CHAL

UNIVERSITY OF TECHNOLOGY

Cosmic evolution of the star formation efficiency in Milky Way-like galaxies

Downloaded from: https://research.chalmers.se, 2025-04-19 03:46 UTC

Citation for the original published paper (version of record):

Otero, A., Agertz, O., Renaud, F. et al (2025). Cosmic evolution of the star formation efficiency in
Milky Way-like galaxies. Monthly Notices of the Royal Astronomical Society, 538(4): 2646-2659.
http://dx.doi.org/10.1093/mnras/staf423

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 538, 26462659 (2025)
Advance Access publication 2025 March 17

https://doi.org/10.1093/mnras/staf423

Cosmic evolution of the star formation efficiency in Milky Way-like
galaxies

1,2,

Alvaro Segovia Otero “,'* Oscar Agertz ! Florent Renaud “,">? Katarina Kraljic,> Alessandro

B. Romeo* and Vadim A. Semenov’

' Lund Observatory, Division of Astrophysics, Department of Physics, Lund University, Box 43, SE-221 00 Lund, Sweden
20bservatoire Astronomique de Strasbourg, Université de Strasbourg, CNRS UMR 7550, F-67000 Strasbourg, France

3 University of Strasbourg Institute for Advanced Study, 5 allée du Général Rouvillois, F-67083 Strasbourg, France
4Department of Space, Earth and Environment, Chalmers University of Technology, SE-41296 Gothenburg, Sweden
5Centerfor Astrophysics | Harvard & Smithsonian, 60 Garden St, Cambridge, MA 02138, USA

Accepted 2025 March 9. Received 2025 March 9; in original form 2024 October 11

ABSTRACT

Current star formation models are based on the structure of the interstellar medium (ISM), yet the details on how local
physics propagates to galactic-scale properties are still debated. To investigate this, we use VINTERGATAN, a high-resolution
cosmological zoom-in simulation of a Milky Way-like galaxy. We study how the velocity dispersion and density structure of the
cold neutral ISM on 50-100 pc scales evolve with redshift and quantify their impact on the star formation efficiency per free-fall
time-scale, € . During starbursts velocity dispersions can reach ~50 km s~!, especially throughout last major merger events
(1.3 < z < 1.5). After a merger-dominated phase (1 < z < 5), VINTERGATAN transitions into evolving secularly, featuring
velocity dispersion levels of ~10 km s~!. Despite strongly evolving density and turbulence distributions over cosmic time, € at
the resolution limit is found to change by only a factor of a few: from median efficiencies of 0.8 percent at z > 1 to 0.3 per cent
at z < 1. The mass-weighted average shows a universal (eg) &~ 1 per cent, caused by an almost invariant virial parameter
distribution in star-forming clouds. Changes in their density and turbulence levels are coupled, so the kinetic-to-gravitational
energy ratio remains close to constant. We show that a theoretically motivated e is intrinsically different from its observational
estimates adopting tracers of star formation, e.g. He. Since the physics underlying star formation can be lost on short time-scales

(~10 Myr), caution must be taken when constraining star formation models from observational estimates of e .

Key words: methods: numerical — [ISM: structure — galaxies: star formation.

1 INTRODUCTION

Current star formation theories strive to connect, and track across
cosmic time, the local properties of star-forming regions (<100 pc),
the global parameters characterizing galaxies (> tens of kpc), and
their cosmological environment. Nearby star-forming spiral galaxies
follow the canonical main-sequence (MS) and Kennicutt—Schmidt
(KS) relations: at a given stellar mass, disc galaxies with larger
molecular gas surface densities present greater star formation rate
(SFR) surface densities, depleting their gas reservoirs on time-scales
of ~ few Gyr (gas depletion times are estimated as Tge, = Myqs/SFR;
Kennicutt 1998; Bolatto et al. 2008; Leroy et al. 2013; Speagle
et al. 2014). The absence of major mergers combined with low gas
fractions (f; < 10 per cent for M, > 10'° Mg; e.g. Scholte et al.
2024) allow these isolated systems to develop stable rotationally
supported thin discs (Brinchmann et al. 2004; Wuyts et al. 2011;
Wisnioski et al. 2015), where star formation on galactic scales
is regulated by gas accretion, disc dynamics and instabilities, and
feedback processes.

* E-mail: alvaro.segovia@astro.lu.se

In the Local Universe, it is mainly within giant molecular clouds
(GMCs) that the ISM is shielded from background radiation, reaching
the required density and temperature conditions to trigger star for-
mation (for a review, see McKee & Ostriker 2007). CO observations
of GMCs in the Milky Way have revealed cloud scaling relations
that relate their masses, sizes, and velocity dispersions (Larson
1981; Solomon et al. 1987; Heyer et al. 2009; Miville-Deschénes,
Murray & Lee 2017). These have typical molecular gas surface
densities of gy, ~ 100 Mg pc*Z, effective radii of R ~ 10 — 100 pc,
and velocity dispersions of oy, ~ 1 — 10km s~!. These properties
translate into cloud virial parameters of o,; &~ 1 — 10 (Leroy et al.
2016; Miville-Deschénes et al. 2017; Sun et al. 2022), where a;, is
defined as the ratio between the kinetic to gravitational energy such
that oryir = 2Ewin/|Egrav|. A constant o of 21 is often understood
as GMCs reaching dynamical equilibrium, although external cloud
confinement by thermal and turbulent pressure complicates this
picture (e.g. Elmegreen 1989; Grisdale et al. 2018). Star formation
under these conditions is inefficient, which is commonly quantified
using the star formation efficiency per free-fall time parameter e,
i.e. the fraction of stars formed from the total gas mass of a GMC
on a free-fall time-scale ti = /37 /32Gp. Observations of star-
forming GMCs show e distributions with a universal average of
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1 per cent, followed by a spread of several orders of magnitude (see
review by Krumholz, McKee & Bland-Hawthorn 2019). Preliminary
systematic changes in € and oy have been found as a function of
galactic environment (bulge, bars, spiral arms, disc), but the scatter
around these parameters is dominated by intrinsic cloud-to-cloud
differences (Sun et al. 2020a, b; Rosolowsky et al. 2021). The way in
which gas densities and velocity dispersions in the ISM are affected
by environmental factors, and whether this has a significant impact
on the local star formation properties, still remains unclear even at
low redshift.

At high redshifts (z > 1), star-forming galaxies are predominantly
rotating discs, and their high gas fractions make them gravitationally
unstable to clump formation (for reviews see Forster Schreiber &
Wauyts 2020; Saintonge & Catinella 2022). Such a clumpy ISM is
subject to strong feedback from enhanced SFRs, along with more
frequent galactic interactions (Duncan et al. 2019). All of this sets
elevated velocity dispersions at high redshifts, as measured from
kinematics of molecular, atomic, and ionized gas tracers (Ubler etal.
2019, and references therein). Compared to spiral disc galaxies at
present day, average gas depletion times in high-z galaxies are found
to be shorter (74, > 500 Myr; see Tacconi et al. 2018; Tacconi,
Genzel & Sternberg 2020). In contrast to low-redshift discs, the
global 74 in starburst galaxies is around an order of magnitude
shorter (30-300 Myr; Daddi et al. 2010; Rodighiero et al. 2011),
making them a natural testbed for star formation physics in more
extreme ISM conditions. Starbursts can be driven by mergers, but can
also be triggered by secular processes in isolated gas-rich turbulent
discs (Ciesla et al. 2023).

The star-forming gas clumps in starbursts observed to date are
denser and more turbulent than GMCs in Local spirals, nevertheless,
they also show a;; & 1 — 10, albeit with a large scatter (Leroy et al.
2015; Rosolowsky et al. 2021; Dessauges-Zavadsky et al. 2023, see
also Krahm et al. 2024 for GMCs in the overlap region between
the Antennae galaxies). Unfortunately, observations of gas clumps
in such objects are scarce and limited to bright mergers in the Local
Universe or lensed high-redshift galaxies (Dessauges-Zavadsky et al.
2019). It is therefore uncertain whether ISM conditions at high
redshift or in extreme environments such as starbursts imply efficient
local star formation, i.e. a higher e .

