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@ B€C L Planck: CMB temperature anisotropies
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The six parameters of minimal ACDM model

Planck+WP
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O B§€E | Non-baryonic dark matter
S candidates
From the early 1980s:
Type example mass
hot neutrino few tens of eV
warm sterile v keV-MeV
axion
cold . 10°eV - 100 GeV
neutralino
These possibilites can be tested with astrophysics
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Non-linear evolution

__The linear power spectrum
WDM ——
CDM
HDM




ICL | Non-linear evolution: simulations

University of Durham

Initial conditions + assumption about content of Universe

Relevant equations:
Collisionless Boltzmann;
Poisson; Friedmann eqns;
Radiative hydrodynamics

Subgrid astrophysics

How tomake a virtual universe
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4JBCC | The ACDM model of cosmogony
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Proposed in 1980s; now empirically supported by:
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€ | The cosmic power spectrum: from
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? the CMB to the 2dFGRS
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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



The Density. Profile of Cold Dark
‘ Matter Halos | |
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ll  More massive halos and

“halos that form earlier have
higher densities (bigger )




Dark matter halos: cores or cusps?

A myth

The DM halos of dwarf galaxies have central cores

A challenge for CDM?
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The DM halos of dwarf spheroidals

THE ASTROPHYSICAL JOURNAL, 663:948—-959, 2007 July 10
THE OBSERVED PROPERTIES OF DARK MATTER ON SMALL SPATIAL SCALES

GERARD GILMORE,' MAaRK . WILKINSON,l’Z
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Inferred density profiles
for 6 dwarf spheroidals

“...dark matter forms cored
mass distributions, with a
core scale length of greater
than about 100pc ...”

" rikpc]

“...(keV) sterile neutrino particles have been discussed as relevant in just the
spatial and density range we have derived here.”
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Density profiles of WDM halos

WDM particles have significant thermal velocities at early times

Since the phase-space density cannot increase, this
should produce a nearly uniform density core

Institute for Computational Cosmology




H Core radii in WDM halos

University of Durham

The thermal velocities of WDM particles induce cores

Liouville’s theorem - upper bound on fine-grained ph. space den.
4
_ 9Ny

Jrp = 2(27h)3"

Shao, Gao, Theuns, Frenk ‘13

MaCCiO et al . ‘1 2 Institute for Computational Cosmology
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‘;-?it-% Core radii in WDM halos

University of Durham

The thermal velocities of WDM particles induce cores
Liouville’s theorem —> upper bound on fine-grained ph. space den.
4
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Shao, Gao, Theuns, Frenk " 13
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‘xiﬁé Core radii in WDM halos

University of Durham

The thermal velocities of WDM particles induce cores
Liouville’s theorem —> upper bound on fine-grained ph. space den.
4
gm,

Jrp = 2(27h)3"

C
Phase space arguments - r. = p

7 \2 1/2 1/2
IJ m c O 8
(8.2keV) (km/s) (2)

core radius

For my,py > 1.5 keV, the core radii in WDM models are of
10 times smaller than the values inferred by Gilmore et al. !
=> core radii in dwarfs NOT relevant in WDM models

Shao, Gao, Theuns, Frenk 13
see also Maccio et al ‘12
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The DM halos of dwarf spheroidals
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Dwarf sphs: cores or cusps?

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

(i) extended, low [Fe/H]

AK<I)=M

2
r<o,, >

G

— =)

Walker ‘10; Wolf et al ‘10>

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

Walker & Penarrubia
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1JBECE | The DM halo of the Sculptor dwarf
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Cusps in Sculptor and Fornax
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€L [ The DM halo of the Sculptor dwarf

University of Durham

Strigari, Frenk & White ‘15

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

_ Ps
Assume pops in equil. in NFW halo: p(r) = z(1+ 2)2
For each population:  f(&,J) = g(J)h(E),
- C(LVF L (L)
Parametrize: 9(J) = RJB) + (%) ]
h(E) — NE“(E? + EH)Y (@i, — E)®  for E < ®yim
B 0 forE Z (I)lim7

