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ABSTRACT

We present a kinematic analysis of the main-sequence galaxy HZ4 at z = 5.5. Our study is based on deep, spatially resolved observa-
tions of the [C ii] 158 µm transition obtained with the Atacama Large Millimeter/Submillimeter Array (ALMA). From the combined
analysis of the disk morphology, the 2D velocity structure, and forward modeling of the 1D velocity and velocity dispersion profiles,
we conclude that HZ4 has a regular rotating disk in place. The intrinsic velocity dispersion in HZ4 is high (σ0 = 65.8+2.9

−3.3 km s−1), and
the ratio between the rotational velocity and the intrinsic velocity dispersion is Vrot/σ0 = 2.2. These values are consistent with the
expectations from the trends of increasing σ0 and decreasing Vrot/σ0 as a function of the redshift observed in main-sequence galaxies
up to z ≈ 4. Galaxy evolution models suggest that the high level of turbulence observed in HZ4 can only be achieved if, in addition
to stellar feedback, there is radial transport of gas within the disk. Finally, we find that HZ4 is baryon-dominated on galactic scales
(.2 × Re), with a dark-matter fraction at one effective radius of fDM(Re) = 0.41+0.25

−0.22. This value is comparable to the dark-matter
fractions found in lower redshift galaxies that could be the descendants of HZ4: massive (M? ≈ 1011 M�), star-forming galaxies at
z ∼ 2, and passive, early-type galaxies at z ≈ 0.
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1. Introduction

The study of galaxy kinematics can provide answers to some of
the most fundamental questions about galaxy formation and evo-
lution. These include determining the epoch when galaxies form
their disks, the distribution of baryon and dark matter within
galaxies, and the dynamical state of galaxies as a function of
cosmic time. From early kinematic analyses of nearby galaxies
(e.g., Rubin & Ford 1970; Sofue & Rubin 2001), to more recent
studies of high redshift systems thanks to powerful interferome-
ters and integral-field unit (IFU) systems, especially with adap-
tive optics (e.g., Förster Schreiber & Wuyts 2020), we can now
start connecting the kinematic properties of the very early galax-
ies to their likely descendants.

Based on deep, spatially resolved observations of the Hα
and CO transitions in star-forming galaxies between 0 . z .
3, we have learned that: (1) the amount of turbulence in the

interstellar medium (ISM) – measured by the intrinsic gas
velocity dispersion – increases as a function of redshift (e.g.,
Genzel et al. 2006; Förster Schreiber et al. 2006; Cresci et al.
2009; Kassin et al. 2012; Stott et al. 2016; Johnson et al. 2018;
Übler et al. 2019); (2) galaxy disks are more dynamically tur-
bulent (or dynamically hot) at higher redshift, quantified by the
ratio between the rotational velocity and the intrinsic velocity
dispersion (e.g., Law et al. 2009; Förster Schreiber et al. 2009;
Simons et al. 2017; Wisnioski et al. 2015, 2019); and (3) more
than half of the massive, star-forming galaxies at z ∼ 1−2 are
baryon-dominated on galactic scales (e.g., Wuyts et al. 2016;
Lang et al. 2017; Übler et al. 2018; Genzel et al. 2017, 2020;
Price et al. 2021). These observational results point to the impor-
tance of stellar feedback, clump formation, and gas trans-
port in the evolution of galaxies (e.g., Dekel & Burkert 2014;
Ostriker & Shetty 2011; Bournaud et al. 2014; Krumholz et al.
2018).
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The kinematic properties of star-forming galaxies at z & 4
remain relatively unexplored. This situation, however, is rapidly
changing, thanks to observations of the [C ii] 158 µm fine-
structure line. The [C ii] transition originates from the collisional
excitation of C+ ions by electrons, H2 molecules, and – to the
advantage of kinematic studies – H atoms. For now, observa-
tions of the H i 21 cm line in high redshift galaxies are out of
reach. This makes the [C ii] transition an excellent alternative to
trace the outer disk of distant galaxies (e.g., de Blok et al. 2016;
Fujimoto et al. 2019, 2020; Herrera-Camus et al. 2021).

