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Non-baryonic dark matter
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1JBCL |Relic abundance of WIMPS
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Direct detection
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WIMP example: lightest particle in e.g. Minimal

No missing energy events -
no evidence for SUSY (yet)

Higgs discovery =

When you are handsome - what difference
does it make that the ski poles are too short

v/— predicted by SUSY Jan Stenmark

—

X —mass rules out MSSM Adapted from Joachim Edsjo



Annihilation radiation
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Direct detection of WIMPS

® WIMP + nucleus = WIMP +
nhucleus

® Measure recoil energy (~10KeV)

® Suppress background enough to
be sensitive to a signal, or...

® Search for an annual modulation due
to the Earth’ s motion in the halo

December June

Adapted from Joachim Edsjo



Direct detection: conflicting experiments

DAMA/Libra sees modulation
signal at 8.9 0

Caveat: standard astrophysical model
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Direct detection: ¢

onflicting experiments
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Direct detection: halo velocity distribution

dv fivjv do

Vs En) [ @i2) dEp

Astrophyscs: p,, f(V);

Particle phys: m,, do/dEg, Detector: Ny, Ey,



Direct detection: halo velocity distribution

Aquarius simulation

Vogelsberger et al ‘09 B
AQ-A-1

5

dv fivjv do

VG Bn)[@i2). dE g

Astrophyscs: p,, f(v);

)

(v) < 10°

Particle phys: m,,, do/dEg, Detector: Ny, E,.

0 150 300 450 600
vkms']

Experiments assume “standard halo model” - Gaussian vel distr

Simulations - fewer particles in tail of distribution;
smooth fall off to escape vel.




Annihilation radiation
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@ICC Indirect dark matter detection

niversity of Durham

Supersymmetric particles are Majorana particles -
annihilate into Standard Model particles (including y-rays)
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Dark matter annihilation

Neutral annihilation products 100 GeV mass WIMPS photons in
. — ray band 10MeV - 10 GeV

XXomdo)s

‘Charged annihilation products ,
e De

Adapted from Joachim Edsjo



;-:%, Indirect CDM detection

e through annihilation radiation

Supersymmetric particles are Majorana particles - annihilate into
Standard Model particles (including y-rays)

Intensity of annihilation radiation at x is:
1_ halo density at x (astrophysics)

I(X)_sz — o) flos( )ldl

cross-section (particle physics)

(ov) =3x107°cm’s™ = relic abundance in simple SUSY models

—> Theoretical expectation requires knowing p(x)

— Accurate high resolution N-body simulations of
halo formation from CDM initial conditions






VIRGS Aquarius (galactic) & Phoenix (cluster)halos

Galactic (M~1012M,)




The main halo and the substructures all
contribute to the annihilation radiation
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Halo density profiles
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@ EICC The structure of the cusp

University of Durham
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The subhalo number

density profile

* The spatial distribution of subhalos
(except for the few most massive
ones) is independent of mass

® Most subhalos are at large radii --
subhalos are more effectively
destroyed near the centre

* Most subhalos have completed only
a few orbits; dynamical friction
unimportant below a subhalo mass
threshold

*® Total mass fraction in subs (~10%)
similar in galaxies and clusters
except in inner parts

10

n(r)/<n>

n
=
O
O
=3
©)
-
QO
>
c
3
o
D
-
O
*

llllllll

Aquarius

mass fraction in
. substructures

00

1.00






f‘_';‘_'{: The best current simulations resolve substructures down to
M,,/M

~10

halo




+JBCL |The cold dark matter power
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Intensity o | p%(x) cov» dV

Need to extrapolate to Earth mass

—> gravitational physics



ECT

of subs. per unit mass

Subhalo L (per halo
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HECC

University of Durham

CDM prediction

Springel et al. ‘08

The Milky Way seen in
annihilation radiation

Aquarius simulation: N,,, = 1.1 x 10°




) BEE A blueprint for detecting halo CDM

University of Durham

8[ : :
S/N=F/(92 +02 )1/2 sub\-sgbhalos main subhalos -
h psf 6 N . _-
S/N for detecting |} :
subhalos inunitsof 5 4L _
that for detectingthe S |, -
main halo. S satellites || -
— . LMC -
30 highest S/N | '
objects, assuming 0L ...__._._t A
use of optimal filters 10° 10* 10° 102 10" 10Q°

