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O B§€E | Non-baryonic dark matter
S candidates
From the early 1980s (Bond & Szalay ‘83):
Type example mass
hot neutrino few tens of eV
warm sterile v keV-MeV
axion
cold . 10-%eV - 100 GeV
neutralino
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Inflationary non-baryonic dark
University of Durham matter CosmOgonleS

* Ab initio, fully specified models of cosmic evolution and the
formation of cosmic structure

* Have strong predictive power than can be tested by
astronomical observations (esp CMB and large-scale structure)

e

Linear theory Non-linear
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Temperature anisotropies in CMB
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Non-linear evolution

The linear power spectrum
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B€L | Non-linear evolution: simulations

University of Durham

Inflation + material content of Universe = Initial conditions

Relevant equations:

Collisionless Boltzmann,
Poisson, Friedmann eqn,
Radiative hydrodynamics

Astrophysics (subgrid)

How tomake a virtual universe
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Non-baryonic dark matter
cosmologies

Neutrinos
Q=1

Frenk, White
& Davis ‘83
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Neutrino DM -
wrong clustering

Neutrinos cannot

make appreciable

contribution to Q2
2> m, << 30 ev

Non-baryonic dark matter
cosmologies

Neutrinos

CfA redshift Q=1
survey
Frenk, White

& Davis ‘83
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1/1CC

niversity of Durham

Non-baryonic dark matter
cosmologies

Neutrino DM -
wrong clustering

Neutrinos cannot

make appreciable

contribution to Q2
2> m, << 30 ev

Early CDM N-body
simulations gave
promising results

In CDM structure

Neutrinos

/v _
CfA redshift | : Q=1
survey
Davis, Efstathiou, Frenk, White
Frenk & White ‘85 & Davis ‘83

forms hierarchically
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@ICC Planck: CMB temperature anisotropies
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Springel, Frenk & White
Nature, April ‘06



€ | The cosmic power spectrum: from
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@ICC The cosmic power spectrum: from
0 the CMB to the 2dFGRS
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Cold Dark Matter Warm Dark Matter

13.4 billion years ago
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cold dark matter

warm dark matter

Lovell, Eke, Frenk,

Gao, Jenkins, Wang, White, Theuns,
Boyarski & Ruchayskiy ‘12




cold dark matter warm dark matter

‘ Fornax

100,000 light years

.

-

Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns,
Boyarski & Ruchayskiy ‘12



+JBECL | The MW satellite luminosity function

University of Durham

How many satellites are there in the MW?

About 55 satellites known in

the MW so far from partial

surveys (e.g. SDSS, Pan-
STARRS, DES)

Can infer total population from
survey selection function,
assuming a radial distribution
(from simulations)

(Newton+18, Koposov+08, Tollerud+08,
Hargis+14)

r—:—ua
100,000 light years
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HJBEE | The MW satellite luminosity function
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Years after the Big Bang
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Galaxies begin to form during the “dark ages”

First stars reionize H and heat it up to 10K —> prevents gas from
cooling in halos of “T,;” < 104K — galaxy formation is interrupted

Halos with “T,,” > 104K form — galaxy formation resumes
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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
(~10% of cases)

Benson, CSF, Lacey, Baugh & Cole '02

(see also Kauffman+ '93, Bullock+ '00, Somerville ‘02)

dark halos
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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 ’
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undiscovered, faint satellites

®* LMC/SMC should be rare

_25-75%
(~10% of cases)

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

Mateo (1998)

log dN/dM, (per central galaxy)

0 -5 -10 -15 -20

Benson, CSF, Lacey, Baugh & Cole '02 S ——
(see also Kauffman+ '93, Bullock+ 00, Somerville ‘02) AT W S e GO L S DO




HJBEE | The MW satellite luminosity function
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1) BCC | The MW/M31 sat. luminosity function
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MW satellites

Differential satellite luminosity function
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@l@@ The 2 populations of galactic satellites

University of Durham

Fit 3 models and
compare using
Akaike Information
Criterion (AIC)

Model AlIC
Power law -1.5
Double Gaussian -8.8

Constrained DG" -13.0

"Assumes V=30 km/s

Bose, Deason, CSF ‘18

10g (statS/dMV)

- AIC =1.54
- (Power law)

O _ AIC = —8.77
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HICC
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Theory vs data
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HICC

University of Durham
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The Eagle Simulations SB

EVOLUTION AND ASSEMBLY OF GALAXIES AND THEIR ENVIRONMENTS

The Hubble Sequence realised in cosmological simulations

Irr Trayford et al ‘15



Galaxy stellar mass function

dn/dlogio(M.) [cMpc™]

Comparison to semi-analytic models

= Ref—L100N1504

EAGLE

Durham semi—analytic
Gonzalez—Perez+ 14

Munich semi—analytic
Henriques+ 13

Li & White 09
Baldry+ 12



APOSTLE
EAGLE full
hydro
simulations

Local Group

CDM

Sawala et al ‘16



g Stars
VIRGS

APOSTLE
EAGLE full

hydro
simulations

Local Group

Far fewer satellite galaxies than CDM halos
Sawala et al ‘16



@n;q; EAGLE Local Group simulation
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@";@ Fraction of dark subhalos
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All halos of mass < 5x108M, or V, ., < 7 km/s are dark (m.<10*M,)
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There Is no such thing as the
“satellite problem” in CDM!

