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Abstract. The gas kinetic temperature (TK) determines the physical and chem-
ical evolution of the interstellar medium (ISM). This work explores the use of
HCN/HNC (J=1–0) line ratio as new probe of the gas kinetic temperature in the
molecular ISM. Based on a new set of IRAM-30m observations at 30 arcsec
resolution towards Orion Nebula Cluster, we find a two-part linear correlation
of the observed HCN/HNC line ratio and TK. This empirical calibration allows
to obtain direct estimates of the TK values across a wide range of column den-
sities (AV & 5 mag) and up to scales of ⇠ 10 pc. Comparisons with additional
studies highlight the potential use of the HCN/HNC line ratio as novel chemical
thermometer at 3mm.

1 Introduction

The gas kinetic temperature (TK) plays a key role in the most important gas properties in the
Interstellar Medium (ISM). TK determines the gas pressure (P/k = n TK), the sound speed
(cs =

p
kTK/µ), as well as fragmentation scale (λ f rag / T 3/2

K ) in molecular clouds. Similarly,
it influences the chemical structure and molecular emission properties of the molecular gas
in the ISM. The description of the thermodynamic state of the ISM gas therfore requires a
detailed study of TK.

Multiple observational techniques have been developed to investigate the gas kinetic tem-
perature in the ISM. In dedicated molecular line studies, the gas kinetic temperature has
been traditionally inferred from the study of NH3 rotational temperures (Trot, [1]) and the
combination of the study of excitaton temperatures (Tex) and radiative transfer calculations
in multi-line observations (e.g. [10]). The wide coverage of FIR observations in the ISM
has also popularized the use of dust temperatures measurements (Tdust) as proxies of the gas
temperatures in nearby clouds ([9]). However, the above approaches require of additional
assumptions such as Local Thermodynamical Equilibrium (LTE; TK = Tex = Trot) or an
e↵ective gas-to-dust coupling (TK = Tdust) which are difficult to justify in a wide range of
physical conditions. In practical terms, these studies are typically limited in dynamic range
(e.g. NH3 at AV & 10 mag), require observations of multiple transitions as well as expensive
radiative transfer modeling (e.g. CO-ladders), or become only accesible at certain frequency
ranges (e.g. H2CO at 1 mm or NH3 at cm wavelengths). During the last years, most of the
large scale observations of the local ISM, in which IRAM has been playing a leading role
(e.g. [11]), are carried our at 3 mm (i.e. ALMA Band 3). Finding a versatile, reliable, easy-
to-use tracer of the gas kinetic temperature at 3 mm is therefore of paramount importance for
future ISM studies both in local and extragalactic contents.
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Fig. 1. New IRAM 30 m observations throughout the Orion ISF. From left to right: (a) Spitzer IRAC-1 emission map (Megeath et al. 2012);
(b) HCN (J = 1–0), (c) HNC (J = 1–0), and (d) H41↵ line intensity (also known as total integrated intensity) maps (this work). We note that both
HCN and HNC intensity maps are presented in logarithmic scales because of the wide dynamic range in emission that these two species show. The
different OMC 1-4 clouds, together with the different clusters and nebulosities, are indicated in the IRAC-1 image. For guidance, the extension of
the ONC, M43, and NGC1977 regions (green dotted circles), as well the position of the Trapezium and NU Ori stars (white stars) plus the Orion
BN source (yellow star), are also indicated in the different IRAM 30 m maps.

intensities in this particular area should therefore be considered
as lower limits4.

3. Results

3.1. Observational correlation between HCN-to-HNC line ratio
and the gas kinetic temperature

We present the HCN and HNC (J = 1–0) total integrated inten-
sity maps (including all hyperfine components) throughout the
ISF in Fig. 1. As illustrated in panels (b–d), the emission max-
ima of these two species correspond to the central part of
the ONC traced by H41↵ emission showing extended regions
with integrated intensities above I(HCN) ≥ 50 K km s−1 and
I(HNC) ≥ 20 K km s−1, respectively. Clearly recognizable at
the centre of our images, the emission of both HCN and HNC

4 The integrated intensity maps for the HCN (1–0), HNC (1–0), and
H41↵ lines presented in Fig. 1 are available via CDS.

isotopomers highlights most of the well-known OMC-1 molec-
ular fingers (e.g. Martin-Pintado et al. 1990) and the Orion bar
(e.g. Tielens et al. 1993), which are seen in high contrast with
respect to their local environment. Prominent emission in these
two lines, with I(HCN), I(HNC) > 10 K km s−1, also traces the
northern part of the ISF towards the OMC-2 and OMC-3 clouds,
showing multiple local peaks coincident with the position of sev-
eral FIR sources within these regions (e.g. OMC-2 FIR-4). On
the other hand, both HCN and HNC intensities progressively
decrease below I(HCN), I(HNC) < 5 K km s−1 towards the
OMC-4 and OMC-4S clouds.

The bright emission detected in the HCN and HNC (1–0)
line maps reflects the large dynamic range of column densities
that is traced by these two species. While largely varying in
intensity, both transitions are systematically detected in the vast
majority of the positions surveyed by our IRAM 30 m observa-
tions. In particular, most of our HCN (99%) and HNC (93%)
spectra show intensities above I(HCN), I(HNC) ≥ 1 K km s−1,
that is, with a signal-to-noise ratio, S/N > 3, with respect to the
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Fig. 2. From left to right: (a) N2H+ (1–0) integrated emission (see also Hacar et al. 2017a), (b) I(HCN)-to-I(HNC) line intensity ratio (see also
Fig. 1), (c) gas kinetic temperature map derived using NH3 measurements (Friesen et al. 2017), and (d) gas kinetic temperature map derived using
the proposed I(HCN)/I(HNC) as a temperature probe according to Eqs. (3) and (4) (this work). For comparison, we indicate the intensity contour
with I(N2H+) = 1.5 K km s−1 in panels b–d. Circles and stars are similar to Fig. 1.

typical σ ⇠ 0.3 K in our maps. Independent FIR Herschel mea-
surements (Lombardi et al. 2014) indicate that these detections
extend down to equivalent gas column densities of AV ⇠ 3 mag
within the limits of our molecular maps. Similar to previous
observations of this region (Kauffmann et al. 2017), these detec-
tion thresholds indicate the presence and strong sensitivity of
these HCN and HNC species not only to the high density
gas but also to more extended and low column density mate-
rial in this cloud (see also Pety et al. 2017; Kauffmann et al.
2017).

