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final review. By 3 December 2014 all 40 
programmes were ready to go, awaiting 
their execution during the following week.

A wide range of science topics was 
 proposed, including the imaging and 
spectroscopy of Solar System objects 
(companions of asteroids, shapes of 
asteroids, moons of Jupiter), exoplane-
tary systems, protoplanetary and debris 
discs around young stars, the binarity  
of brown dwarfs, the environment of 
evolved stars, SN 1987A and the nearby 
active galactic nucleus NGC 1068. 

Observations

The observations were executed in ser-
vice mode, giving priority to the pro-
grammes with the highest scientific rank-
ing among those matching the required 
weather conditions. The target distribu-
tion was heavily concentrated in the right 
ascension (RA) range from 4 hours < RA 
< 6 hours with only few targets at the  
end of the night (see Figure 1). Modifica-
tions to the scientific ranking were neces-
sary in regions where there were only a 
few Observing Blocks (OBs) available and 
hence lower ranked proposals were 
observed. Conversely, in RA regions with 
a high pressure, some higher ranked pro-
posals could not be observed in the 
available time. 

The weather conditions during the SV run 
were mostly good to excellent. Out of  
the eight nights in December 2014, there 
were two nights with cirrus and parts of 
two nights with wind restrictions. During 
the February 2015 run, two nights were 
lost to clouds and high humidity. The 
instrument worked without major faults 
and we experienced no major loss for 
technical reasons. The resulting data  
are of excellent quality and in almost all 
cases we were able to obtain unique 
high-contrast observations. All SPHERE 
modes were used during SV and all 
worked to expectation. 

The complex SPHERE extreme AO 
(SAXO) / Standard Platform for Adaptive 
optics Real Time Applications (SPARTA) 
adaptive optics system proved to be 
 reliable in operations and observational 
issues could be easily solved. Based on 
our SV experience, we can confirm that 
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Science Verification (SV) for the latest 
instrument to arrive on Paranal, the 
high-contrast and spectro-polarimetric 
extreme adaptive optics instrument 
SPHERE, is described. The process 
through which the SV proposals were 
solicited and evaluated is briefly out-
lined; the resulting observations took 
place in December 2014 and February 
2015. A wide range of targets was 
observed, ranging from the Solar Sys-
tem, young stars with planets and 
discs, circumstellar environments of 
evolved stars to a galaxy nucleus. 
Some of the first results are previewed.

The Spectro-Polarimetric High-contrast 
Exoplanet Research (SPHERE) is the  
new Very Large Telescope (VLT) extreme 
adaptive optics instrument (Beuzit et al., 
2006; Kasper et al., 2012). SPHERE pro-
vides on-axis diffraction-limited obser-
vations (imaging, spectroscopy and pola-
rimetry) from optical to near-infrared 
wavelengths in combination with various 
coronagraphic facilities. The common 
path and infrastructure (CPI) of SPHERE 
provides an adaptive optics (AO) corrected 
and coronagraphic beam to the three 
sub-instruments: the near-infrared inte-
gral field spectrograph (IFS); the infrared 
dual-beam imager and spectrograph 
(IRDIS); and the visible light Zurich Imag-
ing Polarimeter (ZIMPOL). 

Following the commissioning activities, 
as part of the transition to operations, all 
Paranal instruments undergo a  Science 
Verification phase where scientific obser-
vations are carried out by a dedicated 
ESO team to test the end-to-end opera-
tions of a new instrument. The SPHERE 
SV took place from 4–11 December 2014 
(eight full nights) and 9–12 February 2015 
(four half nights). The SV runs were very 
successful, with some spectacular results, 
and one has already appeared in print  
(on the lack of a brown dwarf around 
V471 Tau, by Hardy et al. [2015]) We could 
complete 24 programmes and declared  
a further four programmes finished with 
sufficient data for a scientific analysis. 
Eight programmes received partial data 
— in several cases complete datasets  
on individual objects — although we could 
not obtain data for all the requested 
 targets. The remaining four programmes 
were not observed. The total observed 
time expended for the approved pro-
grammes was 68 hours.

Proposal solicitation and submission

The call for SPHERE Science Verification 
proposals was issued on 19 September 
20141 and was advertised through the 
ESO Science Newsletter issued on 
22 September 20142. With the call, the 
SPHERE SV web page3 was launched. 
The deadline for observing proposals was 
15 October 2014 and a total of 67 pro-
posals was received. 

The SPHERE SV team evaluated all pro-
posals and the selection was discussed 
at a video conference. Care was taken to 
clarify any possible overlap with Guaran-
teed Time Observations (GTO) and pro-
posed Period 95 (P95) observing pro-
grammes. For the latter, it was decided to 
reject all SV proposals which requested 
the same targets and observing modes 
as a P95 proposal, removing seven SV 
proposals. The cut-off line was defined at 
88 hours of allocated time, which meant 
that 40 programmes received a time allo-
cation. The approval of the selected pro-
posals (announced 11 November 2014) 
was followed by a short and intensive 
Phase 2 period during which all principal 
investigators (PIs) had to prepare their 
observations in detail and submit them to 
the ESO User Support Department for 
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image was obtained with ZIMPOL, the 
visible camera providing diffraction- 
limited images at scales as fine as 15 milli-
arcseconds. Each feature in the image 
comes from a distinct mass-loss episode, 
similar to the Sun’s own coronal mass 
ejections, but on a much larger scale. 
The material visible in the images was 
ejected within the last 1000 years. Emis-
sion is only visible on the upper half of 
the image because dense matter blocks 
the rest. VY CMa is a candidate for a 
supernova: if the explosion occurs before 
the current nebula disperses a strong 
interaction between the supernova shock 

the guide probe “seeing” is a good indi-
cator for performance prediction and 
quality control (QC0). Above a full width 
half maximum (FWHM) of 1.2 arcseconds 
on the guide probe the AO system strug-
gles. On the other hand, we managed  
to operate in photon-counting mode on 
rather faint natural guide stars, although 
with significantly degraded AO perfor-
mance.

Archive and data processing

All raw data have been archived and are 
publicly available. The SPHERE SV web 
page3 contains direct links to the SV  
raw data. A link to a pre-release of the 
SPHERE pipeline is also provided on  
the SV webpage. The pipeline is mostly 
functional. 

First scientific results

The following provides a sample of some 
preliminary results obtained during 
SPHERE SV and demonstrates the scien-
tific promise of SPHERE.

Resolving the surfaces of stars has not 
so far been possible with direct imaging. 
During SPHERE SV, the largest apparent 
diameter star in the sky after the Sun, 
R Doradus (diameter 57 milliarcseconds), 
was observed with ZIMPOL (Figure 2) 
and the V-band image displays large 
structures on the stellar surface. R-Dor is 
a Mira variable and one can easily imag-
ine that monitoring the surface features 

on R Dor, and similar giants, will yield fur-
ther information on such evolved stars. 

VY CMa, a red hypergiant star at a 
 distance of 1.3 kpc, is one of the most 
massive (18 MA) and most luminous   
(2.7 × 105 LA) nearby stars. VY CMa is 
losing the equivalent of 30 Earth masses 
per year. The ejected matter now consti-
tutes the nebula seen in the high-contrast 
images of SPHERE (Figure 3; Scicluna & 
Siebenmorgen [2015] in prep.). The obser-
vations are key to understanding mass-
loss phenomena in evolved stars. Mass 
loss in massive stars is thought to pro-
vide the interstellar medium with building 
blocks that have, are, and will eventually 
be, seeds of life in the Universe.

Figure 3 shows two images of VY CMa: 
on the left is an infrared multi-colour 
image obtained with IRDIS (field of view, 
11 arcseconds on a side); the right-hand 
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Figure 1. (Left) The 
 distribution of the 
 allocated SV targets 
in RA.

Figure 2. (Right) A 
SPHERE image of 
R Doradus — the  largest 
star in the sky after the 
Sun. This V-band image 
taken with ZIMPOL 
shows R Dor, which has  
a diameter of 57 milli-
arcseconds. The surface 
is clearly not smooth 
and shows large star 
spots.

1?

Figure 3. Left: Colour-composite image of the out-
flow around the evolved star VY CMa in the JHK fil-
ters. The image displays the full IRDIS field of view of 
11 by 11 arcseconds. Right: Optical V-band image of 
VY CMa obtained with ZIMPOL. Note that the field of 
view is a fraction of the near-infrared image size (left) 
and shows nebular structure much closer to the star.
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wave and the circumstellar material is 
expected, leading to a very bright super-
nova due to the kinetic energy liberated in 
the shocks.

Within the Solar System, SPHERE can  
be used to map the surfaces of planets, 
moons or smaller bodies. Several Jovian 
moons were observed during SPHERE 
Science Verification at different times to 
obtain a full map of the surface of these 
objects. As an example, an image of Io is 
shown in Figure 4 and surface structures 
are easily visible. The full map of Io is 
being produced from a series of images 
at different rotational phases of the satel-
lite (the rotational period is 1.77 days). 

Two main belt asteroids with known 
 satellites were observed in order to char-
acterise the orbits. The observations of 
(130) Elektra yielded a new, second satel-
lite to this asteroid, named S/2014 (130) 
S1 (Yang et al., 2014; see Figure 5). The 
image illustrates SPHERE’s capability to 
observe faint objects close to bright 
sources. The adaptive optics correction 
was performed on the asteroids them-
selves, which are resolved at SPHERE’s 
angular resolution, validating the effec-
tiveness of the AO system for extended 
objects. 

One of SPHERE’s main goals is the direct 
observation of exoplanets. During SV  
this was demonstrated by observing the 
well-known planetary system around 
HR 8799. The planetary images could 
even be seen on the real-time display 
during the observations in the control 
room! The processed SPHERE H-band 
image displayed here (Figure 6) shows 

the power of the instrument for high- 
contrast imaging. The removal of the 
fixed speckles reveals sources very close 
to the central (masked) star.

SPHERE also provides the option of high-
contrast spectroscopy using a corona-
graphic mask with IRDIS, covering in this 
case the Y- and J-bands. This capability 
was demonstrated by obtaining a spec-
trum of the brown dwarf companion to  
an M star (2MASS J01225093-2439505). 
The separation of the spectra is critical  
to allow the emission from the fainter 
source to be cleanly extracted without 
being swamped by the light of the bright 
primary star. The spectrum of the brown 
dwarf is displayed as the two-dimensional 

spectrum (wavelength runs vertically  
and the spatial direction is horizontal in 
the picture) in Figure 7. 

Another popular application of SPHERE 
will be the direct imaging of discs around 
stars. We show here two very prominent 
examples of such discs. One is a face-on 
disc around the star MWC 758 where a 
strong spiral structure is detected in 
polarised light in the Y filter from the pro-
toplanetary disc. The starlight has been 
suppressed by the coronagraph and the 
emission visible in Figure 8 stems from 

Io

(130) Elektra

S/2003 (130) 1 S/2014 (130) 1

Figure 4. (Left) IRDIS K filter image  
of Jupiter’s moon Io. The surface 
structure is clearly noticeable, with 
 silica-rich hot spots attributed to geo-
logical activity. Using the IFS’s capa-
bilities, spectral mapping of these 
regions could be carried out.
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Figure 5. (Right) The asteroid (130) 
Elektra with its satellites, observed 
with SPHERE IFS. The second (inner) 
satellite is a new discovery with 
SPHERE and received the preliminary 
designation S/2014 (130) S1. This 
 represents the fifth known multiple 
system in the asteroid main belt.

Figure 6. Four planets imaged with SPHERE around 
HR 8799. This is a processed image (in H-band), but 
the planets were also visible on the real-time display.

Figure 7. Spectrum display of a brown dwarf com-
panion to the M star 2MASS J01225093-2439505 is 
shown. The spectrum is the bright, narrow, vertical 
line to the left of the M star spectrum. The corona-
graph is the dark line covering the brightest parts of 
the M star spectrum.

Telescopes and Instrumentation Leibundgut B. et al., SPHERE Science Verification
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http://www.eso.org/sci/publications/newsletter/
sep2014.html

3  SPHERE SV webpage: http://www.eso.org/sci/
activities/vltsv/spheresv.html

dust in the disc. The disc surface bright-
ness is not uniform and probably indi-
cates structure forming within the disc. 
The second example is the well-known 
massive disc around β Pictoris, shown in 
Figure 9. The detailed structure of the 
inner disc has been imaged with SPHERE 
and the (known) planet could be clearly 
observed. The narrowband K filter image 
of the debris disc reveals the warp and 
distortions in the inner disc. 

Prospects

The above examples give only a small 
foretaste of the science we can expect 

from SPHERE observations. The main 
topics will be exoplanet imaging and 
charac terisation of planetary atmos-
pheres.  Circumstellar discs will also be 
favourite targets. But there are many 
other applications of high angular reso-
lution and high-contrast imaging and 
spectroscopy that we can look forward  
to from SPHERE in the near future.
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Figure 9. (Above) The famous planetary system 
around β Pictoris imaged by SPHERE in a narrow  
K filter. The system harbours an edge-on debris disc 
with many asymmetries and distortions and a 10 
Jupiter-mass planet currently at a projected separa-
tion of about 350 milliarcseconds from the star 
(shown by the different colour scale above). This 
image shows the full IRDIS field of view.

Figure 8. (Left) Spectacular spiral structure revealed 
around the star MWC758. This image shows the 
dust in the protoplanetary disc in polarised light, 
obtained with IRDIS in the Y filter.

The SPHERE instrument is shown shortly after it  
was installed on the VLT Unit Telescope 3 Nasmyth 
platform in May 2014. See Releases eso1417 and 
eso1506 for more detail. 
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 Stevenson et al., 2013; Schlawin et al., 
2014). As future space-based observato-
ries will focus on the infrared, ground-
based instrumentation will be the only 
way to probe the optical transmission 
spectra of exoplanets. This is a crucial 
wavelength regime for the understanding 
of the physics of exoplanet atmospheres, 
and in particular for the determination of 
the mean molecular weight of the atmos-
phere and atmospheric scale height from 
measuring the Rayleigh scattering slope.

A cause for alarm

Despite the pioneering observations by 
Bean et al. (2010; re-analysed in Bean  
et al., 2011), no other exoplanet transit 
has been published so far from FORS2 
data and it seems that there is a consen-
sus in the community that FORS2 is  
no longer suited for the study of planetary 
transits. The fact that Bean et al. were 
successful in their observations is thought 
to be due to a combination of factors,  
i.e., short transit time, small variations in 
airmass during the observations, good 
weather, and more generally, the best of 
luck and great skill. This is of course  
a worrying situation, especially since the 
Gemini Multi-Object Spectrograph 
(GMOS) instruments on the Gemini tele-
scopes, which are rather similar to 
FORS2, are among the most successful 
instruments to date for measuring trans-
mission spectra from the ground (Gibson 
et al., 2013a, b; Crossfield et al., 2013).

The reason for this problem with FORS2 
appears to lie with the unexpectedly high 
systematics in the differential light curves 
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For about three years, it has been 
known that precision spectrophotometry 
with FORS2 suffered from systematic 
errors which made quantitative obser-
vations of planetary transits impossible. 
We identified the longitudinal atmos-
pheric dispersion corrector (LADC) as 
the most likely culprit, and therefore 
engaged in a project to exchange the 
LADC prisms with the uncoated ones 
from FORS1. This led to a significant 
improvement in the depth of the  
FORS2 zero points, a reduction in the 
systematic noise, and should make 
FORS2 competitive again for transmis-
sion spectroscopy of exoplanets.

Over the last two decades remarkable 
progress has been made in understand-
ing the diversity of planets in the Galaxy 
from the success of radial velocity and 
transit surveys. Transiting planets allow 
both their masses (if radial velocities are 
also available) and radii to be measured, 
leading to bulk densities and compo-
sitions. However, in order to truly under-
stand planetary systems we need a 
method of obtaining the spectra of exo-
planets, thereby probing the composition 
and structure of their atmospheres. Luck-
ily, transiting systems allow such measure-
ments, even though we cannot resolve 
the star and planet spatially; rather we  
can temporally resolve light from the star 
and planet during transits, when the 
planet passes in front of its host.

The transit depth obtained by transmission 
spectroscopy of the host star  provides a 
direct measurement of the planet-to-star 

radius ratio as a function of wavelength. 
The effective size of the planet varies  
due to wavelength-dependent opacities 
in the planet’s upper atmosphere, and  
a transmission spectrum can therefore 
probe the atomic and molecular species 
in its atmosphere causing such radius 
variations (Seager & Sasselov, 2000; 
Brown, 2001; for a recent review, see 
Burrows, 2014). For many years, space-
based observations with the  Hubble 
Space Telescope (HST) and Spitzer Space 
Telescope were the only source of exo-
planet spectra. 

This all changed after pioneering obser-
vations of the exoplanet GJ 1214b using 
the Focal Reducer / low dispersion 
 Spectrograph (FORS2) instrument proved 
that precise transmission spectra could 
be obtained from ground-based instru-
ments (Bean et al., 2010). Their paper 
used the FORS2 multi-object spectros-
copy capability with the mask exchange 
unit (MXU) to perform differential spectro-
photometry, i.e., observing time-series 
spectra of the target star simultaneously 
with many comparison stars, thus cor-
recting for variations in the Earth’s atmos-
pheric throughput. Since then, such ob -
servations have been performed routinely 
using different instruments and tele-
scopes, and have even proved success-
ful at infrared wavelengths (e.g., Snellen 
et al., 2010; Bean et al., 2011; Gibson et 
al., 2013a,b; Crossfield et al., 2013; 
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Making FORS2 Fit for Exoplanet Observations (again)
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Figure 1. Differential light curve of the source 
WASP 4 obtained in the z-band using FORS2 in 
MXU  mode in December 2011. Most of the varia-
tions seen in this plot are attributed to variations in 
throughput within the FORS2 LADC.
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that were obtained, which turned out to 
be impossible to calibrate out reliably  
(at least to the level of ~ 10–4 as required 
in the transit depth precision for a hot 
 Jupiter; see Figure 1). The main source  
of these instrumental systematics is most 
likely the LADC on FORS2. From visual 
inspection, the anti-reflection coating of 
this optical element is known to have 
degraded over time. Berta et al. (2011) 
reported these systematics: “Moehler et 
al. (2010) found that the LADC on the 
 telescope has surface features that affect 
its sensitivity across the field of view. 
Because the LADC is positioned before 
the field rotator in the optical path and 
rotates relative to the sky, individual stars 
can drift across these features and 
encounter throughput variations that are 
not seen by the other comparison stars.”

The design of the FORS2 LADC consists 
of two prisms of opposite orientation that 
are moved linearly with respect to each 
other, between 30 mm (park position) 
and 1100 mm. The forward prism per-
forms the dispersion correction, while the 
second prism corrects the pupil tilt, so 
that what remains is a variable image 
shift depending on the distance between 
the two prisms (Avila et al., 1997).

Exchanging the LADC prisms

The MgF2 antireflection coatings of the 
FORS2 longitudinal atmospheric dis-
persion corrector prisms have degraded 
since 1999, following an attempt to  
clean them. They show a lot of scattering 
(see Figure 2). Since then, the LADC 
prisms have been cleaned several times 
in order to remove dust and paint (from 
the flat-field screen) that had led to fur-
ther degradation. This degradation could 
be the cause of the systematics seen in 
the FORS2 transit data.

A damaged coating may introduce: 
–  transmission loss larger than an 

uncoated set of prisms;
–  scattering, leading to a decreased 

 signal-to-noise ratio on any photometric 
measurements;

–  variability in the transmission caused 
by a change in the humidity level.

A project was started at Paranal to 
address this issue. One aspect was to 

take advantage of the availability of  
spare parts from the twin instrument, 
FORS1, which is now decommissioned. 
We therefore decided to remove the 
coating from the prisms of the FORS1 
LADC and exchange them with those 
previously in place in the FORS2 LADC. 
The removal of the damaged coating 
from the two prisms of the spare LADC 
was done by one of us (Blanchard; see 
Figure 3), using tools made of polyure-
thane and using cerium oxide (Opaline) 
for the polishing. The LADC prisms were 
then exchanged on 10 November 2014, 
while VLT Unit Telescope 1 (UT1) was 
undergoing maintenance.

A battery of tests

A set of test observations was performed 
according to a commissioning plan 
before (28–30 October 2014) and after 
(12–15 November 2014) the prism 
exchange. It is important to note that  
the coating of the primary mirror of UT1 
had not been modified in the meantime, 

so that any change detected should be 
due only to the LADC exchange. These 
tests have allowed us to conclude that 
the exchanged prisms did not affect the 
image quality of the instrument and con-
firmed that the LADC was still efficient at 
correcting the atmospheric dispersion up 
to an airmass of 1.6. On the other hand, 
the uncoated prisms led to an increase in 
the measured zero points (Figure 4): the 
implied gain in throughput is 0.12 (B filter), 
0.08 (V ), 0.06 (R) and 0.05 (I) magnitudes. 
This improvement was also confirmed  
by measurement of spectrophotometric 
standard stars before and after the prism 
exchange. The gain of the throughput 
can be explained by the scattering previ-
ously introduced by the damaged anti -
reflective coating. The shortest wave-
lengths are more affected by the scatter- 
ing, which is exactly what we see. 

We have also measured the precision  
in the relative transmission between  
two stars as a function of time. For this 
measurement, we observed a given field 
of stars over about one hour (so that the 

Figure 2. Photograph of the FORS2 
LADC prism (with coating) after 
removal from the instrument. The 
damage to the coating in various 
places is obvious. Note that the bright 
regions are reflections of the neon 
lights on the ceiling.

Figure 3. Photograph taken during the 
removal of the coating on the FORS1 
LADC prisms.
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Figure 5 shows that the dispersion of the 
points is clearly smaller after the LADC 
exchange, in comparison with the earlier 
measurements. The standard deviation  
of the light curves for a star with a signal-
to-noise ratio (S/N) ~ 750 decreased  
from 3 milli-mag before the exchange to 
1.9 milli-mag after the exchange. This is, 
however, still larger than we expected 
from the white noise, so there could still 
be some systematics in the data. The 
level of systematics would, however, need 
to be confirmed by a more detailed analy-
sis, as the observations of the WASP-19b 
transit described below seem to indicate 
that the level is very small.

Back in business

The fact that the dispersion of points has 
decreased after the LADC exchange 
 suggests that the removal of the coating 
has been beneficial and the study of 
 exoplanet transits should once again be 
possible. However, this could only be 
checked on a real case to determine the 
achieved precision exactly. Thus, on the 
night of 15–16 November 2014, we ob -
served the transit of WASP-19b between 
2014-11-16 05:16 UT and 08:49 UT (Prog. 
ID: 60.A-9203(F); data publicly available 
in the ESO Science Archive) under thin 
cirrus, and with the LADC parked and in 
simulation, as is usually done for such 
observations. WASP-19b was chosen as 
previous observations with FORS2 

instrument rotator moved by more than 
20 degrees). Observations were done in 
clear conditions in the V-band filter and 
the exposure time was 10 seconds. The 
magnitudes of some of the brightest  
non-saturated stars in the field were then 
measured for each frame, and we exam-
ined the dispersion in the light curves 
obtained of the stars (the sky variations 
were removed by subtracting the mean 
light curve of all stars and saturated stars 
were ignored). The fluxes of the selected 
stars were about 170 000–500 000 ADU. 
Sky flats were obtained close in time  
to the observations and the data were 

reduced using the ESO FORS pipeline, 
with SExtractor being used for the photo-
metry.

Before the LADCs were exchanged, on 
the night of 28 October 2014, we moni-
tored the field around the standard star 
PG0231 for 50 minutes, during which 
time the rotator moved about 25 degrees. 
The airmass of the field was 1.0. After  
the LADC exchange, on the night of 
13 November 2014, we monitored the 
standard star field around NGC 2298 for 
78 minutes during which time the rotator 
moved 47 degrees; the airmass was 1.09.
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existed (taken on 16 April 2012), thus 
allowing a direct comparison, while the 
transit duration of WASP-19b is also  
very short (1h 32m) and it is thus possible 
to cover it without expending too much 
observing time. Observations were done 
with the MXU, with 10-arcsecond-wide 
slits placed on several comparison stars, 
in the same configuration as for the 2012 
observations. The grism 600RI (with the 
order sorting filter GG435) was used  
and the data were binned to a final 20 nm 
resolution.

The observations from 2012 reveal light 
curves with quite complex systematics 
(especially in the middle of the transit) 
that could not be removed even with 
high-order polynomial or extinction cor-
rection functions (see Figure 6). On the 
other hand, the new observations, per-
formed after the exchange, show much 
smoother light curves, which can be 

detrended using a second-order polyno-
mial. The final, detrended light curve can 
be modelled, providing the parameters  
of the transit with good accuracy. The 
post-egress out-of-transit residuals in the 
light curve are 760 µmag, very close  
to the value we expect from photon noise 
alone. This seems to indicate that the 
systematics that affected FORS2 have 
been significantly reduced.

The comparison of the planetary radius 
as a function of wavelength (the trans-
mission spectrum) that we obtain with  
the new data and those from the litera-
ture is shown in Figure 7, highlighting the 
excellent agreement (see Sedaghati et al. 
[2015] for a more detailed analysis). The 
error bars of the dataset (due to the poor 
observing conditions and lack of suitable 
reference stars) do not allow us to dis-
tinguish yet between different models of 
the planetary atmosphere. Nevertheless, 

these data represent the highest spectral-
resolution transmission spectrum of 
WASP-19b and show the new potential  
of FORS2 in the study of the atmosphere 
of exoplanets. We hope this is thus the 
beginning of a new era for FORS2.
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Figure 7. Transmission spectrum of WASP-19b 
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with slitlets of almost arbitrary length, 
width, shape and angle (MXU mode). 
There are 15 grisms with resolutions (for 
a 1-arcsecond slit) from 260 to 2600, 
which may be combined with three dif-
ferent order-separating filters to avoid 
second-order contamination. More infor-
mation about the instrument is available 
on the FORS web page3.

Reflex workflow

Like all other ESO pipelines, the FORS 
pipeline can be executed with the com-
mand line interface “esorex”. However, the 
organisation of FORS2 data for the vari-
ous data reduction steps and the  correct 
transfer of products from one recipe to 
the next can be cumbersome and error-
prone. Automatic pipeline  processing of 
FORS2 data will, in general, provide sat-
isfactory results for a large fraction of all 
data. However, in many cases fine tuning 
of some parameters of the pipeline will 
further improve the results, and in some 
cases, such fine tuning is essential. For 
example, multi-object spectroscopy can 
sample very different parts of a disper-
sion relation, so that the default parame-
ters for the dispersion relation may not  
be best suited for a specific observation.

In order to permit efficient processing  
of FORS2 data, including the interactive 
modification of pipeline parameters, we 
created a Reflex workflow (Freudling et 
al., 2013), which is shown in the screen-
shot in Figure 1. With this workflow, it is 
possible to reduce FORS2 spectroscopic 
data with the single push of a button.  
It also allows intermediate results to be 
inspected, parameters modified, and  
the impact of such modifications on the 
results to be assessed immediately.

This workflow organises the data accord-
ing to configurable rules, allows the user 
to select the data to be processed and 
then performs the processing in the cor-
rect sequence, including the handover of 
products from one recipe to the next. 
Interactive windows like the one shown in 
Figure 2 allow the results to be checked 
and recipe parameters fine-tuned if nec-
essary. It is also possible to switch off all 
interactivity and process large amounts 
of data in an automatic and unsupervised 
way.
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1 ESO

The FORS2 instrument is one of the  
most widely used and productive 
instruments on the Very Large Tele-
scope. This article reports on a project 
to improve the quality of the reduced 
FORS2 spectra that can be produced 
with the software provided by ESO. The 
result of this effort is that spectra of 
significantly higher quality can now be 
produced with substantially lower effort 
by the science user of the data.

Introduction

The two FOcal Reducer/low dispersion 
Spectrograph (FORS) instruments 
(Appenzeller et al., 1998; Rupprecht  
et al., 2010) are among the most popular 
instruments at the VLT. They are multi-
mode instruments covering the optical 
wavelength range from 330 to 1100 nm, 
which have been in operation since 
1 April 1999 (FORS1, decommissioned 
on 31 March 2009) and 1 April 2000 
(FORS2), respectively. With their many 
modes, the FORS instruments are  
real Swiss Army knives. They support 
 direct-imaging modes with narrow- and 
broadband filters, long-slit and multi-
object spectroscopy, polarimetry and 
high time-resolution observations. 

It is therefore not surprising that up until 
now, more than 1880 refereed papers 
have been published, based on data  
from FORS1 and FORS2. Among the sci-
entific highlights discovered with the 
FORS instruments are conclusive evi-
dence for the link between gamma-ray 
bursts and hypernovae (Hjorth et al., 
2003) and the first ground-based trans-
mission spectrum of a super-Earth  
planet (Bean et al., 2010). They have also 
enabled the discovery of the furthest 
quasar yet found, at redshift 7.1 (Mortlock 
et al., 2011) and the furthest gamma-ray 
burst at redshift 8.2 (Tanvir et al., 2009). 