(S/N)(S/N)main haio

« Highest S/N subhalos have 1% of S/N of main halo
» Highest S/N subhalos have 10 times S/N of known satellites
« Substructure of subhalos has no influence on detectability




HICC A galaxy cluster seen in
Uriversity of Dt annihilation radiation

CDM prediction

-0.50 o— s 2.0 Log(Intensity)

Springel et al. ‘08 Institute for Computational Cosmology
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Fermi 3-year all sky map



@l@@ MW satellites: no Fermi detection

niversity of Durham

Satellite galaxies in visible light and gamma-rays
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Upper limits on x-section

University of Durham
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HECC
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CDM prediction

Springel et al. ‘08

The Milky Way seen in
annihilation radiation

Aquarius simulation: N,,, = 1.1 x 10°




The Characterization of the Gamma-Ray Signal from the Central Milky Way:
A Compelling Case for Annihilating Dark Matter

Tansu Daylan,! Douglas P. Finkbeiner,!>? Dan Hooper,>* Tim Linden,’
Stephen K. N. Portillo,? Nicholas L. Rodd,® and Tracy R. Slatyer® ”

Uncovering a gamma-ray excess at the galactic center

PSRJ1732-3131

PSRJ1746-3239
€

500 light-years
at galacticcenter

Unprocessed map of 1.0 to 3.16 GeV gamma rays Known sources removed




Q.C‘; Annihilation radiation from the Galactic Centre?
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130 (135) GeV line

” |IL RACLEAN) £ 1206 GV
® Line at around 130 GeV o ST :.“'. s
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around galactic centre
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Sun), even where it
shouldn't (Earth’s limb)

LUorairs

Mok

{H{{{ §“H}i+l*f”““‘

Conntx -

2 z ' ) 1:1 1",) ;‘..
l% . Signf. = 3.160 - 5 KV
g
. Sun : Signi. =4.290 Wenlger arXiv:1204.2797
: ’ Earth’ s limb |
(AR ! : ' Is the line real?
ormE E:ergy‘t[ris‘.eV]uC

Whiteson, arXiv:1302.0427 = = = = & = = From Joachim Edsjo

Energy [GeV)



+BCL Conclusions so far

University of Durham

Direct detection
* Several claims (DAMA, Cogent, CRESST) some incompatibble
* All incomptabile with Xenon 100 and LUX

* In Milky Way: Annihilation radiation

— v -ray flux dominated by central region

— dark substructures have 10xS/N of known satellites

— no detection from sats, but claims from GC

— Emission from clusters is extended with higher S/N than sats

— boost factor in clusters is several hundred

- nO deteCtIOn yet Institute for Computational Cosmology




8L | A cold dark matter universe

University of Durham

.

N-body simulations show that cold dark matter halos
(from galaxies to clusters) have:

“Cuspy” density profiles

Does nature have them?

Difficult problem: in visible objects halo structure modified by baryons?

Clusters (good diagnostics)
Dwarf gals (high M/L)

Best places to look:

Institute for Computational Cosmology




7/

RCC
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Baryon effects on dark

matter halos

Eagle simulations: dark matter-only run
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Halos in DM-only run well fit by NFW or Einasto profiles

Schaller, Frenk et al. '15a
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1) 1CC Baryon effects on dark
matter halos

Baryon effects
reduce the mass of L« . -
halos of M<3x10™8M,  1ofiw by
by up to 30%
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Baryon effects on dark

matter halos

Eagle simulations: total matter profiles
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Baryon effects on dark

matter halos

Eagle simulations: total matter profiles

Moo= 1x 107M,
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1) 1CC Baryon effects on dark
matter halos

