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Preliminaries...

The “relaxation time” for a collisional system of N particles is For cosmological simulations...
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The relaxation time of galaxies and halos is long... The relaxation time for simulated halos

...even for relatively low-mass galaxies can, in principle, be short, but will always
decrease with decreasing halo/galaxy mass
Simulations must emulate this behaviour with much smaller N
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Coll15|onal relaxation of simulated galaxies and halos
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“Convergence radius” of DM halos: k(r) = —
(e.g. Power et al, 2003) 8In N r200/ Vzog 8 In N(T)

N  r/V. V200 N(r) {ﬁ(r)]_l/z
Pcrit

Kk (r) is defined as the relaxation
time expressed in units of a

Hubble time
Better convergence is obtained %” Q
for higher values of k(7) = £
o —
v =
200 [106] conv [ pC] g;’ §°
1074 0.35 AL/ ]
VAR v, (Navarro et .‘3‘1..291.9.).
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CQlllSlonal heating of simulated galaxies and halos

Multi-component collisional systems tend toward energy equipartition:

2 2
m* U* ~ mDI\xI UDI\’I ﬁ m*k

For a typical galaxy in a cosmological simulation m*af < mDMU[Z)M

TMpM {lpm -
e Qbar

(cosmological simulations typically sample
Lagrangian density fields with equal numbers
of DM and baryonic particles)

and

mMpwm

O

< 1
ODM

(galaxies — particularly disk galaxies — are
“colder” than their surrounding DM haloes)
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Example: “idealized” elliptical galaxies
(Ludlow et al, 2019)

mpwm

o

ODM

<1

log Ve(r)/Vann

log Vi(r)/Vago

0.2

0.0

—0.2

rEccbllIS[onal heating of simulated galaxies and halos
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Sellwood (2013)
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Disk heating rates calculated analytically
by Lacey & Ostriker (1985)

Assumed that black holes were
plausible candidates for dark matter

BHs cannot be more massive than
MBH ~ 106 M@

or the Milky Way's disc would be hotter
and thicker than it is observed to be
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High Resolution Simulations
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Low Resolution Simulations
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The evolution of stable equilibrium stellar
disks in coarse-grained DM halos betrays the
effects of spurious collisional heating:

1) Disks become hotter and thicker as a function of time

2) The effects are more pronounced at lower resolution

3) Disks are heated/thickened at all radii (but more in
the centre)

Different line styles in these plots show different stellar
particle masses

(See Matt Wilkinson's talk and Wilkinson et al (2022) for an assessment
of how spurious heating affects disc morphology)

bﬂlmpact of spurious collisional heating on disc galaxies

Ludlow, Fall, Schaye & Obreschkow (2021)
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Disk heating rates can however be modelled

(e.g. Chandrasekhar 1960, Lacey & Ostriker 1985) 0.5
Ac? 1m L
L — /275G In A PRMTIDM fi...)
At UDM
—0.5
=
o
In practice... o =10
EEI
t+ 1o ~1.5
o3(0) = oy |1 - exp (—
tvir
¥
to sets the initial velocity dispersion
=38
tvir timescale For maximal heating, i.e. 0; = 0DM

Ludlow, Fall, Schaye & Obreschkow (2021)
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Disk heating rates can however be modelled Ludlow, Fall, Schaye & Obreschkow (2021)

(e.g. Chandrasekhar 1960, Lacey & Ostriker 1985)
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I aligéatlons for cosmological simulations of galaxy formation
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It is important to assess these effects in cosmological simulations of galaxy assembly

We carried out 2 EAGLE simulations that differ only in the mass of DM particles:
mpn = 9.7 x 10° Mg, mgee = 1.8 x 10° Mg, p = 5.3
mpy = 1.4 x 10° Mg, mges = 1.8 x 10° Mg, p=0.8

The subgrid physics models, force and baryon mass resolution, and numerical parameters are identical
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Impl|qat|ons for cosmological simulations of galaxy formation
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Does the DM mass resolution affect the basic galaxy population statistics? Ludlow, Fall, et alin prep.
—8.5
Star formation rates Npu = 7523 (g =5.35)
—9.0f Npum = 7 X 7523 (1 = 1.30)
-95

=038
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Does the DM mass resolution affect the basic galaxy population statistics?

gatlons for cosmological simulations of galaxy formation
15

Ludlow, Fall, et alin prep.
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i’gatiqns for cosmological simulations of galaxy formation
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Does the DM mass resolution affect the basic galaxy population statistics?

