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Dark matter searches Models
Sources
Boost factors

Searching for dark matter (DM)

correct relic density — DM annihilation in the Early Universe
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1. “Standard” supersymmetric DM

consider benchmark models of supersymmetric DM
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Sources

Boost factors

2. DM with Yukawa-type interactions

@ heavy DM interacts through
light force carrier ¢

@ repeated exchange of ¢
— Sommerfeld effect

@ multiply cross-section by
enhancement factor S
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2. DM with Yukawa-type interactions

@ heavy DM interacts through
light force carrier ¢

@ repeated exchange of ¢
— Sommerfeld effect

@ multiply cross-section by
enhancement factor S

@ near bound state
resonances expected:

e off resonance: S «x v~
@ onresonance: S x v 2
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mpy (TeV)

\
Lattanzi, Silk (2009) /<IH|TS
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2. DM with Yukawa-type interactions

@ heavy DM interacts through
light force carrier ¢

@ repeated exchange of ¢
— Sommerfeld effect

@ multiply cross-section by
enhancement factor S

@ near bound state
resonances expected:

e off resonance: S «x v~
@ onresonance: S x v 2

@ for my; < 100 MeV, ¢ can — _ ‘
only decay into leptons (e, ) ro I
— leptophilic DM >

.
Lattanzi, Silk (2009) /<IH|TS
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Diagrams of DM with Yukawa-type interactions

annihilation self-scattering scattering
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Thermal history of WIMPs

chemical decoupling: o -, Sanorsprsc, Srled (1220
@ annihilations cease at - ]
x=m, /T ~ 25 (rate « n,n,) e nmas@ng o

@ “freeze out” of comoving number ~ £: b
density £ |

et S T S 1

@ sets relic abundance S 1

x=m/T (time -)
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Thermal history of WIMPs

chemical decoupling: o e e s )
@ annihilations cease at m;* 3
x=my/T ~ 25 (rate o< n,n,) o T
@ “freeze out” of comoving number E:.‘Zit? ¢ 77777777
density - ¢ """""
@ sets relic abundance 5 777777777777
kinetic decoupling: ‘
@ scattering off standard model . T
particles in thermal heat bath 57

@ ceases at x > 25 (rate « n, ngm)

@ WIMPs cool down faster

@ sets cutoff mass for smallest AT TR S oot | /@
subhalos, M
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Indirect DM searches: sources

i Milky Way halo:
Galactic center: Very good statistics,

Good statistics, but but diffuse background
source confusion and

diffuse background

Galaxy clusters:
Low background, but low
statistics

Satellites:
Low background,
but low statistics

Extra galactic:
Very good statistics, but

astrophysics and galactic
diffuse foregrounds ;z Jnns
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DM searches in clusters vs. dwarfs

Galaxy clusters: Dwarf galaxies:
Upper limits on DM annihilation rate; 95% C.L. Upper limits, 55 channel
T T 107
102
g
£ 0m
: 10
g
S 10
=
— - Combined —— A1367 —— 5636 .
10% | E h
Fornax A1060  —— NGC4636
—— Coma — AWM7 NGO5813 107
107?6 - - 10° 107 10°
10! 10 10* WIMP mass [GeV]
my [GeV]
Huang et al. 2011 (see also Ando & Nagai 2012) Ackermann et al. (Fermi-LAT) 2011

@ combined limits for dwarf galaxies ~ 20 times more constraining

@ is this really true? — consider substructure! /@
HITS
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Enhancement from DM substructures

Springel et al., 2008

M.s: Constant offset in the luminosity from
e substructures between different mass
710 resolutions in the simulation (M,).

smooth halo

8 -0.226
10° Norm oc M,

Ll

Extrapolate to the minimal mass of dark
matter halos (M;,) that can form.
The cold dark matter scenario suggests
-6
Min ~ 10° M,..
Hofmann, Schwarz and Stécker, 2008
Green, Hofmann and Schwarz, 2005

