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ABSTRACT

We present the discovery of two quadruple star systems — TIC 285853156 and TIC 392229331 —
each consisting of two bound eclipsing binary stars. Among the most compact quadruples known, TIC
392229331 and TIC 285853156 have the second and third shortest outer orbital periods (145 days and
152 days, respectively) after BU Canis Minoris (122 days, Pribulla et al. 2023). We demonstrate that
both systems are long-term dynamically stable despite substantial outer orbital eccentricities (0.33
for TIC 285853156 and 0.56 for TIC 392229331). We previously reported these systems in Kostov
et al. (2022) and Kostov et al. (2024a) as 242 hierarchical quadruple candidates producing two sets of
primary and secondary eclipses in TESS data, as well as prominent eclipse timing variations on both
binary components. We combine all available TESS data and new spectroscopic observations into a
comprehensive photodynamical model, proving that the component binary stars are gravitationally
bound in both systems and finding accurate stellar and orbital parameters for both systems, including
very precise determinations of the outer periods. TIC 285853156 and TIC 392229331 represent the
latest addition to the small population of well-characterized proven quadruple systems dynamically
interacting on detectable timescales.

Keywords: stars: binaries (including multiple): close - stars: binaries: eclipsing

1. INTRODUCTION

Substantial progress has recently been made in the
exploration of eclipsing multiple stellar systems, with a
large number of new discoveries in the last few years
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alone (e.g. Rappaport et al. 2022; Borkovits et al. 2022;
Zasche et al. 2022; Kostov et al. 2022; Powell et al. 2021,
2022; Tokovinin 2025) . Most of these discoveries are
based on data from NASA’s Transiting Exoplanet Sur-
vey Satellite (TESS) mission (Ricker et al. 2015), and
include a wide variety of triply-eclipsing triple systems
(Rappaport et al. 2022; Borkovits et al. 2022; Rappaport
et al. 2024), eclipsing sextuple systems (Powell et al.
2021; Zasche & Henzl 2022; Zasche et al. 2023b), as well
as hundreds of hierarchical 2+2 eclipsing quadruple can-
didates (Kostov et al. 2022, 2024a; Zasche et al. 2022;
Vaessen & van Roestel 2024).

The latter set of targets, in particular, has recently
broken the record for the most compact orbital config-
uration twice, first in June 2023 with the discovery of
TIC 219006972 (outer period 168 days with eccentric-
ity of 0.25, Kostov et al. 2023), and then in Septem-
ber 2023 with the announcement of BU Canis Minoris
(outer period 122 days with eccentricity of 0.27, Pribulla
et al. 2023). The outer periods of both targets are more
than a factor of two shorter than the previous record
holder, VW LMi, which stood uncontested for nearly
15 years (Pribulla et al. 2008, 2020). In Table 1, we
show, to the best of our knowledge, the current top
ten shortest known 242 quadruple outer orbital peri-
ods for context. We populated this table from literature
searches as well as A. Tokovinin’s Multiple Star Cata-
log (Tokovinin 2018). It is clear from this table that
the four 2+2 quadruples with outer orbits less than 200
days (including the two identified in this work) are in a
class by themselves.

These discoveries provide important new insights into
the mechanisms regulating the formation and evolution
of multiple stellar systems (Tokovinin 2021a), and raise
a number of interesting questions. For example, given
the still woefully incomplete sample of quadruple star
systems, it is currently unclear if the systems listed in
Table 1 are representative of the general population of
such systems or notable outliers. If the latter, one can-
not help but wonder what would be the most extreme
outlier and how did it achieve its present configuration.

In seeking to augment the small sample of tight, com-
pact quadruples, as part of our ongoing search for can-
didates for multiple stellar systems based on TESS pho-
tometry, we continue to monitor sources listed in the
Kostov et al. (2022) and Kostov et al. (2024a) catalogs
(hereafter, K22 and K24, respectively) as new data be-
come available. In particular, we are paying especially
close attention to systems with prominent eclipse timing
variations, Gaia’s non_single_star parameter greater
than zero, and targets with measured astrometric or-

bital solutions in Gaia DR3 (Gaia Collaboration et al.
2023).

Zasche et al. (2024) emphasized that, although 242
eclipsing quadruple candidates continue to be discov-
ered and their number is growing rapidly, only a small
fraction of these have been proven to be bound quadru-
ples. For example, in K22 and K24, we take great care
to confirm through photocenter analysis that both sets
of eclipses originate from the same source of light in
TESS.! However, there remains a small chance that,
although the two eclipsing binaries (EBs) are at near-
identical coordinates on the sky, they are separated by
substantial distance and therefore unrelated. Mecha-
nisms for providing indisputable proof of the bound na-
ture of the system, elevating the candidates to confirmed
status, are through either radial velocities (RVs) or
eclipse timing variations (ETVs). In this work, through
both RVs and ETVs, we present the confirmation of TIC
285853156 and TIC 392229331 as genuine 2+2 hierarchi-
cal systems — the latest additions to the small number
of proven compact, tight quadruples.

This paper is organized as follows. In Section 2 we
provide an overview of the systems, outline the initial
detections and discuss new data. In Section 3, we discuss
our modeling methods. In Section 4, we present compre-
hensive photodynamical solutions for the systems. We
highlight interesting properties of the two systems in
Section 5 and summarize our results in Section 6.

2. DETECTION AND PRELIMINARY ANALYSIS

Although the discoveries of TIC 285853156 and TIC
392229331 were first reported in K24 and K22, respec-
tively, we will briefly describe the process by which these
systems were first identified. Upon the release of TESS
data from each sector, we build all the light curves
brighter than 15th magnitude from the Full Frame Im-
ages (FFI). We then process the light curves through
a neural network trained to find eclipses in the light
curves (described further in Powell et al. 2021). All
high-probability candidates for light curves containing
eclipses are then manually reviewed by our citizen sci-
entist collaborators in the Visual Survey Group (Kris-
tiansen et al. 2022). They identify light curves con-
taining multiple sets of eclipses or ‘extra’ eclipses and
then we thoroughly vet the candidates. TIC 285853156
was found through this process by T. Jacobs, while TIC
392229331 was initially identified by B. Powell during
development and training of the neural network. See

I Vetting algorithms developed by V. Kostov described in K22/K24



Table 1. Top 10 Shortest 242 Quadruple Outer Periods®

# 1D Pyt (d) Ref.

1 BUCMi® 121.79 £ 0.04 Pribulla et al. 2023
2 TIC 392229331°¢ 144.80 & 0.16 This work

3 TIC 2858531567 151.70 4+ 0.11 This work

4 TIC 219006972 168.19 £+ 0.07 Kostov et al. 2023

5 VW LMi 355.02 + 0.17 Pribulla et al. 2008
6  TIC 454140642 432.1 £ 0.5 Kostov et al. 2021

7 BGInd 720.9 + 3.4  Borkovits et al. 2021
8/9 TIC 305635022°7 844 + 22 Zasche et al. 2023a

8/9 TIC 2789564749
KIC 5255552"

Notes:

(a) We do not include EPIC 220204960, originally iden-
tified by Rappaport et al. (2017), due to the uncertainty
of the outer period, which the authors suggest to be in the
range of 300-500 days, but possibly as long as 4 years.
Orosz (2023) later found a similarly uncertain period of
957f§é; days for the same system.

(b-e) First identified as a 242 quadruple candidate by:
(b) Volkov et al. (2021), (c) Kostov et al. (2022), (d)
Kostov et al. (2024a), (e) Zasche et al. (2022)

(f) Czavalinga et al. (2023) first found the outer period in
Gaia DR3 and identified the system as a 2+2 quadruple
candidate; Zasche et al. (2023a) identified the system as
WISE J210230.8+610816.

(g) Our unpublished analysis of recent observations of this
system suggests that the period is longer than indicated
in the original published work, but we include it here for
completeness.

(h) Borkovits et al. (2015) first discovered additional
eclipses and found the outer period using ETVs; fur-
ther analyzed by Borkovits et al. (2016) and Zhang et al.
(2018); first suggested to be a 2+2 quadruple by Getley
et al. (2020).

