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Molecular clouds and star formation
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Millimeter wavelengths: 
thermal continuum

è Thermal emission:!
Ønear-IR & visible: hot matter 1000K-100000K!
ØFar-IR & millimeter: cold matter 3K-100K!
ØBB: lm=hc/3kT~0.5/T cm      Dust: lm=hc/(3+b)kT~0.3/T cm

T~8-15K 
Av>1 
Dust peak ~ 0.3mm

T~20-100K 
Av<1
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Molecular line emission

è Molecular lines:!
ØRotation!
ØVib (Stretching and Bending)!
ØElectronic
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Examples of simple Astrophysically 
relevant molecules
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From clouds to stars and planets
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HST

ALMA

•SIMULATION: 

• Mplanet / Mstar   =   1.0 MJup / .5 Msun  

• Orbital radius:  5AU  
• Distance: 50pc from Sun 

Planet Formation

Wolf + Simulation of nearby PP 
disk (e.g.. TW Hy)  5AU = 0.1”

Williams et al. 



Leonardo Testi: ALMA, Bologna 2014
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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 Early Universe
Hubble Deep Field North
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History of Galaxies

è Measuring redshift (and more) using CO, [CII] or [OI]
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(Sub)mm facilities of the 1990s
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MMA 

(1982)

LSA 

(1988)

LMA 

(1983)

Coming together for ALMA
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June 1997:  In Charlottesville, at the 
National Radio Astronomical Observatory 
headquarters, ESO and NRAO sign a 
resolution to develop a common project: 
ALMA is born. 
!
Convergence to a common project: 
Europe: expansion to the submm       → 
high altitude site, reduction of the antenna 
diameter and collective area 
U.S.: recognition of the importance of 
collective area  → larger dishes 
!
Difficulties: 
Feasibility of 12m submm dishes? 
Organizational challenges: USA-Europa-
Chile-... 
!
The trilateral project: 
Japan joined the project in 2003 bringing 
additional and unique capabilities to the 
observatory
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Angular resolution
è Diffraction limit:   ~1.22*lambda/D  =>   1mm/30m~8”!
è 8” > 1000 AU @ 140pc (Sun-Neptune ~ 30AU)!
è Sun-Jupiter ~ 5AU =>  0.035” =>  >~7km  @1mm!
è Sun-Earth = 1AU =>    0.007” =>   ~17km @0.5mm
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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

è At least 50x12m Antennas !
è Frequency range 30-1000 GHz 

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

and 12x7m)
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San Pedro de Atacama, 
Atacama Desert, Chile
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ALMA - Image Fidelity 
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Center of Array

Pampa La BolaV. LicancaburY+ Antenna locations

Chajnantor Plateau - 5000m

AOS Tech Bldg
Lascar Volcano

ASAC
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Array Operations Site
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Antenna performances
è Excellent dynamical and optical 

performances of all antenna types!
è Good results for very stringent potinting 

tests (well within specs)!
è Excellent results from surface setting!
è Now exploring long term stability
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First antenna at 5000m
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ALMA Compact Configuration
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ALMA Exteded Array
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■ ALMA Early Science C0, C1 & C2 
➢30-70% of the total number of antennas 
➢Maximum separation 3km 
➢Already the most powerful submm observatory 

■ Enormous pressure to use ALMA 
worldwide 
➢Requests for 9 times the available time 
➢Top 8% science projects selected (ESO)

ALMA Early Science

ALMA Science Programme
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ALMA Frequency Bands Usage

■ ALMA is a Sub-millimeter Observatory 
■ Thanks to the Site and the Water Vapour Radiometers

Band 7!
IRAM

Band 9!
NOVA

WVR!
OMNISYS

Phase Correction!
SW - U Cambridge
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!
è Water Vapour Radiometers 

!

ØAll ALMA antennas will be equipped !
    with water vapour radiometers !
    observing the 183GHz atmospheric!
    water line.

Phase rms

At
m

 O
pa

ci
ty

Good Opacity Poor Phase

WVRs track phase on 1s timescales 
along the same path (within 3-10 
arcmin) as the astronomical signal 
from the source (complementary to 
fastswitching: ≥10s and few degs) 
!
-Improve Sensitivity and Fidelity 
-Allow to increase switch time
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WVR correction 
è Successful testing at Onsala, OSF, AOS and real life operations!
è Correction very promising, to be tested in the most “stressful” situation
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ALMA Publications
■ Only refereed papers 

➢ Collected data as of October, 2014 from telbib.eso.org (many thanks to ESO, NRAO, NAOJ librarians!) 
➢ Only printed papers on refereed journals appear on the list 

■ Database 
➢138 refereed publications (more now) 
➢High fraction of high impact publications (7%)
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HCO+(1-0)HCN(1-0)

3mm cont.

