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1980s

DE LAPPARENT, GELLER, AND HUCHRA

13h 12h

The CfA redshift survey

5000 km/s

Vol. 302
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2020s

Galaxy distribution encodes info about dark matter and dark energy

DESi already has > 10 million spectra
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The ACDM
cosmology

CfA redshift
survey

Early ACDM N-body
simulations = realistic LSS

Davis, Efstathiou,
~_Frenk & White 1985

Institute for Computational Cosmology




o

3125

Mpé/'h :




STARS ~ NEUTRANOS

Neutrinos make
up < 1% of total
dark matter
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+JBCLC | The ACDM model of cosmogony
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Proposed in 1980s; now empirically supported by:
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+HBCLC | The cold dark matter power
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+HBCLC | The cold dark matter power
B spectrum
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+HBCLC | The cold dark matter power

niversity of Durham

spectrum

Linear power spectrum
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HECC The halo mass function
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The den3|ty profile of cold dark
‘matter halos | gk

T ™
NFW ﬁts

— M200 ~ IOHM@ _| .
BE| ~independent of halo mass &

— M0 ~
Moo =~ 10! M

o M200 ~ IOISM@ E

1013M® :

L "Shap’e of halo profiles

. cosmological parameters

' Density profiles are “cuspy” -
. no ‘core’ near the centre

Fltted by simple formula:

0o (PIr)(14r/1)’

| (Navarro:-Frenk & White '97)

Il More massive halos and

“halos that form earlier have
higher densities (bigger 0)



+HBCLC | The cold dark matter power
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The number of
dark matter
halos from

Earth mass to

clusters

Wang, Bose, CSF,
Gao, Jenkins,
Springel, White,
Nature 20
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Over 20 orders of magnitude
in halo mass and 4 orders of
magnitude in density, the
mean density profiles of
halos are fit by NF\W to
within 20% and by Einasto
(a0 =0.16) to within 7%

Wang, Bose, CSF + ‘20
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We know abundance & structure of halos of ALL masses
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@ iICC A galaxy formation primer
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1. Before reionization, Critical mass to form stars in a halo of

stars can only form if 10-03 mass Mg,
atomic H cooling is N
: J 95 1 ™ After reionization cpitical
effective: 2> 3 g 4 S " mass, M
> -V 7] ~ + ler
142\ %2 2 ] \\\7200 =2 x 1n4
Mf ~ (4% 10" M) (T) < 8.5 \I‘~~1~O_K
r_§ 8.0 i__\_\
2. After H reionization, gas ' 7 . T y
. ] reionizartion
is heated to T=2x10*K. It 7.0 ++——F"+—"—"F—""—"T"—""T"—"1—
can only cool and form 0 2 4 e h‘?ft 8 10
stars in halos with: eashl
T > Tigy = 2x104 K Benitez-Llambay & CSF ‘20
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fraction of halos that host a galaxy

HOF

A galaxy formation primer

Halo Occupation Fraction (HOF): fraction of
halos of a given mass today that host a galaxy
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histories
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DM-only CDM simulations predict many more subhalos in
the Milky Way than there are observed satellites




@ Luminosity Function of Local
University of Durham GrOUp Satellltes

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

o ey
Koposov et al 0

[
I

® Model predicts many, as yet
undiscovered, faint satellites

o
1 I L}

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

| 25-75%
- 10-90%
| B 5-957%

. mmsm 0-100%

Mateo (1998)

_2 ] PR T T T N T T T R 1 1 1
0 -5 -10 -15 -20

Benson, Frenk, Lacey, Baugh & Cole '02 My
(see also Kauffman et al '93, Bullock et al '01)

log dN/dM, (per central galaxy)
|
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max = Max V

The satellites of the MW Darkmatttersubhalos mCDM o

R CDM has ~10 subhalos with
Vipa,>30 ks

MW has onIy 3 satellltes ! | .'d these ’;‘Ot make a
with V__ >30 km/s R gaquy

(LMC, SMC, Sgr)



U]CC Too-big-to-fail in CDM: baryon effects
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- [V =max\V,
C s 1.2 T T T T

CDM hyd DMO
ro
Reduction in V_, due to 1.1F Vme):x /Vmax T
SN feedback: ' :

- Lowers halo mass &
thus halo growth rate

0.7 =- | . . .

