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ABSTRACT

We present observations of HCN J = 4-3 and HCO" J = 4-3 lines obtained with the James Clerk Maxwell Telescope as part of
the MALATANG survey, combined with archival HCN J = 1-0 and HCO* J = 1-0 data from the Green Bank Telescope, to study
the spatial distribution and excitation conditions of dense molecular gas in the disk of M82. We detected HCN J = 4-3 and HCO*
J =4-3 emission within the central region (<500 pc) of the galaxy, while the J = 1-0 emission lines exhibit a more extended spatial
distribution (3700 pc). The dense gas shows a clear double-lobed structure in both spatial distribution and kinematics, with the HCN
and HCO* J = 4-3 lines in the southwest lobe blueshifted by ~40 kms™! relative to the J = 1-0 lines. The HCN J = 4-3/1-0 and
HCO* J =4-3/1-0 line-luminosity ratios range from 0.09 to 0.53 and from 0.14 to 0.87, respectively, with mean values of 0.18 + 0.04
and 0.36 + 0.06. The HCN ratio is lower than the typical average observed in nearby star-forming galaxies, whereas the HCO™ ratio is
comparatively higher, suggesting that the high-J HCN emission in M82 is significantly sub-thermally excited. Spatially, peak values
of the J = 4-3/1-0 ratios are found in the northwest region of M82, coinciding with the galaxy-scale outflow. Elevated HCN/HCO*
ratios have also been detected in roughly the same area, potentially tracing local excitation enhancements driven by the outflow. The
HCN/HCO" J = 4-3 ratio across all detected regions ranges from 0.19 to 1.07 with a mean value of 0.41 + 0.11, which is significantly
lower than the average J = 1-0 ratio of 0.76 + 0.08. Both ratios are significantly lower than the average values observed in nearby
star-forming galaxies, which could be related to the relatively low gas density and the presence of an extended photodissociation
region in M82.
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1. Introduction

Molecular gas serves as a reservoir of raw material for star
formation. Numerous studies have indicated that star forma-
tion in galaxies is more directly linked to dense gas rather
than to diffuse atomic gas or low-density molecular gas
components (e.g., Gao & Solomon 2004a; 2004b; Gao et al.
2007; Baan et al. 2008; Bigiel et al. 2008; Liu & Gao 2010;
Wang et al. 2011; Garcia-Burillo et al. 2012; Kennicutt & Evans
2012; Zhangetal. 2014; Liuetal. 2016; Onusetal. 2018;
Li et al. 2020; 2021).

MS?2 is a prototypical starburst galaxy, characterized by a
galactic-scale outflow (initially observed by Lynds & Sandage
1963). With the properties listed in Table 1, it provides an excel-
lent environment for investigating the connection between star
formation and gas in a galaxy, owing to its proximity (D =
3.5 Mpc; Dalcanton et al. 2009), elevated infrared (IR) luminos-
ity (Lg ~ 5.6 x 10'° Ly; Sanders et al. 2003), and substan-
tial star formation rate (~9 Mg yr~! over the last 100 Myr; e.g.,
Calzetti 2013; Strickland et al. 2004). Far-infrared (FIR) con-
tinuum observations have revealed a characteristic dust tem-
perature of ~30K in the central starburst region of M82 (e.g.,
Pattle et al. 2023; Roussel et al. 2010). The molecular gas in
MS2 has been studied through a variety of CO-line observa-
tions across the millimeter (mm) to FIR (e.g., Loiseau et al.
1990; Weill et al. 2001; Walter et al. 2002; Salak et al. 2013;
Leroy et al. 2015; Chisholm & Matsushita 2016). The molecu-
lar gas disk exhibits a prominent double-lobed structure, with
bright lobes located northeast (NE) and southwest (SW) of the
galaxy’s center. This structure is clearly seen in low-J '>CO
(hereafter simply referred to as CO when not otherwise spec-
ified) and '3CO transitions, and is preserved in higher transi-
tions up to at least J = 7—6 (e.g., Loenen et al. 2010). While
the lobes are roughly symmetric in position, the intensity distri-
bution is asymmetric (e.g., Kikumoto et al. 1998). Furthermore,
the separation between the two lobes varies with the J number
(e.g., Mao et al. 2000; Ward et al. 2003). These trends indicate
the presence of two molecular gas components: low-excitation
gas that is more extended and dominates low-J transitions and
high-excitation gas that is more compact and dominates mid- to
high-J transitions (e.g., Loenen et al. 2010). '*CO shows a sim-
ilar overall distribution as CO but it is relatively weak and more
centrally concentrated. The CO/'3CO intensity ratio is generally
high in M82, possibly due to enhanced UV radiation in the star-
burst region that photodissociates '*CO more efficiently (e.g.,
Loiseau et al. 1988; Neininger et al. 1998). It is also possible
that elevated local temperatures cause the 13CO(1-0) to become
optically thin by shifting the population distribution toward
higher levels (e.g., Matsushita et al. 2010). These results suggest
that the molecular gas in M82 is multi-phase and structurally
complex.

Low-J CO transitions have low critical densities (~300—
1000 cm™) and are often used to trace the total molecular gas
as a proxy for Hj, which lacks an electric dipole moment (e.g.,
Bolatto et al. 2013). Higher-J CO transitions (J > 4-3) have
higher critical densities, but are more sensitive to warm molec-
ular gas, while dense-gas tracers such as HCN and HCO™ are
used to trace cold and dense molecular gas (e.g., Shirley 2015).
Combining different tracers is essential for understanding the
distribution and excitation of molecular gas in galaxies. Exist-
ing observations of HCN and HCO™ in M82 have primarily
focused on the J = 1-0 transitions (e.g., Salasetal. 2014;
Kepley et al. 2014; Ginard et al. 2015; Li et al. 2022). While
detections of high-/ HCN and HCO™" lines have been reported
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Table 1. Basic properties of M82.