While qualitatively similar in their overall distribution, we
find large variations between the relative intensities of both
HCN and HNC (1–0) transitions throughout the ISF. To illus-
trate this property, we present the total line intensity ratio
I(HCN)/I(HNC) of these two lines in Fig. 2b. An eye inspection
of this figure indicates that I(HCN)/I(HNC) varies more than
an order of magnitude throughout the areas that are surveyed
in our maps. In agreement with previous results (Goldsmith
et al. 1986; Schilke et al. 1992; Ungerechts et al. 1997), the
largest differences in emission are found in the surroundings of

the Orion BN/KL region showing I(HCN)/I(HNC) > 10. This
line ratio decreases towards values of I(HCN)/I(HNC) ⇠ 2−3 in
regions such OMC-2, and more prominently, down to values of
I(HCN)/I(HNC) ⇠ 1 in OMC-4.

In addition to these regional differences, we note a system-
atic dependence of this I(HCN)/I(HNC) as a function of column
density. Particularly visible in the radial distribution of regions
such as OMC-2, this reported line ratio varies from values of
⇠2−4 at the cloud edges towards values close to unity at the
centre of the ISF. Although less prominent in dynamic range,
a similar trend is also visible in regions like OMC-4, showing
variations between ⇠3 and 1.

Interestingly, we find an excellent correspondence between
the variations of the I(HCN)/I(HNC) ratio in our ISF data
and the gas kinetic temperatures (TK) using NH3 observa-
tions derived by the GBT-GAS survey (Friesen et al. 2017).
As illustrated by the comparison of Figs. 2b and c, the low-
est I(HCN)/I(HNC) values are typically found at the coldest
regions at the centre of clouds like OMC-2 or OMC-4. Con-
versely, higher I(HCN)/I(HNC) values are shown at increasing
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Figure 1. IRAM-30m observations along the Orion ISF. From left to right: (a) Spitzer IRAC-1 emis-
sion map; (b) HCN (J = 1–0), (c) HNC (J = 1–0), and (d) gas kinetic temperature derived using the
HCN/HNC ratio (see [6]). The black contours in panel d indicate the regions with significant N2H+

(J=1–0) [4], denoting those filamentary regions at high densities (> 105 cm−3).

A large variety of astrochemical studies have investigated the variation of the HCN and
HNC emission properties in the ISM (e.g. [7, 12]). This work explores the use of the
HCN/HNC line ratio as a novel chemical thermometer of the molecular ISM. A detailed
discussion of these results can be found in [6].

2 HCN & HNC IRAM-30m observations in Orion

We investigated the molecular emission of both HCN (88.6 GHz) and HNC (90.6 GHz) (J=1–
0) lines along the Integral Shape Filament (ISF) in Orion (D⇠ 415 pc; [8]). The ISF contains
the most active star-forming region within solar neighbourhood (i.e., Orion Nebula Cluster;
ONC) and the only one forming massive stars (Trapezium & Orion BN/KL), becoming a
testbed for star-formation studies. As illustrated in Figure 1a, ISF extends over ⇠ 8 pc in
length, including the OMC 1/2/3/4/4S regions, and is shaped by di↵erent feedback events
(e.g. ONC, M43, and NGC1977 bubbles; see Suri et al in prep.). The ISF is the most massive
filament within 1 kpc (M/L ⇠ 300 − 500 M� pc−1) with high emission levels in multiple
molecular tracers widely studied in the literature (e.g. [5]).

We obtained On-the-Fly, Position-Switching maps of the HCN and HNC (J=1–0) emis-
sion along the ISF at 3 mm using the IRAM-30m telescope (see also [6]). Both transitions
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Fig. 1. New IRAM 30 m observations throughout the Orion ISF. From left to right: (a) Spitzer IRAC-1 emission map (Megeath et al. 2012);
(b) HCN (J = 1–0), (c) HNC (J = 1–0), and (d) H41↵ line intensity (also known as total integrated intensity) maps (this work). We note that both
HCN and HNC intensity maps are presented in logarithmic scales because of the wide dynamic range in emission that these two species show. The
different OMC 1-4 clouds, together with the different clusters and nebulosities, are indicated in the IRAC-1 image. For guidance, the extension of
the ONC, M43, and NGC1977 regions (green dotted circles), as well the position of the Trapezium and NU Ori stars (white stars) plus the Orion
BN source (yellow star), are also indicated in the different IRAM 30 m maps.

intensities in this particular area should therefore be considered
as lower limits4.

3. Results

3.1. Observational correlation between HCN-to-HNC line ratio
and the gas kinetic temperature

We present the HCN and HNC (J = 1–0) total integrated inten-
sity maps (including all hyperfine components) throughout the
ISF in Fig. 1. As illustrated in panels (b–d), the emission max-
ima of these two species correspond to the central part of
the ONC traced by H41↵ emission showing extended regions
with integrated intensities above I(HCN) ≥ 50 K km s−1 and
I(HNC) ≥ 20 K km s−1, respectively. Clearly recognizable at
the centre of our images, the emission of both HCN and HNC

4 The integrated intensity maps for the HCN (1–0), HNC (1–0), and
H41↵ lines presented in Fig. 1 are available via CDS.

isotopomers highlights most of the well-known OMC-1 molec-
ular fingers (e.g. Martin-Pintado et al. 1990) and the Orion bar
(e.g. Tielens et al. 1993), which are seen in high contrast with
respect to their local environment. Prominent emission in these
two lines, with I(HCN), I(HNC) > 10 K km s−1, also traces the
northern part of the ISF towards the OMC-2 and OMC-3 clouds,
showing multiple local peaks coincident with the position of sev-
eral FIR sources within these regions (e.g. OMC-2 FIR-4). On
the other hand, both HCN and HNC intensities progressively
decrease below I(HCN), I(HNC) < 5 K km s−1 towards the
OMC-4 and OMC-4S clouds.

