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OzDES
The SAMI Instrument

› Located at the prime focus of the AAT
› 1 degree diameter f-o-v.
› 13 x 61 fibre IFUs using hexabundles (Bryant, Bland-Hawthorn et al.).
› 15” diameter IFUs, 1.6” diameter fibre cores.
› 26 separate sky fibres
› Feeds AAOmega, a bench mounted optical spectrograph (42m fibre cable)
› Spectral resolution R~1700 (blue), R~4500 (red).



OzDES
SAMI key science topics

› What are the physical processes responsible for galaxy 
transformations?

- Morphological and kinematic transformations; suppression of star formation; 
internal vs. external; secular vs. fast;  ram pressure stripping; harassment, 
strangulation; galaxy–group/cluster tides;  galaxy-galaxy mergers; galaxy-galaxy 
interactions…

› How does mass and angular momentum build up?
- The galaxy velocity function; stellar mass in dynamically hot and cold systems; 

galaxy merger rates; halo mass from velocity-field shear; Tully-Fisher relation…

› Feeding and feedback: how does gas get into galaxies, 
and how does it leave?

- Winds and outflows; feedback vs. mass; triggering and suppression of SF; gas 
inflow; metallicity gradients; the role of AGN…  

- Important synergies with ASKAP HI surveys.



OzDES
The SAMI survey

› Started in March 2013.
› 3400 galaxies in ~200 nights, 4 hours exposure per field.
› Primary fields are the Galaxy And Mass Assembly (GAMA) 

regions.
- Three 4x12 deg equatorial regions at 9hr, 12hr and 15hr RA.
- Deep, complete, spectroscopy to r=19.8 to define environment.
- Robust group catalogue (Robotham et al. 2011).
- GALEX, SDSS, VST, UKIDSS, VISTA, WISE, Herschel imaging.
- HI 21cm from ALFALFA (half the area), and in the future ASKAP.

› Specific galaxy cluster fields to be targeted in the South 
Galactic Cap to probe the highest density environments. 



OzDES
The SAMI survey

Primary sample, high mass secondary sample, 
low mass secondary sample



OzDESThe SAMI survey

First public data release - July 24th
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Figure 1. The stellar kinematic maps for J004001.68−095252.5, a member of Abell 85. The maps were derived using pPXF (Cappellari & Emsellem 2004)
using the 985 MILES stellar templates (Sánchez-Blázquez et al. 2006) as reference spectra. The top row shows, from left to right, summed flux in arbitrary
units, V in km s−1 and σ in km s−1. The bottom row shows, left to right, S/N measured across 200 wavelength slices of the data cube, uncertainty on V in
km s−1 and uncertainty in σ in km s−1. The black contours indicate measured flux from the SAMI cube, i.e. that shown in the top-left panel. Each panel is
10 arcsec on a side. The ivory coloured ellipse represents one effective radius.

using an absorbed MEKAL spectral model with temperature, abun-
dance and neutral hydrogen density appropriate for each clus-
ter. Background subtraction was performed using the blank sky
backgrounds3,4 which were processed in the same manner as the
observations. The blank sky backgrounds were reprojected to match
the tangent point of the observations, and were normalized to match
the 9–12 keV counts in the observations. This yielded clean, cali-
brated X-ray images for Abell 85 and 168.

Abell 2399 has three archival XMM–Newton observations
(ObsIDs 0201902801, 0404910701 and 0654440101). Here, we use
only the 2010 June (0654440101) observation as it has the longest
exposure (∼93 ks). The raw data are processed following the XMM–
Newton Extended Source Analysis Software (XMM-ESAS) package5

(see also Snowden et al. 2008) within the Science Analysis System
(SAS).6 The tasks emchain and epchain are run on the Metal Oxide
Semi-conductor (MOS) and PN data to produce event lists filtered of
bad pixels and with the latest calibrations applied. The pn-filter and
mos-filter tasks are used to identify and remove periods of increased
background due to flare activity. The data were moderately affected
by flares and the cleaned exposure times are 54, 60 and 26 ks for
the MOS1, MOS2 and PN detectors, respectively. Images and expo-
sure maps were generated by the mos-spectra and pn-spectra tasks
using the cleaned event lists in the 0.4–1.25 keV and 2.0–7.2 keV
bands (to avoid the strong instrumental lines). Corresponding maps
of the quiescent particle background were produced with the mos-
back and pn-back tasks. These background maps are recast to the
source image coordinates using the rot-img-det-sky task. Source,
background and exposure images for all bands and detectors were
combined with the comb task, yielding a final X-ray image of Abell
2399. The resulting X-ray images are discussed in Section 6.

2.2.2 SDSS optical imaging

As discussed in Section 2.1.1, we use SDSS DR8 r-band postage
stamps and gri colour images of each galaxy to morphologically

3 cxc.harvard.edu/contrib/maxim/acisbg/
4 cxc.harvard.edu/caldb/downloads/Release_notes/supporting/
README_ACIS_BKGRND_GROUPF.txt
5 ftp://xmm.esac.esa.int/pub/xmm-esas/xmm-esas.pdf
6 http://xmm.esac.esa.int/sas/

classify our sample. The r-band postage stamps are also used to
derive photometric parameters, such as effective radius, for each
object. The procedure followed is described in Section 3.2.

In addition, three-colour mosaics were created from SDSS DR7
gri images of each cluster using MONTAGE. The mosaics cover the
central parts of each cluster and are presented in Section 6.

3 D E R I V E D PA R A M E T E R S

3.1 Stellar kinematics

We fit stellar kinematic fields for each of our 79 ETGs using the
penalized pixel-fitting routine, pPXF, created by Cappellari & Em-
sellem (2004). pPXF uses a penalized maximum likelihood method
to fit stellar template spectra convolved with an appropriate line-
of-sight velocity distribution (LOSVD) to observed galaxy spectra.
The LOSVD is parametrized by a truncated Gauss–Hermite expan-
sion, allowing higher orders of the LOSVD to be fit, beyond velocity
(V) and velocity dispersion (σ ). Here we fit four LOSVD moments:
V, σ , h3 and h4, though in practice we use only the first two of these
for our analysis. We use the 985 MILES (Sánchez-Blázquez et al.
2006) stellar templates as reference spectra.

For each of our galaxies the procedure is as follows. First a
high signal-to-noise ratio (S/N) spectrum is extracted from the blue
data cube in a 2 arcsec circular aperture centred on the galaxy.
The pPXF routine is run on this spectrum to find the best-fitting
templates for that galaxy. This reduced set of templates are then
fit to individual spaxels within the data cube, with the weights
given to each template allowed to vary. An additional fourth-order
polynomial was fitted with the templates in order to account for
any residual flux calibration errors in our SAMI data. Only spaxels
for which the S/N was greater than 5 per spectral pixel were fit.
This produces maps of V, σ , h3 and h4 for each galaxy, along with
maps of the uncertainties on these quantities. The uncertainties
calculated from the pPXF fits are correct for individual spaxels but
are correlated with adjacent spaxels, an effect which impacts any
integrated parameters derived from the kinematic maps.

An example set of kinematic maps for J004001.68−095252.5,
a member of Abell 85, are shown in Fig. 1. The top three panels
show the flux, V and σ maps generated by pPXF. The bottom-
left panel shows an S/N map and the bottom-centre and right-hand
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Figure 10. The left-hand panel shows the on-sky distribution of ETGs observed with SAMI in Abell 85. The red symbols show SRs and the blue FRs.
The red dashed circle indicates R200 and the black dotted circle has a 1◦ in radius, matching the initial SAMI Pilot Survey sample selection. The black
contours show galaxy density. The right-hand panel shows the central part of Abell 85, as indicated by the black box in the left-hand panel. The image is a gri
colour composite from SDSS, with Chandra X-ray contours overlaid in green. The contours are logarithmically spaced with the faintest indicating 5 × 109

photons cm−2 s−1 arcsec−2 and the brightest 650 × 109 photons cm−2 s−1 arcsec−2. The red circles indicate SRs and the blue show FRs, according to the
SAMI quantitative classifications. Only cluster members are indicated in this figure. The large SR in the centre of the main concentration of X-ray emission is
the BCG for this cluster, J004150.46−091811.2. The SR to the south of the main concentration of X-ray emission appears to be in-falling and is perhaps the
central galaxy in an in-falling group.

Figure 11. Abell 168. The panels and symbols are same as for Fig. 10 except that in this case the contours are linearly spaced with the faintest showing 2 x 109

photons cm−2 s−1 arcsec−2 and the brightest showing 13 × 109 photons cm−2 s−1 arcsec−2. This cluster is a well-known cluster–cluster merger and as well
as exhibiting two clear peaks in galaxy density (left-hand panel) with two X-ray peaks visible in the Chandra contours.
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Table 2. SR fractions in the three clusters observed in the SAMI
Pilot Survey. The absolute numbers of cluster member ETGs
(column 2) and of SRs (column 3) are given along with the frac-
tion, fSR. The uncertainties on fSR are calculated using a simple
binomial framework. ∗ denotes that this number has been calcu-
lated excluding the double sigma galaxy J215634.45−075217.5.

Cluster Member ETGs SRs fSR

Abell 85 28 6 0.21 ± 0.08
Abell 168 12 1 0.08 ± 0.08
Abell 2399 33∗ 4 0.12 ± 0.06

Total 73∗ 11 0.15 ± 0.04

values. For the analysis presented here we adopt the larger of the
two – the analytic uncertainties.

5.3 Uncertainties on fSR

Uncertainties on fSR are derived using simple binomial error calcu-
lation. The uncertainties are reported in Table 2.

