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Abstract

The radio galaxy NGC 1052 casts absorption features of sulfur-bearing molecules, H,S, SO, SO,, and CS toward
the radio continuum emission from the core and jets. Using the Atacama Large Millimeter/submillimeter Array,
we have measured the equivalent widths of SO absorption features in multiple transitions and determined the
temperatures of 344 +43 K and 26 £4 K in submillimeter and millimeter wavelengths, respectively. Since
submillimeter and millimeter continuum represents the core and jets, the high and low temperatures of the
absorbers imply a warm environment in the molecular torus and cooler downstream flows. The high temperature in
the torus is consistent with the presence of 22 GHz H,O maser emission, vibrationally excited HCN and HCO*
absorption lines, and sulfur-bearing molecules in the gas phase released from dust. The origin of the sulfur-bearing
gas is ascribed to the evaporation of the icy dust component through a jet—torus interaction. Shock heating is the
sole plausible mechanism to maintain such a high temperature of gas and dust in the torus. The implication of the
jet—torus interaction also supports the collimation of the sub-relativistic jets by the gas pressure of the torus.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); Molecular spectroscopy (2095); Radio

galaxies (1343); Radio jets (1347)

1. Introduction

A dusty molecular torus in active galactic nuclei (AGNs)
resides in the central parsec scale (Garcia-Burillo et al. 2016;
Gallimore et al. 2016; Impellizzeri et al. 2019) and is
recognized as a key component that plays significant roles in
mass accretion onto the central engine, collimation of jets, and
diversity of appearance depending on viewing angles
(Antonucci 1993). Observational studies of AGN tori are
essential to understand the nature of AGNs, mass accretion
processes, and jet collimation mechanisms.

The radio galaxy NGC 1052 is a unique target to probe an
AGN torus that is seen nearly edge-on while hiding the nucleus
(Kameno et al. 2020). The torus harbors H,O masers (Braatz
et al. 1994, 2003; Claussen et al. 1998; Kameno et al. 2005)
that allows sub-parsec-scale kinetic studies of molecular gas
with very long baseline interferometry (VLBI) resolution
(Sawada-Satoh et al. 2008). The presence of a 22 GHz H,0
maser requires excitation under hot (~400 K) and dense (~10’

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

cm ) conditions of the molecular gas (Elitzur et al. 1989). The
torus casts various absorption features of plasma free—free
absorption (Kameno et al. 2001, 2003; Kadler et al. 2004), dust
obscuration and scattering (Barth et al. 1999), photoelectric
absorption (Balokovi¢ et al. 2021), HI (Vermeulen et al. 2003),
and the molecules of OH, HCO™, HCN, CO, SO, SO,, CS, CN,
and H,O (Omar et al. 2002; Liszt & Lucas 2004; Impellizzeri
et al. 2008; Sawada-Satoh et al. 2016, 2019; Kameno et al.
2020). The presence of vibrationally excited HCN and HCO™
absorption (Kameno et al. 2020) implies pumping by infrared
radiation from warm dust (Lahuis et al. 2007).

NGC 1052 is known to have two-sided jets with a sub-
relativistic bulk speed of 0.26¢—0.53¢ (Vermeulen et al. 2003).
Multifrequency VLBI observations have revealed the core and
double-sided jet structure of NGC 1052. The core shows a
peaked flat spectrum at frequencies higher than 43 GHz
(Baczko et al. 2016; Sawada-Satoh et al. 2016, 2019), while
it is optically thick at lower frequencies due to free—free
absorption hidden in a gap (Kellermann et al. 1999; Kameno
et al. 2001, 2003; Vermeulen et al. 2003; Kadler et al. 2004).
The jets show a steep spectrum implying optically
thin synchrotron emission. The brightness of the jets decreases
as they flow downstream (Kameno et al. 2001, 2003;
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Vermeulen et al. 2003; Kadler et al. 2004; Baczko et al.
2016, 2019). The jet is collimated in a cylindrical shape with a
width of 1.3 x 10° Rg (Schwarzschild radii) inside the break
point of 10* Rs from the core, and transit to a conical structure
outside the break point (Nakahara et al. 2020). Baczko et al.
(2022) found a more complex upstream structure, with neither
a cylindrical nor a parabolic shape, with the second break point
at 3 x 10* Rg. These studies on the jet width imply collimation
by surrounding dense material such as the molecular torus.

If the torus is confining the jet width by external gas
pressure, we expect an interaction between sub-relativistic jets
and torus gas, and shocks generated by the interaction. Fromm
et al. (2019) modeled overpressured jets in a decreasing
pressure ambient medium for NGC 1052 and simulated VLBI
images reproducing the core-jet structure at 43 GHz and the
gap at 22 GHz. The model indicates that pressure mismatch
between the jet and the ambient medium forms a recollimation
shock at the nozzle pinching the jet boundary. Observational
follow-up is needed to probe such a jet—torus interaction.

