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近年の運動学的研究におけるマイルストーン
ATLAS3D SINSNo. 2, 2009 SINS SURVEY OF HIGH-REDSHIFT GALAXIES 1403

Figure 17. Velocity fields for 30 of the 62 galaxies of the SINS H! sample. The velocity fields correspond to that derived from the H! line emission as described in
Section 5.1 (the exception is K20–ID5 for which it was obtained from the [O iii] " 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 H! kinematics consistent with rotation in a single
disk, and #1/3 with asymmetric or irregular H! 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 H! 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
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Figure 11. Quality of the SAURON stellar kinematics in the ATLAS3D survey. Each column from left to right shows the Voronoi binned kinematic moments
extracted via pPXF from the SAURON data: mean velocity, V , velocity dispersion, ! , and higher Gauss–Hermite moments, h3 and h4. From top to bottom the
data for seven newly observed fast rotators in the ATLAS3D sample are sorted according to the luminosity-weighted dispersion ! e within 1Re. Below ! e !
120 km s!1 the data have insufficient information to constrain the full LOSVD and the Gauss–Hermite moments are automatically and gradually suppressed by
pPXF towards zero to reduce the noise in V and ! , which can still be reliably recovered. About 40 per cent of the galaxies in the sample have ! e ! 120 km s!1.

telescope latitude). This subsample includes 170 galaxies – 43 in-
side and 127 outside the Virgo cluster. We observed all galaxies
outside Virgo, and galaxies inside Virgo detected by the Alfalfa sur-
vey (Giovanelli et al. 2005), with the Westerbork Synthesis Radio
Telescope (WSRT). Some of the galaxies were observed with the
WSRT as part of previous studies (Morganti et al. 2006; Józsa et al.

2009; Oosterloo et al. 2010). The integration time for all galaxies
observed with the WSRT is 12 h, providing H I cubes at a resolu-
tion of "30 arcsec and 16 km s!1 over a field of view of "1 deg2

and a velocity range of "4000 km s!1. We detect H I gas down to
a column density of a few times 1019 cm!2. The upper limits on
M(H I) derived from these data ranges between 106 and a few times
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運動学のトレーサー
On the origin of gas in early-type galaxies 887

Figure 1. Examples of the data for one of the galaxies with the best constrained molecular gas PA (NGC 0524, top), and the galaxy with the worst constrained
molecular gas PA (NGC2768, bottom). Left: CO velocity field (colours). Middle: stellar velocity fields from the SAURON IFU (data from Emsellem et al.
2004). Right: H! emission line kinematics from the SAURON IFU (data from Sarzi et al. 2006). These are overlaid with the CO integrated intensity (black
contours) and the best-fitting molecular gas/stellar kinematic PA, and its associated error as calculated in this paper (solid black line and dashed black lines,
respectively). The CO moments are taken from Crocker et al. (2008) (NGC 2768) and Crocker et al. (2011) (NGC 0524). The SAURON IFU coverage of NGC
2768 extends beyond the range of the plots shown above.

ionized gas is only detected over a small region, we have re-run the
FIT_KINEMATIC_PA code using only this region to reduce the effect of
low signal-to-noise ratio bins on our PAs determinations. Table 1
contains the ionized gas kinematic PA for all CO mapped galaxies
in this work. Tables 2 and 3 contain the kinematic misalignment
between the ionized gas and stellar components for all fast-rotating
galaxies and slow-rotating galaxies, respectively, which were not
mapped in CO, but which have a significant enough ionized gas
detection to allow a kinematic PA measurement.

H I data were available for 29 fast-rotating galaxies that overlap
with the CO and ionized gas sample considered in this paper. The
large difference in angular scale probed make comparisons between
the extended H I and centrally concentrated molecular and ionized
gas challenging, but potentially powerful. We do not extract kine-
matic PAs for the H I, but discuss the general trends present from
visual inspection of the H I velocity fields in Section 3.4. A more
detailed analysis of the H I velocity fields and intensity maps will
be given in a future paper in this series.

In real galaxies, there can be kinematic substructures [e.g. bars,
kinematically decoupled cores (KDC)] that may or may not share
the same kinematic PA. In these cases, the FIT_KINEMATIC_PA routine
returns the value applicable to the bulk of the material (as it is area,
rather than luminosity weighted). Such substructures can, however,
skew the measured kinematic PA, in some cases by tens of degrees.
When a bar is present, Paper II has shown that the global kinematic
PA of the stars is uncertain with a standard deviation of !10". In
general, however, the stellar kinematic PA is a good estimate of
the PA of the line of nodes even when a bar exists. Bars would be
expected to have a stronger influence on the gaseous components
than on the stars.

It is worth remembering that we always compare the kinematic
PAs of the molecular gas to that of the main body of the stars.
Some stellar velocity fields show a KDC, a stellar subcomponent

with misaligned rotation from the rest of the stellar body. These
KDCs generally extend only over a small central region however,
and hence do not significantly affect our results.

The mm interferometric data have a poorer angular resolution
than the optical data (!4–5 versus 1–2 arcsec). In order to test
how this affects the determination of the kinematic PA, we per-
formed a Monte Carlo simulation. A synthetic velocity field with
a known PA was created using an empirical galaxy rotation curve
from Roscoe (1999). We then added Gaussian noise to simulate the
average signal-to-noise ratio of our data. We varied the inclination,
and the angular extent of the emitting material while keeping a fixed
beam size (which is identical to changing the angular resolution)
using a fixed spatial sampling of 3 pixels per beam, and measured
the kinematic PA using the FIT_KINEMATIC_PA routine. Changing the
inclination from edge-on to face-on had little effect of the deter-
mination on the PA, apart from very face on inclinations where
the velocity range becomes comparable to the channel width. This
happens only at inclinations less than 2."8 for a typical galaxy with
a maximum velocity of 200 km s#1, and 10 km s#1 channel width.
Varying the source size from 50 to 2.5 beams across (or equivalently
1 to 20 arcsec angular resolution) caused a scatter of !10" in the
determined kinematic PA, with no systematic offset. The true PA
was always within the 3" error bars returned by the routine.

We also used this simulation to test the effect of signal-to-noise
ratio on our PA determinations. The average rms deviation from the
bi-(anti)symmetric velocity map created by the FIT_KINEMATIC_PA

is !15 km s#1 for the real CARMA data used in this work (with
a maximum of 35 km s#1). Varying the simulated rms noise from
5 km s#1 to 50 km s#1 scattered the derived kinematic PAs by !10".
Once again this induced no systematic offset, and the true PA was
always within the 3" error bars returned by the routine.

The largest error on the observed molecular gas PA (as estimated
by the FIT_KINEMATIC_PA routine) is 30", and the average (1" ) error
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Table 3. Kinematic misalignment between the ionized gas
and the stars for all the slow-rotating ATLAS3D early-type
galaxies with measurable kinematic misalignments.

Name !ion "!ion # ion!star "# ion!star
(") (") (") (")

(1) (2) (3) (4) (5)

NGC 0661 227.5 2.8 8.5 12.3
NGC 1222 54.5 21.5 11.5 23.5
NGC 1289 276.0 15.0 176.0 18.0
NGC 3522 192.0 5.5 78.5 89.9
NGC 3796 67.5 12.2 58.0 18.8
NGC 4168 102.5 1.2 142.5 89.8
NGC 4191 178.0 5.7 4.5 7.5
NGC 4261 103.0 0.5 52.0 3.3
NGC 4476 219.0 7.5 12.5 13.7
NGC 4636 32.5 1.0 125.5 89.8
NGC 4690 191.5 1.5 139.5 25.8
NGC 5322 102.0 1.0 171.0 7.3
NGC 5481 233.5 3.8 7.5 19.4
NGC 5631 305.0 2.0 174.0 9.0

PGC028887 216.5 8.0 4.5 12.4

Notes. Columns defined as in Table 2. Kinematic misalign-
ments for the slow-rotating SAURON ETGs are tabulated
in Sarzi et al. (2006).

Figure 2. Histogram showing the kinematic misalignment angle between
the molecular gas and the stars for all of the galaxies listed in Table 1. The
dashed line overplotted is a normalized Gaussian distribution with its centre
at zero and a standard deviation of 7", showing the expected scatter.

Several individual galaxies have a KDC coincident with the
molecular gas. NGC 4476 is a pathological example, as it has a
large stellar KDC, kinematically aligned with (and likely formed
from) the molecular gas, while the stars have little sense of rotation
outside this region within the SAURON IFS field of view. PMAS
Fibre Pack (PPAK) IFS stellar kinematics suggest that the stellar
velocity field may become inverted outside the SAURON field of
view (Crocker et al., in preparation), hence the molecular gas could
be considered to be counter-rotating with respect to the stellar body
at large radii. For consistency, however, we use only the SAURON
stellar kinematics in this work (probing roughly one effective ra-
dius), and hence label NGC 4476’s molecular gas as co-rotating.
It is worth bearing in mind, however, that the stellar kinematics
in the outer parts of all of these galaxies could be different from
the kinematics in the central regions. Discounting the few galaxies
such as this, where the origin of the gas is hard to judge, would not
significantly alter our conclusions.

3.2 Molecular and ionized gas

The analysis presented in Section 3.1 can be repeated, comparing the
apparent angular momenta of the molecular and ionized gas. This
results in Fig. 3. The molecular gas has a kinematic misalignment
angle with the ionized component of less than 40" in every galaxy
(and generally much better than this), and within the errors quoted
all galaxies are consistent with having a kinematic misalignment
angle of less than 10."5. The overall distribution is consistent with
a Gaussian error distribution with centre at zero and a standard
deviation of 15", as shown in Fig. 3.

The galaxies which have a misalignment between 15" and 40"

are IC 0676, NGC 1222, NGC 3032, NGC 4150 and PGC 029321.
These small misalignments can always be understood as aris-
ing from small-scale kinematic substructures within the galaxies
affecting the ionized component, that are usually unresolved at
the resolution of our CO interferometry. IC 0676 has its ionized
gas kinematic PA affected by a bar. NGC 1222 is a highly dis-
turbed starbursting system that may be in the process of undergo-
ing a three-way merger (Beck, Turner & Kloosterman 2007). As
discussed above, NGC 3032 and 4150 have KDCs that may be
affecting the gas properties (McDermid et al. 2006; Sarzi et al.
2006). The ionized and molecular material in PGC 029321 has a
small angular extent, and as we showed above this can increase the
error in the kinematic PA determination.

The uncertainty on ionized gas PA measurements is larger than
the average 10" we have estimated for the molecular gas PAs. As
discussed above, this is because the ionized gas is often patchy,
has a smaller angular extent than the molecular gas and can be
less relaxed. Despite this increased uncertainty, and greater intrinsic
variance due to small substructures in the galaxies, our conservative
threshold for misalignment (# > 30") ensures that we still set a
strong lower limit on the importance of externally accreted material.
Despite the increased uncertainty, we only show plots of the ionized
gas misalignment from here on, taking advantage of the increased
number of galaxies available to improve our statistics. When one
examines the molecular gas kinematic misalignments all results
remain unchanged.

One galaxy (NGC 3032) has a molecular to ionized gas kine-
matic misalignment greater than the 30" cut-off we have taken to
denote the boundary between aligned and misaligned gas. As the
distribution of misalignments closely follows the Gaussian error

Figure 3. Histogram showing the kinematic misalignment angle between
the molecular gas and the ionized gas for all the galaxies listed in Table 1.
The dashed line overplotted is a normalized Gaussian distribution with its
centre at zero and a standard deviation of 15", showing the expected scatter.
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distribution however, we suggest that this is due to observational
scatter. We therefore conclude that the ionized and molecular ma-
terial are always kinematically aligned with each other, even when
they are kinematically misaligned with respect to the stars, strongly
suggesting they share a common origin (as previously discussed
in a subsample of these galaxies by Crocker et al. 2011). This is
discussed further in Section 4.1.

Assuming 30! rather than 40! for the cut-off between aligned and
misaligned gas can at most bias our results by "4 per cent (this is
the area under the error distribution at misalignments greater than
30!, normalized by the total area under this error distribution curve.)
For the typical number of galaxies included in our analysis this can
result in the misclassification of one to two galaxies.

3.3 Ionized gas and stars

As the molecular and ionized gas are always aligned and are likely
to share a common origin, investigating the kinematic misalignment
between the ionized gas and the stars can therefore also shed light
on the origin of both of these gas phases in ETGs.

The ATLAS3D ionized gas detection rate (above an integrated
equivalent width of 0.02 Å in either H! or [O III]) is "73 ± 3 per
cent in the field, and "47 ± 6 per cent in the Virgo cluster. These
figures are comparable with the previous SAURON survey ionized
gas detection rate of 86 ± 6 per cent in the field and 55 ± 12 per cent
in the Virgo cluster (Sarzi et al. 2006). We are hence able to repeat
the analysis in Section 3.1, with the benefit of increased number
statistics.

Table 2 contains the kinematic misalignment between the ionized
gas and stars for all fast-rotating galaxies with a significant enough
ionized gas detection to allow a kinematic PA measurement.

3.3.1 Slow rotators

Slow rotators as a class are round, massive, dispersion-dominated,
mildly triaxial ETGs that generally have old stellar populations,
and large KDCs (Paper III). Ionized gas is detected in slow rotators
(Sarzi et al. 2006), while molecular gas almost never is (Paper
IV). Ionized gas is hence the best tracer to help us understand the
origin of the gas in the central parts of these systems. The stellar
kinematic PA can be poorly defined in a slow rotator, which has
little or no coherent rotation by definition, and this translates to
large uncertainties in the misalignments. Despite this it is possible to
estimate the kinematic misalignment for 22 of the 36 slow-rotating
galaxies in the ATLAS3D sample. The derived misalignments are
listed in Table 3.

When slow rotators are considered by themselves (Fig. 4), they
display a flat distribution of misalignments between the ionized gas
and the stars, suggesting the dominant source of (ionized) gas is
external (as was seen previously with fewer galaxies by Sarzi et al.
2007). A MW-U test finds no statistically significant evidence that
the observed kinematic misalignments (in Fig. 4) are not drawn
from a uniform underlying parent distribution.

3.3.2 Fast rotators

Fig. 5 shows that 36 ± 5 per cent of fast-rotating galaxies (40 out
of 111) have their ionized gas kinematically misaligned from the
stars (" ion#star > 30!), consistent with the percentage of misaligned
galaxies found in molecular gas (but with a smaller uncertainty).
Where both the ionized gas and molecular gas are detected, the

Figure 4. Histogram showing the kinematic misalignment angle between
the ionized gas and the stars for all the slow-rotating galaxies with measur-
able kinematic misalignments. These systems are listed in Table 3.

Figure 5. Histogram showing the kinematic misalignment angle between
the ionized gas and the stars for all the fast-rotating galaxies listed in Table 2.
The dashed line overplotted is a normalized Gaussian distribution with its
centre at zero and a standard deviation of 15!, showing the expected scatter.

measured kinematic misalignments from the stars agree well with
each other, with a 1# scatter around the one-to-one relation of
10!. A MW-U test finds no statistically significant evidence that
the molecular gas and ionized gas misalignments from the stars
(Figs 2 and 5) are not drawn from the same underlying parent
distribution.

3.4 Comparison to H I

As part of the ATLAS3D survey we collected H I data for all 166
galaxies above declination +10! and further than 15 arcmin from
Virgo A. Most of these galaxies were observed with the WSRT.
Observations are described in detail in Morganti et al. (2006), Oost-
erloo et al. (2010) and Serra et al. (in preparation) (see Serra et al.
2009, for a summary). For about 20 galaxies inside the Virgo cluster
we use Arecibo data taken as part of the Alfalfa survey (di Serego
Alighieri et al. 2007) instead of WSRT data. We use Alfalfa data to
derive an upper limit on the H I mass which is comparable to what
we obtain with our WSRT observations.

This ATLAS3D H I sample has 29 H I detections of fast rota-
tors that overlap with the molecular and ionized gas sample with
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suggesting they share a common origin (as previously discussed
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Assuming 30! rather than 40! for the cut-off between aligned and
misaligned gas can at most bias our results by "4 per cent (this is
the area under the error distribution at misalignments greater than
30!, normalized by the total area under this error distribution curve.)
For the typical number of galaxies included in our analysis this can
result in the misclassification of one to two galaxies.

3.3 Ionized gas and stars

As the molecular and ionized gas are always aligned and are likely
to share a common origin, investigating the kinematic misalignment
between the ionized gas and the stars can therefore also shed light
on the origin of both of these gas phases in ETGs.

The ATLAS3D ionized gas detection rate (above an integrated
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the analysis in Section 3.1, with the benefit of increased number
statistics.
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ionized gas detection to allow a kinematic PA measurement.
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mildly triaxial ETGs that generally have old stellar populations,
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(Sarzi et al. 2006), while molecular gas almost never is (Paper
IV). Ionized gas is hence the best tracer to help us understand the
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kinematic PA can be poorly defined in a slow rotator, which has
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large uncertainties in the misalignments. Despite this it is possible to
estimate the kinematic misalignment for 22 of the 36 slow-rotating
galaxies in the ATLAS3D sample. The derived misalignments are
listed in Table 3.

When slow rotators are considered by themselves (Fig. 4), they
display a flat distribution of misalignments between the ionized gas
and the stars, suggesting the dominant source of (ionized) gas is
external (as was seen previously with fewer galaxies by Sarzi et al.
2007). A MW-U test finds no statistically significant evidence that
the observed kinematic misalignments (in Fig. 4) are not drawn
from a uniform underlying parent distribution.

3.3.2 Fast rotators

Fig. 5 shows that 36 ± 5 per cent of fast-rotating galaxies (40 out
of 111) have their ionized gas kinematically misaligned from the
stars (" ion#star > 30!), consistent with the percentage of misaligned
galaxies found in molecular gas (but with a smaller uncertainty).
Where both the ionized gas and molecular gas are detected, the

Figure 4. Histogram showing the kinematic misalignment angle between
the ionized gas and the stars for all the slow-rotating galaxies with measur-
able kinematic misalignments. These systems are listed in Table 3.
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measured kinematic misalignments from the stars agree well with
each other, with a 1# scatter around the one-to-one relation of
10!. A MW-U test finds no statistically significant evidence that
the molecular gas and ionized gas misalignments from the stars
(Figs 2 and 5) are not drawn from the same underlying parent
distribution.

3.4 Comparison to H I

As part of the ATLAS3D survey we collected H I data for all 166
galaxies above declination +10! and further than 15 arcmin from
Virgo A. Most of these galaxies were observed with the WSRT.
Observations are described in detail in Morganti et al. (2006), Oost-
erloo et al. (2010) and Serra et al. (in preparation) (see Serra et al.
2009, for a summary). For about 20 galaxies inside the Virgo cluster
we use Arecibo data taken as part of the Alfalfa survey (di Serego
Alighieri et al. 2007) instead of WSRT data. We use Alfalfa data to
derive an upper limit on the H I mass which is comparable to what
we obtain with our WSRT observations.

This ATLAS3D H I sample has 29 H I detections of fast rota-
tors that overlap with the molecular and ionized gas sample with
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Figure 14. Panoramic view of resolved, ionization diagnostic information available for MaNGA targets, taken from Belfiore et al. (2014). Results for the P-MaNGA
target, P9-127A (NGC 2916), are shown. The black diamonds in the BPT diagrams represent the value obtained in the central fiber. Flux measurements are given in
units of 10!17 erg s!1 cm!2 Å!1. Central white spaces are regions where one or more emission lines are too weak to provide reliable ratios or diagnostic measurements.
A foreground star in the upper portion of the IFU data has been masked. See the text (Section 7.2) for details.

standard stars covered with single fibers at each of the three
dither positions. The flux calibration vectors derived from these
single-fiber spectra were found to vary by "10% from exposure
to exposure, depending on the amount of light lost from the fiber
due to atmospheric seeing and astrometric misalignments. While
this uncertainty is acceptable for the present science purposes,
the flux calibration uncertainty of the single fibers ultimately
drove the design decision of the MaNGA survey to use seven-
fiber IFU “mini-bundles” for each calibration standard star,
which results in a 2%–3% photometric uncertainty (see R. Yan
et al., in preparation).

Flux-calibrated spectra from the blue and red cameras were
combined across the dichroic break using an inverse-variance
weighted basis spline function. Astrometric solutions were de-

rived for each individual fiber spectrum that incorporate in-
formation about the IFU bundle metrology (i.e., fiber location
within an IFU), dithering, and atmospheric chromatic differ-
ential refraction, among other effects. Fiber spectra from all
exposures for a given galaxy were then combined into a sin-
gle datacube (and corresponding inverse variance array) using
these astrometric solutions and a nearest-neighbor sampling al-
gorithm similar to that used by the CALIFA survey. For the
P-MaNGA datacubes, a spaxel size of 0.##5 was chosen. The typ-
ical effective spatial resolution in the reconstructed datacubes
can be described by a Gaussian with FWHM $ 2.##5. When
binning the datacubes, the resulting error vectors are scaled to
approximately account for wavelength and spatial covariance
in the P-MaNGA error cubes. A more accurate estimation of
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Figure 3. Example SAMI data for the galaxy 511867, with z = 0.05523 and M! = 1010.68M". Upper panel: flux for a central spaxel (blue) and one 3.75
arcsec to the North (red). Lower panels, from left to right: SDSS gri image; continuum flux map (10#16 erg s#1 cm#2 Å#1); stellar velocity field (km s#1);
H! flux map (10#16 erg s#1 cm#2); H! velocity field (km s#1). The two velocity fields are each scaled individually. For the stellar velocity map, only spaxels
with per-pixel S/N >5 in the continuum are included. Each panel is 18 arcsec square, with North up and East to the left. The grey circle in the second panel
shows the FWHM of the PSF.

Figure 4. As Fig. 3, for the galaxy 599761 with z = 0.05333 and M! = 1010.88M".

MNRAS 446, 1567–1583 (2015)

MaNGA (~10k galaxies) SAMI (~3k galaxies)

KMOS (~1k galaxies at z>0.5)The KMOS Redshift One Spectroscopic Survey 1895

Figure 4. The SFR plotted against stellar mass for the 584 resolved galaxies from the current KROSS sample with the data points represented by their velocity
fields (normalized to their maximum observed velocities to make the rotation visible for a range of rotation speeds, !30"300 km s"1). For the velocity fields,
red denotes a positive (recessional) velocity relative to the systemic redshift (green), while blue is negative. Note that the positions are approximate to avoid
galaxy velocity fields from overlapping (see Fig. 3 for the true distribution of galaxies in SFR and mass). The dashed line represents the location of the main
sequence of star-forming galaxies at z = 0.8–1.0 from Karim et al. (2011) bounded by the dotted lines which represents a ±0.5 dex range. This demonstrates
that our sample is typical of star-forming galaxies at this epoch and that the majority of them display ordered rotation.

Also shown in Fig. 3 is the distribution of the HiZELS galaxies
only, which again peaks on the main sequence. For a discussion
of the properties of KROSS galaxies compared to their proxim-
ity to the main sequence, see Magdis et al. (2016). Finally, Fig. 3
displays the distribution of the galaxies that could not be resolved
in H !, which is strongly skewed to the lowest SFR galaxies as
one would expect. The median SFR of these unresolved sources is
1.2 ± 1.0 M# yr"1. The comparisons with the median SFR of other
high-redshift surveys, show that in general they also cluster around
the main sequence, at their respective redshifts and median stellar
masses, with only the AMAZE (Gnerucci et al. 2011) galaxies at
z ! 3 showing evidence of an elevated relative SFR.

The mass function of KROSS is also plotted in Fig. 3, with
comparison to the value of the Schechter function M" of the z

= 0.5–1.0 star-forming galaxy mass function of Muzzin et al.
(2013b). This demonstrates that KROSS well samples the galaxy
population to log(M" [M#]) ! 10 (!0.1M"). We can also see
that the unresolved galaxies are skewed towards the high mass
regime, which is a consequence of more massive galaxies hav-
ing a tendency towards quiescence. The median stellar masses
of the literature samples, compared to M" at their respective red-

shifts, show that SINS (Förster Schreiber et al. 2009) and KMOS3D

(Wisnioski et al. 2015) tend to probe more massive !M" galax-
ies, while AMAZE probes a similar region of the mass function to
KROSS, !0.1M".

To measure the spatial extent of the star formation we calculate the
effective radius of the H !. The half-light radii (re) is calculated as
the galactocentric radius (centred on the peak of the H ! distribution)
at which the H ! flux in the 2-D collapsed continuum-subtracted
cube is half of the total value. This is assessed non-parametrically
and accounting for the apparent ellipticity and position angle (PA)
of the galaxy we obtain from the disc model fitting (see Section 3.2).
To correct for the effect of turbulence in the atmosphere, the seeing
is subtracted in quadrature from the measured half-light radii. The
median seeing-corrected half-light radii of the H ! is found to be
4.3 ± 0.1 kpc, with an 11 per cent median uncertainty on individual
radii.

To further demonstrate how KROSS targets galaxies in and
around the main sequence and show that the majority display rota-
tion (see Section 3.2), in Fig. 4 we plot up the SFR versus stellar
mass for those galaxies with resolved H !, with each galaxy rep-
resented by its velocity field. The velocity fields are normalized to

MNRAS 457, 1888–1904 (2016)
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Figure 5. KMOS H! velocity fields of the resolved KMOS3D galaxies at their approximate locations in the SFR!M" plane for the z # 1 (top) and z # 2 (bottom)
samples. Positioning of the maps, lines, and labels are the same as in Figure 4.
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samples. Positioning of the maps, lines, and labels are the same as in Figure 4.
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Figure 1. Properties of the observed KMOS3D sample at 0.7 < z < 1.1 (top) and 1.9 < z < 2.7 (bottom) in the SFR!M" plane (left) and (U!V)rest !M" plane (right).
Small gray points show the 3D-HST sample without the magnitude and OH contamination selection criterion imposed (Section 2.1). Large symbols are the KMOS3D

galaxies that have been observed thus far. Large red symbols are galaxies with H! detections from KMOS and large gray symbols are not detected with the current
KMOS data. SFRs are derived from a Herschel calibrated ladder of SFR indicators (Wuyts et al. 2011a) and M" are derived from SED fits. The broken power-law
parameterization, valid between log M"[M#] = 9.2–11.2, is shown by the solid lines, as defined using 3D-HST data in all CANDELS fields from 0.5 < z < 2.5
using UV+IR SFRs (Whitaker et al. 2014). Power-law coefficients for redshifts between the bins given in Whitaker et al. (2014) are obtained through interpolation of
the coefficients as a function of stellar mass. Dashed lines and dotted lines show 4$ and 10$ above and below the canonical MS, respectively.

The reduction steps include flat fielding, illumination correc-
tion, wavelength calibration, and the sky subtraction technique
developed by Davies et al. (2011). Additional processing was
done on the raw and reduced data to address known detector is-
sues including removal of the Odd–Even Effect and correction
for level offsets in the readout channels.

Individual frames were median combined into final cubes
using spatial shifts measured from the average center of the
stars within the same pointings. Variations in flux and seeing
among the combined frames were typically !10% and !0.%%1,
respectively.

Estimates of the PSF size for each pointing are made from
the average FWHM of the stars included in the pointings. The
FWHM of the stars are measured from the combined data cubes
using a 2D Gaussian. The star and science observations are
simultaneous giving a measurement of the PSF that is consistent
with the total time and conditions corresponding to the galaxy
data. The mean and median PSF size for the sample presented
here is 0.%%62 and 0.%%58, respectively. A more complete analysis

of the PSF for KMOS3D observations will be presented by
D. Wilman et al. (in preparation).

2.4. Kinematic Mapping

The IDL emission line fitting code linefit is used to derive
the kinematic maps from the reduced data cubes (Förster
Schreiber et al. 2009; Davies et al. 2011). linefit, originally
developed for SINFONI, has been adapted to be used with
KMOS data. In short, linefit fits a 1D Gaussian model that
is convolved with the instrument’s line-spread function (see
below). The fits are performed on all individual continuum
subtracted spaxels in the final combined KMOS cubes. The
continuum level is determined from two line-free spectral
windows around the H!–N ii complex. The estimate of the
continuum is the mean of the values between the 40th and
60th percentiles, in each window. linefit takes into account
the three-dimensional noise properties of the input data via
weighting in the fits. The code determines robust and realistic
uncertainties on the derived flux and kinematic properties using
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Figure 3. Case examples of high-redshift galaxies showing ordered disk rotation. From left to right: surface brightness distribution in the WFC3 H and ACS I band,
with blue ellipses indicating the GALFIT effective radius and gray dashed lines marking the field of view of KMOS observations; BH velocity field, with circles
marking the extracted pseudo-slit; the observed and modeled 1D velocity and velocity dispersion profile along the major axis.
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with blue ellipses indicating the GALFIT effective radius and gray dashed lines marking the field of view of KMOS observations; BH velocity field, with circles
marking the extracted pseudo-slit; the observed and modeled 1D velocity and velocity dispersion profile along the major axis.
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Figure 10. Same as Figure 8 but showing the medians (horizontal lines)
and means (circles) of samples that have high-resolution IFS data, their
50% distributions (boxes) and 90% distribution (vertical lines). The points
representing each sample are sized to the average relative half-light size of the
galaxies and adjusted using Equations (3)–(6) to an average log(M!) = 10.5.
The gray band is described by !0 = vrotQcritfgas(z)/a where fgas(z) is the gas
fraction as a function of redshift as determined by Equations (3)–(7), Qcrit = 1
and a =

"
2 for a log(M!) = 10.5 disk with constant rotational velocity.

