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Theories and simulations predict that intense space-time curvature near black holes bends the trajectories of light and
matter, driving disk and jet precession under relativistic torques. However, direct observational evidence of disk-jet cop-
recession remains elusive. Here, we report the most compelling case to date: a tidal disruption event (TDE) exhibiting
unprecedented 19.6-day quasi-periodic variations in both x-rays and radio, with x-ray amplitudes exceeding an order of
magnitude. The nearly synchronized x-ray and radio variations suggest a shared mechanism regulating the emission
regions. We demonstrate that a disk-jet Lense-Thirring precession model successfully reproduces these variations while
requiring a low-spin black hole. This study uncovers previously uncharted short-term radio variability in TDEs, highlights
the transformative potential of high-cadence radio monitoring, and offers profound insights into disk-jet physics.

INTRODUCTION In TDEs, the angular momentum of the accretion disk, imparted
Tidal disruption events (TDEs) are transient phenomena that occur by the disrupted star, is often misaligned with the spin axis of the
when a star ventures too close to a supermassive black hole (SMBH)  central Kerr black hole (BH). This misalignment is expected to in-
and is torn apart by its tidal forces [e.g., (I, 2)]. The resulting stellar ~ duce Lense-Thirring [LT; (8)] precession of the disk and associated
debris falls back toward the SMBH, forming a nascent accretion disk  jet, driven by frame-dragging effects in the strong-field regime of
and, in some cases, launching (mildly) relativistic jets [e.g., (3-7)].  general relativity [e.g., (9, 10)]. General relativistic magnetohydro-
This process unfolds over timescales of months to years, offeringa  dynamic (GRMHD) simulations support this picture, predicting
unique opportunity to study accretion and jet-launching physics  coupled disk-jet precession [e.g., (11, 12)]; however, direct observa-
around SMBHs in real time. tional confirmation remains elusive. Thus far, disk or jet precession
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has only been observed separately in various accreting systems, as
evidenced by either x-ray [e.g., (13-15)] or radio observations [e.g.,
(16, 17)].

The detection of disk-jet coprecession has been impeded by sev-
eral observational challenges, including the transient nature of the
disk and jet, limited cadence in radio monitoring, viewing angle ef-
fects, and contamination from other sources of variability. Here, we
present the most compelling evidence to date for disk-jet copreces-
sion in a recent TDE, enabled by exceptionally dense temporal cov-
erage in both x-ray and radio observations.

RESULTS

Optical counterpart

AT2020athd (aka ZTF20abwtifz) is an optical transient situated at
the nucleus of the galaxy LEDA 145386 (fig. S1), at a redshift of
0.027 (18, 19). The transient was discovered by the Zwicky Transient
Facility (ZTF) in 2020, with initial detections at a g-band magnitude
of ~20. On 4 January 2024, ZTF detected a substantial rebrightening
(20), with a peak magnitude of g,p,,,, ~16.6. Follow-up optical

A 1 Jan

spectra reveal the presence of a blue continuum (consistent with the
optical colors of g —r ~ —0.02), a He II emission line and broad
Balmer emission, leading to the classification of the rebrightening as
a TDE (18). Moreover, the optical decline rate follows approximate-
ly a t°/3 power law (see Fig. 1), consistent with the debris fallback
rate predicted by TDE theories (1, 2, 21). Additionally, we determined
the central BH mass using two independent methods (section S5),
both of which yielded consistent results. For the subsequent analysis
in this work, we adopt a BH mass of log(My;; /M, ) = 6.7 + 0.5and
take MJD 60310 as the initial date of the rebrightening.

X-ray counterpart

In x-rays, several Neil Gehrels Swift Observatory (Swift) monitoring
programs commenced since 26 January 2024 (25 days after the re-
brightening). These observations revealed significant variations on
timescales of ~25 to 40 days, during which the peak luminosities
exceeded the dips by more than one order of magnitude (see Fig. 1).
Such variations are also evident in our Neutron star Interior Com-
position ExploreR (NICER) campaign, triggered 10 days after the
initial Swift program. The peak x-ray luminosity is approximately
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Fig. 1. Temporal evolution of the multiwavelength luminosity of AT2020afhd since its optical rebrightening in 2024 (MJD 60310). (A) The unabsorbed x-ray (0.3
to 2 keV) luminosity. (B) The radio (5 to 6 GHz) luminosity. The gray-shaded region represents the period used for calculating the cross-correlation function (CCF) between
x-ray and radio data. (C) The ultraviolet (UV) and optical luminosities. The UltraViolet and Optical Telescope (UVOT) data were corrected for Galactic extinction and had the
host contribution subtracted, while the ATLAS data were corrected for extinction. The light curves are offset as indicated in the legend for clarity. The green line indicates

