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What is the origin of off-center clumps?

1. clumps formed through disk instability
2. minor mergers

Important Question



ALMA 0.08″-resolution ObservationsLETTERRESEARCH

Until recently, clumpy rotating disks at high redshift have been dis-
covered from observations of ionized gas21. Now, higher-resolution 
observations of molecular gas using ALMA can be used similarly. 
Observational and numerical studies show that giant clumps are 
spawned by gravitational instability in the outskirts of gas-rich disks 
and migrate inward by dynamical friction22,23. Using the ALMA maps 
of the CO line intensity and velocity dispersion without any correction 

for beam smearing (Fig. 1), we compute the local Toomre Q parameter,  
which describes the balance between self-gravity of molecular gas 
and turbulent pressure by stellar radiation and other sources. A thick, 
rotating disk can become unstable against local axisymmetric pertur-
bations24 if Q < Qcri = 0.7. The local Q values that we measured are less 
than Qcri over the entire disk, indicating that the gas disk should frag-
ment and collapse through gravitational instability in the inter-clump 
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Fig. 2 | Spectra and maps of the two large clumps. a, For Clump 2 (top) 
and clump 3 (bottom), CO spectra are extracted from the Briggs-weighted 
cube with an angular resolution of 0.069″ × 0.058″. The grey shaded region 
indicates the standard deviation of the noise spectra. b–d, ALMA maps of 
the CO line (b), 3.2-mm continuum (c) and 860-µm continuum (d) for the 

two clumps. The CO flux densities are integrated over the velocity range 
indicated by the yellow shaded regions in a. White filled circles represent 
the angular resolution of each map. The contours are plotted every 1σ from 
2σ in b and c and from 4σ in d, and at every 5σ from 10σ.

Fig. 1 | CO morphology and kinematics of AzTEC-1. a–f, ALMA 
maps of the CO (J = 4–3) line (a), 3.2-mm continuum (b) and 860-µm 
continuum (c), velocity field (d), velocity dispersion (e) and Toomre Q 
parameter (f). The numbers in parentheses in b and c refer to the rest-
frame wavelength. The angular resolution (indicated by the white ellipses) 

is 0.093″ × 0.072″ in all cases. The CO line is integrated in the velocity 
range −315 km s−1 to +315 km s−1. Contours in a–c are plotted every 2σ 
from 3σ to 11σ and every 5σ from 11σ, where 1σ is the noise level; the 
contours in a are also overplotted in d–f.
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The Astrophysical Journal, 785:75 (26pp), 2014 April 10 Genzel et al.

Daddi et al. 2010a, 2010b; Saintonge et al. 2011, 2012, 2013;
Bauermeister et al. 2013). High-z SFGs form stars rapidly,
mainly because they are gas rich and globally unstable in their
entire disks to gravitational fragmentation and star formation
(Genzel et al. 2011).

These basic observational findings can be understood in
a simple physical framework, in which global (“violent”)
gravitational instability and fragmentation in quasi-steadily fed,
gas-rich disks create large, massive star-forming clumps, which
in turn drive turbulence through gravitational torques and stellar
feedback (Noguchi 1999; Immeli et al. 2004a, 2004b; Bournaud
et al. 2007; Elmegreen et al. 2008; Genzel et al. 2008; Elmegreen
2009; Dekel et al. 2009a, 2009b; Bournaud 2010; Cacciato
et al. 2012; Forbes et al. 2013). The most recent generation
of cosmological galaxy evolution models and simulations find
that the buildup of z > 1 SFGs is dominated by smooth accretion
of gas and/or minor mergers, and that stellar buildup at early
times is largely due to in situ star formation (Kereš et al. 2005,
2009; Dekel & Birnboim 2006; Bower et al. 2006; Kitzbichler
& White 2007; Ocvirk et al. 2008; Guo & White 2008; Dekel
et al. 2009a; Davé et al. 2011, 2012). The large and quasi-
steady gas accretion may plausibly build up early galaxy disks
with a mass doubling timescale of ∼0.5 Gyr at z ∼ 2 (Dekel
et al. 2009a; Agertz et al. 2009; Brooks et al. 2009; Ceverino
et al. 2010). If the incoming material is gas rich, then global
gravitational instabilities in these disks plausibly account for
the large gas fractions and the star formation main-sequence
evolution inferred from the observations (Genel et al. 2008;
Dekel et al. 2009b; Bouché et al. 2010; Davé et al. 2012; Lilly
et al. 2013; Hirschmann et al. 2013).