Parameters Value Ref.
RA (J2000) 09h55m52s4 (1
Dec (J2000) +69°40°4677 (1)
Distance 3.5Mpc €))]

Diameter (Dys)
Velocity (LSR)

11.2" x4.3’ 2)
225kms™! )

Morphology Type 10, edge-on 3
Inclination 80° 3
Position angle 65° 3)

Notes. (1) Karachentsev et al. (2004); (2) Neininger et al. (1998);
(3) de Vaucouleurs et al. (1991).

in the galaxy’s center and its surrounding regions (e.g., Israel
2023; Seaquist et al. 2006), spatially resolved maps and system-
atic comparisons across multiple transitions remain scarce.

A major challenge in studying the distribution and exci-
tation state of dense gas in extragalactic systems lies in the
intrinsic faintness of its emission. In most regions of galaxies,
HCN and HCO™ lines are significantly weaker than those of
CO, typically by a factor of by 10-30 (e.g., Gao & Solomon
2004b). Benefiting from the 16-receptor array receiver Hetero-
dyne Array Receiver Program (HARP, Buckle et al. 2009), the
James Clerk Maxwell Telescope (JCMT) is capable of efficiently
producing large-scale maps, enabling spatially resolved obser-
vations of dense molecular gas in nearby galaxies. The JCMT-
MALATANG program aims to map HCN(4-3) and HCO*(4—
3) emission in 23 nearby galaxies (Tan et al. 2018; Jiang et al.
2020). In this study, we combine MALATANG observations
of M2, with HCN(1-0) and HCO™"(1-0) data from Salas et al.
(2014), along with additional archival datasets, to investigate the
spatial distribution and excitation state of dense gas across the
disk of M82.

In Sect. 2, we briefly describe the observations and data
reduction. Section 3 presents the spectra, stacking results, veloc-
ity distributions, and line ratios. In Sect. 4, we analyze the trends
in the line ratios, explore their possible physical origins, and
compare our findings with previous studies. Our main results are
summarized in Section 5.

2. Observations and data reduction
2.1. JCMT HCN(4-3) and HCO* (4-3) observations

The first phase of the JCMT Large Program MALATANG
(project code: M16ALO007) conducted a total of approxi-
mately 390 hours of observations from December 2015 to July
2017, mapping HCN(4-3) and HCO™"(4-3) line emission in
23 nearby IR-bright star-forming galaxies (Tanetal. 2018;
Jiang et al. 2020). For M82, observations of HCN(4-3) and
HCO™(4-3) were conducted across the central 2’ x 2’ region,
which is centered at RA (J2000.0) = 09"55™5234 and Dec
(J2000.0) = +69°40'4679. The total integration times were
150 minutes for HCN(4-3) and 100 minutes for HCO*(4-3),
including the time spent integrating on both the source and
the reference position. The HARP array was used to carry
out 3 X 3 jiggle-mode observations with grid spacing of 10”.
Figure 1 shows the mapped positions for M82, while the
incompleteness of observation coverage was due to two adjacent
receptors (H13 and H14) at the edge of the array not work-
ing. The receiver backend is the Auto-Correlation Spectral
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Fig. 1. JCMT MALATANG observed positions for M82 overlaid
on HST Ha emission (NASA, ESA, The Hubble Heritage Team,
Mutchler et al. 2007). The yellow circles indicate to the spatial areas
covered by the JCMT HARP receivers using jiggle mode, and the
galaxy’s center is marked by a red circle. The 9 x 9 ICMT MALATANG
observation of HCN(4-3) and HCO*(4-3) is represented by the blue
box. In this study, we define the region enclosed by the red rectangle
as the area dominated by the disk of M82, which is slightly larger than
the CO molecular disk described in Walter et al. (2002) and Salas et al.
(2014). Following the definition of the outflow regions in Leroy et al.
(2015) based on CO, Ha, FUV, and X-ray emission, we represent the
regions associated with outflow as a conical structure with a base of
300 pc and an opening angle of 20°, as indicated by the red dashed lines.

Table 2. Summary of MALATANG observational parameters
for M82.
Parameters HCN(4-3) HCO"(4-3)
Observation date 2015 Dec. 10, 2015 Dec. 12 2015 Dec. 13
Frequency 354.265 GHz 356.494 GHz
ROT_PA * 65 deg 65 deg
Ty 270K 338K
T (225 GHz) 0.031 0.051
tine 150 min 100 min
Mapping region 2" x2 2’ x2
FWHM 14” 14"

Notes. + Position angle of the galaxy’s major axis, adopted for map-
ping the HCN and HCO™ emission. * Total integration time including
ON + OFF.

Imaging System (ACSIS) spectrometer with a band-
width of 1GHz and a resolution of 0.488 MHz, cor-
responding to 840kms™' and 041kms™! at 354GHz,
respectively. The FWHM beam width of each receiver
at 350GHz is about 14", corresponding to a physical
scale of 245pc at M82’s distance of 3.5Mpc. All the
MALATANG observation parameters of M82 are shown in
Table 2.

2.2. GBT HCN(1-0), HCO* (1-0) and ancillary data

The HCN(1-0) and HCO*(1-0) data were obtained from
Kepley et al. (2014) and Salas et al. (2014), observed with the
4-mm (W band) receiver and spectrometer of the Green Bank
Telescope (GBT). Observations were conducted under excellent
weather conditions for approximately 15 hours. The beam size
of the calibrated cubes is 9”/2. In order to compare these with the
HCN(4-3) and HCO™" (4-3) data, we convolved the GBT data to
a 14" resolution, following the method of Aniano et al. (2011).

