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What do galaxies and shadow
puppets have in common?

Understanding the Formation and 
Evolution of Galaxies

ARC CENTRE OF EXCELLENCE FOR 
ALL SKY ASTROPHYSICS IN 3D
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Who am I?
• PhD 2010-2014 from Leiden Observatory, The Netherlands
• Postdoctoral Researcher at Sydney Institute for Astronomy 2015-Present
• Observational Astronomer working with the SAMI Galaxy Survey
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The Big Questions

• Is our Milky Way unique?

• How did the Milky Way form?

• Is the Milky Way the final
product of evolution, 
or will it evolve further?
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Our Milky Way is on a collision course 
with the Andromeda Galaxy

3.85 billion years3.75 billion years

2 billion yearsPresent day
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Our Milky Way is on a collision course 
with the Andromeda Galaxy

7 billion years5.1 billion years

4 billion years3.9 billion years
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Our Milky Way is 
on a Collision Course 
to become a 
Red and Dead Galaxy
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What does this movie 
have in common with my PhD Thesis?
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They are both about Zombies
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WHAT DO GALAXIES AND SHADOW
PUPPETS HAVE IN COMMON?

Today’s talk

Galaxies in the present-day Universe

Galaxies at high-redshift: dawn of the red and dead
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WHAT DO GALAXIES AND SHADOW
PUPPETS HAVE IN COMMON?

Galaxies in the present-day Universe

Galaxies at high-redshift: dawn of the red and dead
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Hubble's Tuning Fork: 
Is the diversity of galaxies in the present day universe 
the result of 14 billion years of galaxy evolution?
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Galaxies Caught in the Act
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Merger Remnants
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Hubble's Tuning Fork: 
Intrinsic shape related to formation history
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Galaxies, just like humans, 
suffer from middle-age spread



How do we derive the intrinsic shape of galaxies?
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Projection makes everything harder
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Projection makes everything harder

Inclination à
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What do galaxies and shadow puppets have in common?
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What do galaxies and shadow puppets have in common?

To derive the intrinsic shape, you need extra information:
galaxy rotation
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Spectroscopy can reveal galaxies’ 3rd dimension
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How do we measure a velocity?

• Doppler effect causes a blueshift or redshift of the spectrum

• Blueshift: stars moving towards you
• Redshift:  stars moving away from you

Sodium
line

Sodium
lineλrest

λobs
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MILES:    v = 16.7km/s, σ = 296.4 km/s

Galaxy spectra: absorption lines reveal velocity
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Single fibre only reveal systemic velocity
22 J. Bland-Hawthorn

Figure 1. (a) Single fibre apertures are the basis for galaxy surveys to date; (b) the 61-fibre
configuration of the SAMI hexabundle; (c) the 85-fibre (54 large, 31 small) configuration of the
Hector hexabundle under development at the University of Sydney.

In the 1980s, the scientific potential for imaging spectroscopy was clear from early
Fabry-Perot (Bland et al. 1987; Cecil 1988; Amram et al. 1992) and tuneable filter studies
(Jones & Bland-Hawthorn 2001). After the pioneering work of Courtès et al.(1988),
integral field spectroscopy (IFS) soon exploited the plunging costs of large-area detectors
to dominate extragalactic studies today (Hill 2014). Recent integral field surveys involving
hundreds of nearby galaxies include ATLAS-3D (Cappellari et al. 2011) and CALIFA
(Sánchez et al. 2012). A useful summary of recent scientific results is given by Glazebrook
(2013).

So how do we combine the power of the MOS and IFS techniques, the ‘missing link’ in
astronomical instrumentation? VLT KMOS provides an elegant solution involving small
image slicers: this instrument employs 24 configurable arms that position pickoff mir-
rors at specified locations in the Nasmyth focal plane. But this expensive technology
would be prohibitively costly to adapt for the degree-scale fields of cosmologically mo-
tivated MOS instruments. Seven years ago, we began to look at compact fibre bundles
(hexabundles) that would work with existing robotic positioners (Bland-Hawthorn et al.
2011; Bryant et al. 2011). This led to the Sydney–AAO Multi-object Integral field spec-
trograph (SAMI), the first instrument of its kind. SAMI deploys 13 IFUs, each with a
field of view of 15′′across a 1-degree patrol field (Croom et al. 2012). Each IFU consists
of a bundle of 61 optical fibres lightly fused to have a high (∼75%) filling factor (Bryant
et al. 2014a). SAMI is installed on the 3.9-m Anglo-Australian Telescope (AAT), feeding
the existing AAOmega spectrograph. For the first time, SAMI allows very large samples
of IFS observations to be obtained in a short period of time.

