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A B S T R A C T 

The accretion and ejection of mass in pre-main-sequence (PMS) stars are key processes in stellar evolution as they shape the 
stellar angular momentum transport necessary for the stars’ stability. Magnetospheric accretion on to classical T Tauri stars and 

low-mass PMS stars has been widely studied in the single-star case. This process cannot be directly transferred to PMS binary 

systems, as tidal and gravitation effects, and/or accretion from a circumbinary disc (with variable separation of the components 
in the case of eccentric orbits) are in place. This work examines the accretion process of two PMS eccentric binaries, DQ 

Tau and AK Sco, using high-resolution spectropolarimetric time series. We investigate how magnetospheric accretion can be 
applied to these systems by studying the accretion-related emission lines and the magnetic field of each system. We disco v er 
that both systems are showing signs of magnetospheric accretion, despite their slightly different configurations, and the weak 

magnetic field of AK Sco. Furthermore, the magnetic topology of DQ Tau A shows a change relative to the previous orbital 
cycle studied: previously dominated by the poloidal component, it is now dominated by the toroidal component. We also report 
an increase of the component’s accretion and the absence of an accretion burst at the apastron, suggesting that the component’s 
magnetic variation might be the cause of the inter-cycle variations of the system’s accretion. We conclude on the presence 
of magnetospheric accretion for both systems, together with gravitational effects, especially for AK Sco, composed of more 
massive components. 

Key words: accretion, accretion discs – techniques: spectroscopic – binaries: spectroscopic – stars: individual: DQ Tau, AK 

Sco – stars: magnetic field – stars: variables: T Tauri. 
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 I N T RO D U C T I O N  

nderstanding the accretion of pre-main-sequence (PMS) stars is a
ajor aim of stellar and planetary formation and evolution studies,

ecause, together with the ejection processes, it go v erns the transport
f angular momentum which ensures the star’s stability, and shapes
he disc, birthplace of exoplanets. The accretion process of low-mass
MS objects known as classical T Tauri stars (cTTSs), where ac-
reting material from their accretion disc is driven by their magnetic
eld, has been widely studied on single stars (e.g. Alencar et al. 2018 ;
onati et al. 2019 ; Bouvier et al. 2020a , b ; Pouilly et al. 2020 , 2021 ).
he magnetic field lines connected to the disc e x ert a magnetic
ressure pulling the material out of the disc plane and forcing an
ccretion through accretion funnel flows. The different features of
his magnetospheric accretion process, such as the accretion funnel
ow itself, the accretion shock it produces at the stellar surface,

he magnetic field–disc connection, or directly the stellar magnetic
 E-mail: Kim.Pouilly@unige.ch 
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eld, can be studied using spectroscopic and spectropolarimetric
ime series, mapping the stellar surface, and tracing the accretion
ignatures o v er sev eral stellar rotation c ycles. 

Ho we ver, this scheme cannot be directly applied to close PMS
inaries, because of the presence of a companion implying tidal
nd gravitational interactions, and/or of the accretion from a cir-
umbinary disc instead of a circumstellar disc. Only a few of
hese systems have been studied using this methodology (V4046
gr, V1878 Ori, and DQ Tau in Donati et al. 2011 , Lavail et al.
020 , and Pouilly et al. 2023 , respectively), and no clear com-
on accretion scheme (if there is one) has been established. This
ork aims to study and compare the accretion of two equal-
ass PMS eccentric binary systems: DQ Tau and AK Sco. These

wo systems are particularly suitable for such a study because of
heir orbital period (15.8 and 13.6 d for DQ Tau and AK Sco,
especti vely), allo wing them to be fully covered by spectropo-
arimetric time series, and thus obtain observation at each phase
f the orbital cycle. Furthermore, both systems are spectroscopic
inaries, composed of equal-mass accreting PMS star components,
rbiting on an eccentric orbit, and surrounded by a circumbinary
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Table 1. Parameters of DQ Tau and AK Sco systems from the literature. 

DQ Tau AK Sco 

Components SpT M0 F5 
Components mass (M �) 0.6 1.3 
P orb (d) 15.8 13.6 
Eccentricity 0.6 0.5 
Periastron separation ( R � ) 12.5 11 
Inner disc radius (au) 0.13–0.28 0.4 
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isc, which allows us to directly compare the two accretion pro-
esses. 

DQ Tau (RA 04 h 46 m 53 . s 058, Dec. + 17 ◦00 ′ 00 . ′′ 14) consists of two
0.6 M � (M0-type) cTTSs orbiting with e ∼ 0.6 eccentricity. The 

eparation at the periastron of the system, 12.5 R � , results in an
nteraction between the two magnetospheres (Salter et al. 2010 ; 
etman et al. 2011 ), which affects the components’ accretion. 
offlemire et al. ( 2017 ) revealed, from multiband photometry, an 
nhancement by an order of magnitude of the mass accretion at 
eriastron, called the ‘pulsed accretion’ phenomenon (Artymowicz & 

ubow 1996 ; Mathieu et al. 1997 ). This phenomenon was also
tudied from the K2 light curve by K ́osp ́al et al. ( 2018 ), revealing
trong bursting events at each periastron passage, but sometimes at 
he apastron as well. Each bursting event is separated by a very stable
inusoidal modulation, typical of a spotted surface, yielding a precise 
eri v ation of the stars’ rotation period ( P = 3.017 d). In addition,
he authors determined an inner radius of the circumbinary disc of
.13 au, but later Muzerolle et al. ( 2019 ) drew a more complex
icture with an orbital phase-dependent location and geometry of 
he emitting material, with an inner disc radius closer to 0.28 
u. More recently, two studies focused on this system’s accretion. 
iorellino et al. ( 2022 ), from X-SHOOTER spectra at eight different
pochs, detected the pulsed accretion as well and showed that the 
wo components are accreting material, with the main accretor 
hanging between the two components. Finally, Pouilly et al. ( 2023 )
hereafter Paper I) performed the analysis of a high-resolution 
pectropolarimetric time series co v ering a complete orbital cycle 
ith a ∼1-d sampling. This study confirmed the previous works’ 

onclusion and revealed accretion signatures compatible with the 
ingle-like magnetospheric accretion process obtained, as well as an 
psidal motion, a precession of the orbit, never observed in such 
ystems before, and hypothesized to originate from the interactions 
t the periastron and/or at the apastron. Paper I also provided the first-
ver magnetic field study of this system, deriving similar small-scale 
eld strength for both components, but significantly different large- 
cale magnetic topology. Both topologies are compatible with the 
agnetospheric accretion scheme, mainly poloidal and dominated 

y the dipole component, but the mean global magnetic field strength 
f the primary is much weaker (160 G) than the secondary (570G). 
AK Sco (RA 16 h 54 m 44 . s 849, Dec. −36 ◦53 ′ 18 . ′′ 57) is a PMS

pectroscopic binary on an eccentric orbit with a close separation 
t periastron as well (11 R � ), composed of two 1.3M � F5-type
oung stellar objects, and a circumstellar disc with a larger inner 
adius of 0.4 au (Alencar et al. 2003 ). Table 1 provides a summary
f rele v ant parameters for the two systems to allow the reader a
irect comparison. The accretion of this system was studied in 
etail by Alencar et al. ( 2003 ) using high-resolution spectroscopy 
btained between 1998 and 2000. The authors showed accretion–
jection processes go v erned by the orbital motion, and ev en if the
wo components are accreting material, they conclude from a fit of
he spectral energy distribution that a substantial gap is present in 
he circumbinary disc, filled with gas that is powering the accretion
ithout any accretion enhancement at periastron as expected by the 
odels and seen on DQ Tau (see numerical simulations by G ̈unther &
le y 2002 ). The y also rev ealed the presence of small-scale structures

nside the binary orbit, producing a phase-dependent obscuration of 
he components. The way AK Sco’s components are pulling material 
rom such a distant disc resides in its binarity and was revealed by
 ́omez de Castro et al. ( 2013 ). Indeed, the variable gravitational
otential efficiently drags the material from the disc’s inner border 
t the apastron, producing spiral waves within the inner disc and
orming ring-like structures around each component. At periastron, 
hese structures get in contact, losing angular moment and producing 
ccretion bursts. Later, G ́omez de Castro et al. ( 2020 ) noticed a
 ycle-to-c ycle variation of the accretion, as well as the expected
nhancement at the periastron, using a Hubble monitoring during 
hree consecutive periastron passages. The role of the magnetic field 
n this scenario is still unclear, and so the link with the single-
ike magnetospheric accretion, as well as a common scheme of 
ccentric binaries accretion (if there is one) remains unknown. The 
agnetism of AK Sco has been studied by J ̈arvinen et al. ( 2018 ),

rom six HARPSpol observations. These authors detected a ∼−80 G 

ongitudinal magnetic field on the secondary, which is weak but does
ot exclude the possibility of a magnetically driven accretion. 
In this work, we analysed the two systems to compare their

ehaviour regarding their accretion process. The DQ Tau data 
et consists of 11 new high-resolution spectropolarimetric spectra 
btained in late 2022, and we re-analysed the AK Sco data set from
016–2017 studied by J ̈arvinen et al. ( 2018 ), in addition to eight
ew HARPSpol spectra obtained in 2019 and 2022. This paper is
rganized as follows. A description of the observations is provided 
n Section 2 , the results are presented in Section 3 , beginning with
Q Tau and followed by AK Sco. We discuss the results on each

ystem separately and compare them in Section 4 , before concluding
his paper in Section 5 . 