We obtained the M82 '2CO(1-0) data from the Nobeyama
COMING project! (Sorai et al. 2019). At 115GHz, the beam-
size of the Nobeyama 45-m radio telescope is approximately
14", which is consistent with the MALATANG data. The CO(3-
2) data were obtained from the JCMT Nearby Galaxies Survey
(Wilson et al. 2012).

2.3. Data reduction

This work used the GILDAS/CLASS? software package for
spectral reduction throughout the entire process. These JCMT
NDF (N-Dimensional Data Format) files were converted into
a format compatible with the GILDAS/CLASS software pack-
age, retaining all the raw spectra. We filtered each individual
raw spectrum instead of the averaged results at a given position,
allowing for more spectral data to be retained. First, we manually
inspected and removed spectra with obvious issues. Then, we
developed an automated script to mask the 10% of spectra with
the highest noise levels. Next, we averaged the spectra at each
position and combined data from different scans using noise-
weighted averaging. After these steps, we performed low-order-
polynomial baseline subtraction and used the velocity range over
which line emission was detected in CO(3-2) as a reference
for where we would expect emission to be found for the other
observed lines, as well as to calculate upper limits. Finally, we
smoothed the spectra to a velocity resolution of approximately
13kms~!. Figure A.1 presents a comparison of selected spectra
from this work and Tan et al. (2018).

2.4. Measurements of flux density and line luminosities

We adopted the same method as proposed by Gao (1996) to
identify the emission lines, based on the criterion that the
velocity-integrated line intensity >3c¢", where the uncertainty, o,
is obtained from the following formula:

A ine
07 = Tims VAU]ineAUres 1+ i : (1)
Avpase

Here, T\ denotes the root-mean-square (RMS) main-beam
temperature of the line data, considering a spectral velocity res-
olution of Avyes, Avjine represents the velocity range of the emis-
sion line, while Auvy,e is the velocity range employed to fit the
baseline. For the JCMT HCN(4-3), HCO*(4-3) and CO(3-2)
data, the flux density is calculated using S/Tmp = 15.6/nmp =
244 ]y K~! (Tan et al. 2018 for more details). For the GBT data,
we adopt the main-beam efficiency nmp, = 0.26 (Kepley et al.
2014) and S /Typ> = 1Jy K=, For the NRO 45 m COMING data,
we adopt the 77y, of 0.45 at 115 GHZz*, and the S /Ty, calculated
for 2CO(1-0) is 2.12°.

! https://astro3.sci.hokudai.ac.jp/~radio/coming/

2 http://www.iram.fr/IRAMFR/GILDAS/

3 https://www.gb.nrao.edu/GBT/Performance/
PlaningObservations.htm

4 https://www.nro.nao.ac.jp/~nro45mrt/html/prop/eff/
eff2015.html

> https://www.nro.nao.ac.jp/~nro45mrt/html/prop/plan.
html
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Fig. 2. Top: RMS-weighted spectral stacking results for the disk of
MS82. The velocities of dense-gas tracers were corrected according to
the line center of CO(3-2) before stacking. A scaling factor of 6 was
applied to HCN(1-0) and HCO*(1-0). The velocities at the centers of
the Gaussian fits for HCN(1-0), HCO* (1-0), HCN(4-3), and HCO*(4—
3)are 143 +0.5,13.6 £+ 0.6,-0.6 + 2.5, and —1.8 + 1.9kms™!, respec-
tively. Bottom: RMS-weighted spectral stacking results for the disk of
MS82 without velocity correction.

The calculation of line luminosity, L’gas, is conducted using
the equation provided in Solomon et al. (1997):

L. =325x%x10’

gas

( S Av )( vobs)2
1Jykms™'/\1GHz

2
) (1+2)7° [Kkms™ pc?]. )

% L
(lMpc

3. Results
3.1. Spectra and stacking results

Figures A.3-A.5 show the spectra of all gas tracers. Given
that the intensities of HCN(4-3) and HCO*(4-3) are signifi-
cantly lower than those of other lines, we applied scaling factors
to CO(1-0), CO(3-2), HCN(1-0), and HCO*(1-0) for clearer
comparison. In most regions, different tracers exhibit similar
spatially integrated line centers and line widths. However, in cer-
tain areas, such as on the southwest (SW) side of the major axis
at offset (—10,0) and (—20,0), the line center of CO(1-0) deviates
by ~50km s~

A72, page 4 of 16

We performed spectral stacking for HCN(4-3), HCO™ (4-
3), HCN(1-0), and HCO*(1-0) in the disk regions. We calcu-
lated the weights using the RMS of HCO*(1-0): weight = 1/,
and the same weight distribution was applied to all dense gas
tracers. The global rotation and local dynamics of M82 cause
velocity shifts in emission lines at different regions. To achieve a
higher S/N in the stacked results, we performed velocity correc-
tions before stacking. We assumed that the velocities of dense-
gas signals potentially hidden in the noise are the same as or
close to the CO(3-2) velocities at the same regions. Under this
assumption, we shifted the velocity centers of dense-gas lines
to Okms~! based on Gaussian fits to the CO(3-2) line. We
also conducted spectral stacking without velocity corrections
to preserve the local dynamical characteristics across different
regions. Figure 2 presents both the velocity-corrected (top panel)
and uncorrected (bottom panel) stacking results. In the velocity-
corrected result, the velocity-integrated intensity of HCN(4-3)
is lower than HCO*(4-3) with a lower ratio compared to that
of HCN/HCO™ (1-0) ratio, indicating that the excitation of high-
J HCN emission is significantly suppressed within M82. The
HCN(4-3) and HCO*(4-3) spectral profiles are more alike to
each other than to their respective J = 1-0 transitions. However,
slight shifts in peak velocity are observed between the J = 1-0
and J = 4-3 lines. In the uncorrected result, these velocity off-
sets mainly appear on the blueshifted side, corresponding to the
SW lobe shown in Fig. 3.

