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Abstract. Atoms and molecules have long been thought to be versatile tracers
of the cold neutral gas in the universe, from high-redshift galaxies to star form-
ing regions and proto-planetary disks, because their internal degrees of freedom
bear the signature of the physical conditions where these species reside. How-
ever, the promise that molecular emission has a strong diagnostic power of the
underlying physical and chemical state is still hampered by the difficulty to
combine sophisticated chemical codes with gas dynamics. It is therefore im-
portant 1) to acquire self-consistent data sets that can be used as templates for
this theoretical work, and 2) to reveal the diagnostic capabilities of molecular
lines accurately. The advent of sensitive wideband spectrometers in the (sub)-
millimeter domain (e.g., IRAM-30m/EMIR, NOEMA, ...) during the 2010s
has allowed us to image a significant fraction of a Giant Molecular Cloud with
enough sensitivity to detect tens of molecular lines in the 70 — 116 GHz fre-
quency range. Machine learning techniques applied to these data start to deliver
the next generation of molecular line diagnostics of mass, density, temperature,
and radiation field.

1 The ORION-B program

The ORION-B project (Outstanding Radio-Imaging of OrioN-B, PI: Jérome Pety &
Maryvonne Gerin) is a Large Program of the IRAM 30 meter telescope that has imaged
13 x 18 pc of the Orion B massive star-forming cloud, located at 400 pc, over 40 GHz of

*e-mail: pety @iram.fr
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Figure 1. Spatial distribution of the line peak intensity of selected lines in the 3 mm band, plus the dust
temperature (bottom left panel) and visual extinction (top right panel). Continuum data comes from
the publicly available analysis of the Herschel Gould Belt Survey data (PI: P. André) [1]. Only reliably
detected pixels are shown. The color-scales are logarithmic to reveal the distribution of faint signal.

bandwidth at a typical resolution of 50 mpc and 0.6km s~'. An integration time of 850 hours
yields about 200 000 images of 800 000 pixels at a typical sensitivity of 0.1 K.

Figure 1 shows the spatial distribution of the line peak brightness for a subset of 18
different molecular transitions. One of the ORION-B main goals is to study how it is possible
to constrain the physical conditions (e.g., temperature, column and volume density, thermal
pressure, ...) based on such observations. In a pilot study towards the first observed square
degree [2], we showed how tracers of different optical depths like the CO isotopologues
allow one to fully trace the molecular medium, from the diffuse envelope to the dense cores,
while various chemical tracers can be used to reveal different environments. A large fraction
of the flux of previously thought “dense gas tracers”, as the HCN (1 — 0) line, is coming
from translucent gas. Unambiguous detection of the gas whose volume density is larger than
10* cm™3 requires to detect the NoH*(1 — 0) line.

A clustering algorithm was then applied to the intensities of selected molecular lines,
and revealed spatially continuous regions with similar molecular emission properties, corre-
sponding to different regimes of volume density or far-UV illumination [4]. We showed that
the (1 —0) lines of the three main isotopologues of CO are sufficient to cluster the molec-
ular gas in three distinct density regimes (ny ~ 100, 500, and > 1000cm~3). Adding the
HCO™ and CN (1 - 0) lines reveals clusters 1) of higher volume density (ng ~ 7 x 10 and
4 x 10* cm™3) because the effective critical densities of these lines are between one and two
order of magnitude higher than those of the CO isotopologues, and 2) clusters that match the
GMC interfaces with the NGC 2023, NGC 2024, and IC 342 Hu regions.

A principal component analysis of the twelve brightest lines in the 3 mm wavelength
range showed that the first component is well correlated with the column density [5]. The
second and third components are correlated at various levels with the volume density of
dense cores and the dust temperature, respectively. These results suggest that the wide field
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Figure 2. Contribution of the studied lines to the logarithm of the H, column density around the mean
column density as a function of the visual extinction [3]. The black points show the median values
of all data points falling in a regularly sampled interval of the logarithm of the visual extinction. The
black error bars show the range of values where 50% of the points in the current bin are located. The
vertical dotted lines show visual extinctions of 1.1, 2.2., 5.0, 10.0, and 18.0. The lines are sorted from
top to bottom and then from left to right by increasing values of the minimum A, at which they start to
contribute.

emission of molecular lines is sensitive to the column and volume gas densities on one hand
and the gas temperature on the other hand. In a subsequent study [3], we quantitatively char-
acterized the correlations between the line integrated intensities and the dust-derived column
density using a machine learning regression tool called random forest. We first showed that
this correlation can be used to quantitatively infer the molecular column density from the
molecular line emissions, even on data that were not used to train the regression. We also
showed that the most important contributors to this new kind of column density estimators
are in decreasing order the 1*CO, '2CO, C'®0, and HCO* (1 — 0) lines for the bulk of the
molecular cloud, while other lines as N;H* (1 — 0) prove to be important in the densest en-
vironments (dense cores). More quantitatively, the logarithm of the gas column density for
each line of sight can be to first order analyzed as the sum

log N =log Ny + X;log N, 1)

where log Ny is the mean column density of the training data set and log N is the contribution
of each considered line to the final estimation. Figure 2 shows the evolution of the contri-
bution of each line as a function of the visual extinction. Except for the '*CO (1 - 0) line
that contributes at all A, and the noise sample that does not contribute at any Ay, the other
lines contribute inside a given A, range. Once generalized this new tool should allow us to
accurately estimate the mass of the different (potentially velocity separated) components of a
giant molecular cloud, in particular the mass of its filamentary structure [6].