FORS2 observes objects closer to us as 
well, for example, allowing astronomers 
to find close binaries inside some mag-
nificent planetary nebulae (Boffin et al., 
2012), or permitting detailed studies of 
comets and asteroids, and even “redis-
covered” life on Earth (Sterzik et al., 2012). 
For all these reasons FORS2 is still 
among the two most highly demanded 
VLT instruments. It is also behind some 
iconic astronomical pictures.

The FORS instruments produce a wide 
variety of complex data products that 
reflect their many different modes and 
options. Reducing these data, in par-
ticular spectroscopic data, is often quite 
a challenge. Since late 2006 ESO has 
provided pipeline software that can be 
used to process science data. Unfortu-
nately, the products from the unsuper-
vised reduction with that software did  
not always produce satisfactory results, 
and a variety of external software tools 
were necessary to produce science-
ready results. In addition, using this 
 pipeline required a significant effort of 
data organisation by the user. To remedy 
this situation, we embarked on a two-
year effort to improve the FORS2 spec-
troscopic data products, looking at all 
aspects of the instrument operation that 
have an effect on the final data quality.  
In particular, we verified the current cali-
bration plan, upgraded many aspects  
of the ESO pipeline, and produced a 
workflow in the ESO Reflex environment1 
that allows both “black box” and interac-
tive execution of the FORS pipeline. The 
result of this effort is a major improve-
ment in the quality of the spectra as they 
come out of the FORS pipeline. In this 
article, we summarise the most important 
aspects of these upgrades. The improved 
pipeline can be downloaded2.

Spectroscopy with FORS2

FORS2 spectroscopy consists of three 
modes: classical long-slit spectroscopy 
with slits of 6.8 arcminutes length and 
predefined widths between 0.3 and 
2.5 arcseconds (long-slit spectroscopy 
mode, [LSS]); multi-object spectroscopy 
with 19 slitlets of 20–22 arcseconds 
length each and arbitrary width created 
by movable slit blades (MOS mode); and 
multi-object spectroscopy using masks 

Improving the Quality of FORS2 Reduced Spectra
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Error propagation

The full reduction chain has been retro-
fitted with estimates of the uncertainties 
based on error propagation starting  
from the raw data. The initial uncertain-
ties of all raw images are based on  

the photon shot noise and the detector  
noise model. Subsequent propagation 
includes the uncertainties of the biases, 
flats and spectra extraction.

It should be noted that the systematic 
errors are not added to the statistical 

uncertainties. The pipeline gives some 
idea of the systematic errors as quality 
control parameters, and they can be 
used for reference and comparison with 
the statistical errors.

Stability of biases and their noise

In the past the FORS2 detectors have 
sometimes shown significant variations  
of the bias level on periods of days. To 
safeguard against the negative effects of 
such changes, we implemented pre-/
over-scan correction, using the median  
of the pre-scan region to scale the bias 
level. As FORS2 has only very narrow 
pre-/over-scan regions (five pixels in the 
default read-out modes) and some of 
those tend to be corrupt, we decided to 
use the median instead of more elaborate 
descriptions. Due to the small number  
of useful pre-/over-scan pixels, the read-
out noise per frame cannot be determined 
from these regions. Instead the read-out 
noise is now determined from the full-
bias frames and stored in the master 
bias. Assuming that it does not change 
between the bias and the other frames, 
this value is used as read-out noise for 
the error propagation along the full 
reduction chain. To take into account 
small slopes in the bias level we subtract 
the full master bias and not just the 
median of the pre-scan. To reduce the 
noise of the master bias, the number of 
bias frames taken during the day was 
increased from five per read-out mode to 
twenty. The errors of the master bias are 
stored in an error extension.

Wavelength and distortion calibration

The FORS2 spectroscopic pipeline pro-
cesses the associated flat-field and 
 arc-lamp frames simultaneously in order 
to provide a consistent description of the 
distortions along the spatial and disper-
sion axes respectively. Line identification 
is performed by pattern matching, and 
the dispersion relation is fitted by a poly-
nomial, either row by row or using addi-
tional information along the spatial axis. 
We found that the algorithm is generally 
robust and gives good results for the 
 dispersion relations with polynomial fits  
of degrees 3 to 5 (depending on the 
grism), if appropriate parameters and line 

Figure 1. (Above) Screenshot of the FORS2 spec-
troscopy workflow. The upper part contains instruc-
tions and configuration settings, while the lower part 
contains the actual workflow.

Figure 2. (Below) Screenshot of one of the interactive 
windows of the FORS2 spectroscopy workflow.  
The windows provide information about the quality 
of the wavelength calibration, slit tracing and flat-field 
normalisation, while the tabs on the right allow the 
user to change parameters and rerun the recipe.



12 The Messenger 159 – March 2015

lists are used. Therefore we revised these 
ingredients and could thus reduce the 
random error of the wavelength calibration 
by about 25 %, or from 0.15 to 0.12 pixels 
on average. 

A good quality and homogeneous wave-
length calibration is especially important 
for multi-object observations, where  
the wavelength ranges covered may differ 
for different slit (and object) positions,  
but the results should be comparable 
across the field of view. The current arc 
lamps provide few lines at the edges  
of the FORS2 wavelength range, i.e., 
below 4000 Å (four lines only) and above 
10 000 Å (two lines). In order to improve 
the situation for future data, we are 
searching for arc lamps that might pro-
vide more lines in these ranges (on the 
order of ten), while having sufficiently iso-
lated lines to be suitable for low-resolution 
spectroscopy.

Flat fielding

Spectroscopic FORS2 flat fields use  
blue and red flat-field lamps to cover the 
full spectral range. The flux level and 
spectral energy distribution (SED) of the 
blue flat-field lamps can vary by 10%  
on time scales of minutes, i.e., within one 
set of flat fields for a given setup, and of 
course also between such setups. These 
variations prevent meaningful flat-field 
stacking by median or sigma-clipping 
methods, unless the SED (and the flux 
level) are (at least roughly) normalised 
before the stacking. Such a normalisation 
has now been implemented and the 
 average level and SED are put back into 
the stacked flat, which can then be nor-
malised by smoothing or fitting along  
the dispersion and/or the spatial axes. 
The spectrum used to normalise the 
master flat field along the dispersion axis 
is retained and used for the flux calibra-
tion of volume-phase holographic (VPH) 
grisms (see below). The errors of the 
master flat field are derived from the raw 
flat fields and the master bias and stored 
in an extension.

Owing to the imperfect slit shapes, the 
illumination along the slit may vary,  
which can cause problems for sky cor-
rection and the analysis of extended 
objects. Such variations can amount to 
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Figure 3. The plots show two examples of the flux 
variation along the slit as derived by averaging the 
rectified long-slit spectroscopy science frame along 
the dispersion axis. The black profile shows the 
result by using flat fields which retain their spatial 
gradient, while the red one shows the results for 
which the spatial profile was eliminated during flat 
field normalisation.
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about 10% of the flux along the slit for 
long slits (see Figure 3, red lines). Some 
principal investigators (PIs) have therefore 
taken twilight flat fields to correct their 
observations and we have verified how 
the illumination gradients in these data 
compare to screen flat fields. 

For that purpose the rectified flat fields 
(both twilight and screen) were averaged 
along the dispersion axis and the result-
ing profiles were compared to each other 
and to the slit illumination profile of the 
science data (the latter can be difficult to 
obtain for bright targets and/or extended 
objects). We found that the spatial illumi-
nation of LSS data is very similar for  
both kinds of flat fields and the science 
data. Keeping the spatial gradient of 

long-slit spectroscopy flat fields (i.e., nor-
malising only along the dispersion axis) 
will therefore allow the user to correct  
for the illumination gradient (see Figure 3, 
black lines).

Flux calibration

The spectrophotometric calibration of 
FORS2 data mostly uses flux standard 



13The Messenger 159 – March 2015

star information from Hamuy et al. (1994). 
These were derived from low resolution 
ground-based spectra and binned to 
50 Å. The fact that they were observed 
from the ground means that they contain 
telluric absorption features, whose strength 
may not be the same as in the observed 
FORS2 spectra of these standard stars. 
In addition, the FORS2 grisms provide  
a wide range of resolutions, so that, even 
after binning to 50 Å, the binned flux val-
ues for strong absorption lines (like those 
for white dwarfs) may differ from the 
 tabulated values. We therefore calculated 
the ratios of observed vs. tabulated flux 
standard star spectra for all FORS2 flux 
standard stars (also those provided by 
other authors) and determined masking 
regions for stellar features (per star) and 
telluric features (per grism). These regions 
are now masked by default when fitting 
the response curve, but the user can 
change the masking via recipe parame-
ters and also mask individual points. Dur-
ing this exercise we found that the Oke 
(1990) flux standard star tables had some 
problems (as already mentioned by their 
author) and we decided to remove them 
from the FORS2 calibration plan.

For the volume-phase holographic grisms, 
which are used for about 50% of the 
FORS2 spectroscopic data, the response 

varies with the position on the detector 
along the dispersion axis. Therefore the 
flux standard star should be taken with  
a wide slit at the position of the science 
target. While this is easily done as part of 
the calibration plan for LSS data, this 
requirement poses an obvious problem 
for multi-object spectroscopy data. For 
such data the flux-standard star is ob -
served at the centre of the field of view. If 
the position dependency of the response 
is not corrected, the flux-calibrated 
 spectra will show systematically distorted 
slopes (see black lines in Figure 4). 

We have fixed this problem by taking  
into account the response variation with 
position as seen in the flat-field spectra 
( Halliday et al., 2004; Milvang-Jensen  
et al., 2008) and applying it to both the 
flux-standard star and the science spec-
tra. Then science spectra taken at a large 
distance from the centre of the field of 
view can be flux-calibrated using a stand-
ard star observed in the centre only (see 
green lines in Figure 4). This correction 
relies on the stability of the flat-field lamp 
in both flux level and spectral energy 
 distribution. The instability of the blue flat-
field lamp mentioned above therefore 
 limits the accuracy of this correction at 
wavelengths below about 4800 Å, i.e., for 
grisms GRIS_1200B and the blue part  

of GRIS_1400V. One possible way of 
safeguarding multi-object spectroscopy 
taken with these grisms against lamp 
 variations would be to place one slitlet at 
the centre of the field of view along the 
dispersion axis in order to have a refer-
ence flat-field spectrum to compare to 
the one used for the standard star.

Science processing

Given that long-slit spectroscopy is the 
mode of choice when observing extended 
objects, it was therefore rather annoying 
that the pipeline could not correct the 
spatial distortion along the slit. In order  
to enable this correction we took arc-
lamp and flat-field frames for all available 
grisms using a dedicated MXU mask  
and derived global distortion tables, that 
can now be applied to LSS data to cor-
rect the distortion. One example is shown 
in Figure 5, where the effect of the dis-
tortion can be clearly seen at the top of 
the plot.

If the spatial illumination gradient is kept 
in the long-slit flat fields and thus cor-
rected in the long-slit science spectra, it 
was found that the global sky subtraction 
(which utilises the oversampling of the 
sky spectrum due to the curvature of the 
sky lines) works better than the local one, 
which attempts to fit the spatial flux varia-
tions of the sky lines.

Implementation

The C/C++ MOSCA (MOS Common 
Algorithms) library has been used to 
implement most of the algorithms 
described here. It has been developed  
at ESO as a common library for MOS 
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Figure 4. Plot showing the improvement in the flux 
calibration of data taken with VPH grisms. The spec-
trum of the standard star LTT3218 was observed 
with GRIS_1028z+OG590 at ±150 arcseconds from 
the centre of the field of view, but calibrated with a 
response derived from observations taken at the 
centre of the field of view (as done with multi-object 
spectroscopy science data). The black spectra show 
the results without flat-field spectrum correction, 
where the slopes of the calibrated spectra differ for 
different positions. The green spectra were obtained 
with the newly implemented flat-field spectrum cor-
rection and show the correct slope irrespective of 
position. The red crosses mark the reference data 
from Hamuy et al. (1992).
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Conclusions

The improvements and new features 
described here will allow users to realise 
the full potential of their FORS2 spectra 
more easily. This project illustrates that 
the quest for improvements in data qual-
ity requires not just well-suited pipeline 
algorithms, but also appropriate cali-
bration plans and reference data. One 
should therefore always try to look at the 
complete picture of data and software. 
The project also showed the inherent 
problems of working on an instrument 
with a long history — changes to the cali-
bration plan will always be useful only  
for future data and will usually not allow 
existing problems to be fixed.
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Links

1  ESO Reflex:  
http://www.eso.org/sci/software/reflex/

2  Download of FORS2 pipeline:  
http://www.eso.org/sci/software/pipelines/

3  FORS web page: http://www.eso.org/sci/facilities/
paranal/instruments/fors.html

instruments (FORS and VIMOS for the 
time being) and is based on the concept 
of pattern matching. MOSCA is in itself 
based on two other ESO projects: CPL 
(Common Pipeline Library) and HDRL 
(High-level Data Reduction Library).

Verification

In order to verify that our changes in 
parameters and reference calibration  
do not cause any deterioration in the 
quality of the automatic processing, we 

processed some 400 science datasets 
observed since 2008 and compared 
them to the results of the automatic pro-
cessing by the Quality Control (QC) 
group, both for science and calibration 
products. We found that the accuracy  
of the wavelength calibration had 
improved by about 25 % as mentioned 
above and the accuracy of the flux cali-
bration had improved by up to 50% for 
VPH grisms. For the standard (non–VPH) 
grisms, the improvements were less strik-
ing, but there are some grisms here 
which also profit from more appropriate 
fit parameters (e.g., GRIS_600B). The 
 signal-to-noise ratio could not be signifi-
cantly improved as the FORS2 pipeline 
already uses the optimal extraction 
method (from Horne, 1986), which is well 
suited to these kind of data. We found  
no evidence for any systematic wavelength 
shift from sky lines above 0.05 pixels.
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Figure 5. Wavelength calibrated long-slit spectros-
copy science frame without (left) and with (right) 
 distortion correction. The spectra are compressed 
along the dispersion axis to better illustrate the 
 distortion. The position of the centre of the field of 
view along the y-axis is situated about 10% from the 
bottom of the frame.
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–  Change of both imager and spectro-
graph detectors from a 256 × 256 pixel 
device with 50 µm pixel pitch to the 
new AQUARIUS device (see Ives et al. 
[2014] for details). The AQUARIUS 
detectors have an area of 1024 × 1024 
pixels and 30 µm pitch, so that the 
entire focal plane of ~ 25 mm by 25 mm, 
for which the VISIR optics had been 
designed, can be used. Since the new 
detectors dissipate typically an order  
of magnitude more power than the old 
ones below 10 K, an enhancement of 
the cooling harness was also required.

–  Change of all detector cabling in the 
cryostat to connect the 2 × 64 detector 
outputs for signal frequencies up to 
~ 10 MHz and addition of cold pre-
amplifiers, just outside the spectro-
meter structure, to reduce cable 
lengths, minimising detector artefacts 
and spurious signals.

–  Integration of the detectors into the new 
ESO standard acquisition system, the 
new detector controller (NGC).

–  Exchange of the N-band low-resolution 
grating in the VISIR low–medium-reso-
lution spectral arm with a new prism 
manufactured from zinc selenide (ZnSe; 
Figure 1). 

–  Enhancement of the high-contrast 
imaging capabilities of VISIR by adding 
coronagraphy and aperture masking 
(sparse aperture masking [SAM]) capa-
bilities; the lead on this part was taken 
by CEA, Saclay.

–  Improvement of the image quality. VISIR 
depends on receiving images without 
aberration from the VLT (without adap-
tive optics) and the diffraction limit of 
the VLT at 10 μm is ~ 0.3 arcseconds. 
Observing with a frame rate as high as 
~ 100 Hz showed that image distortions 
appear and disappear; the high rate of 
these changes rules out an atmospheric 
origin and suggested image quality 
problems within the VLT itself.

–  Providing the means to measure atmos-
pheric water vapour (precipitable water 
vapour [PWV]) along the line of sight. For 
certain operational modes, e.g., imag-
ing in the Q-band (~ 20 μm), PWV is as 
important for good performance in the 
infrared as the seeing is for high-defini-
tion imaging; PWV has been introduced 
as a constraint parameter for service 
mode. PWV can be  very low on Paranal, 
resulting in excellent atmospheric trans-
mission (Kerber et al., 2014a).
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The VLT mid-infrared imager and 
 spectrometer VISIR returns to science 
operations following an extended 
upgrade period. Among the most 
important modifications are: the imag-
ing and spectroscopic detectors have 
been replaced with larger AQUARIUS 
(1024 by 1024 pixel) detector arrays;  
the N-band low-resolution grating has 
been exchanged; and support is now 
provided for precipitable water vapour 
monitoring, in order to select the best 
observing conditions. The AQUARIUS 
detectors stem from a development for 
very low background applications which 
result in excess noise under ground-
based conditions. A series of interven-
tions was needed to find a scheme that 
effectively exploits these detectors for 
ground-based use, involving the imple-
mentation of faster chopping. VISIR  
has been returned to service at the VLT 
with enhanced capabilities.

Introduction

The VLT Imager and Spectrometer for 
mid InfraRed (VISIR) is a combined 
imager and echelle spectrograph, pro-
viding access to the atmospheric N-band 
(7.7–13.3 μm) and Q-band (16–24μm)  
with a great variety of observing modes1. 
VISIR was originally built for ESO by  
the Service d’Astrophysique of the Com-
missariat à l’énergie atomique (CEA), 
Saclay, France, together with ASTRON, 
Netherlands Institute for Radio Astron-
omy in Dwingeloo. The instrument arrived 
at the Very Large Telescope (VLT) in 2004 
(Lagage et al., 2004). VISIR was com-
missioned with small  format detectors 
with less than excellent cosmetic quality 
and a low-resolution spectroscopy mode, 
which was not well matched to the sci-
ence requirements.

Taking advantage of a detector devel-
opment for the James Webb Space 
 Telescope (JWST), new detectors 
(AQUARIUS) could be procured and were 
retrofitted in an upgrade intervention 
starting in mid-May 2012. The upgrade 
also included the integration of a water 
vapour radiometer, the Low Humidity  
And Temperature PRO filing microwave 
radiometer (LHATPRO) manufactured  
by Radiometer Physics GmbH (RPG), a 
new low spectral resolution prism mode 
and various means to enhance high- 
contrast and high spatial resolution imag-
ing. Since late 2011, following a careful 
cross-calibration campaign, the radiome-
ter is in full operation (Kerber et al., 2012). 
A first attempt to re-commission an opti-
cally and mechanically perfect VISIR in 
August 2012 was not successful, due to 
noise problems with the detector, which 
had not been diagnosed in labo ratory 
testing. In August 2013 the path back to 
the telescope was finally established, 
which required enhancements to the Unit 
Telescopes (UTs) to allow for chopping at 
the original design frequency. 

The status of the “new” VISIR after the 
second commissioning run in January 
2015 is reported. 

Scope of the upgrade

The main elements of the upgrade 
entailed:

Telescopes and Instrumentation

The Return of the Mid-infrared to the VLT:  
News from the VISIR Upgrade
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–  Substantial modifications to operating 
software to ensure standard data flow 
from Phase 2 proposal specification 
through to the science archive.

Spectro-polarimetry in combination with 
the new prism mode, although originally 
planned and reviewed, was, in the end, 
not implemented. Optomechanical prob-
lems mounting the Wollaston prism in  
the spectrograph fore-optics introduced 
a high risk to the schedule for the inter-
vention and its success.

The upgrade was led by ESO-Garching  
in close collaboration with the Paranal 
Observatory and CEA provided the con-
cept and optics for the new high-definition 
imaging modes. ASTRON also supported 
with expertise and some spare parts. 

First intervention, 2012

To minimise downtime, an intervention  
of four months was planned, starting in 
May 2012. After a final check on-sky  
of the old configuration (close-out calibra-
tion), VISIR was moved to the instrument 
integration hall laboratory where the  
old detectors were checked and then the 
instrument was disassembled into its 
basic sub-units. The low and medium 
spectral resolution unit (carousel, Fig-
ure 2) was removed. After a complete 
disassambly of this very complex and 
delicate unit, a pocket was milled into the 
aluminum base part to create the space 
for the prism mount. After re-assembly 
and re-alignment of the spectrograph 
optics with the optical proxy, the prism 
was pre-aligned with a HeNe laser. The 
spectrograph detector mount and the 
imager detector mount were both modi-
fied to take the new AQUARIUS arrays. 
Some improvements to the baffling and 
the stray-light rejection of the imager for 
the larger  optical field, accessible with 
the larger detector, were also made. 
Finally the aperture wheel was modified 
for the coronagraphic optics, and special 
filters and pupil masks were added to the 
imager  filter wheel for coronagraphy and 
high-contrast imaging.

Alignment and testing of the re-assem-
bled units was initially performed using 
optical light at room temperature with the 
bare detector multiplexer, thus avoiding 

the need to close and cool down the 
instrument. The tests were very success-
ful, so that the “new” VISIR was inte-
grated, evacuated and cooled down for 
the first time early in July 2012. The first 
infrared-light test in the laboratory indi-
cated almost perfect optical quality, while 
the prism spectrum was also found to be 
well centred. Further tests showed perfect 
cosmetic quality and no signs of noise 
problems, so that by the end of July 2012 
VISIR was ready, as planned, for re-com-
missioning on Unit Telescope 3 (UT3). 

Re-commissioning, first attempt

The first night of re-commissioning began 
with the basic optical tests: the VISIR 
optical quality and the cosmetics of the 
detectors appeared to be quite impres-
sive. However on the second night it 
became apparent that VISIR was sub-
stantially less sensitive in comparison to 
the situation before the upgrade. More-
over, it appeared that the conversion gain 
of the detector in the spectrograph was 
approximately three times higher than in 
the imager. After three more nights of 
testing the detectors, optics, software, 
etc., VISIR was dismounted from the tele-
scope and brought back to the integra-
tion laboratory, in order to investigate this 
(quite confusing) situation further. 

After lengthy investigations, which 
excluded optical problems with VISIR, it 
was ascertained that the detector mate-
rial, developed for the low-background 
location of JWST operating at the 
Lagrange point, L2, was optimised for 

extremely low dark currents. This intro-
duced an excess low-frequency noise 
(ELFN) in the high-flux applications rele-
vant to ground-based astronomy. This 
phenomenon was described 30 years 
ago by Stapelbroek et al. (1984). The 
ELFN is a form of correlated noise caused 
by fluctuations in the space charge 
induced by ionisation/recombination in 
the blocking layer. It manifests as a mem-
ory of photons in subsequent frames. 
It appears that this effect was not prop-
erly accounted for in the design of the 
Si:As detector material hybridised on  
the AQUARIUS multiplexer for the ESO 
detectors (see Ives et al. [2014] and refer-
ences therein). Careful analysis of the 
spectral energy distribution of the detec-
tor noise indicated that the ELFN can be 
filtered out, if the chopper frequency is 
increased from fractions of a Hertz to the 
original specification of the VLT second-
ary mirror (M2) of 4–5 Hz. 

In addition it was also found that the 
detector material in the spectrograph 
stemmed from a different batch to the 
one of the imager, and under nominal 
bias there was avalanche gain in the 
spectrograph, mimicking a higher con-
version gain, which, in turn, manifested 
as an optical problem with the imager. 
The energy to create a charge in a photo-
conductor sensitive to 28 μm is of order 
of 1/25 eV, so a typical detector bias of 

Telescopes and Instrumentation

Figure 1. Close-up view of the new ZnSe prism. The 
prism was designed to disperse the 10 μm window 
over ~ 900 pixels with a pupil size of approximately 
50 mm. The green wire was used during alignment 
to mark the centre of the pupil. 

Figure 2. Close look at the VISIR low- and medium-
resolution assembly. The unit in the lower left is  
the carousel, a precision rotary stage used to scan 
the gratings. At the top right is an optical bench with 
a CMOS camera rigged as proxy for the infrared 
optical axis. Slightly above the carousel the mount of 
the special prism can be seen, which compensates 
the alignment for the change in refractive index 
between the HeNe laser and the desired central 
wavelength (10.5 μm) and the thermal shift between 
room temperature and the operating temperature of 
VISIR (~ 28 K).

Käufl H. U. et al., News from the VISIR Upgrade
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warped carriers. The spectrograph 
detector had no significant damage 
either, but was replaced anyway with a 
device not showing avalanche gain and 
the mount was upgraded. Thereafter 
VISIR was ready to go back to the tele-
scope and a first commissioning took 
place in November 2014. 

The progress in 2014 and the long and 
unplanned interruption of observations 
led to a joint decision between the pro-
ject team and Paranal science operations  
to have VISIR included in the call for pro-
posals for Period 95, albeit with some 
restrictions, even though commissioning 
had not even started. In total 27 propos-
als were received for VISIR and 21 were 
awarded observing time.

Re-commissioning of VISIR

The focus of the commissioning was:  
to verify the fast chopping with field sta-
bilisation using VISIR as a test camera; 
integrate the new detector controllers  
into the operations software to allow for 
robust synchronisation in fast chopping; 
modify and verify templates for the modes 
offered in Period 95; and establish the 

1.5 V is some 40 times higher. The charge 
diffusing through the photoconductor  
can be accelerated sufficiently to create, 
via impact ionisation, secondary charges 
and so on. In the VISIR spectrometer 
case, there were of order three charges 
generated per detected photon; as this is 
a very noisy process, avalanche gain 
needs to be avoided. Strong fringing was 
observed in echelle spectroscopy and it 
was evident that the antireflection coating 
of the AQUARIUS detectors was not opti-
mised for 10.5 μm, as specified by ESO, 
but for ~ 6 μm — again a JWST value.

Since there was no option for a new 
detector design, the only way to improve 
performance was to investigate faster 
chopping with M2. The VLT’s tracking 
precision, however, relies on vernier cor-
rections using M2, normally referred  
to as fast guiding. The original implemen-
tation for VISIR was that each chopper 
state lasted substantially longer than  
the fast guiding time constant. Thus fast 
chopping was incompatible with the 
requirements for having a diffraction- 
limited telescope. With the ongoing 
replacement of obsolete elements, such 
as the technical CCDs in the VLT adap-
tors, the controllers and the network, this 

incompatibility could be re-addressed 
and using the art, or the tools, of control 
engineering the control loop could be 
tuned as well, providing the capability for 
simultaneous diffraction-limited imaging 
and high chopping frequency.

A test in August 2013 confirmed that VISIR 
can indeed achieve sensitivities close to 
the theoretical limit (background-noise-
limited performance, BLIP; see Käufl et al., 
1991), provided that fast image modulation 
is applied, be it by chopping or by drift 
scanning; the latter being now the pre-
ferred method in submilli metre and radio 
astronomy. Then, in a series of three short 
technical test runs, the necessary changes 
to the VLT operation were implemented 
and verified. The status of the upgrade is 
summarised in Kerber et al. (2014b).

Meanwhile, in the context of the labo-
ratory testing of more AQUARIUS detec-
tors for the MATISSE instrument, the 
 second generation VLT interferometer 
mid-infrared instrument (Lopez et al., 
2014), it was found that some of the lead-
less chip carriers into which the detec- 
tors are integrated are warped so badly 
that the mount designed for VISIR could 
damage them. This concern led to 
another intervention in the summer of 
2014, in which both detector mounts 
were checked. The imager detector car-
rier was found to be flat without blem-
ishes. However the mount was changed 
to a new design compatible with the 
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Figure 3. The on-sky sensitivity performance of 
VISIR is shown as a function of the M2 chopping fre-
quency. The horizontal black lines give the perfor-
mance of the “old” VISIR at the nominal chopping 
frequency (~ 0.25 Hz): the best-ever value, the 25th 
percentile and the median. The various symbols 
denote measurements taken during commissioning 
runs in November 2014 and January 2015, referring 
to the respective filter names of VISIR: the trend  
with chopping frequency is obvious. There is some 
 scatter in these data that result from variable sky 
conditions, but once routine operations have started 
better statistics will soon become available. 

NGC 1068

Ar III (8.99 μm)

690 s

1�

O
ld

 V
IS

IR

Ne II_2 (13.04 μm)

724 s

1�

257 s

1�

N
ew

 V
IS

IR

284 s

1�
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Special attention is drawn to the region around 
12.8 μm, the wavelength of the [Ne II] emission line: 
the difference between the two graphs is largely  
due to changes in water vapour above the telescope 
so that selection of low-PWV periods will pay off 
when observing the [Ne II] transition in H II regions.

