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A massive stellar bulge in a regularly rotating galaxy
1.2 hillion years after the Big Bang

Federico Lelli*?*, Enrico M. Di Teodoro®, Filippo Fraternali*, Allison W. S. Man®, Zhi-Yu Zhang®,
Carlos De Breuck’, Timothy A. Davis’, Roberto Maiolino®°

Cosmological models predict that galaxies forming in the early Universe experience a chaotic phase

of gas accretion and star formation, followed by gas ejection due to feedback processes. Galaxy
bulges may assemble later via mergers or internal evolution. Here we present submillimeter
observations (with spatial resolution of 700 parsecs) of ALESS 073.1, a starburst galaxy at redshift
z~5 when the Universe was 1.2 billion years old. This galaxy’s cold gas forms a regularly rotating
disk with negligible noncircular motions. The galaxy rotation curve requires the presence of a central
bulge in addition to a star-forming disk. We conclude that massive bulges and regularly rotating
disks can form more rapidly in the early Universe than predicted by models of galaxy formation.

n the standard Lambda cold dark matter
(ACDM) cosmological model, galaxies form
inside dark matter (DM) halos when pri-
mordial gas cools, collapses, and begins
star formation (7). At early times, when the
Universe was only 10% of its current age (red-
shift g ~ 5), ACDM models predict that galaxies
undergo a turbulent phase of gas accretion
from the cosmic web, leading to violent bursts
of star formation and black hole growth (2).
These are rapidly followed by massive gas out-
flows due to feedback from supernovae and
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active galactic nuclei (AGN). Strong stellar and
AGN feedback are needed in ACDM models
to reproduce the observed number of galaxies
per unit volume per unit mass (the galaxy stel-
lar mass function) and to quench star forma-
tion in the most massive DM halos, reproducing
the observed population of quiescent early-
type galaxies at 2 = 0 (3). In the hierarchical
ACDM scenario, galaxy bulges (the spheroidal
stellar components in the central parts of mas-
sive galaxies) are expected to form either after
the merger of two galaxies of similar mass or
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via secular dynamical processes within the stel-
lar disk (4). Observation of galaxies at high
redshifts enables us to test these scenarios
by searching for these physical processes in
action.

The 158-um emission line of singly ionized
carbon, [C m], is a major coolant of the inter-
stellar medium of galaxies and traces a com-
bination of atomic and molecular hydrogen
phases. The [C 1] line has been observed up
to 2 ~7.5 (5), and several rotating disks have
been identified at & > 3 (6-8). Most exist-
ing observations only marginally resolve the
[C 1] distribution and kinematics, and thus
cannot distinguish between rotating disks,
galaxy mergers, or gas inflows and outflows.
Limited spatial resolution has prevented the
measurement of well-sampled rotation curves
(with more than six independent elements),
which could be used to measure different mass
components by fitting dynamical models.
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Fig. 1. ALMA observations of ALESS 073.1. (A) Continuum emission at

160 um (rest-frame) tracing dust heated by young stars, (B) [C 1] intensity
map tracing cold gas, and (C) [C 1] velocity field showing a rotating disk.
North is up; east is left. The kinematic center, located at right ascension (R.A.)
03" 32™ 29.295° and declination (Dec.) —27°5619.'60, is represented by a
white star. The beam size is plotted as the gray ellipse in the bottom-left corner.
The physical scale is indicated by the scale bar in the bottom-right corner. In (A),
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iso-emission contours range from 0.055 to 1 mJy beam™ (where 1 mJy = 107%°
W m™ Hz™) in steps of 0.11 mJy beam™. In (B), iso-emission contours range
from 0.35 to 6 mJy beam™ km sV in steps of 0.7 mJy beam™ km s™. In (A) and
(B), the lowest iso-emission contour corresponds to a signal-to-noise ratio of
~3.In (C), iso-velocity contours range from -120 to +120 km s7* in steps

of 30 km s, the bold contour indicates the systemic velocity (set to zero), and
the gray line shows the kinematic major axis.
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Fig. 2. Mass model of ALESS 073.1. (A) The observed rotation curve (black
circles) adopting the best-fitting inclination angle of 22°. The model rotation curve
(black solid line) is the total of contributions from the stellar bulge (red dot-
dashed line), stellar disk (blue dashed line), cold gas disk (green dotted line), and
DM halo (magenta dash-dotted line). (B) Surface density profiles of the bulge
(red squares), stellar disk (blue stars), and cold gas disk (green circles) adopting
the best-fitting masses (9). The bulge profile assumes a de Vaucouleurs'

