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• We resimulate (with Arepo) a Milky Way-mass galaxy from the 
Auriga project with additional spatial refinement (maximum 
cell size of 2 kpc, 1 kpc, and 0.5 kpc) within the virial radius 
(down to z=0). 

Grand et al. 2017
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• Standard 
approach: 
resolution 
decreases with 
decreasing 
density, i.e. with 
galactocentric 
radius.



• Additional uniform 
spatial refinement 
within the halo. 

• ~100x the 
resolution 
elements in the 
CGM for only 8x 
the CPU time. 

• The ISM is treated 
the same as before. 

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

kp
c

van de Voort et al. 2019

density (slice) z=0



• Simulating the Universe with Refined Galaxy Environments

SURGE
• We use additional 

uniform spatial 
refinement 
within the CGM 
of each galaxy. 

• 4 simulations: 
standard 
resolution,             
+2 kpc, +1 kpc, 
and +0.5 kpc 
spatial 
refinement.

z=0



• The star formation history is similar at early times, but in the 
last 4 Gyr the highest CGM resolution simulation experiences 
enhanced star formation. 

star formation history



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

• The bulge-to-total ratio is very similar in all three cases.   

• The galaxy is bluer in the highest CGM resolution simulation.

galaxy morphology
standard + 2 kpc + 1 kpc

mass refinement + 2 kpc refinement + 1 kpc refinement + 0.5 kpc refinement

+ 0.5 kpc



• NH is the hydrogen column density along 600 kpc sightlines.  

• No large or systematic differences in the median density 
profile of the CGM. 

CGM density profile

van de Voort et al. 2019

z=0.3-0



CGM density (NH)

van de Voort et al. 2019

z=0.1

• NH is similar (but has finer CGM structure).

standard + 2 kpc + 1 kpc + 0.5 kpc
all gas



column density (NHI)
standard + 2 kpc + 1 kpc

van de Voort et al. 2019

z=0.1

• NH is similar, while NHI (neutral hydrogen) is much higher with 
additional 1 kpc or 0.5 kpc spatial resolution. 

+ 0.5 kpc
all gas

HI



• Neutral hydrogen column density profile for a standard mass 
refinement simulation.

HI density profile

van de Voort et al. 2019

z=0.3-0



• Strong increase in HI for the 1 kpc spatially refined simulation 
(up to 1.6 dex).

HI density profile

van de Voort et al. 2019

z=0.3-0



• Even stronger increase in HI for the 0.5 kpc spatially refined 
simulation (by more than 2 orders of magnitude).

HI density profile z=0.3-0



• No convergence yet regarding neutral hydrogen in the CGM. 

• Now seem to overproduce the amount of cold gas in the CGM. 

covering fraction

in preparation

+0.5 kpc 
spatial  

refinement

z=0.3-0
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Figure 8. Radial profiles of H I (top) and O VI (bottom) column density versus impact parameter. While the heatmap represents the full distribution of sightlines,
the black lines indicate the median column density value at each impact parameter (dotted = AMR, dashed = EHR). Profiles were generated for each pixel in
column density projections like Figure 7, where each sightline is a line integral of ion number density. We used consecutive simulation outputs and multiple
projection angles to avoid spatial and temporal biases in our profiles. Increasing resolution correlates with higher H I columns densities and a more moderate
decrease in O VI column densities.

Much like many halo finders operate on the spatially-
varying gravitational potential, the clump finder uses a
contouring algorithm to identify unique, topologically-
connected structures in gas density. In our usage, it first
creates a single contour at the nHI > 10�8 cm�3 thresh-
old, the lowest density we found necessary to identify partial
Lyman Limit Systems and Lyman Limit Systems (pLLS:
NHI > 1016 cm�2), identifying spatially contiguous clouds
that are above this density threshold. In subsequent steps,
this threshold is doubled until we reach the maximum H I
density of nHI > 102 cm�3. Isolated structures are identified
as separate contours through recursion. We filter out clumps
with fewer than 10 cells or mHI < 1 M� to avoid noise. The
result is a collection of unique H I clouds identifying all the
pLLS and LLS structures throughout the halo.

