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ABSTRACT

Context. Comet 12P/Pons-Brooks is a Halley-type comet known for its outbursting activity during its previous perihelia in 1883 and
1953. Its strong activity and favourable observing geometry gave a great opportunity to study this outburst-prone comet during its 2024
return with modern instruments.

Aims. We aim to study the activity and composition of 12P/Pons-Brooks during its 2024 passage through long-slit spectroscopy and
narrow- and broad-band photometry and imaging.

Methods. The photometric survey contains over 130 nights of observation with TRAPPIST-North and -South from May 6, 2023 (r, =
4.62 au, inbound), to September 7, 2024 (7, = 2.06 au, outbound). We collected images with broad-band Johnson—Cousins filters
(BVRclc) and narrow-band HB filters (OH, CN, C,, C3, NH, and dust continuum). We obtained long-slit low-resolution spectra at the
Observatoire de Haute Provence with the MISTRAL instrument on the night of March 23, 2024, at a heliocentric distance of 0.94 au.
The spectra were used to analyse the emissions from the different molecular bands.

Results. We detect nine strong outbursts, which show an approximate two-week periodicity; the OH production rate reaches values
exceeds 10?° molecules/s and the A(0)fp dust activity proxy above 10° cm. Dust images show the formation of a double horn-shaped
coma and the expansion of a dust shell in the days following the strongest outbursts. The gas-to-dust ratio behaviour during these events
differs from other observations of outbursting comets closer to the Sun, while outbursts rather share similarities with the centaur comet
29P/Schwassmann-Wachmann. The analysis of CN jets between 1.02 and 2.13 au suggests a nucleus rotation period of either 29.45 h
or 58.90 h and a gas ejection velocity of 1.03 + 0.09 km/s. From the MISTRAL spectra, emission bands from C,, NH,, and CN were

observed, as well as H,O" in the anti-sunward direction.
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1. Introduction

Comet 12P/Pons-Brooks (hereafter 12P) is a Halley-type comet
with an orbital period of 71 years and an upper estimate of the
nucleus size of 17 + 6 km (Ye et al. 2020). While the dynami-
cal origin of Halley-type comets remains under debate, the most
likely source is the Oort Cloud (Wang & Brasser 2014). Comet
12P was first discovered by J.L. Pons in 1812 and rediscovered
during its following passage by W.R. Brooks in 1883 (Kronk
1999). It has been identified as historical comets C/1385 U1 and
C/1457 Al, and a possible earlier comet in 245, which makes
it one of the oldest periodic comets found in historical reports
(Meyer et al. 2020). The comet is the parent body of different
meteor showers (Tomko & Neslusan 2016).

In its past passages, 12P showed deviation from quiescent
cometary activity, displaying sudden increases of brightness
known as outbursts (Hughes 1975). During the 1883 return, large
outbursts were reported inbound at a heliocentric distance (7)
of 2.16 au with Amag = 5 and at r, = 0.90 au with Amag = 1-3

* Corresponding author: mathieu.vanderdonckt@uliege.be

(Whitney 1955). During the 1954 passage, large outbursts were
reported inbound at r, = 4.43 au with Amag =5, at r;, = 3.6 au
with Amag = 3, and at r;, = 2.7 au with Amag = 4.5 along with
an appreciable increase in the coma size (Kronk 2009).

Many observation campaigns aimed to study 12P activity
during this return (perihelion at 0.78 au on April 21, 2024), espe-
cially after it gained attention following a first strong Amag = 5
outburst, detected by Elek Tamds on July 20, 2023 (7, = 3.88 au),
resulting in the formation of a distinctive double horn-shaped
coma. Uncommon recurring outbursts followed, whose mecha-
nisms are still not well understood. Amateur astronomers were
especially active in detecting and constraining the onset time of
outbursts (see, for example, the Comet Chaser plroject1 and the
BAA forum?).

Several mechanisms have been proposed to explain
cometary outbursts: crystallisation of amorphous water ice
(Li et al. 2011; Noonan et al. 2021; Jewitt & Luu 2025),

! https://www.cometchasers.org/home/
comet-12p-observations
2 https://britastro.org/forums/forum/comets
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cliff collapse or deepening fracture and the subsequent expo-
sure of fresh ices (Pajola et al. 2017; Noonan et al. 2021),
nucleus splitting (Jewitt et al. 2020), and explosive gas release
from subsurface reservoirs (Miles 2016; Miiller et al. 2024,
2025). The processes involved remain incompletely understood
and may coexist within a single comet. For instance, differ-
ent types of outbursts have been proposed for Jupiter-family
comet 67P/Churyumov—Gerasimenko (hereafter 67P) based on
the Rosetta mission observations (see references above). Further-
more, in centaur comet 29P/Schwassmann—Wachmann (here-
after 29P), CO has been found to be a driver of some but not all
outbursts (Bockelée-Morvan et al. 2022; Wierzchos & Womack
2020). Periodic outbursts have mainly been characterised in 29P
(Miles 2016) and, more recently, in 12P (Jewitt & Luu 2025).

