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Abstract

The SPT 0311-58 system at z = 6.900 is an extremely massive structure within the reionization epoch and offers a
chance to understand the formation of galaxies @ extreme peak in the primordiatiensity field. We present

70 mas Atacama Large Millimeter/submillimetefrray observations of the dustontinuum and [ClI] 158 pm

emission in the central pair of galaxies and reach physical resolutions of ~100-350 pc, among the most detailed
views of any reionization-era system to date. The observations resolve the source into at least a dozen kiloparsec-
size clumps.The globalkinematics and high turbulentelocity dispersion within the galaxies preseatstriking

contrastto recentclaims of dynamically cold thin-disk kinematics in some dusty galaxies j@30 Myr later at

z ~ 4. We speculate that both gravitational interactions and fragmentation from massive parent disks have likely
played a role in the overall dynamicsand formation of clumpsin the system. Each clump individually is
comparable in mass to other 6 < z < 8 galaxies identified in rest-UV/opticdkeep field surveysbut with star

formation rates elevated by a factor of ~3-5. Internally, the clumps themselves bear close resemblance to greatly
scaled-up versions of virialized cloud-scale structures identified in low-redskiilaxies.Our observations are
qualitatively similar to the chaotic and clumpy assembly within massive halos seen in simulations of high-redshift
galaxies.

Key words: High-redshift galaxies — Starburst galaxies
Supporting material: interactive figurelata behind figure

1. Introduction star-forming galaxies (DSFGsQf these,only a handful have
The vast majority of known z > 6 galaxies have been found _been .i<tentified into the reionization epoch at z > 6, likely
through optical color selection techniques that identify |nhabtt|ng dark matter halos that_are much more rare and.
predominantly low-mass, UV-bright star-forming galaxies, massive than UV-seIected galaxies (e.g:poray etal. 201.4’
but the rarity and strong clustering of more massive galaxies Strandetst al. 2017; Zavala etal._21018).W|th star_formatlon
typically exclude them from all but the widestsurvey fields. rates (SFRs) of hundreds ofMr , these IR-luminous dusty

Far-infrared surveysoffer an alternative perspective on the galaxies mostikely then become the firstmassive quiescent

cayunarse, oniing o V-G popatonof dusy 51 Ton specescopely confrms oz 4 (e,

. 2020). While the DSFG population has long been argued to
@ Original content from this worl_< may be used under the terms istori ilv of . Vi t al. 1998
—Bv of the Creative Commons Attribution 4.0 licence. Any further consis P”ma” y ol major mergers (e.g., vison et al. !
distribution of this work must maintain attribution to the author(s) and the titte Tacconiet al. 2008, among many others),ecentworks have
of the work, journal citation and DOI. found other z ~ 4 DSFGs that appearto have kinematics



The Astrophysical Journal Letters, 929:L3 (8pp),2022 April 10

dominated by thin-disk rotation (e.g.,Fraternaliet al. 2021;
Rizzo et al. 2021), possible progenitors of dynamically cold,
rotating quiescentgalaxies athigh redshift (e.g., Toft et al.
2017; Newman et al2018).

The z = 6.900 DSFG SPT 0311-58 is currently both the
highest-redshiftR-selected system and a very massive object

within the epoch of reionization (Strandet et al. 2017; Marrone
et al. 2018; hereafter M18; Jarugula et al. 2021). Resolved into

a pair of massive dusty galaxies by”-3ALMA observations,
the massesof dust (logMyust/My » 99.5) and cold gas

(logMgas/M » 11-11.5) are extreme compared to other
known reionization-eragalaxies. Even under conservative

Spilker et al.

western (SPT 0311-58W) and eastern (SPT 0311-58E)
component,with SPT 0311-58W mildly lensed by a fore-
ground galaxy and SPT 0311-58E essentially unlensebhe
two componentsare separatedby =700 kms' and are
therefore distinctobjects (M18,and see below) thabur new
data resolve in detail.

2.2. Lensing Reconstruction

Lens models and source-planereconstructionsof =03
ALMA data, including the [G1] line, were originally presented
in M18. Those models used a pixelated reconstruction of the

assumptions and considering only the currently known spectrosource plane and represented the foreground lens as a singular

scopically confirmed membershe implied host dark matter
halo mass i$ogMya0/Mo » 1213 just 800 Myr after the Big

isothermal ellipsoid (SIE), following the methodology
described in Hezaveh etal. (2016). We use the same code

Bang, among the most massive halos expected in the standardand reconstruction procedure for our high-resolution ds¥a.

