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Studying star formation within high-z 
galaxies is not trivial

Plot from Elmegreen et al 2009, Guo et al 2012, 2015, Shibuya 
et al 2016, Zanella et al 2019, Agertz+2009, Bourneau+2010, 
2024, Ceverino+2012, Tamburello+2015 among many others..

Field stellar clumps at z<2 and size >500 pc scales
+ Galaxy morphologies are  
changing 
+ Clumps (compact kpc-scale 
structures) dominate the UV 
appearance 
+ Disks in place at z<2
+ Instable disks, gas rich disks go 
through violent fragmentation



Clump formation: in-situ vs. ex-situ

Shibuya et al 2016 Dessauges-Zavadsky& Adamo 2018

Clump mass function 1<z<3



Open questions

• Clump formation mechanism?

• Clump survival time scales and migration?

Plot from Bournaud et al 2014, however see also Tamburello et al 2015, and many others

Even simulations had hard time to explain them 
→ High gas fraction and massive disks leads to 
clump formation HOWEVER:
1. Clump formation is very sensitive to feedback 

prescriptions
2. Very massive clumps formed by merger of 

clumps?
3. Not clear if they truly play a role in bulge 

formation
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at 0 < z < 1 from A3COSMOS in ∆z = 0.3 bins (Liu et al.
2019b). The ALPINE galaxies exclude the tdepl best-fit func-
tion of Liu et al. (2019b) at z & 4.5 in the two Mstars bins,
but already in the redshift bin of 2.5 < z < 3.7 we observe
a deviation from this function in the log(Mstars/M ) = 10+0.5

−0.5
bin. On the other hand, both the Scoville et al. (2017) and
Tacconi et al. (2018) tdepl functions agree with the ALPINE
observations, even if we consider the possible SFRIR contribu-
tion for the ALPINE galaxies undetected in the FIR dust contin-
uum (see Sect. 2), which would lower the plotted tdepl means by
a factor of 1.5 in the redshift bin of 4.4 < z < 4.6 and less in
the higher redshift bin. Thediscrepancy of the Liu et al. (2019b)
best-fit function with the other two functions results from the
strong anti-correlation that these latter authorsfind between tdepl

and Mstars. This dependence of tdepl on Mstars is too strong for

SFGs with Mstars < 1010.5M at z & 3, but seems to be correct
at the high stellar mass end of Mstars & 1011M where both the
Scoville et al. (2017) and Tacconi et al. (2018) functions overes-
timate the tdepl measurements at z & 3 (see Fig. 12 in Liu et al.
2019b). We defer a refitting of the functional form of tdepl by
including ALPINE galaxies in order to determine the scaling
relation of tdepl over a more complete Mstars and redshift range
to a future paper.

5.3. Molecular gas fraction

In the top panel of Fig. 8 we show the molecular gas fraction,
defined as fmolgas = Mmolgas/ (Mmolgas + Mstars), as a function
of redshift for the ALPINE [C ii]-detected nonmerger galaxies
(red circles) and [C ii]-nondetected galaxies (light-red arrows)
in two redshift bins of 4.4 < z < 4.6 and 5.1 < z < 5.9, and
for our compilation of CO-detected MS SFGs from the liter-
ature separated in the same six redshift bins as in Fig. 6. We
then compute the respective means, errors on the means, and
standard deviations per redshift bin (large black/gray crosses).
We show the ALPINE means obtained for the 44 [C ii] detec-
tions (see Table 1). We also overplot the Béthermin et al. (2015)
FIR SED stacks (light-gray shaded area). We observe a steep
rise of fmolgas from z = 0 to z ⇠ 3.7, in agreement with what
has been previously reported (e.g., Dessauges-Zavadsky et al.
2017; Scoville et al. 2017; Tacconi et al. 2018, 2020). With the
ALPINE sample, we probe, for the first time, the fmolgas evolu-
tion beyond z & 4.5 of MS SFGs with a low median Mstars of
109.7M . Within the 1σ dispersion on the fmolgas means in the
two redshift bins, we observe a flattening of fmolgas that reaches
a mean value of 63% ± 3% over z = 4.4−5.9. The observed
flattening does not result from the assumptions that are consid-
ered to translate [C ii] luminosities into molecular gas masses,
since both 4.4 < z < 4.6 and 5.1 < z < 5.9 bins are subject
to those assumptions in the same way. When applying the sur-
vival analysis to take into account the secure 3σ upper limits
of the ALPINE galaxies undetected in [C ii] (see Sect. 5.2), the
fmolgas means in the 4.4 < z< 4.6 and 5.1 < z< 5.9 bins drop to
46%±5% (Table1). Thisstrengthens the fmolgas flattening toward
high redshift, which is an important result, consistent with the
evolutionary trend of a constant sSFR beyond z& 4 obtained by
several studies (e.g., Tasca et al. 2015; Khusanova et al. 2020b),
including sSFR derived from the dust-obscured SFR measured
in the ALPINE galaxies by stacking the FIR dust continuum
maps in the redshift bins of 4.4 < z < 4.6 and 5.1 < z < 5.9
(Khusanova et al. 2020a). The finding that fmolgas and sSFR
merely have a similar evolution with redshift is not a surprise,
since fmolgas can be expressed as a function of tdepl and sSFR
(Tacconi et al. 2013):
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Fig. 8. Molecular gas fractions plotted for the same ALPINE galaxies
(red circles) and CO-detected MSSFGswith the samecolor coding per
redshift bin as in Fig. 6. Top panel: molecular gas fractions shown as
a function of redshift. The respective means, errors on the means, and
standard deviationsper redshift bin areindicated by thelargeblack/gray
crosses. The light-gray shaded area corresponds to the molecular gas
fractions obtained by Béthermin et al. (2015) from FIR SED stacks.
The fmolgas means per redshift bin show a steep increase from z = 0
to z ⇠ 3.7, followed by a flattening toward higher redshift within the
1σ dispersion on the means. Bottom panel: molecular gas fractions
restricted to z ⇠1−5.9 SFGs and shown as a function of stellar mass.
A strong dependence of fmolgas on Mstars is observed for CO-detected
high-redshift galaxies and the ALPINE galaxies aswell.

