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Typelsuperluminous supernovae (SLSNe-I) are at least an order of magnitude brighter
thanstandard SNe, with the power source for their luminosity still unknown' >, The
central engines of SLSNe-l are suggested to be magnetars** but most of the SLSNe-I
light curves have several bumps that are unexplained by the standard magnetar
model® 8 Existing explanations for the bumps either modulate the engine luminosity
or invoke interactions with circumstellar material (CSM). Surveys of the limited
sample of SLSN-Ilight curves find no compelling evidence favouring either scenario’”,
leaving both the nature of the light-curve fluctuations and the applicability of the
magnetar model unresolved. Here we report high-cadence multiband observations of
aSLSN-Iwith clear ‘chirped’ (thatis, decreasing period) light-curve bumps that canbe
directly linked to the properties of the magnetar central engine. Our observations are
consistent with amagnetar centrally located within the expanding supernova ejecta,
surrounded by aninfalling accretion disk undergoing Lense-Thirring precession. Our

analysis demonstrates that the light curve and bump frequency independently and
self-consistently constrain the magnetar spin periodto P=4.2+ 0.2 ms and the
magnetic-field strength to B= (1.6 + 0.1) x 10" G. These results provide the first
observational evidence of the Lense-Thirring effect in the environment of amagnetar
and confirm the magnetar spin-down model as an explanation for the extreme
luminosity observed in SLSNe-I. We anticipate that this discovery will create avenues
for testing general relativity in a new regime—the violent centres of young SNe.

Supernova (SN) 2024afav is anearby (approximately 327 Mpc) SLSN-I
that showed the first unambiguously chirped light-curve modula-
tions ever observed in a SN. It was discovered by the Liverpool-
Gravitational-wave Optical Transient Observer (L-GOTO) collaboration
on 12 December 2024 (all times in UTC (ref. 10)) and classified by the
extended Public European Southern Observatory Spectroscopic
Survey of Transient Objects (ePESSTO+) collaboration as a SLSN-1 on
24 January 2025 (ref. 11) based on spectral features (see also Extended
DataFig.1). Early observationsindicated an exponential roughly 40-day
rise followed by abumpy, approximately 50-day quasi-plateau phase
peaking at absolute magnitude about -20.5 (Fig. 1). Part-way through
the ‘plateau’, we triggered observations using the Las Cumbres Obser-
vatory (LCO) through the Global Supernova Project (GSP) and the Fred
Lawrence Whipple Observatory (FLWO) KeplerCam to obtain photome-
try and spectra (see Methods section ‘Observations and datareduction’
forafull discussion). Following the appearance of asecond (Modified
Julian Date (MJD) 60736) and third (MJD 60779) sinusoidal modulation
inthelight curve, each withaperiod reduced by about 35%, we phenom-
enologically predicted both the epochs and luminosities of subsequent
bumps and dynamically adjusted our observation campaign to capture

them (Methods section ‘Observations and datareduction’). In this way,
we successfully observed a fourth (MJD 60802) and a possible fifth
(MJD 60820) modulation, refining the initial period reduction frac-
tion estimate to about 29 +10% (Methods section ‘Residual analysis’).

In the prevailing theory to explain SLSNe, a strongly magnetized
millisecond pulsar (magnetar) is created in the SN explosion. As the
magnetar emits energy by means of magnetic dipoleradiation, the spin
rate decreases and it transfers some of this energy to the expanding
ejecta*’. However, although initial analytic models determined that
the energy budgets were sufficient to power the SLSN, they did not
investigate a mechanism of energy transfer.

The magnetar model predicts a rapid rise followed by a smooth,
monotonic decline. Despite the magnetar model predicting smooth
monotonic behaviour in the light curve post-peak, most SLSNe-l are
observed to have bumps or modulations of some kind® %, In the context
of amagnetar-powered model, previous studies have attempted to
explainlight-curve fluctuations in SLSNe-I1 by invoking either aperiodic
(for example, magnetar flares') or completely periodic (for example,
misaligned magnetic inclination angle precession™) modulations of
the central engine, which have been successfully modelled against light
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Fig.1|Multibandlight curves of SN 2024afav. The combined LCO + ATLAS +
KeplerCamlight curves of SN 2024afav, from shortly after explosion to about
125 days post-peak. Error bars represent louncertainties computed from the
photometry and may be smaller than the data points. The magnetar modelis
shownasthe dotted line (‘magnetar-only’; Methods section ‘Magnetar-only
modelfits’). Although the data on average are consistent with the magnetar
model, thereis a chirped signal post-peak that the model fails to explain.
Wemodel thelight curve as generated by aninfalling accretion disk undergoing
Lense-Thirring precession (‘magnetar+LT’; solid line; Methods section
‘Constructionand fit of the Lense-Thirring modulation model’; k =15 model
degrees of freedom) and find that the model reproduces the overall behaviour
of the data, with reduced y*~ 1.5 for the whole fit (N =706 data points) and
reduced y*=1.6 for the modulations (40-180 days, N = 618 data points).

curves with <2 bumps. The standard magnetar model fails to explain
the unusual chirped signal in SN 2024afav, as shown in Fig. 1 (see also
Extended Data Fig. 2). Although some bumps are common in SLSN-I
light curves’, existing models are fundamentally incompatible with
alight curve with >4 unambiguous modulations showing a decaying
period.

