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ABSTRACT

Cosmological simulations predict that during the evolution of galaxies, the specific star formation

rate continuously decreases. In a previous study we showed that generally this is not caused by

the galaxies running out of cold gas but rather a decrease in the fraction of gas capable of forming

stars. To investigate the origin of this behavior, we use disk galaxies selected from the cosmological

hydrodynamical simulation Magneticum Pathfinder and follow their evolution in time. We find that

the mean density of the cold gas regions decreases with time. This is caused by the fact that during the

evolution of the galaxies, the star-forming regions move to larger galactic radii, where the gas density

is lower. This supports the idea of inside-out growth of disk galaxies.
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1. INTRODUCTION

The formation and evolution of galaxies is a complex

interplay between different physical effects. One of the

most important processes involved is the formation of

stars from the galaxies’ cold gas reservoir. In a sim-

plified picture, the galaxies accrete cold gas from the

cosmic web, which settles into disks by redistributing

angular momentum due to its non-collisionless nature,

where then stars are formed. During their evolution,

star-forming galaxies move along the so-called main se-

quence, with an increase in stellar mass due to star for-
mation accompanied by a growth in the total amount of

gas and thus an increase in star formation rate. How-

ever, at a given stellar mass, this star formation rate

is generally found to be larger at higher redshifts, with

an overall decrease in star formation rate towards lower

redshifts (e.g., Santini et al. 2017; Pearson et al. 2018),

which leads to a slower growth of the stellar mass. When

the star formation is shut down (due to several different

possible quenching mechanisms), the galaxies fall below

the main sequence.

In a previous study by Kudritzki et al. (2021)(here-

after K21), we compared look-back models with the hy-

drodynamical cosmological Magneticum Pathfinder sim-
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ulations as well as observations. We found that during

the evolution of galaxies on the main sequence, their

star formation rates decline towards low redshifts, not

because the galaxies are running out of cold gas, but

because the fraction of the star-forming gas declines.

In this follow-up study we investigate the physical pro-

cesses responsible for this decline.

The cosmic evolution of the molecular gas mass den-

sity is an important quantity, as it is naturally con-

nected to the star formation history since the stars form

out of this molecular gas. Theoretical studies (see e.g.

Obreschkow et al. 2009; Obreschkow & Rawlings 2009;

Lagos et al. 2011; Popping et al. 2014) have predicted

that from redshift z ≈ 2 to z = 0 the cosmic density

of the molecular gas decreases. These predictions were

confirmed by several observational studies (see e.g. Wal-

ter et al. 2014; Decarli et al. 2016; Scoville et al. 2017;

Decarli et al. 2019; Riechers et al. 2019; Lenkić et al.

2020; Tacconi et al. 2020).

Many modern simulations have shown that with vary-

ing the physical parameters, e.g. the modelling of the

feedback mechanisms (e.g. Davé et al. 2020), resolution

(e.g. Crain et al. 2017) or the star formation recipes

(e.g. Valentini et al. 2019), one can fine-tune the simu-

lation to match the observational results. This is very

helpful for understanding the interplay between the dif-

ferent quantities. However, it is not always straight for-

ward to compare simulations directly to observations.
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One aspect pointed out by Popping et al. (2019) is the

importance of taking selection effects into account when

models are compared to observations. Other difficul-

ties might arise from the conversion of values obtained

by tracers. Observationally, Shetty et al. (2014) dis-

cuss that CO, which is commonly used for estimating

the molecular gas content, might not be a direct tracer

for the star formation, as it traces the total molecular

gas instead of the dense molecular gas (Gao & Solomon

2004). Additionally, the conversion factor from CO to

H2 is still a matter of debate (see e.g. Bolatto et al. 2013;

Somerville & Davé 2015). On the simulations side, an

issue arises when calculating of the fractions of H2, as

these can vary strongly depending on the used prescrip-

tion (see e.g. Lagos et al. 2015; Valentini et al. 2022).

In many theoretical works, molecular gas mass is con-

sidered to be the equivalent of the star-forming gas.

