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Abstract

Molecular hydrogen (H,) formation and dissociation are key processes that drive the gas life cycle in galaxies.
Using the SImulating the LifeCycle of Molecular Clouds zoom-in simulation suite, we explore the utility of future
observations of H, dissociation and formation for tracking the life cycle of molecular clouds. The simulations used
in this work include nonequilibrium H, formation, stellar radiation, sink particles, and turbulence. We find that at
early times in the cloud evolution H, formation rapidly outpaces dissociation and molecular clouds build their mass
from the atomic reservoir in their environment. Rapid H, formation is also associated with a higher early star
formation rate. For the clouds studied here, H; is strongly out of chemical equilibrium during the early stages of
cloud formation but settles into a bursty chemical steady state about 2 Myr after the first stars form. At the latest
stage of cloud evolution, dissociation outweighs formation and the clouds enter a dispersal phase. We discuss how
theories of the molecular cloud life cycle and star formation efficiency may be distinguished with observational
measurements of H, fluorescence with a space-based high-resolution far-UV spectrometer, such as the proposed
Hyperion and Eos NASA Explorer missions. Such missions would enable measurements of the H, dissociation and
formation rates, which we demonstrate can be connected to different phases in a molecular cloud’s star-forming
life, including cloud building, rapidly star forming, H, chemical equilibrium, and cloud destruction.

Unified Astronomy Thesaurus concepts: Interstellar medium (847); Interstellar line emission (844); Molecular

clouds (1072); Photodissociation regions (1223); Diffuse molecular clouds (381); Star formation (1569)

1. Introduction

Molecular hydrogen (H,) is the most abundant molecule in the
Universe and is a critical component in the life cycle of baryons
throughout cosmic time. In particular, H, is an important cooling
channel in the early Universe (V. Bromm 2013; R. Klessen 2019;
S. Bialy & A. Sternberg 2019; L. J. Tacconi et al. 2020;
Y. Nakazato et al. 2022), and cold clouds of molecular H, are the
medium through which all known star and planet formation
occurs (M. Chevance et al. 2022). In galaxies, indirect
measurements of the mass of H, are strongly correlated with
the star formation rate (SFR) and used to estimate the star
formation depletion times and efficiencies (C. J. Lada et al. 2012;
M. R. Krumholz 2014). The presence of H, molecules is
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fundamental to the formation of other heavy molecules, such as
CO, OH, HCN, and H,O0, that serve as efficient coolants of dense
gas (e.g., E. Herbst & W. Klemperer 1973; A. Sternberg 1995;
A. G. G. M. Tielens 2013; S. Bialy & A. Sternberg 2015).

On galaxy scales, observations reveal that the SFR surface
density (Xggr) is strongly correlated with the H, mass surface
density (Xy,) (F. Bigiel et al. 2008; R. Genzel et al. 2010;
A. Schruba et al. 2011; L. J. Tacconi et al. 2013; J. H. Azeez
et al. 2016; S. Ganguly et al. 2024). However, it has not been
observationally demonstrated whether star formation is first
triggered by gas cooling via the process of H, formation or the
gas is already self-gravitating before efficient cooling takes
place. Simulations show that the two processes most likely
happen hand in hand at solar metallicity in similar physical
environments of high-density, UV-shielded gas (C. F. McKee
& M. R. Krumholz 2010; S. M. R. Jeffreson et al. 2021).
However, other simulations suggest that the atomic hydrogen
phase is already globally collapsing (V. Camacho 2020).
Additional theoretical work has demonstrated that H, is not
needed for star formation in low-metallicity environments
(S. C. O. Glover & P. C. Clark 2012a; M. R. Krumholz 2013).
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Further observations of molecular gas at the HI-to-H, phase
transition are required in order to clarify the full picture.

Despite the critical importance of H, physics to star and
planet formation, the relationship between the formation and
destruction rates of molecular hydrogen and the SFR is not well
constrained (M. A. Jura 1974; A. Dalgarno & J. H. Black 1976;
S. Cazaux & A. G. G. M. Tielens 2002; V. Wakelam et al.
2017). Piecing together how H, affects star formation in
galaxies is complicated by the fact that most H, is difficult to
observe directly. The lowest-lying excited state that is capable
of radiating, the (v, J) = (0, 2) state, is at T=511 K, while the
bulk of the molecular material is cold, with temperatures of
T ~ 10 K. Thus, warm Hj, is readily observed in the IR (e.g., by
JWST at z =0) in places where the gas is shock heated and can
be collisionally excited. However, to observe the cold H, gas,
one must typically use less abundant molecular tracers that are
easily accessible and bright at these lower temperatures. For
example, the lowest-lying level of CO, (v, J)= (0, 1), is at
5.5 K. Hence, CO emission is commonly converted to an
approximate H, mass using a scaling factor (e.g., Xco;
A. D. Bolatto et al. 2013; K. M. Sandstrom et al. 2013;
C. Correia et al. 2014; C.-Y. Hu et al. 2022; S. Ganguly et al.
2024).