Between z ∼ 4−6, a morpho-kinematic analysis of 29 star-
forming galaxies based on [C ii] line observations, with mod-
est angular resolution (∼1′′ or ∼6.5 kpc at z = 5), indicates
a diversity of kinematic types, including rotators, dispersion-
dominated systems, and mergers (Jones et al. 2021). This result
is confirmed by the handful of spatially resolved [C ii] obser-
vations available for typical star-forming galaxies probing the
main-sequence population in the stellar mass (M?) – star for-
mation rate (SFR) plane at z & 4. Evidence for rotating disks
has been found in two Lyman break galaxies at z ≈ 6.8
(Smit et al. 2018), one absorption-selected galaxy at z = 4.2
(Neeleman et al. 2020), and a five dusty, star-forming galaxies at
z ≈ 4 (Rizzo et al. 2020, 2021). There are also examples of com-
plex kinematics, including a potential interaction between three
systems (Riechers et al. 2013) and two star-forming galaxies in
the process of merging (Ginolfi et al. 2020). In the near future,
the Atacama Large Millimeter/Submillimeter Array (ALMA),
the Northern Extended Millimeter Array (NOEMA), and the
James Webb Space Telescope (JWST) will continue to contribute
to the rapid increase in kinematic studies of high-redshift, star-
forming galaxies.

In this Letter, we present one of the most complete kine-
matic analyses to date of a main-sequence, star-forming galaxy
at z ≈ 5. For this, we use deep, spatially resolved [C ii] line
observations of the star-forming galaxy HZ4 at z = 5.5 (M? =
1010.15 M�, SFR = 40.7 M� yr−1; Faisst et al. 2020). The obser-
vations and the analysis of the morphology, ISM, extended emis-
sion (or “halo”), and outflow properties of HZ4 are presented in
Herrera-Camus et al. (2021, hereafter Paper I).

2. Observations and data reduction

For a detailed description of the observations and data reduc-
tion, we refer to Paper I. HZ4 was observed with ALMA for a
total of 8.4 h (4.7 h on source) as part of project 2018.1.01605.S
(PI: Herrera-Camus). The observations were carried out in
the C34-4 configuration in Band 7. The data were processed
using the Common Astronomy Software Applications package
(CASA; McMullin et al. 2007) version 5.6.2. Using the CASA
task tclean and the Multi-Scale CLEAN algorithm (Cornwell
2008), we generated a [C ii] cube with a synthesized beam size
of θbeam = 0.39′′ × 0.34′′. The velocity resolution of the [C ii]
cube is 16 km s−1. This is at least a factor ∼4 higher than the best
spectral resolution that can be achieved in near-infrared observa-
tions, so the line spread effect is negligible.

3. Results and analysis

3.1. Basic kinematic properties

We created 2D kinematic maps of HZ4 by fitting a Gaussian pro-
file to the [C ii] line emission in each pixel and by accounting for
the systemic velocity. Figure 1 shows the resulting velocity field
(first moment; top left) and the velocity dispersion map (second

moment; top right). The kinematic center is defined from the
combination of the centrally peaked velocity dispersion and the
location of the steepest gradient in the velocity field, resulting in
the position RA +09:58:28.5 and Dec +02:03:06.3 (gray cross
in Fig. 1). The major kinematic axis is determined from the 2D
velocity field as the angle at which the radial velocity profile,
centered in the kinematic center, includes the largest observed
velocity difference. This results in a position angle (PA) of 200◦
measured anticlockwise from north to the receding side of the
galaxy (or 20◦ measured east of north; gray line in Fig. 1).

