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A B S T R A C T 

The origin of magnetic fields and their role in chemical spot formation on magnetic Ap stars is currently not understood. Here, we 
contribute to solving this problem with a detailed observational characterization of the surface structure of 45 Her, a weak-field 

Ap star. We find this object to be a long-period, single-lined spectroscopic binary and determine the binary orbit as well as 
fundamental and atmospheric parameters of the primary. We study magnetic field topology and chemical spot distribution of 
45 Her with the help of the Zeeman Doppler imaging technique. Magnetic mapping reveals the stellar surface field to have a 
distorted dipolar topology with a surface-averaged field strength of 77 G and a dipolar component strength of 119 G – confirming 

it as one of the weakest well-characterized Ap-star fields known. Despite its feeble magnetic field, 45 Her shows surface chemical 
inhomogeneities with abundance contrasts of up to 6 dex. Of the four chemical elements studied, O concentrates at the magnetic 
equator, whereas Ti, Cr, and Fe a v oid this region. Apart from this trend, the positions of Fe-peak element spots show no apparent 
correlation with the magnetic field geometry. No signs of surface differential rotation or temporal evolution of chemical spots 
on the time-scale of several years were detected. Our findings demonstrate that chemical spot formation does not require strong 

magnetic fields to proceed and that both the stellar structure and the global field itself remain stable for sub-100 G field strengths 
contrary to theoretical predictions. 

Key words: stars: atmospheres – stars: chemically peculiar – stars: individual: 45 Her – star: magnetic fields – starsspots. 
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 I N T RO D U C T I O N  

bout 10 per cent of main sequence A and B-type stars show surface
agnetic fields with strengths ranging from a few hundred G up

o ∼30 kG (e.g. Donati & Landstreet 2009 ; Sikora et al. 2019a ).
hese magnetic fields exhibit a relatively simple surface structure,
pproximately dipolar in the majority of stars, that remains static
n the observable time-scales. Neither the origin nor the incidence
f these so-called ‘fossil’ magnetic fields is currently understood
e.g. Neiner et al. 2015 ). Generally, these fields are believed to be
ydrodynamically stable (Braithwaite & Spruit 2004 ) remnants of
ne or several magnetic field generation processes operating at an
arlier stellar evolutionary stage (Mestel 2003 ; Moss 2004 ; Schneider
t al. 2019 ). 

The presence of kG-strength magnetic fields in a tenuous atmo-
phere of an upper main sequence star has a drastic impact on
he surface structure and atmospheric physics. Most importantly,
arious chemical elements separate under the influence of competing
rocesses of radiative levitation and gravitational settling, forming
on-uniform horizontal and vertical distributions. This, in turn, gives
ise to the observed extreme spectral peculiarities of Ap/Bp (also
 E-mail: ole g.kochukho v@physics.uu.se 
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nown as the upper main sequence chemically peculiar or CP, see
reston 1974 ) stars and their spot-induced rotational variability.
his combination of unique characteristics makes magnetic Ap stars
rime targets for investigations of non-trivial interactions between
agnetic field and stellar plasma with both observational (e.g.
 ochukhov 2017 , K ochukhov, Shultz & Neiner 2019 and references

herein) and theoretical (e.g. Michaud, Charland & Megessier 1981 ;
abel & Michaud 1991 ; Alecian 2015 ) approaches. These efforts
otwithstanding, no successful theoretical model explaining the
bserv ed div ersity of chemical spot topologies has emerged and
he very foundation of the magnetically driven element se gre gation
ypothesis has been challenged by the disco v ery of time-dependent
hemical spot formation in HgMn stars (e.g. Kochukhov et al.
007 , 2011 , 2021 ), which lack organized magnetic fields typical
f Ap stars. In this context, it is of particular interest to assess the
elationship between magnetic field and chemical spots for well-
stablished magnetic Ap stars at the lower boundary of the range of
urface field strength probed by these objects. Are these weak-field
p stars similar or different compared to stars with stronger fields?

s there any evidence of a systematic reduction of spot contrasts
r emergence of temporal variation of spot topologies with the
ecrease of magnetic field strength? Are the observed field strengths
ompatible with the theoretically predicted thresholds of fossil field
tability? 
© 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, 
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The target of the present study – the magnetic Ap star 45 Her
also known as l Her, V776 Her, HR 6234, and HD 151525) –
s uniquely suited to address some of these questions. This bright 
 V = 5.24 mag) star is given a B9p CrEu spectral classification in
he literature (Renson & Manfroid 2009 ) and is known to be spectral
Deutsch 1947 ) and photometric (Burke & Barr 1981 ) variable with a
eriod of ≈ 4.12 d (e.g. Paunzen et al. 2021 ). Quantitative modelling
f this variability was attempted only once by Hatzes ( 1991 ), who
erived a surface equivalent width map from a single Cr II spectral
ine. What sets 45 Her apart from more typical magnetic Ap stars
s its illusive magnetic field. Although this star was suspected to be
agnetic already by Babcock ( 1958 ), the first definitive magnetic 
eld measurement was reported by Auri ̀ere et al. ( 2007 ). Using
elati vely lo w-quality spectropolarimetric data, these authors found 
 dipolar field strength of 0 . 54 + 1 . 38 

−0 . 34 kG, suggesting that 45 Her might
ost one of the weakest surface magnetic fields among Ap stars.
o information about higher-order magnetic field components or the 

patial relationship between the stellar magnetic field topology and 
hemical spot distributions is available in the literature. 

In this study, we present the first detailed magnetic and chemical 
bundance study of the surface structure of 45 Her based on a large,
igh-quality spectropolarimetric data set as well as two independent 
pectroscopic time series collected at different observatories o v er the 
ime span of 4 yr. This analysis allowed us to gain significant new
nsights into the surface physics of weak-field Ap stars. The rest of
his paper is organized as follows. Section 2 describes observational 
ata employed in our study. Section 3 presents investigation of the 
pectroscopic binary orbit (Section 3.1 ), determination of stellar 
arameters and mean abundances (Section 3.2 ), deri v ation of the
ean intensity and polarization spectral line profiles (Section 3.3 ), 

nd their application for surface structure mapping (Section 3.4 ). 
he paper is concluded with a summary and discussion of our main
ndings in Section 4 . 

 OBSERVA  T I O NA L  DA  TA  

.1 Nar v al spectropolarimetry 

igh-resolution spectropolarimetric observations of 45 Her analysed 
n this study were obtained with the Narval instrument installed at 
he 2-m T ́elescope Bernard Lyot of the Pic du Midi Observatory.
arval is a cross-dispersed échelle, dual-beam spectropolarimeter 

o v ering the wav elength range 360–1000 nm with a resolution of R
65 000. Our target was observed 46 times, with two observations 

cquired in March 2007 followed by an intense monitoring campaign 
etween April and October 2018, which yielded the remaining 44 
bservations. Circular polarization (Stokes V ) spectra were obtained 
rom one to four times a night, using a total exposure time of
200 s. Each such observation was split into four 300 s subexposures
btained with two different configurations of the polarimetric unit. 
s described by Donati et al. ( 1997 ) and Bagnulo et al. ( 2009 ), this
ual-beam polarimetric modulation technique allows one to remo v e 
purious instrumental artefacts and derive diagnostic null spectra 
longside the intensity and polarization spectra. 

The main data reduction and calibration steps were accomplished 
ith an updated version of the ESPRIT code (Donati et al. 1997 )
 x ecuted automatically at the telescope. The reduction products 
roduced by this pipeline are available in the PolarBase 1 archive 
Petit et al. 2014 ). We considered the non-normalized version of
 http://polarbase.irap.omp.eu 

s
m  

i  
he spectra and performed continuum rectification with the methods 
escribed by Ros ́en et al. ( 2018 ). The journal of Narval observations
f 45 Her is provided in Table A1 , which gives the UT date of each
bservation, the heliocentric Julian date of mid-exposure, and the 
ignal-to-noise ratio ( S / N ) in the first three columns. This S / N refers
o one pixel, approximately spanning a 1.8 km s −1 velocity bin, of
he extracted Stokes V spectrum at λ = 550 nm. It was calculated
rom the standard deviation of the null spectrum and ranges from
round 100 to nearly 1000 with a median value of 529. 

.2 CES spectroscopy 

pectroscopic observations of 45 Her were obtained at the T ̈UBITAK
ational Observatory (TUG), Antalya, with RTT150 (1.5-metre 
ussian-Turkish) telescope (Aslan et al. 2001 ) and Coude Echelle 
pectrometer (CES). Observations were carried out on 13 different 
ights in 2014, 2015, and 2018, with exposure times ranging from
0 to 70 min. In total, 48 spectra of 45 Her with S / N in the 100–
00 range were obtained. CES spectra have a resolution of 40 000
nd co v er a wav elength interval from 369 to 1028 nm. Because of
elluric line contamination, low S / N , and continuum normalization
roblems, only the 400–700 nm region was used in this work. 
In each observing night, we obtained 10 biases, five dome flats, and 

hree ThAr (thorium-argon) arc lamp spectra for calibrating the raw 

pectra of 45 Her. All spectral reduction, wavelength calibration, and 
pectral normalization step were performed with Image Reduction 
nd Analysis Facility (IRAF; Tody 1986 ) procedures. The S / N was
etermined using IRAF by considering the scatter of spectral points 
n the line-free regions around λ = 550 nm. The average size of CES
pectral pixel is 2.4 km s −1 . 

