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Laboratoire

One of the most prominent features of galaxy clusters is
the presence of a dominant population of massive ellip-
ticals in their cores!. Stellar archaeology suggests that
these gigantic beasts assembled most of their stars in the
early Universe via intense starbursts>. However, the
role of dense environments and their detailed physical
mechanisms in triggering starburst activities remain un-
known. Here we report spatially-resolved Atacama Large
Millimeter/submillimeter Array (ALMA) observations of
the molecular gas, with a resolution of about 2.5 kilopar-
secs, toward a forming galaxy cluster core with intense
starburst galaxies at z = 2.51. In contrast to starburst
galaxies in the field often associated with galaxy mergers
or highly turbulent gaseous disks, our observations show
that the two starbursts in the cluster exhibit dynamically

cold (rotation-dominated) gas-rich disks. Their gas disks
have extremely low velocity dispersion (o ~ 20 — 30 km
s~ 1), three times lower than their field counterparts at sim-
ilar redshifts. The high gas fraction and suppressed ve-
locity dispersion yield gravitationally unstable gas disks,
which enables highly efficient star formation. The sup-
pressed velocity dispersion, likely induced by accretion
of co-rotating and co-planar cold gas, might serve as an
essential avenue to trigger starbursts in forming galaxy
clusters at high redshift.

Galaxy clusters represent the densest environments and
trace the most massive dark matter halos in the Universe’.
Contrary to mature clusters in the local Universe, which
are dominated by massive quiescent galaxies in their cores,
(proto-)clusters hosting a significant population of galaxies
with intense star formation have been found at z > 23°°,
the peak epoch of star formation for today’s massive galax-
ies. One of the most distant young clusters, CLJ1001 at
Zspec = 2.518, exhibits extended X-ray emission and encom-
passes an overdensity of massive galaxies similar to that in
low-redshift mature clusters. However, CLJ1001 is dom-
inated by massive star-forming galaxies, with a total star
formation rate (SFR) of ~3400 Myyr~! in its 80 kilopar-
secs (kpc) core (the cluster virial radius is Rogoc ~ 340 kpc).
Revealing the physical origin of cluster starbursts is key to
uncover the formation and quenching mechanisms of massive
galaxies in clusters, a longstanding problem in extragalactic
studies. With this aim, we have conducted high-resolution
CO J = 3 — 2 emission line (CO(3-2), hereafter) observa-
tions with ALMA towards the cluster core of CLJ1001 (Fig.
[T} to study the gas kinematics of its member galaxies.

Four member galaxies have a CO(3-2) line detected with
high significances (350, 270, 230, and 100 for the SBI1,
SB2, MS1, and MS2, respectively; see Extended Data Ta-
ble[I)), allowing a detailed study of their kinematics. They
are all massive star-forming galaxies with stellar masses of
log(M./My) > 10.8 (where M, is the mass of the Sun), and
are located in the central 80 kpc region of the cluster (Fig.
. These include two starburst galaxies (SBs) and two main-
sequence galaxies (MSs), with the SBs exhibiting specific
star-formation rates (sSFR = SFR/M,) > 3 times above the
star-forming main-sequence’ (SFMS, a rather tight relation
between SFR and M, of star-forming galaxies). The intense
star formation of the two SBs shows that they are rapidly

building up their stellar masses at a rate of 1 10332? Mgoyr~!
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Figure 1: Galaxy cluster CLJ1001 at z = 2.51 and the four member galaxies. Left: Sky distributions of member galaxies around
the cluster center. Red circles mark the four SBs/MSs with the brightest CO(3-2) luminosities (S/N > 10; S/N ~ 30 for the two SBs)
among all CO(3-2) detections (golden squares) in the central region of the cluster. The background is the Ks-band image from UltraVista
survey with a size of 70" x 70”". The purple cross shows the cluster center. The scale bar indicates half of the virial radius (Rpggc) of
the cluster. The large green circle denotes the ALMA field of view, corresponding to the full-width at half power (FWHP) of the ALMA
antennas primary beam at 98.63 GHz. Middle: Velocity-integrated intensity map (Moment 0) of CO(3-2) (golden contours) detected by
ALMA overlaid on the HST/F160W image of the four SBs/MSs. Each panel is 2.5”” x 2.5”’. The angular resolution is 0.31”" x 0.25" (grey
filled ellipse in the bottom-left corner). The contour levels start at +30- and increase in steps of +30-, where positive/negative contours are
solid/dashed. The red cross in each panel denotes the centroid of the stellar emission determined from the HST/F160W image. The derived
integrated fluxes are presented in Extended Data Table |1} Right: CO(3-2) line spectra of the four member galaxies. The CO lines are
binned at 90 km s™!, and the velocity range shaded in green over which M oment 0 maps are integrated. The best-fit single Gaussian profiles
are overlaid in red.

the two SBs are ~ 0.7 (0.707%% and 0.6679-10 based on the

and 621*217 Moyr~! (uncertainties are the 16-84th percentile -0 0

-161

ranges of the probability distribution function; see Extended
Data Table[TJand Methods for full discussion). The CO(3-2)
emission of all four galaxies reveals continuous velocity gra-
dients in the observed gas rotation velocity fields (M oment 1)
and position-velocity (PV) diagrams (Fig. [2). The observed
velocity dispersion fields (Moment 2) exhibit central dis-
persion peaks. These are consistent with the kinematics of
rotating disks.

