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ABSTRACT

JWST/NIRCam slitless spectroscopy enables dynamical mass measurements for typical star-forming galaxies only a billion years
after the Big Bang. We model the He morpho-kinematics of 163 galaxies at redshift z ~ 4-6 from FRESCO and CONGRESS
(with JADES imaging), using the geko code, and infer rotational velocities and dispersions within r.. Our sample spans
log My = 7-10 and log Mgyn = 9-11. Gas masses are estimated via scaling relations, yielding baryonic masses and dark-matter
(DM) fractions fpm(r < re) within the Ha half-light radius. We find high median fractions of ( fys) = 0.77 and {fpm) = 0.73,
where fg, is measured with respect to the baryonic mass and fpy with respect to the DM+baryonic mass. About two-thirds of
systems are DM-dominated within r. ~ 0.5 — 1 kpc. Both fy,s and fpm decrease with stellar mass, ‘consistent with simulations.
The stellar Tully-Fisher relation shows a tentative offset to higher v, at fixed M, and substantial intrinsic scatter, suggesting
that the relation is only beginning to emerge at z ~ 5. We measure a negative correlation between fpy and baryonic surface
density Xp,,, weaker but broadly consistent with trends at cosmic noon and at z ~ 0. Qualitatively comparing with modified
NFW profiles coupled to an empirical stellar-to-halo mass relation suggests that the lowest fpy (S 0.4) require cored inner DM
profiles, while the highest fractions favour cuspier profiles, potentially reflecting adiabatic contraction. Overall, the elevated fgas
and fpum at z 2 4 are compatible with progenitors of baryon-dominated systems at z ~ 2 and naturally anticipate overmassive
black holes at fixed M,.
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1 INTRODUCTION mass is difficult to constrain. Many approaches have been adopted to

. . . indirectly constrain the galaxy-halo connection, such as abundance
The nature and physics of dark matter (DM) is to this day one of the matching (Marinoni & Hudson 2002; Kravisov et al. 2004; Conroy

biggest outstandlng1 questions in astrophysics. In the widely adopted et al. 2006: Vale & Ostriker 2006; Tasitsiomi 2007) and cluster-
standard cosmological model of ACDM, DM haloes form from the . . .

. . . ing analyses (Peacock & Smith 2000; Cooray & Sheth 2002; Smith
collapse of overdensities in the early Universe, allowing baryons . . .

. . . et al. 2003; Paquereau et al. 2025) based on N-body simulations.

to accrete, cool, and form stars. This process is the basis of galaxy . . .
" i doredicts the hi hical th of ealaxies. H Many numerical simulations have measured the stellar-to-halo mass
OrmALLon, anc precicts te ierarchiical Srowrh of gataxies. HOWeVer, (SMHM) relation and its evolution with redshift (Behroozi et al.

the physics and interplay petween the baryons and the DM remain 2010; Moster et al. 2010; Rodriguez-Puebla et al. 2017; Behroozi
remarkably poorly constrained.

In fact, measuring the DM mass content of galaxies and their
haloes observationally is a challenge, as often even the full baryonic

et al. 2019; Tacchella et al. 2018), although its overall normalisation
and turnover mass are still debated and model-dependent. In part, this
is due to the circularity of modelling inputs and outputs, as cosmo-
logical hydrodynamical simulations are usually calibrated to SMHM

* 41d66@cam.ac.uk relations measured from abundance matching or derived from semi-
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empirical models. Placing direct observational constraints on this
relation would offer important insight on the integrated strength
of various fundamental mechanisms which govern the evolution of
galaxies, such as stellar feedback, black hole activity, and mergers.

One of the most robust ways of constraining the DM content
within galaxies is through the measurement of galaxy kinematics.
The rotation curves and pressure support of galaxies reflect their total
density profile, providing an estimate of the DM content assuming
that the baryonic content is known (Rubin et al. 1980; Burkert 1995;
Burkert & Silk 1997; Persic et al. 1996; McMillan 2017; Zhu et al.
2023). The fraction of DM to the total mass, fpm, is a by-product
of the mass assembly history of galaxies and of their current growth
(see Wechsler & Tinker 2018, and references therein).

The study of these density profiles within dwarf galaxies, defined
as having masses of M, < 3 x 10° My, has proved particularly
fruitful, revealing a discrepancy between ACDM-predicted and ob-
served density profiles know as the core-cusp problem. Where col-
lisionless (cold) DM-only cosmological simulations predict cuspy
profiles, with densities increasing steeply at small radii, measure-
ments of the rotation curves in dwarf galaxies in the local Universe
show "core"-like profiles that flatten at central radii (Moore 1994;
Burkert 1995). This core-cusp problem posed a direct challenge to
ACDM , with propositions of different types of DM surfacing (Hu
et al. 2000; Spergel & Steinhardt 2000). However, many studies have
now shown that this problem can be alleviated by invoking strong
baryonic feedback, likely from supernovae. This feedback, especially
through repeated bursts of star formation, can flatten the DM cusp
into a core (Read & Gilmore 2005; Pontzen & Governato 2012, 2014;
Martizzi et al. 2013). This process has been observed in hydrody-
namical simulations (e.g., Chan et al. 2015; Read et al. 2016, and
references therein), but details such as mass, redshift, and environ-
mental dependence remain uncertain. Interestingly, cases of profiles
cuspier than ACDM profiles have also been found (Sonnenfeld et al.
2012; Wang et al. 2020; Li et al. 2022), which could be caused by
adiabatic contraction of the DM halo due to high baryonic densities
in the galaxy core (Blumenthal et al. 1986; Gnedin et al. 2004; Li
et al. 2022).

Another important relation that relates the potential of the DM halo
to its host galaxy is the observed tight relation between stellar (or
baryonic) mass and circular velocity, named the stellar (or baryonic)
Tully-Fisher relation (TFR; Tully & Fisher 1977). The baryonic mass
TFR (bTFR) is the more fundamental of the two, as it holds even
down to low masses (McGaugh et al. 2000; McGaugh 2005). Both
TFRs have been found to hold for star-forming galaxies from z ~ 0
(Reyes et al. 2011; Lelli et al. 2016) to cosmic noon (Miller et al.
2011; Ubler et al. 2017), albeit with an increase of scatter and a
decrease of zero-point offset with redshift. Measuring the position
of galaxies on the TFR plane at z > 4 can provide constraints on the
properties of the underlying haloes and their relative contribution to
the total mass of the galaxy.

The detailed mapping of rotation curves of galaxies in the local
Universe has revealed that log(M, [Mg]) = 10 — 11 star-forming
galaxies are baryon-dominated in their central ~ 1 kpc, but DM
dominated within their half-light, or effective, radii r. (Rubin et al.
1985; Martinsson et al. 2013). On the other hand, early-type galaxies
(ETGs) at z ~ 0 are heavily baryon-dominated within re, suggesting
a diverging mass assembly history (Noordermeer et al. 2007; Cap-
pellari et al. 2013a; Serra et al. 2016). Interestingly, studies of DM
fractions at cosmic noon (z ~ 2) in log(M, [Mg]) % 9.5 galaxies
found them to be similar to local ETGs, with baryon-dominated cores
(Price et al. 2016; Wuyts et al. 2016; Genzel et al. 2017, 2020; Nestor
Shachar et al. 2023). Genzel et al. (2020) interpret these findings as
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evidence for cored DM profiles, motivated by the rapid formation of
massive haloes and galaxies at z ~ 1 — 3. In fact, cosmic noon marks
the peak of the cosmic star-formation rate (SFR) density (Madau
& Dickinson 2014), where gas accretion rates reached peak values
(Tacconi et al. 2020) and stellar mass doubling scales were on the
order of t < 0.4 Gyr.

Measurement of the DM content of high-redshift galaxies (z > 4)
was made possible with the advent of the James Webb Space Tele-
scope (JWST), whose NIRCam and NIRSpec instruments probe
ionised gas emission lines out to z ~ 10. While kinematic stud-
ies had previously been done at such early times through cold gas
measurements (i.e. [C 11] or CO) from ground based telescopes such
as the Atacama Large Millimeter Array (ALMA, e.g., Lelli et al.
2021; Rizzo et al. 2020, 2021; Roman-Oliveira et al. 2023; Pope
et al. 2023; Rowland et al. 2024), the lack of constraints on the stellar
mass made estimating fpym difficult. Using kinematic modelling of
JWST/NIRSpec Multi Shutter Array (MSA) data (see also Saldana-
Lopez et al. 2025), de Graaff et al. (2024a,b) found that the five
low-mass log(M, [Mg]) < 9 galaxies in their z ~ 6 — 8 sample
were DM dominated within 7. (fpm ~ 0.7). By studying similar
galaxies in the TNG50 simulations (Pillepich et al. 2019), de Graaff
et al. (2024b) suggest that DM-dominated log(M, [Mg]) = 8 -9
galaxies at z ~ 6 are the progenitors of massive baryon-dominated
systems at z ~ 2. This finding predicts a DM dominated phase of
early galaxy formation, with expectations that all low-mass galaxies
have low baryon fractions in their central region.

When studying the DM fractions in the central regions of galaxies,
it is also important to consider the effects of black holes (BHs) which
could be hosted in their cores. Although BHs have been shown to
have masses which are only a small fraction of the total dynamical
mass (Kormendy & Ho 2013), recent JWST studies have uncovered
"overmassive" BHs in the early Universe, with Mgy /M, ~ 0.1-0.01
(Harikane et al. 2023; Kokorev et al. 2023; Ubler et al. 2023; Maiolino
etal. 2024b; Juodzbalis et al. 2025a; Jones et al. 2025), even reaching
Mpu/M, > 2 (Juodzbalis et al. 2025b). If the relatively low-mass
galaxies at z > 4 host massive black holes which experience accretion
phases, then they could play a significant role in the galaxy’s mass
assembly history. Importantly, active galactic nuclei (AGN)-driven
outflows can heavily disrupt the surrounding gas, particularly in low-
mass galaxies (Sijacki et al. 2007; Nelson et al. 2019; Koudmani
et al. 2021, 2022; Carniani et al. 2024). The presence of such AGNs
is important to study as it currently introduces more uncertainties in
the interpretation of our kinematic measurements.

With the synergy of NIRCam imaging and grism data, the kine-
matics of ~ 200 galaxies at z = 4 — 6 were measured in Danhaive
et al. (2025a) using a new forward-modelling Bayesian code, the
Grism Emission-line Kinematics tOol (Gexo, Danhaive & Tacchella
2025)!. This sample is comprised of log(M, [Mg]) =~ 7 — 10.5 star-
forming galaxies, with a wide range of rotational support v/op. As
shown in Danhaive et al. (2025a), many of these galaxies have large
dynamical masses compared to their stellar masses, pointing to large
contributions from gas and DM. In this paper, we study the mass con-
tent of these galaxies in detail, placing the first statistical constraints
on DM fractions at high redshift z > 4. We briefly introduce our
sample and methodology in Sec. 2, then present our dynamical mass
measurements and discuss in the context of the Tully-Fisher (TFR)
relation in Sec. 3. We present our gas and DM fractions in Sec. 4, and
compare them to samples at lower redshift. In Sec. 5, we interpret our
measurements in the context of the shapes of DM density profiles,
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and explore potential contributions from BHs. Finally, we summarise
our results in Sec. 6. Throughout this work, we assume Q¢ = 0.315
and Hy = 67.4kms™! Mpc_l (Planck Collaboration et al. 2020).

2 OBSERVATIONS, SAMPLE AND METHODOLOGY

In this section, we present the NIRCam grism and imaging data
used in this work, along with a description of our sample (Sec. 2.1).
We also describe the morpho-kinematic modelling of our sample
(Sec. 2.2), which is used to measure the rotational velocities and
velocity dispersions of our galaxies. This sample, and the associated
kinematic measurements, are described in Danhaive et al. (2025a),
so we only summarize them here but refer the reader to that work for
more details. Finally, in Sec. 2.3, we detail our derivation of the gas
and DM fractions for our sample.

2.1 NIRCam data and sample selection

The analysis in this work uses both NIRCam imaging and grism
spectroscopy. The NIRCam grism data is obtained from the FRESCO
survey (PL: Oesch, PID: 1895; Oesch et al. 2023; Covelo-Paz et al.
2025) in GOODS-S and GOODS-N, and the CONGRESS survey
(PIs: Egami & Sun, PID: 3577; Sun et al. in prep) in GOODS-N.
These surveys are comprised of grism data (R mode) in the F444W
and F356W filters, respectively, probing Hae emission at z = 3.8—6.5.
The data is reduced following Sun et al. (2023) and Helton et al.
(2024) to obtain 2D spectra for each galaxy in the field of view.
The 2D spectra are then continuum subtracted following the 2-step
iterative technique described in Kashino et al. (2023) to obtain 2D
emission line maps for Ha.