The clump finder was run on the z = 1 snapshot for
each simulated galaxy, identifying H I clumps from 10 kpc
< r < rvir. Each clump was cataloged by its H I mass mHI,
its shortest spatial dimension lshort, and its longest spatial di-
mension llong. The median values for these quantities in the
different TEMPEST simulations are presented in Table 3.

Consistent with a visual inspection of Figure 7, Table 3 re-
veals that increased spatial resolution leads to a larger num-
ber of progressively smaller and lower-mass H I-bearing
clouds. At each factor-of-two increase in spatial resolution,
we find a roughly factor-of-two drop in our median cloud
size in both its long and short dimensions. Recall that our
quoted resolutions are in co-moving units, so the actual phys-
ical scales that they achieve at this redshift z = 1 are a factor
of 1 + z = 2 smaller. This implies that the median H I cloud
in each simulation has 4-6 cells in its shortest dimension and

AMR Enhanced Halo Resolution
Variable 2.0 kpc 1.0 kpc 0.5 kpc

nclouds 7 25 137 443
lshort,med [kpc] 4.4 4.4 2.2 1.4
llong,med [kpc] 13 7.7 4.4 2.5
mHI,med [102 M�] 43 11 10 1.4

Table 3. Statistics on H I clouds in the CGM of each TEMPEST simulation.
Quantities were determined using a clump finder on nHI in the region 10
kpc < r < rvir to identify contiguous structures with 10�8 cm�3 <
nHI < 102 cm�3. Cloud quantities include median size of cloud in its
short (lshort,med) and long (llong,med) dimensions and H I mass (mHI).
Individual H I cloud mass and size decrease with increased resolution, while
overall number of clouds increases.

8-10 cells in its longest dimension, near the limit of what
could be considered a resolved structure.

Increases in resolution allow gas to exist in smaller struc-
tures. These results confirm that our H I clouds are frag-
menting to smaller scales when possible. Our findings are
consistent with the theoretical work of McCourt et al. (2018)
on thermally unstable gas “shattering” to cool clouds on ever-
smaller scales only converging at the sub-parsec level. Like
the increase in H I column densities with spatial resolution,
we do not find any convergence in the minimum size scale of
H I-bearing clouds. We predict similar behavior for other
low-ion-bearing clouds like Mg II. However, the sizes of
high-ion-bearing clouds like O VI are likely unaffected by
EHR, since high ions tend to sit in hotter, low-density gas
more stable against thermal instability and collapse.
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Figure 8. Radial profiles of H I (top) and O VI (bottom) column density versus impact parameter. While the heatmap represents the full distribution of sightlines,
the black lines indicate the median column density value at each impact parameter (dotted = AMR, dashed = EHR). Profiles were generated for each pixel in
column density projections like Figure 7, where each sightline is a line integral of ion number density. We used consecutive simulation outputs and multiple
projection angles to avoid spatial and temporal biases in our profiles. Increasing resolution correlates with higher H I columns densities and a more moderate
decrease in O VI column densities.

Much like many halo finders operate on the spatially-
varying gravitational potential, the clump finder uses a
contouring algorithm to identify unique, topologically-
connected structures in gas density. In our usage, it first
creates a single contour at the nHI > 10�8 cm�3 thresh-
old, the lowest density we found necessary to identify partial
Lyman Limit Systems and Lyman Limit Systems (pLLS:
NHI > 1016 cm�2), identifying spatially contiguous clouds
that are above this density threshold. In subsequent steps,
this threshold is doubled until we reach the maximum H I
density of nHI > 102 cm�3. Isolated structures are identified
as separate contours through recursion. We filter out clumps
with fewer than 10 cells or mHI < 1 M� to avoid noise. The
result is a collection of unique H I clouds identifying all the
pLLS and LLS structures throughout the halo.

The clump finder was run on the z = 1 snapshot for
each simulated galaxy, identifying H I clumps from 10 kpc
< r < rvir. Each clump was cataloged by its H I mass mHI,
its shortest spatial dimension lshort, and its longest spatial di-
mension llong. The median values for these quantities in the
different TEMPEST simulations are presented in Table 3.

