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GALAXIES

Inspiraling streams of enriched gas observed around
a massive galaxy 11 billion years ago

Shiwu Zhang't, Zheng Cai?*+, Dandan Xu?, Rhythm Shimakawa®*, Fabrizio Arrigoni Battaia®,
Jason Xavier Prochaska®”’, Renyue Cen®°, Zheng Zheng'®, Yunjing Wu', Qiong Li™™*2, Liming Dou®3,
Jianfeng Wu'#, Ann Zabludoff'®, Xiaohui Fan'®, Yanli Ai*®, Emmet Gabriel Golden-Marx', Miao Li",
Youjun Lu*®*®, Xiangcheng Ma?°, Sen Wang!, Ran Wang"!, Feng Yuan®

Stars form in galaxies, from gas that has been accreted from the intergalactic medium. Simulations have
shown that recycling of gas—the reaccretion of gas that was previously ejected from a galaxy—could
sustain star formation in the early Universe. We observe the gas surrounding a massive galaxy at
redshift 2.3 and detect emission lines from neutral hydrogen, helium, and ionized carbon that extend
100 kiloparsecs from the galaxy. The kinematics of this circumgalactic gas is consistent with an inspiraling
stream. The carbon abundance indicates that the gas had already been enriched with elements heavier
than helium, previously ejected from a galaxy. We interpret the results as evidence of gas recycling

during high-redshift galaxy assembly.

imulations of galaxy formation in the
early Universe indicate that low-mass
galaxies grow by the direct accretion of
gas from the circumgalactic medium
(CGM) and intergalactic medium (IGM)
(I). Both simulations and observations have
shown that galaxies in low-mass dark matter
halos—those with a halo mass M;, < 10" solar
masses (M) (2, 3)—can accrete streams of gas
at temperatures of ~10* K. These streams link
the galaxy to the surrounding CGM and IGM
with a filamentary web of pristine gas (gas
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containing almost no elements heavier than
helium) (7, 2). Transport of gas along these
streams prevents it from being shock-heated
while falling into the potential well of the
dark matter halo, so this process is referred
to as “cold-mode” accretion (2). Cold-mode
accretion could explain the high star forma-
tion rate (SFR) of high-redshift galaxies and
the increase in angular momentum of galaxy
halos over time (4).

Although cold-mode accretion is expected
for pristine gas, predictions differ for metal-
enriched gas (gas with higher abundances of
elements heavier than helium, referred to as
its metallicity). Cosmological simulations pre-
dict potentially observable quantities of metal-
enriched CGM around galaxies with M), >
10" My, (5, 6). Because metal-enriched CGM
gas can cool more efficiently than pristine gas,
metal-enriched accretion (recycled inflow)
could provide additional gas and boost the
SFR of galaxies in massive halos (3, > 10" M)
at redshift & > 2 (7-10). Observations of ab-
sorption lines toward background sources have
implied the presence of metal-enriched CGM
around galaxies (1), but these only provide
information at a single point. To determine
the spatial distribution of CGM gas requires
studying its emission lines.

Observations of MAMMOTH-1

Lyman alpha (Lyo) is an emission line of neu-
tral hydrogen that has a rest-frame wavelength
of 1216 A. Observations of enormous Lya
nebulae with wide-field integral field spec-
trographs could potentially determine the
physical properties and kinematics of CGM at
2> 2.0ne such Lyo nebula is the MAMMOTH-1
nebula at g = 2.31 (coordinates: right ascension
1474124542, declination +40°03'09"7, J2000

equinox), which has Lyo emission with a
jected spatial extent of 442 kpc and Lyc. .
minosity Ly, = 5.1+ 0.1 x 10** erg s (12). It
resides in an overdense galaxy environment
(12-14).

Our team observed MAMMOTH-1 with the
Keck Cosmic Web Imager (KCWTI) on the 10-m
Keck II telescope in imaging spectroscopy
mode centered on the Lya, C v 1548/1550 A,
and He 11 1640 A emission lines. We also per-
formed narrowband imaging of redshifted Ho.
(another line of neutral hydrogen with a rest-
frame wavelength of 6563 A) emission using
the Multi-Object InfraRed Camera and Spec-
trograph (MOIRCS) on the 8-m Subaru tele-
scope. We supplement these data with archival
observations at near-infrared, x-ray, and radio
wavelengths (I5).

