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Abstract

We present the discovery of deep, irregular, periodic transits toward the white dwarf ZTF J19444-4557 using
follow-up time-series photometry and spectroscopy from Palomar, Keck, McDonald, Perkins, and Lowell
observatories. We find a predominant period of 4.9704 hr, consistent with an orbit near the Roche limit of the
white dwarf, with individual dips over 30% deep and lasting between 15 and 40 minutes. Similar to the first
known white dwarf with transiting debris, WD 11454017, the transit events are well-defined with prominent out-
of-transit phases where the white dwarf appears unobscured. Spectroscopy concurrent with transit photometry
reveals that the average Ca K equivalent width remains constant in and out of transit. The broadening observed in
several absorption features cannot be reproduced by synthetic photospheric models, suggesting the presence of
circumstellar gas. Simultaneous g + - and g + i-band light curves from the CHIMERA instrument reveal no
color dependence to the transit depths, requiring transiting dust grains to have sizes s 22 0.2 um. The transit
morphologies appear to be constantly changing at a rate faster than the orbital period. Overall transit activity
varies in the system, with transit features completely disappearing during the seven months between our 2023 and
2024 observing seasons and then reappearing in 2025 March, still repeating at 4.9704 hr. Our observations of the
complete cessation and resumption of transit activity provide a novel laboratory for constraining the evolution of
disrupted debris and processes like disk exhaustion and replenishment timescales at white dwarfs.
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stars (1761); Tidal disruption (1696)

1. Introduction

White dwarf stars mark the end stage of stellar evolution for
essentially all known planet-hosting stars, and are frequent
sites of active destruction of exoplanetary objects. More than
40% of white dwarf atmospheres are enriched with metals
accreted from tidally disrupted planetesimals (B. Zuckerman
et al. 2003, 2010; D. Koester et al. 2014; T. G. Wilson et al.
2019; L. B. Ould Rouis et al. 2024). Evidence for this
circumstellar shredding is also found as excess infrared
emission from warm dust (e.g., M. Rocchetto et al. 2015)
and broad, double-peaked optical emission from metallic gas
(e.g., C.J. Manser et al. 2020), all orbiting near to or within the
tidal disruption radius of the star. These observables are
modeled well by a reservoir of planets that survive post-main
sequence evolution and perturb smaller, asteroid-sized bodies
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toward the host white dwarf (J. H. Debes & S. Sigurdsson 2002),
close enough to be tidally disrupted and fill out a disk that can be
accreted (M. Jura 2003). We refer readers to J. Farihi (2016) and
D. Veras et al. (2024) for thorough reviews of this picture.

Large time-domain surveys in the 2010s finally captured
observations of transits by tidally disrupted extrasolar
planetesimals. The extended Kepler mission, K2, first
observed transits at the white dwarf WD 1145+017 (A. Van-
derburg et al. 2015), where irregular dimmings of up to 40%
repeat every 4.5 hr. The measurement of the orbital period of
the transiting debris around WD 1145+017 is as significant as
the confirmation of an infrared excess (A. Vanderburg et al.
2015; S. Xu et al. 2018) and the detection of circumstellar gas
(S. Xu et al. 2016) in the system; the 4.5 hr period corresponds
to a circular orbit near the Roche limit for a Solar system
asteroid-like body. WD 11454017 corroborated the working
tidal disruption model as an explanation for signposts of
planetesimal destruction at white dwarfs (e.g., R. van Lieshout
et al. 2018).

Transiting debris at white dwarfs has since been observed in
ever-increasing numbers. Three additional white dwarfs have
been discovered to be repeatedly occulted by debris at longer
periods that imply eccentric orbits extending beyond the Roche
limit: ZTF J0328—1219 shows recurring transits at 9.937 and


https://orcid.org/0000-0001-9632-7347
https://orcid.org/0000-0002-0853-3464
https://orcid.org/0000-0001-5941-2286
https://orcid.org/0000-0001-8014-6162
https://orcid.org/0000-0003-0089-2080
https://orcid.org/0000-0003-2071-2956
https://orcid.org/0000-0002-4770-5388
https://orcid.org/0000-0002-6871-1752
https://orcid.org/0000-0001-5745-3535
https://orcid.org/0009-0002-6065-3292
https://orcid.org/0000-0003-4189-9668
https://orcid.org/0000-0002-2626-2872
mailto:jaguidry@bu.edu
mailto:zachary.vanderbosch@austin.utexas.edu
http://astrothesaurus.org/uat/1799
http://astrothesaurus.org/uat/1711
http://astrothesaurus.org/uat/363
http://astrothesaurus.org/uat/1761
http://astrothesaurus.org/uat/1761
http://astrothesaurus.org/uat/1696
https://doi.org/10.3847/1538-4357/adfecb
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/adfecb&domain=pdf&date_stamp=2025-10-13
https://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL, 992:167 (19pp), 2025 October 20

11.2hr (Z. P. Vanderbosch et al. 2021), WD 1054—226 at
25.02hr (J. Farihi et al. 2022), and ZTFJ0139+5245 at
roughly 107 days (Z. Vanderbosch et al. 2020). TESS Sector
75 photometry of SBSS 12324563 captured a coherent
14.842 hr signal subsequent to the deep, eight-month-long
transit event in 2023, which might reflect the period of the bulk
orbit of the transiting debris (J. J. Hermes et al. 2025). These
detected orbital periods are consistent with predicted orbital
period distributions for gravitationally scattered and tidally
disrupted asteroids around white dwarfs (Y. Li et al. 2025b).
J. A. Guidry et al. (2021) discovered three additional transiting
systems by searching for white dwarfs with anomalously
large photometric scatter in Gaia and Zwicky Transient
Facility (ZTF) photometry, although orbital periods toward
these three objects have yet to be measured. S. Bhattacharjee
et al. (2025) expanded this technique to discover six more
new transiting systems, again without measuring periodi-
cities. We provide a summary of the properties of the white
dwarfs that show periodic transits from planetary debris in
Section 6.

Transits appear to demonstrate several physical effects
driven by the dynamics of tidally disrupted debris at white
dwarfs. Collisional cascades are expected to grind down
planetesimals into the dust viewed as an infrared excess
(S. J. Kenyon & B. C. Bromley 2017a, 2017b; M. G. Brouwers
et al. 2022). Near-infrared variability corroborates this picture
(A. Swan et al. 2020, 2021; J. A. Guidry et al. 2024,
H. T. Noor et al. 2025), as do transits. WD 11454017,
ZTF J0328—1219, and WD 1054—226 all show additional
periodicities independent of the dominant period in their
photometry. Collisions likely explain observed drifting frag-
ments that are perturbed onto independent orbits, as well as
observed variability in transit morphologies (B. T. Génsicke
et al. 2016; S. Rappaport et al. 2016; B. L. Gary et al. 2017;
Z. P. Vanderbosch et al. 2021; J. Farihi et al. 2022).

Transit activity levels often appear to be variable or
transient. SBSS 1232+563 shows sporadic, deep transits that
repeat every 6-10yr across 25yr of monitoring, while
otherwise only showing flux excursions at the percent level
during quiescent, out-of-deep-transit phases (J. J. Hermes
et al. 2025). WD 11454017 and ZTF J0328—1219 have shown
varying phases of transit activity and depths (B. L. Gary et al.
2017; A. Aungwerojwit et al. 2024). WD 11454017 has
recently stopped showing deep transits repeating at 4.5 hr
(A. Aungwerojwit et al. 2024). The range in transit recurrence
timescales is also evidence for the expected circularization of
disrupted material (M. G. Brouwers et al. 2022; Y. Li et al.
2025b): tidal interactions should draw in initially disrupted
material from extremely eccentric (¢ 2 0.9), au-scale orbits
with periods of at least hundreds of days onto closer-in, less
eccentric orbits with semi-major axes near the star’s Roche
limit, typically about 1 R, for white dwarfs.

We present in this manuscript detailed observations of one
of the six transiting white dwarfs discovered by S. Bhattacha-
rjee et al. (2025), ZTFJ194431.92+455753.13 (Gaia DR3
2080201713998110336; hereafter ZTF J1944+4557), which
show evidence for the dynamical interactions of disrupted
planetesimals. After confirming ZTF J1944+4-4557 as a transit-
ing debris system due to excess Gaia and ZTF photometric
scatter, negative skew in the ZTF light curve, and atmospheric
metal pollution, S. Bhattacharjee et al. (2025) obtained follow-
up high-speed time-series photometry that showed a single
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deep eclipse lasting about ~20 minutes. We add extensive
follow-up photometry covering a baseline of over 3.3 yr that
shows these transits repeat roughly every 4.97 hr, marking the
second case of repeating transits near the Roche limit of a
white dwarf. Our follow-up further shows a vanishing of the
repeating transits beginning as late as 2024 July and lasting
through at least 2024 October, and a reappearance of transits in
2025 March.

We detail our follow-up time-series photometry campaign
and our spectroscopic monitoring of ZTF J19444-4557 in
Section 2, provide our analysis of the periodicity of the transits
in Section 3, assess the metal enrichment of our spectroscopy
of ZTF J1944+4-4557 in Section 4, review the properties of the
transits at ZTF J19444-4557 in Section 5, and recapitulate our
main conclusions in Section 6.

2. Observations
2.1. High-speed, Time-series Photometry

We obtained 123.2 hr of follow-up, high-speed, time-series
photometry from 31 nights spread across a baseline extending
over about 3.3 yr using facilities at the P200, the McDonald
Observatory (McD), the Perkins Telescope Observatory
(PTO), and the Lowell Discovery Telescope (LDT). This does
not count overlapping concurrent runs from multiple facilities.
This photometry includes the three light curves from
S. Bhattacharjee et al. (2025) that confirmed ZTF J1944
44557 as a new transiting debris system. Our photometry,
regardless of their instrument, is reduced consistently using the
routines provided by the hipercam'? photometry reduction
pipeline (V. S. Dhillon et al. 2021), which we describe below
in detail. We waterfall the light curves from 2022 to 2023
observing runs in Figure 1 and 2024-2025 observing runs in
Figure 2, phased on the best period of 4.9704hr (see
Section 3). A log of our observations is presented in
Appendix A.

