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ABSTRACT

We present an analysis of gas densities in the central R=300 parsecs of thdilky Way, focusing
on three clouds: GCM-0.02-0.07 (the 50 km/s cloud), GCM-0.13-0.08 (the 20 km/s loud), and
GCMO0.25+0.01 (the \Brick"). Densities are determined using observations of the J=(3-2), (4-3), (5-
4), (10-9), (18-17), (19-18), (21-20), and (24-23) transitions of the molecule H§N. We nd evidence
of at least two excitation regimes for HGN and constrain the low-excitation component to have a
density less than 16 cm 2 and the high-excitation component to have a density between 19 and
10° cm 3. This is much less than densities of 10cm 2 that are found in Sgr B2, the most actively
star-forming cloud in the Galactic center. This is consistent with the requirement of a higher density
threshold for star formation in the Galactic center than is typical in th e Galactic disk. We are also
able to constrain the column density of each component in order to detanine the mass fraction of
‘dense' (> 10° cm 3) gas for these clouds. We nd that this is  15% for all three clouds. Applying
the results of our models to ratios of the (10-9) and (3-2) line across the eire central R=300 pc,
we nd that the fraction of gas with n > 10* cm Sincreases inward of a radius of 140 pc, consistent
with the predictions of recent models for the gas dynamics in this rgion. Our observations show that
HC3N is an excellent molecule for probing the density structure of clods in the Galactic center.

Subject headings:Galaxy: center- radiolines: ISM-ISM: clouds- ISM: molecules
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1. INTRODUCTION molecular gas reservoir of 84 10° M in the Galaxy

The inner R 300 parsecs of the Milky Way hosts a con- is estimated to be contained in this region (Dahmen et al.

centration of molecular gas known as the Central Molec- ~ 1998; Nakanishi & Sofue 2006). In the Milky Way's
ular Zone or "CMZ". Sli%htly less than 5% of the total CMZ, the bulk of the gas at high column density is found

in a ring of giant molecular clouds, orbiting the central
supermassive black hole at radii of 50 to 100 pc (Molinari
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of barred galaxies, including nearby galaxies like 1C342
(Ishizuki et al. 1990), M83 (Elmegreen et al. 1998), the
starburst NGC 253 (Garca-Burillo et al. 2000) and the
Seyfert 2 galaxy NGC 4945 (Chou et al. 2007). In the
CMZ, the distribution of this gas is asymmetric in several
ways, with more gas found both at positive longitudes
and on the near side of this ring, which is suggested to
be due to some combination of instabilities in in owing
gas (Sormani et al. 2018), and tidal compression at dif-
ferent points along the orbit (Longmore et al. 2013a).

Inside the CMZ, the properties of the gas are much
more extreme than in the Galactic disk. Gas tempera-
tures are measured to range from 50-400 K (Gusten et al.
1985; Hattemeister et al. 1993; Ao et al. 2013; Mills &
Morris 2013; Ginsburg et al. 2016; Krieger et al. 2017),
signi cantly elevated over the dust temperatures, which
range from 20-50 K (Longmore et al. 2012; Molinari et al.
2011,Battersby et al. in prep.). Linewidths due to tur-
bulent motions are also large, with ranging from 0.6-20
km s 1 over size scales of 0.2-2 pc (Shetty et al. 2012;
Kau mann et al. 2017; Montero-Castano et al. 2009),
though it should be noted that on scales&0.5 pc, some
of these large linewidths are also due to coherent ve-
locity gradients from both orbital motion and strong
shearing (e.g., Federrath et al. 2016). Finally, as a re-
sult of either the increased temperature or turbulence
(or both), the gas is also extremely chemically rich, with
'hot core' molecules widespread and abundant in this re-
gion (Requena-Torres et al. 2006; Jones et al. 2012, 2013).
The elevated densities and temperatures as well as the
rich chemistry seen in the CMZ are similar to conditions
observed in the nuclei of nearby galaxies like NGC 253,
IC 342, and Ma ei 2 (Paglione et al. 1995; Henkel et al.
2000; Ott et al. 2005; Meier & Turner 2005a, 2012; Meier
et al. 2015; Gorski et al. 2017, 2018).

Gas densities are also higher than those found in the
disk, with the average density in the CMZ canonically
taken to be 10* cm 3 (Bally et al. 1987; Gasten & Henkel
1983) and values for di erent gas components ranging
from 107 cm 3 to 10’ cm 2 (Walmsley et al. 1986; Lis
& Goldsmith 1991; Dahmen et al. 1998; Magnani et al.
2006; Goto et al. 2011; Etxaluze et al. 2011; Requena-
Torres et al. 2012; Mills et al. 2013). However, the var-
ious methods used to determine gas densities have key
uncertainties. Density measurements based on the criti-
cal density of individual molecular transitions (e.g., Bally
et al. 1987; Longmore et al. 2013b) can be signi cantly
in error based on the actual gas excitation conditions
(Shirley 2015). Gas densities inferred from column den-
sities depend sensitively on an assumption of 3D shape,
which can lead to errors if clouds are elongated along
the line of sight (Longmore et al. 2012; Henshaw et al.
2016). Excitation-derived gas densities have the poten-
tial to be more accurate than either of these methods.
However, in practice these are often subject to signi cant
uncertainties due to the degeneracy between temperature
and density in driving the excitation for most molecules
(Dahmen et al. 1998). Moreover, nearly all estimates of
density derived from excitation apart from those deter-
mined toward a few exceptional sources (e.g., the CND
and Sgr B2; Lis & Goldsmith 1991; Requena-Torres et al.
2012; Mills et al. 2013) have assumed there is only a single
density component present in the gas (Gasten & Henkel

1983; Serabyn & Gusten 1991; Serabyn et al. 1992; Zylka
et al. 1992; Tanaka et al. 2018). Thus, the distribution
of gas densities in the CMZ, and density structure of
individual clouds are both poorly constrained.

Measurements of cloud density are especially pertinent
for understanding why the Galactic center has so little
star formation (5% of the total star formation rate
of the Milky Way as a whole; Chomiuk & Povich 2011;
Yusef-Zadeh et al. 2009; Crocker 2012; Longmore et al.
2013b; Koepferl et al. 2015). While this might appear
consistent with the fraction of the Galaxy's molecular
gas which lies in the CMZ (also 5%), the large frac-
tion of gas in this region that is 'dense' (> 10%) ap-
pears to violate “laws' relating the amount of gas to the
amount of star formation (Longmore et al. 2013b; Lada
et al. 2013). Determining whether the CMZ is truly a
discrepant point in these universal relationships (e.g., a
universal threshold of gas density needed to form stars
anywhere in a galaxy may not be valid in an environ-
ment like the Galactic center with much stronger shear
or larger turbulence Kruijssen et al. 2014) rst requires
a careful assessment of whether we are undercounting
the amount of star formation (e.g., Lu et al. 2017), or
overestimating the dense gas fraction.