Mapping the density and turbulent structure of the ISM to its star
formation properties has been the goal of theoretical and compu-
tationally driven studies in the last couple of decades. Pioneering
analytical work base the star formation process on the theory of
supersonic isothermal gas (Krumholz & McKee 2005; Hennebelle &
Chabrier 2011; Padoan & Nordlund 201 1; Federrath & Klessen 2012;
Burkhart 2018). These models, further calibrated on controlled mag-
netohydrodynamic (MHD) simulations of GMCs (5-500 pc in size;
Grudi¢ et al. 2018, 2019) and highly resolved ISM boxes (~ few pc
in length, Federrath et al. 2010; Federrath & Klessen 2013; Federrath
2015), can predict the commonly observed average (eg) ~ 1 per cent
even though they locally present large e variations (Krumholz,
Dekel & McKee 2012). More realistic set-ups face the challenge of
resolving the large dynamic range that connects the inner structure of
GMCs and their galactic and extra-galactic environment in isolated
disc or cosmological simulations respectively. To that aim, sub-
grid star formation recipes are either based on the aforementioned
analytical prescriptions where e directly depends on the local gas
density and velocity dispersion (Semenov, Kravtsov & Gnedin
2016; Trebitsch et al. 2017; Kretschmer & Teyssier 2020; Nuiez-
Castifieyra et al. 2021), or have a fixed e typically in the range
of 1-100 per cent (Renaud et al. 2013; Grisdale et al. 2018, 2019;
Hopkins et al. 2018). These simulations reveal a complex interplay
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among the extragalactic and galactic environment, star formation
models, and stellar feedback prescriptions (e.g. Agertz, Teyssier &
Moore 2011; Agertz & Kravtsov 2015; Semenov, Kravtsov & Gnedin
2018). For this reason, different star formation models can yield
significant differences in ISM and GMC properties (e.g. Grisdale
etal. 2017, 2018), but be degenerate in terms of integrated quantities
on galactic scales such as SFRs or global gas depletion times
(Hopkins, Narayanan & Murray 2013a).

In this paper, we use VINTERGATAN (Agertz et al. 2021; Renaud
et al. 2021a, b), a cosmological zoom-in simulation of a Milky
Way-like galaxy to investigate the evolution of the ISM and local
star formation properties, i.e. € as a function of redshift. In our
simulation, the Padoan, Haugbglle & Nordlund (2012) eftective
model connects the density and velocity disperison of the ISM with
€ , which we further compare to Local Universe GMC observations
from the PHANGS collaboration (Physics at High Angular resolution
in Nearby GalaxieS, Schinnerer & Leroy 2024). This work is a
follow-up of Segovia Otero, Renaud & Agertz (2022) and Renaud,
Segovia Otero & Agertz (2022), where we demonstrated the crucial
role played by galaxy mergers and morphological transformations in
setting the global gas depletion time. Here, we focus on investigating
the physics on smaller (<50-100 pc) scales and how it connects
to the global properties of a galaxy across cosmic time. Section 2
briefly summarizes the simulation set-up, Section 3 highlights the
connection between the cosmological environment and the local star
formation properties of Milky-Way like galaxies, and Sections 4 and
5 conclude with the main takeaways of this work and contextualize
them with respect to other available models for star formation.

2 METHODOLOGY

The VINTERGATAN cosmological zoom-in simulation was run
using the hydrodynamics + N-body code RAMSES (Teyssier 2002),
assuming A cold dark matter (ACDM) cosmological parame-
ters.! The initial conditions correspond to the ‘m12i’ halo of the
AGORA project (Assembling Galaxies Of Resolved Anatomy, Kim
et al. 2014, 2016, Roca-Fabrega et al. 2021, see also Wetzel et al.
2023), generated with the MUSIC code (Hahn & Abel 2011). Within a
periodic box of 85 Mpc and 5123 dark matter particles, the progenitor
Lagrangian region is selected to be 3 Ryp m around the halo at z = 0,
where the virial radius and mass with respect to the mean cosmic
background density at z = 0 are Rypo.m = 334 kpc and Mjpom =
1.3 x 10'> M, respectively. Its resolution was further enhanced to
reach a dark matter particle resolution of 3.5 x 10* M, and a mass
and spatial resolution of 7070 M, and <20 pc, respectively for the
gas. A more exhaustive explanation of the technical aspects of the
simulation can be found in Agertz et al. (2021). Here, we briefly
describe the most relevant models within VINTERGATAN .

Star formation is treated as a Poisson process on a cell-by-cell
basis (see Agertz et al. 2013), where the star formation rate density
0, follows

pu = eff%, with pg > 100em™, and T, < 100K. (1)
fi

Here, t; is the free-fall time-scale and €gis the star formation

efficiency per free-fall time from Padoan et al. (2012) (henceforth,

PN12). Star particles with an initial mass of 10*Mg, form when gas is

colder and denser than the density and temperature thresholds. These

conditions are set to prevent thermally supported gas from forming

VHy = 70.2km s~! Mpc™!, Qn = 0.272, Q4 = 0.728, Q, = 0.045.
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stars, a choice that has a minor impact on the overall star formation
history as the free-fall time-scales associated to such diffuse gas are
long and do not contribute to the global SFR.

In PN12, they simulate star formation in supersonically turbulent,
magnetized gas with a wide range of initial conditions and find that
the star formation efficiency per free-fall time is well approximated
by

t
eir = €y exp (—1.38 /o) = €y exp (—1.6 ft ) . )

Turb

The normalization constant €, here set to 0.5, accounts for processes
such as mass loss via protostellar jets. The virial parameter is defined

as

i = 2Ekin _ 1507 =135 ( fr >2, 3)
|Egav| G pgL? turb

where

b =~ @
23/301p

is commonly referred to as the turbulence crossing time, which is
on the order of the time-scale for turbulent energy dissipation in
the case of driven supersonic turbulence (Mac Low et al. 1998;
Stone, Ostriker & Gammie 1998; Mac Low 1999). L is chosen to
be the cell size (<20 pc), and oyp is the one-dimensional velocity
dispersion calculated as the standard deviation of each component
of the velocity vector independently for all six adjacent cells, i.e.
effectively computed on ~ 50 pc scales, o, = (07 + 0] +0,)/3.

The star formation model in PN12 is exclusively virial parameter
dependent. Alternatives exist, e.g. with additional Mach number
dependencies (for a comprehensive discussion see Federrath &
Klessen 2012), but have not been directly implemented in this
work. In Section 4, we comment on the potential implications of
using different prescriptions for eg. It is also worth mentioning
that even though sophisticated, these star formation laws do not
directly account for the galactic scale environment surrounding the
star-forming region, hence not accounting for mechanisms such as
shear and large-scale compression.

Each star particle represents a single stellar population with
a universal initial mass function (IMF; Chabrier 2003) and age-
, mass-, and gas/stellar metallicity-dependent feedback processes
such as radiation pressure, stellar winds, core collapse, and type la
supernovae calibrated on the STARBURST99 code (Raiteri, Villata &
Navarro 1996; Leitherer et al. 1999; Kim & Ostriker 2015). Gas
metallicity is initialized from a floor of Z = 1073 Zg in the
zoomed-in region® and subsequently enriched with iron (Fe) and
oxygen (O) by supernovae (hereafter SNe), where we adopt the
yields from (Woosley & Heger 2007). This allows for metallicity-
dependent cooling for T < 10* K (Rosen & Bregman 1995) and
10* < T < 10%3 K gas (Sutherland & Dopita 1993). Gas heating
from an ultraviolet (UV) radiation background was added assuming
reionization starting at z = 8.5 (Haardt & Madau 1996; Courty &
Alimi 2004; Aubert & Teyssier 2010).

To extract reliable information from our data, we use robust
statistics (Miiller 2000; Romeo, Agertz & Renaud 2023). Namely,
the median and median absolute deviation (MAD) provide reliable
information on the ‘central value’ and ‘width’ of the sample even
when a large fraction of them are outliers. The robust 1o scatter is

2This metallicity floor accounts for unresolved Population III stars (Wise
et al. 2012; Agertz et al. 2020).
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derived as MAD/0.6745. We further emphasize that using the median
rather than the mean is convenient under logarithmic transformations
given that med [log (X)] = log[med (X)]. The robust scatter in
logarithmic scale is approximated to ojogx) & 0%/ [X In(10)], which
is more representative in the limit where oy /X < 1.