2. The SAMI Galaxy Survey: early results
The SAMI Galaxy Survey is an ongoing project to obtain integral field spectroscopic

data for ∼3400 galaxies, with an expected completion date of mid 2016. The bundles
are dithered with respect to sky to wash out the footprint (Fig. 1(b)). An example of
the data quality is shown in Fig. 2. At the time of writing, roughly 1000 galaxies have
been observed, including the pilot survey of ∼100 galaxies. The updated instrument per-
formance, target selection, survey parameters and reduction procedures are discussed
elsewhere (Bryant et al. 2014b; Sharp et al. 2014). The Galaxy Survey, which includes
both cluster and field objects selected from the GAMA survey, had an early data release
in 2014 (Allen et al. 2014). The use of GAMA fields means that the SAMI data are
complemented by many surveys, including GALEX MIS, VST KiDS, VISTA VIKING,
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Many fibres per galaxy can reveal rotation!
22 J. Bland-Hawthorn

Figure 1. (a) Single fibre apertures are the basis for galaxy surveys to date; (b) the 61-fibre
configuration of the SAMI hexabundle; (c) the 85-fibre (54 large, 31 small) configuration of the
Hector hexabundle under development at the University of Sydney.

In the 1980s, the scientific potential for imaging spectroscopy was clear from early
Fabry-Perot (Bland et al. 1987; Cecil 1988; Amram et al. 1992) and tuneable filter studies
(Jones & Bland-Hawthorn 2001). After the pioneering work of Courtès et al.(1988),
integral field spectroscopy (IFS) soon exploited the plunging costs of large-area detectors
to dominate extragalactic studies today (Hill 2014). Recent integral field surveys involving
hundreds of nearby galaxies include ATLAS-3D (Cappellari et al. 2011) and CALIFA
(Sánchez et al. 2012). A useful summary of recent scientific results is given by Glazebrook
(2013).

So how do we combine the power of the MOS and IFS techniques, the ‘missing link’ in
astronomical instrumentation? VLT KMOS provides an elegant solution involving small
image slicers: this instrument employs 24 configurable arms that position pickoff mir-
rors at specified locations in the Nasmyth focal plane. But this expensive technology
would be prohibitively costly to adapt for the degree-scale fields of cosmologically mo-
tivated MOS instruments. Seven years ago, we began to look at compact fibre bundles
(hexabundles) that would work with existing robotic positioners (Bland-Hawthorn et al.
2011; Bryant et al. 2011). This led to the Sydney–AAO Multi-object Integral field spec-
trograph (SAMI), the first instrument of its kind. SAMI deploys 13 IFUs, each with a
field of view of 15′′across a 1-degree patrol field (Croom et al. 2012). Each IFU consists
of a bundle of 61 optical fibres lightly fused to have a high (∼75%) filling factor (Bryant
et al. 2014a). SAMI is installed on the 3.9-m Anglo-Australian Telescope (AAT), feeding
the existing AAOmega spectrograph. For the first time, SAMI allows very large samples
of IFS observations to be obtained in a short period of time.

2. The SAMI Galaxy Survey: early results
The SAMI Galaxy Survey is an ongoing project to obtain integral field spectroscopic

data for ∼3400 galaxies, with an expected completion date of mid 2016. The bundles
are dithered with respect to sky to wash out the footprint (Fig. 1(b)). An example of
the data quality is shown in Fig. 2. At the time of writing, roughly 1000 galaxies have
been observed, including the pilot survey of ∼100 galaxies. The updated instrument per-
formance, target selection, survey parameters and reduction procedures are discussed
elsewhere (Bryant et al. 2014b; Sharp et al. 2014). The Galaxy Survey, which includes
both cluster and field objects selected from the GAMA survey, had an early data release
in 2014 (Allen et al. 2014). The use of GAMA fields means that the SAMI data are
complemented by many surveys, including GALEX MIS, VST KiDS, VISTA VIKING,



Jesse van de Sande Sydney Institute for Astronomy

Jesse van de Sande    Sydney Institute for Astronomy31

       
-15

-10

-5

0

5

10

15

D
ec

. 
of

fs
et

 (
a

rc
se

c)

       

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

-5

0

5

D
ec

. 
of

fs
et

 (
a

rc
se

c)

   

   

 

 

 

 

 

 

id 230776

log M* 11.6
-40

-20

0

20

   

   

-5

0

5

D
ec

. 
of

fs
et

 (
a

rc
se

c)

 

 

 

 V [km/s]

280

300

320

340

   

   

 

 

 

 

 

 

 σ [km/s]

-0.15

-0.10

-0.05

-0.00

0.05

0.10

0.15

   

   

 

 

 

 

 

 

 h3 

   

   

 

 

 

 

 

 

 h4 

     

     

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 h
3

 

 

 

 

 

 

 

     
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 h
4

       
-15

-10

-5

0

5

10

15

D
ec

. 
of

fs
et

 (
a

rc
se

c)

       

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

-5

0

5

D
ec

. 
of

fs
et

 (
a

rc
se

c)
   

   

 

 

 

 

 

 

id 376121

log M* 11.0 -200

-100

0

100

200

   

   

-5

0

5

D
ec

. 
of

fs
et

 (
a

rc
se

c)

 

 

 

 V [km/s]

40

60

80

100

120

140

   

   

 

 

 

 

 

 

 σ [km/s]

