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ABSTRACT

Context. The fact that the rotation periods of Ap stars span five to six orders of magnitude and that the longest ones reach several
hundred years represents one of the main unsolved challenges of stellar physics.

Aims. Our goal is to gain better understanding of the occurrence and properties of the longest period Ap stars.

Methods. We obtained high resolution spectra of a sample of super-slowly rotating Ap (sstAp) star candidates identified by a TESS
photometric survey to confirm that they are indeed Ap stars, to check that their projected equatorial velocities are compatible with
super-slow rotation, and to obtain a first estimate of their magnetic field strengths. For the confirmed Ap stars, we determined whenever
possible their mean magnetic field modulus, their mean quadratic magnetic field, and an upper limit of their projected equatorial
velocities.

Results. Eighteen of the 27 stars studied are typical Ap stars; most of the other nine appear to be misclassified. One of the Ap stars
is not a slow rotator; it must be seen nearly pole-on. The properties of the remaining 17 are compatible with moderately to extremely
long rotation periods. Eight new stars with resolved magnetically split lines in the visible range were discovered; their mean magnetic
field modulus and their mean quadratic magnetic field were measured. The mean quadratic field could also be determined in five more
stars. Five spectroscopic binaries containing an Ap star, which were not previously known, were identified. Among the misclassified
stars, one double-lined spectroscopic binary with two similar, sharp-lined Am components was also discovered.

Conclusions. The technique that we used to carry out a search for ssrAp star candidates using TESS data is validated. Its main
limitation appears to arise from uncertainties in the spectral classification of Ap stars. The new magnetic field measurements obtained
as part of this study lend further support to the tentative conclusions of our previous studies: the absence of periods P, = 150d
in stars with By > 7.5kG, the lower rate of occurrence of super-slow rotation for field strengths By < 2kG than in the range

3kG < By < 7.5kG, and the deficiency of slowly rotating Ap stars with (phase-averaged) field strengths between ~2 and ~3 kG.

Key words. binaries: spectroscopic — stars: chemically peculiar — stars: magnetic field — stars: oscillations — stars: rotation

1. Introduction

The rotation periods of the Ap stars range from about half
a day to several centuries, possibly even ~1000 years or
more (Mathys 2017). The loss of angular momentum under-
gone by these stars during their main sequence lifetime is
at most marginal (Kochukhov & Bagnulo 2006; Hubrig et al.
2007). Hence, period differentiation spanning five to six orders
of magnitude must have been achieved at the pre-main sequence
stage. Understanding how this can be done represents a major
challenge for the theories of stellar formation and evolution. For
further progress in this area, additional observational constraints
are needed to guide the theoretical developments. The project
described in this paper represents part of the current effort made
to provide this kind of information.

The existence of a considerable population of Ap stars that
have very long rotation periods has become increasingly well
established in recent years. Mathys (2017) concluded that sev-
eral percent of all Ap stars must have rotation periods longer
than 1 yr. This subsequently led him to define a class of super-
slowly rotating Ap (ssrAp) stars (Mathys 2020), consisting of
the Ap stars that have rotation periods Py > 50d. While arbi-

* Corresponding author; gmathys@eso.org

trary, this lower limit makes physical sense in a number of
respects (Mathys et al. 2024). As highlighted by these authors,
for an Ap star observed equator-on, P, = 50d is a value for
which the rotational broadening of iron spectral lines is com-
parable to their thermal broadening in Ap stars, and close to,
or slighhtly below, the instrumental broadening of most current
high-resolution spectrographs. Longer rotation periods cannot
be constrained from line broadening alone.

Studying the most extreme representatives of a special class
of objects often has the potential to provide insight into the ori-
gin of the physical properties shared by all the members of the
class. That is why it appears particularly valuable to undertake
systematic work to characterise the Ap stars that have the longest
rotation periods. The ssrAp stars known until recently, which
were mostly the results of serendipitous discoveries, did not lend
themselves well to such a systematic effort. Accordingly, we
undertook a coordinated effort to carry out an exhaustive search
for ssrAp stars in an objective sample.

To this effect, Mathys et al. (2020) (hereafter Paper I) intro-
duced an automated method to identify ssrAp star candidates
from the observations performed during Cycle 1 of the TESS
(Transiting Exoplanet Survey Satellite) mission. In a second
step, they performed similar searches based on TESS Cycle 2
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data (Mathys et al. 2022, hereafter Paper II) and Cycles 3 and
4 data (Mathys et al. 2024, hereafter Paper III). Their approach
is based on the consideration that Ap stars present brightness
inhomogeneities over their surface, which are stable over (very)
long timescales and are, to first order, symmetrically distributed
about the magnetic axis. The latter makes an angle 8 with the
rotation axis, which is inclined to the line of sight by an angle
i. Accordingly, photometric variations are observed with the
rotation period of the star (e.g. Preston 1971). This is called
@? CVn variability, from the name of the star in which it was first
observed, which represents a prototype of the class. The underly-
ing basic principle of the above-mentioned method is that those
Ap stars that do not show @> CVn photometric variations over
the duration of a TESS sector (27 d) are ssrAp star candidates.

In practice, application of this simple principle unsurpris-
ingly involves some complications. For instance, the lack of
observable photometric variations may be due to a very low
obliquity 8 of the magnetic axis or a very low inclination i of
the rotation axis to the line of sight. These, and other possible
complications, have been discussed in detail in the references
listed above. Because of them, it is necessary to confirm spec-
troscopically the slow rotation of the ssrAp star candidates. Here
we report on the first part of a follow-up project carried out to
this effect.

In Sect. 2, we present the spectroscopic observations that
were performed and their outcome. Section 3 describes the way
in which the obtained spectra were analysed to determine the
magnetic fields of the studied stars and to constrain their pro-
jected equatorial velocities, and it gives the results of this anal-
ysis. The properties of each star are discussed on an individual
basis in Appendix A. As part of this discussion, we also revisit
the available TESS data; many stars were reobserved in more
TESS sectors since we completed our original search. Section 4
is devoted to a discussion of the chemical peculiarity, rotation,
binarity and magnetic field of the stars of our sample, on a sta-
tistical basis. Finally, in Sect. 5, we draw the conclusions of the
present work and sketch our plans for follow-up studies.

2. Spectroscopic observations
2.1. Observation details

For spectroscopic confirmation of the ssrAp star candidates
identified in our TESS photometric survey, we started a dedi-
cated observational project. Our main objectives are (1) to con-
firm that the ssrAp star candidates are indeed Ap stars; (2)
to check that their projected equatorial velocities are compati-
ble with super-slow rotation; and (3) to obtain a first estimate
of their magnetic field strengths. The observations were per-
formed with HARPS-N (the High Accuracy Radial velocity
Planet Searcher for the Northern hemisphere; Cosentino et al.
2012) at the TNG (Telescopio Nazionale Galileo), SALT-
HRS (the Southern African Large Telescope High Resolution
échelle Spectrograph; Bramall et al. 2010), and CAOS (the Cata-
nia Astrophysical Observatory Spectropolarimeter; Leone et al.
2016) at the 0.9-m telescope of OAC (Catania Astrophysical
Observatory). In addition, we analysed two spectra obtained
with FEROS (the Fiber-fed Extended Range Optical Spectro-
graph; Kaufer et al. 1999) fed by the 2.2-m telescope at ESO
(European Southern Observatory). Finally, for two stars, we
used spectropolarimetric observations from the CFHT (Canada-
France-Hawaii Telescope) ESPaDOnS (Echelle SPectropolari-
metric Device for the Observation of Stars; Donati et al. 2006)
archive.
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HARPS-N at the TNG is an echelle spectrograph cover-
ing the wavelength range 3830-6930 A, with a resolving power
R = 115000. According to the magnitudes of the targets, the S/N
varies from 150 to 200.

The SALT-HRS is a fibre-fed, dual-beam, echelle spectro-
graph with wavelength coverage of 3700-5500 A and 5500—
8900 A in the blue and red arms, respectively (Bramall et al.
2010; Crause et al. 2014). Of the three available observing
modes, we used the High Resolution mode that achieves a
resolving power of R ~ 45000 with the current reduction
pipeline. The observations were automatically reduced using
this pipeline, which is based on the ESO’s MIDAS pipeline
(Kniazev et al. 2017, 2016). The resultant spectra achieved a
S/N in the range 200-280 in the spectral range of interest. The
pipeline reduced spectra were normalised to unity in the contin-
uum using the SUPPNET package (Rézanski et al. 2022).

The CAOQOS spectra cover the spectral range 3900-6800 A,
with a resolving power R = 40000, as measured from the ThAr
lines of the wavelength calibration arc spectrum. The S/N ranges
from 50 to 150 according to the magnitudes of the targets.

The collection of FEROS observations from which the
spectra analysed here were obtained was described by
Freyhammer et al. (2008) and Elkin et al. (2012); we used the
data as reduced by these authors. These spectra, which cover
the wavelength range 3530-9220 A, were recorded at a resolv-
ing power R ~ 48 000, with S/N ~ 150-200.

The ESPaDOnS archive spectra analysed in this study are
similar to those described by Khalack et al. (2017). These Stokes
IV spectra, which range from 3700 to 10000 A, were reduced
by the CFHT team using the software package Libre-ESPriT
(Donati et al. 1997). The achieved resolving power is R ~
65 000, at a S/N ~ 500.

2.2. Spectra

Figures A.1 to A.5 show a 30 A-long portion of the spectrum
of 25 of the 26 sharpest-lined stars that were observed until
now as part of this project. Near its centre is the Fe I 16149 A
line, whose high magnetic sensitivity and doublet Zeeman pat-
tern have made it the most used diagnostic line for determina-
tion of the mean magnetic field modulus (B) (the line-intensity
weighted average over the visible stellar disk of the modu-
lus of the magnetic field). The surrounding wavelength interval
includes lines of various chemical elements, some of them in
two different ionisation states. Among them are elements that are
often overabundant in Ap stars, such as Si, Cr, Nd, and Pr, as well
as elements that are generally observed in normal A stars (O, Ca,
Fe, and Ba). Using the Vienna Atomic Line Database (VALD;
Kupka et al. 1999), complemented by the National Institute of
Standards and Technology (NIST) Atomic Spectra Database'
(Kramida et al. 2023), we identified the main contributors of a
number of lines that are present in different stars. These identi-
fications are only provided for illustrative purposes; they are not
meant to be exhaustive. In particular, some of the lines in some
of the stars are definitely blends resulting from the wavelength
coincidence of transitions of different elements. One of the most
prominent examples is that of the line located close to 6145 A:
in many Ap stars, it is predominantly due to the Nd III transition
that is identified in the figures, but the Si116145.015 A line also
contributes to it.

! https://physics.nist.gov/asd
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Fig. 1. Portion of the spectrum of the SB2 star HD 97132, obtained
with SALT-HRS on HID 2459968.455, covering the same range as in
Figs. A.1-A.5. The wavelengths are in the heliocentric reference frame.

The spectra are presented in Figs. A.1-A.5 in order of
increasing effective temperature Tes. The values of the latter are
as listed in Paper I and Paper II. One can see in the figures a gen-
eral trend for many of the lines to become stronger or weaker
following this sequence. For instance, the Ca 1 161622 A line
is prominent in the coolest stars, but vanishes completely above
Terr ~ 9700 K. Overall, the trend is similar for the Fe 1 and Si 1
lines. The former remain visible up to Teg ~ 10700K (with
the exception of TIC 444094235 — see below), while the latter,
which also show more irregular star-to-star differences, are no
longer seen at T 2 8700 K. Conversely, the O I lines start to
appear at temperatures Teg ~ 9700 K and above. The Fe 1I lines
are present throughout the whole temperature range of consider-
ation, a behaviour mostly shared by the Cr II lines, which how-
ever are conspicuously absent from the spectra of a number of
stars. The Nd 111 16145.1 A line tends to be prominent in most
stars up to Teg ~ 10, 700 K (again, TIC 444094235 represents an
exception), and the Pr 111 1 6160.2 A line is also rather strong in
some of them.

However, throughout the whole temperature range of inter-
est, there are stars that do not show lines of any of the elements
Si, Cr, Nd or Pr: TIC 334505323 (HD 106322, T.s = 7683 K),
TIC 207468665 (HD 148330, Tex = 9700 K), TIC 286965228
(HD 127304, T = 9950 K), TIC 301918605 (HD 17330, Tt =
10250K), TIC 80486647 (HD 67658, T = 12018K), and
TIC 124998213 (HD 44979, T.s = 12593 K). These stars are
definitely not typical Ap stars. Misclassification as Ap cannot be
ruled out. In fact, Murphy et al. (2020) assigned the spectral type
A41V to TIC 80486647. The difference between the typical effec-
tive temperature of an A4 star and the much higher value reported
here is striking. The strength of the Ba 11 16141.7 A line appears
much more consistent with the former than with the latter. This
lends further support to the suspicion that the classification under-
lying the inclusion of this star in the present sample was wrong. An
additional marginal case is that of TIC 291561579 (HD 171420,
T = 6793 K). Its spectrum is very different from that of the other
stars with effective temperatures below 7000 K. The Fe lines are
weak, there are no visible lines of Cr or of rare earths, but the Si I
lines are present, and not exceedingly weak, especially when com-
pared with Fe. This may be an Ap star with milder peculiarities
than most other cool Ap stars.

On the other hand, the value of the effective temperature of
TIC 444094235 (HD 85284), T.x = 13640K, appears to be
wrong. This is definitely a typical Ap star, and in the sequence
shown in the figures, the aspect of its spectrum would rather
locate it close to Teg = 10 700 K.

One more star belongs to the group of the sharpest-lined
observed stars that is illustrated in Figs. A.1-A.5: TIC 84554659
(HD 97132). The same portion of its spectrum as considered for
the stars discussed above is shown in Fig. 1. This is obviously
a double-lined spectroscopic binary (SB2). To the best of our
knowledge, the binarity is reported here for the first time. The
two components have very sharp spectral lines and appear strik-
ingly similar to each other; they probably have nearly the same
spectral type, and the same rotational velocity. However, while
the lines are very sharp, neither of the two components seems
to be a typical Ap star. It seems more likely that they may be
Am stars that were mistakenly classified as Ap. As we do not
know the radial velocity of the barycentre of the system, we have
no meaningful reference to plot the spectrum in the laboratory
reference system. Thus, contrary to Figs. A.1-A.5, for Fig. 1,
the wavelengths have been left in the heliocentric reference
system.

