
Leonardo Testi: ALMA & Solar Mass Stars, 5 Mar 2010

Prospects with ALMA

ALMA and its Science Goals
ALMA and Solar Mass Stars
ALMA Status, Early Science and Full Science Operations

Leonardo Testi
ESO

1



Leonardo Testi: ALMA & Solar Mass Stars, 5 Mar 2010

Atacama Large Millimeter Array

1. Detect and map CO and [C II] in a Milky Way galaxy at z=3 in 
less than 24 hours of observation

2. Map dust emission and gas kinematics in protoplanetary disks
3. Provide high fidelity imaging in the (sub)millimeter at 0.1 

arcsec resolution

 At least 50x12m Antennas 
 Frequency range 30-1000 

GHz (0.3-10mm)
 16km max baseline (<10mas)
 ALMA Compact Array (4x12m 

and 12x7m)
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ALMA Science Requirements
 High Fidelity Imaging. 
 Precise Imaging at 0.1” Resolution.
 Routine sub-mJy Continuum Sensitivity.
 Routine mK Spectral Sensitivity.
 Wideband Frequency Coverage.
 Wide Field Imaging Mosaicing.
 Submillimeter Receiver System.
 Full Polarization Capability.
 System Flexibility.
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Technical Specifications
 54 12-m antennas, 12 7-m antennas, at 5000 m site
 Surface accuracy ±25 µm, 0.6” reference pointing in 9m/s wind, 

2” absolute pointing all-sky.
 Array configurations between 150m to ~16km.
 10 bands in 31-950 GHz + 183 GHz WVR. 
 8 GHz BW, dual polarization.
 Flux sens. 0.2 mJy in 1 min at 345 GHz (median cond.).
 Interferometry, mosaicing & total-power observing.
 Correlator: 4096 channels/IF (multi-IF), full Stokes.
 Data rate: 6MB/s average; peak 60-150 MB/s. 
 All data archived (raw + images), pipeline processing.
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Front Ends
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Sensitivity and Resolution
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ALMA Science
 Star Formation, Proto-planets in nearby disks
 Astrochemistry 
 Interstellar medium (Galaxy, Local Group)
 High-redshift deep fields

 ALMA Science is for everyone
• High resolution/sensitivity 3D instrument at mm-wl
• 100% service observing with full dynamic scheduling
• Complete e2e data flow system 
• Science quality images (cubes) delivered to the users
• Raw, calibrations, pipeline processed data and recipes in archive
• Friendly and widespread User Support through ARCs

 +130 projects in first 3yrs – DRSP 2.0
 http://www.eso.org/sci/facilities/alma/science/drsp/
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The ALMA DRSP 2.0
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Figure 1
Map of the molecular gas in the Orion-Monoceros region. Color scale and contours show the
velocity-integrated intensity of the J = 1 − 0 CO line (Wilson et al. 2005). Orion A (lower
region), Orion B (middle right), and Mon R2 (slightly left of center) each contain a total gas
mass ∼105 M#. The angular size of 10◦ corresponds to ≈80 pc at the mean distance of the
Orion complex. The Mon R2 region appears to be several hundred parsecs farther away than
the Orion clouds.

For a log-normal distribution, the mass-weighted median density (half of the mass
is at densities above and below this value) is ρmed = ρ̄ exp(µx), whereas the mass-
weighted mean density is 〈ρ〉M = ρ̄ exp(2µx). Based on 3D unmagnetized simulations,
Padoan, Jones & Nordlund (1997) propose that µx ≈ 0.5 ln(1 + 0.25M2). Other
3D simulations with magnetic fields (β = 0.02 − 2) have found µx ≈ 0.5 − 1 for
M ≈ 5 − 10 (Ostriker et al. 2001). These models confirm that the mean density
contrast generally grows as the turbulence level increases, but find no one-to-one
relationship between µx and M [or the fast magnetosonic Mach number, MF ≡
σv/(c 2

s + v2
A)1/2]. The large scatter at large M is because the flow is dominated by a

small number of large-amplitude modes (i.e., large cosmic variance), some of which
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ANRV320-AA45-09 ARI 24 July 2007 18:59
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Figure 7
(a) A deep optical image of the dark globule Barnard 68 (Alves, Lada & Lada 2001) along with
contour maps (b–d ) of integrated intensity from molecular emission lines of N2H+ (contour
levels: 0.3–1.8 by 0.3 K km s−1), C18O (0.2–0.7 by 0.1 K km s−1), and 850-µm dust continuum
emission (10–70 by 10 mJy beam−1). Molecular data, with an angular resolution of ∼25 arcsec,
are from Bergin et al. (2002) and dust emission (angular resolution of 14.5 arcsec) from
Bianchi et al. (2003).