However, observational studies found that there is a

component of the molecular gas that is actually not star-

forming but residing in a thick diffuse disk (Caldú-Primo

et al. 2013; Pety et al. 2013). Such a non-star-forming

H2 component has also been found in simulations (La-

gos et al. 2015). Therefore, simply using the molecular

gas mass as tracer of star formation or vice versa may

be misleading. Another problem for direct comparison

is the difficulty of measuring HI in high redshift galaxies

due to the weakness of the HI 21 cm line, which is the

only direct tracer for the HI content (e.g. Chowdhury

et al. 2022).

In this paper we shed light on the process that leads

to the decrease of the fraction of the star-forming gas

compared to the total cold gas content. For this we

use the Magneticum Pathfinder simulations, which are

described in Section 2. We then show star-forming rela-

tions in Section 3 and analyze gas properties in Section

4. In Section 5 we compare to observations and conclude

our findings in Section 6.

2. THE MAGNETICUM PATHFINDER

SIMULATIONS

The Magneticum1 Pathfinder simulations are a set of

fully hydrodynamical cosmological simulations of differ-

ent box-volumes and resolutions. They follow the for-

mation and evolution of cosmological structures through

cosmic time, accounting for the complex physical pro-

cesses which shape the first building blocks of galax-

ies into the galaxies seen today. For details on the

simulations see Hirschmann et al. (2014) and Teklu

et al. (2015). A WMAP-7 ΛCDM cosmology (Komatsu

et al. 2011) is adopted with h = 0.704, Ωm = 0.272,
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Ωb = 0.0451, Ωλ = 0.728, σ8 = 0.809, and an initial

slope of the power spectrum of ns = 0.963.

2.1. Implementation of Physical Processes

Star formation and galactic winds are treated in the

same way as described by Springel & Hernquist (2003).

In this multiphase model for star formation, the inter-

stellar medium (ISM) is treated as a two-phase medium,

where clouds of cold gas form from cooling of hot gas and

are embedded in the hot gas phase assuming pressure

equilibrium whenever gas particles are above a given

threshold density. The density of each gas particle is

calculated using a weighted sum over particle neighbors,

where the weight decreases with increasing distance.

The hot gas within the multiphase model is heated by

supernovae (SNe) and can evaporate the cold clouds.

Around 10% of massive stars is assumed to explode as

SNe II. The released energy by SNe II (1051 erg) is mod-

eled to trigger galactic winds with a mass loading rate

being proportional to the star formation rate (SFR) to

obtain a resulting wind velocity of vwind = 350km/s.

Our simulations also include a detailed model of chemi-

cal evolution according to Tornatore et al. (2007).

Metals are produced by SNe II, by SNe Ia, and by

intermediate- and low-mass stars in the asymptotic gi-

ant branch (AGB). Metal radiative cooling rates are im-

plemented according to Wiersma et al. (2009). Metals

and energy are released by stars of different mass by

integrating the evolution of the stellar population (for

details see Dolag et al. 2017), properly accounting for

mass-dependent lifetimes using a lifetime function ac-

cording to Padovani &Matteucci (1993), the metallicity-

dependent stellar yields by Woosley & Weaver (1995)

for SNe II, the yields by van den Hoek & Groenewegen

(1997) for AGB stars, and the yields by Thielemann

et al. (2003) for SNeIa. Stars of different mass are ini-

tially distributed according to a Chabrier initial mass

function (Chabrier 2003).

Our simulations also include a prescription for black

hole (BH) growth and feedback from active galactic nu-

clei (AGN) based on the model presented by Springel

et al. (2005) and Di Matteo et al. (2005), including the

same modifications as Fabjan et al. (2010a) and some

minor changes. The accretion onto BHs and the asso-

ciated feedback adopt a sub-resolution model (for fur-

ther details see Hirschmann et al. 2014; Steinborn et al.

