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ABSTRACT

Multiplicity in pre-main-sequence (PMS) systems shapes circumstellar and circumbinary discs, often resulting in morphological fea-
tures such as inner cavities, spiral arms, and gas streamers that facilitate mass transfer between the disc and stars. Consequently,
accretion in eccentric close binaries is highly variable and synchronized with their orbits, producing distinct bursts near periastron
passages. In this study, we examine the orbital and accretion properties of the eccentric Classical T-Tauri binary star DQ Tau using
medium- to high-resolution spectroscopy obtained using the Very Large Telescope (VLT) X-shooter and UVES instruments. The data
have been taken at the time of a monitoring of the inner disc chemistry with JWST, and the results of our analysis are needed for
a correct interpretation of the JWST data. We refine the orbital parameters of the system and report an increment in the argument
of periastron of ~30°. This apsidal motion can be caused by the massive disc acting as a third body in the system. We also explore
the possibility that the resulting apsidal motion is caused by a still not-detected additional (sub-)stellar companion. In this case, we
estimate a lower limit of ~15 M, for the mass of this putative companion at the cavity edge (a = 3ap,). We investigate the accretion
of the primary and secondary stars in the system using the Ca Il 849.8 nm emission line. We observe the primary accretes more at the
periastron compared to its previous quiescent phases. The secondary dominates the accretion at post-periastron phases. Additionally,
we report an elevated L, . at apastron, possibly due to the interaction of the stars with irregularly shaped structures near their closest
approach to the circumbinary disc. Finally, we derive the accretion luminosity of each star across the disentangled epochs and compare
the results to those derived by the UV excess, finding a good overall agreement. The individual L, values can be used as an input for

the chemical models.
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1. Introduction

High-angular-resolution observations and theoretical models of
young stellar objects (YSOs) have highlighted the impact of
multiplicity on the surrounding disc, often manifesting as promi-
nent morphological features such as inner cavities, spiral arms,
streamers, and more (e.g., Benisty et al. 2023). Numerous the-
oretical work put these features in relation to the presence of
stellar or planetary companions (Bae et al. 2023).

* Based on observations collected at the European Organization for
Astronomical Research in the Southern Hemisphere under ESO pro-
grams 114.2799.001, 114.27MG.001, and 082.C-0218(A).

** Corresponding author: hala.alqubelat@eso.org

Both GG Tau and HD 142527 show strong tidal interactions
between their stellar companions and surrounding discs, produc-
ing gas flows from circumbinary to circumstellar regions. In both
systems, these interactions shape disc structures, including inner
cavities, asymmetries, and spiral arms, highlighting the role of
companions in driving ongoing disc dynamics (Keppler et al.
2020; Toci et al. 2024; Verhoeff et al. 2011; Biller et al. 2012;
Nowak et al. 2024).

Similarly, AK Sco, with a separation of ~0.16 au, exhibits
periodic enhancements in X-ray and UV emissions, attributed
to accretion streams crossing the inner cavity and delivering
material onto the stellar surfaces (Gémez de Castro et al. 2013).
Complementary studies of CoKu Tau/4 revealed an inner cavity

A228, page 1 of 18

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://www.aanda.org
https://doi.org/10.1051/0004-6361/202557425
https://orcid.org/0009-0002-4535-1704
https://orcid.org/0000-0003-3562-262X
https://orcid.org/0000-0002-3913-3746
https://orcid.org/0000-0002-4919-5940
https://orcid.org/0000-0003-4335-0900
https://orcid.org/0000-0001-5378-7749
https://orcid.org/0000-0002-3741-9353
https://orcid.org/0000-0001-6660-936X
https://orcid.org/0000-0002-5261-6216
https://orcid.org/0009-0008-3962-6728
mailto:hala.alqubelat@eso.org
https://www.edpsciences.org/en/
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Alqubelat, H., et al.: A&A, 706, A228 (2026)

carved by the binary’s gravitational influence (Ireland & Kraus
2008).

Pre-main-sequence (PMS) accretion is a stochastic process
giving rise to variability on timescales from hours to decades
(Hartmann et al. 2016). Such stars can witness routine-like vari-
ability with 1-2 mag change in brightness for up to weeks, while
burst-like variability does increase brightness 1-2.5 mag, from a
week up to a year (Fischer et al. 2023). Meanwhile, the presence
of binary companions is expected to produce accretion variabil-
ity with characteristic frequencies corresponding to their orbital
timescales and sub-harmonics, leading to pulsed accretion in
eccentric systems (Artymowicz & Lubow 1996; Ragusa et al.
2016; Teyssandier & Lai 2020).

Accretion flows in close binary systems are enhanced by
dynamical interactions that periodically channel material from
the circumbinary disc onto the individual stars. This process
tends to preferentially feed the lower-mass companion, driv-
ing the system towards mass ratio unity over time (Tokovinin
2000; Bate 2000), with differences expected depending on disc
parameters, binary mass ratio, and orbital eccentricity, and the
precession angle between disc and binary stars (Young et al.
2015). This accretion-driven mass equalisation may be the ori-
gin of the observed peak in the mass ratio distribution of close
binaries around g ~ 1.

Muiioz & Lai (2016) performed 2D simulations on accre-
tion flows in the circumbinary cavity of an equal-mass binary.
They showed that the circumstellar discs of eccentric binaries
are severely truncated at pericenter. The circumstellar discs show
differences in their surface densities, implying that the two stars
of the equal-mass binary accrete at different rates. This was also
shown by Giinther & Kley (2002), who demonstrated that accre-
tion in close to equal-mass binaries is highly time-variable and
not equally distributed among the two components of the system.
This effect is driven by asymmetries in the circumbinary flow at
the various phases of the orbital period.

Observational monitoring supports such theoretical models,
as accretion variability of young spectroscopic binaries is readily
observed. Tofflemire et al. (2017b, 2019) showed that the eccen-
tric TWA 3A (e = 0.63, g = 0.84) experience periodic accretion
bursts near periastron passages, with accretion rates increasing
by a factor of ~4. Using the emission line of He I 5876 A, they
showed that circumbinary accretion streams preferentially feed
the primary star. In the case of the multiple system VW Cha
(Zsidi et al. 2022), a peak-to-peak photometric variability ampli-
tude of up to ~0.8 mag was observed, which was attributed to
changes in the accretion rate, possibly influenced by the multi-
plicity and the presence of a circumbinary disc. Similarly, the
WX Cha binary system exhibits variability with a photometric
amplitude up to ~0.5 mag (Fiorellino et al. 2022b). Another
example is CVSO 104 (e = 0.4, ¢ = 0.9), where both com-
ponents exhibit similar levels of accretion, as indicated is by
Hel 6678/5876 A and Balmer emission line profiles, accreting
from a shared circumbinary disc (Frasca et al. 2021).