6 R ESULTS AND DISCUSSION

6.1 Slow rotator fraction

Using the quantitative FR/SR classifications we plot the λR−ε dia-
gram for all 79 ETGs in the three clusters in Fig. 8. For compactness
we plot λR and ε as measured for each galaxy on the same plot, even
though these quantities have been measured at different fiducial radii
for different objects. The colour coding is according to the λR−ε

classifications using three different dividing lines (dependent on the

choice of fiducial radius, see Fig. 3), but only the line defined at Re is
shown on the plots to guide the eye. The closed symbols represent
cluster members, as discussed in Section 3.3, and open symbols
represent foreground or background galaxies (non-members).

From here on this paper will focus on cluster member ETGs only,
and observed non-members are shown on plots only for complete-
ness. We find SRs in each of the three cluster samples examined.
The overall number of SRs found in each cluster is 6, 1 and 4 for
Abell 85, 168 and 2399, respectively. We calculate the SR fraction,
fSR, for each of our clusters and for the entire sample of cluster
member ETGs. fSR, is defined as

fSR = N (SR)
N (FR) + N (SR)

, (3)

where N(SR) is the number of SRs observed and N(FR) the number
of FRs observed in the sample of ETG cluster members. The SR
fractions for our sample, both total and split by cluster, are presented
in Table 2. They are 0.21 ± 0.08, 0.08 ± 0.08 and 0.12 ± 0.06 for
Abell 85, 168 and 2399, respectively, with an overall fraction of
0.15 ± 0.04 for the entire sample. These values are consistent with
each other, given the low numbers of galaxies in the individual
clusters. They are also consistent with previous studies, which have
shown a remarkably steady SR fraction, about 0.15, across many
different GHEs, from the field to very massive clusters (Houghton
et al. 2013).

6.2 The kinematic morphology–density relation

To investigate the kinematic morphology–density relation we cal-
culate fSR as a function of LPE. Here we use the third nearest-
neighbour measurements (#3) as discussed in Section 3.4.1. In
Fig. 9, we show the resulting relations for all three of our clusters,

Figure 8. The λR−ε diagram for the 79 ETGs in the SAMI Pilot Survey. The top-left panel shows galaxies in Abell 85, top right Abell 168 and bottom left
Abell 2399. The bottom-right panel shows the entire sample. In all panels, the black line shows the division between FRs and SRs defined at Re. The red points
are SRs and blue points are FRs. The filled symbols represent cluster members, as discussed in Section 3.3, whereas open symbols represent foreground or
background galaxies. The turquoise square point is a double sigma galaxy and is discussed in Section 4.3.
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Fast and Slow Rotators

Is there a kinematic morphology-
density relation?

SAMI kinematic morphology–density relation 491

Figure 2. The phase-space distribution of galaxies in each of the three clus-
ters in the SAMI Pilot Survey. The filled circles show the spectroscopically
confirmed cluster members. The black open squares show the non-members
identified by the shifting-gapper method. The black open circles show the
non-members identified as being beyond the limits defined by the velocity
caustics (green solid line). The red dashed line shows the 68th percentile
uncertainties on the caustics. The blue dot–dashed line shows the standard
analytic estimate of the uncertainty in the caustic measurement. The larger
blue and red circular points (both open and closed) are the ETGs observed in
the SAMI Pilot Survey, with colours indicating their kinematic classification
(see Section 4). The vertical dashed black lines show R200 and the vertical
red dotted lines show the SAMI field of view.

clusters. The surface density is defined using the projected co-
moving distance to the Nth nearest neighbour (dN) with velocity =
±2000 km s−1 within a volume limited density-defining population:
!N = N/πd2

N . The density-defining population has absolute SDSS
Petrosian magnitudes Mr < Mr, limit − Qz, k-corrected to z = 0,
where Mr, limit = −19.0 mag and Q defines the expected evolution
of Mr as a function of redshift (Q = 0.87; Loveday et al. 2012).
We then calculate densities for N = 3, 5 and 10. To aid comparison
with ATLAS3D we have used the same N, velocity and absolute
magnitude limits.

4 K INEMATIC C LASSIFICATION

We wish to classify our sample of 79 ETGs as SR/FR. In this
section, we examine several methods of kinematic classification,
both quantitative and qualitative.

4.1 Aperture effects

To quantitatively classify our galaxies we first measure λR from our
derived kinematic maps. λR in a proxy for the luminosity-weighted
specific stellar angular momentum for each galaxy within a fiducial
radius and is defined as follows (Emsellem et al. 2007):

λR ≡ 〈R|V |〉
〈R

√
V 2 + σ 2〉

= !N
i=0FiRi |Vi |

!N
i=0FiRi

√
V 2

i + σ 2
i

, (1)

where Fi, Ri, Vi, σ i are the flux, radius, velocity and velocity dis-
persion of the ith of N spaxels included in the sum.

Ideally, we would like to measure λR within the effective radius,
Re, for all 79 ETGs in our sample. Although our sample covers
a range in angular size, the majority of galaxies have 2 arcsec ≤
Re ≤ 7 arcsec and fit comfortably within the SAMI hexabundles
with sufficient spatial resolution. For these 70 objects we calculate
λR within Re.

The six largest galaxies in the sample have Re > 7 arcsec and
overfill the SAMI hexabundles. For these objects we measure λR at
Re/2 instead. Emsellem et al. (2007) showed, using the SAURON
Survey sample, that it is rare for a galaxy to change its classification
based on λR between Re/2 and Re.

Conversely, three galaxies in our sample are quite small, such
that Re covers only one or two independent resolution elements.
In this case, a measurement of λR within Re will be biased to low
values. This is because a velocity gradient across a single resolution
element will be unresolved and measured as dispersion. To avoid
this effect, we measure λR within 2Re for the three galaxies with
Re < 2 arcsec. Unlike measurements of λR within Re/2 and Re, the
properties of this parameter have not been fully investigated at large
radii. However, the compact galaxies in our sample display very
orderly velocity maps and good S/N out to large radii. They are all
very clear FRs with no ambiguity in their classifications, so we feel
justified in extending the λR measurements of these objects to 2Re.

Despite the fact that we use three fiducial radii for our sample,
Fig. 3 clearly demonstrates that for our purposes this does not
influence our classifications. The galaxies with λR measurements
within a smaller (Re/2) and larger (2Re) radii than originally used
to define the classification system are all unambiguously positioned
in λR−ε space. That is to say they fall away from the dividing line
and there is no doubt that the system adopted here works well for
this sample.

MNRAS 443, 485–503 (2014)

 at A
ustralian A

stronom
ical O

bservatory on July 25, 2014
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

Ellipticity

SAMI kinematic morphology–density relation 491

Figure 2. The phase-space distribution of galaxies in each of the three clus-
ters in the SAMI Pilot Survey. The filled circles show the spectroscopically
confirmed cluster members. The black open squares show the non-members
identified by the shifting-gapper method. The black open circles show the
non-members identified as being beyond the limits defined by the velocity
caustics (green solid line). The red dashed line shows the 68th percentile
uncertainties on the caustics. The blue dot–dashed line shows the standard
analytic estimate of the uncertainty in the caustic measurement. The larger
blue and red circular points (both open and closed) are the ETGs observed in
the SAMI Pilot Survey, with colours indicating their kinematic classification
(see Section 4). The vertical dashed black lines show R200 and the vertical
red dotted lines show the SAMI field of view.

clusters. The surface density is defined using the projected co-
moving distance to the Nth nearest neighbour (dN) with velocity =
±2000 km s−1 within a volume limited density-defining population:
!N = N/πd2

N . The density-defining population has absolute SDSS
Petrosian magnitudes Mr < Mr, limit − Qz, k-corrected to z = 0,
where Mr, limit = −19.0 mag and Q defines the expected evolution
of Mr as a function of redshift (Q = 0.87; Loveday et al. 2012).
We then calculate densities for N = 3, 5 and 10. To aid comparison
with ATLAS3D we have used the same N, velocity and absolute
magnitude limits.

4 K INEMATIC C LASSIFICATION

We wish to classify our sample of 79 ETGs as SR/FR. In this
section, we examine several methods of kinematic classification,
both quantitative and qualitative.

4.1 Aperture effects

To quantitatively classify our galaxies we first measure λR from our
derived kinematic maps. λR in a proxy for the luminosity-weighted
specific stellar angular momentum for each galaxy within a fiducial
radius and is defined as follows (Emsellem et al. 2007):

λR ≡ 〈R|V |〉
〈R

√
V 2 + σ 2〉

= !N
i=0FiRi |Vi |

!N
i=0FiRi

√
V 2

i + σ 2
i

, (1)

where Fi, Ri, Vi, σ i are the flux, radius, velocity and velocity dis-
persion of the ith of N spaxels included in the sum.

Ideally, we would like to measure λR within the effective radius,
Re, for all 79 ETGs in our sample. Although our sample covers
a range in angular size, the majority of galaxies have 2 arcsec ≤
Re ≤ 7 arcsec and fit comfortably within the SAMI hexabundles
with sufficient spatial resolution. For these 70 objects we calculate
λR within Re.

The six largest galaxies in the sample have Re > 7 arcsec and
overfill the SAMI hexabundles. For these objects we measure λR at
Re/2 instead. Emsellem et al. (2007) showed, using the SAURON
Survey sample, that it is rare for a galaxy to change its classification
based on λR between Re/2 and Re.

Conversely, three galaxies in our sample are quite small, such
that Re covers only one or two independent resolution elements.
In this case, a measurement of λR within Re will be biased to low
values. This is because a velocity gradient across a single resolution
element will be unresolved and measured as dispersion. To avoid
this effect, we measure λR within 2Re for the three galaxies with
Re < 2 arcsec. Unlike measurements of λR within Re/2 and Re, the
properties of this parameter have not been fully investigated at large
radii. However, the compact galaxies in our sample display very
orderly velocity maps and good S/N out to large radii. They are all
very clear FRs with no ambiguity in their classifications, so we feel
justified in extending the λR measurements of these objects to 2Re.