1072 i

|

Ll

substructure

M(<N/Mao, L(<VLz00, Lai(<N/Lzoo

|

Loup(<r) oc (Magg / Myg)°-22°

0.1 1.0 10.0 100.0

" - Luminosity boosted
by ~1000 in clusters ;@

Pinzke et al. 2011, Gao et al 2011
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Galaxy clusters vs. dwarf galaxies

@ DM annihilation flux of smooth (unresolved) halo:

2
P M
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Galaxy clusters vs. dwarf galaxies

@ DM annihilation flux of smooth (unresolved) halo:
2 M
Foc/dV%Nf(c)ﬁ

— smooth component of best dwarf and cluster targets are
equally bright!
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Galaxy clusters vs. dwarf galaxies

@ DM annihilation flux of smooth (unresolved) halo:
2 M
Foc/dV%Nf(c)ﬁ

— smooth component of best dwarf and cluster targets are
equally bright!

@ DM substructure is less concentrated compared to the smooth
halo (dynamical friction, tidal heating and disruption):
the DM luminosity is dominated by substructure at the virial
radius, if present!
— these regions are tidally stripped in dwarf galaxies
— in cluster, subhalos enhance DM luminosity by up to 1000
(e.g., Pinzke, C.P., Bergstrom 2011; Gao et al. 2011) v
/\<IH|TS
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Spatial DM distribution

3 3
10 Cluster Einasto ' e 10 _— Clhie —_ NFW‘[S‘:l ---- .
L[ = Cluster NFW, =1 L , Gaaxy --- By, Lo
10%L Cluster NFW, B =06 .. 4 10°c — Dwarf . 3
= == B, Cluster . R
B, Galaxy R . -
10tL - - - BiyDwart - T4 510t e L 3

X) Tuew(< T200)
.
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VI®10? / \
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x ’ ’
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10° . .
0.01 0.10 1.00 0.01 0.10 1.00
/T X= 11y

Pinzke, C.P.,, Bergstréom 2011
@ form of smooth density profile only important for central region,
majority of smooth flux accumulates around r ~ rs/3
@ emission from substructures dominated by outer regions
— spatially extended

@ large boost in clusters (~ 1000); smaller boost in dwarf satellites~;
(~ 20) — much smaller if outskirts are tidally stripped HITS
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DM searches in clusters vs. dwarfs

Clusters with substructures: Dwarf galaxies:

2 U.L. on DM annihilation; effect of DM subhalos
10° T T -
Prp—bb

Upper limits, b channel

102

10
10% i
w0 E..

10%

(ov) [em® s71]

WIMP cross section [cm? /s]

107
Solid: with subs. (M, =107°M,) ]

10—27 —-aio
Dotted: w/o subs. 107 [—
102 ! L
1 2 \3 o 2 3
10 10 10 * WIMP masslfGeV] *
m,, [GeV]
Huang et al. 2011 (see also Ando & Nagai 2012) Ackermann et al. (Fermi-LAT) 2011

@ galaxy clusters ~ 10 times more constraining than dwarf
satellites when accounting for substructures! /@
HITS
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DM-induced gamma rays: leptophilic models

Annihilation rate in these models enhanced by
Sommerfeld effect as well as DM substructures.

Gamma-ray emission components|
* Final state radiation
— e g

~ e -

A
/QCJ\/‘ - P _
- ~ - ~
&) @

« IC on background radiation fields (CMB, starlight and dust)
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DM-induced gamma rays: SUSY benchmark models

Representation of high mass (~1 TeV) DM models with
high gamma-ray emission.

Luminosity boosted by substructures in the smooth DM
halo.