The upper and lower boundaries of the curves are defined by vobs = 250 and
100 km s#1, respectively.

rewriting the Toomre stability criterion (Toomre 1964) as

vrot

!0
= a

fgas(z)Qcrit
, (7)

where a =
"

2 for a disk with constant rotational velocity and
Qcrit = 1.0 for a quasi-stable thin gas disk (Förster Schreiber
et al. 2006; Genzel et al. 2011). As a result, disk velocity
dispersion is expected to evolve directly with the gas fraction:

!0(z) = 1"
2
vrotfgas(z). (8)

Figure 10 shows the average velocity dispersions for disk
galaxies only, taken from IFS surveys with good spatial and
spectral resolution. The prediction for the evolution of disper-
sion for log M! = 10.5 galaxies using the above assumptions is
shown by the gray band, bounded by vobs = 100–250 km s#1

corresponding to the approximate spread of the peak of vrot in
Figure 7. The spread in !0 values for each survey, their 50%
distributions and 90% distributions, are shown by the boxes and
vertical lines, respectively.

The observed dispersions and predicted evolution are in
remarkably good agreement indicating that the evolution of
measured velocity dispersions can be described by the evo-
lution of key properties (fgas, tdep, sSFR) consistent with the
equilibrium model. While correlations between v/!0, !0, fgas,
and sSFR are uncertain due to a lack of dynamic range and large
errors on individual measurements in Figure 9, by expanding to
the wider redshift range and using the global scaling for fgas
(rather than inferring it for individual galaxies from other ob-
served parameters) the influence of a more active and gas-rich
environment on velocity dispersion is seen in Figure 10.

Some caveats arise from assumptions made in the derivation
for the adopted stellar mass, rotational velocity range, and

critical Toomre parameter. For instance, the sSFR is dependent
on stellar mass (e.g., Damen et al. 2009; Bouché et al. 2010;
Whitaker et al. 2014) and the samples included in the analysis
have average stellar masses ranging from log M! = 9.4–11.0.
For a comparison at the same stellar mass, we adjust the average
velocity dispersion for each sample to a reference stellar mass
of log M! = 10.5 using the ratio of Equation (3) solved at the
reference mass and the average mass of the sample. The average
absolute adjustment is 5 km s#1with the largest adjustment being
to the PHIBSS sample (25 km s#1), which has an average stellar
mass of log M! = 11.0.

The expected range of velocity dispersions at a given redshift
can be widened by increasing the range of rotational velocities
considered in Equation (8). The boundary values of 100 <
(vobs[kms#1]) < 250 are used in Figure 10 to encompasses the
peaks of the z $ 1 and z $ 2 histograms of rotational velocities
of the KMOS3D galaxies in Figure 7 and are consistent with the
other surveys considered with the exception of the sample of
Law et al., which has average vrot = 50 km s#1.

We have made the assumption that all disk galaxies consid-
ered for this analysis are quasi-stable disks with Qcrit = 1.0,
the value derived for a pure thin gas disk. However, the critical
Toomre parameter is 0.67 for a thick gas disk and increases
by factors 1–2 for a stellar-plus-gas disk (e.g., Kim & Ostriker
2007). There are indications from our data and the literature
that disk galaxies at z $ 1–2 are both thick (e.g., Elmegreen &
Elmegreen 2006; Genzel et al. 2011) and composite (e.g., Lang
et al. 2014); thus, we adopt Q = 1 as an acceptable average
value. Increasing Qcrit to Q = 2, as may be expected toward
lower redshifts where stellar disks could play a more signifi-
cant role in the stability of the system, would more than double
the predictions for measured velocity dispersion. The resulting
prediction would be consistent with the z $ 0 GHASP sample
(Figure 8), which lies above the prediction in Figure 10.

To further test the validity of the assumption of Q = 1, we use
the observed (vrot/! ) for disk galaxies, which is expected to be
nearly constant over cosmic time in balance with a/(fgasQcrit)
from Equation (7) as shown in Figure 11. Here Qcrit is varied
between 0.67 and 2 to account for the difference between
thin and thick gas disks and composite gas plus stellar disks.
All z ! 1 samples are consistent with Q = 1, although in
most cases the full distribution of the sample encompasses a
range of Q values. The z = 0 surveys are in better agreement
with Q = 2. To extract more conclusive Qcrit values, and/or
a possible evolution in Qcrit, observations with gas fractions
measured on a galaxy-by-galaxy basis directly from molecular
tracers are needed.

6. CONCLUSIONS

This paper presents the design and first results of KMOS3D,
a deep integral field spectroscopic survey targeting >600 z =
0.7–2.7 galaxies, being carried out over the next $5 yr with
KMOS on the VLT. KMOS3D is designed to be a representative
survey with a simple coherent selection from a comprehensive
mass-selected parent catalog with redshifts from the near-
infrared 3D-HST grism survey. The survey pushes well below
the MS of star formation to characterize the internal dynamics
and star formation of galaxies transiting from star forming
to passive.

To date 246 galaxies have been observed for the KMOS3D

survey with observing times ranging from 2 to 20 hr. A total of
191 galaxies with M! > 4 % 109 M& are detected in H" with
KMOS: 90 galaxies at z $ 1 and 101 galaxies at z $ 2 with
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Figure 11. Medians (horizontal lines) of the disk stability diagnostic, vrot/! ,
for IFS samples with boxes representing the central 50% of the sample and the
vertical lines representing the 90% distribution. The values are adjusted to an
average log(M!) = 10.5. The upper and lower boundaries of the curve are the
predictions following Equation (8) where Qcrit = 0.67, 2.0 for a thick gas disk
and composite disk. Qcrit = 1, the value adopted in this analysis, is shown by
the solid line. The data are from the same surveys as described in Figure 8 and
Figure 10.

70% of the detected galaxies resolved. Detections cover ! 3 dex
in SFR and sSFR. Given the depth of the survey, we detect
[N ii] "6584 in 77% of the H#-detected galaxies.

First results from the survey reveal that the MS of star forma-
tion is dominated by rotating galaxies at both redshift regimes
demonstrating the buildup of size, central mass concentration,
and ordered rotation when moving to higher galaxy stellar
masses. We find 93% of galaxies at z " 1 and 74% at z " 2
are rotationally supported, as determined from a continuous ve-
locity gradient and vrot/!0 > 1. We find a disk fraction of 58%
when applying the additional stricter criteria that the projected
velocity dispersion distribution peaks on or near the kinematic
center, the velocity gradient is measured along the photometric
major axis (for inclined systems), and the closeness of the kine-
matic centroid to the center of the galaxy continuum. Galaxies
well below the MS show rotational signatures while the few
galaxies observed so far above the MS are compact with un-
resolved internal motions. Galaxies that are resolved but not
rotating are found primarily at low M!. We observe 11 galaxy
“close pairs” (within 500 km s#1 and "12 kpc) that have a vari-
ety of kinematic structure from rotating companions to chaotic
motions and are found in all populated regions of the SFR#M!
plane.

With the KMOS3D data we confirm a factor of two decrease
in ionized gas velocity dispersions from 50 km s#1 at z " 2
and 25 km s#1 at z " 1 using representative populations
measured with consistent methods. When these measurements
are considered in the context of disk velocity dispersions from
z = 0 to 4, we report an evolution of ionized gas velocity

Figure 12. HST images, kinematic maps and axis profiles for the high-S/N disk galaxies in KMOS3D first-year data. From left to right for an individual galaxy:
Observed-frame IJH color composite image from CANDELS HST imaging, H# emission map from KMOS, corresponding velocity field, and velocity dispersion
field, followed by the velocity and velocity dispersion axis profiles. North is up and east is left for all galaxy images and maps. The axis profiles are extracted along
the kinematic PA as denoted by the light blue line over plotted on the velocity map. The photometric PA, as determined by F160W HST images, is shown by the
pink line. The blue arcs correspond to ±18$, the average misalignment between photometric and kinematic PAs, while the pink arcs correspond to ±3! error on the
photometric PA. The white circle in the H# image represents the FWHM of the PSF. Exponential disk models fit to the axis profiles, black data points, are shown
by the red curves. The velocity fields are scaled by minimum and maximum v(r) from the corresponding axis profile and velocity dispersion fields are scaled by the
minimum pixel dispersion and the maximum dispersion from the dispersion axis profile.
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that this central component in BX482 has !20% of the total disk
mass (Genzel et al. 2008; Förster Schreiber et al. 2011a, 2011b).
In either case the absence and/or weakness of emission from
the center has no influence on the analysis we discuss in the
following. Position angles and inclinations are determined as
above. The model data are then convolved with the angular and
spectral resolution profiles and sampled at the observed pixel
scales. The total dynamical mass Mdyn is then varied to achieve
a best-fit match to the observed rotation velocities. To study
the non-axisymmetric motions in a galaxy, the best-fit model
velocity and velocity dispersion maps are subtracted from the
respective observed maps.

We compare these residual maps with H! surface bright-
ness maps derived from the observed data cubes. Likewise, we
constructed [N ii]/H! ratio maps from integrated line emission
maps smoothed with a 3 pixel (0.""15) kernel. We multiplied
these maps with a mask constructed from all pixels with H!
emission at >3" significance. We also constructed pixel–pixel
correlation plots of residual velocity dispersion (#" = "
(data) # " (model)) versus H! surface brightness, and
[N ii]/H! line ratio versus H! surface brightness. Before inves-
tigating possible trends in these correlations, we culled pixels
with large #" or [N ii]/H! uncertainties. In addition, in the case
of D3a15504 (which has a prominent central bulge, AGN and a
narrow line region), we also removed the nuclear region.

2.3. Determination of Star Formation Rates and Gas Masses

For calculating star formation rates and gas surface densities
from the H! data, we used the conversion of Kennicutt (1998b)
modified for a Chabrier (2003) IMF (SFR = L (H!)0/2.1 $ 1041

erg s#1). We corrected the observed H! fluxes for spatially
uniform extinction with a Calzetti (2001) extinction curve
(A (H!) = 7.4 E(B – V)), including the extra “nebular”
correction (Agas = Astars/0.44) introduced by Calzetti (2001).
We determined E(B – V) from the integrated UV/optical
photometry of the galaxies (row 5 in Table 2). Förster Schreiber
et al. (2009) find that including the extra nebular correction
brings H!- and UV-continuum-based star formation rates of
z ! 2 SINS galaxies into best agreement.

We estimated molecular surface densities (and masses, in-
cluding a 36% helium contribution) from Equation (8) of
Kennicutt et al. (2007), modified for the Chabrier IMF used
here,

log
!

!mol#gas

M% pc#2

"
= 0.73 log

!
!star#form

M% yr#1 kpc#2

"
+ 2.91. (2)

Equation (2) is based on H!, 24 µm, and CO observa-
tions of M51 and is similar to results for larger samples of
z ! 0 SFGs (e.g., Equation (4) in Kennicutt 1998a, and
Figure 4 of Genzel et al. 2010). It has the added advantage
of being based on spatially resolved measurements of the gas to
star formation relation with a similar spatial resolution (0.5 kpc)
as our high-z data and also covering a similar range of gas
surface densities (10–103 M% pc#2). Figure 4 in Genzel et al.
(2010; see also Daddi et al. 2010b) also shows that to within the
uncertainties (of about a factor of two), z ! 0 and z ! 1–3 SFGs
(with galaxy-integrated measurements of CO luminosities and
SFRs) are fit by the same relation, although the gas masses from
the best fits of Genzel et al. (2010) are !20% larger than esti-
mated from Equation (2). In Equation (2) we did not correct the
data for the fraction of H! emission from outflowing gas (see
Section 3.2). This correction is small, with the exception of the

brightest clumps where gas surface densities may be somewhat
overestimated.

The gas surface densities/masses and star formation rates
estimated from Equation (2) and listed in Table 2 are uncertain
by at least a factor of two to three. In addition to the well-
known issue of how to infer molecular gas column densities/
masses from the integrated line flux of an optically thick
CO rotational line (see the in-depth discussion in Tacconi
et al. 2008 and Genzel et al. 2010), and the question of
whether Equation (2) adequately describes the gas to star
formation relation for the physical conditions on clump scales at
z ! 2, there is the important issue of differential extinction. We
will argue in Section 3.2 that the asymmetry of broad H!/[N ii]
line emission is direct evidence for such differential extinction.
It is unclear, however, what the general impact of the differential
extinction would be on clump scales. One might naively expect
that the effect increases gas column densities/masses relative to
averages on larger scales. However, there are almost certainly
also evolutionary effects, such that in a given aperture there
may be very high dust column densities in both neutral clouds
and H ii regions with relatively low extinction. Such spatial
separations of 300 pc to >1 kpc are seen in nearby spirals, such
as M51 (Rand & Kulkarni 1990), as well as at z ! 1 (Tacconi
et al. 2010). As a result, the Kennicutt–Schmidt scaling relation
in Equation (2) may break down or be significantly altered on
small scales (e.g., Schruba et al. 2010 in M33 on !80 pc scales).

2.4. Spatial Distribution of the Toomre Q-parameter

A rotating, symmetric and thin gas disk is unstable to
gravitational fragmentation if the Toomre Q-parameter (Toomre
1964) is !1. For a gas-dominated disk in a background potential
(of dark matter and an old stellar component) Q is related
to the local gas velocity dispersion " 0 (assuming isotropy),
circular velocity vc, epicyclic frequency $ ($2 = 4 (vc/Rdisk)2 +
Rdisk d(vc/Rdisk)2/dRdisk), gas surface density !gas, and radius of
the disk Rdisk via the relation (Binney & Tremaine 2008; Escala
& Larson 2008; Elmegreen 2009; Dekel et al. 2009a)

Qgas = "0$

%G!gas
=

!
"0

vc

" #
a
$
v2

cRdisk/G
%

%R2
disk!gas

&

=
!

"0

vc

"!
aMtot

Mgas

"
=

!
"0

vc

" !
a

fgas

"
. (3)

Here the constant a takes on the value of 1,
&

2,
&

3, and 2
for a Keplerian, constant rotation velocity, uniform density and
solid body disk; fgas is the gas fraction within Rdisk. If the disk
consists of molecular (H2 + He), atomic (H i + He), and stellar (')
components, Qtot

#1 = QH2
#1 + QHi

#1 + Q'
#1 if all components

have similar velocity dispersions. If there is a (young) stellar
component distributed similarly to the gas, the combined gas
+ young star component will thus have a Qtot that is inversely
proportional to the sum of the gas and stellar surface densities.
In that case fgas should be replaced by the mass fraction fyoung of
that “young” component. Such a disk is unstable (or stable) to
fragmentation by gravity, depending on whether Qtot is less (or
greater) than unity. Equation (3) can be rewritten as

!
"0

vc

"
=

!
z

Rdisk

"
=

Qfyoung

a
, (4)

where z is the z-scale height of the disk. Gas-rich, marginally
stable disks are thick and turbulent. The largest and fastest
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Figure 3. Case examples of high-redshift galaxies showing ordered disk rotation. From left to right: surface brightness distribution in the WFC3 H and ACS I band,
with blue ellipses indicating the GALFIT effective radius and gray dashed lines marking the field of view of KMOS observations; BH velocity field, with circles
marking the extracted pseudo-slit; the observed and modeled 1D velocity and velocity dispersion profile along the major axis.
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high-z disks are highly turbulent

Burkert+10

No. 2, 2010 TURBULENT HIGH-REDSHIFT GALAXIES 2325

In addition to the unusual kinematics and structure of high-
redshift disks, their global physical parameters appear to be
puzzling and inconsistent with theoretical expectations. Bouché
et al. (2007) found that many high-z galaxies lie in a similar part
of the rotation velocity versus disk radius plane as late-type z !
0 disks (Courteau et al. 2007), which is not expected according
to the standard Mo et al. (1998, MMW) model of galactic disk
structure. Förster-Schreiber et al. (2009) compared the derived
dynamical masses with the stellar masses (from spectral energy
distribution, SED, analysis) and gas masses (from an application
of the Kennicutt–Schmidt star formation relation). They found
disk masses that are remarkably and perhaps implausibly high.

The MMW model neglects galactic disk turbulence which is
reasonable for present day disks with v/! ! 20. The situation
is, however, different at high redshifts where turbulence can
strongly affect the disk structure. This paper discusses the impact
of large turbulent motions on the interpretation of the dynamical
data of disk galaxies. We show that, including turbulent pressure,
the disk spin parameters and disk mass fractions of dispersion-
dominated galaxies are reduced to values that are consistent with
theoretical expectations. The situation is different for rotation-
dominated galaxies where pressure effects play a minor role. As
already suggested by numerous studies at low redshifts (e.g., Mo
& Mao 2000; Dutton et al. 2007), we argue that the observed
high-redshift galaxies are in better accord with cosmological
models if it is assumed that their dark matter halos did not
contract adiabatically. Finally, we propose an explanation for
why large turbulence might be more common in many high-z
disks and what the energy source of turbulence in these disks
might be.

2. ROTATION CURVES OF PRESSURIZED, TURBULENT
GALACTIC DISKS

Let us consider a turbulent galactic gas disk. We analyze its
rotational velocity vrot in the midplane, applying the hydrostatic
equation
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where r is the distance from the galactic center, fg is the value
of the gravitational force, p is the pressure which consists of
a turbulent (kinetic), and thermal part, p = "(! 2 + c2
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the gas density, ! the characteristic one-dimensional velocity
dispersion of the gas which we assume to be isotropic and cs its
sound speed. We define the zero-pressure velocity curve v0(r)
as the rotational velocity of the gas if pressure gradients are
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0 " fg # r . Equation (1) then
reduces to

v2
rot = v2

0 +
r

"

dp
dr

= v2
0 +

1
"

d

dlnr

!
"! 2" . (2)

Here, we have neglected the thermal pressure term as the sound
speed is in general much smaller than the turbulent velocity.
Equation (2) is the most general form, without specifying
the radial dependence of ! and ". It demonstrates that a negative
radial pressure gradient reduces the rotational velocity of the
gas as part of the gravitational force is balanced by the pressure
force.

To illustrate the possible importance of pressure effects, let
us now assume that ! is independent of r. Then
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. (3)

If ! is also independent of height z above the disk’s equatorial
plane, the vertical density distribution is given by the vertical
hydrostatic Spitzer solution (Spitzer 1942; Binney & Tremaine
2008, Chap. 4):

"(z) = "0sech
2(z/h) (4)

with "0(r) the density in the midplane (z = 0) at radius r and
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the scale height. The total mass surface density !(r) of such a
disk is (Binney & Tremaine 2008)

! = 2"0h, (6)

so that
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Equations (5)–(7) offer an interesting future observa-
tional test of our assumptions as for an exponential disk
(Equation (10)) with constant velocity dispersion the scale
height h should increase exponentially with radius
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. (8)

Inserting "0 from Equation (7) into Equation (3), the rotation
curve in the equatorial plane of a pressurized gas disk is
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For example, for an exponential disk profile with scale length rd

!(r) = !0 # exp
#

% r

rd

$
. (10)

Equation (9) leads to
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Note that vrot is the actually observable rotational velocity of
the gas, while v0 is the rotation expected if pressure effects are
negligible (! = 0). For vrot/! ! 3, the rotational velocity is
significantly reduced by turbulent pressure effects for r " rd .
A very similar equation holds for stellar disks as a special form
of the Jeans equation (Binney & Tremaine 2008). Equation (11)
was derived for an exponential surface density distribution
and a constant velocity dispersion. In general, the situation is
more complex as parts of the disk might have constant surface
densities, while other parts might show a steep gradient. In
addition, the velocity dispersion might change with radius.
In this case, one would have to solve Equation (1) directly.
The best-resolved high-redshift disk galaxies show roughly
constant velocity dispersion profiles (Genzel et al. 2008) and
exponentially decreasing H$-surface brightness distributions of
the star-forming gas with scale lengths similar to the stellar disks
within 1–3 disk scale lengths (Cresci et al. 2009; N. Bouché
et al. 2010, in preparation). This is also the region where the
rotation curves are flat and achieve their maximum values vmax
(Figure 3). vmax will be used in the following to compare the
observations with theory.
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In addition to the unusual kinematics and structure of high-
redshift disks, their global physical parameters appear to be
puzzling and inconsistent with theoretical expectations. Bouché
et al. (2007) found that many high-z galaxies lie in a similar part
of the rotation velocity versus disk radius plane as late-type z !
0 disks (Courteau et al. 2007), which is not expected according
to the standard Mo et al. (1998, MMW) model of galactic disk
structure. Förster-Schreiber et al. (2009) compared the derived
dynamical masses with the stellar masses (from spectral energy
distribution, SED, analysis) and gas masses (from an application
of the Kennicutt–Schmidt star formation relation). They found
disk masses that are remarkably and perhaps implausibly high.

The MMW model neglects galactic disk turbulence which is
reasonable for present day disks with v/! ! 20. The situation
is, however, different at high redshifts where turbulence can
strongly affect the disk structure. This paper discusses the impact
of large turbulent motions on the interpretation of the dynamical
data of disk galaxies. We show that, including turbulent pressure,
the disk spin parameters and disk mass fractions of dispersion-
dominated galaxies are reduced to values that are consistent with
theoretical expectations. The situation is different for rotation-
dominated galaxies where pressure effects play a minor role. As
already suggested by numerous studies at low redshifts (e.g., Mo
& Mao 2000; Dutton et al. 2007), we argue that the observed
high-redshift galaxies are in better accord with cosmological
models if it is assumed that their dark matter halos did not
contract adiabatically. Finally, we propose an explanation for
why large turbulence might be more common in many high-z
disks and what the energy source of turbulence in these disks
might be.
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Here, we have neglected the thermal pressure term as the sound
speed is in general much smaller than the turbulent velocity.
Equation (2) is the most general form, without specifying
the radial dependence of ! and ". It demonstrates that a negative
radial pressure gradient reduces the rotational velocity of the
gas as part of the gravitational force is balanced by the pressure
force.

To illustrate the possible importance of pressure effects, let
us now assume that ! is independent of r. Then
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If ! is also independent of height z above the disk’s equatorial
plane, the vertical density distribution is given by the vertical
hydrostatic Spitzer solution (Spitzer 1942; Binney & Tremaine
2008, Chap. 4):
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2(z/h) (4)

with "0(r) the density in the midplane (z = 0) at radius r and
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the scale height. The total mass surface density !(r) of such a
disk is (Binney & Tremaine 2008)
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so that
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Equations (5)–(7) offer an interesting future observa-
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(Equation (10)) with constant velocity dispersion the scale
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Inserting "0 from Equation (7) into Equation (3), the rotation
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v2
rot = v2

0 + 2! 2 dln!
dlnr

. (9)

For example, for an exponential disk profile with scale length rd

!(r) = !0 # exp
#

% r

rd

$
. (10)

Equation (9) leads to

v2
rot = v2

0 % 2! 2
#

r

rd

$
. (11)

Note that vrot is the actually observable rotational velocity of
the gas, while v0 is the rotation expected if pressure effects are
negligible (! = 0). For vrot/! ! 3, the rotational velocity is
significantly reduced by turbulent pressure effects for r " rd .
A very similar equation holds for stellar disks as a special form
of the Jeans equation (Binney & Tremaine 2008). Equation (11)
was derived for an exponential surface density distribution
and a constant velocity dispersion. In general, the situation is
more complex as parts of the disk might have constant surface
densities, while other parts might show a steep gradient. In
addition, the velocity dispersion might change with radius.
In this case, one would have to solve Equation (1) directly.
The best-resolved high-redshift disk galaxies show roughly
constant velocity dispersion profiles (Genzel et al. 2008) and
exponentially decreasing H$-surface brightness distributions of
the star-forming gas with scale lengths similar to the stellar disks
within 1–3 disk scale lengths (Cresci et al. 2009; N. Bouché
et al. 2010, in preparation). This is also the region where the
rotation curves are flat and achieve their maximum values vmax
(Figure 3). vmax will be used in the following to compare the
observations with theory.
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In addition to the unusual kinematics and structure of high-
redshift disks, their global physical parameters appear to be
puzzling and inconsistent with theoretical expectations. Bouché
et al. (2007) found that many high-z galaxies lie in a similar part
of the rotation velocity versus disk radius plane as late-type z !
0 disks (Courteau et al. 2007), which is not expected according
to the standard Mo et al. (1998, MMW) model of galactic disk
structure. Förster-Schreiber et al. (2009) compared the derived
dynamical masses with the stellar masses (from spectral energy
distribution, SED, analysis) and gas masses (from an application
of the Kennicutt–Schmidt star formation relation). They found
disk masses that are remarkably and perhaps implausibly high.

The MMW model neglects galactic disk turbulence which is
reasonable for present day disks with v/! ! 20. The situation
is, however, different at high redshifts where turbulence can
strongly affect the disk structure. This paper discusses the impact
of large turbulent motions on the interpretation of the dynamical
data of disk galaxies. We show that, including turbulent pressure,
the disk spin parameters and disk mass fractions of dispersion-
dominated galaxies are reduced to values that are consistent with
theoretical expectations. The situation is different for rotation-
dominated galaxies where pressure effects play a minor role. As
already suggested by numerous studies at low redshifts (e.g., Mo
& Mao 2000; Dutton et al. 2007), we argue that the observed
high-redshift galaxies are in better accord with cosmological
models if it is assumed that their dark matter halos did not
contract adiabatically. Finally, we propose an explanation for
why large turbulence might be more common in many high-z
disks and what the energy source of turbulence in these disks
might be.

2. ROTATION CURVES OF PRESSURIZED, TURBULENT
GALACTIC DISKS

Let us consider a turbulent galactic gas disk. We analyze its
rotational velocity vrot in the midplane, applying the hydrostatic
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of the gravitational force, p is the pressure which consists of
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Here, we have neglected the thermal pressure term as the sound
speed is in general much smaller than the turbulent velocity.
Equation (2) is the most general form, without specifying
the radial dependence of ! and ". It demonstrates that a negative
radial pressure gradient reduces the rotational velocity of the
gas as part of the gravitational force is balanced by the pressure
force.

To illustrate the possible importance of pressure effects, let
us now assume that ! is independent of r. Then

v2
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. (3)

If ! is also independent of height z above the disk’s equatorial
plane, the vertical density distribution is given by the vertical
hydrostatic Spitzer solution (Spitzer 1942; Binney & Tremaine
2008, Chap. 4):

"(z) = "0sech
2(z/h) (4)

with "0(r) the density in the midplane (z = 0) at radius r and
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the scale height. The total mass surface density !(r) of such a
disk is (Binney & Tremaine 2008)

! = 2"0h, (6)

so that
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. (7)

Equations (5)–(7) offer an interesting future observa-
tional test of our assumptions as for an exponential disk
(Equation (10)) with constant velocity dispersion the scale
height h should increase exponentially with radius

h = ! 2
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Inserting "0 from Equation (7) into Equation (3), the rotation
curve in the equatorial plane of a pressurized gas disk is
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Equation (9) leads to
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Note that vrot is the actually observable rotational velocity of
the gas, while v0 is the rotation expected if pressure effects are
negligible (! = 0). For vrot/! ! 3, the rotational velocity is
significantly reduced by turbulent pressure effects for r " rd .
A very similar equation holds for stellar disks as a special form
of the Jeans equation (Binney & Tremaine 2008). Equation (11)
was derived for an exponential surface density distribution
and a constant velocity dispersion. In general, the situation is
more complex as parts of the disk might have constant surface
densities, while other parts might show a steep gradient. In
addition, the velocity dispersion might change with radius.
In this case, one would have to solve Equation (1) directly.
The best-resolved high-redshift disk galaxies show roughly
constant velocity dispersion profiles (Genzel et al. 2008) and
exponentially decreasing H$-surface brightness distributions of
the star-forming gas with scale lengths similar to the stellar disks
within 1–3 disk scale lengths (Cresci et al. 2009; N. Bouché
et al. 2010, in preparation). This is also the region where the
rotation curves are flat and achieve their maximum values vmax
(Figure 3). vmax will be used in the following to compare the
observations with theory.
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In addition to the unusual kinematics and structure of high-
redshift disks, their global physical parameters appear to be
puzzling and inconsistent with theoretical expectations. Bouché
et al. (2007) found that many high-z galaxies lie in a similar part
of the rotation velocity versus disk radius plane as late-type z !
0 disks (Courteau et al. 2007), which is not expected according
to the standard Mo et al. (1998, MMW) model of galactic disk
structure. Förster-Schreiber et al. (2009) compared the derived
dynamical masses with the stellar masses (from spectral energy
distribution, SED, analysis) and gas masses (from an application
of the Kennicutt–Schmidt star formation relation). They found
disk masses that are remarkably and perhaps implausibly high.