-0.15

-0.10

-0.05

-0.00

0.05

0.10

0.15

   

   

 

 

 

 

 

 

 h3 

   

   

 

 

 

 

 

 

 h4 

     

     

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 h
3

 

 

 

 

 

 

 

     
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 h
4

       
-15

-10

-5

0

5

10

15

D
ec

. 
of

fs
et

 (
a

rc
se

c)

       

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

-5

0

5

D
ec

. 
of

fs
et

 (
a

rc
se

c)

   

   

 

 

 

 

 

 

id 618993

log M* 10.9 -200

-100

0

100

200

   

   

-5

0

5

D
ec

. 
of

fs
et

 (
a

rc
se

c)

 

 

 

 V [km/s]

50

100

150

200

   

   

 

 

 

 

 

 

 σ [km/s]

-0.15

-0.10

-0.05

-0.00

0.05

0.10

0.15

   

   

 

 

 

 

 

 

 h3 

   

   

 

 

 

 

 

 

 h4 

     

     

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 h
3

 

 

 

 

 

 

 

     
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 h
4

       
-15

-10

-5

0

5

10

15

D
ec

. 
of

fs
et

 (
a

rc
se

c)

       

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

-5

0

5

D
ec

. 
of

fs
et

 (
a

rc
se

c)

   

   

 

 

 

 

 

 

id 511867

log M* 10.7

-100

0

100

   

   

-5

0

5
D

ec
. 

of
fs

et
 (

a
rc

se
c)

 

 

 

 V [km/s]

40

60

80

100

120

   

   

 

 

 

 

 

 

 σ [km/s]

-0.15

-0.10

-0.05

-0.00

0.05

0.10

0.15

   

   

 

 

 

 

 

 

 h3 

   

   

 

 

 

 

 

 

 h4 

     

     

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 h
3

 

 

 

 

 

 

 

     
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 h
4

       
-15

-10

-5

0

5

10

15

D
ec

. 
of

fs
et

 (
a

rc
se

c)

       

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

-5

0

5

D
ec

. 
of

fs
et

 (
a

rc
se

c)

   

   

 

 

 

 

 

 

id 504713

log M* 10.5 -200

-100

0

100

200

   

   

-5

0

5

D
ec

. 
of

fs
et

 (
a

rc
se

c)

 

 

 

 V [km/s]

50

100

150

   

   

 

 

 

 

 

 

 σ [km/s]

-0.15

-0.10

-0.05

-0.00

0.05

0.10

0.15

   

   

 

 

 

 

 

 

 h3 

   

   

 

 

 

 

 

 

 h4 

     

     

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 h
3

 

 

 

 

 

 

 

     
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 h
4

15 10 5 0 -5 -10 -15
R.A. offset (arcsec)

-15

-10

-5

0

5

10

15

D
ec

. 
of

fs
et

 (
a

rc
se

c)

       

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5 0 -5
R.A. offset (arcsec)

-5

0

5

D
ec

. 
of

fs
et

 (
a

rc
se

c)

   

   

 

 

 

 

 

 

id 215292

log M* 10.1 -150

-100

-50

0

50

100

150

5 0 -5
R.A. offset (arcsec)

   

-5

0

5

D
ec

. 
of

fs
et

 (
a

rc
se

c)

 

 

 

 V [km/s]

20

40

60

80

100

120

140

5 0 -5
R.A. offset (arcsec)

   

 

 

 

 

 

 

 σ [km/s]

-0.2

-0.1

0.0

0.1

0.2

5 0 -5
R.A. offset (arcsec)

   

 

 

 

 

 

 

 h3 

5 0 -5
R.A. offset (arcsec)

   

 

 

 

 

 

 

 h4 

-2 -1 0 1 2
 V/σ

     

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 h
3

 

 

 

 

 

 

 

-2 -1 0 1 2
 V/σ

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 h
4

       
-15

-10

-5

0

5

10

15

D
ec

. 
of

fs
et

 (
a
rc

se
c)

       

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

-5

0

5

D
ec

. 
of

fs
et

 (
a
rc

se
c)

   

   

 

 

 

 

 

 

id 230776

log M* 11.6
-40

-20

0

20

   

   

-5

0

5

D
ec

. 
of

fs
et

 (
a
rc

se
c)

 

 

 

 V [km/s]

280

300

320

340

   

   

 

 

 

 

 

 

 σ [km/s]

-0.15

-0.10

-0.05

-0.00

0.05

0.10

0.15

   

   

 

 

 

 

 

 

 h3 

   

   

 

 

 

 

 

 

 h4 

     

     

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 h
3

 

 

 

 

 

 

 

     
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 h
4

       
-15

-10

-5

0

5

10

15

D
ec

. 
of

fs
et

 (
a
rc

se
c)

       

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

-5

0

5

D
ec

. 
of

fs
et

 (
a
rc

se
c)

   

   

 

 

 

 

 

 

id 376121

log M* 11.0 -200

-100

0

100

200

   

   

-5

0

5

D
ec

. 
of

fs
et

 (
a
rc

se
c)

 

