- b - - - A4
’ . . e . . o * .,
. ’ ' , $ ‘s .
SRR EL T R ‘ ' Pt e
.
' " . . » ’ =
.

. 4 ’ 2 on . . ...'.-
........ .'o 0\ .. .. L a2 ’ 1

_ The Small Scale Structure of
R Cold Dark Matter -

. . ]

Juho F Navarro ‘j. e




The Standard Model BB et

of Cosmology

CMB N TR

"Wedded to
LCDM



The LCDM paradigm: Dark Matter
Clustering in the Linear Regime
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Galaxy groups

SDSSDRET 'Beid et al 2010)

LyA (McDanakl et al, 2000!
ALTEOCME Lensirp (Hasef al 21011)
ACT Clusters (Sehgal et al, 2011)
CCCP I (Vikhlinin et al. 2009)

BCG Weak lensing (Tinker etal. 2011)
ACT+WMAP specttum (s wix k)
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Hlozek et al 2012

The power spectrum
of density
fluctuations in the
linear regime 1s very
well matched by
assuming that the
initial density
fluctuations are
Gaussian and that the
Universe 1s
dominated by
collisionless Cold
Dark Matter (CDM)




The Clustering of Dark Matter

Simulations have enabled
a full characterization of
the (hierarchical)
clustering of cold dark
matter in the non-linear
regime

. Dark matter halos are self-similar in structure
. Mass function well constrained and understood VIRG.

Spinger et al 2005, Boylan-Kolchin et al 2009, Angulo et al 2012
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problem
Crepancy -acceleration

USp s core” problem
’satelllte alignment” problem
%ssmg dark matter” galaxies



ter halos: the basic
near structures in
" LCDM



The selt-similar nature of LCDM halos

DM halos: self-similar structures linked M, q0/r2003=constant

by the age of the Universe
i 2 M200 < V2003



The Mass Profile of Cold Dark Matter halos

* The shape of the mass profiles
of dark mater

~ 1 1 1 1 1 I 1 I I 1
.

) 3
=L The NEW profile . .
- i P halos 1s roughly independent of
8_ E halo mass and cosmological
I parameters
o [ « Density profiles are “cuspy”
g ¢
= P/P =0/ [ (t/1)(1+1/1,)?]
& . At fixed mass, the only
g parameter is a radial scale set by
i the scale radius, rs
L | |+Halos are usually parameterized
| by the virial mass, M,,,, and a
IR T L SRR “concentration” c=r, /T,
1 s 2 -

-

NFW+1996, 1997

Radius Log redins kpe



The dark matter profile of massive galaxy clusters
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* There is good agreement
CDM halo profile between the mass profiles of

n { . a galaxy clusters (measured
. — - SIS (/d.of.=44.6/14) “’}“ via gravitational lensing or

o
—

I _ | |l X-ray emission profiles) and
| —— NFW (x*/d.o0.1.=3.74/13) ) L those of CDM halos
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Okabe+2010, Umetsu+2011
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*CDM predicts a
single mass/circular
velocity profile for a
given velocity scale

*The maximum
circular velocity 1s an
alternative measure
of halo mass

[km/s]

b4
rot

*Curves do not cross
—need only one
measurement to
characterize the full

halo

Rotation velocity

10*
Radius/kpc Oman+15




v.mass vs halo mass
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— M-ml X (Shetht:tal. )
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B M, (GAMA 2017)
* M, (Bernardi + 2013)

|

CDM halo mass
function 1s now well §
understood 1n all
mass scales relevant

to galaxy formation.
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*CDM halo mass function much steeper than the galaxy luminosity function at the faint end

*Reconciling the two requires a highly non-linear dependence between galaxy and halo mass

*At low halo masses reionization, as well as feedback from evolving stars, are thought to be responsible
*Most dwarf galaxies live in halos of the same mass. Galaxy formatlon efﬁc1ency dechnes in low mass halos

Bullock&Boylan Kolchln 2017



Abundance Matching:

Galaxy Stellar Mass vs Halo Mass

Galaxy formation
efficiencies are very low;

peak at 15% for Milky
Way-like galaxies

Alllllllll Ll

Galaxy Stellar Mass

* Galaxy masses are not
simply proportional to
halo masses
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* Note the approximate
“threshold” halo mass for
galaxy formation, just
! below 1010 Mgun
/ Abundance-matching

