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O Chemistry in low-metallicity galaxies

O Dust evolution and its impact on ISM chemistry

1 Dust entrainment in galactic outflows



Chemistry in low-metallicity galaxies



Chemistry: connecting simulations & observations

simulations predict properties (density, temperature...), which are NOT direct observables

- The ISM is multiphase, and different phases are traced by different




Star formation occurs in molecular gas

« Star formation occurs in molecular clouds where the dominant constituent is
molecular hydrogen (H,).
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Star formation rate

The Kennicutt-Schmidt (KS) relation

Of of
-1 —l.
'?o 'i‘u
£ -2 = =2}
& I s .
e 8 & i
03"_4. | N"’ _4’_ ............................................. ol
o - o s
© - I O - .
8 : ] : linear E
—st -5} .
; | ; correlation
i | | i
-6.....1....l....l....||‘...l....l....- —Glllllnﬁ
-1.0-05 00 05 1.0 1.5 20 25 -1.0-0.5 00 05 1.0 1.5 20 25
log 2 [Me pc”) log Z,; [Me pc™]
H| Bigiel+ 2008

H,

Gas depletion time:
tdep = MH2 / SFR
~ 2 Gyr



C0 as an observational tracer for H,

* H, does not emit efficiently in
molecular clouds (too cold).

« QObservationally, we need a
tracer for H, to infer its
existence.

« Carbon monoxide (CO) is the
most widely used tracer for H,.




Recap on ISM chemistry: H/H, transition

o
H

)

UV radiation from young stars

-, destruction: photodissociation H, formation: on surfaces of dust grains

Ho+h - H+H H + H:dust - H»



Recap on ISM chemistry: C+/C transition

*

UV radiation from young stars

( destruction: photoionization C formation: recombination

C+y—>Ct+4e Ct4+e >C+y



Recap on ISM chemistry: C/CO transition

)

UV radiation from young stars

~ Ct4+Hy; - CHf +hv

CO destruction: photodissociation CO formation: CH+H (25%)
_ = CHi4+e —{ C+Hy  (12%)
requires H,! C+H+H (63%)

CO+hv - C+0
_ CH+0 - CO+H



Recap on ISM chemistry: C/CO transition

)

UV radiation from young stars

_Hz — CHj + hv

CO destruction: photodissociation CO formation: CH+H (25%)
_ = CHi4+e —{ C+Hy  (12%)
requires H,! C+H+H (63%)

CO+hv - C+0
_ CH+0 - CO+H
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Dwarf galaxies have much higher SFR/L;, ratio

H,

Madden+ 2020
LR | AL T rrrr o rrrrr LR | '/_
| m standard conversion from CO ’.;
® from models p = 0.53 (0. 14)’ "'_
/,. 3
| <\ _
n /
I % @ ]
R ’/\3
@& //@

n o NY -

: Q)Q s
0.01 0.10 1.00 10.00 100.00

Z(H2) ot [M o/ PC’ ]

« Naive explanation: they form stars
much more efficiently.

« However, dwarf galaxies tend to
have low metallicity, which leads to
very different chemistry properties.



ISM chemistry changes significantly with metallicity

* low metallicity => low dust abundance => less shielding by dust
=> FUV radiation penetrates deeper into clouds

« C*/C & C/CO boundaries contract significantly.

» H/H, boundary contracts too, but not as much (self-shielding).

“CO-dark” gas

high > low

metallicity 4 metallicity



5

Z(SFR)  [Me/yr/kpc?]

0.1000 F
0.0100
0.0010

0.0001

Putting dwarf galaxies back to the KS relation

H,

Madden+ 2020
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By accounting for the CO-dark
molecular gas (adopting high X¢p),
dwarf galaxies follow the KS
relation similar to spiral galaxies.

But is there really a large reservoir
of CO-dark molecular gas?



Low-metallicity galaxies are common at high redshift
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Observed CO emission at low metallicity

The WLM dwarf galaxy: lowest metallicity (~0.1 Zg) with
CO detection (by ALMA)

CO at low metallicity exists in compact, pc-scale clumps.

Need high-resolution (sub-pc) simulations to resolve them!
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Hydrodynamical simulations coupled with hydrogen chemistry

Hu+ 2021
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Simulation Details

4 )
O Gravity & hydrodynamics: GIZMO (Hopkins 2014)

O Non-equilibrium H*/HI/H, chemistry and cooling
(Glover & Mac low 2007, Hu+2016)
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Simulation Details
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O Gravity & hydrodynamics: GIZMO (Hopkins 2014)

O Non-equilibrium H*/HI/H, chemistry and cooling
(Glover & Mac low 2007, Hu+2016)

O HEALPix-based radiation shielding (Clark+2011)

O Star formation w/ individual stars (Hu+2017, 2021)
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Simulation Details

4 A
O Gravity & hydrodynamics: GIZMO (Hopkins 2014)

O Non-equilibrium H*/HI/H, chemistry and cooling
(Glover & Mac low 2007, Hu+2016)

L HEALPix-based radiation shielding (Clark+2011)
O Star formation w/ individual stars (Hu+2017, 2021)

U Feedback: supernova & photoionization (Hu+2017)
g J




Challenges for modeling carbon chemistry in simulations

1) Need high resolution to resolve the compact CO clumps

(pc scales).