The MMW model neglects galactic disk turbulence which is
reasonable for present day disks with v/! ! 20. The situation
is, however, different at high redshifts where turbulence can
strongly affect the disk structure. This paper discusses the impact
of large turbulent motions on the interpretation of the dynamical
data of disk galaxies. We show that, including turbulent pressure,
the disk spin parameters and disk mass fractions of dispersion-
dominated galaxies are reduced to values that are consistent with
theoretical expectations. The situation is different for rotation-
dominated galaxies where pressure effects play a minor role. As
already suggested by numerous studies at low redshifts (e.g., Mo
& Mao 2000; Dutton et al. 2007), we argue that the observed
high-redshift galaxies are in better accord with cosmological
models if it is assumed that their dark matter halos did not
contract adiabatically. Finally, we propose an explanation for
why large turbulence might be more common in many high-z
disks and what the energy source of turbulence in these disks
might be.

2. ROTATION CURVES OF PRESSURIZED, TURBULENT
GALACTIC DISKS

Let us consider a turbulent galactic gas disk. We analyze its
rotational velocity vrot in the midplane, applying the hydrostatic
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Here, we have neglected the thermal pressure term as the sound
speed is in general much smaller than the turbulent velocity.
Equation (2) is the most general form, without specifying
the radial dependence of ! and ". It demonstrates that a negative
radial pressure gradient reduces the rotational velocity of the
gas as part of the gravitational force is balanced by the pressure
force.

To illustrate the possible importance of pressure effects, let
us now assume that ! is independent of r. Then
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If ! is also independent of height z above the disk’s equatorial
plane, the vertical density distribution is given by the vertical
hydrostatic Spitzer solution (Spitzer 1942; Binney & Tremaine
2008, Chap. 4):

"(z) = "0sech
2(z/h) (4)

with "0(r) the density in the midplane (z = 0) at radius r and
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the scale height. The total mass surface density !(r) of such a
disk is (Binney & Tremaine 2008)

! = 2"0h, (6)

so that
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Equations (5)–(7) offer an interesting future observa-
tional test of our assumptions as for an exponential disk
(Equation (10)) with constant velocity dispersion the scale
height h should increase exponentially with radius
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Inserting "0 from Equation (7) into Equation (3), the rotation
curve in the equatorial plane of a pressurized gas disk is
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Note that vrot is the actually observable rotational velocity of
the gas, while v0 is the rotation expected if pressure effects are
negligible (! = 0). For vrot/! ! 3, the rotational velocity is
significantly reduced by turbulent pressure effects for r " rd .
A very similar equation holds for stellar disks as a special form
of the Jeans equation (Binney & Tremaine 2008). Equation (11)
was derived for an exponential surface density distribution
and a constant velocity dispersion. In general, the situation is
more complex as parts of the disk might have constant surface
densities, while other parts might show a steep gradient. In
addition, the velocity dispersion might change with radius.
In this case, one would have to solve Equation (1) directly.
The best-resolved high-redshift disk galaxies show roughly
constant velocity dispersion profiles (Genzel et al. 2008) and
exponentially decreasing H$-surface brightness distributions of
the star-forming gas with scale lengths similar to the stellar disks
within 1–3 disk scale lengths (Cresci et al. 2009; N. Bouché
et al. 2010, in preparation). This is also the region where the
rotation curves are flat and achieve their maximum values vmax
(Figure 3). vmax will be used in the following to compare the
observations with theory.
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σが大きいほど見かけの回転速度が遅くなる
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Dynamical mass

a thicker column of obscuring material when seen edge-on.
This could reduce the H! S/N and potentially cause them to
drop out of our sample more easily. On the other hand, as
reported in Section 2.3, some galaxies, while H! detected, did
not pass our sample selection because their face-on view
prevented meaningful constraints on the enclosed dynamical
mass. The top panel of Figure 6 illustrates that nevertheless the
inclination distribution of our sample as inferred from axial
ratio measurements on the HST imaging is relatively flat,
mimicking that of the underlying matched 3D-HST population
(normalized distribution shown in green). Modulo a minor
dearth of very edge-on and face-on systems, the distributions
are in line with the expectation for random viewing angles.

The middle and bottom panels of Figure 6 convincingly
demonstrate that this is no longer the case when considering the
best-fit inclinations from kinematic models where we fixed the
mass to the stellar or baryonic mass, respectively. Leaving no
freedom to Mdyn, very extreme inclinations frequently need to
be invoked to yield the best possible description of the
observed kinematics. The distributions particularly show a
strong peak in the highest inclination (near edge-on) bin.
Clearly, these orientations are overrepresented when attempting
to reproduce the amplitude of velocity gradients without
additional mass components.

We conclude that, while inclination uncertainties undoubt-
edly affect the assessment of the mass budget breakdown in
individual galaxies, they cannot account for the observed
missing mass in the ensemble of galaxies (i.e., the fact that on
average �M Mdyn bar and �M Mdyn star).

4.3. Trends with Other Galaxy Properties

In Section 4.1, we found that distant galaxies feature a broad
range of stellar-to-dynamical and baryonic-to-dynamical mass
fractions. Here, we investigate whether the observed variations
in mass fraction correlate with other galaxy properties.

4.3.1. Redshift Dependence

Combining YJ H, and Ks observations, our sample spans a
wide dynamic range in redshift ( � �z0.6 2.6), sampling as
much as 40% of the history of the universe. It is thus natural to
consider whether the breakdown of the mass budget evolves
over the different epochs probed. We investigate this in
Figure 7, with Table 1 summarizing the median mass fractions
and scatter in different redshift intervals. A modest increase in

Figure 6. Inclination distribution of our KMOS3D sample (black) and the
complete underlying 3D-HST population matched in mass, redshift, size, and
star formation activity (green), contrasted to the expectation for random
viewing angles (dashed red line). Top panel: inclinations as inferred from the
axial ratio b/a measured with GALFIT (Equation (1)). Middle panel:
distribution of inclinations that yield the best fit of the DYSMAL stellar mass
models to the observed kinematics. Bottom panel: distribution of inclinations
that yield the best fit of the DYSMAL stellar + gas mass models to the
observed kinematics. Our KMOS sample shows a similarly flat distribution of
inclinations as the underlying matched population, with only a slight paucity of
very edge- or face-on systems compared to the expectation for random viewing
angles. In contrast, an implausibly large number of edge-on inclinations would
be required to optimally reproduce the observed kinematics when fixing the
total mass to our best estimates of the stellar or baryonic mass present.

Figure 7. Stellar mass fraction (top row) and baryonic mass fraction (bottom
row) as a function of redshift. Large circles mark the median for each redshift
bin. Filled circles represent results assuming the default Chabrier (2003) IMF,
while large open circles indicate the shift if a Salpeter (1955) IMF were
adopted instead. Galaxies in our highest-redshift bin ( _z 2.3) are entirely
baryon-dominated within Re.
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a thicker column of obscuring material when seen edge-on.
This could reduce the H! S/N and potentially cause them to
drop out of our sample more easily. On the other hand, as
reported in Section 2.3, some galaxies, while H! detected, did
not pass our sample selection because their face-on view
prevented meaningful constraints on the enclosed dynamical
mass. The top panel of Figure 6 illustrates that nevertheless the
inclination distribution of our sample as inferred from axial
ratio measurements on the HST imaging is relatively flat,
mimicking that of the underlying matched 3D-HST population
(normalized distribution shown in green). Modulo a minor
dearth of very edge-on and face-on systems, the distributions
are in line with the expectation for random viewing angles.

The middle and bottom panels of Figure 6 convincingly
demonstrate that this is no longer the case when considering the
best-fit inclinations from kinematic models where we fixed the
mass to the stellar or baryonic mass, respectively. Leaving no
freedom to Mdyn, very extreme inclinations frequently need to
be invoked to yield the best possible description of the
observed kinematics. The distributions particularly show a
strong peak in the highest inclination (near edge-on) bin.
Clearly, these orientations are overrepresented when attempting
to reproduce the amplitude of velocity gradients without
additional mass components.

We conclude that, while inclination uncertainties undoubt-
edly affect the assessment of the mass budget breakdown in
individual galaxies, they cannot account for the observed
missing mass in the ensemble of galaxies (i.e., the fact that on
average �M Mdyn bar and �M Mdyn star).

4.3. Trends with Other Galaxy Properties

In Section 4.1, we found that distant galaxies feature a broad
range of stellar-to-dynamical and baryonic-to-dynamical mass
fractions. Here, we investigate whether the observed variations
in mass fraction correlate with other galaxy properties.

4.3.1. Redshift Dependence

Combining YJ H, and Ks observations, our sample spans a
wide dynamic range in redshift ( � �z0.6 2.6), sampling as
much as 40% of the history of the universe. It is thus natural to
consider whether the breakdown of the mass budget evolves
over the different epochs probed. We investigate this in
Figure 7, with Table 1 summarizing the median mass fractions
and scatter in different redshift intervals. A modest increase in

Figure 6. Inclination distribution of our KMOS3D sample (black) and the
complete underlying 3D-HST population matched in mass, redshift, size, and
star formation activity (green), contrasted to the expectation for random
viewing angles (dashed red line). Top panel: inclinations as inferred from the
axial ratio b/a measured with GALFIT (Equation (1)). Middle panel:
distribution of inclinations that yield the best fit of the DYSMAL stellar mass
models to the observed kinematics. Bottom panel: distribution of inclinations
that yield the best fit of the DYSMAL stellar + gas mass models to the
observed kinematics. Our KMOS sample shows a similarly flat distribution of
inclinations as the underlying matched population, with only a slight paucity of
very edge- or face-on systems compared to the expectation for random viewing
angles. In contrast, an implausibly large number of edge-on inclinations would
be required to optimally reproduce the observed kinematics when fixing the
total mass to our best estimates of the stellar or baryonic mass present.

Figure 7. Stellar mass fraction (top row) and baryonic mass fraction (bottom
row) as a function of redshift. Large circles mark the median for each redshift
bin. Filled circles represent results assuming the default Chabrier (2003) IMF,
while large open circles indicate the shift if a Salpeter (1955) IMF were
adopted instead. Galaxies in our highest-redshift bin ( _z 2.3) are entirely
baryon-dominated within Re.
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B.2. Exponential Disk within an NFW Dark Matter Halo

Following Mo et al. (1998), we now focus on a second
approach, assuming that an exponential baryonic disk with
surface density distribution !d(R)=!0 exp(!R/Rd) is
embedded in an NFW dark matter halo. Its circular velocity
is given by the sum of the disk and halo contribution
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with the “thin disk limit” (Freeman 1970; Navarro et al. 1997)
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where In and Kn denote modified Bessel functions of order n, c is
the concentration parameter of the halo (Bullock et al. 2001b),
and Rs=Rvirial/c (NFW). For thick disks, as appropriate at
high-z, the disk rotation velocity at !R1/2 is about 10% greater
than given in Equation (11) (Noordermeer 2008).

Mo et al. (1998) assumed that once a self-gravitating
baryonic disk forms, the dark halo contracts adiabatically.
However, feedback from supernovae, massive stars, and AGNs
acts to expand the halo. Burkert et al. (2010) found from their
analysis that fitting the observed kinematics of high-z disks
including adiabatically contracted dark halos would require
extreme baryon fractions that could even exceed the cosmic
baryon fraction. They therefore concluded that dark halos did
not contract substantially during gas infall and disk formation.
We thus took as our default a model without adiabatic halo
contraction. The sample of galaxies studied in detail by Burkert
et al. (2010) was small and therefore the conclusions of no
significant adiabatic contraction might not apply to all galaxies
studied here. In a second step, we therefore also investigated
models with adiabatic contraction and found that the results do
not change much, other than in slightly increased angular
momentum parameters and disk to dark halo mass fractions.
More detailed studies of galaxy rotation curves are required to
settle the question of adiabatic contraction (P. Lang et al. 2016,
in preparation).

B.3. Disk Truncation due to Turbulent Pressure

In hydrostatic equilibrium a turbulent disk with one-
dimensional velocity dispersion ! and mid-plane density "
has a scale height T Q S�h G2 . The observed rotational
velocity vrot deviates from vcirc as the turbulent pressure
gradient d("!2)/dR leads to an additional radial force
(“asymmetric drift”), requiring the centrifugal force and by
this vrot to be adjusted in order to match the gravitational
force. Here we neglect thermal pressure gradients, as the
thermal sound speed is in general small compared to the
turbulent velocity. The reduced rotational velocity as a
function of radius is given by (Binney & Tremaine 2008;
Burkert et al. 2010)
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Equation (12) is valid even if s is a function of R. Note that if the
surface density distribution is not exponential, but a more general
Sérsic distribution of index nS /4 � 4 �b R Rexp n

n
0 1 2S

S( ( ( ) ),
then the last term on the right side of Equation (12) becomes

T� q qb R R2 n
n2

1 2
1

S
S( ) . For high dispersions the rotational

velocity can be strongly reduced in the outer disk regions, leading
to a decline in rotation that could be even steeper than
Keplerian ( _ �v Rrot

2 1).
The observations provide an estimate of !=!0 at !2–2.5

R1/2, which we adopted as the characteristic dispersion
everywhere in the disk (see Appendix A.2). According to
Equation (12), this isothermal disk has a finite “truncation”
radius Rmax/Rd=0.5!(vcirc/!0)2!2–15 where vrot=0.
The total cumulative mass of an exponential disk within a
given radius is
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Its half-mass radius is defined asMd(<R1/2)=0.5!Md(<Rmax),
which with Equation (13) leads to an implicit equation for
R1/2/Rd :
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The solid and dashed lines in Figure 10 show that R1/2/Rd is

uniquely specified by vrot/!0 or vcirc/!0, measured at the half-
mass radius. Remember that vrot is the observed rotational

Figure 10. The ratio of disk half-mass radius to exponential scale radius as a
function of v1/2/!0 and vcirc/!0. The red points show the approximation given
by Equation (15). The dotted line shows the asymptotic limit of 1.68 for
strongly rotationally supported disks.
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For the purpose of this analysis, we adopt Equation (11) in
order to calculate the pressure-corrected rotation curves. For
simplicity, we will also assume that gas and stars have similar
disk scale lengths, equal to the sizes as derived for the star-
forming gas from the H! measurements. Note however that
there are theoretical reasons why the scale radius of the gaseous
disk component, including the part that is not forming stars
violently, should be larger than the scale length of the stellar disk
(e.g., Sales et al. 2009; Dutton et al. 2010; Guo et al. 2010). This
could systematically bias the derived rotational properties of the
disk if the mass fraction of the extended gaseous component is
large.

3. GALACTIC DISK MODEL

We adopt the model by Mo et al. (1998) of an exponential
disk, embedded in a Navarro–Frenk–White (NFW; Navarro et al.
1997) dark matter halo with density distribution

"DM (r) = 4"c

(r/rs)(1 + r/rs)2
, (12)

where rs is the halo scale radius and "c is the dark matter density
at rs. The scale radius is related to the virial radius r200 via
rs = r200/c, where c is the halo concentration parameter. The
dark halo rotation curve corresponding to Equation (12) is

v2
DM (r) = V 2

200

! r200

r

" ln(1 + r/rs) ! (r/rs)/(1 + r/rs)
ln(1 + c) ! c/(1 + c)

. (13)

High-resolution numerical cold dark matter (CDM) simulations
(e.g., Zhao et al. 2009) show that c depends strongly on
cosmological redshift. While c decreases with halo virial mass
M200 at low redshifts, the concentration is roughly constant with
c " 4 and independent of halo mass at z " 2. The halo virial
parameters r200 and M200 are related to each other through the
virial velocity V200 (Mo et al. 1998):

r200(z) = V200(z)
10H (z)

, M200(z) = V 3
200(z)

10GH (z)
. (14)

H is the Hubble parameter that depends on cosmological redshift
z:

H = H0[!" + (1 ! !" ! !M )(1 + z)2 + !M (1 + z)3]1/2. (15)

We adopt a standard "CDM cosmology with H0 = 73 km s!1

Mpc!1, !M = 0.238, and !" = 0.762.
The galactic disk is assumed to follow an exponential surface

density profile (Equation (10)). Its surface density at r = 0,
#0 is determined by the total disk mass Md = md # M200 with
md the disk mass fraction of the galaxy

#0 = md

M200

2#r2
d

. (16)

The circular velocity curve of an exponential disk is (Freeman
1970)

v2
disk(r) = 4#G#0 rdy

2[I0(y)K0(y) ! I1(y)K1(y)], (17)

with y = r/(2rd ) and the In and Kn denoting the modified Bessel
functions (Binney & Tremaine 2008).

We will neglect a bulge because we are interested in the outer
disk parts where the bulge contribution to the rotation curve is

in general negligible. In addition, several of the best resolved
SINS galaxies show no evidence for the presence of a significant
bulge component (Genzel et al. 2008). In this case and including
adiabatic contraction (Blumenthal et al. 1986; Jesseit et al. 2002)
of the dark halo, the zero-pressure rotation curve is determined
from the implicit equation

v2
0(r) = v2

disk(r) + v2
DM (r $), (18)

r $ = r

#
1 +

r # v2
disk(r)

r $ # v2
DM (r $)

$
. (19)

Given v0(r), the pressure-corrected rotation curve vrot(r) can
be calculated from Equation (2) or (11). This is easily done
in an iterative process. One first determines the disk rotation
curve, neglecting pressure as discussed in MMW. Adopting
a value of vmax/$ , its maximum rotational velocity provides
a first guess for $ which leads to a revised rotation curve
and a corresponding new value of vmax and $ . We find that
this procedure converges quickly after 10–20 iterations. In the
following, we will call vrot(r) the pressure-corrected MMW
rotation curve. It can be compared directly with observations
(Section 4.2). In addition, we can calculate the total disk angular
momentum Jd = 2#

%
#vrotrdr that will be used in the next

section in order to derive the disk spin parameter %d .

4. ANGULAR MOMENTUM AND BARYON CONTENT
OF HIGH-z GALAXIES

Figure 1 shows the half-light radii r1/2 of the SINS high-
redshift galaxies versus their maximum rotational velocity vmax.
The data points and potential uncertainties are discussed in
Förster-Schreiber et al. (2009), Cresci et al. (2009), and Law
et al. (2009). The errors in r1/2 and vmax are of order 1–2 kpc
and 20–30 km s!1, respectively. We take r1/2 instead of the expo-
nential disk scale length as it is independent of any assumption
about the light profile. vmax is in general a good approximation of
the disk’s rotational velocities outside of r1/2. The SINS galax-
ies segregate strongly into two distinct classes at a critical value
of vmax/$ " 3. We therefore empirically define dispersion-
dominated galaxies (open triangles and stars in Figure 1) as
objects with vmax/$ ! 3. For these galaxies, turbulent pressure
gradients have to be included in the interpretation of the rota-
tion curve. In contrast, for rotation-dominated galaxies (filled
triangles), defined by vmax/$ > 3, pressure effects are small.
Note that $ refers to the intrinsic velocity dispersion in the disk,
not to the observed line-of-sight or galaxy-integrated dispersion.
Figure 1 shows that most of the dispersion-dominated galaxies
have radii of order 1–3 kpc while the radii of rotationally domi-
nated galaxies are on average a factor of 2–3 larger. In addition,
the dispersion-dominated systems have rotational velocities of
order 100 km s!1, while rotation-dominated galaxies rotate with
250 km s!1.

The specific angular momentum of a dark halo is usually
specified by the dimensionless spin parameter (Bullock et al.
2001; Burkert 2009)

% = J200%
2M200V200r200

, (20)

where J200 is the total angular momentum of the halo. %
follows a log-normal distribution with a median of % = 0.035
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For the purpose of this analysis, we adopt Equation (11) in
order to calculate the pressure-corrected rotation curves. For
simplicity, we will also assume that gas and stars have similar
disk scale lengths, equal to the sizes as derived for the star-
forming gas from the H! measurements. Note however that
there are theoretical reasons why the scale radius of the gaseous
disk component, including the part that is not forming stars
violently, should be larger than the scale length of the stellar disk
(e.g., Sales et al. 2009; Dutton et al. 2010; Guo et al. 2010). This
could systematically bias the derived rotational properties of the
disk if the mass fraction of the extended gaseous component is
large.

3. GALACTIC DISK MODEL

We adopt the model by Mo et al. (1998) of an exponential
disk, embedded in a Navarro–Frenk–White (NFW; Navarro et al.
1997) dark matter halo with density distribution

"DM (r) = 4"c

(r/rs)(1 + r/rs)2
, (12)

where rs is the halo scale radius and "c is the dark matter density
at rs. The scale radius is related to the virial radius r200 via
rs = r200/c, where c is the halo concentration parameter. The
dark halo rotation curve corresponding to Equation (12) is

v2
DM (r) = V 2

200

! r200

r

" ln(1 + r/rs) ! (r/rs)/(1 + r/rs)
ln(1 + c) ! c/(1 + c)

. (13)

High-resolution numerical cold dark matter (CDM) simulations
(e.g., Zhao et al. 2009) show that c depends strongly on
cosmological redshift. While c decreases with halo virial mass
M200 at low redshifts, the concentration is roughly constant with
c " 4 and independent of halo mass at z " 2. The halo virial
parameters r200 and M200 are related to each other through the
virial velocity V200 (Mo et al. 1998):

r200(z) = V200(z)
10H (z)

, M200(z) = V 3
200(z)

10GH (z)
. (14)

H is the Hubble parameter that depends on cosmological redshift
z:

H = H0[!" + (1 ! !" ! !M )(1 + z)2 + !M (1 + z)3]1/2. (15)

We adopt a standard "CDM cosmology with H0 = 73 km s!1

Mpc!1, !M = 0.238, and !" = 0.762.
The galactic disk is assumed to follow an exponential surface

density profile (Equation (10)). Its surface density at r = 0,
#0 is determined by the total disk mass Md = md # M200 with
md the disk mass fraction of the galaxy

#0 = md

M200

2#r2
d

. (16)

The circular velocity curve of an exponential disk is (Freeman
1970)

v2
disk(r) = 4#G#0 rdy

2[I0(y)K0(y) ! I1(y)K1(y)], (17)

with y = r/(2rd ) and the In and Kn denoting the modified Bessel
functions (Binney & Tremaine 2008).

We will neglect a bulge because we are interested in the outer
disk parts where the bulge contribution to the rotation curve is

in general negligible. In addition, several of the best resolved
SINS galaxies show no evidence for the presence of a significant
bulge component (Genzel et al. 2008). In this case and including
adiabatic contraction (Blumenthal et al. 1986; Jesseit et al. 2002)
of the dark halo, the zero-pressure rotation curve is determined
from the implicit equation

v2
0(r) = v2

disk(r) + v2
DM (r $), (18)

r $ = r

#
1 +

r # v2
disk(r)

r $ # v2
DM (r $)

$
. (19)

Given v0(r), the pressure-corrected rotation curve vrot(r) can
be calculated from Equation (2) or (11). This is easily done
in an iterative process. One first determines the disk rotation
curve, neglecting pressure as discussed in MMW. Adopting
a value of vmax/$ , its maximum rotational velocity provides
a first guess for $ which leads to a revised rotation curve
and a corresponding new value of vmax and $ . We find that
this procedure converges quickly after 10–20 iterations. In the
following, we will call vrot(r) the pressure-corrected MMW
rotation curve. It can be compared directly with observations
(Section 4.2). In addition, we can calculate the total disk angular
momentum Jd = 2#

%
#vrotrdr that will be used in the next

section in order to derive the disk spin parameter %d .

4. ANGULAR MOMENTUM AND BARYON CONTENT
OF HIGH-z GALAXIES

Figure 1 shows the half-light radii r1/2 of the SINS high-
redshift galaxies versus their maximum rotational velocity vmax.
The data points and potential uncertainties are discussed in
Förster-Schreiber et al. (2009), Cresci et al. (2009), and Law
et al. (2009). The errors in r1/2 and vmax are of order 1–2 kpc
and 20–30 km s!1, respectively. We take r1/2 instead of the expo-
nential disk scale length as it is independent of any assumption
about the light profile. vmax is in general a good approximation of
the disk’s rotational velocities outside of r1/2. The SINS galax-
ies segregate strongly into two distinct classes at a critical value
of vmax/$ " 3. We therefore empirically define dispersion-
dominated galaxies (open triangles and stars in Figure 1) as
objects with vmax/$ ! 3. For these galaxies, turbulent pressure
gradients have to be included in the interpretation of the rota-
tion curve. In contrast, for rotation-dominated galaxies (filled
triangles), defined by vmax/$ > 3, pressure effects are small.
Note that $ refers to the intrinsic velocity dispersion in the disk,
not to the observed line-of-sight or galaxy-integrated dispersion.
Figure 1 shows that most of the dispersion-dominated galaxies
have radii of order 1–3 kpc while the radii of rotationally domi-
nated galaxies are on average a factor of 2–3 larger. In addition,
the dispersion-dominated systems have rotational velocities of
order 100 km s!1, while rotation-dominated galaxies rotate with
250 km s!1.

The specific angular momentum of a dark halo is usually
specified by the dimensionless spin parameter (Bullock et al.
2001; Burkert 2009)

% = J200%
2M200V200r200

, (20)

where J200 is the total angular momentum of the halo. %
follows a log-normal distribution with a median of % = 0.035

NFW Dark Matter Halo (Navarro+97)

Exponential thin disk (Freeman+70)
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For the purpose of this analysis, we adopt Equation (11) in
order to calculate the pressure-corrected rotation curves. For
simplicity, we will also assume that gas and stars have similar
disk scale lengths, equal to the sizes as derived for the star-
forming gas from the H! measurements. Note however that
there are theoretical reasons why the scale radius of the gaseous
disk component, including the part that is not forming stars
violently, should be larger than the scale length of the stellar disk
(e.g., Sales et al. 2009; Dutton et al. 2010; Guo et al. 2010). This
could systematically bias the derived rotational properties of the
disk if the mass fraction of the extended gaseous component is
large.

3. GALACTIC DISK MODEL

We adopt the model by Mo et al. (1998) of an exponential
disk, embedded in a Navarro–Frenk–White (NFW; Navarro et al.
1997) dark matter halo with density distribution

"DM (r) = 4"c

(r/rs)(1 + r/rs)2
, (12)

where rs is the halo scale radius and "c is the dark matter density
at rs. The scale radius is related to the virial radius r200 via
rs = r200/c, where c is the halo concentration parameter. The
dark halo rotation curve corresponding to Equation (12) is

v2
DM (r) = V 2

200

! r200

r

" ln(1 + r/rs) ! (r/rs)/(1 + r/rs)
ln(1 + c) ! c/(1 + c)

. (13)

High-resolution numerical cold dark matter (CDM) simulations
(e.g., Zhao et al. 2009) show that c depends strongly on
cosmological redshift. While c decreases with halo virial mass
M200 at low redshifts, the concentration is roughly constant with
c " 4 and independent of halo mass at z " 2. The halo virial
parameters r200 and M200 are related to each other through the
virial velocity V200 (Mo et al. 1998):

r200(z) = V200(z)
10H (z)

, M200(z) = V 3
200(z)

10GH (z)
. (14)

H is the Hubble parameter that depends on cosmological redshift
z:

H = H0[!" + (1 ! !" ! !M )(1 + z)2 + !M (1 + z)3]1/2. (15)

We adopt a standard "CDM cosmology with H0 = 73 km s!1

Mpc!1, !M = 0.238, and !" = 0.762.
The galactic disk is assumed to follow an exponential surface

density profile (Equation (10)). Its surface density at r = 0,
#0 is determined by the total disk mass Md = md # M200 with
md the disk mass fraction of the galaxy

#0 = md

M200

2#r2
d

. (16)

The circular velocity curve of an exponential disk is (Freeman
1970)

v2
disk(r) = 4#G#0 rdy

2[I0(y)K0(y) ! I1(y)K1(y)], (17)

with y = r/(2rd ) and the In and Kn denoting the modified Bessel
functions (Binney & Tremaine 2008).

We will neglect a bulge because we are interested in the outer
disk parts where the bulge contribution to the rotation curve is

in general negligible. In addition, several of the best resolved
SINS galaxies show no evidence for the presence of a significant
bulge component (Genzel et al. 2008). In this case and including
adiabatic contraction (Blumenthal et al. 1986; Jesseit et al. 2002)
of the dark halo, the zero-pressure rotation curve is determined
from the implicit equation

v2
0(r) = v2

disk(r) + v2
DM (r $), (18)

r $ = r

#
1 +

r # v2
disk(r)

r $ # v2
DM (r $)

$
. (19)

Given v0(r), the pressure-corrected rotation curve vrot(r) can
be calculated from Equation (2) or (11). This is easily done
in an iterative process. One first determines the disk rotation
curve, neglecting pressure as discussed in MMW. Adopting
a value of vmax/$ , its maximum rotational velocity provides
a first guess for $ which leads to a revised rotation curve
and a corresponding new value of vmax and $ . We find that
this procedure converges quickly after 10–20 iterations. In the
following, we will call vrot(r) the pressure-corrected MMW
rotation curve. It can be compared directly with observations
(Section 4.2). In addition, we can calculate the total disk angular
momentum Jd = 2#

%
#vrotrdr that will be used in the next

section in order to derive the disk spin parameter %d .