An underutilized method for directly observing the life cycle
of H, at cloud boundaries does exist: H, has significant sets of
lines that can be produced via fluorescence (A. Sternberg 1989;
C. Martin et al. 1990). H, in the ground state absorbs far-
ultraviolet (FUV) photons of wavelength A >912 A, which
excite the molecules into electronically excited states. In
about 15% of cases, this results in the dissociation of the
molecule. The remaining 85% of cases produce a de-excitation
cascade to vibrationally excited states, resulting in FUV
emission lines at wavelengths between 912 and 1700 A via
transitions from excited electronic states (BIZ;, C1H”) to the
ground state. The transitions within the vibrational rotational
energy levels of the ground electronic state result in quadrupole
transition lines at the near- and mid-infrared wavelengths
(J. H. Black & E. F. van Dishoeck 1987; A. Sternberg &
A. Dalgarno 1989). The FUV lines, in particular, form a rich
spectrum in the Lyman and Werner bands (photons with
energies of 11.2-13.6 eV). While the most common excitation
mechanism is an external UV source, cosmic rays (CRs) and
X-rays, along with secondary electrons, can also produce the
emission (A. Sternberg 1988; S. Tiné 1997; S. Bialy 2020;
B. A. L. Gaches et al. 2022).

The challenge is that observation of this emission must
generally be done from space or from a stratospheric balloon
because the FUV photons are blocked by the atmosphere and
the IR photons are masked by bright foregrounds. FUV
fluorescent H, emission lines have been observed in nearby
molecular clouds, including Taurus, Ophiuchus, and Orion, as
well as in several superbubbles and emission nebulae
(K. France et al. 2004; K. France & S. R. McCandliss 2005;
D. H. Lee et al. 2006; K. Ryu et al. 2006; Y.-S. Jo et al. 2011;
T.-H. Lim et al. 2015; Y.-S. Jo et al. 2015). An all-sky low
spatial and spectral resolution map of FUV fluorescent H,
emission lines was published by Y.-S. Jo et al. (2017) using
the FIMS/Spear data set (J. Edelstein et al. 2006; K.-I. Seon
et al. 2011). The observations of H, FUV lines thus far are at
limited spatial and spectral resolution. This situation may
soon change with the development of new FUV telescopes,
such as the proposed Hyperion and Eos mission concepts
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(E. T. Hamden et al. 2022), which would use long-slit high-
resolution spectroscopy to observe emission from H,. Such a
mission would enable direct probes of the H,~H 1 conversion
process (i.e., H, dissociation) and indirect probes of H,
formation. While IR lines are observable in these clouds, they
don’t tell the whole story. The FUV fluorescent lines give a
direct tracer of the incident energy field since they are directly
excited. The IR rovibrational lines are significantly weaker than
the UV lines, making them challenging to observe. In addition,
IR rovibrational lines often require special conditions to arise;
in most situations where IR-H, lines are observed, UV
pumping is just one of several possible pumping mechanisms,
which additionally makes interpretation of the conditions
creating IR fluorescence challenging (E. T. Hamden et al.
2022). But a combined campaign of observation measuring IR
and UV H; fluorescence would provide a powerful look into H,
clouds, providing information on boundary conditions, radia-
tion fields, and the state of the gas deeper within the cloud.

In anticipation of such a telescope mission, we present a
series of papers exploring star formation and H I-H, transition
science. Specifically, in this paper and in the companion paper
(S. Bialy et al. 2024, hereafter Paper 1) we explore the utility of
FUV space observations for directly determining the formation
and dissociation rates of H,. Here we use the SImulating the
LifeCycle of Molecular Clouds (SILCC) zoom-in (SILCC-
Zoom) simulations to determine how the formation and
dissociation rates of H, are connected to the underlying SFR
and life cycle of H, in the cloud. The SILCC-Zoom simulations
include a nonequilibrium on-the-fly chemistry network describ-
ing the formation of H, and CO. The simulations thus provide
detailed thermodynamic and chemical conditions for self-
consistent modeling of the formation and destruction rates of
H, out of the diffuse interstellar medium (ISM) and are an ideal
data set for studying the observational signatures and
implications of FUV tracers of H,. These rates, along with
their connection to the SFR, are the critical determinants of
molecular cloud lifetimes and set the initial conditions for
complex chemistry in protoplanetary disks. Furthermore, the
rates measure the sources and sinks of molecular mass in
galaxies. In a companion paper (Paper I), we explore the spatial
distributions of H, formation and destruction in evolving
clouds and how these may be obtained using FUV and 21 cm
observations.

