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Before KMOS3D survey
No. 2, 2009 SINS SURVEY OF HIGH-REDSHIFT GALAXIES 1403

Figure 17. Velocity fields for 30 of the 62 galaxies of the SINS Hα sample. The velocity fields correspond to that derived from the Hα line emission as described in
Section 5.1 (the exception is K20–ID5 for which it was obtained from the [O iii] λ 5007 line instead). The color coding is such that blue to red colors correspond to the
blueshifted to redshifted line emission with respect to the systemic velocity. The minimum and maximum relative velocities are labeled for each galaxy (in km s−1).
All sources are shown on the same angular scale; the white bars correspond to 1′′, or about 8 kpc at z = 2. The galaxies are approximately sorted from left to right
according to whether their kinematics are rotation-dominated or dispersion-dominated, and from top to bottom according to whether they are disk-like or merger-like
as quantified by our kinemetry (Shapiro et al. 2008). Galaxies observed with the aid of adaptive optics (both at the 50 and 125 mas pixel−1 scales) are indicated by the
yellow rounded rectangles.
(A color version of this figure is available in the online journal.)

technique developed by the SAURON team for analysis of local
galaxies (Krajnović et al. 2006) to applications for high-redshift
studies. It provides a measure of the degree of asymmetry
in the observed velocity and velocity dispersion maps, where
the lower (higher) the asymmetry, the more disk-like (merger-
like) the object. Of the first 11 SINS galaxies classified by
kinemetry, eight are disks and three are mergers (see Shapiro
et al. 2008). This initial set has now been expanded to include the
analysis of four additional sources, two of which are classified as
disk-like and two as merger-like. The kinemetric classification is
reported in Table 9. The resulting fractions of disk- and merger-
like systems is thus 2/3 and 1/3, respectively. The uncertainties
of our method are discussed by Shapiro et al. (2008), to which
we refer for details. Based on these, we expect to correctly
classify ∼89% of disks and ∼80% of mergers, implying that
∼1 of the 10 disks may be misclassified as merger, and ∼1 of
the five mergers may be misclassified as disk.

For the more compact objects or for data sets with lower
S/N, kinemetry is too uncertain or impossible. In those cases,
we sorted the galaxies based on a qualitative assessment of the

asymmetry in the velocity field and dispersion map (essentially,
the same criteria as for our quantitative kinemetry). We find in
this way similar fractions of ∼2/3 of the objects that appear
to have Hα kinematics consistent with rotation in a single
disk, and ∼1/3 with asymmetric or irregular Hα kinematics
suggestive of a merger. We note that for the 15 objects classified
quantitatively, our kinemetry confirmed in all cases our prior
qualitative assessment (see Förster Schreiber et al. 2006a;
Genzel et al. 2006, 2008; Shapiro et al. 2008). As noted in
Section 2, the SINS Hα sample includes three pairs of galaxies at
approximately the same redshift and with projected separations
of ≈ 15–30 kpc. The individual components can in principle be
counted and inspected separately (see Section 9.4) or taken as
three merging systems, but this has little consequences on our
overall classification.

Another important characteristic of galaxies is the amount of
dynamical support provided by rotational/orbital motions and
by turbulent/random motions. Ideally, the distinction between
“rotation-dominated” and “dispersion-dominated” kinematics
would rely on detailed and accurate dynamical modeling, from

Förster Schreiber+09

Fig. 3, which exhibit significant velocity residuals southwest of the
nucleus. The origin of these residuals is gas at slightly blue-shifted
velocities entering the nuclear region from the northwest, then
passing along the minor axis below the nuclear position and exiting
southeast into the red-shifted part of the disk (see Fig. 1a, d–g, shown
by the dotted S-shaped curve). This trend is reflected in the overall
velocity field of Fig. 3a as a twist of the iso-velocity contours, reaching
an amplitude of 70–120 km s21 in the velocity residual map (Fig. 3c).
Very similar patterns are seen in many local-Universe galaxies (see,
for example, refs 15, 26), where they are interpreted as the tell-tale
signature of radial inward streaming of gas from the disk into the
nucleus (for example, in response to a stellar bar). This inflow could
be an important contributor to the growth of a substantial bulge
whose presence is already apparent as a bright stellar peak near the
centre of BzK-15504 (see Supplementary Information). In addition

there is a red-shifted high-velocity tail (to ,500 km s21) of the Ha
emission ,0.2 00 east of the nuclear continuum peak (Fig. 1j). This
feature is also prominent in [N II] (Supplementary Information) and
may be powered by hard ultraviolet radiation from an active galactic
nucleus (AGN), whose presence in BzK-15504 at that position is
indicated by the properties of its ultraviolet spectrum (Supplemen-
tary Information). Inward nuclear flow and a contribution from an
AGN plausibly explain the relatively large nuclear velocity dispersion
(Fig. 2c) that is not accounted for by the disk rotation model.
Our observations indicate a self-consistent picture of rapid gas

Table 1 | Physical properties of BzK-15504

Parameter Value Description

Z 2.3834 Look-back time 10.7Gyr, 1 00 ; 8.135 kpc
K s 19.2 Total Ks band magnitude (Vega system, uncorrected for 30% line emission)
AV 0.9(þ0.3,–0.3) Extinction derived from spectral energy distribution fitting (SED)
R * 140(þ110,280)M( yr21 Star-formation rate from Ha flux of 2.5 £ 10216 erg s21 cm22 (ref. 19)

and ultraviolet SED, for IMF in refs 20, 21 and AV ¼ 0.9mag
t * 5(þ5,22) £ 108 yr Stellar age from SED fitting, for continuous or 3 £ 108-yr duration burst
S * 1.2M( yr21 kpc22 Star-formation rate surface density
Mdyn (11.3 ^ 1) £ 1010M( Dynamical mass within r ¼ 1.1 00 , corrected for inclination i ¼ 48 ^ 38
M * 7.7(þ3.9,21.3) £ 1010M( From SED and IMF from refs 20, 21, excluding stellar mass loss
Mgas 4.3 £ 1010M( Total gas mass from Ha and Schmidt–Kennicutt law19, for AV ¼ 0.9mag
Sgas 350M( pc22 Total gas surface density from Ha surface brightness and Schmidt–Kennicutt law19

Vc 230 ^ 16 km s21 Circular velocity at r ¼ 5–10 kpc
R1/e 4.5 ^ 1 kpc Radial scale length of Ha disk
Z1/e 1 ^ 0.5 kpc Vertical scale length of Ha disk, from vc/j ¼ 3 ^ 1
Q 0.8 ^ 0.4 Toomre Q parameter for global disk stability16

See Supplementary Information for details; quoted uncertainties are 1 standard deviation of the fit.

Figure 3 | Two-dimensional distributions of first and second moments of
the Ha velocity distribution. a, Extracted mean velocity map. b, Extracted
velocity dispersion map. c, d, Difference maps of a and b, respectively, and
the corresponding best-fitting exponential disk model distributions.
Superposed are contours of integrated Ha emission. In all cases the data and
models were smoothed to 0.19 00 FWHM. The crosses denote the position of
the continuum peak. The strong deviations (in a and c) near the dynamical
centre of the velocity field from that of the simple rotation pattern in the
outer disk indicate a 70–120-km s21 component of radial motion, either
inflow or outflow. The spatial connection of this radially streaming gas to the
outer disk apparent from the channel maps in Fig. 1 strongly favours radial
inflow.

Figure 2 | Velocity and intensity distributions along the major and minor
axes of the source. a, Ha intensity along the morphological and kinematic
major axis at position angle 248 west of north. b, c, Peak velocity (b) and
velocity dispersion (c) extracted along the major axis by fitting gaussians to
spectra in selected apertures. d, Peak velocity in selected apertures along the
minor axis (position angle 1148 west of north) through a position 0.69 00

northwest of the centre and averaged over 0.25 00 along the major axis. Filled
blue circles denote spectra in the 0.15 00 high resolution data of Fig. 1; red
crosses represent the second independent data set at 0.45 00 spatial resolution.
Continuous curves denote the best fitting exponential disk model to the
data. The dotted curve in b is the inclination and resolution corrected,
intrinsic rotation curve inferred from our modelling. In all panels vertical
error bars represent formal 1-j uncertainties in the measurements.
Horizontal error bars indicate the diameter of the synthetic apertures.
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近赤外面分光観測によって、z=1-3にある星形成銀河の運動学的性質を明らかにした。 

基本的には回転している。



KMOS3D survey

2013-2018年にかけて、全部で75晩が割り当て（GTOプログラム） 
0.6<z<2.7にある739個の銀河を観測

credit: Iztok Boncina/ ESO
VLT/KMOS

Wavelength coverage 0.8um to 2.5um

Spectral bands IZ, YJ, H, K, H+K

Spectral resolving power R = 3400 (IZ), 3600 (YJ), 
4000 (H), 4200 (K), 2000 (H+K)

Number of IFUs 24

Extent of each IFU 2.8" x 2.8"

Spatial sampling 0.2" x 0.2"

Patrol field 7.2 arcmin diameter circle
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ble IFUs, KMOS at the VLT brought the 
next breakthroughs by enabling near-IR 
IFU surveys of much larger and more 
complete samples.

We have carried out KMOS3D, a com-
prehensive 75-night Guaranteed  
Time Observation (GTO) survey  
of  Ha+[N II]+[S II] emission of 745 mass- 
selected galaxies at z ~ 0.7–2.7 
(Wisnioski et al., 2015). The cornerstones 
of the survey strategy were: 1) wide and 
homogeneous coverage of galaxy stellar 
mass, SFR, colours, and redshift; 2) the 
same spectral diagnostics across the 
entire redshift range; and 3) deep integra-
tions to map faint, extended line emis-
sion. The targets were drawn from the 
Hubble Space Telescope (HST) 3D-HST 
Treasury Survey (for example, Momcheva 
et al., 2016), which provided a well 
 characterised parent sample with source 
detection and accurate redshifts relying 
on rest-optical properties, largely 
 reducing the bias towards blue, actively 
star-forming galaxies resulting from 
rest-ultraviolet identifications. 3D-HST 
overlaps with the CANDELS fields, with 
high-resolution HST optical and near- 
IR imaging, and with extensive X-ray to 
far-IR/radio coverage.

