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LABORATORY ASTROPHYSICS AND ASTROCHEMISTRY
IN THE HERSCHEL/ALMA ERA
J. Cernicharo 1

Abstract. The interpretation of molecular line surveys at millimetre
and submillimetre wavelengths towards astrophysical objects requires
a good knowledge of the spectroscopy of the molecules present in the gas
phase, and of the basic collisional processes between them and molecular and atomic Hydrogen, Helium, and electrons. From the chemical
point of view, the modeling of these data requires a large amount of
laboratory information concerning the reactivity of these species in the
gas phase and in the ice mantles of dust grains. In this contribution I
will focus on the problems to interpret line surveys and I will discuss
how we will have to proceed in the new era opened by ALMA where
sensitivity and angular resolution will surpass by nearly a factor 10
those of existing facilities, and where the spectral confusion limit could
be reached towards many sources.

1

Introduction

The origin and evolution of the molecular universe starts with the injection of
material into the interstellar medium by stars in the later stages of their evolution,
followed by the processing of this material by the prevalent ultraviolet radiation
ﬁelds, energetic particles, and strong shocks, and ends with the incorporation of
this material into newly formed stars and their planetary systems. Understanding
this chemical evolution and its relationship to the origin of life on Earth and
possibly other planetary systems in the universe is a key problem in astrophysics.
Over the last 30 years, some 160 molecules have been detected in space (see,
e.g., Herbst & van Dishoeck 2009). These range from simple diatomics such as
molecular hydrogen and carbon monoxide, to complex species such as large carbon
chains containing up to 11 carbon atoms (Cernicharo et al. 2000), cyclic species
such as benzene (Cernicharo et al. 2001a,b) and fullerenes (Cami et al. 2010;
Sellgren et al. 2010). The presence of Polycyclic Aromatic Hydrocarbon (PAH)
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molecules containing typically 50–100 C-atoms has also been proposed (Leger &
Puget 1984; Allamandola et al. 1985; Joblin & Tielens 2011).
Over the next years, the new observatories coming on line (Atacama Large
Millimetre Array, extremely large telescopes) will increase the existing inventory of
the molecular universe by orders of magnitude. Identiﬁcation of the detected lines
with speciﬁc molecular species, their analysis in terms of the physical conditions
in the observed regions, and implication for the physical and chemical processes
ruling the universe require a close synergy between laboratory spectroscopists,
molecular physicists, chemists, and astronomers (see Fig. 1). This requires a new
and innovative approach to this ﬁeld that is precisely addressed in this conference.

Fig. 1. The diﬀerent disciplines involved in the interpretation of molecular observations
in Astrophysics. The role of laboratory astrophysics, both experimental and theoretical,
is indicated with thicker arrows (red boxes).

The identiﬁcation of speciﬁc species in space requires direct comparison of
the particular frequencies of emission or absorption lines observed in interstellar
space with spectroscopic measurements of known species in a controlled laboratory experiment. In order to interpret the Molecular Astrophysics observations,
supporting molecular physics quantum chemical calculations are required:
I) The intensities of the rotational lines observed in space through radio astronomical techniques depend, when they are optically thin, directly on the collisional
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excitation rates of the molecules with the predominant collision partners, H, H2 ,
He, H+ , e− . These rates will have to be calculated using quantum chemical methods or measured in the laboratory by molecular physicists.
II) The abundances of interstellar molecules are the result of a balance between
formation and destruction reactions. The rate coeﬃcients and products of relevant
reactions will have to be measured under astrophysically relevant conditions (e.g.,
low temperature, low pressure) or quantum chemically calculated. These rates will
then be used by astronomers in models to calculate the abundances of interstellar
species. Gas phase and dust grain chemical processes have to be studied in the
laboratories.
III) Laboratory spectroscopists need to measure the transition frequencies and
dipole moments of astrophysically relevant molecules.
IV) All of these data together can then be used by astronomical modelers to
predict the expected line intensities of new species which can then be targeted in
speciﬁc searches and to derive the physical conditions of the observed sources.
It is clear that action in these scientiﬁc areas has to be strongly interwoven in
studies of the molecular universe (see Fig. 1). In the last years several key topics in
the areas of molecular complexity in space and in the chemistry of regions of star
and planet formation have been identiﬁed: water in the universe, carbon chemistry, deuterium, chemical complexity, ionization and photodissociation, oxygen
and nitrogen chemistry, molecular tracers of shocks, and interstellar/circumstellar
dust grain chemistry.
In this contribution I will focus on the interpretation of line surveys and the
problems we will need to confront to get the maximum return from extremely
sensitive astronomical instruments such as ALMA that will start soon to provide
new and spectacular data.