 

 

 V [km/s]

40

60

80

100

120

140

   

   

 

 

 

 

 

 

 σ [km/s]

-0.15

-0.10

-0.05

-0.00

0.05

0.10

0.15

   

   

 

 

 

 

 

 

 h3 

   

   

 

 

 

 

 

 

 h4 

     

     

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 h
3

 

 

 

 

 

 

 

     
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 h
4

       
-15

-10

-5

0

5

10

15

D
ec

. 
of

fs
et

 (
a
rc

se
c)

       

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

-5

0

5

D
ec

. 
of

fs
et

 (
a
rc

se
c)

   

   

 

 

 

 

 

 

id 618993

log M* 10.9 -200

-100

0

100

200

   

   

-5

0

5

D
ec

. 
of

fs
et

 (
a
rc

se
c)

 

 

 

 V [km/s]

50

100

150

200

   

   

 

 

 

 

 

 

 σ [km/s]

-0.15

-0.10

-0.05

-0.00

0.05

0.10

0.15

   

   

 

 

 

 

 

 

 h3 

   

   

 

 

 

 

 

 

 h4 

     

     

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 h
3

 

 

 

 

 

 

 

     
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 h
4

       
-15

-10

-5

0

5

10

15

D
ec

. 
of

fs
et

 (
a
rc

se
c)

       

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

-5

0

5

D
ec

. 
of

fs
et

 (
a
rc

se
c)

   

   

 

 

 

 

 

 

id 511867

log M* 10.7

-100

0

100

   

   

-5

0

5

D
ec

. 
of

fs
et

 (
a
rc

se
c)

 

 

 

 V [km/s]

40

60

80

100

120

   

   

 

 

 

 

 

 

 σ [km/s]

-0.15

-0.10

-0.05

-0.00

0.05

0.10

0.15

   

   

 

 

 

 

 

 

 h3 

   

   

 

 

 

 

 

 

 h4 

     

     

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 h
3

 

 

 

 

 

 

 

     
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 h
4

       
-15

-10

-5

0

5

10

15

D
ec

. 
of

fs
et

 (
a
rc

se
c)

       

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

-5

0

5

D
ec

. 
of

fs
et

 (
a
rc

se
c)

   

   

 

 

 

 

 

 

id 504713

log M* 10.5 -200

-100

0

100

200

   

   

-5

0

5

D
ec

. 
of

fs
et

 (
a
rc

se
c)

 

 

 

 V [km/s]

50

100

150

   

   

 

 

 

 

 

 

 σ [km/s]

-0.15

-0.10

-0.05

-0.00

0.05

0.10

0.15

   

   

 

 

 

 

 

 

 h3 

   

   

 

 

 

 

 

 

 h4 

     

     

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 h
3

 

 

 

 

 

 

 

     
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 h
4

15 10 5 0 -5 -10 -15
R.A. offset (arcsec)

-15

-10

-5

0

5

10

15

D
ec

. 
of

fs
et

 (
a
rc

se
c)

       

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5 0 -5
R.A. offset (arcsec)

-5

0

5

D
ec

. 
of

fs
et

 (
a
rc

se
c)

   

   

 

 

 

 

 

 

id 215292

log M* 10.1 -150

-100

-50

0

50

100

150

5 0 -5
R.A. offset (arcsec)

   

-5

0

5

D
ec

. 
of

fs
et

 (
a
rc

se
c)

 

 

 

 V [km/s]

20

40

60

80

100

120

140

5 0 -5
R.A. offset (arcsec)

   

 

 

 

 

 

 

 σ [km/s]

-0.2

-0.1

0.0

0.1

0.2

5 0 -5
R.A. offset (arcsec)

   

 

 

 

 

 

 

 h3 

5 0 -5
R.A. offset (arcsec)

   

 

 

 

 

 

 

 h4 

-2 -1 0 1 2
 V/σ

     

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 h
3

 

 

 

 

 

 

 

-2 -1 0 1 2
 V/σ

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

 h
4

Many fibres per galaxy can reveal rotation!
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IFS Survey of ~3000 galaxies 

• Total of ~200 nights on the 3.9m Anglo Australian Telescope

Jesse van de Sande    Sydney Institute for Astronomy32

SAMI instrument and target selection 2859

Figure 1. Top: new design for the magnetic connector which attaches a
hexabundle to the field plate. The diameter of the footprint of the connector
is 12.5 mm on the field plate, requiring a separation of at least 15 mm
between galaxies in any one tiled field. A rectangular protrusion or ‘key’
in the outer ring slots into a smaller hole in the plate beside a larger hole
for the central hexabundle ferule. The key secures the rotation of the bundle
relative to the plate. Lower: one of the 61-core hexabundles manufactured
at the University of Sydney. The diameter of the hexabundle is <1 mm and
is mounted in the centre of the smallest tube in the top image, inset in the
black cylinder which protects the face of the fibres.