2015; Teklu et al. 2015). BHs are represented by colli-

sionless “sink particles” that can grow in mass by ac-

creting gas from their environments, or by merging with

other BHs. They are seeded in galaxies with stellar

masses above ≈ 4 · 109h−1M⊙ with an initial mass of

≈ 105h−1M⊙. The gas accretion rate Ṁ• is estimated
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using the Bondi-Hoyle-Lyttleton approximation (Hoyle

& Lyttleton 1939; Bondi & Hoyle 1944; Bondi 1952):

Ṁ• =
4πG2M2

• fboostρ

(c2s + v2)3/2
, (1)

where ρ and cs are the density and the sound speed of

the surrounding (ISM) gas, respectively, fboost is a boost

factor for the density, which typically is set to 100 and

v is the velocity of the BH relative to the surrounding

gas. The BH accretion is always limited to the Edding-

ton rate (maximum possible accretion for balance be-

tween inward-directed gravitational force and outward-

directed radiation pressure): Ṁ• = min(Ṁ•, Ṁedd).

Note that the detailed accretion flows onto the BHs are

unresolved, and thus we can only capture BH growth due

to the larger-scale gas distribution, which is resolved.

Once the accretion rate is computed for each BH par-

ticle, the mass continuously grows. To model the loss

of this gas from the gas particles, a stochastic criterion

is used to select the surrounding gas particles to be re-

moved. Unlike in the model described by Springel et al.

(2005), in which a selected gas particle contributes with

all its mass, we included the possibility for a gas particle

to lose only a slice of its mass, which corresponds to 1/4

of its original mass. In this way, each gas particle can

contribute with up to four ‘generations’ of BH accretion

events, thus providing a more continuous description of

the accretion process.

We assume that a fraction ϵf of the radiated energy

is thermally coupled to the surrounding gas so that

Ėf = ϵrϵfṀ•c
2 is the rate of the energy feedback; ϵf

is a free parameter and typically set to 0.1 (see dis-

cussion by Steinborn et al. 2015). The energy is dis-

tributed kernel weighted to the surrounding gas par-

ticles in an SPH-like manner. Additionally, we incor-

porated the feedback prescription according to Fabjan
et al. (2010b): we account for a transition from a quasar-

to a radio-mode feedback (see also Sijacki et al. 2007)

whenever the accretion rate falls below an Eddington ra-

tio of fedd := Ṁ•/Ṁedd < 10−2. During the radio-mode

feedback we assume a 4 times larger feedback efficiency

than in the quasar mode. This way, we want to ac-

count for massive BHs, which are radiatively inefficient

(having low accretion rates), but which are efficient in

heating the ICM by inflating hot bubbles in correspon-

dence to the termination of AGN jets. Note that we also,

in contrast to Springel et al. (2005), modify the mass

growth of the BH by taking into account the feedback,

e.g., ∆M• = (1−ηr)Ṁ•∆t. Additionally, we introduced

some technical modifications of the original implemen-

tation (for details see Hirschmann et al. 2014).

2.2. Galaxy Sample Selection

For our study we use the Magneticum Box4/uhr sim-

ulation, which has a box volume of (48 h−3Mpc)3 with

initially 2 × 5763 (dark matter and gas) particles. The

particle masses are mDM = 3.6×107h−1M⊙ and mgas =

7.3× 106h−1M⊙, respectively, and each gas particle can

spawn up to four stellar particles (i.e. the stellar particle

mass is approximately 1/4th of the gas particle mass),

with a softening length of ϵDM = ϵgas = 1.4h−1 kpc and

ϵ∗ = 0.7h−1 kpc.

For identifying disk galaxies we use their position in

the stellar mass–angular momentum (M∗ − j∗) plane,

quantified by the b-value

b = log10

(
j

kpc km/s

)
− 2

3
log10

(
M∗

M⊙

)
, (2)

where j is the specific angular momentum of the

galaxy stellar component (see especially Teklu et al.

2017, but also Teklu et al. 2015 and Schulze et al. 2018

for more details). At redshift z = 0.07, galaxies with

b ≥ −4.35 are considered disks. We select all disk galax-

ies at z = 0.07 with log10 M∗ ≥ 9M⊙. Note that at

higher redshift these galaxies could also have been in-

termediates, spheroids or even passive.

Furthermore, we adopt an additional selection crite-

rion for each snap shot based on the SFR law by Pearson

et al. (2018, their Appendix C) with some modifications,

namely with a correction factor as a function of redshift

and a modification of the power law, which describes

the dependence of stellar mass (for details see Kudritzki

et al. 2021). We use the threshold of 0.8 dex below our

adopted star formation law and include only galaxies

above this threshold.