Based on a an initial kinematic analysis, we find that HZ4
fulfills, at minimum, four main characteristics of a rotating disk
as described in Förster Schreiber & Wuyts (2020). First, there is
a smooth velocity gradient observed across the galaxy. Second,
the kinematic major axis is aligned with the [C ii] morphologi-
cal major axis, which has a PA = 17.7◦ measured east from north
(Paper I). Third, HZ4 has a centrally peaked velocity dispersion
distribution. Fourth, the kinematic center and the morphological
center (see Paper I) are spatially coincident, separated by a pro-
jected distance of only ∼0.2′′ (∼1 kpc), which is smaller than the
beam size. These basic kinematic properties suggest that HZ4
has a smooth, rotating disk in place at z ≈ 5.5. The modeling and
discussion of the kinematics properties of HZ4 are presented in
Sect. 4.

3.2. Rotation curve and velocity dispersion profile

We constructed the rotation curve and velocity dispersion profile
from the [C ii] cube by placing 0.4′′ diameter apertures (approxi-
mate beam size) along the kinematic major axis, separated every
∼0.1′′. We emphasize that for the purpose of our analysis, the
major-axis information provides the strongest constraints on the
disk models we used (see Sect. 3.3). The resulting velocity and
dispersion profiles are shown in the bottom panels of Fig. 1.

The rotation curve of HZ4 is more extended in the northeast
(approaching) side, and reaches out to ∼1′′. This corresponds
to a projected physical distance of ∼6 kpc, or ∼2× the effective
radius Re (as measured from fitting an exponential disk profile to
the integrated [C ii] emission, Paper I). The rotation curve peaks
at an observed projected velocity of 80 km s−1 at a distance of
∼1.2 × Re from the center, and then drops down to 60 km s−1 at
∼2 × Re. Dropping rotation curves have also been observed in
massive, star-forming galaxies at z ∼ 1−2 (Genzel et al. 2017,
2020; Lang et al. 2017). As we discuss in more detail in Sect. 4,
these can be interpreted as the combination of low central dark-
matter fractions and/or the effect of asymmetric drift due to high
intrinsic velocity dispersions (e.g., Burkert et al. 2010).

3.3. Kinematic modeling

We simultaneously modeled the velocity and velocity disper-
sion profiles extracted along the major kinematic axis using
an updated version of the fully 3D parametric code DYS-
MAL (Cresci et al. 2009; Davies et al. 2011; Wuyts et al. 2016;
Übler et al. 2018; Price et al. 2021). DYSMAL uses a forward-
modeling approach and accounts for all important observational
effects, including spatial beam smearing. The code creates a
3D mass model, forward model to produce a 3D spectroscopy
cube, from which we extracted the 1D profiles in the same fash-
ion as the observations. These were then compared to the data
using a Markov chain Monte Carlo (MCMC) sampling proce-
dure (EMCEE, Foreman-Mackey et al. 2013). A detailed descrip-
tion of the DYSMAL modeling of the HZ4 data can be found
in Appendix A. Free parameters in our modeling are the total
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R. Herrera-Camus et al.: Kiloparsec view of a typical star-forming galaxy when the Universe was ∼1 Gyr old. II.

Fig. 1. Kinematic structure of HZ4 as traced by the [C ii] line emission. Top: [C ii] velocity field (left) and velocity dispersion map (right) of HZ4.
The ALMA synthesized beam (θ = 0.39′′ × 0.34′′) is shown in the bottom-left corner. Bottom: rotation curve and velocity dispersion profiles
extracted employing a pseudo-slit oriented along the kinematic major axis shown by the gray solid line in the upper panels, where the kinematic
center is shown with a gray cross. The solid black line in both panels represents the best-fit DYSMAL model beam-convolved to the observed
space.

baryonic mass (Mbar), the effective radius (Re), the intrinsic
velocity dispersion (σ0), and the enclosed dark-matter fraction
within one effective radius ( fDM(Re)). From the MCMC analysis,
the maximum a posteriori values of the free parameters (found
by jointly analyzing the posteriors of all free parameters) are
the following: log10(Mbar/M�) = 10.38+0.25

−0.13, Re = 3.4+0.5
−0.3 kpc,

fDM(Re) = 0.41+0.25
−0.22, and σ0 = 65.8+2.9

−3.3 km s−1. We consider
these parameters as the model that best describe our data. The
corresponding model velocity and velocity dispersion profiles
in the observed space are shown as black solid lines in Fig. 1.
The resulting baryonic mass translates into a high model-based
gas fraction of Mgas/M? = (Mbar − M?)/M? = 0.7, compa-
rable to the mean [C ii]-based gas mass fraction measured in
main-sequence, star-forming galaxies between 5.1 < z < 5.9
(Dessauges-Zavadsky et al. 2020).

