
h

T
o
c
n
t
t
a
c
t

©

Journal Pre-proof

Sequential fragmentation of C/2025 K1 (ATLAS) after its near-sun
passage

D. Bodewits, J.W. Noonan, M.S.P. Kelley, C.E. Holt, T.A. Lister,
H. Usher, C. Snodgrass, B.J.R. Davidsson, S. Greenstreet

PII: S0019-1035(26)00062-X
DOI: https://doi.org/10.1016/j.icarus.2026.116996
Reference: YICAR 116996

To appear in: Icarus

Received date : 24 November 2025
Revised date : 4 February 2026
Accepted date : 5 February 2026

Please cite this article as: D. Bodewits, J.W. Noonan, M.S.P. Kelley et al., Sequential fragmentation
of C/2025 K1 (ATLAS) after its near-sun passage. Icarus (2026), doi:

ttps://doi.org/10.1016/j.icarus.2026.116996.

his is a PDF of an article that has undergone enhancements after acceptance, such as the addition
f a cover page and metadata, and formatting for readability. This version will undergo additional
opyediting, typesetting and review before it is published in its final form. As such, this version is
o longer the Accepted Manuscript, but it is not yet the definitive Version of Record; we are providing
his early version to give early visibility of the article. Please note that Elsevier’s sharing policy for
he Published Journal Article applies to this version, see: https://www.elsevier.com/about/policies-
nd-standards/sharing#4-published-journal-article. Please also note that, during the production pro-
ess, errors may be discovered which could affect the content, and all legal disclaimers that apply to
he journal pertain.

2026 Published by Elsevier Inc.

https://doi.org/10.1016/j.icarus.2026.116996
https://doi.org/10.1016/j.icarus.2026.116996
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article


Journal Pre-proof

Highlights2

Sequential3

D. Bodewits,4

Greenstreet5

• HST re6

the LOO7

• Fragme8

fragmen9

activity10

• Short-li11

initial w12

fragmen13
Jo
ur

na
l P

re
-p

ro
of

Fragmentation of C/2025 K1 (ATLAS) After Its Near-Sun Passage
J. W. Noonan,M. S. P. Kelley,C. E. Holt,T. A. Lister,H. Usher,C. Snodgrass,B. J. R. Davidsson,S.

solved a hierarchical fragmentation sequence in C/2025 K1 (ATLAS) within days of disruption, while
K survey provided continuous photometric context and tracked the subsequent evolution of its activity.

nt kinematics and a consistent 1–3 day delay between breakup and brightening show that post-
tation activation is controlled by thermal adjustment of newly exposed surfaces, analogous to delayed
following Rosetta’s cliff collapses on 67P.
ved, shell-like arclets observed around fragment I in the first HST epoch indicate dust-shell release during
arm-up rather than gas-driven pressure waves, revealing the physical processes governing early post-
tation morphology and the onset of efficient dust production.
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I N F O

elescope observa-

A B S T R A C T
Comet C/2025 K1 (ATLAS) reached perihelion at 0.33 au on 2025 October 8. Daily monitoring
by the LCO Outbursting Objects Key Project revealed a major activity increase between Novem-
ber 2 and 4, accompanied by rapid changes in coma morphology. Serendipitous HST/STIS
acquisition images obtained on November 8–10 captured the comet only days after this event
and resolved five fragments, providing an early high-resolution view of a nucleus in the
process of disruption. Fragment motions and morphologies indicate a hierarchical fragmentation
sequence, including a slow secondary split of fragment II. Back-extrapolation shows that both
the primary and secondary breakups preceded their associated photometric outbursts by roughly
one to three days. This consistent lag, together with the appearance of thin, short-lived arclets
around fragment I in the first HST epoch, suggests that freshly exposed interior material
warms rapidly but requires time before dust can be released efficiently. Given the comet’s
close perihelion passage, rotational instability driven by enhanced outgassing torques is
a plausible contributor to nucleus disintegration and dust release, and may represent
the primary source of the observed brightening. These combined ground- and space-based
observations provide rare, time-resolved constraints on the thermal and structural evolution of a
fragmented comet near perihelion and highlight the scientific value of capturing a nucleus within
days of disruption when thermal adjustment, dust mantle re-formation, and outgassing-
driven torques jointly govern the onset of activity.