The KMOS3D selection criteria were:
(1)  M

*
 > 109 M⊙ and a magnitude cut of 

KAB < 23 mag;
(2) a redshift 0.7 < z < 2.7;
(3)  the emission lines of interest falling  

in atmospheric windows away from 
bright sky lines.

By avoiding selection on colours or prop-
erties sensitive to star formation or AGN 
activity, and by covering five billion years 
of cosmic time, KMOS3D is optimally 
suited for population censuses and evo-
lutionary studies.

Figure 1 shows the distribution of the 
KMOS3D sample in stellar mass versus 
SFR. The K-band magnitude cut ensures 
95% completeness for log(M

*
/M⊙) > 9.7 

at 0.7 < z < 1.1; log(M
*
/M⊙) > 10.2 at  

1.3 < z < 1.7; and log(M
*
/M⊙) > 10.5 at  

1.9 < z < 2.7 — these correspond to  
the redshift slices where Ha is observed 
in the YJ-, H-, and K-bands, respectively.  
The corresponding median on-source 
integration times are 5, 8, and 9 hours 
respectively, and range up to 20–30 hours. 
The median resolution is 0.5 arcseconds, 

or ~ 4 kpc at at z ~ 0.7–2.7. Down to 
SFRs ~ 1/7 of the MS (comprising 80%  
of the sample), 90% of the objects are 
detected in Ha and 80% of them are 
resolved. Unsurprisingly, the detection 
rate drops among more quiescent 
 galaxies, but even ~ 25% of those are 
detected, and a third of them are 
resolved. Selected key results are high-
lighted here.

The prevalence of rotationally 
 supported turbulent gas-rich discs

First and foremost, the spatially-resolved 
gas motions derived from the Ha emis-
sion line profile across the KMOS3D gal-
axies robustly confirmed that the majority 
(> 70%) of high-redshift SFGs are rotating 
discs (Figure 2). The data also confirmed 
the elevated gas turbulence of high- 
redshift discs, with typical intrinsic disc 
velocity dispersions s0 ~ 50 km s–1 at  
z ~ 2.3 and ~ 30 km s–1 at z ~ 0.9 (Fig- 
ure 3). The increase of the velocity disper-
sions with redshift is in line with expecta-
tions for gravity-driven turbulence in 
 marginally stable gas discs and the cos-
mic evolution in gas fractions, where 
heating is caused by rapid gas flows onto 
and within the galaxies (for example, 
Genzel et al., 2011; Krumholz et al., 2018).

Bulge formation, outer disc kinematics, 
and the dominance of baryons

Dissipative processes should be particu-
larly efficient in discs at z ~ 1–3 given 
their gas-richness and elevated turbu-
lence. The associated inward mass trans-
port and angular momentum loss could 
lead to bulge formation on Gyr times-
cales. Massive stellar bulges are in place, 
and large nuclear concentrations of 
molecular gas have been uncovered as 
early as z ~ 2.5 in massive star-forming 
discs (for example, Lang et al., 2014; 
Tadaki et al., 2017). Measurements of the 
angular momenta of KMOS3D discs fur-
ther support bulge formation via disc-in-
ternal mechanisms (Burkert et al., 2016). 
The specific angular momenta of the 
discs anti-correlate with their galaxy-wide 
stellar and gas mass surface densities, 
but exhibit no significant trend with stellar 
mass surface densities in the inner 1 kpc. 
Accumulation of low angular momentum 
material to form bulges in the disc cen-
tres thus appears to be decoupled from 
the mechanisms that set disc structure 
and angular momentum on global galac-
tic scales.

KMOS3D has strengthened the key finding 
from smaller samples that z ~ 1–2.5 SFGs 
are not only gas-rich but also strongly 
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Figure 1. Distribution of 
the 745 KMOS3D targets 
in stellar mass versus 
SFR normalised to that 
of the MS at the redshift 
of each galaxy and 
log(M

*
/M⊙) = 10.5. The 

shape of the MS (from 
Whitaker et al., 2014) 
and offsets by factors of 
4 and 10 above and 
below the relationship 
are plotted as solid 
lines. Coloured symbols 
represent targets 
observed in the YJ-, H-, 
and K-bands (as 
labelled). KMOS3D 
probes the underlying 
population of massive 
galaxies at 0.7 < z < 2.7 
and KAB < 23 mag well, 
the density distribution 
shown in grey shades.
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Figure 2. Cumulative distributions of seeing and image quality for all
KMOS3D data. The dark gray dashed line shows the distribution of airmass
corrected seeing measured from the guide probe in R-band for all 300 sec-
ond KMOS science frames. The black dotted line shows the distribution of
FWHM measurements from flattened images of PSF stars observed simul-
taneously, in the same wave band, and same length of time as the galaxy
observations. The PSF images and associated fits used here are described in
detail in Section 4. The blue, orange, and red distributions correspond to the
PSF FWHM measurements separated into Y J, H, and K-band observations
respectively.

3. OBSERVATIONS

Observations with KMOS took place in Visitor Mode over
75 guaranteed time nights between October 2013 and April
2018 (ESO period 92 - 101). Data were collected in excel-
lent seeing conditions, with 70% of the individual data frames
taken in sub-arcsec seeing as measured in the R-band by the
guide probe and corrected for airmass3. The image quality
corresponding to the combined data cubes is higher, with 70%
of the data having a PSF FWHM  0.55 arcsec when mea-
sured in the Y J, H, or K wavebands (as expected for redder
wavebands). The distributions of seeing measured from the
DIMM for individual frames and the PSF FWHM of the data
measured from PSF stars (discussed in Section 4) are shown
in Figure 2.

Observational setups were prepared with the KMOS Arm
Allocator (KARMA; Wegner & Muschielok 2008). Hereafter
an individual KARMA setup, or 24 arm allocation, will be re-
ferred to as a “pointing”. Individual galaxies were commonly
observed in multiple KARMA pointings to obtain higher sig-
nal to noise (S/N). Targeted galaxies with the longest observ-
ing times (> 14 hours) are objects fulfilling a key science
area of the survey reliant on detection of low surface bright-
ness features such as galactic scale winds (Genzel et al. 2014;
Förster Schreiber et al. 2019) or reliant on low-levels of star
formation such as outer rotation curves (Lang et al. 2017;
Genzel et al. 2017) and line emission detections of UV J pas-
sive galaxies (Belli et al. 2017). Median on-source observing
times for z ⇠ 0.9, z ⇠ 1.4 , and z ⇠ 2.3 galaxies are 5.0, 8.5,

Skelton et al. (2014). U3_10584 at zKMOS = 2.246, is included in this release
with a numeric ID 99999, with no counterpart in the Skelton et al. (2014)
catalog. Galaxy properties for this galaxy given in the KMOS3D release are
derived from the photometry in the v2.1 3D-HST catalog.

3 ESO HIERARCH fits keyword TEL.IA.FWHM

Figure 3. Observing time histograms for KMOS3D galaxies targeted in the
Y J (top), H (middle), and K-bands (bottom). The median observing times
for galaxies in the redshift slices z ⇠ 1, z ⇠ 1.5, and z ⇠ 2, after bad frames
were removed, are 5.0, 8.5, and 8.7 (shown by the dashed vertical lines). A
fraction of targets were observed in multiple pointings leading to the double
peaked distributions or extended tails in the observing time histograms.

and 8.7 hours respectively. A histogram of observing times
per band is given in Figure 3.

Each pointing was observed for a series of 300s (ESO pe-
riod 92-101) using a standard object(O)-sky(S) dither pattern
(e.g. OSOOSO), where sky exposures were offset to a clear
sky position. Additional subpixel/pixel shifts were included
in the object-sky dithering to reduce the impact of bad pix-
els. Exposure maps are created for each combined datacube
that trace the gradient in depth from the object location to the
edge of the cube as a result of dithering. Three IFUs, one
in each spectrograph sub-system of KMOS, were allocated
to a “PSF star” during science observations. The stars are
used to monitor variations in the seeing and photometric con-
ditions between the observed frames and in each of the three
detectors. They were selected to have typical magnitudes of
16 < mF140W < 18.

Observations were taken in the full range of bright to dark
time with Y J observations prioritised in dark time and K ob-
servations prioritised in bright time. Pointings were occa-
sionally observed as close as 15 degrees from the moon. For
each IFU in each 300s O-S frame we measure the background
level and error on the background (the standard deviation of
the background levels). We find no difference on the av-
erage background level after a simple O-S subtraction with
moon distance or illumination in any waveband. However, for
Y J, H, K observations we measure a 1.7, 1.4, and 1.0 factor
increase in the error on the background below a moon dis-
tance of 30 degrees, respectively. High moon illumination
did not result in increased error on the background, however
high moon illumination typically corresponded to observa-
tions with larger moon distances.