2) Carbon chemistry is complicated and expensive to solve.

Previous simulations:

adopt a simplified CO network (e.g. SILCC, Cloud Factory)

- pros: fast
- cons: low accuracy, tend to

post-processing (e.g. TIGRESS)
- pros: more accurate network
- cons: need to assume

CO

>
HCO*




simulation

Hydro simulation with a non-equilibrium H,
chemistry network
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simulation

Hydro simulation with a
chemistry network

| | |
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log1oN 25 [cm 2] log1oNgPS[cm 2] log10(2NRP%)[cm 2]

Post-processing chemistry network, but using
the non-equilibrium H, from simulations
(31 species, 286 reactions)

H, H-, Hy, Ht, Hf, Hi, e~, He, Het, HeH™, C, C™,
CO, HCO*, 0, OF, OH, OH*, H,OF, H;0*, H,0, O,
CcO*, OF, CHy, CH}, CH, CH*, CHY, Si* and Si.

EEEE———— ]
16 17 15 16 17 15 16 17
log10N&85[cm 2] log10Ngs[cm—2] log1oNE&[cm 2]

post-processing



H, has no time to reach equilibrium (steady state)

— time-dependent
---- steady state

1 Gyr

t’form H2 ~
gas number normalized metallicity
density (cm3) (2’ = 1 for solar)

tiormne > tayn , €specially at Jow metallicity (Z')

« H, has no time to reach steady state before
getting destroyed by feedback!

« The dense, star-forming gas (n > 100 cm3) at

low metallicity is dominated by atomic hydrogen.
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The time-dependent (non-equilibrium) effect

steady (
At low Z, the time-dependent effect o @ @ @ @

significantly suppresses H, formation,

while C+/C/CO is almost unaffected. .
dep:g:iient
— 7

—&==— time-dependent
—A— steady state




The time-dependent (non-equilibrium) effect

Hu+ 2021

At low Z, the time-dependent effect
significantly suppresses H, formation,
while C+/C/CQO is almost unaffected.

— tlme-dependent

Steady-state model overproduces H,!

19 20 21 22 23
log10Ng2s [cm™2]



Modeling emission lines via radiative transfer

Cco

simulation

rotational levels

non-LTE calculation w/ LVG

using RADMC-3D

Hu+ 2022

CO(1-0)

CO(2-1) —_—

mock observation




Xco [em™2 (K km s71)71]

Metallicity dependence of the CO-to-H, conversion factor (X;,)

1023

Hu+ 2022
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H, column density

Ny
Xco = —

w
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Observations overestimated Xqo
(especially at low metallicity)
because:

(1) Assuming steady-state chemistry
(PDR modeling)

(2) Assuming star formation only in
molecular gas (inverse Kennicutt-
Schmidt law, My, = SFR / t4p)



Dust evolution and its impact on ISM chemistry



G/D

Spatial variation of dust abundance in the ISM
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Dust abundance varies by a
factor of 7 in the SMC galaxy!
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Dust abundance varies from place
to place as dust grows in the ISM
and gets destroyed by SN shocks.

However, most simulations assume
a constant dust abundance.



Simulation Details

-

\_

\
O Gravity & hydrodynamics: GIZMO (Hopkins 2014)

O Non-equilibrium H*/HI/H, chemistry and cooling
(Glover & Mac low 2007, Hu+2016)

L HEALPix-based radiation shielding (Clark+2011)
O Star formation w/ individual stars (Hu+2017, 2021)
U Feedback: supernova & photoionization (Hu+2017)

O Dust evolution: sputtering & dust growth (Hu+2023)
y,




Dust destruction: sputtering

e Sputtering: collision between gas and dust _
. o m 10—5_ .
- return dust material into gas phase £ thermal sputtering
dmagust 3nHMdust l; 107
— },tot =
dt a 31077
E‘;
* One-fluid approach: 3 10°8 —— carbonaceous }
= ! ---- silicate
107°

dust is spatially coupled with ga
. . 104 10° 106 107 108 10°  10%°
(Larmor radius is small) T K]

10°7 nonthermal sputtering

e The dust-gas relative velocity (v,.) leads to
nonthermal sputtering

nytda/dt [um yr=t cm3]
3

dvrel
= Qdrag + abeta — Ahydro
dt -
1078
Stiff! Need sub-cycling S
10t 102 103 10* 10°

Vrel [km/s]




Dust formation: dust growth in the cold ISM

* Dust growth: collision between gas-phase metals and dust
-> metals stick onto the surfaces of dust grains

e  Growth timescale:

dasg
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3o vinpe

1 T K-054 27 | -1 s
:1.4Myr(ﬁ) (m) (Z_@) (0.0;um)(lix-ol)

density temperature grain size sticking
metallicity coefficient




The effect of dust evolution on ISM chemistry

» Dust destruction in SN shocks
(Hu+2019)

