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THE EUROPEAN ELT: STATUS REPORT

J.-G. Cuby!

Abstract. This paper provides a brief status report on the European Extremely Large Telescope (E-ELT)
as presented at the annual meeting of the French Astronomical Society (SF2A) held in Marseille in June
2010. The project is now proceeding to the end of its Phase B that lasted four years, the results of which
will form the basis of the proposal for construction that will be submitted to the ESO council for approval.
The decision is expected to be taken in 2011. In parallel to the Telescope Phase B, Instrument Phase A
studies have been completed from which a comprehensive instrumentation plan could be drawn.

Keywords:  telescope, instrumentation

1 Introduction

The last report on the European Extremely Large Telescope (E-ELT) situation at the Annual Meeting of the
SE2A was in 2006, four years ago. Since then the project has been formally kicked into Phase B after the
‘Towards the E-ELT’ conference that took place in Marseille in November 2006, de facto marking the start of
the E-ELT project as we know it today. Since then, this Phase B is about to be completed : several key industrial
studies, some of them including the manufacturing of prototypes, have been performed ; ten instrument and
adaptive optics phase A studies have been completed ; the site has been selected ; funding scenarios have been
elaborated. This paper provides an ultra-short status report on some of these aspects.

2 The E-ELT project

2.1 The telescope

The ASTRONET Infrastructure Roadmap identified the European Extremely Large Telescope (E-ELT) as the
first of two top-priority facilities to be implemented in the coming decade. The E-ELT will be a ground-based
astronomical observatory with a 42-meter diameter segmented mirror. The design features a filled aperture
mirror with an area of 1,300 m?, and an original 5-mirror design that includes a 6-m secondary convex mirror
(M2), a 2.5-m adaptive optics mirror (M4), and a 2.5-m tip-tilt mirror (M5). Adaptive Optics is fully integrated
in the telescope design (M4), and by default the telescope will operate in Ground Layer Adaptive Optics (GLAO)
mode.

The ESO budget for the Phase B was of the order of 60 M€and further funding was available through the
FP6 and FP7 European programmes. This allowed carrying out a number of industrial studies for key elements
of the telescope. Two contracts have been placed for the manufacturing of seven prototype segments of the
primary mirror (at the extreme edge of the primary mirror). Other studies have been performed and prototype
developed for the M4 adaptive mirror which is one of the most delicate elements of the project. Several studies
were performed in industry for the telescope structure and for the dome.

The outcome of these studies have allowed to improve the technology readiness level of the project and to
accurately estimate its cost and the schedule for its construction.

I Laboratoire d’Astrophysique de Marseille, OAMP, Université Aix-Marseille & CNRS, 38 rue Frédéric Joliot Curie, 13388
Marseille cedex 13, France

© Société Francaise d’Astronomie et d’Astrophysique (SF2A) 2010
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2.2 The instruments

FEight Phase A instrument studies have been performed, as well as two studies for the Multi-Object and Laser To-
mography Adaptive Optics (MCAO and LTAO) modules. Table 1 shows the instrument names, basic properties
and main scientific objectives that have been studied as part of the E-ELT phase B programme.

These studies were performed in the timeframe 2008-2009. The results of these studies should allow to
draw a comprehensive instrumentation plan, based on the scientific priorities of the project in its first decade
of operations and beyond.

Table 1. Instrument studied in Phase A.

Name Type Spectral  Field (linear) Spectral Adaptive Optics  Scientific
Range  and sampling Resolution mode drivers
(pm) (mas.pix ™)
MICADO Diffraction 0.8-24 I 10-100 MCAO Black Holes
Limited Imager 1-4 Galactic Center
Globular Clusters
Resolved Stellar Pops.
HARMONI IFU 0.8 -24 17 - 107 4000-20000 SCAO Stellar disks
4 —40 LTAO Star forming regions
Resolved Stellar Pops.
Black Holes
EAGLE Multi-IFU 0.8-24 ~ T 4000-10000 GLAO First Galaxies
(~ 20) 40 MOAO Evolution of Galaxies
Resolved Stellar Pop.
CODEX High Resolution  0.4-0.7 17 > 120000 - Expansion of the Universe
High Stability Extrasolar twin earths
Spectrograph Variability of physical ctes
METIS Imager & 3.5-14 18” 5 SCAO Solar System
Spectrograph 15-30 5000 LTAO Extrasolar planets
100,000 Planet Formation
Growth of SMBHs
EPICS High Contrast 0.6-1.8 27 - 47 > 50 XAO Extrasolar Planets
Imager 2 3,000 Stellar Disks
20,000 Planet formation
OPTIMOS MOS (>100) 0.4-1.7 ~ T 1000-10000 GLAO Resolved stellar Pops.
5 Evolution of galaxies
Evolution of galaxies
SIMPLE High Resolution  0.8-2.4 Slit >100000 SCAO Exoplanets
Spectrograph 0.0277x 47 Stellar populations
High-z IGM
2.3 The site

Several sites were in consideration for hosting th E-ELT: La Palma in the Canary islands, and Cerro Armazones
(see figure 1), Cerro Tolonchar and other sites in the vicinity of Paranal and Armazones in Chile. Other sites
were considered in Morocco and in Argentina. A Site Selection Advisory Committee was established to assist
ESO in analyzing the data from the site testing campaigns and to make recommendations. Some of the sites
were tested by ESO and the others by the Thirty Meter Telescope (TMT) project, and the data were shared
between the two teams under the terms of a collaborative agreement.

2.4 Cost and schedule

An internal ESO review took place in the fall of 2010 to review the results and findings of the Phase B. The
results of this review will be folded in the proposal for construction that will be presented to the ESO council
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Fig. 1. Impression of the E-ELT atop Cerro Armazones

in 2011 for approval. The anticipated cost of the project is likely to exceed one billion Euros (the precise cost
estimate that will be submitted to council is unknown at time of writing this status report). This cost largely
exceeds what is available in the long range plan of ESO, and it is therefore necessary to find major partners
that would join the project and/or ESO as well as increasing the financial contribution of the current member
states. Financing the project is the most outstanding issue remaining to be resolved before the project can be
officially launched.

3 French E-ELT activities

A working group was setup by INSU in 2004 to coordinate the ELT activities in France back at a time when the
E-ELT project did not exist, with the ESO OWL 100-m telescope project and the Euro50 project promoted in
some European countries. With the clarification of the European landscape in 2006 and the launch of the first
instrument studies while the project was steadily proceeding into phase B, the activities of the working group
were terminated and de facto replaced by the participation into several instrument Phase A studies.

The participation of French institutes in the instrument Phase A studies were:

o The Centre de Recherche Astronomique de Lyon (CRAL) was Col of HARMONY

e The Laboratoire d’Etudes spatiales et d’instrumentation en astrophysique (LESIA) was participating as
Co-1 to MICADO, ATLAS and EAGLE.

e The “Galaxies, Etoiles, Physique, Instrumentation” (GEPI) was PI of one of the two competitive OPTI-
MOS phase A studies, and was participating as Co-I to ATLAS and EAGLE

e The Laboratoire d’Astrophysique de Marseille (LAM) was PI of EAGLE, PI of the other OPTIMOS Phase
A study, participated to EPICS and had a minor contribution to ATLAS

e The Service d’Astrophysique of the Commissariat & 'énergie Atomique (SAp/AIM/CEA Saclay) was Co-I
of METIS
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e The Laboratoire d’Astrophysique de I’Observatoire de Grenoble (LAOG) was Co-I of EPICS

e ONERA was PI of ATLAS, Col of MAORY, EAGLE and participated to the studies of HARMONY and
OPTIMOS

In September 2010, ESO has announced to the instrument Pls its intentions concerning the selection of the
E-ELT instruments. The two first light instruments have been selected, namely HARMONI and MICADO.
No decision is taken for the suite of instruments that will follow, and a notional plan indicates that the third
instrument could be selected in 2012 or 2013 for a start of construction in 2014, while other instruments would
start at approximately 2-year intervals thereafter.

4 Conclusion

The E-ELT is the top priority project for the European community, as clearly expressed in the ASTRONET
roadmap. The project Phase B is nearing completion, and a formal proposal for construction will ensue. Major
industrial studies have been completed for the sub-systems that are critical to the project, increasing the overall
Technology Readiness Level of the whole project and allowing ESO to better estimate the cost and schedule for
its construction. Drawing a comprehensive instrumentation plan that would clarify what the scientific priorities
of the project are for its first decade of operations remains to be elaborated.
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STRATOSPHERIC OBSERVATORY FOR INFRARED ASTRONOMY

M. Hamidouche', E. Young', P. Marcum? and A. Krabbe3

Abstract. We present one of the new generations of observatories, the Stratospheric Observatory For
Infrared Astronomy (SOFIA). This is an airborne observatory consisting of a 2.7-m telescope mounted on a
modified Boeing B747-SP airplane. Flying at an up to 45,000 ft (14 km) altitude, SOFIA will observe above
more than 99 percent of the Earth’s atmospheric water vapor allowing observations in the normally obscured
far-infrared. We outline the observatory capabilities and goals. The first-generation science instruments
flying on board SOFIA and their main astronomical goals are also presented.

Keywords: SOFTIA, infrared, instrumentation, airborne observatory

1 Introduction

SOFTA (Stratospheric Observatory For Infrared Astronomy) consists of a 2.7-meter telescope mounted in a
modified Boeing 747SP aircraft. SOFIA is a joint project of NASA and the Deutsches Zentrum fiir Luft
und Raumfahrt (DLR). Operations costs and observing time will be shared by the United States (80%) and
Germany (20%). It is a near-space observatory that comes home after every flight. Flying at altitudes up to
45,000 ft (14 km), SOFIA observes from above more than 99% of Earth’s atmospheric water vapor. SOFIA will
begin science observations in 2011. It will offer the international astronomical community approximately 1000
science observing hours per year for two decades, when full operational capabilities are reached in 2014. Science
proposals will be open to the international community. In this paper, we focus on SOFIA scientific capabilities.

2 SOFIA Performance

The first generation science instruments are being tested or under development by different institutions in
both the US and Germany, including imaging cameras and spectrographs as well as imaging cameras with
spectrometers. SOFIA will observe at wavelengths from 0.3 pm up to 1600 um. It will be capable of high
resolution spectroscopy (R > 10%) at wavelengths between 5 and 240 ym (Figure 1). The 8 arcminute diameter
field of view will ultimately allow use of very large format detector arrays. SOFIA will provide diffraction limited
imaging long-ward of 15 ym. After Herschel’s cryogen depletion, SOFIA will be the only telescope covering the
30 to 300 um wavelength range in the next years.

3 SOFIA Uniqueness for Astronomy

One of its great strengths is that its scientific instruments can be exchanged regularly to accommodate changing
science requirements and new technologies. Furthermore, large, massive, complex and sophisticated instruments
with substantial power and heat dissipation needs can be flown on SOFIA, and thus increasing SOFIAs science
productivity.

SOFTA has unique capabilities for studying transient events. The observatory can operate from air-bases
worldwide to respond to new discoveries in both the northern and southern hemispheres. SOFIA has the
flexibility to respond to events such as supernovae and nova explosions, cometary impacts, comet apparitions,

1 USRA - NASA Ames Research Center, MS N211-3, Moffett Field, CA 94035
2 NASA Ames Research Center, MS 211-1, Moffett Field, CA 94035
3 Deutsches SOFIA Institut, Pfaffenwaldring 31, 70569 Stuttgart, Germany

© Société Francaise d’Astronomie et d’Astrophysique (SF2A) 2010
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eclipses, occultations, near Earth objects, activity in Active Galactic Nuclei, and activity in luminous variable
stars. SOFIA’s wide range of instruments will facilitate a coordinated science program through analysis of
specific targets. No other observatory operating in SOFIAs wavelength range can provide such a large variety
of available instruments for such a long period of time. A particular advantage of SOFIA is that it will be
able to access events unavailable to many space observatories because of the viewing constraints imposed by
their orbits. For example, SOFIA can observe astrophysical events which occur closer to the Sun than most
spacecrafts can. This will enable temporal monitoring of supernovae, novae, and variable stars throughout
the year. SOFIAs 20-year operational lifetime will enable long term temporal studies and followup of work
initiated by SOFTA itself and by other observatories. Many space missions are relatively short compared with
the critical cycle of observation, analysis, and further observation. The Herschel observatory will raise scientific
questions that will benefit from followup observations well after their missions have ended. SOFIA will keep
the community engaged in fundamental science research until the next generation of missions is launched.
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Fig. 1. SOFIA first generation instruments shown in a plot of spectral resolution vs. the wavelength.
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A CHANDRA CENSUS OF C2D YSOS: EVOLUTION OF X-RAY EMISSION

M. Hamidouche®, M. Jacobson? and L.W. Looney?

Abstract. We present an analytical study of a large sample of ~109 young stellar objects in the X-ray. Our
objects were detected in X-ray independent of age. Unexpectedly, the X-ray energy is somewhat correlated
with the ages. It decreases with time and with column density, while it should increase. We conclude that
the youngest protostars, Class 0/I, emit X-rays in the 1-8 keV band. The deeply embedded sources with
the strongest accretion activity are detected in the hard-band (> 2keV) only. Due to extinction, their soft
X-rays are not detected. To explain the decline in energy, we suggest that within a timescale of few Myrs
the corona cools down via the accretion material.

Keywords: infrared: stars, stars: magnetic field, pre-main-sequence stars, protostars, X-rays: stars

1 Introduction

X-ray emission of pre-main-sequence T Tauri stars has been extensively studied over the last decades. The
observed X-rays are explained to be from the coronal emission Preibisch (2007). In this study, we further
investigate the X-ray emission processes of such objects and its evolution since their youngest ages. We present
a study of a large sample of young stellar objects (YSO) in the infrared and X-ray to probe their X-ray energy
regime evolution from the youngest embedded and strongly accreting Class 0 objects into the non-accreting
Class III objects. We track their X-ray activity during their lifetime, and thus the role of the accretion.

2 Analysis

We cross-correlated the data archive of YSO from the infrared Spitzer ¢2d legacy project (Evans et al. 2003) with
CHANDRA X-ray observations from the web based archive (Wolk & Spitzbart 2007) ANCHOR (AN archive
of Chandra Observations of Regions of star formation). We spatially matched 109 detected YSOs within 4”
from three star-forming regions : NGC 1333, Serpens, and p-Ophiuchus. We determine their ages from infrared
spectral indices a and classify them from Class 0 to I1I, using the color-color diagram with the four IRAC bands
[3.6]-[4.5] and [5.8]-[8.0]. We used the SED online fitting tool developed by Robitaille et al. (2007) to deduce the
envelope accretion rate and the age. We obtain the column density n. and the X-ray energy from ANCHOR
X-ray data.

3 Discussion

The column density decreases with the derived infrared index, or the more evolved Class II/IIT objects are less
embedded. These results show that our study is robust since our parameters are consistent with their physical
implication. Overall, the infrared index « is slightly correlated with the stellar age. On the other hand, it is
well correlated with the accretion rate. Nevertheless, we should point out that we have much less data for the
older YSO than for the youngest ones. They are also scattered in the plot and it is difficult to determine any
correlation.

1 USRA - NASA Ames Research Center, MS N211-3, Moffett Field, CA 94035
2 Astronomy Department, U. of Illinois at Urbana-Champaign, Urbana, IL 61801

© Société Francaise d’Astronomie et d’Astrophysique (SF2A) 2010
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4 Conclusion

We deduce in this study of 109 YSO that they all emit X-rays independently of their ages. Unexpectedly, the
X-ray energy is somewhat correlated with the infrared indices (Figure 1), and thus it is anti-correlated with the
ages. It decreases with time and column density, while it was expected to increase. We find that the youngest
YSO protostars (Class I) emit X-rays in the ~1-8 keV band. Interestingly, we do not see an apparent evidence
that Class 0 objects have X-ray emission. The deeply embedded sources with the strongest accretion activity
are detected in the hard-band (> 2keV) only. Due to extinction, their soft X-rays are not detected. To explain
the decline in energy, one could consider that within a timescale of few Myrs the corona cools down via the
accretion material, as seen in the pre-main-sequence Herbig AeBe stars (Hamidouche et al. 2008). As a result,
the older YSO (Class II/III) emit only in the soft-band.
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Fig. 1. X-ray energy of the YSO as a function of their infrared indices, showing an almost-linear correlation. This
indicates that during the evolution of the YSOs, their X-ray energy becomes softer.
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GALAXY FORMATION: MERGER VS GAS ACCRETION

B. L’Huillier!, F. Combes' and B. Semelin'

Abstract. According to the hierarchical model, small galaxies form first and merge together to form bigger
objects. In parallel, galaxies assemble their mass through accretion from cosmic filaments. Recently, the
increased spatial resolution of the cosmological simulations have emphasised that a large fraction of cold gas
can be accreted by galaxies. In order to compare the role of both phenomena and the corresponding star
formation history, one has to detect the structures in the numerical simulations and to follow them in time,
by building a merger tree.

Keywords: galaxy: formation, galaxy: dark matter, galaxy: ISM

1 Introduction

Recent simulations (Keres et al. (2005) for example) have emphasised the role of smooth cold accretion on
galaxy formation. We aim at comparing the roles of mergers and gas accretion on galaxy growth by studying
numerical simulations.

2 The simulations

We use a set of TreeSPH multizoom simulations (Semelin & Combes 2002, 2005), starting with a low resolution
cosmological simulation, and resimulating regions of interest at higher resolution. The box radius is 8.30 Mpc
(comoving), the mass resolution is 3 x 107 M for baryons and 1.4 x 10® My for DM particles, and the
gravitational smoothing is € = 6.25 kpc. There are 90 outputs spaced by 100 Myr from z ~ 29 to z ~ 0.41,
which enables us to follow particles from one output to the other.

3 Structure detection and merger tree

We use AdaptaHOP (Aubert et al. 2004; Tweed et al. 2009) to detect the DM haloes and subhaloes hierarchy.
We also use AdaptaHOP to detect the baryonic galaxies *, with a better adapted set of parameters: we use for
the density threshold above which structures are detected pr = 1000 (times the mean density of the simulation)
instead of 81 for DM. We also check that the results do not vary too much with the choice of pr.

In the following, we are only interested in baryonic particles and structures. At each timestep, baryonic
particles either belong to a structure (galaxy or satellite), or are diffuse and belong to the background. To
compute the mass gained by the main galaxy at each timestep, we sum the mass of all the particles entering
the structure, and we count as smooth accretion particles that belonged to the background at the previous
timestep, and as merger particles that belong to another structure. Particles can also leave the main galaxy for
another structure, generally for a satellite (fragmentation) or for the background (evaporation). We then have
to substract fragmentation to merger and evaporation to accretion.

One of the main problems while building a merger tree is the so-called flyby issue: when structures are too
close one to another, they are undistinguishable for the structure finder. Thus two structures can be separated
at a given timestep, merged at the following, and separated again later. Such an example can be seen in figure 1,

1 LERMA, Observatoire de Paris, UPMC, 61 avenue de I’Observatoire, 75014 Paris, France
*Screenshots of the simulations and of the structures found by AdaptaHOP as well as an example of merger tree can be seen at
http://aramis.obspm.fr/~blhuill/research.html

© Société Francaise d’Astronomie et d’Astrophysique (SF2A) 2010
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left: the red upper curve (satellites) grows, then decreases when the satellite flies away from the central galaxy,
then the curve increases again when the satellite comes back.

