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Abstract

We study the properties of molecular-forming gas clumps (MGCs) at the epoch of reionization using cos-

mological zoom-in simulations. We identify MGCs in a z ' 6 prototypical galaxy (“Althæa”) using an

H2 density-based clump finder. We compare their mass, size, velocity dispersion, gas surface density, and

virial parameter (αvir) to observations. In Althæa, the typical MGC mass and size are Mgas ' 106.5 M� and

R ' 45− 100 pc, which are comparable to those found in nearby spirals and starburst galaxies. MGCs are

highly supersonic and supported by turbulence, with r.m.s velocity dispersions of σgas ' 20 – 100 km s−1 and

pressure of P/KB ' 107.6 Kcm−3 (i.e., > 1000× with respect to the Milky Way), similar to those found in

nearby and z∼ 2 gas-rich starburst galaxies. In addition, we perform stability analysis to understand the ori-

gin and dynamical properties of MGCs. We find that MGCs are globally stable in the main disk of Althæa.

Densest regions where star formation is expected to take place in clouds and cores on even smaller scales in-

stead have lower αvir and Toomre-Q values. Detailed studies of the star-forming gas dynamics at the epoch

of reionization thus require a spatial resolution of .40 pc (' 0.′′01), which is within reach with the Atacama

Large (sub-)Millimeter Array and the Next Generation Very Large Array.

Keywords: methods: data analysis – galaxies: high-redshift – galaxies: ISM – galaxies: evolution – galaxies:

formation – galaxies: starburst – stars: formation

1. Introduction

The growth of galaxies and their subsequent evolution are

governed by the baryon cycle—galaxies accrete gas from the

intergalactic medium (IGM) either directly from the cosmic

web, or through mergers with other galaxies. This gas fu-

els star formation and feeds central supermassive black holes.

Subsequent feedback replenishes and enriches the circum-

galactic medium by expelling some part of this material.

Existing studies indicate that early galaxies are more gas-

rich with molecular fractions higher than those of present-

day galaxies (e.g., van de Voort et al. 2011; Decarli et al.

2016, 2017). Massive gas inflows from the IGM trig-

ger gravitational instabilities that lead to the formation of

dense gas clumps in which molecules form quickly (hereafter

molecular-forming gas clumps6; MGCs) that are typically

more massive (Mgas ' 109 M�) and extended (' sub-kpc)

than those observed in nearby galaxies (e.g., Gabor & Bour-

naud 2013; Hopkins et al. 2014; Inoue et al. 2016). Some the-

oretical works argue that the migration of such giant massive

clumps through disks is largely responsible for the buildup of

the bulges of massive galaxies at redshift z ∼ 0 (e.g., Ceverino

et al. 2010).

Early galaxies have higher star formation rates (SFR;

6 Note that by clumps, we refer to kiloparsec-scale gas concentrations
in galaxies, rather than molecular gas concentrations small than molecular
clouds and containing cores.

Behroozi et al. 2013; Sparre et al. 2015; Maiolino et al. 2015;

Dunlop et al. 2017) and smaller sizes (e.g., Bouwens et al.

2011; Ono et al. 2013) compared to the local population (see

also a review by Stark 2016). As a consequence, we expect

them to be significantly more ionized, and have intense and

hard interstellar radiation fields (ISRF). Since their metallicity

and dust content are also expected to be lower in these early

evolutionary stages, shielding of UV photons—responsible

for the photoheating of the gas— is strongly reduced. Such

differences in turn affect the regulation of the thermal and

chemical state of the multi-phase interstellar medium (ISM).

Studying ISM properties of early galaxies is essential for

understanding how star formation proceeds under more ex-

treme conditions. Even in the local Universe, where detailed

observations can be made, variations in molecular cloud prop-

erties have been observed between different galaxy popula-

tions (see e.g., Hughes et al. 2010, 2013). Given that high-z

galaxies statistically represent the early evolutionary stages

of present-day galaxies, it is thus reasonable to pose the ques-

tion: what are the physical properties of MGCs in early galax-

ies, and how do they differ from those found in local galaxy

populations?