Additionally, we performed spectral stacking for two speci-
fied regions to search for potential J = 4-3 signals. Region A
includes areas where HCO™* (1-0) was detected, but HCO™* (4-3)
was not; region B includes areas where HCN(1-0) was detected
but HCN(4-3) was not. The results of stacked spectra, as well
as the spatial definitions of regions A and B, are presented in
Fig. A.2. The integrated velocity flux densities obtained from
the stacking are listed in the last columns of Table A.2. Follow-
ing stacking, HCO*(4-3) emission with S/N > 3 was detected
in both regions, whereas HCN(4-3) emission with S/N > 3 was
detected only in region B.

3.2. Velocity distribution

In Fig. 3, we present the position-velocity (p—v) diagram along
the major axis. The systemic velocity of M82, Vi, (LSR) =
+225kms~! (Neininger et al. 1998) has been subtracted, and the
dynamical center is marked at (V — Vs = 0, offset = 0). All trac-
ers exhibit a characteristic “figure-eight” pattern, with intensity
offset from the center by =10 arcsec.

On the NE side of the dynamical center (i.e., the upper left
of each panel in Fig. 3), the contour shapes and peak positions
of the four dense gas tracers are broadly consistent, although
HCN(4-3) appears more spatially concentrated. CO(3-2) and
CO(1-0) also show good spatial and kinematic agreement. In
contrast, on the SW side of the dynamical center (i.e., lower
right of each subpanel in Fig. 3), the peaks and contour shapes
diverge significantly between different lines. In addition to the
normal behaviour following the HCN(1-0) and HCO*(1-0) pat-
tern, HCN(4-3) and HCO™*(4-3) exhibit an additional bright
region, which results in their peak velocities being about
—110kms™!, offset by ~40km s~ from those of HCN(1-0) and
HCO*(1-0).

3.3. Radial distribution

Figure 4 shows the velocity-integrated intensity maps of
CO(1-0), CO(3-2), HCN(1-0), HCO*(1-0), HCN(4-3), and
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Fig. 3. Position-velocity diagrams along the major axis. Velocity 0 corresponds to the systemic velocity of the galaxy, Vi, (LSR) = +225km s~
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(Neininger et al. 1998), and the position (0,0) is marked by a star. The contour levels are at 30%, 50%, 70%, 90%, and 95% of the peak intensities.
The white contours represent HCN(1-0), HCO*(1-0), HCN(4-3), and HCO™*(4-3), while the black contours correspond to the CO(3-2). Color

scale shows the normalized intensity of CO(1-0).

HCO™"(4-3) emission. The pixels with S/N > 3 are highlighted,
while lower-significance pixels are marked as hatched pixels.
Contours based on peak brightness temperature reveal an obvi-
ous double-peaked structure in all tracers. Table 3 summarizes
the line ratios measured at the two peaks. Both the HCN(4-3)/
HCN(1-0) and HCO*(4-3)/HCO*(1-0) ratios are higher at the
NE peak, whereas the remaining ratios are comparable between
the NE and SW peaks.

The CO(3-2)/CO(1-0) luminosity ratio is greater than unity
near the galaxy’s center, but declines below unity at larger radii,

consistent with the result of Salak et al. (2013). This radial vari-
ation is clearly illustrated in Fig. 5, which displays the line
luminosities profiles of molecular gas along both the major and
minor axes. The profiles also reveal a steeper decline along the
minor axis than along the major axis. The luminosity ratios
HCN(4-3)/(1-0), HCO*(4-3)/(1-0), HCO* (1-0)/CO(1-0), and
HCN(1-0)/CO(1-0) all exhibit decreasing trends with increas-
ing projected galactic radius (Fig. 6). However, the decreas-
ing trend differs within a radius of ~400pc. The HCN(4-3)/
(1-0) and HCO™* (4-3)/(1-0) ratios decrease more rapidly on the
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of the peak main-beam temperature (7)c.x) for each line.

Table 3. Luminosity ratios at NE and SW lobes.

Ratios NE peak (10,0) SW peak (-10,0)
HCN(4-3)/HCN(1-0) 0.17 £0.01 0.14 +£0.01
HCO*(4-3)/HCO*(1-0) 0.43 +0.02 0.36 + 0.01
HCN(1-0)/CO(1-0) 0.11 £0.01 0.11 +£0.01
HCO*(1-0)/CO(1-0) 0.47 £0.01 0.46 +£0.01
HCN(4-3)/HCO*(4-3) 0.27 £0.02 0.26 £ 0.02
HCN(1-0)/HCO*(1-0) 0.66 +0.02 0.68 +0.02
CO(3-2)/CO(1-0) 1.10 £ 0.02 1.20 + 0.01

SW side, while HCO"(1-0)/CO(1-0) and HCN(1-0)/CO(1-0)
decrease more gradually in that same direction.

