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1. Formation of first stars and galaxies

1.1 Physical conditions before and after the recombination
Before rec radiation and matter are tied together and sound 
speed is 
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1. Formation of first stars and galaxies

Example: sound speed and Jeans mass at z = 1500.
cs = 1.04 × 108 m/s (using )zeq ≃ 3600

MJ =
π5/2

6
c3

s

ρ G3/2
= 2.57 × 1048 kg ≃ 1018 M⊙

After the recombination, e.g. at z = 500:

T = 2.73 (1 + z) = 1370 K, cs =
5kBT
3mH

= 4350 m/s

MJ =
π5/2

6
c3

s

ρ G3/2
= 1.9 × 1036 kg ≃ 106 M⊙

( After that 

 

z = 20, MJ ~ 8000. )

Tb ∼ (1 + z)2, cs ∼ (1 + z), MJ ∼
(1 + z)3

(1 + z)3/2
= (1 + z)3/2 .
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1. Formation of first stars and galaxies

1.2 First stars

MDM ≃ 107 M⊙, Mb ≃ 104M⊙

(Millenium TNG z ~ 10, Kannan et al. 2023). 
Gas content is primordial. Neutral gas 
cools due to H2 until about 400 K (MJ ~ 
1500).                         Then HD until 100 K.

Pop III.1 stars 
, 

masses from  
 

Pop III.2 stars 

z ∼ 20 − 30

30 − 103 M⊙

∼ 10 − 30 M⊙

Clark et al. 2011
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Hartwig et al. (2022) - look at thick 
blue lines to compare formation of 
Pop III and Pop II stars.

1. Formation of first stars and galaxies
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1. Formation of first stars and galaxies

1.3 First galaxies

Ebind ∼ GM2
vir /rvir > ESN Mvir ∼ 109 M⊙

1.3.1 Dark matter haloes 

CDM subhaloes mergers: 
violent relaxation (Lynden-Bell):     (  is particle energy per  
                                                                                               unit mass,  is grav pot.) 
and phase mixing  give NFW/Einasto profile and DM particle background. 

CDM Millennium-II: earler results were ~confirmed. By  
masses  were reached. 

dϵ/dt = ∂ψ/∂t ϵ
ψ

Λ z ∼ 12 − 15
∼ 109 − 1010 M⊙
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1. Formation of first stars and galaxies

1.3.2 Gas within the dark haloes 

Together with DM subhaloes mergers also gas components merge.  

MillenniumTNG + Illustris TNG50 (etc):  
740 Mpc,   + 50 Mpc,  . 

Kannan et al. 2023 for z = 10 we see a linear relation between
 : 

mb = 3 × 107M⊙ mb = 8 × 104M⊙

log MDM − log M*
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1. Formation of first stars and galaxies

Kannan et al. (2023): evolution 
from z = 16 (left) to z = 5.5 (right). 

DM and gas clustering quite 
similar but gas has more small 
structures (due to dissipation). 

In HII panel reionization is seen to 
be finished by z = 5.5.
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1. Formation of first stars and galaxies

1.4 Observations (JWST)
First stars. Indirect confirmation byHarikane et al. 2024: C, O, Ne  
lines at z = 11.4 

First galaxies. UV lumin funct by Finkelstein et al. 2024: too much  
luminous galaxies?

Why?  

Observations are biased, 
particular  Pop III burst, 
currections due to dust are 
wrong, something unknown.
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1. Formation of first stars and galaxies

MDM vs   

Robertson 2023, 2024: 8 galaxies with  (uncertain!), 

 .  

Is it similar ? 

No galaxies at z = 15 - 20 .

M*

M* = 107 − 109M⊙

MDM = (0.4 − 1.6) 1010M⊙
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2. Star formation
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2. Star formation

2.1 Thermal instability

Cooling function (energy change per unit gas mass)   . 

Example:    (cooling - heating).  

Thermal conductivity, convection, radiation, cosmic rays etc. Both parts are, 
as a rule, complicated functions). Most important is radiative cooling. 

Stationarity condition:  .  

Solution gives   

·Q
·Q = A ρ Tα − H

ρf(T ) − H = 0

Tstats = F(ρ), pstats ∼ ρTstats = ρF(ρ) .