The journal of CES observations of 45 Her is given in Table A2 ,
hich reports the UT and heliocentric Julian dates for each observa-

ion, e xposure times, achiev ed S / N , the rotational, and orbital phases.

.3 Spectrophotometry 

ifferent spectrophotometric observations of 45 Her were collected 
rom the literature for the purpose of modelling the stellar spectral
nergy distribution (SED) from ultraviolet (UV) to near-infrared. 
he UV part of the stellar SED is co v ered by the TD-1 satellite mea-
urements (Thompson et al. 1978 ). For the 336–1020 nm wavelength 
egion, we used the newly released Gaia DR3 externally calibrated 
pectrophotometry (Montegriffo et al. 2022 ). We also considered 
ene v a photometry (Rufener 1988 ) converted to absolute fluxes at 7
avelength bands according to the prescription by Rufener & Nicolet 

 1988 ). In the near-infrared, 2MASS photometry (Cutri et al. 2003 ),
s well as JHKLM observations by Groote & Kaufmann ( 1983 ),
re available. The magnitudes provided by these two catalogues 
ere converted to absolute flux units using the calibrations by 
ohen, Wheaton & Megeath ( 2003 ) and van der Bliek, Manfroid &
ouchet ( 1996 ), respectively. The resulting composite observed SED 

f 45 Her will be discussed and modelled in Section 3.2 . 

 ANALYSI S  A N D  RESULTS  

.1 Spectroscopic binary orbit 

n initial look at the Narval spectra of 45 Her revealed the presence
f ≈ 10 km s −1 peak-to-peak radial velocity changes on a time-scale
ignificantly longer than the stellar rotational period. Although some 
entions of possible spectroscopic binarity of 45 Her can be found

n the literature (Mason et al. 2001 ), studies focused on multiplicity
MNRAS 521, 3480–3499 (2023) 
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M

Figure 1. Orbital radial velocity variation of 45 Her. Symbols show the radial 
v elocity measurements deriv ed from the Narval (circles) and CES (squares) 
observations. The solid line corresponds to the best-fitting orbital solution. 
The dotted line shows systemic velocity. 

Table 1. Spectroscopic orbital parameters and mass function for 45 Her. 

Parameter Value 

P orb (d) 99.51 ± 0.10 
HJD 0 (d) 2456702.6 ± 2.1 
K 1 (km s −1 ) 4.75 ± 0.12 
γ (km s −1 ) −13.13 ± 0.09 
e 0.445 ± 0.020 
ω ( ◦) 167.1 ± 4.2 
f ( M �) (7.92 ± 0.67) × 10 −4 
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nalysis were unable to confirm radial velocity variations and derive
rbital parameters (Carrier et al. 2002 ; Chini et al. 2012 ). Similar
o many other Ap stars, the low-amplitude radial velocity variation
f metal lines in 45 Her spectrum is dominated by the rotational
ariability produced by chemical abundance inhomogeneities. In
his case, chemical spots are responsible for the radial velocity
odulation between ±3 and ±6 km s −1 , depending on chemical

lement. This prevents a straightforward measurement of the orbital
adial velocity v ariation. Ho we ver, as demonstrated by previous
tudies (e.g. Bischoff et al. 2017 ; Kochukho v, P apakonstantinou &
einer 2022 ), radial velocity measurements using hydrogen lines

re nearly insensitive to heavy element spots and can be successfully
mployed to investigate the orbital motion of Ap stars. 

In this study, we obtained radial velocity measurements from the
entre-of-gravity positions of the cores of hydrogen H α to H δ lines.
he resulting average radial velocity is reported for Narval spectra in

he last column of Table A1 . For the lower quality CES spectra,
e found that better results are obtained using the core of H α

nd averaging measurements for each night when multiple spectra
ere taken. The resulting 13 average radial velocities are given in
able A3 . 
We fitted a set of SB1 orbital elements ( P orb , HJD 0 , K 1 , γ , e , ω)

o the combined Narval and CES data set using a non-linear least-
quares optimization algorithm (Markwardt 2009 ). Fig. 1 compares
he observed radial velocities with the best-fitting orbital solution.
he corresponding orbital parameters are given in Table 1 and the
rbital phases of Narval observations are reported in the fifth column
f Table A1 . The scatter of the average hydrogen-line radial velocity
NRAS 521, 3480–3499 (2023) 
easurements around the orbital solution amounts to 0.52 km s −1 for
ndi vidual Narv al observ ations and 0.71 km s −1 for nightly averaged
ES spectra, which we take as an estimate of the measurement
ncertainties for the two data sets. 
This analysis establishes 45 Her as the primary in a spectroscopic

inary system with P orb of about 100 d, significant eccentricity and
 semi-amplitude of only 4.8 km s −1 . The radial velocity shifts due
o this orbital motion were remo v ed before further spectroscopic
nd magnetic analysis. The mass function f corresponding to the
erived orbital solution implies a minimum mass of the companion
 2 = 0.193 ± 0.013 M � if M 1 = 2.84 ± 0.13 M � (see Section 3.2 )

s adopted for the primary. If one further assumes the orbital and
otational axes to be aligned ( i orb = i rot = 42 ◦, see Section 3.2 ), the
ass of the secondary is 0.295 ± 0.018 M �. Thus, the secondary in

he 45 Her system is most likely a late-type low-mass star that makes
 negligible contribution to the composite high-resolution optical
pectrum or a wide-band SED. 

.2 Stellar parameters and mean abundances 

ultiple photometric determinations of the atmospheric parameters
f 45 Her can be found in the literature (e.g. Kochukhov &
agnulo 2006 ; Auri ̀ere et al. 2007 ; Netopil et al. 2008 , 2017 ;
lagolevskij 2019 ). These analyses reported T eff = 9200–9400 K

nd log g = 3.5–3.8. Based on these results, we carried out an
nalysis of the mean composition of 45 Her using phase-averaged
pectra. We used LLMODELS (Shulyak et al. 2004 ) model atmosphere
ith T eff = 9250 K, log g = 3.5, [M/H] = +0.5. Abundances were
etermined using VALD (Ryabchikova et al. 2015 ) line lists and
YNTH3 (Kochukhov 2007 ) spectrum synthesis code run from within
INMAG (Kochukhov 2018 ) fitting and visualization interface. Typ-

cally, one to three element abundances together with the projected
otational velocity were determined by fitting theoretical calculations
o small segments in the average Narval spectrum of 45 Her. In
his analysis, the synthetic spectra were computed under the local
hermodynamic equilibrium (LTE) assumption, and therefore lines
nown to show strong departures from LTE, e.g. the O I near-infrared
riplet, were a v oided. The resulting ab undances are summarized in
able 2 . The average projected rotational velocity emerging from

his analysis is v e sin i = 36.8 ± 1.4 km s −1 . 
Comparing 45 Her abundances to solar values, we find that this

bject shows a typical Ap-star abundance pattern (e.g. Ryabchikova
005 ) with a moderate underabundance of light elements and
ignificant o v erabundance of iron-peak elements, particularly Cr. A
omewhat less common feature relative to Ap stars with similar T eff is
he lack of any Si overabundance and a noticeable depletion of Ti. Our
nalysis reveals no conclusive evidence of large o v erabundances of
are-earth or other heavy elements – a feature previously seen in other
ld Ap stars (Ryabchikova, Leone & Kochukhov 2005 ; Kochukhov
t al. 2006 ). 

Based on this abundance analysis, we computed a custom grid
f LLMODELS atmospheres in order to refine T eff and log g . The
f fecti ve temperature was determined with a global fit to the observed
ED (Fig. 2 ). The stellar angular diameter would normally be
nother parameter derived in this fit. Considering availability of
 relatively accurate Gaia DR3 parallax, 7.72 ± 0.11 mas (Gaia
ollaboration 2021 ), one can replace the angular diameter with the

tellar radius in SED modelling. At the same time, results of SED
tting are also influenced by interstellar extinction and reddening.
hree-dimensional interstellar medium maps compiled by Lallement
t al. ( 2019 ) predict E ( B − V ) = 0.022 ± 0.019, suggesting a

art/stad720_f1.eps
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Table 2. Mean abundances of 45 Her compared to the solar composition 
from Asplund, Amarsi & Grevesse ( 2021 ). Uncertain values derived from 

single spectral features are indicated with ‘:’. 