For each light curve obtained we used hipercam to
perform point-spread function (PSF) photometry. We selected
variable apertures and variable PSF profiles with the
optimal extraction mode. Circular annuli were drawn
20—30 pixels from the centroids of our target and selected
comparison stars. We modified certain parameters, such as
search half width, depending on the sky conditions to
optimize the photometry for a given night. We used the
phot21c Python package (Z. Vanderbosch 2023) to create the
final divided light curves, clipping 5o outliers and removing long-
term trends by fitting a low-order (linear or quadratic) polynomial
to the light curve, unless this normalization contorted the flat out-
of-transit continua. We applied barycentric corrections to the GPS
timestamps of our images using Astropy (Astropy Collabora-
tion et al. 2013, 2018, 2022).

Palomar Observatory Hale Telescope (P200) — We carried
out time series photometry at P200 on ten separate nights
totaling 45.86 hr using the Caltech High Speed Multi-color
Camera (CHIMERA; L. K. Harding et al. 2016) attached at
prime focus of the 200-inch Hale Telescope. We used the g-
and r-band filters on the blue and red arms of the instrument,
respectively, on all nights except 2023 May 25, when we used
the i-band filter on the red arm. We used exposure times of 10 s
for all observations and used standard calibration frames taken

'2 https://github.com /HiPERCAM /hipercam
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Figure 1. Follow-up time-series photometry from 2022 March through 2023 November for ZTF J1944+4-4557 from Palomar (g-, r-, and i-bands), McDonald (BG40-
band), Perkins (BG40-band), and Lowell (g-band) observatories, folded on a period of 4.9704 hr. Light curves are shown in chronological order from top to bottom,
with each row representing a single orbital cycle. The UTC observation dates for each row are shown at right along with orbital cycle numbers in brackets, with
phase = 0 during cycle = 0 corresponding to BJDrpg = 2459661.9693637. The shaded regions overlapping the 2023 June 20 (Cycle 2192) light curve represent
the times during which we acquired five consecutive spectra with the Keck Low-Resolution Imaging Spectrograph (see Figure 4). The dual-channel CHIMERA
photometry stringently constrains the transits as colorless (see Figure 8). In-transit variations evolve from one cycle to the next, yet the ingresses and egresses from
consecutive nights align on the 4.9704 hr orbital period. The location in phase of the transits appears dynamic on a timescale of O(10) cycles. As of 2024 May 14
(Cycle 3780) the transits appear to have vanished until reappearing in 2025 March (see Figure 2). Our Large Monolithic Imager photometry is shown only in
Figure 2 (see Appendix A).

" "

each night to bias and flat-field correct our images. Read-out McDonald Observatory (McD) — We observed ZTF J1944
times with CHIMERA are near-instantaneous (~1ms). We 44557 at the 2.1 m Otto Struve Telescope at McD using the
performed PSF photometry using hipercam and used Princeton Instruments ProEM frame-transfer CCD mounted at
phot2lc to extract the optimal light curve. Cassegrain focus. Our 35.62 total hours of observations over
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Figure 2. Same as Figure 1 but showing follow-up time-series photometry from 2024 May—November and 2025 March—July. Aside from a possible small dip at the
beginning of the 2024 November 1 observations, no transit features are observed in 2024. Transits were again observed in 2025 March, with the two observed
egresses phasing together on P = 4.9704 hr. We similarly do not resolve entire transits in our 2025 May observations due to inclement weather, but do capture two
egresses and two ingresses that still align at the orbital period. Our uninterrupted 2025 July epochs fully resolve transit recurrence.

13 nights cover a 1.6 x 1.6 field of view at a plate scale of 0’
36 pixel ' using 4 x 4 binning. All exposures were collected
using the broad, blue-bandpass, red-cutoff BG40 filter to
reduce sky noise. ProEM readout times are near-instantaneous
(~2 ms). We reduced the images using bias, dark, and flat-field
calibration images using standard Python routines and the
Astropy-affiliated ccdproc (M. Craig et al. 2017) suite of
tools. We again performed PSF photometry using hipercam
and used phot21c to extract the optimal light curve.
Perkins Telescope Observatory (PTO) — We observed
ZTF J1944+4557 for 33.35 total hours over 11 nights at

the 72-inch PTO using the Perkins Re-Imaging SysteM
(PRISM; K. A. Janes et al. 2004) mounted at Cassegrain
focus. Our PRISM images typically cover a 2.5square
arcminute field of view at a plate scale of 0739 pixel™" after
windowing, which reduces the overhead from readout to
~5s. We exclusively used the BG40 filter. We bias-subtract
and flat-field our images using the same Python-based
routines (PRISM images contain negligible dark current) as
with the McD photometry, before performing PSF photo-
metry using hipercam and extracting the optimal light
curves with phot21lc.
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Lowell Discovery Telescope (LDT) — We observed
ZTF J1944+4557 for 1.82hr on 2024 August 25 using the
Large Monolithic Imager (LMI) at the 4.3 m LDT in Happy
Jack, Arizona. To reduce readout times to ~4.2s we wind-
owed the array to 500 x 500 pixels to achieve a 2.4 x 2.4 field
of view with 3 x 3 pixel binning (0'36 pixel'). We integrated
the field with 15s exposures in the SDSS g-band. These
photometries were reduced in the same manner as the McD
and PTO photometries, again using hipercam, following
bias subtraction and flat-fielding. The optimal light curve was
extracted using phot2lc.

2.2. Survey Photometry

ZTF. We obtained photometry from the ZTF (E. C. Bellm
et al. 2019; F. J. Masci et al. 2019) using the ZTF Forced
Photometry Service (F. J. Masci et al. 2023) in an identical
fashion to J. J. Hermes et al. (2025). Following quality filtering
we maintain 1163 epochs in g and 1472 in r spanning 2018
March through 2025 July. We disregard the i-band light curve
due to its relative paucity of epochs and diminished signal-to-
noise ratio (S/N).

Due to the faintness of ZTF J1944+4557 (G = 19.37 mag)
and the sufficiently dense sampling by ZTF, we elect against
querying other time-domain surveys. We further reject
analyzing the light curve from the Wide-field Infrared Survey
Explorer's (WISE) NEOWISE mission (A. Mainzer et al.
2014) of ZTF J1944+4557, since every observation from the
PSF light curve generated following the method of
J. A. Guidry et al. (2024) fails quality vetting.

2.3. Spectroscopy

Over four separate nights we obtained 13 spectra of
ZTF J19444-4557 using the Double Spectrograph (DBSP,
J. B. Oke & J. E. Gunn 1982) on the Palomar 200-inch Hale
Telescope, and the Low-Resolution Imaging Spectrograph
(LRIS; J. B. Oke et al. 1995; C. Rockosi et al. 2010) on the
Keck I 10m telescope at Keck Observatory. Eight of these
spectra have been previously reported in S. Bhattacharjee et al.
(2025), while here we report five new LRIS spectra obtained
concurrently with CHIMERA time-series photometry. A
summary of both the new and previously reported spectra
can be found in Appendix B.

CHIMERA observations from 2023 June 19 showed three
distinct transit features and confirmed the detection of a
roughly 5hr period from 2023 May observations. We were
able to predict the timing of the same three transit features
during the following night of 2023 June 20. Concurrently with
CHIMERA g + r-band observations, we obtained five
consecutive 600s LRIS exposures on 2023 June 20 that
overlapped with the deepest and longest-lasting of these
transits. As a result, the first three spectra occurred in-transit at
average transit depths of around 20%, while the last two
spectra occurred out-of- tran31t (see Figure 4). On the blue arm
we used the 600 line mm ™" grism blazed at 4000 A, and on the
red arm we used the 600 line mm ' grating blazed at 7500 A.
With this setup we achieve resolving powers of R = 1100 on
the blue side, and R = 1550 on the red side for the 400 and 600
line mm~' gratings, respectively. These setups  provide
continuous spectral coverage of 3140-8820 A with the split
between blue and red arms occurring at Ay = — 5644 A. We
reduced the spectra using the LRIS automated reduction
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pipeline (LPipe, D. A. Perley 2019). We chose the standard
stars Feige 34 and Feige 67 for flux calibration.

3. Recurrent 4.97 hr Transiting Debris

Below we detail our methods for determining the 4.9704 hr
orbital period of the transiting debris at ZTF J1944+4-4557. We
period search only the photometry from our follow-up that
includes consecutive nights and still show transits (2023 May—
2023 November; Figure 1; Appendix A). We also search the
entire ZTF light curve for periods.

3.1. Lomb—Scargle Periodogram

Given the distinct and unique shapes of the transit features
in ZTF J19444-4557, we initially were able to gain a rough
idea of the debris orbital period by matching up transit features
in the 2023 May and June CHIMERA observations by eye,
suggesting an orbital period of around 5 hr. To measure the
period, we use Astropy routines to calculate unnormalized”
Lomb-Scargle periodograms (N. R. Lomb 1976; J. D. Scar-
gle 1982), which we convert from power (p) to fractional
amplitude units (A) with the relation A = /4p/N, where N is
the total number of light curve data points. To calculate the
periodogram, we only use nonoverlapping CHIMERA-g,
McD-BG40, and PTO-BG40 observations from 2023 May to
2023 November, prioritizing CHIMERA-g when data sets
overlapped due to its higher signal-to-noise and temporal
resolution. The table in Appendix A indicates the exact data
sets used, and the resulting periodogram is shown in black in
Figure 3.

