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Outline

 Towards an effective theory of structure formation

- Motivation: DM interactions and structure formation
- Implementation of new DM physics in
N-body simulations (seminar tomorrow)
- Consequences for galaxy formation/evolution
(seminar tomorrow)

* Using N-body simulations to obtain predictions for
non-gravitational DM signals

- Resolved phase-space structure (what we know)
- Unresolved phase-space structure (extrapolation)



The “standard model” of structure
formation

The current model of structure formation
is the Cold Dark Matter (CDM) model

Hypothesis: DM is a new cold and collisionless particle

Galaxies form in a purely gravitational DM background,
l.e., the nature of DM as a particle is irrelevant for
galaxy formation and evolution

CDM is by itself an incomplete DM theory
that needs completion from a particle physics model
(all beyond SM: “exotic”)
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Dark Matter astrophysics

The particle DM hypothesis is the cornerstone of the current
theory of the formation and evolution of galaxies

Early Universe (t ~ 0.4 Myrs)
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Fig. from Mo, Mao and White, 2010

Galaxy formation in a DM background
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Towards an effective theory of
structure formation:

motivation for additional DM physics
in structure formation



A few remarks

In CDM, galaxies form in a purely gravitational
DM background, i.e., the nature of DM as a particle
IS irrelevant for galaxy formation and evolution

There is however, no strong evidence
to support this strong hypothesis

A less stringent hypothesis preserves the
success of CDM at large scales and predicts
a distinct DM phase-space structure at smaller scales

Although there is no indisputable evidence
that the CDM model is wrong, there are reasonable
physical motivations to consider alternatives



DM nature and structure formation

Is the minimum scale for
galaxy formation set by the

DM nature (decoupling)

Early Universe

halo mass seed ? DM nature or by gas physics
(or by both)?




DM nature and structure formation

Is the minimum scale for
galaxy formation set by the

DM nature (decoupling)

Early Universe

halo mass seed ? DM nature or by gas physics
(or by both)?

thermal: m,> 1.3 keV
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Structure formation and DM interactions

Onset of structure formation

hal DM nature Are non-gravitational DM
—- interactions irrelevant for

DM interactions ? galaxy formation?




Structure formation and DM interactions

Are non-gravitational DM interactions irrelevant for galaxy formation?
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Structure formation and DM interactions

Onset of structure formation

DM nature Are non-gravitational DM

halo mass — interactions irrelevant for

seed DM interactions ?

galaxy formation?

DM particle interactions (weak scale) hoped by most detection efforts!!
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Structure formation and DM interactions

Onset of structure formation

DM nature Are non-gravitational DM

halo mass — interactions irrelevant for

seed DM interactions ? galaxy formation?

Does it interact with itself (collisions)?

(Randall+08)
o/m < 1.25 cm?/gr

Credit: John Wise / KIPAC

Bullet Cluster (Clowe +06)

Caveat: DM-only simulation
gas and stars might weaken
the constraint




Structure formation and DM interactions

Onset of structure formation

DM nature
halo mass —
seed DM interactions ?

Does it interact with itself (collisions)?
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Structure formation and DM interactions

Onset of structure formation

hal DM nature Are non-gravitational DM
alo mass — interactions irrelevant for
seed DM interactions ? galaxy formation?
Does it interact with itself (collisions)? Dwarf MW Cluster
Constraints allow nucleon-nucleon elastic scattering:

collisional DM that is
astrophysically significant
in the center of galaxies:

~10 cm?/g !
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Structure formation and DM interactions

Onset of structure formation

hal DM nature Are non-gravitational DM
alo m;ss —- interactions irrelevant for
see DM interactions ? galaxy formation?
Does it interact with itself (collisions)? Dwarf MW Cluster
velocity-dependence motivated by a V= === Yukawa-like

new force in the “dark sector”
(analogous to Rutherford scattering)
e.g. Yukawa-like, Feng+09
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Towards an effective theory of
structure formation

Early Universe

CDM nature defines
search strategies galaxy formation

TOday — and evolution

Local Universe (gas and stellar physics)




Towards an effective theory of
structure formation

Early Universe

Predictions for non-gravitational eDM
sighals must be done within a eDM
(gravity + interactions)
structure formation scenario

CDM nature defines
search strategies galaxy formation

TOday — and evolution

Local Universe (gas and stellar physics)




Using N-body simulations to obtain
predictions for non-gravitational DM signals:

the CDM case



The relevance of the CDM nature across time
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The relevance of the CDM nature across time

