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Figure 3. OSIRIS Hα kinematics. Left: Hα flux map, middle: velocity map from the systemic velocity, right: velocity dispersion map.
The black crosses mark the peak(s) in Hα flux. Velocity shifts from the systemic redshift and velocity dispersion are measured in km s−1.
Compass at the bottom right of the left panels show the true orientation. Letters at the bottom left of the left panels represent
morphology classifications; M=Multiple emission, E=Extended emission, S=Single emission. Objects are presented in the
order based on the morphological classification described in Section 3.1.
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The rapid formation of a large rotating disk galaxy
three billion years after the Big Bang
R. Genzel1,2, L. J. Tacconi1, F. Eisenhauer1, N. M. Förster Schreiber1, A. Cimatti1,3, E. Daddi4, N. Bouché1,
R. Davies1, M. D. Lehnert1, D. Lutz1, N. Nesvadba1, A. Verma1, R. Abuter1, K. Shapiro5, A. Sternberg6, A. Renzini7,
X. Kong8, N. Arimoto9 & M. Mignoli10

Observations and theoretical simulations have established a
framework for galaxy formation and evolution in the young
Universe1–3. Galaxies formed as baryonic gas cooled at the centres
of collapsing dark-matter haloes; mergers of haloes and galaxies
then led to the hierarchical build-up of galaxy mass. It remains
unclear, however, over what timescales galaxies were assembled
and when and how bulges and disks—the primary components of
present-day galaxies—were formed. It is also puzzling that the
mostmassive galaxies weremore abundant andwere forming stars
more rapidly at early epochs than expected from models4–7. Here
we report high-angular-resolution observations of a representa-
tive luminous star-forming galaxy when the Universe was only
20% of its current age. A large and massive rotating protodisk is
channelling gas towards a growing central stellar bulge hosting an
accreting massive black hole. The high surface densities of gas, the
high rate of star formation and the moderately young stellar ages
suggest rapid assembly, fragmentation and conversion to stars of
an initially very gas-rich protodisk, with no obvious evidence for a
major merger.
Imaging spectroscopy of high-redshift galaxies at high angular

resolution of well understood rest-frame optical spectral diagnostics
is now becoming feasible with advanced instruments on large
ground-based telescopes. This promises new empirical information
about the crucial epoch of galaxy evolution near a cosmological
redshift z , 2, about 3 billion years after the Big Bang, when the
Universe was about 20% of its present age. We have recently begun a
study of a representative sample of z , 2–3 star-forming galaxies,
selected on the basis of their rest-frame ultraviolet/optical fluxes and
colours, with the near-infrared integral field spectrometer SINFONI
on the Very Large Telescope of the European Southern Observa-
tory8,9. Our first results10 revealed that fairly large and massive
protodisk galaxies were present already at z , 2–3. However, we
did not have sufficient resolution to distinguish unambiguously
between a merger and a disk interpretation, or to resolve the bulge
and disk components. For one of these luminous star-forming
galaxies, BzK-15504 (z ¼ 2.38; refs 11, 12), the presence of a nearby
star and excellent atmospheric conditions allowed us to take full
advantage of the adaptive optics mode of SINFONI. We achieved an
angular resolution of,0.15 00 (1.2 kpc or 4,000 light years),more than
three times better than in our previous work. BzK-15504 is fairly
typical of rest-frame optically bright, actively star-forming galaxies at
that redshift (for details see legend to Fig. 1, and Supplementary
Information). The SINFONI spectral data reveal the spatial distri-

bution and kinematics of spectroscopic tracers in unprecedented
detail. Ha line emission tracing ionized gas in many compact star-
formation complexes is distributed over an extended region of
diameter ,1.6 00 (13 kpc), approximately centred on the continuum
peak (Fig. 1). The Ha surface brightness distribution is somewhat
asymmetric (the emission towards the northwest is significantly
brighter) but low-level Ha emission is detected over a comparable
area in both northwest and southeast quadrants. Similarly asym-
metric distributions of the bright ionized gas are often seen in
otherwise symmetric, local-Universe disk galaxies. There they reflect
the instantaneous distribution of the youngest star-forming regions
and, in some cases, of dust extinction13,14. The velocity field of Ha is
remarkably symmetric and is described very well by a combination of
circular motion (rotation) in the outer parts and strong radial flow in
the nuclear region. BzK-15504 also has a bright near-nuclear con-
centration of Ha emission, accompanied by wider lines of
450 km s21 full-width at half-maximum (FWHM) (Figs 1 and 2,
and Supplementary Information).
In the outer regions (r . 0.4 00) the highest-velocity and lowest-

velocity H II region complexes are found at position angle,248 west
of north, which is also the morphological major axis. Along this axis
the absolute values of themean line velocities (relative to the systemic
velocity) increase sharply with distance from the centre and reach a
constant value at jrj . 0.4 00 (Fig. 2b). Along the minor axis in the
blue-shifted northwestern quadrant the absolute values of the mean
velocities decrease smoothly on each side of the major axis (Figs 1 b–i
and 2d). Taken together, these characteristics constitute compelling
qualitative evidence for rotation in a disk inclined with respect to the
sky plane15. For quantitative modelling we adopted an azimuthally
symmetric exponential disk (see Supplementary Information),
which fits the data very well. The best-fitting models from x 2