The bright emission detected in the HCN and HNC (1–0)
line maps reflects the large dynamic range of column densities
that is traced by these two species. While largely varying in
intensity, both transitions are systematically detected in the vast
majority of the positions surveyed by our IRAM 30 m observa-
tions. In particular, most of our HCN (99%) and HNC (93%)
spectra show intensities above I(HCN), I(HNC) ≥ 1 K km s−1,
that is, with a signal-to-noise ratio, S/N > 3, with respect to the
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Fig. 2. From left to right: (a) N2H+ (1–0) integrated emission (see also Hacar et al. 2017a), (b) I(HCN)-to-I(HNC) line intensity ratio (see also
Fig. 1), (c) gas kinetic temperature map derived using NH3 measurements (Friesen et al. 2017), and (d) gas kinetic temperature map derived using
the proposed I(HCN)/I(HNC) as a temperature probe according to Eqs. (3) and (4) (this work). For comparison, we indicate the intensity contour
with I(N2H+) = 1.5 K km s−1 in panels b–d. Circles and stars are similar to Fig. 1.

typical σ ⇠ 0.3 K in our maps. Independent FIR Herschel mea-
surements (Lombardi et al. 2014) indicate that these detections
extend down to equivalent gas column densities of AV ⇠ 3 mag
within the limits of our molecular maps. Similar to previous
observations of this region (Kauffmann et al. 2017), these detec-
tion thresholds indicate the presence and strong sensitivity of
these HCN and HNC species not only to the high density
gas but also to more extended and low column density mate-
rial in this cloud (see also Pety et al. 2017; Kauffmann et al.
2017).

While qualitatively similar in their overall distribution, we
find large variations between the relative intensities of both
HCN and HNC (1–0) transitions throughout the ISF. To illus-
trate this property, we present the total line intensity ratio
I(HCN)/I(HNC) of these two lines in Fig. 2b. An eye inspection
of this figure indicates that I(HCN)/I(HNC) varies more than
an order of magnitude throughout the areas that are surveyed
in our maps. In agreement with previous results (Goldsmith
et al. 1986; Schilke et al. 1992; Ungerechts et al. 1997), the
largest differences in emission are found in the surroundings of

the Orion BN/KL region showing I(HCN)/I(HNC) > 10. This
line ratio decreases towards values of I(HCN)/I(HNC) ⇠ 2−3 in
regions such OMC-2, and more prominently, down to values of
I(HCN)/I(HNC) ⇠ 1 in OMC-4.

In addition to these regional differences, we note a system-
atic dependence of this I(HCN)/I(HNC) as a function of column
density. Particularly visible in the radial distribution of regions
such as OMC-2, this reported line ratio varies from values of
⇠2−4 at the cloud edges towards values close to unity at the
centre of the ISF. Although less prominent in dynamic range,
a similar trend is also visible in regions like OMC-4, showing
variations between ⇠3 and 1.

Interestingly, we find an excellent correspondence between
the variations of the I(HCN)/I(HNC) ratio in our ISF data
and the gas kinetic temperatures (TK) using NH3 observa-
tions derived by the GBT-GAS survey (Friesen et al. 2017).
As illustrated by the comparison of Figs. 2b and c, the low-
est I(HCN)/I(HNC) values are typically found at the coldest
regions at the centre of clouds like OMC-2 or OMC-4. Con-
versely, higher I(HCN)/I(HNC) values are shown at increasing
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Figure 1. IRAM-30m observations along the Orion ISF. From left to right: (a) Spitzer IRAC-1 emis-
sion map; (b) HCN (J = 1–0), (c) HNC (J = 1–0), and (d) gas kinetic temperature derived using the
HCN/HNC ratio (see [6]). The black contours in panel d indicate the regions with significant N2H+

(J=1–0) [4], denoting those filamentary regions at high densities (> 105 cm−3).

A large variety of astrochemical studies have investigated the variation of the HCN and
HNC emission properties in the ISM (e.g. [7, 12]). This work explores the use of the
HCN/HNC line ratio as a novel chemical thermometer of the molecular ISM. A detailed
discussion of these results can be found in [6].

2 HCN & HNC IRAM-30m observations in Orion

We investigated the molecular emission of both HCN (88.6 GHz) and HNC (90.6 GHz) (J=1–
0) lines along the Integral Shape Filament (ISF) in Orion (D⇠ 415 pc; [8]). The ISF contains
the most active star-forming region within solar neighbourhood (i.e., Orion Nebula Cluster;
ONC) and the only one forming massive stars (Trapezium & Orion BN/KL), becoming a
testbed for star-formation studies. As illustrated in Figure 1a, ISF extends over ⇠ 8 pc in
length, including the OMC 1/2/3/4/4S regions, and is shaped by di↵erent feedback events
(e.g. ONC, M43, and NGC1977 bubbles; see Suri et al in prep.). The ISF is the most massive
filament within 1 kpc (M/L ⇠ 300 − 500 M� pc−1) with high emission levels in multiple
molecular tracers widely studied in the literature (e.g. [5]).

We obtained On-the-Fly, Position-Switching maps of the HCN and HNC (J=1–0) emis-
sion along the ISF at 3 mm using the IRAM-30m telescope (see also [6]). Both transitions
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Fig. 3. Correlation between the
observed I(HCN)/I(HNC) (this work)
and measurements of the gas kinetic
temperatures derived using NH3
observations (Friesen et al. 2017)
with reliable temperature estimates
(i.e. δTK/TK  50%; grey crosses).
These positions with good temper-
ature estimates (i.e. δTK/TK  5%)
are colour-coded according to their
total H41↵ intensity (see Fig. 1). A
systematic increase in the gas kinetic
temperatures in Orion is clearly visible
in positions with strong I(H41↵) emis-
sion, which denotes their proximity
to the ONC. The empirical linear fit
of each of the low- (solid red line)
and high-(dotted red line) temperature
regimes are indicated in the plot (see
Sect. 4).

gas temperatures in regions such as OMC-1 and toward the cloud
edges.

