
1 2014 ANASAC Meeting

Astrochemistry

In the Era of Broadband single dish and 

Interferometric observations

Anthony J. Remijan

NA ARC Manager

National Radio Astronomy Observatory



2 2014 ANASAC MeetingASAC

• Why imaging?  What do we learn?

• State of the art imaging of capabilities before 
ALMA & VLA

• Newest results!

• What does the future hold for 
interferometric imaging of complex 
molecules?

Overview
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What is ALMA?
A global partnership to deliver a 
revolutionary millimeter/submillimeter 
telescope array (in collaboration with Chile)

North America
Europe
East Asia 

66 reconfigurable, high precision antennas
 ~ 0.3 – 8.6mm. Array configurations
between 150 meters and >16 kilometers: 
192 possible antenna locations:

 Main Array: 50 x 12m antennas
 Total Power Array: 4 x 12m antennas 
 Atacama Compact Array (ACA): 12 x 

7m antennas

Array Operations Site is located at 5000m 
elevation in the Chilean Andes

Provides unprecedented imaging & 
spectroscopic capabilities at mm/submm 
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ALMA in a Nutshell...
 Angular resolution down to 0.015” (at 300 GHz)

 Sensitive, precision imaging 84 to 950 GHz (3 mm to 315 µm)

 State-of-the-art low-noise, wide-band receivers (8 GHz bandwidth)

 Flexible correlator with high spectral resolution at wide bandwidth

 Full polarization capabilities

 Estimated 1 TB/day data rate

 All science data archived

 Pipeline processing

4

ALMA will be 10-100 times more 

sensitive and have 10-100 times 

better angular resolution than 

current mm interferometers

ALMA is a telescope for 

all astronomers
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ALMA Current Status
• Construction Project ended in September 2014

• Routine science observing has been out to greater than 10 km 
baselines (C36-8) thanks to the highly successful Long Baseline 
Campaigns in 2014 and 2015

• All 66 antennas accepted
– Currently all 66 antennas are at the high site (AOS), of which ~47 on 

average (up to max ~54) are being used for Cycle 3 observations

– Some construction and verification items remain to be finished (e.g., 
wide-field polarization; various observing modes)

• The ACA (Atacama Compact Array) or Morita Array – up to 12x7m 
antennas and 4x12m antennas for TP observations – has been 
accepted and is being used for Cycle 3 observations

• …Now on to astrochemistry!
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“Why Mapping?” (aren’t spectra good enough?)

What molecules are present?
Spectrum identification by 
broadband rotational 
spectroscopy (Mixture 
Analysis)

What are their 
“concentrations”?
Analysis of the intensity profile 
to
determine the physical 
parameters

The ability to make “chemical 
images”
Images that examine the 
correlations of molecular 
column densities

EVLA Demonstration Science
Orion KL, 3100 MHz Bandwidth
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CH3OCHO CH3OH

OCS

2D Line Assignments

NH3

SO2
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SO2 Assignment

SO2

817 – 726 , EL = 35K
??? SO2

826 – 919 , EL = 42K
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SO2 Assignment
Image Correlation 1D and 2D

Image correlation provides further confidence in assignment

SO2 25.3 GHz

SO2 24.1 GHz
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“State of the Art” millimeter wave imaging of complex molecules  
before ALMA – Detection of interstellar urea

(a) (NH2)2CO contours of urea transitions overlaid on a Sgr B2N continuum map taken with the BIMA array. The 

continuum emission maps shown were made from channels which were deemed free from line emission. (b) 

(NH2)2CO contours of the 21*, 21–20*, 20 transition taken with the BIMA array. (c) (NH2)2CO contours of the 20*, 19–

19*, 18 transition taken with the CARMA array. (Remijan et al. 2014, ApJ, 783, 77)
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“State of the Art” millimeter wave imaging of complex molecules  
before ALMA – Detection of interstellar amino-acetonitrile

Integrated intensity maps (panels a) to n)) and continuum map (panel o)) obtained toward Sgr B2(N) with the 

Plateau de Bure interferometer at 82 GHz. Panels a) to e) show the amino acetonitrile (AAN) features (Belloche et 

al.  2008,  A&A,  482, 179)
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ALMA Chemical Papers, Accepted Proposals and 
Publically Available Data:

• Cycle 2:
– A survey of deuterium chemistry in protoplanetary disks

– Formation of complex organics in solar-type protostars

– A Complete Line Survey Observation in the 3-mm Band toward NGC 1068 for Diagnosing the 
Power Source in Galactic Nuclei

– A search for extragalactic argonium, ArH+, a probe of the very atomic diffuse interstellar 
medium

– Physical and chemical structure of massive proto-clusters

– Search for new sulfur-species formed in H2S-bearing, UV-photoprocessed ice mantles in 
circumstellar regions. Mapping the D/H ratio of Complex Organic Molecules in IRAS16293-
2422 to probe its dynamics and chemistry