Table 1. Throughput of the upgraded SAMI-II fibre
cable using WFS105/125 fibre with slit blocks at-
tached, compared to both bare fibre of the same type
(WF105/125), and to the previous SAMI fibre type
(AFS105/125). Throughputs were measured through B
and R Bessel filters, centred at 457 nm (width 27 nm)
and 596 nm (asymmetric profile of width 60 nm),
respectively.

Fibre type Per cent blue Per cent red
(all 40+/−1 m long) throughput throughput

AFS105/125 55 81
Bare WF105/125 83 91
WF105/125 fibre cable
with slit block 82 91.5

has a throughput that is similar to bare WF105/125 fibre, and clearly
much better than the AFS105/125 fibre used in the original SAMI
instrument. In the blue, the fibre replacement gives a 30 per cent
gain in throughput for the fibre component of the SAMI system.

The original fibre cable for SAMI-I suffered from significant
FRD, leading to losses of up to 50 per cent in the blue. This was due
to the ribbonizing of the fibres and the packaging method within the
fibre cable (see Croom et al. 2012, for details). The new fibre cable
was designed to minimize FRD by packing the fibres in groups of
21 within single furcation tubes. Each tube was less than half filled
and each slit block of 63 fibres fed into three furcation tubes. In
addition, the fibre cable into which these were packed was designed
to minimize rotation and hence twisting of the fibres. The FRD of
two of the new slit blocks with ∼40.7 m fibre cable attached, was
tested before assembly of SAMI-II. Four fibre cores were tested
in each slit block. The loss due to FRD in all four cores of the
first slit block is <1 per cent, while the other slit block measures
FRD losses of up to 3.5 per cent in the Bessel B filter band and
2.5 per cent in the Bessel R filter band. The residual FRD is likely
to be from compression of the fibres in the slit block glass or
compression/twisting of the fibres due to the memory effect of the
short guiding tube that aligns the fibres into the slit block.

The total end-to-end throughput of SAMI was measured from
standard star observations and in Fig. 2, we compare the throughput
before the upgrade to that after the upgrade to SAMI-II. In each case
several observations of a standard star taken in good conditions on
a clear night were analysed and their throughputs were averaged.
The throughput curves include all elements from the sky to the
detector (telescope + spectrograph + SAMI) and are shown with
and without the atmospheric losses. The two major improvements
in SAMI throughput that are highlighted in this plot are first, the
upgrade of the fibre cable and secondly, the new CCD and optics
cleaning, and we now discuss these in turn.

The original SAMI-I fibre cable (including the AFS105/127Y
fibre) shows the lowest throughput, with a significant drop-off to-
wards the blue. This drop-off is a combination of both the poor
blue throughput of the original AFS105/125Y fibre and the FRD
from the cable packaging and handling. At 4400 Å (centre of the
Bessel B filter from laboratory tests), the measured throughput is
a factor of 1.8–2.2 lower than the theoretical value from fibre type
alone. This agrees with the FRD laboratory tests of the SAMI-I
cable as discussed in Croom et al. (2012), in which the FRD re-
sulted in a factor of up to ∼2 lower throughput in the Bessel B
filter band. Similarly, in the blue end of the red (6400 Å) where
the original cable was tested in the Bessel R filter band, the losses
had been a factor of ∼1.5 in throughput due to FRD alone, which
matches the improvement we now see with the new fibre cable.
Therefore we are confident that the new fibre type and cabling has
removed the FRD losses and improved the fibre transmission as
expected.

The second major improvement in Fig. 2 is highlighted by data
taken after 2014 March (green). In 2014 March, the primary mirror
of the AAT was re-aluminized for the first time in several years,
the blue CCD in AAOmega was upgraded (Brough et al. 2014)
and the optics in AAOmega were thoroughly cleaned. The primary
mirror reflectivity was measured to improve from ∼75 per cent to
∼85–88 per cent which is a factor of up to 17 per cent improvement.
While the improvement from cleaning the AAOmega optics was not
measured, it is estimated to be another 10 per cent improvement. The
broad level of increase in throughput we measured in the data since
then can be explained by this optics cleaning in the blue and the
red. The expected improvement from the new CCD in the blue was
around 5 per cent, which cannot be disentangled from the increased
throughput due to the optics cleaning. The AAOmega blue CCD
upgrade also removed cosmetic defects, which assists in the SAMI
data reduction and spectral line analysis.
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 SAMI measured rotational properties of 
thousands of galaxies and revealed their intrinsic shapes



Jesse van de Sande Sydney Institute for Astronomy

Galaxies, just like humans, 
suffer from middle-age spread
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Why measuring the age of galaxies is hard

Analogy: imagine dendrology (study of wooded plants) from space :
• How many trees are there in a forest?
• Is the forest young, or extremely old?
• What is the ratio of oak vs. pine trees?
• How many young trees versus old versus dead?
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A detailed understanding of stellar evolution is 
crucial for understanding galaxies

Hertzsprung-Russell 
diagram

• colour = age

blue=young
red = old

• colour  = mass

blue = heavy
red = light
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Analogy

• The colour of the leafs tell you which trees are in a forest
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Analogy

• Pine trees grows faster than oaks

• An oak of 10 meters high
is much heavier than
a pine tree of 10 meter
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Is it really that simple?
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Is it really that simple?
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A detailed understanding of stellar evolution is 
crucial for understanding galaxies

Hertzsprung-Russell 
diagram

• colour = age

blue=young
red = old

• colour  = mass

blue = heavy
red = light
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It could be relatively simple for this galaxy?
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Is it really that simple for these galaxies?
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Spectroscopy also reveals galaxy age!
Jesse van de Sande    Sydney Institute for Astronomy52
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Galaxies, just like humans, 
suffer from middle-age spread
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WHAT DO GALAXIES AND SHADOW
PUPPETS HAVE IN COMMON?

