] Largely based on -
lullock & Boylan Kolchm (2017)
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Testing ACDM at Different Scales

Galaxy Scales (~1- 1()() kpc) Group/Cluster Scales (~1-5 Mpc) Cosmological Scales (>100 Mpc)

Androrneda (splral galaxy) Stephan s Quintet (g.alaxy group)

. k)

- 3 ; § ~ g ¢

4° slice
82821 galaxies




Small Scale ACDM Problems:

1. Missing Satellites

2. Cusp vs Core

3. Too-Big-To-Fail

4. Regularity vs Diversity
JS. Planes of Satellites

Federico Lelli (Arcetri Astrophysical Observatory) Small Scales Problems for ACDM Cosmology



1. Missing Satellites Problem
(Mass Function Problem)
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The Missing Satellites Problem

ACDM N-body Simulation: 1000s sub-halos Observations: ~50 satellite galaxies around MW
- - : [llLQ.S@'naﬁu;dSph

.I_MC Lo :
S o
.Canna . M G ;
| ;-; .Scu.lptor s #

.Fomax

Pawlowski/Bullock/Boylan-Kolchin
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The Mass Function Problem

ACDM N-body Simulation .
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Stellar vs Halo Mass Function

— Mh;lo (Shethelt al. )
fo Mhaio
M, (GAMA 2017)
* M, (Bernardi+ 2013)
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Stellar vs Halo Mass Function

E dM M,

SFE inhibited by
Stellar Feedback

Schechter (1976) Function:

dn n., | M \“
MC

exp(—M /M)

||l*

——— M1 (Shethetal. )

fb Mhalo
M, (GAMA 2017)
* M, (Bernardi+ 2013)

SFE 1nhibited by
AGN Feedback
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1012 o I

Stellar Mass — Halo Mass Relation

Abundance Matching:
: : 10M |
Most massive galaxy — most massive halo :

1010 i

—_— Mh;lo (Sheth elt al.) ]
107 E
M, (GAMA 2017) i 1‘

M, (Bernardi + 2013) 108 bright dwarfs

=

— 107 |
qk e
o '
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1010- I iloll

1012. .ibl3
Mvir [MCD]

1014 1015

e Milky Way
(classical satellites)
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Abundance Matching & Missing Satellites
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2. Cusp vs Core Problem
(Rotation Curves Problem)
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Rotation Curves of Disk Galaxies

Distribution of baryons (gas & stars) Gas Velocity along the Line of Sight
. ' AP e
Near-infrared image Blueshift: approaching
_/(distribution of stars) towards the observer

Redshift: receding
from the observer

HI map from 21-cm-radio data
(distribution of atomic hydrogen) .
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Building a Newtonian Mass Model

Galaxy Luminosity Profile - Solve (numerically) Poisson's equation in cylindrical
(~stellar density vs radius)

coordinates for each component (1 = stars, gas):
V:®,(R,z)=41Gp,(R,z)
- Find expected circular velocity in disk mid-plane:

Vi(R,z=0)  0®,(R,z=0)

R OR
Ty - Sum over gravitational fields (g. = V¥/R):
Vi (R)=Y Vi(R)+Y V{(R)

_ 10 20 30
Van Albada+1985 Radius (kpe)
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Mass Model with a Dark Matter Halo

- Assume spherical DM halo profile:
NGC 3198 pDM_p<r3 pcy C)

- Add 1t together with the baryons:
2 2 2, 72
VC:YS Vs+Yng+VDM<pc’rc)

20

Van Albada+1985 Radius (kpc)
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Mass Model with a Dark Matter Halo

- Assume spherical DM halo profile:
NGC 3198 pDM_p<r3 pcy C)

- Add 1t together with the baryons:
2 2 2, 72
VC:YS Vs+Yng+VDM<pc’rc)

— * )
4"""'"
-
i

For spiral galaxies like the Milky Way,
baryons dominate in the inner parts
while DM is needed 1n the outer regions
— the sum of the two gives the flat part!

-

..............
.....................
-
----------
-
.....
-
-
-
-
-

Why are rotation curves flat? Unclear!

This 1s called “disk-halo conspiracy”

20 2 (van Albada & Sancisi 1986)
Van Albada+1985 Radius (kpc)
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The Cusp vs Core Problem

NFW profile (from N-body sims):

Do (1) =
oM (rir.)(1+r/r, )
Burkert profile (empirical):
pDM ( r ) — IOC )
(1+r/r_)[1+(r/r )]
® DDO 126
® DDO43 Pseudo-1sothermal profile (empirical):
= === NFW (cusp) IO
Burkert (core) Opy ( r) — ¢ >
1+(r/r,)
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Core Formation from Stellar Feedback

afy profile fitted to DM
halos from hydro sims
of galaxy formation
with stellar feedback

o= f 1 (M*/Mhalo)
[3 = f 2(M*/Mhalo)
¥ =/M/M_)

Classical
Dwarfs
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3. Too-Big-To-Fail Problem
(Problems 142 Reloaded)
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Too-Blg-To Fall Problem

f

bright dwarfs

classical dwartfs

v

Classical MW Satellites

! : |
O10° 10 100 100 10 10% 1o¢  10® . : 0.6 0.8 1.0

Mvir [MG} r [kpC]
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4. Regularity vs Diversity
(Baryon-DM Coupling)
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Rotation Curves «& Baryon Distribution

High surface brightness

(very dense) galaxies
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Low surface brightness

Spitzer ‘Photometry & z\c}curate Rgtatmn Curves (Very diffuse) galaxies
——— ——— 0.5
10° 101 102 -~
. —
Radius [kpc] Lelli et al. (2016, 2017)
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Baryons & Dynamics
Rotation curves are flat at

very large radii, but can

display structures/features
in the 1inner regions.