The appearance of a clear, damped, quasi-periodic component of the
light curve motivates exploration of a physical mechanism that may
be able to explain the timing of the modulations. A young magnetar in
certain circumstances may form a small, tilted (relative to the magnetar
spinaxis) accretion disk from matter originatingin the progenitor star
that failed to eject during the SN (Fig. 2; Methods section ‘Construc-
tion and fit of the Lense-Thirring modulation model’)**. The radius
of the misaligned disk is set by the equilibrium between the radiation
pressure from the magnetar-launched wind and the ram pressure of the
disk”®, which shifts inward as the accretion rate decreases, leading to
thedisk ‘infall’ (Supplementary Information Section 2). Any misalign-
ment between the accretion disk and the spin axis of the neutron star
would induce a Lense-Thirring torque on the accretion disk (see, for
example, refs. 19-23 for areview), causingit to precess (with increasing
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Fig.2|Diagram of diskinfall and precession. Schematic diagram showing the
physical picture motivating the magnetar+LT model. The magnetar isshownin
the centre of the grid (grey sphere, NS), producing emission that is modulated
along the observer’sline of sight by an accretion disk (blue annulus). The
misalignmentbetween theaccretion disk and the spin axis of the neutron star
induces aLense-Thirringtorque that causes the disk to precess (with frequency
0,7 r) around the spin axis, producing modulations in the light curve from
the perspective of the observer as the disk periodically blocks or reflects the
spin-down energy from the magnetar. As the accretion disk infalls from alarger
radiusr,(t,) (grey annulus) toasmaller oner,(t,) (blue annulus), theinduced
Lense-Thirring torque increases and the precession (and therefore modulation
frequency) increases as well.

frequency owing to the infall) around the magnetar spin axis. As the
accretion disk precesses, it may periodically modulate the emission
from the magnetar by, for example, alternately obscuring or reflect-
ing the magnetar luminosity (asin, for example, refs. 24,25), redirect-
ing ajet?*” along the normal of the accretion disk (as in, for example,
ref. 28), redirecting wind from the disk itself (asin, for example, ref. 29)
or changing the accretion rate onto the magnetar®’. The modulating
emission from the magnetar could lead to a non-constant deposition
of energyinthe SN ejecta (for example, ref. 13) that precesses with the
accretion disk and appears to an observer to oscillate on the Lense-
Thirring timescale of P,; = 25-45 days (Methods section ‘Construction
and fit of the Lense-Thirring modulation model’). High-energy photons
from the magnetar interact with the ejecta and are reprocessed into
optical photons, delaying the emission and diffusing out on a time-
scale of t;= 15 days during the bumps®* (see also Methods section
‘Construction and fit of the Lense-Thirring modulation model’). The
intensity of the bumpsis determined not only by the energy injection®*
butalsothe reprocessing and diffusion characteristics of the expand-
ing ejecta®*. However, the evolving periodicity of the modulations is
solely determined by the properties of the precession (Methods sec-
tion ‘Construction and fit of the Lense-Thirring modulation model’),
enablingadirect examination of strong-gravity effectsin the vicinity of
the magnetar. For our analysis, we propose aphenomenological model
composed of asinusoid acting on a Lense-Thirring precession phase
function, modulated by a Gaussian envelope to match the observa-
tions. These modulations are added directly to the magnetar model.
We fit our combined magnetar and Lense-Thirring precession model
to the SN 2024afav light curve (labelled ‘magnetar+LT’ in Fig. 1).



Crucially, the phase component of the modulation has only two free
parameters—the initial phase of the accretion disk and the accretion
rate—and is otherwise entirely determined by the parameters of the
magnetar (Methods section ‘Construction and fit of the Lense-Thirring
modulation model’). We find that our model reproduces the overall
behaviour of the transient during both the rise and the modulations
(reduced x* = 1.5for the whole fit, reduced y* = 1.6 for the modulations;
Methods section ‘Construction and fit of the Lense-Thirring modula-
tionmodel’). Assuming standard neutron star mass (Mys = 1.4 M) and
size (Rys = 10° cm), we canseparately constrain the magnetar spin period
Pusing the observed rise to peak (spin-down energy injection con-
straint) and the residual behaviour of the modulations (Lense-Thirring
precession constraint). We find that the periods determined from the
risein the standard magnetar model (P=5.5 +1.25 ms; Methods section
‘Magnetar-only modelfits’) and the modulations (P= 5.4 + 1.8 ms; Sup-
plementary Information Section 2) are statistically self-consistent
and, combined with the estimate from the full light curve (forward-
modelling both the magnetar model and Lense-Thirring precession-
driven modulation model simultaneously), constrain the spin of the
magnetar toP=4.2+ 0.2 ms (Methods section ‘Constructionand fit of
the Lense-Thirring modulation model’). Such self-consistency is nota-
ble, asit suggests that the modulations and overall light-curve behav-
iour canbe directly derived from the same properties of the magnetar.
Similarly, combining the measurements from the early light curve
and the modulations, the magnetic-field strength is constrained to
be B= (1.6 + 0.1) x 10" G (Methods section ‘Construction and fit
of the Lense-Thirring modulation model’). Assuming that the accre-
tion disk is wind-supported”*®, we constrain the accretion rate to
M(t=30 days) = M,=(3.71+0.36) x 10> M, per year (Supplementary
Information Section 2).

We consider alternative physical scenarios that may produce the
same oscillating light-curve behaviour, including various kinds of
precession and input energy modulation (Supplementary Informa-
tion Section 3). Existing explanations thatinvoke a precession-driven
magneticinclination angle variations of adeformed magnetar predict
approximately the correct timescale for the modulations®buta positive
precession period derivative as the magnetar spins down, contrast-
ing with the observations, which show a decreasing period. With the
assumption that a precessing accretion disk is instead modulating
the line-of-sight energy injection from the magnetar into the ejecta,
we consider alternative origins of the precession. Apsidal precession
isunlikely, as the disk is highly circularized within minutes to hours of
formation®. Magnetic warp precession® and quadrupole-driven nodal
precession”* cangive comparable periodicities. However, neither can
produce the required period derivative and, in the case of magnetic
warp precession, the periodis expected toincrease owingtoaninduced
disk-threading torque®. By contrast, the tilted, infalling accretion disk
undergoing Lense-Thirring precession gives the correct timescales and
precession period derivative without deviating from the properties of
the magnetar inferred from the overall behaviour of the SN (Fig. 3).