Besides the temperature and chemical composition effects
that are revealed by the intensity differences between the lines
of different ions, the spectra shown in Figs. A.1-A.5 also differ
from each other in terms of line profiles. Not only do they show
a range of line widths, but also more complex features, which
in particular reflect the presence of more or less strong magnetic
fields. Most prominently, there are eight stars in which the mag-
netically split components of the Fe II A6149 A line are fully
or marginally resolved. For these eight stars, a blown-up por-
tion of the spectrum including the Fe 11 16149 A line is shown
in Fig. 2 to allow the magnetic resolution to be visualised better
than at the more compressed scale of Figs. A.1-A.5. The spectra
are presented in the order of decreasing magnetic field strength
(see Table A.1), from top to bottom in the left column, then from
top to bottom in the right column. The Zeeman patterns of the
main lines present in the displayed wavelengh range are shown
in Fig. 3.

The most magnetically sensitive among them is the
Fe I1 16149 A line. In the visible range, it is the most used diag-
nostic line for determination of the mean magnetic field modulus
(B). Its characteristics have been discussed in detail by Mathys
(1990). Its Zeeman pattern is a simple doublet, resulting from
a transition between an unsplit level and a split level, in which
each of the two m components is shifted from the line centre
by the same amount as each of the single o, and o_ com-
ponents. Among the stars shown in Fig. 2, the doublet is well
resolved in the HARPS-N spectra of BD+39 4435, BD+46 570
and HD 97127, in the SALT-HRS spectrum of HD 90131, and in
the CAOS spectrum of BD+39 4435, which however is noisier,
hence more difficult to exploit. The resolution is more marginal,
but still sufficient to untangle the two components in the SALT-
HRS spectra of TYC 8912-1407-1 and of HD 151860, in the
CAOS spectrum of HD 203922, and in the HARPS spectrum of
HD 96571. The presence of (marginally) resolved magnetically
split lines in the eight stars of Fig. 2 is reported here for the first
time.

In Figs. A.1-A.5, one can also appreciate star-to-star line
width differences. The latter result from a number of factors. The
main ones are the spectrograph resolution, the Doppler effect due
to stellar rotation, and the stellar magnetic field strength. How-
ever, in the 18 stars of Figs. A.1-A.4 that have effective temper-
atures T < 9500 K, one magnetic null line, Fe T 25434.5 A,
is clearly visible and mostly free from blends. This line, which
has no magnetic sensitivity, also seems weakly present, albeit
with a significant red blend, in the spectrum of TIC 444094235
(HD 85284), whose effective temperature is certainly overesti-
mated (see above).
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Fig. 2. Blown-up portion of the spectra of the eight Ap stars in which the presence of resolved, or marginally resolved, spectral lines is reported
for the first time here, including the mean magnetic field modulus diagnostic line Fe 11 16149 A. The CAOS spectra are plotted in black; the
SALT-HRS spectra in sky blue; and the HARPS-N spectra in orange. For three stars, spectra were obtained both with HARPS-N and with CAOS.
The two spectra of each pair are shown together, to illustrate the value of achieving the highest possible resolution to diagnose the magnetic field.
The derived values of (B) appear in the bottom right corner of each panel; the CAOS spectra of BD+46 570 and of HD 96571 have insufficient
resolution to determine (B) in these stars. The wavelengths are in the laboratory reference frame. The broad emission-like feature in the CAOS
spectrum of BD+46 570 is due to an instrumental glitch. The Zeeman patterns of the lines seen in the considered spectral range are illustrated in
Fig. 3.

Thus, the width of the Fe 1 15434.5 A line does not depend
on the magnetic field. Accordingly, it is well suited to con-
straining the projected equatorial velocity v sini in those stars
in which it is observable. Its profile in 18 of the 19 stars of the
present sample in which this is the case is shown in Fig. 4. (We
omitted TIC 206461701, whose lines are visibly the broadest
ones among the 19 stars of interest — see Fig. A.2.) An orange
horizontal line was drawn in each panel to represent the approx-
imate minimum value of the Full Width at Half Depth (FWHD)
that is expected to be observed in the considered spectrum. There
are two significant contributions to the latter that can be readily
estimated: the instrumental profile and thermal broadening. The
contribution of thermal broadening to the FWHD is given by:
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where A is the wavelength of the observed line, c is the velocity
of light, k is Boltzmann’s constant, and m;,, is the mass of the ion
responsible for the considered transition. The instrumental con-
tribution to the FWHD is AAd;,s = Ag/R, where R is the resolv-
ing power of the spectrograph with which the observation was
performed. The minimum FWHD that can be observed results
from the quadratic combination of the instrumental and thermal
components:
Adin = (A
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Fig. 3. Zeeman patterns of the main lines observed in the spectral range
covered in Fig. 2: Nd 1 16145.1 A, Cr1 16147.1 A, Fe 1 16147.7 A,
and Fe 1 16149.2 A. The amplitude of the splitting corresponds to a
magnetic field strength B = 5kG. The length of each vertical bar is pro-
portional to the relative strength of the corresponding line component.
The 7 components appear above the horizontal line (in green), the o,
and o_ components below it (in blue and yellow respectively).

Numerically, for the observations of the Fe 1.15434.5 A line with
the spectrographs used in the present study, this corresponds to

Adpin(A) = V(3.103 1077 Teg(K) + w). (3)

The value of w depends on the spectrograph: 1.46 1072 A?
for SALT-HRS, 9.76 1073 A2 for CAOS, and 2.23 1073 A2 for
HARPS-N.

Not unexpectedly, the width of all line profiles illustrated
in Fig. 4 is at least equal to, and often greater than, the length
of the orange bar representing the estimated minimum FWHD
value. Small differences between the two may partly originate
from unaccounted for line broadening factors such as microtur-
bulence (which is unknown), as well as to low enough projected
equatorial velocity. They are consistent with the identification
of the stars showing them as ssrAp star candidates. The stars
TIC 202899762 (BD+46 570), TIC 165446000 (BD+39 4435),
TIC 154786038 (HD 96571), TIC73765625 (HD 90131), and
TIC 77038207 (HD 96003) show the smallest differences
between the FWHD of the Fe 1 15443.5 A line profile and the
length of the orange bar representing the minimum line width.
They all have typical Ap spectra in Figs. A.1-A.5, and four
of them show resolved, or marginally resolved, magnetically
split lines: the probability that they are ssrAp stars is very high.
The observed profile FWHD seems to exceed slightly more the
estimated minimum line width in TIC 170419024 (HD 151860),
TIC 77128654 (HD 97127), TIC 352787151 (BD+35 5094),
TIC 167695608 (TYC 8912-1407-1), TIC 301946105
(HD 7410), TIC 468507699 (HD 206977), and TIC 444094235
(HD 85284), but the difference between them is still small
enough for these stars to be super-slow rotators, or at least to
have moderately long rotation periods (20d < Py < 504d).
Again, the spectra of all of them are typical of Ap stars, and four
of them show (marginally) resolved magnetically split lines.
Very likely, most of them are ssrAp stars.

Of the four remaining stars shown in Fig. 4, two do not have
a typical Ap star spectrum: TIC 291561579 (HD 171420) and
TIC 334505323 (HD 106322). We suspect that the latter has
been mistakenly classified as Ap; the former may either be mis-
classified or be a mild Ap star (see above and Appendix A.17).
By contrast, the spectrum of TIC 461161123 (HD 95811) is sim-
ilar to that of Ap stars, albeit with weak or absent Cr lines. The

rotational broadening of its lines is too large for it to be rotating
extremely slowly. It may have a moderately long rotation period,
or be an example of a near-alignment of the magnetic and rota-
tion axes.

The case of TIC 233539061 (HD 174016) is different. The
Fe 1.15443.5 A line is much wider than the estimated minimum
line width, but it also shows definite asymmetry. This asymmetry
reflects the presence of this line in the two components of what is
actually a double-lined spectroscopic binary, composed of an Ap
star and of a G giant. More details are given in Appendix A.15,
but at the epoch of observation (HID 2460214.383), the spectral
lines of the Ap component were blueshifted with respect to those
of the giant. The Ap component is responsible for the blue dip
seen in Fig. 4. This dip may be due to a line narrow enough
to belong to a ssrAp star. The very low projected equatorial
velocity was also confirmed by Ginestet et al. (1999), who noted
that the CORAVEL (CORrelation-RAdial-VELocities) correla-
tion peak for this component is too narrow to derive a significant
v sini estimate. This represents a very strict constraint, taking
into account that magnetic broadening must also contribute to
the width of this peak.

Unfortunately, for the hotter stars (Teg = 9500 K), we could
not identify any suitable magnetic null line. Rotation will be fur-
ther discussed, on a more quantitative basis, in Appendix A.

3. Magnetic field and equatorial velocity
3.1. Mean magnetic field modulus

For the stars shown in Fig. 2, in which the Fe 11 16149 A line is
resolved into its two magnetically split components, the wave-
length separation of these two components is proportional to the
mean magnetic field modulus:

A = Ap = g Adz(B), “

where A; and 4, are the wavelengths of the red and blue line com-
ponents, respectively; g = 2.70 is the Landé factor of the split
level of the transition; Ady = k/lé, with k = 4.67 1003 A~ G,

and Ay = 6149.258 A is the nominal wavelength of the transition.
The wavelengths are expressed in angstroms and the magnetic
field in gauss.

As explained by Mathys et al. (1997), thanks to the dou-
blet structure of the Fe 11 16149 A line, the relation given in
Eq. (4) is almost approximation-free. Therefore, its application
allows one to determine a physically meaningful value of the
mean magnetic field modulus. We also followed the method
described by Mathys et al. (1997) for measurement of the wave-
lengths A, and A4, of the split line components. Since in all stars
that we analysed, these components show at least some over-
lap, we preferred Gaussian fitting to direct integration for these
measurements. Each component was fitted with a Gaussian; a
third Gaussian was added to the fit for the blending line affect-
ing the blue wing of the Fe 11 A6149 A line when its contri-
bution could significantly impact the derived values of A, and
A;. Such a three-Gaussian fit was used for the stars HD 151860,
TYC 8912-1407-1, and HD 97127, as well as for the HARPS-
N spectrum of BD+39 4435. The Gaussian fitting technique is
applicable even to observations in which the Fe 11 16149 A line
is almost flat-bottomed rather than showing clear splitting, such
as the SALT-HRS spectrum of HD 151860 and the HARPS spec-
trum of HD 96571 (the resolution of the CAOS spectrum of this
star is too low to use this approach). In these cases, it proves
possible to fit two Gaussians of similar depth and width to the
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Fig. 4. Profile of the magnetically insensitive Fe 1 15434.5 A line as observed in the 18 stars of the present sample in which it is visible. The spectra
are shown in order of increasing effective temperature, from left to right, then from top to bottom. The orange horizontal line at approximate mid-
depth of each profile represents the estimated contribution of the instrumental profile and of thermal Doppler broadening to the line full width.
An upper limit of v sini, as given in Table A.1, is indicated at the bottom of each panel; v sini ~ 0km s~ means that the rotational broadening is
below the detection limit at the achieved spectral resolution. The upper limit of v sin i was not determined for HD 174016 since it is a SB2 system
for which the lines of the two components cannot be separated. For those stars for which both HARPS-N and CAOS spectra were obtained, the
v sini constraint is the one determined from the higher resolution HARPS-N spectrum. The wavelengths are in the laboratory reference frame.
The deep, narrow feature at A ~ 5434 A in the CAOS spectrum of TIC 163801263 is due to an instrumental glitch.

observed Fe 11 16149 A line profile without major ambiguity.
The validity of this approach is also demonstrated by past experi-
ence, such as the consistency of the lowest (B) values derived for
HD 9996 and HD 18078 with the variation curve defined from
consideration of the phase range at which the magnetic field of
these stars is stronger (Mathys 2017).

The difficulty of determining the uncertainties of the derived
(B) values for stars for which we have at most a handful of
measurements, and more often only one, has been discussed by
Mathys et al. (1997). Like these authors, we estimated the uncer-
tainties by comparing the analysed spectra with those of stars
well observed over a full rotation cycle (or at least over a wide
enough range of phases), for which the uncertainties are given
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by the scatter of the individual measurements around a smooth
variation curve. The factors taken into account in this compar-
ison include the resolution and S/N of the spectra, the separa-
tion of the blue and red components of the Fe 1 16149 A line,
and the amount of blending affecting this line. Suitable refer-
ence stars abound in studies such as those of Mathys (2017)
and of Giarrusso et al. (2022). While this procedure inevitably
involves some degree of subjectivity, our experience suggests
that the resulting uncertainty estimates should be correct to
within +30%.

The (B) values that we derived for the stars of Fig. 2 and their
estimated uncertainties are given in Cols. 8 and 9 of Table A.1.
They are further discussed in Appendix A.
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Fig. 5. Comparison of the profiles of the Fe 1 16335.3 A and 16336.8 A lines as observed in the 15 stars of the present sample in which both
are well visible. The spectra are shown in order of increasing effective temperature, from top to bottom, then from left to right. The value of the
mean quadratic magnetic field (B,) is indicated at the bottom of each panel, for all stars in which its line broadening effect was above the limit of
detection at the achieved spectral resolution. For those stars for which both HARPS-N and CAOS spectra were obtained, the (B,) value is the one
determined from the higher resolution HARPS-N spectrum. The wavelengths are in the laboratory reference frame. The Zeeman patterns of the
lines seen in the considered spectral range are illustrated in Fig. 6. The emission feature at A ~ 6336 A in the CAOS spectrum of HD 203922 is
due to an instrumental glitch.
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Fig. 6. Zeeman patterns of the main lines observed in the spectral range
covered in Fig. 5: Fe1.16335.3 A, Fe 1 16336.2 A, and Fe 1 16336.8 A.
The amplitude of the splitting corresponds to a magnetic field strength
B = 5kG. See the caption of Fig. 3 for more details.

3.2. Mean quadratic magnetic field and projected equatorial
velocity

3.2.1. Method

For stars that do not show resolved magnetically split lines, the
mean quadratic field (Bg) is a magnetic moment that represents
a valuable alternative to the mean magnetic field modulus for the
characterisation of the intrinsic strength of the stellar magnetic
field, especially in the context of statistical studies of its distri-
bution in star samples of interest. The mean quadratic magnetic
field is the square root of the sum of the mean square magnetic
field modulus and of the mean square longitudinal magnetic field
(Mathys 1995). The latter are line-intensity weighted averages
over the visible stellar disk of the square of the modulus of the
magnetic vector and of the square of its component along the
line of sight. In practice, the sensitivity of the mean quadratic
magnetic field to the geometry of the observation is moderate, in
contrast with that of the mean longitudinal magnetic field (B;)
(the line-intensity weighted average over the visible stellar disk
of the component of the magnetic vector along the line of sight).
Thus, the value of (B,) is much more representative of the intrin-
sic stellar magnetic field strength than the value of (B,).

