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Abstract

Dusty disks around planetary and substellar companions in outer reaches of exoplanetary systems can be detected
as long-lasting occultations, provided the observer is close to the secondary’s orbital plane. Here we report optical
spectroscopy with KOSMOS (Apache Point Observatory), MagE (Magellan), and GHOST (Gemini-S) of
ASASSN-24fw (Gaia 07:05:18.97+06:12:19.4), a 4 mag dimming event of a main-sequence star which lasted

8.5 months. We discover multiple low-ionization metal emission lines with velocity dispersion < 10 km s~
! with respect to the star, as well as kinematically complex Na D absorption. If associated

blueshifted by 27 km s™

1

with the occulter, these detections suggest that the occulter is gas rich. Further, we detect a blueshifted and broad
(~200 km s~ ') Ha line, which likely originates in the inner circumstellar disk. We confirm the previously
reported occultations in 1981 and 1937 seen in historic data, yielding a semimajor axis of the occulter’s orbital
motion around the star of 14 au. If the occulter is a circumsecondary disk filling 30%—100% of the Hill radius, we
estimate the minimum mass of the secondary to be a few Jupiter masses and a disk mass of 1% of the mass of the
Moon. Given the age of the star (>2 Gyr), the disk is unlikely to be a survivor of the planet formation stage and
may be the result of a planetary collision. If the Na D absorption and/or metal emission lines originate in the disk,
the observations presented here are the first discovery of a circumsecondary disk wind or rotation.

Unified Astronomy Thesaurus concepts: Circumstellar disks (235); Debris disks (363); Exoplanet formation

(492); Exoplanet structure (495); Occulting disks (1149)

1. Introduction

Circumstellar disks around young stars dissipate due to
photoevaporation of the material by the radiation of the star
on timescales of a few megayears (J. E. Owen et al. 2012;
L. Hartmann et al. 2016). The planets forming around young stars
may be able to retain their circumplanetary disks longer,
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especially if the planet is in the outer reach of its stellar system.
Such young disks would be gas rich and optically thick in the
optical and near-infrared (B. A. Ayliffe & M. R. Bate 2009;
W. R. Ward & R. M. Canup 2010; R. G. Martin & S. H. Lubow
2011; Z. Zhu 2015; J. E. Owen & K. Menou 2016; J. Szulagyi
et al. 2016; R. G. Martin et al. 2023), so with a fortuitous
alignment of the orbit and the observer one might expect a long-
lasting deep transit. For such a gas-rich disk, the relative
inclination between the circumplanetary disk and the orbit is not a
critical component of observability because the apparent scale
height of the gas disk is larger than the star.
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Eventually circumplanetary disks accrete onto the planet or
dissipate on timescales < 107 yr (T. R. Mitchell & G. R. Stewart
2011), but some fraction can evolve into exoplanetary systems
with rings or satellites. The potential observational signatures of
such older gas-poor systems have been studied theoretically
(J. W. Barnes & J. J. Fortney 2004; Y. Ohta et al. 2009;
H. E. Schlichting & P. Chang 2011; L. R. M. Tusnski &
A. Valio 2011; J. I. Zuluaga et al. 2015) and in a variety of
datasets (T. M. Brown et al. 2001; M. Z. Heising et al. 2015;
N. C. Santos et al. 2015). Most results have been nondetections,
but E. E. Mamajek et al. (2012) discovered an exciting candidate
which appears to be razor thin, perhaps even with ringed
structure, producing an extraordinarily complex lightcurve as it
transited the primary star. For a razor-thin disk to block enough
light of the star to be observable in transit, a misalignment
between the angular momentum of the exoplanet’s orbit and its
disk is necessary. J. J. Zanazzi & D. Lai (2017) showed that the
disk might be able to maintain this obliquity out to large
distances from the exoplanet.

While occultations of young stellar objects by clumps in their
circumstellar disks have been known for a decade (M. Ansdell
et al. 2016), main-sequence dipper stars are rare and are only
now being identified in modern large Galactic variability
surveys (A. Tzanidakis et al. 2025), and the origin of the
occulting circumstellar material in these objects is not yet
understood. Some long-lasting, deep transiting events around
relatively normal stars are attributed to disintegrating
planets (T. S. Boyajian et al. 2016; L. NesluSan & J. Budaj
2017) or planetary collisions (H. Y. A. Meng et al. 2014;
K. Y. L. Su et al. 2022), with swarms of debris blocking
the starlight and heated to produce an infrared excess
(M. Kenworthy et al. 2023; J. P. Marshall et al. 2023). The
dimming events around main-sequence or evolved stars that are
best explained by long-lived disks around the much dimmer
secondary (planet or low-mass star) are challenging to classify
(S. Rappaport et al. 2019) due to the one-off nature of the event,
since the transiting body is on a long orbit and there is little
possibility of repeat observations. Standouts in this category are
a periodic event described by S. Dong et al. (2014) and
E. L. Scott et al. (2014), and another by N. J. Rattenbury et al.
(2015), which are likely to be circumsecondary disks around
low-mass stellar companions to evolved stars.

ASASSN-24fw (J2016 Gaia coordinates R.A. =07:05:18.97,
decl. = +06:12:19.4, hereafter J0705+0612), is a deep (4 mag)
dimming event of a 13 mag, 1.4 M. main-sequence star at
1 kpc from the Sun. The event started in 2024 September
(B. JoHantgen et al. 2024) and concluded in the end of 2025
May, as we illustrate below. The event has some of the hallmarks
of the long-sought gas-rich circumsecondary disks. First, it is
long-lasting, indicating an origin in the outer stellar system and a
large occulter size. Second, the lightcurve is smooth, in contrast
to the rapid variability seen within the E. E. Mamajek et al.
(2012) event, suggesting that the occulter in J07054+0612 is gas
rich. Finally, it is deep, indicating high optical depth and, again, a
large geometric size of the occulter. The star shows an infrared
excess in the preevent Wide-field Infrared Survey Explorer
(WISE) data, indicating that there is a circumstellar disk and
therefore supporting the possibility of a gas-rich circumsecondary
disk. V. R. B. Nair & D. Denisenko (2024) analyzed historic
Harvard plates and discovered two other events in 1937 and
1981, allowing them to determine the orbital period (44 yr) and to
predict the duration of the occultations (9 months).

Zakamska et al.

& 070518.95+061219.1

Ut

main sequence

10 1 white

.. dwarfs

absolute Mg (mag)

Blag
Sy
e
P,

0 2 4
Gpp - Ggp color (mag)
Figure 1. The position of J0705+0612 on the Gaia color-magnitude diagram.

Here we present follow-up observations of J0705+0612 and
the measurements of the occulter parameters and physical
conditions. In Section 2 we summarize all preevent data and
discuss the star’s evolutionary status. In Section 3 we describe
our follow-up observations during the occultation. We model the
system and discuss our results in Section 4 and we conclude in
Section 5. An independent follow-up and analysis of JO705
40612 is presented in a simultaneous article by R. Forés-Toribio
et al. (2025), and we briefly comment on their data and results in
comparison to ours throughout the paper. Surface gravity in the
log g values is given in cgs units (cm s ). All wavelengths are
given in air in the heliocentric frame. All wavelengths of atomic
and ionic transitions are from the NIST Atomic Spectra Database
(A. Kramida et al. 2024).

2. Preoccultation Data

Here we present the archival observations available for
J0705+4-0612 prior to the beginning of the occultation event.
Gaia source id is 3152916838954800512. Its preocculta-
tion position on the Gaia color-magnitude diagram is shown in
Figure 1. The comparison color—magnitude diagram is the
<100 pc Gaia sample with quality cuts from Section 2.1 of
Gaia Collaboration et al. (2018).

2.1. Stellar Parameters

We infer the fundamental and photospheric stellar parameters
of GaiaDR3 3152916838954800512 using the isochrones
(T. D. Morton 2015) package. Using MultiNest (F. Feroz &
M. P. Hobson 2008; F. Feroz et al. 2009, 2019), we execute a
simultaneous Bayesian fit of the Modules for Experiments in
Stellar Evolution (B. Paxton et al. 2011, 2013, 2018, 2019;
A. S. Jermyn et al. 2023) Isochrones and Stellar Tracks (MIST;
J. Choi et al. 2016; A. Dotter 2016) isochrone grid to a curated
collection of data for the star. We fit the MIST grid to:

1. SkyMapper Southern Survey Data Release 4 uvgriz
photometry including in quadrature their zero-point
uncertainties (0.03, 0.02, 0.01, 0.01, 0.01, and 0.02)
mag (C. A. Onken et al. 2024);

2. Gaia EDR3 G photometry including in quadrature its
zero-point uncertainty (Gaia Collaboration et al. 2016,
2021; C. Fabricius et al. 2021; M. Riello et al. 2021;
N. Rowell et al. 2021; F. Torra et al. 2021);
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Figure 2. Best-fit stellar parameters and their posterior distributions derived

from preoccultation photometry of J0705+0612.

3. a zero-point-corrected Gaia EDR3 parallax (Gaia
Collaboration et al. 2021; C. Fabricius et al. 2021;
L. Lindegren et al. 2021a, 2021b; N. Rowell et al. 2021;
F. Torra et al. 2021); and

4. an estimated extinction value based on a 3D extinction
map (G. M. Green et al. 2019) and the dustmaps
Python module (G. Green 2018).

As priors we use:

1. a G. Chabrier (2003) lognormal mass prior for M, < 1
M., joined to an E. E. Salpeter (1955) power-law prior
for M, > 1 M;

2. a metallicity prior based on the Geneva—Copenhagen
Survey (L. Casagrande et al. 2011);

3. a log-uniform age prior between 1 Myr and 10 Gyr;

4. a uniform extinction prior in the interval 0 mag < Ay <
1 mag; and

5. a distance prior proportional to volume between the
C. A. L. Bailer-Jones et al. (2021) geometric distance
minus and plus 5 times its uncertainty.

We plot the results of this analysis in Figure 2.

In all following calculations, we use the following best-fit
parameters from this procedure: Ty = 65207359 K, logg =
4007002, My = 1407091 M., Ry = 1957005 R, [Fe/H] =
—0.07-13 dex, Ay = 0.167([¢ mag, and bolometric lumin-
osity Ly = 6.2170%9 L. We compare these values to those
from the Gaia pipelines and independent reanalyses of the
Gaia data. Specifically, GSP-Phot pipeline®* derives stellar
parameters from the combination of Gaia photometric data and
its low-resolution (BP and RP) spectroscopy. These results are
quite similar to ours except the GSP-Phot metallicity is
appreciably lower, [Fe/H]=—0.5100{ dex. X. Zhang et al.
(2023) conducted a reanalysis of BP-RP spectra using data-
driven approaches (rather than ab initio stellar photospheric

22 hutps: //gea.esac.esa.int/archive /documentation/GDR3 /Gaia_archive/
chap_datamodel / sec_dm_astrophysical_parameter_tables/ssec_dm_
astrophysical_parameters.html
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models) and derive a near-zero extinction for JO7054+0612.
There is a significant degeneracy between metallicity, extinc-
tion, and temperature when the fits are made with photometry
and/or low-resolution spectroscopy. Our fits presented
above minimize these degeneracies by using all available
photometry and the priors on extinction from the 3D maps
(K. Ding & K. C. Schlaufman. 2026, in preparation). A key
conclusion for JO70540612 from comparing various fitting
techniques is that all inferred intervening Galactic extinction
values range between Ay = 0 and 0.19 mag and are well within
the 2D (maximum) value for J0705+0612’s direction on the
sky of E(B — V) = 0.17 & 0.02 mag (E. F. Schlafly et al.
2014), which roughly corresponds to Ay = 0.53 mag. For the
distance of J07054-0612, the 3D map by G. M. Green et al.
(2019)** suggests a lower value than our best-fit analysis,
E(g — r) = 0.03 mag.