Some explanations of modulations in SLSN-Ilight curves have pro-
posed interaction with CSM as the origin (for example, refs. 7,40,41).
In particular, the modulations in SN 2017egm were found to favour a
CSM interaction origin over alternative scenarios*. The scenario of
ref. 41 could be used to model arbitrary modulations in a SLSN-I light
curve, including SN 2024afav. However, we consider the CSM modula-
tion mechanism less likely for several reasons. First, to reproduce >4
modulations with decaying period and amplitude requires dozens of
highly fine-tuned CSM parameters. Second, the shape of the modulation
isfirmly sinusoidal, asis visible in the residuals (Extended Data Fig. 3),
contrasting with the more irregular shape produced by the CSM model
ofref. 40. Third, thelight curve has nomodulations until wellbeyond the
diffusiontimescale (¢, 2 37 days), consistent with a central-engine-based
mechanism. Finally, our proposed description of the oscillating behav-
iour in SN 2024afav sees its goodness of fit improve when a diffusion
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Fig.3|Alternative explanations of modulations. Ability of alternative
scenarios to explain the modulation of the SN 2024afav light curve. We analyse
other possible origins of the accretion-disk precession to assess the uniqueness
ofthe ability of the Lense-Thirring model to explain the observed modulations
in SN 2024afav. We characterize the candidate explanations based on their
characteristic period (average period over the 80 days when the bumps are
visible) and precession-period derivative (Supplementary Information
Section 3). The correspondinglocation of SN 2024afav is shown as the point
witherrorbars.1oand 2o contours are shown for the candidate explanations
based onthe MOSFiT uncertainties (Methods section ‘Magnetar-only model
fits’). For models not equipped with an 2> 0 behaviour, we invoked radial infall
to explain the changing period. We consider magnetic-angle precession,
quadrupole-driven nodal precession and magnetic-warp precession. Only the
Lense-Thirring effect around a magnetar produces a characteristic period and
period derivative consistent with the observations. Dashed grey lines indicate
the predicted P(P)behaviour based on the linear radial infall assumption
describedinMethods section ‘Constructionand fit of the Lense-Thirring
modulation model".

correction with no more free parameters is incorporated (Methods
section ‘Construction and fit of the Lense-Thirring modulation model’),
behaviour that hasbeen used to favour acentral-engine origin over CSM
interaction’. Thus, interaction with CSM s unlikely to be the origin of the
observed light-curve modulationsin SN 2024afav. However, this does
not preclude CSMinteractions from being present at alower level. We
investigate this possibility further in ref. 42.

The uniquely high cadence (about 0.5 days) and extended (about
200 days) quality of our dataset unambiguously reveal chirped
modulations in a SLSN-1light curve, behaviour that is evidence of a
central-engine origin. Moreover, both the overall light-curve evolution
and the modulations themselves are quantitatively consistent with a
magnetar-powered model, confirmingits viability as an explanation for
the extreme luminosity of SLSNe-1and providing evidence of a direct
physical mechanism to communicate the magnetar spin-down power
into the ejecta. Our analysis further demonstrates that Lense-Thirring
precession provides the most plausible explanation for the chirped
signal, constituting observational evidence of the Lense-Thirring effect
ina magnetar and establishing the influence of general relativistic
frame-draggingin a new astrophysical regime: young SNe.

We also find that our framework reproduces the behaviour of
previously observed SLSNe-I with periodic light-curve features
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Fig.4 |Applicationtolegacy SLSNe-I. Fits to other SLSNe-l using the
magnetar+LT model. Periodic fluctuations (with <2 bumps observed) in

SN 2018kyt (green), SN 2019unb (purple) and SN 2021mkr (red) were explained
using CSMinteraction, magnetic-inclination precession or central-engine flares.
Thesesolutions are either periodic on the timescale of the SN or aperiodicand
cannotdescribe the chirped behaviour of SN 2024afav (orange). By contrast,
we find that the magnetar+LT model can explain the behaviourin these other
objects as well as SN 2024afav. (Note: bands for each object were selected on
the basis of which band most clearly showed the modulations. Error bars
represent louncertainties fromthe photometry and may be smaller than the
data points).

(Supplementary Information Section 4). Previous extensions of the
magnetar model>"*#'* to explain periodic behaviour fail to reproduce
the rapidly decaying period we observe in SN 2024afav; by contrast,
our model can accommodate both chirped behaviour as well as the
completely periodic behaviour observed insome SLSNe-1. We consider
asample of SLSNe-I that have been modelled previously using CSM
interaction (SN 2019unb (refs. 7,8)), central-engine flares (SN 2021mkr
(ref.12)) and magnetar precession (SN 2018kyt (ref. 13)). We find that
these objects can be satisfactorily modelled using our magnetar+LT
model (Fig. 4). For each source, the observed period follows directly
from the best-fit magnetar spin and magnetic-field strength, which
fix the Lense-Thirring torque and hence the precession frequency
(Methods section ‘Construction and fit of the Lense-Thirring modula-
tion model’ and Supplementary Information Section 4). Thus, SLSNe
described by three different mutually inconsistent physical mecha-
nisms can now be described by one.

