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The 50 Year Story 
Caveats:	
  Personal	
  views	
  from	
  UK	
  (1974-­‐1999)	
  and	
  Caltech	
  (2000-­‐2012)	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  Focusing	
  primarily	
  on	
  opDcal/IR	
  and	
  extragalacDc	
  achievements	
  and	
  acDviDes	
  
Material:	
  Personal,	
  ESO	
  Messenger/Reports,	
  Woltjer’s	
  “Europe’s	
  Quest	
  for	
  the	
  Universe”	
  
	
  
•  The	
  FormaAve	
  Years	
  (1962	
  –	
  1986)	
  

	
  -­‐	
  	
  	
  modeling	
  the	
  organizaDon	
  on	
  CERN	
  
	
  -­‐	
  	
  	
  building	
  the	
  3.6m	
  -­‐	
  the	
  first	
  European	
  large	
  telescope	
  	
  
	
  -­‐	
  	
  	
  establishing	
  a	
  new	
  scienDfic	
  culture	
  and	
  focus	
  
	
  -­‐	
  	
  	
  demonstraDng	
  ambiDon	
  at	
  an	
  early	
  stage	
  (VLT)	
  

	
  
•  The	
  NTT	
  Era	
  (1986	
  –	
  1998)	
  

-­‐  invesDng	
  in	
  new	
  technologies	
  
-­‐  developing	
  compeDDve	
  instruments	
  
-­‐  paying	
  a^enDon	
  to	
  infrastructure	
  
-­‐  tesDng	
  VLT	
  concepts	
  at	
  La	
  Silla	
  while	
  construcDng	
  at	
  Paranal	
  

•  The	
  VLT	
  Era	
  (1998	
  –	
  present)	
  
	
  -­‐	
  	
  	
  	
  producing	
  ambiDous	
  instruments	
  and	
  exploiDng	
  Guaranteed	
  Time	
  
	
  -­‐	
  	
  	
  	
  expanding	
  the	
  organizaDon	
  and	
  its	
  scope	
  (new	
  members,	
  ALMA)	
  
	
  -­‐	
  	
  	
  	
  producing	
  world-­‐class	
  science	
  and	
  iniDaDng	
  the	
  E-­‐ELT	
  

	
  
•  The	
  Future	
  (E-­‐ELT	
  and	
  global	
  science)	
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Challenges for European Astronomy in 1977 
•  ESO	
  3.6m	
  and	
  AAT	
  3.9m	
  opened	
  new	
  opportuniDes	
  to	
  an	
  opDcal	
  community	
  previously	
  

overshadowed	
  by	
  Californian	
  astronomy	
  (Hale	
  5m	
  and	
  Lick	
  3m)	
  
•  However,	
  new	
  faciliDes	
  need	
  to	
  be	
  matched	
  by	
  new	
  ideas;	
  these	
  emerged	
  slowly	
  
•  US	
  astronomy	
  conDnued	
  to	
  be	
  resurgent	
  as	
  many	
  Ki^	
  Peak/CTIO	
  observers	
  had	
  received	
  

their	
  training	
  in	
  California	
  
•  Many	
  astronomers	
  were	
  reluctant	
  to	
  branch	
  beyond	
  Local	
  Group	
  and	
  variable	
  stars	
  	
  
•  ExcepDng	
  photography,	
  ESO	
  was	
  behind	
  the	
  curve	
  in	
  detector	
  investment	
  

AAT	
  was	
  lucky	
  to	
  have	
  two	
  pioneering	
  detectors:	
  Wampler’s	
  IDS	
  and	
  Boksenberg’s	
  IPCS 	
  
	
  	
  –	
  this	
  opened	
  extragalacDc	
  horizons	
  very	
  quickly	
  

Strengths	
  of	
  ESO	
  during	
  that	
  Ame:	
  
	
  
3.6m	
  advantages:	
  wide	
  field	
  prime	
  focus,	
  IR	
  top-­‐end,	
  CAT	
  feed	
  to	
  CES	
  
Danish	
  1.5m	
  –	
  excellent	
  performance	
  &	
  very	
  effecDve	
  synergisDcally	
  
Willingness	
  to	
  accept	
  visitor	
  instruments	
  and	
  detectors	
  (IPCS,	
  McMullen	
  camera,	
  speckle)	
  
Strong	
  in	
  house	
  instrument	
  group	
  (1981)	
  &	
  data	
  processing	
  system	
  (IHAP,	
  MIDAS)	
  
	
  
Early	
  strategic	
  factors	
  of	
  great	
  importance:	
  
Prominence	
  in	
  radio	
  astronomy	
  lay	
  groundwork	
  for	
  SEST	
  and	
  interferometry	
  
Strong	
  links	
  to	
  space	
  programmes:	
  Ariel,	
  IUE..ulDmately	
  ST-­‐ECF	
  and	
  now	
  JWST	
  
Alignment	
  with	
  CERN	
  gave	
  strong	
  basis	
  for	
  future	
  vision	
  and	
  central	
  leadership	
  	
  
	
  
	
  



FormaAve	
  Years:	
  	
  Growth	
  in	
  Proposals	
  

1977:	
  140	
  proposals	
  overall,	
  54	
  for	
  3.6m	
  (40%	
  extragalacDc)	
  [Messenger	
  #10]	
  	
  
1986:	
  350	
  proposals	
  overall,	
  oversubscripDon	
  doubled	
  [Messenger	
  #45,	
  51]	
  

No	
  of	
  
received	
  
proposals	
  
per	
  6	
  
month	
  
semester	
  



0.5 Arcsecond Images with the Danish 1.5 mTelescope
on La Silla!
J. Andersen and B. Niss

Seeing, whether external or internal in the dome or
telescope tube, and imperfect optical alignment, mechani-
cal stability, and/or guiding, all combine to make images of
one arcsecond or slightly less the best one hopes for in
longer exposures, even if theoretical resolution is half that
figure or better.
The sanguine predictions for the Oanish 1.5 m telescope

were, however, confirmed before the ink on them was
dry-with one startling reservation as will be discussed at
the end of this note. In early March this year, one of us
(8. N.) was continuing the observing programme in globu-
lar clusters described in MessengerNo.10, p.14. Although
the telescope was (and still is) in the testing phase, good
cooperation from the equipment combined with aspeIl of
excellent atmospheric conditions to produce a superb
collection of plates. The image sizes range from 1"through
several plates of 0:7-0:'6 to the best one, a one-hour
exposure on 111 a-J emulsion of NGC 3201, which shows
images nicely circular-and of diameter 0:'5 (30 microns)
as measured on a projection micrometer! The figures show
a reproduction of this plate and a POS scan through one of
the images.
This was an almost unbelievable result (J. A. was in fact

only convinced by his own eyes looking through the
micrometer eyepiece!). As mentioned in the previous
article, the mirror acceptance tests indicated a geometrical
energy concentration of 80 % in to wh ich must be
added the diffraction disk ofO:'2-and you already have the
observed diameters! In fact, had these images been taken
in a laboratory vacuum test tank, they would have been
considered a most gratifying confirmation of the more
indirect test methods. Obtaining such images in a long
exposure with areal, moving telescope in a real dome and
equally real atmosphere is an entirely different matter;
however, not the least if one keeps in mi nd that asymme-
tries of 0:'1-0:'2 would have been plainly visible! This leads
us to several pleasant conclusions:
- The optical test results supplied by Grubb Parsons

were probably even on the conservative side;
The optical alignment was in fact done to better than
0:'1 of coma, as previously described, and it remained
intact after four months of operation;
The telescope tube and drives are of excellent mecha-
nical quality;
The autoguider and control system achieved a guiding
accuracy of about 0:'1 as specified, and, last but not
least,
Seeing, external plus internal, was significantly better
than 0:'5.

We leave the many possibilities offered by such images to
the reader's imagination, but a quick comparison with
previous electronographic work indicates that had one of
our McMulian cameras been on the telescope that night,
we would have been able to detect and measure stars of
magnitude between 26 and 27! We do not suggest that
such nights are the rule, even on La Silla, but nor do they
belong entirely in the realm of dreams.
If one insists in being ungrateful, than it should be said

that our mirrors, which we always considered excellent,
did not in the end live up to those "nights of very best
seeing". Rather unexpectedly, the resolution seems ulti-

L-.J

,"

The 2.4 m Space Telescope will achieve (J'1
resolution in 1984. But what is the best possible
angular resolution from a ground-based observa-
tory? Recently, fantastic long-exposure plates
were obtained with the Danish 1.5m telescope at
La Silla, proving at the same time the excellent
performance of this new telescope and the quality
of the ESO site. Drs. Johannes Andersen and
Birger Niss from the Copenhagen Observatory,
Denmark, tell the exciting story.

In the last issue of the Messenger, the general features as
weil as the optical alignment, commissioning, and initial
performance of the Oanish 1.5 m telescope on La Silla
were described. The conclusion, based mainly on labora-
tory tests and the accuracy achieved in the alignment, was
that the image quality until then had been entirely limited
by seeing, but confidence was expressed that the tele-
scope would be "able to take advantage of even the nights
of very best seeing".
Such prophecies are not uncommon in articles describ-

ing new telescopes. They are usually met with a benevolent
scepticism of seasoned observers, who know by experi-
ence all the good excuses why the theoretically predicted
image quality is (almost) never experienced in practice:

Fig. 1: Enlargement from a 1-hour exposure on lIIa-J emulsion
behind a GG385 filter, showing stars in the globular cluster
NGC 3201. The images are perfectiy round and measure about
0.5 arcsecond in diameter. Danish 1.5m telescope; observer Dr.
B. Niss, March 7, 1979. Average zenith distance 18°.
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1977-1986 Highlights: Danish 1.5m telescope 

Fig. 3: Photon-eounting speekle interferometry of PlutolCharon during
the nights of 2, 3 and 4 April 1981.
a: One of the 15,000 speekle interferograms reeorded with the Danish

1.5 m teleseope. The bright dots are individual photon events.
b: Distribution of the photon addresses in 3a ealeulated by the

deseribed image-proeessing system.
e: High-resolution PlutolCharon autoeorrelation reeonstrueted from

3,000 speekle interferograms.
Epoeh: 2 April 1981, 6 h30mU. T.; separation: 0.63" ± 0.03"; position
angle: 188° ± 2°.

d: PlutolCharon autoeorrelation reeonstrueted from 9,000 speekle
interferograms.
Epoeh: 3 April 1981, 6/00mu. T.; separation: 0.95" ± 0.02"; position
angle: 170° ± 1°.

e: PlutolCharon au/oeorrelation reeons/rue/ed from 3,000 speekle
in/erferograms.
Epoeh: 4 April 1981, 7hOOmU. T.; separation: 0.44" ± 0.08"; position
angle: 146° ± 5°.

are several very interesting objeets that are near a point
souree, for example R136a in the 30 Dor nebula, the diseussed
tripie aso and a few other quasars. Speekle speetroseopy ean
also be performed with the Spaee Teleseope and the Faint
Objeet Camera (see p. 106-108 in the above-mentioned
paper). In the ease of the Spaee Teleseope there will be no
problem to find a suitable point souree in the isoplanatie
neighbourhood of the objeel.

Conclusion

We have deseribed speekle interferometry measurements of
asteroids and of Pluto/Charon on three different nights. With

the developed photon-eounting image-proeessing teehnique
we are now redueing speekle data of extragalaetie objeets. For
NGC 1068, 3C 273 and PG 1115+08 we have already
obtained results. With 16,000 frames per objeet we have
aehieved the limiting magnitude 16m at 2 are seeond seeing.
This means that 20m ean be aehieved with larger numbers of
speekle interferograms and better seeing. 20m is also the
number that was already predieted by A. Labeyrie in 1973.
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Digital Speckle Interferometry of Juno,
Amphitrite and Pluto's Moon Charon
G. Baier, N. Hetterich and G. Weigelt, Physikalisches Institut der Universität Erlangen,
Fed. Rep. ofGermany

Speckle Interferometry of the Asteroid Amphitrite
In the speckle interferometry experiment of Amphitrite we

have recorded and reduced 1,776 speckle interferograms of
Amphitrite and 755 speckle interferograms of an unresolvable

Fig. 1: Speckle interferometry of Juno.
a: One of the 1,450 digitally reduced speckle interferograms.
b: Radial plots of the object power spectrum for two different position

angles.
c: Calculated high-resolution shape of Juno (see text). The achieved

resolution gain is a factorof about20. We measured (epoch 24 Dec.
1979, 6h1QmU. T.): position angle of the long axis: 95° ± 5°; long
axis: 288 km ± 20 km (0.32'?; short axis: 230 km ± 20 km (0.26'?
(From Juno/Amphitrite article submilled 10 Astron. Astrophys.)

1.5 m telescope. The exposure time per frame was 1/30 sec;
the seeing was about 2 arc second. Fig. 1a shows one of the
speckle interferograms. We digitized all speckle interfero-
grams with our digital TV-image-processing system
(256 x 256 pixels per frame). The time-consuming part of the
speckle interferometry process is the Fourier transformation of
all speckle interferograms. We use a POP 11/34 computer. The
computing time is 32 sec per frame. The image processing
steps of this experiment are described in more detail in our
Juno/Amphitrite article, which has been submitted to
Aslronomy and Aslrophysies. The speckle interferometry pro-
cess yields the power spectrum or the autocorrelation of the
object. Fig. 1b shows radial plots of the power spectrum of
Juno for two different position angles. Fig. 1c is the resulting
image of Juno calculated with the assumption of an elliptical
shape and a homogeneous surface brightness.
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Photon-Counting Speckle Camera
and Image Processing
Speckle interferometry essentially is a Fourier analysis of

large numbers of shorl-exposure pholographs, called speckle
interferograms. The end result of the speckle interferometry
process is the high-resolution autocorrelation of the object. For
a 10m-object about 103 speckle interferograms have to be
processed, for a 14m-object about 104 • Short exposures have to
be used since only short exposures contain high-resolution
information. The fine speckle structure, wh ich is a random
interferogram, carries the high-resolution information. Long
exposures cannot be improved very much since in long expo-
sures the fine speckle structure is washed out. The exposure
time of speckle interferograms has to be 1/20 sec or shorter in
order to "freeze" the atmosphere. Oue to this short exposure,
image intensifiers have to be used. In our speckle camera we
use a Varo tube with a gain of 300,000 or an EMI tube with a
gain up to 3 . 106. For objects fainter than about 10mwe work in
the photon-counting mode. Further parts of our speckle cam-
era are a microscope for producing an effective focallength of
about 100 to 500 m, interference filters, and a prism system to
compensate for atmospheric dispersion. We use a 16-mm
motion-picture camera to record the intensity-amplified
speckle interferograms. Figs. 1a and 3a show various speckle
interferograms. Individual speckles cannot be recognized
since the objects are too faint. In the ESO Messenger No. 18,
p. 25, speckle interferograms of brighter objects are shown.

Introduction
The great advantage of Labeyrie's speckle interferometry

(1970, Aslronomy and Aslrophysies 6, 85) is its fascinating
angular resolution. The resolution of conventional astrophoto-
graphy is only about 1 are seeond due to the atmosphere.
Speckle interferometry yields 0.03 are seeond in the case of a
3.6 m telescope or 0.08 are seeond in the case of a 1.5 m
telescope. The achievable resolution is independent of seeing.
However, the limiting magnitude depends on seeing. At 2 arc
second seeing we have achieved the limiting magnitude 16m.
In this paper we will report digital speckle interferometry of

the asteroids Juno (9m) and Amphitrite (11 m) and of Pluto/
Charon (14m/16m). In addition to these measurements we will
briefly describe preliminary results of the Seyfert galaxy NGC
1068 (11 m), the quasar 3C 273 (12.7m) and the tripie QSO PG
1115+080 (16.2m). In a subsequent paper we will discuss the
measurements in more detail. Also our first application of the
speckle masking method, which yields high-resolution images
instead of autocorrelations, will be discussed in a following
report.

Speckle Interferometry of the Asteroid Juno
For the measurement of the shape of Juno we have recorded

and reduced 1,450 speckle interferograms of Juno and 555
speckle interferograms of a point source. Speckle interfero-
grams of a point surce are necessary to compensate the so-
called transfer function of the speckle interferometry process.
The speckle interferograms were recorded with the Oanish
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Danish	
  1.5m	
  emerged	
  quickly	
  as	
  a	
  creaDve	
  facility	
  
demonstraDng	
  ESO’s	
  commitment	
  to	
  excellent	
  image	
  
quality,	
  innovaDve	
  techniques	
  and	
  programs	
  

1982	
  

1979	
  

Messenger	
  #17	
  (1979),	
  #30	
  (1982)	
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some absorption features (C IV and
others) at a redshift of 1.733, thus
demonstrating the presence of
absorbing gas surrounding the
former scattered over a million light-
years. Also this observation would
constitute strong supporting evi-
dence for the cosmological nature of
the redshift.

1,732. Le second a un decalage vers
le rouge en emission de 2,221, mais
son spectre presente aussi des raies
en absorption (C IV et autres), avec
un decalage vers le rouge de 1,733, ce
qui montre l'existence de gaz en ab-
sorption qui entoure le premier et
qui s'etend sur un million d'annees-
lumiere. Cette observation semble
confirmer la nature cosmologique
des decalages vers le rouge.

eine Emissionslinien-Rotverschie-
bung von 2,221, aber einige Absorp-
tionslinien (C IV und andere) mit
einer Rotverschiebung von 1,733,
und deutet somit auf die Gegenwart
von absorbierendem Gas, das den
ersten umgibt und eine Ausdehnung
von einer Million Lichtjahren hat.
Diese Beobachtung unterstützt auch
die kosmologische Natur der Rot-
verschiebung recht deutlich.

Jets seem to become more com-
monly detected as the instrumental
sensitivity increases. Following the
discovery of a jet in PKS 0521-36,
jet-like features have now also been
found in the Seyfert galaxy 3 C 120.
In both cases the orientation appears
to be about the same as that for jets
found at radio wavelengths.

Il semble que des jets soient detectes
plus frequemment a mesure que la
sensibilite des instruments aug-
mente. Apres la decouverte d'un jet
dans PKS 0521-36, on a trouve dans
la galaxie de Seyfert 3C 120 ce qui
pourrait egalement etre un jet. Dans
les deux cas, l'orientation semble a
peu pres la meme que celle des jets
decouverts aux longueurs d'onde
radio.

Jets scheinen mit zunehmender In-
strumentenempfindlichkeit immer
häufiger festgestellt zu werden.
Nach der Entdeckung eines Jets in
PKS 0521-36, sind jet-ähnliche
Strukturen jetzt auch in der Seyfert-
Galaxie 3C 120 gefunden worden. In
beiden Fällen scheint die Ausrich-
tung des Jets etwa mit der im Radio-
wellenbereich übereinzustimmen.