This paper is organized as follows: In Section 2 we describe
the SILCC-Zoom simulations studied here to test the utility of
the FUV for measuring the life cycle of H,. In Section 3 we
present our results on the connection between H, formation and
dissociation rates and the SFR in the numerical simulations.
We discuss our results in the context of future and past studies
in Section 4 and draw our conclusions in Section 5.

2. Numerical Simulations
2.1. Simulation Overview

The simulations used for this study are the SILCC-Zoom
simulations (D. Seifried et al. 2017), whose initial conditions
are the galactic-scale SILCC simulations first presented in
detail in S. Walch et al. (2015) and P. Girichidis et al. (2016).
We study two specific runs with stellar feedback, which are
described in detail in S. Haid et al. (2019) and D. Seifried et al.
(2020) and are denoted as MCI1-HD-FB and MC2-HD-FB
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(hereafter MC1 and MC2). In the following, we briefly describe
the numerical methods.

These simulations use the adaptive mesh refinement (AMR),
finite-volume code FLASH version 4 (B. Fryxell et al. 2000;
A. Dubey et al. 2008) to solve the magnetohydrodynamic
equations. The original stratified box SILCC runs, which are the
initial conditions for the zoom-ins, have a base-grid resolution of
39pc; the zoom-in simulations used here resolve individual
molecular clouds with a spatial resolution of up to 0.12 pc. Both
self-gravity of the gas (R. Wiinsch 2018) and a background
potential for the stellar component of the Galactic disk (modeled
with an isothermal sheet with Y, =30 Mgpc 2 and a scale
height of 100 pc) are included. Before starting to zoom in, we
generate turbulence in the simulations by inserting supernovae
(SNe) at random positions, with each SN injecting 10°" erg of
thermal energy or heat. The SN injection rate is set by the SFR
following the Kennicutt-Schmidt relation (R. C. J. Kennicutt
1998) Sspr o Sy and assuming a G. Chabrier (2001) initial
mass function. When subsequently simulating the evolution of the
molecular cloud in the zoom-in simulation, we turn off this SN
feedback.

The chemistry of the ISM is modeled using a network
for hydrogen and carbon chemistry (R. P. Nelson &
W. D. Langer 1997; S. C. O. Glover & M.-M. Mac
Low 2007; S. C. O. Glover et al. 2010; S. C. O. Glover &
P. C. Clark 2012b). The network tracks the evolution of the
chemical abundances of e~, O, H", H, H,, C", and CO. The
chemical network also follows the thermal evolution of the gas,
i.e., the heating and cooling processes using the chemical
abundances provided by the network (S. C. O. Glover et al.
2010; S. Walch et al. 2015). For the heating via the
photoelectric effect, as well as the photodissociation reactions,
the simulations include a uniform interstellar radiation field
(ISRF) with a strength of Gy = 1.7 (B. T. Draine 1978) in units
of the Habing field, which resembles the typical intensity of the
FUV ISRF. We will use Gy to denote our standard unit for
radiant intensity throughout this paper. The ISRF is attenuated
owing to shielding by the surrounding gas and dust. The
necessary column densities of H,, CO, and the total gas are
calculated via the TreeCol algorithm (P. C. Clark et al. 2012;
R. Wiinsch 2018).

These SILCC-Zoom runs use a feedback prescription
described in S. Haid et al. (2019). Sink particles are used to
model the formation of stars or star clusters and their
subsequent radiative stellar feedback. A sink particle can only
be formed in a computational cell if the cell lives on the highest
refinement level in the AMR grid. The accretion radius is set to
0.31 pc. We further demand that the gas be Jeans unstable, be
in a converging flow, and represent a local gravitational
potential minimum. Sink particles accrete gas and set the
instantaneous SFR. A fraction of the accreted gas is turned into
massive stars by means of the star cluster subgrid model. The
SFR used throughout the paper is SFR = AM;,./At, where At
is the time between the current and previous snapshot (about
3.3 kyr).