3 RESULTS

VINTERGATAN proposes a formation channel general to nearby
star-forming spirals that reproduces Milky Way features at z ~ 0
(Agertz et al. 2021; Renaud et al. 2021a, b). Segovia Otero et al.
(2022) demonstrate that Milky Way-like galaxies experience epochs
of starburst or more quiescent star formation activity depending on
the global gas depletion time of the cold ISM. They identify three
evolutionary stages with order of magnitude changes in 74, : an early
stage at high redshift (5 <z < 9) with 74 ~ 1 Gyr; a starburst
phase (1 < z < 5) when 74, drops by an order of magnitude driven
by mergers impacting on an assembled galactic disc; a secular stage
(z < 1) when 14, increases to a few Gyr in the absence of mergers. In
the following, we explore how the density and turbulent structure of
the ISM evolve with time depending on these epochs, and asses how
much this affects the local star formation properties in the galaxy.
Note that the word local is used in this work to refer to ISM properties
derived on GMC scales when speaking about observations and for
parameters computed on scales comparable to the size of gas cells in
simulations. Conversely, the word global refers to galactic scales.

3.1 ISM density and velocity dispersion across cosmic time

Fig. 1 shows the ISM in the aforementioned evolutionary stages of
VINTERGATAN . An additional panel representing the last major
merger (LMM) exemplifies the properties of the ISM from its first
pericenter passage (z ~ 1.5) to its final coalescence with the main
galaxy (z ~ 1.3). Maps showing the gas density of the main galaxy
(face- and edge-on), its environment, and its main global properties
at each phase are on the bottom. In the top panels, contours show
the density and velocity dispersion levels of the ISM, computed by
stacking simulation snapshots with an output resolution of 100 Myr
within each redshift interval. The dashed red lines mark regions of
constant virial parameters of oy = 1 (thin) and oy = 10 (thick)
using equation (3).

For every output, we select a spherical volume with radius equal
to three times the stellar half-mass radius of the galaxy® and split it
in cubes of 50 pc in size.* Within each cube we divide the gas into
two phases by applying density and temperature cuts:

(i) The cold + dense ISM (blue contours) corresponds to gas that
fulfills the star formation criteria from equation (1), i.e. above n >
100 cm~3 and below T < 100 K. This phase traces molecular species
(Klessen & Glover 2016). Densities are computed by dividing the
corresponding mass of cold + dense gas by the volume of the 50 pc
cube. Velocity dispersion values ¢ represent the one-dimensional
mass-weighted standard deviation of velocities of cold + dense gas
cells within 50 pc cubes that contain more than one cold + dense
cell.

(ii) The diffuse ISM (green contours) includes gas cells at tempera-
tures of T < 10* K excluding those with cold + dense gas properties.

3Galactic centres in each output are found by running a shrinking sphere
algorithm, and half-mass radii are calculated from the mass of stars younger
than 100 Myr within the virial radius of VINTERGATAN at each epoch.
4All length units reported in this work correspond to physical coordinates.
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Figure 1. Top: response of the ISM in VINTERGATAN as a function of redshift to its extragalactic environment. For every redshift interval, each panel
shows the distribution of the density 7 and velocity dispersion o calculated from gas in (50 pc)? cubes. Contours represent the mass-weighted two-dimensional
histogram with probability densities of 0.6, 0.3, 0.1, 0.05, and 0.01 from thickest and darkest to thinnest and brightest contours, respectively. Two sets of
contours are presented: cold + dense (blue) for gas T < 100 K and n > 100 cm ™ (star-forming gas according to equation 2); diffuse (green) for gas T < 10*
K (excluding cold + dense gas). Dashed red lines of constant ay;; are included (equation 3), computed on 50 pc scales for ayir = 1 (thin) and ayir = 10 (thick).
Bottom: snapshots of the evolution of VINTERGATAN. Each column represents the edge- and face-on views of the galaxy, colour-coded by its gas density at
every cosmic epoch: Early (5 < z < 9), Starburst (1 < z < 5) including the LMM event from the first pericenter passage (z ~ 1.5) to the final coalescence of
the merger (z ~ 1.3), and Secular (z < 1). Included in each panel is the SFR, computed from the mass of stars younger than 100 Myr, the total stellar mass
M, the gas fraction f,, and twice the half radius calculated accounting for the spatial distribution of stars younger than 100 Myr (and outlined in black dashed
circles on the bottom row panels). Takeaway: density and velocity dispersion go hand-in-hand, specially for cold and dense gas, and respond to the cosmological
environment: mergers stir the ISM towards high o and n, when a more isolated disc has more lower turbulent levels and density values.

We include gas denser than 100 cm™ and warmer than 100 K,
yet its relative contribution is negligible as implied by the contour
lines. These density and temperature ranges are typical of the warm
neutral or ionized medium traced by neutral hydrogen (HI) and
recombination lines such as He. Its densities and velocity dispersions
have been computed in the same way as for the cold + dense gas,
minding the new temperature and density constraints.

The velocity dispersion and density distributions for both diffuse
and cold + dense gas phases evolve with cosmic epoch. This
evolution happens at a constant virial parameter (see Section 3.2),
with oy > 10 for diffuse gas and at 1 < a;, < 10 for cold + dense
gas. In fact, cold + dense gas shows a positive correlation between
the velocity dispersion and density with o o n%3, in agreement
with previous studies of disc galaxies (Semenov et al. 2016). Such
a scaling is compatible with the Larson scaling relations (Larson

1981; Grisdale et al. 2018) when a fixed spatial scale is considered.
Diffuse gas has less inertia and is easier to accelerate, making it
more susceptible to stellar feedback (Ejdetjarn et al. 2022) and the
extragalactic environment. Thus, it deviates from the o — n relation,
with more scatter at z > 1.

During the early stage (5 < z <9), most of the gas is found
at velocity dispersion values of o < 30km s~!', which is in line
with C1I observations of galaxies in the 108 < M, < 10'° M, mass
range at these redshifts (left panel in Fig. 1, see also Pope et al.
2023; Posses et al. 2023). Although gas-rich and immersed in a
merger-dominated environment, SFRs in VINTERGATAN are the
lowest in its star formation history (Segovia Otero et al. 2022,
for observations of gas fractions see Heintz et al. 2022; Aravena
et al. 2023 , and Fudamoto et al. 2022; Leethochawalit et al. 2023;
Trussler et al. 2023 for SFRs of coeval systems). It is not until
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the galaxy enters the starburst stage (1 < z < 5) that the highest
velocity dispersion levels are reached, especially in the case of the
LMM event for both gas phases (central panels in Fig. 1). This is
in agreement with observed starbursting discs slightly more massive
than VINTERGATAN at similar redshifts (¢ ~ 20 — 80km s~! also
from C1I measurements; Herrera-Camus et al. 2022; Parlanti et al.
2023; Rizzo et al. 2023; Roman-Oliveira, Fraternali & Rizzo 2023).
With the assembly of a galactic disc at z &~ 4.8, mergers tidally
compress gas, triggering star formation on short depletion times due
to an excess of gas in the cold + dense phase (Renaud et al. 2022;
Segovia Otero et al. 2022). Nevertheless, even if an excess of gas
at high densities leads to high SFRs (which inevitably goes hand-
in-hand with increased stellar feedback), disentangling the roles of
feedback- and gravity/compression-driven turbulence is challenging
in cosmological zoom-in simulations (but see Renaud et al. 2014,
who tell both effects apart using high time-resolution simulations
of idealized mergers). In the absence of major mergers (secular
stage, z < 1), and with the depletion of gas reservoirs, SFRs and
velocity dispersion values decrease most notably in the diffuse gas
(0 < 10kms~! for H1 observations in Local spirals; Tamburro
et al. 2009; Eibensteiner et al. 2023). Consequently, its scatter also
decreases substantially.

3.2 Properties of the cold and dense ISM

Densities reached in VINTERGATAN imply free-fall time-scales at
least a factor of 10 shorter than the output frequency of the simulation
(~100 Myr). Thus, to get insight into the actual ISM properties
upon star formation we use the star formation events (hereafter
SF-events) gas. This data set is different to the previous two gas
phases in that they have not been extracted directly from the low-
cadence outputs of the simulation. SF-events properties are logged
on the fly from gas cells that have undergone star formation: densities
are directly read from the star-forming cell, and velocity dispersion
values are calculated using the velocity vectors of the six adjacent
cells. Stars are spawned from gas cells with the highest resolution,
which is approximately kept at ~20 pc throughout the simulation,
with adjacent cells at a similar level of refinement. Hence, the velocity
dispersion is computed on scales that roughly correspond to sizes
of 50-100 pc. SF-events gas is represented in solid black in Fig.
2, revealing very turbulent (> 50 km s™), dense (> 10* cm™?), and
cold (=10 K) properties that resemble those that make molecules
such as HCN, HCO™, NH3;, CH, CN, and CS (Klessen & Glover
2016; Gallagher et al. 2018b; Wilson et al. 2023).

