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OVERVIEW

➤ (extremely brief) Introduction to astrophysics and astronomy 

➤ Molecular lines in radio-submm astronomy 

➤ ALMA interferometer 

➤ Chemistry of star and planet formation done with ALMA 

➤ Public ALMA data in the ALMA Archive 

  

- The ability to detect spectral line emission from CO or [CII] in a normal galaxy 
like the Milky Way at a redshift of z=3, in less than 24 hours

- The ability to image the gas kinematics in protostars and in protoplanetary disks 
around young Sun-like stars in the nearest molecular clouds (150 pc)

- The ability to provide precise high dynamic range (=|image max/image min|) images 
at an angular resolution of 0.1 arcsec

-> frequency bands, high sensitivity
-> study of star formation in galaxies up to high redshift, galaxy formation, …

-> high and low angular resolution, high spectral resolution 
-> study of processes of star and planet formation, stellar evolution 

and structure, astrochemistry, …

-> high angular resolution and sensitivity
-> galaxy dynamics, AGN core mechanisms, imaging of exoplanets, comets, 

asteroids, ... 

ALMA rationale

The design of ALMA is driven by three key science goals:



STAR AND PLANET FORMATION

(zoom)

(zoom)

(zoom)

source: phys.org

http://phys.org


ALMA OBSERVATIONS OF HL TAU (SUN-LIKE STAR)

(zoom)

(zoom)

(zoom)

Optical HST image of the Taurus molecular cloud at a 
distance of  140pc (1 pc=3.08E18cm or 3.26ly)

ALMA submm image 
of HL Tau disk



ALMA OBSERVATIONS OF HL TAU (SUN-LIKE STAR)

(zoom)

(zoom)

(zoom)

Stellar disk visible thermal 
emission from heated dust 
grains organized in 
concentric rings with gaps.

As planets and asteroids 
form in the disk, they 
reshape this disk, sweeping 
up the material in their 
orbit, thus creating a disk 
structure as observed in 
HL Tau.



STAR-FORMING CLOUDS IN THE MILKY WAY

Our Sun is located in the 
Galactic disk, in outer region of 
the Milky Way. 

The Milky Way’s disk has a 
spiral arm structure, a central 
bar and a massive Black Hole 
(1E6Msun, 1Msun=2E33 g) in 
the center.

Dense molecular clouds are 
formed preferentially on the 
spiral arms (and bar) where the 
gravitational potential aids the 
accumulation of gas and dust.



WE ARE IN THE MILKY WAY DISK…
towards Galactic center



BUT OUR GALAXY IS JUST ONE OF MANY

source: scienceblog.com

http://scienceblog.com


LOOKING BACK IN TIME: COSMIC STAR FORMATION HISTORY

Madau et al. 2014

Apparent star formation peak at redshift z~2 z =
��

�0



MOLECULAR LINES IN SUBMM 
ASTRONOMY



ISM ENVIRONMENTS IN THE GALAXY
➤ cold, dense atomic and molecular gas  

➤ temperatures from ~10K (at high density, shielded gas) to 5000 K (tenuous 
gas, not shielded) 

➤ hydrogen densities from 10 cm-3(tenuous gas) to 106 cm-3(densest location in 
molecular clouds) 

➤ warm/hot, ionized gas near hot stars

Herschel dust continuum map showing the cold dense medium in red/yellow, and the 
dust heated by young stars (blue shells) Image: Henneman et al. 2012, ESA



ISM CONSTITUTION AND MASS OF OUR GALAXY

➤ ~20% of mass is in stars,  gas and dust (ISM: 99% gas, 1% dust) 

➤ Most gas is HI (atomic) or H2 (molecular) 

➤ H2 radiates inefficiently in cold ISM, because the molecule is light and 
has no permanent dipole moment: H2 densities are inferred from dust 
emission or CO emission. 

➤ ~80% of mass is not visible > dark matter, discovered through HI 
rotation curves

Rotation curve of Galaxy M33, Corbelli et al. 2001

mv2
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EMISSION PROCESSES IN SPACE OBSERVABLE IN THE CM-SUBMM REGIME

➤ synchrotron emission 

➤ bremsstrahlung 

➤ thermal emission of heated dust 

➤ cosmic microwave background 

➤ spectral line transitions 

➤ atomic transitions (electronic, radio recombination lines) 

➤ molecular transitions (rotational, vibrational states) 

➤ molecular masers (population inversion) 

➤ electronic nuclear spin transitions (21cm line of Hydrogen)



DUST GRAINS: EXTINCTION AND SURFACE FOR CHEMISTRY 
➤ Dust is very effective at absorbing and scattering high frequency photons, 

prohibiting to measure signals from the dense regions at optical wavelengths 

➤ Radio to FIR frequencies are free of dust extinction 

➤ Dust grain surfaces are important for complex chemistry: 

➤ Also most of molecular hydrogen formed on grains (in cold temperatures)B.T. Draine: Modeling Interstellar Extinction and IR Emission 247

Fig. 1. Average extinction law in diffuse clouds. Inset shows the extinction for λ−1 <

0.5µm−1.

The derived dust-to-gas mass ratios are reviewed in Section 6, evidence showing
that the PAH abundance index qPAH depends on the galaxy metallicity is presented
in Section 7. Finally, the main points are summarized in Section 8.

2 Constraints on Dust Models: Extinction and PAH Emission

The discovery of interstellar dust came about when it was realized that some
stars were dimmed by intervening extinction (Barnard 1907). The wavelength-
dependent extinction of starlight – which we can now measure from wavelengths
as long as 20µm to the far-ultraviolet and even X-ray wavelengths – continues to
provide the strongest constraints on interstellar dust. The average extinction law
for diffuse clouds is shown in Figure 1. The wavelength-dependence of the extinc-
tion is known to vary from one sightline to another, but the different extinction
curves can be closely approximated by analytic functions with a handful of ad-
justable parameters (Cardelli et al. 1989). The “average” diffuse cloud extinction
curve shown in Figure 1 is based on the parameterization by Fitzpatrick (1999)
but with weak spectral features added.

The principal characteristic of the extinction law shown in Figure 1 is its general
rapid increase as the wavelength decreases toward 0.1µm. Recent studies with the
FUSE satellite of the far-ultraviolet extinction in the Milky Way (Sofia et al.
2005) and in the Magellanic Clouds (Cartledge et al. 2005) confirm the rapid rise
in the far-ultraviolet. The pronounced increase in extinction as the wavelength
changes from visible to vacuum ultraviolet cannot be accomplished without a large
population of very small grains, with sizes a ∼< .02µm.

Herbst 2013



EXTINCTION BY DUST DOES NOT AFFECT RADIO & SUBMM

Radio-mm spectral lines are 
thus ideal probes for the 
kinematics, temperatures and 
densities of dense regions with 
dust extinction

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

www.annualreviews.org • Cold Dark Clouds 371
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Star-forming regin Barnard 68, Bergin & Tafalla 2007

optical/NIR

ANRV320-AA45-09 ARI 24 July 2007 18:59

Major gas-phase tracers in starless cores

Visual extinction (mag)

Molecular hydrogen density (cm–3)

CO

OHC+

H2O

0
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Figure 12
Schematic summary of the major gas-phase probes of starless cores as a function of depth and
density. The scales provided are approximate and were estimated from Barnard 68. In this
schematic the temperature is assumed to be low (<15 K) below AV ∼ 2 mag.