We present measurements of density in three CMZ
clouds: GCM-0.02-0.07 and GCM-0.13-0.08 (the 50 and
20 km s ! clouds in the Sgr A complex), and GCM
0.25+0.01 (the so-called "Brick' cloud in the dust ridge
between Sgr A and Sgr B2) using multiple transitions of
HC3N. In the high column-density environment of the
CMZ, the relatively low abundance of HC3N relative to
H, (3 10 8, assuming a CO to H abundance of
10 4; Walmsley et al. 1986) make it an optically-thin
tracer, as opposed to molecules like CO and HCN which
become optically-thick or self-absorbed (Dahmen et al.
1998; Mills & Battershy 2017). Additionally, as a rel-
atively heavy molecule HGN has closely-spaced rota-
tional transitions, allowing for e cient observation of
transitions spanning a huge range of critical densities.
Finally, HC 3N has a simple, linear structure, with well-
determined collisional coe cients calculated up to tem-
peratures of 300 K, appropriate for the Galactic cen-
ter environment (Faure et al. 2016). This makes HGN
an ideal tracer for measuring density structure in CMZ
clouds. In Section 2 we describe the setup of observa-
tions used in our analysis. The measured parameters of
the HC3N emission and our excitation modeling are pre-
sented in Section 3. We conclude in Section 4 with a
discussion of the derived densities, and their relevance to
understanding star formation in the CMZ environment.

2. OBSERVATIONS AND DATA CALIBRATION

The data used in the density analysis in this paper
were obtained from three sources: the 100 m Green Bank
telescope (GBT) of the Green Bank Observatory, the
22 m Mopra radio telescope in Australia, and the 12 m
Atacama Path nder EXperiment (APEX) telescope in
Chile.

In total, 8 rotational transitions of HC 3N were ob-
served: J = (3-2), (4-3), (5-4), (10-9), (18-17), (19-18),
(21-20) and (24-23). We also observed thé3C isotopo-
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logues of HGN in the J = (3-2) and (5-4) transitions.
Properties of all observed transitions including rest fre-
guencies are given in Table 1.

2.1. Mopra

Maps of HC3N emission are available from several sur-
veys conducted with the Mopra radio telescope. HGN
(10-9) and (5-4) line maps were taken from CMZ surveys
published in Jones et al. (2012) and Jones et al. (2013).
These lines were observed over a 2.5 0.5 degegion
covering the inner 350 parsecs of the CMZ (assuming a
Galactocentric distance of 8 kpc; Boehle et al. 2016) and
including all three of the clouds studied here. HGN (3-
2) line maps were taken from the HOPS southern Galac-
tic plane survey (Walsh et al. 2011). The description of
the data calibration is given in the survey papers. Cal-
ibrated and imaged survey data were obtained from the
Australia Telescope Online Archivé. The (10-9) data
have a spatial resolution of 489 a velocity resolution of

2 kms 1, and a per-channel RMS noise of 50 mK. The
(5-4) data have a spatial resolution of 68° a velocity res-
olution of 1.8 km s !, and a per-channel RMS noise of
37 mK. The (3-2) data have a spatial resolution of 126°
a velocity resolution of 0.4 km s %, and a per-channel
RMS noise of 200 mK. Integrated emission maps of all
these lines in the CMZ are shown in Figure 1. The esti-
mated uncertainty of the amplitude calibration of these
data is < 25%.

2.2. GBT

We have also made pointed observations of the H¢{N
(3-2), (4-3) and (5-4) transitions with the GBT as part
of a survey for highly-excited NH; emission published
in Mills & Morris (2013). The data were observed with
the dual-beam Ka-band and Q receivers between May
12 and May 29, 2009. We employed a position-switching
technique, using an o set position of Right Ascension,
Declination) = (17 "46™0C°, -28 13%7°9, for clouds east
of (1 =0:1), and an o set position of (Right Ascension,
Declination) = (17 "45"59.9, -29 16%4 7% for more west-
erly clouds. With the GBTIDL 2 reduction and analysis
software, we corrected the antenna temperature of the
observed targets for the frequency-dependent opacity at
the observed elevation. We also used observations of the
ux calibrator 3C286 to more accurately determine the
relative amplitude calibration of the data, which is oth-
erwise limited to 10 15% accuracy by the temporal uc-
tuations of the noise diode. We estimate the uncertainty
of our relative amplitude calibration to be < 10% based
on the RMS uctuations in the observed spectrum of the
phase calibrator. Finally, we assumed that the observed
emission is extended over an area larger than the tele-
scope beam, and applied a frequency-independent cor-
rection of 1.32 for the main-beam e ciency. Additional
details pertaining to the observations and calibration of
these data are given in Mills & Morris (2013).

Observations of all lines observed with the GBT were
made in a single, pointed beam toward each cloud. For
GCMO0.25+0.01, the pointing was centered on (R.A.,

Dec.) = (17M"46"10.%, -28 4337.0Y. For GCM-0.02-
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0.07, the pointing was centered on (R.A., Dec.) =
(17745752 £, -28 5902.0°Y. For GCM-0.13-0.08, the
pointing was centered on (R.A., Dec.) = (17'45"37.9,
-29 03%52.9. The spatial resolution of the data ranged
from 17%for the (5-4) line to 28" for the (3-2) line. The
spectral resolution of the observations was 390.625 kHz,
or 3.1 to 4.4 km s ‘over the observed range of frequen-
cies, su cient to resolve lines with intrinsic widths of 15
to 30 km s 1. The positions of these pointings are shown
in Figure 1.

Finally, for the GCM-0.02-0.07 cloud, a 4 by 4° map
centered on (R.A., Dec.) = (17"45"52, -28 59%)309 was
also observed using the GBT in the HGN J = (5-4) line.

2.3. APEX

Observations of the HGN (24-23) line were made with
the 230 GHz facility receiver. These observations com-
prised a 120 16° map of the entire 300 pc inner region
of the CMZ as part of the observations presented in Gins-
burg et al. (2016). Details of these observations and the
procedures for calibration and imaging are given in this
paper. The spatial resolution of these data is 29°and
the velocity resolutionis 1 km s 1. The per-channel RMS
noise near the HGN (24-23) line is 0.03 K. The esti-
mated uncertainty of the amplitude calibration of these
datais 15%.

Observations of the HGN (18-17), (19-18) and (21-
20) lines were also made with the SEPIA receiver (Belit-
sky et al. 2018) covering small mosaics toward the three
clouds studied here. The spatial resolution of these data
is 38%and the velocity resolution is 1 km s 1. The
per-channel RMS noise near the observed H{N lines is
0.01-0.02 K. The estimated uncertainty of the amplitude
calibration of these data is 10%.

2.4. Data Combination

The data set studied in this paper consists of a
combination of maps and pointed observations toward
GCM0.25+0.01, GCM-0.02-0.07, and GCM-0.13-0.08.
We conduct two separate analyses. The rst is a study
of the emission from all 8 HGN transitions in a sin-
gle beam toward the three clouds. For this analysis, we
do not use maps of the (3-2) or (5-4) line, and smooth
all other maps to the lowest common spatial resolution
(40%, set by the J = (10-9) observations. For these map
data: the J = (10-9) line observed with Mopra, and the
J =(18-17), (19-18), (21-20), and (24-23) lines observed
with APEX, spectra are extracted for each cloud at the
position of the GBT observations. As the GBT data
consist of single pointings toward these positions, the
resolution of the (5-4) and (4-3) line data cannot gener-
ally be perfectly matched to that of the other data sets.
As a result, we estimate a larger uncertainty for these
measurements. However, for the GCM-0.02-0.07 cloud,
which was mapped with the GBT in the J = (5-4) line, a
spectrum for this line can be extracted from a 48°aper-
ture to match the resolution of the lines extracted from
the other maps.