minimization (Table 1) have a radial exponential scale length of
4.5 kpc, a maximum circular velocity of 230 km s21 and an overall
dynamical mass of 1.1 £ 1011 solar masses (M() within r , 8 kpc.
Although the ionized gas in BzK-15504 is therefore clearly a large
rotating disk, the question arises whether this conclusion also holds
for the underlying galaxy as a whole, or whether a merger configur-
ation might not also be possible. The possibility of a major merger
(a mass ratio of the two galaxies of less than 3:1) is not compatible
with the observed kinematics. For two galaxy mass centres separated
on the same scale as the gas disk (4 kpc or more), the gas dynamics
would be strongly perturbed and would deviate substantially from
that of a simple disk. For a very advanced major merger, most of the
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Fig. 3, which exhibit significant velocity residuals southwest of the
nucleus. The origin of these residuals is gas at slightly blue-shifted
velocities entering the nuclear region from the northwest, then
passing along the minor axis below the nuclear position and exiting
southeast into the red-shifted part of the disk (see Fig. 1a, d–g, shown
by the dotted S-shaped curve). This trend is reflected in the overall
velocity field of Fig. 3a as a twist of the iso-velocity contours, reaching
an amplitude of 70–120 km s21 in the velocity residual map (Fig. 3c).
Very similar patterns are seen in many local-Universe galaxies (see,
for example, refs 15, 26), where they are interpreted as the tell-tale
signature of radial inward streaming of gas from the disk into the
nucleus (for example, in response to a stellar bar). This inflow could
be an important contributor to the growth of a substantial bulge
whose presence is already apparent as a bright stellar peak near the
centre of BzK-15504 (see Supplementary Information). In addition

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

Table 1 | Physical properties of BzK-15504

Parameter Value Description

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

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

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

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

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

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

northwest of the centre and averaged over 0.25 00 along the major axis. Filled
blue circles denote spectra in the 0.15 00 high resolution data of Fig. 1; red
crosses represent the second independent data set at 0.45 00 spatial resolution.
Continuous curves denote the best fitting exponential disk model to the
data. The dotted curve in b is the inclination and resolution corrected,
intrinsic rotation curve inferred from our modelling. In all panels vertical
error bars represent formal 1-j uncertainties in the measurements.
Horizontal error bars indicate the diameter of the synthetic apertures.
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(a)
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Figure 19. Kinematic ratio of half the observed velocity gradient to the integrated velocity line width vobs/(2σint) of z ∼ 2 star-forming galaxies. As for Figure 18, the
SINS Hα sample observed with SINFONI is combined with that of Law et al. (2009) observed with OSIRIS, and the same symbols and color coding are used for the
data points and histograms. (a) vobs/(2σint) as a function of star formation rate per unit area, taking SFR00(Hα) within the half-light radius r1/2(Hα). The extinction
correction involved in deriving the SFR from Hα used here assumes extra attenuation toward the H ii regions with AV, neb = AV, SED/0.44 but the trend remains
qualitatively the same without this extra attenuation. (b) vobs/(2σint) as a function of dynamical mass derived as explained in Section 9.6. (c) vobs/(2σint) as a function
of stellar age from the SED modeling. (d) vobs/(2σint) as a function of stellar mass from the SED modeling. All error bars represent 1σ uncertainties, propagated
analytically from the primary measurements as appropriate. Our working criterion to discriminate between sources with rotation- and dispersion-dominated kinematics
at vobs/(2σint) = 0.4 (see Section 9.5) is shown by the dashed horizontal line.
(A color version of this figure is available in the online journal.)

relation has been established for local star-forming galaxies
(e.g., Kennicutt 1998) and its validity has recently been tested
at high redshift from direct measurements of CO molecular
line emission of bright SMGs (Bouché et al. 2007, see also
Tacconi et al. 2006, 2008). These results as well as very recent
CO line detections in several rest-UV/optically selected star-
forming galaxies (BX and sBzK objects) at z ∼ 1–2 (Daddi
et al. 2008; Tacconi et al. 2009) all show that both low- and
high-redshift star-forming galaxies lie approximately along a
universal relation. We used the relation derived by Bouché et al.
(2007), which implies

Mgas[M"] = 3.66 × 108 (SFR[M" yr−1])0.58 (r1/2[kpc])0.83.
(4)

In applying Equation (4), we took half of the inferred Hαstar
formation rate for the area enclosed within r1/2(Hα), and
multiplied by 2 to get the total gas mass. We considered again
the two cases without and with extra attenuation toward the
H ii regions relative to the stars, with the SFR0(Hα)’s and
SFR00(Hα)’s from Table 8, giving M0

gasand M00
gas (differing by

about a factor of 2 on average).
For the dynamical masses, we again followed one of the

methods used in Section 9.5 to compute vd. For the 18 disk

galaxies with detailed kinematic modeling, we adopted the
total dynamical masses (i.e., within r < 10 kpc) derived by
Genzel et al. (2008) and Cresci et al. (2009). For the rotation-
dominated systems, we assumed disk rotation and calculated
the enclosed dynamical mass as Mdyn(r < r1/2) = (v2

d r1/2)/G,
where G is the gravitational constant. We averaged the masses
obtained with v

vgrad
d and vwidth

d calculated from the observed
velocity gradient and from the integrated velocity dispersion,
respectively (as described by Förster Schreiber et al. 2006a),
and corrected for inclination. Here, the radius we used is half
of the major axis FWHM(Hα) (given in Table 6), which is
more appropriate as measure of the intrinsic deprojected radius
of inclined disks. We then multiplied the resulting mass by
two to obtain the total dynamical mass. For the dispersion-
dominated objects, we applied the isotropic virial estimator
with Mdyn = (6.7σ 2

int r1/2)/G, appropriate for a variety of
galactic mass distributions (Binney & Tremaine 2008). For
this case, Mdyn represents the total dynamical mass and we
used r1/2(Hα) as measure of the intrinsic half-light radius of
dispersion-dominated systems. As for vd above, we considered
the dynamical mass derived for K20 − ID5 as upper limit since
its kinematics are likely affected by AGN and/or shocks. The
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(a)

(c) (d)

(b)