FIR fine-structure lines (e.g., [CII], [NII], and [OIII]), and

CO and [C I] lines are key diagnostics for constraining the

ISM conditions of galaxies. They also provide highly com-

plementary information on different ISM phases (ionized,
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atomic, molecular; e.g., Scoville & Solomon 1974; Rubin

1985; Malhotra et al. 2001). Global measurements of these

diagnostics in high-z galaxies have provided preliminary in-

formation on their global properties (e.g., gas masses, gas

temperature, and radiation field intensity). However, spatially

resolving their ISM is necessary to fully understand many as-

pects of galaxy evolution and the physics behind their intense

star formation (SFR∼ 100−3000 M� yr−1; see e.g., the re-

view by Carilli & Walter 2013). To date, spatially resolved

ISM properties of high-z galaxies have only been mapped in

a handful of galaxies at high redshift using tracers such as

dust continuum, CO, and [CII] lines (e.g., Swinbank et al.

2011; Hodge et al. 2015; Ferkinhoff et al. 2015; Hodge et al.

2016; Leung et al. 2019). These studies find that galaxies

close to the peak of cosmic star formation (z∼ 2) are more

molecular gas-rich, turbulent, and clumpy than nearby galax-

ies, although luminous compact blue galaxies may represent

local analogs of these gas-rich, clumpy systems (Garland et al.

2015).

Earlier epochs still represent an essentially uncharted ter-

ritory for ISM investigations. At present, it remains unclear

how star formation proceeds in the (sub-)L∗ galaxy popula-

tion at z & 6 which is responsible for producing the bulk of the

UV photons that reionized the Universe. High resolution hy-

drodynamics simulations have been carried out to investigate

the global properties, structures, and morphologies of galaxies

out to the epoch of reionization (EoR) and their importance

for providing the ionizing photons (see e.g., Ceverino et al.

2017; Katz et al. 2017; Ma et al. 2018; Trebitsch et al. 2018;

Rosdahl et al. 2018). Compared to the zoom-in galaxies pre-

sented in these works, the simulation used here focuses on a

Lyman-break galaxy (Pallottini et al. 2017b) from the SERRA

simulation suite (see Pallottini et al. 2019 for a comparison be-

tween these zoom-in simulations). Most notably, we include

a non-equilibrium thermo-chemical network to follow the for-

mation of H2, which is crucial to examining the properties of

MGCs.

While ALMA has enabled the detection of [CII] 158µm and

CO line emission in normal (SFR< 100 M� yr−1) galaxies

at z > 6 over the past few years (e.g., Carniani et al. 2018;

D’Odorico et al. 2018), the first spatially resolved observa-

tions are just starting to become available (e.g., Jones et al.

2017). On the theoretical side, a schematic investigation by

Behrendt et al. (2016a) revealed that kiloparsec-scale clumps

likely consist of many smaller clouds formed by gravitational

instability, a hierarchical structure that persists in an idealized

disk model by Behrendt et al. (2019).

To understand the physical properties of MGCs in early

galaxies, we have undertaken a detailed numerical study

whose aim is to characterize the dynamical properties of the

star-forming MGCs in prototypical (i.e., L∗) galaxies in the

EoR.

The paper is structured as follows7. We start by providing

some physical background in §2. In §3, we describe the setup

of our simulation and properties of our main galaxy (Althæa).

In §4, we describe the method used to identify MGCs, and

present the formalism within which we interpret the results.

In §5, we present the results and characteristic properties of

the MGCs. We then interpret the results and discuss the im-

plications of our findings in §6, and give our conclusions in

§7.

2. Physical Background

We begin by introducing some empirical relations com-

monly mentioned in observational studies of molecular clouds

in the literature, as well as describing the gravitational insta-

bility of galactic disks, which might be driving MGC forma-

tion. These concepts will be used in the subsequent analysis

of our simulations.

2.1. Larson’s Relations

Larson (1981) discussed a number of relations among

Galactic molecular cloud properties, namely the linewidth-

size, density-size, and mass-size relations. Larson relations

are routinely used for comparing properties of molecular

structures in different galactic environments. They also rep-

resent a useful framework to analyze our results as they have

been argued to arise from the interplay between gravity and

velocity dispersion given by virial theorem (note, however,

the alternative interpretation involving gravitational collapse

by e.g., Ballesteros-Paredes et al. 2011a).

