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Radio Astronomy and Spectroscopy: Bell Labs to 
ALMA
Anthony Remijan – Assistant Director, Science Support 
and Research @ NRAO
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Outline

Let’s start at the beginning…detection of Formaldehyde
The hunt for more complex molecules

• Glycine
• Dihydroxyacetone
• Urea

Interstellar mapping campaigns
• Acetic acid
• Acetone
• Formic acid/methyl formate
• C2H4O2 isomers

What are the limits to molecular complexity?
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Astrochemistry Research – Where are we now?

Total number of molecular detections per year 
since 1968.  Reproduced from McGuire et al. 
2022 – and its still growing 

From the simplest, to the most complex, 
the modern field of radio astrochemistry
is uncovering a molecular complexity 
previously unheard of just 50 years ago.

Happy Birthday to:
• Ammonia – 54 y/o
• Formaldehyde – 53 y/o
• Carbon Monoxide/”X-ogen”
• Methanol – 52 y/o
• Methyl Amine/Dimethyl ether/Remijan – 48 y/o
• Acetone – 35 y/o
• Acetic Acid/Ethylene Oxide – 25 y/o
• Glycolaldehyde – 22 y/o
• Ethylene Glycol – 20 y/o
• Acetamide/C6H- – 16 y/o
• C60/C70 – 12 y/o

• C60
+ - 9 y/o

• Benzonitrile – 4 y/o
• Urea – 3 y/o (or 8?)
• 1/2 – cyanonaphthalene – 1 y/o

• 40 molecules turn 1 this year!  Nearly a new 
molecule detection a week for a year.

• To get to 40 detected molecules took nearly 
40 years (1937-1975)
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Goals

• Have a little fun, reminisce and pay 
respect to Lew Snyder

• Even though astrochemistry has 
been around for more than 50 
years, we still don’t have a very 
good understanding of interstellar 
chemical processes

• Using a combination of chemical 
mapping and high resolution 
spectroscopy, we can start 
answering the question of how 
large molecules form in space



5 74th ISMS Conference, 2019 June – Champaign, ILAmerican Astronomical Society Meeting – 14 June, 2022

Outline

Let’s start at the beginning…detection of Formaldehyde
The hunt for more complex molecules

• Glycine
• Dihydroxyacetone
• Urea

Interstellar mapping campaigns
• Acetic acid
• Acetone
• Formic acid/methyl formate
• C2H4O2 isomers

What are the limits to molecular complexity?



6 74th ISMS Conference, 2019 June – Champaign, ILAmerican Astronomical Society Meeting – 14 June, 2022

Let’s start at the beginning…detection of Formaldehyde

A detection in 1969 forever changed the way that 
astronomers and chemists viewed the universe
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Let’s start at the beginning…detection of Formaldehyde

At that time, only CH, CH+, and 
CN were identified in optical 
spectra by Swings and Rosenfeld 
(1937), McKellar (1940), and 
Douglas and Herzberg (1941), 
respectively.  

Many years later, OH was found in 
absorption against Cas A by Weinreb et al. 
(1963).  

Thus for a 30 year span, only diatomic 
molecules were found in space:  CH, CH+, CN, 
and OH. 
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Let’s start at the beginning…detection of Formaldehyde

Lew Snyder arrived at NRAO in 1967 for 
what was to be a 2 year assignment to 
search for molecules in space…  Along with 
Dave Buhl, an electrical engineer and fellow 
molecule hunter, they discussed the 
possibility of finding H2O in space.  

These efforts were presented at the AAS 
meeting in Austin in Nov. 1968 by Snyder.  
But before the presentation could start, 
Charles Townes announced that his group 
had discovered ammonia (NH3) in space 
with the Hat Creek Millimeter Wave 
Antenna a few weeks earlier. 
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Let’s start at the beginning…detection of Formaldehyde

The detection of NH3 was soon followed by the detection of water –
which turned out to be a source of maser emission.
It was time to get serious about searching for larger molecules in 
astronomical environments and NRAO facilities were well “positioned” to 
lead these searches.

Rick Suenram “positioning” the 
140-ft telescope in Green Bank, 
WV
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Let’s start at the beginning…detection of Formaldehyde

Prompted by the Assistant to the 
Director of NRAO,  W.E. (Bill) Howard 
III, Howard suggested that they write a 
proposal for all the molecules they 
wanted to find and submit them to D. S. 
Heeschen, the NRAO director at the 
time. 