 OBSERVATI ONS  

he spectropolarimetric observations were acquired using two dif- 
erent spectropolarimeters for the two objects. We describe both data 
ets here. 

DQ Tau was observed using the Echelle SpectroPolarimetric 
evice for the Observation of Stars (ESPaDOnS, Donati 2003 ) 

t the Canada–France–Hawaii telescope, which covers the 370–
050 nm wavelength range and reaches a resolving power of 68
00. Between 2022 September 11 and 2022 October 20, we ob-
ained 11 observations, themselves composed of four sub-exposures 
n different polarimeter configurations, allowing us to derive the 
ntensity (Stokes I), the circularly polarized (Stokes V), and the 
ull spectra. These observations were reduced using the Libre- 
SpRIT package (Donati et al. 1997 ), and reach the signal-to-noise

atio (S/N) between 107 and 139 for the Stokes I, and between 98 and
28 for the Stokes V. The log of these observations is summarized in
able 2 . 
The observations of AK Sco were performed using the High 

ccuracy Radial velocity Planet Searcher, in polarimetric mode 
HARPSpol, Snik et al. 2008 ) mounted at the 3.6 m telescope of the
uropean Southern Observatory (ESO), and obtained from the ESO 

ARPS archive website. The resolving power of this instrument 
s about 110 000 co v ering the 378–691 nm spectral range. This
ata set consists of 19 observations split into four subsets o v er 4 yr
2016, 2017, 2019, and 2022) and was reduced using the REDUCE
ipeline (Piskunov & Valenti 2002 ). Ho we ver, only eight of these
MNRAS 528, 6786–6806 (2024) 
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Table 2. Log of ESPaDOnS observations of DQ Tau. The columns are listing 
the calendar and heliocentric Julian dates of observations, the S/N for the 
spectral pixel at the order 31 (731 nm) for the Stokes I and V spectra, the 
ef fecti ve S/N of the LSD Stokes V profiles (see Section 3.1.1 ), and the orbital 
phases computed from the orbital elements derived in this work (Section 
3.1.1 ). 

Date HJD S/N I S/N V S/N LSD φorb 

(2022) ( −2450000 d) 

Sept 11 9834.04246 120 108 5159 0.77 
Sept 12 9835.00880 108 98 4521 0.83 
Sept 14 9837.04838 125 113 5400 0.96 
Sept 15 9838.02501 107 99 4303 0.02 
Oct 7 9860.10318 132 117 5959 0.42 
Oct 15 9868.10419 133 120 5929 0.92 
Oct 16 9868.98051 139 128 6222 0.98 
Oct 17 9869.95300 130 121 5648 0.04 
Oct 18 9871.02597 125 114 5620 0.11 
Oct 19 9872.02990 126 116 5774 0.17 
Oct 20 9872.94421 123 114 5425 0.23 

Table 3. Journal of the HARPSpol observations of AK Sco. The columns 
consist of the calendar and heliocentric Julian dates of observations, the S/N 

for the spectral pixel at λ ≈ 520 nm for I and V spectra, the ef fecti ve S/N of the 
LSD Stokes V profiles (see Section 3.2.1 ), and the orbital phases computed 
from the orbital elements derived in this work (Section 3.2.1 ). 

Date HJD S/N I S/N V S/N LSD φorb 

( −2450000 d) 

2016 June 15 7554.79823 144 84 10 186 0.94 
2016 June 16 7555.78259 152 89 10 957 0.01 
2017 June 4 7908.70690 202 118 14 475 0.95 
2017 June 5 7909.71661 263 152 18 832 0.02 
2017 June 6 7910.60562 181 107 13 169 0.09 
2017 June 7 7911.68494 175 101 12 784 0.17 
2019 June 14 8648.75645 133 78 9197 0.33 
2019 June 15 8649.63905 109 63 7668 0.39 
2019 June 16 8650.63415 112 63 7910 0.46 
2019 June 17 8651.67538 101 59 7089 0.54 
2019 June 18 8652.71917 63 36 4324 0.62 
2022 Apr 24 9693.83067 151 86 13 518 0.12 
2022 Apr 25 9694.76515 108 61 9744 0.19 
2022 Apr 26 9695.81443 92 53 8125 0.26 
2022 Apr 27 9696.77257 95 55 8523 0.33 
2022 Apr 28 9697.73313 79 46 7016 0.40 
2022 Apr 29 9698.81650 153 88 13 686 0.48 
2022 Apr 30 9699.78042 214 124 19 241 0.55 
2022 May 1 9700.76676 35 19 2469 0.63 
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bservations are composed of four sub-exposures. 1 The two-sub-
xposure configuration of the other observations allows the derivation
f the Stokes I and V spectra, but no Null can be computed. The log
f these observations is presented in Table 3 . 

 RESULTS  

n this section we present the results obtained from the data sets
escribed is Section 2 . The results will be split between the two
bjects, DQ Tau and AK Sco, and include the spectroscopic and
olarimetric analysis. 
NRAS 528, 6786–6806 (2024) 

 2016 June 15, 2017 June 04, 2017 June 04, 2022 April 27, 2022 April 29, 
022 April 30, and 2022 May 1 

m  

s  

o  

a  
.1 DQ Tau 

ere we present results concerning the ESPaDOnS observations of
Q T au. W e start with the Least Squared Deconvolution (LSD;
onati et al. 1997 ) profiles and radial velocity deri v ation, before

he emission lines analysis, and end with the magnetic study. 

.1.1 LSD profiles and radial velocity 

o derive the LSD Stokes I (unpolarized) and V (circularly polarized)
rofile of DQ Tau’s data set, we used the same procedure and
arameters as in Paper I. This means a mean wavelength of 520 nm,
 Land ́e factor of 1.2, an intrinsic line depth of 0.2, and the usage
f a line list provided by the VALD data base (Ryabchikova et al.
015 ) for the ESP aDOnS wav elength range, from which we remo v ed
he regions containing emission lines or telluric absorption. About
2 000 lines were taken into account, and the resulting Stokes I
V) profiles show S/N between 919 and 1062 (4303 and 6222). The
rofiles are shown in Fig. 1 . The Null profiles, which cancel the
olarization signal, are featureless and their dispersion is consistent
ith the uncertainties; they are thus not shown in this work. 
Then we derived the radial velocity of each component for each

bservation using the iterative disentangling procedure described in
aper I, with the orbital solution of that paper as a first guess. The
esults are summarized in Table 4 and shown in Fig. 2 . 

Finally, we fitted an orbital solution using a Levenberg–Marquart
lgorithm (LMA) on these radial velocity values to extract the orbital
lements and compare them with the results of Paper I. We present
he results in Table 5 , and the corresponding curves are shown in
ig. 2 . 
All the orbital parameters are perfectly consistent within the

ncertainties with those from Paper I. The apsidal motion derived
n Paper I means that we should have detected a shift of 2 ◦ in the
rgument at periastron on this data set. The measured difference is
.6 ◦, but this may be coincidental considering the ∼3 ◦ uncertainty
n this parameter. 

.1.2 Emission lines 

n this section we present our analysis of the main emission lines of
Q Tau’s spectrum, H α, H β, and H γ , and of the accretion tracer
e I line at 587.6 nm. As the Balmer lines are partially formed in the

ccretion funnel flow (Muzerolle, Calvet & Hartmann 2001 ) and the
arrow component (NC) of the He I line is formed in the post-shock
egion of the accretion shock (Beristain, Edwards & Kwan 2001 ), we
imed to use these lines to trace the accretion of both components of
he system. 

The three Balmer residual lines studied, corrected from the
hotospheric and chromospheric components the same way as in
 aper I, e xhibit the same behaviour; we are thus showing only the
 α line in Fig. 3 , the H β and H γ lines are available in Fig. A1 .
he variability of the line is modest compared to Paper I, and shows
 maximum close to the periastron passage ( φ = 0.98), without any
aximum around the apastron. We noticed the flat shape of the line

t φ = 0.92, reminiscent of a strong emission by the two components
imultaneously, as suggested by the double-peaked shape exhibited
y the corresponding H β profile. 
The periodicity analysis of these lines did not reveal any periodic
odulation, probably due to the sparse time sampling of this data

et. As information, we performed a 2D periodogram on the last six
bservations which have a 1-d sampling and retrieved the periodicity
round 4.5–5 d revealed in Paper I and ascribed to the secondary’s
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Figure 1. LSD Stokes I (left) and V (right) profiles of the 2022 DQ Tau ESPaDOnS data set. The blue (red) ticks illustrate the velocity of the A (B) component. 
The orbital phase and HJD ( −2450000 d) are indicated on the left and right of each profile, respectively. The vertical scale is indicated at the bottom left of each 
plot. 