4. Discussion

4.1. Velocity dispersion and disk stability over cosmic time

The intrinsic gas velocity dispersion of main-sequence star-
forming galaxies has been observed to increase as a function of
redshift at least up to z ∼ 4 (e.g., Förster Schreiber et al. 2006;
Kassin et al. 2007; Genzel et al. 2011; Wisnioski et al. 2015;
Turner et al. 2017; Simons et al. 2017; Johnson et al. 2018;

Übler et al. 2019; Livermore et al. 2015). This evolution is con-
sistent with the observed increase in the molecular gas fractions
with redshift (e.g., Tacconi et al. 2020): if galaxy disks grow
in a marginally stable equilibrium state with Toomre param-
eter Q ∼ 1, then it is expected that Vrot/σ0 ∝ 1/ fgas (e.g.,
Genzel et al. 2011; Glazebrook 2013; Wisnioski et al. 2015).

Figure 2 shows the evolution of σ0 observed in main-
sequence galaxies as a function of redshift. The points corre-
spond to the averages of several galaxy surveys and individ-
ual measurements in the ionized and atomic and/or molecular
gas, measured and/or compiled by Übler et al. (2019). The high
intrinsic velocity dispersion inferred from the kinematic mod-
eling of HZ4 (σ0 ≈ 65 km s−1) is consistent with the extrapo-
lation up to redshift z ≈ 5 of the scaling relations derived for
main-sequence galaxies. This is in line with the expectations
from the observed increase in the cold gas fraction with redshift
(Tacconi et al. 2018, 2020), of which HZ4 is no exception with
a cold gas mass fraction of Mgas/M? = 0.7 at z ≈ 5.5.

We note that Vrot/σ0 is a measure of the dynamical sup-
port contributed by rotation versus random motions. We inferred
from the kinematic modeling a value of Vrot/σ0 = 2.2. As
Fig. 2 shows, this value is consistent with the evolution observed
in main-sequence galaxies (Wisnioski et al. 2015, 2019, and
references therein), and it is above the threshold assumed
for an equal contribution to the dynamical support of disks
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Fig. 2. Evolution of the intrinsic velocity dispersion (σ0; left) and the disk dynamical support (Vrot/σ0; right) as a function of redshift. HZ4 at z ≈ 5
is shown as an orange diamond. Left panel: circles show average values from different surveys of ionized (blue) and atomic and/or molecular gas
(gray). These include the following: DYNAMO (diamonds; Fisher et al. 2019; Girard et al. 2021); HERACLES, THINGS, and EDGE (triangles;
Leroy et al. 2008, 2009; Mogotsi et al. 2016; Bolatto et al. 2017); KMOS3D and SINS/zC-SINF (squares; Förster Schreiber et al. 2006, 2009;
Wisnioski et al. 2015, 2019; Übler et al. 2019); PHIBSS (circles; Tacconi et al. 2013; Freundlich et al. 2019); and GHASP/KDS/KROSS (stars;
Epinat et al. 2010; Stott et al. 2016; Turner et al. 2017; Johnson et al. 2018). We also added individual measurements from lensed systems (crosses)
from Swinbank et al. (2011) and Girard et al. (2019), as well as unlensed systems (asterisks) from Molina et al. (2019) and Übler et al. (2018). The
solid lines show the best-fit relations to the observations compiled by Übler et al. (2019) up to z ≈ 3.5. Right panel: the circles show the average
values for Vrot/σ0 from the ionized gas measured and compiled by Wisnioski et al. (2015). The gray box shows the region below Vrot/σ0 =

√
3.36,

where the contribution to the dynamical support of the disk by random motions starts to dominate (e.g., Förster Schreiber & Wuyts 2020).

from rotation and random motions (Vrot/σ0 ≈
√

3.36; e.g.,
Förster Schreiber & Wuyts 2020). The Vrot/σ0 value measured
in HZ4, combined with the kinematic properties discussed in
Sect. 3.1, provide one of the strongest pieces of evidence to date
of the existence of regular rotating disks when the Universe was
only ∼1 Gyr old.

