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A B S T R A C T 

F stars lie in the transition region between cool stars with dynamo generated fields and hot star fossil fields and offer an interesting 

window into the generation of magnetic fields in shallow convection zones. In this paper , we in vestigate the magnetic field of the 
mature F7V primary of the bright χ Draconis system. χ Dra was observed in circularly polarized light at four epochs from 2014 

through to 2019 using the NARVAL spectropolarimeter at the T ́el ́escope Bernard Lyot. Using the technique of least-squares 
deconvolution, we created high signal-to-noise line profiles from which we were able to measure the radial velocity of both the 
primary and secondary and use these to impro v e the orbital parameters of the system. Additionally, we used the technique of 
Zeeman Doppler imaging to reconstruct the large-scale magnetic field geometry of the primary at the four epochs. The magnetic 
maps show that χ Dra A has a predominately dipolar poloidal magnetic field at all epochs with the magnetic axis well aligned 

with the stellar rotation axis. The large-scale features of the magnetic field appear to be relatively stable o v er the ∼5 yr time 
base of our observations, with no evidence of any polarity reversals. We used the magnetic field maps to model the wind from 

χ Dra A at all epochs, showing that the mass-loss from the stellar wind of χ Dra A is 3–6 times the current solar value, while 
the angular momentum loss from the wind is around 3–4 times the solar value. 

K ey words: stars: acti vity – binaries: spectroscopic – stars: individual: ( χ Dra) – stars: magnetic fields. 
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 I N T RO D U C T I O N  

he generation of magnetic fields is an important process operating
nside solar-type stars that can influence everything from the star’s
otational evolution (e.g. Weber & Davis 1967 ; Mestel 1968 ; Sku-
anich 1972 ; Soderblom, Jones & Fischer 2001 ; Matt et al. 2012 ;
ouvier et al. 2014 ; Gallet & Bouvier 2015 ; Garraffo et al. 2018 ;
ee et al. 2018 ; Shoda et al. 2020 ; Metcalfe et al. 2022 ) through

o the habitability of any orbiting planets (e.g. Lammer et al. 2010 ;
ee et al. 2014 ; Garraffo, Drake & Cohen 2016 ; Gallet et al. 2017 ;
ohnstone et al. 2019 ; Airapetian et al. 2020 ; Vidotto & Cleary 2020 ;
vensberget et al. 2021 , 2022 ; Ridgway et al. 2023 ). Solar-type star
agnetic fields are considered to be generated by dynamo processes

n their outer conv ectiv e layer, with most, if not all, solar-type stars
aving some level of magnetic field (e.g. Landstreet 1992 ; Baliunas
t al. 1995 ; Berdyugina 2005 ; Hall 2008 ; Donati & Landstreet
009 ; Reiners 2012 ; Marsden et al. 2014 ; Brun & Browning 2017 ).
uch dynamo generated magnetic fields usually show complex and
 E-mail: Stephen.Marsden@usq.edu.au (SCM); evensberget@strw.leiden 
niv.nl (DE) 
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volving structures and potentially cyclic behaviour as is observed
n the Sun (e.g. τ Bo ̈otis, Mengel et al. 2016 ; Jeffers et al. 2018 ;
D 75 332 Brown, et al. 2021 ; and 61 Cyg A, Boro Saikia et al.
016 ), with these evolving magnetic fields offering a window into
he operation of the stellar dynamo (e.g. Jeffers et al. 2022 ). 

In contrast to this are the magnetic fields on hotter stars, which do
ot have an outer conv ectiv e layer, and where approximately only 5–
0 per cent of such stars host a fossil field (e.g. Donati & Landstreet
009 ; Grunhut, Wade & MiMeS Collaboration 2012 ; Fossati et al.
015 ; Grunhut & Neiner 2015 ; Wade et al. 2016 ; Grunhut et al.
017 ; Neiner et al. 2017 ; Sch ̈oller et al. 2017 ). These fossil fields are
enerally stronger than dynamo generated fields and are stable on
he order of the lifetime of the star (e.g. Donati & Landstreet 2009 ;
runhut & Neiner 2015 ; Alecian et al. 2019 ). The origin of such

ossil fields is still under debate with the possibility that they may be
emnant primordial fields from the molecular cloud from which the
tars formed or even the frozen field from dynamo generation during
he stars’ pre-main-sequence evolution (Donati & Landstreet 2009 ;
einer et al. 2015 ; Alecian et al. 2019 ). 
The transition from dynamo generated to fossil magnetic fields is

onsidered to occur somewhere from mid- to early-F spectral type
here the outer convection zone thins to a point where a magnetic
© 2023 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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Table 1. Stellar parameters for χ Dra A used/found in this study. 

Parameter Value Reference 

Spectral type F7 V Gray, Napier & Winkler ( 2001 ) 
Stellar mass 1.00 ± 0.01 M � This work 
Stellar radius 1.20 ± 0.09 R � Torres et al. ( 2010 ) 
Stellar rotation period 23.39 ± 0.09 d Lee et al. ( 2018 ) 
Stellar inclination 74.42 ± 0.58 ◦ Farrington et al. ( 2010 ) 
vsin i 2.5 ± 0.4 km s −1 Gray ( 1984 ) 
Age ∼5 Gyr Casagrande et al. ( 2011 ) 
Photospheric 
temperature 

6083 K Luck ( 2017 ) 
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ynamo can no longer be supported. The point of transition from
ynamo to fossil fields has been based on indirect observations of
tellar magnetic activity, such as chromospheric and coronal emission 
nd activity–rotation relationships (e.g. Wilson 1966 ; Baschek & 

eimers 1969 ; B ̈ohm-Vitense & Dettmann 1980 ). The exact point of
his transition is still not fully known as often F stars are omitted from
tellar magnetic field surv e ys which focus more on either studying
he fossil fields of hot stars (e.g. MiMeS, Wade et al. 2016 ) or the
ynamo magnetic fields of cool stars (e.g. BCool, Marsden et al. 
014 ). Directly observing the magnetic field of F stars is important
o understand how magnetic dynamos operate in thinning convection 
ones and the transition from dynamo generated magnetic fields to 
ossil fields, but until recently there have been few studies of the
roperties of the magnetic fields of these stars. In one such study,
each et al. ( 2020 ) looked at the detection of magnetic fields on
ature F stars ranging from F0 to F9 and found potentially dynamo

enerated magnetic fields on stars from F3V to F9V. 
The technique of Zeeman Doppler Imaging (ZDI; Semel 1989 ) 

llows the mapping of the large-scale magnetic field geometry of 
tellar surfaces. For young F stars, currently only two have had their
agnetic fields mapped using this technique. The young, rapidly 

otating late-F star HR 1817 (age ∼25 Myr, Messina et al. 2016 ;
otational period 0.98 d, Marsden et al. 2006 ) was studied by Mengel
 2005 ) and Marsden et al. ( 2006 ) and was found to host a complex
adial magnetic field with a ring of positive azimuthal field around 
he pole, similar to that seen on a number of young cool stars. The
oung late-F star HD 35296 (age ∼30–50 Myr, rotational period 
3.5 d) shows a complex field with a mixture between poloidal and

oroidal components (Waite et al. 2015 ). 
For more mature F stars, like χ Dra, there have similarly been 

ew studies. The hot Jupiter hosting star τ Bo ̈otis (age ∼1 Gyr,
orsa et al. 2015 , rotational period ∼3.31 d) shows a weak and
redominantly complex poloidal magnetic field, and an ultrarapid 
agnetic cycle of ∼240 d (Mengel et al. 2016 ; Jeffers et al. 2018 ).
here is also strong evidence for a rapid magnetic cycle ( ∼1.06 yr)

or the mature (age ∼1.9 Gyr, Takeda et al. 2007 , rotational period
3.6 d) F7V star HD 75332, which shows a predominantly simple 

ipolar poloidal magnetic field at most epochs (Brown et al. 2021 ).
imilarly, the late-F star HD 78366 (rotational period ∼11.4 d) also 
hows a simple dipolar field at all epochs and rapid field reversals
Morgenthaler et al. 2011 ), while the hot Jupiter host late-F star
D 179949 (rotational period ∼7.6 d) shows a more complex 
oloidal magnetic field (Fares et al. 2012 ). The magnetic field of
he mature late-F star β Vir shows simple dipolar poloidal magnetic 
eld topologies while the more rapidly rotating late-F star θ Dra 
hows more complex fields with the level of poloidal and toroidal 
eld varying between epochs (Seach et al. 2022 ). Based on this very

imited data, it appears that young or more rapidly rotating late-F stars
av e comple x magnetic topologies with a mix between poloidal and
oroidal field components while more mature or slower rotating late- 
 stars have predominantly poloidal and simpler magnetic fields. 
hree of the observed mature F stars that have multiple epochs of
bservations ( τ Bo ̈otis, Mengel et al. 2016 ; Jeffers et al. 2018 ; HD
5332, Brown et al. 2021 ; and HD 78366, Morgenthaler et al. 2011 )
ppear to show extremely rapid magnetic cycles of approximately a 
ew years or even less. Chromospheric cycles (expected to be half 
he length of a magnetic cycle based on our Sun) of less than a few
ears have also been observed for a number of F stars (Baliunas et al.
997 ; Metcalfe et al. 2010 ; Mittag et al. 2019 ; Seach et al. 2022 ).
his makes F stars interesting targets to study magnetic cycles over a

easonably short time frame (compared to the ∼22 yr solar magnetic 
 ycle). Additionally, man y of the F stars with observed magnetic
elds appear to show high levels of surface differential rotation, with
alues from approximately 3–4 up to ∼10 times the solar differential
otation rate (Mengel 2005 ; Fares et al. 2012 ; Waite et al. 2015 ;

engel et al. 2016 ; Brown et al. 2021 ; Seach et al. 2022 ). 
In this paper, we investigate the large-scale magnetic field of the

ate-F star χ Draconis A. χ Dra is a binary system whose primary is
n F7V star while the secondary is a K1V star (Seach et al. 2020 ).
he orbital period of the binary is ∼280 d (Tomkin et al. 1987 ) and

he system has an estimated age of ∼5 Gyr (Casagrande et al. 2011 ),
aking it one of the oldest F stars studied using ZDI. The longitudinal
agnetic field strength of the primary has been measured previously 

y Lee et al. ( 2018 ) and Seach et al. ( 2020 ) with the results from Lee
t al. ( 2018 ) showing the longitudinal magnetic field varying from
−11 to + 11 G with a period of ∼23.4 d. This has been interpreted

s the rotational period of the primary, and the positive to negative
hanges in the longitudinal magnetic field would seem to indicate that 
he star has a moderately strong magnetic field that is more complex
han a simple dipolar field aligned with the stellar rotation axis. 