From this point on, we focus our analysis on the cold + dense
and SF-events gas in order to connect the ISM structure with its star
formation properties at each cosmic epoch. Fig. 2 shows the evolution
of ay;; (equation 3), Mach number,’ f, turb (equation 4), density, and
velocity dispersion for SF-events gas in black and cold + dense gas in
blue. Cold + dense gas is further split in two: gas within 50 pc cubes
containing stars younger than 10 Myr in solid blue; gas cubes without
star particles younger than 10 Myr in dotted blue. It is worth noting
that the velocity dispersion values in both cold + dense and SF-
events gas are computed at approximately the same scales, but other

5The expression for the Mach number is M = V3o1p /cs, where ¢ is the
thermal sound speed determined by the temperature of gas in the cell 7', the
Boltzmann constant kg, a mean molecular weight of © = 1.3, and the mass
of hydrogen my so that cs = /kgT /umy. Note that the sound speed for
both cold + dense and SF-events gas is ¢; < 1km s~!, making turbulence

supersonic for all measured values of the velocity dispersion.
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properties such as # (or ¢,) are derived from the density (or mass-
weighted average temperature) on 50 pc cubes compared to reading
off the star-forming cell properties on <20 pc before spawning a
star particle. We emphasize that our goal here is to: (i) analyse the
properties of the ISM at the resolution limit of the simulation where
the PN12 star formation model actually comes into play; (ii) compare
the distributions of SF-events and cold + dense properties; and
(iii) compare VINTERGATAN to GMC scaling relations from the
PHANGS collaboration, who provide GMC properties on a variety
of scales (45-150 pc; Rosolowsky et al. 2021; Sun et al. 2023;
Schinnerer & Leroy 2024).

The most striking result in Fig. 2 is the difference between the
SF-events and the cold + dense gas distributions. Note that the
distributions are normalized, so SF-events gas actually conforms
a smaller sample of cells representing the more extreme regions
of the 0 —n space. An order of magnitude shift to shorter #;
and fy,», dynamical time-scales is seen, highlighting the importance
of capturing these short-lived events, and implying that SF-events
gas is indeed a biased sub-set of denser and more turbulent gas
intimately connected to stellar feedback. To explore this idea, we
compare cold + dense gas with and without recent star formation
(solid and dotted blue in Fig. 2). We find that gas embedding stars
younger than 10 Myr reach denser and more turbulent states, i.e.
stronger resemblance to SF-events distributions. The same trends are
recovered when defining recent star formation as stars younger than
5 Myr and 100 Myr (time-scales probed by Ho and UV observations,
respectively), with stronger shifts between recent and past star-
forming ISM the older the stellar age cut is.

Looking at the cold + dense distributions, the shortest #; and
tury are achieved during the LMM event compared to the other
epochs (third and fourth rows in Fig. 2), expected from the evolution
of the corresponding density and velocity dispersion distributions.
Nevertheless, both dynamical time-scales conspire to render an
o probability density function (PDF) that is roughly constant in
all four cosmic epochs (top row in Fig. 2), with median values
of ayiy & 4.4 and robust scatter of 3.3. Approximately stationary
oy distributions with time is also noticed for SF-events gas, which
overlap substantially with cold + dense gas ones despite the stark
differences between them. This is particularly the case at z > 1,
with both SF-events and cold + dense o distributions showing
marginally larger median values. In merger-driven environments at
these redshifts, higher «,;; values are observed in recent simulations
by He et al. (2023), yet CO observations of GMCs in mergers
and lensed turbulent discs at z > 1 cannot conclusively estimate
a systematic change. Some studies point towards «,;; ~ 1 in both
mergers and isolated galaxies (Dessauges-Zavadsky et al. 2019,
2023), whereas others report increased o, values in starbursts, low-
density regions, galactic centre environments, and even mergers
(Leroy et al. 2015). For the particular case of the Antennae galaxies,
the order of magnitude increase in physical resolution to ~10 pc from
Krahm et al. (2024) compared to Wei, Keto & Ho (2012) renders an
average of (ayi;) = 13.80 & 7.84.

In the absence of mergers during the secular phase, the median
ayir is around a factor of 3 larger in SF-events gas with respect to
cold + dense. Such moderate shift to lower virial parameters in
cold + dense gas is due to lower velocity dispersion values increasing
turb, and is in good agreement with CO-based observations of GMCs
in nearby galaxies® (highlighted in orange boxes on the top right

5Qur equation for ay;; is almost identical to that of Sun et al. (2018), (2020b),
except that in their work they use the projected gas surface density, X, =
7 R?, where R is the depth of the line of sight. They also add a geometrical

Gz0z |Udy | uo Jasn (ABojouyos | Jo Alsianiun siawiey)) ejoysboy eysiuyel siswey) Aq /Z12808/9%9Z/7/8ES/a101e/seluw/woo dno olwapeose//:sdiy Woll papeojumo(]



Star formation efficiency in the MW 2651

= Star formation events ===+ No recent star formation = Age, < 10 Myr
Early, 5<z<9 Starburst, 1 <z <5 LMM, 1.3<z< 15 Secular, z < 1
<> S20
S18 «—>
10°F H
101}
2
1000
107! 4 :
2 log(M) !
log(n [em™?])
3.4 14 5.4 3.4 1.4 5.4 3.4 1.4
&
a
[al)
E’ 100k
=
)
D
z
|
=
100k
10-1F

2 0
log(o [km s71])

Figure 2. Gas mass-weighted PDFs of ai; , M, 4, the turbulent time-scale #,p, and velocity dispersion at each cosmic epoch in VINTERGATAN. PDFs
plotted in solid black correspond to SF-events while those in blue represent cold + dense gas. Curves in solid blue show ISM properties evaluated on 50 pc cubes
with star particles younger than 10 Myr. Those in dotted blue PDFs characterize the ISM with no recent star formation. Additionally, vertical lines correspond
to the median values of each distribution with same colour and line style. The orange rectangles in the top right panel represent the scatter (robust standard
deviation, see last paragraph in Section 2) in a;r values evaluated on 80 pc in Sun et al. (2018) and 90 pc in Sun et al. (2020b). Black arrows are just included to
clarify the extent of the scatter. Takeaway: even if the density and turbulence of the ISM on 50 pc scales changes with cosmic epoch, the virial parameter shows
a roughly constant distribution as a function of redshift.

MNRAS 538, 26462659 (2025)

Gz0z |Udy | uo Jasn (ABojouyos | Jo Alsianiun siawiey)) ejoysboy eysiuyel siswey) Aq /Z12808/9%9Z/7/8ES/a101e/seluw/woo dno olwapeose//:sdiy Woll papeojumo(]



0.1

2652  A. Segovia Otero et al.

Early

Starburst
S
g Only e > 5% |

n 41
T X E
4;47 ]
> \ 1
lg E 0.1
an L L 1 E
= 10 15 25
e [%)

2
log(efr)

LMM [
Secular E
-Only eg > 5% -

1} ~t =
F / =
[ / i / i)
| o =

[ Q
i | /i =
0.3 1.0 30 | 0.5

tst [Myr]

i
0o 12 3
log(tsr = tar/ex [Myr])

Figure 3. Cosmic evolution of the eg gas mass-weighted PDFs (leff) and local star formation time-scales (right) in 15 redshift bins. The on-the-fly e is
calculated with equation (2) (PN12), using SF-events properties as input. Small line markers at the bottom the left and right most panels indicate the evolution
of the median eg and g, respectively. Two additional panels display the re-calculated PDFs for only cells with € > 5 per cent (centre left). For clarity, four
colour-coded PDFs show the averaged distributions for each cosmic epoch. Takeaway: (€f) =~ 1 per cent is constant throughout cosmic time, and therefore the
local time-scales for star formation are mostly dependent on the changes in the gas density PDFs, through f¢.

panel in Fig. 2; Sun et al. 2018, 2020b; Rosolowsky et al. 2021).
On the other hand, SF-events experiences an increase in o due to
the fact that less gas is compressed to dense states, creating longer
t on average. As we mentioned previously, if we take SF-events
to resemble dense gas tracers, its o values overestimate the HCN-
based virial parameters (Gallagher et al. 2018a; Jiménez-Donaire
et al. 2019; Neumann et al. 2023), which agree better with CO-based
observations.

Additionally, we have checked that our results are robust to small
changes to the spatial scale by repeating the analysis using 100 pc
cubes, with no change to the main conclusions drawn here.

