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1970
Because of an amendment to the Military 
Authorization Act, which prohibited the use 
of Department of Defense funds for any 
research project not directly applicable to 
military needs, the Haystack Observatory 
was established as an entity of MIT 
operated under an agreement with the 
Northeast Radio Observatory Corporation 
(NEROC), a consortium of educational 
institutions. Thus, radio-astronomy research 
could continue at Haystack.

1971
Haystack was configured as a planetary 
radar with a 500 kW transmitter capable 
of tracking the Moon and nearby planets. 
Based on the general relativity prediction 
that an electromagnetic wave will be 
influenced by the gravitational potential 
along the path of transit, it was calculated 
that there would be an observable increase 
in transit time for radar signals that passed 
close to the sun. Observations of Mercury 
and Venus, built upon data such as the 
map of Venus at left made by Haystack in 
1967, were used to test the prediction and 
confirm the additional time delay within  
5% accuracy of the measurement.1 

1971
Shortly after the first VLBI observations, 
the number of antennas equipped for 
the technique expanded. Haystack was 
paired with NASA’s deep-space 210-foot 
dish to periodically monitor a dozen 
quasars, with the objective of studying the 
quasar variation with time at high spatial 
resolution. Quasar 3C 279 exhibited a 
feature that moved in the four-month 
interval between measurements. Using 
the change in angular separation of the 
feature and the distance to the quasar 
implied by the measured redshift, scientists 
determined the apparent velocity to be 
about 10 times the velocity of light. The 
1971 publication of this observation in 
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Science announced the first evidence of 
“superluminal motion.”2 

Many instances of superluminal motion 
have since been discovered in distant 
extragalactic clouds. The most likely 
explanation for this motion is that matter 
has been ejected at a velocity near the 
speed of light and at an angle close 
to the observer’s line of sight. Given 
these conditions, the apparent velocity 
orthogonal to the line of sight can appear 
to exceed the velocity of light even though 
the actual velocity of the ejected mass is 
less than the velocity of light.

The geometry of this simple calculation shows how the 
illusion of faster-than-speed-of-light motion can be 
explained: vapparent-transverse = v sinθ / (1– v/c * cosθ)

1974
Haystack tracked the Applications 
Technology Satellite program's 
ATS-3 geostationary satellite 
using a 50 kW transmitter and a 
2 ms pulse width.3 Although the 
single-pulse signal-to-noise ratio 
(SNR) was –6.7 dB on a 0 dBsm 
target, coherent integration of 
up to 1000 seconds improved the 
SNR by more than 41 dB. Haystack 
was used to demonstrate space 
surveillance techniques, including 
characterization of geostationary 
satellite spin period and wobble.
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We must observe many emission lines (e.g., not just 
HCN and CO) to reliably characterize molecular gas.

Multi-species data comprehensively constrain galaxy 
ecosystems in terms of gas reservoirs and feedback.



G11.11–0.12 — The “Snake”

LEGO — HCN, N2H+, CH3OH
(approximate location!)

very few such maps 
do currently exist



W49A — 12CO, CS, N2H+
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Line Emission in Galaxy Observations (LEGO)

studies at IRAM:
~750 h taken, covers 70–115 GHz

data from FCRAO:
archival data for Orion

LEGO targets with well–established distances

full sample includes 25 sources
studies at APEX:
~100 h taken so far
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Line Emission in Galaxy Observations (LEGO)

additional groups are working on this:
● Pety et al. (Orion B in detail)
● Shimajiri et al. (densest parts of nearby clouds)
● Watanabe et al. (W51 in detail)
● Stephens et al. (clumps in clouds)
● Mills et al. (CMZ)

LEGO provides the only systematic wide-field 
survey of a diverse sample

full sample includes 25 sources



Observing few Lines gives unreliable Results
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Constraining Galaxy Physics with LEGO

frequent approach in extragalactic research:
use HCN to constrain mass of dense gas
M𝖽𝖾𝗇𝗌𝖾 = α𝖧𝖢𝖭 ⋅ L𝖧𝖢𝖭
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Constraining Galaxy Physics with LEGO

extended emission from supposed shock tracers

faint HCN from a dense cloud

frequent approach in extragalactic research:
use HCN to constrain mass of dense gas
M𝖽𝖾𝗇𝗌𝖾 = α𝖧𝖢𝖭 ⋅ L𝖧𝖢𝖭

faint HCN  large   large ⇒ α𝖧𝖢𝖭 ⇒ M𝖽𝖾𝗇𝗌𝖾



Jens Kauffmann ● MIT Haystack

Star Formation Relations

Milky Way  clouds
(Lada et al. 2010)

GC averages
(Longmore et al. 2013)

individual GC clouds 
(Kau!mann et al. 2017)

Galaxies 
(Gao & Somomon 2004, 

following Kau!mann et al. [this paper])

factor 10

Kauffmann et al. (2017c)

offset by factor 5  
arguably significant, since errors 

should cancel out

 SF relations are not universal?⇒
or HCN emission not understood 

well as dense gas tracer…

M𝖽𝖾𝗇𝗌𝖾 = α𝖧𝖢𝖭 ⋅ L𝖧𝖢𝖭

faint HCN  large   large ⇒ α𝖧𝖢𝖭 ⇒ M𝖽𝖾𝗇𝗌𝖾
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It is difficult to “calibrate” HCN

11

Figure 2: The left panel, taken from Barnes et al. (2020), showcases the observed di↵erences in the
value of ↵CO (1�0),mol. The right panel, taken from Broadmeadow et al. (in prep.), illustrates the dis-
crepancy between galactic and extragalactic star formation relations, should high values of ↵CO (1�0),mol =
100M� (K km s�1 pc2)�1, as observed in G11.11�0.12, be typical for galaxies.