Forthcoming wide-field surveys, particularly the Legacy Survey of
Space and Time (LSST)***%, are expected to discover thousands to tens
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ofthousands of SLSNe-I (ref. 46), which may be followed with facilities
suchasthe LCOtoacquirethe extended observations needed to detect
the fainter modulations predicted by the magnetar+LT model. This
sample would provide a powerful test bed for the magnetar model and
enable population-level inference of magnetar properties. Detailed
follow-up campaigns will lead to robust constraints on magnetar prop-
ertiesand—when combined with spectral diagnostics of accretion and
ejecta—possibly eventests of general relativity using infant magnetars.
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Methods

Observations and datareduction

SN 2024afav is located at right ascension 12 h 49 min 12.050 s and
declination —18° 06’ 12.61” (J2000 epoch), in the vicinity of the faint
galaxy GALEXASCJ124911.85-180609.6. The unusually bright absolute
magnitude (about -20.5inthe g-band at peak, K-correction of K = -0.06
(ref. 47)) and a hydrogen-deficient spectrum led to a classification by
the ePESSTO+inJanuary 2025 as a SLSN-l at redshift z= 0.072 (ref. 11).
Onthe basis of the redshift and assuming flat cosmological parameters
(Q,,=0.286,0,=0.714,H, = 69.6 km s Mpc™), we use a distance of
327 Mpctothe SN. The host galaxy was exceptionally faintin ourimages
and SN 2024afav is greatly offset from the centre (about 5’). Using the
NalD doublet method of ref. 48, we constrain the extinction owing
to the host to be £(B - V),; < 0.04 mag. However, on the basis of the
line-of-sight extinction map*, we correct photometry for aMilky Way
extinction coefficient of E(B — V) = 0.0527 £ 0.0029 mag. We review
the properties of instruments used in our campaign in Supplementary
Information Section 1.

Asobservations were continuing, we predicted that our model would
have aregime of validity bounded on the left by the diffusion timescale
t,and bounded ontheright by the transition of the ejectato the nebular
phase. The magnetar+LT model assumes aluminosity driven by the mag-
netar wind interacting with the ejecta (Methods section ‘Construction
andfitofthe Lense-Thirringmodulation model’). Once the ejectaexpand
to the point at which they are no longer optically thick (indicated by a
transitionto the nebular phase, visible inthe spectra, for example), this
assumption (and therefore the model) is no longer applicable. Around
the time the spectratransitioned to the nebular phase, we also observed
anotable deviation from a luminosity power law L(¢) =< (1 + ¢/t,) > pre-
dicted by magnetar models (Extended Data Fig. 4), adding supporting
evidence that the ejecta are no longer sufficiently optically thick to be
illuminated by the magnetar wind. For these reasons, we constrain the
regime of validity of our analysis to 37 days < ¢ <181 days.

Magnetar-only model fits
The unusually bright light curve (about —20.5 peak absolute magni-
tude) with along rise (>40 days; Methods section ‘Observations and
data reduction’) are consistent with predictions for a SN explosion
powered by a magnetar central engine, as described by the model of
ref. 4. The magnetar model monotonically declines post-peak and is not
expectedto explainthe chirped modulations. Despite this, the overall
behaviour of the light curve may still be used to infer parameters of
the magnetar system. We fit the magnetar model of ref. 4 to the entire
dataset using the Modular Open Source Fitter for Transients (MOS-
FiT*°), which has been used to fit a wide variety of SLSN-1light curves
(for example, refs. 51,52). We initialize the fit with 1,600 walkers and
use sufficient steps (about 8,000 after an approximately 2,000-step
burn-in) to achieve convergence, which we measure through chain
autocorrelationlengthand the improved Gelman-Rubin statistic, fol-
lowing Section 5.4 of ref. 53. The model includes a parameter (g, units
of mag) that scales the uncertainties so that the reduced x? of the fit
is approximately unity. Once convergence was achieved, parameter
estimates and uncertainties were estimated by computing the highest
posterior density interval around the maximum a posteriori value.
The results of the fit are shown in Extended Data Fig. 2. All fit-
parameter posteriors were unimodal with approximately symmet-
ric uncertainties. The fit explains the rise, peak and average decline
well but, as expected, does not explain the modulations. The MOS-
FiT fitinfers the presence of a magnetar with magnetic-field strength
B=(1.62+0.1) x 10" G and spin period P, =4.19 + 0.18 ms, illu-
minating ejecta of mass M,;=10 £ 1.1 M, expanding with velocity
(5.754 + 0.12) x10° km s, The magnetar properties are consistent with
expectations from theory* and surveys of other SLSNe-I (refs. 51,52),
asshownin Extended DataFig. 5.

We consider the possibility that the bumps may be substantially
altering the outcome of the fit, as the largest modulations represent
+1-mag deviations from the magnetar model. To address this, we rep-
erform the magnetar fit, using only data from <50 days (approximately
the diffusion timescale). We find that fitting using this reduced sample
ofthe datamoderately affects the best-fit parameters. First, the uncer-
tainties substantially increase across all parameters owing to the lack
of data, as only Asteroid Terrestrial-impact Last Alert System (ATLAS)
c-band and o-band data were consistently available before peak bright-
ness (Methods section‘Observations and datareduction’). The period
is statistically consistent with the previous fit (P, ;, = 5.49:035 ms). The
magnetic-field strength and ejecta mass decrease substantially
(B=(1.0+0.7) x10" Gand M,;=5.0753 M,). The ejecta velocity is again
consistent with the previous fit and predictions from ref. 4 at
Vej= 603535 x10° km s~V Inbothfits, the behaviour of the light curve
through the modulationsis very similar, indicating that the bumps are
not markedly affecting the post-peak behaviour of the model. However,
the start of the modulations coincides approximately with the peak
brightness of the SN, which is highly constraining for certain param-
eters (particularly the spin period, magnetic-field strength and diffu-
sion timescale). By trimming our dataset to before the modulations
began, we also limited the ability of the fit to properly constrain the
peak of the light curve, possibly exacerbating discrepancies in the
parameters between the two fits.