This dependence between I(HCN)/I(HNC) and TK becomes
apparent in the point-to-point comparison displayed in Fig. 3.
There, we include all the positions surveyed in our maps show-
ing I(HCN), I(HNC) ≥ 1 K km s−1 and temperature estimates
better than 50%, that is, (δTK/TK)  0.5, according to Friesen
et al. (2017) (grey crosses). As a global trend, we identify a
systematic increase of the I(HCN)/I(HNC) ratio as function
of temperature throughout the entire ISF, ranging from about
L(HCN)/L(HNC) ⇠ 1 at TK  15 K to L(HCN)/L(HNC) ≥ 5
at TK ≥ 40 K. The distribution of these points indicates a typical
dispersion of about ±5 K with respect to this average behaviour.
The use of only those positions with high-quality temperature
estimates, namely, better than 5% (or (δTK/TK)  0.05) (blue
solid points), significantly reduces this scatter, which suggests
that a large fraction of this latter dispersion may be produced
by the uncertainties associated with these previous temperature
measurements.

3.2. Enhanced HCN-to-HNC abundance ratios at high gas
temperatures

The systematic variation in the HCN and HNC intensity ratio
as a function of the gas kinetic temperature shown in Sect. 3.1
suggests a direct connection between the emission and thermal
properties of the gas within the ISF. A priori, the variations in
observed line ratios can potentially originate from the distinct
excitation, opacity, and abundance of these two isomers. In this
section we examine which of these mechanisms are responsible
of the observed I(HCN)/I(HNC) variations.

Because the abundance of HCN is generally larger than
that of HNC in regions like the ONC (e.g. Goldsmith et al.
1981), the reported variations in the I(HCN)/I(HNC) measure-
ments can potentially be explained by an increase in HCN (1–0)

line opacity. Theoretical and observational results indicate an
inverse correlation between the observed cloud temperatures as
a function of the cloud depth. If the HNC (1–0) line remained
optically thin, the saturation of the HCN (1–0) line would
then reduce the observed I(HCN)/I(HNC) values in regions of
increasing column densities, and therefore, decreasing tempera-
tures. We measured the HCN (1–0) opacities from the analysis
of the hyperfine structure of all the spectra in our maps. Assum-
ing a single-line component, we fitted each individual spectrum
in our survey using the hfs method in CLASS assuming the
hyperfine frequencies and relative intensities provided by the JPL
database (Pickett et al. 1998)5. A total of 7810 HCN (J = 1–0)
spectra were fitted with S/N ≥ 3. Of these, 83% are found to be
optically thin, showing opacities of their central hyperfine com-
ponent with τ(F = 2–1)  1. These optically thick spectra, 98%
of which show τ(F = 2–1) = 1–3, are primarily concentrated in
high column density areas within the OMC-4 and OMC-4S
clouds. In contrast, most of the OMC-1, OMC-2, and OMC-3
spectra are found to be optically thin with opacities as low
as τ(F = 2–1) � 0.1. Nonetheless, we find hyperfine anomalies
(Walmsley et al. 1982) in many of our HCN spectra around the
ONC making their opacity estimates uncertain. In the absence of
additional measurements (e.g. H13CN), radiative transfer calcu-
lations using RADEX (van der Tak et al. 2007) demonstrate that
the expected opacity variations can be responsible for changes

5 For simplicity, we fitted all our spectra using a single-line compo-
nent throughout the entire ISF. This assumption deliberately ignores the
presence of more a complex kinematic substructure observed at inter-
ferometric resolutions in regions like OMC-1 and OMC-2 (Hacar et al.
2018). Previous single-dish studies indicate that most of this complex-
ity is smoothed out at the resolution of our IRAM 30 m observations
(Hacar et al. 2017a) potentially affecting our opacity estimates. These
resolution effects are assumed to have a minor statistical impact in our
large-scale analysis. Nevertheless, these caveats should be considered
on the interpretation of individual spectra.
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Figure 2. Empirical comparison
between the I(HCN)/I(HNC) line
intensity ratio and previous
NH3-based gas temperatures
(TK(NH3)) estimates along the ISF.
Colour filled symbols indicate those
points with accurante TK(NH3)
measurements. The colour scale
indicates the intensity of H41↵
detected in this region.

were observed simultaneously with the EMIR090 receiver in combination of the FTS back-
end at low spectral resolution (0.6 km s−1). Figures 1b and 1c show the integrated emission of
the HCN and HNC (J=1–0) lines, respectively, at a final resolution of 30 arcsec, both showing
bright emission along the entire ISF down to AV ⇠ 5 mag (limited by our map boundaries).

3 HCN/HNC: A new chemical thermometer for the ISM

We compare the observed I(HCN)/I(HNC) intensity ratio with previous TK estimates pre-
viously obtained using NH3 observations in the ISF ([3]) in Figure 2. Our results show a
positive and strong correlation between these quantities in di↵erent parts of the cloud. Out-
side the Orion Nebula, indicated by low intensities of the H41↵ emission (see color scale),
the I(HCN)/I(HNC) shows a tight and steep dependence on TK. A shallower correlation ten-
tatively continues inside the nebula showing higher H41↵ values. A two-part linear fit to the
data in Fig.2 allows to empirically calibrate the observed I(HCN)/I(HNC) line ratio into a
direct proxy of the TK following:

TK[K] = 10 ⇥
 

I(HCN)
I(HNC)

!
when

I(HCN)
I(HNC)

 4 (1)

TK[K] = 3 ⇥ I(HCN)
I(HNC)

− 4
!
+ 40 when

I(HCN)
I(HNC)

> 4 (2)

These equations describe two physically distinguished regimes: (a) Eq.1 describes a low-
temperature regime between TK < 40 K characteristic of the typical cloud conditions, while
(b) Eq.2 can be applied of the more extreme gas conditions found in the Orion Nebula.

