Cold dark matter and

beyond: galaxy scales

Benoit Famaey

CNRS - Observatoire astronomique de Strasbourg



P(k) (Mpc/h)?

—_
o
w
T

10°f

DEUS full Universe run

10° 107
Wavenumber k (h/Mpc)

z=0
z=0.05
z=0.1
z=0.15
z=0.2
z=0.25
z=0.3
z=0.36
z=0.42
z=0.5
z=0.6
z=0.7
z=0.8
z=0.9
z=1

Linear P(k)



The need for Dark Matter
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- CMB + other large scale probes => concordance ACDM model
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The need for Dark Matter
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- CMB + other large scale probes => concordance ACDM model

DM = collisionless and dissipationless fluid of stable elementary particles
which interact with each other and with baryons (almost) entirely through
gravity, & non-relativistic (cold enough) at matter-radiation equality to form
structures down to small scales
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Cosmological tensions
and the nature of DM

- The Hubble tension? No one 1s really sure what 1s going on
(e.g., D1 Valentino et al. 2021)

- The EDGES anomaly: no one knows either, potentially a
fluke? If not, might have consequences on the nature of DM

Age of the Universe (Myr)
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1. « Small-scale » challenges
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« Small-scale » tensions and
the nature of DM

- Galaxies in non-linear (|0| >> 1) regime of structure formation
- It 1s hard because of the importance of baryonic physics (feedback!)

- Simulations have made huge improvements at forming more realistic
galaxies, but some tensions persist...

- Could the problem be fundamental, 1.e. mostly the nature of DM 1n
the model?

- Typically two types of cosmological galaxy formation sims:
- Large box: EAGLE, IllustrisTNG, HorizonAGN, ...
- Zoom-in: APOSTLE, NIHAO, FIRE-2, Auriga,...
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Some basics of stellar
(and DM) dynamics
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f for each of the stellar components and in principle also the DM
component, also constrained in configuration space through ®

Integrate Boltzmann over velocity space => continuity equation

ov  0(vv;)
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Some basics of stellar
(and DM) dynamics

Multiply by one velocity componenet and integrate
Boltzmann over velocity space => Jeans equations
(analog to Euler)

ov., ov;, 00 O(voy)
y— - VUV — —J 14 /

ot 8332 0 Ox;

02
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Some basics of stellar
(and DM) dynamics

Multiply Jeans by position x, and integrate over all positions to
get the virial equations and in particular the scalar virial theorem

2K +W =0

K = 2 M (v?)

W =1 [ dxp0e0x0

_ GM?
W
King models r};/rg is confined to the interval (0.4,0.51)
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Let’s go back in time

m First hint for DM came from Zwicky analyzing the
velocity dispersion of 8 Coma cluster galaxies

m 6=1019 £ 360 km/s (not far from modern value!)
%4 GM
(v?) = LUADN 0.45
M ™
m Used Hubble constant H, = 558 km/s/Mpc

= Underestimated the distance and the stellar mass by a
factor of ~8 and 64...

+ hot X-ray emitting gas not detected... However, the
discrepancy hasn’t gone away 1n clusters (factor of ~6)




A NUMERICAL STUDY OF THE STABILITY OF FLATTENED
GALAXIES: OR, CAN COLD GALAXIES SURVIVE?*

J. P. OSTRIKER

Princeton University Observatory
AND

P. J. E. PEEBLES
Joseph Henry Laboratories, Princeton University
Received 1973 May 29

ABSTRACT

To study the stability of flattened galaxies, we have followed the evolution of simulated galaxies
containing 150 to 500 mass points. Models which begin with characteristics similar to the disk of
our Galaxy (except for increased velocity dispersion and thickness to assure local stability) were
found to be rapidly and grossly unstable to barlike modes. These modes cause an increase in
random kinetic energy, with approximate stability being reached when the ratio of kinetic energy
of rotation to total gravitational energy, designated r, is reduced to the value of 0.14 + 0.02,
Parameter studies indicate that the result probably is not due to inadequacies of the numerical
N-body simulation method. A survey of the literature shows that a critical value for limiting stability
t >~ 0.14 has been found by a variety of methods.

Models with added spherical (halo) component are more stable. It appears that halo-to-disk
mass ratios of 1 to 24, and an initial value of r ~ 0.14 + 0.03, are required for stability. If our
Galaxy (and other spirals) do not have a substantial unobserved mass in a hot disk component,
then apparently the halo (spherical) mass interior to the disk must be comparable to the disk mass.
Thus normalized, the halo masses of our Galaxy and of other spiral galaxies exterior to the
observed disks may be extremely large.
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HIl galaxy rotation curves
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HIl galaxy rotation curves
Ry - 12R g5+ Ag,s = (8nG/c?) Tg

« Weak-field limit: g,,= -1-2d/c? with V>® = 4nGp (@/c2~10)
* Observe p,,, (needs stellar M/L) in galaxies & derive @
(R |od,,/0R|)!2=V

galactic plane compared to observed V_ => dark matter

bar

too low 1n the

¢ bar

E.g. if exponential disk with surface density $(R) = Xge~#/Ra

c(R) = Romp = ATrGEoRay” [Io(y)Ko(y) — 11 (y) K1 (y)]

(V)



HIl galaxy rotation curves
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Keplerian fall-off after a few scale-lengths
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HIl galaxy rotation curves

NGC 5055

Inclination i with respect to sky plane
Angle ¢ from line of nodes
tan (O) = tan () / cos(i) = angle within the plane of the disc

V. = V.. (R) sin (i) cos(9) (it in rings)

s e R dpo?
. yep e Vi=V& = ——
Then correct asymmetric drift with " ¢ rot p OR
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HIl galaxy rotation curves
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HIl galaxy rotation curves
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Some galaxies (typically low surface brightness) are dominated
by DM all the way down to the center
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HIl galaxy rotation curves

When a galaxy is dominated by DM down to the center, the cored or
cusped profile of DM can directly be seen 1n the 2D velocity field

Constant density core => M(R) ~ R?> => v?/R ~ R => v ~ R (solid-body)

V(x,y) = QR cos®@ sini  with x = Rcos6

Triaxial

Kuzio de
Naray &
Kaufmann
2011

Spherical Cuspy

Cored

Cuspy DM halo Cored DM halo
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The core-cusp problem

DMO simulations predict that, if we define the virial radius as

_— Mo \"°
7\ (4/3) 7200 perit

the universal profile of DM halos 1s the NFW profile :

200p¢rit F200
3ric=t + (r/Raoo)]?|In(1 + ¢) — ¢/(1 + ¢)]

PDM —

with an obvious ~r ! cusp at the center

(in reality, modern simulations predict a very small core, and varying
degrees of cuspiness, but mostly 1rrelevant to the rotation curves)
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The core-cusp problem