The best-fit FLAME evolutionary parameters>* are derived
from GSP-Phot measurements and the MARCS stellar photo-
spheric models (O. L. Creevey et al. 2023). The reported
FLAME values are in reasonable agreement with our derived
values. In particular, FLAME reports the evolutionary age of
the star to be 7, = 2.0 £ 0.3 Gyr, in agreement with our value
of 7 = 240102 Gyr, i.e., stellar photospheric fits do not
suggest that the star is young. A search for comoving
companions using methods analogous to K. El-Badry et al.
(2021) within 10” au did not reveal any candidate comoving
stars, so there is no evidence that the star is in an open cluster.

2.2. Galactic Kinematics

The parallax and the proper motion of the star are detected
with high statistical significance in Gaia. We adopt a distance
of 1.01 £+ 0.02 kpc (which is a result of our full stellar
photosphere fit based on the C. A. L. Bailer-Jones et al. 2021
prior), a proper motion of pura = —3.75 £ 0.02 and
Ldec. = —7.61 £ 0.01 mas yrfl, and a radial velocity (RV) of
36.9 + 3.6 km s ' relative to the solar system barycenter. A
star can have a motion relative to the Sun even if it is in a
purely rotational motion in the Milky Way due to projection
effects and due to the peculiar motion of the Sun itself relative
to the local standard of rest—these effects are reflected in the
large-scale pattern in the RVs and proper motions measured by
Gaia (D. Katz et al. 2023). We use the Galactic rotation curve
from X. Ou et al. (2024), the peculiar motion of the Sun from
R. Schonrich et al. (2010), and the ecliptic-to-Galactic
transformation equations from J. C. Liu et al. (2011) and
M. J. Reid et al. (2009) to predict the motion of JO705+0612
relative to the Sun if it were on a circular orbit in the
Galaxy, and then we calculate its peculiar velocity relative
to that frame. We find that J0705+0612 is moving with
Veandom = 37 km s™', with equal contributions from the in-
plane and out-of-plane motions. Such a spatial velocity is not
characteristic of young stars—in fact, such velocities are more
characteristic of stars with ages significantly greater than the
maximal main-sequence age of a star with the mass of
J07054-0612 (J. Holmberg et al. 2009).

2 http: / /argonaut.skymaps.info/

2 https: / /gea.esac.esa.int/archive /documentation/GDR3 /Data_analysis/
chap_cu8par/sec_cu8par_apsis/ssec_cu8par_apsis_flame.html
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Figure 3. Photometry from SkyMapper, 2MASS, and WISE. Blue: Planck
spectrum (dark blue) and the BOSZ template (lighter blue) corresponding to
our measured stellar parameters for J0705+0612. Red: the best-fit disk model
from M. Jura (2003) with parameters as labeled (dashed line), with the full
photosphere + disk fit shown in the solid line. Inclination angle i is the angle
between the disk axis and the observer’s line of sight, so cosi = 1 would
correspond to a face-on orientation and maximal brightness.

2.3. Preoccultation Multiwavelength Spectral Energy
Distribution

The optical-to-infrared spectral energy distribution (SED)
based on the preoccultation photometry is shown in Figure 3.
Pan-STARRS photometry is saturated at just around the
brightness of our target (E. A. Magnier et al. 2013), so we use
SkyMapper Southern Survey photometry (C. A. Onken et al.
2024). The source is detected in the Two Micron All Sky Survey
(2MASS; M. F. Skrutskie et al. 2006) and in WISE (E. L. Wright
et al. 2010) data. The source is not in the All-Sky Akari Point
Source Catalog (H. Murakami et al. 2007) and is not covered by
Herschel data. There is clearly an infrared excess well above the
stellar photosphere, likely due to the presence of a circumstellar
dust disk. We subtract the best-fit photospheric contribution,
power-law interpolate between the observed fluxes between 2
and 24 pum, and integrate the total flux of the disk between these
wavelengths. Assuming that the emission from the disk is
isotropic (which is not necessarily a good assumption) and
multiplying the observed flux by 47d.} (where d, is the distance
to the star) we obtain a disk luminosity of Ly = 0.63 L.

A comparison of the infrared data with the best-fit optically
thick, geometrically thin dust disk model from M. Jura (2003) is
also shown in Figure 3. In this model, the dust disk absorbs
radiation from the star and reradiates it thermally in the infrared,
maintaining radiative equilibrium, which sets the temperature
distribution as a function of distance given by E. I. Chiang &
P. Goldreich (1997). No correction is applied for the size
distribution of particles, which is a key factor for predicting or
modeling longer-wavelength emission (P. Woitke et al. 2019).
The model parameters are cosi, the fraction of the area of the
disk seen in projection on the sky, the inner disk temperature,
the outer disk temperature, and the stellar parameters (temper-
ature and radius), which we fix to the best-fit photospheric
values for JO70540612. The data being fitted are the five
photometric points at A > 2 pm, with the stellar photosphere
presubtracted so as to represent just the thermal dust emission.
Using the best-fitting disk parameters, extrapolating to longer
wavelengths, and integrating the anisotropic emission over all

Zakamska et al.

viewing angles, we obtain a disk luminosity of Ly = 1.05 L.
The typical photometric uncertainty is 10%, the level of WISE
variability. Therefore, the main uncertainties in the derived disk
luminosity are the uncertain contribution of the coldest gas (not
well known due to a lack of observations at longer wavelengths)
and the uncertain degree of anisotropy.

Our best fit slightly overpredicts the shortest-wavelength
infrared emission and underpredicts the longest-wavelength
emission, although this could be due to known differences
between the approximations by M. Jura (2003) and E. I. Chiang
& P. Goldreich (1997) and the full radiative transfer solution
(R. R. Rafikov & F. De Colle 2006). The outer temperature is
poorly constrained by the existing data, with values T, < 150 K
yielding nearly identical fits. We have explored multicomponent
disks, but with only five data points these fits have a lot of
degeneracies. The main conclusions we draw from the fits to the
infrared part of the SED is that there is some evidence for both
hot dust near the sublimation temperature (900-1200 K) and
significantly colder dust, <150 K. The lack of longer-
wavelength data precludes us from drawing any conclusions
about colder dust or about the particle size distribution which can
be derived from the far-infrared /submillimeter slope of the SED
and which can inform us on whether the particles in this disk
have a size distribution which is different from that of the
interstellar dust (A. Banzatti et al. 2011).

We construct WISE W1 and W2 lightcurves using tools
described in H.-C. Hwang & N. L. Zakamska (2020) and find
that these fluxes vary at the 0.05—0.1 mag level with a broad
power spectrum of variability on timescales 2 1 day. This
variability appears to be statistically significant, in that the
observed power of variability is 1-2 orders of magnitude
above that constructed from mock fluxes consistent with
photometric uncertainties and above that constructed from
reshuffled data. Phase folding the WISE lightcurves at the low-
significance peaks in the power spectrum does not reveal any
periodicities. The WISE lightcurve does not cover the
occultation because WISE was decommissioned in 2024
August, before the beginning of the event. Preoccultation
Transiting Exoplanet Survey Satellite (TESS; G. R. Ricker
et al. 2015) and the Zwicky Transient Facility (E. C. Bellm
et al. 2019) lightcurves do not display any unusual or periodic
variability. The standard deviation of the preoccultation flux
seen in TESS (where the source ID is TIC 262032775) is 0.3%.
TESS also caught the source in the middle of the occultation in
late 2024, but the data are affected by scattered light, and
between that and the faintness of the target during the
occultation the lightcurve extraction is unreliable.

3. Observations during the Occultation

In this section we present photometric and spectroscopic
observations of J0705+0612 we obtained during the occulta-
tion, as well as the in-depth analysis of the most interesting
spectral features and the measurement of the extinction curve
during the dimming event.

3.1. Historic and Modern Lightcurve

In Figure 4 we show the lightcurve of the source over the
last 10 yr and over the last several months. ASAS-SN?’
(C. S. Kochanek et al. 2017) conducts forced photometry at the

25 Accessed using https://github.com/asas-sn/skypatrol.
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Figure 4. Top: the ASAS-SN lightcurve of J0705+0612 in the last 10 yr. Middle and bottom: zoom-in view of the last few months with a collection of follow-up
photometry. The black dashed line at MJD 60568 (2024 September 15) marks when the dimming becomes apparent in the lightcurve and the one at MJD 60822
(2025 May 27) marks the corresponding point of the egress. Teal lines mark our follow-up spectroscopy epochs.
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positions of targets brighter than a certain magnitude; their
pixels are 8" and their photometric extraction aperture radius is
2 pixels. Therefore, their photometry of dim sources can be
contaminated. Indeed, searching the Gaia archive within 16” of
our target, we find six sources other than our target, and
summing up their Gaia fluxes we find that they can
accommodate 16.5 mag worth of flux within the extraction
aperture. Therefore, the photometry from ASAS-SN in the dim
state is likely contaminated by nearby sources. ATLAS?
(J. L. Tonry et al. 2018; K. W. Smith et al. 2020) detects the
object in both orange (0) and cyan (c) bands at 16.5—17 mag
throughout the event. ATLAS pixels are 1.86, so the source
confusion for ATLAS is significantly less of a concern than for
ASAS-SN. Nonetheless, ATLAS fluxes can be contaminated
by a source 3” away from our target, which has a nominal
magnitude in Gaia of Ggp = 17.2 mag, but this source looks
much fainter than J07054-0612 in our follow-up acquisition
images and therefore it is unlikely to be a concern (perhaps its
Gaia photometry, which was obtained during the bright
state of JO705+0612, was unreliable). We also show the
American Association of Variable Star Observers (AAVSO;27
A. A. Henden et al. 2016; B. K. Kloppenborg 2025) multiband
photometry, although the uncertainty is higher than that of the
ATLAS data.

We carried out extensive multicolor photometric follow-up
of the eclipse through the the Black Hole Target Observation
Manager®® (BHTOM; P. Zieliriski et al. 2019; k.. Wyrzykowski
et al. 2020; J. Merc et al. 2025, and references therein) network
of telescopes. Observations presented here were obtained on
the subset of 12 telescopes involved in the network, with
diameters of 0.3—0.9 m.”” Compared to AAVSO photometry,
the scatter of the data points is significantly smaller, and near-
simultaneous multiband photometry is available, enabling
analysis of color evolution. Individual observers upload
reduced frames (with dark, flat, and bias corrections applied),
and photometric measurements are performed server-side.
These are standardized using Gaia synthetic photometry (Gaia
Collaboration et al. 2023; J. Merc et al. 2025) on either the
Johnson—Kron—Cousins system U, B, V, R, and [, or the Sloan
Digital Sky Survey system u, g, r, i, and z.

As the source set earlier and earlier during the night, it
became observable only for short periods in the evening hours,
and the last ATLAS photometry available is from 2025 May
16. AAVSO and BHTOM have been able to continue
observing the object in the second half of May and
demonstrated a clear egress toward a bright state, with the
last available observation from 2025 June 4 (AAVSO) and
2025 June 6 (BHTOM). The source will become increasingly
observable again in 2025 September. We take the full event to
have lasted 254 days between 2024 September 15 and 2024
May 27, marked by vertical dashed lines in Figure 4.

