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A B S T R A C T 

We have found that the 2 + 2 quadruple star system BU CMi is currently the most compact quadruple system known, with an 

extremely short outer period of only 121 d. The previous record holder was TIC 219006972 (Kostov et al.), with a period of 
168 d. The quadruple nature of B U CMi w as established by Volko v, Kravtso va & Chochol, but they misidentified the outer 
period as 6.6 yr. BU CMi contains two eclipsing binaries (EBs), each with a period near 3 d, and a substantial eccentricity of 
� 0.22. All four stars are within ∼0.1 M � of 2.4 M �. Both binaries exhibit dynamically driven apsidal motion with fairly short 
apsidal periods of � 30 yr, due to the short outer orbital period. The outer period of 121 d is found both from the dynamical 
perturbations, with this period imprinted on the eclipse timing variations curve of each EB by the other binary, and by modelling 

the complex line profiles in a collection of spectra. We find that the three orbital planes are all mutually aligned to within 1 deg, 
but the o v erall system has an inclination angle near 83.5 

◦. We utilize a complex spectro-photodynamical analysis to compute 
and tabulate all the interesting stellar and orbital parameters of the system. Finally, we also find an unexpected dynamical 
perturbation on a time-scale of several years whose origin we explore. This latter effect was misinterpreted by Volkov et al. and 

led them to conclude that the outer period was 6.6 yr rather than the 121 d that we establish here. 

Key words: binaries: eclipsing – binaries: spectroscopic – stars: individual: BU CMi. 
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 I N T RO D U C T I O N  

here are currently more than 300 known 2 + 2 quadruples consisting
f an orbiting pair of eclipsing binaries (EBs), most of which have
een found with Transiting Exoplanet Survey Satellite ( TESS ; Kostov
t al. 2022 ; Zasche, Henzl & Ma ̌sek 2022 ; Kostov et al. 2023 ). The
riteria for accepting these as quadruples are: (i) there are two EBs
hat are (ii) unresolved at the pixel level with TESS , and (iii) which
how only one dominant star in Gaia within the TESS pixel. Ho we ver,
iven that Gaia does not often distinguish stars that are � 1/2 arcsec
part, and that these objects are typically a kpc away, this implies
nly that the physical separation of the EBs is � 500 au or so. The
orresponding outer orbital periods are only constrained to an order
f � 5000 yr. 
At the largest of these orbital separations, the quadruples would

e too wide for easy-to-measure dynamical interactions that could
ead to a determination of the outer orbital period. Ho we ver, a small
ercentage of these quadruples have much closer separations of less
han a few au, and these have led to measurable outer orbits as well
 E-mail: pribulla@ta3.sk 

1  

k  

b  

Pub
s other interesting dynamical interactions, such as TIC 454 140 642
432 d; Kostov et al. 2021 ), TIC 219 006 972 (168 d; Kostov et al.
023 ), and VW LMi (355 d; Pribulla et al. 2008 ). 
With quadruples having outer orbital periods as short as approx-

mately a couple of years, interesting and informative dynamical
nteractions to look for include: (i) dynamical delays resulting from
 changing period of either EB due to the varying distance to the
ther EB; (ii) dynamically forced orbital precession in the EBs; and
iii) forced precession of the orbital planes leading to eclipse depth
ariations. 

Every once in a while, one of these quadruples turns out to have
 dramatically short outer period (e.g. TIC 219006972; Kostov et al.
023 ) and it becomes quite feasible to use eclipse timing variations
ETVs) data as well as radial velocity (RV) data to completely
iagnose most of the important stellar and orbital parameters. In
his work, we report on BU CMi, a 2 + 2 quadruple which we find
o have the shortest known outer orbital period of 121 d, and a very
nteresting array of dynamical effects. 

This work is organized as follows. In the remainder of Section
 , we discuss how the quadruple nature of BU CMi came to be
nown. Section 2 briefly reviews the observations that we bring to
ear on the analysis of BU CMi, including with TESS and follow-up
© 2023 The Author(s) 
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Table 1. Main catalogue data for BU CMi. 

Parameter Value Error Source 

Identifying information 
TIC ID 271 204 362 1 
Gaia ID 3 144 498 015 858 945 408 2 
α (J2000, hh:mm:ss) 07:58:05.887 2 
δ (J2000, dd:mm:ss) + 07:12:48.51 2 
μα (mas yr −1 ) −9.42671 0.03876 2 
μδ (mas yr −1 ) −11.60272 0.02780 2 
� (mas) 4.01432 0.03353 2 
Distance (pc) 247 2 3 
RUWE 0.84464 2 
E(B-V) 0.00733 0.00138 1 
T eff (K) 10 200 178 1 

10 175 41 2 

Photometric properties 
T (mag) 6.4556 0.0082 1 
B (mag) 6.411 0.024 1 
V (mag) 6.417 0.023 1 
B T (mag) 6.410 0.10 4 
V T (mag) 6.417 0.010 4 
Gaia (mag) 6.4046 0.0015 2 
G BP (mag) 6.4076 0.0031 2 
G RP (mag) 6.4347 0.0078 2 
g 

′ 
(mag) 6.41 0.03 5 

r 
′ 

(mag) 6.63 0.03 5 
i 
′ 

(mag) 6.80 0.03 5 
z 

′ 
(mag) 6.91 0.03 5 

J (mag) 6.433 0.019 6 
H (mag) 6.433 0.026 6 
K (mag) 6.466 0.020 6 
W 1 (mag) 6.467 0.023 7 
W 2 (mag) 6.420 0.023 7 
W 3 (mag) 6.536 0.015 7 
W 4 (mag) 6.490 0.067 7 

Notes . Sources: (1) TIC-8 (Stassun et al. 2018 ), (2) Gaia DR3 (Gaia 
Collaboration 2023 ), (3) Bailer-Jones et al. ( 2021 ) (4) Tycho-2 catalogue 
(Høg et al. 2000 ), (5) Ofek ( 2008 ) (6) 2MASS All-Sky Catalog of Point 
Sources (Skrutskie et al. 2006 ), (7) AllWISE catalogue (Cutri et al. 2012 ). 
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round-based photometry and spectroscopy. In Section 3 , we briefly 
escribe our use of broadening functions to extract RVs from the 
pectra. Section 4 details our production of a long-term ETV curve 
rom archi v al as well as TESS data, and what we can learn from
 visual inspection of it. In Section 5 , we explain in some detail
ow we fit a model of stellar and orbital parameters directly to the
omple x and o v erlapping line profiles in each spectrum. Section 6
s devoted to a discussion of disentangling the four spectra, after we
etermined the stellar and orbital parameters. We re vie w our spectro-
hotodynamical model for ascertaining the system parameters in 
ection 7 . A discussion of our work and its implications follows in
ection 8 . We give some concluding remarks in Section 9 . 

.1 Prior work on multiple stars 

he TESS (Ricker et al. 2015 ) has been instrumental in the disco v ery
f multiple star systems. There has been significant progress on the 
roblem of identifying triple, quadruple, quintuple, and ev en se xtuple 
tar systems from TESS data; for instance, the Planet Hunters citizen 
cience project unco v ered tens of multiple star system candidates 
Eisner et al. 2021 ). In parallel, a combination of machine learning
echniques and human vetting led to the creation of an extensive 
atalogue of quadruple stellar systems (Kostov et al. 2022 ), in 
ddition to the identification of the first-ever sextuply eclipsing six 
tar system (Powell et al. 2021 ). 

.2 BU Canis Minoris 

U CMi (HD 65241, HIP 38945, TIC 271204362) is listed as a
uspected Algol-type eclipsing binary in the 74th special namelist of 
e w v ariable stars (Kazaro v ets et al. 1999 ). In spite of its brightness
 V = 6.42), the object was not subject to any detailed study until
olkov et al. ( 2021 ) found it to be a quadruple system composed of

wo EBs with P A = 2.94 d and P B = 3.26 d. Although the authors had
bserved BU CMi with a photoelectric photometer in 2012, they first
oticed two systems of eclipses in MASCARA photometric data in 
020. According to their analysis, all four stars in the quadruple are
imilar (A0 spectral type), having masses in the range 3.1–3.4 M �.
he orbital eccentricities of the inner binaries were found to be 

elatively high for close binaries, with e A = 0.20 and e B = 0.22. The
uthors interpreted the observed ETVs as being due to (i) relatively 
apid apsidal motion in the inner (i.e. binary) orbits with the periods
 A = 25.4 yr and U B = 26.3 yr, and (ii) light travel time effects

LTTE) from the outer orbit between the two binaries having a period
f 6.62-yr and a high-eccentricity ( e AB = 0.7). 
Gaia DR3 (Gaia Collaboration 2023 ) lists BU CMi as a sin-

le object astrometrically and spectrosopically with a parallax of 
= 4.0143 ± 0.0335 mas and the following atmospheric parameters 
 eff = 10173 + 43 

−39 K, log g = 3 . 727 + 7 
−6 , and [M/H] = 0.778 + 17 

−40 . 
The main catalogued photometric and kinematic data for BU CMi 

re given in Table 1 . 

.3 Our two independent discoveries of the quadruple nature 
f BU CMi 

he Visual Surv e y Group (VSG), in its search for compact multi-
tellar systems, continues to visually surv e y large numbers of light
urves from the TESS mission (Kristiansen et al. 2022 ). Some of its
ndings, including in the area of multistellar systems, are given in 
ristiansen et al. ( 2022 ) and Rappaport et al. ( 2019 , 2022 ). In 2021
arch, the group spotted BU CMi in the Sector 34 light curves and

mmediately identified it as a potential quadruple star system. 
In parallel to the VSG’s surv e y of the light curves from the
ESS full-frame images (FFIs), RJ and SR have also been searching

he 2-min and 20-s cadence light curves for strongly periodic or
ime-varying stellar phenomena. Every 2-min-cadence light curve is 
assed through an algorithm that flags it for further re vie w if there is a
etection of at least a 12 σ peak in its periodogram. When searching
he Sector 34 short-cadence light curves through this algorithmic 
rocess, BU CMi triggered on this algorithm; upon human re vie w,
his light curve was found to be a bona fide quadruple system and
agged for further follow-up. 
Since that time, we have continued to collect information on, and
odel, the BU CMi system. After 2 yr of study, we now report here

n the disco v ery of a 121 d outer period for the system. 

 OBSERVATI ONS  

.1 TESS obser v ations 

U CMi (TIC 271204362) was observed during TESS Sectors 7, 34,
nd 61 (from 2019 January 7 to 2019 February 2, 2021 January
3 to 2021 February 9, and 2023 January 18 to 2023 February 12,
espectively). In Sector 7, it was observed at 30-min cadence in the
FIs, while in Sectors 34 and 61, besides the 600 and 200-s cadence
MNRAS 524, 4220–4238 (2023) 
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Figure 1. Segments of TESS data from Sectors 7, 34, and 61 (top, middle, 
and bottom, respectively). The superposed model is shown with a red curve 
(see Section 7 ). The solid and dashed vertical lines show the primary and 
secondary mid-eclipses of binaries A (red) and B (blue). In each panel, 
residuals of the fit are plotted at the bottom. 
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FIs, it was also observed at 2-min cadence. For most of our study
e used the FFI observations, from which the light curves were
rocessed using the FITSH pipeline (P ́al 2012 ). We used the 2-min
adence SAP-FLUX light curves, which were downloaded directly
rom the Barbara A. Mikulski Archive for Space Telescopes (MAST)
ebsite, only for the determination of mid-eclipse times o v er Sectors
4 and 61 data. Naturally, in the case of the Sector 7 observations,
e could determine the mid-eclipse times only from the sparsely

adenced FFI data at 30 min. 
We show some illustrative segments of the three TESS sectors in

ig. 1 . The superposed model curves will be discussed in Section 7 .

.2 Ground-based photometry 

U CMi is bright enough ( M V = 6.42) that it can be reliably observed
sing small-aperture telescopes from the ground. We used archi v al
ata obtained from the Kilodegree Extremely Little Telescope
 KELT –2600 points; Pepper et al. 2007 , 2012 ), the Multi-site All-
ky CAmeRA ( MASCARA –10800 points; see Talens et al. 2017 and
urggraaff et al. 2018 ), and the Hungarian Automated Telescope
etw ork ( HATnet –3200 points; Bak os et al. 2004 ). B U CMi w as
eavily saturated in the HATNet observations, so we performed a
ustom analysis of these data that differs from the standard methods
sed by the surv e y. We e xtracted aperture photometry for BU CMi
nd 200 other comparably bright stars through an annulus excluding
he saturated core of the target. We then performed an ensemble
orrection using a linear combination of the 200 bright neighbours to
orrect for instrumental and atmospheric variations in the resulting
ight curve. 

