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> B The Galaxy-halo
connection has
been well
explored for the
- stellar mass
Approaches to modeling the galaxy-halo connection com po nents
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Hydrodynamical Models
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Abundance Matching Model

Rank
order by
HIl Mass

B Abundance Matching overpredicts the HI clustering!
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Empirical Cold Gas Model

1. Pick a halo from the simulation,
which will have a halo mass (HM)
and redshift (z).

2. Assign a galaxy stellar mass and
SFR to halo using relations in
Behroozi et al. (2013).
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+
i

HM

HM

3. Use size-stellar mass relation
in van der Wel et al. (2014), scaled
by 2.6, to assign gas disc size.

\

SM

4. Assuming that the gas+stars
are distributed exponentially,
choose a total cold gas mass.

5. The mass gives a midplane pressure, setting the
HI/H, fraction (Blitz & Rosolowsky 2006). The H,

density implies an SFR (Bigiel et al. 2008).

6. Compare implied SFR with
Behroozi et al. (2013); keep iterating
gas masses until the two SFRs match.

SFR

HM

Popping et al. (2015)
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(MM, z) =

Conditional Stellar Mass Function
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How to make a halo model for HI?

B The HIl-halo relation varies significantly for different theoretical models.
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Measurements of HI-halo Mass Relation

| 1 1 I I I I 1 I I | 1 | |
= Cold Hot Merger -
- Accretion Accretion ¢ Dominated >
i B 1! R % -------- g i
. S A . S T T e N >=6 .
o ¥ g
- I -'.I" __________ -
- "_.’ .:!:" Ng>:5 _
— E =T e N, >=4 N
i __________ Ng>:2 7
- = e Ng>=1 i
| 1 1 | I | | 1 1 I | 1 | 1

log (M,/h-t M)

Guo et al. (2020), ALFALFA, HI spectral stacking



Iog(le)

What we know about the cold gas

: HI Gas

B Cold gas fractions are
decreasing with M*
& increasing with sSFR

B The conversion
efficiency from HI to H2
seems to be weakly
dependent on M* and
sSFR
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Saintonge et al. 2022, ARA&A, based on xGASS & xCOLD GASS



HI-SFR Relation

B Hl mass is directly related to the SFR

1 l L L L] L] I L] L] L] L] I L] L] 1 | | L] ] | | I ] ] | | | | I L] | | | | L] I | | | | ]
- - , - ) I .
—=® Star—-forming ] 3 9 10 11 +  Gas-rich, High SFR

:G}- - =© Quenched

- - log (M./M,) 4 y
1of ‘_‘"&q" | ﬂf{/ '
- . 1 = j" .............. -

~ [ ;f IIJ@!@ = L &
0 - ' 1~ 3
> g;ﬁ( 15 | A
g [ e z [ 7

-1F -
. log (M./Mg . :
SHH 8 85 9 95 101051111.5 <
{) [ R " Gas—poor, Low SFR
1 L L ' B L 1 MR R R N [ R RN TR T [ N TN TN M B RN RN
11 12 13 —2 -1 0 1
log (M,/h™M,) log (SFR/SFRys)

Guo et al. (2021), HI stacking of ALFALFA



w,(r,) (h~'Mpc)

HI Clustering
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B HI gas is distributed in underdense regions
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NeutralUniverseMachine Model
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Base Model: UniverseMachine
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ALFALFA

xCOLD GASS

GMRT HI stacking

NeutralUniverseMachine: Model Fitting

Table 1. Observational Constraints

Measurements References Redshifts
H 1 Mass Function Jones et al. (2018) z~0
H 1-Halo Mass Relation Guo et al. (2020) z~0
H 1-Stellar Mass Relation Guo et al. (2021) z~0
H 1 clustering Liet al. (2022b) z~ 0
H> Mass Function Fletcher et al. (2021) z~ 0
Ho-Stellar Mass Relation  Saintonge et al. (2017) z~(
Ho-to-H I mass ratio Catinella et al. (2018) z~ ()
H 1-Stellar Mass Relation Chowdhury et al. (2022) z~ 1.1
cosmic H I density Walter et al. (2020) 0<z<5H
cosmic Hz density Walter et al. (2020) 0<2z<H
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NeutralUniverseMachine: Model Fitting
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NeutralUniverseMachine: Model Fitting

Corrected HI Mass Function
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NeutralUniverseMachine:

Best-fitting Model
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NeutralUniverseMachine: Model Fitting
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NeutralUniverseMachine:
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NeutralUniverseMachine:
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NeutralUniverseMachine: Model Prediction
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NeutralUniverseMachine:
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NeutralUniverseMachine:

T\

—

O Guo et al. (2021), z~0

1 1 1 1 I 1 1 1

Qo

9 10
log ( M./Ms)

11

HI depletion time scales

p—i
N

log( ty,/Gyr )

Model Prediction

Star—-forming

- — — Quenched

I L | L L
Model, z=0
Model, z=0.5 ~

Model, z=2
Model, z=3

9 10
log (M./Ms)

12

H2 depletion time scales



Stel lar Mass

HI Mass

NeutralUniverseMachine:

log( M. /M)

log( M;;/Mg)

11F

10F

[ 12.8<log(M,,./MJ<13.2

[ 10.8<log(M,,./M)<11.2

=
-
------

log( SFR/Gyr 'M,)

log( M,,,/M,)

Model Prediction

11 T | | | | —
6 C Star—forming B
------ Quenched
5 L | | ! [
0 05 1 2 3 4 56
/

SFR

H2 Mass



NeutralUniverseMachine: Model Prediction
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Summary

NeutralUniverseMachine is able to reproduce lots of cold gas observations.

It has also important predictions that can be verified in future:
(1) weak evolution in HIMF but stronger evolution in the H2MF

(2) Cold gas mass for star-forming galaxies deceased by 10 times from z=3

(3) HI depletion time scale for SF galaxies is only 0.1-10Gyr, but longer for quenched
galaxies
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