fmolgas =
1

1 + (sSFR tdepl)−1
· (7)

Consequently, the fmolgas redshift evolution depends on the red-
shift evolution of both tdepl and sSFR. In the case of a weak
change of tdepl with redshift for MS SFGs, on average, which
is what we observe in Fig. 6 (left panel), we globally have
fmolgas(z) / sSFR(z).
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Figure 9. As with Figure 8, but instead the ratio of ordered to random motion (the ratio of the maximum rotational velocity to the average velocity dispersion)

is plotted as a function of redshift.

that turbulence increases with redshift for both warm ionised gas

and cold neutral gas tracers. Wisnioski et al. (2015) find that this

evolution is consistent with being driven by a redshift evolution of

the gas fraction according to the Toomre stability criterion (Toomre

1964). We plot the predictions from this semi-analytical Wisnioski

et al. (2015) model for the H� emission of a disc galaxy of mass

log(� →/ � ↑) ↓ 10 with � = 1 by the shaded grey area in Figure 8.

Additionally, we plot the predictions from IllustrisTNG50 (Nelson

et al. 2019) simulations for H� emission (Pillepich et al. 2019) and

from SERRA simulations (Pallottini et al. 2022) for [CII] emission

(Kohandel et al. 2023) for di! erent mass bins. The predictions from

theSERRA simulationsarespecifically for [CII] emission frommock

ALMA observations at di! erent inclinations of 3218 galaxies at

8 ↔log( � →/ � ↑) ↔10.3 from 4 < � < 9, with full details of their

kinematic analyses given in Kohandel et al. (2023).

Wefind that theaveragevelocity dispersion of REBELS-25 agrees

better with theSERRA simulationsthan theother predictionsat high-

� . This likely follows from the fact that the Wisnioski et al. (2015)

and TNG50 predictionsarefor warm ionised gasrather than cold gas

tracers. Übler et al. (2019) find an average di! erence of 10↗15 km

s↗1 betweenvelocity dispersionsmeasured frommolecular or atomic

gas and corresponding measurements from ionised gas at � ↓ 1↗3,

although this o! set may evolve with redshift. Similarly, Kohandel

et al. (2023) find that � measured from H� emission is↓ 2↘larger

than � as measured from [CII] emission. However, following from

the expectation that higher redshift galaxies should be dominated

by turbulent motions, we would still expect the same general trend

with the turbulence increasing with redshift. Instead, wesee that the

average velocity dispersion for REBELS-25 (�̄ = 33 ± 9kms↗1) is

comparable to � < 3 galaxies.

To investigate why this may be the case, we consider the pro-

cesses responsible for driving the turbulence, and hence the gas

velocity dispersion, within galaxies. Firstly, for REBELS-25, thede-

rived �gas = 0.93+0.03
↗0.07

isconsistent with thepredictionsof Wisnioski

et al. (2015) according to its redshift and sSFR, and one may there-

fore expect it to have a similar velocity dispersion as predicted by

theWisnioski et al. (2015) model (albeit lower for thecold gastracer

used), where the dispersion is given by:

�̄ =
1
≃

2
� rot,max �gas(� ). (2)

This would predict a �̄ of ↓ 240 km s↗1 (for a warm ionised gas

tracer, so↓120 km s↗1 for the[CII] emission according toKohandel

et al. 2023). However, as discussed in Wisnioski et al. (2015), the

redshift evolution of thenecessary parameters todefine �gas(� ), such

as the depletion time and the sSFR, are uncertain at � ↭ 3, and may

therefore not be applicable at the high redshift of REBELS-25.

Secondly, we consider the models defined in Krumholz et al.

(2018), which find that the turbulence within galaxies is driven by

gravitational instabilities and/or feedback e! ects. For the galaxies

in Parlanti et al. (2023b), from which we have selected seven main-

sequence star forming galaxies for comparison with REBELS-25,

the models that include both feedback e! ects and gravitational in-

stabilities from Krumholz et al. (2018) were found to agree well

with their data. However, in Rizzo et al. (2021), from which wehave

plotted the kinematic properties of four starburst galaxies and one

main-sequencegalaxy, modelswithonly energy injected by feedback

e! ects were found to be su" cient. The same isalso true for the four

galaxies in Roman-Oliveiraet al. (2024), which areamix of main se-

quence and starburst galaxies. For REBELS-25, we have plotted the

predicted velocity dispersion according to both of these Krumholz

et al. (2018) models in Figure 8 (for cool atomic or molecular gas).

Here we see that, as with the galaxies in the Rizzo et al. (2021)
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Figure 10. As with Figures 8 and 9, but instead the ratio of ordered-to-

random motion is plotted as a function of stellar mass. The magenta markers

are from recent JWST studies of ionised gas kinematics (de de Graa! et al.

2023; Fujimoto et al. 2024a; Parlanti et al. 2023a; Xu et al. 2024). The black

vertical dashed line indicates a cut-o! stellar mass at→109M↑ described in

Gurvich et al. (2022) as a threshold mass where rotationally supported discs

can form.

that it has a low inclination (� = 25 ± 6↓) and potentially a very

thin disc (� 0 < 710 pc). In addition, we see some evidence of more

complex morphological features, including tentative evidence of a

bar, identified by fitting elliptical isophotes to both the[CII] and dust

continuum emission.