Figure 11. Same as Figure 10 but comparing the SINS Hα sample at 1.3 < z < 2.6 to other samples in the same redshift interval with published near-IR integral field
spectroscopy. The large black/white dots and gray-shaded histograms indicate the data for the SINS Hα sample. Purple triangles show the objects from Law et al.
(2007a, 2009), green squares those from Wright et al. (2007, 2009, with separated merger components plotted individually), observed with OSIRIS. Orange stars show
the sources from van Starkenburg et al. (2008, size measurements not available), and blue lozenges those from Épinat et al. (2009, integrated velocity dispersions not
available), observed with SINFONI. Histograms for those samples follow the same color scheme. For consistent comparison with our SINS sample, the total system
properties are used for all sources of Law et al. (2007a, 2009), including the resolved mergers. For their two separated mergers, Wright et al. (2009) give the stellar
masses of both components together but Hα properties for the individual components; the data of the individual components are thus plotted here using the total M"

as upper limit. Stellar masses given by van Starkenburg et al. (2008) and Épinat et al. (2009) are for a Salpeter (1955) IMF and have been corrected (dividing by 1.7)
to the Chabrier (2003) IMF used in the other studies.
(A color version of this figure is available in the online journal.)

most important but elusive galaxy properties. These issues have
been addressed in previous near-IR studies of z ∼ 2 galaxies,
but the results were limited because of small sample sizes or
potentially affected by uncertain aperture corrections (e.g., van
Dokkum et al. 2004; Erb et al. 2006c; Kriek et al. 2007).

Throughout, we assume that the measured Hα line emission
originates from star-forming regions, with no contribution
from AGN or shock-ionized material (other sources should be
negligible for actively star-forming galaxies; e.g., Brinchmann
et al. 2004). This is supported by the rest-frame optical line ratios
from our SINFONI data (including [N ii]/Hα for all galaxies
and [O iii]/Hβ for a small subset; P. Buschkamp et al. 2009,
in preparation) as well as by their rest-UV spectra, except for
the four known AGNs. As argued in Section 6.2, in at least
one of them star formation nonetheless appears to dominate the
integrated Hα flux. Based on stacking analysis, Shapiro et al.
(2009) suggest evidence for a broad underlying Hα component
(FWHM ! 1500 km s−1) in our SINS sample, which, along with
the dominant star formation activity producing the narrower
component, could be due to either lower-level or obscured AGN
activity or powerful starburst-driven galactic outflows. However,

the line fitting method applied in this paper is little sensitive to
such a component. The presence of low-luminosity or obscured
AGN would also affect to some extent the broadband SEDs
and thus the derived stellar properties but except for very few
sources, including some of the known AGNs, the SEDs do not
show evidence from AGN contamination.

8.1. Intrinsic Hα Luminosities, Hα Equivalent Widths, and
Star Formation Rates Estimates

In this subsection, we detail our derivation of the various
intrinsic quantities used in the following discussion. The results
are reported in Tables 7 and 8.

As we do not have direct estimates of the dust attenuation
applicable to the Hα line emission (e.g., from measurements of
the Balmer decrement), we used the best-fit extinction values
AV, SED from the SED modeling (Table 3). Quantities corrected
for this amount of extinction are denoted with the superscript
“0.” From studies of local star-forming and starburst galaxies,
there is evidence that on average the Balmer line emission
is more attenuated by a factor of ∼2 than the starlight that

Förster Schreiber et al. (2009)

LOW v/"’s                                             High "’s 
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#igh-"H!: Interpretations

• Thick turbulent gas-rich disk in hydrostatic 
equlibrium traced by H! (Genzel 2006, 2010, 
Elmegreen) "$SFR (large clumps, fed by z~2 
cold flows?)

• Winds/feedback from star-formation/SNe 
(Lehnert 2009, Green 2010) SFR$"

• Energy injection from cosmic accretion 
(Elmegreen & Burkert 2010)



Are high-z galaxies 
really different?
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• Uniform H! kinematic sample from large 
volume

• Analyse high S/N 2D dynamics same as z~2

• Test SB effects, artificial redshifting, 2D Tully-
Fisher



• 90 most H! galaxies (non-AGN) from SDSS

• IFU observations covering ~ 30 kpc (AAT/
SPIRAL 2.3m/WiFES)

• Spatial resolution 2.3 kpc (%AO at z=2)

• Spectral resolution R~10,000 (c.f. CALIFA)
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distribution at z = 0.6 begins to shift towards more or-
dered, disk-like kinematics, which they interpret at the
evolution of star forming galaxies towards modern spi-
rals.
At low redshift, resolved spectroscopic observations

have primarily been with long-slit spectrographs, pro-
viding “2D” (one spatial and one spectral dimension)
data. With a few early exceptions (notably Tully 1974),
“3D” spectroscopy taking advantage of both spatial di-
mensions on the sky has been very limited for local
galaxies until recently. The SAURON project demon-
strated the great power of 3D the kinematic observa-
tions on elliptical and SO galaxies Bacon et al. (2001).
Notably, they showed almost all elliptical galaxies show
clear, organised rotation (REF). Similar 3D work for
star forming galaxies comes from the GHASP survey,
which uses Fabry-Parot techniques to provide spatially
resolved spectroscopy of the Hα emission line. Despite
these important datasets, low redshift galaxies have not
been studied with 3D instruments much longer than their
early counterparts.
Despite advances in spatially resolved spectroscopic

techniques at low- and high-redshift, comparisons be-
tween the two redshift regimes, and even between in-
dividual samples, have been limited. Although perhaps
now better understood, different selections and obser-
vational conditions between the samples of Law et al.
(2007) and Förster Schreiber et al. (2006) provided a
likely explanation for differences in results. But more
importantly, the much greater range in kinematic pro-
prieties observed in early galaxies has been a marked
contrast to the comparatively more uniform samples ob-
served in nearby galaxies of similar luminosities. Addi-
tionally, IFS surveys have focused on different param-
eters and quantities than traditionally measured in the
corpus of long-slit work from low-redshift surveys, result-
ing in unsatisfying comparisons between the two redshift
regimes.
To make more direct, meaningful comparisons between