Expanding upon the work of Lee et al. ( 2018 ), we have observed
Dra spectropolimetrically at four epochs as part of the BRITEpol

rogram (Neiner et al. 2017 ). From these observations, we impro v e
he orbital parameters of the system (Section 3 ), measure the
hromospheric emission (Section 4 ) and the longitudinal magnetic 
eld (Section 5 ) of the star, create magnetic maps at each epoch

o look for a potential rapid cycle as seen on other late-F stars
Section 6 ) and look for evidence of the high levels of differential
otation commonly seen on late-F stars (Section 7 ). In Section 8 , we
se the magnetic maps created to model the stellar wind from χ Dra
 at the four epochs. 

 OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

Dra (HD 170153, HIP 89937, HR 6927) was originally observed as
art of the BRITEpol project (Neiner et al. 2017 ) which, as support
or the BRITE (BRIght-star Target Explorer) satellite campaign 
Weiss et al. 2014 ), observed every star brighter than V = 4 in
ircularly polarized light to look for stellar magnetic fields. The 
rimary of χ Dra (F7V) was shown to host a magnetic field with a
ongitudinal magnetic field strength of B l = −6.3 ± 1.2 G (Seach
t al. 2020 ), in agreement with the earlier observations of Lee et al.
 2018 ), and thus was chosen for follow-up studies in order to map
he magnetic field topology. The stellar parameters for χ Dra A 

sed/found in this study are given in Table 1 . 

.1 Obser v ations 

Dra was observed over four epochs using the 2-m T ́el ́escope
ernard Lyot (TBL) at Pic du Midi, in France. Observations were
btained in 2014 May–August, 2015 March–June, 2016 August, 
MNRAS 522, 792–810 (2023) 
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M

Table 2. Observation log for the 2014 and 2015 epochs. Column 1 gives the 
UT date of the observation and column 2 gives the polarization state observed. 
Column 3 gives the mid-HJD of the observations, while columns 4 and 5 give 
the radial velocity measurement of the primary and secondary , respectively . 
Column 6 gives the orbital phase of the observation, based on our impro v ed 
orbital parameters (see Section 3 ) and column 7 gives the S-index measured 
from each observation (see Section 4 ). Typical uncertainties for NARVAL 

radial velocities are 30 m s −1 (Petit et al. 2021 ). 

UT Pol. Mid-HJD RV pri RV sec Orb. S- 
date ( −2,450,000) (km s −1 ) (km s −1 ) phase index 

2014 
May 5 V 6783.50017 33.06 – 0.41787 0.172 
Jul 14 V 6853.43743 43.34 17.2 0.66711 0.173 
Jul 16 V 6855.41466 43.56 16.9 0.67416 0.174 
Jul 17 V 6856.50808 43.67 16.7 0.67805 0.173 
Aug 11 V 6881.33882 45.84 13.6 0.76655 0.174 
Aug 20 V 6890.49443 46.15 13.2 0.79917 0.177 
2015 
Mar 9 V 7091.73841 37.69 25.5 0.51637 0.178 
Mar 11 V 7093.71244 37.96 25.2 0.52340 0.177 
Mar 12 V 7094.70057 38.10 25.0 0.52692 0.179 
Mar 16 V 7098.68244 38.63 23.7 0.54111 0.179 
Apr 1 V 7114.68464 40.92 20.8 0.59814 0.176 
Apr 13 V 7126.48671 42.38 18.5 0.64020 0.175 
Apr 14 V 7127.55129 42.53 18.3 0.64400 0.186 
Apr 23 V 7136.58240 43.52 16.7 0.67618 0.173 
Apr 29 V 7142.56701 44.17 15.8 0.69751 0.176 
May 11 V 7154.64626 45.26 14.2 0.74056 0.173 
May 16 V 7159.63260 45.59 13.7 0.75833 0.172 
May 17 V 7160.65208 45.64 13.6 0.76196 0.173 
May 27 V 7170.42396 46.07 13.2 0.79679 0.173 
May 28 V 7171.46764 46.10 13.2 0.80050 0.175 
May 30 V 7173.39977 46.07 13.1 0.80739 0.173 
Jun 1 V 7175.51723 46.11 13.2 0.81494 0.173 
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nd 2019 June–July. All observations were taken with the NARVAL
pectropolarimeter (Auri ̀ere 2003 ) with the vast majority being taken
n circularly polarized light, Stokes V , although in 2016 several
bservations were taken using linear polarization, Stokes Q and U
see Tables 2 , 3 , and 4 ). We used the linear polarization measurements
o determine the radial velocity (Section 3 ) and measure the Ca II
&K emission (Section 4 ). Ho we ver, the magnetic mapping program
sed to create the magnetic field maps ( ZDIPY , see Section 6 ) is not
esigned to incorporate Stokes Q and U observations, so these were
ot included in the creation of the magnetic field maps. No magnetic
eld was detected in any of the Stokes Q or U observations. 
NARVAL is a bench mounted Èchelle spectropolarimeter with

 spectral wavelength coverage in a single exposure from 370 to
050 nm with small gaps at 922.4–923.4, 960.8–963.6, and 1002.6–
007.4 nm. When in spectropolarimetric mode, NARVAL has a
esolving power of ∼68 000. Each Stokes V , Q , or U observation
s calculated from a series of four Stokes I (Intensity) sub-exposures,
ith each sub-exposure measuring the intensity in the two orthogonal
olarization states. The polarization state is switched between sub-
xposures to minimize any instrumental effects on the polarization
ignature. The exposure time of each observation was 4 × 120 s for
he 2014 and 2015 observations, 4 × 180 s for the 2016 observations
including the Stokes Q and U observations), and 4 × 100 s for the
019 observations. 

.2 Data reduction 

he NARVAL observations were reduced and calibrated in-house
sing the LIBRE-ESPRIT software reduction package. LIBRE-ESPRIT
NRAS 522, 792–810 (2023) 
s based on ESPRIT ( ́Echelle spectra reduction: an interactive tool)
hich is detailed in Donati et al. ( 1997 ) and produces normalized
avelength calibrated spectra. For all observations, a Stokes I

pectrum was created by combining each of the four sub-exposures
ogether for e very observ ation, while a Stokes V , Q , or U spectra was
reated, for the rele v ant observ ations, by separating sub-exposures
ith orthogonal polarization states. A null spectrum is also created
y separating sub-exposures with the same polarization states and
cts as a check on the validity of any magnetic signature detected
n the Stokes V , Q , or U profile. More details on the data reduction
ethodology can be found in Donati et al. ( 1997 ) or Marsden et al.

 2014 ). 
As the polarization signals in individual spectral lines are small,

ut similar in each line, the technique of least-squares deconvolution
LSD; Donati et al. 1997 ) is used to enhance the signal by creating
n ‘average’ spectral line from the several thousand in each Échelle
pectrum ( ∼7400 lines used). LSD assumes a weak-field regime in
he ‘addition’ of the spectral lines with further information on the
SD technique found in Donati et al. ( 1997 ) and Kochukhov, Maka-
aniuk & Piskunov ( 2010 ). To create the LSD profile requires the use
f a line mask with similar properties to the star. In this case, we used
ne of the line masks from the BCool project (Marsden et al. 2014 )
ith an ef fecti ve temperature of 6000 K, log g = 4 . 5 cm s −2 , and

og ( M / H ) = −0.20. The stellar parameters for χ Dra given by Luck
 2017 ) are T eff = 6083 K, log g = 4 . 2 cm s −2 , and log ( Fe / H ) =
0.64. Though the metallicity of χ Dra is lower than the value

sed for the selected mask, previous testing (Marsden et al. 2014 )
as shown that the metallicity does not have a significant impact
n the LSD profile produced. LSD was applied to all the reduced
pectra, Stokes I , V , Q , and U , and the resultant signal-to-noise ratios
SNRs) for the Stokes V , Q , or U LSD profiles are given in Table 5 ,
ith the velocity step of the LSD profiles created to match the pixel

ize of NARVAL at 1.8 km s −1 . For those nights where there are
ultiple observations (epochs 2016 and 2019), given a rotational

eriod of 23.39 d (Lee et al. 2018 ) and an orbital period of 280.5 d
see Section 3 ), we have added the observations taken on a single
ight together as the phase shift between the observations is minimal.

 IMPROV ED  O R B I TA L  PA R A M E T E R S  

n example of one of the LSD profiles for χ Dra is shown in Fig. 1 ,
t a phase where the primary and secondary of the system are well
eparated. Using the created LSD profiles it is possible to update
he orbital ephemeris of χ Dra. As expected for a very bright star
he orbital parameters of χ Dra have been previously determined
n a number of studies (see Tomkin et al. 1987 , Farrington et al.
010 , Torres et al. 2010 , Lee et al. 2018 , and references therein).
omkin et al. ( 1987 ) measured the radial velocities of both the
rimary and secondary and found χ Dra A to be a near solar mass
tar ( M P = 1.03 ± 0.03 M �), while the secondary had a mass of
 S = 0.75 ± 0.02 M �. This was found using an orbital inclination

f 74.9 ± 0.9 ◦, and the system was found to have an eccentricity of
 = 0.445 with an orbital period of 280.55 d. Lee et al. ( 2018 ) further
efined the obit of the system based on radial velocity measurements
f only the primary. Farrington et al. ( 2010 ) looked at the orbit of χ
ra using the long baseline Center for High Angular Resolution
stronomy (CHARA) array (ten Brummelaar et al. 2005 ). This
etermined an orbital period of 280.528 ± 0.0228 d and an orbital
nclination of 74.42 ± 0.58 ◦. 

From the LSD profiles we have created it is possible to measure
he radial velocity of both the primary and the secondary by fitting
 Gaussian profile (the bisector was also tried and gave extremely
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Table 3. Same as Table 2 , but for the 2016 observations. 

