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An E-ELT DRM science case:
stellar population and stellar dynamics
in deeply embedded dense massive protoclusters

Hans Zinnecker (AIP and ESO visiting scientist)

OR
The answer is 42, but what was the question?
(from The Hitchhiker's Guide to the Galaxy)



We discuss the potential of the 42m E-ELT
at 2 - 5 microns (broad band and narrow band filters)
to probe the number density and brightness of deeply
embedded massive stars and young stellar objects just
formed in dense Galactic proto-cluster molecular clouds
(ultracompact HITI regions, hot cores, outflow and maser
sources), penetrating as much as 200 mag of visual extinction.
The combination of precise astrometric, proper motion (1mas/yr)
data and high-spectral resolution, radial velocity (R > 10%)
data are crucial to study dynamical processes associated with
cluster formation, such as tight massive binary formation
and gravitational interactions followed by slingshot stellar
ejections (runaway stars). Integral field spectroscopy is
needed of these dense and crowded clusters (up to 100
objects per square arcsec at apparent magnitudes K = 25-28).



talk outline

. The 42m E-ELT
- science cases
- instruments

- resolution

- sensitivity

. Interstellar extinction in the Infrared

. DRM proposal: The origin of massive stars
(a particular science case for the E-ELT)

- embedded dense stellar population
- embedded stellar (and gas) dynamics

. Some examples of dense young star clusters

. summary and conclusions (synergy with ALMA)



http://www.eso.org/sci/facilities/eelt/science/drm/tech_data/instruments




E-ELT

Figure 1: The two optical designs considered during
the Basic Reference Design development: five-mirror
(left) and Gregorian (right).

R. Gilmozzi & J. Spyromilio (ESO), ESO-Messenger 127, 2007



E-ELT

Waves

Figure 5: Wavefront aberrations in the laser guide
stars. The five-mirror design (right) has a clear ad-
vantage over the Gregorian (left).

R. Gilmozzi & J. Spyromilio (ESO), ESO-Messenger 127, 2007



http://www.nature.com/news/2008/080312/full/452142a.html

Big Ben clacktower
{96.6 metres) for scale

Planned construction period - 2010-2017 (First mirror already cast)

_ Potential supportfrom $34-billon Harverd  §200-millon git from Intelfounder
" endowment or Texas billonaire George Mitchell . Gordon Moore
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THE E-ELT DESIGN REFERENCE MISSION

DRM SCIENCE CASES

The following is the list of ‘prominent’ science cases chosen by the 5VW5 to be studied by the DREM:

s Planets & Stars
o S3: From giantto terrestrial exoplanets: detection, characterization and evolution {(demo case)
o 89: Circumstellar disks
o 55: Young stellar clusters and the [nitial Mass Function

s Stars & Galaxies
o G4 Imaging and spectroscopy of resolved stellar populations in galaxies (demo case)
o GY: Black holes and AGH
e Galaxies & Cosmaology
o G10: The physics of high redshift galaxies (demo case)
o C4: Firstlight - the highest redshift galaxies
o C7:1sthe low-density intergalactic medium metal enriched?
o C2:Adynamical measurement of the expansion history of the Liniverse

The letterfnumber combinations refer to the science case designations in the 5WG's first report.

http://www.eso.org/sci/facilities/eelt/science/drm/cases.html



INSTRUMENTS

The following table lists the instruments that are 'available' for DRM simulations. Please note that this is a list of virtual' instruments
intended to serve as a starting point for the DREM only. This should not be taken to reflect any priorities orto represent a list of real
instruments to be studied for the E-ELT.