The N- and Q-band echelle spectroscopy 
will be commissioned in time for Period 95 
with improved performance and 2.3 times 
the spectral coverage. It is then expected 
that for the call for  proposals for Period 96 
a variety of restrictions on the modes will 
be lifted.

VISIR, a true multimode instrument, is 
back in basic operation (see Figure 6).  
In the coming commissioning periods, 
several additional modes will be tested: 
–  coronagraphy;
–  burst mode, and thus high speed 

photo metry;
–  imaging with sparse aperture masks;
–  medium-resolution spectroscopy, espe-

cially in the Q-band and wavelengths 
beyond 20 μm.

 
Operations will support burst mode, 
offering the opportunity for frame selec-
tion and bringing background-limited 
performance within reach for most filters. 
Sub-aperture masking and coronagraphy 
will provide new scientific capabilities  
in terms of high-resolution, high-contrast 
imaging. We invite users to regularly 
check the VISIR upgrade web page3 and 
follow the progress on VISIR towards full 
science operations.

One important aspect for the future will 
be exploring options to address the 
shortcomings of the AQUARIUS detec-
tors, especially since other instrument 
activities at ESO would profit as well.
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data flow from the Phase 2 Proposal 
Preparation tool (P2PP) to the  pipeline 
and science archive. The sensitivities of 
the image and low-dispersion spectro-
graph modes were then determined.  
For imaging, the sensitivities generally 
exceed those of the “old” VISIR (Figure 3), 
but for some filters the full field may be 
truncated to ~ 20 by 38 arcseconds for 
high-flux  filters. Figure 4 shows, as an 
example, images in two emission-line 
 filters for NGC 1068, before and after the 
upgrade. For N-band low-resolution 
spectroscopy, the sensitivity is generally 
up to a factor of two higher (correcting  
for the increased dispersion), while the 
throughput has been increased by a fac-
tor of four (c.f., Figure 5).

Figure 6. The re-com-
missioning team in front 
of the upgraded VISIR in 
January 2015. The sig-
nature of the upgrade is 
clearly visible between 
the blue boxes contain-
ing the electronics: to 
accommodate the con-
nectors for the detector 
cabling required grafting 
in a new flange, almost a 
factor of two larger in 
diameter. To the left of 
this enlarged flange is 
an extra electronics box 
to adapt the AQUARIUS 
detectors to the stand-
ard voltage range of the 
ESO-NGC acquisition 
system. 

Performance and outlook

The main characteristics of VISIR after the 
upgrade can be summarised as follows:
–  Imaging with sampling 0.045 arcsec-

onds per pixel and field of view 38 by 
38 arcseconds;

–  Low-resolution prism spectroscopy 
over the complete N-band (7.7–13.3 μm) 
in one exposure at a spectral resolution 
(λ/Δλ) of 70 (8.0 μm) to 180 (13.3 μm) 
for a 1.0-arcsecond slit at a spatial 
scale of 0.076 arcseconds per pixel  
(slit length ~ 32 arcseconds). 

Up-to-date information on the character-
istics of the offered modes is available in 
the User Manual2. 
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Figure 5. Sensitivity samples for the N-band low-
resolution mode, as observed during the re-commis-
sioning of VISIR in January 2015. This plot shows 
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An overview is presented of the Seg-
mented Pupil Experiment for Exoplanet 
Detection (SPEED) testbench. This is an 
advanced facility in development at the 
Lagrange Laboratory that will address 
several of the most critical issues 
affecting high-contrast imaging for the 
next generation of optical/near-infrared 
telescopes. The SPEED testbed can be 
used to investigate practical solutions 
for broadband coronography on asym-
metric, unfriendly apertures, enabling 
algorithmic or optical approaches to be 
developed to minimise segment effects 
and pupil discontinuity.

In June of last year, a major step towards 
for the European Extremely Large Tele-
scope (E-ELT) was achieved through the 
blasting of part of the peak of Cerro 
 Armazones, opening the path towards 
the construction of the telescope. After 
completion, the E-ELT will be the world’s 
largest optical/near-infrared telescope, 
opening up new parameter space in both 
spatial resolution and photon sensitivity. 
The E-ELT will provide significant 
advances over the Very Large Telescope 
(VLT), with a gain of a factor of five in 
 spatial resolution, 25 in signal to noise, 
and 625 in exposure time to reach a 
given signal to noise. Such a giant tele-
scope is expected to tackle the major 
challenges of contemporary astrophysics. 
Among the numerous open questions  
for which it is designed, hunting down 

low-mass exoplanets in the habitable 
zones where life could exist is probably 
its more exciting ambition. 

Nevertheless, there is a catch to being 
the “world’s biggest eye on the sky”:  
the unavoidable run for spatial resolution 
and photon sensitivity leads to a tele-
scope that by design is not optimal for 
the exoplanet search problem. While 
 segmented telescopes offer dramatically 
enlarged telescope diameters from the 
ground, translating current technological 
advances into the domain of high- 
contrast imaging for monolithic apertures 
(e.g., SPHERE at the VLT; Beuzit et al., 
2006) to the case of segmented aper-
tures is far from trivial. On account of the 
segmented primary mirror and the 
increase in the number of mechanical 
structures making up the telescope, the 
resulting pupil is geometrically fairly 
 complex: the pupil exhibits amplitude 
 discontinuities created by the space 
between the segments, a large central 
obscuration, various secondary supports, 
unavoidable missing segments, and 
phase discontinuities resulting from 
imperfect alignment (phasing) between 
the segments. These effects significantly 
limit high-contrast imaging capabilities 
(speckles and diffraction), especially for 
the direct detection of exoplanets. In the 
area of high-contrast imaging, the only 
advantage offered by the ELTs is their 
gain in diameter, but this is accompa- 
nied by a large set of drawbacks that 
demands strong research and develop-
ment (R&D) efforts on the optical effects. 
The complexity of the telescope pupil 
and the high-contrast imaging strategies 
are bound up with one another. 

SPEED — the segmented pupil experi-
ment for exoplanet detection — in devel-
opment at the Lagrange Laboratory,  
aims at preparing strategies and technol-
ogies for high-contrast instrumentation 
with segmented telescopes. SPEED will 
offer an ideal environment in which to 
make progress in the domain of ELTs with 
complex/irregular apertures. SPEED 
combines wavefront control, including 
precision segment-phasing architectures, 
wavefront shaping for both phase and 
amplitude control, and advanced corona-
graphy that is relevant to very close 
angular separation imaging.

Rationale

Different requirements exist for the various 
science programmes, but the telescope 
must comply with them all. This is very dif-
ficult to achieve, and the situation can be 
well paraphrased by the idiom “too many 
irons in the fire”. In a high- contrast imaging 
instrument, the match between the scien-
tific requirements (performance) and the 
instrumental requirements is generally 
quite complicated. While the E-ELT aims 
at gaining a spectacular factor of 100 to 
1000 in contrast compared to SPHERE  
on the VLT for instance, its optical and 
mechanical characteristics impose severe 
hurdles that contribute a large part of the 
error budget of static or quasi-static aber-
rations, and set the ultimate limit regard-
less of the integration time. In particular, 
segmentation is an essential characteristic 
of the E-ELT that strongly complicates the 
telescope pupil structure and degrades 
coronagraphic contrast. 

The E-ELT exoplanet imaging camera 
EPICS (Kasper et al., 2010) phase A con-
ceptual study highlighted the complexity 
of the error budget affecting the propa-
gation of light in such a new class of 
instrument. As a result the technological 
limitations must be addressed through 
various development programmes (for 
high-order deformable mirrors, real-time 
systems, wavefront sensors, etc.). Not-
withstanding these obstacles — some of 
which will probably require technological 
breakthroughs to surmount — several 
additional concerns affecting exoplanet 
detection require that brand new 
 challenges must be tackled in the area of 
high-contrast imaging. In particular:
–  ELTs will start to resolve stellar discs 

(0.5 milliarcseconds [mas] apparent 
radius for nearby stars) with a 39-metre 
telescope at 1.6 μm. The result is deg-
radation of the coronagraphic contrast, 
in particular for small inner-working 
angle coronagraphy, since corona-
graphic leakage is proportional to the 
square of stellar radii.

–  The pupil of an ELT is made up of vari-
ous discontinuities in both phase and 
amplitude: the primary (M1) large cen-
tral obscuration, inter-segment spac-
ing, island effect from the secondary 
(M2) support structures, imperfect 
phasing, etc. All these aspects are 
 detrimental for high-contrast imaging.

Telescopes and Instrumentation
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segmentation will be included at a later 
stage using a dedicated phase screen. 
Such a telescope simulator will allow sev-
eral key aspects of the E-ELT architecture 
and error propagation to be investigated, 
as well as their impact for high-contrast 
imaging in the form of missing segments, 
gaps and the island effect. The island 
effect consists of the partial, or complete, 
coverage of the pupil by the dark zones 
created by the secondary mirror supports 
(spider arms), thus directly impacting  
the phasing sensor or wavefront sensor. 

As part of the telescope simulator, a 
phasing system based on the Zernike 
contrast sensor principle (Dohlen et  
al., 2006) will be implemented, while 
alternative solutions, such as the asym-
metric pupil Fourier wavefront sensor 
(Martinache et al., 2013), or the self 
coherent camera phasing sensor (Janin-
Potiron et al., in preparation), will be com-
pared. In this context, the purpose of the 
former ESO Active Phasing Experiment 
(APE) project (Gonté et al., 2009) was  
to explore, integrate and validate non-
adaptive segment phasing schemes and 
technologies at the telescope level for  
an ELT. While the current specifications of 
the E-ELT segment phasing is assumed 
to be achievable by such means, high-
contrast imaging might be much more 
demanding in terms of phasing require-
ments. Fine phasing at the instrument 
level will be treated within SPEED.

Wavefront-shaping module
Two sequential deformable mirrors of 
952 actuators (DM1 and DM2), separated 
by free-space propagation, constitute the 
wavefront control and shaping module of 
SPEED, enabling efficient correction for 
both phase and amplitude errors, and/or 
remapping of the pupil discontinuities. 
The upfront correction of aperture irreg-
ularities by optical remapping in the 
 geometric, and thus achromatic, regime 
is feasible for subsequent feeding into  
a coronagraphic stage. The difficulty is 
driven by the demand to derive mirror 
shapes (Pueyo et al., 2013) suitable to 
remove the structures introduced by spi-
ders and gaps, without losing photons. 

Coronagraphic module
Several small IWA-class coronagraphs 
are currently the subject of vigorous  
R&D to bring them to high technological 

Following from these points, both spe-
cialised and efficient post-coronagraphic 
wavefront sensing and control solutions, 
as well as image post-processing, are of 
major importance. This is especially so 
for the case of observing modes at small 
IWAs where standard strategies, such  
as angular differential imaging, are likely 
inefficient. 

Concept and features

The complications elucidated here require 
both prudence and pragmatism in trans-
lating the current concept (e.g., SPHERE) 
to the ELTs. In order to provide insights 
into these issues, the concept of SPEED 
(Martinez et al., 2014) was proposed in 
2013 to study solutions for  optimising 
high-contrast imaging with unfriendly tele-
scope apertures. The SPEED concept is 
described in Figure 1, while the 3D opti-
cal/mechanical view of the SPEED bench 
is shown in Figure 2. 

Star planet simulator
At the entrance of the testbed, a star 
planet simulator (SPS source; Hénault et 
al., 2011) will allow a bright and unre-
solved star with an  exoplanet signal to be 
simulated with adjustable angular sepa-
ration and flux ratio. Stellar resolution will 
be possible within the SPS module up  
to 0.5 mas. Within SPEED it is assumed 
that the atmospheric turbulence (short-
lived and fast-evolving speckles) has 
already been pre-corrected by an upfront 
eXtreme Adaptive Optics (XAO) system, 
and thus we can concentrate on the 
quasi-static aberrations in the instrument. 
While the SPEED bench will mainly oper-
ate on the assumption that this virtual 
correction is perfect (i.e., no XAO residu-
als), it will be possible to generate uncor-
rected atmospheric residuals using 
exchangeable phase screens. 

Segmented telescope simulator
The next subsystem is the segmented 
telescope simulator. This consists of  
the combination of an active segmented 
mirror (ASM) with 163 segments con-
trolled in piston and tip-tilt (a surrogate of 
the E-ELT primary mirror) and an optical 
mask inserted into the beam to simulate 
the presence of the E-ELT secondary 
 mirror, including the primary central 
obscuration. The E-ELT M4 residuals and 

–  While the current specification for 
E-ELT segment phasing can reason-
ably be considered to be achievable, it 
is uncertain whether the high-precision 
phasing requirements deemed appro-
priate for a high-contrast instrument 
can be achieved. The solution may 
require dedicated solutions at the 
instrument level.

–  Missing segments are of the utmost 
concern. Since the segment reflectivity 
coating will have a lifetime of about 
18 months, up to three segments will 
need to be re-coated on a daily basis. 
As for now, three to seven segments  
in total may be expected to be missing 
per observing run at the E-ELT. The 
effect of missing segments is dramatic 
and can be easily understood from 
classical Fraunhofer diffraction theory 
following Babinet’s theorem: the far-
field pattern of an obscuration is equal 
to that of an aperture of similar dimen-
sions. Thus the width of the diffraction 
halo in the image plane is inversely 
 proportional to the missing segment 
diameter, while its maximum intensity is 
proportional to the segment surface. 

–  Both the gain in spatial resolution 
offered by the E-ELT, and new scientific 
targets (e.g., M stars) for planet detec-
tion, demand an observing mode with a 
small inner-working angle (IWA), typi-
cally 15 mas (!) in the near-infrared. As a 
result, this mode will be subject to diffi-
culties due to stellar resolution, pointing 
stability, amplitude error effects, etc.

–  The instrument design and control of 
contrast on such giant telescopes 
requires careful mastering of Fresnel/
Talbot effects, which are an important 
class of perturbation affecting a high-
contrast imager. A pure phase aber-
ration on an optical surface mixes 
between phase and amplitude aber-
rations as light propagates, and this 
oscillation occurs over a distance 
called the Talbot distance. This distance 
is proportional to the square of the 
aberration spatial period and inversely 
proportional to the wavelength of  
light, and hence is a chromatic effect. 
While the E-ELT diameter is increased 
by a factor of five compared to the  
VLT, the instrument size is not, and the 
optical beam compression is crude  
so that Fresnel diffraction induced by 
out-of-pupil optics is of the utmost 
importance.

Telescopes and Instrumentation Martinez P. et al., The SPEED Project
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maturity. In particular, PIAA (phase 
induced amplitude apodisation) uses 
beam remapping for lossless apodisation 
(Guyon et al., 2014), and can be com-
bined with opaque masks (PIAAC and 
PIAALC), or partially transmissive phase-
shifting (complex) masks (PIAACMC). 
PIAA theoretically offers complete star-
light extinction, with high throughput and 

sub-λ/D inner working angle, regardless 
of the aperture shape. PIAA offers nearly 
100% throughput and approaches the 
fundamental coronagraph performance 
limits. 

The technological maturity of PIAA bene-
fits from ten years of R&D activities, from 
scratch to on-sky demonstration, and 
actual raw contrast reaches levels up to 
10–8 at 2 λ/D and is expected to deliver 
10–6 in H-band at 1 λ/D at the Subaru 
Telescope. The goal within SPEED is to 
develop a PIAACMC that can cope with 
1 λ/D IWA, stellar angular size up to 
0.5 mas, and correct for all or part of the 
telescope pupil discontinuities (secondary 

support structures) with raw contrast of 
10–7 at the IWA. The PIAACMC is shown 
in Figure 2 and is composed of three ele-
ments: the PIAA module (to create pupil 
apodisation by optical remapping without 
losing photons), a complex focal plane 
mask, and a PIAA–1 module (called PIAA 
inverse, to recover the translational invari-
ance of the point spread function lost 
with the PIAA module). As the PIAACMC 
development will require intensive efforts 
in the manufacturing and testing process, 
a step 0 coronagraph based on conven-
tional pupil apodisation will be consid-
ered in the early stage of the experiment. 

Coronagraphic wavefront sensor
A low-order wavefront sensor is critical  
to ensure that starlight remains centred  
at the coronagraphic plane. Since the 
PIAACMC is part of a family of corona-
graphs that is optimised for the detection 
of companions at very low angular 
 separations, it is highly sensitive to low-
order aberrations, especially tip-tilt errors 
(pointing errors). The SPEED bench 
therefore includes a robust and efficient 
wavefront sensor to measure tip-tilt as 
well as defocus, namely the corona-
graphic low-order wavefront sensor 
(CLOWFS; Vogt et al., 2011). Since the 
PIAACMC is a phase-mask-based coron-
agraph, the light used for the analysis is 
taken at the Lyot-stop plane, i.e., reflected 
towards an optical element that refo-
cuses the light onto the LOWFS camera. 
A  dedicated tip-tilt mirror upstream in the 
optical path will be used to correct for  
the tip-tilt estimation from the CLOWFS. 
As the PIAACMC has to cope with stellar 
angular size up to 0.5 mas, residual jitter 
(tip-tilt) must be no larger than the stellar 
angular size in the error budget, hence  

Figure 1. The general layout of SPEED is shown with 
optical/near-infrared paths differentiated by blue and 
red colours respectively.

Figure 2. 3D optical/mechanical views of the  
SPEED bench are shown: from above (left) and 
inclined (right).
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Segmented DM (163 segments PTT controlled as surrogate for M1)
M2 mask (central obscuration, M2 support structures)
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A large number of new ideas and know-
how could be inherited from the SPEED 
experiment to build a simplified, single 
purpose, and thus efficient, instrument. 
For instance, a small IWA observing 
instrument to search areas very close to 
M-dwarfs could straightforwardly emerge 
from the SPEED project. This is the ambi-
tion behind the PRIS2M project (Planet 
Research Instrument at Small Separations 
from M-dwarfs) under exploration at the 
Lagrange Laboratory. Such an instrument 
could be seen as both a complementary 
programme for SPHERE (M-stars are not 
covered by the SPHERE science cases) 
and an exploratory programme for exo-
planet direct imaging with the E-ELT-PCS, 
tackling an important science objective.  
It could bridge the gap between current 
exoplanet imaging instrumentation and 
the E-ELT-PCS slot, or alternatively antici-
pate by ten years the operation of a high-
contrast imaging instrument at the E-ELT. 
The high density of M-dwarfs in the Solar 
Neighbourhood makes them good can-
didates for searches for young planets, 
ensuring a favourable contrast. M-dwarfs 
are important for understanding the 
mechanisms of planet formation and are 
currently the focus of several ongoing 
survey programmes.
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in mid-2015. Most of the critical hardware 
is already in-house and under extensive 
test and characterisation. 

The SPEED project: A step towards the 
ELT-PCS and a path toward PRIS2M

The overall objective of the SPEED project 
is to advocate R&D for the future gener-
ation of high-contrast imaging instru-
ments. Devising a practical solution for 
broadband high-contrast capabilities 
operated at very small angular separation 
on unfriendly/complex apertures is an 
outstanding problem in high-contrast 
instrumentation. In particular, SPEED aims 
at increasing the technological readiness 
level of several subsystems to a satis-
factory status for any high-contrast 
instrument for the E-ELT, especially for 
the E-ELT Planetary Camera and Spectro-
graph (PCS) instrument (Kasper et al., 
2013). Although selected for construction, 
the ELT-PCS is subject to technical readi-
ness, whereas it is considered mandatory 
for the E-ELT to achieve its primary sci-
ence case (imaging and characterisation 
of exoplanets ideally down to Earth-like 
planets in the habitable zone). The tech-
nological requirements are ambitious and 
considered to be not yet ready for key 
components and subsystems, but with a 
clear R&D roadmap (Kasper et al., 2013) 
it should be possible to avoid any major 
showstopper. The primary objective of 
the SPEED project is therefore to provide 
a strong contribution to these efforts. 

Together with this initial ambition, the 
SPEED project has been conceived as  
an initiator for a real instrument, likely in 
visitor mode, either dedicated to the VLT 
(or similar class of telescopes), or to an 
incentive demonstrator/precursor instru-
ment for the E-ELT-PCS (assuming the 
presence of a visitor port with access to 
a single conjugated adaptive optics 
[SCAO] system). The recent two-phase 
approach to the E-ELT construction could 
foresee an early on-sky demonstration  
of PCS technologies on a 8-metre tele-
scope as the optimal approach. Using an 
8-metre telescope as test bed for E-ELT 
high-contrast imaging instrumentation 
could indeed be a major asset and could 
leverage significant scientific gain over 
the SPHERE instrument.

no larger than few 10–2 λ/D at 1.6 μm.  
On top of that, in order to achieve point 
spread function raw contrast of 10–7 at 
such small IWA with the PIAACMC, quasi-
static pointing should likely be accurate 
to about 10–3 λ/D at 1.6 μm. Such tiny 
levels have already been demonstrated at 
the 10–2 level at the Paris Observatory 
(Mas et al., 2012) and at the 10–3 level at 
the Subaru Telescope (Vogt et al., 2011).

Imaging cameras 
The infrared camera works at 1.65 μm 
with an internal H-band filter. Its read-out 
noise is 12 e- rms/pixel and quantum 
 efficiency > 60%. It is a 1k by 1k Hawaii 
array (engineering grade) from which  
we select only a quadrant of 512 pixels 
(enough considering the field of view of 
64 λ/D); it is read in double-correlated 
sampling mode. The optical camera for 
the phasing unit is an Apogee camera 
with 1024 × 1024 pixels with 2.2 e- rms/
pixel read-out noise, and 92% quantum 
efficiency.

Current status

The SPEED testbed is temporarily installed 
at the Côte d’Azur Observatory and will 
be relocated to Nice University in early 
2016 (in an ISO7 class room). It is placed 
on an optical table with air suspension, 
and reflective optics has been adopted 
for the whole design, except for the 
 phasing unit arm. The testbed is located 
in a cleanroom in a nearly closed box to 
minimise internal turbulence and optimise 
stability. The bench environment is being 
intensively characterised. The stability  
of the whole system is one of the major 
concerns and will be characterised, 
 monitored, pre-compensated by design 
as far as possible, and efforts will focus 
on developing actively controlled solutions 
to ensure the required level of stability  
for reaching the objectives of the project. 

The finalisation of the SPEED optical 
design is underway pending extensive 
numerical simulation efforts. An end- 
to-end simulator code is nearly complete 
for adequately specifying the remaining 
parameters related to the Fresnel/Talbot 
effect. Mastering of these effects is 
 mandatory for instrumental and contrast 
design. Integration is planned to start  

Telescopes and Instrumentation Martinez P. et al., The SPEED Project
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FORS1 colour composite (B, V, R and Hα) image  
of the head of the cometary globule CG4 in the 
Gum Nebula. CG4 is a dusty star-forming globule 
with a long tail extending to the west (bottom of 
image) and pointing away from the Vela supernova 
remnant which may be responsible for compress-
ing and shaping the globule. See Release eso1503 
for more details.
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vide clues pointing towards the presence 
of a planet, but clumps in the dust distri-
bution may also be misinterpreted as 
actual planets due to the limited resolu-
tion and sensitivity of current instruments. 
Thus, detecting and characterising exo-
zodiacal dust systems provides critical 
input for the design of such space mis-
sions. However, detecting the dust itself 
with present instruments is complicated 
by the fact that the warm and hot emis-
sion peaks at near- to mid-infrared wave-
lengths where the dust emission is out-
shone by the host star. Thus, only a few 
very bright — and perhaps unrepresenta-
tive — systems can be detected photo-
metrically.

Infrared interferometric detection of 
 exozodis

Due to the small extent of exozodiacal 
systems — one au at a typical distance 
of 10 pc for nearby stars corresponds to 
an angular size of 100 milliarcseconds — 
only interferometry is currently able to 
spatially resolve them. When used at 
baselines of a few tens of metres, near-
infrared interferometry is able to fully 
resolve the extended emission of the dust 
disc while the star still remains largely 
unresolved. The result is a small deficit in 
the measured squared visibilities (the main 
observable of infrared interferometry) 
compared to the values expected from 
the star alone (see Figure 1 for an expla-
nation). Using this technique the disc can 
be spatially disentangled from the star, 
allowing the disc to be detected and the 
ratio between the disc and stellar emis-
sion measured. This method has so far 
been the most powerful and efficient tool 
in the search for faint exozodiacal dust. 

However, the dust detected by this 
method in the near-infrared (NIR) is ex -
pected to be very hot, close to its subli-
mation temperature, and its relation to 
slightly cooler dust in the habitable zone 
is unclear. This habitable zone dust is 
brighter in the mid-infrared (MIR) where it 
can be detected by the VLTI MID-infrared 
interferometric instrument (MIDI) for a  
few bright systems (e.g., Smith et al., 
2009) or more efficiently by nulling inter-
ferometry. With this latter method the 
stellar light from two telescopes is brought 
to destructive interference, while light 
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Exozodiacal dust is warm or hot dust 
found in the inner regions of planetary 
systems orbiting main sequence stars, 
in or around their habitable zones. The 
dust can be the most luminous compo-
nent of extrasolar planetary systems, 
but predominantly emits in the near- to 
mid-infrared where it is outshone by  
the host star. Interferometry provides a 
unique method of separating this dusty 
emission from the stellar emission.  
The visitor instrument PIONIER at the 
Very Large Telescope Interferometer 
(VLTI) has been used to search for hot 
exozodiacal dust around a large sample 
of nearby main sequence stars. The 
results of this survey are summarised: 
9 out of 85 stars show excess exo- 
zo diacal emission over the stellar 
photo spheric emission.

Planetesimals and comets are a major 
component of the Solar System (in the 
Kuiper Belt and the asteroid belt), as well 
as of extrasolar planetary systems, where 
they occur in debris discs. Besides the 
planets, they are the main outcome of the 
planet formation process. Studying the 

composition and distribution of the dust 
produced in debris discs through colli-
sions and outgassing of these larger bod-
ies is a powerful tool that can help to 
constrain the architecture, dynamics and 
evolution of extrasolar planetary systems. 
However, debris discs that are relatively 
easy to detect are located several astro-
nomical units (au) to a few hundreds of au 
from their host stars, and thus only trace 
the outer regions of planetary systems.  
In order to study the inner regions close 
to the habitable zones, one has to study 
warm and hot dust closer to the star. This 
dust is called exozodiacal dust, or exo-
zodi for short, by analogue with the Zodi-
acal dust in the Solar System.

The Zodiacal light can be observed on 
dark nights directly after dusk and before 
dawn as a cone of faint light stretching 
from the horizon in the west (after dusk) 
or in the east (before dawn). It is caused 
by sunlight scattered off small dust parti-
cles close to the orbit of the Earth. More 
generally, Zodiacal dust is distributed in  
a disc inside the asteroid belt, extending 
all the way down to the sublimation dis-
tance of the dust from the Sun, which 
corresponds to a few Solar radii. The 
dust temperatures range from about 
100 K to about 2000 K, depending on 
the distance from the Sun. In the inner-
most regions it forms the Fraunhofer 
corona (F-corona) of the Sun, a region of 
the corona where the prominent absorp-
tion lines in the Solar spectrum are visible 
because the light seen there is nearly 
unaltered sunlight scattered by the dust 
particles. It is noteworthy that the Zodia-
cal light is the most luminous component 
of the Solar System after the Sun itself.

Not unlike the Zodiacal dust, exozodiacal 
dust is located in the inner regions of 
extrasolar planetary systems, within a few 
au of main sequence stars. This region 
often encompasses their habitable zone. 
Historically, this circumstance has brought 
it a lot of attention, because the presence 
of exozodis is expected to complicate  
the direct-imaging detection and charac-
terisation of Earth-like planets in the hab-
itable zones around other stars by future 
space missions. The faint light of these 
potential planets can be hidden in the 
extended emission of the dust disc. The 
structures created in the dust distribution 
due to planet–disc interaction may pro-

An Unbiased Near-infrared Interferometric Survey for Hot 
Exozodiacal Dust
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 off-centre from the star is transmitted, 
which improves the dynamic range of  
the observations. Both methods have 
been used in parallel in the past to search 
for exozodiacal dust, mostly with the 
Fiber Linked Unit for Optical Recombi-
nation (FLUOR) instrument at the Center 
for High Angular Resolution Astronomy 
(CHARA) array (in the NIR; e.g., Absil et 
al., 2006) on Mt. Wilson, California and 
the Keck Interferometer Nuller (in the 
MIR; Mennesson et al., 2014) on Mauna 
Kea, Hawaii. 