Consistent with a visual inspection of Figure 7, Table 3 re-
veals that increased spatial resolution leads to a larger num-
ber of progressively smaller and lower-mass H I-bearing
clouds. At each factor-of-two increase in spatial resolution,
we find a roughly factor-of-two drop in our median cloud
size in both its long and short dimensions. Recall that our
quoted resolutions are in co-moving units, so the actual phys-
ical scales that they achieve at this redshift z = 1 are a factor
of 1 + z = 2 smaller. This implies that the median H I cloud
in each simulation has 4-6 cells in its shortest dimension and

AMR Enhanced Halo Resolution
Variable 2.0 kpc 1.0 kpc 0.5 kpc

nclouds 7 25 137 443
lshort,med [kpc] 4.4 4.4 2.2 1.4
llong,med [kpc] 13 7.7 4.4 2.5
mHI,med [102 M�] 43 11 10 1.4

Table 3. Statistics on H I clouds in the CGM of each TEMPEST simulation.
Quantities were determined using a clump finder on nHI in the region 10
kpc < r < rvir to identify contiguous structures with 10�8 cm�3 <
nHI < 102 cm�3. Cloud quantities include median size of cloud in its
short (lshort,med) and long (llong,med) dimensions and H I mass (mHI).
Individual H I cloud mass and size decrease with increased resolution, while
overall number of clouds increases.

8-10 cells in its longest dimension, near the limit of what
could be considered a resolved structure.

Increases in resolution allow gas to exist in smaller struc-
tures. These results confirm that our H I clouds are frag-
menting to smaller scales when possible. Our findings are
consistent with the theoretical work of McCourt et al. (2018)
on thermally unstable gas “shattering” to cool clouds on ever-
smaller scales only converging at the sub-parsec level. Like
the increase in H I column densities with spatial resolution,
we do not find any convergence in the minimum size scale of
H I-bearing clouds. We predict similar behavior for other
low-ion-bearing clouds like Mg II. However, the sizes of
high-ion-bearing clouds like O VI are likely unaffected by
EHR, since high ions tend to sit in hotter, low-density gas
more stable against thermal instability and collapse.

• Other work using static mesh simulations (AMR + uniform 
spatial refinement) find qualitatively similar trends at higher 
redshifts, but the difference is much smaller.  

• Due to lower galaxy mass, higher redshift, less efficient 
feedback, no self-shielding?

other work

Peeples et al. 2019; FOGGIE

z=2

a study of O VI absorption in Lyman limit and damped Lyα
systems, the spectra in Lehner et al. (2014) were selected to
have strong ( >Nlog 17H I ) H I absorption and little to no
contamination of the O VI λλ1032, 1037 lines by the Lyα
forest. The spectra in Lehner et al. (2016) were selected purely
on H I to have < <N16.2 log 19H I and be at z>2.

We adopt the Lehner et al. (2014) fits for the high ions (C IV,
Si IV, O VI, N V). However, we also want to compare FOGGIE
to the observed low ions, which were not fitted in Lehner et al.
(2014 or 2016). By including the low ions, we can directly
determine how the kinematics of the absorption profiles change
over a large range of ionization states. We select Si II as the
main low ion because we can use several transitions (Si II
λλ1190, 1193, 1260, 1304, 1526) in our profile fitting, which
allows us to assess any contamination reliably and hence
accurately model the absorption profiles. To fit the individual
components of Si II, we follow the overall methodology
undertaken by Lehner et al. (2014). In short, we use a modified
version of the software described in Fitzpatrick & Spitzer
(1997), which can simultaneously fit several transitions of the
same ion or atom. The best-fit values describing the gas are
determined by comparing the data to composite Voigt profiles
convolved with an instrumental line-spread function (LSF).
The LSFs are modeled as a Gaussian with an FWHM derived
from the resolution of the KODIAQ spectra (which typically
vary between 4 and 10 km s−1 FWHM; see Lehner et al.
2014, 2016; O’Meara et al. 2017). The three parameters—the
column density, Ni, the Doppler parameter, bi, and the central
velocity, vi—for each component, i, are input as initial guesses
and are subsequently freely allowed to vary to minimize the χ2

goodness of fit. We always start each fit with the smallest
number of components that reasonably model the absorption
profiles of Si II, and we only include an additional component if
it improves the reduced χ2.

