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- - cosmological simulations with baryons
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re in Cold Dark Matter

Well-defined mass function
— More small halos than large ones

Self-similar abundance of
substructure

Universal, “cuspy” halo density

profiles
— resilient to tidal effects

6 Orbits and accretion histories

Aquarius-A MW-mass halo simulation [Springel+08]

[See e.q. Press&Schechter74, Bond+91; White&Rees78;
White&Frenk91, NavarroFrenk&White97; Springel+08;
Bullock&Boylan-Kolchin17].
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Substructure observed in the MW ““Not up-to-date
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'simulations with baryons

THE EAGLE siMULATION

yrham icc.dur.ac.uk/Eagle

ww.smcalpine.com
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smological simulations with baryons

Some examples [\/ogelsberger+2020 and referenees therem]
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+ e.g. EDGE, COLIBRE, NewHorizon, Lyra, Gear, DC Justice League, Hestia, FLAMINGO,
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Tests of Cold Dark Matter at small-scales

Dark Matter Abundance of

density profiles substructure
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Dark matter density profiles

Pure Dark Matter-only simulations

CDM
WDM (2 keV thermal)

= == SIDM (1cm?g™")

NFW profile (Navarro+97)

[Bullock&Boylan-Kolchin201 7] [Read+20106]
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r kpc]
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Dark matter density profiles

Pure Dark Matter-only simulations
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“Cuspy” WDM (2 keV thermal)
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Dark matter density profiles

Pure Dark Matter-only simulations
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“Cuspy” WDM (2 keV thermal)
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Dark matter density profiles

Pure Dark Matter-only simulations A simulation of Dark matter with baryons
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WDM (2 keV thermal)
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NFW profile (Navarro+97)

[Bullock&Boylan-Kolchin2017]
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Dark matter density profiles

Pure Dark Matter-only simulations

CDM
WDM (2 keV thermal)

=== SIDM (1cm®g™!)

NFW profile (Navarro+97)
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[Bullock&Boylan-Kolchin2017]
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RAMSES code with feedback from Agertz+13
N 4 (~EDGE model)

A slmulation of Dark matter with baryons

* [Read+2010]
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Dark matter density profiles

',f. code with feedback from Agertz+13
(~EDGE model)

Pure Dark Matter-only simulations A simulation of Dark matter with baryons

i M200= 109 M®

WDM (2 keV thermal)
= == SIDM (1cm?g ") ’ R 3 +

Strong feedback can
fransform cusps into cores

-w

NFW profile (Navarro+97)
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-ty of dwarf rotation curves
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CDM predicts fixed “cuspy” rotation curve shape at given mass.
Observations suggest diversity of shapes.

“Cusp-Core problem” e.g. Flores&Primack94; Moore1994; de Blok+2001; Gentile+2004; de Blok2010

[Santos-Santos+2020a, see also Oman+15]
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[Santos-Santos+2020a, see also Oman+15]

y of dwarf rotation curves
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[Santos-Santos+2020a, see also Oman+15]

of dwarf rotation curves
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[Santos-Santos+2020a, see also Oman+15]

of dwarf rotation curves
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[Santos-Santos+2020a, see also Oman+15]

of dwarf rotation curves
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[Santos-Santos+2020a, see also Oman+15]

of dwarf rotation curves
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o [Santos-Santos+202043]
- of dwarf rotation curves
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o [Santos-Santos+202043]
-y of dwarf rotation curves
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o o [Santos-Santos+20204]
-lty of dwarf rotation curves
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-ity of dwarf rotation curves

Baryon-induced cores+cusps?
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- of dwarf rotation curves

Baryon-induced cores+cusps?
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Existing models produce
either cores or cusps, but

do not reproduce the full
diversity
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[Santos-Santos+2020a3]

-versity of dwarf rotation curves

Baryon-induced cores+cusps?
- ‘
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o o [Santos-Santos+20204]
-lty of dwarf rotation curves