In the regions of the FRESCO and CONGRESS surveys, there is
a wealth of deep imaging data from the JADES survey (Eisenstein
et al. 2023; Rieke et al. 2023). Specifically, the JADES survey has
imaging in most of the NIRCam wide bands, as well as the F335M
and F410M medium bands. In addition, the FRESCO survey ob-
tained imaging in the F182M and F210M bands, and CONGRESS
in FO90W and F115W, complementing the existing JADES imag-
ing data. For certain regions in our sample, we also have additional
medium bands F182M, F210M, F430M, F460M, and F480M from
the JWST Extragalactic Medium Band Survey (JEMS; Williams et al.
2023) in GOODS-S. The full details on the data reduction and gen-
eration of the drizzled mosaics and photometric catalogues can be
found in Rieke et al. (2023) and Robertson et al. (2024). This large
array of photometric bands, in addition to the grism spectroscopic
redshifts and emission line fluxes, allows us to fit the SEDs of all
galaxies with PrRospEcTOR (Johnson et al. 2021; Tacchella et al. 2023;
Simmonds et al. 2024, 2025). We obtain measurements of the stellar
masses (M), star-formation rates (SFRs), and star formation histo-
ries (SFHs) used in this work.

As mentioned above, the parent sample used in this work is de-
scribed in Danhaive et al. (2025a). This He emitter sample is built
on the photometric redshift estimates from EAZY (Brammer et al.
2008; Hainline et al. 2024), which are then confirmed by Gaussian
fitting of the 1D grism spectrum followed by visual inspection (Hel-
ton et al. 2024; Lin et al. 2025). We select galaxies with an Ho S/N
cut of 10 (582 galaxies), from which we select our final sample of
213 galaxies based on additional S/N cuts and position angle (PA)
cuts to ensure that galaxies are at an angle with respect to the grism
dispersion direction. Specifically, the 213 galaxies are separated into
three samples based on the robustness of the kinematic measure-
ments, as described in Danhaive et al. (2025a). In this paper, we only
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consider the 163 galaxies from the gold and silver samples, and we
exclude the unresolved sample. The latter contains systems with sizes
smaller than the full-width half-maximum (FWHM) of the F444W
(or F356W) point-spread function (PSF), or with unresolved velocity
gradients. However, for simplicity, we do not further distinguish be-
tween the gold and silver subsamples in this paper, treating the 163
galaxies together as our full final sample.

2.2 Morpho-kinematic modelling

To obtain measurements of the rotational velocity and velocity dis-
persion, we use the Bayesian-inference fitting tool eko (Danhaive &
Tacchella 2025) which forward models the grism data and compares
it with the observed 2D spectrum to obtain the posterior distributions
of the input morphological and kinematic model parameters.

The He emission line map is modelled with a Sérsic profile (Sersic
1968):

1/n
I(r) =Ie eXP(—bn [(ri) - 1})’ (1)

where /. is the intensity at the effective radius r. and n is the Sér-
sic index. We use the near-UV image from JADES, probed by the
FI150W filter at et = ZOOOA, as a prior for the morphology of the
Ha line. The rest-frame near-UV is chosen because it traces young
stars responsible for ionizing the nearby gas and producing the Ha
emission. To model the F150W images, we use the Bayesian code
Pysersic (Pasha & Miller 2023), which models the image with a
PSF-convolved Sérsic profile. The width of the priors is obtained by
doubling the uncertainties obtained from the Pysersic modelling.

The Ha gas kinematics are modelled with an arctangent velocity
curve (Courteau 1997; Miller et al. 2011)

Viot (Fints 7t Va) = %Va arctan m, 2)
i re
where V,, is the rotational velocity at a given radius rjy in the intrinsic
galaxy plane, V, is the asymptotic value to which the arctangent
rotation curve converges to at large radii ri, — oo and 7y is the turn-
around radius of the rotation curve. To project this velocity on the
observation plane, we need to account for the galaxy’s inclination i:

Vobs (X, ¥) = Viot (Fint, 71, Va) - sini - cos ging, 3)

where ¢y is the polar angle coordinate in the galaxy plane. To
compute the inclination, we assume an intrinsic axis ratio gg = 0.2
to account for the thickness of galaxies at high redshift (Wuyts et al.
2016; Genzel et al. 2017; Price et al. 2020; Ubler et al. 2024). We
adopt a constant velocity dispersion across the galaxy.

The model He intrinsic map is convolved with the kinematics to
form a model 3D cube, which is then convolved with the instru-
ment PSF and line-spread function (LSF). Finally, using the grism
dispersion function, the cube is projected onto the observed grism
2D space. The priors for the kinematic parameters are uniform. We
place a constraint on the turn-around radius r¢ to be smaller than the
effective radius r. (Miller et al. 2011).

2.3 Gas and DM fractions

In order to infer gas masses from our star-formation rates, we use the
empirical relations calibrated in Tacconi et al. (2020). We assume
here that the gas component is dominated by the molecular phase,
whose mass is constrained in these relations. In dense, highly star-
forming systems it is expected that the molecular phase dominates
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within 7., and the atomic phase only contributes to a minor degree
(e.g. Leroy etal. 2008; Saintonge et al. 2017). The ionised component
is small in most systems (e.g. see Kennicutt & Evans 2012, and
references therein). Given the small sizes (7. = 0.5—1 kpc, Danhaive
etal. 2025b) and high specific star-formation rates (sSFR, with mass-
doubling timescales of zgouple & 30 Myr) of the galaxies in our
sample, this is a valid assumption.

In these equations, the molecular gas mass is estimated using
the sSFR of the system and the integrated depletion timescale for
converting the gas into stars. This timescale depends on the redshift
and therefore provides a more accurate conversion than fixed redshift
relations (e.g. Kennicutt 1998). Furthermore, the latter is calibrated
to the local universe, where gas fractions are overall lower, whereas
the Tacconi et al. (2020) relations are calibrated from z ~ 0 — 5.5
from almost 2000 objects or stacks (see also Saintonge et al. 2017;
Tacconi et al. 2018; Freundlich et al. 2019). Specifically, the gas-
to-stellar mass ratio pigss = Mgas/ My scales with redshift z, sSFRs,
and stellar mass My, where the scaling factors are computed using
observational measurements of ionized and molecular gas from the
literature. The relation for pgys is:

10g taas = A + B x (log(1 + z) — F)?
+ C X log(sSFR/sSFRys (z, My))
+ D X (log My — 10.7),

with the star-forming main sequence (SFMS) defined as in Speagle
et al. (2014), and the parameters A, B,C, D and F are the parame-
ters obtained in Tacconi et al. 2020 (Table 2b) from error-weighed,
multi-parameter regression. SFMSs such as Speagle et al. (2014) can
suffer from sample selection effects, especially on the low mass end,
which can bias the inferred relation (e.g. McClymont et al. 2025b;
Simmonds et al. 2025). We also note that the Kennicutt (1998) rela-
tion assumes solar metallicities, which can have significant impacts
(~ 0.3 dex) on the inferred SFRs, particularly for low-mass, metal-
poor galaxies.

Using the aforementioned scaling relation, we can then calculate
gas fractions on the galaxy scale,

Hgas M, gas

= = ) “
fgas 1+ #gas Mgas + M*
and infer the total baryonic masses:
Myar = Mgas + My = (,ugas + DM, 5

To quantify the uncertainties in our inferred gas fractions, we
propagate the uncertainties from the inputs to the scaling relation (M
and SFR), along with the uncertainties of the constant parameters
of the relation itself (A, B, C,D and F). To assess the systematics
introduced by our choice of gas mass estimate, we compare the fg,s
measurements obtained from the scaling relation to those inferred by
a simple conversion

Mgas = SFR X fgep (©)

with a depletion time #4ep = 0.5 — 1 Gyr. Although using this relation
increases the intrinsic scatter, our median fractions remain consistent.
If instead we change the SFMS used in the Tacconi et al. (2020) rela-
tion, from Speagle et al. (2014), and adopt the one from Simmonds
et al. (2025), we find that our inferred gas fractions are on average
higher by Afss = 0.05 — 0.1. We note that in both of these cases,
the change in fg,s does not visibly affect the median values of our
inferred dark-matter fractions. However, it is important to note these
uncertainties in the gas fractions, which can only be addressed with
constraints from direct observations of the molecular gas content.
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In virial equilibrium, the circular velocity of galaxies at a radius
r can be related to the combined effects of gravity and turbulence-
induced pressure. The former is reflected in the rotational velocity,
and the latter is an asymmetric drift correction to account for the
pressure support (Burkert et al. 2010; Newman et al. 2013; Wuyts
et al. 2016). For an exponential disk, the circular velocity can be
written as:

Veire (1) = v%ot(r) + Z(V/I‘S)O'g‘ @

The circular velocity reflects the gravitational potential of the galaxy
and is hence directly related to the dynamical mass,
revz (r
Mdyn = ku)te%c(a,
where G 1is the gravitational constant and k is the virial coefficient
(Price et al. 2020). The virial coefficient k. allows us to infer the to-
tal dynamical masses based on measurements out to re. If we instead
compute V. using a generalised Sérsic profile (rather than an expo-
nential disk, n = 1), our inferred dynamical masses remain consistent
within A(log Mgy,) < 0.07 (with median A(log Mgy,) < 0.02). We
present results for the exponential disk assumption to provide a more
direct comparison to other works in the literature. Because we have
modelled our galaxies with go = 0.2, we choose ki = 1.8 as it is the
coefficient for galaxies with gg = 0.2 and n ~ 1—4 (Price etal. 2022).
We note that varying go in the interval go = 0.15 — 0.25 shifts sini
by A(sini) < 0.05, propagating to A(log Mgyn) < 0.05. For more ex-
treme values go = 0.50, this correction can reach A(log Mgy,) = 0.1.
Finally, using our dynamical mass measurements, we can compute
the DM fractions:

MDM _ Mdyn - Mba.r
Mdyn Mdyn '

(®)

)

Sfom =

All our inferred fractions are calculated within the effective radius r,
since that is where our kinematic measurements are best constrained.
We find that 20% of our sample has negative and, therefore, unphysi-
cal DM fractions. This fraction drops to 18% (8%) when a deviation
from fpy = O is required at the level of o (307). These numbers
are comparable to those reported in other studies (e.g., Wuyts et al.
2016), and suggest inconsistencies in the modelling of the SEDs
and the kinematics, including for instance positive age gradients
(D’Eugenio et al. 2021; van Houdt et al. 2021) or non-equilibrium
configurations. Although we discuss these systems in the text, unless
otherwise mentioned we only consider systems with fpy > O for our
analyses.

3 DYNAMICAL MASSES & TULLY-FISHER RELATION

In this section, we present the dynamical masses of our systems based
on our kinematic modelling (Sec. 3.1), and discuss them within the
context of the Tully-Fisher relation at high redshift (Sec. 3.2).

3.1 Dynamical masses

We present our results for the dynamical masses of our galaxies in
Fig. 1. We find high dynamical masses spanning log(May, [Mo]) =
9 — 11, with the overall expected trend of increasing May, with My,
reflecting the baryons tracing the underlying gravitational potential.
We find a significant scatter in the dynamical masses at fixed stellar
mass, indicative of varying gas and DM contents. To investigate the
source of this scatter, we colour-code our galaxies by their offset
from the MS (AMS), where we adopt the MS from Simmonds et al.
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Figure 1. Comparison of the dynamical masses (Mgyn) inferred from our
modelling of grism data and the stellar masses (M ) inferred from SED fitting.
We colour-code our galaxies based on their offset from the main sequence
(AMS) as defined by Simmonds et al. (2025). The majority of our systems
lie below the one-to-one relation (dashed line), consistent with a significant
contribution to the dynamical mass from gas and/or DM. Six galaxies lie on
the relation, highlighting discrepancies in the different mass estimates. We
compare our values to ionised gas measurements from de Graaff et al. (2024a)
and Saldana-Lopez et al. (2025) at similar redshifts.