ction
2025 K1 (ATLAS) reached perihelion at 0.33 au on 2025 October 8 and subsequently experienced
f outbursts culminating on November 4. Pre–perihelion spectra revealed an extreme depletion in
g species, yielding one of the lowest CN/OH ratios ever measured, comparable only to a few chemically
mets that have been interpreted as possible extrasolar candidates (Schleicher, 2008, 2025; Manzini
ragmentation is a common evolutionary end state of long-period comets (Boehnhardt, 2004), frequently
h progressive mass loss, thermal stresses, and rotational spin-up driven by asymmetric outgassing (Jewitt,
ecause the interior of a comet is rarely exposed, fragmentation events provide valuable opportunities to

ace structure, volatile reservoirs, and short-timescale activation processes.
ing author
auburn.edu (D. Bodewits); noonan@auburn.edu (J.W. Noonan); msk@astro.umd.edu (M.S.P. Kelley);
bal (C.E. Holt); tlister@lco.global (T.A. Lister); helen.usher@open.ac.uk (H. Usher); csn@roe.ac.uk (C.
n.Davidsson@jpl.nasa.gov (B.J.R. Davidsson); sarahjg@uw.edu (S. Greenstreet)
000-0002-2668-7248 (D. Bodewits); 0000-0003-2152-6987 (J.W. Noonan); 0000-0002-6702-7676 (M.S.P. Kelley);
3-6445 (C.E. Holt); 0000-0002-3818-7769 (T.A. Lister); 0000-0002-8658-5534 (H. Usher); 0000-0001-9328-2905 (C.
-0002-8725-6644 (B.J.R. Davidsson); 0000-0002-4439-1539 (S. Greenstreet)
atalyst Fellow
t al.: Preprint submitted to Elsevier Page 1 of 10
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Sequential Fragmentation of Comet C/2025 K1 (ATLAS)

LOOK

HST

OK r-band photometry of C/2025 K1 (ATLAS) measured in a circular aperture of 10,000 km in radius
s).HST/STIS photometry within a similarly-sized aperture were bootstrapped to the Nov. 10 LOOK data
ed by blue triangles. The inset panel presents the absolute magnitudes of the individual fragments within
radii of 0.15 arcsec obtained from HST/STIS (cf. Fig. 3): open triangles denote fragment I; black, open,
es represent fragments II, IIa, and IIb, respectively; grey circles indicate fragment IV (magnitudes of IV are
2 mag to aid visualization) The time on the x-axis is the time since perihelion, which occurred on Oct 8.4,

perihelion, C/2025 K1 was monitored closely by the Las Cumbres Observatory Outbursting Objects
Project (Lister et al., 2022). Comparison of the observations on November 4 with Zwicky Transient
) photometry showed that the comet underwent at least a 0.9 mag outburst between November 2 and 4,
by the rapid development of a two-component coma: an extended parabolic outer feature and a compact
ma of freshly released material (Kelley et al., 2025). Independent small-telescope photometry (A. Pearce,
laces the onset between November 3 10:33 UT and November 4 10:33 UT, and over the following nights
densation evolved to show multiple brightness peaks as fragments drifted far enough apart to be spatially
the ground (Minor Planet Center, 2025a,b).

ous Hubble Space Telescope (HST) observations, obtained only days after this outburst, captured the
act of breaking apart and resolved at least five fragments (Noonan et al., 2025). Their relative motions
orphologies reveal a hierarchical fragmentation sequence and provide one of the earliest high-resolution

ear-Sun cometary disruption. As their projected separations increased, some of these fragments became
ndependent ground-based imaging.
nuscript we combine HST imaging with contemporaneous LOOK Project photometry to characterize the

otion, and activity of the fragments, place the breakup within the comet’s broader brightness evolution,
ether fragmentation exposed compositionally distinct interior material.

tions
utbursting Objects Key Project

as been monitored by the LCO Outbursting Objects Key (LOOK) Project (Lister et al., 2022) since
ith a break from 2025 Sep 2 to 2025 Nov 3 during perihelion passage and low solar elongation. Since
t al.: Preprint submitted to Elsevier Page 2 of 10
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Sequential Fragmentation of Comet C/2025 K1 (ATLAS)

images r-band acquired on Nov. 4.51 (left; after large outburst), Nov. 7.46 (center; 1.1 day before the first
on), and Nov. 10.23 (right; 7.5 hr before the last HST observation). The stretch is logarithmic and the color
e in all three images.