Key questions remain about how binary properties, par-
ticularly eccentricity, mass ratio, and orbital phase-modulated
accretion dynamics shape the structure of the inner disc. These
interactions not only shape disc morphology but are crucial
for interpreting time-sensitive spectroscopic observations, espe-
cially in systems where both stars are actively accreting, leading
to large orbit-to-orbit variability. The impact of variability on the
physical and chemical conditions of the inner disc also remains
open. The simultaneous accretion monitoring is particularly cru-
cial to be able to interpret the JWST MIR spectra, which are
rich in molecular lines, originating from the inner regions of
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the disc (Banzatti et al. 2023; Grant et al. 2023) . Hence, char-
acterising the overall binary accretion behaviour-driven by the
binary configuration, and ideally disentangling the contribution
of each component, is essential for understanding the observable
chemistry, as well as the structure of the inner disc, where planet
formation takes place (Hyden et al., in prep.; Kdspal et al. 2025).

This work focuses on DQ Tau, a double-lined spectroscopic
binary where both components are of the MO spectral type.
The system is located at RA 04h 46™ 535,058, Dec +17° 00’
00”.14, and it has a total mass of M, = 1.21 + 0.26 M., as
was derived from radial velocity (RV) measurements and ALMA
CO disc modelling (Czekala et al. 2016). The orbital period
of the binary has previously been reported to be ~15.8 days
(Mathieu et al. 1997; Pouilly et al. 2024) with the orbit being
highly eccentric (e ~ 0.6). This system has become a bench-
mark for studying pulsed accretion. DQ Tau exhibits recurrent
accretion bursts near periastron (Tofflemire et al. 2017a; Bary
& Petersen 2014; Fiorellino et al. 2022a; Tofflemire et al. 2025)
with both components actively accreting. Using eight epochs of
spectroscopic data obtained with the ESO Very Large Telescope
(VLT) X-shooter instrument, Fiorellino et al. (2022a) showed
that the primary and secondary accrete at different phases in
the orbit with the dominant accretor alternating between the two
stars. Recently, Pouilly et al. (2024), used the high-resolution
CFHT/ESPaDOnS spectrograph to cover one orbital period of
this system. They reported that both stars accrete with the
primary accreting more compared to previous orbital cycles,
resulting in a balanced accretion between the two stars. In Pouilly
et al. (2023), it was noted that the secondary is the dominant
accretor.

The analysis of the VLT/X-shooter data, which are also used
in this work, and of LCO u’ photometry obtained in a joint JWST
and ground-based campaign to monitor DQ Tau, has revealed
that the accretion rate can vary by nearly two orders of magni-
tude near periastron across ten orbits (Tofflemire et al. 2025). In
order to correctly interpret the JWST data, a detailed knowledge
of the orbital and accretion proprieties of DQ Tau at the time of
JWST monitoring is essential. In this work, we use the ground-
based observations (VLT/X-shooter and VLT/UVES) from this
monitoring to refine the orbital parameters of DQ Tau. We then
trace the accretion of each star across various orbital cycles to
estimate the mass accretion rates of each stellar components,
complementing the work of Tofflemire et al. (2025), who only
considered the total accretion rate on the binary.

The paper is structured as follows. A description of the obser-
vations is provided in Sect. 2, whereas the results for the orbital
and accretion properties are presented in Sect. 3. We then discuss
the results for the orbital and accretion properties separately and
compare them to the literature in Sect. 4, before concluding this
paper in Sect. 5.

2. Observations and data reduction

In Fig. 1, we present an overview of the datasets included in this
paper, using the time-series accretion-luminosity measurements
for the combined accretion rates measured from Tofflemire et al.
(2025). The binary periastron passages, when accretion bursts
happen like clockwork, are marked as dotted vertical lines.

2.1. VLT/X-shooter

We observed DQ Tau with the X-shooter spectrograph
(Vernet et al. 2011) mounted on the ESO Very Large Telescope
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Fig. 1. Accretion variability of DQ Tau shown by observations with LCO u’ photometry, X-shooter, and UVES taken across five months between
August 13, 2024 and January 22, 2025. The accretion luminosity (left axis) and mass accretion rate (right axis) were measured from X-shooter
spectra and LCO u’-band photometry for the whole system (Tofflemire et al. 2025). The time is reported in barycentric Julian days on the bottom
axis and the binary orbital cycles are labelled on the top axis. Vertical dotted lines mark the periastron passages of DQ Tau with the JWST MIR

observations indicated as black arrows.

(VLT) during the programme 114.2799.001 (PIs: C.F. Manara,
B. Tofflemire). This spectrograph works at medium resolution
(R~10000-20000) and simultaneously covers the wavelength
range ~300-2500 nm, dividing the spectra into three arms
(UVB, VIS, NIR). Our observations are set to achieve the highest
possible resolution, and therefore use the narrowest slits (0.5”,
0.4”, and 0.4” in the three arms, respectively), while achiev-
ing absolute flux calibration accounting for the slit losses with
a short exposure with the broad slits of 5.0” width prior to
the narrow slit observations. A nodding cycle consisting of four
positions, ABBA, was used for the narrow slit observations to
achieve a better sky subtraction at near-infrared wavelengths.
The observing strategy was optimised to complement each
JWST observation with three X-shooter spectra.

An absolute time interval was set to start the X-shooter mon-
itoring in each flare event covered by JWST-MIRI (see Hyden
et al., in prep. for JWST observations strategy), and the sub-
sequent epochs were put in relative time-link intervals with
minimum distances between the observations of 10 hours. A
total of 25 spectra were taken, 19 of them close in time to
the JWST observations between September 5 and November 21,
2024. Not all of the planned spectra were taken on the expected
time-interval due to different causes, including interventions on
the telescopes and visitor mode runs. As a result, a total of six
spectra were observed between December 2 2024 and January
3, 2025 (see Fig. 1). All data were taken with excellent sky
transparency conditions (‘clear’ or ‘photometric’).

Data were reduced using the ESO pipeline for X-shooter
v.3.6.8 (Modigliani et al. 2010) in the Reflex environment
(Freudling et al. 2013). Telluric lines were removed with the ESO
Molecfit tool (Smette et al. 2015), and the final flux calibration
was obtained rescaling the narrow slit spectra to the wide slit
ones, following the procedure described by Manara et al. (2021).
We estimated the signal-to-noise ratio (S/N) in a 4 nm wave-
length window for the visual arm at A = 786 nm for each epoch.
The VIS arm has the highest precision and accuracy of wave-
length calibration with a standard deviation of ~ 0.5 kms~'. We
report the observations log and estimated S/N at the wavelength
range between A = 784 nm and A = 788 nm in Table D.1.

