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ELTs in Light of JWST



Motivations - CDM structure formation at small scalesΛ

• Historically challenging to explain small-scale anomalies within CDM


• Inclusion of baryonic effects such as feedback important! 


• A framework within CDM (the stream velocity) may relate to some local 
tensions—but problems isolating the effects at low redshift 


• Connection between high and low redshift through JWST + future ELTs by 
observing dwarf galaxies in the early universe at the peak of their star 
formation
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Standard picture of structure formation

Dark matter density 

Baryon density
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at recombination



Dark matter density 

Baryon density

Naoz & Narayan (2014)

Introduce relative velocity between DM and 
baryons > 5 cs Tseliakhovich & Hirata (2010)
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Standard picture of structure formation

at recombination



Supersonic relative velocity arises naturally 
through CDM as a second order term Λ
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at recombination

Tseliakhovich & Hirata (2010)



Supersonic relative velocity between DM and baryons
“The stream velocity” (~40% of universe > 5 cs) 
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Figure 2: Two-dimensional slices of the relative fluctuation in density at redshift z = 20 (left
panel) and of the magnitude of relative velocities between baryons and dark matter shown in
units of its root-mean-square (right panel) simulated by A. Fialkov et al. (2013) [32].

where δm = (Ωcδc + Ωbδb) / (Ωc + Ωb) is the overdensity in matter including both cold dark
matter and baryons, while Ωc and Ωb are the cold dark matter and baryon density parameters
respectively [7].

3 Impact of the Supersonic Motion on Structure Forma-

tion

The process of formation of stars and galaxies begins after the decoupling of the CMB photons
when baryons are no longer supported by pressure and can fall into dark matter potential wells.
Such mechanism has been extensively studied in the absence of relative supersonic motion
by means of standard tools to handle the highly non-linear evolution. These tools are the
(1) spherical collapse model, which describes evolution of a single spherically-symmetric top-
hat overdensity, and (2) the Press-Shechter theory and its variations, which statistically takes
into account the abundance of collapsed halos at every instant. The spherical collapse model
analytically solves the non-linear problem of gravitational collapse. This model implies two
critical points in the evolution of a structure: the moment of turn-around, when a growing
perturbation decouples from the expanding background and starts to collapse, and the moment
when the non-linear overdensity diverges, which corresponds to the instant at which the linear
overdensity (δ calculated via linear theory) reaches the critical value of δcrit ∼ 1.686(1 + z)
and the collapsing halo reaches a state of virial equilibrium5. Applying the virial theorem
one can calculate the radius, mass, and circular velocity of the newly formed halo [38]. The
Press-Schechter theory [39], based on the Gaussian nature of the initial conditions for structure
formation, linear growth and spherical gravitational collapse, is a framework within which the
statistical properties of a population of halos at every redshift can be analyzed. Within the
Press-Schechter theory, the number density of halos between M and M + dM is given by

dn

dM
=

ρ̄0
M

∣

∣

∣

∣

dS

dM

∣

∣

∣

∣

f (δcrit(z), S) , (3.4)

5Note that the numerical factor 1.686 is changing in time when relaxing the Eistein-de Sitter universe as-
sumption (e.g., S. Naoz, S. Noter, R. Barkana (2006) [33]).
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The smallest scales are most affected by supersonic streaming:
Baryons can collapse outside of their parent halo or significantly offset
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Gas dominated 
structures

Dark matter 
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Gas dominated 
structures

Dark matter 
dominated 
structures

SIGOs: Supersonically-
Induced Gas Objects
Chiou et al (2018, 2019, 2021), 
Lake et al (2021), Lake,…CW et 
al (2023a,b), Nakazato et al 
(2021)

Williams et al (2023a,b)

DM GHOSts: Dark Matter 
+ Gas Halos Offset by 
Streaming
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Computational challenges 
AREPO (Springel 2010) hydrodynamics simulations can probe early structure formation 

• Small box ( 2.5 
Mpc ) allows for 
constant “stream 
velocity” (SV)


• High resolution 
( )


• Include star formation 
but not feedback


• z=200 to z=12

MB = 200M⊙

14 Williams et al (2023a,b); Lake, …CW et al (2023a,b)
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Effects on the gas component of early dwarf galaxies 
In regions with the stream velocity:
• Elongation of the gas 

component


• Greater rotational support in 
gas

15 Williams et al (2023a)

low mass 
dwarfs

without stream 
velocity 

with stream 
velocity 

Larger dwarfs

• Formation 
of a core at 
very low 
mass

z=20



Star formation also affected by the stream velocity

• Gas in early halos is advected and elongated by the stream velocity


• Number density of halos decreased in regions of streaming (erases small scale structure)


• Delay in the onset of star formation 

Higher stream velocity

Hirano et al (2023)16

e.g., Maio et al (2011), Stacy et al (2011), Schauer et al (2012, 2022) 



Star forming regions 
Star formation in small clumps suppressed by the stream velocity
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gas stars

vbc = 0σbc

1 kpc

gas stars

vbc = 2σbc

Williams et al (2023b)
z=12



Star forming regions 
Star formation in small clumps suppressed by the stream velocity
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vbc = 2σbc

Williams et al (2023b)
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Faint galaxy statistics at high-z

with stream 
velocity 

without 
stream 
velocity 
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• At a given halo mass, there is 
less mass in the stellar 
component in regions of 
supersonic streaming


• Number density of low mass 
halos also suppressed by the 
stream velocity

Williams et al (2023b)
z=12



Faint end of the z=12 UV luminosity function

• Estimated UV magnitude with 
simple semi-analytical model


• Enhanced UVLF for larger dwarfs 
traces brief period of rapid star 
formation


• Complications: 


• UV luminosity-SFR conversion 
factor          + uncertain IMF


• Feedback processes still to be 
included

20
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with stream 
velocity 

Without

Williams et al (2023b)

gas stars

vbc = 0σbc

gas stars

vbc = 2σbc

Rapid SF during  “catching up” 
period following initial delayed onset 

Earlier star formation in mini halos
Faint end of the z=12 UV luminosity function
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with stream 
velocity 
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Williams et al (2023b)

JWST so 
far…

Future 
Observations!

Faint end of the z=12 UV luminosity function



Summary

24

• Dwarf galaxies in regions of streaming subject to 
several effects on their early star formation


• Delay and suppression of star formation 


• Dwarf galaxies sit in larger DM halo than in no 
streaming case


• + other effects (suppression of # of halos, etc.)  


• JWST close to a regime where UVLF may contain 
information about the stream velocity at z=12  

• Brief period of enhanced star formation with the 
stream velocity  

• Opportunity for insight into formation of MW and 
local group dwarfs & tests of CDMΛ
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gas stars

vbc = 2σbc
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