
	
  	
  	
  	
  

…	
  resolve	
  molecular	
  clouds	
  in	
  a	
  nearby,	
  star	
  forming	
  galaxy:	
  
	
  
	
  
	
  	
  
	
  
	
  
	
  
	
  	
  	
  

	
  	
  

…	
  detect	
  the	
  ISM	
  in	
  high	
  redshi<	
  galaxies:	
  
	
  
	
  
	
  
	
  
	
  
	
  	
   	
  

	
  

…	
  reveal	
  the	
  characteris=cs	
  of	
  Solar	
  System	
  objects:	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  Did	
  you	
  know?	
  
	
  

	
  	
  	
  the	
  Atacama	
  Large	
  Millimeter/submillimeter	
  Array	
  (ALMA)	
  can…	
  
	
  

For further information or to comment on this document, please contact your regional Helpdesk through the ALMA Science Portal at 
www.almascience.org. Helpdesk tickets will be redirected automatically to the nearest ALMA Regional Center at ESO, NAOJ or NRAO.
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in	
  Cycle	
  2	
  

6	
  pc	
  clouds	
  of	
  excited	
  CO(J=3-­‐2)	
  gas	
  across	
  the	
  central	
  400	
  pc	
  of	
  M83	
   <	
  2	
  hours	
  

30	
  pc	
  clouds	
  of	
  dense	
  HCN(J=1-­‐0)	
  gas	
  in	
  the	
  central	
  1.5	
  kpc	
  of	
  M83	
   25	
  minutes	
  

create	
  an	
  HCN(J=1-­‐0)	
  mosaic	
  of	
  the	
  full	
  M83	
  bar	
  with	
  30	
  pc	
  resolu=on	
   2.5	
  hours	
  

in	
  Cycle	
  2	
  
dust	
  emission	
  in	
  a	
  “normal”	
  1011	
  L¤	
  galaxy	
  between	
  z=1	
  and	
  z=6	
   5.5	
  hours	
  

major	
  cooling	
  [CII]	
  line	
  in	
  a	
  lensed	
  Milky	
  Way	
  galaxy	
  at	
  z=4.2	
   30	
  minutes	
  

dust	
  emission	
  in	
  a	
  1012	
  L¤	
  luminous	
  infrared	
  galaxy	
  out	
  to	
  z=10	
   7	
  minutes	
  

in	
  Cycle	
  2	
  
obtain	
  wind	
  paaerns	
  in	
  the	
  atmosphere	
  of	
  Mars	
  with	
  300	
  km	
  resolu=on	
   30	
  minutes	
  

trace	
  the	
  atmospheric	
  water	
  content	
  of	
  Venus	
  using	
  HDO	
  lines	
   10	
  minutes	
  

detect	
  vola=les	
  (HCN,	
  CH3OH,	
  H2CO,	
  CS,	
  and	
  HNC)	
  on	
  ac=ve	
  comets	
   50	
  minutes	
  

measure	
  Kuiper	
  Belt	
  Object	
  sizes	
  from	
  their	
  thermal	
  emission	
   1	
  hour	
  

in	
  Cycle	
  2	
  

	
  
	
  
	
  

…	
  survey	
  Galac=c	
  clouds	
  and	
  star	
  forming	
  regions:	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  	
  

in	
  Cycle	
  2	
  
measure	
  the	
  polariza=on	
  of	
  dust	
  in	
  30	
  protostars	
  in	
  a	
  single	
  star	
  forming	
  region	
   2	
  hours	
  

detect	
  thousands	
  of	
  lines	
  over	
  60	
  GHz	
  with	
  <	
  1	
  km/s	
  resolu=on	
  toward	
  Orion-­‐KL	
  	