(2025). We find that galaxies above the MS, which are also typically
at lower masses, seem most distant from the 1-1 line, implying a
lower stellar contribution to the baryonic and total mass.

We expect the dynamical masses to lie above the stellar masses,
as they should also incorporate the gas and DM. We find consistent
measurements M, < Mgy, for the majority of the galaxies in our
sample. We discuss the few systems showing unphysical Mgy, — Mx
values in more detail in Danhaive et al. (2025a), the discrepancy
pointing to problems in the modelling of either or both masses.
We compare our sample with measurements from Saldana-Lopez
et al. (2025) and de Graaff et al. (2024b) at similar redshifts, and
find that they probe the same regions of the parameter space. When
combined, these two samples highlight a similar scatter of M, at
fixed Mgy as found in our sample. Overall, these dynamical masses
are the key observable that allows us to derive DM fractions (Sec. 2).
We note that in a recent study, Phillips et al. (2025) compare intrinsic
kinematic measurements from simulations to mock NIRSpec/IFU
fits, and find that despite biases in the recovered values of v, and
0, the dynamical masses remain relatively robust.

3.2 The Tully-Fisher relation (TFR)

Local star-forming disk galaxies exhibit a tight relationship between
their stellar mass and circular velocity (vcire, Eq. 7), namely the
TFR relation. This relation is typically parametrised as a power law,
M < V4, or

log My = a -log vejre + b, (10)

where a is the slope and b is the zero-point offset, and M, is in
units of Mg and v in km/s. This relation is analogous to the
M, — Mgy, relation from Fig. 1, given the fundamental link between
circular velocities and dynamical masses (Eq. 8) when assuming
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virial equilibrium. By understanding where our galaxies lie on the
TFR plane, we can place constraints on their mass content compared
to galaxies at lower redshift.

In order to explore the offset between our sample at z = 4 — 6 and
the sTFR at cosmic noon and in the local Universe, we fit Eq. 10 to
our sample with the fixed slope from Reyes et al. (2011) at z ~ 0
(a = 3.60). For our fit, we use the Bayesian inference package EMCEE
(Foreman-Mackey et al. 2013). EMCEE samples the parameter space
using an implementation of the affine invariant ensemble sampler
for Markov chain Monte Carlo (Goodman & Weare 2010), resulting
in posterior distributions for the model parameters. Importantly, it
allows us to self-consistently fit for the intrinsic scatter oy, around
the relation, assuming that our adopted uncertainties for the various
measurements are reliable. We discuss this assumption in Sec. 5.2.
For the EMCEE fitting, we assume uniform priors for all of the param-
eters and conduct the MCMC sampling with 50 walkers, a 2000 step
burn-in phase, and 10,000 samples. We thin our chains to remove
autocorrelation between samples, checking for convergence in the
trace plots and in the effective number of independent samples.

We find the following best fit parameters for the log(M, [Mg]) > 8
sample, where we are more complete:

a =3.60 (fixed) (11)
b =0.76 +0.07 (12)
Oint = 0.49 + 0.06 . (13)

We plot the results for this fiducial fit at z ~ 5 in purple in Fig.
2, and also include a fit for the whole sample in red. The large
intrinsic scatter, shown by the shaded regions, reflects that the z ~ 5
galaxies in our sample are not settled around the TFR. They are likely
undergoing kinematic and/or morphological changes on relatively
short timescales, which influence the measured circular velocities at
fixed stellar masses. More generally, this implies that galaxies have
not yet settled into more stable rotating disks, where the TFR is
expected to hold (e.g., Ubler et al. 2017).

Despite the lack of a tight TFR in our sample, we explore the
evolution of the zero-point offset b from z ~ 0 (Reyes et al. 2011)
and z ~ 1 —3 (Ubler et al. 2017, see also Tiley et al. (2016)) to
z = 4 — 6. Both works adopt the same slope. We find a significant
increase in the zero-point offset, Ab = —1.3 dex, between our TFR
and the one measured at cosmic noon (Ubler et al. 2017). This
evolution is more significant than the Ab ~ —0.4 dex evolution from
z ~ 0 to cosmic noon. The observed decrease of b with redshift
could have (a mixture of) different origins. To visually compare with
galaxies at cosmic noon, we plot on Fig. 2 the RC100 sample from
Nestor Shachar et al. (2023) at z = 0.6 — 2.5. It is clear that these
cosmic noon galaxies occupy a different parameter space in the TFR
plane, having higher stellar masses (log(My, [Mg]) = 10 — 11) and
lower gas fractions (fgas £ 0.5) than our sample.

First, an increase of gas fractions naturally explains the shift of the
TER to higher circular velocities (at fixed mass). This is because vjrc
reflects the total mass of the galaxy, both baryons and DM, so if the
fraction of stars with respect to the other components decreases, the
TFR will shift. In the same way, an increase in the DM fractions can
also contribute to this shift. It is also possible that » has a mass de-
pendence, since our sample probes smaller masses than the KMOS3P
and RC100 samples. It is expected that gas fractions increase at low
stellar masses, naturally biasing the stellar TFR. A larger sample
spanning larger redshift and mass ranges would be needed to assess
the mass dependence of b.

In light of this, we also explore the bTFR in our sample, but simi-
larly to the sSTFR we do not find a tight relation akin to what has been
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measured at cosmic noon and the local Universe (McGaugh 2012;
Lelli et al. 2016). We also find a similar offset towards higher circular
velocities at fixed baryonic mass. Together, these points suggests that
DM contributes significantly to the total mass of the galaxies in our
sample. This is in contrast to the baryon-dominated galaxies seen
at cosmic noon. To correctly measure the bTFR, gas masses would
need to be directly measured, which is beyond the scope of this work
and our available data.

In terms of intrinsic scatter (o = 0.49 £ 0.06), we find that it
is roughly twice that reported at cosmic noon (oiy = 0.22, Ubler
etal. 2017), where they also find an increase with respect to the local
Universe (o7, = 0.10—0.13 Reyes et al. 2011). As discussed in Ubler
etal. (2017), one reason for this could be the fact that galaxies at high-
redshift are less settled (Simons et al. 2016), and are seen more often
in non-equilibrium states (Covington et al. 2010). Also, we rely on
2D grism data in this work and, hence, suffer from more uncertainties
than studies with 3D kinematic data. Furthermore, galaxies at high
redshift are smaller and lower mass on average, which makes their
kinematics more difficult to constrain.

Finally, we note that the lowest-mass galaxies in our sample, with
log(M, [Mg]) < 8, distinctively fall off our best-fit relation, with
high circular velocities of v.j. > 150 km/s despite their low masses.
We also fit our full sample, including these log(M, [Mg]) < 8 ob-
jects, and find a smaller zero-point (b = 0.59 £ 0.08) and a larger in-
trinsic scatter (ojne = 0.73 £0.07). These galaxies also have gas frac-
tions close to 1, and are most likely undergoing starbursts (AMS > 0).
It is possible that the circular velocities measured for these systems
have a non-negligible contribution from non-circular motions, such
as radial inflows and/or outflows of gas. This would also contribute to
the large observed scatter. Due to their low stellar masses and, hence,
small spatial extent, such effects would be difficult to detect in our
modelling. Our sample is in general not complete, so our discussion
regarding the TFR aims at comparing our sample’s physical proper-
ties with those of galaxies at lower redshift and not fully defining the
TFR at z =4 - 6.

4 THE GAS AND DM CONTENT AT Z > 5

In this section, we quantify the baryonic and DM content of galaxies
at z = 4 — 6, using gas and DM fractions derived from our kinematic
modelling (Sec. 2). We first study the dependence of these fractions
on stellar mass (Sec. 4.1), then we focus on the relation between DM
fractions and baryonic surface density in Sec. 4.2. Finally, we put
our findings in the context of works at lower redshift to discuss the
redshift evolution of DM fractions (Sec. 4.3).

4.1 Baryon content at 7 ~ 5

Fig. 3 shows the inferred gas (fys) and DM (fpm) fractions as a
function of stellar mass for the galaxies in our samples. We note that
Jeas is defined relative to the baryonic mass (stars + gas), whereas
fbm is defined relative to the total mass (DM + baryons). We fit both
relations with a power law of the form

£z My) = 1 107108 Ma=9) 84y (1GE), (14)

where a and y parametrize the mass and redshift dependence, respec-
tively, and g is the normalisation at log(M, [Mg]) = 9 and z = 5.
The power-law shape is consistent with the equation from Tacconi
et al. (2020) for the gas fractions. Similarly to the TFR, these fits
are done with EMCEE using the same general setup (see Sec. 3). We

MNRAS 000, 1-17 (2015)

e This work (v/o>1) { RC100 medians
= = Bestfit,z=4—6 (all) Ubler+2017 (z=0.9 —2.3)
Best fit, z=4 — 6 (logM4 > 8) Reyes+2011 (z=0)

11.0 1T 1.0
105 F 4
L e ]
[ ¢ ] 0.8
10.0 %or
[ ’0 ]
S o95L . Wt ~
2 AN B
F E v
3 90 e« "1H =
N : : i g
¥ 85 . S N
— I L ] 1 i
8.0 F . 111
: 1 1402
L s L] o © ] 4
7.5? . o0 ..i i
. L ] 4
b 4 4 4
'7 Lo A ey o L b e 1 L

1.75 2.00 225 2560 R2.75
log(Veire) [kms™1]

Figure 2. The stellar Tully-Fisher plane for our sample, where the best-fit
linear relation for galaxies with log(M, [Mg]) > 8 is shown in solid purple
(dotted red for the full sample). The circular velocity (v¢irc) is evaluated at
re with an asymmetric-drift correction. We find that most of our galaxies lie
along the relation, albeit with a large scatter, but the lowest-mass galaxies
drop off. We compare our measurements at z ~ 5 to the relation found for
the KMOS3P z = 0.9 — 2.3 star-forming galaxies from Ubler et al. (2017)
(dashed orange line), and the medians from the RC100 sample (diamonds,
Nestor Shachar et al. 2023). We also include the TFR at z ~ 0 from Reyes
et al. (2011) for reference (dot-dashed tan curve). We fit our data with the
same fixed slope as these works, a = 3.60, but computing our own zero-point
b. We find Ab ~ —1.3 dex between from z = 0.9 —2.3to z = 4 — 6. The
large intrinsic scatter around the relation (o = 0.49 £ 0.06; shaded region)
indicates that it only beginning to emerge at z ~ 5.

summarize the best-fit parameters for both the gas and the DM frac-
tions in Tab. 1. For the gas fractions, we are not able to constrain
the intrinsic scatter (o) around the best-fit relation. As explained in
Sec. 2, we compute the uncertainties on fy,s by propagating the un-
certainties on both our input parameters and the constant parameters
of the Tacconi et al. (2020) scaling relation. This yields relatively
large uncertainties of the order of Afys ~ 0.1 (see characteristic
error in Fig. 3). On the other hand, the outputs fy,s from the scaling
relation vary only a small amount at fixed mass. This is in part due
to the small range probed in terms of AMS in our sample, since we
are not sensitive to galaxies well below the MS. Because of this, our
uncertainties are significantly larger than the scatter shown by our
inferred fy,s, meaning that we cannot constrain oyp,.

4.1.1 Gas fractions

As described in Sec. 2, we cannot measure gas masses directly, so we
infer them based on the galaxies’ SFRs, stellar masses, and redshifts
through the Tacconi et al. (2020) scaling relation. As seen in the
top panel of Fig. 3, our galaxies have high predicted gas fractions
Saas = Mgas/ Myar, with almost all galaxies having feas > 0.5. These
systems have more gas than stars in their central region r < r.. These
high gas fractions are driven in part by the high SFRs, since gas
must accrete onto the galaxy to cool and fuel star formation. Gas
fractions are also expected to be overall higher at high redshift, but
we cannot constrain the redshift dependence of fg,s due to the small
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Figure 3. Gas (top) and DM (bottom) fractions (within r.) as a function of
stellar mass, with the characteristic uncertainty shown in grey. The fous (r <
re) (Eq. 4) is computed using the sSFR, redshift, and stellar mass of each
galaxy following Tacconi et al. (2020). The fpm(r < re) is computed using
M,s along with Mgy, and M, as shown in Eq. 9. We fit our data with a
power-law (solid purple line) for both relations, showing the intrinsic scatter
(shaded region) only for fpm. We cannot constrain oy, for fgas due to the
inferred uncertainties being significantly larger than the scatter in the outputs
of the Tacconi et al. (2020) scaling relation for our sample (see Sec. 4.1.1).
‘We compare our results with measurements from Genzel et al. (2020) (green
stars) and Nestor Shachar et al. (2023) (RC100; blue diamonds) at cosmic
noon and de Graaff et al. (2024a,b) (orange pentagons) and Lee et al. (2025)
(pink hexagons) at high redshift. For most of our sample, we find high gas
and DM fractions f > 0.5. We find relatively good agreement with median
trends from the THESAN-zoom simulations (green solid line; McClymont et al.
2025¢) and the T™NG50 simulations (blue solid lines; de Graaff et al. 2024b).

redshift range probed in this work. However, as expected, our inferred
dependence of y = —0.36 +0.45 is consistent with its counter-part in
the Tacconi et al. (2020) scaling relation (D = —0.41 = 0.03), albeit
with very large uncertainties.