Additionally, we carried out further photometric follow-up obser-
ations between 2021 March and 2023 April. These were mainly
btained with a small 34-mm telescope in a pri v ate observ atory in
 ́ılov ́e u Prahy in the Czech Republic, as well as remotely in Northern
taly (both by one of the co-authors RU). Another observing site was
n Argentina as part of the Pierre Auger Observatory (Aab et al.
021 ), and obtained by MM. On three additional nights, the target
as also observed by ZH from two observing sites in the Czech
epublic. Finally, two further eclipses of BU CMi were observed
ith the RC80 telescope of Baja Astronomical Observatory in 2022

nd 2023. 

.3 Spectr oscopy fr om Skalnat ́e Pleso obser v atory 

igh-dispersion spectroscop y w as obtained with a 1.3 m, f/8.36
asmyth–Cassegrain telescope equipped with a fibre-fed échelle

pectrograph at the Skalnat ́e Pleso (SP) Observ atory, Slov akia. Its
ayout follows the MUSICOS design (Baudrand & Bohm 1992 ).
he spectra were recorded by an Andor iKon-L DZ936N-BV CCD
amera with a 2048 × 2048 array, 13.5 μm square pixels, 2.9 e −

eadout noise, and a gain close to unity. The spectral range of the
nstrument is 4250–7375 Å (56 échelle orders), with a maximum
esolution of R = 38 000. Because of the relatively long orbital
eriod of both inner binaries, three 600-s exposures were combined to
ncrease the SNR and to clean cosmic ray hits. The raw spectroscopic
ata were reduced as in Pribulla et al. ( 2015 ) using IRAF package
asks, LINUX shell scripts, and FORTRAN programs. In the first step,
aster dark and flat-field frames were produced, based on the spectra

rom the tungsten lamp and blue LED. In the second step, the
hotometric calibration of the frames was performed using dark
nd flat-field frames. Bad pixels were cleaned using a bad-pixel
ask, and cosmic ray hits were remo v ed using the program of
ych ( 2004 ). Order positions were defined by fitting sixth-order
NRAS 524, 4220–4238 (2023) 
hebyshev polynomials to tungsten-lamp and blue LED spectra.
ubsequently, scattered light was modelled and subtracted, and then
perture spectra were extracted for both BU CMi and the ThAr lamp.
he resulting two-dimensional spectra were then dispersion solved
nd combined to one-dimensional spectra. Finally, all spectra were
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ontinuum normalized. The typical RV stability of the spectrograph 
s 200 m s −1 . 

In total, 60 spectra with per-pixel SNR ranging from 45 to 175 (at
500 Å) were obtained from 2020 March 17 through 2023 March 3.

.4 CTIO spectroscopy 

dditional spectroscop y w as obtained with the CHIRON fibre-fed 
´chelle spectrograph at the 1.5m telescope of the Cerro-Tololo 
nteramerican Observatory, Chile. A detailed description of the 
pectrograph can be found in Tokovinin et al. ( 2013 ). All spectra
ere taken in the slicer mode providing R = 80 000. The spectrum
as extracted from 70 ́echelle orders covering 4080–7000 Å. Similar 

o the case of the SP spectroscopy, three consecutive 600-s exposures 
ere combined. Even without an iodine cell, the spectrograph 

tability is a few m s −1 . Because of a reflection causing a blemish
n the blue part of the spectrum, an independent pipeline based 
n the IRAF scripts has been developed to use the full spectral
ange of the instrument. In addition to the reduction steps taken 
or the SP spectra, the raw frames were trimmed and corrected 
or the o v erscan. The relativ e responses of four quadrants as read
ut by different amplifiers were taken into account. In total, BU
Mi was observed on 16 nights from 2022 November 11, until 
023 March 29. The per-pixel SNR ranged from 70 to 290 
at 5500 Å). 

.5 Konkoly and Rozhen spectroscopic obser v ations 

dditional spectroscopic measurements were obtained with the 
 ∼ 20 000 ́echelle spectrograph mounted on the 1m RCC telescope 
t Konkoly Observatory, Hungary between 2021 December and 
022 March. The spectrograph is capable of co v ering the 3890–
670 Å wavelength range in a set of 33 échelle orders. The images
ere taken with a back-illuminated FLI ML1109 CCD camera having 

n array of 2048 × 506 pixels of size 12 μm, 10 e − readout noise,
nd a gain close to unity. A total of 11 spectra were observed, with
xposure times varying between 900 and 3600 s. Two additional 
pectra were taken with the 2 m RCC telescope at NAO Rozhen,
ulgaria equipped with the R ∼ 30 000 ESpeRo spectrograph in 
022 January. The details of the instruments can be found in 
onev et al. ( 2017 ). The spectra were reduced completely in the

ame manner as in Mitnyan et al. ( 2020 ) including the steps of
ias, dark and flat corrections, wavelength calibration, continuum 

ormalization, telluric line removal, and barycentric correction. The 
er-pixel SNR of these additional observed spectra is between 
0 and 140. 

 R A D I A L  V ELOCITIES  

e extracted the broadening functions from all spectra of BU 

Mi using the publicly available software BF-RVPLOTTER 

1 in a 
300 km s −1 velocity range using 3 km s −1 RV bins, and a Gaussian

moothing using a rolling window of five datapoints. We tried 
emplates of different (G-, F-, A- spectral type) stars, and the 
pectrum of Vega with A0V spectral type produced the best quality 
Fs o v er the 4400–4600 Å and 4900–5300 Å wav elength range that
e used for the calculations. The sum of four Gaussian functions 
as then fitted to the resulting broadening functions to find the 
eak positions of the profiles of the component stars in order 
 https:// github.com/mrawls/ BF-r vplotter 

 

c
t

o determine their RVs. Although the use of Gaussian functions 
s not the most appropriate choice for fitting the BFs of rapidly
otating stars, we found it to work well in the case of the BFs of
U CMi, as we were able to constrain satisfactory model fits to

hem using the sum of four Gaussian functions. An example of a
ypical BF along with the corresponding model fit is displayed in
ig. 2 . The resulting RVs and their 1 σ uncertainties are listed in 
able 2 . 

 P E R I O D  STUDY  

.1 Determination of times of minima 

n order to carry out a preliminary period study with the usual method
f analysing the ETVs, we determined accurate mid-eclipse times 
rom the various photometric light curves. Due to the presence of
requently and strongly o v erlapping eclipses in the two EBs, this
rocess required some extra care. 
In the case of the quasi-continuous, 25–26-d-long TESS observa- 

ions, we disentangled the light curves of the two EBs, and mutually
emo v ed the signals of the other EB from the light curve in the same
anner as was also done for our analyses of V994 Her (Zasche et al.

023 ). This needs to be done in order to a v oid losing the o v erlapping
clipse events and, moreover, to enhance the accuracies of those 
imes where the eclipses of the two EBs do not o v erlap each other,
ut other light-curve features (e.g. the periastron bumps) of one of
he binaries distorts the eclipsing signal of the other EB. Due to the
apid and large amplitude ETVs, this method was done separately for
he three sectors and, even then, in the case of a few fully o v erlapping
clipsing events, the disentanglement was not perfect. As a result, 
e had to drop out two to three outlier eclipse times from our 

nalysis. 
In the absence of well-co v ered out-of-eclipse light curves for our

021–2023 targeted ground-based follow-up eclipse observations, 
e were unable to carry out the same disentanglement process, and
ad no choice but to simply exclude a few blended eclipses from our
TV analysis. 
In the case of the MASCARA , KELT , and HAT data, after their

onversion from the original Heliocentric Julian Date (HJD) times 
o Barycentric Julian Date (BJD), we again disentangled the two 
MNRAS 524, 4220–4238 (2023) 
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Table 2. Radial velocities of BU CMi determined by multicomponent fitting to the broadening functions. 

BJD RV Aa σAa RV Ab σAb RV Ba σBa RV Bb σBb Instr. 
−2 400 000 km s −1 km s −1 km s −1 km s −1 km s −1 km s −1 km s −1 km s −1 

58926.33981 − 100 .82 2 .71 104 .82 0 .80 27 .64 1 .02 − 18 .75 1 .36 SP 
58927.34300 55 .92 1 .23 − 91 .25 3 .40 − 38 .38 3 .48 134 .65 0 .59 SP 
58928.34657 – – 29 .20 0 .51 83 .95 0 .74 − 10 .59 1 .19 SP 
58944.26046 − 116 .54 1 .34 102 .52 1 .33 – – 62 .74 8 .23 SP 
58945.26827 106 .37 4 .67 − 161 .82 2 .98 168 .35 2 .91 − 68 .04 1 .89 SP 
58946.26321 − 74 .88 4 .40 9 .27 5 .00 − 42 .30 4 .28 155 .31 0 .75 SP 
58947.28005 − 125 .27 4 .28 111 .43 14 .02 8 .88 13 .36 145 .91 2 .74 SP 
58948.26070 120 .95 2 .74 − 153 .75 1 .27 177 .05 2 .77 − 31 .64 0 .79 SP 
58960.27911 44 .48 1 .93 − 129 .69 1 .21 − 19 .71 1 .69 133 .07 1 .41 SP 
58962.27609 − 69 .44 3 .07 39 .89 2 .20 77 .87 2 .82 12 .76 12 .20 SP 
59163.61701 – – 0 .16 7 .69 103 .47 5 .28 − 78 .91 3 .65 SP 
59164.66476 − 97 .24 2 .07 172 .32 1 .17 − 33 .89 0 .80 62 .87 1 .02 SP 
59166.62999 – – – – 66 .36 1 .61 − 17 .27 1 .34 SP 
59177.65130 170 .93 1 .82 − 142 .80 1 .13 81 .29 1 .45 24 .56 2 .12 SP 
59178.61684 − 76 .14 0 .82 – – − 11 .33 1 .40 124 .14 6 .93 SP 
59179.64615 − 113 .25 3 .27 89 .70 2 .14 145 .01 1 .90 − 30 .68 1 .37 SP 
59180.55889 116 .90 3 .17 − 155 .45 2 .19 171 .34 3 .33 − 53 .21 1 .49 SP 
59185.66472 − 69 .51 3 .60 71 .14 9 .80 32 .97 46 .74 103 .35 6 .78 SP 
59196.56929 − 103 .79 18 .21 104 .92 6 .95 198 .88 3 .73 − 53 .46 2 .69 SP 
59197.56304 − 20 .41 7 .37 37 .01 22 .85 − 78 .00 3 .91 187 .48 0 .76 SP 
59203.53319 48 .40 101 .11 31 .69 0 .71 143 .25 5 .52 − 8 .35 2 .00 SP 
59216.41157 59 .33 18 .02 − 22 .99 4 .46 175 .59 3 .16 − 71 .59 5 .46 SP 
59224.48614 129 .40 0 .65 − 135 .62 3 .17 − 27 .01 2 .49 – – SP 
59226.43383 − 115 .92 2 .41 110 .19 0 .62 – – − 23 .44 1 .29 SP 
59246.36404 – – 163 .93 1 .44 − 81 .19 3 .10 49 .22 0 .87 SP 
59246.38986 – – 170 .57 1 .50 − 86 .03 3 .68 54 .69 0 .81 SP 
59267.34294 − 96 .01 1 .89 173 .43 0 .76 20 .93 3 .76 − 25 .99 2 .88 SP 
59267.37076 − 93 .53 1 .80 171 .72 0 .78 − 7 .65 2 .59 − 45 .48 1 .31 SP 
59268.35987 120 .20 0 .64 − 21 .68 3 .28 – – − 147 .59 3 .52 SP 
59270.35148 − 72 .73 2 .48 135 .05 1 .60 – – 3 .04 2 .38 SP 
59271.36496 124 .56 2 .35 − 10 .76 1 .11 – – − 87 .70 0 .77 SP 
59274.34879 111 .83 1 .00 − 77 .05 1 .22 – – − 33 .09 1 .00 SP 
59275.39088 – – 5 .05 3 .29 61 .05 1 .66 − 56 .85 1 .50 SP 
59282.38840 − 101 .56 2 .77 120 .54 7 .41 − 43 .46 1 .86 159 .72 6 .35 SP 
59284.28329 – – 64 .77 2 .27 – – − 88 .06 0 .72 SP 
59293.31352 − 28 .53 17 .69 – – 26 .36 5 .30 77 .70 4 .64 SP 
59299.32690 − 91 .48 1 .34 58 .53 0 .94 − 39 .68 3 .19 133 .56 0 .51 SP 
59300.26297 − 96 .87 2 .29 65 .73 18 .25 122 .18 5 .46 − 23 .58 1 .76 SP 
59302.28482 − 111 .92 1 .65 77 .20 1 .37 − 55 .80 2 .82 194 .55 0 .98 SP 
59315.27384 − 8 .63 6 .14 – – − 75 .11 8 .59 224 .81 1 .17 SP 
59563.49367 – – 27 .95 6 .55 − 32 .49 6 .99 180 .45 5 .68 Konkoly 
59564.58656 − 90 .07 2 .60 – – 127 .06 1 .55 − 15 .46 0 .75 Konkoly 
59581.54165 − 46 .64 1 .50 77 .10 1 .70 154 .08 3 .58 − 44 .94 2 .03 Konkoly 
59581.57345 − 56 .10 1 .73 54 .85 1 .45 148 .50 2 .76 − 47 .84 1 .80 Konkoly 
59595.59930 56 .80 1 .16 – – − 58 .90 3 .50 139 .73 3 .81 Rozhen 
59596.53846 – – 109 .56 3 .79 − 11 .70 3 .40 51 .95 2 .94 Rozhen 
59620.37490 1 .40 18 .21 185 .91 4 .54 70 .04 12 .95 − 122 .52 11 .38 SP 
59621.42985 243 .28 2 .09 − 88 .02 0 .89 − 31 .71 1 .32 16 .14 2 .13 SP 
59623.41741 − 77 .78 1 .14 176 .91 1 .83 24 .32 0 .83 − 126 .58 1 .37 SP 
59624.46480 226 .89 0 .96 − 84 .41 1 .95 49 .31 1 .27 − 54 .77 2 .04 SP 
59633.30758 193 .35 35 .03 – – 73 .74 1 .43 − 77 .63 1 .44 Konkoly 
59634.42208 − 46 .82 11 .64 151 .91 3 .83 − 2 .65 3 .22 40 .64 4 .95 Konkoly 
59640.48490 − 47 .96 12 .68 94 .67 2 .32 143 .33 4 .52 − 95 .93 3 .75 SP 
59641.34036 − 57 .00 2 .25 46 .88 1 .53 − 140 .68 1 .57 136 .00 0 .80 SP 
59649.42080 − 56 .00 2 .01 125 .09 2 .78 75 .80 1 .57 − 15 .53 1 .22 SP 
59650.32442 − 34 .60 1 .13 31 .63 1 .17 64 .99 4 .68 − 83 .83 0 .94 SP 
59651.32302 67 .72 1 .51 − 76 .36 1 .08 − 136 .84 2 .18 166 .05 1 .17 SP 
59652.34238 − 93 .63 3 .54 60 .93 5 .94 38 .51 4 .65 0 .22 3 .09 SP 
59653.36525 34 .33 1 .25 − 28 .27 3 .26 80 .51 1 .64 − 84 .74 2 .08 SP 
59657.27741 69 .05 0 .66 − 54 .75 2 .12 – – – – SP 
59658.36099 – – – – − 23 .32 0 .67 126 .93 2 .00 SP 
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Table 2 – continued 