2.2. VLT/UVES

During the same monitoring programme, DQ Tau was also
observed with the UVES spectrograph (Dekker et al. 2000)
mounted on the VLT during the programme 114.27MG.001 (PI:
E. T. Whelan). The motivation for this programme was to use
spectro-astrometry to study changes in the spatial properties of
the [O I] 6300 emission from DQ Tau (Mills et al., in prep). We
used the RED setting centred at 580 nm, with slit width of 0.8”,
giving a resolution R~50 000 and covering the wavelength range
~480-680 nm. Data were taken between September 2nd, 2024
and January 8th, 2025, always with excellent sky transparency
conditions (‘clear’ or ‘photometric’). A total of 20 epochs were
taken (see Fig. 1).

Data were reduced using the ESO pipeline for UVES v.6.4.10
(Ballester et al. 2000) in the Reflex environment (Freudling et al.
2013). The data delivered by the pipeline were flux calibrated,
although not corrected for slit losses. Data were not telluric-
corrected. Instead, we avoided regions where telluric lines are
strong in the UVES spectrum in the analysis. For each epoch,
we estimated the S/N in a 4 nm wavelength window for the red
arm at 1 = 6654 A. We report the observations log and the cor-
responding S/N at wavelength range between 4 = 6652 A and
A= 6656 A in Table D.1.

We also obtained from the ESO archive the data for a
template star, Tyc7760283-1, obtained under porgram ID 082.C-
0218(A) (P1: C.H.F. Melo). We reduced the spectrum using the
same version of the ESO pipeline for UVES v.6.4.10 in the Reflex
environment as for the DQ Tau spectra.

3. Analysis

In this section, we present the results obtained from the datasets
described in Sect. 2. We fit the radial velocity (RV) measured on
absorption lines to determine the orbital parameters of DQ Tau.
Then, we use the Call 849.8 nm emission line and Li 670.8 nm
absorption line to trace the effect of accretion on line emission
and veiling for each component of DQ Tau.
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Fig. 2. Spectra of DQ Tau taken with the visual arm of X-shooter and with UVES. The wavelength ranges in black (590-600, 600-610, 610-620,
640-650, and 658—667 nm) correspond to the five regions where the BF was calculated for each epoch. The wavelength ranges were chosen to be

free of strong emission lines and telluric contamination.

3.1. Orbital properties from the rv analysis

In Fig. 2, we show examples of X-shooter and UVES spectra
of DQ Tau, covering the wavelength ranges used for the anal-
ysis. We selected five wavelength ranges in common between
X-shooter and UVES to calculate the RV, each of them 10 nm
wide. The visual arm spectrum of X-shooter 450—-1000 nm gives
the highest resolution approximately R ~ 20000, compared to
the UVB and NIR arm, and it is therefore the best suited for thois
study. For UVES, we used the wavelength range 5800-6800 A,
which overlaps with the coverage of X-shooter, as the rest of
the spectrum is affected by the presence of emission lines or
strong telluric features. In addition, the bluer parts of the UVES
spectrum exhibits lower S/N.

We used a total of 45 spectra to carry out the RV measure-
ments. Each spectrum was corrected to the barycentric velocity
frame using pyasl.baryCorr'. We then computed the broadening
function (BF), implemented in SAPHIRES?, for each spectrum
using a class IIT MO spectral type template star (Tyc7760283-1)
with a vsini of 14.4 + 0.5 kms™! (Stelzer et al. 2013). We note
that this value of vsini is in the order of the vsini of DQ Tau
(Czekala et al. 2016). The X-shooter spectrum for the template
was taken by Manara et al. (2013), while the UVES one was
used here for the first time. The RVs of the X-shooter and UVES
templates were obtained using STAR_MELT(Campbell-White
et al. 2021)*, calculating a cross-correlation function (CCF) in
100 A region, free of emission lines, between 5000-6000 10\, with
the standard RV template star used in the package.

The final RV of the template is the mean value of all the
shifted CCF sections. The RVs of the templates are consistent
between the two spectra ~ 6.4 +0.1 km sl and 6.6 +0.1 kms™!,

I https://pyastronomy.readthedocs.io/en/latest/
pyaslDoc/aslDoc/baryvel .html#PyAstronomy.pyasl.
baryCorr

2 https://github.com/tofflemire/saphires/tree/master
3 https://github.com/justyncw/STAR_MELT
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respectively. The values are in agreement with the RV derived by
Fiorellino et al. (2022a).

The produced BF for each DQ Tau spectrum spans an inter-
val of —100 kms~!' to +100 kms~!. Double-peaked BFs with
clearly separated or blended peaks are fitted with two Gaussian
profiles in SAPHIRES. Single narrow-width peaks are fitted with
a single Gaussian profile.

The peaks of the BF were considered to be the RV of each
component at the time of the observation. The derived RV val-
ues were then assigned to the primary and secondary stars based
on the fitted amplitudes of each RV curve. By calculating RVs
across several wavelength regions, we confirm that the RVs are
consistent with each other across the whole range of wavelengths
of the spectra for each epoch. Based on this, we calculated the
mean RV across the wavelength ranges and the standard devi-
ation for each epoch (Fig. B.1). The extracted mean RV values
and errors for each epoch are reported in Table D.1.

We used a Lomb—Scargle Periodogram to look for the binary
orbital period signal on the measured RVs. The periodogram
yields a detection at period of 15.698 + 0.105 days when the
RVs of the primary or of the secondary are used. A one per-
cent false alarm probability (FAP) threshold was also computed
to determine the power level above which signals are considered
statistically significant, finding that only this peak is statistically
sound (Fig. 3). To estimate the uncertainty in the detected peri-
odic signal, we employed a bootstrapping approach, generating
200 periodograms by randomly resampling the RV measure-
ments with replacements and calculating the standard deviation
of the signal within the 14—16 days range.

Mathieu et al. (1997) and Czekala et al. (2016), report a
period at 15.8 days based on photometric data from Berkeley
Automated Imaging Telescope with V, R, and I bandpasses, with
baseline observations of 5000 days. Additionally, Pouilly et al.
(2024) reports a period of P = 15.8 days based on a fit of 11 spec-
tra taken over 40 nights using the Levenberg—Marquardt algo-
rithm. The values of the period derived from our periodogram
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Fig. 3. Lomb—Scargle periodogram of RV1 data. The data shows a sig-
nificant peak reported at 15.698 day. The 1% FAP level is indicated
by the dotted magenta line. In the background, the bootstrapped peri-
odograms are shown in purple.

analysis is thus consistent with the values reported in the lit-
erature. Additionally, we used the Markov Chain Monte Carlo
(MCMC) approach, described below, to fit for the orbital period
along with the other orbital parameters. The derived period from
this fitis P = 15.71 £ 0.07 days, which is also consistent with the
result from the periodogram analysis and the literature. We thus
adopt this latter period estimate in the following analysis.