The observed dependence of the HCN/HNC line ratio with temperature appears to be
controlled by a combination of chemical and emission properties of both HCN and HNC
tracers. Similar temperature-dependent abundance variations are produced by the combina-
tion of the selective destruction of HNC + O ! CO + NH (reaction 1) at low-temperatures
and the e↵ective isomerization of HNC + H ! HCN + H (reaction 2) at higher tempera-
tures. Previous studies assumed high activation energies (> 1200 K) inhibiting reaction 1.
Tests using di↵erent chemical models, however, indicate that the observed dependence can
be reproduced using a low-energy barrier (∆E ⇠ 15-25 K) in addition to the temperature
dependence excitation and opacity changes of HCN and HNC (see [6] for a full discussion).
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Fig. 1. New IRAM 30 m observations throughout the Orion ISF. From left to right: (a) Spitzer IRAC-1 emission map (Megeath et al. 2012);
(b) HCN (J = 1–0), (c) HNC (J = 1–0), and (d) H41↵ line intensity (also known as total integrated intensity) maps (this work). We note that both
HCN and HNC intensity maps are presented in logarithmic scales because of the wide dynamic range in emission that these two species show. The
different OMC 1-4 clouds, together with the different clusters and nebulosities, are indicated in the IRAC-1 image. For guidance, the extension of
the ONC, M43, and NGC1977 regions (green dotted circles), as well the position of the Trapezium and NU Ori stars (white stars) plus the Orion
BN source (yellow star), are also indicated in the different IRAM 30 m maps.

intensities in this particular area should therefore be considered
as lower limits4.

3. Results

3.1. Observational correlation between HCN-to-HNC line ratio
and the gas kinetic temperature

We present the HCN and HNC (J = 1–0) total integrated inten-
sity maps (including all hyperfine components) throughout the
ISF in Fig. 1. As illustrated in panels (b–d), the emission max-
ima of these two species correspond to the central part of
the ONC traced by H41↵ emission showing extended regions
with integrated intensities above I(HCN) ≥ 50 K km s−1 and
I(HNC) ≥ 20 K km s−1, respectively. Clearly recognizable at
the centre of our images, the emission of both HCN and HNC

4 The integrated intensity maps for the HCN (1–0), HNC (1–0), and
H41↵ lines presented in Fig. 1 are available via CDS.

isotopomers highlights most of the well-known OMC-1 molec-
ular fingers (e.g. Martin-Pintado et al. 1990) and the Orion bar
(e.g. Tielens et al. 1993), which are seen in high contrast with
respect to their local environment. Prominent emission in these
two lines, with I(HCN), I(HNC) > 10 K km s−1, also traces the
northern part of the ISF towards the OMC-2 and OMC-3 clouds,
showing multiple local peaks coincident with the position of sev-
eral FIR sources within these regions (e.g. OMC-2 FIR-4). On
the other hand, both HCN and HNC intensities progressively
decrease below I(HCN), I(HNC) < 5 K km s−1 towards the
OMC-4 and OMC-4S clouds.

The bright emission detected in the HCN and HNC (1–0)
line maps reflects the large dynamic range of column densities
that is traced by these two species. While largely varying in
intensity, both transitions are systematically detected in the vast
majority of the positions surveyed by our IRAM 30 m observa-
tions. In particular, most of our HCN (99%) and HNC (93%)
spectra show intensities above I(HCN), I(HNC) ≥ 1 K km s−1,
that is, with a signal-to-noise ratio, S/N > 3, with respect to the
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Fig. 2. From left to right: (a) N2H+ (1–0) integrated emission (see also Hacar et al. 2017a), (b) I(HCN)-to-I(HNC) line intensity ratio (see also
Fig. 1), (c) gas kinetic temperature map derived using NH3 measurements (Friesen et al. 2017), and (d) gas kinetic temperature map derived using
the proposed I(HCN)/I(HNC) as a temperature probe according to Eqs. (3) and (4) (this work). For comparison, we indicate the intensity contour
with I(N2H+) = 1.5 K km s−1 in panels b–d. Circles and stars are similar to Fig. 1.

typical σ ⇠ 0.3 K in our maps. Independent FIR Herschel mea-
surements (Lombardi et al. 2014) indicate that these detections
extend down to equivalent gas column densities of AV ⇠ 3 mag
within the limits of our molecular maps. Similar to previous
observations of this region (Kauffmann et al. 2017), these detec-
tion thresholds indicate the presence and strong sensitivity of
these HCN and HNC species not only to the high density
gas but also to more extended and low column density mate-
rial in this cloud (see also Pety et al. 2017; Kauffmann et al.
2017).

While qualitatively similar in their overall distribution, we
find large variations between the relative intensities of both
HCN and HNC (1–0) transitions throughout the ISF. To illus-
trate this property, we present the total line intensity ratio
I(HCN)/I(HNC) of these two lines in Fig. 2b. An eye inspection
of this figure indicates that I(HCN)/I(HNC) varies more than
an order of magnitude throughout the areas that are surveyed
in our maps. In agreement with previous results (Goldsmith
et al. 1986; Schilke et al. 1992; Ungerechts et al. 1997), the
largest differences in emission are found in the surroundings of

the Orion BN/KL region showing I(HCN)/I(HNC) > 10. This
line ratio decreases towards values of I(HCN)/I(HNC) ⇠ 2−3 in
regions such OMC-2, and more prominently, down to values of
I(HCN)/I(HNC) ⇠ 1 in OMC-4.

In addition to these regional differences, we note a system-
atic dependence of this I(HCN)/I(HNC) as a function of column
density. Particularly visible in the radial distribution of regions
such as OMC-2, this reported line ratio varies from values of
⇠2−4 at the cloud edges towards values close to unity at the
centre of the ISF. Although less prominent in dynamic range,
a similar trend is also visible in regions like OMC-4, showing
variations between ⇠3 and 1.

Interestingly, we find an excellent correspondence between
the variations of the I(HCN)/I(HNC) ratio in our ISF data
and the gas kinetic temperatures (TK) using NH3 observa-
tions derived by the GBT-GAS survey (Friesen et al. 2017).
As illustrated by the comparison of Figs. 2b and c, the low-
est I(HCN)/I(HNC) values are typically found at the coldest
regions at the centre of clouds like OMC-2 or OMC-4. Con-
versely, higher I(HCN)/I(HNC) values are shown at increasing
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Figure 1. IRAM-30m observations along the Orion ISF. From left to right: (a) Spitzer IRAC-1 emis-
sion map; (b) HCN (J = 1–0), (c) HNC (J = 1–0), and (d) gas kinetic temperature derived using the
HCN/HNC ratio (see [6]). The black contours in panel d indicate the regions with significant N2H+

(J=1–0) [4], denoting those filamentary regions at high densities (> 105 cm−3).