BJD RV Aa σAa RV Ab σAb RV Ba σBa RV Bb σBb Instr. 
−2 400 000 km s −1 km s −1 km s −1 km s −1 km s −1 km s −1 km s −1 km s −1 

59658.42893 − 28 .92 31 .67 126 .78 3 .64 − 20 .98 5 .00 – – Konkoly 
59659.42000 100 .44 7 .05 − 110 .08 1 .74 167 .04 4 .86 − 39 .10 2 .44 Konkoly 
59660.44895 – – – – 62 .28 1 .41 27 .40 4 .37 Konkoly 
59661.42361 − 82 .93 4 .98 94 .62 4 .45 − 19 .90 5 .80 164 .64 2 .63 Konkoly 
59662.41581 143 .85 2 .84 − 114 .05 6 .90 94 .24 1 .22 7 .58 5 .26 Konkoly 
59666.36259 − 4 .57 1 .01 − 4 .57 1 .01 174 .67 6 .22 – – SP 
59682.29860 − 91 .78 8 .55 − 6 .41 8 .27 155 .33 1 .13 − 29 .63 1 .71 SP 
59699.32743 − 61 .54 2 .29 96 .99 1 .77 142 .89 1 .96 − 30 .28 1 .84 SP 
59899.85591 − 82 .11 12 .45 82 .76 20 .10 − 18 .40 6 .16 133 .04 3 .44 CTIO 

59903.82298 153 .29 17 .20 − 121 .13 5 .33 104 .08 6 .94 5 .75 3 .70 CTIO 

59906.83041 116 .27 7 .29 − 109 .47 2 .87 – – 37 .10 2 .93 CTIO 

59916.79609 − 89 .13 6 .55 31 .93 9 .85 128 .10 9 .98 − 26 .84 8 .04 CTIO 

59919.80506 − 105 .34 1 .95 – – 72 .90 4 .96 32 .76 4 .36 CTIO 

59922.78577 − 101 .93 4 .21 74 .87 2 .33 – – – – CTIO 

59924.78928 – – − 94 .14 5 .02 61 .96 3 .02 – – CTIO 

59936.74125 – – − 9 .78 2 .54 133 .53 6 .08 − 52 .85 1 .19 CTIO 

59949.76298 – – – – 122 .66 1 .70 − 52 .32 1 .40 CTIO 

59952.71053 – – – – 73 .27 3 .00 − 29 .47 0 .95 CTIO 

59955.69837 − 73 .16 3 .19 81 .66 7 .63 48 .93 2 .36 3 .66 1 .58 CTIO 

59998.58934 – – 46 .37 4 .29 100 .26 4 .31 − 59 .53 7 .28 CTIO 

60000.60639 – – − 139 .58 3 .59 − 86 .07 4 .60 156 .41 1 .03 CTIO 

60013.61812 – – 85 .54 4 .79 − 73 .46 0 .74 154 .44 1 .81 CTIO 

60013.63551 – – 81 .75 5 .98 − 72 .99 0 .86 152 .34 2 .08 CTIO 

60019.56255 − 44 .48 1 .29 100 .68 2 .47 − 13 .41 3 .62 141 .85 1 .79 CTIO 

60033.48258 32 .96 1 .34 – – − 45 .16 1 .37 122 .10 0 .67 CTIO 

60065.30014 – – − 146 .19 6 .79 − 13 .56 3 .24 146 .15 2 .90 CTIO 

60065.31060 – – − 157 .82 3 .98 − 22 .58 3 .01 167 .87 6 .52 CTIO 

60065.32105 – – − 148 .62 7 .84 − 16 .11 3 .51 154 .59 6 .43 Konkoly 

Note. RV points newer than BJD 2459917 were not used for the spectro-photodynamical analysis. 

b
o
s
f
d  

a  

a

t  

t  

d
3  

d  

o  

V  

t  

u  

o
 

e

4

T  

s  

s  

b
t

 

t  

w  

t
a
E  

t

t
∼
s
d
a  

2  

d  

w  

p
e
o  

e
s

m  

B  

s  

b  

o  

a  

g
c  

c  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/3/4220/7220717 by Bibliotheek Instituut M
oleculaire Plantkunde user on 21 February 2024
inaries’ signals from the light curves. We then took those eclipse 
bservations where both the ingress and egress portions of the 
ame eclipses were measured, and we determined mid-eclipse times 
or these individual eclipses. The resulting mid-eclipse times as 
etermined from the TESS , KELT , and MASCARA archi v al data,
s well as our new ground-based observations, are listed in Tables 3
nd 4 . 

Finally, we utilized some additional published eclipse times from 

he papers of Ogloza et al. ( 2008 ) and Volkov et al. ( 2021 ). Regarding
his latter w ork, Volk ov et al. ( 2021 ) tabulate their own eclipse times
etermined from the MASCARA data and the TESS Sectors 7 and 
4 observations. We do not use those particular times, as we have
etermined our own eclipse times from the same data sets using our
wn method. We do use, however, most of the eclipse times that
olkov et al. ( 2021 ) determined from their own observations, and

o which we do not have access. Unfortunately, they do not provide
ncertainties for these times, so we arbitrarily take an estimated error
f 0.0001 d for each of these data points. 
The combination of all these data has provided 102 and 81 mid-

clipse times for binaries A and B, respectively. 

.2 Preliminary ETV study 

he ETV curves formed from all the data listed in Tables 3 and 4 are
hown in Fig. 3 . The top two panels show the o v erall ETV curv es
panning all the data. The left and right panels are for binary A and
inary B, respectively. The bottom panels are zoom-ins around the 
hree TESS sectors and one ground-based segment. 

A first visual inspection of the ETV curves of both binaries shows
wo very remarkable features. First, each EB exhibits a large sinusoid
 f  
ith an amplitude of ∼±0.2 d, and periods of 25–30 yr. Note that
he corresponding curves for the primary and secondary eclipses are 
nticorrelated. This clearly indicates apsidal motion of the eccentric 
Bs. We will show in Section 7 that this apsidal motion is driven by

he presence of the ‘other’ binary. 
Secondly, the high-quality modern ETV points determined from 

he TESS and ground-based follow-up observations exhibit clear 
120-d periodic variations, with amplitudes of 30–40 min. The 

hapes of these short-period ( ∼120-d) ETVs clearly resemble the 
ynamically driven ETVs of several other tight and compact triple 
nd quadruple star systems (see e.g. Borkovits et al. 2015 , 2016 ,
020 ; Kostov et al. 2021 , 2023 ). We thereby associate the ∼120-
 ETV features with the outer orbital period of the quadruple in
hich binary A orbits binary B. Moreo v er, the apsidal motion
eriods are in perfect agreement with periods which are theoretically 
xpected for tight triple systems with the observed inner and 
uter periods. It was therefore clear to us that BU CMi is an
xceptionally compact doubly eclipsing 2 + 2 hierarchical quadruple 
ystem. 

As a first attempt to understand these ETVs quantitatively, we 
ade analytic ETV fits using the code and method described in
orkovits et al. ( 2015 ). As this code was developed for tight triple

ystems, unfortunately, it is unable to simultaneously fit the ETVs of
oth binaries. On the other hand, ho we ver, the analytical descriptions
f the P out -time-scale, as well as the apse-node perturbation terms,
re included in the software package and, hence, it is very useful for
etting reliable third-body solutions for dynamically dominated ETV 

urves. When used to analyse the BU CMi ETV curves, the solutions
onfirmed the P out ≈ 121.5 d outer orbital period and, moreo v er, the
act that the observed rapid apsidal motions are driven by the third-
MNRAS 524, 4220–4238 (2023) 
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Table 3. Eclipse times for BU CMi A. 