The virial theorem for a distribution of unmagnetized gas

can be written as (McKee & Zweibel 1992)

1

2
Ï = 2(T −Text)+W, (1)

where Ï is the second time derivative of the Lagrangian mo-

ment of inertia, T is the internal energy of the gas (including

thermal, turbulent, and bulk motions), Text is external pressure

support, and W is the gravitational energy. Let us specialize

to the case of a spherical self-gravitating molecular cloud of

mass Mgas, radius R, and root-mean-square velocity disper-

sion σ, accounting for both thermal and turbulent contribu-

tions. Defining Pext as the external pressure, Equation 1 can

be written as

1

2
Ï = 3Mσ2 −4πPextR

3 −Γ
GM2

R
, (2)

where Γ is a geometrical factor that is equal to 3/5 for a uni-

form sphere; in Equation 2 the terms on the right-hand side

represent the kinetic energy, external pressure, and gravita-

tional potential energy terms.

7 Throughout this paper, we adopt a concordance cosmology, with to-
tal matter, vacuum and baryonic densities in units of the critical density

ΩΛ = 0.692, Ωm = 0.308, Ωb = 0.0481, Hubble constant H0 = 100 h km s−1

Mpc−1 with h = 0.678, spectral index n = 0.967 and σ8 = 0.826 (Planck Col-
laboration et al. 2014).
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Motivated by Larson’s linewidth-size relation (Larson

1981) and the work by Heyer et al. (2009), we assume equi-

librium (i.e., Ï = 0), define the cloud surface density as

Σ= M/πR2, and rewrite the previous equation as

σ2
gas

R
=

1

3

(

4Pext

Σ
+

3

5
πGΣ

)

, (3)

which further reduces to

σ2
gas

R
=

π

5
GΣ , (4)

if the external pressure Pext = 0. For this case (often referred to

as simple virial equilibrium) from the balance between kinetic

and gravity terms we can define the virial parameter as

αvir ≡
5σ2

gasR

GMgas

=
5σ2

gas

πGΣR
, (5)

Based on Equation 4, a one-to-one mapping between σ2
gas/R

and Σ is therefore expected for a virialized cloud, since

σ2
gas/R ∝ Σ. (Heyer et al. 2009) pointed out that the origi-

nal size-linewidth relation implies constant surface density in

this interpretation. The limited dynamic range in column den-

sity of CO observations appears to account for this (see also

Ballesteros-Paredes et al. 2011a). Deviations from this rela-

tion are often attributed to a significant contribution from ex-

ternal pressure as per Equation 3 (see e.g., Heyer et al. 2009;

Hughes et al. 2010, 2013; Meidt et al. 2013). Similar conclu-

sions are also reached from the analysis of clouds forming in

a Milky-Way like galaxy simulated with a ' 4pc resolution

(i.e., Grisdale et al. 2018).

Summarizing, the virial parameter can be used to quantify

the stability/boundedness of a molecular cloud. Accounting

for the external pressure, a virial parameter of αvir . 2 would

be unstable (Bertoldi & McKee 1992). Such a criterion is

often used in observations (see e.g., Kauffmann et al. 2017b).

In cases where a stellar component plays an important role

in the dynamics, the virial parameter becomes

αvir,tot ≡
5R

G(Mgas +M?)

Mgasσ
2
gas +M?σ

2
?

Mgas +M?
, (6)

where M? is the stellar mass enclosed within the MGC vol-

ume.

2.2. Toomre Stability

The onset of gravitational instability is tightly connected

to star formation (e.g., Kennicutt 1989; Martin & Kennicutt

2001; Wang & Silk 1994; Li et al. 2005, 2006). For axisym-

metric modes, the dispersion relation for the growth of density

perturbations in a rotating, turbulent disk of finite thickness h

is described by

ω2 = κ2 −
2πGΣ|k|

1+ |k|h
+σ2

diskk2 , (7)

where k is the wavenumber and κ is the epicyclic frequency,

defined as:

κ2 ≡
2Ω

ϖ

d

dϖ

(

ϖ
2Ω

)

. (8)

(Romeo 1992), where ϖ is the galactic radius. In Equa-

tion 7 the terms on the right hand side are related to rota-

tion, self-gravity and internal pressure, respectively. Heuris-

tically, the instability can be understood by considering the

scale at which gravitational potential overcomes the internal

energy. Gravity dominates at scales L > LJ , where LJ is the

Jeans length. However, differential rotation in disk galaxies

can stabilize perturbations that might otherwise collapse for

L > Lrot, where Lrot is set by κ. As a result, disks are unstable

to gravitational collapse on scales between LJ < L < Lrot.