This leaves us with a sample of 622 galaxies selected

at z ≈ 0, and for each of these galaxies the evolution

is traced back to redshift z = 4.2. The galaxies are

divided into 7 bins according to their stellar mass at

z ≈ 0, where the mean stellar mass of the galaxies in

the bins are log10 M∗/M⊙ = 9.28, 9.65, 10.01, 10.16,

10.34, 10.60, and 11.31, respectively. The selected mass

bins are an arbitrary choice to represent the range from

lower to higher galaxy stellar masses.

Fig. 1 depicts r-band mock images of an example disk

galaxy from the high mass bin of the Magneticum galaxy

sample, followed back in time to show its evolution. For

each redshift, the galaxy is shown face-on (upper rows)

and edge-on (lower rows). As can clearly be seen, it has

a large disk both in stellar component as well as in the

gas component (see Fig. 11 in the Appendix for the gas

component) at z = 0. At higher redshifts, the disk is

already present albeit several small merger events had

occurred since z = 2, although as expected the radial

extend of the disk is significantly smaller.
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Figure 1. r-Band mock images of an example disk galaxy from the high-mass bin sample, at 10 different redshift bins from
z = 0 (upper left) to z = 2 (lower right). First and third row show the face-on view, while second and fourth row show the
edge-on views. Mock images were made using the code by Martin et al. (2022).

In the following, we will study the gas components of

the selected disk galaxies in detail, especially the prop-

erties of the gas particles. When referring to gas parti-

cles that are currently in the process of forming stars,

we name those star-forming gas. These particles have

densities above 107.2M⊙kpc
−3. If not specified other-

wise, the cold gas component includes gas particles with

temperatures below 105K and star-forming gas. The

hot gas component consists of gas particles which have

temperatures above that temperature threshold and are

non-star-forming.

3. STAR FORMATION IN MAGNETICUM

As described previously, star formation is treated

within a sub-resolution model (Springel & Hernquist

2003), where gas above a certain density threshold is

treated as a two-phase medium. Above this threshold,

cold, star-forming clouds form from cooling of hot gas

and are embedded in the hot gas phase assuming pres-

sure equilibrium plus a stellar component. This sub-

resolution model describes the unresolved ISM by solv-

ing a set of connected differential equations for mass and

energy flows with a closure condition described in detail

by Springel & Hernquist (2003, and references therein).

Within this sub-resolution model, every gas element in

the simulation has an associated star formation rate fol-

lowing from the solution of this set of differential equa-

tions. This allows then to map in detail the star forma-

tion within the simulated galaxies.

First and foremost, the question is how the gas reser-

voir of a given galaxy evolves with redshift with respect
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Figure 2. The evolution of the Kennicutt-Schmidt relation for the galaxies in the highest mass bin. The black triangles
represent the mean star formation rate density and mean gas surface density within the gas surface density bins, for the star-
forming gas. The small data points represent mean values within radial bins of single galaxies, note that one galaxy can have
up to 16 data points. Blue diamonds are the cold gas including star-forming gas and turquoise triangles are only star-forming
gas.

