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Empirical Models

The actual growth of galaxies &
SMBHs must be consistent with all
availlable observations.
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Empirical Model
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DM Simulation Review

PB+ (2013)
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DM Simulation Review
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Empirically Modeling Galaxies

M*(Mh, Z)




Efficiency of Star Formation

Lots of Measurements at z=0

Observed Stellar - Peak Halo Mass Ratio (M, / M, )
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SM/HM Ratio

At z>07?

Guess and Check!
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SM/HM Ratio

At z>07?

Guess and Check!

Galaxy Formation Efflilclilgncly ————» # of Galaxies
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SM/HM Ratio

At z>07?

Guess and Check!

Galaxy Formation Efflilclilgncly ————» # of Galaxies
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At z>07?

Guess and Check!
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Galaxy Formation Histories
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Galaxy Formation Histories

Galaxy Formatlon Efficiency
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Galaxy Formation Histories

Galaxy Formation Efficiency ~ 1t * 1 % % 9
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UniverseMachine

M Simulation

PB+ (2019)
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UniverseMachine
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Unique Constraints
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Empirical Galaxy Models

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

UniverseMachine 2
Dust/Color |
(Cooray et al. in prep.)

SMBHs

Metallicit ChemicalUniverseMachine
Y (Nishigaki et al., 2025)

NeutralUniverseMachine
(Guo et al. 2023)

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

(Wang et al. 2024)

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
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https://arxiv.org/abs/2105.10474
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UniverseMachine Results
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Trinity: Results

Lookback Time [Gyr]
1 4 7 10 12 13

R
-9 -3 -1
iDglo(EiELAI{/E”?I{)

—— for =0.5

1015

104

O
=
%1013

@F

=

1012

. s s e

BH Accretion/
Star Formation

0 0.2 0.5 5 910
Z

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

1011



https://arxiv.org/pdf/2105.10474

Empirical Galaxy Models

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

UniverseMachine 2
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No clear understanding yet:
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Chemical UniverseMachine

d Total Metal Mass in ISM

—(Zism - Mism) =

dt ISM Metallicity HI + HIl Mass

Nishigaki et al., accepted



Chemical UniverseMachine EX
Zin Min _

T

d Total Metal Mass in ISM .
N (ZISM ' MISM) — ZinMin +
dt ISM Metallicity HI + HIl Mass Inflow |nflow Rate

Metallicity

Nishigaki et al., accepted



Chemical UniverseMachine [}

ZinMin '
AZoMow = (1 - fism)ySFR

T

d Total Metal Mass in ISM . Star Formation Rate
_(ZISM . MISM) — ZinMin -+ (fISM Y )SFR
dt ISM Metallicity HI + HIl Mass Inflow Inflow Rate  Effective Yield
Metallicity

Nishigaki et al., accepted



Chemical UniverseMachine [}

ZinMin '
AZoMow = (1 - fism)ySFR

T

d Total Metal Mass in ISM . Star Formation Rate
= (Z1sm - Mism) = ZinMin + (fism * Y — Zism * frem)SFR
t ISM Metallicity HI + HIl Mass Inflow |nflow Rate Effective Yield ISM Metallicity Fraction of long-lived stellar mass
Metallicity

Nishigaki et al., accepted



Intuition
ZinMin /ZoutMout — (1 o fISM)ySFR

d Total Metal Mass in ISM N O ™~ O Star Formation Rate
dt (Z1sm - Mism) = v pstvt=rem ) O F IR
t ISM Metallicity HI + HIl Mass Inflow |nflow Rate Effective Yield ISM Metallicity Fraction of long-lived stellar mass
Metallicity

(Z1sm - Mism) =~ ( fism)y M.



Intuition
Zin My /ZoutMout = (1 - fism)ySFR

d Total Metal Mass in ISM N O ™~ O Star Formation Rate
t ISM Metallicity HI + HIl Mass Inflow |nflow Rate Effective Yield ISM Metallicity Fraction of long-lived stellar mass

Metallicity

(Z1sm - Mism) =~ ( fism)y M.

Z1sM - Mism
<fISM> 7 yM*



Intuition
Zin My /ZoutMout = (1 - fism)ySFR

d Total Metal Mass in ISM N O ™~ O Star Formation Rate
t ISM Metallicity HI + HIl Mass Inflow |nflow Rate Effective Yield ISM Metallicity Fraction of long-lived stellar mass
Metallicity

(Z1sm - Mism) =~ ( fism)y M.

Everything is observable/constrainable()



(RN D)\| Simulation  Klypin+ (2016)




Zism - M
(fism) ~ =

Galaxv Masses UniverseMachine
g (PB+ 2019)

E D\l Simulation  Klypin+ (2016)




NeutralUniverseMachine
(Guo et al. 2023)

Galaxy Masses UniverseMachine
Y (PB+ 2019)

| BN DI\ Simulation Klypin+ (2016)

HI, H> Masses
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Neutral UniverseMachine

GUO ET AL.
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Decoupled ISM Metallicity

Metallicity of HI different from Metallicity of Ho
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Nishigaki et al., 2025



Decoupled ISM Metallicity X

Metallicity of HI different from Metallicity of Ho
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Summary:

Methods that scale better to large datasets
will reveal more science(!)

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



(a) initial conditions at a = 1/64 (b) final snapshotata =1

(c) reverse evolution back to a = 1/64 (d) optimization for 10 iterations at a =1

(e) optimization for 100 iterations at a =1 (f) optimization for 1000 iterations at a = 1

Figure 4. A toy problem where we optimize the initial conditions by gradient descent to
make some interesting pattern after projection. The particles originally fill a 16 X 27 X 16
grid, and then evolve from a = 1/64 to a = 1 for 63 time steps with single precision and a

Optimizing initial conditions

Optimization iteral


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

Normalizing Normalizing Diffusion
Flow Flow Model
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