Wavelength Field of view and
range AOQ mode : : Comments
sampling
[pm]
Diffraction Limited 30"=30" Desired: up to 2'=2'Fol with 10 mas/pix.
Imager (OLI) pd L TAR nrMEAL 2.5 masipix Lower & limit set by detector.
{rxq aner.?_-. limit set by trade-off bgtween
o o 5 masipix resanL#m_n, spectral coverage in one shot
: A-2.5spli and efficiency.
gl gl E petweentwo arms |~ OTMCAO BT R=3000-20000. R=3000 covers at lsast
50 masipix one band (J H K). Coverage in one shot
to be studied for R=20000.
Lower & limit set by detector,
Circular patrol field: &' F=3000 (covering at least one bhand in
Multi-field IFU 0.7-2.5 Mﬂmtﬂ Glag piAmsls) pifte AEf,
ENE A gf;ﬂﬂg Individual IFUs: ~1 3"x1.3" Multiplex == 20.
50-75 masipix Desirability of a larger patraol field up to
D=8"to be justified.
2.5"x2 8" F=50 (Y=H).
: : PAC, 200=200 |Myquist sampling of Folarimetry + classical imaging
petlima gan BRR Ll 6ol (gt ) actuators diffraction limited core at  [[G00-500 nm).
G600 nm (TBD) High resolution spectroscopy TED.
Iltra-stable high F=150000.
resolution spectrograph|0.38-0.7 Seeing limited [1"=1" Full spectral coverage in 1 shot.
(HRS) Multiplex=1.
35" = 35"
: ; - LTAD? 3-8 Ym: 8 masipix Marrow and broad band filters.
Mic-IR imager 5—25 um: 17 masipix
=500, one band in one shot.
and g F=3000, spectral coverage in one shot=
3-25 LTAOD? : el 3.
g HEMBHngaLl;zer kM FR=50000, spectral coverage in one shot
= ho/50.

http://www.eso.org/sci/facilities/eelt/science/drm/tech_data/instruments



at 2 micron ~10mas
at 3 micron ~15mas
at b micron ~2bmas

cision at 2 microns: 1 mas/yr (20 k




sensitivity limit (~D*) of a D=42m telescope

(for point sources, background-noise limited)

K =28 mag (see ELT exposure time calculator)
L = 22 mag (about 7 mag deeper than 8m VLT)
M ~ 20 mag (Paranal sky backround 1.2 mag/O0" ")

for S/N =10 in t = 1 hour integration time
(for a given S/N, tiy1eqration ~ D)

PS.

compare these numbers with MATISSE performance...
VLT 2nd gen 4-element interferometer, 3-10 micron

L = 8.5 mag for S/N = 5 in 1 hour integration time



Interstellar Extinction in the Infrared
(Rieke and Lebofski 1985, D. Lutz 1999)

A;=028A, A _=006A,
A,=018A, A, =0.02A,
A= 011 A,

for Ay = 200 mag (N, = 10235 cm-2)
ie. a dense protocluster cloud clump

A; = 56 mag A =12 mag
Ay = 36 mag Apn = 4 mag
A¢ = 22 mag

HERE IS THE KEY MESSAGE TO TAKE HOME:

a 42m ELT can penetrate A, = 22 mag
of extinction in the K-band to detect
deeply embedded luminous massive stars (A, = 200 mag)



in addition, there are the hydrogen recomb.
lines Br, Pf,, Br,, Hu (14-6)

whose ratios have well-defined values

(e.g. Bry/Br, = 1/3; Br,/H, = 1/100)

in optically thin ionised gas (Menzel Case B)

to infer the extinction to individual objects
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Figure 5. Top: Mid-infrared extinction law derived

from hydrogen recombination line observations of the
(Galactic center, compared to the one given by Draine
(1989). Bottom: Observed recombination line ratios
in several galaxies and star forming regions compared

Galactic Center

——

to expectations for a standard ertinction law

ISO OBSERVATIONS OF THE GALACTIC CENTRE

D. Lutz

Max-Planck-Institut fiir extraterrestrische Physik. Garching, Germany

Because of its well-known and fairly homoge-
neous foreground extinction, the Galactic Centre is
uniquely suited for studies of the mid-infrared extinc-
tion law. Our results indicate significantly higher ex-
tinction in the 3-8 um region than usually assumed.

