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Most properties of simplest WIMP dark matter
are out of reach of cosmological data

cold/heavy (m,=10-1000 GeV)

early decoupling from visible sector
stable

annihilation weak (but affects CMB)
self-interaction weak

“simple” dark sector




Most properties of simplest WIMP dark matter
are out of reach of cosmological data

Cold/heavy{m_~10-1000-GeV)
Earlyd ling § i)
Stable

Annihilation weak (but affects CMB)
Self-interaction weak
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1: Warm Dark Matter has
cosmologically interesting free-streaming scale

m, =0.1-10 keV

Examples:

* Heavy Sterile Neutrino
 Warm thermal relic (e.g. gravitino)
 Resonantly Produced Heavy Sterile Neutrino




Evolution of WDM perturbations is
determined by T,/m,_ratio

Cosmological Large Scale Structure cares about:

- Background matter density p,

- Velocity distribution, which is fully specified by T, o/m,

No clustering below free-streaming length:

A (@) = (aH) ™, (@)




Density modes smaller than the horizon when WDM
becomes non-relativistic are strongly suppressed

Free-streaming wave vector k. (a) = n/A.(a) = (aH)/v,, (a)
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Density modes smaller than the horizon when WDM
becomes non-relativistic are strongly suppressed

Free-streaming wave vector kq(a) = n/A.(a) = (aH)/v,,(a)

standard growth for
any
k < kfs,eq = kH,NR
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Density modes smaller than the horizon when WDM
becomes non-relativistic are strongly suppressed

Free-streaming wave vector k. (a) = n/A.(a) = (aH)/v,, (a)

Strong suppression
for any
k > kfs,eq = kH,NR
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Suppression of WDM power spectrum can be used to
constrain mass m,, but we need to probe small scales
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Absorption by neutral hydrogen in IGM
creates in quasar spectra

- probesz=2-5
- can be modeled to small scales
(k=0.1-10h/Mpc)

460 480 500 520 540
Busca et al 2013 (BOSS) A (nm)
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cosmic scales: 0.5/h-50/h com. Mpc

[ cosmic time: 1.1-3.1 Gyr
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Viel et al 2013
( +Planck priors)

* thermal: m, > 3.3 keV (95% CL)
* NRP neutrino: m, > 20 keV




Lyman-a studies help rule out many
astrophysically interesting WDM models

Viel et al 2013

( +Planck priors)

* thermal: m > 3.3 keV (95% CL)
* NRP neutrino: m, > 20 keV

Seljak et al 2006
( +WMAP +SDSS galaxies)

* thermal: m,> 2.5 keV (95% CL)
* NRP neutrino: m, > 14 keV

Boyarsky et al 2009
( +WMAP)

* resonantly produced neutrino: m, > 2 keV




Weak gravitational lensing can reach
constraints similar to Lyman-a in the future

EUCLID/LSST + Planck =2 (thermal), (NRP neutrino)

DEFLECTION OF LIGHT RAYS CROSSING THE UNIVERSE, EMITTED BY DISTANT GALAXIES

SIMULATION: COURTESY NIC GROUP, S. COLOMBI, IAP.,




2: Strongly interacting massive particles ( ) defined by
large scattering cross-section with proton/neutron

* Need large cross-
sections:

* Not ruled out by
direct-detection
experiments

log m, [GeV]

v




SIMP dark matter is coupled to
baryon-photon plasma at early times

Early: SIMP’s participate in acoustic oscillations
Only modes affected on scales smaller than sound horizon at time of SIMP-baryon decoupling

For a/m, = 1 bn/GeV, decoupling late enough that affected modes observable with CMB, LSS



Coupling to baryons leads to suppression of
matter power spectrum

CDM
SIMP: m =1 GeV, 0=3 bn
CDM: increased Q,




Effect on matter power spectrum can
be probed with galaxy clustering

* galaxies trace the matter density on large, linear scales:

galaxy bias, free parameter 2 amplitude
information lost

* difficult to model at




Cosmological large scale structure
places interesting upper bound on o

o 0.63z'/2 4 0.222%/2

o -
10~24cm? 15 21/ (95 % CL), x = m [GeV]




3: Partially interacting dark matter
a fraction of dark matter couples to dark photon

Atomic Dark Matter:

e dark proton, dark electron

* charged under

has been proposed as “double-disk”
dark matter




Dark acoustic oscillations (DAO)
suppress the growth of structure

* When dark matter —
dark radiation tightly
coupled: dark acoustic
oscillations

— faom=5%

* Afte r d a rk Qe i — fapm = 10%

Jaom = 20%
recombination/kinetic —ACDM+

——BOSS-DR9

decoupling, behaves like
cold dark matter

Formation of non-linear
structure can reionize
DM




Dark acoustic oscillations (DAO) imprint
DAO peak in correlation function




Galaxy power spectrum from
constrains PIDM clustering

Redl: SDSS-1I LRG's ¥kttt os CMASS sample:

Vellow: SDSS-Il Main * el 1 Volume =4 (h! Gpc)’/3

N
Redshift z

Image: Michael Blanton




Cosmological data place strong constraints
on double-disk dark matter




4. All three probes have systematics that
might mimic effects of dark matter

- non-linearities -> need hydrodynamic simulations

- thermal state of IGM (e.g. inhomogeneous heating)
- QSO continuum emission

- etc
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forecasts in literature assume” we can model SIS 0 S R TV 52 LA
P(k) to k =4 h/Mpc — 15 h/Mpc

- non-linear clustering

- baryonic effects

Need hydrodynamic simulations

non-linear clustering
- scale-dependent galaxy bias
Does not probe scales as small as WL or Ly-a:
k... = 0.2 h/Mpc optimistic




Summary

, & useful
probes of dark matter

Strong constraints found/forecasted on

’ )

(Typical large scale structure signature is small-scale
suppression: confusion with modeling/observational
systematics is a risk)