HCN HCO+

NMA ~10nights

ALMA 
cycle 0 
~2 hrs

ALMA cycle 0 program (PI. K. Kohno)

Kohno+ 
2007
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■ SPT submillimetre galaxies; B3 spectral survey!
ØVieira et al. 2013; Weiss et al. 2013; …

The first ALMA redshift survey
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■ SPT submillimetre galaxies; B3 spectral survey!
ØVieira et al. 2013; Weiss et al. 2013; …

The first ALMA redshift survey

procedure that treats the interferometer data in their native measure-
ment space, rather than through reconstructed sky images, to simulta-
neously determine the source/lens configuration and correct for
antenna-based phase errors11, we are able to determine magnifications
and derive intrinsic luminosities for our sources. Complete models of
four lenses11, as well as preliminary models of eight more, indicate
lensing magnifications between 4 and 22. After correcting for the
magnification, these sources are extremely luminous—more than
1012 times solar luminosity (L[) and sometimes .1013L[—implying
star-formation rates in excess of 500 M[ yr21.

Obtaining spectroscopic redshifts for high-redshift, dusty starburst
galaxies has been notoriously difficult. To date, most spectroscopic
redshift measurements have come from the rest-frame ultraviolet and
optical wavebands after multi-wavelength counterpart identification2,12,13.
These observations are difficult, owing to the extinction of the ultra-
violet light by the dust itself, the cosmological dimming, and the ambi-
guity in the association of the dust emission with multiple sources of
optical emission visible in deep observations. A much more direct
method to determine redshifts of starburst galaxies, particularly at high
redshift, is through observations of molecular emission associated with
their dusty star-forming regions. The millimetre and submillimetre
transitions of molecular carbon monoxide (CO) and neutral carbon
(C I) are well-suited for this purpose14. These emission lines are a major
source of cooling for the warm molecular gas fuelling the star forma-
tion, and can thus be related unambiguously to the submillimetre
continuum source15. Until recently, bandwidth and sensitivity limi-
tations made this approach time-intensive. The combination of
ALMA—even with its restricted early science capabilities and only
16 antennas—and a unique sample of extraordinarily bright millimetre
sources has changed this situation greatly, allowing us to undertake a
sensitive, systematic search for molecular and atomic lines across
broad swaths of redshift space at z . 1.

We conducted a redshift search in the 3 mm atmospheric transmis-
sion window with ALMA using five spectral tunings to cover 84.2–
114.9 GHz. For z . 1, at least one CO line will fall in this frequency
range, except for a small redshift ‘desert’ (1.74 , z , 2.00). For sources
at z . 3, multiple transitions (such as rotational transitions of CO and
C I(3P1R3P0)) are redshifted into the observing band, allowing for an
unambiguous redshift determination. We find one or more spectral

features in 23 of 26 SPT-selected sources. The detections comprise 44
emission line features, which we identify as redshifted emission from
molecular transitions of 12CO, 13CO, H2O and H2O1, and a C I fine
structure line. The spectra of all sources are shown in Fig. 2. For 18 of
the sources we are able to infer unique redshift solutions, either from
ALMA data alone (12), or with the addition of data from the Very
Large Telescope and/or the Atacama Pathfinder Experiment telescope
(6). With the 10 z . 4 objects discovered here, we have more than
doubled the number of spectroscopically confirmed, ultra-luminous
galaxies discovered at z . 4 in millimetre/submillimetre surveys in the
literature (of which just nine have been reported previously13,14,16–21).
Two sources are at z 5 5.7, placing them among the most distant ultra-
luminous starburst galaxies known.

The SPT dusty galaxy redshift sample comprises 28 sources, as we
include an additional two SPT sources with spectroscopic redshifts22

that would have been included in the ALMA program had their red-
shifts not already been determined. Of the 26 ALMA targets, three lack
a spectral line feature in the ALMA band. We tentatively and conser-
vatively place these at z 5 1.85, in the middle of the z 5 1.74–2.00
redshift desert, though it is also possible that they are located at very
high redshift or have anomalously faint CO lines. For the five sources
for which only a single emission line is found, only two or three red-
shifts are possible (corresponding to two choices of CO transition)
after excluding redshift choices for which the implied dust temper-
ature—derived from our extensive millimetre/submillimetre pho-
tometric coverage (provided by ALMA 3 mm, SPT 2 and 1 mm,
APEX/LABOCA 870mm and Herschel/SPIRE 500, 350, 250mm obser-
vations23)—is inconsistent with the range seen in other luminous
galaxies22. For these sources, we adopt the redshift corresponding to
the dust temperature closest to the median dust temperature in the
unambiguous spectroscopic sample, as shown in Fig. 2.