UT Pol. Mid-HJD RV pri RV sec Orb. S- 
date ( −2,450,000) (km s −1 ) (km s −1 ) phase index 

2016 
Aug 10 Q 7611.35223 31.33 – 0.36816 0.175 
Aug 10 U 7611.36369 31.34 – 0.36820 0.174 
Aug 10 V 7611.37515 31.33 – 0.36825 0.174 
Aug 11 V 7612.34819 31.50 – 0.37171 0.175 
Aug 11 V 7612.42622 31.52 – 0.37199 0.175 
Aug 12 V 7613.35326 31.63 – 0.37529 0.175 
Aug 12 V 7613.53782 31.65 – 0.37595 0.175 
Aug 13 V 7614.52591 31.80 – 0.37947 0.174 
Aug 14 Q 7615.41846 31.92 – 0.38265 0.174 
Aug 14 Q 7615.42973 31.92 – 0.38269 0.174 
Aug 14 Q 7615.44085 31.92 – 0.38273 0.174 
Aug 14 Q 7615.45210 31.93 – 0.38277 0.174 
Aug 14 U 7615.46365 31.92 – 0.38282 0.175 
Aug 14 U 7615.47476 31.92 – 0.38286 0.174 
Aug 14 U 7615.48599 31.93 – 0.38290 0.174 
Aug 14 U 7615.49716 31.93 – 0.38294 0.174 
Aug 14 V 7615.50875 31.93 – 0.38298 0.174 
Aug 18 V 7619.33988 32.40 – 0.39663 0.175 
Aug 18 V 7619.44181 32.42 – 0.39699 0.175 
Aug 20 V 7621.38238 32.61 – 0.40391 0.175 
Aug 20 V 7621.45259 32.63 – 0.40416 0.175 
Aug 21 V 7622.34158 32.74 – 0.40733 0.175 
Aug 21 V 7622.38705 32.76 – 0.40749 0.174 
Aug 22 V 7623.39835 32.87 – 0.41109 0.174 
Aug 22 V 7623.46822 32.88 – 0.41134 0.175 
Aug 23 V 7624.39779 32.99 – 0.41466 0.174 
Aug 23 V 7624.47253 32.99 – 0.41492 0.174 
Aug 24 V 7625.39481 33.11 – 0.41821 0.174 
Aug 24 V 7625.46434 33.10 – 0.41846 0.174 
Aug 29 V 7630.49895 33.81 – 0.43640 0.174 
Aug 30 V 7631.33704 33.89 – 0.43939 0.174 
Aug 30 V 7631.49824 33.92 – 0.43996 0.174 
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imilar results) to both the primary and secondary profiles, although 
or the secondary this can only be done when it is separated from
he primary. The radial velocities are given in Tables 2 , 3 , and
 . Comparing radial velocity measurements determined from LSD 

rofiles taken on the same night, the shift between them was of
he order of 0.01 km s −1 for the primary and ∼0.1 km s −1 for the
econdary. Given that the radial velocity precision for NARVAL is 
round 0.03 km s −1 (Petit et al. 2021 ), we have adopted errors of 0.03
nd 0.3 km s −1 for the primary and secondary , respectively . However,
here the primary and secondary profiles are o v erlapping the error
ar is increased to 0.5 and 1.0 km s −1 for the primary and secondary,
espectively. 

We have combined our new radial velocity measurements with 
hose of Tomkin et al. ( 1987 ) and Lee et al. ( 2018 ). For the Lee et al.
 2018 ) measurements, we have used the published 1 σ values for
he error bars. Ho we ver, for the Tomkin et al. ( 1987 ) measurements
o error bar is provided. Based on the residuals for our fits, we have
stimated error bars of 2 and 3 km s −1 for the primary and secondary,
espectively. 

We have then used the RVFIT orbital fitting routine of Iglesias-
arzoa, L ́opez-Morales & Morales ( 2015 ) to determine new orbital

arameters for the system. The fits are given in Fig. 2 with the
etermined parameters given in Table 6 . We also checked our 
rbital fit using the fitting routine ELISA ( ̌Cokina, Fedurco & 

arimucha 2021 ), which gave values consistent with the results 
hown in Table 6 . Using the orbital inclination of the system of
4.42 ± 0.58 ◦ from Farrington et al. ( 2010 ), we get a primary
ass of M P = 1.00 ± 0.01 M � and a secondary mass of M S =

.71 ± 0.01 M �, slightly lower than that of Tomkin et al. ( 1987 ).
n orbital eccentricity of e = 0.422975 ± 0.000143 and an orbital
eriod of P = 280.611713 ± 0.000043 d are also found. As has
een noted by Tomkin et al. ( 1987 ), the primary’s mass is rather low
or an F7V star, with an estimated radius of 1.2 R � (Torres et al.
010 ). 

 C A  I I H&K  EMISSION  

he emission cores of the Ca II H and K lines at 3968.492 and
933.682 Å, respectively, have long been used as a measure of the
agnetic activity of a star. The most commonly used measure of the
a II H&K emission is the S-index introduced by Wilson ( 1978 ) as
art of the Mount Wilson chromospheric activity surv e y of solar-
ype stars. For stars observed outside of the Mount Wilson surv e y,
bservations can be converted to the S-index by 

-index = 

aF H 

+ bF K 

cF R + dF V 

+ e, (1) 

here F H and F K are the fluxes in the HK lines from 1 Å-wide
riangular bandpasses centred on the lines at 3968.492 and 3933.682 
, respectively. While F R and F V are two 20 Å-wide channels

entred on 4001.07 and 3901.07 Å (Wright et al. 2004 ). The five
oefficients ( a , b , c , d , e ) allow calibration from a given telescope
MNRAS 522, 792–810 (2023) 
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Table 4. Same as Table 2 , but for the 2019 observations. 

UT Pol. Mid-HJD RV pri RV sec Orb. S- 
date ( −2,450,000) (km s −1 ) (km s −1 ) phase index 

2019 
Jun 15 V 8650.39191 11.53 61.8 0.07109 0.180 
Jun 15 V 8650.40117 11.54 61.8 0.07112 0.181 
Jun 15 V 8650.41050 11.54 61.8 0.07115 0.181 
Jun 15 V 8650.41983 11.54 61.8 0.07119 0.180 
Jun 16 V 8651.42313 11.59 61.7 0.07476 0.179 
Jun 16 V 8651.43244 11.61 61.7 0.07480 0.179 
Jun 16 V 8651.44179 11.61 61.8 0.07483 0.180 
Jun 16 V 8651.45115 11.62 61.8 0.07486 0.179 
Jun 18 V 8653.42771 11.81 61.5 0.08191 0.181 
Jun 18 V 8653.43718 11.81 61.5 0.08194 0.182 
Jun 18 V 8653.44682 11.81 61.5 0.08197 0.181 
Jun 18 V 8653.45697 11.80 61.5 0.08201 0.182 
Jun 21 V 8656.44147 12.27 60.9 0.09265 0.180 
Jun 21 V 8656.45096 12.27 60.9 0.09268 0.181 
Jun 21 V 8656.46040 12.28 60.9 0.09271 0.180 
Jun 21 V 8656.46983 12.27 60.9 0.09275 0.181 
Jun 22 V 8657.37039 12.47 60.7 0.09596 0.180 
Jun 22 V 8657.37971 12.47 60.7 0.09599 0.179 
Jun 22 V 8657.38906 12.47 60.7 0.09602 0.180 
Jun 22 V 8657.39825 12.48 60.7 0.09606 0.178 
Jun 30 V 8665.40447 14.34 58.0 0.12459 0.178 
Jun 30 V 8665.41385 14.34 58.0 0.12462 0.178 
Jun 30 V 8665.42329 14.33 58.0 0.12466 0.178 
Jun 30 V 8665.43276 14.34 58.0 0.12469 0.178 
Jul 11 V 8675.56422 17.12 54.0 0.16080 0.179 
Jul 11 V 8675.57371 17.12 54.0 0.16083 0.180 
Jul 11 V 8675.58294 17.13 54.0 0.16086 0.179 
Jul 11 V 8675.59229 17.13 54.0 0.16090 0.179 
Jul 16 V 8681.40335 18.76 51.7 0.18161 0.179 
Jul 16 V 8681.41274 18.75 51.7 0.18164 0.191 
Jul 16 V 8681.42227 18.77 51.7 0.18167 0.176 
Jul 16 V 8681.43177 18.77 51.7 0.18171 0.179 
Jul 18 V 8683.39947 19.33 50.9 0.18872 0.180 
Jul 18 V 8683.40887 19.33 50.9 0.18875 0.179 
Jul 18 V 8683.41834 19.34 50.9 0.18879 0.179 
Jul 18 V 8683.42785 19.34 50.9 0.18882 0.180 
Jul 19 V 8684.39994 19.62 50.5 0.19229 0.180 
Jul 19 V 8684.40937 19.62 50.5 0.19232 0.180 
Jul 19 V 8684.41895 19.63 50.5 0.19235 0.180 
Jul 19 V 8684.42859 19.63 50.5 0.19239 0.182 
Jul 20 V 8685.43126 19.89 50.1 0.19596 0.180 
Jul 20 V 8685.44250 19.89 50.1 0.19600 0.180 
Jul 20 V 8685.45204 19.90 50.1 0.19603 0.180 
Jul 20 V 8685.46153 19.90 50.1 0.19607 0.180 
Jul 23 V 8688.39495 20.70 49.0 0.20652 0.179 
Jul 23 V 8688.40441 20.70 49.0 0.20656 0.179 
Jul 23 V 8688.41393 20.70 49.0 0.20659 0.178 
Jul 23 V 8688.42339 20.71 49.0 0.20662 0.178 
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ystem to the Mount Wilson S-inde x. F or our measurements, we
ave used the NARVAL coefficients determined by Marsden et al. 
 2014 ). 

The S-index for each measurement is given in Tables 2 , 3 , and
 , and values range from 0.172 to 0.191 with a mean of 0.177.
his is similar to the value of 0.175 ± 0.002 given in Seach et al.
 2020 ), unsurprisingly as they used one of the observations presented
ere, but slightly higher than previous values which range from
.152 to 0.161 (Pace 2013 ). A generalized Lomb–Scargle analysis
Zechmeister & K ̈urster 2009 ) of the data to look for periods did not
nd any (see Fig. A1 ), ho we ver, a very slight increase in the S-index
NRAS 522, 792–810 (2023) 
or the 2019 observations is seen compared to the 2014, 2015, and
016 observations, see Table 7 . The values are plotted in Fig. 3 . 

 L O N G I T U D I NA L  MAGNETI C  FIELD  

he magnetic field o v er the visible surface of a star can be estimated
rom a single Stokes I and V LSD profile using the formula from
onati et al. ( 1997 ): 

 l = −2 . 14 × 10 11 

∫ 
v V ( v ) dv 

λgc 
∫ 

[ I c − I ( v)] dv 
, (2) 
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Table 5. Summary of the Stokes V LSD observations for χ Dra. Column 
1 gives the UT date and column 2 gives the mid-HJD of the observations. 
Column 3 gives the SNR of the Stokes V LSD profiles. Column 4 gives 
the longitudinal magnetic field measurements from the LSD profiles, while 
column 5 gives the longitudinal magnetic field measurement from the null 
observations (should be zero, see Section 5 ). 