The main observable manifestation of the mean quadratic
magnetic field is the differential broadening of lines of different
magnetic sensitivities. This is illustrated in Fig. 5, in which the
profiles of the Fe 1.16335.3 A and Fe 1.16336.8 A lines are com-
pared to each other. These lines are seen in stars with effective
temperatures T.q < 9500 K, except in HD 106322, HD 340577,
and HD 85284 (whose effective temperature is uncertain — see
above), in which the Fe 1 16335.3 A line is too weak to pro-
vide useful information at the achieved S/N. The Zeeman pat-
terns of the two Fe I lines of interest are shown in Fig. 6. The
pattern spread is considerably wider for Fe 1 16336.8 A than
for Fe 1 16335.3, especially since the strongest Zeeman com-
ponents of the former are the outermost ones, while in the latter,
the innermost components are stronger. The Fe 1.16336.8 A line
is one of the most magnetically sensitive lines of the red spec-
trum of the Ap stars. In the eight stars of this study in which
the Fe 11 16149 A line is magnetically resolved, Fe 1 16336.8 A
shows at least a broadened, roughly flat bottom (HD 96571,
HD 151860, TYC 8912-1407-1), possibly with some additional
structure (HD 203922), or it is clearly split into two ‘com-
ponents’ (HD 97127, BD+46 570, HD 90131, BD+39 4435).
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Because of the complex Zeeman pattern of the Fe I 16336.8 A
transition, these ‘components’ are in fact the result of the com-
bination of several individual components with different wave-
length shifts and relative strengths. Therefore, the value of (B)
cannot be derived in a straightforward manner from their separa-
tion, contrary to the case of the Fe 11 16149 A line. Proper deter-
mination of the mean magnetic field modulus from the splitting
of the Fe 1 16336.8 A line would require a numerical analysis
taking into account the radiative transfer effects.

Besides the stars listed above, HD 96003 also shows a hint
of broadening of Fe T 16336.8 A relative to Fe 1 16335.3 A, or
even some incipient splitting of the former. The two lines also
appear to have different widths in HD 7410 but, in addition, they
seem to be somewhat asymmetric, with a more extended blue
wing, for an undetermined reason. As to the SB2 HD 174016,
the two components cannot be distinguished from each other
here. The observed wavelengths of the two Fe I lines suggests
that they originate predominantly from the G giant primary.
The other stars shown in Fig. 4, with the possible exception of
BD+35 5094, do not show any conspicuous additional broaden-
ing of the Fe I 16336.8 A line.

For determination of the mean quadratic magnetic field from
the observed differential magnetic broadening of spectral lines,
we used the moment technique (Mathys 1995). In practice,
to derive the value of (Bg), we applied the following formula
(Mathys & Hubrig 20006):

3Sz+D 4

1 A2 A
RP)=aiz L +a 2AL +az W2 c—ff , 5)

5277 4
where a, = (Bq)z. In this equation, R(Iz)(/l,) is the second-order
moment of the line profile observed in natural light (Stokes )
about its centre of gravity A;, W, is the equivalent width of the
line, and S, and D, are atomic parameters characterising the
Zeeman pattern of the considered transition. For details about
these parameters as well as about the definition and actual mea-
surement of R;z) (4y), the reader is referred to Mathys (2017).

Following this author, in practice, R(12>(/11) is measured for
a sample of lines and a linear least-squares fit to these data
of the form given by Eq. (5) is computed. This fit is weighted
by the uncertainty of the Rﬁz)(/ll) values measured for the indi-
vidual lines, following the procedure originally introduced by
Mathys (1994) for determination of the mean longitudinal mag-
netic field.

The difficulty in the derivation of the mean quadratic mag-
netic field is to disentangle the contributions of the three terms
appearing on the right-hand side of Eq. (5) to the second-order
moments of the Stokes / line profiles. These contributions are
illustrated in Fig. 7 , in the case of the analysis of the HARPS-N
spectrum of BD+39 4435, which yields the highest value of (B,)
derived in this study.

To build this figure, we computed a weighted fit of the values
of Rgz)(/ll) measured in 25 Fe I diagnostic lines to a function of
the form given by Eq. (5). We isolated the contribution of each
of the terms appearing on the right-hand side of this equation by
subtracting from the measured values of Rgz)(/l,) the fitted con-
tributions of the other two terms. We then plotted the residuals
against the relevant parameter, as follows. In the left panel of
Fig. 7, [RP (A1) — a1 2/(5¢%) — a2 (3S » + D) AL% /4] is plotted
against (W345/c*). The middle panel shows Rgz)(/l,) —ay (38, +
D») A/l%/4 - a3 W% /lé/c“] against [Ag/(Scz)]. In the right panel,
one sees [R”() — a; 22/(5¢%) — as W2 24 /c*] against [(3S, +
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Fig. 7. Contribution of the intrinsic (left), Doppler (centre) and magnetic (right) terms to the second-order moment about their centre of the profiles
of the Fe I lines analysed in the HARPS-N spectrum of BD+39 4435. The slopes of the dashed-dotted orange lines are, respectively, the coefficients
as, a; and a, of the least-squares fit of the measured values of R;z)(/ll) by a function of the form given in Eq. (5). The sky blue dashed line in
the centre panel represents the minimum contribution of the instrumental profile and of thermal Doppler broadening to the observed line width
(see text for details). In BD+39 4435, because the rotational broadening is negligibly small, this line coincides almost exactly with the a; slope
line, from which it cannot be readily distinguished. The two lines are clearly separated from each other in stars that show significant rotation, as

illustrated in Figs. 8 and 9.

DZ)A/I%/4]. The least-squares fits of the residuals against the
corresponding relevant parameter are illustrated by the dashed-
dotted orange straight lines. The slopes of the latter, from left to
right, are respectively the fit coefficients a3, a;, and a,.

The main contribution to the second-order moments of the
line profiles in the HARPS-N spectrum of BD+39 4435 is that
of the second term of the right-hand side of Eq. (5). This term
corresponds to the magnetic broadening. The value of the mean
quadratic magnetic field can be derived from that of the fit coef-
ficient ay: (By) = +/a;. Its uncertainty is computed from the
standard deviation o(ay): this formal value corresponds to the
line-to-line scatter about the best fit regression; it does not con-
sider other possible sources of error. One can see from Fig. 7 that
the linear dependence that determines the value of (By) is very
well defined.

The second significant contribution to the moments R;z)(/ll)
in the HARPS-N spectrum of BD+39 4435 comes from the
third term of the right-hand side of Eq. (5). Here too, the lin-
ear dependence that constrains the value of the fit coefficient
(a3) is well defined (see Fig. 7). This term corresponds to what
Mathys & Hubrig (2006) refer to as the intrinsic part of the line
profile. The physical meaning of this broadening contribution,
which depends, in particular, on the line equivalent widths, has
no relevance in the present context, but it is important to take this
term duly into account to avoid overestimating the other two.

The first term of the right-hand side of Eq. (5) makes,
at most, a marginal contribution to the second-order moments
of the Stokes I line profiles of BD+39 4435. This term cor-
responds to the Doppler-like line broadening agents, which
are proportional to the wavelength. (Line width proportional-
ity to the wavelength translates into quadratic proportionality
of the corresponding terms in the second-order moment of the
line profile.) The a; fit coefficient can be expanded as follows
(Mathys & Hubrig 20006):

a; = v sin?i + 5F ¢ + 10k To/mion + ay, 6)

with F = 1/(81n2 R?). On the right-hand side of this equation,
the terms, in order, account respectively for rotational Doppler
broadening, instrumental broadening, thermal broadening, and
all the other contributions to the line width with a Doppler-like
wavelength dependence (such as microturbulence or pulsation).

In general, we cannot readily determine the value of a}, but we
can calculate the instrumental and thermal terms (provided that
we have an estimate of the effective temperature). By subtracting
these two terms from a;, we can derive an upper limit of the
projected equatorial velocity. For the Fe diagnostic lines used in
this study, the numerical expression of this upper limit is:

v sini < (@) — ding — 1.474 x 1073 Tog)'/?, (7)

where ajng = 1.6205 x 10'° R~2km? s~2. For SALT-HRS, ding =
40.02km? s2; for FEROS, ajn = 35.17km?s~2; for CAOS,
Qinst = 26.79 km? s72; for ESPaDOnS, aing = 19.18 km? s~2; and
for HARPS-N, aj, = 1.23km?s2. The upper limit of v sini
that is derived by application of Eq. (7) is meaningful because
typically @] is small.

For the HARPS-N spectrum of BD+39 4435, the upper limit
of v sini is below the detection limit (that is, it is negative, which
strictly speaking makes no physical sense, but compatible with
a null or very small value of the projected equatorial velocity
within the uncertainties). This is illustrated in the middle panel
of Fig. 7 by the sky blue dashed line. In this case, the slope of
the latter, (@i + 1.474 x 1073 T.), is almost equal to the slope
a; of the best fit line, so that both lines are almost exactly super-
imposed onto each other.

As one may expect, our ability to detect the magnetic and/or
rotational broadening, the precision that can be achieved in the
determination of the value of the mean quadratic magnetic field,
and the significance with which an upper limit of the projected
equatorial velocity can be set depend considerably on the spec-
tral resolution of the observation. This is illustrated in Fig. 8, in
which we compare the analysis of the HARPS-N spectrum and
the CAOS spectrum of BD+46 570. In both, the contribution of
magnetic broadening to the second-order moments of the Stokes
I line profiles is unambiguously seen in the right panels. The
greater scatter of the individual line measurement points about
the straight line fit in the CAOS observations reflects the greater
uncertainty of the mean quadratic field determinations achiev-
able with this instrument compared with the HARPS-N measure-
ment: with HARPS-N, we derive (By) = (3537 + 148) G; with
CAOS, (By) = (4029 + 1003) G. Both values are significant, and
they are mutually consistent (although they do not have to be —
the magnetic field strength could plausibly have varied between
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Fig. 8. Same as Fig. 7, for the HARPS-N (top) and CAOS (bottom) spectra of BD+46 570. While the magnetic broadening is unambiguously seen
in the right panels for both spectra, the scatter of the individual points about the respective best fit lines reflects the better precision achievable in
the determination of the value of (B,) at the higher resolution of HARPS-N. A much stricter upper limit on v sini can also be set from the latter,
but the picture is confused by crosstalk between the intrinsic and Doppler contributions to the line width in the analysis of the CAOS spectrum

(see text for details).

the two epochs of observation). The higher uncertainty of the
value derived with CAOS not only results from the lower S/N of
the spectrum (to which the uncertainty is to first order inversely
proportional) and to the fact that the line profiles are less well
defined at lower resolution. Because of the limited resolution of
CAOS, the number of lines (12) that are sufficiently free from
blending to be used to diagnose the magnetic field is lower than
in the HARPS-N case (20). Previous experience (for instance,
Mathys 2017) has shown that in general, using a greater num-
ber of diagnostic lines allows one to achieve a higher precision
in magnetic field determinations. In cases such as BD+46 570,
the size of the diagnostic line samples also contributes to the dif-
ferences in the uncertainties of the (B,) values determined with
different spectrographs.

For the HARPS-N spectrum of BD+46 570, one can also
see in the left panel of Fig. 8 the tight dependence of the intrin-
sic part of Rgz)(/h) on the line intensity variable, W2 A¢/c*.
By contrast, the fit of the Doppler-like term (orange dash-
dotted line) is marginally below the line showing the combina-
tion of the instrumental and thermal line broadening (sky blue
dashed line), indicating that, like for BD+39 4435, the rota-
tional Doppler effect is below the detection limit. This conclu-
sion is consistent with the fact that the FWHD of the profile of
the Fe 1 15434.5 A line does not significantly exceed the length
of the horizontal bar representing the contributions to the line
width of the instrumental profile and of the thermal broadening
(see Fig. 4).
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The conclusion that rotational broadening is below the detec-
tion limit in the HARPS-N spectrum of BD+46 570 seems to be
in contradiction with the result of the analysis of its CAOS spec-
trum. Indeed, in the middle panel of the lower row of Fig. 8, the
representative points of the inferred contribution of the first term
of the rigt-hand side of Eq. (5) are located well above the intrin-
sic and thermal broadening line. Thus rotation appears to make
a significant, though poorly constrained (note the large scatter),
contribution to the line width. This results from the occurrence
of crosstalk between the a; and as terms of the regression anal-
ysis of the CAOS spectrum of BD+46 570. This is indicated by

the lack of dependence of R(Iz) (A7) on the equivalent width, which
does not make physical sense.

The possible occurrence of crosstalk between the a; and
a, terms in mean magnetic quadratic field determinations has
been discussed in some detail by Mathys & Hubrig (2006), who
showed some examples of instances in which it probably played
a role. It results from the fact that some correlation may exist
between the independent variables of the two terms of interest
of the right-hand side of Eq. (5). While this type of crosstalk
is the most likely to present itself in the (By) determination,
the fact that Mathys & Hubrig (2006) did not find any corre-
lation between (W3 A3/c*) and the other two independent vari-
ables in the examples that they considered does not rule out
the possibility of such correlations in other cases. In particu-
lar, given the wavelength depence of the intrinsic contribution to
the second-order moment of the Stokes 7 line profiles, crosstalk
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Fig. 9. Same as Fig. 7, for SALT-HRS spectra of HD 90131 (at HID 2460127.224) and HD 171420. The magnetic broadening is unambiguously
seen in the former but its contribution is at most marginally significant in the latter. Conversely, HD 171420 shows definite rotational broadening,
but the Doppler-like term in HD 90131 hardly exceeds the combined contributions of the intrinsic profile width and the thermal broadening.

between the a; and a3 terms is more likely to occur in the case
of moderate resolution spectra recorded at comparatively low
S/N in which the line equivalent widths span a narrow range
of values. The CAOS spectrum of BD+46 570 fulfils all these
conditions.

This example serves as a warning. Critical evaluation of
the results of the analysis carried out to determine the mean
quadratic magnetic field is required to validate them, as far as
possible. This can be done through consideration of the respec-
tive contributions of the three terms of the right-hand side of
Eq. (5) using graphs such as those shown in Figs. 7 and 8
and visual inspection of the analysed spectra. In the case of
BD+46 570, one can confirm from the appearance of lines with
high magnetic sensitivity, such as shown in Figs. 2 and 5, that the
value of (By) is almost certainly determined correctly, despite the
crosstalk between the a; and a3 terms.

In Fig. 9, we compare the results of the analysis of the
SALT-HRS spectra of HD 90131 and HD 171420. The for-
mer is one of the most strongly magnetic stars of this study,
as confirmed by the well resolved split components of the
Fe 11 16149 A line. This is reflected in the top right panel of
Fig. 9 by the slope of the tight linear dependence of the magnetic
part of R;z)(/l,) on the magnetic sensitivity (35, + D») A/l%/4.
By contrast, the representative points of the Doppler-like con-
tribution to R?)(/l]) (top centre panel) hardly lie above the
representative line of the intrinsic and thermal line broaden-
ing: rotational broadening is below the detection limit, consis-
tently with the FWHD of the Fe 1 A15434.5A line as seen in
Fig. 4.