We adopt three commonly used methods to obtain the to-
tal molecular gas mass, My,s, and study the gas properties of
the four SBs/MSs. The molecular gas masses are indepen-
dently estimated using the gas-to-dust mass ratio (6gpr), the
3.2mm dust continuum emission, and the CO(1-0) emission
line'® derived with metallicity-dependent conversion factors
(see Methods and Extended Data Table [2). The derived
molecular gas mass fractions, fgas = Mgas/(M. + Mg,), for

CO emission line and 0.73f8:(1)g and 0.611’8:{? based on the
3.2mm dust continuum emission for the SB1 and SB2, re-
spectively). They are twice lower for the two MSs, fgs ~
0.3 (0.2970-%° and 0.25*0-0% based on the CO emission line
and 0.43f8:{? and 0.18f8:8§ based on the 3.2mm dust con-
tinuum emission for the MS1 and MS2, respectively). As
a reference, the typical fgs of z = 2.5 SB and MS galaxies
in the field with a stellar mass of 10''My is 0.7 and 0.5,
respectively!!~!3. Tt shows that the two cluster SBs have rich

gas, similar to field SBs.

We investigate the kinematic properties of the molecular
gas of the cluster SBs/MSs by applying a three-dimensional
(3D) kinematic modelling technique'* to the CO(3-2) line
cube. The robustness of the results given by the kinematic
model has been tested by simulation (see Methods). The gas
disks of the two SBs are rotation-dominated with gas rota-
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Figure 2: CO morphology and kinematics of the four cluster members at z = 2.51. From left to right: ALMA maps (1.4"”" x 1.4”") of
velocity-integrated CO(1-0) flux (M oment 0), velocity field (M oment 1), velocity dispersion (M oment 2), position-velocity (PV) diagrams

along the major axis, the best-fit Moment 1 model with GalPAK3P

, and the residual between the data and the model. Note that these maps

are without correction for beam-smearing. Grey filled ellipses indicate the angular resolution of 0.31” x 0.25””. The four member galaxies

have regular rotating disks of molecular gas.

tional to random motion ratios (Vip.x/0p) of 16.8:16?4 and

15.0*}7-9, while the two MSs have Vina /0y of 3.6*)-4 and
2.2*%9 (Fig. |3} see Extended Data Table . The Vinax /00
for the two SBs are more than three times higher than those
for SBs and MSs in the field at the same epoch, either from
observations or simulations (see Methods). Moreover, they
are as high as the median ratio for disk galaxies in the local
Universe. As an example, the KMOS3? survey'” found a me-
dian Vi« /0 = 3 for field MS galaxies with stellar masses of
~10'95p1, at z ~ 2.3. From Illustris-TNG50 simulations'®,
the typical star-forming galaxies, in the stellar mass range
10°Mo-10"" My, have Vipax /oo =~ 5 + 1 at z = 2.5 (light-
blue area in Fig. E[) In addition, using Vinax/00 o« 1/ faas(2,
M), we get a value of Ve /0o =~ 2 + 1 at z = 2.5, which
decreases with increasing redshift (grey lines, light-green and
pink shaded regions in Fig. [3). In general, high-redshift star-
forming galaxies are gas-rich and thus are believed to have a
more turbulent interstellar medium than locally'”. While pre-
vious studies suggest that starburst galaxies are more likely
associated with mergers or interactions, which are dynami-

~

cally hot, the two cluster SBs surprisingly host dynamically
cold disks, i.e., with a large Vinax /0. Recently, observations
also found such phenomenon at z > 4 with the presence
of massive (M, > 10'°M) rotation-dominated SBs (faint
red points in Fig. [3)'*!, but no information on their en-
vironment is yet available. The rotationally supported and
dynamically cold disks of the two SBs imply low gas turbu-
lent motions, lower than that in field SBs/MSs at the same
redshift (Fig. [). Hence, the two cluster SBs appear to be
weakly affected by extreme internal and/or external physical
processes, such as stellar or active galactic nucleus (AGN)
feedback and galaxy mergers.

To understand the triggering mechanism taking place in
these two SBs, we further study the dynamical state of their
disks. A rotating, symmetric gas disk is unstable to grav-
itational fragmentation if the Toomre parameter Q?? is be-
low a threshold value Q¢ (Qcrir=1 for a thin gas disk and
Qit=0.67 for a thick disk). To calculate the Toomre param-
eter, Q o« 09/Zgas (Where Zg, is the gas surface density), we
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Figure 3: The two cluster SBs have dynamically cold and gravitationally unstable gas disks. Left: The ratio of the gas rotational to
random motion (Vimax/0y) as a function of redshift, with the comparison between the four cluster SBs/MSs and samples of observed and
simulated field galaxies. The two cluster SBs and two MSs are in red and green stars, respectively, with uncertainties derived from our
simulation (see Methods). Filled grey symbols with vertical bars show the median values and 16-84th percentile range of field star-forming
galaxies, including molecular and ionized gas detections. When possible, we identified field starbursts (orange symbols) within these
literature samples at z > 1 as galaxies with a SFR at least 0.5 dex higher than the SFMS. Blue triangles represent field starbursts with
individual CO observations (see Methods). The faint red points show massive (M, > IOIOM@) rotation-dominated SBs at z > 4 recently
found!3-2!, but no information on their environment is yet available. The light-blue area shows Vimax/o7 values for star-forming galaxies
from Iustris-TNGS50 simulations in the mass range 10°-101 Mg, 1©. The two lines with the light green and pink shaded regions describe
Vimax /07 as a function of the gas fraction ( fgas) and disk instability (0)1, where a= V2 for a disk with constant rotational velocity. According
to this model, the rotational support of a gas disk Vinax /07 increases with the stellar mass and decreases with the redshift. The two cluster
SBs have rotation-dominated gas disks with Vinax /0 values more than three times larger than field SBs and most literature samples at a
similar redshift. Right: The Toomre parameter Q (see Methods for calculation) as a function of the main-sequence offset. The solid grey
line and shaded area highlight the SFMS® position and the +3 x AMS region, commonly used to separate MS from SB galaxies. The
Q values calculated using the 3.2mm dust continuum, the dgpg, and the CO-based gas masses with the metallicity-dependent conversion
factors (aco(Z) ~ 4) are shown by opened, filled light, and filled dark stars, respectively. The blue dashed line indicates the threshold
QOcrit = 0.67 below which a thick disk (as assumed in our gas kinematic model) becomes gravitationally unstable. This suggests that our
two SBs are gravitationally unstable gas disks.