The results from these fits are summarized in Table 4 in
Appendix B. In Figure 3, we show an example of these fits
comparing low and high ions. Note that while we only show
Si II λ1260 in this figure, the fit of the Si II is actually based on
three transitions for this absorber (λλ1260, 1304, 1526). The
fitted composite profiles give us a noise- and contamination-
free description of the data. We use these parameters within
spectacle to construct arrays of flux versus velocity, with
the same 2 km s−1 binning as the synthetic data. We
subsequently use spectacle to analyze both the real and
simulated spectra using the same tools and assumptions.

4. The Effects of Resolution on the Physical State of the Gas

We show slices of density, temperature, and metallicity through
the halo at z=2 in both the standard- and high-resolution runs in
Figure 4; as in Figure 1, each panel is 1.5×200h−1 ckpc across
to fully encompass the forced refinement region. In the standard-
resolution simulation it is evident that the resolution directly
tracks the density of the gas, while the boundaries of the forced
refinement volume stand out clearly in the high-resolution case.
While the same structures are likely no longer exactly the same in
the two runs owing in part to the “butterfly effect” (Genel et al.
2019), the high-resolution gas is visually much more turbulent,
with more well-defined large-scale bubbles and shocks from
outflowing gas than in the standard-resolution simulation. The
metallicity adds an extra dimension to these flows: in the high-
resolution simulation, the high-metallicity outflowing gas is not
forcibly “overmixed” with its environs because it is not derefining
as it expands and decreases in density. The high metallicity of the
outflowing gas is maintained to much larger radii, suggesting that
the difficulty of simulations to reproduce the observed pockets of
high-metallicity circumgalactic medium gas (Prochaska et al.
2017) owes in part to unnatural overmixing. Likewise, the low-
metallicity inflowing gas is able to penetrate to much closer to the
galaxy when well resolved than in the standard-resolution
simulation. We speculate that these low-metallicity flows are
related to the rare low-metallicity Lyman limit systems observed
at z>2 (Fumagalli et al. 2011; Lehner et al. 2016) and may be
naturally generated in larger simulations with improved circum-
galactic (or intergalactic) resolution.
The physical differences shown in Figure 4 translate to

quantitative differences in how the dynamic multiphase
circumgalactic medium is physically structured and subse-
quently manifested in different ionic tracers. Though the
average properties of the circumgalactic medium at the two
resolutions are broadly the same, the ionic absorption-line
tracers used to diagnose the CGM’s physical structure are
highly sensitive to the distribution of gas temperature, density,
and metallicity (see, e.g., Figure 6 of Tumlinson et al. 2017).
The higher levels of both cold and hot gas in turn have
important consequences for the column density distributions
and covering fractions of commonly observed transitions (as
illustrated in Figure 7 and discussed in more detail in Section
4.1 of Paper II). This effect is evident in Figure 5, where we

Table 2
Mass of All Gas and Different Ionic Species within the ( )h200 ckpc 3 Forced

Refinement Volume in the Two Simulations at z= 2

Species High Resolution Standard Resolution Ratio

Stars 1.289×1010 1.118×1010 1.15
All Gas 1.082×1010 1.215×1010 0.890
H I 3.412×109 4.003×109 0.852
Si II 4.686×106 5.727×106 0.818
Si IV 1.421×104 5.048×102 28.2
C IV 4.119×104 3.529×104 1.17
O VI 4.400×104 4.429×104 0.993

