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Dark Matter
What do we khow?
@ (Qpm = 0.23
@ electically neutral
@ non-baryonic

@ collisionless
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@ Cold -> Large scale
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WIMPs are qood candidates:
> motivation from particle physics
> right relic abundance comes out naturally (WIMP miracle)



DM wikth Yulkcawa~Lilke interackions

@ heavy DM interacts through light force carrier @

@ repeated exchange of ® Y tan o
-> Sommerfeld effect ’
e Y . S pud o pod
enhancement factor S S(V) Oxx—od

@ resonances expected
near bound state:

— off resonance S~v!

— resonance S~v=?
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I Pa»r%am& inkeractions

Second part of tfalk




Part I: Thermal history of WIMPs

Jungman, Kdmikowski, Griest, (1996)

o cease at x~25 (rateccnyn, )

Increasing <o,v>

~—

@ number density “freezes out”

—

@ sets relic abundance
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Kinekic deaaupi&%g

@ scatfering off heat bath particles —— Lm/'fme 5
ceases at x»25 (rateoccn,nsm ) = b

@ WIMPs cool down faster

@ sets cutoff mass for smallest

subhalos
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DM velocity decreases DMpopula’rion depleted of
faster after KD lowest velocity particles

WIMP * ’remperare"

consi’rn’r descri’rion: set of opled Bolfzma
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New era of annihilaktions
here model: scalar mediator
, - on resonance

—— Uncoupled v’ W I MPS ﬁ n Cl l ly
—— SuddenDecoupling {\i:l:i: = d ecou P le -> Mcu’r

= Coupled

—— Uncoupled
—— Sudden Decoupling
- Coupled

need to check separately ‘ Resonance
for every model! ‘ ;




Part 1I: Small-scale problems
of ACDM Cosmo o9y

“Missing satellite” problem in the Milky Way

. Springel+ (20_08')

Dolphin+ (2005)

Substructures in cold DM simulations much more numerous than
observed number of Milky Way satellites!

slide reproduced with permission from Christoph Pfrommer



The cusp vs.

J. van Eymeren, C. Trachternach, B. S. Koribalski, R.-J. Dettmar (2009)
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NGC 2366 ES0059-G001
- ~o pe
=0.03+ 0.08 a=-0.29

&

core Prabiem

observations of dwarf galaxies
show core-like inner structure
whereas a cusp is predicted from
simulations

“The density profiles of all sample galaxies derived from
the observed rotation curves (open grey triangles). Their
inner slopes are measured by applying a least square fit
to all data points within the innermost kpc (bold black
lines). The fitted values of and the uncertainties are
placed into the upper right corner of each panel. Note
that the rotation curves of ESO 059-G001, NGC 4861,
and NGC 5408 only contain two points in the inner 1 kpc.
Therefore, no uncertainties can be given. The long-
dashed and dotted lines show the NFW and the ISO
profiles, respectively, using the parameters of the
minimum-disc case.”




The “Too big to §a£t"-—~prabt¢m

M. Bo?ani}(olchin, J. S. Bullock and M. Kaplinghat

50 T T T T
| 2.19 x10"2 M

most massive
subhalos in
simulations of MW
sized halos are too
dense to host
observed brightest
satellites!

0.3
r [kpc]

Figure 3. Rotation curves for all subhalos with Vipgan > 30kms™! and Vipax > 10kms ™!, after excluding Magellanic Cloud analogs, in
| each of the six Aquarius simulations (top row, from left to right: A, B, C; bottom row: D, E, F). Subhalos that are at least 20 denser
than every bright MW dwarf spheroidal are plotted with solid curves, while the remaining subhalos are plotted as dotted curves. Data
| points with errors show measured Vi, values for the bright MW dSphs. Not only does each halo have several subhalos that are too
. dense to host any of the dSphs, each halo also has several massive subhalos (nominally capable of forming stars) with Vi, comparable
to the MW dSphs that have no bright counterpart in the MW. In total, between 7 and 22 of these massive subhalos are unaccounted for

| in each halo.




