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Abstract:

I will present a galaxy formation model within the Lambda Cold Dark Matter (LCDM) fran
of galaxy formation simulations and some of the empirical properties of nearby dwarf gal

| will then use the model to interpret a number of ostensible challenges to the LCDM f
problem"”, "central density problem", the Milky Way "plane of satellites” problem, and t
galaxies. | will show that none of these pose a serious challenge to LCDM within the cut

the corresponding observations can be explained within the standard galaxy formation n
dwarf galaxies provide strong constraints on deviations from LCDM power spectrum on st
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Slo'an\DigitaI Sky' Survey (SDSS) ~14000 square degfees.
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~0.15 degrees

Willman | dwarf galaxy
D~ 40 kpc

Willman, B. et al. 2005
AJ 129, 2692

o
M, ~ 2000 M,

RI/Q ~ 20 pcC
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The number of known dwarf satellite galaxies around the Milky Way

has rapidly increased over the past two decades

Number of known dwarf satellite galaxies
around the Milky Way and Andromeda as a function of time
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Plot from the up-to-date database of dwarf galaxies by Andrew Pace:

https://github.com/apace7/local_volume_database/tree/main

Cf. also review by Simon, J. & Geha, M. 2021, Physics Today 74, 11, 30
https://physicstoday.scitation.org/doi/10.1063/PT.3.4879
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Abstract

We present the discovery of Ursa Major III/UNIONS 1, the least luminous known satellite of the Milky Way,
which is estimated to have an absolute V-band magnitude of +2.277 mag, equivalent to a total stellar mass of
lﬁigx’lfi..Llrsu Major III/UNIONS | was uncovered in the deep, wide-field Ultraviolet Near Infrared Optical
Northem Survey (UNIONS) and is consistent with an old (7> 11 Gyr), metal-poor ([Fe/H] ~ —2.2) stellar
population at a heliocentric distance of ~10 kpc. Despite its being compact (1, = 3 + 1 pc) and composed of few
stars, we confirm the reality of Ursa Major III/UNIONS 1 with Keck II/DEIMOS follow-up spectroscopy and
identity 11 radial velocity members, eight of which have full astrometric data from Gaia and are co-moving based
on lhcir proper motions. Based on these 11 radial velocity members, we derive an intrinsic velocity dispersion of
3.7713 kms ' but some caveats preclude this value from being interpreted as a direct indicator of the underlying
gravitational potential at this time. Primarily, the exclusion of the largest velocity outlier from the member list
drops the velocity dispersion to 1.97] km s ', and the subsequent removal of an additional outlier star produces an
unresolved velocity dispersion. While the presence of binary stars may be inflating the measurement, the
possibility of a significant velocity dispersion makes Ursa Major 1II/UNIONS 1 a high-priority candidate for
multi-epoch spectroscopic follow-ups to deduce the true nature of this incredibly faint satellite.
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Faintest dwarf galaxies around the Milky Way probe the amplitude of the
smallest primordial density perturbations

Models indicate that ultrafaint dwarf galaxies form in dark matter halos of mass M~108 Msun
Their internal densities are sensitive to the amplitude of density perturbations at scales:

A‘ ~ 1-%4 E l\[ = A\[ 41/3 in(,) l/‘; H(] 2/3
, A~ D) I)C ]_08 ﬂ.[;:_:_‘_; 0_3]_ 70

wavenumber Halo mass in which a
galaxy is embedded
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Cold dark matter: Controversies
on small scales

io de Naray, and

February 2, 2015 112 (40) 12249-12255  https.//doi.c

fYin3= 2

Annual Review of Astronomy and Astrophysics

James S. Bullock! and Michael B()}-’lan-K()lchin:

THE DARK MATTER CRISIS

E*Y

-

.
https://darkmattercrisis.wordpress.com

SCIENTIFIC
AMERICAN

Dancing Dwarf Galaxies Deepen
Dark Matter Mystery

SPACE & PHYSICS

A surprising alignment between small satellites of the galaxy Centaurus A challenges the

standard model of cosmology

nature » nature astronomy »> review articles » article

Baryonic solutions and challenges for
cosmological models of dwarf galaxies

Science

BlBjC

Laura V. S.l\e;E, Andrew Wetzel & Azadeh Fattahi

galaxies

Dwarf galaxies suggest dark MoP1
matter theory may be Wrong  smai scate Problems of the ACDM Model: A Short
Review