4. ANGULAR MOMENTUM AND BARYON CONTENT
OF HIGH-z GALAXIES

Figure 1 shows the half-light radii r1/2 of the SINS high-
redshift galaxies versus their maximum rotational velocity vmax.
The data points and potential uncertainties are discussed in
Förster-Schreiber et al. (2009), Cresci et al. (2009), and Law
et al. (2009). The errors in r1/2 and vmax are of order 1–2 kpc
and 20–30 km s!1, respectively. We take r1/2 instead of the expo-
nential disk scale length as it is independent of any assumption
about the light profile. vmax is in general a good approximation of
the disk’s rotational velocities outside of r1/2. The SINS galax-
ies segregate strongly into two distinct classes at a critical value
of vmax/$ " 3. We therefore empirically define dispersion-
dominated galaxies (open triangles and stars in Figure 1) as
objects with vmax/$ ! 3. For these galaxies, turbulent pressure
gradients have to be included in the interpretation of the rota-
tion curve. In contrast, for rotation-dominated galaxies (filled
triangles), defined by vmax/$ > 3, pressure effects are small.
Note that $ refers to the intrinsic velocity dispersion in the disk,
not to the observed line-of-sight or galaxy-integrated dispersion.
Figure 1 shows that most of the dispersion-dominated galaxies
have radii of order 1–3 kpc while the radii of rotationally domi-
nated galaxies are on average a factor of 2–3 larger. In addition,
the dispersion-dominated systems have rotational velocities of
order 100 km s!1, while rotation-dominated galaxies rotate with
250 km s!1.

The specific angular momentum of a dark halo is usually
specified by the dimensionless spin parameter (Bullock et al.
2001; Burkert 2009)

% = J200%
2M200V200r200

, (20)

where J200 is the total angular momentum of the halo. %
follows a log-normal distribution with a median of % = 0.035
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In addition to the unusual kinematics and structure of high-
redshift disks, their global physical parameters appear to be
puzzling and inconsistent with theoretical expectations. Bouché
et al. (2007) found that many high-z galaxies lie in a similar part
of the rotation velocity versus disk radius plane as late-type z !
0 disks (Courteau et al. 2007), which is not expected according
to the standard Mo et al. (1998, MMW) model of galactic disk
structure. Förster-Schreiber et al. (2009) compared the derived
dynamical masses with the stellar masses (from spectral energy
distribution, SED, analysis) and gas masses (from an application
of the Kennicutt–Schmidt star formation relation). They found
disk masses that are remarkably and perhaps implausibly high.

The MMW model neglects galactic disk turbulence which is
reasonable for present day disks with v/! ! 20. The situation
is, however, different at high redshifts where turbulence can
strongly affect the disk structure. This paper discusses the impact
of large turbulent motions on the interpretation of the dynamical
data of disk galaxies. We show that, including turbulent pressure,
the disk spin parameters and disk mass fractions of dispersion-
dominated galaxies are reduced to values that are consistent with
theoretical expectations. The situation is different for rotation-
dominated galaxies where pressure effects play a minor role. As
already suggested by numerous studies at low redshifts (e.g., Mo
& Mao 2000; Dutton et al. 2007), we argue that the observed
high-redshift galaxies are in better accord with cosmological
models if it is assumed that their dark matter halos did not
contract adiabatically. Finally, we propose an explanation for
why large turbulence might be more common in many high-z
disks and what the energy source of turbulence in these disks
might be.

2. ROTATION CURVES OF PRESSURIZED, TURBULENT
GALACTIC DISKS

Let us consider a turbulent galactic gas disk. We analyze its
rotational velocity vrot in the midplane, applying the hydrostatic
equation

v2
rot

r
= fg(r) +

1
"

dp
dr

, (1)

where r is the distance from the galactic center, fg is the value
of the gravitational force, p is the pressure which consists of
a turbulent (kinetic), and thermal part, p = "(! 2 + c2

s ) with "
the gas density, ! the characteristic one-dimensional velocity
dispersion of the gas which we assume to be isotropic and cs its
sound speed. We define the zero-pressure velocity curve v0(r)
as the rotational velocity of the gas if pressure gradients are
negligible, i.e., dp/dr = 0: v2

0 " fg # r . Equation (1) then
reduces to

v2
rot = v2

0 +
r

"

dp
dr

= v2
0 +

1
"

d

dlnr

!
"! 2" . (2)

Here, we have neglected the thermal pressure term as the sound
speed is in general much smaller than the turbulent velocity.
Equation (2) is the most general form, without specifying
the radial dependence of ! and ". It demonstrates that a negative
radial pressure gradient reduces the rotational velocity of the
gas as part of the gravitational force is balanced by the pressure
force.

To illustrate the possible importance of pressure effects, let
us now assume that ! is independent of r. Then

v2
rot = v2

0 + ! 2 dln"

dlnr
. (3)

If ! is also independent of height z above the disk’s equatorial
plane, the vertical density distribution is given by the vertical
hydrostatic Spitzer solution (Spitzer 1942; Binney & Tremaine
2008, Chap. 4):

"(z) = "0sech
2(z/h) (4)

with "0(r) the density in the midplane (z = 0) at radius r and

h = !$
2#G"0

, (5)

the scale height. The total mass surface density !(r) of such a
disk is (Binney & Tremaine 2008)

! = 2"0h, (6)

so that

"0 = #G!2

2! 2
. (7)

Equations (5)–(7) offer an interesting future observa-
tional test of our assumptions as for an exponential disk
(Equation (10)) with constant velocity dispersion the scale
height h should increase exponentially with radius

h = ! 2

#G!0
exp

#
r

rd

$
. (8)

Inserting "0 from Equation (7) into Equation (3), the rotation
curve in the equatorial plane of a pressurized gas disk is

v2
rot = v2

0 + 2! 2 dln!
dlnr

. (9)

For example, for an exponential disk profile with scale length rd

!(r) = !0 # exp
#

% r

rd

$
. (10)

Equation (9) leads to

v2
rot = v2

0 % 2! 2
#

r

rd

$
. (11)

Note that vrot is the actually observable rotational velocity of
the gas, while v0 is the rotation expected if pressure effects are
negligible (! = 0). For vrot/! ! 3, the rotational velocity is
significantly reduced by turbulent pressure effects for r " rd .
A very similar equation holds for stellar disks as a special form
of the Jeans equation (Binney & Tremaine 2008). Equation (11)
was derived for an exponential surface density distribution
and a constant velocity dispersion. In general, the situation is
more complex as parts of the disk might have constant surface
densities, while other parts might show a steep gradient. In
addition, the velocity dispersion might change with radius.
In this case, one would have to solve Equation (1) directly.
The best-resolved high-redshift disk galaxies show roughly
constant velocity dispersion profiles (Genzel et al. 2008) and
exponentially decreasing H$-surface brightness distributions of
the star-forming gas with scale lengths similar to the stellar disks
within 1–3 disk scale lengths (Cresci et al. 2009; N. Bouché
et al. 2010, in preparation). This is also the region where the
rotation curves are flat and achieve their maximum values vmax
(Figure 3). vmax will be used in the following to compare the
observations with theory.

原理的には観測データからhalo massとhalo spin parameterが得られる

halo mass halo spin parameter

DM halo parameter
(MDM, Rvirial, Vvirial, λ)

disk parameter
(Mdisk, Rdisk, vdisk, σ0)

観測可

観測不可
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ABSTRACT

We analyze the angular momenta of massive star-forming galaxies (SFGs) at the peak of the cosmic star formation
epoch (z ! 0.8–2.6). Our sample of !360 log(M*/Me)!9.3–11.8 SFGs is mainly based on the KMOS3D and SINS/
zC-SINF surveys of H! kinematics, and collectively provides a representative subset of the massive star-forming
population. The inferred halo scale angular momentum distribution is broadly consistent with that theoretically predicted
for their dark matter halos, in terms of mean spin parameter M� §!0.037 and its dispersion ("log# ! 0.2). Spin
parameters correlate with the disk radial scale and with their stellar surface density, but do not depend significantly on
halo mass, stellar mass, or redshift. Our data thus support the long-standing assumption that on average, even at high
redshifts, the specific angular momentum of disk galaxies reflects that of their dark matter halos ( jd =jDM). The lack of
correlation between #!( jd/jDM) and the nuclear stellar density Σ*(1 kpc) favors a scenario where disk-internal
angular momentum redistribution leads to “compaction” inside massive high-redshift disks. For our sample, the inferred
average stellar to dark matter mass ratio is !2%, consistent with abundance matching results. Including the molecular
gas, the total baryonic disk to dark matter mass ratio is !5% for halos near 1012Me, which corresponds to 31% of the
cosmologically available baryons, implying that high-redshift disks are strongly baryon dominated.

Key words: cosmology: observations – galaxies: evolution – galaxies: high-redshift – infrared: galaxies

1. INTRODUCTION

In the cold dark matter (CDM) paradigm, baryonic disk
galaxies form at the centers of dark matter halos (e.g., Fall &
Efstathiou 1980; Fall 1983; see Mo et al. 2010 for a review).
Defining the halo radius as the region within which the
virialized dark matter particles have on average 200 times the
mean mass density of the universe, the halo’s virial velocity,
vvirial, its mass MDM, and its virial radius Rvirial are given in the
spherical collapse model (for a flat ΛCDM universe) by the
following well known relations (Peebles 1969; Gunn & Gott
1972; Bertschinger 1985; Mo et al. 1998)
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Here G is the gravitational constant, H(z) and H0 are the
Hubble constants at z and z=0, and ΩΛ,0 and Ωm,0 are the
energy densities of Λ and total matter at z=0, relative to the
closure density. Tidal torque theory (Hoyle 1951; Peebles 1969;
White 1984) suggests that within the virial radius, the
centrifugal support of baryons and dark matter (labeled
“DM” from here on) is small and given by the spin parameter,
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where $=vrot/R is the angular speed (vrot is the rotational/
tangential velocity) at R, and “virial” and “cs” stand for “within
the virial radius” and “centrifugal support” ($rot,cs = (GM/R3)1/2).
The constant ò is ! 2 , J and j are the total and specific ( j=J/M)
angular momenta, and E!GM2/R is the absolute value of the
total gravitational energy. Building on earlier work by Peebles
(1969) and Barnes & Efstathiou (1987), simulations have shown
that tidal torques generate a universal, near-lognormal distribution
function of halo spin parameters, with M� §=0.035–0.05 and a
dispersion of ±0.2 in the log (Bullock et al. 2001a; Hetznecker &
Burkert 2006; Bett et al. 2007; Maccio et al. 2007).
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0126, 092.A-0091, 093.A-0079, 094.A-0217, 095.A-0047, 096.A-0025).
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Again we used our simulated data sets to determine
correction factors between the measured velocity dispersion
extracted in the outer disk parts (R ! 2–2.5 R1/2), where the
influence of beam-smeared rotation is minimal (with the
instrumental spectral resolution already removed). The right
panel of Figure 9 depicts these dispersion correction factors. In
this case the correction factors depend on inclination, stellar
mass, and intrinsic dispersion, such that we created look-up
tables to then estimate the beam corrected intrinsic velocity
dispersion, which for the purpose of this analysis we assumed
to be spatially constant across the galaxy (see, however, the
discussion in Appendix B.3 below).

After correction our “full” sample of 359 SFGs consists of
334 rotation dominated disks, for which the inclination and
beam smearing corrected ratio of the rotation velocity at the
peak of the rotation curve (vrot = vrot (R ! R1/2)) to the local
velocity dispersion in the outer disk !0!!0 (R ! 1.5 – 2.5 R1/

2) is vrot/!0=2. This includes four objects which may be in
the process of a minor merger but for which the rotation curve
of the main galaxy does not appear to be significantly
disturbed. Another 23 SFGs have 1.5�vrot/!0<2, which
could be either rotating disks or dispersion dominated, given
the typical uncertainties of Δ(vrot/!0)!0.5. Two of these may
be a minor merger. All of our “best” SFGs (233 galaxies) are
well-resolved rotating disks, with one object having a very
small neighbor that does not seem to affect the kinematics of
the main disk.

APPENDIX B

B.1. Isothermal Disk Model

The simplest assumption that one can make is a completely
dark matter dominated disk. In this case its rotation velocity
directly traces the dark halo mass distribution and by this also

its virial parameters. Mo et al. (1998; see also the earlier work
by Fall & Efstathiou 1980 and Fall 1983) derived simple
expressions for " and MDM, adopting a non-self-gravitating,
exponential disk, embedded in an isothermal halo with a
truncation radius at Rvirial. Combination of Equations (1) and
(3) yields
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" increases linearly with disk scale length Rd=R1/2/1.68,
as expected. However, it decreases with increasing vrot, which
is somewhat counter-intuitive as for a given radius angular
momentum scales linearly with rotational velocity. This anti-
correlation results from the fact that " is defined as the ratio of
the specific angular momentum of the disk, which is
proportional to Rd!vrot, divided by the product of
Rvirial!vvirial!vvirial

2. For a completely dark matter domi-
nated disk, vrot!vvirial, which leads to "!Rd/vrot.
This “isothermal model” in the bottom line of Equation (9)

has serious caveats. First of all, the self-gravity of galactic disks
is not negligible. For most high-redshift galaxies, the
(baryonic) disk mass dominates the rotation curve inside R1/2
(see Section 3.3; Förster Schreiber et al. 2009; Wuyts et al.
2016). Second, dark matter halos are not isothermal (Navarro
et al. 1996, 1997, NFW). Finally, the velocity dispersion !0 has
been neglected, which can significantly affect rotation curves in
the outer regions, especially for galaxies with small values of
vrot/!0 (Burkert et al. 2010).
We will now discuss how we included these aspects in our

modeling.

Figure 9. Left panel: correction factor (cpsf,v) between the observed maximum rotation velocity and the intrinsic maximum rotation velocity of an exponential disk
mass distribution at R!R1/2 (1.68 Rd) for a single-Gaussian PSF (open symbols, appropriate for seeing limited observations, such as in KMOS3D), as well as for a
double-Gaussian PSF appropriate for AO observations (filled symbols). Circles, stars, and squares show the corrections for different disk masses as labeled in the plot.
The results from the mock data sets can be well described by a fitting function that depends on the ratio of R1/2 to beam size R1/2,beam and the ratio of the radius at
which the velocity was determined, Rvel, relative to R1/2 (in the graph we show the case Rvel = R1/2). Right panel: correction factor from the observed velocity
dispersion at R!2!R1/2 to the intrinsic velocity dispersion (assumed in this specific simulation to be !0 = 55 km s!1, appropriate for z ~ 2–2.6, Wisnioski et al.
2015), again as a function of R1/2/R1/2,beam for different stellar masses and inclinations (symbol shapes and colors, respectively, as labeled in the plot), and again for
seeing limited (open symbols) and AO observations (filled symbols). The outer velocity dispersion correction factor cannot be described by a single parameter fitting
function and a number of such graphs (for different !0(z)) have to be used to create a look-up table to estimate the intrinsic velocity dispersion for each galaxy.
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観測された回転速度において、
diskで説明できない分は
DMからの寄与と考える

Burkert+16



Monte-Carlo search of halo parameter

velocity while vcirc represents the rotation velocity of a disk
with negligible dispersion. For kinematically cold disks with
large ratios of rotation-to-dispersion, vrot=vcirc and the
solution approaches the constant value R1/2=1.68!Rd.
Disks with larger velocity dispersions can, however, be
strongly dispersion truncated with half-mass radii that can
become even smaller than Rd. A convenient approximation that
is shown by the filled points in Figure 10 is
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Here, v1/2=vrot(R1/2).

B.4. Determination of MDM and !

Given the observed redshift, the disk’s half-mass radius,
baryonic disk mass, rotational velocity v1/2, and velocity
dispersion !0, Equations (9)–(15) in principle uniquely specify
the dark matter halo’s parameters MDM(and thus Rvirial from
Equation (1)), since v1/2 contains contributions from both disk
and halo (Equation (10)), and since the disk mass is assumed to
be known from the sum of stellar and (molecular) gas mass.
Equation (9) then yields ", the angular momentum parameter of

the dark matter halo. More precisely, the knowledge of Rd and
Rvirial(MDM) yields "!( jd/jDM) from Equation (3). The disk’s
total and specific angular momenta are directly determined by
integrating ¨Q� 4J v R dR2d

R
d0 rot

2max , and the total disk
mass, which is an integral over the disk surface density.

B.5. Monte-Carlo modeling

In practice, the combination of observational uncertainties, the
high baryonic fraction within !R1/2 (see Section 3.3) and the
uncertainties in the theoretical assumptions (e.g., adiabatic
contraction) make the individual estimates of MDM quite
uncertain. In order to evaluate how observational uncertainties
affect the results we performed a MC study, adopting
N=10,000 randomly chosen values of (R1/2, v1/2, !0, log
(Md)) centered around the observed values with a Gaussian
probability with half-width half maximum as given by the
observational uncertainties. Not all combinations of parameters
lead to a reasonable model. We discarded all solutions with total
disk baryon fractions md larger than 25% in order not to violate
the cosmic baryon fraction. The range of allowed solutions then
specifies the average value and error in MDM and "!( jd/jDM).
As an example, Figure 11 shows the result of the MC simulation
for BX 455. In order to suppress overcrowding only 1000 points

Figure 11. NFW MC modeling of BX 455. The large red triangles with error bars show the galaxy’s observed physical properties and uncertainties. Small blue points
correspond to converged disk-halo models, drawn randomly with mean values and standard deviations as given by the observations. The large cyan circles with error
bars depict the mean values and standard deviations of these data points. The upper left diagram shows the velocity dispersion vs. the disk rotation at R1/2, the upper
right panel shows the half-mass radius vs. the disk’s total baryonic mass. The lower left diagram depicts the corresponding dark matter mass fraction and disk lambda
parameter, respectively, as well as their mean values (cyan circle) and standard deviation.
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red: observed properties and uncertainties
cyan: mean of converged disk-halo models

md<0.25 
(cosmic baryonic fraction, 0.17)

md<0.25
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the local universe (Fall 1983; Dutton & van den Bosch 2012;
Romanowsky & Fall 2012; Fall & Romanowsky 2013;
Courteau & Dutton 2015). Third, the lack of correlation
between !!( jd/jDM) and !* (1 kpc) (or nS) suggests that the
central bulges are decoupled from the kinematic properties of
the outer disk to which our data are sensitive.

3.3. Baryon to Dark Matter Mass Ratios

Our NFW MC modeling gives the ratio of the baryonic
and stellar masses in the disk to the mass of the dark matter

halo. We thus can compare our results of the ratio of
M*/MDM as a function of MDM, obtained with kinematic data,
with the totally independent results from abundance matching
(Conroy & Wechsler 2009; Behroozi et al. 2010, 2013b;
Moster et al. 2010, 2013). The resulting dependence of the ratio
M*/MDM as a function of halo mass is shown in Figure 7,
again for our “full” and “best” samples with converged NFW
MC models. For comparison we show the abundance matching
results at z!1 and 2 (Behroozi et al. 2013b; Moster
et al. 2013).

Figure 7. Stellar to total halo mass ratios as a function ofMDM for our disks of the “full” (open and filled blue circles) and “best” (filled blue circles) samples from our
NFW MC modeling. The blue cross in the upper right denotes the typical 1" uncertainties. The continuous cyan line denotes the average trend of the “full” sample in
bins of 0.25 dex in log(MDM). The red filled square marks the median value of our measurements. The red arrow denotes the average correction from stellar to
baryonic disk masses, including the molecular gas contribution *� � § _M M M 0.58gas gas( ( ) ). The right vertical axis denotes the ratio of the stellar disk mass to the
total baryon mass, adopting a cosmic baryon to dark halo fraction of 0.17. The thick gray and black curves give the fitting function obtained by Moster et al. (2013)
from rank ordered abundance matching of stellar mass functions and dark matter halo simulations for z=0.8 and z=2.6, respectively. The black dashed curves
denote the ±1" uncertainty of the combined z=0.8 and z =2.6 Moster et al. (2013) models. Magenta and green thick dashed lines mark the z=1 and z=2
abundance matching results of Behroozi et al. (2010, 2013b).

Figure 6. Dependence of the inferred !!( jd/jDM) parameters from the NFWMC modeling for the “best” (filled blue circles) and “full” (filled plus open blue circles)
samples as a function of (from left to right) rotation velocity at R!R1/2, stellar surface density within R1/2 and Rd/(1 + z)!0.75. The nomenclature is the same as in
Figure 5. The three plots in this figure show the strongest parameter correlations among the trends explored in Section 3.2 (with slopes differing from zero at the
10–15" level).
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galaxies discussed before. Leaving out these extreme outliers
by selecting the “best” sample yields an average of !0.09. For
comparison, the average of all Fall & Romanowsky (2013)
star-forming spiral galaxies (including Sa types) is !0.17,
while the late-type systems (Sbcd) have an average of !0.03.
We conclude that SFGs between z=0 and 2.6 plausibly have
on average retained between 60% and 90% of their dark matter
specific angular momentum in their main baryonic disk.

3.2. Angular Momentum Parameter

Based on the analysis in Section 2.2 and in the Appendices
A and B, we now have several estimates of ! parameters, or
more precisely of !!( jd/jDM), for rotation dominated SFGs
of the “full” and “best” samples. Uncertainties of the individual
measurements range from ±0.06 to ±0.33 dex in logarithmic
units, with a median of ±0.2 dex.

Figure 4 (left panel) shows the distribution function of these
! parameters for our “primary” NFW MC modeling (method 1
in Section 2.2, described in detail in Appendices B.4 and B.5)
and assuming pure (baryonic) exponential disks. This distribu-
tion (plotted as a histogram) is well fitted by a lognormal
function of intrinsic dispersion !0.17 dex in log!, after
subtracting the measurement uncertainties in quadrature from
the measured dispersion of the distribution. Taking the “full”
and “best” samples with converged NFW models yields error-
weighted averages of M� q § �j j 0.039d DM( ) and 0.041,
respectively (the first two rows of Table 1). An unweighted
Gaussian fit to the modeling results for the “full” sample in
Figure 4 yields M� q § �j j 0.032d DM( )  (third row of Table 1).

The intrinsic dispersion of these distributions varies between
�0.16 and 0.19 dex in log!.
Red triangles denote the same NFW MC modeling

methodology for pure exponential disks but this time with
adiabatic contraction, as described by Mo et al. (1998). The
resulting distribution again is lognormal with a similar
dispersion, but with a greater mean, M� q § �j j 0.044d DM( ) 
to 0.071, depending on whether we use an unweighted or
weighted estimator (fourth row of Table 1). Green circles again
denote the same NFWMC fitting, without adiabatic contraction
(as for the black shaded diagram), but now implementing
individual corrections to ! values for surface density distribu-
tions deviating from the pure exponential distributions assumed
so far, and obtained from free nS fits to the rest-frame optical
continuum distributions for each SFG (see Appendix B.7). The
resulting mean, given in the fifth row of Table 1, is
M� q § �j j 0.051d DM( ) . The intrinsic dispersions of these
distributions range between �0.16 and 0.22 dex in log!.
In the right panel of Figure 4 we compare our “primary” NFW

MC modeling (again depicted as histogram) with the other,
simpler methods discussed in Section 2.2 and Appendix B. All
result in smaller mean values of M� q §j jd DM( ) . Red triangles
denote the results for the “best” disk sample if instead of the
NFW MC modeling the simplest, isothermal model
(Equation (9)) is adopted. This yields M� q § _j j 0.02d DM( )
with intrinsic dispersion "(log!)!0.22 (sixth row of Table 1).
Green circles denote the distribution of ! values that is obtained
from Equation (17), and when MDM=(M* + Mmolgas)d/md
values are estimated by inverting the Moster et al. (2013) fitting
functions to infer the halo mass from the stellar mass. The
resulting ! distribution has M� q § �j j 0.016d DM( ) and "

Figure 4. Distribution of inferred !!( jd/jDM) parameters. Left: distribution for all 312 z=0.8–2.6 rotation dominated SFGs in the “full” sample with converged
NFW MC modeling, under the assumption of no adiabatic contraction of the dark matter halo (histogram, with 1" Poissonian uncertainties, Appendix B.5). The cyan
squares, red triangles, and green circles denote the same NFW MC modeling, but this time with the “best” sample, with the “full” sample but including adiabatic halo
contraction, as well as without adiabatic contraction but including the corrections for varying Sérsic indices, respectively (Appendix B.7). Right: for comparison with
the histogram in the left panel we show three other, simpler estimates of the ! distribution. Cyan squares denote the distribution of ! values that is obtained for the
“best” disk sample if instead of the NFW MC modeling the simple assumption MDM=(M* + Mmolgas)d/md is made and ! is estimated from Equation (17) with
md = 0.05. If instead the full sample is used, the centroid is similar, but the scatter is larger. When using the Moster et al. (2013) fitting functions to infer the halo mass
from the stellar mass (and then obtaining ! from Equation (17) again), the resulting ! distribution is given by green circles. Finally, the results of the simplest,
isothermal model are marked by red triangles (Equation (9)).
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ABSTRACT

We analyze the angular momenta of massive star-forming galaxies (SFGs) at the peak of the cosmic star formation
epoch (z ! 0.8–2.6). Our sample of !360 log(M*/Me)!9.3–11.8 SFGs is mainly based on the KMOS3D and SINS/
zC-SINF surveys of H! kinematics, and collectively provides a representative subset of the massive star-forming
population. The inferred halo scale angular momentum distribution is broadly consistent with that theoretically predicted
for their dark matter halos, in terms of mean spin parameter M� §!0.037 and its dispersion ("log# ! 0.2). Spin
parameters correlate with the disk radial scale and with their stellar surface density, but do not depend significantly on
halo mass, stellar mass, or redshift. Our data thus support the long-standing assumption that on average, even at high
redshifts, the specific angular momentum of disk galaxies reflects that of their dark matter halos ( jd =jDM). The lack of
correlation between #!( jd/jDM) and the nuclear stellar density Σ*(1 kpc) favors a scenario where disk-internal
angular momentum redistribution leads to “compaction” inside massive high-redshift disks. For our sample, the inferred
average stellar to dark matter mass ratio is !2%, consistent with abundance matching results. Including the molecular
gas, the total baryonic disk to dark matter mass ratio is !5% for halos near 1012Me, which corresponds to 31% of the
cosmologically available baryons, implying that high-redshift disks are strongly baryon dominated.

Key words: cosmology: observations – galaxies: evolution – galaxies: high-redshift – infrared: galaxies

1. INTRODUCTION

In the cold dark matter (CDM) paradigm, baryonic disk
galaxies form at the centers of dark matter halos (e.g., Fall &
Efstathiou 1980; Fall 1983; see Mo et al. 2010 for a review).
Defining the halo radius as the region within which the
virialized dark matter particles have on average 200 times the
mean mass density of the universe, the halo’s virial velocity,
vvirial, its mass MDM, and its virial radius Rvirial are given in the
spherical collapse model (for a flat ΛCDM universe) by the
following well known relations (Peebles 1969; Gunn & Gott
1972; Bertschinger 1985; Mo et al. 1998)
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Here G is the gravitational constant, H(z) and H0 are the
Hubble constants at z and z=0, and ΩΛ,0 and Ωm,0 are the
energy densities of Λ and total matter at z=0, relative to the
closure density. Tidal torque theory (Hoyle 1951; Peebles 1969;
White 1984) suggests that within the virial radius, the
centrifugal support of baryons and dark matter (labeled
“DM” from here on) is small and given by the spin parameter,
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where $=vrot/R is the angular speed (vrot is the rotational/
tangential velocity) at R, and “virial” and “cs” stand for “within
the virial radius” and “centrifugal support” ($rot,cs = (GM/R3)1/2).
The constant ò is ! 2 , J and j are the total and specific ( j=J/M)
angular momenta, and E!GM2/R is the absolute value of the
total gravitational energy. Building on earlier work by Peebles
(1969) and Barnes & Efstathiou (1987), simulations have shown
that tidal torques generate a universal, near-lognormal distribution
function of halo spin parameters, with M� §=0.035–0.05 and a
dispersion of ±0.2 in the log (Bullock et al. 2001a; Hetznecker &
Burkert 2006; Bett et al. 2007; Maccio et al. 2007).
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Based on observations obtained at the Very Large Telescope of the European

Southern Observatory, Paranal, Chile (ESO Programme IDs 075.A-0466, 076.A-
0527, 079.A-0341, 080.A-0330, 080.A-0339, 080.A-0635, 081.B-0568, 081.A-
0672, 082.A-0396, 183.A-0781, 087.A-0081, 088.A-0202, 088.A-0209, 091.A-
0126, 092.A-0091, 093.A-0079, 094.A-0217, 095.A-0047, 096.A-0025).
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Again we used our simulated data sets to determine
correction factors between the measured velocity dispersion
extracted in the outer disk parts (R ! 2–2.5 R1/2), where the
influence of beam-smeared rotation is minimal (with the
instrumental spectral resolution already removed). The right
panel of Figure 9 depicts these dispersion correction factors. In
this case the correction factors depend on inclination, stellar
mass, and intrinsic dispersion, such that we created look-up
tables to then estimate the beam corrected intrinsic velocity
dispersion, which for the purpose of this analysis we assumed
to be spatially constant across the galaxy (see, however, the
discussion in Appendix B.3 below).

After correction our “full” sample of 359 SFGs consists of
334 rotation dominated disks, for which the inclination and
beam smearing corrected ratio of the rotation velocity at the
peak of the rotation curve (vrot = vrot (R ! R1/2)) to the local
velocity dispersion in the outer disk !0!!0 (R ! 1.5 – 2.5 R1/

2) is vrot/!0=2. This includes four objects which may be in
the process of a minor merger but for which the rotation curve
of the main galaxy does not appear to be significantly
disturbed. Another 23 SFGs have 1.5�vrot/!0<2, which
could be either rotating disks or dispersion dominated, given
the typical uncertainties of Δ(vrot/!0)!0.5. Two of these may
be a minor merger. All of our “best” SFGs (233 galaxies) are
well-resolved rotating disks, with one object having a very
small neighbor that does not seem to affect the kinematics of
the main disk.