3.3 Implications for the local e

We next turn to the resulting eg distributions for the SF-events gas.
The left most panel in Fig. 3 presents the evolution of the e and
local depletion time PDFs with redshift. Given that the PN12 model
is ayi-dependent, a weakly increasing virial parameter with time
(solid black in Fig. 2) leads to a weak decrease of €. The mass-
weighted mean of e is approximately 1 per cent, in agreement with
the universally observed and predicted values (Krumholz et al.
2012; Lee, Miville-Deschénes & Murray 2016; Semenov et al.
2016; Utomo et al. 2018; Grisdale et al. 2019; Semenov, Conroy &
Hernquist 2024b, see also Polzin et al. 2024 where () &~ 1 per cent
for a range of metallicities). We can rewrite the local star formation
law in equation (1) as py/p. = tgr/€sr, Where t = ti; /€ is the local
gas depletion time. Then, in our case where the gas upon star
formation in our simulation features a nearly constant e, fy O fg.
This means that changes to the local rate of star formation are mainly
driven by changes in the density PDF (as # o p, 0.3, The right most
panel of Fig. 3 shows the evolution of zi. During the starburst and
LMM epochs, both t and #;; (third row of Fig. 2) shifts to shorter time-
scales, which is coeval with the drop of global depletion time values
seen in Segovia Otero et al. (2022), caused by tidal compression
and shocks during galaxy interactions (Renaud et al. 2022). In this

factor f that corrects for an assumed radial density profile of CO inside their
spherical GMCs so that f = (1 — y/3)(1 — 2y/5), where y is the slope of
the power law of the profile (Bertoldi & McKee 1992; Rosolowsky & Leroy
2006).
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figure, the role of increased levels of ISM turbulence is therefore not
to impact the distribution of € on small scales, but rather to drive
the ISM density PDF towards higher densities, which in turn leads to
lower global gas depletion times (see also Kraljic et al. 2014, 2024).
We note that the median #y is an order of magnitude shorter (~100
Myr) than the global depletion time 7qep (~1 Gyr) due to the fact
that most gas is not star forming (Semenov et al. 2017; Polzin et al.
2024).

The shape of the distributions, along with the median values
(markers on the bottom of Fig. 3), reveal a slight evolution with time:
red distributions showing symbolically higher e medians at z > 1
(0.8 per cent) and a family of blue distributions with a factor of ~3
lower e after the LMM event (0.3 per cent). Given the span of the
e PDFs (0.001 per cent—30 per cent) and the more drastic evolution
of i and #,,, We consider € to be roughly stationary. However, this
change in efficiency is enough for parts of the ISM in the starburst and
LMM periods to feature € above ~20 per cent. These star-forming
regions contain the largest amount of dense turbulent gas, but as
can be seen from the PDFs, they make out a small fraction of the
total gas mass of the galaxy during that epoch (>2 per cent during
the starburst phase compared to <0.5 per cent for the secular and
early epochs). They also correspond to the shortest time-scales (<1
Myr), potentially making them ideal locations for massive star cluster
formation (Li, Gnedin & Gnedin 2018; Li et al. 2020, 2022).

In Section 4, we discuss how alternatives to PN12 could affect our
conclusions.

3.4 Inferring € from observations

A large number of studies have been undertaken to constrain €5 using
Milky Way GMC- and cloud-scale observations of Local Universe
galaxies (for reviews, see Krumholz et al. 2019; Schinnerer &
Leroy 2024) as well as in gravitationally lensed high-z galaxies
(e.g. Dessauges-Zavadsky et al. 2019, 2023). An apples-to-apples
comparison with theory and simulations is not trivial (see Grudié
et al. 2018, 2019, for high resolution GMC simulations, Grisdale
etal. 2019 for simulations of isolated disc galaxies, Nufiez-Castifieyra
et al. 2021 for cosmological simulations, and Bemis & Wilson 2023
for a more observational perspective). Observationally, € quantifies
the ratio between recent star formation and total mass budget of
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Figure 4. Theoretical (fop row) and observational (bottom row) estimates of the star formation efficiencies per free-fall time as a function of X, o, and oy .
Only cold + dense gas properties in outputs at z < 1 are used. The running median of the two-dimensional histograms analysed on a grid of cubes of 100 pc
in size is shown in blue, with its robust standard deviation as a blue shaded band (see Section 3.2). In solid green, we have the PHANGS-like running median
also with its associated robust standard deviation band evaluated over on a grid of 1 kpc cubes (see Section 3.4 for a more thorough explanation on how to
calculate PHANGS-like properties). In addition, the bottom row contains, in orange, a linear fit of the form y = m(x — x¢) + b where the coefficients take
the values m = 0.00,0.01,0.10, b = —2.44, —2.44, —2.45, xo = 1.66, 0.74, 0.52, respectively from left to right (L25, Leroy et al. 2025). The orange band
indicates the scatter around the fit with values of 1o = 0.28, 0.28, 0.27. The bottom left panel shows a hatched region where VINTERGATAN is limited by the
mass resolution of star particles when sampling the star formation model. Takeaway: star formation models based on the theory of isothermal gravo-turbulent
gas relaxes the apparent contradiction seen between models of star formation and star formation scaling relations observed in GMCs.

GMCs, normalized by #, and probed by molecular gas and SFR
tracers. Therefore, a time-lag exists between the actual trigger of star
formation in a specific cloud, and the eventual signal of recent star
formation (YSOs or He, where the latter has an associated time-lag
on the order of ~10 Myr). In contrast, in the context of theories
of star formation in gravo-turbulent isothermal gas, e measures the
amount of gas mass that is turned into stars on a free-fall time-scale
by integrating a log-normal density PDF above a certain density
threshold. Such an instantaneous description of e is derived from
the current density and turbulent structure of a piece of the ISM.
This is not necessarily equal to an e inferred from gas tracers which
encodes star formation imprinted at an earlier instance of a gas
cloud.

In Fig. 4, we use VINTERGATAN outputs in the secular phase
of evolution (z < 1) to compute theoretically and observationally
motivated estimates of €. The top row shows two-dimensional
histograms with their running medians and robust standard deviations
in blue corresponding to the theoretical star formation efficiency
per free-fall time, € 190, against the gas surface density, velocity
dispersion, and virial parameter of cold + dense gas. This time, we
calculate €4 100 on a grid of 100 pc-sized cubes using equation (2)
from the velocity dispersion on these scales, and the density from
the mass of cold 4 dense gas within each 100 pc cube. Note that
these measurements are not necessarily the same as the on-the-fly
data in Fig. 3 due to the larger sizes of the cubes with respect to
the maximally resolved cells, and the inclusion of more diffuse and
less turbulent gas (Fig. 3). We shift our analysis from 50 to 100
pc because we want to compare the predictions of the PN12 model

applied on 100 pc scales with the observational € estimates provided
by the PHANGS collaboration, most of which are also on physical
sizes of ~100 pc (Rosolowsky et al. 2021; Sun et al. 2022). The
analysis behind Fig. 4 was also performed on 50 pc scales, but no
major differences were observed.

The bottom row in Fig. 4 shows a similar analysis, only applying
an observational estimator for the star formation efficiency per free-
fall time (Leroy et al. 2017; Schinnerer & Leroy 2024), hereafter
€obs *

Ii

(&)

€obs = .
Tdep
Here, t;y and 74 are the local free-fall and gas depletion time-scales
computed from the cold + dense gas embedding stars younger than
10 Myr. Alternatives to equation (5) have been put forward by, e.g.
Lee et al. (2016),” but our findings and main trends are not affected
by the change of €., prescription.

It is clear from Fig. 4 that €5 100 and €,ps are dramatically different
measurements. Starting with the ex—X relations, €, 109 increases with
increasing X, as expected from a decreasing o, With increasing
local density. The opposite trend is found for €q,s, which stems
from dense gas often probing early stages of GMCs, when only low
levels of star formation have occurred and before feedback has had
time to disrupt them. This yields a low-mass ratio between young

7 o My,

€ops = — ——————, with My, , being the mass of stars younger than 7 ,.
obs fye Mg +My,g y,* g y 2 y,%
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stars and the total mass of clouds, hence a low €, . The high-€,ps ,
low-X regions of the distribution tend to represent gas-poor clouds
in their final stages of evolution, where large amounts of young
stars drive large estimates of €, (Feldmann & Gnedin 2011; Grudi¢
et al. 2018; Grisdale et al. 2019; Grudi¢ et al. 2019). In contrast,
such diffuse environment makes the instantaneous €, oo predict very
low star formation efficiencies. We note however, that the picture is
much more complex than this; for instance, as seen from the €qps —
o relation, regions with apparent high €4, are in fact found to be
both the most bound (ay;; < 1) as well as unbound (a;, > 10), which
indicates that not all regions are necessarily undergoing late stages
of star formation and feedback disruption (for an example of diverse
cloud evolutionary paths, see fig. 3 in Grisdale et al. 2019).