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

Sawala, CSF et al . ‘1 3, ‘1 5 Institute for Computational Cosmology




HICC The core/cusp “problem”

University of Durham

DMO simulations predict
NFW profiles

But some galaxies are
iInferred to have cores
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The core/cusp “problem”

DMO simulations predict
NFW profiles

Cusps > cores

Perturb central halo region
by growing a galaxy
adiabatically and removing
it suddenly (Navarro, Eke
& Frenk ‘96)

Cores may also form by
repeated fluctuations in central
potential (e.g. by SN
explosions) (Read & Gilmore

’05; Pontzen & Governato
’12,”14; Bullock & Boylan-

Y7 1 1. ° 91 ~\

Navarro, Eke & Frenk (1996)

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)

Mg, =02. (b) My =0.1. (c) M. =0.05.



@UICC Cores or cusps in simulations?
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) :
A Low threshold (e.g. EAGLE)

ol 1 _ \

o ' High threshold \
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Benitez-Llambay, CSF et al ‘19
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The plane of satellites in the MW
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Problem: the 11 “classical” Milky Way satellites are 1n a thin,
possibly rotating plane (Lynden-Bell 1976)

Xplkpcl]

Xc[kpcl]

Bechtol+ 2015

300
200 A
,-""“—/‘— <
100 4 i‘::‘Sf: ,,,,,,,,,,,,,,,,,,, i
% v
0- % q é 3
YV w
~100 - > »
100 Qe NN . LMC
3 SMC
—200 7 [ Sagittarius
[ Fornax
-300 [ Leol
[ Sculptor
300 [ Leoll
I Sextans
200 4 I Carina
[ Draco
UK 01 - — [ Ursa Minor
v
01 % P 4 .
@ <h \ \r N
A )
~100 1 — -
—200 1
-300 T T T T T T T T T
—-300 -200 -100 O 100 200 300 -100 -50 0 50 100

Sawala, Cautun, CSF et al ‘22

Xalkpc]

Institute for Computational Cosmology




+JBCC | The plane of satellites in the MW
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The plane could be a spinning disk
The orbital poles of 7 of the 11 satellites are clustered

GAIA DR2

Pawlowski & Kroupa (2020)
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+JBCC | The plane of satellites in the MW
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180 . .
b {  How rare 1s 1t?
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2 ] <1:100,000 chance?
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Xclkpc]

Gaia EDR3 proper motions,
integrated in a fixed MW

B LMC
potential for +/- 1 Gyr. [ SMC
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t=-1.0Gyr
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+JBEL | The rotating plane of satellites

200 ACDM N-body
simulations of Local Group
analogues: m =1x10°M,

We have 5/200 (2.5%) more clustered than the MW (compared to 0.04%)
Still rare, but not astronomically unlikely.
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NASAJESA

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



SLAC sample of strong lenses

Einstein Ring Gravitational Lenses Hubble Space Telescope « ACS
g
' . -
@ @® @ | @&
- v ., '
S
JOT3728.45+321618.5 J095629.77+5100066 |  J120540.43+491029.3 J125028.25+052349.0
- & s »
J140228.21+632133.5 J162746.44-005357.5 J163028.15+452036.2 J232120.93-093910.2
NASA,  ESA_ A Bolon (Harvard-Smithsonsan CIA), and the SLACS Team STScl-PRC05-32



Additional lensing by :
line-of-sight halos Eann
perturb image

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



Gravitational lensing: substructures

Searched for substructure in 55 lenses with good HST imaging
2 detections:
2 Log M, = 11.59 *0.18-0.34
- Log M, = 11.80 *0-16-0.30

y, CSF+ 22



Strong lensing: detecting small halos

A University of Durham

HST “data” Zgree=1; Ziens=0.2 107 M, halo — NOT so easy to spot
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A Conclusions

Can test ACDM in non-linear regime

Halo abundance, structure, clustering known from 10-°— 10" M,

Missing satellites

Too-big-to-fail “Solved” by baryon effects
Core/cusp

‘ Plane iIs transient
Plane of satellites

MW plane not rare

Definitive test of ACDM - dark subhalos - strong lensing