Baryon-induced cores+cusps?
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0.1 0.3 b 10 01 0.3 i 1Y
Tlbar — (va,ﬁd/vvﬁd)2 Tlbar — (va,ﬁd/vvﬁd)2
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[Santos-Santos+2020a3]

.iversity of dwarf rotation curves

SIDM + VbarMobs model
SIDM DM-only simulation 6=10 cm?2/g

+ Analytical model to add baryon effects following Self—interactin g Dark Matter?

observed Vbar data

300 x S|DM‘|‘V%2§ mode|

E‘ 100
c 70
~<,
Sﬁ 30
10 L 5
7 % SIDM-+VePS model
30 70 100 300
Vinax |[km/s|

13 [.Santos-Santos (ICC, Durham.



w. /N it's simplest version:
W clastic velocity-independent
Cross-section

o o [Santos-Santos+20204]
-lty of dwarf rotation curves

SIDM + VbarMobs model
SIDM DM-only simulation 6=10 cm2/g

+ Analytical model to add baryon effects following Self—interactin g Dark Matter?

observed Vbar data

300 x SlD"‘Vgg? mdeI

E‘ 100
< 70
ﬁ:j 30 SIDM model ields more
diversity, but this is by
construction (we input the
10E. 1 | Vbar profiles observed)
v % SIDM-+VePS model e
30 70 100 300
> B

13 [.Santos-Santos (ICC, Du-



-f dwarf rotation curves

SIDM + VbarNobs model

SIDM DM-only simulation 6=10 cm2/g
+ Analytical model to add baryon effects following

observed Vbar data

w. /N It'S SIMplest version:

" elastic velocity-independent
Cross-section

Self-interacting Dark Matter?

[Santos-Santos+2020a3]

Yang, EN, Yu 2023 (2211.13768) e
300 F X SIDM+V¢PS model | . ;I; SIDM |
i - - 105
+++ ODbs. .. e
te o un/m) Yot Ma® o ooit| MO
“n’ 100 o5 L i
E 70 . ‘l:o 3 400 E 7is
= g s zﬁﬁoog%:’f =
S o o o &
gé 30 z Q%Q’fgf o ds more
s So ., 0, 45 5 is by
~ 10} A N | B 5 input the
10 E, . 130 served)
7 core-forming
s 115
30 70 100 300 N-body predictions
. . . 0
VmaX [kHl/S] Vol ks
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[see also Oman+19, Santos-Santos+2020a3]

.rsity of dwarf rotation curves

Observational uncertainties: Roper. SS, 42023

70! ECuspy galaxy (True) -~ | 1
® Cuspy galaxy (Mock) 0.9t
00} PCored galaxy (True) v
® Cored galaxy (Mock . ’
[ 50 i ,// f>C<S 0‘7 |
— ,,/ E
IU) /’, ’ E O 6
E 40 ,/' - O
5 - , 0.5
w6 I
©
= 30+ £0.4
. =
0.3
207 . o,
40 50 60 70 80 100 0.1 BT 0% AL hoy EEEE T T
Vimax [km s7*] Nbar = (Vb, fia/Vid)? ® [*]viewing angle

If we analyse simulated galaxies using same methods as observers use,
iInferred gas rotational velocities are biased towards the presence of a ‘core’,
even when the galaxy truly hosts a ‘cusp’.

14 [.Santos-Santos (ICC, Durhan



[see also Oman+19, Santos-Santos+2020a3]

.rsity of dwarf rotation curves

Observational uncertainties: Roper. SS, 42023

T 7 T
7’

70! MICuspy galaxy (True) -* | 1.0}
® Cuspy galaxy (Mock) 0.9}
00} PCored galaxy (True) 1 0.8l
® Cored galaxy (Mock) . '
[ 50 B ,// f>C<5 0‘7
— ,,/ E
IU) /’, ’ E O 6
E 40 ,/' e O
g P , 0.5
o (& |
©
= 30+ 50.4
= =
0.3
20¢
40 50 60 70 80 100 0.1 g2 069 208 0o
VAR | e Noar = (Vb fid/Vid)?