Despite the fact that we use three fiducial radii for our sample,
Fig. 3 clearly demonstrates that for our purposes this does not
influence our classifications. The galaxies with λR measurements
within a smaller (Re/2) and larger (2Re) radii than originally used
to define the classification system are all unambiguously positioned
in λR−ε space. That is to say they fall away from the dividing line
and there is no doubt that the system adopted here works well for
this sample.
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OzDESEarly SAMI results - Galactic winds
Fogarty et al. 2012

The Astrophysical Journal, 761:169 (12pp), 2012 December 20 Fogarty et al.

Table 1
SAMI Observations of the Wind Galaxy

Date Run No. Total Exposure Time Format
(s)

July 2 29–31 7200 Pointed

July 3 29–37 14034 Dithered

including, for this galaxy, both the Hβ and [O iii] λλ4959, 5007
doublet emission features.

In the red arm, we used the 1000R grating providing spectral
coverage over the range 6250–7350 Å at a resolution of R ∼
4500. This grating was chosen to provide high-resolution
measurements of the Hα line for the derivation of kinematic
properties. The wavelength range also covers the [O i] λ6300,
[N ii] λ6583, and [S ii] λλ6717, 6731 emission features.

For the first SAMI commissioning run in 2011 July, one field
containing 13 galaxies was observed. The galaxies were selected
from the 6dF Galaxy Survey (6dFGS; Jones et al. 2004) to have
sufficient source density for SAMI, be large enough to fill the
spatial extent of the hexabundles (or, indeed, overfill them), and
to have a surface brightness sufficient to give S/N ! 3 in the
outermost fibers in a 2 hr exposure. The reader is referred to
Section 4.2 of Croom et al. (2012) for more details on the target
selection.

The observations are summarized in Table 1. The data were
observed using one of two strategies, either pointed or dithered,
with the latter strategy being used to increase the spatial
sampling and coverage of the observations. The pointed data
were observed on July 2 with a cloudless sky. The dithered
data were observed on July 3 in less optimal conditions. For
this paper the pointed and dithered data are kept separate for
comparison.

For the remainder of this paper, we concentrate on a single
galaxy from the sample of 13 which were observed. This
galaxy has 6dFGS identification g1957222-550814 and ESO
identification ESO 185-G031 and is at a redshift of z = 0.016.
This corresponds to an approximate distance of 68 Mpc and an
angular scale of 1′′ equivalent to 340 pc. An R-band image of
the galaxy is shown in Figure 1.

2.1. Imaging

In addition to the SAMI data, ESO 185-G031 was observed
with the Maryland-Magellan Tunable Filter (MMTF) and the
f/2 camera of the Inamori-Magellan Areal Camera and Spec-
trograph (IMACS) camera on the 6.5 m Walter Baade Magel-
lan telescope at Las Campanas Observatory on 2011 August
22. The galaxy was observed with a Bessel R-band filter for
three 1 minute exposures. The MMTF order-blocking filter was
then used at a central wavelength of 6660 Å and a bandpass of
260 Å. Four 10 minute exposures were taken in this configura-
tion, yielding a total of 40 minutes on source.

The combined 3 minute R-band image of the galaxy is shown
in Figure 1. The large red circle shows the position of the SAMI
hexabundle for the pointed data. The dithers are not shown as
they were small (of the order of 1/2 core diameter, or 0.′′8)
and there were nine individual pointings observed. The smaller
green circle with a radius of 1′′ shows the position in the galaxy
of the supernova SN1998bo, a Type Ic supernova seen in 1998.
The data reduction and analysis are discussed in Sections 3.2
and 4.3, respectively.

Figure 1. R-band image of ESO 185-G031 taken with the Maryland-Magellan
Tunable Filter (MMTF) instrument on the 6.5 m Walter Baade Magellan
telescope at Las Campanas Observatory. The galaxy is a gas-rich spiral with
well-defined arms. The near-side arm is clearly visible running southeast to
northwest along the disk. The red circle indicates the footprint of the SAMI
hexabundle on the galaxy.
(A color version of this figure is available in the online journal.)

3. DATA REDUCTION

The raw SAMI data were reduced using the 2dfdr data
reduction package (Croom et al. 2004; Sharp & Birchall 2010),
a robust package already used for both 2dF and SPIRAL
data and expanded by our team to process SAMI data. It
performs bias subtraction and flat fielding before extracting
the individual fiber spectra. The extracted spectra are then
wavelength calibrated, sky subtracted, and corrected for fiber-to-
fiber throughput variations, before being reformatted into a row-
stacked spectrum (RSS) frame consisting of all 819 extracted
SAMI spectra (61 spectra for each of the 13 hexabundles plus
26 separate sky spectra).

For this data set, a spectrophotometric standard star,
LTT6248, was observed on July 2. The star was observed in
one hexabundle only and was reduced in exactly the same man-
ner as the data frames. A “total” measured star spectrum is
found by summing the extracted SAMI spectra. The measured
star spectrum is compared to the tabulated flux values for the
star and a sensitivity function found for the SAMI spectra. This
is normalized and applied to the extracted spectra, yielding rel-
ative flux-calibrated RSS frames for each SAMI observation.
The final step in the reduction is to scale each frame by the
exposure time to be in units of counts/second, thus making all
frames directly comparable.

The three pointed frames observed on July 2 were then
combined yielding a single RSS frame with a 2 hr exposure
time and containing all 13 galaxies in the field.

3.1. The Dithered Data

The SAMI hexabundles consist of a circular pattern of circular
optical fibers. By its nature, the fiber coverage is not contiguous
and, although the SAMI hexabundles have a high filling factor
(greater than 75%), there are inevitably some gaps between
the fibers. In addition, the circular fibers are not stacked in
close-packed configuration, but in a circular pattern, meaning
the sampling also forms a non-uniform grid. These details
present certain challenges when working with dithered data.

3
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Figure 9. Hα kinematics for ESO 185-G031 derived from the pointed observa-
tions. A kink is seen in the southwest of the velocity map and a trend toward
broader line widths off the plane of the disk is seen in the FWHM map. These
are both indicative of a complex kinematic structure comprised of more than
one kinematically distinct component, supporting the presence of a wind in this
galaxy.
(A color version of this figure is available in the online journal.)

Figure 10. Hα velocity map for ESO 185-G031 (top left) shown with the
best-fit disk model (top right; see Section 4.2.2 for details). The residual map,
found by subtracting the model from the observed velocity map (bottom left),
shows a very strong deviation from the rotating disk model in the region of the
galactic wind. This region is cospatial with the broadened emission lines seen
in the FWHM map (bottom right). The squares overlaid on the FWHM map
correspond to the four apertures for which individual Hα spectra are displayed
in Figure 11.
(A color version of this figure is available in the online journal.)

more convincingly. The top-left panel of Figure 10 shows the Hα
velocity field extracted from the dithered data. The structure in
the map is very clear with the kink in the south of the disk
readily apparent. The bottom-right panel shows the derived
FWHM of the Hα emission line. The trend seen in the pointed
data is reproduced, with significantly broader emission lines
seen off the plane of the disk in both directions. The regions
of the data with disturbed velocity and broadened emission
lines correspond to those regions displaying non-star-formation-
driven ionization properties.

Figure 11. Four spectra extracted from 2×2 spaxel apertures. The extracted
spectra are blue, with the single Gaussian fits shown in green. Apertures 2
and 3 in the disk show narrower Gaussian profiles than apertures 1 and 4 (in
the “wind” part of the galaxy), which show significantly broader profiles. This
indicates that the emission in this region may come from two kinematically
distinct components—the disk of the galaxy and the wind.
(A color version of this figure is available in the online journal.)

The shape of the emission line changes off the plane of the
disk as well, hinting at more than one velocity component in the
gas (e.g., rotating disk and wind outflow). To illustrate this we
extract spectra from four 2 × 2 spaxel apertures, as shown in
the bottom-right panel of Figure 10. The corresponding spectra
(zoomed in on the Hα emission line) and Gaussian fits are
shown in the four panels of Figure 11. Apertures 2 and 3 are
in the plane of the disk and show significantly narrower line
profiles (FWHM = 77±7 and 59 ± 3 km s−1, respectively) than
those seen in apertures 1 and 4 (FWHM = 119 ± 13 and 130 ±
16 km s−1, respectively), which lie in the “wind” regions. This
line broadening supports the idea that we are observing two
separate kinematic components superimposed, the rotating, star-
forming disk and the wind outflow.

To further examine the nature of the observed velocity field a
rotating disk model was used to fit the observations. Before the
fit was performed the Hα velocity map was masked using the
[N ii]/Hα map to distinguish the parts of the map corresponding
to a star-forming disk. A threshold of [N ii]/Hα > −0.35
effectively masks the parts of the galaxy showing non-star-
forming ionization.

We use a simple disk model to fit the projected Hα velocities.
Our model uses an arctangent rotation curve (Staveley-Smith
et al. 1990), given by

V (r) =
2Vasym

π
arctan

(
r

rd

)
, (1)

where Vasym is the asymptotic circular velocity and rd is the
kinematic scale radius. The position angle and inclination
determine the three-dimensional spatial orientation of the disk.
The model also includes the position of the center of the disk
within the velocity map, and a systematic velocity offset (which
corrects for any bias in the systemic redshift) as free parameters.
The model produces a velocity map analogous to the observed
map. A Levenberg–Marquardt minimization routine optimizes
the model’s seven free parameters to give the best-fitting model
velocity map.
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Table 1
SAMI Observations of the Wind Galaxy

Date Run No. Total Exposure Time Format
(s)

July 2 29–31 7200 Pointed

July 3 29–37 14034 Dithered

including, for this galaxy, both the Hβ and [O iii] λλ4959, 5007
doublet emission features.