To identify prominent peaks, we use the Pyriod Python
package (K. Bell 2022) and estimate a 0.1% false-alarm
probability level using five times the mean periodogram
amplitude within a sliding window of width 2000 uHz
(M. Breger et al. 1993; R. Kuschnig et al. 1997),14 shown
by the green dashed—dotted line in Figure 3. We accept all
peaks above this threshold, and we optimize these periods
using LMFIT (M. Newville et al. 2014) by performing a
nonlinear least squares fit of a sinusoid at each period to the
time-series photometry. We then undertake an iterative
prewhitening procedure, subtracting the best-fit sinusoids from
the time series photometry and calculating a new periodogram
and 5(A) threshold of the residuals, and again look for any new
peaks. We repeat this process until no more peaks are found
above the 5(A) threshold.

This prewhitening procedure results in the detection of
seven >5(A) peaks, marked with yellow triangles in Figure 3,
all of which are harmonics of the likely orbital period. The
base orbital period does not surpass 5(A) in the Lomb-Scargle
periodogram, however, perhaps due to the highly nonsinusoi-
dal nature of the light curve. The highest amplitude peak at a
period of 2.49 hr corresponds to the second harmonic of the
true orbital period. When refining the periods with Pyriod,
we constrain all other peaks to be exact harmonic multiples of
the highest peak. By doubling the period of the highest peak,
we obtain 4.9713 + 0.0058 hr as the debris orbital period. Our

13 See “PSD normalization” at the Astropy website (https://docs.astropy.org/
en/stable/timeseries /lombscargle.html).

4 we emphasize that a 5(A) threshold is only correlated with formal
statistical significance, and should not be equated with a rigorously determined
false-alarm probability threshold. We direct readers to the following for a
priming overview on the statistics of periodicity significance: R. V. Baluev
(2008), N. C. Hara & E. B. Ford (2023), and the references therein.
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Figure 3. Top: the Lomb-Scargle periodogram of all nonoverlapping 2023

CHIMERA-g, McD-BG40, and PTO-BG40 observations. Black shows the raw

periodogram while blue shows the residual periodogram after prewhitening the peaks detected in excess of the 5(A) threshold (the green dashed—dotted line, where
(A) is the mean of the residual periodogram within a sliding window of width 2000 Hz), indicated by yellow triangles. The frequency corresponding to the orbital
period of 4.9713 hr (f) is indicated by a vertical red dotted line. High-harmonic power is present given the nonsinusoidal nature of the transits, and we label up to the

11th harmonic (11f) even if the peaks fall below the 5(A) threshold. The period

in hours is given along the top axis for each labeled peak, while an inset plot shows

the spectral window of the observations. Bottom: conditional entropy periodogram for the same nonoverlapping 2023 CHIMERA-g, McD-BG40, and PTO-BG40
observations, set on the same frequency and period scales as the above Lomb—Scargle periodogram. A p = 10 threshold (see M. L. Katz et al. 2021) is plotted as the
dashed—dotted green line. Harmonics of the fundamental are labeled in the same fashion as above. We inset the Gaussian fit that yields the annotated best period of

P =4.9704 £+ 0.0019 hr.

reported uncertainty is simply the 1/T frequency resolution,
where T is the total time baseline covered by the light curves
used to calculate the periodograms. We conservatively adopt
this value over the smaller estimated uncertainty of 0.0006 hr
found using the formalisms developed by M. H. Montgomery
& D. O’Donoghue (1999). The least squares fit similarly
provides a much smaller and likely underestimated statistical
uncertainty of 0.000003 hr.

3.1.1. In-transit Harmonics

Inspired by the significant power observed at high-order
harmonics of the orbital periods of other transiting debris
systems, especially the 65:1 resonance at WD 1054—226
(J. Farihi et al. 2022), we partition the transits from a sample of
2023 light curves to compare the Lomb-Scargle periodogram
of the in-transit variations to that of the aggregate, full light
curve in Figure 3. We select the CHIMERA g-band light
curves from 2023 May 21 and 25, June 19 and 20, and August
12, and the 2023 September 20 ProEM light curve. We
identify transits by searching for groupings of observations
whose fluxes are less than the difference between a given light

curve’s median flux and its median absolute deviation:
Juansits < fmedian — fmap- TO be considered real transits, these
flux groupings must have durations of at least 10 consecutive
exposures. Nearby groups will be consolidated if they are
separated by no more than 600s. The potential transits that
pass these restrictions must not be partial: they must include a
fully resolved ingress and egress. We visually vet all those that
pass these criteria, confirming they are real transits, which
generally include the transit ingresses and egresses. We
reserve the timestamps and fluxes of all detected transits,
record the barycentric-correct Julian Date of each first
observation, and aggregate them into a single, combined, in-
transit-only light curve. We renormalize the relative in-transit
fluxes by adding the difference between 1.0 and the median
flux of a given transit so that the in-transit variations are all on
the same relative flux scale.

We compute the Lomb—Scargle periodogram, oversampled by
a factor of 30, of the in-transit photometry to compare against the
nonpartitioned photometry. The large data gaps between transits
within this light curve complicate standard techniques for
bootstrapping significance thresholds. This in-transit periodogram
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appears dominated by peaks at nearly every harmonic of
the fundamental 4.9704 hr (55.8864 ;:Hz) orbital period, starting
at its fifth harmonic. We identify the following peaks in
the periodogram that exceed 3% in amplitude (4.25 (A)):
449.0477 pHz (3.05%), 615.6358 Hz (3.27%), 839.7629 piHz
(3.15%), 949.6308 uHz (3.21%), 1061.4114 yHz (3.21%),
2121.4981 pHz (3.32%), 2232.3903 ;iHz (3.31%). These could
correspond to the 8th, 11th, 15th, 17th, 19th, 38th, and 40th
harmonics, respectively, of the 4.9704hr (55.8864 1Hz)
orbital period. There are 35 peaks that exceed an amplitude
of 2% (2.83(A)), among which the highest in frequency
(3852.9670 uHz, 2.17%) could correspond to the 69th harmonic.
That these high-order harmonics are observed in transit suggests
that there exists an ordered structure to the transiting material,
evoking the numerous high harmonics found in the TESS
photometry of WD 1054—226 (J. Farihi et al. 2022), particularly
the 65:1 orbital resonance.

3.2. Conditional Entropy

We further period search the same set of 2023 light curves
using conditional entropy (M. J. Graham et al. 2013) as
implemented by cuvarbase'® (J. Hoffman 2022). Unlike the
Lomb-Scargle method, conditional entropy is agnostic to the
shape of the periodic variability and incorporates the
uncertainties in the time series, as it searches for the trial
frequency that minimizes disorder across the phase-magnitude
grid relative to the unphased light curve. Conditional entropy
further safeguards against aliasing from observing cadences.
For transiting debris that is highly nonsinusoidal, such as the
features in Figure 1 and those seen at ZTF J0328—1219 and
WD 1054—226 (Z. P. Vanderbosch et al. 2021; J. Farihi et al.
2022), and irregularly sampled, we suggest that conditional
entropy is optimal for period searching.

We reuse the grid of trial frequencies from our Lomb-—
Scargle periodogram, now oversampled by a factor of 30 (as
done by K. El-Badry et al. 2022), and compute conditional
entropy using 20 phase bins and 10 mag bins (we do not
convert our relative fluxes to magnitudes). Before searching
for the minimum we subtract a smoothed periodogram
obtained by fitting a sliding median filter using scipy to
the periodogram with a width of 17.35 uHz. This removes
systematics at low frequencies with the added benefit of
effectively normalizing the periodogram (M. J. Graham
et al. 2013).

We find the conditional entropy to be minimized at
P = 24582hr, at an equivalent amplitude of p = 17.2,'° with
the second-lowest minimum at about half this period,
P = 49705 hr at p = 16.1. To refine this measurement, we
fit a Gaussian function using LMFIT centered on the core of
the P = 4.9705 hr minimum in the CE periodogram (see the
inset in the lower panel of Figure 3). Here we estimate
uncertainty on the mean of the function from the half width at
half maximum, finding a best-fit period of P, = 4.9704
4 0.0019 hr. This is the measurement we adopt as the orbital
period of the transiting debris at ZTF J1944+4-4557, again since

1S https:/ /johnh202.github.io /cuvarbase/

We use p (see Equation (5) of M. L. Katz et al. 2021) here to quantify how
many standard deviations below the mean a given local minimum is in the
periodogram as a gauge for significance. Like M. L. Katz et al. (2021), we
adopt p = 10 as a threshold for peaks likely attributable to astrophysical
variability.
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conditional entropy is agnostic to the shape of the model of
this nonsinusoidal variability.

When applying the same procedure to the combined g + r
ZTF light curve, now normalized to a median filter with a
width of 2.26 tHz, we measure a periodicity at 4.9703 hr at an
amplitude of p = 4.75. All other possible periodicities, none of
which clear p = 10, appear to be driven by the near-diurnal
survey cadence.

4. In-transit Spectroscopy

We acquired spectra of ZTF J1944+4557 on four separate
nights, initially using the DBSP spectrograph on the Palomar
200-inch telescope on 2022 May 6. These observations
indicated the presence of metallic absorption features with
clear Ca-H and K lines. We sought higher S/N observation on
2022 July 4 using the LRIS spectrograph on the Keck I 10 m
telescope. These observations confirmed the presence of
metallic absorption features at Ca-H and K, but without
significant detections of any other metallic species.