also Caselli et al. 1999). From the abundance profile it is estimated that the CO and
CS abundance traces a large dynamical range with declines of at least 1–2 orders
of magnitude in the core centers relative to the lower density core edge, while the
abundances of nitrogen molecules either stay constant or decay more slowly. The in-
terpretation of “selective” freeze-out, where molecules exhibit different behavior in
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No. 2, 2000 TESTING YSO ENVELOPE MODELS 883

FIG. 1.ÈImages of the j \ 850 km and 450 km emission observed with SCUBA on the JCMT toward the YSOs L1489 IRS, L1535 IRS, L1527 IRS, and
TMC 1. The contours are 2 p intervals, as listed in Table 3. The right-hand panels show the spectral index between 450 and 850 km, as derived from the data,
plotted with contour intervals of 0.5. Note that the center of the images of L1489 IRS is (30A, 40A) to better bring out the extended emission. The Ðlled circles
in the lower right of the panels indicate the main beam size.

shown. L1489 IRS appears much more compact than the
other sources, a result that does not depend on the likely
artiÐcial drop in emission at the northeast edge of the
images (° 2). In addition to emission directly associated with
the YSOs, L1489 IRS and L1535 IRS show second emission
peaks at (]60@@, ]27@@) and (]31@@, ]61@@), respectively, or
D9500 AU from the YSOs. While L1489 IRSÏs obser-
vations were recentered to cover the emission of this second
core, the peak adjacent to L1535 IRS is located near the
edge of the images. Since it dominates the emission over the

entire Ðeld of view, it severely hampers the analysis of the
L1535 IRS data. The emission around L1527 IRS is elon-
gated along the east-west outÑow, perpendicular to the
orientation of its central peak. The outÑows of the other
sources, which have kinetic luminosities smaller by factors
of 3È100 (Hogerheijde et al. 1998), do not leave a detectable
imprint on the dust emission.

The quality of the SCUBA observations is sufficient to
derive the spectral index a between 850 and 450 km (Figs. 1
and 3). To obtain images of a, we deconvolved the 850 and

106 ENOCH ET AL. Vol. 707

(a) (b) (c)

Figure 3. CARMA 230 GHz maps of Serpens FIRS 1 for short baseline data only (D,E configurations; panel (a)), all data (panel (b)), and long baseline data only
(B, C configurations; panel (c)). Contours in panel (b) are (2,4...10,15,20,30...70) times the 1σ rms of 6.7 mJy beam−1, for a synthesized beam of 0.′′94 × 0.′′89 (shown,
lower right). Contours in panels (a) and (c) are similar but start at 4σ and 6σ , respectively, and panel A has additional contours at (90σ, 110σ, 130σ ). Note the change
in scale in each panel. The direction of the 3.6 cm jet (Rodrı́guez et al. 1989; Curiel et al. 1993) is shown for reference.

Figure 4. CARMA 230 GHz visibility amplitude versus uv-distance for Serpens
FIRS 1. Observations in the B, C, D, and E CARMA antenna configurations
provide uv-coverage from approximately 4.5 kλ to 500 kλ. The expected value
in the case of zero signal, or amplitude bias, is indicated by a dotted line and is
typically small (less than 0.1 Jy).

configurations. Although it is difficult to see the more extended
envelope even in the short baseline map, it is clearly visible as
an amplitude peak at uv-distances <20 kλ in a plot of amplitude
versus uv-distance (Figure 4). Note that the interferometer does
filter out flux at uv-distances less than 4 kλ, corresponding to
the separation of the closest antenna pairs. Figure 4 shows that
most of the source flux is concentrated at low and intermediate
uv-distances (extended structure), but the source is clearly
detected at uv-distances greater than 200 kλ, indicating an
unresolved or marginally resolved compact (<1′′) component.
Values of the 230 GHz flux as a function of uv-distance are
given in Table 2.