Early Universe

Predictions for non-gravitational CDM signals
are done within a gravity-only CDM structure
formation scenario

CDM nature defines galaxy formation
Today w and evolution

Local Universe (gas and stellar physics)




DM signals from CDM N-body
simulations

Any DM signal could be predicted knowing the local DM distribution in phase space
at all points and at all times:

f(2,7,t)d33d3

In practice however, we can only compute, measure, the DM distribution averaged
over a certain macroscopic scale (coarse-grained distribution)



DM signals from CDM N-body
simulations

Any DM signal could be predicted knowing the local DM distribution in phase space
at all points and at all times:

f(2,7,t)d33d3

In practice however, we can only compute, measure, the DM distribution averaged
over a certain macroscopic scale (coarse-grained distribution)

In N-body simulations the coarse-grained distribution is given by a discrete representation
of N particles:

f(x,v,t) = Z{f’vﬂ/m)Wﬂx — x| hi )0 (v — Vi)

y 4 ¢ ~

macro-to-micro-particle each particle is each macro-particle
mass ratio smoothed in space travels at one speed
to give a smooth
local density
(needed to compute potential)
The system of N particles is _
advanced in time in a cosmological n(z)= [ dvf

context (Andrea's talk)



DM signals: standard approach

At a given time, split the phase space distribution in density and velocity distributions:
f(x,v) o< p(x) fo(v)
Example 1: Indirect detection (DM self-annihilation)

Annihilation rate (# of events per unit time in a region of volume V)

1
/ dg X,Og (X) <Crannv> “thermal” average
v

Rann — ng
X
- / (ivrel)f (i-’rel)d?}i-’rel

particle physics

model
Common method:

« Assume Maxwell-Boltzmann speed distribution

* Local density estimated from simulation



DM signals: standard approach

At a given time, split the phase space distribution in density and velocity distributions:

f(x,v) o< p(x) fu(v)
Example 2: Direct detection (DM-nuclei scattering)

Scattering rate (# of events per unit time per unit mass of detector):
dN ~ nx(Go<V>)/mN

particle physics
Vesc

dN
_ _90Px F?(q) &dv
dE, 2u’m,

U .
DM-nucleus & Min g
reduced mass threshold energy of the detector

Common method:
« Assume Maxwell-Boltzmann speed distribution

* Local density estimate from observations



N-body simulations and DM probes

from Kuhlen+12
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What we know from N-body simulations:

the resolved regime
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A sample of state-of-the-art simulations

Precise prediction of CDM distribution
from ~Gpc to ~100 pc scales

DM-only simulations

Cosmic
Name Code Lpox Np my Esoft
[h'Mpe]  [10°]  [h"'Ma]  [h'kpe]
DEUS FUR RamsEes-Deus 21000 550 1.2 x 10'2 40.07
Horizon Run 3 Gotpm 10815 370 2.5x 10! 150.0
Millennium-XXL GADGET-3 3000 300 6.2 x 10° 10.0
Horizon-411 RamsEs 2000 69 7.8 % 10° 7.6"
Millennium-II GADGET-3 100 10 6.9 x 10° 1.0
MultiDark Run1 ART 1000 8.6 8.7 x 10° 7.6"
Bolshoi ART 250 8.6 1.4x 108 1.07
TFor AMR simulations (Ramses, ART) e refers to the highest resolution cell width.
CLUSTER
Name Code Liires Np hires M hires Esoft
[h'Mpe]  [10°]  [h'Ma]  [h'kpe]
Phoenix A-1 GADGET-3 41.2 4.1 6.4 x 10° 0.15
GALACTIC
Name Code Lhires Np hires Mp hires Esoft
[Mpc] [10°] [ Mc] [pc]
Aquarius A-1 GADGET-3 5.9 43x10°  1.7x10° 20.5
GHalo PKDGRAV2 3.89 2.1x10°  1.0x10° 61.0
Via Lactea I1 PxDGRAV2 4.86 1.0x10°  4.1x10° 40.0

Aquarius

from Kuhlen+12



Abundance of CDM haloes

Mass function (dn/dM): number of haloes per comoving volume and per mass range.
It evolves with redshift according to the CDM hierarchical scenario.

dn/dM ~ M-'® (at small masses)
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= Millennium
106k Boylan-Kolchin +10 : -

10% 10?101 10t 1012 108 10 10! 1016
J_[ [h_l jl_[j]
Minimum halo mass in CDM many orders

of magnitude below mass resolution
of current simulations!