We fitted the RV data using an MCMC approach to deter-
mine the orbital parameters of the binary. The model fits the
RVs curves of a spectroscopic binary system using a Keplerian
orbital model. The radial velocities of the two stars, v;(f) and
vy2(1), as functions of time, ¢, derived from the solution to Kepler’s
equations. First, the mean anomaly was computed:

(1

where T is the time of periastron passage and P is the orbital
period. This was converted into the eccentric anomaly, E, by
numerically solving Kepler’s equation:

E—esinE =M, 2)

with e as the eccentricity. The true anomaly, 6, was then calcu-
lated from E, and the RVs are given by

v1(t) = —K; [cos(f + w) + e cos(w)] + Vo, 3)

v2(t) = K5 [cos(6 + w) + e cos(w)] + Vy, 4)

where K and K, are the velocity semi-amplitudes of the primary
and secondary stars, w is the argument of periastron, and Vj is
the systemic velocity.

The model evaluates the log-likelihood by comparing these
predicted RVs to the observed RVs of both stars, using obser-
vational uncertainties (the standard deviation of the mean RV),
calculated across the different wavelength regions, of each spec-
trum. We used the emcee* sampler, with 50 walkers and typical
runs of 5000 to 10000 steps. An initial burn-in phase of 500 to
1000 steps was discarded. In the fit, we discarded the RVs for
which the BFs from the two stars are blended. The values dis-
carded correspond to epochs at phase (¢) ~0.3-0.6, shown as

4 https://emcee.readthedocs.io/en/stable/
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Fig. 4. Orbital solution for DQ Tau in phase. The magenta and black
lines fit the primary and secondary data taken with X-shooter and
UVES, respectively. The RVs shown in open symbols at ~0.3-0.6 in
phase are discarded from the fitting procedure. Below, the residuals of
the fitted model in phase.

Table 1. Spectroscopy orbital elements of DQ Tau.

Element Value

P (days) 15.71+ 0.07
y (km s™!) 20.33 = 0.07
K; (kms™!) 19.03 +0.14
K, (kms™!) 20.10+0.17
e 0.5463 = 0.0077
w (degrees) 264.22 + 0.01

To (MID) 60564.50 = 0.02
q = My/M, 1.05622 + 0.0095
M;sin®i (Mg)  0.0573 +0.001
M,sin®i (M) 0.0542 +0.001
ay sin i (au) 0.0230 + 0.0001
a sini (au) 0.0243 + 0.0001
asini (au) 0.04733 + 0.0002
asini (Ro) 10.18 + 0.04

open symbols (Fig. 4). The resulting fit is consistent with the
solution when we consider the whole set of data, with the only
exception being for the eccentricity (e), for which we report a
value of e ~ 0.59 at P = 15.698. We used the parameters cor-
responding to the maximum likelihood values as best estimates
of the model parameters. These are reported in the upper part of
Table 1.

Fig. 4 shows the phase-folded fit of the RV data with the
residuals. The uncertainty on the parameters was taken to be half
the difference between the 84th and 16th percentiles, providing
an estimate of the 1o confidence interval. We then calculated the
projected masses, the separations, and the mass ratio. The corner
plot shows the Markov chain resulting from the fit (Fig. A.1).

The MCMC fit was performed leaving the period as a free
parameter. On top of that, we also performed a fit using the
period obtained from the periodogram, 15.698 days, and one
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that we observe almost nine orbits of DQ Tau. In Fig. 5, we show £ °
the RVs reported at different orbital cycles. The RV values dis- z
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where the BF becomes single, and it is therefore challenging to = - n . ] - °
distinguish the contribution of the primary and secondary at the E 0.04-% .x“ oXm | 1. * : -
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We investigated the potential influence of the accretion vari- o5
ability of DQ Tau on the measured residuals by examining ’
the accretion rates derived by Tofflemire et al. (2025), using 02 o o6 Y 70

X-shooter and LCO v’ photometry. The accretion rates corre-
sponding to the UVES epochs were estimated through linear
interpolation of the logarithmic accretion rates, 10g;q Mycc, to
the respective UVES barycentric Julian dates (BJDs). Our analy-
sis reveals no significant correlation between the accretion burst
activity near periastron and increases in the RV residuals at any

epoch.

3.2. Accretion properties from lines

In this section, we aim to study the accretion properties of each
component of the DQ Tau binary system across different orbital
phases, to determine which star is dominant in accretion across
the nine orbital cycles. We first considered the absorption line
veiling due to accretion, as measured from the Li 670.8 nm line,
as we separated two distinct components associated with each
star. We discuss in Appendix B how this information can be
used to trace accretion. Then, we aim to use emission lines to
measure the accretion rate. After exploring all the emission lines
that trace accretion in the spectra, we notice that most lines are
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Phase

Fig. 6. Relative veiling for primary and secondary using the EW mea-
surements of the Li 670.8 nm line present in X-shooter and UVES
datasets. The dashed vertical lines mark the epochs, where originally
one EW value was derived from the Gaussian fitting of line. We then
de-blended these values in the manner prescribed in Sect. 3.2. The rel-
ative veiling increases in an order of magnitude as the star approaches
periastron.

excessively broad or complex (Figs. C.1, C.3, C.2), complicating
the distinction between the two stellar components contributions,
as has also been reported by Fiorellino et al. (2022a). The best
line to be used for the analysis is the bluest of the Call triplet
lines at 849.8 nm present in the X-shooter spectra. It has a narrow
component and traces the post-shock region close to the stellar
surface. The other Call triplet lines show consistent profiles. In
this paper, we used this line to explore the accretion properties
of each star.
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3.2.1. Relative veiling measurements

In order to estimate the veiling on each component, we measured
the equivalent width (EW) by fitting two Gaussian profiles on the
Li 670.8 nm line and deriving the EW as

EW,-:f(1_

with F,; being the best fit profile of each component, labelled
with i, and F. the continuum flux. For the fit, we used the infor-
mation on the estimated RVs of each epoch from Sect. 3 as
an initial guess for the absorption peak velocity of each Gaus-
sian component. As is shown in Campbell-White et al. (2023),
we assumed that one Gaussian absorption component is suffi-
cient to model the entire contribution of each star to the lithium
absorption line.

We then estimated the relative veiling for each star in the
binary system and at each epoch as

Fai) (5)
F. )"

VF;=EW2/EW; -1, 6)

where EW) , corresponds to the mean EW for the primary and
secondary among the values measured at at ¢ < 0.2. In this anal-
ysis, both the X-shooter and UVES data are used together. At
phases 0.3 < ¢ < 0.6 when the two components of the lithium
line from the two stars are fully blended, only one EW value is
measured from the data, corresponding to the blend of the two
components. We infer the EW, of these epochs by subtracting the
mean of EW of the earlier epochs at ¢ < 0.2. We then assume
the EW| of these epochs as the mean value.

We estimated the errors on the EW measurements by gener-
ating 50 bootstrapped EW values for each epoch. We introduced
random perturbations in the initial guess of the centroid of each
Gaussian fitted to the Li 670.8 nm line from a normal distribution
with a standard deviation of 1 km/s. The standard deviation of the
measured EW in this bootstrapping was then assumed to be the
uncertainty on the EW values. The uncertainties on the epochs
where the two lines were blended were assumed to be twice the
initial error on the blended EW value. We then propagated these
uncertainties to the relative veiling measurement.