Spectra from these first three nights were reported in
S. Bhattacharjee et al. (2025), and the LRIS spectrum was used
to fit atmospheric models to derive the atmospheric parameters:
Teir = 20,790 + 250K and log(g [cm s72]) = 8.27 % 0.05,
resulting in a white dwarf mass of M = 0.79 & 0.03 M,,. These
parameters are in good agreement with the Gaia EDR3 White
Dwarf catalog (N. P. Gentile Fusillo et al. 2021), which provides
Teir = 20,300 & 5400K and log(g [cm s72]) = 8.20 £ 0.43
using H-dominated atmospheric models.

S. Bhattacharjee et al. (2025) note, however, that the Ca-H
and K lines proved difficult to fit, with models producing much
narrower and weaker Ca-H and K lines at this temperature than
are observed. They speculate that the Ca-H and K features
could be the result of circumstellar absorption, which has been
observed in other transiting debris systems (e.g., WD 1145
+017, S. Xu et al. 2016; M. Fortin-Archambault et al. 2020;
E. Le Bourdais et al. 2024). They also rule interstellar medium
(ISM) absorption as unlikely given the observed strength of
the Ca-K line.

4.1. Equivalent Width Measurements

Following the initial detection of irregular transit features in
ZTF J1944+4-4557, we obtained five additional spectra of
ZTF J19444-4557 on 2023 June 20 using Keck LRIS, this
time concurrently with CHIMERA time-series photometry
(Figure 4). These spectra were taken to coincide with a
predicted transit feature to look for variations in Ca-K
absorption line strength as a function of transit depth. Such
correlations, like the observed in-transit weakening of metallic
circumstellar absorption lines in WD 1145+017 (N. Hallakoun
et al. 2017; M. Karjalainen et al. 2019; S. Xu et al. 2019b),
could help constrain possible orbital geometries of the
transiting debris. The first three spectra occur in-transit, at
average depths ranging from about —27.4% to —15.5%, while
the last two spectra occurred out-of-transit, at average fluxes of
about 0.75% (see Appendix B).

We measure the equivalent width of the Ca-K line by first
continnum normalizing each spectrum in the range
3910-3960 A, and then integrating the normalized spectra
over a 30 A wide region centered on the Ca-K rest wavelength
in air of 3933.66 A. The bottom panel of Figure 4 shows the
equivalent width measurements versus the average transit
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Figure 4. Concurrent time-series photometry and spectroscopy from
CHIMERA and LRIS, respectively, during one of the transits observed on
2023 June 20. (Top) A portion of the 2023 June 20 r-band CHIMERA light
curve, zoomed in on the transit feature throughout which we acquired five
600 s LRIS exposures, whose time spans are denoted by the gray shaded
regions. (Middle) Each continuum-normalized LRIS spectrum, centered on the
Ca-K absorption feature at 3934 A. Green lines denote the rest wavelength of
Ca-K. (Bottom) The measured Ca-K equivalent widths vs. the average
photometric transit depth during each spectrum. Within our measurement
uncertainties of around 0.15—0.2 A (about 15%—20%), the equivalent widths
are consistent with being nonvariable throughout the transit event. Variations
could occur if some portion of the observed absorption were of circumstellar
origin, and the transiting debris preferentially obscured a larger portion of the
white dwarf than a gas disk interior to the transiting cloud of debris, or
vice versa. WD 11454017 shows in-transit bluing due to weaker circumstellar
gas absorption from such a geometric effect (N. Hallakoun et al. 2017;
M. Karjalainen et al. 2019; S. Xu et al. 2019b).

depth during each spectroscopic exposure, and the equivalent
width values are reported in Appendix B.

We do not find any significant correlation between transit
depth and Ca-K equivalent width during the LRIS and
CHIMERA concurrent observations. The combined in-transit
spectrum has We,x = 0.59 £ 0.13 A, while the combined out-
of-transit spectrum has W,k = 0.63 £ 0.14 A, well within 1o
agreement of one another. All five spectra from these
concurrent observations have a mean equwalent width of
0.57 A, with a standard deviation of 0.16 A. These in-transit,
out-of-transit, and averaged values are also within 20
agreement with spectra taken during the first three nights,
with Ca-K equivalent widths for the combined spectra of
0.79 + 0.29A, 091 + 0.16A, and 0.99 + 0.29 A for the
DBSP 2022 May 6, LRIS 2022 July 4, and DBSP 2022
November 21 observations, respectively. Spectra from these
three nights, however, lack constraints on the transit depth at
time of exposure.

We find a mean of all 10 W¢,x measurements listed in the
table in Appendix B of 0.72 A with a standard deviation of
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Table 1
Keck+LRIS RV Measurements

Line Group RV (2022 Jul 4) RV (2023 Jun 20)
(kms™ 1) (kms™")
H-Balmer 787 + 15.1 346 + 108
Ca-K 1254 + 11.3 90.6 + 105
Fe-II 714 £+ 120 69.1 + 14.0
Na-D —69 + 148 40 + 16.0

Note. The line groupings are the five Balmer lines from H3—HS, the Ca-K
line, the three Fe-II lines at 4924, 5018, and 5169 A the Na-I D doublet.

0.29 A. Thus, we find the Ca-K equivalent widths to be
constant in and out of transit to a limit of at least 0.29 A 40%
fractional uncertainty).

We additionally test for a correlation of the equivalent
widths of two more prominent metal features, around 5169 A
where there could be a blending of several Fe-II and Mg-1II
transitions and the Na-1 D1 (5896 A) and D2 (5890 A) doublet,
with the observed concurrent transit depth. Around the 5169 A
feature, we observe a 20 tension in the equivalent widths in
and out of transit: the aggregate in-transit spectrum shows
Weeti—s160 = 0.35 + 0. 22 A; out of transit, Wrell—5160 =
0.69 & 0.06 A. At the Na-D doublet, the combined equivalent
widths in and out of transit are Wp, p, = 0.98 £ 0.13 A and

Wp,+p, = 0.99 £ 0.10 A, respectively.

4.2. Radial Velocity Measurements

We also measure the radial velocities (RVs) of four groups
of absorption features. The first group includes five H-Balmer
lines from HB (4861 A) through H8 (3890 A) the second
group includes just the Ca-1I K (3934 A) line, the third group
includes three Fe-II lines at 4924, 5018, and 5169 A, and the
fourth group includes the Na-1 D doublet. We split up the Ca-
I, Fe-ll, and Na-D lines in case disproportionate levels of
photospheric, circumstellar, or ISM absorption, along with
potentially flawed sky subtraction, affect each group differ-
ently. We fit all lines simultaneously with a combined Voigt
profile and linear model, with each line within a group
constrained to have the same RV shift. We fit only the LRIS
spectra, as the DBSP spectra are significantly lower S/N and
often suffer from poor flexure corrections (see Section 3.3 in
P. Nagarajan et al. 2023) along with instrumental artifacts at
wavelengths <4000 A that could skew the velocity measure-
ments. Individual LRIS exposures within a single night do not
show any RV variations within line groups >2¢ significant, so
we report in Table 1 only the RVs from the combined LRIS
spectra for the two nights—2022 July 4 and 2023 June 20. We
do not detect RV shifts exceeding 2.40 significant within
individual line groups between the two epochs.

Given the RV uncertainties and the relatively large RV
variations between nights for the H-Balmer lines, we do not
find any significant RV differences between H-Balmer and
other line groups that would conclusively indicate the presence
of ISM or circumstellar absorption in addition to gravitation-
ally redshifted photospheric absorption. Perhaps noteworthy,
however, is the relative stability of the Fe-II and Na-D line
velocities between nights compared to the Ca-K line velocity.
This may suggest the Fe-II lines are mostly the result of
photospheric absorption while Ca-K is a blended line more
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Figure 5. Magnifications of the Ca-K (top), Fe-11 5018 A (center left), 5169 A,
which could be a blend of Fe-lII and Mg-II lines (center right), and Na-D
doublet (bottom) transitions as observed by our 2023 June 20 Keck+LRIS
spectra and modeled by our synthetic DAZ spectrum, all converted to velocity
space. We aggregate all five spectra from Figure 4 and fit Gaussian profiles to
the cores and report the associated velocity dispersions. Our synthetic
spectrum is generated for a T = 20,794 K, log(g [cgs]) = 8.276 DA white
dwarf accreting bulk Earth material scaled to [Ca/H] = —5.0, convolved to
the LRIS instrumental resolution (R ~ 1500). Our synthetic spectrum fails to
reproduce the observed equivalent widths of these transitions by photospheric
absorption alone, suggesting circumstellar gas could be casting these features,
especially the Fe-II and Na-D absorption.

heavily impacted by some time-variable circumstellar absorp-
tion, like that observed in WD 11454017 (S. Redfield et al.
2017; M. Fortin-Archambault et al. 2020; E. Le Bourdais et al.
2024). The Na-D line velocities are also quite stable between
nights, and given their proximity to zero velocity in our LRIS
spectra, which have heliocentric velocity corrections applied,
these lines may simply be the result of poor sky subtraction.

4.3. Evidence for Circumstellar Gas

While we do not measure spectroscopic variations from in-
to out-of-transit (Figure 4), we still find evidence for
circumstellar gas in our spectroscopy. Building on the
argument by S. Bhattacharjee et al. (2025) that circumstellar
gas is needed to explain the broadness of the observed Ca-K
absorption, we magnify in Figure 5 our 2023 June 20 LRIS
spectra around the Ca-K line, Fe-1I 5018 A line, the multiple
Fe-1I and Mg-II lines around 5169 A (we are unable to identify
which at this resolution), and the Na-D doublet transitions.
There, we compare the aggregate in-transit and out-of-transit
spectra to a synthetic DAZ white dwarf spectrum
(D. Koester 2010) computed using To = 20,794K,
log(g [cgs]) = 8.276 and accreting material with a bulk Earth
composition scaled to [Ca/H] = -5.0, one dex further enriched
than explored by S. Bhattacharjee et al. (2025) and generally
high for polluted white dwarfs (see, e.g., B. T. Ginsicke et al.
2012; D. Koester et al. 2014; S. Xu et al. 2014, 2019a;
A. Bonsor et al. 2020; L. K. Rogers et al. 2024).