� 10 between clouds in the Milky Way (Sec. 2.1). This has profound consequences for our view of
the cosmos: should values ↵HCN(1�0),dense ⇠ 100M� (K km s�1 pc2)�1 be representative, this would
mean that “star formation relations” — i.e., rules that describe how stars form out of gas — must
di↵er drastically between the Milky Way and other galaxies (Fig. 2 [right] and Sec. 2.1).

This example shows that we need methods to obtain representative descriptions of molecular line
emission, in case the observed line emission comes from a diverse population of molecular clouds.
This would correspond to a suitable average h↵HCN(1�0),dense,ii in the case of HCN emission, and
other properties for emission lines tracing other physical characteristics (e.g., shocks).

Representative line emission properties like h↵HCN(1�0),dense,ii, understood as weighted averages
or similar, depend on the statistical distribution properties of the underlying molecular cloud popu-
lation, such as the fractions of molecular clouds that are unusually dense, massive, or star-forming.
These connections between representative line emission characteristics and cloud pop-
ulation properties are a critical next step in extragalactic star formation research. To
give examples, we already saw that h↵HCN(1�0),dense,ii results from individual ↵HCN(1�0),dense,i that
di↵er by at least a factor 10. More generally, work by LEGO and other groups shows that there
are no simple “template clouds”, but that regions typically di↵er substantially in their emission
properties (Sec. 2.1). Similarly, initial theoretical work suggests that the millimeter-wave spectra of
nearby galaxies cannot be modeled as coming from a single type of cloud, but rather from several
types of clouds with di↵erent properties (Harada et al. 2019).

1.4 LEGO: From diverse Clouds in the Milky Way to Distant Galaxies
The LEGO (“Line Emission in Galaxy Observations”) project was specifically designed to advance
the interpretation of extragalactic molecular line emission via the observational “calibration” of
emission line properties via detailed studies of well-characterized molecular clouds in the Milky Way.
To give examples, LEGO can determine how a specific molecular emission line responds to variations
in gas temperature, density, or star formation activity. This is possible because all of these physical
properties can be gleaned from rich reference data, such as dust emission maps from Herschel or
infrared surveys for young stars. Specific examples for such work are shown in Sec. 2.1.

LEGO builds on an IRAM Large Program of the same name, which uses ⇠ 700 h on the 30m-
telescope near Granada. This e↵ort has created the most comprehensive data base of wide-field

M𝖽𝖾𝗇𝗌𝖾 = α𝖧𝖢𝖭 ⋅ L𝖧𝖢𝖭

Barnes et al. (2021)

not clear now to find representative values for …α𝖧𝖢𝖭
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Consequences for Galaxy Exploration

12

reliance on single emission lines is risky
e.g.,  varies by factor ~10 between cloudsα𝖧𝖢𝖭

many (all?) emission lines respond to cloud physics
e.g., variation in  must be result of how HCN 
responds to cloud densities and temperatures

α𝖧𝖢𝖭



Data on many lines constrain entire Ecosystems

2 arcmin
~1 pc

dust HCN DCN HCO+ DCO+ N2H+ N2D+ HNCO SiO SO

HCN–rich 
filaments

dust–based
column density
from Herschel

DR21 in Cygnus–X
 structures 
rich in DCN 
and DCO+

DCN
HCN
DCO+

Orion B Molecular Cloud
C18O
13CO
12CO

LEGO — Pillai et al. (in prep.)
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Cloud-to-Cloud Variation: Evidence for Cloud Diversity

14

LQ/L𝖧𝖢𝖭 (𝟣−𝟢)

Broadmeadow et al. (in prep.)

N2H+
CS

13CO

SiO

Q-to-HCN line ratios observed to vary by factors >10 between clouds
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Cloud-to-Cloud Variation: Evidence for Cloud Diversity

15

Broadmeadow et al. (in prep.)

cloud-to-cloud variation in Li /Lj

LQ/L𝖧𝖢𝖭 (𝟣−𝟢)

 typically varies between clouds

 clouds differ substantially in properties

Li /Lj

⇒

project student A. Patel
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Cloud Population Synthesis in Line Ratios

16
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Cloud Population Synthesis in Line Ratios

17
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Cloud Population Synthesis in Line Ratios

18

population synthesis:

      ⃗T 𝗀𝖺𝗅 = 1 ⋅ ⃗S 𝖢𝗒𝗀 𝖷 + 2 ⋅ ⃗S 𝖮𝗋𝗂𝗈𝗇 + 4 ⋅ ⃗S 𝖳𝖺𝗎𝗋𝗎𝗌

would ideally also include far–IR lines from SOFIA 

to probe hotter and more diffuse gas

could use machine learning to establish more sophisticated basis system 

      ⃗T 𝗀𝖺𝗅 = w𝖽𝗂𝗌𝗌𝗈𝗅𝗏𝖾 ⋅ ⃗S 𝖽𝗂𝗌𝗌𝗈𝗅𝗏𝖾 + w𝖲𝖥 ⋅ ⃗S 𝖲𝖥 + w𝖼𝗈𝗅𝖽 ⋅ ⃗S 𝖼𝗈𝗅𝖽
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Application: Constraining Extragalactic Cloud Evolution

19

intense star formation and cloud dispersal

Figure 5: The left panel, taken from Bigiel et al. (2016) illustrates HCN-to-CO line ratio variations within
galaxies. The right panel, adapted from Chevance et al. (2020), summarizes a recent model of the evolutionary
timeline of extragalactic molecular clouds in di↵erent galaxies.