a power law of t=5/3, Uncertainties are quoted at the 16 confidence level.
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two orders of magnitude higher than in 2020, suggesting that the
variations are associated with the newly occurred TDE. Moreover,
during the first 300 days, the x-ray spectrum remains ultrasoft,
dominated by a multicolor disk blackbody component with
kT,, ~ 10°77%4 K. The derived blackbody temperature closely fol-
lows the evolution of the x-ray luminosity, increasing with rising
luminosity and decreasing as it declines (see Fig. 2A).

By 215 days after the rebrightening, the 0.3- to 2-keV x-ray lumi-
nosity had dropped by more than an order of magnitude and began
exhibiting clear periodic variations, visible to the naked eye. The
variation amplitude remained above an order of magnitude. A
Lomb-Scargle periodogram (LSP) of background-subtracted x-ray
data from 215 to 294 days (3 August to 21 October) identifies a pe-
riod 0f 19.6 + 1.5 days with a statistical significance exceeding 3.790
(Fig. 3A, see Materials and Methods for details). Notably, the short-
term modulation is absent in the high-cadence optical and ultravio-
let (UV) photometry. The consistent periodic behavior observed in
both the luminosity and blackbody temperature is reminiscent of the
TDE AT20200cn (15). In a similar case, AT20200cn exhibited x-ray
modulations with a 15-day period lasting ~130 days, which were at-
tributed to LT precession, although the possibility of radiation-
pressure instabilities could not be entirely excluded.

Radio counterpart
In radio bands, AT2020athd was detected as a point source with the
Karl G. Jansky Very Large Array (VLA) 3 days after the first x-ray detec-
tion, with a flux density of 253 + 14 pJy at 15.1 GHz (22). The host
galaxy of AT2020athd did not show any past radio activity before the
rebrightening. Hence, the nascent radio counterpart is also very likely
associated with the TDE. Approximately 67 days later, we initiated
high-cadence radio monitoring of AT2020athd at C band using the
VLA, the Australia Telescope Compact Array (ATCA), the Enhanced
Multi-Element Remotely Linked Interferometer Network (e-MERLIN),
and the Very Long Baseline Array (VLBA). This comprehensive cam-
paign uncovers radio variations with a period of ~20 to 40 days and a
peak-to-dip ratio of exceeding four (see Fig. 1). Besides that, we calcu-
lated the in-band photon index, F « 1% using VLA and ATCA data
and determined the peak frequency, v, and peak flux density, F,,, of the
radio broadband spectral energy distribution (SED) using VLA data.
Both the long-term increase in the 5-GHz luminosity and the transition
of a from positive to negative values suggest that the spectrum evolved
from optically thick to optically thin, consistent with the evolution of
the SED (see Fig. 2, B and C, and section S3).

Compared to other TDEs with early radio detections (within a
hundred days of discovery), AT2020athd exhibited unprecedented
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Fig. 2. Temporal evolution of spectral parameters. (A) The diskbb temperature derived from x-ray spectra. The luminosity evolution is depicted with gray symbols to illus-
trate its correlation with temperature; the two parameters generally coevolve, with the temperature reaching its peak alongside luminosity during the first 300 days. (B) The
in-band spectral index (F o 1) derived from the Very Large Array (VLA; 4 to 8 GHz) and Australia Telescope Compact Array (ATCA; 4 to 10 GHz) data. The stars indicate the VLA
observations used for the radio spectral energy distribution (SED) modeling (section S3). (C) The peak frequency, v, and the peak flux, F,, derived from the SED modeling.
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high-amplitude variations in radio bands on short-term timescales
(as shown in Fig. 4), pointing to the emergence of a previously un-
identified class of radio TDEs. Our VLBA U- and C-band observa-
tions across different epochs confirmed that the emitting region
remained point like (fig. S2). The consistent flux densities observed
with VLBA, VLA, and e-MERLIN at similar times indicate that the

radio emission, at least at 5 to 6 GHz, originated from a compact,
unresolved source, effectively ruling out angular resolution effects.
Flux calibration offsets among the VLA, e-MERLIN, and ATCA ob-
servations, expected to be up to 22% (section S1.3.5), cannot account
for the observed variations. The effect of interstellar scintillation
(ISS) (23), which would produce hour-scale variations, is excluded