Galaxies in the present-day Universe

Galaxies at high-redshift: dawn of the red and dead
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Hubble’s Law

• Galaxies that are farther away, 
are moving away from us at a faster rate

• Relation between velocity and distance:
v = H0 * D

H0 is the Hubbleconstant expressed in km s-1 Mpc-1

D is the distance to the Earth in Megaparsec 
v is the velocity (in km s-1) of the galaxy moving away.

• Georges Lemaître formulated this law in 1927 
(two years before Edwin Hubble)
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How do we measure a velocity to get a distance

• Cosmological Redshift due to expansion of the Universe:  

• Further away = higher redshift = further back in time

Sodium
line

Sodium
lineλrest

λobs

1+ z = λobs
λrest
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By studying galaxies at different redshift we 
can directly witness galaxy evolution:

At z=10 the universe was ~ 0.5 Gyr old
At z=3 the universe was   ~ 2.1 Gyr old
At z=2 the universe was   ~ 3.3 Gyr old
At z=1 the universe was   ~ 5.9 Gyr old
At z=0 the universe was   ~13.7 Gyr old

• Galaxies become rapidly fainter with increasing redshift:
S ~ (1 + z )-4

• Galaxies are smaller (in angular size)

• Harder to detect as the light moves into the NIR
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Hubble Space Telescope

• High Angular 
Resolution

• Ideal for taking 
extremely sharp 
images.

• Can take images in 
visual and near 
infrared

58

Credit: Nasa
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The Hubble eXtreme Deep Field

• “The XDF is the deepest image of the sky ever obtained and reveals 
the faintest and most distant galaxies ever seen.”

• Total exposure time of 2 million seconds (~50 days continuous 
observing)

• 2000 images stacked together taken with two cameras on board HST

• 5500 Galaxies visible from redshift z~0.1 to z~10
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Dawn of the Red and Dead
• The first Red and Dead galaxies existed 3 billions years after the 

big bang.

Stellar Mass                          

C
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Dawn of the Red and Dead

• The first Red and Dead galaxies existed 3 billions years after 
the big bang.

Patel et al. 2013

The Astrophysical Journal, 766:15 (13pp), 2013 March 20 Patel et al.

Table 1
Properties of Galaxies Selected at a Constant Cumulative Number Density of nc = 1.4 × 10−4 Mpc−3

Redshift Na Massb Quiescentc re
d Sérsice b/af

Range log M/M⊙ Fraction (kpc) Index

0.25 < z < 0.5 120 11.16 0.89 ± 0.03 6.1 ± 0.3 4.6 ± 0.2 0.74 ± 0.01
0.5 < z < 1 448 11.12 0.77 ± 0.02 5.1 ± 0.2 4.1 ± 0.09 0.71 ± 0.01
1 < z < 1.5 20 11.05 0.65 ± 0.1 3.2 ± 0.5 3.2 ± 0.5 0.64 ± 0.05
1.5 < z < 2 41 10.95 0.44 ± 0.08 2.4 ± 0.3 2.5 ± 0.3 0.57 ± 0.07
2 < z < 2.5 37 10.84 0.32 ± 0.08 2.3 ± 0.3 1.8 ± 0.4 0.68 ± 0.06
2.5 < z < 3 35 10.70 0.23 ± 0.07 2.3 ± 0.3 1.5 ± 0.3 0.52 ± 0.03

Notes.
a Number of galaxies in the sample at the given redshift.
b Stellar mass of galaxies at nc = 1.4 × 10−4 Mpc−3 for a given redshift (see Equation (2)).
c Fraction of galaxies that are quiescent based on UVJ selection.
d Median effective radius for galaxies at nc.
e Median Sérsic index for galaxies at nc.
f Median axis ratio for galaxies at nc.

Figure 3. Fraction of UVJ classified quiescent galaxies (QGs, solid red circles)
and star-forming galaxies (solid blue squares) vs. redshift for galaxies with
measured structural parameters selected at a constant cumulative number density
of nc = 1.4×10−4 Mpc−3. The star-forming fraction is simply the complement
of the quiescent fraction. The 1σ error bars are computed assuming a binomial
distribution. The open symbols represent the values for the appropriate mass
and redshift from Brammer et al. (2011). The change in the proportion of QGs
toward low redshift for galaxies at nc is dramatic, increasing from ∼23% at
z ∼ 2.75 to ∼89% at z ∼ 0.375. At z ∼ 3, most of the progenitors of massive
galaxies were star forming.
(A color version of this figure is available in the online journal.)