We find the [CII] kinematics of REBELS-25 are well explained

by a rotation-dominated disc using the 3D tilted ring fitting tool,
3DBAROLO, and several independent criteria to distinguish between

adisc and a major merger, including the five-disc criteria from Wis-

nioski et al. (2015) and Jones et al. (2021), and also the PV Split

method from Rizzo et al. (2021). The best-fit rotating disc model

with 3DBAROLO revealsalow overall turbulence (�̄ = 33± 9 km s↔1)

and a high ratio of � rot,max/ �̄ = 11+8
↔4

. This low average dispersion

velocity obtained for REBELS-25 isconsistent with stellar feedback

as the main driver of turbulence within this galaxy, as has also been

found for other dynamically cold discs in the high redshift Universe

(Rizzo et al. 2021; Roman-Oliveira et al. 2024). However, we do

see some evidence of non-circular motions, which could be due to

inflows/outflows, a minor merging component, a central bar and/or

spiral arms.

Using the rotational velocity at � � (equivalently, this is where the

curvebeginstoflatten),wefindatotal dynamical massof (1.2±0.3)↗
1011M↑. Thisresults inagasmassof � gas,tot = (1.1+0.4

↔0.3
)↗1011M↑

and � [CII ] = 62+32
↔22

M↑/ L↑ for � ↘= 8+4
↔2
↗109M↑, however, the

total stellar mass of this galaxy is likely very uncertain thanks to

dust obscuration, thereforewefind that estimatesof � gas and � [CII ]

are currently also highly uncertain. Upcoming JWST observations

(GO-1626, GO-6036 and GO-6480) will help improve estimates of

thestellar massand stellar morphology of thegalaxy, enabling future

work on dynamical modelling and rotation curve decomposition of

REBELS-25 with the kinematic information obtained in this paper.

An increasing number of dynamically cold discs have been iden-

tified in the high-� Universe, although these observations are often

not su" ciently resolved to confidently distinguish between mergers

and discs. With these sub-kpc resolution observations, REBELS-25

is amongst the most distant robustly confirmed cold discs observed

to date. This finding of a very distant (� = 7.31), very dynamically

cold (� rot,max/ �̄ = 11+8
↔4

) disc challenges thepredictions from many

state-of-the-art models and cosmological simulations, which tend to

predict very turbulent and dispersion-dominated discs at � > 3. By

comparing to other cold gas kinematics studies of � > 0.5 galaxies

with observational data of similar quality, we find that dynamically

cold discs seem to be more common in the high-� Universe than

predictions based on warm ionised gas tracers (e.g., Wisnioski et al.

2015; Pillepich et al. 2019; Übler et al. 2019), although we note an

observational bias towards massive star forming galaxies. However,

these observations are more consistent with recent predictions from

theSERRA cosmological simulations(Pallottini et al. 2022) basedon

mock observationsof [CII] emission (Kohandel et al. 2023), suggest-

ing that the kinematic tracer used significantly impacts the derived

velocity dispersion, and therefore degree of rotational support. For

thecaseof REBELS-25, bothhigh resolution ALMA observationsof

[OIII]88� m emission (Algeraet al. in prep, ID:2022.1.01324.S) and

JWST observationsof [OIII]5007 kinematics(GO-6036 PI J. Hodge,

and GO-6480 PI S. Schouws) will enableacomparison between cold

and warm ionised gas tracers.

REBELS-25 isamassive(� ↘= 8+4
↔2
↗109M↑) galaxy, andseveral

studies have suggested a stronger dependence on the mass of the

galaxy, rather than its redshift, in setting the evolution of the gas

kinematics(e.g. Dekel et al. 2020; Gurvichet al.2022; Kohandel et al.

2023). A comparison to lower-mass galaxies tentatively provides

observational evidence to support this (Figure 10), although further

work, particularly at lower stellar masses, is necessary to study this

mass dependence. JWST will be a powerful tool for such studies,

with ionised gas kinematic studies of fainter, lower mass galaxies at

high-� now becoming more feasible (de Graa! et al. 2023).

Overall, in this work we have shown that dynamically settled ro-

tating disc galaxies, such as REBELS-25, can form as early as just

700 Myr after the Big Bang. We therefore expect that future, high

resolution studies of cold gas kinematics at high-� will reveal even

morecold, massivediscs. In particular, ongoing ALMA observations

of other REBELS galaxies will enable robust kinematic modelling

of additional rotating disc candidates at � →6↔8 (Phillips et al. in

prep).
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at 0 < z < 1 from A3COSMOS in ∆z = 0.3 bins (Liu et al.
2019b). The ALPINE galaxies exclude the tdepl best-fit func-
tion of Liu et al. (2019b) at z & 4.5 in the two Mstars bins,
but already in the redshift bin of 2.5 < z < 3.7 we observe
a deviation from this function in the log(Mstars/M ) = 10+0.5

−0.5
bin. On the other hand, both the Scoville et al. (2017) and
Tacconi et al. (2018) tdepl functions agree with the ALPINE
observations, even if we consider the possible SFRIR contribu-
tion for the ALPINE galaxies undetected in the FIR dust contin-
uum (see Sect. 2), which would lower the plotted tdepl means by
a factor of 1.5 in the redshift bin of 4.4 < z < 4.6 and less in
the higher redshift bin. Thediscrepancy of the Liu et al. (2019b)
best-fit function with the other two functions results from the
strong anti-correlation that these latter authorsfind between tdepl

and Mstars. This dependence of tdepl on Mstars is too strong for

SFGs with Mstars < 1010.5M at z & 3, but seems to be correct
at the high stellar mass end of Mstars & 1011 M where both the
Scoville et al. (2017) and Tacconi et al. (2018) functions overes-
timate the tdepl measurements at z & 3 (see Fig. 12 in Liu et al.
2019b). We defer a refitting of the functional form of tdepl by
including ALPINE galaxies in order to determine the scaling
relation of tdepl over a more complete Mstars and redshift range
to a future paper.