UT Mid-HJD LSD B l N l 

date ( −2,450,000) SNR (G) (G) 

2014 
May 5 6783.50017 27 895 −3.7 ± 0.8 0.0 ± 0.8 
Jul 14 6853.43743 28 212 −2.9 ± 0.9 1.3 ± 0.9 
Jul 16 6855.41466 35 705 −4.5 ± 0.7 1.2 ± 0.7 
Jul 17 6856.50808 29 258 −4.9 ± 0.9 0.8 ± 0.9 
Aug 11 6881.33882 32 873 −4.5 ± 0.8 0.4 ± 0.8 
Aug 20 6890.49443 33 958 −4.1 ± 0.8 0.6 ± 0.8 

2015 

Mar 9 7091.73841 36 086 −5.5 ± 0.7 0.2 ± 0.7 
Mar 11 7093.71244 34 344 −4.7 ± 0.7 0.7 ± 0.8 
Mar 12 7094.70057 34 033 −3.0 ± 0.8 −0.1 ± 0.8 
Mar 16 7098.68244 32 602 −4.0 ± 0.8 0.9 ± 0.8 
Apr 1 7114.68464 39 532 −3.2 ± 0.7 −0.3 ± 0.7 
Apr 13 7126.48671 36 745 −3.9 ± 0.7 −1.2 ± 0.7 
Apr 14 7127.55129 29 826 −4.3 ± 0.9 −0.1 ± 0.9 
Apr 23 7136.58240 36 991 −3.3 ± 0.7 0.1 ± 0.7 
Apr 29 7142.56701 38 678 −3.1 ± 0.7 −1.3 ± 0.7 
May 11 7154.64626 27 188 −5.0 ± 1.0 −0.5 ± 1.0 
May 16 7159.63260 45 174 −3.6 ± 0.6 −0.2 ± 0.6 
May 17 7160.65208 35 774 −3.6 ± 0.8 −0.1 ± 0.8 
May 27 7170.42396 37 852 −3.9 ± 0.7 −0.3 ± 0.7 
May 28 7171.46764 31 955 −4.0 ± 0.8 −0.3 ± 0.8 
May 30 7173.39977 38 606 −3.0 ± 0.7 −0.3 ± 0.7 
Jun 1 7175.51723 35 013 −3.2 ± 0.8 0.5 ± 0.8 

2016 

Aug 10 7611.37515 49 666 −3.9 ± 0.5 0.5 ± 0.5 
Aug 11 7612.38720 62 345 −3.4 ± 0.4 −0.3 ± 0.4 
Aug 12 7613.44554 54 551 −2.8 ± 0.4 0.4 ± 0.4 
Aug 13 7614.52591 37 248 −2.7 ± 0.6 1.0 ± 0.7 
Aug 14 7615.50875 35 537 −1.6 ± 0.7 −0.6 ± 0.7 
Aug 18 7619.39085 47 879 −2.4 ± 0.5 0.0 ± 0.5 
Aug 20 7621.41749 53 798 −2.3 ± 0.4 0.2 ± 0.4 
Aug 21 7622.36431 60 825 −2.2 ± 0.4 0.0 ± 0.4 
Aug 22 7623.43328 48 178 −1.4 ± 0.5 −0.6 ± 0.5 
Aug 23 7624.43516 57 896 −2.8 ± 0.4 0.4 ± 0.4 
Aug 24 7625.42958 61 036 −2.3 ± 0.4 0.5 ± 0.4 
Aug 29 7630.49895 39 823 −3.2 ± 0.6 −0.1 ± 0.6 
Aug 30 7631.41764 58 575 −2.3 ± 0.4 −0.2 ± 0.4 

2019 

Jun 15 8650.40585 62 196 −2.7 ± 0.4 0.2 ± 0.4 
Jun 16 8651.43713 42 131 −2.8 ± 0.6 0.0 ± 0.6 
Jun 18 8653.44217 38 479 −2.7 ± 0.7 1.0 ± 0.7 
Jun 21 8656.45567 54 618 −3.6 ± 0.5 0.1 ± 0.5 
Jun 22 8657.38435 28 146 −2.9 ± 0.9 −0.2 ± 0.9 
Jun 30 8665.41859 55 567 −3.2 ± 0.5 −0.5 ± 0.5 
Jul 11 8675.57829 58 924 −2.0 ± 0.4 0.5 ± 0.4 
Jul 16 8681.41753 13 734 −2.5 ± 1.9 1.4 ± 1.9 
Jul 18 8683.41363 69 668 −3.1 ± 0.4 −0.1 ± 0.4 
Jul 19 8684.41421 54 982 −3.7 ± 0.5 −0.7 ± 0.5 
Jul 20 8685.44683 53 256 −4.0 ± 0.5 0.2 ± 0.5 
Jul 23 8688.40917 62 500 −3.2 ± 0.4 0.1 ± 0.4 

Figure 1. Example of an added Stokes I and V LSD profile for χ Dra from 

2019 July 11 (mid-HJD = 2458675.57829), showing the Stokes I profile in 
black, the Stokes V profile in red, and the ‘Null’ profile in blue. The ‘Null’ 
and Stokes V profiles have been multiplied by 1000 to highlight the signal 
and shifted upwards by 1.1 and 1.25, respectively. The Stokes I profile shows 
the primary and the secondary well separated, while the Strokes V profile 
shows a strong magnetic field detection ( B l = −2.0 ± 0.4 G) lining up with 
the Stokes I profile of the primary of the system (deepest Stokes I profile), 
but no detection for the secondary star. 
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here B l is the longitudinal magnetic field strength in gauss, c is
he speed of light, v is velocity (as the LSD profiles are created in
elocity space), and I c is the continuum level of the Stokes I LSD
rofile. λ and g are the mean wavelength and mean land ́e factor,
espectively, obtained from the LSD profile. 

B l can be calculated from each observation and is an estimate of the
agnetic field strength on the visible stellar hemisphere. Ho we ver, 

he value obtained can be dependent upon the distribution of magnetic 
eld across the stellar surface, with opposite polarities potentially 
ancelling out. Thus, B l is a measure of the large-scale magnetic
eld on the visible hemisphere. 
The value obtained from B l is dependent not only on the distri-

ution of the surface magnetic field but can depend on the velocity
ange used in equation ( 2 ). If the velocity space used is too wide then
oise can be introduced into the calculation impacting the measured 
agnetic field. Conversely if the velocity space used is too low then

ignal from the star can be missed. For our observations we have
sed a velocity range of ±12 km s −1 centred around the velocity of
he primary. 

There is no evidence of any magnetic field on the secondary of the
ystem in any observations where the secondary is well separated 
rom the primary (see Fig. 1 ). Therefore, we have assumed that any
agnetic field on the secondary (if it exists) is too low to be measured

rom our observations and thus what we are predominantly measuring 
s the magnetic field of the primary, even when the Stokes V profiles
f the two stars are o v erlapped. 
MNRAS 522, 792–810 (2023) 
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Figure 2. Fit of the χ Dra RV measurements from this study using RVFIT 

(Iglesias-Marzoa et al. 2015 ), red being the primary and blue the secondary. 
The Tomkin et al. ( 1987 ) RV measurements (open squares) have no error 
bars but based on the fit (the O-C values) we have assumed ±2 km s −1 for 
the primary and ±3 km s −1 for the secondary. For the Lee et al. ( 2018 ) 
values (open diamonds), we are using the published 1 σ values as the error 
bars. For our measurements (solid symbols), measured by finding the centre 
of a Gaussian fitted to the LSD profile (Section 3 ), we have assumed the 
primary error bar is ±0.03 km s −1 and the secondary to be ±0.3 km s −1 . The 
only exception to this are values near the o v erlap of the two stars (phases 
∼0.3 to ∼0.6) where we have taken ±0.5 km s −1 for the primary error and 
±1.0 km s −1 for the secondary error. During these phases, the primary and 
secondary LSD profiles are close together (or o v erlaid) and thus there is a 
larger error in the measurement of the centroid of the profiles. 

Table 6. χ Dra orbital parameters derived from this study using RVFIT 

(Iglesias-Marzoa et al. 2015 ). 

Parameter Value 

Adjusted quantities 

P (d) 280.611713 ± 0.000043 
T 0 (HJD) 2437304.444247 ± 0.001623 
e 0.422975 ± 0.000143 
ω ( ◦) 119.923779 ± 0.004922 
γ (km s −1 ) 32.474482 ± 0.001346 
K P (km s −1 ) 17.162206 ± 0.005425 
K S (km s −1 ) 24.147726 ± 0.029660 

Derived quantities 

M P sin 3 i (M �) 0.89141618 ± 0.0023945828 
M S sin 3 i (M �) 0.63354488 ± 0.00099080672 
q = M S / M P 0.71071727 ± 0.00090139988 
a P sin i (10 6 km) 60.007998 ± 0.019476889 
a S sin i (10 6 km) 84.433009 ± 0.10389313 
a sin i (10 6 km) 144.44101 ± 0.10570304 

Table 7. Mean values of the S-index (see Section 4 ) and longitudinal 
magnetic field ( B l , see Section 5 ) for each epoch with the error bars being 
the standard deviations. Also included is the latitude of the positive pole of 
the radial dipolar field from the magnetic maps with the given errors being 
variations as described in Section 6 . 

Epoch Mean S-index Mean B l (G) Dipole lat. ( ◦) 

2014.53 0.174 ± 0.002 −4.1 ± 0.7 + 83.5 + 1 . 0 −0 . 0 
2015.31 0.176 ± 0.004 −3.8 ± 0.7 + 88.5 + 1 . 0 −1 . 0 
2016.63 0.174 ± 0.000 −2.6 ± 0.7 + 77.5 + 3 . 0 −6 . 0 
2019.51 0.180 ± 0.002 −3.0 ± 0.6 + 80.5 + 1 . 0 −1 . 0 

Figure 3. χ Dra S-index measurements. Grey pluses are measurement from 

the spectra, while the red crosses with error bars show the mean and standard 
deviation of the measurements for each epoch. 

Figure 4. χ Dra B l magnetic field measurements. Grey pluses are measure- 
ment from the spectra, while the red crosses with error bars show the mean 
and standard deviation of the measurements for each epoch. 
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The measured B l for each of our observations is shown in Table 5 ,
here the error was determined by propagation of the uncertainties

omputed during the reduction process for each spectral bin of the
ormalized spectrum. We have also applied equation ( 2 ) to the ‘Null’
SD profile that is created as a check for any systematic errors (see
ection 2.2 ). For the B l measurement to be considered reliable, the
Null’ measurement should be close to zero (within errors). 

As shown in Table 5 , all our values of B l are ne gativ e with the mean
alues for each epoch being similar, within errors (see T able 7 ). W e
ave plotted the B l values in Fig. 4 . Again a generalized Lomb–
cargle analysis was done (see Fig. A2 ), but no significant periods
ere detected. 

