Cosmological Hydrodynamic
Simulations
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SUMMARY OF THIS TALK
Cosmological hydrodynamic simulations
are the most powerful theoretical tools
to study stellar halos…
…you just have to solve galaxy
formation first.
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comparison of cosmological hydrodynamic
simulations with other theoretical tools

key advantages
•

self-consistently include and resolve (as best can)
additional physics (hydrodynamics, star formation,
stellar evolution & feedback, black holes)

•

model non-linearities and non-equilibrium processes
(cosmological and stellar) that simpler models cannot

•

more readily create high-fidelity synthetic
observations to robustly compare with and test
against observations
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comparison of cosmological hydrodynamic
simulations with other theoretical tools
key downsides
•

much more computationally expensive
•
•

20-100 x more expensive than gravity-only (same resolution)
limited to lower resolution than DM-only / idealized

•

difficult to survey parameter space / uncertainties

•

results may depend on uncertain and/or unresolved
(astro)physics (star formation, evolution, feedback, etc)

•

results depend on fidelity of entire model space
• difficult to isolate physical processes for detailed
understanding
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comparison of cosmological hydrodynamic
simulations with other theoretical tools

key idea
self-consistency and inter-dependence of
physics in cosmological hydrodynamic
simulations is both a strength and
(for now) a limitation
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cosmological hydrodynamic simulations
state of the art (to z = 0)
Big Box (~100 Mpc)
Illustris, EAGLE, Horizon-AGN,
Mufasa, BAHAMAS, etc
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Zoom-in (~1 Mpc)
MW: Eris, FIRE, Auriga, APOSTLE,
Gasoline, NIHAO, etc
Clusters: RomulusC, Omega500, etc

Big Box versus Zoom-in
Big Box

Zoom-in

•

model large-scale structure

•

cannot model LSS

•

large statistical samples

•

one—few halos at a time

•

multiple environments at once

•

single environment at once
(but can zoom-in on different ones)

•

lower resolution

•

higher resolution

•

•

particle mass >~ 106 Msun

•

particle mass >~ 30-10,000 Msun

•

spatial >~ 1 kpc

•

spatial >~1 pc

rely on more phenomenological
‘sub-grid’ models
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•

start to resolve ‘sub-grid’ scales:
GMCs, star clusters, supernovae
blast waves

state of the art
Big Box & cluster
zoom-in to z = 0
•

•

•
•

•

similar resolution for galaxy cluster
zoom-in and Big Box simulations
baryonic mass resolution
>~ 105-106 Msun

ulations that include halos with Mvir > 10 M as well as full radi
hydrodynamics. MDM and Mgas are dark matter and (average) gas par
masses respectively.

Tremmel et al 2018

Name

Spatial Res.a
kpc

MDM
M

Mgas
M

RomulusC

0.25

3.4 ⇥ 105

2.1 ⇥ 105

big box

TNG300b

1.5

7.9 ⇥ 107

7.4 ⇥ 106

big box

TNG100b

0.75

5.1 ⇥ 106

9.4 ⇥ 105

big box

TNG50
(in progressc )

0.3

4.4 ⇥ 105

8.5 ⇥ 104

big box
big box

Horizon-AGNd

1

8.0 ⇥ 107

1.0 ⇥ 107

Magneticume

10

1.3 ⇥ 1010

2.9 ⇥ 109

Magneticume
high res

3.75

6.9 ⇥ 108

1.4 ⇥ 108

Magneticume
ultra high res

1.4

3.6 ⇥ 107

7.3 ⇥ 106

C-EAGLE f,g

0.7

9.6 ⇥ 106

1.8 ⇥ 106

EAGLEg
(50, 100 Mpc)

0.7

9.6 ⇥ 106

1.8 ⇥ 106

Omega500h

5.4

1.6 ⇥ 109

2.7 ⇥ 108

MACSISi

5.9

5.7 ⇥ 109

1.0 ⇥ 109

big box

BAHAMAS j

5.9

5.7 ⇥ 109

1.0 ⇥ 109

cluster zoom

Rhapsody-Gk

5.0

1.0 ⇥ 109

1.9 ⇥ 108

cluster zoom

spatial resolution >~1 kpc
number of galaxy clusters
10’s - 100’s
number of MW-mass systems
lots!
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cluster zoom
big box
cluster zoom

a. Plummer equivalent values for gravitational softening presented
multiple given. If it varies with redshift, lowest values for low-z are