DDO 47

Many galaxies (but not all!) dwarf galaxies have cored DM
halos immediately visible from the 2D velocity field with no
signs of DM halo triaxiality
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Many galaxies (but not all!) dwarf galaxies have cored DM
halos immediately visible from the 2D velocity field with no
signs of DM halo triaxiality
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The core-cusp problem

This problem has been a motivation for exploring
alternatives to CDM for 30 years

However, 1t can in principle be solved by feedback 1n
hydrodyamical simulations of galaxy formation

And feedback (mostly SN and/or AGN) 1s actually
necessary to avoid the angular momentum catastrophe
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The core-cusp problem

>

Primordial
(no feedback)

Angular momentum
problem
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The core-cusp problem

While feedback primarily redistributes the angular momentum of
baryons, this redistribution of baryons can also in principle act on the
DM distribution, especially if it 1s bursty, with many recurring episodes

Fluctuation-dissipation theorem => potential fluctuations reorganize the
DM distribution

Highly dependent on subgrid recipes! (e.g., high gas density for SF
threshold)

EAGLE/APOSTLE => almost n0O core formation !

NIHAO => all cores at z=0 for M*/M, in appropriate range
(actually too many cores in this range!)
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The core-cusp problem
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The core-cusp problem
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Genzel et al. (2020): Ha and CO RCs at z=0.65-2.5 show large DM
cores 1n massive halos, not predicted by sims (Dekel et al. 2021
invoke mergers and dynamical friction)
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The core-cusp problem
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Modelling the MW bar
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Wegg C., Gerhard O., Portail M., 2015, MNRAS, 450, 4050

m  Millions of RC stars from VVV survey + 2MASS+ UKIDDS + GLIMPSE
m =>]ong flat (h,<50 pc) extension of the bar out to 5 kpc from the center (1>30°)

m Fit to BRAVA (central 10° in long.)
m +ARGOS (28000 stars -30°<I<30° and -10°<b<-5°)

= Q = 40 km/s/kpc ~1.35 Q, (Portail et al. 2016)
= Corotation at ~6 kpc and OLR beyond 10 kpc !
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Modelling the MW bar

2

1.75x108 PMs (!!1) at I obs.

-10°<1<10°, -10°<b<5°

in the VVV Infrared |
Astrometric Catalogue 3
(VIRAC), calibrated on b :
Gaia DR2 (Clarke et al. 2019) 37.5 km/s/kpe &,

o s 0 -5 -10

See also Sanders et al. (2019)
Tremaine-Weinberg method

50 km/s/kpc




The local velocity fi
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V., =0 km/s, declining RC allows to get a more realistic V, = 8 km/s
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A cored DM halo in the MIW?

m Bulge mass (2.2 kpc, 1.4 kpc, 1.2 kpe): 1.85 x 1019 M
m Stellar mass: 1.32 x 1019 M,
m Additional nuclear disk: 2 x 10° M,
m Dark matter mass: 3.2 x 10° M,

4 10!

Portail et al. (2017)

L L ool L L AT |
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r [kpc]

Sharp falloff to keep the RC constant between 6 kpc and 8 kpc => cored
profile at the center
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Regularities in the
dynamics of galaxies:
let’s go back in time again
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Half of the velocity width at 20% of the peak flux = proxy for rotational velocity
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Regularities in the
dynamics of galaxies:
let’s go back in time again
Armed with the following knowledge at the beginning of the 80’s,
Milgrom proposed his MOND paradigm, or just Milgrom s relation:

- If observed RCs are flat, then gravity must effectively fall like 1/r
- The discrepancy sets 1n at different radii in different galaxies, so a
more relevant scale 1s the centripetal acceleration

g=g, if g=>a, = MOND
E= (g\. aﬂ_)lfz if g<<da, Mllgrom 1983

a,~ 10"1"m/s?



Spherical approximation:

V2/1=(gay)"?=(GMa,)"?/r

V = constant = (GMa,) "

=> Velocity predicted to be flat, and Tully-Fisher relation predicted to
be a relation between the total baryonic mass of galaxies and the

asymptotic circular velocity, with a slope of 4

Very strong and unintuitive predictions at the time!
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HIl galaxy rotation curves

m SPARC (Lelli et al.)

m 175 galaxies with
high quality HI RCs £
m Homogeneous Spitzer <

photometry at 3.6um = 10° |

m M./L known to be
roughly constant
(0.5-0.7) 1n the NIR
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Baryonic Tully-Fisher

m LogM,=alogV —-logf
ma=39+£04

m Zero-point defines an acceleration
constant a, = V*/(GM,) = 10-'" m/s?
such that p=Gaq,
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/

/ Lelli etal. 2016
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Baryonic Tully-Fisher

mLogM, =alogV:—logf3
mo~<=39

Intrinsic scatter
~0.025 dex
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Unintuitive because:

First of all, if galaxies were representative of the overall cosmic baryon-
to-DM ratio, the expected slope would be ~3

R . (at any multiple of the critical density) oc M, 1

Vvir2 ~ GMVir/ R, oC Mvir 23

VIr

If constant baryon fraction, expectation would be MoC V3
To get a slope of 4, one needs baryon fraction to go down with mass

Luckily (for LCDM), this must happen in LCDM too !
... but the scatter 1s still not right
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Halo scaling relations and
abundance matching
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Stellar-to-halo mass relatlon (SHMR)

~20% of
cosmic
fraction

-15—

3

35—

.
\/

feedback
(hopefully?)

‘/44

- Behroozi et al. (2013)

4

|

|

| 1
11 12 13 14

log ;M) M

|
15

Typical scatter ~ 0.15 dex

= Adding the gas, the
intrinsic BTFR scatter

cannot go below
0.05 dex

Twice too high!

The scatter, residual correlations and curvature of the SPARC
baryonic Tully—Fisher relation

Harry Desmond!+?*

(2017)

1Kavlz Instztute for Particle Astmphyszcs and C’osmology, Physics Department, Stanford University, Stanford, CA 94305, USA

calculate the statistical significance of these results in the framework of halo abundance
matching, which imposes a canonical galaxy—halo connection. Taking full account of
sample variance among SPARC-like realisations of the parent halo population, we find

the scatter in the predicted BTFR to be

3.6 0 too high.
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Roughly ok at low masses but AM
predicts a tilt of the stellar TF
relation (too large V1 at large
masses)

Even true when adding the newly
discovered « super-spirals » (after
a re-analysis of the RCs)

=> AM predicts massive disk
galaxies to be too DM dominated
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The failed feedback problem

Particle DM mass resolution < 10’ M. . EAGLE and Illustris

sun?

TNG100 allow for a fair evaluation of the behavior of massive
disks in simulations

EAGLE

TNG

10° ;

f . Renormalized by cosmic one
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Marasco, Posti, Oman, Famaey, Cresci & Fraternali 2020
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The failed feedback problem

Marasco, Posti et al. (2020)
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The failed feedback problem

Simulated halos hosting massive disks are too inefficient at
converting their baryons into stars, through too efficient
feedback, AND they have undergone halo contraction because
of apparently not efficient enough feedback...