We optimally extracted images from the
KCWI data (Fig. 1, A to C) (I3, 15). These
show that the flux peaks of the emission lines
Lyoa, C 1v, and He 1 coincide with a quasar (at
1474124542, +40°03'09"7, J2000) detected in
the x-ray data (fig. S1B), which we designate as
MAMMOTH-1:G-2 (hereafter G-2) (15). G-2 is
located inside the nebula and provides the
ionizing photons that excite the gas emission
lines. The Lya, C v, and He 1 emission regions
are asymmetrically distributed around G-2.
Both He i and C v are spatially extended, with
projected scales of 88 and 108 kpc (20 emis-
sion), respectively, and have luminosities of
Lije v =548 +0.13 x 10*? erg s ' and L¢ , =
10.50 + 0.16 x 10*? erg s, respectively. The
MOIRCS narrowband imaging (Fig. 1J) shows
that the Ho emission has a projected scale of
97 kpc, with a luminosity of Ly, = 2.33 + 0.15 x
10*® erg s™". From the archival radio observa-
tions of CO (J = 1—0, where J is the rotational
quantum number) (14), we measure the red-
shift of G-2 to be g = 2.3116 + 0.0004 (15). The
CO (J = 1-0) and CO (J = 3—2) observations
(fig. S1A) (14, 16) show that the sources around
G-2 we designate as G-1, G-3, G4, G-5, and G-6
(Fig. 1) also have redshifts of z = 2.31 and thus
are located within the nebula.

We used the spectral information to con-
struct a flux-weighted Lyo velocity map (Fig.
1D). This shows two regions of gas, each with
gas at a similar velocity extending for =100 kpc,
which we refer to as regions A and B. The
ionizing source, G-2, is located within region A.
One-dimensional (1D) spectra (Fig. 2) ex-
tracted from selected apertures (labeled in
Fig. 1E) have double- or triple-peaked struc-
tures, which we fitted with models consist-
ing of multiple Gaussians. The Lyo and He 1
emission spectra have similar double- or triple-
peaked profiles at each location, indicating
that the line profiles are attributable to the
motion of the ionized gas rather than Lya
radiative transfer effects (17). Using smaller
apertures (fig. S2) confirms this result (15). In
the large-scale CGM where no He 11 is detected,
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Fig. 1. Images of the extended line emission. (A to C) Optimally extracted
surface brightness (SB) images of Lya, He 1, and C v emission from the KCWI
datacube. ARA and ADEC are the coordinate offsets in right ascension and
declination, respectively, relative to the position of G-2 (14"41M24%42, +40°03'09"7,
J2000). Cross and diamond symbols labeled G-1 to G-6 are galaxies at redshift

z = 2.31, measured in both the CO (J = 1-0) (14) and CO (J = 3—2) observations
(16). White contours outline regions of 26 and 10c detection of Lya emission and
regions of 26 and 8c detection for He 1 and C v. In each case, the emission line
extends over CGM scales. (D to F) Flux-weighted line-of-sight velocity (vj4s) maps.

The Lya velocity map is labeled to indicate the large-scale red strip (region A)

and blue strip (region B) (see also Fig. 4A). The four dashed squares in the He 1
velocity map are each 4" by 4" wide, and the extracted 1D spectra from each of the
four apertures are shown in Fig. 2. (G to I) Flux-weighted velocity dispersion (v,;) maps.
(J) Ho narrowband image (seeing 0.4"). Symbols are the same as in (A) to (C).
The flux peak of Ho: coincides with the Ly, He 1, and C v emission. (K) Hubble Space
Telescope image of the galaxy group, using the filter FI60W, which is rest-frame
optical. Four clumps within 2" of G-2 are circled in red, and galaxies at z = 2.3 are
marked with blue boxes. Coordinates are J2000 equinox.

we expect radiative transfer effects to be weaker,
so the Lyo also traces the cool gas kinematics
in those regions (15).

Analysis of line ratios

Using the diffuse C v, He 1, and Ho emission
lines, we studied the properties of the CGM
with spatially resolved line ratio diagnostics
(15). Ho emission is better suited for line ratio
diagnostics than Lyo because it is less affected
by resonant scattering (18). Ha is also less
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affected by dust attenuation; we estimate that
the potential effect of dust on the line ratios is
<15% (15). We consider two possible emission
mechanisms: In the pure photoionization
scenario, the gas is highly ionized by strong
ultraviolet radiation from the quasar, causing
the line emission to be dominated by recombi-
nation. In the alternative shock-with-precursor
scenario, the gas moves at a velocity higher
than the local sound speed, so a shock front
forms at the leading edges of the clouds. Such