 MAGNETI C  FIELD  MAPS  

y observing our target as it rotates, we can invert the Stokes V LSD
rofiles taken at each rotational phase to reconstruct a surface map of
he large-scale magnetic field of the primary of the χ Dra system. To

art/stad925_f2.eps
art/stad925_f3.eps
art/stad925_f4.eps
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Figure 5. Magnetic maps for χ Dra A from 2014 and 2015. The maps are in mollweide projection showing the entire stellar surface down to a latitude of −75 ◦, 
below which the star is not visible. For each epoch three maps are produced with the top showing the radial magnetic field, the middle the azimuthal, and the 
bottom the meridional field. Ticks marks at the equator of each map give the phase of the observations while the scale bar at the bottom gives the magnetic field 
strength in gauss. 
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econstruct the magnetic maps of χ Dra A, we have used the ZDIPY

nversion code of Folsom et al. ( 2018 ) assuming a Voigt profile with
olar line parameters (reasonable for a 1.00 M � star) to represent 
he initial non-rotating LSD profile. The ZDIPY code uses spherical 
armonics to express the stellar magnetic field (see Donati et al. 
006 , Folsom et al. 2018 , and references therein for full details of
he use of spherical harmonics and the code). Given that χ Dra A is
 slow rotator ( vsin i ∼ 2.5 km s −1 , Gray 1984 ), we have limited the
aximum spherical harmonic expansion used in the reconstruction 

o l max = 10 as no change in the maps was seen for any increase
eyond this value. 
The parameters used in the magnetic field map reconstructions 

ere vsin i = 2.5 km s −1 (Gray 1984 ), a rotational period of P =
3.39 d (Lee et al. 2018 ) (see Section 7 ), while the stellar rotational
nclination was assumed to be the same as the orbital inclination of
4.42 ◦ (Farrington et al. 2010 ). The radial velocity of the primary
see Tables 2 , 3 , and 4 ) was subtracted from each Stokes V LSD
rofile to remo v e the motion of the primary star. 
As mentioned previously, in order to increase the SNR of the LSD
rofiles used in the creation of the magnetic maps we have added
ogether those profiles that have been taken on the same night. Given
 rotational period of 23.39 d, the maximum separation between 
bservations of ∼4.5 h (on 2016 August 12) equates to a maximum
hase shift of less than 1 per cent of the rotational period, so rotational
lurring of the features during the combined exposures has virtually 
o impact on the reconstruction of the magnetic maps. 
All the created maps are set to the same starting phase, T phase = 0 =

D = 2454006 . 095 to match that from Lee et al. ( 2018 ). This
D corresponds to 14:16:48 UT on 2006 September 27, and is a
ignificant amount of time earlier than our data (2014–2019). Given 
he ± 0.09 d error bar in the rotational period from Lee et al. ( 2018 )
although this may be significantly larger, see Section 7 ) and the
ime-base of ∼5 yr for our observations, the error in the phase o v er
ur entire map set is likely to be at least ∼30 per cent of the entire
otational phase, so any comparison using phasing between our maps 
MNRAS 522, 792–810 (2023) 
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Figure 6. As Fig. 5 , but for 2016 and 2019. 

 

i  

t  

t  

e  

a  

L  

s
 

p  

u  

a  

l  

S  

a  

o  

m  

a
 

s  

t  

t  

o  

t  

‘  

p  

t  

s  

f  

w  

F
0  

v  

S  

c
 

a  

p  

a  

t  

T  

a

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/522/1/792/7093409 by guest on 24 July 2023
The ZDIPY code reconstructs the magnetic field in radial (field lines
n/out of the stellar surface), azimuthal (field lines wrapped around
he star’s rotation axis), and meridional (field lines wrapped around
he star from pole to pole) components. The maps from the four
pochs were created using a target reduced χ2 

aim 

value of 0.95 and
re shown in Figs 5 and 6 , while the fits to the observed Stokes V
SD profiles are given in Fig. 7 . All the maps were created assuming
olid-body rotation on the stellar surface (see Section 7 ). 

Giv en the v ery lo w v sin i v alue for χ Dra A, it was not
ossible to reconstruct the brightness features on the stellar surface
sing Doppler imaging, which typically needs v sin i values of
pproximately 20 km s −1 (Rice 2002 ). Ho we ver, gi ven the very flat
ight curve of χ Dra obtained from the Transiting Exoplanet Survey
atellite ( TESS ; Ricker et al. 2014 ) shown in Fig. 8 , we can infer that
ny spot features on χ Dra are significantly smaller than that seen
n the typical younger, more active targets used to create brightness
aps using Doppler imaging, (e.g. HD 171488, Marsden et al. 2014 ,

nd HD 29615, Waite et al. 2015 ). 
As the magnetic maps in Figs 5 and 6 are reconstructed using

pherical harmonics it is possible to use these spherical harmonics
o determine the components of the reconstructed magnetic field
NRAS 522, 792–810 (2023) 
opologies. These are given in Table 8 for the four epochs of
bservations, and a plot of selected magnetic parameters versus
ime is given in Fig. 9 . The error bars given in the table are
variation’ bars in that they were determined by varying the stellar
arameters (rotational inclination, vsin i , and rotational period) by
heir respective errors, individually as well as simultaneously. For the
tellar inclination, we have used the error in the orbital inclination
rom Farrington et al. ( 2010 ) of ± 0.58 ◦ and for the rotational period
e have used the error of ± 0.09 d given by Lee et al. ( 2018 ).
or the vsin i , we have used the error given by Gray ( 1984 ) of ±
.4 km s −1 . A value of vsin i = 2.5 ± 0.4 km s −1 co v ers the vsin i
alues obtained by this work and that of Lee et al. ( 2018 ) (see
ection 7 ). Of these parameters, the vsin i is the most significant
ontribution to the ‘variation’ bars found in Table 8 . 

From the spherical harmonics, the position of the radial dipolar
xis can also be determined. Any changes in the position of the
ositive (or negative) dipole can indicate evolution that could be
ttributable to a magnetic c ycle. F or our observations of χ Dra A,
he positive radial dipole is located at latitude of ∼+ 78 ◦ to + 89 ◦ (see
able 7 ). The longitude of the radial dipole varies more dramatically
s the magnetic pole ‘bounces’ around near the rotational pole. 
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Figure 7. Plot of the Stokes V fits (red lines) to the observed Stokes V LSD profiles (black data points with errorbars). Each profile is shifted downwards for 
clarity and the rotational phase of the observation is given next to each profile. 

Figure 8. χ Dra TESS photometry. Grey dots are SPOC short cadence light 
curves. The red dots are a re-binning into 1-d periods using a weighted average 
(1/err). 
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 P E R I O D  SEA RCH  A N D  DIFFERENTIAL  

OTAT I O N  

ee et al. ( 2018 ) determined a rotation period of 23.39 ± 0.09 d for
Dra A using the measurement of the star’s longitudinal magnetic 

eld which varied from approximately −11 G to + 11 G. In contrast,
ur longitudinal magnetic field measurements (Section 5 ) were all 
ound to be ne gativ e and no rotational period could be determined
rom the values. Also as mentioned in Section 4 , no period was able
o be determined based on modulation of the chromospheric activity 
f the star either. 
χ Dra is part of the Asteroseismic Target list for solar-like 

scillations observed in 2-min cadence with TESS (Schofield et al. 
019 ). The short-cadence reduced light curve from the TESS Science
rocessing Operations Center (SPOC; Jenkins et al. 2016 ) of χ Dra is
hown in Fig. 8 . As can be seen, the light curv e is v ery flat with little
eviations to indicate any indications of large surface spot features. 
gain a generalized Lomb–Scargle period search was applied to this 
ata (see Fig. A3 ) and no period could be determined. 
As part of the magnetic mapping process (Section 6 ), a solar-like

ifferential rotation law can be incorporated into the mapping to 
ccount for the motion of surface features due to differential rotation
uring the time-base of the observations. The generalized law used 
s 

( l) = �eq − d� sin 2 ( l) , (3) 

here �( l ) is the rotation rate at stellar latitude l , �eq is the angular
otation frequency at the equator (converted to rotational period, P eq ,
or our plots), and d � is the rotational shear between the equator and
he poles (the differential rotation). �eq and d � are varied for a given
ntropy value and for each paring a map is created and the reduced
2 value is determined. A lower χ2 value represents a better fit to the
bserved data for a given pairing of �eq and d �. This is similar to
he process described in Petit, Donati & Collier Cameron ( 2002 ) and
s described in more detail in Folsom et al. ( 2018 ). The resultant χ2 

andscapes for the four epochs of observations are shown in Fig. 10 .
As can be seen in Fig. 10 , there is no evidence of differential

otation on the surface of χ Dra A, with all epochs showing the
o west χ2 v alues around a d � v alue of zero, indicating that the star
s rotating as a solid body. 
MNRAS 522, 792–810 (2023) 
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Table 8. Magnetic parameters of the magnetic maps from Figs 5 and 6 . The map epoch is given in the first column while the second and third columns give 
the mean and maximum magnetic field found on the stellar surface. The fourth and fifth columns give the percentages of the magnetic field energy found in the 
poloidal and toroidal components of the magnetic field. Columns 6–8, give the per cent of the poloidal magnetic energy found in dipolar ( l = 1), quadrupolar 
( l = 2), and octopolar ( l = 3) components, while columns 9–11 give the per cent of the toroidal magnetic energy found in the l = 1 to 3 components. Columns 
12–14 give the axisymmetry percentage of the total, poloidal, and toroidal magnetic field, respectively. Column 15 gives the strength of the dipolar magnetic 
field of the star. The errors given in the table are ‘variation’ bars found from varying the stellar parameters as discussed in Section 6 . 

Map | B mean | | B max | Pol (tot) Tor (tot) Dip (pol) Quad (pol) Oct (pol) Dip (tor) Quad (tor) Oct (tor) Axis (tot) Axis (pol) Axis (tor) Dip 
(G) (G) (per cent) (per cent) (per cent) (per cent) (per cent) (per cent) (per cent) (per cent) (per cent) (per cent) (per cent) (G) 

2014.53 4.8 + 0 . 3 −0 . 2 8.3 + 0 . 6 −0 . 3 74 + 3 −4 26 + 4 −3 65 + 2 −2 28 + 2 −2 6 + 1 −0 92 + 0 −0 8 + 0 −1 1 + 0 −0 88 + 0 −1 85 + 0 −0 96 + 0 −0 5.9 + 0 . 2 −0 . 2 

2015.31 6.2 + 1 . 0 −0 . 1 11.4 + 3 . 8 −0 . 2 86 + 3 −2 14 + 2 −3 54 + 12 
−22 29 + 6 −4 13 + 8 −6 73 + 8 −14 6 + 3 −1 12 + 3 −4 82 + 9 −17 82 + 9 −17 76 + 9 −16 7.5 + 1 . 0 −2 . 0 

2016.63 7.5 + 2 . 1 −0 . 8 15.0 + 10 . 2 
−3 . 9 65 + 6 −11 35 + 11 

−6 74 + 3 −14 14 + 4 −5 7 + 4 −2 76 + 11 
−27 1 + 2 −0 17 + 20 

−9 71 + 8 −12 63 + 12 
−23 86 + 3 −6 8.8 + 0 . 3 −0 . 4 

2019.51 4.0 + 0 . 1 −0 . 1 7.9 + 0 . 0 −0 . 1 90 + 1 −3 10 + 3 −1 69 + 2 −2 27 + 2 −2 4 + 0 −0 92 + 1 −0 7 + 0 −0 1 + 0 −0 95 + 1 −0 95 + 1 −0 97 + 0 −0 5.6 + 0 . 1 −0 . 1 

Figure 9. Plot of selected magnetic parameters from Table 8 against the 
epoch of observation. Plotted are the B mean (black solid line), the percentage 
of poloidal energy (red solid line), the percentage of the poloidal energy that 
is dipolar (blue dashed line), the percentage of the toroidal energy in the 
l = 1 component (green dot–dashed line), and the axisymmetry of the total 
magnetic field (grey dotted line). Each of the data sets are horizontally shifted 
slightly to more clearly show the ‘variation’ bars (see Section 6 ). 
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A number of potential rotational periods for χ Dra A appear in
ig. 10 , with low χ2 values seen for periods ranging from ∼8 to o v er
0 d. A potential rotational period of ∼20–25 d is seen in all epochs,
ossibly corresponding to the 23.39 d rotational period determined
y Lee et al. ( 2018 ), but there is no conclusive evidence for a definite
otation period. 