7 to 100 µm and “represent a population of heretofore unrecognized population of
cold, dense, isolated clouds” (Egan et al. 1998, Hennebelle et al. 2001). A compilation
of MSX dark objects finds over 10,000 sources with kinematic distances between 1–
8 pc with a distribution that peaks toward prominent star-forming regions, spiral
arm tangents, and the 5-kpc Galactic Molecular Ring (Simon et al. 2006). Figure 13
presents one example showing the G11.11–0.12 IRDC as seen by Spitzer and in
submillimeter continuum emission.

Much of the interest generated by this discovery focuses on the formation of
high-mass stars and stellar clusters. This review demonstrates many of the gains in
our knowledge of the formation of low-mass stars through the isolation of starless
cores as a unique sample to study the initial conditions of star formation. In the case
of clustered star formation, the nearest region is Orion at ∼500 pc and it is unclear
how representative Orion is when compared to star formation in the inner Galaxy,
where most of the molecular mass resides. IRDCs provide the capability to examine
the early stages of star cluster formation beyond the local solar neighborhood. The
primary issue for massive star formation is that the timescales are much faster when
opposed to the formation of solar mass stars. Thus there will be fewer prestellar mas-
sive objects present at any given time to isolate. Moreover, because massive stars are
born in more distant clouds with stellar clusters the chances of confusion are greater
(for a nice review, see Garay & Lizano 1999). The discovery of IRDCs provides a

www.annualreviews.org • Cold Dark Clouds 381
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MOLECULES IN THE MILKY WAY (AS OF APRIL 2016 IN CDMS)

(continued)

Source: CDMS, https://
www.astro.uni-koeln.de/

cdms/molecules

https://www.astro.uni-koeln.de/cdms/molecules


EXTRAGALACTIC MOLECULES (APRIL 2016, CDMS)

Source: Cologne Database 
for Molecular Spectroscopy, 

https://www.astro.uni-
koeln.de/cdms/molecules

https://www.astro.uni-koeln.de/cdms/molecules


LINE RICHNESS

➤ ALMA observations of a star-forming core show a line forest 

➤ To identify these molecular lines, knowledge of their rest frequencies, and  
upper (or lower) state energy is extremely important 

➤ Spectral line identification in astronomy thus depends heavily on laboratory 
experiments

A&A 571, A52 (2014)

Fig. 4. Spectra toward the continuum peak position of the six cores identified in the continuum image at 343 GHz (see Fig. 2). The spectra shown
cover the whole frequency range of the ALMA observations: 334.982–338.741 GHz in the lower sideband, and 346.908–350.736 GHz in the upper
sideband. The brightness temperature scale of core A (the richest and brightest core) is different from that of the rest of the cores. The absorption
visible in some spectra is probably produced by the interferometer filtering out part of the extended emission.

detected. Because of the blending with a CH3OH transition, it
is not possible to confirm the detection of the K = 5 compo-
nent. Furthermore, a number of CH3CN v8 = 1 transitions, with
upper level energies ranging from ∼690 to ∼1040 K, have been
detected.

Figures 8, 9, and 10 show the integrated intensity (moment 0)
maps toward core A of the CH3CN K = 2 and 8, CH13

3 CN
K = 2, and CH3CN v8 = 1 (K, l) = (3, 1) lines, various tran-
sitions of CH3OH and CH3OH vt = 1, with upper level energies
from 45 to 390 K, and SO, HNCO, SO2, and HC3N with upper

A52, page 6 of 24

Beltran et al. 2014



SPLATOLOGUE: ONLINE MOLECULAR DATABASE

http://www.cv.nrao.edu/php/splat/

h⌫ = EU � EL



RADIATIVE TRANSPORT 

Radiation transport Radiation transport II

Iν(0) Iν(L)

0 L

cloud

dIν = -kν Iν ds + jνds                        dτν≡  - kνds

dIν = Iν dτν + (jν/ kν) dτν        (jν/ kν) = source function Sν

                                                                                                                                          jν=(hν/4π)nuAulφ(ν)

                                                                                         kν=(hν/4π)(nlBlu  - nuBul )φ(ν)

TE at temperature T: Sν =Bν (Tex): Planck function. Then:

                                               Iν = Iν (0)e-τν + Bν (Tex)(1- e-τν )

s

τ
0τν

absorption emission, Planck radiation

At radio-submm frequencies (hv/kT is small) the measured brightness temperature with 
the radio antenna can be approximated by

I
⌫
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⌫

(0) exp(�⌧
⌫
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⌫
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ex

)(1� exp(�⌧
⌫

)

optically thin: measure column density:  

optically thick: measure temperature⌧⌫ > 1

⌧⌫ < 1 TA ⇠ T ⌧⌫
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))

T

⌧⌫ / N/T

)
2h⌫3

c2
1
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MOLECULAR SPECTROSCOPY

n> ncrit - collision 
dominated and the 
excitation 
temperature will 
close to the kinetic 
temperature of the 
gas



PHYSICAL PROPERTIES FROM MOLECULAR LINES

ANRV385-AA47-11 ARI 25 July 2009 0:2
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Rotational diagram method: 

using several level populations 
under the assumption that they 
all come from the same region, 
are characterized by one 
temperature and are optically 
thin allow to obtain the 
temperature and column 
density simultaneously

N
co

l

Herbst & van Dishoek 2009



COMPARE WITH CHEMICAL MODELS

Measurements of molecular 
lines, especially if more 
transitions or species are 
involved can than be compared 
with chemical models 
(formation pathways) that 
predict abundances.

ANRV385-AA47-11 ARI 25 July 2009 0:2

10–8

10–10

b

a

10–12

10–14

10–16

10–18

n/
n H

2

10–8

10–10

10–12

10–14

10–16

10–18

 105  106  107  108 104 103 102

Time (year)

HC5N

HC5N

CH3OH

CH3OH

C6H

C6H

Figure 11
Comparison of fractional abundances calculated with gas-phase (a) and gas-grain (b) models for a cold core
with oxygen-rich abundances (C/O = 0.4). The Ohio State networks were used without anions. The model
parameters are T = 10 K, nH = 2 × 104 cm−3, and the cosmic ray ionization rate per H2 molecule of
ζ = 1.3 × 10−17 s−1. Horizontal lines represent observed species in TMC-1. Provided by D. Quan.

(CH+
3 ) by a radiative association reaction with water followed by a dissociative recombination

reaction: CH+
3 + H2O → CH3OH+

2 + hν, CH3OH+
2 + e− → CH3OH + H. However, when the

initial reaction was finally studied in the laboratory, it was found to be much slower than the earlier
theoretical prediction (Luca, Voulot & Gerlich 2002). In addition, experiments using storage
rings show that saturated molecular ions such as protonated methanol tend to fragment more
completely upon dissociative recombination rather than just breaking one bond to a hydrogen
atom. In particular, the fraction of reactions leading to methanol and H was found to be only
3 ± 2% (Geppert et al. 2006, 2005). These two difficulties render the production of methanol in
the cold gas phase exceedingly inefficient (Garrod et al. 2006, Geppert et al. 2005) (Figure 11a).

