Constraining DM with the
Fermi extragalactic diffuse
measurement

on hehalf of the Fermi collaboration




Fermi observatory

Launch 11 June, 20f)8. Two instruments: 20 MeV - 300 GeV

GLAST Burst Monitor (GBM):

/A 8 keV - 40 MeV LAT

Key features:

* large field of view: LAT: 20% of the sky at any
instant. In the survey mode exposes every part of
the sky for ~30 min, every 3 hours. GBM: full
unocculted sky at any time.

7 ; *energy range: 20 MeV to
| >300 GeV (LAT), includes
previously unexplored

g energy band 10-100 GeV.

Lifetime: 5 yr (min

i
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Fermi observatory

Science with Fermi:

Rl June, ZOq)& * AGNs (~700 + discovery of 2 Star Burst
| Galaxies; (EGRET ~60))
1= * Pulsars ( ~50 in a first catalog+discovery
of ~10 MSPs)
“ SNRs and PWN

« - Gamma Ray Bursts

* Source populations and identification
"= « Diffuse emission

“« Cosmic ray electrons

* Solar system (Sun flares, Moon,...)

WS + Discovery/constraints:

L;fetzme 5yr (mm@\ \

* New source classes?
* Dark matter?
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INDIRECT DARK MATTER DETECTION IN
GAMMA RAYS

Advantage of gamma-rays: propagation not

affected by the Galaxy.

Can give a specific signature both in spatial Bergstrom, L., talk at DM2010.
variation (line-of-sight cone) and spectral shape.

Flux of gamma rays produced in DM annihilations:

d(I)7 1 <0"U>T dN‘f
—— Y (E.,,0,0) = 0 73-/ dQ’/ dl p2 (1
dEv( k ) 4”[2M>% 7 dE, ! AQ(0,6) l.o.s. x)

*<0V>, fixed by measured DM Idea: measure d®/dE, and under
density today (for a thermally assumptions for DM density

deceep le.d et , . distribution, constrain particle
*dN/dE fixed by particle physics :
physics.

* p - from N-body simulations;
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How are DM y ray fluxes
produced?

% Prompt (direct) radiation: Wizl s ' Dominant production

“ny for DM annihilating
<Y to quarks and gauge

X Y X W iz/g n"t‘;\;bw bosons (i.e. SUSY).
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% continuum spectra:

: Loop suppressed, but
% line: unique, smoking gun,
signature.

& Vs Zy e

% final state radiation:

% through radiative processes:

( .
[+ - Synchrotron (.. Important if
e e radio h 2
ko Inv. Compton IR ereis a
XX =1l orgp—...He e )| grounds | Bremstrahlung S % 51gmﬁcant
5 + - andfields | coulomb S | branching to
PP— ..+ —..He o Ys i
) \Iomzatlon \ epions.




dlogN, /dlogE

Energy in GeV




E ¢ [GeV' m™s" sr

Positron fraction

HESS (x0.85)
HESS LE (x0.85)
Total

Background (*0.85)

100
Positron energy, E.- [GeV]

\
)
.
.
)
)
'
'
[
1
'
[
[
'
'
'
'
'
H
H
1
H
'
'
'
H
'

DM DM - u*pu~,M =13 TeV,ov=28x10" cm’/s

10°%

£ dd, /dE in GeV fem”sec st

~20<b<~-10
10<f<20
isothermal
L =4 kpc

10 102
Photon energy in GeV




GALACTIC DIFFUSE+DM->MU MU




IDM: NFW, AQ~10"%, or¢ =7%

50 GeV, boost ~10*
70 GeV, boost ~100

HESS:AQ0=10"°

1 2
Log(Ey [GeV])




Dark matter profile (p):

Obtained from N-body
simulations which find cuspy
host halos (NFW or Einasto
DM density profile) with
numerous subhalos (which
themselves contain
subhalos...).

.....