As mentioned in Section 6 , no brightness map for χ Dra A could
e produced. Ho we ver, we attempted to fit the Stokes I LSD profiles
or χ Dra A using ZDIPY and found a best fit to the profiles for a vsin i
alue of ∼2.2 ± 0.5 km s −1 . This was done using the 2019 epoch
hen the secondary was well separated form the primary. This vsin i

s similar to the value of 2.5 ± 0.4 km s −1 from Gray ( 1984 ) (which
as used in the creation of the magnetic field maps) and the value of
3 km s −1 from Lee et al. ( 2018 ). 
As was shown by Lee et al. ( 2018 ), a rotational period of ∼23.4 d

s derived using a vsin i of 2.5 km s −1 , a radius of 1.2 R � from Torres
t al. ( 2010 ) and assuming that the rotational inclination is equal
o the orbital inclination of 74.42 ◦ from Farrington et al. ( 2010 )
which is probably reasonable for a mature system like χ Dra).
sing instead the radius of 1.161 R � from Schofield et al. ( 2019 ),
NRAS 522, 792–810 (2023) 
he rotation period is 25.6 d. Both of these values are reasonably
lose to the 23.39 d period measured by Lee et al. ( 2018 ) from the
odulation of the B l and thus, as mentioned in Section 6 , we have

sed a rotational period of 23.39 d and assumed solid-body rotation
n the creation of all our magnetic maps. Ho we ver, in the literature
here are a range of vsin i values for χ Dra, with an number of them
eing higher than the 2.5 km s −1 quoted abo v e. Luck ( 2017 ) giv es
 value of 5.5 km s −1 , while Mart ́ınez-Arn ́aiz et al. ( 2010 ) give a
alue of 6.01 km s −1 . Both of these values would produce shorter
otational periods for χ Dra A, 10.6 and 9.7 d, respectively, using a
adius of 1.2 R � and an inclination angle of 74.42 ◦. Although there
ppears to be some indication of a possible rotation period around
hese values in the 2014.53 and 2015.31 epochs (see Fig. 10 ), there
oes not appear to be strong evidence for these rotational periods in
he 2016.63 and 2019.51 epochs. 

 STELLAR  W I N D  

rom the radial field maps in Figs 5 and 6 , we created stellar wind
odels of χ Dra A using the Alfv ́en wave solar model (AWSoM;
okolov et al. 2013 ; van der Holst et al. 2014 ) which is part of

he Space Weather Modelling Framework (SWMF; T ́oth et al. 2005 ,
012 ). The model creates three-dimensional maps of the steady-state
inds by solving two-temperature magnetohydrodynamic equations,

upplemented by two further equations describing the propagation
f Alfv ́en wave energy parallel to the direction of the magnetic
eld. In AWSoM, the corona is heated by the dissipation of Alfv ́en
ave energy; the flux of Alfv ́en wave energy across the inner
oundary of the model is given by the Pointing flux-to-field ratio
 � A /B, see Tables 1 and 9 ), that is, the amount of energy flux is
roportional to the local magnetic field strength at the stellar surface.
he radial component of the inner surface magnetic field strength

n the chromosphere is held at the values in Figs 5 and 6 , while
he transverse components are free to evolve with the numerical 
olution. 

The transition region and inner corona are modelled using an
rregular grid spacing in the radial direction as described by Oran
t al. ( 2013 ). The AWSoM model extends from the chromosphere
o the inner astrosphere at distances ∼1 au. We also include heat
xchange and cooling terms as they are required to reproduce the
low and fast wind (Roussev et al. 2003 ). Radiative cooling, given
y 

 rad = N i N e 
 ( T e ) (4) 

s included, where N i and N e are the ion and electron number
ensities, respectively, and the rate of cooling curve, 
 ( T e ), is found
sing the CHIANTI data base (Landi et al. 2013 ) by assuming solar
omposition. 
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Figure 10. Differential rotation measurements of χ Dra A from the 2014, 2015, 2016, and 2019 data sets. The colourbars show the reduced χ2 values for each 
period-differential rotation pairing (P eq , d �) with bluer colours representing better fits. 

Table 9. Parameters used in the wind modelling of χ Dra A. 

Parameter Value Reference 

Chromospheric base temperature ( T chr ) 5 × 10 4 K Alvarado-G ́omez et al. ( 2016a ) 
Chromospheric base density ( n chr ) 2 × 10 17 m 

−3 Alvarado-G ́omez et al. ( 2016a ) 
Poynting flux-to-field ratio ( � A /B) 1.1 × 10 6 W m 

−2 T 

−1 Gombosi et al. ( 2018 ) 
Turbulence transverse correlation length ( L ⊥ 

√ 

B ) 1.5 × 10 5 mT 

1/2 Gombosi et al. ( 2018 ) 
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As in Seach et al. ( 2022 ), solar values are used for the base density
nd temperature in the chromosphere, for the Poynting flux-to-field 
atio, the turbulence transverse correlation length and the Coulomb 
ogarithm as given in Table 9 . These values have been shown to
ccurately reproduce solar conditions (see Sokolov et al. 2013 ; van 
er Holst et al. 2014 , 2019 ; Meng et al. 2015 ; Sachde v a et al. 2019 ).
or a more detailed description of the methodology behind the wind 
odels, see Evensberget et al. ( 2021 , 2022 ). 

.1 Cor onal structur e 

ig. 11 shows the magnetic field structure of the final, steady-state 
ind model solution. The dipolar structure of the magnetic field 

Figs 5 and 6 ) gives rise to polar regions of open field lines separated
y an equatorial region where the magnetic field lines are closed. In
he 2015 magnetic field maps, a small region surrounding the stellar
otational north pole has positive polarity (see Figs 5 and 6 ); this can
lso be seen in the coronal structure of the 2015 panel of Fig. 11 .
able 10 gives the average surface radial field strength ( | B r | ), the wind
odel average surface field strength ( | B | ), the unsigned magnetic flux
 v er the entire stellar surface ( � ) and the proportion of the unsigned
ux ( � open ) associated with open magnetic field lines (truncated lines
n Fig. 11 ), along with the surface fraction of open magnetic field
 S open ). The | B | values vary from 4.6 to 6.9 G, while � open varies
etween 0.42 and 0.50 and S open varies between 0.33 and 0.40. The
alues of S open and � open appear to be lower for larger values of | B | .
hen interpreting these values it should be remembered that solar 

nd stellar wind codes often underestimate the open magnetic flux; 
ee the discussion in Linker et al. ( 2017 ). In the Alfv ́en wave solar
odel, the open magnetic flux can be underestimated by a factor of

–3 when using solar magnetograms (Sachde v a et al. 2019 ); this is
ometimes corrected for by scaling solar magnetograms by a factor 
f 1.5–3 (Riley et al. 2021 ). 

.2 Alfv ́en surface and current sheet 

ig. 12 shows the Alfv ́en surface, which is where the local wind
peed first exceeds the Alfv ́en wave speed, given by 

 A = 

B √ 

μ0 ρ
, (5) 

here μ0 is the permeability of the vacuum and ρ the total mass
ensity of the wind (Alfv ́en 1942 ). For all four epochs we observe a
wo-lobed Alfv ́en surface which generally corresponds to a dipolar 
MNRAS 522, 792–810 (2023) 
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Figure 11. Coronal magnetic field structure of the steady-state wind solution obtained from the radial magnetic field values of Figs 5 and 6 . A large number 
of magnetic field lines are shown to elucidate the magnetic field structure and the distribution of closed and open magnetic field lines. The magnetic field lines 
are sampled across the surface using a Fibonacci sphere algorithm (Swinbank & Purser 2006 ). Open magnetic field lines are truncated at 1.5 R � . The magnetic 
field lines and the stellar surface are coloured by the local radial magnetic field strength value. The colour scale is linear between −1 and + 1 G and logarithmic 
outside this range, as indicated by the minor tick marks on the colour bar. 

Table 10. Key quantities from the wind maps in Figs 11 –13 . The average surface radial magnetic field strength as found with ZDI is tabulated in the | B r | column. 
The total average surface magnetic field strength of the wind solution is given in the | B | column. The � column gives the total unsigned surface magnetic flux 
� = 4 πR 

2 
� | B r | . The fraction of � contained in open magnetic field lines is given in the � open column, while the S open column gives the proportion of the surface 

area containing open field lines. The i B column gives the magnetic inclination, i.e. the angle between the inner current sheet normal vector and the stellar axis 
of rotation. � axi gives the axisymmetric open flux fraction. R A and | r A × ˆ �| give the average radial distance to the Alfv ́en surface and the ‘torque-averaged’ 
Alfv ́en radius, respectively. The Ṁ and J̇ give the steady-state wind mass-loss and wind angular momentum loss rates. The wind pressure for an Earth-like 
planet is given by P 

⊕
w , and the average magnetospheric stand-off distance for an Earth-like planet is given by R m 

. 

Epoch | B r | | B | � � open S open i B � axi R A | r A × ˆ �| Ṁ J̇ P 

⊕
w R m 

(G) (G) (Wb) ( � ) ( S ) ( ◦) ( � open ) ( R � ) ( R � ) (kgs −1 ) (Nm) (Pa) ( R p ) 

2014.53 3.3 4.8 2.9 × 10 15 0.49 0.39 5.9 0.98 10.2 7.7 4.8 × 10 9 5.6 × 10 23 1.5 × 10 −8 7.1 
2015.31 4.6 6.9 4.0 × 10 15 0.42 0.34 1.8 0.99 11.2 8.5 6.2 × 10 9 8.6 × 10 23 2.1 × 10 −8 6.7 
2016.63 4.3 6.2 3.8 × 10 15 0.46 0.33 13.1 0.92 11.3 8.6 5.9 × 10 9 8.5 × 10 23 1.9 × 10 −8 6.8 
2019.51 3.1 4.6 2.8 × 10 15 0.50 0.40 9.2 0.96 10.1 7.6 4.6 × 10 9 5.4 × 10 23 1.5 × 10 −8 7.1 

Figure 12. Alfv ́en surface, current sheet, and wind radial velocity. The Alfv ́en surface where the local wind velocity u = v A is shown as a solid surface; the 
current sheet where B r = 0 is shown as a translucent grey surface. The Alfv ́en surface and the plane of sky ( xz plane) is coloured by the local radial wind velocity. 
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oronal magnetic field as seen in Fig. 11 . The Alfv ́en surface and the
z plane are coloured according to the local radial wind speed. The
ind speed at the Alfv ́en surface reaches up to ∼0.8 × 10 6 m s −1 , and
ind speeds beyond the Alfv ́en surface reach up to ∼1.1 × 10 6 m s −1 .
NRAS 522, 792–810 (2023) 
he inner part of the current sheet, where the strength of the radial
eld is zero, B r = 0 (Schatten 1971 ), is shown as a grey translucent
urface. The magnetic inclination ( i B in Table 10 ), which is the angle
etween the stellar axis of rotation ( z axis) and the normal vector
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f the inner current sheet, varies between 2 ◦ and 13 ◦. The average
lfv ́en radius, R A , and torque-averaged Alfv ́en radius, | r A × ˆ �| , vary
etween 10.1 and 11.3 stellar radii and between 7.6 and 8.6 stellar
adii, respectively. 