APPENDIX B

B.1. Isothermal Disk Model

The simplest assumption that one can make is a completely
dark matter dominated disk. In this case its rotation velocity
directly traces the dark halo mass distribution and by this also

its virial parameters. Mo et al. (1998; see also the earlier work
by Fall & Efstathiou 1980 and Fall 1983) derived simple
expressions for " and MDM, adopting a non-self-gravitating,
exponential disk, embedded in an isothermal halo with a
truncation radius at Rvirial. Combination of Equations (1) and
(3) yields
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" increases linearly with disk scale length Rd=R1/2/1.68,
as expected. However, it decreases with increasing vrot, which
is somewhat counter-intuitive as for a given radius angular
momentum scales linearly with rotational velocity. This anti-
correlation results from the fact that " is defined as the ratio of
the specific angular momentum of the disk, which is
proportional to Rd!vrot, divided by the product of
Rvirial!vvirial!vvirial

2. For a completely dark matter domi-
nated disk, vrot!vvirial, which leads to "!Rd/vrot.
This “isothermal model” in the bottom line of Equation (9)

has serious caveats. First of all, the self-gravity of galactic disks
is not negligible. For most high-redshift galaxies, the
(baryonic) disk mass dominates the rotation curve inside R1/2
(see Section 3.3; Förster Schreiber et al. 2009; Wuyts et al.
2016). Second, dark matter halos are not isothermal (Navarro
et al. 1996, 1997, NFW). Finally, the velocity dispersion !0 has
been neglected, which can significantly affect rotation curves in
the outer regions, especially for galaxies with small values of
vrot/!0 (Burkert et al. 2010).
We will now discuss how we included these aspects in our

modeling.

Figure 9. Left panel: correction factor (cpsf,v) between the observed maximum rotation velocity and the intrinsic maximum rotation velocity of an exponential disk
mass distribution at R!R1/2 (1.68 Rd) for a single-Gaussian PSF (open symbols, appropriate for seeing limited observations, such as in KMOS3D), as well as for a
double-Gaussian PSF appropriate for AO observations (filled symbols). Circles, stars, and squares show the corrections for different disk masses as labeled in the plot.
The results from the mock data sets can be well described by a fitting function that depends on the ratio of R1/2 to beam size R1/2,beam and the ratio of the radius at
which the velocity was determined, Rvel, relative to R1/2 (in the graph we show the case Rvel = R1/2). Right panel: correction factor from the observed velocity
dispersion at R!2!R1/2 to the intrinsic velocity dispersion (assumed in this specific simulation to be !0 = 55 km s!1, appropriate for z ~ 2–2.6, Wisnioski et al.
2015), again as a function of R1/2/R1/2,beam for different stellar masses and inclinations (symbol shapes and colors, respectively, as labeled in the plot), and again for
seeing limited (open symbols) and AO observations (filled symbols). The outer velocity dispersion correction factor cannot be described by a single parameter fitting
function and a number of such graphs (for different !0(z)) have to be used to create a look-up table to estimate the intrinsic velocity dispersion for each galaxy.

16

The Astrophysical Journal, 826:214 (21pp), 2016 August 1 Burkert et al.

Monte-Carlo search of halo parameter



Outer rotation curves
Hα RCs of 2155 low-z disk galaxies

(Catinella+06)
spacing of 0.2rd (0.06Ropt). As mentioned above, each template
RC point was computed by averaging at least four samples
(mean velocities resulting from the average of 3 or less points
were not recorded). The final template RC points were obtained
by expanding underpopulated spatial bins (i.e., bins resulting
from the average of 4 ! N < 10 individual RC points) in order
to include at least 10 samples. Positions and error bars of the
expanded bins are given by the average of the corresponding
quantities for the replaced bins.

The binning into luminosity classes was initially done with a
constant step!M " 0:4. The bins at the faint end of the interval
were expanded, however, to avoid the overlap of the corre-
sponding template RC solutions; in particular, two classes, M i

andM j , were combined if jhv! r;M ii# hv! r;M jij ! 10 km s#1.
The final 10 luminosity classes span the I-band absolute mag-
nitude interval [#24.0, #18.0] (18 objects with luminosities
outside this range were discarded).

The derivation of the template RCs was identical for the rd and
Ropt parameterizations, except for the values of the grid spacing
and the normalization interval!r (as in list points 2 and 3 above).
For the Ropt template RCs, grid spacing and !r were chosen to
match the corresponding rd ones, taking into account that the
average value of the Ropt/rd ratio is 3:31 $ 0:01 for the sample
used to construct rd template RCs.

As discussed in x 4, the inner slope of observed H! /%N ii&RCs
depends on inclination, due to internal extinction in the inner
regions of disks. The impact of dust attenuation is more severe
for edge-on disks and for intrinsically brighter systems. For this
reason, 472 galaxies with inclination i ' 80( were excluded
from the analysis, as already mentioned. Seeing may also sys-
tematically bias the inner slopes of observed RCs, especially for
more distant galaxies. The set of galaxies used to construct the
template RCs consists of relatively nearby, large spirals of me-
dian recessional velocity )7000 km s#1 and isophotal radius
rI23:5 ) 3000.We investigated a possible dependence of the shape
of RCs on galaxy distance and found no significant effect for ob-
jects in our sample. As another way of testing the impact of see-
ing on RC shape, we divided our sample into three intervals of
( linear) disk scale length Rd (Rd < 2 kpc, 2 kpc ! Rd < 3 kpc,
and Rd ' 3 kpc) and recomputed the template RCs forcing the
same velocity normalization obtained for the whole rd sample
(as done in x 4 for the inclination classes). We found that gal-
axies with larger Rd values tend to have slightly larger rotational
velocities than ones with smaller Rd values; however, the effect
is small (well within the 1 " error bars on the template RC ve-
locities) and limited to the r < rd spatial interval. In particular,
the maximum velocity difference is of the order of 20 km s#1 or
less for the template RCs in the central luminosity bins, #22:
8 <M I < #20:8; there are no galaxies with Rd < 2 kpc in the
two brightest bins, nor ones with Rd ' 3 kpc in the two faintest
bins. Larger velocity differences are observed for the M I "
#22:8 case, but the Rd < 2 kpc result is uncertain due to small-
number statistics.

3. TEMPLATE RCs: RESULTS AND COMPARISON
OF THE TWO PARAMETERIZATIONS

Figure 1 shows the template RCs expressed as functions of
exponential disk scale lengths rd, obtained by averaging the data
in each of 10 luminosity intervals. Each curve is labeled by its
mean I-band absolute magnitude (as listed in col. [3] of Table 1,
described below); the interval !r over which the velocities are
normalized within each luminosity class is indicated by dotted
lines. For each template, the outermost spatial bins have been

expanded to include at least 10 elements; hence, their spacing
from adjacent points is not exactly 0:2(r/rd). The error bars are
Poisson errors on the mean, calculated using unnormalized RCs
(see list point 4 in x 2). Note that the error bars on the outermost
pointsmay not be accurate due to small-number statistics. Polyex
(see eq. [1]) fits to the template RC data points are shown as
solid lines. Our results show a smooth transition of RC shapes
from small to more massive ( luminous) systems, with the latter
being characterized by a steeper initial velocity rise and a flatter
outer slope. Even in the case of the most luminous bins, we see
no convincing evidence of velocity decline within the spatial
scales sampled here, contrary to what is expected based on the
URC predictions. In fact, while the very outermost points of the
template RCs show a small velocity decrease in a few cases (e.g.,
those labeled #19.37 and #22.60 in the figure), there is no sys-
tematic trend that indicates a falling RC within at least five disk
scale lengths (six for the central luminosity bins). In other words,
if we were to determine the outer slope of each template RC by
fitting a first-order polynomial beyond 2rd or 3rd, none of the fits
would have a negative slope. Notice also that the curve labeled
#21.80 appears to decline beyond )5rd, but the two adjacent
templates (#21.41 and #22.19) have rising outer slopes. This
issue will be further discussed in x 5, where we compare our av-
erage RCs with those derived by PSS96, on which the URC pa-
rameterization is built. Finally, we point out that the bump at large
radii seen for the lowest luminosity template RC is caused by a
lack of faint galaxies with extended RCs. In fact, bright gal-
axies in that luminosity bin (i.e., those with M I < #19:5) span
all values of RC extent (up to 6rd), whereas fainter ones (M I >
#19) have RCs that extend up to 4rd at most (with only one
exception, a RC with M I " #18:6 and Rmax " 4:8rd).
In order to illustrate the actual spread in RC shapes and am-

plitudes within each luminosity class, we include a version of

Fig. 1.—Template RCs parameterized as functions of exponential disk scale
lengths. Each curve is labeled on the right by its mean I-band absolute mag-
nitude (H0 " 70 km s#1Mpc#1). The final sample includes 2155 RCs extending
beyond 2rd and with inclination to the line of sight i < 80(. The vertical dotted
lines show the interval over which the velocity normalization was performed
(see x 2). The error bars are Poissonian errors on the mean. Polyex fits to the data
points are indicated by solid lines; the fit coefficients are presented in Fig. 3 and
Table 1.
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For the purpose of this analysis, we adopt Equation (11) in
order to calculate the pressure-corrected rotation curves. For
simplicity, we will also assume that gas and stars have similar
disk scale lengths, equal to the sizes as derived for the star-
forming gas from the H! measurements. Note however that
there are theoretical reasons why the scale radius of the gaseous
disk component, including the part that is not forming stars
violently, should be larger than the scale length of the stellar disk
(e.g., Sales et al. 2009; Dutton et al. 2010; Guo et al. 2010). This
could systematically bias the derived rotational properties of the
disk if the mass fraction of the extended gaseous component is
large.

3. GALACTIC DISK MODEL

We adopt the model by Mo et al. (1998) of an exponential
disk, embedded in a Navarro–Frenk–White (NFW; Navarro et al.
1997) dark matter halo with density distribution

"DM (r) = 4"c

(r/rs)(1 + r/rs)2
, (12)

where rs is the halo scale radius and "c is the dark matter density
at rs. The scale radius is related to the virial radius r200 via
rs = r200/c, where c is the halo concentration parameter. The
dark halo rotation curve corresponding to Equation (12) is

v2
DM (r) = V 2

200

! r200

r

" ln(1 + r/rs) ! (r/rs)/(1 + r/rs)
ln(1 + c) ! c/(1 + c)

. (13)

High-resolution numerical cold dark matter (CDM) simulations
(e.g., Zhao et al. 2009) show that c depends strongly on
cosmological redshift. While c decreases with halo virial mass
M200 at low redshifts, the concentration is roughly constant with
c " 4 and independent of halo mass at z " 2. The halo virial
parameters r200 and M200 are related to each other through the
virial velocity V200 (Mo et al. 1998):

r200(z) = V200(z)
10H (z)

, M200(z) = V 3
200(z)

10GH (z)
. (14)

H is the Hubble parameter that depends on cosmological redshift
z:

H = H0[!" + (1 ! !" ! !M )(1 + z)2 + !M (1 + z)3]1/2. (15)

We adopt a standard "CDM cosmology with H0 = 73 km s!1

Mpc!1, !M = 0.238, and !" = 0.762.
The galactic disk is assumed to follow an exponential surface

density profile (Equation (10)). Its surface density at r = 0,
#0 is determined by the total disk mass Md = md # M200 with
md the disk mass fraction of the galaxy

#0 = md

M200

2#r2
d

. (16)

The circular velocity curve of an exponential disk is (Freeman
1970)

v2
disk(r) = 4#G#0 rdy

2[I0(y)K0(y) ! I1(y)K1(y)], (17)

with y = r/(2rd ) and the In and Kn denoting the modified Bessel
functions (Binney & Tremaine 2008).

We will neglect a bulge because we are interested in the outer
disk parts where the bulge contribution to the rotation curve is

in general negligible. In addition, several of the best resolved
SINS galaxies show no evidence for the presence of a significant
bulge component (Genzel et al. 2008). In this case and including
adiabatic contraction (Blumenthal et al. 1986; Jesseit et al. 2002)
of the dark halo, the zero-pressure rotation curve is determined
from the implicit equation

v2
0(r) = v2

disk(r) + v2
DM (r $), (18)

r $ = r

#
1 +

r # v2
disk(r)

r $ # v2
DM (r $)

$
. (19)

Given v0(r), the pressure-corrected rotation curve vrot(r) can
be calculated from Equation (2) or (11). This is easily done
in an iterative process. One first determines the disk rotation
curve, neglecting pressure as discussed in MMW. Adopting
a value of vmax/$ , its maximum rotational velocity provides
a first guess for $ which leads to a revised rotation curve
and a corresponding new value of vmax and $ . We find that
this procedure converges quickly after 10–20 iterations. In the
following, we will call vrot(r) the pressure-corrected MMW
rotation curve. It can be compared directly with observations
(Section 4.2). In addition, we can calculate the total disk angular
momentum Jd = 2#

%
#vrotrdr that will be used in the next

section in order to derive the disk spin parameter %d .

4. ANGULAR MOMENTUM AND BARYON CONTENT
OF HIGH-z GALAXIES

Figure 1 shows the half-light radii r1/2 of the SINS high-
redshift galaxies versus their maximum rotational velocity vmax.
The data points and potential uncertainties are discussed in
Förster-Schreiber et al. (2009), Cresci et al. (2009), and Law
et al. (2009). The errors in r1/2 and vmax are of order 1–2 kpc
and 20–30 km s!1, respectively. We take r1/2 instead of the expo-
nential disk scale length as it is independent of any assumption
about the light profile. vmax is in general a good approximation of
the disk’s rotational velocities outside of r1/2. The SINS galax-
ies segregate strongly into two distinct classes at a critical value
of vmax/$ " 3. We therefore empirically define dispersion-
dominated galaxies (open triangles and stars in Figure 1) as
objects with vmax/$ ! 3. For these galaxies, turbulent pressure
gradients have to be included in the interpretation of the rota-
tion curve. In contrast, for rotation-dominated galaxies (filled
triangles), defined by vmax/$ > 3, pressure effects are small.
Note that $ refers to the intrinsic velocity dispersion in the disk,
not to the observed line-of-sight or galaxy-integrated dispersion.
Figure 1 shows that most of the dispersion-dominated galaxies
have radii of order 1–3 kpc while the radii of rotationally domi-
nated galaxies are on average a factor of 2–3 larger. In addition,
the dispersion-dominated systems have rotational velocities of
order 100 km s!1, while rotation-dominated galaxies rotate with
250 km s!1.

The specific angular momentum of a dark halo is usually
specified by the dimensionless spin parameter (Bullock et al.
2001; Burkert 2009)

% = J200%
2M200V200r200

, (20)

where J200 is the total angular momentum of the halo. %
follows a log-normal distribution with a median of % = 0.035
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In addition to the unusual kinematics and structure of high-
redshift disks, their global physical parameters appear to be
puzzling and inconsistent with theoretical expectations. Bouché
et al. (2007) found that many high-z galaxies lie in a similar part
of the rotation velocity versus disk radius plane as late-type z !
0 disks (Courteau et al. 2007), which is not expected according
to the standard Mo et al. (1998, MMW) model of galactic disk
structure. Förster-Schreiber et al. (2009) compared the derived
dynamical masses with the stellar masses (from spectral energy
distribution, SED, analysis) and gas masses (from an application
of the Kennicutt–Schmidt star formation relation). They found
disk masses that are remarkably and perhaps implausibly high.

The MMW model neglects galactic disk turbulence which is
reasonable for present day disks with v/! ! 20. The situation
is, however, different at high redshifts where turbulence can
strongly affect the disk structure. This paper discusses the impact
of large turbulent motions on the interpretation of the dynamical
data of disk galaxies. We show that, including turbulent pressure,
the disk spin parameters and disk mass fractions of dispersion-
dominated galaxies are reduced to values that are consistent with
theoretical expectations. The situation is different for rotation-
dominated galaxies where pressure effects play a minor role. As
already suggested by numerous studies at low redshifts (e.g., Mo
& Mao 2000; Dutton et al. 2007), we argue that the observed
high-redshift galaxies are in better accord with cosmological
models if it is assumed that their dark matter halos did not
contract adiabatically. Finally, we propose an explanation for
why large turbulence might be more common in many high-z
disks and what the energy source of turbulence in these disks
might be.

2. ROTATION CURVES OF PRESSURIZED, TURBULENT
GALACTIC DISKS

Let us consider a turbulent galactic gas disk. We analyze its
rotational velocity vrot in the midplane, applying the hydrostatic
equation

v2
rot

r
= fg(r) +

1
"

dp
dr

, (1)

where r is the distance from the galactic center, fg is the value
of the gravitational force, p is the pressure which consists of
a turbulent (kinetic), and thermal part, p = "(! 2 + c2

s ) with "
the gas density, ! the characteristic one-dimensional velocity
dispersion of the gas which we assume to be isotropic and cs its
sound speed. We define the zero-pressure velocity curve v0(r)
as the rotational velocity of the gas if pressure gradients are
negligible, i.e., dp/dr = 0: v2

0 " fg # r . Equation (1) then
reduces to

v2
rot = v2

0 +
r

"

dp
dr

= v2
0 +

1
"

d

dlnr

!
"! 2" . (2)

Here, we have neglected the thermal pressure term as the sound
speed is in general much smaller than the turbulent velocity.
Equation (2) is the most general form, without specifying
the radial dependence of ! and ". It demonstrates that a negative
radial pressure gradient reduces the rotational velocity of the
gas as part of the gravitational force is balanced by the pressure
force.

To illustrate the possible importance of pressure effects, let
us now assume that ! is independent of r. Then

v2
rot = v2

0 + ! 2 dln"

dlnr
. (3)

If ! is also independent of height z above the disk’s equatorial
plane, the vertical density distribution is given by the vertical
hydrostatic Spitzer solution (Spitzer 1942; Binney & Tremaine
2008, Chap. 4):

"(z) = "0sech
2(z/h) (4)

with "0(r) the density in the midplane (z = 0) at radius r and

h = !$
2#G"0

, (5)

the scale height. The total mass surface density !(r) of such a
disk is (Binney & Tremaine 2008)

! = 2"0h, (6)

so that

"0 = #G!2

2! 2
. (7)

Equations (5)–(7) offer an interesting future observa-
tional test of our assumptions as for an exponential disk
(Equation (10)) with constant velocity dispersion the scale
height h should increase exponentially with radius

h = ! 2

#G!0
exp

#
r

rd

$
. (8)

Inserting "0 from Equation (7) into Equation (3), the rotation
curve in the equatorial plane of a pressurized gas disk is

v2
rot = v2

0 + 2! 2 dln!
dlnr

. (9)

For example, for an exponential disk profile with scale length rd

!(r) = !0 # exp
#

% r

rd

$
. (10)

Equation (9) leads to

v2
rot = v2

0 % 2! 2
#

r

rd

$
. (11)

Note that vrot is the actually observable rotational velocity of
the gas, while v0 is the rotation expected if pressure effects are
negligible (! = 0). For vrot/! ! 3, the rotational velocity is
significantly reduced by turbulent pressure effects for r " rd .
A very similar equation holds for stellar disks as a special form
of the Jeans equation (Binney & Tremaine 2008). Equation (11)
was derived for an exponential surface density distribution
and a constant velocity dispersion. In general, the situation is
more complex as parts of the disk might have constant surface
densities, while other parts might show a steep gradient. In
addition, the velocity dispersion might change with radius.
In this case, one would have to solve Equation (1) directly.
The best-resolved high-redshift disk galaxies show roughly
constant velocity dispersion profiles (Genzel et al. 2008) and
exponentially decreasing H$-surface brightness distributions of
the star-forming gas with scale lengths similar to the stellar disks
within 1–3 disk scale lengths (Cresci et al. 2009; N. Bouché
et al. 2010, in preparation). This is also the region where the
rotation curves are flat and achieve their maximum values vmax
(Figure 3). vmax will be used in the following to compare the
observations with theory.

turnover radius~2.16 rd
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Figure 1 | H! gas dynamics from KMOS and SINFONI in six massive 
star-forming galaxies. The galaxies have redshifts between z =  0.9  
and z =  2.4. KMOS provides seeing-limited data (full-width at half-
maximum, FWHM !  0.6" ); SINFONI allows both seeing-limited and 
adaptive-optics-assisted observations (FWHM !  0.2" ). a, For each  
galaxy, the distribution of the integrated H#  line surface brightness is 
shown (colour scale; with a linear scaling), superposed on the stellar 
surface density (!*; top three panels) or the H-band continuum surface  
brightness (!H; bottom three panels) (white contours; square-root  
scaling). The horizontal white bar denotes the physical size scale.  
b, Velocity maps (colour scale; with extreme values indicated, in km s$1) 
superposed on !* or !H contours (white lines; square-root scaling), 
derived from fitting a Gaussian line profile to the H#  data in each pixel 
(0.05" ). All galaxies have FWHM !  0.25"  (2 kpc) except GS4 43501 and 
COS4 01351, which have FWHM !  0.55" $0.67"  (5 kpc). c, Extracted line 
centroids (and ± 1 r.m.s. uncertainties) along the kinematic major axis 
(white line in b). For COS4 01351 (bottom panel) and GS4 43501 (fourth 
panel), we show SINFONI (black filled circles) and KMOS (open blue 
circles) datasets; for D3a 15504 (top panel) we show SINFONI datasets 

at 0.2"  (filled black circles) and 0.5"  (open blue circles) resolution. Red 
continuous lines denote the best-fit dynamical model, constructed from 
a combination of a central compact bulge, an exponential disk and an 
NFW halo without adiabatic contraction, with a concentration of c =  4 
at z !  2 and c =  6.5 at z !  1. For the modelling of the disk rotation, we 
also take into account the asymmetric drift correction inferred from the 
velocity dispersion curves (d and e; ref. 14). The times shown in each 
panel indicate the total on-source integration time. d, e, Two-dimensional 
(d; colour scale) and major-axis (e; with ± 1 r.m.s. uncertainties) velocity 
dispersion distributions inferred from the Gaussian fits (after removal 
of the instrumental response: "instr !  37 km s$1 at z !  0.85 and z !  2.2; 
"instr !  45 km s$1 at z =  1.5), superposed on !* or !H contours (d; 
white lines). The numbers in d indicate the minimum and maximum 
velocity dispersions. The colouring of the data and red lines in e are as 
in c. All physical units are based on a concordance, flat cold dark matter 
cosmology, with cosmological constant % , matter density relative to the 
critical density of closing the Universe #m =  0.3 and ratio of baryonic to 
total matter density #baryon/#m =  0.17, and for the z =  0 Hubble parameter 
H0 =  70 km s$1 Mpc$1.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

LETTERRESEARCH

3 9 8  |  N A T U R E  |  V O L  5 4 3  |  1 6  M A R C H  2 0 1 7

+220

–220

3.5″ (27 kpc)  C
O

S
4 

01
35

1,
 z

 =
 0

.9
+40

+140

Major-axis offset (″) Major-axis offset (″)

  
 

12 h

 

–170

+170

+60+210

2.6″ (21 kpc)D
3a

 1
55

04
, z

 =
 2

.4

200
–10 0 10 –10 0 10

–10 0 10

–1 0 1

–10 0 10

–10 0 10

–10 0 10

–10

–20

–3 –2 –1 0 1 2 3

–10 0 10 20

0 10

100

0

–100

–200

200

100

0

–100

–200

200

100

0

200

100

0

200

100

0

200

200

150

100

50

0

200

150

100

50

0

200

150

100

50

0

100

0

–100

–200

200

100

0

–100

–200

0

–100

–200

–300

300

200

100

0

–100

–200

–300

300

200

100

–2 –1 0 1

–1 0 1

–1 0 1

–1 0 1

2 –2 –1 0 1 2

–2 –1 0 1 2

Major-axis offset (kpc)

R
ot

at
io

n 
ve

lo
ci

ty
 (k

m
 s

–1
)

R
ot

at
io

n 
ve

lo
ci

ty
 d

is
pe

rs
io

n 
(k

m
 s

–1
)

Major-axis offset (kpc)

33 h
 

c ea b d

–2 –1 0 1 2

+190

–190
2.6″ (22 kpc) G

S
4 

43
50

1,
 z

 =
 1

.6
 

+30

+140

28 h
 

1.2″ (10 kpc) 

D
3a

 6
39

7,
 z

 =
 1

.5

+170

–170

+58

+160

9 h
 

10 h
 

–10 0 10

–10

–20 –10 0 10 20

0 10

–10 0 10

–1 0 1

–1

–3 –2 –1 0 1 2 3

0 1

2.5″ (21 kpc) 

zC
 4

06
69

0,
 z

 =
 2

.2

+120

–120
+40 +140

1.1″ (9 kpc)

zC
 4

00
56

9,
 z

 =
 2

.2

+215

–215

+40

+134

22 h
 

Figure 1 | H! gas dynamics from KMOS and SINFONI in six massive 
star-forming galaxies. The galaxies have redshifts between z =  0.9  
and z =  2.4. KMOS provides seeing-limited data (full-width at half-
maximum, FWHM !  0.6" ); SINFONI allows both seeing-limited and 
adaptive-optics-assisted observations (FWHM !  0.2" ). a, For each  
galaxy, the distribution of the integrated H#  line surface brightness is 
shown (colour scale; with a linear scaling), superposed on the stellar 
surface density (!*; top three panels) or the H-band continuum surface  
brightness (!H; bottom three panels) (white contours; square-root  
scaling). The horizontal white bar denotes the physical size scale.  
b, Velocity maps (colour scale; with extreme values indicated, in km s$1) 
superposed on !* or !H contours (white lines; square-root scaling), 
derived from fitting a Gaussian line profile to the H#  data in each pixel 
(0.05" ). All galaxies have FWHM !  0.25"  (2 kpc) except GS4 43501 and 
COS4 01351, which have FWHM !  0.55" $0.67"  (5 kpc). c, Extracted line 
centroids (and ± 1 r.m.s. uncertainties) along the kinematic major axis 
(white line in b). For COS4 01351 (bottom panel) and GS4 43501 (fourth 
panel), we show SINFONI (black filled circles) and KMOS (open blue 
circles) datasets; for D3a 15504 (top panel) we show SINFONI datasets 

at 0.2"  (filled black circles) and 0.5"  (open blue circles) resolution. Red 
continuous lines denote the best-fit dynamical model, constructed from 
a combination of a central compact bulge, an exponential disk and an 
NFW halo without adiabatic contraction, with a concentration of c =  4 
at z !  2 and c =  6.5 at z !  1. For the modelling of the disk rotation, we 
also take into account the asymmetric drift correction inferred from the 
velocity dispersion curves (d and e; ref. 14). The times shown in each 
panel indicate the total on-source integration time. d, e, Two-dimensional 
(d; colour scale) and major-axis (e; with ± 1 r.m.s. uncertainties) velocity 
dispersion distributions inferred from the Gaussian fits (after removal 
of the instrumental response: "instr !  37 km s$1 at z !  0.85 and z !  2.2; 
"instr !  45 km s$1 at z =  1.5), superposed on !* or !H contours (d; 
white lines). The numbers in d indicate the minimum and maximum 
velocity dispersions. The colouring of the data and red lines in e are as 
in c. All physical units are based on a concordance, flat cold dark matter 
cosmology, with cosmological constant % , matter density relative to the 
critical density of closing the Universe #m =  0.3 and ratio of baryonic to 
total matter density #baryon/#m =  0.17, and for the z =  0 Hubble parameter 
H0 =  70 km s$1 Mpc$1.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

- outer rotation curves drop beyond the turnover radius

are they representative of high-z SF galaxies?
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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 !1! 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/!0 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
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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 !0 stays approximately  constant. 
Figure 2 shows data for a galaxy with vrot/!0 !  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 !0 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 !0 !  50 km s$1 (and a ratio of rotation velocity to dispersion 
of vrot/!0 !  5)17.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Comparisons with low-redshift results

- passive galaxies are probably the descendants of massive star-forming 
galaxies
- the low dark-matter fractions may be preserved in the properties of the 
local passive population

Genzel+17
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galaxies. Large gas columns can easily dissipate angular  momentum 
and drive gas inward. The strong redshift dependence of the gas 
fractions could explain the decrease in fDM between z =  2.3 and z =  1  
(Fig. 3). Second, massive galaxies at high redshift are thought to grow 
by rapid gas accretion, gas-rich mergers and star formation triggered 
by this accretion27,28. In this dissipation-dominated peak phase of 
galaxy growth, the centres of dark-matter haloes can become baryon- 
dominated in ‘compaction events’ that are triggered by mergers, disk 
instabilities or colliding streams in the intergalactic web29, or by gas 
‘pile-up’ at early times when the gas accretion rates were larger than the 
star formation consumption rates. However, results from  abundance 
matching indicate that the average stellar-to-dark-matter ratio at  
the virial radius of the halo does not depend strongly on cosmic epoch 
and is well below the cosmic baryon fraction fb !  0.17, suggestive of 
very efficient removal of baryons by galactic outflows30.