to its global star formation properties. Thus, in Fig. 2

we show the mean gas surface density against the mean

star formation rate surface density, i.e. the Kennicutt-

Schmidt (KS) relation, of the cold gas (including star-

forming gas, dark blue diamonds) and only the star-

forming gas (turquoise triangles), for the galaxies in the

highest mass bin as an example. Each data point rep-

resents the mean value of one galaxy in a radial bin out

to 40kpc with 16 equally spaced bins à 2.5kpc. Black

triangles show the average star formation rate density

and average gas surface density within gas surface den-

sity bins, for the star-forming gas. The star-forming gas

of the galaxies, on average, follows the evolution accord-

ing to the KS-law (Kennicutt 1998, dashed lines), at all

redshifts up to z ≈ 3.5. We find that at high redshifts

the galaxies exhibit higher densities both in the cold gas

but also in star formation rate, and that these densities

decrease towards low redshifts. The cold gas falls off the

relation toward lower SFR-densities as in these densities

the mean values are dominated by cold non-star-forming

gas. This is in agreement with previous observational

studies, for example Bigiel et al. (2008) found that the

relationship of the total gas surface density and the SFR

surface density varies within and between the galaxies,

and that there is almost no correlation between the sur-

face density of the HI gas, which is generally associated

with the cold non-star-forming gas, and the SFR sur-

face density. Interestingly, this deviation of the cold gas

from the KS-law is relatively constant over time. This

points out the importance of using only the star-forming

gas instead of the cold gas, when investigating and com-

paring the gas properties to observations. Note that, as

the star-forming gas is a subsample of the cold gas, the

values for the SFR surface density are the same for each

radial bin, while the gas surface density is equal or lower

for the star-forming gas compared to the cold gas.

In Fig. 3 (see also Fig. 12 in the Appendix) we show

the evolution of the stacked temperature–density phase

diagrams for all gas of galaxies in the highest mass bin,

where the intensity of the red color mirrors the frac-

tion of the resolution elements of gas in the grid cell.

The dotted vertical line represents the density thresh-

old, above which the star formation sets in, and the

dotted horizontal line shows the temperature cut made

to distinguish between cold and hot gas. At high red-

shift most of the gas resolution elements are cold and
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Figure 3. The evolution of the mean temperature-density diagram for the gas of the galaxies in the highest mass bin. The
intensity of the red color encodes the fraction of gas resolution elements in a grid cell. The dashed vertical line represents the
star formation threshold, and the horizontal line the temperature cut for cold gas. For examples of different mass bins, see Fig.
12 in the Appendix.

dense and thus have a high star formation activity. To-

wards lower redshift there is still a large amount of cold

gas, which however becomes less dense and thus does not

reach the star-forming threshold anymore. At the low-

est redshift we can see the build-up of a hot and diffuse

gas component, i.e. gas with high temperature and low

density, which corresponds to gas that has been heated,

for example by AGN feedback.

As in the stacked phase diagram possibly interesting

signatures could get lost, we show in Fig. 4 the evolu-

tion of the phase diagram for one example galaxy from

the highest mass bin, the same as shown in Fig. 1. Each

data point represents one gas resolution element of the

galaxy within 5R1/2. The colors indicate their star-

forming activity, where red is non-star-forming, while

green, turquoise, blue and dark blue are star-forming

(with increasing activity). At high redshifts most of the

gas is cold and dense, and forms stars. This changes with

decreasing redshift, where the amount of cold gas which

is not dense enough to reach the SF threshold increases

and star formation decreases, respectively. Still, at low

redshift there is a large amount of cold gas. Note that

gas which is assumed to be in the wind phase, is pre-

vented from forming stars and therefore some gas even

when above the SF threshold does not form stars.

4. EVOLUTION OF COLD AND STAR-FORMING

GAS

In the following, we will study different quantities of

the cold and star-forming gas, such as the mass, the den-

sity and the radial profiles in order to shed light on the

origin of the decrease of the star-forming gas fraction.

Fig. 5 shows the time evolution of the cold gas mass (top

panel), the fraction of the star-forming gas compared to

the cold gas (middle panel), and the star-forming gas

mass (bottom panel). For this, we calculate the mean

values of the galaxies in the different stellar mass bins,

which are encoded by different shades of blue with dark

blue being the highest mass bin, the next lower mass bins

becoming lighter, and light blue being the lowest mass

bin. The mean cold gas mass continuously increases

with time for the three lowest mass bins, whereas for the

higher mass bins it remains relatively constant after the

first rapid increase. We can clearly see that the galaxies

do not run out of cold gas. Instead, as already shown

in K21, the fraction of the star-forming gas decreases
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Figure 4. The evolution of the temperature-density diagram for one example galaxy, where each data point represents the
physical properties within a resolution element. Red is gas without any star-forming component, star-forming gas is green,
turquoise, blue and dark blue (with increasing activity). The dashed vertical line represents the star formation threshold, and
the horizontal line the temperature cut for cold gas.

with evolving time independently of the stellar mass, as

aside from the two lowest stellar mass bins the curves

generally lie on top of each other. Interestingly, at early

times the fraction of the star-forming gas is very similar

for all mass bins; however, the evolution then differs,

as the mass of the star-forming gas increases and then

decreases for the galaxies in the high mass bins, while

for those in the two lowest mass bins it decreases from

the beginning. This highlights that it is not the lack of

cold gas for galaxies in any of the stellar mass bins but

the capability of the gas to form stars, which leads to a

decrease of the star formation.