Find best-fit parameters using MCMC

Institute for Computational Cosmology




+JBCLC |The DM halo of the Sculptor dwarf
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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

CDM

Far fewer satellite galaxies than CDM halos
Sawala et al ‘16
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@ B L | Apostle: satellites w. 2-metalicity pops

niversity of Durham

Two-metallicity,
kKinematically distinct
populations form in
some Apostle dwarfs

The stellar
populations are not
spherical and the
shapes of the two
can be different

Projected Y [kpc]

Projected Y [kpc]

20

20

S5 # 15116

Metal-rich;,

Metal-poor

V1 # 15858

[
)
‘.
-t
:
L
.
A

V6 # 25657

FA
-“‘
s Lol

V6 # 22516

20 0 20

Projected X [kpc]

Genina, Benitez-Llambay CSF + ‘17

=20 0 20
Projected X [kpc]

Institute for Computational Cosmology




€& | The DM halo of the Sculptor dwarf
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View galaxy from different directions

2
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T mm T=1.357007 ad

| e -
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] Core / ,,/ _ 'g'
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estimator: - a4 /o 0 @
z g 77 NFW 10 =
S 9.0 o
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8.91 X;j 20 <

°»
: : sl 10
Most satellites in apostle 17 .

are elongated!

0.10 0.15 020 025 0.30 0.35
4
log1o (3Re) [kpC]

You can infer any slope, from NFW to Genina, Benitez-Llambay, CSF + ‘17

core depending on viewing angle!
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The DM halo of the Sculptor dwarf

M(<r)=u

r <

Key assumption of mass
estimator:

spherical symmetry

Is Sculptor spherical?

r\'\ Genina, CSF et al ‘17

$ Institute for Computational Cosmology
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Many nearby galaxies now have hi-res 2D HI
velocity fields —> ideal for infering potential

Assume: gas is in centrifugal equilibrium on
approximately circular orbits




HICC

University of Durham

2D HI velocity data for local dwarfs

-30 -15 0 15
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THINGS HI rotn curves of dwarfs
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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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+JBCE | Hi properties of APOSTLE dwarfs

60 km/s <V, < 120 km/s
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Scaling relations between baryon mass, halo mass,
stellar mass, HI mass and HI size in APOSTLE match

those in the THINGS and Little THINGS surveys

Oman, Marasco, Navarro, CSF, Schaye, Benitez-Llambay ‘17
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HICC

2D velocity data for Apostle dwarfs

University of Durham

AP-L1-V1-8-0

®=165°

-40 -20 0 20
V— Vi [kms ]

Oman, Marasco + 18




Dark matter halos: cores or cusps?

Predictions from CDM
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NFW

Oman+ ‘17
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The diversity of rotation curves
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@ ECC The diversity of rotation curves
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I. DMOsimls:AP-Lll,AP-LIZ, EAI-HF\‘I o
N-body

=~ 100
z
o,
0
(@
-
QJ
&

10

Oman+ ‘17 Institute for Computational Cosmology
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Hydro

Oman+ ‘17

Veire(2 kpe) [kms™!]

The diversity of rotation curves
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® Hydrosims: AP-L1, AP-L2, EA-HR
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@ ECC The diversity of rotation curves
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LITTLE THINGS

THINGS

Observations (2D H «, optical)
Observations (2D HI)
Observations (1D H «, optical)
Observations (1D H « + 2D HI)

Observations

> <AV AON|

100

Veire (2 kpe) [km s_l]

1
Oman+ 1 7 Institute for Computational Cosmology




HICC Analysis of 2D velocity fields

University of Durham

GM(<r)

2D velocity field = V, (r) (rotn curve); in dynamical equilibrium: V. =

r
l Tilted-ring model corrected for
asymmetric drift
® S°BAROLO fit <—|



HICC Tilted ring modelling

University of Durham

Model galaxy as a set of tilted rings and solve for the
kinematics of each ring

......
.........

o g
ety o S A
ORI I I

Rogstad et al. (1974)