BJD Cycle std. dev. ref BJD Cycle std. dev. ref BJD Cycle std. dev. ref 
−2 400 000 no. ( d ) −2 400 000 no. ( d ) −2 400 000 no. ( d ) 

53378.68123 − 1740 .0 0 .00130 1 57398 .42545 − 372 .5 0 .00111 5 59250 .60298 257 .5 0 .00007 6 
54822.13354 − 1249 .0 0 .00154 2 57423 .58727 − 364 .0 0 .00158 5 59251 .79253 258 .0 0 .00005 6 
54825.09356 − 1248 .0 0 .00031 2 57429 .47566 − 362 .0 0 .00025 5 59253 .54149 258 .5 0 .00007 6 
54840.88100 − 1242 .5 0 .00066 2 57432 .40776 − 361 .0 0 .00172 5 59309 .38877 277 .5 0 .00011 7 
54880.94923 − 1229 .0 0 .00069 2 57479 .44068 − 345 .0 0 .00037 5 59312 .33064 278 .5 0 .00029 7 
54936.79939 − 1210 .0 0 .00060 2 58492 .07146 − 0 .5 0 .00056 6 59331 .12995 285 .0 0 .00010 4 
54940.82537 − 1208 .5 0 .00050 2 58493 .45400 0 .0 0 .00023 6 59548 .65262 359 .0 0 .00009 7 
55589.41391 − 988 .0 0 .00120 3 58495 .00998 0 .5 0 .00108 6 59591 .58024 373 .5 0 .00012 7 
55649.29964 − 967 .5 0 .00766 3 58496 .39232 1 .0 0 .00036 6 59597 .46355 375 .5 0 .00011 7 
55924.50904 − 874 .0 0 .13849 3 58497 .94961 1 .5 0 .00405 6 59600 .40685 376 .5 0 .00011 7 
55928.54252 − 872 .5 0 .00054 3 58499 .33127 2 .0 0 .00016 6 59601 .55295 377 .0 0 .00010 7 
55987.34743 − 852 .5 0 .00137 3 58500 .88700 2 .5 0 .00047 6 59607 .42797 379 .0 0 .00013 7 
55993.23042 − 850 .5 0 .00010 4 58505 .20550 4 .0 0 .00034 6 59610 .36790 380 .0 0 .00020 7 
56325.40060 − 737 .5 0 .00102 3 58506 .77692 4 .5 0 .00056 6 59644 .51396 391 .5 0 .00020 7 
56331.29927 − 735 .5 0 .00649 3 58508 .14199 5 .0 0 .00015 6 59650 .39532 393 .5 0 .00011 7 
57057.44400 − 488 .5 0 .00032 5 58509 .72284 5 .5 0 .00037 6 59653 .33407 394 .5 0 .00009 7 
57060.38319 − 487 .5 0 .00078 5 58511 .08072 6 .0 0 .00016 6 59660 .34597 397 .0 0 .00013 7 
57091.48893 − 477 .0 0 .00036 5 58512 .66692 6 .5 0 .00048 6 59963 .10789 500 .0 0 .00001 6 
57094.42835 − 476 .0 0 .00029 5 58514 .02806 7 .0 0 .00077 6 59964 .94229 500 .5 0 .00001 6 
57097.34970 − 475 .0 0 .00241 5 58515 .61193 7 .5 0 .00064 6 59966 .04491 501 .0 0 .00001 6 
57107.42078 − 471 .5 0 .00074 5 58921 .32496 145 .5 0 .00010 4 59967 .88775 501 .5 0 .00001 6 
57144.38355 − 459 .0 0 .00124 5 58934 .34520 150 .0 0 .00010 4 59968 .98246 502 .0 0 .00001 6 
57286.72438 − 410 .5 0 .00030 5 59230 .00713 250 .5 0 .00009 6 59970 .83371 502 .5 0 .00001 6 
57323.67544 − 398 .0 0 .00045 5 59231 .21430 251 .0 0 .00006 6 59971 .92238 503 .0 0 .00001 6 
57336.72404 − 393 .5 0 .00501 5 59232 .94169 251 .5 0 .00007 6 59974 .86321 504 .0 0 .00001 6 
57367.74872 − 383 .0 0 .00057 5 59234 .15447 252 .0 0 .00006 6 59976 .72136 504 .5 0 .00000 6 
57370.69204 − 382 .0 0 .00039 5 59235 .88604 252 .5 0 .00006 6 59977 .80493 505 .0 0 .00001 6 
57373.63485 − 381 .0 0 .00141 5 59237 .09115 253 .0 0 .00005 6 59979 .66193 505 .5 0 .00000 6 
57376.56410 − 380 .0 0 .00025 5 59238 .83148 253 .5 0 .00007 6 59980 .74840 506 .0 0 .00001 6 
57379.50832 − 379 .0 0 .00083 5 59240 .02798 254 .0 0 .00005 6 59982 .60139 506 .5 0 .00001 6 
57386.67631 − 376 .5 0 .00025 5 59244 .72129 255 .5 0 .00007 6 59983 .69460 507 .0 0 .00001 6 
57389.61151 − 375 .5 0 .00020 5 59245 .90716 256 .0 0 .00005 6 59985 .54002 507 .5 0 .00001 6 
57392.54958 − 374 .5 0 .00047 5 59247 .66224 256 .5 0 .00008 6 59986 .63671 508 .0 0 .00005 6 
57395.49440 − 373 .5 0 .00021 5 59248 .84941 257 .0 0 .00005 6 59989 .57610 509 .0 0 .00015 6 

Notes. Integer and half-integer cycle numbers refer to primary and secondary eclipses, respectively. 
References: 1: Ogloza et al. ( 2008 ); 2: HAT – this paper; 3: KELT – this paper; 4: Volkov et al. ( 2021 ); 5: MASCARA – this paper; 6: TESS – this paper; 7: 
Ground-based follow-up – this paper. 
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ody perturbations of the other EB. 2 While our analytic ETV fits
onfirmed our initial hypothesis about the system configuration, the
btained fit was surprisingly poor for both binaries. This inadequate
t is due to an ‘extra feature’ in the ETV curve with a period
f ∼1000–1200 d that can be seen by casual inspection of the 
urves. 

We were able to impro v e our analytical ETV fit substantially,
o we ver, when we ‘added’ an additional, more distant fourth (i.e.
n the present situation, fifth) stellar component to the system. A
ecent impro v ement of our analytic ETV software package makes
t possible to fit simultaneously a second LTTE. We found that
dding such a second LTTE component with a period of P outermost 

1100 d results in statistically excellent fits for the ETV curves
f both binaries. We emphasize, ho we ver, that this was a solution
hat was useful in the context of the fitting code, rather than having
ny physical significance. Such an extremely tight 2 + 2 + 1 quintuple
ystem would be at best marginally stable; furthermore, the strong
NRAS 524, 4220–4238 (2023) 

 The period of the apsidal motion is not merely a free, adjustable parameter, 
ut is calculated from the fitted inner and outer periods, mass ratios, 
nd eccentricities as per theoretical formulae (see Borkovits et al. 2015 , 
ppendix C for details). 

5
T

T  

t  

m  
ravitational perturbations of the outermost component should also
ave to be taken into account. Later, we demonstrate, when discussing
he fully consistent, photodynamical treatment (see Section 7 ), that
he explanation for the origin of the extra cyclic terms in the ETVs
ith a ≈1000–1200-d period does not require the presence of an

dditional, more distant stellar component in the system. Rather,
e show that the extra cyclic feature in the ETV curve arises natu-

ally from the mutual gravitational perturbations between the two 
inaries. 
Finally, we note that the results of this preliminary, analytic ETV

nalysis were used only for finding reliable input parameters for
he complex, photodynamical fitting procedure (Section 7 ). Thus, a

ore detailed, quantitative discussion of the ETV results will be
iven later, in Section 8 , in the context of the photodynamical 
esults. 

 D I R E C T  FITTING  TO  T H E  SPECTRA  A N D  

ESS L I G H T  C U RV E S  

he ETV analysis presented in Section 4.2 strongly indicates that
he outer orbit of the system is very tight, with P out ≈ 121.5 d. This
eans that the mutual orbit of the EBs is relatively fast, resulting
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Table 4. Eclipse times for BU CMi B. 

BJD Cycle std. dev. ref BJD Cycle std. dev. ref BJD Cycle std. dev. ref 
−2 400 000 no. ( d ) −2 400 000 no. ( d ) −2 400 000 no. ( d ) 

54847.09728 − 1343 .5 0 .00043 2 58495 .78182 − 225 .0 0 .00065 6 59321 .22889 28 .0 0 .00010 4 
54864.86467 − 1338 .0 0 .00087 2 58497 .51748 − 224 .5 0 .00097 6 59334 .27590 32 .0 0 .00010 4 
54890.93880 − 1330 .0 0 .00202 2 58499 .04739 − 224 .0 0 .00064 6 59549 .62826 98 .0 0 .00013 7 
54892.78392 − 1329 .5 0 .00062 2 58500 .79134 − 223 .5 0 .00167 6 59575 .72105 106 .0 0 .00017 7 
55618.34394 − 1107 .0 0 .00130 3 58502 .31563 − 223 .0 0 .00054 6 59580 .38070 107 .5 0 .00027 7 
55620.34039 − 1106 .5 0 .00078 3 58505 .58460 − 222 .0 0 .00056 6 59593 .42771 111 .5 0 .00015 7 
55931.49403 − 1011 .0 0 .00370 3 58507 .28947 − 221 .5 0 .00064 6 59598 .58237 113 .0 0 .00009 7 
55969.42899 − 999 .5 0 .00308 3 58508 .85441 − 221 .0 0 .00034 6 59606 .45774 115 .5 0 .00025 7 
56305.46439 − 896 .5 0 .00070 3 58510 .54976 − 220 .5 0 .00037 6 59608 .37210 116 .0 0 .00018 7 
56352.29850 − 882 .0 0 .00329 3 58512 .12004 − 220 .0 0 .00078 6 59619 .52224 119 .5 0 .00017 7 
57065.56905 − 663 .5 0 .00020 5 58513 .81759 − 219 .5 0 .00041 6 59634 .45631 124 .0 0 .00011 7 
57076.54707 − 660 .0 0 .00059 5 58515 .38485 − 219 .0 0 .00043 6 59683 .39750 139 .0 0 .00033 7 
57088.38436 − 656 .5 0 .00148 5 58921 .52094 − 94 .5 0 .00010 4 59963 .97419 225 .0 0 .00001 6 
57099.39424 − 653 .0 0 .00087 5 58936 .24555 − 90 .0 0 .00010 4 59965 .26725 225 .5 0 .00001 6 
57301.67223 − 591 .0 0 .00366 5 59229 .86946 0 .0 0 .00008 6 59967 .24418 226 .0 0 .00001 6 
57303.67503 − 590 .5 0 .04406 5 59231 .35608 0 .5 0 .00005 6 59968 .52795 226 .5 0 .00001 6 
57350.62777 − 576 .0 0 .00027 5 59233 .13240 1 .0 0 .00007 6 59970 .51363 227 .0 0 .00001 6 
57365.65974 − 571 .5 0 .00160 5 59234 .61858 1 .5 0 .00005 6 59975 .05015 228 .5 0 .00002 6 
57378.76387 − 567 .5 0 .00037 5 59236 .40158 2 .0 0 .00008 6 59977 .04164 229 .0 0 .00001 6 
57386.48796 − 565 .0 0 .00036 5 59237 .87619 2 .5 0 .00006 6 59978 .31580 229 .5 0 .00001 6 
57388.51306 − 564 .5 0 .00092 5 59239 .67121 3 .0 0 .00009 6 59980 .30316 230 .0 0 .00001 6 
57399.55166 − 561 .0 0 .00035 5 59242 .93668 4 .0 0 .00008 6 59981 .58193 230 .5 0 .00002 6 
57414.60233 − 556 .5 0 .00037 5 59244 .39713 4 .5 0 .00006 6 59984 .84735 231 .5 0 .00001 6 
57435.44751 − 550 .0 0 .00029 5 59246 .20221 5 .0 0 .00009 6 59986 .82065 232 .0 0 .00002 6 
57463.51449 − 541 .5 0 .00235 5 59249 .46257 6 .0 0 .00007 6 59988 .11137 232 .5 0 .00001 6 
58492.51983 − 226 .0 0 .00044 6 59250 .92821 6 .5 0 .00006 6 60006 .38631 238 .0 0 .00009 7 
58494.25107 − 225 .5 0 .00107 6 59252 .72148 7 .0 0 .00008 6 60019 .43692 242 .0 0 .00012 7 

Notes. Integer and half-integer cycle numbers refer to primary and secondary eclipses, respectively. 
References: 1: Ogloza et al. ( 2008 ); 2: HAT – this paper; 3: KELT – this paper; 4: Volkov et al. ( 2021 ); 5: MASCARA – this paper; 6: TESS – this paper; 7: 
Ground-based follow-up – this paper. 

i  

k  

d
 

c  

s
h  

w  

t  

t  

n  

d  

m  

c  

s
a  

R  

s
o  

a  

4  

4
n
5
w

3

o
w  

s  

s
f  

λ

 

t  

s
l
w  

o
I

p  

F  

a  

m
w  

p
f  

T
c

o

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/3/4220/7220717 by Bibliotheek Instituut M
oleculaire Plantkunde user on 21 February 2024
n EB centre of mass RV semi-amplitudes of the order of tens of
m s −1 . Such a large RV variability superposed on EB orbits of a few
ays should be easy to detect. 
The analysis of the spectra of BU CMi is, ho we ver, significantly

omplicated by the fact that all its stellar components possess an early
pectral type. The spectra are therefore dominated by strong, wide 
ydrogen Balmer lines; these lines are very difficult to work with, as
e cannot reliably detect their splitting and robustly calculate RVs of

he individual stars in the system. On the other hand, the metal lines of
he system are rather shallow; as a result, a relatively high signal-to-
oise ratio is necessary to use these in our analysis. The line splitting
ue to the orbital motion in both pairs is clearly visible in the strongest
etal line (Mg II 4481 Å). Because the rotational velocities of the

omponents ( v sin i ∼ 50–80 km s −1 ) are approximately half the RV
emi-amplitudes ( K ∼ 120–130 km s −1 ), the components’ profiles are 
lmost al w ays somewhat blended. Thus, a direct measurement of the
V is rather difficult and may yield inaccurate results (see Section 3 ).
Consequently, we attempted to directly model the observed 

pectra, under the assumption of two binary stars in a Keplerian 
rbit about each other. Tw o w avelength ranges were found to be
ppropriate: a blue region around the Mg II 4481 Å line, co v ering
380–4605.4 Å, and a green region around the Mg I triplet, co v ering
900–5379.6 Å. The spectra were weighted using the signal-to- 
oise ratios provided by the reduction pipeline at both 4400 and 
500 Å. The standard deviation at either of the spectral ranges 
as assumed to be 1/SNR. 3 Before being used for modelling, the 
 Only SP and CTIO spectra were used in the modelling. 