Zeldovich, Novikov (1975)  

       AB is unstable: 
dp
dρ

< 0
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2. Star formation

Example. in the Milky Way three components exist side by side:  
cold gas (200 K), warm gas (104 K), even warmer gas (> 105 K). 

Existence of dense and colder gas clouds is the natural state of 
interstellar gas in galaxies.
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2. Star formation

2.2 Molecular clouds - gravitational instability enters the stage 

Gas contains now heavier elements, molecules, dust. They are 
efficient coolers: fine structure, hyperfine structure, vibrational 
transitions, rotational transitions …  

Gas clouds cool (up to 10-20 K) and become denser. They also 
accrete matter. 

Giant molecular clouds:  , 30 - 200 pc, 
ordinary molecular clouds:  , 10-20 pc. 

They contain many substructures: walls, filaments, clumps. Clumps 
(1 pc) contain cores (0.1 pc).

105 − 107 M⊙
102 − 104 M⊙
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Herchel Space Telescope: filamentary structure of molecular clouds according to 
Arzoumanian et al (2019) and Andrè et al. (2010). Length 0.5 - 100 pc, width 0.1-0.4 
pc. Filaments are not stationary, they accrete gas and fragment into protostars 
(right). Their surface fluctuates due to Kelvin-Helmholtz instability and in this way 
turbulent velocities are maintained.
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2. Star formation

MJ =
π5/2

6
1
ρ

7kBT
3μmpG

3/2

In an average GMC 
  

In a dense clump/core within the GMC  
 

In general,  (in MW: 0.35 km/s, 1.5 km/s, 6 km/s). 

Mass distribution function of GMCs 

T = 15 K, μ = 2.3, n = 109 m−3 : MJ ∼ 30 M⊙

T = 10 K, n = 1011 m−3 : MJ ∼ 1 M⊙

c2
eff,s = c2

s + v2
A + v2

turb

dN
d log M

∼ M−γ
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2. Star formation

2.3 Initial mass function

The number of stars in unit volume, dN, with masses between m and 
m+dm is 

. 

  in the inital mass function (IMF). 

Salpeter (1955)    for masses  . 

Scalo (1986), Kroupa (2002) , Chabrier (2005)

dN
dm

= A ξ(m)

ξ(m)

ξ(m) = m−2.35 0.4 − 10 M⊙
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2. Star formation

Scalo  
 

 
m−1.8 for  0.2 ≤ m < 1,
m−3.25 for  1 ≤ m < 10,
0.16 m−2.45 for  m ≥ 10

Kroupa 
 but also for 0.01 - 0.08 

 
0.0375 m−1.3 for  0.08 ≤ m < 0.5,
0.0187 m−2.3 for  0.5 ≤ m < 1,
0.0187 m−2.3 or m−2.7 for  m ≥ 1

Chabrier 

 0.093
1
m

exp −1.653 log
m

0.2
2

for  m < 1,

0.041 m−2.35 for  m ≥ 1
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Normalizing: 

  

or 

 

(

A∫
mhigh

mlow

m ξ(m) dm = ρloc

A∫
mhigh

mlow

m ξ(m) dm = 1

mlow = 0.08 M⊙, mhigh = 120 M⊙ or 150 M⊙)

In addition, a galaxy-wide IMF 
(Kroupa & Weidner 2003): 

2. Star formation
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3. Gas infalls and outflows in galaxies

3.1 Gas in and around galaxies - current situation

One possibility to distinguish: 
• Cold neutral gas,  K, within optical 

dimensions. Several subcomponents. 
• Lukewarm gas  K. 
• Warm gas  K. 
• Hot gas,  K, in distant non-virialized 

regions, soft X-rays. 
We know it by comparing e.g. O II, O V, O VII lines. 

T < 104

T ∼ 104 − 105

T ∼ 105 − 106

T > 106
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stars

Cen 2011

• Interstellar, ISM (within opt dimensions) 
• Circumgalactic, CGM (within DM halo) 
• Intergalactic, IGM (outside galaxies)
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3. Gas infalls and outflows

3.2 Basic physical characteristics of the gas

3.2.1 Virial temperature of the gas 

Virial equilibrium condition is   

 

       

If v = 160 km/s, then Tvir = 106 K.