Institute for Computational Cosmology




HICC Analysis of 2D velocity fields

University of Durham

2D velocity field = V, (r) (rotn curve); in dynamical equilibrium: V. = GM(<r)

Ny
l Tilted-ring model corrected for
asymmetric drift
® S°BAROLO fit <—|

Let’s apply this to APOSTLE galaxies by making a mock 2D
velocity field data cube and analysing it just as the real data



Synthetic HI observations of curves
of an APOST

LE dwarf
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@ B€ € |Rotation curves of 2 APOSTLE dwarfs
e APOSTLE galaxies all have NFW cusps

2D velocity field = V, (r) (rotn curve); in dynamical equilibrium: v = GM(<r)
N
l Tilted-ring model corrected for
asymmetric drift
® S°BAROLO fit <—|
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Oman et al '17; Marasco et al ‘17



7/1CC

niversity of Durham

Oman+ ‘17

Veire(2 kpe) [kms™!]

The diversity of rotation curves

® APOSTLE: Vi
B LITTLE THINGS
[| @ THINGS

100

Institute for Computational Cosmology




7/1CC

niversity of Durham

Oman+ ‘17

Veire(2 kpe) [kms™!]

The diversity of rotation curves

100

APOSTLE: gas V;, pressure support corrected 0
APOSTLE: V.
LITTLE THINGS
THINGS

'Y N

Institute for Computational Cosmology




7/1CC

niversity of Durham

Oman+ ‘17
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The diversity of rotation curves
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niversity of Durham

1/ BCC [2D velocity data for Apostle dwarfs

AP-L1-V1-8-0
®=165°

AP-L1-V1-8-0
O =75°

AP-L1-V4-8-0
®=30°

AP-L1-V4-8-0

Oman, Marasco + 18



HICC

University of Durham

2D HI velocity data for local dwarfs

-30 -15 0 15
-1
Vmodel - ‘/sys [km S ]

Institute for Computational Cosmology




@ R CC Non-circular motions

University of Durham

Residual azimuthal velocities (after subtracting mean v(r) )

40

°
—24 >
~32
—40

m=2mode  ; [kpc]
Synthetic data cubes from simulated galaxies , analyzed
as the data (with 3PBarolo tilted ring code) often imply
Oman+ ‘18 cores ... where there are cusps



Dark matter halos: cores or cusps?

A myth:

The DM halos of dwarf galaxies have central cores

The facts:

Neither stellar dynamical data nor 2D HI velocity maps
iIndicate the existence of cores

There Is robust for In galaxies



But, if cores we
found to exist in
galaxies, would
this rule out
CDM (& WDM)?

Nel




The physics of core formation

Cusps - cores Navarro, Eke & Frenk (1996)

The cores of dwarf galaxy haloes L75

— < -
Perturb central halo region oF T : °-\""";;;~-\ | _
by growing a galaxy TN \‘\
adiabatically and removing “/\x)ﬁ , -
it suddenly (Navarro, Eke | e o
& Frenk ‘96) ' o
Cores may also form by 3
repeated fluctuations in =
central potential (e.g. by §
SN explosions) (Read & o _
Gilmore '05; Pontzen & - raa/nm0
Governato ’12,’14; Bullock & — - au/oym004 _
Boylan-Kolchin '17) ]

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.



HECC Cores in dwarf galaxy
y simulations

Governato et al. assume M " y "
: . L L L DM i
high density threshold for oF 77 "=~ simulation ~er gl
star formation ‘E . BRSO — 010N
EAGLE does not e Rl S )
= |
= High threshold allows g gf G@ssimulations
large gas mass to o |
accumulate in centre Sf 1.