galaxy kinematics at high- and low-redshift, we decided
to observe with IFS a large sample (90) of star form-
ing galaxies selected in a similar fashion to typical high-
redshift galaxies and observed in a similar or better fash-
ion than high quality results from z ∼ 2. We present
that sample, and some of the comparisons here. The
most compelling comparison, that between the velocity
dispersions and total star formation rates, has already
been presented in Green et al. (2010).
In Section 2, we will outline how our target selection

criteria was designed to both compliment and approx-
imate typical high-redshift selections, and show some
properties of these galaxies. Section 3 will describes in
detail our observational techniques and the data reduc-
tion methods applied to our data. In Section 4, we build
a build a picture of these objects with key results on these
objects dynamics and star formation environments. Ex-
panding from Paper I, Section 5 presents a discussion
of the interplay of gas turbulence and star formation in
light of these new results. Finally, Section 6 summarizes
our conclusions and potential future work.

2. TARGET SELECTION

To maximise the comparative value, we wished to
choose a representative sample of local galaxies most
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Fig. 1.— DYNAMO Target Selection. The top panel shows

the target selection windows in Hα luminosity and redshift space.

Galaxies to be observed were randomly selected inside each win-

dow, and are shown with coloured points. The bottom panel shows

the observed galaxies in star formation and stellar mass (from

Brinchmann and Kaufmann, respectively) space. In both panels,

the distribution of all star forming galaxies from SDSS DR4 is

shown by the small black points and contours. The contours show

the logarithmic density of galaxies.

likely to compare well with existing observations at high-
redshift. Most high-redshift observations focus on the
Hα emission line because it is typically the brightest for
star forming galaxies. We turned to the largest, rep-
resentative spectroscopic sample of the local universe,
the Sloan Digital Sky Survey (SDSS, York et al. 2000)
and the MPA-JHU Value Added Catalogue1 (Brinch-
mann et al. 2004; Tremonti et al. 2004; Kauffmann et al.
2003b). This catalogue provides stellar masses, metal-
licities and star formation rates for galaxies observed by
the Sloan Digital Sky Survey as part of Data Release 4
(DR4, Adelman-McCarthy et al. 2006). The MPA-JHU
catalogue includes 520,082 galaxies. Before selecting our
targets, we applied several cuts.
Emission Line Flux Although there are many con-

straints driving high-redshift galaxy selection for IFS ob-
servations, perhaps most relevant is the flux of the galaxy
in the relevant emission line. The surface brightness lim-

1
http://www.mpa-garching.mpg.de/SDSS/DR4/
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The Big 
Surprise...
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Are they really 
turbulent disks?



(Based on IMAGES system – Flores et al. 2009) 
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Figure ?? (continued)
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Figure ?? (continued)
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Figure ?? (continued)
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Figure ?? (continued)
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Figure ?? (continued)
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Figure ?? (continued)
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Figure ?? (continued)
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Fig. 8.— The Tully-Fisher relation for our sample in a variety of different observables. Panel A shows the traditional Tully-Fisher
relation in the r-band (TFR). Panel B shows the stellar mass Tully-Fisher Relation (smTFR). Panel C shows the Sk measure of Weiner
et al. (2006). The circular velocity, v2.2Rd

is inferred at 2.2 disk scale lengths from disk fitting (Section 3.7). Points are coded by their
kinematic classification as in the key in Panel B (Section 4.1). No points have been excluded from this plot, even though not all are rotating
disks. The solid lines show the relations of Pizagno et al. (2007), Bell & de Jong (2001), and Kassin et al. (2007) in panels A, B and C,
respectively. The dashed line in B shows the offset Tully Fisher found for galaxies at z ∼ 0.6 (Puech et al. 2008). The scatter is reduced
when stellar mass (Panel B) and kinetic energy due to non-circular motions (Panel C) are included. Statistical, 1σ error bars are included.
Systematic errors will be largest for objects with complex kinematics (CK), and smallest for rotating disks (RD). Add the z = 2 TFR
line from Cresci et al. (2009).

between disk circular velocity and luminosity discovered
by Tully & Fisher (1977). The Tully Fisher Relation
has been expressed in many different forms, and we have
chosen to focus on three: the traditional circular veloc-
ity – absolute magnitude Tully Fisher Relation (TFR);
the stellar mass Tully Fisher Relation (smTFR); and B.
Weiner’s S0.5 Tully Fisher Relation. These relationships
are summarised in Figure 8

For all three methods, a single circular velocity must
be assigned to each galaxy. Although Vasymp would be a
handy number from our disk fitting algorithm, the shape
of the arctangent function means that this value is of-

ten much higher than the maximum velocity observed,
particularly when the velocity is still increasing at the
largest observed radius. Instead, we choose to use the
velocity measured at 2.2 exponential disk scale lengths,
V2.2Rd , where the scale length is measured in the r-band
by the SDSS pipeline. This is where the rotation curve of
an ideal, self-gravitating, exponential disk would peak.

TFR. First, the traditional Tully Fisher Relation
(TFR) compares the circular velocity with the absolute
magnitude in a given band. We convert the r-band ap-
parent magnitude from the SDSS pipeline to an absolute
magnitude using the redshift in the standard cosmology.

Green et al. (in prep.)



What drives "m?



Mass?