However… NRAO management was 
not very “enthusiastic” about scheduling 
months of observations on the 140-ft 
and nearly a year of observing on the 
36-ft.

William E. Howard, III (1932 - 2016) at 
the 30th anniversary of the 140-ft 
telescope.
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Let’s start at the beginning…detection of Formaldehyde

As instructed, Snyder and Buhl submitted their proposal 
which triggered an explosion by then director David 
Heeschen. 

Paraphrasing the proposal review, it said something to 
the effect of:
“how irresponsibly the PIs had requested months of 
140-ft time for source searches and almost a year of 
36-ft time.  What were we trying to do?”  

In response… Buhl said that “we were trying to interest people in molecules in 
space.”  

Heeschen responded, “you have failed to interest 
me!” 

Snyder replied with …something more colorful.
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Let’s start at the beginning…detection of Formaldehyde

With the pressure mounting with the new 
detections taking place in Hat Creek, 
Heeschen instructed Howard to allocate 
time for “molecule searches” amongst 
other observing programs… which caught 
the team by surprise.

Howard negotiated a deal with B. Zuckerman 
and P. Palmer, who had 140-ft time mixed with 
the molecule searches.  In return for using 
their OH sources and Berkeley Doppler shift 
program, Snyder and Buhl let them share in the 
search for H2CO. 

And in the spring of 1969,  they found the 
H2CO 4830-MHz line in absorption with the 
140-ft of the NRAO – the rest is history!
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Let’s start at the beginning…detection of Formaldehyde

This line was detected in absorption against the continuum sources M17, W3, W3(OH), 
W49, NGC2024, Dr21, W43, W44, W51, SgrA, SgrB2, NGC6334, CasA, and 3C123.  
(Zuckerman, B., Buhl, D., Palmer, P., and Snyder, L.E., Ap, Vol. 160, May 1970.)

During these early observations, H2C13O, an isomer was discovered (Zuckerman, B., 
Palmer P., Snyder, L.E., and Buhl, D. 1969, Ap.J. (Letters), 157,  L167.)

Formaldehyde absorption taken towards SgrB2(N-LMH) with 
the GBT as part of the GBT PRIMOS Large molecule survey.  
Velocities are relative to the 64 km/s systemic source velocity.
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From those humble beginnings, a revolution started…
• The detection of CO in 1970 started a revolution that would change the way 

astronomers would study the universe:

Dame, Hartmann, & Thaddeus (2001) ApJ, 547, 792 
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The Search for Larger Molecules - Interstellar Glycine

• Since the spectrum was first characterized in the late 1978s by 
Suenram and Lovas the hunt was on…
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The Search for Larger Molecules - Interstellar Glycine

• However… nothing was found 
– Well … not quite.  During these initial searches, there were a lot of serendipitous 

detections of molecules like formic acid, methyl formate, dimethyl ether and the 
large cyanides.
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Interstellar Glycine Searches…

• As the search intensifies into 
the late 80s and 90s, the 
spectroscopy gets better and 
better in the lab and searches 
are conducted on the NRAO 
12-m and IRAM 30-m 
telescopes…

• Results are always the same… 
lot of blank spectra or worse 
yet, lots of blended lines…

• And, blank spectra and/or 
blended(contaminated) 
transitions can lead to 
erroneous detections
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Dihydroxyacetone Urea
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Additional Large Molecule Searches…

• It was believed that the 
reason we were not 
detecting glycine (or other 
amino acids) was that their 
emission was being beam 
diluted.

• If we were able to use higher 
resolution and look into the 
hot cores, these lines would 
start to come out from the 
weeds…

• And it seemed as if Lew’s 
argument was correct…
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Interstellar Acetic Acid Searches…
• Acetic acid was the first molecule ever to be detected with an array without having 

first been detected with a single dish telescope.  And I would argue (to this day) 
there has yet to be a detection of acetic acid with a single dish telescope!
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At the same time… 

• Shortly after the detection, comparative mapping campaigns started to look 
at the relative distributions of acetic acid, methyl formate and formic acid.
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Mapping molecular emission

• Even before ALMA came online, CARMA, 
PdB and the eVLA were very active in 
mapping the distribution of large molecules 
toward these regions.