4

n
t

riginal spectra were rebinned to a logarithmic wavelength grid 
ith an RV step of 3.5 km s −1 in both spectral ranges. Due to the

mall number of observations during epochs in which either of the
ystems was in an eclipse, no spin-axis orbital-plane misalignment 
or either of the components was assumed; thus, we set the parameter
= 0 deg. 
The sum of synthetic spectra for all stellar components was fitted to

he observed spectrum at each epoch. Prior to summing, the synthetic
pectra of individual components were convolved with a theoretical 
imb-darkened rotational profile. Mutual eclipses of the components 
ere taken into account. Keplerian motion in both the inner and
uter orbits was assumed. Synthetic spectra were computed using 
SPEC (Blanco-Cuaresma et al. 2014 ; Blanco-Cuaresma 2019 ), a 
rogram based on the SPECTRUM code (Gray & Corbally 1994 ).
or the spectra, we assumed a solar metallicity (log [ m / X ] = 0.0)
nd that 9000 K ≤ T eff ≤ 12 000 K. We also allowed for apsidal
otion for the inner orbits. No other gravitational perturbations 
ere assumed in this relatively simple model. We found that the
rincipal atmospheric parameters corresponding to the best model 
or either of the spectral ranges are log g = 4.5 for all four stars;
 eff = 11 000 K for components 2, 3, and 4; and T eff = 11 500 K for 
omponent 1. 4 

We modelled the blue and red spectral ranges separately. In 
rder to constrain the fit parameters – specifically the inclination 
MNRAS 524, 4220–4238 (2023) 

 When describing our spectroscopic analysis, we refer to the stellar compo- 
ents of the A subsystem ( P = 2.94 d) as 1 and 2. The stellar components of 
he wider subsystem B ( P = 3.26 d) will be denoted as 3 and 4. 
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Figure 3. The primary (red) and secondary (blue) ETV curves for binaries A and B (left and right, respectively). The larger symbols represent the measured 
values, while the smaller points connected with straight lines stand for the photodynamical model values, obtained from numerical integration of the orbital 
motions. The bottom panels are zoom-ins around the three TESS sectors and one set of ground-based observations. 
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ngle i , orbital periods of inner binaries, P A , P B , and the apsidal
otion rates of the binaries P aps – we included the TESS photometry

rom Sectors 7 and 34 in the modelling. The ellipsoidal light
ariations were modelled using the analytical approximations of
steves, De Mooij & Jayawardhana ( 2013 ); these were found to
e sufficiently accurate for both inner binaries. While the semi-
mplitudes of the RV changes K i are free parameters, the semi-
mplitude of the radial-velocity variations of the centre of masses
f the binaries depend on the masses of the individual components
 M i , i = 1, 2, 3, 4), the inclination angle i out , eccentricity e out , and
he orbital period P out of the outer orbit. The semi-amplitudes of
hese RV changes, K 12 and K 34 , were hence computed using these 
arameters. 
The simultaneous modelling of the TESS light curve and the

pectra was performed via gradient-based optimization starting from
ultiple sets of trial parameters in order to arrive at the global
inimum of χ2 . Initial optimization runs showed that the inclination

f the outer orbit is close to 90 ◦, but attempts to adjust it led to
ivergent results. Hence, the outer orbit was fixed at edge-on and
he inclination was not adjusted. We were able to constrain the outer
rbit and demonstrate that it is extremely tight, with P out ∼ 121 d.
his differs significantly from the estimate provided by Volkov et al.
 2021 ), who cite a value o v er 20 times ours ( P out = 2420 ± 40 d or
.62 yr). In Section 8 , we discuss the differences in analyses, and
NRAS 524, 4220–4238 (2023) 
ay out a case for why 121 d is definitely the period of the outer 
rbit. 
The parameters corresponding to the best models for the blue and

ed regions are listed in Table 5 , and the best-fitting models to the
rst 20 observed spectra of BU CMi in the blue wavelength range,
lose to the Mg II 4481 Å line, are plotted in Fig. 4 . The best-fitting
tellar parameters for the component stars are listed in Table 6 . For
urther analysis, we will equate the blue and yellow spectral ranges
ith the Johnson B and V passbands, and use B and V magnitudes
here rele v ant. 

 SPECTRA  D I S E N TA N G L I N G  A N D  

TMO SPH ER IC  PA R A M E T E R S  

fter obtaining a set of model RVs for both stellar components at
ll epochs of the spectroscopic observations, we then attempted to
isentangle the composite spectrum in order to obtain individual
pectra for each star (1, 2, 3, and 4). The iterative disentan-
ling approach of Bagnuolo & Gies ( 1991 ) was used, and the
pectra were disentangled in both the blue and red ranges. As
reviously, a radial-velocity step size of 3.5 km s −1 was used for
oth spectral ranges. The process converged to a solution for both
pectral ranges, and the resulting composite spectra are plotted
n Fig. 5 . These spectra show small imperfections, perhaps from
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Table 5. Best-fitting orbital elements of BU CMi. These results are from the simultaneous modelling of the BU CMi 
spectra and the TESS light curves from Sectors 7 and 34. The average of parameters determined from the blue spectral 
range (4380–4605.4 Å, 4300 wavelength bins) and the orange spectral range, 4900–5379.6 Å, 4380–4605.4 Å, 8000 
wavelength bins) are listed. The number of light curve data points for each solution is 2775. Fixed parameters that were 
not adjusted are marked by a superscript f ; computed parameters are indicated by superscript c . 

Orbital elements 
Subsystem A Subsystem B Subsystem A-B 

P [d] 2.9406238 ±0.0000014 3.2632996 ±0.0000047 121.09 ±0.05 
i [deg] 82.23 ±0.07 84.355 ±0.015 90 f - 
e 0.2087 ±0.0003 0.2304 ±0.0011 0.2633 ±0.0023 
T 0 [BJD] 2458903.83783 ±0.00027 2458900.3861 ±0.0004 2459488.2 ±2.1 
ω [deg] 300.05 ±0.04 95.45 ±0.05 146 ±5 
P apse [yr] 24.91 ±0.04 25.79 ±0.08 –
K pri [km s −1 ] 126.3 ±1.2 126.3 ±0.3 49.06 c 

K sec [km s −1 ] 134.5 ±0.5 129.1 ±0.2 48.51 c 

γ [km s −1 ] – – – – 28.9 ±0.5 
a [R �] 14.97 ±0.10 16.108 ±0.016 225.3 ±0.9 

Figure 4. Spectrum of BU CMi near the Mg II 4481 line (4470–4490 Å segment, plotted with red solid curve) and the optimum multicomponent fit (black 
solid curve) for the first 20 spectra. Each panel shows the orbital phases of the inner subsystems and the epoch (HJD-2 400 000) typed in black on the left, and 
the model RVs of the binary subsystems on the right. Magenta is used for the predicted RVs, the orbital phase and spectrum of the A sub-system ( P = 2.94 d), 
while blue is used for the same plot elements for the B sub-system ( P = 3.26 d). 
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ssues with the continuum rectification and artefacts from the 
isentangling. 
Ho we ver, our technique does not yield the flux ratio of the

omponents (see e.g. P avlo vski & Hensberge 2010 ; Lehmann &
kachenko 2012 ). As a result, we corrected the component spectra for 
he contribution of the other components before proceeding. Properly 
ormalizing the spectra will have an impact on the line depths
nd is possible using the component passband-specific luminosities 
MNRAS 524, 4220–4238 (2023) 
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Table 6. Best-fitting stellar parameters corresponding to the solutions listed 
in Table 5 of BU CMi. The averages of the parameter values resulting from 

the modelling of blue spectral range (4380–4605.4 Å, 4300 wavelength 
bins) and orange spectral range (4900–5379.6 Å, 8000 wavelength bins) are 
listed. The number of light curve data points is 2775. Fixed parameters are 
marked by a superscript f . 

Subsystem A Subsystem B 

vsin i pri [km s −1 ] 81.4 ±0.7 63.1 ±1.7 
R pri / a 0.1560 ±0.0015 0.1305 ±0.0019 
T pri [K] 11500 f – 11000 f –
M pri [M �] 2.68 ±0.04 2.66 ±0.02 
R pri [R �] 2.33 ±0.04 2.10 ±0.03 
L pri [L �] 86 ±3 58.3 ±1.7 
log g pri [cgs] 4.130 ±0.007 4.217 ±0.012 

vsin i sec [km s −1 ] 71.6 ±1.0 49.9 ±0.8 
R sec / a 0.1455 ±0.0005 0.14643 ±0.00016 
T sec [K] 10 850 ±70 10 400 ±150 
M sec [M �] 2.52 ±0.06 2.605 ±0.022 
R sec [R �] 2.178 ±0.023 2.358 ±0.004 
L sec [L �] 59.3 ±0.5 59 ±3 
log g sec [cgs] 4.162 ±0.003 4.108 ±0.004 

Figure 5. The individual disentangled component spectra of BU CMi in the 
blue wavelength range. The spectra are shifted vertically by 0.05 in flux for 
clarity. 
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erived from simultaneously modelling the spectra and the light
urve. Computed brightnesses for the B and V Johnson bands were
ssumed for the blue and red spectral ranges, respectively. As part
f our modelling, we used the radii derived in Table 5 for the
orrection step and to determine the atmospheric parameters T eff ,
og g , metallicity log [ m / X ]. The projected rotational velocities were
aken from the results of the spectral fitting. As before, we used the
SPEC code. 

The temperatures and surface gravities for binary A are
 pri = 10 760 ± 360 K, log g pri = 4.23 ± 0.29, T sec = 10 180 ± 430 K,

og g pri = 4.11 ± 0.30. The corresponding parameters for binary B are
 pri = 10 820 ± 380 K, log g pri = 4.63 ± 0.26, T sec = 10 040 ± 350 K,

og g pri = 4.18 ± 0.23. The metallicity was fixed at the solar value.
he component temperatures are slightly lower than those of the
est-fitting templates. We also highlight our finding that component
, in binary B ( P = 3.26 d), is cooler than the remaining components.
s part of our presentation of these results, we add the caveat that

he atmospheric parameters strongly depend on the technique used
NRAS 524, 4220–4238 (2023) 
o normalize the individual disentangled spectra. Using different flux
atios would change the line depth and result in different temperatures
nd/or metallicities for each of the components in the system. 

 SPECTRO-PHO  TO D  Y N  A M I C A L  A N  ALYSIS  

ndependent of the spectroscopic analyses described in Section 5 ,
e carried out a simultaneous, joint analysis of the TESS light

urv e, the ETV curv es calculated from the mid-times of all the
bserved eclipses (i.e. from TESS and ground-based measurements;
ee Section 4.1 ), RVs (determined by Gaussian-profile fitting to the
Fs; see Section 3 ), as well as all the a vailable multiwa velength SED
ata for BU CMi using the LIGHTCURVEFACTORY software package
Borkovits et al. 2019 , 2020 ). During the analysis we followed the
ame steps as for TIC 454 140 642 and TIC 219 006 972 (Kostov et al.
021 , 2023 ), two other compact quadruple systems disco v ered with
ESS . For further details of the photodynamical analysis, we refer

he reader to section 5.1 of Kostov et al. ( 2021 ). Here, we describe
nly the steps in the data preparation that are specific to this system.
In order to retain similar sampling and to reduce computational

osts, we binned the 2-min cadence data sets from Sectors 34 and 61
o 1800 s, similar to the Sector 7 FFI-cadence light curve. When
omparing some preliminary fits to the short- and long-cadence
ight curves, we found no statistically significant discrepancies in
he resultant parameters and, hence, we decided to use e xclusiv ely
he 1800-s cadence light curves for all three available TESS sectors. 