858 £ 7 Rowden et al. 2020
878.47 & 0.01 Orosz 2023

—_
o

Rappaport et al. (2022), Rappaport et al. (2024), or
K22/K24 for additional details.

The initial analysis of the two systems was conducted
by K22/K24. TIC 285853156 was first reported in K24
with the periods of the EBs as 1.77 days and 10.03
days. The authors first noted dramatic, anti-correlated
ETVs on the 10-day binary. TESS light curves of TIC
285853156 for sectors 43, 44, 45, and 71 are shown in
Figure 1.2 TIC 392229331 was first reported in K22
with EB periods of 2.26 days and 1.82 days. TESS light
curves of TIC 392229331 for sectors 19, 59, and 86 are
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shown in Figure 2.2 Table 4 of K22 notes this system
as an ideal candidate for follow up based on T' < 12 and
eclipse depths > 1%, criteria which are also met by TIC
285853156. The basic parameters of the two systems
presented here are listed in Table 2.

2.1. Spectroscopic Observations

TIC 285853156 and TIC 392229331 were observed
spectroscopically with the 1.5m Tillinghast reflector
at the Fred L. Whipple Observatory (Mount Hopkins,
AZ), using the Tillingast Reflector Echelle Spectrograph
(TRES; Furész 2008; Szentgyorgyi & Furész 2007). This
instrument records 51 echelle orders between 3800 A and
9100 A, at a resolving power of R ~ 44,000. We gathered
36 spectra for TIC 285853156 with signal-to-noise ratios
between 26 and 50 per resolution element of 6.8 kms™?!,
and 47 spectra of TIC 392229331 with signal-to-noise
ratios of 40-74. In both cases, visual inspection of the
cross-correlation functions revealed two sets of lines, cor-
responding to the primary of each binary subsystem.
For reference hereafter we define TIC 285853156 with
binary A (primary Aa, secondary Ab) having a 10-day
period and binary B (primary Ba, secondary Bb) having
a 1.77-day period. The quadruple TIC 392229331 has
binary A (primary Aa, secondary Ab) with a 1.82-day
period and binary B (primary Ba, secondary Bb) with
a 2.26-day period. In TIC 285853156, the stronger lines
correspond to star Aa. The second set of lines is much
weaker. Of the two sets of lines seen in TIC 392229331,
the sharper ones correspond to star Ba, while the star
with the broader lines is Aa.

Radial velocities (RVs) were measured using TOD-
COR (Zucker & Mazeh 1994), a two-dimensional cross-
correlation technique. Templates were taken from a
large library of synthetic spectra that are based on
model atmospheres by R. L. Kurucz (see Nordstroem
et al. 1994; Latham et al. 2002), and a line list manually
tuned by J. Morse to improve the match to real stars.
The templates are centered on the region of the Mg I'b
triplet (~5187 A), and velocity determinations used the
spectral order near the center of this region, which cap-
tures most of the velocity information. The template
parameters, of which the effective temperature and ro-
tational broadening are the most important, were deter-
mined by running extensive grids of cross-correlations,

2 MAST FFIs are available from the following DOIs: Sector 43
(https://doi.org/10.17909 /vang-c119), Sector 44 (https://doi.
org/10.17909/wncz-ja61), Sector 45 (https://doi.org/10.17909/
ncs9-ab89), Sector 71 (https://doi.org/10.17909/e2dc-8076)

3 MAST FFIs are available from the following DOIs: Sector 19
(https://doi.org/10.17909/msxy-d755), Sector 59 (https://doi.
org/10.17909/b7zs-6675), Sector 86 (https://doi.org/10.17909/
b7zs-6675)


https://doi.org/10.17909/vanq-c119
https://doi.org/10.17909/vanq-c119
https://doi.org/10.17909/wncz-ja61
https://doi.org/10.17909/wncz-ja61
https://doi.org/10.17909/wncz-ja61
https://doi.org/10.17909/wncz-ja61
https://doi.org/10.17909/ncs9-a589
https://doi.org/10.17909/ncs9-a589
https://doi.org/10.17909/ncs9-a589
https://doi.org/10.17909/ncs9-a589
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Figure 1. TESS Full-Frame Image ELEANOR(Feinstein et al. 2019) light curves for TIC 285853156 from Sectors 43 (upper left),
44 (upper right), 45 (lower left), and 71 (lower right).
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Figure 2. TESS Full-Frame Image ELEANOR(Feinstein et al. 2019) light curves for TIC 392229331 from Sectors 19 (upper left),
59 (upper right), and 86 (bottom).

following Torres et al. (2002). For the brighter star Preliminary single-lined spectroscopic orbital solu-
in TIC 285853156 (star Aa), we determined Teg = tions for each visible star gave a much larger RV scat-
6280 £ 100 K and vsini = 74+ 2 kms™!. The faintness ter than expected. For TIC 285853156, we eventually
of the other star (Ba) prevented us from determining discovered that the velocity residuals for the two visi-
its properties reliably. We therefore adopted educated ble stars (Aa and Ba) showed the same periodicity of
guesses of Teg = 5000 K and vsini = 20 kms™!, under about 151.5 days, representing the outer period of the
the assumption of spin-orbit alignment in its 1.77-day quadruple. Accounting for this motion greatly improved
orbit, and that it rotates synchronously with the orbital the residuals of both inner orbits. The situation for
motion. For TIC 392229331 Aa, the properties we in- TIC 392229331 was analogous: once the outer period of
ferred are Tog = 92204200 K and vsini = 2243 kms™1, about 144.7 days was found in the residuals from initial

and for star Ba they are 9070+ 150 K and 8 £3 kms™!.



Table 2. Basic parameters for TIC 285853156 and TIC 392229331

Parameter Value Value Source
Identifying Information
TIC ID d 285853156 392229331 TIC
Gaia DR3 ID 3445472758271399936  486430957815961344  Gaia DR3
«a (J2000, degrees) 81.8928 54.7679 TIC
6 (J2000, degrees) 28.5528 61.0642 TIC
Gaia Measurements
Ho (mas yr—1) -10.5307 1.0264 Gaia DR3
ws (mas yr—1) -0.2348 1.1657 Gaia DR3
w (mas) 3.4830 1.5517 Gaia DR3
RUWE 3.18 0.99 Gaia DR3
astrometric_excess_noise 0.38 0.10 Gaia DR3
astrometric_excess_noise_sig 181.99 14.99 Gaia DR3
Terr (K) 5675 — Gaia DR3
Photometric Properties
T (mag) 11.4714 10.3359 TIC
G (mag) 12.0708 10.5856  Gaia DR3
B (mag) 13.2540 11.0610 TIC
V (mag) 12.3380 10.6160 TIC
J (mag) 10.5280 9.8480 TIC
H (mag) 10.0960 9.7490 TIC
K (mag) 9.9600 9.6900 TIC
W1 (mag) 9.8700 9.6640 TIC
W2 (mag) 9.8780 9.6770 TIC
W3 (mag) 9.7890 9.6720 TIC
W4 (mag) 8.8420 9.4650 TIC
Table 3. Stellar Parameters deduced from Spectroscopy
Parameter Aa Ab Ba Bb
TIC 285853156

Tegr [K] 6280 + 100

vsing [km s7'] 7T+2

Fractional luminosities® 0.928 0.015 0.057

TIC 392229331

Terr [K] 9220 £ 200 9070 £ 150

vsinig [km s7! 22+3 843

Fractional luminosities® 0.494 0.013 0.474 0.019

Note: (a) Values correspond to the mean wavelength of the spectroscopic observations (5187 A).

orbits for both primary stars, the quality of the fits for
the inner orbits improved dramatically.

With these improved solutions and educated guesses
at the properties of the secondary components in each
inner binary, we applied an extension of TODCOR to
three dimensions (Zucker et al. 1995, TRICOR) to look
for additional components. We were able to detect
the lines of star Ab, the M dwarf companion in bi-
nary A of TIC 285853156, and measure its radial ve-
locities. Star Bb was not detected, and must be an even
fainter, lower main-sequence object. A similar exercise

for TIC 392229331 revealed the lines of star Ab in that
system, and hints of the fourth star. With an extension
of TODCOR to four dimensions (QUADCOR,; Torres
et al. 2007), we were then able to measure the velocities
of star Bb in most of the spectra. The RVs for the two
quadruple systems are presented in Table 4 and Table 5.
We also measured the flux ratios relative to the bright-
est object in both systems at the mean wavelength of
our observations (~5187 A), which are as follows: for
TIC 285853156, £a1/lan = 0.016 and ¢p,/la, = 0.062;
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for TIC 392229331, la1/lan = 0.027, lga/lan = 0.959,
and ng/gAa = 0.039.