Models of cold cores that include dust chemistry are more physically realistic than gas-phase
models, but without nonthermal desorption processes, which are poorly understood, all species
containing elements heavier than He are depleted almost totally from the gas at times exceeding
106 years if the gas density is 104 cm−3 (Roberts & Millar 2000). A recent model including non-
thermal desorption mechanisms, in particular the ejection of molecules produced in exothermic
surface reactions (Garrod, Wakelam & Herbst 2007), leads to the production of a much larger
abundance of methanol than produced in gas-phase models. Figure 11 contains a comparison
of the abundances versus time obtained from this gas-grain model and those obtained from the
OSU gas-phase model for the gaseous molecules CH3OH, HC5N, and C6H with oxygen-rich
elemental abundances. Of the three species, the effect for methanol is the most dramatic. The
model also indicates that partially saturated hydrocarbons are produced on surfaces, which may

462 Herbst · van Dishoeck
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KINEMATICS FROM DOPPLER SHIFTS OF LINES

➤ redshift of the galaxy 

➤ Rotational curves of Galaxies 

➤ In our own Milky Way, most of the distances are based on their spectral 
line velocity under the assumption of a rotational model 

➤ Collapsing motions, rotating disks around stars
B335; Zhou et al. 1993

Protostellar infall

Detecting infall from 
opt. thick line

red blue

C. Lada, 1999, 2000

�⌫

⌫0
=

��

�0
=

�v

c

Rotating disk of high-mass protostar in CH3CN,  
Sanchez-Monge et al. 2013

Infall model,  
Evans 2003

A&A 552, L10 (2013)

Fig. 4. a) Peaks of the
CH3CN(19–18) K = 2
line emission (solid circles)
obtained with a 2D Gaussian fit
channel by channel. For each
peak the corresponding 50%
contour level is also drawn
(using the same color as the
peak). The color corresponds
to the line-of-sight velocity, ac-
cording to the scale displayed
to the right. The ellipse in the
bottom right denotes the syn-
thesized beam. b) Comparison
between the velocity of the
best-fit Keplerian disk (color
map) and the emission peaks
at different velocities (solid
circles) obtained for the fol-
lowing lines: CH3CN(19–18)
K = 2, 3, 4, CH3OH(71,6–61,5)
vt = 1, CH3OH(141,13–140,14),
and HC3N(37–36). The crosses
mark the position of the
continuum peak.

x0 = 18h58m13.s027 ± 0.s002, y0 = 01◦40′35.′′94 ± 0.′′07, ψ =
157 ± 4◦, θ = 19 ± 1◦, and M∗ = 18 ± 3 M⊙.

A lower limit for the disk radius is Rdisk ≃ 2500 AU, obtained
from the maximum deprojected distance of the peaks from the
center. One may wonder if such a big structure can undergo
Keplerian rotation. The mass of the disk can be estimated from
the continuum emission. The integrated flux density from core B
at 350 GHz is 0.32 Jy. Assuming a dust absorption coefficient
0.5 cm2 g−1 (ν/230.6 GHz) (Kramer et al. 2003) and a gas-to-
dust mass ratio of 100, we obtain ∼3 M⊙ for a dust temperature
of 100 K. Despite the large uncertainties on the dust opacity and
temperature, we believe that the mass of core B is significantly
less than the central mass (∼18 M⊙), which satisfies the condi-
tion for Keplerian rotation.

It is worth stressing that our findings are in good agreement
with the recent study by Ilee et al. (2012). Through measure-
ments of scattered light from G35.20–0.74 N, these authors find
that the CO first overtone bandhead emission at 2.3 µm can be
fitted with a Keplerian disk rotating about a 17.7 M⊙ star.

The distribution of the molecular peaks in Fig. 4b clearly
shows that our observations detect only the NE side of the disk.
We speculate that this could be an opacity effect. If the disk is
optically thick in the relevant lines, flared, and inclined by 19◦,
only part of the surface heated by the star is visible to the ob-
server. This creates an asymmetry along the direction of the pro-
jected disk axis, with line emission being more prominent on the
side (in our case the NE side) where the disk surface is visible.
Clearly, radiative transfer calculations are needed to confirm this
scenario, but we note that in our source the NE part of the disk
axis should be pointing towards the observer, consistent with the
orientation of the CO outflow (blue-shifted to the NE and red-
shifted to the SW – see GHLW) and the obscuration seen to the
SW in the IR images (see Fig. 2).

4. The stellar content of core B: A binary system?

An issue that is worth discussing is whether an 18 M⊙ YSO
is compatible with the bolometric luminosity of the region.
(3 × 104 L⊙; see Sect. 1). Depending on the adopted mass–
luminosity relation, the luminosity expected for an 18 M⊙ star

ranges from 2.5 × 104 L⊙ (Diaz-Miller et al. 1998), to 6.6 ×
104 L⊙ (Martins et al. 2005). This means that the 18 M⊙ star
should be the main contributor to the luminosity of the whole
star forming region. Such a possibility seems quite unlikely due
to the presence of multiple cores (see Fig. 2), one of which is an
HMC possibly hosting at least another high-mass star (core A).

A possibility is that one is underestimating the true lumi-
nosity due to the “flashlight effect”, where part of the stellar
photons are lost through the outflow cavities. According to the
recent model by Zhang et al. (2013), when this effect is taken
into account, the luminosity obtained assuming isotropic emis-
sion (3.3 × 104 L⊙) becomes as high as 7 × 104–2.2 × 105 L⊙,
consistent with a single star of ∼20–34 M⊙.

While the previous explanation is possible, the isotropic es-
timate appears more robust than a model-dependent value, and
we thus consider another hypothesis, namely that one is dealing
with a binary system. In this case, the luminosity is significantly
reduced with respect to that of a single 18 M⊙ object and may
be as low as ∼7 × 103 L⊙ for equal members. The latter is much
less than the bolometric luminosity, thus allowing for a signifi-
cant contribution by other YSOs.

The existence of a binary system could also explain why
the N–S jet associated with core B is not aligned with the disk
rotation axis. The presence of a companion would in fact be
sufficient to induce precession of the jet/outflow, as hypothe-
sized by Shepherd et al. (2000) to explain the observed pre-
cession of the bipolar outflow from the high-mass protostar
IRAS 20126+4104. In this scenario, the outflow from core B
would precess about an axis oriented NE–SW, i.e. along the
bisector of the butterfly-shaped IR nebula seen in Fig. 1. The
IR emission would arise from the cavity opened by the outflow
itself during its precession, while the thermal radio jet would
trace the current direction of the precessing axis.