The size evolution at 0.25 < z < 2 follows

re = (9.3 ± 1.0) kpc × (1 + z)−1.1±0.2 (3)

with the exponent being consistent with the value of −1.27
found in van Dokkum et al. (2010) over roughly the same
redshift range. A striking feature in Figure 4(a) is the lack
of evolution at 1.5 < z < 3 in the median effective radius.
We investigate this further by showing the evolution of QGs
and SFGs separately in Figure 4. The constant median re arises
because SFGs are larger than QGs and their relative abundance
changes as a function of redshift. Above z > 3, the size evolution
is likely determined almost solely by SFGs since they become an
overwhelming majority of the population. We therefore expect

the sizes of galaxies to decrease above z ! 3 (see, e.g., Oesch
et al. 2010; Mosleh et al. 2012) for samples selected at nc. We
can test whether the apparent constant value of re at 1.5 < z < 3
is a generic feature or a consequence of the particular value of nc
selected for our study. At lower values of nc (i.e., higher masses
at a given redshift), we find that re can increase gradually from
z ∼ 3 to z ∼ 2.

The Sérsic index determines the distribution of light and hints
at the presence of a bulge or disk. The median Sérsic index in
Figure 4(b) increases from n ∼ 1 at z = 2.75 to n ∼ 6 at z ∼ 0.
The Sérsic index evolution at 0.25 < z < 3 can be characterized
by

n = (6.7 ± 0.5) × (1 + z)−0.9±0.1, (4)

which is consistent with the exponent of −0.95 found in van
Dokkum et al. (2010). The Sérsic index evolution indicates that
while most of the stars in ∼2 M⋆ galaxies in the nearby universe
are distributed in a bulge, the stars in their progenitor galaxies
at z > 2 were distributed in structures resembling exponential
disks. We note that Wuyts et al. (2011) also find that SFGs at
high redshift, which represent the majority at nc, generally have
low Sérsic indices around n ∼ 1. The fact that QGs at 2 < z < 3
in Figure 2 generally have higher Sérsic indices than SFGs (see
also Bell et al. 2012), as is also the case at lower redshifts,
further suggests that our Sérsic profile fitting measurements are
not significantly biased by the limiting depth of the HST imaging
for higher redshift galaxies. In the Appendix, we show this to
also be the case with a much larger, stellar mass limited sample
(Figure 9).

While the Sérsic indices can be suggestive of a bulge or
disk component, the axis ratio distribution provides a better
constraint on the shapes of galaxies. Owing to the high resolution
of the HST imaging, we can examine the axis ratios of galaxies
selected at nc to z ∼ 3. The median axis ratio of galaxies at
nc = 1.4×10−4 Mpc−3 has increased significantly since z ∼ 3.
At z = 2.75, the typical axis ratio is b/a ∼ 0.52, a low value
that is indicative of a distribution of randomly oriented thin
disks. Meanwhile, at z = 0.06, the axis ratio is b/a ∼ 0.76,
closer to what is expected for elliptical galaxies. This value
is in good agreement with SDSS studies of massive QGs at
z = 0.06 (van der Wel et al. 2009; Holden et al. 2012). At
the highest redshifts (2.5 < z < 3), the residuals to the single
component Sérsic profile fits are smooth and visual inspection of
these residuals suggests that the lower axis ratios at high redshift

6
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+ X-Shooter

Very Large Telescopes
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Deep N-IR Spectroscopy of 5 high-redshift galaxies
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Red and Dead Galaxies in the early Universe 
are much more compact than expected!
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Complete Picture 

Sub-millimeter galaxies as progenitors of compact quiescent galaxies 11

Figure 6. Schematic illustration of the formation and evolutionary sequence for massive galaxies advocated in this paper.

4.2. Connection to Compact Star Forming Galaxies at
2.5 < z < 3

Barro et al. (2013) found a population of relatively
massive (log(M/M⇥ > 10) compact star forming galax-
ies (cSFGs) at 1.4 < z < 3, which show evidence of
quenching beginning to set-in (lower specific star for-
mation rates than typical star forming galaxies and in-
creased AGN fractions). Their masses, sizes and num-
ber densities (which increase with decreasing redshift, at
the same time the number density of quiescent galax-
ies increase), suggest that the highest redshift exam-
ples of these may be progenitors of compact quiescent
z ⌅ 2 galaxies. These galaxies are thus good candidates
for transition objects in the evolutionary sequence sug-
gested here between the z � 3 SMGs and the z ⌅ 2 qui-
escent galaxies. The comoving number density of the
most massive cSFGs (log(M/M⇥ > 10.8) at 2.5 < z < 3
is ⌅ 5.4± 2.5⇥ 10�5 Mpc�3, comparable to the number
density for z ⌅ 2 quiescent galaxies. However, the cSFGs
are not massive enough to be descendants of the bright-
est z � 3 SMGs, or progenitors of most of the massive
z ⌅ 2 quiescent galaxies considered here, as none of the
cSFGs have log(M/M⇥) > 11 (Barro, private communi-
cation), but are likely decendents of less intense star-
bursts at z � 3 and progenitors of slightly lower mass
quiescent z = 2 galaxies.