Calibrations are taken at then end of each night following
standard ESO procedures. They are run in each waveband
for which science observations were taken. These included
darks (for identifying hot pixels), lamp flats, and arcs. No sky
flats were taken during observation runs as they were deter-
mined to cause persistence on the detectors when observed
in evening twilight. Standard stars for telluric transmission
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PSF = 0.5-0.6″ (~4 kpc) tint＝7-10 hours
Wisnioski+19
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Figure 14. Example 1- and 2-D kinematic extractions for KMOS3D galaxies. From left to right the panels for each galaxy correspond to an IJH HST
colour-composite image 5" on a side, H↵ image derived from KMOS, H↵ velocity field relative to the systemic redshift, H↵ velocity dispersion corrected
for instrumental broadening, H↵ velocities (black points) extracted along the major kinematic axis in apertures with the PSF FWHM in diameter, and the
corresponding H↵ velocity dispersions (black points) extracted along the major kinematic axis. Scale bars are shown for reference on the HST and H↵ imaging.
The HST images are centred on the object, the KMOS images are centred on the centre of the KMOS cube. A circle with the diameter of the FWHM of the
PSF is shown in the H↵ image. The axis profiles are extracted along the kinematic PA as denoted by the light blue line over plotted on the velocity map. The
photometric PAs, as determined by F160W and the F814W HST images are shown by the pink and yellow lines respectively. In the fifth panels, the red line
shows a best fit exponential disk model, the dotted gray velocity curves show the best-ft exponential disk model with the inclination correction applied. The
dashed gray velocity curve shows the intrinsic rotation curve. The associated shaded region shows the error on the rotational velocity, vrot,corr, corrected for both
inclination and beam-smearing effects. The horizontal gray dashed lines and horizontal bars correspond to the vobsand �0 derived kinematic values and errors
respectively. The short dashed horizontal line in the last panels correspond to the beam smearing corrected value of �0.

K:83%, as expected given the increased observing time en-
abling detection of extended low surface brightness out to
the highest redshift bin. The marginally lower fraction of re-
solved galaxies at z ⇠ 1 is due to the larger number of below-
MS sources. Of the resolved galaxies 50% have > 4.25 reso-
lution elements across the galaxies. We measure out to ⇠ 2re
in 60% of detected galaxies and ⇠ 3re in 30% of detected
galaxies, as shown on the right of Figure 15, beyond where a
change in slope, or flattening, of the velocity curve is expected
for a self-gravitating exponential disk.

For resolved galaxies we measure an observed velocity,
vobs, and velocity dispersion, �0. The observed velocity is
calculated as the average of the absolute value of the mini-
mum and maximum velocity measured along the kinematic
axis. Inclination corrected rotational velocity is defined as
vrot= vobs/ sin i, where i is the inclination measured from
F160W HST axis ratios assuming an intrinsic disk thickness,
q0 = 0.25. The measured velocity dispersion is calculated by
taking the weighted mean of all data points from the 1D ve-
locity dispersion profile at > 0.75⇥ |rkin|. This methodology
is designed to measure the line of sight velocity dispersion
in disk galaxies where beam smearing from large velocity
gradients does not inflate the dispersion by spreading galaxy-
wide rotational motions across multiple wavelength channels.
We apply this method to all galaxies regardless of kinematic
type. We stress that since one of our goals is to quantify the
disk fraction among the full sample, the approach followed
here is appropriate as it can be applied to non-disk systems as

well. All resulting vobs and �0 measurements from these au-
tomated methods are checked against the corresponding kine-
matic maps and 1D profiles. In a small number of cases ad-
justments are made when the automated method fails to cap-
ture the dispersion in the outer regions or is biased by an in-
dividual data point. The derived vobs, �0 and associated er-
rors are represented by the horizontal lines and gray bands
respectively in the 1D kinematic profiles (last column) for the
example galaxies shown in Figure 14.

In rotating galaxies where a flattening of velocity is not de-
tected (i.e. the velocity curve is a simple linear gradient) the
effects of beam smearing are large, inflating the measured �0
and reducing the measured vobs. Even galaxies mapped with
the most resolution elements may be mildly affected by beam
smearing (Davies et al. 2011). In Appendix A.2.4 of Burk-
ert et al. (2016) we derived corrections for beam smearing
based on the intrinsic size of the galaxy, stellar mass, inclina-
tion, and observed PSF size. This approach has the advantage
that is easy to apply for all galaxies consistently (regardless of
S/N), is not time intensive, and is based on galaxy models. On
the other hand, it is based on relatively simple models and the
interpolation between a fixed set of galaxy parameters. The
alternative is time intensive 2D kinematic models simultane-
ously taking into account the measured velocities and disper-
sions (e.g. Bouché et al. 2015; Di Teodoro & Fraternali 2015;
Übler et al. 2018) that may only converge for a subset of the
highest S/N data. For the substantial subset of disk galax-
ies that are sufficiently well resolved and have sufficiently
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Figure 17. Evolution of v/� > 1 as a function of stellar mass for resolved MS galaxies. Stellar mass bins from logM⇤ = 9 - 11.5 are shown with different colors.
In the left panel, the ratio of v/� > 1 threshold is used for ease of comparison to the literature. Squares show the results from the DEEP2 and SIGMA slit surveys
(Simons et al. 2017). Diamonds show the results from the KMOS KROSS survey at z ⇠ 1 (Stott et al. 2016). In the right panel, the ratio vrot/�0 as measured
from the KMOS3D survey is compared to a similarly derived ratio for SFGs in the Illustris-TNG50 simulations (Pillepich et al. 2019).

sample to investigate rotation-dominated (criteria 1 & 2) and
disk (criteria 1-5) fractions as a function of stellar mass as
shown in Table 3 and Figure 17. For the two highest red-
shift bins we split the sample into two mass bins, 9.5 <
log(M?/M�) < 10.5 and 10.5 < log(M?/M�) < 11.5. For
the lowest redshift bin we are able to include an additional
low mass bin of 9.0 < log(M?/M�) < 9.5. The percentage
of galaxies satisfying each criterion is given in Table 3. The
fraction of rotation-dominated galaxies (criteria 1 & 2) de-
pends on both mass and redshift with galaxies in the mass bin,
9.5< log(M?/M�)< 10.5, and lowest redshift bin, z⇠ 1, hav-
ing the highest fraction of rotation-dominated galaxies, 93%.
The largest evolution is seen in the 9.5 < log(M?/M�) < 10.5
mass range, evolving from 58% at z ⇠ 2 to 93% at z ⇠ 1. In
contrast, the highest mass bin shows a significantly shallower
evolution from 82% to 89% respectively.

In Figure 17 we show the dependence of the fraction of
“rotation-dominated” galaxies on stellar mass and cosmic
time. To facilitate comparison to literature results we adopt
a v/� > 1 threshold to define the ‘rotation-dominated’ frac-
tion of galaxies rather than a threshold of

p
(3.36) as adopted

in criterion 2. The galaxy samples are split into overlap-
ping stellar mass bins of 1.0 dex. Our results are in general
agreement with Simons et al. (2017) and Stott et al. (2016).
With the KMOS3D survey we are able to add an additional
high mass bin with log(M?/M�) = 10.5 - 11.5 which shows
higher factions of v/� > 1 than at log(M?/M�) = 10.0 - 11.0
in the z ⇠ 1.5 and z ⇠ 2.0 samples. In contrast, at z ⇠ 1.0 the
rotation-dominated fraction as a function of mass from the
KMOS3D survey are higher than the literature data. The ap-
parent disagreement between surveys at z ⇠ 1 in the mass bin
log(M?/M�) = 9.0-10.0 may be due to the large bin size, and
distribution of masses in each bin. When a smaller bin size of
0.5 dex is used we have a large enough sample to explore the
KMOS3D data at z ⇠ 1 between log(M?/M�) = 9-9.5, shown
by the dark blue point. This subset of the low mass data is in
better agreement with the literature for low-mass galaxies.

In addition to the caveats already discussed, we also
note additional uncertainties in comparison between samples.
First, the depth of the KMOS3D data may help identify more
galaxies with v/� > 1 as the H↵ emission is probed to larger
radii. For example, at z ⇠ 1 the KMOS3D data are typically
twice the depth of the KROSS data. Methods to extract rota-
tional velocity, velocity dispersion, and beam smearing cor-
rections also differ across publications. Finally, slit-based
analyses can lead to higher velocity dispersions than IFU-
based analyses due to slit misalignment (for discussion see
Price et al. 2016).

The right panel of Figure 17 compares the kinematic ratio,
vrot/�0, measured for SFGs in the KMOS3D sample and sim-
ulated SFGs in the Illustris-TNG50 sample (Pillepich et al.
2019). While the kinematics of the simulations are extracted
with comparable methods as the KMOS data, the effects of
noise, beam smearing, and inclination are not included in the
Illustris simulation data. Each data point shows the median
value of vrot/�0 from KMOS3D at a given redshift and mass,
however, we note that a wide range in values is present in
each bin. This variation is reflected in the error bars, which
represent the interquartile range. Interestingly, the data and
simulated galaxies show qualitative agreement both in trends
with mass and cosmic time despite the idealised extraction of
kinematic values from the simulations. We note that due to
both resolution limits of the data and simulations as well as
completeness limits with the target selection the comparison
of results below 1010 M� is more uncertain.