umber Time (UTC) T-Tp (days) rℎ (au) Δ (au) Phase (degrees) t𝑒𝑥𝑝 (s)

1 Nov. 8, 2025, 13:22 31.12 0.875 0.642 79.9 20.5
2 Nov. 9, 2025, 19:42 32.38 0.901 0.612 79.2 20.5
3 Nov. 10, 2025, 12:55 33.10 0.916 0.597 78.7 20.5

of the HST/STIS MIRVIS images of C/2025 K1 (ATLAS)

esumed on 2025 Nov 4, C/2025 K1 was monitored near daily using the LCO 1-m telescopes and Sinistro
.39′′ pixel scale, 4k×4k CCDs) in SDSS g, r and i filters. Observation requests switched to visits every

m 2025 Nov 10. Observations from a single visit were processed to remove instrumental artifacts (bias
g), produce source catalogs, and provide an astrometric calibration with the BANZAI pipeline (McCully

Data were downloaded from the LCO Science Archive and automatically processed by custom LOOK
re to photometrically calibrate the data to the PS1 system (Lister et al., 2022), and combine images

stacks for analysis. We measured the brightness of the fragmented comet in 10,000 km radius apertures
agment A.
IS

sed here were context frames acquired for a spectroscopic survey using the Space Telescope Imaging
(STIS) and the Cosmic Origins Spectrograph (COS) on board HST (Program 18135, PI D. Bodewits).
of a 20.5 s exposure obtained with the MIRVIS detector and the F28X50LP long-pass filter, whose

ans 5500–10,000 Å with an FWHM of 2693 Å1. The radius of the point-spread function that encloses
ux (𝑅80)𝑖𝑠 ≈ 0.15 arcsec. Three pairs of MIRVIS images were obtained over a two-day interval
he comet’s major outburst, providing three well-spaced epochs for tracking the motion, morphology,
ctivity of the fragments. The observations span 31–33 days past perihelion and cover modest changes in

nd geocentric distance as well as phase angle. A complete observing log, including times, geometry, and
ils for all three epochs, is given in Table 1. These three epochs provide the basis for tracking the motion,
nd evolving activity of the fragments.
red the brightness of each fragment using a circular aperture with the STIS 𝑅80 radius of 0.15′′. Photon
re converted to fluxes and magnitudes using the calibration constants in the FITS headers (Proffitt, 2006),
st-docs.stsci.edu/stisihb/chapter-14-imaging-reference-material/14-3-ccd/
-imaging-f28x50lp
t al.: Preprint submitted to Elsevier Page 3 of 10
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Sequential Fragmentation of Comet C/2025 K1 (ATLAS)

I I

II

IV
IV

III
III

IIb
IIa

I

IV

IIb
IIa

T/STIS MIRVIS images of C/2025 K1 (ATLAS) obtained on 2025 Nov. 8.56 (T−T𝑝 = 32.16 days) (left),
T𝑝 = 33.42 days) (center), and Nov. 10.54 (T−T𝑝 = 34.14 days) (right). Each panel uses a logarithmic stretch
physical and intensity scale. The field of view is 20′′ ×15′′, corresponding to roughly 9,000×6,500 km at the
ents are labeled following the notation introduced in the text: the two brightest components (I and II) are
first epoch, with fainter fragments III and IV located progressively farther along the projected orbit. By the
fragment II has separated into components IIa and IIb, and the relative motions and evolving morphologies
ts are evident, including arclets around I, a parabolic inner coma around II, the forward fan of IV, and the

the final panel, the brightening and coma development of fragment IIb are clearly visible. Grayscale values
ts in a 21.5 s exposure.