From the dispersion relation, a parameter Q can be derived

such that Q < 1 when instability occurs, that reproduces this

inequality to order unity. For a collisionless fluid—such as an

ensemble of stars— this parameter is (Toomre 1964)

Q? ≡
σ?κ

3.36GΣ?
. (9)

The equivalent parameter for a collisional gas was derived by

Goldreich & Lynden-Bell (1965)

Qgas ≡
σgasκ

πGΣgas

. (10)

In the thin disk approximation (kh � 1), instability occurs

on scales k such that Q < Qcrit ' 1 (or equivalently ω2 < 0

in Equation 7). A frequently used observable proxy for Q is

the ratio of disk circular velocity to root-mean-square velocity

dispersion vcirc/σdisk (e.g., García-Burillo et al. 2003; Genzel

et al. 2011; Kassin et al. 2012; Leung et al. 2019).

In our stability analysis, we account for the combined effect

of gas and stars (derived exactly by Rafikov 2001), and for the

non-negligible disk thickness. This is done by adopting an

approximation for an effective two-component Qeff parameter

(i.e., Romeo & Wiegert 2011; Romeo & Falstad 2013, see also

Inoue et al. 2016). The effect of disk thickness modifies the

Q parameter for gas and stars by accounting for the vertical

velocity dispersion

Tx =



















0.8+0.7

(

σz

σr

)

if σz & 0.5×σr

1+0.6

(

σz

σr

)2

if σz . 0.5×σr

(11)

and

Qthick
x = TxQ , (12)

with x indicating either gas or stars. The combined effect of

gas and stars can then be accounted for by writing

Q−1
eff =















w

Qthick
?

+
1

Qthick
gas

if Qthick
? ≥ Qthick

gas

1

Qthick
?

+
w

Qthick
gas

if Qthick
? ≤ Qthick

gas

(13)
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where the relative weight w is defined as

w ≡
2σ?σgas

σ2
? +σ2

gas

, (14)

Conceptually, the finite disk thickness reduces the gravity in

the vertical direction, thereby making it easier for a system

to maintain stability, and thus lowering the critical Toomre

Qcrit from ' 1 to 0.67 (Goldreich & Lynden-Bell 1965). On

the other hand, including the contribution of the stellar com-

ponent promotes gravitational instability, and thus increases

Qcrit, more-so if the stars have low velocity dispersion. As a

rule of thumb, Qcrit = 1.34 for Qgas = Q?.

3. Numerical Simulations

The simulations used in this work are described by Pallot-

tini et al. (2017b,a) and are briefly summarized here. SERRA
8

is a suite of cosmological zoom-in simulations performed us-

ing Eulerian hydrodynamics and adaptive mesh refinement

(AMR) techniques to achieve high spatial resolution in re-

gions of interest (e.g., regions of high density). In particu-

lar, it uses a modified version of RAMSES (Teyssier 2002) as

the AMR backend. The simulation used here covers a co-

moving box of 20 Mpc h−1 in size. The simulation zooms in

on a target halo of mass MDM ' 1011M� at z = 6. The La-

grangian region of the halo (2.1 Mpc h−1) has a dark matter

mass resolution of ' 6 × 104M�, equivalent at initial den-

sity to a baryonic mass resolution of 1.2 × 104M�. This

region is spatially refined with a quasi-Lagrangian criterion

based on a mass threshold, so that a cell is refined if its total

(dark+baryonic) mass exceeds the mass resolution by a factor

of eight. The finest refined cell allowed in the zoom in region

has size lcell ' 30 pc (at z = 6), i.e., sizes are comparable to

the sizes of local giant molecular clouds (e.g., Sanders et al.