Table 4. Radial velocities of DQ Tau’s A-B pair and their uncertainties 
computed from the LSD Stokes I disentangling procedure. 

HJD V r (A) δV r (A) V r (B) δV r (B) 
( −2450000 d) km s −1 km s −1 km s −1 km s −1 

9834.04246 11.96 0.64 36.26 0.49 
9835.00880 5.26 0.54 38.87 0.38 
9837.04838 4.84 0.54 43.54 0.37 
9838.02501 31.36 0.29 9.63 0.19 
9860.10318 23.55 0.60 20.91 0.46 
9868.10419 −0.47 0.20 45.17 0.40 
9868.98051 8.91 0.29 35.22 0.30 
9869.95300 39.72 0.32 4.18 0.16 
9871.02597 40.61 0.44 1.01 0.28 
9872.02990 36.40 0.58 4.88 0.41 
9872.94421 35.40 0.36 8.14 0.32 

r  

f
 

a  

(

L

F

Figure 2. Radial velocities of the primary (blue) and secondary (red) 
components of DQ Tau. The dash–dotted lines are the corresponding fit 
of the orbital solution. 
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otation period. Ho we ver, the false alarm probability (FAP) of 0.2
or this signal does not allow one to claim a robust detection here. 

Finally, we computed the mass accretion rate from the H α, H β,
nd H γ lines using the following relations described in Alcal ́a et al.
 2017 ): 

log ( L acc ) = a log ( L line ) + b, (1) 

 line = 4 πd 2 F line , (2) 

 line = F 0 · EW · 10 −0 . 4 m λ , (3) 
nd 

 acc = 

GM � Ṁ acc 

R � 

[
1 − R � 

R t 

]
. (4) 

 acc and L line are the accretion and the line luminosity , respectively ,
 and b are the linear coefficients given by Alcal ́a et al. ( 2017 ). The
istance d is given by the Gaia EDR3 (Gaia Collaboration 2021 )
nd F line is the line flux, computed from F 0 , the reference flux at
MNRAS 528, 6786–6806 (2024) 
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Table 5. Orbital elements of the DQ Tau system. P orb is the orbital period, 
γ is the systemic velocity, K 1 (and K 2 ) is the semi-amplitude of the A (and 
B) component, e is the eccentricity, ω is the argument at periastron, and T peri 

is the time at periastron. 

Parameter Paper I This work 

P orb (d) 15.80 ± 0.01 15.802 ± 0.002 
γ (km s −1 ) 21.9 ± 0.4 22.1 ± 0.3 
K 1 (km s −1 ) 20.5 ± 0.6 20.3 ± 1.1 
K 2 (km s −1 ) 22.2 ± 0.4 22.6 ± 1.2 
e 0.58 ± 0.10 0.59 ± 0.04 
ω ( ◦) 266.0 ± 3.6 267.6 ± 2.8 
T peri (HJD – 2400000) 59173.73 ± 0.10 59821.89 ± 2.82 

Figure 3. Residual H α lines of DQ Tau. These were corrected for the 
primary’s radial velocity; the vertical line at 0 km s −1 thus corresponds 
to its velocity. The red ticks indicate the velocity of the secondary in this 
reference frame. The orbital phase and the HJD are indicated at the left and 
right of each profile, respectively. 
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Figure 4. Mass accretion rate of DQ Tau computed from the three Balmer 
lines H α (red) , H β (blue) , and H γ (green) . 

Figure 5. Same as Fig. 3 for DQ Tau’s He I D3 lines. 
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he wavelength corresponding to the line, EW is the line equi v alent
idth, and m λ is the star’s magnitude in the selected wavelength and

orrected for the extinction (A V = 1.7 mag, Fiorellino et al. 2022 ). R t 

s the truncation radius, typically 5 R � for the cTTSs (Bouvier et al.
007 ). For the same reason as Paper I and Tofflemire et al. ( 2017 ),
e hav e ne glected the phase dependenc y of this parameter induced
y the orbital motion. The results are presented in Fig. 4 . 
The values computed for each line are consistent within 2 σ

etween them, and the mean mass accretion rate (about 7 × 10 −8 

 � yr −1 ) is higher than the epochs studied in Paper I, Fiorellino et al.
 2022 ), and Muzerolle et al. ( 2019 ). Furthermore, as suggested by
he line’s variability, an enhancement is observed only at periastron
NRAS 528, 6786–6806 (2024) 
between phase 0.9 and 1.05), and the minimal value is reached near
he apastron. 

The He I at 587.6 nm (He I D3) presented in Fig. 5 displays a large
ariability, and often an asymmetric shape of the NC. This suggests
hat the accretion shocks of the two components are visible at these
hases. We expect the NC to be modulated on the rotation period
f the emitting component; ho we ver, gi ven the time sampling of our
ata set, a periodogram analysis of the line did not yield a definite
etection. As for the Balmer lines analysis, a period around 4.5 d is
ound using the last six observations, but the FAP (about 0.3) is too
igh to be considered as a reliable period. This signal vanishes when
sing the whole data set. 
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Figure 6. Autocorrelation matrix of the He I D3 line for DQ Tau. The colours 
indicate the value of the correlation coefficient. The two panels along the x - 
and y -axis are showing the mean He I D3 profile (black) with its variance 
(blue) . 
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We derived the autocorrelation matrix of the He I line, which is the
eri v ation of a Pearson correlation coefficient between the different 
elocity channels of the line. The result is shown in Fig. 6 and exhibits
our different regions highly correlated (correlation coefficient abo v e 
.99), in agreement with the signature of both components’ accretion 
hock. One feature from −20–5 km s −1 , which corresponds to the
C of the primary, and three others from −40 to −20, 5–25, and
0–60 km s −1 , which are the locations of the second NC ascribed to
he secondary’s emission. 

.1.3 Zeeman–Doppler Imaging 

e performed a Zeeman–Doppler Imaging (ZDI) analysis to derive 
he large-scale magnetic field topology of DQ Tau and compare it to
he previous maps of Paper I. The inversLSDB (Ros ́en et al. 2018 )
mplementation of the ZDI code by Kochukhov et al. ( 2014 ) was
sed on the LSD profiles shown in Fig. 1 . We used the same local
rofiles and stellar parameters as in Paper I and the orbital solution
rom Table 5 . 

The main uncertain parameter was the rotation period of the 
econdary (see Paper I for details). Here again, we ran the ZDI
n a grid of periods for the two components and used the reduced
2 of Stokes V fit to constrain these periods with the 1 σ divergence
f the χ2 for the uncertainties. The period reco v ered for the primary
 P rot (A) = 3.03 + 0 . 03 

−0 . 07 d) is consistent with the v alue deri ved for the
inusoidal modulation of the Kepler K2 light curve (K ́osp ́al et al.
018 ) and with the result of the same procedure performed in Paper
. Ho we ver, the rotation period of the secondary is deviating from our
revious analysis, P rot (B) = 4.53 + 0 . 14 

−0 . 03 d, but is now consistent with
he periodicity observed in emission lines for this and previous works
 ∼4.8 d). The reason why the convergence is optimal on different
econdary’s periods is not clear and may need further investigations 
hich are outside the scope of this study. These rotation periods mean

he following observed rotational phases: 0.011, 0.331, 0.004, 0.326, 
.613, 0.253, 0.542, 0.863, 0.217, 0.549, 0.851 for the primary, and 
.683, 0.897, 0.347, 0.562, 0.436, 0.202, 0.396, 0.611, 0.847, 0.069, 
.271 for the secondary. The resulting maps are shown in Fig. 7
nd the magnetic topology is summarized in Table 6 for the two
omponents. The fit are available in Appendix C . 
The resulting brightness maps are similar to the ones obtained 
n Paper I, showing a large dark feature around 60 ◦ latitude for
he two components. The magnetic topology of the B component 
s very close to our previous work as well, largely dominated by
he poloidal field and by the dipolar components. The magnetic 
eld strengths are similar, slightly higher for the mean strength, 
nd the dipole ne gativ e pole is located at 78 ◦ latitude and 95 ◦

ongitude. 
The A component magnetic topology seems to have changed 

ignificantly in the contribution of the toroidal field, which is now
ominating the magnetic energy (from 33 to 58 per cent of the
otal magnetic energy). The dipolar component contribution remains 
imilar and the magnetic field strengths slightly higher than in our
revious work. The dipole ne gativ e pole is now located at a latitude
f 54 ◦ and a longitude of 28 ◦. 