Due to the recent development of the vis-
itor instrument PIONIER (Precision Inte-
grated Optics Near Infrared ExpeRiment; 
LeBouquin et al., 2011) at the VLTI, which 
operates in the H-band, the search for 
exozodis in the NIR has become more 
efficient and of similar accuracy to the 
previous surveys, allowing for a signifi-
cant increase in the number of surveyed 
stars. The sensitivity of the available 
instruments is, however, only capable of 
detecting exozodis a couple of hundred 
times brighter (more massive) than the 
Zodiacal dust. This state-of-the-art exo-
zodi sensitivity is approximately one  
order of magnitude larger than that 

required to prepare future exoEarth imag-
ing missions. The Large Binocular Tele-
scope Interferometer (LBTI) is designed 
to achieve the required sensitivity and will 
soon start a MIR survey of 50 to 60 care-
fully chosen nearby main sequence stars 
(Weinberger et al., 2015).

Potential origins of exozodiacal dust

The fact that many exozodiacal systems 
have already been found, given the lim-
ited sensitivity of present instruments, is 
surprising (Absil et al., 2013). Such high 
levels of dust are difficult to sustain.  
The Zodiacal dust has two main origins: 
collisions of asteroids in the asteroid  
belt result in dust that is dragged inwards 
by the interaction with stellar radiation 
(Poynting–Robertson drag) and the evap-
oration of comets heated when they  
get close to the Sun supplies dust. While 
these scenarios might work for a few 
MIR-detected systems, they generally do 
not work well for more massive systems, 
as have been detected in the NIR around 
other stars. If the dust density in the disc 
is too high, the dust will further collide 
and be destroyed before being dragged 

inwards to regions where it is detected. 
Furthermore, a higher dust mass would 
require a larger number of planetesimals 
which are colliding more often to pro- 
duce the dust present; this process 
would in turn destroy the planetesimals 
faster, so that at the ages of the systems 
observed, few planetesimals would be 
left (Wyatt et al., 2007). The production of 
the observed amounts of dust through 
comet evaporation would require a large 
number of comets, approximately one 
thousand events per year similar to Hale–
Bopp reaching its perihelion.

A potential scenario explaining such a 
large number of comets would be a con-
nection to an outer debris disc where 
planetesimals are scattered inwards 
through gravitational interaction with an 
existing planetary system (see Figure 2). 
Considering the realistic interaction of 
these planets with the planetesimals 
(planetesimal-driven planetary migration), 
this scenario is able to produce detec-
table exozodis even if the outer debris 
disc were too faint to be detected with 
present instruments (Bonsor et al., 2014). 
However, such a mechanism puts strong 
constraints on the architecture of the 

Figure 1. (Left) Illustration of the detection strategy 
for exozodis. The dashed curve shows a realistic 
case assuming a uniform disc for both the star and 
the flux distribution from the exozodiacal dust and  
a disc-to-star flux ratio of f = 1%. For the simplified 
case, the solid curve shows the same assumptions, 
but with the approximation following the equation. 
Diameters of the star and (face-on) disc have been 
chosen to be 2.5 milliarcseconds (about an A-type 
star at 10 pc) and 500 milliarcseconds (5 au at 
10 pc), but exact numbers are not relevant for this 
illustration.

Figure 2. (Below) A diagram (not to scale) to illustrate 
the scattering of planetesimals by an outer planet, 
that leads to an exchange of angular momentum and 
the outward migration of that planet (Bonsor et al., 
2014). Some of the scattered particles are ejected, 
whilst some are scattered into the inner planetary 
system, where they interact with the inner planets. 
This scattering leads to a flux of material into the 
exozodi region.
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for the statistical analysis. The targets for 
both surveys were selected carefully in 
order to avoid any relevant selection bias 
that could affect the statistics.

In addition to the higher efficiency, 
 PIONIER provides a few advantages over 
FLUOR. The simultaneous use of four 
 telescopes allows the closure phase of 
the detected systems to be measured, 
which can only be achieved by combining 
the light from combinations of three tele-
scopes. This quantity measures the devi-
ation of the brightness distribution of  
an observed target from point symmetry, 
allowing a star surrounded by a dust  
disc and a star orbited by a faint, close 
companion, which otherwise have a very 
 similar observed visibility deficit, to be 
distinguished. Another advantage is the 
fact that PIONIER data can be obtained 
with a small spectral resolution of three  
or seven spectral channels across  
the H-band. This information allows one  
to constrain the spectral slope of the 
detected excess and thus the emission 
mechanism and — in case of thermal 
emission — the temperature of the dust.

Survey results

From our PIONIER survey we have found 
that nine out of the 85 targets which 
proved to be suitable for our analysis 
(~11%) show a significant excess, typi-
cally around 0.5 to 1%, above the stellar 
photosphere. Five targets were found  
to have a faint, stellar companion and 
needed to be rejected as exozodis. These 
latter detections were analysed in a sepa-
rate study and interesting implications  
for the formation of binary stars were 

underlying planetary system. While this 
would be a very interesting scenario,  
it is questionable whether all systems 
observed are likely to meet these con-
straints. A combination of planetesimal-
driven migration and dust trapping could 
explain the presence of the detected 
dust. Potential dust-trapping mechanisms 
are suggested from the  realistic treat- 
ment of the dust sublimation (Lebreton  
et al., 2013) or the interaction of dust 
grains with the stellar magnetic field 
(Czechowski & Mann, 2010).

An unbiased near-infrared interferometric 
survey

Strong constraints on the potential origins 
of exozodiacal dust, described above, 
can be placed by a statistical analysis of 
the detection rate and excess levels of 
exozodiacal dust with respect to other 
properties of the systems, such as stellar 
spectral type, age of the system, or the 
presence of a detectable cool debris disc 
in the outer regions of the systems. A 
dependence on the stellar spectral type 
(i.e., stellar mass), similar to the one that 
has been found for debris discs and 
younger protoplanetary discs, would 
 suggest a similar or even common origin 
of the material detected in these different 
dust populations. For these systems, 

more massive discs are present around 
more massive stars. A strong depend-
ence on the system’s age (most exozodis 
are detected around very young stars) 
would suggest that the origin is a collision-
ally depleting planetesimal belt. Alterna-
tively a strong correlation with the pres-
ence of an outer disc would suggest that 
the hot material is supplied through some 
mechanism from this outer reservoir.

Our team carried out the first large, NIR 
interferometric survey for hot exozodiacal 
dust in order to statistically address the 
questions on the origin and evolution of 
these enigmatic systems (Absil et al., 
2013; Ertel et al., 2014). We started our 
search using CHARA/FLUOR, the first 
instrument to routinely provide the 
required accuracy of the measurements. 
However, FLUOR can only use two tele-
scopes at a time, which results in a lim-
ited observational efficiency. Thus, in 
about seven years, only around 40 stars 
could be observed with sufficient accu-
racy, but this still allowed the first statisti-
cal conclusions to be drawn (Absil et al., 
2013). 

The development of the PIONIER instru-
ment for the VLTI, which can use four 
 telescopes simultaneously, allowed a sig-
nificant increase in our observing effi-
ciency, so that in only 12 nights during 
2012 a total of 92 stars could be ob -
served. A cumulative median 1σ accuracy 
per target of 0.26 % on the disc-to-star 
flux ratio was reached (Figure 3). To 
increase our sample and thereby to 
improve our statistics we combined the 
results from the PIONIER survey with 
those from FLUOR, resulting in a total of 
about 130 stars observed and available 

Figure 3. Excess distribution (left) and distribution  
of uncertainties (right) on the disc-to-star flux ratio 
are shown. The Gaussian overplotted on the excess 
distribution has a width of σ = 1 and is used to guide 
the eye, illustrating that the data are consistent with 
this ideal behaviour. Vertical dashed lines are plotted 
at f = −3σ and +3σ for the excess distribution and  
at the median uncertainty (2.6 × 10−3) for the uncer-
tainty distribution.

Ertel S. et al., Near-infrared Interferometric Survey for Hot Exozodiacal DustAstronomical Science
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found (Marion et al., 2014). One more star 
was rejected from the analysis because it 
shows hints of post-main sequence evo-
lution which could cause other effects, 
such as mass loss or strong stellar winds 
that might mimic an exozodi in our data.

A detailed statistical analysis of the 
 combined PIONIER and FLUOR sample 
(Figure 4) shows that the distribution of 
the exozodiacal dust detection rate, with 
respect to the stellar spectral type, is 
similar to that of debris discs. This sug-
gests that both kinds of dust discs are 
produced by circumstellar material origi-
nating in the protoplanetary disc during 
the planet formation process. However, 
there is no correlation between the pres-
ence of a debris disc and an exozodi 

Figure 4. Single (left) 
and combined (right) 
statistics from the 
FLUOR (red) and 
 PIONIER (blue) sample. 
The top row shows the 
excess fraction with 
respect to the stellar 
spectral type, the mid-
dle row shows the 
same, but, in addition, 
separated for stars with 
and without a debris 
disc detected, and the 
bottom row the excess 
fraction for different 
spectral types and 
 separated for stars 
younger and older than 
the median age in each 
spectral type bin.

Figure 5. Excess levels 
for the stars in our sam-
ple shown against stellar 
age. Filled symbols are 
for stars with significant 
excess, while empty 
symbols are for stars 
without a significant 
detection. The sample is 
separated into A-type 
stars and stars of later 
spectral types, in order 
to account for the differ-
ent main sequence life-
times of these stars. The 
star with a 3% flux ratio 
is α Aql (see Absil et al. 
[2013] for details).
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very hot dust emitting significantly in the 
H-band needs to be very close to the 
star, in the case of scattered light the dust 
could be slightly more distant, closer to 
the habitable zone. At that location, the 
dust has a stronger impact on the detect-
ability of habitable Earth-like planets.

Future prospects

Our sample of near-infrared bright exo-
zodis provides an excellent basis for fur-
ther studies. At the same time, our obser-
vations are very timely for the new VLTI 
instruments, GRAVITY and MATISSE, 
expected to arrive in 2015 and 2016, 
respectively. GRAVITY will enable us to 
observe the discs in the K-band, at 
slightly longer wavelengths than PIONIER, 
thereby better constraining the slope of 
the excess and thus the emission mecha-
nism. From the increased emission in 
K-band compared to H-band, GRAVITY 
will also allow the excesses to be meas-
ured at very high significance. This will 
allow detection of small variations in the 
excess levels, indicative of variation in  
the mass and location of the dust, ena-
bling strong constraints to be put on its 
evolution. MATISSE will cover the range 
of even longer wavelengths up to the 
N-band in the MIR, constraining very well 
the most relevant region in which the 
dust emits (Figure 7). Combining all VLTI 
instruments, we will be able to study in 
detail the dust distribution and composi-
tion in these systems. The strength of 
combined modelling of different interfero-
metric data has — to some extent — 
already been shown by our team (Defrère 
et al., 2011; Lebreton et al., 2013).

One of the main questions to be 
answered concerns the nature of any 
connections between the hot dust 
detected in the NIR, the warm dust in the 
habitable zone and even the colder dust 
further out. So far there are indications 
that there might be an anti-correlation 

 visible in our data. This might suggest 
that there is indeed no physical correla-
tion between the two phenomena. On  
the other hand, it is important to note that 
we are only able to detect the brightest, 
most extreme exozodis with current 
instrumentation, and the debris discs 
detectable so far are also at least a few 
times more massive than the Kuiper Belt 
in the Solar System. Thus, a significant 
fraction of both kinds of discs remain 
undetected and a correlation might be 
hidden by that fact.

A very surprising result is that the detec-
tion rate (Figure 4) and excess levels (Fig-
ure 5) of exozodis do not decrease with 
the ages of the systems. This would be 
expected for any phenomenon that 
evolves over time, such as a belt of collid-
ing planetesimals. In contrast, the exozo-
dis seem to be caused by a stochastic 
process or a process that can be trig-
gered stochastically at any time during 
the evolution of the planetary system. 
One example could be a planetary colli-

sion; however, given the high detection 
rate of exozodis, the short lifetime of the 
dust and the expected scarcity of such 
events, this is not a likely explanation for 
the detected systems. Thus, the inde-
pendence of the detection rate and 
excess levels from the ages of the sys-
tems surveyed remains enigmatic.

An important result from PIONIER derives 
from the spectrally dispersed data, en -
abling us to constrain, for the first time, 
the spectral slopes of a large number of 
excess detections (Figure 6). The thermal 
emission of even the hottest dust is 
increasing towards wavelengths longer 
than the H-band. A consequence of this 
thermal emission would be an increasing 
disc-to-star contrast with wavelength. 
However, we find for most of our detec-
tions that the contrast is rather constant 
with wavelength, indicating that the emis-
sion is dominated by starlight scattered 
off the dust grains. This unexpected 
result has important implications for the 
dust distribution in these systems. While 

Figure 6. Spectral slopes of the excesses detected 
with PIONIER (first three rows) and some  potential 
excesses only identified by their spectral slopes, 
considered tentative (fourth row). The horizontal, 
black line illustrates the case of purely (grey) scat-
tered stellar light, while the coloured curves show 
the shapes expected from blackbody thermal emis-
sion at different temperatures. Error bars are 1σ.

Ertel S. et al., Near-infrared Interferometric Survey for Hot Exozodiacal DustAstronomical Science
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between the presence of NIR- and MIR-
detected dust. This might suggest the 
presence of planets in the systems with 
MIR bright dust emission that prevents 
the dust from the outer regions migrating 
further in, where it would be detected in 
the NIR. Instead the dust would pile up 
near the orbits of those planets.

In the context of future observational 
 perspectives, two instruments in the 
northern hemisphere will soon provide 
critical complementary information on 
exozodis: the CHARA/FLUOR instrument 
in the NIR and the LBTI in the MIR. A  
new mode at CHARA/FLUOR will provide 
spectrally dispersed observations of 
northern objects inaccessible from 
 Paranal, while the LBTI will observe with 
unprecedented sensitivity a sample of  
50 to 60 nearby main sequence stars to 
characterise the faint end of the exozodi 
luminosity function (see first LBTI results 
in Defrère et al. [2015]). However, the 
 efficiency of both instruments is limited 
due to the use of only one interferometric 
baseline at a time and the need for a 
large number of observations to reach 
the nominal sensitivity. Furthermore, the 
LBTI exozodi survey is designed for 
broadband detection of faint levels of 

dust and will give limited constraints on 
the dust properties. Only a complete 
exploitation with both NIR and MIR 
observations, and in particular those of 
the near-future instruments at the VLTI, 
will allow us to precisely characterise 
exozodiacal dust and study its origin and 
evolution, even if this is only possible for 
systems bright enough to be detected by 
our survey.
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Figure 7. Illustration of 
the spectral coverage  
of PIONIER and the 
future VLTI instruments 
GRAVITY and MATISSE. 
The shape of the stellar 
emission is shown in 
grey as the blackbody 
emission of two differ-
ent, typical stellar tem-
peratures. Dust black-
body curves are shown 
as coloured lines. The 
spectral coverage of the 
VLTI instruments is illus-
trated by the coloured, 
vertical bars.

VISTA VVV (the Variables in the Via 
Lactea Public Survey) near-infrared 
colour image (JHKs) of the centre  
of the Galactic H II region M20 
(NGC 6514). At near-infrared wave-
lengths the line emission is weaker 
than in the optical and the dust extinc-
tion lower, so background stars are 
easily located. Two Cepheid variables 
on the other side of the Galactic disc 
at 11 kpc were detected in this field; 
see Release eso1504 for details.
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on the interplay of these parameters. At  
a given stellar mass, do these factors 
combine to drive sufficient mass loss to 
permit a type Ibc rather than a type II SN? 
Is the pre-SN core rotating rapidly 
enough to permit a gamma-ray burst? 
Indeed, is the core massive and compact 
enough to form a black hole rather than  
a neutron star, and, if the latter, is it pow-
ered by the extraction of rotational or 
magnetic energy?

Observational tests

How, then, may one quantify the roles 
played by these various evolutionary 
agents? Ideally, one would like to study  
a homogeneous stellar population where 
the competing physical effects might  
be distinguished. An obvious solution is 
to employ massive stellar clusters or 
associations as laboratories, since both 
the age and metallicity of the stars may 
be expected to be well constrained and 
furthermore they furnish a statistically 
robust sample size.

With a mass likely > 105 MA, the  
30 Doradus star-forming complex (R136) 
within the Large Magellanic Cloud is a 
compelling target (Figure 1, bottom), more 
so because the low foreground extinction 
permits observations of traditional “blue-
end” (400–500 nm) spectral diagnostics 
for massive stars. These factors drove 
the development and implementation of 
the VLT/FLAMES Tarantula survey (Evans 
et al., 2011), which encompasses ~ 800 O 
and B stars and, to date, has resulted  
in about 20 refereed publications on the 
properties and evolution of its members. 
Given this undoubted success, what is 
the motivation for additional studies?

We may identify a number of factors. 
Most importantly one would wish to  
study differing metallicity environments in 
order to determine the effect of chemical 
composition on stellar evolution. Sec-
ondly, star formation across the ~ 200 pc 
extent of 30 Dor appears to have pro-
ceeded in multiple bursts over ~10 Myr 
(Walborn & Blades, 1997). Therefore, 
identifying the co-eval populations ideally 
required to most effectively investigate 
stellar evolution is non-trivial, especially 
since the most likely locations to host 
them — dense individual clusters such as 
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Westerlund 1 provides a unique oppor-
tunity to probe the physics of massive 
stars, from birth to death and beyond, 
as well as the formation and evolution 
of a super star cluster that appears 
destined to evolve into a globular clus-
ter. We highlight the result of current 
studies of this cluster, its diverse stellar 
constituents and immediate environ-
ment, concluding with a summary  
of future research avenues enabled by 
ESO facilities.

Massive stars play a central role in the 
evolution of galaxies, from the early 
 Universe through to the current epoch,  
via their intense radiation fields and the 
 deposition of chemically enriched gas 
and solid-state material into the inter stellar 
medium. Moreover they are ultimately 
responsible for the most energetic, tran-

sient high-energy phenomena in the Uni-
verse: supernovae, gamma-ray bursts 
and X-ray binaries. It is therefore some-
what unsettling that the mechanisms of 
their birth, the processes governing their 
subsequent evolution on and beyond the 
main sequence (MS) and the nature of 
their deaths and ultimate fate — neutron 
star or black hole — are shrouded in 
uncertainty. 

Nevertheless, our current understanding 
is sufficient to enable us to identify the 
physical agents driving massive stellar 
evolution. A central theoretical tenet is 
that the evolutionary pathway of a star  
is dependent on its initial mass, but, for 
the most massive stars, powerful stellar 
winds and, in their latter evolutionary 
stages, violent instabilities act to continu-
ously strip their hydrogen-rich outer 
 layers away. The efficiency of such pro-
cesses is likely to contribute to the 
dichotomy between type II (H-rich) and 
type Ibc (H-poor/depleted) supernovae 
(SNe). Since stellar winds are driven by 
radiation pressure, this in turn introduces 
an additional explicit metallicity depend-
ence into massive stellar evolution.

Moreover, the internal dynamics of such 
stars, and hence the degree of mixing  
of chemically processed and unpro-
cessed material they experience, will also 
play a profound role in their evolution. 
Since it is likely that both the (differential?) 
rotation of such stars and the presence 
(or absence) of an internal magnetic field 
will play key roles in determining the effi-
ciency of such processes, these too must 
be incorporated into theoretical models. 

Finally, it has recently been recognised 
that a large proportion of massive stars 
are born in binary systems, and that in 
many cases these are close enough to 
permit interactions on or beyond the  
MS (e.g., Sana et al. 2013; de Mink et al., 
2014). Since this can lead to the removal 
of the outer layers of a mass donor, the 
rejuvenation/growth of the mass recipient 
and, in extreme cases, their merger, it  
is apparent that both the binary fraction 
as well as the physical properties (e.g., 
mass ratio and orbital separation) also 
profoundly impact stellar evolution. 

One can thus readily envisage how the 
endpoints of the stellar lifecycle depend 

An Astrophysical Laboratory: Understanding and 
 Exploiting the Young Massive Cluster Westerlund 1
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R136 — are difficult to probe due to 
crowding. Despite this extended star for-
mation history, 30 Dor appears to lack 
the cool hypergiants which help drive the 
extensive mass loss required to facilitate 
the formation of H-depleted Wolf–Rayet 
stars (WRs). Finally one might also wish 
to explore whether the environment in 
which the stars form affects their life  
cycle, e.g., via the dynamical formation, 
modification and disruption of binaries.

Historically, it was thought that the mas-
sive stellar aggregates required to enable 
such studies were absent from the Gal-
axy. However the advent of near- and 
mid-infrared surveys revealed an ever-
expanding population of heavily obscured 
young massive clusters, alleviating this 
apparent deficiency. Nevertheless, given 
the effort expended in uncovering this 
population, it is frustrating that possibly 
the most massive cluster in the Galaxy 
appears to have been hidden in plain 
sight: in 1961 Bengt Westerlund simply 
characterised his discovery as a very 
young “heavily reddened” cluster, with 
Westerlund 1 (Wd1; Figure 1, top and 
middle) languishing in relative obscurity 
for the next forty years. 

In retrospect the detection of an unprece-
dented cohort of cool, short-lived yellow 
hypergiants (YHGs) and red supergiants 
(RSGs) in the earliest observations of 
Wd1 obviously required a substantial 
population of massive progenitors; a clear 
indication that the cluster was worthy of 
follow-up observations. Motivated instead 
by the unusual radio properties of Wd1, 
the discovery that it hosted unprece-
dented numbers of both blue super- and 
hypergiants (BSG/BHGs) and WRs came 
as a complete surprise (Clark et al., 2005). 
Analysis of these populations implied a 
distance of ~ 5 kpc, a radius of < 2 pc  
(in comparison to the 200 pc extent of  
30 Dor; Figure 1, bottom) and an apparent 
integrated mass of ~105 MA, revealing 
that Wd1 was the first direct Galactic 
analogue of the super star clusters that 
characterise the young stellar population 
of starburst galaxies.

Intriguingly, the simultaneous presence  
of both WRs and RSGs was unexpected, 
suggesting that we either view Wd1  
at a privileged point in its evolution, or 
that it comprises two or more stellar 
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Figure 1. Top: Optical image of West-
erlund 1 (~ 7.3 pc on a side) taken with 
the Wide Field Imager (WFI) on the 
MPG/ESO 2.2-metre telescope, with 
BVR  filters, showing the position of 
both the magnetar and putative binary 
companion Wd1-5.  
Middle: Wide-field optical image  
(~ 175 pc on a side) of the field centred 
on Wd1 (the fuzzy orange blob in the 
centre). 
Bottom: HST composite-colour image 
of the  star- forming complex 30 Dora-
dus in the Large Magellanic Cloud 
(size 185 pc by ~ 146 pc), from a com-
bination of Hubble Space Telescope 
Advanced Camera for  Surveys/Wide 
Field Channel (ACS/WFC) and Wide 
Field Camera 3 (WFC3/UVIS) images 
(i-band) and WFI ([O III] and Hα narrow-
band filters). 
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of photometrically selected targets,  
but no such population was identified. 
Entirely unexpectedly, Wd1 appears to 
have formed in splendid isolation. Given 
both its coevality and the absence of 
additional, contaminating populations it 
thus serves as a “gold-standard” labora-
tory for the analysis of massive stellar 
evolution.

This, however was not the only surprise. 
Ostensibly designed to search for binary 
candidates, a multi-epoch radial velocity 
(RV) survey of the OB star population of 
Wd1 was undertaken with VLT/FLAMES 
(Ritchie et al., 2009). However the result-
ant dataset also permitted a determina-
tion of the cluster velocity dispersion, 
once the intrinsic RV variables, which 
would artificially inflate this measurement, 
were removed from the sample. Such an 
analysis of the pre-2010 dataset returns  
a velocity dispersion of < 4.6 km s–1 
(Clark et al., 2014). This implies that Wd1 
is sub-virial, which is difficult to explain 
since, in conjunction with its radial extent, 
one would instead expect it to be dynam-
ically relaxed and hence in virial equilib-
rium. One potential solution to this appar-
ent paradox might be that Wd1 formed, 
or is in the process of forming, via the 
merger of a number of discrete sub-
clumps. However no statistical evidence 
for such spatially distinct co-moving 
groups was found within the RV data.

Our new observations appear to raise 
more questions than answers. Why is 
Wd1 currently in a sub-virial state? How 
was so much mass accumulated in such 
a small volume of space? What was the 
nature of the physical agent that led to  
its apparently instantaneous formation in 
an otherwise unassuming region of the 
Galaxy before quenching any further 
activity? The pronounced differences 
between Wd1 and other massive galactic 
stellar aggregates demand answers  
to such questions, even before one con-
siders that it represents the outcome  
of the dominant mode of star formation  
in starburst galaxies and, that, given its 
sub-virial nature, we are witnessing the 

 populations. In order to investigate this 
issue, follow-up observations of the 
evolved OB star population were made 
with the suite of Very Large Telescope 
(VLT) instrumentation. These revealed a 
highly uniform population, with the spec-
tral type and luminosity class of stars 
evolving continuously from O9 III to 
B2.5 Ia (see Figure 2; Negueruela et al. 
[2010] and Clark et al. in prep.). This 
behaviour is exactly that expected for a 
simple homogeneous and co-eval stellar 
population at an age of ~ 5 Myr, exactly 
the time for which one might expect the 
co-existence of WRs and RSGs. Critically, 
these observations would have detected 
a population of either younger or older 
supergiants if present within Wd1, the 
absence of such stars implying that it 
formed in a near instantaneous starburst. 
Such a conclusion was independently 
reached via observations at the other 
extreme of the mass function, with an 
age spread of < 0.4 Myr suggested for 
Wd1 via the properties of stars at the MS 
turn-on (Kudryavtseva et al., 2012). 

How did Wd1 form?

The deduction of a nearly instantaneous 
burst immediately begs the question of 
how Wd1 formed. Observations of other 
star-forming regions in the Galaxy, and 

beyond, appear to show an additional 
level of hierarchy, whereby star clusters 
themselves form in larger complexes 
embedded within the remains of their 
natal giant molecular clouds. Exemplars 
include 30 Doradus, which hosts a num-
ber of clusters distributed throughout its 
confines (Figure 1, bottom), and the G305 
complex, comprising a number of appar-
ent proto-clusters embedded on the 
periphery of a wind-blown bubble driven 
by the young massive clusters Danks 1 
and 2 (Clark & Porter, 2004; Davies et al., 
2012). A further, diffuse population of 
massive stars is distributed across both 
regions, which taken together are indica-
tive of ongoing star formation activity over 
several Myr. 

However wide-field optical imaging of 
Wd1 reveals no such ongoing star forma-
tion activity, nor satellite clusters (Fig-
ure 1, top and middle); a conclusion sup-
ported by inspection of near- and mid-
infrared data (e.g., the Two Micron All Sky 
Survey [2MASS] and the Spitzer Galactic 
Legacy Infrared Mid Plane Survey 
[GLIMPSE] and Multi Band Imaging 
Photo meter Galactic [MIPSGAL] surveys). 
Mindful that it might be surrounded by  
a diffuse halo of isolated massive stars 
(either OB stars or RSGs; c.f., Negueruela 
et al., 2011), we obtained AAOmega 
multi-object spectroscopic observations 

Astronomical Science

Figure 2. Montage of representative red-end optical 
spectra of evolved OB stars in Wd1 showing the 
smooth progression in both spectral type and lumi-
nosity class expected for a coeval stellar population 
(from Clark et al., in prep.).

Clark S. et al., Understanding and  Exploiting the Young Massive Cluster Wd1
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formation of a proto-globular cluster in 
the local Universe.

Binary evolution in action

Despite the uncertainty in the mode of  
its formation, the highly coeval nature  
of Wd1 makes it an ideal laboratory to 
study the effects of binarity on stellar 
evolution. Binary systems may be identi-
fied via a number of methodologies,  
from the RV survey described above and 
periodic (eclipsing or ellipsoidal) photo-
metric modulation, to indirect diagnostics 
such as hard, over-luminous X-ray emis-
sion and/or the presence of host dust, 
both forming in the wind collision zones 
of massive binaries (Clark et al., 2008). A 
synthesis of these disparate criteria has 
to date resulted in the identification of 
over 70 confirmed and candidate binaries 
within Wd1 (Ritchie et al., in prep.), with 
the Monte Carlo simulations required to 
return an unbiased binary fraction under-
way.

The central role that binarity plays in 
 stellar evolution is clearly illustrated by 

contrasting the homogeneous population 
of OB giants and supergiants to the 
remarkably diverse cohort of further-
evolved transitional and WR stars within 
Wd1 (Clark et al., 2005; Crowther et al., 
2006). Binary interaction in compact 
 systems has the effect of prematurely 
removing the outer H-rich mantle of the 
primary and hence modifying evolution, 
by both preventing a subsequent tran-
sition through a cool hypergiant phase 
and initiating the extreme mass-loss that 
characterises WRs earlier than antici-
pated. Subject to limits imposed by its 
rapid spin-up, the secondary accretes 
some of the material lost by the primary, 
while some is lost to the system. This  
is well illustrated by Wd1-9, where the 
central binary appears completely veiled 
by a dense dusty circumstellar torus, 
resulting in the rich emission-line spec-
trum and infrared excess that character-
ises such supergiant B[e] stars (Figure 3; 
Clark et al., 2013).