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

9.0 9.5 10.0 10.5 11.0

20

40

60

80

100

Stellar Mass �log M
�
�

L
o
c
a
l
v
e
lo
c
it
y
d
is
p
e
rs
io
n
�km�s

�

b

Green et al. (2010)

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�
M51

�
M82

40 41 42 43

20

40

60

80

100

0.1 0.2 0.5 1 2 3 5 10 20 50 100200 500

10�6

10�5

10�4

10�3

10�2

HΑ Luminosity �log erg�s�

L
o
c
a
l
v
e
lo
c
it
y
d
is
p
e
rs
io
n
�km�s

�
Star Formation Rate �M

�
�yr�

Φ�Log
L
H
Α
��Mp

c
�
3
d
e
x
�
1
�a

This Study z�0.1
z�0.01 �refs 18,19�

� z�1.4 �ref 4�
� z�2.3 �ref 7�
� z�3.5 �ref 8�



Gas Fraction?

Green et al. (2011)

12 Green et al.

9.5 10.0 10.5 11.0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

�� �M��

� g
as
��� ga

s
�

� �
�

1 10
0.0

0.1

0.2

0.3

0.4

0.5

0.6

SFR �M
�
�yr�

� g
as
��� ga

s
�

� �
�

30 40 50 60 70 80 90 100
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Σmean �km�s�
� g

as
��� ga

s
�

� �
�

Fig. 8.— The gas fraction is shown as a function of stellar mass (M∗), star formation rate (SFR) and mean local velocitydispersion
(σmean). There is no trend between dispersion or star formation rate and gas fraction, counter to previous arguments that a gas rich disk
is necessary to drive high dispersion systems.

By comparing the gas masses thus obtained with the
stellar masses for these galaxies from Kauffmann et al.
(2003), we can also compute the fraction of baryons in
gas vs. stars (we assume the dust mass is negligible).
The fraction of gas varies from 0.03 to 0.57 across our
sample, and does not correlate with σm or star formation
rate (see Figure 8).
We note that the Kennicutt-Schmidt Law is

based on observed star formation rates of up to
1000 M⊙ yr−1 kpc−2, and therefore should remain valid
even for the most extreme objects observed here.

4.4. Tully Fisher Relation

Using the circular velocities derived from the disk fit-
ting (see Section 3.7), we can reproduce the relationship
between disk circular velocity and luminosity discovered
by Tully and Fisher (1977). The Tully Fisher Relation
has been expressed in many different forms, and we have
chosen to focus on three: the traditional circular veloc-
ity – absolute magnitude Tully Fisher Relation (TFR);
the stellar mass Tully Fisher Relation (smTFR); and B.
Weiner’s S0.5 Tully Fisher Relation. These relationships
are summarised in Figure 9
For all three methods, a single circular velocity must

be assigned to each galaxy. Although Vasym would be a
handy number from our disk fitting algorithm (see Sec-
tion 3.7), the shape of the arctangent function means
that this value is often much higher than the maximum
velocity observed, particularly when the velocity is still
increasing at the largest observed radius. Therefore,
Vasym is usually poorly constrained by the data. Instead,
we choose to use the velocity measured at 2.2 r-band
exponential disk scale lengths,5 V2.2Rd . This is where
the rotation curve of an ideal, self-gravitating, exponen-
tial disk would peak (Pizagno et al. 2007), and is more
comparable to other analyses.
First, the traditional Tully Fisher Relation (TFR)

compares the circular velocity with the absolute mag-
nitude in a given band. We convert the r-band apparent

5 SDSS’s expRad r in the PhotoObj view.

magnitude from the SDSS pipeline to an absolute mag-
nitude using the redshift in the standard cosmology. We
include the K–correction on the r-band flux from the .

We compare our results with those of Pizagno et al.
(2007). They use use long-slit spectroscopy to measure
the circular velocity of SDSS galaxies at 0.017 ≤ z ≤
0.05. Although they use the circular velocity at the ra-
dius enclosing 80% of the i-band flux, V80, they argue
V80 � V2.2Rd except in galaxies with significant bulges
(not common in our objects), making their result com-
parable to our own.

The r-band relationship shows considerable scatter.
Excluding the CK class (complex kinematics, see § 4.1)
significantly reduces the scatter to lower circular veloc-
ities, as does excluding the compact objects. Because
CK objects are not relaxed rotating disks, they will not
have a circular velocity, and v2.2Rd from our disk fitting
will be suspect. For the compact objects, many of which
are marginally resolved in SDSS imaging, the inclination
estimates are likely to be poor, introducing systematic
errors in the circular velocities and adding to the scat-
ter.

Second, we present the stellar mass Tully-Fisher Re-
lation (smTFR) for our objects. Using the stellar mass
instead of broadband light removes uncertainties in the
mass-to-light ratio are and reduces the scatter in the re-
lation (Verheijen 2001). The solid line shows the smTFR
of Bell and de Jong (2001) for reference. For our objects,
we use the stellar masses derived by Kauffmann et al.
(2003) (corrected to our chosen IMF). As with the TFR,
excluding objects classified as CK and compact reduces
the scatter about the comparison relation significantly.
Also shown is the z ∼ 2 relation of Cresci et al. (2009),
which we discuss below.

Finally, we present the pressure support corrected
Tully Fisher Relation for our data. Weiner et al. (2006)
have proposed a modification to the circular velocity
to include energy in non-circular motions, which they
parametrize,

Sk =
�

kv2 + σ2 (11)

(Using KSR)
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Since we are using the same cooling curve in the low-temperature
regime as that of Vázquez-Semadeni et al. (2000), the fit used by
the latter authors and by Spitzer (1978) for the data of Dalgarno &
McCray (1972) remains valid, and the thermally unstable regime
is confined in the temperature range 398 KP T P 10;000 K.