B
' ' ' ' -—= La"!:-l’i.(]days
0.6 --40 R
I
8 -.20 /\
| 1A
._g
& 02F W
1 1 1 1
0.0 —40 =30 -20 -10 0 10
Radio lag (days)

A T
-== P=19.6 days
5 0.3F J 30 —men]
z |
a |
20 ----
gﬂ 02F .
§ 10 ----4
< H
g 0.1F 1 ]
2
0.0 ) g
10' 10°
X-ray period (days)
TKI)
o0
L
>
<
h)
5)
2

Log(Lp/ferg s™%)

—4— Radio

1 1 1 1
0.00 025 050 0.75

L L L L L
1.00 125 150 1.75 2.00 °
Phase
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on the basis of the consistent flux densities detected in multiple VLA
observations taken within 1 hour (Fig. 1B). Emission resulting from
winds or jet-wind interactions with the circumnuclear medium is
expected to be isotropic and should not exhibit significant modula-
tion on timescales of tens of days. Therefore, the previously unchart-
ed short-term radio variations observed in AT2020afthd are most
likely driven by the dynamic evolution of jets.

Cross-correlation between x-ray and radio emission

Unfortunately, the sparse sampling of radio observations, combined
with contamination from nonperiodic variations on both long times-
cales (hundreds of days) and short timescales (days), makes it chal-
lenging to directly extract periodicity from the radio data and reliably
assess its significance through comprehensive analysis. Instead, we
evaluated the connection between x-ray and radio variations using
the discrete cross-correlation function [CCF; (24), see Materials and
Methods]. This analysis revealed a significant 4.266 correlation be-
tween the x-ray and radio emissions, with a primary peak at a time
lag of — 19.0*)7 days (Fig. 3, B and C). In addition, two secondary
peaks are found at lags of 0 and —40 days, corresponding to integer
multiples of the x-ray variability period. These findings suggest that

coverage of the data and noise across different timescales, rather than
indicating a definitive physical lead of the radio emission. The nearly
synchronized radio and x-ray variations suggest a common mecha-
nism tightly regulating both emissions. The tens-of-day period aligns
with disk precession in TDEs (9, 10), making synchronized disk-jet
precession the most natural explanation.

Disk-jet coprecession model

To test the disk-jet precession scenario, we first introduced a rigid-
body LT precession model under conditions where the accretion
rate remained above the Eddington limit during the first year of a
TDE involving a SMBH with a mass of 10%7*%> M disrupted a
solar-like star. During this period, the disk remains geometrically
thick, characterized by a disk angular semithickness H/R > a, where
a is the disk viscosity parameter (25), H is the disk thickness, and R
is the disk radius. The disk is assumed to extend from the innermost
stable circular orbit (ISCO) to the debris circularization radius
(9, 10), and the amplitude of the x-ray variations is attributed to
changes in the disk’s projected area and periodic obscuration by the
outer disk (see Fig. 5A and section S6.1). The BH spin parameter
can then be estimated by assuming that the observed period

the primary lag of —19 days may result from the limited temporal T, ~ 19.6 days corresponds to the LT precession period. Adopting
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Fig. 5. The disk-jet precession model. (A) Schematics of the proposed disk-jet precession model. 6, and 6; represent the viewing angle of the system and the disk/jet
precession angle around the BH axis, respectively. The left and right plots correspond to the phases of the x-ray and radio variations when the luminosity is relatively low

and high, respectively. (B) Comparison of the disk-jet precession model (the lower and upper black curves) with x-ray (0.1-2 keV) and radio (5-6 GHz) observations. In the
presented model, we adopted a BH mass of M, = 1057 My, a scaleheight ratio of H/R ~ 1, and an outer disk radius equal to the circularization radius of the debris. As a re-