The A-type stars in TIC 392229331 have unexpect-
edly slow rotations. For typical radii of ~1.7 R each,
spin-orbit alignment and synchronization would predict
equatorial rotational velocities of about 40 kms~! for
Ba and 50 kms~! for Aa. The measured values are sev-
eral times smaller, particularly for Ba. This would imply
that the stars are not spinning synchronously with the
orbit, or that their spin axes are tilted, or a combina-
tion of both. We note also that abnormally slow rota-
tion in stars of spectral type A (and early F) is often
seen in the class of chemically peculiar “metallic-line”
stars, which are overwhelmingly found in binaries (see,
e.g., Abt 2000, and references therein). While a detailed
chemical analysis of TIC 392229331 is beyond the scope
of this paper, it would be of considerable interest in or-
der to confirm this possibility, challenging as it may be,
given the composite nature of the spectra.

2.1.1. Archival Photometry

In addition to the TESS photometry, we also ex-
amined the publicly-available photometric data from
ground-based surveys such as ASAS-SN (Kochanek
et al. 2017), ATLAS (Heinze et al. 2018), DASCH
(Grindlay et al. 2012), and SuperWASP (Pollacco et al.
2006). The detection of eclipses in archival photometry
confirms that the corresponding orbital inclinations have
not changed dramatically during the observations, which
span almost 137 years for the case of TIC 392229331. A
summary of the archival photometry is provided in Ta-
ble 6 .

3. PHOTODYNAMICAL MODELING OF THE
SYSTEMS

Lightcurvefactory (Borkovits et al. 2013; Rappa-
port et al. 2017; Borkovits et al. 2018) is a code de-
veloped over the past decade to emulate (i) photomet-
ric eclipsing lightcurves, (ii) eclipse timing variations,
and (iii) radial velocity variations in a multi-stellar sys-
tem, and fit the results to the existing data for a given
source (see also Borkovits et al. 2019b,a, 2020a,b, 2021).
The code uses a numerical (small-)N-body integrator
(a seventh-order Runge-Kutta-Nystrom algorithm) for
stellar systems with 2, 241, 242, 2+1+1 and 2+2+2
configurations. (iv) The spectral energy distribution
(SED) is also fit within Lightcurvefactory given that
the trial values of the stellar parameters and distance
are available.

The code can also (optionally) make use of the PARSEC
stellar evolution tracks and isochrones (Bressan et al.
2012). These relate the stellar mass, age, and chemi-
cal composition to the stellar radius and effective tem-

perature, Tog. The SED fitting further ties the stellar
parameters to typically readily available archival pho-
tometric observations. The use of these evolutionary
tracks requires the assumption that the evolution of all
the stars in the system have evolved in a coeval manner
(in particular, that there has been no prior episode of
mass transfer).

Especially with good RV and ETV data, it is possible
in quadruple star systems to fit accurate values for 12
stellar parameters (R, Tex, M for each of four stars), as
well as 15 orbital parameters (5 for each of two binary
orbits and one outer orbit): orbital period, P, eccen-
tricity, e, argument of periastron, w, time of periastron
passage, 7, and observational orbital inclination angle,
i. Extra light from each binary can also optionally be
set, but in this case was unused. In addition, the code
fits for the following 4 system parameters: distance, age,
metallicity, and E(B—V). When RV data are available,
the systemic RV, v, must also be fitted. This yields a
total of

12+ 1744+ 1 = 34 fitted parameters.

The code uses a Markov Chain Monte Carlo (MCMC)-
based search routine to find the best-fit system param-
eters and their statistical uncertainties. This part of
the code uses our own implementation of the generic
Metropolis-Hastings algorithm (see, e.g., Ford 2005).
We report the median of the distributions of posteriors
and the rms of these distributions as the corresponding
uncertainties.

Aside from the more familiar inferences of parameter
determinations that are possible in binary systems with
photometric and RV data, we note a few special effects
that we utilize here for the two current quadruple sys-
tems (as well as for triples in other works).

(i). In addition to the usual mass-function information
from RVs, the contribution to the ETVs from light travel
time effects (LTTE) can either further enhance the RVs
(if the motion of the same object is being measured)
or add independent supplementary information if the
ETVs are of the reflex-partner to the object whose RVs
have been measured.

(ii). Furthermore, there is a “dynamical delay” com-
ponent to the ETVs which has no counterpart in RV
measurements. This is basically due to the dynamical
effects (including an increase in the orbital period of the
binary) from the presence of a third body (or another
binary). Among other things, this yields information on
the ratio of the mass of the “other object” to the mass
of the composite system.

(iii). The SED fits yield relations among such quantities
as the sum of R?T,g and the flux at long wavelengths



Time RV(Aa) ogrv(Aa) | RV(Ab) ogrv(Ab) | RV(Ba) orv(Ba)
BJD-2,400,000 | kms™! kms~! kms~! kms~! kms™! kms~!
59979.8660 60.76 3.36 -23.44 12.09 -84.81 4.93
60001.6750 53.33 3.08 -75.70 11.10 63.11 4.53
60007.7648 -20.25 3.04 52.78 10.93 -9.79 4.45
60028.6322 -25.58 3.78 5.40 13.59 86.59 5.54
60037.6371 -33.67 2.61 46.09 9.37 36.16 3.82
59883.8584 -30.16 2.52 26.93 9.07 69.86 3.70
59902.8640 2.37 3.28 -14.63 11.82 90.93 4.82
59913.8333 -9.22 2.98 38.83 10.71 53.19 4.37
59924.7939 -13.25 2.62 89.62 9.44 -40.69 3.85
59928.7897 16.32 3.92 10.37 14.13 -49.36 5.76
59937.9150 2.90 2.86 44.53 10.30 18.44 4.20
59954.7595 1.28 2.68 78.33 9.64 -35.91 3.93
60191.9499 39.89 2.49 -90.55 8.96 -10.40 3.65
60208.0039 -19.94 2.80 66.83 10.10 10.23 4.12
60227.9469 -9.26 2.22 59.55 8.02 75.26 3.27
60236.9528 -11.12 2.76 77.91 9.92 51.44 4.05
60245.9224 -7.47 2.21 85.43 7.97 25.53 3.25
60253.7804 27.40 2.40 20.37 8.60 -61.64 3.51
60263.9580 26.29 3.47 22.12 12.46 -62.93 5.08
60272.7940 66.43 2.40 -42.31 8.64 -69.96 3.52
60282.8397 66.44 2.24 -41.03 8.06 38.11 3.29
60284.8778 9.57 2.72 72.93 9.79 -7.78 4.00
60291.8005 74.73 2.51 -72.75 9.03 20.65 3.69
60295.8181 -5.45 3.38 89.41 12.20 -69.67 4.97
60302.7970 55.95 3.01 -74.47 10.83 -38.43 4.41
60307.8837 -19.74 2.80 66.03 10.10 10.39 4.12
60327.6780 -44.66 3.12 43.41 11.20 -9.46 4.57
60338.7193 -29.56 2.27 39.70 8.15 24.09 3.32
60344.8010 -24.29 2.43 5.72 8.74 69.20 3.56
60353.6400 21.10 2.40 -47.67 8.64 64.22 3.52
60356.6360 -30.91 2.61 71.75 9.38 64.45 3.83
60363.6776 26.93 2.29 -35.33 8.23 62.53 3.35
60370.7316 25.37 2.40 -20.44 8.60 49.84 3.51
60411.6232 63.65 4.25 -48.63 15.25 45.53 6.22
60418.6434 10.03 2.26 71.05 8.09 50.43 3.29

Table 4. TRES radial velocity measurements for TIC 285853156. Aa and Ab are the primary and secondary stars of the 10-day

binary, Ba is the primary star of the 1.77-day binary

(ie., in the Rayleigh-Jeans tail), and R?*T; (when inte-
grated over the entire spectrum).
(iv). The photometric shapes/profiles of any third (and
fourth) body transits (not applicable in the two current
systems) can provide crucial information about the mu-
tual inclination angles.
(v). The precession of the orbital planes or lines of the
apsidal nodes provides further dynamical information on
P2 . /P, timescales about the system.