For the second analysis, we study the ratio of HGN
lines over the entire CMZ using maps of the (3-2), (5-4)
and (10-9) lines. For this analysis, all maps are smoothed
to the resolution of the (3-2) line (120%9.

3. RESULTS AND ANALYSIS
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The spectra of all of the HGN lines observed toward
each source are displayed in Figures 2 and 3. Toward
GCMO0.25+0.01, all eight main transitions of the main
isotopologue of HGN are observed and detected, as well
as the two transitions of H*CCCN. Toward GCM-0.02-
0.07 and GCM-0.13-0.08, we do not have observations of
the HC3N (4-3) line, but all other lines are observed and
detected. For all detected transitions, we t the spectral
lines with Gaussian pro les using PySpecKit (Ginsburg
et al. 2011).

The spectra toward GCM-0.02-0.07 show a single ve-
locity component at 48 km s 1, which we are able to
t with a single Gaussian pro le having a width of 22
km s 1. However, the spectra toward GCM-0.13-0.08
and GCMO0.25+0.01 are somewhat more complicated,
with each of these showing two discernable velocity com-
ponents in many of the observed spectra. For these two
clouds, we then t up to two Gaussian pro les to their
line spectra. For GCM-0.13-0.08, there is a primary ve-
locity comf)onent with FWHM 18 km s ! centered at

7 km s +, and a second, narrower velocity component
(FWHM 6kms Y)at 12kms ! which is prominent
in lines with J 5. We therefore t both of these com-
ponents in the J = (3-2), (4-3), and (5-4) lines of HC3N
and H'CCCN, but only t a single component in the
higher-J lines. For GCMO0.25+0.01, there is a weak, low-
velocity componentat 20 kms ! and a stronger, main
line componentat 35kms 1. We x the velocity of the
low-velocity component to be 20 km s 1, and include it
in ts of all lines except the weak J = (24-23) transition.
The measured line properties of each transition of HGN
and H®CCCN from these ts are given in Table 2.

By comparing the HCzN and H*3CCCN line bright-
ness temperatures, we can estimate the optical dePth of
the J = (3-2) and (5-4) lines, by assuming the [2C/3C]
ratio in the Galactic center to be 25 (Wilson & Rood
1994; Riquelme et al. 2010). For each cloud, we then
measure the ratio of the uxes of the two transitions
of HC3N and H'3CCCN, averaging together the val-
ues for multiple Gaussian components, if present. Us-
ing the J=3-2 (J=5-4) transitions, we subsequently nd
HC3sN to H3CCCN line ratios of 26 2 (22 2) for
GCMO0.25+0.01, 21 1 (20 1) for GCM-0.02-0.07, and
33 6 (25 7) for GCM-0.13-0.08. In all cases, the ratio
derived from the J = (5-4) line is slightly smaller than
that from the J = (3-2) line, consistent with the (5-4)
line being somewhat less optically thin (as it is closer to
the peak of the spectral line energy distribution; Walm-
sley et al. 1986). Overall however, all of these values
are consistent with the main HC3N transitions being
optically-thin, with . 0.5. While this may not be a
good assumption in the highest-column density source
Sgr B2, this assumption should largely hold for the rest
of the CMZ.

3.1. Ratio Maps

Using the Mopra maps of the (3-2), (5-4) and (10-9)
lines of HC3N we then construct maps of ratios between
these lines across the entire CMZ (the 24-23 map is not
used as this transition is only detected in a few isolated
positions beyond the three clouds already probed). The
resulting ratio maps are shown in Figure 4.

Before attempting to identify trends, it should be noted

that the Sgr B2 core atl  0:4 exhibits unresolved ab-
sorption against its numerous HIl regions in the J =
(3-2) and to a slightly lesser extent in theJ = (5-4) line,
causing an apparent peak in the ratio maps which is not
due to di ering excitation in this source. Ignoring this
area, we see that the (5-4) / (3-2) line ratio does not
change greatly over the CMZ. The largest median (5-4)
/ (3-2) ratios, 0.74 0.09, are found in the Sgr A com-
plex betweenl =-0.2 and| =+0.2 and including the
GCM-0.02-0.07, and GCM-0.13-0.08 clouds. The ratio is
slightly smaller (0.61 0.09) in the gas between | = +0.2
and | = +0.4, which includes GCM0.25+0.01, the 'dust
ridge' (Lis et al. 1994; Immer et al. 2012), and the gas
around Sgr B2. Finally, the smallest ratio, 0.52 0.06, is
found in the gas atl > 1:5 . This trend is slightly modi-
ed when we examine the map of the ratio of theJ = (10-
9) to J = (3-2) lines, which are more widely spaced in ex-
citation energy. Here, gas in the outer CMZ atl > 1 has
a smaller median (10-9)/(3-2) ratio of 0.18 0.04, com-
pared to a median ratio of 0.33 0.11 in gas with | ||
<1.

As we nd the brightest lines, J = (3-2) and (5-4)
are optically thin in clouds representative of the gas out-
side of the Sgr B2 core (and the weaker, highed lines
should follow suit), these trends should not be driven by
di erences in line opacity. Rather, they are indicative
of changes in temperature, density, and/or the relative

abundance of low-excitation and high-excitation HGNIn
particular, the observed distribution of the HC3N (10-
9)/(3-2) ratio shows that there is more high-excitation
gas in the inner R = 1 [/ 140 parsecs. As a systematic
temperature di erence is not seen between the inner and
outer CMZ gas (Ginsburg et al. 2016; Krieger et al. 2017),
this is more likely to be a density e ect.The inner CMZ
gas would then have a higher average gas density, either
because clouds in the inner CMZ have a larger fraction
of gas in a high-density gas component than those in the
outer CMZ, or because the gas in the inner CMZ at-
tains higher peak densities than that in the outer CMZ.
We discuss the possibility that this result could also be
a ected by the relative abundances in Section 4.1.

To better understand the quantitative constraints on
the physical conditions of the gas from these maps, we
next turn to non-LTE modeling of the HC 3N lines.
Given the relatively low J-numbers of the mapped tran-
sitions, excitation modeling of just these three lines is
unable to robustly constrain the full physical conditions
of the gas in this region. However, as we have three
clouds for which we have observed additional hight
HC3N lines, we attempt to gain some insight into the
global gas densities in the CMZ by modeling HGN ex-
citation in these clouds.

3.2. Excitation Modeling

We use the publicly-available statistical equilibrium ra-
diative transfer code RADEX (van der Tak et al. 2007), a
zero-dimensional non-LTE code employing escape proba-
bility formalism to model the observed line intensities as
a function of the physical conditions. The escape proba-
bility method simpli es the radiative transfer calculation
by assuming that photons either completely escape the
source (the likelihood of this is dependent on the local
opacity), or are immediately absorbed at the same loca-



tion where they were emitted. The radiative coe cients
for the observed rotational transitions of HC3N are taken
from the Cologne Database for Molecular Spectroscopy
(CDMS; Muller et al. 2005), and the collisional coe -
cients are taken from Faure et al. (2016). Two collisional
partners, ortho-H, and para-H, are considered, and we
adopt a statistical ortho-to-para ratio for H , (3:1), how-
ever varying this does not appear to have a strong e ect
on the results.