M dn/dln M [h? My Mpc™]

Abundance of CDM haloes

Mass function (dn/dM): number of haloes per comoving volume and per mass range.
It evolves with redshift according to the CDM hierarchical scenario.

dn/dM ~ M-'® (at small masses)

Millennium-II I

. . .
Millennium

106k Boylan-Kolchin +10 : .

10 10 10" 10" 10 10" 10 10'® 106
J_[ [h_l jl_[j]
Minimum halo mass in CDM many orders
of magnitude below mass resolution
of current simulations!

fraction of mass locked in haloes
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Not all dark matter is in haloes!
but SM messengers from DM
interactions should be produced
more abundantly in haloes



Inner structure of CDM haloes

smooth distribution + substructures

Aquarlus prOJect Sprlngel+08 « Smooth spherical dist. (NFW or Einasto profile)

 Collection of subhaloes with a given:
« Abundance (mass function)
» Density profile (NFW or Einasto)
» Radial distribution (“cored” Einasto)
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CDM distribution at the solar circle

local (average) DM density distribution very smooth
(chance of the Sun within a subhalo ~ 10)

Density probability distribution at the solar circle Velocity distribution is not

10°— n fully Maxwellian
iq':'; (influence on direct detection rates)
I oA i
102 AG-A-3 B 5 | | | |
/ | iq'i'g Average distribution at the solar circle
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= | effects 4 Maxwellian —
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Related to individual assembly history i
(future: DM astronomy) i
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Going beyond numerical resolution:

Uncertainties for predictions of
DM signals in a CDM background



Abundance and inner structure of
unresolved haloes

1,000 =
= MW-halo mass fraction locked in subhaloes ' = The minimum scale for
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0100 | , ,
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= F |
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¥ W : - The abundance of unresolved
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Abundance and inner structure of

: Angulo & White, 2010 |
100.00
10.00F
1.00F
0.10F
F WIMP
001 m, ~100 GeV
I R 1
K [Mpe™ ]

Models
Prada+12
Maccio+08

Assumption:
all haloes are nearly NFW, then,
mass and concentration define
the structure of any given halo
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The minimum scale for
self-bound haloes is set by the DM nature
(e.g. ~10° M@ for “vanilla” WIMPs)

Can we extrapolate simulation results to
these scales?

Halo concentrations at low masses can
be predicted. Due to the flattening of
the CDM P(k), low-mass haloes form with
nearly the same concentration

Sanchez-Conde & Prada 14

z=0
concentrations
extrapolated to z=0
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density cusps (at least at high-z)

P[M@ PC_S]

Abundance and inner structure of
unresolved haloes

microhalo

mini-haloes have steeper
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Fig. from Vogelsberger+08

The fine-grained phase-space
distribution of DM haloes

Since CDM is cold and and collisionless, it lies in a 3D hypersurface
in the 6D phase space (most of which is empty)

1D fine-grained distribution

growth of
overdensity

stream:

U)
|

Caustic
(local spatial density
very high)

Thickness of line: primordial
“thermal” velocity dispersion
(width related to DM “coldness”)



Fig. from Vogelsberger+08

The fine-grained phase-space
distribution of DM haloes

Since CDM is cold and and collisionless, it lies in a 3D hypersurface
in the 6D phase space (most of which is empty)

1D fine-grained distribution Method developed to identify streams and

growth of N x I caustics in N-Body simulations

overdensity
Phase-space structure of a MW-size halo

o
streams 1 - E
Caustic -1 E =
(local spatial density ' Particles color coded by caustic counts
very high) 25 |-
Thickness of line: primordial | RETTA PR AT o S e T Tt

“thermal” velocity dispersion 1 2 3 4 5
(width related to DM “coldness”) [/f a0



DM Annihilation boosts

Since annihilation rates scale as p?, any unresolved
DM clumpiness should boost the annihilation rate



DM Annihilation boosts

Since annihilation rates scale as p?, any unresolved
DM clumpiness should boost the annihilation rate

Zavala+10

Cosmic halo boost: excess emission from
haloes over homogeneous background

M > Muis) = -
f( - M ) ) {-halo Téss funcfuon
72 S ( dlog M) phijjh{L (M))dlogM f-%
emission per halo i resolved
:.—E: haloes
Cosmic signals dominated 10'}

by unresolved haloes!! . Extrapolation

0
10°F ... power-law
- Taylor & Silk 03
-1
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DM Annihilation boosts