A large variety of astrochemical studies have investigated the variation of the HCN and
HNC emission properties in the ISM (e.g. [7, 12]). This work explores the use of the
HCN/HNC line ratio as a novel chemical thermometer of the molecular ISM. A detailed
discussion of these results can be found in [6].

2 HCN & HNC IRAM-30m observations in Orion

We investigated the molecular emission of both HCN (88.6 GHz) and HNC (90.6 GHz) (J=1–
0) lines along the Integral Shape Filament (ISF) in Orion (D⇠ 415 pc; [8]). The ISF contains
the most active star-forming region within solar neighbourhood (i.e., Orion Nebula Cluster;
ONC) and the only one forming massive stars (Trapezium & Orion BN/KL), becoming a
testbed for star-formation studies. As illustrated in Figure 1a, ISF extends over ⇠ 8 pc in
length, including the OMC 1/2/3/4/4S regions, and is shaped by di↵erent feedback events
(e.g. ONC, M43, and NGC1977 bubbles; see Suri et al in prep.). The ISF is the most massive
filament within 1 kpc (M/L ⇠ 300 − 500 M� pc−1) with high emission levels in multiple
molecular tracers widely studied in the literature (e.g. [5]).

We obtained On-the-Fly, Position-Switching maps of the HCN and HNC (J=1–0) emis-
sion along the ISF at 3 mm using the IRAM-30m telescope (see also [6]). Both transitions
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Fig. 1. New IRAM 30 m observations throughout the Orion ISF. From left to right: (a) Spitzer IRAC-1 emission map (Megeath et al. 2012);
(b) HCN (J = 1–0), (c) HNC (J = 1–0), and (d) H41↵ line intensity (also known as total integrated intensity) maps (this work). We note that both
HCN and HNC intensity maps are presented in logarithmic scales because of the wide dynamic range in emission that these two species show. The
different OMC 1-4 clouds, together with the different clusters and nebulosities, are indicated in the IRAC-1 image. For guidance, the extension of
the ONC, M43, and NGC1977 regions (green dotted circles), as well the position of the Trapezium and NU Ori stars (white stars) plus the Orion
BN source (yellow star), are also indicated in the different IRAM 30 m maps.

intensities in this particular area should therefore be considered
as lower limits4.

3. Results

3.1. Observational correlation between HCN-to-HNC line ratio
and the gas kinetic temperature

We present the HCN and HNC (J = 1–0) total integrated inten-
sity maps (including all hyperfine components) throughout the
ISF in Fig. 1. As illustrated in panels (b–d), the emission max-
ima of these two species correspond to the central part of
the ONC traced by H41↵ emission showing extended regions
with integrated intensities above I(HCN) ≥ 50 K km s−1 and
I(HNC) ≥ 20 K km s−1, respectively. Clearly recognizable at
the centre of our images, the emission of both HCN and HNC

4 The integrated intensity maps for the HCN (1–0), HNC (1–0), and
H41↵ lines presented in Fig. 1 are available via CDS.

isotopomers highlights most of the well-known OMC-1 molec-
ular fingers (e.g. Martin-Pintado et al. 1990) and the Orion bar
(e.g. Tielens et al. 1993), which are seen in high contrast with
respect to their local environment. Prominent emission in these
two lines, with I(HCN), I(HNC) > 10 K km s−1, also traces the
northern part of the ISF towards the OMC-2 and OMC-3 clouds,
showing multiple local peaks coincident with the position of sev-
eral FIR sources within these regions (e.g. OMC-2 FIR-4). On
the other hand, both HCN and HNC intensities progressively
decrease below I(HCN), I(HNC) < 5 K km s−1 towards the
OMC-4 and OMC-4S clouds.

The bright emission detected in the HCN and HNC (1–0)
line maps reflects the large dynamic range of column densities
that is traced by these two species. While largely varying in
intensity, both transitions are systematically detected in the vast
majority of the positions surveyed by our IRAM 30 m observa-
tions. In particular, most of our HCN (99%) and HNC (93%)
spectra show intensities above I(HCN), I(HNC) ≥ 1 K km s−1,
that is, with a signal-to-noise ratio, S/N > 3, with respect to the
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Fig. 2. From left to right: (a) N2H+ (1–0) integrated emission (see also Hacar et al. 2017a), (b) I(HCN)-to-I(HNC) line intensity ratio (see also
Fig. 1), (c) gas kinetic temperature map derived using NH3 measurements (Friesen et al. 2017), and (d) gas kinetic temperature map derived using
the proposed I(HCN)/I(HNC) as a temperature probe according to Eqs. (3) and (4) (this work). For comparison, we indicate the intensity contour
with I(N2H+) = 1.5 K km s−1 in panels b–d. Circles and stars are similar to Fig. 1.

typical σ ⇠ 0.3 K in our maps. Independent FIR Herschel mea-
surements (Lombardi et al. 2014) indicate that these detections
extend down to equivalent gas column densities of AV ⇠ 3 mag
within the limits of our molecular maps. Similar to previous
observations of this region (Kauffmann et al. 2017), these detec-
tion thresholds indicate the presence and strong sensitivity of
these HCN and HNC species not only to the high density
gas but also to more extended and low column density mate-
rial in this cloud (see also Pety et al. 2017; Kauffmann et al.
2017).

While qualitatively similar in their overall distribution, we
find large variations between the relative intensities of both
HCN and HNC (1–0) transitions throughout the ISF. To illus-
trate this property, we present the total line intensity ratio
I(HCN)/I(HNC) of these two lines in Fig. 2b. An eye inspection
of this figure indicates that I(HCN)/I(HNC) varies more than
an order of magnitude throughout the areas that are surveyed
in our maps. In agreement with previous results (Goldsmith
et al. 1986; Schilke et al. 1992; Ungerechts et al. 1997), the
largest differences in emission are found in the surroundings of

the Orion BN/KL region showing I(HCN)/I(HNC) > 10. This
line ratio decreases towards values of I(HCN)/I(HNC) ⇠ 2−3 in
regions such OMC-2, and more prominently, down to values of
I(HCN)/I(HNC) ⇠ 1 in OMC-4.