Eagle simulations: total matter profiles

Mago™ 1x 10TM, _ Myo= 1x 107M,

Mago= 1x 107°M,  Mppo= 1x 10™M,
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The same is true for Einasto profile

Scha”er’ Frenk et al. '15a Institute for Computational Cosmology
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1) 1CC Baryon effects on dark
matter halos

Eagle simulations: total matter profiles

Mago= 1X 10TM, Moo= 1X 10T*M, Mpgg= 1x 10TM,  Mpge= 1x 107*M,
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1CC Baryon effects on dark
matter halos
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Eagle simulations: DARK MATTER HALO profiles

Myoo= 1x 10*M,

Mago= 1X 10TM,  Mpge= 1X 102M,  Mygo= 1x 10™°M,

o ,' 'lﬂ Iv ' '
T E | |
PN, v N |
| I o B Fl
(3 p % [
: % L % | <) ar
I _ e I Ly e 0 L1
o | 7 [ N ool r_ e 1 e
.—%‘ . -1 -3 ! ._‘% I -1 -3 ) " -1 -3 ' .
=7 7 ~ ! r re |" r T |
- | ~ | I I
L L | ;
= = I o ]
;‘,\[tz()() = 1)(10111\[ T : ;‘,\[2()() = 1)(10121\[ " : ;"\12[)() = 1)(10131\[. :, ;"\12[)() = 1)(101'11\[.
0.01 0.1 1 70.01 0.1 1 001 0.1 1 001 0.1 1
r/ R0 r/ R0 r/ R0 r/ Ra00

NFW or Einasto are reasonable fit to DM halo profile except
near centre where effects of halo contraction are visible

Schaller, Frenk et al. '15a

Institute for Computational Cosmology




8« | A cold dark matter universe

University of Durham

.

N-body simulations show that cold dark matter halos
(from galaxies to clusters) have:

“Cuspy” density profiles

Does nature have them?

;
* X-ray emission
Cluster profiles can be probed with: <

* Gravitational lensing
.

Institute for Computational Cosmology




@ICC The central density profile of
Univensy of Dt galaxy cluster dark halos

X-ray data
1 e
Mass profile of galaxy
clusters, from X-ray vE E
data & assumption of i
hydrostatic equilibrium ot .
=
Q\
Excellent agreement lo°E
with CDM halo T T
predictions 500

Vikhlinin et al ‘06 [Institute for Computational Cosmology ]




The density profile of galaxy cluster

dark halos

stacked signal : (AL) [1015hM®Mpc'2]
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Okabe et al ‘10
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Sand etal 04

Density (M, /kpc?)

10° |

108 |

Mass profile in cluster cores
from strong Iensmg

Aoenaaa RXgA1ag T IO, !

-
. P 1
* &

Velocity dispersion

" vel dis

Radial a

rad arc

P |

® Assume spherical symmetry

® Model potential as power-law
DM + galaxy with constant M/L

® Constrain inner slope of DM

profile using tangential arc, radial
arc and velocity dispersion profile

10
r (kpc)

(kpC) [ Institute for Computational Cosmologi]




Mass profile in cluster cores
from strong lensing

_ﬁ ﬁ_3 R
p(r)cr = (r.+r) 8 ;‘w
5 | Eod
© .
A |

=1 for NFW s | ol MRt 5

f _ RXJ 1133
2 L \\\ —
0 I S
0 . 1.5
Sand etal 04 DM inner s‘lop"e’(ﬁ)

|_Institute for Computational Cosmology |
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Actual f

>
=04
e
—_— ®
9
. : O
Critical lines S
80:— __ 0‘2 B |
| 2 L _
-~ L radial : ] _
or tangential : i .
20-_ _' O|||||||||||||||||||||||
: | 0 0.5 1 1.5 2
00-l ‘ I2|0I I |4]OI I IGIO‘ I I8|0l I I‘I(l)()l l_ DM inner Slope (B)