The last question we address is the origin of the free-free
emission from core B (see e.g. Fig. 3). Could this be tracing a
(hypercompact) HII region? According to GHLW, this source
(N. 7 in their Table 1) has a spectral index >1.3 between 6
and 3.6 cm, compatible with free-free emission from an opti-
cally thick HII region. Extrapolation of the 3.6 cm flux den-
sity (0.5 mJy) to 1.3 cm gives >1.9 mJy, in agreement with

L10, page 4 of 5



VERY COLD CHEMISTRY: DEPLETION & DEUTERATION

"
D-fraction increases 
toward core center!
N2D+/N2H+ ~ 0.2 !

Pre-stellar cores: freeze-out & deuterium fractionation  !

N2D+(2-1) 
peaks at 
dust peak!

N2H+(1-0)!
peaks away 

from dust peak 

Color: dust emission (Ward-Thompson et al. 1999)_ ! Color: N2H+(1-0); contour: N2D+(2-1)!

Caselli et al. 1999 

Caselli et al. 2002 

N2D+/N2H+~ 0.03-0.7 (Crapsi et al. 2005; Pagani et al. 2007)!
NH2D/NH3 ~ 0.06-0.4 (Shah & Wootten 2001; Crapsi et al. 2007)!
D2CO/H2CO ~ 0.01-0.1 (Bacmann et al. 2003)!
DCN/HCN ~ 0.01-0.04 (Turner 2001)!
DNC/HNC ~ 0.02-0.09 (Hirota et al. 2003)!
DCO+/HCO+ ~ 0.04 (Butner et al. 1995; Caselli et al. 2002)!
c-C3D2/c-C3H2 ~ 0.01-0.02 (Spezzano et al. 2013)!

➤ To study the prestellar cores, which centers are very cold <10K and dense 
(>105 cm-3) one need to resort to deuterated molecules because common C-
bearing molecules will be depleted

From Ceccarelli & Caselli, PPVI



THE ALMA INTERFEROMETER



ALMA

➤ high sensitivity in radio-submm regime 

➤ located at the driest site on Earth: the Chilean Atacama desert

  

The Atacama Large Millimeter Array is a mm-submm reconfigurable interferometer 

• Antennas: 50x12m main array     +  12x7m ACA + 4x12m Total Power

• Baselines length: 15m ->150m-16km     + 9m->50m

• Frequency range:  10 bands between 30-900 GHz  (0.3-10 mm)

• Bandwidth: 2 GHz x 4 basebands 

• Polarimetry: Full Stokes capability

• Velocity resolution: As narrow as 0.008 × (300GHz/Freq) km/s                                            

       ~0.003 km/s @ 100 GHz, ~0.03 km/s @ 950 GHz                

ALMA full array

AOS 5000m Red=good weather
Blu=Bad weather

Main array



• An interferometer measures per each 
antenna pair (baseline) the source 
brightness distribution (visibility) at the 
spatial scale to which the baseline is 
sensitive. 

• With a sufficient number of visibilities 
measured, one can reconstruct an image by 
Fourier inversion.

• The interferometer is filters out emission 
from structures bigger than the shortest 
baseline and cannot recover structures 
smaller than then the longest baseline 

  

2-D Fourier Transform

Narrow features

Wide features

Sharp edges

High spatial 
frequencies

APERTURE SYNTHESIS



with 6 antennas
20min

ALMA 12m array
baseline to ~2km

20min

ALMA 12m array,
baselines to ~8km

20min

Images: APSYNSIM

EXAMPLE: OBSERVING 5 GAUSSIANS WITH 



ALMA: HIGH RESOLUTION IMAGING

➤ antennas are movable, allowing to change the angular 
resolution, which is proportional to the inverse of the antenna 
separation, baseline

5

192 Antenna stations at 5000m

Antenna transporter

100m 100m 100m

ALMA main array reconfiguration

5

192 Antenna stations at 5000m

Antenna transporter

100m 100m 100m

ALMA main array reconfiguration
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Sensitivity

Synthesis array is `blind' to structures on angular scales both 
smaller and larger than the range of fringe spacings given by the 
antenna distribution.
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➤ the largest angular scale measurable with an interferometer 
depends on the shortest baseline 

  

T
sys 

System temperature

A
eff 

Effective area

N Number of Antennas
  Bandwidth 

τ  Observing time

σ∝
T sys

Aeff √N (N−1)Δ ν τ

Sensitivity

Synthesis array is `blind' to structures on angular scales both 
smaller and larger than the range of fringe spacings given by the 
antenna distribution.

Maximum scale 
observable

θmax∝
λ

bmin

 Resolution

θres∝
λ

bmax

 Resolution

θres∝
λ

bmax

 FOV

FOV ∝ λ
D



ALMA SPECTROSCOPY

➤ ALMA will have 10 bands between 30 to 900 GHz  

➤ can have up to 8GHz of instantaneous bandwidth, and allows high 
spectral resolution (up to 0.03MHz) 

➤ full polarization measurements possible

Continuum observations
Uses the entire bandwidth available of 4 basebands (7.5 GHz)

Set sky freq (=representative freq used for FOV,         , LAS), and the four 
1.875 GHz basebands are set by the OT, depending on the receiver specifics

Bands 3, 4, 7, 8 (2SB): 
available sky frequencies 
of [LO-8,LO-4] GHz for 
LSB and [LO+4,LO+8] 
GHz for USB. 

Upper sidebandLower sideband

Lower sideband Upper sideband

4 basebands

Band 6 (2SB): 
available sky 
frequencies of 
[LO-10,LO-5] 
GHz for LSB 
and               
[LO+5,LO+10] 
GHz for USB. 

✓synth

LO=sky freq

LO=sky freq

4 GHz

5 GHz

Thursday 9 April 15

Four available 
basebands color 
coded



SCIENCE WITH ALMA



CHEMISTRY WITH ALMA: STAR AND PLANET FORMATION

➤ branched alkyl molecules present in ISM 

➤ cold gas reservoir from ice desorption in protostellar disk 

➤ studying the Titan atmosphere

Our solar sysem



BRANCHED ALKYL MOLECULES IN ISM

Amino acids have been found in meteorites. It is not known whether the 
amino acids have been present in the ISM from which the meteorite formed 
(protostellar disk), or if they formed on the meteoroid/asteroid.

X-axis: various meteorites (Burton et al. 2012)

CM2: Murchinson meteorite



BRANCHED ALKYL MOLECULES WITH ALMA

Branched propyl cyanide detected in Sgr B2 (star-forming region near the 
Galactic Center) by Belloche et al. (2015). Due to the very high column density 
of Sgr B2 allowed the detection of this low-abundance species.  



BRANCHED ALKYL MOLECULES WITH ALMA

The abundance of i- (branched) and n- (straight chain) propyl cyanide in Sgr B2 
is 0.4:1. In meteorites the branched amino acids dominate over their straight 
chain isomers. 