X -. N-body simulations have

A 4 . : ‘s?' g ..ﬁ'_ a o Py impressive agreement with
Springel, V. et al, Mon.Not.Roy.Astron.Soc.391:1685-1711,2008. large scale structures.
However,
*Do not resolve the inner most region of the halo (<~100 pc);
*They have also limited mass resolution to >~10° Mo (sub) halos.
*the highest resolution simulations do not typically include interaction with baryons
(which e.g. in the Galactic Center might play an important role!);

Related uncertainties in estimating the DM signal can be ~ order(s) of
magnitude.
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Dark matter distribution

105 . Bertone et al., arXiv:081 1.3744
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Search for DM in the Isotropic diffuse signal - THE SIGNAL

Galactic diffuse emission
Fermi 1 year sky (CR interactions with the interstellar medium)

Inverse Compton n9-decay

Bremsstrahlung

Resolved sources




Search for DM in the Isotropic diffuse signal - THE SIGNAL

spectrum compatible with a
power law of
index =2.41 £0.05
between
200 MeV and 102 GeV
I(> 100MeV) =
(1.03%£0.17)x10° cm™2 s sr™
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Search for DM in the Isotropic diffuse signal

Fermi-LAT collaboration, JCAP 1004:014,2010.
What makes the GeV extragalactic signal?

Guaranteed
contribution:
unresolved
extragalactic

sources: blazars (AGNs
with jets aligned with out line of

sight), star forming
and star burst
galaxies...

Credit: J. Buckley 1998 (Science),

1174

should contribute, too.

Dark matter annihilation in
all halos at all redshifts

""""
!




Ullio et al., Phys.Rev.D66:123502,2002.

DM cosmological signal

% — gu C ﬁg /dz (1 + )3A2(Z) dN (EO (1 + ))e—T(z,E())
dEO 81 HO M% h(Z) dE

do

27 | Am (2 M)

2 — V(Z’M)f(V(Z’M))
A%(2) :/dM (M)

2 — A'U?:T(z) c 12($m%nvcmr(z M)CL' 2) P T 3
Mo M) = 252 [ el Plely ) T BRG], (2, M) )
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Semi-analytic approach; Ullio et al., Phys.Rev.D66:123502,2002.

DM cosmological signal

% === L _/dz (1+ 2)3 Az(z) dN, (Eo (1 + 2)) e—T(2,E0)
dEO 8 HO M% h(Z) dE

Enhancement of the annihilation signal due to structure formation (~p?)!

20 — v(z, M) f (v(z, M)) | do
A (z)Z/dM o(M) _ |dM

Halo mass function (number denﬁy of halos of a given mass)
vi(v) calculated as in Sheth and Tormen formalism

2 — A'U?:"‘(z) c I2($mzn’cmr(z M) £L— 2) P T
AM (Z, M) — 3 / Coir P( m'r) [Il (xmzn’ Cmr(z, M) :17_2)]2 ( mr( M) 2)3

Enhancement (~p?) for halos of a fixed mass M.
Depends on the profile (NFW, Moore, ...), concentation parameter ¢(M,z) and its scatter P(c).

Ay (2, M)
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Semi-analytic approach: Ullio et al., Phys.Rev.D66:123502,2002.

DM cosmological signal

%z ov C ﬁ% /dz (1+ )3A2(Z) dNy(Ep (1 + 2)) e—T(%Eo)
dEo 81 HO M% ( ) dE

DM spectra, calculated at energy of emission E=Eo(1+2).
Eo is redshifted, measured energy, at z=0.

v(z,M)f (v(z,M)) | do

A2(z)5/dM ’ (D) T A2 (z, M)

A'U?:T (z) I2 (mm'm’ Cmr (Z M) £L— 2)

AM (Z, M) = 3 / Coir P(Cvzr) [Il (iEmzn, Cm,,.(z, M) 113_2)]2

( mr(z M)CL‘ 2)3
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Semi-analytic approach: Ullio et al., Phys.Rev.D66:123502,2002.

