
Revealing Galaxy Formation 
with Empirical Models

Peter Behroozi (University of Arizona)                       YITP School, 6/3/25



Credit: NASA, ESA, and the Hubble SM4 ERO Team

Direct Observation



Credit: FIRE Project, Phil Hopkins

Simulations

Credit: Aquarius Simulation Team

Simulations



Credit: CAMELS Project, Paco Villascusa-Navarro

Simulations



Papovich, …, PB et al. (2015)

Empirical Modeling



D
ar

k 
E

ne
rg

y 
D

en
si

ty

Dark Matter Density



Empirical Models

The actual growth of galaxies & 
SMBHs must be consistent with all 
available observations.
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Empirically Modeling Galaxies

M⇤(Mh, z)
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Behroozi et al. 2010
Reddick et al. 2013 (AM)

Moster et al. 2010 (AM)

Moster et al. 2013 (EM)

Moster et al. 2018 (EM)

Lu et al. 2015 (EM)

Rodríguez-Puebla et al. 2017 (EM)

Wang et al. 2013 (CSMF)

z ~ 0.1

Behroozi et al. 2013 (EM)
Yang et al. 2012 (CSMF)
Hansen et al. 2009 (CL)
Birrer et al. 2014 (EM)

Lin & Mohr 2004 (CL)
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Shankar et al. 2017, Sérsic (AM)
UniverseMachine DR1 (EM)
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At z>0?
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UniverseMachine

DM Simulation

PB+ (2019)
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DM Simulation

=
Flexible Fitting Function

SFR = f(Mh, Ṁh, z)

<latexit sha1_base64="OMS5DWc4xgpD7Ea/kGs2F3PPQdQ="></latexit>
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DM Simulation

+ =SFR = f(Mh, Ṁh, z)
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Biggest Open Questions
How does gas cycle in/out?

How do galaxy shapes/sizes evolve?

How do SMBHs grow?

Why do galaxies stop forming stars?

How does dust influence what we see?

What will future telescopes see?



Empirical Galaxy Models

Galaxy Masses UniverseMachine (PB+ 
2019); UM-SAGA

(Wang et al. 2024)

HI, H2 Masses NeutralUniverseMachine 
(Guo et al. 2023)

Metallicity ChemicalUniverseMachine 
(Nishigaki et al., 2025)

Dust/Color UniverseMachine 2

(Cooray et al. in prep.)

SMBHs

Image credits: https://www.universetoday.com/108702/what-fuels-the-engine-of-a-supermassive-black-hole/; 

Papovich et al. 2015; Armus et al. 2020; HST/Spitzer/Chandra; SDSS

Trinity (Zhang et al. 
2023ab, 2024ab)



DM Simulation

=
Galaxy+BH Fit. Function

SFR = f(Mh, Ṁh, z)
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+ P (Ṁ•) = g(M⇤, z)
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Trinity

HZ, PB, et al.: https://arxiv.org/abs/2105.10474

https://arxiv.org/abs/2105.10474


PB+ (2019)

UniverseMachine Results
M

as
s 

in
 G

al
ax

y 
Pr

og
en

ito
r

Present Day Early Universe



PB+ (2019)

UniverseMachine Results
M

as
s 

in
 G

al
ax

y 
Pr

og
en

ito
r

Present Day Early Universe

z=0 anchor



z=0 anchor
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z>0 growth rates
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Trinity: Constraints

HZ, PB, et al.: https://arxiv.org/abs/2105.10474

https://arxiv.org/abs/2105.10474


Trinity: Results

HZ, PB, et al.: https://arxiv.org/abs/2105.10474
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DM Simulation

=
Galaxy+BH Fit. Function

SFR = f(Mh, Ṁh, z)
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HZ, PB, et al.: https://arxiv.org/abs/2105.10474

https://arxiv.org/abs/2105.10474


η ~ 1

AGN Downsizing
(Massive BHs become inactive earlier) 

Trinity: Constraints
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Trinity: Results

HZ, PB, et al.: https://arxiv.org/pdf/2105.10474 

https://arxiv.org/pdf/2105.10474


Empirical Galaxy Models

Galaxy Masses UniverseMachine (PB+ 
2019); UM-SAGA

(Wang et al. 2024)

HI, H2 Masses NeutralUniverseMachine 
(Guo et al. 2023)

Metallicity ChemicalUniverseMachine 
(Nishigaki et al., submitted)

Dust/Color UniverseMachine 2

(Cooray et al. in prep.)

SMBHs

Image credits: https://www.universetoday.com/108702/what-fuels-the-engine-of-a-supermassive-black-hole/; 

Papovich et al. 2015; Armus et al. 2020; HST/Spitzer/Chandra; SDSS

Trinity (Zhang et al. 
2023ab, 2024ab)



Credit: Kim et al., 2016

No clear understanding yet:



Chemical UniverseMachine

Nishigaki et al., accepted
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Chemical UniverseMachine
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Intuition
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ISM Metallicity HI + HII Mass Inflow 

Metallicity

Inflow Rate Effective Yield ISM Metallicity

Star Formation RateTotal Metal Mass in ISM

Fraction of long-lived stellar mass

Intuition

Everything is observable/constrainable(!)



Modeling Stages

DM Simulation Klypin+ (2016)
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DM Simulation Klypin+ (2016)

Galaxy Masses UniverseMachine 
(PB+ 2019)



DM Simulation

Modeling Stages

Klypin+ (2016)

Galaxy Masses UniverseMachine 
(PB+ 2019)

HI, H2 Masses NeutralUniverseMachine 
(Guo et al. 2023)



Neutral UniverseMachine

Hong Guo, et al (2023)



Neutral UniverseMachine

Hong Guo, et al (2023)





Decoupled ISM Metallicity
Metallicity of HI different from Metallicity of H2

Nishigaki et al., 2025



Decoupled ISM Metallicity
Metallicity of HI different from Metallicity of H2
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What the Future Brings

Log

Lo
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Credits: Subaru PFS Team, LSST Project Office, NASA, ESA, JAXA
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Methods that scale better to large datasets 
will reveal more science(!) 

Enormous number of discoveries will be 
made with current and future datasets!

Summary:



https://www.youtube.com/watch?v=vD6lbjHP3SY