1.2 T T T T T
1.0
0.8

0.6

(M./Mgyn) (<R)

0.4

0.2F

0.0

0 5 10 15 20 25 0 1 2 3 4 5
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The failed feedback problem

Simulated halos hosting massive disks are too inefficient at
converting their baryons into stars, through too efficient
feedback, AND they have undergone halo contraction because
of apparently not efficient enough feedback...

Turning off AGN feedback can allow more baryons to cool
down, but hard to avoid an overcooled bulge (back to some
degree of angular momentum « catstrophe ») and to get the
right gas fraction
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The falled feedback problem

400

92 7912 asasimo |

Velocity / km s-!

R [kpc]
Turning off AGN feedback can allow more baryons to cool
down, but hard to avoid an overcooled bulge (back to some
degree of angular momentum « catstrophe ») and to get the
right gas fraction

Auriga simulations seem to manage this, although at the
expense of overly massive stellar halos
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In summary:

Baryonic Tully-Fisher relation between baryonic mass of spiral galaxies
and asymptotic velocity 1s captured by Milgrom’s relation

Abundance Matching helps explaining the slope,

but

Problem at the high-mass end (failed feedback problem)
AM-predicted scatter at least twice too high

And... there 1s more to Milgrom’s relation: the shape of RCs



“We predict a correlation between the value of the average surface density of a galaxy and
the steepness with which the rotational velocity rises to its asymptotic value.”

Milgrom (1983)

Illustration:

Consider two fully dark matter dominated exponential disks
of the same mass in the low (<a,) acceleration regime

They are BTFR « twins », but 1s the rotation curve shape
always the same?

2= (8a9)"* = g, (ay/8,)""?



Two exponential disks of same baryonic mass M, in the low
acceleration regime but different scale-length L

(central surface density = M, /2nL?)

M, (A L) identical

g(AL)~GM (AL)/(AL)2 ~(AL)?

V2, AL)~GM,(AL)/AL~((AL)!

If boost of gravity due to DM at R=\AL is prop. to 1/ g
(hence prop. to AL)

then V() L) identical => V(R) = V,((L,/L,)R)
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Not a priori expected in LCDM
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Dark matter halos are (almost) a one-parameter family (driven by mass)



The rotation curves shapes of late-type dwarf galaxies
R. A. Swaters'">*  R. Sancisi**, T. S. van Albada®, and J. M. van der Hulst> (2009)

HI observations for a sample of 62 galaxies [...] procedure takes the
rotation curve shape, the HI distribution, the inclination, and the size
of the beam 1nto account, and makes it possible to correct for the
effects of beam smearing.

In spiral galaxies and even in the central regions of late-type dwarf
galaxies, the shape of the central distribution of light and the inner
rise of the rotation curve are related. This implies that galaxies with
stronger central concentrations of light also have higher central mass
densities, and it suggests that the luminous mass dominates the
oravitational potential in the central regions, even in low surface
brightness dwarf galaxies (NB: dominated by... dark matter?!)
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In spiral galaxies and even in the central regions of late-type dwarf
galaxies, the shape of the central distribution of light and the inner
rise of the rotation curve are related. This implies that galaxies with
stronger central concentrations of light also have higher central mass
densities, and it suggests that the luminous mass dominates the
gravitational potential in the central regions, even in low surface
brightness dwarf galaxies (NB: dominated by... dark matter?!)
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The BTFR twin paradox of LCDM
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Also called the diversity problem

T | T I A A | T
200 - le'J.N'. -
1:1
- = CDM
Q
—
100 1 c%
= _ I Y - b
S i - - QO
2 - =
i
— 50}k P — Q
= "' I
— an e " ]
~a - o
e - o
2 30 F s - 4
’ -
n L r B R3)
i_“ * >
10 } =
] ] I I PR BEPEPE | ]
10 20 30 40 50 70 100 200
V (kms™1)

max

Oman et al. 2015, Bullock & Boylan-Kolchin 2017



" S
The diversity problem or the
modern core-cusp problem
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Oman et al. 2015



Diversity of RC profiles
at given Vmax scale
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The unexpected diversity of dwarf galaxy rotation curves

Kyle A. Oman'*, Julio F. Navarro'?, Azadeh Fattahi', Carlos S. Frenk?,
Till Sawala3, Simon D. M. White?, Richard Bower?, Robert A. Crain®,
Michelle Furlong?, Matthieu Schaller?, Joop Schaye®, Tom Theuns?®

1 Department of Physics & Astronomy, University of Victoria, Victoria, BC, V8P 5C2, Canada

2 Senior CIfAR Fellow

3 Institute for Computational Cosmology, Department of Physics, University of Durham, South Road, Durham DHI 3LE, United Kingdom

4 Max-Planck Institute for Astrophysics, Garching, Germany

5 Astrophysics Research Institute, Liverpool John Moores University, IC2, Liverpool Science Park, 146 Brownlow Hill, Liverpool, L3 SRF, United Kingdom
6 Leiden Observatory, Leiden University, PO Box 9513, NL-2300 RA Leiden, the Netherlands

We conclude that one or more of the following statements must be true: (i) the dark mat-
ter is more complex than envisaged by any current model; (i1) current simulations fail to
reproduce the diversity in the effects of baryons on the inner regions of dwarf galaxies;
and/or (iii) the mass profiles of “inner mass deficit” galaxies inferred from kinematic
data are incorrect.

TILIVAIL) WU W LAV LAUAL UL WA AIMUUs UL ULAT VYD AVALIGA AU L) AIULAL YL AGLANAL v Aifanas

maximum circular velocity. This is especially true for low-mass dark matter-dominated
systems, reflecting the expected similarity of the underlying cold dark matter haloes.
This is at odds with observed dwarf galaxies, which show a large diversity of rotation
curve shapes, even at fixed maximum rotation speed. Some dwarfs have rotation curves
that agree well with simulations, others do not. The latter are systems where the in-
ferred mass enclosed in the inner regions is much lower than expected for cold dark
matter haloes and include many galaxies where previous work claims the presence of
a constant density “core”. The “cusp vs core” issue is thus better characterized as an
“inner mass deficit” problem than as a density slope mismatch. For several galaxies the
magnitude of this inner mass deficit is well in excess of that reported in recent simula-
tions where cores result from baryon-induced fluctuations in the gravitational potential.
We conclude that one or more of the following statements must be true: (i) the dark mat-
ter is more complex than envisaged by any current model; (ii) current simulations fail to
reproduce the diversity in the effects of baryons on the inner regions of dwarf galaxies;
and/or (iii) the mass profiles of “inner mass deficit” galaxies inferred from kinematic
data are incorrect.