DM cosmological signal

% _ guv C ﬁ% /dz (1 + 2)3 A2(Z) dN’Y(EO (1 + z))e—r(z,Eo)
dEo 81 HO M% h(Z) dE

Absorption of high energy photons on the Extra Galactic Background
Light.

v(z, M) f (v(z, M))

9, \ _ : do
A%(2) :/dM (M)

27 | Am (2 M)

A'U?:T (z) I2 (mm'm’ Cmr (Z M) £L— 2)

A?\/I (2, M) = 3 / Coir PlCur) L1 (Zmin, € (2, M) $—2)]2

( mr(z M)CL‘ 2)3
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AZ(Z) - enhancement of annihilation flux due to
the formation of gravitational structures

We use results of Millennium
simulation 11, as well as “semi-
analytical approach” described on
previous slides and tuned to
simulations.

The most critical point is the

mass resolution: the smallest
resolution, at z=0 in simulations is
>~10° Mso1,(Aquarius), while DM is
expected to form halos down to ~10-°
M1 (free streaming length).

f(Mh>Mmin)
o
N

10'E
10%F

107"k

1073
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EXTRAPOLATION BELOW THE MASS RESOLUTION OF SIMULATIONS:

The dominant contribution to A?

comes from very small halos!
In the semi-analytic approach:
physically motivated
dependence of concentration
parameter with red shift:

1+2z  cyir(M,2=0)

ar(M,2) = =
Cuir (M, 2) K1+z (1+2)

LA A S N R S B S B B S S R B R S R

f(Mh>Mmin)

Bullock et al., Mon.Not.Roy.Astron.Soc.
321:559-575,2001

107 — S

- Bullock et al.

A% (z=0)

0!

¥si J. 554, 114 (2001).

\

(-
Moore profile \~]'
10.‘ Ll L J —
2 4 6 8 10 12 14
log ,,(M/M )

Ullio et al., Phys.Rev.D66:123502,2002.

Results of Millennium Simulation 1I:
power law extrapolation to lower
masses.

Howewver, a scatter in power law slope
carefully checked, in the case of
substructures.

Zavala, J., et al., MNRAS 405, 1, 593-612
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AZ(Z) - enhancement of annihilation flux due to
the formation of gravitational structures

Conservative
extrapolation from
Millennium simulation 11,
and “semi-analytical
approach” agree well in
predicted fluxes.

Ongoing effort to minimize
this uncertainty: by using
the “semi analytical”
approach, together with
the most recent N-body
simulations.

(1+2)3A2/h(z)
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Abdo, A. et al., JCAP 1004:014,2010.
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e - absorption of photons
along the line of sight

High energy photons scatter with Extra
galactic Background Light (from the UV
to far-IR), and get attenuated through
electron pair production.

Local EBL Flux

100 [ r r I T T

Euste | 1T e 522,39 { Measurement of local EBL as well as
[ oo | ] modeling of red shift evolution of EBL
DIRBE (100, 140,240) | . .
, { is very challenging!

We use the most recent results of the
Semi-Analytic Model by

Primack, Gilmore, Somerville,

arXiv: 0811.3230.

It treats evolution of AGN, black holes,
and galaxies in ACDM framework

;A“lé‘ " AAAU].t)‘ PRI ;00 Ll 3 1) .;07
A(Angstroms)] Gilmore, R., talk at TeVPa, 2009.

25




e - absorption of photons
along the line of sight

— 7 = Gilmore et al. - - 7 = Stecker et al.

Comparison of the most recent
modeling (Gilmore et al.,
arXiv:0905.1144) with the

MSII-Sub1, 7 =0
10 GeV

20 Gey

older, commonly assumed 5
absorption model (Stecker et T@ 0l
al.,astro-ph/0510449 ), which S
over predicts the absorption. §

S
Notice: dominant contribution ;/
to the signal comes only from
z<~2. 10°r

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

Abdo, A. et al., JCAP 1004:014,2010.