5.3. Molecular gas fraction

In the top panel of Fig. 8 we show the molecular gas fraction,
defined as fmolgas = Mmolgas/ (Mmolgas + Mstars), as a function
of redshift for the ALPINE [C ii]-detected nonmerger galaxies
(red circles) and [C ii]-nondetected galaxies (light-red arrows)
in two redshift bins of 4.4 < z < 4.6 and 5.1 < z < 5.9, and
for our compilation of CO-detected MS SFGs from the liter-
ature separated in the same six redshift bins as in Fig. 6. We
then compute the respective means, errors on the means, and
standard deviations per redshift bin (large black/gray crosses).
We show the ALPINE means obtained for the 44 [C ii] detec-
tions (see Table 1). We also overplot the Béthermin et al. (2015)
FIR SED stacks (light-gray shaded area). We observe a steep
rise of fmolgas from z = 0 to z ⇠ 3.7, in agreement with what
has been previously reported (e.g., Dessauges-Zavadsky et al.
2017; Scoville et al. 2017; Tacconi et al. 2018, 2020). With the
ALPINE sample, we probe, for the first time, the fmolgas evolu-
tion beyond z & 4.5 of MS SFGs with a low median Mstars of
109.7M . Within the 1σ dispersion on the fmolgas means in the
two redshift bins, we observe a flattening of fmolgas that reaches
a mean value of 63% ± 3% over z = 4.4−5.9. The observed
flattening does not result from the assumptions that are consid-
ered to translate [C ii] luminosities into molecular gas masses,
since both 4.4 < z < 4.6 and 5.1 < z < 5.9 bins are subject
to those assumptions in the same way. When applying the sur-
vival analysis to take into account the secure 3σ upper limits
of the ALPINE galaxies undetected in [C ii] (see Sect. 5.2), the
fmolgas means in the 4.4 < z< 4.6 and 5.1 < z< 5.9 bins drop to
46%±5% (Table1). Thisstrengthens the fmolgas flattening toward
high redshift, which is an important result, consistent with the
evolutionary trend of a constant sSFR beyond z& 4 obtained by
several studies (e.g., Tasca et al. 2015; Khusanovaet al. 2020b),
including sSFR derived from the dust-obscured SFR measured
in the ALPINE galaxies by stacking the FIR dust continuum
maps in the redshift bins of 4.4 < z < 4.6 and 5.1 < z < 5.9
(Khusanova et al. 2020a). The finding that fmolgas and sSFR
merely have a similar evolution with redshift is not a surprise,
since fmolgas can be expressed as a function of tdepl and sSFR
(Tacconi et al. 2013):
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Fig. 8. Molecular gas fractions plotted for the same ALPINE galaxies
(red circles) and CO-detected MSSFGswith the samecolor coding per
redshift bin as in Fig. 6. Top panel: molecular gas fractions shown as
a function of redshift. The respective means, errors on the means, and
standard deviationsper redshift bin areindicated by thelargeblack/gray
crosses. The light-gray shaded area corresponds to the molecular gas
fractions obtained by Béthermin et al. (2015) from FIR SED stacks.
The fmolgas means per redshift bin show a steep increase from z = 0
to z ⇠ 3.7, followed by a flattening toward higher redshift within the
1σ dispersion on the means. Bottom panel: molecular gas fractions
restricted to z ⇠1−5.9 SFGs and shown as a function of stellar mass.
A strong dependence of fmolgas on Mstars is observed for CO-detected
high-redshift galaxies and the ALPINE galaxies as well.

fmolgas =
1

1 + (sSFR tdepl )−1
· (7)

Consequently, the fmolgas redshift evolution depends on the red-
shift evolution of both tdepl and sSFR. In the case of a weak
change of tdepl with redshift for MS SFGs, on average, which
is what we observe in Fig. 6 (left panel), we globally have
fmolgas(z) / sSFR(z).
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Galaxies evolving across cosmic time

Ferreira et al 2022, 2023, Kartaltepe et al 2023, Rowland et al 2024, Fujimoto et al 2024, among many others

Disks already in place at redshift 6-7

Bulges and bars detected already at z~3 



Galaxies evolving across cosmic time
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F igur e 2. Redshift evolut ion of the mass-size relat ion. This

Figure shows the sizes of the galaxies in our sample plot -

ted against their spect roscopic redshift s (small green data

points). The large orange data points show the weighted me-

dians and 1σ dist ribut ions of the galaxies in our sample, in

four redshift bins. There is a clear t rend with redshift , where

the sizes of galaxies on average get smaller with increasing

redshift . The dark purple line shows the best -fit line with a

slope of − 0.090 ± 0.02 and an intercept of 3.17 ± 0.14.

(small green data points). The large orange data points

show the weighted medians and 1σ dist ribut ions of the

galaxies in our sample, in four redshift bins. There is

a clear t rend with redshift , where the sizes of galaxies

are on average get t ing smaller with increasing redshift .

The dark purple line shows the best -fit least -squared

line with a slope of − 0.090 ± 0.02 and an intercept of

3.17 ± 0.14.

Figure 2 and its size-redshift ant i-correlat ion inference

might be misleading. There are two mass-related sys-

temat ics potent ially a↵ect ing this inference. First , the

number density of high-mass galaxies is expected to de-

cline as a funct ion of redshift . Therefore, the mass-size

correlat ion (see Figure 1 and Sect ion 5.1) implies that

the average galaxy sizes for a complete sample are ex-

pected to declineat higher redshifts. Second, due to sen-

sit ivity limits the higher redshift samples are expected

to be biased toward more massive/ luminous galaxies.