The best-sampled band is BHTOM R, with 609 data points.
Even an axisymmetric structure can produce asymmetric
occultations depending on its impact parameter (E. L. Scott
et al. 2014; S. Rappaport et al. 2019; T. H. Pramono et al.
2024), but the lightcurve of J0705+0612 looks quite
symmetric, with a formal parabolic fit to BHTOM R
photometry yielding a minimum at MJD 60700, <10 days

26 Accessed using https://fallingstar-data.com /forcedphot /.
%7 Accessed using https: //apps.aavso.org/v2/data/search/photometry/.
28
https:/ /bhtom.space
29 Details available at https://bhtom.space/public/targets /ASASSN-24fw.
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Figure 5. Before, during, and after eclipse 280" x 280" snapshots from
DASCH photographic plates. Top row: 1937 eclipse, bottom row: 1981
eclipse. For visual comparison, in addition to the target (J07054+0612) we
mark two stars of brightness similar to J0705+0612, source a
(Gaia DR3 3152915773802913792, G = 13.01 mag, BP — RP = 0.70 mag)
and source b (Gaia DR33152917212612801536, G =1243 mag,
BP — RP =1.32 mag). The bluer source a appears brighter on the
photographic plates.

after the midpoint of the eclipse estimated from 2024
September 15 and 2025 May 27, the start and end dates. If
we force the parabolic fit to be symmetric, the residuals are at
the 0.1 mag level, with the first half of the eclipse slightly
brighter and the second half of the eclipse slightly fainter. This
slight asymmetry can be seen from the dark points in Figure 4,
top. We further examine residuals from the best-fit parabolic fit
to the eclipse, measure their power spectrum of variability, and
compare to the power spectrum of reshuffled residuals and
mock data drawn from the nominal reported photometric error.
We do not find statistically significant variability relative to the
best-fit smooth parabolic fit to the eclipse. Finally we split the
lightcurve into two equal parts, time reverse the second part,
and analyze the cross correlation of the two chunks in search
for any features like rings of gaps that would repeat after the
midpoint. We find no statistically significant cross-correlation
signals.

A couple of months after the start of the dimming event in
JO705+0612, V. R. B. Nair & D. Denisenko (2024) conducted
an analysis of lightcurves from the Digital Access to a Sky
Century at Harvard (DASCH) archive (S. Laycock et al. 2010).
They reported two earlier dimming events, one in 1937 and
one in 1981, calculated the period to be 16,000 days, and
predicted the end of eclipse in end of 2025 May (which turned
out to be in excellent agreement with what was later observed
by modern telescopes). We reanalyze the DASCH archive and
confirm the findings of V. R. B. Nair & D. Denisenko (2024)
that J07054-0612 was much fainter during two previous
epochs in 1937 and 1981. The 1937 ingress was caught by two
plate observations, the last one at roughly 1.2 mag below the
source’s normal flux level. We show the in-eclipse and out-of-
eclipse images from DASCH in Figure 5 to illustrate the data
used to derive the DASCH upper limits. With these upper
limits, our best period determination is P = 15,999 + 2 days.
The high precision is largely thanks to the recorded ingress in
1937. The phase-folded lightcurve is shown in Figure 6. The
DASCH data are not sensitive enough to determine whether
the shapes of the historic eclipses are the same as the one in
2024—-2025. There is no evidence that the eclipse has varied in
duration. Specifically, all of the DASCH points at the phases
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Figure 6. Historic (DASCH, including upper limits) and modern lightcurves
phase folded at P = 15,999 days. The 1937 ingress was captured by one data
point, enabling a high-precision period determination. Triangles mark DASCH
upper limits.

where the object is expected to be in the occultation are upper
limits, i.e., there are no detections. Outside of the occultation
and within the phase range shown in Figure 6, there is only one
upper limit (from 1937) that has a stated value of >13.7 mag,
but the object is detected at 13.2 mag in five exposures within
410 days of this upper limit. It is thus more likely that this
upper limit in the unocculted phase is due to the overestimated
sensitivity of the images rather than a true disappearance and
reappearance of the source.

We further investigate whether shorter periods (P/2, P/3, or
P/5) could be viable alternatives. P/2 cannot be ruled out
solely by DASCH, as there are no measurements at the
expected eclipse phase, but fortunately the All-Sky Automated
Survey (ASAS; G. Pojmanski 1997) data cover exactly the
needed time period and show no eclipse 8000 days prior to
the current one. Likewise, no eclipse is seen 5333 days before
the present—DASCH and ASAS data show the star at normal
brightness during those times, ruling out P/3. P/4 (or any
other even integer) is ruled out since P/2 is excluded, and P/5
(or any shorter period) is inconsistent with modern survey
data, e.g., ATLAS.

3.2. Follow-up Spectroscopy

We obtained five epochs of follow-up spectroscopy during
the dimming event. The first three (2024 November 23, 2024
December 4, and 2024 December 22) at spectral resolution
R ~ 2000 were obtained using the 3.5m telescope at the
Apache Point Observatory (APO). On 2024 November 23—24
(second half of the night) we obtained 75 minutes (on-source
time) of optical spectroscopy using KOSMOS blue (3780
—6600 A) and 60 mmutes of red (5500—9630 A) observations
with a slit width of 1718 with the position angle of the slit
set along the parallactic direction. The acquisition images were
manually checked against the positions of all Gaia sources in
the field to ensure that the correct target was acquired. As it
was cloudy and the airmass of the standard star (G 191-B2A)
was not well matched to the airmass of the target, we do not
attempt to calibrate these data spectrophotometrically. Arcs
were obtained regularly throughout the night, so the data are as
wavelength calibrated as is possible. The seeing was 1.0—1.3,

On 2024 December 4-5, (second half of the night) we
obtained 120 minutes of KOSMOS blue observations with a
slit width of 0°73 and the slit set to the parallactic angle, but
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the seeing worsened appreciably during the night from 1.4 to
2'3, and the highest signal-to-noise ratio combined spectrum
results from the first 45 minutes of observations. The nearby
AOV star HD 52377 was observed immediately after the
scientifically useful 45 minute exposure, and G 191-B2A
(significantly more distant on the sky from the target) was
observed toward the end of the run.

On 2024 December 22-23 (second half of the night) we
obtained 112 minutes (on-source time) of near-infrared
spectroscopy with TripleSpec (slit width of 171) and 45 minutes
of KOSMOS red (slit width of 0.73) observations with slits at
the parallactic angle. The seeing was 0.8, worsening somewhat
toward the end of the KOSMOS red observations. The nearby
AQV star HD 54102 was observed in both setups close in time
to the science observations, and the more distant Feige 34 was
observed at the end of KOSMOS red observations. All data
reductions are performed using standard IRAF routines. All
wavelength calibrations are corrected for the Earth’s motion to
the solar system barycenter, and all fits are to models in air
wavelengths.

The most obvious finding from the KOSMOS spectroscopy is
that of a deep NaD absorption, with equivalent widths
(EWs) of the D, (5889.950 A) and D, (5895. 924 A) lines of
EW, = 1.0 = 0.2A and EW, = 0.8 &+ 02A, significantly
above that expected from the stellar photosphere
(EW, = 0. 36 A and EW, = 0.31 A) and from interstellar
contribution, given the relatively low extinction values inferred
from stellar model fits to the preoccultation photometry and
Gaia low-resolution spectroscopy. We also see tentative
evidence for CaH and K (Call 3934 A 3968 A doublet)
emission as excess over the photospheric fits, and the EW of the
Ha absorption line is significantly smaller than that of the
photospheric models, suggesting that it is filled with emission.

We therefore obtained a higher resolution R ~ 4000, higher
signal-to-noise ratio Magellan spectrum with MagE on 2025
February 3. We used an 0785 slit and spent 1 hr on-source in
four 15 minute exposures during the evening hours of the
February 3—4 night. After the first two exposures we nodded to
the nearby AOV star HD 54102, observed as a flux and
additional RV calibrator. All observations were made at the
parallactic angle. Arcs were observed multiple times through-
out the sequence. Data reductions were conducted using Pypelt
(J. Prochaska et al. 2020; J. X. Prochaska et al. 2020) v.16.1
and moved onto the heliocentric air wavelength grid using
D. C. Morton (1991). The most important findings from this
observation include a clear detection of Ha emission,
blueshifted relative to the stellar photospheric absorption
lines, complex kinematic structure within the Na D absorption,
with multiple kinematic components apparent, and tentative
evidence for CaH and K emission.

To probe the complex kinematic structure within the Na D
absorption we requested Director’s Discretionary Time on
Gemini-South (GS-2025A-DD-104, PI: N. L. Zakamska)
with the new Gemini High-resolution Optical Spectrograph
(GHOST, V. M. Kalari et al. 2024; A. W. McConnachie et al.
2024). The data were obtained on 2025 March 5 and reduced
using the GHOST pipeline (V. M. Placco et al. 2024). We used
2 x 2 spectral and spatial binning resulting in a resolution of
R ~ 28,000. The GHOST integral-field unit aperture is 1.2 on
a side, whereas the nearest source to our target seen in
acquisition images and in Gaia is 3” away, so there are no
concerns of contamination by unrelated sources. The source
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was observed over nine exposures, 900 s each, for a total on-
source time of 2.25 hr. The seeing varied between 0.5 and 0.6,
and the peak signal-to-noise ratio of the data was 60 (measured
in the linefree and telluricfree region around 6700 A)

We use two BOSZ (S. Mészaros et al. 2020) templates,30
one closest to our best-fit solution with T, = 6500K,
logg = 4.0, and [Fe/H]=0.0 dex (hereafter, the high-
metallicity BOSZ template) and one closest to the GSP-Phot
solution with Ty = 6750 K, logg = 4.0, and [Fe/H] =
—0.5 dex (low-metallicity BOSZ template). We use templates
with R =2000, 5000, and 20,000 for modeling the APO,
Magellan, and Gemini spectra, respectively. We fit several
prominent absorption features in the BOSZ templates (such as
NaD) to verify that in the optical range they are on the air
wavelength grid. We then verify that the RVs of the stellar
photospheric features seen in the GHOST spectrum are
consistent with the Gaia value, and from then on we redshift
the BOSZ templates by the Gaia value of the RV in all spectral
plots and modeling.

None of the optical spectra are explicitly corrected for telluric
absorption. To identify telluric features of concern for any
scientific applications, we use the set of telluric opacity curves
telfit maunakea 3100 26100 r20000.fits from
the Pypelt distribution (J. Prochaska et al. 2020) corrected to
air wavelengths and to the heliocentric frame. We find that
individual molecular absorption features in the red part of the
spectrum line up perfectly with those seen in the GHOST data,
so the velocities are well calibrated. For example, in the
wavelength range 6880— 6920 A, where there are 18 strong
well-separated telluric features and relatively weak stellar
photospheric features, the velocity offset between the data
and the telluric template is 0.05 & 0.11 km s '. From these
fits we obtain the spectral resolution of the GHOST data,
o, = 3.8 km s_l, assuming that it dominates the observed
widths of the telluric features. We show the telluric template
with the strongest absorption on all figures to guide the eye. For
example, for the wavelength range around the Na D absorption,
there are identifiable telluric features with a peak strength of a
few percent of the continuum, comparable to the rms noise in
the data. They affect the x* of the fits but not any scientific
conclusions. In the red part of the spectrum telluric absorption
reaches optically thick levels, and we avoid using any features
in this part of the spectrum.

Because of the superb quality of the GHOST data, in what
follows we primarily present the results of this observation.
The other spectroscopic epochs provide important information
on the variability of the observed features throughout the
dimming event, so we discuss the comparison between the
GHOST observation and the previous observations as needed.