(© 16 September 2011

1.23,»

Antonino Del Popolo and Morgan Le Delliou %3¢
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Current challenges to the A+Cold Dark Matter (ACDM)
model in the dwarf galaxy regime

No tension Uncertain Weak tension Strong tension
Missing satellites M.—M, ,,, relation Too big to fail Diversity of rotation curves
Core—cusp Diversity of dwarf sizes Satellite planes

Quiescent fractions

from Sales, Wetzel & Fattahi 2022, Nature Astronomy Review

Pirsa: 25090044 Page 10/43



Pirsa: 25090044

Rotation velocity in km/s

Rotation curve diversity

can be explained by strong dark matter self-interactions OR baryonic feedback effects

Zentner et al. 2022 (JCAP, arXiv/2202.00012);
(see also Sands et al. 2024, Koudmani et al. 2025)
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Current challenges to the A+Cold Dark Matter (ACDM)
updated

No tension Uncertain Weak tension Strong tension
Missing satellites Diversity of rotation Too big to fail
curves

Satellite planes

Diversity of dwarf sizes
Core—cusp

Mstar-Mhalo relation _ i
Quiescent fractions
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Rotation velocity in km/s

Rotation curve diversity

can be explained by strong dark matter self-interactions OR baryonic feedback effects

Zentner et al. 2022 (JCAP, arXiv/2202.00012);
(see also Sands et al. 2024, Koudmani et al. 2025)
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Current challenges to the A+Cold Dark Matter (ACDM)
updated

No tension Uncertain Weak tension Strong tension
Missing satellites Diversity of rotation Too big to fail
curves

Satellite planes

Diversity of dwarf sizes
Core—cusp

Mstar-Mhalo relation _ i
Quiescent fractions
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Rotation velocity in km/s

Rotation curve diversity

can be explained by strong dark matter self-interactions OR baryonic feedback effects

Zentner et al. 2022 (JCAP, arXiv/2202.00012);
(see also Sands et al. 2024, Koudmani et al. 2025)
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Current challenges to the A+Cold Dark Matter (ACDM)
updated

No tension Uncertain Weak tension Strong tension
Missing satellites Diversity of rotation Too big to fail
curves

Satellite planes

Diversity of dwarf sizes
Core—cusp

Mstar-Mhalo relation _ i
Quiescent fractions
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Evolution of a Milky Way-sized halo in ACDM model

2= 10 dark matter

Kravtsov, A. 2010, Advances in Astronomy (arXiv/0906.3295)
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Caterpillar dark matter only simulations
of Mllky Way-sized halos Griffen, Ji et al. 2016

("1'( 13 . Cat— Cat—15

Cat—10

L

caterpillarproject.org
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Caterpillar dark matter only simulations
of Milky Way-sized halos Griffen, Ji et al. 2016
Cat—3 Cat- 2

redshift
1.5 0.7

06 0.7 08

scale factor

caterpillarproject.org
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Galaxy formation simulations are more complex and are more uncertain
both due to more complicated numerics and uncertainties in modelling of key processes

Evolution of gas temperature in a region that collapses into Milky Way-sized object by 2=0
(Agertz & Kravtsov 2014, 2015)
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Galaxy formation simulations are more complex and are more uncertain
both due to more complicated numerics and uncertainties in modelling of key processes

emperaturé 225,60

Evolution of gas temperature in a region that collapses into Milky Way-sized object by 2=0
(Agertz & Kravtsov 2014, 2015)
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Galaxy formation simulations are more complex and are more uncertain
both due to more complicated numerics and uncertainties in modelling of key processes

