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Background & Motivation
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• Galaxy populations detected-to-date is unlikely 
to reionize the Universe “on-time”. However, 
studies have shown that faint galaxies can 
make up the shortfall of ionizing photons.  

• This means the faint end of the UV LFs needs to 
keep rising and the slope needs to remain steep. 

• Direct detection of galaxies is extremely 
difficult ! These objects are faint and far away. 

• High-resolution numerical simulations can be 
very expensive ! With limited spatial and mass 
resolution, and are limited by size & duration.
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Efficiency is KEY!  The semi-analytic modeling approach
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• Semi-analytic Merger Trees 

– 1. grid of root halo masses  
→ large dynamic range (                                 ) 

– 2. create Monte Carlo realizations of merging history 
based on Extended Press-Schechter (EPS) formalism 

– 3. trace merger history down to progenitor halos mass  
of                , or 1/100th of the root halo mass, 
whichever is smaller.
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• Standard Empirical Recipes (Somerville+ 1999, 2002, 2008, 2012) 
– cosmological gas accretion and cooling 

– self-regulated galaxy, BH, and AGN growth 

– strong stellar wind feedback  ————> 

– Kennicutt-Schmidt star formation relation    ———————-> 

– stellar population synthesis   

– dust attenuation ————> 

!mout = εSN
V0
Vc
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ΣSFR ∝ (Σmcold )
NSF

τ V,0 = τ dust,0 Zcold mcold / (rgas )
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(Somerville & Kolatt 1999, Somerville+2008)
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Updated Star Formation Recipes:

Our models (Somerville, Popping, Trager 2015)Observations (Hodge+2015)

(fiducial)
(no steepening)

(cold gas)

– Metallicity-based multiphase gas partitioning 
                                                                                     (Gnedin & Kravtsov 2010)M cold → MHI

+MHII
+MH2

–     -based star formation: 
                           (Bigiel+2008) 

H2

ΣSFR ∝ (ΣH2 )
NSF
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• Model is calibrated only to           observations. 

• We show the rest-frame UV luminosity functions 
between                  from our fiducial model. 

• blue dashed: intrinsic luminosity — no dust 
blue solid: with dust attenuation 

• Turnover near                  corresponds to the 
cutoff in the atomic cooling function at        K. 

• Dust is estimated based on physical properties  
                                    , which the optical depth 
normalization is guided by observations. We 
invoked a z-dependent dust-to-metal ratio.

_ _ _ _ _ _
_______

SAM predictions for high-z populations

z ~ 0

MUV ~ −9

τ V,0 = τ dust,0 Zcold mcold / (rgas )
2

z = 4−10

104

MODEL
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What if we change the SF physics?

• Here we show a comparison among three of our 
star formation recipes — Fiducial, GKBig1, KS. 

• The dust normalization is consistent among SF 
models. We are only showing the difference 
relative to our fiducial model. 

• The three SF models give converging results  
at low redshift (         ), but significantly diverge  
at higher redshifts. 

• Improved observations will be able to more 
accurately estimate the dust content and 
uncover the underlying stellar population.

_____ _____ ___

z < 3

MODEL



L.Y. Aaron Yung

SAM Forecasts for JWST

• What if we change the star formation  
(or gas depletion) timescale? 

• Here we increase and decrease the parameter 
by a factor of two, meaning that stars either 
form twice as fast or twice as slow. 

• Gas depletion timescale and star formation 
efficiency are important processes that shape 
the bright end, but AGN feedback doesn’t do 
much at these redshifts. 

• This seems to have a strong effect on the 
bright end, but not very much on the faint end.

What if we change the SF physics?

MODEL
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• SF in low-mass galaxies is ‘self-regulated’; if SF is 
made less efficient, less gas is ejected by stellar 
wind, leading to more efficient SF, and vice versa. 

• No cosmological simulation out there resolves the 
smallest objects we have. 

• Constraints on the faint end is still lacking, JWST 
observations will be able to test our simple 
feedback model. 

• We learn that Hubble Frontier Field observations 
come with huge uncertainties. JWST will be able to 
give more confident constraints.

• We currently model SNe feedback with a 
relatively simple model                    .  
What if we vary the SNe feedback efficiency (    )?

What if we change the SF physics?

!mout = εSN
V0
Vc
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• We use an analytic reionization model to compute the reionization 
history and compare these to observations 

• e.g.  ionizing photon emissivity, ionized hydrogen volume filling fraction, 
and the Thompson scattering optical for the CMB

Cosmological Tests

• The latest reionization constraints relax 
the tension between the budget of 
ionizing photons and constraints from 
lyα forest observations. 

