Miscalculations in simulations of
Galactic satellites

Carlos S. Frenk

Institute for Computational Cosmology,
Durham




k4
+ 2 @:@
University of Durham

The smallest galaxies

* Key to understanding galaxy formation

* May reveal the identity of the dark matter

The faintest dwarfs have ~10 — 10° M,

—> can only be seen as satellites of the Milky Way
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HICC The smallest galaxies

How much resolution is required to simulate the smallest galaxies?

Gas: the highest-resolution hydro galaxy simulations (Auriga,
Apostle, Fire), have gas mass resolution ~10% M,

‘ Cannot study ultra-faint galaxies with current hydro
simulations

Dark matter: resolution of ~10° M, is enough

) Can study ultra-faint galaxies with semi-analytic models
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HICC A galaxy formation primer
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In which halos do galaxy form?

1. Before reionization,

_ Critical mass to form stars in a halo of
stars can only form if 10.0 -

: mass Myqg
atomic H cooling is I~
effective: > J 95 3 \\\ After reionization
| 2 9.0 TS~
— = ) . 7~
3/2 8 . ~~< 200 =
M ~ (4 x 107 Mo) (%) £ 851 SZx1o%
S ] Jeans orgument‘
5 8.0 -
2. After H reionization, gas " -
is heated to T=2x10*K. It 7.0 ++——F"""7FT"—"—"F—"""7F—""—"1—
can only cool and form 0 2 4 6 8 10
: L Redshift
stars in halos with:
Tyir > Tiom = 2x104 K Benitez-Llambay & CSF 20
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CLC A galaxy formation primer

University of Durham

1. Before reionization,

_ Critical mass to form stars in a halo of
stars can only form if 10.0 -

: mass My,
atomic H cooling is LN
- J 997 "N\ After reionization critical
effective: 2 ~ : ~ Ve ,
< 9.0 7 ~ /mass,MC,
14+ 2\ 32 = : \\\7200 =2 x 1n4
M7 ~ (4% 107 Mg) [ —-2 S g5 - —~ . 10%
11 = : | -~
§ 50 L
2. After H reionization, gas '+ 7 | T N
. ] reionizartion
is heated to T=2x10*K. It 7.0 +——F—"F—F—"""1"—
can only cool and form 0 2 4 6 8 10
stars in halos with: Redshift
' Need to resolve halos of M~107-5 M,
Tyir > Tiom = 2x104 K Benitez-Llambay & CSF ‘20
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HICC A galaxy formation primer
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1. Before reionization, Critical mass for stars to form in a

stars can Only form if 10.0 - halo of mass M,
ator_nlc H cooling is 9.5 \\‘ — —
effective: - ~ : 2
Z 9.0 i ' cr
7 142\ 3 : 2 X 104
My ~ (4 x 107 Mo) (T) £ 851 — 0%k
;C:': : - luminous halo
o 8.0 E star-free halo T . —
2. After H reionization, gas "~ - Remains darky i
. i r 1ZaTtion
is heated to T=2x10*K. It 7.0 +¥——F—"F—""T"—""F"—"1—
can only cool and form 0 2 4 e hﬁf 8 10
. . ift
stars in halos with: eash
Tyir > Tiom = 2x104 K Benitez-Llambay & CSF ‘20
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HECC A galaxy formation primer

niversity of Durham

Halo Occupation Fraction (HOF): fraction of halos
of a given mass TODAY that host a galaxy

L0 —&- Simulation 8
~ Simulated assembly Halos of M<3x10%M,
0.8 7 histories today have NO galaxy
__ EPS assembly
0.6 histories

Halos of M>5x10°M,
today all have a galaxy
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fraction of halos that host a galaxy
HOF
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log1o (M200/Meh™?)
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About 55 satellites known In
the MW so far from partial
surveys (e.g. SDSS, Pan-

STARRS, DES)

Can infer total population from~ "f . :
survey selection function,
assuming a radial distribution
(from simulations)

(Newton+18, Koposov+08, Tollerud+08,
Hargis+14) 02

CC
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The MW satellite luminosity function

2(;]()02 I'\/IO! |1 (')5 II\/IO' 1 v || v I v 1 v I
SDSS +« DES
Total No in MW DES only
0 (M, =0; r<300 kpc) - f,'f“ ”{‘ -
* 40
- ——— -+
Cumulative

My )

satellite lum. fn.

