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Searching for dark matter (DM)

correct relic density — DM annihilation in the Early Universe
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Standard WIMPS Chemical decoupling
Kinetic decoupling
Smallest protohalos

The WIMP “miracle”

@ “freeze-out”: annihilation rate drops below expansion rate H
— number density of Weakly Interacting Massive Particles:

dn,

T +3Hn, = —(ov) (P =1 o), (ov) : xx — SM SM

X X,€q
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Standard WIMPS Chemical decoupling
Kinetic decoupling
Smallest protohalos

The WIMP “miracle”

@ “freeze-out”: annihilation rate drops below expansion rate H
— number density of Weakly Interacting Massive Particles:

dn,
dt

Jungman, Griest, (1996)
T T

+3Hn, = —(ov) (P =1 o), (ov) : xx — SM SM

X X,€q

@ assuming a particle x, initially in
thermal equilibrium, with a relic
density

Increasing <o,v>

1 mé
mpiTo (ov) — mpTogs’

Qy ~

] My, ~ Miyeak ~ 100 GeV }
Q, ~0.1
j 9x ~ Gweak ~ 0.6 X
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Standard WIMPS Chemical decoupling
Kinetic decoupling
Smallest protohalos

The WIMP “miracle”

@ “freeze-out”: annihilation rate drops below expansion rate H
— number density of Weakly Interacting Massive Particles:

dn,
dt

Jungman, Griest, (1996)
T i

+3Hn, = —(ov) (P =1 o), (ov) : xx — SM SM

X X,€q

@ assuming a particle x, initially in
thermal equilibrium, with a relic
density

Increasing <o,v>

1 mé
mpiTo (ov) — mpTogs’

Qy ~

i-\ mX ~ mweak ~ 100 GeV }
Q, ~0.1
j 9x ~ Gweak ~ 0.6 X

.
10 100 1000
x=m/T (time -)

@ remarkable coincidence: particle physics independently predicts/;'@
particles with the right density to be dark matter HITS
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Standard WIMPS Chemical decoupling
Kinetic decoupling
Smallest protohalos

Freeze-out # decoupling!

@ WIMP interactions with heat bath of SM particles:

X SM X X

X (annihilation) SM SM (scattering) SM

@ Boltzmann suppression of n,:

e scattering process more frequent
e continue even after chemical decoupling (“freeze-out”) at

Teq ~ m, /25
@ kinetic decoupling much later: 7( Tig) = Neon/Tel ~ H™1(Tia) :
random walk in momentum space: Ngoi ~ My /T (Schmid+ 1999, Green+ 2005) * “Jyrs
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Standard WIMPS Chemical decoupling
Kinetic decoupling
Smallest protohalos

Kinetic decoupling

@ evolution of phase space density f, given by the full Boltzmann
equation in FRW space time:

E (0~ Hp- Vp) £, = C[f]
@ 15! moment ([ d®p) recovers the familiar continuity equation:

dn,
W +3Hn, = — (ov) (" — 1 o)

@ consider the 2" moment ([ d®*p p?) and introduce
_ [ dp p?
T,.ny :/W ﬁfX(p)

— analytic treatment possible without assumptions about £, (p) -
Bertschinger (2006), Bringmann & Hofmann (2007), Bringmann (2009) /<IH|TS
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Standard WIMPS Chemical decoupling
Kinetic decoupling
Smallest protohalos

Thermal history of WIMPs

. 45 T. Bringmann, 2000
@ resulting ODE for T, o i
dy _,molT) ( T\ & e
dx Hg—1/2 T) & N o /o
E 25
example: =
2 oas
m, = 100 GeV . i
‘M|2 ~ g‘)t/(Ex/mX)z 20 25 30 as 40 4.5 S0 55

logyp (x = my /T7)

@ fast transition allows definition of Tiq:

T — T for T Z, de,
X7 Tka(aka/a)?® for T < Tig

Bringmann & Hofmann (2007), Bringmann (2009) __
\
/<IH|TS
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Standard WIMPS Chemical decoupling
Kinetic decoupling
Smallest protohalos

The smallest protohalos

@ free streaming of WIMPS after — D"””""?“‘If"“f‘f’g
liq at the thermal speed of ol g% X “SHUSY
decoupling erases small-scale g%
fluctuations (Green- 2005) rore] (RN %

