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ABSTRACT

Although the optical cometary database is extensive, the radio database is limited. The 18-cm OH
maser observations of comets allow us to determine (i) the production rate of OH (Qou) and (ii)
the water expansion velocity, for each comet. To reveal the physical properties of the periodic comet
12P /Pons-Brooks, we conducted the OH maser observations of the comet using the 40-m TNRT (Thai
National Radio Telescope) on March 22nd, 27th and 29th, 2024 before the perihelion passage on April
21st, 2024. We successfully detected 1665 and 1667 MHz OH maser emissions from the comet. The av-
erage OH production rates of 12P /Pons-Brooks were determined as 4.2840.30 x 10%? sec™!, 5.214-0.42
x 1022 sec™!, and 3.36+0.43 x 10%? sec™! for March 22nd, 27th and 29th, respectively. Combining our
results with previous estimates, we find that the OH production rate of 12P/Pons-Brooks shows some
fluctuations on timescales of a few days, but gradually increases on longer timescales as the comet
approaches the last perihelion. The water expansion velocities of the comet were determined to be
1.5540.14 km s, 1.5540.35 km s~ 1, and 2.0275-47 km s~! for the observations on March 22nd, 27th
and 29th, respectively. The reason why the errors are different is because the signal to noise ratio
is different for each OH maser emission. All expansion velocities are consistent with the individual
results of the heuristic law (Tseng et al. 2007) within errors.

Keywords: comets: individual (12P/Pons-Brooks) — masers — radio lines: planetary systems

1. INTRODUCTION

Comets retain the information about the early stages
of the solar system formation. While more than 20
chemical species have been detected in bright comets,
the main volatile constituent of comets is water (e.g., see

Mumma & Charnley 2011; Biver et al. 2024). OH radi-
cals are thought to be created by the photodissociation
of water when comets approach the Sun. OH molecules
in the cometary coma (i.e., atmosphere) radiates at ul-
traviolet, near infrared, 18-cm (radio) and submillimeter
bands (e.g., see Schleicher & A’Hearn 1988). After the
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first discovery of 18-cm cometary OH maser in Comet
Kohoutek (1973f) (Biraud et al. 1974; Turner 1974),
18-cm OH masers have been detected in more than 65
comets (Colom et al. 2002). OH molecules absorb so-
lar ultraviolet photons and cascade back to the ground-
state A-doublet of OH by subsequent fluorescence (Bi-
raud et al. 1974). The relative population inversion of
upper and lower energy levels of the OH ground state
depends on the heliocentric velocity (i.e., the Swings ef-
fect; Mies 1974). Typical cometary OH maser flux den-
sity ranges between 0.01 and 0.05 Jy, although a bright
cometary OH maser can reach 0.4 Jy or more (Skir-
mante & Jasmonts 2022; Crovisier et al. 2002). Note
that the cometary OH maser flux density depends on
the cometary water production rate and the observa-
tion conditions (i.e., topocentric distance and maser in-
version; see Bockelée-Morvan et al. 1990). Cometary
OH masers can be detected at 1612, 1665, 1667 and
1720 MHz. The statistical weight ratio of 1612, 1665,
1667 and 1667-MHz emissions is 1:5:9:1 (e.g., Gerard
1985). The integrated intensity of the 18-cm OH line
allows us to determine the OH production rate (Qon)
of each comet (e.g., see Crovisier et al. 2002). Since
OH is a photo-dissociation product of HoO, water pro-
duction rate (Qu,0) is proportional to Qon (Crovisier
1989). The water production rate is an important value
in cometary studies because water is typically the most
abundant parent gas species in cometary comas, and
measurements of all other species are compared to wa-
ter for compositional interpretation (Combi et al. 2009).
A molecular production rate can be used to examine the
comet’s outgassing activity. The 18-cm OH line profile
of each comet can be used to measure the water ex-
pansion velocity in the comet’s coma (Bockelée-Morvan
et al. 1990). The expansion velocity information can
allow us to investigate the kinematics of comet’s atmo-
sphere.

Comet 12P/Pons-Brooks was discovered by as-
tronomer Jean-Louis Pons in 1812 and rediscovered by
astronomer William Robert Brooks in 1883 (Yeomans
1986). 12P/Pons-Brooks has an orbital period of 71.24
years!, and thus it is classified as a Halley-type comet.
The comet approached the last perihelion on April 21,
2024 (UTC). Figure 1 represents an optical image of
comet 12P/Pons-Brooks taken on March 11th, 2024. It
shows typical cometary characteristics such as the coma
and a tail. Optical outbursts (i.e., sudden and intense
surges in the optical brightness) of the comet have been

I Based on the JPL Horizons System:https://ssd.jpl.nasa.gov/

horizons/
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Figure 1. Comet 12P/Pons-Brooks as seen from Doi
Inthanon National Park, Chiangmai, Thailand on March
11th, 2024. A 9-minute exposure image was taken using
a ZWO See Star S50 camera with a 50 mm f/5 lens held on
an Alt-azimuth tracking mount. The image is approximately
3.7 deg x 2.1 deg in total. Image credit: NARIT Outreach
Team.

reported during the comet appearances in 1883, 1954,
and 2024 (Chandler 1883; Porter 1955; Manzini et al.
2023; Jehin et al. 2024). The outburst events involve the
rapid release of large amounts of gas and dust from the
comet’s nucleus (Gritsevich et al. 2025a). The ejected
mass from 12P/Pons-Brooks is thought to be responsi-
ble for the weak December x-Draconids meteor shower,
which typically occurs from November 29th to Decem-
ber 13th (Tomko & Neslusan 2016).