CDM theory predicts 2 populations of gal.
satellites, formed (i) before and (ii) after

relonization

9

Seem to be present in the data




The MW satellite lum fn is
compatible with CDM |

Can the inner
structure of satellites
provide a test?




The Density. Profile of Cold Dark
‘ Matter Halos | |

T ™
NEW fits { B . _
— My~ 101M,, | Shape of halo profiles

Moo =~ 1012M., |l ~independent of halo mass &
— Moy & 1013M® ] cosmological parameters
M200~10 M

— DenS|ty proflles are “cuspy” -
- M200 ~ IOISM@ i

. NOo ‘core’ near the centre

| F.,"tted by simple formula:

0o (PIr)(14r/1)’

"(N"a’v'arro'; Frenk & White '97)

ll  More massive halos and

“halos that form earlier have
higher densities (bigger )




SEpEbIE The core-cusp problem

cold dark matter warm dark matter
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Lovell, Eke, Frenk, Gao, Jenkins, Theuns ‘12



EAGLE/Apostle/
‘Auriga galaxies have




Sawala et al ‘15




There is evidence for
cores in dwarf galaxies




But if cores were found in halos, would
this rule out CDM (and WDM)?




The physics of core formation

Cusps - cores Navarro, Eke & Frenk (1996)
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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)
Mz =02, (b) My =0.1. (c) My,.=0.05.




The physics of core formation

Cusps - cores Navarro, Eke & Frenk (1996)
Perturb central halo region N su—

The cores of dwarf galaxy haloes L75

- h e -
by growing a galaxy o : ﬁ__\ ,
adiabatically and removing [ TN ; ' \‘\
it suddenly (Navarro, Eke “,\ [ / ]
& Frenk ‘96) R "N _
I i

Cores may also form by .M seses e -
repeated fluctuations in TR -_

central potential (e.g. by

-2

SN explosions) (Read & e

Gilmore '05; Pontzen & B

Governato ’12,’14; Bullock & ) — - au/oym004
Boylan-Kolchin *17) L T ]

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)
Mz =02, (b) My =0.1. (c) My,.=0.05.
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8€C |Cores or cusps in simulations?
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Key parameter: gas density threshold for star formation

High density - NEF mechanism

Low density = not enough central gas density to perturb DM
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QICC Cores or cusps in simulations?
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But in any case cores
can be easily created
by baryon effects




Is there any way we can
distinguish CDM from
WDM?

There is no need for
despair: there is a way
to distinguish them




counting fa
e humber of dz



EEPEME Can we distinguish CDM/WDM?

cQId dark _matter | warm dark matter




' HEPEPE Gravitational lensing: Einstein rings

How to rule out CDM



' EEDEMN Gravitational lensing: Einstein rings

When the source and the lens are well aligned - strong
arc or an Einstein ring



- REEPEPIll SLAC sample of strong lenses

Einstein Ring Gravitational Lenses Hubble Space Telescope « ACS
- -
- s 2
- i - -
N ; s ’ :
JE S
JOT3728.45+321618.5 J095629,77+510006 .6 J120540.43+491029,3 J125028,25+052349.0
J140228.21+632133.5 J162746.44-005357.5 J163028.15+452036.2 J232120.93-093910.2

NASA, ESA A Bolton (Harvard-Smithsonsan CfA), and the SLACS Team

STScl-PRC05-32



' EEBEDE Gravitational lensing: Einstein rings

Additional lgnsing by
line-of-sight halos
perturb image

When the source and the lens are well aligned - strong
arc or an Einstein ring



Halos projected onto an Einstein ring distort the image

My, = 2.8 X 1010 M,







+JBCLC | Detecting substructures with
strong lensing

Can detect subhalos as small as 107 — 103M,
Data Model

Arcsec

Arcsec Arcsec

Vegett| & KOOpmanS ‘09 Institute for Computational Cosmology




The number of line-of-sight haloes is larger than that of subhaloes

Li, CSF et al. '16; see also Despali et al.’18



> (arcsec?)

Li, CSF et al. ‘16
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Halo mass function

ACDM  z=

Sp‘hrmgel

e




PSP The subhalo mass function

CDM *— oM

»—+ WDM, all

gl WDM  e— WDM, cleaned

;‘# | m, =7 keV, Ly =10
v | | “coldest” 7keV sterile v
(Miperma= 3-3 keV)

\
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aCC Detecting substructures with

University of Durham Str O n g I e n SI n g
>..= projected halo number Detection limit = 10" h™M,
density within Einstein ring 12 1 - 03 '
CDM  !N=100 WDM ! N=100
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* [fDMis 7 keV sterile v >
exclude CDM at >>¢!

* |[f DM is CDM - exclude
/ keV sterile v at >>0

m = halo\cutoff mass

m.= 1.3 x10% h-'"M_ for coldest
[ keV sterile neutrino

Li, CSF et al ‘1 6 Institute for Computational Cosmology




v BCC 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

The MW sat lum fn agrees with ( ) CDM
NO satellite problem in CDM. Have
detected sats formed and recombination.

Halos < ~5.108M,, are ; halos >10"°M,, are

No evidence for : can make them

Distortions of gravitational offer a
of CDM vs WDM  and can potentially rule out CDM!