Even with a heavily enriched photosphere, we are unable to
reproduce the observed absorption at all four regions in
Figure 5. The presence of the Fe-II and Na-D lines is of
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particular note. The line ratios of the observed Fe-II lines are
consistent with a temperature far cooler than the photospheric
temperature (7.¢ ~ 10,000 K, for example, better matches the
observed line strengths); this gaseous iron is likely external to
the white dwarf. Likewise, sodium would be ionized at

Teer ~ 20,000 K, and so the observed Na-D absorption cannot
be photospheric in origin. Though imprecise, the velocities of
the Ca-K and Fe-II lines from both of our LRIS epochs are
removed from the heliocentric velocities of those nights by
over 40, suggesting they are likely not an artifact of sub-
standard sky subtraction.

Interstellar gas is not predicted to produce such broad
features as those in our spectroscopy. W,k = 0.72 A is toward
the upper-end values from pure ISM absorption that have
been observed at distances < 500 pc (B. Y. Welsh et al. 2010);
ZTFJ19444+4557 lies at a distance of 44774 pc
(C. A. L. Bailer-Jones et al. 2021) from Earth. ZTF J1944
44557 is located at [ = 10.71, elevating it to Z ~ 100 pc above
the galactic plane, where it is estimated that the ISM
contributes We.x =~ 0.02 A (T. C. Beers 1990). More recent
surveys indicate W,k =~ 0.3 A at [ ~ 10°. The line- of-sight
extinction toward ZTF J1944-+4557 is not particularly high,
with three-dimensional extinction values of Ay = 0.14 mag
from Gaia-2MASS (J. L. Vergely et al. 2022), Ay = 0.14 mag
from Bayestarl9 (G. M. Green et al. 2015, 2018), and

Ay = 0.15mag from the Gaia eDR3 white dwarf catalog

(N. P. Gentile Fusillo et al. 2021) derived using the extinction
maps built by J. L. Vergely et al. (2022). S. Bhattacharjee et al.
(2025) derived Ay = 0.192 mag, for comparison. At a color
index of E(B — V) = 0.06 (S. Bhattacharjee et al. 2025),
interstellar calcium is expected to cast an equivalent width of
Weak =~ 0.3 A (M. Murga et al. 2015), also over a factor of 2
less than our measurement. Sodium tells a similar story. The
same color index correlates with Wp p, = 0.54 & 0.07 A
(D. Poznanski et al. 2012) (M. Murga et al. 2015 find
Wp,+p, =~ 0.5 A) yet we measure Wp 1 p, = 1.6 = 0.3 A in the
combined 2022 July 4 LRIS spectrum and on 2023 June 20
Wp,+p, = 1.0 £ 0.1 A. Circumstellar gas appears to best
explain the metal enrichment of our spectroscopy, but it is
plausible that there are also contributions from the ISM.

Higher-resolution spectroscopy is necessary to constrain any
line strength variability and potentially resolve individual
circumstellar, photospheric, and ISM absorption components
in ZTFJ1944+4-4557 (e.g., J. H. Debes et al. 2012). The
faintness of ZTFJ1944+4557 (G = 19.4 mag) complicates
high-resolution optical observations. Far-ultraviolet spectrosc-
opy could be more viable, as the spectral energy distribution
(SED) of ZTFJ1944+4-4557 peaks in the far-UV and the
heightened sensitivity to metal transitions in polluted white
dwarfs in the UV (e.g., B. T. Génsicke et al. 2012). This is a
viable option for ZTF J1944+4-4557 given its high effective
temperature, making it considerably brighter in the far-UV
than at optical wavelengths.

The potential gas disk at ZTF J1944+4-4557 would likely be
composed of concentric eccentric rings (P. W. Cauley et al.
2018; M. Fortin-Archambault et al. 2020; E. Le Bourdais et al.
2024), all arrayed interior to the 4.9704 hr orbit from the
constraint of the equilibrium and sublimation temperatures
(Section 5.4). We see in Figure 5 broad velocity dispersions
reminiscent of the circumstellar gas at WD 1145+017, which
shows asymmetric velocity profiles with total dispersions of
about 300km s ™! (S. Xu et al. 2016). While the features
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toward ZTFJ19444-4557 appear symmetric at the LRIS
resolution limit in Figure 5, all four lines are consistent with
dispersions exceeding 300 km s~ '. We estimate these velocity
dispersions from the width between the points where the
amplitude of the Gaussian fits reaches their upper 10th
percentile.

If confirmed, ZTF J19444-4557 would join WD 11454017,
ZTFJ0328—1219, and WDJ1013—-0427 (S. Bhattacharjee
et al. 2025) as the only 4 out of the to-date 14 published
transiting white dwarfs to show circumstellar gaseous debris
either in absorption or emission (ZTFJ0139+5245 shows
enhanced absorption at Ca-K during its deep transits, possibly
due to an augmentation in the column density of gaseous
debris along the line of sight; see Z. Vanderbosch et al. 2020).

5. Observed Properties of the Transits at ZTF J1944-+4557

We dedicate this section to surveying the observed and
measured properties of the periodic transits at ZTF J1944
44557 and place them into the broader context of this
emerging class and the predicted theory for these systems.

5.1. Variable Transit Activity

The constantly changing transit morphologies in Figure 1
indicate rapid circumstellar dynamical timescales at
ZTFJ1944+4557. If we assume our best-determined
4.9704 hr period to be the true orbital period of the transiting
debris, then dynamical processes, particularly collisions within
the debris, must occur on a timescale ?.opision < Porb- Ongoing
collisional activity and Keplerian shear could explain why no
single transit feature appears to repeat identically from one
cycle to the next. This is in contrast to white dwarfs like
WD 1054—226 with 25.02 hr recurring transit features that
remain stable over a timescale of weeks (J. Farihi et al. 2022),
and raises challenges to mapping the phase migration of
specific features as done at WD 11454107 (B. T. Génsicke
et al. 2016; S. Rappaport et al. 2016; B. L. Gary et al. 2017;
A. Aungwerojwit et al. 2024).

We attempt to quantify the activity levels of the transit at
every epoch we observed ZTF J1944+4557 in Figure 6, where
we plot the integrated flux relative to the baseline of our
observations at a given epoch (see B. L. Gary et al. 2017). The
highest transit activity we observe equates to a just-over 19%
occultation of stellar flux across a full 4.9704 hr orbit.
Notwithstanding our occasional incomplete sampling of the
orbital cycle, the vanishing of transits from 2024 May to 2024
October is obvious. This behavior appears correlated with our
estimated activity of the ZTF light curve in Figure 7. There, we
partition the over 6 yr long light curve into eight seasons. We
calculate the Fisher—Pearson skew'’ for the first and second
halves of each season. We estimate uncertainties on these
values by taking the standard deviation of the results of a
Monte Carlo simulation where we perturb a given half-
season’s flux over 10,000 draws.

The season centered around 2023 June shows the most
negative skew, matching the elevated degree of transit activity
measured by our follow-up during this period. This deviates
from the typical scatter for nonvariable white dwarfs at this
magnitude. The smaller gray points in the bottom panel are the
average of three nearby (within 1.2deg) high-probability

7 hutps: //docs.scipy.org/doc/scipy /reference /generated /scipy.stats.
skew.html
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Figure 6. The total transit activity level measured as the percent of white
dwarf flux blocked along the line of sight during transit events relative to the
duration of the light curve. We exclude light curves from 2022 because of their
relatively short baselines and minimal transit activity. All light curve fluxes
except those from 2024 May to October are shifted down by the mean of the
flux values greater than the 80th percentile to compensate for deep transits
skewing the out-of-transit continuum from zero when normalizing the light
curve during our reduction process. Marker colors map to the fractional phase
coverage of the light curve (P, = 4.9704 hr). At the highest activity levels
observed, just over 19% of white dwarf flux is blocked along our line of sight
during transit events, while at the lowest activity levels, few if any transits are
observed (see also Figures 1 and 2).

(Pwp > 0.75; N. P. Gentile Fusillo et al. 2021) white dwarfs'®
with 19.0 < G < 19.5mag that are not photometrically
variable (VARINDEX.pr3 < 0; J. A. Guidry et al. 2021). The
2024 seasons are consistent with zero skew and returns to a
negative skew in early 2025, again agreeing with the cessation
and resumption of the transits we observe in our follow-up.
The variation in the skew over these 6 yr suggests the transit
activity at ZTF J1944+4-4557 fluctuates over years-long time-
scales. The three strongly negative half-seasons at approximate
BJD—-2458000 of 1500, 2100, and 2700 are each separated by
~2635 days, or 1.7 yr. Though not yet significant, this evidence
for possible secular recurrence is noteworthy for future
monitoring.

Our observations of ZTF J1944+4557 are the second case
of a cessation of transit activity at a white dwarf remnant
planetary system, and perhaps the first clear resumption of
periodic transits. Dense, long-term monitoring of WD 1145
4017 tracks phases of minimal and inflated transit activity
(B. T. Ginsicke et al. 2016; B. L. Gary et al. 2017), with
transits vanishing in 2022 (A. Aungwerojwit et al. 2024); their
return has yet to be documented. Elsewhere, the 11.2 hr “B”
Period at ZTFJ0328—1219 disappeared in the second half
of TESS Sector 31 photometry, whereas the predominant
9.937hr “A” period persists across both halves
(Z. P. Vanderbosch et al. 2021).