In the red arm, we used the 1000R grating providing spectral
coverage over the range 6250–7350 Å at a resolution of R ∼
4500. This grating was chosen to provide high-resolution
measurements of the Hα line for the derivation of kinematic
properties. The wavelength range also covers the [O i] λ6300,
[N ii] λ6583, and [S ii] λλ6717, 6731 emission features.

For the first SAMI commissioning run in 2011 July, one field
containing 13 galaxies was observed. The galaxies were selected
from the 6dF Galaxy Survey (6dFGS; Jones et al. 2004) to have
sufficient source density for SAMI, be large enough to fill the
spatial extent of the hexabundles (or, indeed, overfill them), and
to have a surface brightness sufficient to give S/N ! 3 in the
outermost fibers in a 2 hr exposure. The reader is referred to
Section 4.2 of Croom et al. (2012) for more details on the target
selection.

The observations are summarized in Table 1. The data were
observed using one of two strategies, either pointed or dithered,
with the latter strategy being used to increase the spatial
sampling and coverage of the observations. The pointed data
were observed on July 2 with a cloudless sky. The dithered
data were observed on July 3 in less optimal conditions. For
this paper the pointed and dithered data are kept separate for
comparison.

For the remainder of this paper, we concentrate on a single
galaxy from the sample of 13 which were observed. This
galaxy has 6dFGS identification g1957222-550814 and ESO
identification ESO 185-G031 and is at a redshift of z = 0.016.
This corresponds to an approximate distance of 68 Mpc and an
angular scale of 1′′ equivalent to 340 pc. An R-band image of
the galaxy is shown in Figure 1.

2.1. Imaging

In addition to the SAMI data, ESO 185-G031 was observed
with the Maryland-Magellan Tunable Filter (MMTF) and the
f/2 camera of the Inamori-Magellan Areal Camera and Spec-
trograph (IMACS) camera on the 6.5 m Walter Baade Magel-
lan telescope at Las Campanas Observatory on 2011 August
22. The galaxy was observed with a Bessel R-band filter for
three 1 minute exposures. The MMTF order-blocking filter was
then used at a central wavelength of 6660 Å and a bandpass of
260 Å. Four 10 minute exposures were taken in this configura-
tion, yielding a total of 40 minutes on source.

The combined 3 minute R-band image of the galaxy is shown
in Figure 1. The large red circle shows the position of the SAMI
hexabundle for the pointed data. The dithers are not shown as
they were small (of the order of 1/2 core diameter, or 0.′′8)
and there were nine individual pointings observed. The smaller
green circle with a radius of 1′′ shows the position in the galaxy
of the supernova SN1998bo, a Type Ic supernova seen in 1998.
The data reduction and analysis are discussed in Sections 3.2
and 4.3, respectively.

Figure 1. R-band image of ESO 185-G031 taken with the Maryland-Magellan
Tunable Filter (MMTF) instrument on the 6.5 m Walter Baade Magellan
telescope at Las Campanas Observatory. The galaxy is a gas-rich spiral with
well-defined arms. The near-side arm is clearly visible running southeast to
northwest along the disk. The red circle indicates the footprint of the SAMI
hexabundle on the galaxy.
(A color version of this figure is available in the online journal.)

3. DATA REDUCTION

The raw SAMI data were reduced using the 2dfdr data
reduction package (Croom et al. 2004; Sharp & Birchall 2010),
a robust package already used for both 2dF and SPIRAL
data and expanded by our team to process SAMI data. It
performs bias subtraction and flat fielding before extracting
the individual fiber spectra. The extracted spectra are then
wavelength calibrated, sky subtracted, and corrected for fiber-to-
fiber throughput variations, before being reformatted into a row-
stacked spectrum (RSS) frame consisting of all 819 extracted
SAMI spectra (61 spectra for each of the 13 hexabundles plus
26 separate sky spectra).

For this data set, a spectrophotometric standard star,
LTT6248, was observed on July 2. The star was observed in
one hexabundle only and was reduced in exactly the same man-
ner as the data frames. A “total” measured star spectrum is
found by summing the extracted SAMI spectra. The measured
star spectrum is compared to the tabulated flux values for the
star and a sensitivity function found for the SAMI spectra. This
is normalized and applied to the extracted spectra, yielding rel-
ative flux-calibrated RSS frames for each SAMI observation.
The final step in the reduction is to scale each frame by the
exposure time to be in units of counts/second, thus making all
frames directly comparable.

The three pointed frames observed on July 2 were then
combined yielding a single RSS frame with a 2 hr exposure
time and containing all 13 galaxies in the field.

3.1. The Dithered Data

The SAMI hexabundles consist of a circular pattern of circular
optical fibers. By its nature, the fiber coverage is not contiguous
and, although the SAMI hexabundles have a high filling factor
(greater than 75%), there are inevitably some gaps between
the fibers. In addition, the circular fibers are not stacked in
close-packed configuration, but in a circular pattern, meaning
the sampling also forms a non-uniform grid. These details
present certain challenges when working with dithered data.
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Figure 3. Spatial maps of the emission line strengths derived from the dithered data where the [S ii] map is a sum of the two lines in the doublet. The disk is clearly
seen in emission in all lines. The color bar is in units of log10 (counts s−1). The images are 24′′ on a side.

Figure 4. Spatial maps of the emission line ratios derived from the pointed
data. Blank spaxels correspond to spectra where the S/N in the emission lines
in question was not high enough to obtain a good fit. These maps are used to
construct the IDDs in Figure 7. Since the [O iii]/Hβ ratio (final panel) is needed
for all three IDDs, incompleteness in this map clearly has the greatest impact.
The final panel shows the spaxels numbered in groups used to extract aperture
spectra (see Section 4.1.1 and Figure 7). In all maps a trend toward higher line
ratios is seen off the plane of the disk of the galaxy, indicating the presence of
a galactic wind. The images are 24′′ on a side.
(A color version of this figure is available in the online journal.)

A median sky value for the entire image was calculated and
subtracted. The astrometry for each image was found using
the standard distortion map for IMACS, with some small
adjustments. The images were registered using the USNO
catalogue. The same procedure was applied to both the line
and continuum images.

4. RESULTS

Once the SAMI data were reduced the analysis was performed
using custom-written python scripts. The method was the same
for both the pointed and dithered data. For each spectrum seven
individual emission lines were each fitted with a Gaussian
function. These were the Hβ, [O iii] λ5007, [O i] λ6300, Hα,

Figure 5. Spatial maps of the emission line ratios derived from the dithered
data. Again, the blank spaxels are those without spatial coverage or sufficient
S/N to fit the necessary lines. These are used to construct the IDDs in Figure 8.
The trend toward higher line ratios off the plane of the disk is clearly seen,
indicating the presence of a galactic wind. The images are 24′′ on a side.
(A color version of this figure is available in the online journal.)

[N ii] λ6583, [S ii] λ6717, and [S ii] λ6731 lines. Where it was
detected the underlying stellar Hβ absorption was also fitted
with a Gaussian and removed before fitting the emission line.
Line strengths and kinematic properties were derived from the
fits to each line. Six line strength maps derived from the dithered
data are shown in Figure 3. Note that to produce the [S ii]
map the line strengths of the two doublet lines were summed.
From these six line maps it is possible to also derive four
common emission line ratios (in logarithmic units), these being
[O iii]/Hβ, [O i]/Hα, [N ii]/Hα, and [S ii]/Hα. The spatial
maps of these four ratios are shown in Figures 4 and 5 for
the pointed and dithered data, respectively. The [N ii]/Hα line
ratio map is used to define spatial regions in the galaxy which are
dominated by the disk and the galactic wind, using a threshold of
[N ii]/Hα > −0.35 to isolate regions of the galaxy showing only
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Figure 8. Top panels: IDDs derived from the dithered observations of ESO 185-G031. Again, the Kewley et al. (2001) limiting starburst curves are shown for all three
IDDs (solid blue curve) with the Kauffmann et al. (2003) delimiting line also shown for the [N ii] IDD (dashed black curve). The color coding is that of Sharp &
Bland-Hawthorn (2010), where green denotes spatial points dominated by star formation, blue denotes a dominant AGN-like emission and red denotes shock emission
characteristic of a starburst-driven wind. A representative error bar is shown in black in the top-left corner of each plot. Bottom panels: the color-coded points are
re-mapped to their spatial positions in the galaxy. All three maps show a star-formation-dominated disk with a stronger ionization mechanism dominating off the disk
in both directions. This is strong evidence for a galactic wind in this galaxy. See Section 4.1.2 for more details.
(A color version of this figure is available in the online journal.)

Kauffmann et al. 2003 curve) from composite objects containing
both star formation and AGN/LINER-like activity (Kewley
et al. 2006). Since we wish to separate the signature of star
formation from any hint of other ionization mechanisms (even if
this other mechanism is not dominant) we adopt the Kauffmann
et al. (2003) line as the boundary between star formation and
AGN/LINER-like emission in the [N ii] IDD.

4.1.1. The Pointed Data

The IDDs for the pointed observations of ESO 185-G031 are
shown in Figure 7. The green points correspond to individual
spaxels for which both line ratios in question could be derived.
(For some spaxels the S/N in the [O iii] and Hβ emission lines
was too low to get a good fit. Since this ratio is required for all
three IDDs, this is clearly the limiting factor here. See the final
panel in Figure 4.)