In Fig. 6, we show the relative veiling estimated for each
epoch across the phase. The relative veiling increases as the star
approaches periastron 0.7 < ¢ < 1.0, and reaches more than unit
value as the accretion bursts arise (Fig. 1). The measured relative
veiling of the primary (VF) shows how the accretion drastically
increases by ~1 dex at periastron compared to its quiescent state
in preceding phases.

3.2.2. Calcium emission line

We performed the removal of the photospheric absorption line
and continuum subtraction locally around the Call 849.8 nm
line by fitting each epoch with two or three Gaussian profiles
and a linear component for the continuum. The second or third
Gaussian component was used to account for the photospheric
absorption around the emission line, when it is present, which
must be removed to better trace the accretion of each star (Fig. 7).
We then measured the flux of each Gaussian component readily
from the continuum-subtracted flux-calibrated spectra.

In Figs. 8, 9, and 10, we show the residual Call 849.8 nm
line in all the X-shooter spectra in different orbits, centring the
velocity scale on the secondary component. We infer that the
primary or the secondary is accreting the most when the highest
peak velocity corresponds to the RV of one of them.
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Fig. 7. X-shooter/Call 849.8 nm line at periastron in the last orbital
cycle. The double-line feature in grey is fitted using three Gaussian pro-
files in black, magenta, and blue. The third component in blue is used to
subtract the absorption features around each peak in emission. Shaded
regions represent the integrated flux of each component. Bottom, X-
shooter/Ca Il 849.8 nm in the post-periastron phase of the middle orbital
cycles. The double-line feature in grey is fitted using two Gaussian pro-
files in black and magenta. Shaded regions represent the integrated flux
of each component.

During the first orbital cycle (Fig. 8), DQ Tau accretes at
all phases, including apastron (¢ = 0.414), but as it approaches
the periastron < 0.8402 < ¢ < 0.9679, we observe the line
intensity becomes stronger as both stars are accreting with the
secondary growing in flux, shown by the double-line feature of
Call 849.8 nm line. However, the intensity of the primary emis-
sion line peak does not increase at the last two phases in the orbit
compared to the secondary.

In the second to the seventh orbits (Fig. 9), we see that the
secondary line intensity is stronger, possibly because it accretes
more at 0.1274 < ¢ < 0.2533, while at 0.3055 < ¢ < 0.5722,
we observe a single line with one RV tracing both components,
i.e. it is hard to attribute the accretion to any of the stars. At
the periastron, i.e., ¢ < 0.9367, we observe that the two stars
line intensities are lower with respect to the previous periastron
phases. Finally, in the last two orbital cycles (Fig. 10), the Call
849.8 nm line has the same line intensity approximately during
and after the periastron phases, indicating a similar accretion
rate.

The variability of the Call 849.8 nm double-line feature
across the different orbits corresponds to the accretion variability
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Fig. 8. X-shooter/Call 849.8 nm continuum-subtracted line across the first orbital cycle. The orbital phase of each line is indicated in the upper
right of each sub-figure. Dotted magenta and black lines show the RVs of the primary and secondary, respectively. Epochs with a single RV value
(where RV, = RV,) are shown with dotted purple line. Lines are shifted to the rest-frame of the secondary.

of DQ Tau indicated in Fig. 1. The accretion of both stars is more
strongly defined in the first orbital cycle.

To derive the accretion luminosity (L,.) of each star, we
used the calculated integrated flux for the Call 849.8 nm line
at different phases for the primary and the secondary. This can
only be done at the phases, where it is possible to distinguish the
emission peaks of both stars. The derived flux across the orbital
phase show how variable and modulated is the accretion of DQ
Tau and that the secondary is contributing more to the measured
flux of the Call 849.8 nm line. The flux ratio is elevated during
the first orbital cycles at periastron, indicating that both stars are
actively accreting. Different periastron passages bring variable
flux ratios, confirming the variation in the strength of the accre-
tion bursts as the epochs of the third and ninth orbits show lower
values, as is shown in Figs. 1 and 11.

We derived L, for each star using the integrated flux val-
ues on the Call 849.8 nm line. We corrected the derived flux
for extinction at each epoch assuming an extinction value of
Ay = 1.6 mag and the Cardelli extinction law (Cardelli et al.
1989). The estimated reddening factor at Ac,11849.8nm 15 ~0.45.
We first estimated the line luminosities, L, for each com-
ponent scaling the flux for the distance as Lipe; = 4nd®F line.is
where d was assumed to be 196 pc (Gaia Collaboration 2023).
The accretion luminosity was then derived using the relation:

Lo
log (Lace,i) = a- log( l) +b,
Lo

where the values for the a and b coefficients are 1.11+0.13 and
3.71+£0.47, as derived by Fiorellino et al. (2025). We assumed
an uncertainty of 0.2 dex on the disentangled L,... We note

)
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that the relations here were calibrated using emission line fluxes
not corrected for the chromospheric contribution. Therefore,
we do not correct for the chromospheric emission , which
will be a considerable source of flux at the lowest accretion
value

In Fig. 11, we compare the accretion luminosity derived from
the integrated flux of Call 849.8 nm line to the values estimated
by Tofflemire et al. (2025) from the UV excess. We note that
the latter assumed that the UV excess traces the total accretion
on the system. When the contribution to L,.. of each component
is summed, the total value is in line with the values derived by
Tofflemire et al. (2025) from the UV excess. We disentangled
the accretion of the components at periastron 0.7 < ¢ < 0.9,
and post-periastron phases 0.1 < ¢ < 0.25. At other phases,
we derived one value of L, as the two components are fully
blended.

The overall estimated L, follows the trend shown by
Tofflemire et al. (2025), where DQ Tau appears in quiescent
accretion mode until it approaches periastron. During the post-
periastron phases, the derived total luminosity values are of the
same order as the epochs taken at apastron. The accretion lumi-
nosity values of each component across the phase show that the
secondary is accreting at a higher pace in the post-periastron
phases, with an evident difference in accretion near periastron.
At periastron, different epochs from different DQ Tau orbital
cycles show variable accretion of both stars. As is shown by the
Call 849.8 nm line peak emission, the primary accretes more
during the burst in the first orbit. The periastron phase during the
third and ninth orbits shows that the secondary is the dominant
accretor during these bursts.
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Fig. 9. X-shooter/Call 849.8 nm continuum-subtracted line across the second to seventh orbits. The orbital phase of each line in indicated in the
right upper part of each sub-figure. Dotted magenta and black lines indicate the RVs of primary and secondary, respectively. Epochs with one RV
value correspond to epochs with single BF, where RV, = RV, are indicated with a dotted purple line. The lines were shifted to the rest-frame of

the secondary.

In Fig. B.2, we show that the relative veiling values for both
components are tracing the accretion. The integrated flux, EW,
relative veiling, and L, values for all epochs are provided in
Table E.1.