Large Millimeter/Submillimeter Array (ALMA), re-
sulting in an increase of more than one order of
magnitude in both sensitivity and angular resolu-
tion. This interferometric project, called EMoCA
(ExploringMolecularComplexitywithALMA), aims
to decipher the molecular content of Sgr B2(N) in
order to test the predictions of astrochemical nu-
merical simulations and to gain insight into the
chemical processes at work in the ISM.
Sgr B2 is themost massive star-forming region

in our Galaxy. It is located close to the Galactic
Center, which is 8.34 T 0.16 (SEM) kpc from the
Sun (7). Sgr B2 contains two main sites of star
formation, Sgr B2(N) and Sgr B2(M), that, since
the early 1970s, have turned out to be the best
hunting ground for complex organic molecules
in the ISM. Their immense hydrogen column den-
sities that signify large quantities of gas enable the
detection of low-abundance species. Sgr B2(N)
itself contains two dense, compact, hot cores that
are separated by about 5″ [~40,000 astronomical
units (AU) in projection] (6).

Propyl cyanide (C3H7CN, hereafter PrCN) is the
smallest alkyl cyanide that exists in several distinct
isomers (Fig. 1): the chain isomer normal- or n-PrCN
(also known as butyronitrile or 1-cyanopropane)
and the branched isomer iso- or i-PrCN (also
known as iso-butyronitrile or 2-cyanopropane).
n-PrCN is the smallest alkyl cyanide that exists
in several distinct conformations. TheCNgroup can
be attached to the terminal C of the propyl group in
theCCCplane, trans to theCCCchain, leading to the
anti conformer, also knownas trans (Fig. 1C); it can
also be attached to the propyl group rotated by
T120° with respect to the CCC plane, leading to
the gauche conformer (Fig. 1B). The rotational spec-
trum of i-PrCN, previously only studied to a limited
extent in the microwave region, has recently been
recorded extensively in the laboratory from the mi-
crowave to the submillimeter wave region along
with a redetermination of the dipole moment (8).
We used ALMA in 2012 to perform a full spec-

tral line survey toward Sgr B2(N) in the 3-mm
atmospheric window between 84 and 111 GHz (9).

We identified the detected lines by modeling the
molecular emission under the assumption of local
thermodynamic equilibrium. By using predictions
from the Cologne Database for Molecular Spec-
troscopy (10), we assigned emission features to
i-PrCN or n-PrCN (9). To interpret the astronom-
ical detections, we performed numerical simu-
lations of the chemistry occurring during the
evolution of a hot core (9).
Many spectral lines are detected in the ALMA

data toward both of the hot cores embedded
in Sgr B2(N). These spectra are very close to the
confusion limit; that is, signal from a spectral
line is detected in nearly every spectral channel.
The lines are narrower toward the northern, less-
prominent hot core (full width at half maximum,
FWHM, ~5 km s−1) than toward the southern,
more-prominent one. The detection of faint lines
from rare species is therefore easier toward the
former, and we focused on this one in the present
work. We constructed a preliminary model of
the emission of all molecules previously detected,

SCIENCE sciencemag.org 26 SEPTEMBER 2014 • VOL 345 ISSUE 6204 1585

Fig. 2. Examples of transitions of i-PrCN and n-PrCN toward the north-
ern hot core of Sgr B2(N). (A and B) Continuum-subtracted spectrum
observed with ALMA in black, the preliminary model including all identified
molecules in green, and the synthetic spectra of i-PrCN and n-PrCN, respec-
tively, in red. (C and E) Integrated intensity maps of the transitions of i-PrCN
and n-PrCN marked with a red arrow in (A) and (B), respectively. The con-
tinuum emission at 90.5 GHz is shown in (D). The negative contour (dotted
blue) is –3s, and the positive contours (black) are 2i × 3s, with i an integer

starting at 0 and s the root-mean-square noise level [23 mJy beam–1 km s–1,
8.3 mJy beam−1, and 20 mJy beam–1 km s–1 with half-power beam widths of
1.8″ × 1.6″, 1.8″ × 1.6″, and 1.9″ × 1.6″ in (C), (D), and (E), respectively].The large
cross indicates the position of the northern hot core as traced by both
molecules. The smaller cross marks the position of the main hot core that has
a lower systemic velocity,which implies that the contours outside the red boxdo
not trace the emission of i-PrCN and n-PrCN in (C) and (E), respectively. The
black ellipses show the size of the respective synthetic beams.

RESEARCH | REPORTS

Corrected 3 October, 2014; see full text.

Belloche et al. 2015



BRANCHED ALKYL MOLECULES WITH ALMA

Chemical models favor a bias toward branched propyl cyanide (2.2:1), however 
there are several uncertainties regarding the chemistry on the surface of icy dust 
grains. 

Belloche et al. 2015

The detection of this 
branched iso-propyl 
cyanide suggests that there 
is a link between 
interstellar chemistry in 
star-forming regions and 
the molecular composition 
of meteors. 

on the basis of our analysis of the previous single-
dish survey of Sgr B2(N) (5). In this way, the risk
of misassigning a line to a new species is reduced.
About 50 and 120 transitions of i-PrCN and n-PrCN,
respectively, are detected toward the northern
hot core (Fig. 2, A and B, and figs. S1 and S2).
On the basis of this model, we selected the least-
contaminated transitions and produced contour
maps of their intensity integrated over their line
profile (Fig. 2, C and E, and figs. S3 and S4). From
these maps, we derived a deconvolved angular size
of 1.0″ T 0.3″ (FWHM) for the region where both
species emit. We used the population diagram
method (11) to estimate a rotation temperature of
153 T 12 K (SEM), which characterizes the emis-
sion of both molecules (9).
With the size and temperature derived above

and a linewidth measurement of 5 km s−1, we
obtained a good fit to all transitions of i-PrCN
and n-PrCN detected toward the northern hot
core of Sgr B2(N). After correction for the con-
tribution of vibrationally excited states (9), we
derived column densities of 7.2 × 1016 T 1.4 ×
1016 cm−2 and 1.8 × 1017 T 0.4 × 1017 cm−2 (SEM),
respectively, which yielded an abundance ratio
[i-PrCN]/[n-PrCN] of 0.40 T 0.06 (SEM). The lat-
ter uncertainty assumes the same source size and
rotation temperature for both isomers. With the
H2 column density derived from the continuum
emission (9) (Fig. 2D), we deduced average abun-
dances relative to H2 of 1.3 × 10–8 T 0.2 × 10–8 for
i-PrCN and 3.2 × 10–8 T 0.5 × 10–8 for n-PrCN. The
latter uncertainties assume the same rotation
and dust temperatures and take neither possible
contamination of the continuum emission by
free-free emission nor uncertainties on the dust
properties into account.
The recently developed chemical kinetics mod-

el MAGICKAL [Model for Astrophysical Gas and
Ice Chemical Kinetics And Layering (12)] was
used to simulate the time-dependent chemistry
of the source. The model begins with a cold col-
lapse phase, during which abundant ice mantles,
composed of simple H-, O-, C-, and N-bearing
molecules, are formed on dust-grain surfaces.
The cold stage is followed by a warm-up stage,

during which the dust and gas temperature
rises from ~8 to 400 K. The majority of complex
organic molecule formation occurs during this
stage, through the addition of simple and com-
plex radicals within and upon the ice mantles.
The model produces time-dependent chemi-