NCDM cosmology over an area of tens of square degrees
(M18). This structure offers the chance to probe the details of
galaxy assembly within an extreme peak of the primordial
density field.

Here we presenhew 0”07 resolution ALMA observations
of the dust and [C 1] 158 pm emission in SPT 0311-58,

refit for the foreground lens parameters including all available
data, finding good quantitative agreementvith the previous
models.We reconstructed the continuum emission and [
emission in 40 kms' channelsapplying the best-fitlensing
deflections. The peak residuals from the best-fit reconstruction
reach ~4¢ in the continuum, compared to a peak signal-to-

improving on the spatial resolution of the previous observationsioise ratio (S/N) = 120 in the data. This demonstrates that our

from M18 by ~16x% in beam area. The data reveala highly
clumpy and turbulent structurein the rapidly star-forming
central galaxies, among the most detailed views of any
reionization-erasystem. The observationsand analysis are

assumption of an SIE profilewhile simple,is adequate in the
absence of other data to constrain the lens mass profiléle
expect these residuals to have minimal impact on our
subsequent analysi$he reconstruction of the continuum and

described in Section 2, and our main findings are discussed in integrated [Gl] emission is shown in Figure 1, while Figure 2

Section 3.We conclude and describe future lines of work in
Section 4. We assumea flat ACDM cosmology with
0= 0.307 and Hy=67.7 km s ' Mpc™! (Planck Collabora-
tion et al. 2016); for this cosmology, 1" = 5.4 kpc at z = 6.900.
Images and data products are available on GitHub https://
github.com/spt-smg/publicdatawith a copy preservedon
Zenodo:10.5281/zen0do.6392003.

2. Data and Methods
2.1. ALMA Observations

ALMA observations of the dust and [C1I] emission were
carried out in projects 2016.1.01293.S and 2017.1.01423.S,
designed to reach spatial resolutions =025 and 005,
respectively,at 240 GHz. The 2016 data were presented
in M18, and the new data are essentially identical spectral
setup.The spectralresolution of the sideband containing the
[Cu] line is =10kms"'. The newly acquired data were

shows a more detailed 3D rendering ofthe [C II] emission.
Because SPT 0311-58E liesfar from the multiply imaged
region of the source plane and is essentially unlensedjts
apparentmorphology is reproduced basically exactly in the
reconstructionSimilarly, much of the apparentimage-plane
structure in SPT 0311-58W maps simply to the intrinsic source
plane,a consequence othe spatial offset between lens and
source. Due to variations in the local magnification, the
effective spatialresolution of the reconstructions varies from
=60 pc (near the lensing caustics in the central regions of SPT
0311-58W) to =350 pc (across SPT 0311-58E and the
southern end of SPT 0311-58W, which are not strongly
lensed).

2.3. Clump ldentification

The source-plane reconstructionsf continuum and [ClI]
emission both show a highly clumpy structurdo verify this
structure and measure clump propertiggamely the size and

obtained between 2017 November and 2018 October, comprisspectralline width of each clump, we use the fellwalker
ing 40 minutes on source in a compact array configuration withclump-finding algorithm (Berry 2015), which identifies distinct

15 m-1.4 km baseline lengths and 65 minutes in an extended
array with 0.1-8.5 km baseline$he data were reduced using
the standard ALMA pipeline and combined with the previous
2016 data.We performed a single round of phase-only self-

calibration with a solution interval equal to the scan length. We clumps. The fellwalker algorithm does not

imaged both the continuum and [C 1I] data using Briggs
weighting with robustness parameter 0.5; the resulting
synthesized beam size is’0 07 x/0 08The continuum image
reaches 7.5 pJy beam sensitivity, and the [CII] data cube
typically reaches85 uJy beam’ sensitivity in 40 km &’