RADEX takes as input parameters the kinetic tem-
perature, the number density of H,, the column density
of HC3N per velocity element, and the line full width at
half maximum (these last two values are used by RADEX
to determine the local opacity). Additionally, a back-
ground radiation temperature is speci ed; this value is
held xed for all of the tting we conduct. We adopt
a representative FWHM value for each individual cloud:
16 km s ! for GCM0.25+0.01, 22 km s ! for GCM-
0.02-0.07, and 28 km s! for GCM-0.13-0.08. We t a
two-component model of temperature and density for all
three clouds. We consider kinetic temperatures between
20 and 300 K for both excitation components. For the
low-excitation component, we consider H number den-
sities between 16 cm 3 and 1 cm 3, and HC3N col-
umn densities between 18 cm 2 and 10 cm 2. For
the high-excitation component, we consider H number
densities between 16 cm 2 and 10 cm 3, and HC3N
column densities between 18 cm ? and 10" cm 2.

Using RADEX, we then compute line intensities for
the three xed FWHM values and a range of temper-
atures, densities, and column densities. We evaluate
the line intensities over a 30 by 30 grid of input tem-
peratures (linearly spaced) and densities (logarithmi-
cally spaced), with a separate grid computed for each of
20 logarithmically-spaced values of the column density.
This procedure is repeated for both the low-excitation
and high-excitation components, to make two separate
sets of output line intensities. In addition to reporting
the brightness temperature and ux for all transitions of
HC3N betweenJ = (1-0) and J = (24-23), RADEX also
reports the line opacity, which we use to verify that the
modeled (3-2) and (5-4) lines are optically-thin, consis-
tent with our observations.

To conduct a two-component t, we then perform chi-
squared tting of the observed line uxes (the sum of the
one or two Gaussian components t to each line) to the
summed model uxes from each combination of values
in the low-excitation and high-excitation RADEX runs.
The results of this tting are displayed in Figures 5, 6,
and 7. Figure 5 shows the chi-squared values for tting
to each cloud as two-dimensional grids of temperature
and density, marginalized over all values of the column
density. Separate grids are shown for the low- and high-
excitation components. Figure 6 shows chi-squared val-
ues from ts to each cloud as one-dimensional plots for
the density, marginalized over all values of temperature
and column density. The values for the low- and high-
excitation components are shown separately. Figure 7
shows the chi-squared values from ts to each cloud as
one-dimensional plots for the column density, marginal-
ized over all values of temperature and density. Again,
the values for the low- and high-excitation components
are shown separately.

In combination with the chi-squared tting we have
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applied an additional joint constraint on the abundance
and path length of the low-excitation component. If the
gas traced by low-excitation lines of HGN s truly ten-
uous, it could have a path length up to the entire depth
of the CMZ (e.g., 100 pc, Kruijssen et al. 2015). How-
ever, in this case, it should trace gas with a wide range
of velocities (e.g., Figure 4 of Kruijssen et al. 2015,in
which velocities along a single line of sight should span

100 km s 1), and so the relatively narrow linewidths
of 15-20 km s ! that are observed should rule this out.
We adopt a maximum path length of 10 pc, which is a
conservative assumption that would still mean the clouds
are more extended along line of sight than they appear
in the plane of the sky.

To determine a reasonable maximum HGN abun-
dance for the low-excitation gas in the CMZ, we rst
determine the mean HGN abundance for our best-t
model parameters. We compare the total HGN column
density from both the low- and high-excitation gas to
an estimate of the total H, column in each cloud from
Herschel-HiGal observations of the Galactic center (Moli-
nari et al. 2011; Battersby et al. 2011,Battersby et al.,
in prep.). Note that is not possible to separately esti-
mate the abundances of the individual excitation com-
ponents, as the fraction of the H column associated
with each component is unknown. The resulting best-
t mean abundances are shown in the right-hand panel
of Figure 7, and range from 2-5 10 °, consistent with
prior estimates for Galactic center clouds ranging be-
tween 10 11 5 10 ° for Galactic center clouds (Morris
et al. 1976; de Vicente et al. 2000). While de Vicente
et al. (2000) suggest that HGN abundances in several
of the Sgr B2 hot cores could be as high as 10, for the
extended clouds studied here we adopt a maximum value
for the HC3N abundance in the low-excitation compo-
nent of 10 8, consistent with the most extreme values
measured in the nuclei of other galaxies (Mauersberger
et al. 1990; Aalto et al. 2007; Meier & Turner 2005b). We
can then de ne a column density threshold as a function
of the gas volume density:

Nmax = |

n N[HC3N]=N[H;] (1)

where | is the maximum path length in cm, Npax is
the maximum allowed column density, n is the mod-
eled volume density, andN[HC3N]=N[H;] is the max-
imum allowed HC3N abundance. Eliminating those
RADEX solutions that would require unphysically large
path lengths or abundances sets both the lower bound on
the gas densities of the low-excitation component shown
in Figure 5 as well as the upper bound on the column
densities for the low-excitation component shown in Fig-
ure 7.

Overall, as expected, the temperature of these three
clouds is not constrained by our ts to the HC3N line
intensities. The density of the low-excitation gas is con-
strained to be between 18 and 10* cm 3 with no sig-
ni cant di erence in this value between the three clouds.
The density of the high-excitation gas is constrained to
be larger than 3 10* cm 2 for all three clouds. If we
assume the gas is warmer than 50 K as several previ-
ous studies have indicated, then the upéper bound on this
density is between 3 10° and 1¢° cm °; without a con-
straint on the temperature densities up to 10 cm 2 are
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allowed. The column density of the low-excitation gas is
constrained to be between 3 10" to 10 cm ° for
all three clouds. That of the high-excitation gas is con-
strained to be between 3 10 and 3 10" cm 3, with
somewhat higher values favored for GCM-0.02-0.07 than
for the other two clouds. We nd that the density of the
low-excitation component is < 10%° ¢cm 2 for all tem-
peratures considered. The density of the high-excitation
component is> 10*% cm 3, again for all clouds and tem-
peratures considered.

Comparing the best- t column densities of the low- and
high-excitation components, we nd that the fraction of
the HC3N column coming from gas withn > 10* cm 3
is  15% in all three clouds. From the range of allowed
column densities for each source, there is a suggestion
that this fraction may be slightly lower in GCM0.25+0.01
than GCM-0.13-0.08 and GCM-0.02-0.07, however, the
uncertainties are too large to make a convincing claim.