Gamma-ray emission components:

* Annihilating neutralinos emitting continuum emission
» Final state radiation

« IC on background radiation fields (CMB, starlight and
dust)

)(JHITS
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Gamma-ray spectrum: benchmark DM model vs. CRs

10? 10° 10t 10? 108
E, [GeV] A
HITS

Pinzke, C.P., Bergstrom 2011
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Spectra

DM constraints from ~ rays Constraints
Conclusions
Comparing clusters and emission processes
6 ey : 6 e

10 Coma — CRa’ 0 t Fornax — CR7’
- == DM-LP Sum = I =:=: DM-LP Sum
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Pinzke, C.P., Bergstrom 2011

@ Fornax: comparably high DM-induced gamma-ray flux and low
CR-induced emission — tight limits on DM properties

@ Coma: CR-induced emission soon in reach for Fermi /@st
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DM flux predictions vs. observations

ext. King limits —— DM-LP IC-CMB E,=1-10 GeV
point-source limits —— DM-BM-K* Cont

~ v v —v —__ —
3C129 A0754 AL1089 Al e e A2163 ARITS6
A0085 Al1367 A2029 A2142 A2199

Pinzke et al. 2011

E-A3319 AIIT6 A3888 Antlia Coma Hydra -3

E A3266 A35T1 AWM?7 Centauru Fornax 3

E E
_ _ = E

NGC4636 NGC5813 Norma Perseus Virgo - |

12 E_M49 NGC5044 NGC5846 < i T |

Emission from leptophilic models in most clusters detectable with Fermi-LAT
after 18 months of operation.

Supersymmetric DM models will start being probed in coming years.
Brightest clusters: Fornax, Ophiuchus, M49, Centaurus (and Virgo). )(J
HITS
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Constraining boost factors (leptophilic models)

[ - - ‘M4, 1-10 GeV (Fermi) P>
| — Fornax, 1-10GeV (Fermi) s |
I NGC4636,1-10 GeV (Fermi) -
100 Coma, 1-10 GeV (Fermi) s = e e |
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= [ I i 1
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g 10—5 L 2 2 e _
= r L7 e |
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L e sa |
1070 e MI" ¢ .
[ ‘ ‘ 1
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BSFE Pinzke, C.P., Bergstrom 2011
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Constraining boost factors (leptophilic models)

eV
eV (Ferml) D~
V

10° 5 10* 102 10°
BSFE Pinzke, C.P.,, Bergstrom 2011
@ Fornax and M49 constrain the saturated boost from Sommerfeld
enhancement (SFE) to < 5 —
/\<IHITS
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Constraining boost factors (leptophilic models)

T -
L == M49, 1-10 GeV (Fermi) 104 M. .
— Fornax, 1-10 GeV (Fermi) 0 Pt YR
NGC4636,1-10 GeV (Fermi) P
...... 1-10 GeV (Fermi)

10° 10t 10? 10°
BSFE Pinzke, C.P,, Bergstréom 2011
@ Alternatively, if SFE is realized in Nature, this would limit the
substructure mass to M, > 10*M, — a challenge for structure .-
formation and most partiCIe phySiCS models (van den Aarssen et al. 2012) /\<L|Ts
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Conclusions on dark matter searches in clusters

Galaxy clusters are competitive sources for constraining dark matter:
@ cluster luminosity boosted by ~ 1000 (for M, ~ 1078 M)

@ flat brightness profiles and spatially extended — challenging for
IACTSs, better probed by Fermi-LAT
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Conclusions on dark matter searches in clusters

Galaxy clusters are competitive sources for constraining dark matter:
@ cluster luminosity boosted by ~ 1000 (for M, ~ 1078 M)

@ flat brightness profiles and spatially extended — challenging for
IACTSs, better probed by Fermi-LAT

Leptophilic DM models:
@ Fermi-LAT data constrains the Sommerfeld enhancement to < 5

@ if DM interpretation of lepton excess seen by PAMELA/Fermi is
correct, then smallest subhalos have M > 10* M,

HITS
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Conclusions on dark matter searches in clusters

Galaxy clusters are competitive sources for constraining dark matter:
@ cluster luminosity boosted by ~ 1000 (for M, ~ 1078 M)

@ flat brightness profiles and spatially extended — challenging for
IACTSs, better probed by Fermi-LAT

Leptophilic DM models:
@ Fermi-LAT data constrains the Sommerfeld enhancement to < 5

@ if DM interpretation of lepton excess seen by PAMELA/Fermi is
correct, then smallest subhalos have M > 10* M,