peaks in two- or three-dimensional data and integrates outward
from these peaks to a user-specified minimum threshdlde
analyze the continuum and [[Cdata separately, i.e., we do not
impose any correspondencebetween continuum and [C11]
presume any
spatial or spectralprofile for the clumps. It instead simply
labels the flux of each pixelas belonging to atmosta single
clump; any spatial or spectraloverlap between clumps is
therefore ignored. We require clumps to reach a minimum peak
S/N of 4 in the continuum and 8 in the [€] cube and expand

channels. The continuum image is shown in Figure 1, togetheraround peaks identified this way down to the 20 level. We also

with an integrated [01] (moment 0) map made by integrating
channels from =600 to +1120 km s’ with respect to
z =6.900. As noted by M18, SPT 0311-58 consistsof a

tested severalbther clump-finding techniquesjncluding the
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Figure 1. Observed (image-plane) and reconstructed (source-plane) maps of the dust and intedrateiddion in SPT 0311-58. The 12 clumps we identify in the
source-plane reconstructions are labeled; clumps E1 and W7 are identified only inithed€ cube and are marked with dotted circles. Because of the relatively
simple lensing geometry, each of the source-plane clumps maps nearly one to one with the clumps visible by eye in the image plane (clumps W2-W4 together cre
the southeastern arc/counterimage). Contours in the][@aps are of the dust continuum. The £0 07 synthesized beam is shown in the lower left of the observed

images,and the lensing caustics are shown in the source-plane maps in white.

classic clumpfind algorithm (Williams et al. 1994) and the
tree-based astrodendro package. ?> All methodsyielded
consistentresults for the continuum clumps; the clump-to-

width, not coincidentally). This implies the minimum line
width recoverable in our data is o = 17 km'$, which places
limits on our later comparisonsto clumps detected atlow

clump contrast in the continuum is high enough that the detailsredshifts with narrow line widths.

of the clump identification are novery important.There was
slightly more variation in the results from thel[[Gcube due to

the lower contrast between adjacent clumps. The most common
differences were a failure to identify the clump we label E1 due

to its faintnessand the joining of clumps W3 and W4 due to
the low contrast between clumps. With some fine-tuning of the
parameters we were able to recoveall clumps consistently
between the different algorithms, but we stress that our results
are not strongly dependenton the details of the clump
identification.

We identify 12 distinctclumps in the [CliI] data cube 4 in
SPT 0311-58E (labeled E1-E4 from north to south) and 8 in
SPT 0311-58W (W1-W8).Ten clumps are also identified in
the continuum image. Clump E1 peaks just below our
minimum continuum S/N thresholdwhile clump W7 appears
to be genuinely continuum-faint.For these two clumps,we
“manually” measured continuum propertiesising apertures
over the [C II]-emitting region; we verified that this method
would also accurately recover the continuum flux density of th
other clumps as wellAll continuum clumps spatially overlap
with a [C 1] counterpartand we conclude that the continuum
clumps are physically associated with the corresponding][C
clumps. Together, the continuum ([f} clumps recover =80%

3. Results and Discussion
3.1. Clumpy Formation of a Massive z ~ 7 Galaxy

Our ~100-350 pc resolution data provide among the most
detailed views of any reionization-era galaxy currently
available, demonstrating that the SPT 0311-58 system consists
of at least a dozen smaller substructures that dominate the total
dustand [ClI] emission.Importantly,no gravitationallensing
“trickery” has artificially produced the clumps, as the structures
identified by the algorithms are also readily apparenin the
image plane in this modestly lensed systeWiie illustrate this
correspondence by labeling the identified clumps in both the
image and source planes in Figure 1. Figure 2 demonstrates that
the [CIl] emission is also highly clumpy in position—position—
velocity spacewith the smooth velocity-integrated emission a
consequence of distinct clumps overlapping in the plane of the
sky. The resolution and depth of our data (e.g., the continuum

qmage reachespeak S/N = 75) are sufficient to overcome

limitations in past works that ruled out significant clumpy
structure in lower-redshiftDSFGs (e.g.,Hodge et al. 2016;
Rujopakarn et al2019; Ivison et al.2020).