These results hints that the relationships between line intensities and environment in Giant
Molecular Clouds are more complicated than often assumed. Sensitivity, excitation, and,
chemistry certainly contribute to the observed line intensity distributions. In order to develop
the next generation of molecular line diagnostics of mass, density, temperature, and radiation
field, we need to understand these different contributions quantitatively. We started this effort
by studying the abundances and excitation temperature of the three main CO isotopologues
within the framework of the local thermodynamic equilibrium (LTE) for the excitation and
radiative transfer [7]. Using the (1 — 0) and (2 — 1) transitions of the 13CO and C180O species
and the (1 — 0) line of '2CO, estimates and associated confidence intervals of the column
density, excitation temperature and velocity dispersion of these species could be obtained
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towards the Horsehead nebula. While the excitation temperature of the '3CO and C'80 lines
are on average similar, the excitation temperature of '>CO is typically twice as large as the
13CO and C'®0 ones (top row of Fig. 3). This suggests that the CO isotopologue lines can be
mostly excited in more or less dense or warm regions along the same line of sight. Moreover,
the ratio of inferred column densities of the CO isotopologues are significantly different from
the values given by the ratio of the carbon and oxygen elemental abundances in the solar
neighborhood (bottom row of Fig. 3). Assuming they follow the elemental abundances, the
[2CO]/[*CO] and ['*CO]/[C'30] ratios should be in the ranges 57 — 67 and 7.5 — 9.8,
respectively, while we found 5 < '>CO/"3CO < 70 and 8 < '3CO/C'"0 < 50 with a clear
correlation between these values and the dust-traced far UV illumination. These results can be
qualitatively understood as the result of the fractionation reaction of C* that enriches diffuse
and translucent gas in '*CO as compared to '2CO, and of selective photodissociation that
destroys C'80 much faster than '3CO in the diffuse envelopes of dense cores and filaments.

2 Challenges for the future

In order to go one step further to infer the physical parameters without human supervision, we
will need to invert not only radiative transfer models, but also physics and chemistry models
of photo-dissociation regions (PDRs) like the Meudon PDR code. Several challenges need to
be handled to succeed.

First, datasets like the ORION-B one imply large brightness dynamical ranges between
the brightest and faintest detected lines (a factor > 2500 for the lines integrated over the field
of view). This implies that an accurate noise model must be used. In particular, it is necessary
to include a multiplicative component in addition to the usual additive noise because the
calibration uncertainty (of the order of 5 — 10%) has an important impact at high signal-to-
noise ratios. Moreover, the notion of censored information needs to be introduced in the fit
to take into account potential upper limits due to the limited instrument sensitivity. Second,
a sophisticated PDR code must include many physical and chemical processes, which may
have subtle but important impacts on the line strengths. The micro-physical parameters as,
eg, the chemical rates, are still often uncertain because physicists and chemists can only study
a small fraction of the thousands of reactions that occur in molecular clouds. Finally, there
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are several hidden variables in the fit process. The most obvious one is the geometry of the
cloud that is probably fractal with sharp changes of properties at several spatial scales as a
molecular cloud is composed of a diffuse gas around a filamentary structure that surrounds
cold cores where star formation happens. Another hidden information is the mass of the
bulk of the molecular clouds as their main components (molecular hydrogen and helium)
are mostly invisible to us. We thus need to rely on different minor tracers of the mass as
the rotational line emission of species with a permanent dipole moment or the continuum
emission of the dust.

To overcome these difficulties, we introduced a new, fast Bayesian framework that takes
into account 1) a continuous approximation of large grids of PDR models, 2) additive and
multiplicative noise, 3) censored information, and 4) a spatial regularization [8]. Figure 4
compares the performances of a standard maximum likelihood estimator (MLE) to the new
proposed Bayesian estimator on a mock dataset. Not only the new solution delivers a much
less noisy estimation, but it also includes a credibility interval associated to the best estimated
set of parameters.

In less than 1000 hours, the ORION-B large program imaged 5 square degrees over the
3 mm atmospheric window at a sensitivity of ~ 0.1 K inside a typical resolution element
of 27" x 0.6kms~! with a single beam receiver. IRAM currently develops a new receiver
that will contain 25 beams, each covering the same instantaneous frequency bandwidth of
16 GHz times two polarizations as the EMIR receiver used in the ORION-B project. This
tremendous observing power could be used to observe 125 square degrees of a fair fraction
of the Galactic plane at a sensitivity of 0.1 K in 1 000 hours. Alternatively this added power
could be used to increase the sensitivity over the same field of view as the ORION-B project
to 20mK. Figure 5 gives an idea of the evolution of the number of detected lines when the
sensitivity increases by an order of magnitude. For NOEMA, the first step towards using
multi-beam receivers is to develop the On-The-Fly observing mode in the coming years. In
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Figure 5. Left: 3mm HEMT 3-beam prototype (Courtesy of P. Serres, O. Garnier, & the IRAM
front-end group). Right: Spectra (smoothed to 195 kHz resolution) of the 3 mm band for two different
positions in the Horsehead Nebula, obtained by the WHISPER survey [9-11] at the IRAM-30m. The
red and green curves show the 1 and 20 brightness levels achieved in the ORION-B field of view.
The photo-dissociation region (PDR) is marked by the green cross on the HCO emission map (middle,
top image). The dense core is marked by the blue cross on the NoH*(1 — 0) emission map (middle,
bottom image). These fields are reported as a white square on the C'30 (2 — 1) integrated emission map
displayed on the left panel. The middle right panels display two lines zoomed from the surveys.

other words, the results obtained by the ORION-B project is just a glimpse into what will be
routine science of the interstellar medium in the coming decade.
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