.1.4 Zeeman intensification 

e investigate the properties of the small-scale magnetic fields on the
omponents of DQ Tau. This is done following the same approach
hat was used on DQ Tau and other T Tauri binaries (Hahlin &
ochukho v 2022 , P aper I). In order to obtain separate spectra for
ach component, we use a spectral disentangling procedure described 
n Folsom et al. ( 2010 ) with additional capacity to simultaneously
isentangle the telluric signal (see Kochukhov & Shulyak 2019 ). 
his was done for the wavelengths between 963 and 982 nm; this
avelength range contains a particularly useful set of Ti I lines

hat originate from the same multiplet and have lines with a large
ariation in magnetic sensitivity. Due to the radial velocity sampling, 
 few of the Ti I lines ended up blended with tellurics making their
rofiles distorted; for this reason, they were not included in the
nference. 

We generated a grid of synthetic spectra using the polarized radia-
ive transfer code SYNMAST (Kochukhov, Makaganiuk & Piskunov 
010 ), line lists from VALD, and MARCS model atmospheres 
Gustafsson et al. 2008 ). We used the SoBAT library (Anfinogentov
t al. 2021 ) for IDL to do MCMC sampling in order to find the
mall-scale magnetic field assuming a multicomponent model. This 
s done by combining synthetic spectra S i of different magnetic field
trengths based on the fraction of the stellar surface co v ered by each
eld strength, 

 = 

∑ 

i 

f i S i . (5) 

sing the same principle, the average magnetic field 〈 B 〉 I can be
etermined from 

 B〉 I = 

∑ 

i 

f i B i . (6) 

n this model, the filling factors f i are the free magnetic parameters.
e fitted the disentangled spectra of both components simultane- 

usly using non-magnetic stellar parameters of titanium abundance, 
uminosity ratio (LR), rotational velocity, and radial velocity. The 
atter two properties are separate for each component, while the 
ormer are shared parameters. 

In principle it is possible to add an arbitrary number of filling
actors; this does ho we ver cause an issue as a small contribution of
trong magnetic fields can have a significant impact on the average
eld strength on the stellar surface without significantly impacting 

he quality of fit (e.g. Shulyak et al. 2019 ). In order to a v oid this
e used the Bayesian information criterion (BIC, Sharma 2017 ) 

o only include filling factors that significantly impro v ed the fit.
MNRAS 528, 6786–6806 (2024) 
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Figure 7. DQ Tau’s ZDI maps of the A (left) and B components (right) . The top panels show the brightness maps resulting from the LSD Stokes I profiles fit, 
with a colour code representing the logarithm of the normalized brightness. The three bottom panels show the radial, meridional, and azimuthal magnetic field 
maps fitting the LSD Stokes V profiles with a colour bar indicating the field strength in kG. The latitude is going from 90 ◦ to −90 ◦ representing the North and 
South rotational poles, respectively. The grey-shaded areas represent the unseen region of the stellar surface due to the stellar inclination. The ‘ + ’ and ‘ −’ signs 
are marking the dipolar positive and negative poles, respectively. The black ticks at the top of each map are indicating the observed longitude. 

Table 6. Large-scale magnetic topology of DQ Tau from the ZDI analysis. 
The distribution is given a fraction of the total magnetic energy. 

Distribution of A B 

the magnetic energy (per cent) (per cent) 

 = 1 70.9 80.0 
 = 2 16.7 13.3 
 = 3 5.6 3.9 
 = 4 3.0 1.4 
 = 5 1.9 0.8 
 = 6 0.9 0.4 
 = 7 0.5 0.2 
 = 8 0.3 0.1 
 = 9 0.1 0.0 
 = 10 0.0 0.0 
Poloidal field 41.6 94.9 
Toroidal field 58.4 5.1 
Axisymmetry ( | m | < /2) 31.0 87.6 

Magnetic field strengths (kG) (kG) 

〈 B 〉 V 0.210 0.396 
B max 0.605 1.458 
B dip, max 0.338 0.672 
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his was done by iteratively adding filling factors corresponding to
ncreasing magnetic field strength until the BIC no longer increased
n value. For DQ Tau we found that a multicomponent model with
our components corresponding to 0, 2, 4, and 6 kG is the most
uitable description. 

We run the code until it reached an ef fecti ve sample size (Sharma
017 ) of 1000. The resulting fit can be seen in Fig. 8 and the
orresponding inference parameters are in Table 7 and Fig. D1 . The
btained magnetic field strengths of the components of DQ Tau are
.82 ± 0.18 and 2.41 ± 0.19 kG; their distributions can be seen in
ig. 9 . The values are similar to previous values reported in Pouilly
t al. ( 2023 ); the B component is essentially unchanged, while we
ee a small, but statistically significant, increase in the field strength
f the A component. We do note a lower abundance compared to
he previous result; this is likely due to the increased accretion
eported in Section 3.1.2 , which would reduce line depths due to
eiling. 

.2 AK Sco 

ere we present the analysis of the AK Sco’s data set. This is done
n a similar way to DQ Tau, in order to compare the behaviour of the
wo systems. 
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Figure 8. Fit to the disentangled spectra of DQ Tau. The solid red line shows the best fit to the observations in black, while the blue dashed line shows the 
non-magnetic spectra with otherwise identical stellar parameters. The shaded area marks the uncertainties obtained from the observations. The top row is the 
disentangled spectrum of component A, while the bottom is for component B. 

Table 7. Small-scale magnetic field parameters obtained for DQ Tau. Note 
that 〈 B 〉 is the median of equation ( 6 ) calculated for each step; it may vary 
slightly from the median value filling factors reported here. For the complete 
set of non-magnetic parameters, see Fig. D1 . 

Parameter A B 

〈 B 〉 I (kG) 2.82 ± 0.18 2.41 ± 0.19 
f 2 0.44 ± 0.11 0.31 ± 0.10 
f 4 0.07 ± 0.09 0.03 ± 0.05 
f 6 0.27 ± 0.05 0.27 ± 0.04 
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Figure 9. Distribution of the average magnetic field for the components of 
DQ Tau. The solid line represents the median and the dashed lines represent 
68 per cent credence regions. The top and bottom are for components A and 
B, respectively. 
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.2.1 LSD profiles and radial velocity 

he LSD profiles of AK Sco were computed using the same 
rocedure as DQ Tau (Section 3.1.1 and Paper I) using a line list
dapted to the higher ef fecti v e temperature, e xcept that only a few
bservations were acquired with four sub-exposures. The others have 
nly two sub-exposures available, meaning that we cannot compute 
he Null profiles, which cancel the polarization signal for these 
bservations. The FAP computed from the prescription of Donati, 
emel & Rees ( 1992 ) clearly indicates no definite Stokes V signal
etection in any of the observations (FAP = 1 for all observations).
he LSD Stokes I and V profiles are displayed in Fig. 10 , and exhibit
n S/N between 1836 and 2807 for the Stokes I, and between 2469
nd 19 241 for the Stokes V profiles, computed from about 9000
hotospheric lines. 
J ̈arvinen et al. ( 2018 ) noticed that the secondary component was

ery faint at HJD 2457554.8 and interpreted it as a dust occultation
y a small-scale cloud. We do not observe such an occultation at the
ame orbital phase 1 yr later (HJD 2457908.71). Furthermore, we 
otice the inversion of the equi v alent width ratio between the two
omponents around φ = 0.12 and φ = 0.94, observed by Alencar 
t al. ( 2003 ) as well, and here again, interpreted by the presence of
ust resulting in a higher extinction on the component behind the
ther one in the line of sight. Then we derived the radial velocity
MNRAS 528, 6786–6806 (2024) 
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Figure 10. Same as Fig. 1 for AK Sco. The magenta Stokes V profiles have been divided by 2 for more visibility. 

Table 8. Same as Table 4 for AK Sco’s components. 

HJD V r (A) δV r (A) V r (B) δV r (B) 
( −2450000 d) km s −1 km s −1 km s −1 km s −1 

7554.79823 −71.16 1.09 66.65 1.41 
7555.78259 −90.78 0.31 90.39 0.36 
7908.70690 −74.55 0.29 72.11 0.41 
7909.71661 −87.50 0.14 86.81 0.17 
7910.60562 −37.63 0.28 36.54 0.27 
7911.68494 0.08 0.40 −2.16 0.35 
8648.75645 29.36 0.51 −31.08 0.48 
8649.63905 31.20 0.51 −35.72 0.46 
8650.63415 31.59 1.02 −36.42 1.06 
8651.67538 31.02 0.21 −35.19 0.22 
8652.71917 29.33 0.29 −29.98 0.23 
9693.83067 −20.19 0.45 18.07 0.45 
9694.76515 3.20 0.41 −11.48 0.41 
9695.81443 20.66 0.94 −25.26 0.99 
9696.77257 28.90 0.86 −32.79 0.88 
9697.73313 31.06 0.92 −37.09 0.93 
9698.81650 29.77 1.11 −37.36 1.15 
9699.78042 29.24 0.73 −35.62 0.72 
9700.76676 26.30 0.78 −30.27 0.73 
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Table 9. Same as Table 5 for the AK Sco system. 