While we elect to reserve speculation and physical modeling
of the vanishing and return of transits to future studies, it
merits underlining the physical implications of this result.
Poynting—Robertson drag is expected to exhaust typical debris
disks at white dwarfs within timescales of 10* < rgiqc < 10%yr
(J. Girven et al. 2012; T. Cunningham et al. 2021). Following

'® Gaia DR3 source IDs: 2079934773192051712, 208024 1850467748864,
2080503220704806528.
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Figure 7. Top: the ZTF forced-photometry light curve of ZTF J1944+4557 partitioned into eight seasons, distinguished by shading. We draw dotted silver-colored
lines at the median timestamp of each season, across which we evaluate the skewness (bottom) for each half-season; the eighth season is not halved for its shortness.
The skew uncertainties are taken as the standard deviation of the skew values found from a Monte Carlo simulation with 10,000 draws for each half-season. The
smaller gray points are the averages of the same calculations for three nearby nonvariable white dwarfs of the same magnitude to provide a benchmark for expected
seasonal flux variations. We find a general agreement with our follow-up photometry (Figure 6) that the transits were at heightened activity during the summer of
2023, ceased during the summer and fall of 2024, and recurred in 2025. This could suggest that the transit activity at ZTF J1944+4-4557 is variable over years-long
timescales, fluctuating between heightened stages of transit activity (e.g., Fall 2021) and quiescent periods (e.g., Fall 2022). All half-seasons are consistent with
transiting activity or quiescence, with the in-transit seasons showing much larger dispersion than observed for the nonvariable reference stars.

the work of D. Veras & K. Heng (2020) for tidally disrupted
debris disks, we can estimate that a cessation timescale
~1-2 yr generally requires minimum particle sizes s > 10~ ' m
for disks with masses M 2, 10'7 g. Transits appear to resume
on similar timescales (Figure 7), necessitating the disk be
replenished ~1-2yr if indeed that is the maximum disk
lifetime. It is challenging to replenish disks at such a rapid
rate; among the most expeditious processes yet demonstrated
is sesquinary catastrophe, still necessitating likely at least
~10%yr for the orbit at ZTFJ1944+4557 (D. Veras &
M. Cuk 2025). However, secular chaos has been demonstrated
to be able to steadily inject planetary material into the Roche
limit of white dwarfs for it to be accreted (C. E. O’Connor
et al. 2022), especially for young white dwarfs like ZTF J1944
+4557 (Teoor =~ 110Myr, as estimated using the WD _mo-
dels'? implementation of the A. Bédard et al. 2020 cooling
models). Alternatively, the debris transiting ZTF 1194444557
could have been delivered by a rotationally disrupted asteroid
orbiting exterior to the nominal rubble-pile tidal disruption
distance (D. Veras et al. 2020). The still-disrupting, intact
asteroid could impart small perturbations onto the debris disk,
occasionally nudging it out of and back into aliognment with
our line of sight (e.g., E. R. Nesvold et al. 2016).%" Interactions
by an unseen perturber were invoked to explain the orbital
resonances in the transiting debris at WD 1054—226 (J. Farihi
et al. 2022). The numerous potential harmonics that we report
in Section 3.1.1 could similarly lend credence to the possibility
of interactions with an external body. Finally, general
relativistic precession has been proposed in the gas disk at
WD 11454017 (P. W. Cauley et al. 2018) to occur on a
timescale of about Syr. It remains unclear how such

19 https://github.com/SihaoCheng/WD_models

This picture would require the third body to be more massive than the disk,
but not so massive as to blast the disk away from the star.
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precession is coupled (if at all) to the dusty components of
the disk and if its effects propagate into the transits (R. Mira-
nda & R. R. Rafikov 2018).

5.2. Colorless, Gray Transits

The transit depths from our near-simultaneous g+r and g-+i
CHIMERA photometry are consistent with each other. In
Figure 8 we interpolate between the nearest blue and red points
for each CHIMERA night from 2023 May, 2023 June, and
2023 August (only the 2023 May 21 light curve includes i-
band observations) to compare the measured relative magni-
tudes. Our interpolation does not change the time stamps by
more than 2.5s. The results are consistent with colorless
transits, following a 1:1 trend. As done by J. Farihi et al.
(2022), we test this trend in the bottom panels of Figure 8 by
fitting lines using the orthogonal distance regression (ODR)
method as implemented by scipy (P. Virtanen et al. 2020) to
determine the extinction coefficients between the blue and red
channels. The ODR technique is necessary because the g-band
measurements and their uncertainties occupy both axes; a
linear least squares fit would be skewed by these correlated
variables. The best-fit slopes are (g — r)/g = 0.002 £+ 0.004
and (g — i)/g = -0.010 £+ 0.012, demonstrating the transit
depths are consistent with being colorless, or gray. The
residual variances®' of these fits are identical to those of fixed
horizontal lines: for (g — r)/g the residual variances for the
best-fit and horizontal lines are 0.63 and 0.63, respectively,
and for (g — i)/g: 0.75 and 0.75. These extinction coefficients
are an order of magnitude less than what is found for
interstellar dust (((g — r/ghism = 0287, S. Wang &

21 The residual variance, sometimes expressed as 52, is a goodness-of-fit
metric that is analogous to the reduced x> for a linear least squares fit.
Formally, 52 quantifies the deviation left unexplained by the linear regression.
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Figure 8. Top: 2023 May 25 g+i and 2023 June 19 and 20 g+r light curves taken with CHIMERA shown in the same style as Figure 1, now magnified and unbinned
to better appreciate the rapid variation in transit morphologies and lack of observed color terms. Bottom: comparison between the transit depths in the g-band vs.
either the r- (left) or i-band depths (right), all in differential magnitudes, for our CHIMERA light curves from 2023 May, June, and August. The overlap with the
dashed—dotted purple lines that trace the 1:1 relationships suggests the transits at ZTF J1944+4-4557 lack color variations (i.e., gray). The transiting effluents appear
devoid of small (<0.2 pm) dust particles. This is rigorously supported by our finding that the extinction coefficients are consistent with zero (Section 5.2).

X. Chen 2019; J. Farihi et al. 2022). This lack of color
indicates a dearth of small dust particles in the transiting
effluents at ZTF J19444-4557, just like at WD 11454017
(R. Alonso et al. 2016; G. Zhou et al. 2016; B. Croll et al.
2017; S. Xu et al. 2018) and WD 1054—226 (J. Farihi
et al. 2022).

We are presently unable to impose firm constraints on the
particle size distribution of the transiting dusty effluents. S. Xu
et al. (2018), when investigating the colorless transits at
WD 11454017, demonstrate that dust grains with character-
istic sizes s that obey X = % 2 2 extinguish starlight at equal
efficiencies, yielding gray transits. Considering we observe
consistent extinction from 0.4 to 0.8 um, we can thus only
tenuously estimate s 2 0.2 um. Dust grains in the local ISM
tend to be s ~ 0.2 um (e.g., J. S. Mathis et al. 1977; S.-H. Kim
& P. G. Martin 1995). Simultaneous optical and near-infrared
photometry spanning a transit is needed to refine this limit into
a reliable constraint.

Colorless transits are theoretically achievable even with the
presence of some small dust grains. Modeling by P. Izquierdo
et al. (2018) reproduces colorless transits at WD 1145+017
while allowing for small particles within an edge-on, geome-
trically thin, optically thick disk. As disks veer slightly edge-off,
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reddening substantially grows, favoring a low Angstrém
exponent (o < 0.5) to satisfy colorlessness (S. Bhattachar-
jee 2025), all without expelling small dust grains from the disk
(see Appendix A of S. Bhattacharjee 2025).

5.3. No Detected Infrared Excess

We lack reliable constraints on the presence of an infrared
excess at ZTF J1944+4557. There is no publicly archived JHK
photometry that is readily accessible, attributable to the star’s
faintness. We find entries for ZTFJ1944+4557 in the
CatWISE (F. Marocco et al. 2021) and unWISE (E. F. Schlafly
et al. 2019) catalogs, both of which suggest a >50 excess of
3.4 um emission relative to the model white dwarf spectrum
(Figure 9). We caution that these are low-fidelity, likely
spurious photometry that should not be treated as detections.
While there is no Figure of Merit available to vet source
confusion (ZTF J1944+4-4557 is not in the gaiadr3.all-
wise neighbourhood table of P. M. Marrese et al. 2022;
see E. Dennihy et al. 2020), we find the unWISE and CatWISE
centroids are separated from the Gaia-measured centroid by
4’2 and 4.4, respectively, both coincident with a bright field
source and still comfortably within the ~6.1 WISE PSF at W1
(Figure 9). There is public Warm Spitzer IRAC imaging of
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Figure 9. Left: SED of ZTF J1944+-4557 including photometry from Gaia DR3, Pan-STARRS DR1, CatWISE, unWISE, and Warm Spitzer. We superimpose this
photometry above a synthetic spectrum for a DA white dwarf with T = 21,000 K and log(g) = 8.25 (D. Koester 2010). The error bars on the Gaia and PS1
photometry are smaller than the marker sizes at these scales (o,, < 0.1 mag). Horizontal bars are spurious detections and downward-pointing arrows indicate upper

~

limits. We are unable to currently place reliable constraints on the presence of an infrared excess at ZTF J19444-4557. The middle (PS1 i-band) and right (Spitzer
IRAC Channel 1) images elucidate the unreliability of these near-infrared photometries. The 6. 1-radius aperture of WISE is shown as a black dashed circle, centered
on the Gaia-measured centroid of ZTF J1944+4557 (green circle) and enclosing the centroid of the nearest source to ZTF J19444-4557 as measured by CatWISE
(maroon circle). The CatWISE and unWISE centroids are coincident with a bright field source as imaged by Spitzer. The smaller 2.4 radius we use for our Spitzer
photometry is shown as the black dotted circle in the rightmost panel, illustrating how the pixels at the Gaia-measured centroid of ZTF J19444-4557 are

indistinguishable from empty sky.