1985; Federrath & Klessen 2013; Goodman et al. 2014),

The models include a non-equilibrium chemical network

(KROME) following e−, H+, H−, He, He+, He++, H2, and

H+

2 (Grassi et al. 2014; Bovino et al. 2016). Of particular im-

portance here is that the abundances are calculated using an

on-the-fly non-equilibrium formation of molecular hydrogen

scheme described by Pallottini et al. (2017b). In the simula-

tion, the UV radiation field is assumed to be uniform spatially.

Self-shielding of H2 from photo-dissociation is accounted for

using the Richings et al. (2014) prescription, while the for-

mation rate on dust grain is computed following Jura (1975).

Photo-dissociation via Lyman-Werner photons is included as

part of the KROME network. We do not assume a clumping

factor in the chemistry solver (i.e., Cρ = 1, cf. Lupi & Bovino

2020). In the simulation, star formation follows an H2-based

Schmidt-Kennicutt relation.

Star formation is modeled using an H2-based prescription

of the Schmidt-Kennicutt relation (Krumholz et al. 2009). We

adopt stellar tracks from STARBURST99 and include stellar

feedback from supernovae (SNe) as well as winds from OB

8 Greenhouse in Italian.

and asymptotic giant branch stars. Coupling to the gas is

implemented via a sub-grid model for blastwaves, which ac-

counts for radiative energy losses inside the cell. The remain-

ing energy is injected into the ISM in both thermal and non-

thermal form (Agertz et al. 2013); the latter is a term that

mimics unresolved turbulence. The non-thermal energy is not

affected by radiative cooling but rather is dissipated on the

eddy turn-over time scale (Mac Low 1999). See Pallottini

et al. (2017a) for further details. Radiation pressure on dust

and gas is also included. Photoionization from local sources

is neglected in this simulation (see Pallottini et al. 2019; De-

cataldo et al. 2019, for its effect).

The simulation zooms in on a galaxy named after the flower

Althæa, whose properties are given in Pallottini et al. (2017b)

and are briefly summarized in the following. Althæa is a

Lyman-break galaxy that at z ' 6 is hosted by a dark mat-

ter halo of mass MDM '= 3.5× 1011 M� at the center of a

cosmic web knot, and accretes mass from the IGM mainly via

three filaments of length ' 100 kpc. Althæa has a stellar mass

of M? ' 2.6×1010 M�, a metallicity of Z ' 0.5 Z�, a molec-

ular gas mass of MH2 ' 5×107 M�, and a SFR of 30 – 80 M�

yr−1. The specific SFR of Althæa is sSFR ≡ SFR/M? ' 4–

40 Gyr−1, compatible with the sSFR vs. M? relation ob-

served at high redshift (Jiang et al. 2016). The effective stel-

lar radius of Althæa is ' 0.5 kpc and the dark matter virial

radius is r200 ' 15 kpc. The stellar-to-halo mass ratio of Al-

thæa is M?/MDM '0.07. This is a factor of about three higher

than the typical value inferred by abundance matching mod-

els, which typically give values of ∼ 0.02. But studies show

that this ratio varies as the halo mass becomes much larger

or smaller than from Mh ∼ 1012 M� (see Moster et al. 2013;

Behroozi et al. 2013; Behroozi & Silk 2015; Moster et al.

2018)9. The ratio of Althæa is higher than e.g., Katz et al.

(2017) and Ceverino et al. (2017) which could be a result of

different feedback implementation.

3.1. Star Formation History

One of the main advantages of studying galaxies in simula-

tions is that we can examine how their dynamical properties

evolve with time, which is interesting in order to understand

the physical processes that determine the morphology and dy-

namical properties of galaxies, which in turn affect their star

formation. This is advantageous especially at early cosmic

epochs, when the densest structures are beginning to form; gas

is constantly being accreted onto the central galaxy from the

cosmic web and satellite galaxies, thereby leading to bursts of

star formation. Meanwhile, tidal forces resulting from inter-

actions with these surrounding galaxies can disrupt the main

9 This ratio from abundance matching can vary; for instance, Behroozi
et al. (2013) (main method) finds a ratio of 0.015 – 0.025 for a halo mass
between Mhalo ∼ 1010.5–1012 M�, whereas in the same paper the authors find
0.01–0.05 in the same mass range from direct abundance matching (see the
Appendix therein). As another example, from an earlier abundance matching
study, Moster et al. (2013) find a ratio 0.005, also differing by a factor three
from Behroozi et al. (2013), though in opposite direction.
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column density is not a fundamental property of molecular

