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ABSTRACT

As part of the Early Science Large Millimeter Telescope projects, we report the detection of nine double-peaked molecular
lines, produced by a rotating molecular torus, in the ultraluminous infrared galaxies (ULIRG) — Compton-thick active galactic
nuclei (AGN) galaxy UGC5101. The double-peaked lines we report correspond to molecular transitions of HCN, HCO™,
HNC, N,H*, CS, C*0, 13CO, and two CN lines; plus the detection of C,H that is a blend of six lines. The redshift search
receiver spectra covers the 73-113 GHz frequency window. Low- and high-density gas tracers of the torus have different implied
rotational velocities, with a rotational velocity of 149 &3 kms™? for the low-density ones (C'0, 1*C0O) and 174 + 3 kms™? for
high-density tracers (HCN, HCO™, HNC, N,H*, CS, and CN). In UGC 5101, we find that the ratio of integrated intensities of
HCN to 3CO to be unusually large, probably indicating that the gas in the torus is very dense. Both the column densities and
abundances are consistent with values found in AGN, starburst, and ULIRG galaxies. The observed abundance ratios cannot

discriminate between X-ray and UV-field-dominated regions.

Key words: galaxies: active —galaxies: individual: UGC 5101 — galaxies: ISM — galaxies: nuclei.

1 INTRODUCTION

Since the review work of Young & Scoville (1991), surveys of
molecular gas emitted at millimetre frequencies, in large samples
of galaxies, have grown from tenths (Gao & Solomon 2004a,b,
and references therein) to hundreds of sources (e.g. Saintonge et al.
2011a,b, 2017). Observations of molecular gas mass tracers as *?CO
and $3CO and the active star formation tracers associated with high-
density gas such as HCN, CS, and HCO™ (cf. Genzel 1992) of
nearby galaxies are valuable to study the physical conditions of their
interstellar medium (ISM).

Studies of the ISM of starbursts, quiescent spirals, and irregular
galaxies show strong differences (e.g. Genzel et al. 2012; Scoville
2013). Molecular gas during the merging process of galaxies plays a
crucial role in the geometrical relocation of molecular clouds. From
adisc distribution, in disc galaxies, the molecular gas concentrates in
the central kpc regions of ultraluminous infrared galaxies (ULIRG;
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Lg—1000um > 10%2 L ) and in active galactic nuclei (AGN; e.g.
Scoville 1991; Downes & Solomon 1998), with densities comparable
to the stellar densities of elliptical galaxies. Spectra of molecular
transitions show that the gas is concentrated in rotating nuclear discs
or rings with typical radii of 300-800 pc.

N-body simulations of galaxy mergers (e.g. Barnes & Hernquist
1992; Hopkins, Quataert & Murray 2012) have shown that gas-rich
galaxy mergers are capable of triggering large starbursts and AGN
activity, which are both observed in most ULIRGs (e.g. Veilleux
2012). Most major mergers involve an initial close approach followed
by a second one that leads to coalescence, whereas the infalling
gas disc towards the nuclear region restores rotational support at a
radius of a few hundred parsecs (e.g. Hopkins, Quataert & Murray
2011). Mergers may lead to compaction, in which the star-forming
gas migrates inwards and triggers a central starburst (e.g. Barnes &
Hernquist 1992; Hopkins et al. 2011, 2012). Follow-up studies done
in ULIRGs have shown that these objects are invariably associated
with major disc galaxy mergers, supported by evidence of double-
nuclei and nuclear activity (e.g. Joseph & Wright 1985; Melnick
& Mirabel 1990; Soifer et al. 2000). Moreover, their inner nuclear
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regions (few hundreds pc) harbour very large masses of gas and dust
(see review by Lonsdale, Farrah & Smith 2006). Galaxy mergers
drive gas inflows that can trigger the AGN (e.g. Surace et al. 1998;
Treister etal. 2012). Dense gas in the nuclear region provides material
that enables the growth of the supermassive black hole (e.g. Hopkins
& Hernquist 2009; Komossa, Baker & Liu 2016) by triggering AGN
activity and major starbursts.