Finally, for the more in-depth, comprehensive anal-
ysis of the systems via Lightcurvefactory, we repro-

cessed the TESS full frame image (FFI) data using the
convolution-based differential image analysis methods of
the fitsh package (P4l 2012).

4. SYSTEM PARAMETER RESULTS

In the next two subsections we describe the results of
the photodynamic analysis of first TIC 285853156, and
then TIC 392229331. For each quadruple system we
present five types of results. These are (i) the RV mea-
surements vs. time; (ii) the RVs as a function of orbital
phase for each of the three binary subsystems (the two



Time RV(Aa) orv(Aa) | RV(Ab) ogrv(ADb) | RV(Ba) orv(Ba) | RV(Bb) orv(Bb)
BJD-2,400,000 | kms™! kms~! kms~! kms~! kms™! kms~! kms~! kms~!

59478.0083 -9.13 2.10 -138.53 8.08 -40.96 2.11 122.17 7.00
59486.8580 -73.55 1.57 24.04 6.02 -72.31 1.57

59493.9392 -109.66 1.26 13.75 6.56 -33.89 1.26 57.27 4.18
59497.8583 -41.69 1.71 -74.82 1.71 123.21 5.69
59502.9676 -108.77 1.56 145.03 6.00 -41.39 1.56 67.98 5.20
59507.7799 29.12 2.12 -95.88 8.13 27.69 2.12 -66.69 7.05
59517.8859 -30.94 1.63 -40.53 1.63 30.54 5.42
59520.8497 -54.85 1.20 80.53 4.59 -85.45 1.20 95.61 3.98
59523.8717 80.61 1.81 -176.95 6.96 64.36 1.82 -160.74 6.03
59525.7085 83.76 1.68 -13.18 1.68 -46.77 5.58
59527.8088 46.19 1.45 -114.47 5.59 -52.60 1.46 26.46 4.84
59531.7577 -41.37 1.55 -105.06 1.56 121.00 5.18
59534.8558 88.80 1.60 -163.42 6.15 10.75 1.60 -80.28 5.32
59547.7351 81.21 1.72 -117.82 1.73 109.87 5.74
59567.7015 100.54 1.75 -145.46 6.73 -103.11 1.76 68.78 5.83
59584.7696 -57.65 1.50 174.06 5.77 38.91 1.50 -181.60 5.00
59596.5942 60.52 1.74 -135.48 6.69 19.44 1.74 -76.35 5.79
59605.7724 13.02 1.54 -224.90 5.92 42.90 1.54 22.43 5.13
59620.7043 9.83 1.65 -176.28 6.36 82.35 1.66 -63.35 5.51
59623.6571 -50.36 1.26 63.55 1.26 -43.40 4.20
59632.6259 -76.16 1.83 37.08 7.04 63.72 1.84 -88.40 6.10
59650.6441 -101.63 2.03 134.52 7.81 52.38 2.04 -104.29 6.77
59657.6555 -87.04 1.63 -4.60 1.63 -26.79 5.42
59934.8229 -112.77 1.26 153.69 4.84 76.78 1.26 -133.99 4.19
59969.6798 -61.55 1.60 103.69 6.14 -112.46 1.60 127.59 5.32
59980.6834 -36.34 1.76 105.20 6.76 -98.29 1.76 89.04 5.86
60008.6616 106.36 1.66 -20.72 1.67 -92.17 5.54
59912.8271 -128.34 1.88 91.57 7.24 -12.03 1.89 84.48 6.27
59923.7433 -110.50 1.62 106.85 6.24 56.72 1.63 -75.74 5.41
59928.7592 16.08 1.87 -120.28 7.20 -58.43 1.88 106.71 6.24
59954.6351 -68.70 1.68 104.05 6.45 31.45 1.68 -97.31 5.58
60191.9345 -143.90 1.65 127.52 1.66 -116.93 5.51
60207.9749 -106.34 1.57 82.89 6.05 79.52 1.58 -95.22 5.24
60222.9195 -98.71 1.13 109.99 4.35 -11.69 1.13 20.17 3.76
60227.9264 -63.80 1.56 63.46 6.00 77.99 1.56 -148.89 5.20
60235.9479 -19.96 1.51 1.99 5.81 -98.98 1.52 145.15 5.04
60243.9884 45.54 1.53 -119.51 5.89 60.47 1.54 -152.09 5.10
60252.7088 76.82 1.42 -154.57 5.46 59.40 1.42 -167.77 4.73
60271.7361 -55.93 1.37 133.17 5.27 -92.23 1.37 76.14 4.56
60284.6853 -75.45 1.89 175.39 7.28 26.89 1.90 -149.30 6.31
60293.8079 -72.24 1.17 179.60 4.51 5.48 1.18 -129.82 3.91
60302.7587 -53.43 1.25 163.82 4.80 17.43 1.25 -155.08 4.16
60305.7551 104.98 1.18 -132.10 4.54 -124.96 1.18 99.83 3.93
60316.6460 92.82 1.79 -142.79 6.88 -45.02 1.79 -19.46 5.96
60339.6900 -107.40 1.33 35.44 5.09 -51.11 1.33 172.54 4.41
60353.6178 -66.93 1.49 21.05 5.72 -37.74 1.49 113.29 4.96
60370.6641 -66.42 1.68 50.47 6.47 16.09 1.69 -51.03 5.61

Table 5. TRES radial velocity measurements for TIC 392229331. Aa and Ab are the primary and secondary stars of the
1.82-day binary, Ba and Bb are the primary and secondary stars of the 2.26-day binary.



Table 6. Archival Data®

Source ASAS-SN DASCH ATLAS
TIC 285853156° 3722 points 2720 points
10.02 d 10.026068 d not detected
1.76 d not detected not detected
TIC 392229331¢ 2343 points 4151 points 2580 points
1.82d 1.822387d  1.822375d too bright
2.25d 2.256562 d  2.256540 d too bright

Notes. (a) Line one under each source lists the number of
archival data points. Line two is for the A binary, and line
three is for the B binary. Only data sets with more than
1000 archival points were considered, otherwise the entries
are marked with an ellipsis. Entries marked as “too bright”
indicate that saturation effects have set in. In all cases, the
phases of the archival eclipses are consistent, within the
uncertainties, with those found with TESS. (b) G = 12.1.
(c) G = 10.6.

EBs and the outer orbit); (iii) the ETV curves; (iv) il-
lustrative photodynamical fits to segments of the TESS
lightcurve; and (v) the composite spectral energy distri-
bution (SED) for the quadruple. In all five presentations
we show both the measured values and the model curves
generated by Lightcurvefactory. For each quadruple,
we also present a table summarizing all the system pa-
rameters with uncertainties.

4.1. The Quadruple TIC 285853156

For TIC 285853156 we summarize the system param-
eters and uncertainties in Table 7, as determined by
Lightcurvefactory. TIC 285853156 is now the third
most compact known quadruple, with an outer period
of only 151.7 days. A particularly interesting feature of
TIC 285853156 is the period and eccentricity of the or-
bit of binary A (10.0 days and 0.23, respectively). While
this orbit is unexciting for a isolated binary, or even as
part of a wide multiple system, its existence as part of
a very tight quadruple system with a particularly short-
period outer orbit is rather remarkable. While we will
discuss the stability of the system further in Section 5.3,
we note here that neither the period ratio stability cri-
terion of Equation 2 nor the semi-major axis ratio sta-
bility criterion of Equation 1 are strictly met by TIC
285853156. However, we demonstrate the long-term sta-
bility of the system through simulation, again discussed
in section 5.3. Further validation of the long-term sta-
bility of the system is provided by its age at 3.8 Gyr.

