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important cycles of gas during galaxy formation
background image: temperature distribution in a simulation of galaxy formation at z=4

a simplified mass accounting of gas cycling
Bouché et al. 10; Davé et al. 12; Krumholz & Dekel 12; Lilly et al. 13;
Forbes et al. 14; Peng & Maiolino 14; Dekel & Mandelker 14; Feldmann 13, 15
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overall timescale of “galactic metabolism” is
the ratio of the star formation depletion time and
wind mass loading factor +1 :

the Kennicutt-Schmidt (KS) relation:
relation between
and
measured on >~kpc scales
M. Schmidt (1959, 1963); R. Kennicutt (1989, 1998)
+ Sanduleak (1969), Madore et al (1974), Martin & Kennicutt 2001, Biegel et al. (2008, 2011), Leroy et al. 2013 …

for a review see Kennicutt & Evans 2012, ARAA 50, 531
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Inverse of normalization of this relation has
units of time and gives gas depletion time

tdep = 0.1 Gyr

tdep = 1 Gyr
tdep = 10 Gyr

Maarten Schmidt and Rob Kennicutt
log10 surface density of HI+H2 (

) in

Msun/pc2

at the 2009 conference celebrating 50th anniversary
of Maarten Schmidt’s 1959 paper

molecular Kennicutt-Scmidt relation:

correlation of star formation surface density with
surface density of molecular gas
e.g., Wong & Blitz 2002; Biegel et al. 2008, 2011; Leroy et al. 2008, 2013; Genzel et al. 2010, 2015;
Bolatto et al. 2011, 2017; Utomo et al. 2017; Tacconi et al. 2018; Colombo et al. 2018 at z~0

log10 surface density of star formation
rate in Msun/yr/kpc2

inverse of normalization of this relation has units
of time and gives molecular gas depletion time,
which is also rather long

0.1 Gyr

but is nearly constant across different patches
within regular galaxies – i.e. molecular KS
relation is close to linear. *

1 Gyr

This implies that the non-linear form of the
HI+H2 KS relation is simply due to variation of
molecular fraction.

10 Gyr

log10 surface density of H2 in Msun/pc2

*In higher surface density environments of
starbursts and high-z galaxies molecular
depletion time seems to decrease somewhat
(Genzel et al. 2010, 2015; Saintonge+ 2011; Tacconi+ 18)

WHY depletion times are so long?
relevant time scales governing evolution of gas in the interstellar medium are
much shorter than gas depletion time

orbital period, free-fall time, turbulent crossing time of diffuse ISM gas, etc.

this makes depletion time of a few ~Gyrs a puzzle
(and it was discussed as a puzzle since 1970s)
Goldreich & Kwan 1974; Zuckerman & Evans 1974

one factor is inefficiency of star formation in
star-forming molecular ~10-100 pc scale “clouds”
where stars actually form
but by itself inefficiency in star forming regions does not explain
the long global depletion time, because observational estimates show that
depletion time in star-forming regions is only:

i.e., a factor of ~10-200 shorter than the global depletion time
and a factor of ~5-50 shorter than depletion of molecular gas
(Evans+’09, 14; Heiderman+ ‘10; Murray ‘11; Lada+ ‘10, 12
Heyer et al ‘16; Lee+ ‘16; Vutisalchavakul et al. 2016; Miville-Deschênes et al. 2017)

questions:
➢ What is the physical origin of long gas depletion time scales in galaxies?
➢ How is star formation in individual star forming regions related to star
formation on global galactic scales?

➢ What sets the slope of the molecular Kennicutt-Schmidt relation?

Numerical simulations of galaxies generally can reproduce
the observed normalization and slope of KS relation
However, there was no agreement and clarity about the mechanism setting the long depletion time and
how simulation assumptions about star formation on small-scales are reflected in the KS relation on ~kpc scales
Schaye & Dalla Vecchia 2008 (also Gnedin 2014)
argued that slope of the KS relation simply reflects
the slope of star formation “law” in star forming regions

Dobbs, Burkert & Pringle 2011, intriguingly,
found that normalization of KS relation is
insensitive to star formation efficiency e
assumed on small scales (also Hopkins+ 11, 13)

to understand what’s going on
we used a suite of controlled galaxy simulations
➢ Simulations of an ~L* sized isolated disk galaxy (non-cosmological)
with a small bulge embedded in 1012 Msun NFW halo (AGORA initial conditions)
Mdisk ~ 4.3x1010 Msun, Rdisk = 3.5 kpc, fgas = 0.2; Δ = 40 pc
(also checked Δ = 20, 10 pc)
➢ N-body+hydrodynamics of gas, stellar particles, and dark matter with
Adaptive Mesh Refinement ART code (Kravtsov+ ‘2002)
➢ Z-dependent heating + cooling and self-shielding calibrated on RT simulations.
Efficient SN energy+momentum feedback calibrated on SN remnant simulations and
accounting for boost of momentum due to multiple SNe and cosmic rays. Vary
feedback strength with the multiplicative boost factor b relative to fiducial.
➢ + shear-improved subgrid turbulence model (Schmidt+ ‘14; Semenov+ ‘16)
allows us to follow turbulent velocity dispersion on a subrid level and compute local
effective temperature and “virial parameter”