We interpret the flatness of the !-" relation for "/"G P 0:5 as
resulting from the interplay between direct SN driving and ther-

mal instability. Figure 14 shows, after convergence is reached,
the dependence of the volume filling factor of the thermally
unstable gas on the normalized SN rate, whereas Figures 15
and 16 display, as examples, the time evolution of the volume
filling factor of the unstable (398 K < T < 10;000 K), cold
(T < 398 K), and warm gas (T > 10;000 K) in the models with
("/"G; #) ¼ (0:01; 0:25) and ("/"G; #) ¼ (0:1; 0:25), respec-
tively. In Figure 14, the volume filling factor of the unstable gas,
which is an indicator of the occurrence of TI, shows a tran-
sition at "/"G ’ 0:5, which roughly corresponds to the position
of the transition observed in the "-vc and "-! relations, and a non-
zero value at smaller values of ". For the large SN rate values, the
gas is predominantly hot, becoming increasingly hotter with time.
Therefore, the volume filling factor of the unstable gas in that
regime is close to zero. In the regimewhere"/"G P 0:5, TI ismore
efficient at converting the gas into the cold phase at the lower end

Fig. 13.—Velocity dispersion of the gas ! as a function of the SN rate
" (normalized to the Galactic value "G, triangles). The square and hexagon
correspond to simulations where the average density has been reduced by fac-
tors of 5 and 10, respectively. The displayed data have been obtained using a
spectral bin size of 1 km s"1. The constant line at 6 km s"1 is drawn to guide the
eye.

Fig. 14.—Volume filling factor of the unstable gas (398 KP T P 10;000 K) as
a function of the SN rate " (normalized to the Galactic value "G). The error bars
represent the statistical errors for five estimates of each value (last 5 Myr in each
simulation).

Fig. 12.—Characteristic velocity vc as a function of SN rate " (normalized to
the Galactic value "G).

Fig. 15.—Time evolution of the volume filling factor of the unstable gas
(398 KP T P 10;000 K, dashed line), cold gas (T < 398 K, solid line), and
warm gas (T > 10;000 K, dot-dashed line) for the simulation with the set of
parameters ("/"G; #) ¼ (0:01; 0:25).
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value for the SFI approximately averaged over the isophotal
radius). This of course assumes that the molecular gas has same
kinematics as the warm ionized gas. The high densities that we
found in Section 6.1 and the course angular resolution of our
data which averages the kinematics over a large region perhaps
imply that this is not a bad assumption (but see Joung et al.
2008; Walter et al. 2002).

If we adopt, vrms=150 km s−1, a mass surface density of 1000
M" pc−2, a driving length of 1 kpc (which is a typical thickness
of the “clumpy disks” observed at similar redshifts as our
sample; Elmegreen & Elmegreen 2006), we find that turbulence
likely dissipates about 1042 erg s−1 kpc−2. The surface area
within the isophotal radius is approximately 200 kpc2 (Table
1) giving a total energy dissipation of about 1044.3 erg s−1. We
emphasize given the uncertainties, the limits of our theoretical
understanding of turbulence and untested assumptions, this
estimate of the turbulent dissipation should be considered as
order-of-magnitude only.

7.2. Cosmological Gas Accretion

We can compare this rough energy dissipation estimate
with that of gas infalling on to the disk itself. The total
energy accretion rate from gas falling onto the disk is given
approximately by (Dekel & Birnboim 2008),

Ėheating = | ∆φ | Ṁgas = 4.8ṀgasV
2
c

= 1043.1Ṁgas,100V
2
c,200 erg s−1 (4)

where |∆φ| is the potential energy of infall, Ṁgas,100 is the halo
gas accretion rate in units of 100 M" yr−1, and Vc,200 is the
circular velocity of the halo in units of 200 km s−1. Thus it
appears that accretion of gas in itself cannot power the turbulent
and bulk motions we observe in these galaxies if these motions
decay as compressable turbulence. Dekel et al. (2009a) also
suggest that the main source of turbulence is not infalling gas,
unless this infalling gas is itself also highly clumpy, something
they themselves rule out as highly unlikely for a large fraction
of the infalling gas.

7.3. Velocity Dispersions in Jeans Unstable Clumps

The dynamics of these galaxies could be influenced by the
mode of star formation. Elmegreen and collaborators have
proposed that the large number of clump-cluster and chain
galaxies observed at high resolution in deep HST imagery
represent gas-rich Jeans unstable disks (review in Elmegreen
2007). Clumpy galaxies are not rare. Their frequency and
relatively fast dynamical evolution suggests that perhaps all
galaxies pass through a “clumpy” stage in their evolution, and
that this process is a natural way of explaining phenomena
like the growth of bulges and nuclear supermassive black holes
(Bournaud et al. 2007; Elmegreen et al. 2008a). HST/NICMOS
images of five of our sample galaxies (Figure 4) do show that
they have “clumpy” irregular morphologies consistent with this
hypothesis.

The clumpiness of the disks is hypothesized to be driven
by Jeans instability, which implies a relationship between the
mass of collapsing gas and the velocity dispersion within the gas
(e.g., Elmegreen et al. 2007). Specifically, the Jeans relationship
implies that

σgas ∼ M
1/4
J G1/2Σ1/4

gas = 54M
1/4
J,9 Σ0.18

SFR km s−1 (5)

Figure 12. Plot of the SFI vs. the Hα velocity dispersion in our sample of
galaxies. See Figure 1 for details on the 3 × 3 pixel smoothing that was applied.
The symbols for the different galaxies in our sample are shown in the legend
to the figure. The solid black lines show three simple relationship of the form
σ = √

εĖ, where ε is the efficiency of coupling between the energy injected
and the ISM. From bottom to top: σ = 100