Since annihilation rates scale as p?, any unresolved
DM clumpiness should boost the annihilation rate

mass function

. / luminosity
global subhalo boost: excess emission 1 M N\

from subhaloes over that of a single halo ~ B(M) = oD /., (dN/dm) [1 + B(m)] L(m) dm

Sky-map of the annihilation halo luminosity sub-subhaloes (subdominant)

signal from the Via Lactea ll -———
MW-halo simulation 103 E N === L(>My,) ~M ™" (Springel et al. 2008) |
(Kuhlen, Madau & Silk 09) : . — dn/dM~M LM (power law c(M)) ]
A SRS Kﬁ o dn/dM~M " Bullock et al. (2001) c(M) 1

©  Via Lactea II

resolved
treaany, Subhaloes

" from Kuhlen+§12

Boost up to the virial | o
radius for a MW-halo 1010 10°° 10° 10° 1010

0.1

min



DM Annihilation boosts

Since annihilation rates scale as p?, any unresolved
DM clumpiness should boost the annihilation rate

mass function

. / luminosity
global subhalo boost: excess emission 1 M N\
from subhaloes over that of a single halo ~ B(M) = oD /., (dN/dm) [1 + B(m)] L(m) dm
halo luminosity sub-subhaloes (subdominant)

Models based on power-law — T

- V0226 ool et al
extrapolations of c(M) 10° £ (M) M (Springe et ol. 2008) 2
are Wrong” [ — dn/dM~M" LM (power law ¢(M)) 1
T TR b dnfrllﬂwlml‘-’l_l'Ei Bullock et al. (2001) ¢(M) 1

. © Via Lactea Il
Important to consider the

flattening of the
power spectrum

Boost up to the virial
radius for a MW-halo

Halo signals (integrated up to
the virial radius) are dominated
by unresolved subhaloes!!

" from Kuhlen+§12

0.1 - _
107" 107

M

min



Subhalo number density

DM Annihilation boosts

Since annihilation rates scale as p?, any unresolved
DM clumpiness should boost the annihilation rate

local (average) subhalo boost: local e halo+subhaloes
excess emission from subhaloes over 5
that of the smooth halo emission B(r) = f p-dV < averaged over
o J“ [ﬁ(,)]zz dV a radial shell
—————
i . . M’“"(ZZO)_ T halo
ni halo density (Einasto)
2 -
O -
: ----- 3 (1918)
_o b & — — —® 49 < log Mu/Mem < —X5 (1918) |
| &— — —® 5 < log M,/Mw < —4.9 {{50)
] 1 } 1 } | 1 } } 1 | 1 1 } 1
~-1.0 0.5 0.0
L 200
Ludlow+09 og r/*

Tidal stripping
disrupts subhaloes



Subhalo number density

DM Annihilation boosts

Since annihilation rates scale as p?, any unresolved
DM clumpiness should boost the annihilation rate

local (average) subhalo boost: local
excess emission from subhaloes over

/ halo+subhaloes

. 2 gV
that of the smooth halo emission B(r) = f p=dV <— averaged over
o J“ [ﬁ(r)]Q AV a radial shell
_ | | Mmb(z:[]): ~— halo N
Al halo density (Einasto) viria :adlus
o 105:_""I .' ! ""."I ! L L | ! ! !
- Kamionkowski+10 l
A \ I
- 'F MW-size halo :
: local I
B T 10°E .... cumulative -
0 v I
- m
------ = Subhalo boost
3 (1918) | ® 100 highly suppressed 1
b & T T 7O 49 < log Ma/Me < RS (1916) i = near the solar circle I
O— — —® -5 < log M,,/Mu < —4.9 {50) i e
Lo N 10k I -
~-1.0 -0.5 0.0 g | ]
1 200 .
Ludlow+09 o/ N )
Tidal stripping ' i’ PP =

disrupts subhaloes




The role of streams and caustics?