Although intensive optical observations of 12P/Pons-
Brooks have been conducted, radio observations of the
comet are limited. In this paper, we report the OH
maser detection in 12P/Pons-Brooks. The comet ob-
servations with the 40-m TNRT (Thai National Radio
Telescope) are summarized in section 2. The TNRT data
reduction is explained in section 3. The observation re-
sults with TNRT are shown and discussed in section
4. Especially, we discuss the physical parameters of the
comet, which are (i) the OH production rate and (ii)
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Table 1. TNRT observation information of 12P /Pons-Brooks

R.A. (J2000)* Decl. (J2000)*  Time range  A* o o™ op* Coma diameter!
hh:mm:ss dd:?” (UTC) (au) (au) (kms™') (kms™') (arcminute)
March 22nd, 2024 (UTC) 7.5+3.4
01:24:33.6 +28:18:21 05:06 - 05:34 1.620 0.960 —2.7 —18.1

01:24:39.5 +28:17:44 05:43 - 06:00 1.620 0.960 —2.7 —18.1

01:24:45.5 +28:17:08 06:02 - 06:29 1.620 0.959 —2.6 —18.1

01:24:51.4 +28:16:32 06:32 - 07:00 1.620 0.959 —2.6 —18.1

01:24:57.4 +28:15:56 07:04 - 07:31 1.620 0.959 —2.5 —18.1

01:25:03.3 +28:15:20 07:33 - 08:01 1.620 0.958 —2.5 —-18.0

01:25:09.3 +28:14:44 08:03 - 08:30 1.620 0.958 —24 —18.0

01:25:15.2 +28:14:07 08:33 - 09:01 1.620 0.958 —24 —-18.0

March 27th, 2024 (UTC) 6.542.4
01:47:46.3 +25:46:04 04:32 - 04:59 1.614 0.910 -1.7 —16.2

01:47:52.0 +25:45:23 05:00 - 05:30 1.614 0.910 -1.6 —16.2

01:47:57.7 +25:44:43 05:31 - 05:59 1.614 0.910 -1.6 —16.2

01:48:03.4 +25:44:03 06:03 - 06:31 1.614 0.910 —-1.5 —16.2

01:48:09.0 +25:43:22 06:33 - 07:01 1.614 0.909 -1.5 —16.2

01:48:14.7 +25:42:42 07:03 - 07:29 1.614 0.909 —-14 —16.2

01:48:20.4 +25:42:02 07:31 - 08:03 1.614 0.909 —1.4 —16.2

01:48:26.1 +25:41:21 08:07 - 08:30 1.614 0.909 —-1.3 —16.2

01:48:31.8 +25:40:41 08:34 - 08:59 1.614 0.909 —-1.3 —16.2

01:48:37.4 +25:40:00 09:01 - 09:27 1.614 0.908 —-1.2 -16.1

March 29th, 2024 (UTC) 7.242.0
01:56:48.4 +24:40:19 04:35 - 04:58 1.613 0.892 -1.3 —-154

01:56:53.9 +24:39:38 05:00 - 05:28 1.613 0.892 -1.3 —-15.3

01:56:59.5 +24:38:56 05:30 - 05:58 1.613 0.891 —1.2 —15.3

01:57:05.1 +24:38:14 06:00 - 06:31 1.613 0.891 —-1.2 —15.3

01:57:10.7 +24:37:32 06:33 - 06:57 1.613 0.891 —-1.1 —15.3

01:57:16.3 +24:36:50 07:05 - 07:26  1.613 0.891 —-1.1 —15.3

01:57:21.8 +24:36:08 07:34 - 08:00 1.613 0.891 —1.0 —15.3

01:57:27.4 +24:35:26 08:02 - 08:29 1.613 0.891 —1.0 —15.3

01:57:33.0 +24:34:44 08:30 - 08:58 1.613 0.890 —-0.9 —15.3

01:57:38.6 +24:34:02 09:00 - 09:32 1.613 0.890 —0.9 —15.3

Columuns 1-2: Right ascension (column 1) and declination (column 2) (J2000) of 12P /Pons—Brooks;
Column 3: Observation time range (UTC); Columns 4-5: Topocentric and heliocentric distances
of 12P /Pons-Brooks, respectively; Columns 6-7: Predicted topocentric and heliocentric velocities
of 12P /Pons-Brooks, respectively; Column 8: Mean coma diameter and its standard deviation.