In studies of the nuclei of a number
of Shapley-Ames galaxies it was
found that the gas is enriched in

En etudiant les noyaux d'un certain
nombre de galaxies du catalogue
Shapley-Ames, on a trouve que leur

Bei Untersuchungen der Kerne einer
Reihe von Shapley-Ames-Galaxien
wurde festgestellt, daß das Gas mit
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1977-1986 Highlights: Quasar Absorption Lines 

ESO	
  3.6m	
  BC	
  spectra	
  with	
  IPCS	
  of	
  a	
  close	
  pair	
  of	
  QSOs	
  provided	
  clear	
  evidence	
  for	
  the	
  
`intervening’	
  hypothesis	
  for	
  QSO	
  absorpDon	
  lines	
  
	
  	
  
Shaver	
  et	
  al	
  Ap	
  J	
  261,	
  L7	
  (1982)	
  



1977-1986 Highlights: NIR Imaging on 2.m 
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0.8 tll'cseL'. T!Je IR,\' /(, cO/lljJ/ex (celltn')
coillcides wit!Jill / IIrcsec wit!J t!Je
strollg rddio SOIII'Ce Sgr 11, (O!Jserver:
F. l,tICO/li !Je.)

PIHJTOCRAPIIIF 0(':
C:C)UVI':R'I'URI':
Celle i/l/t/ge IIlji"l/'(JIIge (2,2 fJ..1I/) de /tl
regil}}/ U'lltr,i/e dll 1I0Ytlll gli/lictifJlle 11

(;Ie o!Jtell/le dvec /e te/cscojJe de 2,2/1/ et
lilie Cilll/Cr,/ ,/ 8 X 8 (:/hllellts d'illli/ge,
Cl!lIstrtlite t/!'O!Jservllloire de M('/f({oll.
!- 'i/l/d,\!,e d c;lc; I/'t/itc;e IIvec l'd!gllrit!Jlt/e
C/,FI1N, cl {11 reso/lltioll dllgll!dire /'St
de 0,8 seco//{{e d"l/'C. !-e cVllljJ!e.H' IR,'"
/ (, (celltre) coillcide t/ / seco/II{e d'dI'C

/,/ .!()/'te SOIlI'Ce rddio Sgr 11.
(O!JSI'l"VtllCllr: F. !-dcO/II!Je.)

UMSCJ-I LAC;SPI-l UrC)

f)icse III/i"l/'(itallji,a!mle (!Jei 2,2 fJ..1I1)
zeigt das '/.('lItra!e (;e!Jiet dn ga/,i!cti-
sc!Jell !\erns. SiewlIrde /l/it deiil 2,2-m-
Ie!esRojJ lfild eiller 1\'tll/lI'I"i/ mit 8 X 8
8ifdjJlIlIRtell, die O!JservatorimN
ill M('//({o/I ge!JIlIlt wlln!e, dll/gel/O/n-
/l/ell. 1111/ dtls Ro!J!Jifd '(('/ln{e der
CIJI1 N -11/gorit !ml/Is '/lIgeW'III1It, nie
I1I1.fliisllllg !Jetr,igt 0,8 8I1gellsel'lIl1dell.
f)er IRS /(,-!\liIlljJ!ex (Ielltl'll/I/) stinllll i
tlil/ eille 8ogel/se!cllm{e )!.,ell,l/I /l/it der
sttirRell R,uliofJllel!e Sgr 11 ii!Jcreill.
(8eo/hlc!Jt('/': F. !-tlCIiIIl!Je.)

ESO	
  realized	
  the	
  
importance	
  of	
  a	
  
strong	
  infrared	
  
program	
  	
  with	
  a	
  
succession	
  of	
  ever	
  
more	
  impressive	
  
instruments	
  led	
  by	
  
Alan	
  Moorwood	
  
and	
  colleagues	
  (31	
  
in	
  ~	
  30	
  years!)	
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The NTT Era: 1986 -1998 
A	
  sound	
  vision:	
  
•  By	
  1978,	
  there	
  was	
  a	
  vision	
  for	
  the	
  VLT/I	
  (science	
  thoughts	
  from	
  senior	
  figures)	
  
•  AddiDon	
  of	
  Italy	
  and	
  Switzerland	
  enabled	
  NTT	
  as	
  early	
  demonstraDon	
  facility	
  

	
   	
  -­‐	
  pioneering	
  acDve	
  control	
  (R.	
  Wilson) 	
  	
  
	
   	
  -­‐	
  low	
  cost	
  &	
  mass,	
  alt-­‐az	
  mount 	
   	
   	
   	
  	
  	
  	
  	
  	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  
	
   	
  -­‐	
  focused	
  goals	
  c.f.	
  “universal”	
  4m	
  
	
   	
  -­‐	
  testbed	
  for	
  VLT	
  control	
  souware,	
  adapDve	
  opDcs	
  etc	
  

•  Site	
  tesDng	
  campaign	
  selects	
  Paranal	
  yet	
  NTT	
  is	
  built	
  at	
  La	
  Silla	
  
	
  
Realized	
  premier	
  faciliAes	
  &	
  opportuniAes:	
  
•  SEST	
  15m,	
  3.6m	
  +	
  Optopus/AO,	
  NTT	
  +	
  EMMI/EFOSC2/SUSI/SOFI,	
  2.2m	
  +	
  IRAC(2)	
  
•  Key	
  projects	
  iniDated	
  to	
  improve	
  compeDDveness	
  
•  InternaDonal	
  prominence	
  through	
  iniDaDves	
  (SN	
  1987a,	
  Shoemaker-­‐Levy9	
  encounter)	
  	
  
	
  
A[enAon	
  to	
  infrastructure:	
  
•  New	
  detectors,	
  VPH	
  graDngs	
  etc	
  
•  Major	
  seeing	
  and	
  upgrade	
  campaigns	
  (Danish	
  1.5m,	
  3.6m,	
  NTT..)	
  
•  MIDAS	
  distributed	
  to	
  ~180	
  sites	
  
Emerging	
  broader	
  role:	
  	
  
ScienDfic	
  staff	
  and	
  technical	
  center	
  at	
  Garching,	
  ESO-­‐CERN	
  conferences,	
  workshops	
  on	
  8m	
  
science	
  and	
  instrumentaDon,	
  interferometry,	
  HST	
  (leading	
  to	
  ST-­‐ECF)	
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La Silla Anno 19xx?

The ESO Conference on Optical Telescopes of
the Future (p. 2) showed a clear division be-
tween the astronomers who want very large te- \
lescopes (16 to 25 m class) and those who opt
for an array of interlinked "smalI" telescopes
(-tOD elements, each 2-3 m mirror diameter).
Confronted with the continuously increasing
demand for precious telescope time on La Silla
(p. 16), we here present the "optimal-solution
plan" for La Silla that recent/y leaked from the
ultra-secret ESO Planning Group (not even the
Finance Committee knows about it!). Drawn by
Karen Humby of the Engineering Group in Ge-
neva, this beautifully simple conception pur-
portedly aims at the definitive pacification of
the various advocates of future telescopes by a
masterful combination of size and quantity. It is
reported, however, that fears have been ex-
pressed about the long-term stability of the
support . .. no, you are wrong, of the La Silla
bedrock, of course.

VLT	
  was	
  iniDally	
  scoped	
  as	
  a	
  
25	
  meter	
  with	
  much	
  
discussion	
  on	
  the	
  opDmum	
  
number	
  of	
  component	
  mirrors	
  
(many	
  small	
  telescopes	
  acDng	
  
as	
  interferometer,	
  mulDple	
  
mirrors	
  on	
  a	
  common	
  mount	
  
(MMT-­‐like)	
  or	
  array	
  of	
  large	
  
8ms)	
  
	
  

Early Discussions of the VLT (1978-83) 

Messenger	
  #12	
  

VLT	
  (1983)	
  

US	
  16m	
  NNTT	
  (1983)	
  



Key Programmes at ESO (1988 - 1994 ) 

(April 1, 1990-March 31,1991), we ex-
pect the number of nights devoted to
Key Programmes on the 3.6 m and the
ND to increase to a level of about 200
nights. The amount of time on the smal-
ler telescopes will be more elastic, de-
pending on proposal pressure. With
EFOSC 11 on the 2.2-m a shift of some
3.6-m work to this intermediate size
telescope may be expected.
ESO community astronomers,

whether they responded to the pre-
liminary enquiry or not, are invited to
submit proposals to the Visiting As-
tronomers Section at ESO Headquar-
ters before October 15, 1988. Copies
of a form designed for this purpose
will soon be available from this Sec-
tion on request.

With the great reservoir of plans and
the modest beginning just outlined,
many potential proposers may wish to
postpone their initiative by one or two
years: Key Programmes are long
term. .. Proposals not successful in
any round may be resubmitted in identi-
calor modified form for later rounds.
Proposals for the first round will be sent
to referees outside ESO's OPC. Their
reports, gradings plus explicit commen-
taries supporting the grade, will be sub-
mitted to the OPC for preparing its re-
commendations to me.
After the first round the whole process

will be evaluated and, if necessary,
adapted. Through the Messenger the
community will be informed of progress.
Successful programme proposals will

OPC Classification
1 - GALAXIES
2 - QUASARS, SEYFERTS, RADIO

GALAXIES
3 - MAGELLANIC CLOUDS
4 -INTERSTELLAR MATIER
5 - CLUSTERS AND GALACTIC STRUC-

TURE
6 - X-RAY SOURCES
7 - STARS
8 - SOLAR SYSTEM
9 - MISCELLANEOUS

be summarized by the Pl's in future
issues of the Messenger.
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""20
VI
0
"--0
'""-- (a)u..
0

15 '"....CD
:>:=>z

159 proposals )
10

(C)

157 proposals I

NUHBER OF INVESTIGATORS NUHBER OF COUNTRIES INVOLVEO • PER PROPOSAL

Figure 1: Histograms showing the distribution of the proposals, (a) as a function of the number of investiga tors involved; (b) as a function of the
number of institutional nationalities per proposal when ESO and ESA institutes are included, (c) when ESO and ESA institutes are excluded. The
programme related to HST follow-up, which involves 32 investigators from 19 institutes, is not included.

ESO Archiving Policy
The following statement is a set of

premisses and principles for a data-ar-
chiving policy which ESO will implement
gradually in the next several years. It has
been discussed in the Users Com-
mittee, in the Scientific-Technical Com-
mittee and in the Observing Pro-
grammes Committee. All three com-
mittees approve of this policy intent.

Introduction
It is important to archive data ob-

tained at ESO's La Silla Observatory.
The three main reasons for maintaining
an archive are:
(a) to keep a historical record of ob-

jects. This enables the investiga-
tion of long-term changes in ob-

jects which otherwise could not be
performed;

(b) to re-use the data for other pro-
grammes or purposes. By avoid-
ing duplication of observations the
effective use of telescope time can
be increased;

(c) to enable archival research such
as surveys of different types of
objects. A homogeneous archive
with weil defined calibrations will
open the possibility to study large
numbers of objects for statistical
purposes.

An indispensable requirement for the
archive is very high quality of the data
both in terms of good documentation of
the individual observations and reliable
calibration data. Only when this is

achieved will the archive serve its pur-
pose to fully utilize data acquired at
ESO.
The archive consists of two main

parts, namely
- the data archive which contains the
actual data

and
- the catalogue of observations hold-
ing sufficient information to allow
astronomers to locate data and
judge their usefulness for a given
programme.

Data Archived
Spectroscopic and imaging data ob-

tained during ESO observing time are
archived. All scientific data are saved in

3

TABLE 1 .  Distribution of the accepted key programmes 
I I I I OPC Categories I No. of KPs I 
I I accepted I completed* / 

1. Galaxies, Clusters of Galaxies 
2. Quasars, Seyferts, Radio Galaxies 
3. Magellanic Clouds 
4. Interstellar Matter 
5. Star Clusters, Galactic Structure 
6. X-Ray Sources 
7. Stars 
8. Miscellaneous 

I Total 1 33 I 17 I 
I * at the end of Period 52 I 

Period 45 12 

Period 47 6 

TABLE 2 .  Number of key programmes 

I Period 49 1 1 5 1  5 1 3 1 2 5 1  

Programmes 

1 Period 51 4 3 3 1 2 5 1  
Observing time committed: 1795 nights 

+8 monthslyear at the I - m  telescope (DENIS project) 
c24 months at the GPO (EROS Project) 
+84 hourslsemester at SEST 

short time (appr. 2 years), not count- (3) The applicants of a KP have to dem- 
ing an initial test run, if necessary. onstrate that they have or can have 
The total amount of observing time the means to achieve their scientific 
per period spent on KPs should re- goals, including access to data re- 
main within a TBD percentage of the duction software and hardware and 
total available time. to theoretical models. 

Running Received 

(4) Once the OPC selects a KP, the ESO 
staff decides on its feasibility - after 
which ESO is committed to ensure 
that the KP receives proper support 
from ESO. 

(5) While a given total number of nights 
is assigned once the KP is accepted, 
this number is only indicative. KPs 
are reviewed every year by the OPC; 
for this purpose the recipients have 
to submit in advance a written report, 
and have also to make an oral pre- 
sentation at the OPC meeting. The 
number of nights assigned to the 
programme in the following year is 
fixed at that meeting. Loss of observ- 
ing time due to bad weather is com- 
pletely taken into account. 

(6) The data obtained are the property of 
the KP team for one year after the 
last observations have been taken, 
after which they become public 
through ESO. 

(7) "Long-term Projects" are not KPs. 
(But perhaps they should be recog- 
nizable in a more obvious way at the 
proposal level.) The OPC decides at 
each meeting whether they should 
continue. It is hoped that the new 
working structure of the OPC will 
make it easier to maintain continuity 
and memory. 

(8) Extended projects of fundamental 
character, carried out on small tele- 
scopes, are not KPs, but "Special 
Projects". ESO is not committed to 
support them to the extent they 
support KPs and the applying groups 
are encouraged to take in charge as 
much as possible of the work re- 
quired. 

Accepted Completed 

plementation time of a given key pro- 
gramme was between one and four 
years. 

In the period between April 1989 and 
October 1993, 83 key programmes 
were proposed, of which 33 were 
accepted (Table 1 and 2). In the inter- 
vening semesters, 16 to 31 % of the 
time at the 3.6-m telescope, 14 to 26 % 
of the time at the NTT, and 14 to 28 % of 
the time at the 2.2-m telescope were 
attributed to key programmes. Original- 
ly, the small telescopes were not offered 
for key programmes, but eventually they 
were involved more and more heavily. 
(Fig. 1). Meanwhile, the number of ordi- 
nary proposals submitted to ESO con- 
tinued to increase steadily, year by year. 

By 1993, the time had come to assess 
the results of the key programme "ex- 
periment", and to take advantage of the 
experience gained to devise new rules. 
No new key programme proposals were 
solicited, and, at the request of the Ob- 
serving Programmes Committee, the 
ESO Science Division and the Visiting 
Astronomers Section organized an in- 
formal review of all ESO key pro- 
grammes, ongoing or completed. 

The meeting took place in Garching 
on November 22 and 23, 1993. The 
principal investigators of the 33 key pro- 
grammes were given 15 minutes each 
to present a digest of their results, and 
to comment on possible difficulties en- 
countered during the execution of the 
programme. In addition to the principal 
investigator and some of their co-inves- 
tigators the meeting was attended by 
the Director General, Prof. R. Giacconi, 
members of the ESO scientific staff, the 
members of the OPC and a group of 
distinguished astronomers. 

The presentations were followed by 
an extended and lively discussion be- 
tween the audience and a panel consist- 
ing of six invited astronomers (R. Ku- 
dritzki (chair), J. Andersen, G. Gilmore, 
J. Lequeux, A. Renzini and P. van der 
Kruit), six principal investigators of 
key programmes (J. Bergeron, B. Fort, 
M. Mayor, G. Miley, R. Reimers and 
G. Vettolani), and the OPC chair. 

A prevailing opinion in the panel and 
the audience was that too many of the 
programmes had not been of the funda- 
mental character expected. Also, it was 
felt that too many key programmes were 
running simultaneously, so that each of 
them had not sufficient observing time 
per semester and extended over too 
long a period. At the same time, every- 
body agreed that a large number of very 
interesting results had been obtained; in 
fact, by gathering representatives of all 
fields of astrophysics the meeting was 
an excellent opportunity to informally 
review scientific results obtained with 
ESO facilities. From that point of view 

the meeting was exciting and suc- 
cessful. 

The meeting ended with a closed ses- 
sion, chaired by C. Cesarsky, where the 
Director General, the panel and the OPC 
members issued recommendations for 
ESO key programmes in the future: 
(1)The idea of key projects (KP), 

granted to programmes of excep- 

tional scientific interest and well 
adapted to the ESO facilities, should 
be retained. The KP programmes are 
to be performed on the three main 
ESO telescopes (NTT, 3.6-m, 2.2-m). 

(2) Only a few KPs (of the order of three 
or four) should be carried out simul- 
taneously in a given period. KPs 
should be achieved in a relatively 

OBSERVING TIME ALLOCATED TO KEY PROGRAMMES 

Figure 1 
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33	
  key	
  
programmes	
  
from	
  83	
  
proposals	
  
	
  
Most	
  successful	
  
but	
  some	
  
overlapped,	
  
were	
  less	
  
fundamental	
  

Messenger	
  #52	
  (1988),	
  #55	
  (1989),	
  #75	
  (1994)	
  	
  

No.	
  of	
  countries	
  represented	
  



	
  
	
  
	
  
	
  
	
  
	
  
	
  	
  

Diseovery of the First Gravitational Einstein Ring:
the Luminous Are in Abell 370
G. SOUCAIL, Y. MELLlER, B. FORT, G. MATHEZ, M. CAILLOUX
Observatoire de Toulouse, France
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1h30 with the long slit. We then com-
pensated the rather high read-out noise
of the RCA CCO (60 e- r. m. s.) by co-
adding the total 6 hours exposures.
Thanks to these data we can now con-

""'"QJ...
.0

<t:
ooo
<t
I

" ,1

I - - _o<t: +co Lf'loot::t: "'1' :r
CJ'MMM_
r--.COa:>O'IO\
MMCOM\.O
--M-O'

- M
/2800 'A) Mg 11

grism used gave aresolution of 15 A
over a spectral range fram 3800 A to
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Figure 1: Speetrum of the luminous are in Abell 370.
indieated. ESO 3.6 m + EFOSC, 6 hours integration.
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Figure 2: The giant luminous are in Abell 370. CFHT, 0':2/pixel, 10min., seeing 0':7, November
25, 1986.