Meneghetti, Bartelmxann, Frenk & Jenkins ‘05 [LInstitute for Computational Cosmology |
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Sims agree w. measured
slope of total matter

profile for clusters of
M~(1073107°) M,

The density profile of galaxy cluster
dark halos

Measured slope of TOTAL matter profile

2.5

N

2.0

1.5

1.0

Total matter profile inner slope ",-'t(,t

0.0

-----------------------

---------------------

1 core- Ilke

1

{ © EAGLE halos
= = NFW with Planck1 Afag0 — 200
Simple model

=

P TRUURURE N b sound

W WP Wm LW WL m oW om o w W om o ow o m—]

@ @ Koopmans et al. 2009
® & Newman etal. 2013a

BUE

105

.’\[‘2[)(] [.‘.[ D ]

Schaller, Frenk et al. '15b

Institute for Computational Cosmology




UlCC The density profile of galaxy cluster

niversity of Durham

dark halos

But NOT w. inferred
slope of DM halo profile
for clusters of

M~(10"31015 ) M,

SCha”er’ Frenk et al. ’15b Institute for Computational Cosmology

DM profile asymptotic slope ,~‘3D.\I

Inferred slope of DM halo matter profile

25F . ] —]
= = NFW with Planck1 Afag0 — c200
B B EAGLE halos
20 L ¥r ¥r EAGLE halos with 1.25(AZ./L.) |]
¢ ¢ Newman etal. 2013b
lik
L5 pha €. m o e e Lo, ouseike
- [u} o
o ul ..I:'.? |. ;
1.0 -------------- .! L . -. ———————————— -
% ® +
05 bereimiaiaia.s ‘""? Uy U PESeees
1 core-like +
0.0 A ‘ . : -

iO“ - .1‘()“’
A-[Q()[) [J[*]
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dark halos

D The density profile of galaxy cluster

Newman et al.
assumed isotropic
orbits for stars in BCG.

Stars in simulations do

NOT have istropic orbits 05}

= 0.
Q.

—0.5¢}

This may explain
discrepancy!

Stellar anistropy parameter

Halo 1

Halo 2

Halo 3

0

10 20 30 0

r [kpc]

Schaller, Frenk et al. '15b

10 20 30 0
r [kpc]

1020
r [kpc]

30
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How about on dwarf galaxy scales?




s :
.
) i .
{»
.
.

>
. P S ‘e

Sextans
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10—4

University of Durham

The DM halos of dwarf spheroidals

= - .,

.
-

- - Y

NFW asymptotic

r [kpc]

10"

Gilmore et al ‘07

Inferred density profiles
for 6 dwarf spheroidals

“...dark matter forms cored
mass distributions, with a
core scale length of greater
than about 100pc...”
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D Fits assuming NFW - 15

!V,
3

= 3
o |
oy

University of Durham

Dwarf sphs: cores or cusps?

Jeans eqn:
GM(r dlnp, dlno’

() __ > P- L+ 20| 5

rtl dinr dinr ;
from Aquarius sim VAR S NP R -

Cuspy! vel &z}\’b g OBETTTTTTTT T

= S 105 90000
* Assume isotro'((\rg\\o 5E-
OB . « o 1 .+, . .|

@
* Solve for g 6\“\
&

?
e Corp 8\{\0 th observed o, (r)

e
L_I-IIIII IIIIIIII-MM:M;_UJJM-IIHIIH Illl-I

\(\0’\O best fit” subhalo
Strigari, Frenk & White ‘10
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Sextans

warf galaxies around the Milky Way

¥

Gk




(1) centrally concentrated, high
[Fe/H]

(i) extended, low [Fe/H]

2
r<o,, >
G

Walker ‘10; Wolf et al ‘10—>

if r=r,,, n=2.5, independently of
model assumptions!

M(<r)=pu

Walker & Penarrubia

11

1JBECE | The DM halo of the Sculptor dwarf

| | | |
Prob | TEEN

| | |
EEEE -
0.1 05 1.0 .~ -

M.