Thus with our technique, when particles enter the main galaxy, they are counted positively, and negatively
when they leave, which enables us to compute the total mass origin of the main galaxy (figure 1, right).

4 Results

We measure the smooth accretion and the merger fractions of several galaxies, as shown in figure 1, right and
table 1.
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Fig. 1. Left: Baryonic mass evolution of a galaxy normalised by the galaxy mass at t = 9.1 Gyr. Right: Incoming mass
by time unit. The blue curve shows mass smoothly accreted, the red curve shows the mass gained through mergers.

Table 1. Fraction of smooth accretion within the total assembled mass for different central galaxies. The first galaxy
has facc > 1, which means that the galaxy loses more mass during merger envents due to fragmentation that it gains.
galaxy 1 2 3 4 5 6
Mass (101 M) 107.5 | 244.81 | 140.81 | 1.73 | 143.40 | 8.98
Accretion fraction | 1.04* | 0.65 0.67 0.52 | 0.95 0.71

5 Conclusions

The study of these simulations shows that baryonic mass assembly of galaxies seems to be dominated by smooth
accretion, although we still have to perform further consistency tests. The next step is to perform statistical
studies to confirm the preliminary results, then further physical exploitation can be made such as the role of
the environment on the SFR.

BL would like to thank D. Tweed and S. Colombi for stimulating discussions.
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LA SOCIETE FRANCAISE D’EXOBIOLOGIE
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Résumé. I’exobiologie est une jeune science, tres pluridisciplinaire qui, de fagon générale, a pour objet
I’étude de la vie dans I'univers. Plus précisément, elle inclut ’étude des conditions et des processus qui ont
permis I’émergence du vivant sur notre planéte, et ont pu oumo pourraient le permettre ailleurs, 1’étude
de I’évolution de la matiére organique vers des structures complexes dans l'univers, et les recherches qui
concernent la distribution de la vie sous toutes les formes qu’elle pourrait revétir, et son évolution. La Société
Francgaise d’Exobiologie a été fondée en mai 2009. Elle a pour buts principaux de fédérer les recherches en
exobiologie au niveau frangais en facilitant ’établissement de contacts interdisciplinaires entre les chercheurs
frangais et faire connaitre et expliquer ’exobiologie pour satisfaire la demande socio culturelle provenant
d’un public diversifié, par le biais de conférences, d’ateliers, d’expositions. La SFE est reconnue comme
Société savante. Elle compte actuellement 140 membres et vient d’organiser son premier colloque national
d’exobiologie & Biarritz.

Keywords: astrobiologie, bioastronomie, chimie organique extraterrestre, exobiologie, ISSOL, NAI, origine
de la vie, SFE

1 L’exobiologie

C’est pendant le développement du programme Apollo de la NASA que le mot < exobiologie > est ap-
paru dans la communauté scientifique. La NASA avait alors constitué un groupe de travail pour étudier la
question d’une éventuelle vie sur la Lune et son interaction possible avec la vie terrestre. Le président de ce
groupe, le microbiologiste Joshua Lederberg, Lauréat du prix Nobel de Médecine en 1958, introduisit alors le
mot < exobiologie > pour désigner la science qui s’intéresse a la vie extraterrestre.

L’hypothese de la présence possible sur notre satellite naturel de micro-organismes extraterrestres vivants est
aujourd’hui abandonnée. En revanche, I’exobiologie est restée et est a présent une science en pleine expan-
sion. En fait, six ans seulement apres le premier pas de 'Homme sur la Lune, la NASA lancait la mission
Viking vers Mars. Chacune des deux sondes Viking qui se poserent a la surface de la planete rouge 1’été 1976
incluait les premieres expériences exobiologiques de l'exploration spatiale : trois instruments spécifiquement
destinés a mettre en évidence une activité biologique dans le sol martien. Depuis, le domaine de I’exobiologie
a considértablement évolué, sous I'impulsion de microbiologistes mais aussi de chimistes et d’astrophysiciens,
comme Carl Sagan.

Aujourd’hui 'exobiologie a largement repoussé ses frontiéres. Ce domaine englobe & présent ’étude de 'origine,
de la distribution et de 1’évolution de la vie dans 'univers, ainsi que des processus et structures qui sont liés a
la vie. L’exobiologie est donc devenue en fait 1’étude de la vie dans I’Univers. Elle est largement représentée au
sein de 'ISSOL (International Society for the Study of the Origin of Life), par les chimistes, physico-chimistes
et planétologues qui s’occupent de chimie prébiotique, terrestre et extraterrestre, et les microbiologistes qui
s'intéressent aux origines de la vie et aux biosignatures. L'ISSOL, qui regroupe plus de 500 scientifiques tra-
vaillant dans ces domaines, organise une conférence triennale sur ces thématiques.

En parallele, la communauté des astronomes et principalement des radioastronomes s’intéressant aux expériences
< SETI » (Search for Extraterrestrial Intelligence), a introduit au début des années 1980 I’appellation <« Bioas-
tronomie ». Elle a aussi convaincu 1'Union astronomique internationale de créer une commission (Commission
51) sur cette thématique. Cette communauté organise depuis une conférence internationale tous les trois ans.

*. 1 LISA - CNRS / Univ. Paris Est Créteil / Univ. Paris Diderot /T PSL 61 Avenue Général de Gaulle, 94000 Créteil

© Société Francaise d’Astronomie et d’Astrophysique (SF2A) 2010



14 SEF2A 2010

Plus récemment, au milieu des années 1990, la NASA a introduit le terme <« Astrobiologie » pour désigner un
domaine scientifique quasi identique et a crée son programme d’instituts virtuels d’astrobiologie (NASA Astro-
biology Institute ou NAI) qui réunit aujourd’hui quatorze centres aux Etats—Unis, avec de larges collaborations
internationales.

En fait ces trois appellations sont quasi-synonymes et désignent la science qui recherche des formes de vie ex-
traterrestres et qui étudie les origines de la vie terrestre. Ce vaste domaine de recherches pluridisciplinaires, fait
appel aux sciences de I'Univers, aux sciences de la Terre, a la physique, a la chimie et a la biologie ainsi qu’a
des sciences sociales comme la sociologie et ’épistémologie. Cette recherche se double d’une composante socio
culturelle importante, tournée vers la société et inclut ’explication de ces recherches a un public aussi large que
possible.

Les approches sont nombreuses (Fig. 1). Elles comprennent bien sir la recherche de vie ou de signatures bio-
logiques, présentes ou passées, ailleurs que sur Terre. Cette recherche peut se faire dans le systeéme solaire par
télédétection ou, depuis peu, grace au développement des technologies spatiales, par mesures in situ. Elle peut
aussi se faire hors du systeme solaire, par I’approche SETI et devrait pouvoir se faire dans un futur proche,
par la détermination de la composition des atmospheres des exoplanetes. Mais ’exobiologie inclut aussi I'étude
du seul exemple de vie dont nous disposions pour l'instant : la vie terrestre : son ou ses origines, sa diversité
et son évolution dans des conditions extrémes. La vie terrestre est I’aboutissement d’une évolution chimique de
composés organiques ( carbonés) en présence d’eau liquide, et sous flux d’énergie. L’exobiologie comprend aussi
I’étude de la chimie organique dans des environnements extraterrestres.

Interstellar
Molecules Mars
Europa
Titan
Enceladus
RESISTANCE

. to extreme conditions
CONDITIONS: T, P, pH, radiations...

Chemical, Oceans, antarctic,
SOURCES: Environmental  gpace
% Comets, dust
meteorites Exoplanets
02-03 signal
Toward homochirality ot
Meteorites ik st Primitive
Oraanics uto-replication
Liqguid H,0 [+ Mutation 5,,"% cal
D/H Pre-RNA world or DNA world
\ LUCA
bomb Isua = stromatolites

-4,55 Ga -3,8 Ga
Primitive Earth

Figure 1. Les différentes approches de l’exobiologie. L’origine de la vie sur Terre (origine des ingrédients carbonés
— météorites, cometes, milieu interstellaire - chimie prébiotique vers un monde pré-ARN, le monde ARN, puis LUCA,
<Last Universal Commun Ancestor>, et le monde ADN actuel). L’étude des conditions sur la Terre primitive et la
recherche des traces de vie les plus anciennes. La recherche de signatures biologiques ou prébiotiques sur les objets du
systeme solaire : Mars, Europe, Titan et Encelade, et hors du systeme solaire avec ’étude des exoplanetes.

2 LaSFE

En France, ’exobiologie est une discipline en plein essor se fondant sur les travaux de nombreux chercheurs
individuels et quelques équipes, ceuvrant essentiellement au sein de laboratoires institutionnels dont ce n’est pas
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Pactivité principale.

La coordination des exobiologistes francais et de leurs themes de recherche s’est faite essentiellement au sein du
Groupement de Recherche « Exobiologie » du CNRS. A T’expiration de ce GDR, il est apparu important de
créer une structure pérenne sous la forme d’une Société Francaise d’Exobiologie dont le but est de promouvoir
I’ensemble des activités de cette discipline, de créer une réelle structure fédérative des scientifiques, des instituts
de recherche ainsi que des universités, tous engagés dans cette discipline et d’assurer une ouverture aussi large
que possible vers la société. Clest ainsi qu’a été créée en mai 2009 la Société Frangaise d’Exobiologie (SFE),
sous forme d’une association type <loi 1901>.

Les buts de la Société sont de :

— Contribuer a fédérer les recherches en exobiologie au niveau frangais en facilitant 1’établissement de
contacts inter-disciplinaires entre les chercheurs francais pour renforcer les collaborations existantes et
en créer de nouvelles ;

— participer activement aux travaux de prospective scientifique en exobiologie menés par les organismes
nationaux, internationaux ou fédératifs ;

— participer a la promotion, a la défense et a la diffusion de ’exobiologie en Europe, intervenir dans les
organisations scientifiques internationales et soutenir les initiatives francophones dans le domaine ;

— sensibiliser les jeunes scientifiques a cette science et les orienter vers ce domaine de recherches pluridisci-
plinaire ;

— créer et gérer un site Internet présentant le potentiel francais et les possibilités d’expertise offertes;

— faire connaitre et expliquer ’exobiologie a tous les publics et satisfaire la demande socio culturelle prove-
nant d’un public diversifié, par le biais de conférences, d’ateliers, d’expositions;

— solliciter des aides financieres pour atteindre les objectifs de la Société ; susciter le mécénat de particuliers
ou de personnes morales, aboutissant par exemple a la création de prix d’excellence ou de bourses d’études
ou de recherches

Le siege social de la SFE est fixé a I’'Observatoire de Bordeaux. L’assemblée générale fondatrice de la SFE
a eu lieu dans la salle de ’'Espace du CNES, a Paris le 8 juillet 2009. Elle a réuni pres de 100 participants qui
ont élu un Conseil d’Administration, constitué de 12 membres. Celui-ci a €élu le bureau (Fig. 2).

Bureau /’~ =
Francois Raulin — Président \
Didier Despois - Secrétaire \7
Robert Pascal - Trésorier Sl Frongole dBublclee

Autres Membres
Hervé Cottin - VP « communication et web »
Muriel Gargaud - VP « Diffusion »
Louis d'Hendecourt — VP « Relation avec les autres sociétés »
Frances Westall - VP « Relations Internationale »
Franck Selsis - Secrétaire adjoint
André Brack
Yves Ellinger
Eric Hébrard
Marie-Christine Maurel

Figure 2. Bureau et Conseil d’Administration (2009-2011) de la SFE



16 SEF2A 2010

La SFE comprend actuellement 140 membres, incluant des membres titulaires et associés. Les membres
titulaires sont des personnes physiques, impliquées activement dans des recherches en exobiologie au moment
de leur adhésion. Les membres associés sont des professionnels ou étudiants qui ne sont pas engagés activement
dans une recherche en exobiologie mais qui s’y intéressent. Une grande partie des membres (43%) sont liés a
I'INSU, 27% & la chimie (INSB), 17% aux sciences de la vie (INSB) et 7% & SHS.

Depuis mai 2009, la SFE a :

— créé son site internet (http://www.exobiologie.fr/), qui diffuse des informations sur I’actualité exobio-
logique permettant en particulier aux percées scientifiques de circuler au travers des frontieres des champs
disciplinaire impliqués,

— participé & de nombreuses manifestations scientifiques (Féte de la Science 2009, partenariat avec le CNES
dans l'opération de vulgarisation < L’arbre & palabre > ; et 2010 : partenariat avec Ars Mathematica /
CSI /.

— participé a de nombreuses activités d’enseignement/valorisation/diffusion (projets de lycéens/étudiants
liés a ’Exobiologie, ateliers de Travail thématiques, rencontres exobiologiques pour doctorants (Red’10 et
11), ouvrages de syntheése (Encyclopedia of Astrobiology, Springer).

— demandé et obtenu du MESR le label de «Société Savantes.

— organisé son premier colloque national d’exobiologie.

Ce colloque, <Rencontres SFE 2010> a eu lieu & Biarritz du 27 au 30 septembre 2010 et a réuni pres de

60 personnes. Il avait pour objectifs de réunir, renforcer et fédérer la communauté exobiologique frangaise, de
permettre un bilan des avancées et établir une prospective au niveau national dans le domaine de ’exobiologie
tout en encourageant les jeunes exobiologistes et en valorisant leurs travaux.

Cing thémes principaux ont été couverts par des conférences invitées, des présentations orales et des posters :

1 Terre primitive et premieres molécules

2 Briques du vivant et chimie prébiotique

3 Transition vers le vivant et évolution précoce de la vie

4 Exobiologie du systeme solaire

5 Exoplanetes et habitabilité

Une table ronde a été organisée sur les jalons chronologiques dans le domaine des origines de la vie. Les
aspects épistémologie/histoire et philosophie des sciences ont aussi été discutés.

3 Perspectives

Beaucoup des activités de la SFE ont été menées en étroite collaboration avec la SF2A. En effet, tradition-
nellement, I’exobiologie a toujours eu un lien fort avec astronomie/I’astrophysique. Plusieurs des membres de
la SFE sont issus de la communauté astrophysique et sont aussi membres de la SF2A Aussi la SFE souhaite
développer cette collaboration entre les deux sociétés savantes. C’est ainsi que la SFE a pu présenter ses activités
lors du colloque de la SF2A a Marseille en juillet 2010, et la SF2A les siennes lors du colloque de la SFE a
Biarritz.

La SFE a établi depuis fin 2009 un partenariat avec le NAI (NASA Astrobiology institute (cf. http://
astrobiology.nasa.gov/nai/)) et participe avec les membres du NAT et les autres structures partenaires
a la création d’une Union Internationale d’Astrobiologie.

En parallele, la SFE est largement impliquée dans I'organisation de la premiere conférence jointe de I'ISSOL
et de la Commission 51 de I’Union Astronomique Internationale. Ces deux structures avaient I’habitude d’or-
ganiser indépendamment une conférence internationale tous les trois ans. Compte tenu du large recouvrement
entre les communautés concernées, pour faciliter les échanges entre ces communautés et éviter la multiplication
des conférences sur des sujets proches voire identiques, plusieurs membres frangais de I'ISSOL, actuellement
membres de la SFE ont fortement milité pour une conférence jointe. Au bout de 8 ans d’effort, ils ont réussi
a convaincre les deux organismes. Ainsi, pour la premiere fois depuis qu’elles existent (plus de 40 ans en ce
qui concerne 'ISSOL) 'ISSOL et la Commission 51 de 'TAU ont décidé d’organiser leur conférence triennale
en commun. Plusieurs propositions on été faites, émanant de la Russie, de la France et du Japon, pour l'or-
ganisation de cette manifestation scientifique. C’est la proposition francaise, coordonnée par Murielle Gargaud
(Observatoire de Bordeaux) et Robert Pascal (Université de Montpellier), qui a été sélectionnée. C’est donc la
communauté exobiologique francaise, structurée autour de la SFE, qui a ’honneur et la responsabilité d’organi-
ser cette grande conférence internationale «ORIGINS 2011» (http://www.origins2011.univ-montp2.fr/).
Elle aura lieu a Montpellier, du 3 au 8 juillet 2011.
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Figure 3. Une partie des exobiologistes présents aux Rencontres SFE 2011 (Biarritz, 30 septembre)

Les précédentes manifestations scientifiques internationales du domaine se sont déroulées de manieres séparées
a Florence (ISSOL 2008) et & Puerto-Rico (Bioastronomy 2007) avec des audiences respectives de 450 et 300
participants. La fusion de ces 2 grandes conférences internationales, associée a un projet de création d’une
Union Internationale d’Astrobiologie (qui sera discutée & Montpellier par ’ensemble des participants) permet
une estimation d’environ 700 participants.

4 Récapitulatif des adresses internet

— NAI : http://astrobiology.nasa.gov/nai/

— ISSOL : http://issol.org/

— SFE : http://www.exobiologie.fr/ ,

— ORIGINS : http://wuw.origins2011.univ-montp2.fr/
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PROTOPLANETARY DISKS IN THE (SUB)MILLIMETER:
PAVING THE ROAD TO ALMA

J.-F. Gonzalez!, S. T. Maddison?, C. Pinte?, E. Pantin®, L. Fouchet® and F. Ménard3

Abstract. ALMA (Atacama Large Millimeter/submillimeter Array) holds the promise of revolutionizing
our view of the Universe and in particular that of the planet formation process via unprecedented observations
of protoplanetary disks. Preparing for its arrival is of utmost importance to ensure an optimal exploitation
of its capabilities. In that view, we are following two roads. First, we are undertaking a observing campaign
at millimeter wavelengths of southern disks with ATCA (Autralia Telescope Compact Array) to complement
our existing multi-wavelength, multi-technique data and accurately model these sources to prepare followup
observations with ALMA. Second, we numerically model the evolution of dust in the presence of an embedded
planet in a typical Classical T Tauri star (CTTS) disk. We find that a system with a given stellar, disk
and planetary mass will have a completely different appearance depending on the grain size and that such
differences will be detectable in the millimeter domain with ALMA. Dust accumulates at the edges of the
planetary gap where its density exceeds that of the gas phase, gap edges therefore appear as potential sites
for the formation of additional planets.

Keywords:  protoplanetary disks, planet-disk interactions, hydrodynamics, submillimeter: planetary sys-
tems

1 Introduction

Following the discovery of the first planet around a solar-type star, 51 Peg (Mayor & Queloz 1995), and the
subsequent search for exoplanets, with 493 detected to date®, the field of planet formation has been blooming
in recent years. In this context, protoplanetary disks have been extensively studied, but a number of unknowns
remain.

The ANR-funded “Dust disks” consortium (PI: F. Ménard, LAOG, co-PIs: J.-F. Gonzalez, CRAL, and
S. Charnoz, CEA Sacaly) aims at bringing answers to some fundamental questions about protoplanetary disks:
what is their structure? Can one reproduce all their observables with a single model? Are their masses and
densities sufficient to form planets? Where and how do grains grow in disks to form planets? On what timescales?
To that end, three axes are developped: (i) the acquisition of multi-wavelengths and multi-technique (imaging,
polarimetry, spectroscopy, interferometry) data for a sample of disks and their interpretation in the framework
of a single model per source, (ii) the analysis of these models to infer the disk properties as a function of their
environment (stellar mass, age, ...) and derive the dust evolution (migration, settling, growth) signatures, and
(iil) the numerical simulation of these disks with hydrodynamical codes to compute the formation of planets from
realistic initial conditions and to obtain the signatures left by the presence of planets to predict the observables
that upcoming instruments, such as ALMA, will have access to. One of the recent results is the modelling of
the complex structure of the disk of HD 100546 by a tenuous inner disk, a gap from 4 to 13 AU, and a massive
outer disk (Benisty et al. 2010).