Bulge formation in these early disks has traditionally been
thought to occur in major mergers (e.g., Kauffmann & Haehnelt
2000; Di Matteo et al. 2005). The gravitational disk instability
in early gas-rich disks may open a second channel for bulge
formation through internal radial gas transport. Star-forming
clumps and distributed gas in the disk are expected to migrate
into the center via dynamical friction, viscosity, and tidal
torques, on a timescale of

tinspiral ≈ (vc/σ0)2tdyn(Rdisk) ∼ 10tdyn(Rdisk)
∼ torb(Rdisk) < 0.5 Gyr, (1)

where tdyn = Rdisk/vc and torb = 2π tdyn are the mean disk
dynamical and orbital timescales, respectively. The inspiraling
gas/stars may form a central bulge, and perhaps also a central
massive black hole and a remnant thick disk (Noguchi 1999;
Immeli et al. 2004a, 2004b; Förster Schreiber et al. 2006; Genzel
et al. 2006, 2008; Elmegreen et al. 2008; Carollo et al. 2007;
Dekel et al. 2009b; Bournaud et al. 2009; Ceverino et al. 2010).
Inward radial transport depends strongly on vc/σ0. Importantly,
since high-z disks are turbulent, the radial transport timescales
are significantly smaller than the Hubble and gas depletion times
and are comparable to the orbital and mass-doubling timescales.
In simulations the rate of mass inflow into the central region is
comparable to the SFR in the disk (Dekel et al. 2013). The
internal radial transport also redistributes angular momentum,
resulting in higher angular momentum outer disks, relative to
the inner stellar component, consistent with recent observations
(Nelson et al. 2012, 2013).

A rotating, symmetric and thin gas disk is unstable to
gravitational fragmentation if the Toomre Q-parameter (Toomre
1964) is below a critical value Qcrit. For a thin gas-dominated
disk in a background potential (of dark matter and an old stellar

component) Q is related to the local gas velocity dispersion σ 0
(assuming isotropy), circular velocity vc, epicyclic frequency
κ (κ2 = 2(vc/R)2+ (vc/R) dvc/dR), and gas surface density
Σgas at radius R via the relation (Wang & Silk 1994; Binney &
Tremaine 2008; Escala & Larson 2008; Elmegreen 2009; Dekel
et al. 2009b; Cacciato et al. 2012)

Qgas = κ(R)σ0(R)
πGΣgas(R)

. (2)

In the single-component case Qcrit ∼ 1. For a thick disk the
surface gravity in the z-direction is lowered and the critical
Q drops to Qcrit ∼ 0.67 (Goldreich & Lynden-Bell 1965).
The situation for multi-component thin or thick disks is more
complicated and depends on the Q-values of the individual
components, as well as their velocity dispersions (Cacciato et al.
2012; Romeo & Falstad 2013). If the disk consists of molecular
(H2+He), atomic (Hi+He), and stellar (∗) components, Qtot

− 1 =
QH2

− 1 + QHi
− 1 + Q∗

− 1 if all components have similar velocity
dispersions, thus increasing the Q-thresholds for the individual
components for the combined system to become critical. So
for a thin disk of molecular gas and stars with the same Q =
Q∗ = Qgas, the critical Qgas in the combined system becomes
Qcrit,gas ∼ 2. For a two-component thick disk Qcrit,gas ∼ 1.32.

Assuming that thick, high-z disks thermostat at marginal
(in)stability, Q ∼ Qcrit ∼ 0.67–1.3, one finds from Equation (2)
with κ = a vc/R

Q = avcσ0

πRGΣgas
= a × v2

cR/G

πR2Σgas
× σ0

vc

= a

fgas
× σ0

vc

, (3)

where a ranges from 1 (for a Keplerian rotation curve), 1.4 (for
a flat rotation curve), to 2 (for a solid-body rotation curve)
and fgas is the fraction of gas to the total mass in the disk
(Genzel et al. 2008, 2011; Dekel et al. 2009b). For Q ∼ 1,
σ 0/vc = fgas/a. This result and Equation (1) show that the disk
instability mechanism drives gas inward rapidly when the gas
fraction is high, which is the case at z ∼ 1–3 but increasingly
less so at lower redshifts.