Ludlow, Fall, et alin prep.
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Does the DM mass resolution affect the basic galaxy population statistics?

Stellar-halo mass relations

This is good...

Collisional heating does not affect some of the
basic predictions of hydrodynamical simulations

Steinmetz & White (1996): spurious heating of gas
particles problematic as well, but requires DM
particle masses a few orders of magnitude larger
Than those adopted For most recent simulations

13
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Impllqatlons for cosmological simulations of galaxy formation

Ludlow, Fall, et aliin prep.
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n,)pllg'qatlons for cosmological simulations

of galaxy formation
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qatlons For cosmological simulations of galaxy formation
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But what about the structural and kinematic properties of galaxies?
Ludlow, Fall, et al in prep.

Stellar velocity dispersion o R _ Rr-'[} oo (NEW)

. . o Npu = 752
Reasonable convergence in stellar velocity il e
dispersions provided the intrinsic dispersion 02} S

exceeds that expected due to collisional
heating, i.e.

gc-ull(j‘ir: R: t) f\:.a T (J‘I R: f)

ForEAGLE...

log 0,.(Rs50)/Vano

Moo ~ 4.8 x 10 M,

or with high-res DM... -0.3

1 — 11 i i i i I ‘.L'- I I
Meon = 1.6 x 107" M, 100 105 110 115 120 125 130 135
log Magg [Mg)
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But what about the structural and kinematic properties of galaxies?

Galaxy sizes

Reasonable convergence in galaxy sizes
provided the intrinsic velocity dispersion
exceeds that expected due to collisional
heating, i.e.

O'Spur (R) O x (R)

(Note that the flattening of the size-mass
relation at low stellar masses is also

present in simulations other than EAGLE)
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Impllqatlons for cosmological simulations of galaxy formation

Ludlow, Fall, et alin prep.
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Meon =~ 5.9 x 101 M.

Meon ~ 4.8 x 101 M.

Imphqatlons for cosmological simulations of galaxy formation

Meon =~ 3.6 x 101 M
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log 0,(Rs0)/Vaoo

Moo =~ 1.9 x 10 M.

Meon ~ 4.1 x 10" M.

mpllqatlons for cosmological simulations of galaxy formation

Moo ~ 5.8 x 101 M,

0<t/[Gyr] <2
ToM (NF\\":]

4 <t /[Gyr] <6

8 < ¢, /[Gyr] < 10

ng h-‘Ig[][] :I\[]

ng h-‘Ig[]D :I\I]

IDg I\-‘Ig[][] :I\I ( :|

Mapo << Mean

= Mgy = Mean
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But what about the structural and kinematic properties of galaxies?

Galaxy disc scale heights

1.5

1.0

log 250 [kpc]

Npm = 7523
NpMm = 7 x 7523
Mapp < Meon
Ma200 = Meon
z50 (thick disc)

Impllqatlons For cosmological simulations of galaxy formation

Ludlow, Fall, et aliin prep.

Npum = 7523
NDM =T7Tx 7523
Magp < Meon
Magp = Meon
z50 (thick disc)
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Impllqatlons For cosmological simulations of galaxy formation
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But what about the structural and kinematic properties of galaxies?

Rotation Velocities: The Tully-Fisher relation Ludlow, Fall, et alin prep.

2.8
Maoo < Meon

NDI‘VI == ?523

26 3§ ¥ NDI\J e ? > ?523 | = NIZDD 2 N‘[CO]] i

i
e

log Vit [km/s]
[
[ S™]

2.0
1.8
1.6~ All galaxies | f--" Disc galaxies (K¢, > 0.35)
5 C
o
%U —0.2E L I L C L L I L
= 8 9 10 11 8 9 10 11 8 9 10 11

Aaron D. Ludlow, ICRAR UWA KF@80 September 2022



*ngrgary

:"‘w:: w?%“ ‘m_

This stellar disks can be heated by a number of physical processes (spiral arms, GMCs, globular clusters,
substructure, local disk instabilities, etc)...

But simulated disks are also heated numerically

1) Collisional heating of disks is largely driven by the properties of their host halos (star-star collisions less important)
2) It affects all galacto-centric radii (but affects the centre more than the outskirts)

3) It alters the (vertical, radial, and azimuthal) kinematics of stars, and the scale heights of galaxies

4) It is largely independent of the baryonic (stellar) mass resolution; determined primarily by DM mass resolution
5) Can be modelled, which allows useful “convergence criteria” to be developed for hydrodynamical simulations
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