use the gas mass obtained both from dust continuum emis- 0p ~ 20 —30 kms~!, while the two MSs have oy ~ 90— 110

sion at 3.2 mm and the CO(1-0) luminosity (see Methods for
the calculation). For the four SBs/MSs, the derived Q val-
ues decrease as the SFR offset to the SFMS increases (right
panel of Fig. [3). The two SBs present Q values much smaller
than Q. We note that using the local starbursts conversion
factor (@co.sp = 0.8 Mo(K km s~! pc?)~!) for the two SBs,
the derived Toomre parameter Q values will increase by a
factor of five but still remain below Q. The low Toomre
QO means that the gas disk can easily collapse due to gravi-
tational instabilities, leading to an extreme starburst. Thus,
the most likely triggering mechanism of these two SBs is the
gravitational instability of their gas disks. In the field, recent
work also found evidence of efficient star formation induced
by gravitational instability in a z = 4.3 starburst galaxy??

To summarize, the dynamically cold, rotating gas disks
of the two SBs are mainly due to low gas turbulent motions.
Their intrinsic velocity dispersions are extremely low, with

kms~! (see Extended Data Table . Their oq values are
about three times lower than that of field SBs at similar red-
shiftsbased on molecular gas observations from 2D/3D kine-
matic modelling (blue triangles in Fig. [4] see Methods), and
even field MS galaxies. We note that the oy values of the two
cluster SBs are consistent with those of a group of massive
(M, > 10'°M,,) rotation-dominated SBs recently found'®-?!
at z > 4 (faint red points in Fig. [). In general, the gas in
field SBs at z = 2 — 3 (blue and orange markers in Fig. [}
see Methods) seems slightly more turbulent than that in field
MSs, with a higher median oy by a factor of ~1.5. Hence, the
two cluster SBs exhibit strikingly different kinematic prop-
erties compared to field SBs at z ~ 2.5, whether observed
by molecular gas or ionized gas. These results challenge our
current understanding of the physical origin of high-z star-
bursts in clusters and hint that mergers and interactions are
not the only way to trigger starbursts. The high gas fractions
(~0.7; see Extended Data Table |2)) and the suppressed ve-



T T T T T
00 = Vmaxfgas(z,M.)Q/a A MS2
102 | ——- logM, =10.0 _
[ logM , =10.6 A*MSl B A ]
é ,,*_O_. TR Lttty
— 2
— -7 -
| 21
wn ) o.-d
W e R *532
= L0
= & Kse1
o
o} r
A
SBs this paper <> MUSE+KMOS (Oy,Hq) < SIGMA (Hq,0n)
1 | MSs this paper ©  DYNAMO (Hq) Q  SINS (Hq)
10+ + ¢ A sBs ref.(CO) YV KROSS (Hq) O LAWO9 (Ha,On) T
I : SBs in surveys [0 KMOS® (Hg) [> AMAZE (Oy) )
<> GHASP (Ha) O MASSIV (Hg,On) O KDS (O
> -
| A HERACILES (co) O. PHIBSS (CO) | dominatfed merzgsaivleong

0 1 2 3 4 5
redshift

Figure 4: Comparison of gas turbulence between the four cluster
SBs/MSs and field galaxies. The intrinsic velocity dispersion
increases with redshift. The symbol convention and the two lines
are the same as in the left panel of Fig. [3| The two lines show the
relation between the gas velocity dispersion, the gas fraction, and
the disk instability for different stellar masses'®. Here we assume
Vimax = 130 km s‘l, Q=1,anda= V2 for a disk with constant
rotational velocity. These tracks indicate that while oy predictions
from this relation depend on M, this dependency mostly vanishes
at z > 2. The two cluster SBs have lower o) than field SBs as well
as most literature samples. Their uncertainties are derived from our
simulation (see Methods).

locity dispersions of these two SBs yield highly unstable gas
disks, which in turn induce efficient starburst activities (Fig.

B).