round subtraction. At the ∼0.6 au geocentric distance of the observations, the 0.15′′ PSF corresponds
cale of ∼68 km—far larger than any plausible nucleus—so the extracted fluxes are dust dominated. We
ied the Schleicher–Marcus composite dust phase correction2 to account for the large scattering angles.
ured the total flux in each frame using a fixed 10,000 km-radius aperture centered on the image, again
round subtraction and with the same phase correction. A solar spectrum through the F28X50LP filter
to an 𝑟-band magnitude, so no color correction was applied. To compare the STIS results with the

poraneous LOOK photometry on Nov. 10 (within 2.5 hr), we converted both to absolute magnitudes
e LOOK measurement is 0.5 mag brighter than the STIS result, which we attribute to differences in filter
e therefore bootstrap the STIS photometry to the LOOK scale by subtracting 0.5 mag from all STIS

-Based Photometry and Context
etry for Nov. 4–22 [T−T𝑝 = 27.61–45.98 days], spanning the HST observing window, is shown in

.9 mag outburst of (Kelley et al., 2025) is apparent as a decrease in the magnitude with time starting
bservation on November 4 12:16 UTC [T−T𝑝 = 27.61 days]. Two additional outbursts are found in the
mber 14 04:17 UTC [T−T𝑝 = 36.78 days] and November 22 09:04 UTC [T−T𝑝 = 45.98 days], with
0.94 ± 0.08 and −0.33 ± 0.06 mag for our 10,000 km aperture. Figure 2 shows selected images of the
the time of the HST observations. After the outburst, the comet faded from 𝐻(1, 1, 0) = 10.9 to 11.0 by
[T−T𝑝 = 33.56 days], with small deviations attributable to fragment brightening resolved by HST.
tometry extracted within a 10,000 km aperture yield nearly constant absolute magnitudes of 𝐻 =
oss the three epochs (Nov. 8.56–10.54 [T−T𝑝 = 32.16–34.14 days]; Fig. 1). Although the STIS
that fragment IIb was already brightening by Nov. 10.53 [T−T𝑝 = 34.13 days], this increase was not
pparent in the LOOK photometry because IIa and IIb remained unresolved from the ground. Once
n increased and IIb’s intrinsic activity strengthened, the effect became visible: between Nov. 12 12:01
6 days] and Nov. 14 05:23 [T−T𝑝 = 36.78 days], the LOOK data suggest that fragment IV underwent
outburst, producing a newly pronounced parabolic coma clearly distinguishable from the pre-existing
steroid.lowell.edu/comet/dustphase/table
t al.: Preprint submitted to Elsevier Page 4 of 10
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Sequential Fragmentation of Comet C/2025 K1 (ATLAS)

presents the integrated ground-based signature of activity that began at least two days earlier, as captured
T.
isode of activity is visible in the LOOK monitoring near the end of the observing window. A new
e eastern fragment occurred between Nov. 21 09:57 [T−T𝑝 = 45.03 days] and Nov. 22 09:04 UTC
98 days], as seen in consecutive r-band frames (logarithmic stretch) obtained on Nov. 20, 21, and 22
3–46.03 days]. The Nov. 22 image shows a newly developed, compact parabolic coma coincident with
gment, distinct from the broader, fading dust structures associated with the earlier activity. By this date,
d become increasingly diffuse, consistent with its eventual dispersal into a fading cloud rather than a
sation.
esolution Morphology and Evolution of the Fragments
ions directly resolve the evolving activity into individual fragments (Fig. 3). The first STIS image,
025 Nov. 8.56 [T−T𝑝 = 32.16 days], reveals at least four fragments: two brighter components (I and
y 3.4′′, and two fainter components (III and IV) located 4.4′′ and 5.1′′ ahead of I along the projected

nt IV shows a distinct forward fan with an opening angle of roughly 100◦, while fragment I exhibits
perpendicular to the dust-tail direction. Fragment II appears to be the most active, surrounded by a
olic coma.
nd epoch (Nov. 9.82 [T−T𝑝 = 33.42 days]; 30.33 hr later), the I–II separation increased to 3.9′′, and II

components, IIa and IIb, separated by 0.24′′. Fragment III evolved from a compact clump into a diffuse
IV remained clearly detectable and had moved to 6.2′′ ahead of I. By the final HST epoch (Nov. 10.53
13 days]; 17.22 hr later), the separation IIa–IIb increased to 0.30′′, the separation I–IIa had increased
d faded below detection, and IV appeared slightly diminished but still present at 6.7′′. Notably, IIb had
bstantially, indicating the onset of significantly enhanced activity late in the sequence.
s surrounding fragment I provide an additional diagnostic of its recent activity. Arclet-like features have
in other comets (e.g., Harris et al., 1997; Boehnhardt, 2004), but in C/2025 K1 they are seen only in