Since the discovery of the first lumin-
ous arcs in rich clusters of galaxies
(Soucail et al., 1987a, Lynds and Pet-
rossian 1987), several hypotheses were
suggested to explain their nature and
origin. One of them is the gravitational
lensing of a background galaxy nearly
perfectly aligned with the deflector (in
this case the cluster core) and the ob-
server. A piece of evidence for this
effect comes from our observations of
such a structure in the distant cluster
Abell370 (z = 0.374). We first attempted
to get a spectrum of the eastern end of
the arc in this cluster during an observ-
ing run at ESO in November 1986
(Soucail et al., 1987b). In fact, bad
weather conditions only allowed a one-
hour exposure on this object leading to
a poor S/N spectrum. Nevertheless, in
view of the spectral energy distribution
we suggested that this could result from
a background galaxy at a redshift of 0.6.
Moreover, our recent spectroscopic
data on the quite similar blue arc in the
cluster CI 2244-02 (z = 0.329) have
shown that the spectral energy distribu-
tion is flat and consistent with the one of
a distant object (galaxy or quasar). This
is also in favour of the gravitational lens-
ing model.
Even though the gravitational lensing

appeared to be a very attractive model
this had to be confirmed with better data
than the one obtained in A370 for two
reasons:
(1) the spectrum we obtained is very

faint and the redshift had to be con-
firmed;
(2) some astronomers were not con-

vinced that the eastern part of the struc-
ture really belongs to the arc, in spite of
a similar surface brightness in each
bandpass.
This is the reason why we reobserved

intensively the arc of A 370 on October
18-22, 1987 at ESO with EFOSC/
PUMA 2 at the 3.6-m telescope.
For this peculiar object we used a

long slit but we also used the PUMA 2
system (Fort et al., 1986) to punch
Curved slits weil suited to the geometry
of the arc. This has the advantage of
collecting the maximum of energy
through the aperture plate and to obtain
at the same time the redshifts of the
galaxies located near the ring structure.
Sky subtraction was ensured by using a
duplicate curved slit punched on the
same mask close to the arc. The B 300
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our understanding of the kinematics of 
the local Universe will be improved. 
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PROFILE OF A KEY PROGRAMME 
Arc Survey in Distant Clusters of Galaxies 
B. FORT, J.F. LE BORGNE, G. MATHEZ, Y. MELLIER, J. P. PICAT, G. SOUCAIL, Observatoire 

Midi-Pyrenees, Toitlouse, France 
R. PEL LO-DESCA YRE, B. SANA HUJA, Dept. d 'Astronomia i Meteordogia, Universitat de 

Barcelona, Spain 

First Steps in the Study 
of Luminous Arcs of the giant arc in Abell 370 (z=0.725) background galaxies by clusters of 

was flnally measured with EFOSC/ galaxies (Fig. 1). 
The first luminous arcs were discov- PUMA at the ESO 3.6-rn telescope In During the same period, Tyson (1988) 

ered in the centres of rich clusters of October 1987 (Soucail et al., 1988). It obtained uttra-deep CCD photometry in 
galaxies by Soucail et al. (1 987) and definitively confirmed that they were a sample of empty fields and detected a 
Lynds and Petrosian (1986). The redshift gravitationally distorted images of numerous population of very faint galax- 

A B 
Figure t : Images of the most spectacular cases of arcs and arclets already observed: A. The 
giant an: in A370: G ~ , ,  -0.374, &c = 0.725 (CCO Imege from the Canada-France-Hawaii 
Telwscope). 
B. The "straight arc" in A2390: &,, = 0.232, & = 0.913 (CFHT image). 
C, The complex system of arcs and arclwts in the centre of the clusterA2218: kg, - 0.171 
(CCD Image from Calar Alto, Spain). 

I 
ies. From their blue colour, the low sur- 
face brightness and the number counts, 
he concluded that these objects are 
most probably distant galaxies with a 
mean redshift between 1 and 3. 

Fort et a!. (1 988) finally noticed several 
small tangentially elongated structures 
in the cluster-lens A370 which were 
named "arclets" with reference to the 
giant arcs. These arctets were immedi- 
ately Interpreted as gravitational images 
of other distant sources, the cluster act- 
ing as a lens for all the background 
objects. The comparison of their blue 
colour index (B-R= 1) with evolutionary 
models of galaxies supported the hypo- 
thesis d galaxies at redshift about 1, 
also consistent with the formation of 
distorted arclets in a cluster at z=0.374. 

Although the arcs and Tyson's blue 
population were independent discov- 
eries, it appeared that they could to- 
gether open a new and fruitful field of 
investigation in observational cosrnolo- 
gy. No more than 3 years after the first 
discovery of giant ares, we are ready to 
start an extended survey of clusters of 
galaxies and to take advantage of the 
new opportunities offered to us by the 
use of these giant 'natural telescopes". 

The "Arc Surveyn: Observational 
Strategy 

Up to now, about 10 large arcs, 
whose brightness is about one tenth of 
the sky brightness, have been identified 
in rich clusters and more than 50% of 
them have a measured redshlft. For ex- 
ample the redshift of the giant arc in 
C12244-02, obtained after about 15 
hours of integration time, is z=2.238 
and corresponds probably to the most 
distant field galaxy observed up to now 

(Mellier et al., 1991, see Fig. 2). The 
frequency of discovery of luminous ex- 
tended arcs is now smaller and probably 
many of the brightest ones have already 
been observed. On the other hand, the 
faint arclets are much more regularly 
found in rich clusters. However, the 
price to detect them is to do photometry 
at a surface brightness level of p ~ > 2 8  
to 28.5, correspondlng to the brightness 
of most of the galaxies of Tyson's popu- 
lation. Under thls condition, and If the 
background sources are indeed at large 
redshift (an assumption that we should 
futther be able to check properly) we 
should find up to 50 arclets per cluster in 
the most favourable cases vyson et al., 
1990): rich clusters at intenedlate red- 
shift (0.2-0.4) with intense X-ray emis- 
slon. 

In practice, with the 20 nights allo- 
cated on the N7T for this ESO Key Pro- 
gramme, and considering the long ex- 
posure times necessary to reach the 
faint levels required to detect the arclets 
(3 to 4 hours per filter per field, seg- 
mented in about 50 randomly shifted 
exposures of 300 sec. each), we expect 
to survey 15 clusters with redshifl be- 
tween z- 0.1 5 and 0.8 in 3 photometric 
bands (8, R and I). We refer to the report 
of a preliminary run we had on the NIT 
in January 1990 with the TH 1 0 2 4 ~  1024 
CCD to demonstrate the feasiblllty of 
such a programme. The survey is 
strongly supported at CFHT and bene- 
fits from a collaboration with T. Tyson 
and his collaborators on American tele- 
scopes (CTlO, KPNO) in order to build 
up, through a joint international effort, a 
comprehensive and homogeneous data 
base of "cluster-lenses" for statistical 
analysis of the arcleh' distribution. 

Moreover, a side-observing pro- 

gramme was initiated in collaboration 
with the University of Barcelona, with 
access to the William Herschel Tele- 
scope in the Canarian Islands (R. Pello, 
B. Sanahuja) and the University of 
Durham, with access to UKlRT In Hawal 
(R. Ellis and collaborators) to study an 
unbiased sample of distant magnified 
galaxies (r-0.8 to 2.5) which are intrin- 
sically fainter by one or two magnitudes 
compared to the present-day deepest 
spectroscopic surveys (Cowie et al., 
1990, Mellier et at., 1991). 

Mapping the Dark Matter 
in Clusters of Galaxies 

It is well known from observations of 
multiple QSOs that the deviation angle 
due to the gravitational lensing by a 
typical galaxy of 10" Mo is of the order 
of a few arcseconds. For a cluster of 
galaxies with a veloclty dispersion larger 
than a= 1000 km/s the distorted images 
(whose size depends on 3) fall inside a 
radius of typically 1 arcminute around 
the cluster centre, a size comparable 
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Table 1.  Summty of the  me^ swvey ofarcs and a f c M  

redder duster members but thL is not 
afways the case (w for example the 
"red arc" in A2218, Pel16 et al. 1992). 
More important is the fact that tha sam- 
ple is limited In surface brightness more 
than in magnitude; this Es due to the fact 
that to detect the conttnuurn of the 
spectra of thew objects in a reasonable 
exposure time implies that the surface 
brightness does not acead p~ = 25.5. 
Rernembw that in gravbgonal lensing. 
surface bri~htness is conwed and 
that magnMc&~oo means extension of 
the image of the source, Finally the sam- 
ple is only based on galaxies with red- 
shift larger than 0.7 h u s e  It roughly 
mrrespndrr to the minimum reMR 
above which lensing is efficient, far a 
typical deflector at a redshift of 0.2 to 
0.4 @so, 2r~lBt811. 

But the sources of the arcs belong to 
the family af FIELD galaxles (which are 
not detected by their radio mission for 
example), and their intrinsic mag- 
nitudes, comted from the gravitational 
rnagnlfibation, arb in the range 124; 25) in 
B. This ranae is at laast one mmnitude 
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fainter than-the magnitude rmg& d the 
deepest spectrascopic suweys of field 
galaxies perfoned by Cowie et at. 
(1 991) for exam pie. So It is interesting ta 
explow the redshlft distribution which is 
centred around 1 In our sample. One 
should not& for example that with the 
exception of the pecufiar w e  of 
C12244-02, about 70% of the galaxies 
have a redshifl smaller than 1, and the 
medim mdsh'ift Is 0.9. Moreover, in view 
of thdr spectra, these ob- are not 
obserwed in a phase of violent star for- 
mation altlsough mission lines typical 
of HI1 regions are present in most of 
ham. Moreaver, when we have high- 
resolution Images of the giant arcs, we 
often see sub-structures inside the arcs. 
This still preliminary rewlt could sug- 

4 Infrared Photometry of Large 
Arcs 

'Gunnt filter: 'MI etal., 198RSMMbretal+. t99l: apeitbet al,. 1991:'iWldetaL. 1 9 R  f l ldd. ,  
1991; Qlwd 1992. pWnt ;  ' S a d 1  8., Arnaud M.. b c h l b h y  M., M&ez Q, in prepmation. 

in order to Increase We observed 
spectfal range of the galaxies, a photo- 
rnetrlc survey of the arcs has been p r -  
fortned by out colleagues from Durham 
@JQ in the K band (Smdt et al., 1992). 
The main advantage of the band at 
2.2 pn is that it scans a portion of the 
spectrum damlnatd by the old stellar 
population, and is more hdicath  of the 
history of star formation than blue pho- 
tometry, vwy sensiave to went  star 
firmation. Anyway, the combinertion of 
both magnitudes a$ well as the redshift 
indieation give a g o d  tool to study the 
distant galaxies and their entire spectral 
content. Then it is shown that dthough 
most of the the have blue d o u r  Indb 
ces, none of them remain undetected in 
K. But forth- atz > I ,  the old popula- 
don do& nQt contribute significantly to 
the K flux, so the sample is not consis- 
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0.338 
0.231 
a178 
0.176 
0206 
0.391 
0.321 
0.203 
0.203 

tent &her with a non-evolutlonary mob 
el of galaxy or a model with a single 
initial burst of star formation. Thls prob- 
&ly mans that the history of star for- 
matlon in these galaxies 16 rather ccn- 
tlnuous, up t~ a redshlft of about I. 
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1.034 
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1 have presented In this article the 
status of the survey in 1992, and I 
should emphasize the fact that the ln- 
crease of the m p l e  d arcs with a 
-re mdshift measurement ie very 
Jaw, due to the dlffieulties of the obser- 
vations and the long exposure times 
involved for these faint objects. But the 
detection of new arcs and arclet can- 
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23.0 
21.0 
2442 
23,1 

didates still goes on, especially in the 
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The ESO-Sculptor Faint Galaxy Survey: Large-Scale
Structure and Galaxy Populations at 0.1 �� z �� 0.5*
V. DE LAPPARENT, G. GALAZ, S. ARNOUTS, CNRS, Institut d’Astrophysique de Paris
S. BARDELLI, M. RAMELLA, Osservatorio Astronomico di Trieste

1. Introduction

We describe the current status of the
ESO-Sculptor Survey. The observation-
al goal has been to produce a new multi-
colour photometric catalogue of galax-
ies in a region located near the southern
galactic pole, complemented by a spec-
troscopic survey. The primary scientific
objectives are (1) to map the spatial dis-
tribution of galaxies at z � 0.1–0.5 and
(2) to provide a database for studying
the variations in the spectro-photometric
properties of distant galaxies as a func-
tion of redshift and local environment.
The first clues towards the understand-
ing of the matter distribution in the Uni-
verse have been obtained by mapping
the distribution of its major light-emitting
components, the galaxies. One of the
main properties of the galaxy distribu-
tion is the presence of structures at
nearly the largest scales examined (of
the order of 100 h –1 Mpc with a Hubble
constant of H0 = 100 h km s–1) Mpc. The
3-dimensional maps provided by red-
shift surveys of various regions of the
sky have clearly demonstrated the inho-
mogeneity of the galaxy distribution and
have emphasised the need for system-
atic redshift surveys over large volumes
of the universe.

The nearby galaxy distribution sug-
gests a remarkable structure in which
galaxies cluster along sharp walls which
delineate vast regions with diameters
between 10 and 50 h –1 Mpc devoid of
bright galaxies, in a cell-like pattern [2].
Gigantic structures such as the “Great
Wall’’ have been detected and pose the
problem of the largest scale for the inho-
mogeneities [3]. The general distribution
has the topological properties of a
“sponge’’, which naturally arises from
gaussian initial perturbations collapsing
under gravity. The nearby redshift maps
[2] have generated a renewed interest in
mapping the large-scale structure of the
Universe in the early 1990’s. Several
ambitious programmes were then initiat-
ed and provide new maps which probe
the distribution out to distances of �
500 h –1 Mpc. These maps contain many
sheets and voids, and confirm the
sponge-like topology [4, 5], with no evi-
dence of voids larger than � 100 h –1

Mpc [6]. It seems that these surveys
have reached the scale where the gal-
axy distribution becomes homogene-

ous, but this requires further quantitative
studies.

The maps of the galaxy distribution
raise several fundamental questions of
observational cosmology. Among them
is the problem of the missing mass de-
tected in increasing amounts at larger
and larger scales [7]. If the limits of the
nucleosynthesis predictions are to be
met [8], the required dark matter for ex-
plaining the formation of large-scale
structure must be for the most part non-
baryonic [9]. In this picture, the galaxy
formation must be biased towards the
densest peaks of the matter distribution
[10]. Therefore, the voids of the galaxy
distribution could be filled with dark –
and partly non-baryonic – matter. So far,
all observational searches for baryonic
matter within these voids in the form of
galactic-size systems have led to only
rare detections (see [11, 12] and refer-
ences therein), largely insufficient for ex-
plaining a significant fraction of the miss-
ing mass. The detection of the dark mat-
ter is therefore a crucial requirement for
validating the current scenario for large-
scale-structure formation (the gravita-
tional collapse of primordial fluctua-
tions). Another challenge is to reconcile
the size and amplitude of the inhomoge-
neities in the galaxy distribution with the
high degree of isotropy of the microwave
background radiation [13] (this also re-
quires large amounts of dark matter).

Mapping the inhomogeneities in the
galaxy distribution allows to obtain clues
on the nature of the primordial fluctua-
tions in the matter density field, and
therefore to better understand the pre-
vailing mechanisms in shaping the early
universe. At large scales, constraints on
the spectrum of primordial fluctuations
can be derived directly from the maps of
the 3-dimensional galaxy distribution.
On smaller scales (� 1 h –1 Mpc), the
non-linear effects of gravitation compli-

cate the derivation of such constraints. A
study of the different galaxy populations
and their environment becomes neces-
sary for a better insight into the forma-
tion of structure on galactic size up to
several h–1 Mpc. Constraints on the ini-
tial perturbations which led to the forma-
tion of structures on these scales may
be obtained if one can eventually make
the link between the mass function of the
collapsing matter, the star formation his-
tory of the galaxies, and the influence of
their environment. The mass function is
predicted by the theoretical models and
is partly constrained by the galaxy lumi-
nosity function [14]. The star formation
history is tightly constrained by the ob-
servations (spectral energy distribution
and magnitude number counts) [15].
One difficulty is to decouple the influ-
ence of the local environment, to which
galaxies are intimately related via tidal
interactions and mergers, from the
large-scale segregation effects resulting
from the initial conditions [16].

Detailed knowledge of both the large-
scale clustering and the galaxy popula-
tions in a 3-dimensional galaxy map
therefore provides invaluable informa-
tion for studying the formation and evo-
lution of structure in the universe. With
the goal to address these issues, the
ESO-Sculptor survey of faint galaxies
(ESS, hereafter) was initiated in 1989.
The programme was granted the key-
programme status by ESO, which pro-
vided the unique opportunity for obtain-
ing a new complete galaxy sample to
both substantial depth and area on the
sky. A large amount of observing nights
on the 3.6-m and NTT was attributed
and allowed to complete the observa-
tions in the fall of 1995. We describe the
characteristics of the photometric and
spectroscopic ESS samples in § 2 and 3
respectively, and we report the major re-
sults already obtained in § 4. In § 5 we

*The ESO-Sculptor Faint Galaxy Survey is one of
the ESO Key Programmes. All the data have now
been collected.

Figure 1: Distribution on the sky of the 13,096 galaxies in the ESO-Sculptor Survey (ESS) to its
completeness limit of R = 23.5 (in J2000 equatorial co-ordinates). The r.m.s. magnitude uncer-
tainties are 0.04 mag, and the r.m.s. astrometric uncertainties are � 0.2 arcsec. Even at this
large depth, the galaxy distribution shows large-scale inhomogeneities which are measured by
the angular 2-point correlation function [19].
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for the ESS, we have used the Principal
Component Analysis (PCA hereafter)
[28]. This technique is un-supervised in
the sense that it does not rely on the use
of a set of galaxy templates. It provides
an objective study of the systematic and
non-systematic trends of the sample,
and has the advantage of being poorly
sensitive to the noise level in each spec-
trum. Moreover, the resulting spectral
classification is strongly correlated with
the Hubble morphological type [29, 30,
23].

 Application of the PCA to the ESS al-
lows to re-write each spectrum as a line-
ar combination of a reduced number of
parameters and vectors (3 in this case),
and which accounts for 98% of the total
flux in each spectrum. The spectral type
of the galaxies can be written in terms of
2 independent parameters !, " which re-
spectively measure the position of the
spectra along the sequence of spectral
types, and the deviation from the se-
quence originating from either peculiar
continua and/or strong emission line.
The two parameters are in addition cor-
related (late-types tend to have stronger
emission lines). Figure 4 shows the !#"
sequence for 277 galaxies of the ESS
sample. Figure 5 shows the first 3 princi-
pal components obtained from these
data sets (PC1, PC2, and PC3). The first
2 principal components account for the
red and blue stellar populations in the
observed galaxies, and their relative
contributions to each galaxy spectrum
define its position along the PCA se-
quence (measured by !); the 3rd compo-
nent determines the emission line contri-
bution (measured by "). It was already
known that the colours of galaxies can
be described by a linear combination of
stellar colours (namely types AV and
M0III [31]). The interest of the PCA is to
provide a more detailed demonstration
of this effect over a large sample of gal-
axy spectra.

The continuous PCA spectral se-
quence obtained for the ESS can be
binned to provide the corresponding
fractions of the different Hubble morpho-
logical types (the correspondence is
made by using spectra of galaxies with
known morphology [21]). In this manner,
we find that the ESS contains 17% of E,
9% of S0, 15% of Sa, 32% of Sb, 24% of
Sc, and 3% of Sm/Im (see Fig. 4). The
type fractions show no significant varia-
tions with redshift over the redshift range
0.1 � z � 0.5, and are in good agree-
ment with those found from other sur-
veys to smaller or comparable depth
(see [23, 32]). We find systematic varia-
tions in the main spectral features
(equivalent width of the [OII], [OIII] and
H$ emission lines; height of the 4000 Å
break; slope of the continuum) with PCA
spectral type, which illustrates the effi-
ciency of the PCA technique for perform-
ing a physically meaningful spectral
classification.