clouds in agreement with Heyer et al. (2009). Previous stud-

ies suggest that the observed mass-size relation of molecular

clouds is solely a result of ρ ∝ MR−3 and may be an artifact

of the limited range of column densities a specific molecular

line tracer is sensitive to (see e.g., Ballesteros-Paredes & Mac

Low 2002b; Ballesteros-Paredes et al. 2011b).

In the starburst phase, MGCs have velocity dispersion and

sizes similar to those in the accreting phase; however, MGCs

in the starburst phase span a wider range in gas surface density

(bottom panels of Figure 7) and have lower virial parameters.

That is, MGCs in the starburst phase are more susceptible to

collapse, as expected. The gas surface density of MGCs in

both accreting and starburst phases is higher than that in the

solar neighborhood of the Milky Way and the Large Mag-

ellanic Cloud (LMC), but comparable to those observed in

starburst galaxies and the nearby ultra-luminous IR galaxies

(ULIRGS; Boulares & Cox 1990; Scoville et al. 1991; Weiß

et al. 2001; Hughes et al. 2010; Leroy et al. 2015).

5.3. Adopted Density Threshold Dependence

As seen in §5.1, the cuts used to identify the molec-

ular structures are based on the H2 number density,

which ranges from nH2 ∼ 0.1 – 30 cm−3. We do not ex-

plicitly use a minimum H2 fraction to select the struc-

tures. Among the various cuts, two physical regimes are

identified, corresponding to materials in the disk/interarm

material and MGCs (see Figure 5). The former have

ngas < 100 cm−3 and nH2 < 5 cm−3, whereas the latter have

ngas ∼ 100 cm−3 and nH2 & 10 cm−3 (see also Figs. 5 and

6 of Pallottini et al. (2017a) for details16). Considering

that fH2 = ρH2/ρH,total = ρH2/(µρgas)= mH2nH2/(mpµngas)∼ 2

nH2/(0.7 ngas), for the disk/interarm region fH2 ∼ 14%, while

for the MGCs fH2 ∼ 28%. Note that for the lowest value of the

H2 cuts, these fractions might be lower; however, removing

regions selected with such cuts yields no qualitative change

to the physical interpretation resulting from the analysis.

We investigate possible variations in the dynamics of the

molecular structures of Althæa by adopting different values

of ncut to test the robustness of our results against the choice

of density threshold. That is, how sensitively are the structure

properties, and thus, the results presented in §5.2, dependent

on the choice of density thresholds? Observationally, this ef-

fect would be mimicked by e.g., adopting different molecular

gas tracers since they have different critical densities.

The sizes of MGCs are dependent on the choice of ncut in

the following ways. As mentioned in §5.1, the most mas-

sive cloud identified at low H2 gas density thresholds corre-

sponds to the molecular disk of Althæa, which is broken down

into multiple smaller MGCs at higher ncut
17. Second, exclud-

16 In particular, their analysis of the Minkowski function of the molecular
density field (see Fig. 6 therein)

17 That said, there are fewer MGCs at highest ncut than the lowest ncut

since there are fewer cells in the simulations with correspondingly high H2

gas densities.

ing such structure, some MGCs are further broken down into

smaller MGCs at higher ncut (see top panels of Figure 8). At

the resolution limit of our simulation, most MGCs studied in

this work have R ' 50 pc (see also Figure 4). The gas ve-

locity dispersion σgas of MGCs, on the other hand, is rather

insensitive to the actual value of ncut. This lack of variation

is reassuring: our inference on the velocity dispersion of z

∼ 6 MGCs in relation to those observed in nearby and z ∼2

galaxies is not biased by our choice of ncut in this work.