epoch (Nov. 8.56 [T−T𝑝 = 32.16 days]). Within that epoch they remain tightly centered on I, show no
tward expansion over the paired frames, and appear as thin, shell-like structures nearly perpendicular to
irection. This behavior is inconsistent with the global pressure-wave model proposed by Farnham et al.
996 B2 (Hyakutake), and instead strongly suggests confined dust shells released when freshly exposed
rst illuminated and began to warm, or when a newly formed dust mantle underwent rapid thermal
origin fully consistent with the thermal-delay scenario inferred from the lightcurve.

nt Sizes, Separation Velocities, and the Fragmentation Sequence
68 km) apertures, the scattering cross sections of the fragments show clear and systematic evolution
ee HST epochs. On Nov. 8.56 [T−T𝑝 = 32.16 days], fragments I and II dominate with cross sections
d 9.4 km2, respectively, while fragment IV is much smaller, contributing only 0.5 km2. By the second
.82 [T−T𝑝 = 33.42 days]), fragment II has divided into two pieces: IIa and IIb exhibit comparable cross
0 km2 and 5.3 km2. Fragment I temporarily brightens to 7.2 km2, consistent with the development of
fragment IV remains faint at 0.6 km2. By the final epoch (Nov. 10.54 [T−T𝑝 = 34.14 days]), I settles
a remains steady at 5.6 km2, and IIb brightens markedly to 8.1 km2, mirroring the onset of enhanced
e in the morphology. Fragment IV is nearly unchanged at 0.6 km2. Interpreting these cross sections as
o the effective radii using the assumptions listed in Graykowski and Jewitt (2019) yields roughly
1.7 km for II, ∼1.3 km for IIa and IIb, and ∼0.4 km for fragment IV.
separation rates further support a hierarchical fragmentation sequence. The I–II separation grows
4.2′′ over the two days (Nov. 8.56–10.53 [T−T𝑝 = 32.16–34.13 days]), corresponding to (4.6–

csec s−1, or physical speeds of ∼3–4 m s−1. Fragments III and IV lie progressively farther ahead along
orbit, with IV exhibiting the highest apparent motion, consistent with its small size and susceptibility to
II disperses rapidly, becoming undetectable by Nov. 10 [T−T𝑝 = 33.56 days]. The separation of IIa and
uch more slowly, at ∼ 8 × 10−7 arcsec s−1, indicative of a gentle, near–escape-velocity split.

ing the projected I–II separation backwards places the primary fragmentation event near 2025 Nov. 1
6 days], consistent with the timing of the 0.9 mag outburst observed between Nov. 2 and 4 [T−T𝑝 =
ays]. Fragments III and IV must have separated earlier and at higher speeds, consistent with their smaller
t al.: Preprint submitted to Elsevier Page 5 of 10
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d fading. The secondary breakup of II into IIa and IIb is tightly constrained to the interval between
9.82 [T−T𝑝 = 32.16–33.42 days], preceding the sharp brightening of IIb that becomes prominent in the
e and in the LOOK survey several days later.

g of the morphological changes and the lightcurve implies a 1–3 day delay between fragment exposure
production. The shell-like arclets around fragment I reinforce this scenario, consistent with a thermal

everal rotation cycles.
explored an alternative description in which the separations are fit by constant accelerations rather than

cted speeds. This produces a self-consistent single fragmentation epoch around 2025 Oct. 20 [T−T𝑝 =
ith higher accelerations for the faint fragments III and IV and lower accelerations for II. This date is

thin uncertainties, with an earlier outburst reported by Qicheng Zhang3 before post-perihelion LOOK
sumed. However, the limited number of HST epochs, the reliance on projected distances rather than
ons, and the observed secondary breakup of II argue that hierarchical fragmentation provides a more
ysically plausible description. For these reasons, we adopt the simpler interpretation based on projected

es.

