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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 ! 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(!0.3,–0.3) Extinction derived from spectral energy distribution fitting (SED)
R * 140(!110,280)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 " 0.9mag
t * 5(!5,22) £ 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 " 1.1 00 , corrected for inclination i " 48 ^ 38
M * 7.7(!3.9,21.3) £ 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 " 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 " 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 " 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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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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Figure 19. Kinematic ratio of half the observed velocity gradient to the integrated velocity line width vobs/(2!int) of z ! 2 star-forming galaxies. As for Figure 18, the
SINS H" 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/(2!int) as a function of star formation rate per unit area, taking SFR00(H") within the half-light radius r1/2(H"). The extinction
correction involved in deriving the SFR from H" 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/(2!int) as a function of dynamical mass derived as explained in Section 9.6. (c) vobs/(2!int) as a function
of stellar age from the SED modeling. (d) vobs/(2!int) as a function of stellar mass from the SED modeling. All error bars represent 1! uncertainties, propagated
analytically from the primary measurements as appropriate. Our working criterion to discriminate between sources with rotation- and dispersion-dominated kinematics
at vobs/(2!int) = 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 H"star
formation rate for the area enclosed within r1/2(H"), 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(H")’s and
SFR00(H")’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(H") (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 = (6.7! 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(H") 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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Figure 11. Same as Figure 10 but comparing the SINS H! 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 H! 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 H! 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 H! 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]/H! for all galaxies
and [O iii]/H# 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 H! flux. Based on stacking analysis, Shapiro et al.
(2009) suggest evidence for a broad underlying H! 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 H! Luminosities, H! 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 H! 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/σ’s                                             High σ’s 

z~2 galaxies



Elmegreen & Bournard (2008) 

Evolution of giant star-forming clumps

Clumpiness & velocity dispersion go together?Fig. 3.—Same as Fig. 2, but for run 0B,where a primordial bulge of 10%of the diskmass is initially present in themodel. The initial bulge stars are not shown here; only
the gas and stars from the initial disk are shown.

Fig. 2.—Face-on snapshots of the disk mass density (gas and stars) for run 0N, which has a cuspy dark matter profile. Time is in Myr. Clumps form quickly in the disk
and move to the center, where they coalesce into a bulge within 1 Gyr. Extra star formation in the bulge region is triggered at the time of merging as well. A few clumps
remain in the disk when the simulation ends.





• Uniform Hα kinematic sample from large 
volume

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

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



• 90 galaxies from SDSS

• IFU observations covering ~ 30 kpc

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

• Spectral resolution 10 km/s

• Uniform Hα kinematic sample from large 
volume

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

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



The Big Surprise

Coming later....



(i) low-z   (z~0.1)
SDSS sample

(ii)  hi-z (z~1.5)
WiggleZ sample

High Star Formation Rate Galaxies



Emily Wisnioski (SUT)

WiggleZ team:  Warrick Couch, Chris Blake, Sarah Brough, Greg Poole, Darren Croton, 
Mike Pracy,  Nick Jones, Tornado Li (SUT), Michael Drinkwater, Russell Jurek, Kevin 
Pimbblet, Tamara Davis (UQ), Matthew Colless, Rob Sharp (AAO)
Scott Croom, Ben Jelliffe (Sydney), David Woods (UBC), CIT/GALEX: Chris Martin, 
Barry Madore, Karl Foster, Todd Small, Ted Wyder, RCS2: Howard Yee, David Gilbank, 
Mike Gladders+ students & associate members



WiggleZ GALEX UV selection
Red: FUV-NUV>1

Blue: NUV-r(SDSS)<2
r<22.5

1000 deg2

Select FUV - NUV > 1
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WiggleZ GALEX UV selection
Red: FUV-NUV>1

Blue: NUV-r(SDSS)<2
r<22.5

1000 deg2

LBG model

Select FUV - NUV > 1





OSIRIS: OH-Suppressing IR Integral field Spectrograph

LGS AO observations of 13 WiggleZ z=1.5 galaxies



Why?
• High-S/N and resolution sample

• First objects with highly detailed kinematic 
maps at z=1.5

• 50 mas pixel sampling! (c.f. 100 mas on 
LBGs)

• Different SFR regime

• Can we tell mergers from disks?

• What physics is driving the SFR? (Infall? 
Mergers?)



The Sample: WiggleZ Super-Starbursts

13 - OSIRIS Hα detections of Wigglez galaxies

‣ z ~ 1.28-1.46
‣ [OII] SFRs >100 M⊙/yr
‣ 1-2 hr observations
‣ 8 with [NII]λ6583 detections

‣ 4/13 Velocity gradient
‣ 5/13 Dispersion dominated
‣ 4/13 ‘Train wrecks’



WoyWoy Uki KiKi Karkoo

The Sample: Velocity Gradient
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Gingin WaggaWagga
WukWukNebo BliBli

The Sample: Dispersion Dominated
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KangyAngy WeeWaaHumptyDooGrongGrong

The Sample: ‘Train Wrecks’

-160

160

-120

100

-80

70 -80

50

130

110

130

200

Ve
lo

ci
ty

 d
isp

er
sio

n 
   

   
Ve

lo
ci

ty
   

   
  H
α

 F
lu

x



Hα  Flux                               Velocity              Velocity  dispersion      

18 SUPER-STARBURSTS

Fig. 6.— H! flux maps, velocity maps, velocity dispersion maps.
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20 SUPER-STARBURSTS

Fig. 7.— Rotation curves across artificial slits. Black points show the rotation curve, red points show the velocity dispersion.

20 SUPER-STARBURSTS

Fig. 7.— Rotation curves across artificial slits. Black points show the rotation curve, red points show the velocity dispersion.

V,σ

20 SUPER-STARBURSTS

Fig. 7.— Rotation curves across artificial slits. Black points show the rotation curve, red points show the velocity dispersion.

V,σ

20 SUPER-STARBURSTS

Fig. 7.— Rotation curves across artificial slits. Black points show the rotation curve, red points show the velocity dispersion.

V,σ

20 SUPER-STARBURSTS

Fig. 7.— Rotation curves across artificial slits. Black points show the rotation curve, red points show the velocity dispersion.

20 SUPER-STARBURSTS

Fig. 7.— Rotation curves across artificial slits. Black points show the rotation curve, red points show the velocity dispersion.

20 SUPER-STARBURSTS

Fig. 7.— Rotation curves across artificial slits. Black points show the rotation curve, red points show the velocity dispersion.

20 SUPER-STARBURSTS

Fig. 7.— Rotation curves across artificial slits. Black points show the rotation curve, red points show the velocity dispersion.
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Fig. 3.—Same as Fig. 2, but for run 0B,where a primordial bulge of 10%of the diskmass is initially present in themodel. The initial bulge stars are not shown here; only
the gas and stars from the initial disk are shown.

Fig. 2.—Face-on snapshots of the disk mass density (gas and stars) for run 0N, which has a cuspy dark matter profile. Time is in Myr. Clumps form quickly in the disk
and move to the center, where they coalesce into a bulge within 1 Gyr. Extra star formation in the bulge region is triggered at the time of merging as well. A few clumps
remain in the disk when the simulation ends.

‘Clumpology’
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Key Points
• High-dispersion galaxies EXIST locally

• Rare, some are disk galaxies

• SFR pumps turbulent dispersion? New scaling? 
SNe?

• High-SFR z=1.5 follow same relation 

• Even up to very high-SFR & σ

• Very high SFRs / SNR but still look like disks!

• Highest SFR & σ is for single clump objects

• Does this signal the instant of bulge formation?



Thank You!