ZTF J1944+4557 at 3.6 pm and 4.5 pm (Spitzer GO #10067;
M. W. Werner et al. 2021) circa 2014 October, which we
obtained via the Spitzer Heritage Archive at IRSA. Both
images were integrated to an effective exposure time of 10.4 s
per pixel. We do simple circular aperture photometry with
photutils (L. Bradley et al. 2024) on these images using
circular 2'4-radius apertures (2 pixels, equivalently) for both
the Channel 1 and Channel 2 images with background annuli
extending from ry,, = 12pix to ro, = 20, mirroring the
photometric extraction by M. W. Werner et al. (2021). We
raise the caveat that numerous of the flux-calibrated pixel
values within our 24 aperture and background annuli are
negative. We incorporate the Spitzer error images into the
photutils photometry extraction to estimate uncertainties.
We calculate upper limits on the Channel 1 and Channel 2 AB
magnitudes of mcp; > 21.01 mag and mcp, > 22.28 mag,
utilizing the published photometric conversions })rovided by
IRSA and the IRAC Instrument Handbook> (see also
W. T. Reach et al. 2005). These upper limits are consistent
with blank regions of the sky, at R.A. =296.129167 deg and
decl. = 45.970000 deg, where we calculate mcy, = 22.14 £
0.60 mag and mcp, = 22.75 + 0.53 mag. We are unable to
stringently constrain the presence of excess near-infrared
emission at ZTFJ1944+4-4557 to within the limits of these
observations.

We can estimate an upper limit on the mass of the dusty
component of the disk ZTF J1944+4557 is accreting from the
upper limit of the flux we measure at 3.6 um from IRAC. We
construct the following toy model for a disk using best-
determined parameters of the dust disk at G29-38 by
N. P. Ballering et al. (2022): a flat, cylindrical ring with
Fim = a — 0.5Rwp, rouw = a + 0.5Rywp, and a height of
H = 22Rwp, with a density of p = 1.5 x 107"%gem™
(provided a total disk mass of M = 10'® g; see E. Le Bourdais
et al. 2024). Here, a = 1.3618 R, the semimajor axis found
for a circular orbit at 4.9704 hr, and Rwp = 0.0102 R, (see

%2 https:/ /irsa.ipac.caltech.edu/data/SPITZER /docs /irac/
iracinstrumenthandbook /
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Section 5.4), meaning the dust would be heated to 7., = 1395 K
(Section 5.4). To estimate the mass of this disk from the IRAC
3.6 um photometry we evaluate Mg,y = F, ,,d2 / (BUATeq)k1),
where d = 447%4¢ pc (C. A. L. Bailer-Jones et al. 2021) and
K, = 30,/(4sp) (B. Zuckerman 2001). For s = 0.2 um silicates,
0,~ 003 at A = 3.6 um (B. T. Draine & H. M. Lee 1984),
yielding My, <4 % 10'5 g. This simple estimation applies only
to optically thin dust. We currently lack viable constraints on the
optical depth of the debris and its geometry.

Among the transiting white dwarfs with hours-long orbital
periods, neither ZTF J0328—1219 nor WD 1054—226 show
near-infrared excesses, unlike WD 1145+017 and SBSS 1232
+563. This could just be a reflection of the observation that
metal-rich white dwarfs are rarely accompanied by significant
infrared emission from the dusty disk (M. Rocchetto et al.
2015; T. G. Wilson et al. 2019); the transiting systems suffer
an additional inclination bias toward more edge-on viewing
geometry that may make it harder to detect infrared excess
(see, e.g., S. Bhattacharjee 2025). Deeper infrared imaging
from the ground at JHK or JWST observations is necessary to
apply more viable constraints on emission from a close-in,
dusty debris disk at ZTF J19444-4557.

5.4. Orbital Constraints

Similar to WD 11454017, we estimate the debris transiting
ZTF J1944+4557 is orbiting just outside the tidal disruption
radius of the star. Using the framework from D. Veras et al.
(2014, 2017) and assuming Mwp = 0.79 M, (S. Bhattacharjee
et al. 2025), we calculate that synchronously rotating and
nonrotating bodies (see Table 1 of D. Veras et al. 2017) with
asteroid-like densities (p = 3 gcm ) would tidally disrupt
upon approaching separations of 090R. and 1.03R.,
respectively, which equate to circular orbits at 2.39 and
2.92 hr (these inflate to 3.30 and 4.02 hr for an asteroid with
p =2gcm ). We estimate this toy asteroid would orbit at an
eccentricity no smaller than ep;,, > 0.33 by emulating the
framework of J. Farihi et al. (2022) (see their Figure 11).


https://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/iracinstrumenthandbook/
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Table 2
Select Properties of the White Dwarfs Showing Periodic Transiting Debris

White Dwarf

Orbital Period IR Excess CS Gas Transit Depth Spec. Type Tetr Mass Teool Tyariations
(K) M)

ZTF J1944+-4557 (a) 4.9704 hr N N ~40% DAZ 20,790 0.79 110 Myr Single orbit
WD 11454017 (b) 4.49 hr Y Y ~40%* DBZA 15,500 (g) 0.66 (h) 180 Myr Single orbit
ZTF J0328—1219 (c) 9.937 hr N Y ~10% DZ 7630 0.73 1.84 Gyr Weeks
SBSS 12324563 (d) 14.842 hr Y N ~5% DBZA 11,790 (i) 0.77 (1) 640 Myr (i) Unknown
WD 1054—226 (e) 25.02 hr N N ~5% DAZ 7910 0.62 1.3 Gyr Weeks
ZTF J0139+5245 (f) 107.2 days N ? ~40% DAZ 10,530 0.52 460 Myr (j) Single orbit?

Note. Discovery papers: (a)—This work; (b)—A. Vanderburg et al. (2015); (c)—Z. P. Vanderbosch et al. (2021); (d)—1J. J. Hermes et al. (2025); (e)—J. Farihi et al.
(2022); (f)—Z. Vanderbosch et al. (2020). We report only the fundamental orbital periods, and not any additional “B” periods or periods of drifting fragments; at
least WD 11454017, ZTF J0328—1219, and WD 1054—226 show additional independent periods. Additional references: (g)—E. Le Bourdais et al. (2024); (h)—
M. Fortin-Archambault et al. (2020); (i)—S. Coutu et al. (2019); (j)—A. Bédard et al. (2020) via WD_models. ZTF J01394-5245 might show circumstellar gas,
hence its classification as ?. Tyaiations efers to the timescale upon which changes in transit morphologies are observed. This timescale at ZTF J0139+4-5245 is
questioned because its period has been shown to be unstable over a single orbit (see Figure 5 of Z. Vanderbosch et al. 2020). We denote the asterisk on the transit
depths of WD 11454017 because the debris subtends a larger fraction of the stellar cross-sectional area compared to the gas disk, driving a shallow in-transit bluing
that is especially noticeable in the far-UV (S. Xu et al. 2019b). The transits at each system appear gray.

The projected size of the rubble following this orbit must be
large relative to the cross-section of the white dwarf. A single,
intact, opaque spherical object that casts a 40% transit depth
would require a radius of about 4500 km (about 0.63 Rywp),
estimated by using the formulae for white dwarf radii
developed by M. Nauenberg (1972), F. Verbunt & S. Rappa-
port (1988), D. Veras et al. (2014). The fact that there are
multiple inflection points within the longest-duration and
deepest transits suggests there is probably a superposition of
smaller objects clumped together that are occulting starlight,
which appears to be a plausible model for WD 11454017
(B. T. Génsicke et al. 2016; D. Veras et al. 2017; Figure 7 of
P. Izquierdo et al. 2018). Our earlier calculations of the tidal
disruption radii at ZTF J19444-4557 did not account for the
internal tensile strength of the parent object. Following the
initial disruption event, fragmented particles can withstand
tidal disruption at the nominal Roche limit (C. H. McDonald &
D. Veras 2021); collisions and erosion are needed to grind
them down finer in the absence of inward migration. The
transits we observe could be the clumps of such fragments,
which on their measured orbit would likely have yet to cross
the sublimation radius of the star (D. Veras et al. 2023),
although it seems some material must be sublimated to match
the observed evidence for circumstellar gas. The best-
determined orbital period of 4.9704 hr implies a semimajor
axis of a = 1.3618 R, by Kepler’s Third Law. The radiation
field of a T, = 20,790 K blackbody would heat material
orbiting circularly along this semimajor axis to an equilibrium
temperature of T = 1395K, almost sufficiently hot to
sublimate calcium (H. Kobayashi et al. 2011; V. Frohlich &
Z. Regily 2024). Iron would likely remain solid at this
temperature (R. R. Rafikov & J. A. Garmilla 2012; R. van
Lieshout et al. 2014), needing to overcome a sublimation
radius of rgprpe = 0.84 R, for this system (D. Veras
et al. 2022).

6. Conclusions and Outlook

We have obtained more than 123 hr of high-speed time-
series photometry of the metal-polluted (DAZ) white dwarf
ZTF J19444-4557 across a baseline spanning 2022 March
through 2025 July. Our dense follow-up taken during 2023
May through 2023 November shows repeating transits every
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49704 + 0.0019 hr, making ZTF J1944+4557 the second
known case of transiting planetary debris near the Roche limit
of a white dwarf. Transits vanished from 2024 May through
2024 October, but appear to recover in 2025 March—repeating
again at 4.9704 hr, marking the second observation of a
cessation and perhaps the first resumption of periodic transits
at a white dwarf remnant planetary system. This fluctuation in
transit activity appears corroborated by the ZTF light curve,
showing a strongly negative skew during an era of detected
transits in mid-2023 and near-zero skew in 2024 when transits
were absent, before again veering to negative skew and
observed transits in early 2025. The cause of the variable
transit activity is presently unknown.