4. DISCUSSION
4.1. The HC3N Abundance and its Implications

In the three individual Galactic center clouds studied
here, we infer HGN abundances ranging from 2-5 10 °
(a factor of 2.5 variation between the three clouds). This
is comparable to HGN abundances measured in the nu-
clei of NGC 253 (4 10 °; Mauersberger et al. 1990) and
IC342 (6 10 ° 3 10 °; Meier & Turner 2005b).
It is also similar to the HC3N abundance in the Orion
hot core (2 10 °; Blake et al. 1987). This is not un-
expected given the chemical similarity of the bulk CMZ
gas to hot cores elsewhere in the Galaxy (Requena-Torres
et al. 2006). However, because the abundances we mea-
sure are referenced to K column densities from Herschel
dust continuum observations, they apply only to the sum
of the two observed excitation components. That we do
not constrain the relative abundance of the two compo-
nents is a source of uncertainty in our analysis, and for
interpreting results on the dense gas fraction in the three
main clouds and overall in the CMZ.

Chemical models predict a certain amount of abun-
dance variation for HC3zN. Current chemical models for
molecular clouds favor the gas-phase formation of HEN
via a neutral-neutral reaction (Fukuzawa et al. 1998;
Araki et al. 2016; Hily-Blant et al. 2018):

CN+CsH,! HC3N+H (2)

While many chemical models of HGN consider its for-
mation in dark clouds (e.g., to reproduce the abundances
of the cyanopolyyne peak in the Taurus Molecular Cloud;
Suzuki et al. 1992), where cold core chemistry e ciently
produces both the parent species ¢H, as well as HGN
such conditions do not match what is seen in the CMZ.
However, HG;N is also produced easily in a hot core en-
vironment like that seen globally in the CMZ, provided
that its parent species GHy is liberated from grains (as
has been observed in hot cores; Lahuis & van Dishoeck
2000) since GH, is not e ciently produced in the gas
phase under these conditions (Brown et al. 1988; Charn-
ley et al. 1992).

In a time-dependent chemical model of a hot core at a
xed temperature and density, there is a nearly 3 order
of magnitude di erence between the peak HGN abun-
dance (reached in a a few 1Dyears) and the steady state

abundance reached in 1P years (Chapman et al. 2009).
As the formation reaction for HC3N has a weak tempera-
ture dependence, variations in temperature are expected
to have only a small impact on its abundance. This is
consistent with what is seen in the Chapman et al. (2009)
models, where changing the temperature from 200 to 100
K results in column density changes of less than 0.5 dex,
while increasing the density by an order of magnitude
correspondingly increases the HgN column density by
an order of magnitude.

4.1.1. The Absolute Dense Gas Fraction in individual clouds

If we assume that the fractional HC;N abundance is
the same in the two excitation components that we ob-
serve, then we can interpret the fraction of the HGN
column coming from gas withn > 10* cm 2 ( 15%) as
the actual fraction of dense molecular gas in these clouds.
However, we cannot rule out that these components actu-
ally have di erent abundances, as we do not have a direct
constraint on the abundances of the individual compo-
nents. If we allow the relative abundances of the two
components to vary by an amount equal to the variation
in the total HC 3N abundance seen between the di erent
clouds in this analysis (a factor of 2.5), then the typical
dense gas fraction would be loosely constrained to be be-
tween 6% and 37%. Interestingly, Morris et al. (1976) in
a two-component model of HGN in Sgr B2 found that
the denser “core' component had a lower HEN abun-
dance than the lower-density “halo' component, which if
it applied more globally would result in a larger value
for the dense gas fraction. A more precise estimate will
ultimately require comparison of the HC3N results with
those of CO or another proxy gas tracer, in order to infer
the abundance relative to H, for each component.

4.1.2. The Relative Dense Gas Fraction across the CMZ

We see a dierence in the ratio of the HGN (10-9)
line (which primarily traces the high-excitation HC 3N
component) and (3-2) line (which primarily traces the
low-excitation HC3N component) in the CMZ for gas
betweenjlj < 1 and gas atl > 1 . If the relative HC 3N
abundance of these two excitation components (whether
or not they are identical) does not change, then we argue
in Section 3.1 that the di erent (10-9)/(3-2) line ratios
are likely to be due to a di erence in the gas density of
the two components. However, if these components rep-
resent physically and chemically distinct gas, it is also
possible that a change in the relative HGN abundances
in the low- and high-excitation components could repro-
duce this line-ratio signature. These abundance di er-
ences would be unlikely to be driven by temperature;
as has been previously noted, the inner CMZ gas is not
systematically warmer (or colder) than the gas atl > 1
(Ginsburg et al. 2016; Krieger et al. 2017). Similarly, Fig-
ure 2 of Mills & Battersby (2017) suggests that a change
in abundance is also not likely to be an outcome of an
enhanced shock chemistry in the inner regions, as shock-
tracing molecules like HNCO and SiO still show elevated
emission compared to the total H column atl> 1 . So,
while we cannot rule out that a change in the relative
HC3N abundance of the components leads to a larger
(10-9)/(3-2) ratio in gas with jlj < 1, there is also no
obvious reason to expect that the abundance of the high-



or low-excitation component would change signi cantly
at this radius.

4.2. The Degeneracy Between Density and Temperature

The radiative transfer modeling of HC3N excitation
in Galactic center clouds yields no constraint on the gas
temperature. This leads to a range of best- tting so-
lutions in which a solution for high densities and low
temperatures appears equally likely as a solution for low
densities and high temperatures for the range of lines
modeled here. Due to this degeneracy between temper-
ature and density, we assess three possible scenarios for
the combination of temperature and density in each com-
ponent. The impact of the temperature assumption for
each of these scenarios is illustrated in Figure 6, and the
ranges of temperatures and densities for each scenario
are reported in Table 3.

4.2.1. Scenario 1: The High-Excitation Component is Cold.

From our RADEX ts, densities up to 10 7 cm 3 (the
upper bound on the density considered by our model-
ing) are allowed for the high-excitation component. Such
high densities can only occur if the temperature of this
component is quite low,. 50 K. However, NH; tem-
perature studies of CMZ gas indicate that a signi cant
fraction (50-75%) of the CMZ gas traced by this molecule
is at temperatures greater than 50 K (Hattemeister et al.
1993; Krieger et al. 2017), much larger than the 15% of
gas that we associate with the high-excitation compo-
nent. Thus, to match the NH3 observations we would
have to assume that part of the low-excitation compo-
nent has T<50 K and part has T> 50 K. Further, at the
position we observe in GCMO0.25+0.01 the “low' kinetic
temperature measured with NH; is 60 K, which would
rule out gas with densities> 10° cm 2, at least in the
southern part of this cloud.

H,CO studies have the opposite problem: here, all of
the dense CMZ gas is consistent with having tempera-
tures > 65 K, with no possibility of a substantial quan-
tity of gas existing in a colder component (Ao et al. 2013;
Ginsburg et al. 2016). Although cold, dense gas is not
seen with H,CO, modeling of thermal gas properties in
the CMZ environment does predict that gas at densities
approaching 10 cm 2 should, in the absence of internal
heating sources like embedded protostars, begin to ther-
malize with dust temperatures which are 20-30 K in
the CMZ (Clark et al. 2013; Molinari et al. 2011). Thus,
while current observational evidence does not favor this
scenario, it is theoretically plausible. Qualitatively, this
scenario would be consistent with both cosmic ray and
PDR heating, in which UV radiation and cosmic rays can
more e ectively penetrate and heat the low-density gas.