4. Discussion

4.1. Apsidal motion

The orbital properties of DQ Tau derived here, in particular
e ~ 0.55 and mass ratio g ~ 0.97, are in line with previously
published papers on DQ Tau (e.g.Pouilly et al. 2024 and Czekala
et al. 2016).

We report a prograde apsidal motion compared to Czekala
et al. (2016). We fitted w = 263.1996° + 0.0081, instead of
231.9° + 1.8 (Czekala et al. 2016). We emphasise that this
precession differs from that of the circumbinary disc cavity
induced by the binary’s quadrupole potential, which cannot be
detected with present observations in DQ Tau but is nevertheless
expected to occur on theoretical grounds (Ragusa et al. 2020;
Penzlin et al. 2024).

The precession of the binary orbit could be explained by
the gravitational influence of the disc on the binary parame-
ters. Tiede et al. (2024) in their hydrodynamical simulation-
showed that an accreting eccentric binary experiences prograde
apsidal precession faster than changes in the semi-major axis
or eccentricity. Hence, the orientation of periastron shifts over
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Fig. 10. X-shooter/Ca Il 849.8 nm continuum-subtracted line across the
last orbital cycles. The orbital phase of each line is indicated in the upper
right of each sub-figure. Dotted magenta and black lines show the RVs
of the primary and secondary, respectively. Epochs with a single RV
value (where RV, = RV,) are shown with dotted purple line. Lines are
shifted to the rest-frame of the secondary.
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Fig. 11. X-shooter/Call 849.8 nm accretion luminosity measured for
each star in DQ Tau in comparison to Tofflemire et al. (2025) for DQ Tau
as a single star. The sum of the total accretion luminosities for each com-
ponent are in line with the values derived by Tofflemire et al. (2025).
Blended epochs where we derive one integrated flux value are shown
as light blue squares. The Secondary appears to dominate the accre-
tion at the disentangled epochs. As DQ Tau approaches periastron, L,
increases.

time, which also affects the accretion behaviour across the orbit,
periodically changing which component of the binary is the
dominant accretor and causing significant variations in their
individual accretion rates (Dunhill et al. 2015). Across 10 years,
the resulted increment in the argument of periastron is Aw ~ 30°.
This means that DQ Tau would complete one full precession
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Fig. 12. Mass of a putative third companion as a function of its orbital
separation relative to the binary, required to reproduce the observed
apsidal precession of DQ Tau. The solid blue curve shows the corre-
sponding mass estimate, the shaded grey area indicates the uncertainty
range, and the vertical dashed magenta line marks the predicted cavity
radius(~3ay,), based on DQ Tau orbital properties and assuming a cir-
cular coplanar disc (Ragusa et al. 2025).

cycle, with approximately 2770 orbits, over 120 years. As a first
simplified approach to investigate the origin of the observed pre-
cession, we estimate the mass that a putative third body in the
system would need to reproduce it. We used the approximation
by Murray & Dermott (1999) to estimate the mass of this puta-
tive companion. First, we defined the apsidal precession rate as:

. 3 Moy [ apin ¥
== Q ins 8
@ 4 My, (aout o ®)

where M,y is the mass of the external companion, My;, is
the binary mass, ap, is the binary semi-major axis, dqy is the
semi-major axis of the external companion, and , is the
binary mean motion. Then, we considered the binary precession
timescale compared to the binary orbital scale:

tprec _ Qbin _ i Aout ’ Mbin (9)
Toin w3 Abin Mout,
Eq. (9) reduces to the following:
4 Aout )3 Mbin
Mow = — (10)
out 3 (abin tprec/ Tbin

which describes the relation between the mass and semi-major
axis that a putative companion should have in order to explain
the observed precession rate. For DQ Tau, we estimate the mass
range of a putative companion responsible for the observed pre-
cession rate between 15 M at the cavity edge (~3api,) and 1 Mg
at a separation of ~12ay;, (Fig. 12). The latter would have been
detected, if existed, as it would disturb the disc and carve a cav-
ity. The dust disc mass of DQ Tau was derived to be 75 Mg
(Manara et al. 2023) based on the ALMA data by Long et al.
(2019). Assuming a gas-to-dust ratio of 100, the disc mass would
be ~25 M}, resulting in a ratio of ~0.02 compared to its total
Myin ~ 1.21 Mg. This implies that the precession timescale of
DQ Tau could be explained by the disc, as has been shown by
Ragusa et al. (2018), who modelled the effect of the disc on
the precession of the inner companion as an effective additional
planet in the system.
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4.2. Accretion rate modulation

Using the Call 849.8 nm line and the relative line veiling due to
spots and accretion, as measured from the Li 670.8 nm line, we
provided detailed phase-resolved characterisations of accretion
onto the individual components in DQ Tau. While the primary
star appears to accrete more at the periastron phases, the sec-
ondary star dominates at post periastron passage. Both stars
strongly accrete near the periastron in the first orbit. The derived
L, of each component shows that the accretion onto the primary
star is ~1.5 dex higher at periastron compared to the previous
quiescent state phases.

In our analysis, we observe DQ Tau accreting at all phases,
including at apastron. Many previous works (Tofflemire et al.
2017a; Pouilly et al. 2023, 2024) also observed accretion events
at apastron. Bary & Petersen (2014) observed an anomalous flare
at apastron (¢ = 0.372 and ¢ = 0.433) with a mass accretion
rate that is an order of magnitude stronger than the quiescent
rate. This was interpreted due to perturbations in the circumbi-
nary disc, leading to the formation of irregularly shaped, non-
axisymmetric structures extending inwards from the inner edge
of the disc, as was shown by simulations of Giinther & Kley
(2002). The presence of such structures coinciding with the close
passage of one or both stars at apastron, may have led to that
unique accretion flare. In our data, we observe an elevated L,
at apastron as the binary is closest to the cavity edge and strip
more material.

Our results are in line with those of Fiorellino et al. (2022a),
in which they covered two epochs of each of the four orbital
cycles studied. They report that the primary was the dominant
accretor during the periastron passage and at others was the sec-
ondary. The main accretor in their data also changed depending
on which accretion line tracer was considered. This phase-
dependent switching occurred because different lines originate
in different regions in the accretion columns such that new mate-
rial was accreting onto one star while older material is still
accreting onto the other.

Pouilly et al. (2023) used different accretion tracers such
as Ha, HB, Hy, and Call and the narrow component of the
Hel 5876 A line, and reported that the secondary component was
the main accretor. However, in a subsequent work (Pouilly et al.
2024), they concluded that the accretion behavior of the DQ Tau
components seemed to be balanced. This was interpreted as the
result of the evolution of the primary large-scale magnetic field.
In both papers, ESPaDOnS data were taken with time gap of
~2 years. This alternating accretion behavior was also observed
by Fiorellino et al. (2022a), using data taken between 2012 and
2013. Building on these results, our observing campaign shows
that the accretion behavior of DQ Tau is very complex. The pri-
mary and the secondary components are actively accreting near
the periastron passages, while the secondary star is the strongest
accretor during the other phases. The coverage of several orbits
illustrates that the variability in which component dominates
in accretion strength and in the overall accretion intensity is
extremely time-dependent, confirming the necessity to monitor
for a longer time close binary systems such as DQ Tau to better
constrain models of accretion in binary systems. Furthermore, in
equal-mass binary star systems as DQ Tau, accretion is charac-
terised by the variability of material arriving through the tidal
streams from the edge of the cavity.