*These values refer to the JPL Horizons System (Giorgini et al. 1996).

T Each value is the average of optical observations from the COBS International Database (https://www.
cobs.si).
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the HyO expansion velocity. We summarize this paper
in section 5.

2. OBSERVATIONS

During Director’s Discretionary Time, we observed
comet 12P /Pons-Brooks on March 22nd, 27th, and 29th,
2024 (UTC) with the L-band? (1—1.8 GHz; dual linear
polarization) spectrometer mode of 40-m TNRT (see
Table 1). The details of the 40-m TNRT and the L-
band spectroscopy mode are summarized on the TNRT
web page®. The 40-m TNRT is located at 99°2170 E,
1828643 N and 411 m above sea level. The coordinates
of the comet were updated every 30 (min) based on the
ephemeris* provided by the JPL Horizons System', and
the updated coordinates were applied to the observa-
tions. This is because, although TNRT can track ob-
jects based on equatorial coordinates, a tracking sys-
tem for solar system objects based on orbital elements
is currently under evaluation. On average, a coordinate
shift was 87 (arcsec) every 30 (min), which is ~7% of
the TNRT beam size at 1.6 GHz (0 ~ 1,200 arcsec).
Considering the coordinate shift and (Azimuth, Eleva-
tion) pointing accuracy of the telescope (AAz = 32 arc-
sec, AEl = 48 arcsec), for most of each observation, the
comet is expected to be observed in the inner 10% of the
beam. This results in ~3% flux loss in a Gaussian beam,
which is less than the typical amplitude calibration ac-
curacy for TNRT L-band data (i.e., ~10%). The ampli-
tude calibration accuracy of TNRT L-band data is sum-
marized on the TNRT web page®, where the brightness
temperature of the H I standard region S8 (Williams
1973) obtained with TNRT is compared with bright-
ness temperature values of the same source obtained
with Effelsberg 100m (Winkel et al. 2016), Duingeroo
25m (Kalberla et al. 2005), and Parkes 64m (Kalberla
& Haud 2015), respectively.

TNRT front-end and back-end systems were de-
veloped by Max-Planck-Institut fiir Radioastronomie
(MPIfR) and summarized on the TNRT web page®. Ra-
dio frequency (RF) between 1.0 and 1.8 GHz is received
by the cryogenic TNRT L-band receiver. The received
RF is divided into horizontal and vertical polarization
signals with an orthomode transducer (OMT). Each po-
larization signal is directly digitized with 8-bit sampling
in the receiver box. The digitized signal is sent to the
TNRT Universal Software Backend (USB) system us-

2 The TNRT L-band receiver was developed in collaboration with

MPIfR.
3 https://indico.narit.or.th/event /218/

4 Taken from The Sky Live:https://theskylive.com/

ing the Effelsberg Direct Digitization (EDD)®, where the
signal is packetized and transmitted to the spectrome-
ter via a 40 Gigabit Ethernet (GbE) Local Area Network
(LAN). The output of the spectrometer is recorded on
a data storage with the raw data format of Multi-Beam
FITS (MBFITS; Muders et al. 2006).

In each MBFITS file, four types of output were
recorded with combinations of polarization (Vertical or
Horizontal) and noise-source injection (ON or OFF).
The MBFITS file consists of subscans for which we ap-
plied each integration time of 1.073 (sec), which results
in a total integration time of ~1 (min) for each MBFITS
file. The noise source was injected for each subscan with
a fraction 0.25 % of the subscan integration time (i.e.,
1.073 sec x 0.25 % ~ 0.003 sec).

Regarding the setup of the three observations, a fre-
quency resolution of 3.815 kHz was applied, which cor-
responds to a velocity resolution of 0.686 km s~! at
1667.359 MHz (i.e., at the OH ground state line 2H3/2
(J =3/2) of F = 2-2 ). The effective on-source times
at (1665, 1667) MHz were (41, 52), (151, 179) and (143,
168) (min) on March 22nd, 27th, and 29th, 2024, re-
spectively. These times are shorter than the total ob-
servation times (see Table 1) due to (1) sky (off-source)
observations, (2) downtime from system processes such
as output file creation and antenna movement, (3) radio
frequency interference (RFI), and (4) data recording is-
sues, which led to 50% sky data loss in the first epoch.
Before and after each observation, the sky data were ac-
quired at (Az, El) = (60, 60) and (300, 60) degrees so
that the total integration time of the sky data was equal
to that of the target data. Different on-source times at
(1665, 1667) MHz in each day are due to RFI.