Residual analysis

We characterize the modulations by computing the residual between
the data and the model fit in Methods section ‘Magnetar-only model
fits’. We work in magnitude space and weight all filters equally as
(1) the behaviour is consistent enoughin all bands to make this effective
and (2) the spectral energy distribution of the object is complicated
based on the spectra, which introduces uncertainty into (for exam-
ple) ablack-body fit to convert to luminosity space. The effect of this
assumptionis to make use of a flat spectral energy distribution, which
is sufficient for our analysis but introduces minor deviations in some
bands, as seenin Fig. 1. The result of this residual and subsequent bin-
ningisshownin Extended DataFig. 3. We use a standard peak-extraction
algorithm® toidentify candidate extremain each band, which we then
aggregate by computing a mean location for each cluster of extrema
weighted by the number of bands in which the extremum appears.
Using this approach, we identify troughs at ¢ = 65.3, 117.6, 139.9 and
160.4 days and peaks at t = 44.9, 93.6,128.9 and 153.3 days, as well as
alow-confidence peak detection at t =168.8 days (see also Extended
Data Table 1). Note that ‘peak’ and ‘trough’ refer to the conventional
‘brighter’ and ‘dimmer’ points on the light-curve residual, which are
smaller and larger magnitude, respectively, owing to the construc-
tion of magnitudes. To quantify our confidence in the presence of the
bumps, we fit a simple Gaussian model to each modulation and use
the goodness of fit compared with a no-signal-noise model to compute
the probability of false alarm (P;,). We find that P, is <0.1% for all except
the last two modulations. The penultimate dip (modulation 7) has
afalse-alarm probability of about 6%, whichis acceptable. By contrast,
the final modulations (8 and 9) have a Py, of about 40%. Such a high
false-alarm probability suggests that the final peak and dip are consist-
ent with noise and not a robust detection. However, this quantitative
metric substantially strengthens the evidence for the presence and
location of the remaining bumps.

On the basis of the high-confidence peaks and troughs present, we
compute a characteristic period (median of the set of computed peri-
ods) and period derivative for the residual modulations. To be con-
servative, we also exclude the first modulation at ¢ = 40 days, as this
may be degenerate with the magnetar-model peak. Using the peak-to-
peak and dip-to-dip locations to estimate periods as a function of time,
we fitalinear period variation (demonstrated in Extended Data Fig. 6)
and find P,=23 1.6 days and a period derivative of .= -0.44+0.05.



Uncertainties are based on errors in the peak locations, estimated by
fitting a quadratic function to the local region around each extrema.
We note that the choice of characteristic period and derivative estima-
tion method does not greatly affect the results, as long as the corre-
sponding period and period derivative are computed identically for
the theoretical models.

Next we investigate the sinusoidal behaviour of the modulations
and attempt to describe them phenomenologically. We construct
ageneric model to describe a sinusoid with varying periodicity and
amplitude using

AL() = { Za cat“}cos{ Zp cpt”}, @

a=0 p=0

which varies the periodicity and envelope using polynomials of arbi-
trary degree. We find that a quadratic (n, = 2) polynomial envelope
and a cubic (n,=3) phase function are required to describe the data
toreduced x* = 1. The resulting fit (visualized in Extended Data Fig. 3)
doesnotreproduce the very first modulation but produces peaks and
troughs consistent with the remaining bumps. We use this phenomeno-
logical model to quantify our confidence in the presence of a chirp in
the light curve. We compute the statistical significance of the model
parameters fromboth AL = 0 (nomodulations) and ¢(¢) = ¢ (linear phase
indicating no chirp). Using likelihood-ratio tests (Ax?) against nested
null models, we find that both the pure-noise and constant-periodicity
hypotheses arerejected at »50. We repeat this test with the fifth bump
excluded and find the same results.

To further investigate the presence of a chirp in the light curve, we
compute a power-density spectrum from the residuals from ¢ =30 to
t =180 days following ref. 55 and compare this spectrum with a simu-
lated static-period signal as well as a simulated chirp (contaminated
with noise comparable with the SN 2024afav light curve). The results of
thiscomparisonare shownin Extended DataFig. 7. A static period will
produce anarrow peak atasingle frequency but the presence of a chirp
characteristically ‘smears’ the highest-amplitude frequencies. We con-
firmthat the SN 2024afav light curve indeed produces a power-density
spectrum profile characteristic of a chirp and visibly inconsistent with
astatic period. Together, the above evidence indicates the presence of
four robust modulations with aclearly decreasing period. Further, the
success of the phenomenological description of an envelope multiplied
by a chirped sinusoid motivates our use of such a model to explore
physical mechanisms, replacing the arbitrary phase function with a
model-dependent one.

Construction and fit of the Lense-Thirring modulation model

To describe the fluctuations, we modify our phenomenological model
(Methods section ‘Residual analysis’), which can embed a chirped signal
in a declining magnetar light curve. By replacing the arbitrary phase
functioninequation (1) with a physically motivated, model-dependent
one, we may explore how the timings associated with different physical
mechanisms compare with the observations.

We review the model presented in the main text, emphasizing that
we cannot present a definitive model without theoretical investiga-
tion that is beyond the scope of this paper nor can we conclusively
constrain all aspects of the energy injection scenario without further
data. However, we may consider plausible physical mechanisms that
canleadtoachirped light curve.