3.4 Breakthroughs enabled by Advanced Cloud Characterization Techniques

The data characterization techniques developed as part of this project will enable substantial break-
throughs in our ability to constrain the properties of extragalactic molecular clouds. In particular,
this work will reinforce a paradigm shift in extragalactic cloud research, towards em-
bracing the diversity of molecular cloud properties in terms of, e.g., cloud mass spectra
(Colombo et al. 2014) and evolution through distinct developmental stages (Chevance et al. 2020).

In particular, the work described in Sec. 3.3 will for the first time allow to determine statistical
distributions of physical cloud properties: by e↵ectively assessing the extent to which weighted
superposition of LEGO clouds can reproduce extragalactic spectra, the known physical properties of
LEGO clouds can be used to constrain the distributions of ffd, hTdusti, and star formation indicators
in extragalactic clouds that would be consistent with the observed emission from galaxies.

LEGO has access to various extragalactic data sets as basis for an analysis. LEGO collab-
orator Y. Watanabe studied a spiral arm in M51 (Watanabe et al. 2014; Fig. 1), and continues to
pursue such work. LEGO collaborator F. Bigiel is PI of the EMPIRE survey on the IRAM 30m-
telescope, which has collected similar data towards 9 galaxies (Jiménez-Donaire et al. 2019). The PI
of this proposal is working with colleagues to collect further such data on the IRAM 30m-telescope.

A concrete research goal of the proposed work is the analysis of evidence for cloud density gra-
dients within galaxies from HCN-to-CO line ratios. This is illustrated in Fig. 5 (left),
following Bigiel et al. (2016). The HCN-to-CO line ratio is commonly interpreted as an indicator
of the mass fraction of dense gas, fdg. HCN-to-CO line ratio gradients in galaxies are therefore
generally interpreted to result from gradients in fdg. However, LEGO has shown that HCN is not
a straightforward tracer of dense gas (Sec. 2.1). The proposed work in Sec. 3.2 will quantify the
extent to which the HCN-to-CO ratio traces fdg (and not, e.g., hTdusti), and this information will
clarify whether HCN-to-CO line ratio gradients in galaxies indeed indicate gradients in fdg.

A particular highlight is a test of the current evolutionary paradigm for cloud evolution
in galaxies. Specifically, major surveys with ALMA, optical, and infrared telescopes recently
delivered (Chevance et al. 2020) the picture of cloud evolution illustrated in Fig. 5 (right): clouds
mature towards star formation for & 10 Myr, they undergo a period of intense star formation lasting
⇠ 2 Myr during which feedback disperses the cloud, and this is followed by a period lasting ⇠ 4 Myr
during which a young stellar group without much associated gas occupies the original location of

Chevance et al. (2020)

these phase durations should be reflected in population synthesis

      ⃗T 𝗀𝖺𝗅 = w𝖽𝗂𝗌𝗌𝗈𝗅𝗏𝖾 ⋅ ⃗S 𝖽𝗂𝗌𝗌𝗈𝗅𝗏𝖾 + w𝖲𝖥 ⋅ ⃗S 𝖲𝖥 + w𝖼𝗈𝗅𝖽 ⋅ ⃗S 𝖼𝗈𝗅𝖽
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Relevance: Key Science Goals of ALMA and ngVLA

20

ngVLA

Multi-wavelength comparison: I. 12CO (J=1–0)
(Schinnerer et al. 2013)

PAWS highlights J. Pety 2014

CO (1–0) in M51 from NOEMA

PAWS collaboration

millimeter-wave studies of 
extragalactic molecular clouds 

are a key science goal of 
ALMA and ngVLA

massive wide-field imaging of 
Milky Way with single dish 

telescopes needed to 
“calibrate” these observations



Summary

Milky Way  clouds
(Lada et al. 2010)

GC averages
(Longmore et al. 2013)

individual GC clouds 
(Kau!mann et al. 2017)

Galaxies 
(Gao & Somomon 2004, 

following Kau!mann et al. [this paper])

factor 10

millimeter-wave line observations critically 
constrain SF and cloud life cycles

need many lines for best constraints

wide-field imaging for “calibration” in 
MW difficult to do

intense star formation and cloud dispersal
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HCN: A non-ideal Tracer of Dense Gas

23

Kauffmann et al. (2017c)

HCN (1–0) line rather spatially extended…



Jens Kauffmann ● MIT Haystack

Tracing Gas in Molecular Clouds

24

Kauffmann et al. (2017c)

 HCN (1–0) traces density ~103 cm–3

typical literature value: ≫104 cm–3

⇒
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Tracing Dense Gas in Molecular Clouds

Y. Shimajiri et al.: Relationship between SFR and Mdense

Table 6. Derived parameters for the dense portions of the target nearby clouds where AV > 8 mag.