Sulfur-bearing molecules are known to be good shock tracers
in interstellar clouds (Pineau des Forets 1993), young stellar
objects (Bachiller & Perez Gutierrez 1997), protoplanetary
disks (Nomura et al. 2020), evolved stars (Adande et al. 2013),
starburst galaxies (Martin et al. 2003; Martin et al. 2005; Minh
et al. 2007), and ultraluminous infrared galaxies (Sato et al.
2022). Observations of H,S, SO, SO,, and CS in the molecular
torus of NGC 1052 would provide clues about jet—torus
interaction.

In this article, we report investigations of sulfur-bearing
molecular absorption lines toward the radio continuum of NGC
1052. Our primary aim is to measure the temperature of the gas
by comparing line equivalent widths (EWs) at various
excitation levels. Then, we examine the jet—torus interaction
as a heat source of the gas and dust in the torus.

We employ the systemic velocity of Vgg radio = 1492 km
s ! or Vie=1505 km s~ ! (Kameno et al. 2020), the
bolometric luminosity of Ly, = 10%%3 erg s1=2x10 W
(Guo et al. 2014), and the black hole mass of Mgy = 1.5 X 10®
M., (Woo & Urry 2002). The Schwarzschild radius is
Ry=3au, corresponding to 0.17 parcsec. Data reduction
scripts are available in the GitHub repository'® together with
spectral data.

2. Observations and Results

We have carried out Atacama Large Millimeter/submilli-
meter Array (ALMA) Band 3 (85.0-88.8 GHz and 97.0-100.4
GHz) and Band 4 (126.4-130.1 GHz and 138.3-141.7 GHz)
observations of NGC 1052 targeting SO, CS, SiO, and HCN
molecules. The Band 3 frequency is set to cover the transitions
SO Jy=2,—1, (permitted), HCN J=1-0 and SiO J=2—-1,
v=0 and v=1 in the upper sideband (USB), and CS (/=2
—1), SO Jy =3,—3; (permitted), and 45—4, (forbidden) in the
lower sideband (LSB). The Band 4 USB covers SO Jy =35—2,
(permitted), SiO J=3-2, and v=0, 1, 2, while the LSB
covers the forbidden SO transitions. Some SO, transitions
reside in the frequency coverage.

J0238+4-1636 and J0243-0550 were used as the bandpass and
phase calibrators, respectively, in both bands. We also used
NGC 1052 for self-calibration. Table 1 lists the observa-
tion log.

16 https: //github.com/kamenoseiji/ ALMA-2016.1.00375.S
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The continuum images at both bands consist of an
unresolved point-like component with 1.127 and 0.859Jy at
92.7 and 134.1 GHz, respectively, as shown in the insets of
Figures 1 and 2. No significant extended structure is identified
with the image rms of 37 and 25 pJy beam ™', respectively.

We took spectra in a single pixel at the center of the point-
like component as shown in Figures 1 and 2. The four plots
represent the LSB and USB in Bands 3 and 4, respectively.
Spectra of the phase calibrator, J0243-0550, are presented in
cyan as the control. Line species are marked by red vertical
ticks. Velocity scales with respect to the systemic
velocity £400 km s~ ' are also tagged on a line feature in each
plot. The identified features are listed in Table 2.

HCN J=1-0 is the most prominent feature, which shows
an asymmetric profile with a sharp edge on the redshifted side.
H'*CN J=1-0 absorption is also detected with a more
serrated profile than that of the H'>CN feature. The HCO™
J = 1-0 feature is partially covered by our spectral setting. The
ratio of the HCN-to-HCO™ peak opacity is 2.1 4- 0.2, being
consistent with the Korean VLBI Network (KVN) results
(Sawada-Satoh et al. 2019).

All permitted SO absorption features, Jy=2,—1;, 3,—24,
and 33;—2, are clearly detected. SO Jy=45—4, is the sole
forbidden line and is clearly detected. The 83—7g feature is
marginal and higher-J forbidden lines are not detected.

We have also identified SO, absorption features of
]Ka,KC: 102,8_101,9 and 122,10—121,11. The feature of the
125 10—12¢ 1, transition overlaps with SO Jy=33=2,. The
6,4—6; 5 feature is not significantly detected. CS J=2-1
absorption feature is marginally detected with a significance of
3.6 times the rms level. No significant SiO absorption was
detected. Possible SiO J=2-1, v=1 emission with
4.440.26 mJy appeared at 56.7 km s~ '. We do not argue
for this feature before confirmation in another transition.

