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A B S T R A C T 

The study of magnetism in stars close to the transition from fossil to dynamo magnetic fields is important for understanding the 
nature of the stellar dynamo and dynamics of the outer atmosphere. We present surface magnetic maps for two stars that are 
located on opposite sides of the suspected transition zone: the chemically peculiar late A-star β Coronae Borealis (A9SrEuCr) 
and the early F-star σ Bootis (F3V). The large-scale magnetic field reconstructed at six epochs for β Coronae Borealis shows a 
complex fossil magnetic field, which is highly poloidal, and contains almost half the magnetic energy in higher multipoles ( � > 

1). In contrast, the single epoch magnetic map for σ Bootis contains a simple surface magnetic topology that is mostly poloidal, 
and predominantly dipolar, and is consistent with observations of other mature late F-stars. 

K ey words: stars: acti vity – stars: early-type – stars: magnetic field – stars: solar-type. 
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 I N T RO D U C T I O N  

e present the third paper in our series on magnetic fields in F-type
tars. In the first paper, we published a magnetic snapshot surv e y
f F-type stars (Seach et al. 2020 , hereafter Paper 1 ), and in the
econd paper we reconstructed surface magnetic maps and created
ind models for two late F-type stars β Vir (F9V) and θ Dra (F8IV)

Seach et al. 2022 , hereafter Paper 2 ). In this paper, we present surface
agnetic maps for the chemically peculiar star β Coronae Borealis

 β CrB) and the F3V star σ Bootis ( σ Boo). β CrB is a chemically
eculiar star, classified as A9SrEuCr by Renson & Manfroid ( 2009 ),
hich is located on the hot side of the transition between fossil

nd dynamo magnetic fields. F-type stars are important targets for
tellar magnetic studies since they span a range of masses where
he transition from fossil to dynamo magnetic fields is believed to
ccur (Schatzman 1962 ; Mullan 1972 ; Schmitt et al. 1985 ; Wolff,
oesgaard & Simon 1986 ; Walter & Schrijver 1987 ; Seach et al.
022 ). 
Fossil fields (Cowling 1945 ; Spitzer 1958 ; Mestel 1967 ; Dudorov
 Khaibrakhmanov 2015 ) are found in hot stars with little or no outer

onvection zone. The fields are thought to be left o v er from the star’s
ormation where it undergoes gravitational collapse from a molecular
loud (Mestel & Spitzer 1956 ; Mestel 1966 ), from stellar mergers
Schneider et al. 2019 ), or from pre-main-sequence dynamos (Moss
001 ). Fossil fields are frozen (Cowling 1957 ; Alfven, Alfv ́en &
 ̈althammar 1963 ) into the stellar atmosphere and essentially remain
nchanged o v er the lifetime of the star. Classically, fossil fields have
trengths ranging from a few hundred gauss up to 34 kG (Babcock
960 ) and have been found in about 10 per cent of hot stars (Fossati
t al. 2015 ; Grunhut et al. 2016 ; Sikora et al. 2019 ). More recently,
nother class of magnetic fields have been discovered in Ap and
 E-mail: john.seach@usq.edu.au 
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p stars with sub-gauss magnetic strengths and are possibly fossil
n origin (Ligni ̀eres et al. 2009 ; Petit et al. 2010 ; Neiner, Wade &
ik ora 2017 ). Lik e the stronger fossil fields, these ultra-weak fields
re possibly unchanged o v er long periods of time (Neiner et al. 2017 ).

Dynamo magnetic fields are located in the outer convection zone
f cool stars where they are most efficiently generated by the
ction of turbulent convection and stellar rotation (Parker 1955 ,
987 ). The presence of a deepening outer convection zone around
arly to mid-F-stars corresponds to the onset of dynamo-generated
agnetic fields. There is an e xtensiv e literature on dynamo magnetic
elds; e.g. see re vie ws by Mof f att ( 1978 ), Park er ( 1979 ), Krause &
adler ( 1980 ), Zeldovich, Ruzmaikin & Sokolov ( 1983 ), Roberts
 1992 ), Brandenburg & Subramanian ( 2005 ), Mestel ( 2012 ), and

offatt & Dormy ( 2019 ). Dynamo-generated magnetic fields are
een on the Sun and other solar-type stars where they are responsible
or magnetic features like cool surface spots (Berdyugina 2005 ;
trassmeier 2009 ), flares (Pettersen 1989 ), stellar winds, and space
eather phenomenon (Bothmer & Daglis 2007 ; Hanslmeier 2007 ;
ingh et al. 2021 ). Increasing interest is developing in the field of
xoplanet research (Perryman 2018 ) where the host star magnetic
eld has an important influence in the exoplanetary environment
Lammer & Khodachenko 2014 ; Linsky 2019 ). Dynamo magnetic
elds are distinguished from fossil fields by their dynamic and
hanging nature with short decay times (Pevtsov, Canfield & Metcalf
994 ; Burnette, Canfield & Pevtsov 2004 ). 
β CrB is a well-known magnetic star (Babcock 1949 , 1958 ; Stibbs

950 ; Preston & Sturch 1967 ; Wolff & Wolff 1970 ) with a fossil field
hat has not been previously mapped using Zeeman Doppler imaging
ZDI). The star is suitable for magnetic studies due to its brightness
nd sharp spectral lines (Glagolevskij & Gerth 2003 ). Wolff & Wolff
 1970 ) noted that the magnetic field of β CrB cannot be represented
s a simple dipole and contains a geometry where one pole is stronger
han the other. Stift ( 1975 ) explained that the shape of the longitudinal

agnetic field ( B l ) is not consistent with axisymmetric morphology,
© 2022 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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nd this was interpreted by Oetken ( 1977 ) as corresponding to a
uperposition of a dipole and a quadrupole magnetic field with their 
xes perpendicular to the rotation axis. 

The lack of magnetic field symmetry around the rotation axis 
or β CrB is further discussed by Mathys ( 1993 ), and Mathys &
ubrig ( 1997 ) indicated that magnetic field is unusual and appears
uite complex. A study of magnetic curves by Bagnulo et al. ( 2000 )
ndicated that the magnetic topology of β CrB is characterized 
y a multipole expansion of a dipole and an arbitrarily oriented 
uadrupole. We include β CrB in this paper since it is one of the
oolest magnetic Ap stars that is located close to the transition
etween fossil and dynamo magnetic fields. It provides a contrast 
ith σ Boo that possibly is located on the cool side of the magnetic

ransition. 
σ Boo was identified in our magnetic snapshot surv e y of F-type

tars ( Paper 1 ) as the hottest star in our sample having a possible
ynamo magnetic field. Dynamo magnetic fields have been mapped 
n the surface of several late F-stars; see e.g. HR 1817, F7/8 (Marsden
t al. 2006 ; J ̈arvinen et al. 2015 ), τ Boo, F7V (Donati et al. 2008 ;
ares et al. 2009 ; Jeffers et al. 2018 ), HD 75332, F7V (Brown et al.
021 ), HD 179949, F8V (Fares et al. 2012 ), θ Dra, F8IV, and β Vir,
9V ( Paper 2 ). Mapping the surface magnetic field of σ Boo (F3V) is

mportant for an understanding of magnetism in early F-stars close to 
he hot limit of dynamo magnetic fields and helps constrain dynamo 

odels that provide insights into magnetism in stars with shallow 

uter convection zones. 

 OBSERVATIONS  

.1 Target selection 

CrB (HIP 75695) is a chemically peculiar (Adelman 1973 ), 
pectroscopic binary with component V magnitudes of 3.68 and 
.20 separated by 0.30 arcsec (Mason et al. 2001 ). The primary
omponent has T eff = 7980 ± 180 K, and the secondary component 
as T eff = 6750 ± 230 K (Bruntt et al. 2010 ). The star was included
n our earlier paper ( Paper 1 ) and identified as a good target for
agnetic mapping due to the availability of polarized spectra o v er
ultiple epochs. 
σ Boo (HIP 71284), T eff = 6720 ± 144 K (Gaia collaboration 

018 ), is a 1.6 ± 0.3 Gyr old (Casagrande et al. 2011 ) triple
tar system with component V magnitudes 4.50, 10.66, and 12.08, 
espectively (Mason et al. 2001 ). σ Boo is classified as a standard
2V star in the MK classification system (Johnson & Morgan 1953 ),
hile Samus et al. ( 2017 ) classify it as F3V. The star was detected

s magnetic in our earlier magnetic snapshot surv e y ( P aper 1 ). There
as been increasing interest in σ Boo as a host F-type star used in
xoplanet weather modelling (Segura et al. 2003 ; Godolt et al. 2019 ;
ushby, Shields & Joshi 2019 ; Schwieterman et al. 2019 ; Palubski,
hields & Deitrick 2020 ; Kaltenegger & Lin 2021 ). 

.2 Obser v ations 

olarized spectra of β CrB were obtained from the PolarBase data 
ase (Petit et al. 2014 ), which is a publicly available data base
ontaining stellar data collected with the ESPaDOnS (Donati et al. 
006a ) and NARVAL (Auri ̀ere 2003 ) high-resolution ( R = 65 000)
pectropolarimeters. The β CrB data consist of 143 spectra from 

015 April 13 to 2018 July 28 (Table 1 ) obtained with the NARVAL
pectropolarimeter at the Telescope Bernard Lyot (TBL) at the 
bservatoire du Pic du Midi, France. Observations of β CrB in 
015–2017 were obtained using both circularly polarized (Stokes V ) 
nd linear (Stokes UQ ) polarized spectra, while observations in 2018
ere only obtained in circular polarization. In this paper, we present
agnetic maps using circular polarization only, whereas the linear 

olarization observations are left for future work. 
We obtained polarized spectra for σ Boo using the ESPaDOnS 

pectropolarimeter at the Canada–France–Hawaii Telescope (CFHT) 
bserving in Stokes V . The observations consist of 105 polarized
pectra o v er 11 nights from 2021 May 18 to 28, corresponding to an
stimated 1.2 rotational cycles (Tables 2 and A1 ). 

 MAGNETI C  FIELD  MEASUREMENTS  

.1 Magnetic Zeeman signatures 

he line addition technique of least squares deconvolution (LSD; 
onati et al. 1997 , 2006b ) is used to enhance the Stokes V signal, by

ombining thousands of individual lines into a single line with mean
arameters. LSD profiles are created using line masks from VALD3 
Ryabchikova et al. 2015 ) where the masks contain the wavelength, 
epths, and ef fecti ve Land ́e factors to be used for the LSD code. We
ormalized the LSD profiles with the values taken from the means
f a typical line mask (Folsom et al. 2016 ). The number of lines used
n LSD analysis varies from 17488 to 17652 for β CrB (Table 1 ) and
7646 to 17654 for σ Boo (Tables 2 and A1 ). For σ Boo, we added the
ightly LSD profiles into a single mean profile that further enhances
he SNR and enables a magnetic detection from an otherwise weak

agnetic field. The time between the first and last exposure used in
ach mean LSD profile is less than 2 h which is less than 1 per cent
f the estimated rotation period. This was short enough time-span to
 v oid smearing of the profiles. 