In the minutes to hours following core collapse and the magnetar
birth, an accretion disk composed of fallback material from the pro-
genitor envelope forms and circularizes*'***, The inner radius of the
diskis suspended by awind launched from the magnetar”®or, inmore
extreme cases, the magnetosphere itself. Through some process dur-
ing formation, the accretion disk becomes tilted or warped, perhaps
because of the presence of abinary companion®®, a natal kick® or mag-
netic torques’. The tilted disk will experience aLense-Thirring torque,

inducing a precession around the spin axis of the magnetar®*®. The
modulation of the magnetar signal by the accretion disk could occur in
several ways. Theseinclude (but are not limited to) reflecting and obscur-
ing the luminosity from the magnetar (asin, for example, refs. 24,25), jet
redirection?*? along the normal of the plane of the accretion disk (asin,
for example, ref. 28), wind redirection originating in the disk (as in, for
example, ref. 29) or modulating the accretion rate onto the magnetar
itself*°. The proposed methods produce ananisotropic energy injection
into the ejecta®*?, which evolves owing to the precession of the disk
and resultsinamodulated luminosity as seen by a distant observer¢®¢,
Substantial theoretical investigation into each of these scenarios will
be conducted in future work but is outside the scope of this analysis.

The torques induced in the disk by Lense-Thirring precession are
communicated through the disk by viscous forces. Inthe inner disk, in
which Lense-Thirring torques are the strongest, viscous torques may
beinsufficientto transport angular momentum quickly enough to pre-
vent the shearing of the disk into distinct rings. Indeed, various groups
have found that Lense-Thirring torques can lead to disk breaking
withinseveral tens of gravitational radii (for example, refs. 30,62-64).
Reference 30 equated the viscous and Lense-Thirring torques to show
that breaking occurs withinaradius Ry,.... Our best-fit parameters give
anR,,.,value comparable with the radius of the magnetar—two orders
of magnitude below that of the light cylinder—indicating that the disk
isunaffected by warping or breaking owing to Lense-Thirring torques.
Abreak radius comparable with the light cylinder would require a disk
aspectratio H/R 5107, all else being equal, which is inconsistent with
our fits of the disk properties (Supplementary Information Section 2).
Thus, the Lense-Thirring torque is likely to dominate and drive the
precessionand therefore the modulationsin the light curve. Although
the magnetar exerts a torque on the accretion disk, we do not expect
the accretion disk to affect the evolution of the magnetar. First, the
inner radius of the accretion disk (set by r,,(¢); Supplementary Infor-
mation Section 2) is always outside the light cylinder of the magnetar
(Ric =cP/(2m) =107 cm < r,,). More rigorously, Tong et al.®* found that
magnetars with surface-dipole strength B=10" Gorlessdo nothave a
notable impact on the evolution of their host magnetar, regardless of
disk mass. As we are in this regime (Methods section ‘Magnetar-only
modelfits’), we donot expect the accretion disk to have anyimpact on
the magnetar and thus neglect this in our model.

Furthermore, to assume that the disk precesses as a solid body, we
implicitly assume that H/R z a (ref. 66). This assumption is consist-
ent with the model we are invoking, as a relatively thick disk would
be required to meaningfully occlude line-of-sight emission from the
magnetar. Furthermore, we validate this assumption by checking that
best-fit solutions for a satisfy this assumption, based on the computed
radial evolution (Supplementary Information Section 2) and the stand-
ard a-disk prescription, following ref. 67 and using relationships sum-
marized inref. 56.

Finally, because the energy originates within an expanding SN ejecta,
the observed light curveis greatly affected by the diffusion timescale ¢, of
the ejecta. References 7,8 found that, even after the diffusiontimescale,
modulations with timescales <¢, are smoothed out but modulations
thatoccur with characteristic timescale >¢, will be phase shifted. Foran
expanding ejectawithM=7.5 M, and velocity v =6 x 10> km s, the time-
scale at t= 80 days s ¢, = 30 days (versus the observed period of about
50 days, ratio approximately 1.6 > 1). Towards the end of the modulations,
thediffusiontimescaleatt =150 daysis ¢, =15 days (versus the observed
period of about 20 days, ratio approximately 1.3). Physical mechanisms
producing periodic modulations on a shorter timescale than ¢, may
result in approximately sinusoidal oscillations as the finer structure is
smoothed out®. The primary effect of the diffusion timescale, then, is
todelay the emission by ¢4(¢). We account for this by correcting the peak
locations by about ¢;before attempting to reproduce the periodicity in
the extrema-only calculations (Supplementary Information Section 2).
We find that the results are not highly sensitive to the magnitude of
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this correction; we could obtain acceptable results even just assuming
a constant diffusion offset equal to the average ¢,(t) between 80 and
160 days. Inthe full light-curvefit, this average offset is absorbed into the
¢, parameter. The light-curve modulations also seem to vary in ampli-
tude; the physical origin of the amplitude modulationin the residual is
uncertain. Plausible interpretations will vary depending on the specific
assumption of anisotropic emission generator; for example, ajet-based
model may see amplitude fluctuation owing to the variation of the jet
power, whereas a disk-wind-based model may see variation owing to
changes in disk size with time. Futureinvestigation into energy-injection
scenarios will require substantial theoretical work outside the scope of
thisanalysis but yield quantitative predictions for the residualamplitude
behaviour, helping constrain the underlying mechanism.