4.2.2. Scenario 2: The High-excitation Component is Hot

In the reverse of the previous scenario, here the
high-excitation/ high-density component would be hot,
while the low-excitation/low-density component would
be cold. This is the scenario that best matches the two-
temperature model of CMZ gas from NH; observations:
the proportion of gas we nd in the high/low-excitation
components (15%/85%) is roughly consistent with that
found by Krieger et al. (2017), with 20-50% of the gas at
25-50 K, versus 50-80% of the gas at 60-100 K. In this
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scenario, the density of the low-excitation gas would be
between 1 5 10° cm 2, and the density of the high-
excitation gas would be between 3 100 3 1C° cm 3.
Note that we expect the “cold' gas component should
still be much warmer than the dust temperature, as den-
sities < 10* cm 2 are insu cient to thermalize the gas
with the dust, and thus we would favor the “cold' gas be-
ing closer to 50 K than 25 K. Qualitatively, this scenario
would be consistent with shocks as a heating mechanism,
with shocks both compressing the gas to higher density,
and heating it. Scenario 2 could also be consistent with
some fraction of the dense gas having an internal heating
source like embedded protostars.

4.2.3. Scenario 3: All the Gas is Hot (or Not)

In this scenario, the discrepancy between NK and
H,CO temperatures is resolved by assuming that
the H,CO temperatures are correct, and the NH
temperatures are systematically low, possibly due to
unaccounted-for population of the non-metastable NH
transitions which are detected in GCM-0.02-0.07 and
GCM-0.13-0.08 (Mills & Morris 2013). The low-density
comgonent would have densities between foand 10*
cm ° and the high-density component would have den-
sities between 1-3 10° cm 3.These values would how-
ever not be fully representative of typical CMZ gas, as
the three clouds observed here are somewhat warmer
(T H2co =90-140 K) than generally observed in the CMZ
(Th2co = 65 K). The relatively low densities and high
temperatures would be consistent with expectations that
the gas should not be well thermalized with the dust at
densities. 10° cm 2 (Clark et al. 2013). We do not
consider a scenario in which all of the gas is cold, as this
is ruled out based on consistent ndings of substantial
columns of hot gas from both HCO and NH3 (Ao et al.
2013; Ginsburg et al. 2016; Krieger et al. 2017; Mills &
Morris 2013).

It is also possible that the gas density and tempera-
ture do not neatly co-vary, e.g., that there is both hot
and cold high-density gas as well as hot and cold low-
density gas. This might be expected if both cosmic rays
and shocks/turbulent dissipation contribute to heating
CMZ gas, and the relative strengths of these heating
mechanisms vary across the CMZ. It could also occur
if e.g., some of the highest density gas thermalizes with
the dust and cools, while other clumps of high-density
gas are internally heated by protostars, or if some of the
low-density gas experiences additional PDR heating due
to its proximity to H 1l regions in the CMZ.

4.2.4. Distinguishing Between these Scenarios

While we favor Scenario 2, the current data do not
allow us to robustly con rm this model. Conclusively
determining the temperature of the HC3;N -emitting gas
would make signi cant progress not just in constraining
the density structure of CMZ gas, but also in distinguish-
ing between models for heating this gas. One of the best
tools for making progress on this front will be interfero-
metric observations of NH; and HC3N with ALMA and
the VLA, which should be able to isolate the clumpy
gas. With both high spatial and spectral resolution, it
will be easier to argue that NH; and HC3N are tracing
the same gas, and it should be possible to well-constrain
the properties of the clumpy, high-excitation component.



4.3. Comparison with Other Density Estimates

Prior to this work, there have been a number of studies
conducting radiative transfer modeling of non-LTE gas
conditions to match observed line intensities across the
CMZ to the temperatures, volume densities, and column
densities responsible for their excitation. Many of these
studies have been conducted with the CO molecule. Dah-
men et al. (1998) observe multiple isotopologues of CO
1-0 and t the observed intensities and opacities to mod-
els with gas densities of 18° cm 3 and temperatures of
50 K, which would apply to the bulk (most likely  2/3)
of the observed CMZ gas. Nagai et al. (2007) observe
CO 3-2 and 1-0 and t the observed intensities to mod-
els with gas densities of 18° 40 cm 3, though they note
they are unable to nd solutions to some regions that are
a ected by self absorption. For comparison, Martin et al.
(2004) performed excitation analyses of CO 7-6 and 4-
3, which have higher excitation energies than the lines
probed by Nagai et al. (2007) or Jones et al. (2013) and
nd densities in cloud interiors up to 104° cm 2, which is
the upper limit to which their analysis code is sensitive.
Typical CMZ gas densities in excess of f0cm 2 have
been supported by excitation analyses of HCO emission
(Gusten & Henkel 1983; Zylka et al. 1992) and dense gas
tracers like 13CS, HCN, and HC;N (Paglione et al. 1998;
Jones et al. 2012, 2013).

CO has also been used to infer the presence of much
lower density gas. Dahmen et al. (1998) estimate a third
of the gas in the CMZ (and possibly up to two thirds) is
in a warm and tenuous component with densities of 18°
cm 2 and temperatures of 150 K. This component is also
traced by H; (Oka et al. 2005) in the near-infrared and
numerous hydrides observed with Herschel (Geballe &
Oka 2010; Schilke et al. 2010; Lis et al. 2010a,b; Sonnen-
trucker et al. 2013; Menten et al. 2011; Monje et al. 2011;
Lis et al. 2012). Most of these species are observed in ab-
sorption toward multiple lines of sight against strong in-
frared and submillimeter continuum sources, especially
toward Sgr B2 and Sgr A. The H; observations have
characterized this gas component as warm (T 250-350
K), diuse (n 10 100 cm 3) and pervasive{ the in-
ferred sizes of the absorbing clouds are several tens of
parsecs, and are suggested to constitute a substantial
fraction of the volume lling factor in the CMZ (Oka
et al. 2005; Goto et al. 2008; Goto et al. 2011). However,
as this component has thus far primarily been detected
only in absorption toward pencil-beam lines of sight and
in emission at extremely low spatial resolution from CO
and CH (e.g., 9 Dahmen et al. 1998; Magnani et al. 2006;
Riquelme et al. 2018), it is not clear whether it llIs the
entire CMZ, or if it simply comprises the more extended
envelopes of the known clouds, the bulk of which lie in a

100 pc ring-like structure (Molinari et al. 2011; Krui-
jssen et al. 2015).

Locally higher densities have previously been inferred
from analyses of individual clouds. Observations of mul-
tiple transitions of CS in several clouds (M-0.02-0.07, and
the Sickle cloud, which abuts the Quintuplet star clus-
ter) indicate that the highest gas densities in these clouds
can range from a few 18 up to a few 1 cm 2 (Serabyn
& Guasten 1991; Serabyn et al. 1992). Similar excitation
analyses of multiple transitions of HGN show that even
denser gas can be found in the Sgr B2 cloud, whose mean

density is measured to be 1®cm 2 and the core of which
has densities in excess of 10cm 2 (Morris et al. 1976;
Lis & Goldsmith 1991). Gas in the circumnuclear disk

1-2 parsecs from the supermassive black hole Sgr A*
is also measured to be extremely dense, with gas densi-
ties from CO and HCN reaching values up to 10  10°
cm 3(Requena-Torres et al. 2012; Mills et al. 2013; Smith
& Wardle 2014).