sult, we determined an inclination angle of 6, ~ 37.8 — 38.9°, a disk/jet precession angle of 6, ~ 14 — 15°, and a Doppler factor of I' ~ 1.2 — 1.6.
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several power-law indices for the surface density profile (10) and a
BH mass range of M, = 10%7*%% M, we found that the spin param-
eter a, fell within the range of —(0.46t00.14) or 0.11 to 0.35
(Fig. 6A). Because a negative spin parameter would result in a larger
ISCO and, consequently, a larger inner disk radius, it would be chal-
lenging to explain the observed hot disk. Therefore, a positive spin
parameter was favored. By modeling the x-ray light curve, we

constrained the observer’s viewing angle relative to the BH spin to
B.ps ~ 38.470°" and the disk precession angle to 6; ~ 14.5° +0.5°
(Fig. 6B).

We then examined the jet precession scenario, in which the radio
luminosity varies as the jet cone shifts toward and away from the
line of sight. The peak-to-dip ratio is determined by the Doppler
factor ratio, which depends on the jet Lorentz factor (I') and the
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Fig. 6. Estimation of system parameters. (A) Disk precession period versus BH spin when adopting various BH masses and surface density profile of the accretion disk.
The gray and the blue shades correspond to a BH mass of 1057+ Mg and a period of 19.6 + 1.5 days. The overlap of the two shades constrains the BH spin to ranges of
—046 <a, < —0.14and 0.11 < a, < 0.35. (B) Contour plots showing the best-fitting parameters for our proposed disk precession model.
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angle between the observer and the jet axis (section $6.2). The lumi-
nosity peaks when the difference between 0, and 6, is minimized
and dips when it is maximized. Adopting 0, ~ 38.4°and 6, ~ 14.5°,
we derived1.2 < T < 1.6. Jets can be powered by two primary mech-
anisms: the Blandford-Znajek [BZ; (26)] mechanism, driven by BH
spin, and the Blandford-Payne [BP; (27)] mechanism, powered by
disk rotation. Both mechanisms can account for our radio observa-
tions, with the BZ mechanism requiring a stronger magnetic field
than the BP mechanism, i.e., B, ~ 2.8 X 10° G for the former and
B, ~ 1.5 x 10° G for the latter, assuming a Lorentz factor of T" = 1.6.
In Fig. 5B, we present a comparison between our disk-jet precession
model and the observations.

Around 250 days after the rebrightening, the timescale of radio
variations appeared to lengthen, while the x-ray variation profile re-
mained unchanged. After 300 days, the x-ray emission dropped rap-
idly, and the 19.6-day quasi-periodic variations disappeared.
Meanwhile, the radio emission weakened and became anticorrelat-
ed with the x-ray emission. Soon after, the UV-optical emission ex-
hibited a second rebrightening, which we exclude from this study to
maintain focus. The radio sampling after 250 days is insufficient for
detailed tracking of its covariances with x-rays, but the disk-jet con-
nection clearly broke around 300 days. Current GRMHD simula-
tions explore disk-jet coprecession only over limited timescales,
predicting a gradual slowdown of both precession and alignment
(11, 12). However, when and how this connection breaks, along with
the subsequent independent evolution of the components, remain
unexplored, warranting future theoretical investigations.

DISCUSSION

Other potential mechanisms driving x-ray and

radio covariances

Disk radiation pressure instabilities may also produce comparable
periodicity in x-ray and radio emissions. For example, the micro-
quasar GRS 1915+105 exhibited simultaneous periodic modula-
tions in x-ray and radio bands on timescales of 20 to 50 min (28-30).
This periodic flaring activity has been attributed to radiation pres-
sure instabilities, where material in the inner region of an optically
thick accretion disk is rapidly depleted and replenished (31, 32).
During this process, part of the inner disk is ejected to form a jet, as
indicated by a rise in the radio flare coinciding with a dip in the x-
ray flare (28). However, the x-ray and radio variations in GRS
1915+105 are considerably more complex, resulting in diverse cor-
relations between the two-band light curves (33). Overall, the lack
of simulations and theoretical models on the short-term evolution
of jets during radiation-pressure instabilities makes it challenging to
further test this scenario.