The luminosity ratios HCN(4-3)/(1-0), HCO*(4-3)/(1-0),
HCN(4-3)/CO(1-0), HCO"(4-3)/CO(1-0), HCN/HCO™* (4-3),
and HCN/HCO™"(1-0) across all observed positions are shown
in Fig. 7. Among these, only the HCN(4-3)/CO(1-0) and
HCO™"(4-3)/CO(1-0) ratios peak at the galaxy’s center. Inter-
estingly, the HCN(4-3)/(1-0) and HCO*(4-3)/(1-0) ratios peak
in the northwest side region, where strong multiphase out-
flows have been detected (e.g., Leroy et al. 2015). Besides, the
HCN/HCO*(4-3) and HCN/HCO™"(1-0) ratios also show rela-
tively high values in the same area. In all regions where J = 4-3
was detected, the HCN(4-3)/(1-0) ratio is consistently lower
than HCO*(4-3)/(1-0), and HCN/HCO*(4-3) is also lower than
HCN/HCO™*(1-0). The details are given in Table A.3.

4. Analysis and discussion
4.1. Line ratios

Along the galaxy’s major axis, the line ratios between different
transitions of the same molecule clearly decrease with increas-
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ing distance from the center. Figure 6 shows a significant decline
in the HCO*(4-3)/(1-0) ratio around 0.2-0.5kpc SW side of
the center, while the HCN(4-3)/(1-0) ratio remains consistently
low along the major axis. The HCN(4-3)/(1-0) ratio reaches a
peak of ~0.2 at the center and decreases to ~0.1 at an offset
of 20”. In contrast, the HCO"(4-3)/(1-0) ratio declines from
~0.4 at the center to about 0.2-0.3 (see Table A.3). Compared
with the average values of 0.27 + 0.04 for HCN(4-3)/(1-0)
and 0.29 + 0.07 for HCO*(4-3)/(1-0), derived from 22" -beam
observations toward the centers of galaxies including starbursts,
AGNSs, and LIRG/ULIRG (Israel 2023), M82 exhibits a lower
HCN(4-3)/(1-0) ratio and a higher HCO*(4-3)/(1-0) ratio.

Also, we calculated the ratios of HCN(4-3) to HCO*(4—
3) where the intensity was greater than 30 (see Table A.3),
finding them to range from 0.11 = 0.02 to 0.79 + 0.16,
with an average value of 0.36 + 0.06. The mean value of
HCN/HCO*(1-0) across all detected locations is 0.66 + 0.09,
and 0.70+0.04 in the central area where the J = 4-3 tran-
sition was detected in both species. In comparison, the aver-
age intensity ratio of HCN/HCO™*(1-0) of the nine EMPIRE
galaxies in Jiménez-Donaire et al. (2019) is 1.43 +0.41, while
in the 43 nearby galaxies studied by Israel (2023), this ratio of
HCN/HCO™*(1-0) is 1.11 £ 0.06. Meanwhile, Israel (2023) also
reported an average HCN/HCO™* (4-3) ratio of 0.70 + 0.10 for 15
galaxies with HCN(4-3) and HCO*(4-3) detections. Both the
HCN/HCO™*(1-0) and HCN/HCO™" (4-3) line ratios of M82 are
lower than the average values reported in the literature.

The spatial distributions of HCN/HCO™ in the NE and SW
lobes are comparable, with no significant asymmetry. In the cen-
tral starburst region (within ~0.5kpc), both sides show simi-
lar HCN/HCO*(1-0) values of ~0.65-0.70. At a higher exci-
tation, the HCN/HCO™(4-3) ratio remains low (~0.25-0.30).
Although the ratios are generally uniform, localized departures
are observed in specific regions. For example, around 0.2-
0.5kpc SW side of the center, the HCO*(4-3) intensity drops
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Fig. 5. Top: Distribution of the line luminosity of various molecular gas
tracers along the major axis. A dashed line is drawn to mark offset = 0.
Bottom: Similar to the upper figure, but along the minor axis. Given that
the inclination angle of the outflow is quite small (~10°, Leroy et al.
2015), we assume that 1" along the minor axis associated with the out-
flow corresponds to a projected distance of about 17 pc, the same as
along the major axis.

significantly (see Fig. 5), leading to a slight increase in the
HCN/HCO*(4-3) ratio there. However, the ratio remains low
overall, suggesting that HCO" emission dominates over HCN,
especially at higher-J transitions.

It has been suggested that supernova explosions and pho-
todissociation regions (PDRs) can significantly increase the
abundance of HCO™ and decrease the abundance of HCN
(e.g., Wild etal. 1992; Schilke et al. 2001), which is consis-
tent with the pure-starburst property of M82. The gas disk of
MS2 contains a giant PDR that is 650 pc in size, which may
significantly increase the abundance of HCO* in MS82 (e.g.,
Garcia-Burillo et al. 2002; Fuente et al. 2005; Krips et al. 2008).

Theoretical models also show that in PDRs with densities
below 10° cm=3, the HCN/HCO* ratio drops below unity (e.g.,
Meijerink et al. 2007; Yamada et al. 2007). Multi-component
PDR models by Mao et al. (2000) and Loenen et al. (2010) sug-
gest that most molecular gas in M82 is in low-excitation dif-
fuse components with densities around n(H,) = 103-10*7 cm™3,
and only a small fraction (~1%) is present in dense gas with
n(Hy) = 10% cm™. Under optically thin conditions and at 20 K,
the critical densities (n1¢) of HCO* (1-0), HCN(1-0), HCO* (4—
3), and HCN(4-3) are 4.5 x 10%, 3.0 x 10°, 3.2 x 10%, and
2.3x107 cm3, respectively (Shirley 2015). Given its higher crit-
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Fig. 6. Luminosity ratios of HCO*(4-3)/(1-0) and HCN(4-3)/(1-0) are
represented by the dashed lines, and the luminosity ratios of HCN(1—
0)/CO(1-0) and HCO*(1-0)/CO(1-0) are represented by the solid lines.
Both are measured along the major axis of M82.

ical density, HCN(4-3) is likely not fully excited in M82’s rela-
tively low average-density environment, while the excitation of
HCO™ could be maintained at a higher level under the influence
of PDRs. The combined effect of these two factors may con-
tribute to the relatively low HCN/HCO™ ratio observed in M82
and its further decrease with increasing rotational transition.