@ initial coupling between WIMPS = SR,
and the radiation field S %

— acoustic oscillations in the
power-spectrum at the horizon 1w,

. . . t A Higgsino (Z, < 0.05)
scale of kinematic decoupling L Smwioosz <o G

Gaugino (Z > 0.95)

(Loeb & Zaldarriaga 2005, Bertschinger 2006) 10712

. . .
50 100 500 1000 5000
my [GeV]
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Standard WIMPS Chemical decoupling
Kinetic decoupling
Smallest protohalos

The smallest protohalos

@ free streaming of WIMPS after — D"””""?“‘If"“f‘f’g
lg at the thermal speed of wef o X “SUSY
decoupling erases small-scale :5% ¥
fluctuations (Green- 2005) e (PRI %

o | THISIELTSLISS

@ initial coupling between WIMPS = WA,
and the radiation field S e
— acoustic oscillations in the
power-spectrum at the horizon 10} ooy

. . . [ A Higgsino (Z, <0.05,
scale of kinematic decoupling | o w025 7, <099
E Gaugino (Z, > 0.95)

(Loeb & Zaldarriaga 2005, Bertschinger 2006) 10712 00 1000 5000

@ cutoff in the power spectrum corresponds to smallest
gravitationally bound objects in the universe

@ strong dependence on particle physics properties, no “typical”
value of Mgy ~ 106 Mg (Profumo+ 2006) /\<IHITS
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Standard WIMPS Chemical decoupling
Kinetic decoupling
Smallest protohalos

Consequences

@ indirect detection experiments
through WIMP annihilation:

b o (B) = (1+BF)(py)2,
BF |09(Mhalo/Mmin)

(Pinzke+ 2011, Gao+ 2012, Ludlow+ 2014)

@ flux depends on astrophysics,
particle physics,

o= oo |

X

Springel et al. 2008

(&) |
J En dE SuUsYy
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Standard WIMPS Chemical decoupling
Kinetic decoupling
Smallest protohalos

Consequences

@ indirect detection experiments
through WIMP annihilation:

b o (B) = (1+BF)(py)2,
BF |09(Mhalo/Mmin)

(Pinzke+ 2011, Gao+ 2012, Ludlow+ 2014)

@ flux depends on astrophysics,
particle physics,

Springel et al. 2008

Ny = {/I_.OS Zd/} <2(;\;2> [/E:IX <C1;V£>SUSY }

@ fluctuations in the event rate of direct detection experiments
@ gravitational lensing of substructures — flux anomalies .
@ Lyman-« forest ... /@H.Ts
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Sommerfeld effect
Self-interacting WIMPS Small-scale problems
A solution to all ACDM problems

WIMPS with long-range forces

annihilation self-scattering scattering

HITS
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Sommerfeld effect
Self-interacting WIMPS Small-scale problems
A solution to all ACDM problems

Sommerfeld effect

° non-relativistic
DM particle y interacts with
light force carrier ¢

LH/.(/)’L (m(f’5 < mX)
o

repeated exchange of ¢:

~ v each “rung” of ladder
S()  Oxx—e contributes at O(a/v)
Arkani-Hamed+ (2009) — resummation necessary
@ long range interaction: @ short-range interaction:
potential distorts wave function standard QFT result
V2 2 Oxx—o¢
—— + V) (r) = mu=i(r)

mX

= 0 = S(V)oyy—g¢p, With S(v) = lv(0)[2 /\<IHITS
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Sommerfeld effect
Self-interacting WIMPS Small-scale problems
A solution to all ACDM problems

Enhancement factor

@ Coulomb potential: analytic solution

_ o /v v—0 T
1 —exp(—ma/v) v

S)

@ Yukawa potential: numerical solution
— appearance of resonances near bound states
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Christoph Pfrommer Self-interacting dark matter



Sommerfeld effect
Self-interacting WIMPS Small-scale problems
A solution to all ACDM problems

Enhancement factor

@ Coulomb potential: analytic solution

_ o /v b0 T
1 —exp(—ma/v) v

S)

@ Yukawa potential: numerical solution

— appearance of resonances near bound states
1
2

e off resonance: S < v~
@ onresonance: S o v~
e saturation for small v

1 2 5 10 20 50 100

o (TeV) ~
Lattanzi, Silk (2009) i
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Sommerfeld effect
Self-interacting WIMPS Small-scale problems