• Molecules were not in the same location nor 
did they have the same morphology
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Mapping molecular emission

• Orion was believed to contain 
distinct “N-rich” and “O-rich” 
cores.  Yet when the detection 
and mapping of large 
molecules at high sensitivity 
started, the distinction was not 
as apparent and also, molecules 
like acetone – didn’t follow the 
convention at all.  
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Here is another really cool way to visualize the acetone distribution
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ALMA was here!  And this is what we got…

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

There is signal in nearly 
every channel and it is 
very hard to find “clean” 
transitions of well known 
molecules.
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Mapping molecular emission
• Once ALMA starting mapping large molecules, it was clear that we were given a 

wealth of information about the distribution of molecules that were never before 
seen.
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Mapping molecular emission
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Mapping molecular emission
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Transition Maps vs. Chemical Maps
Xue et al. 2019, ApJ, 871, 112
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Transition Maps vs. Chemical Maps
• When mapping the detected transitions, care has to be taken to 

differentiate between physical and chemical difference and 
transitions that are “contaminated”…
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Transition Maps vs. Chemical Maps
Xue et al. 2019, ApJ, 871, 112
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Transition Maps vs. Chemical Maps
Xue et al. 2019, ApJ, 871, 112
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Transition Maps vs. Chemical Maps
A “chemical map” will allow us to truly get a chemical picture of the 
environment and will help to disentangle physics from chemistry.

Methyl Formate Glycolaldehyde Acetic Acid
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Mapping molecular emission - Conclusions

• We are beginning to really see the utility of using chemical 
maps to determine something about the formation chemistry

• Typically, the spatial extent and morphology of the distribution 
of molecules and NOT taken into consideration – they are all 
reactive and not predictive (more on that later)

• Yet the power of interferometric arrays are clearly 
demonstrated to determine possible chemical formation 
pathways.
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• ALMA did not give the watershed of new molecule detections 
that were anticipated.

• This is/was largely due to the tremendous amount of line 
confusion and the fact that the rotational energy of large 
molecules was spread over a wide range of frequencies.

• Very wisely, looking at the proposal for the Green Bank 
Telescope…

Molecule Discoveries Stall* using ALMA
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Where we are today?
New molecule detections and a better understanding of the molecular makeup of 
the Galaxy continues to grow because of low frequency observations, new, 
innovative ways to detect molecules… and  

• The shift has moved to 
an old (but new again) 
source, TMC-1, with the 
detection of the first 
true aromatic species 
in the ISM.

• The detection of 
benzonitrile in 2018 
started the first of 
many new aromatic 
species detected 
towards TMC-1
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And a GBT Large Program

GBT Observations of TMC-1: Hunting Aromatic Molecules 
(GOTHAM) collaboration has used the tried and true technique 
of averaging and matched filtering to detect even more complex 
species, such as 1 and 2-cyanonaphthalene
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There and back again… 
The curious case of HC11N

The first initial claims for this molecule were in 
1982 towards IRC+10216 and 1985 towards TMC-1.

The first multi-transition detection was by Bell et al. 1997

Yet, these two transitions were never seen again…
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There and back again… 
The curious case of HC11N

It wasn’t for a lack of trying though!
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There and back again… 
The curious case of HC11N

Until… finally!
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The “old” tried and true way – still effective*

*(so long as you have a LOT of observing time!)
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Overall impact of facilities on the detection of new molecules

Cumulative number of detections per facility by year. For clarity, only those
facilities with 10 or more total detections are shown. The detection rates for
the facilities over selected time periods are highlighted.

Percentage share of detections that a facility contributed (or is contributing)
over its operational lifetime. For example, the NRAO 36 ft antenna
accounted for 58% of all detections made during its operational lifetime.
Facilities no longer in operation are colored red, and current facilities are in
blue.
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The Aldehyde Family
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The Water Family?
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Adding Spatial Extent to Chemical Models?

Chemical maps are “expensive” and difficult to interpret…
• “What type of data do you want/need?”

• Do morphological differences actually trace chemistry 
or physics?
• Or worse…just abundance?

• Mapping isomeric “families” may help to constrain chemical 
formation models (maybe)
• What does the “non-detection” of some isomers tell us? 

Perhaps just the spectra is enough…
• Moving beyond adding “epicycles” to chemical models

• Do we/should we fundamentally change how we 
approach chemical modeling of molecules in 
astronomical environments?
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Adding Spatial Extent to Chemical Models?

GOAL/CHALLENGE: 

Determine a global formation pathway for a chemical family that is 
consistent with both the spectroscopic detections and morphological 
diversity in a given astronomical environment.