Although the correlation between the x-ray and radio variations of
AT2020afhd suggests that the latter is unlikely to have an external ori-
gin, we investigated the potential effect of ISS (23) on our observations.
Using the NE2001 model (34), we calculated the transition frequency
between the strong and weak scintillation regimes to be v, = 7.81 GHz,
indicating that our C-band observations (~6 GHz) fall within the
strong, refractive scintillation regime. According to (23), the modula-
tion index and timescale are given by m, = (v/ V0)17/ * = 0.86 and
to=2(vy/v) N 36 hours, respectively. In our VLA dataset, several
pairs of observations taken within an hour showed consistent flux den-
sities, indicating that ISS does not significantly contribute to the ob-
served radio variations.

Wang et al., Sci. Adv. 11, eady9068 (2025) 10 December 2025

Nature of the 2024 rebrightening

AT2020athd was initially discovered as an optical transient by the
ZTF on 20 October 2020 (35). This event could be associated with
nuclear activity in the host galaxy (2MASX J0313357-020907),
which transitioned from Seyfert II (36) to Seyfert 1. Supporting evi-
dence includes the evolution of the Ho emission line, which ap-
peared narrow and weak in the 6dF spectrum from 2005, but
became broad and prominent in the Dark Energy Spectroscopic
Instrument spectrum from 2022, with a measured width of
6 =3298 + 81 km s~'. Additionally, weak x-ray activity was ob-
served, with a luminosity of 10#17%08 erg s™! detected by eROSITA-
SRG on 7 February 2020 (fig. S3D). In the radio band, AT2020athd
was not detected in the FIRST 1.4-GHz catalog (with an upper limit
of <0.54 mJy beam™") or in the VLASS survey at 3 GHz during three
epochs (November 2017, September 2020, and March 2023). The
root mean square noise levels for the individual VLASS observa-
tions were ~0.15 mJy beam ™!, and the mosaicked image had a sensi-
tivity limit of <0.08 mJy beam™".

After three and a half years (beginning in 2024), the source
showed signs of rebrightening, starting at g,z ~ 19.5 on 5 January
2024, peaking at g,5 ~ 16.8 on 10 February, and then fading to
gap ~ 18.4 on 22 December (see fig. S5A). It was initially classified
as a TDE by (18) based on its persistent blue optical colors, strong
UV flux, broad Balmer emission, and broad He II emission. Later,
AT2020athd was reclassified as a Bowen fluorescence flare [BFF;
(19)], primarily based on the widths of its He II and Balmer emis-
sion lines. However, unlike the relatively stable long-term optical,
UV, and x-ray emissions observed in BFFs (37), AT2020athd showed
a significant decline, nearly 2 magnitudes in UV photometry and
more than two orders of magnitude in x-rays, over the course of
about a year. Combined with its thermal x-ray spectrum, this behav-
ior aligns more closely with that typically seen in TDEs. Addition-
ally, it remains unclear whether BFFs are triggered by TDEs. We
summarized the observation log for the optical spectra with an
signal-to-noise ratio greater than 10 in Table 1 and showed the spec-
tra in Fig. 7A. Figure 7B illustrates the evolution of the full width at
half maximum (FWHM) of Ha and Hp, which decreases as the lu-
minosities decrease.

Similar to AT2020o0cn (I5), the optical-UV light curves of
AT2020athd were dominated by a long-term declining trend with
no significant short-term variations (see Fig. 1 and fig. S5A), where-
as the x-ray and radio photons exhibited high variability on times-
cales of tens of days. These distinct optical-UV behaviors, compared
to radio and x-rays, could be explained by x-ray reprocessing
(38, 39) or stream-stream collisions (40). In either scenario, the
optical-UV emission was produced at a significant distance from the
central engine.

In the latest NTT spectrum (27 August 2024, at +239 days), we
detected high-ionization coronal lines (CLs). These include Fe XIV
A5303, Fe VIIAA5720, 6087, and Fe X A6374. There are indications of
CLs in the first NTT spectrum taken before the seasonal gap, al-
though they appear substantially weaker. CLs are high-ionization
lines (e.g., of iron, neon, argon, and sulfur) that originate from the
photoionization or collisional ionization of a clumpy interstellar
medium or other preexisting material. Although typically associat-
ed with active galactic nuclei (AGN), strong CLs have been detected
in the optical spectra of some galaxies that show little to no evidence
of AGN activity (41, 42). Many of these CLs have ionization poten-
tials of > 100 eV, requiring a strong extreme UV and/or soft x-ray
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Table 1. Summary of the spectroscopic observations.