Modulation reproduction with magnetar parameters. The extra sig-
nalinthelight curveis well approximated as the cosine of a phase func-
tion, as motivated by the analysis of the residuals (Methods section
‘Residual analysis’). For our model, we assume that the frequency is
drivenby Lense-Thirring precessionand derive an approximate phase
function for the diskin Supplementary InformationSection 2. The phase
function is determined by the magnetar properties, an accretion rate
and an overall offset. By considering only the locations of the peaks of
the modulations corrected for the instantaneous diffusion timescale,
we canfitthe phase function directly without therest of the light curve
or describing the envelope. In this way, we can directly examine the
parameters of the magnetar, independent from the rest of the light
curve. We perform this fit with disk outer-inner radius ratio r,/r, =25,
allowing the magnetic-field strength, a-disk parameter, accretion rate
and period to vary. We find a = 0.07 £ 0.03 and constrain the accretion
rate through the disk at ¢ = 30 days to be MO: (3.71+0.36) x 1073 M,
per year. This value is correlated with the choice of r,/r,, which intro-
ducesanextrasource of uncertainty. We find that varying r./r,between
1and 30 varies the accretion rate by roughly (1.6 £ 10°) M_ per year but
withoutameaningful constraintasr,/r;isalmost completely degenerate
with M,. When the accretion rate isallowed to vary to balance the change
inr,/r, we find that the resulting best-fit P,and P.change by $4% and
<6%, respectively. This consistency validates our simplifying assump-
tion of constant r./r;; even if this ratio varies because of spreading or
infall, our testing indicates that the resulting inferred P, and P.will not
be substantially altered. Notably, we also find that the magnetic-field
strength is well constrained to B= (1.9 + 0.6) x 10** G, consistent with
the values from the bumpless fits in Methods section ‘Magnetar-only
model fits’; similarly, we find P ;,= 5.42}3} ms, also consistent with
the bumpless fits in Methods section ‘Magnetar-only model fits’. The
resulting agreement across disjoint observables eliminates degeneracy
with external power sources (CSM interaction, flares and so on) and
rules out coincidental tuning of free parameters: single Band P, values
reproduce boththe modulation evolutionand the total luminosity evo-
lution. Such a result unifies timing and energetics under one physical
engine.

We combine a Gaussian envelope (motivated by the shape of the
modulation amplitude in the residuals; Methods section ‘Residual
analysis’) and the phase function in Supplementary Information Sec-
tion 2 to form an overall fit function,
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This function has the following free parameters: A,, setting the over-
all scale of the modulations; ¢, setting the location of the envelope
peak; A,, setting the rise and decay of the envelope; M, (the accretion

rate throughthe disk at ¢ =30 days), which sets 7 and ¢,¢,;; and ¢, which
is aninitial condition on the angle of the disk. In contrast to the self-
consistency check performedin Supplementary Information Section 2,
we fix all parameters that overlap with the MOSFiT magnetar model
to those values identified in Methods section ‘Magnetar-only model
fits’ Finally, we incorporate a diffusion-timescale correction based on
the optical depth of the expanding ejecta following ref. 34, motivated
by previous studies, which found that anisotropies in input energy
could propagate through the ejecta, resulting in viewing-angle-depend-
entlight curves®®®. This correction washes out variability at early times
when the diffusion timescale ¢, > t and results in a delay at later times
when ¢, <2m/Q,1. The delay is absorbed into the ¢, parameter.

Theresults of the fit are shown in Extended Data Fig. 8. The physics-
incorporated model achieves a similar goodness of fit (reduced > = 1.6,
number of data points N = 618, model degrees of freedom k = 3) to the
purely phenomenological model in Methods section ‘Residual analy-
sis’. Reincorporating the modelinto the overall light curve as donein
Fig. 1 emphasizes the ability of the model to explain the overall light
curve and modulation behaviour in conjunction with the magnetar
model of ref. 4. We investigate the impact of the diffusion correction
by attempting the fit with and without it; we find that without the
diffusion correction reduced x* = 1.9; by contrast, the diffusion cor-
rection improves the goodness of fit by almost 20% without adding
any more parameters. Thisbehaviour hasbeen presented as evidence
supporting a central-engine origin in previous works (for example,
ref.7),as processes external to the ejectawould not require adiffusion
correction.

Similarly to the polynomial evolution model of Methods section
‘Residual analysis’, the magnetar+LT model has difficulty reproducing
the peak at ¢ = 45 days but more successfully reproduces the trough
att=70 days. Decomposing the model into the precession and enve-
lope asshownin Extended Data Fig. 8, we canimmediately see that the
precession model accurately reproduces the position of each peak
and trough observed in the data. The inconsistency in the full model
possibly originates from the amplitude component, which is prob-
ably too simpleto explainthe evolution of the modulations. This peak
is also consistent with the expected peak of the light curve based on
the magnetar model with no modulations, resulting in a small degen-
eracy about whether the very first peak is a result of the precession,
the spin-down of the magnetar or both. However, this does not affect
interpretation; as demonstrated in Supplementary Information Sec-
tion 2, all physical quantities of interest can be estimated by fitting
the extrema of our model to the dates of extrema in the light curve,
withoutrequiring a description of theamplitudes atall. Thereis also an
inconsistency of about 15-20 days between the location of the trough
at t = 65 days; however, all of the other extrema are well modelled by
the precession component. Incorporating estimates of the period and
magnetic field from both the precession (Supplementary Information
Section 2), early light curve (Methods section ‘Magnetar-only model
fits’) and full light-curve evolution (forward-modelling the light curve
with both the magnetar model (Extended Data Fig. 2) and the preces-
sion component (Extended Data Fig. 8) simultaneously included), we
estimate P=4.2+0.2msand B= (1.6 + 0.1) x 10 G.

Data availability

The photometric and spectroscopic datasets analysed during the pre-
sentstudy are availablein the WISeREP online database (https://www.
wiserep.org/object/27312).

Code availability

The code used to run parts of this analysis as well as sample walkers
from MOSFiT are available on Github (https://github.com/jrfarah/
24afav_analysis).
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Extended DataFig.1|Comparison of SLSNspectra. Comparisonofthespectra  magnetar model of ref. 4 may be applicable. We note minor deviations from the
of SN 2024afav (black) with the spectra of SN 2017egm (blue*), another well- spectraof SN2017egm, suchas variationsinthestrength of ironlinesinthe
known SLSN. Lines are shown atavelocity of about 8,000 kms™ Thespectraof ~ Fell+Felllcomplexaround 5,000 A. The spectral evolution of SN 2024afav is
the two objects are similar, supporting the classificationasaSLSN, towhichthe  investigatedin more detailinref.42.
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Extended DataFig.2|Fit to the magnetar-only model. Corner plotand between parameters and symmetric, unimodal uncertainties. The model
posterior samples (inset) for the magnetar-only model fit to the light curve of explainstheriseand overall trend of the light curve well; however, the model

SN 2024afav. The o parameter (units of mag) is an extra systematic uncertainty fails to explain the post-peak chirped modulations that appearin all bands.