Due to the mass-size correlat ion, this can result in a

flat tening of the size-redshift relat ion. The described

systemat ics work in opposite direct ions (i.e., one results

in a steeper size-redshift ant i-correlat ion and one flat -

tens the ant i-correlat ion); however their combined e↵ect

cannot be neglected.

In order to mit igate the systemat ics described above,

here we consider the size-redshift ant i-correlat ion in bins

of stellar mass. This is shown in Figure 3 where the

upper-left panel corresponds to the log(M ?/M ) < 8

galaxies, upper-right panel to the 8 < log(M ?/M ) <

9 galaxies, and the lower-left panel to the 9 <

log(M ?/M ) galaxies. The large orange data points in

each panel show the medians and 1σ dist ribut ions of the

sample, in bins of redshift . The dark purple line in each

panel shows the best -fit least -squared size-redshift rela-

t ion in the corresponding stellar mass bin; the best-fit

slopes and their uncertaint ies are noted at the bot tom

of each panel.

Figure 3 presents a consistent picture. Galaxies are

more compact at higher redshifts. The strength of this

redshift evolut ion seems to depend on stellar mass. The

lowest stellar mass galaxies (log(M ?/M ) < 8) exhibit

the steepest redshift evolut ion, while the sizes of highest

stellar mass galaxies (9 < log(M ?/M )) does not seem

to evolve with redshift .

6. FUNDAMENTAL METALLICITY RELATION

In this Sect ion, we invest igate the redshift evolut ion

of the FMR (Sect ion 6.1) and its correlat ion with the

compactness of high-redshift galaxies (Sect ion 6.2). For

each galaxy in our sample, we use the FMR calibrat ion

from Andrews & Mart ini (2013) to derive the expected

gas-phase metallicity for its stellar mass (measured by

SED fit t ing; Sect ions 3.1) and SFR (measured from H↵
or Hβ; Sect ion 4.1). We use the formulat ion provided in

Nakajima et al. (2023), where thecalibrat ion of Andrews

& Mart ini (2013) is converted from the Kroupa IMF to

the Chabrier IMF

12 + log(O/ H) = 0.43⇥µ0.66 + 4.58; (1)

where µ↵ = logM ? − ↵ logSFR. (2)

6.1. (mild) Redshift Evolution of the FMR

Figure4 shows themild redshift evolut ion of theFMR.

The o↵sets (log(O/ H)obs − log(O/ H)FM R ) between the

measured metallicit ies and the metallicit ies expected

from the locally calibrated FMR consistent ly increase as

a funct ion of redshift . We note that the measured o↵-

set st rongly depends on the adopted FMR calibrat ion.

For instance, as shown in Nakajima et al. (2023), adopt -

ing the calibrat ion from Curt i et al. (2020) results in

more significant o↵sets across the ent ire redshift range.

Increasingly compact morphologies

Plot from ISSI breakthrough workshop review

Langeroodi & Hjort 2023



Galaxies evolving across cosmic time

Endsley et al 2024

Bursty star formation cycles

Efficient to produce ionizing radiation!

Simmonds et al 2024b



Galaxies evolving across cosmic time
4 Ji et al.

Figure 1. Global properties of high-� NOEGs in our sample. Left: size-stellar mass relation for NOEGs and a compilation of JWST galaxies at photometric

redshift of 5 < � photo < 14 studied by Morishita et al. (2024). For the JWST sample, Morishita et al. (2024) fitted the redshift evolution of the relation with

the parameter � � = →0.44, which we use to normalize � � . We plot the best-fit linear model of Morishita et al. (2024) as the dashed orange line together with

the 1� dispersion in log � � indicated by the shaded region. The NOEGs are generally more compact compared to galaxies at similar stellar masses. Right:

stellar mass-redshift relation for NOEGs and JADES photometric sample at 3 < � photo < 9. The JADES sample has a 90% completeness at � � ↭ 107.5 � ↑
as indicated by the dashed white line (see Simmonds et al. 2024). The dotted yellow line represents the median trend of the JADES photometric sample and

the shaded region is bounded by the 10 percentile and 90 percentile lines. The dash-dotted red line represents the median trend of the JADES subsample with

spectroscopic observations and theshaded region isbounded by the10 percentile and 90 percentile lines. TheNOEGs arerelatively massive, and their selection

is highly inhomogeneousand probably biased by their UV brightness, which allows for measurements of faint nitrogen lines.

and H !! regions with Galactic or extra-galactic origins, where the

local galaxy sample of Izotov et al. (2006) is also included. From

this sample, we took the measurements of O/H and Fe/O made by

Méndez-Delgado et al. (2024) with correctionsfor temperature inho-

mogeneities. We note that whether or not to include the temperature

corrections do not have any significant impact on our conclusions.

2.3 Stellar abundancesin the Milky Way

We included a sample of MW stars observed by the SDSS Apache

Point Observatory Galaxy Evolution Experiment (APOGEE) in the

data release 17 (DR17, Abdurro’uf et al. 2022). APOGEE is a

medium resolution1 (� ↓ 22,500), near infrared spectroscopic sur-

vey (15,140 - 16,940Å) covering ↓ 650,000 MW stars across both

hemispheres. To derive chemical abundances for up to 20 di! erent

species, the APOGEE Stellar Parameter and Chemical Abundance

Pipeline (ASPCAP, GarcíaPérez et al. 2016) isused to fit individual

absorption lines (either atomic or molecular) in the stellar spectra

using the full-spectrum-fitting code, "#$$# (Allende Prieto et al.