To date, there have been few studies that have found evi-
dence for rotating disks in the early Universe (e.g., Smit et al.
2018; Neeleman et al. 2020; Lelli et al. 2021; Rizzo et al. 2020,
2021). Interestingly, studies from Lelli et al. (2021), Rizzo et al.
(2021), and Fraternali et al. (2021) conclude that the dusty star-
bursts in their samples are dynamically cold, with Vrot/σ0 values
in the ∼7−30 range. As opposed to the case of HZ4, these values
significantly exceed the expectations from the observed evolu-
tion of Vrot/σ0 for main-sequence galaxies in the range z ≈ 0−4
(see Fig. 2). These differences could indeed reflect in part the dif-
ferent nature of the sources, with most of the Rizzo et al. (2021),
Lelli et al. (2021), and Fraternali et al. (2021) targets (6 of the
8) lying at least an order of magnitude above the main sequence
and typically being very compact compared to HZ4 and other
galaxies close to the main sequence. We caution, however, that
direct comparisons are also complicated by the different mod-
eling approaches between the studies, and notably in the σ0
parameterization, which is radially constant in this work, but
exponentially decreasing in Rizzo et al. (2020, 2021).

4.2. Dark-matter fraction on galactic scales

Recent observational evidence shows that a large fraction of
massive, star-forming galaxies at z ∼ 1−2 are strongly baryon-
dominated on galactic scales (e.g., Wuyts et al. 2016; Übler et al.
2018; Genzel et al. 2017, 2020; Price et al. 2021). Measuring

dark-matter fractions requires well-sampled rotation curves that
extend beyond the effective and turnover radius. Up to z ∼ 2,
these outer rotation curves have been mainly obtained by obser-
vations of the Hα and CO transitions. In the case of HZ4, our
deep [C ii] line observations allowed us to trace the rotation
curve beyond the turnover point (∼1.2×Re), and as far as ∼2×Re.
This enabled a robust decomposition of the baryonic and dark-
matter components of the rotation curve based on DYSMAL.

Figure 3 (left) shows the intrinsic (inclination-corrected)
baryonic, dark matter, and total circular velocity profile of HZ4.
The effective radius is shown with a green vertical line. We find
that HZ4 is baryon-dominated within Re, and the baryon domi-
nance prevails out to ∼2 × Re. The right panel of Fig. 3 shows
the fDM(Re) of HZ4 in context with other galaxy populations.
The blue line shows the best fit to the z ≈ 0 late-type galax-
ies1. While low-mass galaxies tend to be dark-matter-dominated,
more massive disks have lower dark-matter fractions. The red
line shows the best fit to passive, early-type galaxies at z ≈ 0,
which are strongly baryon-dominated within one Re (Cappellari
2016). The gray box shows the mean (± the standard devia-
tion around the mean) of the dark-matter fraction measured in
41 massive (M? ≈ 1010.5−1011 M�), main-sequence galaxies at
z ≈ 1−2 (Genzel et al. 2020).

At the same vcirc, and noting the time difference in evolu-
tion of ∼12.5 Gyr, HZ4 has a dark-matter fraction in between
the values from late-type (dark-matter-dominated) and early-
type (baryon-dominated) galaxies at z ≈ 0, and it is compara-
ble to the mean value found in more massive (M? ∼ 1011 M�),

1 The fit to z ≈ 0 late-type galaxies from Genzel et al. (2020; and ref-
erences therein) corresponds to the following: fDM,late−type = 1−0.279 ×
(vcirc − 50.3 km s−1)/100 km s−1.