The Universe as Seen by ISO.
Eds. P. Cox & M. F. Kessler.
1999. ESA-SP 427. p. 623



B 68 dark cloud

credit: J. Alves, ESO
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proposal: The origin of massive
ticular science case for the E-E

edded dense stellar population
edded stellar (and gas) dynamics

enters of young massive clusters




Seientific Requirements for Extremely Large Telescopes
Proceedings TAU Symposium No. 232, 2005 (€) 2006 International Astronomical Union
P. Whitelock, M. Dennefeld & B. Leibundgut, eds. doi:10.1017/51743921306000858

ELT near-infrared and thermal-infrared
studies of massive star formation:
direct imaging and integral field

spectroscopy of ultracompact HII regions

Hans Zinnecker

Astrophysikalisches Institut Potsdam, An der Sternwarte 16, 14482 Potsdam. Germany
email: hzinnecker@aip.de

Abstract. In this contribution, we show how a future ELT (>25m diameter) helps to un-
derstand the formation and early dynamical evolution of massive stars embedded in dust-
enshrouded very compact HII regions. We describe how to exploit the ELT s near- and mid-IR
enhanced sensitivity and high angular resolution to peer through huge amounts of dust extine-
tion, taking direct nearly diffraction-limited images and doing IFU spectroscopy. Together with
ALMA. an ELT will be a powerful observing platform to reveal one of the most hidden secrets
of stellar astrophysics: the origin of massive stars.



Fio. 3. —Detailed 12.5 pm sub-images (10" x 10") enhancing low-level emission around (a) near-IR source n and (b) the BN SW arc.

mid infrared images of the
Orion KL-BN region

Shuping, Morris & Bally 2004



Fig. 2

Color-composite image constructed from the F110W (blue), F160W (green), and F222M (red)
mosaics of the W3 IRS S region, encompassing the whaole region surveyed in the NICMOS
measurements. The box shows the region displayed in Fig. 3.
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Fig. 3

F222M (2.22 uym) and F160W (1.60 pm) images of W3 IRS S and the neighboring red sources and
nebulosities. In panel & we show the F222M image using a cube root scaling. In panel B we
show the same image, but with the main NIR sources marked. The asterisks mark the positions
of the associated radio sources D2, B, &, and K6. In panel C we show the image with the NIR 1
and NIR 2 sources subtracted. &n extended nebulosity between the two sources is clearly
avident, Two additional point sources partially hidden by the PSF of NIR 2 are marked. The
ringlike pattern is a residual from the PSF subtraction. In panel D we show the F160W image
toward this region, with the five IR sources marked.
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Fig. 1. Colour-coded image of the entire G9.62+(0.19 region taken in the three broad-band NIR filters J (blue), H (green). and K, (red). The
large-scale contour lines denote the emission levels derived from the 8.28 ym image of the related MSX source. The left-most large contour line

indicates the position of the close-by Infrared Dark Cloud.

Linz et al. 2005



Fig. 9.—Streamlines of a model of an accretion flow with the gas in ballistic
trajectories around a point mass. The gas starts in a quasi-spherical infall, and owing
to conservation of angular momentum, spins up until a rotationally dominated disk
forms at a nondimensional radius of unity. The model demonstrates the struc-
ture of the accretion flow onto the cluster G10.6-0.4 that shows guasi-spherical
infall on the larger scales in the molecular gas, and disk accretion on the smaller
scales in the ionized gas.
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Fig. 10.—Model of the continuum emission at 1.3 cm from star cluster G10.6
0.4. on top of the observed radio continuum. The model shows an ionized accretion
disk and ionized globulesin the clumpy gas around the disk. The model is a Terebey
etal. (1984) accretion disk with acentrifugal radins of 3500 AU, and aninfall rate of
107* M, yr~! onto a 500 M, cluster with additional density fluctuations imposed
on the otherwise smooth structure of the underlying aceretion flow. The angular scale
is set for a distance of 6 kpc. The contour levels in the data start at | mJy beam ™!
and increase in half magnitude levels.