2006). Specifically, we used the allStarLite catalogue, applying

the same quality cuts as in Belokurov & Kravtsov (2022) to exclude

starswithproblematicflags(e.g.,STAR_BAD, LOW_SNR, PERSIST-

related issues, EXTRATARG duplicates). We only consider red giant

stars, i.e. those with 1.5 < log(� ) < 3 and � e! < 5300 K excluding

themost evolved red giant branch (RGB) starsasthey show spurious

N/O abundances. To be included in our sample, stars have to exhibit

moderately small uncertainties (i.e., < 0.2 dex) in measurements of

abundances of the following chemical elements: [Fe/H], [Mg/Fe],

[C/Fe], [N/Fe], [O/Fe], [Si/Fe], [Al/Fe]. We also explicitly exclude

stars that are part of the magcloud observing program. Distances

are taken from the AstroNN catalogue (Mackereth & Bovy 2018;

1 By the standard of the stellar community.

Leung & Bovy 2019), and proper motions from Gaia EDR3 (Gaia

Collaboration et al. 2021a; Lindegren et al. 2021).

Where possible, we have compared chemical abundances in our

APOGEE DR17 sample with those in GALAH DR4 (Buder et al.

2024) and have detected an unphysical trend in the behaviour of

[O/Fe] as a function of [Fe/H] as reported by APOGEE DR17. We

correct for thistrendusingmedianresidualsbetweenAPOGEEDR17

and GALAH DR4 in bins of metallicity. The resulting corrected

[O/Fe] values are validated using abundances of a sample of stars

in the old and the intermediate-age disks of the Galaxy (sometimes

referred to as the thick and the thin disks) published by Amarsi et al.

(2019). Our corrected [O/Fe] abundances show a perfect agreement

with those in the literature. Note that for this calibration procedure

and for the analysis presented in this paper, weselect old (thick) and

intermediate-age(thin) disks using valuesof orbital eccentricity and

�max (amplitude of the vertical excursion about the Galactic plane)

as published in theAstroNN catalogue.

To select GC stars from the clean APOGEE catalogue we cross-

match with the GC membership catalogues of Vasiliev & Baum-

gardt (2021). Using Gaia EDR3 (Gaia Collaboration et al. 2021b)

astrometry and photometry, Vasiliev & Baumgardt (2021) assign a

membership probability between 0 and 1 for stars in the vicinity of

170 MW GCs. Adopting a membership probability of > 50% we

recovered↓2500 starsacross 27 clusters. Because weare interested

in di! erentiating between generation one and two stars in GCs, we

keep only the GCs with five or more member stars in our APOGEE

catalogue. Following this initial cross-match, wethen split members

within eachcluster into likely first- andsecond-generation starsusing

the following definitions. First-generation (1G) stars are defined as

having [N/ O] ↔ [O/ Fe]average and [O/ Fe] ↗ [O/ Fe]average. For

the second-generation (2G) stars we apply the opposite cuts with

themodification that [O/ Fe] ↔[O/ Fe]average→� ( [O/ Fe]), where

� represents the standard deviation in [O/Fe]. Thismodification is

necessary because the [N/O] versus [O/Fe] distribution in GCs is, in

MNRAS 000, 1–25 (0000)

Globular cluster progenitors 9

Figure 2. Distributions of NOEGs in the N/O versus O/H space in comparison with local galaxies and stars. Derived abundances for NOEGs come from

Castellano et al. (2024); Cameron et al. (2023, 2024); Curti et al. (2024); Schaerer et al. (2024); Isobe et al. (2023); Larson et al. (2023); Topping et al. (2024,

2025); Ji et al. (2024b); Übler et al. (2023); Pascale et al. (2023); James et al. (2009); Arellano-Córdovaet al. (2024); Napolitano et al. (2024); Navarro-Carrera

et al. (2024); Stiavelli et al. (2025); Zhang et al. (2025) and also this work. Systems showing two abundances connected by dashed lines have their higher

abundances derived for high-density components (� e ↭ 105 cm→3) decomposed from the observed spectra, and their lower abundances derived for low-density

components (� e < 104 cm→3). Derived abundances for local galaxies come from Izotov et al. (2006); Pilyugin et al. (2012); Annibali et al. (2019); Grossi

et al. (2025). The contours correspond to probability distributions of abundances of MW stars compiled from Abdurro’uf et al. (2022) computed by the kernel

density estimation function ! " #$%&’ from the$( ’ ) &* package+#, - &. * . Fivecontour levelsareplotted corresponding to 5, 16, 50, 84, and 95 percentiles of the

distributions, respectively. Top: abundance patterns of non-GC stars in the MW, where stars with log � < 1.5, log � > 3, or � e! > 5300 K are excluded. Stars

with azimuthal velocities of � t ↑ 150 km s→1 trace the thin disk and have an overall higher N/O, which are plotted as green contours with dashed boundaries.

The cyan shaded region represents the median trend of MW field stars with 1� median uncertainties. Bottom: abundance patterns of GC stars (excluding

NSC stars) in the MW divided into 1st and 2nd generations. The abundance patterns of stars in the GC 47 Tuc are plotted as purple contours with dashed

boundaries. Overall, theabundancesof NOEGsaremoreconsistent with thoseof GC stars, among which the2nd-generation GC starsbetter overlap with NOEGs

at log(N/ O) > →0.5.
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BHs across cosmic time

Faint AGN population revealed by JWST

- (Super) Eddington BH 
accretion?
- Will galaxies catch up 
later?
- What’s going on 
really?

Plots from Harikane et al 2023, but huge number of publications on the topic



BHs across cosmic time

- (Super) Eddington BH 
accretion?
- Will galaxies catch up 
later?
- What’s going on 
really?