The cumulative distribution function of all redshifts in this sample is
shown in Fig. 3. The median redshift of our full sample is zmed 5 3.6.
The redshift distribution of SPT sources with millimetre spectroscopic
redshifts is in sharp contrast to that of radio-identified starbursts
with optical spectroscopic redshifts, which have a significantly lower
median redshift of zmed 5 2.2, and for which only 15–20% of the
population is expected to be at z . 3 (ref. 2). Part of this difference
can be attributed to the high flux threshold of the original SPT

SPT 0103–45 SPT 0113–46 SPT 0125–47 SPT 0346–52 SPT 0418–47

z = 3.090 z = 4.232 z = 2.514 z = 5.656 z = 4.224

z = 3.369 z = 2.782 z = 2.780 z = 4.567 z = 3.761

SPT 0529–54 SPT 0538–50 SPT 2134–50 SPT 2146–55 SPT 2147–50

HST/WFC3 HST/WFC3 VLT/ISAAC HST/WFC3 VLT/ISAAC

SOAR/OSIRIS HST/WFC3 HST/WFC3 VLT/ISAAC VLT/ISAAC

Figure 1 | Near-infrared and ALMA submillimetre-wavelength images of
SPT targets. Images are 80 3 80. We show 10 sources for which we have
confirmed ALMA spectroscopic redshifts, deep near-infrared (NIR) imaging,
and well-resolved structure in the ALMA 870mm imaging; source names are in
blue in each panel. The greyscale images are NIR exposures from the Hubble
Space Telescope Wide Field Camera 3 (HST/WFC3, co-added F160W and
F110W filters), the Very Large Telescope Infrared Spectrometer and Array
Camera (VLT/ISAAC: Ks band) or the Southern Astrophysical Research
Telescope Ohio State Infrared Imager/Spectrometer (SOAR/OSIRIS: Ks band),
and trace the starlight from the foreground lensing galaxy. The NIR images are
shown with logarithmic stretch, and each panel shows at bottom left in black
the telescope/instrument used to obtain the image. The red contours are ALMA

870mm imaging showing the background source structure, clearly indicative of
strong lensing from galaxy-scale haloes. In all cases, the contours start at 5s and
are equally spaced up to 90% of the peak significance, which ranges from 12 to
35. Spectroscopic redshifts of the background sources are shown in red in each
panel, above the NIR telescope/instrument names. The ALMA exposures were
approximately 2-min integrations, roughly equally divided between the
compact and extended array configurations. The resulting resolution is 0.50.
SPT 0103–45 shows a rare lensing configuration of one lens and two
background sources at different redshifts, one visible with ALMA and one with
HST. SPT 0346–52, with a CO-derived redshift of z 5 5.656, is among the
highest-redshift starbursts known. (See Supplementary Information for more
details.)

LETTER RESEARCH

2 1 M A R C H 2 0 1 3 | V O L 4 9 5 | N A T U R E | 3 4 5

Macmillan Publishers Limited. All rights reserved©2013
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selection, which effectively requires that the sources be gravitationally
lensed. A much smaller total volume is lensed at z , 1 than at higher
redshift, and, as expected, we do not find any such sources in the SPT
sample23. However, if we only compare sources at z . 2 (the lowest
confirmed spectroscopic redshift in the SPT sample), the median
redshift of the radio-identified sample is still significantly lower (2.6)
than the SPT sample, and the probability that both samples are drawn
from the same distribution is ,1025 by the Kolmogorov–Smirnov
test. A recently published survey24 of millimetre-identified starbursts