1 Université de Lyon, Lyon, F-69003, France; Université Lyon 1, Villeurbanne, F-69622, France; CNRS, UMR 5574, Centre de
Recherche Astrophysique de Lyon; Ecole normale suprieure de Lyon, 46, allée d’Italie, F-69364 Lyon Cedex 07, France

2 Centre for Astrophysics and Supercomputing, Swinburne Institute of Technology, PO Box 218, Hawthorn, VIC 3122, Australia
3 Laboratoire d’Astrophysique de Grenoble, CNRS/UJF UMR 5571, B.P. 53, 38041 Grenoble Cedex 9, France

4 Laboratoire ATM, CEA/DSM-CNRS-Université Paris Diderot, IRFU/Service d’Astrophysique, Bat.709, CEA-Saclay, 91191
Gif-sur-Yvette Cedex, France

5 Physikalisches Institute, Universitt Bern, CH-3012 Bern, Switzerland
*http://exoplanet.eu/
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The evolution of the gas component of these disks is currently being investigated by the “GASPS” (Gas in
Protoplanetary Disks, PI: B. Dent, ALMA Chile) Open-Time Key Program for the Herschel Space Observatory.
It adresses the fundamental questions of the timescales of the gas evolution as well as the radiative interactions
between gas and dust. It will survey a total of 250 disks with the PACS instrument, observing key tracers: lines
(notably O 1 at 63 pm) and photometry. It will provide a statistical study of the combined evolution of gas and
dust from young disks to debris disks, associated with a modelling effort using a grid of 300,000 models. Among
its first results, the modelling of the dust component of HD 169142 has given constraints on the disk structure,
with a gap at 10 AU, and on the fraction of PAHs, while that of the gas has shown a weak UV excess, that the
main heating source is the PAHs, and has constrained the gas-to-dust ratio to 20-50 (Meeus et al. 2010).

2 Millimeter interferometry with ATCA

To complement the data sample covering visible to submillimeter wavelengths obtained in the “Dusty Disks”
and “GASPS” programs and prepare future observations with ALMA, we have started an initiative to obtain
additional data at larger wavelengths, in the millimetric range, that are sensitive to coalesced grains. This
allows to obtain a reliable tracer of the grain growth process, precursor of planet formation. A striking example
is that of the disk of HD 97048 which shows at 450 pm a flux that is 10 times larger than that expected from
models based on shorter-wavelength data.

ATCA (Australia Telescope Compact Array), an interferometer comprising six 22 m-antennas which covers
wavelengths from 3 mm to 20 cm with baselines of up to 6 km, is ideally suited for a followup of the sources we
have been observing. Located in the southern hemisphere, it allows to observe disks that are inaccessible to the
PdBI in the French Alps or the SMA in Hawaii. ATCA is therefore a precious asset to prepare the observations
and modelling of a large number of disks: a good prior knowledge of the sources will be essential to secure
followup observations with ALMA and complement the wavelength and w — v coverages.

We have started an observing campaign with ATCA, with two components: the first is a mapping program
of protoplanetary disks in the millimeter to complement the set of multi-wavelenght data already obtained by
the consortium and better constrain the models for each source, and in particular grain growth. The second is
a debris disk observation program at 3 mm, aiming at constraining the location of millimeter grains, which are
the main contributors to the disk mass, and to break the degeneracy between mass, temperature and opacity.
The morphology of the dust population can also trace the presence of planets, thus yielding constraints to their
formation process at a later stage than observations of protoplanetary disks. We have obtained observing time
in two runs in May and September 2010, the data is currently begin reduced. Figure 1 shows an example of the
capabilities of ATCA on the disk of g Pic.
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Fig. 1. ATCA contours of the 8 Pic disk. Left: 3 mm map (93+95 GHz). Right: 7 mm map (43+45 GHz).

3 Planet gaps in the dust layer of protoplanetary disks

Gaps carved by planets in gas disks have been well studied theoretically and numerically (see Papaloizou et al.
2007, for a review). More recent work (Paardekooper & Mellema 2006; Fouchet et al. 2007) has shown that
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gaps are more pronounced in the dust layer of a Minimum Mass Solar Nebula (MMSN) disk. Here we study the
formation of gaps in dusty CTTS disks, motivated by their observability with ALMA which has been shown by
(Wolf & D’Angelo 2005) assuming perfect mixing of gas and dust. We consider dust grains in the size range
where gas drag has the strongest effect on their dynamics and which ALMA will be able to detect.

We use our 3D, two-phase (gas+dust), non self-gravitating, locally isothermal smoothed particle hydrody-
namics (SPH) code (Barriére-Fouchet et al. 2005) to model the evolution of dust grains under the influence of
gas drag in the Epstein regime. Our standard disk orbits a 1 Mg star, has a mass Mgk = 0.02 Mg and a
viscosity a ~ 0.01, and extends from 4 to 160 AU. It contains 1% of 1 mm-sized dust grains by mass and a
5 Mj planet at 40 AU. The simulations include 400,000 SPH particles and are evolved for 100 planet orbits
(~ 26,000 yr). We vary the grain size s (100 ym to 10 cm) and planet mass M, (0.1 to 5 Mj).

Our previous work on planet-less disks (Barriere-Fouchet et al. 2005) showed that tiny grains are coupled to
the gas and follow its evolution, while large grains are decoupled and follow their own orbits. For intermediate
sizes around sopy (optimal size depending on the nebula parameters, 1 mm-1 cm for our CTTS disk), gas drag
is most efficient and grains settle to the midplane and migrate radially.
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Fig. 2. Density maps in midplane (left panel) and meridian plane (right panel) cuts of the disks. The three leftmost
columns show the dust density for s = 100 pm, 1 mm and 1 cm, from left to right, and the right hand column shows the
gas density. The rows show simulations with M, = 0.1, 0.5, 1 and 5 Mj, from top to bottom.

Gap opening depends on the disk scale height H (Crida et al. 2006) and is easier in the settled dust layer
than in the flared gas disk, as seen in Fig. 2. Gaps are deeper and wider for (1) larger grains (with smaller H)
and (2) more massive planets. Larger planet masses are required to open a gap in the gas phase than in the
dust. While a 0.5 Mj planet only slightly affects the gas phase, it carves a deep gap in the dust. Grains can be
seen trapped in corotation only for the most massive 5 M; planet (see Fouchet et al. 2010, for details).

4 QObservability of planet gaps with ALMA

Wolf & D’Angelo (2005) showed that gaps carved by 1 Mj planets should be detectable by ALMA up to 100 pc.
However, they used 2D simulations of a planet in a gas disk and assumed that dust grains were perfectly mixed
with the gas before performing 3D radiative transfer calculations to obtain synthetic images at the shortest
ALMA wavelength (350 pm) and therefore the highest spatial resolution.

We use the dust distributions obtained from our 3D SPH simulations for each grain size as an input to the
3D radiative transfer code MCFOST (Pinte et al. 2006) to compute synthetic scattered light images at several
ALMA wavelengths. We reconstruct a grain size distribution described by a power law of index -3.5. Outside
the size range of our SPH simulations, small grains are assumed to be perfectly coupled to the gas and large
grains are omitted because their contribution to scattered light at those wavelengths is negligible. We also
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compute images assuming grains of all sizes follow the gas in order to highlight the important effect of gas
drag. The resulting synthetic images are then passed on to the CASA simulator for ALMA and are shown in
Fig. 3 for array configuration 20 (longest baseline ~ 4 km). They reproduce the decreasing spatial resolution
as wavelength increases.

Fig. 3. ALMA synthetic images of the CTTS disk with a 1 Mj (left pannel) and 5 Mj (right pannel) planet for A = 850,
1300 and 2700 pm, from left to right, for array configuration 20 (longest baseline ~ 4 km). Top: naive well-mixed
assumption. Bottom: self-consistently included aerodynamic drag.

The images from the realistic case with aerodynamic drag (bottom row of Figs. 3 and 4) display notable
features. The extent of the disk varies with wavelength, reflecting the location of different grain sizes in the
disk (as grains with sizes closest to the wavelength contribute the most). The disk asymmetry caused by the
spiral wave in the 5 M planet case is clearly visible and can provide a constraint on the angular position of
the planet. Finally, the gap has a much higher contrast in the realistic case than in the naive mixed case: it is
deeper and its edges are denser and brighter. Even for the 1 Mj planet, it is still visible at the lowest resolution,
whereas the naive mixed case would only show a central hole. Gaps carved by lighter planets will therefore be
much easier to detect than anticipated.

5 Conclusions

To prepare future observations with ALMA and identify the optimal setup, we observe southern protoplanetary
disks with the ATCA interferometer at longer wavelengths, and thus constrain the source models. In parallel,
we numerically model planet gaps in dusty disks and find that they are more striking and require a smaller
planet mass to form in the dust phase than in the gas. They are wider and deeper for larger grains, both
in MMSN (Fouchet et al. 2007) and in CTTS (Fouchet et al. 2010) disks. The variety of structures seen for
different s and M, are visible in the synthetic images and future ALMA observations will be able to constrain
both parameters. Gaps will be detectable for lighter planets than anticipated.

This research was supported by the Programme National de Physique Stellaire, the Programme National de Planétologie and the
Action Spécifique ALMA of CNRS/INSU, France, the Agence Nationale de la Recherche (ANR) of France through contract ANR-07-
BLAN-0221, the Swinburne University Research Development Grant Scheme, the Australia-France co-operation fund in Astronomy
(AFCOP), and the Swiss National Science Foundation through a Maria Heim-Voegtlin fellowship. Simulations presented here were
run on the Swinburne supercomputer (http://astronomy.swin.edu.au/supercomputing) and the Fostino cluster at LAOG.
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THE CATALOG OF RADIAL VELOCITY STANDARD STARS FOR THE GAIA RVS:
STATUS AND PROGRESS OF THE OBSERVATIONS
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Abstract. A new full-sky catalog of Radial Velocity standard stars is being built for the determination
of the Radial Velocity Zero Point of the RVS on board of Gaia. After a careful selection of 1420 candidates
matching well defined criteria, we are now observing all of them to verify that they are stable enough
over several years to be qualified as reference stars. We present the status of this long-term observing
programme on three spectrographs : SOPHIE, NARVAL and CORALIE, complemented by the ELODIE
and HARPS archives. Because each instrument has its own zero-point, we observe intensively IAU RV
standards and asteroids to homogenize the radial velocity measurements. We can already estimate that 8%
of the candidates have to be rejected because of variations larger than the requested level of 300 m s~ 1.

Keywords: Gaia, Milky Way, stars, asteroids, radial velocity, high-resolution spectroscopy

1 Introduction

The purpose of this new spectroscopic catalog of standard stars is to calibrate the future radial velocities
measured by the Radial Velocity Spectrometer (RVS) on board of the Gaia satellite (see e.g. Jasniewicz et al.
2010, and references therein). We refer to Crifo et al. (2009, 2010) for a complete description of the selection
criteria and of the ground observations of the 1420 candidates as reference stars.

2 Status of the observations

A total of 4035 measurements is currently available for 1330 stars. It consists in new and archived observa-
tions performed with the NARVAL (98 measurements), CORALIE (688), SOPHIE (902), ELODIE (1057) and
HARPS (1290) high-resolution spectrographs. Figure 1 (left panel) represents the spatial distribution in the
equatorial frame of the number of measurements already obtained for the 1420 candidates. The majority of
stars still lacking observations is located in the Southern part of the sky, because the Southern programme on
CORALIE started later. In the North (6 > —15°), ~200 stars still lack a second measurement. The Northern
programme should be completed in 2011.

3 Preliminary results

e Radial velocities of stars: We have first compared the radial velocities of 320 stars we have in common
with Nidever et al. (2002). A mean difference of —40 m s~! exists between both studies. This illustrates
the zero-point issue that has to be solved for the calibration of the RVS (Jasniewicz et al. 2010). Among
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Fig. 1. Left panel: Number of ground-based observations of Gaia-RVS reference stars performed as of June 2010. The
ecliptic is shown as a dashed line. Right panel: Residual velocities (observed - theoretical) for asteroids as a function of
their observed velocities. The red dots deviate by more than 3o.

those 320 stars 27 objects deviate by more than ~300 m s~'. Such a discrepancy between both studies
may be due to variable stars that should not be considered as standard objects in a future analysis.

We have also done a preliminary statistical analysis our catalog. When selecting a sub-sample of 673
candidates for which at least two measurements have been performed it is seen that the velocity for ~72%
of them does not vary by more than 100 m s~' during a time baseline of 0.5-2 years. Such a stability of
radial velocities is very important to get the most accurate calibration of the RVS. The time variability
of the catalog will be studied during the whole lifetime of the Gaia mission. Notice that ~8% of the 673
stars exhibit a velocity variation of more than 300 m s~!. Those objects likely correspond to variable

stars.

o Radial velocities of asteroids: Observations of asteroids are very important for this project because
they will allow the derivation of the zero point of the radial velocities for all reference sources. 171
measurements of 70 asteroids have been performed until now with SOPHIE. Their velocities have been
compared with the theoretical values (Fig. 1, right panel) which have been derived using the MIRTADE
webservice of the virtual observatory at IMCCE. The scatter of the residual (observed minus calculated)
velocity is ¢ ~ 45 m s~!. Points that are more deviant than 3¢ (red symbols) correspond all to low
signal-to-noise observations due to bad transparency conditions, or to badly derived velocity centroids
due to e.g. double peaks in the cross-correlation function (observing conditions, contamination by the
moon, ...). We are currently investigating the correlations of the observed and computed velocities with

the physical properties of the asteroids (diameter, shape, rotation, phase, etc).
We are very grateful to the AS-Gaia, the PNPS and PNCG for the financial support and help in this project.
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Abstract. We compute UV to radio continuum spectral energy distributions of 51 nearby galaxies recently
observed with SPIRE onboard Herschel and present infrared colours (in the 25 — 500um spectral range).
SPIRE data of normal galaxies are well reproduced with a modified black body (8=2) of temperature T~
20 K. In ellipticals hosting a radio galaxy, the far-infrared (FIR) emission is dominated by the synchrotron
nuclear emission. The colour temperature of the cold dust is higher in quiescent E-SOa than in star-forming
systems probably because of the different nature of their dust heating sources (evolved stellar populations,
X-ray, fast electrons) and dust grain properties.

Keywords: galaxies: ISM, spiral, elliptical and lenticular, infrared: galaxies

1 Introduction

By constructing the spectral energy distribution (SED) of any extragalactic source, its energetic output can
be determined. The stellar component emits from the UV to near-infrared (NIR) domain, young and massive
stars dominating the UV and old stars the NIR. Dust, produced by the aggregation of metals injected into
the interstellar medium (ISM) by massive stars through stellar winds and supernovae, efficiently absorbs the
stellar light, in particular that at short wavelengths, and re-emits it in the infrared domain (5pm-Imm). At
longer wavelengths, the emission of normal galaxies is generally dominated by the loss of energy of relativistic
electrons accelerated in supernovae remnants (Lequeux 1971; Kennicutt 1983) (synchrotron emission). SEDs
are crucial for quantifying dust extinction and reconstructing the intrinsic distribution of the different stellar
populations within galaxies. In particular, the importance of the infrared domain explored by Herschel resides
in the dust that, by means of the absorption and scattering of UV, optical and NIR photons, modifies the
stellar spectra of galaxies. The interpretation of the infrared SEDs of normal galaxies has already been the
subject of several studies (e.g. Dale et al. 2007; Chary & Elbaz 2001) even within the Virgo cluster region
(Boselli et al. 1998; 2003) which were limited in the infrared domain to A < 170 gm (domain covered by ISO
or Spitzer) With the Herschel data, we can extend to the sub-mm domain (A < 500 pm) where the emission
is dominated by the coldest dust component. This domain is crucial for determining galaxy properties such as
the total mass of dust, and an accurate total infrared luminosity. Galaxies analysed in this work were observed

1 Laboratoire d’Astrophysique de Marseille, UMR6110 CNRS, 38 rue F.Joliot-Curie, F-13388 Marseille France
2 Members of the Herschel/SPIRE guaranteed time Extragalactic Working Group (SAG2)
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during the Herschel (Pilbratt et al. 2010) SPIRE (Griffin et al. 2010) science demonstration phase mainly as
part of the Herschel Reference Survey (HRS), a guaranteed time key project designed to observe with SPIRE
a volume-limited, K-band-selected, complete sample of nearby galaxies (Boselli et al. 2010), and the Herschel
Virgo Cluster Survey (HeViCS), an open time key project focused on covering 60 sq.deg. of the Virgo cluster
with PACS and SPIRE (Davies et al. 2010). The results of this analysis have been presented in Boselli et al.
(2010b).

2 Far infrared colours

We determine the IR colours of the galaxies in order to quantify their spectral properties combining SPIRE
and IRAS flux densities (Fig. 1). These colour diagrams indicate that in star-forming galaxies the flux density
ratios f60/f500, f25/f250, or f100/f250 are strongly correlated with the generally used IRAS colour index
f60/f100 (panels a, b and c¢). However, the dynamic range covered by f60/f500 is a factor of about 30
larger than that covered by the f60/f100 flux density ratio. The colour index is thus a powerful tracer of
the average temperature of the dust component. Starburst galaxies, generally defined to have f60/f100 > 0.5
(Rowan-Robinson & Crawford 1989), show f60/f500 spanning from ~ 3 to ~ 30 and Sa-Sb have f60/f500
colours generally colder than Sbec-Sed, Sd, Im, BCD, and Irr. Early-types with a synchrotron-dominated IR
emission (M87, M84) are well separated in all colour diagrams with respect to the other dust-dominated E-SOa.
Therefore, we can use colour diagrams in order to identify and discriminate radio galaxies from the remaining
early-types. The remaining early-types have colour indices indicating that the cold dust temperature is higher
than in star-forming systems.

Figure 1 also shows that, despite possible uncertainties in the absolute flux calibration (15 %), the empirical
SEDs of Dale & Helou (2002), Chary & Elbaz (2001), and Boselli et al. (2003), cover only qualitatively the wide
range of infrared colours observed in our sample (even excluding the radio galaxies M87 and M84), underpredict
the f250/f350 ratio for a given f100/f250 ratio (d), and do not reproduce the coldest colour temperatures
observed in the diagram f350/f500 versus f250/f350 (f).