2K = − U .

K =
3
2

kBT N =
3
2

kBTMgas

μmp
U = −

3GMgasM

5Rg

Tvir =
μmpGM
5kBRg

=
μmp

5kB
v2

c .
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3.2.2 Cooling and dynamical timescales 
3. Gas infalls and outflows

Internal energy per unit volume is  

 

Cooling time is   

 without heating =  

Thus,                                     

Dynamical time (see Binney, & Tremaine, Sect 2.2)  

ℰint =
Eint

V
=

3
2

NkBT
V

=
3
2

nkBT .

tcool ≡
ℰ

|dℰ/dt |
.

dℰ
dt

=
dE
V dt

= ρ
dE

M dt
= ρ ·Q = −n2Λ(T )

tcool =
3kBT

2nΛ(T )
.

tdyn =
3π

16Gρ
.
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3. Gas infalls and outflows

3.2.3 Radiative cooling (most important)

•  K, electrons radiate and loose 
energy: free-free transitions 

• at lower T, free electron recombines with 
some ion: free-bound transitions 

• at lower T, atom is excited and electron in 
atom/ion returns to the lower state: 
bound-bound transitions

≥ 107
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Radiative cooling strongly depend on the 
chemical composition of the gas.
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3.2.4 Basic heating processes

• photoheating: UV photons ionize atoms/ions and e- acquires 
kinetic energy and thereafter collides with other particle. For H 
this is effective for temperatures < 105 K. Photons can free 
electrons also from small dust grains. It may be quite important. 

• heating by (cosmic ray) particles. A single CR particle can ionize 
several atoms - important in dense molecular clouds. 

• heating by shock waves (next subsection).

3. Gas infalls and outflows
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3. Gas infalls and outflows
3.2.5 Shock waves

Mach number   

 , thus if  T = 106 K, cs = 150 km/s. 

Shock front is very thin, few free path lengths (in average MW gas ~100 au). 

ℳ ≡ v/cS .

cs ≃ 0.152T

(a) (b)

ρ1, p1, T1, c1 ρ1, p1, T1, c1ρ2, p2, T2, c2 ρ2, p2, T2, c2

v1 = 0
v1 = |vsh|

vsh = 0

vsh – v2
v2vsh

vsh

Shock waves form when “something” moves faster than sound speed. 

Example: air/water flow and there is something in the air/water. Flow 
behaviour depends on the flow speed and sound speed.

26



3. Gas infalls and outflows

Rankine-Huginot conditions 

 

 

ρ2

ρ1
=

1
ℳ2

1
+

γ − 1
γ + 1

1 −
1

ℳ2
1

−1
,

p2

p1
=

2γ
γ + 1

ℳ2
1 −

γ − 1
γ + 1

,

T2

T1
=

γ − 1
γ + 1

2
γ + 1

γℳ2
1 −

1
ℳ2

1
+

4γ
γ − 1

−
γ − 1
γ + 1

.

In case of adibatic strong shocks ( ) γ = 5/3, ℳ1 > > 1
ρ2

ρ1
= 4,

p2

p1
=

5
4

ℳ2
1,

T2

T1
=

5
16

ℳ2
1 .
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3. Gas infalls and outflows

A merging cluster, Chandra data,  Diwanji et al 2024, 
ℳ = 3.09+0.75

−0.43
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3. Gas infalls and outflows

3.3 Gas accretion

Accreting gas falls to the galaxy DM halo. Infalling gas is colder and shock 
front forms. Shock heats infalling gas, but heated gas cools. 

If    , cool gas falls to the centre; 

if    , gas remains ~equilibrium to the DM halo and may 
fall slowly later (if ). 

We know already, that ,  thus, cooling 
dominates in denser systems or in denser parts.

tcool < < tdyn

tcool > > tdyn

tcool < tHubble

tdyn ∼ 1/ρ ∼ 1/n , tcool ∼ 1/n
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Cold mode is in smaller systems. Gas cools and falls to the central 
regions, is stopped by disc. A shock propagates outwards but not to 
virial radius, then falls again. , this gas is a resource 
for star formation.  