Key words: dark matter, galaxies: structure, galaxies: haloes



Diversity driven by the baryons
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Does core creation solve the

diversity problem?

NIHAO has a rather extreme feedback recipe,
leading to too many cores at low masses :
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More than just the old core-cusp
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In summary:

Baryonic Tully-Fisher relation between baryonic mass of spiral galaxies
and asymptotic velocity 1s captured by Milgrom’s relation, while the
high-end slope and the scatter remain challenging

The diversity of RC shapes driven by the surface density of baryons is
also captured by Milgrom’s relation, and remains challenging for
simulations that either produce too few or too many cores

Let’s now move to other challenges more independent of Milgrom’s
relation
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Do simulated galaxies look like
real ones" The hot orbits problem

—— 1 - Most local disk galaxies are nearly

Pecbles (2020) i XL‘?‘?gf bulgeless with light stellar halos

- The only zoom simulations avoiding

| the formation of too massive bulges do
oo so at the expense of overly massive

% 02 04 06 0.8 1 stellar halos

bulees plus stellar halos relative to total

12 T T T T T

- Typically almost hal of the orbits have
L,/L. < 0.7 in simulations

10

M96, Circinus |
M31, M81

M94, N2787
Sombrero
Maffeil, M105 |
Centaurus E

J J Partly due to too much substructures
-| falling onto the galaxy while it forms
| 1, . || (too many mergers) but also dynamical
0 0.2 0.4 87 0.6 0.8 1 fl’icti()n
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Do simulated galaxies look like
real ones? The bar problem

- Most local disk galaxies are nearly bulgeless with light stellar halos
- Moreover, 70% are barred at M.~ 10""M_,_  (Erwin 2018)

However, all large-box cosmological simulations with
high spatial resolution of the order of 100 pc fail to form
enough bars.

E.g., TNG50: softening length of 288 pc

(mbaryon=8.5x10* M_ ), NewHorizons: maximum
resolution of 34 pc (mstar=1.3x10*M

sun)

Galaxy unbarred if A, .. < 0.2 in Fourier decomposition

2max



"
Do simulated galaxies look like
real ones? The bar problem

- Most local disk galaxies are nearly bulgeless with light stellar halos
- Moreover, 70% are barred at M.~ 10""M_,_  (Erwin 2018)
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Do simulated galaxies look like
real ones? The bar problem

- Most local disk galaxies are nearly bulgeless with light stellar halos

- Moreover, 70% are barred at M.~ 10""M_,_  (Erwin 2018)
- Bars are all consistent with being fast R /R, ., <1.4
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Do simulated galaxies look like
real ones? The bar problem

- Most local disk galaxies are nearly bulgeless with light stellar halos

- Moreover, 70% are barred at M.~ 10°-10'°M_  (Erwin 2018)
- Bars are all consistent with being fast R /R, <1.4
Tremaine-Weinberg method:
0Z(x,y,1)
20 4 08 () (x,p.0)]

+a—"’y[z(x,y,z>a,.(x,y,z)] -0,



" S
Do simulated galaxies look like
real ones? The bar problem

- Most local disk galaxies are nearly bulgeless with light stellar halos

- Moreover, 70% are barred at M.~ 10°-10'°M_  (Erwin 2018)
- Bars are all consistent with being fast R /R, <1.4

bar

Tremaine-Weinberg method:

S(x,y,t)=2(r,¢ — Q,1)

3T _ 05 _ (05 o3
Jt P oo P\ Y 9x xay
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Do simulated galaxies look like
real ones? The bar problem

- Most local disk galaxies are nearly bulgeless with light stellar halos
- Moreover, 70% are barred at M.~ 10°-10'°M_  (Erwin 2018)
- Bars are all consistent with being fast R /R, <1.4

bar

Tremaine-Weinberg method:

p)’foo-a—gdx—ﬂf x—dx foo a(zv'r)dx
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Do simulated galaxies look like

real ones? The bar problem

- Most local disk galaxies are nearly bulgeless with light stellar halos

- Moreover, 70% are barred at M.~ 10°-10'°M_  (Erwin 2018)
- Bars are all consistent with being fast R /R, <1.4

Tremaine-Weinberg method:

o0 o0
prﬁ_ooz(x,y,t)xdx =f_ Z(x,y,t)v,(x,y,t)dx
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Do simulated galaxies look like

real ones? The bar problem

- Most local disk galaxies are nearly bulgeless with light stellar halos

- Moreover, 70% are barred at M.~ 10°-10'°M_  (Erwin 2018)
- Bars are all consistent with being fast R /R, <1.4

Tremaine-Weinberg method: Tremaint & Weinberf 1984
Vios2dX
v = {
[2dX
XXdX
x = 1
[TdX

Qpsinie = (V) /(X)
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Do simulated galaxies look like

real ones? The bar problem

- Most local disk galaxies are nearly bulgeless with light stellar halos

- Moreover, 70% are barred at M.~ 10°-10'°M_  (Erwin 2018)
- Bars are all consistent with being fast R /R, <1.4

More than 100 galaxies from (long-slit or IFU) spectroscopy
analyzed with Tremaine-Weinberg method (Cuomo et al. 2020):

All consistent with being fast
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Do simulated galaxies look like
real ones? The bar problem

- Most local disk galaxies are nearly bulgeless with light stellar halos

- Moreover, 70% are barred at M.~ 10°-10'°M_  (Erwin 2018)
- Bars are all consistent with being fast R /R,

Intrinsic dispersion of R
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Roshan et al. 2021
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Do simulated galaxies look like
real ones? The bar problem

- Most local disk galaxies are nearly bulgeless with light stellar halos

- Moreover, 70% are barred at M.~ 10°-10'°M_  (Erwin 2018)
- Bars are all consistent with being fast Rz/R,,. <1.4

bar

The only simulations with fast bars are the zoom-in
simulations in Auriga, avoiding too heavy bulges (at
the expense of overly massive stellar halos) and with
stellar disk masses well above abundance matching
(Fragkoudi et al. 2021)

Total sample of 30 galaxies, 16 barred, difficult to
assess the consequences on galaxy statistics such as
luminosity function etc., difficult to hold results at
lower galaxy masses
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Do simulated galaxies look like
real ones? The bar problem

- Most local disk galaxies are nearly bulgeless with light stellar halos

- Moreover, 70% are barred at M.~ 10°-10'°M_  (Erwin 2018)

- Bars are all consistent with being fast R /R, <1.4

In summary:

The heavy bulges and DM halos in high-resolution large-box simulations tend to
prevent bar formation in the right amount

When bars form, their pattern speeds are generally too low when compared to observed
ones, owing to dynamical friction with the DM halo

Reducing dynamical friction by either reducing the DM fraction (failed feedback+core-
cusp) or reducing dynamical friction itself (through the nature of DM) is the way to

solve this

Simulations that solve the problem have too heavy stellar halos
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Dwarf spheroidals:

missing satellites?
m This has never really

1

L T T T T T T 17T
e

been a problem, as AM iy vrpuhicoit A —al

already indicates that low-  _ osf ]

mass halos are 2 ;

i ' : 9 06 [ .

increasingly unlikely to 3 [

form stars 2 : ]
o 04 -

m Reionization likely :

suppresses gas accretion Bar ]

below 10°M_,,

10° 107 108
Mass within 300 pc [ solar units ]

m However, the most
massive ones seem to be
missing
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Dwarf spheroidals: Too-big-to-fail
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The satellites phase-space
correlation problem

Vast Polar Structure (VPOS) of the Milky Way
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2. Alternative DM solutions to
small-scale problems?