3.3. Spitzer, Bolocam, and SHARC-II Broadband Data

Broadband infrared data for FIRS 1 are taken from the “Cores
to Disks” Spitzer Legacy program (Evans et al. 2003), which
imaged approximately 1 deg2 in the cloud with IRAC and MIPS

Table 2
CARMA 230 GHz Visibilities

uv-distance Flux Uncertainty
(kλ) (Jy) (Jy)

4.50 2.45 0.12
7.50 2.05 0.07
10.5 1.96 0.07
13.5 1.70 0.06
16.5 1.60 0.06
19.5 1.38 0.05
22.5 1.31 0.05
25.5 1.17 0.04
28.5 1.10 0.04
31.5 1.07 0.04

Notes. Visibilities and uncertainties used in
the model fits. The amplitude bias, or ex-
pected value for zero signal, has been sub-
tracted from the data.
(This table is available in its entirety in a
machine-readable form in the online journal.
A portion is shown here for guidance regard-
ing its form and content.)

(Harvey et al. 2006, 2007). The same region was mapped at
λ = 1.1 mm with the Bolocam bolometer array (Glenn et al.
2003) at the Caltech Submillimeter Observatory (CSO; Enoch
et al. 2007). These data provide wavelength coverage from
λ = 3.6 to 1100 µm (IRAC 3.6, 4.5, 5.8, 8.0 µm; MIPS 24,
70, 160 µm; Bolocam 1100 µm). FIRS 1 is not detected in the
2MASS catalogs.

Broadband fluxes are used to determine the bolometric
luminosity and temperature (11.0 L$ and 56 K), and are
included in the model fits in Section 5, below. The total
envelope mass (8.0 M$) is calculated from the total flux in a 40′′

aperture at λ = 1.1 mm, assuming the envelope is optically thin
at 1.1 mm, a dust opacity of κ1 mm = 0.0114 cm2 g−1 (Ossenkopf
& Henning 1994), and a dust temperature of TD = 15 K (see
Enoch et al. 2009 for more details).

We also include in the observed spectral energy distribution
(SED) the 350 µm continuum flux (M. Dunham et al. 2009,
in preparation), obtained with SHARC-II (Dowell et al. 2003)

Disks
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The origin of the stellar IMF

 Physical conditions in individual cores
 Other environments (molecular ring, FOG, ...MC)

Ph. André et al.: Kinematics of the Ophiuchus protocluster condensations 531

Table 6. Velocity dispersion of the L1688 protocluster condensations.

Samplea nb Dc 〈Vd
lsr〉 〈Ve

cent〉 σ f
1D σg1D,c σh

3D σi
3D,c D/σ3D D/σ3D,c

(pc) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (106 yr) (106 yr)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
Oph A 9 0.28 3.44 3.48 0.19(5) 0.20(5) 0.33(8) 0.34(9) 0.8 0.8
Oph B1/B2 24 0.33 4.05 3.96 0.20(3) 0.22(3) 0.35(5) 0.38(6) 1.0 0.9
Oph C,E,F 10 0.44 4.09 4.05 0.39(9) 0.39(9) 0.67(16) 0.68(16) 0.7 0.6
L1688 47 1.10 3.95 3.90 0.36(4) 0.36(4) 0.62(7) 0.63(7) 1.8 1.7
L1688 −∇V 47 1.10 – – 0.25(3) – 0.43(4) – 2.6 –

Notes: the numbers in parentheses indicate the uncertainty in units of the last digit.
a The first three samples contain the velocity components of Table 4 only. The last two samples include the protostars in addition. For the
“L1688 −∇V” sample, the velocity dispersion is computed after removing the large scale velocity gradient measured with the method described
in note c of Table 5 using C–N as the (0, 0) position: V0 = 3.87 km s−1, ‖∇V‖ = 1.1 km s−1 pc−1, PA = 117◦.
b Number of velocity components used for the calculations.
c Diameter of the region containing each sample.
d Mean LSR velocity of the components, computed with the velocities listed in Col. 5 of Table 2.
e Mean centroid velocity computed on the N2H+(101–012) spectra shown in Fig. 6.
f Standard deviation of the distribution of component LSR velocities around 〈Vlsr〉 given in Col. 4. The error bar was estimated as σ1D/

√
2(n − 1),

assuming that the sample is drawn from a larger population whose velocity distribution follows Gaussian statistics.
g Same as in Col. 6 but computed around 〈Vcent〉 given in Col. 5.
h 3D velocity dispersion calculated from σ1D assuming isotropic motions. The error bar was scaled from that estimated forσ1D.
i Same as in Col. 8 but computed around 〈Vcent〉 given in Col. 5.