Figure 3 shows optical depth profiles of the HCN and SO
absorption lines to be compared with higher frequency
transitions acquired in the ALMA Band 6 and Band 7
observations reported in Kameno et al. (2020). While
absorption profiles in Bands 6 and 7 consist of a single
component peaked at the systemic velocity with wider redward
tails, those in Bands 3 and 4 consist of multiple components
with the redshifted peaks at 164 =6 km s~ ' and sharp redward
edges around 210 km s~ ', and shallow blueward slopes down
to —190 km s~'. The velocity ranges of Bands 3 and 4
absorption features are settled within the HCN J=4-3
velocity range of Viys 313 km s~ .

We have measured EW = [ 7(v)dv by integrating the optical
depth profile in the velocity range of (—222, 258) km s~ after
subtracting the line-free baseline in (—312, —222)— (258, 478)
km s~'. The standard error in the EW is dominated by
uncertainty in the baseline-level determination. For SO
Jv=35—2,, we corrected the contamination of SO,
125 10—12; 11 by assuming that the extra EW equals the mean
of those in 10,5—10,9 and 12, ;0—12; ;. We derived total
column density, N, for SO, HCN, HCO™, and CS assuming
local thermodynamic equilibrium as

3kT B
Niot = 3 2 exp
8mu*B(2J + 1) 3kTex

~1
y exp(hBJ]EJT+ 1))[exp(khTy) — 1] EW, ()
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Figure 1. Spectra in the single pixel at the center of NGC 1052 in Band 3. (a) LSB (85.0-88.8 GHz). (b) USB (97.0-100.4 GHz). Top and bottom abscissas stand for
the frequency at the source frame and topocentric frame, respectively. Red vertical markers indicate line species at the systemic velocity. Spectra of J0243-0550, offset
by 0.964 and 0.900 Jy, are shown in cyan. Continuum maps are shown in the inset with the contour levels of 75 1Jy beam ™' x powers of 10.
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Figure 2. Spectra of NGC 1052 in Band 4. (a) LSB (126.4-130.1 GHz). (b) USB (138.3—-141.7 GHz). Spectra of J0243-0550, offset by 0.696 and 0.661 Jy, are shown
in cyan. Continuum maps are shown in the inset with the contour levels of 50 yJy beam ™' x powers of 10.

Table 1
Observation Log
Date ExecBlock UID Vobs Nant Beam Size and P.A. Spectral Resolution Image rms
uid: //A002/ GHz MHz, km s~ mJy beam™!
Y] 2 3) ) (5) (6) )]
2017-7-28 Xc2bb44 /X 1baf 92.7 45 0”42 x 0”30, +86° 39,12 0.26
2017-7-23 Xc27dd7/X2e85 134.1 46 0734 x 0”25, —87° 39,9 0.20

Note. (1) Year-month-day; (3) center frequency; (4) number of antennas; (5) synthesized beam size (FWHM in major and minor axes) and position angle (P.A.); (6)
spectral resolution in megahertz and velocity resolution in kilometers per second; (7) image rms of channel maps.

where k is the Boltzmann constant, % is the Planck constant, p
is the permanent dipole moment of the molecule, B is the
rotational constant, and v is the rest frequency. We applied the
excitation temperature, T, =26 K, obtained in Section 3.2.
The EW and N, values are listed in Table 2.

3. Discussion

Four species of sulfur-bearing molecules, H,S, SO, SO,, and
CS, have been detected in absorption toward the nucleus of

NGC 1052. We discuss the origin of these molecules, the
physical conditions, and the heating mechanism.

3.1. Line Profiles

It is remarkable that optical depth profiles are classified into
two distinct groups: (1) multicomponent asymmetrlc profile
peaked at a redshifted velocity of 164 + 6 km s~ ', presented in
Figure 3(a), and (2) a single component peaked at the systemic
velocity with wider redward tails, shown in Figure 3(b). The
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Figure 3. (a) Optical depth profiles acquired in ALMA Band 3 and Band 4 observations. Black, purple, blue, and orange lines stand for the HCN J = 1-0, SO
Jny=33—25, SO Jy =3,-24, and SO Jy = 2,—1; transitions, respectively. (b) Optical depth profiles of HCN and SO transitions in ALMA Band 6 and Band 7
observations presented in Kameno et al. (2020). The dashed vertical lines represent the systemic velocity.