3 Spectral Energy Distribution

As a representative example of the target galaxies, we show the SED of two late-type galaxies (Fig2), M100
(NGC4321) and NGC4438, and two ellipticals (Fig3), M87 (NGC486) and M86 (NGC4406). The SED has been
computed by combining data available in the literature. We match the 100um IRAS data with a modified black
body ($=2) of temperature T~ 20 K (magenta dashed line) and the radio data with a power law. Despite their
very different morphology (M100 is a normal spiral galaxy while NGC4438 is a strongly interacting system),
these two objects have quite similar SEDs. Contrarily, the galaxies M87 and M86 are both bright ellipticals
but characterized by very different SEDs. In M87, the submilimeter emission detected by Herschel is due to
synchrotron (Baes et al. 2010), while in M86 it is due to the cold dust nearbly falling into the galaxy after
its interaction with nearby companions (Gomez et al. 2010). These different SEDs for galaxies of the same
morphological type clearly explain why galaxies of a given type have so different infrared colours.

4 Conclusions

The infrared colour index f60/f500 is more capable of detecting a starburst than f60/f100 due to a larger
dynamical range. Normal galaxies show a gradual increase in their dust temperature along the Hubble sequence,
from Sa to Sc-Im-BCD with the exception of E-SOa, where the dust temperature is higher than in star-forming
systems probably because of the different nature of their dust heating sources. SPIRE colours can be used
to discriminate thermal from synchrotron emission in radio galaxies. SED of radio galaxies clearly show the
far-infrared dominated by the synchrotron emission. In normal galaxies, the modified black body seems to
well reproduce the SPIRE data but it has to be detailed with a proper fit using the CIGALE code (Code
Investigating GALaxy Emission, Noll et al. 2009).
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Fig. 1. The infrared colours of our targets. Galaxies are coded according to their morphological type: magenta empty
circles for E-SOa, red filled circles for Sa-Sb, green triangles for Sbc- Scd, blue squares for Sd, Im, BCD, and Irr galaxies.
The black dotted line indicates the colour expected from the Dale & Helou (2002) empirical SED, the red long-dashed line
those from Chary & Elbaz (2001), the blue-short dashed, and the green dashed-dotted line the colours of the morphology-
and luminosity-dependent templates of Boselli et al. (2003).

Boselli, A. and Gavazzi, G. 2006, PASP, 118, 517

Boselli, A., Lequeux, J., Sauvage, M., et al. 1998, A&A, 335, 53

Boselli, A., Gavazzi, G., Donas, J., Scodeggio, M. 2001, AJ, 121, 753

Boselli, A., Gavazzi, G., Sanvito, G., 2003, A&A, 402, 37

Boselli, A., Cortese, L., Deharveng, JM., et al. 2005, ApJ, 629, 1.29

Boselli, A., Boissier, S., Cortese, L., Buat, V., Hughes, T., Gavazzi, G. 2009, AplJ, 706, 1527
Boselli, A., Eales, S., Cortese, L., et al. 2010, PASP, 122, 261



SEF2A 2010

34
NGC 4321
s e e e A B S
10" £ spss E
[ Spitzer SAB(s)bc ]
L Log M, = 10.56 M, |
Ly | SPIRE |
g rf ]
L i/ f ]
4 | —
EE A Y ]
= f III ' ]
= %‘ié% T [ N
1000 - % ‘ kX3 3
n ; ! \ ]
L | | Tt
,II | ) g ]
100 & ! —
E e | 2560 | o E
FUV ugriz 458 b4 70 160 B850 83 _ 21 ]
[ NUWBV ~JHK 5.4 12 | 1.8mm 28em 126 50
Evl vl vl vl il il
0.1 1 10 100 1000 10* 10° 108
A (um)

Galex NGC 4438
108 —SDss

T S B e R IR AL A
. SA(s)0/a 1
" SPIRE = 1
ot b T Log M, = 10.51 M, _|
E / \ E
; i o4 ]
1000 = Eail / E E
= iy ! \ 7
L = h \ ]
— r & ﬂI \ 7

S ) \ &3
= 100 & [ \ =
= £ | \ I 3
s | z
L “ ' i
10 = [ i
F T ! 1
-, . 240 ;
[FUV ulriz 4568 24 70 180 850 6.3 21 4

NUWBY ~ JHK 5.4 1.3mm 28em 126 60
1l i il il il
0.1 1 10 100 1000 10* 10° 108
A (pm)

Fig. 2. The UV to radio SED of M100 (NGC4321) and NGC4438. Points are coloured according to the origin of the

data.

Black triangles are for Herschel-SPIRE data, red dots for GALEX data, green dots for SDSS data, magenta

for Spitzer-IRAC and MIPS data, orange dots for IRAS data. Blue dots correspond to data from NED. The magenta
dashed line shows a modified black body (8=2) of temperature T~ 20 K matching the 100um IRAS data, while the blue
dotted-line indicates the radio power law spectrum due to synchrotron emission. We fit the radio data with a power law
(blue dotted-line).
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DYNAMICAL MODELING OF THE GALAXY
AND STELLAR MIGRATION IN THE DISK

B. Famaey! and I. Minchev?

Abstract. We exhibit the local and global effects of the non-axisymmetry of the Milky Way potential.
In addition to creating moving groups in the Solar neighborhood, we show that spiral structure interacting
with a central bar is an effective mechanism for mixing the whole stellar disk radially. This spiral-bar
resonance overlap mechanism accounts for the absence of age-metallicity relation in the solar neighborhood,
can create extended disks in both Milky Way-mass and low-mass galaxies, and could also be responsible for
the formation of a thick disk component early-on in the Galaxy evolution.

Keywords: galaxy: kinematics and dynamics, galaxy: evolution

1 Introduction

Our Milky Way Galaxy is a unique laboratory in which to study galactic structure and evolution. The story of
the efforts to obtain stellar kinematic data nicely illustrates how theoretical progress and data acquisition have
to go hand in hand if one wants to gain insight into the structure and history of the Galaxy. Until recently,
most observational studies have been limited to the solar neighbourhood. The zeroth order approximation for
modelling these kinematic data assumes an axisymmetric model, in which the Local Standard of Rest is on a
perfectly circular orbit. However, the local velocity field in the solar neighbourhood already displays signatures
of the non-axisymmetry of the Galactic potential in the form of stellar moving groups containing stars of very
different ages and chemical compositions (Famaey et al. 2005, 2007, 2008), the most prominent being the
Hyades stream, the Sirius stream, and the Hercules stream (see Fig. 1 left panel). Here we investigate how to
reproduce these streams with a bar and a spiral pattern, and how the combined effect of the bar and the spiral
can cause radial migrations in the disk. Future astrometric and spectroscopic surveys will allow radical progress
in our understanding of these effects of the non-axisymmetry of the Galactic potential.

2 Moving groups

Kalnajs (1991) suggested that the bar could cause the velocity distribution in the vicinity of the 2:1 outer Lind-
blad resonance (OLR) to become bimodal, due to the coexistence of orbits elongated along and perpendicular to
the bars major axis. Today, we know that this mechanism does account for the Hercules stream (Dehnen 2000)
as well as for some low-velocity streams such as the Pleiades (Minchev et al. 2010a). Quillen & Minchev (2005)
also showed that the 4:1 ultra-harmonic (or second order) ILR of a 2-armed spiral structure* splits the velocity
distribution into two features corresponding to two orbital families, one of them consistent with the Hyades.
Test-particle simulations of a stellar disk consistent with the Milky Way kinematics, perturbed by a 2-armed
spiral pattern (simulation parameters can be found in Minchev & Quillen 2007) showed that we could indeed
reproduce the position of the Hyades stream in velocity-space only when the Sun is near the 4:1 ILR. The
beauty of this simulation is that, while reproducing the Hyades stream, the other orbital family creates another
remarkable feature in velocity space around (U, V) & (10,0) km/s, which is consistent with the Sirius stream
(see Fig. 1, right panel). In order to reproduce the observed streams, the Sun should thus be at the same time
close to the 2:1 OLR of the bar and 4:1 ILR of the spiral pattern. Since it has long been known that in the
case of resonance overlap the last KAM surface between the two resonances is destroyed, resulting in chaotic
behaviour, we expect that such a resonance overlap could give rise to radial migration of stars in the disk.

1 Observatoire Astronomique, Université de Strasbourg, CNRS UMR. 7550, F-67000 Strasbourg, France

2 Astrophysikalisches Institut Potsdam, An der Sterwarte 16, D-14482 Potsdam, Germany
*Observations indicate that the Milky Way has a 4-armed structure, but with 2 more prominent arms

© Société Francaise d’Astronomie et d’Astrophysique (SF2A) 2010



38 SEF2A 2010

1.0F .
0.5} .
< 0.0f ]
>
100 T T T T T T T T T T T T T T T T _0.5 :_ T
—-1.0f ]
50 - — [ PRSI IR N RS S S I S SH SN S NS S S T N T ]
i i -1.0-0.5 0.0 0.5 1.0
g : = SN : . . X/.ro . .
g °r / ] 50 dme=200pc |
> | - 1
I , = I ]
50 b §
i ] = |
. | | | ] —40 + + ; + +
7100 L L L L L L L L L L L L L L L L
~100 ~50 0 50 100 -40-20 O 20 40
U (km/s) U [km/s] ————-> GC

Fig. 1. Left Panel — Isocontours for the Geneva-Copenhagen survey (see Famaey et al. 2007) in the UV-plane (U
is the velocity w.r.t. to the Sun in the direction of the Galactic center and V' in the direction of Galactic rotation):
the contours correspond respectively to 0.5, 0.8, 1.2, 1.5, 1.9, 2.6, 3.1, 3.5, 3.8, 4.2, 4.7, 5. stars/(km/s)?. The Hyades
stream, at U ~ —40 km/s and V ~ —20 km/s, and the Sirius stream at U ~ 10 km/s and V ~ 0 km/s are prominent
features. The Pleiades stream is also visible at U ~ —15 km/s and V' ~ —20 km/s, and the Hercules stream at V' ~ —50
km/s. Top Right panel — The effect of a 2-armed spiral structure on orbits near the 4:1 ILR. Note the splitting into 2
families of closed orbits in the frame moving with the (trailing) spiral pattern. For a Sun orientation at 20° with respect
to a concave arm, both orbital families enter the solar neighborhood stellar velocity distribution (black filled circle). The
galactocentric axes are in units of 7o (the galactocentric radius of the Sun). Bottom Right panel — The effect on the
UV -plane for the configuration shown in the top panel (selecting test particles in a 200 pc circle around the Sun). Each
orbital family gives rise to a stream in velocity space. We can associate the dense clump at (U, V) = (—40, —20) km/s
with the Hyades and the shallow one at (U, V) = (10, 0) km/s with Sirius.

3 Stellar migration

We have subsequently shown (Minchev & Famaey 2010) that a strong exchange of angular momentum indeed
occurs when a stellar disk is perturbed by a central bar and spiral structure simultaneously (see Fig. 2). By
using test-particle simulations, we confirmed that this effect was due to the overlap of first and second order
resonances of each perturber, and showed that the mechanism was efficient throughout the whole disk, as such
overlaps happen evrywhere. Beforehand, it was believed that radial mixing was solely caused by transient spirals
(Sellwood & Binney 2002). The efficiency of the new spiral-bar mechanism was confirmed in fully self-consistent,
Tree-SPH simulations, as well as high-resolution pure N-body simulations (Minchev et al. 2010b, see Fig. 3).
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Fig. 2. Changes in the (vertical component of the) angular momentum, AL, as a function of the initial angular mo-
mentum, Lo. From left to right the first 2 panels show the effect of a bar or a spiral only, respectively, with parameters
consistent with the Milky Way. The simultaneous propagation of the same perturbers is shown in the following 3 panels
for t = 0.3 — 2.5 Gyr. The dotted lines show the corotation radii. The 2:1 and 4:1 LRs are indicated by the solid and
dashed lines respectively (bar=red, spiral=blue). Figure is from Minchev & Famaey (2010).
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Fig. 3. Results of a Tree-SPH simulation, studying the exchange of angular momentum due to resonance overlap of bar
and spiral. Top row: Time development of the stellar disk density contours of a giant Sa galaxy. Second row: AL as
a function of the initial angular momentum, Lo. Bottom row: The evolution of the radial profiles of surface density
(left) and metallicity (right) for the stellar and gaseous disks. The initial disk scale-lengths are indicated by the solid
lines. The 5 time steps shown are as in the top row, indicated by solid red, dotted orange, dashed green, dotted-dash
blue and solid purple, respectively, from Minchev et al. (2010b).

4 Conclusions

In order to reproduce the local velocity distribution of stars, the Sun should lie close to inner and outer Lindblad
resonances of the spiral and bar, respectively. We showed that such a resonance overlap leads to radial migration
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of stars. This happens throughout the whole disk, as other resonances do overlap too (see Fig. 2). This new
theoretical mechanism for stellar migrations could be up to an order of magnitude more effective than the
transient spirals mechanism. This effect is non-linear, strongly dependent on the strengths of the perturbers.
The signature of this mechanism is a bimodality in the changes of angular momentum in the disk with maxima
near the bar’s corotation and its outer Lindblad resonance (Figs. 2 and 3). This is true regardless of the spiral
pattern speed. This migration mechanism can create extended disks in both Milky Way-mass (Fig. 2) and
low-mass galaxies, such as NGC 300 and M33, and it could also be responsible for the formation of a thick disk
component early on in the galaxy evolution (Minchev et al., in preparation, see also Schoenrich & Binney 2009).
However, important constraints on the mechanism come from the fact that it heats the disk too, and should
not overheat it as compared to what is observed. We finally note that the most promising technique to put
constraints on this mechanism in the Milky Way is “chemical tagging” (e.g., Bland-Hawthorn et al. 2010) which
will become possible with the forthcoming spectroscopic survey HERMES, coupled with the precise astrometric
measurements from GATA.
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POPULATION SYNTHESIS MODELLING OF LUMINOUS INFRARED GALAXIES AT
INTERMEDIATE REDSHIFT

E. Giovannoli!, V. Buat!, S. Noll2, D. Burgarella1 and B. Magnelli3

Abstract. Luminous InfraRed Galaxies (LIRGs) are particularly important for studying the build-up of the stellar mass
from z=1 to z=0, and for determining physical properties of these objects at redshift 0.7. The global star formation rate
(SFR) at z ~ 0.7 is mainly produced by LIRGs. We perform a multiwavelength study of an LIRGs sample in the Extended
Chandra Deep Field South at z=0.7, selected at 24 um by MIPS onboard S pitzer S pace Telescope and detected in 17
filters. Data go from the near-ultraviolet to the mid-infrared. We distinguish a subsample of galaxies detected at 70 um,
which we compare to the rest of the sample to investigate the relative importance of this wavelength in determining of the
physical parameters.

Keywords: galaxies evolution, infrared, Bayesian analysis, stellar content, SED-fitting

1 Introduction

Luminous InfraRed Galaxies (LIRGs) are commonly defined as galaxies whose infrared (IR, 8-1000 um) emission is
higher than 10''Ly, and lower than 10"2Lg, . A z ~1 only 30% of LIRGs exhibit features linked to violent merging (Bell
et al. 2007), (Zheng et al. 2007) : most of them look like bright spirals that experience a secular evolution without
violent events. This morphological difference between local and distant LIRGs is corroborated by the analysis of their
star formation rate (SFR). Whereas local LIRGs are experiencing a strong starburst, distant LIRGs do not seem to strongly
depart from the mean SFR - stellar mass (M, ) relation found at z=1 (Elbaz et al. 2007).

2 Analysis of a LIRGs sample

We apply a multiwavelength analysis from the far-ultraviolet (FUV) to the IR, based on SED (Spectral Energy Distribution)-
fitting, on a sample of z=0.7 LIRGs selected at 24 um (Giovannoli et al., 2010). Our aim is to study this galaxy sample,
representative of LIRGs at intermediate redshift, in a very homogeneous and systematic way to determine the main char-
acteristics of their stellar populations and dust emission. We study LIRGs with the SED-fitting code CIGALE (Code
Investigating GALaxy Emission * : Noll et al. 2009b, Burgarella et al. 2005), which provides an estimation of physical
parameters of galaxies thanks to a Bayesian-like analysis. The stellar populations synthesis code of Maraston et al. (2005)
is adopted to model the stellar emission (UV, optical, and NIR wavelengths). The created stellar population spectra are
then attenuated by using a synthetic Calzetti-based attenuation law (Calzetti et al. 2000) before adding the dust emission
as given by the infrared SED library (semi-empirical one-parameter models of Dale & Helou (2002)).

Figure 1 shows distributions for the parameters related to the star formation history and the attenuation (M,, infrared
luminosity Lg,, SFR, attenuation in the V-band Ay, fraction in mass of the young stellar population fsp, and fraction of
AGN facn) calculated with the Bayesian-like analysis in CIGALE, for the subsample detected at 70 um and for the whole
sample. The masses found for the 70 um sample are shifted towards higher masses then in the total sample. We observe
a similiar situation for Ly, and the SFR; the values are in the range [ 10'" ; 10'2] Ly, and [10 ; 92] My.yr~!, respectively,
with mean values higher than ones found for the total sample. This shift is expected because of the 70 um detection limit

! Laboratoire d’ Astrophysique de Marseille, OAMP, Université Aix-Marseille, CNRS, 38 rue Frédéric Joliot-Curie, 13388 Marseille cedex 13,
France
2 Institut fiir Astro- und Teilchenphysik, Universitit Innsbruck, Technikerstr. 25/8, 6020 Innsbruck, Austria
3 Max-Planck-Institut fiir Extraterrestrische Physik (MPE), Postfach 1312, 85741 Garching, Germany.
*Web address to use CIGALE : http://www.oamp. fr/cigale/

© Société Francaise d’ Astronomie et d’ Astrophysique (SF2A) 2010
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Fig. 1. Bayesian results of the code for the following parameters : M., Lguu, SFR, Ay, fisp, fagn- The empty histogram represents the
total sample and the full one represents the 70 ym sample.

(2.7 mJy at 50°): at this wavelength, we only detect luminous and massive galaxies. The distribution of fsp is broad with
a long tail towards high values, and Ay lies between 0.5 and 2.1 mag with very few objects under 1.0 mag and quite a
homogeneous distribution between 1.0 and 2.0.

Galaxies in the total sample have M, between 10'° and 10'> M, with a peak at 10'%8M,. We find the SFR between
3 and 92 Moyr™! with a peak at 23 Moyr~'. For f,sp and Ay, we observe the same distribution as for the 70 um sample.
For both samples, figy is relatively low, between 0.0 and 0.3 with the majority of the objects in the interval [0;0.1]. We
consider that there is a definite contamination of Ly, by an AGN when figy > 15%, because a contamination lower
than15% does not significantly modify the total IR emission.

3 Conclusions

We fit the SEDs of our sample of LIRGs with the CIGALE code, which combines stellar and dust emissions in a physical
way. This study is the first use of CIGALE at a redshift higher than 0. The multiwavelength data analysis performed in
this study provides reliable estimates of several physical parameters based on a Bayesian-like analysis.
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COSMOLOGICAL SIMULATIONS AND GALAXY FORMATION:
PROSPECTS FOR HST/WFC3

S. Peirani', R.M. Crockett?, S. Geen?, S. Khochfar?, S. Kaviraj?,* and J. Silk?

Abstract. The star formation history of nearby early-type galaxies is investigated via numerical modelling.
Idealized hydrodynamical N-body simulations with a star formation prescription are used to study the minor
merger process between a giant galaxy (host) and a less massive spiral galaxy (satellite). We find that
the evolution of the star formation rate is extended over several dynamical times and shows peaks which
correspond to pericentre passages of the satellite. The newly formed stars are mainly located in the central
part of the satellite remnant while the older stars of the initial disc are deposited at larger radii in shell-like
structures. Synthetic 2D images in J, H, NUV, HS and V bands, using the characteristic filters of the Wide
Field Camera 3 (WFC3) on the Hubble Space Telescope, reveal that residual star formation induced by
gas-rich minor mergers can be clearly observed during and after the final plunge, especially in the near-
ultraviolet band, for interacting systems at (z < 0.023) over moderate numbers of orbits (for more details
see Peirani et al. 2010).