SUSY benchmark models:

@ accounting for substructure boost allows to constrain interesting
DM parameter space ({(ov) < 3x10726cm3s~', m, > 100 GeV)
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ACDM small-scale problems

1. Missing satellites?

1000 ————r . r

£ 100

Moore et al. 1999
— many more satellites
in simulations of MW-
sized galaxies than

observed /<I
HITS
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ACDM small-scale problems

1. Missing satellites? 2. Cusps or cores?

1000 — L s L

7log<!‘m?kpd
Moore et al. 1999 Blok et al. 2001
— many more satellites — cuspy inner density
in simulations of MW- profiles predicted by
sized galaxies than simulations not found
observed in observations /(J
HITS
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ACDM small-scale problems

1. Missing satellites? 2. Cusps or cores? 3. Too big to fail?

1000 ————r L

L s L 50

A N - ] | 1991070,

o [km/s]

pocre :
P P B I I

P . - - - -
! 2 Vo 2 -1 0 1 2 0.1 03 06 10
log(r,,/kpc) r [kpc]
Moore et al. 1999 Blok et al. 2001 Boylan-Kolchin et al. 2011

— many more satellites — cuspy inner density =~ — most massive sub-

in simulations of MW- profiles predicted by halos in simulations too

sized galaxies than simulations not found dense to host observed

observed in observations brightest dwarf satellites )(J
HITS
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Solutions?

many possibilities, no consensus reached yet:

° physical solutions:

@ dark matter solutions:
warm DM, interacting DM, DM from late decays, large annihilation
rates, condensates, . ..

@ all have shortcomings and/or solve at most 2 problems at the
time!

HITS
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Solutions?

velocity-dependent self-interacting dark matter:

@ scattering cross-section for Yukawa potential nrapak et al. (2003)
oxx = const. unnatural from particle physics viewpoint!

@ clastic DM self-scattering is completely analogous to screened
Coulomb scattering in a plasma

HITS
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Solutions?

velocity-dependent self-interacting dark matter:

@ scattering cross-section for Yukawa potential nrapak et al. (2003)
oxx = const. unnatural from particle physics viewpoint!

@ clastic DM self-scattering is completely analogous to screened
Coulomb scattering in a plasma

@ cored profiles possible without 1 Duat My Wy Cueer

violating astrophysical constraints 01
Feng et al. (2010), Loeb & Weiner (2011)

@ N-body simulations: “too big
to fail” problem avoided
Vogelsberger et al. (2012)

<O V>[<O V>qax
. e
s 8
L =

5]
5

@ what about missing 1 oo W 100
v[kms]

satellites? Loeb & Weiner (2011) /\<IHITs
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Our model

van den Aarssen, Bringmann, C.P. (2012)

@ assume light vector mediator coupling to dark matter and
neutrinos:

Eint D) _g)(i VX - gylj VV

annihilation self-scattering scattering
— relic density — changes inner density > large Miin
— indirect 4v detection signal and velocity profiles of

from galactic center(?) dwarf galaxies

/\<I
HITS

Christoph Pfrommer Astroparticle Physics in Galaxy Clusters



P

ns
ACDM small-scale problems Our Model

“Cusp vs. core” and “too big to fail” problems

@ demand correct relic density
— unique relation between (vmax, omax) and (m,, my)

van den Aarssen, Bringmann & Pfrommer (2012)
T — .. T —

not enough flattening |
of cuspy profiles

my [MeV]

ruled out by
astrophysics

—  Omac/m, [em® g7']
“= Upax [kms™

1

0.05

i ]HITS

m, [TeV]
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DM scattering off standard model particles

@ free-streaming of WIMPs after kinetic decoupling creates cutoff
in power spectrum

@ acoustic oscillations leads to similar cutoff
@ cutoff scale is set by size of horizon at KD: late KD — high My,

@ Mmin = max(Ms, Mao): only objects with M > My, form

/\<I
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DM scattering off standard model particles

@ free-streaming of WIMPs after kinetic decoupling creates cutoff
in power spectrum

@ acoustic oscillations leads to similar cutoff
@ cutoff scale is set by size of horizon at KD: late KD — high My,

@ Mmin = max(Ms, Mao): only objects with M > My, form

@ scalar mediator: o
e scatters off ¢, u*, et o
o saturation at Mpi, ~ 108 Mg =)
o v's negligible: |Mg/_.4/|? occ m? = v

107

mg = (0.1,0.5,1,5) GeV.