Small-scale problems
of ACDM Cosmology

@ wissing satellites: simulations predict many more subhalos

than number of galaxy satellites inferred from observed galaxy

luminosities and HI mass functions
proposed solutions:

% Cusp/(.iore: observed cores of dSph and LSB galaxies in

tension with cuspy internal density structure obtained by
simulations.
proposed solutions:

% “too big ko ﬂfait": most massive subhalos in simulations of MW

sized halos too dense to host observed brightest satellites.
proposed solutions:

Most solutions have shortcomings or only solve 1 or 2
problems ot the same time



Self-scattering in skructure formation

[Loeb, Weiner (2011)], [Vogelsberger, Zavala, Loeb (2012)]
@ avoids astrophysical constraints (unlike SIDM)

@ produces cored subhalos without affecting inner density profiles on

larger scales
@ most massive subhalos are less dense and consistent with

observations

en Aarssen, Bringmann & Pfrommer (2012) |

2 benchmark models 0 notenoughflattening
(O-max, Vmax) SO|V€: “ \ :_,, Y- - . of cuspy prdfiles e |
v/ cusp/core
W\ o a lt
v/ “too big to fail
ruled out by
translated to (m,, ma), where astrophysics

V is a vector mediator

need m, > 600 GeV
ma = O((sub) MeV)




DM scattering off other particles

@ freestreaming of WIMPs after kinetic decoupling creates cutoff in
powerspectrum
@ acoustic oscillations leads to similar cutoff
@ cutoff scale is set by size of horizon at KD: late -> high Mcyt
@ Mcut = Max(Mgs, Mqo): only objects with MzM¢y+ form
@ scattering for
> scalar mediator
— scatters off @, py* and et
— Saturation of Tkp ~ 0,1 MeV
— Vs negligible: ‘
IMCDV—><DV|2 o< my?
> vector mediator:
— Vs contribute:
|N\Vv—>Vv|2 = Ev2
— Tkp can decrease to
O(keV)!




Missing satellites and the cutoff mass

@ DM with vector mediator scattering off neutrinos:
very late decoupling -> high Mcut
@ Lyman-& bounds: Myt < 5.1 x 10'° Mo (Mwdm > 1 keV)

@ M.t that can solve | et Y
missing satellite problem -~ m\ =500GeV
inferred from N-body | cutoff too small to
simulations with WDM

v/ possibly solves also
missing satellites
problem!

[arXiv:1205.5809 [astro-ph.CO]]
More simulations and model building needed to confirm.



Cownclusioins

@ First consistent framework to describe interplay between
chemical and kinetic decoupling

> possibility of new era of annihilations

@ Small-scale problems of ACDM Cosmology can be solved by
a DM model with:

> velocity-dependent self-interactions mediated by
(sub)MeV vector mediator

> much later Kinetic decoupling than in standard case
follows naturally for vector mediator coupling to
neutrinos

Need further model building and simulations to confirm.

Thank you for your attention!



Backup Slides




ot resonance: S-1/v

-~ Uncoupled,no See.
—— Uncoupled
= Coupled

Off resonance

—— Uncoupled

— SuddenDecoupling
=  Coupled




Kinetic decoupling temperature

resonance

off resonance
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Svwallest DM Pro@chai.os

top to bottom:
my = 100 GeV
500 GeV
1 TeV
5 TeV

off resonance: Mcit/Mo ~ 3 x 10710 - 600
resonance: Mcuit/Mo ~ 7 X 107° - 1100




The smallest protohaloes

Free streaming of WIMPs after
Kinetic decoupling

@ washes out density
fluctuations on small
scales
(like baryonic oscillations)

@ translates to mass-scale
M.t of smallest
gravitationally bound
objects

@ depends strongly on

T. Bringmann, 2009
— , it Mt
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particle physics
= not necessarily
Mgyt ~ 107°M, |
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