Globally, the SPT 0311-58 clumps are not arranged

(=70%) of the total intrinsic emission measured by integrating randomly in position—position-velocity space butappearto

within a large aperture over the source plane. The remainder isygce  two

distributed in a handfulof additional tentative clumps thatlo
not reach our minimum peak signal-to-noise threshold and a
diffuse componentsurrounding the algorithmically identified
clumps thatfalls below our 2g threshold and is therefore not
assigned to any particular clump. The [C II] spectra of all

“strings” of clumps, one each in SPT
0311-58W and E.While SPT 0311-58E and W must be
interacting, this raises the possibility thatthe clumps within
each object have formed by fragmentation of a (very) massive
pair of disks. The lower panels of Figure 2 show position—
velocity slices along the major axis of each object.Not all

clumps, the sum of clumps, and the sum over the entire sourceslumps are easily distinguished in these 2D projections of the

plane are shown in Figure 3.

We tested the recovery of clump propertiesby injecting
artificial Gaussianclumps into signal-free regions of the
reconstructeddata cube and then measuring the clump
propertiesin the same way as the real data. For artificial
clumps with properties similarto the real ones (radius R ~
1 kpc, peak line flux ~2.5 mJy), the size and integrated line
fluxes were recovered well. The line width was also well
recovered aslong as FWHMJ40 kms' (the cube channel

22 http://www.dendrograms.org/

3D cube, although we have defined the slices to contain at least
some of the [C II] emission of all clumps. It is clear from
Figure 2 that neither SPT 0311-58E or W is consistenwith
simple thin-disk rotation: Not all clumps are colinear in either
source,and some clumps in each source do notfollow the
pattern expected from simple rotational models. This is in clear
contrast to several recemtorks that claim rotational disk-like
structure in lower-redshifDSFGs based on [Q1] kinematics
(e.g., Fraternali et al. 2021; Rizzo et al. 2021) or dust
continuum morphology alone (e.g.Hodge etal. 2019). The
position-velocity diagrams in Figure 2 are clearly less well
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Figure 2. Top: the [QI] emission in SPT 0311-58 is dominated by distinct clumps, distinguishable in this three-dimensional position—position-velocity rendering of
the reconstructed data cube. The integrated] [€hd dust continuum reconstructions are also shown, as in Figure 1. An interactive version that allows the cube to be
zoomed, panned, and rotated is available in the online journal and at https://github.com/spt-smg/publicdata. Bottom: position—velocity slices along SPT 0311-58E
and W, as indicated in the center paneldemonstrate thaheither source is well-described by simple rotation curve modeléote that not all clumps are easily
distinguishable in these 2D projections of the 3D cube.

defined, more disturbed, and more turbulent than the analogoupatterns. For example, a position-velocity diagram of the M82

diagrams in,e.g., Rizzo etal. (2021).Even if we ascribe the galactic disk shows evidence of a supernova-driven bubble

entirety of the structure seen in Figure 2 to rotation, we would qualitatively similar to the pattern seen in clumps W4-WS8,

estimate an upper limiton the ratio of rotational-to-turbulent though on spatial scales ~10x smaller (Weil3 et al. 1999). In all

motions V/o [J 2-3 in both SPT 0311-58 galaxies, well below [ikelihood, both disk fragmentation and gravitationahterac-

that claimed by the aforementioned works. Whether due to thetions contribute to the clumpy structure of SPT 0311-58. SPT

higher redshift or the much larger mass of the system compareg311-58E and W are separated by <10 kpc on the sky and are

to these objects, SPT 0311-58 presents a clear counterexampl@early interacting,and at leastsome of the clumps in each

to the recent narrative that early DSFGs are dominated by source are likely distinct merging substructur&ther clumps

dynamically cold secularly rotating systems. may have fragmented from massive turbulent parent disks, but
We nevertheless expect that rotational motions are present q{ is difficult to know the formation mechanism of any

some level, for several reasons. Angular momentum conserva- articular clump or ensemble of clumps

tion requires that merging structures orbit each other, producinB Turning to the internal kinematics of tﬁe clumps, all clumps