Ordered rotation yields clear observational signatures that
lead to the criteria defined in this section (see also: W15;
Förster Schreiber et al. 2018). A small fraction of galaxies
dominated by rotation, as captured by our disk fractions, may
be in some stage of an instability or interaction sequence as it
is not always a binary distinction (e.g. Rodrigues et al. 2017).
In contrast, some accretion events, internal processes, and in-
teractions are capable of perturbing rotational motions - pro-
ducing a variety of kinematic signatures ranging from subtle
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scale heights of ∼300 and ∼1450pc (Gilmore & Reid 1983).
This was confirmed through later work on the Milky Way as well
as nearby edge-on galaxies (e.g., Dalcanton & Bernstein 2002;

Yoachim & Dalcanton 2006; Jurić et al. 2008). The thick disk
components have been found to be generally older (>6 Gyr) than
those of the thin disks, raising the question of distinct formation

Figure 6. Intrinsic velocity dispersion σ0 as a function of redshift and cosmic time for measurements from the literature at 0<z<4 (see Table 5). Top: our kinematic
sample is shown in gray, with colored averages. Other individual and average ionized gas measurements are shown in color, as indicated in the legend. Molecular and
atomic gas measurements are shown in black. For averages, the error bar shows the typical uncertainty of individual measurements in the sample. Bottom: averages
from selected ionized gas measurements are shown in red. Local atomic and molecular averages and individual high-z molecular gas measurements are shown in
black. Based on these data, we show best-fit relations (see Table 6) for molecular gas (gray dashed) and ionized gas (red solid), as well as the best fit derived solely
based on our KMOS3D data (red dashed–dotted line; see Section 4.1 and Table 3). Confirming the trend seen in our kinematic sample for the redshift range
0.6<z<2.6, σ0 increases with redshift over a time span of almost 12Gyr. In the local universe, velocity dispersions measured from molecular or atomic gas are
lower than corresponding measurements from ionized gas, by about 10–15 km s−1. The slopes derived from the molecular data and from our KMOS3D sample are
almost identical, suggesting an analogous redshift evolution of the different gas-phase velocity dispersions.
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Krumholz et al. (2018) as lines, but we modify it such that we
vary the galaxy circular velocity from vcirc=50 km s−1 to
vcirc=450 km s−1 in order to appropriately cover the range of
observed velocities in our kinematic sample. In the model
framework, stellar feedback creates and sustains a dispersion
floor, represented through the horizontal regime of the model
lines. The predicted rapid increase of velocity dispersion with
SFR, the exact location here dependent on circular velocity,
requires the release of gravitational energy through radial
transport through the disk (see Krumholz et al. 2018 for
details). The agreement between the theoretical model and our
data is remarkably good: ∼60% of our data are matched by the
model for this simple variation of only the circular velocity,
with all other parameters being fixed to the fiducial “transport
+feedback high-z” parameters.

For the gas fraction, we can make only an approximate
comparison. As mentioned in Section 2, gas masses for our
galaxies are calculated by applying the scaling relation by Tacconi
et al. (2018), since direct gas mass measurements are not available
for most of our galaxies. With this, we get the total gas mass over
the total baryonic mass per galaxy. Again, we use a scaling factor
of 1.5 for our gas mass fractions. In Figure 12, we show the same
parameter space as in Figure 11 but now color-coded by gas
fraction. While galaxies with SFR10Me yr−1 have on average
lower gas fractions, no strong trend is apparent at higher SFRs.
We show again lines based on the “transport+feedback high-z”
model by Krumholz et al. (2018), but now we vary the gas
fraction (and with it fg,P) from fg,Q=0.2 to fg,Q=1.0 in order to
explore the range of scaled gas fractions of galaxies in our
kinematic sample. With solid lines, we show models with
vf=400 km s−1, and dashed lines show vf=200 km s−1. It
becomes clear that in the model framework, galaxies at fixed SFR
and σ0 can have higher fg,Q and lower vf, or lower fg,Q and higher
vf, but rotation velocity has to be varied to cover the full range of
SFRs in our observations.

Horizontal variations of the model predictions can be
reached by changing the fraction of gas assumed to be in the
star-forming ISM, and through changes in the outer rotation

curve slope. For instance, assuming only 20% of the gas to be
in the star-forming phase pushes the horizontal floor of the
model below 10 km s−1 and lowers the predicted SFR by
almost an order of magnitude. Assuming a dropping rotation
curve, on the other hand, lifts the horizontal floor and increases
the predicted SFR. Assuming an outer rotation curve slope of
β=−0.5 increases the horizontal saturation of the model to
∼32 km s−1, while increasing the star formation rate only
marginally. Lang et al. (2017) have shown that the typical outer
rotation curve slope of galaxies in our sample is negative. This
is more pronounced at higher redshift, possibly offering an
additional reason for the elevated velocity dispersions at z2
in this model framework.

Figure 10. SFR divided by gas fraction as a function of circular velocity
squared times intrinsic velocity dispersion for our kinematic sample, color-
coded by redshift. The lines show predictions from the “transport+feedback”
model by Krumholz et al. (2018) for different values of Q (Equation (6)). We
find a strong correlation between the displayed quantities (ρS=0.57,
σρ=6.8), where galaxies scatter around constant Q, suggesting dominant
self-regulation processes in our galaxies at all redshifts.

Figure 11. Intrinsic velocity dispersion σ0,15 as a function of star formation rate
SFR, color-coded by circular velocity. The data points show our kinematic
sample. The lines are predictions from the “transport+feedback high-z” model
by Krumholz et al. (2018), where we additionally vary the galaxy circular
velocity vcirc between 50 and 450 km s−1 in steps of 50 km s−1. For 60% of our
galaxies in the σ0,15−SFR parameter space, the model predicts the correct
rotation velocity, with all other parameters being fixed as specified in the
main text.

Figure 12. Intrinsic velocity dispersion σ0,15 as a function of star formation rate
SFR, color-coded by (scaled) gas fraction (see main text for details). The data
points show our kinematic sample. The lines are predictions from the “transport
+feedback high-z” model by Krumholz et al. (2018), where we additionally
vary fg,Q in lockstep with fg,P between 0.2 and 1 in steps of 0.2, and the galaxy
rotation velocity vf from 200 km s−1 (dashed lines) to 400 km s−1 (solid lines).
The location of the model predictions illustrate how the observed scatter in gas
fractions at fixed SFR and σ0 may be caused by different rotation velocities.
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we plot the stacked RC together with a normalized pure
exponential disk model and additional baryonic plus dark
matter models, with a range of baryonic disk fractions md as
solid colored lines. The pure exponential disk without any
additional dark matter already yields a good fit to the data, as
pointed out in Section 4.1.

In order to consider a fiducial model including dark matter,
appropriate for high-z disk galaxies, we adopt md=0.052 from
Burkert et al. (2016). Their estimate of md is based on a large
sample of ∼360 massive ( * _( ) –Mlog 9.3 11.8) SFGs galaxies
at 0.8<z<2.6, including almost our entire stacking sample
used here. Taking the significant contribution of molecular gas
in the disk into account (e.g., Daddi et al. 2010; Tacconi
et al. 2010, 2013, 2017; Genzel et al. 2015), md=0.052 is in
reasonable agreement with current abundance matching results
(Behroozi et al. 2013; Moster et al. 2013).

The corresponding model predicts a velocity profile that
features a turn-over of velocity with an overall flat behavior
beyond the turn-over radius. The strong fall-off of our stack
appears to be inconsistent with this flat behavior.

Next, we consider a model that adopts a baryonic mass
fraction appropriate for local massive disk galaxies. At z∼0,
abundance matching results estimate a stellar mass fraction
between md≈0.025 (Behroozi et al. 2013) and md≈0.035
(Moster et al. 2013). Neglecting the amount of gas in massive
local spiral galaxies, we thus set md=0.03 as a baryonic mass
fraction. The corresponding model predicts a similar behavior
with a slightly more positive outer slope, which is yet more
inconsistent with our data.

We furthermore test an extreme situation in which all
baryons in the dark matter halo are confined within the disk by

setting md=0.17, representing the cosmic baryon fraction
relative to that of the dark matter (Ωb/ΩDM). Although this
assumption represents an upper limit on md, the corresponding
model still predicts a rotation curve that does not fall off as
rapidly as our stack indicates.
Next, we compare the same models, but turn on the effects of

turbulent gas pressure in the disk, displayed by dashed lines in
Figure 7. The effect of pressure support strongly decreases the
modeled rotation velocity at large radii, and leads to a better
agreement with our stacked rotation curve. The pressure-
corrected, pure baryonic disk falls more steeply than the stack,
consistent with an additional, outer dark matter contribution.
Among the range of our models tested, md=0.17 yields the
best match to our observations. Taking into account the
uncertainty of the outer linear slope, a baryonic disk fraction of
our fiducial high-z model with md=0.052 is, however, still
consistent with our data within the ∼1σ uncertainties.
Our comparison demonstrates that our data support high

baryonic fractions (md0.05) in conjunction with the effect of
pressure support in the outer disk to explain the steep fall-off of
the outer stacked rotation curve. Whereas this is in agreement
with current abundance matching results, even higher baryonic
disk fractions (up to the cosmic baryon fraction) are preferred.
These findings are in good agreement with our best individual
high-quality rotation curves. From detailed kinematic modeling
of these individual galaxies, Genzel et al. (2017) previously
inferred similarly high baryonic fractions.
The error budget of our models (shown as shaded areas in

Figure 7) is overall small, and insignificant compared to the
predicted and observed outer fall-off. Because the model errors
reflect the uncertainties in the adopted baryonic mass, our

Figure 7. Normalized stacked rotation curve (black circles), shown together with a baryonic-only exponential disk model (black lines), and models with added dark
matter halo components for different baryonic mass fraction in the disk, md (colored lines). Each model is convolved with a PSF of the representative average FWHM
of the sample before normalization. Also shown are versions of each models with implemented pressure support (dashed lines), with Vrot/σ0 adopted to decrease with
radius according to Figure 5, ranging from 6.3 to 4.8.
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falling rotation curves can be explained by two affects
1. high baryonic fraction
2. pressure support

LETTER RESEARCH
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here for individual sources, and implies that falling rotation curves 
at z =  0.6–2.6 are common. The uncertainties of individual velocity 
measurements in the faint outer disks are substantial, such that the 
significance of the velocity decreases in each individual data point is 
at most 3.5 times the root-mean-square (r.m.s.). When all data points 
corresponding to radii greater than Rmax are considered together, the 
statistical significance for a non-flat, falling rotation curve becomes 
compelling (6–10 r.m.s.).