Keywords: formation, galaxies: interactions, galaxies: structure, galaxies: kinematics and dynamics,
galaxies: photometry, methods: N-body simulations

1 Introduction

Understanding the formation of early-type galaxies (ETGs), and in particular their star formation history, is of
crucial importance for setting strong constraints on models of galaxy formation. It is now well known that ETGs
have considerable substructure (e.g. from SAURON and GALEX) which is interpreted as a result of mergers
in the past several gigayears. To study this plausible process, we have compared the ultra-violet (UV) colours
of nearby (0.05 < z < 0.06) early-type galaxies with synthetic photometry derived from numerical simulations
of minor mergers, with reasonable assumption for the ages, metallicities and dust properties of the merger
progenitors (Kaviraj et al. 2009). We found that the large scatter in the ultra-violet colours of intermediate
mass early-type galaxies in the local universe and the inferred low-level recent star formation in this objects
can be reproduced by minor mergers in the standard ACDM cosmology. In the present work, our aim is to
study the evolution of the internal structure of these objects using the same methodology but with higher mass
resolution, in order to help understand in more detail the observational signatures of satellite minor merger
events with different mass ratios, gas-fractions and orbital configurations. This work is also motivated by the
recent installation on the Hubble Space Telescope (HST) of NASA’s Wide Field Camera 3 (WFC3*) whose
optical design provides a large field of view and high sensitivity over a broad wavelength range, excellent spatial
resolution and a stable and accurate photometric performance. It features two independent imaging cameras,
a UV /optical channel (UVIS) and a near-infrared channel (IR).

I Institut d’Astrophysique de Paris, 98 bis Bd Arago, 75014 Paris, France - Unité mixte de recherche 7095 CNRS - Université
Pierre et Marie Curie
2 Department of Physics, University of Oxford, Denys Wilkinson Building, Keble Road, Oxford OX1 3RH, UK

3 Max Planck Institut fiir extraterrestrische Physik, p.o. box 1312, D-85478 Garching, Ge rmany

4 Blackett Laboratory, Imperial College London, South Kensington Campus,London SW7 2AZ
*http://www.stsci.edu/hst/wfc3
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Fig. 1. The evolution of synthetic images through J (first line) and NUV (second line) assuming the observed system

2

at z ~ 0.023. the magnitude units given as measures of spectral flux are W m™=, and in all synthetic images, we use a

logarithmic scale.

2 Evolution of WFC3 bands

In order to produce synthetic images, we have assumed our galaxy system to be in the local universe. The galaxy
pair is supposed to be at a redshift z ~ 0.023 (or equivalently at a luminosity distance of D = 100 Mpc) in
order to facilitate comparisons with future observational data. In Fig.1, we present the grid map derived by our
numerical modelling through the J and NUV bands. From the J band, it appears that it is possible to resolve
the host elliptical galaxy and the satellite remnant, in particular the shell structure which is mainly composed
of old stars. However, this latter tends to disappear at ¢ = 4.0 Gyr. From the NUV band, the ongoing star
formation regions can be clearly followed. In particular, after the final plunge, ongoing star formation located
at the center of the galaxy can be clearly observed.

Thus, the combination of IR and UVIS images allows us to separate different stellar populations and then
distinguish the most bound part of the satellite remnant, composed of young stars, from the host galaxy,
composed of older stars. This combination also gives useful clues on the formation of ETGs: while the shell
structure revealed in IR images support a past merger scenario, evidence or not of the presence of young stars
in UVIS images bring additional constraints on the wetness/dryness of the merger.

3 Conclusions

The present work shows that minor mergers induce amounts of star formation in ETGs which can be measured
through UV bands. WFC3 represents the best instrument to study these minor merger events because it has a
matching UV and optical FOV and gives the resolution to see young substructures (which would not be possible
with GALEX for instance). The previous ACS/HRC UV detectors had a tiny FOV so it was not possible to
study a galaxy up to 1 effective radius because one would get the whole galaxy in the optical image and only
a fraction of its core using the UV. With WFC3, it is now possible to map the entire galaxy in both the UV
and optical making it possible for the first time to perform spatially resolved star formation histories in ETGs
at low redshift using the UV. Moreover the ability to see the young substructures is important because it rules
out UV flux from old sources such as horizontal branch stars (which would follow the optical light profile).
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3D TOMOGRAPHY OF LOCAL INTERSTELLAR GAS AND DUST

S. Raimond!, R. Lallement! and J-L. Vergely?

Abstract. Interstellar absorption data and Strémgren photometric data for target stars possessing a
Hipparcos parallax have been combined to build a 3D tomography of local gas and dust. We show the latest
inverted 3D distributions within 250 pc, compare gas and dust maps and discuss the present limitations and
work in progress. Gaia extinction data and follow-up ground-based stellar spectra (e.g. with GYES at the
CFHT) will provide a far larger database that should allow a 3D tomography of much higher quality and
extended to much larger distances.

Keywords:  galaxy: solar neighborhood, ISM: atoms, ISM: clouds

1 Introduction

The nearby interstellar medium plays several important roles in astrophysics. It is a tool for studying the
evolution of the ISM, it provides the local conditions for photons and particles transport, it is a foreground
which needs to be removed for studying specific objects, it is the ambient medium which governs limit conditions
for a specific object and also the context environning such an object, etc. We present here studies of the gas
and dust 3D distribution in the local interstellar medium (by local we mean here the interstellar medium within
250 pc).

MIPS
70um

GLIMPSE

Fig. 1. Examples of interaction regions between stars and their surrounding environment. Stars collide the surrounding
gas inducing a compression area. The knowledge of the ambient medium helps modeling the interaction.

1 LATMOS, CNRS UMR 8190, 78280 Guyancourt, France
2 ACRI-ST, 06904 Sophia Antipolis, France
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2 Means of study

This work is based on Nal and Call interstellar absorption lines in nearby star spectra and extinction obtained
by Stromgren photometry. Both types of data can be inverted to get a 3D tomography of gas and dust. In
addition, absorption lines assembled in an interstellar absorption database are a tool to distinguish between
foreground absorption and local lines when studying objects by means of spectroscopy.

Fig. 2 illustrates an example of typical absorption lines.
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Fig. 2. Examples of Call absorption lines of two stars in the same line of sight (the K line at 3934A is on the top and
the H line at 3968A is on the bottom). On the left, HD97940 located at 85pc. A line is observed at about 2 km/s
therefore a cloud begins before 85pc at this velocity. On the right, HD97864 located at 92pc. The same line is observed
at about 2 km/s and a new one is detected around 9 km/s so the cloud beginning before 85pc is still present and another
one at a velocity of about 9 km/s begins between 85 and 92pc.

3 Comparison of the different tracers

Gas and dust data can be combined with distances to the target stars to reconstruct by means of sophisticated
inversion tools the gas and dust distributions in three dimensions. The obtained maps of the local interstellar
medium reveal the so-called Local Bubble, a region devoid of dense gas that surrounds the Sun. Because of the
difficulty to represent these distributions in three dimensions we show several cuts in the data cubes.

The different tracers are Nal, Call and extinction. Nal is the tracer of dense and neutral gas, Call is the
tracer of dense neutral and also ionized gas and extinction locates the dust. We compare the results obtained
with the different tracers in the meridian plane, i.e. the plane perpendicular to the galactic plane containing
the Sun and the galactic center. These are shown in Fig. 3.

In all the cases, the Local Bubble surrounding the Sun is about 200pc wide in the galactic plane. This
cavity is surrounded by large dense clouds: Ophiucus, Chamaeleon, Coalsack or Taurus. The maps reveal two



3D tomography of local interstellar gas and dust 47

chimneys towards the halos and the cavity is tilted perpendicularly to the plane of the Gould Belt which is a
ring of young stars and star forming regions tilted of about 20° towards the Galactic Center.

Within the Local Bubble neither Nal nor dust significant concentration is present, however it contains many
diffuse clouds revealed in the Call maps. These clouds are too ionized for being visible in Nal and too tenuous
to be visible in extinction but they are detected thanks to Call which traces the ionized gas.

The maps present strong similarities but also differences that may reflect gas states but also poor precision
due to the limited amount of stars available for the inversion. Two articles are based on these maps, one
compairing Nal and Call (Welsh et al. 2010) and the other compairing Nal and extinction (Vergely et al. 2010).

Nal Call extinction

DENSE-NEUTRAL GAS DENSE DUST
NEUTRAL + IONIZED
GAS

Fig. 3. Comparison of the local interstellar medium in the meridian plane. In each cut, the Galactic Center is on the
right and the North Galactic Pole is on the top. Black indicates an important density whereas white represents diffuse
regions. On the left, the map with Nal. On the middle, the map with Call. On the right, the map with extinction.

4 Comparison between integrated gas and dust

In Fig. 4 neutral gas (on the left) and dust (on the middle) integrated back within the 3D cubes between
the Sun and 200 pc are represented in aitoff projection. Important similarities are visible between the total
columns of neutral gas traced by neutral sodium and dust opacities. On the right of Fig. 4, dotted lines
representing integrated dust until 200pc are superimposed on the map showing the dust emission integrated to
infinity derived from infrared data (Finkbeiner et al. 1999). Firstly, isocontours correspond very well with the
map, showing that the inversion method is robust in spite of the limited amount of stars. Secondly, since the
isocontours are well matching the map at moderate and high latitude, this means that the majority of the dust
observed on the map of Finkbeiner et al. 1999 is located within 200pc.

Fig. 4. Neutral gas (on the left) and dust (on the middle) integrated between the Sun and 200pc. On the right, map of
the total column of dust, i.e. integrated to infinity (Finkbeiner et al. 1999). Dotted lines representing integrated dust
until 200pc are superimposed.
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5 Determination of the distance towards nearby structures

One of the interests of these inversions is the possibility to identify nearby structures seen in 2D maps and obtain
an information on their distance, based on the kinematics. In particular, some clouds seen in the 21 cm HI data
maps from the LAB Survey (Kalberla et al. 2005) are studied by compairing HI emission and Nal absorption
velocities of the stars belonging to the database in the direction of the clouds. An example is presented in Fig.
5.

The map on the left in Fig. 5 presents a structure seen in HI emission between -10 and 0 km/s LSR. In
order to define its distance, all the stars in this region are superimposed on the map and for each of them, we
note the distance of the star and whether or not Nal is observed in absorption in this velocity interval.

We remark in this example that until 75pc, the stars don’t present Nal absorption on their line of sight
whereas from 75pc, all of them present Nal absorption lines around -3 km/s LSR. This means that the structure
at -3 km/s LSR begins at around 75pc .

The spectra of the top and of the bottom of Fig. 5 illustrate respectively the Nal absorption spectrum of
a star more distant than 75pc in the region and the HI emission spectrum in the same direction. This is an
example showing that gas in the structure has a velocity around -3 km/s LSR. It would be the same with the
Nal absorption and HI emission spectra of each star more distant than 75pc.

The cut on the right in Fig. 5 shows the structure seen in the same sky region in the Nal cube. It begins at
75pc, which is consistent with the distance found previously from the kinematics and allows the identification.
Indeed, by using two methods based on different data, the first being the localization by velocity criteria and
the second being the localization in the Nal cube only by absorption growth with distance criteria, the same
result is obtained.

This identified region corresponds to the high latitude molecular clouds known as MBM53, MBM54 and
MBM55 (Magnani et al. 1985). (Magnani et al. mapped the sky looking for high latitude clouds emitting CO
and named them MBM.) Their initial estimated distance was 150pc (Welty et al. 1989). At that time, the stars
did not have Hipparcos parallax, so the distance of the cloud was badly estimated. Here we have improved the
localization of the structure and shown that it is much closer than previously thought.

This analysis is currently extended to other dense clouds by comparing the Nal interstellar absorptions and
the HI emission and by searching the clouds in the data cubes.
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Fig. 5. Determination of the distance of a structure located at I = 90° and b = —40°. On the left, the structure seen

in HI emission in the velocity interval between -10 and 0 km/s LSR. On the top, Nal absorption spectrum of one of
the stars more distant than the cloud with an absorption velocity around -3 km/s LSR. On the bottom, HI emission
spectrum in the same direction with one of the peak around -3 km/s LSR. On the right, cut in the Nal cube at the good
coordinates. The structure is visible and begins at 75pc.
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6 Perspectives

Tomographic methods applied to local ISM dust and gas have been tested and validated on the current available
absorption and extinction databases. In order to improve the accuracy and spatial resolution of the 3D maps,
it is mandatory to increase the stellar databases, and have access to corresponding reliable parallaxes for the
target stars. The GATA mission and follow-up ground-based spectroscopic data with GYES will provide such
considerably larger and better data sets. Combinations of the 3D distributions with 2D spectral maps should
in addition allow to replace the roughly spherical clouds obtained by inversion by more realistic shapes.
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THE BESANCON GALAXY MODEL: COMPARISONS TO PHOTOMETRIC
SURVEYS AND MODELLING OF THE GALACTIC BULGE AND DISC

C. Reylé!, A. C. Robin!', M. Schultheis' and D.J. Marshall?

Abstract. Exploring the in-plane region of our Galaxy is an interesting but challenging quest, because of
the complex structure and the highly variable extinction. We here analyse photometric near-infrared data
using the Besangon Galaxy Model in order to investigate the shape of the disc and bulge. We present new
constraints on the stellar disc, which is shown to be asymmetric, and on the bulge, which is found to contain
two populations. We present how the Galaxy model is used in the framework of the preparation of the Gaia
mission.

Keywords: stellar population model, bulge, disc, large scale survey, Gaia

1 Introduction

The population synthesis approach aims at assembling together current scenarii of galaxy formation and evo-
lution, theory of stellar formation and evolution, models of stellar atmospheres and dynamical constraints, in
order to make a consistent picture explaining currently available observations of different types (photometry,
astrometry, spectroscopy) at different wavelengths. The validity of any Galactic model is always questionable,
as it describes a smooth Galaxy, while inhomogeneities exist, either in the disc or the halo. The issue is not to
make a perfect model that reproduces the known Galaxy at any scale. Rather one aims at producing a useful
tool to compute the probable stellar content of large data sets and therefore to test the usefulness of such data
to answer a given question in relation with Galactic structure and evolution. Modelling is also an effective way
to test alternative scenarii of galaxy formation and evolution.

In section 2, we give a brief description of the model. In section 3 we describe recent and future analysis
of near-infrared data with the model. In section 4 we describe the use of the model for the preparation of the
Gaia mission.

2 The Besancon Galaxy model: ingredients and recipe

The main scheme of the model is to reproduce the stellar content of the Galaxy, using some physical assumptions
and a scenario of formation and evolution. We essentially assume that stars belong to four main populations :
the thin disc, the thick disc, the stellar halo, and the outer bulge. The modelling of each population is based on a
set of evolutionary tracks, assumptions on density distributions, constrained either by dynamical considerations
or by empirical data, and guided by a scenario of stellar formation and evolution, that is to say assumptions on
the initial mass function (IMF) and the star formation rate (SFR) history for each population. The originality
of the Besancon model, as compared to a few other population synthesis models presently available for the
Galaxy, is the dynamical self-consistency. The Boltzmann equation allows the scale height of an isothermal and
relaxed population to be constrained by its velocity dispersion and the Galactic potential (Bienaymé et al.1987).
The use of this dynamical constraint avoids a set of free parameters and gives the model an improved physical
credibility. More detailed descriptions on these constraints can be found in Robin et al. 2003. Simulations can
be performed on-line.*

I Observatoire de Besancon, Institut Utinam, UMR CNRS 6213, BP 1615, 25010 Besancon Cedex, France

2 Centre d’Etude Spatiale des Rayonnements, UMR 5187, 9, av du Colonel Roche, BP 44346, 31028 Toulouse Cedex 4, France
*http://model.obs-besancon.fr
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Observational tests have been made in many directions in the optical, mostly at high latitudes, a few
directions to magnitudes V=24-25 (Robin et al. 2000, Reylé & Robin 2001, Schultheis et al. 2006, Robin et al.
2008). An all-sky comparison has been made with the Guide Star Catalogue 2 (GSC2, see Fig. 1). The model
has also been constrained using near-infrared data (Picaud & Robin, Reylé et al. 2009), X-ray data (Guillout
et al. 1996), and UV (Todmal et al. 2010).

Fig. 1. Relative difference map, (model - GSC2)/GSC2, on a log scale, to magnitude V=17. The agreement is at 10%
outside plane. Most of the discrepancy between the model and the observations are within of the Galactic plane, probably
due to inadequate extinction in the plane (Drimmel et al. 2003).

3 Constraints on the external disc and central regions

The 2MASS survey is a powerful tool to study large scale structure in the Galaxy, particularly in the Galactic
plane because NIR data are well suitable to study stellar populations in regions of medium to high extinction.
A good estimate of the extinction is required to understand the structure in the Galactic plane. In the following
studies, we used a three dimensional extinction map of the Galaxy (Marshall et al. 2006).

From the comparison of 2MASS star counts with the Besangon Galaxy model, we investigated the warp
feature followed by stars (Reylé et al. 2009). We modelled the warp as a simple S-shape symmetrical but found
that the warp is not symmetrical: the simple model reproduces well the northern side of the warp (positive
longitudes), but not the southern side. The results also show that the stellar warp is less marked in stars than
in the HI gas. Our result is well in agreement with studies in external galaxies, where van der Kruit (2007)
noted that stellar discs look flatter than gas layers. This is understandable in a scheme where the HI warps
start close to the truncation radius, truncation seen in the exponential distribution of stars which may be due
to a threshold effect in the star formation efficiency.

Since the discovery of a triaxial structure in the Galactic central regions from COBE, numerous attempts
have been done in order to characterize this structure and to investigate its origin. It is still unclear whether
this structure had its origin from the early formation of the spheroid (as a typical bulge, similar to ellipsoidal
galaxies) or was formed by a bar instability later in the disc. The question of formation history is crucial and
necessary to investigate, as our Galaxy is a benchmark for understanding formation of disc galaxies. Thanks
to the ability of the model to simulate the stellar populations as they are seen in surveys, we compared model
simulations with 2MASS star counts in all the region covered by the outer bulge. We show evidence for two
independent structures, a triaxial bulge and a long and narrow structure which angles are different (Fig. 2, Robin
et al., in prep.). Further studies are needed to confirm these preliminary conclusions, in particular kinematical
data, helpful in understanding the dynamics, especially to measure the rotation and velocity dispersions of these
populations.