L8, page 4 of 9



R. Herrera-Camus et al.: Kiloparsec view of a typical star-forming galaxy when the Universe was ∼1 Gyr old. II.

Fig. 3. Kinematic modeling of the rotation curve of HZ4. Left: intrinsic rotation curve (corrected by inclination) of HZ4 for baryons (red), dark
matter (black), and total (blue) from the best-fit model. The green vertical line shows the Re, and the red colored box represents the spatial scales
of baryon dominance in HZ4. Right: dark-matter fraction within Re of HZ4 (orange diamond), main-sequence, star-forming galaxies at z ≈ 1−2
(gray box; Genzel et al. 2020), and the best linear fit to z ∼ 0 late-type galaxies (blue line), and z ∼ 0 ATLAS-3D early-type galaxies (red curve;
Cappellari 2016).

star-forming galaxies at z ≈ 2. This is interesting because, from
an abundance-matching perspective (e.g., Hill et al. 2017), the
progenitors of the baryon-dominated, massive galaxies at z ≈ 2
are M? ≈ 1010 M� galaxies at z ≈ 5, the stellar mass of HZ4.
Therefore, one possibility is that the baryon dominance observed
in massive, star-forming galaxies at cosmic noon is already in
place at z ≈ 5. This result is also supported by the Illustris-
TNG simulations, which find only a mild evolution with redshift
of the dark-mater fraction on galactic scales for a fixed stellar
mass (Lovell et al. 2018). In fact, TNG galaxies at z ≈ 4 with
a similar stellar mass to HZ4 have a mean dark-matter fraction
within one stellar half mass radius of fDM ≈ 0.4, and this value
only increases by 10−20% as galaxies grow to a stellar mass of
M? ≈ 1011 M� at z ≈ 2.

4.3. Comparison to galaxy evolution models including
feedback and gravity

Here we investigate what processes are responsible for the high
intrinsic velocity dispersion observed in HZ4 using the state-of-
the-art analytical model of galaxy evolution by Krumholz et al.
(2018). We consider four model scenarios: (1) gas transport plus
stellar feedback, (2) gas transport without stellar feedback, and
two additional models of stellar feedback without gas transport,
assuming (3) a fixed star formation efficiency per free-fall time
(εff = 0.015), and (4) a fixed Toomre parameter Q. Finally,
for comparison with HZ4, we chose a set of parameters in the
Krumholz et al. (2018) model that are representative of high-z
galaxies2.

Figure 4 shows the comparison between the measuredσ0 and
SFR in HZ4, and the predictions from the four Krumholz et al.
(2018) models. The blue lines correspond to the models that
only consider stellar feedback. In the case where εff is fixed

2 These include a total circular velocity of 200 km s−1 measured at a
distance of 5 kpc, and a molecular gas fraction of Mgas/M? = 0.75,
which is in good agreement with HZ4.

Fig. 4. Intrinsic velocity dispersion σ0 as a function of the star forma-
tion rate (SFR) for HZ4 (orange diamond), and the unified models by
Krumholz et al. (2018) for high-z galaxies that consider transport and
feedback (red), only transport (green), and feedback without transport
(blue): the dotted and dashed lines correspond to the models with con-
stant εff and constant Q, respectively.

(dotted line), the model predicts a constant σ0 of ≈20 km s−1.
If Q is fixed (dashed line), there is no σ0 floor, but σ0 only
mildly increases with star formation activity. In both cases, stel-
lar feedback alone is not capable of reproducing the high turbu-
lence observed in HZ4. The situation is completely different with
models that include radial transport of gas. The red and green
lines show such models with and without including stellar feed-
back, respectively. For SFR . 15 M� yr−1, the main difference
between the two models is theσ0 floor of about≈20 km s−1 in the
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case where stellar feedback is included. For SFR & 15 M� yr−1,
both models are identical, andσ0 increases rapidly with the SFR.
At the SFR of HZ4, the radial transport models reproduce the
high σ0 measured in the system remarkably well.