on
of the fragmentation chronology with the photometric evolution reveals a systematic delay between

reakup of the nucleus and the subsequent rise in brightness. Back–extrapolation of the I–II separation
ary fragmentation event around 2025 Nov. 1 (within a few days), whereas the major outburst detected

and ZTF photometry occurred between Nov. 2.54 and Nov. 4.51 UTC. The delay of roughly 1–3 days
freshly exposed interior ices remained extremely cold immediately after fragmentation and required
rmal wave to propagate inward before vigorous sublimation and dust release could commence. The
gmentation of II shows a similar pattern: the IIa–IIb split occurred between Nov. 8.56 and Nov. 9.82,
ened substantially only by the final HST epoch on Nov. 10.53, again implying a ∼1 day delay. The
mag) outburst detected shortly before the Nov. 10 LCO observations likewise fits within this sequence
ivation. These lags are naturally explained through basic thermal physics. For porous cometary material
iffusivity 𝜅 ∼ 10−7–10−8 m2 s−1 (Davidsson and Rickman, 2014), the penetration depth of the thermal√
𝜅𝑡. Reaching temperatures of ∼180–200 K, sufficient for rapid H2O sublimation at 𝑟ℎ ≈ 0.9 au,

ing layers several centimeters deep. This corresponds to heating timescales of 𝑡 ∼ 1–3 days, in excellent
th the observed photometric delays. Thus, the newly exposed surfaces created by fragmentation require
n cycles before effective sublimation can drive strong dust production.
ative, but physically consistent, interpretation of the observed delay is that it reflects the time

e-establish a mechanically unstable dust mantle on freshly exposed fragment surfaces, rather than
e needed to heat subsurface ice to sublimation temperatures. Immediately after fragmentation,
surfaces are expected to expose an intimate mixture of ice and dust representative of the bulk

n solar illumination, such surfaces can begin vigorous gas sublimation on short timescales (hours),
ubstantial dust release. Significant dust production may only commence once a porous dust mantle
hickness has re-formed and thermally decoupled from the underlying sublimation front.
magnitude energy-balance considerations support this scenario. For heliocentric distances near
the net absorbed solar flux is sufficient to heat newly exposed ice–dust mixtures from ∼100 K to
ation temperatures (∼200 K) in only a few hours. However, most of the absorbed energy over the
s is expended on sublimating near-surface water ice, allowing a dust mantle to grow to a thickness
imeters over ∼1–3 days. Thermophysical models of comet 67P show that mantles of comparable
urally develop under similar conditions (Davidsson et al., 2022) and that such mantles are prone
rmal gradients and mechanical failure once radiative equilibrium is established at the surface
al., 2015; Attree et al., 2018; Davidsson et al., 2022).

onal and complementary consequence of this delayed thermal activation is outgassing-driven spin-
ly exposed fragments. As sublimation intensifies several days after perihelion, asymmetric gas
exert substantial torques on irregularly shaped nuclei, driving rapid changes in rotation state.

stability is therefore an efficient mechanism for both continued fragmentation and enhanced dust
ometary.org/@qicheng/statuses/01K8BMPX63NCB3K0NXZMYF2XQW
t al.: Preprint submitted to Elsevier Page 6 of 10



Journal Pre-proof

release follow225

even modest226

2013; Jewitt,227

only weak pr228

event that pr229

For C/202230

sizes due to co231

inferred kilom232

and in particu233

rather than d234

for H2O at 1235

predict sub–m236

Rotational in237

spin-up, seco238

regulates the239

of enhanced a240

The arclet241

several comet242

HST epoch (N243

over the paire244

behavior diffe245

comet C/1996246

propagated co247

outward, and248

Harris et249

F28X50LP ba250

show strong N251

argue against a252

thin, morphol253

parent NH3 h254

rather than ap255

gas moving at256

dust shells rel257

fully consisten258

An impor259

ratios and th260

is expected, w261

coma abunda262

than the intr263

after fragmen264

abundances.265

breakup. Any266

direct probe o267

would offer a268

depth. We no269

GO-18135 an270

These ear271

family comet272

dozens of pie273

were composi274

distinct reserv275

time of its HS276

2001). In con277

D. Bodewits e
Jo
ur

na
l P

re
-p

ro
of

Sequential Fragmentation of Comet C/2025 K1 (ATLAS)