cal abundances (with respect to H2) for various
cyanide molecules (Fig. 3). The model temper-
atures at which each molecule’s peak abundance
is attained (table S2) may be considered repre-
sentative of the excitation temperature at which
most of the emission from each molecule would
occur, assuming local thermodynamic equilib-
rium. The desorption temperature of each PrCN
isomer is ~150 K, with peak gas-phase abundan-
ces achieved at 160 K. This agrees well with the
rotation temperatures that we determined from
observational data for these molecules.
The majority of each of the two PrCN isomers

forms in or on the dust-grain ices at around 55
to 75 K in the model. However, the model also
indicates that, whereas many similar chemical
pathways are open to both i-PrCN and n-PrCN, the
dominant formation route in each case is different.
The greatest contribution to i-PrCN production
comes from the reaction of CN radicals (which
are accreted from the gas) with the CH3CHCH3

radical. The latter derives from the earlier gas-
phase formation of C3, which is hydrogenated and
stored on the grains as C3H2, C3H4, and C3H6. The
addition of atomic hydrogen to propylene (C3H6)
strongly favors the production of CH3CHCH3, whose
radical site lies at the secondary carbon atom (13).
Because the production, either by hydrogen

addition or abstraction processes, of radicals such
as CH2CH2CH3 and CH2CH2CN (whose radical site
is at the primary carbon atom) is strongly dis-
favored versus their equivalent iso forms, we
find that the dominant formation mechanism for
n-PrCN is the addition of C2H5 and CH2CN, a pro-
cess that has no equivalent for the production of
i-PrCN. The radicals form through the abstrac-
tion of hydrogen by OH, from C2H6 and CH3CN,
respectively. i-PrCN production dominates all
reaction mechanisms for which parallel processes
are available to both isomers.

Although the overall peak gas-phase values of
i-PrCN and n-PrCN produced by the models are
similar, they show a slight bias toward i-PrCN
production (2.2:1), rather than the observed bias
toward n-PrCN (0.4:1). This may be caused by the
poorly defined rates for barrier-mediated surface
reactions, such as H + C3H6 → CH3CHCH3 and
OH + CH3CN→ CH2CN +H2O, for which only gas-
phase rates have been measured and whose behav-
ior may be somewhat different on an ice surface.
Amid the growing understanding that com-

plex organic molecules could form on the surface
of dust grains, the formation of branched alkyl
molecules in the ISM was suggested theoretically
in the 1980s (14), but no such molecules were de-
tected until now. The detection of a branched alkyl
molecule in Sgr B2, with an abundance similar
to that of its straight-chain isomer, indicates a
further divergence between the chemistry of star-
forming regions like Sgr B2 and quiescent regions.
These less-active regions seem to produce only
linear molecules—the largest one known to date
being HC11N (15). The detection of a branched
alkyl molecule also suggests a further link between
interstellar chemistry and the molecular compo-
sition of meteorites for which branched amino
acids are even found to dominate over their straight-
chain isomers (16). The inherent bias toward the
production of secondary rather than primary
radical sites on precursor radicals suggests that
branched molecules may be prevalent, and in-
deed dominant, in star-forming regions where
chemistry of sufficient complexity is reached. The
detection of the next member of the alkyl cyanide
series, n-butyl cyanide (n-C4H9CN), and its three
branched isomers would allow the testing of this
conjecture.
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Fig. 3. Simulated
fractional chemical
abundances of alkyl cya-
nides with respect to
molecular hydrogen, H2.
These abundances repre-
sent the warm-up phase of
hot-core evolution. Solid
lines indicate gas-phase
species; dotted lines of the
same color indicate the
same species in the solid
phase. The main phase
change from solid to gas
for eachmolecule is caused
by thermal desorption from
the grain surfaces,
according to species-
specific binding energies.
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GAS/DUST DISTRIBUTION IN PROTOSTELLAR DISKS

➤ planet formation occurs in the protostellar disk from the 
refractionary dust, volatile (chemical compounds with low 
boiling points, e.g. CO, CO2, NH3,H2O) ice, and gas 

➤ spatial distribution of volatile abundances helps to determine 
the composition of nascent planets at different disk radii

ESA

gaseous planets

rocky planets



EVOLUTION OF A PROTOSTELLAR DISK

Williams & Cieza (2011)



DISK TEMPERATURE AND MOLECULAR EMISSION

heated cold

CO in gas-phase

CO in ice on 
dust grain

CO snowline

heated cold

CO snowline

desorption of CO back 
to gas phase by 
interaction with high 
energy photons due to 
decrease of density

thermal desorption of 
CO back to gas phase 
by heating from star



COLD GAS RESERVOIR IN PROTOSTELLAR DISK VIA ICE DESORPTION

DCO+ is found in two concentric rings, an inner ring (warm CO, small dust 
grains present) and an outer ring (cold CO, no small dust grains)

et al. 2002; Kastner et al. 2002). The disk model assumes that
the grains have grown up to 1 mm throughout the disk,
resulting in a factor of 10 decrease in grain surface area
compared to ISM dust. The gas temperature, dust temperature
and density distributions of the disk are calculated self-
consistently, considering various heating and cooling mechan-
isms (Nomura et al. 2007).

Compared to IM Lup, this model employs a fainter star,
which results in a colder disk, and also a lower disk mass. The
differences in temperature and density structure clearly
precludes any quantitative comparison between the model
and data. However, even though the model has not been tuned
to the parameters of IM Lup, qualitative comparisons still
provide valuable insight into the origins of the observed
molecular emission structure, as long as the model results are
robust to the model parameter choices. To evaluate the latter we
performed a small parameter study where we varied the CO
binding energy and the cosmic ionization rate. As described
below the main results are not sensitive to these parameters. We
therefore conclude that the predictions from the generic disk

model are useful for interpreting the observed emission pattern
of the specific disk around IM Lup.
The chemical composition of the model is calculated by

integrating a time-dependent system of gas and grain surface
rate equations for 300 kyr, assuming the physical structure is
static (Hasegawa et al. 1992). The gas-grain reaction network is
based on the work by Garrod & Herbst (2006), supplemented
with calculations that account for high-temperature gas phase
reactions (Harada et al. 2010), X-ray mediated chemistry
(Furuya et al. 2013, and references therein) deuterium
chemistry (Aikawa et al. 2012, and references therein), and
nuclear spin state chemistry of H2, H3