Hot mode is in massive systems. Gas cools too slowly and a moderate 
shock forms at virial radius. Gas do not fall to the centre, remains at 
virial radius. (Virial radius slowly moves outwards.) 

Cold mode is filamentary, hot mode more spherical (see next slides).

T ∼ 104 − 105 K

Simulations: two forms of accretion: the cold and the hot mode of 
accretion.  Distinction is at about   M ∼ (3 − 5) × 1011 M⊙
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Kereš et al 2005, 
green - gas, 
particles - from 
yellow (densest) 
to blue.  
Box size 4 Rvir.

The same galaxy at different redshift 
Cold mode                                         Hot mode
z = 5.52, M = 2.6 × 1011 M⊙ z = 3.24, M = 1.3 × 1012 M⊙
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3. Gas infalls and outflows

Nelson et al. 2016

Another example of cold 
mode. A massive galaxy but 
here we see simultaneously 
cold and hot mode. 

B.t.w., balance between the 
 can be different in 

different parts of the same 
system.

tcool, tdyn
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3. Gas infalls and outflows
3.4 Gas inflows and outflows

Tumlinson et al. 2017. 

SFR exhaust cold gas in 
discs within 2 - 6 Gyrs. 
Thus, accretion is needed.  

Cold and lukewarm 
circumgalactic gas 
reservoirs are seen in Ly 
limit systems. In several 
cases the gas is enriched. 

Ourflows are often 
biconical, extending up to 
60-100 kpc..
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3. Gas infalls and outflows

Angles-Alkazar et al 2017, box 240 kpc 

yellow - stars,  purple - fresh gas,  blue - future outflows and falls back,  
green - accretion from other galaxies
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4. Chemical evolution of galaxies

4.1 Supernovae explosions 

core-collapse supernovae                        thermonuclear supernovae 
(8O,…, 13Al,…, 31Ga,…, 37Rb,+Fe)                (14Si, … , 30Zn, +Fe)

Burrows, Vartanyan 2021                                             Röpke et al. 2007                      

t = 0.0 s

t = 0.6 s

t = 3.0 s t = 10.0 s

10
8
cm

2
×
10
8
cm

2
×
10
9
cm

7
×
10
9
cm
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4. Chemical evolution

Example: [Mg/Fe] is produced only in core-collapse SNe (12Mg), 
                   Fe in both. 
                   If [Mg/Fe] is higher in a galaxy, then contribution of  
                   c-c SNe there is larger. Contribution of higher-mass  
                   stars is larger, star formation is more recent. 
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4. Chemical evolution

4.2 Mergers of neutron stars

GW170817 event: GWs, 1.7 s later gamma-rays, 11 h later optical 
(from UV to near IR, spectra), 9 d later X-rays, 16 d later radio. 
  
Understanding of the contribution of r-processes changed.

SNe
SNe

SNe

Gas
H, He. Fe, Fe

etc

Gas
H, He

Pop III stars
without 
metals

Metal-rich
stars

Pop II metal-
poor stars

Gas
H, He, Fe

4.3 Production of chemical elements

37



4. Chemical evolution
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4. Chemical evolution

4.4 Chemical evolution of galaxies

Initial mass function  was the number of stars dN in unit 
volume with masses between m and m+dm: 

 

with ml and mh as the lowest and highest masses. 
m has its evolutionary end time , after that: mr is remnant  
and (m-mr) rejected away.  
Fraction of mass returned to ISM by the time t is 

              (mt is the lowest mass ended)

ξ(m)

dN
dm

∼ ξ(m)

τm

∫
mh

mt

ξ(m)(m − mr)dm .
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4. Chemical evolution

Star formation rate (SFR) 

                

 should be splitted into individual masses according to IMF, 
gas density should be considered in more detail.   

Stellar yield     is mass fraction ejected to ISM in the form of 
the chemical element . It is a function of m. 