The opposite situation prevails for HD 171420: significant
rotational line broadening is observed in the bottom centre panel
of Fig. 9, corresponding to an upper limit v sini < 11.3kms™",
but the mean quadratic magnetic field is below the detection limit
achievable with SALT-HRS. Here too, the results of the analysis
are consistent with the observed profiles of the Fe T 15434.5 A
(Fig. 4) and 16336.8 A (Fig. 5) lines.

3.2.2. Measurements

In practice, for determination of the mean quadratic magnetic
field, a suitable set of Fe diagnostic lines was built. This set con-
sists of lines that appear to be (almost) free from blends. Iron
lines are preferred because they are present in the spectra of all
Ap stars within the whole effective temperature range spanned
by the ssrAp star candidates. Furthermore, experience indicates
that Fe lines in Ap stars tend to undergo, at most, low-amplitude
intensity variations: in most stars, the Fe distribution over the
stellar surface is either uniform or shows only moderate inho-
mogeneitites. This ensures that the value of the magnetic field
moment that is derived from analysis of a Fe line sample is as
representative as possible of the actual strength and structure of
the field rather than a convolution of the latter with an unknown
elemental abundance distribution.

In most cases, the diagnostic lines were selected in the wave-
length range ~5400-6700 A. This choice is based on various
considerations. Blueward of 5400 10%, in most stars, the increase
of the line density drastically reduces the number of lines that
are sufficiently free from blends, especially in the SALT-HRS,
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CAOS and FEROS spectra, which have lower resolution than the
HARPS-N spectra. This wavelength also approximately coin-
cides with the dividing wavelength between the spectral ranges
covered by the blue and red arms of SALT-HRS. For this instru-
ment, we prefer to use a sample of diagnostic lines from a single
arm, out of concern that different instrumental effects between
one arm and the other could introduce systematic errors in the
(By) determinations if we combined diagnostic lines from both

arms. On the other end, above ~6700 A, the stellar line den-
sity drops quickly, and telluric lines abound in some wavelength
intervals, so that it becomes difficult to find suitable diagnostic
lines. With such limited prospects, it may actually be counter-
productive to try to select diagnostic lines over a broader wave-
length interval, as the magnetic field may be differently sampled
at the blue and red ends of too long a range (see for instance
Jarvinen et al. 2020), thereby increasing the error of the (Bg)
determination.

Most stars have low enough temperatures so that Fe I lines
can be best used for determination of their mean quadratic mag-
netic field. However, at the hot end of the studied star sam-
ple, not enough lines of this ion are present in the spectra of
HD 148330, HD 127304, HD 17330, HD 236298, HD 11187,
HD 67658, and HD 44979. We used Fe 11 lines instead to diag-
nose (By) in these stars. Furthermore, in the spectra of the two
hottest ones (HD 67658 and HD 44979), and in the CAOS spec-
trum of HD 148330, even the Fe 11 line density is too low in the
~5400-6700 A wavelength interval, so that we selected the diag-
nostic lines in the ~4100-5500 A range. Lines of Fe I from this
range also had to be used for the analysis of HD 106322, given
the weakness of the Fe I lines in the red part of its spectrum.

For historical reasons, SALT-HRS spectra of TYC 8912-
1407-1 that can be used for determination of the mean quadratic
magnetic field were recorded at five different epochs. Following
Mathys (2017), we took advantage of these multi-epoch obser-
vations to untangle more efficiently the magnetic contribution
(ay) to the second-order moments of the unpolarised line pro-
files from the instrinsic (a3) and Doppler broadening (a;) terms.
Indeed, to first order, contrary to the former, the latter two can
be expected to show little, if any, rotational modulation. Hence,
the values of the fit parameters a; and a3 can be determined at
a higher S/N from the average over the observed phases of the

second-order moments R(Iz)(/ll) of the diagnostic lines. By sub-

tracting from the Rﬁz)(/ll) values observed at each epoch the fit-
ted intrinsic and Doppler-like contributions to the multi-epoch
R(IZ)(/l,) average, one can then isolate the magnetic contribution
to the line width at each phase from those of the other broaden-
ing agents. In practice, we applied this method in the analysis
of the SALT-HRS spectra of TYC 8912-1407-1. The reader is
referred to Mathys (2017) for the details of the procedure.

This approach proves particularly effective if the mean
quadratic magnetic field of the studied star indeed shows signifi-
cant variability between the various epochs of observations, or at
least, if the magnetic broadening is large enough compared to the
other line broadening terms. The former condition is not fulfilled
in our series of spectra of TYC 8912-1407-1: no (B,) variations
are detected over the time range spanned by these observations.
However, the mean quadratic magnetic field is rather strong, so
that both it and the Doppler-like broadening term can be better
constrained by application of the above-described two-step pro-
cedure than through separate analysis of each of the individual
spectra.

By contrast, the application of this two-step method to the
ESPaDOnS archive spectra of HD 127304 and HD 148330
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recorded at different epochs yields physically meaningless
results. Indeed, these two stars, which are not typical Ap stars
(see Appendices A.14 and A.16), do not show any magnetic
broadening of their spectral lines. Since they also have low pro-
jected equatorial velocities, the results of the analysis of the

averages over the different epochs of the Rgz)(/ll) moments of
the diagnostic lines suffer from crosstalk, which leads to badly
overestimated magnetic broadening. In this case, the only sen-
sible option is to analyse each individual spectrum indepen-
dently from the others. Doing so for the ESPaDOnS spectra of
HD 127304 and HD 148330, we found that the mean quadratic
magnetic field is below the detection threshold in all of them.
The derived upper limits of the projected equatorial velocity are
vsini < 7.34kms™! for HD 127304 and v sini < 10.23kms™!
for HD 148330.

Further consideration of these observations would be out-
side the scope of this paper, since the probable non-Ap nature
of HD 127304 and HD 148330 makes them irrelevant for the
study of ssAp stars. Therefore, we restrict ourselves to pre-
senting in Table A.l the results of our analysis of the CAOS
spectra of these two stars, which were obtained for the specific
purpose of this project, but we omit the detailed data obtained
from the ESPaDOnS spectra at individual epochs, which are
without interest in the present context. The non-zero but for-
mally insignificant value of (B,) derived from the CAOS spec-
trum of HD 148330 reflects primarily the occurrence of crosstalk
between the a, and a3 terms of the fit of the observed second-
order moments of the unpolarised line profiles by a function of
the form given in Eq. (5). Indeed, the derived value of a3 is neg-
ative, which is physically meaningless, as it would indicate an
anti-correlation between the intrinsic width of the spectral lines
and their intensity.

3.2.3. Results

We analysed the spectra of 24 of the 25 stars shown in
Figs. A.1-A.5. The exception is the SB2 system TIC 233529061
(HD 174016-7), for which we cannot untangle the lines of the
two components. We also analysed a spectrum of TIC 80486647
(HD 67658), whose spectral lines are visibly broader than those
of the stars appearing in the figures, but considerably narrower
than those of all other ssrAp star candidates that we observed
until now as part of this project. The latter are fast rotators. It
will be important to understand why they were unduly identified
as ssrAp star candidates in our TESS-based systematic search,
but this discussion is better left to a future study.

For each of the 25 stars studied here, we determined the
radial velocity v, the mean quadratic magnetic field (Bg), and
an upper limit of the projected equatorial velocity (v sin)max.
For the eight stars among them that show (marginal) resolution
of the magnetically split components of the Fe II 16149 A line,
we also derived the value of the mean magnetic field modulus
(B). The results are presented in Table A.1. They are discussed
on a star-to-star basis in Appendix A.

For the eight stars in which the Fe 11 16149 A line is mag-
netically resolved, Fig. 10 illustrates the relation between the
derived values of (B) and (By). This figure should be compared
with Fig. 12 of Mathys (2017), from which this author estab-
lished the existence of a linear relation between the two magnetic
field moments, with a slope of 1.28 determined through least-
squares fitting. This is the slope of the blue dashed line of Fig. 12
of Mathys (2017) and of the red dashed-dotted line plotted in
Fig. 10. Each data point appearing in Fig. 12 of Mathys (2017)
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Fig. 10. Comparison of the values of the mean magnetic field modulus
(B) and the mean quadratic magnetic field (B,) derived at individual
epochs for the eight stars of this study in which the magnetically split
components of the Fe 11 16149 A line are resolved. Each of these stars
is identified by a different symbol/colour combination, as indicated in
the figure legend. The dashed-dotted red line, whose slope is 1.28, rep-
resents the relation between (By) and (B), as derived by Mathys (2017)
(see text for details).

corresponds to the average of the values of (B) and (B,) derived
from spectra recorded at different sets of epochs. Thus, the two
field moments do not sample their respective phase variation
curves in the same way. By contrast, each data point in Fig. 10
corresponds to the determination of both (B) and (B,) from a
spectrum recorded at a single epoch. This figure demonstrates
that the same correlation that was found from consideration of
epoch-averaged data is also valid on an epoch-by-epoch basis.
This result is established here for the first time. Its validity is
not questioned by the only point in the figure that departs sig-
nificantly from the linear trend: the low S/N of the CAOS spec-
trum of BD+39 4435 to which it corresponds implies that the
uncertainties affecting the derived (B) and (B,) values are excep-
tionally large, possibly even more than the formal error bars
represent.

4. Discussion
4.1. Rotation and chemical peculiarity

In this study, we analysed spectra of 27 ssrAp star candidates that
had been identified in Paper I and Paper II, focussing on their
rotation, their magnetic fields, and their binarity. The results are
summarised in Table 1. Eighteen of these 27 stars are typical Ap
stars with lines sharp enough to be consistent with moderately
to very long rotation periods. The upper limit of the projected
equatorial velocity and TESS photometric variability constraints
that we derived for eleven of them indicate that they are almost
certainly ssrAp stars; three more could either have P,y > 50d
(the defining criterion of super-slow rotation) or have moder-
ately long periods (20d < Pio¢ < 50d). The somewhat higher
upper limits of v sin i and/or the detection of TESS variations for

Table 1. Properties of the studied stars.

TIC Other ID Resolved  Magnetic ~ Binarity
lines field
SSTAp stars
73765625 HD 90131 X X
77038207 HD 96003 X SB1
154786038 HD 96571 X X SB1
165446000 BD+39 4435 X X
167695608  TYC 8912-1407-1 X X
170419024 HD 151860 X X SB1
202899762 BD+46 570 X X SB1
233539061 HD 174017 SB2
298197561 HD 340577 X
301918605 HD 17330 X SB1
444094235 HD 85284 X SB1
Long period Ap stars

77128654 HD 97127 X X
352787151 BD+35 5094
468507699 HD 206977 X

Ap stars with moderately long periods
163801263 HD 203922 X X
301946105 HD 7410 X SB1
347202840 HD 236298 X
461161123 HD 95811

Short period Ap star
403625657 HD 11187 X
Stars that are not typical Ap stars

80486647 HD 67658
81554699 HD 97132 SB2
124988213 HD 44979
206461701 HD 209364
207468665 HD 148330
286965228 HD 127304 SB(27)
291561579 HD 171420
334505323 HD 106322

Notes. The table is divided in five segments. The top one includes those
stars for which the analysis presented in Appendix A indicates that they
are in all probability ssrAp stars. The spectroscopic properties of the
stars listed in the second segment are consistent with their having either
moderately or extremely long rotation periods. The rotation periods of
the stars from the third segment definitely or very probably are moder-
ately long (20d < P < 50d). The fourth segment contains the only
magnetic Ap star of this study to have a rotation period of a few days. In
the bottom segment, we list those stars whose spectrum does not look
like those of typical Ap stars. In each segment, the stars are listed in
order of increasing TIC number (Col. 1); an alternative ID is given is
Col. 2. The visible range spectrum of those stars for which ‘x” appears
in Col. 3 shows resolved magnetically split lines; the ‘x’ flag in Col. 4
identifies those stars for which a significant detection of the magnetic
field was achieved and at least one field moment could be determined,
either in this study or in the literature (see text). Finally, Col. 5 indi-
cates which stars are spectroscopic binaries, distinguishing to the extent
possible the single-lined (SB1) and double-lined systems.

the remaining four seem to rule out super-slow rotation but are
suggestive of moderately long periods. In fact, for three stars,
the actual value of the period was determined: the ssrAp star
HD 340577 (Pot = 11647), and two stars with moderately long
periods: HD 236298 (P, ~ 2493) and HD 7410 (P, = 37908).
For the latter, the rotation period was known prior to this study,
but this had been overlooked in Paper II.

One more typical Ap star, HD 11187, which also shows
rather sharp spectral lines, undergoes variations with a period
of the order of a few days, whose exact value remains ambigu-
ous. This was another oversight of our original search for ssrAp
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star candidates. The inclination of the rotation axis of this star to
the line of sight must be low. Such configurations are expected
to occur for a small fraction of the ssrAp star candidates (see
Paper I for details). The presence of one such star in our sample
is compatible with this expectation.

None of the remaining stars of Table 1 has a typical Ap
spectrum. While their exact spectral classification remains to
be definitely established, their rate of occurrence among the
ssrAp star candidates from our TESS-based survey suggests
that misclassification is one of the main causes responsible
for spurious identification of such candidates. This strengthens
the suspicion expressed in Paper III that Ap star lists, such as
Renson & Manfroid (2009), tend to be significantly contami-
nated by spectral classification errors (even for stars that are not
flagged as having uncertain chemical peculiarities), and justifies
the care taken in this paper to carry out a critical evaluation of the
information available about each ssrAp star candidate to ensure
as much as possible that it was indeed a bona fide Ap star. How-
ever, this does not imply that all TESS-based ssrAp stars can-
didates for which follow-up spectroscopy indicates fast rotation
are not Ap stars. Consideration of the stars of this group is out-
side the scope of the present study, but the confirmation of their
spectral classification will be an important part of a next step of
this project.

4.2. Binarity

Eight of the 18 slowly rotating Ap stars of Table 1 appear to
be spectroscopic binaries. This represents a fraction of 44%,
which within the limits of small number statistics, is consistent
with the 51% rate of occurrence of binarity among the Ap stars
with resolved magnetically split lines studied by Mathys (2017).
The binarity of three of these stars, HD 17330, HD 96003 and
HD 174017, had already been mentioned in the literature. To the
best of our knowledge, the variability of the radial velocity of the
other five is reported here for the first time. On the other hand,
the HD 174016-7 system represents one of the few known cases
of an Ap star in a double-lined spectroscopic binary; the seven
other slowly rotating Ap binaries listed here appear to be single-
lined. It will be interesting to study these systems in detail, to
compare their distribution in a diagramme showing the rotation
period against the orbital period with that of the other spectro-
scopic binaries containing a slowly rotating Ap star shown in
Fig. 16 of Mathys (2017).