+ and their isotopologues
(Hugo et al. 2009; Coutens et al. 2014). Species containing
chlorine, phosphorus, or more than four carbon atoms were
excluded for computational expediency. Elemental abundances
are taken from Aikawa & Herbst (2001). The initial
abundances are obtained by calculating the molecular evolution
of a star-forming core, following Aikawa et al. (2012).
Importantly for this study, the binding energy of CO in the

generic disk model is set to 1150 K, its measured value for H2O

Figure 1. Continuum and integrated emission maps of C18O 2–1, H13CO+ 3–2 and DCO+ 3–2 toward IM Lup (top row), integrated emission in two velocity bins
(middle row) and deprojected azimuthally averaged profiles (bottom row). Top row: the contours in the continuum map are 2σ+[2, 4, 8, 16,K]σ with the continuum
rms 0.24s = mJy. The 2σ continuum contour is also shown on top of the integrated line emission maps. The integrated line emission in units of mJy km/s beam−1 is
shown in gray scale (see individual color bars in each panel). The continuum peak is marked by a red cross and the synthesized beam is displayed in the bottom left of
each panel. Middle row: the integrated emission in two velocity bins around the source velocity has been scaled by 0.3 for C18O and 0.7 for HCO+ to enable all three
line maps to be shown on the same scale (color bar to the right of the DCO+ panel). Bottom row: the azimuthally averaged molecular emission profiles have been
labeled to highlight the lack of molecular emission at the continuum maximum, and the clear DCO+ double-ring structure.
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COLD GAS RESERVOIR IN PROTOSTELLAR DISK VIA ICE DESORPTION

➤ inner ring: in balance with CO thermal desorption due 
to radial decrease in disk temperature 

➤ outer ring: evidence of non-thermal desorption of CO 
and the efficient formation of DCO+ via : 

H2D+ + CO -> H2 + DCO  

➤ outer ring is not coincident with dust continuum 
emission, meaning that the density of small dust grain 
have decreased - also grain growth would explain the 
decrease in dust continuum emission and UV shielding. 

et al. 2002; Kastner et al. 2002). The disk model assumes that
the grains have grown up to 1 mm throughout the disk,
resulting in a factor of 10 decrease in grain surface area
compared to ISM dust. The gas temperature, dust temperature
and density distributions of the disk are calculated self-
consistently, considering various heating and cooling mechan-
isms (Nomura et al. 2007).

Compared to IM Lup, this model employs a fainter star,
which results in a colder disk, and also a lower disk mass. The
differences in temperature and density structure clearly
precludes any quantitative comparison between the model
and data. However, even though the model has not been tuned
to the parameters of IM Lup, qualitative comparisons still
provide valuable insight into the origins of the observed
molecular emission structure, as long as the model results are
robust to the model parameter choices. To evaluate the latter we
performed a small parameter study where we varied the CO
binding energy and the cosmic ionization rate. As described
below the main results are not sensitive to these parameters. We
therefore conclude that the predictions from the generic disk

model are useful for interpreting the observed emission pattern
of the specific disk around IM Lup.
The chemical composition of the model is calculated by

integrating a time-dependent system of gas and grain surface
rate equations for 300 kyr, assuming the physical structure is
static (Hasegawa et al. 1992). The gas-grain reaction network is
based on the work by Garrod & Herbst (2006), supplemented
with calculations that account for high-temperature gas phase
reactions (Harada et al. 2010), X-ray mediated chemistry
(Furuya et al. 2013, and references therein) deuterium
chemistry (Aikawa et al. 2012, and references therein), and
nuclear spin state chemistry of H2, H3

+ and their isotopologues
(Hugo et al. 2009; Coutens et al. 2014). Species containing
chlorine, phosphorus, or more than four carbon atoms were
excluded for computational expediency. Elemental abundances
are taken from Aikawa & Herbst (2001). The initial
abundances are obtained by calculating the molecular evolution
of a star-forming core, following Aikawa et al. (2012).
Importantly for this study, the binding energy of CO in the

generic disk model is set to 1150 K, its measured value for H2O

Figure 1. Continuum and integrated emission maps of C18O 2–1, H13CO+ 3–2 and DCO+ 3–2 toward IM Lup (top row), integrated emission in two velocity bins
(middle row) and deprojected azimuthally averaged profiles (bottom row). Top row: the contours in the continuum map are 2σ+[2, 4, 8, 16,K]σ with the continuum
rms 0.24s = mJy. The 2σ continuum contour is also shown on top of the integrated line emission maps. The integrated line emission in units of mJy km/s beam−1 is
shown in gray scale (see individual color bars in each panel). The continuum peak is marked by a red cross and the synthesized beam is displayed in the bottom left of
each panel. Middle row: the integrated emission in two velocity bins around the source velocity has been scaled by 0.3 for C18O and 0.7 for HCO+ to enable all three
line maps to be shown on the same scale (color bar to the right of the DCO+ panel). Bottom row: the azimuthally averaged molecular emission profiles have been
labeled to highlight the lack of molecular emission at the continuum maximum, and the clear DCO+ double-ring structure.
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et al. 2002; Kastner et al. 2002). The disk model assumes that
the grains have grown up to 1 mm throughout the disk,
resulting in a factor of 10 decrease in grain surface area
compared to ISM dust. The gas temperature, dust temperature
and density distributions of the disk are calculated self-
consistently, considering various heating and cooling mechan-
isms (Nomura et al. 2007).

Compared to IM Lup, this model employs a fainter star,
which results in a colder disk, and also a lower disk mass. The
differences in temperature and density structure clearly
precludes any quantitative comparison between the model
and data. However, even though the model has not been tuned
to the parameters of IM Lup, qualitative comparisons still
provide valuable insight into the origins of the observed
molecular emission structure, as long as the model results are
robust to the model parameter choices. To evaluate the latter we
performed a small parameter study where we varied the CO
binding energy and the cosmic ionization rate. As described
below the main results are not sensitive to these parameters. We
therefore conclude that the predictions from the generic disk

model are useful for interpreting the observed emission pattern
of the specific disk around IM Lup.
The chemical composition of the model is calculated by

integrating a time-dependent system of gas and grain surface
rate equations for 300 kyr, assuming the physical structure is
static (Hasegawa et al. 1992). The gas-grain reaction network is
based on the work by Garrod & Herbst (2006), supplemented
with calculations that account for high-temperature gas phase
reactions (Harada et al. 2010), X-ray mediated chemistry
(Furuya et al. 2013, and references therein) deuterium
chemistry (Aikawa et al. 2012, and references therein), and
nuclear spin state chemistry of H2, H3

+ and their isotopologues
(Hugo et al. 2009; Coutens et al. 2014). Species containing
chlorine, phosphorus, or more than four carbon atoms were
excluded for computational expediency. Elemental abundances
are taken from Aikawa & Herbst (2001). The initial
abundances are obtained by calculating the molecular evolution
of a star-forming core, following Aikawa et al. (2012).
Importantly for this study, the binding energy of CO in the

generic disk model is set to 1150 K, its measured value for H2O

Figure 1. Continuum and integrated emission maps of C18O 2–1, H13CO+ 3–2 and DCO+ 3–2 toward IM Lup (top row), integrated emission in two velocity bins
(middle row) and deprojected azimuthally averaged profiles (bottom row). Top row: the contours in the continuum map are 2σ+[2, 4, 8, 16,K]σ with the continuum
rms 0.24s = mJy. The 2σ continuum contour is also shown on top of the integrated line emission maps. The integrated line emission in units of mJy km/s beam−1 is
shown in gray scale (see individual color bars in each panel). The continuum peak is marked by a red cross and the synthesized beam is displayed in the bottom left of
each panel. Middle row: the integrated emission in two velocity bins around the source velocity has been scaled by 0.3 for C18O and 0.7 for HCO+ to enable all three
line maps to be shown on the same scale (color bar to the right of the DCO+ panel). Bottom row: the azimuthally averaged molecular emission profiles have been
labeled to highlight the lack of molecular emission at the continuum maximum, and the clear DCO+ double-ring structure.
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TITAN ATMOSPHERE
➤ Titan (Mass~2Mmoon) is the only moon with a dense atmosphere in our 