The GHOST spectrum, though impacted by the occulter,
offers information on the stellar photosphere. Photospheric
absorption lines can be contaminated by gas absorption and
gas emission described below and by the faint binary
companion. We select 17 relatively strong (peak amplitude
relative to the continuum flux density of 0.3 or above), isolated
(no other strong lines in the BOSZ template within 1 A)
absorption lines with no signs of gaseous emission and toward
the blue part of the spectrum where the contamination
from telluric absorption and from the putative low-mass
companion is negligible. When fitted with Gaussians, their

30 https:/ /archive.stsci.edu /hlsp/bosz
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velocity dispersion is o, = 15 + 3 km s~ (mean and sample
standard deviation), so they are spectrally resolved in the
GHOST spectrum. We then fit them as an ensemble with the
stellar rotational profile from C. G. Diaz et al. (2011) and
obtain v, sini = 32 + 3 kms~!, consistent with the inferred
mass and age of J07054+0612 (L. Amard et al. 2019). Given
the quality of the data, there is no statistical preference
between the Gaussian and C. G. Diaz et al. (2011) rotational
profiles, nor any need for more complex blended profiles
(K. Hoadley et al. 2020). In what follows we explicitly state
when the templates have been rotationally broadened using
Gaussian broadening.

The LiI 6707.76 A, 6707.91 A doublet can serve as an
indicator of stellar youth, as primordial lithium is easily
destroyed by proton captures in the convective envelope of a
newly formed star and is not replenished by stellar nuclear
reactions (J. R. Stauffer et al. 1998). No Lil absorption is
apparent in the GHOST spectrum of J0705+0612. To obtain a
formal upper limit, we fix the velocity centroids of the features
to the value expected for the Gaia RV and the velocity
dispersion to o, = 15 km s~ ' as calculated above. We obtain a
nominal 30 upper limit on the total EW of the lithium doublet
of 54 mA. Examining spectral features with similar wave-
lengths demonstrates that 50 mA absorption lines are quite
easily seen in the spectrum, so it is likely that the upper limit is
conservative and LiI with EW =30 mA would have been at
least tentatively seen, and it is not. An upper limit of
EW = 30-50 mA implies a lower limit of 130 Myr for a star
with an effective temperature of 6500 K (R. D. Jeffries et al.
2023, at the edge of their available temperature grid).
M. L. Gutiérrez Albarrédn et al. (2024) demonstrate that all
open cluster stars at Ty = 6500 K with EW =30 mA and
below have ages of several hundred megayears. Although for
relatively hot F stars there is no one-to-one relationship
between age and Li I EW (D. R. Soderblom 2010), these recent
models and data suggest that J07054-0612 is not a young star.

3.3. Sodium Absorption

All follow-up spectra show deep NalID absorption,
inconsistent with the stellar photosphere, indicating that there
is a large column density of neutral gas in front of the star. The
observed GHOST spectrum of the NaID doublet (pink and
purple), the observed spectrum corrected for the photospheric
contribution (dark blue), and the fit comprised of multiple
Gaussian components (thick gray line) are shown in Figures 7
and 8. In this modeling, we assume that the observed spectrum,
when normalized to have local continuum = 1, is described by

Fopsy = th,)\exp(f'rocc()\))’ (1

where Fpy, » is the photospheric spectrum before it is affected
by the gas absorption and 7,..(}\) is the opacity due to the
occulter. Therefore, to derive the gas opacity in the occulter we
must first determine the underlying photospheric spectrum. We
correct for the photospheric contribution to NaID using a
variety of methods. We extract NaID photospheric opacities
from the BOSZ templates over the wavelength of interest by
fitting single-Gaussian profiles to them and then rotationally
broaden them either using a Gaussian profile or the C. G. Diaz
et al. (2011) profile with the parameters derived in Section 3.2.
In this rotationally broadened model spectrum Fp, 5, we either
match the EWs of Na1D lines to those of the BOSZ templates
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Figure 7. Top: the GHOST spectrum around the Na D A\5889.950, 5895.924
doublet in the heliocentric frame, with the stellar photosphere divided out. The
thick gray line shows a three-Gaussian fit. Middle: nine individual 15 minute
spectra (pink) and the mean-combined spectrum (blue) normalized to be one in
the continuum as observed, including the stellar photosphere. Solid cyan line
shows the rotationally broadened BOSZ template shifted to the stellar frame
based on the Gaia RV, excluding the Nil 5892.88 A line not seen in our
source. Bottom gray curve shows a telluric absorption template to demonstrate
which of the small features in the observed spectrum could be telluric. The
solid orange vertical line shows centroid of the photospheric absorption lines
expected based on the Gaia RV, and the orange dashed line shows the centroid
of the metal emission lines.

F'\. continuum norm.

Gaia RV
0.25+4 em. lines
— obs./photo.
Na D fit
0.00+ components
0 100

velocity, km/sec

Figure 8. The individual kinematic components of 7,..(A) (light blue) and the
overall fit (thick gray) to the photosphere-corrected Na D A5889.950 line in
the GHOST spectrum as a function of heliocentric velocity. As in other
figures, the solid orange vertical line shows the centroid of the photospheric
absorption lines expected at the Gaia RV, and the orange dashed line shows
the centroid of the metal emission lines.

or the wavelength-integrated opacities. The differences in
these methods do not alter the final measured EWs of NaID
by more than 5%. The top curve in Figure 7 shows the result of
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this procedure, i.e., Fops/Fpn,n» Which should be just the
result of absorption by sodium in the occulter.

Having corrected for photospheric absorption, we then fit
the NaD wavelength-dependent opacity 7,..(\) due to the
occulter with two or three Gaussian components. We restrict
both lines within the Na D doublet to have the same kinematic
substructure—i.e., we require that the centroid velocities and
the velocity dispersions of all Gaussians are the same for both
lines, but we do not require their amplitudes to be fixed at any
particular ratio. The Gaussian functions do not necessarily
represent the true underlying kinematics of the gas, plus the fit
has some sensitivity to the initial parameters, to the assumed
bounds on the parameters, to the exact procedure for
photospheric correction, and to the choice of procedure for
continuum normalization, but some salient features of the fit
are quite robust. In particular, the fit with three components is
significantly better than with two in all cases that we tried. The
narrowest component (o = 4.5 km s ' and v; = 10 km s,
i.e., offset by —27 km s~ ' from the systemic velocity of the
star) is spectrally unresolved at the GHOST resolution. Its
dispersion and centroid vary by only 1 km s~' depending on
the photospheric correction and any other assumptions.
The second-narrowest component is also significantly blue-
shifted compared to the systemic velocity of the star
(0, = 10-13 km s~ ! and v, = 10-12 km s~ ). These two
components account for 40% each of the integrated opacity of
the Na D absorption. The broadest component (the remaining
20%) is less robust to the exact assumptions of the fitting
model (03 = 40-55 km s~ ! and v3 = 55-75 km s/, ie.,
redshifted by 20-40 km s~ ' relative to the systemic velocity),
but is nonetheless required in all fits (in a typical case, the
reduced x” decreases from 2.6 to 1.6). Importantly, the
Magellan MagE spectrum, while it does not have a high
enough resolution to separate the two narrowest components,
shows the same overall kinematic structure of the NaD lines,
with a clear redshifted wing accompanying a stronger blue-
shifted component.

The ratio of the velocity-integrated opacity of Nal D,
(5889.950 A) to that of D, (5895.924 A) is 1.7—1.9, close to
the quantum-mechanical value of 2:1. The overall EWs of
absorption (excluding the photospheric component) for the fit
shown in Figures 7 and 8 are EW, = 0.74 + 0.07 A and
EW, = 0.50 £ 0.05 A. The uncertainties are dominated by
which wavelength ranges are chosen to normalize the overall
shape of the continuum. The results shown in Figure 7 are
from median averaging the observed flux densities at
wavelengths of 5878-5880 A and 5906-5908 A, linearly
interpolating between these values, and dividing the spectrum
by this interpolated continuum.

An important question is whether any of the kinematic
components of NaD can be due to intervening Galactic gas,
especially the narrowest component, which is spectrally
unresolved in the GHOST spectrum. The EWs of this
component alone are 0.13-0.16 A and 0.05-0.11 A (depending
on the fitting method and photospheric correction) for D, and
D,, respectively. The fractional errors on the opacities of
individual components of the fit are significantly higher
than those on the overall EWs due to degeneracies
between components, but the narrow component is required
in all fits we have tried, and within the uncertainties the ratio of
opacities of narrow D, to narrow D; is consistent with the
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quantum-mechanical value of 2:1. According to the relation-
ships of D. Poznanski et al. (2012) and M. Murga et al. (2015),
such EWs can arise in the interstellar medium (ISM), which
produces an extinction value E(B — V) ~ 0.05 mag, or
Ay ~ 0.15 mag. The extinction values derived from the
preoccultation Gaia data for our target range between Ay = 0
and 0.19 mag depending on the exact fitting approach (our best
fitis Ay = 0.16 mag), so the narrowest component may arise in
the intervening ISM between us and J07054-0612, and
this would be consistent with the (uncertain) reddening
measurement.

However, the kinematics of the narrowest component is
somewhat inconsistent with the expected Galactic rotational
motion of the interstellar gas along the line of sight to JO705
+0612. When we look in the direction of J07054-0612
(I ~ 210°) from the location of the Sun, we find that the
Galactic rotation curve results in a net redshift of all objects
along the line of sight as is apparent in the Gaia RV map of the
Galaxy (D. Katz et al. 2023). In addition to the Galactic
rotation, we need to account for the peculiar motion of the Sun
relative to the local standard of rest. With the best available
values of U, = 11.1 km s~ ! (toward the center of the Galaxy)
and V. = 12.2 km s ! (faster than the local rotation curve;
R. Schonrich et al. 2010), the Sun’s motion is essentially
antiparallel to the direction toward J07054-0612, and therefore
the minimal redshift of the interstellar gas that follows
Galactic rotation is expected to be 15.6 km s~!. more than
the observed redshift of the narrow components of 10 km s~
While this difference in velocity does not completely rule out
interstellar Na D absorption, in what follows we proceed with
the assumption that none of the observed NaD absorption
structure is due to the intervening ISM.

Debris disks with cold gas (CO) detections commonly show
CallH and K and NaID absorption in their spectra (D. Igle-
sias et al. 2018; 1. Rebollido et al. 2018), likely due to hot gas
in the vicinity of the star where it may have been generated
during the photoevaporation of solid by-products of planet
formation (E. Choquet et al. 2017). The EW of the resulting
absorption is 1-2 orders of magnitude below that seen in JO705
+0612 (I. Rebollido et al. 2018), but the circumstellar disk in
JO705+0612 is also significantly more luminous than theirs. In
what follows we assume that NaD is associated with the
occulter rather than in the circumstellar material. Both the
interstellar absorption and the circumstellar absorption should
still be there after the occultation has concluded. Therefore,
our assumption about the origin of the NaID absorption being
exclusively in the occulter can be tested by a high-resolution
postoccultation spectrum, which can be obtained after the
source is visible again in fall 2025.

R. Forés-Toribio et al. (2025) analyze the SED of JO705
40612 during the occultation and hypothesize that the near-
infrared excess may be due to an M dwarf companion, which
contributes ~20% of the flux at 1 ym. Their analysis provides
the current best upper limit on the luminosity of the companion
if some of the near-infrared emission seen during the dimming
is due to hot dust. Taking a BOSZ template with T.¢ = 3500 K
and normalizing it to the maximum value allowed by their
SED analysis, we find that during the occultation the
companion contributes ~1% of flux at the wavelength of
NaD, with a similar EW. Therefore if the companion is
kinematically offset from the brighter star it may alter the
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Figure 9. Balmer series lines Ha, HB, and Hy as seen by GHOST compared
with the low-metallicity BOSZ templates. The bottom curve shows Ha after
subtraction of the BOSZ template and a two-Gaussian fit to the emission
profile. No rotational broadening was applied to the template as these lines are
intrinsically broad.

measured kinematics of NaD at the 1% level but not
qualitatively change our results.