Parameter This work Alencar et al. ( 2003 ) 

P orb (d) 13.6093 ± 0.0001 13.609453 ± 0.000026 
γ (km s −1 ) − 1.86 ± 0.19 − 1.97 ± 0.10 
K 1 (km s −1 ) 63.89 ± 0.46 64.45 ± 0.23 
K 2 (km s −1 ) 65.61 ± 0.46 65.32 ± 0.24 
e 0.469 ± 0.004 0.4712 ± 0.0020 
ω ( ◦) 184.98 ± 0.86 185.40 ± 0.33 
T peri (HJD – 2400000) 57552.73941 ± 0.1502 46654.3634 ± 0.0086 

Figure 11. Same as Fig. 2 for the AK Sco system. 
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f each component and the orbital elements of the system from
he same procedure as in Section 3.1.1 , meaning a disentangling
outine of the LSD Stokes I profiles using the orbital solution of
lencar et al. ( 2003 ) as a first guess, and an LMA fit of the obtained

adial velocities. The results are summarized in Tables 8 and 9 , and
isplayed in Fig. 11 . 
The orbital parameters obtained are perfectly consistent with the

ork of Alencar et al. ( 2003 ), indicating that the system’s motion
NRAS 528, 6786–6806 (2024) 
eems very stable, which confirms that the usage of a data set
nevenly sampled over 6 yr is valid for such analysis. In particular,
he argument at periastron obtained by Alencar et al. ( 2003 ) from the
ata obtained between 1986 and 1994 and the one fitted here from
he data obtained between 2016 and 2022 is consistent within the
ncertainties. Therefore, as opposed to DQ Tau, AK Sco does not
how any apsidal motion. 
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.2.2 TESS light curves 

ESS observed AK Sco during two periods in 2019 and 2021, each
ime for 27 d. The resulting light curves are shown in Fig. 12 and
isplay very different behaviours. The 2019 observations exhibit 
t quasi-sinusoidal modulation on an ∼3-d period according to 
he Lomb–Scargle periodogram analysis, with a dimming event 
ccurring between HJD 2458637 and HJD 2458644. The 2021 
bservations consist of a lower frequency and higher amplitude 
odulation, similar to the dimming event of 2019. On both light 

urves folded with the 13.6 d orbital phase, one can notice that
he minimum is occurring on one orbital cycle only right after the
pastron until the periastron (from phase ∼0.5 to 1.0). The second 
alf of the 2021 light curve is showing a similar drop, but a bit
ater, between phase 0.7 and 1.0. Part of the HARPSpol observations 
as acquired simultaneously with TESS and seems to occur during a 

ather quiet period, meaning outside the largest minima and maxima 
bserved on other cycles. 

.2.3 H α line 

he photospheric template used to compute the residual spectrum 

s Par-1646, studied by Villebrun et al. ( 2019 ) and showing a T eff 

 6310 K and a vsin i = 15.67 km s −1 . The only Balmer line in
mission in the residual spectrum is H α, which might indicate a lower
ccretion rate in AK Sco than in DQ Tau; we thus focused our analysis
n this line. The resulting profiles are shown in Fig. 13 , corrected for
he primary’s radial v elocity. The y e xhibit a large variation along the
rbital cycle, but from cycle to cycle as well, as shown by Fig. B3 .
ost of the profiles show two main peaks, separated by a central

bsorption which is al w ays located at the heliocentric velocity. A
edshifted absorption can be seen at φ = 0.19, 0.26, 0.33, 0.46, 
.54, 0.55, and 0.63, from about 180–300, 120–250, 80–200, 150–
50, 50–300, 50–120, and from 50–100 km s −1 , respectively. Such 
 feature, usually ascribed to material falling on the stellar surface, 
s called Inverse P Cygni (IPC) profile and is commonly observed 
n cTTSs (e.g. Pouilly et al. 2020 , 2021 ). A similar pattern can be
bserved at a similar velocity at φ = 0.39 but does not go below the
ontinuum level. At φ = 0.02, the blue wing is strongly weakened 
 −150 km s −1 ), in particular when compared to the other profile at φ
 0.01 a few cycles earlier (Fig. B3 ). This signature is reminiscent of

he inter-cycle variation of the accretion-ejection processes reported 
n the literature (Alencar et al. 2003 ; G ́omez de Castro et al. 2020 ). 

The 2022 data set was acquired during eight consecutive nights, 
aking these observations suitable for more detailed variability 

nalysis. We performed a 2D-periodogram analysis of these H α

ines, presented in Fig. 14 , yielding the detection of two periodicities
n two different regions of the line. The 13-d orbital period is
eco v ered at ∼ −100 km s −1 , with an FAP of about 10 −2 , and a
econd signal is detected (FAP ∼ 10 −3 ) around 200 km s −1 (i.e.
he region of the IPC profiles), at half of the orbital period. As the
tars are expected to be tidally synchronized (Alencar et al. 2003 ),
eco v ering half of the orbital period in a region where the accretion is
ominating the line’s variability means that we detect the accretion 
f both components during this part of the orbital cycle. 
The H α autocorrelation matrix, shown in Fig. 15 , revealed four
ain correlated substructures in the line: from −300 to −70, 0–100, 

20–180, and from 200–300 km s −1 . The latter two are consistent
ith the redshifted absorptions observed in the profile. The fact 

hese substructures are not correlated between them suggests that 
wo different physical processes are go v erning the variability of
hese two regions. This was expected from the half-orbital period 
odulation of this region, suggesting that both components show this 
ccretion signature. Ho we ver, we can notice that the 120 to 180 km
 

−1 substructure is anticorrelated with the blueshifted part of the line.
iv en the o v erall blueshift of the mean profile, one can guess that H α

s mainly emitted by the secondary during these phases, added to the
mission excess in the blue wing of the line produced simultaneously
ith the redshifted absorption by the infalling material. This suggests 

hat this particular substructure can be ascribed to the secondary’s 
PC profile when the one between 200 and 300 km s −1 is produced
y the primary. 
Finally, we computed the mass accretion rate of the system 

sing the same methodology as in Section 3.1.2 ; they are displayed
n Fig. 16 . The mass accretion seems modulated on the orbital
eriod, showing maxima at the periastron and apastron. However, 
ue to the IPC profiles reported between phase 0.2 and 0.6, the
orresponding mass accretion rate values, which depend on the line’s 
qui v alent width, might be underestimated. The mean mass accretion
hus obtained is about 10 −8.3 M � yr −1 , from a mean H α’s EW of
.34 ± 0.09 Å which is consistent with the study of Alencar et al.
 2003 ). 

.2.4 Zeeman intensification 

e apply the same method to obtain small-scale magnetic fields on
K Sco that was used on DQ Tau and described in Section 3.1.4 .
he difference is that we use HARPSpol spectra, which do not

each sufficiently high wavelengths to observe the Ti I multiplet used
or DQ Tau. Instead, we use lines from a multiplet of Fe I lines
dentified by Kochukhov et al. ( 2020 ) as suitable lines for magnetic
nvestigation. These lines are located at around 550 nm and contain
oth magnetically sensitive and insensitive lines. 
An issue with the observations of AK Sco can be seen in the

tokes I LSD profiles of Fig. 10 ; it appears as if the relative
trength between the two components varies significantly between 
if ferent observ ations. This was attributed by Alencar et al. ( 2003 )
o obscuration due to surrounding dust that causes the more distant
omponent to be more obscured. This presents an issue for our
pectral disentangling as the key assumption is an unchanging 
pectrum as a function of time. While dust obscuration is a continuum
ffect that should affect all lines in a similar way, this variation
ight cause some systematic errors in the disentangling process. 

n order to verify the robustness of our measurement, we perform
pectral disentangling twice with different phase co v erage to obtain
wo sets of spectra that can be compared. The first set is composed
f spectra observed at the orbital phases below ∼0.2 and above
0.8 (referred to as Sample 1). In the second set, we add a few

pectra from the intermediate orbital phases (Sample 2). We found 
hat adding too many spectra with similar radial velocities causes 
ssues in disentangling; we also a v oid spectra with distortions or
xtreme deviation in line strength based on the LSD profiles (e.g.
= 0.94 in Fig. 10 ). 
In addition to the non-magnetic parameters described in Section 

.1.4 , we also allow the continuum to shift around each line. This
s because we find that, depending on the selection of phases for
pectral disentangling, the continuum of the disentangled spectra is 
ome what af fected in regions with a large number of close lines. 