The subset of early (Wd1-5, -13 and -44) 
and late (Wd1-7, -33 and -42a) BHGs 
apparently represents the immediate out-
come of both pathways. Showing no indi-

cation of binarity, the latter group forms  
a natural extension of the sequence of 
B0-2Ia supergiants as predicted by evo-
lutionary theory. Conversely the properties 
of the former are consistent with binary-
driven mass loss; indeed RV data for 
both Wd1-13 and -44 reveal them to be 
short-period systems (Ritchie et al., 2010 
and in prep.).

The WC9+O star binary Wd1-239 (Porb 
~ 5.05 days; Clark et al., 2011) is conse-
quently of interest since its properties  
are consistent with expectations for the 
pre-SN endpoint of such a pathway. 
Under this scenario, the early onset of  
the WR phase leads to significant addi-
tional mass loss, a low pre-SN core  
mass and the production of a neutron 
star. However the current compact con-
figuration of Wd1-239 accommodates an 
even more exciting scenario: the rapid 
rotation induced in massive, tidally locked 
binaries naturally leads to highly efficient 
internal mixing and hence chemically 
homogeneous evolution. This halts the 
expansion of the primary and, as a con-
sequence, it remains within its Roche 
lobe, preventing binary-driven mass loss. 

Figure 3. Optical spectra of the 
 supergiant B[e] binary Wd1-9 and the 
blue hypergiant Wd1-5, a post binary 
interaction product. A best-fit synthetic 
spectrum derived from a non-local 
thermal equilibrium model atmosphere 
for Wd1-5 is overplotted in red. Major 
transitions are indicated; weaker 
 emission features in the spectrum of 
Wd1-9 are from low excitation metals 
such as Fe II.
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second interactive phase in which its 
outer layers are also ejected, revealing 
the chemically processed core. A final 
phase of reverse mass transfer from this 
newborn WR star pollutes the primary, 
yielding carbon-enhanced chemistry, 
before the secondary is lost to the type 
Ibc SN in which the magnetar forms and 
the primary is unbound, which we 
observe today as Wd1-5. Encouragingly, 
such a binary pathway naturally leads  
to rapid rotation in the magnetar progeni-
tor, as well as physical conditions in 
which a significant magnetic field may be 
born, which are both pre-requisites of 
current theories of magnetar formation.

Future prospects

In the preceding text we have highlighted 
some recent results from our ongoing 
efforts to fully exploit the opportunity pre-
sented by Wd1, but where do we go from 
here? In the near future our immediate 
goals are to fully characterise the binary 
population in terms of frequency, sepa-
ration and period. Tailored quantitative 
analyses of individual systems will run in 
parallel to this; the first aim of this strand 
being the determination of the evolution-
ary status of the cool BHG population — 
i.e., are they the progenitors or descend-
ants of the RSGs?

Our current and archival data will also 
permit us to identify massive blue strag-
glers and other binary products within 
Wd1 that have been predicted on theo-
retical grounds (de Mink et al., 2014). This 
is of importance for both the verification 
of our putative magnetar formation sce-
nario and also because Schneider et al. 
(2014) suggest that such a route may 
produce some of the most massive stars 
known — essentially suggesting that 
massive star formation may be a two-
stage process, and in the process modi-
fying the primordial cluster initial mass 
function. 

The advent of the K-band Multi Object 
Spectrograph (KMOS) enables the effi-
cient accumulation of spectra sampling 
the chemical and rotational diagnostics 
essential for the model-atmosphere 
 analysis of the lower luminosity, less-
evolved stars; hitherto inaccessible due 
to interstellar extinction. Novel approaches 

In contrast to the former scheme this  
in turn leads to a high pre-SN core mass 
and resultant black hole (BH) formation. 

Clearly then, the evolutionary history of  
a given star — e.g., single versus binary 
and chemically homogeneous versus 
inhomogeneous — plays a critical role  
in the “choice” of post-SN relativistic 
 remnant. With an initial mass > 35 MA 
(c.f., Ritchie et al., 2010), one would 
expect that any single star undergoing  
a SN within Wd1 at this epoch would 
result in the formation of a BH. Hence, 
following the arguments above, the dis-
covery of a young, highly magnetised 
neutron star within Wd1 — a magnetar 
(Muno et al., 2006) — provides a power-
ful motivation for validating these sce-
narios, more so since the birth of such 
magnetars has been implicated in some 
of the most energetic explosions in the 

Universe (gamma-ray bursts and super-
luminous SNe).

It is therefore reassuring that observa-
tional support for this paradigm has been 
provided by the discovery of a candidate 
for the pre-SN binary companion of the 
magnetar — the runaway BHG Wd1-5 
(Figures 1 and 3; Clark et al., 2014). Tai-
lored spectral analysis reveals a carbon-
rich chemistry that can only have arisen 
via binary evolution, a conclusion but-
tressed by its over-luminosity for its spec-
troscopic mass. We employed the cur-
rent properties of Wd1-5 to infer a pre-SN 
history for the putative Wd1 magnetar 
progenitor system whereby the primary  
in a compact (Porb < 8 days) 41 + 35 MA 
binary transfers its outer layers to the 
secondary. As a result it rapidly spins up 
and becomes so massive that it evolves 
more rapidly than the primary, initiating a 
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Figure 4. Optical image of Westerlund 1 (greyscale) 
with both the 3 cm radio map (red contours; 
 Dougherty et al., 2010) and ALMA pointings (blue 
circles) overplotted. 

Clark S. et al., Understanding and  Exploiting the Young Massive Cluster Wd1
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trum, with its youth, mass and proximity 
conspiring to create a unique environ-
ment for the study of massive star and 
star cluster formation and evolution. 
Complementing ongoing studies in the 
low-metallicity environment of 30 Dor,  
it naturally falls along a sequence of 
Galactic clusters with ages ranging from 
1–3 Myr (e.g., the Arches and NGC 3603) 
through to 15–20 Myr (the RSG-domi-
nated clusters at either end of the 
 Galactic bar) allowing us to address the 
evolution of stars from ~10 to > 100 MA, 
while providing fresh insights into the 
recent star formation history of the Milky 
Way. Moreover its integrated mass and 
stellar density allow us to probe the phys-
ics of the unresolved super star clusters 
that characterise external starburst gal-
axies through cosmological time and, 
given its apparent sub-virial nature, the 
birth throes of a future globular cluster.
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Figure 5. Representative spectral energy distribution 
for the B0 Ia star ε Ori showing the submillimetre 
excess introduced by wind clumping (from Blomme 
et al., 2002).

to understand the nature of these stars 
may also be employed. For instance cur-
rent observations indicate that pulsational 
variability is ubiquitous across all stellar 
populations within Wd1 (Clark et al., 
2010); theoretical modelling by Saio et al. 
(2013) suggests that the periodicities of 
such pulsations provide important infor-
mation on the evolutionary state of the 
pulsators. A synthesis of such data would 
allow the accurate construction of an 
enhanced Hertzsprung–Russell diagram 
for the cluster, potentially allowing us to 
break temperature/luminosity degenera-
cies and determine whether, for example, 
a given BSG or B-/YHG is in a pre- or 
post-RSG phase. 

Moving beyond multi-object spectros-
copy, the proximity of Wd1 permits the 
resolution and detection of individual 
stars at submillimetre and radio wave-
lengths, a feat not yet replicable for 
30 Dor. Figure 4 shows the coverage of 
extant radio observations (Dougherty et 
al., 2010) and approved Atacama Large 
Millimeter/submillimeter Array (ALMA) 
observations (PI: Fenech). At long wave-
lengths, the submillimetre and radio 
observations will allow the degree of sub-
structure (clumping) present in the winds 
of the OB star cohort to be quantified, 
and refinement of the mass-loss esti-
mates, which are currently uncertain by  
a factor of ~ 5 or more due to their 
dependence on this parameter. Figure 5 
shows as an example the effect of wind 
clumping compared to the smooth wind 
model for a nearby B0 supergiant. Simi-
larly, the ALMA observations will permit 
estimates of mass loss for the YHGs and 

RSGs to be made via the dust content  
of their winds. In combination these 
approaches will better constrain the rate 
at which mass is lost throughout the  
full evolutionary cycle of massive stars — 
critical input physics for theoretical mod-
elling. 

Very Large Telescope (VLTI) observations 
of the hypergiant population permit the 
direct resolution of their photospheres 
and circumstellar environments. This is 
essential in order to quantify the effects 
of the harsh ultraviolet environment of 
Wd1 on such distended stars — do they 
experience surface ablation and/or dust 
destruction, and are the extended CO 
and water layers (called MOL-spheres; 
Arroyo-Torres et al., 2015) that charac-
terise isolated RSGs precluded? Similar 
observations will also allow constraints  
to be placed on the geometry and prop-
erties of the circumstellar torus of  
Wd1-9 and hence on the physics of the 
common-envelope binary evolution. 

Binary interactions may also be probed 
with the ~ 350 ks of archival Chandra and 
XMM-Newton observations that have 
accumulated via studies of the magnetar 
(Bartlett et al., in prep.), a six-fold 
increase in integration time compared to 
previous studies (Clark et al., 2008). 
Determining the origin of the high-energy 
emission of Wd1 is a particularly exciting 
prospect, given that it has recently been 
recognised to be both a GeV and TeV 
source (Ohm et al., 2013). 

To summarise, Wd1 is an enticing target 
across the whole electromagnetic spec-
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the metal-rich component has kinematics 
more typical of a bar, and relatively low 
[α/Fe] (e.g., Hill et al., 2011). Moreover, 
when tracing the 3D structure of the 
Bulge using RR Lyrae variables, which 
are clean tracers of the oldest stellar 
population, a spheroidal structure is 
found, with no evidence of either a bar  
or a boxy/peanut structure (Dékány et  
al., 2013).

The main goal of GIBS is to couple 
chemical and kinematical information for 
200–400 stars in each of 31 fields across 
the Bulge area in order to investigate 
whether we can confirm the presence of 
two distinct components, and what their 
properties are. The core of the project  
is the ESO Large Programme 187.B-0909 
(PI: Zoccali), targeting red clump stars in 
24 fields. These data complement other 
archival data acquired using the same 
GIRAFFE instrument setup, wavelength 
range and signal to noise (S/N). Specifi-
cally, we also analysed another 111 red 
clump stars in Baade’s Window acquired 
within a pilot programme designed to 
build a calibration of Calcium II Triplet 
(CaT) equivalent widths versus [Fe/H] 
(Programme 385.B-0735; Vásquez et al., 
2015, in preparation). Another ~ 100 red 
clump stars in each of five fields at Galac-
tic latitude, b = –2° were added from 
 programme 089.B-0830 (PI: Gonzalez). 
Finally, we include in all the plots another 
454 red clump stars in a field at (l, b) = 
(0°, –6°) for which the CaT spectral region 
was measured with the Inamori Magellan 
Areal Camera and Spectrograph (IMACS) 
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The GIRAFFE Inner Bulge Survey  
(GIBS) is a spectroscopic survey of 
~ 6500 core helium burning (red clump) 
stars in the Milky Way Bulge, carried 
out with the FLAMES GIRAFFE spectro-
graph at the VLT. The aim of the GIBS 
survey is to derive the metallicity and 
radial velocity distributions of Bulge 
stars, across 31 fields in the region of 
Galactic longitude range –10° to +10° 
and latitude range –10° to +5°. This is 
the area also mapped by the VISTA 
 Variables in the Vía Láctea (VVV) ESO 
Public Survey.

With a mass ~ 1010 MA in stars, the 
Galactic Bulge is the only bulge in which 
we can resolve individual stars down to 
the bottom of the main sequence. It is 
also the only bulge for which high-resolu-
tion spectra can be obtained for giant 
stars, providing chemical abundances of 
several atomic species. Nevertheless, 

due to the high level of crowding, abso-
lute and differential interstellar extinc- 
tion, and foreground disc contamination, 
our knowledge of the Bulge structure, 
kinematics and stellar population is still 
relatively poor. The ultimate goal, when 
studying the Galactic Bulge, is to set con-
straints on the formation mechanism(s)  
of the Milky Way and, by extension, of 
galaxies in general.

The inner region (< 3 kpc) of the Milky 
Way has been known for a long time to 
host a bar (Blitz & Spergel, 1991). Only 
recently, however, have detailed 3D  
maps been constructed using red clump 
stars as distance indicators; these  
maps have revealed that the outer Bulge 
exhibits a strong boxy/peanut compo-
nent, sometimes also called X-shaped 
(e.g.,  McWilliam & Zoccali, 2010). Dynami-
cal models predict the formation of  
boxy/peanut structures as the outcome 
of the secular evolution of a disc, through 
the formation and subsequent vertical 
heating of a bar. Observationally, these 
models are confirmed by the cylindrical 
rotation of the Bulge (Howard et al., 2009) 
and by the asymmetries in the radial 
motions of the near and far edges of the 
Bar (Vásquez et al., 2013). We might 
 conclude, therefore, that we understand 
the Bulge structure, kinematics and for-
mation mechanism, except that several 
other observations indicate the presence 
of at least another component in the 
Bulge. The metal-poor component of the 
Bulge has spheroid-like kinematics and 
high α-element to iron ratios [α/Fe], while 
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Figure 1. Approximate 
location of the observed 
fields, overplotted on an 
optical image of the 
Milky Way Bulge. The 
large white rectangle is 
the area covered by the 
VVV survey. Open cir-
cles are fields observed 
at R ~ 6500 in the CaT 
spectral region (LR8), 
while open squares are 
fields observed at R ~ 
22 500 around ~ 6300 Å 
(HR13). Crosses are 
fields observed in LR8 in 
programme 89.B-0830. 
The blue star is the field, 
in Baade’s Window, 
used for the CaT calibra-
tion and the blue trian-
gle is the field discussed 
in Vásquez et al. (2013). 
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spectrograph at the Magellan Telescope 
(Vásquez et al., 2013). Figure 1 shows  
the location of the 31 observed fields on 
an image of the Bulge.

All the spectra, with the exception of 
those in the fields at latitude –4° were 
obtained with the FLAMES GIRAFFE 
setup LR8, at a resolution R = 6500, 
 centred on the CaT spectral feature at 
~ 8500 Å. Their typical S/N, per pixel, 
is ~ 50. About 200 stars were targeted  
in most of the fields, with the only excep-
tions being the fields along the Bulge 
minor axis, where spectra for ~ 400 stars 
were obtained. Stars in the fields at 
b ~ –4° were observed at a higher spec-
tral resolution (R = 22 500) with setup 
HR13, centred at ~ 6500 Å, in order to 
measure the chemical abundance of iron 
and the light elements, and to investigate 
the presence of radial gradients in the 
α-element ratios across different longi-
tudes. The typical S/N per pixel of these 
high-resolution spectra is ~ 100. Figure 2 
shows sample spectra for stars of differ-
ent metallicity taken with the two setups. 

Radial velocities

Heliocentric radial velocities (RVs) were 
measured by cross-correlations using  
the IRAF fxcor task. For the low-resolu-
tion spectra the adopted template was a 
synthetic spectrum for stellar surface 

parameters Teff = 4750 K, log g = 2.5 and 
[Fe/H] = –1.3. The template metallicity 
was chosen to be on the low side of the 
distribution in order to avoid including  
too many weak, unresolved lines. For the 
high-resolution, HR13 spectra, the cross 
correlation was performed with the same 
IRAF routine, but a template synthetic 
spectrum with Teff = 4500 K, log g = 2.3 
and [Fe/H] = –0.3. The typical error on 
these velocities is ~ 0.6 km s–1. 

The GIBS survey allows the radial distri-
bution of the inner Bulge regions (b = –1°, 
–2°) to be investigated for the first time; 
both are inaccessible to the Bulge Radial 
Velocity Assay survey (BRAVA; Rich et al., 
2007) and the Abundances and Radial 
velocity Galactic Origins Survey (ARGOS; 
Freeman et al., 2013). Extensive discus-
sion of the RVs is presented in Zoccali et 
al. (2014), including a comparison with 
previous works. We show in Figure 3 the 
observed mean RV and velocity disper-
sion in each field, together with the rota-
tion profiles predicted by the boxy pea- 
nut bulge models by Martinez-Valpuesta 
et al. (2006). A remarkable agreement is 
apparent at all latitudes, except for the 
velocity dispersion profile at b = –2°, 
where the data show a central peak not 
present in the models. The peak, visible 
in the third row, right panel of Figure 3, at 
l = 0°, might be due to a high density peak 
in the inner ~ 250 pc, or perhaps to some 
anisotropy in the velocity distribution.

The general rotation pattern of the Bulge, 
together with the central peak in the 
velocity dispersion can both be appreci-
ated much better in a kinematical map  
of the inner Galaxy, constructed by inter-
polating the data points shown in Fig-
ure 3. The map, shown in Figure 4, and 
discussed in Zoccali et al. (2014), can  
be directly compared with kinematical 
maps of external bulges of external gal-
axies from integral field unit (IFU) surveys 
such as, e.g., ATLAS3D (Emsellem et al., 
2004) and the Calar Alto Legacy Integral 
Field Area Survey (CALIFA; Sánchez et 
al., 2012). In addition, it provides the 
ex pected mean RV and velocity disper-
sion, σ, at any location within the area 
mapped by GIBS.

Metallicity distribution function across the 
inner Galactic Bulge 

Iron abundances from GIRAFFE low- 
resolution spectra are obtained using CaT 
lines as a metallicity indicator. The corre-
lation between the equivalent widths of 
CaT lines and global metallicity was first 
demonstrated in the late 1980s by means 
of integrated spectra of Galactic globular 
clusters. Later on this empirical evidence 
was confirmed in several studies of indi-
vidual star spectra, and it has been 
extensively used in the study of Galactic 
star clusters and Milky Way satellites. 
Before starting the present programme 
we made sure that such a correlation 
would hold for super-solar metallicities, 
with the [Ca/Fe] profile appropriate for 
Bulge K giants. About 200 red clump and 
red giant branch stars were observed  
at both high resolution (HR13, HR14) and 
low resolution (LR8). These observations 
were used to derive a CaT versus [Fe/H] 
calibration specifically designed for the 
targets of the GIBS programme (Vásquez 
et al. 2015, in preparation).

For the stars observed at R ~ 22 500, 
with the HR13 setup, metallicities and 
element ratios are derived using the 
same iterative method described in 
 Zoccali et al. (2008) and Gonzalez et al. 
(2011). Specifically, equivalent widths  
of isolated Fe lines are obtained auto-
matically by means of the DAOSPEC 
automated code. The list of lines is the 
same as that which was used in Zoccali 
et al. (2008) and Gonzalez et al. (2011), 
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Figure 2. Example of typical spectra 
observed with GIRAFFE setup LR8 for three 
targets with different preliminary metallicity 
(left panel). Vertical ticks mark the three cor-
responding CaT lines. The upper panels show 
examples of the high-resolution spectra 
around the Mg  triplet region (6318 Å) and the 
best- fitting synthetic spectra used to derive 
[Mg/Fe] abundances for all the stars observed 
through the HR13 setup.
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correcting for interstellar extinction using 
the map by Gonzalez et al. (2012). Sur-
face gravity was derived photometrically 
as described in Zoccali et al. (2008).  
The first-guess parameters were used to 
create an ATLAS9 model atmosphere 
( Castelli & Kurucz, 2004). Effective tem-
perature and micro-turbulent velocity 
were then spectroscopically refined by 
simul taneously imposing excitation equi-
librium on a list of unblended Fe I and  
Fe II lines and by forcing a zero slope in 
the relation between equivalent widths 
and the derived abundance of each line. 
A new ATLAS9 model atmosphere was 
then generated using the new set of 
parameters and the procedure was 
repeated until the optimal set of parame-
ters was found. The entire procedure was 
carried automatically for the entire high-
resolution sample using the code GALA 
(Mucciarelli et al., 2013). Final metallicities 
were used to construct the metallicity 
distributions that are shown in Figure 5.

The derived metallicities allow us to 
explore by direct spectroscopic measure-
ments the metallicity gradient along lati-
tude and longitude in the inner Galactic 
Bulge. Figure 5 shows a subsample of 26 
out of 31 fields following a regular grid, 
for a direct comparison of the metallicity 
distribution functions along longitude and 
latitude strips. The data clearly show a 
vertical gradient at each given longitude, 
which is consistent with the pattern 
derived from photometry using VVV data 
(Gonzalez et al., 2013). The spatial cover-
age of GIBS allows us to explore this 
 gradient as close to the Galactic Plane as 
b = –2°. Along the minor axis (l = 0°) 
there is an extra field b = –1°. The inner 
fields show a flattening of the vertical gra-
dient close to the Plane, validating and 
extending the results by Rich et al. (2012) 
based on infrared spectroscopy of a few 
dozen stars along l = 0°.

Chemical abundances

Using the spectroscopic stellar parame-
ters, Ca and Mg abundances were calcu-
lated by means of fitting synthetic spectra 
to each observed spectrum of our sam-
ple. Synthetic spectra were created using 
the MOOG code fed by the correspond-
ing MARCS model atmosphere and the 
line list from Gonzalez et al. (2011). 
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Figure 3. Mean galactocentric RV (upper four  panels) 
and velocity dispersion (lower four panels) as a func-
tion of Galactic longitude for GIBS fields at different 
latitudes (red symbols) compared to the models  
by Martinez-Valpuesta et al. (2006; solid lines) at the 
same latitudes. Data for the BRAVA survey, when 
available, are also plotted in grey.

which was carefully calibrated to tem- 
plate stars μ Leonis, Arcturus and the 
Sun. First-guess photometric tempera-
tures and gravity were obtained from  
the  Optical Gravitational Lensing Experi-
ment (OGLE-II) optical photometry, after 
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Figure 5. Metallicity distribution functions for  
a subsample of 26 fields along an approximately 
 regular grid in Galactic coordinates (see labels). 
Metallicities measured from low- (green) and high- 
(blue) resolution GIRAFFE spectra are shown as 
dashed histograms.
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Figure 4. Mean radial velocity (left) and velocity 
 dispersion (right) surfaces in the longitude–latitude 
plane, constructed from the measured rotation 
 profiles at negative latitudes. Grey points show the 
positions of the GIBS 31 observed fields, while the 
black contour lines are labelled with the relevant 
velocity in km s–1. 
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 Figure 2 showed an example of the Mg 
region for a metal-poor and a metal-rich 
star in our sample and, in addition, the 
best-fit synthetic spectrum is also shown. 
Mg abundances derived in this way allow 
us to investigate the [Mg/Fe] trend as a 
function of [Fe/H], which is related to the 

star formation timescale of a given stellar 
system. A high [Mg/Fe] at a given [Fe/H] 
indicates a rapid star formation. Figure 6 
shows the [Mg/Fe] trend for the entire 
GIBS high-resolution sample of Bulge red 
clump stars, together with the abun-
dances for the sample of Bulge giants 
presented in Gonzalez et al. (2011). The 
smaller scatter in the GIBS data indicates 
the superior quality of the new data com-
pared to previous ones. The higher S/N 
and a refined procedure to derive accurate 
stellar parameters have resulted in a fine 
set of measurements that will allow us  
to probe the Bulge abundance gradients 
with unprecedented accuracy. By com-
paring this relation to that of other Galac-
tic components we are able to investigate 
the presence of chemical similarities/ 
differences between the Bulge and the 
thin/thick Disc, and establish the relative 
star formation timescales (Gonzalez et al. 
2015, in preparation).

The observations for the GIBS survey are 
currently complete. At least three major 
papers are about to be submitted, on the 
chemical abundances from the high- 
resolution spectra (as shown in Figure 6), 
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the metallicity distribution function across 
all the fields (c.f., Figure 5) and a detailed 
analysis of the kinematics, from RVs and 
proper motions, coupled with metallicity. 
A further step includes tracing the oldest 
Bulge component, by means of RR Lyrae 
variables. Extensive catalogues of RR 
Lyrae stars are becoming available from 
the OGLE-IV survey in the optical 
(Soszynski et al., 2014) and the VVV sur-
vey in the near-infrared. A VIMOS spectro-
scopic programme aimed at deriving the 
radial velocity distribution of RR Lyrae 
stars in some inner Bulge fields has been 
awarded time for our group in Period 95.
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Figure 6. [Mg/Fe] abundance ratios obtained from 
the HR13 spectra of 468 red clump stars in four 
GIBS fields (red), compared to those for red giant 
branch stars from the sample of Gonzalez et al. 
(2011; black symbols). See text for discussion.
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The Galactic Plane star-forming region 
associated with IRAS 16562-3959 is 
shown in a VISTA JHKs colour image. 
The central source of this embedded 
and molecular region contains the 
high-mass (~ 15 MA) young stellar 
object G345.4938+01.4677. This lumi-
nous source is situated in a molecular 
rotating disc and has an outflow with 
an ionised jet. See Picture of the Week 
potw1448 for details.
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Infrared observations of the Galactic 
Centre (GC) provide a unique opportu-
nity to study stellar and bow-shock 
polarisation effects in a dusty environ-
ment. For the infrared counterpart of 
the supermassive black hole Sgr A* 
these observations reveal new insights 
into the physical processes at work. 
The observations were carried out with 
NACO in the Ks-band (2.2 µm) from 
2004 to 2012 and several linearly polar-
ised flares were observed during these 
years. We find that the distribution of 

polarised flux density is closely related 
to the single-state power-law distri-
bution of the total flux densities. A typi-
cal polarisation degree of the order  
of 10–20% and a preferred polarisation 
angle of 13° ± 15° are derived, likely 
linked to the intrinsic orientation of the 
Sgr A* system. We discuss different 
scenarios for the accretion process for 
the Sgr A* system based on our findings.

Introduction

Sagittarius A* (Sgr A*) is a compact radio 
source associated with the supermassive 
black hole of four million solar masses 
located at the centre of the Galaxy. It is 
the galactic nucleus nearest to us. Sgr A* 
is time variable in the near-infrared (NIR) 
and X-ray regimes, and also in the radio 
to submillimetre domain but with a lower 
degree of variability.

Studying the polarisation of the electro-
magnetic radiation helps us to under-
stand the underlying physics governing 
the emission mechanism of Sgr A*. The 
polarised NIR flux density excursions 
often exhibit X-ray counterparts, which 
suggests synchrotron-self-Compton 
(SSC) or inverse Compton emission as 
the mechanisms responsible for the radi-
ation (Eckart et al., 2012). Several rela-
tivistic models that match the observa-
tions assume the variability of Sgr A* to 
be related to the accretion process and, 
in particular, to emission from matter 
close to the last stable orbit around the 

black hole. Correlations between the 
modulations of the observed flux density 
light curves and changes in polarisation 
degree and angle are expected from 
models where matter is orbiting the super-
massive black hole Sgr A* at relativistic 
speed (e.g., Zamaninasab et al., 2010).

The time-variable NIR emission from 
Sgr A* can be understood as a result of  
a single continuous power-law process 
(Witzel et al., 2012). This continuous 
 process shows a break timescale around 
a few hundred minutes at which the 
 Fourier power in the flux variability drops. 
Extreme flux density excursions typically 
last for about 100 minutes and these 
excursions are referred to as flares. Here 
we report on the most comprehensive 
sample of NIR polarimetric data for Sgr A*.

Polarimetry with NACO

All observations have been carried out 
with the adaptive optics (AO) module 
NAOS and NIR camera CONICA (together 
NACO) at Unit Telescope 4 (Yepun) at the 
Very Large Telescope (VLT). We collected 
all Ks-band (2.2 µm) data of the central 
cluster at the Galactic Centre in 13 milli-
arcsecond (mas) pixel-scale polarimetric 
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Variable and Polarised Near-infrared Emission from  
the Galactic Centre

�

Figure 1. The arrangement of the Wollaston prism 
images on the NACO detector. The two central strips 
show the images in orthogonally polarised light. 
Another exposure with the retarder rotated by 45° 
provides a complementary pair of orthogonal meas-
urements from which the full linear polarisation infor-
mation can be derived. 
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in Q and U, which in our case are the 
result of observational noise in the polari-
sation channels, bias the value of p. This 
leads to an overestimate of p at low signal-
to-noise (S/N) measurements. More over, 
polarimetric observations require a higher 
S/N compared to photometric measure-
ments. Monte Carlo simulations of the 
measured intensities and their uncertain-
ties in the polarisation channels were 
performed to derive the expected uncer-
tainties in p and φ for different S/N ratios.