“velocity gradients” superficially similar to rotation (see Litke oo . - . X
et al. 28/1% fora similafcase inya z ~ 5.7 DSFQG). H(owever it ishgve velocity dispersions o = 70120 kifi'sand circularized
implausible that a dozen merging subhalos should all be foundS'4€S E"?r[]C't'i]_t 0.7_t1 .itBhkpc(:],Imea§ur§d fr?m pieuldo-molment-o
within such close proximity yetstill be distinctly identifiable images thaiintegrate the [QI] emission of each clump along
given the short timescales expected for coalescence. Moreover,

local processescan distort the rotation curve from classic
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Figure 3. [C Il] spectra of each identified clump (colorfabeled),the sum of Fig?‘urel4. The individual glumps iqentified in SPT 0311-58 are similar in mass
the clump spectra (gray), and the total source-integrated emission (black). Thet© ‘typical” coeval massive galaxiesbut show SFRs elevated by =3-5x.
clumps are kinematically (and spatially; Figure 2) distinct, and together Howeverthey formed, the clumps can be thoughtof as similarin scale to
comprise =70% of the total [GI] emission. known reionization-era galaxieg\ll comparison objects also have spatially-

resolved ALMA [C 1] observations; see Section 3.2. All the clump properties
used in this work are available as data behind the figure.

(The data used to create this figure are available.)

the spectral dimensioft.Only two clumps in SPT 0311-58W,
W3 and W4, show obvious internal velocity gradients that may
suggest that the clumps themselves are rotating. Even for these

clumps, it is unclear whether rotation dominates because these ) ) )

clumps are nearesto the centerof SPT 0311-58W and are ~ SFRs if we instead apportion the totdl,z-based SFR among
plausibly interacting. The remaining 10 clumps all appear to bethe clumps based on their continuum flux densities; L is
dispersion dominated at the current resolution. Future observaglobally well constrained for these galaxies (M18). These SFRs

tions, especially thosetargeting a spectralline with more are also likely uncertain by a factor of at least ~2 for the same
stringentexcitation conditions to suppress emission from the ~réasonsas above, excluding systematic uncertainties the
diffuse gas, will be necessaryto ascertainthe internal [C]-SFR or Lr-SFR conversions, and any differences in the
kinematics of the SPT 0311-58 clumps. dust temperature between clumps within each souroghich

would redistribute the same well-measured g among the

clumps differently.
3.2. Enhanced Star Formation in z ~7 Galaxy-mass Clumps Figure 4 compares the SPT 0311-58 clumps indy}-SFR

; _ with lower-redshift massive galaxies from the ALPINE survey
We have shown that the clumps in SPT0311-58are )’ ‘s g i e rmin et al2020: Faisst et al2020: Fujimoto

et al. 2020), a sample of (UV-selected)6 < z < 8 galaxies
detected in [ClI] assembled from the literature (Willotet al.
2015; Knudsen et al. 2016; Pentericci et al. 2016; Bradac et al.
2017; Matthee etal. 2017; Carnianiet al. 2018; Smit et al.
2018; Hashimoto et al2019; Matthee et al2019; Bakx et al.
2020; Harikane et al. 2020; Fujimoto et al. 2021), and z > 5 IR-
tselected galaxies (Zavala et al. 2018; Litke et al. 2019; Spilker
et al. 2020). We use the samdl[cbased SFR estimator for all

; ; ; : ; les,and the same My, calculation unlessthe original
Section 3.3, appropriatefor dispersion-dominated systems. samp . yn
We estimate uncertainties of at least a factor of 2 because of th udletsdused a dlﬁcejzl:[enthr;]etB%d.TTe fllér?)ﬁ) Sllsl?_slgre clzlegrlyb
difficulty in separating the emission from adjacent clumps with ](cae}[/a ef fgrgpare Oth N th -S?Recel ¢ adn '>'65 %? a&es ya
low contrast and lack of knowledge of the detailed clump actor ot ~3-o, as are the other /R-selected z = 1 objec .
dynamics. We calculate clump SFRs using the De Looze et al, SOMe !ey_el, this is a selection effect becausg !OW'SFR ga!aX|es
(2014) [CII]-SFR relation; while calibrated at z ~ 0, we expect by _deflnltlon cannqtenter the SPT survey (Vieira atl. 2013,
this relation to provide reasonably good estimateszat] 6 as Spilker et al. 2016; Everettet al. 2020), but also reflects the

- : long-known high star formation efficiency in DSFGs
well (e.g., Leung et al. 2020). We find generally consistent (SFE = SFR /M gs and to zeroth order Mgy~ Mgas €.3.,