The eg—o relations predict a decreasing trend for both theoretical
and observational efficiencies, yet additional efforts are required
to precisely quantify whether such correlations are driven by the
coupling between a multiphase ISM and different stellar feedback
mechanisms (see Discussion section, but also Federrath 2015; Ander-
sson et al. 2024) or whether more large-scale sources of turbulence
ought to be considered, e.g. shear.®

To ascertain whether the star formation properties in VINTER-
GATAN at low redshifts are compatible with observations, we
compare our results to those from the PHANGS collaboration. In
particular, we follow the analysis outlined in Leroy et al. (2025)
(hereafter L.25). Cloud properties such as X, o, and «ay;. , are mea-
sured on pixels of 50-150 pc in size further averaged over 0.5-1.5 kpc
domains and weighted by the intensity of the CO (2-1) emission line
(for more information on how to compute these parameters see Sun
et al. 2022, 2023; Schinnerer & Leroy 2024). L25 evaluate €, using
equation (5), but # is now the CO luminosity-weighted average over
the kpc domains and 74, is the ratio between the CO gas and SFR
surface densities from the image at the native resolution convolved
with a Gaussian beam to the desired kpc resolution (see appendix A
in Sun et al. 2023; for improvements on the ‘aperture-scale averaged’
data products from Sun et al. 2022). Finally, the empirical relation
seen in orange for all bottom panels in Fig. 4 with its 1o scatter is
the result of fitting a first-order polynomial between €, and %, o,
air- respectively, and additionally bootstrapping the parent sample
N times.

To closely mimic such analysis, each of the VINTER-
GATAN outputs at z < 1 are now split in 1 kpc-sized regions. We
then find which of the 100 pc cubes are located within each kpc
region and re-calculate the gas mass-weighted average over the kpc
domain of ¥, o, oy, and #g. It is worth emphasizing that we do
not evaluate mass-weighted averages of cell values on kpc scales,
but rather use those calculated from the 100 pc-sized cubes. €qps is
still computed using equation (5), but from a gas mass-weighted
free-fall time, () divided it by the gas depletion times of each kpc
domain.

Solid green lines in Fig. 4 show the running median and associated
scatter through these kpc domains. We see that VINTERGATAN and
PHANGS agree well mostly at low €, values, namely, in the high-
%, high-o regime of the parameter space. The most striking result
is appreciated in the last column of Fig. 4. While € 19 naturally
follows the PN12 star formation law with an exponential shape, the
€obs €Stimator recovers an almost constant star formation efficiency

8Cold 4 dense gas in the secular phase of VINTERGATAN is often located
within the inner half-mass radius of the galaxy, where galactic shear has been
shown to play a crucial role in shaping the local star formation properties in
the ISM of these regions (‘the Brick’; Petkova et al. 2023).
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for virial parameters between 1 < «; < 10 in accordance with
PHANGS analysis. While the match between €q,sin VINTER-
GATAN and PHANGS is interesting, it remains to be seen if observed
€ops trends can be used to constrain star formation models, or whether
any signature of an underlying star formation law becomes washed
out due to complex overlap of diverse cloud life cycles in a single
ISM patch (see Grisdale et al. 2019). For instance, we note that the
scatter in the simulation data is greater than that of the PHANGS fit.
More analysis of simulations adopting a variety of star formation and
feedback models is necessary to ascertain to what degree the scatter
carries information of actual cloud diversity and ISM environment,
as opposed to numerical aspects. Making use of outliers to cloud
distribution (e.g. cloud mass) has the potential for providing more
robust insights into the physics of star-forming clouds (Renaud,
Agertz & Romeo 2024).

The match between VINTERGATANand PHANGS at ¥ <
100 Mg pc~2 and o < 100km s~! is poor. Part of the reason for this
mismatch is inherent to VINTERGATAN and other cosmological
simulations when sampling star formation using massive star parti-
cles, here with initial masses of 10* M. Such high masses cannot
adequately sample low levels of star formation in low density gas,
hence introducing a bias. To illustrate this we added a sampling limit’
with functional form eqs oc 1/ X!, This region of the parameter
space is unreachable by our cosmological simulation and seen as a
hatched grey region limited by a black dashed line in the bottom left
panel of Fig. 4. Higher resolution simulations are necessary to better
probe star formation in the low density parts of the ISM, which we
leave for future work.

4 DISCUSSION

In this paper, we have studied how the density and velocity dispersion
of the ISM in a Milky Way-mass galaxy evolve with cosmic time.
Gravity and turbulence in gas clouds evolve conjointly, leading to
an a,; distribution that is almost constant in time. Applying the
PN12 recipe for star formation, we get that the local theoretical
efficiency is (eg) =~ 1 per cent computed on 20 pc scales. This is
in good agreement with observational efficiency estimators, e.g. in
the PHANGS collaboration. In the following section, we discuss
in-depth how mapping between the theoretical and observational
efficiencies would be affected by the life cycle of clouds, merger-
driven environments at high redshift, and alternative implementations
of star formation.

4.1 Mapping between theoretical and observational efficiencies

Fig. 5 explores the mapping between e€qpsand eg o0 OVer time
by presenting €ps—€gr, 100 contours, and their corresponding one-
dimensional histograms for the LMM event (left-hand side, 1.3 <
z < 1.5) and the secular epoch (right-hand side, z < 1). The distri-
butions of counts appear as solid curves, gas mass-weighted distri-
butions are illustrated in dotted lines, and stellar mass-weighted ones
in dashed lines. Both main panels suggest a tentative anticorrelation
between €4, and € 100 (see also Khullar et al. 2024).

9The sampling limit is computed from equation (5), re-writing it as
€obs = I/ Tdep = (tff/ty.*) (Zy,,/E). Re-formulating the free-fall time as
i X (Z/L)’O'5 we get that €gpg (L°‘5/tyq*) (Z‘y,,/El‘S). Here, Xy,
corresponds to a maximally resolved star particle ~ 10*Mg, inside a circle
of radius equal to L/2 where L = 100pc, and ty , is the maximum age of
young stars set to 10 Myr (Fig. 2).
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Figure 5. Comparison between the theoretically (PN12) versus the observationally motivated efficiency (equation 5) for the LMM and the secular phases of
VINTERGATAN . Both quantities are evaluated on 100 pc scales, with colour-coded contours representing the two-dimensional histogram between €ops and
€¢r,100 indicating probability densities of 0.6, 0.3, 0.2, 0.1, 0.03, and 0.01 from most yellow to most purple, respectively. The corresponding one-dimensional
histograms are placed on the top and sides of the main panels, where the solid curve representing the counts is weighted by stellar mass from particles younger
than 10 Myr inside the 100 pc cubes (dashed) and by the enclosed gas mass (dotted). The diagonal dashed line crossing the two main panels just shows the
one-to-one correlation between €ps and €y, 109. For comparison, the robust scatter of €,ps from Utomo et al. (2018) is highlighted as a green rectangle. Takeaway:

€obs and €¢r, 109 do not correlate with each other.

Right-hand side panels in Fig. 5 show the eqps—€s 100 relation
for VINTERGATAN at z < 1. Surprisingly, an order of magnitude
difference exists between a median € o0 of ~ 4 per cent (right most
panel) and a median €, of ~ 0.4 per cent (top right panel) regardless
of the distributions being stellar or gas mass-weighted. This suggests
that: (i) from a PN12 point of view the ISM is considered to be more
efficiently star-forming on 100 pc scales and free-fall time-scales
of ~3.5 Myr than what €., implies; (ii) the observational estimator
€0bs describes a less efficiently star-forming ISM with gas depletion
times of ~300 Myr. From Fig. 4, we concluded that star-forming
clouds in their initial stages of evolution are dense and turbulent, with
gas masses larger than that of stars younger than 10 Myr, appearing
inefficient when traced by observations yet efficient as predicted by
theory. Contour lines in Fig. 5 do show a tendency towards the low-
€ir,100 » high-€4 corner of the panel indicating such cloud evolution.
Nevertheless, some of these early clouds are found in the central
regions of VINTERGATAN and have the highest SFRs, so even after
the onset of the first SNe, it is not clear whether feedback will be
able to couple to such large cold and dense gas reservoirs to impact
ayir (Querejeta et al. 2019; see Hopkins et al. 2013b for feedback-
regulated star formation, where SNe feedback weakly couples to
cold and dense gas clouds with high HCN/CO compared to pre-SNe
feedback; Ohlin, Renaud & Agertz 2019 for tests of SNe explosions
in turbulent ISM boxes; and Zakardjian et al. 2023 for spatial offsets
between HCN and CO peaks).