Element log ( N el / N tot ) log ( N el / N tot ) �

He < −1.30: −1.12 
C −4.24 ± 0.37 −3.57 
N −5.13: −4.20 
O −4.12: −3.34 
Mg −4.70 ± 0.21 −4.48 
Al −5.48: −5.60 
Si −4.61 ± 0.42 −4.52 
Ca −6.62 ± 0.46 −5.73 
Ti −7.69 ± 0.31 −7.06 
Cr −4.71 ± 0.20 −6.41 
Mn −5.63 ± 0.16 −6.61 
Fe −4.16 ± 0.15 −4.57 
Ba −9.40 ± 0.11 −9.76 
Y −9.67: −9.82 
Sr −9.93: −9.20 

s
U
d  

f  

o  

−
w

i
l
m  

o

l  

e
c
w  

m
F  

m  

r  

L  

w
e  

T
b
z

d

3

3

A
4  

t
i

2

E

d
m  

Z
a  

t  

s  

m
(

 

l
d
a  

w  

p  

m  

t  

2  

w  

K
 

4  

t  

d
a
1  

w
F  

d  

t  

t
w  

d
f  

o  

a
o
T

l  

e  

u
p  

s
F  

l  

m
c
I

b

3

T  

o
g
d  

fi  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/3/3480/7074570 by U
ppsala U

niversitetsbibliotek user on 30 June 2023
mall and rather uncertain reddening. Owing to availability of the 
V spectrophotometry, the colour excess can be independently 
etermined from the SED fit simultaneously with T eff and R . We
ound that the set of parameters yielding the best description of the
bserved SED is T eff = 9400 ± 200 K, R = 4.3 ± 0.1 R �, and E ( B

V ) = 0.02 ± 0.01. The corresponding model SED is compared 
ith the observed fluxes from UV to near-infrared in Fig. 2 . 
The surface gravity was refined by fitting the H γ line profile 

n the average Narval spectrum of 45 Her. Theoretical Balmer- 
ine profiles were calculated with the SYNTH3 code for the custom 

odel atmosphere grid described abo v e. As demonstrated by Fig. 3 ,
bservations are best reproduced with log g = 3.55 ± 0.05. 
The temperature and radius determined for 45 Her correspond to 

uminosity log L / L � = 2.113 ± 0.042. Using this information, we
xamined evolutionary state and estimated the mass of 45 Her by 
omparing its position in the Hertzsprung–Russell diagram (HRD) 
ith the predictions of MIST 

2 (Choi et al. 2016 ; Dotter 2016 ) solar-
etallicity theoretical stellar evolutionary tracks. As evident from 

ig. 4 , 45 Her is an intermediate-mass star approaching the end of its
ain sequence life. Since evolutionary tracks o v erlap in this HRD

egion, one cannot associate a unique mass and age to a given T eff and
 pair. Instead, we considered a fine grid of model tracks, calculated
ith a step of 0.01 M �, and noted all tracks passing within the 1 σ

rror ellipse around 45 Her’s parameters (blue dotted lines in Fig. 4 ).
his procedure yielded masses in the 2.71–2.97 M � range and ages 
etween 351 and 469 Myr. The corresponding model tracks have 
ero-age main sequence radii of 1.77–1.87 R �. 

The summary of atmospheric and physical parameters of 45 Her 
iscussed in this section is given in Table 3 . 

.3 Multiline profile analysis 

.3.1 Least-squares deconvolved profiles 

lthough suspected to be magnetic already by Babcock ( 1958 ), 
5 Her pro v ed to be one of the most challenging magnetic Ap
argets for direct field detection and characterization. Low-resolution 
nvestigations (Hubrig et al. 2006 ; Kochukhov & Bagnulo 2006 ) 
 MESA Isochrones & Stellar Tracks, where MESA stands for Modules for 
xperiments in Stellar Astrophysics (Paxton et al. 2011 ). 

n  

2  

4  

s

id not detect the field, whereas the high-resolution spectropolari- 
etric study by Auri ̀ere et al. ( 2007 ) reported only two definite
eeman detections out of 14 observations. Polarization signatures 
re evidently very weak for 45 Her, requiring one to use a multiline
echnique to enhance the Zeeman signal. Here, we rely on the least-
quares deconvolution (LSD; Donati et al. 1997 ) method as imple-
ented in the ILSD code by Kochukhov, Makaganiuk & Piskunov 

 2010 ). 
To derive the Stokes I and V LSD profiles, we extracted a custom

ine list from VALD with the abundances and atmospheric parameters 
erived in Section 3.2 . Spectral regions contaminated by telluric 
bsorption or affected by broad wings of the hydrogen Balmer lines
ere excluded. Metal lines deeper than 5 per cent of the continuum
rior to any macroscopic broadening were selected for the LSD line
ask, yielding 2720 line in total. LSD profiles were calculated on

he velocity grid spanning a range of ±300 km s −1 using a step of
 km s −1 . The LSD line weights were normalized using the mean
avelength λ0 = 500 nm and the ef fecti ve Land ́e factor z 0 = 1.2 (see
ochukhov et al. 2010 for details). 
This application of the LSD procedure to Stokes V observations of

5 Her provided profiles with a median S / N of 15 500, corresponding
o a factor 30 gain relative to the original spectra. This allowed us to
etect Zeeman signatures at many rotational phases. We used the false 
larm probability (FAP) detection diagnostic (Donati, Semel & Rees 
992 , Donati et al. 1997 ) to quantify these detections. Following
ell-established criteria, we consider a detection to be definite if 
AP < 10 −5 , marginal detection if 10 −5 < FAP < 10 −3 , and non-
etection for FAP > 10 −3 . This detection diagnostic is reported in
he sixth column of Table A1 for all 46 Narval spectra. Considering
hese original observations without averaging close rotational phases, 
e get 27 definite detections, 4 marginal detections, and 15 non-
etections. Applying the same criteria to the LSD profiles calculated 
or the diagnostic null spectra yields only non-detections. If 11 pairs
f consecuti ve observ ations obtained on the same observing nights
re averaged, the detection statistics changes to 22 definite detections, 
ne marginal detection, and 12 non-detections out of 35 observations. 
here are still no significant signals in the null profiles. 
In addition to calculating LSD profiles using all available metal 

ines, we derived several sets of mean profiles for individual chemical
lements. Although none of the resulting LSD Stokes V profiles yield
sable magnetic signatures, the corresponding LSD Stokes I spectra 
rovide a distilled high S / N observable useful for mapping chemical
pot distributions o v er the stellar surface. Three chemical elements –
e (1232 lines), Cr (979 lines), and Ti (122 lines) – have sufficiently

arge number of absorption features in the spectrum of 45 Her for a
eaningful application of the LSD method. Average profiles of these 

hemical elements were derived using the multiprofile mode of the 
LSD code, which allowed us to account the background blending 
y other elements. 

.3.2 Longitudinal magnetic field 

he mean longitudinal magnetic field, 〈 B z 〉 , is a widely used measure
f the disc-averaged line-of-sight component of stellar magnetic 
eometries (e.g. Mathys 1991 ). This magnetic characteristic can be 
etermined from the Stokes I and V LSD profiles by calculating the
rst moment of the V profile about the line’s centre of gravity and
ormalizing it by the equi v alent width of the I profile (Wade et al.
000 ; Kochukhov et al. 2010 ). The results of these calculations for
5 Her using a ±45 km s −1 integration window are presented in the
eventh column of Table A1 . 
MNRAS 521, 3480–3499 (2023) 
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M

Figure 2. Comparison of the observed and computed spectrophotometry of 45 Her in the UV and optical (left-hand panel) and near-infrared (right-hand panel). 
Different sources of the observed spectrophotometric data are indicated in the legends. The grey solid line shows the best-fitting theoretical SED for T eff = 

9400 K, log g = 3.55, R = 4.3 R �, and E ( B − V ) = 0.02 convolved with a constant Gaussian profile. The black solid line shows the same theoretical model 
spectrum convolved with a wavelength-dependent broadening function (see Montegriffo et al. 2022 ) appropriate for the Gaia spectrophotometry. 

