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Axions could be cold
dark matter




And cold dark matter is
supposed to be in crisis! |

Should you stop
working on classical
axions?

No, but there is a
conclusive test of
CDM



.

ECL CDM in “crisis”

University of Durham

Four problems of CDM:

1. The “missing satellites” problem

2. The “too-big-to-fail” problem

3. The “plane of satellites” problem

4. The “core-cusp” problem

See Sawala, CSF + 16 (arXiv:1511.01098)
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cold dark matter

~50 satellites discovered
so far in MW

‘ Fotnax  ——Y
100,000 light years



SDSS + DES
DES only

Observed satellites
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* Reionization heats gas to 10*K, preventing it from

Vir

cooling and forming stars in small halos (T, < 10?K) :

* Supernovae feedback expels residual gas in slightly
larger halos




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
(~10% of cases)

Benson, Frenk, Lacey, Baugh & Cole '02

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



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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When “baryon effects” are
taken into account

Observed abundance of satellites
Is compatible with CDM

There is no such thing as the
“satellite problem” in CDM!




U % CDM in “crisis”

University of Durham

Four problems of CDM:

1. The "missi s” problem

2. The “too-big-to-fail” problem

3. The “plane of satellites” problem

4. The “core-cusp” problem

See Sawala, CSF + 16 (arXiv:1511.01098)
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UICC Too-big-to-fail in CDM: baryon effects

niversity of Durham
V = /_ V ox = max V.
r 1 2 T T T T

hyd DMO
Reduction in V., due to 1.1F Vmaylxm / Vmax .
SN feedback: ' .

- Lowers halo mass &
thus halo growth rate

0.7 =- | . . .

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

Sawala, CSF +. ‘1 3, ’1 5 Institute for Computational Cosmology




)8 CDM in “crisis”

University of Durham

Four problems of CDM:

1. The™ | s” problem
2. The "too=hig-te=fail" problem

: 3. The “plane of satellites” problem

—

4. The “core-cusp” problem

See Sawala, CSF + 16 (arXiv:1511.01098)

Institute for Computational Cosmology




CDM in “crisis”

University of Durham

Four problems of CDM:

1. The™

2. The "foo=hig=te-fait"problem

S” problem

e

——

(13

3. The ‘p

I

S” problem

e |

- Solved by doing the statistics properly
(Cautun, CSF+ '17)

See Sawala, CSF + 16 (arXiv:1511.01098)
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CDM in “crisis”

University of Durham
Four problems of CDM:
1.7 s” problem
2 . The "too=hig-te=fait problem
3.The™p S problem

4. The “core-cusp” problem

See Sawala, CSF + 16 (arXiv:1511.01098)
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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 )




Sawala et al ‘15




@ B€ € |Rotation curves of 2 APOSTLE dwarfs

pniversity of Durham APOSTLE galaxies all have NFW Cu%@S‘\
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Oman et al '18; Marasco et al ‘18



7/1CC
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Oman+ ‘17

Veire(2 kpe) [kms™!]

The diversity of rotation curves

100

APOSTLE: gas V;, pressure support corrected 0
APOSTLE: V.
LITTLE THINGS
THINGS
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7/1CC

niversity of Durham

Oman+ ‘17

Veire(2 kpe) [kms™!]

The diversity of rotation curves

100

om @ oo

APOSTLE: gas V;, pressure support corrected 0

APOSTLE: Vg

APOSTLE: modeled mock observations,
pressure support corrected

LITTLE THINGS
THINGS
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But, if cores were found in galaxies would
that rule out CDM and WDM?




The physics of core formation

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-Kolchin '17)

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.



HICC

University of Durham

Cores in dwarf galaxy

Governato et al. assume
high density threshold for
star formation

—> High threshold allows
large gas mass to
accumulate in centre

— Sudden repeated

removal of gas transfers

binding energy

simulations
(i1 - DM oo
f\ o] : : TG Simulation DGILR
Febelne ~ - DG1DM
8_8 | s\{.(? - - = DOILY
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Governato et al. '12
Pontzen et al. ‘12
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+JBECQ |Cores or cusps in simulations?

University of Durham

Depends on details of how star formation is modelled
(subgrid physics)

Key parameter: gas density threshold for star formation

High density - NEF mechanism

Low density = not enough central gas density to perturb DM

Institute for Computational Cosmology




1JBCC (Cores or cusps in simulations?
9

niversity of Durham
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There is NO evidence for
cores in dwarf galaxies

But in any case cores
can be easily created
by baryon effects







The satellites of the Milky Wa

cold dark matter

- The prediction of

- CDM is that there should
R be a very large number
- " halos, too small to have
e made a galaxy.

-
% cad n atened BF
TN EBRNESNs
e A5



cold dark matter warm dark matter

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



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,







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)

\
CDM WDM

3 x fewer WDM subhalos at

10 x fewer at 108 M, —

105 10° 100 10T 107 10%
]\[sub []\[ U]




+JBCLC | Detecting substructures with
strong lensing

Vegetti & Koopmans ‘09

Mg, = 108 M,

Data Model

Arcsec

Arcsec Arcsec

Can detect subhalos as small as 10’ M,
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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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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
m.= halo cutoff mass  —~
] ] . E 0.9F E 1 0.15f E
100 Einstein ring systems and A*a D ) |
detection limit: m,,,,= 10" "M, W \
%0 6.0 8.0 10030 70 90 11.0
log(m/h-1M,,) log(m/h"M,)

* [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




Conclusions

The CDM small-scale (a time of intense difficulty or danger)

The of astronomical observations is
be

Consider new particle dark matter candidates that are
, hot by trying to solve
astronomical

Distortions of gravitational offer a
of CDM vs WDM — and can potentially CDM