We compare our gas fractions with estimates at cosmic noon from
Genzel et al. (2020) and Nestor Shachar et al. (2023), which show
a large scatter at log(M, [Mg]) ~ 10 — 11. Because there is little
overlap between this mass range and the one probed in this work, a
direct comparison to quantify the independent effects of redshift is
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Parameter Saas Jom
[e4 0.43+£0.03 | 0.28+0.05
B —-0.73 £0.03 | —0.57 £ 0.04
y —-0.36 £0.45 | 0.34 +0.65
Tint - 0.15+0.02

Table 1. Summary of the parameters for the power-law fit (Eq. 14) to the
Jeas— My and fpy — M relations (Fig. 3). We cannot constrain ojp, for the
Jeas — M relation due to the inferred uncertainties on fg,s being significantly
larger than the scatter in the outputs of the Tacconi et al. (2020) scaling relation
for our sample (see Sec. 4.1.1 for more details).

not possible. However, their results are consistent with a decrease,
on average, of gas fractions with stellar mass.

The high gas fractions at high-redshift are consistent with other
predictions of the increase of gas fractions with redshift (Cresci et al.
2009; Genzel et al. 2015; Pillepich et al. 2019). However, this effect
appears to also have a strong mass component. The gas fractions
found in de Graaff et al. (2024a,b) at z ~ 6 — 8 are consistent with
our results. In fact, although de Graaff et al. (2024a) use the local
relation from Kennicutt (1998) to infer gas masses from SFRs, their
measurements lie nicely along our best-fit relation. This suggests
that this local relation holds well at z ~ 6, at least at the low masses
(log(M, [Mg]) < 9) probed by their work. The lower gas fractions,
derived from [CII] detections, presented in Lee et al. (2025) at z ~
4 — 6 are consistent with our best-fit power-law.

The steep mass dependence of fgus on My is also seen in the
TNGS50 simulations (Pillepich et al. 2019; de Graaft et al. 2024b) and
the THESAN-zooM simulations (Kannan et al. 2025; McClymont et al.
2025c). At low masses, we find higher gas fractions on average than
both of these simulations. This is partly because the relations from
Tacconi et al. (2020) and Speagle et al. (2014) do not reach the low
mass (log(M. [Mg]) < 9) end, and hence the extrapolation could
cause an over-estimate of gas fractions at low masses. Importantly,
our sample is biased to very star-forming galaxies at the low-mass
end, which naturally explains our higher medians.

4.1.2 DM fractions

We now discuss the bottom panel of Fig. 3, where we plot our DM
fractions (Eq. 9) as a function of stellar mass. These fractions are
computed within the half-light, or effective, radius r. of the Ha
emission to avoid extrapolations of our kinematic measurements to
larger radii. This implies that the fractions discussed in this work
are relevant for the central r = 1.20 + 0.05 kpc of each galaxy
(sample median, Danhaive et al. 2025b). We see a large scatter in
the DM content of galaxies at fixed stellar mass, but nonetheless find
that low-mass galaxies (log(My [Mg]) < 9) are predominantly DM
dominated with fpm(r < re) > 0.5. Above log(M, [Mg]) =9, we
observe a larger scatter and an overall decline in DM fractions with
stellar mass, as is highlighted by the running medians and our best-fit
power-law in Fig. 3. We colour-code our galaxies by their offset from
the main sequence, but we do not find a clear trend.

We put our fpy measurements in the context of works at cosmic
noon, which probe a higher mass range log(M, [Mg]) = 10—11. As
shown in Fig. 4.1, Genzel et al. (2020) find that star-forming galaxies
at cosmic noon have baryon-dominated cores, with fpv < 0.5. This
is consistent with the extrapolation of our power-law fit to these
high masses, suggesting that the mass dependence of fpm exists
independently of redshift. In fact, de Graaff et al. (2024b) show with
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the TNG simulations that the baryon fraction within 1 kpc, foar(r < 1
kpc), remains constant with redshift at fixed mass. However, it is
important to note that our measurements are not at fixed apertures,
and we need to take into account the redshift evolution of galaxy sizes
(Shibuya et al. 2015; Ward et al. 2024; Danhaive et al. 2025b; Allen
et al. 2025; Yang et al. 2025). Nonetheless, our findings suggest that
the high DM fractions seen at high-z, both in this work and de Graaff
et al. (2024b), are at least in part driven by the lower stellar masses
probed compared to lower redshifts. In fact, Lee et al. (2025) probe
higher stellar masses on average (log(M, [Mg]) > 9) and find DM
fractions ranging from fpm =~ 0.1 to fpm = 0.6, consistent with the
scatter seen in our larger sample at those masses.

We also compare our DM fractions with predictions from the
THESAN-ZOOM simulations at z = 3 — 6. In general, the simulations
are consistent with the majority (60%) of our sample having high
DM fractions fpm > 0.5. However, McClymont et al. (2025c¢) find
a weaker mass trend, which does not reproduce the population of
log(M, [Mg]) > 9 galaxies with lower fpy. This could point to
mechanisms which drive DM out from the central regions, such as
intense feedback from star formation or black holes (see Sec. 5 for
more discussion). Within the simulations, this could also be due
to a decrease in the number of galaxies at the high-mass end. Our
observed dependence of fpy on M, is instead more consistent with
the trend observed in the TNG50 simulations (de Graaff et al. 2024b).

Some objects have high DM fractions close to fpym = 1. Although
these could be caused by an over-estimate of the dynamical mass,
they can also point to steepening of the DM halo density profile in
the central regions of these galaxies. We explore this in Sec. 5.1. We
also find that the inferred fpy fractions for 20% of our sample are
unphysical, i.e., fpm < 0. Negative fractions imply that the baryonic
mass is larger than the dynamical mass, which could be caused by
one or more of the following. The stellar mass inferred from SED
fitting could be over-estimated (e.g. due to outshining effects, Sec.
5.2), the dynamical mass from the kinematics fitting could be under-
estimated, or the gas fractions inferred from the Tacconi et al. (2020)
empirical relation could be over-estimated. Many galaxies in our
sample, despite having good fits with low residuals, have clumpy
morphologies, which could indicate clumpy SF and/or final stages
of a merger. Irregular morphologies can bias the measurement of the
rotational velocity due to the simplistic nature of the rotation curve
model. Also, if a merger is in fact taking place, the stellar mass may
be over-estimated due to the multiple-system nature of the object.
In some of the systems, the ProsPECTOR posteriors for the stellar
mass are distinctively double peaked, with a lower mass solution
that would boost the fpy. Finally, based on the PRosPEcTOR-inferred
SFHs, many of the systems are either in a burst or just went through
a burst, with a peak in SF over a ~ 5 — 10 Myr timescale. Especially
at low masses, these starbursts can disrupt the ordered rotation of the
gas, leading to low and/or bias measurements of vyor.

4.2 Baryonic surface density

In order to investigate the origin of the DM fractions measured in
our z = 4 — 6 sample, we study their correlation with the baryonic
surface density Zp,, computed within the effective radius of the Ho
emission, re:

My (r < 1)

Zpar(re) = 2
€

15)

Our results are shown in Fig. 4, colour-coded by the stellar mass
and the gas fraction. The baryonic surface densities of our galaxies
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Fit This work | This work + RC100
a | 0.48 £0.08 0.28 +0.02
B | -0.28+0.04 —-0.33 £0.02
vy | —-0.05+0.58 —-0.38 £0.07
Oine | 0.12+0.03 0.11 £0.01

Table 2. Summary of the parameters for the power-law fit to the fpm—Zpar
relation (where the parameters are defined as in Eq. 14), as shown on Fig. 4.

span a narrow range of 10g(Zpar) [Mo kpc™2] ~ 8 — 9. We find a
strong anti-correlation between fpy and log Xy, with Spearman
rank correlation coefficient of p = —0.557 and p-value of p < 0.001.

We fit our fpm —log Xy, relation with a power law, replicating the
one used for the fpy —log(My [Mg]) (Eq. 14). This parametrization
is motivated by studies of this relation at lower redshift (Wuyts et al.
2016; Genzel et al. 2017; Nestor Shachar et al. 2023), to provide a
more straightforward comparison. We present our best-fit parameters
in Tab. 2 and plot our best-fit relation in Fig. 4. It is clear that
our sample does not follow a clear power-law shape, which is also
highlighted by the large intrinsic scatter oiy = 0.12 + 0.03. The fit
is also driven by the higher fpym, which have smaller uncertainties.
This causes most of our lower fpy values to have smaller Xy, than
predicted by the best-fit curve.

The tight relation between DM fraction and Xy, has been found to
hold out to cosmic noon in observations (Wuyts et al. 2016; Genzel
et al. 2020; Nestor Shachar et al. 2023) as well as in simulations
(Ubler et al. 2021). This trend links the baryons with underlying the
DM, and could be explained by a few different phenomena. The high
baryon densities could drive out the DM in the central region through
heating. Also, the high densities could be induced by a change in size
of the galaxy. In general, for a fixed DM halo and at fixed stellar
mass, a higher density of baryons in the centre will naturally result
in a lower DM fraction when compared to the same galaxy but more
diffuse.

Our measured correlation (p = 0.56) is weaker than the one re-
ported by Nestor Shachar et al. (2023) atz ~2 (p =0.64) and z ~ 1
(p = 0.84). The weakening of the correlation with redshift, as was
already observed at cosmic noon, points to an increase of galaxy-to-
galaxy diversity. In Fig. 4, we plot the best-fit relation from Wuyts
et al. (2016), and we find that our galaxies with the highest DM
fractions lie above this relation, as also highlighted by our best-fit
relation. At lower DM fractions, our sample aligns better with the
relation.

We also perform a fit combining our z = 4 — 6 data with the z =
1-2.5 RC100 data from Nestor Shachar et al. (2023) to obtain better
constraints for the redshift evolution of the fpy — Zpg, relation. Our
best-fit parameters are shown on Tab. 2. In our initial fit, the redshift
dependence was poorly constrained (y = —0.05+0.58), but when we
include the RC100 data, we can constrain the increase of fpy with
redshift (y = —0.38 £0.07). We investigate the origin of this increase
of fpm at fixed Zp,, through the colour-coding by My and f,s in the
two panels of Fig. 4, and comparing our sample to the Nestor Shachar
et al. (2023) sample at cosmic noon. We do not colour-code by r,
because there is little overlap in sizes between the two samples,
with our galaxies spanning r. ~ 0.3 — 3 kpc and the RC100 sample
re & 3—10. The RC100 sample has masses log(M, [Mg]) ~ 10—11,
gas fractions typically fgs $ 0.8, and re > 3 kpc. It is clear that our
sample occupies a different parameter space, with lower masses,
higher gas fractions, and smaller sizes. Interestingly, our baryonic
surface densities log X, = 8 — 9 have significant overlap with those
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Figure 4. DM fraction as a function of baryonic surface density (Zy,,) for our sample (circles) and samples at lower (diamonds, Nestor Shachar et al. 2023) and
similar to higher (pentagons, de Graaff et al. 2024b) redshift. We colour-code points by stellar mass (left panel) and gas fractions (right panel). We show the
characteristic uncertainty for our sample in grey. We find a strong negative correlation between fpy and Xy, (0 = —0.551, p < 0.001), with a best-fit relation
(solid purple line) steeper than Wuyts et al. (2016) at cosmic noon (dashed brown line), and with an offset. We also plot the best-fit relation obtain when fitting
our points with those from Nestor Shachar et al. (2023) (dashed-dotted red line). For comparison, we plot medians from ETGs at z ~ 0 from the ATLAS3D
survey (purple square; Cappellari et al. 2013a) and LTGs from the DiskMass Survey (grey triangles; Martinsson et al. 2013). Our galaxies agree with Nestor
Shachar et al. (2023) at low fractions fpm < 0.5, but lie above the relation at high fractions. The galaxies in our sample are smaller, less massive, and more gas

rich than those probed at cosmic noon, driving the apparent shift in the relation.

of cosmic noon galaxies. This implies high densities X, at high
redshift, in part driven by the smaller sizes r. (e.g. Shibuya et al.
2015; Ward et al. 2024). In addition, the gas content is higher and
more centrally concentrated, further increasing the baryonic densities
in the inner regions. The shift to higher fpy at fixed Xy, could
therefore be driven by the smaller stellar masses, a direct consequence
of the stellar-to-halo-mass relation where M/ Mp,1, decreases with
decreasing M, (Moster et al. 2010; Behroozi et al. 2010; Tacchella
et al. 2018; Behroozi et al. 2019).