Table 7. Evolutionary timescales for various systems of protocluster condensations.

Sub-cluster Nb of Nb of starless 1 + Θ R2

Ncondr2
cond

3 tff Statistical tcross tcoll

Class II condensations lifetime
YSOs >0.1 M( (105 yr) (105 yr) (105 yr) (105 yr)

L1688 109 45 2 35 0.2–3.5 2–4 18 160
Oph A 41 9 8 10 0.5–2 0.9–2 8 5.5
Oph B1/B2 31 22 3.5 15 0.2–2.5 3–7 10 22
Oph C/E/F 35 12 3 15 0.3–3.5 2–4 7 19

0.1 M( are truly prestellar in nature, this points to a prestel-
lar lifetime ∼2−4 × 105 yr. A third timescale estimate may
be obtained by dividing the typical condensation outer radius
rcond ∼ 4000 AU by a typical infall speed Vinf ∼ 0.1−0.3 km s−1

(cf. Belloche et al. 2001). This approach yields a condensation
lifetime ∼0.6−2 × 105 yr. We conclude that the 1.2 mm contin-
uum condensations of L1688 are likely characterized by a range
of lifetimes between ∼2 × 104 yr and ∼5 × 105 yr (see Cols. 6
and 7 of Table 7).

As pointed out by Clark et al. (2007), if the lifetime of the
condensations depends on their mass, then the observed mass
spectrum is not necessarily representative of the intrinsic con-
densation mass distribution (CMD) (see also Elmegreen 2000).
This is due to the fact that an observer is more likely to detect
long-lived condensations than short-lived condensations. Here,
however, the mean densities of the L1688 condensations are es-
sentially uncorrelated with their masses, so that there is no sys-
tematic dependence of the dynamical timescale on the mass. To
quantify the importance of the potential timescale bias, we plot,
in Fig. 8, a weighted version of the central Ophiuchus CMD
in which each condensation was assigned a weight equal to
〈tff 〉
tff
=

ρ̄1/2

〈ρ̄1/2〉 (instead of 1 as used for Fig. 1), where 〈tff〉 is the
average free-fall time of the condensations. Such a weighting
should allow us to recover the intrinsic shape of the CMD as-
suming that the lifetime of each condensation is proportional to
its free-fall time. As can be seen in Fig. 8, this weighting does
not change the high-mass end of the CMD and only affects the
low-mass end. We conclude that the steep, Salpeter-like slope of

Fig. 8. Weighted cumulative mass spectrum of the 57 starless conden-
sations identified by MAN98 (histogram with error bars), compared
to the same mass distributions as shown in Fig. 1, as well as the
Salpeter power-law IMF (solid line). Here, each condensation was as-
signed a weight inversely proportional to its estimated free-fall dynam-
ical timescale (see text). The flattening apparent below ∼0.4 M( in the
unweighted CMD (Fig. 1) is not seen in the weighted CMD shown here,
which is essentially consistent with a single, Salpeter-like power law.

the CMD at the high-mass end is robust, but that the presence of
a break at ∼0.4 M( is less robust.
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Structure of protostars

 Multiplicity, disk vs pseudodisk, role of B
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 There is evidence that disk evolution and planet formation systems may 
occur on timescales of a few million years

Disk Evolution

MWC 480
Young gaseous disk – 6 Myrs
CO(2-1): Mannings et al 1997

HR 4796 A
Evacuated inner disk – 15Myr
MID-IR: Koerner et al.  1998 

ß Pic
Debris disk – 100 Myrs
Scattered light: Burrows et al. 1995 
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Gas density maxima and grain trapping

 Resolving disk structures with ALMA 
(simul from Cossins, Lodato & Testi 2010)

13

Gas

50 cm
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ALMA 850 GHz

Mplanet = MJup      
Mstar   = 0.5 Msun 

Orbiting at 5AU 
Distance 50pc 

5AU 

Birth of Planets

HST
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H2   HD   H3+     H2D+   
CH  CH+  C2  CH2  C2H  *C3
CH3  C2H2  C3H(lin)  c-C3H  *CH4  C4
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NO  HNO  N2O  HNCO  NH2CHO  
SH  CS  SO  SO+  NS  SiH
*SiC  SiN  SiO  SiS  HCl  *NaCl
*AlCl  *KCl  HF  *AlF  *CP  PN
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*SiCN  *SiNC  *NaCN  *MgCN  *MgNC  *AlNC
H2CS  HNCS   C3S  c-SiC3  *SiH4  *SiC4
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DEMIRM