Keto & Wood 2006



pectral resolution = 30 km/s
astrometry and radial velocity = s




Cluster/ID Multiplicity Sp. Types P (days) M2/M1
NGC 6231
CPD-41°7742 ESB2 O9V+09.5V 244 0.56
HD 152219 ESB2  OSI+B1-2VilI 424 0.39
HD 152248 ESB2 OTIH+O7.511(f) 482 0.99
HD 152218 SB2 O8Iv+09.7V 56 0.76
CPD-41°7733 SB2 08.5V+B3 5.68 0.38
WR 79 SB2 WCT7+06V 8.89 0.37
HD 152234 SB2 09.71+ 08V 126 6 0.83
HD 152247 SB2 OSll+08.7V ~500 0.64
HD 152233 SB2 OBlll{f)+ OBV: ~800 06
HD 152314 SB2 08 5V+B1-3v  ~3100 0.53
HD152076 single O8.5l1l
HD152200 single ? 097V
HD 152249 single O9lb((f))
HD326329 single 09.5V
HD 326331 single OB
CPD-417721 single o9V
IC 2944
HD 101205 ESB2 O7V+0B: ~2 0.55
HD 101190 SB1 06.5V ~-B
HD101131 SB2 OBvV+08.5V 9.6 0.61
HD100099 SB2 09vV+09.5V ~20d 0.91
HD 101436 SB2 O7.5V+BOV >20d 0.52
HD101413 SB2 OSll+B  LongP 045
HD 101181 SB1 o8V LongP
HD101298 single o8V
HD 101223 single O7.5V
CPD-62 2198 single 09 511
HD101333 single 09.5V

Hughes Sana (priv. commun.)
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ELT
The MET and powers of 10:

young clusters home and away

Hans Zinnecker

Astrophysikalisches Institut, Potsdam, Germany

Abstract. The purpose of this short paper is to remind the European star formation
community, and more specifically the European young star clusters community, of the
great potential of the VLT and to encourage the young European astronomers to make
more and better use of it. Three classical examples of very young star clusters at 500 pc,
6.5 kpc, and 55 kpc (the Orion Nebula Cluster, NGC 3603 in the Carina arm, and R136
in the LMC) are chosen to illustrate the resolving power of the VLT in direct imaging
mode, adaptive optics mode, and interferometric mode. The VLT with its high spatial
resolution modes can be used as an astronomical microscope, as it were, with a zoom
factor of 10 to 100.



Table 2. Major southern clusters (home and away)

VLT targets distance m - M
Rho Oph 125 pe 55
Orion TC 500 pc 8.5
NGC 3603 6.5 kpc 14.0
R136 55 kpce 18.5
NGC 5253 4 Mpec 28.0
Antennae 20 Mpc 315

Zinnecker 2002



Credit:
McCaughrean & Rayner




NGC 3603

VLT/ISAAC JHK

FOV 34 x34°

Brand| et al. 1999




'?’1-312 ®rws: e 8, ) o 3 R 136 (NGC 2070)
. . '

HST/NICMOS image

4 . B
®p1as0 P1817

FOV 15 pc x 15 pc

Andersen et al. 2007




R136 cluster

HST
optical/IR image

FOV ~30""x 30"

Zinnecker 2004
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Brandner et al. 2007




Arches cluster

Color composite image
F205W (red),

F160W (green),

and F110W (blue)

Figer et al. 1999




Quintuplet cluster

Color composite image
F205W (red),

F160W (green),

and F110W (blue)

Figer et al. 1999
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NGC 4038/4039

ISAAC Ks-band image
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Hydrogen infrared recombination lines as a diagnostic tool
for the geometry of the circumstellar material of hot stars*

A. Lenorzer!l, A. de Koter!, and L. B. F. M. Waters!*

1 Astronomical Institute “Anton Pannekoek”, University of Amsterdam. Kruislaan 403, 1098 SJ Amsterdam,
The Netherlands

2 Instituut voor Sterrenkunde, K. U. Leuven, Celestijnenlaan 200B, 3001 Heverlee, Belgium
Received 24 January 2002 / Accepted 1 March 2002

Abstract. We have analvsed the infrared hvdrogen recombination lines of a sample of well studied hot massive stars
observed with the Infrared Space Observatory. Our sample contains stars from several classes of objects, whose
circumstellar environment is believed to be dominated by an ionized stellar wind (the Luminous Blue Variables) or
by a dense disk-like geometry (Be stars and Ble| stars). We show that hydrogen infrared recombination lines can
be used as a diagnostic tool to constrain the geometry of the ionized circumstellar material. The line strengths are
sensitive to the density of the emitting gas. High densities result in optically thick lines for which line strengths are
only dependent on the emitting surface. Low density gas produces optically thin lines which may be characterized
by Menzel case B recombination. The ISO observations show that stellar winds are dominated by optically thin
H1 recombination lines, while disks are dominated by optically thick lines. Disks and winds are well separated
in a diagnostic diagram using the Hu{14-6)/Bra and the Hu(14-6) /Pty line flux ratios. This diagnostic tool is
nseful to constrain the nature of hot star environments in case they are highly obscured. for instance while they
are still embedded in their natal molecular cloud.