Plot from Schneider et al 2023, among many others



Combination gravitational telescopes is a unique 
opportunity to break the kpc resolution



Combination with lensing is a unique 
opportunity to break the kpc resolution

Studies of samples z:1-6

Plot from Meštrić et al 
2022, see also Livermore 
et al 2012, 2015

*Slide courtesy of Matteo Messa

Single-case studies at 1<z<6    



JWST is providing fundamental information

1<z<4 Optical+NIR → Robust age, mass, extinction 
4<z<6.5 FUV+optical → Secure age, mass, 
extinction
6.5<z<9.5 FUV+5000Å → Good age, mass , fair 
extinction estimate
z>9 FUV+4000 Å→ UV based ages, mass, 
extinction

Plot Suess et al 2024Plot from ISSI breakthrough workshop review

*For clump studies, considering only NIRCam
We can study star formation at all redshift and extend at z>6



UNCOVER (Bezanson R., et al., 2024):
JWST/NIRCam – F115W, F150W, F200W, F277W, F356W, F444W

Mega Science (Suess et al. 2024):
JWST/NIRCam - F070W, F090W, F140M, F162M, F182M, F210M, F250M, F300M, 
F335M, F360M, F430M, F460M, F480M

Abell2744

NASA, ESA, CSA, Ivo Labbe (Swinburne), Rachel Bezanson (University of Pittsburgh)



Clump population in A2744
484 galaxies between 

redshift 1 and 10

(~40% spectroscopic 

redhsift) resulting in 2000 

clumps (magnification 𝜇 < 2)

Claeyssens, AA et al 2024, and in prep.

Adelaide Claeyssens
Researcher at 

CRAL



Stellar clump physical properties

Observed galaxy 
in blue optical rest-frame

Model light distribution of 
compact sources

Diffuse light of the 
galaxy

Lensed corrected sizes and fluxes



The power of spectro-photometry for clump studies

Claeyssens, AA et al 2024



Clump population in A2744

Claeyssens, AA et al 2024

Galaxy’s stellar masses
Observed clumps physical properties 



Clump population in A2744

Claeyssens, AA et al 2024



Claeyssens, AA et al 2024

Looking at the 10s pc scales across cosmic time 

red
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ass

- Galaxies become more compact 
as a function of redshift and 
decreasing mass
- Clumps grow older as a function 

of galaxy mass and lower 
redshift

- No clear trend with age 
indicating migration

- More massive clumps are closer to the 
centre of galaxies

- At increasing redshifts and decreasing 
mass clump dominate galaxy mass



Claeyssens, AA et al 2025, and the z>5 sample Claeyssens, AA in prep.

Clump population in A2744

- No changes in mass 
distributions
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- z>5 clumps on average 
younger

- z>5 clumps higher stellar 
densities 

- z>5 clumps higher SFR 
densities 

- z>5 clumps higher sSFR 
(over 10 Myr) 



Looking at the 10s pc scales across cosmic time 

Claeyssens, AA et al in prep.

Clump mass function 
consistent with fragmentation
At all redshifts 

𝛽 = − 2



Looking at the sites of LyC photon production
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Looking at the sites of LyC photon production

Claeyssens, AA et al in prep



Looking at the sites of LyC photon production
z=3.0

F210M(OIII)

z=2.6

F182M (H𝛽+OIII)

z=6.3

F360M(H𝛽+OIII)

Claeyssens, AA et al in prep



Looking at the sites of LyC photon production

Claeyssens, AA et al in prep



When & where did the first star 
clusters form?
Tracing star cluster formation across cosmic time



Globular cluster age metallicity relation 

Forbes & Bridges 2010, Brodie & Strader 2006
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With fraction of second population mass going from 99 to a few %
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Stellar clumps in Mowla et al. 2022

Globular cluster candidates in Mowla et al. 2022
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SED best-fits with a continuum star formation for 10 Myr and E(B-V)=0
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Observed SED
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Observed SED

Mowla et al 2022, Adamo et al 2023



The sunrise arc at z~6

Vanzella, et al 2023

EW(Hb+[OIII])~1300 Å, EW(Ha) ~ 800 Å

UV restframe 4000-7000 Å rest-frame

Reff~1 -5 pc, 

age~10-30 Myr,

M ~few 106 Msun

Gravitationally bound

Σ∗~104−5 𝑀⊙/𝑝𝑐2

Reff~5-20 pc, 

age~3 - 6 Myr,

M ~ 106-7 Msun

Σ∗~103−4 𝑀⊙/𝑝𝑐2

E(B-V)~0.2-0.4 mag

Resolving galaxies to pc scales in the first Gyr



Resolving galaxies to pc scales in the first Gyr
The Firefly galaxy z~8.29

10 YSCs of ~105 Msun associated to very hot ionising 
sources and extreme ionising field radiation  

Mowla et al 2024



Resolving galaxies to pc scales in the first 500 Myr
5

F igur e 1. JWST NIRCam color image of the SPT-CL J0615− 5746 cluster field (red: F115W + F150W, green: F200W +

F277W, blue: F356W + F444W). The field of view is ⇠ 2.03⇥ 2.03 and the image is shown with north up and east left . The

z = 10.2 crit ical curve of our fiducial LENST OOL-A model (see Sect ion 4) is shown in gold. The locat ion of the Cosmic Gems

Arc is shown in the left -hand white box, with a zoomed inset figure (800⇥ 800) out lining the galaxy with a red ellipse. The

z = 10.2 crit ical curves of the LENST OOL-A (gold), LENST OOL-B (dark orange), Gl af ic (cyan), and W SLA P+ (magenta)

lens models (described in Sect ion 4) bisect the Cosmic Gems Arc. The right -hand white box and zoomed inset (800⇥800) shows

the candidate counterimage of the arc, which is located near (within 2.002) the posit ion predicted by the lens models.