ISM Molecules
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Detected Not (yet) detected

Acetic acid Di-methyl ether

Ethanol Sugar

Methyl formate CaffeinePyrimidine

PurineGlycine

Methyl cyanide

Ethyl cyanide Based on Ehrenfreund 2003

How far does chemical complexity go? 
Can we find pre-biotic molecules in Disks?

Benzene

Complex Organic Molecules
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AGB Stars

17

Discussed in
K. Menten talk!
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ALMA
In Search of our
Cosmic Origins

Dec 2009
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First Fringes at OSF

19
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First antenna at 5000m

20
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Closure phase

 Closure phase achieved at the end of 2009
 CSV started on Jan 22, 2010

23



 CSV Team
Sci IPT plus Ops Astr. 
Community involvement - ESO supports stays in Chile
SV call for ideas in early 2010 

 Early Science: 16 ants, at least 4 receiver bands, limited time
Configurations probably up to 1km
Bands: 3mm, 1.3mm, 0.85mm, 0.45mm
We expect to issue the call for ES towards the end of 2010
Demonstration/Tutorials: JENAM, ARC nodes, ...

 Science Operations >75% of the time with >40 antennas is 
expected in 2012

Leonardo Testi: ALMA & Solar Mass Stars, 5 Mar 2010 24

ALMA CSV, Early and Full Science
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*Tokyo
*Garching

*Cvlle

*Santiago
*ALMA site

ALMA Science Operations sites
OSF, Santiago and the ARCs

25
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♦

♦

♦

♦

♦: express interest

: ARC nodes

The European ARC 
network

26

The Netherlands

IRAM

UK

Italy

Germany

Nordic

CZ
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ALMA Operations: 
Three ALMA Regional Centres - ARCs

Joint ALMA Observatory

NA ARCEU ARC 
(ESO)

EA ARC

NAOJ

“Satellite” 
EU ARCs

NAASC

ARCs provide  
user interface, 
archive,
software tools
data delivery
Astronomers on duty  

Enhanced User Services

Enhanced services are 
needed to provide advanced 
user support, algorithm 
development, student 
programs, EPO, grants

DSO provides:
• Array operations
• Scheduling of projects
• Execution of observations
• Data quality assurance 
   and trend analysis
• Calibration plan maintenance
• Delivery of data to the archives
• Archive operations
• Pipeline operations 27
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ALMA beyond ALMA
 ALMA will allow transformational science thanks to the 

sensitivity, angular resolution, spectral coverage and 
image fidelity, but...

 The baseline ALMA project will only achieve a fraction of 
the full potential of the site and instrument

 Incomplete Receiver Complement
 Limited Wide Field Capabilities
 Limited Correlator and Data Rate Capabilities
 Extended baselines (30-50km), VLBI (200-10000km)
 Advanced Calibration, Software, Science Tools....

28
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Examples of Scientific Limitations
 Limited Band 5 Complement

 Eu FP6 6 B5: just a glimpse at B5
 Water in the Universe
 [CII] in the range 8 < z < 11

 No Band 1 & 2
 High-z low excitation CO
 Sunyaev-Zeldʼovich effect
 Dust Evolution in Protoplanetary Disks

 Limited correlator capabilities
 Line surveys, chemistry studies very time consuming

 Continuum Wide Field Mapping Efficiency
 SZ and Molecular Clouds applications very time consuming
 Instantaneous wide field of view for solar physics
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183 GHz H2O maser in NGC3079 
(SMA, Humphreys et al 2005)
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The ALMA Development Program
 ALMA development budget is proposed to ramp up starting in 

2013 to reach ~10M$/yr from ~2015
 A process has been initiated to plan the development program

 Working Group has prepared a preliminary report, this has been 
integrated with other ideas from project and community

 Next steps: 
 Feasibility and order of magnitude cost/effort estimate
 Evaluation of technical readiness
 Possible impacts on other aspects of the project

 Aim to maintain ALMA at the forefront of astrophysics in the ELT 
and SKA era
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