Among the nine stars of Table 1 that do not have typical
Ap star spectra, two are also binaries. One, HD 97132, is a
particularly remarkable SB2 system, whose components, which
show very sharp lines, are Am stars that appear almost iden-
tical. We could not find any previous mention of this double-
lined spectrum in the literature. By contrast, definite differences
exist between the published values of the radial velocity of
HD 127304, whose variability is fully confirmed by our mea-
surements. The existing measurements were obtained randomly;
no systematic attempt was made to characterise the orbit. We
could not confirm the suggestion by Ramella et al. (1989) that
HD 127304 is probably a SB2 system, but we cannot rule out
this possibility.

4.3. Magnetic field distribution

In this study, we discovered eight new Ap stars in which the
components of the Fe 11 16149 A line are resolved or marginally
resolved into their magnetically split components and we deter-
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mined their mean magnetic field modulus. We were also able to
derive the value of the mean quadratic magnetic field for five
additional slowly rotating stars for which this field moment had
never been measured. Furthermore, we identified four stars that
have a low projected equatorial velocity compatible with long
rotation periods in which (Bg) is below the detection thresh-
old with the currently available spectra. For these, we can esti-
mate upper limits of the field strength. A lower limit can also be
set for two of them, based on mean longitudinal magnetic field
measurements from the literature. One last star, HD 174016-7,
appears to show line widths compatible with a very long rotation
period, but it belongs to a SB2 system. At the epoch of observa-
tion, the lines of the two components were overlapping, so that
it was impossible to constrain the magnetic field of the Ap star.

Thus, we have obtained new magnetic field contraints for 17
stars. Ten of them must with a very high probability be ssrAp
stars; the other seven may have moderately long rotation periods.
At this stage of our study, this distinction has little importance.
As explained in Paper III, including stars with 20d < P < 50d
in the sample of ssrAp stars used to study the distribution of
the magnetic field strengths should have very little impact on
the statistical conclusions that can be drawn. We can update the
knowledge of this distribution that was achieved in Paper III by
including the new magnetic field determinations for the 17 stars
specified above. Of these 17 stars, three were already part of
the sample of Paper III, but only on the basis of mean longi-
tudinal magnetic field measurements. We can characterise the
magnetic field strength of two of them in a much more meaning-
ful way by using instead the (B) and (Bg) values derived here.
In this way, we add 14 stars to the sample of ssrAp star candi-
dates for which the magnetic field is constrained that was consid-
ered in Paper III. The latter was incorrectly stated to include 70
stars while its size actually was 71 stars, as can be inferred from
consideration of Fig. 6 of Paper III. However, one of these 71
stars, HD 11187, was reported here (Appendix A.24) to be a fast
rotator, and we argued that HD 148330 is not a typical Ap star
(Appendix A.14). Accordingly, these two stars were excluded
from the present sample, which now contains 83 stars.

Ideally, the statistical study of the distribution of the mag-
netic field strengths in the slowly rotating Ap stars should be
based on field moment values averaged over a stellar rotation
cycle. While this was possible for a rather small fraction of the
stars studied in Paper III, here, there is only one star, TYC 8912-
1407-1, for which more than a couple of magnetic measure-
ments could be obtained, and even then, the resulting values are
unlikely to sample the variation cycle adequately. Accordingly,
the adopted field moment values on which this analysis is based
are in most cases snapshots of certain rotation phases rather than
rotation-averaged measurements. The reasons why this is non-
critical in the present context, given the typically low amplitudes
of variability of (B) and (B), were explained in Paper III.

We denote by By the reference values on which the statis-
tical study of the distribution of the magnetic field strengths of
the ssrAp stars and of the Ap stars with moderately long rotation
periods is based. The reader is referred to Paper III for details
about the definition of By according to the different types of mag-
netic measurements that were available in the previously stud-
ied sample. As far as the new magnetic field determinations of
this paper are concerned, the following values were used. For
those stars in which the value of the mean magnetic field modu-
lus could be derived, By was set to this value. When (B) mea-
surements at several epochs had been obtained, their average
was adopted. In the case of the stars that do not show resolved
magnetically split lines for which the mean quadratic magnetic
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Fig. 11. Distribution of the phase-averaged magnetic field strength By
for the long-period Ap stars of Table 1 of Paper I, of Table A.1 of
Paper II, of Tables 1-3 of Paper II, and for which new (B) or (B, deter-
minations were obtained in this study. The green, sky blue and orange
parts of the histogram corresponds to the stars for which measurements
of the mean magnetic field modulus or of the mean quadratic magnetic
field are available; for the remaining stars (black part of the histogram),
a lower limit of By was inferred from the existing mean longitudinal
magnetic field measurements. Orange identifies the stars for which the
(B) and (B,) measurements of this paper were used. Green distinguishes
the known ssrAp stars that were not identified as ssrAp star candidates
on the basis of our TESS-based photometric survey. Sky blue is used
for the previously confirmed ssrAp star candidates identified with TESS
with (B) and (B,) values from earlier studies.

field could be determined, we converted it using the relation
By = (Bgy)/1.28 (see Sect. 3.2.3). Only the formally significant
values of (By) were considered. In three stars for which both a
CAOS spectrum and a HARPS-N spectrum were available and
yielded formally significant (B;) values, the adopted (B,) value
was determined from the latter, given its better spectral resolu-
tion. For two stars for which the (B;) value was below the detec-
tion threshold from a CAOS spectrum (HD 17330, HD 340577),
we used the lower limit of By = 3 (B;),, derived from mean
longitudinal field measurements from the literature. (The root-
mean square longitudinal magnetic field (B;),,,, defined by
Bohlender et al. 1993, is the quadratic mean over the observed
phases of the mean longitudinal magnetic field values (B;).)
Magnetic broadening was also below the detection threshold
in the analyses of a CAOS spectrum of BD+35 5094 and of
a SALT-HRS spectrum of HD 95811. For these stars, we set
By = 1.4kG. By comparison with the other stars of this study, we
estimate that this value represents a reasonable approximation of
the upper limit of By in such cases.

Figure 11 shows the distribution of By after addition of the
new magnetic field measurements presented in this paper to
those considered in Paper III. It should be compared to Fig. 6
of the latter. It should be noted that none of the new B val-
ues of this study (identified by the orange colour) exceeds 6 kG.
This strengthens the views that previous studies tended to over-
look ssrAp stars with weak to moderate magnetic fields. While
the longest rotation periods (P 2 150d) are not found among
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Fig. 12. Same as Fig. 11 but using the relation By = 3.86 (B;), tO
compute the values of By for those stars for which the only magnetic
field moment that has been determined until now is the mean longitu-
dinal field. These stars are still represented by the black parts of the
histogram; the meaning of the other colours is unchanged.

the most strongly magnetic Ap stars (By = 7.5kG; Mathys
2017), the previously observed trend for super-slow rotation
to occur less frequently in the most weakly magnetic Ap stars
(Bp < 2kG) than in the Ap stars with moderate magnetic field
strengths (3kG < By < 7.5kG) remains visible in Fig. 11.
As argued in detail in Paper II, this effect appears particularly
significant if one compares the B distribution in slowly rotat-
ing Ap stars with the distribution of the rms longitudinal mag-
netic field in all Ap stars, which peaks abruptly well below 1 kG
(Bychkov et al. 2009).

Figure 11 also appears to confirm and strengthen the real-
ity of the existence of a gap, or deficiency, of slowly rotating
Ap stars with (phase-averaged) field strengths between ~2 and
~3kG. By contrast, the distribution of Bychkov et al. (2009)
shows a strictly monotonic decrease from the lowest (B;),,.. val-
ues to the highest ones, without any hint of a gap or a discon-
tinuity. While the gap in the distribution of the By values in the
ssrAp stars appears to be in the interval from ~2.0 to ~3.0kG,
this does not imply that it is an artefact of the chosen binning.
As the total number of ssrAp stars for which magnetic measure-
ments become available increases, the number of such stars with
a field strength between ~2.0 and ~3.0 kG hardly grows while
the neighbouring bins become more and more populated. This
is a genuine observational result, not the consequence of any
selection effect. The targets that are observed are just the ssrAp
stars that are identified; there is no other criterion applied in the
definition of the sample. Admittedly, the statistics are limited,
but the more they grow, the firmer are the conclusions that can
be drawn from them. A more detailed comparison of the field
strength distribution revealed by our study of the ssrAp stars with
the distribution for all Ap stars as established by Bychkov et al.
(2009) was given in Paper II. In this reference, further sup-
porting evidence based on the study of a volume-limited sam-
ple (Sikora et al. 2019) was also presented. The new data of the
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present study confirm and strengthen the conclusions reached in
Paper II.

The origin of the gap in the By value distribution in the ssrAp
stars remains unknown, but is plausibly related with the exis-
tence of two channels of formation of Ap stars, with different
processes responsible for weakly and (more) strongly magnetic
stars. Or possibly, if all Ap stars form in the same way, there may
be two rotational braking processes allowing them to achieve
slow rotation, one below ~2 kG and the other above ~3 kG, nei-
ther of which is efficient in the ~2-3 kG field strength interval.
The observational evidence available until now is insufficient to
draw definitive conclusions. Further characterisation of the mag-
netic field strength distribution as well as of possible correlations
between magnetic and other properties are needed to provide the
basis for further theoretical developments.

The magnetic field values By used to build Fig. 11 were
defined in such a way as to be consistent with the data pre-
sented in Fig. 6 of Paper III. In particular, for those stars for
which only the mean longitudinal magnetic field could be deter-
mined until now, lower limits of B, were used. This lower limit,
By = 3(B_)s is empirical. It is based on the consideration
of Fig. 8 of Mathys (2017), which shows that with almost no
exception, for measurements of (B) and (B,) distributed over a
stellar rotation cycle or obtained at a number of random epochs
(generally different for the two magnetic field moments), one
has (B,) s = (B)ay/3 ((B),y is the average of the individual (B)
values over the set of measurements under consideration).

Recently, Kochukhov (2024) carried out numerical simu-
lations in an attempt to establish, for stars having a dipolar
magnetic field, statistical relationships between the polar field
strength and the observable field moments (B,) and (B). With
respect to the latter two, he derived the following conversion
equation:

(BYay = 3.86"1%8 (B.)ms - ®)

Taking this result into account, an alternative version of the dis-
tribution of the magnetic field strength By in the long-period Ap
stars was generated, adopting the value By = 3.86(B;),,, for
those stars for which the only available magnetic field measure-
ments are those of (B;). This revised distribution is shown in
Fig. 12. The interest of this representation over that of Fig. 11 is
that, on a statistical basis, the values of By used for those stars
for which only (B;) measurements are available should be more
consistent with those derived from (B) and (B;) measurements.
This difference concerns 11 stars out of a total sample of 83,
so that its impact on the overall aspect of the figure is unavoid-
ably limited. Nevertheless, the similarity between both figures
is noteworthy, especially with respect to the absence of periods
P = 150d in stars with By = 7.5kG, the lower rate of occur-
rence of super-slow rotation for field strengths By < 2kG than in
the range 3kG < By < 7.5 kG, and the deficiency of slowly rotat-
ing Ap stars with (phase-averaged) field strengths between ~2
and ~3 kG. The difference between the smooth behaviour of the
(B_).ms distribution from Bychkov et al. (2009) and the appar-
ently bimodal distribution of Figs. 11 and 12 for the ssrAp stars
does not depend in any way on the value of the factor adopted to
convert (B_),,, to Bo.

One thing that we do not know for sure is whether the
observed gap at the low end of the magnetic field strength distri-
bution is also present in faster rotating stars. Observations such
as those presented here are ill-suited to address this question,
because resolved magnetically split lines can only be observed
in the stars that have the lowest projected equatorial velocity
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and the mean quadratic magnetic field becomes increasingly dif-
ficult to untangle from Doppler broadening as v sini becomes
increasingly large. High-resolution infrared (IR) spectroscopy
would lend itself better to study the low end of the magnetic field
strength distribution in Ap stars that rotate faster than those con-
sidered here. Indeed, since the Zeeman effect increases quadrat-
ically with wavelength, as opposed to the linear dependence
of the Doppler effect, at equal spectral resolution, for a given
field strength, the magnetic splitting can be observed in shorter
period Ap stars in the IR than in the visible. The value of high
resolution IR spectroscopy for determination of Ap star mag-
netic fields has been illustrated by Leone et al. (2003). More
recently, Chojnowski et al. (2019) have observed resolved mag-
netically split lines in the H-band spectrum of more than 150
Ap stars, most of which have projected equatorial velocities
greater than those of the Ap stars in which the Fe 11 16149 A
line is resolved into its components. But the lowest value of the
mean magnetic field modulus that they were able to measure is
(B) = 3.6 kG, because of the limited resolution of these IR obser-
vations. Higher resolution IR spectroscopy is required to decide
if the ~2-3 kG gap in the magnetic field distribution is limited to
the most slowly rotating Ap stars or if it also exists for shorter
rotation periods.

5. Conclusions

Overall, the outcome of the present study validates the technique
proposed in Paper I and subsequently applied in Paper II and
Paper III to carry out a systematic search for ssrAp stars from the
analysis of TESS photometric observations. It also sheds light on
its limitations.

Asseenin Sect. 4.1, 18 of the 27 stars that were analysed in this
work are definite Ap stars whose spectral lines are sharp enough
to be compatible with long rotation periods. An additional Ap star,
HD 11187, must have a rather short rotation period, of the order of
days, but also shows moderate broadening of its spectral lines: its
lack of photometric variability over the duration of a TESS sector
can plausibly be assigned to the low inclination of its rotation axis
to the line of sight. Given the size of the studied sample, it is not
surprising that at least one star may show near-alignment of the
rotation axis with the line of sight.

The lines of the remaining eight stars tend to be somewhat
broader in average. More importantly, none of these stars shows
a typical Ap star spectrum. We cannot rule out at this stage the
occurrence of mild peculiarities in some of them, but at first
sight, the available evidence rather suggests that most are stars
that were misclassified as Ap. Actually, one of them, HD 97132,
is a SB2 system consisting of two nearly identical, very sharp-
lined Am components. Checking the exact nature of all of these
stars is better left to a future study including also those TESS-
based ssrAp star candidates whose spectra show broad to very
broad spectral lines. However, it appears inescapable that one
of the main reasons for misidentification of stars showing no
TESS photometric variability as ssrAp star candidates is that
the published Ap star lists are rather severely contaminated by
misclassified stars of other types, such as normal A stars, Am
stars, HgMn stars, or Fstr 14077 stars. This suspicion was
already raised in Paper III; the evidence presented here strength-
ens it.