Note. Masses are given in Me. The rightmost column gives the ratio of the
mass in the high-resolution simulation to that in the standard-resolution
simulation. The total baryonic masses within the refined region (stars + gas)
differ by <2%. Figure 6. Cumulative H I covering fraction for strong systems along each of

the three cardinal axes at z=2 and z=2.5 in the two runs. The high-
resolution simulation has much stronger H I lines of sight than the standard-
resolution simulation.
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Figure 8. Radial profiles of H I (top) and O VI (bottom) column density versus impact parameter. While the heatmap represents the full distribution of sightlines,
the black lines indicate the median column density value at each impact parameter (dotted = AMR, dashed = EHR). Profiles were generated for each pixel in
column density projections like Figure 7, where each sightline is a line integral of ion number density. We used consecutive simulation outputs and multiple
projection angles to avoid spatial and temporal biases in our profiles. Increasing resolution correlates with higher H I columns densities and a more moderate
decrease in O VI column densities.

Much like many halo finders operate on the spatially-
varying gravitational potential, the clump finder uses a
contouring algorithm to identify unique, topologically-
connected structures in gas density. In our usage, it first
creates a single contour at the nHI > 10�8 cm�3 thresh-
old, the lowest density we found necessary to identify partial
Lyman Limit Systems and Lyman Limit Systems (pLLS:
NHI > 1016 cm�2), identifying spatially contiguous clouds
that are above this density threshold. In subsequent steps,
this threshold is doubled until we reach the maximum H I
density of nHI > 102 cm�3. Isolated structures are identified
as separate contours through recursion. We filter out clumps
with fewer than 10 cells or mHI < 1 M� to avoid noise. The
result is a collection of unique H I clouds identifying all the
pLLS and LLS structures throughout the halo.

The clump finder was run on the z = 1 snapshot for
each simulated galaxy, identifying H I clumps from 10 kpc
< r < rvir. Each clump was cataloged by its H I mass mHI,
its shortest spatial dimension lshort, and its longest spatial di-
mension llong. The median values for these quantities in the
different TEMPEST simulations are presented in Table 3.

Consistent with a visual inspection of Figure 7, Table 3 re-
veals that increased spatial resolution leads to a larger num-
ber of progressively smaller and lower-mass H I-bearing
clouds. At each factor-of-two increase in spatial resolution,
we find a roughly factor-of-two drop in our median cloud
size in both its long and short dimensions. Recall that our
quoted resolutions are in co-moving units, so the actual phys-
ical scales that they achieve at this redshift z = 1 are a factor
of 1 + z = 2 smaller. This implies that the median H I cloud
in each simulation has 4-6 cells in its shortest dimension and

AMR Enhanced Halo Resolution
Variable 2.0 kpc 1.0 kpc 0.5 kpc

nclouds 7 25 137 443
lshort,med [kpc] 4.4 4.4 2.2 1.4
llong,med [kpc] 13 7.7 4.4 2.5
mHI,med [102 M�] 43 11 10 1.4

Table 3. Statistics on H I clouds in the CGM of each TEMPEST simulation.
Quantities were determined using a clump finder on nHI in the region 10
kpc < r < rvir to identify contiguous structures with 10�8 cm�3 <
nHI < 102 cm�3. Cloud quantities include median size of cloud in its
short (lshort,med) and long (llong,med) dimensions and H I mass (mHI).
Individual H I cloud mass and size decrease with increased resolution, while
overall number of clouds increases.

8-10 cells in its longest dimension, near the limit of what
could be considered a resolved structure.

Increases in resolution allow gas to exist in smaller struc-
tures. These results confirm that our H I clouds are frag-
menting to smaller scales when possible. Our findings are
consistent with the theoretical work of McCourt et al. (2018)
on thermally unstable gas “shattering” to cool clouds on ever-
smaller scales only converging at the sub-parsec level. Like
the increase in H I column densities with spatial resolution,
we do not find any convergence in the minimum size scale of
H I-bearing clouds. We predict similar behavior for other
low-ion-bearing clouds like Mg II. However, the sizes of
high-ion-bearing clouds like O VI are likely unaffected by
EHR, since high ions tend to sit in hotter, low-density gas
more stable against thermal instability and collapse.

z=1

Hummels et al. 2018; Tempest



• With additional 
resolution, a 
high-density, 
phase builds up. 
(becoming 
similar in mass as 
the hot halo gas.) 

