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Dark matter halos: cores or cusps?

Two myths
The DM halos of dwarf galaxies have central cores

Hydro simulations of dwarfs produce cores if they
have bursty star formation
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1JBEE | The DM halos of dwarf spheroidals

e NFW asymptotic
e or 6 dwarf spheroidals
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D Fits assuming NFW - 15
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Dwarf sphs: cores or cusps?

Jeans eqn:
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Sextans

warf galaxies around the Milky Way
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(1) centrally concentrated, high
[Fe/H]

(i) extended, low [Fe/H]

AK<I)=M
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r<o,, >
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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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€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: ~ A(7) = L
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
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The DM halo of the Sculptor dwarf

niversity of Durham
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+JBCLC |The DM halo of the Sculptor dwarf

University of Durham

NFW best-fit parameters as expected in ACDM
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Strigari, Frenk & White ‘14
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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

niversity of Durham

View galaxy from different directions

2
M(< l’) —u r < (ZOS > Ga;a;q_fél smr = 0.96 Kmg = 0.453 smp = 0.71 Kyp = 0_.2_%0
T mm T=1.357007 ad

| e -

9.27 — NFW cusp 4 L 70
] Core / ,,/ _ 'g'
Key assumption of mass ~ So.f o’ Ce
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S 9.0 o
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°»
: : sl 10
Most satellites in apostle 17 .

are elongated!
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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
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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
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THINGS HI rotn curves of dwarfs

7/

niversity of Durham
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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 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 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



@ 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+ ‘17 cores ... where there are cusps



@ ECC The diversity of rotation curves

niversity of Durham
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@ ECC The diversity of rotation curves

niversity of Durham
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@ ECC The diversity of rotation curves

niversity of Durham

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

niversity of Durham

LITTLE THINGS

THINGS

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

niversity of Durham

Oman+ ‘17
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The diversity of rotation curves
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7/1CC

niversity of Durham

Oman+ ‘17

Veire(2 kpe) [kms™!]

The diversity of rotation curves
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7/1CC

niversity of Durham

Oman+ ‘17
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The diversity of rotation curves
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APOSTLE: gas V;, pressure support corrected 0

APOSTLE: Vg

APOSTLE: modeled mock observations,
pressure support corrected
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Dark matter halos: cores or cusps?

Two myths
The DM halos of dwarf galaxies have central cores

Hydro simulations of dwarfs produce cores if they
have bursty star formation



Dark matter halos: cores or cusps?

Two myths

Hydro simulations of dwarfs produce cores if they
have bursty star formation



Sawala et al ‘16

- A. Fattahi
C. Frenk
K. Oman
J. Navarro
T. Sawala



.- REEPEPIIN The Auriga M\W-like galaxies

Grand et al ‘16

30 very high res
Arepo sims

6 even higher
res sims

D. Campbell
C. Frenk

F. Gomez
R. Grand

A. Jenkins
F. Marinacci
R. Pakmor
V. Springel
S. White




“H/BCC APOSTLE Local Group simulation

niversity of Durham
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Sawala, CSF et al ‘1 6 Institute for Computational Cosmology




asn APOSTLE
¢ 00o  Auriga

33 McConnachie (2012) '
Weisz+ (2014)

108 107 108 10° 1010

Size — stellar mass relation for (isolated) dwarfs in APOSTLE & Auriga
roughly consistent with observed Local Group dwarfs



Dark matter density profiles of
Apostle dwarfs - CUSPS

SIE 0 7N oMo 77\ BMO 7\, DMO
10 » \
N Hydro Hydro Hydro 4
RSt
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M., /Mpy = 0.014 \ M. /Mpn = 0.0039 M., /Mpy = 0.0045 N\
106 ......l0 N ......11 5 ; 5 1\
10 10 10 10 10 10
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BOSG CSF et a| ‘1 8 Institute for Computational Cosmology




Dark matter density profiles of
Auriga dwarfs - Cusps

,ngO — 1 31 ,731»10 — 1 40
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Shallowest inner asymptotic slope of the DM density profile in either Auriga or
APOSTLE is ~ -0.80. 2> No evidence for cores
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MMHP = 2.2 x 10
M /\/IDM = 0. 098

..1.01




Star formation rates of Apostle and
Auriga dwarfs
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Bose, CSF et al ‘18
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Q} B&€ & Diversity of star formation histories

=== Tucana

—LGS3 ]

0.2F |}

IC1613 4

4681012 2 4 6 8 10 12 T2 4 6 8 10 12
Time [Gyr] Time [Gyr] Time [Gyr]

Isolated dwarfs in APOSTLE and Auriga have a diverés’l'fiillnérifl‘-]‘é:
they undergo early, late, or ~uniform star formation

Yet — they have no density cores

BOSG CSF et a| ‘1 8 Institute for Computational Cosmology




Cores or cusps in simulations of dwarfs

Benitez-LLambay, CSF, Ludlow, Navarro, Schaller ‘18

O‘VI"
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See e.g. Tollet et al. (2016), Hopkins et al. (2017), Di Cintio et al. (2014)

Simulations with codes such as
FIRE / FIRE-2 or GASOLINE
produce a reduction in the
central density due to baryonic
effects

4

1) Such baryonic effects seem
not to be present in EAGLE
and Auriga

2) Physics or numerical effects?



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) (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.



Why does EAGLE not form cores?

Simulated 12 Mpc cube cosmological volume (Mgas ~ 6.3 x 10°> M,), identified
isolated dwarfs in wide range of masses and resimulated them at higher resolution.

SPH SPH SPH

20000100 0 100 20°%00 -100 o0 100 2002%00 -100 0 100 200

10g10(Ma00/M
Benitez-LLambay, CSF + ‘18 %G10{Mz00/Mo) 45



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 py, (and T~104 K)

In Eagle py,~0.1 cm-3

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

Physically meaningless 6‘

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
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How do cores form ? e oaheld
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EAGLE with cores

Cosmological volume (L=12 Mpc; m,q

~ 7 x 104 M,) using EAGLE

RECAL model + SF density threshold of 50 particles / cm3

0.5 T
x
00 KCx oK x z |
. X& :xx)( )S(Xx % %xx X mo :
S o5 x X X% Xx % I
S 09 x % & o 1
o X XKyx x%xx v X 2!
X X X I
XX -LOf X% Xy 3 A XX " &)%xx%g( « 2 :
L0 kS x x%()(& LA AR
. X X );!;X)g X x’)S(< X% I
‘:’ L5 wX Xx )§< >a)(( X X X :
_15f
S . XX :
I
20} :
X EAGLE  x  EAGLES0 :
Y !
B3 300 2 20 10

lOgIO (Mgal/ M?OO)

Benitez-LLambay, CSF + ‘18



Consequences for population of galaxies
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Conclusions

No evidence for cores in real dwarfs: cores and cusps are OK

Neither Apostle nor Auriga make cores; yet their star formation is
bursty & they have realistic star formation histories

Can make cores in Eagle by raising density threshold for star
formation

Cores only form in a narrow range of halo masses
Core sizes depend on subgrid SF threshold parameter

... and also probably on many other factors