The wind mass-loss, Ṁ , and wind angular momentum loss, J̇ , 
re also given in Table 10 . In the three-dimensional wind maps
resented here, J̇ and Ṁ are calculated by inte grating o v er the Alfv ́en
urface, as in Evensberget et al. ( 2021 ). This is in contrast to Finley &

att ( 2018 ), where J̇ is estimated using the torque-averaged Alfv ́en
adius, and in the one-dimensional models of Weber & Davis ( 1967 )
here the Alfv ́en radius is used in determining J̇ ( ̇J = 

2 
3 Ṁ �R 

2 
A ).

he wind mass-loss values for χ Dra A are ∼3–6 times higher 
han the range of solar wind mass-loss values from Mishra et al.
 2019 ), and ∼2 times higher than the wind mass-loss values for the
00 Myr old solar-type Hyades stars of Evensberget et al. ( 2021 ),
hich have | B r | values about twice as high as χ Dra A. The wind

ngular momentum loss values for χ Dra A are comparable to the 
 ̇values of Evensberget et al. ( 2021 ) and 3–4 times greater than the
olar angular momentum loss values found by Finley et al. ( 2019 ). 

.3 W ind pr essur e 

ig. 13 shows the stellar wind pressure in the stellar equatorial plane.
he wind density and velocity are affected by local variations in the
agnetic field, and this gives rise to spiral arm-like structures. Al- 

hough the coronal magnetic fields are dipole-like and nearly aligned 
ith the stellar axis of rotation, we observe multiple o v erdense,
igh-pressure regions in the stellar equatorial plane. The orbits of a 
enus-lik e, an Earth-lik e, and a Mars-like planet are shown in Fig.
3 as white dotted circles. The average wind pressure for an Earth-
ike planet is tabulated in Table 10 ; these values vary around the
verage by an order of magnitude due to the presence of the arm-
ike structures seen in Fig. 13 . The average wind pressure values are
bout 2 × 10 −8 Pa which is about 2 times the solar maximum monthly
verage value, see King & Papitashvili ( 2005 ). The magnetospheric 
tand-off distance for an Earth-like planet, which scales with the 
ixth root of the wind pressure, can be seen in Table 10 to range from
.7 to 7.1 planetary radii. 

 DISCUSSION  

.1 Magnetic activity 

Dra A is a mature (age ∼5 Gyr, Casagrande et al. 2011 ) late-F
tar with a wide secondary companion in an ∼280 d orbit. It shows a
oderately low level of chromospheric activity (S-Index ∼0.175—

.180). Based on its level of chromospheric activity, and observations 
f other stars (e.g. Marsden et al. 2014 ), χ Dra A would be expected
o have a moderate longitudinal magnetic field strength, which is 
he case with a B l value of ∼ −2.5 to −4.0 G. The absolute value
f the longitudinal magnetic field strength of χ Dra A is somewhat 
tronger than both of the recently studied late-F stars, β Vir, and θ Dra
Seach et al. 2022 ), even though it has a slower rotation compared to
oth. 
It does not appear that χ Dra has been observed as part of any

ong-term chromospheric emission monitoring program, such as the 
ount Wilson surv e y (Wilson 1978 ), thus it is not possible from

ur data to determine any long-term trends in the chromospheric 
mission that may be indicative of a magnetic cycle. There is a
ossible slight increase in the level of chromospheric activity o v er
he ∼5 yr of our observations (Fig. 3 ) but this is not supported by
n increase in the magnitude of the longitudinal magnetic field (Fig.
 ), although the error in B l is significantly larger than that for the
a II H&K emission measurements (Table 7 ). We conclude that there
ppears to be no significant evolution in the magnetic activity of χ
ra A o v er the ∼5 yr of our observations and, thus, any magnetic

ycle would appear to be significantly longer than 5 yr in contrast to
ome recently studied late-F stars (e.g. τ Bo ̈otis, Mengel et al. 2016 ;
effers et al. 2018 , and HD 75332, Brown et al. 2021 ). 

.2 Magnetic maps 

he magnetic maps of the large-scale magnetic field of χ Dra A
Figs 5 and 6 ) show that the star has a relatively stable magnetic field
opology o v er the ∼5 yr of our observations. At all epochs, the radial
eld has a predominantly ne gativ e field in the Northern hemisphere
nd a positive field in the Southern hemisphere. In contrast to the
adial field maps, the azimuthal field maps show consistent regions of
ositive field centred around the star’s equator. The meridional field 
aps show a weaker mirror of the radial field, which may be due

o the cross-talk that ZDI can suffer from for stars with inclination
ngles significantly o v er ∼60 ◦ (Donati & Brown 1997 ). 

The magnetic parameters (Table 8 and Fig. 9 ) obtained from
he magnetic maps show that the B mean (and B max ) values appear
o reach a peak for the 2016.63 epoch map, and then decrease
gain for the 2019.51 map. All maps show a predominantly poloidal
agnetic field topology, with the poloidal field accounting for 65 + 6 

−11 

o 90 + 1 
−3 per cent of the total magnetic field energy. The poloidal field

s also predominately dipolar, with the dipolar percentage ranging 
rom 54 + 12 

−22 to 74 + 3 
−14 per cent. During the time of maximum magnetic

eld, the poloidal percentage is the lowest and the poloidal field
s at its most dipolar (although the ‘variation’ bars for the dipolar
ercentage are quite large). The epoch of maximum magnetic field 
trength also corresponds to the lowest level of axisymmetry in the
agnetic field, which is to be expected as the toroidal field at this time

s more complex (more energy in the l > 1 states) and the toroidal
eld component is the biggest contributor to the axisymmetry of the

otal field. 
These changes are also evident in the maps themselves (Figs 5

nd 6 ), with the stronger and more complex fields appearing on
he 2016.63 map. The changes could be due to an evolution of the

agnetic field on the surface of χ Dra A, but could also be (at least
artly) related to the data quality at each epoch. The data sets have
 (2014.53), 16 (2015.31), 13 (2016.63), and 12 (2019.51) Stokes V
SD profiles, with SNRs ranging from ∼28 000 to 36 000 (2014.53),
27 000 to 45 000 (2015.31), ∼35 000 to 62 000 (2016.63), and
14 000 to 70 000 (2019.51). The 2014.53 data set may be the

oorest with only six observations, but the other three data sets are
easonably similar to each other in terms of the number of profiles
nd the SNR. It is possible that the variations in the magnetic field
omponents seen between epochs are real, but the time span between
aps is large and the magnitude of variations is small. 
We can see in the magnetic maps of χ Dra A (Figs 5 and 6 )

hat there appears to be no strong evidence of a magnetic field
eversal, although the 2015.31 map does show a small amount of
ositive radial field near the Northern pole. All three field components 
redominantly show the same polarities in each hemisphere at all 
pochs. Giv en the comple xity and strength of the field in the 2016.63
ap, it may be that χ Dra A was approaching activity maximum

although this is not seen in the chromospheric emission) around the
iddle of 2016 and underwent a polarity reversal shortly after our

016.63 map. Ho we ver, if this were the case, then given the similar
olarity on the 2014.53 and the 2015.31 maps we would (perhaps
aiv ely) e xpect the 2019.51 map to show a strong (and complex) field
MNRAS 522, 792–810 (2023) 



806 S. C. Marsden et al. 

M

Figure 13. Wind pressure in the stellar equatorial plane. This plot shows the wind pressure in the equatorial plane with the would-be orbits of Venus, the Earth, 
and Mars indicated by dotted white lines. The intersection of the Alfv ́en surface and the equatorial plane is indicated by a solid black line. 3–4 armed structures 
are seen at all epochs. 
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ith a positive (opposite) radial field in the Northern hemisphere, not
he weak ne gativ e field we see. It could still be that a reversal was

issed in this period, but the data suggest this to be unlikely. 
Thus it is likely that the magnetic cycle (assuming there is one) for
Dra A is significantly longer than the ∼5 yr of our observations.

his is in contrast to some recent observations of mature late-F stars
ith spectral types very similar to χ Dra A, that appear to show

apid magnetic cycles. The F7V hot Jupiter hosting star τ Bo ̈otis was
ound to have a magnetic polarity re versal e very ∼120 d (Mengel
t al. 2016 ; Jeffers et al. 2018 ) and thus a magnetic cycle length of
ess than a year ( ∼240 d), while Brown et al. ( 2021 ) found strong
vidence that the (non-hot Jupiter hosting) F7V star HD 75 332 has
 magnetic re versal e very ∼193 d, and thus a magnetic cycle length
f ∼1.06 yr. These are both extremely short compared to the Sun’s
22 yr magnetic cycle, but short cycles appear to be an increasingly

ommon feature of F stars based on their chromospheric emissions,
ith several stars known to have chromospheric cycle lengths less

han a few years (Baliunas et al. 1997 ; Metcalfe et al. 2010 ; Mittag
t al. 2019 ; Seach et al. 2022 ). Thus χ Dra A would appear to
e somewhat of an oddity among late-F stars in having a long (if
ny) magnetic cycle, but further observations would be required to
onfirm this. χ Dra is a binary and perhaps this could impact any
xpected magnetic cycle. Ho we ver, gi ven the long orbital period of
he system ( ∼280 d) and a semimajor axis distance of just under 1
u (see Table 6 ), any interaction between the components appears to
e unlikely. 
Although Lee et al. ( 2018 ) did not create a magnetic map from

heir observations from late 2006 to late 2008, their longitudinal
agnetic field measurements vary from ∼−11 to + 11G, whereas our

ongitudinal field measurements are al w ays ne gativ e, only varying
rom ∼ −1.4 ± 0.5 G to −5.5 ± 0.7 G. Our results are consistent
ith the predominately poloidal field al w ays having a ne gativ e radial
eld polarity in the Northern (visible) hemisphere (see Figs 5 and 6 ).
he longitudinal magnetic field results from Lee et al. ( 2018 ) would

end to indicate that during their observations (in ∼2007) χ Dra A
ad a more complex field structure, and potentially a positive radial
agnetic field on the star’s Northern hemisphere at some stage. If

rue, this would indicate that significant changes in the magnetic field
opology of χ Dra A can occur, but still does not give any indication
f the length of any potential cycle on the star. 
NRAS 522, 792–810 (2023) 

t  
.3 Solid-body rotation 

ne of the other key findings for late-F stars appears to be a high level
f surface differential rotation (e.g. Marsden et al. 2011 ; Waite et al.
011 ) with values often up to 10 times the solar differential rotation
ate. Ho we ver, these results are mainly from younger, often pre-
ain-sequence stars, rather than mature stars such as χ Dra A. Our

esults show strong evidence for a zero level of differential rotation
i.e. solid-body rotation) for χ Dra A at all epochs. Measurements
f surface differential rotation on mature F stars are more limited
ompared to younger stars, but the mature hot Jupiter host τ Bo ̈otis
ho ws v arying le vels of surface dif ferential rotation ( d � ∼ 0.1–
.4 rad d −1 ), all abo v e the solar rate (Mengel et al. 2016 ; Jeffers et al.
018 ). The non-hot Jupiter host HD 75322 also shows a reasonably
igh level of differential rotation with d �= 0.25 rad d −1 (Brown et al.
021 ). While Reiners & Schmitt ( 2003 ) have shown high levels of
urface differential rotation on a number of F stars using the Fourier
ransforms of their line profiles. 