Each massive star represented in the sink follows its mass-
dependent stellar evolutionary track, in which the amount of
photoionizing radiation released by each star is accounted for. The
radiative feedback is treated with a backward ray-tracing
algorithm, TreeRay (R. Wiinsch 2021), and the radiative transport
equation is solved for hydrogen-ionizing extreme-ultraviolet
(EUV) radiation, assuming the on-the-spot approximation with a
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temperature-dependent recombination coefficient. The resulting
number of hydrogen-ionizing photons (S. Haid et al. 2018) and
the associated heating rate are processed within the chemical
network. In addition to the ISRF, CRs and stellar EUV and FUV
radiation from massive stars can also dissociate molecular
hydrogen and are included in our dissociation rate calculations.
The CR ionization rate with respect to atomic hydrogen is set to a
constant value of 3 x 10~'7s™! in the entire simulation domain.
For more details on the simulations, see S. Haid et al. (2019) and
D. Seifried et al. (2020).

2.2. H, Formation and Dissociation Rates

H, formation occurs primarily from catalytic reactions on dust
grains, a process first proposed by H. C. van de Hulst (1948), with
rates later calculated by W. H. McCrea & D. McNally (1960).
There are other channels to form H, in pure gas phase through
the H™ anion (M. R. C. McDowell 1961; A. Dalgammo &
R. A. McCray 1973; A. Sternberg et al. 2021), but these reactions
are slower in most local ISM conditions than those via dust
surface formation (S. C. O. Glover 2003). Spontaneous radiative
dissociation of H, consists of breaking the covalent bond between
the two hydrogen atoms, usually via excitation into the Lyman
and Werner bands by an external UV source.

For the H, formation rate coefficient (R) and H, photo-
dissociation rate (D) we follow the assumptions made in the
SILCC simulation and adopt a H, formation rate coefficient
(see D. Hollenbach & C. F. McKee 1989; S. C. O. Glover et al.
2010):

R(T, Ty) =3 x 1077132 £, (Ty)S(T, Ty)em3s~!
£, (Ty) =1 4 10%e 000K/ Tny~1
S(T’ 7;1) E(l + 04(T2 + Td,2)05 —+ ()2T2 + 008T22)_l,
(D

where T and T, are the gas and dust temperatures, respectively,
S is the sticking coefficient (the probability that a hydrogen
atom striking the grain will stick to the surface), and f, is the
fraction of adsorbed hydrogen atoms that actually form H,,
rather than simply escaping back into the gas phase. Here T,
denotes the temperature normalized to 100 K.

For the local H, dissociation rate per molecule, we include

three different processes. The first is the dissociation by the
ISRF, given by

Disgrr = 3.3 X lofllGosz shield e 34y it Sfl, 2)

where Gp=1.7 indicates the strength of the incident,
unattenuated radiation field upon the cloud and fy i and
e~334v.ar are the attenuations of the dissociation rate due to H,
self-shielding and dust absorption, respectively, calculated via
the TreeCol algorithm. The attenuation factors depend on the
density structure of the cloud, as well as on the abundance of
H, in each cell. The second is given by the CR ionization rate:

Der =6 x 10717 s1. 3)

The third process is caused by UV radiation from stars and is
given by (A. G. G. M. Tielens 2005)

3
Frsoe  Om (13.6 eV) - @

m2s!  cm? E

Dgellar =
5
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Figure 1. Total mass of H, formed (green line), total mass of H, dissociated (black line), total sink mass formed (blue line), and total sinks of molecular gas (purple

line) for MC1 (top panel) and MC2 (bottom panel) vs. time.

Here F- 56y is the local flux density of all photons with an
energy above 13.6eV calculated with our radiation transport
algorithm TreeRay (R. Wiinsch 2021), and E, is the average
photon energy of these photons. We use a cross section for the
dissociation, oy,, of 6.3 X 107" cm?at 13.6 eV, decreasing
with the photon energy to the power of —3. The sum of the
three dissociation rates gives the total dissociation rate

D = Disgrr + Dcr + Daeltar- (5)

The formation and dissociation rate densities per unit volume
are therefore

jF = n(H)nH,totR 6)

Jp = n(H)D. (N

For every time snapshot in the simulation, the outputs provide
the atomic hydrogen number density n(H), ionized hydrogen
number density n(H"), and molecular hydrogen number
density n(H,), where the total hydrogen density is
N0 = n(H) + 2n(Hy) + n(H"). Other outputs include 7, T,
Jit,shietd> and Ay g for each cell, allowing us to calculate j- and
Jp on a cell-by-cell basis. The ratio j/jp is a measure of how
close/far each region is to steady state. In steady state,
Jr/jp=1, and in this limit n(H,)/n(H) = Rny o/D. On the
other hand, when the system is out of steady state, then jp = jp.
If there is a net H, formation, jr/jp > 1, and if there is net
destruction, ji/jp < 1. Paper I explores under what conditions a
steady state can be assumed in these simulations and where the
H, is strongly out of equilibrium.