L i

Temperature, z=1.3

Evolution of gas temperature in a region that collapses into Milky Way-sized object by 2=0
(Agertz & Kravtsov 2014, 2015)
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A simple model for the outflow mass loading factor
describing gas outflow rate in simulations

j\':jgas,out =n X SFR

consistent with a general expectation for an energy-driven wind

Muratov et al. 2015

I TTTTI
L 111l

T TTTTTy
(IR |

M, \
10° =236 (17>
101" Mg

107! = 3 -
10* 10 10 1w’ 102 10° 10" 1o
Stellar Mass (M ) at z,,,
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A simple framework for modelling
processes involved in galaxy formation

wind
recycling

feedback-driven
outflows
7 ISM dynamics

star formation
L N~ feedback(/

s o\ Oo\-\ng feedback-driven
e e C ouftflows
etl© st
(2 wind
I recycling

Kravitsov & Manwadkar 2022, MNRAS 514, 2667
partly based on earlier models by Krumholz & Dekel 2013 and Feldmann 2014
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- GRUMPY galaxy formation model

L~
%s. Kravisov & Manwadkar 2022, MNRAS 514, 2667
‘ github.com/kibokov/GRUMPY

> 4
Viraj Manwadkar .
Ji n=n(M,) o« M

(UChicago->Stanford)
ISM gas mass /
evolution

[Mg 2 Mg,in v M* — Mout]

M.
o ]% exp (—R/Rs) Rg= ERopoc(t)

My,

star formation [M* — J Tdep,Hy = 2 Gyr

Tdep,Hz

molecular gas mass

using Gnedin & Draine ‘14 My, = 2 / T (Bg, Zg, fuv) Lg(R) RdR
model 0

Heavy element mass evolution p : . 7
L Z}g 8 MZ’* — ZgM*
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Galaxy stellar mass

Pirsa: 25090044

100 E

10°

103

The stellar mass — halo mass relation

This simple model reproduces stellar-mass halo mass relation of galaxies formed in high-
resolution simulations of dwarf galaxies (Manwadkar & Kravtsov 2022)

108
107 ¢

109

107 F

= GRUMPY
Santistevan + 22
F Y Applebaum + 21
® Hopkins + 22
@® Gutcke + 22
A  Orkney + 21
o
= A
*ﬁ * W
108 107 100 101

A'[pml{ [ﬂ[]

largest (peak) Mg, during halo evolution
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A wide range of observed dwarf galaxy properties and correlations
are reproduced well by the GRUMPY model

Kravtsov & Manwadkar 2022, MN 514, 2667; Manwadkar & Kravtsov 2022, MN 516, 3944; Kravtsov & Wu 2023, MN 525, 325

metallicity-luminosity relation of dwarfs star formation histories of dwarfs Gas mass - stellar mass relation
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Total mass within half-light radius
as a function of galaxy stellar mass

Relation exhibited by observed galaxies (stars and upper limits) is reproduced by model
galaxies (median line and 1- and 2-sigma scatter shown by shaded bands)

M(< 712) & 930 Moy 02 Rijape (Wolf et al. 2010)

1010 R ry No problem with the diversity of
model galaxies - i v
NEFW model b - 9 A dens;tlgs for iocall dwarf
L20 model + 68%,.96% . . A2 ' spheroidal galaxies!

10‘_3
All ultra-diffuse galaxies with
" S~ measured velocity dispersions
107 § (Gannon et al. 2023)

Ultra-diffuse “dark matter deficient”

107 pd galaxies DF 2, 4

Miot(< 7ry/2) (Mg)

10° Lazar et al. 2020 profile

accounts for effects of

total mass within half-light radius

) W MW satellites feedback on the central
10° Q GC-rich UDGs density profile in halos
p o GC-poor UDGs
4 4{«3;;. O DF2, DF4 Kravtsov 2024, OJA 7, 117
14 Lt 1 1 1 1 2
. 16° 10* 10° 10° 187 16° 10° arxiv/2406.13732
M, (Mg)
also Kravtsov & Wu 2023,
galaxy stellar mass MN 525, 325
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Dark matter mass within half-light radius
as a function of galaxy stellar mass

1019 model galaxies Q
NFW model median . N

L20 model median + 68%, Qézj:

10.‘]
= 10°
“a
o
= 10°
V
:: 1(}[;

MW satellites

dark matter mass within half-light radius

10° © GC-rich UDGs
0 GC-poor UDGs
- zg.‘« I DF2, DF4, PUDG R15
10-1 5 1 1 1 1
10 10* 10° 10° 107 10%® 10°
M, (Mg)