" J
A plethora of alternatives to CDM

m All interesting in their own right: who knows what

DM might be, how 1t 1s produced, etc.

m However, most of them mostly affect the matter

power spectrum
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Unknown small
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I M. Kuhlen et al. 2012
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A plethora of alternatives to CDM

m This can be due to free-streaming from overdense to
underdense regions 1n the case of warm DM or to
collisional damping when interactions with photons
or neutrinos are considered (interacting DM)

M [M_]
10" 10'° 10" 10" 10'° 10° 10° 10*

100

F Cosmic Cluster Galactic _—

Unknown small |

‘. scale behavior

ADM: 3 i\ WONIEWY) M. Kuhlen et al. 2012
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Warm dark matter?

The simplest ‘modification’ of DM: does it really have to be cold?
CDM often assumed to be fermions of a few GeV to a few TeV

What about sterile neutrinos or thermally produced DM of a few keV?
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Warm dark matter?

Gaussian random field as usual:

1 62
P(6|R)dd = - do
CIR) v/ 2m0?(R) P ( 2‘72(R)>
fully characterized by the power-spectrum:
1

o2(R) = (5(x, R)?) / &KP(k)W2(k; R)

~ (27%)
P(k) o k" T?(k)

with a cutoff 1n the transfer function:

Twom(k) = [1+ (ak)?] "
where v = 1.12 and won (k) [ (k) ]

o — 0.049 [mWDM] —1.11 [QWDM] 0.11 [i

1.22
keV 0.25 0.7] Mpe/h.
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Warm dark matter?

Allowed by
Lya forest

10" 10® 10° 10'° 10'! 10' 10!
—1
Mass scale [h™ "Mg]
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Warm dark matter?

The simplest ‘modification’ of DM: does it really have to be cold?
CDM often assumed to be fermions of a few GeV to a few TeV

What about sterile neutrinos or thermally produced DM of a few keV?
- Damps structure formation close to the free-streaming scale
(1 keV ~ 100 kpc) => constraints from Lyman-alpha forest >1.9 keV
- lower concentration than CDM halos => helps TBTF
- To create a core of ~1 kpc, needs 0.1 keV, which prevents the
formation of the dwart gal. altogether => doesnt help diversity

Schneider (2018): delayed formation of small-scale halos in
contradiction with EDGES timing for m<7 keV (but at higher
masses, cannot solve any small-scale tension ! )
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Warm dark matter?
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"
Warm dark matter with non-
gaussianities on small scales?

Peebles (2020) suggests a more radical alternative combining
WDM with non-gaussianities on small-scales close to the free-

streaming scale (a few 100 kpc). Not clear what the constraints are
on such small scales:

6G(x) + FoG(x)*/(55)
(1 +6F + 15F2)1/2

=> Increases density fluctuations above 26 but decreases them below 2a,
hence avoiding too much substructuring

o(x) =

= More 1solated protogalaxies that could avoid the hot orbits problem?
(Peebles notes that the Local Void at d<8 Mpc might be too empty
with just 3 galaxies instead of ~20, pointing in the same direction)
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A plethora of alternatives to CDM

m All interesting in their own right: who knows what
DM might be, how 1t 1s produced, etc.

m However, most of them mostly affect the matter
power spectrum

m The most interesting alternatives regarding the small-
scale challenges are thos that affect the internal
structure of DM halos

m This is the case for, e.g., fuzzy dark matter and
self-interacting dark matter
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Fuzzy dark matter?

An 1dea that gained traction after Hui, Ostriker, Tremain & Witten (2017) that
DM might be composed of ultra-light bosons w/ de Broglie wavelength:

A = h/(myv) ~ 1.20kpc (10722eV/my,)(100km s~ /v)

- Above that scale, behaves like CDM, below 1t it 1s different

- Damps formation of halos lighter than10'°(m /10722 eV)~*/3 M
- Creates central cores w/ reduced dynamical friction by one order
of magnitude (plus spike at the center + large-scale fluctuations)

- These two effects help solving TBTF, fast bar problem, maybe hot
orbits problem, ... nothing to say on BTFR tightness

- Not clear 1t can help anyhow to solve the diversity problem

Schneider (2018): delayed formation of small-scale halos in
contradiction with EDGES timing for m < 10-?% eV (but at higher

masses, cannot solve any small-scale tension ! )
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Self-interacting dark matter?

The 2"d simplest modif. of DM: does it really have to be collisionless?
Self-interactions have little effect on the matter power spectrum, but can
drastically change the DM profiles in relaxed halos!

Collisional Boltzmann equation instead of Vlasov:
Scattering rate (T-!) goes like p X o/m X v

Include in simulation code: Discretize phase-space,
compute scattering prob. when two phase-space
patches overlap, ppulate phase-space with Monte-
Carlo and replace the old particles by the new ones
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Self-interacting dark matter?

The 2"d simplest modif. of DM: does it really have to be collisionless?
Self-interactions have little effect on the matter power spectrum, but can
drastically change the DM profiles in relaxed halos!

Self-interacting cross-sections 6/m =1-10 cm?/g can have a drastic effect
on halo profiles => can solve TBTF, diversity, and (perhaps) fast bar

50 T T
Vogelsberger et al. (2012)

I 300 FT

T T T T 1 ;I
# Ry=0.5kpc 0O CDM N
200 O Rg=1.5kpc MW 2cm?g™! -
<4 Ry=6.0kpe obs. and

70 | q

<(2kpc) (kms

50 | 4%k

40 | &.444"44« .
20 L /,)14\‘\ i
20 | P -

10 Le — ) cM® g

Vcir

1 ! R B | 1
o1 : s 10 20 30 40 50 70 100 200 300
r [kpC] Viax (kms™!)

Nothing on hot orbits, and might make FFP worse! (Sameie et al. 2021)
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Self-interacting dark matter?