For the pointed data summed aperture spectra are also
considered and plotted as yellow stars in Figure 7. The apertures
are defined starting from the inner fiber and moving outward,
accounting for whole spaxels only, and roughly following the

distribution of the [O iii]/Hβ emission line ratio (see the final
panel in Figure 4, where the numbers indicate spaxels summed
to create the six aperture and annular spectra). The aperture
spectra are found by summing the spectra within the aperture
and the line ratios are derived as usual. As can be seen in Figure 7
all integrated aperture spectra (yellow stars) lie very close to or
on top of one another. This shows that the light from the star-
forming disk is so dominant that integrated spectra over a fixed
aperture, even if that aperture was the size of the entire SAMI
hexabundle, would not pick up the non-star-forming signature
we see off the plane of the disk.

The red diamonds in Figure 7 show the same apertures but
now considered as annuli, i.e., this time each annulus is plotted
individually instead of summing over all light within the aperture
in question. This time a clear trend is seen, with the central
annuli moving along a track through the star-forming region of
the diagram toward the limiting curves and the outer two spectra
clearly exhibiting properties indicative of a non-star-formation
ionization source.

Again, it is clear that with a single fiber or a single large
aperture these characteristics would have been missed. It is the
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et al. 2006). Since we wish to separate the signature of star
formation from any hint of other ionization mechanisms (even if
this other mechanism is not dominant) we adopt the Kauffmann
et al. (2003) line as the boundary between star formation and
AGN/LINER-like emission in the [N ii] IDD.

4.1.1. The Pointed Data

The IDDs for the pointed observations of ESO 185-G031 are
shown in Figure 7. The green points correspond to individual
spaxels for which both line ratios in question could be derived.
(For some spaxels the S/N in the [O iii] and Hβ emission lines
was too low to get a good fit. Since this ratio is required for all
three IDDs, this is clearly the limiting factor here. See the final
panel in Figure 4.)

For the pointed data summed aperture spectra are also
considered and plotted as yellow stars in Figure 7. The apertures
are defined starting from the inner fiber and moving outward,
accounting for whole spaxels only, and roughly following the

distribution of the [O iii]/Hβ emission line ratio (see the final
panel in Figure 4, where the numbers indicate spaxels summed
to create the six aperture and annular spectra). The aperture
spectra are found by summing the spectra within the aperture
and the line ratios are derived as usual. As can be seen in Figure 7
all integrated aperture spectra (yellow stars) lie very close to or
on top of one another. This shows that the light from the star-
forming disk is so dominant that integrated spectra over a fixed
aperture, even if that aperture was the size of the entire SAMI
hexabundle, would not pick up the non-star-forming signature
we see off the plane of the disk.

The red diamonds in Figure 7 show the same apertures but
now considered as annuli, i.e., this time each annulus is plotted
individually instead of summing over all light within the aperture
in question. This time a clear trend is seen, with the central
annuli moving along a track through the star-forming region of
the diagram toward the limiting curves and the outer two spectra
clearly exhibiting properties indicative of a non-star-formation
ionization source.

Again, it is clear that with a single fiber or a single large
aperture these characteristics would have been missed. It is the
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both star formation and AGN/LINER-like activity (Kewley
et al. 2006). Since we wish to separate the signature of star
formation from any hint of other ionization mechanisms (even if
this other mechanism is not dominant) we adopt the Kauffmann
et al. (2003) line as the boundary between star formation and
AGN/LINER-like emission in the [N ii] IDD.

4.1.1. The Pointed Data

The IDDs for the pointed observations of ESO 185-G031 are
shown in Figure 7. The green points correspond to individual
spaxels for which both line ratios in question could be derived.
(For some spaxels the S/N in the [O iii] and Hβ emission lines
was too low to get a good fit. Since this ratio is required for all
three IDDs, this is clearly the limiting factor here. See the final
panel in Figure 4.)

For the pointed data summed aperture spectra are also
considered and plotted as yellow stars in Figure 7. The apertures
are defined starting from the inner fiber and moving outward,
accounting for whole spaxels only, and roughly following the

distribution of the [O iii]/Hβ emission line ratio (see the final
panel in Figure 4, where the numbers indicate spaxels summed
to create the six aperture and annular spectra). The aperture
spectra are found by summing the spectra within the aperture
and the line ratios are derived as usual. As can be seen in Figure 7
all integrated aperture spectra (yellow stars) lie very close to or
on top of one another. This shows that the light from the star-
forming disk is so dominant that integrated spectra over a fixed
aperture, even if that aperture was the size of the entire SAMI
hexabundle, would not pick up the non-star-forming signature
we see off the plane of the disk.

The red diamonds in Figure 7 show the same apertures but
now considered as annuli, i.e., this time each annulus is plotted
individually instead of summing over all light within the aperture
in question. This time a clear trend is seen, with the central
annuli moving along a track through the star-forming region of
the diagram toward the limiting curves and the outer two spectra
clearly exhibiting properties indicative of a non-star-formation
ionization source.

Again, it is clear that with a single fiber or a single large
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Figure 1. SDSS g, r, i colour composite image over-plotted with footprints
of SDSS, SAMI and WiFeS. The SDSS fiber has a diameter of 300. The
SAMI hexabundle has a circular FOV of 1500 in diameter, and the WiFeS
image-slicing IFU has a FOV of 2500 ⇥ 3800.

the properties of the galaxy to be analyzed. In Section 3, we de-
scribe our observation and data reduction procedures. In Section 4,
we demonstrate our spectral decomposition techniques. Results are
presented in Section 5. In Section 6, We discuss the nature of the
excitation sources for different kinematic components. In Section 7,
we discuss the driver of the outflows. Finally, the conclusions are
given in Section 8.

2 SDSS J090005.05+000446.7

SDSS J090005.05+000446.7 (GAMA ID: 209807; hereafter, SDSS
J0900; Figure 1) is an isolated disk galaxy located in the Sloan Dig-
ital Sky Survey field (SDSS; York et al. 2000), with a SDSS r-band
magnitude of 15.1, and a logarithmic stellar mass of 10.8M� (Tay-
lor et al. 2011). The SDSS imaging data do not show any potential
companion galaxies within a 10 radius of SDSS J0900 (63 kpc at
the galaxy redshift); this is consistent with the disk-like morphol-
ogy and the lack of tidal features of SDSS J0900. The inclination
angle of SDSS J0900, as estimated from the axis ratio of 0.75 on
the SDSS r-band image, is approximately 43� (Padilla & Strauss
2008). The SDSS spectrum of SDSS J0900, taken with optical
fibers of 300in diameter, captures emission predominately from the
nucleus of the galaxy, and contains only approximately 22% of the
total light. On standard line ratio diagnostic diagrams (the BPT dia-
grams; Baldwin, Phillips & Terlevich 1981; Veilleux & Osterbrock
1987; see Figure 8), the nuclear line ratios fall close (< 0.1dex)
to the maximum theoretical starburst lines parametrized by Kewley
et al. (2001). In the classification scheme by Kewley et al. (2006),
SDSS J0900 is formally classified as an ambiguous galaxy. The
[NII]/H↵ ratio is consistent with composite galaxies, the [SII]/H↵
ratio is consistent with star-forming galaxies, and the [OI]/H↵ ra-
tio is consistent with low-ionisation narrow emission-line regions
(LINERs; Heckman 1980).

Through out this paper, we assume the concordance ⇤ cold

dark matter cosmology with H0 = 70 km s�1 Mpc�1, ⌦M = 0.3
and ⌦⇤ = 0.7, for which the luminosity distance is 240 Mpc and
100 corresponds to 1.05 kpc at the galaxy redshift of z = 0.05386.

3 OBSERVATIONS AND DATA REDUCTION

3.1 SAMI

SDSS J0900 was observed on 2013 March 17 using the Sydney-
AAO Multi-object Integral field spectrograph (Croom et al. 2012)
mounted on the 3.9-m Anglo-Australian Telescope. SAMI consists
of 13 imaging fiber bundles (‘hexabundles’; Bland-Hawthorn et al.
2011; Bryant et al. 2011, 2014) deployable over a 1-degree diam-
eter field of view (FOV). Each hexabundle comprises 61 lightly-
fused multimode fibers. Each fiber is 1.600 in diameter, forming a
circular FOV of each hexabundle of 1500 in diameter. Despite the
high filling factor (75%) of the hexabundles, ⇠ 7 dither positions
are required to properly sample the gaps between fibers. For SDSS
J0900, a set of eight 1800-s dithered observations was obtained.
Fibers are fed to the flexible AAOmega dual-beam spectrograph
(Sharp et al. 2006) which can be used at a range of spectral reso-
lutions (R ⌘ �/�� ⇡ 1700 – 13000) over the optical spectrum
(3700 – 9500Å).

Standard spectroscopic data reduction procedures were ac-
complished using the data reduction pipeline 2DFDR3 (Croom et al.
2004), which performs dark and bias subtraction, long-slit flat field-
ing, tramline identification, extraction, spectral flat fielding, wave-
length calibration, throughput correction and sky subtraction. Flux
calibration was performed using observations of the spectropho-
tometric standard HD111786 taken on the same night. A correc-
tion for telluric absorption was made using simultaneous observa-
tions of a secondary standard star. Reduced frames using different
dithers were reconstructed and resampled on a Cartesian grid. The
full procedures for flux calibration, telluric correction and resam-
pling are described in Sharp et al. (in prep.), where the data reduc-
tion procedures are also reported. The final reduced data products
comprise two data cubes on spatial grids of 0.500 ⇥ 0.500. The blue
data cube covers ⇠ 3720 – 5850Å with a spectral sampling of
1.04 Å and spectral resolution of R ⇠ 1750 or full-width at half-
maximum (FWHM) of ⇠ 170 km s�1. The red data cube covers
⇠ 6210 – 7370Å with a spectral sampling of 0.57 Å and spectral
resolution of R ⇠ 4500 or FWHM ⇠ 65 km s�1. SDSS J0900
was observed in relative poor seeing conditions and the point spread
function (PSF) has a FWHM of ⇠ 3.100, as measured from reduced
data cubes of a calibration star observed simultaneously with sci-
ence targets (Figure 11).