The high baryonic surface densities within 7. at high redshift are
consistent with the build-up of bulges. In Danhaive et al. (2025b),
the study of multi-wavelength sizes and their ratios at z ~ 5 supports
the growth of galaxies through central starbursts instead of smooth
inside-out growth. This is consistent with bulges forming in these
relatively low-mass galaxies. At cosmic noon, star-forming galaxies
have been shown to predominantly grown inside-out (Nelson et al.
2016), consistent with stars forming in gas disks around an older
stellar bulge. The formation of these stellar disks is also reflected
in the rapid increase of sizes (r.) at cosmic noon (Shibuya et al.
2015). In this context, the decrease of fpw, at fixed Zy,;, with cosmic

time reflects the mass build-up of bulges which begin to dominate
the central regions of the galaxy. Also, the baryons extend further
out into the halo, through inside-out growth, where the DM density
decreases, which further decreases fpm.

Assuming galaxies grow along the SEMS, a log(M, [Mg]) =9
galaxy from our sample at z ~ 5 would grow to log(M, [Mg]) =
10.5 — 11 by cosmic noon, similar to the RC100 galaxies. If they
maintain high DM fractions in their cores, they would evolve into a
separate population from these cosmic noon galaxies, more akin to
late-type galaxies (LTGs) in the local Universe (Barnabe et al. 2012;
Martinsson et al. 2013). The subset of the galaxies in our sample with
fom < 0.5 would instead be candidate progenitors for the baryon-
dominated galaxies at cosmic noon, having also similar gas fractions,
as they occupy a similar region on the fpm — Zp,r plane. As discussed
in Nestor Shachar et al. (2023), these galaxies are expected to become
ETGs seen in the local Universe (Cappellari et al. 2013a). These
different evolutionary tracks are consistent with the large scatter
seen in our sample, suggesting a variety of different populations.
However, DM fractions are not expected to stay constant within a
galaxy’s evolutionary track. In fact, their dependence on mass (Fig.

MNRAS 000, 1-17 (2015)



10  A. L. Danhaive et al.

@ This work (log(M+/Me) > 9) Lee+25 ([CII])

@ This work (log(M«/Mo) <9) A DiskMass (z~0)

{ Rc100 ATLAS 3D

®  de Graaff+24b = = Nestor—Shachar+23

V¥ Wuyts+16 McClymont+25¢ (THESAN—ZOOM)

Y% Genzel+20 de Graaff+24b (TNG50)
1or+———+7"+——+7"—+" 71+ 11.0

I 1 10.5

0.8 -

[\ * 1 10.0
IR * 1 95 ~
S 06 . - : ;D'
Voo 1 90
E 1N 1 =

L _ an

=04 \) 1 Bes 2

] L ) |
* ﬁf . 8.0

0.2 r ~ ~. 1
L v - 'I e | 7.5
0.0 [ 1 1 1 1 1 ] 7.0

0 2 4 6 8
Zspec

Figure 5. DM fraction as a function of redshift for our sample (circles)
and samples from the literature (Nestor Shachar et al. 2023; de Graaff et al.
2024a,b). We plot the evolution measured in Nestor Shachar et al. (2023)
(dashed blue line), and its extrapolation to z > 2.5 (dotted blue line). Our
sample medians lie well above those at cosmic noon, although our sample
shows large diversity in fpv and probes ~ 2 — 3 dex lower stellar masses.
Qualitatively, we compare our medians (log(My [Mg]) ~ 9) with the me-
dian evolution of fpm(r < re) for TNGS0 galaxies (de Graaff et al. 2024b)
selected at z = 6 with 8 < log(M, [Mg]) < 9 (thick line with 16 and
84™ percentiles shown in the grey shaded region). Similarly, we plot the
median evolution for THESAN-zooMm galaxies (McClymont et al. 2025¢) with
log(M, [Mg]) =7 +0.5 at z = 9 (thick line with 16" and 84" percentiles
shown in the green shaded region). Although we expect redshift evolution of
Jfom (< re) due to the evolution of sizes with redshift, the strong dependence
of stellar mass is evident here.

3) implies that as galaxies grow, their DM fraction changes. Also,
the effective radii increase with cosmic time, which also affects the
measurements. We investigate the redshift evolution of fpy in the
next section.

4.3 Redshift evolution of fpy

In Fig. 5, we plot our inferred DM fractions as a function of redshift.
We plot our sample medians at z = 4.5 and z = 5.5, for the lower-
mass (log(M, [Mg]) < 9) and higher-mass (log(M, [Mg]) > 9)
galaxies. Although our sample spans a wide range of fpm, we find
high fractions on average (fpm > 0.5). For the high-mass galaxies,
with median log(M, [Mg]) = 9.5, we find fpm = O.SIf%"%)g and
Jom = O.SSJ:%"%? at z = 4.5 and z = 5.5, respectively. For the low-
mass galaxies, with median log(M, [Mg]) = 8.5, we find fpm =
O.SIf%ZOIg and fpm = 0.654:%_ '2% In both cases, we do not see evidence
for a redshift evolution, as our medians at z = 4.5 and z = 5.5 are
consistent within the uncertainties. This is expected given our poorly
constrained y values (Tab. 1).

We now place our measurements in the context of work at cosmic
noon and the local Universe. In the same redshift range z ~ 4 —
6, Lee et al. (2025) report a wide range of fpy for their higher
mass sample (log(M, [Mg]) ~ 9 — 10.5), but their higher fpm

systems are consistent with our high-mass medians. However, they

MNRAS 000, 1-17 (2015)

also report galaxies that have large baryon contents (fpm < 0.2).
We also find similar systems in our sample (Fig. 3) even though
our medians lie at higher fpy. The systems from Lee et al. (2025)
are therefore consistent with being a subset of the more extensive
population probed in this work. At higher redshift (z = 5 — 8),
measurements from de Graaff et al. (2024a,b), who find fpm > 0.5
for their sample of log(M, [Mg]) = 8 — 9, are broadly consistent
with our low-mass medians. On the other hand, the medians for
log(M, [My]) ~ 10—11 galaxies at cosmic noon (Genzel et al. 2020;
Nestor Shachar et al. 2023) show low DM fractions (fpm = 0.2—0.4).
When combining all of these measurements together, the resulting
picture suggests that mass plays a significant role in determining
the DM content within the central regions of galaxies. The massive
systems at cosmic noon are predominantly baryon-dominated, as is
also seen in more massive systems at z ~ 5. On the other hand,
low-mass galaxies seem more DM-dominated.

To further investigate this, we plot the median tracks from the
TNGS50 (de Graaff et al. 2024b) and THEsan-zoom (McClymont
et al. 2025c¢) simulations. Specifically, for TNG50, we plot the me-
dian evolution of fpm(r < re) for galaxies selected at z = 6 with
8 < log(M4 [Mg]) < 9. The THESAN-zoom track is computed as a
median from galaxies with log(M, [Mg]) =7+ 0.5 at z = 9. This
comparison with simulations is qualitative, as the radii r, are defined
and measured differently in observations and simulations. Observa-
tionally, we are only able to measure the 2D half-light radius, whereas
simulations define r. as the 3D stellar half-mass radius. The choice
of re will have an impact on the measured fractions and the derived
comparisons. Despite this not being an apples-to-apples comparison,
it is informative to explore its implications.

As discussed in de Graaff et al. (2024b), TNGS50 predicts that low-
mass galaxies are DM dominated at every epoch, and the observed
evolution of fpy is driven by the masses probed. In fact, the tracks
on Fig. 5 show that a single galaxy goes from being DM-dominated
at z ~ 6 to being baryon-dominated at z ~ 2. This is also consis-
tent with the tracks from THEsAN-zoow, although these simulations
only reach z = 3. This has strong implications for the evolutionary
tracks of galaxies, since it suggests that the DM-dominated low-
mass galaxies probed at high redshift are direct progenitors of the
baryon-dominated cosmic noon galaxies. From cosmic noon, the
DM-dominated systems settle as the DM-dominated LTGs in the lo-
cal Universe, whereas the baryon-dominated systems could deplete
their gas and settle in to the ETGs (Nestor Shachar et al. 2023). A
detailed forward-modelling of the simulations is needed to conduct a
better comparison with the increasing number of observed fractions.

5 DISCUSSION

The study of DM fractions, within the effective radius, at cosmic noon
(z = 1 = 3) unveiled that the massive (log(M, [Mg]) = 10 — 11)
star-forming galaxy population is predominantly baryon-dominated
(Genzel et al. 2017, 2020; Nestor Shachar et al. 2023). In this work,
we push the study of fpum to z ~ 4 — 6, where we are directly probing
progenitors of these cosmic noon systems. In Sec. 4.1 and Sec. 4.2,
we presented our DM fractions and their dependence on stellar mass
and baryonic surface density, investigating the physical drivers for the
offsets we observe with respect to cosmic noon galaxies. In Sec. 4.3,
we put our measured fpy in the context of galaxies across cosmic
time and predictions from tracks of cosmological simulations.

In this section, we qualitatively explore what our measurements
can teach us about the underlying DM halo, and specifically what
constraints we can place on the shape of its density distribution in



the central regions (Sec. 5.1). From this, we hope to shed light on the
consistency of different estimations of the galaxy-halo connection.
We also discuss the different sources of uncertainties in our baryonic
(Sec. 5.2) and DM (Sec. 5.3) mass measurements. Finally, we also
consider the contribution of black holes to our measured fractions in
Sec. 5.4.

5.1 Empirical model predictions

Our modelling, which is limited to probing rotational curves out to
~ 1 -2 re, does not allow for a detailed recovery of the underly-
ing DM density profiles of our galaxies. Ideally, rotation should be
probed further out to several r.. However, the measure of the DM
fractions within . can provide constraints on the DM density profile
via comparisons to empirical predictions, which require various as-
sumptions. We explore these constraints in this section, but caution
that they remain qualitative and reliant on assumed relations.

The stellar-to-halo mass (SMHM) relation has been studied in
detail both in empirical models (Behroozi et al. 2019; Tacchella
et al. 2018) and in simulations (Ceverino et al. 2017; Ma et al. 2018),
with constraints from observations (Kravtsov et al. 2018; Girelli et al.
2020; Shuntov et al. 2022, 2025). This relation links the halo mass
of galaxies to their stellar mass at a given redshift, allowing us to
estimate the halo masses for the galaxies in our sample. In order to
estimate the halo masses for our galaxies, we adopt the Behroozi
et al. (2019) SMHM relation, which has a double power-law shape
with an added Gaussian:

M. 2
1og10(ﬁl) :s—log,O(IO_‘” + IO_ﬁX)+yexp —0.5(%) ] (16)

Mpeac
M,
characteristic mass. The free parameters M, €, @, 8 and y all have
redshift-dependent expressions, and ¢ is a constant. Once we have
inferred the halo mass by numerically solving Eq. 16, we can derive

the corresponding virial radius:

o (47200p,\ 7'
e 3 Mhao

where x = log;, ( ) Mpeax is the peak halo mass and M is a

an

since Ryj; is defined as the radius where the density is 200 times the
critical density p. of the Universe at that redshift, and My, is the DM
mass within the virial radius. For the shape of the DM density profile,
we assume a generalized Navarro—Frenk—White (NFW, Navarro et al.
1997) profile:

PO
(r/rs)a(]"'r/rs)Sia’ 19
where @ = 1 corresponds to a classic NFW profile. Given these
assumptions, we can constrain the value of @ needed to reproduce
our measured DM fractions fpy within the effective radius. We
restrict our values between @ = 0 and a = 3, above (below) which
the profile becomes convex (concave) in logarithmic space. In fact,
for @ > 3, Eq. 18 develops an upturn near r = ry, as the outer slope
(3 — @) becomes negative. Conversely, when a < 0, the inner slope
(@) becomes negative, producing a downturn at » = rg. Within the
allowed range 0 < @ < 3, the profile smoothly transitions from a
nearly flat core (o = 0) to a progressively steeper slope that becomes
(log-)linear at @ = 3.
The only additional unknown is the concentration c, defined as

ppm(r) =

Ryir = cRs (19)
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where R; is the scale radius. Given our other assumptions, the value
of ¢ effectively re-normalizes the predicted DM fractions for all of
our systems, increasing them as ¢ increases. DM only simulations
predict low concentrations at z ~ 5 (Dutton & Maccio 2014), so we
setc =5.