Radial profile of the median number Radial profile of the boost to the
of streams in MW-size haloes annihilation rate from caustics
101 |
i P
1072 |
£
B e
© @ i
5 © 10° b
= = '
o |
= |
104 |
i Ag-A-5 ]
AG-A-4 ——
- Ag-A-3
10_5 1ol N PR T T R R A | N PR T T T N A
0.1 1 10

rfrgm

The annihilation boost by caustics
is only important (but still subdominant)
near the virial radius

Very large number near the solar circle.
In most direct detection experiments,
it is “safe” to assume that the local velocity
distribution is smooth



Example: recipe to predict cosmic
DM annihilation/decay signals

1) Take a large-scale simulation 3) Assume a density profile for each (sub)halo
~100Mpc (e.g. Millennium, Bolshoi) (calibrated from higher resolution
simulations)

2) Use resolved (sub)halo catalogues
~M;>10%Mo to get abundances and 4) Extrapolate to unresolved masses

global properties (mass,
concentration,..)

(mass function, concentration-mass)

5) Produce a sky-map built on light-cones

Gamma-ray map from DM decay

il 0<z<?2

Fornasa+13



A new approach to predict
non-gravitational DM signals: P°SAD

Use the full phase-space distribution information
f(x,v) o< p(x) fo(v)
/ ~

P2SAD approach Standard approach

Advantages:
a novel approach on DM clustering

built-in phase-space information is used to extrapolated to the
unresolved regime (through a physically-motivated model)

naturally accounts for DM signals that have
velocity-dependent cross sections
(e.g. Sommerfeld-enhancement)



A new approach: P*'SAD

Example: Indirect detection (DM self-annihilation)

Annihilation rate (# of events per unit time in a region of volume V)

Rann = lim ! / da}{/dBVd-BA\f(J?_J)annf(}{,_v)f(}{—|—ﬁK,V—I—AV)
Az—0 | 2m3 Jy

total DM mass within V
1 /

= / d> Av(00)ann My lim Z(Az, Av)

2?11?( Az—0

Particle Phase Space Average Density (P?SAD)

=(Az, Av) o< 2D phase — space 2PCF

Zavala & Afshordi 14a, 14b



A new approach: P°SAD

Particle Phase Space Average Density (P?SAD)

=(Az, Av) ox 2D phase — space 2PCF

Np(Az, Av))v,
Ve(Az, Av)

T

phase-space volume
in the shell

Estimator in an N-body simulation: Z(Az, Av)sim = My

Zavala & Afshordi 14a, 14b



A new approach: P*'SAD

A novel way to look at DM clustering
Contours of constant log(P2SAD)

3 [T T———T———————
Aquarius project Springel+08 g%g smooth host —___ ;
e g e 2.5p7 — domain \53 ;
- MW-sizehalg @ T f - ]
Cen RS b R __ 20 — & \\ .
g 1sf° ) :
— [~ 70
> 1.0F -
et N\ ]
2 45| Substructure o :
' domain :

1 km/s 0.0} @

~0.5k l

100 pc—3.5 -3.0 -2.5 -2.0 -1.5 -1.0 =-0.5
log &x [ Mpc/h ]

red: Einasto-fit to smooth Aquarius halo
blue: full DM distribution

Zavala & Afshordi 14a, 14b



Descriptive modelling of P*'SAD

5 ] Fitting function at small scales ]
L \ 1«
§ CH =2
3 1.0 SAY N
' ' : ' ] o
£ LR H s
0-5 S A LT
0.0 5 E o |
=0.5 : |:....:|.. : :
-3.5 =-3.0 -2.5 -2.0 -1.5 =-1.0 =0.5
log Ax [ Mpc/h ]
Sim. data =—— Model = m m
(sub)halo model: smooth + substructures X(Z) = gxE"%
(works at large separations, problems at small scales V(E) = qvE*

-specially if one wishes to extrapolate-) Parameters calibrated to Aquarius

Zavala & Afshordi 14a, 14b



Physical model inspired by stable clustering

Hypothesis originally proposed by Davis & Peebles 1977. Extension to phase space:
“the number of particles within the physical velocity Av and physical distance Ax of a
given particle does not change with time for small enough Av and AX”



Physical model inspired by stable clustering

Hierarchical assembly

E(Az, Av) = & = F ((Av)” + (47/3)Gpenar (Ax)?)