2

Line surveys and chemical complexity

The last 20 years have represented a real burst in the ﬁeld of Molecular Astrophysics
thanks to the availability to the community of very large ground-based radio
and infrared telescopes (IRAM, ESO instruments, JCMT, CSO), and European
and US Space far-IR spectroscopic missions like the Infrared Space Observatory
(ISO) and the Spitzer Space Telescope. The new generation of telescopes, like the
Herschel Space Observatory of the European Space Agency successfully launched
on May 2009 (PIlbratt et al. 2010), or the ALMA project, are providing the astrophysical community with instruments having 10 (at millimetre/submillimetre
wavelengths) – 40 (at far-infrared wavelengths) times more collecting area and
angular resolution, than those currently available. These performances will allow studying the chemical evolution of the Universe from 800–1000 Myr after the
big-bang up to now, and will raise new and exciting problems concerning the
formation of planets and the prebiotic chemistry leading to the origin of life. In
particular, Herschel has opened the opportunity to study the role of water vapour
in the physical and chemical evolution of molecular clouds and protoplanetary
disks (van Dishoeck et al. 2011). The interpretation of these observations requires
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the characterization of a huge amount of molecular properties in order to obtain
the physical and chemical conditions of the molecular gas across the Universe.
Molecules have an important inﬂuence on the heating and cooling of interstellar
gas and, therefore, on the cloud structure of the interstellar medium in galaxies. Characterizing the origin and evolution of interstellar molecules is therefore
a fundamental goal of modern astrophysics and a key issue in understanding the
chemical evolution of the Universe and its implication on the origin of life. As previously commented, a variety of observations have shown that surprisingly complex
molecules are an important component of the interstellar medium. These include
the vibrational signatures of large PAH molecules, the electronic ﬁngerprints of a
variety of complex molecules that are the carriers of the diﬀuse absorption bands
in the visible spectra of stars (Herbig 1995), and the rotational transitions of some
160 smaller molecules most of them discovered in the microwave, millimetre, submillimetre and far-infrared spectral ranges. Some key molecules, such as acetylene
and longer polyacetylenic chains, lack of permanent dipole moment and have to be
observed in the mid- and near-infrared domains (Cernicharo et al. 2001a,b; Fonfrı́a
et al. 2008, 2011).
The most powerful tool to study the chemical complexity of interstellar and
circumstellar clouds is the systematic observation of a source at all wavelengths
(see, e.g., Bergin et al. 2010). Line surveys allow to produce a complete census
of the molecular content of these sources. The new receivers and spectrometers
installed in most radio telescopes allow to perform such studies in a reasonable
amount of time, say a couple of days compared with the several weeks, often with
observing runs spreading over the years, that were needed in the 80’s and 90’s of the
last century (see, e.g., Cernicharo et al. 2000). Line surveys allow to observe many
lines of the same molecule and its isotopologues permitting the determination of
the physical and chemical structure of molecular clouds. An important aspect to
take into account when looking for chemical complexity is the frequency coverage.
While the high frequencies provided by the HIFI instrument on board Herschel
are ideal to trace the chemical and physical conditions of warm gas through the
observation of light species (see Fig. 2 and Bergin et al. 2010), millimetre and
submillimetre frequencies are better adapted for polyatomic molecules having less
than 8–10 atoms. Heavier molecules can be studied at microwave wavelengths
and for that purpose the VLA, the low frequency bands of ALMA and the future
Square Kilometer Array (SKA) will play a key role in progressing in the study of
chemical complexity in molecular and circumstellar clouds.

2.1

How to deal with the spectral confusion limit in Astrophysics

The Orion KL (Kleinmann-Low) cloud is the prototype and best studied case of
high mass star forming region in our Galaxy. At a distance of 414 pc (Menten
et al. 2007; see Genzel & Stutzki 1989 for review of the properties of this source),
it is the nearest region of high mass star formation. The chemistry in this cloud is
particularly rich as a result of the interaction of the newly formed stars and their
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Fig. 2. Top: HIFI spectral scan of Orion KL in Band 4b. Bottom: HIFI spectral scan
of Orion KL in Band 1a. Strong lines in both spectra are identiﬁed (from Bergin et al.
2010).

environment. The evaporation of dust mantles in some regions of the KL cloud
and the high kinetic temperature of the gas produce a wide variety of molecules in
the gas phase that are responsible for a spectacularly proliﬁc and intense line spectrum (Blake et al. 1987; Brown et al. 1988; Charnley 1997) revealed by many line
surveys performed in this region in the last 24 years at diﬀerent frequency ranges:
72.2–91.1 GHz by Johansson et al. (1984); 215–247 GHz by Sutton et al. (1985);
247–263 GHz by Blake et al. (1986); 200.7–202.3, 203.7–205.3 and 330–360 GHz
by Jewell et al. (1989); 70–115 GHz by Turner (1989); 257–273 GHz by Greaves
& White (1991); 150–160 GHz by Ziurys & McGonagle (1993); 325–360 GHz by
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Fig. 3. The 30 m IRAM radio telescope line survey of Orion KL at 1 mm of wavelength.
From Tercero et al. (2010, 2011, 2012).