During the LMM phase, VINTERGATAN is undergoing a star-
burst. Panels on the left-hand side of Fig. 5 illustrate how the

€obs—€ir, 100 trend remains visible in a high-z major merger, almost
orthogonal to the one-to-one relation (black dashed line). If we
look at the distribution of counts or gas mass-weighted eg values
(solid and dotted, respectively), there is a minor tendency towards
lower € 100 and higher €,ps compared to the secular phase, with
median €5 100 ~ €obs ~ 1 per cent (left most and top left panels).
In turn, the stellar mass-weighted €,y distributions are significantly
shifted towards high efficiencies of ~ 10 per cent (dashed lines).
This is because shorter local gas depletion times of ~100 Myr
(Fig. 2), imply that there is an enhancement of star formation
on shorter time-scales when VINTERGATANis observed as a
starburst galaxy rather than a main-sequence galaxy. On 100 pc
scales, this translates into larger stellar-to-gas mass ratios, which
skews the stellar-mass weighted €, distributions. Such efficiency
values have been reported from YSOs (Young Stellar Objects)
in dense clumps in the Milky Way (Heyer et al. 2016), dense
gas tracers like HCN and CS from extragalactic sources (Wu
et al. 2010), and from dense star-forming regions in starbursting
high-redshift lensed galaxies (Dessauges-Zavadsky et al. 2019,
2023).

Interestingly, the e 100 distribution indicates less efficient star
formation during the LMM (left most panel) than in the secular phase
(right most panel) due to enhanced ;. . This is at odds with Fig. 3,
which characterizes VINTERGATAN as a marginally less efficient
galaxy after the LMM as gas is no longer in high density states.
Even though both € 199 and €5 are computed using equation (2),
differences arise due to the different scales in which these parameters
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Figure 6. Comparison among three eg models and the evolution of their gas
mass-weighted PDFs with redshift. While the solid lines outline the on-the-
fly esf PDFs in VINTERGATAN, the same n and o from the SF-events gas
is used as input in the other two models. No additional simulations have
been run with different ef models. From left to right we have: ef pni2 solid
lines represent the PN12 prescription, SFFkmos dashed distributions stand
for the single free-fall model adopted by Federrath & Klessen (2012) from
Krumholz & McKee (2005), and the MFFky 05 in dotted PDFs correspond to
the multi free-fall adaptation of the SFFkpo5 based on Hennebelle & Chabrier
(2011). Takeaway: the same on-the-fly density and velocity dispersion values
are used as inputs for all models, so it is just a prove of concept that, a priori,
different models result in different e distributions.

are computed, but most importantly due to the fact that SF-events
and cold + dense describe inherently different states of gas. Namely,
SF-events only include gas that has eventually formed a star, with
moderately larger velocity dispersion values yet substantially denser
gas. This makes up for an € evolution that follows changes in the
gas density PDF.

Our results indicate that the multiscale aspect of deriving star
formation efficiencies as well as the use of different SFR and
molecular gas tracers ought to be considered. These will weigh
€g distributions differently and imply various degrees of feedback
coupling to the surrounding ISM that must ultimately be taken into
account when comparing star formation models to observational
estimators (Utomo et al. 2018; Krumholz et al. 2019; Schinnerer &
Leroy 2024, and references therein).

4.2 Alternative star formation efficiency models

The ISM in VINTERGATAN is kept in equilibrium, at a roughly
constant ay; distribution. Clouds with too low ay; will be rapidly
and efficiently turned into stars due to an exponentially increasing
€5, while those with too large oy, are likely at the end of their life
cycle. In this section, we discuss how our findings could be affected
when changing sub-grid recipes for star formation, and how can that
modify the structure of the ISM. In order to illustrate the sensitivity of
g to different star formation recipes, Fig. 6 shows three e models
given a fixed gas distribution, i.e. for the same cell density and
velocity dispersion input (a more rigorous comparison would imply
rerunning VINTERGATAN with the mentioned models):

(1) egrpn12: star formation prescription used in the VINTER-
GATAN simulation, presented in equations (1) and (2) (solid lines in
Fig. 6). This model has been calibrated on high resolution simulations
of magnetized ISM boxes (Padoan et al. 2012) that cover a range
in virial parameters of 0.3 > «,;; > 13. The main take away from
the PN12 model is that e exponentially decreases with increasing
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tir / turv, and changes by less than a factor of two with magnetic field
strength for typical star-forming regions.

(ii) SFFkmos: single free-fall models (SFF) define a family equa-
tions that explicitly integrate the log-normal distribution of gas
densities to calculate the fraction of dense gas above a critical
density that undergoes star formation on a fixed free-fall time-scale.'?
Dashed curves in Fig. 6 outline the star formation model based on
equation (20) in Krumholz & McKee (2005), and further adapted by
Federrath & Klessen (2012) (see their table 1). In this model, the
free-fall time is fixed to that of the average density of the cloud.

(iii) MFFgwmos: multi-free-fall models (MFF) as dotted curves in
Fig. 6 describe a family of star formation equation similar to SFF ones
only that they allow the critical density threshold to vary given that
gravitationally bound structures of different densities will collapse
at different # (see Hennebelle & Chabrier 2011, and table 1 in
Federrath & Klessen 2012).

In the future, we will evolve self-consistently these models
using VINTERGATAN physics for strict comparison, but the main
takeaway from Fig. 6 is that the choice of e prescription shifts the
emerging (). From the o, distributions in Fig. 2 we see that a large
fraction of the star-forming ISM has virial parameters that exceed
those of the MHD ISM boxes used for calibrating € pnio, With
Mach numbers approaching ~100. These are extreme conditions
where a,;, is extrapolated beyond its limits underestimating €g pNj2 in
comparison to the other two models. Both SFFxy0s and MFFgyos are
ayir and M dependent, meaning that for the same cell density input,
additional dependencies on its velocity dispersion shift distributions
towards efficiencies of 10 per cent and 100 per cent, respectively. That
is particularly the case for the MFFky0s model, with an extra factor
exp [(3/8)a2], where o, = In(1 4+ b>M?). In a recent study, Brucy,
Hennebelle & Colman (2024) and Brucy et al. (2024) conclude that
the density PDF at high Mach numbers can even depart from the
often assumed log-normal PDF shapes (Castaing 1996; Hopkins
2013). Such high-resolution isothermal-ISM box simulations hold
the promise of improving € predictions in high M gas such as that
found in VINTERGATAN (second row in Fig. 2).

The role of turbulence is critical in regulating star formation
(Renaud, Kraljic & Bournaud 2012; Kraljic et al. 2024), but the
details still remain unsettled. A variety of sub-grid recipes have
been implemented to compensate for the effect of small-scale eddies
unresolved in most galaxy simulations. Semenov et al. (2016) imple-
mented a sub-grid scale turbulent model (SGS; Schmidt & Federrath
2011; Schmidt et al. 2014) where the production and dissipation
of unresolved turbulent energy is followed more explicitly. Their
isolated galaxy simulation well reproduces observed e distributions
and the KS relation, and has been further extended to include a
more realistic cosmological environment also recovering a near-
universal eg of ~1 per cent (Semenov et al. 2024a, b). Nevertheless,
determining the exact role that more physically informed turbulence
models play is challenging. Despite VINTERGATAN not including

t
Wy = Cw poo HF (p0) L p (s) ds, with p (s) being the log-normal distribu-

& St (p) po

tion of s = In(p/po), Serit the critical density equal to (%/5)¢2ayixM? for
the hydrodynamics-only case in both the SFFkwyos and MFFgwmos models
(Federrath & Klessen 2012), and #g (p) is the free-fall time-scale set to
tir (po) in SFFkmos but kept inside the integral for MFFgmos. Both ¢, and
¢y are calibration factors set to 1/¢; = 3 and ¢, = 0.12 for SFFkpmos and
1/¢: = 0.49 and ¢, = 0.19 for MFFkmos in Fig. 6. The turbulent forcing
parameter is by, = 0.38, representing a mix of solenoidal and compressive
modes of turbulence.
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an SGS model, average ISM densities and velocity dispersions in
Semenov et al. (2024b), are consistent with our results, even when the
sourcing for unresolved turbulence is changed (see Semenov 2024,
for turbulence based on local numerical dissipation). The ISM can
even develop order of magnitude differences in velocity dispersion
values, only to self-regulate and maintain the same e distribution
(see Kretschmer & Teyssier 2020, for shear- versus SNe-induced
turbulence).