ACD f

Time

stable clustering
+

collisionless Boltzmann eq.
60 - 1 -
spherical ‘

collapse
\ Zcol

Afshordi, Mohayaee & Bertschinger 10 £, = Pchar




Physical model inspired by stable clustering

Hierarchical assembly

Tidal disruption

63 - - - ———-

2(Az, Av) & f F ((Av)? + (47/3)Gpenar(Ax)?)
N T

Time

stable clustering
+

collisionless Boltzmann eq.
60 - 1 -
spherical ‘

collapse
\ Zcol

Afshordi, Mohayaee & Bertschinger 10 £, = Pchar




Physical model inspired by stable clustering

Deviations from stable clustering 23 Zl S i\/I\I/V-size hé|ol a:c z=(; :

Ar g n Av s _ 1 2.0f 7
aA(meol) bC(mcol) - :

— 15 A

A and C are given by NG [ Z

spherical collapse E =10 Z

— 1.0 \ -

a, b and B slowly varying functions N [ \:\\ '

of redshift of order 1 ‘; f""'x.-:( 1

2 05T resolution issues i

We propose a tidal disruption model

. N E:"'f 1 :
p(Meal; 2)€: = Z(Ax, Av) 0.0 n: :
Parameters calibrated to Aquarius '1 f:
—0.5 PN I
Physically-motivated model to _3'5; —3.40 Bt
. og &x [ Mpc/h ]
compute DM signals down

to unresolved scales!!
Zavala & Afshordi 14a, 14b



(e.g. global substructure boost to
annihilation: (ov)ann = cte)

| fitting function » ..., 0 qﬂ In (2‘“”)
R ~ | B3Av lim =(Az, Av) valid away from smooth component dominion
ann | Az0 ’
I Mmax
model »Rﬂ.nﬂ x bﬂf H(mcnl)d(mcnlgg{mcnl)}
I""L:nlrl

mass variance
(CDM power spectrum)



P2SAD[ Meh?/Mpc®/(km/s)° ]

ll.ll lllllllllllllllllllllllllllllllllllllllllllll
25 k. Aq —A=2 doto (Ax= O 18kpc) -
s:\ ———— Agq—A—2 model (Ax=0.18kpc) |
\:\ ———— Extrapolation to Ax=0 (model) |
‘\\ ———— Extrapolation to Ax=0 (fit)
| VN
\\\\
20 NS m
b \\‘\
- N
“ N
“ N
\\\\
AN
N
9 \\:\\
151 -

(e.g. global substructure boost to
annihilation: (ov)ann = cte)

A “blind” extrapolation of P2SAD
reveals the advantage of using
phase-space information

-3 -2 -1 0 1 2
log Av [ km/s ]

Zavala & Afshordi 14a, 14b

Boost to MW-halo

A “blind” extrapolation of
the standard approach gives wrongly
high boost values

100.0f -
i Springel+08
e = (same simulation data) -
10.0F / -
Kamlonkow.s.k|+1 0 P2SAD

oLy
10" 1073 10° 10° 10'°
Mmin[MG)]




Concluding remarks

« CDM is by itself an incomplete DM theory, it needs completion with a
particle physics model (all beyond SM: “exotic”)

 Decisive decade for “standard” DM model (CDM + WIMPs): experiments reaching
the “expected” WIMP cross sections (LHC, Fermi, LUX,...)

* An effective (more generic) theory of structure formation must consider a
broader range of allowed DM phenomenology (DM interactions, different P(k)...)
coupled with our developing knowledge of galaxy formation/evolution



Concluding remarks

« Current CDM simulations cover a vast dynamical range giving accurate predictions
of the DM distribution (~100 pc to ~1Gpc, ~1km/s to ~1000 km/s). They are our
most accurate method to predict non-gravitational DM signals in the resolved regime

« Still, many signals are sensitive to smaller scales, far from current resolutions.
Extrapolations of several orders of magnitude are needed to predict these signals.

» Physically-motivated models calibrated to simulations must be used to extrapolate
The challenge for future simulations lies in testing these models

* The synergy between DM and baryons make many expected signals
highly uncertain!!



Remarks on future sims and DM signals

DM SIGNALS MAIN UNCERTAINTY FUTURE SIMULATIONS
Cosmic backgrounds halo mass function and simulate microhaloes up
inner structure to z=0 (in voids maybe?)
down to Mmin
Extragalactic haloes subhalo mass function follow microhaloes as they
(extended): e.g. clusters and radial distribution orbit the host in highly
down to Mmin clustered regions!
Galactic subhaloes luminous: synergy with full hydro sims of satellite
baryons galaxies (subgrid physics)
dark: their abundance and *maybe future obs.
radial distribution (proper motions of stars)

can constrain the DM
distribution®

Galactic Centre Synergy with baryons As above
Local (direct detection) DM phase-space physically motivated
clustering near Earth models calibrated with

~parsec scale simulations

Mmin = minimum self-bound mass (set by DM free streaming, kinetic decoupling)
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