As the stars form out of cold gas which condenses

to dense clouds, we next study the density of the cold

gas in Fig. 6. Here, we use the (mass) density of the

cold gas, which is calculated using a weighting function

around the resolution elements and in this way roughly

expresses the local densities, i.e. these gas resolution

elements represent large gas regions in which stars can

form. This is in contrast to averaging over parts of the

galaxy or the whole galaxy, as e.g. done for the cosmic

gas density. In Fig. 13 of the Appendix we show that the

“global” density = Mcoldgas/(4/3 · π · (5 ·R1/2)
3) results

in different curves. In Fig. 6 we find that with evolving

time the mean density of the cold gas decreases for all

galaxies. It then drops below the threshold for the star

formation (black dashed line), which happens earlier for

low mass galaxies and later for high mass galaxies.

In the following we want to explore why this mean

density of the cold gas decreases with time. For this,

we analyze the galaxies in the highest mass bin in more

detail. Fig. 7 shows the average fraction of cold gas in

5 · R1/2 within a certain density bin. Here, the differ-

ent lines and colors encode the look-back times and the

dashed line the density threshold for star formation. As

clearly can be seen, at high redshift most of the cold gas

has a density above the star formation threshold. To-

wards lower redshifts the distribution becomes broader

and the peak is shifting to lower density, below the star

formation threshold. So while the total amount of cold

gas at low redshifts is still rather large, its density clearly

is too low for most of it to continue star formation. This

raises the question what is causing this behavior.

To understand this, we take a closer look at the radial

distribution of the cold and star-forming gas, as this

aspect has so far been neglected in the above quanti-

ties. The left panel of Fig. 8 shows the radial profile

of the average gas density in a certain radial bin. The
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Figure 5. The colors and lines encode the mean values of
the galaxies in the different stellar mass bins, with mean
log10M∗/Msol values of 9.3, 9.66, 9.95, 10.14, 10.33, 10.59
and 11.15 (from light blue representing the lowest mass bin
to dark blue showing the most massive bin). Top: The cold
gas mass increases with time for the three lowest mass bins,
whereas for the higher mass bins it remains relatively con-
stant after the first steep increase. Middle: The fraction of
the star-forming gas mass compared to the cold gas content
decreases continuously, where there is no difference between
the mass bins except for the two lowest ones. Bottom: Ini-
tially, the mass of the star-forming gas increases for the high
mass bins and then decreases, while it decreases for the low
mass bins.

2 4 6 8 10 12
tlb [Gyr]

6.0

6.5

7.0

7.5

8.0

8.5

9.0

<
lo

g
1

0
 ρ

co
ld

g
as

>
 [

M
O •
 /

k
p

c3
]

Figure 6. The mean logarithmic mass density of cold gas as
function of look-back time, where the different mass bins are
color-coded as in Fig. 5. The black dashed line represents
the threshold for star formation.
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Figure 7. The fraction of cold gas resolution elements with
a given density for the highest mass bin, where the different
colors and lines represent the different look-back times. The
dashed line represents the threshold for star formation. To-
wards lower look-back times the peak shifts from high to low
density, lying below the SF threshold at later times.

different lines and colors represent the different look-

back times and the dashed line represents the density

threshold for star formation. Overall, the mean density

decreases with evolving time. Another general, redshift

independent trend is that the density is higher in the

center and decreases towards larger radii. This can be
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Figure 8. Left: The radial profile of the mean logarithmic mass density of cold gas for the highest mass bin, where the different
colors and lines represent the different look-back times and the dashed line represents the threshold for star formation. Right:
The radial profile of the mean logarithmic surface density of cold gas.

explained by the hydrostatic pressure equilibrium, where

the gas experiences the gravitational force and thus pres-

sure and density are higher in the center, where most of

the galaxy’s mass resides. We note that in the center of

the galaxies, especially at small look-back times, some of

the galaxies have a ring of cold gas and thus it is possible

that only a small number of galaxies contributes to the

data points in the very central regions. However, this

plot does not account for the number of gas resolution

elements nor the mass of the gas that is found in these

radial bins. Therefore, on the right panel of Fig. 8 we

show the surface density of the cold gas, as this quantity

takes the spatial distribution better into account. Inter-

estingly, we clearly see that the maximum of the surface

density is moving to larger radii towards low redshifts.