We further explore the physical origin of the extremely
low velocity dispersions and high gas fractions of the cluster
SBs. The two primary energy sources of gas turbulence are
stellar feedback and gravitational instability’*? ; while high
gas fraction could either be due to a merger or gas infall (cold
gas accretion). The two SBs favour a scenario in which cold
gas is accreted via co-rotating and co-planar streams®-9-26-27,
Indeed, in such scenario most of the gravitational energy is
converted to rotation rather than dispersion, building up an-
gular momentum?3-2°, As a result, the two cluster SBs would
have high gas fractions, low turbulent gas disks with the high
rotational velocities (Vinax ~ 400 — 500 km s~!; see Extended
Data Table [3), relatively extended gas disk sizes, and low
CO excitation R3; similar to that of z = 2 — 3 MS galaxies
(see Methods). Simulations do predict a high occurrence
rate of such configurations of co-rotating and co-planar cold
gas accretion in massive galaxies/halos?% 3%, for which galaxy
merger rate is low compared to the orbital time. More specif-
ically, the cold gas disk with Vip,x /09 =~ Sina z ~ 3.5 galaxy,
with a stellar mass of M, ~ 10'°M, typically survives for

~ 5 orbital periods (a duration time of ~ 410 Myr)?°, before
being disrupted by mergers. Assuming the same duration
time of 410 Myr between two merger events, we infer that
our two cluster SBs, which have more massive cold gas disks
with larger Viyax /09 > 10, would survive for > 15 orbital pe-
riods. In summary, the unique properties of the two cluster
SBs (high gas fraction and suppressed velocity dispersion)
support the scenario of co-rotating and co-planar cold gas
accretion, as the cause of their highly efficient star formation.
This may represent an important avenue other than merg-
ers/interactions in triggering starbursts at high redshifts, at
least in massive halos. Characterizing the environment of the
recently found massive (M, > 10'°M) rotation-dominated
disks at z > 4 with suppressed velocity dispersion presents
an unique opportunity to support further this scenario.
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Methods

Cosmology. We assume cosmological parameters of Hy =70
kms™! Mpc_l, OQnm =0.3, and Qp = 0.7 and adopt a Chabrier
initial mass function (IMF)3! to estimate star formation rate
(SFR). When necessary, data from the literature has been
converted with conversion factor of SFR (Salpeter IMF)3? =
1.7 x SFR (Chabrier IMF) 3! and M, (Salpeter IMF) = 1.7 %
M. (Chabrier IMF).

Observations. We carried out observations of the CO(3-2)
transitions at the rest-frame frequency of 345.796 GHz
(98.62977 GHz in the observed frame) for the galaxy clus-
ter CLJ1001® (see also'®3337) at z = 2.51 with ALMA
band-3 receivers. These ALMA Cycle 4 observations
(2016.1.01155.S; PI: Tao Wang) were taken between 2016
November and 2017 August with a total observing time, in-
cluding calibration and overheads, approximately 7 hours.
On-source time is 1.6 hours and 2.2 hours with the C40-4
and C40-7 array configurations, respectively. The observa-
tions have been done with different array configurations to
obtain reliable measurements of total flux and resolved kine-
matics information.

The calibration was performed using version 5.3.0 of
the Common Astronomy Software Application package
(CASA)* with a standard pipeline. We carried out the data
reduction in two cases. The case 1 is to obtain a high-
resolution cube of CO(3-2) line, we first combined two con-
figurations (C40-4 and C40-7) data to form a single visibility
table (UV table), using visibility weights proportional to 1:4.
Imaging was carried out using the frclean task with 0.04" pix-
els and a channel width of 30 km s~! with a briggs weighting
of robust=0.5 scheme. The resulting data cube has synthe-
sized beam size of 0.31” x 0.25"" (~ 2.48 kpc x 2.00 kpc
in physical scale) with the rms of ~ 110 — 120 uJy beam™!
per channel at the phase center. The case 2 is to derive the
total flux of our sources, we combined two configurations
data with visibility weights proportional to 1:1. We used
0.2” pixels and a channel width of 90 km s~ with uvtaper
of 1’ and a natural weighting scheme for imaging. The nat-
ural weighting provides a better sensitivity, enabling us to
measure the total flux more robustly. The resulting data cube
has synthesized beam size of 1.54” x 1.37"” (~ 12.32 kpc
% 10.96 kpc in physical scale) and the central rms level of
~ 60 uJy beam™ per channel.

We also created the observed 3.2 mm continuum maps
using briggs weighting (robust=0.5) after excluding the
frequency range of the CO(3-2) line. We used the same
method as for the CO(3-2) cubes to create two continuum
maps with different angular resolutions. The rms level is
~ 6.9 uly beam™! in the map of 0.30” x 0.24" spatial
resolution (~ 2.40 kpc x 1.92 kpc in physical scale) and
~ 4.3 uJy beam™! in the map of 1.12”” x 1.06” spatial reso-

lution (~ 8.96 kpc X 8.48 kpc in physical scale), respectively.

Starburst and main-sequence galaxies. We focus on the
four massive member galaxies with log(M./My) > 10.8
from the galaxy cluster CLJ1001 at z = 2.51. All four
galaxies are located in the central region of the ALMA
primary beam (a full beam width at half power of 53”") with
the highest signal-to-noise ratio (S/N > 10) among all
CO(3-2) detections (Fig. [I), allowing a detailed study of
their kinematics. Stellar mass and total infrared luminosity
used to calculate SFR?®, which were derived from the
spectral energy distribution (SED) fitting® !, are presented
in Extended Data Table[Il Two cluster members are classical
SBs, i.e., located 0.7 dex and 0.5 dex above the SFMS’.
Two other members are identified as MSs, as being located
0.1 dex and -0.4 dex from the SFMS. According to their
distances from the SFMS (AMS), the four galaxies are then
named SB1, SB2, MS1, and MS2. We note that the MS1
consumes molecular gas (estimated based on the CO(1 — 0)
emission line) as fast as two SBs, with the gas depletion
time fgep ~200 Myr (Extended Data Table [2). The typical
t4ep of MS galaxies with a stellar mass of 10" Mg at z = 2.5
is ~600 Myr'!. Therefore, the MS1 is likely consistent with
the discovery of starbursts hidden in the MS, which were
thought to be in the last stage of star formation quenching

before passivization*’.