with optical counterparts determined from high-resolution millimetre
imaging and redshifts measured from optical spectroscopy or esti-
mated from optical photometry found a median redshift of zmed 5 2.8.
Again comparing the distribution of sources at z . 2, the probabi-
lity that these objects and the SPT-selected sources are drawn from
the same parent distribution is 0.43, indicating rough consistency
between our secure redshift determinations and the distribution esti-
mated from the optical methods. A full analysis of the molecular line
detections, redshift determinations, residual selection effects, and a
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Figure 2 | ALMA 3 mm spectra of 26 SPT sources. The vertical axis is
observed flux density in units of mJy, with 30 mJy offsets between sources for
clarity. Spectra are continuum-subtracted. The strong CO lines are indicative of
dust-enshrouded active star formation. The spectra are labelled by source and
redshift. Black labels indicate unambiguous redshifts (18), with the subset in
bold font (12) having been derived from the ALMA data alone. Sources labelled
in blue (5) are plotted at the most likely redshift of multiple options, based on
the dust temperature derived from extensive far-infrared photometry. Three
sources with no lines detected are placed at z 5 1.85, in the middle of the

redshift range for which we expect no strong lines, and labelled in red. Total
integration times for each source were roughly ten minutes. The synthesized
beam size ranges from 70 3 50 to 50 3 30 over the frequency range of the search,
which is inadequate to spatially resolve the velocity structure of the lensed
sources. Transitions of species detected in at least one source are indicated by
vertical lines. Rotational transitions of the 12CO (solid) and 13CO (dashed)
isotopologues are shown in grey. Water lines are marked by blue dashed lines,
ionized water lines by red dashed lines, and atomic carbon ([C I]) by the green
dashed line.
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Figure 3 | The cumulative redshift distribution of luminous dusty starburst
galaxies, as measured with different techniques. The SPT millimetre-selected
sample (SPT1ALMA), with redshifts directly determined from spectroscopic
observations of the molecular gas in the galaxies, is shown in black. The existing
samples of radio-identified (Radio-ID) starbursts2,14,17,18,27, with redshifts
determined from rest-frame ultraviolet spectroscopy, are compiled in the blue
distribution. The redshift distribution24 of millimetre-identified (mm-ID)
starburst galaxies in the COSMOS survey is shown in red/orange, though the
majority of redshifts in this sample are derived from optical/infrared
photometry of the sources rather than spectroscopy, and therefore less certain.
Sources at z , 1 were removed from the previous samples of starburst galaxies
to better compare to the selection effect imposed on the SPT sample due to
gravitational lensing. The distribution of redshifts for radio-identified sources is
incompatible with the distribution for the sample presented in this work. This
measurement demonstrates that the fraction of dusty starburst galaxies at high-
redshift is greater than previously derived, and that radio-identified samples
were biased to lower redshift than the underlying population.
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Starbursts and AGN

■ AGN fueling and feedback 
■ Star formation feedback

(Fathi et al. 2013)

(Bolatto et al. 2013)

(Combes et al. 2013)

(Garcia Burillo et al. 2014)
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Chemistry and structure of the ISM
■ Detailed analysis of extragalactic ISM

(Mueller et al. 2014)

(Indebetouw et al. 2013)(H
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High mass star formation
■ From filaments to clouds and stars
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Complex organic molecules
■ Complex organic molecules in young solar analogs
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Protoplanetary disks: chemistry
■ Sharp chemical transitions and snow lines
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de Gregorio-Monsalvo et al.: ALMA observations of HD 163296 disk structure
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Fig. 3. CO(3–2) representative channel emission maps in HD 163296, primary beam corrected. The spectral resolution is 0.21 km s−1 and the rms
per channel is 14 mJy beam−1. The synthesized beam size is represented in the lower-right in each panel. The white solid and dotted lines represent
the front and the back gas disk surface respectively. The insert at bottom-left of each panel shows a zoomed-down model at the corresponding
velocity (i.e. the size is the same, the scale is different).

In order to reproduce the pattern observed in the CO chan-
nel maps, a set of values of CO freeze-out temperature, non-
thermal turbulence velocity, scale height and flaring power were
explored. The vertical dust temperature gradient calculated by
MCFOST is sufficient to produce a “two-layer” effect for the CO
line, but is not of high enough contrast to be detectable. A larger
vertical temperature gradient would likely increase the contrast
by increasing the emission at the surface, but we defer to a fu-
ture paper the full and detailed gas modelling including all tran-
sitions of CO observed by ALMA. However, the contrast can be
increased by removing CO gas from the midplane. To mimic the
effect of freeze-out in the midplane, we set the CO gas abun-
dance to zero wherever Tgas = Tdust is below a critical value. We
tried a range of freeze-out temperatures from 10 to 40 K. The
best match is obtained for 20 K, similar to the value obtained by
Qi et al. (2011) from a different method. For 20 K, the width of
the layer where CO is removed has a scale height of 15 AU (at
200 AU radius), and it affects mostly the outer disk midplane.
This provides direct evidence for CO freeze-out close to the disk
midplane in HD 163296 (see also Mathews et al. 2013 submit-
ted). A range of gas non-thermal turbulent velocity between 0
to 0.2 km s−1 were also explored and compared with the spatial
extent of the emission in a given channel. The best match is ob-
tained for 0.1 km s−1.