In this paper, we present an intensive photometric and spec-
troscopic study of 12P during its 2024 return, aiming at a
better understanding of its composition and activity. We charac-
terise the coma morphology and chemistry during quiescent and
outbursting periods, showing the peculiarities of the 12P out-
bursting behaviour. In Section 2, we describe the observations
and data reduction methods. The light curve and the detected
outbursts are presented in Section 3.1, followed by the analysis of
the coma features during the outbursts in Section 3.2. Section 3.3
deals with gas and dust activities and the chemical composition
of the coma with respect to the heliocentric distance and the
outbursting activity. In Section 3.4, we discuss the morphology
of the coma during quiescent activity through contrast-enhanced
CN narrow-band images, and we explain how we derived phys-
ical properties of the nucleus and the coma. Discussions and
conclusions are presented in Sections 4 and 5, respectively.

2. Observations and methods
2.1. TRAPPIST imaging

Images were obtained on a regular basis, weekly during qui-
escent activity to daily during outbursting activity, from May
2023 to September 2024. Observations were carried out with
TRAPPIST-North (TN; Oukaimeden Observatory, Morocco,
7.53) during the inbound leg of the orbit at r;, ranging from 4.62
to 1.02 au (May 07, 2023, to March 16, 2024), and TRAPPIST-
South (TS; La Silla Observatory, Chile, 140; Jehin et al. (2011))
during the outbound leg of the orbit at r;, ranging from 1.59 to
2.60 au (April 09, 2024, to September 23, 2024). The 0.60-m
robotic telescopes are equipped with broad-band B, V, Rc, and
Ic Johnson-Cousins filters as well as HB narrow-band cometary
filters (Farnham et al. 2000). The HB narrow-band filters iso-
late the main emission bands of OH (centre wavelength at
309.7 nm), CN (336.1 nm), NH (336.1 nm), C3 (406.3 nm), and
C; (513.5 nm) as well as gas-free dust continuum in the blue (BC;
445.3 nm), green (GC; 525.9 nm), and red (RC; 713.3 nm). TS is
equipped with a 2K x 2K FLI Proline CCD with a pixel scale of
0.64" /pixel, resulting in a field of view of 22’ x 22’, while TN is
equipped with a 2K x 2K Andor IKONL BEX?2 DD with a pixel
scale of 0.59”/pixel, resulting in a field of view of 20" x 20’.
The comet was too close to the Sun from April to June 2024, pre-
venting us from taking measurements during that period. Further
observations after that period (the full post-perihelion dataset)
only comprise Rc band images due to a technical issue with the
TS filter wheel. The narrow-band observations include all nights
from the pre-perihelion survey, from the first detected major
outburst at 3.88 au.

The data reduction procedure is made up of python
scripts making use of well-known packages such as astropy
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(Astropy Collaboration 2022) and photutils (Bradley et al. 2024)
for fits images manipulation and flux extraction, differing from
previous TRAPPIST papers where the reduction was based on
IRAF libraries (e.g. in Opitom et al. (2015) and Moulane et al.
(2018)). However, the underlying calculations are similar, and no
significant differences have been found in the results between
the python and IRAF pipelines. For the image calibration, we
followed standard procedures with regularly taken bias, flat, and
dark frames. For the absolute photometry, we measured regularly
the zero points of our system with reference stars as described
in Farnham et al. (2000). The wide fields of TN and TS allow
us to sample the sky background in a region devoid of comet
flux to subtract it from the images. Uncertainties on the fluxes,
propagated to the other measured quantities, are the quadratic
combination of 3 sigma of the sky background and 5% on
the extinction coefficient, the latter being the most important
at high airmass but negligible at low airmass. Upon multiple
measurements in the same filters taken during the same night
and no significant changes during the night, the reported value
in the manuscript is an average weighted by the individual
uncertainties.

We derived the dust activity proxy A(6)fp (A’Hearn et al.
1984) for the broad-band filters using a circular aperture of
10000 km centred on the photocentre of the comet. We corrected
A(O)fp for the phase angle dependency with the 0° normalised
composite dust phase function from D. Schleicher?, built from
the phase functions of Schleicher et al. (1998) and Marcus
(2007), to obtain A(O)fp. This phase function has the advantage
of covering both low and high phase angles simultaneously. All
ephemeris and phase angles were obtained from the NASA JPL
Horizons system®*.