• Less gas at 
intermediate 
densities.

CGM density
z=0.3-0

R =50-100 kpc

in preparation



• With additional 
resolution, a 
high-density, low-
temperature 
phase builds up. 
(becoming 
similar in mass as 
the hot halo gas.) 

• Less gas at 
intermediate 
densities and 
temperatures.

CGM temperature
z=0.3-0

R =50-100 kpc

in preparation

• Caveats: no radiative cooling below 10,000 K, no thermal 
conduction, no cosmic rays, simplified self-shielding.



• The halo gas has almost equal amounts currently inflowing 
towards and outflowing from the central galaxy. 

• The neutral gas is strongly inflowing and therefore more likely 
to accrete onto the galaxy and fuel future star formation.  

• This also appears to be independent of the CGM resolution. 

radial velocity

inflow outflow

in preparation

all gas

R =50-100 kpc z=0.3-0



• The halo gas has almost equal amounts currently inflowing 
towards and outflowing from the central galaxy. 

• The neutral gas is strongly inflowing and therefore more likely 
to accrete onto the galaxy and fuel future star formation.  

• This appears to be independent of the CGM resolution. 

radial velocity

inflow outflow inflow outflow

in preparation

all gas HI gas

R =50-100 kpc z=0.3-0



• The density in the 
outer CGM does 
not change with 
resolution and is 
therefore 
reasonably well 
converged. 

• This explains why 
the difference in 
HI profiles 
decreases 
towards larger  
radii. 

outer CGM density
z=0.3-0

R =150-200 kpc

in preparation



• Factor of ~2 variation 
in magnetic field 
strength in 
simulations spanning 
over 4 orders of 
magnitude in 
resolution. 

magnetic field strength
Magnetising the circumgalactic medium 7

Figure 7. Time evolution of the radial profile of the fraction of
the radial and tangential components magnetic (top panel) and
kinetic energy (bottom panel) for Au-6-CGM.

is much more homogeneous within the virial radius of the
halo and the magnetic field strength in the outflows is only
slightly enhanced over the background, owing to the in-situ
dynamo in the halo.

3.5 Convergence

Since many processes in numerical simulations and in par-
ticular the numerical modelling of turbulence are a↵ected by
resolution we show in Fig. 8 the radial profile of the mag-
netic field strength in the CGM of Au-6 at z = 0 for di↵erent
resolution levels and including Au-6-CGM with two di↵er-
ent minimum spatial resolutions of 1 kpc and 0.5 kpc. The
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10�2

10�1
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B
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G
]

Level 3

Level 4

Level 5

Level 6

Au-6-CGM 1kpc

Au-6-CGM 0.5kpc

Figure 8. Radial profiles of the magnetic field strength for Au-6
at di↵erent resolutions from level 6 (Mbaryons = 3 ⇥ 106 M�) to
level 3 (Mbaryons = 6⇥103 M�) z = 0 in units of the virial radius.
Also included are radial profiles of Au-6-CGM (rcell  1 kpc)
and an additional simulation with rcell  0.5 kpc for which this
high resolution CGM region only reaches out to 200 kpc at z=0.
Substructure has been excluded from the profiles.

normalisation and the slope of all profiles are very similar
out to 2Rvir. For the standard Auriga simulations with a
purely Lagrangian refinement criterion, i.e. constant mass
per cell in the high resolution region, the magnetic field
strength varies by about a factor of two between the simula-
tions with di↵erent resolution, but without an obvious trend.
The two simulations Au-6-CGM with additional refinement
in the CGM that enforce a minimum spatial resolution are
at the high magnetic field strength end of these variations,
though they show a very similar slope of the profile as the
standard Auriga simulations. However, at the moment we
do not have enough such simulations with additional refine-
ment in the CGM available to determine if this is a system-
atic di↵erent or just coincidence. Event if it is systematic
the di↵erence in magnetic field strength is at most a factor
of 2.