We use the statistical criteria of FAP to determine whether the
tokes V profile has a magnetic signal, or whether the Null profile
as a spurious signal (Donati, Semel & Rees 1992 ; Donati et al.
997 ). The probability function of Abramowitz & Stegun ( 1964 )
s combined with Chi-square ( χ2 ) statistics inside and outside the
pectral lines to give the probability of the Stokes V data differing
rom a zero magnetic field. The FAP is calculated to determine for
he presence of a magnetic field and is defined as being definite if the
AP is smaller than 10 −5 , marginal if FAP between 10 −3 and 10 −5 ,
nd not detected if FAP is greater than 10 −3 . The FAP is used to check
or the presence of a magnetic field in addition to a measurement of
he longitudinal magnetic field which is discussed in Section 3.2 . 

In Fig. 1 , we compare two LSD profiles for β CrB at similar phases
btained in different years. The figure displays an LSD profile from
015 April 23 at rotational phase 0.546, and a profile from 2017
arch 8 at rotational phase 0.542. Zeeman signatures are visible 

n the Stokes V profiles which align with the Stokes I profile. The
ull spectrum does not show a magnetic signature and acts as a
heck to ensure that spurious signals have not contaminated the 
pectrum. The plots show almost identical Stokes V profiles that 
ndicates a stable magnetic field o v er the 2 yr of observations. The
ongitudinal magnetic field strength (see Section 3.2 ) for the 2015
pril profile 24 is −501.9 ± 6.2 G, while the value for 2017 March
 is −496.7 ± 4.7 G. Magnetic signatures are visible in all 143 LSD
rofiles for β CrB and the FAP indicates a magnetic detection in all
rofiles. 
In Fig. 2 , we display an example of the mean Stokes V LSD profile

or σ Boo on 2021 May 18. Due to the weak magnetic field, a Zeeman
ignature is not visible in individual LSD profiles, but is visible in the
ean nightly profile due to the enhanced SNR. The FAP indicates
 definite magnetic a magnetic detection in one of the mean LSD
MNRAS 513, 4278–4294 (2022) 
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Table 1. Journal of observations for β CrB in 2015–2018. Zero rotation cycle is set to our first observation on 2015 April 13. The table displays the date 
and time of the observation, zero rotation cycle with respect to the first observation on 2015 April 13, Stokes I profile, radial velocity (RV), longitudinal 
magnetic field ( B l ), null value ( N l ), and the number of lines used in LSD. 

Date Time Mid-HJD Rot. SNR RV B l N l LSD lines 
( UT ) ( UT ) 2457000 + cycle Stokes I (km s −1 ) (G) (G) used 

2015 
April 13 23:26:15 126.47656 0.000 264 −18.45 608.9 ± 5.9 − 1.6 ± 1.9 17 614 
April 14 21:58:41 127.41575 0.051 294 −18.39 684.5 ± 7.6 5.4 ± 5.4 17 610 
April 21 02:18:00 133.59583 0.385 280 −18.36 − 99.8 ± 4.4 1.4 ± 2.0 17 619 
April 24 01:43:00 136.57153 0.546 270 −18.44 − 501.9 ± 6.2 − 1.3 ± 2.0 17 616 
April 30 01:12:28 142.55032 0.870 267 −18.42 242.2 ± 4.8 0.2 ± 1.8 17 613 
May 12 00:05:35 154.50388 1.516 277 −18.38 − 476.7 ± 6.3 5.0 ± 2.9 17 615 
May 13 00:14:40 155.51019 1.571 271 −18.31 − 518.5 ± 6.5 − 4.0 ± 2.6 17 616 
May 16 23:52:13 159.49459 1.786 279 −18.36 − 65.9 ± 5.0 − 0.4 ± 2.1 17 620 
May 18 02:47:31 160.61633 1.847 285 −18.36 160.5 ± 5.0 1.9 ± 2.6 17 621 
May 26 21:49:46 169.40956 2.322 272 −18.11 127.1 ± 4.1 − 1.4 ± 1.9 17 621 
May 27 21:36:39 170.40045 2.376 277 −18.17 − 79.0 ± 4.4 0.2 ± 2.1 17 621 
May 28 20:29:47 171.35402 2.428 278 −18.21 − 267.4 ± 5.0 1.2 ± 2.2 17 617 
May 31 02:37:08 173.60912 2.550 269 −18.24 − 513.3 ± 6.2 − 1.9 ± 2.0 17 615 
2016 
August 6 20:15:33 607.34413 26.011 293 −17.38 620.1 ± 5.4 0.6 ± 1.6 17 616 
August 7 20:19:40 608.34699 26.066 293 −17.31 685.2 ± 5.6 2.0 ± 1.5 17 617 
August 8 20:10:53 609.34089 26.119 291 −17.28 676.5 ± 5.5 1.3 ± 1.6 17 617 
August 10 20:10:22 611.34053 26.228 299 −17.27 419.5 ± 4.7 − 1.9 ± 1.9 17 617 
August 11 20:04:07 612.33619 26.281 295 −17.26 224.4 ± 4.2 0.7 ± 1.9 17 616 
August 12 20:10:37 613.34071 26.336 300 −17.29 14.2 ± 4.4 − 1.0 ± 2.6 17 616 
August 18 19:53:21 619.32872 26.660 292 −17.42 − 427.6 ± 6.0 − 2.3 ± 2.8 17 618 
August 21 19:55:18 622.33007 26.822 290 −17.40 57.3 ± 4.4 0.2 ± 2.0 17 616 
August 22 21:17:33 623.38719 26.879 292 −17.39 265.4 ± 4.9 − 1.5 ± 2.8 17 615 
August 23 21:15:09 624.37858 26.933 290 −17.37 440.0 ± 5.0 2.3 ± 2.2 17 615 
August 24 21:11:05 625.38270 26.987 292 −17.35 578.1 ± 5.4 0.1 ± 2.0 17 617 
2017 
March 2 01:58:41 814.58242 37.221 300 −17.22 440.7 ± 7.5 − 0.4 ± 6.4 17 619 
March 8 00:06:05 820.50422 37.542 288 −17.35 − 496.7 ± 4.7 − 2.3 ± 4.8 17 621 
March 15 02:01:08 827.58412 37.925 291 −17.33 441.4 ± 4.7 − 1.8 ± 0.8 17 620 
March 16 00:15:13 828.51057 37.975 297 −17.32 589.7 ± 5.4 − 0.5 ± 0.5 17 620 
March 17 04:26:03 829.68476 38.038 297 −17.29 697.3 ± 5.5 − 0.1 ± 0.5 17 620 
March 18 05:17:31 830.72050 38.094 303 −17.29 728.5 ± 5.8 − 0.2 ± 0.5 17 621 
March 19 04:03:40 831.66921 38.146 295 −17.18 658.5 ± 5.5 1.0 ± 0.5 17 622 
March 20 04:10:28 832.67394 38.200 296 −17.17 525.0 ± 4.9 0.1 ± 0.6 17 620 
March 29 02:03:06 841.58549 38.682 286 −17.39 − 375.1 ± 5.4 0.6 ± 1.9 17 619 
March 29 02:43:57 841.61385 38.684 290 −17.38 − 385.3 ± 5.2 0.2 ± 0.5 17 618 
March 30 01:28:42 842.56160 38.735 292 −17.39 − 240.0 ± 5.3 − 4.4 ± 2.8 17 617 
March 30 02:16:17 842.59464 38.737 296 −17.40 − 235.6 ± 4.7 0.2 ± 0.8 17 617 
April 3 01:21:32 846.55662 38.951 316 −17.36 513.5 ± 4.7 0.1 ± 0.8 17 620 
April 4 01:00:20 847.54190 39.004 297 −17.34 7.2 ± 0.1 0.0 ± 0.0 17 620 
April 4 01:10:46 847.54914 39.005 292 −17.35 646.7 ± 5.3 − 0.5 ± 0.4 17 620 
April 7 00:55:54 850.53882 39.166 300 −17.21 616.4 ± 5.3 0.3 ± 0.6 17 622 
April 8 00:40:43 851.52828 39.220 297 −17.20 460.4 ± 4.6 0.4 ± 0.6 17 622 
April 9 02:15:17 852.59395 39.278 336 −17.21 227.9 ± 4.4 4.5 ± 2.6 17 620 
April 9 02:25:07 852.60078 39.278 325 −17.21 248.0 ± 3.8 0.0 ± 0.6 17 621 
April 11 03:24:33 854.64205 39.388 301 −17.29 − 144.0 ± 4.4 0.6 ± 0.7 17 623 
April 12 02:29:46 855.60400 39.440 298 −17.31 − 376.7 ± 4.9 0.2 ± 0.5 17 620 
April 13 03:00:24 856.62528 39.496 298 −17.32 − 497.8 ± 5.6 0.3 ± 0.5 17 623 
April 16 03:27:12 859.64389 39.659 290 −17.43 − 439.7 ± 5.5 − 0.3 ± 0.5 17 623 
April 17 03:47:30 860.65799 39.714 291 −17.37 − 308.7 ± 4.9 − 1.1 ± 0.5 17 620 
April 18 01:18:22 861.55442 39.762 293 −17.37 − 153.0 ± 4.4 − 1.1 ± 0.5 17 620 
April 20 02:31:18 863.60507 39.873 297 −17.44 256.6 ± 4.2 0.7 ± 0.9 17 620 
April 21 01:54:56 864.57981 39.926 296 −17.37 451.7 ± 4.6 − 0.6 ± 0.5 17 621 
April 23 02:21:19 866.59814 40.035 294 −17.31 694.7 ± 5.6 − 0.3 ± 0.5 17 618 
April 24 01:48:26 867.57530 40.088 297 −17.26 726.7 ± 5.6 − 0.1 ± 0.4 17 615 
2018 
April 14 00:00:38 222.50044 59.287 297 −17.47 4.3 ± 4.5 − 3.2 ± 3.0 17 623 
April 18 03:36:14 226.65016 59.511 285 −17.54 − 442.7 ± 6.5 4.7 ± 4.4 17 623 
April 19 03:46:04 227.65699 59.566 278 −17.54 − 471.5 ± 6.4 2.7 ± 3.7 17 621 
April 24 01:24:37 232.55876 59.831 289 −17.53 61.4 ± 4.7 2.9 ± 3.3 17 617 
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Table 1 – continued 