The system flux is dominated by the G-type primary
star of binary A, with a mass of 1.072 Mg, that con-
tributes ~85.5% of the system light. The primary of bi-
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nary B has a mass of 0.731 M, and contributes ~10.9%
of the system light. The secondaries of each binary are
substantially smaller M-type stars, with Mu,/Ma, =
0.495 and Mpy,/Mp, = 0.566. The secondary of binary
B, with a mass of 0.414 Mg, is not reliably detectable
in the spectra, as we noted in Section 2.1. As such, we
were only able to obtain the RVs from the primary of
binary B.

In Figure 3, we show the 35 measured RVs and model
fits for both binaries of TIC 285853156 as a function
of time. The orange and gold curves in the top panel
are the model curves for the primary and secondary of
binary A, respectively, while the blue points and curve
in the bottom panel are for the primary of binary B. The
black curves show the radial velocity motion of binary
A (top panel) and binary B (bottom panel) around the
system center of mass.

Figure 4 shows the same RV data but for Aa and Ab
in the center of mass of binary A (top panel), for Ba in
the center of mass of binary B (middle panel), and for
binary A orbiting binary B in the system center of mass
(bottom panel). The model curves show the dynami-
cally forced apsidal motion in binary A as well as in the
outer orbit.

In Figure 5, we show the measured ETVs for binary
A (top panel) and binary B (bottom panel). The ETV
data are sparse with a large gap between the two TESS
observations of about two years. Nonetheless, the outer
model for the 152-d outer orbit is secure because of
all the other information being fit simultaneously with
LIGHTCURVEFACTORY. The binary A ETV curve is
dominated by dynamical effects (DE) due to the long
period of binary A and the relatively short outer pe-
riod, P,y*. In contrast, the ETV curve for binary B is
a combination of the Light Travel Time Effect (LTTE)
and dynamical delays. (For a thorough discussion of
ETVs, as well as the separate LT'TE and DE contri-
butions to the ETVs, see Borkovits 2022.) The LTTE
contribution to the delays is shown as a thin brown curve
labeled “LTTE.” We also note the diverging ETV curves
for the primary and secondary eclipses, which indicates
apsidal motion in that binary.

Two segments of the TESS lightcurve from sectors
45 and 71 are shown in Figure 6. The deeper eclipses
in this figure are, naturally, caused by occultations of
star Aa, which produces ~85% of the system light, by
star Ab. The others are the primary and secondary
eclipses of binary B. Superposed on the lightcurve is the

4 Equation (6) of Borkovits (2022), shows that the amplitude of

the DE is directly proportional to Pizn/Pout



10

150 T T T T
_M00f . 3
(o] r 4
Q 4
@2 ]
IS B
= ]
> ]
2 E
38 .
> ]
3 1
g ]
& " ]

100 ? 3

N TIC 285853156 A 1

T J T P S R RN B B
T T T T T
hel 0 Q—o(x@-o—o—&—&—g-o—ocgjsot&g—g(&m}—p—
8 o5 E [ E
& 256 o e P

59900 60000 60100 60200 60300 60400
BJD - 2400000
150 [
o 10F . L ]
8 e [ ¢ % ]
g S50|i* b ® el
= C " ]
> . N e g @
%’ or ° . o/ o B
> E . ]
3 50 % i —
g r M :
i r . ]
-100 F 3
C TIC 285853156 B ]

T J P S R RN B B
% T T T T T T T
® O fooog®® ooy 00 og0Belg St
& 258 1

59900 60000 60100 60200 60300 60400

BJD - 2400000

Figure 3. Radial velocity data vs. time and model fits for
TIC 285853156 binaries A (upper panel) and B (lower panel)
shown over the full duration of the collected spectra (see
Table 4). Points are measured RVs for star Aa (red) and Ab
(gold) in the top panel, and blue points are for star Ba in the
bottom panel. Smooth curves are the model fits. The black
curves represents the motion of binaries A and B around
the system center of mass in the top and bottom panels,
respectively.

photometric model from the global fit to all the data by
LIGHTCURVEFACTORY.

Finally, the model SED fit is shown in Figure 7. We
were able to retrieve 19 SED measurements spanning
0.43 to 11.6 microns on VizieR (Ochsenbein et al. 2000).
The figure shows the separate (model) contributions to
the flux from all four stars, as well as the total sys-
tem flux. By itself, there is insufficient information in
SED data like these to find the parameters of four con-
stituent stars without additional information. That is
because, even under the assumption that all the stars in
the system are coeval, there are still at least six-seven
free parameters to fit, including four masses, one system
age, the interstellar extinction, Ay, and possibly the dis-
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Figure 4. Radial velocity data vs. orbital phase and model
fits for TIC 285853156. The RV data and the corresponding
model fits are shown in the center of mass reference frame of
Binary A (top panel), of binary B (middle panel), and of the
quadruple AB (bottom panel). Points in the bottom panel
correspond to those described in Figure 3. Note that binary
B is single-lined due to the relatively low luminosity of the
secondary, Bb. Driven apsidal motion can be seen in the
model curves for Binary A.
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Figure 5. Measured ETV points and the corresponding
model fits for TIC 285853156. The results for binary A and
binary B are displayed in the top panel and bottom panel,
respectively. The ETVs and for the primary and secondary
eclipses are shown with red circles and blue squares, respec-
tively. The smooth model ETV curves for the primary and
secondary eclipses are shown in the same corresponding col-
ors. The A binary is dominated by dynamical delays, while
for binary B, the contribution of the LTTE and DE to the
ETVs are more comparable. The thin brown curve shows the
LTTE contribution to the ET'Vs by itself. Residuals from the
fit are shown in the bottom section of each panel.

tance. However, LIGHTCURVEFACTORY is able to work
with many other input parameters; thus, the SED fit
is just one of the ingredients contributing to the overall
solution.

4.2. The Quadruple TIC 392229331

We summarize the system parameters and uncer-
tainties for TIC 392229331 in Table 8. As for TIC
285853156, Lightcurvefactory was used to model si-
multaneously all the RV, ETV, photometric, and SED
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Figure 6. Lightcurve segments for TIC 285853156 from sec-
tor 45 (top panel) and sector 71 (bottom panel). Lightcurve
data points used for the fit (dark blue circles) and lightcurve
data points not used for the fit (light blue circles) are plotted
with the model light curve (red line) superposed. Residuals
of the data from the fit are shown in the bottom section of
each panel.

data. We discuss the results for TIC 392229331 in this
section.

With an outer orbital period of 144.8 days, TIC
392229331 now has the second shortest known outer or-
bit of any quadruple system. The outer orbital eccen-
tricity of 0.558 makes this even more impressive from
the perspective of long-term dynamical stability, which
we will discuss in Section 5.3. The component bina-
ries A and B both have near-circular orbits with peri-
ods of 1.82 days and 2.25 days, respectively. The two
binaries have similar constituent masses, with Ma, =~
2.052Mg, Map =~ 1.097TMg, Mp, =~ 1.948My, and
Mpy, ~ 1.147Mg. Most of the system light in the TESS
band is from star Aa (~48%) and star Ba (~42%), to-
gether accounting for ~90% of the system light.



12

Table 7. Median values of the parameters of TIC 285853156 from the double EB simultaneous lightcurve, double ETV, joint
SED and PARSEC evolutionary track solution from LIGHTCURVEFACTORY.