We used the Atacama Large Millimeter/
submillimeter Array (ALMA) to observe a star-
forming galaxy at & = 4.75 (6) at a spatial re-
solution of ~0."11, corresponding to 0.7 kpc in
a ACDM cosmology (9). The target, ALESS
073.1 (LESS J033229.3-275619), is a strong sub-
millimeter source (10). Its large far-infrared
luminosity suggests an ongoing starburst with
an estimated star-formation rate of ~1000 solar
masses (M) per year (10, I1). ALESS 073.1 con-
tains a dust-obscured AGN (12). These extreme
properties indicate that the galaxy may drive a
massive gas outflow (I1). Previous [C 1] obser-
vations with ALMA indicated a possible rota-
ting disk (6), but the spatial resolution (0.5,
corresponding to ~3 kpc) was insufficient to
determine its detailed properties or identify
gas inflows and outflows.

Figure 1A shows the continuum map at rest-
frame 160 um, which traces dust heated by the
star-formation activity. Figure 1B shows the
integrated [C 1] intensity map, which traces
the cold gas distribution. The [C 11] emission
is about twice as extended as the dust emis-
sion and shows an asymmetry to the north-
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east. Similar lopsided gas disks are common
in the nearby Universe, forming nearly half of
the local population of atomic gas disks (13).

The [C 1] velocity field (moment one map;
Fig. 1C) shows a regularly rotating disk. Rota-
ting disks and galaxy mergers can be difficult
to distinguish when observed at low spatial
resolutions (74). This is not the case for ALESS
073.1 because the area with detectable [C 1]
emission is covered by ~45 resolution elements.
The kinematic major axis is perpendicular to
the kinematic minor axis, implying that non-
circular motions are negligible in the inner
parts of the gas disk (15). The gas kinematics
are less regular in the northeastern extension:
This may be due to recently accreted gas, a
warped outer disk, or streaming motions along
a spiral arm (9). The limited signal-to-noise
ratio in the outer regions does not allow us to
distinguish between these possibilities. Over-
all, the kinematic regularity of the [C 1r] disk
is unexpected for a starburst AGN-host galaxy
atz=~0.

We model the [C 1] kinematics using the
software ®"Baroro (I16), which fits the obser-
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distribution (30). The stellar and gas disk profiles are obtained from azimuthal
averages of the dust continuum and [C 1] intensity maps, respectively. The
uncertainties on these profiles are dominated by the systematic uncertainty on
the normalizing masses (9).
rotational support as a function of radius. In (C) and (D), the dashed line and
gray band show the median value and median absolute deviation, respectively.
In (A), (C), and (D), the error bars show +lc uncertainties (9).

(C) [C 1] velocity dispersion profile. (D) Disk

vational data with a rotating disk model (9).
This determines the [C 1] surface brightness
profile, the rotation curve, and the intrinsic
velocity dispersion profile. The best-fitting
rotation curve (Fig. 2A) rises steeply in the
central parts and declines across the disk.
Similar rotation curves are observed in bulge-
dominated disk galaxies in the nearby Universe
(17-19), so there might be a bulge component
in ALESS 073.1. The normalization of the ro-
tation curve depends on the disk inclination,
which we treat as a free parameter below.
We use the derived rotation curve to con-
strain the mass distribution within the galaxy.
Our fiducial mass model has four components:
cold gas disk, stellar disk, stellar bulge, and
DM halo. We also investigate mass models
with three components, which we find either
cannot fit the observations or are less plausible
in the ACDM paradigm (9). We assume that
the [C ] density profile traces the distribution
of the cold gas disk, whereas the dust density
profile traces the distribution of the stellar
disk (Fig. 2B), because dust absorbs ultraviolet
radiation from young stars and reemits it at
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Fig. 3. Turbulence and rotational support of galaxies as a function of cosmic time. (A) Gas velocity
dispersion and (B) V,.t/oy versus redshift. Gray bands show a semi-empirical model based on
Toomre's disk instability parameter (21). In (A), the black dot-dashed line and the blue dashed line show
the velocity dispersion evolution inferred from warm ionized gas data (black circles; averages from
galaxy samples) and cold neutral gas data (blue squares; averages for z = 0 and individual galaxies
for z > 0.5), respectively (24). In (B), black diamonds and red bars show, respectively, the median

and 90% distribution of ionized gas surveys (21). The red star represents ALESS 073.1. Error bars correspond

to tlo uncertainties.

far-infrared wavelengths. The two additional
components (bulge and DM halo) are modeled
with analytic functions (9). The bulge compo-
nent implicitly includes the contribution of
the central supermassive black hole, which
contributes <10% of the central mass in high-z
galaxies (8).