System of equations: 

 

 

ψ(t) ≡
dρs

dt
= kρα

g (t) α = 1.3 − 1.9

ρs

Yi
i

d(MS + Mg)
dt

= f(t) − o(t),
dMs

dt
= ψ(t) − E(t),

dMg

dt
= − ψ(t) + E(t) + f(t) − o(t) .

40



4. Chemical evolution

Simplifications: 
• instantaneous recycling  
• closed box, at t = 0 Ms = Zi = 0 + instantaneous recycling
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5. Observing the galaxy evolution with redshift 

5.1 Morphological types

Mortlock et al. 2013 

Talia et al. 2014
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5. Galaxy evolution with redshift

Buitrago et al. 2008                                                    Mowla et al. 2019

reff ∼ (1 + z)α α = − 1.48, − 0.82

5.2 Dimensions
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5. Galaxy evolution with redshift

5.3 Mergers

Conselice (2014) CAS parameters:  
concentration C, asymmetry A, clumpiness S
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5. Galaxy evolution with redshift

The merger fraction 

 

and merger rate    (average time between mergers). 
Concelice (2014): 
monotonic          or 
with a peak   . 
For larger galaxies a peak at z ~ 2.5 was found. 

 increased 10 times from z ~ 2.8 to 0.5 .

fm ≡
Nm

NT
, fm = f(M*, z)

Γ

fm(z) = f0(1 + z)m

fm(z) = α(1 + z)mexp[β(1 + z)]

Γ
16 Qiao Duan et al.

Figure 7. Evolution of the galaxy merger rate with redshift. High-redshift major merger rates from our JWST results are represented by yellow-orange stars.
The mass range used for our JWST data is log10 (M⇤/M� ) = 8.0 � 10.0. Additionally, we present lower redshifts results from four studies: green pentagons
denote data from ALHAMBRA as reported by López-Sanjuan et al. (2015) for "⌫ < �20.0; rings represent CANDELS data by Duncan et al. (2019), with
colored rings indicating each sub-field and black rings representing the combined results for masses log10 (M⇤/M� ) > 10.3; diamonds symbolize data from the
REFINE survey by Conselice et al. (2022) for masses log10 (M⇤/M� ) > 11.0; and the blue triangle denotes GAMA data computed by Casteels et al. (2014). All
literature except Conselice et al. (2022) present major merger rate; Conselice et al. (2022) presents total merger rate. A power law and power-law + exponential
models are fitted to the combined data, with parameters shown in Table 4. We observe a saturation in merger rates at I > 6.0. Beyond this point, the merger rate
becomes stable with a mean value of 5.78 ± 0.98 Gyr�1.

5.3.3 Specific Mass Accretion rate

The specific mass accretion rate (sMAR) is defined as the mass
accretion rate divided by the average stellar mass of primary galaxies:

sMAR(I) =
§M

M⇤

=
d1/4 (I)

M⇤,1 (I)
=

RM (I) ⇥M⇤,2 (I)

M⇤,1 (I)
. (30)

Similar to the previous section, we compare the specific mass accre-
tion rate (sMAR) from mergers with the specific star formation rate
(sSFR) from intrinsic star formation in this section, to evaluate their
respective contributions to the total galaxy stellar mass. The sSFR is
computed from three sources: Bagpipes using 10 Myr and 100 Myr
averaged, and UV luminosity. Note that we also multiply the SFR by
(1�') to reflect the observed SFR, as we did in the previous section.

We display these two quantities in Figure 9b. The shaded red
and green regions represent the sSFRBagpipes averaged over 10 and
100 Myr respectively, and the purple region gives the sSFRUV, es-
timated directly from the rest UV photometry. The sMAR values
from this study, alongside those derived using our methodology from
literature-based pair fractions, are represented using distinct markers.
Values of our JWST sMAR at each redshift bin are shown in Table 3.
We fit the evolution of sMAR with a power-law and a power-law + ex-
ponential form, with the best-fitted parameters presented in Table 4.
Discrepancies in sSFR between Bagpipes and the UV method arise
from differences in star formation history assumptions. For the sSFR
calculated with Bagpipes, we utilize a log-normal SFH, whereas for
the UV-derived sSFR, we adopt the constant SFH model by Madau

& Dickinson (2014b), incorporating the dust correction factor from
Meurer et al. (1999).