3. The Molecular Cloud Life Cycle and Star Formation
3.1. Sources and Sinks of H

For the remainder of this paper, we explore the time
evolution of H, formation and dissociation in these simulations
averaged over the entire box (i.e., the volume integrals of j and
Jjp)- We convert these rates to total mass per time forming or
dissociating H, and denote these single rate values as Jr and
J D-

Jr = my, [jrdV = mu, [Rn@)nadv @®)

Jp = my, f pdV = my, f Dn(Hy)dV. )

We can also track, over the cloud lifetime, the mass budget of
H, and study the cloud growth and dissociation in relation to
the overall star formation activity. Ultimately, our goal is to see
how the H, dynamics relate to the cloud lifetime and evolution
of both the cloud and the stars formed within.

First, we investigate how the total mass of molecular
hydrogen and stellar sink mass evolves with time. Throughout
the paper, t = 0 refers to the time when the first sink particle is
formed, which happens about 1.5 Myr after we start to zoom in
on the individual clouds in the galactic-scale SILCC simula-
tion. Figure 1 shows the total mass of H, formed (green line),
total mass of H, dissociated (black line), total sink mass formed
(blue line), and total sinks of molecular gas (purple line) for
MCI (top panel) and MC2 (bottom panel) versus time. Note
that the values shown refer to times after t=0, i.e., H,
formation /destruction before that time is not accounted for in
this plot, and thus the values show the total change relative to
the state at t=0.
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Figure 2. The time evolution of the total H, formation rate in the cloud (green dashed line), H, dissociation (black line), and SFRs (blue line). SFR and H, dissociation
rates have been smoothed with a spline function. The top row shows results for MC1, and the bottom row shows results for MC2.

Total sinks of molecular gas refer to the contributions of H,
dissociation and sink formation. For both clouds in the first
several megayears, molecular formation dominates over star
formation and dissociation. The total mass dissociated or input
into newly formed stars approaches the total mass of H, formed
at around 2 Myr into the star-forming life of the clouds. From
Figure 1 it is also clear that, averaged over a long time, at the
latest stage, dissociation outweighs formation as the violet line
approaches the green line and the slope is steeper. This signals
that the clouds are going into the dispersal phase. The growth
in dissociation is due to additional UV radiation from forming
massive stars. Once stars form, the stellar contribution to the
dissociating radiation outpaces the contribution from ISFR and
CRs. The total mass of H, dissociated outpaces the mass input
into stars at around 1 Myr for each cloud. The total formation
rate of MCl1 is 1.3 times more than that of MC2. At the end of
the run, MC1 has 60% more mass in stars than MC2, and the
stellar UV luminosity is about 60% higher, as shown in
S. Ganguly et al. (2024).

Figure 2 shows the time evolution of H, formation and
dissociation rates integrated over the entire cloud volume (i.e.,
Equations (8) and (9)) and the total SFR in MC1 and MC2. The
H, formation rate (green dashed line) is significantly more
smoothly varying in time than the SFR (blue line) and the H,
dissociation rate (black line). We note that the green dashed
line shows the rate at which the molecular cloud is building
mass, while the two solid lines represent processes that remove
mass from the molecular gas. During the early phases of cloud
evolution (less than 1 Myr), active star formation leads to a
corresponding increase in photodissociation, as the UV from
newly formed stars impacts the cloud. Enhancements in the H,
dissociation rate and the SFR are bursty. The dissociation rate
and SFR are slightly correlated for MC1 (correlation coefficient
is 0.25) but not correlated in the case of MC2. At early times in
both zoom-in clouds, the H, formation rate significantly

outpaces the H, dissociation rate. The H, formation rate stays
relatively constant throughout the cloud lifetime (see also
Figure 1); however, MC1 shows a slight continuous decrease in
Jr past 1.8 Myr. This suggests that the cloud has entered a
quenching phase in which it is unable to build new H, from the
outside. Regarding MC2, it is continuously accreting from the
cold neutral atomic hydrogen (cold neutral medium) reservoir
outside of the cloud, forming H, in a slightly more rapid
manner than MC1 (see S. Ganguly et al. 2024). This reservoir
of cold atomic gas keeps the H, formation rate nearly constant
in MC2. At later times, ongoing star formation creates a
situation where H, dissociation begins to dominate over H,
formation, albeit in a bursty nature. Both clouds undergo a
significant star formation event around 1.8 Myr, after which the
SFR jumps several orders of magnitude. This leads to a jump in
the amount of dissociating UV photons present in and around
the clouds. Overall, this matches the result that the time-
integrated amount of destroyed H, (violet line in Figure 1)
catches up with the formed H, (green line) at later times.