Region M
map> 8 mag
Herschel

†
G0 A

map> 8 mag
Herschel

†
IHCN LHCN ↵Herschel�HCN

†
IHCO+ LHCO+ ↵Herschel�HCO+

†

[M�] [pc2] [K km s�1] [K km s�1 pc2] [M� (K km s�1 pc2)�1] [K km s�1] [K km s�1 pc2] [M� (K km s�1 pc2)�1]
Aquila/W40 748 327 2.68 1.13 3.04 246 0.75 2.01 372
Aquila/Serp S 954 20 2.51 0.91 2.30 416 0.60 1.52 629
Aquila/cold 89 1 0.40 0.48 0.20 454 0.33 0.13 667
Oph/main (L1688) 416 134 0.91 2.68 2.44 170 1.90 1.73 241
Oph/cold 16 5 0.06 0.79 0.05 354 0.73 0.04 386
Orion B/NGC2023 300 226 0.76 7.21 5.49 55 7.53 5.74 52
Orion B/NGC2024 335 4091 0.76 12.57 9.59 35 8.72 6.65 50
Orion B/NGC2068 190 134 0.52 8.32 4.36 44 5.54 2.90 65
Orion B/NGC2071 399 121 0.94 6.79 6.41 62 5.62 5.31 75

Notes. (†) See Table A.2 for the definition of each notation.

if the brightness temperature of the HCN emitting clumps is
larger than 35 K or if their volume-averaged density is less
than 3 ⇥ 104 cm�3, the ↵GS04�HCN factor can become smaller
than 10 M� (K km s�1 pc2)�1. Calibrating the conversion factor
↵HCN in Galactic clouds and assessing its potential variations
is thus of crucial importance. For a sample of massive Galac-
tic clumps, Wu et al. (2005) investigated the relationship be-
tween virial mass (estimated from C34S observations) and HCN
luminosity and found a logarithmic mean value ↵Wu05�HCN =
7 ± 2 M� (K km s�1 pc2)�1 for the conversion factor. The fact
that the ↵Wu05�HCN and ↵GS04�HCN values di↵er by only ⇠30%
is very encouraging for extragalactic studies, but the HCN ex-
citation conditions in the massive clumps studied by Wu et al.
(2005) are not necessarily representative of the bulk of the HCN-
emitting dense gas in galaxies.

Here, we have both high-resolution HCN data and indepen-
dent estimates of the mass of dense gas (from Herschel data)
for a sample of nearby clouds/clumps spanning a broad range
of radiation-field conditions, and are thus in a good position
to calibrate the ↵HCN factor. To do so, we used the mass esti-
mates derived from the Herschel column density maps, M

AV > 8
Herschel

,
and the HCN(1–0) luminosities from the present observations
to compute a ↵Herschel�HCN ⌘ M

AV > 8
Herschel

/LHCN factor for each
cloud in our sample. As explained in Sect. 1, because most
of the dense gas is distributed in filaments of ⇠0.1 pc width,
the AV > 8 level in Herschel column density maps of nearby
molecular clouds is an excellent tracer of the gas denser than
nH2 ⇠ 2.3 ⇥ 104 cm�3, corresponding to supercritical, star-
forming filaments (cf. André et al. 2014). The H2 volume den-
sity of 2 ⇥ 104 cm�3 is also very close to the typical gas density
of >⇠3 ⇥ 104/⌧ cm�3 traced by the HCN(1–0) line in normal spi-
ral galaxies (Gao & Solomon 2004a, where ⌧ >⇠ 1 is the optical
depth of the line) and lies between the e↵ective excitation den-
sity (8.4 ⇥ 103 cm�3) and the critical density (>⇠3 ⇥ 105 cm�3)
of HCN(1–0) (Shirley 2015). The masses M

AV > 8
Herschel

derived from
Herschel data therefore provide good reference estimates of the
mass of dense gas in nearby clouds. The estimated values of
↵Herschel�HCN range from ⇠35 to ⇠454 M� (K km s�1 pc2)�1 (see
Table 6). Clearly, large variations in ↵Herschel�HCN are present.

As described in Sect. 3.2, the HCN emission tends to
be strong in areas where the FUV radiation field is strong.
Meijerink et al. (2007) demonstrated that the HCN emission is
stronger in photon-dominated regions (PDRs) by a factor of two
for densities larger than 105 cm�3. Therefore, the variations we
observe in ↵Herschel�HCN may be due to variations in the strength
of the FUV field among the sub-regions.

The blue filled circles in Fig. 4 show a correlation plot be-
tween ↵Herschel�HCN and the mean FUV radiation field strength,
G0, estimated from Herschel 70 µm and 100 µm data (cf.
Sect. 3.3). The correlation coe�cient between the two variables

Fig. 4. Correlations between ↵Herschel�HCN and G0 (blue line and filled
circles) and between ↵Herschel�HCO+ and G0 (red line and filled cir-
cles). The blue and red lines correspond to the best-fit relations:
↵fit

Herschel�HCN = (496 ± 94) ⇥ G
�0.24± 0.07
0 [M� (K km s�1 pc2)�1] and

↵fit
Herschel�HCO+ = (689 ± 151) ⇥ G

�0.24± 0.08
0 [M� (K km s�1 pc2)�1]. The

horizontal line marks ↵GS04�HCN = 10 [M� (K km s�1 pc2)�1]. The uncer-
tainties in ↵Herschel�HCN and ↵Herschel�HCO+ as estimated from the M

AV > 8
Herschel

uncertainties are a factor of 2 (Roy et al. 2014). The uncertainties in G0
are also a factor of 2 (see Sect. 3.3).

is �0.82, showing the presence of a clear anti-correlation. Quan-
titatively, ↵Herschel�HCN decreases as G0 increases according to
the following empirical relation:

↵fit
Herschel�HCN = (496 ± 94) ⇥G

�0.24± 0.07
0


M�
⇣
K km s�1 pc2

⌘�1
�
.