We conclude that the magnetic field strength in the halo
at z = 0 is well converged in our simulations and essentially
independent of resolution. This, again, is the expected re-
sult for a magnetic dynamo that operates only on resolved
scales, as the magnetic field strength on the smallest resolved
scales is set by outflows from the ISM and not by the in-situ
turbulent dynamo in the halo.

4 VARIETY -> ENSEMBLE

5 SYNTHETIC FARADAY ROTATION MAPS
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z = 9.4, Rvir = 4.2kpc z = 6.9, Rvir = 10.3kpc z = 4.9, Rvir = 17.7kpc

z = 3.5, Rvir = 31.4kpc z = 2.0, Rvir = 72.8kpc z = 1.0, Rvir = 134.6kpc

z = 0.5, Rvir = 166.9kpc z = 0.2, Rvir = 187.4kpc z = 0.0, Rvir = 211.8kpc

Figure 3. Thin face-on projections of the magnetic field strength for Au-6-CGM with a depth of 10 kpc at di↵erent redshifts. The
logarithmic colormap spans a range of magnetic field strength from 5 ⇥ 10�3 µG to 2 µG. Superimposed on the magnetic field strength
is the direction of the magnetic field vector using the line integral convolution method. The size of the projections is 4 Rvir for each halo
and the virial radius is shown by the dashed circle.

netic energy (Pakmor et al. 2017). For the high resolution
simulations this process starts between z = 10 and z = 7
and saturation of the magnetic energy density at about 10%
of the turbulent energy density is reached in the center of
the galaxy before z = 3. The magnetic field is then further
amplified and ordered after the galaxy forms a gas disk.
This process starts between z = 2 and z = 1 and saturates
the magnetic field strength roughly in equipartition with the
turbulent energy density around z = 0.5 for most of the disk.

Complementary to previous work that focused on the

evolution of the magnetic field in the ISM of the galaxies,
here we focus on the evolution of the magnetic field in the
CGM. We define the CGM as the gas around the galaxy that
is directly influenced by it, i.e. the gas out to the furthest dis-
tance galactic winds can reach. An important process here
are the galactic winds, driven by ongoing star formation,
that drive gas out of the galaxy into the CGM. As the gas
in the galaxy becomes more magnetised, also the magnetisa-
tion of the galactic wind changes. In our e↵ective model for
galactic winds, star formation leads to the formation of wind

MNRAS 000, 1–8 (2019)

• Magnetic 
field strength 
& direction 
from z = 9-0 

• Outflows 
push 
magnetic 
fields from 
the galaxy 
into the halo.  

• A turbulent 
dynamo 
enhances the 
magnetic 
field strength 
in the halo.



• Kinetic energy follows 
Kolmogorov turbulent 
spectrum, driven at ~100 
kpc scales, cascades 
down to resolution limit.  

• Magnetic field 
amplification is driven 
by turbulent dynamo 
(small eddies turn 
around faster, so small 
scales saturate faster). 

• Magnetic power at large 
scales increases until 
z=0.4, where it saturates.
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Figure 5. Kinetic (straight lines) and magnetic (dashed lines)
energy powerspectra of Au-6-CGM at di↵erent times computed
in a fixed physical volume of a spherical shell with 50 kpc < r <
250 kpc. The black dotted lines show the slopes of a Kolmogorov
spectrum (Kolmogorov 1941) and a Kazantsev spectrum (Kazant-
sev et al. 1985) that are theoretically expected for a subsonic
turbulent dynamo.

an edge-on projection in Fig. 1 (left panel). It clearly shows
that the CGM is highly magnetised at this time. It also
shows directly that outflows transport highly magnetised gas
from the disk into the CGM well beyond the virial radius of
the galaxy. Moreover, within the virial radius the magnetic
field strength is mostly homogenous with azimuth, but varies
significantly at larger distances. We can also see that within
the virial radius the magnetic field appears to be mostly
turbulent. Only in coherent large-scale outflows it becomes
ordered along the direction of the flow.

Comparing the magnetic field strength to the metallic-
ity that is shown in the right panel of Fig. 1 we can see that
at distances larger than the virial radius the magnetisation
of the gas correlates with its metal enrichment. Within the
virial radius they seem to be mostly decouple at this time,
as the metallicity of the gas is much higher in outflows than
in the average halo.