Date Time Mid-HJD Rot. SNR RV B l N l LSD lines 
( UT ) ( UT ) 2457000 + cycle Stokes I (km s −1 ) (G) (G) used 

April 24 23:55:42 233.49701 59.882 292 −17.53 203.4 ± 4.7 − 4.8 ± 3.6 17 618 
May 6 00:27:09 244.51885 60.478 295 −17.52 − 423.7 ± 5.7 11.2 ± 2.7 17 618 
May 11 00:29:12 249.52028 60.748 298 −17.57 − 198.5 ± 5.7 − 6.7 ± 2.5 17 623 
May 17 01:12:33 255.55038 61.075 289 −17.42 703.3 ± 6.2 0.5 ± 2.4 17 627 
June 14 23:45:34 284.48998 62.640 276 −17.59 − 462.4 ± 5.9 − 1.6 ± 1.9 17 631 
June 16 23:13:21 286.46760 62.747 289 −17.65 221.7 ± 5.0 1.2 ± 2.1 17 629 
June 17 23:34:11 287.48207 62.802 286 −17.65 − 32.8 ± 4.5 1.2 ± 2.1 17 629 
June 18 22:55:32 288.45523 62.855 278 −17.64 246.5 ± 6.1 − 2.3 ± 4.5 17 629 
June 19 21:26:50 289.39363 62.905 288 −17.62 343.9 ± 4.8 − 3.8 ± 2.4 17 629 
June 24 23:17:23 294.47041 63.180 296 −17.49 564.5 ± 5.6 0.9 ± 2.7 17 650 
June 25 22:35:44 295.44148 63.232 279 −17.49 413.7 ± 5.4 − 3.5 ± 3.4 17 652 
June 30 22:24:02 300.43336 63.502 226 −17.64 − 236.0 ± 70.0 − 80.3 ± 30.6 17 488 
July 9 22:42:15 309.44601 63.990 273 −17.52 571.9 ± 5.5 0.9 ± 1.8 17 637 
July 22 23:17:37 322.47057 64.694 271 −17.63 − 336.8 ± 6.0 2.5 ± 2.4 17 642 
July 23 20:58:50 323.37419 64.743 277 −17.62 − 182.9 ± 5.9 − 3.9 ± 3.3 17 641 
July 26 21:14:16 326.38491 64.906 277 −17.59 420.6 ± 5.5 − 3.6 ± 2.8 17 642 
July 28 21:03:31 328.37744 65.014 273 −17.55 670.0 ± 6.3 8.8 ± 2.4 17 642 

Table 2. Journal of observations for σ Boo in 2021. The table displays the date of the observation, number of LSD profiles combined in 
the mean profile, zero rotation cycle with respect to the first observation on 2021 May 18, Stokes I profile mean SNR, RV, longitudinal 
magnetic field ( B l ), null value ( N l ), and magnetic detection flag for the presence of a magnetic field in the mean LSD profiles, where D is a 
definite detection, M is marginal, and N is no detection calculated using the false alarm probability (FAP). HJD are the mean values of the 
nightly observations. Rotation cycle is displayed as the mean time of observation for each night. A journal of the individual observations 
is shown in the appendix. 

Date Mid-HJD No. LSD Rot. SNR RV B l N l Det. 
( UT ) 2459000 + profiles cycle Stokes I (km s −1 ) (G) (G) N, M, D 

May 18 352.82771 12 0.000 2468 0.29 ± 0.01 − 1.0 ± 0.2 − 0.1 ± 0.2 M 

May 19 353.80843 12 0.117 2515 0.34 ± 0.01 − 0.7 ± 0.1 0.1 ± 0.2 M 

May 20 354.82750 12 0.238 2528 0.34 ± 0.01 − 0.7 ± 0.2 − 0.4 ± 0.2 D 

May 21 355.77625 12 0.351 2171 0.32 ± 0.01 − 1.4 ± 0.6 − 1.0 ± 0.6 M 

May 22 356.74181 3 0.466 1048 0.37 ± 0.01 − 2.5 ± 1.0 − 0.6 ± 1.2 N 

May 24a 358.81633 6 0.713 1609 0.35 ± 0.01 − 1.1 ± 0.3 0.0 ± 0.3 N 

May 24b 358.94385 6 0.728 1640 0.35 ± 0.01 − 1.1 ± 0.4 0.1 ± 0.4 N 

May 25 359.81721 6 0.832 1607 0.35 ± 0.01 − 0.6 ± 0.2 − 0.4 ± 0.3 N 

May 26 360.92690 12 0.964 2353 0.30 ± 0.01 − 0.4 ± 0.2 0.1 ± 0.2 M 

May 27 361.77358 12 1.065 2425 0.36 ± 0.01 − 0.3 ± 0.1 − 0.2 ± 0.1 N 

May 28 362.77587 12 1.184 2369 0.32 ± 0.01 − 0.7 ± 0.2 − 0.4 ± 0.2 M 
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rofiles, marginal detection in five profiles, and no detection in five 
rofiles (Table 2 ). 

.2 Longitudinal magnetic field 

e determine the longitudinal magnetic field ( B l ) according to 
onati et al. ( 1997 ), 

 l = −2 . 14 × 10 11 

∫ 
v V ( v )d v 

λgc 
∫ 

[ I c − I ( v)]d v 
, (1) 

here B l is the longitudinal magnetic field in gauss, λ is the mean
avelength of all lines used to calculate the LSD profile in nm, g

s the mean value of the Land ́e factors of all lines used to construct
he LSD profile, c is the speed of light (in the same units as v),
nd I c is the continuum level of the intensity profile. B l is defined
s the line-of-sight component of the field, which is averaged over 
he visible stellar disc (Babcock 1947 ; Schwarzschild 1950 ), and 
ccording to Mathys ( 1989 ) and Donati et al. ( 1997 ) is measured
rom the first-order moment of the Stokes V LSD profile. As a first-
rder approximation B l is considered to be proportional to the shift in
avelength between left and right circularly polarized lines (Mathys 
995 ). 
Stars with a fossil magnetic field are expected to be stable o v er long

eriods of time and show smooth sinusoidal rotational modulation 
f B l that changes polarity o v er the rotation c ycle as the positive
nd ne gativ e magnetic poles become visible. In contrast, dynamo
agnetic fields are complex and dynamic and are not expected to

how rotational modulation of B l synchronized with the rotational 
 ycle o v er longer periods of time due to evolution of the magnetic
eld. 
We apply a generalized Lomb–Scargle periodogram (GLS; Zech- 
eister & K ̈urster 2009 ) to search for a period in the time-series of
 l measurements. We also calculate the FAP (Baluev 2008 ), which
uantifies the probability of the maximum peak being produced by 
 signal without a periodic component (VanderPlas 2018 ). A plot
f power versus frequency in Fig. 3 shows a peak with an FAP >

0 −9 corresponding to an excellent fit of the sine curve to the data.
his peak with maximum power corresponds to sine curve with a
eriod of 18.4748 d, which is consistent with the equatorial rotation
eriod of 18.5 d found by Preston ( 1967a ), 18.497 d (Steinitz 1967 ),
MNRAS 513, 4278–4294 (2022) 
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Figure 1. Comparison of two LSD profiles for β CrB at similar phases in 
different years. The LSD profile from 2015 April 24 at rotational phase 0.546 
is displayed with the upper red line showing the Stokes V profile ( y -axis 
expanded 4 × and shifted up by 0.2 to allow better visibility). The middle 
green-yello w line sho ws the null profile (expanded 100 × and shifted up by 
0.1). The lower blue line shows the Stokes I profile. The profile from 8 March 
2017 at rotational phase 0.542 is o v erplotted in black. The two plots show 

almost identical Stokes V profiles and a stable magnetic field o v er the 2 yr 
of observ ations, sho wing the well-kno wn observ ation that β CrB contains a 
fossil magnetic field. The zero rotation phase for both figures is aligned to 
our first observation of β CrB on 2015 April 13. 

Figure 2. Mean LSD profile for σ Boo on 2021 May 18. The upper line 
(red) shows the Stokes V profile ( y -axis expanded by 750 times and shifted 
up by 0.2 to allow better visibility). The middle line (green-yellow) shows 
the null profile (expanded by 750 times and shifted up by 0.1), which is used 
as a check for any spurious signals contaminating the spectra. The lower line 
(blue) shows the Stokes I profile. 
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8.4868 d (Kurtz 1989 ; Leroy 1995 ), and 18.4866 d (Bagnulo et al.

000 ). We compute the window function (VanderPlas 2018 ) that is a
heck for the presence of periods caused by observational biases in
he data. The window function is determined by applying a Lomb–
cargle periodogram to the data with the B l measurements set to 1.
he window function is shown in Fig. 3 and indicates there are no
atterns in the timing of observations. 
We determine 143 B l values for β CrB o v er a 4-yr period between

015 and 2018 (Table 1 ). A plot of the rotational modulation of
 l (Fig. 4 ) shows a sinusoidal curve that results from both positive
nd ne gativ e magnetic poles being visible o v er the rotation c ycle.
 l spans a range of values from + 751.6 ± 5.8 G at phase 0.08 to
528.8 ± 6.8 G at phase 0.57 that is consistent with the range found
NRAS 513, 4278–4294 (2022) 
y previous studies (Wade et al. 2000 ; Leone & Catanzaro 2001 ).
ig. 4 shows the rotational modulation B l for each epoch which
emains stable o v er the 4 yr of observations that is consistent with
he behaviour of a fossil field. 

We apply a GLS periodogram to the B l measurements of σ Boo
rom 2021 May 18 to 28 (Tables 2 and A1 ), and find a sine period of
.7 ± 1.0 d with an FAP of approximately 0.1 (Fig. 5 ). The window
unction is shown in Fig. 5 , and indicates there are no patterns in
he timing of observations. A plot of the rotational modulation of
1 mean nightly values of B l for σ Boo is shown in Fig. 6 , where
e o v erlay a sinusoidal curv e with a period that corresponds to an

stimated stellar rotation period of 8.4 ± 0.2 d determined from ZDI
2 minimization (Table 4 ). The plot of B l versus rotation phase shows
 possible rotational modulation of the magnetic field; ho we ver, the
arge error bars make the determination uncertain. 