Density estimates have also been made for two of the
three clouds we focus on here. Observations of HO!
1-0 through 25-24 in GCM-0.02-0.07 were t with two
density components, with the lower-density component
being several times 18 cm 2 and the high-density com-
ponent being a few 16 cm 2 (Walmsley et al. 1986).
In GCMO0.25+0.01, densities are estimated to be com-
parable to the highest densities in GCM-0.02-0.07, lying
between 8 10*cm 3 (Longmore et al. 2012) to a few
times 1° cm 2 (Kau mann et al. 2013), though these
estimates are based on a combination of column density
and geometric arguments, and no excitation analysis of
the density has been published. Notably, all of the global
gas density studies (and the majority of density studies
for individual clouds) have assumed a single density com-
ponent.

By constraining two density components in the CMZ
gas, we better quantify the distribution of CMZ gas den-
sities that have typically been approximated as n 10
cm 2 Dby tting just a single density component and
yielding an indeterminately-weighted average of the true
distribution of gas densities. We argue that, with  85%
of the HC3;N-detected gas having densities of 3 10°
cm 3, we should instead think of the 'typical' gas den-
sity in the Galactic center clouds as being signi cantly
less than 1¢ cm 3. In fact, by focusing on the proper-
ties of gas near the center of three of the most massive,
dense clouds in the CMZ, these results may in fact be
biased toward measuring higher densities than are typi-
cally present in the CMZ. Future measurements of HGN
lines away from the dense cloud centers would better
show how representative these measured densities are.
Finally, while we do not appear to directly probe the
n 100 cm ® gas detected in some prior studies, our
observations of densities from 10° 10° cm 2 suggests
that there may be a continuum of gas densities that con-
nects the observed clouds to this tenuous medium (per-
haps consistent with the structure of cloud envelopes)
rather than sharply-de ned “dense' clouds embedded in
a pervasive, uniformly-di use medium.

4.4. Dense Gas and Star Formation in the CMZ

Having analyzed the three clouds for which we observe
the largest number of HGN lines, we return now to the
ratio maps of HC3N lines for the entire CMZ. Looking
at the examples of best-t models to the observed line
intensities (Figure 8), we see that the ratio of the (10-9)
line to the (3-2) line should be sensitive to the presence of
gas at densities above 10cm 3, as line intensities from
a 10° cm 2 density component peak around) =12, as
can be seen in Figure 8. We then interpret regions of
weaker (10,9) emission as having a lower fraction of the
& 10* cm 2 density gas that is detected in all three of
the clouds we observe.

As noted earlier, we see a transition in the (10-9)/(3-2)



ratio in Figure 4, in which the (10-9) emission is relatively
much weaker atl > 1 . We interpret this as there be-
ing a lower (or potentially negligible) fraction of & 10*
cm 2 density gas outside of a radius of 140 pc. This
is consistent with the Krumholz et al. (2017) model that
predicts the gas density should sharply transition from
values. 10 cm 2 to having an average density 10*
cm 2 at this Galactocentric radius (see, e.g., their Fig-
ure 13). This is consistent with their model, which says
that this 100 pc radius is a minimum in the shear
that transports gas inward, and is a location where gas
builds up and undergoes starbursts. With the existing
maps, we can only test for this signature on the positive-
longitude side of the CMZ; however the Krumholz et al.
(2017) model would predict that the same density transi-
tion occurs at negative longitudes beyond Sgr C as well.
If the high-excitation gas is much hotter than 50 K
(as we argue is the more likely scenario), the three ob-
served clouds would all have peak gas densities less than
4 10°cm 3, much lower than found for the Sgr B2 cloud
( 10" cm 3; Lis & Goldsmith 1991). If however the
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star-forming structures in which self-gravity has over-
come the turbulent pressure. Currently, the precision
of our observations is insu cient to measure variations
in the amount of high-density gas in the three observed
clouds. However, we would predict a lower fraction of
high-density (n> 10° cm 2) gas in clouds with little to no
star formation like GCM0.25+0.01, compared to GCM-
0.02-0.07, GCM-0.13-0.08, and ultimately much less than
in Sgr B2. Observations of a larger number of lines (par-
ticularly including the isotopologues of all transitions to
constrain the opacity in each component) should enable
these measurements in the future.

5. CONCLUSION

We have studied multiple transitions of HC3N in the
central R 300 pc or CMZ of our Galaxy. We ana-
lyzed both maps of HGN (3-2), (5-4) and (10-9) across
the full CMZ as well as pointed observations of higher-
J lines toward the GCMO0.25+0.01, GCM-0.02-0.07, and
GCM-0.13-0.08 clouds. By conducting radiative transfer
modeling of these lines using the RADEX code, we have

dense gas is at the lowest temperatures measured at these arrived at the following results:

positions using NHs, this could allow for gas densities
in at least two of the observed clouds (GCM-0.02-0.07,
and GCM-0.13-0.08) to reach values> 10° cm 2, con-
sistent with the volume-density threshold for star forma-
tion of 1C° cm 2 that is predicted by the Krumholz
et al. (2017) model. Although GCMO0.25+0.01, GCM-
0.02-0.07, and GCM-0.13-0.08 are not actively forming
stars at the same rate as Sgr B2, all three clouds do at
least have some signature of star formation (either wa-
ter masers or compact Hil regions; Lis et al. 1994; Lu
et al. 2017; Ho et al. 1985; Goss et al. 1985). To have
the densities in these clouds then be consistent with the
Krumholz et al. (2017) threshold requires either (1) that
the high-density gas be at temperatures K 50 K, (2)
that high densities are only reached in a small fraction
of the gas on spatial scales much smaller than those av-
eraged together in this study, or (3) that the densities
we measure toward these three positions are not repre-
sentative of the (higher) densities found elsewhere in the
cloud. In the future, stronger tests of the Krumholz et al.
(2017) threshold for star formation can be made both by

measuring gas densities on smaller spatial scales across

entire clouds, and measuring densities toward additional
CMZ gas that is not associated with signatures of star
formation.

In environments outside of the Galactic center, the
amount of star formation in a cloud has also been linked
to the fraction of gas that exists at higher (column)
densities (e.g., Imara 2015). ALMA observations of
GCMO0.25+0.01 have already shown evidence for an ex-
cess of high column density gas, deviating from a log-
normal column density probability distribution function,
which is associated with a star-forming core in this cloud
(Rathborne et al. 2015). We might expect to nd a sim-
ilar excess of high volume-density gas originating from

1. In all three clouds we nd two density components,
a low-excitation, low-density component with n
< 10* cm 3, and a high-excitation, high-density
component with n > 3 10* cm 8.

2. If we adopt the measured ammonia temperatures
of Krieger et al. (2017) for these three clouds, as-
suming that the low-density gas has temperatures
T = 25 - 60 K and the high-density gas has tem-
peratures 60 -100 K, we can further constrain the
low-density component to be between 19 and 10*
cm 2 and the high density component to be be-
tween 8 10*and 4 10° cm 3

3. Comparing the relative columns of these two com-
ponents, we nd that all three clouds are consistent
with having 15% of the gas detected with HGN
in the high-density component.