From this comparison, we find results similar to we discussed in
Section 5.3.2. The contribution of mergers to galaxy stellar mass is,
on average, 45 (±14)%, 51 (±16)%, and 110 (±34)% of the intrinsic
star formation rates computed from Bagpipes averaged over 100
Myr, UV luminosity, and Bagpipes averaged over 10 Myr, respec-
tively. In a broader context, combined with the findings from Section
5.3.2, we conclude that the contribution of mergers to galaxy stellar
mass is 71 (±25)% equivalent to the contribution from intrinsic star
formation from gas. This implies that at least 42% ± 24% of the
total stellar mass of galaxies arises from merger events. The reason
for saying "at least" is that we are searching for close pairs, and
some of the galaxies in these pairs may have already merged before
we observe them (post-mergers). Identifying post-merger galaxies
requires a more complex analysis, such as using deep learning con-
volutional neural networks (Ferreira et al. 2020), which is beyond the
scope of this paper. Thus, the intrinsic star formation rates from gas
that we computed using SED and UV luminosity inevitably include
contributions from mergers as well.

MNRAS 000, 1–30 (2024)

JWST, Duan et al 2024.
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5.4 Luminosity function and star formation rate

z ~ 6 z ~ 7

z ~ 9 z ~ 10

z ~ 8

ϕ(
M

U
V)

 (M
pc

–3
 m

ag
–1

)

10–8

10–10

ϕ(
M

U
V)

 (M
pc

–3
 m

ag
–1

)

10–8

10–10

ϕ(
M

U
V)

 (M
pc

–3
 m

ag
–1

)

10–8

10–10
–16 –16

ϕ(
M

U
V)

 (M
pc

–3
 m

ag
–1

)

10–8

10–10

ϕ(
M

U
V)

 (M
pc

–3
 m

ag
–1

)

10–8

10–10
–16 –16

–16

Data z ~ 10
Oesch et al. (2018) +
Bouwens et al. (2021a)

MUV MUVMUV

MUVMUV

10–2

10–4

10–6

10–2

10–4

10–6

10–2

10–4

10–6

–24 –22 –20 –18 –24 –22 –20 –18

10–2

10–4

10–6

10–2

10–4

10–6

–24 –22 –20 –18 –24 –22 –20 –18

–24 –22 –20 –18

Models
Bowler et al. (2020)
Bouwens et al. (2021a)
Harikane et al. (2022)

Data z ~ 6
Bowler et al. (2015)
Bouwens et al. (2021a)
Harikane et al. (2022)

Data z ~ 7
Bowler et al. (2017)
Bouwens et al. (2021a)
Harikane et al. (2022)

Data z ~ 8
Stefanon et al. (2019)
Bowler et al. (2020)
Bouwens et al. (2021a)

Data z ~ 9
Stefanon et al. (2019)
Bowler et al. (2020)
Bouwens et al. (2021a)

Figure 3
Rest-frame ultraviolet luminosity function of galaxies during cosmic reionization at redshifts z ≈ 6 (blue), 7 (green), 8 (yellow), 9 (orange),
and 10 (red). Shown are data compiled from the most recent available literature at each magnitude, using both ground-based and Hubble
Space Telescope observations to identify high-redshift galaxies based primarily on dropout color selections (Bowler et al. 2015, 2017,
2020; Oesch et al. 2018; Stefanon et al. 2019; Bouwens et al. 2021a; Harikane et al. 2022). Also shown are Schechter (1976) function
(solid lines; Bouwens et al. 2021a) and double power-law (dotted and dashed lines; Bowler et al. 2020, Harikane et al. 2022) model fits that
provide representations of the data with comparable quality. Empirically, the abundance of galaxies declines from z ∼ 6 to z ∼ 10, with
the faint-end slope steepening to α < −2 to roughly track the low-mass slope of the halo mass function. The Schechter function fits
have characteristic magnitudesM! ≈ −21 at all redshifts shown, whereas the pivot magnitude of the double power-law fits dims from
Mpl
⋆ ≈ −21 at z ∼ 6 toMpl

⋆ ≈ −19.7 at z ∼ 9. Figure adapted from Bouwens et al. 2021a with permission.