23 : . . Greve et al. 2005; Aravena et al. 2016). Interestingly, however,
These sizes are probably underestimatedbecausethe clump-finding L

algorithm does not allow pixels to belong to more than one clump i.e., clump the_masses ofthe individual SPT (_)31 1-58 clumps are very

overlap is ignored. typical of 6 < z < 8 “normal” galaxies selected from blank-field

dispersion dominated athe spatial resolution of the current
data.Using the clump sizes and line widths from our clump-
finding algorithm, we calculate simple dynamical mass
estimates as My, = yo?R/G with the clump velocity disper-

sion g, radius R, and gravitational constant G. The dimension-
less prefactory is intended to encapsulate the details othe
clump kinematics and is typically assumed to lie in the range
2-7 (see Spilker et al. 2015 and references therein). We adop
y =5 for consistency with our subsequentanalysis in
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Figure 5. Summary of SPT 0311-58 clump properties in comparison to cloud-scale structures identified in nearby galaxies and two high-tedsédtobjects.

Although more massive and larger in scalibe internalproperties of the SPT 0311-58 clumps are remarkably similar to the lower-redshificturesThey have

similar gas surface densities as the z ~ 1 and 3 clouds in the lensed objects (leftgre approximately consistentith being virialized (center),and (assuming
virialization) show a distribution of clump freefall times similar to the lower-redshift clouds (right). In the left panel, the gray shaded regions show the approximate
limits of our data in size and line width for both highly magnified and unlensed regions of the source plane. Section 3.3 details the derivation of the dotted lines in t
left and center paneldAll the clump properties used in this work are available as data behind the figure (See Figure 4).

imaging surveyslin other words,each clump individually can reconstructions afiner spectralresolution will be required to
be thoughtof as similar in scale to the known population of determine if the clumps in SPT 0311-58 break up into yet

high-redshift galaxies, which together sum to create an smaller structures.The similarity in implied surface density
extremely massive systemregardless ofthe physicalorigins suggests that, internally, the SPT 0311-58 clumps may be akin
of each individual clump. to (greatly) “scaled-up” versions of similar structures in lower-
redshift galaxies.
3.3. The Nature of the Massive Clumps This is demonstrated further in Figure 5 (centerhere we

] o i . L compare the clump gas surface densitiesto the velocity
_ Finally, in this section, we seek to gain more insight into the gjspersion “normalized” by the clump size. Here we use the gas
internal structure of the SPT 0311-58 clumps from our masses derived from radiative transfer modeling of the dust and
~100-300 pc resolution dataQur results are summarized in ¢ emission in SPT 0311-58 (Strandetet al. 2017, M18;
Figure 5. Figure 5 (left) shows the size-line-width relation. We Jarugula etal. 2021), most similar to the CO-based masses
compare to a large sample of giant molecular clouds (GMCs) iy gilable for the comparison clumpsWe simply divide the
nearby spiral galaxies from the PHANGS-ALMA survey total massesof SPT 0311-58E and W among the clumps
(Rosolowsky et al. 2021), clumps identified in the lensed  4ccording to their continuum flux densities; this is equivalent to
z~1 “Cosmic Snake” galaxy (Dessauges-Zavadskgt al. assuming a constant gas/dust mass ratio in each source, which
2019), and similar clumps in the lensed z~3 IR-selected  geems reasonable. For clouds in virial equilibrfdmith mass
galaxy SDP.81. The clumps in SPT 0311-58 are clearly dominated by the cold gas,we expectZ 5.~ 3700%/R with
physically larger and more turbulentthan the lower-redshift % gasin Mg pc'2, ginkms', andRin parsecs. Nearly all SPT
clump-scale structureslhe gray shaded regions in Figure 5 311-58 clumpsare consistentwith the locus expected for
(left) illustrate the approximate limits of our data in size and  yjrialized structures suggesting thathey are also consistent
line width, with size limits correspondingto our best with being self-gravitating bound objects. We note that

achievableresolution in high-magnification regions of the unresolved rotationamotions would move the clumps down-

source plane as well as unlensed regions, and a line-width limityards in this plot, making them more tightly bound. Similar to

corresponding to FWHM =40 km s, consistentwith our the large sample ofz ~ 0 clouds and the limited samples of

recovery tests described in Section 2.3. , high-redshift clumps, the substructures in SPT 0311-58 appear
For virialized clouds with M2= 50“R/G, clumps at fixed to be approximately in virialequilibrium. Assuming virializa-

mass surface density 2 « M/R follow the dotted lines in tion, we show the distribution of the gravitational freefall time