Time-resolved spectroscopy concurrent with our time-series
photometry on 2023 June 20 shows the Ca-K absorption line
does not vary significantly from in-transit to out-of-transit,
possibly suggesting a lack of circumstellar gas within the
transiting effluents. At the same time, the presence of some of
the observed metal lines and their equivalent widths cannot be
reproduced by our synthetic spectrum, likely demonstrating
that there is circumstellar gas orbiting ZTF J1944+4557. We
do not observe evidence for small dust particles within the
transiting debris, evidenced by the lack of an in-transit color
term. Nor do we detect an infrared excess in public near-
infrared Warm Spitzer IRAC photometry. We compare the
properties of ZTF J1944+4557 to the five other known cases
of periodic transits from planetary debris at white dwarfs in
Table 2. We see an interesting possible correlation, where
transiting white dwarfs may collectively show a mean mass in
excess of field white dwarfs ((Mwp) ~ 0.6 M.; see, e.g.,
M. W. O’Brien et al. 2024). This trend could in part be
explained by transit occultations creating apparently under-
luminous photometry, which could be leveraged to discover
additional candidate white dwarfs with transiting debris.

Our measured orbital period of 4.9704 hr is predicted to be
rare for transiting tidally disrupted debris at white dwarfs (see
Figure 11 of Y. Li et al. 2025b). In this picture, the transits we
observe at ZTF J1944+4557 could be a window into highly
evolved debris, whose orbit has circularized and migrated
inwards over myriad cycles of tidal disruption following its
initial injection into the Roche sphere on a highly eccentric
orbit (e.g., M. G. Brouwers et al. 2022; Y. Li et al.
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2025a, 2025b). Similar to the star’s analog of WD 11454017,
the implied rapid dynamical and morphological evolution of
the transits establishes ZTFJ194444557 as an exciting
laboratory for further constraining how white dwarf debris
disks can be generated via tidal disruption, as well as applying
further constraints to transit detection rates and evolutionary
models of these systems. Most compelling is the prospect of
testing models that can reproduce the observed cessation and
resumption of transits.

We enthusiastically await the imminent stream of photo-
metry from upcoming time-domain surveys that will greatly
benefit the study of transiting white dwarf remnant planetary
systems, namely by the Rubin Observatory (Z. Ivezi¢ et al.
2019) and the Roman Space Telescope (R. Akeson et al.
2019). Infrared transit photometry from Roman could provide
the requisite wavelength coverage to begin to place constraints
on the particle size distribution of the debris at transiting debris
systems like ZTF J1944+4-4557 via Mie scattering theory (see
S. Xu et al. 2018). ZTF J1944+4557 may be just within the
projected threshold for ~1%-level photometry at the F146W
filter within single exposures by Roman (P. Tamburo et al.
2023; see Figure 9).
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Appendix A
Observing Log for Time-series Photometry

We provide in Table 3 a record of our follow-up time-series
photometry observations in chronological order.
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Table 3
Time Series Photometry Observations
UT Date Facility Duration Lexp Filter Average Seeing AF Periodograms
(hr) (s) (arcsec) %
2022 Mar 23 P200/CHIMERA 1.26 10 g 2.90 13.4
P200/CHIMERA 1.26 10 r 2.61 14.4
2022 Apr 29 McD/ProEM 2.58 15 BG40 1.58 32.8
2022 Sep 29 P200/CHIMERA 1.54 10 g 1.20 4.6
P200/CHIMERA 1.54 10 r 1.12 11.6
2023 May 21 P200/CHIMERA 3.21 10 g 1.13 34.5 Y
P200/CHIMERA 3.21 10 r 0.96 343
2023 May 25 P200/CHIMERA 5.63 10 g 1.64 35.7 Y
P200/CHIMERA 5.67 10 i 1.34 41.2
2023 Jun 19 P200/CHIMERA 7.42 10 g 1.34 38.3 Y
P200/CHIMERA 7.43 10 r 1.13 40.8
McD/ProEM 1.64 10 BG40 0.80 30.7
2023 Jun 20 P200/CHIMERA 7.67 10 g 1.38 43.8 Y
P200/CHIMERA 7.68 10 r 1.17 41.5
McD/ProEM 2.56 15 BG40 1.08 42.7
2023 Jun 29 McD/ProEM 5.61 46 BG40 1.85 36.9 Y
2023 Aug 12 P200/CHIMERA 6.05 10 g 1.10 357 Y
P200/CHIMERA 6.05 10 r 0.92 41.8
2023 Sep 20 McD/ProEM 5.88 20 BG40 1.04 314 Y
2023 Sep 21 McD/ProEM 0.39 15 BG40 1.12 29.1 Y
2023 Sep 22 McD/ProEM 2.85 15 BG40 1.06 40.4 Y
2023 Oct 15 PTO/PRISM 4.00 30 BG40 2.61 51.9 Y
2023 Oct 16 PTO/PRISM 322 40 BG40 2.66 35.4 Y
2023 Nov 14 PTO/PRISM 1.48 35 BG40 2.09 227 Y
2023 Nov 15 PTO/PRISM 2.19 35 BG40 2.13 27.6 Y
2024 May 14 P200/CHIMERA 3.66 10 g 0.89 35
P200/CHIMERA 3.66 10 r 0.67 3.1
2024 Jul 13 P200/CHIMERA 4.75 10 g 0.93 3.6
P200/CHIMERA 4.75 10 r 0.82 59
2024 Jul 14 P200/CHIMERA 4.67 10 g 1.08 5.7
P200/CHIMERA 4.67 10 r 1.38 7.4
2024 Aug 3 PTO/PRISM 2.02 30 BG40 2.72 11.2
2024 Aug 6 PTO/PRISM 1.15 30 BG40 2.00 6.3
PTO/PRISM 1.42 35 BG40 2.10 9.4
2024 Aug 10 PTO/PRISM 0.87 40 BG40 2.14 55
2024 Aug 25 LDT/LMI 1.82 15 g 1.14 3.1
2024 Aug 26 PTO/PRISM 5.23 40 BG40 2.42 8.2
2024 Aug 27 PTO/PRISM 5.49 40 BG40 2.57 6.7
2024 Oct 31 PTO/PRISM 3.17 60 BG40 291 8.7
2024 Nov 1 PTO/PRISM 221 45 BG40 2.62 14.2
PTO/PRISM 0.90 60 BG40 2.89 6.8
2025 Mar 24 McD/ProEM 1.70 30 BG40 1.65 53.1
2025 Mar 25 McD/ProEM 1.82 30 BG40 1.83 55.2
2025 May 27 McD/ProEM 3.38 20 BG40 1.91 56.9
McD/ProEM 0.48 30 BG40 2.50 249
2025 May 29 McD/ProEM 4.63 30 BG40 1.18 45.5
2025 Jul 30 McD/ProEM 5.11 30 BG40 0.95 42.4
2025 Jul 31 McD/ProEM 6.99 30 BG40 0.89 425

Note. In the Facility column, P200 is the Palomar Hale 200-inch telescope, McD is the McDonald 2.1 m Otto Struve telescope, PTO is the Perkins 1.8 m telescope,
and LDT is the 4.3 m Lowell Discovery Telescope. Our seeing estimates are derived from our reductions using hipercam. AF scores the difference between the
median of the flux points within the upper quintile and minimum flux point of each light curve after binning to 1 minute exposures, effectively a proxy for the
greatest transit depth observed at that epoch. The Periodogram column indicates which light curves were used to calculate periodograms and refine the orbital period

in Section 3.

Appendix B
Observing Log for Spectroscopy

We provide in Table 4 a record of our follow-up spectro-

scopic observations in chronological order.

16



L1

Table 4
Summary of Spectroscopic Observations
Date Time Facility fexp Slit Width Seeing Airmass /\s R Weax S/N )
(WD) (UTC) (s) (arcsec) (arcsec) (A) (N AN) (A) (%)
2022 May 6 11:03:52 P200+-DBSP 2 x 600 1.5 1.2 1.07 5627 1060(B)/960(R) 0.79 + 0.29 8.7
2022 Jul 4 10:08:18 Keck+LRIS 600 1.0 1.3 1.15 5643 1547(B)/912(R) 0.65 + 0.33 11.5
10:18:58 Keck+LRIS 600 1.0 1.3 1.14 5643 1549(B)/937(R) 1.34 + 0.31 11.7
10:29:35 Keck+LRIS 600 1.0 1.2 1.13 5643 1544(B)/943(R) 0.61 £ 0.26 12.8
2022 Nov 21 02:37:32 P200+DBSP 3 x 900 1.5 14 1.32 5773 1060(B)/960(R) 099 + 0.29 8.8
2023 Jun 20 10:48:44 Keck+LRIS 600 1.0 1.3 1.17 5643 1471(B)/1550(R) 048 £+ 0.29 9.7 —274 £ 04
10:59:21 Keck+LRIS 600 1.0 1.1 1.15 5643 1478(B)/1557(R) 0.65 + 0.24 10.4 —23.0 £ 04
11:09:58 Keck+LRIS 600 1.0 1.0 1.14 5643 1473(B)/1542(R) 048 + 0.22 11.0 —155+ 04
11:20:35 Keck+LRIS 600 1.0 1.0 1.14 5644 1484(B)/1542(R) 040 £ 0.20 11.6 0.7 £ 0.5
11:31:12 Keck+LRIS 600 1.0 0.9 1.13 5644 1483(B)/1547(R) 0.83 + 0.19 11.7 0.8 £ 0.5

Note. ) represents the wavelength at which the blue and red arms of the spectrographs are spliced together. Spectral resolutions for each arm are given in the R column. S/N is the average signal-to-noise ratio per
resolution element across the continua at 4600—4700 A. When concurrent time series photometry is available, (f) represents the average relative flux measured during the spectroscopic exposure.
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