Epochs Telescope/instrument

Observation date (UTC) Exposure time (s)

P60/SEDM”

2024-01-13T06:00:32

NTT/EFOSC2

239 days

Gl1@1.0”

2024-08-27T09:11:59

*Spectra from P60 and FLOYDS were downloaded directly from the Transient Name Server (www.wis-tns.org/object/2020afhd). The epochs correspond to the
times offset from MJD 60310. Spectra with a signal-to-noise ratio below 10 are excluded from the table, as they are not used in the subsequent analysis.
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Fig. 7. Optical spectra of AT2020afhd. (A) The spectroscopic evolution of AT2020afhd. The spectra have been rescaled and offset for clarity, with rest-frame phases indi-

cated. d, days. (B) Evolution of the FWHM of the Hx and HB emission lines.

ionizing continuum. It has long been thought that such extreme
CL emitters are powered by TDEs, and recent studies support this
scenario (43, 44). A few optical-UV TDE candidates (45, 46) out
of the ~50 strong candidates discovered to date have exhibited late
(> 200 days postpeak) x-ray brightening accompanied by the emer-
gence of iron CLs. In contrast, in the case of AT2020afhd, the CLs
appear to emerge significantly later than the onset of x-ray emission.

Wang et al., Sci. Adv. 11, eady9068 (2025) 10 December 2025

Further investigation, including detailed modeling, is required to
understand the origin of the CLs, which will be explored in a forth-
coming study.

In summary, AT2020athd exhibits unprecedented high-amplitude,
synchronized quasi-periodic variations in x-ray and radio bands,
providing the first known evidence that the disk and jet can coprecess
on comparable timescales. TDEs, with evolution timescales spanning
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hundreds of days, serve as unique laboratories for studying the dy-
namics of nascent accretion disks and jets. Building on the case of
AT2020athd, we propose using modulated x-ray variations as triggers
for high-cadence radio follow-ups. This approach aims to efficiently
expand the sample of such TDEs and eventually deepen our under-
standing of disk-jet physics.

MATERIALS AND METHODS

Data summary

AT2020athd was well detected by both ground- and space-based fa-
cilities, with observations spanning from radio to soft x-rays (see
the target’s localization in fig. S1). Around late November 2024,
AT2020athd exhibited another rebrightening across multiwavelengths
at the time of writing. In this study, we focused exclusively on the pe-
riod between 1 January and 26 November 2024, before the onset of the
second rebrightening. Details of the observations, data reduction pro-
cedures, and x-ray spectral analysis are provided in sections S1 and S2.
We adopted a flat ACDM cosmology with H, = 67.4 km s™* Mpc™"
and Q_ = 0.315 from (47), where a redshift of 0.027 corresponds to a
luminosity distance of ~123 Mpc.

LSP and CCF

The x-ray light curve was derived from the unabsorbed flux of the
diskbb component in the 0.3- to 2-keV band, revealing clear quasi-
periodic variations between 3August and 21 October 2024, spanning a
total of 79 days. To analyze these variations, we computed the LSP (48)
using the ASTROPY library (49) with data from this 79-day period. To
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more accurately determine the period of the variations, we divided the
NICER observations into individual good time intervals (GTIs) with
durations exceeding 300 s. The flux for each NICER GTI was mea-
sured following the method described in section S1. Our analysis was
performed on a GTT basis for the NICER data and on an observation
basis for the x-ray telescope (XRT) and PN data. Given the average
sampling interval of 1 day and the total duration of 79 days, we con-
ducted the LSP analysis over a period search range of 1 to 100 days,
similar to the range used in the study of AT20200cn, which had a pe-
riod of 15 days (15). This analysis identified a period of 19.6 days with
a FWHM of 3.0 days, as illustrated in the Fig. 3A.

To assess the statistical significance of the detected period, we
first quantified the contribution of the LSP continuum by modeling
it as a power law, P(f)  f*. The fit was applied to the observed LSP,
excluding the period range corresponding to the detected signal, as
defined by its FWHM. The best-fitting power-law index was deter-
mined to be a = —0.02 + 0.05. This value is consistent with 0 within
the 16 uncertainty range, indicating that the continuum was not sig-
nificantly affected by red noise but was instead dominated by
white noise.