Figure 3. Comparison of the average observed (black symbols) and com- 
puted (red solid line) hydrogen H γ profile of 45 Her. The grey background 
curve corresponds to the average spectrum ± one standard deviation. 
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This mean longitudinal magnetic field analysis shows that 〈 B z 〉 of
5 Her varies approximately sinusoidally between −100 and +100 G.
ig. 5 compares our measurements with the outcome of previous
agnetic analysis of this target by Auri ̀ere et al. ( 2007 ) using the

phemeris derived in Section 3.4.2 . It is evident that Narval spectra
nable a major impro v ement in the 〈 B z 〉 measurement precision.
pecifically, our 〈 B z 〉 data set has a median error bar of 15 G and
ields > 3 σ longitudinal field detections for 24 out of 46 observations.
his can be contrasted with a single > 3 σ measurement in Auri ̀ere
t al. ( 2007 ). At the same time, deri v ation of the mean longitudinal
eld from the LSD profiles corresponding to the diagnostic null
pectra yields no instances of 〈 B z 〉 measurements exceeding 2.3 σ ,
hich confirms that out longitudinal field uncertainties are realistic. 
NRAS 521, 3480–3499 (2023) 
.4 Zeeman Doppler imaging 

.4.1 Methodology and codes 

 variety of inversion codes and tomographic reconstruction methods
 as emplo yed in our investigation of the surface structure of 45 Her.
ost of the inversions were carried out with the INVERSLSD

ode, introduced by Kochukhov et al. ( 2014 ), and subsequently
sed in several studies of Ap stars (Kochukhov et al. 2017 , 2019 ,
022 ). This software enables reconstruction of a vector magnetic
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Table 3. Physical parameters of 45 Her. 

Parameter Value 

T eff (K) 9400 ± 200 
log g (cm s −2 ) 3.55 ± 0.05 
R ( R �) 4.3 ± 0.1 
log L ( L �) 2.113 ± 0.042 
M ( M �) 2.71–2.97 
Age (Myr) 351–469 
P rot (d) 4.116476 ± 0.000022 
v e sin i 
(km s −1 ) 

35.5 ± 0.5 

i ( ◦) 42.2 ± 1.4 
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Figure 5. Mean longitudinal magnetic field of 45 Her as a function of the 
rotational phase. Circles correspond to the measurements obtained in this 
study from Narval spectropolarimetric observations, whereas diamonds show 

the data from Auri ̀ere et al. ( 2007 ). 
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eld distribution simultaneously with one scalar parameter map 
epresenting local continuum brightness, line strength, temperature, 
r element abundance. The input observational data for this inversion 
ethod comprise time-series of LSD profiles in one or several Stokes 

arameters. INVERSLSD uses pre-computed tables of local Stokes pa- 
ameter profiles, which can be calculated under different assumptions 
nd, in particular, treating the polarized radiative transfer problem 

ith different levels of sophistication. 
Considering the weakness of the observed circular polarization 

ignatures in the spectrum of 45 Her, we have to rely on modelling
he average metal-line LSD Stokes V profiles for the reconstruction 
f magnetic field topology. The corresponding Stokes I LSD profiles, 
lso obtained by av eraging o v er all metal lines, show strong rotational
odulation. This variability corresponds to a weighted average of 

ariabilities of all chemical elements contributing to the LSD line 
ask (with the largest contributions coming from Fe, Cr, and Ti)

nd cannot be ascribed to an inhomogeneous surface distribution of 
ne particular element. Nevertheless, it is essential to reproduce this 
ean metal-line Stokes I LSD profile variability in detail since it

ffects the Stokes V observable. We model this variability using a 
on-uniform line strength (or equi v alent width) surface distribution 
mplemented in the context of the Unno–Rachko vsk y analytical 
olution of the polarized radiative transfer problem in the Milne–
ddington atmosphere (hereafter ME-UR, Landi Degl’Innocenti & 

andolfi 2004 ). This treatment assumes that the LSD profile behaves 
s a single spectral line split as a Zeeman triplet with the central
avelength and Land ́e factor equal to the mean values of these
arameters in the LSD mask. This approach to calculating the local 
tokes parameter profiles is commonly employed by the ZDI studies 
f cool active stars (e.g. Morin et al. 2008 ; Kochukhov & Lavail
017 ; Kochukhov & Reiners 2020 ; Lehtinen et al. 2022 ), except that
ere we use the local line strength instead of continuum brightness
o model the star-spot signatures in Stokes I spectra. 

A different treatment is required to derive physically meaningful 
urface maps of individual chemical elements from their LSD 

rofiles. As demonstrated by Kochukhov et al. ( 2010 ), the response
f an LSD profile of particular chemical element to the abundance 
ariation of that element cannot be reproduced by calculations 
ssuming that LSD profile behaves as a single fiducial spectral line. 
nstead, theoretical LSD profiles correctly reproducing this variation 
an be computed by applying LSD to grids of detailed radiative 
ransfer calculations for the entire wavelength domain covered by 
bservations. We refer to our previous ZDI studies of Ap stars for an
n-depth discussion of the technical implementation and numerical 
etails of this approach (Kochukhov et al. 2014 , 2017 , 2019 , 2022 ).
ere, this methodology is applied to deriving surface distributions 
f Fe, Cr, and Ti from the Stokes I LSD profiles of these elements
sing INVERSLSD ; this time with a fixed magnetic field determined
rom the mean metal-line LSD profiles. 

Further chemical elements besides those mentioned abo v e show 

nteresting rotational variability in 45 Her. In particular, modulation 
f the O I 777.19-777.54 nm triplet is noteworthy. This variability is
ot amenable to LSD modelling due to the small number of diagnostic 
ines. In this case, it is more appropriate to apply a conventional
I technique optimized for modelling individual spectral lines. We 

ccomplished this using the INVERS10 ZDI code (Kochukhov & 

iskuno v 2002 ; Piskuno v & Kochukho v 2002 ), which has been
mployed by many previous studies of strong-field Ap stars (e.g. 
ochukhov & Wade 2010 ; Silvester, Kochukhov & Wade 2014a ,
015 ; Rusomarov et al. 2016 , Rusomarov, Kochukhov & Lundin
018 ). 
Additional complication associated with the spectrum synthesis 
odelling of the near-infrared O I triplet is a significant departure of

he formation of these lines in the atmospheres of A and B-type stars
rom LTE (e.g. Takeda & Sadakane 1997 ; Sitnova, Mashonkina &
yabchik ova 2013 ; Tak eda & Honda 2016 ). Aiming to obtain an
ccurate O abundance map, we treated departures from LTE with 
edicated statistical equilibrium calculations for oxygen atoms in 
he atmosphere of 45 Her. For this, we used the non-L TE (NL TE)
ode BALDER (Amarsi et al. 2018a ), which is a version of MULTI3D
Leenaarts & Carlsson 2009 ) with various updates in particular to
he equation of state and background opacities. The model atom 

as the same as that described in Amarsi et al. ( 2018b ) and uses
-spline R-matrix data for electron-impact excitation (Zatsarinny 
006 ; Tayal & Zatsarinny 2016 ). This model atom was updated with
tark broadening parameters taken from the Kurucz online data base 
Kurucz 1995 ). The calculations were carried out for a range of
 concentrations spanning 6 dex in logarithmic abundance, using 
 step of 0.2 dex, under the trace-element assumption. INVERS10 
as modified to read and interpolate within the resulting tables of
LTE departure coefficients. These data were incorporated in the 
olarized radiative transfer calculations by modifying the oxygen 
ine opacity and source function according to well-known relations 
e.g. Piskunov & Valenti 2017 ). Fixed magnetic field derived with
NVERSLSD from the mean metal-line LSD profiles was included in 
NVERS10 NLTE O abundance mapping. 
MNRAS 521, 3480–3499 (2023) 
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Figure 6. Relative χ2 of the fit to Stokes I LSD profiles as a function of 
equatorial rotational period P eq and differential rotation parameter α. The 
solid lines show the 68 per cent and 90 per cent confidence intervals. The 
cross corresponds to the best-fitting solid-body rotational period. 
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In all three tomographic mapping approaches used in this study,
he global stellar magnetic field was represented with the help of a
pherical harmonic expansion into poloidal and toroidal components
Kochukhov et al. 2014 ). This expansion included harmonic modes
p to 	 max = 10 and was constrained with a harmonic penalty function
Morin et al. 2008 ; Kochukhov et al. 2014 ) to minimize contribution
f higher-order harmonic terms not justified by the observational
ata. The line strength and chemical abundance maps were prescribed
n a 1876-element surface grid and regularized by minimizing the
ocal surface gradients (Tikhono v re gularization, e.g. Piskuno v &
ochukhov 2002 ). The optimal magnetic field and line strength

 abundance regularization parameters, corresponding to a com-
romise between obtaining a satisfactory fit to observations while
 v oiding spurious small-scale features, were established with the
terativ e re gularization stepping procedure described by Kochukhov
 2017 ). 

.4.2 Rotational period and differential rotation 

e started the Doppler imaging analysis of 45 Her by refining
he stellar v e sin i , determining rotational period, and searching for
 differential rotation. To this end, we made use of the Stokes I
SD profiles derived using all metal lines. Consecutive observations
btained on the same nights were averaged, resulting in a data set
omprising 35 spectra. These observations were modelled with a
on-uniform surface line strength distribution under the ME-UR
ocal line-profile approach described abo v e. Giv en the weakness of
he stellar magnetic field, it was ignored in this analysis. 