At the highest density cut, only the densest gas structures

are identified18. The virial parameter of these MGCs are, on

average, lower than those identified at low ncut, and are thus,

more unstable against collapse (see middle right panel of Fig-

ure 8).

6. Discussion

6.1. Synthetic vs Observed MGC Properties

In this section, we compare the observable quantities of

MGCs obtained from the simulations (e.g., σgas, R, Mgas, Σgas)

with those of molecular gas structures from observations at

lower redshift.

The velocity dispersion of MGCs in Althæa is sim-

ilar to those observed in z∼ 2 spatially resolved stud-

ies of gas-rich star-forming galaxies, spanning a range of

σgas ' 20−80 km s−1 (Figure 7; see e.g., Swinbank et al.

2011). However, the sizes of MGCs are almost a factor of

two smaller. This suggests that the sizes of high-z molecular

gas structures reported in the literature are probably limited

by the spatial resolution. The velocity dispersions of some

MGCs are also comparable to the most turbulent gas clouds

observed in the inner Milky way and nearby gas-rich galax-

ies (e.g., M64; Oka et al. 2001; Rosolowsky & Blitz 2005;

Heyer et al. 2009; Leroy et al. 2015), which lie along the lo-

cus of σgas ∝ R0.56. Such high velocity dispersion in Althæa is

dominated by non-thermal energy (Figure 6) and results from

the injection of kinetic energy from recent star formation as

Althæa is assembling its stellar mass (given the high Mach

numbers of MGCs; §4.2). In fact, by the accreting stage (see

Figure 1a) at z ' 7.2, Althæa has assembled a stellar mass

of M? = 7.5×109 M�. This contrasts with Krumholz et al.

(2018), who show that numerical models and analytic argu-

ments point to feedback generally not being able to produce

velocity dispersions of more than 10–20 km s−1, with higher

velocities likely being produced by Toomre instability driven

radial inflow.

The total pressure19 of MGCs identified at the highest

ncut ranges from P/kB ' 107−9 K cm−3, with a median of

107.6 K cm−3. Such high pressures are comparable to those

18 In the simulation, the densest molecular regions reaches gas density of

ngas ∼ 103 cm−3, which is comparable to the critical density of low-J CO
lines (see e.g., Vallini et al. 2018); however, we emphasize that we do not
resolve the internal structure of molecular clouds at the resolution of the sim-
ulation.

19 Non-thermal pressure dominates the total pressure in these high density
regions.
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observed in local ULIRGs; however, the molecular clouds

in these local galaxies are concentrated within their central

regions (Downes & Solomon 1998; Sakamoto et al. 2008).

In our simulated galaxy, the high pressure MGCs are found

throughout the disk. This difference likely stems from the dif-

ferent physical mechanisms giving rise to the highly turbulent

nature of these molecular structures. While MGCs in both

local ULIRGs and Althæa may form via gravitational insta-

bility (see e.g., McKee & Ostriker 2007), MGCs in the local

merger-driven ULIRGs are likely formed by shock compres-

sion and cloud-cloud collisions that funnel large amounts of

gas from the progenitor galaxies towards the central region

(Tan 2000; Wu et al. 2018; see §6.2 for Toomre-Q analysis on

Althæa). As shown by Kohandel et al. (2019) and Gallerani

et al. (2018), the highly turbulent nature seen in the MGCs

of Althæa result from extra-planar flows and higher velocity

accretion/SN-driven outflows. The presence of extra-planar

flows may also be the dominant mode for forming the highly

supersonic massive MGCs observed in gas-rich star-forming

galaxies at z∼ 2. For instance, Swinbank et al. (2011) report

ISM pressure of P/kB ∼107 K cm−3 and molecular gas mass

of Mgas ' 108−9 M� in the star-forming regions of a gas-rich

starburst galaxy at z = 2.3 based on spatially resolved CO line

observations.

We do not find any major quantitative differences (see Fig-

ure 7) in the MGCs of Althæa with respect to those observed

in the nearby Universe between its accreting and starburst

phase, which are separated by '300 Myr. However, MGCs

in the starburst phase have lower αvir compared to the accret-

ing phase. This is expected for star formation to proceed.