Simulations show that for intrinsic  
flux lower than ~ 2 mJy the recovered 
polarisation degree is not Gaussian dis-
tributed, and especially for low intrinsic 
polarisation degrees the intrinsic value  
is not recovered with satisfactory confi-
dence and the uncertainties are very 
large. On the other hand, for weak flares 
that are intrinsically strongly polarised, 
the intrinsic polarisation degrees are 
 statistically recovered, but the asymmet-
ric uncertainties remain large. Therefore, 
the total statistical behaviour of the 
observed polarisation data is composed 
of the properties of subsamples of differ-
ent polarisation degrees and flare flux.

imaging from mid-2004 to mid-2012 that 
exhibits flaring activities. The infrared 
wavefront sensor of NAOS was used for 
locking the AO loop on the NIR super-
giant IRS7 with Ks ~ 6.5−7.0 mag, 
located ~ 5.5 arcseconds north of Sgr A*. 
NACO is equipped with a Wollaston 
prism combined with a half-wave retarder 
plate that allows simultaneous measure-
ments of two orthogonal directions of the 
electric field vector and a rapid change 
between different angles of the electric 
field vector. A typical pointing towards  
the Galactic Centre is shown in Figure 1.

The non-normalised analogue-to-digital 
converter (ADC) values from the detector 
were directly used to obtain the normal-
ised Stokes parameters, Q and U, and  
to derive the linear polarisation degree  
p and angle φ (see Equations 1–5 in 
Shahzamanian et al., 2014). The polarised 
flux density was computed as a product 
of the degree of polarisation and the total 
flux density. Uncertainties for Q, U and 
the obtained p and φ were determined 
from the flux density uncertainties. The 
model derived by Witzel et al. (2011)  
was employed to reduce the systematic 
uncertainties of polarisation angles and 
degrees caused by instrumental polarisa-
tion to about ~ 1% and ~ 5° respectively.

Polarised flux in the central stellar cluster

Using AO-assisted Ks- (2.2 µm) and  
L:-band (3.8 µm) observations with  
NACO (Buchholz et al., 2011; 2013), high-
precision photometry and the new polari-
metric calibration method, the polarisa-
tion of the Galactic Centre stellar cluster 
including Sgr A* was mapped (Witzel et 
al., 2011; Shahzamanian et al., 2014). In 
the L:-band these are the first polarimetric 
observations of the GC for 30 years. The 
vastly improved spatial resolution allows 
resolved polarimetry on bright bow-shock 
sources in this area for the first time at 
this wavelength. The foreground polarisa-
tion is largely parallel to the Galactic Plane 
(Ks-band: 6.1% at 20°; L:-band: 4.5% at 
20°). The bow-shock sources like IRS 1W 
and 21 clearly show contributions from 
intrinsic Ks- and L:-band polarisation. The 
data provided support for the presumed 
bow-shock nature of several of these 
sources (IRS 1W, 5, 5NE, 10W and 21) 
and for the model of bow-shock polarisa-

tion. For the stellar sources, the origin  
of the polarised emission arises from a 
combination of scattering and selective 
dichroic absorption and emission of  
dust. In the case of Sgr A*, strongly time-
variable polarisation is a clear indication 
for intrinsic emission mechanisms (such 
as synchrotron emission) at work, which 
provide strongly polarised radiation. Fig-
ure 2 shows a light curve resulting from 
typical Sgr A* measurements with NACO 
in polarisation mode. For high flare flux, 
the polarisation degree and angle are 
very well defined.

Sgr A*: Analysis of polarisation degree 
and angle

We analysed polarised NIR light curves  
of Sgr A* covering the years 2004 to 
2012. A detailed description is given by 
 Shahzamanian et al. (2014). In order  
to interpret the data it is important to take 
into account the statistical behaviour of 
the polarisation measurements. Polarisa-
tion degree p is a positive quantity that 
takes values between zero and one (or, 
equivalently, 0−100%). The uncertainties 
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Figure 2. Flare observed in NIR Ks-band pola rimetry 
mode of Sgr A* on 17 May 2012. Top: Total flux 
 density (black) and polarised flux density (green) 
measured in mJy; Middle: Linear polarisation degree 
(orange); Bottom: Linear polarisation angle (blue).
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In Figure 3 (upper plot) the distribution  
of the Ks-band polarisation degree  
of Sgr A* is shown. Only the significant 
measurements are plotted, i.e., successful 
retrievals of the intrinsic p and φ. The 
 distribution of p does not have a Gaussian 
shape: it is flat until ~ 20% and then 
starts dropping towards smaller values 
and is also strongly influenced by system-
atic effects with uncertainties of several 
tens of percent. Figure 3 (lower) shows 
the distribution of significant Ks-band 
polarisation angles for Sgr A*. The distri-
bution of φ shows a peak at 13° and  
has a width of the order of 30°, therefore, 
the preferred polarisation angle that  
can be derived from the distribution is 
13° ± 15° (see Figure 4). The distribution 
of φ can be described by a Gaussian 
function that peaks at the preferred value 
whose width then corresponds to the 
combined effect of the intrinsic polari-
sation angle variability and the measure-
ment uncertainties.

In general, the linear polarisation is linked 
in degree and angle to the magnetic  
field structure and the source geometry. 

In the case of Sgr A*, neither is it clear 
whether it has a permanent accretion 
disc nor whether it has a permanent jet. 
All of these structures may occur as 
 transient phenomena and then affect the 
properties of the expected polarisation 
degree and angle due to the correspond-
ing emission mechanisms. It is very likely 
that the NIR flare emission originates 
from optically thin synchrotron radiation 
( Eckart et al., 2012). Hence one may 
expect a link between the preferred NIR 
polarisation angle and the NIR/radio 
structure of Sgr A*. At millimetre wave-
lengths the interstellar scattering is small 
and allows insight into the intrinsic source 
structure of Sgr A*. Bower et al. (2014) 
find an intrinsic major axis position angle 
of the structure of 95° ± 10° (3σ). This 
angle of the radio structure is, within the 
uncertainties, orthogonal to the preferred 
infrared polarisation angle (see Figure 4).

In a range of position angles between 
120° and 130° one finds a few elongated 
NIR features and an elongated X-ray 
 feature (see Figure 4, and Figure 9 in 
 Eckart et al. [2006]). These features may 

be associated with a jet phenomenon.  
In this case the preferred NIR polarisation 
angle may be associated with the jet 
components close to or at the foot point 
of the jet; the polarisation of these com-
ponents may be along or perpendicular 
to the jet direction.

It is also possible that the NIR emission 
originates in hot spots on an accretion 
disc in a sunspot-like geometry, in  
which the electric vector is mainly per-
pendicular to the equatorial plane. The 
mini-cavity (wind front shown as a 
dashed line in Figure 4), which may be 
caused by a collimated outflow from 
Sgr A*, is located at a position angle of 
about 193° (i.e. 13° + 180°; see also  
Li et al. [2013]). The cometary tails of 
sources X3 and X7 (Mǔzíc et al., 2010) 
present additional observational support 
for the fast wind from Sgr A* at that 

Possible wind
direction of
mini-cavity

Possible direction
of X-ray jet?

Range of NIR
polarisation

angles

Figure 3. Histogram of the result from all light curves 
of Sgr A* observed in polarised Ks-band obtained in 
2004–2012. Upper: Distribution of polarisation degree; 
Lower: Distribution of polarisation angle. The dark 
blue line shows the fit with a Gaussian distribution.

Figure 4. Direction of intrinsic polarisation angle of 
Sgr A* in the Galactic Centre. The cyan lines include 
the range over which the NIR polarisation angle 
 varies. The dark blue arrows summarise results from 
imaging and spectroscopy observation from the 
radio to X-ray domain: a) the direction of a possible 
wind responsible for the formation of the mini-cavity; 
and b) a jet almost perpendicular to it. The green 
dashed line indicates the wind front of the mini- 
cavity. Several of the key infrared sources in the 
region are also indicated. 
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(2014). The observational data were also 
used to derive the orbit of this object and 
to predict its periapse transition. With the 
ellipticity e = 0.976 and the half-axis 
length of 33 mpc, a peri-bothron distance 
of about 163 ± 16 au is obtained, which 
is comparable to previous estimates (e.g., 
Meyer et al., 2014) and indicates that 
even if the DSO is an embedded star, its 
outer shell may very well be subject to 
tidal disruption (Eckart et al., 2013; Witzel 
et al., 2014; Zajaček et al. 2014).

Our polarisation statistics show that 
Sgr A* must be a very stable system, 
both in terms of geometrical orientation 
of a jet/wind or an accretion disc and  
in terms of the variability spectrum that 
must be linked to the accretion process. 
The close fly-by of the DSO or similar 
dusty sources (e.g., Eckart et al., 2014a) 
might have an effect on the accretion  
flow onto Sgr A* that depends on the 
nature of these objects (Zajaček et al., 
2014; Jalali et al., 2014). Hence, polari-
sation and variability measurements of 
Sgr A* need to be continued as they are 
the ideal tool to probe any change in  
the apparently very stable system as a 
function of the DSO fly-by.

Summary and prospects

We have analysed the near-infrared light 
curves obtained with NACO at the VLT 
for Sgr A* at the centre of the Milky Way. 
Both the steep spectral index (Bremer  
et al. [2011] and references therein) and 
the strong variability in the NIR demon-

 position angle. It is unclear how the wind 
may be related to the possible jet: either 
there is an additional outflow to the jet, 
the X-ray feature is not related to the  
jet, or the mini-cavity was created when 
the outflow geometry was different.

The distribution of polarisation angles of 
Sgr A* is not dependent on the strength 
of the flare and the position of this source 
in the sky or the instrumental orientation. 
Instead, the preferred polarisation angle 
of 13° is a source-intrinsic property. For 
strong flares, disturbing measuring effects 
are small and the polarisation degree 
during these flares is much stronger than 
that of the background. From these  
flares we have a direct insight into the 
source-intrinsic polarised variable infrared 
emission.

The polarised flux density distribution

The histogram of the polarised flux den-
sity distribution of Sgr A* for the fraction 
of data which is significant is shown in 
Figure 5. In this histogram the distribution 
is normalised by the total number of 
points and the bin size. The distribution 
of measured polarised flux densities is 
found to be much broader in comparison 
to the corresponding distribution of total 
flux density measurements as presented 
by Witzel et al. (2012), which were found 
to be consistent with a single-state  
emission process. The broader distribu-
tion can be explained by the convolution 
of an intrinsic relative frequency total  
flux density histogram applied to a range 
of individual polarisation states; see 
Shahzamanian et al. (2014) for more 
details.

Our simulations have shown that the 
polarisation degree can be recovered 
with a small uncertainty only for the bright 
flare flux. Therefore, the properties of the 
polarised flux density distribution — i.e., 
the product of the polarisation degree 
and the total flux density (Figure 5) — can 
be investigated best for high levels of 
polarised flare flux. A power-law fit to the 
data at high flux densities is shown as  
a dot-dashed red line. For high flare flux, 
the fit results in a slope, α = 4.00 ± 0.15, 
which is very close to the value of  
4.21 ± 0.05 obtained for the total flux 
density distribution by Witzel et al. (2012). 

Recovering this exponent for the polar-
ised flare flux density distribution indicates 
that the intrinsic polarisation degree is 
centred around a fixed expectation value 
and has not varied strongly over the time 
interval from 2004 to 2012.

The dusty S-cluster object

Gillessen et al. (2012) reported a fast-
moving infrared excess source which 
they interpret as a core-less gas and  
dust cloud (G2) approaching Sgr A*  
on an elliptical orbit. Eckart et al. (2014a) 
present Ks-band identifications and 
proper motions of the dusty S-cluster 
object (DSO) derived from VLT and Keck 
continuum imaging data. In Valencia-S. et 
al. (2015) new near-infrared (1.45–2.45 µm) 
observations of the DSO during its 
approach to the black hole at the centre 
of the Galaxy are reported; they were 
carried out with SINFONI at the VLT from 
February to September 2014. With 
 SINFONI, spatially compact Brackett-γ 
line emission was detected from DSO/G2 
at all epochs before and after its peri-
bothron passage and are in agreement 
with the detection reported by  Witzel et 
al. (2014) from L-band observations in 
March 2014.

Combining these observational facts 
 indicates that the DSO is possibly asso-
ciated with a young accreting stellar 
object (e.g., a young star; see references 
given in Valencia-S. et al., 2015) on an 
ellip tical orbit around Sgr A* formed 
through a process outlined by Jalali et al. 
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Figure 5. Histogram of 
polarised flux density 
(total flux density times 
polarisation degree) for 
all significant data is 
shown with a logarithmic 
scale, after correction 
for stellar contamination. 
The slope at the high 
flux end compares very 
well with the slope found 
for the total flux density.
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strate that we are most likely dealing  
with optically thin synchrotron radiation. 
Therefore, all properties based on the 
observation of variable polarised NIR 
radiation can be directly interpreted as 
source-intrinsic properties. Some of the 
main results are depicted in Figure 4  
and can be summarised in the following 
points:
–  For flare flux above 5 mJy a range of 

polarisation degrees of 10–30% is 
found. If the variable polarised flux  
from Sgr A* is due to optically thin syn-
chrotron radiation this may indicate 
depolarisation due to a spatially unre-
solved complex source structure. For 
low flare flux the polarisation degree 
and angle are dominated by measuring 
uncertainties. 

–  There is a preferred variable polarisa-
tion angle of 13° ± 15°. Corrected  
or the measuring uncertainties, the 
intrinsic variability of Sgr A* is of the 
order of 10%. The angle may be linked 
to jet/wind directions of the corre-
sponding orientation of a temporary 
accretion disc.

–  For the number density distribution of 
the polarised flux densities, a power-
law slope of ~ 4 is found, which is very 
close to the slope in number density 
distribution of the total flux densities.

–  The well-defined preferred ranges in 
polarisation degree and angle as  

well as the number density power-law 
slope of four suggest that over the  
past eight years the geometry and 
accretion process for the Sgr A* system 
have been rather stable.

Further progress in investigating the  
faint polarisation states of Sgr A* in the 
NIR will require a higher angular resolu-
tion in order to better discriminate Sgr A* 
against background contamination. It  
is also of interest to use the well-defined 
NIR polarisation properties of Sgr A* to 
better determine the apparent stability  
of the geometrical structure of the system 
and potentially use variations in this 
 stability to trace interactions of the super-
massive black hole at the centre of the 
Milky Way with its immediate environment.

The known properties of the NACO 
 camera as well as the known polarisation 
properties of Sgr A* and (most impor-
tantly) the many stars in the central clus-
ter that serve as secondary calibrators 
will allow us to perform a sensitive test  
of the polarisation characteristics of the 
new UT1/NACO combination after the 
move from UT4-Yepun.
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low-mass SSSs, stellar streams, etc. 
(e.g., West et al., 1995).

Small stellar systems, especially GC 
 systems, have been studied for decades, 
and progress has been limited not so 
much by telescope collecting area, but 
by the field of view and the image quality 
(both to reduce contamination and to 
reduce the exposure times). Thus, the 
use of telescopes with large collecting 
areas (4-metre or even 8-metre-class) is 
not compelling, at least for the photome-
try, and original achievements are possi-
ble from smaller telescopes. 

Through the VEGAS-SSS programme, 
and taking advantage of the large field of 
view of the 2.6-metre VLT Survey Tele-
scope (VST), we intend to dig into the zoo 
of SSSs hosted by bright galaxies in 
 different environments, observed as part 
of the VEGAS survey, and comprehen-
sively study their properties out to very 
large galactic radii on a homogeneous 
and self-consistent basis. Here, we pre-
sent an overview of the project and some 
first results for the galaxy NGC 3115.

VEGAS: Observational strategy, aims of 
the survey and SSSs

VEGAS is a deep multiband gri imaging 
survey of early-type galaxies (ETGs) 
 carried out with the VST. The large field  
of view of OmegaCAM, mounted at  
the VST (Capaccioli & Schipani, 2011), 
together with its high efficiency and spa-
tial resolution will allow us to map, with  
a reasonable integration time, the galaxy 
surface brightness from the core out to 
isophotes encircling about 95 % of the 
total light. Observations started in Octo-
ber 2011 (ESO Period 88), and data for 
about 20 galaxies for a total of 80 hours 
have been acquired up to Period 93.  
The survey plan is to analyse the photo-
metry of about 100 galaxies with radial 
velocity ≤ 4000 km s–1 in different envi-
ronments and covering the range of 
parameter space. The observational plan 
is designed to reach a depth of 27.3,  
26.8 and 26 mag arcsecond–2 with sig-
nal-to-noise > 3 in the gri-bands.

The data reduction, including dither com-
bination, exposure correction, CCD gain 
harmonisation, illumination correction, 
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The VEGAS-SSS programme is devoted 
to studying the properties of small  stellar 
systems (SSSs) in and around bright 
galaxies, built on the VLT Survey Tele-
scope early-type galaxy survey (VEGAS), 
an ongoing guaranteed time imaging 
survey distributed over many semesters 
(Principal Investigator: Capaccioli). On 
completion, the VEGAS survey will have 
collected detailed photometric infor-
mation of ~ 100 bright early-type galax-
ies to study the properties of diffuse 
light (surface brightness, colours, sur-
face brightness fluctuations, etc.) and 
the distribution of clustered light (com-
pact “small” stellar systems) out to 
 previously unreached projected galacto-
centric radii. VEGAS-SSS will define an 
accurate and homogeneous dataset 
that will have an important legacy value 

for studies of the evolution and trans-
formation processes taking place in 
galaxies through the fossil information 
provided by SSSs.

Satellites of massive ellipticals

The surroundings of massive galaxies are 
populated by a zoo of dynamically hot 
satellite stellar systems: globular clusters 
(GCs), extended clusters (ECs), ultra-
compact dwarfs (UCDs), dwarf spheroid-
als (dSphs), dwarf ellipticals (dEs), com-
pact ellipticals (cE), etc; see, for example, 
Forbes et al. (2013) and references therein. 

Characterising the properties of SSSs in 
the potential well of their host galaxy is 
fundamental, not only because they play 
a key role in understanding the basic 
 processes of formation and evolution of 
the structures in the Universe from star 
clusters to galaxies, but also for a variety 
of other reasons. These include: i) the 
stellar populations of SSSs are less com-
plex than those of massive galaxies, 
which allows a more accurate compari-
son of their ages and metallicities with 
stellar population models; ii) SSSs are 
 relatively easy to detect out to large dis-
tances, which offers the unique opportu-
nity to scrutinise various environments 
beyond the Local Group, and thus to 
study how the properties of SSSs vary 
across space and time. SSSs are thus 
ideal tracers of the host galaxy’s gravi-
tational potential as well as of the assem-
bly history of the galaxy’s stellar popula-
tions. Therefore, increasing the sample of 
SSSs with accurate estimates of their 
physical properties is of paramount inter-
est to scrutinise the scaling relations  
of SSSs over a complete and unbiased 
range of parameters.

The characteristic magnitude, colours, 
half-light radii Rh, etc., of objects in differ-
ent SSS classes can change significantly. 
Nevertheless, the distinction between 
 different SSS types is sometimes not triv-
ial because of the lack of a clear-cut 
 distinction between the classes of SSSs. 
A natural explanation for this lack is that 
there is none. Indeed, the transformation 
processes occurring in dense environ-
ments may disrupt or transform massive 
SSSs, littering the galaxy field with the 
remains of disrupted systems, such as 
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astrometric solution and photometric cali-
bration was performed with the VST-Tube 
pipeline (Grado et al., 2012). VST-Tube is 
a very versatile software package for 
astronomical data analysis, tested against 
imaging data taken with different tele-
scopes/detectors and adaptable to exist-
ing or future multi-CCD cameras (e.g., 
Cantiello et al., 2013). Further details about 
the survey and the overall data quality 
can be found in Capaccioli et al. (2015, in 
preparation). 

The main science goals of the VEGAS 
survey are: 1) to study the 2D light distri-
bution out to at least ~ 10 effective radii, 
Re, focusing on the galaxy structural 
parameters and the diffuse light compo-
nent, highlighting the presence of inner 
substructures as a signature of recent 
cannibalism events and/or inner discs 
and bars fuelling the active nucleus that 
is present in almost all objects of our 
sample; 2) to map the surface brightness 
profile and isophote geometry out to  
10Re or more; 3) to analyse the colour 
gradients and their connection with gal-
axy formation theories, also taking 
advantage of stellar population synthesis 
techniques; 4) to study the external low 
surface brightness structures of the 
 galaxies and the connection with the 
environment; 5) to measure the surface 
brightness fluctuations (SBF), and SBF 
gradients for the chemical characterisa-
tion of the stellar population within 2Re,  
or more. 

The survey depth will allow the light dis-
tribution, colour gradients and SBF 
 magnitudes to the largest galactocentric 
distances to be characterised on a 
homogeneous and self-consistent basis. 
At large radii, from ~ 10Re and beyond, 
the dynamical times are of the order of 
109 yr, and the signatures of the second-
ary merging events due to the interaction 
with the environment last longer. VEGAS 
will look for the expected signatures of 
processes occurring at various scales of 
the galaxy environment by the study  
of surface brightness, colours and SBF 
analysis.

In addition to the diffuse light, the wealth 
of SSSs in the potential well of the host 
galaxy is the other fossil tracer of the  
past formation events in ETGs. Hence, 
one further science goal of VEGAS is to 

derive the census of SSSs out to several 
tens of Re, allowing the study of the 
 properties of dynamically hot stellar sys-
tems in the outermost galaxy regions. 
This latter part of the survey is also called 
VEGAS-SSS.

VEGAS-SSS

We started the VEGAS-SSS project  
with the study of g- and i-band data of 
NGC 3115, an isolated, relatively nearby 
lenticular galaxy, at a distance ~ 10 Mpc, 
mostly focused on the properties of  
the GC system in the galaxy. The choice 
of NGC 3115 was also motivated by the 
many photometric and spectroscopic 
studies available in the literature (both 
from 8–10-metre class ground-based 
 telescopes, and from the Hubble Space 
Telescope [HST]), which were particularly 
useful for testing the procedures and  
the methods that will be used for the 

future targets of the survey. A VST colour-
composite image of the galaxy is shown 
in Figure 1.

To improve the detection and the analysis 
of the spatial extent of the sources in the 
frame, we did not use the full sample of 
images available for the study of diffuse 
light, and restricted our analysis to the 
data with average seeing better than 
~ 0.8 arcseconds. With this choice, the 
total exposure time available is ~ 2700 s 
in g-band and ~ 1250 s in i-band.

In order to obtain accurate photometry 
over the entire VST frame, including  
the brightest inner regions of NGC 3115, 
we modelled and subtracted the galaxy. 
Then using our own procedure, based  
on various common astronomical tools 

Figure 1. The lenticular galaxy NGC 3115 is shown  
in a VST colour-composite (u, g and i filter) image; 
the size is about 52 arcminutes square.
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First results of VEGAS-SSS

GC luminosity functions
We analysed the luminosity function of 
sources in the field of NGC 3115, with  
the specific purpose of inspecting the 
GCLF to estimate the galaxy distance 
modulus μ0 using the GCLF turn-over 
magnitude (TOM; Harris et al. [2014] and 
references therein), and to further study 
how, and whether, the TOM in g-band, 
mg

TOM, changes as a function of galacto-
centric distance. 

As shown in Figure 2, panel (c), the den-
sity distribution of sources in the host 
galaxy has a peak at mg

TOM ~ 22.8 mag. 
Using the calibration of the absolute TOM 
from the ACS Virgo Cluster Survey, we 
estimated a distance modulus μ0 = 29.9 
± 0.3 mag, or 9.8 ± 1.4 Mpc, in good 
agreement with the literature distance of 
the galaxy.

The approach adopted allowed us to 
investigate how the GCLF might change 
with Rgal. To date, the scarce literature on 
the topic shows galaxies both with (Harris 
et al., 2014) and without (Jordan et al., 
2007) a radial dependence of the TOM. 
Our result is that for this galaxy there is 
no obvious variation of mg

TOM with the pro-
jected galactocentric distance. The peak 
of luminosity of the GCLF is influenced  
by various physical factors. However, to a 

(Pyraf, SExtractor, SuperMongo, etc.),  
we obtained accurate photometry of the 
compact sources, derived and applied 
the proper extinction and aperture cor-
rections, matched the g and i photo-
metric catalogues and analysed source 
colour, obtaining a separation between 
compact objects in the galaxy and fore–
background contaminants (Milky Way 
stars, background galaxies along the line 
of sight, etc.). 

Our photometry was verified against the 
various catalogues existing in the litera-
ture, and provided in all cases satisfac-
tory agreement. As an example, we took 
as reference the recent study of the 
Advanced Camera for Surveys (ACS) on 
the HST, based on a mosaic of six point-
ings covering the central ~ 6 × 9 arc-
minute region of NGC 3115 (~ 1.5 % of  
the total VST field of view). By comparing 
our g-band photometry with the ACS 
results from Jennings et al. (2014), a 
median ~ 0.01 mag difference is found 
over a sample of ~ 200 matching GCs. 

In addition to photometry, a further physi-
cal parameter that can be estimated 
using imaging data is the physical extent 
of the source. Size measurements can  
be very challenging, especially with 
ground-based imaging data. Moreover, 
only angular sizes can be measured, 
which require the knowledge of the 
object distance to be transformed to lin-
ear scale. Nevertheless, angular sizes 
and shapes have been estimated for a 
large sample of SSSs using both space- 
and ground-based telescopes (e.g., 
Larsen et al., 1999; Jordan et al., 2004). 
To estimate object sizes we used the 
software Ishape (Larsen et al., 1999), a 
commonly used tool for the purpose, 
which, in our case, proved very efficient.

We inspected the properties of SSSs out 
to ~ 23 arcminutes, which is more than 
twenty times the Re of NGC 3115, and the 
largest distance ever used to inspect 
SSSs in this galaxy. Thanks to the large 
field of view of the images, we applied a 
statistical approach to study the proper-
ties of the GC population versus galacto-
centric radius Rgal. The basic idea is 
 simple: fore–background objects are 
evenly distributed in the field around the 
galaxy, while SSSs “trapped” in the 
potential well of the galaxy have a power-

law radial density profile. Thus, we esti-
mated the surface density of objects satis-
fying some well-defined criteria (colour, 
magnitude, size, etc.) at different Rgal, and 
analysed the properties of the residual 
over-density, Σ, of the central galaxy 
regions with respect to the background 
regions. 

To describe how the method works, in 
Figure 2 we show the diagrams related  
to the GC luminosity function (GCLF) 
analysis. Panel (a) shows the GCLF at 
various projected Rgal, starting from the 
innermost regions with the largest surface 
densities Σ. In the plot, different colours 
show the surface density histograms at 
different radii, starting from 2 arcminutes 
out to Rbg = 23 arcminutes. Panel (b) 
shows the surface density Σbg of objects 
beyond Rbg = 23 arcminutes. The differ-
ence between the surface density Σ – Σbg 
inside and outside of the galaxy is clearly 
visible in the two panels, as shown in 
panel (c).

The effectiveness of the method adopted 
is demonstrated by the extremely good 
agreement with other existing studies 
covering smaller areas. In the following, 
we describe the first VEGAS-SSS results 
and show the potential of the project in 
providing original results on SSS-related 
science. More details can be found in 
Cantiello et al. (2014b).
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Figure 2. Surface density histograms versus magni-
tude. Panel (a): Surface density Σ for sources within 
Rgal ≤ Rbg. Darker colours refer to areas with smaller 
galactocentric radii. Panel (b): Same as left, but for 
background sources at Rgal ≥ Rbg. Panel (c): residual 
surface density Σhost = Σ (Rgal ≤ Rbg) – Σbg.
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first approximation, the simplest interpre-
tation of the gradient (or lack of it) in the 
peak luminosity of the GCLF is a trend (or 
lack of it) in the mean GC mass with Rgal. 

We further inspected how the TOM dif-
fers between the red and blue GCs, after 
dividing the blue/red GCs by adopting a 
sharp colour separation at g – i = 0.9 mag 
(see below). Our analysis showed that  
the GCLF of the blue and of the red GCs 
has a peak consistent with the TOM of 
the total GC selection. The interesting 
point here is that a ≈ 0.2 mag offset exists 
between the red and blue GCLF, with the 
red system being fainter. Indeed, from  
a stellar population viewpoint, such behav-
iour is expected if the GC mass function 
is universal across metallicity (Jordan et 
al., 2007).

With the future VEGAS-SSS studies,  
we will further explore the dependence  
of mg

TOM with the projected radii and the 
possible systematic differences between 
the blue and red GCLFs, for galaxies in 
different environments and with different 
masses.