A solution to all ACDM problems

Enhancement factor

@ Coulomb potential: analytic solution

_ o /v b0 T
1 —exp(—ma/v) v

S)

@ Yukawa potential: numerical solution

— appearance of resonances near bound states
1
2

e off resonance: S < v~
@ onresonance: S o v~
e saturation for small v

@ for my < 100 MeV, ¢ can
only decay into leptons (e, )

10 20 50 100

o (TeV) ~
Lattanzi, Silk (2009) i
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Self-interacting WIMPS

Sommerfeld effect
Small-scale problems
A solution to all ACDM problems

ACDM cosmology

Union2.1 SN la
Compilation

a great success
\ story on large
scales

{ Springel+ (2006)
08
= M M) Kuhlen+ (2012)
10" 10 10" 10" 10" 10* 10° 10"
100 B :
06 Cosmic Cluster  Galactic o
10 =~._ Unknown small
scale behavior
04 _
= nontnear tsimutatons
% iinear (analytic
) \ Baryon
02 - Acoustic
Oscillations e
ADME WDM(8keV) ){J
'
| .
R 02 04 06 0.8 10 00155 01 T 10 100 0 HITS
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Sommerfeld effect
Self-interacting WIMPS Small-scale problems
A solution to all ACDM problems

ACDM small-scale problems

1. Missing satellites?

1000 [—r———r . r

£ 100

Cumulative number of ha

Moore+ (1999)
— many more satellites
in simulations of MW-
sized galaxies than

observed /<I
HITS
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Sommerfeld effect
Self-interacting WIMPS Small-scale problems
A solution to all ACDM problems

ACDM small-scale problems

1. Missing satellites? 2. Cusps or cores?

1000 — L s L

I p
! Ve 2 - 0 2
log(ry,/kpc)
Moore+ (1999) Blok+ (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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Sommerfeld effect
Self-interacting WIMPS Small-scale problems
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ACDM small-scale problems

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

1000 —r——r—r T . E| L s L

50

A } - 1 1.99 x10" M
v 1 ok o

o [km/s]

/
Ve

Voot -2 710g<]‘m>)kpc) 1 2 0.1 0;3[](};(;] 0.6 1.0
Moore+ (1999) Blok+ (2001) Boylan-Kolchin+ (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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Sommerfeld effect
Self-interacting WIMPS Small-scale problems
A solution to all ACDM problems

Inner DM profile in galaxy groups and clusters

Star formation efficiency M, /M, /(2, /%, )

0.2 0.1 0.04 0.02
Ga‘\axies r I— Salp.+NFW 1
2.0+ — Salp.+Contract -
Chab.+NFW
Chab.+Contract

=
n

Salp.+Core

=
=)

N13 clusters

vpa DM density slope within R,

0.5 9% Sonnenfeld+ 2012 “Jackpot"
'@ Sonnenfeld+ 2015 ]
B Oguri+ 2014
Grillo+ 2012
z Treu & Koopmans 2004
0.0 ‘ :

1 10 )(J
O, [arcsecond] Newman-+ (2015) HITS

istoph P Self-interacting dark matter



Sommerfeld effect
Self-interacting WIMPS Small-scale problems
A solution to all ACDM problems

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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Sommerfeld effect
Self-interacting WIMPS Small-scale problems
A solution to all ACDM problems

Solutions?

velocity-dependent self-interacting dark matter:

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

@ clastic DM self-scattering is completely analogous to screened
Coulomb scattering in a plasma
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Sommerfeld effect
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A solution to all ACDM problems

Solutions?

velocity-dependent self-interacting dark matter:

@ scattering cross-section for Yukawa potential nrapa+ (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 0.1
Feng+ (2010), Loeb & Weiner (2011)

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

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

5]
4

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

satellites? Loeb & Weiner (2011) /\<IHITs
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Sommerfeld effect
Self-interacting WIMPS Small-scale problems

A solution to all ACDM problems

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 Mnin
— indirect 4v detection signal and velocity profiles of

from galactic center(?) dwarf galaxies

/\<I
HITS
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Self-interacting WIMPS S s
A M problems

“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']
“= Upay [kms™

1

0.05

m, [TeV]

Christoph Pfrommer Self-interacting dark matter
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Sommerfeld effect
Self-interacting WIMPS Small-scale problems
A solution to all ACDM problems