Kravtsov 2024, OJA 7, 117

galaxy stellar mass arXiv/2406.13732
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Dark matter mass within half-light radius
is sensitive to halo’s dark matter concentration and thus to
the power spectrum of primordial perturbations
Poim(k) o k™ (k < k)

A‘ Ms—Tg
e (£) > k)

P

Here, ms > n4 corresponds to a blue tilted power spectrum, my < ny to a red tilted power spectrum

——  Blue-tilted

103 A —— Red-tilted
\ ACDM

Ca0)

10
/—\ Work with Ariane Dekker —
a KICP postdoctoral fellow

10 0’ 10’ 10" 10" 10" 10" Dekker & Kravtsoy,
Mogo [M 5] PhysRev D 111, 063516
R arXiv/2407.04198

dark matter concentration
(virial radius/scale radius)

halo mass
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Dark matter mass within half-light radius
Is sensitive to halo’s dark matter concentration and thus to
the power spectrum of primordial perturbations

B i () i ™ (k< kp)
% Ms—Tg
x k™ (A) (B =Es),
5
Here, my > n, corresponds to a blue tilted power spectrum, m. < n, to a red tilted power spectrum
10"
*
>
L WS 2
** *‘_ 8
.r *#
] ¥ CDM B Red-tilted
w0 1wt o100 10 10’ 10 0 10t 100 10 107 10
Ly (Ly, o) Ly (Ly, o)

galaxy V-band luminosity

Dekker & Kravtsov,
PhysRev D 111, 063516
arXiv/2407.04198
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Constraints on the matter power spectrum shape from the
abundance and inner densities of Milky Way dwarfs

3 N
10 \\
‘\\
\h
E al ' .
B 2 MW dwarf density
o 2 P(k) constraints
O —
n
[ - _— =
GBJ = 1o p—— ACDM
O D:: B This work (k, = 1.0 AMpe 1)
= This work (k, = 10 hMpc 1) Dekker & Kravtsov
Gilman+2022 !
107 F Hl Estebant2023 Pl’;élszi\é?o‘]é:‘:éé363516
DES Y| cosmic shear arAlv 2
{ SDSSDR7LRG
<4 Planck 2018 also
eBOSS DR 14 Ly-a forest Esteban, Peter & Kim
10 " e S - arXiv/2306.04674
10 10 10 107

k [Mpc™]
Wavenumber (inverse scale)

Page 32/43



The “planes of satellites” problem

Spatial distribution of dwarf galaxies around Milky Way, and a few other nearby galaxies
e.g., Pawlowski, M., 2018, arXiv/1802.02579

Pirsa: 25090044

spatial distribution

of Milky Way dwarf satellites

Vast Polar Structure (VPOS) of the Milky Way

Milky Way

orbital pole distribution

A'lx
v 1

' X
\ X
o
?f,ax
1
X ’%X
1 x

v XX %
L]

Combined

5007

Sagittarius

of Milky Way dwarf satellites

In the Milky Way the orbital poles of satellite

orbits are correlated

Pawlowski & Kroupa 2020
MN 491, 3042
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The claim was that such flattened configurations are
exceedingly rare in ACDM

Comment ‘ Published: 13 December 2021

It’s time for some plane speaking

Marcel S. Pawlowski®™J

Nature Astronomy 5, 1185-1187 (2021) | Cite this article

771 Accesses |7 Citations ' 24 Altmetric | Metrics

The Milky Way, Andromeda and Centaurus A host flattened
arrangements of satellite dwarf galaxies with correlated
kinematics. The rarity of similar structures in cosmological

simulations constitutes a major problem for the ACDM model,

with no obvious solution in sight.
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Getting distance distribution right is important

in evaluating incidence of the satellite “planes”:
) more concentrated distribution -> thinner plane

\

Khanh Pham Pham, Kravtsov & Manwadkar 2023, MN 520, 3937: Sawala et al. 2022
Physics BSc 2022

Facebook  gatellite “planes”, as thin and as coherent in their orbital poles as those of the MW,
are rare for MW-sized halos in LCDM, but not too rare (MW is a 2-3 sigma outlier).

Similar configurations in nearby galaxies may be due to our location in the Local Sheet (Libeskind+15)
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