– A 3mm Line Survey of IRC+10216 : The chemical view of a C-rich object

– Molecular oxygen in Orion

– Resolving the Chemical and Physical Structure of the Disk Forming Zone in L1527

– And so on…
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ALMA Chemical Papers, Accepted Proposals and 
Publically Available Data:

• ALMA Multi-line Imaging of the Nearby Starburst NGC 253, Meier et al. ApJ, 2015

• Multimolecule ALMA observations toward the Seyfert 1 galaxy NGC 1097, Martin et al. ApJ, 2105

• Si-bearing Molecules Toward IRC+10216: ALMA Unveils the Molecular Envelope of CWLeo, Velilla
Prieto et al. ApJ, 2015

• The comet-like composition of a protoplanetary disk as revealed by complex cyanides, Oberg et 
al. Nature, 2015

• Molecular line emission in NGC 1068 imaged with ALMA. II. The chemistry of the dense molecular 
gas, Viti et al. A&A, 2014

• Change in the chemical composition of infalling gas forming a disk around a protostar, Sakai et 
al. Nature, 2015

• ALMA Measurements of the HNC and HC3N Distributions in Titan's Atmosphere, Cordiner et al. 
ApJ, 2015

• Detection of a branched alkyl molecule in the interstellar medium: iso-propyl cyanide, Belloche
et al. Science, 2014

• Acetone in Orion BN/KL. High-resolution maps of a special oxygen-bearing molecule, Peng et al. 
A&A, 2013

• Detection of the Simplest Sugar, Glycolaldehyde, in a Solar-type Protostar with ALMA, Jorgensen 
et al.  ApJL, 2012.

• ETC….
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ALMA Chemical Papers, Accepted Proposals and 
Publically Available Data: Take Home Message…

• A large fraction of observations approved on ALMA are chemical in nature…
which is unlocking a truly chemical view of the universe.

• Data are freely available from the ALMA archive or from the ALMA Science 
Verification page:

– Orion KL Band 6: high resolution spectral survey:

– https://almascience.nrao.edu/almadata/sciver/OrionKLBand6/

https://almascience.nrao.edu/almadata/sciver/OrionKLBand6/
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ALMA Observations of iso-propyl cyanide

Belloche et al. 2014, Science, 345, 1584  

ISON

The detection utilized the 
combination of 
spectroscopic and spatial 
identification to confirm 
the detection

This detection suggests 
that branched carbon-
chain molecules may be 
generally abundant in the 
ISM. 

Starting to utilize the 
sensitivity of ALMA to 
expand the known 
molecular complexity in 
space.
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ALMA Observations of acetone

Peng et al. 2013, A&A, 554, A78 

Spatial comparison of C2H5CN, 
HCOOCH3, and (CH3)2CO 
emissions with the same 
resolution in Orion BN/KL. The 
C2H5CN 253,23 − 243,22 line 
at 223 553.6 MHz is shown in 
light-red contours. The 
HCOOCH3 114,8 − 103,7 E/A 
lines at 223 465.3 MHz and 
223 500.5 MHz are combined 
and shown in light-blue 
contours. The (CH3)2CO 
177,11 − 166,10 EE line at 
223 775.3 MHz is shown in 
thick olive contours.
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Broadband Spectral Line surveys are entering 
the interferometric era...

Orion Band 6 (214 – 246 
GHz) – Publically available 
off www.almascience.org

Where do we start???

Taken at a single PIXEL and 
there are 1024x1024 
PIXELS
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Broadband Spectral Line surveys are entering 
the interferometric era...

The results of the ALMA data compared 
to a laboratory prediction using the 
Complete Experimental Spectrum (CES) 
method outlined by Fortman et al. 
(2012).  

These results show not only a new way 
to identify previously unidentified 
spectral features based on laboratory 
spectroscopy to astronomical 
observations but also gives new insights 
into the molecular complexity of 
regions such as Orion

see: http://www.nrao.edu/pr/2012/widespectra/
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Enantiomers

Chiral Molecules Your Hands

• Same elemental 
composition

• Same number of bones

• Same 
melting/boiling/freezing 
points

• Same 
melting/boiling/freezing 
points

• Same 
rotational/vibrational/ele
ctronic spectra

• Same shadow

Broadband Detection of the first interstellar 
chiral molecule



23 2014 ANASAC MeetingASAC

Enantiomers

Broadband Detection of the first interstellar 
chiral molecule

Chiral Molecules Your Hands

• Different physical (steric) 
interactions

• Different physical (steric) 
interactions

• Different smells

• Different reactivities with  
other chiral species

• Different biological 
functions
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Enantiomers

Broadband Detection of the first interstellar 
chiral molecule

CarawaySpearmint
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Broadband Detection of the first interstellar 
chiral molecule

Homochirality

L-amino acids D-sugars
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A few amino acids show 
excess of L by almost 10%†

But why? What is the 
mechanism?
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D

deuterated ethanol

propylene oxide

glyceraldehyde

Broadband Detection of the first interstellar chiral molecule
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Green Bank Telescope