shocks could heat the gas to sufficiently high
temperatures that it cools by emitting soft x-rays
(19). Model line ratios are shown in fig. S5
for the pure photoionization scenario and in
Fig. 3 for the shock-with-precursor scenario.
The observed C v/Ha ratio is consistent with
both scenarios, whereas the He n/Ho ratio can
only be produced by the shock-with-precursor
scenario—it is an order of magnitude smaller
than predicted for the pure photoionization
model. We examined alternative assumptions
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Fig. 2. One-dimensional spectra of the Lya, He 11, and C v emission. These
spectra were extracted from the apertures shown in Fig. 1E. F, is the flux density
at wavelength A. Dots (with 1o error bars) show the observed spectra, while

the orange lines are a model consisting of multiple Gaussians fitted to the data.
The individual Gaussian components are shown with dashed lines. Numerical values

Fig. 3. Line ratios He n/Ha and C wv/Ha for the
observations and the shock-with-precursor
scenario. Colored dots are the observations, and
gray diamonds are predictions from the model
(19). Error bars are 26, and arrows denote lower
or upper limits. Colors indicate the projected
distance (D) between the southeast aperture and
each of the other apertures used to extract line
emission (fig. S4). For the model, the gray scale
represents metallicity (2), and symbol sizes scale
with the model shock velocity (100 to 1000 km s™
in steps of 25 km s, as indicated in the legend.
The observed line ratios of He 1/Ha and C v/Ha
are consistent with the shock-with-precursor
scenario at CGM metallicity of 0.1 to 1.0 Z,
across a distance of =100 kpc.

about the quasar emission and dust attenua-
tion, finding that a photoionization scenario
is unlikely to produce the observed line ra-
tios in all cases (15). We therefore conclude
that the shock-with-precursor scenario is the
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mechanism responsible for the observed emis-
sion line.

From the line ratio diagnostics, we find that
the CGM metallicities are within 2¢ of the
solar metallicity (Z-) (Fig. 3). This is an order

of magnitude higher than previous measure-
ments of the metallicity of the interstellar
medium in other galaxies with a stellar mass,
M,, of <10° M., at 2 = 2 to 3 (20, 2I) but con-
sistent within 2¢ with the CGM metallicity
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Fig. 4. Interpretation as an inspiraling stream. (A) Same as Fig. 1D, except
regions A and B are divided into subregions indicated by the boxes, within

which the spectra in (D) and (E) were extracted. (B) Same as (A), but for our
simulation of the inspiraling streams model (15). The line of sight (L.0.S.) is along
the y axis. (C) Projection of our model on the x-y plane. The two white stars
mark the positions of G-2 and G-5. Three main inspiraling streams are shown with
dashed lines, with arrows indicating flow directions. Two streams are around G-2,
and the third stream is around G-5. Other projections of this model are shown

in fig. S9. (D and E) Observed 1D spectra extracted from the regions shown in (A).
The orange lines include multiple Gaussians, with each individual component
shown as dashed lines, as in Fig. 2. Black dots represent the data, and the gray
shaded region indicates the 1o scatter. The green lines are the simulated spectra
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extracted from the regions shown in (B). The data and the simulation are consistent.
(F) Projected line-of-sight velocity profile of the observations (dots) obtained

from the red and blue components of the spectra in (D) and (E). Ry is the
projected distance from each region to G-2 on the plane of the sky. The 11 red points
correspond to the 11 redshifted Gaussians shown in (D), and the 13 blue points
correspond to the 13 blueshifted Gaussians shown in (D) and (E). Error bars are lo.
The dashed lines are linear models fitted to the data points. The solid lines

with shaded areas are our simulated velocity profiles, with colors corresponding

to the streams in (C). The shaded areas denote the 1o scatter. The red components
have a roughly constant velocity profile, whereas the absolute values of the

blue components have an increasing profile. v, is the mean of the observed
redshifted velocities.
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of some galaxies at g = 0 (22). Previous studies
have found that metal-enriched gas, traced by C
1v absorption toward background sources, is
distributed within ~125 kpc around galaxies at
2 =2 10 3 (23). Other studies have shown that
CGM metallicity could be higher than Z, at
2 =1(24). Our measurements show that the
CGM in MAMMOTH-1 has been enriched to
between 0.1 and 1.0 Z, on =100-kpc scales.