4.3. Caveats and Outlook

One of the largest uncertainty in the derivables for
the z � 3 SMG sample are associated with their stellar
masses. As extensively discusses in Micha⇤lowski et al.
(2012a) stellar masses for SMGs are highly dependent
on the assumed star formation history, and may di�er
by up to ±0.5 dex given di�erent assumptions and mod-
els. Dynamical mass considerations may set an upper
limit to stellar masses, however the z � 3 SMGs samples
with available dynamical mass estimates are still sparse,
as well as subject of their own biases.
The sample of z � 3 SMGs is still small, and only par-

tially spectroscopically confirmed. Future, larger and
deeper mm surveys, over multiple fields, will allow for
better constraints on the evolution of the co-moving num-
ber density of starburst galaxies, to the highest redshifts,
and to study the e�ects of cosmic variance. This will al-
low for more detailed tests and modeling of the proposed
scenario in di�erent redshift and mass bins, rather that

in the single mass bin and two redshift ranges as possi-
ble with the present data. E.g., the proposed scenario
implies that the significant population of z ⌅ 2 SMGs
should evolve into compact, ⌅ 1 Gyr old, massive post
starburst galaxies at z ⌅ 1.5. Interestingly Bezanson
et al. (2012) recently published a spectroscopic sample
of galaxies with exactly these properties. Similarly, if
compact quiescent galaxies at z � 3 are found in the fu-
ture, the properties of these should match those of the
highest redshift z > 5 SMGs. With deeper data it will
also be possible to push to lower star formation rates,
and not only consider the most extreme starbursts. This
will likely provide a way of fitting the 2.5 < z < 3 cSFG
discussed in Section 4.2 into the evolutionary picture.
Cosmological surface brightnes dimming and the

large amounts (and unknown distribution) of dust in
SMGs make them extremely faint in the rest-frame
UV and optical, and likely bias the sizes measured,
even in very deep NIR imaging data. However, we do
note that one of the galaxy in our sample (AzTEC1),
has been resolved in high resolution submillimeter
imaging (Younger et al. 2008), with a derived extend of
0.1�0.2⇤⇤, corresponding to physical size of 1.3�2.7 kpc,
consistent with the constraints on the e�ective radius
we measure from the UltraVISTA data (re < 2.6kpc,
see Table 1). ALMA will greatly improve estimates of
the sizes of high redshift SMGs, through high resolution
observations of the restframe FIR dust continuum. We
have argued in this paper that the observed structural
properties are consistent with the SMGs being disks or
mergers, but the constraints are uncertain, due to the
relatively low S/N and spatial resolution of the images,
e.g. the Sersic n parameters and e�ective radii could
be underestimated, due to obscuration by dust and
cosmological surface brightness dimming. With ALMA
it will be straightforward to determine redshifts from
molecular lines, and constrain the internal dynamics
of the galaxies, e.g. estimate velocity dispersions, ro-
tational velocities and search for evidence of merging.
This will provide powerful diagnostics to help map
the transformation of the most massive galaxies in the
universe from enigmatic starburst at cosmic dawn to
dead remnants, a few gigayears later.

ST acknowledges the support of Lundbeck foundation
and is grateful for the hospitality and support of the

Toft et al. 
2014
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Figure 6. Schematic illustration of the formation and evolutionary sequence for massive galaxies advocated in this paper.
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better constraints on the evolution of the co-moving num-
ber density of starburst galaxies, to the highest redshifts,
and to study the e�ects of cosmic variance. This will al-
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scenario in di�erent redshift and mass bins, rather that
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ble with the present data. E.g., the proposed scenario
implies that the significant population of z ⌅ 2 SMGs
should evolve into compact, ⌅ 1 Gyr old, massive post
starburst galaxies at z ⌅ 1.5. Interestingly Bezanson
et al. (2012) recently published a spectroscopic sample
of galaxies with exactly these properties. Similarly, if
compact quiescent galaxies at z � 3 are found in the fu-
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0.1�0.2⇤⇤, corresponding to physical size of 1.3�2.7 kpc,
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properties are consistent with the SMGs being disks or
mergers, but the constraints are uncertain, due to the
relatively low S/N and spatial resolution of the images,
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be underestimated, due to obscuration by dust and
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Galaxies, just like humans, 
suffer from middle-age spread
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Early-type galaxies : massive, large, filled with old 
stars (Red and Dead).

Late-Type galaxies: lots of star formation and 
young stars in disc, old bulge

Galaxies, just like humans, 
suffer from middle-age spread

Red and Dead galaxies already existed 3 billion years after big bang

Galaxies evolve through merging

Our Milky Way is on a Collision Course to become a  Red and 
Dead Galaxy
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