Fig. 9 shows the mean number of gas resolution ele-

ments in a certain radial bin, with the top panel showing

the cold gas, the middle panel showing the star-forming

gas and the bottom panel the fraction of star-forming

to cold gas (including star-forming gas). We can clearly

see that at large look-back times the majority of the gas

is in the center and that the peak moves further outside

with evolving time. The distribution seems to become

broader, which reflects that the total number of cold

gas resolution elements does not decrease. However, the

peak of the star-forming gas becomes noticeably smaller,

albeit it also moves to larger radii. The fraction shown

in the bottom panel displays that the star-forming gas is

becoming less over time as the cold gas regions move to

larger radii. To further illustrate that the star-forming

regions are moving outside with decreasing look-back

times, in Fig. 11 in the Appendix we show the evo-

lution of one example galaxy projected to the xy- and

xz-plane.

5. COMPARISON WITH OBSERVATIONS

For the comparison with observations we use the star-

forming gas as a proxy for the H2 gas. However, this

has to be taken with some caution, as e.g. Lagos et al.

(2015) have found that in the EAGLE simulations this

approximation is poor for H2 content above a certain

mass and that the H2 masses are depending on the reso-

lution. As a proxy for the atomic hydrdogen we use the

cold gas excluding the star-forming gas. We calculate

the gas and stellar masses within a radius of 40 kpc in

order to cover a similar size compared to the observa-

tional results by Chowdhury et al. (2022), who analyzed

cubes of 90 kpc length for their samples of star-forming

galaxies to investigate the HI contents at high z.

Fig. 10 shows the mean mass of the cold gas with-

out star-forming gas divided by the mean mass of the

star-forming gas, and the observed mean mass of atomic

gas divided by the mean molecular gas mass, respec-

tively. For better visibility, we only show three mass

bins, namely the highest mass bin (dark blue), the low-

est mass bin (light blue) and the mass bin of about

1010M⊙ (blue dash-dotted line) roughly corresponding

to the mean stellar mass used in the observations. The

fractions decrease with increasing redshift for the galax-

ies in our simulation. They agree well with the observa-

tions for z ≈ 0 and z ≈ 1. On the other hand, we find

some disagreement with the Chowdhury et al. (2022)

value at z ≈ 1.3, which indicates an increasing fraction.

We note, however, that Chowdhury et al. (2022) discuss
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potential uncertainties for the mass of molecular gas,

which would lower their fraction to 2.5.

Our results are in agreement with the trend presented

by Obreschkow & Rawlings (2009), and Power et al.

(2010), who analyzed predictions of semi-analytic mod-

els by Baugh et al. (2005); Bower et al. (2006); De Lucia

& Blaizot (2007); Font et al. (2008), where the fraction
of the molecular compared to atomic hydrogen is in-

creasing towards higher redshifts. Similarly, Lagos et al.

(2011) using a galaxy formation model find that the frac-

tion of H2 compared to HI increases to a peak at z ≈ 3.5,

then H2 dominates until z ≈ 5 and above this redshift

HI is the dominant component of the ISM.

6. SUMMARY AND DISCUSSION

We have analyzed a sample of galaxies in the

cosmological hydrodynamical simulation Magneticum

Pathfinder. The galaxies were selected at z = 0.1 such

that they are disk galaxies according to the b-value.

These galaxies were put into mass bins and were fol-

lowed backwards in time. In this way, we calculate

average properties for different mass bins and study the

average evolution of today’s galaxies that are similar in

mass at present instead of averaging over a population
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at different points in time. Our aim was to shed light

on the question why the fraction of star-forming gas is

decreasing, while there is still much cold gas in these

galaxies at low redshift (see also Kudritzki et al. 2021).