How do we get there?
I have no idea…

“One significant advantage of simplicity is the 
clear focus it gives you. This level of clarity 
makes it easier for you to produce the results 
you’re after.”



55 74th ISMS Conference, 2019 June – Champaign, ILAmerican Astronomical Society Meeting – 14 June, 2022

Astrochemistry Research – Continuing a Legacy…

LES: “Formaldehyde was the first polyatomic organic molecule found in space.  This 
discovery revealed the vast amount of gas and dust that is found between the stars and 
marked the start of an exciting branch of chemistry broadly known as “astrochemistry”.”

Total number of molecular detections per year 
since 1968.  Reproduced from McGuire et al. 
2022 – and still growing!

From the simplest, to the most complex, 
the modern field of radio astrochemistry
is uncovering a molecular complexity 
previously unheard of just 50 years ago.
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www.nrao.edu
science.nrao.edu
public.nrao.edu

The National Radio Astronomy Observatory is a facility of the National Science Foundation
operated under cooperative agreement by Associated Universities, Inc.

University of Illinois Astronomy Colloquium – 21 September, 2021
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Green Bank Telescope Observations of New 
Interstellar Aldehydes: Prepenal and Propanal

(Hollis et al. 2004, ApJ, 610, L21)

The Green Bank Telescope provides the sensitivity and resolution 
needed to continue the search for molecule material in the ISM.

Detections came fast and furious starting around 2004…
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Methyltriacetylene (CH3C6H)  toward TMC-1: The 
Largest Detected Symmetric Top

(Remijan et al. 2006, ApJ, 643, L37)

In this work, we identified interstellar methyltriacetylene (CH3C6H) using the 
GBT toward the dark Taurus Molecular Cloud (TMC-1).  

Strong correlations are found
among the values of the three
different carbon-chain slopes when
total column densities of sequence
members are plotted against the
number of carbon atoms in the
carbon chain. This result suggests
that the formation chemistry for all
these carbon-chain sequences is
common.
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PRebiotic Interstellar MOlecular Survey

• One of the earliest “Large” programs on the GBT 
• Target: Sgr B2(N-LMH) 
• Coverage: 40.4 GHz of Bandwidth from 300 MHz - 50 GHz
• Noise level of ~2 mK
• Publicly available with no proprietary period
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(Some) New Molecule Detections

ethanimine

methylisocyanatecarbodiimide

acetamide

cyclopropenone

methyltriacetylene

propenal

cyanoformaldehyde ketenimine

propanal
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• Precursor to prebiotic
oligomers of HCN

• Formation of adenine using 
only addition of HCN

• Adenine is a 
nucleobase with a 
variety of roles in 
organic chemistry 
including cellular 
respiration.

• energy-rich adenosine 
triphosphate (ATP) 

• Protein synthesis, as a 
chemical component of 
DNA and RNA

E-Cyanomethanimine
Zaleski et al. 2013 ApJ, 765, L9



62 74th ISMS Conference, 2019 June – Champaign, IL

GBT Observations reveal the first signal from a 
chiral molecule

deuterated ethanol

propylene oxide

glyceraldehyde

Joint GBT/Parkes 
Detection
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GBT Observations reveal the first signal from a 
chiral molecule

Green Bank Telescope

Parkes Telescope

NT ~ 1 x 1013 cm-2

Tr ~ 5 K
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One of the most surprising and unanticipated 
discoveries was the first detection of interstellar 

anions toward the dark cloud TMC-1

Laboratory and Astronomical 
Identification of the Negative Molecular 

Ion C6H-

2006ApJ...652L.141

Surprising because it was believed that the 
smaller anions (e.g. C2H-) would be 
detected before the larger anions.

Turns out the larger molecules had a 
larger electron affinity which would 
preferentially favor larger molecules 
forming anions.
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Soon after the discovery of 
C6H-…

Detection of the Carbon Chain 
Negative Ion C8H- in TMC-1 

2007ApJ...664L..43B

Detection of C8H- and Comparison 
with C8H toward IRC +10 216 

2007ApJ...664L..47R

For the better part of 4 years, 
the search for anions with the 
GBT continued at a furious 
pace and expanded to more 
anions and more sources
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Detection of large molecules – an aside.

• With all the progress made in mapping the distribution of large molecules with 
ALMA and the arrays that have come before it,  ALMA has not provided the 
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