4.2. Comparison with previous measurements

Our data reveal that the molecular emission in M82 exhibits
a characteristic double-lobed structure, with prominent peaks
located to the NE and SW of the nucleus, consistent with previ-
ous CO observations (e.g., Loiseau et al. 1990; Kikumoto et al.
1998; Neininger et al. 1998; Mao et al. 2000; Weil et al. 2001;
Walter et al. 2002; Ward et al. 2003; Seaquist et al. 2006;
Loenen et al. 2010). As shown in Fig. A.3, the spectral line
widths at the central position (0,0) are broader than those at the
NE lobe (10,0) and the SW lobe (—10,0), while the peak line
temperatures at the center are lower than those in the lobes. This
trend is also evident in Fig. 4: although the velocity-integrated
intensities reach a maximum at the (0,0) position, the contour
maps of Tpe.x show a double-peaked structure. This is likely due
to the central beam encompassing partial emission from both
lobes, resulting in spatial blending that broadens the line profile
and reduces the observed peak brightness temperature.

Table A.4 summarizes the integrated intensities of various
emission lines measured at the NE and SW lobes, along with
their corresponding SW-to-NE intensity ratios. In terms of abso-
lute values, the CO line intensities decrease with increasing rota-
tional quantum number in both lobes, with a steeper decline
observed from CO(5-4) onward. It is important to note that
these data were obtained with different telescopes and beam
sizes; therefore, the intensity ratios among the various transitions
might not directly reflect the physical conditions. Comparisons
of the NE and SW lobes with the same observation are more
reliable. For most molecular lines, the SW lobe shows slightly
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Fig. 7. Distribution of the luminosity ratios HCN (4-3)/(1-0), HCO*(4-3)/(1-0), HCN(4-3)/CO(1-0), HCO™"(4-3)/CO(1-0), HCN/HCO™(4-3),
and HCN/HCO™*(1-0). Here, only regions with velocity-integrated line intensities exceeding 30 for both lines are included, with the remaining
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S/N > 3, with the remaining points marked as hatched. For the HCN/HCO*(1-0) map, we used a similar S/N > 3 filter for both HCN(1-0) and
HCO*(1-0). Similar to Fig. 1, we use red rectangles to indicate the disk-dominated region and a cone with a base of 300 pc and an opening angle

of 20° to represent the regions associated with outflow.

stronger emission than the NE lobe, with SW/NE intensity ratios
typically ranging from 1.1 to 1.3. A similar trend is observed in
the 3CO lines, where transitions from J = 1-0 to 5—4 exhibit
SW/NE ratios of about 1.2—1.5, consistent with those of the CO
results. An extreme case is '*CO(6-5), which shows a SW/NE
intensity ratio of ~2.8 + (.88, likely due to the very low intensity
at the NE lobe (Loenen et al. 2010). In contrast, our HCN(4-3)
and HCO™*(4-3) lines, along with CO(10-9) from Loenen et al.
(2010), show SW/NE ratios below unity. This may suggest an
enhanced fraction of dense gas toward the NE lobe.

Similarly to the results shown in Fig. 3, previous studies have
also reported a prominent double-lobed structure in the p—v dia-
grams of various emission lines. The two lobes are roughly sym-
metric in spatial position, located about 10—15 arcsec on either
side of the center, but their velocity distributions show subtle dif-
ferences. The NE lobe exhibits consistent velocities across dif-
ferent lines, with no clear evidence of velocity stratification. In
contrast, the SW lobe shows a truncation in velocity: the veloc-
ities of low- to mid-J CO lines (J < 4) and low-J (J = 1)
HCN (HCO") lines are concentrated around 140-170kms™!
(e.g., Mao et al. 2000; Ward et al. 2003), while the peak veloc-
ities of high-J CO and high-J HCN and HCO™ transitions are
closerto ~110kms™! (e.g., Loenen et al. 2010; Ward et al. 2003;
Mao et al. 2000; Wild et al. 1992). This suggests that the SW
lobe contains multiple gas components with distinct excitation
conditions and kinematic properties.

Mao et al. (2000) reported that the spatial separation
between the NE and SW emission peaks in their velocity-
integrated intensity maps decreases significantly with an increas-
ing rotational quantum number, J: from 26” in CO(1-0) and
CO(2-1) to 15” in CO(7-6). These authors argued that this dif-
ference exceeds the beam size and positional uncertainties and
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is therefore unlikely to be caused by resolution effects. However,
Mao et al. (2000) noted that this truncation is not clearly appar-
ent in p—v diagrams. By incorporating additional emission lines,
particularly our new HCN(4-3) and HCO™"(4-3) observations,
we confirm the presence of excitation-dependent velocity trun-
cation. Interestingly, our results reveal an opposite trend in the
p-v diagrams compared to the velocity-integrated maps: on the
SW side, high-excitation lines peak at lower velocities, resulting
in a larger velocity separation between the NE and SW lobes.
This feature is also clearly seen in Fig. 4 of Ward et al. (2003).
In addition, Loenen et al. (2010) reported a secondary velocity
component near 100kms~! in the SW region using Herschel
high-J CO spectra. In the CO J = 9-8 and higher transitions,
this secondary component is even stronger than the main peak
around 160 km s~!, with the intensities scaled to a common beam
size. This result is consistent with the lower-velocity emission
we observe in high-excitation lines on the SW side. These find-
ings suggest that while high-excitation lines are more spatially
concentrated toward the galaxy’s center, the observed velocity
offset in the SW lobe may reflect a localized dynamical fea-
ture, possibly associated with non-circular motions or feedback-
driven structures that deviate from the overall disk rotation.