3.2 WiFeS

To confirm the measurements by SAMI, supplemental observations
were also conducted with the Wide Field Spectrograph (WiFeS) on
the 2.3-m telescope at Siding Spring Observatory in 2013 Novem-
ber and 2013 December. WiFeS is a dual beam, image-slicing IFU
consisting of 25 slitlets, each of which is 3800 long and 100 wide,
yielding a 2500 ⇥ 3800 field of view. A more comprehensive de-
scription of the instrument can be found in Dopita et al. (2007) and
Dopita et al. (2010). The galaxy was observed with two different
spectral settings. For the first setting, we placed B7000 grating on

3 http://www.aao.gov.au/science/software/2dfdr
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Figure 2. Examples of SSP synthesis fitting using PPXF and stellar models by González Delgado et al. (2005). The upper panels and lower panels show
examples of the SAMI and WiFeS data of SDSS J0900, respectively. The same two spaxels are also presented in the upper panels of Figure 3 and 4 to
demonstrate spectral decomposition. The blue (left panels) and the red (right panels) spectra are shown separately. Grey bands mark bad channels, channels
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Figure 3. Examples of our spectral decomposition using the SAMI data. First, second and third rows are examples of selected spaxels requiring 3-component,
2-component and 1-component fits to describe the spectral profiles, respectively. Each panel is a zoom-in of the spectral ranges comprising key diagnostic
emission lines. Continuum subtracted spectra are shown in grey. Best-fit c3, c2, and c1 are shown in red, orange, and blue, respectively. The best-fitting emission
line models, i.e.

P
ci, are shown in black. To avoid confusion in cases where the lines are broad and blended, we also show individual line transitions of c3

as transparent red lines. Details of our spectral analysis technique are described in Section 4.

sian components, some statistical tests taking into account the ef-
fect of noise have to be performed.

A common test adopted in many studies is the likelihood ratio
test (LRT). While comparing different models, e.g., a n-component
model and a (n+1)-component model, the (natural) logarithmic
maximum likelihood ratio of the two models,

⇤ = �2 ln
max(Ln)

max(Ln+1)
= �2

n � �2
n+1, (1)

is an objective gauge of how much improvement in maximum like-
lihood, max(Ln) and max(Ln+1), the more sophisticated model
can offer. Here, �2

n and �2
n+1 are �2 values of the best fit models

with ⌫n and ⌫n+1 degrees of freedom, respectively. In the case of
nested models, where the simpler model (i.e., n-component model)
is a subset of the more sophisticated model (i.e., (n+1)-component
model), and when the numbers of measurements are large (e.g.,
many spectral channels), ⇤ follows a �2 distribution of (⌫n�⌫n+1)
degree of freedom. The null hypothesis that the n-component model
is superior than the (n+1)-component model can be tested by com-
paring the measured ⇤ with the critical ⇤ (⇤c) corresponding to
a probability p-value. Representing a statistically significant level,
the p-value is the integration of the �2 probability density function
from ⇤c to infinity. The p-value is typically set to 0.05, but in this
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Figure 8. BPT diagrams of the SAMI data (top) and the WiFeS data (bottom). The line ratios of the different components are colour-coded as indicated in
the legend. The nuclear line ratios measured by the SDSS spectroscopic survey are shown as stars. The empirical separation lines between starburst galaxies
and AGN host galaxies derived from SDSS are shown as dashed lines (Kauffmann et al. 2003). The theoretical extreme starburst lines calculated from
photoionisation and radiation transfer models are shown as solid lines (Kewley et al. 2001). The SDSS empirical separation lines between Seyfert galaxies and
LINERs are indicated as dotted lines (Kewley et al. 2006).

Figure 9. Velocity dispersions versus the three key line ratios for the SAMI data (top) and the WiFeS data (bottom). Measurements from the three different
components are colour-coded as indicated in the legend.
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Figure 8. BPT diagrams of the SAMI data (top) and the WiFeS data (bottom). The line ratios of the different components are colour-coded as indicated in
the legend. The nuclear line ratios measured by the SDSS spectroscopic survey are shown as stars. The empirical separation lines between starburst galaxies
and AGN host galaxies derived from SDSS are shown as dashed lines (Kauffmann et al. 2003). The theoretical extreme starburst lines calculated from
photoionisation and radiation transfer models are shown as solid lines (Kewley et al. 2001). The SDSS empirical separation lines between Seyfert galaxies and
LINERs are indicated as dotted lines (Kewley et al. 2006).

Figure 9. Velocity dispersions versus the three key line ratios for the SAMI data (top) and the WiFeS data (bottom). Measurements from the three different
components are colour-coded as indicated in the legend.
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OzDESEarly SAMI results - Shocks and outflows
Ho et al. 2014

Outflow driven by a starburst
Excitation from UV photons from star formation and shocks

SAMI: Shocks and Outflows in a normal star-forming galaxy 3
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Figure 1. SDSS g, r, i colour composite image over-plotted with footprints
of SDSS, SAMI and WiFeS. The SDSS fiber has a diameter of 300. The
SAMI hexabundle has a circular FOV of 1500 in diameter, and the WiFeS
image-slicing IFU has a FOV of 2500 ⇥ 3800.

the properties of the galaxy to be analyzed. In Section 3, we de-
scribe our observation and data reduction procedures. In Section 4,
we demonstrate our spectral decomposition techniques. Results are
presented in Section 5. In Section 6, We discuss the nature of the
excitation sources for different kinematic components. In Section 7,
we discuss the driver of the outflows. Finally, the conclusions are
given in Section 8.

2 SDSS J090005.05+000446.7

SDSS J090005.05+000446.7 (GAMA ID: 209807; hereafter, SDSS
J0900; Figure 1) is an isolated disk galaxy located in the Sloan Dig-
ital Sky Survey field (SDSS; York et al. 2000), with a SDSS r-band
magnitude of 15.1, and a logarithmic stellar mass of 10.8M� (Tay-
lor et al. 2011). The SDSS imaging data do not show any potential
companion galaxies within a 10 radius of SDSS J0900 (63 kpc at
the galaxy redshift); this is consistent with the disk-like morphol-
ogy and the lack of tidal features of SDSS J0900. The inclination
angle of SDSS J0900, as estimated from the axis ratio of 0.75 on
the SDSS r-band image, is approximately 43� (Padilla & Strauss
2008). The SDSS spectrum of SDSS J0900, taken with optical
fibers of 300in diameter, captures emission predominately from the
nucleus of the galaxy, and contains only approximately 22% of the
total light. On standard line ratio diagnostic diagrams (the BPT dia-
grams; Baldwin, Phillips & Terlevich 1981; Veilleux & Osterbrock
1987; see Figure 8), the nuclear line ratios fall close (< 0.1dex)
to the maximum theoretical starburst lines parametrized by Kewley
et al. (2001). In the classification scheme by Kewley et al. (2006),
SDSS J0900 is formally classified as an ambiguous galaxy. The
[NII]/H↵ ratio is consistent with composite galaxies, the [SII]/H↵
ratio is consistent with star-forming galaxies, and the [OI]/H↵ ra-
tio is consistent with low-ionisation narrow emission-line regions
(LINERs; Heckman 1980).

Through out this paper, we assume the concordance ⇤ cold

dark matter cosmology with H0 = 70 km s�1 Mpc�1, ⌦M = 0.3
and ⌦⇤ = 0.7, for which the luminosity distance is 240 Mpc and
100 corresponds to 1.05 kpc at the galaxy redshift of z = 0.05386.

3 OBSERVATIONS AND DATA REDUCTION

3.1 SAMI

SDSS J0900 was observed on 2013 March 17 using the Sydney-
AAO Multi-object Integral field spectrograph (Croom et al. 2012)
mounted on the 3.9-m Anglo-Australian Telescope. SAMI consists
of 13 imaging fiber bundles (‘hexabundles’; Bland-Hawthorn et al.
2011; Bryant et al. 2011, 2014) deployable over a 1-degree diam-
eter field of view (FOV). Each hexabundle comprises 61 lightly-
fused multimode fibers. Each fiber is 1.600 in diameter, forming a
circular FOV of each hexabundle of 1500 in diameter. Despite the
high filling factor (75%) of the hexabundles, ⇠ 7 dither positions
are required to properly sample the gaps between fibers. For SDSS
J0900, a set of eight 1800-s dithered observations was obtained.
Fibers are fed to the flexible AAOmega dual-beam spectrograph
(Sharp et al. 2006) which can be used at a range of spectral reso-
lutions (R ⌘ �/�� ⇡ 1700 – 13000) over the optical spectrum
(3700 – 9500Å).