To compute the gas production rates (Q) from the narrow-
band gas images, we extracted the flux within an annulus aper-
ture between nucleocentric distances of 10%¢ and 10*! km. The
choice of an annulus was made to decrease aperture effect and
lessen dust contamination. The dust contribution is less extended
than the gas and peaking on the nucleus. The dust contribution
was subtracted using the flux, within a similar aperture, from a
BC dust filter image taken during the same night. It was scaled to
the right bandpass by approximating the colour of the dust to be
identical to that of the Sun. The fraction of the molecular emis-
sion band falling outside of the filter bandpass was accounted
for by correcting the flux by the gamma factor given by Farnham
et al. (2000). Finally, the flux was converted to column density
using fluorescence efficiencies from the literature (Schleicher &
A’Hearn 1988; Kim et al. 1989; Schleicher 2010; A’Hearn et al.
1995). The Haser model (Haser 1957) implemented in the sbpy
package (Mommert et al. 2019) was used to obtain Q by adjust-
ing the model column density to the observations. We used the
same scale-lengths (see Table 1) and ejection velocity (1 km/s,
independent of r;,) as used in A’Hearn et al. (1995) and previous
TRAPPIST studies for consistency.

2.2. MISTRAL spectroscopy

Comet 12P was observed on 23 March 2024 using the MIS-
TRAL spectrograph camera (Schmitt et al. 2024) on the 1.93 m
at the Observatoire de Haute-Provence (OHP) in long-slit spec-
troscopic mode. The observations were conducted in manual
tracking mode with an exposure time of 120 seconds, when

3 https://asteroid.lowell.edu/comet/dustphase
4 Orbital solution JPL#K213/6 (https://ssd.jpl.nasa.gov/
horizons).
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Fig. 1. Magnitude and colour evolution of 12P. Top: light curve of comet 12P with TRAPPIST in the Rc band with an aperture radius of 5”. Upper
arrows indicate saturated images that could only yield an upper limit on the magnitude. The detected outbursts are indicated with red tick marks.
The vertical dashed line indicates perihelion. Bottom: colour indices from the BVRclIc filters. Reference colour indices for long-period comets
(LPC) from Jewitt (2015) are indicated as horizontal dashed lines. No colour indices are available for the post-perihelion survey. The vertical

dashed line indicates perihelion.

Table 1. Scale lengths of parent (L) and daughter (Lq) species used in
this work.

instrument’s sensitivity curve and to flux calibrate the comet
spectra. Because the same narrow slit is used for both the comet
and standard star observations, variations in seeing conditions

Specie Transition L, Lqg Reference  can lead to flux losses in the standard star, potentially causing

(km) (km) an overestimation of the comet’s flux during flux calibration. To

s w2 . 5 mitigate this effect, a slit correction factor is applied based on

OH  AX"-X°INi(0,0) 24-10" 1.6-10 1 the Point Spread Function (PSF) along the slit length, follow-

NH A’I-X’7(0,0) 5.0-10* 1.5-10° 1 ing the method described in Lee & Park (2006). Additionally,

CN B2X*-X?z*(0,0) 1.3-10* 2.1-10° 1 the solar analogue star HD 49158 was observed to remove the
Cs Alnu_f(lzg 2.8-10° 2.7-10% 1 dust-reflected solar continuum from the optical spectra.

307 a3 104 104 The A(0)fp phase function correction and Haser model

C d l:[§ a r{uz(O, 0) 22 103 6.6 104 ! parameters for C, were the same as for the TRAPPIST data.

NH, A"A;-X"B; 49-10° 6.2-10 2

Notes. Scale lengths in the table are given at r, = 1 au, and were scaled
by the square of r;, for Q calculations. (1) A’Hearn et al. (1995); (2) Fink
(2009).

the comet was at r, = 0.93 au and a geocentric distance of
1.62 au. Data were acquired in the blue mode, covering the
4200-8000 A range at a resolution of ~750, with a slit width of
1.9”. To correct for sky background, a separate sky frame with
a similar exposure time was captured. The comet and standard
star frames underwent bias subtraction and flat fielding using a
tungsten spectral flat lamp. Cosmic rays were removed with the
LACOSMIC package (Dokkum 2001).

From the observed spectrum, production rates for the C,
and NH, emission bands were calculated by extracting spec-
tra with equal-width apertures away from the photocentre to
derive the spatial column density profile. These calculations
used Haser modelling (Haser 1957) as described in Aravind
et al. (2022). The spectrophotometric standard star G191B2B,
observed under identical conditions, was used to produce the

Fluorescence efficiencies and Haser model scale lengths (see
Table 1) for NH, were the same as in Fink (2009).

3. Results and analysis
3.1. Light curve and colours

The light curve in the Rc band from the whole survey, as well
as colour indices for the pre-perihelion survey, are presented
in Figure 1 and tabulated in Table A.l. Nine major outbursts
(Amag > 0.5) were detected pre-perihelion at 7, ranging from
3.88 au on July 21, 2023, to 1.21 au on February 29, 2024,
with amplitudes up to 4 units of magnitude (see Table 2). The
outbursting activity displays a periodicity of about two weeks
between the September 25 and December 14 events. The timing
of other observed outbursts remains broadly consistent with this
periodicity, although some expected events appear to be missing.
The latest outbursts on February 3 and 29, 2024, have a lesser
amplitude and are more difficult to distinguish from the expo-
nential quiescent activity increase closer to the perihelion, but
are confirmed by changes in coma features (see Section 3.2).
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Table 2. Comet 12P major outbursts observed with TRAPPIST.