During our earlier initial analysis runs (made in 2021 and 2022),
e also used a second set of light curves compiled from the
round-based photometric follow-up observations. However, when
he Sector 61 observations of the TESS spacecraft became available
nd, hence, the high-quality and homogeneous satellite photometry
hen co v ered more than a 4-yr-long interval, we decided to no
onger use the more inhomogeneous and less accurate ground-based
hotometric data for direct light curve fitting. Naturally, the eclipse
imes derived from these ground-based observations did continue to
e used for the ETV analysis part of the simultaneous, joint spectro-
hotodynamical fitting process. 
Because our software package LIGHTCURVEFACTORY is unable to

andle direct fitting of the spectral lines (see Section 5 ) and fits only
irect RV data, we used a second, different approach. We mined out
odel-independent RV data from all available spectra in the manner

escribed briefly in Section 2.5 . Due to the highly blended spectral
ines, the correct identifications of the individual stellar components
ere quite problematic in the case of several spectra. Hence, after
btaining the first model fits, we had to change the labelling of the
tars in the RV data in several cases. The RV data used for the
pectro-photodynamical analysis are listed in Table 2 . 

In addition to the TESS light curves and the RV data, as was
entioned before, we used the four ETV curves (primary and

econdary ETV data for both binaries; see Tables 3 and 4 ). 
Finally, we also used the catalogue passband magnitudes listed

n Table 1 for the SED analysis. For this analysis, similar to our
revious works, we used a minimum uncertainty of 0.03 mag for
ost of the observed passband magnitudes. This was done in order

o a v oid an outsized contrib ution from the extremely precise Gaia
agnitudes, as well as to counterbalance the uncertainties inherent

n our interpolation method during the calculations of theoretical
assband magnitudes that are part of the fitting process. The only
xception is the WISE W 4 magnitude, for which the uncertainty was
et to 0.3 mag. 

Table 7 lists the median values of the stellar and orbital parameters
f the BU CMi quadruple system that have been either adjusted, in-
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Table 7. Median values of the parameters of BU CMi from the double EB simultaneous light curve, 2 × SB2 radial velocity, double 
ETV, joint SED and PARSEC evolutionary tracks solution from LIGHTCURVEFACTORY. . 

Orbital elements a 

Subsystem 

A B A–B 

P a [d] 2 . 937533 + 0 . 000096 
−0 . 000089 3 . 255815 + 0 . 000230 

−0 . 000142 121 . 793 + 0 . 027 
−0 . 035 

P 

b 

obs [d] 2 . 93959 + 0 . 00001 
−0 . 00001 3 . 26222 + 0 . 00001 

−0 . 00001 121 . 50 + 0 . 02 
−0 . 02 

semimajor axis [ R �] 14 . 68 + 0 . 30 
−0 . 17 15 . 64 + 0 . 30 

−0 . 19 220 . 9 + 4 . 5 −2 . 6 

i [deg] 83 . 35 + 0 . 13 
−0 . 12 83 . 92 + 0 . 14 

−0 . 13 83 . 79 + 0 . 26 
−0 . 25 

e 0 . 2191 + 0 . 0008 
−0 . 0007 0 . 2257 + 0 . 0009 

−0 . 0009 0 . 2728 + 0 . 0040 
−0 . 0034 

ω [deg] 101 . 41 + 0 . 11 
−0 . 14 257 . 52 + 0 . 18 

−0 . 12 141 . 0 + 4 . 3 −2 . 9 

τ c [BJD] 2 458 445 . 1142 + 0 . 0023 
−0 . 0019 2 458 492 . 4461 + 0 . 0018 

−0 . 0011 2 458 513 . 59 + 0 . 93 
−0 . 57 

 [deg] 0 . 14 + 0 . 15 
−0 . 15 0.0 0 . 09 + 0 . 17 

−0 . 17 
( i m 

) A −– [deg] 0.0 0 . 61 + 0 . 15 
−0 . 14 0 . 45 + 0 . 24 

−0 . 17 
( i m 

) B −– [deg] 0 . 61 + 0 . 15 
−0 . 14 0.0 0 . 26 + 0 . 17 

−0 . 10 

mass ratio [ q = m sec / m pri ] 0 . 939 + 0 . 011 
−0 . 012 0 . 917 + 0 . 015 

−0 . 016 0 . 982 + 0 . 006 
−0 . 005 

K pri [km s −1 ] 124 . 86 + 2 . 47 
−1 . 76 118 . 91 + 2 . 12 

−2 . 02 47 . 09 + 0 . 78 
−0 . 63 

K sec [km s −1 ] 132 . 84 + 2 . 78 
−1 . 76 129 . 76 + 2 . 37 

−2 . 23 47 . 87 + 1 . 02 
−0 . 58 

γ [km s −1 ] − 23 . 22 + 0 . 07 
−0 . 07 

Apsidal motion related parameters d 

( P 

obs 
apse ) 

b [yr] 28 . 7 + 0 . 1 −0 . 1 25 . 1 + 0 . 1 −0 . 1 145 . 3 + 0 . 2 −0 . 2 

P apse [yr] 31 . 75 + 0 . 13 
−0 . 13 28 . 96 + 0 . 09 

−0 . 10 151 . 6 + 0 . 7 −0 . 8 

P 

dyn 
apse [yr] 14 . 09 + 0 . 71 

−0 . 14 12 . 84 + 1 . 15 
−0 . 36 21 . 7 + 1 . 8 −0 . 3 

�ω 3b [arcsec/cycle] 718 + 8 −35 885 + 26 
−74 19 912 + 309 

−1 490 

�ω GR [arcsec/cycle] 2 . 907 + 0 . 122 
−0 . 067 2 . 694 + 0 . 104 

−0 . 066 0 . 394 + 0 . 017 
−0 . 009 

�ω tide [arcsec/cycle] 18 . 73 + 0 . 38 
−0 . 37 12 . 67 + 0 . 26 

−0 . 27 –

Stellar parameters 

Aa Ab Ba Bb 

Relative quantities 

fractional radius [ R / a ] 0 . 1528 + 0 . 0017 
−0 . 0016 0 . 1409 + 0 . 0013 

−0 . 0016 0 . 1422 + 0 . 0018 
−0 . 0014 0 . 1278 + 0 . 0019 

−0 . 0020 

relative temperature [ T x / T Ba ] 1 . 033 + 0 . 007 
−0 . 007 0 . 971 + 0 . 003 

−0 . 004 1 0 . 955 + 0 . 009 
−0 . 010 

fractional flux [in TESS -band] 0 . 2781 + 0 . 0105 
−0 . 0090 0 . 2229 + 0 . 0037 

−0 . 0045 0 . 2697 + 0 . 0074 
−0 . 0060 0 . 2011 + 0 . 0089 

−0 . 0093 

Physical Quantities 

m [M �] 2 . 536 + 0 . 160 
−0 . 089 2 . 384 + 0 . 143 

−0 . 087 2 . 521 + 0 . 152 
−0 . 090 2 . 320 + 0 . 125 

−0 . 096 

R 

c [R �] 2 . 249 + 0 . 046 
−0 . 038 2 . 072 + 0 . 045 

−0 . 042 2 . 235 + 0 . 034 
−0 . 042 2 . 003 + 0 . 043 

−0 . 048 

T e eff [K] 10 570 + 455 
−367 10 283 + 381 

−410 10 593 + 380 
−433 10 062 + 428 

−333 

L 

e 
bol [L �] 55 . 60 + 14 . 08 

−7 . 83 42 . 60 + 8 . 89 
−6 . 90 57 . 01 + 9 . 69 

−10 . 79 36 . 33 + 9 . 12 
−4 . 98 

M 

e 
bol 0 . 41 + 0 . 16 

−0 . 24 0 . 70 + 0 . 19 
−0 . 21 0 . 38 + 0 . 23 

−0 . 17 0 . 87 + 0 . 16 
−0 . 24 

log g e [dex] 4 . 139 + 0 . 012 
−0 . 010 4 . 184 + 0 . 008 

−0 . 007 4 . 146 + 0 . 010 
−0 . 013 4 . 202 + 0 . 009 

−0 . 011 

Global Quantities 

log (age) [dex] 8 . 422 + 0 . 077 
−0 . 081 

[ M / H ] [dex] 0 . 023 + 0 . 080 
−0 . 100 

E ( B − V ) [mag] 0 . 051 + 0 . 020 
−0 . 018 

( M V ) e tot −0 . 61 + 0 . 10 
−0 . 14 

distance [pc] 243 + 10 
−6 

Notes. (a) Instantaneous, osculating orbital elements at epoch t 0 = 2 458491 . 5; (b) Periods derived numerically from the best-fitting 
photodynamical solutions (see the text for details); (c) Time of periastron passage; (d) Apart from P 

obs 
apse , the other apsidal motion 

parameters were calculated analytically in the manner described in Kostov et al. ( 2021 ); (e) Interpolated from the PARSEC isochrones. 
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ernally constrained, or derived from the MCMC posteriors, together
ith the corresponding 1 σ statistical uncertainties. Sections of the

ight curves, the ETV and RV curves of the lowest χ2 
global solution are

lotted in Figs 1 , 3 , and 6 , respectively. 
One caveat should be noted regarding the proper interpretation

f the orbital parameters listed in Table 7 . The tabulated orbital
lements, with a few exceptions, are so-called ‘instantaneous oscu-
ating elements’, which are valid at the moment of the cited epoch t 0 .
hus, they cannot be simply compared with those orbital elements

hat are deduced directly from photometric and/or spectroscopic
bservations. These latter orbital elements can be considered to be
ome kind of long-term averaged orbital elements and connected
o such Keplerian orbits that represent the approximations of the
ime-av eraged env elopes of the true (non-Keplerian) motions. This
uestion was discussed in more detail in section 5.1 of Kostov et al.
 2021 ). 

Re garding the e xceptions, in the (second) ro w P obs we gi ve the
verage or, ‘observable’, periods for the three orbits (A, B, AB) which
ere obtained from a longer-term numerical integration initiated with

he parameters of the best-fitting spectro-photodynamical model. The
 alues gi ven for the inner binaries (A, B) stand for the long-term
verage of their eclipsing periods (which technically means that
alculating the ETV curves with these periods, the averages of the
TVs o v er full apsidal motion c ycles remain constant). In the case of

he outer orbit, ho we ver, P obs was determined as the time average of
onsecutive periastron passages, i.e. this is the average anomalistic
eriod of the outer orbit. 
The other exception is the first row of the apsidal motion related

arameters, P 

obs 
apse . Here, the duration of an apsidal motion cycle, i.e.

he time needed for the complete, 360 ◦ variation of the observable
rguments of periastron of the three orbits, ω A, B, AB , are given. The
ther apsidal motion parameters are calculated internally by the
oftware package LIGHTCURVEFACTORY with the use of the usual
nalytic formulae (see Kostov et al. 2021 , section 6.2, for details). 