The other difficulty that has already been discussed in
Paper III is to distinguish the ssrAp stars from the Ap stars that
have moderately long rotation periods (20d < Py < 50d). This
difficulty arises from the fact that in the process of correcting the
data for instrumental effects, the TESS pipeline may often also
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remove actual stellar variations occurring on timescales of the
same order as the length of a TESS sector. Spectroscopic obser-
vations obtained at one or two epochs are in most cases insuffi-
cient to resolve the ambiguity. Measurements of v sini only yield
lower limits of the stellar rotation rate. Among the stars stud-
ied here, HD 95811 and HD 203922 show line broadening that
appears inconsistent with super-slow rotation and rather seems
indicative of a moderately long rotation period, even though
analysis of the TESS raw (SAP) data does not show convinc-
ing evidence of variability. Analysis of the SAP data also reveals
the occurrence of photometric variations likely due to rotation
with moderately long periods for two more stars of our sample,
HD 7410 (P;o; = 37908) and HD 236298 (P, ~ 2493). How-
ever, periodic variability typical of rotation was not detected in
either the SAP or PDCSAP (pipeline reduced) TESS data for
HD 11187, despite the definite rotational broadening of its spec-
tral lines and the observed variability of its mean longitudinal
magnetic field on timescales of days.

The remaining 14 typical Ap stars of this study have lines
sharp enough to be compatible with super-slow rotation (Pt >
50d), but some may have somewhat shorter periods, even though
analysis of the SAP data did not show convincing evidence of
rotational variability for any of them. The difficulties of this anal-
ysis are abundantly illustrated in Appendix A. Even though for
many of these stars, TESS observations have become available
for more sectors than there were at the time when the initial sys-
tematic search for ssrAp star candidates was carried out on the
basis of the PDCSAP data (Paper I and Paper II), low ampli-
tude stellar variations standing out of the instrumental effects on
timescales of a few weeks remain elusive. This does not imply
that none of these stars may have a moderately long rotation
period. However, for a random distribution of the inclination
angles of the rotation axes to the line of sight, one should expect
the vast majority of the Ap stars with lines sharp enough for
consistency with periods longer than 50 days to be indeed super-
slow rotators.

In other words, the 14 sharp-lined Ap stars identified in this
work (listed under ‘ssrAp stars’ or ‘Long period Ap stars’ in
Table 1) fufil the necesary condition to be ssrAp stars. However,
observation at more epochs are needed for final confirmation that
their rotation periods are indeed longer than 50 d. Photometry is
poorly suited to this effect, mostly because of the difficulty of
ensuring sufficient long-term stability in the measurements so
as to avoid confusion between variations of stellar origin and
instrumental drifts. Line-intensity variations may provide useful
constraints in some Ap stars, but their occurrence is not ubiqui-
tous, and in some cases, the variation amplitudes may be too low
to allow definite conclusions to be drawn. As a rule, considera-
tion of the magnetic field behaviour is the best-suited approach
to study the variability of the ssrAp stars (Mathys 2020).

The mean quadratic magnetic field (By) and, in the most
favourable cases (stars with strong enough magnetic fields
observed at sufficiently high spectral resolution), the mean mag-
netic field modulus (B) can be determined from the analysis of
spectra recorded in natural light. However, the relative ampli-
tude of variation (that is, the ratio of the maximum value to the
minimum) of these field moments only seldom exceeds 1.3 (for
(B); see Mathys 2017), so that high precision measurements are
required to characterise the variations in a meaningful manner.
This is more easily achieved for (B), whose values range from
~2 kG up and can frequently be determined with uncertainties in
the ~30—~50 G range, and only very rarely greater than ~100 G.
The precisions with which the values of (By) can be derived is
less good. Values of the internal error as low as 120 G as reported

here for the analysis of the HARPS-N spectrum HD 96571 are
exceptionally good; typical values are more often of the order of
a few hundred gauss. On the other hand, the orders of magnitude
of the mean quadratic magnetic field and of the mean magnetic
field modulus are similar to each other — the former is, in aver-
age, 30% greater than the latter (see Sect. 3.2.3 and Fig. 10).

Thus, the relative precision of the (B) values is in general
considerably better than for the (By) values: consideration of
the former, when possible, represents a better way to constrain
the magnetic variations of ssrAp stars. However, (B,) presents
the advantage that it can also be measured in stars that do not
have resolved magnetically split lines, so that in principle, it
gives access to weaker magnetic fields. This is illustrated by the
fact that we achieved a signficant detection of a mean quadratic
magnetic field as low as (B;) = 1110G through analysis of a
HARPS-N spectrum of HD 96003. As argued in Sect. 3.2.3, this
suggests that the mean magnetic field of this star, whose lines
are unresolved, should be of the order of (B) ~ 870 G. This is
about half of the lowest value of the mean magnetic field modu-
lus that we actually determined, (B) = 1720 G for a star showing
resolved lines. The latter, in turn, matches well the estimated
lower limit of the (B) values that can be derived from observa-
tions performed in the visible range (Mathys et al. 1997).

An aspect that the determinations of the mean magnetic field
modulus and of the mean quadratic magnetic field have in com-
mon is that both strongly benefit from the usage of observations
recorded at the highest spectral resolution. Determining the low-
est values of (B) and achieving the lowest uncertainties of (By)
are only feasible at resolutions such as that of HARPS-N. They
are beyond reach for the lower resolution of the spectra obtained
with the other instruments used in this study.

An even better way to constrain the timescales over which
variability occurs in (very) slowly rotating Ap stars is the con-
sideration of their mean longitudinal magnetic fields (B.). Not
only is the relative amplitude of variation of the latter often con-
siderably greater than for (B) or (By) (see Fig. 9 of Mathys
2017), but also the occurrence of sign reversal in numerous stars
makes unambiguous period determinations more straightfor-
ward. However, the determination of this field moment requires
spectropolarimetric observations. Suitable instruments are much
less numerous than natural light spectrographs, and they tend to
be in higher demand. Securing observing time on them for multi-
epoch observations potentially to be spread over time intervals
of years, which do not lend themselves well to rapid publica-
tions of significant results, may represent a challenge on several
levels. Convincing the evaluators of observing proposals that the
expected scientific return is sufficient to place the project above
the telescope oversubscription cutoff line in the peer review pro-
cess may not be enough. Observatory policy barriers that do not
affect short-term programmes may also need to be overcome.

An additional advantage of spectropolarimetric observations
is their ability to detect and constrain much weaker magnetic
fields than those that can be diagnosed from spectra recorded in
natural light. For several stars in this study for which the mean
quadratic magnetic field was below the detection threshold, the
literature reports successful detections of the mean longitudinal
magnetic field: HD 17330, HD 340577, and HD 11187 (which
is not a ssrAp star). Even though (B,) measurements are affected
by additional ambiguity given their high sensitivity to the geom-
etry of the observations, they represent the best approach for
characterisation of the lowest end of the magnetic field strength
distribution.

Multi-epoch observations with a view to constraining rota-
tion from magnetic field measurements represent a genuine
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follow-up of the work presented here. It will also be of interest
to try to constrain the strengths of the magnetic fields that were
below the detection threshold with the observations obtained
until now, either by recording spectra in natural light at higher
resolution (and in some cases, S/N) than those that could be
analysed until now, or by performing Stokes / and V spec-
tropolarimetric observations with a view to measuring the mean
longitudinal magnetic field. More generally, the ultimate goal
must be to achieve the most detailed characterisation of the
period and magnetic field strength distribution for the ssrAp
stars, and of the possible correlations between the rotational and
magnetic properties of these stars. A couple of specific ques-
tions to be answered have already been identified. Is the rate
of occurrence of super-slow rotation lower among weakly mag-
netic stars than among strongly magnetic ones? Is there a gap
between ~2kG and ~3kG in the distribution of the magnetic
field strengths of the ssrAp stars? The elements of information
gathered until now support these views, but further confirmation
of their validity is needed to draw definitive conclusions. On the
other hand, as our knowledge of the ssrAp stars improves, more
questions will certainly arise.

The above-described follow-up represents one of our main
objectives for the next steps of this project. In parallel, we con-
tinue to acquire spectroscopy for those ssrAp star candidates
from Paper I to Paper III for which no information about the rota-
tion period or the projected equatorial velocity is available until
now. We plan to analyse these observations in the same way as
the data considered in this study. This will allow us to build the
largest set of confirmed ssrAp stars to date for which preliminary
constraints on the magnetic field strength have been determined.
This sample will lend itself to a statistical investigation of the
other properties that possibly distinguish the ssrAp stars from
their faster rotating counterparts, with a view to gaining theoret-
ical understanding of the physical processes responsible for the
differentiation of the rotation rates among Ap stars. It would be
premature to address this issue in more detail in the present study
as we have the prospect of becoming able to do it on the basis of
a more complete sample in a reasonably near future (within the
next couple of years). That is why, in this paper, we focussed pri-
marily on the description of the methods that we used to analyse
the observations and on the presentation of the immediate results
of the measurements. Once we have analysed the spectroscopic
data whose acquisition is in progress for the TESS-based ssrAp
star candidates that have not been studied here, we shall devote
the next paper to the presentation of the resulting measurements
and to the detailed discussion of the insight that the considera-
tion of the full data set provides into the origin of extremely slow
rotation in Ap stars.

As illustrated in this paper, the present work also yielded
several by-products, of which more should be delivered by the
intended follow-up. Obviously, the discovery of eight new stars
showing resolved magnetically split lines in the visible range is
not unexpected, in a study aimed at confirming the low projected
equatorial velocity of magnetic Ap stars. Nevertheless, it repre-
sents a significant addition to the sample of known Ap stars hav-
ing this property, which contains of the order of 100 members.

We also reported the detection of radial velocity variations
in five Ap stars that were not previously known to be part of
spectroscopic binaries. The apparent existence of an intriguing
connection between rotation and binarity in ssrAp stars (see
Sect. 5.6 of Mathys 2017) highlights the interest of determin-
ing the orbital parameters of binaries containing a ssrAp star.
Besides the five recently discovered binaries mentioned above,
the sample considered in the present study contains two previ-
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ously identified ssrAp binaries whose orbits have not been char-
acterised yet. The follow-up observations to be obtained to study
the magnetic variations of these seven stars will also lend them-
selves to deriving constraints on their orbital properties. More-
over, one should also expect the spectroscopic survey of uncon-
firmed TESS-based ssrAp candidates to lead to the discovery of
some new spectroscopic binaries.

As an aside, we also identified a previously unknown spec-
troscopic binary consisting of two very similar Am stars that
have very sharp spectral lines (HD 97132). While the inclusion
of this target in our sample resulted from misclassification and
HD 97132 is not directly relevant to our objectives, it is never-
theless a rather infrequent and scientifically interesting system
that deserves further attention on its own.

Finally, the analysis carried out in this work gave us unprece-
dented insight into some aspects of the method of determination
of the mean quadratic magnetic field. Its potential pitfalls were
highlighted, the origin of some of its limitations became clearer,
and precautions to be taken in its application were identified. The
discussion in Sect. 3.2.1 represents a valuable complement to the
detailed considerations of the original presentation of this mag-
netic field diagnosis approach (Mathys & Hubrig 2006), which
should be taken into account in future applications.
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Appendix A: Spectra, measurement results and
notes on individual stars

The spectral properties of the analysed ssrAp star candidates are
described in Sect. 2.2. Figures A.l to A.5 illustrate this descrip-
tion.

These spectra were measured as explained in Sect. 3. The lat-
ter includes a discussion of the measurement results (Sect. 3.2.3),
which are presented in Table A.1. The properties of the individ-
ual stars are discussed below.

A.1. TIC 73765625 (HD 90131)

Two SALT-HRS spectra of HD 90131 have been obtained, at
epochs separated by 109 days. The two components of the
Fe 11 16149 A line are clearly resolved and the line is almost
free from blending (see Fig. 2). Accordingly, the mean magnetic
field modulus was determined with the highest precision that is
achievable with HRS. Good precision was also achieved in the
determination of the mean quadratic magnetic field, as more than
20 clean diagnostic lines of Fe I were identified in the red arm
spectral range. Neither of the two field moments shows any sig-
nificant variability between the two epochs of observation. The
upper limit of the projected equatorial velocity derived from the
first epoch spectrum, v sini < 3.43kms™' is small enough to
be compatible with super slow rotation. The second epoch spec-
trum does not show any significant rotational broadening, con-
sistently with the width of the Fe 1 15434.5 A line seen in Fig. 4.
The spectroscopic evidence strongly supports the conclusion that
HD 90131 must be a ssrAp star. On the other hand, while its
radial velocity is greater than that of the majority of single Ap
stars, there is no indication of variability.

SAP data are available for TIC 73765625 for Sectors 22, 45,
46 and 49. Sectors 22 and 49 suffer strong instrumental excur-
sions up to 8 mmag in range. The S45-46 data are cleaner, and
are used here for a constraint on possible rotational light vari-
ations. The two sectors comprise 34164 data points after the
removal of 96 problematic points (outliers or obvious instrumen-
tal excursions). Figure A.6 shows the light curve and amplitude
spectrum of the SAP data. The visible variations and both of the
low-frequency peaks are plausibly instrumental in origin. The
two low frequency peaks are significant and have periods of 2595
and 647, but for rotational variations in @* CVn stars we expect
only one rotational peak and that is usually at much higher
amplitude than these two peaks, which have amplitudes of only
160 wmag. We also find the same light variations and two peaks
for S45-46 data for the next star, TIC 77038207, showing that
these peaks are instrumental in origin. We therefore conclude
that there is no rotational variation visible over the 52.4-d time
span of S45-46, supporting the identification of TIC 73765625
as a ssrAp star.

A.2. TIC 77038207 (HD 96003)

With more than 30 suitable Fe 1 diagnostic lines, the high-
resolution spectrum of HD 96003 recorded with HARPS-N
lends itself well to a very precise determination of the mean
quadratic magnetic field. With (Bq) = 1.1kG, this is the weak-
est field that we could definitely detect in this study. It is well
below the detection limit with CAOS. The distortion of the
Fe 1 16336.8 A line by the magnetic field is clearly seen in the
HARPS-N spectrum (see Fig. 5) but the Fe 11 16149 A line is
not resolved into its magnetically split components so that the
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mean magnetic field modulus cannot be precisely determined.
The quadratic field value is consistent with the weak mean lon-
gitudinal magnetic field measurements obtained at the Special
Astrophysical Observatory (Romanyuk et al. 2023, and refer-
ences therein), according to which (B,) shows at most low-
amplitude variability about its rms value, (B;),,, = =170 G.

Romanyuk et al. also report the occurrence of variations of
the radial velocity, and argue that HD 96003 is a spectroscopic
binary. This conclusion is supported by the formally signifi-
cant difference between the values of the radial velocity that we
determine from the CAOS and HARPS-N spectra, which were
obtained only 10 days apart. These values are within the range
covered by the measurements of Romanyuk et al. (2023).