If we analyse simulated galaxies using same methods as observers use, Sic mmetri on-cireular motions
inferred gas rotational velocities are biased towards the presence of a ‘core’, SoyIIMet e fal moron
even when the galaxy truly hosts a ‘cusp’.
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Diversity of dwarf rotation curves: status

4+ No existing model can reproduced the full diversity of observed dwarf rotation curve shapes

4+ Observations suggest baryons are negligible in ‘cuspy’ galaxies, and dominant in ‘cored’
galaxies. No existing model can reproduce this trend.

4+ Simulations suggest that gas rotational velocities measured near the centres of galaxies are
affected by non-circular motions. Therefore, rotation curves derived from HI data do not
follow the true circular velocity, and cannot be used to infer the underlying dark matter
density profile.

4+ The presence of non-circular motions, plus HI thick disks, biases rotation curves to look
more like “cores”.

4+ Do real galaxies also present such ubiquitous non-circular motions? Or is this an issue with
our current limited modelling of galaxies?

[.Santos-Santos (ICC, Durham)



Diversity of dwarf rotation curves: status

4+ No existing model can reproduced the full diversity of observed dwarf rotation curve shapes

4+ Observations suggest baryons are negligible in ‘cuspy’ galaxies, and dominant in ‘cored’
galaxies. No existing model can reproduce this trend.

4+ Simulations suggest that gas rotational velocities measured near the centres of galaxies are
affected by non-circular motions. Therefore, rotation curves derived from HI data do not
follow the true circular velocity, and cannot be used to infer the underlying dark matter
density profile.

rotation curves of observed late-type dwarfs are similarly impacted

° ° ° o _ h. h lik 1 T l t o d f l t. h t
+ The presence of non-circular motions, plus HI thick disks| et At et
galaxies have DM cusps is easier to reconcile with the available data

more like “cores”. than one where most galaxies have sizeable DM cores.
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Abundance of substructure

[Lovell+2014]

CDM

[.Santos-Santos (ICC, Durham)
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Abundance of substructure

CDM
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Abundance of substructure

[Lovell+2014]

CDM

" HDM
Frenk&Whlte+201 2

CDM /-\/\

Dwarf galaxy
regime
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2 e i
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Abundance of substructure

CDM
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o [Santos-Santos+2022]
-r-Mhalo in the low-mass end

Different hydro- NIHAO (Wang-+15) FIRE (GarrisonKimmel+19)
simulations do 11 FIRE HR (Wheeler+19) iy APOSTLE (Fattahi+18)
not agree on FIRE (Hopkins+17) oo CHANGA (Munshi+21) ‘
the galaxy-halo Fattahi+13 T NIHAO-UHD (Buck+19) .=
connection at i | o ‘ 3
IOW MAasses 10° MW (Cautun+-20)

< 107 Ht

=

102
Vinax [km/s] ~Mhalo
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o [Santos-Santos+2022]
-Mhalo in the low-mass end

Different hydro- NIHAO (Wang+15) FIRE (GarrisonKimmel+19)
simulations do 11 FIRE HR (Wheeler+19) APOSTLE (Fattahi+18)
not agree on FIRE (Hopkins+17) CHANGA (Munshi+21)
the galaxy-halo Fattahi+18 NIHAO-UHD (Buck+19)  ..-*
connection at g b bt 5
IOW MAasses 109 MW (Cautun+20)
.l.\}\}c""’
) ‘N\ .
S 107t

=

105
\ Expected in models
\ where galaxies can only

| form in halos above the
| "hydrogen cooling limit”

[Okamoto&Frenk09;
Benitez-LIlambay&Frenk+20]

103

10° 102
Vinax [km/s] ~Mhalo
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-Mhalo in the low-mass end

Different hydro- NIHAO (Wang+15)
simulations do {11 FIRE HR (Wheeler+19)
not agree on FIRE (Hopkins+17)
the galaxy-halo Fattahi+-18
connection at 8 | e

IOW MAasses 10° MW (Cautun+?0)

r 1 K
K
L
-
R
o
; *
-
*
-
o
——— o?