 DISCUSSION  A N D  IMPLICATIONS  

.1 System parameters 

ur two independent analyses (Sections 5 –7 ) have resulted in
ery similar results, at least qualitati vely; ho we ver, quantitati vely,
 number of the discrepancies exceed the estimated uncertainties.
 or e xample, both models agree that BU CMi consists of four very
imilar hot stars. Moreo v er, the mass ratio of the two primaries (i.e.
 Ba / m Aa ) are ∼0.993 and ∼0.992, according to the direct spectral
tting and the spectro-photodynamical solutions, respectively (i.e.

hey agree well within 0.1 per cent). The direct spectral fitting
pproach, ho we ver, resulted in systematically more massive (by
4–5 per cent) and hotter (by ∼3–8 per cent) components than the

pectro-photodynamical analysis. At the moment we are unable to
esolve completely these discrepancies. One should keep in mind,
o we ver, that the individual masses are primarily controlled by the
V data which, in the current situation, are quite uncertain for the

easons discussed in Sections 3 and 5 . Regarding the temperatures,
ur attempts to obtain reliable spectroscopic solutions with the use
f slightly lower temperature templates have failed. On the other
and, if one compares the photometric distance calculated from
he spectro-photodynamical solution d phot = 245 ± 8 pc with the
aia DR3-derived one d GaiaDR3 = 247 ± 2 pc (Bailer-Jones et al.
021 ) the agreement looks perfect. In contrast to this, in the case
f the direct spectral-fitting solution which gives hotter and more
assive (and, hence, larger) stellar components, the total luminosity
NRAS 524, 4220–4238 (2023) 
f the quadruple was found to be larger by ∼66 per cent (compare
he derived individual luminosities in Tables 6 and 7 ) resulting in a

29 per cent larger photometric distance. Ho we ver, one should keep
n mind that in the Gaia DR3 astrometric solutions, stellar multiplic-
ty was not taken into account and hence the Gaia -derived distance
ight be subject to some systematic errors. Thus, in conclusion, we

elieve that we are not currently in a position to prefer one or the
ther solution; hence, we conclude that the true uncertainties of our
olutions, at least in the masses and temperature, must be around 5–
 per cent. The quantitatively similar results of the two independent
pproaches clearly show that the parameters are robust and BU
Mi is indeed a very tight quadruple with ∼120 d outer orbital
eriod. The differences in the orbital and component parameters
etween the two analyses give us, however, an independent check
f the parameter uncertainties. The similar brightness of the inner
inaries makes the astrometric signal of the system’s photocentre
iny; thus we cannot expect that Gaia would provide independent
rbital parameters. Because the photodynamical analysis is more
omplex and in addition to RVs it takes into account all available
hotometric data (including observed colours and brightness), we
refer the corresponding parameters. 
Turning to the orbital geometry of the system, we find that BU

Mi is not only the most compact but also an extremely flat,
 + 2 type quadruple system. All three orbital planes (that of the
wo inner EBs and also the outer orbital plane) are well aligned
ithin 1 ◦. Note, this is a common feature of the previous two TESS -
isco v ered compact doubly eclipsing 2 + 2 type quadruple systems:
IC 454 140 642 (Kostov et al. 2021 ) and TIC 219 006 972 (Kostov
t al. 2023 ). In drawing any general conclusions from the common
atness of these new compact 2 + 2 quadruples, ho we ver, one should
eep in mind that these findings might be biased by observational
election effects, at least, in part. This is so because, in the case of
ubstantially inclined orbital planes, the three planes would precess
ith different amplitudes and periods on time-scales of decades or

enturies (depending on the mutual inclination angles), and this
 ould mak e it very unlik ely that both inner binaries w ould show

clipses at the same time. And, in the absence of eclipses in either or
oth of the binaries, there would be no (or only a very minor) chance
f detecting the given target as a compact 2 + 2 system. On the other
and, ho we ver, such a selection effect does not explain the extreme
atness (i.e. orbital alignments within 1–2 ◦). For example, the current
inaries A and B would already produce eclipses for inclinations i A 
 72.9 ◦ and i B � 74.3 ◦, from which it follows that, keeping the

nclination of the system’s invariable plane at the currently derived
alue of i 0 = 83.8 ◦ ± 0.2 ◦, both inner binaries would continuously
roduce well-detectable eclipses in the case of mutual inclinations of,
et us say, i A − AB; B − AB = 5 ◦. So, in conclusion, in our view the very
trong flatness is likely a consequence of the formation processes of
he most compact 2 + 2 systems, but, due to the strong observational
ias described abo v e, this conclusion is not highly robust. 
Besides the similarities of BU CMi to the previously mentioned

wo quadruples, there are strong differences as well. For example,
n the case of the other two quadruples, the inner binaries are in
early circular orbits, while the inner binaries of BU CMi have
emarkably substantial eccentricities ( e A = 0.2191 ± 0.0008 and
 B = 0.2257 ± 0.0009, respectively). As BU CMi has the smallest
 A, B / P out ratio of these three quadruples and, moreo v er, contains the
losest inner binaries amongst these three systems, these findings at
rst sight appear to be quite unexpected for a number of reasons.
irst, the less tight a hierarchical system is, the less ef fecti ve are

he gravitational perturbations of the outer component(s) acting
pon the Keplerian motion(s) of the inner pair(s). Second, due to



BU CMi – a tight quadruple system 4233 

Figure 6. Upper panels: A 170-d interval of the RV data of binaries A and B (left and right, respectively), together with the best-fitting spectro-photodynamical 
model. The red and blue dots and curves refer to the primary components ( Aa , Ba , respectively), while the orange and cyan symbols stand for the secondaries 
( Ab , Bb ). The black curves represent the varying RVs of the centre of masses of the binaries along their revolution around each other. Lower panels: Phase-folded 
RV curves of both binaries for the full observational intervals, after the removal of the model-derived motions of the centres of mass of both binaries. The varying 
shape (thickness) of the model curves is the consequence of the dynamical perturbations (primarily the apsidal motion). The black and grey circles represent the 
observed data corrected for the orbital motion of the two binaries around each other. 
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5 In this regard, we note that at the beginning of our comprehensive analysis 
we considered the deeper TESS eclipses as primary ones in both binaries and 
the stars were labelled accordingly. Then, after concluding that the eclipse 
depths in both binaries reverse throughout an apsidal cycle and, moreover, 
considering the fact that currently, in the case of binary A the cooler star 
is eclipsed during the deeper light minima, we decided to redefine primary 
eclipses as those events in which the hotter (and more massive) stars are 
eclipsed, irrespective of the instantaneous amplitude ratio of the two eclipses. 
Hence, finally we relabelled the components of binary A, and all the tabulated 
parameters (and the figures) are given accordingly. 
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he compactness of the inner binaries, the fractional radii of the 
onstituent stars in BU CMi exceed the same quantities of the stars
n the other two quadruples by factors of 4–5. Hence, one can expect
hat tidal forces and tidal dissipation, which are related to the fifth
for equilibrium tides) and eighth order (for tidal dissipation) of the 
ractional radii are much more ef fecti ve in BU CMi than in the other
wo systems. 

These discrepancies can be resolved by considering the facts that 
i) in contrast to TICs 454140642 and 219006972, BU CMi is
ormed by four early-type, massive, radiative stars, in which tidal 
issipation is much less ef fecti v e; and moreo v er, (ii) this system
s much younger (i.e. ∼300-Myr-old, in contrast to the other two 
uadruples which are several Gyr old). Thus, one may conclude that 
here has been insufficient time for the circularizaton of the inner 
rbits since the formation of the quadruple system BU CMi. 
The significant inner eccentricities in BU CMi, as well as the non-

dge-on view of the two inner orbital planes ( i A = 83.4 ◦ ± 0.1 ◦; i B =
3.9 ◦ ± 0.1 ◦), together with the very similar surface brightnesses 
f the binary stars, have an interesting observational consequence. 
amely, depending on the orientations of the orbital ellipses relative 

o the Earth, the depths of the two consecutive eclipses in each
B alter each others. Regarding binary A, currently the periastron 
assage, i.e. the smallest separation between the two stars, is much
loser to the inferior conjunction of the more massive (primary) 
omponent. Hence, due to the larger fraction of the occulted stellar
isc of the secondary, the deeper light minimum occurs during 
his event, i.e. when the more massive, hotter star eclipses the
ess massive and cooler component. In contrast to this, during the
AT observations, nearly half an apsidal cycle earlier, the currently 

hallower eclipse was actually the deeper eclipse. In the case of
inary B, the tendency is just the opposite, as can be seen in Fig. 7 . 5 
MNRAS 524, 4220–4238 (2023) 
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Figure 7. Illustration of the reversal of the primary and secondary eclipse depths of both binaries during an apsidal cycle. The dark red, orange, blue, and 
green symbols stand for the folded, binned, averaged light curves of binaries A and B (left and right, respectively), calculated from the HAT (red), MASCARA 

(orange), and TESS Sectors 7 (blue), 34 (green), and 61 (black) observations. As one can see, the primary/secondary eclipse depth ratios of both binaries have 
reversed in between the oldest HAT and the newer observations. 
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Turning to the apsidal motion cycles mentioned above, our direct
pectral fits give a ∼25 yr-period for both inner binaries. Allowing
or the fact that the duration of the full spectroscopic data set is
2.7 yr, i.e. about 10 per cent of the full cycles, we feel that these

esults are in essentially perfect agreement with the findings of
he spectro-photodynamical analysis ( P apse A, B = 28.7 ± 0.1 and
5.1 ± 0.1 yr, respectively). The latter results are based on the ETV
ata, which extend to more than the half of the full apsidal cycles.
n addition to the apsidal motion periods of the inner binaries, the
hotodynamical solution also gives the apsidal motion for the outer
rbit, and this is also found to be remarkably rapid at P apse AB =
45.3 ± 0.2 yr. These values, which were ‘measured’ from the
umerical integration of the best-fitting photodynamical solution,
re in good accord with the theoretically calculated apsidal motion
eriods – of which the medians were found to be P apse = 31.8 ± 0.1,
9.0 ± 0.1, and 151.6 ± 0.8 yr for orbits A, B, and AB, respectively. 6 

esides the ‘measured’ and theoretically calculated apsidal motion
eriods, we also tabulate the contribution of the dynamical (third-
ody), relativistic, and classic tidal effects to the apsidal advance rates
 �ω 3b, GR, tide , respecti vely). It is e vident that the dynamical effects
ubstantially dominate o v er the tidal and relativistic ones, and this
learly supports our previous statement in Section 4.2 that the rapid
psidal motion must have a dynamical origin. 

This latter statement leads us back to the previously mentioned
ontradiction between our results and those of Volkov et al. ( 2021 )
hich will be discussed below. 

.2 Comparison with the results of Volkov et al. ( 2021 ) 

s mentioned in the Introduction, Volkov et al. ( 2021 ) also published
 detailed analysis on this quadruple system. Their conclusions are
emarkably different from our findings. Here, we discuss the origins
f these discrepancies and make attempts to resolve them. 
First, the most substantial difference is that they report an outer

eriod of about 6.6 yr (2420 ± 20 d), instead of the much shorter
uter period of 121 d that we report in this work. They arrived at
NRAS 524, 4220–4238 (2023) 

 The discrepancies of 3–6 yr (i.e. 4–10 per cent) might have come from the 
eglect of the octupole order perturbation terms. 

o  

r  

o  

a  
his conclusion via an analysis of the ETV curves, where besides
he evident large-amplitude sinusoidal variations characteristic of
ynamically driven apsidal motion with a ∼25 yr period, they
etected additional cyclic variations with a period of ∼2400 d. They
nterpret the latter variations as the LTTE originating from the orbit
f the two EBs around their common centre of mass. Moreo v er, the y
lso detect another variation of small amplitude in the high-precision
ESS Sector 7 eclipse times, which they claim might be due to a
mall ∼60-d-period libration (which they call ‘nutation’) in the lines
f the apsides of both binaries, caused by the other pair. They do
ot investigate, ho we ver, ho w such a relatively wide outer orbital
eparation would be able to produce such a short-period effect, nor
ow it could account for the rapid apsidal motion. 
In contrast to their results, we found that these small-amplitude,

o-called ‘nutations’ are the principal third-body effects. These
ariations are, in fact, the same thing as we have seen in the ETVs
f several tight, hierarchical triple stellar systems where the ETVs
re dominated by the P out time-scale third-body perturbations due to
he tertiary (which, in the present case, is also a binary itself). These
ariations can be modelled both analytically (see e.g. Borkovits et al.
015 , 2016 ) and numerically, as in this work. Our photodynamical
nalysis shows clearly that these structures in the ETVs of both EB
airs can be explained with the mutual P out time-scale third-body
erturbations due to the other EB, and consequently, the two binaries
rbit around each other with a period of P out = 121.50 ± 0.02 d (see
he lower panels of Fig. 3 ). This conclusion makes this 2 + 2 quadruple

omentarily the one with the shortest known outer period. 
Regarding the longest period – the largest amplitude cycles on the

TVs (of ∼25 yr) of both binaries – we agree with Volkov et al.
 2021 ) that these arise from apsidal motion. We note, ho we ver, that
his relatively short period of the apsidal motions in both binaries
an be explained neither by combinations of the classic tidal effects
nd the general relativistic contribution in the EBs, nor by the
ravitational perturbations of a relatively distant companion in an
6 yr-period. The characteristic time-scale of dynamically driven

psidal motion is proportional to P apse ∝ P 

2 
out /P in which, in the case

f P out = 2420 d yields ≈4923 and ≈5457 yr for binaries A and B,
espectively. In contrast to this, as one can see e.g. in the upper panels
f Fig. 3 , and also in Table 7 , where we tabulated the tidal, relativistic
nd third-body contributions to the apsidal advance rate separately,
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ur photodynamical solution indeed produces the observed apsidal 
otions. 
The most pressing issue regarding the ETV curves is the origin 

f the extra cyclic variations with a period of a few years. As
as mentioned abo v e, Volko v et al. ( 2021 ) find their period to be
2420 ± 40 d, while our complex photodynamical analysis (and the 

reliminary analytic ETV studies, as well) have resulted in a period 
lose to half the value the y found. Ne xt, we attempt to explain the
rigin of these ‘extra’ ETV variations that occur on a time-scale of
1200 d. 