UT time L Amag Ushell Interval/Nb
(au) (m/s) (days)/-

23-07-21.013 3.88 413 128 +64 21/9
23-09-25.854 3.16  0.53 - -
23-10-07.802 3.03  2.01 163 +£23 12/5
23-11-01.795 274 277 170+23 11/8
23-11-15.761  2.57 423 240+ 58 11/11
23-12-02.769 2.37 156 220+ 12 6/4
23-12-14.771 222 183 251+75 9/7
24-02-03.780 1.56  0.63 - -
24-02-29.819 1.21  0.88 - -

Notes. UT time corresponds to the time when the outburst was detected
in our survey. Amag is the magnitude difference between the outburst
image and the previous measurement. vy, is the measured velocity of
the expanding dust shell appearing after the outburst. The ‘Interval/Nb’
column indicates the time span, in days, over which the shell speed
was measured, followed by the number of individual nights used for
the measurements.

Only the Rc band is shown in Figure 1 for clarity, as the light
curves in the different B, V, and Ic filters are similar in trend.
Indeed, no strong trend in the colour indices with r, is observed,
except for the V-R decrease from r;, < 2.2 attributed to gas con-
tamination of the broad-band filters (predominantly fluorescence
of C,, C3, CN, and possibly NH;) and not reflecting changes in
dust properties. The average colour indices for B-V =0.71 +0.03,
V-R =0.41 + 0.02 (above 2.5 au), and R-I1 = 0.38 + 0.03, are in
agreement with colour indices of comets of different dynamical
types given by other surveys (Betzler et al. 2017; Jewitt 2015).

3.2. Qutbursts morphology

Coma features were observed following the outbursts in the dust
filters with the help of azimuthal median subtraction and Larson-
Sekanina (rotational) filters (Larson & Sekanina 1984). Figure 2
compares images of the coma in the pre-outburst states and
4 days and 7 days after the outbursts. Two distinguishable fea-
tures in the coma are observed in the days following outbursts.
The first is a quasi-circular expanding shell, and the second a
double horn-shaped feature expanding from the nucleocentre.
The projection on the sky of the shell remained approximately
circular during its expansion, with a slight elongation in the anti-
sunward direction due to the solar radiation pressure. Measuring
directly the external limit of the shell at the noise level can be
hazardous, as changing signal-to-noise ratio (S/N) in different
images can result in measuring different noise limits rather than
the edge of the shell itself. We attempted to use the method by
Hsieh et al. (2010), consisting of measuring the shift of different
structures in a log-log radial profile of the coma, to avoid a false
detection of the shell boundary caused by a limited S/N. How-
ever, in our dataset, it was difficult to find features in the coma,
resulting in large uncertainties in the velocity measurements.
Apparent shell velocities (vgey) in the anti-sunward direction are
presented in Table 2. We found that v, approximately doubled
from 128 + 64 m/s during the July 21 outburst to 251 + 38 m/s
during the December 14 outburst, scaling nearly linearly with the
heliocentric distance as r,;l'Zio'z.

In addition to the circular dust shell, the double horn-shaped
coma was observed after each of the strong outbursts, but with
varying intensity and angular extent of the individual horn-like
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features (see Figure 2). A general enhancement in brightness in
the anti-sunward direction is observed, with the individual horn-
like features becoming narrower and more elongated when 7y,
gets smaller. With the exception of the July 21 event, where no
clear orientation of the feature is evident, the feature consistently
appears directed towards the anti-sunward side during the subse-
quent outbursts. It should be noted, however, that variations in
the comet’s projected orientation due to changes in phase angle
may influence the apparent morphology of the feature.

3.3. Production rates and abundance ratios
3.3.1. TRAPPIST

The production rates (Q) and the dust activity proxy A(0)fp are
tabulated in Table A.2 and plotted in Figure 3. Minor gases CN,
C,, and C5 were detected from 3.88 au when measured for the
first time following the July 21 outburst, while OH was detected
for the first time before the November 10 big outburst, at 2.66 au.
Outbursts detected in the light curve are also well detected in
both the Q and A(0)fp curves, with an activity increase up to
one order of magnitude for the gas and up to two orders of mag-
nitude for the dust. The highest measured increase was during
the November 10 outburst, OH production rates reaching above
10?° molecules/s and A(0)fp reaching above 10° cm~'. Produc-
tion rates are well in agreement with the long-slit spectroscopic
observations by Ferellec et al. (2024) and OH radio observations
by Li et al. (2025).