5. Summary

We have presented HCO* J = 4-3 and HCN J = 4-3 obser-
vations of the central 90” x 90" region of M82 obtained as part
of the JCMT MALATANG program. By combining these data
with the HCO" J = 1-0 and HCN J = 1-0 data from the GBT,
as well as CO data from the JCMT NGLS survey and Nobeyama
45m COMING project, we investigated the gas properties on
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sub-kpc scales. The main results and conclusions of this study
are summarized as follows:

1. All of the emission lines analyzed, CO(1-0), CO(3-2),
HCN(1-0), HCO*(1-0), HCN(4-3), and HCO*(4-3) peak
near the center of M82 and exhibit declining intensities with
the increasing distance from the center along both the major
and minor axes of the galaxy. In M82, the emission from
HCN(4-3) and HCO™"(4-3) is primarily concentrated within
~500 pc of the galaxy’s center. To probe low-level emission
in two fainter regions, we applied spectral stacking, which
revealed a weak HCO™(4-3) signal and provided an upper
limit on the velocity-integrated flux density of HCN(4-3).

2. The HCN(4-3)/(1-0) line ratio ranges from 0.09 to 0.54,
with a mean value of 0.18 +£0.04, while the HCO*(4-3)/
(1-0) line ratio ranges from 0.14 to 0.87, with a mean of
0.32 + 0.06. For both tracers, the highest ratios are found on
the northwest side of the galaxy, spatially coinciding with
MS82’s well-known outflow region. The low-J transitions,
J = 1-0 of HCN and HCO", are brighter on the SW side of
the major axis, while the high-J transitions, J = 4-3 of HCN
and HCO™ are stronger on the NE side. In all regions where
J =4-3 transitions are detected, the HCN(4-3)/(1-0) ratio is
consistently lower than the corresponding HCO™ (4-3)/(1-0)
ratio. The HCN/HCO™ (4-3) ratio ranges from 0.19 + 0.03 to
1.07 £ 0.31, with a mean value of 0.39 + 0.11, which is lower
than the average HCN/HCO™ (1-0) ratio of 0.74 + 0.08. This
difference might be attributed to the relatively low excitation
of high-J HCN transitions.

3. The position-velocity diagram along the major axis reveals
the characteristic “figure-eight” pattern of M82’s rotating
molecular disk, with the NE and SW lobes symmetrically
distributed on either side of the nucleus. In the NE lobe, the
velocities traced by different lines are closely aligned, indi-
cating a coherent kinematic structure. In contrast, the SW
lobe exhibits a ~40kms~! blueshift in the peak velocities
of high-excitation lines relative to those of the low-J tran-
sitions. This velocity offset may indicate the presence of gas
components with distinct excitation and kinematic properties
in the SW region.

The analysis of dense gas line ratios reveals significant variations
in physical conditions across different regions of M82. Future
multi-transition observations of dense gas with higher resolution
and sensitivity, such as those enabled by ALMA, will help to
uncover the physical state of star-forming gas.
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Appendix A: Spectra and measurements
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Fig. A.1. Selection of spectra in units of 7,4 (K) from this work and Tan et al. (2018) are compared using solid black lines and red dotted lines,
respectively. Each panel is labeled with the tracer, and the position pointed at is provided as an offset along the major and minor axes.
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Fig. A.2. RMS-weighted stacked spectra for region A and region B are shown in the left panel. Region A represents areas where HCN(1-0) is
detected but HCN(4-3) is not, while region B corresponds to areas where HCO*(1-0) is detected but HCO* (4-3) is not. To minimize interference
from high-noise spectra, data points at offsets along the minor axis of +40 have been excluded. The specific locations of regions A and B are
shown in the right panel.
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Fig. A.3. Spectra of CO(1-0), CO(3-2), HCO*(1-0), HCN(1-0), HCO*(4-3), and HCN(4-3) are shown from top to bottom in each grid, in units
of Twmg (K). Spectra are referenced to the LSR velocity reference system and the radio definition for the Doppler shift is adopted. The spectra shown
here correspond exactly to the red-rectangle region in Fig. 1. The offset from the center position in units of arcsec is annotated in the top corner of
each panel. The offset (0,0) corresponds to the galaxy’s center, marked by an orange circle in Fig. 1. Offsets are positive toward the northeast along
the major axis and toward the northwest along the minor axis, while negative offsets represent the opposite directions. The legend at top of figure
shows the scaling factors for CO, HCN(1-0), and HCO*(1-0). The velocity resolutions for HCN(4-3), HCO*(4-3), HCN(1-0), and HCO™*(1-0)
are ~13 km s~!. For CO(1-0) and CO(3-2), the velocity resolutions are 10 km s~! and 19 km s~!, respectively. All data are re-sampled to a pixel
size of 14 arcsec, corresponding to ~240 pc.
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Fig. A.4. Continuation of Fig. A.3, offset along the minor axis at 20, 30, and 40 arcsec.
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Continuation of Fig. A.3, offset along the minor axis at —20, —30, and —40 arcsec.
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Table A.3. Luminosity ratios at positions with detected J = 4—3 emission

offset HCN(4-3)/HCN(1-0) HCO*(4-3)/HCO*(1-0) HCN(4-3)/HCO"(4-3) HCN(1-0)/HCO™*(1-0)