 MAGNETI C  FIELD  M O D E L L I N G  

.1 Longitudinal field modelling 

he oblique rotator model (Babcock 1949 ; Stibbs 1950 ; Deutsch
958 , 1970 ; Pyper 1969 ; Falk & Wehlau 1974 ) is a useful first step
n modelling the longitudinal magnetic field of a hot star where the
eld is considered to be a simple dipole inclined to the rotation
xis. We derive the geometry and strength of the dipole fossil field
f β CrB using parameters: inclination of the rotational axis with
espect to the observer ( i ), obliquity of the dipole axis with respect
o the rotational axis ( β) counted from the positive rotational pole
owards the positive magnetic pole, and the polar strength of the
urface magnetic field ( B d ) calculated at the positive magnetic pole.
ollowing the oblique rotator model of Preston ( 1967b ): 

= a rcta n 

[(
1 − r 

1 + r 

)
− cot i 

]
, (2) 

here 

 = 

B l ( min ) 

B l ( max) 
= 

cos β cos i − sin β sin i 

cos β cos i + sin β sin i 
. (3) 

e calculate the polar field strength ( B d ) of following the relation
iven by Blaz ̀ere et al. ( 2020 ), 

 d = B max 

(
15 + u 

20(3 − u ) 
( cos β cos i + sin β sin i ) 

)−1 

(4) 

here we use the limb-darkening coefficient u = 0.57 from Gray
 2005 ), B l max = + 751.6 ± 5.8 G and B l min = −528.8 ± 6.8 G
alculated from fitting a sinusoidal curve to the data in Fig. 3 . The
alue for r = 0.70 ± 0.006 is calculated using equation ( 3 ). The
alue for i = 39 ± 4 deg is calculated from the mean epoch values
etermined from ZDI χ2 minimization, and β = 26 ± 4 deg from
he mean epoch values calculated using equation ( 2 ). We calculate
he polar field strength ( B d ) of β CrB = 2423 ± 51 G. The values
re presented in Table 3 . 

Schwarzschild ( 1950 ) showed the maximum value for a longitu-
inal magnetic field ( B l ) is 30 per cent of the dipolar field. Our B l 

ax value of + 751.6 ± 5.8 G is 31.0 per cent of our calculated B d of
423 ± 51 G, which is consistent with Schwarzschild’s prediction. 
Landstreet & Mathys ( 2000 ) and Bagnulo et al. ( 2002 ) suggest

he dipolar field obliquity ( β) is correlated with stellar rotational
eriod, where low- β geometries are more common in slow rotators.
andstreet & Mathys ( 2000 ) indicate that stars with rotation periods
f about one month have their magnetic and rotation axes aligned
ithin about 20 deg of each other, while faster rotating stars have

art/stac1173_f1.eps
art/stac1173_f2.eps
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Figure 3. Figure at left: GLS periodogram a time-series of B l measurements for β CrB spanning 1240 d from 2015 March 7 to 2018 July 28 (Table 1 ). The 
figure shows the power v ersus frequenc y and FAP, with the highest peaks marked with a red circle, and text describing the associated period and frequency. The 
FAP quantifies the probability of the maximum peak being produced by a signal without a periodic component. The blue dashed line is FAP 10 −9 level, which 
indicates an excellent detection for the period determination. The best sine period determined from the GLS periodogram is 18.4748 ± 0.005 d. The figure at 
top right shows the time spacing of the observations. Figure at bottom right shows the window function. 

Figure 4. The figure shows the rotational modulation of B l for β CrB from 

73 observations corresponding to magnetic maps from 2015 to 2018. The data 
from 2015 are shown as blue circle, 2016 red square, 2017 yellow triangle, 
and 2018 green diamond. The dashed red curve indicates a fitted sine curve 
to the data with a period period of 18.4868 d that corresponds to the rotation 
period used in ZDI analysis. The rotation phase φ corresponds to the measured 
maximum and minimum B l . The figure shows the magnetic field is stable o v er 
the 4 yr observation period. The zero day is the first date of B l measurement 
on 2018 January 23. 
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arger values of β. Since β CrB is a slow rotator with a period of
8.5 d (Section 3.2 ), we may expect that β will be larger 20 deg. We
etermine β values of 29 ± 3 deg, using equation ( 2 ) and 26 ± 4 deg
rom ZDI χ2 minimization Section 4.2 , which is consistent with the 
rend from Landstreet & Mathys ( 2000 ). 

.2 Zeeman Doppler imaging 

he surface magnetic fields of β CrB and σ Boo are reconstructed 
sing the inversion technique of ZDI (Semel 1989 ; Donati & Brown
997 ), using a spherical harmonics expansion of the surface magnetic 
eld (Donati et al. 2006b ). Reco v ery of reliable maps depends on
odelling Stokes I and V profiles and using a model local line profile.
DI involves an iterative procedure that begins with a zero magnetic 
eld, and parameters are adjusted to optimize the fit (parametrized 
y reduced χ2 ) of the model compared to observations. The local
ine profile is an approximation to the actual line profile (Piskunov &
ice 1993 ) and is the function used to calculate the line at one point
n the surface of the star. We modelled the local line profile using a
oigt profile (Table 4 ). 
We assume the model star is spherical and divided into approxi-
ately equal area surface elements with coordinates of colatitude and 

ongitude. Colatitude increases with distance from the north pole, and 
ongitude increases in the direction of rotation, with the coordinate 
ystem aligned with the stellar rotation axis. We use a stellar surface
ivided into a 4584 point grid, with 120 spatially resolved elements
round the equator, and 60 in colatitude similar to Folsom et al.
 2018 ). The minimum χ2 used in the ZDI code is determined by
unning the code with increasing values and finding the χ2 value 
here there is no increase in magnetic energy as used in Paper 2 .
sing this method, we adopt a χ2 of 4.0 for β CrB and 0.95 for σ
oo. 
For β CrB, the local line width used are Gaussian width 2.41 km

 

−1 , Lorentzian width 0.89 km s −1 , and limb darkening coefficient
.57. The wavelength 512.6 nm and ef fecti ve Land ́e factor 1.195
sed for computing Stokes V are the normalizing values for the LSD
rofile. For σ Boo, the local line width used are Gaussian width
.41 km s −1 , Lorentzian width 0.89 km s −1 , and limb darkening
oefficient 0.70. The wavelength 512.6 nm and effective Land ́e factor
.195 used for computing Stokes V are the normalizing values for
he LSD profile. The profiles for both stars are convolved with a
aussian instrumental profile of R = 65 000. 

.2.1 Modelling the LSD stokes profiles 

he Stokes V maximum entropy fit for β CrB is shown in Fig. 7 . The
lot shows a good fit between the observed and modelled profiles that
dds weight to the reliability of our magnetic map reconstruction. 
he Stokes V LSD profile for σ Boo (Fig. 2 ) is produced by co-
dding the nightly LSD profiles, which further increases the SNR of
he weak magnetic field. The Stok es V maximum entrop y fit for σ
oo is shown in Fig. 8 . The plot shows a moderate fit between the
bserved and modelled profiles. 
MNRAS 513, 4278–4294 (2022) 
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Figure 5. Figure at left: GLS periodogram a time-series of B l measurements for σ Boo spanning 11 d from 2021 May 18 to 28 (Table 2 ). The figure shows the 
power versus frequency and FAP, with the highest peak marked with a red circle, and text describing the associated period and frequency. The blue dashed line 
is FAP 10 −1 level. The best sine period determined from the GLS periodogram is 7.7 ± 1.0 d. The figure at top right shows the time spacing of the observations. 
Figure at bottom right shows the window function. 

Figure 6. Figure shows the rotational modulation of B l for σ Boo from 11 
observations in 2021 May from the mean LSD profiles from each night. The 
red dashed line indicates a fitted sine curve to the data with a period of 8.4 d 
corresponding to an estimated stellar rotation period determined from ZDI. 

4

T  

s  

a  

&  

p  

m  

m  

t  

p  

s
 

i  

3  

1  

m  

s  

o  

�  

r  

fi  

T
 

i  

T  

r  

u  

s  

b  

n  

fi  

t  

r  

n
 

q  

c  

f  

w  

u  

1  

v  

s  

f  

T  

2  

3  

h  

e
 

β  

h  

+  

a
C  

c
C  

v  

d  

i  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/3/4278/6575936 by C
N

R
S - ISTO

 user on 22 M
arch 2023
.2.2 β CrB magnetic maps 

he large-scale magnetic field topology for β CrB at six epochs are
hown in Fig. 9 . The stellar parameters used to reconstruct the map
re determined using a method of χ2 minimization (Petit, Donati
 Collier Cameron 2002 ) whereby we iteratively change individual

arameters and re-run ZDI analysis, to find the parameter with the
inimum χ2 when we fit a Gaussian curve to the χ2 values. The for-
al uncertainties in parameter estimation are determined by finding

he 1 σ uncertainty around Gaussian fit to the χ2 minimization. The
arameters determined by ZDI analysis of each magnetic map are
hown in Table 4 . 

We adopt the same stellar parameters for all β CrB maps displayed
n Table 4 that are mean v sin i = 9.4 km s −1 , mean inclination =
9 deg, and differential rotation d � = 0.0 rad d −1 . The mean and
 σ errors are derived from the mean values averaged over the six
aps. For P rot , we use the value of 18.4868 d from Kurtz ( 1989 )

ince this value is within the uncertainty of our ZDI determination
f 18.59 ± 0.07 d. The spherical harmonic expansion is limited to
 max = 20 since no further detail is obtained with higher degrees. The
otation phase of all maps is aligned to a common zero date, with the
NRAS 513, 4278–4294 (2022) 
rst observation date set to MJD = 2457126.47656 (2015 April 13).
he data sets comprise between 8 and 15 LSD profiles (Table 3 ). 
The large-scale magnetic features are similar on all maps and

ndicate that the field is stable o v er the 39 month observation period.
his is consistent with the fossil field nature of β CrB where the field

emains frozen into the stellar atmosphere and is expected to remain
nchanged o v er a long period of time. The radial magnetic field
hows a large area of ne gativ e polarity in the mid-northern latitudes
etween phases 0.2–0.6 and a region of positive magnetic field in the
orthern latitudes between phases 0.8–1.0. The azimuthal magnetic
eld shows a region of ne gativ e polarity that approximately matches

he position of ne gativ e radial field between 0.2–0.6, and a small
egion of positive field with strengths of about 1000–2000 G at the
orth pole. 
The complexity of the surface magnetic field for β CrB is

uantified by calculating the fractional strength of the magnetic field
omponents that are displayed in Table 5 . The calculated percentages
rom the Stokes V maps are the average squared magnetic field 〈 B 

2 〉 ,
hich is proportional to the magnetic energy (Reiners 2012 ). The
ncertainties are derived by varying the stellar parameters o v er the
 σ errors for each individual parameter, and taking the extreme
alues of the results as the variation. The dominant term in the
pherical harmonics expansion is the dipole ( � = 1), which ranges
rom 50 + 5 

−0 to 61 + 0 
−9 per cent o v er the six epochs from 2015 to 2018.

he second largest spherical harmonics term is the quadrupole ( � =
) with 18 + 2 

−1 to 21 + 0 
−4 per cent of magnetic energy. The octupole ( � =

) contains between 5 + 1 
−0 and 7 + 0 

−2 per cent of magnetic energy. The
igher multipoles ( � > 3) contain a significant fraction of magnetic
nergy with 12 + 13 

−0 to 27 + 0 
−5 per cent of magnetic energy. 