√
ΣSFR km s−1, σ = 140

√
ΣSFR

km s−1, and σ = 240
√

ΣSFR km s−1 (see the text for further details). We note
that the overall trend seen in the diagram for the ensemble of galaxies is also
traced by the data from individual galaxies but with a somewhat steeper slope.
If the dispersions represented turbulent motions, we would expect a scaling,
σ = (εĖ)1/3. Using two scalings for the coupling efficiency, 25% and 100% and
a primary injection scale of 1 kpc, we find σ = 80Σ1/3

SFR km s−1 and σ = 130Σ1/3
SFR

km s−1 (bottom and top black dashed curves respectively). The red solid line
represents the velocity dispersion of a 109 M" clump using the simple Jeans
relationship between mass and velocity dispersion (see the text for details). The
offset between galaxies may be due to a range of coupling efficiencies between
the mechanical energy output from the on-going star formation, differences in
the average pressure within the ISM, or geometrical factors such as inclination.
(A color version of this figure is available in the online journal.)

where σgas is the velocity dispersion of the gas, G is the
gravitational constant, Σgas is the gas surface density in M"
pc−2, MJ,9 is the Jeans mass in units of 109M", and ΣSFR is
the SFI in units of M" yr−1 kpc−2. We have used the Schmidt–
Kennicutt relation (Kennicutt 1998b) to convert from gas surface
density to SFI. We show the relationship between the velocity
dispersion and SFI for Jeans unstable clumps in Figure 12 for
a clump of 109 M", similar to the largest masses estimated for
clumps based on spectral energy distribution fitting (Elmegreen
& Elmegreen 2005). We chose 109 M" to put the weakest
limit on the possible contribution of the clumps to the observed
velocity dispersion.

The velocity dispersions predicted by Equation (6) generally
lie below the data in Figure 12, especially at the highest
intensities, and the relationship is also too flat as a function
of SFI. Although this does not rule out clumps in a disk as a
contributing source to the high velocity dispersions observed
in our sample, especially for the gas with lowest dispersions, it
cannot be the entire explanation. And taken at face value, the
masses necessary to explain the average dispersion would be
more like 1010 M", not 109 M", suggesting that the dispersions

Lehnert et al. (2009) – z~2 SINS galaxies
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Fig. 11.— The top panel shows our offset Tully Fisher relation
(dashed line, see Section 4.4) and the positions of our galaxies color
coded by the value of the Toomre Q stability parameter. Objects
with low values of Q fall significantly to the left of the Tully Fisher
relation. We have computed the perpendicular residuals from the
relation (in logarithmic space) and compare them with Q in the
second panel (symbols coded by classification as in Figure 8). The
shaded region in both panels represents a residual of ±0.2. Almost
all the stable objects fall within this region.

dispersion in each spatial pixel of our data is presented in

Figure 12. There is considerable scatter, and any trend

is very weak, if present. We note that the most luminous

individual pixels are often near the centre of the galaxy,

where beam smearing over the steep inner velocity gra-

dient would inflate the observed velocity dispersion over

the true local turbulence, further weakening any trend.

(However, we could present a “corrected” version of

this plot, were we use the beam smearing correction in-

troduced in the SI of the Nature paper. I suspect that this

would remove the slight trend seen in this figure. Might

be worth doing, as it would argue that σmis less affected
by beam smearing.)

We have explored the possibility that star forming re-

gions are not spatially coincident with high dispersion

regions as a possible explanation of these two seemingly

incompatible results. A spatial decoupling of star for-

mation and turbulence on smaller scales would make a

trend between the two quantities invisible until a region

large enough to be homogeneous is considered.

We visualise this possibility by over plotting the local

velocity dispersion on the star formation surface density.

We show an example of this visualisation for HfluxLz 15-

3 in Figure 13. The red channel shows the star forma-

tion density in each spatial pixel, while the green channel

is proportional to the velocity dispersion in that spatial
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Fig. 12.— For each spatial pixel in our sample, the observed,
line-of-sight velocity dispersion (corrected for instrumental broad-
ening) is shown against the Hα surface brightness for the same
spatial pixel. The velocity dispersion in each pixel also includes
a correction for the velocity shear across the pixel, although the
results are qualitatively the same without this correction. The
contours show the linear density of points in the centre for clarity.

Fig. 13.— Map showing star formation (in red) and the velocity
dispersion (in green) for each spatial location HfluxLz 15-3 (???).
Where these two phenomenon are spatially coincident, red and
green blend to yellow. Because the intensity of green is modulated
by the velocity dispersion, the lowest signal to noise regions can
result in considerable “structure” which is not real, usually near the
edge of the galaxy. In this object, the highest dispersion regions are
on an axis perpendicular to the regions of highest star formation.
This may be indicative of a star burst induced galactic wind. We
see a similar signature in six of our galaxies.

pixel. These two quantities are related—the former is the

integrated Hα flux, the latter the width of the Hα flux

distribution, but represent different physical processes.

Where the two phenomenon are spatially coincident, the

map is yellow. We have adopted an arbitrary relative

scaling of the two color channels in each galaxy to make

the situation as clear as possible. We have also been

very careful about the velocity dispersions in low signal

to noise regions, rejecting fits which do not obviously rep-

resent the true width. However, the spatial pixels around

the edges of these maps still tend to have the largest un-

certainties, and therefore bright green rings at the edges

of galaxies are likely to be an artifact of noise.

In six of YYY galaxies, we see a spatial decoupling of

star formation and turbulence, which may be indicative

of galactic winds. Although star formation and high ve-

locity dispersion regions remain adjacent to one another,

they are not always exactly coincident in our spatially

resolved maps. We postulate this decoupling is the re-

sult of galactic winds, probably driven by star formation.

Such winds could easily reach several kilo-parsecs from

All our galaxy pixels
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Fig. 5.— Ratio of fibre aperture flux to total flux (within our

mask) for the Hα emission line. The solid line shows the 1–1 rela-

tion, while the dashed line is offset by the median 0.63 dex observed

across our sample.