• Assuming a mildly evolving UV escape 
fraction of 5 - 10%,  we are able to 
simultaneously match these multi-
probe observational constraints. 

• Seems like we are in the right ballpark. (Preliminary)

(Preliminary)

(Preliminary)

(Robertson+2015)
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Why do we care about this?
• Our models also show that the galaxies between  

                              are the powerhouse that generate 
these ionizing photons in the pre-reionization era, and 
galaxies between                                 will gradually 
take over near            .

−16 < MUV < −12

−20 < MUV < −16
z ~10

• Most of these galaxies are not yet detected do-date…

assuming a z-dependent universal  
UV escape fraction, which does not  
depend on the physical properties.  
In reality we expect massive galaxies to  
contribute fewer ionizing photons  
at high redshifts.

(Preliminary)

(Preliminary)

current limit
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What do we expect from JWST ?

• This plot shows the distribution function of  
apparent magnitudes in NIRCam filters. 

• Vertical lines:  
detection limit for ~104 seconds exposure  

• Horizontal lines: 
~1 object per NIRCam field-of-view (2.2’ x 2.2’) 
(assuming                 ) 

• Galaxy populations drop out in filters with 
shorter wavelength at higher redshifts. 

• F200W would be a great nominal filter choice.

Δ z = 1.0

JWST FORECAST

m ~ 28.5
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• Performance of JWST in different surveys.  

• Vertical lines - detection limits 
- HST: CANDELS-Wide,  
- JWST: CANDELS-Wide, HUDF, HUDF lensed (10x) 

• Horizontal lines - volume estimate (~10 objects)  
- Yellow: HUDF (above)  
- Green: CANDELS-W (below) 

• JWST will be able to detect large number of 
faint objects that weren’t detectable by HST 

• Will constrain the faint end of UV LFs and test 
our simple assumption for SNe feedback.

What do we expect from JWST ?

JWST FORECAST
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HI intensity mapping with SimFast21** 
- Sultan Hassan (UWC),  
- Margherita Molaro (UWC) 

- Romeel Davé (Edinburg) 

CO / CII intensity mapping** 
-  Gergö Popping (MPIA) 
- Desika Narayanan (Florida) 

Lyα intensity mapping* 
- Eli Visbal (MPIA) 
- Matt McQuinn (Washington) 

Self-consistent models for the first stars** 
- Eli Visbal (CCA) 

- Zoltán Haiman (Columbia) 

- Greg Bryan (Columbia/CCA) 

Redesigning high-z merger tree code** 
- Eli Visbal (CCA) 

- Peter Behroozi (Arizona)
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Summary
• It is intriguing that our models, which were calibrated and 

tested only at much lower redshifts, agree so well with the 
existing observations all the way out to z ~ 10. 

• Our model predict that the number density of galaxies 
evolves quite rapidly between z = 4 - 10, and that the bright 
end evolves more rapidly than the faint end. 

• We systematically vary the physics and subgrid parameters 
within our physically motivated model to explore how this 
shapes the formation of galaxies over time. 

• We provide predictions for the galaxy populations at z = 4 - 
10 and what to expect from JWST. Upcoming high-z JWST 
observations will be able to provide the necessary 
constraints for understanding the physics that shape the 
formation of galaxies in the very early Universe.

Planned Work * Somerville 
**Yung & Somerville
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• It is intriguing that our models, which were 
calibrated and tested only at much lower 
redshifts, agree so well with the existing 
observations and a few other theoretical 
studies all the way out to             .

Some additional comparisons

z ~10
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Dust Attenuation
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AV = −2.5 log10
1− exp[−τV ,0 / cos(i)]

τV ,0 / cos(i)
⎡

⎣
⎢

⎤

⎦
⎥

τV ,0 = τ dust,0 Zcold mcold / rgas
2

AUV

V-band,	face-on	extinction  
optical	depth	of	the	diffuse	dust

Dust attenuation in the V-band for a 
galaxy with inclination i 

starburst attenuation curve 
(Calzetti et al. 2000) 
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Impact of JWST in the Reionization point of view

• It is interesting to think about 
whats the fraction of total 
ionizing photon ever produced 
are accountable for by the 
detected galaxy.  

• JWST will (hopefully) identify 
sources that are responsible for 
over 50% of the total ionizing 
photon budget.