—————

b - ———
-

Newton, Cautun, CSF+ 18 l
' T "6 -8 =10 2 =14 —I6 I8
My

Institute for Computational Cosmology




v University of Durham

&« | The MW satellite luminosity function

Comparison of hdyro
simulations and Galform

The “Magpie” project:
Eagle resimulations of
MW analogues

Gas mass ~10° M,
DM mass ~108 M,
~10° M, (7DM)

Shao, Cautun, Frenk ‘22

N (> M,)

- = = - Hydro
- = = - Hydro 7DM -
Galform Hydro ]
Galform Hydro 7DM -

log,(M. / Mg)

Institute for Computational Cosmology




1JBECL | The importance of “orphan” galaxies

A

- — — - orph

Galform applied to the 100F N\ e w. surviving subhaloes -
Magpie hydro : :

simulation merger trees

Magpie:
Gas mass ~10° M,
DM mass ~10° M,
~10° M, (7DM)

N (> M,)

e ~2/3 of ultrafaints are orphans

* Even relatively bright satellites l0g;0(M. / M)
can be orphans
Shao, Cautun, Frenk ‘22
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ICL | The MW satellite radial distribution

niversity of Durham

Where are the orphans?
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+JBECE | The plane of satellites in the MW

Sibelius project
Constrained realizations of the local universe (w. BORG & SWIFT)

Till Sawala, Marius Cautun, Carlos Frenk, John Helly, Jens
Jasche, Adrian Jenkins, Peter Johansson, Guilhem Lavaux, Stuart
McAlpine, Matthieu Schaller
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1+ BCC | The plane of satellites in the MW
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Problem: the 11 “classical” Milky Way satellites are in a thin, possibly
rotating plane (Lynden-Bell 1976)
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1+ BCC | The plane of satellites in the MW
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The plane could be a spinning disk

The orbital poles of 7 of the 11 satellites are clustered

GAIA DR2

Feo 1Praco/ / y Y ;

30 Ak —— L

Pawlowski & Kroupa (2020)
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1+ BCC | The plane of satellites in the MW
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180 . .
10t 1 Howrareis it?
100 :
§§ ] No strong correlation —
2L ] <1:100,000 chance?
60 | i
. Eigenvalues
.l ’ of inertia
0t - tensor
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20+ |
10| X TNG100 pre Gaia 2018 [ [ .
+  TNGI100 Dark GaiaDR2 only
combined
0.0 0.2 0.4 0.6 0.8 SwESE=Cron Pawlowski & Kroupa (2020)
c/a
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t=-1.0Gyr
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UICC The plane of satellites in the MW

mversr[y of Durham

Percentiles in ACDM
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1 ECLC

V‘ Umversr[y of Durham

The plane of satellites in the MW
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Time-average median

Each satellite
integrated for one
orbital period,
with the other 10
satellites fixed

Simultaneously

integrated over

the past 0.5, 1
and 2 Gyr.

The present values of c/a and (c/a), ., of the MW are unusually

low — for the MW!
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@";@ Evolution of the plane of satellites
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+JBEL | The rotating plane of satellites

What about the clustered poles?

. Gaia EDR3: 23 degrees (not 16)
. Look elsewhere effect

. Complete sample of subhaloes (with orphans)

We have 5/200 (2.5%) more clustered than the MW (compared to 0.04%)
Still rare, but not astronomically unlikely.
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Aaa Conclusions

galaxies CYAL &
Beyond of current simulations
But can be with in DM sims of res.

are important even at hi res.

Galform simulations with and
No “too many satellites™ problem

Flattening (c/a) of and alignment of orbital
poles are
The of satellites is will get fatter

N