Interpretation of the kinematics

We investigated whether the observed kine-
matics could be produced by an active galactic
nucleus (AGN) outflow (see supplementary
text in the supplementary materials). We find
that they cannot, for two reasons: First, we ex-
pect any outflow to decelerate as it propagates
into the CGM, as a result of energy loss (25-27).
Instead, the observed line-of-sight velocity pro-
file (Fig. 4F) shows that the redshifted velocity
is roughly constant and that the absolute value
of the blueshifted velocity increases with in-
creasing distance from G-2. Secondly, if the
kinematics was due to an AGN outflow, the
observations would require an implausibly
high coupling efficiency between the outflow
power and the AGN luminosity (supplemen-
tary text) that is almost one order of magnitude
greater than that found by previous observa-
tions or simulations (fig. S13).

Alternatively, the gas metallicity, spatial dis-
tribution, and kinematics could be due to metal-
enriched inspiraling streams. Gas in the CGM
could have been enriched and expelled by
previous outflows, from the AGN or starbursts
in other galaxies. Cosmological simulations
predict that inspiraling cool streams allow
accreting galaxies to gain high angular mo-
mentum (4, 28). In cosmological simulations
(29), ~46% of halos with masses M;, = 10" M,
at ¥ = 2 have inspiraling streams that are
metal-enriched on CGM scales (15). Those
simulations predicted that, in addition to pris-
tine gas accretion, accretion of recycled, metal-
enriched gas could be a common process.

Motivated by those simulations, we con-
structed a simple kinematic model of metal-
enriched inspiraling streams to interpret our
observations (I5). The model consists of three
inspiraling streams: two that surround G-2
and a third that surrounds G-5. The geometry
of the model is shown in Fig. 4C. Comparing
this model to the data, we find that both the
simulated velocity map (Fig. 4B) and line
profiles (Fig. 4, D and E) are consistent with
the observations. The reduced x* between the
simulated and observed spectra is ~0.9. The
kinematics is also reproduced by the model
(Fig. 4F), within the 1o scatter.

Implications for gas accretion

Cosmological simulations have also shown that
recycled inflows can provide gas accretion at
2~ 0(8,9). Other simulations (7) have shown

Zhang et al., Science 380, 494-498 (2023)

5 May 2023

that, at 2 = 2, the fraction of stellar mass con-
tributed by recycled gas is 40% in a 10'>® M,
halo. Our interpretation of the MAMMOTH-1
observations is consistent with the latter sce-
nario (7).

We calculate that the streams provide a mass
inflow rate M, = 703 19M, year™! (15), which
is higher than the SFR of G-2 (81 + 18 M, year ™)
derived from its far-infrared emission (15). We
suggest that this indicates a link between the
accretion rate of the recycled gas inflow and
the SFR of G-2 (15). The observed line-of-sight
velocity profile (Fig. 4F) is consistent with cool
gas undergoing deceleration as it falls into the
dark matter halo, as predicted by semiana-
lytic models of cool CGM gas (30, 3I). In those
semianalytic models, the deceleration is inter-
preted as a consequence of drag forces exerted
by the hot coronal gas on the cool gas stream.
Because MAMMOTH-1 resides in the peak of
overdensity that is also a galaxy group, the
diffuse metal-enriched gas could also arise
from galaxy interactions, such as tidal stripping.
We estimate that this scenario is negligible
on the CGM scale (supplementary text). A Hub-
ble Space Telescope image of MAMMOTH-1
(Fig. 1K) shows no evidence of tidal stripping
on large scales.

Our spectroscopic observations show that
the group of galaxies within MAMMOTH-1
has a redshift gradient qualitatively consistent
with that of the CGM (Fig. 1D and table S3).
This indicates that the large-scale orbital an-
gular momentum of the galaxy group aligns
with the CGM angular momentum. Any satel-
lite galaxies moving around G-2 could impart
angular momentum to the enriched cool CGM
gas, which would then flow back to the galaxy
in an inspiraling stream (fig. S8A). The CGM
gas flow would then induce a shock, facilitat-
ing gas cooling through line emission. From
the estimated inflow rate of the recycled gas,
the recycled inflow could sustain star forma-
tion in G-2 at this redshift.
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Editor’'s summary

Galaxies accrete gas from the surrounding intergalactic medium and then turn this gas into stars. Feedback processes
such as supernova explosions enrich the gas with elements heavier than helium and can impart enough momentum

to eject some gas out of the galaxy. S. Zhang et al. observed the intergalactic medium around a massive galaxy at
redshift 2.3. In addition to emission lines caused by hydrogen and helium, they observed lines for carbon, indicating
that the gas has been enriched with heavier elements. The kinematics are consistent with streams of gas spiraling
toward the massive galaxy. The authors propose that the enriched gas has been recycled from an earlier period of star
formation. —Keith T. Smith
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