Low [Fe/H];

- Sculptor
" High [Fe/H]

1 1 | | | | | | 1 | |

| | I 1 | | 1 I | | | |

2.2 2.4 2.6
log [ half] (pc)
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+JBCLC |The DM halo of the Sculptor dwarf

University of Durham

Strigari, Frenk & White ‘14

Distribution function analysis of 2 metallicity pop. data of Battaglia et al.

J \ @ J
Parametrize: g(J) = (J_B> +<J_ﬁ>

h(E) — NE®*(EY+ EOY 43y, — E)¢  for E < ®im
]o forE > @i,

Find best-fit parameters using MCMC

Institute for Computational Cosmology




€L | The DM halo of the Sculptor dwarf

University of Durham

— o Distribution function
E\ 10 A T v T v | — .
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Cores or cusps in the dwart

sph. satellites of the MW?
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Cores in field dwarf galaxies
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The cores of dwarf galaxy haloes

Julio F. Navarro,"** Vincent R. Eke? and Carlos S. Frenk®

'Steward Observatory, The University of Anizona, Tucson, AZ 85721, USA
*Physics Department, University of Durham, South Road, Durham DHI 3LE
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ABSTRACT

We use N-body simulations to examine the effects of mass outflows on the density
profiles of cold dark matter (CDM) haloes surrounding dwarf galaxies. In particular,
we investigate the consequences of supernova-driven winds that expel a large
fraction of the baryonic component from a dwarf galaxy disc after a vigorous episode
of star formation. We show that this sudden loss of mass leads to the formation of
a core in the dark matter density profile, although the original halo is modelled by
a coreless (Hernquist) profile. The core radius thus created is a sensitive function of
the mass and radius of the baryonic disc being blown up. The loss of a disc with mass
and size consistent with primordial nucleosynthesis constraints and angular
momentum considerations imprints a core radius that is only a small fraction of the
original scalelength of the halo. These small perturbations are, however, enough to
reconcile the rotation curves of dwarf irregulars with the density profiles of haloes

formed in the standard CDM scenario.




Baryon effects in the M\ satellites

2 University of Durham

Let gas cool and
condense to the
galactic centre

—> gas self-gravitating
— star formation/burst

Rapid ejection of gas
during starburst - a
core in the halo dark
matter density profile

Navarro, Eke, Frenk ‘96

Governato et al. ‘12

Pontzen & Governato ‘12
Brooks et al. ‘12

Navarro, Eke, Frenk ‘96
J 2 The cores of dwarf galaxy haloes L75
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Figure 3. Equilibrium density profiles of haloes after removal of the disc. The solid line is the original Hernquist profile, common to all cases.
The dot-dashed line is the equilibrium profile of the 10 000-particle realization of the Hernquist model run in isolation at ¢ =200. (a)

M =02. (b) My =0.1. (¢) M. =0.05.
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Cores in dwarf galaxies
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Oh etal ‘08
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“We find discrepancies between the
derived dark matter distributions ... and
those of CDM simulations, even after
corrections for non-circular motions ...”
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@l@@ The rotation curve of dwarf NGC 2976

University of Durham .
Adams etal 13
I LI I rrngrrri I LI I rrrr I LI I rrngrrri LI rrri LI I

Istellar kinemati
v

0 Illlllllllllll

10
1

“This difference is
likely due to the gas
disk not meeting the

assumptions that
underlie the analysis
such as no pressure
support, a constant
kinematic axis, and

planar orbits.”

50
|

Veire (km S—l)

1 1.5 Cored dark matter halo fits are
only consistent with the stellar
kinematics if the stellar mass-

to-light ratio is significantly
larger than derived from stellar

: population synthesis, while the

’ stellar M/L ratio best-fitting cuspy model has no
such conflict




halo with a core

(Burkert)
. — 100pc — 17kpc

sof fo'7 el lominausdis (dynamic range of 200)
* : i Corbelli ‘03

R(kpc)

M33 Rotation Curve



‘} SEpC N The rotation curve of M33
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A Cold dark matter universe

“Cuspy” density profiles  Does nature have them?