GC colour distribution
The choice of NGC 3115 as the first 
VEGAS-SSS target was also motivated 
by the fact that the galaxy is the first  
one beyond the Local Group with a con-
firmed bimodal metallicity distribution 

(see  Brodie et al., 2012; Cantiello et al., 
2014a; and references therein for more 
details). In the last decade, the nearly uni-
versal presence of two well-separated 
peaks in the optical colour distribution of 
GCs in ETGs, has inspired a vigorous and 
prolific debate. Historically, the bimodal 
colour of GCs in optical bands has been 
equated to metallicity ([Fe/H]) bimodality, 
implying a fundamental constraint on  
GCs and galaxy formation scenarios. 
Metallicity bimodality requires two distinct 
epochs or mechanisms of formation, or 
both, for the blue/metal-poor and red/
metal-rich GC subpopulations. However, 
this assumption became the subject  
of debate when various authors indepen-
dently, using observations and stellar pop-
ulation models, pointed out non- negligible 
nonlinearities in the colour–metallicity 
relations of GCs, and demonstrated that 
the presence of such nonlinearities natu-
rally produces bimodal colour histograms 
from non-bimodal [Fe/H] distributions. 
This interpretation provided a simple, 
alternative explanation for the ubiquity of 
bimodal GC colour distributions, based 
on stellar evolution. 

Using the same approach adopted for 
the GCLF, we analysed the colour dis-
tribution of GC candidates in NGC 3115. 
The results are shown in Figure 3. The 
figure shows the “total - background” 
density distribution, similar to panel (c) in 

Figure 2, versus colour. The plot shows 
two obvious features: i) the presence  
of a dip at g – i ~ 0.9 mag with two well-
defined peaks at ~ 0.75 and 1.00 mag; 
and ii) the dip and the peaks are seen at 
all inspected radii. 

By analysing the position of the blue and 
red peaks as a function of Rgal (Figure 4), 
various features appear:
–  A clear colour–Rgal correlation for the 

blue GC component, and no correla-
tion, or only a very weak one, for the 
red GCs;

–  The fraction of red GCs has a slight but 
significant decrease with respect to the 
blue GCs at large radii; 

–  The width of the two sequences is rela-
tively stable with radius, with the blue 
distribution being broader at all radii.

In Figure 4 we also added data from 
Arnold et al. (2011) from the SAGES 
 Legacy Unifying Globulars and GalaxieS 
(SLUGGS) survey. The grey symbols 
show spectroscopically confirmed GCs 
(dots), and the rolling fits for the blue  
and red GC peaks as derived by combin-
ing the spectroscopic and photometric 
samples (grey dashed lines). There is  
a good match between the VEGAS-SSS 
and SLUGGS results. In particular, we 
highlight the very good match with the 
colours of spectroscopically confirmed 
GCs. The agreement appears even more 
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of Figure 2, but shown versus colour.
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the blue and red GCs (blue 
squares and red circles respec-
tively) plotted at  different Rgal. 
Symbol size is proportional to 
the fraction of objects associ-
ated with each peak. A fit to the 
data is shown with dot-dashed 
lines. Grey dots show spectro-
scopically confirmed GCs; grey 
long-dashed lines mark the 
 rolling fits of the blue and red 
GC peaks as derived by Arnold 
et al. (2011) obtained from a 
combination of spectroscopi-
cally and photometrically 
selected GCs.
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Second, the results obtained for the  
GC population in NGC 3115, based on  
g- and i-band data, suggest that a similar 
analysis carried out on the final VEGAS-
SSS target list, and extended to other 
SSS classes, will have great value in 
studies of the evolution and transforma-
tion processes taking place in galaxies in 
a range of environments.
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striking if one takes into account that the 
SLUGGS data were obtained by coupling 
gri-band imaging data from Suprime-
Cam at the 8.2-metre Subaru Telescope 
and spectroscopy from the 10-metre 
Keck-II telescope with DEIMOS.

Finally, we analysed the radial profiles of 
the projected surface density of GC can-
didates, inspecting the full GC sample, 
and the red and blue subsystems sepa-
rately. The results are shown in Figure 5. 
Our analysis reveals that the total, red 
and blue GCs follow very closely an R1/4 
de Vaucouleurs profile, and that the pro-
file of red GCs appears steeper than that 
for the blue GCs while both are shallower 
than the galaxy light profile. Moreover, 
the red GCs and the galaxy light profile 
match at Rgal ≥ 7.5 arcminutes, while  
the density of GCs is lower at smaller 
radii. Such a depletion, already observed 
in other galaxies brighter than NGC 3115, 
has been interpreted as a higher effi-
ciency for GC-disruption mechanisms in 
the inner galaxy regions by dynamical 
friction, two-body relaxation and GC tidal 
shocking (see Goudfrooij et al. [2007] and 
references therein). 

Overall, the properties observed support 
a scenario where blue GCs are associ-
ated with the galaxy halo, while red ones 
are more centrally concentrated and 
associated with the bulge stellar compo-
nent in the galaxy, and suggest that the 
galaxy has undergone a relatively quies-
cent evolution, without major star-forming 
events.

SSS sizes

The selection of SSSs based on one sin-
gle colour is inherently uncertain and 
results in a catalogue with large fractions 
of contaminating sources. An additional 
optical colour certainly reduces the frac-
tion of contaminants, especially if u-band 
photometry is available. To partly over-
come the problem of using one optical 
colour alone, we also estimated the phys-
ical extent of SSSs using the aforemen-
tioned tools. We finally obtained a cata-
logue containing ~ 30 000 sources with 
both photometry and Rh estimates; the 
latter have been compared with literature 
studies, with encouraging results.

Object sizes provided another attribute  
to discriminate between real SSSs hosted 
in the field of NGC 3115, and fore/back-
ground sources. Future studies with new 
deep VEGAS-SSS gri- and u-band data 
will be used to further study the issue, 
and — for targets at larger distances, 
where GC sizes cannot be reliably esti-
mated — constrain even more tightly  
the properties of other, less populated 
classes of SSSs, such as UCDs and cEs.

Future perspectives

The final catalogues from VEGAS-SSS 
will contain accurate photometry, posi-
tions and sizes for thousands of SSS 
candidates in the field of bright ETGs. 
The programme will have a twofold legacy 
value. First, for preparing future obser-
vational studies. The coupling of optical 
data with just one near-infrared band  
is very effective in reducing the fraction of 
SSS contaminants to ≈ 5 % or less. The 
VEGAS-SSS catalogues will then be 
 perfectly suited to be complemented by 
single-band near-infrared imaging (e.g., 
with a large-format near-infrared imager 
like VISTA). Moreover, having complete 
and clean SSS catalogues is essential for 
the preparation of spectroscopic follow-
up campaigns.

Astronomical Science

Figure 5. Surface density profiles of blue, red and 
total GC population (blue, red and black lines 
respectively). The galaxy surface brightness profile in 
g-band from Capaccioli et al. (2015, in prep.) is also 
shown by a green long-dashed line. The linear fit to 
the surface density is shown by a dotted line. The 
scale of the galaxy profile is arbitrary.
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The groundbreaking ceremony to mark the begin-
ning of the main construction phase for the ESO 
Supernova Planetarium & Visitor Centre (artist’s 
impression above) took place on 24 February 2015 
at ESO Headquarters in Garching. See Announce-
ment ann15011 for details.
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telescope in La Silla (Merkle et al., 1989). 
AO is now part of many systems at the 
Paranal Observatory, as well as in all 
major observatories, and has led to many 
of the most important ESO discoveries: 
the supermassive black hole at the centre 
of the Milky Way, the first image of an 
exoplanet and imaging of the young discs 
around stars. AO comes in many differ- 
ent flavours and can be defined by the 
total corrected field of view versus the 
Strehl ratio which the system achieves. 
These flavours include ground-layer AO 
(GLAO), multi-conjugated AO (MCAO) and 
eXtreme AO (XAO). All major telescopes 
have second generation AO instruments 
currently in operation, which can reach 
typically 15–50 milliarcsecond (mas) res-
olution with high Strehl ratios and have 
ten times more actuators than the first 
generation AO systems. 

At the Very Large Telescope (VLT), the 
second generation AO system is SPHERE 
(an XAO system), which is beginning reg-
ular operations (see article on Science 
Verification by Leibundgut et al., p. 2) and 
is based on a system with 1600 actuators 
(see the result in Figure 2, right). A GLAO 
system (part of the VLT Adaptive Optics 
Facility [AOF]) is under development at 
ESO to assist instruments such as MUSE 
and Hawk-I, combining diffraction-limit 
imaging and relatively wide-field imaging 
spectroscopy. Not least, the whole 
 concept of the European Extremely Large 

Henri Boffin1

Linda Schmidtobreick1

Gaitee Hussain1

Jean-Philippe Berger1

1 ESO

A workshop took place in Brussels in 
2000 on astrotomography, a generic 
term for indirect mapping techniques 
that can be applied to a huge variety of 
astrophysical systems, ranging from 
planets, single stars and binaries to 
active galactic nuclei. It appeared to be 
timely to revisit the topic given the 
many past, recent and forthcoming 
improvements in telescopes and instru-
mentation. We therefore decided to 
repeat the astrotomography workshop, 
but to put it into the much broader con-
text of high angular resolution astron-
omy. Many techniques, from lucky and 
speckle imaging, adaptive optics to 
interferometry, are now widely employed 
to achieve high angular resolution and 
they have led to an amazing number  
of new discoveries. A summary of the 
workshop themes is presented.

The workshop brought together people 
from different communities (see the con-
ference photograph, Figure 1), who use 
various techniques to construct images at 
very high angular resolution, with the aim 
of reviewing these methods, the progress 
in the field, the new harvest of results that 
have been collected, as well as to pre-
pare the next generation of astronomers 
to use these tools and techniques. The 
various techniques used to beat the 
 seeing and the telescope diffraction limit 
can be roughly distributed as follows:
–  single-dish imaging methods have 

been developed to beat the seeing at 
the focus of telescopes (e,g., adaptive 
optics, lucky/speckle/holographic 
imaging, sparse aperture masking) 
aiming at sub-arcsecond spatial reso-
lution up to the diffraction limit of single 
telescopes;

–  techniques that allow the diffraction 
limit to be beaten in order to achieve 
milliarcsecond angular resolution using 
direct (optical interferometry) and 
 indirect (e.g., spectro-astrometry) tech-
niques; and

–  single-dish tomographic reconstruction 
methods (astrotomography), with 
microarcsecond resolution, but appli-
cable only to certain classes of objects.

The workshop was structured to present 
the various techniques, with extensive 
reviews, and then to consider the various 
scientific fields that have profited from 
these techniques: exoplanets and brown 
dwarfs, stars, binaries, and large-scale 
phenomena. We give a very short sum-
mary of the material presented; the pro-
gramme of the workshop is available1 and 
the presentations can be downloaded2.

Beating the seeing: Reaching the 
 diffraction limit

Atmospheric turbulence creates inhomo-
geneities in the refractive index of air that 
affects the image quality — the infamous 
“seeing”. To counter this, astronomers 
have devised a series of techniques, such 
as lucky imaging, speckle imaging and 
adaptive optics. 

Adaptive optics (AO), which has a long 
history at ESO, aims at neutralising the 
atmospheric turbulence by a closed-loop 
system. As Julien Milli reminded us in  
his presentation, the first astronomical 
system ever online was Come-On at the 
Observatoire de Haute-Provence, which 
later became operational at the 3.6-metre 
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held at ESO Headquarters, Garching, Germany, 24–28 November 2014

Figure 1. Photograph of the participants at the work-
shop in the entrance hall at ESO Headquarters. 
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sented in detail by Mike Ireland. In par-
ticular, he pointed out that there are 
some moderate to high Strehl regimes, 
where working in the Fourier plane using 
a non-redundant mask offers improved 
performance over standard pupil-plane 
analysis; the example of a putative form-
ing planet in a young disc in LkCa 15 was 
discussed. As a complement, Makoto 
Uemura showed how sparse aperture 
modelling can be applied, in a cross- 
disciplinary approach, to Very Long 
Baseline Imaging (VLBI) images, Doppler 
tomography and gamma-ray Compton 
imaging. In another vein, Jaeho Choi 
 presented a non-interferometric phase-
differential imaging method that uses 
Foucault knife-edge filtering. 

Beating the diffraction limit:  
The milliarcsecond horizon

In order to reach higher spatial resolu-
tions, different techniques, such as long-
baseline interferometry where two or 
more telescopes are combined to obtain 
fringes, are required. The technique was 
reviewed by Jean-Baptiste LeBouquin. 
The contrast (“visibility”) and phase infor-
mation (“closure” or “differential phases”) 
of the interference fringe packets can  
be used to retrieve direct information on 
the observed object brightness distri-
bution. While the technique has been in 
widespread use in the radio domain for 
several decades, it is now also becoming 
a routine technique in the optical domain, 
in particular at the VLT Interferometer 
(VLTI) where the angular resolution in the 
near-infrared is of the order of a few milli-
arcseconds. 

Two regimes of data analysis were pre-
sented. In the first, the measurements  
are fitted with a parametric model of the 
object. This is particularly well suited 
when the number of measurements is 
limited, the object structure is well under-
stood or the object is only marginally 
resolved. This was, and still is, the bread 
and butter of interferometry and is 
applied to the measurement of precise 
diameters, binary parameters or simple 
morphological parameters; it is well 
 illustrated by the spectacular case of the 
expansion of a nova shell (Schaeffer et 
al., 2014) or the mass-loss in stars across 
the Hertzsprung–Russell diagram (e.g., 

Telescope (E-ELT) requires the use of  
AO. The future lies also in the develop-
ment of wide-field AO systems (WFAO), 
as shown by Benoît Neichel in his talk.  
By using multiple laser guide stars (LGS), 
WFAO significantly increases the field  
of view of AO-corrected images. The first 
such system in routine operation is GeMS, 
the Gemini Multi-Conjugate AO System, 
which uses five LGS and provides 87 by 
87 arcsecond AO-corrected images in 
the H-band with a resolution of 80 mas. 
Such wide-field images with uniform 
point-spread functions over the full field 
of view are particularly useful for astro-
metric studies, for example in clusters or 
at the Centre of the Milky Way. Moreover, 
such developments are critical, as all the 
ELTs rely on multi-LGS WFAO systems.

Wolfgang Brandner reviewed lucky 
 imaging, which is often presented as a 
poor man’s adaptive optics. It exploits 
moments of good seeing, that is, it takes 
many short exposures and then retains 
only those images that have the best 
quality (typically 10 % of the whole). The 
technique is still quite popular and new 
projects are being devised, especially 
since the availability of noise-free detec-
tors such as L3 (Low Light Level, LLL) 
and extended multiplication (EM) charge 
coupled devices (CCDs), and the fact  
that these systems are quite affordable. 
For example, the AstroLux Sur on the 
ESO New Technology Telescope (NTT) 
had a total hardware cost of only 50 000 
euros. Lucky imaging is also quite useful 
as it generally has fainter limiting magni-
tudes than most AO systems, and it can 
work in the visible where AO is not so 
developed. As pioneer and expert, in his 
presentation, Craig Mackay mentioned 

that, at the 5-metre Palomar telescope, 
AO and lucky imaging are combined, 
leading to the highest resolution image 
ever taken in the visible on faint targets, 
with a resolution of 35 mas in the I-band 
and a Strehl ratio of 17 %. Gergely 
Csépány combined lucky imaging and AO 
to study a sample of 38 T Tauri mul tiple 
systems over a 20-year period, and was 
able to cover the orbits in several of them. 
In addition, Mackay presented a proposal 
for a mosaic of lucky imagers for the  
NTT. This project, called GravityCam, will 
consist of no less than 100 CCDs with  
70 mas pixels and will mainly be used for 
exoplanet microlensing surveys, down to 
below an Earth mass. 

Speckle imaging was introduced by 
 Sridharan Rengaswamy, who showed the 
advantages of the method and its signifi-
cant contribution to the imaging of binary 
stars. More details about this technique 
is given in Rengaswamy et al. (2014).  
This technique was further developed, as 
speckle holography, by Rainer Schödel, 
which he calls “lucky imaging on steroids” 
to reconstruct images of crowded and 
“wide” fields of view of several tens of 
arcseconds, while keeping the instrument 
sensitivity.

In sparse aperture masking (SAM; or 
non-redundant masking [NRM] depend-
ing on which side of the Atlantic you 
work), a mask with a few holes is placed 
in front of the AO system. This trans- 
forms the primary mirror into a separate-
element, multiple-aperture interferometer 
and allows diffraction-limited imaging  
of (bright) astrophysical targets to be 
reconstructed, such as dust-enshrouded 
evolved stars. The technique was pre-
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Figure 2. Showing the 
progress achieved in 
AO: a comparative study 
of the disc around HR 
4796 A by NACO (left; 
from Milli et al., 2014) 
and, more recently, with 
SPHERE (right; from Milli 
et al. [2015] in prep.).
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Boffin et al. 2014). In the second case, 
the object complexity precludes simple 
modelling. If an object is well resolved 
(e.g., about 10 mas or more) it is then 
possible to acquire many measurements 
in the (u,v)-plane in order to carry out 
image reconstruction. Fabien Baron intro-
duced the art of aperture synthesis and 
presented some magic tips and tricks  
for imaging stellar surfaces with interfer-
ometry, introducing the SQUEEZE and 
SIMTOI software. Clearly still an active 
area of research, it was shown that a 
large range of priors and model selection 
methods can be used. It is critical to  
test the methods and in this respect, the 
blind interferometric beauty contest plays 
an important role (Baron et al., 2012;  
see Figure 3). In the same vein, Christian 
Hummel presented a novel imaging 
 algorithm that allows the combination of 
multi-channel interferometric data in a 
single image. 

Interferometry is now coming of age and 
the VLTI has become a major piece of 
infrastructure with which it is possible to 
carry out surveys of hundreds of objects, 
such as for young stellar objects as part 
of the Exozodi survey, presented by Steve 
Ertel (see Ertel et al., p. 24). Gains in sen-
sitivity now allow several dozens of active 
galactic nuclei (AGN) to be observed  
and their nuclei to be probed at unprece-
dented angular resolution. Sebastian 
Hoenig explained how the VLTI observa-
tions challenge the popular dusty torus 
model and reveal the true complexity of 
the inner kiloparsecs of AGN, such as its 
clumpiness and the inflow–outflow con-
nection. This idea was supported by vari-
ous other talks on interferometric obser-
vations that all agreed that there is more 
structure present in the mass around the 
black hole than previously assumed 
(Daniel Asmus, Leonhard Burtscher & 
Noel Lopez Gonzaga). 

Pierre Cruzalèbes showed how to use 
interferometry to relate deviations from 
centro-symmetry of evolved stars to the 
K giant–red supergiant–asymptotic giant 
branch (AGB) star sequence. Zooming  
in on one object, Claudia Paladini showed 
nice results from an imaging project of 
the carbon-rich Mira R Fornicis, taking 
data with PIONIER for six half-nights over 
two weeks with three different quadru-
plets, leading to 294 visibility points and 

201 closure phases. The resulting image 
is clearly aspherical, and shows that  
the surface is partially obscured by a mix-
ture of dust and molecular opacity, simi-
larly to R Coronae Borealis. The case  
was made that the combination of image 
reconstruction and spectral resolution 
should, in the future, become a major 
development at the VLTI, since it should 
allow astronomers to peer through the 
molecular layers in the complex stellar 
atmosphere. Michel Hillen looked at even 
more evolved stars using interferometry 
to study the discs around post-AGB stars 
and to constrain their vertical structure 
and dust distribution.

New instruments will soon be available, 
such as GRAVITY (Eisenhauer et al., 
2011) and MATISSE (Lopez et al., 2014)  
at the VLTI. Jean-Philippe Berger showed 
in particular how GRAVITY will be useful 
for exoplanet detection. The increase  
in sensitivity through the use of efficient 
fringe tracking was discussed by Jorg-
Uwe Pott, while Romain Petrov provided 
a detailed analysis of the possibility of 
more sensitivity gains. 

Often, it is necessary to use many 
 complementary techniques to gain the 
necessary knowledge. This was most 
evident in Stephan Gillesen’s review on 
the already legendary observations of  
the Galactic Centre: many years of AO 
observations have resolved the stars of 
the central cluster and revealed the orbits 
of the inner stars around the Galactic 
Centre. These observations have proved 
the central object to be a supermassive 
black hole. Gillesen reported on follow-up 
observations that were taken to address 
more details and a campaign to follow 
the periastron passage of the star S2 in 
2017 with several AO instruments. Future 
observations with GRAVITY in the Galac-
tic Centre will be able to test whether 
 Einstein’s theory of general relativity holds 
in the vicinity of a black hole.

Stefan Kraus discussed the long-term 
plans to build a planet formation imager 
with the goal of studying the formation 
process and early dynamical evolution  
of exoplanetary systems on spatial scales 
corresponding to the Hill sphere of the 
forming planets. This requires angular 
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ets in time series of high-resolution 
 spectra could be used to recover details 
of the system’s spin–orbit alignment 
through the Rossiter–McLaughlin effect. 
Measuring these spin–orbit alignments  
is important for understanding the origins 
of the system. In rapidly rotating stars, 
similar studies are important for exo-
planet validation and for breaking degen-
eracy between v sin i and spin–orbit 
 misalignment for low impact parameters. 
Tilted and retrograde orbits have been 
recovered for a number of systems, point-
ing to a number of different migration 
pathways. Studies of time series of near-
infrared spectra have been employed to 
detect the transmission spectra of exo-
planets themselves, enabling the masses 
of both the planet and star to be com-
puted. The recent detection of the dayside 
spectrum of the hot Jupiters, τ Boo b,  
51 Peg b and HD 189733b show that 
non-transiting planetary atmospheres can 
be detected; with β Pic b found to spin 
significantly faster than any planet in the 
Solar System. These are key pathfinder 
studies for the ELT. 

Stellar surface-imaging techniques, 
 Doppler imaging, Zeeman Doppler imag-
ing and Roche tomography exploit the 

resolution of 0.03 AU, or 0.2 mas, which 
clearly points to a whole new facility.

While interferometry provides direct 
 information with milliarcsecond resolution, 
Klaus Pontoppidan presented spectro-
astrometry, an inexpensive method  
for measuring spatial properties of line-
emitting gas far beyond the diffraction 
limit, and particularly powerful in deter-
mining the position angles and sizes of 
rotating and jet-like compact objects on 
scales as small as 0.1 mas. The rather 
simple idea is to measure the centroid on 
a spectrum as a function of wavelength, 
giving two-dimensional information. The 
technique has been applied to a wide 
range of astronomical objects, from 
proto planetary discs, binary stars, discs 
around massive stars to AGN. Although  
it can be carried out with most spectro-
graphs, AO-fed high dispersion echelle 
spectrographs allow much higher spatial 
resolution to be reached and this is why 
instruments such as the CRyogenic high-
resolution InfraRedEchelle Spectrogrph 
(CRIRES) or NIRSPEC with AO are ideal 
for this technique. Miwa Goto described 
spectro-astrometry with CRIRES at the 
VLT to study the anomalies in discs 
around stars, Mónica Blanco Cárdenas 

looked at the cores of planetary nebulae, 
while on another scale, Jonathan Stern 
used the same technique to spatially 
resolve the kinematics of 0.1 mas wide 
quasar broad-line regions. 

Luca Pasquini presented a new method, 
tachoas trometry, which aims at doing 
astrometry with radial velocities, and is 
particularly adapted for double-lined 
spectroscopic binaries, leading to a pre-
cision of better than two mas. 

Microarcsecond resolution

The last set of techniques, allowing 
astronomers to reach microarcsecond 
spatial resolutions, are known together  
as astrotomography, and consist of 
 indirect imaging techniques from obser-
vations of projections, that are obtained 
through eclipses, Doppler shifts, and/or 
time delays (Boffin et al., 2001). These 
techniques have been used to probe the 
orbits of exoplanets, map the surfaces  
of a variety of stars and the structure of 
accretion discs in binary systems. 

Andrew Cameron showed how the dis-
tinctive signature from transiting exoplan-

Figure 4. Large-scale magnetic field maps obtained 
using Zeeman Doppler imaging are key inputs for 
numerical simulations of their coronae and extended 
environments. a) In pre-main sequence stars that are 
still accreting from their circumstellar discs,  magnetic 

field maps have been used to test magnetospheric 
accretion scenarios (Romanova et al., 2011). b) In 
main sequence stars they can be used to model stel-
lar winds, and the conditions in interplanetary envi-
ronments (from Alvarado-Gomez et al., in prep.).

a) b)
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information in time series of intensity and 
polarised spectra to reconstruct detailed 
maps of stellar photospheres. In the 
brightest, most rapidly rotating systems, 
these maps can achieve a latitudinal 
 spatial resolution close to two degrees. 
Oleg Kochukhov, Julien Morin and Chris 
Watson reviewed the application of inver-
sion techniques to reconstruct surface 
brightness maps, inhomogeneities in 
chemical elements and the large-scale 
magnetic fields on stars in systems 
including: brown dwarfs; G–M-type main 
sequence and pre-main sequence stars; 
Ap and Bp stars; B-type HgMn stars; and 
late-type stars in cataclysmic variable 
binaries (CVs) and X-ray binaries (exam-
ples in Figure 4). These maps probe 
 fundamental processes including surface 
differential rotation, timescales of flux 
emergence and diffusion processes, and 
in CVs may explain the properties and 
timescales of accretion outbursts. 

Julian Alvarado Gomez presented a 
robust criterion to prevent over/under- 
fitting in maps obtained with  Doppler 
imaging techniques. He demonstrated 
how the large-scale magnetic fields 
reconstructed for cool stars can be used 
to model the extended environments  
and mass loss properties using three-
dimensional magnetohydrodynamic mod-
els that have been developed for the Sun. 
Colin Hill reported the first measurement 
of differential rotation at the surface of  
the K4-type secondary of the CV, AE Aqr 
in contrast to predictions of tidal locking 
causing solid-body rotation. The time-
scales of the variability of activity implied 
by the measured differential rotation rates 
may contribute to the observed mass-
transfer variations in the CV. 

Tom Marsh introduced the technique  
of Doppler tomography, reviewing how 
structure within accretion discs and flows 
can be recovered from well-sampled 
spectroscopic time series. Results were 
shown for a range of accreting  systems, 
showing how different diagnostics can 
allow more detail to be reconstructed. 
Axel Schwope showed how Doppler 
tomography can be applied to polars 
(cataclysmic binary stars) to map the 
detail of magnetic accretion spots  
on white dwarfs. Petr Hadrava showed 
how Fourier disentangling of the spectra 
of binaries can be used to study various 

phenomena, including pulsations, and 
can be applied to CVs. Jan Cechura 
described how hydrodynamic simula- 
tions can be used to construct synthetic 
 Doppler tomograms of the high-mass 
X-ray binary, Cyg X-2, in both hard and 
soft states. These can be directly com-
pared with observations and aid the 
 conversion of tomograms, which are in 
velocity space, into spatial coordinates. 

Raymundo Baptista reviewed how the 
detailed structure in accretion discs can 
be probed using eclipse mapping tech-
niques including the white dwarf, mass 
donor, disc and outflowing gas. He also 
demonstrated how the time evolution of 
discs can be used to follow changes 
 during outburst events and changes in 
disc viscosity during flickering (using light 
curves of HT Cas spanning two years). 
Stephen Potter showed how photo- 
polarisation light curves could be inverted 
to create images of accretion shocks  
and detail in the structure near the white 
dwarf photosphere in magnetic CVs. 
Genetic optimisation is found to be effec-
tive in finding robust fits to the Stokes 
parameters. The models used for these 
reconstructions employ realistic stratifica-
tions of the accretion column structure 
based on radiation hydrdodynamic simu-
lations. The latest results of tomographic 
studies of polars, covering consecutive 
half-orbits for two systems and revealing 
the variability in the structure of the mag-
netic accretion flow in V834 Cen and  
HU Aqr, were presented by Enrico Kotze.

Misty Bentz introduced the technique  
of AGN reverberation mapping (or echo 
mapping), where time delays between 
signals in the continuum and in various 
broad lines are transformed into spatial 
information on the broad-line region 
(BLR). This allows the measurement of 
the mass of the black hole and, together 
with velocity delays of the lines, also 
gives a detailed picture of the BLR itself. 
As shown by Suvendu Rakshit, com-
bining the angular sizes of the interfero-
metric measurements with the rever-
beration maps yields geometric distances 
to the AGNs, which is necessary for the 
calibration of black-hole masses as well 
as for general cosmology.

As is most fitting for an ESO workshop, 
the final session was devoted to current 

and future instrumentation. Suzanne 
Ramsay presented the current and future 
ESO instruments that may be used for 
high angular resolution, and the list is 
quite long: MATISSE, GRAVITY, the future 
AO Facility, ERIS, as well as many instru-
ments to come with the E-ELT. Ulli Kaeufl 
presented the recent VISIR upgrade (see 
Käufl et al., p. 15).