4. Across the entire CMZ, we nd that the ratio of
the HC3N (10-9) to (3-2) line increases sharply at
R. 140 pc. Based on the three clouds we modeled,
we interpret this as indicating that the fraction of
dense (> 10* cm 3) gas increases inward of this
radius, consistent with the predictions of the model
of Krumholz et al. (2017).
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TABLE 1
Observed Transitions of HC 3N
Transition Frequency E upper /K N it at 50 K 2 Telescope Beam FWHM
(GHz) (K) 10* cm 8 00
HT3CCCN
(3-2) 26.450591 2.5 GBT 2800
(5-4) 44.084162 6.3 GBT 1700
HC 3N
(3-2) 27.29429 2.6 0.18 GBT 2800
Mopra 120090
(4-3) 36.39232 4.2 0.47 GBT 2100
(5-4) 45.49031 6.5 0.96 GBT 1700
Mopra 6500
(10-9) 90.97902 24.0 8.2 Mopra 4000
(18-17) 163.75339 74.7 190 APEX 3800
(19-18) 172.84930 83.0 220 APEX 3800
(21-20) 191.04030 100.9 280 APEX 3800
(24-23) 218.32472 131.0 590 APEX 2900

2Calculated using the collisional coe cients of Faure et al. ~ (2016)



TABLE 2
Measured Line Parameters
n

Source Species Transition Resolution Vv cen Viwhm Peak T g Tve dv
kms 1) (kms 1) (K) (kms 1)

GCM0.25-0.01 (a) HI3CCCN (3-2) 28 337 06 201 15 014 001 3.0 0.2
(5-4) 17 334 03 172 0.8 025 0.01 46 01
HC3N (3-2) 28 343 01 184 01 365 0.01 713 01
(4-3) 21 348 0.1 187 0.1 480 0.02 953 0.1
(5-4) 17 340 0.1 190 01 452 001 915 0.1
(10-9) 40 36,5 0.1 167 02 139 0.01 247 0.1
(18-17) 40 370 0.1 145 0.1 065 0.01 101 01

(19-18) 40 376 01 146 03 042 001 65 0.1

(21-20) 40 36.6 02 152 06 022 001 36 0.1

(24-23) 40 357 07 151 17 0.09 001 15 0.2

GCM0.25-0.01 (b) HC3N (3-2) 28 20.0 23.0 08 033 001 81 04
(4-3) 21 20.0 189 13 038 0.03 7.7 0.8

(5-4) 17 20.0 145 1.1 0.13 0.01 20 03

(10-9) 40 20.0 121 2.0 014 002 18 04

(18-17) 40 20.0 102 0.7 011 0.01 12 01

(19-18) 40 20.0 120 16 006 001 08 0.1

(21-20) 40 20.0 116 58 002 001 02 02

GCM-0.13-0.08 (a) HI3CCCN (3-2) 28 7.0 0.1 190 29 007 001 15 03
(5-4) 17 1.5 13 133 29 008 001 12 03
HC3N (3-2) 28 70 0.1 220 04 229 004 537 0.2
(5-4) 17 57 0.1 206 0.1 250 001 546 0.1
(10-9) 40 70 0.1 159 0.2 178 0.02 301 0.1

(18-17) 40 6.7 0.1 16,8 03 052 001 93 0.1

(19-18) 40 74 0.1 180 03 040 001 7.6 0.1

(21-20) 40 6.4 04 163 10 017 001 29 0.1

(24-23) 40 6.0 0.6 130 15 011 001 15 0.2

GCM-0.13-0.08 (b) HI3CCCN (3-2) 28 125 06 54 0.9 0.13 0.02 0.7 0.2
(5-4) 17 11.7 0.2 6.3 05 0.24 0.02 16 0.2
HC3N (3-2) 28 127 01 6.0 0.1 2.87 0.07 184 0.4
(5-4) 17 127 01 57 0.1 257 0.01 155 0.1

GCM-0.02-0.07 HI3CCCN (3-2) 28 502 08 300 0.1 013 001 41 02
(5-4) 40 512 05 238 12 018 0.01 47 03
HC3N (3-2) 28 489 0.1 246 01 331 0.01 866 0.2
(5-4) 40 506 0.1 234 01 375 002 937 0.8
(10-9) 40 471 0.1 243 0.2 204 001 528 0.5
(18-17) 40 471 021 211 01 112 0.01 250 0.2
(19-18) 40 472 0.1 208 02 090 0.01 200 0.2
(21-20) 40 47.1 01 209 04 047 0.01 104 0.2

(24-23) 40 44 03 214 07 031 001 7.0 03
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TABLE 3
Adopted and Modeled Source Properties

Excitation GCMO0.25+0.01 GCM-0.02-0.07 GCM-0.13-0.08

Component
log [N hcan(em  2)] low 14:9702 14:972 14:97%
log [N ucyn(em  2)] high 13:8"%:3 14:2*%1 13:.9'%:2
N e antigh) /N HE 3Ndow) 0.08 0.06 0.20 0.15 0.10 0.09
log [N 2 (cm  2)]2 both 22:40"%% 22:28"0¢ 22:67"%09
log [HC 3N/H 5] both 8:5%%:2 8:3'% 2 8:8"%2
Tkin :nH3 (K) P low 64 18 41 8 26 3
Tin:nHe (K) © high 69 4 102 7 54 6
T kin :Hzco (K) ¢ both 140 30 101 13 91 16
log [n p2 (cm  3)] low 35703 3.4 3477
log [n {2 (cm  3)] high >46 >47 >45
log [n w2 cm  %)]° low 3393 34753 33703
log [n 12 cm  3)]f high 5.2'0:3 >5.6 >55
log [n w2 (cm  3)]9 low 3.3+00ﬁ 3.4*002? 3.4*%;2
log [n w2 (cm )N high 5.2'0:3 5.2'%:3 5.2'%:3
log [n 12 (cm 3] low 3.2+Oo;§ 3.4*0035 3.3+°O§‘21
log [n w2 (cm 3] high 493 5.2'%% 48973

2From Battersby et al. (in prep.) derived using Herschel data  using the method of Battersby et al. (2011).

P From Krieger et al. (2017), derived from the (1,1)-(2,2) lin  es of NH3.

CFrom Krieger et al. (2017), derived from the mean of the tempe ratures between the (2,2)-(4,4), (3,3)-(6,6), and (4,4)-( 5,5) lines of NH 3.
dFrom Ginsburg et al. (2016) derived from the 3 21-220 and 3p3-202 lines of H,CO.

€Determined by restricting temperature to the mean value mea sured by Krieger et al. (2017) using the J > 2 NH3 lines (Scenario 1).
fDetermined by restricting temperature to the value measure d by Krieger et al. (2017) using the (1,1)-(2,2) NH 3 lines (Scenario 1).
9Determined by restricting temperature to the value measure d by Krieger et al. (2017) using the (1,1)-(2,2) NH 3 lines (Scenario 2).
hDetermined by restricting temperature to the mean value mea sured by Krieger et al. (2017) using the J > 2 NH3 lines (Scenario 2).
iDetermined by restricting temperature to the mean value mea sured by Ginsburg et al. (2016) (Scenario 3).
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