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• Cosmological simulations have to cover a huge dynamic range, 
from the ISM to the low-density IGM.  

• They generally do this by keeping the mass of resolution 
elements approximately fixed,  so that the highest densities 
(galaxies) have the best resolution.  

• It is often assumed that the hydrodynamical processes in the 
haloes around galaxies are well-resolved. 

cosmological simulations



• The circumgalactic 
medium is multi-phase 
with hot and cool gas. 

• Many idealized studies 
found that properties 
change considerably with 
improved resolution. 

• For example, a cold 
cloud in a hot wind has 
smaller structures and 
is accelerated less with 
increased resolution.

the CGM is multi-phase 19

Figure 15. A comparison at 10 tcc between ñ = 0.5 turbulent cloud simulations with three di↵erent resolutions: 32 cells/Rcl,
64 cells/Rcl, and 128 cells/Rcl. The intensity in each panel corresponds to the projected number density, and color reflects the
temperature of the gas (purple is cold, green is warm, and red is hot). As the resolution of the simulations is increased, the
high-density features are resolved into smaller structures. As a result, the densest gas in the cloud is accelerated less e�ciently
with increasing resolution. Schneider & Robertson 2017

h
igh

er reso
lu

tio
n



zoom-in simulations

• We resimulate one of the Milky Way-mass galaxies from the 
Auriga project with 3 different CGM resolutions. 

Grand et al. 2017



cell size
• Standard 

approach: 
resolution 
decreases with 
decreasing 
density, so with 
galactocentric 
radius. 

• We use additional 
uniform spatial 
refinement 
within 1.2x the 
virial radius of 
each galaxy.
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• Standard 
approach: fixed 
mass resolution 
to increase the 
resolution at high 
densities, i.e. 
inside galaxies. 

• Resolution 
decreases with 
decreasing 
density, so with 
galactocentric 
radius.

density (slice)
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• Additional uniform 
spatial refinement 
within 1.2 Rvir. 

• 80x the resolution 
elements in the 
CGM for 8x the 
CPU time. 

• Smaller cold, 
dense gas clumps 
and more 
pronounced 
underdensities.

density (slice)
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• Similar temperature-density structure, but better sampling of 
extremes at improved CGM resolution.   

• The better resolved CGM structure could be crucial for e.g. 
cooling and gas accretion, metal mixing, and derived observables.

temperature - density
standard + 2 kpc + 1 kpc



• The mass of the galaxy varies by only 0.07 dex. 

• The bulge-to-total ratio is the same in the three cases.  

galaxy morphology
standard + 2 kpc + 1 kpc
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• No large or systematic differences in the median density 
profile of the CGM. 

CGM density profile
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• NH is similar. 

CGM density (NH)
standard + 2 kpc + 1 kpc
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• NH is similar, while NHI is much higher with 1 kpc resolution. 

NH and NHI
standard + 2 kpc + 1 kpc
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• Strong increase in HI for the 1 kpc spatially refined simulation 
(up to 1.6 dex).

HI density profile
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points: COS-Halos



• The covering fraction of LLSs (NHI > 1017.2 cm-2) within 150 kpc 
increases from 18 to 30 per cent.

covering fraction
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• Evidence for lower metallicity in the CGM with better 
spatial resolution (preliminary). Because of less 
efficient metal mixing? 

metallicity (slice)
standard + 2 kpc + 1 kpc



• Increasing the CGM resolution while treating the galaxies as 
before is a promising and computationally efficient method. 

• Whether this is important depends on the topic of interest: 

• The improved spatial resolution does not strongly impact the 
central galaxy or the average density & temperature of the CGM. 

• It drastically increases the radial profile of the HI column 
density: the covering fraction of Lyman-Limit Systems within  
150 kpc is almost doubled. 

• It possibly also affects CGM metallicities (stay tuned). 

conclusions
standard refined

arXiv: 1808.04369





• ~40% of gas ejected in galactic winds at high z  re-accretes by z = 0. 

•  No strong CGM resolution dependence (preliminary). 

re-accretion of winds
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galaxies within the zoom-in region. A similar approach was taken
by Miniati (2014) to study turbulence in a merging galaxy cluster at
fixed spatial resolution, achieving 10 kpc uniform spatial resolution
in the intracluster medium.

In this letter, we present properties of the halo gas around a
simulated Milky Way analogue with direct implications for obser-
vations of atomic hydrogen (also called “neutral hydrogen” or “H �”)
around the Milky Way. The new simulation refinement method is
described in Section 2. In Section 3 we present our results on the
density and H � structure in the CGM and we conclude in Section 4.

2 METHOD

This work is an extension of the Auriga project (Grand et al. 2017),
which consists of a large number of zoom-in magnetohydrody-
namical, cosmological simulations of isolated Milky Way-mass
galaxies and their environments. These simulations produce re-
alistic disc-dominated galaxies with stellar masses, galaxy sizes,
rotation curves, star formation rates, and metallicities in agreement
with observations. The simulations were carried out with the quasi-
Lagrangian moving-mesh code ����� (Springel 2010). This origi-
nal suite employs a fixed mass resolution, which means that mesh
cells within the zoom-in region are refined (i.e. split in two) or
derefined (i.e. merged with their neighbours) if their mass di�ers by
more than a factor of two from the target mass resolution.

We resimulate, using �����, one of the Auriga galaxies (halo
6) at standard mass resolution, i.e. the target cell mass for baryons is
5.4⇥104 M� and dark matter particle masses are 2.9⇥105 M� . In
two other simulations, we impose an additional refinement criterion
based on the physical cell volume. In this case, a cell is also refined
when its volume is more than twice the target volume resolution and
only derefined if its mass and volume are less than half the target
resolution. In the ISM of the galaxy, the density is high, which
means that the cells are smaller than the imposed spatial resolution.
There is thus no change in the resolution of the galaxy itself, but the
resolution is greatly improved in the lower density CGM.