If the radial gas transport discussed above builds up the cen-
tral (mainly stellar) mass over a number of orbital timescales,
and simultaneously the gas accretion rate into the disk slowly
drops over cosmic time, or because the halo mass grows above
1011.6–1012 M⊙ (Rees & Ostriker 1977; Dekel & Birnboim
2006; Ocvirk et al. 2008; Dekel et al. 2009a), there should come
a phase, depending on the efficacy of stellar feedback and radial
gas transport, when Q in the central disk exceeds the critical
value due to rotational shear (Hunter et al. 1998). The gravita-
tional fragmentation process and the global disk instability may
then shut off. This “morphological” or “gravitational” quench-
ing mechanism (Martig et al. 2009, 2013) by itself cannot result
in a permanent shutdown of star formation in the central disk,
as long as gas is accumulating there due to radial transport.
Either the radial transport into the center has to cease, or the
accumulating but sterile gas needs to be removed, for instance,
by stellar or active galactic nucleus (AGN) feedback. Even if
the gravitational quenching mechanism operates and the global
Q exceeds the critical value, star formation may still occur in
localized regions where dense, gravitationally bound clouds or
cores form (see Section 3.6). In essence gravitational quenching
reduces the efficiency of star formation and increases the molec-
ular gas depletion timescale in the central parts of the disk. The
global disk instability may also be rekindled if a large fluctu-
ation occurs in external gas accretion, for instance, as a result

2

 Q<Qcri
a gravitationally unstable disk

How 

exciting!

@ NAOJ ALMA Project

Molecular clouds are 
compressed by their 
own gravity, 

and 
concentrated.. Then, stars 

are born.

and it impedes 
concentration of 
molecular gas leading 
to star formation.

Usually, stars and 
supernovas are 
ejecting gas, 

However, this galaxy 
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which accelerates 
star formation. 
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happening in these 
two clumps.

I see. Then, if we 
get together and 
concentrate… 

No way. 
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molecular gas.
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Environments of bright SMGs
SPT2349-56 at z=4.3

(Miller et al. 2018, see also Oteo et al. 2018)
LETTERRESEARCH

map, suggest that the northern LABOCA structure also lies at z = 4.3 
(see Methods). The sources detected in the ALMA 870-µm imaging 
therefore comprise just 50% of the total flux density of the southern 
LABOCA source, and 36% of the total LABOCA flux density, suggest-
ing that the roughly 500-kpc extent of the protocluster contains a total 
star-formation rate of 16,500 M⊙ yr−1. Modelling the spectral energy 
distribution on the basis of this combined submillimetre photometry 
yields an infrared luminosity (at wavelengths from 8 µm to 1,100 µm) 
of (8.0 ± 1.0) × 1013 times the Solar luminosity (L⊙). The gas masses of 
the 14 protocluster galaxies—estimated from the CO(4–3) line, or from 
the [C ii] line if undetected in CO(4–3) (see Methods)—range from 

1 × 1010M⊙ to 1 × 1011M⊙, with a total gas mass of roughly 6 × 1011 
(XCO/0.8)M⊙ (where XCO is the conversion factor from CO(1–0) lumi-
nosity to total gas mass). A follow-up survey of colder molecular gas in 
the CO(2–1) line with the Australia Telescope Compact Array (ATCA, 
a radio telescope) detects the bulk of this large gas repository, especially 
in the central region near sources B, C and G, and confirms that the 
assumed line-intensity ratio, CO(4–3) to CO(1–0), used in the Methods 
when calculating the total gas mass, is consistent with the average meas-
urements from ATCA.

The detected ALMA sources also enable an initial estimate of the 
mass of the protocluster. We determine the mean redshift using the 
biweight estimator18 to be 〈 〉 = . − .