Orbital elements®

subsystem

A B A-B
P, [days] 9.9987310:00043 1.7660006 0 0000031 151.70%0 1)
semimajor axis [Ro)] 22.877012 6.43670 09 167.747053
i [deg] 88.9370 08 89.90%0 4 89.0770 53
e 02313450003 0.01117000%3 0.32517000%
w [deg] 182.775513 115.371%7 288.55+0:49
7" [BJD] 2459 478.3837005 2459 473.43979.067 2459 251.0970:88
€2 [deg] 0.0 —0.6310 59 0.4970:34
(im)%_ . [deg] 0.0 1.15197¢ 0.72753%
(im)p—.. [deg] 1.15+576 0.0 1.4970.7%
wayn [deg] 312.767035 205.3+1%7 108.55+9:49
i, [deg] 0.5979:23 1375003 0.1575:94
Uiyn [deg] 695" 1343 282161
ifny [deg] 89.0975:38
Qf, [deg] 0.3870:59
mass ratio [¢ = Msec/Mpri] 0.4957-506 0.56675-913 0.71575:906
Kopri [kms™'] 39.4707% 66.6715 24667005
Koo [kms™?] 79.670% 117.8799 34.4919-22

Apsidal and nodal motion related parameters’

Papse [year] 17.52755o 62.2793 91.079¢
P& [year] 72703 31.9+02 38.1%02
P, [year] 123794 65.6°0:5
Awggn [arcsec/cycle] 4918752, 186.4795 14125770
Awgr [arcsec/cycle] 0,612j81882 1.47f8:8} 0~151t8:88§
Auwtide [arcsec/cycle] 0.2173:01 8.4510-12 _

Stellar parameters

Aa Ab Ba Bb

Relative quantities

fractional radius [R/a] 0.0475700008  0.023070:0007  0.105470:0008  0.063610:001 ¢

fractional flux [in TESS-band]  0.85570:002  0.02770:005  0.1097000%  0.00975 90}

Physical Quantities

m [Mg] 1.07245:0%%  0.53075999 0.7317500T  0.41475:00%

RY [Ro) 1.08675058  0.52575099  0.678T0:0%%  0.40979:9%%

T [K] 5845127 3507128 4454736 3252130

LY [Lo] 1.2307394%  0.03779992  0.162+5:999  0.017+5:99!

MY, 4.5510-04 8.3519:05 6.7475:06 9.2115:06

M 4.5870-05 10.147913 7407012 11.4679-15

log g9 [dex] 439515014 472175000 4,63815:002  4.82910014
Global Quantities

log(age)? [dex] 9.584 10043

[M/H]? [dex] 0.19770578

E(B —V) [mag] 02570010

(Mv )8, 4.505003

distance [pc] 274713

Notes. (a) Instantaneous, osculating orbital elements at epoch to = 2459474.0; (b) Time of periastron passsage; (c) Mutual
(relative) inclination; (d) Longitude of pericenter (wdyn) and inclination (iayn) with respect to the dynamical (relative)
reference frame (see text for details); (e) Inclination (4inv) and node (Qinyv) of the invariable plane to the sky; (f) See Sect 5.2
for a detailed discussion of the tabulated apsidal motion parameters; (g) Interpolated from the PARSEC isochrones;



107° — Aa
—— Ab
[ Ba
9
& 10710 L
~& —— System
€ Measurements
&
910711
L
=
WL 10712
~
10—13 l
102 103 104

Wavelength (nm)

Figure 7. SED data points and model fit for TIC 285853156.
The SED measurements are shown as red circles, while the
model contributions from stars Aa (blue), Ab (green), Ba
(orange), Bb (purple), and the total system (black) are
shown superposed on the data. The system age is 3.8 Gyr.

In Figure 8, we show the 47 measured RVs as a func-
tion of time together with the model fits for both bi-
naries of TIC 392229331. The orange and gold points
(top panel) and blue and cyan points (bottom panel)
are the RVs for the primary and secondary stars of bi-
nary A and binary B, respectively. The smooth curves
of the same color are the corresponding model fits from
LIGHTCURVEFACTORY. The black curves indicate the
motion of the center of mass of binary A (B) around the
system center of mass in the upper (lower) panel.

Figure 9 shows the same RV data, but here as a func-
tion of the orbital phase of binary A (top panel), of
binary B (middle panel), and of the outer orbit of A
orbiting B (bottom panel). In the top and middle pan-
els, the RV of the respective binaries around the sys-
tem center of mass have been removed. In the bottom
panel, the RV motions of the four stars with respect to
the system center of mass are shown—after removing
the internal motions of those stars that are shown in
the top and middle panels. Specifically, this shows how
the four stars trace the outer orbit. As with the masses
of the stars, here again we find a remarkable similarity
between the orbits of the two binaries (i.e., compare the
top and middle panels of Figure 9). The bottom panel
of the same figure shows the substantial eccentricity of
the outer orbit.

The ETV data and model fits for TIC 392229331 are
shown in Figure 10. These ETV data are similar to those
for TIC 285853156 in that there is also a long (in this
case, ~3-year) data gap between between the first two
TESS observations. However, the rest of the data for
this source are sufficiently rich, that LIGHTCURVEFAC-
TORY is readily able to incorporate these ETV snippets
into the analysis and return a complete and robust so-
lution. In fact, we show in Figure 10 the ETV points
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Figure 8. Radial velocity measurements and model fits
vs. time for TIC 392229331. The upper and lower panels
show the RVs for binary A and binary B, respectively. All
other descriptors are the same as given in the caption to Fig-
ure 3 for TIC 285853156.

based on the most recent TESS data from Sector 86,
which was not fit with the model. Rather, we demon-
strate the robustness of the photdynamical solution with
data taken after the model was made. Note also that in
each panel, the thin brown curve gives the LTTE con-
tribution to the ETVs, with the remainder being due to
the DEs.

We show segments of the TESS photometry from sec-
tors 19, 59, and 86 in Figure 11, along with their model
fits. Note that, although these light curve segments look
identical at first glance, there are slight differences. The
relationship of Pg/Pa = 26/21 ~ 5/4 causes frequent
in-phase repeating patterns in the light curve, which can
be readily seen upon closer inspection of the full TESS
light curve in Figure 2.

Finally, in Figure 12, we show the SED data and
model fit for TIC 392229331. We retrieved 22 flux mea-
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Figure 10. ETV points and model curves for TIC
392229331. The top and bottom panels are for binary A
and binary B, respectively, with the red circles indicating
the primary eclipses and blue squares the secondary eclipses.
The smooth curves of the corresponding colors are the model
fits. For both binaries, we show the contribution of the LTTE
to the ETVs (thin brown curve), while the remainder of the
ETVs are accounted for by dynamical effects. Residuals of
the measured points from the fit are shown in the bottom
section of each panel.

surements from VizieR (Ochsenbein et al. 2000), includ-
ing the Galex NUV and FUV fluxes, and these are all
plotted as orange circles. We show the model flux curves
vs. wavelength for each of the four stars in the system as
well as the composite model spectrum. The fit is quite
decent and indicates two similar primaries and two sim-
ilar secondaries. As was the case for TIC 285853156,
we remind the reader that some 20 SED points over the
wavelength range 0.15 to 11.6 microns are not adequate,
by themselves, to infer all the parameters for the four
stars in the system. However, when coupled with sup-
plementary information, e.g., some temperature ratios
between secondary and primary stars, mass estimates,



stellar evolution tracks, etc., this becomes entirely pos-
sible. Thus, the SED is just one input, among several
others, that allow for a total solution for the system.

5. DISCUSSION
5.1. Flatness of the Systems

Views of the two quadruple systems studied in this
work, TIC 285853156 (P,,; = 151.7 d) and TIC
392229331 (P, = 144.8 d), from above the orbital
plane are shown in Figure 14. They are sufficiently
compact that TIC 285853156 would fit entirely within
the orbit of Venus (300 Ry in diameter), while TIC
392229331 would very nearly do the same.

When seen edge on with respect to the outer orbit,
however, TIC 285853156 would be less than 2 R in
thickness, while TIC 392229331 might be a bit thicker
at ~5 Rg. In other words, the systems are coplanar to
within < 1° in the case of TIC 285853156, and < 2° for
TIC 392229331.

The geometric flatness of these systems is a remark-
able inference given that outer eclipses in these systems
have not been observed. In order to determine whether
there should be outer eclipses visible from the Earth, we
simulated the system for one thousand years using RE-
BOUND (Rein & Liu 2012) with the IAS15 integrator
(Everhart 1985; Rein & Spiegel 2015) and examined the
positions of the stars. Figure 13 shows the impact pa-
rameter between stars for both systems over this time
scale. Due to apsidal motion (see Section 5.2), we expect
that TIC 285853156 will produce eclipses on the outer
orbit between stars Aa and Ba (and, less frequently, be-
tween stars Aa and Bb) for a duration of several years at
a time, once every few decades. In contrast, we do not
expect TIC 392229331 to ever produce outer eclipses.