With the inclination as a free parameter, we found
that the fitting algorithm tends towards more face on
disks than observed. The inclination and the maximum
circular velocity are degenerate, with larger inclinations
leading to smaller circular velocities (Epinat et al. 2010).
Therefore, we have chosen to fix the inclination to that
measured by the SDSS photometric pipeline for the r-
band exponential disk fit3. This well known issue is ex-
plored more fully in e.g. Epinat et al. (2010).
The code then convolves the data cube with a three di-

mensional Gaussian representing seeing and instrumental
effects. The spatial full width at half maximum (FWHM)
of the kernel are set to the seeing FWHM measured dur-
ing the observation, and the velocity FWHM is set to the
instrumental resolution measured from arc-lamp lines.
The resultant data cube, which is analogous to an ob-

served data cube, is then collapsed into maps of velocity
and velocity dispersion, and compared with the observed
maps. Again, a Levenberg-Marquardt minimization rou-
tine is employed to find the best fit for the six free pa-
rameters (Vmax, rd, position angle, horizontal and verti-
cal centering, and velocity offset). The starting point for
the fit is set by hand.
The fitting provides estimates of the circular velocity

of the galaxies, which we report in Table 5. Estimating
the error on this quantity is complicated by degeneracies
between parameters, and inaccuracies in the inclination
(which is fixed from SDSS r-band imaging). Although
the inclination error reported by the SDSS pipeline is
often small, a visual inspection of our galaxies reveals
that several effects probably greatly increase this error,
particularly at the edges of the distribution. Some of our
galaxies show multiple clumps/bulges, which may or may
not be embedded in the same disk, and which could sig-
nificantly bias the inclination. At least one object shows
what is likely an interloping star, which will also bias
the inclination estimate. These errors in inclination will
significantly affect the circular velocity (which is related
to the projected velocities by vproj = vcirc sin i). Even
a constant error in the inclination has the largest effect
on nearly face on galaxies. However, interlopers would
systematically bias the inclination towards more face on

3
This is parameter expAB r in the PhotoObj view.
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Fig. 6.— Star formation rate and turbulence are correlated in

star forming objects of all scales and redshifts. Data from a va-

riety of low- and high-redshift galaxies are shown. Also shown

are (unresolved) velocity dispersion measurements from local HII

regions. The mean local velocity dispersions are computed in a

comparable manner to σm(Section 4.2, see Green et al. 2010 for

more details).

galaxies. Therefore, it is reasonable to assume that there
is a systematic bias towards larger circular velocities.
Although there is significant potential for improving

the accuracy of the circular velocities through more com-
plex disk modelling, what we present here is already
superior to typical approaches applied to z ∼ 2 galax-
ies. Often, for lack of other high-spatial-resolution imag-
ing, authors simply fix the inclination (Law et al. 2009;
Förster Schreiber et al. 2009; Wright et al. 2009) for disk
fitting. When available, deep broad band imaging, or,
in a few cases, the Hα line map are used to measure the
inclination (Epinat et al. 2009; Förster Schreiber et al.
2009). In our own data, we find significant scatter be-
tween inclinations measured in from Hα line maps and r-
band imaging. Additionally, a more complex disk model
which includes phenomenon such as warps is not justified
by the quality of the data (particularly at high-redshift).
Therefore, we present our disk fits as simple, best efforts
approach in line with contemporary methods at high red-
shift. A more complete review of this problem can be
found in Epinat et al. (2010).

4. ANALYSIS OF PHYSICAL PROPERTIES

In Paper I, we argued for a correlation between the
Hα luminosity and mean local velocity dispersion in
star forming galaxies. In particular, we showed that
this relation includes galaxies from a distance of a few
Mpc to z = 3.5, and a broad range in stellar masses
(109.0 to 1011.0M⊙). With our expanded data analysis
from Section 3, we now will explore this relationship in
more depth here.
We have expanded the background data with several

additional data sets:

• local HII regions from Terlevich and Melnick (1981)

Green et al. 2011 

(in prep.)



Local SFR-" 
correlations are worse 

than global ones???
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One more thing...



SDSS Image H& Map H& Velocity

z=0.15



H& Map

WiFeS s=1.4”



Paschen-! Map

Keck/OSIRIS AO FWHM=150 mas



M51 Turbulent SDSS Elmegreen UDF UDF 6462

5 kpc
M51 Turbulent SDSS Elmegreen UDF UDF 6462

5 kpcUltra Deep Field Clump Clusters

M51 Turbulent SDSS Elmegreen UDF UDF 6462

5 kpc

z ~ 0.1

M51 Turbulent SDSS Elmegreen UDF UDF 6462

5 kpc

M51 Need more 
than one!

(Images in SFR
sensitive bands
– UV, H!, P!)



• High-z: star-formation mostly takes place in 
situ, ~half in clumpy, turbulent disks

• If we select similar galaxies locally, we find a 
similar fraction of turbulent disks. (‘Similar’ = 
factor of 10-100x rarer than z~2)

• See giant SF clumps?, H! turbulence 
decoupled from SF?

• These local archetypes are a new window 
on to the physical processes of early galaxy 
assembly

Summary



Outstanding questions?
• What are their physical morphologies on 

the sub-kpc scale? Do they contain giant 
clumps? – AO/HST imaging (P!, continuum)

• What is the role of neighbours? ‘Stirring up 
SF?’ – More analysis

• What are the stellar kinematics/age? – 8m 
IFU spectroscopy (in progress!)

• What are the cold gas masses/kinematics? – 
ALMA? CABB?

• What are the dust contents? – HERSCHEL/
ALMA?



Thank You!