(14)

Figure 5a plots the mass of dense gas Mdense,HCN estimated from
HCN for each cloud in our sample, using both the standard ex-
tragalactic conversion factor ↵GS04�HCN [=10 (K km s�1 pc2)�1]
(black open squares) and the conversion factor ↵fit

Herschel�HCN
from Eq. (14) (red filled circles), as a function of the reference
mass estimate M

AV > 8
Herschel

. As can be seen, the Mdense,HCN values
obtained with the ↵GS04�HCN conversion factor underestimate the
reference masses M

AV > 8
Herschel

by an order of magnitude on aver-
age in nearby clouds. In contrast, the Mdense,HCN estimates using
the G0-dependent conversion factor ↵fit

Herschel�HCN agree well with
the reference dense gas mass estimates M

AV > 8
Herschel

.
The HCO+(1–0) line is another tracer of dense gas which

can be used in extragalactic studies (Braine et al. 2017). Like
the HCN emission, the HCO+ emission tends to be strong in
areas where the FUV radiation field is strong (see Sect. 3.2).
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Table 6. Derived parameters for the dense portions of the target nearby clouds where AV > 8 mag.

Region M
map> 8 mag
Herschel

†
G0 A

map> 8 mag
Herschel

†
IHCN LHCN ↵Herschel�HCN

†
IHCO+ LHCO+ ↵Herschel�HCO+

†

[M�] [pc2] [K km s�1] [K km s�1 pc2] [M� (K km s�1 pc2)�1] [K km s�1] [K km s�1 pc2] [M� (K km s�1 pc2)�1]
Aquila/W40 748 327 2.68 1.13 3.04 246 0.75 2.01 372
Aquila/Serp S 954 20 2.51 0.91 2.30 416 0.60 1.52 629
Aquila/cold 89 1 0.40 0.48 0.20 454 0.33 0.13 667
Oph/main (L1688) 416 134 0.91 2.68 2.44 170 1.90 1.73 241
Oph/cold 16 5 0.06 0.79 0.05 354 0.73 0.04 386
Orion B/NGC2023 300 226 0.76 7.21 5.49 55 7.53 5.74 52
Orion B/NGC2024 335 4091 0.76 12.57 9.59 35 8.72 6.65 50
Orion B/NGC2068 190 134 0.52 8.32 4.36 44 5.54 2.90 65
Orion B/NGC2071 399 121 0.94 6.79 6.41 62 5.62 5.31 75

Notes. (†) See Table A.2 for the definition of each notation.

if the brightness temperature of the HCN emitting clumps is
larger than 35 K or if their volume-averaged density is less
than 3 ⇥ 104 cm�3, the ↵GS04�HCN factor can become smaller
than 10 M� (K km s�1 pc2)�1. Calibrating the conversion factor
↵HCN in Galactic clouds and assessing its potential variations
is thus of crucial importance. For a sample of massive Galac-
tic clumps, Wu et al. (2005) investigated the relationship be-
tween virial mass (estimated from C34S observations) and HCN
luminosity and found a logarithmic mean value ↵Wu05�HCN =
7 ± 2 M� (K km s�1 pc2)�1 for the conversion factor. The fact
that the ↵Wu05�HCN and ↵GS04�HCN values di↵er by only ⇠30%
is very encouraging for extragalactic studies, but the HCN ex-
citation conditions in the massive clumps studied by Wu et al.
(2005) are not necessarily representative of the bulk of the HCN-
emitting dense gas in galaxies.

Here, we have both high-resolution HCN data and indepen-
dent estimates of the mass of dense gas (from Herschel data)
for a sample of nearby clouds/clumps spanning a broad range
of radiation-field conditions, and are thus in a good position
to calibrate the ↵HCN factor. To do so, we used the mass esti-
mates derived from the Herschel column density maps, M

AV > 8
Herschel

,
and the HCN(1–0) luminosities from the present observations
to compute a ↵Herschel�HCN ⌘ M

AV > 8
Herschel

/LHCN factor for each
cloud in our sample. As explained in Sect. 1, because most
of the dense gas is distributed in filaments of ⇠0.1 pc width,
the AV > 8 level in Herschel column density maps of nearby
molecular clouds is an excellent tracer of the gas denser than
nH2 ⇠ 2.3 ⇥ 104 cm�3, corresponding to supercritical, star-
forming filaments (cf. André et al. 2014). The H2 volume den-
sity of 2 ⇥ 104 cm�3 is also very close to the typical gas density
of >⇠3 ⇥ 104/⌧ cm�3 traced by the HCN(1–0) line in normal spi-
ral galaxies (Gao & Solomon 2004a, where ⌧ >⇠ 1 is the optical
depth of the line) and lies between the e↵ective excitation den-
sity (8.4 ⇥ 103 cm�3) and the critical density (>⇠3 ⇥ 105 cm�3)
of HCN(1–0) (Shirley 2015). The masses M

AV > 8
Herschel

derived from
Herschel data therefore provide good reference estimates of the
mass of dense gas in nearby clouds. The estimated values of
↵Herschel�HCN range from ⇠35 to ⇠454 M� (K km s�1 pc2)�1 (see
Table 6). Clearly, large variations in ↵Herschel�HCN are present.

As described in Sect. 3.2, the HCN emission tends to
be strong in areas where the FUV radiation field is strong.
Meijerink et al. (2007) demonstrated that the HCN emission is
stronger in photon-dominated regions (PDRs) by a factor of two
for densities larger than 105 cm�3. Therefore, the variations we
observe in ↵Herschel�HCN may be due to variations in the strength
of the FUV field among the sub-regions.