3. DATA REDUCTION

The MBFITS files obtained from the observations
were analyzed using Python libraries (e.g., NumPy
(Harris et al. 2020); Astropy (Astropy Collaboration
et al. 2013, 2018)). We applied the standard analy-
sis procedures for centimeter spectral line data to the
TNRT data (e.g., see McClure-Griffiths et al. 2005) as
follows:

1. Target / Sky: p = (Piarget/ Poky)—1

2. The determination of opacity corrected system
noise temperature:

T
Tszls [K] = (Ptargetlj—SNS 71) eXp(si;()EI)
Ptarget

5 https://mpifr-bdg.pages.mpcdf.de/edd_documentation /
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Figure 2. Main-line OH maser emissions from comet 12P/Pons—Brooks. Left panel shows OH maser spectra at a rest frequency
of 1665.4018 MHz, which were taken with 40-m TNRT on March 22nd (Top), 27th (Middle), and 29th (Bottom), 2024. For
visualization, the middle and bottom spectra are plotted with an offset from the top spectrum. Horizontal axis shows heliocentric
velocity. Red curves, showing Gaussian fits to the observed spectra (see Table 2), are superimposed on the spectra. Right panel
is the same as the Left, but for OH maser spectra at a rest frequency of 1667.359 MHz. Shaded regions indicate radio frequency
interference (RFI) at the 40-m TNRT site. Thanks to the averaging of dual polarization data, the effects of RFI are reduced.

3. The determination of opacity corrected antenna
temperature: T [K] = p x T2

sys

4. Unit conversion from Kelvin to Jansky:

F, [Jy] = % T x 10%

5. The Doppler effect correction

6. The average of all the calibrated files (including
dual-polarization data)

In step 1, the radio power of target data is divided by
that of sky data for the calibration of the noise floor (i.e.,
sky subtraction). To make the Target/Sky data flat,
baseline subtractions were performed with a 3rd order
polynomial for individual Target/Sky data. The value of
p should be close to zero in the absence of astronomical
signals.

In step 2, INs, Piarget+Ns, Prarget, 70, and El are the
temperature of the noise source equipped in the TNRT
L-band receiver, radio power received by the target and
noise source, radio power received by only the target,
the opacity at the zenith, and the target elevation, re-
spectively. Based on the TNRT web page®, we fixed Ts
and 75 to 31.9 (K) and 0.0106, respectively. In step 3,
we can determine the opacity corrected antenna temper-
ature T, (K) by multiplying p (step 1) by T (step 2).

In step 4, T} containing the target signal is shown in the
unit of Jansky (Jy) where k and A.(El) are the Boltz-
man constant and effective aperture area as a function
of elevation, respectively. We applied a cubic function
provided on the TNRT web page® to A.(El).

In step 5, the Doppler effect during the observations
was corrected® by referring to va and v, values in Ta-
ble 1. To calculate va and vy, values in the JPL Hori-
zons System?, we entered (1) TNRT station coordinates
(latitude, longitude, altitude), (2) target coordinates in
J2000, and (3) observation time. We integrated (av-
eraged) the calibrated files of dual-polarization data to
detect a weak emission in step 6. Since most RFIs were
polarized, the effect of RFIs was reduced by averaging
the dual-polarization data in the last step.

4. RESULTS AND DISCUSSION

We obtained statistically significant (5-0~10-0) de-
tections of OH maser transitions at 1665 and 1667 MHz
during the three observations (see Fig. 2 and Table 2),
excluding the 1665 MHz line observed on March 29th
(i.e., < 3-0). Given the broad linewidth (i.e., 6.5 km

6 To display the TNRT data in a heliocentric velocity frame, we
added the (v, — va) values to the Radio Frequency at the TNRT

site.



Table 2. Gaussian fits to main-line OH maser emissions from 12P/Pons-Brooks

Date v F, o Vh FWHM  Line ratio
(mmdd) (MHz) (mJy) (mJy) (kms ') (kms™!)
0322 1665  167+24 32 —17.9+0.2 3.4 —

0322 1667 331421 33 —18.4%0.1 2.5 0.69+0.10
0327 1665  145%+19 25 —16.3+0.2 2.9 -
0327 1667 188421 28 —16.6+0.2 3.0 0.62+0.11
0329 1665 52£10 21 —16.1+0.6 6.5 _*
0329 1667  124+14 23 —16.1£0.2 3.0 _*

Column I: Observation date in 2024 (UTC); Column 2: The rest fre-
quency of OH maser. The values 1665 and 1667 correspond to 1665.4018
and 1667.359 MHz, respectively; Column 3: Peak flux density (Jy) es-
timated from the Gaussian fitting (see Fig. 2); Column 4: The Root
Mean Squared (RMS) noise level in emission free region (Jy); Column 5:
Heliocentric velocity at the peak flux density (km s™!); Column 6: Full
width at half maximum (km s=!) estimated from the Gaussian fitting;
Column 7: The ratio of the 1665 MHz line area to the 1667 MHz line
area. The statistical weight ratio of 1665 to 1667 MHz emissions is 0.56.