The PCA spectral classification has

many advantages over other classifica-
tion methods. It first provides a con-
tinuous classification in a 2-parameter
space, which allows quantitative analy-
ses of the sample properties as a func-
tion of spectral type. In particular, it will
allow an unprecedented measurement
of the morphology-density relation [33]
at large distance. The PCA also provides
a convenient filtering technique: the re-
constructed spectra (with 3 compo-
nents) are inherently “noise-free’’ be-
cause the principal components are de-
rived from a large sample of spectra. For
the ESS, the reconstructed spectra have
a signal-to-noise in the range 35–80 (to
be compared with the range of 4–40 for
the S/N of observed spectra). The ESS
spectra are reconstructed from the prin-
cipal components of Figure 5 as a linear
combination %1PC1 + %2PC2 + %3PC3
(with 0.92 � %1 � 1, –0.2 � %2 � 0.3 –0.05
< %3 � 0.15). Figure 2 shows the recon-
structed spectra (in red) versus the ob-
served spectra (in black) for 27 ESS gal-
axies. Reconstruction of noise-free
spectra can be especially useful for
comparing the ESS spectra with syn-
thetic templates obtained from models
based on stellar population synthesis
[34].

The spectral classification for the ESS
allows to derive accurate cosmological
K-corrections for the various photomet-
ric bands, which correct for the “blue-
shift’’ of the observed filter bands with
respect to the rest-frame spectra. The
crucial step is the extrapolation of the
observed spectra in the rest-frame B
band, which at z � 0.5 corresponds to a
U filter. For this, we use the multi-spec-
tral model PEGASE developed at IAP by
B. Rocca-Volmerange et al. [34] which
provides galaxy SEDs from the UV to

the infrared. These represent a good
match to the ESS spectra in the optical
range 3700–5250 Å. We can then derive
analytical relations between galaxy
spectral type as measured by !, redshift
and K-correction [32]. In turn, the K-cor-
rections provide absolute magnitudes
for the galaxies in the rest-frame filter
bands. Figure 6 shows the observed B –
R colours for the ESS spectra as a func-
tion of redshift and spectral type and the
intrinsic colours after application of the
K-corrections. These diagrams show
that the effect of the K-corrections on the
object colours is significant over the red-
shift range for the ESS, and is strongly
correlated with spectral type. Note, how-
ever, that the large dispersion in the ob-
served B – R colours makes any at-
tempt to determine spectral types from
colour-redshift diagrams subject to large
uncertainties. This approach is often
used for determination of the galaxy
types.

4.3 Luminosity function

In addition to the physical information
which it provides, the galaxy luminosity
function is indispensable for any statisti-
cal study of an apparent magnitude-lim-
ited survey. However, this function is
poorly known so far due to the limited
samples adequate for its measurement.
The existing luminosity functions meas-
ured at z � 0.2 from surveys with typical-
ly � 104 galaxies give variables results,
which are a function of the selection cri-
teria for the samples [32]. The “local’’ lu-
minosity function (z � 0.03) [35] is likely
to be affected by errors in the magnitude
measurements in the Zwicky catalogue.
Luminosity functions based on digitised
plates can be biased by the non-linearity

Figure 7: Luminosity functions in B (open squares) and R (filled circles) for 327 galaxies of the
ESS.  The  best  fit  Schechter  functions  have  M*B  =  –19.58  �  0.17 %B  =  –0.85 � 0.17,  and
M*R  = –21.15 � 0.19 %R = –1.23 � 0.13 [32].
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Introduction 
The determination of the fundamental 

parameters of the galaxy distribution 
and of the typical scales of the spatial 
inhomogeneity of the Universe is an out- 
standing astrophysical problem. On the 
one hand, the galaxy distribution ob- 
served in the nearby Universe is highly 
inhomogeneous. On the other hand, the 
observed isotropy of the Cosmic Micro- 
wave Background strongly suggests 
that the Universe is homogeneous on 
very large scales. Spatial homogeneity 
lies at the basis of the "standard" Fried- 
mann-Robertson-Walker cosmological 
model: it is of fundamental importance 
to determine whether and on which 
scales homogeneity is reached (Stoger 
et al., 1987, Scaramella et al., 1991). 
This information has also great rele- 
vance for the reliable determination of 
the zero-point, "local" (on a cosmologi- 
cal scale) properties of the luminous 
Universe, such as the galaxy luminosity 
function and the correlation function of 
galaxies and systems of galaxies. Well- 
determined zero-points are critical to 
several tests of cosmic models. 

Our present view of the galaxy dis- 
tribution within the "local" Universe is 
mainly the product of the observational 
efforts of the last decade and is based 
on several qualitative evidences but on 
few reliable measurements of the galaxy 
distribution. This picture cannot be con- 
fidently extrapolated to the unsurveyed 
Universe since none of the available 
galaxy surveys appear to cover a "fair 
sample" of the Universe yet (see below). 
Therefore, even the best measurement 
of the galaxy distribution might change 
as the size of the sampled Universe 
increases in depth and/or angular ex- 
tent. Some important properties of the 
galaxy distribution have been convinc- 
ingly demonstrated by the existing ob- 
servations as, for example: 

tems of different richness (from poor 
groups to rich clusters). Clusters are, in 
turn, clustered in superclusters on 
scales of about 25-30 h-' Mpc (for a 
review see Bahcall (1 988)). 

2. Large underdense regions, "voids", 
have been detected in the redshift maps 
of the galaxy distribution. We assume 
here, and in what follows, that redshift 
maps are good representations of the 
true three-dimensional spatial distribu- 
tion on scales larger than 10 h-' Mpc. 
The sizes of the largest voids detected 
so far are of the order of 50 h-' Mpc. It is 
important to note, however, that the 
largest detected voids are as large as 

they can be, given the depth and/or the 
areal coverage of the existing surveys 
(for a review see Rood, 1990). 

3. The "field" galaxies around the 
voids form structures which are con- 
nected and bidimensional. Their typical 
thickness is about 500 km sec-' (de 
Lapparent et al., 1991, Ramella et al., 
1992). 

Furthermore, there are other poten- 
tially very exciting observations which 
still await further confirmation and/or 
deeper understanding as, for example: 

(1) The large-scale peculiar streaming 
motions of galaxies (i.e. gravitationally 
induced distortions of the Hubble flow). 

Objects per OPTOPUS field 
1. Galaxies are clustered on scales Figure 1 : Histogram of the number of galaxies brighter than b, = 19.4 per OPTOPUS field in the 

less than 10 h-' Mpc in dynamical sys- area of our survey. 

958 G. Vettolani et al.: The ESO Slice Project (ESP) galaxy redshift survey. I
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 (c)  LCRS data 
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RA Fig. 4. a Galaxy distribution in comoving distance
(q0 = 0.5); error bars represent 1σ Poissonian uncer-
tainties. The solid line shows the expectation resulting
from a uniform distribution of the galaxies in the sample.
Vertical lines correspond to the positions of the BEKS
peaks (see text). b Wedge diagram of ESP galaxies pro-
jected in right ascension; the step of the grid is 30m.
c The same as panel b for galaxies in the LCRS strip
centered at δ = −39o.

due to galaxies within 1 Abell radius from the centers of two
Abell clusters (ACO 2840 and ACO 2860) both located near the
eastern edge of strip A, this peak remains highly significant even
if these galaxies are removed from the sample. In fact, it is clear
from Fig. 4b that the peak in the redshift distribution corresponds
to an ensemble of large-scale structures nearly perpendicular to
the line of sight. If this ensemble can be considered as a single,
connected structure, it would have a linear dimension of about
120 h−1 Mpc , before entering into the gap between regions A
and B. At least part of this structure is visible in the LCRS data
(panel c) where it seems to extend towards west and possibly
connecting to other structures.

Other foreground/background peaks in the redshift his-
togram correspond to structures less evident to the eye in the
wedge diagram.

Close examination of the wedge diagram shows the exis-
tence of many more dense regions and structures, some of which
are elongated along the line of sight such as the one in region B
stretching from about 130 h−1 Mpc to 200 h−1 Mpc .

The LCRS data in panel c) allow to follow some of these
structures, even if the different sampling, color selection and
depth of the samples do not allow a quantitative comparison.

As well as all the other redshift surveys (see for instance
panel c), our data suggest the presence of large underdense re-
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speckle masking. The speckle inter-
ferograms were recorded with the Oan-
ish 1.5-m telescope and an 0 III filter
(I,c - 501 nm/6."I.. - 25 nm). There is an
interesting similarity between the 0111
image and radio images.

SN 1987A (continued)

The study of SN 198?A continues to
occupy many astronomers at the major
southern observatories. Some of the
programmes have now settled down to
routine, while others exploit new tech-
niques, all in order to harvest as much
information as possible from this rare
event.
Since the last summary of recent de-

velopments in this journal (The
Messenger 51, 9), new and exciting ob-
servations at the European Southern
Observatory have become available,
which probe the interstellar space at
different distances from the supernova
by means of very different techniques.
On the smallest angular scale, speck-

le masking observations in the visual
and near infrared spectral regions have
been made in Oecember 198? by a
group from the Erlangen-Nürnberg Uni-
versity, working at the ESO/MPG 2.2-m
telescope. With this powerful method
they are able to establish upper limits for
the size of the expanding supernova
shell, wh ich was ejected at the time of
the explosion last February. Their value
is around 0.023 arcsec. They will report
their results for the supernova in a future
issue of the Messenger.
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2 arcsec across. The observations were
made in 1988 with the CES and the
1.4-m CAT telescope. A more detailed
report has now been submitted to the
journal Astronomy and Astrophysics.
On a still larger scale, a double, visible

light echo has recently been detected.
Contrary to the infrared echo referred to
aBove, this echo arises from the reflec-
!ion of the bright supernova light in inter-
stellar clouds much farther away from
the exploded star.
Astronomers had been searching for

this phenomenon since last year. A
detection on March 3, 1988, was
announced by A. Crotts from McOonald
Observatory, Texas, USA. However, by
inspection of earlier images made at the
European Southern Observatory, it was
seen on CCO frames made on January
25 by H. Pedersen with the Oanish
1.5-m telescope and also on February
13, by M. Rosa with the ESO 3.6-m
telescope. Later, it was also found that
the outer echo can be seen as early as in
August 198?, on EFOSC CCO frames
obtained by S. O'Odorico, and also on a
dozen Schmidt photographic plates af-
ter November 198? Further observa-
tions were made in mid-March, with the

GGO images of the double light echo around SN 1987A, as observed with the ESO 3.6-m telescope and EFOSG with a coronographic mask on
February 13, 1988 (Ieft) and March 16, 1988 (right). A 6 nm wide filter at wavelength 470 nm suppressed the light from the emission nebulae in
this region. Observers: M. Rosa, Ghr. Gouiffes and M. T. Ruiz. A careful comparison shows the expansion, at present about 3 arcsec/month.
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Highlights 1986-1998: Light Echos in SN 1987A 
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HST images in cycle 7 with the NICMOS
array.

Some Individual Galaxies

PG 1012+00 (z = 0.185, MB = -24.33).
This quasar has two secondary nucieL
There is a spiral (or tidal) arm SE of the
system. 25% of the radio emission at
5 GHz is diffuse emission, the remainder
is slightly resolved at 0.5 arcsec resolu-
tion, and has a steep spectral radio index,
so may not be nuclear.

PG 1049-00 (z = 0.357, MB = -25.70).
There is some fuzz extending to the north
of the nucleus. The extension is also seen
in aR-filter image. At most half of the radio
emission at 5 GHz is nuclear, with a flat
radio spectrum.

PG 1426+01 (z=0.086, MB = -23.51).
There is a large asymmetrie galaxy under
the nucleus and a small secondary
nucleus to the SE at 2.5 arcsec (4 kpc)
distance. One quarter of the 5 GHz radio
emission is diffuse, and the remainder
has a steep radio spectrum. As in other
sampie objects, precise astrometry will
tell where exactly the radio emission is
located.

References
J.N. Bahcall, S. Kirhakos & D.P. Schneider,

1994, ApJL 435, 11.
J.N. Bahcall, S. Kirhakos & D.P. Schneider,

1995, ApJL447, 1.
J.S. Dunlop, G.L. Taylor, D.H. Hughes & E.1.

Robson, 1994, MNRAS 264, 936.
E. Ellingson, H.K.C. Yee & R.F. Green, 1991,
ApJ371 , 49.

J.B. Hutchings, T. Janson & S.G. Nett, 1989,
ApJ 342, 660.

J.B. Hutchings & S.G. Nett, 1992, AJ 104, 1.
KK McLeod&G.H. Rieke, 1994, ApJ420, 58.
S.G. Nett, M.N. Fanelli, L.J. Roberts, R.W.
Q'Connell, R. Bohlin, M.S. Roberts, A.M.
Smith, T.P. Stecher, 1994, ApJ430, 545.

D.B. Sanders, B.T. Soifer, J.H. Elias, B.F.
Madore, K. Matlhews, G. Neugebauer, N.Z.
Scoville, 1988, ApJ325, 74.

M. Schmidt & R.F. Green, 1983, ApJ269, 352.
EP. Smith&T.M. Heckman, 1990, ApJ348, 38.
A. Stockton, 1990, in: R. Wielen (ed.) Dynam-

ics and Interactions of Galaxies, Springer-
Verlag Berlin, p. 440

M.P. Veron-Cetly &L. Woltjer, 1990, A&A 236,
69.

R. Terlevich, G. Tenorio-Tagle, J. Franco, J.
Melnick, 1992, MNRAS 255, 713.

For further information please contact the
authors:
gerritse@astro.rug.nl, pdb@astro.rug.nl

Have We Detected the Primeval Galaxies?
D. MACCHETTOI and M. GIAVALlSCQ2, Space Telescope Science Institute

The identification ofthe population ofprimevalgalaxies, namely the firstgalaxies to form stars in the Universe,
is essential to provide the much needed observational underpinning to modern theories ofgalaxy formation and
evolution, without which these theories are destined to remain in the realm of speculation. Until recently, and
despite decades ofintensive search, primevalgalaxies hadnotbeen identifiedand thus the epoch (or the epochs!)
and the early physics of galaxy formation are still substantially unknown. The combination of ground-based
photometryandspectroscopy with the Hubble Space Telescope high angular resolution, is changing this situation
and we are now obtaining empirical evidence that a population of galaxies of relatively normalluminosity was
already in place at redshifts z > 3 and in an evolutionary state characterised by active star formation.

Thanks to telescopes of large aper-
tures and superior image-quality, and to
high-efficiency spectrographs, modern
deep-galaxy surveys can now obtain
redshift identifications for galaxies at
about half the age of the Universe, or
redshift of about z:5 1.5. Combined with
the morphological information provided
by the exceptional angular resolving
power of the Hubble Space Telescope,
this is providing a reasonably detailed
picture of the evolutionary state of the
galaxy population over the latter half of
the history of the Universe. A consistent
result from the work by several groups
(Lilly, 1993; Songaila et al. , 1994; Glaze-
brook et al., 1995a and 1995b; Driver et
al., 1995a and 1995b; Steidel, Dickinson
& Persson, 1994 and 1995) is that
galaxy evolution appears to be strongly
dependent on luminosity and morpho-
logical type. While the population of
bright spirals and ellipticals (L - C, with
L* = 1010 have evolved rather
passively from redshifts z - 1 to the
present epoch, the fainter galaxies with

'Affiliated with the Space Science Department,
ESA.
2Hubble Fellow.
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luminosity L « L* have undergone a
spectacular evolution in morphology,
luminosity and number density over the
same time span.
The relative lack of evolution in the

bright galaxy population suggests that
their formation took place at redshifts
considerably higher than those probed
by the current surveys. Can we observe
and track the evolving population of
bright galaxies at very high redshifts?

Unfortunately, optical and near-IR
spectroscopy of galaxies at redshifts z >
1.5 is much harder to obtain due to the
limited sensitivity of the current instru-
mentation and the relative lackof informa-
tion in the spectral energy distribution
which can be probed from the ground.
The early primeval galaxy surveys at-
tempted to detect them via their suppos-
edly intense Lya emission (Partridge and
Peebles, 1967; Charlot and Fall, 1993)
with optical narrow·band imaging cover-
ing the redshift interval 1.8 :5 z:5 6. With
few exceptions. Noticeably dominated by
discoveries made with the ESO 3.6-m
and NTT telescopes, including the most
distant radio-quiet Lya galaxy at z= 3.428
by Macchetto et al. (1993), no systematic

detections of primeval galaxies have
been reported with this technique (see
Giavalisco, Macchetto & Sparks, 1994 for
a review). More recently, these surveys
have been extended to near-infrared
wavelengths to extend the redshift range
up to z - 20 (Thompson et al., 1994 and
1995; Pahre and Djorgovski, 1995) and/
or to include emission lines such as
[OIl]A3727, [OIlI]AA.4969 5007, and
Ha, which do not suffer from the severe
attenuation by resonant scattering that
affects the Lya line. With a handful of
exceptions, no systematic detections
have been reported even in this case. We
must conclude that either the redshift
ranges searched do not correspond to the
epoch during which the presumably
violent bursts of star formation took place,
or that the theoretical expectations of
what a primeval galaxy should look like
are not realistic (cf. Baron and White,
1987; Charlot and Fall, 1993).
Recently, amore successful technique

to detect primeval galaxy candidates at
high redshifts has been pioneered by
Steidel and Hamilton (1992). This con-
sists of a redshift-tuned colour photome-
try derived from broad-band imaging

Wavelength (angstroms)

Figure 3: A spectrum of galaxy G2 at z = 3.428 obtained with the 3.6-m telescope plus EFOSCI
and PUMA. The total integration time was 8 hours and the resolution is - 19Ä. Clearly visible is
the intense Lya emission with rest-frame equivalent width of - 170 Aand the dimming of the
continuum shortward of the line due to the intervening Lya torest blanketing. No other lines are
detected in the spectrum.

normal bright galaxies, that is with
luminosity L - L*, caught during a
star-forming phase with star formation
rates of - 50-100 hsb2 M0 y,' (with qo =
0), namely 24 < RA< 25.5 or 2 $ U4L* $ 6
(assuming an Im spectral type), and are
undetected in Un down to Un - 27, with
colours Un - G > 1.7 and G - R < 1.2.
Figure 2 shows a colour-colour plot
obtained from our recent ND UnGR
imaging of the 00000-263 field (see
later). We explicitly note that these
colours are very different from those of
the average field galaxy population. In
particular, they show the existence of a
sharp discontinuity in an otherwise flat (in
Iv units) spectral energy distribution,
which is not detected in field galaxies.