In summary, tracing the accretion pattern of DQ Tau over
the past decade has shown a fluctuating pattern between periods
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of balanced accretion and times when either the primary or
secondary star dominates the accretion process. Building upon
previous research, our multi-orbit campaign demonstrates that
DQ Tau accretion behavior is highly variable over time, with
the intensity of accretion activity and the leading accretor
changing from one orbit to another. This accretion variability
changes the inner disc properties, in particular its temperature,
which affect the chemistry and the process of forming planets,
as has been shown by Poblete et al. (2025). The availability
of this information on the binary interaction is of paramount
importance to interpret the JWST molecular emission data
obtained for DQ Tau.

5. Conclusions

In this work we calculated the RV of the two components of DQ
Tau across four months -about 10 orbits- using X-shooter and
UVES spectra. We derived the orbital parameters of the system.
Using the integrated flux of the Call 849.8 nm, we measured
the accretion luminosity on each component across the orbital
phases.

We conclude the following:

— The orbital solution we provide is in agreement with previ-
ously published results, i.e., Pouilly et al. (2024);

— We report prograde apsidal motion, which could be caused
by the disc, acting as a third body in the system;

— Alternatively, we explore the influence of a third body inter-
acting with the binary and causing the observed precession.
Such an object should have a mass of at least ~15 M; at a
separation of ~3ayp;;

— By analysing the accretion lines using only the Ca II triplet,
we were able to trace the accretion of both stars. We con-
firm that the primary and secondary stars accrete differently
across the phase and that they alternate in the accretion
dominance at periastron;

— The summed values derived from disentangling accretion
on each component are in line with the global values mea-
sured by Tofflemire et al. (2025) using the UV excess on the
unresolved spectra of DQ Tau.

The values of the orbit and of the accretion rates derived in this
work should be used for the analysis of the JWST spectra of DQ
Tau obtained at the time of the observations described here, as
well as those obtained shortly after (Kdspdl et al. 2025). Mod-
elling of the properties of the inner disc of this complex system
should be carried out considering both the orbital dynamics and
the accretion rate variability derived in this work. Similar coor-
dinated ground- and space-based observing campaigns should
be set up for future studies of time-variable inner disc chemical
properties.
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Appendix A: RV fit and broadening functions

The fit of the RV curve described in Sect. 3.1 is performed
with an MCMC tool, which allows one to explore the correla-
tion between the posterior distribution of the fitted values. This
is shown in Fig. A.1. The distributions are single-peaked, with
Gaussian profiles. The magenta lines in Fig. A.1 highlight the
location of the best likelihood estimates. The off-diagonal 2D
plots represent the bivariate distributions between each pair of
parameters which provide an immediate estimate of their corre-
lation. Additional plots of the BF and of the dependence of RV
with wavelength (Fig. B.1) are shown here.
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Fig. A.1: Corner plot of the orbital solution for DQ Tau. The ver-
tical dashed lines indicating the 16th, 50th and 84th percentile.
The vertical magenta lines correspond to the best likelihood esti-
mates of each distribution.

Appendix B: Changes in relative veiling and
relation with accretion

Measuring the veiling of each individual component of a spec-
troscopic binary system is not trivial (e.g. Tofflemire et al. 2019).
Indeed, in a combined light spectrum the additional contin-
uum due to accretion makes the absorption lines shallower with
respect to the combined continuum. This additional continuum,
however, affects absorption lines from both the primary and sec-
ondary equally, regardless of which star it is coming from. The
variations observed here in the EW values could thus be caused
by both veiling and/or by spots (e.g. Bary & Petersen 2014) or
rotational modulation.

In order to test whether the EW variations we see are related
to accretion, we plot in Fig. B.2 the measured L, for the primary
and secondary stars, derived from the Call 849.8 nm line, as a
function of the relative veiling factor measured from the Li 670.8
nm line. We see that the observed variations of veiling in both
components of the line suggest that the relative veiling variations
are mainly tracing the accretion variability in DQ Tau.
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Fig. B.1: X-shooter and UVES BFs. Right, the calculated RVs
across one spectrum for each spectrograph. The dotted lines rep-
resent the mean values.
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Fig. B.2: Accretion luminosity L, of the primary and secondary
stars as a function of the relative veiling. The dotted lines con-
nects the two stars of each epoch, allowing direct comparison of
their accretion activity. The data follows a trend, where higher
veiling factors are generally associated with larger L.
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Appendix C: X-shooter and UVES/Hel 587.56

emission line

We show here the He 1 587.56 nm line observed across the first,
middle, and last orbital cycles of DQ Tau in the X-shooter and

UVES data (Fig. C.1-C.3).

First orbit - Hel 587.56 nm

MJD = 60566.287

1.24--- Rv2 i ¢ =0.09
0.9 |
0.6 — i .

-200 -100 0 100 200

MJD = 60567.294

100177 poe

0.75+

$=0.16

200 —100

MJD = 60571.346

1

i

4 T

0 100 200

--- RV i =
2 08 5
S —200 -100 0 100 200
o]
8 MJD = 60559.360
= 1.2{---"Rv2 . & =0.65
T 0.9 e
& 06 , b
~ -200 —-100 0 100 200
(@]
Z MJD = 60670.062
[--- Rv2 i =0.70
1.29_ RV1 | ¢
0.9 §
0.6 ; - ;
-200 —-100 0 100 200
MJD = 60562.336
1.04--- Rv2 /¢ = 0.84
0.84 " B bl
0.6 ; Pl
-200 —-100 0 100 200
MJD = 60564.343
1.51--- Rv2 i\ ¢=0.97
Lo ™ f
.51 . P .
—-200 -100 0 100 200

MJD = 60566.290

1.24-=- R2 i ¢ =0.09
0.9 g0 :
0.61 — :

-200 -100 0 100 200

MJD = 60570.320

121" R v ¢ =0.35
0.8 i

1
-200 -100 0 100 200

MJD = 60556.347

L6 w2 ' ® = 0.46
1.21--- RV1 i
0.81 ;

200 -100 0 100 200

MJD = 60559.361

--- RV2 T =0.65
1.01-—- rn1 P ¢
0.81 .
200 -100 0 100 200

MJD = 60560.377

--- RV2 p =
100w AN
0.751 ;