>kIn the TNRT data for March 29th, the 1665 MHz emission line was not
considered a detection due to its low signal-to-noise ratio (2.5-0) and broad

linewidth (6.5 km s™'). Thus, the line ratio cannot be determined.

s71) of the 1665 MHz emission on March 29th, the
marginal 1665 MHz feature cannot be assigned to a
cometary line. The line ratios of 1665 MHz to 1667 MHz
emissions on March 22nd and 27th, 2024, are 0.69£0.10
and 0.62+0.11, respectively. Both ratios are consistent
with the statistical weight ratio (i.e., 0.56) within 1.3-
0. No OH maser emission was detected at 1612 MHz.
Also, strong RFI prevented us from using TNRT data
to search for the 1712 MHz OH maser transition.

As shown by Fig. 2 and Table 2, peak velocities of
1665 and 1667 MHz OH masers are in good agreement
with each other in individual observations. It indicates
that the 1665 and 1667 MHz emissions are unlikely due
to the RFI. This is supported by the fact that observed
peak velocities are in good agreement with predicted he-
liocentric velocities (see Table 1). Given the fact that
the coordinate values differ by approximately 5.8 de-
grees between the first and second epochs (see Table
1), these 1665 and 1667 MHz emissions are from comet
12P /Pons-Brooks, rather than interstellar OH masers.
Also, the line widths of these emissions are consistent
with cometary lines, except for the 1665-MHz measure-
ment on March 29th, 2024. Based on the TNRT ob-
servation results, we discuss the physical parameters of
12P /Pons-Brooks in the following sections.

4.1. OH production rate Qou

The OH production rate (Qou) can be estimated
through equations (4) and (5) of Bockelée-Morvan et al.

(1990) as
A2
fT =2.33 x 1034 = 5 (1)
2 bg
and r
Qon = a (2)

where f is the fraction of the OH radicals at fluores-
cence equilibrium observed by the instrument, A is the
topocentric distance in au, S is the velocity-integrated
flux density of 1667 MHz OH line in Jy km s, i is the
maser inversion, Ti is the background temperature in
K, and 7oy is the OH lifetime in sec. For the 1665 MHz
line, equation 1 needs to be modified to use a statistical
weight ratio of 5:9 for 1665:1667 MHz. For an unre-
solved OH coma with no collisional quenching, f can be
assumed to be 1 (Wang et al. 2017).

Although two OH-inversion models have been pro-
posed by Despois et al. (1981) and Schleicher & A’Hearn
(1988), we adopt the latter model in this paper. This is
because the latter model is presented in tabular form. A
notable difference between the two models is seen near
a crossing point where the maser population goes from
an inverted state to an anti-inverted state or vice versa
(see Schleicher & A’Hearn 1988), but this is not the case
for our observations with large maser inversion values
(¢ > 0.28; see Table 3). Therefore, both models lead to
similar results in our case. Regarding the background
temperature Tj,e, we have confirmed that the comet did
not pass through the Galactic plane during the three



Table 3. OH and H2O production rates of 12P/Pons-Brooks

Date v S f 7 l b Thg ToH Qou Qu,0
(mmdd) (MHz) (mJykms™!) (deg) (deg) (K) (sec) (10%° sec™)  (10%° sec™h)
0322 1665 607+73 0.87 0.43 132 —34 3.3 1.01x10° 5.3540.64 5.884+0.71
0322 1667 880175 0.87 0.46 132 —34 3.3 1.01x10° 3.9840.34 4.38+0.38
Weighted mean — — — — — — — 4.28+0.30 4.714+0.33
0327 1665 423+59 0.86 0.30 139 —35 3.3 0.91x10° 5.97+0.83 6.57+0.92
0327 1667 679+67 0.87 0.32 139 —35 3.3 0.91x10° 4.94+0.49 5.434+0.54
Weighted mean — — — — — — — 5.214+0.42 5.734+0.46
0329 1667 406+52 0.88 0.28 141 —36 3.4 0.87x10° 3.3640.43 3.701+0.47

Column 1: Observation date in 2024 (UTC); Column 2: The rest frequency of OH maser. The values
1665 and 1667 correspond to 1665.4018 and 1667.359 MHz, respectively; Column 3: Integrated flux
density from —3.5 to 3.5 km s~! in the cometocentric frame. Uncertainties are estimated as o x dv x

VN where o is the rms given in Table 2, N is the number of spectral channels and dv is the channel
width; Column 4: The correction factor (see the main text); Column 5: The maser inversion model of
Schleicher & A’Hearn (1988); Columns 6-7: Approximate Galactic coordinates around the midpoint of
each observation; Column 8: background temperature (see the main text); Column 9: OH lifetime (see
the main text). Column 10: The production rate (molecules sec™!) of OH radicals. For 1665 MHz line,
the statistical weight ratio for 1665:1667 MHz (i.e., 5:9) is used to derive the production rate ; Column
11: The production rate (molecules sec™!) of HyO. We assume Qu,0 = 1.1 Qon (Jorda et al. 1991).