UGC 5101 (CGCG 289-011; IRAS 09320+6134; MCG +10-14-
025; SDSS J093551.59+612111.3) has a single very red nucleus
harbored by a galaxy that shows disturbed morphology suggestive
of galaxy interaction. It has been classified as a late-stage merger by
Veilleux, Kim & Sanders (2002). At z = 0.03937 (D, = 174.8 Mpc;
larcsec = 784 pc; Wright 2006), it is one of the brightest infrared
sources in the local Universe (log Lrr/L = 11.96; Sanders et al.
2003). It is one of the so-called ULIRG that is undergoing a strong
circumnuclear starburst. Optically, UGC 5101 has been classified as
an intermediate Seyfert (Sy) 1.5 galaxy by Sanders et al. (1988); as a
Sy 1 by Véron-Cetty & Véron (2010); as a LINER by Veilleux et al.
(1995), and as a Sy 2 by Yuan, Kewley & Sanders (2010). Neverthe-
less, the Baldwin—Peterson-Terlevich diagnostic diagrams presented
by Wild et al. (2011) and Malkan et al. (2017) favour a Sy1.5/LINER
classification. Furthermore, high-resolution MIR spectra show char-
acteristic polycyclic aromatic hydrocarbon (PAH) features asso-
ciated with starbursts (Martinez-Paredes et al. 2015). All these
results indicate an intermediate luminosity AGN buried in a strong
starburst.

The radio brightness temperature (Ty,) of UGC 5101 is found to be
high in Condon etal. (1990) and Condon, Frayer & Broderick (1991).
VLA observations at 1.4 GHz, complemented with 8.44 GHz A-
configuration data, show that the slightly resolved nucleus is an AGN
source (at 8.44 GHz has log T, = 4.56) with a size of 0.14 arcsec <
0.11arcsec. At 1.6 GHz, the radio nucleus of UGC5101 has a
T, > 107 K and is resolved with the VLBI (Lonsdale et al. 2003),
together with a possible jet of extent 0.13 arcsec > 0.11 arcsec with
five knots. They suggest that the AGN is responsible for at least
10 per cent of the total radio flux at 1.6 GHz.

Wilson et al. (2008) present Submillimeter Array (SMA) CO J =
3-2 data cubes and 800 pm continuum maps that trace, respectively,
the molecular gas and dust of a sample of ULIRGs. They include
the galaxy UGC 5101 and lono et al. (2009) measured an angular
source size of extent l.larcsec > 0.8arcsec for the CO(3-2)
disc.

Spectroscopy in the 3 mm band has been reported by Imanishi et al.
(2009) with the Nobeyama telescope, while Costagliola et al. (2011)
and Privon et al. (2015), among others, present 3 mm spectra with
the IRAM telescope. This literature shows that J = 1 - 0 transitions
of HCN, HCO*, HNC, and *?CO lines are detected.

Mid-IR high angular resolution (subarcsec) studies (Martinez-
Paredes etal. 2015; Alonso-Herrero etal. 2016) found that 20 per cent
of the emission in the Si2 band (8.7 um) comes from an unresolved
nuclear source smaller than 300 pc in radius. Additionally, Martinez-
Paredes et al. (2015) found that the CanariCam/GTC spectrum,
obtained within a nuclear region of 300pc, can be separated
into a power law (due to AGN emission) and a strong starburst
component. They also showed that the unresolved emission at the
near-IR NICMOS/HST image, plus the mid-IR CanariCam/GTC, and
the starburst-subtracted CanariCam/GTC spectrum can constrain
models of the CLUMPY dusty torus proposed by Nenkova et al.
(2008a,b), which predict a dusty torus with a radial size of 35pc
(' 0.027 arcsec at the distance of UGC 5101).

Hard X-ray (2-10keV) studies using data from Chandra and
XMM-Newton satellites have revealed the presence of the Fe-K a
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emission line with an equivalent width of  400eV (Imanishi et al.
2003; Gonzalez-Martin et al. 2009). These results, together with the
low ratios of Ly(2-10keV)/Lir and Ly(2-10keV)/Ljou measured
for this galaxy, suggest the presence of a Compton-thick AGN
(Imanishi et al. 2003; Ptak et al. 2003; Gonzalez-Martin et al.
2009). XMM data indicate an obscured, but luminous, hard X-
ray source with L,(2-10keV) 5x10*ergs™?, and ratio L,(2-
10keV)/Lir  0.002 suggestive of a buried AGN (e.g. Imanishi etal.
2003).