The blue filled circles in Fig. 4 show a correlation plot be-
tween ↵Herschel�HCN and the mean FUV radiation field strength,
G0, estimated from Herschel 70 µm and 100 µm data (cf.
Sect. 3.3). The correlation coe�cient between the two variables

Fig. 4. Correlations between ↵Herschel�HCN and G0 (blue line and filled
circles) and between ↵Herschel�HCO+ and G0 (red line and filled cir-
cles). The blue and red lines correspond to the best-fit relations:
↵fit

Herschel�HCN = (496 ± 94) ⇥ G
�0.24± 0.07
0 [M� (K km s�1 pc2)�1] and

↵fit
Herschel�HCO+ = (689 ± 151) ⇥ G

�0.24± 0.08
0 [M� (K km s�1 pc2)�1]. The

horizontal line marks ↵GS04�HCN = 10 [M� (K km s�1 pc2)�1]. The uncer-
tainties in ↵Herschel�HCN and ↵Herschel�HCO+ as estimated from the M

AV > 8
Herschel

uncertainties are a factor of 2 (Roy et al. 2014). The uncertainties in G0
are also a factor of 2 (see Sect. 3.3).

is �0.82, showing the presence of a clear anti-correlation. Quan-
titatively, ↵Herschel�HCN decreases as G0 increases according to
the following empirical relation:

↵fit
Herschel�HCN = (496 ± 94) ⇥G

�0.24± 0.07
0


M�
⇣
K km s�1 pc2

⌘�1
�
.

(14)

Figure 5a plots the mass of dense gas Mdense,HCN estimated from
HCN for each cloud in our sample, using both the standard ex-
tragalactic conversion factor ↵GS04�HCN [=10 (K km s�1 pc2)�1]
(black open squares) and the conversion factor ↵fit

Herschel�HCN
from Eq. (14) (red filled circles), as a function of the reference
mass estimate M

AV > 8
Herschel

. As can be seen, the Mdense,HCN values
obtained with the ↵GS04�HCN conversion factor underestimate the
reference masses M

AV > 8
Herschel

by an order of magnitude on aver-
age in nearby clouds. In contrast, the Mdense,HCN estimates using
the G0-dependent conversion factor ↵fit

Herschel�HCN agree well with
the reference dense gas mass estimates M

AV > 8
Herschel

.
The HCO+(1–0) line is another tracer of dense gas which

can be used in extragalactic studies (Braine et al. 2017). Like
the HCN emission, the HCO+ emission tends to be strong in
areas where the FUV radiation field is strong (see Sect. 3.2).
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Table 6. Derived parameters for the dense portions of the target nearby clouds where AV > 8 mag.

Region M
map> 8 mag
Herschel

† G0 A
map> 8 mag
Herschel

† IHCN LHCN ↵Herschel�HCN† IHCO+ LHCO+ ↵Herschel�HCO+ †

[M�] [pc2] [K km s�1] [K km s�1 pc2] [M� (K km s�1 pc2)�1] [K km s�1] [K km s�1 pc2] [M� (K km s�1 pc2)�1]
Aquila/W40 748 327 2.68 1.13 3.04 246 0.75 2.01 372
Aquila/Serp S 954 20 2.51 0.91 2.30 416 0.60 1.52 629
Aquila/cold 89 1 0.40 0.48 0.20 454 0.33 0.13 667
Oph/main (L1688) 416 134 0.91 2.68 2.44 170 1.90 1.73 241
Oph/cold 16 5 0.06 0.79 0.05 354 0.73 0.04 386
Orion B/NGC2023 300 226 0.76 7.21 5.49 55 7.53 5.74 52
Orion B/NGC2024 335 4091 0.76 12.57 9.59 35 8.72 6.65 50
Orion B/NGC2068 190 134 0.52 8.32 4.36 44 5.54 2.90 65
Orion B/NGC2071 399 121 0.94 6.79 6.41 62 5.62 5.31 75

Notes. (†) See Table A.2 for the definition of each notation.

if the brightness temperature of the HCN emitting clumps is
larger than 35 K or if their volume-averaged density is less
than 3 ⇥ 104 cm�3, the ↵GS04�HCN factor can become smaller
than 10 M� (K km s�1 pc2)�1. Calibrating the conversion factor
↵HCN in Galactic clouds and assessing its potential variations
is thus of crucial importance. For a sample of massive Galac-
tic clumps, Wu et al. (2005) investigated the relationship be-
tween virial mass (estimated from C34S observations) and HCN
luminosity and found a logarithmic mean value ↵Wu05�HCN =
7 ± 2 M� (K km s�1 pc2)�1 for the conversion factor. The fact
that the ↵Wu05�HCN and ↵GS04�HCN values di↵er by only ⇠30%
is very encouraging for extragalactic studies, but the HCN ex-
citation conditions in the massive clumps studied by Wu et al.
(2005) are not necessarily representative of the bulk of the HCN-
emitting dense gas in galaxies.