   10	
  minutes	
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Fig. 2. (top left) Integrated intensity map in the CO (J = 1–0) emission in the central region of M 83. The central cross indicates the dynamical center
determined from our CO velocity field, and dashed white circles indicate the FOVs of CO (J = 1–0) observations. The synthesized beam is shown in
the lower left corner. The contour levels are 3, 6, 9, 12, 15, 21, 27, and 33 ! , where 1 ! = 2.7 Jy beam!1 km s!1 or 10 K km s!1. (top right) Velocity
field measured in CO (J = 1–0). The contour levels are from 440 to 590 km s!1 with an interval of 10 km s!1. (bottom left) Integrated intensity map
in the HCN (J = 1–0) emission in the central region of M 83. The contour levels are 3, 6, 9, 12, and 15 ! , where 1 ! = 0.52 Jy beam!1 km s!1 or
3.7 K km s!1. (bottom right) Map of the 95 GHz continuum emission in the central region of M 83. The contour levels are 2, 4, 6, 8, and 10! , where
1! = 0.85 mJy beam!1 or 4.3 mK.

A radio source, J1337!129, was observed every " 20 min
for amplitude and phase calibrations, and the passband shape
of the system was determined from observations of a strong
continuum source, 3C 273. The flux density of J1337!129
was measured at several times during an observing run based
on that of a quasar, 3C 345. Its flux was determined by flux
measurements of Saturn and Uranus. The overall error of the
absolute flux scale was estimated to be about ˙ 20%.

The raw visibilities were edited and calibrated using the
NRO UVPROC-II package (Tsutsumi et al. 1997), and then
final images were created using the IMAGR task in the NRAO
AIPS package. For some spectral line analysis, data also
have continuum emission. In this case, we subtracted the
continuum emission from the visibilities using the UVPROC-II
task LCONT at first. We used the subtracted continuum
emission in HCN (J = 1–0) data as the 95 GHz continuum

The Astrophysical Journal, 768:91 (20pp), 2013 May 1 Hodge et al.

Figure 10. ALMA 870 µm contours (green) on false-color multiwavelength images produced from the VLA 1.4 GHz (red) and MIPS 24 µm (blue) data. The dashed
circle indicates the search radius used by Biggs et al. (2011) to statistically identify radio and mid-infrared counterparts to the LESS sources, and the small white/yellow
squares indicate the positions of the predicted robust/tentative counterparts. The synthesized beam of the ALMA data is shown in the bottom left corner of each map,
and the large circle indicates the primary beam FWHM. ALMA contours are in steps of 1σ starting at ±2σ . Note that LESS 52, 56, 64, and 125 were not observed
with ALMA, and the quality of the ALMA maps for LESS 48 and 60 is so poor that we do not show them here.

(An extended version of this figure is available in the online journal.)

below 5 mJy). If we include tentative counterparts, then the flux
density above which the predictions are 75% complete drops to
only 3 mJy, below which only 25% of the SMGs were predicted
with robust/tentative radio/mid-infrared counterparts.

We can also test how many of the total number of predicted
counterparts are now confirmed (i.e., the reliability). Consid-
ering only robust IDs, there are a total of 57 distinct proposed
radio/mid-infrared counterparts in maps covered by the ALESS
MAIN sample. Of these counterparts, 45 are confirmed by the
ALMA maps. Therefore, 80% of the robust radio/mid-infrared
IDs have been confirmed by the ALMA maps, and 20% have
been shown to be incorrect. Although formally the robust IDs
should have a >95% chance of being correct, a reliability of
80% is still encouraging given the uncertainties. Moreover, our
results really only give a lower limit on the reliability, since there

may be some counterparts with submillimeter emission just be-
low our detection threshold. For example, in LESS 2, there is
a predicted counterpart at the position of a ∼3σ submillimeter
peak, which is just below our detection threshold but (given this
alignment) likely real. If we consider both robust and tentative
IDs, then there are a total of 85 radio/mid-infrared counterparts
(57 robust + 28 tentative) falling in MAIN sample maps. Of
these, 54 are confirmed by the ALMA maps (∼65%).