Recently, Oda et al. (2017) used all available X-ray data between
0.25 and 100 keV (Swift/Burst Alert Telescope, NUSTAR, Suzaku,
XMM-Newton, and Chandra) plus analytical and numerical torus
models to reproduce the X-ray spectrum of UGC 5101. They detect
a barely Compton-thick AGN with a line-of-sight (LOS) column
density Ny (LOS) 1.3 x 10%* cm~2, which is at the limit between
Compton-thin and Compton-thick sources. Additionally, they found
a weak intrinsic X-ray absorption Ny(host) 1.3 x 10%* cm™2,
and suggest that the AGN in UGC5101 is surrounded by two
obscuring components: a Compton-thick one located close to the
equatorial plane of the torus, and a Compton-thin one associated
to the torus-hole region. The size measured using SED modelling
( 35pc; Martinez-Paredes et al. 2015) could then be related to the
Compton-thick region.

UGC 5101 offers an ideal scenario to study star formation activity
and its possible interplay or connection to the AGN. Therefore,
as part of the Early Science Large Millimeter Telescope (LMT)
projects, we report observations with the redshift search receiver
(RSR) of the ULIRG Compton-thick AGN galaxy UGC 5101. We
aim to probe its molecular gas emission by studying different
molecular emission lines across the whole 3mm band and their
associated densities. Section 2 describes the observations with
the RSR/LMT and opacity conditions. Section 3 covers the data
reduction methodology and shows the spectra, while Section 4
presents the analysis. We summarize our results and discussions in
Section 5.

Throughout our work, we adopt a cosmology where Hy =
69.6 kms™*Mpc™!, |, = 0.286, and , = 0.714 (Bennett et al.
2014).

2 OBSERVATIONS

Observations of UGC 5101 were obtained between November 2014
and March 2017 with the RSR on the LMT Alfonso Serrano, hereon
RSR/LMT, in its early science phase. In this early phase, the LMT
operated with a 32-m active surface, which then resulted in a half-
power beam of width 26 arcsec at the centre of the 3mm band.
Observing conditions at the Volcan Sierra Negra site were very good
most of the time, with system temperature, Tsys, in the range of 85—
110 K. Observations were centred on the coordinates of the galaxy
nucleus, with the OFF beam 39 arcsec apart. Pointing accuracy was
found to be better than 2 arcsec. The total ON source integration time
on UGC 5101 was 9 h.

The RSR is an autocorrelator spectrometer with a monolithic
microwave-integrated circuit system that receives signals over
four pixels, simultaneously covering the frequency range 73-
GHz at v = 31MHz spectral resolution, which corresponds to

100 kms™tat 90 GHz (Erickson et al. 2007). Hence, across the
whole 3mm band the velocity resolution changes from 85 to
125kms™1. The RSR/LMT-32m has a spatial resolution or beam
full width at half-maximum (which is frequency dependent, ranging
from 31 to 20 arcsec, between 73 and 111 GHz).
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Figure 1. Redshift Search Receiver (RSR/LMT) spectra from 75 to 115 GHz of UGC 5101. The observed frequency has been corrected for the optical redshift
and so rest frequencies are shown. The vertical colour lines show likely frequencies of some molecular transitions. Note that the detected transitions with a
S/N >3 shown in the top panel are CoH, HCN, HCO™, HNC, and N2H*, while the bottom panel shows detections of CS, C180, 13CO, and two CN lines.

3 REDUCED SPECTRA

Autocorrelations, spectral co-adding, calibration, and baseline re-
moval were carried out with the Data REduction and Analysis Meth-
ods in Python (Dreampy) software, developed by Gopal Narayanan
for the RSR. After removing integrations with unstable bandpass, the
remaining spectra are averaged weighted by the root mean square
(RMS) noise in each individual spectrum. A simple linear baseline
is removed in each spectral chassis that covers 6.5 GHz section
of the total RSR bandwidth, after masking strong emission lines.
To convert from antenna temperature (Ta) units to Jy, we used a
conversion factor (Jy K™1) of 6.4 for v < 92 GHz and 7.6 for v >
92 GHz. To convert antenna temperature to main beam temperature,
Twme, We multiplied the spectrum by a factor that has the form 1.2
exp((v/170)?), where v is the sky frequency of the observed line. Such
expression was obtained from calibration observations performed in

MNRAS 499, 2042-2050 (2020)

2017 January. Details of the RSR/LMT data reduction can be found
in a number of articles, for example, see Snell et al. (2011), Lee et al.
(2014), Yun et al. (2015), and Cybulski et al. (2016).