One of the consequences of gas richness and efficient
radial transport of gas and clumps inward is the forma-
tion of massive bulges, and the increase in nuclear gas
outflows powered by central starbursts and active galactic
nuclei (e.g., Elmegreen et al. 2008; Dekel & Krumholz 2013;
Bournaud et al. 2014; Ceverino et al. 2015). In that sense,
the presence of migrating gas in HZ4 suggested by the
Krumholz et al. (2018) models is consistent with the low dark-
matter fraction measured in the inner disk, and with the evidence
of a centrally driven outflow (Paper I).

5. Conclusions

We have obtained deep, kiloparsec-scale resolution ALMA
observations in the [C ii] 158 µm transition of HZ4, a main-
sequence galaxy at z = 5.5. The results are presented in two
papers. In the first one (Paper I), we analyzed the ISM, out-
flow, and extended emission properties of the system. Here, we
focus on the kinematics. The main results can be summarized as
follows:

– Evidence for a regular rotating disk at z = 5.5: We simulta-
neously modeled the rotation curve and the velocity disper-
sion profile using the kinematic code DYSMAL. We mea-
sured an intrinsic velocity dispersion of σ0 = 65.8+2.9

−3.3 km s−1

and Vrot/σ0 = 2.2. The latter, combined with the smooth,
monotonic velocity gradient observed across the galaxy, the
alignment between the morphological and kinematic major
axis, and a centrally peaked velocity dispersion profile,
strongly suggest that HZ4 already has a regular rotating disk
in place at z = 5.5, when the Universe was only ∼1 Gyr
old.

– High intrinsic velocity dispersion and the importance of
radial transport: The high intrinsic velocity dispersion mea-
sured in HZ4 is in agreement with the trends of increas-
ing σ0 with redshift observed in main-sequence galaxies up
to z ∼ 4. State-of-the art analytic galaxy evolution mod-
els by Krumholz et al. (2018) are only capable of reproduc-
ing the high intrinsic velocity dispersion observed in HZ4 if
the radial transport of gas in addition to stellar feedback are
included.

– Low dark-matter fraction on galactic scales: From the kine-
matic modeling, we find that HZ4 is baryon-dominated out
to ∼2 × Re, with a dark-matter fraction at the effective radius
Re of fDM(Re) = 0.41+0.25

−0.22. This low dark-matter fraction is
comparable to that found in systems that could be the descen-
dants of HZ4: massive (M? ≈ 1011 M�), star forming galax-
ies at z ≈ 2 (e.g., Genzel et al. 2020), and passive, early-type
galaxies at z ≈ 0 (e.g., Cappellari 2016).

Future spatially resolved kinematics surveys of the main-
sequence galaxy population at z ∼ 4−5 are needed to draw sta-
tistically significant conclusions. This will be possible thanks to
observations of the ionized gas with JWST, and upcoming sur-
veys of the cold gas using the [C ii] transition such as the ALMA
Cycle 8 Large Program CRISTAL3.
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Appendix A: DYSMAL analysis

As described in Section 3.3, we modeled the kinematics of HZ4
using the DYSMAL code (Cresci et al. 2009; Davies et al. 2011;
Wuyts et al. 2016; Price et al. 2021). DYSMAL explores the
parameter space based on a MCMC sampling using the EMCEE
package (Foreman-Mackey et al. 2013). Our model assumes a
thick, turbulent disk embedded in a dark matter halo that follows
a Navarro-Frenk-White (NFW) profile (Navarro et al. 1996), and
it has a halo mass Mhalo and a concentration parameter chalo. For

the galaxy, we assume an exponential disk with effective radius
Re. These are reasonable assumptions based on the analysis of
the integrated [C ii] line emission in Paper I. DYSMAL calcula-
tions are based on the assumed shape of the baryon distribution.
Then the code differentiates between the circular velocity from
the baryon distribution and the NFW profile. We also assume
an intrinsic velocity dispersion σ0 that is constant and isotropic
throughout the disk. The model includes an asymmetric drift cor-
rection to the model circular velocity due to pressure support
following Burkert et al. (2010).