Third, it is also possible that the baryon dominance is caused by a lack 
of dark matter in the inner disk. These dark-matter haloes could  deviate 
from the standard NFW profile, with low concentration  parameter 
(c <  5), if they were still growing rapidly and not yet in  equilibrium, 
or if they were perturbed by strong stellar and active- galactic-nucleus 
feedback. We discuss some of these alternatives, such as low concen-
tration parameters, and provide a quantitative  comparison between 
observations and simulations in Methods.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Table 1 | Physical parameters of observed star-forming galaxies

COS4 01351 D3a 6397 GS4 43501 zC 406690 zC 400569 D3a 15504

Redshift, z 0.854 1.500 1.613 2.196 2.242 2.383

Scale (kpc arcsec$1) 7.68 8.46 8.47 8.26 8.23 8.14

Priors

Stellar mass, M* (1011M⊙) 0.54 ±  0.16 1.2 ±  0.37 0.41 ±  0.12 0.42 ±  0.12 1.2 ±  0.37 1.1 ±  0.34

Total (gas +  stars) baryonic mass, Mbaryon (1011M⊙) 0.9 ±  0.5 2.3 ±  1.1 0.75 ±  0.37 1.4 ±  0.7 2.5 ±  1.2 2.0 ±  1.0

H-band half-light radius, R1/2 (kpc) 8.6 ±  1.3 5.9 ±  0.8 4.9 ±  0.7 5.5 ±  1 4 ±  2 6.3 ±  1

Inclination, i (°) 75 ±  5 30 ±  5 62 ±  5 25 ±  12 45 ±  10 34 ±  5

Dark-matter concentration parameter, c 6.8 5 5 4 4 4

Fit parameters

vc(R =  R1/2)* (km s$1) 276 310 257 301 364 299

R1/2(n =  1) (kpc) 7.3 7.4 4.9 5.5 3.3 6

Velocity dispersion, !0 (km s$1) 39 73 39 74 34 76

Total (gas +  stars, including bulge)  
baryonic mass, Mbaryon (1011M⊙)

1.7 2.3 1.0 1.7 1.7 2.1

Mbulge/Mbaryon† 0.2 0.35 0.4 0.6 0.37 0.15

fDM(R =  R1/2)‡ 0.21 (0.1) 0.17 (< 0.38) 0.19 (0.09) 0.0 (< 0.08) 0.0 (< 0.07) 0.12 (< 0.26)

*Total circular velocity at the half-light radius (rest-frame optical) R1/2, including bulge, exponential disk (n =  1) and dark matter, and corrected for asymmetric drift: 
! ! "= + . / / =R R R R( ) ( ) 3 36 ( )c rot n

2 2
0
2

1 2 1. 
†Mbulge is the baryonic mass con!ned to the central 1 kpc of the galaxy, less the contribution from the exponential disk. 
‡Ratio of dark-matter mass to total mass at the best-!t half-light radius of the optical light, = = //

= /

f R R v v( ) ( )
R R

DM 1 2 DM c
2

1 2

; numbers in parentheses are the ± 2 r.m.s. or upper limits (goodness of !t % "2 =  4, about  

95% probability) uncertainties. We use an NFW halo with concentration parameter c and no adiabatic contraction.
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Figure 3 | Dark-matter fractions. Dark-matter fractions fDM from 
different methods are listed as a function of the circular velocity of the 
disk vc, at approximately the half-light radius of the disk R1/2, for galaxies 
in the current Universe and about 10 Gyr ago. The large blue circles with 
red outlines indicate the dark-matter fractions derived from the outer-disk 
rotation curves for the six high-redshift disks presented here (Table 1),  
along with the ± 2 r.m.s. uncertainties of the inferred dark-matter fractions 
and circular velocities. The average dark-matter fractions (and their  
± 1 r.m.s. errors/dispersions in the two coordinates) obtained from the 
comparison of inner rotation curves and the sum of stellar and gas masses 
for 92 z =  2–2.6 and 106 z =  0.6–1.1 star-forming galaxies are indicated 
by the filled black circle and green triangle, respectively6.We compare 
these high-redshift results to z =  0 estimates obtained using different 
independent techniques for late-type, star-forming disks7 (crossed grey 
squares, red filled square), for the Milky Way20 (crossed black circle), 
for massive, bulged, lensed disks7 (crossed red circles), and for passive 
early-type disks23 (thick magenta line). The upward magenta arrow marks 
the typical change if the z =  0 data dark-matter haloes are maximally 
adiabatically contracted.
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Figure 1. Postage stamp images of the galaxies analysed in this paper. The images are obtained from multicolour HST images as described in SWELLS-I
and III.

Table 1. Basic properties of galaxies analysed in this paper. All errors correspond to 1! . Column 1 lists the lens ID; Column 2 the redshift of the deflector;
Column 3 gives the velocity dispersion of the singular isothermal ellipsoid (SIE) lens model from paper III; Columns 4 and 5 give half-light sizes for the bulge
(circularized) and disc (major axis) from papers I and III; Columns 6, 7 and 8 give the stellar masses for the bulge, disc and total, assuming a Chabrier (2003)
IMF; Columns 9 and 10 give the model (dust-reddened) rest-frame V-band luminosities for the bulge and disc; Columns 11 and 12 give the model (B ! V)
colours for the bulge and disc.

ID zd ! SIE Rbulge Rdisc log(MChab
SPS,b) log(MChab

SPS,d) log(MChab
SPS,t) log(LV ,b) log(LV ,d) (B ! V)b (B ! V)d

(km s!1) (kpc) (kpc) (M") (M") (M") (L", V) (L", V)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

J0841+3824 0.116 251.2 ± 4.4 2.42 23.43 11.05 ± 0.09 11.23 ± 0.09 11.45 ± 0.07 10.54 ± 0.04 10.84 ± 0.04 0.79 0.70
J0915+4211 0.078 195.7 ± 2.2 1.56 4.15 10.60 ± 0.09 10.17 ± 0.09 10.74 ± 0.08 10.03 ± 0.05 9.73 ± 0.05 0.81 0.72
J0955+0101 0.111 238.4 ± 7.3 1.62 3.72 10.63 ± 0.09 10.17 ± 0.09 10.76 ± 0.07 10.00 ± 0.04 9.73 ± 0.04 0.87 0.73
J1251!0208 0.224 203.0 ± 2.6 1.68 12.01 10.68 ± 0.07 10.96 ± 0.07 11.14 ± 0.06 10.16 ± 0.04 10.68 ± 0.03 0.82 0.65
J1331+3638 0.113 248.1 ± 4.4 2.86 12.46 10.89 ± 0.10 10.46 ± 0.10 11.03 ± 0.07 10.38 ± 0.04 10.34 ± 0.04 0.78 0.47

paper III concluded that a global Salpeter IMF is on average ruled
out by the data. Basic properties of the subsample analysed in this
paper are given in Table 1.

2.2 Strong lensing

Strong lensing models for our sample galaxies are presented in
SWELLS-III. The parameter that is most directly constrained by
strong lensing is the circularized Einstein radius b (Treu 2010, and
references therein). This is defined to be the radius inside which
the average surface density is equal to the critical density for strong
lensing:

Mproj(b)
!b2

= "crit # c2

4!G

Ds

DdsDd
. (1)

Here Ds is the angular diameter distance from the observer to the
source, Dd is the angular diameter distance from the observer to the
deflector (i.e. the lens) and Dds is the angular diameter distance from
the deflector to the source. The critical density thus depends only
on the distances to the lens and source, which are known for all our
lens systems from the SDSS redshifts and our adopted cosmology.

For comparison to kinematics it is convenient to express the lens-
ing results in terms of circular velocity or velocity dispersion, where
VSIE =

$
2!SIE. However, since the mass profiles are in general not

isothermal, the conversion from projected mass into circular ve-
locity at the Einstein radius is non-trivial. For a total mass profile
steeper than isothermal, which is the case for our galaxies, the circu-
lar velocity at the Einstein radius is larger than the nominal circular
velocity of the singular isothermal ellipsoid (SIE) model.

Thus, in our mass models in this paper we fit directly for b,
rather than the mass projected within b [due to covariance between
Mproj(b) and b], or the derived circular velocity/velocity dispersion
at the Einstein radius.

2.3 Gas kinematics

We obtained major axis long-slit spectra for all five galaxies with
the Low Resolution Imaging Spectrograph (Oke et al. 1995) on the
Keck I 10-m telescope between 2008 November and 2011 April.
Typical exposure times were 60 min, with seeing conditions of full
width at half-maximum (FWHM) % 1.0 arcsec. On the red side we
used the 600/7500 line grating which gives a pixel scale of 1.26 Å
pixel!1. With a 1 arcsec wide slit the resulting spectral resolution
is & 4.2 Å, corresponding to a velocity dispersion resolution of
%70 km s!1 at the wavelength of H#. We adopt spatial samplings
of & 1.1–1.5 arcsec (5–7 pixels) corresponding to %1 data point per
seeing FWHM.

We measured rotation curves by fitting Gaussians to one-
dimensional spectra extracted along the slit. To improve centroiding
accuracy we fitted the redshift of neighbouring emission lines si-
multaneously. The primary set of emission lines are H# 6563, [N II]
6583, 6548. The line flux ratios between the two [N II] lines were
fixed at the expected values. The velocity dispersions of the line
pairs were also imposed to be the same, but were allowed to be
different than H#. The continuum was fitted with a second-order
polynomial.

The observed rotation velocities are lowered from the true circular
velocities by several effects. First, there is a sin (i) term due to
the inclination, i, of the galaxy with respect to the line of sight.
Secondly, there is the (potential) position angle offset of the slit
from the kinematic major axis. Thirdly, there is beam smearing due
to finite slit width and seeing. These effects are taken into account
in our modelling. We create model velocity fields and extract flux-
weighted rotation velocities inside a 1 arcsec wide slit, which has
a position angle offset from the major axis. For this calculation
we assume that the line-emitting gas traces the stellar disc. This
assumption is the major source of systematic uncertainty in our
models. To minimize the impact of the uncertainties in the beam
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Figure 5. Fixed-slope fits for the sTFR (left) and the bTFR (right) using local (black) slopes to our KMOS3D subsamples at z ⇠ 0.9 (blue) and
z ⇠ 2.3 (red). For the local relations, we give a and b corresponding to our adopted functional form of the TFR give in Equation (2), with
log(vref [km/s])=0. For the sTFR, we find no (or only marginal) evolution of the sTFR zero-point in the studied redshift range. Comparing
to the local relation by Reyes et al. (2011) we find �b = �0.44 and �0.42 dex at z ⇠ 0.9 and z ⇠ 2.3, respectively. For the bTFR, we find a
positive evolution of the zero-point between z ⇠ 0.9 and z ⇠ 2.3. Comparing to the local relation by Lelli et al. (2016) we find �b = �0.44 and
�0.27 dex at z ⇠ 0.9 and z ⇠ 2.3, respectively.
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Figure 6. Left and middle panel: the vrot-sTFRs at z ⇠ 0.9 (left panel) and z ⇠ 2.3 (middle panel). We show fits from Tiley et al. (2016)
(z ⇠ 0.9; magenta), Miller et al. (2011) (z ⇠ 1; green) and Cresci et al. (2009) (z ⇠ 2.2; orange) as solid lines, together with corresponding
fixed-slope fits to our samples as dashed lines. From Tiley et al., we use their best fixed-slope fit to their disky subsample. From Miller et al.,
we use the z ⇠ 1 fit corresponding to total stellar mass and vrot,3.2. Our findings regarding the zero-point o�set are in agreement with Tiley
et al. and Cresci et al., but in disagreement with Miller et al.. Right panel: the S0.5-bTFR at z ⇠ 2.3. We show the fit from Price et al. (2016)
(z ⇠ 2; red) as a solid line, together with the corresponding fixed-slope fit to our sample as a dashed line. Our findings regarding the zero-point
o�set are in agreement.
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- at fixed velocity, higher baryonic mass and similar stellar mass at 
z~2.3 as compared to z~0.9
- zero point offset is not monotonic
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aiming to explain the redshift evolution of both the sTFR and
the bTFR, in particular the relative zero-point o�sets at
z ⇠ 2.3, z ⇠ 0.9, and z ⇠ 0.

Our galaxies are supposed to have formed at the centers
of DM haloes. A simple model for a DM halo in approxi-
mate equilibrium is a truncated isothermal sphere, limited
by the radius Rh where the mean density equals 200 times
the critical density of the Universe. The corresponding
redshift-dependent relations between halo radius, mass
Mh , and circular velocity Vh are

Mh =
V 3
h

10G · H (z)
; Rh =

Vh

10H (z)
(3)

(Mo et al. 1998), where H (z) is the Hubble parameter, and
G is the gravitational constant. The first equation shows
that the relation between Mh and Vh is a smooth function
of redshift.

In theory, the relation between these halo properties and
corresponding galactic properties can be complex due to
the response of the halo to the formation of the central
galaxy (see e.g. the discussions on halo contraction vs.
expansion by Du�y et al. 2010; Dutton et al. 2016; Vel-
liscig et al. 2014). However, through recent studies and
modelling of high�z SFGs we now have a number of con-
straints handy which implicitly contain information on
the DM halo profile on galactic scales.

Relations corresponding to Equations (3) for the central
baryonic galaxy can then be derived via assuming a direct
mapping between the halo and galaxy mass and radius.
Information on the inner halo profile is contained in pa-
rameters such as the disk mass fraction md = Mbar/Mh ,
or the central DM fraction fDM(r) = v2

DM(r)/v2
circ(r). For

our galaxies, we know their stellar mass M⇤ and e�ective
radius Re , their baryonic mass Mbar and gas mass frac-
tion fgas = Mgas/Mbar from empirical scaling relations,
and their circular velocity vcirc(r) and related central DM
fraction fDM(r) from dynamical modelling, as detailed in
§§ 2.2 and 2.3 and in the references given there. We fur-
ther have an estimate of their average baryonic disk mass
fraction md (Burkert et al. 2016). We can combine this in-
formation to construct a toy model of the TFR zero-point
evolution, where we take the redshift dependencies of these
various parameters into account (see Appendix D.1 for a
detailed derivation):

Mbar =
v3

circ(Re )
H (z)

· [1 � fDM(Re, z)]3/2

m1/2
d (z)

· C (4)

M⇤ =
v3

circ(Re )
H (z)

· [1 � fDM(Re, z)]3/2 [1 � fgas(z)]
m1/2

d (z)
·C 0, (5)

where C and C 0 are constants. Here, we have assumed
that, in contrast to the disk mass fraction, the proportion-
ality factor between DM halo radius and galactic radius

is independent of redshift (see e.g. Burkert et al. 2016).
Equations (4) and (5) reveal that the TFR evolution can

be severely a�ected by changes of fDM(Re ), md , or fgas
with redshift, and does not necessarily follow the smooth
evolution of the halo parameters given in Equation (3).
There have been indications for deviations from a simple
smooth TFR evolution scenario in the theoretical work
by Somerville et al. (2008). Also the recent observational
compilation by Swinbank et al. (2012) showed a deviating
evolution (although qualified as consistent with the smooth
evolution scenario).

Evaluating Equations (4) and (5) at fixed vcirc(Re ), we learn
the following: (i) if fDM(Re ) decreases with increasing red-
shift, the baryonic and stellar mass will increase and conse-
quently the TFR zero-point will increase; (ii) if md increases
with increasing redshift, the baryonic and stellar mass will
decrease and consequently the TFR zero-point will decrease;
(iii) if fgas increases with increasing redshift, the stellar mass
will decrease and consequently the sTFR zero-point will de-
crease. These e�ects are illustrated individually in Figure D7
in Appendix D.

We constrain our toy model at redshifts z = 0, z ⇠ 0.9,
and z ⇠ 2.3 as follows: the redshift evolution of fgas is ob-
tained through the empirical atomic and molecular gas mass
scaling relations by Saintonge et al. (2011) and Tacconi et al.
(2017). At fixed circular velocity, fgas evolves significantly
with redshift, where z ⇠ 2 galaxies have gas fractions which
are about a factor of eight higher than in the local Universe.
The redshift evolution of fDM(Re ) is constrained through the
observational results by Martinsson et al. (2013b,a) in the
local Universe, and by W16 at z ⇠ 0.9 and z ⇠ 2.3. We
tune the redshift evolution of fDM(Re ) within the ranges al-
lowed by these observations to optimize the match between
the toy model and the observed TFR evolution presented in
this paper. fDM(Re ) evolves significantly with redshift, with
z ⇠ 2 DM fractions which are about a factor of five lower
than at z = 0. md is constrained by the abundance matching
results by Moster et al. (2013) in the local Universe, whereas
at 0.8 < z < 2.6 we adopt the value deduced by Burkert
et al. (2016). Details on the parametrization of the above
parameters are given in Appendix D.2.

In Figure 7 we show how these empirically motivated,
redshift-dependent DM fractions, disk mass fractions, and
gas fractions interplay in our toy model framework to approx-
imately explain our observed TFR evolution, specifically the
TFR zero-point o�sets at fixed circular velocity as a func-
tion of cosmic time. In particular, this is valid at z = 0,
z = 0.9, and z = 2.3, while we have partially interpolated
in between. Our observed KMOS3D TFR zero-points of the
bTFR (blue squares) and the sTFR (yellow stars) at z ⇠ 0.9
and z ⇠ 2.3 are shown in relation to the local TFRs by Lelli
et al. (2016) and Reyes et al. (2011). The horizontal error
bars of the KMOS3D data points indicate the spanned range
in redshift, while the vertical error bars show fit uncertainties.

1. DM Halo (Mo+98)
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Figure C5. Top panel: residuals of the bTFR as a function of
e�ective radius, using �Mbar = 0.05 dex. The dashed lines show the
sample standard deviation. While we find no significant correlation
for our full sample (⇢ = 0.02, � = 0.8059), a slightly stronger
correlation for the highest redshift bin (red) is visible. Bottom
panel: same as above, but using �Mbar = 0.4 dex. We find a weak
correlation for our full sample (⇢ = �0.19, � = 0.0295), and again
a slightly stronger correlation for the highest redshift bin.

and with it the TFR residuals, are strongly dependent on the
accuracy of the mass and SFR measurements.

D. DERIVATION OF THE TOY MODEL FOR TFR
EVOLUTION

D.1. The theoretical framework
In the following, we give details on the theoretical toy

model derivation of the TFR and its evolution. The rela-
tionship between the DM halo mass, radius, and circular
velocity are given by Equations (3), describing a truncated
isothermal sphere. A plausible model for a SFG which has
formed inside the dark halo is a self-gravitating thin baryonic
disk with an exponential surface density profile

⌃(r) = ⌃0 e�r/Rd , (D2)

where ⌃0 is the central surface density, related to the baryonic
disk mass as Mbar / ⌃0 R2

d . In reality, disk galaxies feature
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Figure C6. Top panel: residuals of the bTFR as a function of SFR
surface density ⌃SFR, using �Mbar = 0.05 dex. The dashed lines
show the sample standard deviation. We find no correlation for our
fiducial fit (⇢ = �0.08, � = 0.3557). Bottom panel: same as
above, but using �Mbar = 0.4 dex. We find a significant correlation
(⇢ = �0.37, � = 1.1 ⇥ 10�5).

a finite thickness. This does not a�ect the scalings presented
here (see e.g. Courteau & Rix 1999; Binney & Tremaine
2008, and references therein). To associate the baryonic disk
to the dark halo, one can assume a simple model where
the corresponding masses and radii are related through a
proportionality factor:

Mbar = m f · Mh ; Rbar = r f · Rh . (D3)

m f is conventionally know as the disk mass fraction md

and we use this latter expression elsewhere in the text. Rbar
can be expressed through the disk scale length Rd , or the
e�ective radius Re , which for rotation-dominated systems
are related through Re ⇡ Rd · 1.68. As noted in Section 5,
we take r f to be independent of redshift. In standard
models of disk galaxy evolution, r f combines information
on the halo spin parameter, on the halo concentration
parameter, and on the ratios of the angular momenta
and masses of baryons and DM (cf. Equation (28) of Mo

constant

Mbar/md=C1×Rd3H(z)2

2. Exponential disk (Freeman+70)
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Figure D7. TFR zero-point o�sets of the stellar and baryonic mass TFRs as a function of cosmic time. The symbols show the KMOS3D data in
relation to the corresponding local normalizations by Reyes et al. (2011; R11) and Lelli et al. (2016b; L16), as shown in Figure 7. The black line
shows the TFR evolution for a model governed solely by H (z). The colored lines show toy models for the bTFR (blue) and the sTFR (orange)
evolution for di�erent combinations of additional redshift dependencies of fgas, fDM(Re ), or md , as detailed in Appendix D, and as indicated
in the legend. The grey lines show our final toy model following Equations (4) and (5) and including fgas(z), fDM(Re, z), and md (z) as shown
in inset (a) in Figure 7.

et al. (1998), accounting for adiabatic contraction). It has
however been shown that the ratio between Rh and Rd is
approximately constant for massive SFGs in the redshift
range 0.8 < z < 2.6 (Burkert et al. 2016). This does also
hold for our TFR sample and the average values at z ⇠ 0.9
and z ⇠ 2.3, even though there is substantial scatter for
individual objects.

To quantify the contributions of baryons and DM to the
circular velocity at a certain radius we write

vcirc(r) =
q
v2

bar(r) + v2
DM(r). (D4)

The baryonic contribution can be computed, for instance,
using the expression for an infinitely thin exponential disk
(Freeman 1970),

v2
bar(r) = 4⇡G ⌃0Rd y

2[I0(y)K0(y) � I1(y)K1(y)], (D5)

where y = r/(2Rd ), and Ii (y) and Ki (y) are the modified
Bessel functions of the first and second kind. At r = Re , this
equation becomes

v2
bar(Re ) =

Mbar
Rd
· C 00, (D6)

where C 00 is a constant. The DM component can be de-
rived simply through a DM fraction at the radius of interest,
fDM(r) = v2

DM(r)/v2
circ(r), or via adopting a full mass profile

(e.g. NFW or Einasto, Navarro et al. 1996; Einasto 1965).
Equations (3) can be combined to

Mh = R3
hH (z)2 102 G�1. (D7)

Via inserting Equations (D3) into Equation (D7), and via sub-
stituting Rd through a re-arranged Equation (D6), one arrives
at Equation (4) given in Section 5. After introducing the gas
fraction fgas = Mgas/Mbar, one arrives at Equation (5). These
equations predict a TFR evolution with a constant slope, but
evolving zero-point with cosmic time, depending not only on
H (z), but also on changes in md , fDM(Re ), and fgas with
cosmic time.

We note that deviations from the proposed slope (a = 3)
can be related to additional dependencies on vbar, e.g. of the
surface density ⌃ (Courteau et al. 2007).

D.2. Observational constraints on the redshift evolution of
fgas, md , and fDM(Re )

In the following paragraphs, we discuss the motivation for
the adopted redshift evolution of fgas, md , and fDM(Re ) in
the toy model context. Figure D7 summarizes the individ-
ual and combined e�ects of adopting the respective redshift
evolutions of fgas, md , and fDM(Re ) for the bTFR and sTFR
evolution.
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in inset (a) in Figure 7.

et al. (1998), accounting for adiabatic contraction). It has
however been shown that the ratio between Rh and Rd is
approximately constant for massive SFGs in the redshift
range 0.8 < z < 2.6 (Burkert et al. 2016). This does also
hold for our TFR sample and the average values at z ⇠ 0.9
and z ⇠ 2.3, even though there is substantial scatter for
individual objects.

To quantify the contributions of baryons and DM to the
circular velocity at a certain radius we write

vcirc(r) =
q
v2

bar(r) + v2
DM(r). (D4)

The baryonic contribution can be computed, for instance,
using the expression for an infinitely thin exponential disk
(Freeman 1970),

v2
bar(r) = 4⇡G ⌃0Rd y

2[I0(y)K0(y) � I1(y)K1(y)], (D5)

where y = r/(2Rd ), and Ii (y) and Ki (y) are the modified
Bessel functions of the first and second kind. At r = Re , this
equation becomes
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bar(Re ) =
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· C 00, (D6)

where C 00 is a constant. The DM component can be de-
rived simply through a DM fraction at the radius of interest,
fDM(r) = v2

DM(r)/v2
circ(r), or via adopting a full mass profile

(e.g. NFW or Einasto, Navarro et al. 1996; Einasto 1965).
Equations (3) can be combined to

Mh = R3
hH (z)2 102 G�1. (D7)

Via inserting Equations (D3) into Equation (D7), and via sub-
stituting Rd through a re-arranged Equation (D6), one arrives
at Equation (4) given in Section 5. After introducing the gas
fraction fgas = Mgas/Mbar, one arrives at Equation (5). These
equations predict a TFR evolution with a constant slope, but
evolving zero-point with cosmic time, depending not only on
H (z), but also on changes in md , fDM(Re ), and fgas with
cosmic time.

We note that deviations from the proposed slope (a = 3)
can be related to additional dependencies on vbar, e.g. of the
surface density ⌃ (Courteau et al. 2007).

D.2. Observational constraints on the redshift evolution of
fgas, md , and fDM(Re )

In the following paragraphs, we discuss the motivation for
the adopted redshift evolution of fgas, md , and fDM(Re ) in
the toy model context. Figure D7 summarizes the individ-
ual and combined e�ects of adopting the respective redshift
evolutions of fgas, md , and fDM(Re ) for the bTFR and sTFR
evolution.

22

 sTFR KMOS
3D

 bTFR KMOS
3D

R11 / L16

bTFR H(z),m
d
(z),f DM

(R e
,z)

sTFR H(z),fgas(z),

    md(z),fDM(Re,z)

 H(z)

 bTFR H(z),md(z)

 bTFR H(z),fDM(Re,z)

 sTFR H(z),fgas(z)

 sTFR H(z),fgas(z),md(z)

 sTFR H(z),fgas(z),fDM(Re,z)

Figure D7. TFR zero-point o�sets of the stellar and baryonic mass TFRs as a function of cosmic time. The symbols show the KMOS3D data in
relation to the corresponding local normalizations by Reyes et al. (2011; R11) and Lelli et al. (2016b; L16), as shown in Figure 7. The black line
shows the TFR evolution for a model governed solely by H (z). The colored lines show toy models for the bTFR (blue) and the sTFR (orange)
evolution for di�erent combinations of additional redshift dependencies of fgas, fDM(Re ), or md , as detailed in Appendix D, and as indicated
in the legend. The grey lines show our final toy model following Equations (4) and (5) and including fgas(z), fDM(Re, z), and md (z) as shown
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et al. (1998), accounting for adiabatic contraction). It has
however been shown that the ratio between Rh and Rd is
approximately constant for massive SFGs in the redshift
range 0.8 < z < 2.6 (Burkert et al. 2016). This does also
hold for our TFR sample and the average values at z ⇠ 0.9
and z ⇠ 2.3, even though there is substantial scatter for
individual objects.

To quantify the contributions of baryons and DM to the
circular velocity at a certain radius we write

vcirc(r) =
q
v2

bar(r) + v2
DM(r). (D4)

The baryonic contribution can be computed, for instance,
using the expression for an infinitely thin exponential disk
(Freeman 1970),

v2
bar(r) = 4⇡G ⌃0Rd y

2[I0(y)K0(y) � I1(y)K1(y)], (D5)

where y = r/(2Rd ), and Ii (y) and Ki (y) are the modified
Bessel functions of the first and second kind. At r = Re , this
equation becomes

v2
bar(Re ) =

Mbar
Rd
· C 00, (D6)

where C 00 is a constant. The DM component can be de-
rived simply through a DM fraction at the radius of interest,
fDM(r) = v2

DM(r)/v2
circ(r), or via adopting a full mass profile

(e.g. NFW or Einasto, Navarro et al. 1996; Einasto 1965).
Equations (3) can be combined to

Mh = R3
hH (z)2 102 G�1. (D7)

Via inserting Equations (D3) into Equation (D7), and via sub-
stituting Rd through a re-arranged Equation (D6), one arrives
at Equation (4) given in Section 5. After introducing the gas
fraction fgas = Mgas/Mbar, one arrives at Equation (5). These
equations predict a TFR evolution with a constant slope, but
evolving zero-point with cosmic time, depending not only on
H (z), but also on changes in md , fDM(Re ), and fgas with
cosmic time.

We note that deviations from the proposed slope (a = 3)
can be related to additional dependencies on vbar, e.g. of the
surface density ⌃ (Courteau et al. 2007).

D.2. Observational constraints on the redshift evolution of
fgas, md , and fDM(Re )

In the following paragraphs, we discuss the motivation for
the adopted redshift evolution of fgas, md , and fDM(Re ) in
the toy model context. Figure D7 summarizes the individ-
ual and combined e�ects of adopting the respective redshift
evolutions of fgas, md , and fDM(Re ) for the bTFR and sTFR
evolution.

vbar2=(1-fDM)vcir2

Mbar/Rd=C2×(1-fDM)vcir2

∝Mbar/Rd
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aiming to explain the redshift evolution of both the sTFR and
the bTFR, in particular the relative zero-point o�sets at
z ⇠ 2.3, z ⇠ 0.9, and z ⇠ 0.