The maximum magnetic field strength of our magnetic map of
CrB, B max = 4106 G for the 2017 April 7–24 map, which also

as the highest B mean = 1192 G. In contrast, the maximum B l is only
 728.5 G. This large difference between B max and B l values indicates
 significant transverse magnetic field component may be present in β
rB, resulting in magnetic flux cancellation. This flux cancellation is
onsistent with a complex magnetic field structure on the surface of β
rB. The magnetic field configuration is predominately poloidal with
alues ranging from 73 to 90 per cent (Table 5 ). The uncertainties are
eri ved by v arying the stellar parameters o v er the 1 σ errors for each
ndividual parameter, and taking the extreme values of the results as

art/stac1173_f5.eps
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Table 3. Stellar parameters for β CrB between 2015 and 2018, and σ Boo in 2021 determined from our ZDI analysis. For β CrB, polar field strength 
( B d ) and obliquity angle ( β) are calculated from a dipole model of the star ( � max = 1). βORM 

is calculated from the oblique rotator model using 
equation ( 2 ). βZDI is calculated using ZDI. B d is calculated from equation ( 4 ) using β from equation ( 2 ) and inclination from ZDI χ2 minimization. 
Maximum dipolar field strength from ZDI output. For σ Boo, the 11 mean LSD profiles constructed from 105 individual profiles. 

Epoch Obs. No. Incl. v sin i Eq rot Obliquity Obliquity Polar Dipolar 
( UT ) rot LSD period angle βORM 

angle βZDI field str. max 
cycles profiles (deg) (km s −1 ) (d) (deg) (deg) B d (G) (G) 

β CrB 

13 Apr–30 May 2015 2.5 13 35 ± 2 9.2 ± 0.2 18.475 ± 0.102 32 ± 2 32 2364 1389 + 52 
−30 

6–24 Aug 2016 1.0 11 35 ± 2 9.8 ± 0.2 18.450 ± 0.020 32 ± 2 22 2364 1469 + 0 −110 

2 Mar–4 Apr 2017 0.9 15 42 ± 2 9.1 ± 0.3 18.465 ± 0.020 26 ± 2 21 2481 1406 + 35 
−47 

7–24 Apr 2017 0.9 14 35 ± 2 9.2 ± 0.2 18.410 ± 0.021 32 ± 2 25 2401 1533 + 0 −173 

14 Apr–16 May 2018 1.8 8 46 ± 2 9.6 ± 0.2 18.625 ± 0.022 23 ± 2 28 2489 1281 + 160 
−0 

14 Jun–28 Jul 2018 2.4 13 39 ± 2 9.4 ± 0.2 18.525 ± 0.022 28 ± 2 25 2440 1339 + 102 
−0 

Mean – – 39 ± 4 9.4 ± 0.2 18.592 ± 0.069 29 ± 3 26 ± 4 2423 ± 51 1403 ± 82 
σ Boo 
18–28 May 2021 1.2 11 15 ± 3 3.8 ± 0.3 8.4 ± 0.2 – 20 – 0.8 

Table 4. Parameters used to produce the maximum-entropy image recon- 
structions for β CrB and σ Boo. β CrB P rot from Kurtz ( 1989 ). 

Parameter β CrB σ Boo 

ZDI parameters 
Inclination (deg) 39 ± 4 15 ± 3 
v sin i (km s −1 ) 9.4 ± 0.2 3.8 ± 0.3 
P rot (this work) (d) 18.50 ± 0.07 8.4 ± 0.2 
P rot (literature) (d) 18.4868 –
d � (rad d −1 ) 0.0 0.0 
χ2 4.0 0.95 
degree � max 20 8 
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he variation. The parameter ranges used for β CrB are: inclination ±
 deg, v sin i ± 0.2 km s −1 , and P rot ± 0.07 d. The Stokes V LSD fits to
he observations are shown in Fig. 7 that indicates an excellent match
etween the observed Zeeman signatures and modelled line profiles, 
hich adds further evidence of the reliability of our reconstructed 
agnetic maps. 

.2.3 σ Boo magnetic map 

he large-scale magnetic field topology for σ Boo in 2021 May is
hown in Fig. 10 . The stellar parameters used to reconstruct the maps
re determined using a method of χ2 minimization as described in 
ection 4.2.2 are v sin i = 3.8 km s −1 , inclination = 15 deg, rotation
eriod = 8.4 d, and d � = 0.0 rad d −1 . The spherical harmonic
xpansion is limited to � max = 8 since no further details are observed
n the maps with higher degrees. The large-scale magnetic field shows 
 simple topology, which may partly be due to a low v sin i of
.8 ± 0.3 km s −1 where the resolution is affected by the number of
esolution elements (Morin et al. 2010 ). 

The radial field of σ Boo shows a large region of negative polarity
n the Northern hemisphere, with a maximum strength of 1.5 G at
otation phase 0.2–0.4. The positive magnetic pole is not visible on 
he map since it is located near the south polar region in an area
hat is tilted away from the observer. The azimuthal magnetic field 
hows mostly weak positive polarity ( < 0.5 G) that covers most of the
urface except of a weak ne gativ e patch in the Northern hemisphere
etween phases 0.5–0.8. The meridional magnetic field shows mostly 
eak ne gativ e polarity ( > −0.5 G) that co v ers most of the surface
xcept of a positive patch at the north pole, and a ne gativ e area of
pproximately −1.0 G in the Northern hemisphere between phases 
.7–1.0. 
The simplicity of the surface magnetic field of σ Boo is further

ndicated by the fractional strength of the magnetic field components 
hat are displayed in Table 5 . The dominant term in the spherical
armonics expansion is the dipole ( � = 1) which contains 84 ± 1 per
ent of the magnetic energy. The second largest spherical harmonics 
erm is the quadrupole ( � = 2) with 14 ± 1 per cent of the magnetic
nergy. The octupole ( � = 3) contains between 2 + 0 

−0 per cent of
agnetic energy, while the higher order multipoles ( � > 3) contain
 

+ 1 
−2 per cent of magnetic energy. The uncertainties are derived by
arying the stellar parameters o v er the 1 σ errors for each individual
arameter and taking the extreme values of the results as the variation.
he parameter ranges used for σ Boo are: inclination ±3 deg, v sin
 ± 0.3 km s −1 , P rot ± 0.2 d. 

The maximum magnetic field strength of our magnetic map of 
Boo, | B max | = 1.5 G that is consistent with the expected weak

agnetic fields for F-type stars (Marsden et al. 2014 ) and Paper 1 .
he magnetic field for σ Boo is mainly poloidal which is consistent
ith the finding of Petit et al. ( 2008 ) who found that stars with P rot 

 12 d are more likely to have increasing proportion of magnetic
nergy in the poloidal field. The simple magnetic topology of σ Boo
s similar to the slow rotating ( v sin i = 6.1 km s −1 ) F9V star β Vir
 Paper 2 ) that also has a mainly poloidal field with a weak magnetic
eld ( B max = 1.6 G). 

.3 Differ ential r otation 

n understanding of differential rotation (d �) in hot stars, and
he conditions of the atmosphere are incomplete; ho we ver, there
s evidence from Kepler photometric data that rotational shear is 
resent in about 60 per cent of A-type stars, compared to 75 per cent
f F-stars, and 95 per cent of G-stars (Balona & Abedigamba 2016 ).
e do not find evidence of d � in β CrB using the method of χ2 

inimization as described in Section 4.2.2 . The lack of detected d �
s consistent with the suggestion that hot stars with strong magnetic
elds maintain uniform rotation along field lines (Mathis & Zahn 
005 ; Zahn 2010 ). The presence of d � in hot stars is also strongly
MNRAS 513, 4278–4294 (2022) 
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M

Figure 7. Stokes V fit for β CrB corresponding to 2015–2108 magnetic maps. The black lines represent the observed Zeeman signatures, while the red lines 
represent the modelled line profiles. The 1 σ error bars are very small and are shown on the left. The line profiles are arranged vertically by rotation cycle and 
separated to allow better visibility. The rotation cycle is shown on the right of each profile. 
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Figure 8. Stokes V fit for σ Boo corresponding to the 2021 magnetic maps. 
The description is the same as Fig. 7 . 
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orrelated with rotation rate (Balona & Abedigamba 2016 ), and with 
CrB being a slow rotator ( v sin i = 9.4 km s −1 ), we may therefore

xpect small or no detectable d �. 
The presence of d � is a common feature of solar-type stars (Hall

972 ; Gilman 1980 ; R ̈udiger 1989 ) and is one of the ingredients
n the operation of a solar-type dynamo (Parker 1955 ; Steenbeck &
rause 1969 ; Gilman 1980 ). We determine the amplitude of d � by

pplying a solar-type differential rotation law as described in Donati 
t al. ( 2000 ) where equatorial re gions hav e larger angular velocity
han polar regions: 

( l) = �eq − d � sin 2 l, (5) 

here l denotes the latitude, �eq is the rotation rate at the equator, and
 � is the rotational shear between the equator and the pole expressed
n rad d −1 . The presence of d � in F-type stars was initially questioned
y Gray ( 1982 ) who failed to find evidence of it in seven stars from
2-F8 using a Fourier transform of the line profiles. Ho we ver, using
 Fourier transform method, Reiners & Schmitt ( 2003a ) detected d �
as present in F-type stars. Further research has shown that strong
 � may be present in F-type stars compared to cooler stars (Reiners
 Schmitt 2003b ; Barnes et al. 2005 ). 
We do not find evidence of d � in σ Boo using the method of

2 minimization as described in Section 4.2.2 . Reiners & Schmitt 
 2003a ) found large d � values in comparably slowly rotating stars,
herefore we may hav e e xpected σ Boo with a v sin i = 3.8 km
 

−1 to have a high d �. Higher rates of d � are also expected to
e present in earlier spectral types (Barnes et al. 2005 ). There are
everal possible reasons we did not find differential rotation in σ Boo.
irst, the magnetic field in σ Boo may have been too weak to allow
agnetic features to be tracked on the surface of the star. A second

eason is that rigid rotation may exist for σ Boo, therefore no d � was
resent in the star. A third reason for the lack of detection of d � may
e due to a change in atmospheric conditions in early F-type stars
hereby d � is inhibited near the transition to A-type stars (Walter
983 ; Ammler -v on Eiff & Reiners 2012 ). A fourth reason may be
ue to the presence of a varying differential rotation rate caused by
 variable stellar dynamo (Marsden, Carter & Donati 2005 ), and σ
oo may have been observed during a period of low d �. The most

ikely reason for the non-detection of d � is the low amplitude of the
tokes V signal relative to the noise, and observations spanning only
.2 rotation cycles. 