26




Particle physics models

Abdo, A. et al., JCAP 1004:014,2010.
- DM annihilating dominantly to

quarks and gauge bosons (we

x  EGRET (Sreekumar et al. 1997) — 12 Tevutu~

choose bbar channel); photons 107*H s+ EGRET (Strong et al. 2004) — 200 GeV i
. . . e Fermi (Abdo et al. 2009) — 180 GeV vy
produced in hadronization and — ~ - I~ with energy disp.
o o ‘%7; woo —/—, 7 - Stecker et al.
pion decay of final products. | .
- DM annihilating to muons: GeV < | &
=S oy
photons produced in inverse 5
3 1074 F
Compton scatter off of the CMB < _.
photons + Final State Radiation at < N
higher energies. L5l TN
: 2 ¢ 10! 102 107 107 o 07
- potential line signature, at DM Ep [MeV]
mass. NOTE: the absorption affects the high energy end of
the signal.
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Search for DM in the Isotropic diffuse signal - backgrounds

A GNs have been the favored candidates, (the
brightest extragalactic sources in the gamma-
ray sky).

However, based on Fermi measurement of
blazar luminosity function, -> they can
make up maximally 30% of the

extragalactic signal.

Cosmic Gamma Rays from Star—Forming Galaxies
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Fermi-LAT collaboration, arxiv:1003.0895., submitted JCAP.

Star Forming Galaxies (like our own): based

in part on the Fermi measurement of the Galactic
diffuse emission, Fields et al. conclude that SFG

could make up most of the extra galactic

signal at lower energies.




Search for DM in the Isotropic diffuse signal - constraints

Fermi-LAT collaboration, JCAP 1004:014,2010.

Cosmological DM signal can be very constraining.

The isotropic flux should get lower as Fermi continuos to resolve more extra galactic sources
-> increased sensitivity for DM searches.

Current work to minimize/quantify uncertainty due to limited mass resolution of N-body simulations.
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Search for DM in the Isotropic diffuse signal - constraints

Fermi-LAT collaboration, JCAP 1004:014,2010.

Cosmological DM signal can be very constraining.

The isotropic flux should get lower as Fermi continuos to resolve more extra galactic
sources, -> increased sensitivity for DM searches.

Current work to minimize/quantify uncertainty due to limited mass resolution of N-body simulations.

MSII-Res BulSub
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Abdo, A. et al., Astrophys.J.712:147,2010
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Dwarf galaxies are smaller objects and electrons diffuse before scattering. Galaxy
clusters pose stronger limits on this channel, similar to the extragalactic benchmark
model.




DM in the Milky Way halo

While looking at the Extra
Galactic signal we are looking
through the DM annihilation

haze from our halo! : e e ———
: mDM:4OO GeV
-26. -3 -1
y > 1073 F —F— <ov>=3x10""cm s |
Milky Way halo is expected to  — i : Muw=10"°M, |
produce ISOTROPIC signal due =~ | T | T ?
[ rd e 15 ..'h'!%
I BTSN & 1074 et i —f— ;
to the annihilation is MW | : SO Lt N ;
g i %\\;ﬁ/’ . “‘.' == ----\ S~ \.\’”Q ]
subhalos. > @C}@/ L a‘(ﬁ,\? /:_' BN : A \\‘.\
> E Cis - s
MW host halo would produce = T anan = — N\ ®
< g e L > 0w
bright ANISOTROPIC signal 5 10-6 L il P = oS B
L A1 1e oA\ "“;\, ‘. q
(follorwing DM profile) in e
annihilations in the host MW > = R
2 = 2 3 4 5
halo - possibly dominant to 1o o to Lo
. o Vi€
compared to the extragalactic Abdo, A. et al., JCAP 1004:014,2010.

signal.
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DM in the galactic halo

The relative size of these three : mon=400 GeV
. . . . -3L <ov>=3x10""cm™s~
contributions is not uniquely A B e B M2 10-m
—~ r sub= o}
determined 5 = -~
. — ’—” B T“\\
[ ni | Lasnad hle -.'FH%\
= - ST 11T _J:Iﬁ
4 ' ' Q %\\/// : =1~ AR ~N~ "0’
Next step: considering self 2 @995/ o i | X
consistently galactic and 2 105 ) e 171 mi macx () O
3 o S 7 ,»"' e ‘\
extragalactic signal should S AT e = = ~ \\\
AS o” r . - ~ ‘\ [
give a more robust handle on SERRPC | e .= )
3 2 SN 10 ?' A i $”| L “\3\\ 5
the size of the expected signal. B e e —
[ " il » (:*)(X‘\ (13‘1‘4:-‘:“3:4——— S~ = \\
107 L . = ‘ N !
10° 10° 10* 10°
EO [MCV]

Abdo, A. et al., JCAP 1004:014,2010.
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Outlook

® [ots of work still ahead! Fermi is a 5-10 year mission...