0.0 T T .
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‘g 10. s
50 0 =
= S
12. °
e
15.0 a
o
17.5 o
—1
20. . 0. b. < ‘. ‘i.
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UTC

Figure 3. Total visual magnitude (Y1 axis; blue circles) and OH production rate (Y2 axis; red, black and white circles)
of 12P /Pons-Brooks as a function of time. The magnitude results (blue circles) are taken from COBS (Comet OBServation
database), while the Qown values refer to optical (white circles; Jehin et al. 2024, 2023a,b,c; Ferellec et al. 2024) and radio results
(red circles = TNRT results; black circles = Li et al. 2025), respectively. The TNRT results obtained by averaging the 1665 and
1667 MHz results (see Table 3) are seen within the gray band. The dashed and bold solid lines represent the dates of optical
outbursts (Gritsevich et al. 2025b) and the last perihelion, respectively. The down arrows mean upper values of OH production
rates.
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TNRT observations. Following Crovisier et al. (2002),
we estimate Tjg values of the TNRT observations from
the Stockert continuum survey at 1420 MHz (Reich &
Reich 1986). Here we assume a 2.7 K cosmic contribu-
tion and a Galactic contribution with a spectral index
of —2.6. Referring to the OH photodissociation time
scale at 1 au (71ay = 1.1 x 10% sec; Bockelée-Morvan
et al. 1990) and a scaling law (Wang et al. 2017), we
assume an OH lifetime Tog = T1au X TZ where 7}, is the
heliocentric distance.
The f value is estimated using the formula below:

/OO ng(r)w(r) r? dr
f=" 3)

/ ng(r)r?dr
0

where ng4(r) is the OH number density, w(r) the beam
weighting function, r the distance from the cometary
nucleus, and 7, the collisional quenching radius. The
Haser model for daughter species (Haser 1957; Keller &
Lillie 1974) is applied to ng(r). Note that the Haser
model parameters are replaced by the Haser equivalent
parameters (Combi & Delsemme 1980). To calculate the
Haser equivalent parameters, an water expansion veloc-
ity of 1.55 km s~ (see the next section), an OH ejection
velocity of 0.9 km s~! (Tseng et al. 2007), and an HoO
lifetime of 4.6x10* sec at 1 au (Huebner et al. 1992) are
assumed. Note that the HyO lifetime is consistent with
an active Sun and scales with 72. A Gaussian beam with
FWHM = 1200 arcsec is applied to w(r). The theory of
OH quenching is still poorly constrained by observations
(Crovisier et al. 2002). Drozdovskaya et al. (2023) suc-
ceeded in accurately determining the OH quenching ra-
dius of comet C/2020 F3 (NEOWISE) by comparing OH
production rate values obtained with different telescopes
with different beam sizes (see Figure 5 of Drozdovskaya
et al. 2023). Referring to Bockelée-Morvan et al. (1990),
the 74, inside which the A-doublet maser is quenched by
collisions, is assumed to be 65,000 km at r;, = 1.38 au
for a production rate of 9.4x10%® sec™! (Gerard 1990)
and is scaled as 7,(Qomn)%® (Schloerb 1988). Since r,
depends on Qoy, we determine f and Qoy iteratively.

Table 3 lists OH production rate values of 12P/Pons-
Brooks. The water production rates (Qu,o0) of the
comet are also listed in the table, assuming a propor-
tional relationship between the rates of HoO and OH
production, i.e., Qu,0 = 1.1 Qou (Jorda et al. 1991).
The OH production rates (Qou) determined by TNRT
observations are 4.2840.30x10%% sec™!, 5.214+0.42x10%°
sec™!, and 3.364+0.43x10%° sec™! on March 22nd, 27th
and 29th, 2024, respectively.

As a reference value, Jehin et al. (2024) re-
ported a February 25th, 2024 OH production rate of
1.54+0.43x10%° sec™! for 12P/Pons-Brooks based on
TRAPPIST (TRAnsiting Planets and Planetesimals
Small Telescopes) observations. Li et al. (2025) also
measured radio Qon values of 0.68+0.09x10%° sec™!,
2.3040.14x10%° sec™! , and 1.45+0.12x102%° sec™! on
January 20th, March 2nd, and March 3rd, 2024, respec-
tively. They argued that the 37% decrease in Qon value
between March 2nd and 3rd could be related to the op-
tical outburst on February 29th, 2024. Although no op-
tical outburst was observed between February 29th and
April 2nd, 2024, the TNRT results confirm a 36+10%
decrease in Qon value between March 27th and 29th,
2024. Figure 3 shows the total visual magnitude and
OH production rate of 12P/Pons-Brooks as a function
of time. The total visual magnitude progressively de-
creases as 12P/Pons-Brooks approaches the last perihe-
lion on April 21, 2024 although there are discontinuities
in the time variation of the total visual magnitude due
to optical outbursts (see Fig. 3). The well documented
outbursts are highlighted by dashed lines in Fig. 3. Al-
though the number of Qop values is limited, Qon pro-
gressively increases as 12P /Pons-Brooks approaches the
last perihelion.