To further understand the interplay of sources and sinks of
molecular gas, we plot the ratios of Ji to Jp, J to SFR, and Jp, to
SFR in Figure 3. As seen in the previous two figures, for both
clouds Jr- dominates over the Jp, particularly at early times, and the
clouds are strongly out of HI-to-H, transition equilibrium.
Furthermore, H, formation is continuously higher than star
formation, and thus the cloud is building itself faster than stars
can form. Such a conclusion points to the fact that the integrated
star formation efficiency (the total mass of stars relative to the
initial H, gas mass) is only a useful theoretical construct for a
closed system (in agreement with S. M. R. Jeffreson et al. 2024). In
fact, in the first 0.5 Myr of the cloud evolution, J dominates over
Jp by well over an order of magnitude. J,/SFR represents the total
“sinks” of H; gas (i.e., being removed from the cloud by going into
stars or by being dissociated back into atomic HI). Star formation
dominates as the sink of H, gas only in the very early phases of the



THE ASTROPHYSICAL JOURNAL, 975:269 (10pp), 2024 November 10

Burkhart et al.

— JFfllp - |p/SFR — |r/SFR

L, 1021
2
T
o 100

1072
" 102 NN i )
- VAL S
< 100 Wy~ WA

|
10_2 T T T T

15 2.0 2.5

Time (Myrs)

Figure 3. Ratios of Jr to Jp (black line), Jr to SFR (purple line), and Jp to SFR (blue line) for MC1 (top panel) and MC2 (bottom panel) vs. time.

cloud’s lifetime, where H, photodissociation is generated mainly
by the ISRF and the SFR is high (i.e., Jp/SFR < 1).

Our results demonstrate that the assumption of H,
equilibrium in molecular clouds is incorrect at early stages
(first few megayears) in the cloud lifetimes. This is in
agreement with C.-Y. Hu et al. (2021), D. Seifried et al.
(2022), and S. Ebagezio et al. (2023), who also found that
equilibrium chemistry assumptions (very often employed in
galaxy/cosmological simulations to track chemistry) at early
stages in the cloud evolution are highly questionable. However,
after about 2 Myr into the cloud’s star-forming evolution, the
clouds studied here tend toward equilibrium, with J5/Jp = 1.

Our analysis is primarily sensitive to photodissociation of H,
(ISRF plus UV from stars). We included the contribution of H,
destruction via CRs; however, we find that the CR dissociation
rate is several orders of magnitude lower than that of the UV
field, when averaged over the entire cloud. CR dissociation can,
however, become important in very dense regions that are
shielded from the ISRF UV and stellar UV fields
(S. Bialy 2020).

3.2. Diagnosing Molecular Cloud Evolution

The ratios discussed above can be useful diagnostics of
cloud evolutionary tracks. They can describe the dynamic
sources and sinks of the cloud as it proceeds through phases
dominated by H, formation, gas steady-state cycling where H,
dissociation and formation are nearly in equilibrium, and cloud
dispersal. Measuring these rates via H, emission could
determine whether clouds are in one phase of evolution or
another.

To demonstrate this, we plot the ratios of Jr/SFR versus
Jp/SFR in Figure 4 for MC1 (left panel) and MC2 (right
panel). The color of the points indicates the time evolution of
the clouds, as shown in the color bar inset in the figure. At early
times in the cloud’s life (dark-blue points), both MC1 and MC2

show that the H, formation rate dominates over other rates, and
the cloud, therefore, builds its mass. In the SILCC-Zoom
simulations, it has been demonstrated that this rapid molecular
buildup is due to the compression of large-scale supernova
remnant collisions (S. Ganguly et al. 2024), which provides a
sufficient shielding column of gas against the ISRF and UV
from stars. The compression promotes both H, formation and
then rapid star formation, and the H, formation rate dominates
over the H, dissociation rate; hence, the points lie above the 1:1
line. MC2 has a larger H, dissociation rate early on than MCl,
due to more rapid early star formation. Hence, it exits the
cloud-building stage sooner.

The early increase in the SFR also leads to a later increase in
the H, dissociation rate via the increase in the stellar UV field.
At this point, about 1.5 Myr into the cloud lifetime, the cloud
settles into a quasi-equilibrium phase where H, dissociation
and formation are nearly balanced (S. Haid et al. 2019). From
these figures, it is clear that the SILCC-Zoom simulations at
late times (yellow/green points) are nearly in an equilibrium
scenario where the MCs are in a bursty equilibrium between H,
formation and destruction.