Our galaxies are supposed to have formed at the centers
of DM haloes. A simple model for a DM halo in approxi-
mate equilibrium is a truncated isothermal sphere, limited
by the radius Rh where the mean density equals 200 times
the critical density of the Universe. The corresponding
redshift-dependent relations between halo radius, mass
Mh , and circular velocity Vh are

Mh =
V 3
h

10G · H (z)
; Rh =

Vh

10H (z)
(3)

(Mo et al. 1998), where H (z) is the Hubble parameter, and
G is the gravitational constant. The first equation shows
that the relation between Mh and Vh is a smooth function
of redshift.

In theory, the relation between these halo properties and
corresponding galactic properties can be complex due to
the response of the halo to the formation of the central
galaxy (see e.g. the discussions on halo contraction vs.
expansion by Du�y et al. 2010; Dutton et al. 2016; Vel-
liscig et al. 2014). However, through recent studies and
modelling of high�z SFGs we now have a number of con-
straints handy which implicitly contain information on
the DM halo profile on galactic scales.

Relations corresponding to Equations (3) for the central
baryonic galaxy can then be derived via assuming a direct
mapping between the halo and galaxy mass and radius.
Information on the inner halo profile is contained in pa-
rameters such as the disk mass fraction md = Mbar/Mh ,
or the central DM fraction fDM(r) = v2

DM(r)/v2
circ(r). For

our galaxies, we know their stellar mass M⇤ and e�ective
radius Re , their baryonic mass Mbar and gas mass frac-
tion fgas = Mgas/Mbar from empirical scaling relations,
and their circular velocity vcirc(r) and related central DM
fraction fDM(r) from dynamical modelling, as detailed in
§§ 2.2 and 2.3 and in the references given there. We fur-
ther have an estimate of their average baryonic disk mass
fraction md (Burkert et al. 2016). We can combine this in-
formation to construct a toy model of the TFR zero-point
evolution, where we take the redshift dependencies of these
various parameters into account (see Appendix D.1 for a
detailed derivation):

Mbar =
v3

circ(Re )
H (z)

· [1 � fDM(Re, z)]3/2

m1/2
d (z)

· C (4)

M⇤ =
v3

circ(Re )
H (z)

· [1 � fDM(Re, z)]3/2 [1 � fgas(z)]
m1/2

d (z)
·C 0, (5)

where C and C 0 are constants. Here, we have assumed
that, in contrast to the disk mass fraction, the proportion-
ality factor between DM halo radius and galactic radius

is independent of redshift (see e.g. Burkert et al. 2016).
Equations (4) and (5) reveal that the TFR evolution can

be severely a�ected by changes of fDM(Re ), md , or fgas
with redshift, and does not necessarily follow the smooth
evolution of the halo parameters given in Equation (3).
There have been indications for deviations from a simple
smooth TFR evolution scenario in the theoretical work
by Somerville et al. (2008). Also the recent observational
compilation by Swinbank et al. (2012) showed a deviating
evolution (although qualified as consistent with the smooth
evolution scenario).

Evaluating Equations (4) and (5) at fixed vcirc(Re ), we learn
the following: (i) if fDM(Re ) decreases with increasing red-
shift, the baryonic and stellar mass will increase and conse-
quently the TFR zero-point will increase; (ii) if md increases
with increasing redshift, the baryonic and stellar mass will
decrease and consequently the TFR zero-point will decrease;
(iii) if fgas increases with increasing redshift, the stellar mass
will decrease and consequently the sTFR zero-point will de-
crease. These e�ects are illustrated individually in Figure D7
in Appendix D.

We constrain our toy model at redshifts z = 0, z ⇠ 0.9,
and z ⇠ 2.3 as follows: the redshift evolution of fgas is ob-
tained through the empirical atomic and molecular gas mass
scaling relations by Saintonge et al. (2011) and Tacconi et al.
(2017). At fixed circular velocity, fgas evolves significantly
with redshift, where z ⇠ 2 galaxies have gas fractions which
are about a factor of eight higher than in the local Universe.
The redshift evolution of fDM(Re ) is constrained through the
observational results by Martinsson et al. (2013b,a) in the
local Universe, and by W16 at z ⇠ 0.9 and z ⇠ 2.3. We
tune the redshift evolution of fDM(Re ) within the ranges al-
lowed by these observations to optimize the match between
the toy model and the observed TFR evolution presented in
this paper. fDM(Re ) evolves significantly with redshift, with
z ⇠ 2 DM fractions which are about a factor of five lower
than at z = 0. md is constrained by the abundance matching
results by Moster et al. (2013) in the local Universe, whereas
at 0.8 < z < 2.6 we adopt the value deduced by Burkert
et al. (2016). Details on the parametrization of the above
parameters are given in Appendix D.2.

In Figure 7 we show how these empirically motivated,
redshift-dependent DM fractions, disk mass fractions, and
gas fractions interplay in our toy model framework to approx-
imately explain our observed TFR evolution, specifically the
TFR zero-point o�sets at fixed circular velocity as a func-
tion of cosmic time. In particular, this is valid at z = 0,
z = 0.9, and z = 2.3, while we have partially interpolated
in between. Our observed KMOS3D TFR zero-points of the
bTFR (blue squares) and the sTFR (yellow stars) at z ⇠ 0.9
and z ⇠ 2.3 are shown in relation to the local TFRs by Lelli
et al. (2016) and Reyes et al. (2011). The horizontal error
bars of the KMOS3D data points indicate the spanned range
in redshift, while the vertical error bars show fit uncertainties.
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Figure 7. TFR zero-point o�sets of the stellar and baryonic mass TFRs as a function of cosmic time. The KMOS3D data is shown as yellow stars
(sTFR) and blue squares (bTFR), in relation to the corresponding local normalizations by Reyes et al. (2011; R11) and Lelli et al. (2016b; L16).
The horizontal error bars of the KMOS3D data points indicate the spanned range in redshift, while the vertical error bars show fit uncertainties.
The bTFR data points are corrected for neglected atomic gas at z ⇠ 0.9 and z ⇠ 2.3, as detailed in the main text. The green dashed and
solid lines show predictions for the bTFR and sTFR evolution from our toy model (Equations (4) and (5)). This model takes into account the
empirically motivated redshift dependencies of fgas, fDM(Re ), and md , in particular as they are shown in inset (a). Regions in redshift space
where the model is not well constrained due to a lack of observational constraints in particular on md are indicated as dashed lines.
Observational constraints come from Saintonge et al. (2011) and Tacconi et al. (2017) for fgas(z), from Martinsson et al. (2013b,a) and W16 for
fDM(Re, z), and from Moster et al. (2013) and Burkert et al. (2016) for md (z), as detailed in Appendix D.2. Our proposed parametrizations are
valid only up to z ⇡ 2.6, as indicated by the grey shading in the main figure and inset (a). As cyan shaded areas we indicate by way of example
how the model TFR evolution would change if DM fractions would be higher/lower by 0.1 at z = 0, z = 0.9, and z = 2.3 (horizontal ranges are
±0.1z). The observed TFR evolution is reasonably matched by a model where the disk scale length is proportional to the halo radius, and
where fgas and md increase with redshift, while fDM(Re ) decreases with redshift.

For this plot, we also perform a correction for atomic gas at
high redshift:7 we follow the theoretical prediction that, at
fixed M⇤, the ratio of atomic gas mass to stellar mass does not
change significantly with redshift (e.g. Fu et al. 2012). We use
the fitting functions by Saintonge et al. (2011) to determine
the atomic gas mass for galaxies with log(M⇤ [M�]) = 10.50,
which corresponds to the average stellar mass of our TFR
galaxies at vref = 242 km/s in both redshift bins. We find
an increase of the zero-point of +0.04 dex at z ⇠ 0.9 and
+0.02 dex at z ⇠ 2.3. This is included in the figure.

We show as green lines our empirically constrained toy
model governed by Equations (4) and (5). This model as-

7 Lelli et al. (2016) neglect molecular gas for their bTFR, but state that it
has generally a minor dynamical contribution.

sumes a redshift evolution of fgas, fDM(Re ), and md as shown
by the blue, purple, and black lines, respectively, in inset
(a) in Figure 7 (details are given in Appendix D.2). In this
model, the increase in fgas is responsible for the deviating (and
stronger) evolution of the sTFR as compared to the bTFR. The
decrease of fDM(Re ) is responsible for the upturn/flattening
of the bTFR/sTFR evolution. The increase of md leads to a
TFR evolution which is steeper than what would be expected
from a model governed only by H (z) (see also Fig. D7). Our
toy model evolution is particularly sensitive to changes of
fDM(Re ) with redshift. We illustrate this by showing as cyan
shaded areas in Figure 7 how the toy model evolution would
vary if we would change only fDM(Re ) by ±0.1 at z = 0,
z = 0.9, and z = 2.3.

We note that the toy model zero-point o�set at Re as de-
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aiming to explain the redshift evolution of both the sTFR and
the bTFR, in particular the relative zero-point o�sets at
z ⇠ 2.3, z ⇠ 0.9, and z ⇠ 0.

Our galaxies are supposed to have formed at the centers
of DM haloes. A simple model for a DM halo in approxi-
mate equilibrium is a truncated isothermal sphere, limited
by the radius Rh where the mean density equals 200 times
the critical density of the Universe. The corresponding
redshift-dependent relations between halo radius, mass
Mh , and circular velocity Vh are
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(Mo et al. 1998), where H (z) is the Hubble parameter, and
G is the gravitational constant. The first equation shows
that the relation between Mh and Vh is a smooth function
of redshift.

In theory, the relation between these halo properties and
corresponding galactic properties can be complex due to
the response of the halo to the formation of the central
galaxy (see e.g. the discussions on halo contraction vs.
expansion by Du�y et al. 2010; Dutton et al. 2016; Vel-
liscig et al. 2014). However, through recent studies and
modelling of high�z SFGs we now have a number of con-
straints handy which implicitly contain information on
the DM halo profile on galactic scales.

Relations corresponding to Equations (3) for the central
baryonic galaxy can then be derived via assuming a direct
mapping between the halo and galaxy mass and radius.
Information on the inner halo profile is contained in pa-
rameters such as the disk mass fraction md = Mbar/Mh ,
or the central DM fraction fDM(r) = v2

DM(r)/v2
circ(r). For

our galaxies, we know their stellar mass M⇤ and e�ective
radius Re , their baryonic mass Mbar and gas mass frac-
tion fgas = Mgas/Mbar from empirical scaling relations,
and their circular velocity vcirc(r) and related central DM
fraction fDM(r) from dynamical modelling, as detailed in
§§ 2.2 and 2.3 and in the references given there. We fur-
ther have an estimate of their average baryonic disk mass
fraction md (Burkert et al. 2016). We can combine this in-
formation to construct a toy model of the TFR zero-point
evolution, where we take the redshift dependencies of these
various parameters into account (see Appendix D.1 for a
detailed derivation):
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where C and C 0 are constants. Here, we have assumed
that, in contrast to the disk mass fraction, the proportion-
ality factor between DM halo radius and galactic radius

is independent of redshift (see e.g. Burkert et al. 2016).
Equations (4) and (5) reveal that the TFR evolution can

be severely a�ected by changes of fDM(Re ), md , or fgas
with redshift, and does not necessarily follow the smooth
evolution of the halo parameters given in Equation (3).
There have been indications for deviations from a simple
smooth TFR evolution scenario in the theoretical work
by Somerville et al. (2008). Also the recent observational
compilation by Swinbank et al. (2012) showed a deviating
evolution (although qualified as consistent with the smooth
evolution scenario).

Evaluating Equations (4) and (5) at fixed vcirc(Re ), we learn
the following: (i) if fDM(Re ) decreases with increasing red-
shift, the baryonic and stellar mass will increase and conse-
quently the TFR zero-point will increase; (ii) if md increases
with increasing redshift, the baryonic and stellar mass will
decrease and consequently the TFR zero-point will decrease;
(iii) if fgas increases with increasing redshift, the stellar mass
will decrease and consequently the sTFR zero-point will de-
crease. These e�ects are illustrated individually in Figure D7
in Appendix D.

We constrain our toy model at redshifts z = 0, z ⇠ 0.9,
and z ⇠ 2.3 as follows: the redshift evolution of fgas is ob-
tained through the empirical atomic and molecular gas mass
scaling relations by Saintonge et al. (2011) and Tacconi et al.
(2017). At fixed circular velocity, fgas evolves significantly
with redshift, where z ⇠ 2 galaxies have gas fractions which
are about a factor of eight higher than in the local Universe.
The redshift evolution of fDM(Re ) is constrained through the
observational results by Martinsson et al. (2013b,a) in the
local Universe, and by W16 at z ⇠ 0.9 and z ⇠ 2.3. We
tune the redshift evolution of fDM(Re ) within the ranges al-
lowed by these observations to optimize the match between
the toy model and the observed TFR evolution presented in
this paper. fDM(Re ) evolves significantly with redshift, with
z ⇠ 2 DM fractions which are about a factor of five lower
than at z = 0. md is constrained by the abundance matching
results by Moster et al. (2013) in the local Universe, whereas
at 0.8 < z < 2.6 we adopt the value deduced by Burkert
et al. (2016). Details on the parametrization of the above
parameters are given in Appendix D.2.

In Figure 7 we show how these empirically motivated,
redshift-dependent DM fractions, disk mass fractions, and
gas fractions interplay in our toy model framework to approx-
imately explain our observed TFR evolution, specifically the
TFR zero-point o�sets at fixed circular velocity as a func-
tion of cosmic time. In particular, this is valid at z = 0,
z = 0.9, and z = 2.3, while we have partially interpolated
in between. Our observed KMOS3D TFR zero-points of the
bTFR (blue squares) and the sTFR (yellow stars) at z ⇠ 0.9
and z ⇠ 2.3 are shown in relation to the local TFRs by Lelli
et al. (2016) and Reyes et al. (2011). The horizontal error
bars of the KMOS3D data points indicate the spanned range
in redshift, while the vertical error bars show fit uncertainties.
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D.2.1. The redshift evolution of fgas

For our toy model approach, we consider the gas fraction
fgas to be the sum of molecular and atomic gas mass divided by
the total baryonic mass, fgas = (Mgas,mol+Mgas,at)/(Mgas,mol+

Mgas,at + M⇤). The evolution of the molecular gas mass-to-
stellar mass ratio is given through the scaling relation by
Tacconi et al. (2017):

log
 

Mgas,mol

M⇤

!
⇡ 0.12 � 3.62 · ⇥log(1 + z) � 0.66

⇤2

� 0.33 · ⇥log(M⇤ [M�]) � 10.7
⇤
.

(D8)

Here, we do not take into account the additional dependencies
given in the full parametrization by Tacconi et al. on MS
o�set, and o�set from the M-R relation, but assume that the
model galaxies lie on these relations.

Locally, the galactic gas mass is dominated by atomic gas.
To account for atomic gas mass at z = 0, we use the fitting
functions presented by Saintonge et al. (2011). We use a local
reference stellar mass of log(M⇤ [M�]) = 10.94, i.e. the stellar
mass corresponding to our reference velocity vref = 242 km/s
in the context of the sTFR fit by Reyes et al. (2011).

To account for atomic gas masses at z > 0, we follow the
theoretical prediction that, at fixed M⇤, the ratio of atomic gas
mass to stellar mass does not change significantly with redshift
(e.g. Fu et al. 2012). We use again the fitting functions by
Saintonge et al. (2011) to now determine the atomic gas mass
for galaxies with log(M⇤ [M�]) = 10.50, which corresponds
to the average stellar mass of our TFR galaxies at vref =

242 km/s in both redshift bins.
Between z = 0 and z = 0.9, we assume a smooth TFR evo-

lution, meaning that at fixed circular velocity, galaxies have
decreasing M⇤ with increasing redshift, in order to compute
the gas fractions. Although we cannot quantify this assump-
tion with our observations, we note that in comparing to our
data, only the relative o�set in fgas (or any other parameter
discussed below) between z = 0, z = 0.9, and z = 2.3 is
relevant. Our assumption therefore serves mainly to avoid
sudden (unphysical) o�sets in the redshift evolution of fgas.

Corresponding values of the gas mass fraction at z =
{0.0; 0.9; 2.3} are fgas ⇡ {0.07; 0.36; 0.58}.

D.2.2. The redshift evolution of md

The baryonic disk mass fraction, md = Mbar/Mh , is not a
direct observable, since it depends on the usually unknown
DM halo mass. For the local Universe, we use the fitting
function by Moster et al. (2013) from abundance matching to
determine a stellar disk mass fraction, md,⇤ = M⇤/Mh . For
a stellar mass of log(M⇤ [M�]) = 10.94, this gives md,⇤ ⇡
0.012. Again, we use the fitting functions by Saintonge et al.
(2011) to determine the corresponding gas mass, taking into
account contributions from helium via MHe ⇡ 0.33 MH�.
This results in a baryonic disk mass fraction at z = 0 of
md ⇡ 0.013.

The recent study by Burkert et al. (2016) finds a typ-
ical value of md = 0.05 for SFGs at 0.8 < z < 2.6
based on a Monte-Carlo NFW modelling of data from the
KMOS3D and SINS/zC-SINF (Förster Schreiber et al. 2009;
Mancini et al. 2011) surveys. These galaxies have masses
similar to the galaxies in our TFR sample. We adopt their
value of md = 0.05 for 0.8 < z < 2.6.

Between z = 0 and z = 0.8 we assume a linear increase of
md . Clearly, this is a simplifying conjecture. As for the
atomic gas masses, we emphasize that this assumption has
primarily cosmetic e�ects, while the crucial quantity is the
relative di�erence in md between z = 0, z ⇠ 0.9, and z ⇠ 2.3.

D.2.3. The redshift evolution of fDM(Re )

For the DM fraction of local disk galaxies, we follow
Figure 1 by Courteau & Dutton (2015) which, among oth-
ers, shows galaxies from the DiskMass survey (Martinsson
et al. 2013b,a). At vcirc = 242 km/s, DM fractions of lo-
cal disk galaxies lie roughly between fDM(r2.2) = 0.55 and
fDM(r2.2) = 0.75, with large scatter and uncertainties.

At higher redshift, W16 derived DM fractions from the
di�erence between dynamical and baryonic masses of the
KMOS3D subsample of 240 SFGs, which represents our par-
ent sample. Corresponding values, also corrected for mass
completeness, are given in their Table 1.

For convenience, we parametrize the evolution of the DM
fraction with redshift as follows: fDM(Re ) = 0.7 · exp[�(0.5 ·
z)2.5]. This gives an evolution which is somewhat stronger
than what is suggested by just taking the average values pro-
vided by Courteau & Dutton (2015) and W16, but easily
within the uncertainties presented in both papers. We adopt
this marginally stronger evolution to better match our ob-
served TFR o�sets with the toy model.

Corresponding values of the DM fraction at z =

{0.0; 0.9; 2.3} are fDM(Re ) ⇡ {0.70; 0.61; 0.17}.
We note that our toy model evolution is particularly sen-

sitive to the parametrization of fDM(Re, z) which is in our
implementation with the simplistic description for md (z) re-
sponsible for the flattening/upturn of the sTFR/bTFR (see
Figure D7). The high value for the local DM fraction (which
would at r = Re rather be lower than at r = r2.2) as well
as the comparably strong evolution at z > 1 can certainly be
challenged.

D.2.4. Comments on the evolution of the halo concentration
parameter

The predicted evolution of the halo concentration param-
eter c between z = 2 and z = 0 for haloes of masses
that are relevant to this study (i.e. central stellar masses of
log(M⇤ [M�]) ⇡ 10.5 at z ⇠ 2, and log(M⇤ [M�]) ⇡ 10.9 at
z ⇠ 0) goes from c ⇡ 4 at z = 2 to c ⇡ 6 at z = 1 and to
c ⇡ 7 at z = 0 (Dutton & Macciò 2014). This alone would
increase the DM fraction at Re by roughly 0.1.

Starting from the central DM fractions as determined
by W16, abundance-matched haloes (Moster et al. 2013)
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D.2.1. The redshift evolution of fgas

For our toy model approach, we consider the gas fraction
fgas to be the sum of molecular and atomic gas mass divided by
the total baryonic mass, fgas = (Mgas,mol+Mgas,at)/(Mgas,mol+

Mgas,at + M⇤). The evolution of the molecular gas mass-to-
stellar mass ratio is given through the scaling relation by
Tacconi et al. (2017):
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Here, we do not take into account the additional dependencies
given in the full parametrization by Tacconi et al. on MS
o�set, and o�set from the M-R relation, but assume that the
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Locally, the galactic gas mass is dominated by atomic gas.
To account for atomic gas mass at z = 0, we use the fitting
functions presented by Saintonge et al. (2011). We use a local
reference stellar mass of log(M⇤ [M�]) = 10.94, i.e. the stellar
mass corresponding to our reference velocity vref = 242 km/s
in the context of the sTFR fit by Reyes et al. (2011).

To account for atomic gas masses at z > 0, we follow the
theoretical prediction that, at fixed M⇤, the ratio of atomic gas
mass to stellar mass does not change significantly with redshift
(e.g. Fu et al. 2012). We use again the fitting functions by
Saintonge et al. (2011) to now determine the atomic gas mass
for galaxies with log(M⇤ [M�]) = 10.50, which corresponds
to the average stellar mass of our TFR galaxies at vref =

242 km/s in both redshift bins.
Between z = 0 and z = 0.9, we assume a smooth TFR evo-

lution, meaning that at fixed circular velocity, galaxies have
decreasing M⇤ with increasing redshift, in order to compute
the gas fractions. Although we cannot quantify this assump-
tion with our observations, we note that in comparing to our
data, only the relative o�set in fgas (or any other parameter
discussed below) between z = 0, z = 0.9, and z = 2.3 is
relevant. Our assumption therefore serves mainly to avoid
sudden (unphysical) o�sets in the redshift evolution of fgas.

Corresponding values of the gas mass fraction at z =
{0.0; 0.9; 2.3} are fgas ⇡ {0.07; 0.36; 0.58}.
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direct observable, since it depends on the usually unknown
DM halo mass. For the local Universe, we use the fitting
function by Moster et al. (2013) from abundance matching to
determine a stellar disk mass fraction, md,⇤ = M⇤/Mh . For
a stellar mass of log(M⇤ [M�]) = 10.94, this gives md,⇤ ⇡
0.012. Again, we use the fitting functions by Saintonge et al.
(2011) to determine the corresponding gas mass, taking into
account contributions from helium via MHe ⇡ 0.33 MH�.
This results in a baryonic disk mass fraction at z = 0 of
md ⇡ 0.013.

The recent study by Burkert et al. (2016) finds a typ-
ical value of md = 0.05 for SFGs at 0.8 < z < 2.6
based on a Monte-Carlo NFW modelling of data from the
KMOS3D and SINS/zC-SINF (Förster Schreiber et al. 2009;
Mancini et al. 2011) surveys. These galaxies have masses
similar to the galaxies in our TFR sample. We adopt their
value of md = 0.05 for 0.8 < z < 2.6.

Between z = 0 and z = 0.8 we assume a linear increase of
md . Clearly, this is a simplifying conjecture. As for the
atomic gas masses, we emphasize that this assumption has
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Figure 1 by Courteau & Dutton (2015) which, among oth-
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fDM(r2.2) = 0.75, with large scatter and uncertainties.

At higher redshift, W16 derived DM fractions from the
di�erence between dynamical and baryonic masses of the
KMOS3D subsample of 240 SFGs, which represents our par-
ent sample. Corresponding values, also corrected for mass
completeness, are given in their Table 1.

For convenience, we parametrize the evolution of the DM
fraction with redshift as follows: fDM(Re ) = 0.7 · exp[�(0.5 ·
z)2.5]. This gives an evolution which is somewhat stronger
than what is suggested by just taking the average values pro-
vided by Courteau & Dutton (2015) and W16, but easily
within the uncertainties presented in both papers. We adopt
this marginally stronger evolution to better match our ob-
served TFR o�sets with the toy model.

Corresponding values of the DM fraction at z =

{0.0; 0.9; 2.3} are fDM(Re ) ⇡ {0.70; 0.61; 0.17}.
We note that our toy model evolution is particularly sen-

sitive to the parametrization of fDM(Re, z) which is in our
implementation with the simplistic description for md (z) re-
sponsible for the flattening/upturn of the sTFR/bTFR (see
Figure D7). The high value for the local DM fraction (which
would at r = Re rather be lower than at r = r2.2) as well
as the comparably strong evolution at z > 1 can certainly be
challenged.

D.2.4. Comments on the evolution of the halo concentration
parameter

The predicted evolution of the halo concentration param-
eter c between z = 2 and z = 0 for haloes of masses
that are relevant to this study (i.e. central stellar masses of
log(M⇤ [M�]) ⇡ 10.5 at z ⇠ 2, and log(M⇤ [M�]) ⇡ 10.9 at
z ⇠ 0) goes from c ⇡ 4 at z = 2 to c ⇡ 6 at z = 1 and to
c ⇡ 7 at z = 0 (Dutton & Macciò 2014). This alone would
increase the DM fraction at Re by roughly 0.1.

Starting from the central DM fractions as determined
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Here, we do not take into account the additional dependencies
given in the full parametrization by Tacconi et al. on MS
o�set, and o�set from the M-R relation, but assume that the
model galaxies lie on these relations.

Locally, the galactic gas mass is dominated by atomic gas.
To account for atomic gas mass at z = 0, we use the fitting
functions presented by Saintonge et al. (2011). We use a local
reference stellar mass of log(M⇤ [M�]) = 10.94, i.e. the stellar
mass corresponding to our reference velocity vref = 242 km/s
in the context of the sTFR fit by Reyes et al. (2011).

To account for atomic gas masses at z > 0, we follow the
theoretical prediction that, at fixed M⇤, the ratio of atomic gas
mass to stellar mass does not change significantly with redshift
(e.g. Fu et al. 2012). We use again the fitting functions by
Saintonge et al. (2011) to now determine the atomic gas mass
for galaxies with log(M⇤ [M�]) = 10.50, which corresponds
to the average stellar mass of our TFR galaxies at vref =

242 km/s in both redshift bins.
Between z = 0 and z = 0.9, we assume a smooth TFR evo-

lution, meaning that at fixed circular velocity, galaxies have
decreasing M⇤ with increasing redshift, in order to compute
the gas fractions. Although we cannot quantify this assump-
tion with our observations, we note that in comparing to our
data, only the relative o�set in fgas (or any other parameter
discussed below) between z = 0, z = 0.9, and z = 2.3 is
relevant. Our assumption therefore serves mainly to avoid
sudden (unphysical) o�sets in the redshift evolution of fgas.

Corresponding values of the gas mass fraction at z =
{0.0; 0.9; 2.3} are fgas ⇡ {0.07; 0.36; 0.58}.
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The baryonic disk mass fraction, md = Mbar/Mh , is not a
direct observable, since it depends on the usually unknown
DM halo mass. For the local Universe, we use the fitting
function by Moster et al. (2013) from abundance matching to
determine a stellar disk mass fraction, md,⇤ = M⇤/Mh . For
a stellar mass of log(M⇤ [M�]) = 10.94, this gives md,⇤ ⇡
0.012. Again, we use the fitting functions by Saintonge et al.
(2011) to determine the corresponding gas mass, taking into
account contributions from helium via MHe ⇡ 0.33 MH�.
This results in a baryonic disk mass fraction at z = 0 of
md ⇡ 0.013.

The recent study by Burkert et al. (2016) finds a typ-
ical value of md = 0.05 for SFGs at 0.8 < z < 2.6
based on a Monte-Carlo NFW modelling of data from the
KMOS3D and SINS/zC-SINF (Förster Schreiber et al. 2009;
Mancini et al. 2011) surveys. These galaxies have masses
similar to the galaxies in our TFR sample. We adopt their
value of md = 0.05 for 0.8 < z < 2.6.

Between z = 0 and z = 0.8 we assume a linear increase of
md . Clearly, this is a simplifying conjecture. As for the
atomic gas masses, we emphasize that this assumption has
primarily cosmetic e�ects, while the crucial quantity is the
relative di�erence in md between z = 0, z ⇠ 0.9, and z ⇠ 2.3.

D.2.3. The redshift evolution of fDM(Re )

For the DM fraction of local disk galaxies, we follow
Figure 1 by Courteau & Dutton (2015) which, among oth-
ers, shows galaxies from the DiskMass survey (Martinsson
et al. 2013b,a). At vcirc = 242 km/s, DM fractions of lo-
cal disk galaxies lie roughly between fDM(r2.2) = 0.55 and
fDM(r2.2) = 0.75, with large scatter and uncertainties.

At higher redshift, W16 derived DM fractions from the
di�erence between dynamical and baryonic masses of the
KMOS3D subsample of 240 SFGs, which represents our par-
ent sample. Corresponding values, also corrected for mass
completeness, are given in their Table 1.

For convenience, we parametrize the evolution of the DM
fraction with redshift as follows: fDM(Re ) = 0.7 · exp[�(0.5 ·
z)2.5]. This gives an evolution which is somewhat stronger
than what is suggested by just taking the average values pro-
vided by Courteau & Dutton (2015) and W16, but easily
within the uncertainties presented in both papers. We adopt
this marginally stronger evolution to better match our ob-
served TFR o�sets with the toy model.