In addition to these regional differences, we note a system-
atic dependence of this I(HCN)/I(HNC) as a function of column
density. Particularly visible in the radial distribution of regions
such as OMC-2, this reported line ratio varies from values of
⇠2−4 at the cloud edges towards values close to unity at the
centre of the ISF. Although less prominent in dynamic range,
a similar trend is also visible in regions like OMC-4, showing
variations between ⇠3 and 1.

Interestingly, we find an excellent correspondence between
the variations of the I(HCN)/I(HNC) ratio in our ISF data
and the gas kinetic temperatures (TK) using NH3 observa-
tions derived by the GBT-GAS survey (Friesen et al. 2017).
As illustrated by the comparison of Figs. 2b and c, the low-
est I(HCN)/I(HNC) values are typically found at the coldest
regions at the centre of clouds like OMC-2 or OMC-4. Con-
versely, higher I(HCN)/I(HNC) values are shown at increasing
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Figure 1. IRAM-30m observations along the Orion ISF. From left to right: (a) Spitzer IRAC-1 emis-
sion map; (b) HCN (J = 1–0), (c) HNC (J = 1–0), and (d) gas kinetic temperature derived using the
HCN/HNC ratio (see [6]). The black contours in panel d indicate the regions with significant N2H+

(J=1–0) [4], denoting those filamentary regions at high densities (> 105 cm−3).

A large variety of astrochemical studies have investigated the variation of the HCN and
HNC emission properties in the ISM (e.g. [7, 12]). This work explores the use of the
HCN/HNC line ratio as a novel chemical thermometer of the molecular ISM. A detailed
discussion of these results can be found in [6].

2 HCN & HNC IRAM-30m observations in Orion

We investigated the molecular emission of both HCN (88.6 GHz) and HNC (90.6 GHz) (J=1–
0) lines along the Integral Shape Filament (ISF) in Orion (D⇠ 415 pc; [8]). The ISF contains
the most active star-forming region within solar neighbourhood (i.e., Orion Nebula Cluster;
ONC) and the only one forming massive stars (Trapezium & Orion BN/KL), becoming a
testbed for star-formation studies. As illustrated in Figure 1a, ISF extends over ⇠ 8 pc in
length, including the OMC 1/2/3/4/4S regions, and is shaped by di↵erent feedback events
(e.g. ONC, M43, and NGC1977 bubbles; see Suri et al in prep.). The ISF is the most massive
filament within 1 kpc (M/L ⇠ 300 − 500 M� pc−1) with high emission levels in multiple
molecular tracers widely studied in the literature (e.g. [5]).

We obtained On-the-Fly, Position-Switching maps of the HCN and HNC (J=1–0) emis-
sion along the ISF at 3 mm using the IRAM-30m telescope (see also [6]). Both transitions
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Fig. 3. Correlation between the
observed I(HCN)/I(HNC) (this work)
and measurements of the gas kinetic
temperatures derived using NH3
observations (Friesen et al. 2017)
with reliable temperature estimates
(i.e. δTK/TK  50%; grey crosses).
These positions with good temper-
ature estimates (i.e. δTK/TK  5%)
are colour-coded according to their
total H41↵ intensity (see Fig. 1). A
systematic increase in the gas kinetic
temperatures in Orion is clearly visible
in positions with strong I(H41↵) emis-
sion, which denotes their proximity
to the ONC. The empirical linear fit
of each of the low- (solid red line)
and high-(dotted red line) temperature
regimes are indicated in the plot (see
Sect. 4).

gas temperatures in regions such as OMC-1 and toward the cloud
edges.

This dependence between I(HCN)/I(HNC) and TK becomes
apparent in the point-to-point comparison displayed in Fig. 3.
There, we include all the positions surveyed in our maps show-
ing I(HCN), I(HNC) ≥ 1 K km s−1 and temperature estimates
better than 50%, that is, (δTK/TK)  0.5, according to Friesen
et al. (2017) (grey crosses). As a global trend, we identify a
systematic increase of the I(HCN)/I(HNC) ratio as function
of temperature throughout the entire ISF, ranging from about
L(HCN)/L(HNC) ⇠ 1 at TK  15 K to L(HCN)/L(HNC) ≥ 5
at TK ≥ 40 K. The distribution of these points indicates a typical
dispersion of about ±5 K with respect to this average behaviour.
The use of only those positions with high-quality temperature
estimates, namely, better than 5% (or (δTK/TK)  0.05) (blue
solid points), significantly reduces this scatter, which suggests
that a large fraction of this latter dispersion may be produced
by the uncertainties associated with these previous temperature
measurements.

3.2. Enhanced HCN-to-HNC abundance ratios at high gas
temperatures

The systematic variation in the HCN and HNC intensity ratio
as a function of the gas kinetic temperature shown in Sect. 3.1
suggests a direct connection between the emission and thermal
properties of the gas within the ISF. A priori, the variations in
observed line ratios can potentially originate from the distinct
excitation, opacity, and abundance of these two isomers. In this
section we examine which of these mechanisms are responsible
of the observed I(HCN)/I(HNC) variations.

Because the abundance of HCN is generally larger than
that of HNC in regions like the ONC (e.g. Goldsmith et al.
1981), the reported variations in the I(HCN)/I(HNC) measure-
ments can potentially be explained by an increase in HCN (1–0)

line opacity. Theoretical and observational results indicate an
inverse correlation between the observed cloud temperatures as
a function of the cloud depth. If the HNC (1–0) line remained
optically thin, the saturation of the HCN (1–0) line would
then reduce the observed I(HCN)/I(HNC) values in regions of
increasing column densities, and therefore, decreasing tempera-
tures. We measured the HCN (1–0) opacities from the analysis
of the hyperfine structure of all the spectra in our maps. Assum-
ing a single-line component, we fitted each individual spectrum
in our survey using the hfs method in CLASS assuming the
hyperfine frequencies and relative intensities provided by the JPL
database (Pickett et al. 1998)5. A total of 7810 HCN (J = 1–0)
spectra were fitted with S/N ≥ 3. Of these, 83% are found to be
optically thin, showing opacities of their central hyperfine com-
ponent with τ(F = 2–1)  1. These optically thick spectra, 98%
of which show τ(F = 2–1) = 1–3, are primarily concentrated in
high column density areas within the OMC-4 and OMC-4S
clouds. In contrast, most of the OMC-1, OMC-2, and OMC-3
spectra are found to be optically thin with opacities as low
as τ(F = 2–1) � 0.1. Nonetheless, we find hyperfine anomalies
(Walmsley et al. 1982) in many of our HCN spectra around the
ONC making their opacity estimates uncertain. In the absence of
additional measurements (e.g. H13CN), radiative transfer calcu-
lations using RADEX (van der Tak et al. 2007) demonstrate that
the expected opacity variations can be responsible for changes