Madau (1995) has modelied the ef-
fects of the stochastic attenuation pro-
duced by intervening OSO absorption
systems on the broadband colours of
cosmologically distant galaxies. His esti-
mates place the identified LLFS galaxies
within the realm of what might be called
normal, attenuated star-forming galaxies
at redshift 3 < Z < 3.5, and show that, if
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Figure 4: Amosaic showing the UnGR plus Lya imaging of the field towards 00000-262. The four frames show a portion of the field including galaxy
G2, the OSO and the absorber (visible in the G frame). The Un image is from 8 hours exposure with the NTT and EMMI blue. The G and R frames
consist of3 and2 hours exposure with the NTTand EMMI red. The Lya frame consists ofa 2-hour exposure with the 3.6-m telescope with EFOSC1
andhas been obtained with an interferential narrow-band tilter (ESO #435). The tour frames have been resampled to a common pixel scale of 0.27
arcsec. The seeing of the final stack in each case is about 1.3, 1.1, 1.2 and 1.3 arcsec, respectively.
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Figure 3: A spectrum of galaxy G2 at z = 3.428 obtained with the 3.6-m telescope plus EFOSCI
and PUMA. The total integration time was 8 hours and the resolution is - 19Ä. Clearly visible is
the intense Lya emission with rest-frame equivalent width of - 170 Aand the dimming of the
continuum shortward of the line due to the intervening Lya torest blanketing. No other lines are
detected in the spectrum.

normal bright galaxies, that is with
luminosity L - L*, caught during a
star-forming phase with star formation
rates of - 50-100 hsb2 M0 y,' (with qo =
0), namely 24 < RA< 25.5 or 2 $ U4L* $ 6
(assuming an Im spectral type), and are
undetected in Un down to Un - 27, with
colours Un - G > 1.7 and G - R < 1.2.
Figure 2 shows a colour-colour plot
obtained from our recent ND UnGR
imaging of the 00000-263 field (see
later). We explicitly note that these
colours are very different from those of
the average field galaxy population. In
particular, they show the existence of a
sharp discontinuity in an otherwise flat (in
Iv units) spectral energy distribution,
which is not detected in field galaxies.

Madau (1995) has modelied the ef-
fects of the stochastic attenuation pro-
duced by intervening OSO absorption
systems on the broadband colours of
cosmologically distant galaxies. His esti-
mates place the identified LLFS galaxies
within the realm of what might be called
normal, attenuated star-forming galaxies
at redshift 3 < Z < 3.5, and show that, if

I.25E-28

I.00E-28

::--<
in 7.50E-29

E
0

e>
5.00E-29x

::::l
...Ju.

2.50E-29

0

4500 5000 5500 6500 7000

•f .'• ", . • ... •
• 1)',,0 -----;. • IY"I) -----;;. •,

• l- .' • l-e •

• • \ • • .• Hk Hb,•• • • •
C.::: C'::: •• •• '- • • / •

1;:: ". e/ ..
• • • •• •• 1'1 "• •

Url C,

• • .,
, • • .. •

• Ci".CI • - 0':,1);7 •• • 1'. • •• 11•. 4

• / /
• • • • .

Hb· • Hb:• • • •I.,::: c'::: ••• /' •i:: .' ... I/- ...• • • • • #•• •• • •
F: : -

Figure 4: Amosaic showing the UnGR plus Lya imaging of the field towards 00000-262. The four frames show a portion of the field including galaxy
G2, the OSO and the absorber (visible in the G frame). The Un image is from 8 hours exposure with the NTT and EMMI blue. The G and R frames
consist of3 and2 hours exposure with the NTTand EMMI red. The Lya frame consists ofa 2-hour exposure with the 3.6-m telescope with EFOSC1
andhas been obtained with an interferential narrow-band tilter (ESO #435). The tour frames have been resampled to a common pixel scale of 0.27
arcsec. The seeing of the final stack in each case is about 1.3, 1.1, 1.2 and 1.3 arcsec, respectively.
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Figure 2:A3.5-hour integration on the galaxy - 2" from the z = 4. 7QSO BR1202-0725 obtained
with the EMMI spectrograph at the ESO 3.5-m NTT (courtesy of S. D'Odorico). The spectrum
shows a strong emission line identified as Lya at z = 4.702, and a continuum level in agreement
with the integrated magnitude of this object (I = 24.1, Fontana et al., 1996, MNRAS 279, L27).
This level of the rest frame ultraviolet continuum indicates a star-formation rate of - 30 M0 yr1•
The C IV emission doublet is not detected, which sets an upper limit to its intensity of - 1/10 that
of Lya. The object is one of the-high redshift candidates from a deep, four-colour study of the
galaxies in the field of the QSO (paper presented by E. Giallongo).

Leibundgut), and of course the local LSS
with its walls, filaments, and voids that
may or may not persist to high redshifts
depending on the cosmological model.
Altogether, this wealth of data needs

to be framed in a world model to make
sense to uso As S. White pointed out, the
current (standard) world model is based
on a fairly limited set of basic assump-
tions, namely: (1) most matter is in some
"dark" nonbaryonic form, (2) ordinary
baryons are present in the amount pre-
dicted by Big Bang nucleosynthesis, (3)
primordial density fluctuation are gaus-
sian and were generated by quantum ef-
fects during inflation, (4) structures grow
solely through the effect of gravity, and
(5) galaxies form by dissipative collapse
within massive halos made of dark mat-
ter. Within this frame the observations
should allow us to unambiguously deter-
mine a consistent set of the main model
parameters: Ho Qo) Qb' QCDM' A, and n,
the spectral index of the primordial fluc-
tuations. As S. White emphasised,
should this effort fail, we will have to give
up some of the five basic assumptions.
The role that the VLT will be able to

play in observational cosmology will ulti-
mately depend (besides the commit-
ment of the ESO community) on its com-
plement of focal instruments and on
their efficiency. For this reason VLT in-
struments were on stage both at the be-
ginning and at the closure of the meet-
ing, with the PI's of the first-generation
instruments and of those under consid-
eration illustrating their scientific drivers
and their technical performances. Thus,
I. Appenzeller, S. D'Odorico, P. Feien-
bok, O. LeFEwre, R. Lenzen, A. Moor-
wood, and K. Taylor presented respec-
tively FORS, UVES, FUEGOS, VIR-
MOS, CONICA, ISAAC, AUSTRALlS,
and SINFONI, all acronyms that will be-
come familiar to us like today are SUSI
and EMMI and TIMMI, etc. Some limita-
tions of the first-generation instruments
emerged clearly at the meeting, espe-
cially concerning the multiobject and
area spectroscopy, and G. Monnet in its
c10sure talk illustrated how ESO is going
to cope with this in selecting the next-
generation instruments.
In the end, what lessons did we learn

from this most exciting meeting, that
may be relevant for planning the future
science at the VLT? The first lesson was
that VLT-grade projects need extensive
preparation, both in terms of finding and
selecting the appropriate targets, and in
terms of dedicated scientific software to
handle enormous data cubes. The sec-
ond lesson comes from the tremendous
success of a combined HST and Keck
approach to so many astrophysical
problems, with HST providing high-reso-
lution imaging on fairly wide fields and/or
UV spectroscopy, and the 10-m tele-
scope providing spectra of sufficient res-
olution of the same objects. By the year
2000 about a dozen 8-m-class tele-
scopes will be in operation world-wide,

carini), group and cluster detection from
aso absorption line systems (P.
Petitjean and M. Haehnelt) and from
gravitational shear (P. Schneider and B.
Fort). While systematic studies of mod-
erate redshift clusters (unfortunately
mostly Iimited to the northern hemi-
sphere) are now weil under way (R.
Carlberg), successful detections of clus-
ters around powerful AGNs were report-
ed. These included a cluster at z = 1.2,
that combined HST and Keck data show
to contain already red (Le. old) ellipticals
(M. Dickinson), and the detection of
c1ustering at a redshift as high as - 2.4
(P. Francis). Tracing the evolution of
large-scale structure (LSS) at high red-
shift was then illustrated both by present
and planned galaxy redshift surveys (V.
De Lapparent and G. Vettolani), and by
gravitational shear (P. Schneider and B.
Fort).
While the emphasis of the meeting

was obviously on high-redshift objects,
D. Tytler in his comprehensive general
introduction emphasized that a great
deal about the early universe can be un-
derstood by looking at nearby objects.
For example, dating the oldest stars and
mapping the age, chemical and kinemat-
ic structure in our own Galaxy and in
nearby galaxies, getting stellar abun-
dances for residues of the Big Bang nu-
c1eosynthesis, etc. One crucial aspect of
the local universe still worth investigating
concerns normalisations. While getting
rich sampies of galaxies at high red-
shifts, one would like to compare them to
fair sampies at z = 0, so as to gauge the
change that has intervened in between.
This includes e.g. the local luminosity
function for morphologically typed galax-
ies (G. Vettolani reported on the ESO
redshift survey results), supernovae of
Type la, where observation of high-z
counterparts can help determine qo (B.

of spirals) is to follow their evolution with
redshift. R. Bender and M. Franx report-
ed about the construction of the funda-
mental plane relation for cluster ellipti-
cals up to z = 0.4, thus setting a tight
lower limit (z ;;::: 2) for the formation ep-
och of the bulk of the present-day stellar
content in these galaxies. Combining
HST imaging (giving accurate effective
radii and surface brightness distribu-
tions) with 8-10-m-telescope spectros-
copy (giving velocity dispersions and
metaliicity indices) is the winning strate-
gy in this field, and D. Koo reported re-
cent Keck observations of high-z ellipti-
cals as weil as spirals and faint blue gal-
axies. The evolution of the fundamental
plane and Tully-Fisher relations involve
both dynamical and stellar population
properties of galaxies. As such, they can
constrain the formation epoch of the
stars in these galaxies, but still allow a
variety of galaxy-build-up scenarios. For
example, in some CDM simulations of
galaxy formation and evolution (reported
by G. Kauffmann and M. Steinmetz) the
bulk of stars may weil form at very high
z, but their assembly to build up the big
galaxies of today does not complete the
process before z::; 1. Thus, even more
fundamental than the fundamental plane
itself may eventually be the empirical
construction of the distribution functions
of the velocity widths and velocity dis-
persions at various redshifts. Velocities
- better than luminosities - indeed rep-
resent a rather direct measure of the
depth of galaxy potential wells, and their
distribution traces the assembly of dark
matter halos on galaxy scales, the firmer
result of CDM simulations.
Next to galaxies on the mass scale,

galaxy clusters at high redshift also re-
ceived wide coverage at the meeting, in-
cluding X-ray searches (H. Böhringer)
and their optical counterparts (G. Chin-
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“10 nights on 25m VLT” (Messenger #15-18 1978-79)  
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S C I E N C E   W I T H   T H E   V L T /  V L T I
The VLT Science Cases: a Test for the VLT
A. RENZINI and B. LEIBUNDGUT, ESO

Introduction

In preparation for VLT operations,
ESO is gearing up its interaction with its
astronomical community. It is important
for ESO to understand the needs and
requirements of future users and to
accomplish as high a standard of serv-
ice as possible. In addition, we have got
to know the most demanding needs of
the community in order to verify at the
earliest possible stage that the VLT will
actually meet such expectations. To this
end, we have been actively seeking
input from future observers.

We asked several astronomers to
provide us with ‘VLT Science Cases’
(SC), potential programmes of high sci-
entific interest and especially demand-
ing in terms of required performance. In
parallel, a set of ‘Reference Observing
Proposals’ (ROP) have been created at
ESO to cover some more technical as-
pects. The SC and ROP are used as a
conceptual test of the VLT, of its first-
generation instrumentation (ESO Tech-

nical Preprint No. 72), and of the VLT
science data flow (P. Quinn, The Mes-
senger No. 84). They are meant to help
us to achieve a quantitative understand-
ing of the expectations concerning the
scientific performance of the VLT, and
identify possible improvements of the
project. This should provide an early
appreciation of potential shortcomings
that could be eliminated before the VLT
is offered to the community, and/or an
early identification of needs that may be
satisfied by appropriate upgrades in the
instrumentation plan and VLT opera-
tions. The ROP were also established
for tests of the VLT operational system
(cf. P. Quinn, The Messenger No. 84,
and J. Spyromilio, The Messenger No.
85). The SC were analysed by the ‘Sci-
ence Performance Group’ co-ordinated
by the VLT Programme Scientist (A.
Renzini) with the goal to identify actions
which could improve the scientific per-
formance of the VLT. This approach is
complementing the other user inter-
action channels through the standing

oversight ESO Committees, and the
VLT/VLTI workshops held over the last
few years.

Up to now 28 SC and 7 ROP have
been completed (Tables 1 and 2). The
collection of VLT Science Cases illus-
trates the wide involvement of ESO’s
user community. More than 90 astrono-
mers from all ESO member countries
have contributed in one form or anoth-
er. To this are added over 20 ESO/ECF
staff astronomers in Garching and in
Chile. The effect is to strengthen the
ties between ESO and its scientific
community on a rather informal, but
direct, level. In effect, through the SC a
‘network’ has started to be established
within the community which can be rap-
idly accessed for specific scientific
questions and to explore the relative
effectiveness of various options con-
cerning the VLT. We are very grateful to
all the astronomers that have participat-
ed in the SC, and believe they deserve
the gratitude of the community for hav-
ing spent some of their time for the
common benefit. There will be indeed
no privilege or tangible reward for them,
with the exclusion perhaps of what may
come from having started thinking
about VLT observations in a more pre-
cise and practical way. With VLT first
light being already so close, the VLT
has to become a much stronger reality
in many European astronomers’ mind in
this and the coming year. The SC were
also meant to stimulate and assist this
process.

The size of this SC network has been
so far limited only by our capacity to
maintain interactions with it and to fruit-
fully analyse its input. Yet, the exercise is
not over and we plan to “call” for a new
set of SC this year. The selection of the
topics of the SC was done to cover some
of the most active areas of astronomical
research for which we believe the VLT
will become a major contributor. To this
we added observational techniques we

TABLE 2: VLT Reference Observing
Proposals

• Quasar absorption lines
• Gravitational arcs in clusters of galaxies
• The nature of AGNs
• Dynamics of dwarf galaxies
• Stellar winds on the AGB
• Comet impact on Jupiter
• Gravitational shear in clusters of

galaxies

TABLE 1: VLT Science Cases

• Evolution of galaxies from z = 0.6 to z = 4.3
• Testing the redshift evolution of potential wells and scaling relations of galaxies
• The evolution of cluster galaxies
• A search for binaries in globular cluster cores
• High redshift radio galaxies:

(a) Their stellar content and surrounding clusters
(b) Gas kinematics and jet/cloud interactions
(c) Imaging- and spectro-polarimetry to identify and separate the scattered component
(d) UV nebular diagnostics of the extended gas
(e) Absorption studies of Ly! and C IV as probes of the circumnuclear gas particularly

the cold component
• Distant cluster of galaxies
• Measuring " with weak gravitational lensing
• Dark matter searches with weak gravitational lensing from a drift-scan image
• Measuring "# from (weak and strong) lensing modelling of rich clusters
• The star formation history of ultra-low surface-brightness galaxies
• Extending extragalactic PN as probes of galaxies out to 50 Mpc
• Astronomy of isolated neutron stars
• Spectroscopy and photometry of very distant supernovae
• Chemical evolution and star formation history in nearby galaxies
• A complete sample of 1000 active galactic nuclei to R = 23.5
• Dynamics of the Carina dwarf spheroidal galaxy
• Properties of compact emission line galaxies up to z = 1.2:

velocity dispersions and emission line ratios
• Chemical abundances of stars in globular clusters
• Physics of main-sequence and slightly evolved stars in young open clusters
• RR Lyrae stars in the LMC: tracers of the structure and the metallicity of the old

population
• The galaxy population in the redshift interval 0.5 < z < 5
• Redshift evolution of chemical abundances in damped Lyman-! system
• Dynamics of galaxies at the VLT with FUEGOS/ARGUS
• Optical identification of gamma-ray burst sources

VLT Science Case March 1997 
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Time	
  and	
  again,	
  
history	
  shows	
  large	
  
telescopes	
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far	
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  their	
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The VLT Era : 1998 - present 
Technical	
  Success:	
  
•  RealizaDon	
  of	
  an	
  ambiDous	
  goal	
  first	
  considered	
  in	
  1978	
  
•  Progress	
  like	
  clockwork:	
  

	
   	
  VLT	
  approval	
  1988	
  
	
   	
  UT1	
  May	
  1998,	
  UT2	
  Mar	
  1999,	
  UT3	
  Sep	
  1999,	
  UT4	
  Sep	
  2000,	
  VLTI	
  Mar	
  2001	
  

•  VLT	
  contractual	
  cost	
  rose	
  15%	
  from	
  1987	
  to	
  1998;	
  total	
  cost	
  including	
  VLTI	
  unchanged	
  
	
   	
  (~1.0BDM	
  to	
  2003)	
  

•  4	
  ×	
  8ms	
  with	
  aux	
  telescopes	
  offers	
  remarkable	
  flexibility	
  plus	
  VLTI	
  capability	
  

Strategic	
  advantages:	
  
•  Engagement	
  with	
  industry	
  established	
  new	
  modus	
  operandi	
  
•  Successful	
  instrument	
  model	
  involving	
  ESO	
  and	
  partner	
  countries	
  
•  Instruments	
  on	
  Dme:	
  	
  UT1	
  May	
  16	
  and	
  FORS1	
  Sep	
  15,	
  ISAAC	
  Nov	
  16	
  (1998)	
  
	
  
Science	
  readiness:	
  
•  Project	
  had	
  strong	
  in-­‐house	
  science	
  focus	
  
•  Numerous	
  planning	
  workshops	
  and	
  meeDngs:	
  technical	
  and	
  scienDfic	
  
•  Preparatory	
  imaging	
  surveys	
  (EIS,	
  WFI	
  @	
  2.2m,	
  VST..VISTA)	
  
	
  
Science	
  output:	
  
•  DramaDc	
  impact,	
  parDcularly	
  through	
  generous	
  Guaranteed	
  Time	
  awards	
  
•  CitaDons	
  now	
  confirm	
  world-­‐leading	
  impact	
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Abstract. We observed with the camera FORS1 on the
VLT (UT1, ANTU) 50 randomly selected fields and ana-
lyzed the cosmic shear inside circular apertures with di-
ameter ranging from 0.5 to 5.0 arc-minutes. The images
were obtained in optimal conditions by using the Service
Observing proposed by ESO on the VLT, which enabled us
to get a well-defined and homogeneous set of data. The 50
fields cover a 0.65 square-degrees area spread over more
than 1000 square-degrees which provides a sample ideal
for minimizing the cosmic variance. Using the same tech-
niques as in Van Waerbeke et al. 2000, we measured the
cosmic shear signal and investigated the systematics of the
VLT sample. We find a significant excess of correlations
between galaxy ellipticities on those angular scales. The
amplitude and the shape of the correlation as function of
angular scale are remarkably similar to those reported so
far.
Using our combined VLT and CFHT data and adding the
results published by other teams we put the first joint con-
straints on Ω0 and σ8 using cosmic shear surveys. From
a deduced average of the redshift of the sources the com-
bined data are consistent with σ8 ! 0.59+0.03

−0.03Ω
−0.47
0 (for

a CDM power spectrum and Γ = 0.21), in excellent agree-
ment with the cosmological constraints obtained from the
local cluster abundance.

Send offprint requests to: mellier@iap.fr
! Based on observations obtained at the Very Large Telescope
UT1 (ANTU) which is operated by the European Southern
Observatory (program 63.O-0039A).