Best places to look:

FCIusters (good diagnostics)
Dwarf gals (high M/L)

Galaxy clusters: X-ray and lensing data

Evidence seems to favour NFW cusps

Dwarf galaxies: Gas kinematics, stellar kinematics

When sufficiently general models are considered, even best
data cannot distinguish cores from NFW cusps

Institute for Computational Cosmology
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the CMB to the 2dFGRS

The cosmic power spectrum: from
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The Characterization of the Gamma-Ray Signal from the Central Milky Way:
A Compelling Case for Annihilating Dark Matter

Tansu Daylan,! Douglas P. Finkbeiner,!>? Dan Hooper,>* Tim Linden,’
Stephen K. N. Portillo,? Nicholas L. Rodd,® and Tracy R. Slatyer® ”

Uncovering a gamma-ray excess at the galactic center

PSRJ1732-3131

PSRJ1746-3239
€

500 light-years
at galacticcenter

Unprocessed map of 1.0 to 3.16 GeV gamma rays Known sources removed




\+’ .CC An unidentified line in X-ray spectra of the Andromeda galaxy and Perseus galaxy cluster
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SUBMITTED TO ApJ, 2014 1
Preprint typeset using IATEX

DETECTION OF AN U S _ _
We identify a weak line at E ~ 3.5 keV in X-ray spectra of the Andromeda galaxy and the Perseus galaxy

cluster — two dark matter-dominated objects, for which there exist deep exposures with the XMM-Newton X-ray
observatory. Such a line was not previously known to be present in the spectra of galaxies or galaxy clusters.
Although the line is weak, it has a clear tendency to become stronger towards the centers of the objects; it is

Esra BurLsur'?, M

arXiv:1402.4119v1 [astro-ph.CO] 17 Feb 2014

1
Har stronger for the Perseus cluster than for the Andromeda galaxy and is absent in the spectrum of a very deep
“blank sky” dataset. Although for individual objects it is hard to exclude the possibility that the feature is due
to an instrumental effect or an atomic line of anomalous brightness, it is consistent with the behavior of a line
originating from the decay of dark matter particles. Future detections or non-detections of this line in multiple
We detect a wea astrophysical targets may help to reveal 1ts nature.

spectrum of 73 ¢

independently show the presence ot the line at consistent energies. When the tull sample is divided
into three subsamples (Perseus, Centaurus+Ophiuchus+Coma, and all others), the line is seen at
> 3o statistical significance in all three independent MOS spectra and the PN “all others” spectrum.
The line is also detected at the same energy in the Chandra ACIS-S and ACIS-I spectra of the Perseus
cluster, with a flux consistent with XMM-Newton (however, it is not seen in the ACIS-I spectrum of
Virgo). The line is present even if we allow maximum freedom for all the known thermal emission
lines. However, it is very weak (with an equivalent width in the full sample of only ~ 1 eV) and located
within 50-110 eV of several known faint lines; the detection is at the limit of the current instrument
capabilities and subject to significant modeling uncertainties. On the origin of this line, we argue that
there should be no atomic transitions in thermal plasma at this energy. An intriguing possibility is
the decay of sterile neutrino, a long-sought dark matter particle candidate. Assuming that all dark
Mmatter 1s 10 sterile neutrimos with mg = 25 = 7.1 keV, our detection in the full sample corresponds to

a neutrino decay mixing angle sin2(29) ~ 7 x 107!, below the previous upper limits. However, based




Astrophysical key to identity of dark matter:

Subgalactic scales

( )



z = 48.4 1

0.05 Gyr

'500 kpc
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Cold Dark Matter Warm Dark Matter

13.4 billion years ago

. ]



cold dark matter warm dark matter

Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns,
Boyarski & Ruchayskiy ‘12
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8€€ | Four problems on small scales

Traditionally ascribed to CDM:

1.7
2. T
3. T

ne “core-cusp” problem

ne “missing satellites™ problem

ne “too-big-to-fail” problem

4. The “satellite disk” problem

Can these help distinguish between CDM & WDM?