Semenov, Kravtsov & Gnedin 2016, ApJ 826, 200
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prescription for star formation in eligible
computational cells (i.e. on ~10-40 pc scale)
❖ Stars form in cells in which virial parameter is smaller than a threshold value
avir < avir,sf = 10, as indicated by simulations of star formation in molecular clouds

❖ use standard Poisson method for spawning stellar particles with the
average rate of:
with a constant eff or varying eff(avir)
tff,0 is a free-fall time at r0;
b is density dependence slope (b=1.5 is the most common choice in simulations)

we explored star formation, KS relation, and depletion time in a suite of
simulations, in which eff, b, feedback strength were varied within a wide
range of values

simulation with fiducial parameters (b =1.5, eff=1%, avir<10)
reproduces observed Kennicutt-Schmidt relation
and thus the observed long depletion times of both total and molecular gas
(we can use simulations to understand why depletion time is long!)
note that KS relation for molecular gas is linear, even though
local star formation rate depends on density nonlinearly
star formation rate per area
in Msun/yr/kpc2

surface density of HI+H2 in Msun/pc2

Semenov, Kravtsov & Gnedin 2017

surface density of H2 in Msun/pc2

evolution of three representative ISM gas tracers
➢ tracers cycle between non-star forming and star forming regions on ~10-50 Myr time scales
➢ stellar feedback disrupts star forming regions and limits time in star forming stage

➢ tracers spend a significant fraction of time in non-star forming, diffuse gas

effective sound speed (turbulent +
thermal velocity dispersion)

= 10

gas density (atoms per cm3)

an analogy…

trajectories of individual tracers can be converted into
density distribution of tracers over some Dt…

Strong feedback = good defense -> little time in the penalty area for the opposite team,
which thus needs many attacks and a long time in order to score

evolution of gas tracers elucidates the physics of depletion time
Depletion time is

where

is mass of gas in star forming regions

Statistically, mass fraction of gas in star forming regions is

combining the two:

)

evolutionary tracks of 3 representative tracer elements

= 10

tnsf

tsf

time (Myrs)

gas density (cm-3)

effective sound speed (turbulent +
thermal velocity dispersion)

“virial parameter” of the fluid element

depletion time = depletion time of gas in star forming regions
+ time spent in non-star forming state over Ndep cycles (

➢ What is the physical origin of long gas depletion time scales in galaxies?

➢ How is star formation in individual star forming regions related to star
formation on global galactic scales?
Depletion time in galaxies is long because only a small fraction of star-forming gas
is converted into stars before star-forming regions are dispersed by feedback and
dynamical processes.

Thus, gas cycles into and out of star-forming state multiple times, which results in a
long time scale on which galaxies convert gas into stars.

When feedback is efficient, tsf is short and this framework explains
the long-standing puzzles of why
and why
Semenov, Kravtsov & Gnedin 2017, ApJ 845, 133
2018, ApJ 861, 4

Krujssen et al. 2019, Nature Letters

depletion time in observed star forming regions
Evans+’09, 14; Heiderman+ ‘10; Murray ‘11; Lada+ ‘10, 12
Heyer et al ‘16; Lee+ ‘16; Vutisalchavakul et al. 2016; Miville-Deschênes et al. 2017)

log10 surface density of star formation rate
Msun/yr/kpc2

i.e., a

tdep = 0.1 Gyr

Heyer et al. 2016, A&A 588, A29

log10 surface density of H2 in Msun/pc2

Results of simulations of turbulent molecular clouds
show that virial parameter avir is the main factor controlling
efficiency of star formation in star forming regions

SF efficiency per free fall time

Padoan et al. 2012

self-gravity dominates

turbulence dominates

the model also explains behavior of depletion time
as a function of eff and “self-regulation” in numerical simulations
i.e. weak sensitivity of depletion time to local star formation efficiency eff
(Dobbs, Burkert & Pringle ‘11; Agertz & Kravtsov ‘14; Benincasa+ ‘15; Hopkins+ ’17; Orr+ ‘17)

when feedback is efficient:

gas depletion time
in Gyrs

so eff dependence in the 2nd term cancels out

lines show an analytic model
given by the equations above
and calibrated using simulations

mass fraction of gas
in star forming state

Note the opposite behavior
for the star forming gas
mass fraction

local efficiency per free fall time (per cent)

Semenov, Kravtsov, Gnedin
2018, ApJ 861, 4

