: today

[ Ackermann+1s, the LAT collab., 1503.02641 ]

= GC excess persists. Origin unclear.

—> Dwarfs the most promising independent way to test it.
—> Fermi LAT ruling out thermal WIMPs below ~100 GeV.
—> IACTs and HAWC competitive in the TeV energy range.
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(y-ray) DM searches: tomorrow

Charles, MASC, et al.,
Physics Reports

------ CTA MW Halo 500h: Carr+ (2015 [1605.02016]
—— HESS, MW Halo: Lefranc+ (2015) -
—— Planck: Ade+ (2015) g

S~

—— Abazajian+ (

—— Gordon & Macias (2013)
Daylan+ (2014)
Calore+ (2014)

Fermi + CTA will (fully?) test the thermal cross-section value (by ~20207?)
New instruments from the ground and on space (CTA, GAMMA-400, HERD)
These limits only possible if:

—> reliable J-factor estimates from dwarfs are available in the future

—> Understand and control the systematics

As usual, simulations can guide us in the search!
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