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 M,

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

/\<I
HITS
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Sommerfeld effect
Self-interacting WIMPS Small-scale problems
A solution to all ACDM problems

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 M,

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

@ scalar mediator: wE Mg = (0.1,05,1,5) GeV
e scatters off ¢, u*, e+ o e
e saturation at Myin ~ 103 My, =} s

o v's negligible: | M4/ oc m? = v

107

@ vector mediator: D
") I/’S Contl’lbute 107 107 107 lgl-‘ 107 107 107
|M Vv— Vv |2 0.6 EE van den Aarssen+ (2012)

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

HITS
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Sommerfeld effect
Self-interacting WIMPS Small-scale problems
A solution to all ACDM problems

“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 ST

1073
9y

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

00552
1075 107

Christoph Pfrommer Self-interacting dark matter



Sommerfeld effect

Self-interacting WIMPS Small-scale problems
A solution to all ACDM problems

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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Sommerfeld effect
Self-interacting WIMPS Small-scale problems
A solution to all ACDM problems

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
. 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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Sommerfeld effect
Self-interacting WIMPS Small-scale problems
A solution to all ACDM problems

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
HITS
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Cosmological simulations

Outline

Q Cosmological simulations
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Cosmological simulations

SIDM simulations: models

D
0
10°
o
L =
g10”
E oM o
n WDM (o =0.01 b " Mpe) © 10?
107 WDM (e =0.02 b *Mpe)
E WDM {o=0.04 1 Mpe)
sl M1 107
107 ¢ el

M3

10 . ol el N
10" . 1 10" 10° 1
[k Mpc™'] Uy [km s7']

Vogelsberger, Zavala, Cyr-Racine, Pfrommer, Bringmann, Sigurdson, in prep.
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Cosmological simulations

SIDM simulations: large-scale structure

Vogelsberger, Zavala, Cyr-Racine, Pfrommer, Bringmann, Sigurdson; in prep:
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Cosmological simulations

SIDM simulations: Milky Way-sized halos

CDM <1 M1

Vogelsberger, Zavala, Cyr-Racine, Pfrommer, Bringmann, Sigurdson; in prep:
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Cosmological simulations

SIDM simulations: power spectrum and mass function

sl il

ratio
©000000N- O
BB
TT I\ T
[EENEEE

Mdn/dlogM [h* 10" M ,Mpe*]

-

PR

107 10° 10! 10°

% 1
k[ Mpc™'] ST

17

il
@

i1 12 15
log[M/(h ' M )]
Vogelsberger, Zavala, Cyr-Racine, Pfrommer, Bringmann, Sigurdson, in prep.
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Cosmological simulations

SIDM simulations: density profile of MW-sized halo

10
10" g

iad

10°

sl il

[
=]
~

10

T

il ol

Pon [M . kpc 3]

[
(=}
n

10

T
P B

Ll L el L

10° 10" 10

r [kpel /\<I
HITS

Vogelsberger, Zavala, Cyr-Racine, Pfrommer, Bringmann, Sigurdson, in prep.
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Cosmological simulations

SIDM simulations: subhalo abundances

—e— Willman 2010
40 =% (corrected)
3
“3 S0 .
wF wE
M 30 M
= Eprae -
20/ i
10' = 4
10 3
0 | | T 10° L Ll .
10 20 30 40 50 10° 10" 107
-1
Vi [km 7] [km s ']

Viax

Vogelsberger, Zavala, Cyr-Racine, Pfrommer, Bringmann, Sigurdson, in prep.
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Cosmological simulations

SIDM simulations: internal subhalo structure

-
<%

pou [M gkpe ]

1.0

107 U- g
10 .

r [kpel 7 [kpel]
Vogelsberger, Zavala, Cyr-Racine, Pfrommer, Bringmann, Sigurdson, in prep.
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Cosmological simulations

Conclusions

If DM searches (production, indirect, and direct experiments) continue
to deliver null results, we need to search for alternative windows:

@ small-scale features of ACDM cosmology: abundances, density
profiles, ... in the most DM-dominated objects (dwarfs, clusters)

@ particle physics model building that addresses anomalies (beam
dump experiments, ...)

@ develop effective theory for structure formation that connects
particle physics properties to effective parameters of structure
formation

HITS
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