Our analysis has shown the following:

• The density distribution of cold gas clouds is shift-

ing from higher to lower densities with evolving

time. As a result, the number of clouds reaching

the threshold for star formation is decreasing.

• The reason for this behavior is a shift of the maxi-

mum of the number distribution of clouds to larger

galactic radii indicating an inside-out growth of

disk galaxies, in agreement with observations (see

e.g. González Delgado et al. 2015; Goddard et al.

2017). Since the gas clouds are in pressure equi-

librium with the galaxy’s gravitational potential,

their density is smaller at larger radii and a larger

fraction of their distribution falls below the star

formation threshold.

While the average density of the cold gas in the whole

galaxy as well as seen in the outer parts of the galaxies is

below the star formation threshold (especially towards

low redshifts), individual regions of cold gas still reach

densities high enough to form stars. These regions are

shifting towards larger radii with evolving time.

In summary, the fraction of the star-forming gas is

simply becoming smaller as the gas clouds move further

out to larger radii during the evolution of the galaxy,

where the gas density is smaller.
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APPENDIX

A. SPATIAL DISTRIBUTION OF GAS AND STARS

Fig. 11 shows the evolution of an example galaxy in the highest mass bin. For twelve redshifts we plot the spatial

distribution of stars (yellow), hot gas (red), cold gas (blue) and star-forming gas (turquoise) in face-on projection

(upper panels, odd rows) and edge-on projection (lower panels, even rows). The circle indicates 5 · R1/2. This figure

illustrates that at early times the galaxy is small and compact and that the star formation takes place in the inner

part. With evolving time the gas is pushed outwards and the stars form at larger radii.

B. TEMPERATURE VS. DENSITY

In Fig. 3 we have shown the evolution of the stacked temperature–density phase diagrams for the gas resolution

elements of galaxies in the highest mass bin. Here in Fig. 12, we show it for two other mass bins, namely the lowest

and one intermediate. Again, the intensity of the red color mirrors the fraction of gas in the grid cell. Similar to the

galaxies in the highest mass bin, at high redshift most of the gas is cold and dense, with a high star formation activity.

Towards lower redshift there is still a large amount of cold gas, however, less dense, and not reaching the star-forming

threshold, any more. In contrast to the galaxies in the highest mass bin, at the lowest redshift there is no hot and

diffuse gas. This reflects the fact that the galaxies in the lowest mass bin do not have AGNs, which could heat and

dissipate the gas.

C. GLOBAL COLD GAS DENSITY

In Section 4 we discuss the evolution of the densities of individual gas regions. Here we intent to demonstrate that

this is different from the evolution of the ”global” density of cold gas in a galaxy. For that purpose we calculate the

density of the gas mass in the whole galaxy. This is done by using the whole gas mass within a sphere and divide by

the volume of this sphere, i.e. = Mcoldgas/(4/3 · π · (5 · R1/2)
3). The comparison with observations should be used

with caution. If a fixed aperture is used for different types or sizes of galaxies, small galaxies can show a low density

while large galaxies show a higher density. Due to our selection of the gas inside a sphere which is scaling with the

stellar half mass radius within the virial radius we mostly avoid this issue. In Fig. 13 we can see that it makes a
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Figure 12. The evolution of the mean temperature vs. density diagram for the galaxies in the lowest (top panels) and
intermediate (bottom panels) mass bins of mean values of log10M∗/M⊙ = 9.28 and 10.16, respectively. The intensity of the
red color encodes the fraction of gas resolution elements in a grid cell. The vertical dashed line represents the star formation
threshold, while the horizontal line shows the temperature cut made for cold gas.
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Figure 13. The “global” density of the cold gas over time (i.e. the cold gas mass within a sphere divided by the sphere’s
volume), colored by the final stellar mass as in Fig. 5.

difference compared to the ”local” gas density (see Fig. 6). The density all over the galaxy is lower than that averaged

over individual gas regions. This quantity shows implicitly how the mass grows compared to the size. For lower mass

galaxies the size increases less compared to the gas mass than for higher mass galaxies. The most interesting aspect

here is that this global density does not tell us if the individual gas regions are dense enough to form stars. i.e. the

global density is high for low mass galaxies (light blue) while the local density is lower for them than for the high mass

galaxies (dark blue).
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