The higher dust production rate during outbursts is very well
seen in the gas-to-dust ratio in Figure 4. However, no change
in the gas abundance ratios was observed during outbursts. The
strong dispersion of the C,/CN and C3/CN ratios above 2.5 au
(see Figure 4) is not to be interpreted as day-to-day variations
in the coma’s composition, but rather as the inadequacy of the
Haser model in representing the complexity of the coma’s phys-
ical and chemical processes. Fitting of the Haser model to the
coma column density was challenging, especially for the C,
radical. Complex chemistry, extended sources, and the physical
conditions during outbursting activity are all causes that could
reduce the Haser model’s relevance. The same difficulty was
reported in the 12P spectroscopic study by Ferellec et al. (2024).
They further highlighted the difficulty in deriving accurate C,
production rates by fitting Haser scale lengths to the observed
profiles and using a modified Haser model for outbursting events,
hinting at extended sources or complex chemistry as the origin
of Cz.

Medians of the abundance ratios with respect to CN are given
in Table 3. Comet 12P is typical according to the classification by
A’Hearn et al. (1995) based on the C,/CN ratio. Other abundance
ratios are also in line with the typical distribution of comets.

3.3.2. MISTRAL

The reduced and extracted 1D spectrum from MISTRAL at OHP
on March 23, 2024, is presented in Figure 5. Several typical
cometary emission bands from C, and NH; radicals were iden-
tified. The production rates were determined as (1.91 + 0.02) -
10%" molecules/s for C,, consistent with values from TRAPPIST
(see Figure 3), and (4.91 + 0.09) - 10%® molecules/s for NH,.
Consistency between the photometric and the spectroscopic
measurements is important to confirm that the dust contamina-
tion removal from the gas narrow-band filters worked properly.
The dust production proxy A(0)fp, measured over the band-
pass of the HB continuum narrowband filters GC and RC, was
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Pre-outburst At ~ 4 days At ~ 4 days (enhanced) At ~ 7 days At ~ 7 days (enhanced)

2023-07-10.00 100k km 2023-07-26.08 100k km i 2023-07-29.04 100k km

2023-10-04.94 100k km 2023-10-11.88 100k km

2023-10-26.85 100k km 2023-11-05.83 100k km : 2023-11-08.84

»
2023-11-13.78 100k km 2023-11-19.85 100k km 2023-11-22.85 100k km

023-11-29.78 - 100k km ’ 2023-12-04.83 100k km 2023-12-08.82 100k km

. .
223—12—12 82 . 100k km 2023-12-17.82 . 100k km " 100k km

Fig. 2. Comet 12P images in the Rc filter during different outbursts. Each row shows a different outburst. Columns, from left to right, correspond
to pre-outburst image, coma around 4 days after outburst, same image after subtraction by an azimuthal median profile, coma around 7 days after
outburst, and same image after subtraction by an azimuthal median profile. The yellow and the white arrows are the anti-sunward and the negative
of the target heliocentric velocity vector directions, respectively. The red cross indicates the photocentre. Images are oriented with north being up
and east to the left.
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Fig. 3. Gas and dust activity evolution of 12P. Top: production rates obtained from TRAPPIST and MISTRAL, and by Ferellec et al. (2024) and Li
et al. (2025). Downward arrows represent upper limits, where the threshold is determined by the measurement uncertainty (see Section 2). Bottom:
A(0)fp with the Rc filter measured in a 10000 km aperture. Upward arrows indicate a lower limit due to saturated images. Both are logarithmic

scales to better show the outbursts.

Table 3. Medians of the logarithms of the 12P abundance ratios
compared to the taxonomic groups found by A’Hearn et al. (1995).

12P Typical Depleted
This work A’Hearn et al. (1995)
OH/CN 248 +0.17 2.50 +0.18 2.69 +0.14
NH/CN 0.15+0.34 0.13+£0.32 0.21 +£0.37
C,/CN 0.07 £0.16 0.06 £ 0.10 —-0.61 £ 0.35
C3/CN -0.73+0.15 -1.09+034 -1.49+0.31
A0)fp/CN —22.40 +0.18 - -
A@)fp/CN -22.74+0.18 -23.32+0.44 -22.61+0.32

Notes. Uncertainties are given as the standard deviation. A(0)fp was
calculated from the images taken with the Rc filter, outside of outbursts.
A(O)fp is also given to compare to the A’Hearn et al. (1995) study that
did not take into account any phase angle effect in their calculations. We
note that the difference in C3/CN is due to the use of an updated dust
continuum removal factor for the Cs filter (Schleicher & Osip 2002),
increasing of the C; flux 2.08 times (a difference of 0.32 in the log-
arithm scale) compared to the previous factor used in A’Hearn et al.
(1995).