Conflicting constraints with galaxies coming from galaxy clusters:

Colliding clusters (bullet) => 6/m < 0.7 ¢m?/g (Randall et al. 2008)
Strong lensing of cluster centers => 6/m < 0.065 ¢m?/g (Andrade et al. 2021)

Cannot solve any tension on galaxy scales with such cross-sections
=> velocity-dependent cross-section needed
Sagunski et al. (2020)

[® Groups
¥  Clusters

Simulations

10°
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Self-interacting dark matter?

In summary:

SIDM with velocity-dependent cross-section very promising at
alleviating small-scale problems

Although:
- No explanation for the tightness of BTFR

- Can lead to too steep DM profiles in MW-like and massive spirals
(core collapse)

Still the most interesting ‘classical’ alternative regarding small-scale
problems



3. Modified gravity?
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Modifying gravity?

g =gy if g>>a, MOND
g = (gy ap'” if g<<a,  Milgrom 1983

A characteristic acceleration scale present in the BTFR and diversity

V. [ U ( | VO |/a0) V(I)] =4 GG pbar AQUAL: Bekenstein & M (1984)

or

VZ d=V. [ V( | V(I)N | / CZO) V(I)N] QUMOND: Milgrom (2010)

=> Getting a tight and straight BTFR, solving the failed
feedback problem and the diversity for free

+ no dynamical friction with DM
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Modifying gravity?
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—— M« /Mppum
M+« /Mcpm (Behroozi et al. 2013)
1 Mgas/MPDM

| =— Mp/Mpppm

M/Mpy

Oria et al. (2021)

S 100 10m 1012
Mpy (M)
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Be careful with the Solar System
Hees, Famaey et al. (2016): o

Strong constraints on

modified gravity versions
of MOND from Cassini
= But « just » needs to tune

the interpolating function

1/n
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Be careful with the Solar System
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Phantom of Ramses
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Solving the hot orbits
and fast bar problems?

Too many mergers & clumps at high-z spiral-in to form bulges: might
be solved in MOND by less mergers and decreased dynamical
friction for massive clumps in high-z clumpy dlSkS

4 ol e sl = v
-20 0 20 -20 0 20

MOND Newton+DM

Same clumpy disk ICs: 2 Gyr of evolution (Combes 2014)

Less dynamical friction imply faster bars: Tiret & Combes (2007, 2008), Roshan et al. 2021



An explanation for the satellite planes?
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Weak lensing

Reminder:

IF the weak-field metric can be written (at 1PN) as:

goo = —€

2 / c?

y iy — €

AND |\

—&

0ﬁ+

Observe&

Original (unlensed) position

angular
position

2
2V /c 52,3,

(we’ll get back to MOND model building later)

2 O
with o = ) / VJ_(I)dZ
C — OO
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Weak lensing

Inverse magnification matrix:
0B

A(O) p— 8—0, where .A11 =1—k — Y1, A12 — Azl = —Y2, A22 =1-— I€—|—’)’1
1 10T %Y 92T
h=5VT Nn=5\ 02 " B62) 7~ 56,00,

T~

Computed from ellipticity of the images

oD, [
T(9) = 22! / 5(D,0, 2)dz

CQDSDI — 00 \

Gravitational potential of the lens
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Weak lensing

—
v 7
— ¢  KiDS-bright isolated lens galaxies (1000 deg?) B 23
& 9071 4 GAMA isolated lens galaxies (180 deg?) 4
)
E KiDS-bright iso. gal. (guar incl. hot gas estimate) e
S _05- Systematic stellar mass uncertainty (M, £ 0.2 dex) B
,.5 ' B SPARC rotation curves (mean + 2D histogram) .
. ~—— MOND (McGaugh-+16, extrapolated) 4
;% —10.04 ——- MOND (incl. external field effect: e = 0.003)
\b-ﬁ === Emergent Gravity (Verlinde+16, point mass)
- | EIRIE Unity (No dark matter: gobs = gbar)
= —10.51
o
2 |
o
o —11.01 '} ¢
D]
)
: L
—11.51 z7
o -
&
o —12.0 1
>
o
@ —12.51
L
o Brouwer et al. (2021
—13.0 ] |.' ! 1 ] I
—15 —14 —13 —12 —11 —10 -9

Baryonic (stars+cold gas) radial acceleration log(gpar [h7o m/s?])
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Low mass discrepancy?

The external field effect

to the res%'_

Ultra-diffuse galaxy with low DM content : s
Isolated mond predicted velocity dispersion: ko
6yonp = 20 km/s but measured at ~10 km/s

But gextN gint ~0.15 a0

= Oyonp Fanges from ~9 to 19 km/s depending
on int. function, stellar M/L, & 3D distance to
the host (Famaey, McGaugh & Milgrom 2018)

M31 dwarfs: McGaugh & Milgrom (2013) a priori predictions compared to
Collins et al. (2013) and Tollerud et al. (2013): correct for And XVII, And
XIX, And XX, And XXI, And XXIII, And XXV, And XXVIII & And XIX

=> large dSphs with low ¢ because EFE
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Negative convergence:
a smoking gun?
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Negative convergence:
a smoking gun?

Artificially place NGC 5055 at z=0.3 for sources at z=5

-~ 10"
" o
x
10°3
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—
o
A
negative K




6, (arcsec)

Negative convergence:
a smoking gun?
Artificially place NGC 5055 at z=0.3 for sources at z=5

. ¥
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Elliptical galaxies

Hydrostatic equilibrium for X-ray gas temperature profile:
g = [- kKT(r)/(r<m>)] x [dInp,/dInr + dInT/dInr]

- NGC6482

_dl X-ray ETGs o |
o I NGC4649
_9_ e :, © | % NGC4472
%ﬁ e NGC4261

2 ]

—10¢t 4| {ncca12s
NGC1521
—11 | B8 nGc1a07
NGC1332

12 : |
Lelll et al . 2 O 1 7 NGC0720

T 12 -11  -10 -9 —g

log(gbar) [m S_2]
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Elliptical galaxies

Jeans modelling of globular cluster systems:

Bilek et al. 2019: Most galaxies can be fitted by the MOND models
successfully, but for some of the galaxies, especially those in centers
of galaxy clusters, the observed GCs velocity dispersions are too

high

1 ()

_90 -
Ig -
— —
2
8’ —11.09 e PBio
o ¢ 3neg NGC 1399

—11.5 - ° B

lit

1 1 1 1 1 1
-11.5 -11.0 -10.5 -10.0 -9.5 -9.0
log(ay [ ms™21])



My, (Mg)
1013

1015

1014

1012

Galaxy clusters:
where it all breaks down...

Temperature profiles of X-ray emitting gas in clusters:

1014t _
- A RX J1159 7
21013;‘ ///://// ‘
()] - /’ ~
g 10121 ////
ol1E 7 | | |
0 o 1x10% 4x10* | 2x10°  6x10°
T (ke¥) Radius [pc]
Famaey & McGaugh (2012) AIlgU.S, Famaey & Diaferio (2010)
Globally, a factor of 2 of Can easily reach a factor of 10

residual missing mass in central parts
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Galaxy clusters:

where it all breaks down...