ing the initial breakup. Sub-kilometer cometary nuclei are especially vulnerable to this process, as
outgassing can spin them up to structural failure on timescales of days (Samarasinha and Mueller,
2021). A well-known example is the small nucleus of 289P/Blanpain (radius ∼160 m), which shows
esent-day activity yet is widely interpreted as the remnant of a rotationally driven disintegration
oduced the Phoenicid meteoroid stream (Jewitt, 2006; Kasuga and Jewitt, 2019; Kasuga, 2025).
5 K1, the fragment cross sections measured by HST provide only upper limits on the true nucleus
ma contamination, implying that the actual solid fragments are likely significantly smaller than the
eter-scale values. The observed near–escape-velocity separations of the fragments (0.5–10 m s−1),
lar the very low relative speed of IIa and IIb (∼0.5 m s−1), are consistent with rotational disruption
irect gas-drag ejection. These velocities are far below typical gas expansion speeds (∼500 m s−1
au) and are difficult to reconcile with classical gas-coupling models (Whipple, 1951), which
s−1 ejection speeds only for meter-scale debris even at the perihelion distance of C/2025 K1.

stability therefore provides a physically plausible pathway linking delayed heating, fragment
ndary breakup, and the observed dust production. In this framework, delayed heating not only
onset of sublimation but also governs when rotational stresses peak, naturally coupling the timing
ctivity to subsequent fragmentation.
s surrounding fragment I reinforce this interpretation. Arclet-like features have been documented in
s (e.g., Harris et al., 1997; Boehnhardt, 2004), but in C/2025 K1 they are observed only in the first
ov. 8.56) and are absent in the subsequent images. Their fixed curvature and lack of outward motion

d frames within that epoch indicate short-lived, confined structures rather than propagating waves. This
rs markedly from the large-scale, quasi-periodic pressure waves proposed by Farnham et al. (2001) for
B2 (Hyakutake), where arclets appeared between the primary nucleus and a companion fragment and

herently across the coma. In C/2025 K1, the arclets are anchored directly on fragment I, do not move
show no evidence for global coherence.
al. (1997) suggested that the arclets in Hyakutake were dominated by gas emission; within the STIS
ndpass this would most plausibly arise from NH2 (𝐴̃ 2𝐴1 − 𝑋̃ 2𝐵1). Recent spectra of C/2025 K1 likewise
H2 emission and very weak CN, C2, and C3 (Ganesh et al., 2025). However, several lines of evidence
gas–emission origin for the arclets in C/2025 K1. First, the features are sharply delineated, geometrically

ogies inconsistent with the smoother, more diffuse structures expected from NH2 fluorescence, whose
as short photochemical lifetimes at 𝑟ℎ ∼ 0.9 au. Second, the arclets are tightly centered on fragment I
pearing between fragments, as in Hyakutake. Third, the lack of outward expansion is incompatible with
∼0.5–1 km s−1. Together, these properties strongly favor an interpretation in which the arclets are thin

eased when freshly exposed surfaces on fragment I were first illuminated and began to warm, an origin
t with the thermal-delay scenario inferred from the lightcurve.

tant implication of this interpretation concerns the relationship between observed coma abundance
e true bulk composition of the nucleus. Prior to fragmentation, strong near-surface stratification
ith dust-rich layers overlying deeper sublimation fronts for H2O, CO2, and CO. In such cases,
nces reflect the combined effects of temperature gradients, diffusion, and recondensation rather

insic ice abundances at depth (Marboeuf and Schmitt, 2014; Davidsson et al., 2022). Immediately
tation, however, all volatile species are temporarily exposed at the surface at their bulk nucleus

The observations presented here empirically constrain this window to the first ∼1–3 days following
gas abundance ratios measured during this brief interval would therefore provide an unusually

f nucleus interior composition. Moreover, comparisons between fragments during this early phase
powerful test of whether cometary nuclei are compositionally homogeneous or heterogeneous at

te that both COS and STIS spectroscopic observations that can address this were taken as part of
d will be published separately.
ly-time observations invite comparison with other well-studied fragmentation events. The Jupiter-
73P/Schwassmann–Wachmann 3 underwent repeated episodes of fragmentation, ultimately producing
ces by 2006 (Weaver et al., 2006). Yet spectroscopic studies showed that the largest components
tionally homogeneous (Dello Russo et al., 2007), arguing that the breakup did not expose chemically
oirs. The dynamically new comet C/1999 S4 (LINEAR) fragmented into at least 14 pieces, but by the
T and VLT observations the debris field already spanned ∼ 500 square arcseconds (Weaver et al.,

trast, our HST sequence captures C/2025 K1 only days after its primary breakup, revealing just four
t al.: Preprint submitted to Elsevier Page 7 of 10
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hin ≲ 30 square arcseconds. Interestingly, both 73P and C/1999 S4 were depleted in CO, indicating
tile-driven explosions were not responsible for their breakups. C/2025 K1 similarly exhibited severe
depletion in carbon-bearing species, but its CO outgassing rate is not yet known.