Table 2
Identified Absorption Lines
Species Transition Vyest Tmax Velocity EW Niot
(GHz) (km s~ 1 (km s~ 1) (10" cm™?)
1 @) 3) (C)) ®) © )
SO In=2,—1, 86.09395 0.0079 £ 0.0006 165 1.28 £ 0.07 2.33+£0.13
Inv=13,-2, 99.29987 0.0151 £ 0.0009 170 233 £0.11 2.55+0.12
In=33-2, 129.13892 0.0214 £+ 0.0012 155 3.02£0.11 2.47 £0.09
In=145—44 100.02964 0.0061 £ 0.0012 167 0.72 £0.11
In=8s—Ts 129.95366 0.0027 £ 0.0008 105 0.23 £ 0.07
In=133—13, 139.50251 0.0030 £ 0.0009 229 <0.075
In=1414—143 140.53709 0.0033 £+ 0.0011 408 0.15 £ 0.05
In=1515—151, 14141311 0.0013 £ 0.0009 482 0.14 £ 0.06
In=16164—16;5 142.16005 0.0032 £+ 0.0011 408 <0.09
SO, Jkake =024—015 140.30617 0.0037 £+ 0.0011 159 <0.07
Jkaxe =1028—10; 9 129.51481 0.0060 £ 0.0008 161 0.60 £ 0.07
Jxaxe =12111—11210 129.10583
Jkake =12210—121 11 128.60513 0.0059 £ 0.0008 164 0.65 £ 0.07
HCN J=1-0 88.63185 0.0266 £ 0.0007 166 4.95 £ 0.07 3.15+£0.45
H"*CN J=1-0 86.33992 0.0045 £+ 0.0013 —4 0.64 £ 0.10 0.43 £0.07
HCO* J=1-0 89.18853 0.0128 £+ 0.0013 149 1.83 £0.10 0.68 £ 0.05
CS J=2-1 97.98095 0.0050 £ 0.0011 17 047 £0.13 041 £0.11

Note. (1) Line species; (2) transition; (3) rest frequency; (4) peak optical depth; (5) peak velocity with respect to the systemic velocity; (6) EW = f 7dV. The optical

depth of SO, Jk, ke = 121,1;—11; 19 cannot be measured and it contaminates that of SO Jy = 35—2,; (7) total column density assuming 7, = 26 K.

two groups are discriminated by frequencies below 129 GHz
and above 214 GHz. Hereafter, we refer to the two groups as
millimeter absorption and submillimeter absorption.

We averaged the optical depths for each group to highlight
the difference and plotted them in Figure 4. The average of
submillimeter and millimeter optical depths consist of the line
species plotted in Figure 3; submillimeter: HCN J=4-3, SO
Jy=289—7g, 83—77, 85—T¢, and 55—4,, and millimeter: HCN
J= 1—0, SO JN: 33:22, 32—21, and 22—11. While the
submillimeter optical depth can be fitted by a single Gaussian
component, millimeter absorption requires at least five
components. The parameters of the Gaussian components are
listed in Table 3. These components are also presented in
Figure 4. The velocities of the submillimeter and millimeter
components shown by the green-dashed line coincide with the
systemic velocity. The millimeter absorption additionally
contains two stronger redshifted and two weaker blueshifted
components. These redshifted and blueshifted components

show significantly narrower velocity widths than that of the
systemic velocity component.

3.2. Temperature of the Absorber

We attempt to measure rotation temperature, 7T,o, by
comparing the EWs of SO in multiple transitions as

EW E;
—-— -~ o exp A L]
2N+ 1 Tio

for these millimeter and submillimeter absorbers separately.
Here N, and E; are the lower-level rotational angular
momentum and energy, respectively, and n, stands for the
intercept. The best fit resulted in 7o, =26 =4 and 344 +43 K
for the millimeter and submillimeter absorbers, respectively.
Figure 5 shows a Boltzmann diagram of the detected permitted
SO absorption lines. The SO Jy=33—2,, 3,—2;, and 2,—1;
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Figure 4. Average optical depths in submillimeter and millimeter absorption. Filled circles in navy blue and red denote the average optical depths in submillimeter
(HCN J =4-3, SO Jy = 89—73g, 83—77, 8;—7¢, and 55—4,) and millimeter (HCN J =1 —0, SO Jy = 35 = 2,, 3,—2;, and 2,—1,) absorption, respectively. Solid
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components are listed in Table 3.

Table 3
Parameters of the Gaussian Absorber Components

Component Peak Opacity Velocity FWHM

km s~ km s™!
(e)) (@) 3 @
Submillimeter 0.0642 £ 0.0009 55+1.1 1743 £2.7

(navy blue)

Millimeter (magenta) 0.0149 £ 0.0004 166.1 + 0.6 628 1.5
Millimeter (orange) 0.0089 £ 0.0008 92.5+0.9 64.9+29
Millimeter (green) 0.0039 £ 0.0012 16.1 £5.8 360.0 £+ 49
Millimeter (cyan) 0.0033 £ 0.0011 —13.7+24 92.1 +£17
Millimeter (blue) 0.0035 £ 0.0004 —121.0+1.0 48.6+4.0

Note. (1) Components with the colors denoted in Figure 4; (2) peak optical
depth; (3) peak velocity with respect to the systemic velocity; (4) velocity
width at FWHM.

transitions below 129 GHz are plotted in red markers. We
added the 55—44, 8;—7¢, 83—77, and 89—7g transitions above
214 GHz in blue markers using data from Kameno et al.
(2020). To correct for HC'°N contamination into an 8g—7;
feature, we applied a proportional allocation of
EW(SO):EW(HC'’N) =7.9:1.2 using the result of two-comp-
onent Gaussian decomposition.