We investigated the possibility that the falling rotation curves are 
artefacts, caused by warping of the disks, radial streaming along 
galactic bars, radial changes in the direction of the kinematic axis, 
tidal interactions with nearby satellites, or non-equilibrium motions 
caused by variations in the amount or direction of the baryonic accre-
tion (Methods). We find interacting low-mass satellites in three of 
our six sources, and evidence for some tidal stripping in one, but the 
rotation curve for this source is symmetric, even near the satellite. We 
also see strong radial streaming confined to the nuclear region in one 
 galaxy. Warps are expected because of the non-planar accretion of gas 
from the intergalactic web, but are also less likely to be stable at high  
redshift than in the low-reshift Universe, because of the large, isotropic 
velocity dispersions. The point-symmetric, falling rotation curves 
in Fig. 1 argue against strong warping. We also find no evidence in 
the two-dimensional residual maps (data minus model) for radial 
 variations in the line of nodes, as a result of interactions and  variations 
in the angular momentum of the incoming gas (Extended Data  
Fig. 6). Four galaxies have massive bulges (ratio of the mass of the bulge 
to that of the total galaxy, B/T >  0.3), which will probably accentuate 
 centrally peaked rotation curves. Keeping in mind the important effects 
of non- equilibrium dynamics in the early phases of galaxy formation, 
the prevalence of point-symmetric, smooth rotation curves in all six 
cases suggests that these are intrinsic properties of the galaxies.

We compare the final average of all seven rotation curves with an 
average rotation curve for local massive disks19, the curves for the Milky 
Way20 and M3117, and the theoretical curve for a thin, purely baryonic, 
exponential ‘Freeman’ disk21 (Fig. 2b). All of the local rotation curves 
lie above the Freeman model, and so require additional (dark) matter in 
various amounts. In contrast, the average curve for high-redshift disks 
is consistent with the curve for a pure baryonic disk to R ≈  1.8R1/2, and 
falls below it for larger R.

Because high-redshift disks exhibit large random motions, the 
 equation of hydrostatic equilibrium of the disk contains a radial 
 pressure gradient, which slows down the rotation velocity  (‘asymmetric 
drift’14; Methods). If we apply this correction and also allow for the 
resultant large thickness of the disk, then the rotation curve indeed 
drops rapidly with radius, as long as σ0 stays approximately  constant. 
Figure 2 shows data for a galaxy with vrot/σ0 ≈  5, demonstrating 
 excellent agreement with the average observations.

Our analysis only allows for a small contribution of dark matter 
in the mass budget of the outer disks (and inner haloes) of massive, 
high-redshift star-forming galaxies. This conclusion is consistent with 
the earlier, but less conclusive (owing to uncertainties in the stellar 
initial-mass function, the star formation history and the gas masses), 
analysis of the inner-disk dynamics3–6 (Methods). We quantify our con-
clusion by fitting the major-axis velocity and velocity dispersion data 
for each galaxy (Fig. 1) with a three-component mass model, which 
consists of the sum of a central compact (spheroidal) stellar bulge, an 
exponential gaseous and stellar disk, and a Navarro–Frenk–White 
(NFW) dark-matter halo22. The output of the fitting is the fraction of 
the total mass that corresponds to dark matter at R1/2, fDM(R =  R1/2) 
(Methods). We list the fitting results (and ±  2 r.m.s. uncertainties) 
in Table 1 and summarize them in Fig. 3, in which the high-redshift 
data is compared to previous low-redshift results7 and to the results of  
ref. 6. With these basic assumptions, we find that the dark-matter 
 fractions near the half-light radius R1/2 for all of the galaxies we  studied 
are modest to negligible, even when the various parameter correla-
tions and uncertainties are included (Fig. 3 and Methods). We note 

that spatially variable σ0 and deviations from planarity and exponential 
disk distributions undoubtedly make reality more complex than can be 
captured in these simple models.

All six disks that we study are ‘maximal’7 (fDM <  0.28). Their 
dark-matter fractions are at the lower tail of local star-forming disks, 
and in the same region of vc–fDM parameter space as local mas-
sive, passive galaxies23 and some strongly bulged, early-type disks7, 
where the circular velocity vc is defined in equation (1) in Methods. 
Dark-matter fractions decrease as redshift increases from 0.8 to 2.3  
(ref. 6; Table 1, Fig. 3). The agreement between the dark-matter fractions 
in the z =  0.6–2.6 star-forming galaxies and in local passive  galaxies is 
interesting. Passive galaxies are probably the descendants of the massive 
main-sequence star-forming population that we observe in our IFS 
samples. Star formation in these galaxies was probably rapidly quenched 
at z ≤  2 once they had grown to masses comparable to the galaxy mass 
function characteristic Schechter mass, M*Schechter ≈  1010.6–10.9M⊙,  
after which they transitioned to the passive galaxy sequence24. The low 
dark-matter fractions in the high-redshift star-forming galaxies may 
therefore be preserved in the properties of the local passive population.

There are several reasons for why high-redshift disks should be 
more baryon-dominated than low-redshift disks. First, high-redshift 
disks are gas rich and compact. Star-forming galaxies at z ≈  2.3 have 
molecular-gas-to-stellar-mass ratios about 25 times larger than those 
of z =  0 galaxies25 (Mmolgas/M* ∝  (1 +  z)2.7), are 2.4 times smaller in 
size26 (R1/2 ∝  (1 +  z)−0.75), and so have molecular gas surface densities 
that are more than two orders of magnitude greater than those of local 
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Figure 2 | Normalized rotation curves. a, The various symbols denote 
the folded and binned rotation curve data for the six galaxies in Fig. 1, 
combined with the stacked rotation curve of 97 z =  0.6–2.6 star-forming 
galaxies18 (Methods). For all rotation curves, we averaged data points 
located symmetrically on either side of the dynamical centres, and  
plot the rotation velocities normalized by the maximum rotation  
velocity against the radii R normalized by the radius at which the 
amplitude of the rotation velocity is maximum (| vrot|  =  vmax), Rmax. 
Error bars are ±  1 r.m.s. b, The black data denote the binned averages of 
the six individual galaxies, as well as the stack shown in a, with 1 r.m.s. 
uncertainties of the error-weighted means shown as grey shading (the 
outermost point has lighter shading to indicate that only two data points 
entered the average). In individual galaxies, Rmax depends on the ratio of 
bulge to total baryonic mass of the galaxy, the size of the galaxy and the 
instrumental resolution, leading to varying amounts of beam smearing. 
We assume an average value of Rmax ≈  (1.3–1.5)R1/2. For comparison, the 
grey dashed line indicates the slope of a typical rotation curve for low-
redshift (z =  0), massive (log(M*/M⊙) ≈  11), star-forming disk galaxies19, 
which are comparable to the six galaxies we studied; the dotted red 
and solid green curves are the rotation curves of M31 (the Andromeda 
galaxy)17 and the Milky Way20. The thick magenta curve is the rotation 
curve of an infinitely thin, ‘Freeman’ exponential disk21 with Sérsic index 
nSersic =  1. The blue curve is a turbulent, thick exponential disk, including 
‘asymmetric drift’ corrections for an assumed radially constant velocity 
dispersion of σ0 ≈  50 km s−1 (and a ratio of rotation velocity to dispersion 
of vrot/σ0 ≈  5)17.
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Figure 3. Median stacks of the rotation curves extracted individually from each galaxy in the z ≈ 0.6, z ≈ 0.9, z ≈ 1.5, and z ≈ 2.2 samples. For the same
data, we employ two normalization prescriptions. Left column: Median stack normalized by the modified stellar disc-scale radius (R′

d) and the velocity at
3R′

d (v3R′
d
). Right column: Median stack normalized by the galaxy turnover radius (Rt i.e. the rotation curve inflection point) and the velocity at Rt (vRt ). For

each median rotation curve (grey points), we also plot the best-fitting exponential disc plus dark halo model (solid green line; the dashed green line represents
extrapolation of the same model beyond the extent of the data). The shape of the median average rotation curve for the same galaxies starkly differs depending
on the normalization technique.

probed by the data to improve the goodness of the fit. Normalizing
in radius by Rt in these cases would thus compress the entire rotation
curve to fall within ±1Rt. The stellar scaled curves, however, should
not suffer from this effect since R′

d is not directly dependent on the
shape of the curve itself.

In Fig. 4, we quantitatively test this conjecture on the merits of
each scaling prescription by examining in detail the biases inherent
in each. For this test, we use the KROSS z ≈ 0.9 galaxy sample as
an example. We plot both the median stellar-scaled and self-scaled
rotation curves for the KROSS sample, along with the number
of galaxies effectively contributing at each radius. We also show
the median rotation-to-dispersion ratio vc/σ 0, where vc and σ 0

are, respectively, the intrinsic circular velocity and the intrinsic
velocity dispersion measurements made in Harrison et al. (2017 )
and Johnson et al. (2018 ) for those galaxies. We stress that both vc

and σ 0 are corrected for the effects of beam smearing, according
to the methods described in Johnson et al. (2018 ). Fig. 4 shows
that for both the stellar-scaled and self-scaled curves the number of
galaxies contributing to the average curve declines with increasing
(scale) radius. In other words, more galaxies contribute to the inner
parts of the rotation curves (for which the majority of galaxies have
sufficiently nebular flux to sample) than the outer parts (for which

only those systems with the brightest and most spatially extended
nebular emission will be able to contribute). However, this decline is
much more rapid for the self-scaled curve than for the stellar-scaled.

Critically, whilst the average vc/σ 0 as a function of radius remains
approximately constant for the stellar-scaled curve, the self-scaled
curve is strongly biased toward low vc/σ 0 systems at large radii.
This is potentially problematic as it means that different types of
galaxies dictate the shape of the rotation curve at different radii.
The self-scaled median rotation curve therefore cannot be deemed
representative of the average for the whole sample.