To further test whether the continuum was consistent with white
noise, we applied the algorithms described in (50). We compared
the cumulative distribution function (CDF) and probability den-
sity function (PDF) of the LSP power values to those expected for
white noise. The expected CDF followed 1 — exp(—z) (48), where z
represented LSP powers. The comparisons of the observed and ex-
pected CDF and PDF are shown in Fig. 8 (A and B). To quantify
these comparisons, we conducted Kolmogorov-Smirnov (K-S) and
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Fig. 8. White noise tests for LSP. (A) The CDF of the normalized LSP noise power from the observed data (blue points) compared to the expected CDF of an exponential
distribution (red curve). (B) The PDF of the normalized LSP noise power from the observed data (blue histogram) compared to the expected PDF of an exponential distri-
bution (red curve). (C) Kolmogorov-Smirnov (K-S) test results from simulations. The orange histogram shows the distribution of K-S statistic values for simulated white
noise, with the 16 range shaded in gray. The red line represents the K-S statistic value for the observed LSP noise power. (D) Anderson-Darling (A-D) goodness-of-fit test
results from simulations. The orange histogram shows the distribution of A-D statistic values for simulated white noise, with the 1o range shaded in gray. The red line

represents the A-D statistic value for the observed LSP noise power.
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Anderson-Darling (A-D) goodness-of-fit tests on the observed and
expected CDF using the SCIPY library (51). The K-S test yielded a
statistic of 0.0391 (P = 0.93), and the A-D test returned a statistic of
0.4278, which is well below the 10% critical value of 1.07. These re-
sults indicate that, at a 90% confidence level, the null hypothesis that
the LSP power followed the expected white noise distribution could
not be rejected. Additionally, we performed 100,000 Monte Carlo
simulations of the LSP continuum under the assumption of white
noise and computed their corresponding K-S and A-D statistics. The
distributions of these statistics are presented in Fig. 8 (C and D). The
K-S and A-D statistic values of the observed CDF fell within the 16
range of the distribution of the simulated white noise statistic val-
ues. These findings robustly indicated that the LSP continuum was
statistically consistent with white noise.

To determine the global statistical significance of the period,
we conducted a false alarm probability analysis. We generated
100,000 simulated light curves with the same temporal sampling
as the observed data, allowing the flux values to vary randomly
within the observed range, bounded by the minimum and maxi-
mum flux. From these simulations, we identified 15 occurrences
of spurious periodic signals, corresponding to a statistical signifi-
cance of ~3.79c.

To investigate the correlation between radio and x-ray varia-
tions of AT2020athd, we used the Python-based discrete CCF (24),
focusing on data collected between 19 June and 21 October 2024.
The analysis revealed that the CCF peaked at a time lag of ~—19.0
days (see Fig. 3B). To assess the global significance of this correla-
tion, we generated 100,000 random radio light curves, preserving
the same observation sampling while randomizing the luminosities
within the observed minimum and maximum values. We tested the
CCEF across time lags spanning —45 to 10 days, a range covering +1
cycle of the periodic signal. Among these simulations, only two
spurious CCF signals were detected, corresponding to a statistical
significance of ~4.26c. Furthermore, we estimated the uncertain-
ties in the time lag by focusing on the range of —30 to —10 days,
corresponding to a single period cycle around the CCF peak. Using
100,000 Monte Carlo simulations with a bin size of 0.1 days and
bootstrapping methods to estimate uncertainties (24, 52), we deter-
mined a time lag of — 19.0*)7 days for the radio relative to the x-ray.
This result is consistent with the observed period, indicating that
the x-ray and radio emissions were synchronized. As described in
section S1.3.5, we applied a 22% offset to the observed ATCA flux
density. Using the original ATCA flux density and following the
same methodology outlined above, we obtained a statistical signifi-
cance of 3.856 and a time lag of — 19.1709 days. These results indi-
cate that the calibration offset had no substantial impact on the
derived time lag or the statistical significance of the correlation.

Additionally, we folded the x-ray and radio light curves with a
19.6-day period. For clarity, the folded radio light curve was re-
binned into 0.1-phase intervals using a weighted mean, with error
estimation described in (53). The folded x-ray and rebinned radio
light curves are shown in Fig. 3C.

Supplementary Materials
This PDF file includes:

Sections S1to S6

Figs.S1to S5
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