changes by roughly an order of magnitude in less than 200Myr.Table 3 also reports the fractions
of the luminosity densities at each redshift contributed by galaxies with luminosities L> 0.1L! and
L > L!. The inferred relative importance of bright versus faint objects also depends on the lu-
minosity function model used, reflecting the ability of the DPL model to capture the presence of

Table 1 Schechter (1976) luminosity function φ(MUV) parameters

Redshift φ! (Mpc−3 mag−1) M! (mag) α Reference

z ∼ 6 5.1+1.2
−1.0 × 10−4 −20.93 ± 0.09 −1.93 ± 0.08 Bouwens et al. 2021a

z ∼ 7 1.9+0.8
−0.6 × 10−4 −21.15 ± 0.13 −2.06 ± 0.11 Bouwens et al. 2021a

z ∼ 8 9+9
−5 × 10−5 −20.93 ± 0.28 −2.23 ± 0.20 Bouwens et al. 2021a

z ∼ 9 2.1+1.4
−0.9 × 10−5 −21.15 (fixed) −2.33 ± 0.19 Bouwens et al. 2021a

z ∼ 10 4.2+4.5
−2.2 × 10−6 −21.19 (fixed) −2.38 ± 0.28 Oesch et al. 2018
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Redshift
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Figure 4
Evolution of the SFR density inferred from the evolving UV luminosity function. Shown are the SFR
densities converted from integrating the UV luminosity function over a range of luminosities corresponding
to a fixed minimum SFR > 0.3M! year−1 (red points with error bars). Empirically, the SFR density above this
threshold evolves rapidly above z ∼ 8. Also shown are some theoretical models for the SFR density evolution
(blue lines; Mason et al. 2015, Mashian et al. 2016, Sun & Furlanetto 2016) and a power-law extrapolation fit
to the z ≤ 8 data (gray area). Models with approximately redshift-independent star-formation efficiency with
halo mass roughly track the redshift decline seen in the data (e.g., Mashian et al. 2016). Figure adapted from
Oesch et al. (2018) with permission. Model results from Liu and Behroozi were provided by private
communication to Oesch et al. Abbreviations: SFR, star-formation rate; SFRD, star-formation rate density.

Figure 4 shows the evolving SFR determined by Oesch et al. (2018) at redshifts z ∼ 4–10
from rest-frame UV-selected galaxies, along with theoretical models for ρ̇⋆(z) (Mason et al. 2015,
Liu et al. 2016, Mashian et al. 2016, Sun & Furlanetto 2016). The best agreement between the
theoretical models and the observed cosmic SFR history occurs for models in which the star-
formation efficiency as a function of halo properties remains roughly constant with redshift. In
these models the SFR density does decline rapidly with redshift in step with the abundance of
dark matter halos, although the details of galaxy formation physics in the smallest halos can affect
the normalization of the trends. Although not yet conclusive, a relatively sharp decline in both
ρUV and ρ̇⋆ above z ∼ 8 may therefore not be unexpected and may simply trace the evolution
in halo abundance. Subsequent theoretical models of the high-redshift galaxy population reach
similar conclusions about the connection between the redshift-constancy of the star-formation
efficiency as a function of halo mass and the rapid decline in the SFR density (Mitra et al. 2015;
Yue et al. 2016; Lapi et al. 2017; Yung et al. 2019a,b, 2020a,b; Behroozi et al. 2020), as do recent
observational analyses (e.g., Bouwens et al. 2021a, Harikane et al. 2022).

2.7. Evolution of the Ionized Fraction
The volume fraction QHii(z) of ionized hydrogen in the IGM provides a convenient global sum-
mary of reionization. Below,we describe models for howQHii(z) evolves, which is subject to signif-
icant uncertainties beyond those associated with the production of IGM-ionizing radiation from
galaxy populations already described in Sections 2.5 and 2.6. The detailed time dependence of the
ionized fraction has not yet been measured. The Lyman-α (Lyα) optical depth measured in the
spectra of quasars suggests reionization must complete (e.g., QHii > 0.9) by z ∼ 5.5–6 (Fan et al.
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