° signal has a significant potential for DM
searches. Better modeling of the background (blazar and
other potential contributions), as well as improvement in N
body simulations and their application, crucial to
constrain/discover DM (inclusion of effects of baryons
needed, too).

e fit

to the full sky data, natural and needed next step.

® (hints from other experiments (direct detection, LHC)
Would significantly increase detection prospects. )
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Extra slides




Specifically, we use the “Millennium-II” simulation
(MS-II) of Boylan-Kolchin et al. (2009) which has the
same particle number (2160°) and cosmological parameters
=202 2@ =0 1 == 3 S ose =0, ) and = =l

redshift zero) as the Millennium simulation (MS-I) (Springel
2005) but with a box size that is 5 times smaller, equal to
L = 100 h~'Mpc on a side, thus having a mass resolution
of 6.89 x 10° A~ Mg, 125 times smaller than in MS-1. Typ-
ical Milky-Way sized haloes are resolved with several 10°
particles, while clusters of galaxies have about 50 million
particles.
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MhAlog th
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Fy(Mp, z) = Ap(2) M2,

Fsub <Msub) =S Asub (Msub
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—0.95 € agup < —1.15
—0.5 < log Agup < 0.1.

1 fmaxMh
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Typical M, for a WIMP = 10° M
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Measurement of the Local Background

Direct Measurement

Photometry measurements must contend with difficult foreground subtraction and calibration issues!

- Bernstein (2002, 2007) using Hubble and ground-based data in 3 optical bands
- DIRBE detections in near-IR (e.g. Wright 2001, Levenson et al. 2007) and far- IR (Hauser et al. 1998, Wright 2004)

FIRAS - absolute measurement of CMB and EBL >125 um (Fixsen et al. 1998)

Galaxy Number Counts

Can provide robust lower limits, but degree of convergence often controversial

Available in many bands, including UV ( ), optical/NIR ( , various ground-based), mid and far IR (

), and submillimeter ( : )

Limits in optical and near-IR generally below direct photometry estimates

Extragalactic Gamma-ray Observations

Assumption that intrinsic spectra is softer than -I' = 1.5 (e.g. Aharonian et al. 2006; Albert et al. 2008; also
Costamante et al. 2004; Mazin & Raue 2007)




Modeling of the galaxy population

» Evolution inferred from observations
Kneiske et al. 2004; Finke et al. 2009 - models based on star formation rate
density, stellar synthesis models, dust reradiation

Franceschini et al. 2008 - sophisticated model based on measured LFs,
separate treatment of optical and IR, and different galaxy population.

» Backwards evolution of the existing galaxy population
Stecker et al. 2006 - based on power law evolution of existing galaxy pop.

» Forward evolution, begin from cosmological initial conditions
Primack et al. 2001, 2005, and this work
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we set 10% of a halo mass in substructures and o -
assume that the subhalo mass function has a power-
law behavior in mass MA—B, with a slope B = 1.9.
This is in broad agreement with findings
of new simulations for Milky Way-size halos. The
concentration parameter of subhalos is not constant,
but depends on the subhalo mass and on the distance
from the center of the halos. We here associate a
concentration parameter four times higher in
substructures, compared to a main halo of the same ' — T
mass. log (M /M)

Bullock et al.
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dn 00 () dlogv
— = —vf(v
dM  M? dlogM

V—(SSC( )/(7( )

1

multiplicity

1/2
1 V_/2 : e _V_/2 function: ellipsoidal
Pl 2 5 ) collapse model, by

Sheth and Torman

vf(v) = 24 (1+

o(M)? /d3k W(kR)? P(k),
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EFFECTS OF SIGMA_8

In our semi-analytic approach: 0.73 (used) < \sigma_8 < 1 the halo signal
varies by a factor ~ 2 at z=0.
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