Note that we did not include the blank maps in the above
analysis, even though they are also of high quality, since
the positions of the SMG(s) in those maps remain uncon-
strained. Of the 17 blank maps, 11 have at least one predicted
radio/mid-IR counterpart. In several cases—e.g., LESS 27,
LESS 47, LESS 95 (slightly offset), and LESS 120—these coun-
terparts coincide with a ∼3σ submillimeter peak, indicating that
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Figure 40: Maps of carbon monoxide and dust in comet Hale-Bopp obtained with the
IRAM interferometer. The four panels show the CO(2-1) line in various velocity channels
and (lower right) dust continuum emission. The spatial resolution is 100, or 1000 km at the
comet.

to cometary trails and to meteors. Such particles are only observable in the far-infared,
in the millimeter and by radar. The nucleus thermal radio emission, compared with the
reflected sunlight observed at optical wavelengths, allows a determination of the nucleus
albedo and size.

5.2.3 Activity of distant comets and asteroids

The activity of comet Hale-Bopp was traced up to more than 10 AU from the Sun, by
observing its CO(2-1) line with SEST. The high sensitivity of ALMA will make it possible
to detect CO and other species in many distant comets and to study the evolution of their
outgassing as they approach the Sun. Such studies will provide clues to the sublimation
processes and physical properties of cometary ices. It will also be possible to look for weak
levels of outgassing in asteroids and in giant comet-like objects such as Centaurs.

5.2.4 The surface of small bodies

Continuum observations with ALMA will permit an in-depth study of the thermal emis-
sion of Solar System small (quasi)airless bodies: asteroids, comet nuclei, Centaurs, trans-
Neptunian objects, as well as outer planet satellites (such as Triton) and Pluto and Charon
separately. A typical trans-Neptunian object of 200 km diameter at 45 AU has a flux den-
sity of 60 µJy at 1 mm wavelength and will be easily detected in a one-hour observation.
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  …	
  trace	
  the	
  forma=on	
  of	
  galaxy	
  clusters,	
  cosmic	
  structure:	
  	
  
	
  
	
  
	
  
	
  	
  
	
  
	
  
	
  
	
  	
  

	
  
…	
  reveal	
  the	
  nature	
  of	
  planetary	
  disks	
  around	
  nearby	
  stars:	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  	
   	
  

	
  
…	
  measure	
  stellar	
  ac=vity	
  from	
  low	
  to	
  high	
  mass	
  stars:	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  

in	
  Cycle	
  2	
  
characterize	
  merger	
  shocks	
  in	
  cluster	
  gas	
  with	
  the	
  Sunyaev-­‐Zel’dovich	
  Effect	
   1.5	
  hours	
  

measure	
  the	
  bulk	
  cluster	
  Sunyaev-­‐Zel’dovich	
  Effect	
  in	
  high-­‐z	
  clusters	
   3	
  hours	
  

survey	
  clustering	
  in	
  a	
  sample	
  of	
  23	
  Lyman-­‐α	
  Blobs	
  (LABs)	
  at	
  z=3.1	
   <	
  1	
  hour	
  

in	
  Cycle	
  2	
  
resolve	
  the	
  “snow	
  line”	
  in	
  the	
  disk	
  around	
  the	
  T	
  Tauri	
  system	
  HD	
  163296	
  	
   15	
  minutes	
  

measure	
  dense	
  gas	
  flows	
  across	
  gaps	
  in	
  protoplanetary	
  disks	
   15	
  minutes	
  

detect	
  a	
  dust	
  disk	
  gap	
  induced	
  by	
  a	
  Jupiter	
  mass	
  planet	
  at	
  120	
  pc	
   2	
  hours	
  

image	
  full	
  debris	
  disk	
  (dense	
  clumps	
  in	
  disk)	
  of	
  ε	
  Eri	
  with	
  1	
  AU	
  resolu=on	
   17	
  (3)	
  hours	
  

in	
  Cycle	
  2	
  
image	
  molecular	
  ouulows	
  from	
  pre-­‐planetary	
  nebulae	
   5	
  minutes	
  

inves=gate	
  hea=ng	
  mechanisms	
  of	
  red	
  giant	
  stars	
   2	
  minutes	
  

detect	
  z=3	
  (z=10)	
  GRB	
  a<erglow	
  two	
  days	
  a<er	
  the	
  burst	
   11	
  minutes	
  (2.6	
  hours)	
  