Structural properties of CO(3 - 2). We measure
the structural properties of the four cluster members. To
avoid uncertainties from the imaging process, we derive
the source sizes with the visibility CO(3-2) data in the UV
plane by fitting an elliptical Gaussian (task uvmodel fit).
The best-fit values of radius are rcg = 0.5x FWHM = 2.05
+ 0.10 kpc, 1.42 = 0.11 kpc, 1.77 + 0.20 kpc and 0.79 +
0.20 kpc for SB1, SB2, MS1 and MS2, respectively. We
also perform the two-dimensional elliptical Gaussian fitting
on the high-resolution Moment 0 map. The deconvolved
half FWHM values are 1.72 + 0.22 kpc, 1.55 + 0.26 kpc,
2.24 + 0.33 kpc, and 1.85 + 0.37 kpc, respectively. The two
SBs with higher S/N than the two MSs show intrinsic sizes
consistent in both methods within the error. As a reference,
assuming a lack of significant size variation between the CO
and dust continuum¢®¥-#!, the typical dust size for galaxies
at z = 2.5 with stellar masses of 10''Mg is ~ 1 kpc in
radius from GOODS-ALMA 1.1 mm survey*>. The two
SBs do not show compact disks that meet the sub-millimetre

compactness criteria®?.

CO excitation. The CO(3-2) line flux is measured
from a two-dimensional (2D) Gaussian fitting on the
velocity-integrated intensity map (Moment 0 map) with
the velocity range shown in Fig. Then we calculate

its luminosity L60(3—2) 4. The CO(1-0) line luminosity
Léo(l_o) has already been obtained with the Karl G. Jansky
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Very Large Array (JVLA) observations'’. Therefore, we



can derive the CO excitation R3; with the luminosity ratio

L60(3—2)/L60(1—0)' The values are listed in Extended Data
Table[1l
Dust mass. To obtain dust mass, Mgy, we perform

the FIR SED fitting with CIGALH(Code Investigating
Galaxies Emission)* 4. We fit data from 24 um up to
the millimeter wavelengths (see the data at 24 um, 100
pum, 160 um, 870 pym, 1.8 mm in W168, and the data at
3.2 mm in Extended Data Table [T) . The dust infrared
emission model*’ has an extensive grid of parameters: the
mass fraction of the polycyclic aromatic hydrocarbon (PAH)
of qpag = 0.47 — 7.32%, the minimum radiation field of
Umin = 0.1 — 50, the spectral index of @ = 1 — 3, the fraction
illuminated from Upin to Unax of v = 0.0001 — 1. Note
that we do not find a sign of a significant contribution of
an AGN in the FIR SED of our four SBs/MSs, consistent
with previous literature constraints 30, The derived Mgy
is given in Extended Data Table|T]

Molecular gas mass. We adopt three commonly used
methods to obtain the total molecular gas mass, Mg, based
on: (i) the CO line, (ii) the gas-to-dust ratio, and (iii) the
Rayleigh-Jeans (RJ) tail dust continuum (see Extended Data
Table [2)).

To obtain the total molecular gas mass Mg,s co, We use
CO(1-0) luminosity'® instead of CO(3—2) luminosity to
avoid uncertainties caused by the CO excitation ladder. The
Mgy, co is calculated by Mg, co = aco(Z)LéO(l_O), includ-
ing a factor 1.36 correction for helium. As was done in
our previous work!?, the metallicity-dependent CO-to-H;
conversion factor, aco(Z), is determined from the mass-

metallicity relation!!+43.

The gas mass, Myas GpR» can also be determined through
Mause by employing the gas-to-dust ratio with a metallicity
dependency®. We used Mgy = 6GpR Maust and logdgpr =
10.54— 0.99(12 + log(O/H)). The metallicity is determined
from the redshift-dependent mass-metallicity relation*®: 12
+ log(O/H) = a — 0.087(logM,. — b)z, where a = 8.74 and
b = 10.4 + 4.46log(1+z)—1.78log(1+z)>. We adopted an
uncertainty of 0.15 dex in the metallicities*.

The long-wavelength RJ-tail (=~200 pum in the rest-
frame) of dust continuum emission is nearly always opti-
cally thin, providing a reliable probe of the total dust content.
The RJ-tail method*® is based on an empirical calibration be-
tween the molecular gas content and the dust continuum at the
rest-frame 850um, which was obtained after considering a
sample of low-redshift star-forming galaxies, ultra-luminous
infrared galaxies, and z = 2 — 3 submillimeter galaxies. We
use our single ALMA 3.2 mm measurement at the RJ-tail
(corrected using published erratum)® to derive total molec-

ICIGALE: https://cigale.lam. fr

ular gas mass, Mgas 3.2mm-

For our four SBs/MSs, the Mgssco, Mgas,Gpr, and
Myas,3.2mm derived from three different methods are consis-
tent with each other (see Extended Data Table 2).