Fig. A.1. MCMC “corner plot” for the kinematic modeling of HZ4. Figure shows the 1D and 2D projections of the posterior probability distri-
butions of the four free parameters: the total baryonic mass (Mbar), the effective radius (Re), the dark-matter fraction within one effective radius
( fDM(≤ Re)), and the intrinsic velocity dispersion (σ0). For Gaussian priors, the centers are marked with orange lines. The maximum a posteriori
values of each parameter (found by jointly analyzing the posteriors of all parameters; the “best-fit” values) are shown with blue squares and lines.
For the 2D histograms, the contours correspond to the 1, 2, and 3σ confidence intervals. For the 1D histograms, the uncertainties are the shortest
interval enclosing or 1σ of the marginalized posterior distribution.
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Free parameters in our modeling are the total baryonic
mass (Mbar), the effective radius (Re), the intrinsic velocity
dispersion (σ0), and the enclosed dark-matter fraction within
one effective radius ( fDM(Re)). The latter was measured as the
squared ratio between the dark matter (vcirc,DM) and total (vcirc,tot)
intrinsic circular velocities measured at Re, that is fDM(Re) =
v2

circ,DM(Re)/v2
circ,tot(Re). For the total baryonic mass, we chose

a Gaussian prior bounded in the range log10(Mbar/M�) ∈
[10, 11.5] dex with a standard deviation of 0.2 dex, and centered
at the expected baryonic mass derived from the sum of the stellar
(M? = 1010.15 M�; Faisst et al. 2020) and gas mass assuming a
gas fraction of Mgas/M? = 0.75 (e.g., Dessauges-Zavadsky et al.
2020). For the effective radius, we also assumed a Gaussian
prior bounded in the range Re ∈ [2.5, 4.5] kpc and centered at
a value of Re = 3.4 kpc following the results from Paper I.
For the intrinsic velocity dispersion and the dark-matter frac-
tion, we adopted flat bounded priors of σ0 ∈ [20, 100] km s−1

and fDM(Re) ∈ [0, 1], respectively. Given the difficulty of simul-
taneously fitting for more parameters due to the resolution and
signal-to-noise (S/N) of the data, we fixed: (1) the kinematic cen-
ter and position angle, as described in Section 3.1; (2) the incli-
nation to i = 52◦, based on the morphology of the ALMA [C ii]

line data (Paper I) and assuming a ratio of scale height to scale
length with a thickness = 0.15; and (3) the halo concentration
parameter, chalo = 2.3, typical for the redshift and halo mass of
HZ4 according to Dutton & Macciò (2014).

The MCMC code was run using 800 walkers, a burn-
in phase of 800 steps, and a running phase of 5000 steps.
Figure A.1 shows the MCMC sampling of the joint posterior
probability distribution (or “corner plot”). The best-fit model
from the MCMC analysis is shown with a black solid line
on top of the rotation curve and velocity dispersion profile in
Fig. 1. In addition, Fig. A.2 shows the position-velocity dia-
gram of HZ4 and the resulting best-fit DYSMAL model cube
extracted along the major (PA = 200◦) and minor kinematic
axes.

If we varied the assumption of the inclination by ±10%, we
observed a similar variation in the derived baryonic mass and the
dark-matter fraction. Also, if we fixed Re = 3.4 kpc (Paper I),
and let the inclination free with a Gaussian prior centered at
i = 52◦ and bounded in the range i ∈ [30◦, 70◦], then the
model-derived inclination results i = 51.9◦+5.6

−10.7, and the dark-
matter fraction was fDM(Re) = 0.45+0.19

−0.28, consistent with the
results from the fixed-inclination model.

Fig. A.2. Position-velocity diagrams of HZ4 extracted along the major (left panel, PA = 200◦) and minor (right panel) kinematic axis using a
pseudo-slit of 0.4′′ width. The black contours in the left panel show 3, 5, 8, and 10σ contours (1σ = 0.1 mJy beam−1), and in the right panel they
represent 2, 4, 6, and 8σ contours. The white contours show the best-fit DYSMAL model at corresponding similar contour levels.
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