Here, we have both high-resolution HCN data and indepen-
dent estimates of the mass of dense gas (from Herschel data)
for a sample of nearby clouds/clumps spanning a broad range
of radiation-field conditions, and are thus in a good position
to calibrate the ↵HCN factor. To do so, we used the mass esti-
mates derived from the Herschel column density maps, M

AV > 8
Herschel,

and the HCN(1–0) luminosities from the present observations
to compute a ↵Herschel�HCN ⌘ M

AV > 8
Herschel/LHCN factor for each

cloud in our sample. As explained in Sect. 1, because most
of the dense gas is distributed in filaments of ⇠0.1 pc width,
the AV > 8 level in Herschel column density maps of nearby
molecular clouds is an excellent tracer of the gas denser than
nH2 ⇠ 2.3 ⇥ 104 cm�3, corresponding to supercritical, star-
forming filaments (cf. André et al. 2014). The H2 volume den-
sity of 2 ⇥ 104 cm�3 is also very close to the typical gas density
of >⇠3 ⇥ 104/⌧ cm�3 traced by the HCN(1–0) line in normal spi-
ral galaxies (Gao & Solomon 2004a, where ⌧ >⇠ 1 is the optical
depth of the line) and lies between the e↵ective excitation den-
sity (8.4 ⇥ 103 cm�3) and the critical density (>⇠3 ⇥ 105 cm�3)
of HCN(1–0) (Shirley 2015). The masses M

AV > 8
Herschel derived from

Herschel data therefore provide good reference estimates of the
mass of dense gas in nearby clouds. The estimated values of
↵Herschel�HCN range from ⇠35 to ⇠454 M� (K km s�1 pc2)�1 (see
Table 6). Clearly, large variations in ↵Herschel�HCN are present.

As described in Sect. 3.2, the HCN emission tends to
be strong in areas where the FUV radiation field is strong.
Meijerink et al. (2007) demonstrated that the HCN emission is
stronger in photon-dominated regions (PDRs) by a factor of two
for densities larger than 105 cm�3. Therefore, the variations we
observe in ↵Herschel�HCN may be due to variations in the strength
of the FUV field among the sub-regions.

The blue filled circles in Fig. 4 show a correlation plot be-
tween ↵Herschel�HCN and the mean FUV radiation field strength,
G0, estimated from Herschel 70 µm and 100 µm data (cf.
Sect. 3.3). The correlation coe�cient between the two variables

Fig. 4. Correlations between ↵Herschel�HCN and G0 (blue line and filled
circles) and between ↵Herschel�HCO+ and G0 (red line and filled cir-
cles). The blue and red lines correspond to the best-fit relations:
↵fit

Herschel�HCN = (496 ± 94) ⇥ G�0.24± 0.07
0 [M� (K km s�1 pc2)�1] and

↵fit
Herschel�HCO+ = (689 ± 151) ⇥ G�0.24± 0.08

0 [M� (K km s�1 pc2)�1]. The
horizontal line marks ↵GS04�HCN = 10 [M� (K km s�1 pc2)�1]. The uncer-
tainties in ↵Herschel�HCN and ↵Herschel�HCO+ as estimated from the M

AV > 8
Herschel

uncertainties are a factor of 2 (Roy et al. 2014). The uncertainties in G0
are also a factor of 2 (see Sect. 3.3).

is �0.82, showing the presence of a clear anti-correlation. Quan-
titatively, ↵Herschel�HCN decreases as G0 increases according to
the following empirical relation:

↵fit
Herschel�HCN = (496 ± 94) ⇥G�0.24± 0.07

0


M�
⇣
K km s�1 pc2⌘�1�

.

(14)

Figure 5a plots the mass of dense gas Mdense,HCN estimated from
HCN for each cloud in our sample, using both the standard ex-
tragalactic conversion factor ↵GS04�HCN [=10 (K km s�1 pc2)�1]
(black open squares) and the conversion factor ↵fit

Herschel�HCN
from Eq. (14) (red filled circles), as a function of the reference
mass estimate M

AV > 8
Herschel. As can be seen, the Mdense,HCN values

obtained with the ↵GS04�HCN conversion factor underestimate the
reference masses M

AV > 8
Herschel by an order of magnitude on aver-

age in nearby clouds. In contrast, the Mdense,HCN estimates using
the G0-dependent conversion factor ↵fit

Herschel�HCN agree well with
the reference dense gas mass estimates M

AV > 8
Herschel.

The HCO
+
(1–0) line is another tracer of dense gas which

can be used in extragalactic studies (Braine et al. 2017). Like
the HCN emission, the HCO

+
emission tends to be strong in

areas where the FUV radiation field is strong (see Sect. 3.2).
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Table 6. Derived parameters for the dense portions of the target nearby clouds where AV > 8 mag.

Region M
map> 8 mag
Herschel

† G0 A
map> 8 mag
Herschel

† IHCN LHCN ↵Herschel�HCN† IHCO+ LHCO+ ↵Herschel�HCO+ †

[M�] [pc2] [K km s�1] [K km s�1 pc2] [M� (K km s�1 pc2)�1] [K km s�1] [K km s�1 pc2] [M� (K km s�1 pc2)�1]
Aquila/W40 748 327 2.68 1.13 3.04 246 0.75 2.01 372
Aquila/Serp S 954 20 2.51 0.91 2.30 416 0.60 1.52 629
Aquila/cold 89 1 0.40 0.48 0.20 454 0.33 0.13 667
Oph/main (L1688) 416 134 0.91 2.68 2.44 170 1.90 1.73 241
Oph/cold 16 5 0.06 0.79 0.05 354 0.73 0.04 386
Orion B/NGC2023 300 226 0.76 7.21 5.49 55 7.53 5.74 52
Orion B/NGC2024 335 4091 0.76 12.57 9.59 35 8.72 6.65 50
Orion B/NGC2068 190 134 0.52 8.32 4.36 44 5.54 2.90 65
Orion B/NGC2071 399 121 0.94 6.79 6.41 62 5.62 5.31 75

Notes. (†) See Table A.2 for the definition of each notation.