Inversions were repeated for different rotational periods around
he pre viously kno wn v alue P rot = 4.1164 ± 0.0001 d (Hatzes 1991 ;
aunzen et al. 2021 ). Simultaneously, a range of differential rotation
ehaviours was explored assuming that the stellar surface is sheared
ccording to the simplified solar law commonly adopted by DI and
DI studies (e.g. Donati et al. 1999 ; Petit, Donati & Collier Cameron
002 ) 

( l) = 
eq (1 − α sin 2 l) , (1) 

here 
( l ) is the latitudinal dependence of the rotation rate, 
eq =
/ P eq is the equatorial rotation rate, and α = �
/ 
eq is the
ormalized difference between rotation rates of the equator and pole.
sing this approach, the χ2 of INVERSLSD fit to the LSD profiles was

tudied as a function of P eq and α with a resolution of 10 −5 in both
f these parameters. This analysis, illustrated in Fig. 6 , revealed no
vidence of either a solar-like or an antisolar differential rotation with
he upper limits 7 × 10 −5 (68 per cent confidence) and 11 × 10 −5 

90 per cent confidence) derived for the | α| parameter. In the limit of a
olid-body rotation, we found P rot = P eq = 4.116476 ± 0.000022 d.
dopting the mid-exposure time of the first Narv al observ ation as

he reference time yields the ephemeris 

 J D = 2454173 . 71327 + 4 . 116476 × E, (2) 

hich we use throughout this study. 
At this stage of the DI analysis, we also optimized the stellar pro-

ected rotational velocity. The best fit to observations was achieved
sing v e sin i = 35.5 ± 0.5 km s −1 , in good agreement with previous
ndings (35.0 ± 0.5 km s −1 in Hatzes 1991 , 35 km s −1 in Auri ̀ere
t al. 2007 ). Combining P rot and v e sin i derived here, with R =
.3 ± 0.1 R � determined in Section 3.2 , one can estimate inclination
f the stellar rotational axis, i = 42.2 ◦ ± 1.4 ◦, using the relation
etween the stellar radius, rotational period, and equatorial rotational
elocity (Pr ̌sa et al. 2016 ). This combination of P rot , v e sin i , and i
NRAS 521, 3480–3499 (2023) 
 as emplo yed for all magnetic and abundance inversions reported
elow. The final comparison of the observed metal-line Stokes I LSD
rofiles with the INVERSLSD fit is shown in the left-hand panel of
ig. 7 . 

.4.3 Magnetic field topology 

agnetic field geometry of 45 Her was derived with the ME-UR
NVERSLSD modelling of the mean metal-line Stokes V profiles
fter constraining the line strength map as described in the previous
ection. Three observations with low S / N were excluded from this
nalysis and spectra obtained on the same nights were averaged,
esulting in a data set comprising 32 observations. The comparison
etween the observed and best-fitting model circular polarization
pectra is shown in the right-hand panel of Fig. 7 . Spherical
enderings of the vector magnetic field map corresponding to this
t are presented in Fig. 8 . 
We find that the global magnetic field of 45 Her is roughly

ipolar, featuring a large inclination of the dipolar axis relative to
he stellar axis of rotation. At the same time, this dipolar topology is
ignificantly distorted, particularly if one examines the field modulus
ap (Fig. 8 a). There is a noticeable asymmetry between the ne gativ e

nd positive magnetic poles, with the latter one exhibiting stronger
eld. The local field modulus peaks at 190 G in a spot located within

he positive radial field region but does not exceed 166 G in the
art of the surface co v ered by ne gativ e field. In both regions, the
tructures with the strongest field appear to be of fset to wards the
agnetic equator. The surface-averaged field strength is 77 G. 
According to the harmonic power spectrum of the derived mag-

etic field distribution, the field of 45 Her can be characterized (see
able 4 ) as mostly dipolar (74.6 per cent of the magnetic field energy),
oloidal (86.4 per cent), and non-axisymmetric (95.5 per cent). The
qui v alent dipolar field strength calculated from 	 = 1 harmonic
oefficients is 119 G. Contribution of 	 ≥ 2 modes responsible for
he apparent distortion of global dipolar field in Fig. 8 is significant.
n attempt to fit observations using a purely dipolar, poloidal field

ncreased the standard deviation between the observed and model
tokes V spectra by 40 per cent giving an unsatisfactory fit. On the
ther hand, excluding toroidal components from 	 max = 10 harmonic
xpansion yields only a marginal decrease of the fit quality while
aintaining similar surface magnetic field structure. This suggests
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Figure 7. Comparison of the observed (black histograms) and model (red 
solid lines) LSD Narval Stokes I and V profiles corresponding to the full 
metal line mask. Profiles are shifted vertically and arranged according to the 
rotational phase, which is indicated to the right of each profile. 
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hat the toroidal part of 45 Her’s field topology is poorly constrained
y the available observations and therefore detection of this field 
omponent is rather uncertain. 

.4.4 Chemical spot distributions 

b undance distrib utions of Ti, Cr, and Fe were deri ved indi vid-
ally from the Stokes I LSD profiles of these elements using
he INVERSLSD code and following the methodology described in 
ection 3.4.1 . The magnetic field was kept fixed in these inversions
ccording to the results of Section 3.4.3 . The resulting comparison of
he observed and model LSD profiles is illustrated in Figs B1 –B5 for
arval data. The same analysis procedure was applied independently 

o the LSD spectra derived from CES observations. The correspond- 
ng model fits are presented in Figs B2 –B6 . For oxygen, we instead
sed the INVERS10 code modified to account for NLTE effects and 
irectly modelled the near-infrared O I triplet in Narval spectra as
llustrated in Fig. B7 . This figure also shows the impact of ignoring
epartures from LTE, which leads to a major underestimation of the
 line absorption for a given oxygen abundance. 
The orthographic projection of the O, Ti, Cr, and Fe spot distri-

utions obtained from Narval observations is presented in Fig. 9 ,
here the star is shown at five rotational phases and at the actual

nclination angle as seen by the observer. The same plot for Ti, Cr,
nd Fe spot maps derived from CES data is given in Fig. 10 . A
omparison between these two sets of chemical abundance maps 
ill be discussed in Section 4.4 . 
For all four studied chemical elements, we found large-scale, 

igh-contrast abundance inhomogeneities spanning several dex in 
ogarithmic element concentration. The O map exhibits a ring-like 
tructure with a contrast reaching nearly 6 dex. Additionally, there is
 spot characterized by an extreme concentration of O at one of the
wo intersections of this ring with the stellar rotational equator. This
symmetry of the reconstructed O distribution is not an inversion arte-
act since the O triplet lines clearly appear stronger and wider at phase
0.35 compared to phase ≈0.80 when the two sides of the o v erabun-

ance ring cross the disc centre. The O map reconstructed in LTE is
ualitatively similar but has much higher local abundance values. 
The Ti distribution exhibits the second-highest surface contrast of 

round 5 dex. The behaviour of this element resembles that of O,
lthough in addition to a ring-like structure it shows a number of
maller spots and a more articulated high-contrast feature at phase 
.3. The location of this spot is close to the O o v erabundance re gion
t the stellar equator. 

In contrast to O and Ti, the distribution of Cr is dominated by a ring
f relative underabundance spanning the visible hemisphere. For this 
lement, our inversion procedure also recovers major overabundance 
eatures below the rotational equator. Ho we ver, as seen from Fig. 9 ,
hese parts of the stellar surface are al w ays visible near the limb and
ontribute little to the disc-integrated spectra. Reliability of these 
urface features is therefore low. 

Finally, Fe shows the lowest abundance contrast (about 1.5 dex) 
nd the most complex surface distribution among all four studied 
hemical elements. The iron map exhibits at least five latitudinally 
 xtended o v erabundance spots or arcs. This comple xity can be
raced back to the rotational modulation of Fe lines (e.g. Fig. B5 ),
hich shows many small-amplitude distortions travelling across 

otationally broadened profile compared to a couple of dominant 
pot features visible in the lines of O, Ti, and Cr. 

 SUMMARY  A N D  DI SCUSSI ON  

n this study, we presented a detailed investigation of the physical
arameters, binarity, magnetic field, and surface chemical spot 
istributions of the magnetic Ap star 45 Her. This star was found to
e a wide, single-lined spectroscopic binary with P orb = 99.7 d and
 radial velocity semi-amplitude of K 1 = 4.7 km s −1 . Its companion
s a late-type, low-mass star that makes no detectable contribution to
he composite spectra. We revised atmospheric parameters of 45 Her 
ased on model atmosphere fitting of the H γ line profile and several
pectrophotometric observations, including recently released Gaia 
R3 spectrophotometry. These data are best reproduced with T eff = 

400 K, log g = 3.55, and R = 4.3 R �. Abundance analysis based on
he mean spectra revealed a typical chemical pattern of an evolved

agnetic Ap star (Kochukhov et al. 2006 ; Bailey, Landstreet &
agnulo 2014 ): an underabundance of light elements, Ca and Ti,
pproximately normal concentration of Mg and Si, and large o v er-
bundance of Fe-peak elements without a detectable enhancement 
f rare-earths. Zeeman circular polarization signatures were repeat- 
dly detected in high-resolution spectropolarimetric observations 
MNRAS 521, 3480–3499 (2023) 
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Figure 8. Magnetic field topology of 45 Her derived with ZDI analysis from metal-line Stokes V LSD profiles. The three rows of spherical plots show maps of 
the magnetic field strength (a), the radial field component (b), and the magnetic field vector (c). The star is shown at the inclination i = 42 ◦ for five rotational 
phases, which are indicated next to each column. The contours o v er spherical maps in panels (a) and (b) are plotted with a step of 25 G. The stellar equator and 
visible rotational pole are indicated with double lines. The side colour bars give the field strength in G. 