Institute for Computational Cosmology




The core-cusp problem

cold dark matter warm dark matter

“Core-cusp” problem:
CDM & WDM halos & subhalos have cuspy profiles

BUT: kinematical data “show” that the dwarf satellites
of the Milky Way have cores
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Lovell, Eke, Frenk, Gao, Jenkins, Theuns ‘12



The "missing satellites” problem

1 CDM

The satellites of the MW E Dark mattter subhalcs |n CDI\/I
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“Missing satellites” problem:

The Milky way has only about 25 satellites

BUT. CDM halos have a very large number of
subhalos |

- 4 - -,"_'re most subhalos

i R 100,0001 .. '. : oo daxk ,?




.- JEEPEDE The “too-big-to-fail” problem

The satellites of the MW D-a_rk.mattféf 5Ubha|05 in CDM
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“Too-big-to-fail” problem:

| Milky way has only 3 satellites with V__.>30 km/s
>30 km/s

max

BUT CDI\/I has ~1O subhalos W|th V

e Why Hud fhess net make 3

100,0001
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The “satellite disk™ problem

University of Durham
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8€€ | Four problems on small scales

Traditionally ascribed to CDM:

1.7
2. T
3. T

ne “core-cusp” problem

ne “missing satellites™ problem

ne “too-big-to-fail” problem

4. The “satellite disk” problem

Can these help distinguish between CDM & WDM?

Institute for Computational Cosmology
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The core-cusp problem

cold dark matter warm dark matter

No real evidence for cores

at least in the dwartf satellites of the Milky \Way

.._' ok A-"_ ‘.; ":.,: \'\, 4

Lovell, Eke, Frenk, Gao, Jenkins, Theuns ‘12
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The "missing satellites” problem

in CDM

- -
’

Dark mattter sub halos in CDM

S v 100,000 1




Reionization heats gas above T, preventing it

vir,

from cooling and forming stars in small halos

« Supernovae feedback expels residual gas




HICE

University of Durham

Luminosity Function of Local
Group Satellites

® Median model - correct
abund. of sats brighter than
M,~=-9 and V> 12 km/s

® Model predicts many, as yet
undiscovered, faint satellites

®* LMC/SMC should be rare
(~2% of cases)

log dN/dM, (per central galaxy)

Benson, Frenk, Lacey, Baugh & Cole 02

(see also Kauffman etal '93, Bullock etal '01)

2

. mam 5-95%
| msm 0-100%

dark halos
(const M/L)

25-75%
10-90%

Mateo (1998)

-15 -20
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@ Luminosity Function of Local
University of Durham Group S atelll teS

® Median model - correct
abund. of sats brighter than 2
M,=-9 and V> 12 km/s ’

T rrrrrrrrrrrrrrr
Koposov et al 08

® Model predicts many, as yet
undiscovered, faint satellites

®* LMC/SMC should be rare

_25-75%
(~2% of cases)

a1k 10-90%
| s 5-95%
. mmmm 0-100%

Mateo (1998)

log dN/dM, (per central galaxy)

0 -5 -10 =T -20
Benson, Frenk, Lacey, Baugh & Cole '02 My
(see also Kauffman etal '93, Bullock etal '01)
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The “Evolution and z i)ly of gaIaX|es
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EAGLE full hydro Local Group simulations
Da&iamtter
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VIR'G._ Far fewer satellite galaxies than CDM halos

EAGLE full
hydro

simulations

Local Group

Sawala et al ‘14



@ICO EAGLE Local Group simulation

University of Durham

D <300 kpc DLG<2 Mpc

100 B MW,M31 |
Subhalo mass functions : — M31 W —ILG
/'\8 : -
s _ Dark matter |
X ! subhalos

s" '
A
> 10 ' E

Sawala et al ‘14 M, M [M,]