/ models
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The Eagle simulations

EVOLUTION AND ASSEMBLY OF GALAXIES AND THEIR ENVIRONMENTS
A project of the Virgo Consortium

Galaxy stellar mass function
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The APOSTLE pruject: Local Group kinemalic mass
constraints and simulation candidate selection

Azadeh Fettahi-®, Julic F. Navarro'<, Till Sewala? |, Carlos S, Frenk® | Kyle A
Oman' | Robert A Craln' | Miche!ls Furior & Matthien Schaller® | Jox p \'l'l':-_\v

*EAGLE: Large hydrodynamical simulations of
cosmologically representative volumes (~100 Mpc box)

*APOSTLE: Same as EAGLE but for a Local Group
environment



Simulated Local Groups

Fattahi+2016
Sawala+2016

APOSTLE .
Collaboration

*Twelve LG candidates have been re-simulated using the same code
used for the EAGLE project

‘MW and M31 halos have combined mass of 2x1072 Msun



Halo mass-stellar mass in APOSTLE/EAGLE
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Vo [kms™'] Halo mass~Vmax

«Cosmic reionization
imposes a sharp cutoff
in the mass of halos
that can host luminous
galaxies

Most faint isolated
galaxies should form
in halos of similar
mass With Vimax~20-30
km/s

*Note large scatter at
f|Xed Vmax

Fattahi+17
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B «The Local Group re-
simulations match quite

Dw m<30 kpc Du;<2 Mpc
100 ) - well the observed
— ng' = EGI o] number of satellites of
~ rimary aroxIes - each primary and the
o w Holos s
& number of dwarfs within
% ~2 Mpc from the LG
" barycentre, down to
A stellar masses of order
Ej E ’\‘105 Msun if the MW

halo mass is ~1012 Mgun

«Numbers depend
critically on the total

mass of the MW, M31,
and the Local Group

10° 108 10'° 10"

M.’ Mzoo [Mo] Sawala et al 2016
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- Do satéllies form

.

*Stellar velocity
dispersions allow
estimates of the total

40 km/s

25 | 1 mass at the half-light
radius—imply very low
Vmax

20 F 1

18 km/s *Some low-luminosity
satellites seem to inhabit
more massive halos than

‘/circ(r)

15 1 luminous ones (cf.
I 1 ksiils Fornax vs Draco)
1 i
| *There seem to exist

o Sw = o= some massive sub halos
S 8% 53 % = = :’5 without luminous
- RO - @) = @ satellites?
5 | | | | | | | | | |
0.2 0.4 0.6 0.8 1.0
° b (4 ,‘7
r [kpc] Evidence for ‘cores’?

Boylan-Kolchin et al 12
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. The impertance of tidal stipping
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(Manl

10°
M200
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s..
. %
-

Vmax can be severely affected by tidal stripping in satellites—this
affects mass ranking (low L satellite may inhabit more massive
halos than high-L satellites)

Below M20o~1019 Msun many halos are “dark”—abundance
matching is not applicable

fraction

Fattahi+2016



Obs.
AP sats
AP centrals !

o Given a stellar
tou=1.02 | Hey=0.05 . 1=0.06 - mass and half-
For n.=18 | Leol n=060 | Scl Mg=0.73 |ight radius, we
T R T T can predict the
dark matter
20} } ! { content of a MW
é satellite in
1 ﬁ APOSTLE
Leoll Tioe | sex 252 | Car e Predicted dark
ma e AERaanasaney peaane Aottt o masses are in
good agreement
| _ | with observational
5 * estimates

10}

Velocity dispersion
8o

V,, [km 7]
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10¢

n,=0.03 Reo=0.48 W.=0.79
UMi Mo =1.04 Dra Hee-=0.08 CanVenl Mogn=2.8
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Stellar half-mass radius "z [kpe] Fattahi+2016
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DlSk galaxy rotatlon Velocmes may be predlcted” from the
distribution of luminous matter

Bulge Dominsted Spiral (NCCT814)  Disk  Dominaled Spiral (NCCG503) Gas - Dowinated Dwarl (NGC3711)
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McGaugh+16 in PRL

(to first order a proxy for surface brightness)



The Acceleration Profile of CDM halos

e The p o r! central cusp implies
constant central acceleration:
galaxies form in regions where the
DM acceleration varies little with
radius

a « GM(r)/r?