The workshop was purposely limited to 
the optical and infrared domain, but of 
course high angular resolution astronomy 
can also be done in other wavelength 
ranges, and the recent, amazing images 
coming from ALMA (Atacama Large 
 Millimeter/submillimeter Array) are a per-
fect demonstration. If the workshop has 
shown how much progress is evident on 
many fronts, it has also highlighted how 
very bright the future is!
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Last year, the delegates to ESO Council 
elected me as Council President for  
2015, following the completion of Xavier 
Barcon’s three-year term of office. This  
is both a great honour and a daunting 
challenge for me, made all the greater  
by Xavier’s exemplary performance in the 
role of President. Xavier showed enor-
mous commitment, investing large frac-
tions of his time and energy, together 
with cheerful and wise leadership. I am 
particularly pleased that at his final 
 meeting as President in December 2014, 
Council approved the start of construc-
tion of the European Extremely Large 
 Telescope (E-ELT), bringing the long 
years of studies, refinements, proposals 
and diplomacy to the point where ESO 
now embarks on the challenging task  
of building the next astronomical and 
technological jewel. This is a very fitting 
conclusion to Xavier’s presidency.

Brief biography

I am a Professor of Physics at the Univer-
sity of Oxford and a Fellow of Hertford 
College, one of the constituent colleges 
of the University. Like most university 
 faculty, my main roles include teaching 
undergraduate and graduate students, 
and conducting research in astrophysics, 
but in Oxford nothing is quite as simple 
as it seems. I only found out when I 
joined the College that I would inherit the 
position of senior member of the Hertford 
College Boat Club. I also oversee the 
College investments, which has provided 
a useful background for the periodic 
council discussions on the state of the 
CERN Pension Fund. In the Physics 
Department, I chair the Workshop Com-
mittee and am part of the Astrophysics 
Sub-department of Physics. 

Before I started university, I worked for  
a year as an engineering technician in 
transistor production at Texas Instru-
ments. This experience was valuable in 
providing me with hands-on contact  
with industrial manufacturing processes 

and semiconductor fabrication. It also 
enabled me to save enough money to 
buy a motorbike! I have had one ever 
since, although do not get to use it very 
often these days. My current bike is 
22 years old, and owning old machinery 
certainly prompts one’s appreciation  
of the need for regular mechanical repairs 
and maintenance, and the ever-present 
possibilities of obsolescence. 

My PhD thesis project at University 
 College London was to develop and 
exploit a mid-infrared spectrometer, 
under the supervision of Dave Aitken.  
The instrument was deployed at tele-
scopes in  Australia, Hawaii, California 
and Tenerife, and even on the original 
Isaac Newton Telescope in the marshes 
of Herstmonceaux before it was moved 
to La Palma. For more than a decade, it 
was the most sensitive instrument of its 
kind in the world and it characterised the 
mid-infrared spectra of a wide range of 
astronomical objects from planets in the 
Solar System to star-forming galaxies  
and active galactic nuclei. A polarimetric 
upgrade allowed the first detailed inves-
tigations of the 10 and 20 μm polarisation 
properties. The requirements for the 
assembly and dismantling of this instru-
ment for the campaigns at different tele-
scopes emphasised the virtues of relia-
bility and good engineering. I have 
retained an abiding interest in astronomi-
cal instrumentation and the development 

of observational techniques throughout 
my career, and have been involved with 
 several infrared instruments, and led the 
construction of William  Herschel Infra-
Red Camera (WHIRCAM) for the William 
Herschel Telescope (WHT) and United 
Kingdom Infra-Red Telescope (UKIRT) 
Fast-Track Imager (UFTI). 

I have been privileged to chair several 
 telescope boards and advisory com-
mittees, including the Anglo Australian 
 Telescope (AAT) and UKIRT Boards, and 
the NOVA (Nederlandse Onderzoek-
school voor de Astronomie) Instrument 
Steering Committee, and was UK Gemini 
project scientist for the last six years of 
the construction project. I have had close 
associations with ESO since the UK 
accession process started, serving on 
the Scientific Technical Committee (STC) 
and Council, and chairing the STC and 
the Very Large Telescope Interferometer 
(VLTI) subcommittee. I have also served 
on the Atacama Large Millimeter/sub-
millimeter Array (ALMA) Board. I am 
hugely grateful for the opportunities that 
have been given to me to work closely 
with the dedicated staff at these obser-
vatories. Many of the remarkable discov-
eries and developments in astronomy 
over the last few decades have arisen 
through the deployment of innovative 
instruments, supported by close interac-
tions between the astronomical commu-
nity and observatory staff. 

New President of Council
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To the future

ESO is an outstanding example of what 
can be achieved through collaboration 
and shared vision. I list a few examples: 
the second generation VLT instruments 
are the most ambitious and powerful 
capabilities available anywhere on opti-
cal/infrared telescopes and will doubtless 
provide a stream of high-profile results  
in the coming years; the results from 
ALMA over the last few months have 
demonstrated its enormous potential, 
and there is more to come as the number 
of antennas in use increases and the 
observatory moves towards full opera-
tions; and the first instruments for the 
E-ELT are moving towards approval for 
construction. At the same time, further 

VLT and VLTI instruments are in the pipe-
line and upgrades to current capabilities 
will maintain their power. 

ESO is a remarkably powerful and capa-
ble organisation, with very strong sup- 
port from its Council delegates and the 
community. ESO is seen as a model for 
other communities to follow and I am 
both proud of this and eager to contrib-
ute to future developments. At a time 
when many funding agencies have had  
to make very difficult decisions about 
funding priorities within their national pro-
grammes, they have provided a ringing 
endorsement of ESO’s programme by not 
only maintaining their investments, but 
ramping up their contributions to ensure 
that the E-ELT can be built and operated 

at the level needed to sustain the pro-
gramme. 

The last couple of years have seen some 
very important anniversaries marking 
ESO’s early years, and reflecting on those 
gives a very real sense of the way that  
it has developed from initial ideas to the 
world-leading organisation that we see 
today. There will doubtless be substantial 
challenges in the next few years as the 
current facilities are consolidated and the 
E-ELT construction programme pushes 
ahead, but these will come at a time 
when the capabilities and productivity of 
ESO’s facilities have established us at the 
forefront of astronomy. 

I look forward to the exciting times ahead!

Fellows at ESO

Bernd Husemann

I was born 1981 in the small village of 
 Amelunxen, located almost at the centre 
of Germany between Paderborn and 
Göttingen, or Kassel and Hannover. 
When I was about nine years old Star 
Trek — The Next Generation started on 
German TV and became my obsession.  
I admired the enthusiasm with which the 
Enterprise crew explored the huge and 
vastly unknown Universe, and their curi-
osity for new civilisations. I dreamt of 
being a part of their Universe and explor-
ing it when I grew up. Thus, I read a lot  
of children’s books about the Solar Sys-
tem, the Galaxy and the history of the 
Universe. Given my never-ending desire 
to understand how the world around me 
really works, it was a natural choice for 
me to become a scientist. 

Although I had not yet seen a telescope,  
I had already decided two years before 
finishing school that I wanted to study 
astronomy. Checking the available univer-
sities in Germany left me with just a few 

options. I chose the University of Potsdam 
for two basic reasons: it is a small uni-
versity with good contacts among the 
students and lecturers; and, the Leibniz-
Institute for Astrophysics (AIP) is nearby 
and I was already thinking about doing a 
PhD there. Indeed it was the best choice 
I could have made and the best time of 
my life. We were a group of only 20 young 
and motivated physics students locked 
together in a room each day solving 
maths exercises, hunting down the lec-
turers for questions and complaining 
about our exams being far too difficult. 

An important milestone for my personal 
development, education and career  
was to study for one year abroad in 
 Southampton (UK) in 2003. It was a coin-
cidence that the University of  Southampton 
offers one week of training at the Teide 
Observatory (Tenerife, Spain) each year 
for their astronomy students. Although I 
was only a short-term visiting student, 
Phil Charles and Christian Knigge 
decided that I could attend the training 
course without additional cost. Visiting a 

remote observatory for the first time 
allowed me to see the night sky in its full 
beauty. The star sign Scorpio became my 
favorite and I realised that looking deep 
into the Universe with big telescopes at 
amazing locations is a true privilege. This 
was the job I really wanted to do!

Astronomical News
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and Germany. In early 2008, I coincidently 
met with the Danish Ambassador at a 
seminar and he suggested that I should 
apply to Denmark as well. So I applied  
for a PhD vacancy at the Dark Cosmology 
Centre (DARK), University of Copenhagen. 
I was finally short-listed and after a written 
test and an interview, I was selected. So  
I stepped into wonderful Copenhagen, 
which was my first exposure to the wide 
world, and started my PhD in late 2008. 
Copenhagen has been my favourite city 
ever since. During the first year of my PhD 
I worked on acquiring more astrophysics 
knowledge, especially as I was hired for 
hunting high-redshift Lyα emitters using 
X-shooter. However, near the end of my 
first year, we realised that X-shooter was 
delayed and to obtain my degree I would 
need another project. Life shrinks and 
expands in proportion! 

Out of the various projects my supervisor, 
Darach Watson, and I considered, we 
found that dust extinction in gamma-ray 
burst (GRB) afterglows was the most 
 feasible. The absorption of the stellar light 
at optical and ultraviolet bands by the 
intervening condensed matter phase of 
stellar dust particles provides insights 
into hidden star formation. While stars are 
being born and dying everywhere, the 
fascinating aspect is that we come from 
that stardust. Ever since I have been 
attracted to the obscured Universe. I 
worked in particular on GRB afterglows, 
energetic serendipitous objects, offering 
a relatively unexplored view of the darkest 
and furthest side of the Universe. Later 

The astronomy department at Southampton 
was focused on high-energy phenomena 
and I became interested in accreting 
supermassive black holes at the centres 
of galaxies (active galactic nuclei; AGN). 
Back in Potsdam a year later, I continued 
my studies and contacted Lutz Wisotzki 
as a local expert on AGN. He gave me 
the opportunity to work for my diploma 
thesis in his group for one year starting in 
autumn 2006. My task was to reduce and 
analyse optical integral field spectroscopy 
(IFS) data for a large sample of luminous 
AGN in order to understand their interplay 
with the interstellar medium. Since IFS 
was a rather new optical observing tech-
nique at that time, I had to tackle many 
technical issues. Python became my best 
friend during that period. Apparently, I  
did not perform too badly and I continued 
towards a PhD in 2007 supervised by 
Lutz Wisotzki and Sebastian F. Sanchez 
to expand the work I had started during 
the diploma. 

During my PhD I enjoyed many observing 
trips to the Calar Alto Observatory (Spain) 
together with my fellow students Andreas 
Schulze, Sebastian Kamann and Christian 
Herenz. I developed into an experienced 
astronomer and an expert in IFS by work-
ing with data from many different instru-
ments, like VIMOS at the VLT and the 
Potsdam Multi-Aperture Spectrophotom-
eter (PMAS) at Calar Alto. Although it is 
unusual to stay at one place so long, I 
spent another two years as a postdoc at 
AIP after graduating in 2011. My expertise 
in IFS was strongly required to support 
the Calar Alto Large Integral Field Area 
(CALIFA) survey that was initiated by 
Sebastian F. Sanchez, in collaboration 
with many international institutes. As part 
of such a large collaboration, I experi-
enced working with many scientists 
around the world and established a net-
work that is of great value to me. 

It was time for a change, and I luckily 
became an ESO Fellow in Garching in  
the autumn of 2013. As an optical astron-
omer, ESO always appeared like heaven 
on earth to me. I am grateful for the 
opportunity to develop my profile as an 
independent researcher at ESO. The 
diversity of research at ESO and the 
neighbouring institutes on the Garching 
campus provide a unique environment 
that often leads to new projects and col-

laborations. On the other hand, I am also 
happy to contribute with my experience 
and I became part of the ESO team sup-
porting the commissioning of the MUSE 
instrument at the VLT. MUSE is a next 
generation integral field spectrograph and 
I am happy to be one of the few research-
ers who has already received data from 
the first period of observations. 

Currently, I am building up an international 
collaboration called the Close AGN Ref-
erence Survey (CARS) to exploit MUSE 
data and enhance its value by acquiring 
multi-wavelength observations from 
X-rays to radio. This is an exciting new 
challenge for me, which certainly sets the 
next stage in my career. I will never lose 
the energy and enthusiasm for astronomy, 
but having a family with a 20-month-old 
daughter often sets constraints incom-
patible with an optimal career path. To 
make both things work is probably an 
even greater challenge for me right now 
than being just a successful astronomer.

Tayyaba Zafar

I grew up in Lahore, Pakistan and from  
a young age I wanted to do a PhD in 
physics, but couldn’t make up my mind  
in which particular subject. Originally my 
interest in science was from a very math-
ematical viewpoint, but as I progressed  
in my studies, I found myself becoming 
more and more fascinated with its appli-
cations, in particular in physics. There-
fore, I decided to take an MSc in physics. 
I was in particular interested more in 
 particle physics, or the standard model  
to be exact. During my time as a “particle 
apprentice”, I acquired a strong back-
ground in particle physics, quantum field 
theory and the theory of general relativity. 
I scored the highest marks in MSc Phys-
ics from amongst 438 students who  
took the exam in the whole of the Punjab 
province. I was immediately hired as a 
lecturer by the University of the Punjab, 
Lahore, after the MSc result and worked 
there for one and a half years. During that 
time, for teaching other courses I chose 
cosmology, since my interest in cosmol-
ogy and astrophysics had developed 
through reading books in the library. 

I started applying for PhD positions in the 
field of astrophysics in the United States 

Tayyaba Zafar
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facilities. During my first year I provided 
both day- and night-time support mainly 
for Unit Telescope 3 (UT3), and now I 
have switched to UT2. I adore the envi-
ronment at Paranal, and every visit there 
is a great experience, where I not only 
perform service mode observations, but 
also learn to deal with specific technical 
issues. 

The beauty of astronomy is that we are 
billions beneath the starry sky but when 
we peer out, we see one single player, 
the Universe. I love doing research in 
astrophysics, starting from general chemi-
cal and physical properties and putting 
them in context of a global picture. I am 
looking forward to the powerful European 
Extremely Large Telescope, which will 
target many more hidden mysteries of the 
obscured Universe. 

on I expanded the dust studies to qua-
sars and their intervening absorbers.  
At DARK, I not only moved from physics 
to astrophysics, but also learned enor-
mously from my colleagues in various 
fields.

Even during my PhD, I did not limit myself 
to a narrow range of topics. I also worked 
on Damped Lyα Absorbers (DLAs), seen 
along the sightlines towards luminous 
quasars, to study their chemical and phys-
ical properties. DLAs, classified on the 
basis of their neutral hydrogen, are distant 
foreground galaxies usually faint and 
small (on the sky). I defended my thesis  
in April 2011 and continued working  
as a visitor at DARK for six months. I 
started my first postdoc at the Laboratorie 
d’Astrophysique de Marseille, France, 
working with Céline Péroux. There I ex -

panded my studies of intervening absorb-
ers to a larger sample of DLAs and sub-
DLAs, obtained from the UVES archive. I 
also started combining samples of GRBs 
and quasar absorbers to infer dust prop-
erties in distant diverse environments. 

I left sunny Marseille, to commence my 
current ESO fellowship in Garching during 
late 2013. The fellowship not only gives 
us independence scientifically, but also 
provides the opportunity to perform func-
tional duties at amazing ESO sites. Since 
I have mostly used VLT data during my 
career path, I therefore picked my duties 
to be at the driest place on Earth, Paranal 
Observatory. During my PhD, I went to 
the Nordic Optical Telescope, La Palma, 
Spain, for two weeks for a summer ob -
serving school. Now ESO has given me 
opportunities to observe with its powerful 
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Konrad Tristram

To be honest right from the start: it was 
never my childhood dream to become  
an astrophysicist. I had totally different 
ideas of what I would like to become as a 
small boy: medical doctor, shopkeeper, 
bank clerk, tram driver. At some point, I 
even wanted to become a waste collector 
because they wore such nice orange 
suits. Rather, the path towards becoming 
an astrophysicist just laid itself out in 
front of me with time, especially during 
my studies at university.

My first notable contact with astronomy 
was during my last year at school when I 
picked astronomy as an optional course. 
I excelled at the astrophysical part. 
Learning the names of stars and constel-
lations, on the other hand, was not my 
calling. Fortunately it turned out that this 
was not an important part of the course 
and I nevertheless got full marks. In fact,  
I remember standing out in the fields not 

far from my parents’ house identifying 
constellations and trying to learn by heart 
the names of their most important stars. 
Even today my orientation on the night 
sky is limited. For example, it took me 
about a year to find out that one of the 
galaxies I was working on for my PhD, 
the Circinus galaxy, was in fact called like 
that because it was the galaxy in the 
small southern constellation of Circinus, 
the Compass.

I started studying physics in the north 
German town of Rostock on the Baltic 
Sea. There I enjoyed the friendly atmos-
phere of the physics department, the 
good ratio of professors to students and 
above all the possibility to learn for exams 
on the beach. However, the choice of 
courses for specialisation was limited and 
upon receiving my Vordiplom I moved  
to Heidelberg, in order to have a larger 
field of options for research. At that time  
I was still dreaming of saving the world  
by contributing to physics with a practical 

use, for example by working on fusion 
power. However the group doing that at 
Heidelberg closed. “Fortunately” I must 
say from my current point of view. 

Konrad Tristram
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When discussing options for a diploma 
thesis with professors, one of them sug-
gested trying an internship at the Max 
Planck Institute for Astronomy (MPIA) up 
on the Königstuhl mountain. He assured 
me that astronomy was a promising field 
of research, in contrast to particle phys-
ics where the soon-to-be-expected dis-
covery of the Higgs particle would lead  
to the conclusion that everything is more 
or less understood. I had already taken 
courses and practicals for astronomy  
as part of my curriculum with great inter-
est and I was well prepared for a deeper 
experience in astrophysics. So I ended 
up at the MPIA for an internship, which 
then later turned into a diploma thesis 
under the supervision of Almudena Prieto 
and Hans-Walter Rix.

During my work for the diploma thesis, I 
started using the 70-centimetre KING 
 telescope at the MPIA with great joy, in 
that sense my first observing experience. 
“Old school” as one would say now, 
 sitting in the dark directly next to the tele-
scope, counting the seconds until the 
exposure finished. With freezing hands 
and shivering in the winter. My interest in 
observing must have also come to the 
attention of my supervisors, because it 
did not take long before the first opportu-

nity arrived to get some “real” observing 
experience. Towards the second half  
of my diploma thesis, Hans-Walter Rix 
came into my office asking, on a normal 
Tuesday: “Do you want to go observing  
in Chile on Friday?” I was so astonished 
that it probably took me several minutes 
to speak a coherent sentence. An 
observing run had been changed from 
Service to Visitor Mode at short notice 
and, because everyone was busy, they 
were looking for an observer. It didn’t 
take too long for me to decide: on that 
Friday I was on my way to Chile for 
observations with SOFI at the NTT, my 
first contact with ESO and with Chile. 

I still clearly remember Emanuela Pompei 
being my first support astronomer. I 
wouldn’t have imagined at that time that 
we would become colleagues now. Inter-
estingly, this first trip remains my only ob -
serving trip to La Silla. From my second 
observing trip on, during my PhD thesis, I 
became a regular visitor to Paranal. It was 
the second observing run that sparked 
my interest not only in observations with 
the Very Large Telescope, but also in  
the country of Chile itself. I went observ-
ing together with Almudena Prieto and 
she strongly suggested that I should stay 
a few days longer to visit San Pedro de 

Atacama. This first non-astronomical 
activity, as well as many subsequent ones, 
led me to get in contact with Chileans 
and to appreciate this country very much.

During my PhD, I specialised in studying 
the warm dust distributions around active 
galactic nuclei at the highest spatial reso-
lution, mainly by infrared interferometry. 
After obtaining my degree from the Uni-
versity of Heidelberg I moved to the infra-
red interferometry group of Gerd Weigelt 
in Bonn, where I could continue and 
expand my research. Visits to Paranal 
deepened my connection with this obser-
vatory and I got to know my future col-
leagues more closely. My desire to work 
at this unique observatory grew over sev-
eral years, but was brought to the point by 
the conclusion that observing was always 
the most fun part of my work as an 
astronomer. Also I grew more and more 
fond of Chile, the more I got to know it. 

Now my wish has finally come true and I 
have started with an assignment as sup-
port astronomer at the VLT Interferome-
ter. Exciting times are ahead of us with 
the arrival of the second-generation inter-
ferometric instruments and I am eagerly 
looking forward to the new possibilities 
these instruments will offer.

A busy night scene in January 2015 at La Silla  
taken from the 3.6-metre dome looking west to the 
 Panamericana Highway (the source of all the light 
pollution). Comet Lovejoy is visible in the centre of 
the image, and the Pleiades open cluster (M45) and 
the California Nebula (NGC 1499) to the north (right). 
See Picture of the Week potw1504 for more details.
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Personnel Movements

Departures (1 January–31 March 2015)

Europe

Aniyan, Suryashree (IN) Student
De Pascale, Marco (IT) Student
Duchateau, Michel (FR) Electronics Engineer

Chile

Barkats, Denis (FR) System Astronomer
Blanchard, Guillaume (FR) Coating Expert/Optical Engineer
Esparza, Cristian (CL) Telescope Instruments Operator
Mawet, Dimitri (BE) Operation Staff Astronomer
Monaco, Lorenzo (IT) Operation Staff Astronomer
Parraguez, Andres (CL) Telescope Instruments Operator
Wiklind, Gert Tommy (SE) Operation Staff Astronomer

Arrivals (1 January–31 March 2015)

Europe

Cabrera Ziri Castro, Ivan (VE) Student
Conlon, Pauline (UK) HR Advisor
Egner, Sebastian Elias (DE) Instrumentation Physicist
Jamialahmadi, Narges (IR) Student
Rosenquist, Calle (SE) Software Engineer

Chile

Aguilera, Gregorio (CL) Mechanical Technician
Arancibia, Jimmy (CL) Technical Officer
Arrau, Maria Adriana (CL) Secretary
Díaz Catalá, Eva Montserrat (ES) Instrumentation Group Leader
Garafulich, Alicia (CL) Administrative Assistant
Guerra, Juan Carlos (ES) Instrumentation Engineer
Herrera, Cristian (CL) Software Engineer
Pérez, Manuel Angel (ES) Operation Staff Astronomer
Sani, Eleonora (IT) Operation Staff Astronomer
Toledo, Pedro (CL) Software Engineer
Torstensson, Karl (SE) User Support astronomer

In Memoriam Luis Wendegass

Fernando Comerón1

1 ESO

Luis Wendegass passed away on  
22 January 2015 at the age of 59 after  
a sudden heart attack. Luis joined ESO  
in September 1977 working at the La Silla 
Obser vatory, initially as Air Conditioning 
and Refrigeration Technician and lately in 
General Maintenance Support.

Luis devoted more than 37 years of his 
life to working at ESO, joining ESO when 
he was very young and also when ESO 
itself was quite young. During those four 
decades, ESO has grown and developed 
to become what it is today, setting a 
world-class standard in astronomy. This 
achievement owes much to the people 

who, like Luis, tirelessly devoted the best 
of their professional lives to it, carrying 
out excellent work day after day and 
being an example to others. 

The La Silla Observatory was an impor-
tant part of Luis’s life, and Luis will always 
be remembered as an important part of 
the life of the observatory. Luis was a 
cheerful and intelligent presence, and his 
help and wise advice could be counted 
on in all circumstances.

During those 37 years of professional 
service, Luis’s colleagues became friends 
and a second family. Despite his long 
dedication, his unexpected departure still 
seems painfully premature. He will be 
deeply missed by his family and the many 
colleagues, current and past, who had 
the privilege of getting to know him and 
sharing with him the many tasks of the 
observatory.
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The research studentship programme of the European Southern Observatory 
provides an outstanding opportunity for PhD students to experience the 
exciting scientific environment at one of the world’s leading observatories for 
a period of up to two years.

ESO is the foremost intergovernmental astronomy organisation in Europe. Its 
approximately 110 staff astronomers, 40 Fellows and 50 PhD students conduct 
front-line research in fields ranging from exoplanets to cosmology, offering one 
of the most vibrant and stimulating scientific settings anywhere in the world.

ESO’s studentship positions are open to students enrolled in a PhD pro-
gramme in astronomy or related fields. Students accepted into the programme 
work on their doctoral project under the formal supervision of their home 
 university, but they come to ESO to work and study under the co-supervision 
of an ESO staff astronomer, normally for a period of between one and two 
years. Studentships may be hosted either at ESO’s Headquarters in Garching 
(Germany) or at ESO’s offices in Santiago (Chile), where up to two positions 
per year are provided for students enrolled in South American universities.

Applicants and their home institute supervisors should agree upon and coor-
dinate their research project jointly with their prospective ESO supervisor.  
For this purpose the ESO supervisor should be contacted well in advance of 
the application deadline (1 May 2015). A list of potential ESO supervisors  
and their research interests can be found at http://www.eso.org/sci/activities/
personnel.html. A list of PhD projects currently being offered by ESO staff is 
available at http://www.eso.org/sci/activities/thesis-topics.html. 

ESO Chile students have the opportunity to visit the observatories and to  
get involved in small technical projects aimed at giving insights into the obser-
vatory operations and instrumentation. Such involvement is also strongly 
encouraged for Garching students. In addition, students in Garching may 
attend and benefit from the series of lectures delivered in the framework of 
the International Max Planck Research School on Astrophysics. ESO students 
have also the possibility to join in many outreach activities.

Students who are already enrolled in a PhD programme in the Munich area 
(e.g., at the International Max Planck Research School on Astrophysics or a 
Munich University) and who wish to apply for an ESO studentship in Garching, 
should provide a compelling justification for their application.

If you are interested in enhancing your PhD experience through an extended 
stay at ESO, then please apply by completing the web application form avail-
able at http://jobs.eso.org/.

Please include the following documents in your application:
– a cover letter;
– a Curriculum Vitae, including a list of publications, if any;
– copies of your university transcript and certificate(s) or diploma(s);
–  a summary of your master‘s thesis project (if applicable) and ongoing 

 projects, indicating the title and the supervisor (maximum half a page);
–  an outline of the proposed PhD project highlighting the advantages of 

coming to ESO (recommended one page, maximum two);

ESO Studentship Programme 2015

ESO

European Organisation
for Astronomical  
Research in the  
Southern Hemisphere

–  the names and contact details of your home institute supervisor and the 
ESO local supervisor. They will be automatically invited to submit a recom-
mendation letter, however, applicants are strongly advised to trigger these 
invitations (using the web application form) well in advance of the applica-
tion deadline;

–  a letter from the home institute that: i) guarantees financial support for the 
remaining PhD period after the termination of the ESO studentship; ii) indi-
cates whether the prerequisites to obtain the PhD degree at the home 
institute have already been met.

All documents should be typed in English (but no translation is required for 
the certificates and diplomas).

The closing date for applications is 1 May 2015. Review of the application 
documents, including the recommendation letters, will begin immediately. 
Incomplete or late applications will not be considered.

Candidates will be notified of the results of the selection process during 
June–July 2015. Studentships will normally begin between August 2015 and 
March 2016.

Further information

For more information about the studentship programme please see:
http://www.eso.org/studentship.

For a list of current ESO staff and fellows, and their research interests, please 
see: http://www.eso.org/sci/activities/personnel.html.

A list of PhD projects currently being offered by ESO staff can be found at: 
http://www.eso.org/sci/activities/thesis-topics.html.

Details on the employment conditions and benefits are available at:  
http://www.eso.org/public/employment/student.html.

For any additional questions, please contact:
For Garching: Eric Emsellem, Tel. +49 89 32006914,  
email: eric.emsellem@eso.org.
For Chile: Claudio De Figueiredo Melo, Tel. +56 2 4633032,  
email: cmelo@eso.org.

Although recruitment preference will be given to nationals of ESO Member 
States (Austria, Belgium, Brazil, the Czech Republic, Denmark, Finland, 
France, Germany, Italy, the Netherlands, Poland, Portugal, Spain, Sweden, 
Switzerland and United Kingdom), and, for Chile, to students enrolled in a 
South American university, no nationality is in principle excluded.

The post is equally open to suitably qualified female and male applicants.
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Front cover: Colour-composite image of the open cluster 
NGC 3293 taken with the MPG/ESO 2.2-metre telescope 
and Wide Field Imager (WFI). Broadband images in B,  
V and I and a narrowband Hα image were combined and 
the image size is 23 by 32 arcminutes. NGC 3293 is a 
rather well-studied young open cluster in the Milky Way 
at a distance of about 2800 pc with an age of ~ 8 Myr and 
still has stars evolving onto the main sequence.  
Credit: ESO/G. Beccari
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