When looking at hotter stars, NLTE effects can affect the strength
nd shape of spectral lines. In the context of magnetic fields, Hahlin
t al. ( 2023 ) found the impact of NLTE effects on sun-like stars at
emperatures abo v e ∼6000 K starts to become more significant. For
his reason, it is worthwhile to investigate the impact of NLTE on the
MNRAS 528, 6786–6806 (2024) 
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Figure 12. TESS light curves of AK Sco acquired in 2019 (left) and 2021 (right) . The top panels are displayed as a function of the BJD and the bottom panels 
are folded with the orbital period of 13.6 d. The colours are scaling the BJD. The black ticks on the 2019 light curve indicate the simultaneous HARPSpol 
observations. 

Figure 13. Same as Fig. 3 for AK Sco’s H α lines. 
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Figure 14. Top: 2D periodogram of the 2022 H α lines of AK Sco, centred 
on the primary’s velocity. The x - and y -axis represent the line velocity and 
the frequency of the periodogram. The colours are scaling the power of the 
periodogram and the horizontal dotted line is showing the orbital period of 
the system. The signals at frequencies higher than 0.5 d −1 are aliases due to 
the ∼1-d sampling of the time series. Bottom: Mean profile (black) and its 
corresponding variance (blue) . The x - and y -axis represent the line velocity 
and the normalized flux of the line. 
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ines used in this study. This was done by calculating spectra with
nd without departure coefficients from Amarsi, Liljegren & Nissen
 2022 ) and comparing the equi v alent widths of our lines of interest.

e found that the Fe I lines used in this study are not significantly
f fected by NLTE ef fects as the change in equi v alent width is about
 per cent for each line. Regardless of its small impact, we decided
o include it as the non-detection of large-scale fields in the Stokes
 profiles (see Fig. 10 ) indicates weak fields. This means that even
NRAS 528, 6786–6806 (2024) 
mall NLTE effects could potentially change the obtained magnetic
eld significantly. 
We then run the inference in the same way as described in

ection 3.1.4 . We found that the most suitable model describing
he magnetic field is a two-component model with field strengths
f 0 and 2 kG. The obtained median parameter fit can be seen in
ig. 17 with the magnetic results summarized in Table 10 and the
emaining parameters given in Fig. D2 . We find field strengths close
o 1 kG for both components regardless of phase sampling. The A
omponent appears unaffected, while the B component changes field
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Figure 15. Same as Fig. 6 for 2022 AK Sco’s residual H α line. 

Figure 16. Mass accretion rate of AK Sco computed from the H α lines. The 
red, blue, green, and magenta markers are indicating the 2016, 2017, 2019, 
and 2022 observations, respectively. 
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the bottom is for component B. 

Table 10. Obtained magnetic field parameters for the components of AK 

Sco. See Fig. D2 for a complete list of parameters. 

Sample 1 Sample 2 
Parameter A B A B 

〈 B 〉 I (kG) 0.93 ± 0.20 1.05 ± 0.22 0.95 ± 0.16 0.81 ± 0.16 
f 2 0.47 ± 0.10 0.52 ± 0.11 0.48 ± 0.08 0.41 ± 0.08 
LR 1.06 ± 0.02 0.96 ± 0.01 
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trength by ∼0.2 kG between Sample 1 and Sample 2. While most
ther inference parameters are unaffected by phase sampling, the LR 

oes change significantly. This is ho we v er e xpected due to the dust
bscuration observed in LSD profiles. The magnetic field strength 
istribution is shown in Fig. 18 . 

 DISCUSSION  

.1 DQ Tau: a stable unstable accretion 

ven if our previous work on DQ Tau (Pouilly et al. 2023 , Paper
) allowed us to enhance our understanding of the accretion process
nd the magnetic field of this system, a second set of observations,
 few orbital cycles later, was needed to understand the implication 
f the binary motion and interactions on these parameters. This new 

SPaDOnS data set of 11 observations is divided o v er three orbital
ycles with four observations on the first one, one on the second, and
ix on the last one. A ∼1-d sampling was achieved on the first and
hird cycles. 

The orbital parameters derived from these observations are in 
a v our of the apsidal motion detected in Paper I ( ̇ω = 1.15 ± 0.25 ◦

r −1 ) with an increase of 1.7 ◦ in the timespan of about 1.75 yr.
o we v er, we hav e to note that the e xpected motion during the two

pochs falls into the uncertainties of the argument of periastron’s 
eri v ation. 
The suspected rotation period of the secondary around 4.5 d 
as also been reco v ered (estimated around 4.8 d in Paper I). The
DI analysis converged on a period of 4.6 d for the secondary,
onsistent with the 2D periodograms of Paper I. Furthermore, the 2D
eriodograms of Balmer and He I D3 lines are exhibiting the same
ignal at the same velocities as in Paper I, suggesting that this is a real
eriodic variation of the secondary’s lines. However, because of the 
bservation sampling, we had to use only the last six observations,
ielding a high FAP preventing us from claiming a definite period
etection on this data set. 
During the orbital cycle studied in Paper I, both components 

ere showing accretion signatures but the main accretor was the 
econdary, the only one showing an NC of the He I D3 line tracing
he accretion shock. During observations, the accretion seems fairly 
istributed between the two components, more similar to the epochs 
MNRAS 528, 6786–6806 (2024) 
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M

Figure 18. Magnetic field posterior distributions of Sample 2 of AK Sco, 
same as in Fig. 9 for DQ Tau. The top and bottom are for components A and 
B, respectively. 

Table 11. Main accretor at each orbital phase, identified from the velocity 
position of the highest emission peak in H α, H β, H γ , and NC of He I D3 
lines for DQ Tau, and H α only for AK Sco. ‘A’ and ‘B’ indicate the primary 
or the secondary as the main accretor according to the given line, ‘?’ indicates 
that we were not able to identify the main accretor from the given line at that 
phase. 

DQ Tau AK Sco 
φorb H α H β H γ He I φorb H α φorb H α

0.02 B A B A 0.01 A 0.46 B 

0.04 B B B A 0.02 A 0.48 B 

0.11 B A A A 0.09 ? 0.54 B 

0.17 B A B ? 0.12 A 0.55 B 

0.23 B B B A 0.17 ? 0.62 B 

0.42 ? ? ? ? 0.19 ? 0.63 B 

0.77 A B A ? 0.26 B 0.94 A 

0.83 A B B B 0.33 B 0.95 A 

0.92 ? ? ? A 0.33 B 

0.96 A B B ? 0.39 B 

0.98 A B A B 0.40 B 
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tudied by Fiorellino et al. ( 2022 ). Following the main accretor from
 α main emission’s velocity, the secondary is the main accretor

t phase 0.02 and 0.23, and the primary is so from phases 0.77
o 0.98 (see Table 11 ). Furthermore, the He I D3 line is clearly
howing an NC at the primary’s velocity more frequently, confirming
hat the magnetospheric accretion is ongoing on this component as
ell. Despite the clear accretion signatures for both components,

heir variability is lower and does not show any maximum at the
pastron, only at the periastron. Ho we ver, the double-peaked shape
f Balmer and He I D3 lines, especially at φ = 0.92, and the higher
ass accretion rate indicate that the two components are accreting

imultaneously at a similar rate. 
The magnetic analysis helps to understand what changed between

aper I’s observations and the present orbital cycle. Even if the large-
cale magnetic field of the secondary seems stable, the ZDI analysis
evealed significant changes in the primary’s topology. Indeed, the
NRAS 528, 6786–6806 (2024) 
agnetic field strength and the contribution of the dipolar component
ontribution to the total magnetic energy have slightly increased, but
he strongest variation is the almost 25 per cent increase in the
oroidal field contribution, now dominating the primary’s magnetic
opology. As the accretion in DQ Tau seems magnetically driven, one
an hypothesize that both the secondary’s accretion and magnetic
eld are stable, while the primary is responsible for the inter-cycle
ariations of the accretion signatures. 

Along the orbital cycles presented in this work, the magnetic field
eems stable. This is shown by the observations at HJD 2459835.01
nd 2459868.10 ( φorb = 0.83 and 0.92, φrot (A) = 0.331 and
.253, respectively), which are showing very similar Stokes I and
 profiles for the primary, despite the 10 rotation cycles between

hem. For the B component, the observations at HJD 2459837.04,
JD 2459868.98, and HJD 2459872.94 ( φorb = 0.96, 0.98, and 0.23,
rot (B) = 0.347, 0.396, and 0.271) exhibit consistent behaviour, as

or HJD 2459838.03 and HJD 2459869.95 ( φorb = 0.02 and 0.04,
rot (B) = 0.562 and 0.611). 
The large-scale topology of the secondary’s magnetic field behaves

s expected for low-mass, fully convective, cTTS, showing a highly
xisymmetric field with a strong dipole component (Gregory et al.
012 ; Villebrun et al. 2019 ). Nevertheless, both components lie at
he edge of the boundary of the bistable dynamo re gime deriv ed by
regory et al. ( 2012 ), which seems to be the regime of the primary,
n the weak field dynamo branch, with its less axisymmetric and
eaker magnetic field (when the secondary could be on this regime

s well, but on the strong field dynamo branch). This is reminiscent
f V2247 Oph (Donati et al. 2010 ), which is a fully conv ectiv e TTS
osting a complex magnetic field with a weak dipole component.
o we ver, DQ Tau’s components are more massive than V2247 Oph

at 0.35 M �), the ∼0.6 M � mass could thus represent the high-mass
nd of the bistable regime of cTTSs. 