As a discussion, we note that the derived aco(Z)' is
close to the Milky Way (MW) value (see Extended Data
Table [2). In general, two conversion factors are commonly
used in the literature to convert CO luminosities into gas
masses, the Milky Way (acomw = 4.36 Mo(K km s~
pc>)™!) and local starbursts (aco.sg = 0.8 Mo(K km s~
pc?)~131:32) values. However, 1) it has been found that distant
starburst galaxies can exhibit conversion factors typical
of the Milky Way, when they present extended instead of
compact star formation®9-*> and/or large gas fractions. Here
the two SBs exhibit both relatively extended CO sizes and
large gas fractions (from the dust continuum), favouring a
MW-like aco; 2) starburst galaxies generally have higher CO
excitation rates relative to main-sequence objects®9-43:33,
Here the R3; ~ 0.8 of the two SBs is similar to that of
7z = 2 — 3 MS galaxies (the median R3; is 0.84 + 0.26) from
the VLASPECS survey>*, implying that they have MW-like
ISM conditions; 3) using a local SB conversion factor will
result in very low gas-to-dust ratios (GDR~20), making the
two SBs extreme cases. The result GDRs are 4-5 times lower
than the typical GDR of solar-metallicity galaxies regardless
of redshift’, and >2 times lower than GN20*°. Hence, all
these evidences are consistent with our derived aco(Z). We
will however show that even if we had chosen a local SB
conversion factor for the two SBs, the main conclusions of
the paper would remain unchanged.

Disk modelling and gas kinematics. We fit the CO(3-2)
line cubes using the GalPAK3” code'*. GalPAK?? is a
Bayesian parametric tool, using a Markov Chain Monte
Carlo (MCMC) approach to derive the intrinsic galaxy
parameters and kinematic properties from a 3D data cube.
The model is convolved with a three-dimensional kernel
to account for the instrument point spread function (PSF)
and the line spread function (LSF) smearing effect. The
GalPAK3P can thus return the intrinsic galaxy properties.
We adopt a thick exponential-disk light profile and an
arctan rotational velocity curve to fit the 0.3”-resolution
cube so as to determine the maximum circular velocity
Vmax and intrinsic velocity dispersion op. The arctan
rotational velocity curve is Vio oc Vinax arctan(r/ry), where
ry is the turnover radius. Fig. [2] shows the best-fit models
and residuals, based on the last 30% chain fraction with
20,000 iterations. For the four SBs/MSs, our gas kinematic
modelling provides a good description of the observed
Moment 0, 1, and 2 maps (Extended Data Fig. [3| 4] [5] and
@). We also plot the full MCMC chain from GalPAK>? for
the two SBs and two MSs with 20,000 iterations to confirm
the convergence of rotational velocity and intrinsic velocity
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dispersion (Extended Data Fig. [[). The MCMC results of
the fitting procedure are given in Extended Data Fig. [7} [§]
[ and[I0] showing the posterior probability distributions of
the model parameters and their marginalized distributions.
The best-fitting values and their 1 o uncertainties are
summarized in Extended Data Table

To investigate the performance of the fit, we compare the
rotation velocity and velocity dispersion profiles from the ob-
served data with that from the best-fit PSF-convolved model
data. All values are derived from 1D spectra extracted using
circular apertures with diameters equal to angular resolution
0.31” along the kinematic major axis. As shown in Extended
Data Fig. [2] the profiles from dynamical models and obser-
vations are consistent. Some points deviate from the models
because of the flux contamination of neighbouring sources.
The derived best-fit oy from GalPAK3P is lower than the
lowest observed velocity dispersion, which is reasonable be-
cause the latter is still affected by beam smearing effect even
at the large radii probed by our observations.

Noticing that the best fit oy of SB1 is lower than the
CO(3-2) channel width of 30 km s~!, we further test the
robustness of our fits. We apply the same analysis to the data
cubes under the original channel width of ~12 km s~!. The
results are consistent with each other within errors. There-
fore, considering that better sensitivity can help detect fainter
galaxy edges and better sample the flat part of the rotation
curves, we have adopted the values from the data cubes with
a channel width of 30 km s~ in this work.

Finally, we make a simple simulation to test the robustness
of 0y and Vpax given by the GalPAK3P . Our purpose is to
check 1) whether there is a global offset of the derived values
or not; 2) the reliability of the output uncertainties. To start,
we randomly inject the best-fit PSF-convolved model data
cube into the observed data cube (at the same positions as
our galaxies but at a different velocity/frequency to avoid the
contamination of the CO emission from real sources). Then,
we run the GalPAK3P to derive o and V.. These two
steps are repeated 100 times for each galaxy. In the end, we
have distributions of o7y and V. We calculate the median
0o and uncertainty (16-84th percentile range) values for the
SB1, SB2, MS1, and MS2, respectively. In general, there is
no global offset of the derived values from the GalPAK3?,
but the uncertainty is greatly underestimated by a factor of
5. Thus, we use the uncertainties of o and Vip,x given by
this simulation in the main body of this paper, Fig. [3| @ and
Extended Data Table

Our SBs/MSs are located in a dense environment. To
better understand the environmental effect on gas turbulence,
we compare the four cluster members with field galaxies from
the literature. Compared to the field star-forming samples,
the two SBs have significantly higher Vin,x/0 and lower oy