The RSR covers in the rest frame of UGC 5101, which is at a
redshift of 0.0394, a frequency range of 76-115 GHz. The entire
RSR spectrum is shown in Fig. 1. The RMS of the spectrum varies
slightly across the frequency band, varying from 0.118 mK on the
low-frequency end to 0.107 mK at the high-frequency end. A number
of molecular spectral lines are clearly detected in this spectrum.
Using a 3o detection threshold on the integrated intensity of the line,
we detected 10 spectral lines: C,H at 87.40 GHz N = 1-0, which is a
blend of six lines: J = 3/2-1/2 (F = 1-1, 2-1, 1-0) and J = 1/2-1/2 (F
= 1-1, 0-1, 1-0); HCN(1-0), HCO™(1-0), HNC(1-0), NoH*, CS(2—
1), C*0(1-0), and ¥CO(1-0) at 88.63, 89.19, 90.66, 93.17, 97.98,
109.78, and 110.20 GHz, respectively; and two transitions of CN at

020Z Jaquiaoa( |0 Uo Jasn eoiuooa|g A eondQ ‘eoisionsy ap [euoioeN oiniisul Aq 6851 1L 6S/2702/2/661/81914e/Seluw/wod dno-olwapeoe//:sdny woJj papeojumoq



Table 1. Molecular line transitions detected in UGC 5101.

Molecular torus in UGC 5101 2045

Molecule Transition Frequency Beam Peak intensity Integrated flux
(GHz) (arcsec) (mK) (Kkms™)
(@) (&) @) 4 ®) (6)
CoH? N=1-0 87.284-87.447 25.2 1.31+0.19 0.92 +=0.08
HCN J=1-0 88.631 24.8 2.76 = 0.19 1.63+0.07
HCO* J=1-0 89.189 247 1.71+0.19 1.09 +=0.06
HNC J=1-0 90.663 243 1.47+0.19 0.90 = 0.07
NoH* J=1-0 93.174 23.7 0.47 =0.19 0.22 = 0.06
Cs J=2-1 97.980 225 0.79+0.18 0.46 + 0.06
ci8o J=1-0 109.78 20.1 0.98 +=0.20 0.42 = 0.06
18co J=1-0 110.20 20.0 1.55+0.20 0.90 + 0.06
CN N=1-0J=3 -1 113.17 19.5 224021 1.33+0.06
CN N=1-0,J= g - g 113.49 19.4 373+021 2.25+0.06

Notes. Col. 3: Rest frequencies, obtained from the Splatalogue database: https://www.cv.nrao.edu/php/splat/.

Col. 4: Beam size at observed frequency.
Co. 5: Peak intensity in main beam temperature (Tyg) units.
Col. 6: Integrated flux.

3The molecular transition of C;H N=1-0 isa blend of 6 lines: J = 3 — 1 (F=1-1,2-1,1-0)J=} - } (F=1-1,

0-1, 1-0).

113.17 and 113.49 GHz. The detected spectral lines are summarized
in Table 1. Our spectrum included a part of the *2CO line, however,
since it lies on the edge of the spectrometer frequency range, it
will not be used in our analysis. UGC 5101 was also observed by
Costagliola et al. (2011) who found many of the lines we detected
in UGC 5101 (positive detections of HCN, HCO™, HNC, the two
CN transitions and >CO). However, our spectrum has considerably
better signal to noise, allowing us to detect in addition C,H, N,H™,
CS, C*0, and 3CO, and to examine the line profile shapes which
was not possibly in their data.

The integrated intensity of each molecular line was found by
integrating the spectrum over a frequency range of 341 MHz (11
spectral channels) centred on the frequency of each line. This
frequency range corresponds to roughly a V| sg range of —500 to
+500 km s~ for each line. For C,H, we had to modify our method
for computing the integrated intensity. The N = 1-0 C,H feature at
87.35 GHz is a blend of the two spin-doublets (J = 3/2-1/2 and J =
1/2-1/2) and each doublet has additional hyperfine structure. For the
J = 3/2-1/2 transition the frequency of the hyperfine components (F
= 1-1, 2-1, and 1-0) range from 87.284 to 87.328 GHz, and for the
J = 1/2-1/2 transition the hyperfine components (F = 1-1, 0-1, and
1-0) range from 87.402 to 87.447 GHz. Thus, these components are
spread over the frequency interval of 163 MHz or slightly over five
spectral channels. The observed line is noticeably broadened by this
blending. Although other spectral lines have hyperfine components,
such as HCN and N,H™, however, in these cases the components are
spread only over a few MHz, much smaller than the spectrometer
channel widths of 31 MHz, so they have no impact on the line
profile. The integrated intensity for C,H was found by integrating
over 496 MHz, covering roughly the same velocity range as the
other molecules for the C,H components at the highest and lowest
frequency. Lines and blends in which the integrated intensity was at
least three times the estimate of the 16 uncertainty are considered
detections. The peak and integrated intensities for the 10 lines in
main beam temperature units are given in Table 1.