Unlike the large-scale field, it appears that the average small-scale
elds have remained more stable on the two components, showing
agnetic field strengths of 2.8 and 2.4 kG (c.f. 2.7 and 2.4 kG in
aper I) for the A and B components, respectively. This is particularly

nteresting on the A component, where there has been a significant
volution of the large-scale field structure without much variation on
he small-scale in the ∼2 yr between the epochs. Similarly to other
tudies of binary stars (e.g. Kochukhov & Shulyak 2019 ; Hahlin &
ochukhov 2022 ; Pouilly et al. 2023 ), this points towards stronger

tability of the small-scale fields. In the case of DQ Tau, this is
articularly interesting, as this is the first case where a binary has
ad magnetic field measurements on multiple spatial scales at several
pochs. This shows the stability of the small-scale fields o v er an y
yclic activity that might be ongoing which causes the large-scale
eld to vary. 
The last point to discuss is the accretion enhancement at the

pastron. Even if the origin of this phenomenon is not clear, the
ncrease in the primary’s accretion and the change of its magnetic
opology are occurring together with the absence of this apastron
nhancement of the mass accretion rate. The magnetic variation
f the primary might thus be at the origin of the c ycle-to-c ycle
ariation of the whole system’s accretion process. The increase of the
oroidal field is reminiscent of the magnetospheric inflation scenario
Bouvier et al. 2003 ), observed on several single cTTS (e.g. Alencar
t al. 2018 ; Pouilly et al. 2020 , 2021 ). In the single-star situation, a
hear of the magnetic field lines due to a truncation radius different
rom the corotation radius induces a toroidal field which inflates
he magnetic field lines up to an opening, before reconnection to a
ess sheared situation (Zanni & Ferreira 2013 ). In the inflated stage,
he mass accretion is lowered, enhanced at the reconnection, and a
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ass ejection called magnetospheric ejection occurs at the opening 
f the field lines. It is difficult to extrapolate this phenomenon on
inaries, but this is an indication that a link between toroidal field
nd mass accretion variation does exist. In addition, or instead of
his phenomenon, the magnetosphere of the two star separate and 
erge during every periastron passage, as evidenced by the magnetic 

econnection events observed in the radio (Salter et al. 2010 ) and in
-rays (Getman et al. 2011 , 2022 ). 

.2 AK Sco: episodic accretion and inter-cycle variations 

nly a few accreting spectroscopic binary systems such as DQ Tau 
re known; AK Sco is one of them. Furthermore, this system is also
rbiting on an eccentric orbit, with a similar period. Studying this
ystem is thus a unique opportunity to address the accretion processes
f eccentric binaries, among the behaviours specific to each system. 
he 19 HARPSpol observations we used consist of four different runs 
erformed in 2016 June, 2017 June, 2019 June, and 2022 April/May. 
nly the 2022 data set, containing eight observations with a 1-d 

ampling, is suitable for detailed variability analysis as carried out 
or DQ Tau, but the well-known orbital motion, and the fairly good
hase co v erage of the orbital c ycle by the four runs is enough to
tudy the accretion–ejection signatures and draw a picture of how it
s ongoing on AK Sco on the orbital time-scale. 

We thus focused our spectroscopic analysis on the only accretion- 
elated line in emission of the AK Sco spectrum, H α, which displays
 large and complex variability we tried to disentangle. H α mostly
resents a double-peaked shape, already observed on cTTSs (i.e. 
ouvier et al. 2003 , 2007 ; Pouilly et al. 2021 ) and characteristic
f the magnetospheric accretion process. Furthermore, the IPC 

rofiles between phases 0.19 and 0.63, extending near the free- 
all velocity and independently correlated over two velocity regions, 
re consistent with an accretion through funnel flows for the two 
omponents. The mass accretion rate of about 10 −8.3 M � yr −1 is
onsistent with the typical values observed on cTTSs, and modulated 
n the orbital period, as expected for such accreting binary system. 
Even if this looks like a stable, orbit-modulated, accretion through 

unnel flows forming at the apastron, the observation near the 
pastron w as tak en during the same orbital cycle; we thus do not
av e an y proof that this phenomenon is stable, or occurring at each
ycle. Quite the contrary, we observed a clear variation of the ejection
ignatures between the cycle observed in 2016 and the one in 2017
t the same orbital phase (see Fig. B3 ). Furthermore, the TESS light
urves taken in 2019 and 2021 are showing very different behaviours. 
he two 2019 sectors are showing a high-frequency and low- 
mplitude modulation, while the two 2021 sectors seem modulated 
n a lower frequency, and with a higher amplitude. The situation thus
hanged in a few years, in addition to the c ycle-to-c ycle changes, as
hown by the minimum on the first 2021 cycle, which became a
aximum on the second (around phase 0.6). Such disparities are 

eminiscent of the inter-cycle variations of the accretion-ejection 
rocesses reported in the literature (Alencar et al. 2003 ; G ́omez de
astro et al. 2020 ), as well as of the pulsed accretion observed on
Q Tau (Tofflemire et al. 2017 ; Fiorellino et al. 2022 , and Paper I). 
The magnetic analysis is quite challenging for this system. The 

ack of Stokes V signatures is indicating a very weak large-scale 
agnetic field, or a very complex small-scale field inducing a large 

mount of polarities cancellation at large-scale, as expected given 
he very shallow or inexistent outer conv ectiv e env elope of the
omponents (Alencar et al. 2003 ; Gregory et al. 2012 ; Villebrun
t al. 2019 ). We are thus not able to claim any definite detection of
 large-scale magnetic field, nor compute ZDI maps as it was done
or DQ Tau. F-type stars are expected to be less magnetic than M-
ype stars, detecting their magnetic field is thus more challenging. 
illebrun et al. ( 2019 ) reported a detection for such an object,
O Ori ( T eff = 6290 K, B l = −96.7 G), with an LSD Stoke V
rofile sho wing SNR lo wer than most of our observations (7064),
ndicating that the observations’ quality is not responsible of this 
ack of detection on AK Sco. Ho we ver, the Fe I multiplet around
50 nm, which contains both magnetically sensitive and insensitive 
ines, is suitable for a small-scale magnetic field analysis following 
he same Zeeman intensification procedure as DQ Tau. The magnetic 
eld strengths are similar and around 1 kG for both components (see
ection 3.2.4 for more details). These smaller field strengths than DQ
au are consistent with the absence of Stokes V signature, as the two
patial scales seem to be coupled (Vidotto et al. 2014 ; Hahlin et al.
023 ), and even if this field strength might yield a large-scale field
etection, we cannot exclude a complex topology yielding polarities 
ancellation to explain the lack of Stokes V signatures. Furthermore, 
ahlin et al. ( 2023 ) revealed a disagreement between the small-

cale field computed on Sun-like stars at optical and near-infrared 
avelength, especially for the weaker field. They concluded on a 
ossible o v erestimation of the magnetic field strength when optical
bservations are used, which is the case of AK Sco in this work. 
Even if G ́omez de Castro et al. ( 2013 ) showed that AK Sco

s gravitationally attracting the material from its distant disc, the 
 α line shape and the IPC are in fa v our of a magnetically driven

ccretion, probably when the material gets closer to the component. 
he weakness (according to J ̈arvinen et al. 2018 ) or lack of detection

according to our study) of global magnetic field is not critical for the
agnetospheric accretion to occur, as previously reported in the case 

f HQ Tau and V807 Tau (Pouilly et al. 2020 , 2021 , respectively). 