Key words: Cosmology: theory, dark matter, gravita-
tional lenses, large-scale structure of the universe

1. Introduction

The weak lensing by large scale structures (hereafter cos-
mic shear) probes the projected mass density along the
line-of-sight, regardless of the distribution of light. This
could yield powerful constraints on the evolution of the
dark matter power spectrum, the cosmological parame-
ters and the mass/light bias as a function of the angu-
lar scale and the redshift (see reviews from Mellier 1999,
Bartelmann & Schneider 2001 and references therein).

Four teams announced recently the first measure-
ments of a significant variance of the shear 〈γ2〉 on
scales below 30 arc-minutes (Van Waerbeke et al. 2000,
Bacon et al. 2000a, Wittman et al. 2000,
Kaiser et al. 2000). All the measurements are in remark-
able agreement, and it is worth to mention that these anal-
yses were done from independent data sets obtained on
various telescopes and by measuring galaxy shapes with
different tools. Moreover the signal is consistent with the
theoretical expectations of current cosmological models,
and does not show strong contamination by residual sys-
tematics. Though it is not yet possible to break the degen-
eracy between the normalization of the power spectrum,
σ8, and the density parameter Ω0 from a measure of 〈γ2〉
alone (Bernardeau et al. 1997,Jain & Seljak 1997), some
cosmological models can already be rejected (like the
COBE-normalized SCDM which predicts too much power
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optimal image quality on each field. Since we only re-
quested non-photometric nights, with seeing lower than
0.8 arc-seconds, the schedule of our 50 fields over the
semester was indeed quite easy. The total exposure time
(36 minutes) was computed in order to reach I = 24.5,
which corresponds to a galaxy number density per fields
of about 30 gal arcmin−2. The expected average redshift
of the lensed sources is 〈z〉 ≈ 1. Each pointing was split
into at least 6×6 minutes exposures with a random offset
of 10 arc-seconds in between. Some details about the 50
fields are given in Table 1.

3. Data reduction

The data were received by the end of November 1999 at
IAP. The processing of the 50 fields was done using the
TERAPIX3 data center facilities. The FORS1 images are
much smaller than the big CCD mosaics usually processed
by TERAPIX, so we used a specific pipeline which in-
cludes some IRAF scripts. Since the FORS1 detector has
four outputs, we simply consider each quadrant as an in-
dividual device during all the preprocessing stage.

The master bias was built using a standard median fil-
ter. For the superflat, since the CCD images do not show
fringe patterns, the processing can be done in one step
with a simple un-smoothed master-flat to correct for the
relative pixel-to-pixel variations. However, the multiplic-
ity of observations done in service mode provides images
taken during different Moon periods and with different
weather conditions which cannot be assembled to build
up a single superflat. In our case, when all the images are
used, the global master-flat shows a strong and persistent
gradient along the CCD (> 10%). It is therefore prefer-
able to use daily master flats by averaging only the images
taken during the same night. The drawback is the small
number of images which can be combined together. If it
is too small, each individual frame has a strong relative
weight which may results in correlated noise between in-
dividual images and the master-flat. Therefore we decided
to produce a special daily master-flat for each image: each
individual frame was flattened by using a master-flat done
with the rest of the data taken during the night.

The four quadrants are then put together and rescaled
according to the gain of each output. If the sky back-
grounds of the four quadrants are still different, we pro-
ceed to another small rescaling accordingly. This proce-
dure turns out to work well in most cases. However, some
images are not perfectly flatfielded and still show a small
cross-shape discontinuity in the middle of the FORS1 im-
ages, between the borders of the quadrants. This area has
been masked in the final co-added images when necessary.

The stacking of each frame is done using standard
IRAF procedure . The final error for alignment was less
than one tenth of pixel. The final set of 50 stacked fields

3 see http://terapix.iap.fr

turns out to have a remarkable seeing distribution (see
Figure 1). In fact, 90% of them are within our seeing spec-
ifications, with an average value of 0.63”.

Fig. 1. Seeing distribution of the final VLT field sample used
to measure the cosmic shear.

10 20 30 40 50
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Fig. 2. Histogram of the galaxy number density distribution
in the VLT fields. The distribution shows a narrow peak at
n = 35 gal arcmin−2.

The photometric calibrations of the FORS1 fields
were done using the photometric standard star im-
ages provided by the ESO staff at Paranal. The
fields were chosen in a fairly broad sample of the
Landolt’s catalog (Landolt 1992): SA92, SA95, SA101,
SA109, SA110, MARK-A, PG0131-051, PG1313-086,

8 Cosmic shear with the VLT

fore, even a partial anisotropy correction already permits
the detection of the cosmic signal.

Fig. 5. Average galaxy ellipticity 〈eα〉 compared to the average
star ellipticity

〈

estar
α

〉

. The two plots at the top show the aver-
age galaxy ellipticity before correction for the PSF anisotropy.
There is a tight correlation between the galaxy and star el-
lipticity, as expected. The two plots at the bottom show the
same components after the correction: galaxy and star elliptic-
ities are no longer correlated and the two components of the
average galaxy ellipticity are centered on zero. This demon-
strates that the correction works well and does not produce
any bias.

6. Discussion

The VLT data confirms the detection of a significant weak
distortion signal on angular scales between 0.5 to 5 ar-
cminutes. Its amplitude and its shape are similar to those
announced previously on these angular scales by four inde-
pendent teams. The study of systematics does not reveal
any bias and reproduces similar trends as for the CFHT
data but on a much larger sample of uncorrelated fields
and on a more homogeneous sample (only I band, narrow
seeing distribution and depth).

Fig. 6. Analysis of possible systematics on the VLT fields com-
pared to the signal. Filled circles with error bars correspond to
the cosmic shear signal; the dashed lines shows the 1-σ error
bars obtained from the 100 randomizations of VLT galaxy ori-
entations. The top panel shows

〈

γ2
〉

(open circles) measured
on the galaxies sorted according to the PSF of stars (see the
two bottom panels in Figure 5).

〈

γ2
〉

is measured in bins of
galaxies, which has a number of galaxies comparable to the
number of galaxies present in a top-hat filter of radius θ. The
middle panel shows

〈

γ2
〉

(open circles) measured on galaxies
sorted according to their Y and Y location on the CCDs (see
Figure 4). Finally, the bottom panel shows

〈

γ2
〉

(open circles)
as measured on galaxies uncorrected from the PSF anisotropy

VLT Highlights: Cosmic Shear 
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Figure 4: The angu-
lar two-point correla-
tion function for
galaxies with red Js
– Ks > 1.7 colours
between redshifts of
2 and 4, with the
best fitting power-law
(solid  line) and 1-
sigma errors (dotted
lines). A positive and
large clustering sig-
nal is detected, sug-
gesting that these
red FIRES galaxies
are strongly
clustered in real
space, with a corre-
lation length r0 = 8.3
± 1.2 h–1 Mpc
comoving. This is
the largest level of
clustering ever found
for distant, z > 2
galaxy populations. 

caused by dust, by contribution of
prominent emission lines falling in the
Ks-band, or by the redshifted Balmer or
4000 Å break, which indicates the pres-
ence of evolved stars. Although emis-
sion lines have been detected in spec-
troscopically confirmed Js – Ks > 2.3
galaxies in the FIRES MS1054-03 field
by van Dokkum et al. (in preparation),
their contribution to the broadband NIR
photometry is estimated to be small. In
many cases the spectral energy distri-
butions show a clear break between Js
and Ks, which is more easily explained
as an aging effect than as a result of
dust reddening. These galaxies con-
tribute significantly to the rest-frame op-
tical luminosity density (Rudnick et al.
2002a in preparation) and from their
red rest-frame optical colours – imply-
ing high mass-to-light ratios – we esti-
mate that they contain a substantial
fraction of the total stellar mass present
in all galaxies at z ∼ 3. 

The morphologies of the red galaxies
are generally very compact at all wave-
lengths, as can be seen in Figure 3. A
notable exception is the galaxy in
Figure 3c which is clearly extended and
has an exponentially decreasing sur-
face brightness profile out to 1″ radius
in the H-band. This galaxy seems to
host blue knots which could form a spi-
ral arm in the optical WFPC2 images,
while it has an extended disk-like ap-
pearance with a prominent bulge in the
centre in the ISAAC H and Ks images;
possibly these are actively star-forming
sites embedded in a larger mature host
galaxy. 

4. Strong Clustering of Faint
Red Galaxies at 2 < zphot < 4

Presumably, high-redshift galaxies
with red Js – Ks colours are among the
oldest and most massive galaxies at
their cosmic epoch and they have
formed at the highest density peaks in
the matter distribution at significantly
earlier times. If so, this population
should be more clustered than less
massive and less evolved (bluer) ob-
jects at similar redshifts. Using the
FIRES data of the HDF-S, Daddi et al.
(2002) have studied the clustering be-

haviour of Ks-selected galaxies at 2 <
zphot < 4, finding that the amount of
clustering depends strongly on the Js –
Ks colour of galaxies , with red galaxies
more clustered than blue galaxies, very
similar to what is observed in the opti-
cal in the local universe. Dividing the
sample at Js – Ks = 1.7 in two subsam-
ples reveals that the galaxies with Js –
Ks > 1.7 colours have the largest-ever
level of clustering measured for z > 2
galaxies (see Fig. 4). The derived cor-
relation length for the faint red galaxies
is r0 = 8.3 ± 1.2 Mpc (comoving): a fac-
tor of 3–4 higher than that of Lyman

40

Figure 3: Morphology of bright red Js – Ks > 2.3 galaxies in the HDF-S. The left grayscale panels show the averaged WFPC2 V+ I data, and
right-hand panels show our VLT/ISAAC Js, H, Ks data. The intensity is proportional to Fλ, with arbitrary normalization for each galaxy. The
colour images show a combination of I, Js, Ks data, after matching the image quality to that of the Ks-band. The right-hand column shows the
spectral energy distributions. Many of these galaxies are small and show prominent breaks in the infrared (rest-frame optical). Note that the
galaxy in the top row is barely visible even in Js. The SED of the object in the middle is consistent with a strong Balmer/4000Å break at z ∼
2.5. The galaxy in the bottom row is very extended in the rest-frame optical. It shows faint emission in the H-band out to 1″, consistent with
an exponential profile. 

bourhood. And, of course, the use of
high-precision astrometric measure-
ments with instruments like the VLTI or
the Keck interferometer will survey
“nearby” stars for long-period systems.
Altogether, these coming observational
facilities will definitely help us to con-
struct a new and more complete view of
how planetary systems are born and
how they evolve. 
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1. Introduction

Between October 1999 and October
2000 an undistinguished high-galactic
latitude patch of sky, the Hubble Deep
Field South (HDF-S), was observed
with the VLT for more than 100 hours
under the best seeing conditions. Using
the near-infrared (NIR) imaging mode

of the Infrared Spectrometer and Array
Camera (ISAAC, Moorwood 1997), we
obtained ultradeep images in the Js
(1.24 µm), H (1.65 µm) and Ks (2.16
µm) bands. The combined power of an
8-metre-class telescope and the high-
quality wide-field imaging capabilities of
ISAAC resulted in the deepest ground-
based NIR observations to date, and

the deepest Ks-band in any field. The
first results are spectacular, demon-
strating the necessity of this deep NIR
imaging, and having direct conse-
quences for our understanding of
galaxy formation. 

The rest-frame optical light emitted
by galaxies beyond z ∼1 shifts into the
near-infrared. Thus, if we want to com-
pare 1 < z < 4 galaxies to their present-
day counterparts at similar intrinsic
wavelengths – in order to understand
their ancestral relation – it is essential
to use NIR data to access the rest-
frame optical. Here, long-lived stars
may dominate the total light of the
galaxy and the complicating effects of
active star formation and dust obscura-
tion are less important than in the rest-
frame ultraviolet. This therefore pro-
vides a better indicator of the amount of
stellar mass that has formed. Com-
pared to the selection of high-redshift
galaxies by their rest-frame UV light,
such as in surveys of Lyman Break
Galaxies (LBGs, Steidel et al. 1996a,b),

Figure 1: Three-colour composite image of
the ISAAC field on top of the WFPC2 main-
field, outlined in white, and parts of three
WFPC2 flanking fields. The field of view is
approximately 2.5 × 2.5 arcminutes and
North is up. The images are registered and
smoothed to a common seeing of FWHM ≈
0.46″, coding WFPC2 I814 in blue, ISAAC Js
in green and ISAAC Ks in red. There is a
striking variety in optical-to-infrared colours,
especially for fainter objects. A number of
red sources have photometric redshifts z > 2
and are candidates for relatively massive,
evolved galaxies. These galaxies would not
be selected by the U-dropout technique be-
cause they are too faint in the observer’s op-
tical. 

VLT Highlights: Quiescent Galaxies at z~2  
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largest optical telescopes. Indeed, while star-
forming galaxies and quasars are now rou-
tinely found up to z ~ 6.5, the most distant
spectroscopically confirmed old spheroid is
still a radio–selected object at z = 1.55 dis-
covered almost a decade ago (Dunlop et al.
1996). 

SSEARCHINGEARCHING FORFOR THETHE OLDESTOLDEST
GALAXIESGALAXIES AATT HIGHHIGH REDSHIFTREDSHIFT

One way of addressing the question of mas-
sive and spheroidal galaxy formation is to
search for the farthest and oldest galaxies
with masses comparable to the most massive
galaxies in the present-day Universe (1011–12

M!), and to use them as the “fossil” tracers
of the most remote events of galaxy forma-
tion. 

Following this approach, we recently
made use of the database resulting from the
completed ESO VLT Large Programme
called “K20 survey” (Cimatti et al. 2003).
This dataset consists of deep optical spectra
obtained with FORS1 and FORS2 for a sam-
ple of 546 K-selected objects with KS < 20
(Johnson photometric scale) and extracted
from an area of 52 arcmin2. Part of the K20
sample (348 objects) is located in 32 arcmin2

within the GOODS field (Giavalisco et al.
2004) (hereafter the GOODS/K20 field).
The overall spectroscopic redshift (zspec)
completeness of the K20 survey is 92%, and
multi-band photometry (BVRIzJHKS) is also
available for all galaxies to derive and char-
acterize their SEDs and to estimate the pho-
tometric redshifts (zphot) for galaxies without

The Messenger 11852

Figure 1: From top to bottom: the average spectrum of the four old galaxies
(zaverage=1.68) and the individual spectra. The red line is the spectrum of the old
galaxy LBDS 53w091 (Dunlop et al. 1996; z=1.55) used to search for spectra with
a similar continuum shape. Weak features in individual spectra (e.g. Mg II λ2800
and the 2640 Å continuum break, B2640) become clearly visible in the average
spectrum.

Figure 2: A zoom on the average spectrum (blue), corresponding
to 34.4 hours integration time, compared with the synthetic
spectrum of a 1.1 Gyr old simple stellar population (SSP) with
solar metallicity (Z=Z!) and Salpeter IMF (red) (Bruzual & Charlot
2003 models).

Figure 3: The average spectrum (blue) compared to a set of
template spectra. From bottom: F2 V (green) and F5 V (red) stel-
lar spectra with Z=Z!, the composite spectrum (red) of 726 lumi-
nous red galaxies at 0.47< z <0.55 selected from the SDSS
(available only for λ>2600 Å), the average spectra of z~1 old (red)
and dusty star-forming (green) EROs, Bruzual & Charlot (2003)
SSP synthetic spectra (Z=Z!, Salpeter IMF) with ages of 0.5 Gyr
(magenta), 1.1 Gyr (green) and 3.0 Gyr (red).
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sample (348 objects) is located in 32 arcmin2

within the GOODS field (Giavalisco et al.
2004) (hereafter the GOODS/K20 field).
The overall spectroscopic redshift (zspec)
completeness of the K20 survey is 92%, and
multi-band photometry (BVRIzJHKS) is also
available for all galaxies to derive and char-
acterize their SEDs and to estimate the pho-
tometric redshifts (zphot) for galaxies without
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Figure 1: From top to bottom: the average spectrum of the four old galaxies
(zaverage=1.68) and the individual spectra. The red line is the spectrum of the old
galaxy LBDS 53w091 (Dunlop et al. 1996; z=1.55) used to search for spectra with
a similar continuum shape. Weak features in individual spectra (e.g. Mg II λ2800
and the 2640 Å continuum break, B2640) become clearly visible in the average
spectrum.

Figure 2: A zoom on the average spectrum (blue), corresponding
to 34.4 hours integration time, compared with the synthetic
spectrum of a 1.1 Gyr old simple stellar population (SSP) with
solar metallicity (Z=Z!) and Salpeter IMF (red) (Bruzual & Charlot
2003 models).

Figure 3: The average spectrum (blue) compared to a set of
template spectra. From bottom: F2 V (green) and F5 V (red) stel-
lar spectra with Z=Z!, the composite spectrum (red) of 726 lumi-
nous red galaxies at 0.47< z <0.55 selected from the SDSS
(available only for λ>2600 Å), the average spectra of z~1 old (red)
and dusty star-forming (green) EROs, Bruzual & Charlot (2003)
SSP synthetic spectra (Z=Z!, Salpeter IMF) with ages of 0.5 Gyr
(magenta), 1.1 Gyr (green) and 3.0 Gyr (red).

                                              

spectroscopic redshifts. We complemented
the K20 survey database with the ESO/
GOODS public spectroscopy to increase the
zspec completeness to 94% (Vanzella et al.
2004). For the GOODS/K20 field it was also
possible to complement VLT spectroscopy
with deep imaging obtained using the
Hubble Space Telescope equipped with the
Advanced Camera for Surveys (ACS) (BViz
bands) and publicly released by the GOODS
HST Treasury Program (Giavalisco et al.
2004).

In order to investigate the evolution of
distant massive galaxies, the available spec-
tra within the GOODS/K20 field were then
used to search for galaxies at z > 1.5 with the
continuum UV spectra expected in case of
old stellar populations. We spectroscopically
identified four galaxies with 18 ≤ KS ≤ 19
and 1.6 ≤ zspec ≤ 1.9 which have rest-frame
mid-UV spectra with shapes and continuum
breaks compatible with being dominated by
old stars and R–KS ≥ 6 (Cimatti et al. 2004)
(i.e. the colour expected at z > 1.5 for old
passively evolving galaxies due to the com-
bination of old stellar populations and k-cor-
rection effects). 

The spectra were obtained with FORS2
(MXU mode), grisms 200I (R(1!) ~ 400) (ID
237) and 300I (R(1!) ~ 600) (IDs 235, 270,
646), 1.0! wide slit and ≤ 1! seeing condi-
tions (see Cimatti et al. 2003 for details on
the observation techniques and data reduc-
tion). The integrations times were 3 hours
for ID 237, 7.8 hours for IDs 235 and 270.
For ID 646, the ESO/GOODS public spec-
trum (8 hours) was co-added to our K20
spectrum (7.8 hours), thus providing a very
deep spectrum with 15.8 hours integration
time. Figure 1 shows the spectra of the indi-
vidual objects. A fairly precise determina-
tion of the redshift was possible based on

absorption features and the overall continu-
um spectral shape.