Table 4. Magnetic field characteristics of 45 Her. 

Parameter Value 

E pol 86.4 per cent 
E (| m | > 0) 95.5 per cent 
E ( 	 = 1) 74.6 per cent 
E ( 	 = 2) 15.3 per cent 
E ( 	 = 3) 4.3 per cent 
E ( 	 ≥ 4) 5.8 per cent 
〈 B 〉 77.5 G 

〈 | B r | 〉 66.1 G 

B d 118.8 G 
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f 45 Her, indicating a reversing longitudinal magnetic field with
 strength below 100 G. We used the LSD circular polarization
rofiles to reconstruct the surface magnetic field topology of 45 Her
ith the help of the ZDI technique. The spatially resolved surface
agnetic field strength of that star peaks at 190 G with the mean
eld modulus of 77 G. The stellar field geometry is dominated by

he poloidal, non-axisymmetric components and is roughly dipolar,
lthough contributions of higher-order components (quadrupole and
bo v e) is non-ne gligible. Applying Doppler imaging analysis to LSD
ntensity profiles derived from all metal lines, we demonstrated the
bsence of a latitudinal differential rotation with an upper limit of
 α| = | �
|/ 
 ≈ 10 −4 . We then used the LSD intensity profiles of
i, Cr, and Fe to reconstruct spot distributions of these elements.
his analysis was repeated for two independent data sets obtained
t different observatories. Finally, we used the higher resolution and
etter S / N Narval data set to reco v er the oxygen surface abundance
ap from the spectacular variation of the near-infrared O I triplet

ased on the spectrum synthesis calculations that incorporated NLTE
ine formation of that element. 
NRAS 521, 3480–3499 (2023) 
.1 Magnetic field of 45 Her compared to other Ap stars 

he distinguishing feature of 45 Her is its remarkably weak surface
eld for a magnetic Ap star. These objects are known to have fields
ith dipolar components ranging from several hundred G up to
30 kG (e.g. Auri ̀ere et al. 2007 ; Sikora et al. 2019b ). Ho we ver, the

ccuracy and reliability of these field strength estimates, especially
or weaker fields, depend on the quality of observations and degree
f detail with which these fields are studied. To this end, 45 Her has
he lowest magnetic field strength among Ap stars modelled with
DI (Kochukhov et al. 2019 ) and the second-lowest field among all
p stars analysed with modern high-resolution spectropolarimetry.
he only star with a weaker field, HD 5550 (Alecian et al. 2016 ),

s an atypical object in several respects. It is a short-period ( P orb =
.84 d), double-lined spectroscopic binary. The field with a dipolar
trength of B d = 65 ± 20 G is nearly aligned with the orbital
xis and is found on the primary component, which rotates with
he same period as its orbital motion and lacks significant spectral
 ariations indicati ve of chemical spots. In contrast, 45 Her is
f fecti vely a single object that exhibits all staple characteristics
f magnetic Ap stars (non-solar chemical abundances, highly in-
lined distorted dipolar field, prominent rotational modulation due
o chemical spots). This pro v es that the chemical peculiarity and
urface structure formation phenomena associated with a fossil
agnetic field in late-B and A-type stars extend down to dipolar
eld strengths of ≈120 G (corresponding to a surface-averaged
eld strength of ≈ 80 G). This is lower than thought previously
ut still noticeably higher than the ≈30 G dipolar field of the
m star γ Gem (Blaz ̀ere et al. 2020 ) and orders of magnitude

tronger than sub-G magnetic fields found on other Am and normal
ntermediate-mass stars (Petit et al. 2010 , 2011 ; Blaz ̀ere et al.
016 ). 
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Figure 9. Surface abundance distributions of O, Ti, Cr, and Fe derived with DI modelling of Stokes I Narval spectra obtained during 2018. The star is shown 
at the inclination i = 42 ◦ for five rotational phases, which are indicated next to each column. The contours o v er spherical maps are plotted with a step of 0.25 
dex for Fe and 0.50 dex for other elements. The fractional element abundances are given by the side bars in the log ( N el / N tot ) units. The double lines correspond 
to the stellar equator and rotational pole. The thick dashed line shows where the radial magnetic field changes sign according to the magnetic map in Fig. 8 . 
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Figure 10. Same as Fig. 9 but for the surface abundance distributions of Ti, Cr, and Fe derived from CES observations obtained between 2014 and 2018. 
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.2 Stability of weak fossil magnetic fields 

wing to the weakness of its magnetic field, 45 Her is a key object in
he discussion of the hydromagnetic stability of fossil fields in early-
ype stars and of the ensuing lower field strength threshold. Based on
 sample of 24 weak-field magnetic Ap stars, Auri ̀ere et al. ( 2007 ) has
stablished that these objects appear to possess dipolar fields stronger
han 300 G with the median strength estimated to be B d ≈ 1.4 kG.
he existence of this 300 G threshold field strength was confirmed
y Sikora et al. ( 2019b ), who studied a volume-limited sample of 52
agnetic Ap stars with higher quality data. They concluded that the
ean dipolar field strength of their sample of Ap stars was 2.6 kG

nd also could not find a single star with B d unambiguously below
he 300 G threshold. 

To explain the apparent lower limit of Ap-star fields, Auri ̀ere
t al. ( 2007 ) put forward a hypothesis that the global fossil field
s subject to a Taylor-type instability (e.g. Spruit 1999 ) and cannot
urvi ve belo w a certain minimum field strength B c , which depends on
he atmospheric equipartition field B eq , the stellar rotational period,
adius, and ef fecti ve temperature, 

 c = 2 B eq 

(
P rot 

5d 

)−1 (
R 

3 R �

) (
T eff 

10 4 K 

)−1 / 2 

. (3) 

ll stars studied by Auri ̀ere et al. ( 2007 ) and Sikora et al. ( 2019b )
atisfied the condition B d ≥ B c but this is not the case for 45 Her.
ts equipartition field is B eq = 131 G at τ 500 = 2/3 for the T eff =
400 K, log g = 3.55 model atmosphere calculated in our study.
nserting other rele v ant stellar parameters in equation ( 3 ) yields
 c = 471 G. This is about a factor of 4 higher than the observed
ipolar field strength of 119 G. Thus, the field of 45 Her is clearly
ncompatible with the theory underlying the commonly discussed

300 G dipolar strength limit. Similar conclusions can be reached
or the primary component of HD 5550 (Alecian et al. 2016 ) with
he already mentioned caveat that the latter is part of a close binary
ystem, which is likely to be rele v ant for both the origin and long-
erm survi v al of the fossil field. In contrast, a wide orbit and lo w

ass of 45 Her’s binary companion allows one to treat the primary as
f fecti vely a single star in the context of the field stability discussion.

Another type of field stability assessment is commonly carried
ut in the context of 1D modelling of subsurface convection zones
n the intermediate- and high-mass stars (e.g. Cantiello et al.
009 ; Cantiello & Braithwaite 2011 , 2019 ). This treatment explores
tability of the hydrogen and helium ionization zones in lower mass
tars and Fe-peak opacity zone in higher mass stars as a function
f vertical magnetic field strength. The underlying idea is that the
eld strength has to exceed a certain limit, B c , to provide stability

o convection. Fields weaker than B c will be dragged, tangled, and
uickly destroyed by conv ectiv e motions. Arguing along these lines,
ermyn & Cantiello ( 2020 ) and Farrell et al. ( 2022 ) applied the
onv ectiv e stability criterium by MacDonald & Petit ( 2019 ; origi-
ally developed for O-star envelopes) to grids of 1D stellar structure
odels co v ering the mass interv al rele v ant for magnetic Ap stars.
ccording to the latest results by Farrell et al. ( 2022 ), the fundamental
arameters of 45 Her require B c of at least 1500 G. In this theory,
he critical field corresponds to the surface-averaged radial magnetic
eld component. But, according to our ZDI results, the latter amounts

o just 66 G for 45 Her. Thus, there is a major contradiction between
hese theoretical predictions and observations. This tension points
o a problem with the concept of a minimal vertical field required
or stability to convection, likely stemming from an approximate 1D
reatment of convection in the current stellar structure models. This
lso means that the far-reaching conclusions, for example on the
NRAS 521, 3480–3499 (2023) 
eparation between fossil and dynamo fields (Jermyn & Cantiello
020 ) and on the initial magnetic field distribution of AB stars
Farrell et al. 2022 ), obtained using this theoretical framework have
o be revised to account for the existence of stars like 45 Her and
D 5550. 