4 The Besancon Galaxy model for the preparation of the Gaia mission

Preparing the Gaia mission requires large efforts dedicated to simulations of the observations. Several simulators
have been constructed, generating telemetry, images, or the final database. All these tools use a Universe
Model containing essentially the astronomical sources to be seen by Gaia and their characteristics, as well as a
Relativity model and a radiation model for estimating the potential damage to the CCDs. The stellar content
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Fig. 2. Star counts up to magnitude K=12 from 2MASS data (top) compared with 2 models (middle panels) and
residuals (Nmod-Nobs)/Nobs (bottom). Left: model with 1 bulge population. Right: model with 2 populations : a
triaxial bulge and a thin elongated structure. In pink the excess in the model is at the level of 70%. The light blue
corresponds to a lack in the model at the level of 50%. The 2-population model allows to nicely reproduce the boxy
shape of the outer bulge region, while the 1-population model leaves significant X-shaped residuals. Near the Galactic
center the nuclear bar population is missing in the model. The residuals in the outer region are not much significant due

to the small number of stars in each bin.

of the Universe Model is simulated using the Besancon Galaxy model (Isasi et al. 2010). Fig. 3 shows the
expected density of stars to magnitude G=20 as a function of galactic coordinates. The expected total number
of stars is 1.3x10% (8.7x10® disc stars, 2.6x10% thick disc stars, 15x10° halo stars, and 10® bulge stars). Fig. 4
gives the expected number of stars as a function of spectral type and luminosity class. The right panel in Fig. 3
shows the expected density of stars in the (X,Y) plane, centered on the Sun. The sharp radius towards the
anticenter is due to the cut-off radius of the thin disc at 14 kpc (from Ruphy et al. 1996). The Gaia data will
bring a strong constraint on the shape and radius of the disc, as well as on many other parameters.

5 Conclusions

Population synthesis models are useful tools for data interpretation. Although imperfect they allow a better
understanding of galactic structure and evolution, eases the interpretation, and is useful for the preparation
of future surveys. Gaia will obtain distance, proper motions of more than 1 billion stars (about 1% of the
Galaxy) as well as astrophysical parameters, radial velocities for about 250 million stars, and abundances for a
few million stars. It will be a challenge to fit Gaia data with (simplistic) models! Since then, efforts have to
been made to get stellar population models with self-consistent dynamical modelling.
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Gaia Universe Model simulations (GUMS). Right: Expected total sky density in the X,Y plane, centered on the Sun.
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GALACTIC PLANE IMAGE SHARPNESS AS A CHECK ON COSMIC MICROWAVE
BACKGROUND MAPMAKING

B. F. Roukemal

Abstract. The largest uncollapsed inhomogeneity in the observable Universe is statistically represented in
the quadrupole signal of the cosmic microwave background (CMB) sky maps as observed by the Wilkinson
Microwave Anisotropy Probe (WMAP). The constant temporal offset of —25.6 ms between the timestamps
of the spacecraft attitude and observational data records in the time-ordered data (TOD) of the WMAP
observations was suspected to imply that previously derived all-sky CMB maps are erroneous, and that the
quadrupole is in large part an artefact. The optimal focussing of bright objects in the Galactic Plane plays a
key role in showing that no error occurred at the step of mapmaking from the calibrated TOD. Instead, the
error had an effect when the uncalibrated TOD were calibrated. Estimates of the high-latitude quadrupole
based on the wrongly calibrated WMAP maps are overestimated by about 15-60%.

Keywords:  cosmic background radiation, galaxy: center, galaxy: disk, techniques: image processing

Although the primary aim of cosmic microwave background (CMB) all-sky observation missions is cosmolog-
ical, the Galaxy constitutes a major component of the resulting data set. Liu & Li (2010) reconstituted all-sky
maps from Wilkinson Microwave Anisotropy Probe (WMAP, Bennett et al. 2003) time-ordered data (TOD) and
suggested that the quadrupole present in the official versions of the maps is mostly an artefact, since their own
maps had a weaker quadrupole. They later traced this to a timing offset of —25.6 ms between the timestamps
of the spacecraft attitude and observational data records in the calibrated TOD files (Liu et al. 2010). Since
the offset is also present in the uncalibrated TOD files, it could have affected either (i) the calibration step or
(ii) the mapmaking step.

The WMAP 3-year calibrated TOD were compiled into maps using Liu et al. (2010)’s publicly available data
analysis pipeline*, and patched for using the GNU Data Language (GDL) and for two different timing error
tests. In both cases, the timing offset, written as a multiple d¢ of an exposure time in a given waveband, where
0t = 0.5 corresponds to the timing offset used by the WMAP collaboration, was varied in order to detect its
effect on a relevant statistic of the maps. Testing an error at step (i) was done by creating low-resolution maps
and finding the maps with the least variance per pixel (Roukema 2010b)." Testing an error at step (ii) was done
by calculating high-resolution maps that included sub-cosmological objects, and finding the best focussed maps
(Roukema 2010a).* The results, summarised in Table 1, showed to very high significance that the error affected
the calibration step, but did not affect the mapmaking step directly. However, maps made from the wrongly
calibrated data necessarily include the calibration error. For example, estimates of the high-latitude quadrupole
based on the wrongly calibrated WMAP maps are overestimated by about 15-60% (Roukema 2010b). Figures 1
and 2 illustrate the sharpest focus test.
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Fig. 1. Correctly focussed (¢ = 0.5, Roukema 2010a) but wrongly calibrated (Roukema 2010b) WMAP W band
(94 GHz) image of the 53.0° x 24.7° region centred at the Galactic Centre (North up, East left), after monopole and
dipole subtraction, on a grey scale ranging from black (-20 mK) to white (+40 mK). To zoom in, see Fig. 4, Roukema

(2010a).

Table 1. Comparison of sharpest focus and minimum variance methods of testing for a timing offset error.

short name

reference
step to understand
step analysed
planets & Gal. Plane
N, side
statistic
max,/min
rejected hypothesis
accepted hypothesis
conclusion

minimum variance

Roukema (2010Db)
uncal. TOD — cal. TOD
cal. TOD — map
excluded
8
variance per pixel
min
6t = 0.5 rejected at 8.50
(6t — 0.5) x 52.1 ms = —25.6 ms
calibration step wrong

sharpest focus

Roukema (2010a)
cal. TOD — map
cal. TOD — map
included
2048
brightness of 503-rd brightest pixel
max
0t = 0 rejected at 4.60
ot =0.5
mapmaking step right

Fig. 2. Wrongly focussed, wrongly calibrated WMAP W band image, as for Fig. 1, with a timing offset §t = —5, i.e.
exaggerated by a factor of ten beyond that which generated the calibration error. To zoom in, see Fig. 2, Roukema

(2010a).
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THE HERSCHEL VIEW OF HIl REGIONS IN M 33 (HERM33ES)
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Abstract.  Within the framework of the HERM33ES Key Project (Kramer et al. 2010), using the high
resolution and sensitivity of the Herschel photometric data, we study the compact emission in the Local
Group spiral galaxy M 33. We present a catalogue of 159 compact emission sources in M 33 identified by
SExtractor in the 250 um SPIRE band which is the one that provides the best spatial resolution. We measure
fluxes at 24 pm and Ha for those 159 extracted sources. We find a very strong Pearson correlation coefficient
with the MIPS 24 im emission (r24 = 0.94) and a rather strong correlation with the Ho emission, although
with more scatter (ruo = 0.83). Due to the very strong link between the 250 um compact emission and the
24 pm and Ha emissions, by recovering the star formation rate from standard recipes for HII regions, we are
able to provide star formation rate calibrations based on the 250 um compact emission alone. Finally, the
morphological study of a set of three Ha shells shows that there is a displacement between far-ultraviolet
and the SPIRE bands, while the Ha structure is in general much more coincident with the cool dust.

Keywords: galaxies: individual: M 33, galaxies: ISM, local group, galaxies: spiral

1 SPIRE 250 um calibration of the star formation rate for HiI regions in M 33

In order to create a catalogue of compact emission sources in the SPIRE 250 pm band, we use the SExtractor
software (Bertin & Arnouts 1996). The photometry of the 159 extracted sources is computed using the parameter
FLUX_ISO given by SExtractor, which uses isophotal photometry (sum of all the pixels above a threshold given
by the lowest isophot: 16 times the background r.m.s.). Since most of the extracted objects are along the
spiral pattern of the galaxy, we believe many of the sources may be directly linked to star formation (SF). This
suggests that the SPIRE 250 pm compact emission could be a reliable SF tracer in the vicinity of HII regions.
Therefore, we concentrate our preliminary work on the 250 yum compact emission and compare its properties
with standard SF tracers such as the Ha emission line and the 24 pm compact emission linked to HII regions
(Calzetti et al. 2005, 2007, 2010; Verley et al. 2009, 2010a). To recover the Ha+24 pym SF rate (SFR), our best
fit leads to:

SFR [Mg yr— '] = 8.71 x 107*°L(250 ym)*%% | (1.1)
where L(250 ym) is in erg s~*. To recover the SFR(24), we need the following calibration:
SFR [Mg yr~ '] = 3.47 x 107* (250 ym)*-%% | (1.2)

also with L(250 um) in erg s=!. The uncertainties are 0.04 and 0.03 for the exponents in Eqs. 1.1 and 1.2,

respectively, while the calibration constants have uncertainties of 4.0 and 2.7%, respectively. Please, see Verley
et al. (2010b) for more information.
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Fig. 1. Continuum-subtracted Ha image of a set of large shells in the outer north part of M 33 (top left). Contours are
overlaid in this image to better enhance the shell features (levels are at 20, 49, 122, 300 of Ha emission measure) and
repeated in the other images for comparison.

2 SPIRE emission distributions for HII regions

Taking advantage of the unprecedented Herschel resolution at the SPIRE wavelength bands, we also focus on a
more precise study of some striking Ha shells in the northern part of the galaxy (see Fig. 1). The morphological
study of the Ha shells shows a displacement between far-ultraviolet, Ha, and the SPIRE bands. The different
locations of the Ha and far-ultraviolet emissions with respect to the SPIRE cool dust emission leads to a
dynamical age of a few Myr for the Ha shells and the associated cool dust (Relano & Beckman 2005).

We refer the reader to Kramer et al. (2010); Braine et al. (2010); Boquien et al. (2010) for more details
about the overall HERM33ES preliminary results, as well as for a first presentation of the PACS and SPIRE maps
of the entire galaxy, together with spatially averaged spectral energy distributions.

This work was partially supported by a Junta de Andalucia Grant FQM108, a Spanish MEC Grant AYA-2007-67625-C02-02, and
a Juan de la Cierva fellowship. This research was supported by an MC-IEF within the 7! European Community Framework
Programme.
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THE CAOS PROBLEM-SOLVING ENVIRONMENT: LAST NEWS

M. Carbillet!, G. Desidera?2, E. Augier!, A. La Camera?, A. Riccardi®, A. Boccaletti®, L. Jolissaint®
and D. Ab Kadir!

Abstract. We present recent developments of the CAOS problem-solving environment (PSE), an IDL-based
software tool complete of a global graphical interface, a general utilities library, and different specialized
scientific packages going from end-to-end and analytical simulations to image simulation/reconstruction,
with specialization to given instruments.

Keywords: adaptive optics, numerical simulations, image reconstruction, LINC-NIRVANA, SPHERE

Introduction

The name CAOS (“Code for Adaptive Optics Systems”) was originally used to describe the Software Package
CAOS which permits end-to-end numerical modeling of adaptive optics (AO) systems. Since a few years it also
describes the CAOS problem-solving environment (PSE), which allows to clearly separate in its own bosom the
scientific part of the original Software Package CAOS from the global interface and global structure of the
tool, permitting also to complete the whole suite with a number of other Software Packages covering a wider
area of astronomical-optics-related scientifical topics: image reconstruction/deconvolution with the Software
Package AIRY (“Astronomical Image Reconstruction in interferometrY”), deconvolution specialized for the LBT
LINC-NIRVANA instrument with the Software Package AIRY-LN (“AIRY for LINC-NIRVANA”), simulation
of the data delivered by the VLT SPHERE instrument with the Software Package SPHERE, analytical AO
modeling with the Software Package PAOLAC (“PAOLA within CAOS”), and multiple-reference AO simulations
with the Software Package MAOS (“Multiple-reference Adaptive Optics Simulations”).

The CAOS PSE is composed of a global graphical interface (the CAOS Application Builder, which per-
mits to connect together modules from the various Software Packages installed), a library of utilities (the
CADS Library), and the Software Packages (each of them being a collection of modules). Within the CAOS
Application Builder, the modules from each Software Package can be selected and placed in order to com-
pose a simulation project by combining together the modules and defining the corresponding data flow. The IDL
code implementing the simulation program is automatically generated and the whole structure of the simulation
is saved as a project that can be restored for latter modifications and/or parameters upgrading.

The CAOS Library and the CAOS Application Builder

Since the first (and last) global presentation of the CAOS PSE (Carbillet et al. 2004), the CAOS Library has
been completed with routines permitting to deal with low-light-level (LLL) CCDs, and a global noise addition
routine usable from any Software Package in the same exact manner. On its side, the CAOS Application
Builder has benefited from important debugging, leading to a very stable version of it since 6.0. In addition,
since version 7.0, and by taking advantage from the Virtual Machine feature of IDL, one can also now build an
IDL-licence-free executable made from any simulation project and which can be run afterwards on machines
with neither the CAOS PSE installed, nor even IDL licensed.
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The Software Package CAOS - end-to-end AO modeling

This is the original part of the whole CADS PSE. It has been deeply described in a paper published in 2005
(Carbillet et al. 2005) (see also Carbillet and Riccardi (2010a) for the wavefront generation issue), and it is
clearly now in a full exploitation phase. Recent developments mainly include densified-pupil capabilities and
the possibility of using the LLLCCD routines when simulating the pyramid sensor (Carbillet and Riccardi
2010b).

The Software Package AIRY - image simulation & reconstruction

Developments since the original paper (Correia et al. 2002) were numerous and concerned, among others, blind
deconvolution implementation, regularizations, accelerations, point-spread function extraction, high-dynamic-
range and super-resolution capabilities assessments, boundary effects mitigation, etc. Next to come are a new
module for Strehl-constrained blind deconvolution (Desidera and Carbillet 2009), another one for the rotation
of images, and modifications to the existing modules in order to simulate multi-frame images and common CCD
defects (and associated data reduction).

The Software Package PAOLAC - analytical AO modeling

This is the last developed package of the whole CAOS PSE. It is completely based on the well-known analytical
model PAOLA (Jolissaint et al. 2006), being a simple embedment of it (Carbillet et al. 2010). Further work includes
extending the existing modules to the whole capabilities offered by the original code PAOLA and implementation
of its brand new close-loop feature (Jolissaint 2010).

Other packages

The Software Package MAOS is still in its 8 version, but some modules are being used for GLAO simulations
(Carbillet et al. 2009).

On the other hand, the Software Package SPHERE (Carbillet et al. 2008) and the Software Package
AIRY-LN (Desidera et al. 2008), like the Software Package PAOLAC, were absolutely not foreseen in any way
in 2004. But, unlike the other packages presented here, they are not publicly distributed because completely
dedicated to a particular instrument: SPHERE on the VLT and LINC-NIRVANA on the LBT, respectively.
While the Software Package SPHERE has already attained its final version and has been already well exploited,
the Software Package AIRY-LN is in its plain development phase and begins to be exploited now.

Availability of the code

The whole CAOS PSE, except from its instrument-dedicated packages, is freely distributed, and can be down-
loaded from http://fizeau.unice.fr/caos.

References

Carbillet, M. & Riccardi, A. 2010a, to appear in App. Opt., 49, 31

Carbillet, M. & Riccardi, A. 2010b, submitted to App. Opt.

Carbillet, M., Vérinaud, C., Guarracino, M. et al., 2004, SPIE Proc., 5490, 550

Carbillet, M., Vérinaud, C., Femenia, B. et al., 2005, Mon. Not. R. Astron. Soc., 356, 1263
Carbillet, M., Boccaletti, A., Thalmann, Ch. et al., 2008, SPIE Proc., 7015, 701567
Carbillet, M., Maire, A.L., Le Roux, B. et al., 2009, EAS Pub. Series, 40, 157

Carbillet, M., Jolissaint, L., Maire, A.L. 2010, EDP Sciences (ao4elt.edpsciences.org), 03006
Correia, S., Carbillet, M., Boccacci, P. et al. 2002, Astron. Astrophys., 387, 733

Desidera, G. & Carbillet, M. 2009, A&A, 507, 1759

Desidera, G., La Camera, A., Boccacci, P. et al., 2008, SPIE Proc., 7013, 701340
Jolissaint, L. 2010, Journal of the European Optical Society, Rapid Publications, in press
Jolissaint, L., Véran, J.P., Conan, R. 2006, J. Opt. Soc. Am. A, 23, 382



SF2A 2010
S. Boissier, M. Heydari-Malayeri, R. Samadi and D. Valls-Gabaud (eds)

THE MULTI-CONJUGATE ADAPTIVE OPTICS MODULE FOR THE E-ELT
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Abstract. The Multi conjugate Adaptive Optics RelaY (MAORY) for the European Extremely Large
Telescope is designed to compensate the effects of the atmospheric turbulence over a 2 arcmin field of view
in the wavelength range 0.8-2.4 micron. The wavefront correction is performed by three deformable mirrors
driven by a wavefront sensing system based on laser and natural guide stars. Accurate relative photometry
and astrometry and infrared spectroscopy are the key science applications of the adaptive optics module
with its client instruments.

Keywords:  Extremely Large Telescopes, E-ELT, multi-conjugate adaptive optics, laser guide stars, sky
coverage

1 Introduction

MAORY (acronym for Multi-conjugate Adaptive Optics RelaY) is a post-focal adaptive optics module for the
European Extremely Large Telescope (E-ELT) (Gilmozzi and Spyromilio 2008). A Phase-A study of this module
was carried out by a consortium formed by Istituto Nazionale di Astrofisica (INAF) and Office National d’Etudes
et de Recherches Aerospatiales (ONERA) in the framework of the E-ELT instrumentation studies (Ramsay et
al. 2010) sponsored by the European Organisation for Astronomical Research in the Southern Hemisphere.

The E-ELT high angular resolution camera MICADO (Davies et al. 2010) is a candidate client instrument
of MAORY. It requires an image correction of high quality and uniformity across a 53x53 arcsec? field of view
in the wavelength range 0.8-2.4 um. Accurate relative photometry and astrometry are key science drivers of
MICADO which requires reliable and stable adaptive optics correction with calibrations limited to low order
distortion compensation. Infrared spectroscopy is also a potential application of MAORY: a possible client
instrument is SIMPLE, a single field high resolution spectrograph (Origlia et al. 2010). During the Phase-A
study other instrumental concepts were considered, exploiting the energy concentration of the point spread
function provided by MAORY: a wide field imaging camera with reduced angular resolution with respect to
MICADO and a multi-object infrared spectrograph. Having in mind these concepts, a target science field of
view of 120 arcsec diameter was considered for the module design and performance optimization. High sky
coverage is a request common to all science instruments.

MAORY is based on Multi-Conjugate Adaptive Optics (MCAQ), a concept proposed by Beckers (1989) and
proven on sky by MAD, the MCAO demonstrator for the Very Large Telescope (Marchetti et al. 2008). The
atmospheric turbulence is corrected by three deformable mirrors conjugated at different ranges: in this way the
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module design provides a performance of high quality and uniformity over the science field. The deformable
mirrors are driven in closed loop by a wavefront sensing system based on Laser Guide Stars (LGS) and Natural
Guide Stars (NGS). These general design choices are similar to those adopted in other MCAO systems as GeMS
for the Gemini telescope (Ellerbroek et al. 2003) and NFIRAOS for the Thirty Meter Telescope (Herriot et al.
2010).