-1.0 -0. cC 056 1.0
—> Sudden repeated 10 olfg Radius (kpe)

removal of gas transfers
binding energy

Governato et al. '12
Pontzen et al. ‘12

Institute for Computational Cosmology




Sawala et al ‘15



Cores or cusps in simulations of dwarfs

a B : ‘
p(r)cr(l+r/r) Benitez-LLambay, CSF, Ludlow, Navarro, Schaller ‘18
0.5 : : T
Slope of DM density profile at 1.5% Ry, § : Simulations with codes such as
0.0 2 I FIRE / FIRE-2 or GASOLINE
* X % ! d duction in th
., o produce a reduction in the
— * “* z * “ 1| central density due to baryonic
g 0o L ** "é kX I effects
m X X X X !
o x, X Xk % kX * 2 I ]
N KX :& X S K !
L0 ¢ X‘?xx& %X X W R X % :
" Y y Xx % ><)( X)S(x XL % I
Zoosh K 0 X TR NFW L e |
d X X * [ v
| |
ol . * !
~20r % FIRE/FIRE2 % NIHAO X 1| 1) Such baryonic effects seem
% EAGLE | not to be present in EAGLE
Y= A T S R T ) TR .
T35 300 25 20 15 10 and Auriga
logy (Mgdl/ 1\"'1'200) 2) Physics or numerical effects?

See e.g. Tollet et al. (2016), Hopkins et al. (2017), Di Cintio et al. (2014)
s —



B CC Core formation

.

University of Durham

In the absence of a treatment of the (multi-phase) interstellar
medium, need a “subgrid” model for star formation

In Eagle stars form from (cooling) gas that reaches a
density higher than p,, (and T~10% K)

In Eagle py,~0.1 cm™

For each resimulated dwarf, vary p,, from 0.1 - 10* cm™

Physically meaningless 6‘

Institute for Computational Cosmology




.

8€C |Cores or cusps in simulations?

University of Durham

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




galaxy is massive
enough

In small galaxies,
cores are tiny
(unresolved)

If threshold is too
high, no cores form
— halo can become
even cuspier

Benitez-LLambay, CSF + ‘18
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Changing the density threshold for star formation

0.0 em™ | lem™ | 10 em™
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‘ Eagle with cores

Cosmological volume (L=12 Mpc; m__, ~ 7 x 104 M) using EAGLE

gas
RECAL model + SF density threshold of 50 particles / cm3
0.5 1
1
Eagle witH'50 cm-3 Q1
X I
0.0 KX x o g X x 2:
~ b T <)
Cores formonly £ -05} X g KA I
onlimited range & |1 M X X S|
of halo masses X ~1f X "x;?(ix%« R S o |
L K o XKy KX M Kook s R I
(orM_/M ) = o B o R %

gal’ V'halo =, X X% >,<_XT XX |
=10 X X ]
d . X X I
Stamdard Eagle :
=20t (0.1 cm?3) "
X EAGLE  x EAGLES0 :
< P N T S T TP S 1

T ¥ R S R S ¥

logig (Mga/M 200)

Benitez-LLambay, CSF + ‘18




The galaxy stellar mass function

Eagle with cores: poor match to data

Standard EAGLE: good match to data 05
_ —&— Baldryet al. (2012)
I | | | | C ] ol —*— Li White (2009)
oL — Ref-L100N1504 i ' —a— D'Souza et al. (2015)
5 — 15
o Standard EAGLE mlo
. [ ]
= 107 - S g0}
- 27
~ Z
E* /A -2.9
091 10_35_ Durham semi—analytic bOB
ko) - === Gonzalez—Perez+ 14 ~ =307
O Munich semi—analytic ~
} — Heunrilques+ 1fl5 4 5
© < =35
107 2
- ® Li & White 09 oy
O Baldry+ 12 —~ 40
10_5 1 1 III|||I 1 1 ||||||I 1 1 ||||||I 1 11 1111l 1 1- 1 —-1.5
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M. [Mo]
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Simulation with cores fails to match galaxy stellar mass fn.
New recalibration?

Benitez-LLambay, CSF + ‘18



Conclusions

Stellar dynamics and HI rotation curves of real dwarfs

for . cores and cusps are OK
simulations in CDM halos
Cores in viable models are
Cores can be in CDM by
Key parameter: density for

Core sizes depend on subgrid SF threshold parameter
... and also probably on many other factors

Cores only form in a of halo