.3 Relation between magnetic field and chemical spots 

e now take a closer look at the relation between magnetic field
eometry and locations of chemical spots using the visualization
rocedure introduced by Kochukhov et al. ( 2022 ). Fig. 11 shows the
ammer–Aitoff maps of the radial magnetic field component, the
eld modulus, and the local field inclination relative to the surface
ormal simultaneously with the abundance distributions of O, Ti,
r, and Fe. The parts of the stellar surface completely or partially

nvisible (as defined in Kochukhov et al. 2022 ) to the observer are
ndicated with shaded regions. 

Starting with oxygen, we see a clear correlation of that element
ith the horizontal field regions. The O overabundance forms nearly
 perfect ring at the magnetic equator, similar to the behaviour of
his element in a few other magnetic Ap stars (Rice, Wehlau &
olmgren 1997 ; Kochukhov et al. 2004 ). In 45 Her, this symmetry

s, ho we ver, broken by an additional O spot located at one of the
ntersections of the magnetic and rotational equators. Turning to the
eld strength map, we can see that at this location, the field intensity

s systematically lower compared to the other side of the magnetic
quator. 

The distribution of Ti features a major spot that is located not far
rom the O spot, but is offset from the magnetic equator. There are
wo other, less prominent, Ti spots with the first one located at another
ntersection of the magnetic and rotational equators and the second
ne roughly coinciding with the positive magnetic pole. Titanium was
arely targeted by DI analyses of Ap stars, and a fe w pre vious maps
f this element reconstructed simultaneously with magnetic field
id not show the tendency of concentration at the magnetic equator
bserved in 45 Her (L ̈uftinger et al. 2010 ; Silvester, Kochukhov &
ade 2014b ; Rusomarov et al. 2016 ). 
The surface distribution of Cr is dominated by a relative under-

bundance ring at the magnetic equator. This result agrees the earlier
nding for 45 Her and two other Ap stars by Hatzes ( 1991 ). Ho we ver,

he trend for Cr to exhibit a depletion at the magnetic equator is rarely
bserved in Ap stars analysed with DI (e.g. Kochukhov et al. 2017 ;
ochukhov et al. 2019 ; Kochukhov et al. 2022 ). 
The surface map of Fe reconstructed for 45 Her is the most

omplex of all studied elements, comprising at least five separate Fe
 v erabundance spots and three regions of prominent Fe depletion.
ne of the o v erabundance spots is co-located with the previously
iscussed major Ti spot in the vicinity of the weaker-field segment
f the magnetic equator. At the same time, Fe is underabundant at this
art of the magnetic equator itself, similar to Cr. Other features that
an be discerned in the Fe surface map are pairs of spots located close
o both ne gativ e and positive magnetic poles. Overall, the behaviour
f Fe in 45 Her shares the trend, seen in the DI results for other Ap
tars (e.g. Kochukhov et al. 2004 , 2014 ; Kochukhov et al. 2019 ), for
his element to exhibit a complex multispot distribution lacking a
irect relation to the magnetic field geometry. 

.4 Long-term stability of abundance distributions 

ndependent abundance inversions using Narval and CES obser-
 ations of fer a unique opportunity to probe possible long-term
volution of chemical spots or, alternatively, assess uncertainties of
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Figure 11. Comparison of the magnetic field topology of 45 Her with ab undance distrib utions for O, Ti, Cr, and Fe based on Narv al observ ations. The three 
ro ws of Hammer–Aitof f projection plots display in the background, from top to bottom, the radial magnetic field component, the field strength, and the local 
field inclination. The dotted lines show the longitude-latitude grid plotted with a 30 ◦ step and zero longitude in the centre. The shaded bottom part of the maps 
indicates latitudes that are completely invisible (dark grey) or have a relative visibility of less than 25 per cent (light grey). Chemical abundance distributions 
are shown with foreground contours plotted every 0.25 dex for Fe and 0.50 dex for other elements. The darker and thicker contours correspond to regions with 
a higher element abundance. 

Figure 12. Agreement between abundance distributions of Ti, Cr, and Fe 
reconstructed from independent spectroscopic data sets. The background 
Hammer–Aitof f plots sho w the abundance maps derived from the Narval 
spectra. The foreground contours correspond to the chemical spot distribu- 
tions obtained from the CES observations. The contours are plotted every 0.25 
dex for Fe and 0.50 dex for other elements, with darker colour and thicker 
lines indicating a higher element abundance. 
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I reconstruction assuming a static surface distribution. It is known 
hat, in the absence of strong global magnetic fields similar to those
sually found in Ap stars, heavy-element spots on HgMn stars evolve 
n the time-scales from years (Kochukhov et al. 2007 ) to months
Korhonen et al. 2013 ). Similar behaviour cannot be a priori excluded
or 45 Her, considering the unusually weak magnetic field of this star.
All but two Narval observations were obtained in 2018, whereas 
ost of the CES spectra were collected in 2014–2015. There is,

herefore, a 3-yr gap between the bulk of the two data sets. The
pectral resolution, typical S / N , rotational phase co v erage, and
eduction procedures applied to the Narval and CES data were all
if ferent. Ne vertheless, the comparison of Ti, Cr, and Fe maps in
ig. 12 shows an excellent agreement between the outcomes of the
I inversions using the two sets of spectra. In particular, every spot

eature discussed abo v e for the surface maps based on the Narval
bservations is reproduced in the maps inferred from the CES data.
his even includes the most complex Fe map, for which the two

ndependent inversions yield the same five overabundance spots. 
he only systematic difference between the two sets of maps, most
learly seen by comparing Figs 9 and 10 , is a smoother surface
istribution derived using the CES observations, likely reflecting a 
ower resolution and S / N of that data set. Thus, there is no evidence
f any change in the surface maps of these three chemical elements
etween 2014–2015 and 2018. In this respect, 45 Her behaves similar
o other magnetic Ap stars and differently from non-magnetic HgMn 
tars. 

Assuming static surface abundance distributions, we computed a 
ean absolute difference (weighted by the surface element visibility) 

f 0.32, 0.22, and 0.12 dex for Ti, Cr, and Fe, respectively. These
umbers can be considered as conserv ati ve estimates of the local
ncertainty of abundance reconstructions in this study. 
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Table A1. Journal of Narval spectropolarimetric observations of 45 Her. The columns give the UT and heliocentric 
Julian dates of mid-exposure for each observation, the S / N of Stokes V spectrum per 1.8 km s −1 velocity bin at 550 nm, 
and the rotational and orbital phases. This is followed by the Stokes V signature detection flag (DD = definite detection, 
MD = marginal detection, ND = no detection), the mean longitudinal magnetic field, and the radial velocity measured 
from the hydrogen line cores. The average uncertainty of the latter measurements is 0.52 km s −1 . The last column 
contains a running number to indicate consecutive observations averaged for the purpose of magnetic mapping. Zero in 
this column points to the three low S / N observations that were excluded from that analysis. 

UT date HJD S / N Rotational Orbital Stokes V 〈 B z 〉 V r N avg 

phase phase detection (G) (km s −1 ) 