Standard spectroscopic data reduction procedures were ac-
complished using the data reduction pipeline 2DFDR3 (Croom et al.
2004), which performs dark and bias subtraction, long-slit flat field-
ing, tramline identification, extraction, spectral flat fielding, wave-
length calibration, throughput correction and sky subtraction. Flux
calibration was performed using observations of the spectropho-
tometric standard HD111786 taken on the same night. A correc-
tion for telluric absorption was made using simultaneous observa-
tions of a secondary standard star. Reduced frames using different
dithers were reconstructed and resampled on a Cartesian grid. The
full procedures for flux calibration, telluric correction and resam-
pling are described in Sharp et al. (in prep.), where the data reduc-
tion procedures are also reported. The final reduced data products
comprise two data cubes on spatial grids of 0.500 ⇥ 0.500. The blue
data cube covers ⇠ 3720 – 5850Å with a spectral sampling of
1.04 Å and spectral resolution of R ⇠ 1750 or full-width at half-
maximum (FWHM) of ⇠ 170 km s�1. The red data cube covers
⇠ 6210 – 7370Å with a spectral sampling of 0.57 Å and spectral
resolution of R ⇠ 4500 or FWHM ⇠ 65 km s�1. SDSS J0900
was observed in relative poor seeing conditions and the point spread
function (PSF) has a FWHM of ⇠ 3.100, as measured from reduced
data cubes of a calibration star observed simultaneously with sci-
ence targets (Figure 11).

3.2 WiFeS

To confirm the measurements by SAMI, supplemental observations
were also conducted with the Wide Field Spectrograph (WiFeS) on
the 2.3-m telescope at Siding Spring Observatory in 2013 Novem-
ber and 2013 December. WiFeS is a dual beam, image-slicing IFU
consisting of 25 slitlets, each of which is 3800 long and 100 wide,
yielding a 2500 ⇥ 3800 field of view. A more comprehensive de-
scription of the instrument can be found in Dopita et al. (2007) and
Dopita et al. (2010). The galaxy was observed with two different
spectral settings. For the first setting, we placed B7000 grating on

3 http://www.aao.gov.au/science/software/2dfdr
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Figure 5. Component maps of the SAMI data (left) and the WiFeS data
(right) describing the number of components required to model the spec-
tral profiles in each spaxel. The white area in the SAMI map (outside the
aperture) contains no data and was not analyzed. The dashed circle in the
right panel indicates approximately the SAMI aperture in the WiFeS field.
We determine the number of components required by using the statistical
LRT, and we also perform visual inspection on selected spectra. Details are
provided in Section 4.

Figure 6. The distributions of velocity dispersions of the different compo-
nents in the SAMI data. The histograms show the distributions of velocity
dispersions for every spaxel where H↵ has S/N > 3. It is evident the that
different components have distinctly different velocity dispersions, produc-
ing a trimodal distribution.

5 RESULTS

5.1 Kinematics of the different components

The distributions of the velocity dispersions of SDSS J0900 are
shown in Figure 6. We present only spaxels with S/N > 3 for the
H↵ fluxes. It is evident that different components are well separated
in velocity dispersion space, producing a trimodal distribution. In
particular, the broad kinematic component c3 has distinctly higher
velocity dispersions (& 150 km s�1), with the distribution peak-
ing at approximately 300 km s�1. The narrow component c1 has
relative low velocity dispersions, with the distribution peaking at
approximately 40 km s�1.

In Figure 7, we present velocity fields of the different com-
ponents from the SAMI data. Spaxels with low S/Ns (< 3) in H↵
fluxes have been masked out. In the left panel, the narrow compo-
nent c1 traces the rotation field of the disk and shows an obvious
rotation pattern in the same sense as the optical disk (Figure 1).
The regularity of the rotation field further proves the robustness of
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Figure 7. Velocity fields of the narrow component c1, the intermediate com-
ponent c2, and the broad component c3 of the SAMI data. Spaxels with H↵
S/N < 3 have been masked out to avoid confusion. The obvious rotation
pattern of the narrow component c1, in the same sense as the disk orienta-
tion in Figure 1, demonstrates the robustness of our spectral decomposition.
The intermediate component c2 and the broad component c3 both show ve-
locity gradients in the north-west to south-east and east to west direction,
respectively, with c3 presenting a more prominent and steeper velocity gra-
dient.

our spectral decomposition. The intermediate component c2 and
the broad component c3 both also show velocity gradients, in the
north-west to south-east and east to west direction, respectively,
with c3 presenting a more pronounced and steeper velocity gradi-
ent. We note that in all three panels, some hot spaxels stand out
from the otherwise smooth velocity fields. Some of those spaxels
can be removed by raising the S/N cut, but some obviously have
bad fit due to the ill-chosen initial guesses in line fitting, or remain-
ing cosmic rays. It is trivial to identify those spaxels and manually
refit them with proper initial guesses. We do not perform this ex-
ercise because (1) it is impractical to do so for the whole SAMI
dataset in the future, and (2) we wish to faithfully present the low
but non-zero failure rate of LZIFU. We do take extra caution to en-
sure that all the conclusions in this paper are independent of these
outlying spaxels.

5.2 Line ratio diagrams and line ratio – velocity dispersion
diagrams

The ability to robustly separate different kinematic components
with spectral decomposition opens up opportunities to investigate
the underlying physical mechanisms responsible for exciting differ-
ent kinematic components. Different physical mechanisms such as
thermal excitation by young stars in HII regions, and non-thermal
excitation by AGNs, LINERs, asymptotic giant branch stars or in-
terstellar shocks, can produce distinctly different optical line ratios.
The most well-understood tool for investigating different excita-
tions is with the BPT diagrams.

In Figure 8, we present the 3 BPT diagrams, [OIII]/H� ver-
sus (1) [NII]/H↵, (2) [SII]/H↵ and (3) [OI]/H↵ for both the SAMI
data and the WiFeS data. Only spaxels with S/N > 3 on all lines
associated with the line ratios are shown.

We also show various empirical and theoretical lines dividing
galaxies excited by different mechanisms. The empirical separation
lines between starburst galaxies and AGN-hosted galaxies derived
from SDSS are shown as dashed lines (Kauffmann et al. 2003); the
theoretical extreme starburst lines calculated from photoionisation
and radiation transfer models are shown as solid lines (Kewley et al.
2001); the SDSS empirical separation lines between Seyfert II and
LINER galaxies are shown as dotted lines (Kewley et al. 2006).

Figure 8 demonstrates one of our major results: not only do the
different kinematic components have different velocity dispersions,
they also present distinctly different line ratios on all three BPT

c� 0000 RAS, MNRAS 000, 000–000
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OzDESULTIMATE Science

Everything you had seen in the previous slides but at at z~1

• Gas and stellar kinematics
• Star formation, how it is distributed  
• AGN activity and shocks
• Metallicity gradients
• Inflows and outflows



OzDESThe Universe at z=1

• It is 7.8 billion years younger (middle age)

• It is 8 times denser

• The SFR density is 10 times higher (more SNe)

•  The AGN number density is ~100 times higher

• Matter dominates

How do the processes that shape galaxies at z=1 differ from the 
ones we see today?

One might expect galactic winds to be far more common 



OzDESSAMI and ULTIMATE

Characteristic SAMI @ z~0.05 ULTIMATE @ z~1

Number of IFUs 13 16 (32)

FoV of positioner 3.6 Mpc 6.9 Mpc x 3.9 Mpc

FoV of IFU 15 kpc (15”) 14.6 kpc (1.8”)

Number of fibres per IFU 61 61

Fibre pitch 1.6 kpc (1.6”) 1.6 kpc (0.2”)

Minimum sep. 30kpc (30”) 160 kpc (20”)

Spatial resolution 1.6” 0.2”

SAMI undersamples the PSF.  SAMI dither the 
telescope to regain the lost resolution
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OzDESTarget density - Emission line galaxies

In the following figure we plot a histogram showing the number of galaxies with star formation 
rates exceeding the values given in the horizontal access. The number has been scaled so that it 
matches the number within the 14’ x 8’  field of view of ULTIMATE. The red lines are the number of 
IFUs in stage I and stage II. !

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
Fig. 1  Cumulative histograms of star forming galaxies in the ULTIMATE FoV for two redshift 

ranges. 

It can be seen that there are around 30-50 galaxies in the ULTIMATE field with star formation 
rates (SFR) exceeding 10 solar masses per year.!

We now compute the expected signal-to-noise (S/N) ratio for a 7200 second exposure, with half 
the time spent on observing the sky.  In computing the signal-to-noise ratio we!

• use version 5.01 of the KMOS exposure time calculator!

• assume 80% throughput for the fibres!

• assume that nuMOIRCS has 15% (20%) efficiency in the J and H bands!

• make use of the R=3000 VPH gratings!

7,200 seconds

• assume the that RON performance of the detectors in both instruments are the same!

• assume an extended source, the S/N ratio is computed over one square arc second.!

• use the Kennicutt relation to convert from SFR to H-alpha flux!

• use a SFR of 10 solar masses per year (the number density of sources is such that this could 
be raised to 30 solar masses per year )!

• integrate the signal over 1.65 (2) Angstrom bins in the J (H)!

• integrate the signal over one square arc second.!

• assume that the H-alpha line is 10 Angstroms wide !

!

!
It might be possible to use dedicated sky fibres to subtract the sky, in which case exposure times 

will be halved.   The signal-to-noise ratio depends sensitively on where the emission line lands with 
respect to the bright OH lines.!

The signal-to-noise ratio can be increased by!

• computing this ratio over a larger wavelength region (a gain of ~2 can be expected).!

• exposing longer!

• choosing brighter targets, which is feasible given the number density of targets.!

!
Continuum 

In the following figure we plot a histogram showing the number of galaxies per 14’ x 8’ region 
(the ULTIMATE FoV) with magnitudes exceeding the values given in the horizontal access. The red 
lines is the number of IFUs in stage I.  For the purpose of this calculation, we assume that all sources in 
these histograms do not have emission lines, i.e. we are only interested in the continuum properties of 
these objects.!

!