1es}40 + spnyubeyy sinjosqy

that the modelisallowed to vary to bring the fitreduced y*to 1. The posterior loand2oregions of the joint posterior distributions are shown as contours.

explorationachieved satisfactory convergence with minimal correlations
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Extended DataFig. 3 | Magnetar-model residuals. Residuals between the
magnetar and model dataacross allbands phenomenologically investigated.
Theaggregated residuals fromeachband (grey points) are binned in time (blue
points). Error bars represent the standard deviation of the photometry binned
dailyinallfilters. We identify at least five clear bumpsin the residual (grey
dashedlines). To characterize the behaviour, we fita combined quadratic
polynomial envelope and a cubic polynomial phase function, for a total of

seven free parameters (dark-blueline). Theresult of this fitindicates a hybrid
growing/decaying envelope peaking around 120 days from the explosion
epoch estimated by MOSFiT and a chirped signal with periodicity declining
from P=50 days to P=20 days over the course of about 80 days. The fit
underestimates the first peak but produces peaks consistent with the
remaining modulations.
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Extended DataFig. 4 |Regime of validity of the LT model. Visualization of the
regime of validity of the magnetar+LT model. Error bars represent the standard
deviation of the photometry binned daily in all filters. The magnetar+LT model
fundamentally assumes that the luminosity of the SNis driven by the emission
interacting with the ejecta. At early times, when the diffusion timescale ¢, > ¢,
modulations are not visible and thus our modelis not valid. At late times, when

theejectaareoptically thin (nebular phase, indicated by the spectral evolution)
and nolongerilluminated by the magnetar wind, our model s similarly invalid.
Between these two regimes, our model may be applied, as the ejectaare
sufficiently optically thick to allow high-energy photons from the magnetar to
bereprocessed but sufficiently optically thin to allow the reprocessed photons
toescape.
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Extended DataFig.5|Landscape ofinferred magnetar properties
inSLSNe-1. Comparison of P, and By,,s between objects modelled with

the magnetar+LT mechanism (SN 2024afav, SN 2021mkr, SN 2018kyt and

SN 2019unb) and the sample of SLSNe-I provided inref. 52. Error bars represent
louncertainties on parameter estimates from the fits. The parametersinferred
by our model are consistent with the overall distribution of SLSNe-I.



=== Line fit
50 - @ Peak/Trough Periods
\\\
~
\\\
~
— ~
%) ] ~
2 40 \\\\
3 \\
e S
2 S
o 30 - J]WN
o NS
20 — w\\\é
\\
I I I I I I I I
70 80 90 100 110 120 130 140

Period midpoint - t4(t) (days)

Extended DataFig. 6 | Characteristic parameter estimation. We pedagogically
demonstrate the procedure for estimating characteristic parameters 2,and P,,
asdescribedinMethods section ‘Residual analysis’. The left panel (a) shows the
periods estimated from SN 2024afav, corrected for the diffusion timescale,
withlouncertainties propagated from quadratic fits to the modulations used
to determine extrema positions. We fitaline to the periods and use a posterior
sampling of the parameters to estimate the slope £, = 0.44+0.05 (right panel,

b; bluedistribution). Next we compute the median of the period measurements
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togetacharacteristic period P.=23 + 1.6 days (uncertainty is estimated from
thespreadinthe medians of thelinear fits; right panel, b; orange distribution).
For our models, which generate effectively continuous time series periods,
we sample them on the same days as the period midpoints shown above and
computetheir characteristic quantities using that sampling. This serves as
apedagogical tool to help understand the ability of the models to describe
the data.
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Extended DataFig.7|Power spectral density of chirp. Power density
spectrum of the SN 2024afav residual from ¢t =30 to ¢t =180 days in comparison
with asimulated static period and asimulated chirp. The presence of the chirp
‘smears’ the peak frequencyin a characteristic way, visible inboth the simulated
chirp and the SN 2024afav data. By contrast, astable periodicity produces a
narrow peak, whichis clearly inconsistent with the SN 2024afav data.
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Extended DataFig. 8| LT modelfit toresiduals. Same as Extended DataFig. 3
butinsteadinvestigated using the LT model. We characterize the residual
behaviour using an amplitude envelope modulated by spin-down power and
photon diffusion through the ejecta, combined with a precession governed by
the Lense-Thirring effect. Unlike the seven-parameter phenomenological fit
shownin Extended Data Fig. 3, this model only requires three parameters

(overallscale, accretionrate and initial precession angle of the disk) yet
explainsthe datato asimilar degree of success. We show the decomposition of
the modelinto the envelope and precession, which makes the shrinking period
easily visible and demonstrates the consistency between the location of the
four unambiguous bumps and the prediction from the Lense-Thirring effect.
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Extended Data Table 1| Modulation location and confidence

No. Peak/dip? tstart tend Amplitude Pra
1 peak 35 60 0.434+0.08 1x10°1°
2 trough 60 80 0.26+0.04 1x1077
3 peak 80 110 04740.11 1x107°
4 trough 105 122 0.76 £0.04 6x 1074
5 peak 122 136 0.494+0.07 8x107°
6 trough 136 146 0.4740.03 2x 1077
7 peak 146 154 0.34+0.08 0.06
8 trough 154 166 0.1440.10 0.42
9 peak 166 175 0.18+0.21 0.51

We compute the confidence of each modulation versus a null hypothesis of noise through a
false-alarm probability P, (ref.68) for bumps and dips. Start and end times of the modulations

are approximate.
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