The ability to determine the mutual inclination angles
between the binaries and the outer orbits is made pos-
sible by the fact that misalignment between the orbital
planes would lead to orbital precession on timescales just
a few times longer than the observations (see Tables 7
and 8). If the orbital planes of the binaries did precess,
then there would be observable eclipse-depth variations
which are not seen. And, quantitative constraints on
the motion of the orbital planes can thereby be set.

5.2. Apsidal Motion

The driven apsidal periods in TIC 285853156 are ~17,
62, and 91 years for binary A, binary B, and the outer
orbit respectively. For TIC 392229331, these apsidal
periods are 30, 32, and 250 years, respectively. We can
see just how rapid this precessional motion is in the RVs
of binary A of TIC 285853156 from the model curves in
the top panel of Fig. 4. Apsidal precession can also be
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Figure 11. Lightcurve segments from TESS sectors 19
(top), sector 59 (middle), and sector 86 (bottom) for TIC
392229331. Lightcurve data points (blue circles) are com-
pared to the model lightcurve (red line). Residuals of the
data points from the model fit are shown in the bottom sec-
tion of each panel. As with Figure 10, the sector 86 data
were not fit with the model, but are shown here to demon-
strate the robustness of the photodynamical solution.



16

Table 8. Median values of the parameters of TIC 392229331 from the double EB simultaneous lightcurve, double ETV, joint
SED and PARSEC evolutionary track solution from LIGHTCURVEFACTORY.

Orbital elements®

subsystem
A B A-B
P, [days] 1.822056770-9500067 2.256093 70900015 144.8075-1¢
semimajor axis [Ro)] 9.20675-949 10.554+9:969 213.870

i [deg] 84.8870:33 85.131026 84.4610°78
e 0.011375-995¢ 0.013555:9%52 0.55810:010
w [deg] 298.0155 1205418 296.272'4
7" [BJD] 2458 815.577T0013 2458 817.30970:012 2458 877.9571%3
Q [deg] 0.0 0.027933 —0.9275-33
(im)%a—... [deg] 0.0 0.62+937 1.25+0.72
(im)B-... [deg] 0.62+0:3] 0.0 11550758
@iy [deg] 118.1124 300.5118 116.2724
idyn [deg] 1071535 L.00%5 08 0174042
ngn [deg] 247J_rgg 233;052 611“212
iy [deg] 84537550
Qv [deg] —0.7970:3
mass ratio [¢ = Msec/Mpri 0.53610:006 0.59079-997 0.983+9-017
Kpri [kms™!] 88.910:8 87.5107 44.415°¢
Koo [kms™!] 165.9712 148.47112 451798
Apsidal and nodal motion related parameters’
Papse [year] 30.2%5% 32.0107 252.2+52
P& [year] 18.079:4 16.8+0:4 311198
Pyl [year] 44.8412 35.4+09
Aw$™ [arcsec/cycle] 277.5%7% 43371 165441456
Awgr [arcsec/cycle] 2.83J_r8'_82 2-43t8:8§ 0~351t8:88;
Auwtide [arcsec/cycle] 77.8+22 40,141 -
Stellar parameters
Aa Ab Ba Bb

Relative quantities

fractional radius [R/a]

fractional flux [in TESS-band]

0.185779:0015
0.48110:019

0.106819-514  0.157373:9011
0.04670%07  0.417790:2

0.098879-001%
0.05670 05

Physical Quantities

m [Mo) 2.052500%  1.097E0T  1.948%00%  L147E0N
E? [Ro] 170970920 09837007 165010017 1 043+0028
T [K] 90381249 5845199 86961249 59847120
Lio [Lol 17550060 10197000 1422013 12647012
Mg, 1667011 4.75%5:%9 1.8970:12 4.52+0:12
My 1707558 4797088 1.8910:20 4537913

log g9 [dex]

4.28215006

4.492f8',883 4.2861L8',88§6

4.46010:013

Global Quantities

log(age)? [dex]

8.014575%

[M/H)? [dex] 0.18315:552
E(B —V) [mag] 0.30115:9%5
(Mv ) 0.96100g

distance [pc]

6079

Notes. (a) Instantaneous, osculating orbital elements at epoch to = 2458816.0; (b) Time of periastron passsage; (c) Mutual
(relative) inclination; (d) Longitude of pericenter (wdyn) and inclination (iayn) with respect to the dynamical (relative)
reference frame (see text for details); (e) Inclination (4inv) and node (Qinyv) of the invariable plane to the sky; (f) See Sect 5.2
for a detailed discussion of the tabulated apsidal motion parameters; (g) Interpolated from the PARSEC isochrones;
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Figure 12. SED data points and model fit for TIC

392229331. The SED measurements are shown as red cir-
cles, while the model contributions from stars Aa (blue),
Ab (green), Ba (orange), Bb (purple), and the total system
(black) are shown superposed on the data. The system age
is 103 Myr.

seen, but to a lesser degree, in the outer orbit of this
same quadruple in the bottom panel of Fig. 4. Likewise,
for TIC 392229331, the model fits to the outer orbit
RVs in the bottom panel of Fig. 9 also exhibit apsidal
motion. By contrast, we don’t see obvious precession
in these figures from either binary B in TIC 285853156
or either inner binary in TIC 392229331. This is due
only to the small (~0.01) orbital eccentricities of these
binaries, which are indeed undergoing apsidal motion,
but just without having a large observational effect.

A rough estimate of the dynamically forced apsidal
precession timescale is given by the proportionality:

4
3 (14 1/gout) Pc?ut/‘ljin(]‘ - eout)g/Q

(Borkovits 2022). For the binaries with periods of ~2 d
in systems with outer periods of ~150 d, this timescale
is expected to be of order 30 years for both binaries in
TIC 392229331 and binary B in TIC 285853156, while
for binary A with a period of 10 d, the expected apsidal
precession time is distinctly shorter (see Tables 7 and 8
for more precise values). These are all far more rapid
than could be expected from apsidal motion driven by
stellar tides.

5.3. Dynamical Stability

While the outer periods of the two systems are not
quite the shortest known, the high outer eccentricities
raise the question of whether the systems are long-
term dynamically stable. To address this question, we
first utilize the formalism of equation 1 from Borkovits
et al. (2022), derived from Eggleton & Kiseleva (1995);
Mikkola (2008) and reproduced below for completeness,
which shows that for the system to be long-term dynami-
cally stable, the semi-major axis ratio and orbital period
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ratio between the quadruple and each binary, aquad/@bin
and Pyyad/ Poin, should satisfy the following:

Gquad - 98 (Mquad>2/5 (1+ equad)2/5

1 in 1
Gbin Myin (1 - equad)6/5( e ) ( )

(1 + ebin>3/2
(2)

We substituted the parameter values from Tables 7
and 8 into Eqns. (1) and (2) and found that TIC
392229331 has the requisitely large outer period and
semimajor axis, by about factors of 2, to be long-term
stable. However, for TIC 285853156 both the outer pe-
riod and semimajor axis are only at ~95% of their re-
spective stability criteria. TIC 285853156 is therefore
fairly close to long-term dynamical instability. On the
other hand, Eqns. (1) and (2) are fitting formulae to
the results of numerical experiments representing a wide
range of orbital eccentricities, period ratios, and mass
ratios, and may not precisely give the exact stability
boundary for any given specific system.

Therefore, in order to check the fidelity of the above
expressions for the TIC 285853156 system in particular,
we carried out a long-timescale numerical simulation us-
ing REBOUND (Rein & Liu 2012) with the IAS15 in-
tegrator (Everhart 1985; Rein & Spiegel 2015), as well
as for the TIC 392229331 system (for completeness). In
Figure 15, we show the semi-major axes, eccentricities,
and inclinations of each of the binaries and the quadru-
ple for the duration of one thousand outer orbits. In
Figure 16, we show the same for TIC 392229331. In
both cases, there are no hints of instability.

We also lengthened the duration of our simulations to
test the stability of the systems for one million years. In
each case, there was no significant change in the semi-
major axes, eccentricities, or inclinations. As such, we
conclude that both TIC 285853156 and TIC 392229331
are stable for at least millions of years, if not for the
lifetime of the Galaxy.