The discrepancy seems to be related with the depth of the potential
well => EMOND (Zhao & Famaey 2012) where a, becomes a,(d)

BUT then hard to also make the « residual mass » collisionless !!
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Angus, Shan, Zhao & Famaey 2007:

- Take parametric logarithmic potential ®(r)

56

-Use® ,, D ,, O, O, for the 4 mass
components of the bullet cluster

57

-55758

= Parametric convergence k(R)

- x? fitting the 8 parameters on 233 points of the
original convergence map

- With u(x) =1 (— GR),or e.g. u(x) = x/ (1+x), get enclosed M(r):
4nGM(r) = | u(|V®|/a,) 6®/or dA




= Large amount of missing mass around the (gasless)
galaxy centers of the Bullet cluster

=> Density relatively low: 10-> Msun/pc® compatible with
a hot DM component
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Galaxy clusters:
where it all breaks down...

What remains:

Baryon Budget

- Hot dark matter
(HDM, e.g., sterile neutrinos, Angus 2009)

WHIM
Lya forest

- Cluster baryonic dark matter (CBDM, -
Milgrom 2008), cold dense H, clouds e s
- New d.o.f. behaving like DM

in clusters, see, e.g., Dai, Matsuo & Starkman (2008)
... but not in galaxies (like HDM)
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Model building: classical action

Von|?

3
SO d°x dt.

2
SN = Skin + Sin + Sgrav :/%d‘gazdt —/pq)Nd?’a:dt—

2 2/ 2
aol;(lw\ /ao) 3

:> : — 1\

Sgrav BM = / S d°x dt.

2 allmarkK o
F(z) - zfor z> 1 and F(z) — 523/2 forz <1 —— gﬁgﬁ&hkfméom

= 9. |u (B2 va| —ancp

ao

Other version (QUMOND):
V2O =V.[v(|VON|/a,)) VON] with v (x)~x1" for x<<1
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Model building: modifying GR ?

Quite a few 1deas around: for instance, based on the Coincident
formulation of GR based on non-metricity, made non-linear f(Q)
with the usual 3/2 exponent

(D’ Ambrosio, Garg & Heisenberg 2020)

More « classical » attempts: start from EH action and add fields with
their own actions:

2A ‘V d433 + Smatlere [w, g,uv] - /C2Pmatnoire\/ _gd4$
167TG / /

+SS0 + SUM + cee Couplil+/ [C2Pmatnoireupé# T V(|,0§M‘_L)} \/jgd‘la:

g/_w — f(@pa U,LH ---7g,u,1/)

- dissipationless ‘
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Recovering lensing

Einstein equations relate metric to stress-energy tensor just
like Poisson equation relates potential to density. In weak-

field:
gp=-¢? = -(1+20)
g; = e’Pod;, = (1+2W)9;

O =-Y =], in GR (P => dynamics, P-W => lensing)

Idea: replace GR with a theory reducing to the SAME
weak-field metric but replacing ®, by ® obeying MOND

Needs |V = —(1‘3
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k-essence scalar field

m Make the modification act only on an additional scalar field ¢ such
that in the weak-field: ® = &+ ¢

2¢

m Matter fields couple to: g, = €“?g,.

4
C [ ~ ~ LV
59 = _2k212G/d4$ —9f(X) X = klZQM Qbau Py

m Problem for lensing: g; = e 2PN 2o 0;

m What we need 1s an action invariant under disformal
transformations of the type :

D D+8(r); ¥ — U—5(r)]
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Vector fields

m TeVeS (Bekenstein 2004): introduce unit-norm vector
field and

Gy = e—2¢§uy — 2sinh(2¢)U,U,

m But then GW and photons don’t follow same path
=> different Shapiro delay

m Kilonova GW170817 excludes it !
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Vector fields

m Possible to recast TeVeS as single metric theory
with vector field B such that

B, = ¢ %A, and A, A" = —1

=> Speed of light and GWs equal (Skordis & Zlosnik 2019)

How to reproduce the CMB? (Skordis & Zlosnik 2020)

Basically needs to make the scalar field gravitate (i.e., become a
form of DM) i1n time-dependent situations, and act as a
modification of gravity in quasi-static limit
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The SZ action for relativistic MOND

/—h Ko ~ 4 .
S :/d4:c g~ [R — —BF’“’FW +2(2 - Kg)J"V ¢
16mG 2

—(2-KB)Y —F(Y,Q) — MAFA, + 1)] + Sml9]

A

Fu, =2V, A, J, = A°V,A,

Q=A'V,p — ¢

Yo O () V15[

[ .7-':—2IC2(Q—Q0)2+(2—KB)37—|—2(2_KB)373/2—|-... }

| | 30,

v v v
“dust” cosmology Mixing MOND




"
The CMB in relativistic MOND

x1079
—_— ACDM

1.2 - ReIMOND: Kg = 0.5,
Qo = 1Mpc~t, wg = 10717

ReIMOND: Kg = 0.1,

].O 1T - - QO — 1Mpc_1, wo = 10—27
o RelMOND: Kp = 1074,
QO 0.8+ Qo = 50Mpc~!, wo = 10772
~—~
™
+
]
N—
NV

0.0 1

101 102 103
¢/

Skordis & Zlosnik
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Modifying gravity?

g =gy if g>>a,  MOND
g = (gy a)"? if g<<a,  Milgrom 1983

= Convoluted relativistic theory, needs a field behaving
like DM in cosmology, but real challenge: non-linear
regime and galaxy clusters!

Intermediate regime of barely virialized systems??
Ultra-diffuse galaxies in clusters immune to the EFE?




Clues from ultra-diffuse galaxies in
the COma cluster

I3

(0002[) uoneu

Work with J. Freundhch P.-A. Oria, M. Bilek
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Clues from ultra-diffuse galaxies in
the Coma cluster

J130026.26+272735.2 —— MOND isolated |

- Newton

35 - The agreement of the velocity dispersions
- with MOND are impressive !