	
  
...	
  study	
  black	
  holes	
  and	
  their	
  environments,	
  near	
  and	
  far:	
  	
  	
  	
  	
  	
  	
  	
  

	
  
	
  
	
  
	
  
	
  
	
  	
  

in	
  Cycle	
  2	
  
measure	
  black	
  hole	
  mass	
  of	
  NGC	
  4526	
  from	
  molecular	
  gas	
  kinema=cs	
   1	
  hour	
  

infer	
  gas	
  proper=es	
  in	
  the	
  host	
  galaxy	
  of	
  an	
  obscured	
  z=2.8	
  quasar	
   20	
  minutes	
  

understand	
  the	
  energe=cs	
  of	
  flares	
  from	
  Sagiaarius	
  A*	
  	
   <	
  1	
  minute	
  

Fig. 15. CO(2–1) intensity map of NGC 1068 resulting from the extended torus
AGN model in Wada & Tomisaka (2005). The top-left panel shows the original
map obtained by the model, the other panels show the expected morphology after
convolution with different beam sizes. The map expected at the ALMA resolution
is shown in the bottom-left panel (c). In this model, the physical size of the torus
is about 64 pc in diameter.

models.

The gas kinematics inferred from ALMA observations of the nuclear molecular
emission lines will provide important information on the dynamical stability
and origin of the circumnuclear medium. In the case of a simple uniform struc-
ture, supported by radiation pressure, we expect gas motions to be dominated
mostly by rotation. In the case of a medium originated by the accretion disk
wind (Elvis, 2000) we expect the molecular gas kinematics to also show a
clear outflow component. In the case of a strong contribution by SN and stel-
lar winds we also expect a strong turbulent component, hence a large width
of the emission lines even within resolved regions. Obviously investigating the
molecular gas in the innermost regions will require the observation of species
typically tracing dense and highly excited gas (e.g. HCN, HCO+,...), which are
much fainter than CO, but easy to detect with ALMA. A detailed modelling
of the excitation and emissivity distribution of these high density tracers in
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HCO+	
  in	
  transi=on	
  disk	
  HD142527	
  	
  

Casassus+	
  (2013),	
  S.	
  Perez	
  

P. Cox et al.: Jets in AFGL 2688 L27

Fig. 2. The Plateau de Bure interferometer data compared to the H2 1–0 S(1) line emission and nearby 2.15 µm continuum (in color) - from
Sahai et al. (1998). The velocity integrated CO(2–1) emission is shown as contours (2, 4, 8, 12 to 72 by 6 Jy/beam) in the right panel, and the
outflow axis are identified in the left panel (see also Fig. 1 and 3). The beam of the CO image is shown in the lower left corner of the right panel,
with the locations of the position-velocity diagrams of Fig. 3

Fig. 3. Velocity-strip maps in the CO(2–1) line along the north-south
bipolar outflow axis (P.A. 17

◦), and three east-west directions at P.A.
of 78, 103, and 123◦ (see Fig. 2). The contours are 0.25, 0.5, 0.75, 1 to
2.6 by 0.4 Jy/beam. The extremities of the outflows are indicated.

In the north-south direction, three additional collimated out-
flows are detected (Fig. 3): D1/D2 and E1/E2 at the extreme red-
shifted (v < −18 km s−1) and blue-shifted (v > −60 km s−1)
velocities, and F1/F2 at intermediate (∆v = ±6 km s−1) veloc-
ities, corresponding to the H2 emission farthest from the center.