The inferred age of TIC 285853156 is 3.8 Gyr (Table
7), and thus, empirically, Nature seems to have deter-
mined that this system is indeed long-term stable—in
spite of having slightly failed the stability expressions
of Eqns. (1) and (2). For TIC 392229331 the observa-
tionally determined age is only 103 Myr (Table 8). So,
this empirical determination of stability still exceeds our
calculations by two orders of magnitude.

Pquad > 47 Mquad 1/10 (1 + equad)g/5
bin ~ Mbin (1 - equad)g/5

5.4. Formation and Evolution of the Quadruples
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Figure 13. Impact parameter (centroid distance divided by the sum of the radii) of pairs of stars in TIC 285853156 (top panel)
and TIC 392229331 (bottom panel) for a one thousand year duration. We should expect a pair of stars to produce eclipses on
the outer orbit when the impact parameter is below the black line at y = 1. This will occur for a several year interval once
every few decades between pairs Aa/Ba and Aa/Bb of TIC 285853156, while TIC 392229331 will not eclipse on its outer orbit.



150 T

TIC 285853156
P, =151.7d

100

S0

S S R T T AT R S S N

-100

LI N N B B B B B B

-1 PR SN T T U T N I T S S S W S T AN ST SN ST S Y S T WY

-150  -100  -50 0 50 100 150
X (Ry)

LI N s L L e e e

TIC 392229331
T Poy=144.8d

150

000000

7,
(o)
s

100

<A\"\ﬂﬂﬁgﬂhﬁt?¢"~:2% >
R

F
AL

-100

Orbit of
Venus

-150

o v e b P b b L

-150 -100 -50 0 50 100 150
X (Ry)

Figure 14. Orbital motions in TIC 285853156 (top panel)
and in TIC 392229331 (bottom panel), as seen from a vantage
point above the orbital plane. The actual observational view
direction from the Earth is along the +y axis. A compari-
son between the sizes of these orbits with that of our planet
Venus around the Sun is included.

Here we briefly consider how such compact quadruple
systems, that are at the same time nearly coplanar but
with substantial outer orbital eccentricities, may have
formed. The components of compact quadruples orig-
inally formed at much wider separations, likely via an
outside-in process (Tokovinin 2021b). In this scenario,
the original core fragmented on ~1,000 au scales and
then each of the components fragmented again, possibly
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via gravitational disk instabilities on ~100 au scales,
resulting in the inner binaries (see Offner et al. 2023
for a recent review on multiple star formation). Dy-
namical hardening of the outer orbit down to Poy ~
150 days would have required substantial circumquadru-
ple accretion, resulting in the nearly coplanar config-
urations we see today. Moreover, significant circum-
quadruple accretion would drive the outer binary mass
ratio toward unity (Young & Clarke 2015; Farris et al.
2015). Indeed, TIC 392229331 is a near twin with qout
= (Mpe+Mpp)/(Maa+Map) = 0.98.

However, circumbinary accretion does not necessarily
dampen the orbital eccentricities. Eccentricity evolu-
tion depends inextricably on multiple factors, includ-
ing the binary mass ratio, initial eccentricity, and the
viscosity and sound speed of the accreting gas (Duffell
et al. 2020; Zrake et al. 2021). The large eccentricities
eout > 0.3 of the outer orbits in our two quadruples are
relic signatures that they formed at much larger sep-
arations and subsequently decayed inward via dynam-
ical friction within the surrounding gas. In contrast,
most compact triples with P,z < 200 days have egyt
< 0.3 (Borkovits et al. 2016), suggesting both compan-
ions formed through two subsequent episodes of disk
fragmentation. Compact 242 quadruples cannot form
through disk fragmentation alone. Instead, the outer
pair must have originally formed via core fragmentation
on substantially larger scales. Hence, for a given final
P,ut, compact quadruples will have systematically larger
eous compared to their compact triple counterparts. The
transition between the disk versus core fragmentation
channels appears to be around e = 0.3. For example,
the spin-orbit angles of close binaries with e < 0.2 are
well-aligned, suggesting they formed out of the same
disk, whereas close binaries with e > 0.4 exhibit random
spin-orbit orientations, suggesting they dynamically mi-
grated (Smith et al. 2024; Marcussen et al. 2024). It is
thus not surprising that for our two compact quadru-
ples, where the outer pairs must have formed via core
fragmentation and decayed inward by three orders of
magnitude, the outer orbits still retain rather large ec-
centricities ey, > 0.3.

6. SUMMARY

We have presented the discovery of two eclips-
ing quadruple star systems, TIC 392229331 and TIC
285853156. The systems have a 242 hierarchical con-
figuration consisting of two eclipsing binaries. These
quadruples have the second and third shortest outer pe-
riods of all the known quadruple systems—145 days for
TIC 392229331 and 152 days for TIC 285853156. Both
systems have all three orbits (two inner binaries and the
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The bottom row shows a zoomed in view of five orbits of the binaries for the semi-major axes (bottom left), the eccentricities

(bottom middle), and the inclinations (bottom right).

outer orbit) aligned in a near coplanar configuration to
within about a degree. Both outer orbits have a substan-
tial eccentricity of 0.558 (for TIC 392229331) and 0.325
(for TIC 285853156). All three orbits of these quadru-
ples would just about fit within the orbit of Venus in
our solar system.

The two quadruple systems were analyzed for their
full sets of system parameters using a comprehensive
photodynamical model, simultaneously fitting the RVs,
ETVs, light curves, and the SED. The fitting code,
LIGHTCURVEFACTORY, also utilizes theoretical stellar
evolution tracks to interrelate the stellar masses, age,
and metallicity with their radii, and T (see Sect. 3).

The periods of the binaries in TIC 392229331 are 1.82
days and 2.25 days, both with eccentricities of ~0.01.
The two binaries are rather similar, with mass ratios
¢in,a = 0.51 and ¢,z = 0.59, with the outer mass ra-
ti0 gout = 0.98, close to unity. The system is relatively

young, with an age of 103 Myr. Of particular note, the
outer period is 144.8 days, the second shortest period
among known quadruples, with a substantial eccentric-
ity of 0.558.

The periods of the binaries in TIC 285853156 are 10.0
days and 1.77 days with eccentricities 0.23 and 0.01, re-
spectively. The system flux is dominated by the primary
of the 10.0 day binary. Like TIC 392229331, mass ratios
of the binaries, gin,a = 0.49 and ¢n,5 = 0.57, are close
to 0.5, with gout = 0.71. The system age is 3.8 Gyr.
The outer orbital period is 151.7 days, the third short-
est period of known quadruples, with an eccentricity of
0.325.

We note that the basic stellar properties of the two
quadruple systems, including mass, radius, Teg, and age,
are well enough determined (to within better than a
couple of percent) so that these should be useful to check
against stellar evolution models. There are very few such
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multistellar systems, especially 242 quadruples, that are
available for this purpose.

Our spectroscopic observations of TIC 285853156
and TIC 392229331, following initial identification as
quadruples by K22/K24, provide powerful examples of
the value of continuing to pursue follow-up observations
for interesting multistellar targets. Additionally, the ra-
dial velocity measurements in these systems were par-
ticularly important because the ETV data were lim-
ited and there are no outer eclipses (third and fourth
body eclipses) observed. TIC 285853156 and TIC
392229331 are both compact systems, per the defini-
tions of Tokovinin (2021a) and Borkovits (2022), and,
additionally, TIC 285853156 is a “tight” system with
P,ut/Pin as low as 15. They are both rather remark-
able, for having such short outer periods, yet with sub-
stantial eccentricities. These properties will inform our

understanding of the formation and evolution of such
multistellar systems (see Section 5.4).

Finally, the short outer periods of these systems raise
the question of the shortest physically possible outer
period in a quadruple star system (the current record
holder is BU CMi with P,y = 122 days; Pribulla
et al. 2023). In terms of basic dynamical stability re-
quirements, a coplanar system with non-eccentric or-
bits, with, e.g., inner binary periods of ~2 days and an
outer period of ~25 days should be quite stable. A sim-
pler analog of such a system is the triple system TIC
290061484 (Kostov et al. 2024b) with a binary period of
1.8 days and an outer orbital period of 24.6 days. How-
ever, the formation of a quadruple system is likely more
complex, and it is not clear whether such short outer
period quadruples will ever be found.
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