The apparent separation between the two layers of CO emis-
sion in the channel maps is a function of the system’s inclina-
tion and geometry (thickness) of the disk. The inclination is well
known. The geometry of the disk in our model is defined in a
large part by the reference scale height (H0) and the flaring ex-
ponent. Starting from the model of Tilling et al. (2012), values
of the scale height in the range 0.03–0.1 at 1 AU and flaring in-
dex in the range 1.00–1.20 were considered. A good match is
obtained for a scale height of 0.07 AU (at 1 AU radius), and a
flaring power of 1.12. These values correspond to a disk that
is slightly geometrically thicker than the disk of Tilling et al.
(2012). These changes are important to match the CO(3–2) chan-
nel maps, but we note that this model keeps matching the SED
and the CO and continuum radial surface brightness profiles ad-
equately.

5. Conclusions
We have presented ALMA observations in CO(3–2) and con-
tinuum at 850 µm. We used these data in combination with
MCFOST models to refine the geometrical, physical and chemi-

cal properties of HD 163296. We show, for the first time at sub-
millimeter frequencies, a detailed disk gas structure where the
front and the back gas disk surface are resolved. We found a
clear and strong difference in the radial surface brightness dis-
tribution of CO and sub-millimeter dust, where a tapered-edge
model is unable to fit both simultaneously and the dust disk ap-
pears to have a sharp outer edge. We conclude that the adopted
prescription, valid for a number of disks observed at lower res-
olution, must be modified to account for the effects seen with
the higher sensitivity and angular resolution now available with
ALMA. We propose a combination of grain growth and inward
migration as a plausible explanation of this discrepancy.
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Protoplanetary disks: planet formation
■ Assembly of solids and disk-planet interaction
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Enrichment of the ISM
■ Late stages of stellar evolution, supernovae, GRBs
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Science Priorities for the Future
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(Jimenez-Serra et al. 2014)
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■ Resolve planet formation in protoplanetary disks 
➢Full sensitivity (antennas) and angular resolution (baselines) 

■ Statistical census of Star Formation at high-z 
➢Full sensitivity, efficient spectral scans 

■ Chemistry of Complex Organic Molecules and Water 
➢Full sensitivity, full frequency coverage, spectral flexibility 

■ Resolve Event Horizon of Supermassive Black Holes 
➢Full sensitivity, mmVLBI
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A glimpse to ALMA future capabilities
■ Long Baselines Campaign - Sep-Nov 2014

HL Tau protoplanetary disk
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Timeline summary
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Long	
  term	
  benefits	
  for	
  Italy
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  +	
  Laboratory	
  +	
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– Effective	
  engagement	
  in	
  ALMA	
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  and	
  Development	
  
– Benfits	
  spreading	
  to	
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  Italian	
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  at	
  large	
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  of	
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  ARC	
  node	
  in	
  Bologna	
  
– Better	
  support	
  for	
  the	
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  to	
  use	
  ALMA	
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  possible	
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  with	
  support	
  of	
  Italian	
  radio	
  
telescopes	
  (SRT	
  and	
  EVN	
  as	
  facilities	
  for	
  It	
  users)	
  

– Develop	
  possible	
  synergies	
  with	
  the	
  future	
  user	
  support	
  
concepts	
  for	
  SKA	
  

• Receiver/hw	
  development	
  
– Involvement	
  of	
  Italian	
  industry	
  
– Synergy	
  with	
  SRT	
  (indirectly	
  SKA)	
  receivers	
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Summary
■ ALMA is ramping up from Early Science towards Full 

Science Operations 
!

■ The results from Science Verification and ALMA Cycle 
0 & 1 are transformational  
!

■ ALMA Capabilities in Cycle 2 are a factor of several 
more powerful, and will continue to grow 
!

■ ALMA has an ambitious development plan and is 
developing the scientific vision for ALMA2030 
!

■ Italy is fully engaged in ALMA science and 
development through INAF



Leonardo Testi: ALMA, Bologna 2014

www.eso.org

http://www.eso.org