Along all the outflow axes (A to G), the CO velocity in-
creases with distance from the centre. This implies that the ob-
served CO gas is entrained by high-velocity jets which could be
atomic or ionized. The velocity of the CO gas in the outflows is
also higher by a factor of∼2.5 than the velocity of the H2 which
is close to the expansion velocity of the AGB envelope (Kast-
ner et al. 1999). The high-velocity jets entrain the CO gas and
shock the molecular hydrogen of the AGB envelope. The lack
of symmetry in the CO velocity between the east and west with
respect to the systemic velocity could be due to inhomogeneities
in the AGB envelope, or to destruction/creation of molecules in
different regions of the shocks.

Assuming the model-dependent value of i ∼ 16◦ for the in-
clination of the north-south axis to the plane of the sky with the
northern lobe towards the observer (Yusef-Zadeh et al. 1984),
the deprojected flow velocity of F1 (at 6′′ from the centre) is
22 km s−1, corresponding to a kinematic age of ∼ 1200 years.
In comparison, the projected velocities of the jets D and E are
∼ 30 km s−1, implying ages of∼250 and 125 years, if the same
inclination is assumed. Finally, we note that the position of the
central exciting star of AFGL 2688 recently derived from polar-
isation measurements (J. Kastner, private communication) lies
within the positional errors at the intersection of the outflows
(Fig. 2).

3.2. The core region

In addition to the collimated outflows, the present observations
reveal in the central 2′′ a shell-like structure (Fig. 1) expanding
with a velocity of at least ∼ 10 km s−1 (Fig. 3). This CO struc-
ture is not aligned with any of the outflow axes and lies at a P.A.
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2 GALAXIES AND COSMOLOGY 20

Figure 12: The simulated appearance of a cluster of galaxies at a redshift z = 0.2 observed using
ALMA at a frequency of 350GHz at a relatively low resolution of 3 arcsec (left). Red is used
to denote galaxies that are members of the cluster and the diãuse emission from the Sunyaev–
Zel’dovich eãect. Blue is used to represent background galaxies magnified by the cluster. A
simulation of the same field in the optical R-band is also shown (right). The submillimeter image
is much more sensitive to the high-redshift background galaxies. The images are 100 arcsec on
a side. A survey of the whole field with ALMA (about 30 ALMA pointings) would reveal the
brightest sources, while the faintest sources (with fluxes of 0.01mJy) in the 350-GHz image could
be detected in about 70 hours of integration per field.

along the critical line. This is the flux density expected from a normal high-redshift galaxy,
even in the absence of a lensing magnification. When the magnification of at least a factor
of 10 on the critical line is taken into account, galaxies considerably less luminous than
the Milky Way could be detected. Hence, ALMA will oãer the unique ability to determine
the form of the faint end of the luminosity function of high-redshift dusty galaxies.

The source counts of bright submillimeter-wave galaxies that will be detected using
future wide-field survey instruments, like the FIRST and Planck Surveyor satellites, are
expected to be steeper than those in other wavebands. The steepness of the counts controls
the fraction of lensed galaxies expected to be discovered in a survey, with steeper counts
corresponding to a greater fraction of lenses. As a result, ALMA will be a unique and
powerful tool to rapidly sift through catalogues of potential lenses, and identify those with
characteristic multiple image geometries for further detailed investigation [Blain 1998].

2.3 Quasar absorption lines

In order to gain an understanding of star formation processes at high redshift, it is necessary
to have a detailed knowledge about the physical and chemical properties of the molecular
gas in distant galaxies. This requires observation of rare but diagnostically important

simulated	
  galaxy	
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Integra(on	
  (me	
  es(mates	
  are	
  on	
  source	
  integra(on	
  (mes	
  (no	
  calibra(on)	
  calculated	
  with	
  the	
  ALMA	
  exposure	
  (me	
  calculator:	
  	
  
h=ps://almascience.nrao.edu/proposing/sensi(vity-­‐calculator	
  
More	
  informa(on	
  about	
  the	
  assump(ons	
  and	
  setups	
  for	
  each	
  project	
  can	
  be	
  found	
  here:	
  h=ps://science.nrao.edu/facili(es/alma/didyouknow	
  