Redshift Wavelength Line 
Luminosity!
(erg/s/cm
Angstrom 
per square 
arc second)

S/N KMOS KMOS 
efficiency!

(%)

S/N 
nuMOIRCS

# IFU 
elements

S/N per IFU 
element

0.89 1237 3.14E-16 60 16 40 28 7.6

1.45 1610 9.67E-17 41 24 24 28 4.5



OzDESTarget density - continuum sources

!

!
!
!
!
!
!
!
!
Fig. 2  Cumulative histograms of galaxies in the ULTIMATE FoV for two redshift ranges.!

It can be seen that one needs to reach limiting magnitudes of 20.5 in J and 21.5 in H in order to 
occupy all 16 IFUs. 

We now compute the expected signal-to-noise ratio for a 28,800 second exposure, with half the 
time spent on observing the sky.  This corresponds to one night of integration. In computing the signal-
to-noise ratio we use the assumptions that we used for emission line objects.  !

Not unsurprisingly, exposure times for continuum source are long and signal-to-noise ratios are 
modest. !

There is one important caveat. We have assumed that the background between the OH lines is 
similar to that used in the KMOS ETC. There has been considerable uncertainty in the true value of 
this background, as part of it may come the scattered wings of the bright OH lines. Removing the OH 
lines may result is significantly less background.!

For objects as faint as J=20.5 and H=21.5, the signal to noise ratios are more than sufficient to 
measure redshifts; however, they are about half of what is typically required to measure kinematics or 
abundances. Spatially resolved studies will be confined to brighter objects.!

Science Cases!

We consider three scientific cases that could be tackled by ULTIMATE, a SAMI-like survey 
targeting field galaxies between z=0.8 and 1.7, a study of lensed field galaxies, and a survey targeting 
galaxies in distant rich galaxy clusters.!

28,800 seconds

!
!
!
!

!
!
!
!
!
!
!
!
Fig. 2  Cumulative histograms of galaxies in the ULTIMATE FoV for two redshift ranges.!

It can be seen that one needs to reach limiting magnitudes of 20.5 in J and 21.5 in H in order to 
occupy all 16 IFUs. 

We now compute the expected signal-to-noise ratio for a 28,800 second exposure, with half the 
time spent on observing the sky.  This corresponds to one night of integration. In computing the signal-
to-noise ratio we use the assumptions that we used for emission line objects.  As for arc seconds we 
assume that the surface brightness of the source is constant over the 1 arc second that it is measured.!

Not unsurprisingly, exposure times for continuum source are long and signal-to-noise ratios are 
modest. !

There is one important caveat. We have assumed that the background between the OH lines is 
similar to that used in the KMOS ETC. There has been considerable uncertainty in the true value of 
this background, as part of it may come the scattered wings of the bright OH lines. Removing the OH 
lines may result is significantly less background.!

For objects as faint as J=20.5 and H=21.5, the signal to noise ratios are more than sufficient to 
measure redshifts; however, they are about half of what is typically required to measure kinematics or 
abundances. Spatially resolved studies will be confined to brighter objects!

Redshift Mag (AB) Wavelength Wavelength 
Bin

S/N KMOS S/N 
nuMOIRCS

# IFU 
elements

S/N per IFU 
element

0.89 20.5 1182 1.65 24 16 28 3.0

1.45 21.5 1653 2.03 15 9 28 1.7



OzDESGravitationally lensed galaxies

correction of ULTIMATE is key for providing the needed spatial resolution to study this tracer of gas 
flows at these redshifts.!

Science Case II: Metallicity Gradient of Lensed Galaxies at 0.5 < z < 1.6 

 The metallicity gradient is a powerful tool to constrain the physical processes in disk formation 
scenarios. The magnitude and variation of the metallicity gradient changing with cosmic time place a 
tight constraint on the star forming and mass assembly history of the disks. To link the clumpy disks at 
high-z  with the disk components we see today, it is of crucial importance to establish a robust 
observational baseline of resolved star forming and metallicity properties of disk galaxies at each 
redshifts. Currently reliable metallicity gradient measurements for intermediate and high redshift 
galaxies (z >  0.1) are still sparse.!

We have shown that angular resolution plays a key role in causing systematic errors in metallicity 
gradient and line-ratio measurements. Seeing-limited and low-angular resolution observations yield 
significantly more flattened or even inverse gradient than high angular resolution studies of lensed 
galaxies. The physical reason for this is a combination of weak-line smearing and the inability to resolve 
individual H II  regions in galaxies, especially for galaxies at high-z. For example, in order to resolve a 
giant H II  region clump (assume 500 pc) at z >  0.6, an angular resolution of FWHM <  0.07” is 
required. By using strong gravitational lensing coupled with AO aided near-IR on large IFU telescopes, 
it is possible to reach this minimal angular resolution while securing sufficient fluxes.!

!
!
!
!
!
!
!
!
!
!
!
!
!
Fig. 3 HST optical images of the strong lensing region of cluster Abell 1689. About 50 known 

lensed galaxies are ideal targets for ULTIMATE. Green circles highlight galaxies that fall in the redshift 
range of 0.5 < z < 1.6 and have average surface brightness of (AB) 20 mag/arcsec2 (from our previous 
spectroscopic survey of this cluster). 

2

Abell 1689

FIG. 1.— HST optical images of the strong lensing region of cluster Abell 1689. About 50 known lensed galaxies are ideal targets for ULTIMATE. Green
circles highlight galaxies that fall in the redshift range of 0.5 < z < 1.6 and have average surface brightness of (AB) 20 mag/arcsec2 (from our previous
spectroscopic survey of this cluster). We experimentally placed 16 ULTIMATE IFUs on some the brightest targets (white boxes, each IFU has a FOV of 1.8” by
2.08”).
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FIG. 2.— An example of the sizes of the lensed galaxies in Abell 1689 versus the FOV of ULTIMATE and the 0.2” FWHM resolution. About 10 spatial
resolution elements can be obtained for each object.

2

!
The multi-IFUs of ULTIMATE will allow us to establish a large sample (50-100) of background 

lensed galaxies in clusters with measured metallicity gradients at 0.5 < z < 1.6  within a reasonable 
number of Subaru nights (5-10 nights). ULTIMATE will provide a GLAO-corrected field with PSF as 
good as 0.2”, almost a factor of two improvement on the seeing-limited observation of KMOS.  This 
improvement will greatly enlarge the sample of lensed galaxies by allowing less magnified sources to 
be resolved with a PSF of 0.2”.!

As an example, shown above in Fig. 3, we selected lensed galaxies in the well-studied lensing 
cluster Abell 1689.  To optimize for the ULTIMATE observation, we choose lensed galaxies that fall in 
the redshift range of 0.5 < z < 1.6 and have average surface brightness of (AB) 20 mag/arcsec  (from 
our previous spectroscopic survey of this cluster). There are 50 lensed galaxies that satisfy this criteria. 
We experimentally placed 16 ULTIMATE IFUs on some the brightest targets. Assuming there were no 
spatial constraint on the minimum separation of individual IFUs, then with two pointings, we can 
obtain IFU data for all 50 lensed galaxies.!

Most of the 50 lensed galaxies have a flux magnification of 10 and geometric magnification of 3. 
Assuming a good corrected PSF of 0.2”, we can achieve a source-plane resolution of FWHM 0.06” for 
the lensed galaxies.  About 10 spatial resolution elements can be obtained for each object.!

!
!
!
!
!
!
Fig. 4 An example of the sizes of the lensed galaxies in Abell 1689 versus the FOV of ULTIMATE 

and the 0.2” FWHM resolution. About 10 spatial resolution elements can be obtained for each object. 

According to the ULTIMATE initial document, with Mag (AB) of 20.5, a S/N of   1.1 per IFU 
element can be reached for 28,800 second exposure with half the time spent on sky. Because of the 
lensing nature of our source, we can co-add the image plane elements on the source-plane and gain 
S/N in this way. Depending on the actual magnification of the sources, we estimate 2-3 observational 
nights for one pointing to obtain a S/N of 3 on the continuum for each resolution elements of 
individual lensed galaxies. For emission line objects, the signal-to-noise ratio will be greater.!

!
!
!
!
!
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Abell 1689

FIG. 1.— HST optical images of the strong lensing region of cluster Abell 1689. About 50 known lensed galaxies are ideal targets for ULTIMATE. Green
circles highlight galaxies that fall in the redshift range of 0.5 < z < 1.6 and have average surface brightness of (AB) 20 mag/arcsec2 (from our previous
spectroscopic survey of this cluster). We experimentally placed 16 ULTIMATE IFUs on some the brightest targets (white boxes, each IFU has a FOV of 1.8” by
2.08”).
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FIG. 2.— An example of the sizes of the lensed galaxies in Abell 1689 versus the FOV of ULTIMATE and the 0.2” FWHM resolution. About 10 spatial
resolution elements can be obtained for each object.
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OzDESCluster at high redshift

• Reversal of star formation density relation
• Location of star formation, both in the cluster and in
the galaxies themselves
• Mechanism of quenching

!
 

!
Fig. 5  HAWK-I image of XMMXCS2215. Spectroscopically confirmed cluster members are 

circled in red.  The field of view is 10’ by 10’.  

!
!
!
!
!
!

XMMSCS 2215 z=1.46



OzDESCluster galaxies

!
Fig. 6  A zoom in on the central regions of the cluster shown in Fig. 3. Spectroscopically 

confirmed cluster members are circled in red.  The diameter of the circles correspond to the flat-to-
flat distance in the 61 element IFU. The blue double headed arrow is the minimum separation 
between two star bugs. Note hoe the IFU fibre size nicely matches the size of the galaxies in this 
cluster. 

!
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OzDESSky subtraction with sky fibres