.3 Origin of the ETV variations on a time-scale between P out 

nd P apse-node 

s mentioned abo v e, the most interesting question about BU CMi
s the origin of the extra, ≈3 or 6 yr-period cyclic variations of
he ETVs. This effect, at first sight, looks quite mysterious because 
hese cycles appeared naturally in the numerically generated ETVs 
uring our modelling processes (see e.g. the upper panels of Fig. 3 ).
o we v er, the y do not appear even in our most detailed analytical
TV model, described in Borkovits et al. ( 2015 ). In other words,

hey are not present in our formulae based on the once-averaged 
nd doubly averaged octupole-order analytic perturbation theories 
f hierarchical triple stellar systems. 7 

In order to identify the origin of these effects, we checked the
ariations of the instantaneous osculating orbital elements during 
ach numerical integration step. In Fig. 8 , we show that we found
eriodic variations in the semimajor axes of the two binaries’ orbits
hat are similar to what we see in the observed ETV curves. We
isplay in the upper right panel of Fig. 8 that these variations have
xactly the same periods and opposite phases in the two binaries, 
nd hence, their effect on the ETVs may really mimic the signs of
utual LTTE. The connection between these small variations of the 

emimajor axes and the ETVs are also well illustrated in the lower
eft panel of Fig. 8 . We can easily infer this connection not only for
he similar periods, but also for the fact that the larger the amplitude
f the variations in the semimajor axes, the larger the amplitude of
he extra ETV bumps. And, moreover, one can see that there is an
xact 90 ◦-phase shift in between the extrema of the semimajor axis
nd ETV variations. This is in perfect accordance with the fact that
he ETV represent some cumulativ e or, inte grated variations. Or, 

athematically, a sine-like perturbation in the semimajor axis (or, in 
he mean motion) will result in a cosine-like ETV for the additional
 In a hierarchical triple system, the perturbations occur on three different, 
ell-separable time-scales. (i) The short-period periodic perturbations have 
 characteristic period proportional to the period P in of the inner binary, 
nd the relative amplitudes are related to ( P in / P out ) 2 ; (ii) the medium-period 
eriodic perturbations act on the time-scale of the outer orbit P out , while 
heir amplitudes are proportional to P in / P out ; and finally (iii) the long- 
eriod perturbations (sometimes called ‘apse-node’ perturbations) have a 
haracteristic time-scale related to P 

2 
out /P in , while their relative amplitudes 

re of the order of unity, i.e. the given orbital element might take any of 
ts physically realistic values during that interval. Considering the analytic 
escription of these perturbations, e.g. with a perturbed Hamiltonian, the three 
roups of perturbations are connected to those trigonometric terms in which 
he arguments contain: (i) the mean anomaly of the inner orbit; (ii) the mean 
nomaly of the outer orbit, but not that of the inner orbit; and (iii) neither of 
he two mean anomalies. Hence, averaging out both mean anomalies (double 
veraging) from the Hamiltonian, one can model analytically the long-term 

and secular) perturbations. By contrast, when averaging out only the inner 
ean anomaly, the medium-period perturbations can be studied. 
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ntegration. This finding is not surprising, insofar as these slight 
ariations in the semimajor axes naturally reflect the instantaneous 
ean motion of the given body, to which the variations of the
TVs are extremely sensitives. On the other hand, such kinds of
ariations in the semimajor axes are surprising in the sense that both
he once and doubly averaged perturbation theories of hierarchical 
riple systems arrive at the conclusions that there are no medium-
 long-period, and secular perturbations in the semimajor axes. In 
ther words, according to the perturbation theories that are usually 
sed in the hierarchical stellar three-body problem, one should not 
 xpect an y variations in the semimajor ax es for which the periods
xceed the period of the inner binary. Note, ho we ver, that in our
ast theoretical work about the analytical description of the ETVs 
f tight triples (Borkovits et al. 2015 ), we introduced some further
erms, which allow periodic perturbations in the inner semimajor 
xes on the time-scale of the outer period; here, ho we ver, we detected
eriodic perturbations in these elements with a factor of ∼10 longer 
eriod. 
In order to test the physical origin of this behaviour, we made some

dditional numerical runs where all but one of the initial parameters
ere the same (i.e. they were taken from the best-fitting model),

nd only the outer period of the quadruple was slightly modified. As
ne can see in the upper panels of Fig. 8 , only a small change in
he outer period can result in substantial variations in the amplitude
nd the period of the effect, and this can also be seen clearly in the
orresponding simulated ETVs (bottom panels of Fig. 8 ). 

In generating and studying Fig. 8 , we found it interesting to note
hat the closer the ratio of the outer to inner periods is to an integer,
he larger the amplitude and longer the period are of these few-year-
ong c ycles. F or e xample, in the order of decreasing amplitudes,
n binary A the period ratios are 40.99; 41.33; 41.73; while for
inary B: 36.94; 37.24; 37.61. 8 In our view, these facts suggest
ome similarities with the mean-motion resonances of the classical 
lanetary perturbation theories. Namely, when the mean motions 
re nearly commensurable this may lead to large-amplitude and 
ong-period perturbations in the given orbital elements. Normally, 
o we ver, only lo w-order mean motion resonances will produce large
mplitude perturbations, because the amplitudes of the resonant 
erturbations in general are multiplied by some power-law functions 
f the eccentricities, in which the powers are proportional to the
rder of the resonances. Here, we suspect some similar behaviour: 
amely, due to the commensurability of the inner and outer periods,

ome very high order ‘resonant’ terms yield some contribution which 
annot be averaged out perfectly. This actually results in a very
o w-amplitude cyclic v ariation in the semimajor axes (the relative
ariations are of the order of 10 −4 –10 −5 ). But, due to the extreme
ensitivity of the ETVs to the mean-motions, these tiny variations 
ay produce observable effects in the occurrence times of the 

clipses. 
We note that this effect is worthy of a more detailed and

uantitativ e inv estigation. But it should be carried out first for a
impler configuration, i.e. for an actual 2 + 1 triple system instead
f a 2 + 2 quadruple. In this regard we note that the photodynamical
nalysis of the tight triple TIC 167 692 429 (Borkovits et al. 2020 ),
hich was based on the first year of TESS data revealed similar extra
MNRAS 524, 4220–4238 (2023) 

 For calculating these ratios, we did not use the instantaneous osculating 
nomalistic periods at epoch t 0 used as input parameters to the integrations; 
ather, from the results of the numerical integrations, we derived average 
uter periods, which are also given in the legends of the upper left panel of 
ig. 8 . 

4
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Figure 8. Upper left: The relative variations of the instantaneous osculating semimajor axes of binary A during three numerical integrations of the quadruple 
system. All the initial parameters of the integrations were set equal to the values of the best-fitting solution, the only exception being the outer orbital period. 
(Note, in the legend, besides the osculating anomalistic outer periods which were used an input parameters for the given runs, we add also, in parentheses, the 
average outer periods derived from the results of the numerical integrations.) The semimajor axes were sampled at each integration step, but here we display 
only their averaged values o v er each inner (EB) period. Upper right: The variations of the semimajor axes of both binaries during the same three runs, but folded 
with the deduced periods of the variations. Semimajor axes of binary A are given with the same colours as in the left panel, while the corresponding quantities of 
binary B (folded with identical parameters) are plotted with lighter colours. The periods P x used for the foldings are given in the legend. Lower left: Simulated 
ETV curves of binary A for the same interval than abo v e. The darker colours represent primary ETV curves, while the lighter ones are the secondary ones. (Note, 
from the secondary curves we left out the P out = 121.75 d-one for a better view.) The vertical red lines in the left panels connect the positive extrema of the 
larger amplitude ETV bumps (the P out = 120.70 d case) with the corresponding (red) relati ve v ariations of the semimajor axis. The similar period and the phase 
shift of 90 ◦ is evident. Lower right: Recent ETV curves of binary B according to the three currently investigated models versus the observed times of minima. 
At this panel, calculating the ETV curves we used different periods for primary and secondary ETVs in order to get approximately horizontal lines. (With other 
words, the ETVs were calculated with the currently valid average primary and secondary periods.) As one can see, the observed ETV is in nice accord with the 
P out = 121.75 d-photodynamical model. Neither the P out = 120.70 d-model (with larger extra ETV bumps) nor the P out = 122.90 d-model (almost smooth ETV 

only with very low amplitude extra ETV bumps) cover the observations well. 
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ycles in the ETVs; these have now been verified by the third and
fth years of ne w TESS observ ations. We will further investigate

hese extra cycles in the context of this triple system in the near 
uture. 

 C O N C L U S I O N S  

he bright variable star BU CMi is composed of two short-period
Bs. Our work has found it to be the tightest quadruple system
nown, with P out � 121.5 d. Although the quadruple nature of
he system was first pointed out by Volkov et al. ( 2021 ) from the

ASCARA photometry, they found a much longer outer orbital period
f P = 6.62 yr, attributing the 121-d ETV variations to a ‘nutation’
NRAS 524, 4220–4238 (2023) 
ffect. Simultaneous modelling of high-dispersion spectroscopy and
ESS light curv es conclusiv ely demonstrates that the line profile
ariations cannot be explained by the 6.62-yr periodicity. The
pectroscopic data clearly show large, ∼50 km s −1 , variations in
he systemic velocity of the inner subsystems (i.e. the two EBs). For
 out = 6.62 yr, the amplitude of the RV changes of the binary centres
f mass would be only about ∼18 km s −1 . 
Ev en more conclusiv e proof of the extremely tight outer orbit

omes from the detailed photodynamical modelling, which takes
nto account satellite photometry, all available eclipse timing data,
nd the RVs. The numerical integration of the orbits explains
he ETV changes with the 121-d period (the outer orbit), estab-
ishes the longer-term ETV variability on the ∼1200-d period,
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nd perfectly predicts the rapid apsidal motions in the EBs on 
25-yr time-scales. This apsidal motion is very rapid, and it is

ynamically driven by the mutual gravitational perturbation of the 
inaries. For the much longer outer orbit determined by Volkov 
t al. ( 2021 ), the apsidal motion rate would be substantially 
lower. 

Although the orbital and stellar component parameters are well 
onstrained by the complex photodynamical modelling, there remain 
 few open questions that require further observations. For example, 
e seek to constrain any spin-orbit misalignment; this possibility, 
o we ver, appears unlikely due to the near-coplanarity of the inner
nd outer orbits. Determination of the spin-orbit misalignment would 
equire dedicated spectroscopy of the system during the eclipses of 
he stellar components. The small observed range of the RVs of
he components and their high rotation rates would complicate the 

odelling of the Rossiter–McLaughlin effect. 
Assuming that the stellar rotational rates are quasi-synchronous 

rotation rate equals the Keplerian orbital rate at periastron) and that 
he spin axes are perpendicular to the inner orbits, we can further
onstrain the stellar radii from their measured projected rotational 
elocities vsin i . 

Although both of the inner binaries are eclipsing, the relatively low 

nclination of the outer orbit, i A − B ∼ 83.8 ◦, and a relatively large
emimajor axis, a A − B ∼ 221 R �, preclude outer-orbit eclipses. A 

hallow outer eclipse could occur if the outer inclination angle were 
arger than about 88.5 ◦. 

Finally, we note that the BU CMi system could have had an
uter period as short as ≈32 d and still be dynamically stable (see
.g. Mardling & Aarseth 2001 ; Mikkola 2008 ; Rappaport et al.
013 ). This assumes the same EB periods and masses, the same
uter eccentricity, and the same orbital coplanarity. Thus, there is 
uch room in phase space to find even tighter quadruples. Whether 

volution scenarios will permit such short-period quadruples is 
nother matter. It is therefore worth trying to observationally push 
he boundaries to ever shorter outer periods. 
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