15622 + 840 cm and 19481 + 850 cm, respectively, again
aligning with TRAPPIST observations at nearby epochs.
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The long-slit observations were also used to investigate ionic
emissions in the coma. Spectra were extracted in both the
tailward (anti-sunward) and anti-tailward (sunward) directions
from the photocentre. As shown in Figure 5, the spectra are sim-
ilar, except for specific regions marked with arrows. The absence
of these emissions in the anti-tailward direction confirms their
cometary origin. Further analysis, cross-referencing with labo-
ratory spectra of HyO* (Lew 1976), identified these emissions as
corresponding to the (8-0) and (6-0) bands of H,O" emission.
No CO™ lines were detected; unfortunately, MISTRAL does not
cover the bluest part of the visible spectrum where the strongest
CO™* bands and the main CN band are located.

3.4. CN coma morphology and nucleus rotation

We used an azimuthal median subtraction filter to analyse jet fea-
tures in the coma from the CN images. Although asymmetries in
the coma and possible small jets could be observed in individ-
ual images as early as October 11, 2023, at r;, = 3.0 au, more
regular and pronounced features that can be tracked over succes-
sive nights were only observed from December 21, 2023, after
most of the intense outbursting activity. The following analysis
thus made use of around 4 months of CN imaging from mid-
December 2023 to mid-March 2024, spanning over 42 distinct
observation nights (from 2.13 to 1.02 au).
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Fig. 4. Gas and dust abundance ratios. The outbursts are indicated with
red tick marks. The ranges for typical and depleted comets as defined
by A’Hearn et al. (1995) are indicated in blue and orange, respectively.
C3/CN reference from A’Hearn et al. (1995) has been shifted by 0.32 to
compensate for different continuum removal factors between the studies
(see Notes Table 3). Afp/CN references from A’Hearn et al. (1995) are
not corrected for the phase angle, while the Afp phase correction factor
applied to 12P in this study ranges between 0.64 and 0.38.

On all of the selected nights, two CN jets were detected at an
angle of 180° after the filtering, forming an image with a two-
fold symmetry (see Figure 6). This feature was constant over
the whole period the jets were detected. No significant change
in the orientation of the jets was observed from night to night,
indicating that the nucleus rotation period is close to an alias of
24 h. We did a Lomb-Scargle (LS) frequency analysis using the
astropy package over the jets’ angles to find the nucleus rotation
period. As the jets are indistinguishable from one another across
the different nights, and given the two-fold symmetry, we used
the angle between the northernmost jet, the nucleus, and celes-
tial north in each image as a function of time for the LS analysis.
However, we note that the true rotation period could be twice the
value obtained due to this symmetry.

To account for uncertainty in the measurement of the jet
angle, the analysis was repeated over 100 000 iterations with
random variations of the measured angles between —/32 and
+r/32. Of all the iterations, 97% yielded a maximum power
above a false positive of 0.01, out of which all had the same
best frequency of 0.815 day~'. This corresponds to a period of
29.45 h, or 58.90 h, considering the previous simplification of
the two-fold symmetry for the measurement of the jets’ angles.
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Fig. 5. Comet 12P MISTRAL spectra. Top: main emission bands
visible in the spectrum extracted at the photocentre. Middle: compar-

ison between tailward and anti-tailward spectra, highlighting the H,O*
detection. Bottom: zoom on H,O" features.

The solution of 58.90 h is in agreement with the 57 + 1 h found
by Knight et al. (2024) from the CN features between January 31
and February 16, 2024.

By assuming a constant gas velocity, the projected gas veloc-
ity could be estimated by fitting an archimedian spiral to the
jets. We found a mean CN outflow velocity of 1.03 + 0.09 km/s,
assuming a rotation period of 58.90 h, or twice that if we
assumed the alternative period of 29.45 h; the uncertainty rep-
resents the standard deviation of the mean. We measure no
significant trend in the expansion velocity during that period.
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2024-02-16.80 100k km 2024-02-18.80 100k km

2024-02-17.80 ~100k km

2024-02-19.80 100k km

Fig. 6. Comet 12P in the CN filter (300s exposure time) after subtrac-
tion of an azimuthal median profile on selected dates. The yellow and
white arrows are the anti-sunward and the negative of the target helio-
centric velocity vector directions, respectively. The red cross indicates
the photocentre. Images are oriented with north being up and east to the
left.