erved outbursts are instead linked to rotational instabilities, simple models allow order-of-magnitude
ragment sizes. Outgassing torques can spin up fragments to failure in 1–3 days for typical cometary
500 kgm−3) and cohesive strengths (𝑆 ∼ 10–100 N m−2) (Jewitt et al., 2020). Using the observed

n inferred breakup times and increased activity, fragments undergoing secondary disruption (such as II)
with radii of roughly 5–40 m, assuming active fractions near unity. These dimensions comfortably match
–escape-velocity separation of IIa and IIb.
e activity pattern following fragmentation parallels behavior observed after cliff collapses on comet 67P/-
erasimenko, where freshly exposed material required several rotation cycles before vigorous dust

gan (Pajola et al., 2017; Davidsson, 2023, 2024). In both cases the thermal adjustment of interior layers
nset of enhanced activity. However, the fragmentation of C/2025 K1 differs fundamentally from cliff
e and dynamical consequence: cliff collapses involve tens-of-meters surface failures, whereas K1 shed
h effective radii up to ∼1–2 km (upper limits given coma contamination). This indicates a nucleus-wide
ilure likely driven by strong perihelion heating, internal pressure buildup, or rotational torques. The
akup of II into IIa and IIb aligns the event more closely with the large-fragment detachment processes
Jewitt (2022) than with small-scale surface collapse. Thus, while the subsequent activation in both
ped by the same thermal physics, the mechanical origins of the failures differ substantially.

ry
HST and LOOK observations capture C/2025 K1 (ATLAS) only days after a major breakup, providing

rliest and clearest views of an evolving cometary fragmentation sequence. HST resolves at least five
reveals a hierarchical disruption, including a slow secondary split of fragment II. Ground-based

ontextualizes these events within the broader activity evolution, linking the post-perihelion 0.9 mag
subsequent brightening episodes to the emergence and activation of individual fragments. Fragment

that the primary breakup separated kilometer-scale pieces at a few meters per second, while the IIa–IIb
d at near–escape velocity. A consistent 1–3 day delay between physical fragmentation and enhanced
n reveals how newly exposed subsurface layers warm and begin to release volatiles. The thin, short-
round fragment I in the first HST epoch demonstrate that the initial exposure produces only weak,
ed dust release, followed by stronger activity as heat diffuses into deeper, more volatile-rich layers. These

ate that the volatile inventory is vertically and laterally structured: surface layers are devolatilized, while
s retain more abundant or more easily mobilized volatiles. The absence of immediate, explosive activity

t hypervolatile-driven disruption and instead suggests that sublimation is throttled by the time required
sure to build within porous interior pathways. The empirically constrained 1–3 day window between
n and dust activation therefore implies a brief interval during which coma gas abundances may
t bulk nucleus composition, underscoring the importance of rapid compositional measurements
akup events.
hology, kinematics, and activation behavior therefore point to a nucleus-wide mechanical failure that
ogeneously mixed interior ices, followed by thermally mediated volatile release governed by diffusion
ectivity and, in some fragments, by outgassing-driven rotational instability. This behavior parallels,
les up, the delayed activation seen after cliff collapses on 67P, where the timing and morphology of dust
how heat propagates, how trapped volatiles are stored, and how efficiently material is transported to the
observations provide rare, time-resolved constraints on the mixing, storage, and release of volatiles in
new comet near perihelion. They show that the early evolution of a disrupted nucleus records both the

chitecture of the breakup and the thermal–physical response of newly exposed interior layers, offering
into volatile stratification, permeability, and the efficiency of dust–gas coupling in cometary interiors.
t al.: Preprint submitted to Elsevier Page 8 of 10
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