Schilke et al. (1997); 607–725 GHz by Schilke et al. (2001); 138–150 GHz by Lee
et al. (2001); 159.7–164.7 GHz by Lee & Cho (2002); 455–507 GHz by White
et al. (2003); 795–903 GHz by Comito et al. (2005); 44–188 µm by Lerate et al.
(2008); and the recent 500–1900 GHz line survey with the HIFI instrument from
the HEXOS Key Program of Herschel (Bergin et al. 2010).
In spite of these large amounts of data, no line confusion limited surveys had
been carried out with large single dish telescopes up to 2006 when Tercero &
coworkers started a line survey with the IRAM 30-m telescope at all frequencies
allowed by the telescope receivers (a total frequency coverage of 168 GHz; Tercero
et al. 2010, 2011, 2012; see Figs. 3 and 4). The main goal of this line survey was
to provide a deep insight into the chemistry of the Orion KL region and to reﬁne
our knowledge of its physical parameters. The ﬁnal goal was to search for new
molecular species. However, the number of spectral features was so large (see
Figs. 3 and 4) that the analysis of the data was strongly handicapped by the
limited coverage of spectral databases. Moreover, as shown in Figures 3 and 4 the
density of weak features (TA < 0.2, 0.1, and 0.05 K at 1, 2 and 3 mm respectively)
avoids any reasonable assignment without a detailed modeling of each molecular
species, its isotopologues and its vibrational excited states. Kinetic temperatures
in several of the Orion KL cloud components are often larger than 200 K. Hence,
vibrational levels of abundant species with energies below a few hundreds Kelvin
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Fig. 4. A zoom to the line survey shown in Figure 2 from Tercero et al. (2010, 2011,
2012).

will be populated enough to produce signiﬁcant emission. With the limits quoted
above for the spectral confusion limit we had initially more than 14 000 spectral
features of which 8000 were unidentiﬁed. The two molecular databases with public
access, CDMS (Müller et al. 2001, 2005, http://www.cdms.de) and JPL (Pickett
et al. 1998, http://spec.jpl.nasa.gov), and the MADEX code (see below) were
used for line assignment. In order to progress in the identiﬁcation of the lines,
which is a mandatory step before new species can be assigned within the forest of
lines, we started a collaboration with spectroscopiscts to study the isotopologues
of CH3 CH2 CN and CH3 OCOH (see, Margulès et al. 2009, 2010; Demyk et al. 2007;
Tercero et al. 2012). The isotopologues of these two species account for more than
800 spectral features and when their vibrationally excited states are included more
than 2000 features can be assigned.
The example shown above is a special one with the present facilities. However,
it will become the standard spectroscopic output of instruments such as ALMA for
many sources. Although not shown in this contribution, the spectrum of evolved
stars will also present forests of lines that will require speciﬁc spectroscopic work
in the laboratory in order to identify molecular emission from these circumstellar envelopes. New molecules will be discovered in interstellar and circumstellar
envelopes but only after the frequencies of the isotopologues and vibrationally excited states of the most abundant species have been removed, which depends on
laboratory data. The synergy between Astrophysics and Molecular Spectroscopy
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has to be further developed to get the maximum scientiﬁc return of these costly
new astronomical facilities. New methods have to be adopted by astronomers to
look for the chemical complexity and evolution of interstellar and circumstellar
clouds. In the following section I describe the tool and the method we use in our
group to deal with line surveys at the spectral confusion limit.