3.4. Hydrogen Emission

In the GHOST spectrum, Ha line shows broad (~200 km s_l)
emission, which has a net blueshift relative to the star of
~50 km s~ ' and an asymmetric velocity profile displaying
blue excess (Figure 9). There is some evidence for small
amounts of HG emission only detectable in the deviations of
the observed velocity profile of HG from that in the BOSZ
template (Figure 9). There is no evidence for emission in the
higher-order Balmer lines.

A two-Gaussian fit to Ha yields an EW measurement of
EW(Hao) =1.98 £+ 0.02 A (statistical fitting uncertainty only).
Since the line is blended, with no obvious individual
components, the individual parameters of the fit—such as the
Gaussian centroids and dispersions—are degenerate with one
another, but the overall EW is quite robust, with alternative
fitting models yielding the same value. The net flux-weighted
velocity centroid is at —19 + 3 km s~ ' from the heliocentric
frame, or at —56 + 4 km s~ with respect to the stellar frame.
A single-Gaussian fit yields an effective velocity dispersion of
84 kms ™.

The TripleSpec near-infrared observation in the third
spectroscopic epoch does provide additional information,
which is that emission-line excess is detected in Pa(, Pavy,
and Pa¢, i.e., all strong hydrogen lines that fall into the J band
that are not affected by telluric absorption. To slightly improve
the signal-to-noise ratio, in Figure 10 we show the stacked line
profile for these three lines from the TripleSpec data in
comparison with the similarly stacked BOSZ model; the
velocity scale is heliocentric as in all other figures. The
kinematics of this profile is consistent with that seen in the
Ha line.
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Figure 10. Stacked and continuum-normalized data and BOSZ low-metallicity
template for the Pas, Pay, and Paé lines in the APO TripleSpec data. All show
emission-line excess individually.

The photospheric fitting, lithium nondetection, and Galactic
kinematics suggest that J0705+0612 is over 2 Gyr old, yet it
has both an infrared excess and Ha emission. Strong Ha
emission is commonly seen in young stellar objects with a
diversity of shapes, which is due to optical depth effects and
the geometry of the stellar gas accretion and winds. In the atlas
of high-resolution spectra of Ha in young stellar objects by
B. Reipurth et al. (1996), the shape of Ha in J0705+40612
would be characterized as type IV-R (one-sided blue excess
with the red part of the photospheric absorption line profile
visible), and a handful of objects in their catalog display such a
shape. The width of Ha in JO705+0612 is well within the
range of velocity widths seen in young stellar objects and well
within the critical rotational velocity of the star, ~370 km s~ ".
What is clearly different in JO705+0612 is the strength of Ha:
the median EW in the B. Reipurth et al. (1996) sample is 35 A,
and the distribution extends to hundreds of angstroms. The
relative paucity of Ha emission in JO7054-0612 is consistent
with it being significantly older than the sources in B. Reipurth
et al. (1996). Stars which host debris disks do not always show
Ha emission (T. Currie et al. 2008). The EWs of a few
angstroms— similar to that seen in J0705+0612—are indeed
typical, though unlike JO705+0612 the stars themselves still
often show additional signs of youth, e.g., strong reddening
due to circumstellar dust (T. Currie et al. 2008).

A putative M dwarf companion described by
R. Forés-Toribio et al. (2025) would contribute ~3% of
the continuum flux around Ha and up to ~30% of the
continuum flux around Paf, but would not have hydrogen
absorption in its spectrum, so its effect would be to reduce
the EW of the stellar photospheric absorption features
somewhat, and therefore our measurement of the EW of
emission can be underestimated.

A blueshifted, broad Ha emission is seen in all of our
five epochs of spectroscopy with some variability, with
EW=14 4 0.3 A in_the APOI data, 1.2 & 0.2A in the
APO2 data, 2.3 + 0.4 A in the APO3 data, and 1.8 £ 0.2 A in
the Magellan data. The velocity centroids are consistent
with the GHOST value within their respective uncertainties.
But a by-eye examination of the spectra presented by
R. Forés-Toribio et al. (2025) reveal a possibility of much
more dramatic variability, with Ho emission barely, if at all,
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detected in their 2024 October spectrum, and the shape of
Paschen lines appearing to change between the two epochs of
their observation. This possible variability will need to be
taken into account in any interpretation of the postoccultation
spectra.

In what follows we assume that the Ha emission is due to
circumstellar activity, e.g., magnetospheric accretion onto the
F star. This assumption can be tested using postoccultation
spectroscopy: if the emission originates close to the star on
scales much smaller than the occulter, it should still be there
with the same EW. If the emission is on the same scale as the
occulter, it may emerge with different kinematics (J. Budaj
et al. 2005), and if it originates in the occulter itself it would
retain the kinematics, but appear with a much lower EW. The
velocity width of Ha observed in J0705+0612 is about twice
that of the Ha emission seen in low-mass T Tauri stars
(R. J. White & G. Basri 2003). Furthermore, if the Ha
emission were associated with the putative M dwarf
companion, then its intrinsic EW (undiluted by the light from
the F star) would be 60 A, in the upper 20% for such stars
(R. J. White & G. Basri 2003). While these two arguments do
not completely rule out the possibility that hydrogen emission
is associated with the occulter, they do make it somewhat
unlikely.

3.5. Metal Emission

There are some hints of Ca H and K emission in KOSMOS
and Magellan spectra, detectable only as a subtle excess over
the BOSZ templates overplotted on the spectra at a matched
spectral resolution. While GHOST data over Ca H and K are of
too low signal-to-noise ratio for a definitive measurement, a
striking new ﬁnding in the GHOST spectra is that of a couple
of dozen metal emission lines (Flgure 11). We split the entire
GHOST spectrum into 1000 km s~ ' chunks with comparison
telluric and BOSZ templates overplotted and we systematically
examine all of them by eye. Neither the low-metallicity BOSZ
template nor the high-metallicity one faithfully represents the
EWSs of many of the stellar photospheric features. In general
the low-metallicity, higher-temperature BOSZ template shows
lower EWs of absorption features, which are in better
agreement with the data, but for example Call infrared triplet
lines (the Ca Il 8492 A, 8542 A, and 8662 A triplet) are much
better represented by the high-metallicity, lower-temperature
BOSZ template. It is possible that there are abundance patterns
not captured by the [Fe/H] metallicity indicator. Abundances
of individual elements, stellar rotation that broadens the
features compared to the template, and the emission that fills in
the stellar absorption features are challenging to disentangle.
In what follows, we explicitly state which templates are used
in the figures.

We make a list of confident and tentative emission-line
detections. We then fit each feature with two Gaussians, one to
account for the emission and one to account for the stellar
photospheric absorption, and we obtain the wavelength of each
emission line. We then examine NIST within 0.3 A (which is
15 km s~ ! at 6000 A) of each measured line centroid and find
the best identification, preferring a close wavelength match,
common elements with relatively low-energy upper states, and
higher transition probabilities when in doubt.

The EWs of the features shown in Figure 11 range between
0.03 A (for MgT 4571 A) to 1.3 A (for Call 8542 A). All
emission lines have kinematics similar to each other: the mean
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Figure 11. All metal emission lines in the GHOST spectrum with confident NIST identifications, organized from shortest to longest wavelengths. The observed
spectrum is shown in the heliocentric frame. Comparison BOSZ low-metallicity templates (cyan) are shown shifted by the Gaia RV of 37 km s~ ' and with no
rotational broadening applied. Telluric templates are shown in gray for comparison. Solid orange line shows the systemic velocity of the star (37 km s~ ') and dashed
orange line shows the typical velocity centroid of the metal emission lines (10 km s~ ).

centroid velocity is 10.7 km s~ ' with a standard deviation

within the sample of 21 lines of only 1.7 km s™'. The fitted
velocity dispersions range between 4 and 8 km s~ ', with most
values around 5 km s_l, i.e., close to the limit of the GHOST
resolution. The kinematics of the metal emission lines is
similar to that of the narrow components of Na D absorption,
suggesting a common origin.

K. Moto’oka & Y. Itoh (2013) present a high-resolution
study of the Call triplet in young stellar objects, transitional
disks, and young main-sequence stars. Their sample shows
Call 8542 A emission with EWs up to an order of magnitude
above that seen in J0705+0612. On average, the EW of
emission declines as a function of the evolutionary stage, so it
is not out of question that Ca II emission of the strength seen in
JO705+0612 could originate in the inner regions of the
circumstellar disk, especially given that there are other
indications of gas presence in the inner circumstellar disk
(i.e., Ha). The net velocity offset between the Call emission
and the stellar photosphere seen in our source—blueshifted by
27 km s~ '—is on the high end of the distribution of RVs seen
by K. Moto’oka & Y. Itoh (2013), but not unprecendented.
What is strikingly different about J07054-0612 compared to
the young and transitional stellar objects in their sample is the
velocity dispersion: their measured median velocity dispersion
is ~45 km sfl, with the lowest value of 23 km s~ (their
spectral resolution is higher than ours). These values make

sense for gas that probes circumstellar dynamics. In
contrast, the emission peaks in J07054+0612 seen in
Figure 11 have a velocity dispersion of <10 km s~ ' and

some are spectrally unresolved even at the spectral resolution
of GHOST (~4 km s "). . . .
Ca triplet lines (Call 8498.02 A, 8542.13 A, and 8662.14 A)
in the stellar photosphere are significantly broader than other
lines, so the wings of absorption that likely originate in the
stellar photosphere are more straightforward to identify. This

12

makes it possible to look closer into the kinematic structure of
the emission. The photospheric absorption is noticeably deeper
than what is suggested by the low-metallicity template
(Figure 11), therefore we try the high-metallicity BOSZ
template, which represents the absorption wings much better,
as shown in Figure 12. Applying a ¢, = 15 km s~ ' rotational
broadening to the template and subtracting it, we find that
calcium emission potentially has a much broader kinematic
structure than just the obvious emission-line peak. The exact
shape can range from double peaked (Call 8498.02 A) to red
winged (Call 8662.14 A). The latter profile is narrower than,
but reminiscent of, the kinematic structure of NaID, further
reinforcing the idea that the metal emission and NaD
absorption originate in the same material. The template-
subtracted emission is sensitive to the exact template chosen,
so the double-peaked Ca finding remains speculative.

3.6. Extinction Curve

As seen in the AAVSO data in Figure 4, in the dimmest part
of the lightcurve the I-band points are above the V-band points,
but during the egress all points come close to being on top of
each other, suggesting that the object was redder during the
dimmest parts of the eclipse than during the brighter parts of
the egress. We bin the lightcurve into temporal bins of variable
duration depending on the rate of the evolution (smaller bins
for egress and longer bins for the dimmer part of the curve),
median average the photometry within these bins, and find that
V — I ranges between 0.75-0.85 mag at V =~ 17 mag (eclipse)
and 0.45-0.55 mag at V = 14 mag (egress). Qualitatively this
trend is consistent with dust extinction which is stronger at
shorter wavelengths than at longer wavelengths, as in typical
ISM dust.