5 For simplicity, we fitted all our spectra using a single-line compo-
nent throughout the entire ISF. This assumption deliberately ignores the
presence of more a complex kinematic substructure observed at inter-
ferometric resolutions in regions like OMC-1 and OMC-2 (Hacar et al.
2018). Previous single-dish studies indicate that most of this complex-
ity is smoothed out at the resolution of our IRAM 30 m observations
(Hacar et al. 2017a) potentially affecting our opacity estimates. These
resolution effects are assumed to have a minor statistical impact in our
large-scale analysis. Nevertheless, these caveats should be considered
on the interpretation of individual spectra.
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Figure 2. Empirical comparison
between the I(HCN)/I(HNC) line
intensity ratio and previous
NH3-based gas temperatures
(TK(NH3)) estimates along the ISF.
Colour filled symbols indicate those
points with accurante TK(NH3)
measurements. The colour scale
indicates the intensity of H41↵
detected in this region.

were observed simultaneously with the EMIR090 receiver in combination of the FTS back-
end at low spectral resolution (0.6 km s−1). Figures 1b and 1c show the integrated emission of
the HCN and HNC (J=1–0) lines, respectively, at a final resolution of 30 arcsec, both showing
bright emission along the entire ISF down to AV ⇠ 5 mag (limited by our map boundaries).

3 HCN/HNC: A new chemical thermometer for the ISM

We compare the observed I(HCN)/I(HNC) intensity ratio with previous TK estimates pre-
viously obtained using NH3 observations in the ISF ([3]) in Figure 2. Our results show a
positive and strong correlation between these quantities in di↵erent parts of the cloud. Out-
side the Orion Nebula, indicated by low intensities of the H41↵ emission (see color scale),
the I(HCN)/I(HNC) shows a tight and steep dependence on TK. A shallower correlation ten-
tatively continues inside the nebula showing higher H41↵ values. A two-part linear fit to the
data in Fig.2 allows to empirically calibrate the observed I(HCN)/I(HNC) line ratio into a
direct proxy of the TK following:

TK[K] = 10 ⇥
 

I(HCN)
I(HNC)

!
when

I(HCN)
I(HNC)

 4 (1)

TK[K] = 3 ⇥ I(HCN)
I(HNC)

− 4
!
+ 40 when

I(HCN)
I(HNC)

> 4 (2)

These equations describe two physically distinguished regimes: (a) Eq.1 describes a low-
temperature regime between TK < 40 K characteristic of the typical cloud conditions, while
(b) Eq.2 can be applied of the more extreme gas conditions found in the Orion Nebula.

The observed dependence of the HCN/HNC line ratio with temperature appears to be
controlled by a combination of chemical and emission properties of both HCN and HNC
tracers. Similar temperature-dependent abundance variations are produced by the combina-
tion of the selective destruction of HNC + O ! CO + NH (reaction 1) at low-temperatures
and the e↵ective isomerization of HNC + H ! HCN + H (reaction 2) at higher tempera-
tures. Previous studies assumed high activation energies (> 1200 K) inhibiting reaction 1.
Tests using di↵erent chemical models, however, indicate that the observed dependence can
be reproduced using a low-energy barrier (∆E ⇠ 15-25 K) in addition to the temperature
dependence excitation and opacity changes of HCN and HNC (see [6] for a full discussion).
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Independent of its origin, the I(HCN)/I(HNC) line ratio provides an empirical measure-
ment of the gas kinetic temperature in the ISM. The parameterization obtained in Eqs.1 and 2
allows to obtain estimates of the TK based on two direct observables, namely, the integrated
intensities of I(HCN) and I(HNC) (J=1–0) lines at 3 mm. This method simplifies previous
estimates based on more time-consuming calculations (radiative transfer calculations) and
observationally expensive techniques (e.g. CO-ladders that require multiple observations).

We have tested our new temperature estimates along the ISF. Figure 1d shows the gas
kinetic temperature map obtained after converting the integrated intensity maps of HCN and
HNC (Figs.1b & 1c) into TK(HCN/HNC) according to Eqs.1 and 2. Despite its complexity,
our temperature estimates reproduce the expected thermal gas behaviour in this region. Over-
all, the coldest part of the cloud down to 15-20 K correspond with the densents filamentary
regions identified in N2H+ (black contours). Outside, the Interstellar Radiation Field (ISRF)
increases the gas tempeartures up to lukewarm temperatures of 30-40 K. Additionally, the ef-
fects of the di↵erent feedback mechanisms (e.g. Orion Nebula) are clearly seen in our maps
by their enhanced gas temperatures above 40-50 K. Particularly within the optimal range of
this method (i.e. TK ⇠ [15, 40] K, see Eq.1), the HCN/HNC line ratio therefore acts as an
e↵ective observational probe of the gas kinetic temperature in this cluod.

Additional comparisons with previous results shows the a similar behaviour of this
HCN/HNC line ratio tracing the thermal properties of molecular clouds. The use of Her-
schel column density maps [9] indicate that the HCN/HNC line ratio provides information of
the gas temperatures over a large range of column densities down to AV ⇠ 5 mag compared
to NH3-based temperature measurements limited to AV ⇠ 10mag. Temperature variations of
the HCN/HNC ratio are seen in gas surveys across the galactic plane (e.g. MOPRA survey,
[2]). Additional application of this technique show positive results in other star-forming re-
gions in Orion (Hacar et al, in prep). As primary advantage for (extra-)galactic studies, both
HCN and HNC (J=1–0) integrated intensities can be easily measured in 3mm-band surveys
using broadband receivers such as EMIR. With a robust behaviour, the observed HCN/HNC
line ratio could in principle be used as chemical thermometer of the molecular ISM.
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