Our mean quadratic magnetic field determination with
HARPS-N did not yield a significant value of the projected
equatorial velocity. This suggests that rotational broadening of
the spectral lines must be substantially less than the HARPS-N
resolution, consistently with the profile of the Fe 1 15434.5 A
line illustrated in Fig. 4. This confirms that HD 96003 must
be a ssrAp star. (The somewhat high value of the upper limit,
v sini < 6.0kms~!, derived from the analysis of the CAOS spec-
trum appears to result from crosstalk between the a; and a3 terms
of the regression analysis.)

SAP data are available for TIC 77038207 for Sectors 22, 45,
46 and 49, as for the previous star, TIC 73765625. The light
curve and the amplitude spectrum for TIC 77038207 for the
S45-46 data are essentially identical to those for TIC 73765625,
showing that the variations are instrumental. We therefore con-
clude that there is no rotational variation visible over the
52.4-d time span of S45-46, supporting the identification of
TIC 77038207 as a ssrAp star.

A.3. TIC 77128654 (HD 97127)

The Fe 11 16149A line is resolved into its magnetically
split components in our HARPS-N spectrum of the roAp star
HD 97127 (Holdsworth et al. 2014b). The considerable blend-
ing of the blue component (see Fig. 2) induces significant uncer-
tainty in the determination of the mean magnetic field modu-
lus. Its derived value, (B) = 2.5kG, is among the lowest ever
measured in an Ap star (see Mathys 2017). The mean quadratic
magnetic field, (B;) = 3.1kG, can be determined with good
precision. The value of the upper limit of the projected equa-
torial velocity that can be derived as a by-product, v sini <
3.95kms™!, is not inconsistent with super-slow rotation, but a
moderately long rotation period (20d < Pyt S 50d) cannot be
ruled out.

SAP data are available for TIC 77128654 for Sectors 22, 45,
46 and 49, the same as for the previous two stars. Sectors 22,
46 and 49 suffer strong instrumental excursions up to 60 mmag
in range. To illustrate the problem of using the SAP data for the
detection of long rotation periods, as in the ssrAp stars, the top
panel of Fig. A.7 shows the unedited light curve for the S45-46
data. The large excursions for the S46 data occurred after the
field was recovered following a data transfer to ground. Imme-
diately after a field is recovered, the detectors are still tempera-
ture stabilising resulting in sensitivity changes. These are mod-
elled and removed in PDCSAP data, but are still seen in the SAP
data shown here. Figure A.7 shows the raw light curve (top), the
edited light curve (middle) and the amplitude spectrum of the
SAP data. All variations are plausibly instrumental in origin. We
therefore conclude that there is no rotational variation evident
over the 52.4-d time span of S45-46.
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Fig. A.1. Portion of the spectrum of 5 sharp-lined ssrAp star candidates. The wavelengths are in the laboratory reference frame.
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Fig. A.2. Portion of the spectrum of 5 sharp-lined ssrAp star candidates. The wavelengths are in the laboratory reference frame.
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Fig. A.3. Portion of the spectrum of 5 sharp-lined ssrAp star candidates. The wavelengths are in the laboratory reference frame.
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Fig. A.4. Portion of the spectrum of 5 sharp-lined ssrAp star candidates. The wavelengths are in the laboratory reference frame.
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Fig. A.5. Portion of the spectrum of 5 sharp-lined ssrAp star candidates. The wavelengths are in the laboratory reference frame.
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Table A.1. Measurements of the spectra of the ssrAp star candidates.
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TIC Other ID \% HID Instr S/N  Tex Uy o(vr) (B o(B)) Ny (By) o((Bg)) N; (vsin i)pax o(v sin i)
(2400000.+) (K) (kms™") (kms™) (G) (G) (G) (G) (kms™")  (kms™")
73765625 HD 90131 9.49 60018.524 S 320 8387 47.34 0.16 4698 40 2 5785 340 21 3.4 0.6
60127.224 S 300 47.49 0.24 4677 40 2 5780 380 21 0.4 0.7
77038207 HD 96003 6.87 60071.390 C 140 9500 -10.02 0.15 920 920 29 6.0 0.4
60081.356 H 130 -11.28 0.13 1110 210 32 0.0
77128654 HD 97127 9.43 60058360 H 80 6700 3.80 0.13 2496 100 3 3080 330 22 3.9 0.8
80486647 HD 67658 9.76  59916.466 S 315 12018 19.54 0.30 0 13 28.8 0.5
124988213 HD 44979 6.53  59891.466 S 350 12593 26.78 0.16 0 19 16.3 0.2
154786038 HD 96571 731 60071.424 C 100 8100 8.62 0.26 2140 620 14 3.0 1.0
60282.773 H 130 -4.90 0.13 1720 100 2 1850 120 27 2.6 0.3
163801263 HD 203922 8.50 59818.469 C 60 7600  -24.33 0.15 3461 150 2 3310 820 20 53 0.9
165446000 BD+39 4435 93 59819454 C 30 7700  -26.03 0.34 6418 250 2 5410 1050 13 3.5 1.7
60084.723 H 50 -25.38 0.09 4362 100 3 6040 230 25 1.4 0.9
167695608 TYC 8912-1407-1 11.51 58242.235 S 85 7185 9.88 0.19 3541 100 3 3920 150 20 2.0 0.3
58388.584 S 95 9.58 0.20 3146 100 3 4150 180 20 2.0 0.3
58390.579 S 115 9.50 0.16 3146 100 3 3890 130 20 3.0 0.3
58395.593 S 70 9.42 0.17 3272 100 3 3920 200 20 2.0 0.3
58400.609 S 100 9.59 0.17 3377 100 3 4000 150 20 2.0 0.3
170419024 HD 151860 9.01 54691.620 F 200 6625 -0.82 0.20 2510 280 24 0.0
60005.596 S 205 4.10 0.25 3356 100 3 5410 560 19 0.0
202899762 BD+46 570 9.63 59887477 C 30 7350 8.29 0.27 4030 1000 12 8.4 1.7
60312.319 H 115 10.42 0.18 3167 30 2 3540 150 20 0.0
206461701 HD 209364 10.03  60129.472 S 300 7188 -18.78 0.23 0 20 17.4 0.5
207468665 HD 148330 573 60165425 C 150 9700 -3.31 0.22 3450 1300 17 14.0 0.4
286965228 HD 127304 6.05 60071467 C 150 9950 -18.01 0.15 0 0 15 9.1 0.7
291561579 HD 171420 10.67  60084.437 S 205 6793 7.84 0.10 1460 660 18 11.5 0.5
298197561 HD 340577 9.09 59880313 C 50 8450 19.48 0.35 0 15 2.4 1.1
301918605 HD 17330 7.11 59880.547 C 80 10250  -13.10 0.12 0 20 8.1 0.6
301946105 HD 7410 9.07 59880.453 C 50 7800 2.18 0.22 0 20 7.2 0.9
60272.514 H 130 -0.22 0.12 2110 180 27 4.8 0.3
334505323 HD 106322 9.39  59977.466 S 240 7683 -12.14 0.20 0 27 14.8 0.3
347202840 HD 236298 9.45 59837.541 C 50 10700 -7.91 0.24 0 16 5.5 1.3
60272.328 H 120 -7.92 0.13 2210 290 24 3.1 0.3
352787151 BD+35 5094 9.08 59887.398 C 70 6900 -9.44 0.12 0 21 6.8 0.6
403625657 HD 11187 7.94 59880495 C 80 10750 5.61 0.27 0 20 17.0 0.9
444094235 HD 85284 9.82  55228.695 F 110 13640 0.62 0.29 1700 340 19 0.0
59955.435 S 280 9.47 0.33 0 13 4.5 1.0
461161123 HD 95811 9.56 60017.553 S 375 6925 -3.36 0.18 0 19 10.9 0.6
468507699 HD 206977 8.98 59837457 C 80 8650 9.72 0.20 1650 520 20 1.7 0.5

Notes. The stars are listed in order of increasing TIC (TESS Input Catalogue) number (Col. 1), with another ID (preferably the HD number)
given in Col. 2 and the V magnitude in Col. 3. The eliocentric Julian Date (HJD) of mid-observation, the instrument with which it was obtained
(S =SALT-HRS; F=FEROS; C = CAOS; H=HARPS-N), and the resulting S/N appear in Cols. 4 to 6. The values of T in Col. 7 are as listed in
Paper I and Paper II. The following columns contain the results of our measurements: the stellar radial velocity v, and its uncertainty o(v;) (Cols.
8 and 9); the mean magnetic field modulus (B), its uncertainty o({B)), and the number N, of Gaussians fitted to the Fe 11 16149 A line for its
determination (Cols. 10 to 12); the mean quadratic magnetic field (By), its formal uncertainty o({B,)), and the number N, of diagnostic lines from
which it was derived (Cols. 13 to 15); the upper limit (v sin ).« of the projected equatorial velocity and the formal uncertainty o (v sini) of the
v sini determination (Cols. 16 and 17). The values of the radial velocity and of the projected equatorial velocity are derived from analysis of the
same sample of N, lines as used for the (B,) determination. For spectra in which the Fe 11 16149 A line is not resolved into its magnetically split
components, the entries in Cols. 8 to 10 are left blank; ‘0’ in Col. 11 identifies those spectra in which the mean quadratic magnetic field is below

the detection threshold, and ‘0.00’ in Col. 14, those spectra in which the rotational Doppler broadening is below the detection threshold.
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Fig. A.6. TIC 73765625 (HD 90131). Top: The light curve of the S45-
46 SAP data. The visible variations are plausibly instrumental. Bottom:
The amplitude spectrum of the S45-46 SAP data showing two low-
frequency peaks, both of which are plausibly instrumental.

A.4. TIC 80486647 (HD 67658)

According to a recent study (Murphy et al. 2020), HD 67658
is a normal A4IV star. Hence, it must have been misclassified
as an Ap star. Indeed, lines of the elements typically present
in Ap stars do not appear to be present in its HARPS-N spec-
trum. Visual inspection of the latter also reveals that HD 67658
has the broadest spectral lines among the stars of studied in this
work. Of these stars, it is also the one for which we derived the
least stringent upper limit of the projected equatorial velocity,
vsini < 28.43kms~'. With a mean quadratic magnetic field
below the detection threshold, HD 67658 is definitely not a
ssrAp star, and probably not even an Ap star at all. There is
no plausible variation in the S7, 9 and 35 SAP data, hence no
@ CVn rotational variation, also suggesting that this is not an
Ap star.

A.5. TIC 81554659 (HD 97132)

We observed HD 97132 with SALT-HRS and discovered that it
is a double-lined spectroscopic binary (SB2). To the best of our
knowledge, this has never been reported before. The two com-
ponents appear to be nearly identical to each other. Although the
star has been classified ApSrEuCr (Houk 1978), we could not
readily identify in its spectrum strong lines of these elements, or
of other rare earth elements. There is no plausible variation in
the Sector 10, and 36-37 SAP data, hence no &> CVn rotational
variation, also suggesting that this is not an Ap star.

We carried out a preliminary abundance analysis through
spectrum synthesis, similar to Catanzaro et al. (2024). We
adopted the same fundamental parameters for both components,
logg = 4.0 and Teg = 8250K, which is lower than the value
from the TIC (T.z = 9257 K). This temperature matches bet-
ter the intensity ratio of the Fe T and Fe 11 lines and the Balmer
line profiles. Some portions of the synthetic spectrum are shown
in Fig. A.8. This analysis indicates that in both stars, the C and
O abundances are solar, Ca and Sc are underabundant, and Si,
Fe, and Ba are overabundant. Thus HD 97132 is a SB2 system
consisting of two Am stars.
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Fig. A.7. TIC 77128654 (HD 97127). Top: The light curve of the S45-46
SAP data without editing the data. The instrumental excursions in S46
are evident. S22 and S49 suffer similar excursions. This is not uncom-
mon in the SAP data. Middle: The S45-46 SAP data after the larger
instrumental excursions are filtered out. Bottom: The amplitude spec-
trum of the edited S45-46 SAP data showing two low-frequency peaks,
both of which are plausibly instrumental.

A.6. TIC 124988213 (HD 44979)

The line density in the spectrum of HD 44979 is low, and
most lines are weak. Accordingly, our attempt to determine
the mean quadratic magnetic field from a SALT-HRS spec-
trum was based on the analysis of the blue arm part. The
upper limit that we derived for the projected equatorial velocity,
vsini < 16.26kms™!, is consistent with the moderately broad-
ened appearance of the spectral lines. This is not a ssrAp star.
Moreover, the mean quadratic magnetic field is below the detec-
tion threshold. One may wonder if the ApSi classification (Houk
1982) of HD 44979 is mistaken, as the Si lines in its spectrum
do not appear particularly strong.

SAP data are available for TIC 124988213 for Sectors 6-
7. Fig. A.9 shows the light curve and amplitude spectrum. All
variations are plausibly instrumental. This also suggests that the
star is not an @2 CVn star, hence not an Ap star.

A.7. TIC 154786038 (HD 96571)

Two observations of HD 96571 were obtained, one with CAOS
and the other with HARPS-N, at an interval of 211 days. There
is a highly significant difference of radial velocity (Av, =
13.5kms™") between the two epochs. This represents a strong
indication that the star must be a spectroscopic binary, which has
not been previously identified. The radial velocity recorded with
HARPS-N does not significantly differ from the value published
in the General Catalogue of Stellar Radial Velocities (Wilson
1953).

In the HARPS-N spectum, the Fe 11 A6149 A line is only
marginally resolved, but it is free from blends (see Fig. 2).
This allowed us to determine the mean magnetic field modulus,
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(B) = 1.7kG. This value is similar to the lower limit predicted
by Mathys et al. (1997) for measurements of the mean mag-
netic field modulus from spectra at a resolving power R ~ 10°.
Because of the marginal resolution of the Fe 1 16149 A line, the
estimated uncertainty of the (B) determination, 100 G, is greater
than for higher mean field modulus values that can be derived in
the best cases from the analysis of spectra of similar resolution
(down to ~25 G, see Table 13 of Mathys 2017).

By contrast, the formal precision achieved in the determi-
nation of the mean quadratic magnetic field from the HARPS-
N spectrum is the best one of this study. The distortion of the
Fe116336.8 A line by the magnetic field is clearly seen in Fig. 5.
The value of (B;) determined from analysis of the CAOS spec-
tra is also just above the threshold of formal significance. Within
the uncertainties, the mean quadratic field modulus has not var-
ied between the two epochs of observations. However, this is a
weak constraint, as for the CAOS spectrum, the formal uncer-
tainty of (By) is rather large.