We have demonstrated that the self-scaled normalization pre-
scription leads to a bias in the types of galaxies contributing to
the median average rotation curve at different radii. To understand
whether this is of importance for our analysis, we must also
understand the origins and effects of this bias. The lowest three
panels of Fig. 4 show that the shape and extent of the self-scaled
curves change as a function of vc/σ 0. For galaxies with the lowest
values of vc/σ 0, we are able to trace their rotation curves out to
larger multiples of the scale radius (Rt). At the same time, it is
only these low vc/σ 0 systems that exhibit an obvious decline in the
outer parts of their (scaled) rotation curves. The self-scaled rotation
curves of galaxies with higher vc/σ 0 do not extend out far enough
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between AGNs identified through different diagnostics. For
instance, 37 of the 49 AGN sources detected in hard X-ray
emission (irrespective of their [N II]/Hαna ratio) exhibit an
outflow signature, and 90 of the 119 AGN galaxies identified
based on the [N II]/Hαna criterion (irrespective of their X-ray
properties) do, for nearly equal unweighted fractions of 76% or
∼60% when downweighting candidates. The stacked spectra of
these subsets of AGNs with outflows are very similar to each
other and to the stack from all AGN-driven outflows.

The dependence of AGN or AGN-driven outflow incidences
is at least quadratic in stellar mass, and possibly exponential,
with a sharp onset around log(M*/Me)∼10.7–10.9. This
threshold coincides with the Schechter mass, independently of
redshift across the z= 0.6–2.7 range our data sample. Again,
our results are in excellent agreement with and further
strengthen the conclusions of G14. Since the Schechter mass
corresponds to the transition above which the likelihood of
quenching rises strongly at all redshifts z2–3, thus limiting
galaxy growth (Peng et al. 2010b; Ilbert et al. 2013; Muzzin
et al. 2013), the threshold for the onset of prominent

AGN-driven nuclear outflows appears to be concomitant to
quenching. This point is discussed further in Section 4.
The incidence of outflows driven by SF, fSFout (i.e., in

galaxies without indication of AGN activity from either the
[N II]/Hαna or the ancillary data indicators) is shown in
Figure 7 (left panel). The fSFout does not depend on stellar mass
(ρ= −0.01) but increases upward with ΔMS at all masses,
with ρ= 0.50 (3.9σ) in the binned data. About 25%–30% of
“starbursting outliers” above the MS (ΔMS0.6 dex) drive a
SF-driven outflow detected in rest-optical line emission.
Physically, one would expect that the incidence of (detectable)
SF-driven outflows also depends on the SFR surface density,
ΣSFR (e.g., Heckman 2002; Kornei et al. 2012; N12b; G14).
Figure 7 (right panel) shows the distribution in the log(M*)
versus log(ΣSFR) plane, where the surface density is taken as
half the total SFR uniformly distributed within Re. The
incidence increases with ΣSFR, with significant fractions
10% above ∼0.5–1Me yr−1 kpc−2, corresponding to the
observed threshold above which the broad emission signature
becomes strong (e.g., N12b; Davies et al. 2019).

Figure 6. Distribution of the incidence of AGN and AGN-driven outflows with stellar mass and MS offset. Left: the top panel shows the LOESS-smoothed
representation for the incidence of galaxies hosting an AGN, based on identification through X-ray/mid-IR/radio properties and the [N II]/Hα narrow component
criterion, as described in Section 3.2.1. The bottom panel shows the LOESS-smoothed representation for the incidence of galaxies with AGN-driven outflow. The
color-coding follows the color bars and is adjusted for each plot to the respective minimum to maximum values, in order to emphasize the trends in each quantity.
Right: variation of incidence for the full sample, now binned in three ΔMS intervals: below (black/gray symbols), on (blue symbols), and above (red symbols) the
MS. The incidence of AGN and AGN-driven outflows is plotted with filled circles and open squares, respectively, and the average uncertainty is shown by the vertical
error bar. The incidence of outflows and AGNs (or outflow properties such as velocity widths and broad-to-narrow line flux ratios) do not significantly depend on
redshift (G14 and Section 3.2.3), such that we marginalize over this parameter throughout the paper. The incidence of both AGN and AGN-driven outflows correlates
strongly with stellar mass irrespectively of location relative to the MS (Section 3.2.2), and exhibits a steep onset around the Schechter mass at log(M*/Me)∼10.8.
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Galactic winds identified from interstellar absorption fea-
tures in rest-frame UV spectra of SFGs at z∼0.5–3 are more
prevalent (50%; e.g., Weiner et al. 2009; Steidel et al. 2010;
Kornei et al. 2012; Martin et al. 2012; Rubin et al. 2014). Our
lower detection rate could be due to S/N limitations in
individual spectra (since the broad SF-driven outflow signature
typically has a modest amplitude and velocity width; Figure 5),
different sample selection, or possibly reflects the different
outflow phase probed by each technique. The Hα+ [N II]
emission line technique is sensitive to the emission measure
and thus probes preferentially ongoing ejection of denser gas.
The rest-UV absorption line technique integrates over the line
of sight and down to more tenuous material, and would thus
more easily detect outflows even of low duty cycle at any given
time. These factors may also explain differences in outflow
incidence trends with SF properties, which are found to be
typically weak or absent based on rest-UV interstellar
absorption tracers (e.g., Weiner et al. 2009; Kornei et al.
2012; Martin et al. 2012; Rubin et al. 2014). Observations of
sizeable samples targeting both interstellar absorption and
nebular line tracers of outflows in the same galaxies would be
valuable to understand these differences.

3.2.3. Extended Trend Analysis

We investigated correlations between larger sets of para-
meters to include spectral properties and additional galaxy
parameters. We quantified trends between pairs of properties
with the Spearman rank correlation coefficient and examined
all properties simultaneously through a Principal Component
Analysis (PCA). Because the coverage in galaxy parameters of
the sample varies somewhat with redshift and some trends may
not be monotonic, we validated the main trends by inspecting
the 2D distributions in properties (similarly to Figure 3) and
controlling for specific variables where appropriate. In
particular, the low-mass coverage is different for the galaxies
at 0.6< z< 1.2, 1.2< z< 1.8, 1.8< z< 2.7, leading to
some spurious correlations with redshift. In G14, we found that
the broad outflow emission incidence and spectral properties
did not depend significantly on redshift when splitting the
sample in two z intervals. With the larger sample analyzed here,
no significant redshift dependence at fixed galaxy property is

found either (see also Table 1). For the trend analysis below,
we thus marginalized over redshift.
In a first step, we considered variations in the binned

log(M*)–ΔMS plane of the incidences fSFout, fAGNout, fAGN, the
[N II]/Hαna and Fbr/F(Hα)na flux ratios, and the broad
component velocity width FWHMbr. The spectral properties
were derived from fits to the Hα+ [N II] complex in the
unweighted stacks, with a single component for the broad
emission in order to characterize the emission across all bins, as
described in Section 2.5.3. Figure 8 (left six panels) shows the
fractions and spectral properties plotted at the average log(M*)
and ΔMS values of the galaxies in each bin (using the median
instead makes little difference in the distributions and derived
trends). In addition to the trends for the incidences discussed in
the previous subsection, [N II]/Hαna and Fbr/F(Hα)na correlate
most strongly with log(M*) (ρ∼0.76 at 5.9σ, and ρ∼0.47 at
3.6σ) and little with ΔMS (ρ< 0.15). The FWHMbr correlates
primarily though moderately with log(M*) (ρ∼0.4 at ∼3σ).
These trends, and the strong associations among subsets of

properties, are most clearly visualized in the results from the
PCA shown in the rightmost panel of Figure 8. For these data
and eight parameters, 71% of the total sample variance is
explained by two principal components (PCs), with PC 1 and 2
strongly coupled to log(M*) and ΔMS, respectively. The
most striking feature of the loading plot is the nearly orthogonal
separation between fSFout on one hand, and fAGNout, fAGN and
spectral characteristics on the other, implying in particular that
SF- and AGN-driven outflows are strongly decoupled from
each other in their incidence and emission properties. The
association between fAGN, [N II]/Hαna, and log(M*) is not
surprising, given the AGN identification procedure of
Section 3.2.1 and the galaxy stellar mass–metallicity relation-
ship (e.g., Erb et al. 2006; Queyrel et al. 2009; Wuyts et al.
2014, 2016a; Zahid et al. 2014; Sanders et al. 2015, 2018;
Kashino et al. 2017). To some extent, that with FWHMbr and
Fbr/F(Hα)na may be influenced by a more important contrib-
ution to the line profile from steep but unresolved inner
velocity gradients in the more massive and denser galaxies (or
residuals stemming from uncertainties in the velocity field used
to remove the orbital motions). However, tests using model
data cubes of massive rotating disks with a bulge, subjected to
the typical seeing and noise level of the data, and analyzed in
the same way indicate that such effects could only account for a

Figure 7. LOESS-smoothed distribution of the incidence of SF-driven outflows with stellar mass and star formation properties. Left: incidence in the log(M*) vs. MS
offset ΔMS. Right: incidence in the log(M*) vs. SFR surface density, ΣSFR. The color-coding is adjusted to cover the range between minimum and maximum values
in each plot separately, as shown by the color bars. The outflow incidence and properties do not significantly depend on redshift (N12b; G14; and Section 3.3), such
that we marginalize over this parameter throughout the paper. The incidence of SF-driven outflows correlates with both ΔMS and ΣSFR at all masses, with no trend as
a function of log(M*) (Section 3.2.2).
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activity. This [N II]/Hα cut may miss some AGN in low-
metallicity hosts toward lower stellar masses (Kewley et al.
2013). In addition, nebular line emission from star-forming
regions within the apertures used to extract the spectra may
lower the overall line ratio sufficiently (a well-known effect;
e.g., Ho et al. 1997; FS14; Coil et al. 2015); weaker AGN in
actively star-forming systems can be difficult to detect,
especially in seeing-limited data of distant galaxies.