The high temperature in the submillimeter regime is
consistent with the presence of vibrationally excited (v, =1)
HCN and HCO™ lines (Kameno et al. 2020). The presence of
SO, absorption features also supports the warm environment
because SO, would freeze onto dust particles under 7 < 130 K

(Nomura et al. 2020). Kameno et al. (2020) discussed the
physical properties of the molecular torus, for the cases of
T=50, 100, 230, and 500 K, to explain the obtained
absorption-line features. Our results rule out the 50 and 100
K cases, and are consistent with 230 and 500 K, which yields
the covering factor of f , = 0.1770:58, the geometrical
thickness of © =0.4—1.0, and the radius of R=2.4+ 1.3 pc.
Non-detection of SiO features indicates that the temperature
must be below the sublimation temperature of silicates.

The temperature of the millimeter absorber is below the
freeze-out temperatures of H,, SO, and SO,. This indicates that
sulfur-bearing molecules have been cooled after being released
from warm dust. We discuss the origin of the cool millimeter
absorber in Sections 3.3 and 3.4.

3.3. Location of Absorbers

Because an absorber must locate in front of the background
continuum source along the line of sight, a frequency-
dependent continuum structure can cause a difference in the
absorption profiles. While the continuum source is spatially
unresolved in ALMA observations with the synthesized beam
of ~0”3, multifrequency VLBI studies have revealed sub-
parsec-scale structures composed of core and double-sided jets.
The core is optically thick and hidden in the gap below 43 GHz
due to free—free absorption (Kellermann et al. 1999; Kameno
et al. 2001, 2003; Vermeulen et al. 2003; Kadler et al. 2004),
and appears at higher frequencies with a peaked flat spectrum
(Baczko et al. 2016; Sawada-Satoh et al. 2016, 2019). On the
other hand, the jets have a steep spectrum with a brightness
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Figure 5. Boltzmann diagram of the SO absorption feature. Red and blue lines indicate the best fits for millimeter and submillimeter SO absorptions, respectively. The

transparent bands show the uncertainties of the temperatures and intercepts.

gradient inward of the core (Kameno et al. 2001, 2003;
Vermeulen et al. 2003; Kadler et al. 2004; Baczko et al.
2016, 2019) with a peak in gigahertz frequencies (Fromm et al.
2019). As a result, the extension of the jet becomes longer at a
lower frequency. The footpoints of the jets are optically thick
below 22 GHz with a gap due to the free—free absorption.
Although no VLBI image at the submillimeter wavelength has
been published to date, the submillimeter continuum emission
is putatively dominated by the core component rather than the
jet. Figure 6 shows a possible decomposition of the continuum
spectrum in millimeter/submillimeter wavelengths measured
by ALMA. This decomposition is not unique but is tweaked to
make the millimeter and submillimeter continuum dominated
by the jet and the core, respectively.

KVN observations at 86 GHz have revealed that HCN and
HCO™ absorbing clumps are smaller than 0.1 pc and locate on
the western receding jet 0.24-0.27 pc offset from the
continuum peak implying complex kinematics in the vicinity
of the AGN, such as inflow, outflow, and turbulence (Sawada-
Satoh et al. 2016, 2019). The HCN absorption is dominated by
two redshifted components at 149 and 212 km s~ ', which
represent the redshifted component in the ALMA results. The
blueshifted component with the peak opacity of 0.0035
measured by ALMA was not identified with KVN where the
rms noise level was 0.035 in the normalized spectrum and the
bandwidth of 128 MHz was not sufficient to determine a line-
free baseline (Sawada-Satoh et al. 2016). The KVN HCO*
absorption profile with an FWHM of 272 4 50 km s~ covers
the systemic velocity (Sawada-Satoh et al. 2019), which is
more consistent with the ALMA millimeter absorption. While
the western receding jet casts both redshifted and blueshifted
HCO™ absorption, the eastern approaching jet does not show a
clear absorption feature. A higher dynamic range VLBI
observation is necessary to reproduce the ALMA results.

In view of the characteristics of the continuum components,
millimeter and submillimeter absorbers are expected to locate
where they mainly cover the jet and the core, respectively, as
illustrated in Figure 7. This model predicts a longer line of sight
toward the western receding side than that toward the eastern

approaching side to generate the asymmetric line profiles, with
a greater optical depth in the redshifted component, as is
observed in millimeter absorption. The model interprets the
velocity width of the submillimeter absorption as the turbulent
motion. In addition, the redshifted and blueshifted millimeter
absorptions represent dragged gas flow by the approaching and
receding jets, respectively.

An alternative explanation for the redshifted and blueshifted
millimeter absorption is that clumps inside the torus are orbiting
the core and pass across the line of sight to the continuum
emission. In this case, the millimeter absorber is expected to
locate at a further distance from the core than the submillimeter
absorbers to explain the lower excitation temperature. Since the
jets are well collimated and are expected to align with the orbital
axis, a noncircular orbit is required to produce the redshifted and
blueshifted absorption profiles.