Parkes Telescope

NT ~ 1 x 1013 cm-2

Tr ~ 5 K

Broadband Detection of the first interstellar chiral molecule
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3 x 1014 cm-2

18 K

2.1 x 1014 cm-2

6.2 K
6 x 1013 cm-2

6.2 K

1 x 1013 cm-2

5 K

Broadband Detection of the first interstellar chiral molecule
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Brandon Carroll 

(Caltech)
Geoff Blake

(Caltech)

Phil Jewell

(NRAO)

Life’s First Handshake

Ryan Loomis 

(Harvard/CfA)

Ian Finneran 

(Caltech)

Brett McGuire

(NRAO – Jansky Fellow)
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Trade-offs for doing Astrochemistry with ALMA:

• More Spectral windows/spectral coverage

• Higher data rates – that will hurt and have to 
justify why in the technical justification/richer 
archive for use by all scientists (think of the 
chemists!)

• Explain every spectral window in the science 
justification – will be painful especially if you 
are not familiar with what that particular 
transition traces/forge new collaborations

• Larger image cubes – makes processing and 
imaging more difficult/Increase in discovery 
space and greater understanding of the source.
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And someday, you may just serendipitously make the 
discovery that will explain how:

?
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www.nrao.edu

science.nrao.edu

The National Radio Astronomy Observatory is a facility of the National Science Foundation

operated under cooperative agreement by Associated Universities, Inc.
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ALMA Cycle 4 Preparations
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ALMA Performance

ALMA Capabilities [Cycle 3 – Oct 2015 through Sep 2016] (Cycle 4 Capabilities)

• Antennas:

– At least thirty-six (forty) 12-m antennas in the main array 

– ten 7-m antennas and two (three)12-m antennas (for single-dish maps) in the ACA.

• Receiver bands:

– 3, 4, 6, 7, 8, 9, & 10 (wavelengths of about 3.1, 2.1, 1.3, 0.87, 0.74, 0.44, and 0.35 mm, respectively).

• Baselines:

– up to 2 (3.7) km for Bands 8, 9 and 10 / up to 5 (6.8) km for Band 7 / up to 10 (12.6) km for Bands 3, 4, & 

6.

– 12.6 km for Bands 3, 4, & 6 are now standard observing modes

The ALMA Cycle 4 Timeline   

Date Milestone

22 March 2016 (15:00UT)
Release of Cycle 4 Call for Proposals, Observing Tool & supporting

documents and Opening of the Archive for proposal submission

21 April 2016 (15:00 UT) Proposal submission deadline

August 2016 Announcement of the outcome of the Proposal Review Process

September 2016 Submission of Phase 2 by PIs

October 2016 Start of ALMA Cycle 4 Science Observations

September 2017 End of ALMA Cycle 4
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ALMA Performance

ALMA Capabilities [Cycle 3 – Oct 2015 through Sep 2016] (Cycle 4 Capabilities)

• Observing Modes:

– Both single field interferometry and mosaics.

– Spectral-line observations with all Arrays

– Continuum observations with the 12-m Array and the 7-m Array. 

– TP Array use is limited to spectral line observations in Bands 3 to 8.

– Polarization (on-axis, continuum (and full spectral tuning and resolution) in Band 3, 6,  and 7 on the 12m 

Array).

– Mixed correlator modes (both high and low frequency resolution in the same observation).

– Solar Observations (Interferometry + Total Power continuum) at selected frequencies in Bands 3 and 6.  

– VLBI Observations at selected frequencies in Bands 3 and 6.

– Large Observing Programs (requesting >= 50 hours on the 12m array or ACA)

– ACA Stand-alone observations (7m alone or 7m + TP)

• Observing Time:

– 2100 (3000) hours for successful proposals of PI programs expected on the 12m Array and 1800 hours on 

the ACA
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Cycle 4 Capabilities

• Cycle 4 observing modes will be classified as 
standard or non-standard, and up to 20% of 
the observing time will be allocated to 
proposals requesting non-standard modes, 
which include:

• Bands 8, 9 & 10 observations

• Band 7 observations with maximum 
baselines > 2.7 km

• All polarization observations

• Spectral Scans

• Bandwidth switching projects (less than 
SMA - Feb 5, 2016



39 2014 ANASAC Meeting

New Capabilities to Note:
In Cycle 4, the following opportunities will be 
available to Proposers for the first time.

• ACA stand-alone mode
– Proposals will be accepted to use the ACA in a stand-alone capacity for spectral line (7m 

Array plus Total Power Array) or continuum (7m Array) observations.

• Large Programs
– defined as more than 50 hours of observations with either the 12-m Array or the ACA in 

stand-alone mode. 

• Millimeter-wavelength VLBI
– Proposals will be accepted for Very Long Baseline Interferometry (VLBI) observations 

with ALMA in Bands 3 and 6 continuum.

• Solar observations - Bands 3 and 6.

SMA - Feb 5, 2016