+ .z 4 3040bi 0 0019
0 0020 . The velocity dispersion 

of the galaxy distribution is σ = −
+408bi 56
82  km s−1 according to the 

biweight method18, which is the standard approach for galaxy samples 
of this size. Other common methods (gapper18 and Gaussian fit) agree 
to within 3% and provide similar errors. Under the assumption  
that SPT2349-56 is approximately virialized, the mass-dispersion  
relation for galaxy clusters19 indicates a dynamical mass of 
Mdyn = (1.16 ± 0.70) × 1013M⊙, which is an upper limit if the system has 
not yet virialized. Given the possible selection effect of requiring a bright 
source (with S1.4mm values of more than 15 mJy) within the 1′ SPT beam 
for detection, we also further consider the possibility that our structure may 
represent an end-on filament being projected into a compact but unbound 
configuration, rather than a single gravitationally bound halo. Our analysis 
in the Methods suggests that this is not as likely as a relatively bound system 
in a massive halo, given the velocity dispersion measured as a function of 
position, and other supporting arguments. However, we cannot rule this 
possibility out completely, and further analysis and observations of the 
larger angular scale of the structure will be required to more fully under-
stand the nature of this system.
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Fig. 1 | The SPT2349-56 field and spectra of the constituent galaxies.  
a, LABOCA 870-µm contours of SPT2349-56, overlaid on the IRAC  
3.6-µm image; the 26″ beam at 870 µm is shown in white. Contours 
represent signal-to-noise rations of 3,7 and 9, moving inwards. The  
small red circles show the locations of the 14 protocluster sources.  
b, ALMA band-7 imaging (276 GHz, 1.1 mm), showing the 14 confirmed 
protocluster sources, labelled A to N. Black and blue contours denote 75% 
(outer contour) and 90% (inner contour) of the peak flux for each source, 
based on the CO(4–3) and [C ii] lines, respectively. The dashed black line 

shows where the primary beam is at 50% of its maximum. The filled blue 
ellipse shows the 0.4″ naturally weighted synthesized beam. c, CO(4–3) 
spectra (black lines) and [C ii] spectra (yellow bars) for all 14 sources, 
centred at the biweight cluster redshift z = 4.304. The [C ii] spectra are 
scaled down in flux by a factor of ten, for clarity of presentation. The red 
arrows show the velocity offsets determined by fitting a Gaussian profile 
to the CO(4–3) spectra for all sources except for G, H, K, L, M and N, 
for which we used [C ii] (because these sources are not detected in the 
CO(4–3) spectra).

Table 1 | Derived physical properties of SPT2349-56 protocluster 
members
Source ∆V [km s−1]† SFR [M⊙ yr−1] Mgas [1010M⊙]

A −90 ± 35 1,170 ± 390 12.0 ± 2.1
B −124 ± 31 1,227 ± 409 11.2 ± 2.0
C 603 ± 12 907 ± 302 6.7 ± 1.2
D −33 ± 40 530 ± 182 8.4 ± 1.5
E 84 ± 21 497 ± 179 4.8 ± 0.9
F 395 ± 82 505 ± 169 3.4 ± 0.7
G 308 ± 42 409 ± 137 2.9 ± 1.3‡

H −719 ± 28 310 ± 105 4.4 ± 2.0‡

I 310 ± 78 268 ± 91 2.2 ± 0.5
J −481 ± 35 243 ± 85 2.2 ± 0.5
K 631 ± 12 208 ± 71 3.1 ± 1.4‡

L −379 ± 18 122 ± 43 3.3 ± 1.5‡

M 34 ± 21 75 ± 34 1.2 ± 0.6†

N 90 ± 25 64 ± 29 1.0 ± 0.5†

†Velocity offsets were measured relative to the mean redshift, z = 4.304.
‡The [C II] line was used to derive Mgas in these cases, as CO(4–3) was not detected.
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COSMOS-AzTEC-1 at z=4.3

proto-cluster
(13 companions with S1.1mm > 180 μJy)

isolated
(no companion with S1.1mm > 45 μJy)

5σ= 45 μJy/0.3″-beam at 1.1 mm

21″ (~140 kpc)



Summary
What is the origin of off-center clumps in SMGs?
1) ex-situ gas components fall into SMGs
2) it could drive gas flows into the central kpc region
3) in-situ clumps are formed through gravitational instability

1) ex-situ clump

2) radial gas flows

3) in-situ clump

uniformly in r, using the fact that the velocity along the streams is
roughly constant (Supplementary Information, sections 5 and 6).
This is convolved with the halo mass function23 , n(Mv), to give

n ( _MM)~

ð?

0

P( _MM jMv)n(Mv) dMv

The desired cumulative abundance, n(. _MM), obtained by integration

over the inflow rates from _MM to infinity, is shown at z 5 2.2 in Fig. 4.