Figure 5 (left). Although we examine this assumption next, we for the SPT 0311-58 and literature comparison clumpsin
see from Figure 5 (left) that the implied mass surface den3|t|es|:igure 5 (right), following Rosolowsky et al. (2021)for the
of the SPT 0311-58 clumps are comparable to those of other formuylation of the freefall time The freefall times of the SPT
z > 1 cloud complexes. However, given the observational  311-58 clumps are remarkably similar to the distribution of
limitations, it is clear that we only would have been able to the z ~ 0 clumps. Equivalently, the volume density of the
identify perhapsa third of the clumps seen in the z ~ 1-3 kiloparsec-scale SPT 0311-58 clumps is remarkably similar to
galaxies, with the remainder too small and/or too narrow to be the density of the ~1000x smaller volume local clouds
present in our data. Nevertheless, we would have been sensitiyRcausd; y 1/JT.

to clumps ~0.5 dex smaller in size and/or ~0.5 dex narrower

in line width, but no such clumps are identified—in other

words, npne of the clumps we identify are clos<_-:- to the 24 Typically clouds within a factor of 3 of this relation are taken to be
observationalbounds of the data. Future observationswith consistentwith virialization (e.g., Dessauges-Zavadsky eil. 2019; Roso-
higher spatial resolution and/or sufficiently high S/N to allow  lowsky et al.2021),which we also adopt here.
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Taken together, Figure 5 suggests that the individual clumpsplace (loose)constraints on the very early z [1 10 formation
in SPT 0311-58 bear a striking resemblanceto similar history of these galaxiesalthough the high dustobscuration
structureson smaller scalesin lower-redshift galaxies.We will presentchallengesTogether with existing imaging from
have argued thagjravitationalinteractionspoth between SPT  the Hubble Space Telescope and our ALMA observations,
0311-58E and W and between individualumps within each will soon have a comprehensive sub-kiloparsec-scale view of
object, likely play a strong role in driving the overall structure the galaxies assembling within an extremely massive reioniza-
of the galaxies (Section 3.1), even if some clumps formed fromtion-era dark matter halo.
the fragmentation of very massive paredisks. Nevertheless,
the internal propertiesof the clumps seem to be otherwise J.S.S.was supported in parby NASA Hubble Fellowship
similar to those of GMC-scale structures that form in grant#HF2-51446 awarded by the Space Telescope Science
undisturbed disks. Future observations with even higher spatialnstitute, which is operated by the Association of Universities
resolution could measure more detailed internal kinematic for Research in AstronomyJnc., for NASA, under contract
structure within the clumps and/or resolve each clump into NAS5-26555.M.A. acknowledges support from FONDECYT
even smaller substructures. The very large amounts of cold gagrant 1211951, CONICYT + PCI  + INSTITUTO MAX
contained in the clumps, combined with the high likelihood of PLANCK DE ASTRONOMIA MPG190030, CONICYFPCI
interactions between clumps and between SPT 0311-58E and+REDES 190194, and ANID BASAL project FB210003. K.C.
SPT 0311-58W likely explain the very rapid star formation L., D.P.M., K.P., and J.D.V. acknowledge support from the US
seen in these galaxies. NSF under grants AST-1715213 and AST-1716127.D.N.
acknowledges support from the NSF via grant AST-1909153.

This paper makes use of the following ALMA data: ADS/
JAO.ALMA#2016.1.01293.S, ADS/JAO.