AAGESGES ANDAND FORMAFORMATIONTION EPOCHSEPOCHS
In order to increase the signal-to-noise

ratio and to perform a detailed spectral
analysis, we co-added the spectra of the four
galaxies and obtained an average spectrum
corresponding to 34.4 hours of integration
time. The co-added spectrum (Figs. 1–3)
shows a mid-UV continuum shape, breaks
and absorption lines that are intermediate
between those of a F2 V and a F5 V star. It
is also very similar to the average spectrum
of z~1 old Extremely Red Objects (EROs)
(Cimatti et al. 2003), and slightly bluer than
that of the z~0.5 Sloan Digital Sky Survey
(SDSS) red luminous galaxies and of the
z=1.55 old galaxy LBDS 53w091 (Dunlop et
al. 1996). However, it is different in shape
and slope from the average spectrum of z~1
dusty star-forming EROs (Cimatti et al.
2003).

The observed average spectrum was
compared through a χ2 fitting to a library of
synthetic template spectra of “simple stellar
populations" (SSPs) with a range of ages of
0.1–3.0 Gyr with assumed metallicities Z=
0.4×, 1.0×, and 2.5×Z!. In the case of solar
metallicity, the ranges of ages acceptable at
95% confidence level are 1.0+0.5

–0.1 Gyr and
1.4+0.5

–0.4 Gyr for SSP models of Bruzual &
Charlot (2003) and Jimenez et al. (2004)
respectively (see also Fig. 3, top panel).
Ages ~50% younger or older are also
acceptable for Z=2.5 Z! or Z=0.4 Z! respec-
tively. The 2640 Å and 2900 Å continuum
break amplitudes measured on the average
spectrum are B2640=1.8±0.1 and B2900=
1.2±0.1. These values are consistent with the
ones expected in SSP models for ages

around 1–1.5 Gyr and solar metallicity. For
instance, the SSP model spectrum shown in
Fig. 2 has B2640=1.84 and B2900=1.27. 

An average age of about 1–2 Gyr
(Z=Z!) at <z>~1.7 implies that the onset of
the star formation occurred not later than at
z~2.5–3.4 (z~2–2.5 for Z=2.5 Z!). These are
strict lower limits because they follow from
assuming “instantaneous bursts”, whereas a
more realistic, prolonged star formation
activity would push the bulk of their star for-
mation to an earlier cosmic epoch. As an
illustrative example, the photometric SED of
ID 646 (z=1.903) can be reproduced (with-
out dust) with either a ~1 Gyr old instanta-
neous burst occurred at z~2.7, or with a
~2 Gyr old stellar population with a star for-
mation rate declining with exp(–t/τ) (τ = 0.3
Gyr). In the latter case, the star formation
onset would be pushed to z~4 and half of the
stars would be formed by z~3.6. 

TTHEHE MORPHOLOGYMORPHOLOGY
OFOF THETHE OLDOLD GALAXIESGALAXIES

In addition to spectroscopy, the nature of
these galaxies was investigated with the
Hubble Space Telescope+ACS (Advanced
Camera for Surveys) imaging from the
GOODS public Treasury Program
(Giavalisco et al. 2004). On visual inspec-
tion, the galaxies have rather compact mor-
phologies with most of the flux coming from
the central regions. A quantitative analysis
of their surface brightness profiles show that
objects ID 237 and ID 646 have the steep
profiles typical of elliptical galaxies, object
ID 270 is better reproduced by a somewhat
flatter profile, whereas ID 235 has a profile
between a disk and spheroid. These two lat-
ter galaxies may be bulge-dominated spirals
but no bulge/disk decomposition was
attempted due to the faintness and small
angular size of these galaxies. Ground-based
near-infrared images taken under 0.5! seeing
conditions with the ESO VLT+ISAAC
through the KS filter (rest-frame ~6000–
8000 Å) show very compact morphologies
for all four galaxies, but no surface bright-
ness fitting was done. The bottom line is that
the surface brightness distribution of these
galaxies is typical of elliptical/ early-type
galaxies.

SSTELLARTELLAR MASSESMASSES
ANDAND MAINMAIN IMPLICAIMPLICATIONSTIONS

Besides pushing the identification of the
highest redshift elliptical galaxy to z~1.9,
these objects provide new and enlightening
clues on massive galaxy formation and on
the evolution of the mass assembly.

In order to estimate the stellar masses of
the identified galaxies, their multi-band pho-
tometric SEDs were successfully fitted with-
out the need for dust extinction, and using a
library of simple stellar population (SSP)
models with a wide range of ages, Z=Z! and
Salpeter IMF. This procedure yielded best-
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Figure 4: Images of the
four galaxies taken with
the Hubble Space
Telescope + ACS through
the F850LP filter (from
GOODS data) which
samples the rest-frame
~3000-3500 Å  for
1.6 < z < 1.9. The images
are in logarithmic
grey–scale and their size
is 2!"2!, corresponding
to ~17"17 kpc for the
average redshift z=1.7
and the adopted cosmol-
ogy. 
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widths, and colours required for the cos-
mological analysis (Figure 2). In addition, 
a vast database of deep and accurate 
photometry yielding well-sampled multi-
colour light curves for all classes of opti-
cal transients is available.

The role of the VLT

A critical component of any SN survey is 
spectroscopic follow-up of candidate 
events, confirming their nature and meas-
uring the redshifts essential for place-
ment on a Hubble Diagram. The SNLS is 
no exception. Being optically faint – 
fainter than 24th magnitude at a redshift 
of one – distant SN spectroscopy re-
quires the light-collecting power of 8-m- 
class telescopes, such as the ESO VLT. 
As with all transient events a rapid re-
sponse is essential while the SN Ia candi-

date remains optically bright. Our ESO/
VLT real-time follow-up (Basa et al., in 
prep.) has used ToO mode with FORS1 
and FORS2 (Appenzeller et al., 1998), the 
latter for the higher-redshift candidates 
where the sensitive red response be-
comes more critical. In general, FORS1 
was operated in MOS mode with the 
moveable slits, observing not only the 
principal transient target, but the host gal-
axies of several other old variable events, 
the light from which has since faded.  
This multiplexing has resulted in a large 
number of redshifts of transients as well 
as spectra of the SNe Ia.

Over the duration of two ESO large pro-
grammes, we have followed up nearly 
320 optically transient events, and with 
the last six months of data still being ana-
lysed, have confirmed 200 as SNe, and 
more than 160 as SNe Ia (see examples 

in Figure 3). When the analysis is com-
plete, this number is expected to rise  
to more than 200, representing the larg-
est number of SNe Ia confirmed with  
a single telescope. This will be a dataset 
with  considerable legacy value, not only 
for studying dark energy, but also for 
learning about the physics of the SN ex-
plosions themselves.

VLT spectra represent a large fraction of 
the SNLS SNe Ia spectra, and considera-
ble work has been done to produce a 
clean identification of their types and red-
shifts, necessary for their subsequent 
cosmological use. In particular, two new 
techniques have been developed for our 
VLT spectra. The first is a dedicated pipe-
line that makes use of photometric in- 
formation during the spectral extraction 
phase (Balland et al., in prep.). Distant 
SNe Ia are often buried in their host gal-

Figure 1. The point of light marked on the right image 
is a distant Type Ia Supernova, nearly four billion 
light-years away at a redshift of 0.31. This false-col-
our image is generated from g!, r! and i! data taken 
using MegaCam at the 3.6-m Canada-France-Hawaii 
Telescope on Mauna Kea. Once these transient 
events have been located, they can be spectroscopi-
cally confirmed by 8-m-class telescopes such as the 
ESO VLT. 

Figure 2. The light curves of more than 150 SNe Ia, 
discovered and photometrically monitored by CFHT. 
Each point represents a single MegaCam observa-
tion (several SNe are observed simultaneously due 
to that instrument’s wide field of view). The solid 
curves are light-curve template fits to each SN and 
are used to interpolate the brightness at maximum 
light for the subsequent cosmological analyses (e.g. 
Astier et al., 2006). The three panels show data taken 
in the i! filter (upper), r! (middle) and g! (lower). z! data 
is also taken but is not shown. The multi-band data 
is essential for both accurate k-corrections to the 
rest-frame, and for measurement of the optical col-
our of the SN at maximum light. 
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axies, with light from the continuum of 
the galaxy drowning out signal from the 
SN, making the task of SN identification 
difficult (Figure 4). The spatial profile of the 
host galaxy is measured from MegaCam 
images in several photometric bands pro-
jected along the slit and then matched  
to the spectral profiles from FORS at the 
corresponding wavelengths. This tech-
nique allows a precise estimate of the 
host contamination at the SN position, op-
timally recovering the spectra of both  
the SN and its host. If the SN is too close 
to its host galaxy centre for a separate 
extraction, the combined spectrum is 
extracted and fit to a two-component 
model comprising a spectral model of the 
SN Ia and a galaxy model drawn from  
a large set of template spectra spanning 
the Hubble sequence. The left panel of 

Figure 4 shows an example of such a fit, 
with the spectrum of this distant SN well 
measured despite its location in the core 
of its host.

The second technique concerns the 
spectral identification. This uses a spec-
trophotometric model of SNe Ia con-
structed from a sample of both nearby 
and distant SNe covering a wide range of 
epochs. Each new SN candidate spec-
trum is fit to this model, and the best-fit 
parameters are compared on a case-by-
case basis to the average properties of 
the SN Ia model sample. Differences are 
interpreted as the signature of peculiar  
or non SNe Ia spectra. Although the final 
identification relies on human judgement, 
this procedure limits the subjectivity usu-
ally entering SN classification.

The resulting clean, host-subtracted 
SN Ia spectra can be used to analyse any 
evolution in the strength of the SN 
 chem ical features with redshift, placing 
constraints on the degree to which  
the SNe themselves change with cosmic 
time. This is one of the most direct meth-
ods available for probing any chang- 
ing  composition of the SN Ia progenitors.

Cosmological measurements

The key measurement made by the SNLS 
is the determination of the equation of 
state of the dark energy, w, the ratio of its 
pressure to energy density. Dark energy 
must have a strong negative pressure to 
explain the observed cosmic acceleration 
and hence have a negative w. The sim-

Sullivan M., Balland C., The Supernova Legacy SurveyAstronomical Science

Figure 3. Example spectra of SNe Ia from the VLT/
FORS follow-up campaign (Balland et al., in prep). 
Each panel shows a different SN Ia distributed over 
z ! 0.4 to z ! 1. In each case the blue line is the 
observed FORS spectrum, and the red the model 
template fit. The characteristic Ia features allow 
robust SN classifications, and in the spectra with a 
higher signal-to-noise, the chemical features can 
also be used to study the redshift evolution of SN Ia 
properties.
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Table 5
Light-curve Parameters of the Combined SN Sample

Name zcmb
a mB

b s C log10 Mhost
c MJDmax Filters Reference

sn2004s 0.010(0.000) 14.183(0.042) 0.973(0.026) 0.035(0.025) 12.07 53039.56(0.60) BVR 1
sn1999ac 0.010(0.000) 14.130(0.030) 0.987(0.009) 0.056(0.018) 9.92 51249.82(0.07) BVR 2
sn1997do 0.011(0.000) 14.317(0.036) 0.983(0.023) 0.056(0.025) 12.07 50765.81(0.14) BVR 2
sn2006bh 0.011(0.001) 14.347(0.021) 0.814(0.008) −0.045(0.019) 10.91 53833.01(0.06) BgVr 3
sn2002dp 0.011(0.000) 14.597(0.030) 0.973(0.029) 0.113(0.024) 10.47 52450.45(0.20) BVR 4

Notes. Combined SiFTO and SALT2 light-curve parameters for full data sample, with uncertainties in parentheses. Note that the individual variables are
correlated, as are the values for different SNe due to systematic and light-curve fitter training uncertainties.
a Uncertainty does not include residual peculiar velocity uncertainty.
b Includes the lensing term and the effects of the statistical uncertainty in log10 Mhost.
c Host stellar mass in solar masses.
References. (1) Krisciunas et al. 2007; (2) Jha et al. 2006; (3) Contreras et al. 2010; (4) Hicken et al. 2009b; (5) Altavilla et al. 2004; (6) Krisciunas et al. 2000;
(7) Hamuy et al. 1996; (8) Krisciunas et al. 2004b; (9) Krisciunas et al. 2001; (10) Riess et al. 1999; (11) Pastorello et al. 2007; (12) Krisciunas et al. 2004a;
(13) Leonard et al. 2005; (14) Krisciunas et al. 2006; (15) Strolger et al. 2002; (16) Kowalski et al. 2008; (17) Holtzman et al. 2008; (18) G10; (19) Riess et al.
2007.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.)
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Figure 4. Statistical SN only constraints on Ωm, w assuming a flat universe and
constant dark energy equation of state.
(A color version of this figure is available in the online journal.)

All SNe are corrected for Galactic extinction using the
maps of Schlegel et al. (1998), including the estimated 10%
random uncertainty for each SN (there is also a correlated
systematic uncertainty discussed in Section 5.6). We correct
for peculiar velocities in the nearby sample (Section 2.8),
Malmquist bias effects (Section 2.7) for all samples, and assign
a random peculiar velocity uncertainty of 150 km s−1, as is
appropriate after the peculiar velocity correction. Our statistical
uncertainties also include the random uncertainty in the SN
model, as described in Appendix A.3 of G10; this means that
the statistical covariance matrix between SNe is not diagonal:
Cstat "= 0. We include the measurement uncertainties in the
host-galaxy masses as described in Section 3.2, and random,
uncorrelated scatter due to lensing following the prescription of
Jönsson et al. (2010): σlens = 0.055 z.

We perform two types of fits: one in which we compute
probabilities over a grid and then report the mean value of
the marginalized parameters, and a χ2 minimization routine
that reports the best fit. We should not expect the two to
agree as they have different meaning, but as such it is useful
to provide both—see Appendix B for further details. The
light-curve parameters for the combined sample are given in
Table 5. The luminosity-distance integral does not converge for
Ωm < 0, so both fits effectively have the (very reasonable)
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Figure 5. Hubble diagram of the combined sample. The residuals from the best
fit are shown in the bottom panel.
(A color version of this figure is available in the online journal.)

Table 6
Results from SN-only Fits

Uncertainties Ωm w α β

Marginalization Fits

Stat only 0.19+0.08
−0.10 −0.90+0.16

−0.20 1.45+0.12
−0.10 3.16+0.10

−0.09

Stat plus Sys 0.18 ± 0.10 −0.91+0.17
−0.24 1.43+0.12

−0.10 3.26+0.12
−0.10

χ2 minimization fits

Stat only 0.19+0.09
−0.12 −0.86+0.17

−0.19 1.397+0.085
−0.083 3.152+0.095

−0.093

Stat plus Sys 0.17+0.10
−0.15 −0.86+0.22

−0.23 1.371+0.086
−0.084 3.18 ± 0.10

prior of Ωm ! 0. Our statistical constraints on Ωm,w in
a flat universe for a constant dark energy equation of state
are shown in Figure 4 using the marginalization approach
and are summarized in Table 6. We find w = −0.90+0.16

−0.20,
consistent with a cosmological constant (w = −1). The Hubble
diagram is shown in Figure 5. The error introduced by using a
simplified treatment of the nuisance parameters α and β (such
as holding them fixed at their best-fit values) is described in
Section 4.6.

The σint and rms values for each sample are summarized in
Table 4. The rms residuals are similar for the low-z, SNLS, and
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VLT Highlights: Nature of Dark Energy 

VLT	
  ToO	
  spectroscopy	
  of	
  CFHT	
  SNe	
  Ia	
  provides	
  most	
  accurate	
  measure	
  of	
  expansion	
  history	
  

Conley	
  et	
  al	
  Ap	
  J	
  Supp	
  192,	
  1	
  (2011);	
  Sullivan	
  et	
  al	
  Ap	
  J	
  737,	
  102	
  (2011)	
  	
  



VLT Highlights: Metal Poor Stars in LG 

Where are the very metal-poor stars? 3

FIG. 2.— Left: Differential metallicity distribution of the dSph. Right: Cumulative metallicity distributions (error bars are Poissonian). The solid curve
corresponds to the least squares model fit to the low metallicity tail (defined by the Ns stars located to the left of the vertical dotted line).

A(Z − Z0)/p. If we express Z = Z!10[Fe/H], then
N(< [Fe/H]) = a exp ([Fe/H] ln 10) + b (3)

where a = AZ!/p, and b = −a exp ([Fe/H]0 ln 10). There-
fore the ratio b/a directly depends on the initial metallicity
[Fe/H]0 of the gas from which the stars formed. The grey
curves shown in the panel on the right of Fig. 2 correspond
to the model fits to the low-metallicity tail of the distribution.
In all cases, we find very good fits to the data, and are able to
obtain a reliable estimate of [Fe/H]0.
This analysis shows that the interstellar medium (gas) in

each of these dwarf galaxies had been enriched to [Fe/H] ∼
−3 dex prior to the earliest star formation episode that led
to the present-day stellar population. It is intriguing that this
lowest metallicity is very similar for all four galaxies, despite
their widely different characteristics. This suggests that the
gas had been enriched very uniformly over a (co-moving) vol-
ume of∼ 1 Mpc3 (i.e. that occupied by the Local Group) very
early-on. This conjecture would also seem to be supported by
the metallicity distribution of Galactic halo globular clusters
which does not extend below −2.4 dex (e.g. Harris 1996).

2.2. Comparison to the Galactic halo
To establish the relation between the dwarf satellites of our

Galaxy and its putative building blocks, we now compare the
metal-poor tail of the metallicity distributions of the dSph and
the Galactic halo. By focusing on the low-metallicity tail we
aim to test whether the first generations of stars in the dwarfs
were analogous to those in the Galactic building blocks.
The halo metallicity distribution function has been inten-

sively studied for more than three decades because of its
power to constrain Galaxy evolution models. Ryan & Norris
(1991) were the first to show that the metal-poor tail extends
well below [Fe/H] ∼ −3 dex, on the basis of a sample of 240
kinematically-selected halo stars, in which only 5 stars were
found to have such low metallicities. Although this is a small
number of objects, this sample size was already smaller than
what is typical for the dSph in the DART program.
More recently, the HK and the Hamburg/ESO (HES) sur-

veys have yielded a dramatic increase in the number of metal-
poor stars known (Beers & Christlieb 2005). In these surveys,
metal-poor candidates are selected from objective-prism spec-
tra for which the Ca H and K lines are weaker than expected at

a given (B−V ) colour. These stars are then followed up with
medium resolution spectroscopy13. By construction, a bias is
introduced at metallicities [Fe/H] > −2.5 dex, implying that
the shape is only well-constrained below this value.
The HES survey contains ∼40 giants with [Fe/H] <

−3.0 dex; 130 stars with [Fe/H]<−2.5 dex and ∼400 stars
with [Fe/H] < −2.0 dex (Christlieb, Reimers & Wisotzki
2004). We have 320 stars in the dSph with [Fe/H]<−2.0 dex,
of which only 29 have [Fe/H] < −2.5 dex, and none have
[Fe/H] < −3.0 dex. The contrast is stark, but could our in-
ability to find very metal-poor stars (<−3 dex) in the dSph be
an artifact of the sample size?
We have quantified the significance of this issue by adopt-

ing the conservative approach of only considering stars with
[Fe/H] < −2.5 dex, where the HES survey is most likely to
be complete. We bootstrapped the HES metallicity distribu-
tion below [Fe/H] ∼ −2.5 dex to make random subsets of 10
stars, which is the typical number we have below −2.5 dex
for any one of our dSph samples. We then derive the mean
distribution for 1000 such subsets. This is the solid histogram
shown in Fig. 3. While it is clear that we are in the small num-
bers statistics regime, Fig. 3 unambiguously shows that even
this bootstrapped distribution is significantly different from
that of the dSph. By means of a Kolmogorov-Smirnov test,
we have quantified the probability that the bootstrapped HES
distribution is consistent with the metallicity distribution of
each individual dwarf galaxy. We find that the probability is
very low in all cases, ranging from 8 × 10−4 for Sextans, to
4 × 10−3 for Carina and 8 × 10−3 for Sculptor and Fornax.