3.4. Origin of Sulfur-bearing Molecules

In protoplanetary disks, sulfur-bearing molecules are known
to trace the evaporation of icy components of dust. Nomura et al.
(2020) calculated the evolution of fractional abundances of H,S,
SO, SO,, and CS under a given temperature and demonstrated
that evaporated H,S is destroyed by gas-phase reactions to form
SO and SO,, and these will be frozen out on grains if the dust
temperature is colder than 60 and 130 K, respectively.

The SO-to-CS abundance ratio in protostars is spread
throughout various ranges: N(SO)/N(CS) < 0.11 in the solar-
analog IRAS 16293-2422 B (Drozdovskaya et al. 2018),
1.7-37.5 in 15 positions of molecular shocks in the low-mass
protostar NGC 1333 IRAS 2 (Wakelam et al. 2005), 1.1-1.9 in
the shocked region of class O protostar L1157 outflow
(Bachiller & Perez Gutierrez 1997), and 37}° x 10% in the
Class I protostellar source Elias 29 (Oya et al. 2019). The ratio
in NGC 1052 is 6.1 £ 0.28 and 2.55 £ 0.05 for millimeter and
submillimeter'” absorption, respectively, which are within the

'7 Submillimeter column densities are derived using EW values of the SO
55—4,, 8;—7¢, 83—77, and 89— 7 transitions and CS 7—6, HCN 4—3, HCO™ 4
—3 in Kameno et al. (2020) and applying T.x = 344 K.
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Figure 6. A possible decomposition of the continuum spectrum of NGC 1052 in millimeter/submillimeter wavelengths. The black dots represent ALMA
measurements in this paper and those in Kameno et al. (2020). Jet (red) and core (blue) components are indicated by free—free absorbed synchrotron spectra with the
spectral indices of —3 and —0.5, respectively. Note that the decomposition is not unique but is tweaked to make the continuum in the millimeter and submillimeter

wavelengths dominated by the jets and the core, respectively.

range of protostars and match the molecular shocks in NGC
1333 IRAS 2.

The ratios of SO-to-HCN and SO-to-HCO™ integrated line
intensities in nearby galaxies are summarized in Table 4. NGC
1052 shows significantly higher SO-to-HCN and SO-to-HCO™"
ratios than other galaxies. SO (83—7,):HCO™' (4—3)=1:26
and 1:3 in the ultraluminous infrared galaxy, IRAS 20551-4250
and NGC 1052. SO (3,—2,):HCN (1-0):HCO *(1-0)=
1:33:17, 1:17:14, 1:13:9, and 1:2:0.8 in the Seyfert galaxy
NGC 1068, in the starburst galaxies NGC 253 and IC 342, and
NGC 1052, respectively.

The SO-to-HCO™ abundance ratio in NGC 1052 submilli-
meter absorption is derived to 4.63 = 0.03 applying 7. = 344
K. This value is probably overestimated because HCO™ is
optically thick as implied by the high H'>*CN-to-H'*CN ratio
(Kameno et al. 2020). The ratio will be 0.95 4+ 0.03 after
applying correction with the '*C-to-'*C abundance ratio of
~50 and the covering factor of f.,, = 0.17. That is significantly
higher than the SO-to-HCO™ abundance ratio of 0.35 +0.23 in
IRAS 20551-4250, applying T.x = 36 K (Imanishi et al. 2017).

The SO-to-HCN abundance ratio in millimeter absorption is
derived to 0.78 +-0.03, with 7., =26 K. This value will be
corrected to 0.07 4 0.02 by the '“C-to-'>C abundance ratio and
the covering factor. Although the excitation temperatures in
NGC 1068, NGC 253, and IC 342 are unknown, 7., = 20-500
K yields the SO-to-HCN abundance ratio of 0.04-0.06,
0.08-0.11, and 0.11-0.14, respectively (Takano et al. 2019).

Thus, the opacity-corrected SO-to-HCN abundance ratio of
millimeter absorption in NGC 1052 is comparable to that in
other nearby galaxies.

The torus in NGC 1052 is considered to be dust-rich as a
reservoir of sulfur-bearing molecules. Barth et al. (1999)
revealed polarized broad Ha emission, indicating the
presence of dust torus, which obscures direct light from
the broad line region (BLR). The BLR light only escapes in
the polar-axis direction and scattered light can be observed.
Thus, it is natural to consider the presence of dust grains in
the molecular torus. A high SO-to-HCO™ abundance ratio in
submillimeter absorption is interpreted by the evaporation
of sulfur-bearing molecules from dust grains under high
temperatures >130 K.