For the best-fitting inclination angle of 22°,
the [C 1] disk rotates at velocities (Vo) of 300
to 400 km s™* (Fig. 2A). Similar rotational
speeds are observed in the most massive early-
type galaxies at 2 = 0 that host molecular gas
disks (20), so we conclude that they are the
likely descendants of galaxies similar to ALESS
073.1. The intrinsic velocity dispersion (oy)
reaches 50 to 60 km s™* at small radii and
decreases to ~10 km s™' in the outer parts
(Fig. 2C). The ratio of rotation velocity to ve-
locity dispersion (Fig. 2D) is ~10 within 2.5 kpc,
similar to that of cold gas disks at £ = 0 (21).
The [C ] disk of ALESS 073.1 is supported by
rotation, not turbulence.

The bulge component of the model is ne-
cessary to reproduce the observed high rota-
tion speeds at small radii. We obtain a bulge-
to-total mass ratio Myu/Mparyon = 0.44, where
Mparyon is given by the sum of all baryonic
(non-DM) components within 3.5 kpc. This
ratio is nearly independent of the disk incli-
nation because it is largely driven by the shapes
of the observed rotation curve and of the bar-
yonic gravitational contributions, not by their
absolute normalizations. Baryons dominate
the gravitational potential within 3.5 kpc, sim-
ilar to massive galaxies at 2 = 0 (I19)and 2 =110 3
(22, 23). In ACDM cosmology, DM halos are
expected to have low concentrations at high z,
whereas baryons can efficiently cool and col-
lapse to the bottom of the potential well,
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reaching high concentrations. Thus, DM halos
become gravitationally dominant at large radii.

Gas disks in the early Universe are expected
to be more turbulent than their local analogs:
the gas velocity dispersion is thought to in-
crease with redshift, whereas the degree of ro-
tational support (V;/ov) decreases (21, 24).
The enhanced turbulence may be driven by
gravitational instabilities from cold gas flows,
and/or by stellar and AGN feedback (25). At
2 =1, however, the limited spatial resolution
can bias the measurements of V,,; and oy
(beam-smearing effects), leading to systematic
overestimates of oy and underestimates of
Viot/ov (26). The gas velocity dispersion of
ALESS 073.1 is consistent with the extrapola-
tions from data at = < 3.5 (Fig. 3A) but lies at
the low oy boundary of the prediction of a
semi-empirical model based on Toomre’s disk
instability parameter (21), despite the galaxy
hosting a starburst and a dust-obscured AGN.
The rotational support of the gas disk of ALESS
073.1 is much higher than the value predicted
by the same model (Fig. 3B), which has been
used to describe kinematic measurements at &
< 3.5 (21). The V,./oy ratio is similar to that of
gas disks in the local Universe (Fig. 3B). This
suggests that both starburst and AGN feed-
back have only a gentle effect on the cold
interstellar medium of ALESS 073.1 because
the [C 1] disk is regular and unperturbed,
contrary to galaxy formation models with vio-
lent feedback.

It remains unknown whether bulges exist
in the early Universe (2 > 4), given the lack of
high-resolution infrared observations probing
the stellar mass distribution. In ALESS 073.1,
we use the gas kinematics to infer the pres-
ence of a central massive component that is

12 February 2021

not traced by the dust. This is likely a stellar
bulge hosting a supermassive black hole. Bulges
form either from the secular evolution of stellar
disks or after major galaxy mergers (4). Both
mechanisms could be at play in ALESS 073.1,
but they must act on short time scales because
the Universe was only 1.2 billion years old at
2~4.75. Any major merger must have hap-
pened at even earlier cosmic epochs to provide
time for the gas kinematics to relax to regular
rotation. The orbital time at the last mea-
sured point of the rotation curve is about 5 x
107 years, and about five revolutions may be
required to relax the disk, so any major merger
must have happened at & > 5.5. ALMA ob-
servations of a quasar-host galaxy at z~6.6
with similar spatial resolution show that the
[C 1] kinematics can be heavily disturbed at
this younger epoch (~0.8 billion years after
the Big Bang), possibly owing to mergers or
interactions (27). Bulges may also develop
from star formation inside AGN-driven gas
outflows (28, 29), which could occur on short
time scales. Although we observe only a single
object, we conclude that the Universe pro-
duced regularly rotating galaxy disks with pro-
minent bulges at <10% of its current age. This
implies that the formation of massive galaxies
and their central bulges must be a fast and
efficient process.
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