 C H RO M O S P H E R I C  AC TI VI TY  I N D I C ATO R  

he S -index introduced by Vaughan, Preston & Wilson ( 1978 ) is an
ndirect measure of stellar magnetic activity in cool stars. It measures
he flux in 20 Å wide triangular profiles centred on two resonance
ines at 393.3682 nm (K-line) and 396.8492 nm (H-line) compared 
o the flux in two bands in the continuum on the red and blue side
f the H&K line. The onset of chromospheric emission appears 
bruptly in solar-type stars (Hall 2008 ), and has been detected in
he hot star Altair, A7 IV-V (Ferrero et al. 1995 ). Observations
sing the Far Ultraviolet Spectroscopic Explorer have suggested 
hat chromospheres appear in stars as hot as 8250 K (Simon et al.
002 ); ho we ver, the chromospheric emission is only a few per cent
f the solar value. We do not determine S -index for β CrB since the
easurement is not used in hot stars due to the absence of significant

hromospheres (Hall 2008 ). 
We determine the S -index for σ Boo using the method of Vaughan

t al. ( 1978 ) and coefficients for the ESPaDOnS spectropolarimeter
aken from Marsden et al. ( 2014 ). The S -index values for σ Boo
re shown in table 6. We plot the rotational modulation of the mean
ightly S -index of σ Boo in Fig. 11 . The mean nightly S -index
 alues v ary from 0.248 ± 0.010 to 0.262 ± 0.005 and possibly
how small variations in strength o v er the 11 d observation period.
he figure indicates there is no periodic rotational modulation 
f the S -index. We confirm the lack of sinusoidal fit to the S -
ndex data by applying a GLS periodogram to the mean S -index
alues and noted an absence of a detectable period to the 0.1
AP level (see Fig. A1 ). Chromospheric emission dominates the 
ux measured in the S -index of K-type stars. Ho we ver, Wolf f,
easley & Varsik ( 1985 ) suggest in active early F-type stars it is
 minor contributor to the S -index. Variability in chromospheric 
mission may be difficult to detect in F-stars due to possible
eakness of chromospheric emission and low contrast relative to 

he photospheric flux (Baliunas et al. 1995 ; Knutson, Howard &
saacson 2010 ). 
MNRAS 513, 4278–4294 (2022) 
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M

Figure 9. Magnetic maps for β CrB at six epochs from 2015–2018 displayed using a Mollweide projection. The magnetic field strength in gauss is indicated in 
colour bars below the maps. The radial, azimuthal, and meridional components of the reconstructed large-scale magnetic field are plotted from top to bottom. 
Tick marks at bottom of map indicate observational phases used in magnetic map reconstruction. The rotation phases for all maps are aligned to the same zero 
date of MJD = 2457126.47656 (2015 April 13). The map displays the visible surface of the star to −39 deg latitude. 
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 DISCUSSION  

.1 β CrB 

e have reconstructed for the first time surface magnetic maps for
CrB using ZDI. Our analysis of β CrB provides a rotational

odulation of B l that is consistent with previous studies. We find
hat the magnetic field is stable o v er the 4 yr observation period after
aking into account the rotation of the magnetic field as a result of
he different alignment in rotation and magnetic axes. 

Using the simple oblique rotator model for β CrB, we find that our
 l max calculation of + 751.6 ± 5.8 G is 31.0 per cent of B d value of
423 ± 51 G, which is consistent with Schwarzschild’s prediction
hat B l should be about a third of the B d value. Looking into the

agnetic field in more detail beyond a simple dipole model, we find
 range of maximum strengths of the magnetic field for the maps
etermined by ZDI from 2660 to 4106 G, which are larger than the B l 
NRAS 513, 4278–4294 (2022) 

o  
alues of 902–1120 G. This may be due to some cancellation effects
f the B l where regions of opposite polarity cancel out, while less
ancellation effects may occur in ZDI maps (Lehmann et al. 2019 ).
 higher proportion of the magnetic energy is contained in higher
ultipoles, which is shown in our ZDI analysis that indicates for

he six magnetic maps only 54–61 per cent of the magnetic energy is
ontained in the dipolar magnetic field, while a significant proportion
f the energy is contained in the quadrupolar (18–20 per cent) and
ctupolar (5–8 per cent) components, and higher multipoles ( � >
) account for 12–27 per cent of magnetic energy. This complex
agnetic field for β CrB is also displayed in the magnetic maps that

how details beyond a simple dipole. There are areas of positive and
e gativ e magnetic regions that are more commonly seen in dynamo
elds. 
Using arguments from Donati et al. ( 2006b ), there are several

easons we conclude the complex magnetic field of β CrB is fossil in
rigin and not a dynamo field. First, β CrB is a relati ve slo w rotator

art/stac1173_f9.eps
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Table 5. Fraction of the large-scale magnetic energy reconstructed in the toroidal and poloidal field components; the fraction of the poloidal field in 
the dipolar ( � = 1), quadrupolar ( � = 2), and octupolar ( � = 3) components; and the fraction of the energy stored in the axisymmetric component ( m = 

0) for β CrB and σ Boo. The uncertainties are derived by varying the stellar parameters o v er the 1 σ errors for each individual parameter, and taking 
the extreme values of the results as the variation. 

Epoch B mean B max Poloidal Toroidal Dipolar Quad. Oct. ( � > 3) Axisym. Poloidal Toroidal 

( UT ) (G) (G) (per cent tot) 
(per cent 

tot) 
(per cent 

pol) 
(per cent 

pol) 
(per cent 

pol) 
(per cent 

pol) 
(per cent 

tot) 
(per cent 

axi) 
(per cent 

axi) 

β CrB 

13 Apr–30 May 2015 970 + 44 
−24 3462 + 147 

−87 88 + 1 −1 12 + 1 −1 54 + 2 −2 18 + 2 −1 5 + 1 −0 23 + 2 −2 9 + 2 −2 10 + 2 −2 3 + 0 −0 

6–24 Aug 2016 1050 + 0 −104 3624 + 0 −249 89 + 0 −2 11 + 2 −0 57 + 0 −5 19 + 0 −2 7 + 0 −2 17 + 7 −0 23 + 0 −14 23 + 0 −15 20 + 0 −17 

2 Mar–4 Apr 2017 1113 + 0 −167 3666 + 0 −179 73 + 16 
−0 27 + 0 −16 55 + 0 −3 20 + 0 −3 7 + 0 −2 18 + 7 −0 19 + 0 −12 17 + 0 −9 26 + 0 −23 

7–24 Apr 2017 1192 + 0 −246 4106 + 0 −731 85 + 4 −0 15 + 0 −4 50 + 5 −0 18 + 3 −1 5 + 1 −0 27 + 0 −5 13 + 0 −6 14 + 0 −6 11 + 0 −7 

14 Apr–16 May 2018 902 + 112 
−0 2660 + 949 

−0 90 + 0 −3 10 + 3 −0 54 + 1 −2 20 + 0 −3 8 + 0 −3 18 + 7 −0 7 + 4 −0 7 + 5 −0 7 + 0 −4 

14 Jun–28 Jul 2018 905 + 109 
−0 2906 + 703 

−0 87 + 2 −0 12 + 0 −2 61 + 0 −9 21 + 0 −4 6 + 0 −1 12 + 13 
−0 21 + 0 −14 20 + 0 −12 30 + 0 −27 

σ Boo 
18–27 May 2021 0.5 + 0 . 0 −0 . 0 1.5 + 0 . 0 −0 . 0 95 + 1 −2 5 + 2 −1 84 + 1 −1 14 + 1 −1 2 + 0 −0 2 + 1 −2 88 + 2 −2 92 + 2 −2 10 + 5 −4 

Figure 10. Magnetic map for σ Boo in 2021 reconstructed from mean LSD 

profiles. Description is the same as Fig. 9 . Zero phase for the map is set to 
the first date of observations HJD = 2459352.82771. The map displays the 
visible surface of the star to −15 deg latitude. 
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Figure 11. Rotational modulation of 11 mean nightly S -index values for σ
Boo in 2021 May. The two closely spaced values at rotational phases 0.72 and 
0.73 are observation on the same night separated by 2 h. The figure shows 
a small variation in S -inde x o v er time, but no variation due to rotational 
modulation. 
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 v sin i = 9.4 ± 0.2 km s −1 ) and dynamo-generated magnetic fields
re expected to scale with rotation rate (Noyes et al. 1984 ). The v sin
 is not fast enough to produce a large dynamo magnetic field of the
rder of several kG in strength. Secondly, we consider the possibility
hat the field is created by a conv ectiv e core dynamo (Charbonneau &

acGregor 2001 ; Brun, Browning & Toomre 2005 ) that has reached
he surface. According to Spruit–Taylor dynamo processes (Spruit 
999 , 2002 ), a core dynamo would only be expected to reach surface
trengths of a few gauss in a star rotating as slowly as β CrB. Thirdly,
he large-scale magnetic field is stable o v er at least 3 yr, which
ontrasts with dynamo fields that are expected to evolve over time. 
In order to maintain their stability, stellar fossil fields are thought
o contain mixed poloidal and toroidal topology of comparable 
trength in their interior (Prendergast 1956 ; Tayler 1973 ; Wright
973 ; Braithwaite & Spruit 2004 ; Braithwaite & Nordlund 2006 ).
o we ver, at the surface, they are expected to be mainly poloidal

Braithwaite 2009 ). We find that the surface magnetic field of β
rB is mainly poloidal (approximately 85 per cent) with 15 per
ent being toroidal. This agrees with the expectation for a hot star
ossil field. We also find that the magnetic field geometry of β CrB
s not represented by a simple dipole as described by the oblique
otator model, but is more complex as suggested by Preston ( 1969 ),
 olff & W olff ( 1970 ), Mathys & Hubrig ( 1997 ), and Bagnulo et al. 