4.2. Hs O expansion velocity

The expansion velocity of OH-parent (i.e., H,O) in the
cometary coma can be retrieved from the 18-cm OH line
profile (Bockelée-Morvan et al. 1990). By fitting a sym-
metric trapezoid to an OH spectrum, the large base of
the trapezoid is expected to be close to 2(V,+V;) where
V, and V; are the water expansion velocity and the OH
ejection velocity, respectively. As in Tseng et al. (2007),
we assume Vy = 0.9 km s—!, which is close to the the-
oretical value of 1.05 km s™! (Crovisier 1989). To fit a
symmetric trapezoid to each TNRT result, we use the
python package emcee which is an MIT licensed pure-
Python implementation of Goodman & Weare’s Affine
Invariant Markov Chain Monte Carlo (MCMC) Ensem-
ble sampler (Foreman-Mackey et al. 2013). Further de-
tails on the symmetric trapezoidal model are given in
the Appendix A.

The results of a symmetric trapezoid fit to 18-cm OH
spectra of 12P/Pons-Brooks are summarized in Table
4 and Figure 4. The determined water expansion ve-
locities exhibit large uncertainties (i.e., > 0.3 km s71),
except for V, = 1.547512 km s7!, which is based on
a 1667-MHz OH spectrum taken on March 22nd, 2024.
To understand why the errors in the water expansion
velocity in Table 4 vary widely, we perform a simulation
for various S/N and AV combinations in Table 5 where



02 22/March/2024 1665 MHz 0.2 22/March/2024 1667 MHz
@ 0l 0
>
'Z 0.2 | 27/March/2024 1 021 27/March/2024
3
o

~0-6 | »9/March/2024 1 061 29/March/2024

08 | ,\,\—mw\/\ 1 —08l!

10 0 10 10 0 10

Cometocentric velocity (km s™)

Figure 4. Similar to Figure 2, but shown in the cometocentric frame. Red shows symmetric trapezoid fits to the data, instead
of Gaussian fits (see the text for details). Note that no 1665 MHz emissions were detected on March 29th, 2024.

Table 4. Symmetric trapezoid fits to the 18-cm OH line profiles of 12P/Pons—Brooks

Date v Vo A Wrise Wiat o 2(Vp+Va) Vp
(mmdd) (MHz) (kms™!) (mJy) (kms™) (kms™') (mJy) (kms™') (kms7!)
0322 1665 0.287032 147735 1.97£1.20 1917137 38%% 557730 1.89730%
0322 1667  —0.3575:07 326727 2.21703L 0471035 24F%  4.807527  1.54751%
Weighted mean — — — — - - 1.554+0.14
Heuristic law™ — — _ _ _ _ 1‘58t8:82
0327 1665 —0.0640.15 128717  1.43%07T  1.94%05T 2613 4747082 1477030
0327 1667  —0.38T53) 16975,  3.02557% 0507055 32F0  6.615%E 2415070
Weighted mean — - — - - — 1.55+0.35
Heuristic law™ - — — _ _ _ 1-69J—r8'.(1)8
0329 1667  —0.797015 119417 2.6170¢0 0.567070  21F3 5851098 2.027047
Heuristic law™ — — _ _ _ _ 1-56t8',(1)8

Column 1: Observation date in 2024 (UTC); Column 2: The rest frequency of OH maser.
The values 1665 and 1667 correspond to 1665.4018 and 1667.359 MHz, respectively; Column
3: The center velocity of the symmetric trapezoid; Column 4: The amplitude (height) of the
symmetric trapezoid; Column 5: Symmetric trapezoid rise/fall width; Column 6: Width of
the flat part of the symmetric trapezoid; Column 7: The noise level required to achieve a
reduced chi-squared value of approximately unity after model fitting (see the text for details);
Column 8: The large base of the symmetric trapezoid fit is assumed to be 2(V,+Vy) where V},
and V, are water expansion velocity and OH ejection velocity, respectively; Column 9: Water
expansion velocity.

*TIt refers to Tseng et al. (2007).
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Table 5. V, 1-o uncertainties (km s™') for various S/N and
AV combinations™

AV

(kms ™) | S/N=2| 4 5 6 10 14
0.1 0.39 0.17 | 0.13 | 0.11 | 0.07 | 0.05
0.4 2.12 0.40 | 0.31 | 0.25 | 0.14 | 0.09
0.7 3.48 0.66 | 0.44 | 0.34 | 0.18 | 0.13
1.4 5.20 2.01 | 1.14 | 0.73 | 0.29 | 0.19

>X<S/N is the signal-to-noise ratio of the OH maser emission
and AV is the velocity resolution. We apply trapezoidal
model parameters Vo = 0.0 km s, wrise = 2.0 km s, wqay
= 0.5 km s7!, and A = 300 mJy for MCMC simulations.
The shaded areas correspond to the (AV, S/N) values of the
TNRT results (i.e., Table 4).