To evaluate the extinction curve quantitatively, we median
average all the AAVSO and ATLAS photometric data points



THE ASTRONOMICAL JOURNAL, 171:95 (21pp), 2026 February

5
Call 8498.02
Call 8542.13
Call 8G62.14
telluric
BOSYZ w /rot.
BOSZ

Gaia RV
metal em,

Qo

]
L

I

F\., continuum-normalized and offset

—

—100 0 100 200

velocity, km/sec

—9200

Figure 12. Calcium triplet in the GHOST spectrum shown with the high-
metallicity BOSZ template (dashed line without rotational broadening applied
and solid line with rotational broadening), with dashed lines showing the
original data and solid lines showing net calcium emission with the template
subtracted. The broad absorption wings of calcium are better represented by
the high-metallicity BOSZ template than by the low-metallicity one shown in
Figure 11.

during the dim part of the lightcurve. Multicolor observations
with the same set of filters are not available outside of the
event, therefore we compute the synthetic photometry from
the BOSZ templates (the conclusions do not meaningfully
change depending on whether we use the low-metallicity or
the high-metallicity template) and the filter curves tabulated in
J. L. Tonry et al. (2018) for the ATLAS orange and cyan
bands, and by the Spanish Virtual Observatory (C. Rodrigo
et al. 2012, 2024; C. Rodrigo & E. Solano 2020) for the
AAVSO Johnson bands. Comparison of the observed colors
during the dimmest part of the eclipse and the synthetic colors
expected for JO7054-0612 outside of the eclipse reveals the
extinction curve shown in Figure 13.

On the second and third nights of APO observations, we
attempted to spectrophotometrically calibrate our data by
observing a nearby standard star close in time to the scientific
observations and by placing the slit at the parallactic angle to
minimize slit losses due to atmospheric refraction. The
conditions were not photometric as the seeing was quite
variable on both occasions. For example, for the second APO
epoch the nominal flux through the slit for the standard star
observation varied by 65% even over the span of short
exposures, but the relative spectrophotometry of that same star
was in agreement to a few percent. As both epochs were within
the deepest parts of the eclipse, we extract the extinction curve
directly from our spectroscopic observations for comparison
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Figure 13. Reddening (relative to the synthetic stellar colors preoccultation
calculated using high-metallicity BOSZ template) as a function of wavelength;
the vertical axis is identical to Az — A(M). It is calculated based on the median
photometry between MJD 60650 and 60750, during the dimmest stretch of the
event, and based on epochs 2 and 3 of APO spectroscopy. Spectroscopic data
for KOSMOS red and Triplespec are arbitrarily offset in the vertical direction
to stitch with the shorter wavelength because absolute photometry is
unavailable. KOSMOS blue is anchored by the value in the B band (i.e.,
Ap — A()) directly measured from the spectrum is shown).

with photometry. For the KOSMOS data, we calculate

@

A\ = —2.5 x log, (FA(ObS)SA(model)).

F\(model) S (obs)

Here F,(obs) is the observed spectrum of the target, F',(model)
is its preoccultation BOSZ spectrum, and S, are the corresp-
onding values for the nearby standard star. This expression can
be applied to both the flux-calibrated and flux-uncalibrated
datasets and with and without telluric corrections, because for
observations with the same setup and same airmass, the ratio
F(obs)/S\(obs) takes care of the wavelength-dependent
flux sensitivity of the detector and of the telluric absorption.
For TripleSpec data where both flux and telluric calibrations
are applied during the reduction process, we calculate
A(N) = —2.5 x log,,(F,(obs)/F,(model)). The model spec-
trum consists of the BOSZ template, which is augmented by a
smooth function of wavelength by 25% to account for the rise of
the preoccultation SED between the H and K bands (Figure 3).
The results are shown in Figure 13 for a qualitative comparison
and are in good agreement with the photometry.

We can use the measured extinction curve to calculate
the nominal ratio of the extinction to reddening, R, =
Ay/EB — V), with Ay ~ 4 mag and E(B — V) = 0.30 mag
as directly measured by the AAVSO photometry. The value
Ry >~ 13 we measure for the extinction in the JO70540612
occulter is significantly higher than the canonical ISM value of
Ry = 3.1; this conclusion is insensitive to which template is
used. This could imply that the occulter is lacking small
(~0.1 pm) grains that produce significantly more extinction in
the blue than in the red for a given overall column density of
material (J. C. Weingartner & B. T. Draine 2001). Indeed, in
an extreme example, if the occulter consisted of a pile of
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macroscopic rocks, it would block all wavelengths equally,
producing “gray” (i.e., wavelength-independent) extinction with
an infinitely high value of Ry. Therefore, the measured
extinction curve with relatively modest reddening compared to
the overall 4 mag extinction can be evidence of dust size
distribution poor in small grains. Top-heavy particle size
distributions are sometimes seen in molecular clouds, young
stellar objects, or evolved stars (K. Murakawa et al. 2010;
A. Miotello et al. 2014; M. C.-Y. Chen et al. 2016; P. Woitke
et al. 2019) or alternatively of a top-heavy collisional cascade
that is not producing small particles at a sufficient rate (Q. Yang
et al. 2024). Much of the information on the particle size
distribution in these sources comes from the modeling of their
submillimeter SEDs where the spectral index depends on the
particle sizes (P. Woitke et al. 2019). If the submillimeter
emission from J07054-0612 is ever detected in the future, it will
provide additional constraints on the size distribution.

Using the BHTOM photometry, we can calculate the
extinction curve directly from the data, without involving a
model photosphere, because there are a handful of data points
available at the end of the egress that we take to be the
photometry of the star without the occulter. BHTOM B-band
photometry is only available after MJD 60765, when the
lightcurve is already on the rise toward the egress. We fit
piecewise polynomials to the late-time B- and V-band light-
curves to minimize the effects of photometric uncertainties.
We obtain the total change in color A(B — V) = —0.18 mag
(object becomes bluer during the egress) and the total change
in brightness AV = —3.57 mag (object becomes brighter
during the egress), with Ry 2= 20. There is scatter around the
best-fit models at the level of 0.1 mag, and therefore with such
a small change of color it is likely that the uncertainty on the
Ry measurement is quite large, 10 mag. But overall the large
Ry value from BHTOM is qualitatively consistent with that
derived above and is consistent with the lack of small grains.
Based on their own photometric follow-up during the
occultation, R. Forés-Toribio et al. (2025) reach similar
conclusions regarding the dust opacity of the occulter—that
it is nearly wavelength independent—and present specific dust
models compatible with these observations.

4. Physical Model of the System

In this section we discuss the age and the possible orbital
configuration of the J07054-0612 system, as well as estimate
the physical parameters of the system's components.

4.1. The Age of the System

Preoccultation observations from Gaia and other photo-
metric optical surveys indicate that the star is a >2 Gyr old
main-sequence star with no clear signs of youth in its optical
photometry or Galactic kinematics, and it is not in an open
cluster. Rotational broadening measured during the occultation
from the transmitted stellar spectrum is consistent with the age
and the mass of the star derived from photometry. The
stringent limit on photospheric lithium absorption further
suggests that the star is not young.

However, infrared observations indicate that there is a
luminous dust disk—normally associated with young stars—
that extends from the dust sublimation radius out to at least 1.4
au from the star. Furthermore, J0705+0612 displays broad Ho
and Paf emission, which likely originates close to the star.
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Figure 14. A schematic representation of our model for JO705+0612 (not to
scale). The star (yellow) and the broad Ha emission (cyan) are the most
compact sources of emission. The infrared-emitting circumstellar disk
(orange) extends from the sublimation distance (~0.15 au) out to distances
that are poorly constrained by observations, 1.4-19 au depending on the model
assumptions, and fits suggest that it is not aligned with the 14 au orbit of the
occulter (dotted line), which is close to edge-on. A planet or brown dwarf
secondary is surrounded by a gaseous, puffy disk (gray), which produces Na D
absorption and multiple metal emission lines that show kinematics inconsistent
with passive orbital motion, so this gas may be in an outflow (blue arrows).

Such emission is also commonly seen in young stars. Thus
there is tension between the different available age indicators.

The infrared excess with Lig/Lpoy = 9%—14% places
J07054-0612 on the upper end of the distribution for the
interesting and possibly heterogeneous sample of dusty main-
sequence stars (S. Sankar et al. 2021, and references therein).
An interesting possibility that might simultaneously explain
multiple features of J07054-0612 is a collision of planets or
substellar companions. Such events can result from dynamical
instabilities in planetary systems even long after the nominal
planet formation stage (M. Juri¢ & S. Tremaine 2008;
R. Frelikh et al. 2019), including at =1 Gyr timescales
(S. Schmidt & K. Schlaufman 2025). A collision would
populate the system with gas and dust and help explain the
difference between the photospheric and kinematic age
diagnostics and the presence of the infrared excess and
hydrogen emission. Another possibility is a planet—planet
scattering event, which can result in a cloud of debris if the
planets were accompanied by satellite systems due to the
collisions and tidal disruptions of the satellites (A. J. Mustill
et al. 2024), although it may be more challenging to explain
the origin of the observed hydrogen in this scenario if the
satellites are gas poor. We further discuss below how the
collisional scenarios can help explain some of the features of
J0705+0612.

4.2. Orbital Configuration

We primarily explore a model in which the star is occulted
by a transiting circumsecondary disk, which is gravitationally
bound to an unseen object and which in turn is conducting
orbital motion around the star (Figure 14). We adopt the orbital
period P, = 16,000 days and the duration of the eclipse
Tecl = 254 days between 2024 mid-September and end of 2025
May, as well as the stellar parameters listed above—most
importantly, M, = 1.4 M. If the orbit is circular, then the
occulter is at a,p, = 13.9 au from the star and moving with
orbital velocity v = 9.5 km s L.



THE ASTRONOMICAL JOURNAL, 171:95 (21pp), 2026 February

If the occulter had a sharp edge within which the material
immediately has a high optical depth, then the times for ingress
and egress should be just the time it takes for the edge to cover
the stellar diameter at the orbital velocity, 2R, /vow,, Which is
about 3 days. Both the ingress and the egress happened on
significantly longer timescales, 15-20 days. It follows that the
ingress and the egress timescales are determined not by the
stellar radius occulted by a sharp edge but by the gradient of
the column density in the occulter. Adopting Tipgress ~ 20 days,
we find that 27jngress/Tect = 16% is the “fuzziness” of the
occulter’s edge, i.e., the fraction of its size over which its
column density increases from zero to its near-maximal value.
The duration of the ingress and egress can also be altered by
eccentricity; e > 0.9 would be required to slow the ingress by a
factor of 5.

If the occulter’s orbit is exactly edge-on and if the occulter
is circular in projection on the plane of the sky, then during the
occultation we are seeing the occulter’s maximal extent, and
the eclipse duration is directly related to the physical size of
the circumsecondary disk, TecVor, = 2Rcsp, S0 Resp = 0.7 au.
If the disk radius corresponds to a fraction ¢ of the Hill radius,
then we can find the mass of the planet:

Ry Y T, ’
Msecondary = 3M; H = 3M, el .
Aorb R

Theoretical calculations and numerical simulations suggest
that the circumplanetary disk can be truncated anywhere
between 0.3 and 0.4 Ry (B. A. Ayliffe & M. R. Bate 20009;
R. G. Martin & S. H. Lubow 2011) and 1 Ry (J. Szulagyi et al.
2016; R. G. Martin et al. 2023), with latter values requiring
significant gas pressure support. The physical size of the
occulter is set by the duration of the transit. If it fills the full
Hill sphere (£ = 1), then the minimum required mass of the
gravitating object in J0705+0612 is 0.5 Mjy,p, in the planetary
regime. If instead the disk is truncated at 0.4 Ry or 0.3 Ry, then
the actual Hill radius is larger than the duration of the
occultation suggests, and the required minimum secondary
mass is larger—8 My, or 19 My, correspondingly. The Hill-
based range of 0.5-19 My, is the lower limit on the mass of
the companion, necessary to gravitationally contain the disk if
the companion is on a circular orbit. If the orbit is eccentric,
the mass of the companion would need to be larger to retain
the disk at the pericenter, plus the disk’s Size Tec Vo, could be
underestimated using circular orbital velocity implicit in
Equation (3). Depending on the thickness of the disk, on its
orientation relative to the orbital angular momentum, and on
the impact parameter (the projected distance between the star
and the disk center), we might not be seeing its full extent
during the occultation and therefore the observed 7., may not
represent its full size.