Although it is a relatively small sample set, it would appear that
nce again χ Dra A is unusual with its solid-body rotation. Compared
o the other two examples χ Dra is a binary system. Ho we ver, as
entioned in Section 9.2 , given the orbital period of the system is
280 d with a semimajor axis distance of just under 1 au (Table 6 ),

t would be unlikely that there is significant interaction between the
wo components, at least at a level that would be expected to impact
he rotation of the conv ectiv e zone of χ Dra A. 

.4 The wind of χ Dra A 

he large-scale magnetic maps of χ Dra A (Figs 5 and 6 ) are
elatively stable with the radial magnetic field al w ays showing a
ominant dipolar field structure. Thus it is not surprising that the
odelling of the coronal field structure (Fig. 11 ) shows predomi-

antly open field lines at the poles and thus the highest values of
ind speed in these polar regions (Fig. 12 ). 
Even though it is a mature star with an age similar to our own Sun,

he mass-loss due to the stellar wind from χ Dra A is ∼ 3–6 times
han that from our own Sun and correspondingly the average wind
ressure for a hypothetical Earth in orbit about χ Dra A is ∼2 times
han that experienced by the Earth due to the Sun. Similarly, the
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ngular momentum loss from the wind of χ Dra A is 3–4 times that
f the Sun (Section 8 ). 
To the authors’ knowledge, there are no wind modelling studies 

hat are explicitly focused on F-type stars. There are, ho we ver,
everal wind modelling studies focussing on solar-type (FKG) stars 
hat may include one or more F-type stars. Using a polytropic 

agnetohydrodynamic approach where the corona is already heated 
o megakelvin temperatures, Vidotto et al. ( 2015 ) modelled the F8V
tar HD 179949 in a study of solar-type stars, and found a mass-loss
alue of 5 × 10 10 kg s −1 and an angular momentum loss value
f 2.4 × 10 24 Nm. Their mass-loss value is about 5 times higher
han the one calculated in this work, while the angular momentum 

oss value is comparable. Using a similar methodology, Nicholson 
t al. ( 2016 ) modelled the winds of the F7V star τ Bo ̈otis at eight
ifferent epochs finding mass-loss values of ∼1.5 × 10 11 kg s −1 and 
ngular momentum loss values of 1–3 × 10 25 Nm. We attribute these 
articularly high values to the rapid 3-d rotation period of τ Bo ̈otis.
e do, ho we ver, note that the polytropic magnetohydrodynamic 

MHD) approach produces higher Ṁ and J̇ values than the Alfv ́en 
ave based models used in this work. This can be seen for wind
odels of solar-type stars using a polytropic approach (Llama et al. 

013 ; Vidotto et al. 2015 ; Nicholson et al. 2016 ; Ó Fionnag ́ain
t al. 2019 ) compared to the Alfv ́en wave based methods (Alvarado-
 ́omez et al. 2016a , b ; Pognan et al. 2018 ; Ó Fionnag ́ain et al. 2021 );

ee the comparison in Evensberget et al. ( 2022 ). 
In their study, Alvarado-G ́omez et al. ( 2016b ) modelled the G0

tar HD 147513 with a 5 d period and found Ṁ = 7 . 2 × 10 9 kg s −1 

nd J̇ = 3 . 7 × 10 23 N m using an Alfv ́en wave-based MHD model.
hese results are similar to the wind model results in this work
espite the star’s rapid rotation. The study of Pognan et al. ( 2018 )
ontains wind models of τ Bo ̈otis, HD 35296 (F8V), and the G0 star
D 206860. They reported mass-loss v alues lo wer by a factor of 2–4

han the ones in this study, while the reported angular momentum 

oss values are 2–7 times greater. The latter can be expected as these
tars are both rapid rotators with 3–5 d rotation periods. 

The polytropic and Alfv ́en based model differences are studied in 
ohen ( 2017 ) where the authors suggest that polytropic wind models
ay require calibration to yield realistic winds for not-quite-sunlike 

tars. This is likely in part because of the vie w ZDI of fers of stellar
agnetic fields: In a simulation-based study, Lehmann et al. ( 2019 )

ound that ZDI reco v ers the large-scale polarity structure of the stellar
agnetic field, but that the field magnitude could not be reliably 

eco v ered. Furthermore, the individual features would be reproduced 
ith a magnitude as low as 0.1 of the original magnetic field feature.
imilar results have been reported by Yadav et al. ( 2015 ), Vidotto
t al. ( 2018 ), See et al. ( 2019a ), and Kochukhov et al. ( 2020 ). The
mount of available magnetogram details is also important; Boro 
aikia et al. ( 2020 ) warned against the uncritical interchange of
detailed) solar magnetogram and the much less detailed ZDI-based 
tellar magnetograms in wind modelling. 

In general, the question of wind model paramter calibration comes 
p when modelling solar-type stars; this also applies to the solar-
alibrated configuration values of the Alfv ́en wave solar model used 
n this work. The possible ZDI underreporting of magnetic field 
trength can be compensated by scaling the magnetic field used to 
rive the wind models as in the 5 B ZDI wind models in Evensberget
t al. ( 2021 , 2022 ) or a similar effect can be achieved through
uning the Alfv ́en flux-to-field ratio � A /B (see Table 9 ). In a study
omparing solar and stellar magnetograms, Boro Saikia et al. ( 2020 )
ound that the Alfv ́en flux-to-field ratio affects the wind solutions
ore than the level of detail in the magnetogram, with Ṁ being 

oughly proportional to � A /B. Similar variation should be expected 
n J̇ values as most theoretical models (e.g. Weber & Davis 1967 ;
awaler 1988 ) predict that J̇ ∝ Ṁ (see the values in Table 10 ). 
Recently, � A /B scaling has been considered by many authors 

Garraffo et al. 2016 ; Dong et al. 2018 ; Airapetian et al. 2021 ;
avanagh et al. 2021 ; Ó Fionnag ́ain et al. 2021 ; Vidotto 2021 ).
he study of Airapetian et al. ( 2021 ) in particular applies a strong
caling of � A /B ∼ 27 ( � A /B ) � for κ1 Ceti, a 650 Myr old young
un proxy (also modelled by do Nascimento et al. 2016 with a
olytropic approach) based on far UV observations. Examples such 
s these show that a variety of wind strengths can achieved through
he changing of the model parameters. Consequently the wind models 
ay be most useful in comparing to other wind models obtained via
 similar methodology and give insights into trends and variations, 
ather than be taken as the final word on wind solution properties
uch as wind pressure, Alfv ́en surface size, mass-loss, and angular
omentum loss. The wind modelling methodology used in this 
ork has previously (Evensberget et al. 2022 ) shown to be in good

greement with the population study of See et al. ( 2019b ) based
n the work of Cranmer & Saar ( 2011 ), Finley & Matt ( 2018 ),
nd Matt et al. ( 2015 ) as well as the models of Cohen & Drake
 2014 ); this is also the case for the F-type star wind models of this 
ork. 
A recent study modelled the wind from two mature late-F stars,

he slowly rotating β Vir, and the more rapidly rotating θ Dra (Seach
t al. 2022 ) using an identical methodology to the one of this work.
he stellar mass-loss rate and angular momentum loss rate of χ Dra
 both fall just abo v e β Vir, while the wind pressure on a hypothetical
arth is more akin to the pressure from the significantly more active
nd rapidly rotating θ Dra. Thus, despite its moderate rotation, χ
ra A currently appears (based on a very small sample) to have
 relatively strong wind for its age and rotation rate. In general,
are should be taken when accepting as true the wind mass and
ngular momentum loss for a single star as the choice of modelling
arameters like the Poynting flux-to-field ratio (where we use a Solar
alue). The wind models presented here are obtained using identical 
ethodology to the wind models of Evensberget et al. ( 2021 , 2022 )

nd Seach et al. ( 2022 ) which has permitted a more direct comparison
ith those works. 
Finally, it bears remembering that models of the steady-state wind 

o not capture mass-loss and angular momentum loss from transient 
vents such as coronal mass ejections and flares. 

0  C O N C L U S I O N S  

e have reconstructed the magnetic topology of late-F primary of 
he χ Dra system at four epochs spanning ∼5 yr. While there is some
ndication of slight changes in the magnetic parameters between the 
pochs, the main structure of the magnetic field does not significantly
hange o v er our time-frame, with the field being predominately a
ipolar poloidal field at all four epochs. 
There is no evidence of any significant magnetic cycle on the

tar and there are no obvious magnetic polarity reversals during 
ur observations, only a small positive radial field near the pole in
he 2015.31 map. Therefore, we conclude that any magnetic cycle 
n the star is significantly longer than our ∼5 yr of observations.

Dra A also appears to rotate as a solid body with a zero
evel of differential rotation measured for all four epochs. Both of
hese are in contrast to a number of recent observations of late-F
tars. 

With our wind modelling parameters, the wind pressure from 

Dra A on a hypothetical Earth is ∼2 times than that currently
MNRAS 522, 792–810 (2023) 
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xperienced by the Earth, while χ Dra A is losing angular moment
t a rate that is ∼3–4 times greater than the current solar value. 
χ Dra A shows a stable magnetic activity level that appears to be

lightly higher than other studied mature late-F stars. There appears
o be little evidence of the high levels of surface differential rotation
nd rapid magnetic cycles seen on other late-F stars. This (along with
ts extreme brightness) make χ Dra A an interesting target to help
ur understanding of the magnetic fields of F stars. 
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Figure A1. Generalized Lomb–Scargle analysis of the χ Dra Ca II HK 

activity. with a false-alarm probability of 1.0 per cent shown as the dashed 
line. 

Figure A2. As Fig. A1 , but for the longitudinal magnetic field of χ Dra A. 

Figure A3. As Fig. A1 , but for the TESS photometry of χ Dra. 
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