values at similar redshifts, especially compared to the field
starbursts. The data included in Fig. [3]and Fig. [ contains
molecular and ionized gas observations. The ionized gas
samples, sorted by redshifts from the lowest to the highest, are
from surveys GHASP (logM;""?/[M]=10.6)>, DYNAMO
(logM""?[M]=10.3)", MUSE  (logM{"?[M]=9.4,
9.8 at z ~ 0.7, 1.3)%%, KROSS (logM{"/[My]=9.9)>°,
KMOS3? (logM{"?[M]=10.5, 10.6, 10.7 at z ~ 0.9,
1.5, 2.3)15%, MASSIV (logM;"/[My]=10.2)%', SIGMA
(logM{""?[M]=10.0)®2, SINS (logM{"/[My]=10.6)%354
LAW09 (logM "9 [M]=10.3)%, AMAZE
(logM""?[M5]=9.9)%, and KDS (logM/"/[M,]=9.8)%".
The molecular gas samples, sorted by redshifts, are from
the HERACLES survey (logM"/[M4]=10.5)%%% PHIBSS
survey (logM{"/[My]=11.0)".  Some field SBs with
individual CO observations’'~"3 are in blue triangles in
Fig. @ We note that although the velocity dispersion
measured from the molecular gas is ~10—15 km s~! lower
than the ionized gas (with extra contributions from thermal
broadening and expansion of the HII regions) in the local
Universe, this difference becomes smaller with increasing
redshift®®>.  When possible, we also identified the field
starbursts (orange symbols in Fig. [) within the above
star-forming samples, requiring their SFR to be at least 0.5
dex higher than the MS. In general, the gas in these field
starbursts is slightly more turbulent than in main-sequence
galaxies, showing a higher oy, especially at 2 < z < 4.

Toomre Q parameter. A rotating, symmetric gas
disk is unstable to the gravitational fragmentation if the
Toomre Q parameter, Q = KO'O,gaS/(ﬂGEgaS)ZZ, is below a
threshold value Q.. The Q=1 is for a thin gas disk, and
Qit=0.67 for a thick gas disk. We calculate the gas surface
density, Zeas = 0.5Mgas/ (ﬂrlz/z), where Mg,; is derived from
the CO(1-0) luminosity and dust continuum emission at 3.2
mm. Here we adopt the maximum circular velocity Viax,
intrinsic velocity dispersion oy, the disk half-light radius
r1/2, and flat rotation curve with the epicyclic frequency
K=\/§Vmax/ r /276. All these values are derived from the gas
kinematic modelling. Fig. [3b shows the Q values of the four
SBs/MSs based on CO and dust continuum emission as a
function of the main-sequence offset.
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Extended Data

Extended Data Table 1: Physical properties of the four SBs/MSs in CLJ1001. “IDs from the K;-selected catalog”’. ?M,, derived
from the SED fitting®. "Léo( 1-0)° from W1810. 4CO excitation: Rz = LéO(S—Z) / Léo(l_o). € Mgyt derived from the FIR SED fitting with
CIGALE™®46,

ID “IDg, RA. Decl.  zcop-z) P log M.
J2000 12000 Mo
SB1 131077 10:00:56.95 +02:20:17.2 2494 10.93+0.15
SB2 130891 10:00:57.56  +02:20:11.2 2.512  10.83+0.15
MS1 130949 10:00:56.86  +02:20:08.7 2.503 11.36+0.15
MS2 130901 10:00:57.39  +02:20:10.8 2.507 11.35+0.15
SFR “Leo(i-o) Leoi-a) “R3) Szomm “Maus
Moyr™! 10" Kkms™! pc2 10'9 K km s~! pc? uly 103M,
1103+383 4.9+0.4 4.10+0.12 0.84+0.07 82410  16.0+1.5
621%217 3.2+0.3 2.49+0.09 0.78+0.08 38«10  10.8+2.2
528+201 23+0.2 1.74+0.07 0.76£0.07 62+12  83+4.8
1637101 1.8+0.3 0.79+0.08 0.44+0.08  18+3  4.3%1.0

~-63
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Extended Data Table 2: Gas properties of the four SBs/MSs. The molecular gas masses are estimated based on the CO(1-0) emission
line using metallicity-dependent conversion factors, gas-to-dust ratio, and 3.2mm dust continuum emission. “CO-to-H, conversion factor
(aco(Z)'9, calculated based on mass-metallicity relation. bTotal molecular gas mass, computed as Mgy, co = aCO(Z)LéO(l—O)' ¢Gas
fraction: feas = Mgas/(Mstar + Mgas). dGas depletion time: f4ep = Mgas/SF R, which is the inverse of the star formation efficiency (SFE
= 1/tgep)- ¢ Mgys, GDR» computed based on gas-to-dust ratio. f Mgas,3. 2mm» computed based on the Rayleigh-Jeans tail dust continuum.

SB1 SB2 MS1 MS2

Yco(Z) (Mo/(Kkms™!pc?))  4.09 4.10 4.06 4.06
b Myas,co (10'°Mc) 20.2+1.7 13.3+1.4 9.2+0.9 7.4+1.1
: +0.09 +0.10 +0.09 +0.08
CfgaS,CO 0'70—0.06 O'66—0.07 O'29—0.06 O"25—0.06
d +0.07 +0.08 +0.07 +0.29
tdep,Co (Gyr) 0.18*0-07 0.21*0-08 0.1770-07 0.45%0-37

€ Mgas,GDR (10'9M0) 17.946.4 12.8+51 7.6+51 4.0£1.7
+0.12 +0.13 +0.15 +0.08
Jas.3.2mm 0687515 065157 025751, 01555y
+0.08 +0.11 +0.11 +0.18
tdep,3.2mm (GYr) 0.1670:98 0.21%0-11 0.14*0-11 0.24+0-18

I Mgas 3.2mm (1010M0) 22.7+6.4 10.4+3.9 17.1+55 5.1+1.6

+0.10 +0.13 +0.13 +0.08
fias,3.2mm 0.73*3-19 0.61*0-13 0.43%0-13 0.1870-08
tdep,3.2mm (Gyr) 0.21f8:8§ 0.17jg:g§ 0.3230):}2 0.31f83f§
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Extended Data Table 3: Best fit summary of gas kinematic model for the four SBs/MSs. Total ten free parameters and their 1o
uncertainties are determined from the GalPAK3P . The parameters are the xc, yc, zc positions, the total flux in the same units as input data
cube, the disk half-light radius 7| /25 the turnover radius ry, the inclination Incl., position angle PA, the maximum circular velocity Vinax ,
and the intrinsic velocity dispersion . “Rotation-to-random motions ratio, calculated from Vyax and oyy. The bottom row is the reduced
chi square X2 in our MCMC fitting.