Following scale-free
nature of halo mass

function

Vinax [km/s] ~Mhalo

17

FIRE (GarrisonKimmel+19)
APOSTLE (Fattahi+18)
CHANGA (Munshi+21) |,
NIHAO-UHD (Buck+19) .-

e
0

A
vt
“

 form in halos above the

[Santos-Santos+2022]

Expected in models

where galaxies can only [Okamoto&Frenk09;

Benitez-LIlambay&Frenk+20]

“hydrogen cooling limit”
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o [Santos-Santos+2022]
- in the low-mass end

' = NIHAO (Wang+15 FIRE (GarrisonKimmel+19
Different hydro ( ) ( )
simulations do 1011 FIRE HR (Wheeler+19) APOSTLE (Fattahi+18)
not agree on FIRE (Hopkins+17) CHANGA (Munshi+21) ],
the galaxy-halo Fattahi+18 NIHAO-UHD (Buck+19)  .-°"
connection at g | e %

IOW Masses 10° MW (Cautun+20)

ot
y L

@ 0‘ 0‘

0‘ ‘b’“‘
S 107 Ht i
= "’0 ’O

Expected in models

\ where galaxies can only
|

/ - form in halos above the
7 o Cutoff - “hydrogen cooling limit”

[Okamoto&Frenk09;

Following scale-free Benitez-Llambay&Frenk-+20]

5 # nature of halo mass
10 | function

10* 102
Vinax [km/S] ~Mhalo

il Satellite luminosity function

CDM subhalo mass function + M*-Mhalo relation w/ scatter
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o [Santos-Santos+2022]
-m the low-mass end

Different hydro- ® NIHAO (Wang+15) FIRE (GarrisonKimmel+19)
simulations do 1011 %  FIRE HR (Wheeler+19) ‘ _ 101 APOSTLE (Fattahi+18)
not agree on O FIRE (Hopkins+17) o] » > CHANGA (Munshi+21)
the galaxy-halo — Fattahi+18 NIHAO-UHD (Buck+19)  ..-*
connection at F e ‘
IOW MASSes 10°F ¥ MW (Cautun+20)
sl
*\“\:}Q‘.
© - SLul
10° — —
[Springel+2008] ,_, 1
10 E
10 -
. : Expected in models
< gl 1 lowing scale-free | where galaxies can only i o, m&%f@%ﬁi@fg@%ﬁ; .
= 1 |ure of halo mass / form in halos above the
L 1| function /,’ Cutoff k\ “nydrogen cooling limit”
100 L s 102

CDM subhalo mass function + M*-Mhalo relation w/ scatter -2 Satellite luminosity function
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[Santos-Santos+2022]

-Mhalo in the low-mass end

MW-mass host . MC-mass host

—— MW —e— LMC, possible | Estimates of which

—== SAGA LMC, most-likely @@= MW satellites were
~~ (Santos-Santos+21) contributed by LMC

s (utoff
mmmmm Power-law

V200 =79 km/s

104 106 108 1010
t
M3 /Mg
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o [Santos-Santos+2022]
-Mhalo in the low-mass end

. MC-mass host

MVW-mass host

NI\ U LMC, possible Estimates of which
—== SAGA ) LMC, most-likely @@= MW satellites were
e T y  (Santos-Santos+21) contributed by LMC
s Power-law j o

) Vzo() =79 km/s

)

4

J

J

J
J
J
J

----~

4

ultrafaint regime

J

N
104 106 108 1010
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o [Santos-Santos+2022]
-10 in the low-mass end
MW-mass host L. MC-mass host