Evolving the ISM with the alternative e models such as those
in Fig. 6 must go hand-in-hand with a tailored feedback recipe.
In the FIRE (Feedback in Realistic Environments) collaboration
€ s assumed to be 100 per cent, making feedback the main agent
regulating star formation (Faucher-Giguere, Quataert & Hopkins
2013; Hopkins et al. 2014; Orr et al. 2018; Khullar et al. 2024).
At sufficiently high resolution gas collapses on exceedingly short
tir, forms stars on local time-scales of ty = f/€fr , with clustered
feedback quickly and efficiently dispersing the clouds (see discussion
in Hopkins, Quataert & Murray 2012). Hopkins, Quataert & Murray
(2011) argue that a lower value of € simply allows for gravitational
collapse to proceed for longer. The actual choice of ef is deemed
unimportant at such high densities as it is just a matter of reaching
the necessary feedback budget to disperse the cloud. When feedback
is this efficient, changes to € or other star formation criteria lead to
little-to-no impact on galactic-scale integrated quantities like stellar
masses or SFRs (e.g. Hopkins et al. 2018). When feedback is less
efficient, it is € that regulates star formation (Semenov et al. 2017)
causing differences in global properties such as SFRs (Benincasa
et al. 2016), the normalization of the KS relation (Agertz et al.
2013), bulge-to-disc mass ratios (Gensior, Kruijssen & Keller 2020),
or morphology of H1 discs (Gensior et al. 2024).

In both feedback efficiency regimes the emerging structure of
the ISM varies significantly as seen in density and temperature
distributions (e.g. Hopkins et al. 2013a), nebular emission line ratios
(see Katz et al. 2024, for radiative transfer cosmological simulations
with on the fly non-equilibrium chemistry), or H, depletion time-
scales on GMC scales (Semenov et al. 2018). Nevertheless, explicitly
evolving the star formation-feedback cycle with various e and
feedback recipes can render resembling ISM structures and GMC
properties. For instance, enhancing the SNe energy output (Katz et al.
2024), switching ey strategies from a constant value to a multi-free-
fall one (Kretschmer & Teyssier 2020), strengthening protostellar
feedback, modifying feedback models (see Nufiez-Castifieyra et al.
2021, for delayed cooling versus mechanical feedback prescriptions)
or star formation schemes (see Kang et al. 2025, for a sink particle-
versus turbulence-based star formation criteria) all produce a clumpy
ISM with young and bright stellar populations forming from denser
gas. We ultimately want to understand what determines how much
gas mass and on which time-scales it piles up at the threshold
of star formation. Existing and new observations of GMCs in the
space defined by Fig. 4 along with additional diagnostics like those
mentioned previously stand as stringent probes to calibrate the
feedback-star formation balance in simulations.

5 CONCLUSIONS

In this paper, we analyse the density and velocity dispersion of the
ISM and its implications on the local star formation efficiency per
free-fall time in VINTERGATAN, a high resolution cosmological
zoom-in simulation of a Milky Way-type galaxy (Agertz et al. 2021).
We follow the evolution of their PDFs in the context of JWST
observations (Heintz et al. 2022; Aravena et al. 2023), lensed galaxies
and mergers around the cosmic peak of star formation (Dessauges-
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Zavadsky et al. 2019, 2023; Rizzo et al. 2023; Roman-Oliveira
et al. 2023), and GMC observables at z =~ 0 from the PHANGS
collaboration (Sun et al. 2018, 2020b; Rosolowsky et al. 2021;
Schinnerer & Leroy 2024; L25). Our findings can be summarized in
four points:

(i) The density and turbulent structure of the star forming ISM
on 50 pc scales reacts to its extragalactic environment (Fig. 1).
Three cosmic epochs are identified: (i) early on (5 < z < 9), where
the gas-rich protogalaxy is being assembled mostly from in-situ star
formation and minor contributions from neighbouring galaxies that
sustain moderate velocity dispersions levels (¢ < 30km s~!; Pope
et al. 2023; Posses et al. 2023); (ii) a starburst epoch (1 < z < 5)
that ends with the last major mergerevent (1.3 < z < 1.5), where the
galaxy builds a rotationally supported disc and experiences merger-
driven starbursts that compress the ISM to o &~ 100km s~' (Herrera-
Camus et al. 2022; Parlanti et al. 2023) with global gas depletion
times of ~0.1 Gyr due to an excess of gas at high densities; and (iii)
a final secular phase where VINTERGATAN settles into an extended
main-sequence galaxy where ¢ ~ 10km s~! (Tamburro et al. 2009).

(ii) The density and velocity dispersion distributions on 50 pc
scales evolve with cosmic time, but conspire to yield virial
parameter distributions that are nearly constant (Fig. 2). The
resulting ISM at low redshift has virial parameter distributions within
1 < ayir < 10, values that are in agreement with observations (Leroy
et al. 2015; Miville-Deschénes et al. 2017; Dessauges-Zavadsky
et al. 2019; Rosolowsky et al. 2021). The more exposed the ISM
is to recent star formation, and therefore affected by the subsequent
stellar feedback, the denser and more turbulent it is. The presence
of mergers, or absence thereof, pushes the ISM to such extreme
conditions, nevertheless, their exact role in shaping ., distributions
is still unclear.

(iii) The emerging e distribution spans several orders of mag-
nitude, from 0.001 per cent up to 30 per cent, but averages to a
roughly constant () ~ 1 per cent across cosmic time (Fig. 3) in
line with observations (Lee et al. 2016; Utomo et al. 2018; Krumholz
etal. 2019) and recent computationally driven studies (Semenov et al.
2016; Kretschmer & Teyssier 2020; Nufiez-Castifieyra et al. 2021;
Polzin et al. 2024). The model adopted in VINTERGATAN is based
on PNI12 and is exclusively ay; -dependent. Thus, for a constant
eir the local gas depletion time-scales as t ~ it /€x ~ lir X pg 05 As
such, changes in the gas density PDFs become the main controlling
factor in setting the local rate of star formation. The role of turbulence
is to instead establish the density PDF in the first place (Kraljic et al.
2014, 2024; Renaud et al. 2014; Segovia Otero et al. 2022 ), rather
than inducing large changes to € .

(iv) Theoretical, more instantaneous star formation efficiencies
are inherently different to their observational estimators as they
represent GMCs in different physical states (Fig. 4). Different
star-forming gas tracers (CO, HCN, CS, etc.) probe a range of
densities and temperatures. Tracers of recent star formation (YSOs,
He, UV, etc.) also provide information about the star-forming cloud,
but it must be integrated over the lifetime of the tracer employed
(Grudi¢ et al. 2019). This often hinders us from accessing the local
instantaneous conditions for star formation. Fig. 5 hints towards a
possible anticorrelation between the theoretical and observational
€, proposing that clouds in their initial stages of evolution begin
with high €g 100 and low €, , and end their lives with low € 190 and
high €.y . Our conclusions cast light on to seemingly contradictory
results between star formation models and observations of star-
forming GMC (Schruba, Kruijssen & Leroy 2019). This behaviour
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is consistent with PHANGS observations (Leroy et al. 2017, L25;
Schinnerer & Leroy 2024).

A. Segovia Otero et al.

Linking local star formation parameters from ISM properties is
highly non-linear and complex and has to rely on well calibrated
sub-grid models (Nobels et al. 2024). These are rapidly improving
with time (see Girma & Teyssier 2024, who include magnetic fields
and Polzin et al. 2024 who add a metallicity dependency), but still do
not consider the effects of the larger-scale environment (e.g. shear,
compression, etc.).

In summary, star formation models, while degenerate, can be
singled out when comparing to observed ISM properties. Moreover,
information can be obtained from the scatter in GMC scaling
relations, but how exactly it can help constrain star formation models
is yet to be pinned down. In our work, we stress the need for
understanding the coupling among star formation, feedback, and
a multiphase ISM. Thus, a change in star formation models must
go hand-in-hand with a change in the feedback recipe. Further
observational data will be soon available in the advent of upcoming
JWST and ALMA (Atacama Large Millimetre Array) observations,
and the further development of dedicated surveys like PHANGS and
MaNGA (Mapping Nearby Galaxies at Apache Point Observatory),
generating multiscale multiwavelength data products of cloud prop-
erties.
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