@ vector mediator: e S
) I/’S Contl’lbute 107 107 107 lgl-‘ 107 107 107
|M Vv— Vv |2 0.6 EE van den Aarssen et al. (2012)

e M, increases to O(10'"M,)

HITS
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“Missing satellites” problem

@ now compute My, from kinetic decoupling temperature . ..

van den Aarssen, Bringmann & Pfrommer (2012)
e T >

5

T

[ m, Zlotev

F---  m,=500GeV

| cutoff too small to

1|-address abundance -

problem -~
L

0.5

my [MeV]

0.1F

L el T SR

1073
9y

@ in this simple phenomenological model, it is possible to )@
simultaneously solve all small-scale problems of ACDM! HITS
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Cored central density profiles of clusters

@ velocity-dependent DM self-scattering cores out central density
slopes in clusters with rate

r ~ L <UX>ZU> ~ H Dwarf Milky Way Cluster i
mX
@ ellipticals/clusters, i
f; = 10 — 100: ¢
&
|— ~ @ <0-X)ZU>|max 3
my, fs
1 10 100 1000
v [kms™']

Loeb & Weiner (2011)
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Cored central density profiles of clusters

@ velocity-dependent DM self-scattering cores out central density
slopes in clusters with rate

r ~ L <0' —ru> ~ H Dwarf Milky Way Cluster
m, ‘XX -
X
@ ellipticals/clusters, i
fs =10 —100: 3
x
|— ~ @ <0-X)ZU>|max 3
my, fs
. 1 f . 1 10 100 1000
@ using p ~ 1/rfor r < rs: v [km s71]
r 1 r Loeb & Weiner (2011)
o R ~ = Ieore(10"°Mg) ~ O(1-10kpc)
I200 | cluster fs T200 dwarf fs10

@ need simulations to understand interplay of hierarchical evolution/;q
and determination of cluster-r.ore: merging history — scatter HITS
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Conclusions on small-scale problems of ACDM

small-scale problems of ACDM can be solved by a DM model with:

@ velocity-dependent self-interactions mediated by (sub-)MeV
vector:

— transforms cusps to cores and solves “too big to fail” problem

@ much later kinetic decoupling than in standard case follows
naturally for vector mediator coupling to neutrinos:
— potentially solves “missing satellites” problem

@ predicts cores in clusters on scales O(1 — 10 kpc)

— need further model building and simulations to confirm

/\<I
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Literature for the talk

Dark matter constraints from clusters:

@ Pinzke, Pfrommer, Bergstrdm, Prospects of detecting gamma-ray emission from
galaxy clusters: cosmic rays and dark matter annihilations, 2011, Phys. Rev. D
84, 123509.

@ Pinzke, Pfrommer, Bergstrdm, Gamma-rays from dark matter annihilations
strongly constrain the substructure in halos, 2009, Phys. Rev. Lett., 103, 181302.

Small-scale problems of ACDM:

@ van den Aarssen, Bringmann, Pfrommer, Dark matter with long-range
interactions as a solution to all small-scale problems of N\CDM cosmology?
2012, Phys. Rev. Lett. 109, 231301.
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Additional slides
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Interplay between chemical and kinetic decoupling

annihilation scattering

/

(ov) enhanced for v — 0

DM velocity decreases
faster after KD

DM population depleted of
lowest velocity particles

relic density WIMP "temperature”

important: self-scattering ensures the
Maxwellian velocity distribution!

(use set of coupled Boltzmann equations to solve for thermal history of WIMPs) /<I
HITS
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