No binarity flags are raised either by the default Gaia RV
analysis pipeline or by the astrometric analysis pipeline. An
independent reanalysis of the preoccultation Gaia excess RV
noise by Q. Chance et al. (2025) indicates that JO7054-0612
has only a 7% probability of being a single star. Our own
observations with GHOST during the occultation indicate an
RV of 32.9-36.7 km s~ ' based on the fits to the centroids of
the pure photospheric absorption lines (depending on which
set of lines is chosen), consistent with the Gaia value
within its stated error. The lack of detection of RV variations
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between Gaia and GHOST, <4 km s 'in 5 yr at 13.9 au
from the star, is not as constraining as photometric limits.
R. Forés-Toribio et al. (2025) estimate a mass of 0.25 M, if all
of the near-infrared excess during the occultation is due to the
companion, which can be treated as an upper limit on the
companion mass if there are other contributions to the near-
infrared emission or if the companion is the result of a recent
collision of substellar objects and is therefore young and still
cooling. An unresolved M dwarf secondary that is consistent
with the optical data, parallax, and extinction as well as
physically allowed by stellar evolution would contribute up to
3% of the preoccultation flux at 1 pgm and is not ruled out.
There is a faint source 3” away from JO705+0612 seen in our
acquisition images, which is present in Gaia catalog, but as
there are no kinematic measurements, it is unknown whether it
is physically related to our target. If it is a wide-binary
companion, the projected distance is about 3000 au.

Similar mass calculations for secondaries were performed
by E. L. Scott et al. (2014) for another periodic dimming
transient, also analyzed by S. Dong et al. (2014). In this object,
Tecl = 16 days, Py, = 468 days, and M,, = 4 M. For the same
assumptions on the truncation radius &, the secondary is about
30 times more massive than that in J0705+0612, i.e., a brown
dwarf or a low-mass star. The lightcurve within the eclipse is
significantly structured, with an initial flat plateau and a deeper
short dip toward the end of the eclipse. An eerily similar
lightcurve is seen in another disk eclipse candidate by
N. J. Rattenbury et al. (2015), although in this case the eclipse
lightcurve is known to change noticeably from one cycle to the
next. The eclipse duration is 7., = 100 days and the period is
Pov», = 1277 days. The star is a K giant with an uncertain mass;
taking M, = 1 M, we find that the secondary’s mass is about
80 times that of the secondary in J0705+0612, likely a low-
mass star. Therefore, among occultations with known periods
and assuming that this subclass of occultations is by Hill-
limited disks around secondaries described by Equation (3),
JO7054-0612 stands out as the lowest-mass disk-confining
secondary, potentially in the planetary mass range, and as the
one with the most symmetric and smooth lightcurve.
Unfortunately for some one-off events like those of
E. E. Mamajek et al. (2012) an S. Rappaport et al. (2019)
the period is unknown and therefore the mass of the secondary
cannot be calculated using Equation (3).

Before the occultation, the star had a significant infrared
excess, which we fit with the optically thick disk model of
M. Jura (2003). This model is idealized; in particular, it
assumes that the disk is not warped and therefore no direct
emission illuminates it at large distances from the star. Taking
Towr = 100 K as the coldest reliably detected thermal dust
component, we use the E. I. Chiang & P. Goldreich (1997)
annular radius-to-temperature mapping to find that this
emission originates at a,, = 1.4 au from the star. This is
significantly more compact than what would be obtained from
considering a dust grain’s thermal equilibrium with the flux it
receives from the star, 7~ 100 K at aq, ~ 19 au. This order-
of-magnitude difference in the estimates of the size of the mid-
infrared emission region is due to optical depth effects. If the
disk is perfectly planar and shields its outer parts from stellar
radiation, then the dust can maintain cool temperatures close to
the star. But if there are any warps in the disk, then cooler
temperatures occur much further out. This dramatic difference
in the estimates of the emission size underscores the difficulty
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of determining the extent of the circumstellar disk relative to
the size of the occulter or even relative to the occulter’s orbit.

The inner size of the circumstellar disk can be estimated
from the E. I. Chiang & P. Goldreich (1997) model and from
the thermal equilibrium at the dust sublimation temperature
(~1200 K). These values are in the range of 0.06-0.16 au and
are much smaller than the size of the occulter. Therefore, the
near-infrared part of the SED of J0705+0612 should also be
occulted with an occultation duration similar to that in the
optical, whereas the mid-infrared emission may remain at least
in part unaffected by occultation as it is produced on scales
larger than the occulter. Unfortunately no mid-infrared
photometry is available during the occultation. The extinction
curve we estimate from TripleSpec data in Figure 13 already
takes into account that the host dust seen in the K band is
likely entirely behind the occulter during the observation, as
this component is incorporated into the model spectrum used
for the extinction curve calculation.

The projection factor cosi derived for the infrared-emitting
circumstellar disk is not particularly small, so there is no
evidence that the circumstellar disk is close to edge-on—
whereas the occulter’s orbit is edge-on or close to it. If we take
the results of the disk SED fitting at face value, then we deduce
that the inner disk is misaligned with the orbit of the outer
occulter. Such misalignments can occur through sweeping
secular resonances during disk dispersal (T. Matsakos &
A. Konigl 2017; J. E. Owen & D. Lai 2017). An example of an
outer planet misaligned with the inner disk is presented by
M. M. Nguyen et al. (2021), although the system architecture
is quite different in their case: the star is a close binary, the
planet is much further away, and the system is young.

4.3. Conditions within the Occulting Structure

The NaID absorption seen during the occultation—in
excess of its strength in the stellar photosphere and of the
interstellar contribution— together with the gaseous metal
emission lines suggest that the occulter is a gas-rich structure.
The smoothness of the lightcurve during the event is another
piece of evidence for the occulter being gas rich. A contrasting
example is that of E. E. Mamajek et al. (2012)—the lightcurve
of their event shows extreme variations in brightness on short
timescales, suggesting that the occulting disk is razor thin,
which is inconsistent with expectations for gas-rich circum-
stellar disks (B. A. Ayliffe & M. R. Bate 2009). The greater
the aspect ratio (i.e., the more the occulter tends toward
spherical symmetry), the more difficult it is to produce features
or asymmetries in the lightcurve (E. L. Scott et al. 2014). The
lightcurve of JO705+0612 is significantly more smooth and
symmetric than those seen by E. L. Scott et al. (2014),
N. J. Rattenbury et al. (2015), and S. Rappaport et al. (2019),
with only 0.1 mag deviations relative to a symmetric fit to the
eclipse and no evidence for statistically significant stochastic
variability relative to this function, nor any evidence for gaps
or rings which would manifest as correlated signals before and
after the transit midpoint. It is possible to produce a symmetric
lightcurve by a geometrically thin disk if its center transits
with a very small impact parameter relative to the star, but a
more natural and less fine-tuned explanation is that the
structure is geometrically thick. All of these arguments favor a
gas-rich nature for the occulter in J07054-0612, though the
small (0.1 mag) variations relative to the perfect lightcurve
symmetry rule out an occulter that is completely spherically
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symmetric, as well as a disk-like occulter with a zero impact
parameter.

JO705+0612 presents many interesting puzzles compared to
numerical simulations of circumplanetary disks. The flatness
of the light profile during the eclipse is inconsistent with
models where the surface density steeply declines with the
distance from the planet (or the brown dwarf), and we did not
detect any sign of central rebrightening, which would have
indicated depletion of disk material onto the object. However,
this signature can be easily missed depending on the disk’s
thickness, inclination, and impact parameter.

We use our Na D observations to estimate the amount of gas
in the occulter. For low optical depth, the EW of the Na1D
absorption lines should be proportional to the extinction, with
the coefficient of proportionality dependent on the ratio of dust
to gas-phase sodium. This proportionality breaks down for
EWs well under those seen in J07054-0612 (D. Poznanski
et al. 2012). The observed EWs of the D, and D, lines are,
correspondingly, 0.7 A and 0.4 A, after correcting for the
photospheric component of NaID absorption. The empirical
relationships for ISM from D. Poznanski et al. (2012) suggest
corresponding Ay values anywhere between 0.5 and 13 mag, a
wide range that takes into account the uncertainty in our NaID
measurement and the large systematic uncertainty of the
scaling relationships in the nonlinear regime (and the validity
of these relationships at high extinction values are additionally
questioned in the reanalysis of M. Murga et al. 2015). This
range does comfortably encompass the observed value Ay ~ 4
mag, and therefore there is no evidence in the data to suggest
that the occulter has an amount of gas-phase sodium which is
anomalous for the amount of dust in the occulter.

If we were to use the standard sodium-to-hydrogen ratio and
extrapolate the relationships by M. Murga et al. (2015) derived
for low optical depth ISM well beyond their regimes of
validity, then we would estimate the hydrogen column density
of Ny = 1.5 x 10?! cm™2. This is the most uncertain factor in
the mass estimate of the gas in the disk because the directly
measured column density of gas from the strength
of NaID absorption is only Ny, = 6.4 X 10?2 cm?
(B. T. Draine 2011), so the unknown abundance of metals and
hydrogen fraction in the occulter introduce an uncertainty of
several orders of magnitude. We next assume that the
circumsecondary disk is not a thin edge-on structure and
therefore its apparent size (i.e., radius Rcsp) can yield its
area projected on the plane of the sky via mR&p to within
factors of order unity. Then we would calculate the mass
of the neutral hydrogen in the circumsecondary disk to be
Mproton NuTREsp = 8 x 102 g, or 1.1% of the mass of the
Moon. There is no guarantee that the sodium-to-hydrogen ratio
in the occulter is anything like that in the ISM—for example, if
the gas is of secondary origin, i.e., due to the collisions of dust
particles, then we might expect that the disk is depleted in light
elements and that its gas-to-dust ratio is significantly lower
than that in the ISM. In that case our estimate serves as an
upper limit on the gas mas.

4.4. Kinematics of the Gas within the Occulter and the Origin
of the System

The strongest components of NalID absorption—blue-
shifted at 27 km s~ ' with respect to the star—have a small
velocity dispersion (o, = 4.5-13 km s 1), and the same
kinematics is shared by two dozen metal emission lines, which
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suggests that they too originate in the occulter. Furthermore,
subtraction of the stellar photosphere contribution for the
calcium triplet, where it can be more confidently identified
than in most other lines, reveals that both sodium absorption
and calcium emission may share broad components that are at
the same systemic velocity as the star or even redshifted
relative to it.

While the similarity of the kinematics of NaD and metal
lines suggests origin in the same material, this similarity is
actually surprising, because their spatial distributions probed
by the GHOST spectrum can be quite different. To make faint
emission lines from some component of the system visible, all
that is needed is to block the star to provide a better contrast,
and otherwise the emitting region does not have to be aligned
with the star. Therefore, metal emission lines may in principle
originate anywhere or everywhere in the occulter or even in
other parts of the circumstellar disk. In contrast, the Na1D
absorption probes the kinematics of the gas only in one spot—
exactly along the line of sight to the star.