4. Discussion

During its 2024 passage, 12P/Pons-Brooks displayed strong,
quasi-periodic outbursts with a timescale of approximately two
weeks. The first observed event took place at a heliocentric
distance of 3.88 au, outside of the water snow line at ~3 au
(Crovisier & Encrenaz 2000), and all of them were observed in
pre-perihelion. In contrast, our survey did not reveal any major
post-perihelion outbursts, nor are we aware of such events being
reported by other observers. This asymmetry suggests a possible
seasonal effect, whereby specific outburst-prone regions on the
nucleus may become illuminated during the inbound leg of the
orbit but remain in shadow after perihelion. The same behaviour
can be observed from historical records on previous apparitions
(Kronk 1999, 2009), with 12P mainly outbursting during the
inbound leg of the orbit. However, the fact that most observers
were located in the Northern Hemisphere at the time may
have introduced an observational bias. Additionally, the limited
availability of observational data post-perihelion in our survey
may contribute to the apparent absence of detected outbursts.
Another possibility is that the outbursts are driven by super-
volatile ices that become depleted by the time the comet reaches
perihelion. However, this seems unlikely unless a mechanism
exists to replenish surface volatiles, as the observed behaviour
is consistent across multiple apparitions.

Most observed outbursts in comets are unique events, both
when occurring below 3 au (see Tao et al. 2000; Lin et al. 2009;
Kelley et al. 2022b; Jehin et al. 2022; Opitom et al. 2016) and
in the outer solar system (see Hui et al. 2019; Kelley et al.
2022a). Periodic outbursts are less common but have already
been observed on 29P (Miles et al. 2016), a centaur with a high
CO/CO; ratio (Ootsubo et al. 2012). Miles (2016) proposed a
mechanism based on the formation of pockets of dissolved gas
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under high pressure below the crust, leading to the rupture of the
crust and eventually the explosive release of gas and dust. Reseal-
ing of the fissure by gravitational collapse allows for the process
to repeat cyclically. In a recent paper, Jewitt & Luu (2025) looked
at the energy and mass release associated with 12P’s outbursts.
Their calculations show that the kinetic energy of the outbursts is
comparable to the energy released by the crystallisation of amor-
phous water ice, while the amount of mass ejected rules out land
features collapsing mechanisms induced by water activity, such
as proposed for 67P (Miiller et al. 2025). The interval between
the outbursts could reflect the timescale for the system to absorb
enough solar energy and trigger the next event. Zhao et al. (2025)
also favour the crystallisation of amorphous water ice as a mech-
anisms based on the energy released during the November 1
outburst. Both proposed mechanisms for periodic outbursts are
consistent with possible onsets outside of the water-dominated
activity regime and could operate in 12P.

Using narrow-band filters, CN, C,, and C3; were consis-
tently detected from the first observations following the July 21
outburst at 3.88 au, while OH was detected for the first time
at 2.66 au, coinciding with the comet’s crossing of the water
snow line. MISTRAL long-slit spectroscopy allowed detection
of other species, notably NH,, and the HO" ion in the anti-
sunward direction, illustrating the usefulness of long-slit spec-
troscopy to characterize the ion tail composition. The comet was
found to be typical according to the A’Hearn et al. (1995) clas-
sification, consistent with the findigs by Ferellec et al. (2024).
In contrast, Zhao et al. (2025), found 12P to be depleted in their
measurements following the November 1 outburst. However, the
use of different Haser model parameters and classification sys-
tem (Cochran et al. 2012) complicates the direct comparison
between the two studies.

No change in the coma colour indices was observed during
the outbursts, indicating identical dust properties for quiescent
and outbursting activity. Likewise, no change in the different
gas production rate ratios was observed, pointing to a similar
composition of the ices responsible for the outbursting and the
quiescent activity. This points to the release in the coma of a
large amount of the surface material with homogeneous com-
position. On the other hand, the A(0)fp/CN ratio is increasing
up to one order of magnitude more than the gas during the out-
bursts, indicating massive amounts of dust released during the
outbursts. We reject the possibility that these observations result
from an observational bias, such as the gas leaving the aper-
ture faster than the dust, as the post-outburst activity decrease
rate is comparable for both gas and dust (see Figure 3). This
is contrasting with other active comets in the TRAPPIST sur-
vey that experienced outbursts, albeit within 1.5 au of the Sun,
which did not show visible variation in the A(0)fp/CN ratio (e.g.
C/2021 Al (Leonard) close to disintegration (Lippi et al. 2023),
73P/Schwassmann—Wachmann while splitting (Vander Donckt
et al. 2023), and C/2013 A1l (Siding Spring) (Opitom et al.
2016)). This could give important constraints on outbursting
models, since different mechanisms could be traced by different
gas and dust ratios (Miiller et al. 2024; Wierzchos & Womack
2020). Unfortunately, key coma tracers of previously mentioned
outbursting mechanisms, such as CO and CO,, could not be
detected from our facilities.