In Fig. 6, we present the estimated values of @ needed to reproduce
our measured DM fractions within the effective radius. We find that =
30% of our sample lies below @ = 1, implying that their DM fractions
are best reproduced by a profile that is more cored than the classical
NFW. Evidence for DM cores has already been found at cosmic noon
(Genzel et al. 2020; Nestor Shachar et al. 2023), where samples
are predominantly baryon-dominated and require cored profiles to
reproduce their low fpy. Aside from more extreme solutions such
as the modification of the nature of DM (Hu et al. 2000; Calabrese
& Spergel 2016) or of our gravity model (Milgrom 1983), a more
natural explanation for such cores is a strong interaction between the
baryons and the DM within galaxies. Specifically, this would require
kinetic heating of the DM in the central regions to drive it outwards.
This could be achieved through effective feedback mechanisms from
star formation and black holes. Another possibility is that some of
these low fpm galaxies are in a post-merger phase, with disturbed
kinematics and diffused DM haloes. This is plausible given that
most of the galaxies in the @ < 0 region have higher stellar masses
(log(My [Me]) > 9).

On the other hand, high central baryonic concentrations are ex-
pected to perturb the underlying DM distribution and pull the DM
towards the centre, increasing the "cuspiness” of its density profile.
This phenomenon is called adiabatic contraction (Blumenthal et al.
1986), and is represented by the @ > 1 region of Fig. 6. For galaxies
in this region, adiabatic contraction is needed to explain the high fpm
values measured in this work. Interestingly, this under-prediction of
fom, compared to our observations, holds for many other SMHM
relations from the literature which typically lie above the Behroozi
et al. (2019) one (e.g. Tacchella et al. 2018). In order to bridge some
of the discrepancies between the model predictions and our measure-
ments, alower SMHM relation at high redshift would be needed. This
problem is emphasized by recent predictions from observations and
simulations of high DM fractions in low-mass galaxies (de Graaff
et al. 2024b; McClymont et al. 2025c). However, it is important to
note that our high @ % 1.5 values suffer from large uncertainties that
make them consistent with @ = 1.5. These stem from the smaller
masses of these systems, which make their morphology and kine-
matics more difficult to constrain.

We colour-code our points in Fig. 6 by their SFHs, parametrized by
the ratio of SFR averaged over 10 and 100 Myr. Galaxies with rising
SFHs will have positive values of SFR;o/SFR;o9, whereas galaxies
with falling SFHs will show the opposite behaviour. In order to vi-
sually asses the presence of an underlying trend, we combine our
points in larger bins and use the LOESS method (Cappellari et al.
2013b) to average over single objects and obtain mean estimates for
the full sample. We can see a trend of galaxies going through a burst
log SFRo/SFRjgp % 0.4 having preferentially higher values of a.
This apparent correlation supports the adiabatic contraction scenario
that would occur with the inflow of baryons to the central regions
during a burst, during which the gas content of the galaxy contracts
(Dekel & Burkert 2014; Tacchella et al. 2016b; McClymont et al.
2025b). When feedback from the star formation kicks in, driving the
gas out of the centre and temporarily quenching star formation, galax-
ies begin to move back down towards the MS log SFR¢/SFR gy < 0.
These galaxies appear to preferentially have cored profiles, consistent
with kinetic heating of the DM. This interpretation would imply the
interaction of baryons and DM on relatively short timescales (¢ ~ 100
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Figure 6. Estimated slope « of the inner DM density profile for a modified NFW distribution (Eq. 18) as a function of measured DM fractions (left) and stellar
mass (right). A value of @ = 1 represents the classical NFW profile, whereas @ < 1 corresponds to a cored profile, and @ > 1 to a cuspier profile. Under
the assumed SHMR and concentration (¢ = 5), we find that low-mass galaxies with high fpym are associated with cuspy distributions, converging towards an
NFW-like profile at higher masses with a scatter at least in part driven by their star-formation state. To highlight this, we colour-code the galaxies by the ratio of
their SFR averaged over 10 and 100 Myr, SFRo/SFR (o, applying LOESS smoothing (Cappellari et al. 2013b). Galaxies going through a burst of star formation
(log SFR9/SFR o9 % 0.4) have preferentially high values of «, which supports the adiabatic contraction scenario.

Myr), which has yet to be thoroughly explored in cosmological sim-
ulations. Interestingly, we also find that the values of @ correlate with
the Sérsic index n measured from the stellar light distribution in the
UV (Fig. Al). Galaxies with cuspier DM profiles also have steeper
central light profiles, with n ~ 4, which could point to interactions
between the two components.

We find that low-mass galaxies log(M, [Mg]) < 9 have cus-
pier profiles, while higher mass galaxies seem to converge towards
NFW profiles (¢« = 1) with scatter driven by their star-formation
state (parametrized by SFR9/SFRgp). This is not necessarily intu-
itive given the initial discovery of cored systems in dwarf galaxies
in the local Universe. However, this can be reconciled when consid-
ering burstiness. At high redshift, galaxies have been shown to grow
through bursts of star formation (e.g. Faucher-Giguere 2018; Tac-
chella et al. 2020; McClymont et al. 2025a; Simmonds et al. 2025)
at all masses. These bursts are tied to the formation of cores through
energetic stellar feedback smoothing the DM profile in the central
regions of galaxies. The more massive galaxies in our sample will
have undergone more bursts in their lifetime, leading to a flattening
of their DM profiles and resulting in the more cored profiles we
predict in this work. Also, these galaxies could undergo breathing
cycles of compaction phases (Tacchella et al. 2016a; El-Badry et al.
2016). Interestingly, Kohandel et al. (2025) find that one of their most
massive galaxies ("Amaryllis", log(M, [Mg]) = 10.3 at z = 7) has
a cored inner DM density profile which reflects the cusp—flattening
impact of baryonic feedback.

In the local Universe, star formation is smoother, with massive
star-forming galaxies growing more smoothly inside out once their
central bulges have developed. These massive galaxies undergo long-
lived stable growth episodes that could allow their DM profile to
stabilise around NFW profiles. On the other hand, dwarf galaxies
still have bursty star formation (Hopkins et al. 2014; Hayward &
Hopkins 2017; Hopkins et al. 2023), giving rise to their cores. It is
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also important to once again consider the evolution of sizes. These
dwarf galaxies have larger radii than low-mass galaxies at the same
mass in our sample. This naturally implies higher concentrations,
which could fuel processes of adiabatic contraction for which we see
evidence in Fig. 6.

Finally, we assess how sensitive our results are to the adopted
assumptions and discuss their potential impact on our conclusions.
Starting with the concentration, changing the value of ¢ affects the
distribution of o we find. Specifically, higher concentrations ¢ >
5 require more galaxies to have cored profiles @ < 1 in order to
reconcile the predicted fractions fpy with our measured ones. In
contrast, lower concentrations, ¢ < 3, would have the opposite effect.
The most important choice is the SMHM function, which directly
affects the normalization of our profiles and, hence, of the « values
that we infer. Studies based on simulations and empirical models at
high redshift suggest that the normalization of the SMHM relation is
higher than the Behroozi et al. (2019) one assumed in this work (e.g.
see Tacchella et al. 2018). This means that the halo mass M, at fixed
stellar mass M, is lower than predicted by the Behroozi et al. (2019)
relation, meaning our profiles would need to be even cuspier (higher
@) to reproduce our high fpy values. A last assumption is the choice
of profile for the fit, as other profiles such as the Einasto profile
(Einasto 1965), have also been shown to provide good fits to DM
profiles in cosmological simulations (Dutton & Maccio 2014). We
explored this profile and found no significant change in the observed
trends of cuspiness with fpy, SFRo/SFR g0, and M,.. However, our
points become more scattered in these parameter spaces. We chose
to study the modified NFW profile in the most detail because of the
direct comparison it offers with the NFW (e = 1) case (Eq. 18).

Although it is informative to discuss empirical model predictions
in the context of our results, it is also important to discuss caveats
of the measurements that could potentially reconcile our inferred
profiles with shapes closer to NFW. We discuss these in the next two



sections, focusing on the uncertainties in the baryonic and the DM
contents.

5.2 Uncertainties in the baryonic content

When calculating baryonic masses needed to infer gas and DM frac-
tions, we need to make some assumptions, of which we will now
discuss the implications. First, the stellar mass is inferred using the
SED-fitting code ProSPECTOR, a method with many advantages, but
also some degeneracies. We attempt to break some of the degen-
eracies by fixing the redshift to the grism spectroscopic redshift,
and by simultaneously fitting the photometry with the line fluxes of
the available emission lines (see Sec. 2). Despite this, we are not
fitting spectra and do not have strong constraints for all emission
lines, for instance, those constraining nebular metallicities and dust
content. Furthermore, our S/N cut implies selecting galaxies whose
young stellar population is dominating the SED. This may hamper
the detection of the underlying population of older stars, and hence
constraining the full SFH. This effect is called "outshining’ and can
cause an underestimate of the stellar masses, effectively only attribut-
ing the stellar mass to the more visible young stellar population (Bell
& de Jong 2001; Maraston et al. 2010; Leja et al. 2019; Tacchella
et al. 2023; Giménez-Arteaga et al. 2023). This would directly affect
the measurements of fpm < 0, alleviating the tension by increasing
the total baryonic mass.

Uncertainties in the stellar mass and SFRs are propagated into
the gas mass estimates derived using the scaling relation by Tac-
coni et al. (2018, 2020). This relation is calibrated out to z ~ 5.5,
and should hence provide a better estimate of the gas in our galax-
ies than relations calibrated at much lower redshifts (e.g. Kennicutt
1998). Nonetheless, the use of scaling relations does not necessar-
ily encompass the large variety of gas fractions observed at fixed
mass (e.g. McClymont et al. 2025¢), and could introduce biases. Im-
portantly, the Tacconi et al. (2020) relation is only calibrated above
log(M, [Mg]) 2 9. The extrapolation to the lower masses in our
sample results in very high gas fractions fg,s ~ 1.

5.3 Uncertainties in the DM content

The kinematic measurements, described in Danhaive et al. (2025a),
are the main factor driving the measurement of fpy through their
estimate of the dynamical mass. The key assumption made when
deriving the dynamical mass is that the measured velocity gradients
are tracing rotation of the gas around the galaxy. However, especially
at low masses, we cannot rule out the contribution of non-circular
motions, typically in the form of outflows (Carniani et al. 2024; Ivey
etal.2025), to our measurement of velocity gradients and dispersions.
Such a contribution would bias both quantities to higher values and
unphysically boost the inferred dynamical masses, and hence the DM
fractions. Also, albeit of smaller importance, the circular velocities
needed to compute the dynamical masses are inferred assuming a
virialised rotating disk with an exponential light profile. For galaxies
with larger Sérsic indices, this assumption can lead to biased results.
Furthermore, for pressure dominated systems, the choice of the pres-
sure support term multiplying the oy in Eq. 7 can lead to over or
under-estimates of the circular velocity (see Price et al. 2022, for
detailed analysis).