Assuming that the SFR equals _MM , the curve referring to _MM lies safely
above the observed values, marked by the symbols, indicating that the

gas input rate is sufficient to explain the SFR. However, _MM and the
SFR are allowed to differ only by a factor of ,2, confirming our
suspicion that the SFR must closely follow the gas input rate. The
simulated SFR indeed traces the accretion rate to within a factor of
two, but, given that our disks are poorly resolved, we focus here on
the accretion as the more robustly simulated quantity. Because at
z < 2.2 the star-forming galaxies constitute only a fraction of the
observed ,1011M[ galaxies24,25, the requirement for a SFR almost

as great as _MM , based on Fig. 4, becomes even stronger.
By analysing the clumpiness of the gas streams, using the sharp

peaks of inflow in the _MM(r) profiles, we address the role of mergers
versus smooth flows. We evaluate each clump mass by integrating
Mclump~

Ð
( _MM(r)=vr (r)) dr across the peak, and estimate a mass ratio

for the expected merger as m 5 Mclump/fbMv, ignoring further mass
loss in the clump on its way in and deviations of the galaxy baryon
fraction from fb. We use ‘merger’ to describe any major or minor
merger with m $ 0.1, as distinct from ‘smooth’ flows, which include
‘mini-minor’ mergers with m , 0.1. We find that about one-third of
the mass is flowing in as mergers and the rest as smoother flows.
However, the central galaxy is fed by a clump with m $ 0.1 less than
10% of the time; that is, the duty cycle for mergers is g= 0.1. A
similar estimate is obtained using EPS merger rates7 and starburst
durations of ,50 Myr at z 5 2.5 from simulations26 (Supplementary
Information, section 5).

From the difference between the two curves of Fig. 4, we learn that
only one-quarter of the galaxies with a given _MM are to be seen during a
merger. The fact that the SFGs lie well above the merger curve even if
the SFR is , _MM indicates that in most of them the star formation is
driven by smooth streams. Thus, ‘SFG’ could also stand for ‘stream-
fed galaxy’. This may explain why these galaxies maintain an
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Figure 1 | Entropy, velocity and inward flux of cold streams penetrating hot
haloes. a, b, Maps referring to a thin slice through one of our fiducial
galaxies with Mv 5 1012M[ at z 5 2.5. The arrows describe the velocity field,
scaled such that the distance between the tails is 260 km s21. The circle marks
the halo virial radius, Rv. The entropy, log K 5 log(T/r2/3), in units of the
virial quantities, highlights (in red) the high-entropy medium filling the halo
out to the virial shock outside Rv. It exhibits (in blue) three radial, low-
entropy streams that penetrate the inner disk, seen edge-on. The radial flux
per solid angle is _mm 5 r2rvr, in solar masses per year per square radian, where
r is the gas density and vr the radial velocity. It demonstrates that more than
90% of the inflow is channelled through the streams (blue), at a rate that

remains roughly the same at all radii. This rate is several times higher than
the spherical average outside the virial sphere, _mmvir < 8M[ yr21 rad22,
according to equation (1). The opening angle of a typical stream at Rv is
20u230u, so the streams cover a total angular area of ,0.4 rad2, namely a few
per cent of the sphere. When viewed from a given direction, the column
density of cold gas below 105 K is above 1020 cm22 for 25% of the area within
the virial radius. Although the pictures show the inner disk, the disk width is
not resolved, so associated phenomena such as shocks, star formation and
feedback are treated in an approximate way only (see density maps and
additional cases in Supplementary Figs 3–5). Kvir, virial entropy.

Figure 2 | Streams in three dimensions. The map shows radial flux for the
galaxy of Fig. 1 in a box of side length 320 kpc. The colours refer to inflow rate
per solid angle of point-like tracers at the centres of cubic-grid cells. The
dotted circle marks the halo virial radius. The appearance of three fairly
radial streams seems to be generic in massive haloes at high redshift, and is a
feature of the cosmic web that deserves an explanation. Two of the streams
show gas clumps of mass on the order of one-tenth that of the central galaxy,
but most of the stream mass is smoother (Supplementary Fig. 6). The
>1010M[ clumps, which involve about one-third of the incoming mass, are
also gas rich—in the current simulation only 30% of their baryons turn into
stars before they merge with the central galaxy.
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cold streams (Dekel et al. 2009)

1/3: prominent clumps with 1:<10
2/3: smooth flows involving small clumps with 1:>10