0.1

(better —>)

1

state of the art
Milky Way-mass galaxy to z = 0
supernova
cooling
FIRE

10

100

isolated
dwarfs

GMCs
GARROTXA
Agertz&Kravtsov
APOSTLE
Eris
CLUES
Auriga
NIHAO Mollitor
GASOLINE/CHANGA

1000

(better —>)
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hydrodynamics

The baryons in the universe can be modelled as an ideal gas
BASIC HYDRODYNAMICAL EQUATIONS

Euler equation:

Continuity equation:

First law of
thermodynamics:

Equation of state of ideal
monoatomic gas:
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hydrodynamics
•

•

smooth particle hydrodynamics (SPH)
•

Lagrangian, adaptive, conserves (angular) momentum well

•

difficultly in capturing fluid instabilities/mixing/shocks

•

fast!

adaptive mesh refinement (AMR)
•

Eulerian, models fluid mixing, shocks, and instabilities well

•

can have difficulty with (angular) momentum conservation, grid
alignment effects

•

often slower (supersonic fluid advection across cell)
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new hybrid hydrodynamic methods
AREPO
moving mesh
Springel 2010

Gizmo
mesh-free
Hopkins 2015

Lagrangian: moves with flow
conserves mass, momentum, energy, (angular) momentum
no imposed geometry
captures shocks & instabilities
now with magneto-hydrodynamics!
but seems not to matter much for galaxy formation
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importance of hydrodynamics methods
•

unimportant for dwarf galaxies

•

important for massive (>~MW mass) halos with hot gas

•

but details of stellar (feedback) physics more important!
(e.g.36 Scannapieco
et al 2012)
Hopkins et al.

MW-mass halo: Hopkins, Wetzel et al 2018
also Springel, Sijaki, Keres, Vogelsbserger et al papers in 2012

Figure 25. Gas morphology around the galaxy in the m12i simulations (with mi,1000 = 56) from Fig. 21, at z = 0.9 in 200 kpc boxes, with different hydrodynamic methods (as Fig. 21; labeled). Images are logarithmically-weighted surface-density projections, with red/green/magenta showing hot (> 106 K), warm
ionized (⇠ 104 105 K), and cool neutral (< 8000 K) gas. The most dramatic differences appear in the CGM; we choose a time where a merger has triggered
violent outflows of cool gas to maximize these differences. In some less-accurate SPH formulations, such as “D-SPH” here (right; density-SPH with smaller
smoothing kernel), the outflow has broken into the well-known artificial “SPH blobs” that result from errors treating fluid mixing interfaces. In our non-SPH,
finite-volume MFM method (left), these are absent. The FIRE-1 implementation of SPH (“P-SPH” with larger kernel) was specifically formulated to reduce
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star formation
common model requirements
• dense gas
• nSF > 0.1 - 1000 atoms/cm3
• note: MW ISM nave ~1 atom/cm3
•

molecular gas

•

self-gravitating / jeans unstable

star-formation model can aﬀect
•

smoothness of SFH (burstiness)

•

DM core formation

•

in-situ stellar halo formation
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stellar feedback (+AGN)
supernovae
core-collape (prompt)
most important (10x as many as type Ia)
type Ia (delayed)
stellar radiation
radiation pressure
photoionization heating (HII regions)
photoelectric heating (via dust)

Galaxy evolution
between infall and

stellar scale

-Outflow of material from galaxies regulate th
see observationally (at least at high-z)!
low-z (emission)
M82 starburst

self-consistent radiation hydrodynamics (development)
stellar winds
massive O & B stars (prompt)
AGB stars (delayed)
cosmic rays (development)
supernovae shocks, mergers
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galaxy scale
NASA (HST, Chandra, Spitzer)

Terminal Momentum log(pt ) [M km s

1]

stellar feedback
8.0

Hopkins, Wetzel et al 2018
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Figure 5. Convergence of “sub-grid” implementations of SNe feedback (§ 2.3). We explode a single SN (ejecta mass = 10.4 M , kinetic energy = 1051 erg,
yields in Paper I Appendix A) in a box of uniform density and metallicity (n = 1 cm 3 , Z = Z ), with the same cooling physics as our standard FIRE-2
simulations, using varying gas particle mass resolution, across mi = 0.1 106 M , as shown on the x-axis. Once the blastwave is well into the momentumconserving stage, we measure the terminal gas momentum pt . We compare: (1) Analytic: the analytic result for pt (Eq. 29). (2) FIRE Sub-Grid: Our default
implementation. This couples SN mass, metals, energy, and momentum, in a manifestly conservative, statistically isotropic manner, with the coupled momentum following Eq. 32. (3) Thermal (+Ejecta): The coupling algorithm is the same, but the coupled momentum is only the original ejecta momentum (no
PdV work is accounted for) and the energy is always the initial 1051 erg at coupling (no un-resolved radiation assumed). At low resolution this means the

at sufficiently high resolution, feedback methods converge,
because hydrodynamics resolves them (no longer ‘sub-grid’)