Mon. Not. R. Astron. Soc. 272, 41-48 (1995)

Recombination line intensities for hydrogenic ions — IV. Total
recombination coefficients and machine-readable tables for Z=1to 8

P.J. Storey' and D. G. Hummer??

' Department of Physics and Astronomy, University College London, Gower Street, London WCIE 6BT
! Max-Planck-Institut fiir Astrophysik, Postfach 1523, 85740 Garching bei Miinchen, Germany
* Institut fiir Astronomie und Astrophysik, Scheinerstrasse 1, 81679 Miinchen 80, Germany

Accepted 1994 July 28. Received 1994 July 28: in original form 1993 August 20

ABSTRACT

Line emissivities, effective recombination coefficients, opacity factors, departure
coefficients and total recombination coefficients are calculated for hydrogenic ions
with Z<8. Results are obtained for Cases A and B for n<50. Collisional transitions
among individual n and [ states are fully treated. Calculations were made for
log N,=2(1)14 for Case B and log N,=2(1)10 for Case A. The electron temperature
takes between nine and 12 values, lying within the range 500 to 100000 K, depending
on the ion. All results are available in the form of machine-readable files.

Secondary files containing only effective emissivities for transitions for n<25 and
total recombination coefficients are also available for use with an interactive data
server. The server produces tables of relative intensities of any two specified transi-
tions or emissivities for any transition at all temperatures and densities in the data set.
Extensive facilities for two-dimensional interpolation of relative intensities, emissivi-
ties and total recombination coefficients are provided.
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CLOUDSHINE: NEW LIGHT ON DARK CLOUDS

JONATHAN B. FOSTER AND ALYSSA A. GOODMAN
Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138
Received 2005 October 22. accepted 2005 November 10; published 2005 December 16

ABSTRACT

We present new deep near-infrared images of dark clouds in the Perseus molecular complex. These images
show beautiful extended emission that we model as scattered ambient starlight and name “cloudshine.” The
brightness and color variation of cloudshine complicates the production of extinction maps, the best tracer of
column density in clouds. However, since the profile of reflected light is essentially a function of mass distribution,
cloudshine provides a new way to study the structure of dark clouds. Previous work has used optical scattered
light to study the density profile of tenuous clouds; extending this technique into the infrared provides a high-
resolution view into the interiors of very dense clouds, bypassing the complexities of using thermal dust emission,
which is biased by grain temperature, or molecular tracers, which have complicated depletion patterns. As new
wide-field infrared cameras are used to study star-forming regions at greater depth, cloudshine will be widely
observed and should be seen as a new high-resolution tool, rather than an inconvenience.



Fic. 1.—L1448 in false color. Component images have been weighted ac-
cording to their flux in units of MJy sr™". Jis blue, H is green, and K| is red.
Outflows from young stars glow red, while a small fan-shaped reflection nebula
in the upper right is blue-green. Cloudshine, in contrast, is shown here as a
muted glow with green edges. Dark features around extended bright objects
(such as the reflection nebula) are the result of self-sky subtraction.

Fic. 2.—L1451 in false color. Again, each component image has been scaled
to the same flux scale in units of MJy sr='; and Jis blue, H is green, and K
is red. A smaller map of 1.2 mm dust emission contours from COMPLETE
(M. Tafalla 2006, in preparation) has been overlaid, showing that the color of
cloudshine is a tracer of density. Redder regions have high dust continuum
flux, and the edges of cloudshine match the edges of the dust emission. Dark

edges around bright features (particularly noticeable along the northern edges)
are the result of self-sky subtraction.