SPT 0615-57 galaxy cluster with JWST observations Bradley, AA et al

15

F igur e 6. Cutout images of the Cosmic Gems Arc (top) and the candidate counterimage (bot tom), showing the Lyman-↵-

break using the JWST bands only. The field of view of the cutouts is 500⇥ 600 and the images are shown with north up and

east left . The stacked images blueward (F090W + F115W) and redward (F150W + F200W + F356W + F410M + F444W)

of the Lyman-↵-break are shown in the left and cent ral panels, respect ively. T he right panels show color composites in the

NIRCam fi lt ers. The Cosmic Gems Arc has an ext remely st rong NIRCam F115W− F200W break of > 3.2 mag (2σ lower limit ),

is undetected (< 2σ) in all bluer fi lt ers, and has a very blue cont inuum slope redward of the break. The candidate counterimage

has similar colors to the arc, but is 3.9 mag fainter, with an observed F200W magnitude of mA B = 28.4, fully consistent

with the LENST OOL-A model predict ion of the counterimage being ⇠ 3.7 − 4.7 mag fainter. The predicted locat ions of the

counterimage from the LENST OOL-A and Gl af ic models (star symbols in the bot tom-center panel) are within 1.008 and 2.002

of the candidate counterimage, respect ively.

5.6. Physical Properties418

The physical propert ies of the Cosmic Gems Arc were est imated using the Bayesian Analysis of Galaxies for Physical419

Inference and Parameter ESt imat ion (bagpipes) SED-fit t ing code (Carnall et al. 2018). bagpipes fits the observed420

photometry of a galaxy by generat ing model galaxy spect ra over the mult idimensional space of physical parameters.421

The fits are performed using the mul t inest nested sampling algorithm (Feroz et al. 2009).422

By default , bagpipes uses the stellar populat ion synthesis models from the 2016 version of the BC03 (Bruzual &423

Charlot 2003) models with a Kroupa (2002) IMF. These models also include nebular line and cont inuum emission424

based on Cl oudy (Ferland et al. 2013) with the logarithm of ionizat ion parameter (log U) allowed to vary between425

− 4 and − 2. We vary metallicity in logarithmic space from logZ/ Z = − 4 to − 0.7. Format ion ages vary from 1 Myr426

to the age of the Universe.427

Cosmic Gems Arc

COSMIC GEMS ARC
Bradley+24

NIRSpec IFU

NIRSpec IFU - full spectrum

Messa et al in prep.

Redshift = 9. 624



Resolving galaxies to pc scales in the first 500 Myr

COSMIC GEMS ARC
Bradley+24

NIRSpec IFU

NIRSpec IFU - full spectrum

Messa et al in prep.

post-burst phase 
galaxy at Muv~-18 AB



Credit: ESA/Webb, NASA & CSA, L. Bradley, A. Adamo
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• Total mass: ~3-5x107 Msun

• Mass weighted age 13 Myr

• Very short τ~3 Myr

• Av ~0.22 mag

• Metallicity <10-20% Zsun (from 
OIII/H𝛽)

• UV = -18.4 ABmag

• 5 star clusters with ~106 Msun 
and ages < 50 Myr within a 
region of 50 pc

• Star clusters produce 60% of 
UV light, 30% of the galaxy 
mass

Messa et al in prep

Galaxy properties

Star cluster properties

Adamo et al. 2024
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Star clusters in early reionisation era

1. Very small sizes
2. High densities

Main effects that can make them 
expand:
1. Stellar evolution→ under assumption 

of adiabatic expansion:
 Reff,t = Min/Mt*Reff,in

2. Relaxation
3. BH?

Messa et al in prep Adamo et al. 2024



Laboratories for stellar physics & feedback

• Naturally harbour very massive stars 
(VMS, M>> 100 Msun ) and WRs

• The stellar densities (Σ∗ >105 Msun/pc2 
𝜌ℎ~ 105 Msun/pc3)  in their core become 
furnaces to produce:

1. Massive star mergers (Portegies-Zwart 
+1999, Gieles+2018) → SMSs 
(Charbonelle+2023, Ruiz-Marques+2023, 
Schaerer+2024)

2. Stellar BH mergers → formation of 
intermediate mass BHs (Portegies-
Zwart+2004, Antonini+2019, Rantala+2024, 
Arca-Sedda+2024)

Mowla+2024

Isobe et al 2023



Cosmic Gems was a UV ~-20 ABmag

Vanzella et al TBS



Star cluster mass function?

Vanzella et al TBS
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Cycle 2 JWST large program;

PI: Atek & Chisholm

155 h in AS1063
in 7 broadband + 2 medium 

band

Detection limits 
~30.5 ABmag

160 star clusters, 𝜇 > 5, Reff<20 pc



GLIMPSE & Literature
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Claeyssens & Adamo 2025, in prep.
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GLIMPSE & Literature

𝛽 = −1.8−0.2
+0.2 𝛽 = −2.0−0.1

+0.1

Claeyssens & Adamo 2025, in prep.Age< 100 Myr, M>2e6Msun resulting in 68 star clusters

Log(Mc)=8.1+/-0.5



Will these clusters survive to be GCs?

Valenzuela et al 2025Claeyssens & Adamo 2025, in prep.



Summary

• As we move to increasingly higher redshift, we see galaxy stellarclumps 
becoming progressively younger, denser, elevated Σ𝑆𝐹𝑅 , and EWs 

• We do not find clear signal of migration → mass of galaxy matter

• Cluster and clump mass function close to power law -2, but…

• Stellar densities in proto-GCs are significantly higher than seen in YSCs and 
GCs on average, thus we need to be careful when we set initial conditions:

• Implications for massive star formation, BHs, and chemical enrichment 
patterns

• Implications for stellar feedback in reionisation era galaxies



Thank you for your time!
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