However, it is necessary to analyse the magnetic field
in the CGM quantitatively in order to understand in detail
how the CGM gets magnetised and how its magnetic field
changes over time.

3.1 Amplification of the magnetic field strength
in the CGM

The evolution of the magnetic field strength in the CGM
measured in a spherical shell with constant physical extend
of 50 kpc < r < 250 kpc is shown in Fig. 2. The magnetic
field strength increases exponentially between about z = 6
and z = 3. It then increases roughly linearly with time until

it saturates between z = 1 and z = 0.5 at a typical average
strength of 10�2 µG. This strength is a few thousand times
weaker than the magnetic field strength in the center of the
halo (Pakmor et al. 2017).

There are two fundamentally di↵erent mechanisms that
are in principle able to magnetise the CGM. Outflows that
e�ciently transport gas from the ISM into the CGM become
magnetised once the turbulent dynamo has amplified the
magnetic field in the ISM and highly magnetised gas is mixed
into the CGM, magnetising the CGM. In addition the gas in
the CGM can be highly turbulent, thus there may also be an
in-situ dynamo at work that amplifies an existing magnetic
field in the CGM.

To distinguish between these mechanisms and confirm if
either of them is at work in the simulation, we need to look
in more detail at the spatial distribution of the magnetic
field strength and the structure of the magnetic field in the
CGM.

3.2 The spatial extend of the magnetised CGM

The time evolution of the magnetic field in the CGM of Au-
6-CGM is shown in Fig. 3. For comparison we also show the
time evolution of the metallicity in the CGM in Fig. 4. At
very high redshift (z > 7) the magnetic field only changes
adiabatically as gas expands or is compressed. The structure
of the magnetic field still remembers the uniform initial seed
field only changed by an already turbulent velocity field in
the young halo. After z = 7 the center of the galaxy becomes
well enough resolved for a turbulent dynamo to operate and
the magnetic field strength quickly amplifies and saturates
(before z = 3) in the center (Pakmor et al. 2017). Outflows
driven by star formation that originate from the center of
the galaxy then push highly magnetised out into CGM and
slightly beyond virial radius. At the same time these out-
flows are already enriched with metals, and the structures
seen in magnetisation and metallicity correlate strongly. We
conclude that, at this early time, the magnetisation of the
CGM is dominantly driven by outflows from the center of
the galaxy.

At z = 1 outflows have pushed magnetised and metal
enriched gas out to distances of 300 kpc, larger than 2Rvir,
though the magnetisation at large distances remains patchy.
At the same time the magnetic fields strength within Rvir

has become essentially homogeneous, even though outflows
are still visibly more metal enriched in the same area than
the background gas. This may be a direct contribution of
a turbulent dynamo operating in the halo and setting the
field strength within the halo. Beyond the virial radius the
magnetic field strength is still patchy and strongly correlates
with metallicity. There are still regions with primordial gas,
i.e. not significantly enriched with metals and not magne-
tised beyond the seed field, just beyond the virial radius of
the halo at z = 1.

At lower redshift this changes as essentially all the vol-
ume around the halo out to at least 2Rvir becomes magne-
tised. Until z = 0.5 the magnetic field in the CGM remains
completely unordered as there are no large scale structures
in the velocity field that could drive an ordering of the mag-
netic field. Only at z ⇡ 0.2 when the galactic disk of Au-6-
CGM develops large-scale coherent outflows that are stable
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• SURGE: Increasing the CGM resolution while treating the 
galaxies as before is a promising and efficient method. 

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

• The improved spatial resolution does no strongly impact the 
central galaxy or the average density profile of the CGM. 

• Improved resolution increases the amount of cool, dense 
gas in the halo, resulting in a substantially enhanced NHI.  

• Magnetic fields in the CGM are pushed out of the galaxy and 
generated in situ by a turbulent dynamo.  

• Now running refined simulations without self-shielding, with 
thermal conduction, with cosmic rays, with cooling < 10,000 K.

conclusions
standard refined