if the brightness temperature of the HCN emitting clumps is
larger than 35 K or if their volume-averaged density is less
than 3 ⇥ 104 cm�3, the ↵GS04�HCN factor can become smaller
than 10 M� (K km s�1 pc2)�1. Calibrating the conversion factor
↵HCN in Galactic clouds and assessing its potential variations
is thus of crucial importance. For a sample of massive Galac-
tic clumps, Wu et al. (2005) investigated the relationship be-
tween virial mass (estimated from C34S observations) and HCN
luminosity and found a logarithmic mean value ↵Wu05�HCN =
7 ± 2 M� (K km s�1 pc2)�1 for the conversion factor. The fact
that the ↵Wu05�HCN and ↵GS04�HCN values di↵er by only ⇠30%
is very encouraging for extragalactic studies, but the HCN ex-
citation conditions in the massive clumps studied by Wu et al.
(2005) are not necessarily representative of the bulk of the HCN-
emitting dense gas in galaxies.

Here, we have both high-resolution HCN data and indepen-
dent estimates of the mass of dense gas (from Herschel data)
for a sample of nearby clouds/clumps spanning a broad range
of radiation-field conditions, and are thus in a good position
to calibrate the ↵HCN factor. To do so, we used the mass esti-
mates derived from the Herschel column density maps, M

AV > 8
Herschel,

and the HCN(1–0) luminosities from the present observations
to compute a ↵Herschel�HCN ⌘ M

AV > 8
Herschel/LHCN factor for each

cloud in our sample. As explained in Sect. 1, because most
of the dense gas is distributed in filaments of ⇠0.1 pc width,
the AV > 8 level in Herschel column density maps of nearby
molecular clouds is an excellent tracer of the gas denser than
nH2 ⇠ 2.3 ⇥ 104 cm�3, corresponding to supercritical, star-
forming filaments (cf. André et al. 2014). The H2 volume den-
sity of 2 ⇥ 104 cm�3 is also very close to the typical gas density
of >⇠3 ⇥ 104/⌧ cm�3 traced by the HCN(1–0) line in normal spi-
ral galaxies (Gao & Solomon 2004a, where ⌧ >⇠ 1 is the optical
depth of the line) and lies between the e↵ective excitation den-
sity (8.4 ⇥ 103 cm�3) and the critical density (>⇠3 ⇥ 105 cm�3)
of HCN(1–0) (Shirley 2015). The masses M

AV > 8
Herschel derived from

Herschel data therefore provide good reference estimates of the
mass of dense gas in nearby clouds. The estimated values of
↵Herschel�HCN range from ⇠35 to ⇠454 M� (K km s�1 pc2)�1 (see
Table 6). Clearly, large variations in ↵Herschel�HCN are present.

As described in Sect. 3.2, the HCN emission tends to
be strong in areas where the FUV radiation field is strong.
Meijerink et al. (2007) demonstrated that the HCN emission is
stronger in photon-dominated regions (PDRs) by a factor of two
for densities larger than 105 cm�3. Therefore, the variations we
observe in ↵Herschel�HCN may be due to variations in the strength
of the FUV field among the sub-regions.

The blue filled circles in Fig. 4 show a correlation plot be-
tween ↵Herschel�HCN and the mean FUV radiation field strength,
G0, estimated from Herschel 70 µm and 100 µm data (cf.
Sect. 3.3). The correlation coe�cient between the two variables

Fig. 4. Correlations between ↵Herschel�HCN and G0 (blue line and filled
circles) and between ↵Herschel�HCO+ and G0 (red line and filled cir-
cles). The blue and red lines correspond to the best-fit relations:
↵fit

Herschel�HCN = (496 ± 94) ⇥ G�0.24± 0.07
0 [M� (K km s�1 pc2)�1] and

↵fit
Herschel�HCO+ = (689 ± 151) ⇥ G�0.24± 0.08

0 [M� (K km s�1 pc2)�1]. The
horizontal line marks ↵GS04�HCN = 10 [M� (K km s�1 pc2)�1]. The uncer-
tainties in ↵Herschel�HCN and ↵Herschel�HCO+ as estimated from the M

AV > 8
Herschel

uncertainties are a factor of 2 (Roy et al. 2014). The uncertainties in G0
are also a factor of 2 (see Sect. 3.3).

is �0.82, showing the presence of a clear anti-correlation. Quan-
titatively, ↵Herschel�HCN decreases as G0 increases according to
the following empirical relation:

↵fit
Herschel�HCN = (496 ± 94) ⇥G�0.24± 0.07

0


M�
⇣
K km s�1 pc2⌘�1�

.

(14)

Figure 5a plots the mass of dense gas Mdense,HCN estimated from
HCN for each cloud in our sample, using both the standard ex-
tragalactic conversion factor ↵GS04�HCN [=10 (K km s�1 pc2)�1]
(black open squares) and the conversion factor ↵fit

Herschel�HCN
from Eq. (14) (red filled circles), as a function of the reference
mass estimate M

AV > 8
Herschel. As can be seen, the Mdense,HCN values

obtained with the ↵GS04�HCN conversion factor underestimate the
reference masses M

AV > 8
Herschel by an order of magnitude on aver-

age in nearby clouds. In contrast, the Mdense,HCN estimates using
the G0-dependent conversion factor ↵fit

Herschel�HCN agree well with
the reference dense gas mass estimates M

AV > 8
Herschel.

The HCO
+
(1–0) line is another tracer of dense gas which

can be used in extragalactic studies (Braine et al. 2017). Like
the HCN emission, the HCO

+
emission tends to be strong in

areas where the FUV radiation field is strong (see Sect. 3.2).
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