Foster & Goodman 2006
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The youngest stellar clusters

Clusters associated with massive protostellar candidates™

M. S. N. Kumar!, E. Keto?. and E. Clerkin!-**

! Centro de Astrofisica da Universidade do Porto, Rua das Estrelas, 7150-462 Porto, Portugal
e-mail: nanda@astro.up.pt
% Harvard Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, Massachusetts, USA

Received 21 March 2005 / Accepted 19 December 2005

ABSTRACT

We report on the identification of 54 embedded clusters around 217 massive protostellar candidates of which 34 clusters are new detections.
The embedded clusters are identified as stellar surface density enhancements in the 2 gm All Sky Survey (2MASS) data. Because the clusters
are all associated with massive stars in their earliest evolutionary stage, the clusters should also be in an early stage of evolution. Thus the
properties of these clusters should reflect properties associated with their formation rather than their evolution. For each cluster, we estimate
the mass, the morphological type, the photometry and extinction. The clusters in our study, by their association with massive protostars and
massive outflows, reinstate the notion that massive stars begin to form after the first generation of low mass stars have completed their accretion
phase. Further, the observed high gas densities and accretion rates at the centers of these clusters is consistent with the hypothesis that high
mass stars form by continuing accretion onto low mass stars.
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Fic. 2.—Radial profile of CO line emission at the central part of the disk. A

power-law radial profile (dotted line) was fit to the observation after convolution
with the PSF (solid line) to find the best-fit cutoff radius at r, = 11 £ 2 AL

Goto et al. 2006
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Two-dimensional Monte Carlo simulations of H1 line formation
in massive young stellar object disc winds
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ABSTRACT

Massive young stellar objects (YSOs) are powerlul infrared H1 line emitters. It has been
suggested that these lines form in an outflow from a disc surrounding the YSO. Here, new
two-dimensional Monte Carlo radiative transfer calculations are described which test this
hypothesis. Infrared spectra are synthesized for a YSO disc wind model based on earlier
hydrodynamical calculations. The model spectra are in qualitative agreement with the observed
spectra from massive Y SOs, and therefore provide support for a disc wind explanation for the
H1 lines. However, there are some significant differences: the models tend to overpredict the
Brae/Bry ratio of equivalent widths and produce line profiles which are slightly too broad and.
in contrast to typical observations, are double-peaked. The interpretation of these differences
within the context of the disc wind picture and suggestions for their resolution via modifications
to the assumed disc and outflow structure are discussed.
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Figure 1: 2CO profile of the massive young stellar
object IRAS 16164-5046. From top to bottom, lines
R(7), B4 and R(0) are plotted. The R(0) line is more
sensitive to cold material than the other two. Two
components can be identified, one belonging to the
cold envelope and the other component caused by
awind or outflow (Bik et al.).
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MATISSE — A Mid-IR Imager

Multi-AperTure mid-Infrared SpectroScopic Imager

MATISSE

2nd Generation VLTI Instrument

Principal Investigator Lopez (OCA,Nice)
Co-PI & Proj.Scientist Wolf (MPIA,Heidelberg)
Specifications

L, M, Nband: ~2.7 — 13 um

. Sensitivity 7.0 / 8.5 mag (L), 1.0/0.2 Jy (N) using ATs / UTs
» Spectral resolutions: 30 / 100-300 / 500-1000

» Simultaneous observations in 2 spectral bands

What’s new?

- Image Reconstruction
on size scales of 3 /6 mas (L-band) 10 / 20mas (N-band)

. Multi-wavelength Approach in the Mid-Infrared
2 new mid-IR observing windows for interferometry (L,M)

. Improved Spectroscopic Capabilities



successor of MIDI

MATISSE

. imaging capability in the
mid-IR

. accessible from the ground

extension of AMBER:

, extension down to the L-
band (2.7um)

. general use of closure phase

complement to
ALMA + TMT/ELT

ground precursor of DARWIN
(6-18um)
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Conclusion

The centers of massive clusters is all about

RESOLUTION, RESOLUTION, RESOLUTION !1!|

we need near-IR AO simulations
with ..cloud-shine" (Foster & Goodman 2006)