Andrew Wetzel

star formation and stellar (+AGN) feedback

key idea about ‘sub-grid’
models for star formation and stellar
(+AGN) feedback in a cosmological setting
always (within our lifetime) will need to rely
on ‘sub-grid’ components
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considerations for modeling stellar halos
•

cosmological hydrodynamic simulations can model
formation of both ex-situ (accreted) and in-situ (mergers,
feedback) stellar halo

•

ex-situ
• cosmological = correct orbits
• need to correctly model satellite masses and sizes

•

in-situ
• powerful capability of cosmo hydro
• need to model correct mergers and impact of feedback
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Simulated Milky Way Satellites

5

photo ionization and heating from the Haardt & Madau
(2005) UV background and Compton cooling in a temperature range from 10 to 109 K.

cosmo hydro simulations now form realistic populations
and
halos)
6 ofS.satellites
Garrison-Kimmel(MW-mass
et al.
1936 cluster-mass
T. Sawala et al.
2.2

Star Formation and Feedback

The simulation employ the star formation recipe as described in Stinson et al. (2006) which is summarized below. Gas is eligible to form stars when it is dense (nth >
10.3cm 3 ) and cold (T < 15, 000K) such that the KennicuttSchmidt Law is reproduced. The threshold number density
nth of gas is set to the maximum density at which gravitational instabilities can be resolved in the simulation: nth =
50mgas /✏3gas = 10.3 cm 3 , where mgas denotes the gas particle mass and ✏gas the gravitational softening of the gas and
the value of 50 denotes the number of neighboring particles.
Two modes of stellar feedback are implemented as deFigure 2. Radial profiles of satellites and nearby and field galaxscribed in Stinson et al. (2013). The first mode models the
ies in the simulations. The colored lines show the profiles for the
energy input from stellar winds and photo ionization from
three simulations where red color denotes the satellites within
the virial radius2 , orange color the nearby galaxies in the region
luminous young stars. This mode happens before any super1R200 < R < 2.5R200 and cyan color marks the field galaxies
novae explode and consists of the total stellar flux, 2 ⇥ 1050
with distances between 2.5R200 < R < 3 Mpc from the host.
erg of thermal energy per M of the entire stellar population. The efficiency parameter for coupling the energy input
is set to ✏ESF = 13% (Wang et al. 2015).
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luminous satellites
as DMO simulations.

NIHAO
Buck et al 2018

the largest numbertions
of satellites
(m12m,
Mvirobservations
= 1.45 ⇥ 10of M
) Way satel(thick red
lines) with
and the
Milky

cosmological hydrodynamic simulations are critical
for modeling contribution from in-situ stars
ZOLOTOV ET AL.

Zolotov et al 2009
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Sanderson et al 2018

cosmological hydrodynamic simulations
—> synthetic observations
•

cosmological hydrodynamic simulations can be
translated into high-fidelity synthetic observations

•

robust comparison of model/simulation predictions
against observations requires these mock catalogs!

•

this is difficult to do well - foster/fund/reward those
working to develop these methods!
example: synthetic Gaia surveys
Ananke from Latte FIRE simulations
(Sanderson, Wetzel et al 2018)
Aurigaia from Auriga simulations
(Grand et al 2018)
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cosmological hydrodynamic simulations
status, limitations, and future directions
•

need both Big Box (large-scale structure, statistics) and
Zoom-in (resolve sub-grid scales, low-mass systems)

•

key limitations
•

finite resolution

•

include more physical processes (e.g. cosmic rays)

•

model physical processes better (e.g. radiation
hydrodynamics)

•

uncertainties in stellar evolution!

•

next steps: resolve star (globular) clusters (and streams!)

•

galaxy-wide properties are less discriminating in testing models
- move to smaller scales and/or beyond galaxies (stellar halos!)
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