3. DISCUSSION
The above analyses show that the tails of the metallicity dis-

tributions of the dSph and the Galactic halo are very different
at highly significant levels. Contrastingly, the metallicity dis-
tributions at low [Fe/H] of all dSph are consistent with one
another at the 1-σ level; the observed lack of very metal-poor
stars might be considered to be a kind of “G-dwarf problem”
on the scale of the dwarf spheroidal galaxies.

13 Barklem et al. (2006) have carried out a high-resolution study of a large
subset of stars from the HES survey, and found good agreement with the
Ca HK metallicity estimates.
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FIG. 3.— Comparison of the cumulative metallicity distributions of the
stars in the mean bootstrapped HES sample and in the dSph.

This implies that any merging, even very early merging, of
the progenitors of the nearby dwarf galaxies as a mechanism
for building up the Galactic halo is ruled out. The absence of
very metal-poor stars in the dSph shows that the progenitors
of the Milky Way and the dSph must have been different.
We can think of two possible explanations. In the first sce-

nario the Galactic building blocks formed from the collapse
of high-σ density fluctuations in the early Universe (Diemand
et al. 2005), while the dwarf satellites would stem from low-
σ peaks, predicted to collapse on average at much lower red-
shifts; e.g., a 1-σ density fluctuation of mass 108M! collapses
at z ∼ 4 in aΛCDM universe (e.g. Qian &Wasserburg 2004).
It is interesting to note that absorption line spectra towards
quasars show that the intergalactic medium at this redshift has
a mean metallicity of [Fe/H] ∼ −3 dex (Cowie & Songaila
1998), a value that is consistent with the lowest metallicity

stars found in our sample. This would mean the oldest stars
in the dSph are ∼ 12 Gyr old, formed after the Universe was
reionized and from a pre-enriched intergalactic medium.
A second explanation could be that the initial mass func-

tion (IMF) behaved differently in Galactic building blocks and
dSph at the earliest times. This is a possible interpretation
of the observational fact that the Galactic halo contains some
very metal poor stars with mass ∼ 0.8M! (Christlieb et al.
2002; Frebel et al. 2005) which are not seen in dSph. For
example, in the case of a bimodal IMF, low-mass stars can
form even from zero metallicity gas (Nakamura & Umemura
2001). However, this is only possible if the initial density of
the gas is sufficiently large, and so this would be favoured in
high-σ peaks collapsing at very early times.
It may be possible to distinguish between the two scenarios

proposed above through detailed chemical abundance studies.
Unfortunately, the currently available high resolution spectra
of metal-poor stars in dSph is very sparse with only a few
published examples of stars below −2.5 dex (e.g. Shetrone
et al. 2001; Sadakane et al. 2004; Fulbright, Rich & Castro
2004) and as such is still inconclusive.
In both scenarios, the key element is the bias in the galaxy

formation process, while environment would seem to play a
less important role. However, clearly the models need to be
explored in much more detail than the mere outline given
here. These efforts should be supplemented by large obser-
vational programs, which should not just focus directly on the
high-redshift distant universe. There is much to learn about
what happened at those early epochs from our own backyard.

This work was partially supported by the Netherlands Or-
ganization for Scientific Research (AH), the Royal Nether-
lands Academy of Arts and Sciences (ET), and the U.S.
National Science Foundation (AST-0306884, MDS; AST-
0239709, TA). We would like to thank the Aspen Center for
Physics for its hospitality.
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however, that even if protostellar cores of
small mass have developped in the vicinity
of young massive stars, they have not had
enough time to complete their formation
before strong winds and supernovae explo-
sions of the most massive stars have pollut-
ed their infalling matter, or brought their for-
mation to abortion.  

An excellent review paper on the theo-
retical work on the formation of population
III has just been published (Bromm &
Larson, 2004). It contains a wealth  of infor-
mation. 

One of the most fascinating hopes for
the future is the direct observation of the
SNe having produced the yields that we
have described here. In 1997,  Miralda-
Escudé & Rees established that these super-
novae should be the brightest objects of the
Universe at the epoch z = 5 to 10. They
should be bright enough to be observed  with
the James Web Space Telescope in the K-
band (2.2 µm). An interesting firework.
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Table 1: This table gives the production
ratios of the elements for [Mg/H] less than
–3.0,  believed to represent the yields of pri-
mordial supernovae, imprinted in the chemi-
cal composition of the most metal-poor stars

Figure 10: Three plots comparing our yields with theoretical yields (bottom to
top) of pair-instability hypernovae, with masses from 140 to 260 solar masses
(Heger & Woosley 2002),  SN II of masses between 15 and 35 solar masses
(Woosley & Weaver 1995) and SN II of masse 15 to 50 solar masses (Chieffi &
Limongi 2003). The pair-instability hypernovae have the larger  misfit with our
observations, in particular for odd elements and zinc. 

Elem dex rms N

[C/Mg] –0.01 0.10 9

[N/Mg] 0.00 0.11 9

[O/Mg] +0.32 0.21 13

[Na/Mg] –0.91 0.16 9

[Al/Mg] –0.39 0.05 9

[Si/Mg] +0.21 0.14 14

[K/Mg] –0.14 0.14 13

[Ca/Mg] +0.06 0.09 14

[Sc/Mg] –0.17 0.14 14

[Ti/Mg] –0.01 0.09 14

[Cr/Mg] –0.63 0.09 14

[Mn/Mg] –0.65 0.20 14

[Fe/Mg] –0.21 0.10 14

[Co/Mg] +0.13 0.17 14

[Ni/Mg] –0.23 0.13 14

[Zn/Mg] +0.21 0.19 14

                   

UVES	
  studies	
  of	
  XMP	
  GalacDc	
  halo	
  stars	
  
challenges	
  idea	
  of	
  enrichment	
  from	
  pair-­‐
instability	
  SNe.	
  
	
  
FLAMES	
  reveals	
  deficit	
  of	
  XMP	
  stars	
  in	
  LG	
  
dSphs	
  suggesDng	
  they	
  were	
  enriched	
  prior	
  
to	
  mergers	
  with	
  the	
  GalacDc	
  halo	
  



international competition, delivering fa-
cilities tuned to urgent new scientific driv-
ers in a timely way through brand-new in-
struments or upgrades of existing ones, or
using a “friendly” visitor focus in order to
keep at the frontier of astrophysical re-
search, remains crucial. Also, while the
second generation projects so far tend to
feature “almost” single mode instruments
with fewer mechanisms, they nonetheless
present some formidable technical chal-
lenges such as the KMOS multiple cryo-
mechanisms, the MUSE 24 (!) spectrom-
eters cum image slicers, and the extreme
Adaptive Optics system required for the
Planet Finder. Some of the suggestions
above in our global approach for instru-
ment procuring have already been trans-
formed into policy. We will be working on
more in the coming months to improve
the overall process. It is clear that every
attention should be given to ultimately
make the second generation develop-
ments an unqualified scientific success. In
that respect, the Forum has been both
timely and useful.

As for ALMA, many of the lessons
learned with the first generation VLT/I
instruments apply. Institutions or Consor-
tia of institutions in the community are
responsible for major ALMA work pack-
ages in the areas of front-end and back-
end electronics. While these are integral
components of the overall facility, rather
than instruments in the VLT/I sense, the
relationship between ESO and the insti-
tutions is very similar, and the approach
to ALMA largely derived from this in-
strumental experience. Two distinct dif-
ferences are that ALMA will bear the full
costs including labour, and that no guar-
anteed time will be granted to the con-
tributing institutions.The relationship be-
tween ESO and the participating Euro-
pean institutions during design and devel-
opment (the so-called ALMA Phase I)
was essentially the full partnership mod-
el.As we move now into construction and
series production to equip the 64 anten-
nae, it is shifting to the customer–supplier
model with correspondingly more formal
contracts and active monitoring and man-

agement by ESO. In all these contractual
aspects, the ALMA project is in fact much
closer to the Gemini Observatory ap-
proach than the ESO one; it may be in-
teresting to note that Gemini has howev-
er recently introduced a relatively small
amount of guaranteed time observing to
better motivate the instrument Consortia.
Extensive “ALMA standards” are applied
across the project, especially in software.
Integration and Commissioning is an
overall project responsibility with support
to be provided by the sub-systems suppli-
ers. Hence, any confusion due to shared
responsibilities should be avoided.

Finally, we would like to extend warm
thanks to the speakers, the panel mem-
bers, and all participants from ESO and
its Community. Such an event is not an
easy one to tackle and could have easily
degraded into a blame storming session.
Au contraire, the maturity of all actors
was impressive and reflects the increasing
professionalism that is key to successfully
developing ever more powerful scientific
facilities.
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This cartoon illustrates the race between present
builders of large telescopes and their instrumenta-
tion, put in order of first light on the sky. It may
also help to remind us of the point made by the
red Queen to Alice: 'HERE, you see, it takes all the
running YOU can do, to keep in the same place. If
you want to get somewhere else, you must run at
least twice as fast as that.' (Lewis Carroll; Through
the Looking Glass)

L. GL. GERMANYERMANY, SciOps

3.6M CONTROL ROOM HAS MOVED!

Finally, those who dwelt at the very top
of La Silla have come to join the rest of
us in the common control room of the
RITZ. On June 19, the 3.6 m control
room was moved into the RITZ and has

been operating successfully from there
ever since. Congratulations to all those
involved in the move, all of the careful
preparation and planning paid off with
no time lost at all! 3.6 m observers can
now enjoy the community atmosphere
of the RITZ along with observers at the
2.2 m and NTT.

HARPS 2ND COMMISSIONING

This was scheduled for between the 5th

and 21st of June but was unfortunately
severely hampered by bad weather
(eleven nights lost out of sixteen).
Although we were not able to fully

characterise the instrument due to lack
of time, we were extremely happy with
how the instrument performed, with P-
modes from a pulsating star clearly ob-
served.  More tests will be conducted
before the instrument is offered to the
community at the start of Period 72.

NEW IR STAFF ASTRONOMER

We welcome Ivo Saviane as the new IR
staff astronomer on La Silla. Ivo has
been a La Silla fellow for the past two
years working within the 2p2 team and
assumed his new role for the observa-
tory on July 1st.

ESO and World Supremacy? 

The	
  dramaDc	
  progress	
  in	
  the	
  successes	
  of	
  ESO	
  has	
  been	
  recognised	
  by	
  all	
  astronomers	
  
	
  	
  
The	
  days	
  of	
  being	
  `Keck’d’	
  are	
  long	
  over!	
  
	
  
However,	
  across	
  the	
  AtlanDc,	
  we	
  detect	
  a	
  tone	
  of	
  occasional	
  superiority	
  in	
  many	
  ESO	
  arDcles:	
  
	
  
-­‐  “the	
  most	
  successful	
  ground-­‐based	
  observatory”	
  (Annual	
  Report)	
  
-­‐  “The	
  Perfect	
  Machine”	
  (de	
  Zeeuw,	
  Messenger	
  #132,	
  2008)	
  
-­‐  “making	
  Americans	
  green	
  with	
  envy”	
  (first	
  light	
  of	
  an	
  instrument)	
  

So	
  let’s	
  take	
  a	
  (light	
  hearted!)	
  look	
  at	
  the	
  situa4on…	
  



h	
  -­‐	
  index	
  of	
  8-­‐10m	
  Class	
  Telescopes	
  

Hirsh	
  Proc.	
  NAS	
  102,	
  16569	
  	
  (2005)	
   Grothkopf	
  et	
  al	
  Messenger	
  #128	
  (2007)	
  

The	
  h-­‐index	
  is	
  now	
  a	
  well-­‐used	
  staDsDc	
  for	
  individual	
  researchers	
  and	
  so	
  could	
  be	
  
uDlised	
  to	
  gauge	
  the	
  output	
  of	
  an	
  observatory	
  
	
  
h	
  represents	
  the	
  number	
  of	
  publicaDons	
  with	
  a	
  citaDon	
  rate	
  ≥	
  h	
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Keck	
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  years)	
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  of	
  number	
  of	
  telescopes	
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Simple	
  division	
  by	
  the	
  number	
  
of	
  telescopes	
  used	
  (Iye	
  2007a)	
  

Subaru rules!

Courtesy	
  of	
  Masanori	
  Iye	
  



Refereed Papers per Telescope (2005-2009) 
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Impact	
  =	
  citaDon	
  count	
  of	
  a	
  paper	
  ÷	
  average	
  citaDon	
  of	
  a	
  AJ	
  paper	
  published	
  the	
  same	
  year	
  
AIPP	
  =	
  average	
  impact	
  per	
  paper	
  from	
  the	
  observatory	
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Global Astronomy – Some Observations 

•  VLT,	
  Keck	
  and	
  Subaru	
  are	
  clearly	
  each	
  remarkably	
  successful	
  
	
  
•  The	
  growth	
  in	
  VLT’s	
  science	
  output	
  is	
  the	
  largest	
  over	
  the	
  past	
  decade	
  
	
  
•  VLT	
  has	
  the	
  fullest	
  complement	
  of	
  impressive	
  instruments	
  and	
  is	
  unrivalled	
  in	
  

interferometric	
  applicaDons	
  
	
  
•  Large	
  observing	
  allocaDons	
  (including	
  Guaranteed	
  Time	
  for	
  instrument	
  builders)	
  

have	
  played	
  a	
  key	
  role	
  in	
  ESO’s	
  recent	
  success	
  
	
  
But	
  there	
  are	
  complementary	
  strengths	
  elsewhere:	
  
	
  
•  Keck	
  users	
  have	
  creaDvely	
  exploited	
  the	
  flexibility	
  they	
  have	
  with	
  their	
  observing	
  

Dme	
  to	
  undertake	
  Dmely	
  and	
  ambiDous	
  science	
  programs	
  

•  The	
  Subaru	
  community	
  has	
  been	
  very	
  effecDve	
  in	
  wide-­‐field	
  applicaDons	
  
	
  
This	
  complementarity	
  will	
  conDnue	
  given	
  the	
  way	
  in	
  which	
  these	
  observatories	
  are	
  
run	
  and	
  instrumented	
  
	
  



Subaru Wide Field Instrumentation 
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Subaru’s	
  HSC/PFS	
  
combinaDon	
  promises	
  
great	
  progress	
  in	
  large	
  
scale	
  structure,	
  Lyα	
  
mapping	
  and	
  Local	
  
Group	
  chemistry	
  and	
  
kinemaDcs	
  	
  



Laser Guide Star Adaptive Optics 

Photo Credit:    Andrew Cooper 

Keck	
  has	
  invested	
  heavily	
  in	
  a	
  common-­‐
user	
  Laser	
  Guide	
  Star	
  system	
  with	
  
OSIRIS	
  (IFU	
  s/g)	
  and	
  NIRC2	
  (imager)	
  
which	
  has	
  greatly	
  accelerated	
  interest	
  
from	
  extragalacDc	
  users	
  

 
 

 
 

Although Figure 1 shows the rapid growth of LGS AO based science papers since 2005, it also shows that this growth 
has been dominated by the Keck II system (responsible for 70% of the LGS AO science papers in this plot; Gemini-
North and VLT are responsible for 9% and 11%, respectively). The science productivity of LGS AO on other large 
telescopes has not yet been demonstrated to be significant, pointing to the fact that LGS AO is not yet a routine scientific 
capability. One of the goals of this paper will be to attempt to understand the difference in scientific productivity of the 
LGS AO systems currently in operation.   
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Figure 1. The number of refereed science papers published by year from each LGS AO facility. 

 
Due to their limited sky coverage NGS AO systems have largely been utilized by astronomers studying objects within 
our solar system and galaxy. The advent of LGS AO is introducing a broader segment of the astronomy community to 
the power of AO. The ability of lasers to open up extragalactic science to high spatial resolution observations is shown in 
Figure 2 which shows the refereed science papers obtained with LGS AO by three broad science categories. Part of the 
growing extragalactic dominance in the use of LGS AO, 67% of the 2011 papers, is that many solar system and galactic 
science targets can still be better observed with NGS AO, while part is also due to the scientific priority given to 
extragalactic observations by time allocation committees.  
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Figure 2. The number of refereed science papers based on LGS AO data published per year within three broad science categories. 

 



The Future 

TMT	
  and	
  E-­‐ELT	
  have	
  much	
  in	
  common:	
  
	
  
-­‐  technically	
  strong	
  design	
  efforts	
  moDvated	
  by	
  mature	
  scienDfic	
  communiDes	
  
-­‐  finely	
  segmented	
  primaries	
  with	
  fast	
  f/raDos	
  
-­‐  emphasis	
  on	
  diffracDon	
  limited	
  performance	
  through	
  adapDve	
  opDcs	
  
-­‐  well-­‐characterised	
  sites	
  with	
  nearby	
  infrastructure	
  
	
  
Both	
  deserve	
  to	
  succeed	
  and	
  much	
  can	
  be	
  learned	
  by	
  sharing	
  technical	
  soluDons	
  and	
  
cooperaDng	
  scienDfically	
  ;	
  fortunately	
  there	
  are	
  good	
  relaDons	
  between	
  both	
  projects	
  
	
  

E-­‐ELT	
  39m	
   TMT	
  30m	
  



The World in 2020 

TMT-­‐land	
  

TMT-­‐land	
   E-­‐ELT	
  
land	
  

E-­‐ELT	
  
land	
  

TMT	
  has	
  transformed	
  in	
  ten	
  years	
  from	
  being	
  the	
  tradiDonal	
  	
  “Caltech-­‐UC	
  compeDtor”	
  to	
  ESO	
  
into	
  a	
  new	
  challenge	
  –	
  a	
  global	
  facility	
  incorporaDng	
  several	
  emerging	
  naDons	
  (China/India)	
  
	
  
Although	
  TMT	
  and	
  its	
  Mauna	
  Kea	
  faciliDes	
  will	
  never	
  be	
  a	
  “treaty	
  organizaDon”	
  much	
  can	
  be	
  
learned	
  from	
  ESO’s	
  progress	
  over	
  the	
  past	
  50	
  years	
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Two pictures taken at Paranal during 

Quantum of Solace. 
 

Residencia. Lower: the director of 

by Daniel Craig (James Bond) and 
Mathieu Amalric (Dominic Greene).

Happy Fiftieth Anniversary! 


