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Molecular gas across cosmic time

Cosmic age (Gyr)

The [CII| fine structure line and CO rotational L ? : :
lines are used as tracers of molecular gas and [ “Cosmic dark matter density
star formation activity at both low and high

redshifts. 1010 -

Cosmic baryon density

. . . . in galaxies
We wuse simulations to interpret ongoing

observations and answer open questions:
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» How do the abundances of H, and its tracers
change through the various stages of galaxy

evolution? 10° 4

Cosmic mass density (Mo Mpc=3)

» Do scaling relations between line luminosities
and galaxy properties vary across galaxy
environment and redshift?
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Our sub-grid model
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The simulations

= Cosmological simulations:
- A (25 cMpc)3 volume down to z = 2
- A (50 cMpc)3 volume down to z = 4
using the AMR code RAMSES.

» Non-equilibrium chemical network for
hydrogen and carbon chemistry coupled
with on-the-fly radiative transfer of UV
from stars.

= [CII] line emission computed in post-
processing
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Evolution of the cosmic H, density

m— Simulation (fullbox)
Simulated galaxies
with My, > 108 M,
CO/COLDz; Riechers+19
CO/ASPECS; Decarli+19
CO/PHIBBS2 Lenkic+20
Dust continuum; Scoville+17
Dust continuum; Magnelli+20
CO/VLASPECS; Riechers+20

ALPINE [Cll]-detections;
Dessauges-Zavadsky+20

COPSS-II; Keating+16
mmIME; Keating+20




H, mass function

Faint galaxies not observed in
current surveys

no constraints on the
low-mass end
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|CII] line emission model

Sub-grid Cell

[
De-excitation of C* via I Nc+,Ne=, Ny,, NHI
collisions with HI, H,, and _ from the chemical network;
e-. UV from on-the-fly RT;
Z

gas
T — p relation from
molecular cloud
simulations (Hu+21).
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Stellar UV as the radiation |
field. | Integrate over
the density PDF
Assume optically thin |

emission (Goldsmith+12). :

Galaxy

Add up the Ly
from all cells



LicmM;, relation

= No metallicity — dependence.
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LicmM;, relation

= No metallicity — dependence.

= What about these massive
galaxies with low Licp,?

Simulated galaxies
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LicmM;, relation

= No metallicity — dependence.

= What about these massive
galaxies with low Lop,?

> Lower SFR

- less excitation of C*
=2 lower Ly

AMS = log,,(SFR/SFR,g)
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The [CII]-to-H, conversion factor

Simulated
galaxies
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» No strong dependence of ¢y on Z,,; or AMS;
» But large scatter at high Z . and low AMS.
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|CII] and CO-dark H,

Simulated
galaxies
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» No strong dependence of ¢y on Z,,; or AMS;
» But large scatter at high Z . and low AMS.
» [CII] --- a reliable tracer for CO-dark molecular gas?
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Licy-halo mass relation

Padmanabhan+22
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|CII] luminosity function
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Simulation at z=4" 5

—— Popping+16 (z = 4) ]
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|CII] luminosity function
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Simulation at z=4" 5
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Conclusions and outlook

v Simulations based on sub-grid model with minimal assumptions show good
agreement with current observations, e.g.,

* simulated and “observed” py (2)
* LicySFR, LMy Lie-halo-mass relations

v'No strong dependence of apc on Z,,, = possible tracer for CO-dark molecular gas;
but, need some caution with post-main-sequence galaxies.

Next steps

» Understand the effect of ‘stage of galaxy evolution’ on scaling relations.
» Investigate the [CII|-deficit.

» Study the effect of resolution on chemistry and line-emission modelling.

» Model the scatter in the Li-halo mass relation and connect with gas properties —
Z, UV, SFR, assembly history, etc.

» Develop a ML framework to use information from our detailed hydro simulations to
“paint” lines onto halos in a large volume DM-only simulation.

Thank you for your attention.






The [CII]-to-H, conversion factor
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Lic-SFR relation
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|CII]-deficit

T

-

-+ z~0 galaxies 11.25

z>2 galaxies

11.00

10.75

10.50

10.25

L('Il/ LF IR

-y
(S
w
T

10.00

9.75

9.50

9.25

9.00

1613 1014

1022
Lemg (L)

Narayanan & Krumholz+17

Analytical modelling
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|ClII]-deficit
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Simulations vs VLA galaxy sample
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4 )

s : N a) assume that the tracers are
Dominant concomitant with H,
component of b) the conversion factors likely
kl molecular gas ) L depend on Z, SFR, etc. y
" Lacksa | H,
permanent 4 ‘
. dipole moment ) Use other tracers
such as CO, C+, etc.
r—l NN o
Does not emit under typical 1
conditions of star-forming
regions
. J
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