For the derived relations for both the gas and importantly the
DM fractions, we note that we suffer from incompleteness at the
low-mass end (log(M. [Mg]) < 9), which could significantly bias
our results. In order to obtain meaningful (i.e. resolved) kinematic
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Figure 7. Predicted black hole masses Mpy, assuming the local Mgy — Mgyn
relation from Kormendy & Ho (2013), as a function of stellar mass (circles).
We compare our measurements with the overmassive black holes reported
at high redshift (z = 4 — 11) from JWST (pink dots; Carnall et al. 2023;
Kokorev et al. 2023; Harikane et al. 2023; Matthee et al. 2024; Ubler et al.
2023; Maiolino et al. 2024b,a; Ubler et al. 2024; Greene et al. 2024; Furtak
et al. 2024; Juodzbalis et al. 2024; Natarajan et al. 2024), which lie well above
the local relation (purple dashed line; Reines & Volonteri 2015). The dashed
grey lines represent constant ratios of My /M. We find excellent agreement
with the parameter space spanned by these sources, suggesting the shift in the
Mpy — M, relation is consistent with the high gas and DM fractions found in
high redshift galaxies. This is consistent with results from McClymont et al.
(2025¢) following a similar approach to this work but with the THESAN-zoOM
simulations.

measurements for low-mass systems, they need to be not only bright
in He, but also have relatively large rotational velocity and/or velocity
dispersions. This could cause our fg,s to be biased high (due to the
high SFR requirement for the bright He) as well as our fpy (due to
the high circular velocities). Accounting for these selection effects
would move our observed medians closer to the simulations in Fig.
3. Within the paper, we discuss the observed trends, but cannot
make definitive conclusions about the behaviour at the low masses.
This also translates to incompleteness for galaxies with low baryonic
surface densities.

In this discussion, there is a last component that we have not con-
sidered, namely the presence of BHs in our galaxies. We investigate
this possibility in the next section.

5.4 Overmassive BHs

Although BHs typically represent a small fraction of the total mass,
with Mgy /M, < 1% at z ~ 0 (Reines & Volonteri 2015), they could
have non-negligible effects on the kinematics of their host galaxies
through potentially disruptive feedback mechanisms. Furthermore,
many recent studies have reported over-massive BHs in the early
Universe, with high Mgy /M, ratios (Carnall et al. 2023; Kokorev
et al. 2023; Harikane et al. 2023; Ubler et al. 2023; Maiolino et al.
2024b,a; Ubler et al. 2024; Furtak et al. 2024; Natarajan et al. 2024;
JuodZbalis et al. 2025a) and in some cases even high Mpy/Mayn
ratios (D’Eugenio et al. 2025; Ji et al. 2025; JuodZbalis et al. 2025b)
relative to the local scaling relations.

In order to investigate the presence of BHs in our galaxies, and
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quantify their potential contributions to our measured DM fractions,
we derive BH masses using the My — Mgy, relations from Kormendy
& Ho (2013), which has been shown to hold at high redshift for most
cases (Maiolino et al. 2024b; Juodzbalis et al. 2025b). We show our
results on Fig. 7.

We find BH masses spanning a wide range (log(Mpy [Me]) =
6.5 — 9) and BH-to-stellar mass ratios (Mgy/M, = 0.001 — 1).
Interestingly, our sample overlaps with most of the over-massive
BHs reported at high redshift. This suggests that, given a fixed Mgy —
Mgy, relation like we have assumed here, these over-massive black
holes (relative to the Mgy — M, plane) are a natural consequence
of the high gas and DM fractions found at high redshift (Fig. 4.1).
This is consistent with the results from McClymont et al. (2025c),
who applied a similar semi-empirical approach to the THESAN-zOOM
simulations, whose model does not include black holes, to predict
black hole masses in the post-processing. Our results imply that
ratios of Mpy/M, =~ 0.1 would be common at high-redshift, and
that black holes grow faster at early times, in comparison to the
stellar content, than at late times. Because both growth mechanisms
require gas inflow, the gas must collapse enough to accrete on to
the black hole but without forming many stars. Black hole growth
would need to differ at high redshift in order to reproduce these high
Mgy /M, ratios. However, confirming the presence of black holes
at high redshift has proven difficult with our current emission line
diagnostics (e.g. Mazzolari et al. 2024; Scholtz et al. 2025; Ivey
et al. 2025), and various emission line ratios need to be detected
spectroscopically, which we do not probe with the grism data used
in this work. Also, many models expect that the bulk of the BH
population at high-z should be dormant (e.g. Schneider et al. 2023;
Trinca et al. 2024), with short duty cycles for accretion, meaning that
we would not expect to see evidence of accreting BHs.

We note that the lower mass systems log(M, [Mg]) < 8 in our
sample have abnormally high dynamical masses, leading to high pre-
dictions of Mgy, pointing to a likely contribution from non-circular
motions, as also shown in Sec. 3. For the remainder of the systems,
our findings imply that the BHs could have a significant impact on
their host galaxies. Although including their masses in our calculation
of fpm does not strongly affect these measurements, due to the small
Mgy /Mgy, values (Kormendy & Ho 2013), those who are accret-
ing could affect the kinematics of the surrounding gas and introduce
biases in the measurement of Mgy,. If present, these AGNs could
be categorized as Type-II, narrow-line AGNs, and hence would not
be detected through the broadening of emission lines caused by the
broad-line region. Nonetheless, AGN-driven outflows in low-mass
galaxies would have similar velocities to those measured in this work
(v ~ 100 — 200 km/s, e.g. Ivey et al. 2025), and could hence boost
our measured DM fractions.

6 SUMMARY & CONCLUSIONS

This work presents the dynamical mass measurements of 163 Ha
emitters at z ~ 4—6 from the FRESCO and CONGRESS JWST grism
surveys in the GOODS fields. We model the kinematics of the Ha
emission line using forward-modelling and fitting of the grism data
with Gexo (Danhaive & Tacchella 2025), recovering in particular
rotational velocities and velocity dispersions. Using our measured
dynamical masses from our modelling, stellar masses inferred from
SED modelling, and gas masses estimated from the Tacconi et al.
(2020) scaling relation, we obtain the gas fractions (fgs) and DM
fractions (fpm) within the He half-light radius (7). We summarize
our main findings here:
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— The log(My [Mg]) =~ 7 — 10 star-forming galaxies in
our sample have relatively high dynamical masses in the range
log(Mgyn [Mo]) = 9 — 11. At fixed stellar mass, there is large scat-
ter in the dynamical masses, indicative of unsettled kinematics. This
scatter naturally manifests itself in the Tully—Fisher plane, suggesting
that the relation is only beginning to emerge at z ~ 5.

— Our galaxies have, on average, high molecular gas and DM
fractions, with sample medians < fg,s >= 0.77 and < fpm >= 0.73.
We find that ~ 67% of our galaxies are DM dominated with their
re ~ 0.5 —1kpc, fom > 0.5. Nonetheless, our fractions fpm span
the full range of the parameter space.

— We find evidence for a negative dependence of fpym on stellar
mass M, as parametrized by Eq. 14. Specifically, we find @ = 0.28 +
0.05, with low-mass (log(Myx [Mg]) < 9) galaxies showing high DM
fractions and higher mass galaxies (log(My [Mg]) > 9) showing a
larger diversity, with typically lower fpm.

— We find an anti-correlation (p = —0.56, p < 0.001) between
fbm and the baryonic surface density Xy, within 7., consistent with
but weaker than its counterpart at cosmic noon and the local Universe.
The galaxies in our sample have high baryonic surface densities
comparable to those of more massive galaxies at cosmic noon, caused
by their compactness and high central gas fractions.

— Our high DM fractions are consistent with the predicted pro-
genitor populations of z ~ 2 baryon-dominated systems, as shown by
a comparison with the TNG50 and THEsAN-zooM simulations. These
high fractions are expected for low-mass galaxies at all redshifts.

— Assuming a modified NFW profile, a stellar-to-halo mass func-
tion, and a DM profile concentration, we qualitatively explore the
predicted shape of the underlying DM halo density profile for our
sample. We find that the higher-mass, baryon-dominated systems
would need a cored profile to reconcile their low fractions. This core
could have been induced by repeated bursts of star formation. In
contrast, the low-mass, high fpym systems are consistent with cuspier
DM profiles, suggesting adiabatic contraction pulling more DM into
the central regions.

— Finally, we find that our elevated fg,s and fpwm naturally antici-
pate the population of over-massive black holes found with JWST at
high-redshift, when assuming a My — Mgy, relation.

Our study extends, for the first time, measurements of DM frac-
tions to large statistical samples at high redshift, advancing beyond
previous analyses focused on ionised-gas kinematics at cosmic noon.
Although our inferences rely on several necessary assumptions, they
provide a valuable framework for placing spatially resolved mea-
surements of individual systems into a broader population context.
Most importantly, this work establishes a foundation for probing
DM haloes through high-redshift observations, which is an essential
step toward understanding how baryons and dark matter interact and
co-evolve during the early stages of galaxy formation.
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APPENDIX A: SUPPLEMENTARY FIGURES

In Figure A1, we present additional diagnostic plots that comple-
ment the main analysis. This figure illustrates the relation between
the inferred inner DM slope @ and the DM fraction fpm, colour-
coded by stellar mass and Sérsic index. The trends shown here are