« Dust growth in dense ISM (Hu+2023)

» Fully coupled with ISM chemistry!
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The effect of dust evolution on ISM chemistry

Hu+ 2023

» Dust destruction in SN shocks
(Hu+2019)

« Dust growth in dense ISM (Hu+2023)

» Fully coupled with ISM chemistry!
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Dust evolution has a strong effect on CO
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Dust evolution has a strong effect on CO
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Dust evolution has a strong effect on C0, but has little effect on H,

logioX;

logioX;

no dust evolution

\

2 4
logiony [cmM™3]

with dust evolution

log1ony [cm™3]

HI/H, : insensitive to dust evolution
Dust growth is only efficient in very dense gas

H, can self-shield against FUV radiation

C+/CI/CO: very sensitive to dust evolution

Dust shielding controls the C+/CI/CO
transitions (self-shielding is inefficient)

Hu+ 2023



Gas/Dust mass ratios

D/G is underestimated if adopting too high X,
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smpreo. DUSE @Ntrainment in galactic outflows

Dust is more abundant in
outflows than in the ISM.

Dust abundance is significantly enhanced in

dense gas due to dust growth. Origin of intergalactic dust?
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Su+ in prep.

Color

— Warm
— Ionized
— Hot

Wei-Shan Su k

« Dustinthe /
phase (T < 3x10° K) has never
heated up to high enough

temperature to get sputtered

Dust in the phase (T >
Marker

3x10° K) only stays hot for a ‘ e » Warm

very short amount of time, | ; ; » lonized
3 ! ; e Hot

mostly near the disk.

« Sputtering is very inefficient!




Summary
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! There is not much CO-dark H, reservoir at low metallicity | i
 H, has not time to form E
« Steady-state chemistry significantly overestimates Xco
3 * The cold ISM is dominated by HI instead of H, )
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Summary

e N
There is not much CO-dark H, reservoir at low metallicity
 H, has not time to form
« Steady-state chemistry significantly overestimates Xco
* The cold ISM is dominated by HI instead of H,
§ y,
( R

Dust evolution helps explain the observed CO luminosity in the WLM galaxy
« Dust growth enhances radiation shielding and facilitates CO formation.

* The resulting Xco is only slightly higher than the Milky Way value.
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1023 :
® time-dependent (fiducial)

A  steady state
% dense gas (>102cm™3)

Summary :

( )
There is not much CO-dark H, reservoir at low metallicity

 H, has not time to form

« Steady-state chemistry significantly overestimates Xco

 The cold ISM is dominated by HI instead of H,

N

Dust evolution helps explain the observed CO luminosity in the WLM galaxy

Lco [K km s71 pc?]

« Dust growth enhances radiation shielding and facilitates CO formation.

0.0 0.1 0.2 E 0.4 0.5

* The resulting Xco is only slightly higher than the Milky Way value.

Dust can be entrained in galactic outflows
« Most dust never enters the hot phase for long enough time to be sputtered. . ‘

« Dust growth can further enhance the abundance.

J ] P 0.005
2 by )
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Chemical transitions

Timescale comparison:

torm,ie > tayn , €Specially at low Z

;

~1 Gyr /[(nZ’) ~3 Myr

H, has no time to reach steady state

before getting destroyed by feedback.

— time-dependent
---- steady state

I
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N
o
—
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-3
20,0 205 21.0 215 22.0 225
log1on [cm™3] log1oNe™ [cm—2]

Time-dependent model: integrate the equation of
chemical reaction:

an an ) an .
Fralal (formation) + T (destruction)

dny

If X reaches a ,
dt

0

X can be far from steady state if the reaction time is long.



Cosmlc lourney of Interstellar Dust
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The multi-variate line ratio of CO(2-1) to CO(1-0)

* The line ratio is a multi-variate function of metallicity, line intensity, and telescope beam size.
« (Can use higher-level lines to infer the ground-level line CO(1-0).

Hu+ 2022
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Star formation occurs in molecular gas

In local spiral galaxies, the SFR shows a strong correlation with H, while little

correlation with HI.

« The strong correlation between SFR and H, results in a widely used sub-grid model

for star formation:

_ p(H3)
SFR = ¢ . \

/ 11 H, density

efficiency
free-fall time

« However, this correlation has not been tested in low-metallicity conditions.



The effect of dust on ISM chemistry

shielding against stellar radiation catalyst of chemical reactions (e.g. Hy)

) 4

log vf,
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NSTC BEZEP2ERWNEES

National Science and Technology Council

Dwarf galaxies as laboratories for the
Interstellar medium at low metallicity

Chia-Yu Hu (¥ £ )
National Taiwan University

w/ Amiel Sternberg, Ewine van Dishoeck, Andrew Schruba, Alon Gurman, Wei-Shan Su

Sep. 17, 2025
EANAM 10, Jeju Island