Among the full sample, 574 galaxies have relevant data in
the X-ray, mid-IR, or radio ranges, and 70 of them (12%)
satisfy at least one of the corresponding AGN criteria. X-ray-
identified AGN dominate, with 54 sources. From the
[N II]/Hαna ratio, 119 of all 599 galaxies (20%) are identified
as having an AGN. In addition, six objects show evidence for
very broad emission (FWHM3000 km s−1) in Hα but not in
the [N II] and [S II] forbidden lines and for a bright, central
point-like source in their HST rest-UV/optical imaging. The

latter properties are consistent with Type 1 AGN dominated by
emission from the unobscured BLR in the close vicinity of the
nucleus; five of the six BLR sources are also identified as AGN
from the ancillary data. In total, there are thus 152 AGN (25%)
in the full sample, of which 146 are associated with obscured
Type 2 AGN (24%); 38 objects fulfill both the X-ray/mid-IR/
radio and [N II]/Hαna sets of criteria. Not all AGN identified
from the ancillary data exhibit AGN signatures in their rest-
optical spectra; this is the case for 32 sources in our sample.
Conversely, 81 AGN are identified solely from their elevated
[N II]/Hαna ratio.
The global fractions of AGN in our full sample are consistent

with those of AGN surveys at z∼1–3 using similar AGN
indicators (e.g., Reddy et al. 2005; Daddi et al. 2007; Kriek
et al. 2007; Brusa et al. 2009; Xue et al. 2010; Aird et al. 2012;
Bongiorno et al. 2012; Hainline et al. 2012; Juneau et al. 2013;
Coil et al. 2015; Padovani et al. 2017; Wang et al. 2017). With

Figure 5. Weighted averages of the highest S/N spectra showing the distinction between broad emission associated with SF- and AGN-driven outflows. Top panels:
stack for 33 galaxies with SF-driven outflows. Bottom panels: stack for 30 galaxies with AGN-driven outflows. In each of the large panels, the stacked spectrum (black
solid line) is plotted as a function of velocity relative to the peak of Hα. The best fit from multiple narrow and broad Gaussian profiles to the Hα, [N II], and [S II] lines
(following the MCMC fitting described in Section 2.5) is shown: the total narrow + broad emission (light blue curves), the narrow component (cyan curves), and the
broad component (orange curves). The residual spectrum is plotted below each stacked spectrum on the left-hand side. The right-hand side panels show the same
spectra as on the left, zoomed in on a smaller flux range. The good quality detection of the broad [S II] emission in the stack for SF-driven outflows
(FWHMbr∼460 km s−1) enables a robust determination of the electron density of the outflowing gas (Section 4.1). The detection of broad [N II] and [S II] emission
for the AGN-driven outflows rules out a dominant BLR origin and implies an unbound nuclear outflow with FWHMbr∼1550 km s−1. The narrow and broad
component [N II]λ6584/Hα ratios are 0.54 and 1.26, respectively, characteristic of AGN/LINER excitation. Given their different characteristics, emission from
outflows driven by star formation or by AGNs can be readily distinguished from the spectral properties.
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ble IFUs, KMOS at the VLT brought the 
next breakthroughs by enabling near-IR 
IFU surveys of much larger and more 
complete samples.

We have carried out KMOS3D, a com-
prehensive 75-night Guaranteed  
Time Observation (GTO) survey  
of  Ha+[N II]+[S II] emission of 745 mass- 
selected galaxies at z ~ 0.7–2.7 
(Wisnioski et al., 2015). The cornerstones 
of the survey strategy were: 1) wide and 
homogeneous coverage of galaxy stellar 
mass, SFR, colours, and redshift; 2) the 
same spectral diagnostics across the 
entire redshift range; and 3) deep integra-
tions to map faint, extended line emis-
sion. The targets were drawn from the 
Hubble Space Telescope (HST) 3D-HST 
Treasury Survey (for example, Momcheva 
et al., 2016), which provided a well 
 characterised parent sample with source 
detection and accurate redshifts relying 
on rest-optical properties, largely 
 reducing the bias towards blue, actively 
star-forming galaxies resulting from 
rest-ultraviolet identifications. 3D-HST 
overlaps with the CANDELS fields, with 
high-resolution HST optical and near- 
IR imaging, and with extensive X-ray to 
far-IR/radio coverage.

The KMOS3D selection criteria were:
(1)  M

*
 > 109 M⊙ and a magnitude cut of 

KAB < 23 mag;
(2) a redshift 0.7 < z < 2.7;
(3)  the emission lines of interest falling  

in atmospheric windows away from 
bright sky lines.

By avoiding selection on colours or prop-
erties sensitive to star formation or AGN 
activity, and by covering five billion years 
of cosmic time, KMOS3D is optimally 
suited for population censuses and evo-
lutionary studies.

Figure 1 shows the distribution of the 
KMOS3D sample in stellar mass versus 
SFR. The K-band magnitude cut ensures 
95% completeness for log(M

*
/M⊙) > 9.7 

at 0.7 < z < 1.1; log(M
*
/M⊙) > 10.2 at  

1.3 < z < 1.7; and log(M
*
/M⊙) > 10.5 at  

1.9 < z < 2.7 — these correspond to  
the redshift slices where Ha is observed 
in the YJ-, H-, and K-bands, respectively.  
The corresponding median on-source 
integration times are 5, 8, and 9 hours 
respectively, and range up to 20–30 hours. 
The median resolution is 0.5 arcseconds, 

or ~ 4 kpc at at z ~ 0.7–2.7. Down to 
SFRs ~ 1/7 of the MS (comprising 80%  
of the sample), 90% of the objects are 
detected in Ha and 80% of them are 
resolved. Unsurprisingly, the detection 
rate drops among more quiescent 
 galaxies, but even ~ 25% of those are 
detected, and a third of them are 
resolved. Selected key results are high-
lighted here.

The prevalence of rotationally 
 supported turbulent gas-rich discs

First and foremost, the spatially-resolved 
gas motions derived from the Ha emis-
sion line profile across the KMOS3D gal-
axies robustly confirmed that the majority 
(> 70%) of high-redshift SFGs are rotating 
discs (Figure 2). The data also confirmed 
the elevated gas turbulence of high- 
redshift discs, with typical intrinsic disc 
velocity dispersions s0 ~ 50 km s–1 at  
z ~ 2.3 and ~ 30 km s–1 at z ~ 0.9 (Fig- 
ure 3). The increase of the velocity disper-
sions with redshift is in line with expecta-
tions for gravity-driven turbulence in 
 marginally stable gas discs and the cos-
mic evolution in gas fractions, where 
heating is caused by rapid gas flows onto 
and within the galaxies (for example, 
Genzel et al., 2011; Krumholz et al., 2018).

Bulge formation, outer disc kinematics, 
and the dominance of baryons

Dissipative processes should be particu-
larly efficient in discs at z ~ 1–3 given 
their gas-richness and elevated turbu-
lence. The associated inward mass trans-
port and angular momentum loss could 
lead to bulge formation on Gyr times-
cales. Massive stellar bulges are in place, 
and large nuclear concentrations of 
molecular gas have been uncovered as 
early as z ~ 2.5 in massive star-forming 
discs (for example, Lang et al., 2014; 
Tadaki et al., 2017). Measurements of the 
angular momenta of KMOS3D discs fur-
ther support bulge formation via disc-in-
ternal mechanisms (Burkert et al., 2016). 
The specific angular momenta of the 
discs anti-correlate with their galaxy-wide 
stellar and gas mass surface densities, 
but exhibit no significant trend with stellar 
mass surface densities in the inner 1 kpc. 
Accumulation of low angular momentum 
material to form bulges in the disc cen-
tres thus appears to be decoupled from 
the mechanisms that set disc structure 
and angular momentum on global galac-
tic scales.

KMOS3D has strengthened the key finding 
from smaller samples that z ~ 1–2.5 SFGs 
are not only gas-rich but also strongly 
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post-starburst galaxies, with a strong Balmer break and a number  
of strong absorption features. We fit a spectroscopic redshift of 
z =  2.1478 ±   0.0006 and constrain the stellar populations through 
 modelling of the rest-frame ultraviolet-to-optical spectrum, the absorp-
tion line indices, and the spatially integrated rest-frame ultraviolet- 
to-near-infrared (NIR) colours derived from 16-band HST/Infrared 
Array Camera (IRAC) photometry. The best-fitting spectrum reveals 
a massive, old, post-starburst galaxy consistent with negligible ongoing 
star formation, and at most solar metallicity (that is, log(M∗/M⊙) = 
  . − .

+ .11 15 0 23
0 23, log[Age (yr)] =  . − .

+ .8 97 0 25
0 26 , Ai =  . − .

+ .0 6 0 6
0 9 mag, log(Z/Z⊙) =  

 . − .
+ .0 56 0 55

0 55) (Extended Data Table 1). We derive a velocity dispersion of 
σ =  329 ±   73 km s− 1 from absorption lines in the spatially integrated 
spectrum (Fig. 1) using a penalized pixel-fitting method (pPXF)15 with 
the best-fitting spectral energy distribution model as a template.