The millimeter absorber is cooler than the freeze-out
temperature, and contains redshifted and blueshifted velocity
components up to 166 km s~ ' with a narrow width of <65 km
s_l, and the SO-to-HCN abundance ratio is comparable to
other nearby galaxies. A plausible interpretation for the
redshifted and blueshifted millimeter absorber is that they are
downstream of the submillimeter absorber dragged by the jets.
Another possibility is that orbiting clumps pass across the line
of sight toward the millimeter continuum source by chance.
High-dynamic-range VLBI monitoring is needed to clarify the
location and dynamics of the millimeter and submillimeter
absorbers.
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Figure 7. Schematic diagram of the torus composed of molecular/dusty clumps (pale blue). The core (blue circle) contains the central engine and the jet-launching
region with submillimeter flat-spectrum synchrotron emission. The core is hidden in the low-frequency regime due to free—free absorption in the inner area of the
torus. High-pressure outflows (red arrows) from the core interact with the inner wall of the torus. HCN, HCO™, and sulfur-bearing molecular gas evaporate from dust
grains in the torus by the shock and produce submillimeter absorption features. The reverse shock collimates the jet along the polar axis. The jet emits optically thin
synchrotron radiation off the torus. The jet drags molecular gas downstream (blue arrows), which produce millimeter absorption features. The line of sight toward the
western receding side has greater optical depth than the eastern approaching side to generate the asymmetric line profiles.

3.5. The Heat Source

Dust grains with a radius of » emit a blackbody radiation of
Bad,out = 477720'3 T4, (2)

where o, is the Stefan—Boltzmann constant. If we apply
T =344 K and r = R = 2.4 pc (see Section 3.2), the radiation
power of the whole torus will be Pagoue =35.5 X 1037 W,
which exceeds the bolometric luminosity by two orders of
magnitude. Therefore, the high temperature must appear only
in a small fraction of the torus body. The radiation quickly
cools the gas in the torus unless a heat source is present.
In this section, we attempt to examine possible heating
mechanisms to maintain such a high temperature of gas and
dust in the torus.

3.5.1. Jet-Torus Interaction

NGC 1052 emanates sub-relativistic double-sided jets with a
bulk speed of 0.26¢—0.53¢ (Vermeulen et al. 2003). The width
of the jets is strongly confined to 0.016 pc (1.3 x 10* R,) inside
10* R, from the nucleus (Nakahara et al. 2020; Baczko et al.
2022), implying a pressure gradient of the torus. Interaction
between the relativistic jets and the confining molecular torus
can cause shock that heats gas and dust.

The kinetic power of the jets is estimated as
P i = 12 p v 3
jet, tot = 27Trj PV, (3)

where r; = 0.008 pc is the radius of the cylindrical jets, p; is the
density, and v;=0.26¢ is the jet speed. At the shock front
between the torus gas and jets with the overpressure factor of
~1.5 (Fromm et al. 2019), we have

pjvj2 = 1.5p,v2, )

where v; is the advancing speed of the shock. The mean torus
gas density, p,, has been estimated as ny, =4.4 x 10° cm ™3
(Kameno et al. 2020). Taking v, ~ AVWm%: 350 km s~ ! and
v;=0.26c, we have p;j=44x 107! kg m~>  and
Pietior = 2.0 x 10**W, which corresponds to 10% of the
bolometric luminosity of the AGN.

For the radiative cooling (Equation (2)) localized in the
shock-heating region of r;, we have Ppgou =6 X 10° W or
3% of the kinetic power of the jets. Therefore, the jet—torus
interaction can account for the heating of gas and dust with a
fractional amount of jet power. Because this model presumes
localized heating within collimated jet width, it requires less
energy injection than heating the whole torus.
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Table 4
Integrated Line Intensity
Galaxy HCO™" (4-3) SO (8s—77) HCN (1-0) HCO™ (1-0) SO (3,-2)) References
Jy kms™! Jykms™! Jy kms™! Jy kms™! Jykms™!

@ @ 3 “ ) © (O]
IRAS 20551-4250 16.9 +£0.2 0.64 £ 0.15 1
NGC 1068 264 £0.6 13.34+0.7 0.8+0.2 2
NGC 253 70 £1 59+1 42403 2

IC 342 11.6 £ 0.1 84 +£0.1 0.9 +0.1 2
NGC 1052 (EW: km s ") 159+04 79 +0.5 4.95 +0.07 1.83 £ 0.13 233 +£0.11 3,4

Note. References: 1. Imanishi et al. (2017), 2. Takano et al. (2019), 3. Kameno et al. (2020), 4. This work.

Another advantage of this model is to naturally explain the
evaporation of sulfur-bearing molecules from the dust mantle
via shocks generated by a jet—torus interaction, and the
presence of cool downstream gas to show millimeter absorption
features. Future millimeter/submillimeter VLBI spectral
images would unveil the temperature distribution of sulfur-
bearing molecules along the jets to clarify the cooling
mechanism.