SB1 SB2 MS1 MS2
Morphological parameters
xc (pixel) 16.53+0.03 17.16+0.04 15.70+0.08 16.76+0.14
yc (pixel) 16.67+0.02 17.60+0.03 16.73+0.06 16.85+0.10
Zc (pixel) 12.75+0.02 8.10+0.02 10.22+0.07 9.85+0.13
Flux (Jy beam_l) 2.14+0.01 1.17+0.01 1.27+0.02 0.67+0.02
r1/2 (pixel) 5.55+£0.04 4.00+0.05 7.54+0.13 7.01+0.32
ry (pixel) 0.54+0.05 1.89+0.10 0.06+0.06 0.60+0.25
Orientation of gas disk:
Incl. (deg) 37.37+0.62 19.30+1.21 45.72+1.38 55.58+2.18
PA (deg) 12.32+0.32 9.94+0.92 148.68+0.96 47.75+2.03
Kinematic parameters*
-1 +21 +123 +89 +211
Vinax (kms™1) 4192} 4974123 3278 245"
oo (kms™h 25t]! 33*a7 90* 12 110*38
+7.4 +13.0 +1.1 +2.0
AYinax /00 16.8774 1507139 3.6%)) 22429
reduced- y2 1.26 1.50 1.12 1.01

* The uncertainties of the kinematic parameters are derived from simulations (see Methods).
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Extended Data Figure 1: Full MCMC chain for 20,000 iterations for the two SBs and two MSs. Each galaxy shows fitting results
of rotational velocity and intrinsic velocity dispersion. Red solid lines and black dashed lines refer to the median and the 1o standard
deviations of the last 30% of the MCMC chain.
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Extended Data Figure 2: Observations (points) and best-fit PSF-convolved models (blue lines) for rotation velocity and total velocity
dispersion profiles along the kinematic major axis. Each point was extracted from the spectrum in an aperture whose diameter is equal
to the angular resolution 0.31”” and the red one restricted to the spaxels with S/N > 3 in the aperture. Orange and grey lines mark the
intrinsic velocity dispersion o and 1o~ confidence from the GalPAK3P . The 3.5 x 3.5”” HST/F160W images were shown in the bottom
right corner with the red crosses denote the corresponding source. Since SB2 and MS2 are close to each other with mixed fluxes, the points
at the lowest radius of SB2 and highest radius of MS2 are not fitted well with models. For MS1, the points at the lowest radius are not fitted
well with models because of two neighbouring sources at similar redshifts. The o7y derived from GalPAK3P is lower the lowest observed
velocity dispersion profile because the latter one is still affected by beam smearing effect even at the large radii probed by our observations.

15



0.4

MODEL|

0.4

> — > — > —
7 03T 03 G
0.3\ 3! 3 »n
c Vv c Vv cw
I E 3 E 3 E
02E X 02E X c X
5 ) 3 T 3 7
L E L E L E
017 © 01T g 0l T ®
g5 g8 5
00E = 008 00 £ >
-0.1 -0.1 -0.1
300 300 300
—_ —_ —_
~ Ll ~
150 Im Iu) 150 Iu)
€ € €
~ ~ ~
0 = = 0 =
> > >
= = =
O [v] O
~150 2 o -150 2
] U [}
> > >
-300 -300
150
150 — 150 — —_
- Ll —
I | 100 1
n wn n
€ I s0 £
100 24 100 2%, X~
c c 0 c
o kel o
so ¥ so0 ¥ g
k) w -100 .U
o o o
-150
0 0

Extended Data Figure 3: Comparison between the data and the best-fit model for the SB1. From top to bottom, it shows velocity-
integrated CO(3-2) flux density (M oment 0), velocity field (M oment 1), velocity dispersion (M oment 2) maps for the data (left panel), the
best-fit model (middle panel), and the residual after subtracting the model from the data (right panel). Grey filled ellipses in the bottom left
corner indicate the angular resolution of 0.31” x 0.25””. Each panel is 1.4”" x 1.4”” with the North up and the East to the left.
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Extended Data Figure 5: Same as Extended Data Fig. Hbut for the MS1
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Extended Data Figure 7: MCMC results for the SB1: the panels show the posterior probability distributions of seven model parameters
using MCMC sampling with GalPAK3P . Their marginalized probability distribution are shown as histograms. The parameters are the total
flux (Flux), the disk half-light radius (ry/2), the inclination angle (Incl.), the position angle (PA), the turnover radius (ry), the maximum
circular velocity (Vnax), and the intrinsic velocity dispersion (07), in the same units as summarized in Extended Data TableEl The solid
blue lines show median values. The black contour corresponds to the 68%, 95%, and 99.7% confidence intervals.
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Extended Data Figure 8: Same as Extended Data Fig. ﬁbut for the SB2.
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Extended Data Figure 9: Same as Extended Data Fig. Izlbut for the MS1.
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Extended Data Figure 10: Same as Extended Data Fig. Elbut for the MS2.
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