—
o
o
o™
| 4
N
-
—

amax =a(0)=const*V2002/1200

amax/(CHO)N( 1/1 O)(V200/3 00 km/s)

Log V (r)3/r

* Note that the DM acceleration
contribution in halos likely to host
disk galaxies (i.e., V200<300 km/s)

should not exceed a certain
maximum. Baryons must dominate
in regions where a > 0.1cHo

Acceleration

Log 1/ e Radius
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-+ ~'The mass diserepancy-acceleration relation
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Two characteristic
accelerations:

"J(R} n | )
Zabe = — 3 ao~10-10m/s2: above

. Ii:f"'.""' which there is little need

”

A e (300km/s) for dark matter, and

amin~10-11 m/s2~cHo: a
“minimum’’ acceleration
amax(30km/s) | .

probed by galaxies
For reference: Earth’s

acceleration around the
Sun 1s ~6 10-3 m/s2

@ Sculolor MP {Z Scuplor MR MW dSphs C*HO iS N72 10'10 m/82
.~ |-@ romax e = Fornax MR ¢ ™M31dschs

-13 -1z -11 -10 -9 -8
logigtz-:-\r) :I'l'l S_Q:

At the solar circle is
~2 10-10 m/s2

Lellit16 e IR NERUYER (2 proxy for surface brightness)




- <"Where does MDAR ¢omefrom'in LCDM?
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Where do the characteristic accelerations come from?

@ Every galaxy has a characteristic baryonic acceleration (“gpa””) which
B dcpends on how its stellar mass and size correlate. This, together with the
characteristic acceleration of the halo, which depends on its virial mass

and concentration, imply a tight relation between gt and gpar in LCDM
Navarro+17



The mass dlscrepaneyuacceleratlon relation

-in EAGL E/A’PO’STLE

== pqlig,=26%x10"ms?) ’ 2
-8 e 2 . DX ) ln]ll.‘ | r w— (] 1 “" 1 2% 10 lo"lf‘i -\'
_——— 2. 1 (g, 1.2x 10 ms “) SPARC (1 7 scatter)
—  REF
——— OnlyAGN
__ 79F —— NoAGN
o © o WeakFB
z @ ® o StrongFB Amax(300Km/S)
10} @ © ¢ APOSTLE ———
= b
%L 11 0000’,“' . 000"". —————l——  amn.x(30km/s)
t” ‘
e’ ;
: '1
— N 0 ) )
. ‘ z = ()] -04 -02 00 02 »=10. M, corrected
3 12 11 10 9 8 13 12 11 10 9 4
10Z10 Ghec [ms 7] 10810 Ghue [mS 2

| Ludlow+ 16 in PRL
Navarro+18 in MNRAS

Goar (1) = GMupar (< 1) /2

(to first order a proxy for surface brightness)




problem or the
dlSk galaxy rotation
‘curves
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*The rotation curve
problem is one of
diversity.

*CDM predicts a
single profile for a
given velocity scale,
unlike observed
rotation curves

Oman’15
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PP 0120150102574
3 10 2
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# % O1+2011:Holl ADC
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IC 2574

¢ deficit” problem

*The cusp vs core
problem is best

thought of as an “inner
mass deficit” problem

It does not affect all
galaxies

*Note that this
precludes a simple
particle physics
solution to the
problem (e.g, “self-
interacting” or “warm”
dark matter).

Oman+15
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*Dwarf galaxies have
a wide diversity of
rotation curves

*Some galaxies are
consistent with CDM,
others are not

*“Cores” seem
present in galaxies up

to ~200 km/s

*Some core radii are
larger than
simulations can
produce

*[s the interpretation
of the data reliable?

Oman+15
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» Uncertainties
circular mc 1‘
» Galaxy formatt « mass‘proﬁles‘7

« DM is not CDM ( g self- ractmg, S M)?
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e Non arculﬂrwmoﬁons and rntatmn curves
o L of snnulate.d gazlagﬂes

| .'-'

&= *HI velocity fields used to derive rotation curves using the same tools as in observations
o *HI data cubes are built after assuming a favourable inclination and distance
& *Rotation curves derived using BAROLOS3D, one of the latest version of “tilted-ring”models
" -Procedure tested on galaxies from the THINGS and LITTLE THINGS datasets

Oman+17



LN

i -
. 0."