6.2. Toomre Parameter and Stability of MGCs

We define Toomre Q parameters for the gas, stars, and the

effective two-component Qeff in §2.2. Maps of the corre-

sponding Toomre Q are shown in Figure 10 (see also Figure 2

for example of MGCs identified in this evolutionary stage of

Althæa using different ncut).

Close resemblance of the Qeff and Q? maps indicates that

contributions from the stellar component play an important

role in governing the stability of the MGCs against perturba-

tions. This can be understood since stars in Althæa dominate

the central part of the galaxy in mass, so their gravitational

potential provides a non-negligible contribution to the insta-

bility. Similarly, contribution from the thickness of the disk is

important in Althæa since its disk is warped and has a scale

height-to-radius ratio of h/rgal ∼ 150 pc/1 kpc' 0.15. That is,

some MGCs are found in regions of Qgas ∼ 1, which is con-

sistent with the expectation that they correspond to regions of

high surface densities that are gravitationally unstable. Note,

however, that when including the stabilizing effects due to the

stellar potential of Althæa and the thickness of its disk (via

σz, i.e., Qeff; see Equation 13), some of these MGCs are con-

sistent with Qeff > 1. This demonstrates the importance of

accounting for stellar contribution and disk thickness when

examining the stability of molecular gas structures. This con-

sideration is especially relevant for the relatively evolved and

enriched systems at high redshift that are preferentially being

imaged at high resolution with ALMA. In the outer regions

of Althæa, on the other hand, Qeff resembles Qgas, with both

logQgas and logQeff < −1. Notably, these are the more gas-

rich regions (see Figure 9).

The large virial parameters (αvir > 2) seen in some MGCs

of Althæa can be understood by first noting that fragmentation

can happen in regions of low Q (if we only consider instabil-

ity against axisymmetric perturbations), but further evolution

and gas collapse depends on the equation of state of the gas.

Such fragmentation is expected to take place at the critical

scale length λcrit < 2π2GΣ/κ2. Second, this fragmentation

scale is greater than the typical size of GMCs. This could be

interpreted as a result of instability setting the scales for frag-

mentation, but the truly star-forming regions correspond to

the collapsing, denser, and cooler molecular structures that

are on smaller scales. Thus, the high virial parameter found

for some MGCs in Althæa indicates that they are not the col-

lapsing structures and are found in regions of Qeff > 1. On

the other hand, MGCs in (the denser) regions with a lower

Toomre Qeff parameter are more unstable, and star formation

may take place within its star-forming clumps and cores on

smaller scales, where energy quickly dissipates.

7. Summary and Conclusions

Properties of the star-forming ISM of galaxies near the

Epoch of Reionization are now within reach with ALMA.

While it is possible to obtain sensitive and high fidelity imag-

ing that reveals their gas and dust morphology on sub-kpc

scales and even smaller, such observations remain challeng-

ing; logistically, data from multiple cycles pushing to increas-

ing resolution and sensitivity are needed. As such, observa-

tional studies of MGCs on such scales are still missing in the

literature. In this work, we aim to understand the origin and

dynamical properties of MGCs in prototypical galaxies at the

EoR in numerical simulations to provide a framework within

which upcoming observations can be compared against to aid

in the interpretation.

We study the dynamics of MGCs and their temporal evolu-

tion in Althæa, a z ∼ 6 prototypical galaxy obtained from the

state-of-the-art cosmological zoom-in simulations SERRA,

which include a chemical network to determine the forma-

tion of molecular hydrogen, heating and cooling of the ISM

by UV radiation and metal lines, and detailed stellar feed-

back. We use a three-dimensional clump-finding algorithm

to identify MGCs. We decompose the molecular structures

into non-overlapping objects by using a set of H2 density con-

tours (ncut) at multiple evolutionary stages, in particular fo-

cusing on the accreting phase, starburst phase, and quiescent

phase. We extract properties such as mass, size, Mach num-

ber, velocity dispersion, gas surface density, and virial param-

eter (Mgas,R,M,σgas,Σgas,αvir) for each MGC and perform a
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grid models adopted, serve as a useful tool for examining and

making predictions on the morphology and dynamics of the

molecular ISM of the first galaxies.
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