0,0 0.22 £ 0.01 0.43 £0.02 0.35 £0.02 0.67 £ 0.01
10,0 0.17 £ 0.01 0.43 £0.02 0.27 £0.02 0.66 + 0.02
-10,0 0.14 £ 0.01 0.36 + 0.01 0.26 + 0.02 0.68 + 0.02
20,0 0.10 £ 0.01 0.30 £ 0.02 0.23 £0.02 0.69 + 0.02
-20,0 0.12 £ 0.01 0.17 £ 0.01 0.49 £ 0.05 0.72 £ 0.02
0,10 0.14 £ 0.02 0.53 £0.04 0.19 £ 0.03 0.75 £ 0.04
10, 10 0.13£0.03 0.32 £0.04 0.32 £ 0.07 0.78 £ 0.04
-10, 10 0.11 £0.02 0.43 £0.02 0.21 £0.03 0.79 £0.03
20, 10 0.09 £ 0.02 0.19 £ 0.03 0.34 £0.10 0.74 £ 0.04
-20, 10 0.10 £ 0.01 0.31 £0.02 0.26 +0.03 0.81 +£0.02
0,-10 0.14 £ 0.02 0.27 £0.02 0.36 £ 0.05 0.67 +£0.02
10, -10 0.15 £ 0.02 0.19 £ 0.02 0.48 +0.08 0.61 £0.02
-10, -10 0.13 £0.02 0.14 £ 0.02 0.56 + 0.09 0.62 +£0.03
20, -10 0.13£0.02 0.19 £ 0.01 0.41 £ 0.07 0.61 +£0.03
0,20 0.54 £0.13 0.59 £0.16 1.07 £ 0.31 1.18 £ 0.26
-10, 20 0.52 £ 0.08 0.87 £0.13 0.57 £0.10 0.95 £0.12
-20, 20 0.20 £ 0.06 0.34 £0.11 0.60 + 0.26 1.04 £0.13
Mean 0.18 £ 0.04 0.32 £ 0.06 0.39 +£0.11 0.74 £ 0.08

Table A.4. Velocity-integrated intensities of emission lines at the SW and NE lobes, along with their corresponding SW-to-NE intensity ratios

Intensity [K km s

Line NE Tobe SWTobe Beam ["] SW/NE Ref.
CO(1-0) 7553 +8.1 757.6 +7.5 14 1.00 + 0.02 This work
5739+ 0.6 672.8 +0.8 22 1.17 £ 0.01 Mao et al. (2000)
CO(2-1) 674.3 +0.8 804.9 + 1.1 22 1.19 £ 0.01 Mao et al. (2000)
CO(3-2) 656.5 + 6.1 736.9 + 3.2 14 1.12 £ 0.02 This work
523 +41.8 476 + 38.1 24.4 091 +0.11 Ward et al. (2003)
CO(4-3) 4653+ 129 503.0+12.6 22 1.08 + 0.04 Mao et al. (2000)
427 +42.7 332 +33.2 24.4 0.78 +0.11 Ward et al. (2003)
CO(5-4) 1049 £ 1.2 1351 £ 1.2 38 1.29 £ 0.02  Loenen et al. (2010)
CO(6-5) 994 +2.4 135.1 £2.4 33 1.36 £0.04  Loenen et al. (2010)
179 £ 21.5 224 +26.9 24.4 1.25+0.21 Ward et al. (2003)
CO(7-6) 132.3+5.8 167.2 + 6.4 22 1.26 + 0.08 Mao et al. (2000)
932 +4.9 124.1 £5.2 27 1.33 £0.09 Loenen et al. (2010)
CO(8-7) 80.7 +£8.3 103.3+£7.0 25 1.28 £0.19  Loenen et al. (2010)
CO(9-8) 55.1+4.3 96.0 £4.3 23 1.74 £ 0.18  Loenen et al. (2010)
CO(10-9) 59.6 +13.2 51.7+11.3 20 0.87 +£0.27  Loenen et al. (2010)
13CO(1-0) 40.1 +0.5 58.8 +0.6 22 1.47 +0.03 Mao et al. (2000)
Bco-1) 589+ 1.1 69.0 + 1.1 22 1.17 £ 0.03 Mao et al. (2000)
1B3Co(3-2) 512+4.9 68.0 +2.8 22 1.33£0.14 Mao et al. (2000)
BCo(5-4) 40+0.3 6.1 £0.3 44 1.53 £0.18  Loenen et al. (2010)
13CO(6-5) 2.4 +0.6 7.0 £0.9 33 2.82+0.88  Loenen et al. (2010)
HCN(1-0) 52.8+ 1.0 629+ 1.0 14 1.19 +0.03 This work
HCO*(1-0) 81.2+1.9 939+ 1.6 14 1.16 £ 0.03 This work
HCN(3-2) 14.6 + 3.0 15.1+£2.3 14 1.03 £ 0.28 Wild et al. (1992)
HCO*(3-2) 232 +3.0 35+4.0 14 1.51 £0.27 Wild et al. (1992)
HCN(4-3) 6.1+£0.3 57+0.3 14 0.93 +0.07 This work
HCO*(4-3) 22.6 +0.6 21.6 £ 0.6 14 0.96 + 0.04 This work

Notes. The uncertainties from this work, Mao et al. (2000), Loenen et al. (2010), and Wild et al. (1992) represent measurement errors. The uncer-
tainties from Ward et al. (2003) are estimates based on a combination of factors, including effects related to calibration and smoothing.
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