.3 Eccentric binaries: toward a common accretion scheme? 

ere we address if there is, or is not, a global scheme of the accretion
rocess on eccentric binaries, in addition to behaviours specific to 
ach system. The main advantage of studying these two systems, 
Q Tau and AK Sco, is that they are very similar binary systems.
heir components are young, accreting material from a circumbinary 
isc, with similar masses, on an eccentric orbit with a period of a
ozen days. Of course, two objects are not enough to claim the
haracterization of the eccentric binaries’ accretion in general, but 
e can already address similarities in their processes which can be

scribed to the eccentric orbit. 
The most evident is the modulation of the mass accretion rate on

he orbital period. This is due to the maxima observed at the periastron
nd the apastron on both objects, even if the apastron’s enhancement 
oes not occur at every orbital cycle. These enhancements are similar
n amplitude, of about an order of magnitude at periastron, and more
oderate (half an order of magnitude) when they occur at apastron. 
Concerning the preferred accreting component, DQ Tau seems to 

ary between the secondary as the principal accretor (see Paper I)
nd a more balanced situation as it is shown in this work, which is
eflecting an evolution of the primary’s large-scale magnetic field. 
his is in agreement with the finding of Fiorellino et al. ( 2022 ), who

ound that both stars are accreting and the principal accretor can
hange between the primary and the secondary o v er a few orbits.
K Sco, during the cycles studied in this work, is showing the same
ehaviour as DQ Tau in Paper I, a study of another orbital cycle
ight reveal a balanced phase like DQ Tau. In any case, the study of

he main accretor through the velocity position in the main peak of
 α is showing, for all orbital cycles studied up to now and for both

ystems, changes in the main accreting component (see Table 11 ). 
MNRAS 528, 6786–6806 (2024) 
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The ob vious inter-c ycle variation of AK Sco’s accretion–ejection
rocesses through H α line (see Fig. B3 ) seems to be a recurrent
ehaviour as well. Indeed, by comparing the H α line of DQ Tau of
his work and Paper I (see Figs B1 and B2 ), we noticed that the line
hape and strength are varying significantly at similar orbital phases
ut different orbital cycles. This is reminiscent of the primary’s
ccretion enhancement observed on DQ Tau and thus might indicate
hat AK Sco is showing this kind of variation as well. This inter-cycle
ariation is well seen on the two objects’ light curv es; ev en if the
ifferences c ycle-to-c ycle are more moderate on DQ Tau (see K ́osp ́al
t al. 2018 for K2), significant changes in the periastron burst occur
rom one cycle to another. 

Even if both systems are showing magnetospheric accretion
ignatures on their two components, the systems’ magnetic fields
re quite different, much weaker at small-scale and undetectable at
arge-scale on AK Sco. The lack of Stokes V signatures prevents us to
erive the magnetic topology of the components, but the spectroscopy
s clearly showing that a magnetospheric accretion-like process is in
lace as well letting us suggest a dipole-dominated topology. In any
ase, it seems that the magnetospheric accretion on eccentric binaries
an occur o v er a wide range of large-scale magnetic field strengths. 

 C O N C L U S I O N S  

Q Tau and AK Sco are two very similar systems composed of
wo equal-mass accreting PMS stars, on an eccentric orbit, and
urrounded by a circumbinary disc. Studying the accretion process of
hese systems and directly comparing the results might thus yield the
stablishment of a common accretion scheme for a young eccentric
inary. As a key process of stellar evolution, understanding the
ccretion of young stellar objects is a crucial need, but still poorly
tudied for binary stars even if most low-mass Sun-like stars are
orn in multiple systems. The study of DQ Tau itself is a follow-
p of the work performed in Paper I, a few orbital cycles later,
iming to characterize the possible c ycle-to-c ycle variation re garding
he accretion and the magnetic field of the system. AK Sco being
he closest, in terms of binary configuration, system to DQ Tau,
omparing the two systems is thus the quick est w ay to start drawing
he picture of the young eccentric binary’s accretion. 

The new orbital cycle of DQ Tau revealed a different accretion
onfiguration; the primary is accreting more, enhancing the total
ass accretion rate of the system, without particular enhancement

t the apastron this time. Previously dominated by the secondary as
he main accretor, the situation is more balanced during the orbital
ycle studied in this work. Furthermore, the magnetic topology of
he A component significantly changed, and is now dominated by
he toroidal field, which might be at the origin of the inter-cycle
ariations of the system’s accretion. 

AK Sco’s components are showing a weaker magnetic field
around 1 kG at small-scale, and undetected at large scale) and a more
oderate mass accretion rate. Even though the system’s accretion re-
ains modulated at the orbital period and shows enhancement at the

eriastron as expected, the cycle-to-cycle variation of the accretion-
jection signatures is important. Our spectroscopic measurements
eveal signatures of magnetospheric accretion typical of single stars,
ven if the gravity plays a key role given the weak magnetic field,
he distant inner edge of the circumbinary disc, and the higher mass
f the components. 
The orbit-modulation of the accretion is the more evident common

ehaviour of young eccentric binaries, as expected from the close
eparation at the periastron and the shorter distance to the disc at
he apastron. We reported c ycle-to-c ycle variations of the accretion
NRAS 528, 6786–6806 (2024) 
rocess as well, which might be attributed to components’ magnetic
ariations. Finally, the magnetospheric accretion typical of single
tars seems to occur in these systems as well, even if it is after a
ravitational drag of the material coming from a distant inner disc. 
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A., Smirno v-Pinchuko v G. V., van Terwisga S. E., 2022, Res. Notes Am.
Astron. Soc. , 6, 64 

 ́omez de Castro A. I. , L ́opez-Santiago J., Talavera A., Sytov A. Y., Bisikalo
D., 2013, ApJ , 766, 62 

 ́omez de Castro A. I. , Vallejo J. C., Canet A., Loyd P., France K., 2020,
ApJ , 904, 120 

regory S. G. , Donati J. F., Morin J., Hussain G. A. J., Mayne N. J.,
Hillenbrand L. A., Jardine M., 2012, ApJ , 755, 97 

 ̈unther R. , Kley W., 2002, A&A , 387, 550 
ustafsson B. , Edvardsson B., Eriksson K., Jørgensen U. G., Nordlund Å.,

Plez B., 2008, A&A , 486, 951 
ahlin A. , Kochukhov O., 2022, A&A , 659, A151 
ahlin A. et al., 2023, A&A , 675, A91 
 ̈arvinen S. P. et al., 2018, ApJ , 858, L18 
ochukhov O. , Shulyak D., 2019, ApJ , 873, 69 
ochukhov O. , Makaganiuk V., Piskunov N., 2010, A&A , 524, A5 
ochukhov O. , L ̈uftinger T., Neiner C., Alecian E., MiMeS Collaboration ,

2014, A&A , 565, A83 
ochukhov O. , Hackman T., Lehtinen J. J., Wehrhahn A., 2020, A&A , 635,

A142 
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I udied in addition to the H α and He I D3 lines (Figs 3 and 5 ). These lines 
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PPENDIX  A :  OTH ER  D Q  TAU ’S  EMISSION  LI N

n this section we present the two DQ Tau’s Balmer residual lines st
re described together with H α in Section 3.1.2 . 
NRAS 528, 6786–6806 (2024) 

Figure A1. Same as Fig. 3 for DQ Tau’s H β (left) and H γ (right) lines. 
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A L I N E  

H s. Fig. B1 (Fig. B2 ) is showing the DQ Tau’s lines around φorb = 0 ( φorb 

=  are displayed in Fig. B3 

F
a

F
(

F
2

PPENDIX  B:  INTER-CYCLE  VA R I AT I O N  IN  H  α

ere we present the evidence of inter-cycle variation of the H α line
 0.1) at different orbital cycles. The AK Sco lines around φorb = 0
MNRAS 528, 6786–6806 (2024) 

igure B1. DQ Tau H α line. Left: HJD 2459190.03 ( φorb = 0.03), 2459838.03 ( φorb = 0.02), and 2459869.95 ( φorb = 0.04). Right: HJD 2459187.9 ( φorb = 0.9) 
nd 2459868.1 ( φorb = 0.92). 

igure B2. Same as Fig. B1 . Left: HJD 2459190.93 ( φorb = 0.09) and 2459871.03 ( φorb = 0.11). Right: HJD 2459192.06 ( φorb = 0.16) and 2459872.03 
 φorb = 0.17). 

igure B3. Same as Fig. B1 for AK Sco. Left: HJD 2457555.78 ( φorb = 0.01) and 2457909.72 ( φorb = 0.02). Right: HJD 2457554.8 ( φorb = 0.94) and 
457908.71 ( φorb = 0.95). 
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M

A

W  V fit using ZDI for DQ Tau. The fit is shown in Fig. C1 and the reduced 
χ re is described in Section 3.1.3 . 

F

PPENDIX  C :  Z D I  FIT  O F  LSD  PROFILES  

e are presenting in this section the results of the LSD Stokes I and
2 are 5.27 on Stokes I and 1.33 on Stokes V. The complete procedu
NRAS 528, 6786–6806 (2024) 

igure C1. ZDI fit (red) of DQ Tau LSD profile (black) . The Stokes I profiles are on the left, while Stoke V profiles are on the right. 
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A LTS  

T tensification analysis. The corner plots of DQ Tau (Fig. D1 ) and AK Sco 
( .4 and 3.2.4 , respectively. 
PPENDIX  D :  SMALL-SCALE  INFERENCE  RESU

his section presents the complete inference results of the Zeeman in
Fig. D2 ) are resulting from the procedures described in Sections 3.1
MNRAS 528, 6786–6806 (2024) 

Figure D1. Corner plot showing the results of the magnetic field inference for DQ Tau. 
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Figure D2. Corner plot showing the results of the magnetic field inference for Sample 2 of AK Sco. 
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