S/N is the signal-to-noise ratio of the OH maser emission
and AV is the velocity resolution. The MCMC fitting is
repeated on the simulated data to estimate the 1-o un-
certainty in the water expansion velocity (V) for each
combination of (S/N, AV'). The number of simulations
for each combination is 100 or more, taking into consid-
eration the convergence of the results. Table 5 indicates
that the difference in the uncertainties of V}, in Table 4
is due to the difference in S/N values. Simulation results
also suggest that applying channel averaging to TNRT
data cannot improve the uncertainty in V,.

Tseng et al. (2007) provided a heuristic formulation
of the water expansion velocity (V,) as a function of
heliocentric distance 7, and OH production rate (Qon)
as

Vp = 111 £0.02 x ), 049005 5 Q2285001 (y)

for 0.3 < rp (au) < 1.0 and 10%® < Qon (sec™!) <
1039, If we apply the TNRT observation results of March
22nd, 2024, r;, = 0.959 au and Qon = 4.2840.30x10%°
sec™!, to equation 4, the heuristic expansion velocity
is V, = 1.5870:0% km s~!. Since V,, is most accurately
constrained using the TNRT spectra for March 22nd,
2024, we focus on those spectra. The expansion velocity
determined from the TNRT data on the same day (see
Table 4) is 1.5540.14 km s~!, which is consistent with
the heuristic result within errors. This indicates that the
water expansion velocity and the OH production rate
obtained from the TNRT data on March 22nd are in
good agreement with values for other comets at similar
heliocentric distances.

5. SUMMARY

We observed the periodic comet 12P/Pons-Brooks
with 40-m TNRT on March 22nd, 27th and 29th, 2024,
and succeeded in detecting the 1665 and 1667 MHz OH

maser emissions in the comet (Figures 1 and 2; Tables
1 and 2). Based on the observational results, the OH
production rates (Qom) of 12P/Pons-Brooks were de-
termined as 4.2840.30 x 1029 sec™!, 5.2140.42 x 10?7
sec™!, and 3.36+0.43 x 102 sec™! for March 22nd, 27th
and 29th, respectively (Figure 3; Table 3). The TNRT
results confirm a 36+10% decrease in Qon value be-
tween March 27th and 29th, 2024. Combining these
with previous estimates (Jehin et al. 2024, 2023a,b,c;
Ferellec et al. 2024; Li et al. 2025), we find that the
OH production rate of 12P/Pons-Brooks gradually in-
creases on longer timescale as the comet approaches the
last perihelion on April 21st, 2024. Combining radio
observations results of 12P/Pons-Brooks may reveal the
existence of radio outbursts since optical outbursts have
been reported for the comet (Gritsevich et al. 2025b).

We also determined the water expansion velocities of
12P /Pons-Brooks based on the spectral line shapes of
the 1665 and 1667 MHz OH data (Figure 4; Table 4).
Although the uncertainties of the expansion velocities
(V,,) were large, due to differences in the signal-to-noise
ratios of the OH maser emissions (see Table 5), the most
accurate result, V, = 1.554+0.14 km s™!, is consistent
with a heuristic law’s result of 1.58700% km s~ (Tseng
et al. 2007) within 0.2-0.

Even though the measurements of OH production
rates for comet 12P /Pons-Brooks were made over a very
short period of time using the 40-m TNRT, these were
the first measurements using the telescope. We plan to
make more intensive observations with the 40-m TNRT
of several comets near perihelion each year in order to
generate the TNRT cometary database (TNRT CDB).
Since the HyO production rates converted from the OH
production rates are key data for many cometary anal-
yses, our database will be used for various purposes in
cometary analyses.
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APPENDIX

A. SYMMETRIC TRAPEZOID MODEL

The symmetric trapezoid model used in the text is shown as

0,

Wrise

fV) =1 A,

Wrise

0,

Wila
V<V0_ﬁ_wrise

2

V—(Vo— 242t —wyiee
A( ( 2 ) 7‘/EJ_wgat_’wrisegvv<‘/0_wleat

Vo — g < < Vo + g (A1)

2

V—(Vo+2iat \
AO—(MZ)> Vo4 Yt <V < Vo + 288 4 i

|4 Z VO + wgat + Wrise

where A is the height, V; is the center position, wqas and wyise are the widths of the flat and rise/fall parts respectively.
In equation A1, if wyise approaches 0, the trapezoidal function is switched to a rectangular function to make the fitting
numerically more stable. We make the 1-o value of the Gaussian likelihood a variable so that the reduced chi-squared

value for each MCMC fit approaches unity.
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