2 Design overview

The foreseen location of MAORY is a bent focus on the E-ELT Nasmyth platform (Figure 1). From the optical
design point of view the MCAO module is a unit magnification finite conjugate relay based on off-axis aspheric
mirrors. The splitting of the science and LGS beams in the optical relay is accomplished by means of a dichroic,
that transmits the LGS light (wavelength 0.589 um) and reflects the science channel light (wavelength longer
than 0.6 pm). The LGS beam transmitted by the dichroic is focused by a refractive objective. Assuming
high performance optical coatings, based on multi-layer protected silver, the thermal background of MAORY
is expected to have an acceptable impact on the currently foreseen science instruments: for this reason as a
baseline MAORY is not cooled. This choice might have to be re-assessed in the future, depending on refined or
new science instrument requirements. The post-focal relay feeds two output focal stations: a gravity invariant
port underneath the optical bench, providing mechanical derotation for a light instrument as MICADO, and a
lateral port on a side of the bench to feed an instrument standing on the Nasmyth platform, detached from the
module.

Fig. 1. Layout of MAORY on the E-ELT Nasmyth platform. The telescope pre-focal station is on the left part of the
picture; MAORY is on the right. MICADO is shown underneath the optical bench of MAORY.

MAORY features three levels of wavefront correction: the telescope adaptive mirror M4, optically conjugated
to few hundred meters above the telescope pupil and complemented by the telescope field stabilization mirror
M5, and two post-focal deformable mirrors, conjugated to 4 km and 12.7 km from the telescope entrance pupil
and located in the optical relay of MAORY. High-order wavefront sensing is performed by means of six sodium
LGSs, arranged on a circle of 120 arcsec angular diameter. The LGSs are assumed to be projected from the
telescope edge: this choice translates into a slightly higher slope measurement error than central projection, due
to the larger perspective spot elongation, however it allows to get rid of the so-called fratricide effect among
different guide stars, related to Rayleigh scattering of the laser light in the atmosphere. Six Shack-Hartmann
wavefront sensors of order 84x84 subapertures are used to sense the LGS wavefronts by means of advanced
spot position measurement algorithms in order to mitigate the impact of the spot elongation effect. The LGS
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wavefront sensor measurements are complemented by three NGSs, searched over a technical field of up to 160
arcsec diameter. The light of wavelength 1.5-1.8 pm is used for fast tip-tilt and focus measurement, providing
the necessary information to solve the LGS tip-tilt indetermination problem and to retrieve the LGS focus which
is affected by the sodium altitude instability. The high order correction achieved at these wavelengths by means
of the LGS wavefront sensor ensures a spot shrinking which allows to exploit faint NGSs, translating into a high
sky coverage. The light of wavelength 0.6-0.9 um of the NGSs feeds a so-called Reference wavefront sensor of
order ~10x10 subapertures, operated at temporal frequencies in the range 0.1-1 Hz, used to monitor the LGS
non common path aberrations related to the sodium layer profile variability. A high order engineering mode of
the Reference wavefront sensor is foreseen as well, allowing a NGS-based MCAO correction to be performed.
The baseline strategy for the MCAO correction loop is pseudo open loop control (Gilles 2005), representing
a good compromise in terms of performance and computational complexity between an optimal approach as
linear quadratic gaussian control and a plain least squares approach.

3 Performance

The estimated performance of the MCAO module is shown in Figure 2 as a function of the angular distance
from the field center at four wavelengths (Kg: 2.16 pm, H: 1.65 pm, J: 1.215 pm, I: 0.9 pum) for two atmospheric
turbulence conditions (median seeing: 0.8 arcsec; good seeing: 0.6 arcsec).
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Fig. 2. MCAO module correction performance. Above: Strehl Ratio. Below: point spread function Ensquared Energy
in 75x75 mas®. Left: seeing FWHM 0.8 arcsec. Right: seeing FWHM 0.6 arcsec.

The performance is remarkably uniform out to a radial distance of approximately 60 arcsec corresponding
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to the optimization field of view. For median seeing conditions the point spread function Ensquared Energy in
a 75x75 mas? square slit, an interesting performance metric for a spectrograph, is higher than 30% in H band
on average over the 120 arcsec field.

On the basis of a study on simulated images, accounting for point spread function shape, field variation and
seeing dependency, it was shown that the relative photometric accuracy (0.02-0.03 mag RMS) and the relative
astrometric accuracy (0.05-0.1 milli-arcsec) required by MICADO are both achievable. A more detailed analysis
of the attainable accuracy, including all atmospheric effects, shall be pursued further in the future. To assist
the data analysis a study was started to develop a point spread function model including the field variation.

The sky coverage at the North Galactic Pole for median seeing is shown in Table 1. It was estimated on
the basis of Monte Carlo simulations of random asterisms with star densities derived from the TRILEGAL
code v1.2 (Girardi et al. 2005). Anisoplanatic effects, measurement noise and temporal error were considered,;
windshake, a major contributor to image jitter, was included in the calculation of the temporal error, assuming
a Kalman filter taking into account the windshake statistical properties. Stars as faint as magnitude H=21 were
used: currently available infrared star catalogues do not reach this magnitude limit, but it was assumed that
such catalogues will be available by the time the E-ELT will be operating or that it will be possible to make
a pre-imaging of the target field. The sky coverage in the table is expressed in terms of the percentage of sky
at the North Galactic Pole where a given minimum performance averaged over the MICADO field is achieved.
The first line of the table corresponds to the nominal performance shown in Figure 2 for median seeing. The
sky coverage shown here relies on a solid basis: the relatively good correction performance achieved in closed
loop over the whole NGS search field.

Strehl Ratio Sky coverage
K, H J 1
0.53 0.34 0.14 0.03 39%
0.51 0.32 0.13 0.03 50%
0.41 0.22 0.06 0.01 80%

Table 1. Sky coverage at the North Galactic Pole.

More detailed information about MAORY may be found in Diolaiti et al. (2010), Foppiani et al. (2010) and
on the project web page www.bo.astro.it/maory.
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SIMULATIONS OF WAVE FRONT MEASUREMENTS AND TOMOGRAPHY FOR
EXTREMELY LARGE TELESCOPES

M. Chebbo!, B. Le Roux?, J.F. Sauvage® and T. Fusco*

Abstract. The control of AO systems dedicated to ELT is a difficult problem related to the large number
of degrees of freedom. The standard and most used adaptive optics AO control starting from the integrator
to the LQG are not useful in such a case. In fact, for future Extremely Large Telescope (ELTs) the number
of degrees of freedom is very large related to the large diameter of the ELTs and the emergence of new
architectures for the AO systems. So that the necessary computational power for real time control RT'C on
such systems is currently unattainable when using these control methods. Thus, more efficient algorithms
are required. We present simulation results of a tomographic AO system in the configuration of EAGLE
instrument (multi-object adaptive optics).

Keywords: adaptive optics, inverse problem, reconstruction, sparse matrix

1 Introduction

In this article we describe an adaptive optics simulation platform, which can be used to simulate adaptive optics
systems on the largest proposed future extremely large telescopes ELT. This simulator is based on a sparse library
created by RALPH Flicker, it’s a sparse Operations with Yorick/IDL originates from a collection of IDL/C
routines that are used together for a specific purpose: efficient wave front reconstruction in adaptive optics
simulations®.We introduce a solution for a fast wavefront recontructions and then the results for simulations
and reconstructions done over an octopro 2.1GHZ.

2 E2E CAOS simulations

The CAOS "system” (Code for Adaptive Optics Systems) is properly said a Problem Solving Environment
(PSE) (Carbillet et al. 2004). MAOS (that stands for Multiconjugate Adaptive Optics Simulations) developped
for multi-reference multiconjugate AO studies purpose. PAOLAC which is a simple CAOS interface for the
analytic IDL code PAOLA (Carbillet et al. 2005) . The first step of our work consisted in validating the
computing capabilities for ELT simulations. First of all, using a standard biprocessor computer, we simulated
classical adaptive optics with CAOS for different telescope diameters, from 8m to 28m. For larger telescopes,
the biprocessor computer was not able to make the simulation (see Figurel) . Our second step consisted in
simulating classical adaptive optics on an octoprocessor computer so that we reached a 42m telescope . We
present the simulation time for the different simulation reached by a bi and octoprocessor. For a 42m, 8 hours
of simulation are required. Moreover the simulation of GLAO FOR 28m telescope on an octoprocessor, using
4 guide stars on the border of a 40 arcmin field of view. The deformable mirror is 31x31 actuators and the
Shack-Hartmann WFS is 30x30 sub-apertures. The atmosphere is composed of 4 turbulent layers at 10, 100,
1000 and 5000 m of altitude the E2E simulation times tooks 1 day. As a conclusion, the dramatic increase of the
number of degrees of freedom while simulation AO for the ELT makes our work more difficult using CAOS. For
those reasons we are going to introduce the SOY/I library created by Ralf-Flicker in the purpose of an efficient
wave front reconstruction in adaptive optics simulations.
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3 ONERA, BP 72, 92322 Chatillon cedex, France
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3 Modelization of a Shack-Hartmann

The purpose of this chapter is to analyse the noise introduced by a SH on the slopes of an incident WF and to
reconstruct a wave front given the measurements, all by using the real matrix and the generalized inverse.

In fact, a model of the wave front sensor allows to link the measurement S to the incoming phase ¢. It can
be written as

S=D®

3.1 Zonal approach

In order to determine the matrix D of N*M elements, we are going to use the finite difference to express the
slopes in terms of the discrets phase values. Considering the Shack-Hartmann with square subaperatures, and
by using the Frieds model (Rousset 1999) :

ng = [(Pi+154+1 + Git1j) — (65 + Pij41)]/2d
Sii = [(bir141 + Gij+1) — (dij + div15)]/2d
Where D is the interaction matrix. Created by four diagonals corresponding to the response of WFS on each

phase ¢;; at the corner of each subaperature. So the elements of D are +(2d)~! or 0. By using the inverse
problem and given the measurement we are able to estimate the phase:

¢ =D'S
Dt = (DTD)~"'DT
We verify in Figure 2 that the power spectral density introduced by the subaperatures of a Shack-Hartmann in
the phase slopes follows the inverse of the square of the special frequency.
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4 E2E Sparse Matrix Simulator

4.1 Volume phase reconstruction

We generate a turbulent phase corresponding to each layer (see Figure 4), then we build a matrix in a sparse
format giving the number of none zero elements to be stored for each direction and each layer. This matrix
provides the projection of the phase in the pupille coming from all the analyses directions, supposed that we
have 3 layers and 5 directions this matrix is (N2 x 5, N2 x 3)

¢a = I¢c

The estimation of the wave front given the measurement in the different directions is an inverse problem which
must be solved using proper regularization in order to improve the quality of the solution while avoiding noise
amplification or ambiguity due to missing data. Estimating the phase requires the inversion of the covariance
matrix, moreover for the ELT the number of actuators being considered is in the range 10* —10°, so the inversion
of the covariance matrix using the present methods needs a lot of time to calculate and a huge memory to store,
moreover those present reconstructor scales more than O(N?) .

=TT 1T ppes

To avoid the direct matrix inversion we propose to use an iterative method with Jacobi preconditioner to solve
the linear system :

(ITD¢ = I" Gpes

Where the first factor is a symmetric positive definite sparse matrix, and the MVM (matrix-vector multiplica-
tions) is carried out sparsely by the ruoxv(a,v) function.

4.2 Simulation results

For a telescope 190x190 pixels in the metapupil, Ry = 0.159m and RSB = 20 in 5 arcmin. We show the
estimated phase in four layers as it is shown in Figure 5, given the measurements from Figure 3.

Fig. 2. The wave front measurement in nine directions for a 42 m in 5 arc min

As a conclusion of this section, we generate a turbulent wave front in the layers, using a projector matrix
built in a sparse format and providing a bilinear interpolation we project the phase in the pupille, we add
the wave front sensor noise, then using an iterative methode and the jacobi preconditioner we solve the linear
probleme in order to estimate the phase corresponding to the different layers.

5 Computing time characterization of the E2E Sparse Matrix code

Since we are looking to simulate AO for ELT, its important to proove that we have a fast wave front recon-
structor.

Fig. 3. Turbulent phase Fig. 4. estimated phase
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Running on an octopro 2.1 GHZ and using the sparse End To End simulator we show in Figure 13 the result
of the simulation for a different dimension of the telescope and where we reach the 42m for about 4min.

a0

leacope diameter [m]

Fig. 5. Time characterization of the E2E sparse simulator

We demonstrate above the efficiency of the sparse matrix simulator for an AO system for the ELT, and as
shown we are going 100 times fast then a CAOS E2E simulator running on the same octoprocessor.

6 Conclusion and perspective

We have presented an Adaptive Optics E2E simulator which includes a very fast wave front reconstruction
which is dedicated for the Extremely Large Telescope.

Our code takes advantages of the SOY library, where we build the interaction and reconstruction matrix in a
sparse format. Based on a script for solving linear systems by conjugate gradient with Jacobi preconditioner ,
our reconstruction matrix is computed very fast.

Moreover, this simulator is going 100 times faster then a present simulator running on the same octoprocessor.
The objective of developing this code is to obtain an E2E simulator for wide field of view instruments for ELTs
and more spcifically for an MOAO instrument such as Eagle on the E-ELT. The next step of our work, on which
we are currently working to acheive this objective is the implementation of the laser guide stars and the wave
front sensor such as Shack-Hartmann.
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SOME RESULTS ON DISTURBANCE REJECTION CONTROL FOR AN ADAPTIVE
OPTICS SYSTEM

J.-P. Folcher!, A. Abelli', A. Ferrari’ and M. Carbillet!

Abstract. Using linear quadratic gaussian (LQG) control theory, we propose a disturbance rejection control
for an adaptive optics (AO) system. An a posteriori frequency analysis of the AO multivariable feedback
system is carried out to check stability and robustness properties. We present numerical simulations to
demonstrate the effectiveness of the proposed approach.

Keywords: adaptive optics, linear quadratic gaussian control, MIMO feedback analysis

1 LQG disturbance rejection control for an AO system

1.1 LQG state-space system

Deformable mirror (DM) and wavefront sensor (WFS) dynamics are assumed linear and determined by their
influence matrices and pure delays (command input, measured output) as in Kulcsar et al. (2000). An autoregres-
sive (AR) system describes the time evolution of the atmospheric wavefront. The obtained LQG discrete-time
state-space system is diagonal and separates the plant dynamics (DM & WFS) and the disturbance dynamics
(AR model). Thus, the AO control problem can be formulated as a LQG disturbance rejection control problem,
see Bitmead et al. (1990); Folcher et al. (2010).

1.2 Control objectives & LQG design

Good adaptive optics performance (resulting in high Strehl ratios in the data) is obtained when the residual
wavefront variance is weak. Keeping DM command input in an admissible range is also an important control
objective. These two specifications can be translated in terms of the LQG cost criterion (to be minimized)
for the given state-space system. The solution of the LQG problem, called the LQG controller, is simply
the combination of a linear quadratic regulator (LQR) and a linear quadratic estimator (Kalman filter). The
separation principle (see Kwakernaak and Sivan (1972); Anderson and Moore (1990)) guarantees that optimal
state feedback gain and optimal observer gain can be computed independently. Moreover, for this specific
disturbance rejection problem, the gains computation involve the resolution of reduced order Algebraic Riccati
equations. This makes this control problem amenable to an efficient numerical solution.

2 Numerical simulations

2.1 Main parameters

For numerical modeling purposes, the Software Package CAOS Carbillet et al. (2005) is used to generate
1000x 1 ms wavefronts propagated through an evolving 3-layers turbulent atmosphere (ro=10cm at A=500nm,
Lo=25m, wind velocities=8-16 m/s). We consider an 8-m telescope, with 0.1 obstruction ratio. Wavefronts are
projected over a Zernike polynomials base of size 15. DM controls perfectly low spatial frequencies: the influence
matrix is M,, = I,,. An 8x8 (=52) subaperture Shack-Hartmann WFS (8x8 0.2” px/subap., Ag=700nm) is
choosen. The WFS influence matrix M,, was previously determined numerically (interaction matrix computed
through simulation of the AO system calibration).

1L UMR 6525 H. Fizeau, Université de Nice Sophia Antipolis/CNRS/OCA, Parc Valrose, 06108 Nice Cedex 2, France
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2.2 LQG controller design

The sampling period is T=1ms, and command input and measured ouptut delays are considered unitary. The
weighting matrice R, which defines the minimized LQG quadratic cost is fixed to R=10"2. Two WFS noise levels
are considered: V=1072I (design 1) and V=10"I (design 2), for which we obtain two candidate controllers.
We invite the interested reader to consult the companion paper Folcher et al. (2010) for more details.

2.3 Frequency analysis of the AO multivariable feedback system

The residual wavefront variance control objective can be written in the frequency domain for given atmospheric
wavefront’s power spectral density, and WFS noise’s power spectral density. This relation (see Kulcsar et al.
(2000)) gives constraints on the frequency response of the residual wavefront rejection transfer function and the
measurement noise rejection transfert function. The singular value plot of these highly multivariable transfer
functions are given in the companion paper Folcher et al. (2010) for the two candidate controllers. Design 2
rejects better the residual wavefront, but is more sensitive to measurement noise. Singular values of residual
wavefront rejection transfer function also exhibits a higher resonant factor which indicates a weak input stability
margin. The frequency analysis selects the controller of design 1 as the final controller.

2.4 Time responses

Three components of the signal w, (Zernike coefficients from the simulated atmospheric wavefronts) and residual
wavefront coefficients w, are plotted in Fig.1. LQG controller rejects the atmospheric perturbation: residual
wavefront coefficients w, are reduced by a factor of 100.

1

05

-05F

Time [s] . Time [s]

Fig. 1. Time evolution of w, (on the left) and w, (on the right) for the 5th mode (plain line), for the 10th mode (dashed
line), and for the 15th mode (dashed-dot line).

As a result of this test simulation: on the 15 Zernike modes controlled, the total standard deviation drops
down from ~1030 nm to ~30nm (all modes standard deviation: ~1150 nm, uncorrected modes: ~500nm).
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UTILIZATION OF THE ENSEMBLE KALMAN FILTER: AN OPTIMAL CONTROL
LAW FOR THE ADAPTIVE OPTICS OF THE E-ELT

M. Gray' and B. Le Roux!

Abstract. Adaptive Optics (AO) systems require the implementation of techniques intended for real time
identification of atmospheric turbulence. Nowadays there are several approaches. One of them is using the
Kalman Filter (KF) and presents numerous advantages at the level of optimal control. However it will be
impossible to install this process within the frame of an AO system for any ELT class telescope because of the
quantitative leap in the number of parameters (high dimensional system) and consequently the quantitative
leap in the cost in real time processes. First of all, we briefly give some backgrounds of AO on 8-10 m class
telescopes and the utilization of the KF for an optimal control law. Then we present the Ensemble Kalman
Filter (EnKF), a recent method tried and tested in Geophysics and which is particularly well suited for a
transition to a very high number of parameters. After a description from a general point of view, we shortly
present the numerical implementation and two main approaches for simplifying the matrix equations of the
estimation in order to reduce the computational complexities of this technique. Finally, we propose some
different perspectives and future works of this approach.