Interestingly, the absorption lines are tilted in the two-dimensional 
spectrum. We extract individual rows that represent approximately  
0.4-kpc bins along the major axis on the source plane. The central  
11 rows have sufficient signal to noise (S/N) to detect absorption 
lines reliably. We fit each row with the same pPXF implementation 
used for the spatially integrated spectrum to derive velocity shifts and 
 dispersions as a function of distance from the centre of the galaxy. 
There is a clear symmetric velocity gradient, as expected for a rotating 
disk (Fig. 2).

The observed rotational velocity reaches a maximum of | ″ |V (1 )max ,obs  
=  341 ±   115 km s− 1 (weighted mean in the two outer bins), showing 
unambiguously, and independently of model assumptions, that the 
galaxy has a higher degree of rotational support Vmax,obs/σ >   1.03 ±   0.42 

than observed previously in any galaxy that has ceased star formation 
(quenched). This is a conservative lower bound, as corrections for the 
effects of inclination, alignment of the slit, and unresolved rotation will 
all drive the ratio up.

We take these into account, as well as the effect of gravitational 
 lensing, by performing a full Markov chain Monte Carlo dynamical 
modelling analysis. We find the velocity shifts to be well represented 
by the rotation curve of a thin, circular, rotating disk with a maximum 
rotational velocity of Vmax =  −

+532 49
67 km s− 1 at Rmax =  . − .

+ .0 5 0 3
0 8 kpc. This 

implies a dynamical mass within re of log(Mdyn/M⊙) =  . − .
+ .11 0 0 1

0 1 (and a 
total dynamical mass of  . − .

+ .11 3 0 1
0 1).

We model the observed dispersions by taking into account the effect 
of point spread function (PSF) smearing σ σ σ= +r r( ) ( )obs

2
int
2

sm
2 . This 

is particularly relevant in the central regions where the steep gradient 
of rotational velocity translates into artificially high apparent velocity 
dispersions. We find that σobs(r) is well represented by velocity 
 smearing (σsm) alone, but can also accommodate a small intrinsic 
 constant dispersion (σint =  −

+59 44
57 km s− 1). In the central bin, σobs is 

about 0.5 standard deviation above the modelling predictions, leaving 
room for enhanced central dispersion; however, as there is no indica-
tion of a bulge in the stellar mass map (Fig. 3), any bulge is unlikely to 
be very prominent. From the dynamical modelling we conclude that 
that the galaxy is a rotation-dominated disk with Vmax/σint >   3.3 (97.5% 
confidence).

We detect weak, centrally concentrated nebular emission lines 
[O iii] at wavelength λ =  5,007 Å, He ii (5,411 Å), Hα  (6,563 Å), and 
[N ii] (6,583 Å). The (extinction-corrected) Hα  flux corresponds16 
to a star-formation rate of SFR <  1.1M⊙ yr− 1, an upper bound since 
the line ratios indicate an active galactic nucleus (AGN) or a low- 
ionization nuclear emission-line region (LINER) as the dominant 
ionizing source17, consistent with what is found in local post-starburst 
 galaxies18. The emission lines are redshifted by a systematic velocity shift 
of Vel =  236 km s− 1 with respect to the absorption lines, possibly owing 
to AGN outflows (see Extended Data Fig. 2 and Extended Data Table 1).

Using our well constrained lens model and multi-band HST  imaging, 
we reconstruct the galaxy on the source plane and derive spatially 
resolved maps of median-likelihood estimates of stellar population 
parameters (Fig. 3). The projected mass distribution is smooth, ruling 
out the possibility of a close major merger causing the velocity gradient. 
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Figure 2 | Rotation and dispersion curve for MACS2129−1. Velocity 
offsets ∆ V and dispersions σ as a function of distance from the centre of 
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off symmetrically with distance, consistent with the effect of point spread 
function (PSF) smearing of the velocity gradient, and a constant dispersion 
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Figure 3 | Stellar population maps on the reconstructed source plane. 
Shown are two-dimensional maps of the stellar mass surface density M, 
the specific SFR, the stellar age and the dust extinction in the rest-frame 
i-band, Ai. These are created from fits to the HST imaging, using the same 
stellar population library as used to fit the full spectrum. The insets at 
bottom right show 68% confidence intervals for the derived parameters. 
The PSF is shown in Fig. 4. The younger knot in the top right corner, 
which may be an ongoing minor merger, does not give rise to the extra 
light seen in Fig. 4, or influence the conclusions based on azimuthally 
averaged profiles (see Methods).
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ble IFUs, KMOS at the VLT brought the 
next breakthroughs by enabling near-IR 
IFU surveys of much larger and more 
complete samples.

We have carried out KMOS3D, a com-
prehensive 75-night Guaranteed  
Time Observation (GTO) survey  
of  Ha+[N II]+[S II] emission of 745 mass- 
selected galaxies at z ~ 0.7–2.7 
(Wisnioski et al., 2015). The cornerstones 
of the survey strategy were: 1) wide and 
homogeneous coverage of galaxy stellar 
mass, SFR, colours, and redshift; 2) the 
same spectral diagnostics across the 
entire redshift range; and 3) deep integra-
tions to map faint, extended line emis-
sion. The targets were drawn from the 
Hubble Space Telescope (HST) 3D-HST 
Treasury Survey (for example, Momcheva 
et al., 2016), which provided a well 
 characterised parent sample with source 
detection and accurate redshifts relying 
on rest-optical properties, largely 
 reducing the bias towards blue, actively 
star-forming galaxies resulting from 
rest-ultraviolet identifications. 3D-HST 
overlaps with the CANDELS fields, with 
high-resolution HST optical and near- 
IR imaging, and with extensive X-ray to 
far-IR/radio coverage.

The KMOS3D selection criteria were:
(1)  M

*
 > 109 M⊙ and a magnitude cut of 

KAB < 23 mag;
(2) a redshift 0.7 < z < 2.7;
(3)  the emission lines of interest falling  

in atmospheric windows away from 
bright sky lines.

By avoiding selection on colours or prop-
erties sensitive to star formation or AGN 
activity, and by covering five billion years 
of cosmic time, KMOS3D is optimally 
suited for population censuses and evo-
lutionary studies.

Figure 1 shows the distribution of the 
KMOS3D sample in stellar mass versus 
SFR. The K-band magnitude cut ensures 
95% completeness for log(M

*
/M⊙) > 9.7 

at 0.7 < z < 1.1; log(M
*
/M⊙) > 10.2 at  

1.3 < z < 1.7; and log(M
*
/M⊙) > 10.5 at  

1.9 < z < 2.7 — these correspond to  
the redshift slices where Ha is observed 
in the YJ-, H-, and K-bands, respectively.  
The corresponding median on-source 
integration times are 5, 8, and 9 hours 
respectively, and range up to 20–30 hours. 
The median resolution is 0.5 arcseconds, 

or ~ 4 kpc at at z ~ 0.7–2.7. Down to 
SFRs ~ 1/7 of the MS (comprising 80%  
of the sample), 90% of the objects are 
detected in Ha and 80% of them are 
resolved. Unsurprisingly, the detection 
rate drops among more quiescent 
 galaxies, but even ~ 25% of those are 
detected, and a third of them are 
resolved. Selected key results are high-
lighted here.

The prevalence of rotationally 
 supported turbulent gas-rich discs

First and foremost, the spatially-resolved 
gas motions derived from the Ha emis-
sion line profile across the KMOS3D gal-
axies robustly confirmed that the majority 
(> 70%) of high-redshift SFGs are rotating 
discs (Figure 2). The data also confirmed 
the elevated gas turbulence of high- 
redshift discs, with typical intrinsic disc 
velocity dispersions s0 ~ 50 km s–1 at  
z ~ 2.3 and ~ 30 km s–1 at z ~ 0.9 (Fig- 
ure 3). The increase of the velocity disper-
sions with redshift is in line with expecta-
tions for gravity-driven turbulence in 
 marginally stable gas discs and the cos-
mic evolution in gas fractions, where 
heating is caused by rapid gas flows onto 
and within the galaxies (for example, 
Genzel et al., 2011; Krumholz et al., 2018).

Bulge formation, outer disc kinematics, 
and the dominance of baryons

Dissipative processes should be particu-
larly efficient in discs at z ~ 1–3 given 
their gas-richness and elevated turbu-
lence. The associated inward mass trans-
port and angular momentum loss could 
lead to bulge formation on Gyr times-
cales. Massive stellar bulges are in place, 
and large nuclear concentrations of 
molecular gas have been uncovered as 
early as z ~ 2.5 in massive star-forming 
discs (for example, Lang et al., 2014; 
Tadaki et al., 2017). Measurements of the 
angular momenta of KMOS3D discs fur-
ther support bulge formation via disc-in-
ternal mechanisms (Burkert et al., 2016). 
The specific angular momenta of the 
discs anti-correlate with their galaxy-wide 
stellar and gas mass surface densities, 
but exhibit no significant trend with stellar 
mass surface densities in the inner 1 kpc. 
Accumulation of low angular momentum 
material to form bulges in the disc cen-
tres thus appears to be decoupled from 
the mechanisms that set disc structure 
and angular momentum on global galac-
tic scales.

KMOS3D has strengthened the key finding 
from smaller samples that z ~ 1–2.5 SFGs 
are not only gas-rich but also strongly 
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the 745 KMOS3D targets 
in stellar mass versus 
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shape of the MS (from 
Whitaker et al., 2014) 
and offsets by factors of 
4 and 10 above and 
below the relationship 
are plotted as solid 
lines. Coloured symbols 
represent targets 
observed in the YJ-, H-, 
and K-bands (as 
labelled). KMOS3D 
probes the underlying 
population of massive 
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and KAB < 23 mag well, 
the density distribution 
shown in grey shades.
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ALMAによる0.08″分解能の観測
LETTERRESEARCH

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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and turbulent pressure by stellar radiation and other sources. A thick, 
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than Qcri over the entire disk, indicating that the gas disk should frag-
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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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