@ICC EAGLE Local Group simulation

University of Durham

Stellar mass functions

Sawala et al ‘14

Milky Way}

100 |

DWQM5‘< 30Q kpc DL G<2 Mpc

— M31 W — LG

Dark matter
subhalos

108 10'° 10"2
M*’ Mzoo [Me]
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@ICC EAGLE Local Group simulation

Stellar mass functions

Sawala et al ‘14

Milky Way}

100

D

<300 kpc DL G<2

— LG

=== Galaxies -

w== Halos |
Dark matter |

subhalos

Mpc




University of Durham

@“;Q EAGLE Local Group simulation

D <300 kpc DLG<2 Mpc

MW,M31

Stellar mass functions O : — M31 — LG
=== Primary m== Galaxies 1
Ag == Halos |
- Dark matter |
- Local subhalos
=" V31 volume
A\
> 10 -
A
Milky Way}
1 Il -

10° 108 10"° 10"
Sawala et al ‘14 M, M [M]



@“;(; EAGLE Local Group simulation

University of Durham

D <300 kpc DLG<2 Mpc

Stellar mass functions O : — LG
- == Galaxies
o w= Halos |
28 Dark matter |
X subhalos
= M31
A
> 10 -
A
Milky Way}

Sawala et al ‘14



@“;(; EAGLE Local Group simulation

University of Durham

Stellar mass functions

Sawala et al ‘14

100

Milky Way}

D <300 kpc DLG<2 Mpc

MW,M31

— M31 — LG :
=== Primary m== Galaxies 1
=== Secondary == Holos |
Dark matter |

Local subhalos

volume




Is there a “satellite problem” in CDM?

No, when galaxy formation is taken into account!




g 5T

Is there a “satellite problem” in WDM?



e COM

WDM

1.6keV



Tests of the nature of the DM

warm dark matter

If the halo mass is too small
and/or the WDM particle mass
Is too small, there will not be
enough subhalos to account for
the observed satellites!

lower limit on -

lower limit

Kennedy, Cole & Frenk ‘13
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CDM ha .. uhaos with
V >3O km/s |

Y max

MW has only 3 satellltes Whyﬁd these r??e)t make a
With Vi >30 kmis SRS gaquy

max



Rotation curves of Aquarius subhalos
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MW satellites_'
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Rotation curves of Aquarius subhalos
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U]CC To-big-to-fail in CDM: baryon effects

niversity of Durham

= |  V =max\V,
C s 1.2 T T T T

CDM

Reduction in V., due to 1.
SN feedback:

- Lowers halo mass &
thus halo growth rate

0.7 = | . . .

10 20 30 S0 100 150
vmox(DMO)[kms'1]

Sawala et al- ‘1 3, ‘14 Institute for Computational Cosmology




UICD Too-big-to-fail: the baryon bailout

niversity of Durham
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Number of subhalos of given Vmax is greatly Sawala etal. 14
reduced in gaS SimUIatiOnS Institute for Computational Cosmology




+4)BCC| Too-big-to-fail: the baryon bailout

University of Durham I
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1) BRCL| Too-big-to-fail:

University of Durham

Hydro sims - ~3 satellites

with V.__

the baryon bailout

1000 ¢
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Sawala et al ‘14
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HICC

Too-big-to-fail: the

baryon bailout

University of Durham

1000 ¢ DM""”M31<3OO kpc DLG<2 Mpc_:
Hydro sims - ~3 satellites — MO — DMO
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A University of Durham

The “satellite disk™ problem

Direction of ang. mom.

Direction of ang. mom
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+JBCL |The “satellite disk” problem

niversity of Durham

11 most luminous
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Conclusions

ACDM: great on scales > 1Mpc: CMB, LSS, gal evolution
But on these scales cannot be distinguished from
The of the DM makes a big difference on

Four “problems” on small scales:

Core-cusp: a problem? (Baryon effects?)
Abundance of sats: OK:; OK if
Too-big-to-fail: ] OK

Disk of satellites: . OK