AL N TR L iE SR PR e
e Non-circular-motions and rotation curves
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15

Vs [kms™]

100

~ .
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— — Vicos(¢—¢)

= === Vycos(2(¢ — ¢3))

90

180

¢[°]

270

*Rotation curves
recovered using a
tilted-ring model

eBlue and red
correspond to two
different orientations
for the same
inclination

*The orientation
dependence of the
recovered rotation
curves 1s due to non-
circular motions in
the galaxy plane

*This can in
principle reproduce
the diversity

Oman+17




logo (Mg,
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DI — (CORE at z=0)

40 cm ™
AJ‘W-W\PN-;-‘J- s
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Time/Gvr Time/Gyr

& *Supernova explosions may lead to massive gas outflows that lead to variations in the

8 gravitational potential and the reduction of dark matter in the inner regions (Navarro+1996,
il Pontzen & Governato 2012).

W * This creates “cores” in the dark matter that may be reversed if baryons are re-accreted

& °[t may lead to large rotation curve diversity

Benitez-Llambay+19



--{Cares-and: self-interactimg dark matter (SIDM)
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> 'A ﬁmte self-lnteractlng cross section leads to “heat transfer” from the outside in
and to the reduction of dark matter in the inner regions.

& o1t may in principle lead to the formation of large cores, which should exist in all
& galaxies

8 *The “size” of the core may be reduced if the accretion of baryons leads to the

® deepening of the central gravitational potential.

Santos-Santos+19
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— NFW
® Observations
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No baryon effects yon-induced cores

[ 4

X 5SIDM10 meodel 102

* These processes can create
diversity in the rotation curves,
although perhaps not as
pronounced as observed.

et
<

Vakpe [km/s]

107

Vmax [km/=]
Santos-Santos+19




o How:to tell these seenarios. apart?

— NF\V
@ Obs.data

_.' @ st
.' R CCsQlb - pa
R = u& :‘o 415 ’
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AP L i
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log{Rhalf)

e
0
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9
2
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=0 60 7A080‘3']!':'0 200 300 400
Vvmax [kmys]

™ * There are extra correlations that qualify the “diversity” of rotation curves.
M * The size of the baryonic component correlates with the inner mass deficit

Santos-Santos+19
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o - How-to tell these. scenarios -

— NEW

102
vmax [kr/s])

B -There are extra correlations that qualify the “diversity” of rotation curves.
BN *The importance of the baryons at 2kpc also correlate with the inner mass
deficit.

Santos-Santos+19
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"ty The baryon importance at the fiducial radius of ~2 kpc correlates
with the “size” of the core, measured by the dark matter mass
deficit at that radius.

Santos-Santos+19
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% How-{otell these scenarios-apart?
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arge core 0.2

o
0.0

4x10" 6x 107 . 10°
V2par/V2 Baryon importance at 2kpc

_:';-- & <The larger the core, the more baryon-dominated the galaxy 1s at 2kpc

Santos-Santos+19
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w to tell fhese scenarios

o X
o X
..‘.‘)(‘X %
X X% ©
X Xe

X Apostle HR Baryon-induced cores

® Observations

X RECALS50

SIDM
xx = Z °® *Neither mechanism seems
g Jol'ss | ble to provide a cl
x'o % % _ able to provide a clear
X ox

EA
. x° ¢ % ° : account of the observed
- X x X . )
g e phenomenology of rotation
X ' curves, but further work

seems warranted

V2pm/V2nrw

X SIDM10 model

V2par/V2
Santos-Santos+19




i :.Q_.w‘ .to LCDM are
readtly ex@am&d 'I'effects
@10ﬁ12’atr@nrf eeC govern the formation

s HiTer ,.,.'ethe non-linear
e 4 ,clu £énngr .,;;‘ar matter.
TN A*:*’Fh rarea” ‘natural” consequence of the self-

e L T SRl arhalo structure and the tight relations
g _between galaxy mass, size, and halo mass.
- -ﬁ_ -; '{;» ou standlng- challenge is the

L s e , characterized by
g SRl aﬁoparent deficit of dark matter in the inner
-_".-:‘l‘.,’ * regions of some galaxies.

;ij;‘f;_‘-_:‘__*s,-z:;;:-;;.;-.;-.,Liif‘f -+ Some may be explained by uncertainties in

K™, e the observations, others may signal galaxy-
Sl induced modifications to the' CDM mass
s profile, or perhaps new dark matter physics.