First we consider the possibility that the NaD and metal
emission at —27 km s~ ' with respect to the star is comoving
with the occulter and reflects the occulter’s RV. For a circular
orbit, the RV during an occultation is always zero. Therefore,
the only way to generate a 27 km s~ blueshift relative the star
using the orbital motion at the semimajor axis of 14 au (fixed by
the historic periodicity) would be to have eccentricity > 0.95
and to have the observer fortuitously aligned not far from the
pericenter where an eccentric orbiter spends very little time. It
seems impossible to gravitationally contain such a highly
eccentric tail of debris, and it is further implausible that the
lightcurve would be so smooth and symmetric. The
double-peaked emission profile of photosphere-subtracted Ca Il
8498.02 A (if it is real and not a result of a poor template match)
might suggest that the occulter has an RV of —13 km s~ with
respect to the star and it generates two peaks of emission
at =13 km s~ with respect to its own frame (either due to
rotation or winds). But even a 13 km s~ ' RV offset between the
occulter and the star requires eccentricity >0.81 and a
fortuitous alignment of the observer with respect to the
pericenter. If the disk was rotating with a characteristic velocity
of 13—27 km s~ ' at a distance of 0.1 au from the gravitating
object to explain the MagE and GHOST data, then the mass of
the secondary would need to be 1976 My,

Another possibility is that the secondary object has launched
an outflow with a characteristic velocity of 13—27 km s~ '.
Then the redshifted part of the outflow is preferentially more
extincted by the occulter itself and is therefore appreciably
fainter, although may still be visible as the double-peaked
profile of calcium. While this velocity scale is not out of
question for an outflow from a massive forming planet
(A. C. Quillen & D. E. Trilling 1998), it is still challenging
to explain the physical state of the gas—the presence of metal
emission lines with characteristic excitation temperatures of
tens of thousands of degrees—and especially the spatially
distributed Na 1D absorption. Inflows and outflows of ionized
gas are expected near the planet via magnetospheric,
photoevaporative, or magnetocentrifugally driven mechanisms
(O. Gressel et al. 2013; Z. Zhu 2015; L. Hartmann et al. 2016),
and the magnetospheric accretion can produce a variety of
kinematic signatures including blueshift (L. Hartmann et al.
2016). But the outflows would need to affect a spatially
extended region within the circumsecondary disk in order to
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explain the kinematic substructure of NaD. So the similarity
of the kinematics of NaID and the of the metal lines is quite
puzzling in any scenario that can plausibly explain metal lines
by processes near the planet. In the one known case (PDS 70;
S. Y. Haffert et al. 2019) of two forming protoplanets directly
imaged in the outer reaches of their exoplanetary system, their
Ha emission is redshifted relative to the star by ~30 km sfl,
well in excess the orbital velocity scale. This observation
directly confirms that velocities of a few tens of kilometers per
second and excitation temperatures similar to those seen in our
source can be generated during planet formation, but does not
shed light on the possible spatial extent of this emission or on
the origin of blueshift in JO705+0612.

R. Forés-Toribio et al. (2025) report that J0705+0612 was
strongly (P ~ 4%) polarized during the occultation in the
optical range. If the mechanism of the polarization is the same
as in the ISM of the Galaxy—dichroic extinction (L. Davis &
J. L. Greenstein 1951)—then the grains must be aligned, likely
magnetically. The degree of polarization in the ISM is
Pism <3% x Ay (K. Serkowski et al. 1975), so if the dust
in JO705+0612 was ISM-like, then values of P < 12% would
not be out of reach for the dichroic extinction mechanism.
Therefore, the blueshifted emission lines presented here and
the polarization discovered by R. Forés-Toribio et al. (2025)
potentially suggest that the occulter is experiencing a
magnetized wind. Unfortunately, this is not a unique
explanation because similar levels of polarization can be
achieved without a magnetic field by multiple scatterings in
the disk if its geometry is favorable (P. Bastien &
F. Menard 1988).

It would be interesting to know whether there were any
variations in the kinematics of the Na D during the occultation.
For example, if the kinematics of Na D is determined by the
wind in the occulter then in the beginning of the occultation
the line-of-sight gas velocity has no blueshift as the gas moves
close to the plane of the sky, then it shows maximum blueshift
during the peak occultation, and then the relative velocity
declines again. If the kinematics is due to a rotating disk, then
we might expect to see a net change in the dominant NaD
velocity relative to the star during the occultation. If the disk
angular momentum is aligned with the orbital angular
momentum, then we expect to see a redshift in the first half
of the occultation followed by a blueshift in the second half,
and a blueshift-to-redshift transition if the angular momenta
are antialigned. The two highest-quality spectra, MagE and
GHOST from epochs 4 and 5, both taken in the second half of
the occultation and are relatively close to the midpoint, and
show blueshifted NaD with no net kinematic differences
between each other. But the centroids of Na D from KOSMOS
data obtained during the first half of the occultation are
unfortunately ambiguous at the 20 km s~ level, so while there
is no evidence for a change from a redshift to a blueshift
during the occultation, we cannot rule out this possibility.

Colliding or scattering planets or substellar companions
would produce a disk tracing the angular momentum in the
center of mass of the impact, which would naturally explain a
wide range of disk inclinations relative to the orbital angular
momentum around the star. A planetary collision in JO705
40612 would populate the entire system with debris that
would explain its significant infrared excess, and the occulter
could represent the main cloud of debris. Given that the star
shows hydrogen emission and the circumsecondary disk shows
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metal emission, at least one of the objects involved must have
had a rocky core and at least one object must have had a
gaseous atmosphere. The ratio of Ha EW to the relative
circumstellar disk strength Ly /Ly can be taken as a very
rough proxy for whether the circumstellar disk is hydrogen
rich or dust rich. If J07054+0612 is indeed a result of a
collision, then it is a unique system without a good available
comparison system. It is then interesting that J07054-0612 is in
the lowest quartile for this ratio (i.e., relatively hydrogen poor)
compared to the young stellar objects in S. Cabrit et al. (1990),
but within their range, so in the planet collision scenario the
composition of the debris ended up not far off that of young
protoplanetary disks.

It seems likely that there must be a surviving object
gravitationally containing most of this debris to produce
repeated eclipses of similar duration; simulations show that a
remnant planet or a close binary are likely to form instead of
complete destruction (J. Hwang et al. 2018). Further dynami-
cal modeling may shed light on whether a cloud of debris can
survive for extended periods without gravitational confinement
and whether planet collisions are likely to produce inner
circumstellar disk misaligned with the orbit of the main cloud
of the debris. In the main occulting cloud, the debris
may be collisionally grinding down, producing gas emission
(L. K. Rogers et al. 2025), which would be in a large-scale
(spanning the entire occulter), pressure-driven outflow. This
scenario may be able to explain the kinematics of the gas and
may be qualitatively consistent with the unusual extinction
curve, which suggests paucity of small grains (grain growth
within the disk is also possible). Dynamical instabilities in
planetary systems have been used to explain infrared bright-
ening events and optical occultations in a number of sources
(H. Y. A. Meng et al. 2014; M. Kenworthy et al. 2023;
J. P. Marshall et al. 2023). The difference between these events
and JO705+0612 was that the collision in the J07054-0612
system happened before 1937 and produced a lot more dust,
likely because the instability involved more massive objects.

4.5. Alternative Models

In addition to the circumsecondary disk scenario discussed
here, R. Forés-Toribio et al. (2025) present two alternative
scenarios: a circumstellar disk precessing due to a <0.25 M,
companion located fully outside of the disk, and a warped or
precessing circumbinary disk. For example, the large warped
disk of CQ Tau, which may be a representative of a particular
class of young stellar objects, UX Ori, is directly confirmed
with CO kinematics (L. Wolfer et al. 2021). There are
suspicions that a planet must be responsible for creating and
maintaining the disk substructures responsible for occultations
in CQ Tau, but no specific companion has yet been detected
(I. Hammond et al. 2022). Both J0705+0612 and CQ Tau have
an infrared excess and dim by several magnitudes on
similar timescales (although the periodicity of CQ Tau inferred
from the optical lightcurve is ambiguous, 21 or 10 yr;
D. N. Shakhovskoj et al. 2005; V. P. Grinin et al. 2023).
There are also glaring differences, in particular the lightcurve
of CQTau is extremely irregular by comparison to the
lightcurve of JO705+40612. On the basis of the smoothness
and the symmetry of the occultation, the lack of variability
outside the eclipse, and the regularity of the three known
eclipses (to within the limits of the historical data), we focus
on the circumsecondary disk scenario.
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Regardless of the exact geometric configuration in JO705
40612, there is tension between the presence of gas and dust,
which suggest youth, and all other age diagnostics, which
suggest that the star is >2 Gyr old. If the star is an old main-
sequence one, then regardless of whether J070540612 is
occulted by a circumsecondary disk, circumstellar disk, or
circumbinary disk, the origin of the gas and dust in this system
likely requires a rare event like a collision of substellar
companions or a disruption of a planet.

5. Conclusions

In this paper we present results from multiepoch spectroscopy
of J0705+0612, a deep dimming event of a star with mass =
1.4 M. Historic data in combination with the high-quality
photometric follow-up of the 2024-2025 event demonstrate that
the dimming events are periodic with a period of 44 yr and that
they last ~9 months. Assuming that the dimming event is due to
a tidally truncated disk around a secondary object in orbit
around the star (E. E. Mamajek et al. 2012; S. Dong et al. 2014;
E. L. Scott et al. 2014; S. Rappaport et al. 2019), we estimate an
orbital separation of 14 au, an occulter radius of 0.7 au, and the
mass of the object gravitationally confining the occulter to be
between a few Jupiter masses and 0.25 M., the upper limit by
R. Forés-Toribio et al. (2025) from SED fitting during the
dimming.

Using optical spectroscopic observations, we discover deep
NalID absorption, well in excess of the expectations from a
normal stellar photosphere, Ha emission, and two dozen metal
emission lines, all with complex kinematics exquisitely
measured by a high-resolution Gemini GHOST spectrum.
The origin of the kinematics of the NaID absorption, Ha
emission, and metal emission lines is not completely clear. Our
best guess, based on the width of Ha (hundreds of kilometers
per second), is that it originates within the inner disk close to
the star and not in the occulter. In contrast, the depth of NaID
absorption is consistent with the optical extinction during the
event and is therefore likely associated with the occulter. The
kinematic similarity between NaID and metal emission
suggests that they, too, originate in the occulter. The velocity
scale of this emission, which has a component blueshifted by
27 km s~ with respect to the star, is not easily explained by
the occulter’s orbital motion around the star. Intriguing
possibilities are winds from the circumsecondary disk or the
disk’s rotation, but understanding whether the gas’ physical
conditions or the winds’ spatial and velocity scales are
plausible will require further theoretical modeling.

The extinction curve measured during the event suggests
that the grain size within the occulter is larger than that in the
ISM. The object’s Galactic kinematics and optical spectrum
before occultation both suggest a main-sequence star in
intermediate stages of its main-sequence evolution, but the
source shows a strong and somewhat time-varying infrared
excess which would normally be characteristic of disks around
young stars. These observations might be reconciled in the
scenario where the J0705+0612 system suffered a dynamical
instability and a planetary or substellar collision that populated
the entire system with dust and gas and produced the main
cloud of debris we see as the occulter with a top-heavy size
distribution unlike that in the ISM.

Some of the remaining questions should be clarified by a
high-quality, high-resolution postoccultation spectrum, which
would unambiguously establish which features originate near



THE ASTRONOMICAL JOURNAL, 171:95 (21pp), 2026 February

the star and which originate in the occulter. There are
unfortunately no opportunities to go back to the first half of
the occultation and to obtain a better-quality spectrum to
measure the kinematic changes during the occultation.
However, there are some interesting options for future
follow-up observations that may still shed light on the
architecture of the system, on the mass of the secondary, and
on the dynamics of the circumsecondary disk. Submillimeter
observations of molecular gas, as well as of atomic and ionic
emission lines in the submillimeter range which are unaffected
by contamination by the stellar photosphere, could be useful in
mapping the large-scale circumstellar disk and in measuring
the kinematics of the the circumsecondary disk, and sub-
millimeter observations of the dust continuum can provide
additional insights into the dust size distribution and therefore
on the origin of the disk.
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