 2000 ). 
Complex fossil fields are rare, but have been found in several stars

reviously. τ Sco (B0.2 V) was found by Donati et al. ( 2006b ) to
ontain an unusually complex surface magnetic field for a massive 
tar that differed significantly from a simple dipole. The magnetic 
eld contained a moderate toroidal component, which is unusual for 
 fossil field. The B l varied o v er the rotation c ycle from a minimum
f −51.9 ± 5.3 G to a maximum of 87.8 ± 4.2 G. HD 37776
B2IV) was found to show a complex, non-axisymmetric magnetic 
MNRAS 513, 4278–4294 (2022) 
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eld that differed from a simple dipole (Kochukhov et al. 2011 ). A
uadrupolar component dominated the magnetic field geometry with
igher multipoles present up to � = 6. The magnetic field intensity
aried o v er the surface from ≈5 to ≈30 kG. The authors found that
here were similar poloidal and toroidal components to the field,
hich was an unexpected result for a hot star that is not expected to

ontain such a high toroidal component. 
The δ Scuti star HD 41641 (A5III) was found to contain a complex

ossil field (Thomson-Paressant et al. 2021 ) B l that varied from
178 ± 112 to 182 ± 273 G, and a simple dipole or dipole +

uadrupolar configuration did not fit the data. Our finding of a
elativ ely comple x surface magnetic field for β CrB is at odds with
he fossil field hypothesis where a complex magnetic field topology
as previously been considered to be produced mostly by dynamo
elds. Our results for β CrB are consistent with the presence of
 complex fossil field and may add to the evidence that complex
ossil fields may be more common than previously thought. Another
Scuti star β Cas (F2III) has recently been shown to be magnetic

Zwintz et al. 2020 ); ho we v er, this time the comple x magnetic field
as considered to be produced by a dynamo. β Cas is therefore an

nteresting star for the study of magnetic fields in stars with shallow
uter convection zones close to the transition between fossil and
ynamo magnetic fields. 

.2 σ Boo 

e have reconstructed surface magnetic maps for σ Boo at one epoch
n 2021 May using ZDI. The surface magnetic topology is simple in
tructure, axisymmetric, poloidal (95 per cent), and is dominated by
he dipole component (84 per cent) of magnetic energy. Less than
 per cent of magnetic energy is contained in the higher ( � > 2)
ultipoles. The simple magnetic field for σ Boo is similar to the late
-star β Vir F9V ( Paper 2 ) and is more like the dipolar fields seen in
ot stars. Complex surface topology does not appear to be a common
eature of F-star dynamo magnetic fields, and may possibly be due to
he shallow outer convection zones, which do not allow for complex
wisting of the flux tubes on their rise to the surface. 

σ Boo shows a variation of S -index over time, which is not due to
otational modulation. This is possibly due to magnetic areas on the
urface of the star varying o v er time which may indicate a dynamo
agnetic field. Ho we ver, we are not able to definitely say whether

he magnetic field of σ Boo is a dynamo field or weak fossil from
 single epoch magnetic map. One or more additional epochs are
equired to characterize the field of σ Boo, and evolution of the
arge-scale magnetic field will indicate a dynamo field, while an
nchanging field o v er an additional epoch will indicate that a weak
ossil field in present. 

The spectral type where the transition from fossil to dynamo
agnetic fields occurs has not been determined; ho we v er, P aper 1

rovided some evidence that it may occur as early as spectral type F3.
his identifies σ Boo as an important star for magnetic studies. There

s some indirect evidence that the F2IV star HD164615 may contain
pots (Abt, Bollinger & Burke 1983 ; Zerbi et al. 1997 ), and therefore
ay be generated by a dynamo; ho we ver, this was questioned by
atzes ( 1998 ) who concluded that the most likely explanation was
on-radial pulsations. 
Searching for dynamo magnetic field in stars earlier than F3

ill help identify the transition between fossil and dynamo fields.
bserving σ Boo at additional epochs will help firmly establish

he nature of its magnetic field. Our mapping of a complex fossil
eld in β CrB and a simple dynamo field in σ Boo adds evidence

hat magnetic field complexity alone cannot be used to differentiate
NRAS 513, 4278–4294 (2022) 
etween fossil and dynamo fields. We need to look at a combination
f factors in stars to fully categorize the type of surface magnetic
eld present. This includes B l modelling, magnetic mapping, and
hromospheric emission analysis. 

 C O N C L U S I O N S  

sing ZDI, we reconstructed surface magnetic maps for β CrB
A9SrEuCr), a hot star with a fossil magnetic field, and σ Boo,
n F3V star with either a dynamo field or a weak fossil field.
he surface magnetic field of β CrB shows a relatively complex

opology that is not commonly seen in hot stars with a fossil field.
his adds further evidence that complex fossil fields might be more
ommon than previously recognized. We also reconstruct surface
agnetic maps for σ Boo and find that it has a relatively simple

urface magnetic field topology. Future studies to search for dynamo
agnetic fields in stars earlier than F3 will be valuable in order to

earn more about the transition between fossil and dynamo magnetic 
elds. 
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Table A1. Journal of observations for σ Boo in 2021 for the individual spectra. The columns are the same as Table 2 . 

Date Time Mid-HJD Rot. SNR RV B l N l S -index LSD lines 
( UT ) ( UT ) 2459000 + cycle Stokes I (km s −1 ) (G) (G) used 

May 18 06:46:45 352.78642 0.0000 714 0.29 − 1.5 ± 1.5 − 0.9 ± 1.5 0.257 17 654 
May 18 06:57:27 352.79386 0.0009 715 0.29 − 0.4 ± 0.5 0.0 ± 0.5 0.256 17 654 
May 18 07:08:10 352.80130 0.0018 714 0.30 − 3.0 ± 1.5 − 0.7 ± 1.5 0.253 17 654 
May 18 07:18:53 352.80874 0.0027 717 0.29 − 0.6 ± 0.5 0.1 ± 0.5 0.262 17 654 
May 18 07:29:36 352.81619 0.0035 717 0.28 − 2.4 ± 1.4 − 1.6 ± 1.4 0.256 17 654 
May 18 07:40:20 352.82360 0.0044 714 0.29 − 1.4 ± 0.5 0.4 ± 0.5 0.258 17 654 
May 18 07:52:04 352.83179 0.0054 696 0.29 − 3.5 ± 1.5 1.4 ± 1.5 0.247 17 654 
May 18 08:02:47 352.83923 0.0063 713 0.31 − 3.8 ± 1.2 − 0.3 ± 1.2 0.262 17 654 
May 18 08:13:30 352.84667 0.0072 711 0.30 − 1.2 ± 0.8 0.5 ± 0.8 0.262 17 654 
May 18 08:24:13 352.85411 0.0081 715 0.30 − 1.5 ± 0.6 0.0 ± 0.6 0.251 17 654 
May 18 08:34:56 352.86155 0.0089 715 0.30 − 1.2 ± 0.5 0.4 ± 0.6 0.255 17 654 
May 18 08:45:39 352.86900 0.0098 711 0.30 − 1.3 ± 0.8 1.2 ± 0.8 0.260 17 654 
May 19 06:18:56 353.76710 0.1167 719 0.32 − 3.1 ± 1.4 0.3 ± 1.4 0.251 17 653 
May 19 06:29:40 353.77455 0.1176 723 0.32 − 2.2 ± 0.6 0.3 ± 0.6 0.263 17 652 
May 19 06:40:24 353.78200 0.1185 722 0.32 − 1.6 ± 0.5 0.8 ± 0.5 0.258 17 652 
May 19 06:51:08 353.78946 0.1194 726 0.33 − 1.0 ± 0.8 − 0.6 ± 0.8 0.255 17 652 
May 19 07:01:52 353.79691 0.1203 731 0.33 − 1.6 ± 0.5 0.4 ± 0.5 0.259 17 652 
May 19 07:12:37 353.80437 0.1212 731 0.34 0.7 ± 0.7 − 0.5 ± 0.7 0.253 17 653 
May 19 07:24:12 353.81242 0.1221 731 0.34 0.6 ± 0.5 0.6 ± 0.5 0.255 17 652 
May 19 07:35:00 353.81992 0.1230 731 0.33 − 0.6 ± 0.5 0.1 ± 0.5 0.261 17 652 
May 19 07:45:47 353.82741 0.1240 733 0.34 1.3 ± 1.0 0.4 ± 1.0 0.254 17 652 
May 19 07:56:31 353.83487 0.1248 729 0.34 − 2.5 ± 1.3 0.5 ± 1.3 0.257 17 652 
May 19 08:07:15 353.84232 0.1257 728 0.36 − 0.8 ± 1.5 0.0 ± 0.5 0.261 17 652 
May 19 08:18:04 353.84982 0.1266 711 0.36 − 1.1 ± 0.5 0.1 ± 0.5 0.218 17 652 
May 20 06:46:28 354.78620 0.2381 731 0.35 − 1.5 ± 0.9 0.0 ± 0.9 0.256 17 653 
May 20 06:57:13 354.79367 0.2390 724 0.35 − 0.5 ± 0.6 0.5 ± 0.6 0.256 17 653 
May 20 07:07:57 354.80112 0.2398 726 0.34 2.4 ± 1.6 − 1.4 ± 1.6 0.257 17 652 
May 20 07:18:43 354.80860 0.2407 724 0.34 − 1.4 ± 1.0 0.5 ± 1.0 0.258 17 652 
May 20 07:29:26 354.81604 0.2416 727 0.35 − 1.1 ± 0.7 0.0 ± 0.7 0.257 17 653 
May 20 07:40:12 354.82350 0.2425 732 0.34 − 0.5 ± 0.5 − 0.1 ± 0.5 0.258 17 653 
May 20 07:51:43 354.83152 0.2435 728 0.35 − 1.5 ± 0.6 − 0.2 ± 0.6 0.259 17 653 
May 20 08:02:27 354.83897 0.2444 722 0.34 − 1.1 ± 0.6 − 1.1 ± 0.6 0.257 17 652 
May 20 08:13:10 354.84641 0.2452 730 0.33 − 0.9 ± 0.7 0.0 ± 0.7 0.258 17 652 
May 20 08:23:54 354.85386 0.2461 741 0.34 − 1.2 ± 0.5 − 0.1 ± 0.5 0.261 17 652 
May 20 08:34:40 354.86134 0.2470 736 0.33 − 0.9 ± 0.6 − 1.3 ± 0.6 0.259 17 652 
May 20 08:45:23 354.86878 0.2479 737 0.33 − 2.1 ± 0.6 − 0.8 ± 0.6 0.259 17 651 
May 21 05:30:14 355.73325 0.3508 657 0.31 − 3.0 ± 1.5 0.8 ± 1.5 0.249 17 651 
May 21 05:41:00 355.74073 0.3517 655 0.31 − 2.0 ± 0.8 − 0.3 ± 0.8 0.249 17 651 
May 21 05:51:44 355.74817 0.3526 658 0.31 − 0.4 ± 0.6 − 0.1 ± 0.6 0.254 17 651 
May 21 06:02:27 355.75562 0.3535 653 0.30 − 2.7 ± 1.6 − 1.9 ± 1.6 0.255 17 652 
May 21 06:13:10 355.76306 0.3544 646 0.31 2.2 ± 1.5 − 1.6 ± 1.5 0.253 17 652 
May 21 06:23:53 355.77051 0.3552 643 0.32 − 2.8 ± 1.2 0.1 ± 1.2 0.256 17 652 
May 21 06:35:59 355.77890 0.3562 576 0.33 − 4.3 ± 2.6 0.1 ± 2.6 0.258 17 652 
May 21 06:52:02 355.79005 0.3576 582 0.32 − 3.6 ± 1.7 2.3 ± 1.7 0.255 17 652 
May 21 07:02:45 355.79749 0.3585 608 0.32 − 2.5 ± 0.9 0.9 ± 0.9 0.258 17 652 
May 21 07:13:29 355.80494 0.3593 613 0.31 − 1.5 ± 1.6 − 0.5 ± 1.6 0.256 17 651 
May 21 07:24:12 355.81239 0.3602 612 0.33 − 4.5 ± 1.8 − 0.9 ± 1.9 0.256 17 651 
May 21 07:34:55 355.81983 0.3611 610 0.33 − 3.6 ± 3.3 − 3.4 ± 3.3 0.253 17 652 
May 22 05:31:52 356.73437 0.4700 610 0.38 − 3.3 ± 2.2 − 2.4 ± 2.3 0.255 17 652 
May 22 05:42:36 356.74181 0.4709 622 0.36 − 3.4 ± 1.8 0.9 ± 1.8 0.235 17 652 
May 22 05:53:19 356.74926 0.4718 583 0.37 − 2.2 ± 1.3 1.8 ± 1.3 0.256 17 652 
May 24 07:03:08 358.79770 0.7156 618 0.35 − 1.6 ± 0.9 − 0.6 ± 0.9 0.260 17 650 
May 24 07:13:52 358.80517 0.7165 659 0.35 − 1.4 ± 0.6 − 0.3 ± 0.6 0.274 17 650 
May 24 07:24:36 358.81261 0.7174 671 0.34 − 3.0 ± 1.2 1.1 ± 1.2 0.257 17 650 
May 24 07:35:19 358.82006 0.7183 668 0.35 − 1.2 ± 0.6 0.0 ± 0.6 0.262 17 650 
May 24 07:46:02 358.82750 0.7192 666 0.35 − 4.1 ± 0.6 − 0.5 ± 1.6 0.264 17 650 
May 24 07:56:46 358.83495 0.7201 660 0.35 − 1.3 ± 0.6 − 0.7 ± 0.6 0.256 17 650 
May 24 10:06:47 358.92524 0.7308 671 0.35 1.4 ± 1.1 0.7 ± 1.1 0.253 17 651 
May 24 10:17:31 358.93269 0.7317 671 0.34 − 1.5 ± 0.9 0.6 ± 0.9 0.257 17 650 
May 24 10:28:14 358.94013 0.7326 672 0.34 − 1.2 ± 0.9 0.2 ± 0.9 0.252 17 650 
May 24 10:38:57 358.94757 0.7335 673 0.34 − 1.9 ± 1.1 − 1.5 ± 1.1 0.267 17 650 
May 24 10:49:40 358.95502 0.7344 661 0.36 − 2.8 ± 1.4 0.3 ± 1.4 0.259 17 650 
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Table A1 – continued 