The velocity of the ejected dust shell during outbursts is con-
sistent with the average dust speed found in cometary comas
(in the order of 100-200 m/s) and shell expansion velocities
measured in 29P outbursts (Miles et al. 2016; Schambeau et al.
2019). vgpey for the July 21 outburst, 128 + 64 m/s, was measured
as 220 + 38 m/s by Manzini et al. (2023) and 97 + 10 m/s by
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Jewitt & Luu (2025). Differences in measurements could result
from the coma expansion being measured in different direc-
tions, but are most probably due to different S/N thresholds to
measure the shell boundary. From our internally consistent mea-
surements, we find that vy, increases linearly with decreasing

heliocentric distances scaling with r;1.2:0.2’ in agreement with

the r,;l'” dependency measured by Biver et al. (2024). The sec-
ond coma outburst feature observed, the double horn-shaped
structure, is consistent with being shaped by the solar radiation
pressure, given its orientation towards the projected Sun direc-
tion vector. An exception is the July 21 outburst, which shows
no preferential orientation and calls for further dust modelling.
Similar morphologies were observed in the coma of 29P.

CN jets were not found to be correlated with ourbursts in
either emergence or strength, but appeared regularly in images
taken from r, ~ 2 au onwards, indicating that the outbursting
region(s) may not be linked to the active areas of the comet
that produce the regular CN jets. The derived nucleus rotation
period is to be 29.45 h, or its alias 58.90 h, the latter being
in close agreement with the 57 = 1 h found by Knight et al.
(2024). The associated CN outflow velocity for the 58.90 h
period of 1.03 + 0.09 km/s is of the same order of magnitude
as the 1.0 km/s found by Biver et al. (2024) for CH30H at
r, = 1.0 au, based on line shapes observed with the IRAM radio
telescopes. However, both species are not necessarily linked in
their formation processes and thus do not necessarily share the
same velocity. Biver et al. (2024) also measured a r;, *® depen-
dency on the velocity for CH;0H between January 20 and April
28, 2024, while we find no trend with the heliocentric distance
between mid-December 2023 and mid-March 2024, within the
uncertainties of our measurements.

5. Summary and conclusion

In this study, we present a photometric and spectroscopic sur-
vey of the Halley-type comet 12P/Pons-Brook during its 2024
return to perihelion after 71 years, focusing on the evolution of
its activity and composition. We followed the production rates of
the dust, OH, CN, C,, Cs, and NH through photometry, and also
detected CN, C,, NH,, and H,O™" via spectroscopy.

Nine outbursts were identified in our dataset during the
inbound leg of the orbit, each marked by a brightness increase
in both gas and dust filters. The outbursts occurred at r, up
to 3.88 au, beyond the water-dominated activity regime, and
showed an approximate periodicity of two weeks. The other
notable comet known to have periodic outbursts is the cen-
taur 29P/Schwassmann—Wachmann, active at 7, near ~6 au. The
strongest 12P outbursts were followed by significant changes in
the coma morphology, including the appearance of a double
horn-shaped structure and the ejection of a dust shell. Expan-
sion velocities of those shells were found to be consistent with
typical dust ejection velocity in comas, ranging between 100
and 250 m/s, and dependent on ry as r;'#**2. Outbursts were
detected exclusively during the inbound leg of the orbit, during
this apparition, as well as in the historical reports. This apparent
seasonal effect suggests a non-uniform distribution of the active
region on the nucleus, regardless of the outbursting mechanism.
However, limited coverage during the outbound leg of the orbit
in this study and historical reports limits our ability to conclude
whether the activity is truly seasonal.

No significant change in the gas production rate ratios
was observed during outbursts, suggesting a common compo-
sition between the surface material responsible for the quiescent

activity and the material released during the outbursts. Likewise,
no variation in the dust colour was detected, indicating homoge-
neous dust properties during quiescent and outbursting activity.
However, the A(0)fp/CN ratio in the coma changed dramatically
during outbursts, contrasting with outbursts observed in other
comets, within the water-dominated activity regime. These find-
ings suggest different drivers or mechanisms at play for periodic
outbursts. Unfortunately, the lack of CO and CO, measurement
during 12P outbursts prevents us from determining whether the
outbursts in 12P are intrinsically more dust-rich or if the gas
component is dominated by undetected species.

Two 180°-apart CN jets were observed in images between
r, = 2.13 to 1.02 au. These jets appeared uncorrelated with the
outbursting activity, pointing to different regions driving the out-
burst and quiescent activity. Analysis of the jets allowed us to
constrain the nucleus rotation period to either 29.45 h or its alias
58.90 h. Assuming the period of 58.90 h, a gas outflow velocity
of 1.03 = 0.09 km/s could be measured, which is a typical gas
coma expansion velocity at 1 au (Cochran & Schleicher 1993).

Comet 12P was found to have a typical composition, with
a log(C,/CN) of 0.10 + 0.16. Spectra obtained at r, = 0.93 au
revealed emission bands of C,, NH,, and CN and allowed us to
calculate the C, production rate, that was found to be consistent
with the narrow-band photometry. Furthermore, H,O" bands
were detected in the tailward direction and confirmed to be of
cometary origin by comparing spectra extracted in the tailward
and anti-tailward directions.

Data availability

Tables A.1 and A.2 are available at the CDS via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/705/A89.
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