http://dx.doi.org/10.1126/science.abc1893
https://ui.adsabs.harvard.edu/abs/2021Sci...371..713L
http://dx.doi.org/10.1088/0004-6256/136/6/2782
https://ui.adsabs.harvard.edu/abs/2008AJ....136.2782L
http://dx.doi.org/10.1051/0004-6361/202243916
https://ui.adsabs.harvard.edu/abs/2022A&A...665A.143L
http://dx.doi.org/10.48550/arXiv.2504.08028
https://ui.adsabs.harvard.edu/abs/2025arXiv250408028L
http://dx.doi.org/10.1093/mnras/sty684
https://ui.adsabs.harvard.edu/abs/2018MNRAS.477..219M
http://dx.doi.org/10.1146/annurev-astro-081811-125615
https://ui.adsabs.harvard.edu/abs/2014ARA&A..52..415M
http://dx.doi.org/10.1038/s41586-024-07052-5
https://ui.adsabs.harvard.edu/abs/2024Natur.627...59M
http://dx.doi.org/10.1051/0004-6361/202347640
https://ui.adsabs.harvard.edu/abs/2024A&A...691A.145M
http://dx.doi.org/10.1111/j.1365-2966.2010.16973.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.407..830M
http://dx.doi.org/10.1086/339319
https://ui.adsabs.harvard.edu/abs/2002ApJ...569..101M
http://dx.doi.org/10.1051/0004-6361/201321390
https://ui.adsabs.harvard.edu/abs/2013A&A...557A.131M
http://dx.doi.org/10.1093/mnras/stt297
https://ui.adsabs.harvard.edu/abs/2013MNRAS.432.1947M
http://dx.doi.org/10.3847/1538-4357/ad2345
https://ui.adsabs.harvard.edu/abs/2024ApJ...963..129M
http://dx.doi.org/10.48550/arXiv.2404.10811
https://ui.adsabs.harvard.edu/abs/2024arXiv240410811M
http://dx.doi.org/10.48550/arXiv.2503.00106
https://ui.adsabs.harvard.edu/abs/2025arXiv250300106M
http://dx.doi.org/10.48550/arXiv.2503.04894
https://ui.adsabs.harvard.edu/abs/2025arXiv250304894M
http://dx.doi.org/10.48550/arXiv.2506.13852
https://ui.adsabs.harvard.edu/abs/2025arXiv250613852M
http://dx.doi.org/10.1086/432968
https://ui.adsabs.harvard.edu/abs/2005ApJ...632..859M
http://dx.doi.org/10.1088/0004-6256/143/2/40
https://ui.adsabs.harvard.edu/abs/2012AJ....143...40M
http://dx.doi.org/10.1086/312628
https://ui.adsabs.harvard.edu/abs/2000ApJ...533L..99M
http://dx.doi.org/10.1093/mnras/stw2759
https://ui.adsabs.harvard.edu/abs/2017MNRAS.465...76M
http://dx.doi.org/10.1086/161132
https://ui.adsabs.harvard.edu/abs/1983ApJ...270..384M
http://dx.doi.org/10.1088/0004-637X/741/2/115
https://ui.adsabs.harvard.edu/abs/2011ApJ...741..115M
http://dx.doi.org/10.1038/370629a0
https://ui.adsabs.harvard.edu/abs/1994Natur.370..629M
http://dx.doi.org/10.1088/0004-637X/710/2/903
https://ui.adsabs.harvard.edu/abs/2010ApJ...710..903M
http://dx.doi.org/10.3847/2041-8213/ad0e76
https://ui.adsabs.harvard.edu/abs/2024ApJ...960L...1N
http://dx.doi.org/10.1086/304888
https://ui.adsabs.harvard.edu/abs/1997ApJ...490..493N
http://dx.doi.org/10.3847/0004-637X/828/1/27
https://ui.adsabs.harvard.edu/abs/2016ApJ...828...27N
http://dx.doi.org/10.1093/mnras/stz2306
https://ui.adsabs.harvard.edu/abs/2019MNRAS.490.3234N
http://dx.doi.org/10.3847/1538-4357/aca9cf
https://ui.adsabs.harvard.edu/abs/2023ApJ...944...78N
http://dx.doi.org/10.1088/0004-637X/767/2/104
https://ui.adsabs.harvard.edu/abs/2013ApJ...767..104N
http://dx.doi.org/10.1111/j.1365-2966.2007.11533.x
https://ui.adsabs.harvard.edu/abs/2007MNRAS.376.1513N
http://dx.doi.org/10.1093/mnras/stad2411
https://ui.adsabs.harvard.edu/abs/2023MNRAS.525.2864O
http://dx.doi.org/10.48550/arXiv.2501.11674
https://ui.adsabs.harvard.edu/abs/2025arXiv250111674P
http://dx.doi.org/10.21105/joss.05703
https://ui.adsabs.harvard.edu/abs/2023JOSS....8.5703P
http://dx.doi.org/10.1046/j.1365-8711.2000.03779.x
https://ui.adsabs.harvard.edu/abs/2000MNRAS.318.1144P
http://dx.doi.org/10.1093/mnras/278.1.27
https://ui.adsabs.harvard.edu/abs/1996MNRAS.281...27P
http://dx.doi.org/10.48550/arXiv.2510.01327
https://ui.adsabs.harvard.edu/abs/2025arXiv251001327P
http://dx.doi.org/10.1093/mnras/stz2338
https://ui.adsabs.harvard.edu/abs/2019MNRAS.490.3196P
http://dx.doi.org/10.1051/0004-6361/201833910
https://ui.adsabs.harvard.edu/abs/2020A&A...641A...6P
http://dx.doi.org/10.1111/j.1365-2966.2012.20571.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.421.3464P
http://dx.doi.org/10.1038/nature12953
https://ui.adsabs.harvard.edu/abs/2014Natur.506..171P
http://dx.doi.org/10.3847/2041-8213/acdf5a
https://ui.adsabs.harvard.edu/abs/2023ApJ...951L..46P
http://dx.doi.org/10.3847/0004-637X/819/1/80
https://ui.adsabs.harvard.edu/abs/2016ApJ...819...80P
http://dx.doi.org/10.3847/1538-4357/ab7990
https://ui.adsabs.harvard.edu/abs/2020ApJ...894...91P
http://dx.doi.org/10.1051/0004-6361/202244143
https://ui.adsabs.harvard.edu/abs/2022A&A...665A.159P
http://dx.doi.org/10.1111/j.1365-2966.2004.08424.x
https://ui.adsabs.harvard.edu/abs/2005MNRAS.356..107R
http://dx.doi.org/10.1093/mnras/stw713
https://ui.adsabs.harvard.edu/abs/2016MNRAS.459.2573R
http://dx.doi.org/10.1088/0004-637X/813/2/82
https://ui.adsabs.harvard.edu/abs/2015ApJ...813...82R
http://dx.doi.org/10.1111/j.1365-2966.2011.19415.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.417.2347R
http://dx.doi.org/10.3847/1538-4365/acf44d
https://ui.adsabs.harvard.edu/abs/2023ApJS..269...16R
http://dx.doi.org/10.1038/s41586-020-2572-6
https://ui.adsabs.harvard.edu/abs/2020Natur.584..201R
http://dx.doi.org/10.1093/mnras/stab2295
https://ui.adsabs.harvard.edu/abs/2021MNRAS.507.3952R
http://dx.doi.org/10.3847/1538-4357/ad463d
https://ui.adsabs.harvard.edu/abs/2024ApJ...970...31R
http://dx.doi.org/10.1093/mnras/stx1172
https://ui.adsabs.harvard.edu/abs/2017MNRAS.470..651R
http://dx.doi.org/10.1093/mnras/stad530
https://ui.adsabs.harvard.edu/abs/2023MNRAS.521.1045R
http://dx.doi.org/10.1093/mnras/stae2217
https://ui.adsabs.harvard.edu/abs/2024MNRAS.535.2068R
http://dx.doi.org/10.1086/158003
https://ui.adsabs.harvard.edu/abs/1980ApJ...238..471R
http://dx.doi.org/10.1086/162866
https://ui.adsabs.harvard.edu/abs/1985ApJ...289...81R
http://dx.doi.org/10.3847/1538-4365/aa97e0
https://ui.adsabs.harvard.edu/abs/2017ApJS..233...22S
http://dx.doi.org/10.48550/arXiv.2501.17145
https://ui.adsabs.harvard.edu/abs/2025arXiv250117145S
http://dx.doi.org/10.1093/mnras/stad2503
https://ui.adsabs.harvard.edu/abs/2023MNRAS.526.3250S
http://dx.doi.org/10.1051/0004-6361/202348804
https://ui.adsabs.harvard.edu/abs/2025A&A...697A.175S
http://dx.doi.org/10.1093/mnras/stw1010
https://ui.adsabs.harvard.edu/abs/2016MNRAS.460.1382S
http://dx.doi.org/10.1088/0067-0049/219/2/15
https://ui.adsabs.harvard.edu/abs/2015ApJS..219...15S
http://dx.doi.org/10.1051/0004-6361/202243136
https://ui.adsabs.harvard.edu/abs/2022A&A...664A..61S
http://dx.doi.org/10.1051/0004-6361/202452570
https://ui.adsabs.harvard.edu/abs/2025A&A...695A..20S
http://dx.doi.org/10.1111/j.1365-2966.2007.12153.x
https://ui.adsabs.harvard.edu/abs/2007MNRAS.380..877S
http://dx.doi.org/10.1093/mnras/stae2537
https://ui.adsabs.harvard.edu/abs/2024MNRAS.535.2998S
http://dx.doi.org/10.48550/arXiv.2508.04410
https://ui.adsabs.harvard.edu/abs/2025arXiv250804410S
http://dx.doi.org/10.3847/0004-637X/830/1/14
https://ui.adsabs.harvard.edu/abs/2016ApJ...830...14S
http://dx.doi.org/10.1046/j.1365-8711.2003.06503.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.341.1311S
http://dx.doi.org/10.1088/0004-637X/752/2/163
https://ui.adsabs.harvard.edu/abs/2012ApJ...752..163S
http://dx.doi.org/10.1088/0067-0049/214/2/15
https://ui.adsabs.harvard.edu/abs/2014ApJS..214...15S
https://ui.adsabs.harvard.edu/abs/2014ApJS..214...15S
http://dx.doi.org/10.1103/PhysRevLett.84.3760
https://ui.adsabs.harvard.edu/abs/2000PhRvL..84.3760S
http://dx.doi.org/10.3847/1538-4357/acd53c
https://ui.adsabs.harvard.edu/abs/2023ApJ...953...53S
http://dx.doi.org/10.1093/mnras/stw131
https://ui.adsabs.harvard.edu/abs/2016MNRAS.457.2790T
http://dx.doi.org/10.1093/mnras/stw303
https://ui.adsabs.harvard.edu/abs/2016MNRAS.458..242T
http://dx.doi.org/10.3847/1538-4357/aae8e0
https://ui.adsabs.harvard.edu/abs/2018ApJ...868...92T
http://dx.doi.org/10.1093/mnras/staa1838
https://ui.adsabs.harvard.edu/abs/2020MNRAS.497..698T
http://dx.doi.org/10.1093/mnras/stad1408
https://ui.adsabs.harvard.edu/abs/2023MNRAS.522.6236T
http://dx.doi.org/10.3847/1538-4357/aaa4b4
https://ui.adsabs.harvard.edu/abs/2018ApJ...853..179T
http://dx.doi.org/10.1146/annurev-astro-082812-141034
https://ui.adsabs.harvard.edu/abs/2020ARA&A..58..157T
http://arxiv.org/abs/astro-ph/0612255
http://dx.doi.org/10.1142/9789812770288_0079
http://dx.doi.org/10.1093/mnras/stw936
https://ui.adsabs.harvard.edu/abs/2016MNRAS.460..103T
http://dx.doi.org/10.48550/arXiv.2412.14248
https://ui.adsabs.harvard.edu/abs/2024arXiv241214248T
https://ui.adsabs.harvard.edu/abs/1977A&A....54..661T
http://dx.doi.org/10.3847/1538-4357/aa7558
https://ui.adsabs.harvard.edu/abs/2017ApJ...842..121U
http://dx.doi.org/10.1093/mnras/staa3464
https://ui.adsabs.harvard.edu/abs/2021MNRAS.500.4597U
http://dx.doi.org/10.48550/arXiv.2302.06647
https://ui.adsabs.harvard.edu/abs/2023arXiv230206647U
http://dx.doi.org/10.1093/mnras/stae1993
https://ui.adsabs.harvard.edu/abs/2024MNRAS.533.4287U
http://dx.doi.org/10.1111/j.1365-2966.2006.10605.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.371.1173V
http://dx.doi.org/10.1093/mnras/stz3348
https://ui.adsabs.harvard.edu/abs/2020MNRAS.491.5188W
http://dx.doi.org/10.3847/1538-4357/ad20ed
https://ui.adsabs.harvard.edu/abs/2024ApJ...962..176W
http://dx.doi.org/10.1146/annurev-astro-081817-051756
https://ui.adsabs.harvard.edu/abs/2018ARA&A..56..435W
http://dx.doi.org/10.3847/1538-4365/acf130
https://ui.adsabs.harvard.edu/abs/2023ApJS..268...64W
http://dx.doi.org/10.3847/0004-637X/831/2/149
https://ui.adsabs.harvard.edu/abs/2016ApJ...831..149W
http://dx.doi.org/10.48550/arXiv.2504.07185
https://ui.adsabs.harvard.edu/abs/2025arXiv250407185Y
http://dx.doi.org/10.1093/mnras/stac3483
https://ui.adsabs.harvard.edu/abs/2023MNRAS.519.4479Z
http://dx.doi.org/10.1051/0004-6361/202347755
https://ui.adsabs.harvard.edu/abs/2024A&A...684A..87D
http://dx.doi.org/10.3847/2041-8213/ad4c65
https://ui.adsabs.harvard.edu/abs/2024ApJ...967L..40D
http://dx.doi.org/10.3847/1538-4357/ac1f29
https://ui.adsabs.harvard.edu/abs/2021ApJ...923...11V

DM fractions of high-z galaxies 17

F T T T F ™ T T ] 4.0
3.0 - - [ ]

L ® This work L ® ]
o5 I_ = NFW (a=1) I_ ° _I 3.5
“ I @ Running median - ° .. 2 . ] 1

C E %P o b. p ® 1 [483.0
2.0 [ = . of e/ 111

r r : @*% o ° 1 1125

; # *Rf : €3 .0 ° 1 19%° .
1.5 4 adiabat’ [d fadiabati ] g

S C 2oilatr:ction () LIRA 11 C 2oilatr:cltcio: N ] ] g

L ) (] B ] - 2.0
1.0 F :-;ﬁ‘—-'—-— I < 1 |1
R O () L @ [e] i ]

C ® B o ]

r C 1 (3115
05 CT - Ooﬁo Pe0 % g

L L ® O R

o ! Q>6 g 57%°% ] 1.0
00fo o 04 S - 0009%o o .

L P Ll P i | | Ll ] 0.5

0.0 0.2 0.4 0.6 0.8 1.0 7 8 9 10 11
fom(r < Re) log(Mx [Mo])

Figure A1. Estimated slope « of the inner DM density profile for a modified NFW distribution (Eq. 18) as a function of measured DM fractions (left) and stellar
mass (right). A value of @ = 1 represents the classical NFW profile, whereas @ < 1 corresponds to a cored profile, and a > 1 to a cuspier profile. We find that
galaxies with seemingly steeper DM profiles (@ > 1) coincide with steeper light distributions (n > 1) as probed by the UV stellar continuum. To highlight this,
we colour-code the galaxies by the Sérsic index nyy, applying LOESS smoothing (Cappellari et al. 2013b).

consistent with those discussed in Section 5, reinforcing that galaxies
with lower fpy tend to exhibit shallower inner density slopes, while
systems with higher fpy favour cuspier profiles. Although the scat-
ter is substantial, these correlations support the interpretation that
the interplay between baryonic concentration and halo response is
already shaping the inner DM structure at z ~ 5.
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