2.2

MADEX

The Madrid Excitation Code (MADEX) has been developed during the last
30 years. By April 2012 it contains information on the rotational transitions
and line strengths for 919 diﬀerent species with a total of 4109 spectroscopic entries corresponding to the isotopologues and vibrationally excited states of these
molecules. The data MADEX stores are not the frequencies of the rotational transitions but the rotational constants. MADEX also contains all available collisional
rate coeﬃcients needed to solve the statistical equilibrium equations when estimating emerging intensities of rotational lines in molecular clouds. With frequencies
and collisional rates it is possible to predict under the Large Velocity Gradient
(LVG) approximation, or assuming Local Thermodynamic Equilibrium (LTE) if
these rates are not available, the intensities of molecular lines. When collisional
rates are not available the user can select collisional rates computed by MADEX
using very simple assumptions.
Many papers have been written in the last years by the Madrid group of
Molecular Astrophysics using MADEX, in particular the papers based on the line
survey of Orion (Tercero et al. 2010, 2011, 2012; Margulés et al. 2008, 2009; Demyk
et al. 2007) but also the spectral line survey of IRC+10216 at 2 mm (Cernicharo
et al. 2000), the discovery of propylene (Marcelino et al. 2007) and fulminic acid
(HCNO; Marcelino et al. 2009), molecules present in MADEX but not in the
CDMS or JPL catalogues, and a large number of ISO papers related to molecular
spectroscopy in the far-infrared (see, e.g., Herpin et al. 2000; Herpin et al. 2002;
Goicoechea et al. 2004; Cernicharo et al. 2006). At the beginning MADEX was
just a LVG code based on the formalism described by Goldreich & Kwan (1974).
The start of operations of the 30 m IRAM radio telescope in 1985 represented
a considerable challenge for the identiﬁcation of the molecular lines detected towards interstellar and circumstellar clouds. At this time I started to introduce in
the code the new molecules detected every month with the 30 m IRAM and the
45 m Nobeyama telescopes (C5 H, C6 H, CCS, C3 S, AlF, AlCl, KCl, NaF, SiC, ...,
see, e.g., Cernicharo et al. 2000 and references therein). MADEX was designed
to deal with the Hamiltonians describing the energy levels of the molecules and
to have the rotational constants published in the literature as input parameters
to compute frequencies and intensities. Unfortunately, very soon it was clear that
most authors were not providing enough digits for the rotational constants, that
typographical errors were common in the literature prior to electronic publications
introducing large inaccuracies in the predicted frequencies, and that many authors
do not provided the correlation matrix needed to compute the uncertainty of the
calculated frequencies. Hence, I started to write ﬁtting routines for each speciﬁc

J. Cernicharo: Herschel/ALMA Era

259

molecule, gathering all observed lines in the laboratory published in the literature,
and ﬁtting these data to obtain the best set of rotational constants. The ﬁtting
programs provide the rotational constants and covariance matrix in the form of
FORTRAN routines that are directly digested by MADEX. Table 1 shows a comparison of the MADEX frequency predictions for selected rotational transitions
of some species with those of the CDMS and JPL databases. For each species
MADEX contains the information on the bibliographic sources for the line frequencies, the dipole moments, the standard deviation of the ﬁt and a description
of the range of frequencies and quantum numbers used in the ﬁt. Only for 6% of
species available in MADEX the data are coming directly from the CDMS or JPL
spectral catalogs.
Table 1. Example of MADEX frequency predictions compared to public databases.

Consequently, MADEX is a standalone code, without need to connect to the
web to get molecular parameters and frequencies. Once launched, MADEX accepts
commands related to the spectroscopy, the collisional rates, the physical conditions
of the cloud (loops in density, temperature and molecular abundance are allowed)
and can generate synthetic spectra, convolved with the telescope and spectrometer instrumental responses, that can be compared with observations using any
graphic package. The executable code for Windows platforms, which can be also
run on other operating systems, is available upon request. A web based page
for all the frequency predictions, energies, line intensities and references is under
construction and will be available through the web page of the Spanish Laboratory Astrophysics consortium ASTROMOL (http://auditore.cab.inta-csic.
es/consolider-ingenio-astromol/). A complete description of the MADEX
code will be pusblished elsewhere (Cernicharo 2013, in preparation).
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Conclusions

The analysis of the deep line surveys obtained in the ALMA and Herschel era
requires a particular eﬀort for laboratory spectroscopists to work on isotopologues
and vibrationally excited states of species already known. This task is not as
stimulating as discovering new species. However, there is no other way to proceed
in sources such as Orion since lines carried by new species will always be hidden
in forests of lines, which arise from the main isotopologue, rare isotopologues, and
vibrationally excited states of well-known and abundant species. The analysis
of the astronomical data will require speciﬁc tools to deal with these forests of
lines. Astronomers have to be careful with the identiﬁcation of lines using spectral
catalogues. The match of a few lines with observed features is not a guarantee of
detection; the information on the spectroscopic constants used to derive frequencies
and intensities, their errors, the range of validity of the predictions have to be
considered before claiming the detection of a new molecule. The literature contains
some examples of wrong assignments using much less sensitive instruments. It
would be a pity that data from the costly new astronomical facilities lead to pitfalls
that could be avoided. The risk of automatic procedures in producing such errors
is large and the only way to guarantee results with a high degree of conﬁdence is
to maintain strong collaborations between astronomers and experimentalists.
This paper was partially supported within the programme CONSOLIDER INGENIO 2010, under
grant Molecular Astrophysics: The Herschel and ALMA Era.- ASTROMOL (Ref.: CSD200900038). We also thank the Spanish MICINN for funding support through grants AYA2006-14876
and AYA2009-07304.
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