R (kpc)

DM-dominated Dwarf

OODODODQQQ_

welel
¥, .(313)

<

Famaey & McGaugh (2012) R (kpc)
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<

R (Kpc)

DM-dominated Dwarf

i

OODQDCDQQQ-

welel
¥, .(313)

Famaey & McGaugh (2012) R (kpc)

Federico Lelli (Arcetri Astrophysical Observatory)

Baryons & Dynamics
Rotation curves are flat at
very large radii, but can
display structures/features
in the 1inner regions.

hof
Renzo’s Rule (Sancisi 2004 ):
“For any feature in the

luminosity profile of a galaxy,
there 1s a corresponding
feature 1n the rotation curve,
and vice versa”
Small Scales Problems for ACDM Cosmology



Tully Fisher Relation: Mass vs Velocity

é.§t.,e”ar'.M.aS.S.TF.Belaﬁo.n. ; élll]%aryqnilc TF Rg:llatiqn . N@WtOIl,S LaW giVCSZ

E (b) fo | 2 2
I - s TG
- & ",}‘ < : V — 2

fh

fb:Mb/Mtot

2, M,

But no dependence
on 2 1s observed.

_ )
—o- Gas-dominated : — 2b/ fb const

—o—  Dwarf Galaxies !

10r igP Fine-tuning problem

V, (km s ') McGaugh 2012, Lelli+2016
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Abundance Matchlng — Curvated BTFR

10
1012 I

10"

1010 i

0 - :‘ ; .
10? E
| t

108 bright dwarfs

107 E

Baryonic Mass (Mg)

106 | classical dwarfs

| '

10° E

10*
- E Abundance Matching
10° E E : - (Trujillo-Gomez+2011)

02'.... e gl Lo sl |....'r o
10° 10° 10" 10" 10% 10" 10™ 10 102
M., [MQ} Rotation Velocity (km/s)
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Radial Acceleration Relation (RAR)

2700 points from Observables:
153 disk galaxies

g, centripetal acceleration from RCs

g — gravitational field from baryons

Key Properties:

o Acceleration scale a, AR~10‘10 m/s?

Apap=1.2-10""m/s" e Small scatter (consistent with obs. errors)
9 obs=\.-Gbar Arar * No residual dependencies (radius, etc.)

s MU « Baryon distribution «» Rotation Curve
Lelli+2017

Li, Lelli+2018
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Very different galaxies on the same RAR

Bulge—Dominated Spiral (NGC7814)  Disk—Dominated Spiral (NGC6503)  Gas—Dominated Dwarf (NGC3741)
300 | | T T T T T T
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RAR sets the DM halo profiles

2700 points from gDM:gobs_gbar:F(gbar)
153 disk galaxies

R?
MDM(R):EF(gbar)

No freedom to fit arbitrary DM halos!

o 00 “Cusp vsCore” 1s a symptom of a
9.0 =g, s more serious general illness:

McGaugh+2016 Baryon-DM coupling at any radii!
Lelli+2017
Li, Lelli+2018
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J. Planes of Satellites Problem
(Satellites Phase-Space)

Federico Lelli (Arcetri Astrophysical Observatory) Small Scales Problems for ACDM Cosmology



Distribution & Kinematics of Satellites

ACDM simulations: Near-isetropic distribution Observations: Need accurate distances +
' Random/chaotic motions 3.D velocity,vector (V, V., V)
Y : .Leol -
.- .. '. . '_--.". o ..
’ | R ‘. -. ¥ | ) : A4 \A ?Ur:annf;ggr .
| : [ |!£d.53g'ttaﬁus‘: dSph

.I_MC Lo :
S o
.Canna . M G ;
| ;-; .Scu.lptor s #

.Fomax

Pawlowski/Bullock/Boylan-Kolchin
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Planes of Satellites in the Local Group

Vast Polar Structure (VPOS) of the Milky Way

Great Plane of Andromeda (GPoA)
] 1 ' 2 |
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Satellites in Centaurus A
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Baryon Physics play NO role here

fiat = 3.0% 1 fia=6.6%

TNG100 DMO . TNG100

fcorr = 3.20/0

x AEEH X X

XX IO K I . . x 10 xmw’—_
(=]
N '
8 4 ®R* X ;K »JS\IR NG MO 2008 X
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Small Scale ACDM Problems:

1. Missing Satellites Problem

2. Cusp vs Core Problem Baryon Physics (stellar feedback)?
3. Too-Big-Too-Fail Problem

4. Regularity vs Diversity Problem — Baryon-DM 1nteraction?

5. Planes of Satellites Problem — ? |Per tesi 1n astrofisica:
http://astro.fisica.unifi.it/tes1/
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