4 ANALYSIS

Continuum regions were defined outside a window set by vq
+ 500kms™!, with v, the velocity corresponding to the central

frequency of each line. The RMS was defined within the continuum
regions.

The nine lines that make our signal-to-noise (S/N) cut (S/N =
3) are double peaked: HCN(1-0), HCO™(1-0), HNC(1-0), NoH™*,
CS(2-1), C*¥0O(1-0), ¥CO(1-0), and the two CN transitions (1/2—
1/2) and (3/2-1/2). In Fig. 2, the molecular emission of each line is
presented individually. We note that since the emission of C,H is a
blend of six lines, it was not possible to study the line profile, so this
blend will not be used in our line profile analysis.

In Fig. 3, the spectra of the nine detected molecular lines with
double-peaked profiles are shown together. The double-peaked fea-
ture is most likely the result of a molecular rotating disc. In principle,
self-absorption could also produce a double-peaked profile. However,
the lines we observe span several hundreds of km s~*, making it very
unlikely to be explained by self-absorption.

For the analysis, a double-Gaussian fit was performed on each
line. The rotation velocity (Table 2, column 2) was computed using
the peak velocities of each of the fitted two-Gaussian components
and dividing the result by 2. The corresponding error is computed
with the parameter error estimation of the covariance matrix of the
fit. Note that the errors in the rotation velocity are smaller that the
velocity resolution of the 3mm band of 100 kms™.

In order to further study this double-peaked feature, S/N was
increased by splitting the lines in two groups and stacking them.
The first group includes high density tracers (HCN, HCO™* ,HNC,
N,H™, CS, and the two CN lines) and the second group includes
low-density tracers (C*0 and 3CO).

Before stacking, each individual line is centred at zero velocity
by shifting it using the corresponding rest frequency obtained from
the optical redshift. Each line is given a weight defined by their S/N
ratio, using the line’s peak intensity divided by the RMS. Finally, each
spectrum is normalized by its peak intensity. A stacking of the spectra
is performed for each group. For low-density tracers, in which case
we only have two lines, the stacking error is taken as the value of
the RMS at each point. For high-density tracers, the stacking errors
were computed following Caldd-Primo et al. (2013): five random
spectra were selected from the seven individual high-density tracers,
allowing for repetition. Stacking of the resulting selection was then
performed as before. This procedure was repeated 100 times and
the error at each point is taken as the standard deviation for the
100 fits.

MNRAS 499, 2042-2050 (2020)
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Figure 2. Double-peaked observed (blue) molecular lines of UGC5101 and their double-Gaussian fits (the orange-dashed line). From left to right the molecular
lines are (top row) HCN, HCO™, HNC, NoH™, and CS; (bottom row) C!80, 13CO, and the two CN transitions.

Figure 3. Observed overplotted spectra of nine molecular lines in the 3 mm spectrum of UGC 5101 showing a double-peaked profile.

After the stacking is done, a double-Gaussian fit is performed
using Python’s curve_fit procedure. The results are shown in
Fig. 4 for high-density tracers and in Fig. 5 for low-density
tracers.

The rotation velocity is measured as before, using the peak
values of the two-Gaussian fit components. The error is computed
by performing the fit 100 times as described before. The rotation
velocity derived for the stacked spectra of the low-density tracers is

MNRAS 499, 2042-2050 (2020)

149 =+ 3kms™* and for the stacked spectra of high-density tracers it
is 174 + 3kms™!,

Finally, to determine the column density we need to make some
assumptions and we have followed those made by Aladro et al.
(2015), so we can make a direct comparison with their results.
We assume that the level populations are in LTE and described
by a rotational temperature of 10 K. However, before computing
the column densities, we have corrected the integrated intensities
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