—— MW
- == SAGA
s (Cytoff

mmmmm Power-law

’ Estimates of which
MV satellites were
- contributed by LMC

—eo— | MC, possible

LMC, most-likely <€~
=~ (Santos-Santos+21)

Vzoo =175 km/s

= 5w L L L~ ~ W

5 or 20 satellites”?
— Satellites of Dwarfs in the
Local Volume are promising

[DELVE-DEEP survey,
e.g. Medoff+2025,
Doliva-Dolinsky+2025]

108 1010
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Mgiar-Mnaio 1IN the low-mass end: status

4+ Hydrodynamical models do not agree on the galaxy-halo connection on the low-mass end.

4 Whatever assumption is chosen will have a strong impact on the predicted satellite
luminosity function.

4+ Observations of satellites around massive dwarfs could help discriminate between Mstar-
Mhalo models.

4 Remaining caveats: Different dark matter models predict different underlying subhalo mass
functions (CDM vs WDM) precisely in the dwarf regime of interest here.

4 What are the physical mechanisms driving galaxy formation in the smallest halos?
E.g. Impact of the photoionizing background / atomic hydrogen cooling dominates, or
molecular cooling is also important? / Lyman-Werner radiation can dissociate molecular
gas?

[.Santos-Santos (ICC, Durham)



bundance and densities of MW satellites

[Simon+2019]
—

Photographic I Digital I

surveys surveys
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bundance and densities of MW satellites

[Simon+2019]
—

[Bullock&Boylan-Kolchin+2017]
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undance and densities of MW satellites

-Kolchin+2017]
% [Simon+2019]
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undance and densities of MW satellites

-Kolchin+2017]
% [Simon+2019]
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Credit: Daniel Boyea / Gaia

e cluster

ambiguous = dwarf




_ensities of MW satellites

22 [.Santos-Santos (_



IAbundance and densities of MW satellites

Highest resolution
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000°000'T="N

000'00e="N

000'001="N

000'08="N

©c - O (np) 4.0

_ _ _
[P*"*%3]30]

Q
Q
O
<
M
O
X
O
2
0p)
0p)
C
)
K
o
O
O,

[P“"*%3]80]

°c T 9w

[P*"*%]801

T° T

1 —--—--—--—-\—-

N o™ T
I I | |

[P*"*%]801

10 10
t [Gyr]

10

10

c
2
-
=
@)
9]
D)
p S
-
N
D)
2
@)
—

[.Santos-Santos (ICC, Durham) I

23



IAbundance and densities of MW satellites

Cosmological simulations suffer from
artificial disruption of subhalos [—

€=0.003
T I ™

I og[ fbound ]

[Credit:Jens Stucker BACCO]
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°_ o o [Santos-Santos+2025]
-ance and densities of MW satellites

Aquarius project

4 . Y, . . » . -
P it5d o C s, O .
. R e\
; .- ‘.-‘.‘ 4 o

Name My €
Mp) (pc)
Ag-A-1 1.712 x 103 20.5
T —
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°_ o o [Santos-Santos+2025]
-dance and densities of MW satellites

Aquarius project j GALFORM

(©
\ /

Name My € |
Mp) (pc) |
Ag-A-1 1.712 x 103 20.5

| —

7 Semi-analytic model
for galaxy formation
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°_ o o [Santos-Santos+2025]
-lance and densities of MW satellites

Aquarius project j GALFORM

e (Galform reads Aquarius merger
\_/

trees and particle data, and is
able to track the evolution of a
galaxy after it disrupts (following
the most-bound particle).

e “Type-1s” (satellites In
I l ‘resolved” subhalos)

e “Type-2s/orphans” (satellites in
“Unresolved” subhalos).
+

| Semi-analytic mode
for galaxy formation

Name My €
Mp) (pc)