Keywords: adaptive optics, E-ELT, Kalman filter

1 Background

1.1 Adaptive Optics command on 8-10 m class telescopes

In a standard AO system, the wave front sensor which gives a measurement of the wave front shape is located
after the corrector element, a Deformable Mirror (DM). The wave front sensor gives then access to the shape of
the residual phase. From its measurements, one has to compute the new optimal voltages to apply on the DM.
The whole system therefore works in a closed loop. The usual control law for classical AO on standard 8-10
m class telescopes is made of a simple integrator control law on which the integrator gain has eventually been
optimized with respect of the signal to noise ratio, in order to minimize the propagation of the noise mode by
mode. When the phase is decomposed on a basis of modes, it in fact appears that the signal to noise ratio can
be different on each mode. It becomes then possible to adjust the integrator gain on each mode.
Unfortunately, this approach on special AO systems, such as wide field AO, does not allow to correct efficiently
the turbulence because in those cases, some energetic modes have a very poor signal to noise ratio.

It becomes then necessary to estimate those modes and not only to filter them : the Kalman Filter (KF) based
control law allows this estimation.

1.2 Utilization of the KF and notations used for the Multi Conjugate AO (MCAQ) on 8-10 m class telescopes

On a 810 m class telescope, the KF based control law improves the performance of wide field of view AO
systems (MCAO for example), thanks to its ability to estimate the badly seen modes (with a low signal to
noise ratio). It is also very helpful in eXtreme AO systems to predict and compensate the telescope vibration’s
effects. We will use the notations and the structure of the control law presented for MCAO in Le Roux et al.
(2004) and Petit et al. (2009). For the hidden state vector, we choose an expression with the turbulence phase
at 3 successive instants and the DM’s voltages at 2 successive instants :
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Xe= (@) (@) ()T ()" (ure2)” )"

We have a linear state space model whose solution in the Gaussian case is given by the KF :

DI -] B b @ [0 0]we [id
Xk+1 = Id O 0 Xk —|— O Vk ] Xk+1 = |:Id 0:| Xk —|— |:O:| Uk
0 Id o 0
and : Yy, = [0 0 DME} % X1(<1) + [ DMI{;/IN] X(2) Wy
The estimation of the predicting state vector is : Xgll/k =AM x X1(<1/) + AM x Hy x [Yy — ?k/k_l]
with : Vigpo1 =CH x XD +CO x X(2>
The Kalman gain is : Hy = 2(1) C(l [C(l)E C(l)T +3 07t
with the Riccati equation : E’(clﬂ/k = A(l)g A(l)T A(l H,C( E(l A(l)T +3,

1.3 Limitations of the KF for the AO systems of the E-ELT

Such a control law would be very helpful on an ELT class telescope. But it is becoming to much computing
demanding, as the number of parameters increases dramatically. If the dimension n of the state vector is large
(about 10° for the E-ELT), then computing and storing large nxn covariance matrices is impossible and the
products for the estimation error’s covariance matrices are even more problematic to work out.

2 The Ensemble Kalman Filter (EnKF) for the AO systems of ELT class telescopes

2.1 Presentation and theoretical concepts of the EnKF

The idea will be to use Monte Carlo samples and not to use the exact estimation error’s covariance matrices.
EnKF represents a distribution of the system state using a random sample, called an ensemble, and replace the
covariance matrices by the sample covariance matrices computed from the ensemble.

EnKF is a Monte Carlo approximation of the KF which avoids evolving the real covariance matrices.

First of all, an initial ensemble of Ny elements is simulated as Independent Identically Distributed (ITD) Gaussian
random vectors with the same statistics as the initial condition Xy : Xé /05 - XoN/o

During the prediction step, given the previous analysis ensemble, each ensemble element i is propagated
independently according to the state equation (i is an integer from 1 to Ny) :

Xi o = AX X+ Vi

We have to notice that IID random vectors VL are simulated with the same statistics as the additive Gaussian
model noise Vi in the original state’s equation. We can then calculate :

the empirical estimation mean vector : mb; = L x SN Xi

: k/k—1 — N, i=1 "k /k—1

and the empirical estimation error’s covariance matrix :
Ny 1 Ns (<ri . Ng i N T
Pyko1 = mo1 X >im1 (X mk/kfl)(Xk/kfl mk/kfl)

During the correction step, given the previous forecast ensemble, each ensemble element i is updated inde-
pendently according to the estimation equation :

‘< ‘& Ns i i
Xk = Xp o HHePj ) x [Ye+ W = Cx X ]

We have to notice that IID random vectors W} are simulated with the same statistics as the additive Gaussian
measurement noise Wy in the original observation’s equation. But there are 2 approaches (see 3.3 and 3.4) :
the covariance matrix ) can be obtained from the randomized data or from the real measurement errors.
We can then calculate :

the empirical Kalman gain matrix : Hy (PY oy 1) Pllj/k . x CT x [C x Pllj/sk_l xCT+3 17!
the empirical estimation mean vector : mf/k = X 21:1 k/k

The ensemble covariance matrix ngk_l is computed from all ensemble members together which introduces
dependence and destroys the normality of the ensemble distribution. But Mandel et al. (2009) gives a mathe-
matical proof of the convergence of the EnKF in the limit for large ensembles to the KF (large ensembles are
in fact nearly IID and nearly normal). In Geophysics, they usually use a value of Ny between 50 to 100.
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2.2 Utilization of the EnKF for the AO systems of the ELT class telescopes

The EnKF allows to bring on an ELT all the advantages of the state space formalism of a KF based control law.
The ability of estimating the unseen modes for wide field AO remains critical. On an ELT class telescope, the
ability to filter out vibration’s modes thanks to an adapted state space model can also become fundamental, as
the vibrations of an ELT class telescope is a critical issue.

3 Numerical Implementation of the EnKF

3.1 Implementation of the EnKF

It can be shown (Evensen (2003); Mandel (2006)) that, during the correction step, the vectorial equation can
be rewritten with this new matriz equation :

Xk/k = Xk/kfl Zk(czﬁ)T X [(czk)(clzk)T + 2]t x Dy — CXk/kfl]
with : Zy = Xk/k_l X [In, — Ni x Jn,] and  Jx.  a matrix with each element is equal to 1.

3.2 Computational Complexities of the EnKF

For the estimation of the computational complexity of this formula, we will only consider the number of multi-
plications. We just have to know that the multiplication of a matrix of size n; X ns by a matrix of size ny X ng
has a numerical cost of 1y X ny X ng  multiplications. This cost is noticed : O(n; X ng X n3).

We have also to remind that : n is the number of coordinates in the state’s vector Xy, p is the number of
coordinates in the observation’s vector Yy, and Ny is the number of elements in the ensemble.

3.3 Evensen's Approach

The observations Dy are treated as random variables having a distribution with mean equal to the first-guess
observations and covariance matrix equal to ¥,, (the simulated random measurement errors W} have a mean
equal to zero). We define the ensemble covariance matrix of the measurements as : £, = ﬁ X Z?;l WiwiT
As Evensen wrote : ”the actual observation error covariance matrix is poorly known and the errors introduced
by the ensemble representation can be made less than the initial uncertainty in the exact form of ¥,,. Further,
the errors introduced by using an ensemble representation for ¥, have less impact than the use of an ensemble
representation of matrix Pk Je—1" 7

Using a Single Value Decomposition (SVD), a pseudo inversion and with the assumption of uncorrelated forecast
elements and measurement errors, for the correction step, the new estimation’s formula is :

Xp/k = Xip-1 + Zi(CZi)T x 01(ZET)TOT x Dy — CXy 1]

The total computational complexity obtained is : O(N2 x (n+p))
which is linear and suitable for large values of n and p.

3.4 Mandel's Approach

The matrix ¥, is the covariance matrix of the real measurement errors rather than the sample covariance

matrix of the randomized data. Because ¥, is always positive definite, there will be no difficulty to compute
= SST (very low cost) and calculate the inverse X ,'. Moreover, there will be no need to use a pseudo

inversion or a SVD on a large matrix.

Using the Sherman-Morrison-Woodbury formula and a Cholesky decomposition on a small matrix (its size is

only Ny x Ny), for the correction step, the new estimation’s formula is :

+ BCB)TE T C2) 1 -1(§-107,)T}S~ Dy, — CXyepe 1]

Ng—1

1
Xk = Xppo1 + 70&‘){1 CZ“ [N

s

The total computational complexity obtained is : ON2 +N2 x (n+p))
which is linear and suitable for large values of n and p.
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3.5 Comparisons

These two implementation techniques have a linear computational complexity in the number of degrees of
freedom m and in the number of degrees of observation p (with a proportional factor N2).

However the method used by Mandel involves symmetric products of matrices which is numerically more stable
and allows to save memory.

The problems using a low rank measurement error covariance matrix pointed out by Kepert (2004) are resolved
in Evensen (2004) where he introduced a new Square Root implementation of the EnKF.

4 Conclusions

We have made a brief and simple description of two different efficient implementations of the EnKF (with a
linear complexity) in order to use it as an optimal control law for the AO systems of the ELT class telescopes.
This version described here involves randomization of data. But some alternative methods (without random-
ization of data) based on Square Root analysis schemes and the Ensemble Transform Kalman Filter (ETKF)
seem to be very promising : some theoretical studies on the links between ETKF and the AO/MCAOQO for the
E-ELT will be therefore deepened. The next step will be to adapt the current routines in order to implement
them on our AO simulator for different numerical simulations. Then some works on the hardware and software
design will be made to obtain precious gain in the real time identification. And finally, we will compare our
results with those obtained in the other existing methods for the AO systems of ELT class telescopes.
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SPACE ACTIVE OPTICS: IN SITU COMPENSATION OF LIGHTWEIGHT PRIMARY
MIRRORS’ DEFORMATIONS

M. Laslandes', M. Ferrari', E. Hugot! and G. Lemaitre!

Abstract. The need for both high quality images and light structures is a constant concern in the concep-
tion of space telescopes. The goal here is to determine how an active optics system could be embarked on a
satellite in order to correct the wave front deformations of the optical train. The optical aberrations appear-
ing in a space environment are due to mirrors’ deformations, with three main origins: the thermal variations,
the weightlessness conditions and the use of large weightlighted primary mirrors. We are developing a model
of deformable mirror as minimalist as possible, especially in term of number of actuators, which is able to
correct the first Zernike polynomials in a specified range of amplitude and precision. Flight constraints as
weight, volume and power consumption are considered. Firstly, such a system is designed according to the
equations from the elasticity theory: we determine the geometrical and mechanical characteristics of the mir-
ror, the location of the forces to be applied and the way to apply them. Then the concept is validated with a
Finite Element Analysis, allowing to optimize the system by taking into account parameters absent from the
theory. At the end, the mirror will be realized and characterized in a representative optical configuration.

Keywords: active optics, elasticity, aberrations correction, deformable mirror, space telescope

1 Introduction

The need for both high quality images and light structures is a constant concern in the conception of space
telescopes. In this paper, we present an active optics system as a way to fulfill those two objectives. Indeed,
active optics consists in controlling mirrors’ deformations in order to improve the images quality (Freeman

1982). The two main applications of active optics techniques are the in-situ compensation of phase errors in a
wave front by using a corrector deformable mirror (Wilson 1987) and the manufacturing of aspherical mirrors by
stress polishing or by in-situ stressing (Hugot 2009). We will focus here on the wave-front correction. Indeed,
the next generation of space telescopes will have lightweight primary mirrors; in consequence, they will be
sensitive to the environment variations, inducing optical aberrations in the instrument.

An active optics system is principally composed of a deformable mirror, a wave-front sensor, a set of actuators
deforming the mirror and control/command electronics. It is used to correct the wave-front errors due to the
optical design, the manufacturing imperfections, the large lightweight primary mirrors’ deflection in field gravity,
the fixation devices, and the mirrors and structures’ thermal distortions due to the local turbulence (Kendrew
2006). Active optics is based on the elasticity theory (Lemaitre 2009); forces and/or load are used to deform
a mirror. Like in adaptive optics, actuators can simply be placed under the optical surface (Wilson 1987), but
other configurations have also been studied: a systems simplification, inducing a minimization of the number
of actuators can be achieved by working on the mirror design (Lemaitre 2009). For instance, in the so called
Vase form Multimode Deformable Mirror (Lemaitre 2005), forces are applied on an external ring clamped on
the pupil. With this method, there is no local effect due to the application of forces on the mirror’s back face.
Furthermore, the number of actuators needed to warp the mirror does not depend on the pupil size; it is a fully
scalable configuration.

The insertion of a Vase form Multimode Deformable Mirror on the design of an optical instrument will allow
correcting the most common low spatial frequency aberrations. This concept could be applied in a space
telescope. A Finite Element Analysis of the developed model has been conducted in order to characterize the
systems behavior and to validate the concept.
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2 Vase form Multi-mode Deformable Mirror

2.1 Needs in space

Lightweight primary mirrors of space telescope will loose their best shape mainly because of the thermal dilata-
tion and the weightlessness conditions (Kendrew 2006). It will induce Optical Path Differences (OPD) in the
instrument corresponding to the first optical aberrations.

Following previous studies in close collaboration with the French space agency (CNES) and space industry,
we can assume that correcting the first 9 optical modes Spherical3, Comad, Astigmatism3&5, Trefoil5&7 and
Tetrafoil7&9 is enough to significantly improve the wave-front quality. The rms amplitude of the wave-front to
be corrected is chosen on the order of A = 632.8 nm with a required precision of A/20 rms in Wave-Front for
each mode. The design of the correcting mirror for such an application has also to consider some particular
constraints such as the weight, the volume, the power consumption or the resistance to the launch vibrations
(CNES 1998).

2.2 Principles of deformation and design

A Vase form Multi-mode Deformable Mirror (VMDM) is composed of a circular meniscus, an outer ring of
biggest thickness and k,, arms regularly clamped on the ring. The deformation of the pupil is obtain by
applying a set of 2k, forces located on the ring and at the end of each arm.

As demonstrated by Lemaitre (2005), such a system can compensate a set of Zernike polynomials verifying
n=m or n =m+ 2 (with n and m the radial and azimuthal orders).Given the symmetry of the modes needed
to be generated to meet our specifications, we have chosen to use a mirror with 12 arms, allowing creating
the deformations in several orientations. Furthermore, in order to correct the spherical aberration, a central
clamping on the back face of the mirror, fixed at its base, is added relatively to the usual VMDM design (Fig.1).
In order to have a light system, the dimensions of the studied mirror have been reduced to a minimum: the
diameter of the equipped mirror (including the arms) is set to 130 mm. All the mirror’s characteristics have
been optimized to obtain the most efficient system possible. For that purpose, a Finite Element Analysis (FEA)
has been performed.

Fig. 1. Finite Elements model of the studied VMDM (77879 nodes, 63708 hexaedrical elements)

3 Correcting system performances

3.1 Influence Functions and Eigen Modes

Leaning on a VMDM’s FEA model (Fig. 1), we develop a method to determine the needed forces using the phase
decomposition on the mirror’s influence functions base (Gray 2008; Paterson 2000). The influence function of
an actuator, gbf Fis the resulting mirror surface shape when that actuator is given a unit command. For a
VMDM configuration, there are two types of influence functions: the deformation maps when we push the end
of the arm, and when we push on the ring. The influence functions base gives also access to the system’s eigen
modes. They are shown in Figure2 They are very close to optical aberrations and represent an orthogonal base
of the system: linear combinations of them give all the deformations that the system is able to produce. The
modes are classified from the less to the more energetic.

The decomposition on the mirror’s influence functions or eigen modes allows characterizing the mirror in a fast
and accurate way. In the FEA model, we acquire the 2k,, influence functions. The decomposition of a phase
map on this characteristic base permits to reconstruct the deformation that the system is able to generate.
Comparing it to the initial phase, the precision of the correction is determined.
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Fig. 2. Mirror’s Eigen Modes

3.2 Precision of correction

The purity of each mode is determined by calculating the residues obtained when the aberration is corrected
with an amplitude of X\. The results are presented in Figure3, left. With less than 2% of residues, the Coma3,
Trefoil5 and Astigmatism3 are precisely corrected (WFE< A\/60 rms). Trefoil7, Tetrafoil7 and Astigmatism5
can be generated with 5% of residues and they are just at the /20 specification. On the other hand, the
Spherical3 and Tetrafoil9 aberrations induce more residues (around A\/8). We can note that residues mainly
come from the presence of the central clamping and from the difference between the modes’ symmetry and the
mirror symmetry. The residues projection on the Zernike polynomials base shows that they are composed of
harmonics of the considered aberration.

The projection on the influence functions base gives the values of displacement to be applied in order to generate
the given phase. Applying those values in the FEA model we can visualize the mirror deformation (Fig3, right).
This last step allows us to validate the decomposition method and to study the system behavior (displacements,
stress in the material etc.).
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Fig. 3. Left: Residues for a modal correction of 1A - Right: Mirror deformation corresponding to Astigmatism34&5
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It is important to study the mirror’s performances in a situation close to the real functioning of this correcting
system. In such a case, the wave-front to be corrected will be a combination of the 8 modes presented before
plus others minors terms. Because the generation of Spherical3 and Tetrafoil9 induces a too much residues, we
decide to correct them only up to an amplitude of A/3, so that the amount of residue is lower than A/20 for
each mode.

Firstly, we consider the worst case: the incident phase is composed of the 8 aberrations at their maximum
amplitude. The residual error is then about \/8 rms.

To have a representative idea of what the system can achieve, we calculate the residues after the correction
of a random phase map. The OPD map is created by adding all the modes, balancing them with a random
coefficient between 0 and their maximum corrigible amplitude. Studying the statistics after several random
draws gives the expected mean precision achievable by the system. For 1000 random maps, the mean precision
correction achieved is around A/15 rms with a standard deviation of A/60.

4 Conclusions

The very simple concept of Vase form Multimode Deformable Mirror seems to be applicable and very efficient
to improve the wave-front quality in a space telescope. We have seen in this paper that it allows correcting,
with a good quality, the first Zernike polynomials: Comas, Astigmatisms, Trefoils and Tetrafoils. The spherical
aberration can also be generated with the presence of a central clamping on the mirror’s back face. In addition,
this holds the entire system. A system with 12 arms is preferred because it can easily create shapes of several
symmetries. To characterize the system, we have considered the mirror’s influence functions and eigen modes.
Knowing these characteristics, the correction capabilities have been determined for each mode separately and
for more representative phases. With this work, we have defined some specifications for the amplitudes that
can be corrected in an efficient way.

The Comas3, Astigmatisms3&5, Trefoilsb&7 and Terafoils7 are easily generated at amplitudes around 1A rms
with a precision better than A/20 rms. The corrections of Spherical3 and Tetrafoils9 require more energy and
are less precise; we choose to correct them at a maximal amplitude of A\/3 rms to obtain the same precision.
The element inducing a significant part of the residues is the central clamping, but it allows the generation of
Spherical3 despite the absence of an uniform load. Simulating the correction of random phase maps, the mean
residual phase is around A/15 rms.

Those results are promising for the application of such a concept to the compensation of the deformations
in a large space telescope. The next step is to realize a prototype of this correcting mirror and test it in a
representative configuration.
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