In the following subsections, we consider other mechanisms
for heating the gas in which the SO feature resides.

3.5.2. AGN Radiation

Here we examine whether the bolometric luminosity of
Looi =2 x 10> W is enough to maintain the warm environment
in the torus. A dust grain with a radius of r at the distance
R = 2.4 pc from the nucleus receives a radiation power of
Bagin = Lioi—. Under the balance Pradin = Prad.ou» We have
Lo = 167R*c,T* and then T = 60 K. This indicates that AGN
radiation cannot account for heating the gas and dust in the 2.4
pc torus. Radiative heating to 344 K would be realized closer to
the nucleus by a factor of 33, i.e., R~ 0.07 pc.

3.5.3. Accretion

Accretion matter converts its potential energy into kinetic
energy by 50% and dissipates by 50%. Here we examine
whether dissipation can account for the heating of gas and dust
heating.

Under the gravity of Fg = GMpin

RZ
unit mass is %FC, Vace, Where v, is the accretion velocity that
must be less than the absorption-line velocity width
AVying = 350 km s~ For a dust grain with a mass of

4 . o
Must = ?ﬂpr3, the dissipation power is estimated as

, the dissipation rate for a

21 GM,
? RfH prsvacc- (5)

Pacc,in =

Comparing Equation (5) with the radiative cooling
(Equation (2)) for the dust grain, we have

Bicein _ GMBHpIvace _ 3 % 10-7 Mgy
Pmd’dus[ 6O}R2T4 1.5 % 108 M@

" p R 2( T )4 r
103 kg m—3 J\ 2.4 pc 344 K 1 yum )

Thus, accretion power would be a significant heating process at
a much inner region of ~0.001 pc but cannot account for the
gas and dust heating at R =2.4 pc.

3.5.4. Star Formation

Starburst activity in a circumnuclear disk or a molecular
torus could be the origin of the heat source in some Seyfert
galaxies. Starbust characteristics in the disk or clumpy torus
can be determined by Toomre’s Q parameter defined as
0= :g;, where oy is the velocity width, » is the epicyclic
frequency, and ¥ is the surface density (Vollmer et al. 2008;
Izumi et al. 2016).

As shown in Kameno et al. (2020), the circumnuclear disk in
NGC 1052 is too gas-poor to drive mass accretion via ongoing
star formation. For the molecular torus, we estimate Q ~ 8,

applying ¥ = f”j = 7.2 x 105 M., pc 2, the velocity width of
or=350kms ', and k= V,o/R=8.1 x 10'?rad s~ '. Thus, it
is classified as a massive, opaque, collisional disk according to
Vollmer et al. (2008) where a star formation rate does not play

a significant role compared with cloud collisions.

4. Conclusions

We have probed the absorption features of sulfur-bearing
molecules, H,S, SO, SO,, and CS, toward millimeter and
submillimeter continuum emission in the radio galaxy NGC
1052, and obtained clues on the physical properties of the
molecular torus as summarized below.

1. The EWs of SO absorption are comparable to those of
HCN and HCO™. After correcting for optical depth and
covering factor, submillimeter absorption shows a
significantly higher SO-to-HCO™ abundance ratio than
the ultraluminous infrared galaxy, IRAS 20551-4250
does. The SO-to-HCN abundance ratio in millimeter
absorption is comparable to that in nearby starburst and
Seyfert galaxies. The SO-to-CS abundance ratio matches
molecular shocks in the low-mass protostar NGC 1333
IRAS 2.

2. While submillimeter HCN and SO absorption profiles are
simple single components centered at the systemic
velocity, millimeter absorption is a multicomponent
asymmetric profile with a peak and sharp edge in a
redward and a shallower blueward slope. The difference
in the profiles is ascribed to the location of the
background continuum, the core, and the jets in
submillimeter and millimeter regimes, respectively.

3. The submillimeter SO absorption indicates the rotation
temperature of 7, = 344 43 K. That is greater than the
freeze-out temperatures of SO, and SO, and is consistent
with the presence of 22 GHz H,O masers and
vibrationally excited HCN and HCO™ absorption lines
in the molecular torus.
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4. Jet—torus interaction is the most plausible heat source for
the gas and dust in the torus. Our results support that the
torus is working for jet collimation inside 10* R,.

5. The millimeter SO absorption features’ fit of 26 +4 K, is
significantly cooler than that of the submillimeter SO
absorption features. The millimeter continuum is domi-
nated by jets and the cooler SO gas is considered to be
dragged downstream flows. The asymmetric millimeter
absorption profiles can be generated by different lines of
sight through the absorbers toward the western receding
side and eastern approaching side.

Following the millimeter/submillimeter absorption study
with ALMA detecting a jet-torus interaction, we want to
acquire a spatially resolved distribution of the temperature and
velocity field of the absorber using millimeter/submillimeter
spectral VLBI observations.
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