In order to select the region that is spatially refined, we run
������� (Springel et al. 2001; Dolag et al. 2009) on-the-fly. Dark
matter haloes are identified using a Friends-of-Friends (FoF) algo-
rithm with a linking length b = 0.2. Each spherical region of radius
1.2Rvir centred on every FoF halo with Mhalo > 108.7 M� is tagged
for additional spatial refinement. In this work, we define the virial
radius, Rvir, as the radius within which the mean overdensity is 200
times the mean density of the Universe at its redshift.

We create a ������� catalogue at each of the 128 output red-
shifts between z = 47 and z = 0, with time intervals of 4�204 Myr,
and ‘dye’ cells within 1.2Rvir of su�ciently massive haloes with a
passive scalar of value unity. As the simulation continues between
two consecutive outputs, the scalar dye is advected with the fluid
and used as a marker for the CGM of the galaxies. At each computa-
tional time-step, a cell is spatially refined (as described in Springel
2010) if its refinement scalar is larger than 0.9, ensuring that the
virial regions remains well-resolved until the dye is reinitialized at
the next output redshift.

The three simulations presented here have

(i) standard mass refinement, i.e. all cells contain approximately
5.4 ⇥ 104 M� of gas;

(ii) standard mass refinement plus fixed spatial refinement where
⇢ < ⇢threshold/512, resulting in gas cell volumes of approximately
8 proper kpc3 or spatial resolution ⇡ 2 kpc;

Table 1. Properties of the galaxy and halo in our simulations at z = 0:
simulation refinement strategy, virial radius of the halo (Rvir), total stellar
mass within 30 kpc from the centre (Mstar), total CGM mass (MCGM), total
H � mass in the CGM (MH �

CGM), number of gas cells in the CGM (N cell
CGM).

simulation Mstar MISM MCGM MH �
CGM N cell

CGM
refinement (M�) (M�) (M�) (M�)

mass only 1010.73 109.48 1010.97 1010.26 1.6M
+ 2 kpc 1010.72 109.41 1010.91 1010.24 16.3M
+ 1 kpc 1010.67 109.52 1010.96 1010.29 132.4M

(iii) standard mass refinement plus fixed spatial refinement
where ⇢ < ⇢threshold/64, resulting in gas cell volumes of approxi-
mately 1 proper kpc3 or spatial resolution ⇡ 1 kpc,

where ⇢threshold is the gas density above which star formation occurs
(i.e. n?H = 0.11 cm�3).

Our simulations use the same physical model as the original
Auriga suite (see Grand et al. 2017). Besides the additional spatial
refinement, the only other significant di�erence with the original
Auriga project is that we inject mass and metals ejected by a star
particle only into its host cell, rather than into its 64 neighbours.
However, the global galaxy properties are not a�ected by this choice.

In this letter, we are mainly interested in properties of the CGM
and we focus on the most common element: hydrogen. The neutral
hydrogen fraction is calculated on-the-fly, using the ionization and
recombination rates from Katz et al. (1996) and the ionizing ultra-
violet (UV) background from Faucher-Giguère et al. (2009). Self-
shielding from the UV background is implemented using the fits
to the self-shielding fraction in radiative transfer simulations by
Rahmati et al. (2013). Gas above ⇢threshold is put on an artificial
equation of state, because the simulations cannot resolve the multi-
phase nature of the ISM. The density of the star-forming gas should
therefore be treated with caution.

3 RESULTS

Gas accretes on to galaxies from the intergalactic medium after it
has passed through the CGM. A better resolved CGM may exhibit
di�erent properties, which could a�ect cooling and thus the growth
of the central galaxy. We find, however, that the global properties
of this galaxy and its halo remain unchanged. The virial radius is
approximately 337 kpc and varies by less than 0.5 per cent. Table 1
lists some of the global properties of the galaxy and its CGM, which
is defined as all gas cells within Rvir with ⇢ < ⇢thresh. The ISM of
a galaxy is defined as all star-forming gas (i.e. ⇢ > ⇢thresh) within
30 kpc of its centre. The CGM values include gas associated with
satellites, while excluding their ISM, but this choice does not a�ect
our conclusions.

The stellar mass and ISM mass vary by only 0.06 dex and
0.11 dex, respectively, which is consistent with being due to chaotic
behaviour (Genel et al. 2018a). The bulge-to-disc ratio varies by
just 1 per cent. The total mass in the CGM and the H � mass in
the CGM also remain approximately the same when the resolution
in the CGM is enhanced. However, these are all dominated by the
dense gas in the central regions, where the spatial refinement is not
in e�ect. H � makes up ⇡ 20 per cent of the total gas mass in the
CGM (and ⇡ 28 per cent of the total hydrogen in the CGM).

Compared to the simulation with only mass refinement, the
number of resolution elements in the CGM in the 2 kpc and 1 kpc
spatially refined simulations is enhanced substantially, by a factor

MNRAS 000, 1–5 (2018)
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• In addition to 
standard mass 
refinement we 
also use uniform 
spatial refinement 
within the virial 
radius of each 
galaxy. 

• 10x the resolution 
elements in the 
CGM for 2x the 
CPU time.
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• Standard 
approach: fixed 
mass resolution 
to increase the 
resolution at high 
densities, i.e. 
inside galaxies. 

• Resolution 
decreases with 
decreasing 
density, so with 
galactocentric 
radius.
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