The overall picture with time evolution consists of cloud
buildup, rapid star formation followed by slower SFR, and near
equilibrium between H, dissociation and formation. Eventually,
the cloud will be fully dispersed by stellar feedback and
supernovae; however, these zoom-in runs were only followed
for a little over 2.5 Myr and in that time do not contain a
supernova. We further discuss Figure 4’s connection with the life
cycle of molecular clouds and its observability in the next section.

4. Discussion

4.1. Cloud Evolution Scenarios: Disentangling the Life Cycle
Of H2

Given that observations of molecular clouds only provide a
snapshot of the cloud at one stage of its life, how could we
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Figure 4. Cloud evolution for MC1 (left panel) and MC2 (right panel), comparing ratios of H, formation to SFR vs. H, dissociation to SFR. Points are from the
numerical simulation, and color indicates time as shown in the color bar inset in the figure. The diagonal black line is the 1-1 line, representing the H, formation—

destruction steady state (Jr = Jp).

measure what stage it is at provided data on the rates discussed
above? We add labeled regions of parameter space to Figure 4
MCI and show the resulting cartoon in Figure 5 for discussion
here. This diagnostic plot demonstrates the ability to disentangle
different cloud evolution scenarios if H, formation and dissocia-
tion rates can be measured (i.e., via H, fluorescent line emission,
further discussed below). We overplot regions of parameter space
in which different cloud evolutionary tracks exist. The state of the
cloud, as it proceeds through a H, formation dominant phase
(purple area), enhanced SFR phase (blue area), gas steady-state
cycling phase (yellow), and cloud dispersal phase (pink area,
lower right corner), can be determined by the ensemble of these
rates.

In a scenario where clouds have distinct evolutionary phases,
they are born in the upper left “cloud-growing” region (purple)
and then rapidly form stars. The star formation increases the H,
dissociation, and the clouds enter a phase of near equilibrium,
as indicated with labels with “H, equilibrium” region (yellow).
Finally, clouds are dispersed fully by feedback or large-scale
shearing (if near the centers of galaxies) and would move to the
lower right corner of the phase space.

How long does the steady-state scenario last before
dissociation dominates? Is dissociation dominated by mechan-
ical dispersal (shocks, supernova) or by the UV field directly?
Such questions could be answered if a statistical sampling of
clouds in this parameter space were made. In the extended
steady-state scenario, where H, molecule lifetimes are short,
observations of many molecular clouds would show most
clouds distributed along the yellow region on the black one-to-
one line and concentrated in the upper right in an extended

steady state where H, formation and destruction rates greatly
exceed SFRs (J. Koda 2021; S. M. R. Jeffreson et al. 2024).

If MC formation and dispersal is mainly mechanical and not
chemical and molecules live much longer than clouds,
molecular clouds should concentrate in the lower left of
Figure 5, “rapid star formation,” where SFRs exceed both H,
formation and destruction. This sort of scenario is not observed
in the two SILCC-Zoom simulation examples we explore here.
This is likely because once star formation rapidly begins stellar
feedback immediately slows the formation of the next
generation of stars and promotes additional H, dissociation
via the production of ionizing photons. Within Galactic
molecular clouds, different parts of the cloud may appear in
different regions in Figure 5.

We note that two sets of simulations are not enough to make
statistical inferences, which would ultimately be required to
make a definitive statement about the underlying physics of
MC dispersal and formation. The simulations studied here do
not capture changes in galactic environment, cloud surface
density, or other important quantities such as metallicity, which
could also affect cloud lifetimes. Future work will study the
formation and destruction rates in an ensemble of clouds in
different parts of the galaxy and in different galactic
environments (M. Johnson et al. 2024, in preparation).

4.2. The Eos Space Telescope: Determining the Evolutionary
Pathways of Star-forming Clouds

The HI/H, transition is complex, being affected by the
heavy-element content of the gas, the Galactic radiation field,
and flows spanning spatial scales from spiral arms down to the
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Figure 5. Cloud evolution for MC1, comparing ratios of H, formation to SFR
vs. H, dissociation to SFR. Points are from the numerical simulation, and color
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of parameter space in which different cloud evolutionary states exist, as
discussed in Section 4. The state of the cloud, as it proceeds through formation,
gas steady-state cycling, and cloud dispersal, can be determined by the
ensemble of these rates.

thickness of a shock. A recently proposed space telescope,
Hyperion, is designed to probe star-forming clouds’ evolu-
tionary states systematically for the first time. Hyperion carries
an FUV spectrograph with resolution R > 10,000 covering
wavelengths 138.5-161.5nm (E. T. Hamden et al. 2022).
Hyperion was proposed to the 2021 Medium Explorer
(MIDEX) call, and while receiving a Category I rating (the
highest), it was not selected. A similar concept, Eos, is in
development by the same team for the 2025 Small Explorer
(SMEX) proposal call.