- Ag-A-1 1.712 x 103 20.5

e
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[Santos-Santos+2025]

“Orphans”: sub-resolution galaxies

Starts at time
when MZMpeaK

STRTR STRTER
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Distance/kpc
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[Santos-Santos+2025]

“Orphans”: sub-resolution galaxies

Starts at time
when MZMpeaK

STRTR STRTER
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Distance/kpc
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Numb part subh
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°o_ o o [Santos-Santos+2025]
-e and densities of MW satellites

— - Typels
= Total (typels + type2s)

lOg Mstar/M®

Peak stellar mass (no stripping)
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°o_ o o [Santos-Santos+2025]
-nd densities of MW satellites

1/2 of the total number of MW
satellites are orphans in L1!

— - Typels
= Total (typels + type2s)

lOg Mstar/ M@

Peak stellar mass (no stripping)
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°o_ o o [Santos-Santos+2025]
- and densities of MW satellites

103 -
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°o_ o o [Santos-Santos+2025]
- and densities of MW satellites

—-= Typels
— Total (typels + type2s)

1/2 of the total number of MW
satellites are orphans in L1!

— - Typels
= Total (typels + type2s)

lOg Mstar/ M@

Peak stellar mass (no stripping)
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°o_ o o [Santos-Santos+2025]
-nd densities of MW satellites

== Typels
— Total (typels + type2s)

1/2 of the total number of MW
f_ satellites are orphans in L1!

Orphans dominate the inner
regions of the MW halo

— - Typels
= Total (typels + type2s)

lOg Mstar/ M@

Peak stellar mass (no stripping)
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©_ o o [Santos-Santos+in prep]
-nce and densities of MW satellites o

Dark matter tidal stripping

“Tidal Tracks” [Errani+21]

| | circular orbit
/ Y r = 40kpc

tidal track

—0.2

logqg VC/ Vinxo

—0.6

grid resolution

—0.8
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-ce and densities of MW satellites
Dark matter tidal stripping

27

logqg VC/ Vinxo

“Tidal Tracks” [Errani+21]

CDM, subhalos
lways survive

circular orbit
r = 40kpc

[Santos-Santos+in prep]
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-e and densities of MW satellites

27

Dark matter tidal stripping

“Tidal Tracks” [Errani+21]

CDM, subhalos
lways survive

circular orbit
r = 40kpc

Subhalo stripping in WDM, SIDM, ...

[Santos-Santos+in prep]
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-e and densities of MW satellites

Dark matter tidal stripping

Stellar tidal stripping?

“Tidal Tracks” [Errani+21]

logqg VC/ Vinxo

Subhalo stripping in W

27

circular orbit
r = 40kpc

CDM, subhalos
lways survive

DM, S

[Santos-Santos+in prep]
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-e and densities of MW satellites
Dark matter tidal stripping

27

“Tidal Tracks” [Errani+21]

A

CDM, subhalos
lways survive

Subhalo stripping in WDM, SIDM, ...

circular orbit
r = 40kpc

Stellar tidal stripping?

What is the initial energy
distribution of stars”?

What Is the Iinitial size of

the stellar component”?
[See Errani+22,24]

[Santos-Santos+in prep]
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ities of MW satellites: status

4 The number of known MW satellites has rapidly increased in the last decade.
4+ Some confirmed galaxies, other whose nature remains “ambiguous”.

4+ Cosmological simulations at even the highest resolution suffer artificial subhalo
fragmentation. This needs to be corrected for if we want robust predictions in the ultrafaint
regime.

4+ Models including “orphan” galaxy tracking show that half of the total population of MW
satellites are “orphans”. These are located at close distances (similar to “ambiguous”
population observed).

4+ Comparison to z=o data requires modelling dark matter and stellar stripping. CDM

stripping well understood. However, what are the expected energy distributions of stars
in dwarf galaxies? Advanced hydrodynamical models may help respond this question.
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