200 -100 0 100 200

MJD = 60563.320

1.2z N\ ¢ =0.90
Og'y\
0.61

1
1
: i :
—200 —-100 0 100 200

Velocity [km/s]

Fig. C.1: X-shooter and UVES/Hel 587.56 nm line across the first
orbit covered by this dataset. The orbital phase of each line is
indicated in the right upper part of each sub-figure. The magenta
and black dotted lines indicate the RVs of primary and sec-
ondary, respectively. Epochs with single RV value correspond
to those with a single narrow-peaked BF (RV; = RV,) are indi-
cated with purple dotted line. Lines are shifted to the rest-frame

of the secondary.
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Last orbit - Hel 587.56 nm
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Fig. C.2: X-shooter and UVES/Hel 587.56 nm line across the last two orbits covered by this dataset. The orbital phase of each
line is indicated in the right upper part of each sub-figure. The magenta and black dotted lines indicate the RVs of the primary and
secondary, respectively. Epochs with single RV value correspond to those with a single narrow-peaked BF (RV; = RV)) are indicated
with purple dotted line. Lines are shifted to the rest-frame of the secondary.
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Fig. C.3: X-shooter and UVES/Hel 587.56 nm line across the middle orbital cycles. The orbital phase of each line is indicated in
the right upper part of each sub-figure. The magenta and black dotted lines indicate the RVs of primary and secondary, respectively.
Epochs with single RV value correspond to those with a single narrow-peaked BF (RV| = RV)) are indicated with purple dotted line.
Lines are shifted to the rest-frame of the secondary.
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Appendix D: Log of observations

Table D.1: Log of the observations, RV measurements and S/N
of the reduced spectra for each spectrograph.

Spectrograph MID Obs date RV, o RV, o S/N
UVES 60556.3473  2024-09-03T08:20:02.582 19.472 1.339 29.448 1.017 13.08
UVES 60559.3603  2024-09-06T08:38:45.925 36.564 4.739 16.265 2474 15.63

X-shooter 60559.3611  2024-09-06T08:39:58.340 25.534 1923 8.485 1453 4343
X-shooter 60560.3768  2024-09-07T09:02:34.464 30.655 1.779  4.995 1.193  48.87
X-shooter 60562.3363  2024-09-09T08:04:18.219 40.453 0.000 0.703 0.284 62.28
X-shooter 60563.3197 2024-09-10T07:40:19.868 40.368 0.169 0.169 0.502 76.71
X-shooter 60564.3425 2024-09-11T08:13:13.816  32.325 0.745 7.721  2.727 68.50
UVES 60566.2867 2024-09-13T06:52:46.690 3.703 0.425 38.787 0.176 30.52
UVES 60566.2901  2024-09-13T06:57:46.067  3.619 0.305 38.593 0.201 11.33
UVES 60567.2944  2024-09-14T07:03:58.888  6.159 0.878 35.036 0.662 10.27
UVES 60570.3200  2024-09-17T07:40:45.505 - - 23.578 0.203 16.45
X-shooter 60571.3463  2024-09-18T08:18:39.848 - - 20.406 0.481 37.33
X-shooter 60572.3054  2024-09-19T07:19:43.649 - - 18.288 0.427 36.43
X-shooter 60573.2743  2024-09-20T06:35:02.610 - - 18.371 0.578 3941
X-shooter 60583.3431 2024-09-30T08:14:02.391 6.514 1904 32724 0.892 50.76
X-shooter 60585.3402  2024-10-02T08:09:54.165 - - 22.009 0.500 41.12
X-shooter 60586.3031  2024-10-03T07:16:27.712 - - 21982 0.376  37.82
X-shooter 60587.2900 2024-10-04T06:57:35.924 - - 19.578 0.441 34.67
X-shooter 60595.2489  2024-10-12T05:58:20.894  33.540 1968 9.724 1.284 55.14
X-shooter 60598.2419  2024-10-15T05:48:23.514  2.633  1.237 36.726 0.958 50.22
X-shooter 60599.2394  2024-10-16T05:44:41.765  4.623 1.146  30.939 0.766 46.77
X-shooter 60600.2194  2024-10-17T05:15:56.614  13.827 2.895 31.118 0.716 4592
X-shooter 60605.2246  2024-10-22T05:23:27.302 - - 17.526  0.769 36.54
UVES 60613.3049  2024-10-30T07:18:59.902  2.828 0.685 41.352 0.265 23.86
UVES 60614.2878  2024-10-31T06:54:23.536  4.464 0.788 35974 0.232 27.89
UVES 60615.3078  2024-11-01T07:23:14.125 6.717 0963 32555 0.294 2692
UVES 60617.2498  2024-11-03T05:59:43.470 - - 22.100 0.163 28.74
UVES 60618.2521  2024-11-04T06:03:04.510 - - 22771 0313 17.34
UVES 60619.2213  2024-11-05T05:18:39.420 - - 22.383 0.156 25.27
X-shooter 60634.3325  2024-11-20T07:58:46.090 - - 20.896 0.453 3548
X-shooter 60635.1223  2024-11-21T02:56:03.098 - - 21.725 0.513  33.16
UVES 60635.2244  2024-11-21T05:23:09.887 - - 22.021 0.258 22.18
X-shooter 60647.0948  2024-12-03T02:16:30.919  10.631 1.728 32.713 0.830 47.57
X-shooter 60649.1622  2024-12-05T03:53:31.891 - - 21.950 0.587 44.46
X-shooter 60651.0810  2024-12-07T01:56:37.127 - - 18.661 0.605 40.59
UVES 60666.1012  2024-12-22T02:25:46.064 - - 21.545 0.150 6.04
UVES 60669.1003 2024-12-25T02:24:25.592 27483 0.710 13.235 0.685 27.63
UVES 60670.0615 2024-12-26T01:28:34.295 29.198 1.797 11.105 0951 30.09
X-shooter 60671.0782  2024-12-27T01:52:37.461  33.613 0.940 7.036 0.460 48.45
UVES 60672.0943  2024-12-28T02:15:45.179 39.173 1.088 3.726 0.611 17.24
X-shooter 60673.0831 2024-12-29T01:59:35.525 40.367 0.172 -1.125 0425 57.79
UVES 60677.1474  2025-01-02T03:32:12.340 4.681 0.503 39.379 0.285 27.85
X-shooter 60678.0910  2025-01-03T02:11:02.833  6.362 0.996 32.607 0.618 50.83
UVES 60678.2086  2025-01-03T05:00:23.899  6.139 0.568 32.354 0.193 18.88
UVES 60682.1153  2025-01-07T02:46:01.030 - - 21976  0.173  20.61

Notes. The RV values of both components are calculated using the BF
technique on X-shooter and UVES spectra. Dashed RV, values corre-
spond to the epochs, where we can not distinguish the RV signature of
both components. Therefore, we assume RV, = RV, , i.e, the BF is sin-
gle and narrow-peaked. In these cases, RV, values were assumed with
higher errors compared to RV2 values.
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