Date Time Mid-HJD Rot. SNR RV B l N l S -index LSD lines 
( UT ) ( UT ) 2459000 + cycle Stokes I (km s −1 ) (G) (G) used 

May 24 11:00:23 358.96246 0.7352 671 0.36 0.2 ± 0.6 0.7 ± 0.6 0.260 17 650 
May 25 07:04:24 359.79856 0.8348 657 0.34 1.4 ± 1.6 − 1.4 ± 1.6 0.251 17 650 
May 25 07:15:07 359.80601 0.8357 651 0.35 1.4 ± 1.7 0.3 ± 1.7 0.255 17 650 
May 25 07:25:54 359.81349 0.8366 654 0.34 − 1.4 ± 0.6 0.0 ± 0.6 0.255 17 650 
May 25 07:36:38 359.82095 0.8374 659 0.34 − 1.7 ± 1.3 − 0.1 ± 1.3 0.245 17 650 
May 25 07:47:21 359.82839 0.8383 659 0.35 − 2.7 ± 1.0 − 0.3 ± 1.0 0.254 17 650 
May 25 07:58:08 359.83588 0.8392 658 0.36 1.7 ± 1.5 0.6 ± 1.5 0.261 17 650 
May 26 09:15:13 360.88939 0.9646 671 0.30 1.6 ± 1.3 − 0.1 ± 1.3 0.251 17 650 
May 26 09:25:56 360.89683 0.9655 675 0.30 − 1.1 ± 0.8 0.8 ± 0.8 0.251 17 650 
May 26 09:36:39 360.90428 0.9664 673 0.31 0.9 ± 0.6 − 0.2 ± 0.6 0.256 17 650 
May 26 09:47:22 360.91171 0.9673 678 0.30 − 0.5 ± 0.5 0.1 ± 0.5 0.254 17 650 
May 26 09:58:00 360.91916 0.9682 681 0.30 − 0.6 ± 0.6 0.0 ± 0.6 0.255 17 650 
May 26 10:08:48 360.92660 0.9691 682 0.30 − 1.8 ± 1.4 − 0.8 ± 1.4 0.254 17 650 
May 26 10:20:33 360.93475 0.9700 684 0.30 − 0.6 ± 0.5 0.0 ± 0.5 0.254 17 649 
May 26 10:31:16 360.94220 0.9709 687 0.31 1.0 ± 1.0 − 0.3 ± 1.0 0.251 17 650 
May 26 10:41:59 360.94965 0.9718 687 0.31 2.8 ± 1.4 − 1.3 ± 1.4 0.255 17 650 
May 26 10:52:43 360.95709 0.9727 679 0.32 − 0.8 ± 0.5 0.6 ± 0.5 0.253 17 650 
May 26 11:03:26 360.91916 0.9736 675 0.31 − 2.6 ± 1.5 − 0.1 ± 1.5 0.255 17 650 
May 26 11:14:09 360.97198 0.9745 681 0.32 − 1.3 ± 0.5 − 0.5 ± 0.5 0.252 17 649 
May 27 05:29:08 361.73236 1.0650 710 0.36 − 1.7 ± 1.4 − 1.1 ± 1.4 0.242 17 649 
May 27 05:39:52 361.73982 1.0659 713 0.35 − 0.6 ± 0.5 − 0.6 ± 0.5 0.254 17 648 
May 27 05:50:36 361.74727 1.0668 718 0.36 − 0.6 ± 0.5 − 0.4 ± 0.5 0.265 17 648 
May 27 06:01:19 361.75471 1.0677 715 0.36 1.8 ± 1.3 − 0.5 ± 1.3 0.256 17 648 
May 27 06:12:02 361.76216 1.0685 713 0.37 − 2.0 ± 1.3 − 0.9 ± 1.4 0.294 17 648 
May 27 06:22:45 361.76960 1.0694 720 0.35 − 1.5 ± 1.0 0.0 ± 1.0 0.266 17 648 
May 27 06:34:11 361.77753 1.0704 719 0.35 − 1.6 ± 1.3 − 0.9 ± 1.3 0.273 17 648 
May 27 06:44:54 361.78498 1.0713 472 0.35 − 0.5 ± 1.5 1.2 ± 1.5 0.401 17 648 
May 27 06:55:37 361.79242 1.0721 719 0.37 − 0.7 ± 0.6 − 0.6 ± 0.6 0.259 17 648 
May 27 07:06:24 361.79991 1.0730 718 0.36 − 0.5 ± 0.5 0.0 ± 0.5 0.258 17 648 
May 27 07:17:07 361.80736 1.0739 722 0.36 1.3 ± 1.3 0.2 ± 1.2 0.245 17 648 
May 27 07:27:51 361.81481 1.0748 724 0.36 − 2.1 ± 0.9 1.4 ± 0.9 0.254 17 648 
May 28 05:32:29 362.73466 1.1843 704 0.32 − 1.6 ± 1.2 − 0.9 ± 1.2 0.258 17 649 
May 28 05:43:12 362.74212 1.1852 684 0.32 − 5.0 ± 1.6 − 1.3 ± 1.6 0.289 17 649 
May 28 05:53:56 362.74956 1.1861 701 0.32 − 1.0 ± 0.5 − 0.9 ± 0.5 0.255 17 650 
May 28 06:04:40 362.75701 1.1870 704 0.32 1.2 ± 0.8 − 0.2 ± 0.8 0.256 17 650 
May 28 06:15:23 362.76446 1.1879 434 0.31 2.2 ± 1.0 − 2.5 ± 1.0 NA 17 646 
May 28 06:26:06 362.77190 1.1887 712 0.33 − 1.5 ± 0.6 − 0.5 ± 0.6 0.259 17 650 
May 28 06:37:28 362.77979 1.1897 709 0.33 − 1.7 ± 0.6 − 0.5 ± 0.6 0.256 17 650 
May 28 06:48:14 362.78728 1.1906 709 0.33 − 0.8 ± 0.5 − 0.3 ± 0.5 0.259 17 649 
May 28 06:58:58 362.79473 1.1915 708 0.33 − 0.2 ± 0.5 − 0.4 ± 0.5 0.260 17 649 
May 28 07:09:42 362.80218 1.1924 704 0.33 − 1.2 ± 0.5 − 0.1 ± 0.5 0.246 17 649 
May 28 07:20:30 362.80968 1.1932 698 0.32 − 0.8 ± 0.5 − 0.2 ± 0.5 0.250 17 650 
May 28 07:31:13 362.81712 1.1941 694 0.32 0.2 ± 0.5 − 0.3 ± 0.5 0.241 17 650 
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