Corresponding values of the DM fraction at z =

{0.0; 0.9; 2.3} are fDM(Re ) ⇡ {0.70; 0.61; 0.17}.
We note that our toy model evolution is particularly sen-

sitive to the parametrization of fDM(Re, z) which is in our
implementation with the simplistic description for md (z) re-
sponsible for the flattening/upturn of the sTFR/bTFR (see
Figure D7). The high value for the local DM fraction (which
would at r = Re rather be lower than at r = r2.2) as well
as the comparably strong evolution at z > 1 can certainly be
challenged.

D.2.4. Comments on the evolution of the halo concentration
parameter

The predicted evolution of the halo concentration param-
eter c between z = 2 and z = 0 for haloes of masses
that are relevant to this study (i.e. central stellar masses of
log(M⇤ [M�]) ⇡ 10.5 at z ⇠ 2, and log(M⇤ [M�]) ⇡ 10.9 at
z ⇠ 0) goes from c ⇡ 4 at z = 2 to c ⇡ 6 at z = 1 and to
c ⇡ 7 at z = 0 (Dutton & Macciò 2014). This alone would
increase the DM fraction at Re by roughly 0.1.

Starting from the central DM fractions as determined
by W16, abundance-matched haloes (Moster et al. 2013)
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3. dark matter fraction (MDM/Mbar at Re)
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2. disk mass fraction (Mbar/MDM)
md=0.012 at z=0: Moster+13
md=0.05 at z=0.8<z<2.6 Burkert+16
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Figure 7. TFR zero-point o�sets of the stellar and baryonic mass TFRs as a function of cosmic time. The KMOS3D data is shown as yellow stars
(sTFR) and blue squares (bTFR), in relation to the corresponding local normalizations by Reyes et al. (2011; R11) and Lelli et al. (2016b; L16).
The horizontal error bars of the KMOS3D data points indicate the spanned range in redshift, while the vertical error bars show fit uncertainties.
The bTFR data points are corrected for neglected atomic gas at z ⇠ 0.9 and z ⇠ 2.3, as detailed in the main text. The green dashed and
solid lines show predictions for the bTFR and sTFR evolution from our toy model (Equations (4) and (5)). This model takes into account the
empirically motivated redshift dependencies of fgas, fDM(Re ), and md , in particular as they are shown in inset (a). Regions in redshift space
where the model is not well constrained due to a lack of observational constraints in particular on md are indicated as dashed lines.
Observational constraints come from Saintonge et al. (2011) and Tacconi et al. (2017) for fgas(z), from Martinsson et al. (2013b,a) and W16 for
fDM(Re, z), and from Moster et al. (2013) and Burkert et al. (2016) for md (z), as detailed in Appendix D.2. Our proposed parametrizations are
valid only up to z ⇡ 2.6, as indicated by the grey shading in the main figure and inset (a). As cyan shaded areas we indicate by way of example
how the model TFR evolution would change if DM fractions would be higher/lower by 0.1 at z = 0, z = 0.9, and z = 2.3 (horizontal ranges are
±0.1z). The observed TFR evolution is reasonably matched by a model where the disk scale length is proportional to the halo radius, and
where fgas and md increase with redshift, while fDM(Re ) decreases with redshift.

For this plot, we also perform a correction for atomic gas at
high redshift:7 we follow the theoretical prediction that, at
fixed M⇤, the ratio of atomic gas mass to stellar mass does not
change significantly with redshift (e.g. Fu et al. 2012). We use
the fitting functions by Saintonge et al. (2011) to determine
the atomic gas mass for galaxies with log(M⇤ [M�]) = 10.50,
which corresponds to the average stellar mass of our TFR
galaxies at vref = 242 km/s in both redshift bins. We find
an increase of the zero-point of +0.04 dex at z ⇠ 0.9 and
+0.02 dex at z ⇠ 2.3. This is included in the figure.

We show as green lines our empirically constrained toy
model governed by Equations (4) and (5). This model as-

7 Lelli et al. (2016) neglect molecular gas for their bTFR, but state that it
has generally a minor dynamical contribution.

sumes a redshift evolution of fgas, fDM(Re ), and md as shown
by the blue, purple, and black lines, respectively, in inset
(a) in Figure 7 (details are given in Appendix D.2). In this
model, the increase in fgas is responsible for the deviating (and
stronger) evolution of the sTFR as compared to the bTFR. The
decrease of fDM(Re ) is responsible for the upturn/flattening
of the bTFR/sTFR evolution. The increase of md leads to a
TFR evolution which is steeper than what would be expected
from a model governed only by H (z) (see also Fig. D7). Our
toy model evolution is particularly sensitive to changes of
fDM(Re ) with redshift. We illustrate this by showing as cyan
shaded areas in Figure 7 how the toy model evolution would
vary if we would change only fDM(Re ) by ±0.1 at z = 0,
z = 0.9, and z = 2.3.

We note that the toy model zero-point o�set at Re as de-

md=0.012

md=0.05
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Figure 4. Fraction of slow rotators as a function of absolute
K-band magnitude MK for the 41 MASSIVE galaxies and the
ATLAS3D sample.

and NGC 7426. They are color-coded individually in Fig-
ure 3 and subsequent figures. The 33 slow rotators are shown
as filled red circles/ellipses. (We leave NGC 4472 unclassi-
fied as discussed below.) We find a much higher fraction
of slow rotators (33/41 ⇠ 80%), compared to 36 out of 260
ATLAS3D galaxies (⇠ 14%). Figure 4 shows the fraction of
slow rotators in bins of M

K

for the MASSIVE subsample
studied here and the ATLAS3D galaxies. The slow fraction
increases dramatically from ⇠ 10% at M

K

⇠ �22 mag to
⇠ 90% at M

K

⇠ �26 mag. Within the ATLAS3D sample,
the fraction of slow rotators stays low until their highest lu-
minosity bin (M

K

⇠ �25 mag) in which the slow fraction
rises to ⇠ 40% (Emsellem et al. 2011). The MASSIVE data
demonstrate that the critical range for ETGs to transition
from being predominantly fast to predominantly slow rota-
tors occurs at M

K

⇠ �25.5 mag.
While the R

e

from NSA and 2MASS for our galaxies
may be under-estimated (see Section 2), in practice, all of
our galaxies (except NGC 4472) have nearly flat �(< R)
profiles beyond R

e

(see top panel of Figure 5). Increasing R
e

therefore would not substantially impact the measurement
of �

e

or our classifications of fast vs slow rotators.
NGC 4472 is an example of the borderline cases for

which the slow vs fast classication depends sensitively on
the spatial extent within which the angular momentum is
measured, and whether one accounts for " in the classifi-
cation. NGC 4472 also happens to be the only galaxy in
common between the 41 MASSIVE galaxies in this paper
and the ATLAS3D sample. ATLAS3D reports �

e

= 0.077

and " = 0.172 for NGC 4472 (using R
e

= 95.500) and classi-
fies it as a slow rotator (Emsellem et al. 2011). Their IFS
data, however, reach only a radius of 0.26R

e

for this galaxy
(or 0.14R

e

for R
e

= 177

00). Our kinematics agree well with
theirs out to this radius (see Appendix B and Fig. B1), but
our large radial coverage of NGC 4472 shows that V increases
with radius1 out to ⇠ 160

00, and � increases from 0.13 at
R ⇡ 50

00 to ⇡ 0.17 at R ⇡ 95.500 (R
e

used in ATLAS3D ),

1 Rising radial velocity along the major axis is also seen in several
earlier long-slit datasets of this well-studied galaxy (e.g. Davies
& Birkinshaw 1988; Franx et al. 1989; van der Marel et al. 1990;
Bender et al. 1994)

and flattens to ⇡ 0.2 at R ⇡ 160

00 and beyond. In Table 1
and the rest of the paper, we therefore adopt the (circular-
ized) R

e

= 177

00 from the 2D profile fits of Kormendy et al.
(2009) and �

e

= 0.2 for NGC 4472. This value of �
e

would
result in classification as a fast rotator by the ATLAS3D cri-
terion, but we note that our value may be biased slightly
high due to the unusual pointing scheme: we took multiple
pointings along the major axis to cover the large extent of
this galaxy, resulting in more coverage along the major axis
than minor axis (see Figure D8). The value of �

e

is computed
by averaging over all spatial bins, including those along the
minor axis where V and � are small. The “missing” minor
axis coverage for NGC 4472 at the outer bins may there-
fore result in an inflated � at 50

00 and beyond. Furthermore,
cored and non-cored elliptical galaxies separate quite cleanly
below and above �

e

⇡ 0.25 independent of " (Lauer 2012;
Krajnović et al. 2013), and NGC 4472 falls among the cored
slow rotators according to that classification. For all these
reasons, we classify NGC 4472 as an intermediate case in
this paper.

4.2 Radial profiles of �

Figure 5 shows the (cumulative) angular momentum �(< R)
(top panel), local �(R) (middle), and velocity curves (bot-
tom) for the 41 MASSIVE galaxies. The color-coding is iden-
tical to that in Figure 3, with slow rotators in red and
fast rotators labeled individually. All three quantities are
luminosity-weighted and follow similar overall radial shapes.
The separation of the curves in the top panel into slow and
fast rotator groups is preserved in the lower two panels, in-
dicating that our assignment of slow vs fast rotators is rea-
sonably robust and does not depend on the exact choice of
parameter used to quantify galaxy rotations.

The similarity of the radial profiles for � vs |V | also
indicates that the shapes of �(< R) and �(R) are primarily
driven by V and not by �, despite the fact that � � V in
most bins for all galaxies in our sample. This is because �
varies overall by a factor of 2 to 3 (individual bins ranging
from about 150 to nearly 400 km/s), while V varies by a
factor of ⇠ 10 (⇠ 20 � 200 km/s).

For ease of comparison between � and |V |, we evaluate
|V | in the same way as � and plot in Figure 5 the radial pro-
files of the average of |V | over all angular bins within each ra-
dial annulus. In comparison, long-slit observations typically
measure the velocities along the major axis. The magnitude
of the velocity shown here is reduced by averaging over bins
far away from the major axis (or other rotation axis) and is
likely to be smaller than the maximum rotational velocity,
in particular for fast rotators. One exception is NGC 4472,
as discussed in the previous subsection.

4.3 Gradients in � profiles

To further quantify the radial profiles of �, we use the dif-
ference in local �(R) at two radii, 1.5R

e

and 0.5R
e

, as a
proxy for the gradient. In cases where the last annulus has a
radius inside 1.5R

e

, we use the last data point. Similar anal-
yses (with slightly di↵erent radii) are shown in Figure 11
of Arnold et al. (2014) and Figure 9 of Foster et al. (2016)
for the 25 ETGs of the SLUGGS survey, and Figure 11 of
Raskutti et al. (2014) for 33 massive ETGs.
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Fast and slow rotators in Illustris 3891

Figure 5. Intrinsic !–"R plots as in previous figures, now separated by galaxy mass. From left to right low-mass (<1011 M!), intermediate-mass (between
1011 and 1011.5 M!) and high-mass (>1011.5 M!) galaxies are plotted. Note the clear distinction between the regions occupied by low- and high-mass
galaxies, which could explain the observed distinct populations of fast- and slow-rotating galaxies.

point at (!, "R) " (0.55, 0.05). It is worth noting that there also exist
some high-mass galaxies with high "R values, which could either
be the high-mass tail of the lower mass galaxy distribution or could
be galaxies spun up by a fortunate major merger (whilst we expect
the majority of major mergers to cause spin-down, see Section 4.4).

The boundaries for the intermediate-mass bracket have been
picked rather arbitrarily, but seem to well separate two regions with
much more pronounced properties, and intermediate-mass galaxies
themselves seem to broadly fall into one of these two groupings.

We also examined the distribution of galaxy morphologies for
the central galaxies (corresponding to the primary DM haloes) com-
pared to satellite galaxies and find that both seem to follow the same
distributions in (!, "R) space, a trend that has since been observed
in the MaNGA survey (Greene et al., in preparation). This suggests
that environmental effects, on the scale of individual DM haloes,
do not have a large impact on spin properties.

The sharp distinction between the low- and high-mass galaxies,
as seen in Fig. 5, and their correspondingly discrete distributions
of "R are striking, and could feasibly explain the observed distinct
populations of fast- and slow-rotating galaxies.

3.4 Cosmic evolution of SR and FR fractions

In Fig. 6, we show a series of !, "R plots for redshift intervals:
0.1 # z # 0.5, 0.5 # z # 1, 1 # z # 2 and 2 # z # 4. We observe
a decreasing population of high-mass galaxies with increasing z, in
accord with the hierarchical galaxy assembly, and of SRs as well,
highlighting their dependence on past merger histories. Of those
galaxies that are classified as SRs, particularly at higher redshifts,
many appear to be part of a natural spread of FRs, as we have
previously suggested in Section 3.3 and excluding these we see
negligible SR fractions until roughly z = 1, in agreement with
the establishment of the galaxy red sequence at about this epoch in
the Illustris simulation. At all redshifts, FRs still seem to be centred
at roughly the same (!, "R).

3.5 Alternative methods for classifying fast and slow rotators

Whilst the "R parameter is perhaps the best measure of the kine-
matic properties of an elliptical galaxy, there are a variety of other
properties that separate the population of fast- and slow-rotating
ellipticals (see e.g. Kormendy et al. 2009; Kormendy 2016). They

relate to many different properties of these galaxies, from their den-
sity profiles to their luminosities, and we summarize here tests of
some of these criteria on the massive ellipticals in Illustris.

3.5.1 Cusps versus cores

Slow rotators generally exhibit flattened density profiles at their
centres (cores) whilst most fast rotators have rapidly rising density at
small radii (cusps). These may be the result of binary supermassive
black holes at the centres of galaxies scouring the local stellar
population and leading to an evacuated core (Merritt 2006). This
would not be realizable by the Illustris simulation, where black hole
merging is not followed at small scales due to the spatial resolution
limitations.

Due to the gravitational softening length of stellar particles being
of the order of 1 kpc, it is impossible to judge whether low-mass
galaxies have cuspy density profiles as the scale of a cuspy or cored
profile is of the same order as the softening length. For the most
massive galaxies, whose cores have characteristic lengths larger
than the softening length and so are resolvable, we see cored density
profiles. These galaxies are almost all SRs so this is well in line with
observations. For galaxies with M$ > 1012 M!, we see core radii
mostly between 3 and 5 kpc.

3.5.2 Boxy versus discy isophotes

Fast-rotating ellipticals, with a significant fraction of stars still on
disc-like orbits, should appear slightly discy when viewed edge-
on, with a central bulge and elongated fringes. Conversely, slow
rotators are more rounded and less discy, and can even have boxy
isophotes, with bulges off-axis (Naab et al. 2007; Mo, van den
Bosch & White 2010).

If we fit an ellipse with radius Rell(#) to the isophote with radius
Riso(#) and express the residuals as a Fourier series

$(#) = Riso(#) % Rell(#) = %&
n=1an cos(n#) + bn sin(n#), (7)

the sign of the a4 parameter tells us if the elliptical is boxy (a4 < 0)
or discy (a4 > 0).

We perform this analysis for every central galaxy in Illustris at
z = 0, fitting ellipticals to isodensity contours and fitting Fourier
series to the residuals. In Appendix B, we discuss the methods used
in more detail, and present a visual example of the success and
failures of capturing the contours of a galaxy with this technique.
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何が銀河の回転を止めたのか？

together (e.g., in one major merger episode) or in several
distinct events. The presence of compact quiescent galaxies at
high redshift demonstrates that growth of the stellar distribution
proceeds long after quenching. Recent examinations of the
evolving ellipticities of quiescent galaxies suggest that these
early, compact systems were also more disk-like (van der Wel
et al. 2011; Chang et al. 2013). The key test is a direct
measurement of rotation, presented in this Letter for the
first time.

Figure 5 compares the rotational support of RG1M0150 with
that of local ETGs in the classic V,( )� T diagram.6

RG1M0150 has a high V T for its modest observed ellipticity
that places it on the upper envelope of local ETGs. Although
we cannot determine the inclination and deproject V T with
current data, it is possible that the edge-on rotation velocity is
significantly higher.

Numerical simulations of galaxy mergers require high gas
fractions of 40%_ (Wuyts et al. 2010) to produce compact
remnants such as RG1M0150. These simulations generally find
that a significant amount of angular momentum is retained and
suggest that rotation will be more significant in quiescent
galaxies at higher redshift, when mergers were more dis-
sipative. Wuyts et al. (2010) predicted that quiescent z 2_
galaxies would fall on the upper envelope of local ETGs in the

V,( )� T diagram. Intriguingly, we find that RG1M0150
indeed lies close in Figure 5 to their simulated merger
remnants, which are compact systems with M M1011 ☉* _ and
R 1 kpce _ comparable to typical z 2� quiescent galaxies.
Simulations by Zolotov et al. (2015) predict that the gas in

compact quiescent galaxies and their immediate star-forming
progenitors is kinematically colder than the stars, i.e., has
higher V .T This causes the projected e e,stars ,gasT T to be !1 for
an edge-on view but progressively higher for lower inclina-
tions. Supporting this, Barro et al. (2015) measured

1.7 0.5stars gasT T � o in a quenching compact galaxy at
z = 1.7. We find that the stellar and gas line widths are closer
in RG1M0150, with 1.1 0.2,e e,stars ,gasT T � o but larger
samples will be needed to test this hypothesis due to the
strong inclination dependence.
Nearly all local ETGs with M M1011.3 ☉* � (scaled to a

Chabrier IMF) are “slow rotators” withV T much smaller than
RG1M0150 (red points in Figure 5). Our best estimate for the
stellar mass of RG1M0150 already places it within this range.
Even allowing a somewhat smaller mass (e.g., our Mdyn), it is
quite likely that RG1M0150 will evolve into a slow rotator:
empirical estimates based on number density arguments (e.g.,
Muzzin et al. 2013; Patel et al. 2013) imply that RG1M0150
will grow in stellar mass by 0.2–0.4 dex by z = 0. Stellar
populations in such ultra-massive galaxies today are almost
exclusively very old (e.g., McDermid et al. 2015), so
significant later star formation is unlikely. If RG1M0150 is
typical, this suggests that the progenitors of giant ellipticals are
still rotating significantly after they have been quenched and
must reduce their net angular momentum later. A sequence of
mostly dry mergers, suspected of driving the observed 4q�
growth in effective radius, might provide a physical
explanation.
General conclusions about galaxy formation obviously

cannot be drawn from RG1M0150 alone. Fortunately, a larger
sample of lensed compact galaxies at z 2_ (mostly at lower
masses) is within reach and provides the most feasible route
toward resolving the stellar populations and dynamics of these
intriguing objects.

We thank Dan Kelson for expertise reducing the FourStar
data and insightful discussions. It is a pleasure to acknowledge
helpful conversations with Adam Muzzin and Sune Toft, as
well as the referee for a prompt and thoughtful report. The
authors acknowledge the very significant cultural role that the
summit of Mauna Kea has always had within the indigenous
Hawaiian community. We are most fortunate to have the
opportunity to conduct observations from this mountain.
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the most massive 
star-forming galaxies at high-z

quiescent galaxies at high-z

slow rotators at z=0

only MSFR 2 1� o : yr 1� (accounting for magnification),
indicating that star formation was recently and quickly
truncated in this galaxy. The specific star formation rate is

log SSFR yr 11.11 � �� (68% CL) independent of magnifica-
tion. Dust attenuation is moderate with A 0.52 0.08V � o
assuming the Calzetti et al. (2000) reddening curve. (These

Figure 3. Left: the FIRE spectrum of Image 1, resampled to 300 km s 1� bins for clarity, is compared to the stellar population model described in Section 3.2. Green
points show the broadband photometry, which is displayed on an expanded scale in the inset. Resampled two-dimensional spectra are shown above. Right: zoom on
the H!+[N II] region with the stellar model (red) subtracted. Blue lines show a Gaussian decomposition with [N II] 6585M [N II]"6550 fixed to 3. The observed
spectrum has been scaled by a factor of 3.6 to match the total flux of Image 1. Gray bands denote strong sky lines.

Figure 4. Left: resolved Balmer absorption lines extracted in several spatial bins. Corresponding spectra on opposite sides of the galaxy center have been shifted to the
systemic redshift and coadded. The FIRE and MOSFIRE spectra are combined in the lower spectrum and demonstrate no significant gradients in Balmer line strength
over R R0.6 1.6 .e e– Right: the top panel illustrates the position of the spectrograph slit as seen in the WFC3/F140W image. The middle panel compares the flux
distributions in the spectra to the PSFs (dotted), demonstrating that we spatially resolve Image 1. Five extraction bins are indicated. The lower panel indicates the
presence of rotation measured using the stellar absorption lines.
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Figure 10
Results from observations of [CII] 158-µm emission from z ! 6 quasars. (a,c) Atacama Large Millimeter/Submillimeter Array images of
the total intensity plus the intensity-weighted mean gas velocity for two SDSS quasars (Wang et al. 2013). The velocity range in panel a
is ± 300 km s"1 (red to blue), whereas that in panel c is ± 100 km s"1. Note the clear velocity gradients, consistent with gas rotation on
scales of #7 kpc (#1 arcsec at z # 6). (b) The Very Large Array CO images of the z = 6.42 SDSS quasar, J1148+5251, as color scale in
both frames. The contours on the left show the 250-GHz continuum emission, and those on the right show the [CII] 158-µm emission
imaged by the Plateau de Bure interferometer (PdBI) (from Walter et al. 2009b). (d ) The PdBI [CII] 158-µm spectrum of the most
distant spectroscopic redshift quasar known, a quasar at z = 7.08 (Venemans et al. 2012). Abbreviation: ULAS, UKIDSS (UK Infrared
Deep Sky Survey) Large Area Survey.

z # 6 via gas-rich mergers, driving extreme starbursts, and rapid accretion onto the black holes,
with subsequent black hole mergers (Li et al. 2007). Such systems are thought to evolve into large
galaxies in rich clusters at low z. More recent simulations suggest that cold accretion from the
IGM may also play a role in, and possibly even dominate, the gas resupply (Khandai et al. 2012).
As the SMBH builds, feedback from the AGN expels gas from the galaxy and hinders further
accretion, thereby terminating star formation in the galaxy (Maiolino et al. 2012).

Exciting results have been obtained via imaging of the [CII] 158-µm line in z > 6 galaxies, as
demonstrated in Figure 10. Imaging of [CII] emission from the highest redshift SDSS quasars
(z # 6) shows velocity gradients indicative of rotation, with disk scales of order a few kiloparsecs
(Wang et al. 2013). In a number of cases, the [CII] emission indicates “maximal starburst disks”
on scales #1 kpc (Walter et al. 2009a; Wang et al. 2013; and see Section 4.2). [CII] has also been
detected in the most distant quasar known, at z = 7.08 (Venemans et al. 2012). From the dust
continuum emission for this system, Venemans et al. derive a SFR # 300 M$ year"1.

The gas dynamics in distant quasar host galaxies allows for a study of the evolution of the
black hole–bulge mass relation. Wang et al. (2010) present the most detailed analysis to date
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scales of #7 kpc (#1 arcsec at z # 6). (b) The Very Large Array CO images of the z = 6.42 SDSS quasar, J1148+5251, as color scale in
both frames. The contours on the left show the 250-GHz continuum emission, and those on the right show the [CII] 158-µm emission
imaged by the Plateau de Bure interferometer (PdBI) (from Walter et al. 2009b). (d ) The PdBI [CII] 158-µm spectrum of the most
distant spectroscopic redshift quasar known, a quasar at z = 7.08 (Venemans et al. 2012). Abbreviation: ULAS, UKIDSS (UK Infrared
Deep Sky Survey) Large Area Survey.

z # 6 via gas-rich mergers, driving extreme starbursts, and rapid accretion onto the black holes,
with subsequent black hole mergers (Li et al. 2007). Such systems are thought to evolve into large
galaxies in rich clusters at low z. More recent simulations suggest that cold accretion from the
IGM may also play a role in, and possibly even dominate, the gas resupply (Khandai et al. 2012).
As the SMBH builds, feedback from the AGN expels gas from the galaxy and hinders further
accretion, thereby terminating star formation in the galaxy (Maiolino et al. 2012).

Exciting results have been obtained via imaging of the [CII] 158-µm line in z > 6 galaxies, as
demonstrated in Figure 10. Imaging of [CII] emission from the highest redshift SDSS quasars
(z # 6) shows velocity gradients indicative of rotation, with disk scales of order a few kiloparsecs
(Wang et al. 2013). In a number of cases, the [CII] emission indicates “maximal starburst disks”
on scales #1 kpc (Walter et al. 2009a; Wang et al. 2013; and see Section 4.2). [CII] has also been
detected in the most distant quasar known, at z = 7.08 (Venemans et al. 2012). From the dust
continuum emission for this system, Venemans et al. derive a SFR # 300 M$ year"1.

The gas dynamics in distant quasar host galaxies allows for a study of the evolution of the
black hole–bulge mass relation. Wang et al. (2010) present the most detailed analysis to date
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size. High-resolution ALMA observations at a high-frequency
band (e.g., 450 μm) will allow us to determine the radial gradient
in dust temperature (Section 4.1) and identify if the apparent size
difference originates in the dust properties or the intrinsic
gradients of dust-to-gas mass ratio.

3.3. Molecular Gas Kinematics

We find that both massive galaxies observed here exhibit
signatures of disk-like rotation in their CO velocity fields
(Figure 1). Assuming that the molecular gas is in rotating disks,
we investigate the kinematic properties by fitting dynamical
models to the data in the position–velocity (PV) diagram along the
kinematic major axis (Figure 3). We use the DYSMAL code
(Davies et al. 2011) to generate PV diagrams for an exponential
disk, spatially convolved with a 0 66!0 55 Gaussian beam.
We take into account the effect of pressure support, reducing the
observed rotation velocity (e.g., Burkert et al. 2010; Wuyts et al.
2016). The effective radii of the gas disks are fixed to those
measured in Section 3.2. For U4-16795, we infer an inclination, i,
from the axis ratio of the 870μm dust continuum emission as

� � �( ) ( )i qsin 1 1 thickness2 2 2 for symmetric oblate disks
with an intrinsic thickness of 0.25 (van der Wel et al. 2014). The
inclination is � o( )ilog 1 sin 1.11 0.042 dex (corresponding
to i= 64°). This uncertainty propagates to the dynamical mass
estimate as rM i1 sindyn

2 . As the effective radius and the
inclination are fixed, the remaining free parameters in the model
are dynamical mass, Mdyn, and local velocity dispersion, T0. For
U4-16504, we adopt the average of possible inclinations
(� § �isin 0.79) in the case of isotropically oriented disks (see
the appendix of Law et al. 2009). As the standard deviation is
derived as (¨ � � §( )i i i disin sin sin2 /¨ �)i disin 0.221 2 ,
we adopt the uncertainty of % � o( )ilog 1 sin 0.092 dex.

In the PV diagrams, we use the pixels with a flux above 3σ to
calculate the chi-squared values between the data and the models.
Figure 3 shows the best-fit models to minimize the chi-squared
value along with the residual maps after subtracting the model
from the data. The best-fit models for the two galaxies have
dynamical masses � �

�
:( )M Mlog 11.10dyn 0.06

0.07 for U4-16795
and � �

�
:( )M Mlog 11.19dyn 0.09

0.12 for U4-16504. These uncer-
tainties are based on the reduced-chi-squared values corresp-
onding to a p-value above 5%. In the dynamical mass
measurements, after taking into account the uncertainties of
effective radius and inclination, our final uncertainties are
+0.13 dex (!0.12 dex) for U4-16795 and +0.17 dex
(!0.15 dex) for U4-16504.
We also derive the rotation velocity and local velocity dispersion

from the best-fit models. We find � �
�v 386max 32

36 km s!1 and T �0

�
�55 22

19 for U4-16795 and � �
�v 391max 41

54 km s!1 and T �0

�
�96 31

35 km s!1 for U4-16504. We note that they have a larger
local velocity dispersion than the mean value (T � 500 km s!1) in
a large sample of rotation-dominated galaxies at _z 2 (Wisnioski
et al. 2015). This means that both dusty star-forming cores are
rotation dominated with the ratio of the maximum rotation velocity
to local velocity dispersion of T � �

�v 7.0max 0 2.8
2.5 for U4-16795

and �
�4.1 1.5

1.7 for U4-16504.

4. Dust and Gas Mass Estimates

4.1. Dust Mass

Rest-frame 850 μm continuum emission is a good indicator
of dust mass, Mdust. For galaxies at _z 2, rest-frame 850 μm
(3 mm in the observed frame) fluxes are often extrapolated
from "1 mm fluxes using a modified blackbody radiation
(MBB) model with a dust temperature of Td=25 K and
the dust emissivity, L Or C, with an index of C � 1.8

Figure 1. Two massive galaxies at z=2.5 detected in the CO � �J 3 2 line. From left to right: spatially averaged CO spectra; three-color images with HST/
F125W-, F160W-, and ALMA/870 μm-band (2 5!2 5), monochromatic images at F160W- and 870 μm-band with blue and red contours displaying blueshifted and
redshifted CO components with a velocity width of 150 km s!1; CO velocity field with white contours indicating the velocity-integrated CO fluxes. The contours are
plotted every T3 . Green and white dashed lines indicate the morphological major axis of 870 μm continuum emission and the kinematic major axis of CO,
respectively.
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