Solar system and the only other body which has a liquid surface (Stofan et 
al. 2007) 

➤ Atmosphere: 98% Nitrogen, 2% methane (earth: 78% nitrogen, 21% oxigen, 
0.9 argon)

Cassini satellite (ESA/NASA) image of Rings, Epimetheus, 
and Titan (back), picture: NASA/JPL



ETHYL CYANIDE (C2H5CN) TO CONSTRAIN TITAN CHEMISTRY

➤ From lab plasma-discharge experiments 
expected to be highly abundant (e.a. 
Thomson et al. 1991) 

➤ C2H5CNH+ found by Cassini satellite 
(Vuitton et al. 2007) 

➤ Measures of C2H5CN necessary to constrain 
formation pathways, and constrain models for 
for the formation of nitriles and other large 
organic molecules
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ETHYL CYANIDE (C2H5CN) WITH ALMA

Southern hemisphere ethyl 
cyanide peak 

Titans seasons cause a 
reversal  (N-S) of the 
atmospheric circulation: 
the disappearance of ethyl 
cyanide in the north 
implicates a shorter 
chemical lifetime than that 
of the CH3CN, HC3N, and 
CH3CCH

color: Titan continuum 
emission, contours: 
molecular line emission

Cordiner et al. 2015



Comparing various radiative transfer models with ALMA measure of ethyl 
cyanide it can be deduced that methyl cyanide is most concentrated at altitudes 
of 200km and higher. 

ETHYL CYANIDE (C2H5CN) WITH ALMA

5. SUMMARY

Nineteen separate emission features from 27 rotational
transitions of C2H5CNwere detected in Titan’s atmosphere
using ALMA archival spectra recorded in 2012 July.

Radiative transfer modeling indicates that most of the
observed C2H5CN is concentrated at altitudes >200 km. This

is consistent with production in the upper atmosphere,
combined with a relatively short chemical lifetime that inhibits
downward mixing. The observed C2H5CN emission maps
suggest a higher abundance in the south polar region than in
the north (in contrast to HC3N, CH3CN, and CH3CCH, which
peak in the north), again consistent with a relatively short
chemical lifetime for C2H5CN and south polar subsidence.
This possibility can be verified through future measurements of
temporal variations in the spatial distributions of the observed
species with respect to Titan’s changing seasons.
In order to help ascertain the origin of ethyl cyanide on Titan

(and in other astrophysical environments), new laboratory
studies of possible gas-phase routes to C2H5CN are required.
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spheres and Planetary Astronomy programs, The Goddard
Center for Astrobiology, The Leverhulme Trust, and the UK
Science and Technology Facilities Council. It makes use of
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a partnership of ESO (representing its member states), NSF
(USA), and NINS (Japan), together with NRC (Canada) and
NSC and ASIAA (Taiwan), in cooperation with the Republic
of Chile. The Joint ALMA Observatory is operated by ESO,
AUI/NRAO, and NAOJ. The National Radio Astronomy
Observatory is a facility of the National Science Foundation
operated under cooperative agreement by Associated Univer-
sities, Inc.
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Figure 3. (a) VMR profiles for the best-fitting C2H5CN models (parameters
given in Table 2). The (poorly fitting) 100 km step model is shown, as well as
the INMS measurement of Vuitton et al. (2007) and the theoretical profiles
from Krasnopolsky (2009) and Loison et al. (2015). Vertical dotted portion of
the blue “gradient model” curve shows a plausible alternative profile above 700
km. (b) Spectral region used for our model fits, containing some of the
strongest observed C2H5CN lines (black histogram). The best-fitting
C2H5CN models from panel (a) are shown with colored curves. (c) Close-up
of the region surrounding three of the strongest C2H5CN emission features.

Table 2
Best-fitting C2H5CN Model Abundances and Vertical Column Densities

Model Abundance (ppb) zr
a (km) c2 N (cm−2)

Step (100 km) 0.79 100 1.43 ´1.3 1015

Step (200 km) 3.24 200 1.01 ´4.6 1014

Step (300 km) 9.25 300 0.97 ´1.7 1014

Step (400 km) 73.1 400 0.98 ´2.1 1014

Gradient 1.30 292 0.97 ´3.6 1014

a Reference altitude for abundance.
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5. SUMMARY

Nineteen separate emission features from 27 rotational
transitions of C2H5CNwere detected in Titan’s atmosphere
using ALMA archival spectra recorded in 2012 July.

Radiative transfer modeling indicates that most of the
observed C2H5CN is concentrated at altitudes >200 km. This

is consistent with production in the upper atmosphere,
combined with a relatively short chemical lifetime that inhibits
downward mixing. The observed C2H5CN emission maps
suggest a higher abundance in the south polar region than in
the north (in contrast to HC3N, CH3CN, and CH3CCH, which
peak in the north), again consistent with a relatively short
chemical lifetime for C2H5CN and south polar subsidence.
This possibility can be verified through future measurements of
temporal variations in the spatial distributions of the observed
species with respect to Titan’s changing seasons.
In order to help ascertain the origin of ethyl cyanide on Titan

(and in other astrophysical environments), new laboratory
studies of possible gas-phase routes to C2H5CN are required.
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sities, Inc.
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Figure 3. (a) VMR profiles for the best-fitting C2H5CN models (parameters
given in Table 2). The (poorly fitting) 100 km step model is shown, as well as
the INMS measurement of Vuitton et al. (2007) and the theoretical profiles
from Krasnopolsky (2009) and Loison et al. (2015). Vertical dotted portion of
the blue “gradient model” curve shows a plausible alternative profile above 700
km. (b) Spectral region used for our model fits, containing some of the
strongest observed C2H5CN lines (black histogram). The best-fitting
C2H5CN models from panel (a) are shown with colored curves. (c) Close-up
of the region surrounding three of the strongest C2H5CN emission features.

Table 2
Best-fitting C2H5CN Model Abundances and Vertical Column Densities

Model Abundance (ppb) zr
a (km) c2 N (cm−2)

Step (100 km) 0.79 100 1.43 ´1.3 1015

Step (200 km) 3.24 200 1.01 ´4.6 1014

Step (300 km) 9.25 300 0.97 ´1.7 1014

Step (400 km) 73.1 400 0.98 ´2.1 1014

Gradient 1.30 292 0.97 ´3.6 1014

a Reference altitude for abundance.
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CALIBRATED ALMA DATA IN ARCHIVE

search by frequency

➤ 1 year after delivery to PI, data are publicly available on the ALMA archive 

➤ You can download raw data with a reduction script in CASA (ALMA data 
reduction software) 

➤ You can always ask help to the Italian ARC @ IRA :)