We have presented a detailed view of an extremely massive ALMA#2017.1.01423.S. ALMA is a partnership of ESO
reionization-era systenusing 0’07 resolution observations of  (representingits member states), NSF (USA) and NINS
the dust and [CII] emission in the z = 6.900 SPT 0311-58 (Japan),togetherwith NRC (Canada), MOST and ASIAA
system to probe the structure of the central galaxies on scales (Taiwan),and KASI (Republic of Korea)jn cooperation with
down to ~100 pc.The observations resolve the pair of central the Republic of Chile. The Joint ALMA Observatory is
galaxiesinto at least a dozen clumps, each with turbulent operated by ESO, AUI/NRAO and NAOJ. The National Radio
velocity dispersion o =70-120 kms™', size Astronomy Observatory is a facility of the National Science
Fire,;ci = 0.7-1.3 kpc, and mass log /\//dyn//\//D » 10. These Foundation operated undecooperative agreemenrtty Asso-
galaxy-scale clumps are similar in mass to the population of ciated Universitiesinc.

4. Conclusions

currently known reionization-era galaxies selected from rest- Facility: ALMA.

UV imaging surveys, but the SPT 0311-58 clumps show SFRs Software: CASA (McMullin et al. 2007), ripples
elevated by about a factor of ~3-5 compared to the UV- (Hezaveh et al. 2016), astropy (Astropy  Collaboration
selected objectsat similar mass. Globally, the chaotic and et al. 2018), matplotlib (Hunter 2007).

turbulent kinematics of SPT 0311-58 present a striking contrast

to recent claims of dynamically cold thin-disk rotation in some ORCID iDs

z ~ 4 DSFGs.This could indicate a transition in the dominant
DSFG kinematics between z ~ 7 and z ~although the short
~800 Myr interval between these epochsis only a few 4073-3236

dynamicaltimescales\We speculate thatsome clumpsmay — pa o' p Marrone® https:/orcid.org/0000-0002-2367-1080

have formed from the fragmentation ofvery massive parent i .
disks while others are more likely merging substructures, but iqugtqr\ﬁaltﬁé%\;ﬁgfmiwt%St.tl /(S)r;gjrgggéeofoodgg%%gg?0'3198
any case, the overall kinematics are highly chaotic and 3915-2015 pS- 019

turbulent.Internally, the SPT 0311-58 clumps bear a striking James Burgoyné https://orcid.org/0000-0001-8706-1268
resemblance to greatly scaled-up versions of molecular cloud- Thomas R.Greve httpé'//orcid 0rg/0000-0002-2554-1837

scale structures identified in z ~ 0 spirals and a pair of z ~ 1=3 y 3 gha ' Hezavens hitps://orcid.org/0000-0002-8669-5733

lensed galaxies; for example, the SPT 0311-58 clumps show &y, ¢ | jtke @ https://orcid.org/0000-0002-4208-3532
similar distribution of freefall times as a large sample of z ~ 0 Christo Her CLovell 'htt S'//;)rcid ora/0000-0001-
molecular cloudsjmplying similar volume densities as these 7964-5833 pS: 019

clouds despite being [110x% larger in size. . .
Thus far, our most detailed view of the SPT 0311-58 systemgﬂgitgh_?vzvsé' Malkan® https://orcid.org/0000-0001-

has come from the millimeter imaging presented helracing 15" \urphy @ hitps://orcid.org/0000-0001-7089-7325

the cold dustand gas within the centralgalaxies.Upcoming . ; ;

cscriaions i o Jams et Spsc Tlescepa (0. LoSKa \earonan s oreid rg000s 002 104 130
1264, GO-1791) will also allow a similar-resolution view of the Cassie Iéeuter httpS'//OI.’Cid oré/0000—0001—7477—1586
rest-UV/optical light and rest-opticalnebularemission lines, Antony A. Stark htt.pS'//or(.:id 0rg/0000-0002-2718-9996
allowing detailed constraintson the stellar contents and Nikolaus éulzenauer hit 3'//o.rcid ora/0000-0002-
unobscured star formation in the central regions of this massiv%m?_1648 ps- 019

halo. Equally importantly,these observations wilalso probe Joaquin D.Vieira ® https://orcid.org/0000-0001-7192-3871
larger distances into the halo surrounding the central galaxies, David Vizgian httpS'//or'cid org./0000—0001-7610-5544

whic_:h will allow the_selection of additional z ~ 7 galaxies Axel WeiRs © https://orcid.org/0000-0003-4678-3939
tracing the overdensity on larger scales.From the planned

JWST imaging and spectroscopyt may also be possible to

Justin S.Spilker @ https://orcid.org/0000-0003-3256-5615
Christopher CHayward® https://orcid.org/0000-0003-
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