\ - But the EFE ruins the agreement if
s{ d<5MpC (d > SMpC would require a very

600 L Tawa ] peculiar observer-dependent bias in

o RIS T e | spatial distribution)
K |
E a0k + - Dafficult to understand if HDM makes up
"0 — | the residual missing mass... can’t cluster

in the UDGs

8o 05 10 15 20 25 30 35
R [kpc]



" I
Clues from ultra-diffuse galaxies in
the Coma cluster

J130026.26+272735.2 —— MOND isolated |

s Tt - If CBDM makes up the missing mass in
ool N ~ the cluster, it could also make up the
<2 é\ missing mass in the UDGs, but why

12/7 1 | then such a good agreement with

o | Rikecl |

ol | RS T eten = “Last-hope’ hypothesis: the new d.o.f.
a0 - making up the residual missing mass
ani#’ . (same as sourcing structure in
T2 et — . ‘SZ-MOND’ ?) does not couple to the

1°//“, o field generating MOND in the UDGs

Bo o5 10 15 20 25 30 35

R [kpcl

=> decoupling kills the EFE 1n clusters (?)
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Conclusions on « small-scale »
tensions and the nature of DM

- WDM: good for TBTF, not so much for the other challenges, above ~10 keV, does
not really solve any challenge. Perhaps hot orbits if coupled with non-gaussianities

- FDM: good for TBTF and reducing dynamical friction, not so much other
challenges such as diversity of RC, above ~10-2 eV, does not really solve any

challenge

- SIDM: very promising for diversity! could make failed feedback at the high mass
end worse, velocity-dependence tightly constrained by galaxy clusters

-  MOND: solves quite a few challenges at galaxy scales! But also creates new ones
(convoluted relativistic theory, missing mass in clusters, UDGs in clusters,...)

- BIDM: not explored very much yet...
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Q: Can the MOND phenomenology result from a quasi-equilibrium

configuration linked to baryon-DM particle collisions?
(with high cross sections > 10-3% cm? => not WIMPYS)

A: NO

Reason:

Baryons are clumped into stars (especialy in HSB galaxies), and time
to encounter a star would be several millions of Hubble times even
with such a large interaction cross-section

However, it could (perhaps?) work with a fluid-like scenario where
baryons would heat the fluid through collective excitations, or with
baryons emitting some form of ‘dark radiation’ in the presence of

DM...
Let’s proceed under such assumptions...
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Baryon-interacting dark matter?
Change from CBE to BTE with two fluids through some long-range
interaction (Famaey et al. 2018, 2020)
=>second order moments then give a heat equation which can
resemble the MOND equation if roughly assuming Toc®
3(0 NT 1 | = £
—|=4+u-V)|—+-PY0u;+-V-§=—
2 <8t ) m p 0 p =
Spherical symmetry-+isotropy+no spintequilibrium (no ¢ dependence)
for halo:
— — g
V- (mmVUZ) = —p—

m

Two things to fix: thermal conductivity and heating rate
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Thermal conductivity :

2
- 3 P V*lrelax
KR = 5 through some sort of DM self-interactions

" N

Needs a relatively short relaxation time, let’s take: relax = ———
VGp

Heating rate :

We want a, in the denominator on the 1.h.s., hence should be prop. to
a,, simplest 1s to take a,v, and dimensionless dependence on p and p,

é — Cant ,O_b => little interaction for CMB, just the right
m, o 0 0 energy exchange for EDGES... (simply by

putting a, scale)



Let’s recap all equation for DM (continuity, Jeans, Heat, Poisson):

0 .
0 . =\ ir 92 i
p &-I-u V)u' 40 (pv*) =pg';
3 8 - — 2 2—» - ]_—» 3 p 2—»2 L pb
2((%-I—u V)v +v°V-u pV-(zN GvVv —Caov;



In the DM dominated regime p,<<p in Poisson, equations
invariant under:

T

v 9 8 <
N N

Pb

_>

AT

ANt

Ay

AV

A3,

ANy Myg= XYMy, Va(AZ) = A17¥V; (2)
N4,

so if scale-lengths [o = \L; then

Vi(R)/ Mb11/4 =V,(L, R/L,)/ N[bzl/4
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Superfluid dark matter

Idea of Berezhiani & Khoury: DM could have strong self-interactions and
enter a superfluid phase when

* cold enough (i.e; their de Broglie wavelength A ~ 1/(mv) is large

* dense enough (i.c. the interparticle separation 1s smaller than )

= Superfluid core (~50-100 kpc in MW) where collective excitations (phonons) are
the only relevant degree of freedom (represented by a scalar field in EFT) and
can couple to baryons and mediate a long-range force + NFW-like « normal »
atmosphere outside of the core

Parameters of the theory (or rather, of the toy-model theory):

- DM particle mass m (~eV)

- Self-interaction cross-section ¢ (6/m<< 1 cm?/g)

- Self-interaction « strength » A (~0.05 meV) } combination of A2 and o? related to a,
- Coupling constant of the scalar field to baryons o

- Parameter accounting for non-zero temperature effects 3 (will be fixed)
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Superfluid dark matter

Transition radius R when inverse of self-interaction rate of the
order of dynamical time:

o
_ _ -1
[ = va_tdyn

EFT Lagrangian for the phonons:

~ 2A(2m)3/?
B 3

A

XX = BY|— a—dpy

L
Mp)

where X =1 (®) — (V)2 /2m

=> Varying w.r.t. to the scalar field gives the phonon equation of
motion and varying w.r.t. grav. potential gives the superfluid density



" S
Phonon-mediated force: simple

) \ g, case
Ay — 00—
™" My
Static profile + ignore finite-temperature term:
- Vo) —2mi = Q
v . (Vo) sl 6| = 2 ]\Zb
(V)2 - 2mii P
. |§¢|6¢ ~ o Mpay,

> a’/\’ > lag = o A”
Mp,




"
General case

Spherical symmetry (next step: Kuzmin disks and then numerical
solution for general disk configuration):

(V)2 +2m (% —1)

V(98)2 +2m(8 - 1)i

2v3m*?A (3(6 — D+ (3 - 5) 522)
33/(6 — 1)+ (522

1 d [ ,do

3) Solve Poisson g (r E) = 417G (ﬁb(r) - psp(é(r),ab))

4) Match density and pressure of NFW profile at Ry
=> get virlal mass M,,, (only free parameter, start again with
different central values of potential to get different M,,)

1) Solve

Vé = aMpdy

2) Insert (V¢)? in psp =



I~ 10 20 30 40 50 60

Berezhiani, Famaey, Khoury 2018

UGC 2953 (sphericized profile, a0 ~ 0.9 x 10-1°m/s?)
Black : Mp,~1.6x10"2 M_ . (R} =82 kpc, Rypw=76 kpc)
Red-dashed: M,~=10"° M (R=129 kpc, Rymw=95 kpc)

Sun



System Behavior
Rotating Systems
Solar system Newtonian

Galaxy rotation curve shapes
Baryonic Tully—Fisher Relation
Bars and spiral structure in galaxies
Interacting Galaxies
Dynamical friction

Tidal dwarf galaxies
Spheroidal Systems

Star clusters

Dwarf Spheroidals

Clusters of Galaxies
Ultra-diffuse galaxies

MOND (+ small DM component)
MOND for RCs (but particle DM for lensing)
MOND

Absent in superfluid core
Newtonian when outside of superfluid core

MOND with EFE inside galaxy host core - Newton outside of core
MOND with EFE inside galaxy host core - MOND+DM outside of core
particle DM

MOND without EFE outside of cluster core

Next step: model stellar streams