2007-03-14 2454173.713 980 0.000 0.587 DD − 79 ± 7 − 10 .4 1 
2007-03-15 2454174.709 999 0.242 0.597 DD 22 ± 7 − 11 .2 2 
2018-04-14 2458222.638 247 0.590 0.275 ND − 47 ± 28 − 12 .0 3 
2018-04-15 2458223.518 433 0.804 0.284 ND 4 ± 18 − 12 .1 4 
2018-04-19 2458227.646 434 0.807 0.326 ND − 15 ± 18 − 11 .6 5 
2018-04-24 2458232.579 381 0.005 0.375 ND − 63 ± 20 − 11 .5 6 
2018-04-25 2458233.571 318 0.246 0.385 DD − 20 ± 24 − 12 .2 7 
2018-04-27 2458235.540 382 0.724 0.405 DD 22 ± 20 − 10 .4 8 
2018-05-06 2458244.537 539 0.910 0.495 ND − 58 ± 14 − 10 .7 9 
2018-05-09 2458247.513 477 0.633 0.525 DD 61 ± 15 − 9 .4 10 
2018-05-11 2458249.539 490 0.125 0.546 ND − 22 ± 15 − 10 .5 11 
2018-05-17 2458255.569 659 0.590 0.606 DD 54 ± 10 − 9 .4 12 
2018-05-18 2458256.538 552 0.825 0.616 DD − 56 ± 13 − 10 .1 13 
2018-05-18 2458257.487 655 0.056 0.626 DD − 50 ± 11 − 10 .3 14 
2018-05-23 2458261.502 551 0.031 0.666 ND − 62 ± 13 − 10 .4 15 
2018-06-15 2458284.530 615 0.625 0.897 DD 43 ± 11 − 13 .7 16 
2018-06-15 2458284.548 579 0.630 0.897 DD 33 ± 12 − 13 .8 16 
2018-06-16 2458285.570 654 0.878 0.908 MD − 45 ± 11 − 15 .3 17 
2018-06-16 2458285.587 582 0.882 0.908 ND − 25 ± 13 − 15 .5 17 
2018-06-17 2458286.556 523 0.117 0.918 DD − 61 ± 14 − 16 .0 18 
2018-06-17 2458286.573 529 0.122 0.918 DD − 51 ± 14 − 16 .0 18 
2018-06-18 2458287.522 597 0.352 0.927 DD 55 ± 11 − 16 .8 19 
2018-06-18 2458287.540 601 0.356 0.928 DD 64 ± 11 − 16 .9 19 
2018-06-18 2458288.475 353 0.583 0.937 DD 13 ± 20 − 15 .9 20 
2018-06-18 2458288.493 365 0.588 0.937 ND 71 ± 19 − 15 .9 20 
2018-06-19 2458289.413 578 0.811 0.946 DD − 36 ± 13 − 17 .2 21 
2018-06-19 2458289.431 563 0.816 0.947 DD − 49 ± 14 − 17 .1 21 
2018-06-24 2458293.511 541 0.807 0.988 DD − 22 ± 14 − 18 .9 22 
2018-06-24 2458293.528 552 0.811 0.988 DD − 15 ± 14 − 19 .2 22 
2018-06-24 2458294.490 517 0.045 0.997 MD − 72 ± 14 − 19 .6 23 
2018-06-25 2458294.507 587 0.049 0.998 MD − 52 ± 12 − 19 .5 23 
2018-06-25 2458295.461 586 0.281 0.007 DD 37 ± 12 − 20 .7 24 
2018-06-25 2458295.480 488 0.285 0.007 DD 52 ± 15 − 20 .6 24 
2018-06-30 2458300.459 72 0.495 0.057 ND 156 ± 95 − 18 .9 0 
2018-06-30 2458300.477 277 0.499 0.058 ND 24 ± 24 − 18 .8 25 
2018-07-09 2458309.465 647 0.683 0.148 DD 38 ± 11 − 15 .0 26 
2018-07-17 2458317.487 641 0.631 0.228 DD 39 ± 11 − 12 .6 27 
2018-07-22 2458322.489 709 0.846 0.279 MD − 34 ± 11 − 12 .5 28 
2018-07-23 2458323.392 372 0.066 0.288 ND − 60 ± 20 − 12 .4 29 
2018-07-23 2458323.489 503 0.089 0.289 DD − 88 ± 15 − 12 .4 29 
2018-07-25 2458325.446 394 0.565 0.308 DD 103 ± 17 − 11 .4 30 
2018-07-26 2458325.527 388 0.584 0.309 DD 38 ± 18 − 11 .4 30 
2018-09-19 2458381.306 84 0.135 0.870 ND − 136 ± 103 − 14 .1 0 
2018-09-23 2458385.297 473 0.104 0.910 ND − 21 ± 16 − 15 .5 31 
2018-10-08 2458400.270 418 0.742 0.060 DD − 28 ± 18 − 18 .5 32 
2018-10-12 2458404.263 106 0.711 0.101 ND − 5 ± 77 − 16 .1 0 
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Table A2. Journal of CES spectroscopic observations of 45 Her. The columns give the UT and mid-exposure heliocentric 
Julian dates for each observation, exposure times, the S / N at 550 nm, and the rotational and orbital phases. 

UT date HJD Exposure S / N Rotational Orbital 
time (s) phase phase 

2014-05-06 2456783.569 3000 168 0.002 0.814 
2014-05-07 2456785.450 4200 115 0.459 0.833 
2014-05-07 2456785.500 4200 109 0.472 0.833 
2014-05-11 2456789.436 4000 190 0.428 0.873 
2014-05-11 2456789.486 4000 206 0.440 0.873 
2014-05-12 2456789.535 4000 161 0.452 0.874 
2014-05-12 2456789.580 3500 201 0.463 0.874 
2014-07-10 2456849.277 4000 188 0.965 0.474 
2014-07-10 2456849.325 4000 241 0.976 0.475 
2014-07-10 2456849.377 4000 242 0.989 0.475 
2014-07-10 2456849.425 4000 188 0.001 0.476 
2014-07-10 2456849.469 3000 136 0.011 0.476 
2014-07-12 2456851.287 4000 198 0.453 0.494 
2014-07-12 2456851.336 4000 212 0.465 0.495 
2014-07-12 2456851.384 4000 228 0.476 0.495 
2014-07-12 2456851.432 4000 204 0.488 0.496 
2014-07-12 2456851.480 4000 224 0.500 0.496 
2014-08-09 2456879.359 4000 222 0.272 0.776 
2014-08-09 2456879.408 4000 164 0.284 0.777 
2014-08-10 2456880.264 4000 266 0.492 0.785 
2014-08-10 2456880.314 4000 218 0.504 0.786 
2014-08-10 2456880.362 4000 207 0.516 0.786 
2014-08-10 2456880.410 3800 165 0.528 0.787 
2014-08-11 2456881.261 4000 213 0.734 0.796 
2014-08-11 2456881.309 4000 196 0.746 0.796 
2014-08-11 2456881.358 4000 202 0.758 0.796 
2014-08-11 2456881.405 3600 129 0.769 0.797 
2015-04-28 2457140.542 1200 134 0.721 0.401 
2015-04-28 2457140.558 1200 130 0.724 0.401 
2015-04-28 2457140.582 1200 134 0.730 0.401 
2015-04-28 2457140.597 1200 110 0.734 0.402 
2015-04-28 2457140.613 1200 116 0.738 0.402 
2015-06-11 2457185.443 1800 113 0.628 0.852 
2015-06-11 2457185.478 1800 132 0.637 0.853 
2015-06-11 2457185.501 1800 143 0.642 0.853 
2015-06-12 2457185.523 1800 141 0.648 0.853 
2015-06-12 2457185.546 1800 122 0.653 0.853 
2015-08-01 2457236.310 2700 108 0.985 0.363 
2015-08-01 2457236.381 2700 101 0.002 0.364 
2015-08-01 2457236.416 2700 82 0.011 0.365 
2015-08-02 2457237.368 2700 120 0.242 0.374 
2015-08-02 2457237.401 2700 107 0.250 0.374 
2018-05-01 2458240.472 1800 112 0.922 0.455 
2018-05-01 2458240.496 1800 111 0.928 0.455 
2018-05-02 2458240.520 1800 114 0.934 0.455 
2018-05-02 2458240.543 1800 124 0.940 0.455 
2018-05-02 2458240.566 1800 83 0.945 0.455 
2018-05-02 2458240.590 1800 109 0.951 0.456 
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Figure B2. Same as Fig. B1 but for the Ti Stokes I LSD profiles derived 
from CES observations. 
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able A3. Nightly mean radial velocities of 45 Her measured from the
 α line in CES observations. The columns give the heliocentric Julian
ate, orbital phase, and radial velocity. The average uncertainty of these
easurements is 0.71 km s −1 . 

JD Orbital V r 

phase (km s −1 ) 

456783.570 0.814 − 12 .8 
456785.475 0.833 − 12 .8 
456789.510 0.873 − 13 .9 
456849.375 0.475 − 9 .5 
456851.360 0.495 − 11 .7 
456879.383 0.777 − 11 .4 
456880.338 0.786 − 11 .3 
456881.333 0.796 − 11 .3 
457140.578 0.401 − 11 .3 
457185.499 0.853 − 12 .6 
457236.369 0.364 − 11 .9 
457237.384 0.374 − 12 .1 
458240.525 0.455 − 12 .2 

PPENDIX  B:  D I  LINE  PROFILE  FITS  

igure B1. Comparison of the observed (black histograms) and model (red
olid lines) Ti Narval Stokes I LSD profiles. 
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Figure B3. Same as Fig. B1 , but for Cr Narval Stokes I LSD profiles. Figure B4. Same as Fig. B3 but for the Cr Stokes I LSD profiles derived 
from CES observations. 
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Figure B5. Same as Fig. B1 , but for Fe Narval Stokes I LSD profiles. Figure B6. Same as Fig. B5 but for the Fe Stokes I LSD profiles derived 
from CES observations. 
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Figure B7. Same as Fig. B1 , but for the O I infrared triplet in Narval spectra. 
Calculations accounting for NLTE effects are shown with the solid lines. The 
dotted lines illustrate LTE profiles for the same O surface distribution. 
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