The primary scientific goal of Eos is to examine the fuel for
star formation by probing the crucial atomic-to-molecular
boundary layer in and around molecular clouds. The telescope
must observe from space since the FUV band is absorbed by
Earth’s atmosphere. Measuring the FUV fluorescence spectrum
of H, will enable Eos to determine conditions at molecular
clouds’ surface, where they interact with the surrounding
Galactic environment. The fluxes into and out of the clouds
govern their evolutionary history, present state, and possible
futures, as shown by Figure 5. Because the H, UV fluorescent
lines are intrinsically narrow, numerous, and closely spaced in
wavelength for a range of excitation conditions, high-resolution
spectroscopy is essential for this mission. The spectral
resolution of Eos will also permit detecting flows in the
fluorescing gas down to the 10 km s~ ' range. Measuring these
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parameters will uncover the relationship in local Milky Way
molecular clouds between cloud growth, star formation, cloud
evaporation in the presence of a radiation field, and young
stars’ impacts on subsequent star formation.

4.3. Observations to Measure the Rates Described in
This Work

Measuring the dissociation rate Jp is straightforward with
Eos, since the H, photodissociation rate is proportional to the
H, photoexcitation rate, which in turn is proportional to the
intensity of H, line emission (A. Sternberg 1989).

Observationally, probing H, formation rates with FUV lines
is not as technically simple as measuring dissociation. A key
signature of the formation of H, found in the FUV fluorescence
emission lines is the ortho-to-para line ratio (OPR). In the
ground state, ortho-H, molecules exhibit aligned spins (total
nuclear spin = 1, only odd rotational quantum numbers), while
para-H, molecules possess spins in opposite directions. These
distinct states result in subtly different permitted transitions for
fluorescence. Under equilibrium conditions within a photo-
dissociation region (PDR), the OPR in the ground vibrational
state is determined by the competition between reactive
collisions with protons, the H, formation process, and selective
photodissociation via optically thick (“self-shielded”) absorp-
tion lines (A. Sternberg & David A. Neufeld 1999). A low OPR
provides unambiguous evidence of older, colder H, gas, as
there is no ambiguity in the gas state. On the other hand, a high
OPR can arise from two different processes: one possibility is a
warm PDR that has already reached chemical equilibrium,
while the other is cold, young H, gas that has not yet attained
chemical equilibrium and possesses a high OPR owing to the
formation process on dust grains. To differentiate between the
two scenarios, temperature measurements can be self-consis-
tently estimated using H, fluorescent emission. In the process
of mapping target clouds, Eos will collect absorption-line
measurements, which can provide insights into cold H, within
certain parts of the cloud. In these regions, the equilibration
time is unambiguously long, allowing for a straightforward
interpretation of the OPR measurement as a chemical age
indicator. Paper I further describes observational probes of the
formation and dissociation rates and tests the assumptions of
equilibrium H I-H, timescales.

5. Conclusions

In this paper we used the SILCC-Zoom simulations that
include stellar feedback to explore the utility of FUV H,
fluorescence observations for tracing the life cycle of star-
forming molecular clouds and the molecular hydrogen—atomic
hydrogen boundary layer. The simulations used in this work
include nonequilibrium H, formation/destruction, stellar
radiation, sink particles, and turbulence. We compute the
SFR and H, dissociation rate and formation rate and find the
following:

1. At early times in the cloud evolution, H, formation
rapidly outpaces dissociation and molecular clouds build
their mass.

2. We find that the H, is out of chemical equilibrium during
the early stages of cloud formation and rapid star
formation.

3. The concept of an integrated star formation efficiency is
not applicable to clouds with realistic open boundaries, as
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H, formation and cloud building continue after star
formation is initiated.

4. H, formation/dissociation equilibrium takes place after
the cloud is formed but before it is dispersed by massive-
star feedback.

5. Cloud life cycle scenarios and star formation efficiency
theories may be distinguished with observational mea-
surements of H, fluorescence with a high-resolution FUV
spectrometer covering large angular areas of nearby
molecular clouds, such as the proposed Hyperion and Eos
missions.
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