The upper limit of the projected equatorial velocity that
is derived from analysis of the HARPS-N spectrum, v sini <
2.56kms™!, is consistent with super slow rotation, but a mod-
erately long rotation period (20d < Py < 50d) cannot be
definitely ruled out. Within the uncertainty, the analysis of the
CAOS spectrum yields a v sini upper limit that is not signifi-
cantly different. In summary, all the available information con-
sistently indicates that HD 96571 must be a slowly rotating Ap
star in a binary system.

SAP data are available for Sectors 14, 19-20, 26, 40 and 53.
There is a probable instrumental variation with an amplitude of
only 0.5 mmag on the timescale of 30d, which is close to the
sector length. This does not support any photometric variation in
the 20d < Pyt < 50d range.

A.8. TIC 163801263 (HD 203922)

The Fe 11 16149 A line is marginally resolved into its two com-
ponents in our CAOS spectrum of HD 203922. It is not sig-
nificantly affected by any blend (see Fig. 2). Accordingly, the
value of the mean magnetic field modulus, (B) = 3.46kG,
could be determined with rather good precision. The mean
quadratic magnetic field, (Bq) = 3.31kG, could also be mea-
sured at the 4.0 o level. Given their respective uncertainties, the
values of the two field moments are mutually consistent. The
(By) analysis also yielded an estimate of the upper limit of the
projected equatorial velocity, v sini < 5.27kms~!. Indeed, in
Fig. 4, the observed profile of the Fe I 15434.5 A line appears
somewhat broader than the estimated contributions of instru-
mental and thermal broadening. This difference is not nec-
essarily incompatible with super slow rotation, but it seems
more likely that HD 203922 has a moderately long rotation
period.

SAP data are available for Sectors 15 and 55. Figure A.10
shows the light curve and amplitude spectrum of the S55 SAP
data. There is variability with an amplitude of 0.5 mmag on a
timescale of ~22d for the S55 data. This signal is neither evi-
dent nor ruled out for the S15 data, and the two sectors are too
far apart in time to meaningfully analyse them together. Hence,
it is possible that this star has a moderate period of the order of
22d, although the signal could also be instrumental. The simi-
larity to the light curves and amplitude spectra for the next star,
TIC 165446000, which was observed in the same sectors with
the same camera suggests that the variability for both stars is
instrumental.
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A.9. TIC 165446000 (BD+39 4435)

The HARPS-N spectrum of BD+39 4435 was obtained 265
days after its CAOS spectrum. The two components of the
Fe 1116149 A line are magnetically resolved in both of them (see
Fig. 2). The measurements of this line in the two spectra yield
substantially different values of the mean magnetic field modu-
lus. While the (B) variability that they reflect appears real, their
uncertainties, which are large as the spectra are noisy (especially
the CAOS one), may be partly responsible for the apparently
large variation amplitude. This is all the more plausible since the
mean quadratic magnetic field, which could also be determined
at both epochs, suggests more moderate variability; however, it is
also difficult to constrain precisely due to the large formal uncer-
tainty of the (Bgy) value derived from the CAOS spectrum.

In any event, the observed (B) and (B,) variations do not
rule out super slow rotation, given the long time interval on
which they occurred. Moreover, no formally significant rota-
tional broadening could be detected as part of the (B;) analysis
of either spectrum. Thus, it is highly probable that BD+39 4435
is a ssrAp star.

SAP data are available for Sectors 15 and 55. Figure A.11
shows the light curve and amplitude spectrum of the S15 SAP
data. There is variability with an amplitude of 1.0 mmag on a
timescale of ~23 d for the S15 data. The S55 data show a larger
instrumental drift. Hence, it is possible that this star has a mod-
erate period of the order of 23 d, although the signal could also
be instrumental. The similarity to the light curves and ampli-
tude spectra for the previous star, TIC 163801263, which was
observed in the same sectors with the same camera suggests that
the variability for both stars is instrumental.

A.10. TIC 167695608 (TYC 8912-1407-1)

Five good SALT-HRS spectra of the roAp star TYC 8912-1407-
1 (Holdsworth et al. 2014a) were obtained. The first one was
recorded 146 days before the second one; the last four span a
time interval of only 12 nights.

All five spectra show the Fe II 16149 A line marginally
resolved into its two magnetically split components. As in many
Ap star spectra, the Fe I1 1 6149 A line is blended on the blue side
by the line of an unidentified ion probably pertaining to a rare
earth element (see Fig. 2). In TYC 8912-1407-1, the strength of
this blend tends to be above average, but it is separated enough
from the blue component of Fe 1 16149 A to allow it to be
untangled reasonably well. We estimate the resulting uncertainty
affecting the derived values of the mean magnetic field modulus
to be of the order of 100 G. Within this uncertainty, no definite
variation of (B) is detected.

As described in Sect. 3.2.2, we took advantage of the avail-
ability of five observations of TYC 8912-1407-1 to achieve bet-
ter precision in the derived values of the mean quadratic mag-
netic field. One can indeed note in Table A.l that the formal
uncertainties of the (By) values for this star are lower than for
any other star observed with SALT-HRS. Even with these rather
low uncertainties, no significant variations of the mean quadratic
magnetic field are detected between the considered epochs.

The applied procedure also allows in principle better preci-
sion to be achieved in the determination of the upper limit of
v sini. This limit, v sini < 1.96kms™, is very low, hence con-
sistent with the identification of TYC 8912-1407-1 as a ssrAp
star.

SAP data are available for Sectors 1-13, 27-39, and 61-68,
as TIC 167695608 is in the southern continuous viewing zone.
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Fig. A.8. Synthetic spectrum of the SB2 star HD 97132, for selected wavelength ranges. The thin solid black line is the observed spectrum;
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Fig. A.9. TIC 124988213 (HD 44979). Top: The light curve of the S6-7
SAP data. Bottom: The amplitude spectrum of the S6-7 SAP data. All
variations are plausibly instrumental.
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There is no indication of any rotational variability, consistent
with this being a ssrAp star.

A.11. TIC 170419024 (HD 151860)

The Fe 11 16149 A line is marginally resolved into its mag-
netically split components in our SALT-HRS spectrum of
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Fig. A.10. TIC 163801263 (HD 203922). Top: The light curve of the
S55 SAP data. Bottom: The amplitude spectrum of the S55 SAP data.
The low frequency peak has a period of ~22d. It could be the rotation
period, or it could be instrumental.

HD 151860. The unidentified blend affecting its blue compo-
nent (see Fig. 2) somewhat complicates the determination of
the mean magnetic field modulus. The difference between its
value, derived from the fit of three Gaussians, (B) = 3.4kG,
and the 2.5kG value determined by Kochukhov et al. (2013)
through spectrum synthesis analysis of an observation obtained
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Fig. A.11. TIC 165446000 (BD+39 4435). Top: The light curve of
the S15 SAP data. Bottom: The amplitude spectrum of the S15 SAP
data. The low frequency peak has a period of ~23d. This could be
rotation period, or it could be instrumental. Its similarity to that of
TIC 163801263 above suggests an instrumental origin.

~13 years earlier, seems significant and representative of actual
variability. The fact that the Fe I1 16149 A line does not show
any hint of magnetic resolution in the FEROS spectrum anal-
ysed here, which was recorded ~14.5 years before our SALT-
HRS spectrum, lends further support to this interpretation.

The value of the mean quadratic magnetic field that we derive
from this FEROS spectrum, (By) = 2.5kG is fully consistent
with the field determination of Kochukhov et al. (2013). Both
are much lower than the value based on the SALT-HRS observa-
tion, (By) = 5.4 kG, which however is affected by a considerably
higher uncertainty. The (Bg)/(B) value derived from this spec-
trum also lies further above the linear (By) vs (B) relation illus-
trated in Fig. 10 than for any other star of this study. However,
this deviation remains compatible with the error bars. Further-
more, the distortion shown by the profile of the Fe 1 16336.8 A
line is indicative of the presence of a rather strong magnetic field.
Thus, the difference between the (B,) values derived from the
2008 and 2023 spectra appears to reflect real variations of the
magnetic field.

On the other hand, the value of the projected equato-
rial velocity determined by Kochukhov et al. (2013), v sini =
4.5kms"!, seems definitely too large compared to the upper lim-
its set from our analysis. We obtained v sini < 1.87 kms™! from
consideration of the FEROS spectrum while magnetic broad-
ening is below the detection threshold in the SALT-HRS spec-
trum. These results, which hint at a value of v sini signifi-
cantly lower than 4.5 kms~!, are further supported by the appear-
ance of the Fe 1 15434.5A line (see Fig. 4), whose FWHD
hardly exceeds the estimated intrinsic line width. The absence
of a detectable rotation signature in the pulsation anaysis of
HD 151860 Holdsworth et al. (2021) also tends to favour a long
period.

Moreover, HD 151860 appears to be a spectroscopic binary.
Indeed, the radial velocity has significantly changed between the
epochs of the FEROS (v, = —0.82kms™!) and SALT-HRS (v; =
4.10kms™") observations. Thus, while no constraints can be set
on the orbital period, HD 151860 is most probably another case
of a ssrAp star in a binary system.

SAP data are available for Sectors 12 and 39. The S12 data
show a strong slope; the S39 data have instrumental variations.
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Fig. A.12. TIC 170419024 (HD 151860). The SAP light curves for Sec-
tors 12 and 39 are phased with P, = 100 d. This is simply to show what
the problems are with the data and to indicate that if there is rotational
variability, it is consistent with a ssrAp star. There is no claim that 100 d
may be the period, or even close to it.

Together a best fit is found for P, = 40d, but it is messy and
unconvincing. Figure A.12 shows the two sectors phased with
Pt = 100 strictly for illustrative purposes. The available SAP
data are consistent with this being a ssrAp star.

A.12. TIC 202899762 (BD+46 570)

The radial velocity of BD+46 570 shows a small but significant
variation between the CAOS and HARPS-N spectra of this star,
which were obtained 425 days apart. In the HARPS-N spectrum,
the Fe 11 16149 A line is well resolved into its two components,
and it is free from significant blends (see Fig. 2), so that the
mean magnetic field modulus can be determined with the best
estimated precision of the present study. If the field strength was
of the same order ({(B) = 3.4 kG) at the time of the CAOS obser-
vation, one could expect Fe 11 16149 A to be also marginally
resolved in that spectrum. This is not the case, but it may be due
to the rather low S/N rather than to magnetic field variability.

The mean quadratic magnetic field is precisely determined
through analysis of the HARPS-N spectrum. The magnetic dis-
tortion of the Fe I 16336.8 A line in this spectrum is particu-
larly remarkable. A formally significant value of (Bg) is also
derived from the CAOS observation of BD+46 570, albeit with
a large uncertainty. Due to the latter, the possible variability of
(Bg) cannot be constrained in a meaningful manner. Mean lon-
gitudinal magnetic field measurements from Kudryavtsev et al.
(2006) and from Romanyuk et al. (2020) do not reveal any defi-
nite variations either.

Rotational broadening is below the detection limit in the
HARPS-N spectra, consistent with the observed profile of the
Fe I 15434.5 A line (see Fig. 4). The high value of the upper
limit of the projected equatorial velocity set from analysis of
the CAOS spectrum, v sini < 8.36km g1 definitely results from
crosstalk between the a; and a3 terms of the linear regression.
Indeed, the latter does not identify any dependence of Rgz)(/ll)
on Wﬁ /13 /c*, which is physically meaningless. As no variations
of any of the studied magnetic field moments were detected,
BD+46 570 appears to be another example of a ssrAp star in
a binary system.

SAP data are available for Sector 18 only. There is no indi-
cation of rotational variablity.

A.13. TIC 206461701 (HD 209364)

Despite the good quality of the SALT-HRS spectrum of
HD 209364, its mean quadratic magnetic field is below the
detection limit. The v sini upper limit that is derived for this
star is higher than for most other targets of this study. The
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rotational broadening of the spectral lines is actually clearly seen
even at the compressed scale of Fig. A.2. No lines show any
hint of magnetic resolution. More strikingly, the absence of the
Cri116147.1 A line from the spectrum of this star, together with
the weakness of the Nd 111 1 6145.1 A line, suggests that the clas-
sification of HD 209364 as ApSrEuCr (Houk & Smith-Moore
1988) may be mistaken.

SAP data are available for Sectors 1 and 68 only. There is no
indication of rotational variability in the S1 data. The S68 data
have a slope that may be instrumental. The best fit to the two sec-
tors together is for P, = 50 d, but that is plausibly instrumental.

A.14. TIC 207468665 (HD 148330)

The spectrum of HD 148330 does not show any of the lines
typically observed in the Ap stars of similar temperature (see
Fig. A.4). Even though Khalack et al. (2017) found moderate,
but not extreme, overabundances of a number of elements,
HD 148330 does not look like a typical Ap star. In fact, Floquet
(1975) had already noted inconsistencies in the appearance of
the lines used for peculiarity identification in spectral classifica-
tion studies and the possible variability of some of them. Fur-
thermore, not only no formally significant mean quadratic mag-
netic field value was derived from the analysis of 12 ESPaDOnS
archive spectra (see Sect. 3.2.2) nor of the CAOS spectrum
specifically obtained in the framework of this project, but also
the root mean square value of the mean longitudinal mag-
netic field, (B;),,s = (20 £ 11) G, determined from the same
ESPaDOnS spectra, does not significanly differ from zero. This
is a stringent limit, which shows that HD 148330 does not have
the kind of magnetic field that is found in typical Ap stars.
The (B;) values derived by Khalack et al. (2017) from two of
the ESPaDOnS spectra from the series that we analysed, which
have a much higher uncertainty than our measurements, are
not formally significant. Neither are most of the individual val-
ues of this field moment determined by Ziznovsky & Romanyuk
(1990), whose uncertainties are even larger; the argument given
by these authors that (B;) phases with the photometric varia-
tions is not valid since such variations are not detected from the
much higher precision TESS data Paper II. Finally, the upper
limit of the projected equatorial velocity derived from analy-
sis of the ESPaDOnS spectra, v sini < 10.23km s~!, which
is consistent with the value reported by Khalack et al. (2017),
vsini = (9.8 + 1.0)kms™!, indicates that HD 148330 is not a
super-slow rotator.

SAP data are available for many sectors: S16, 19, 23-25, 49-
52, 56 and 76. Despite the non-negligible rotational line broad-
ening, there is no convincing rotational variability seen in these
SAP data, consistent with the indications that this is not an Ap
star.

A.15. TIC 233539061 (HD 174016-7)

The SB2 system HD 174016-7 has been studied in detail by
Ginestet et al. (1999). The secondary component, HD 174017,
is an AOp SrCrEuSi star, which completes its orbit around the
G6 III primary, HD 174016, in 3097.9d. A HARPS-N spectrum
of this system was obtained at orbital phase 0.10, at which the
radial velocity difference between the two components must be
of the order of 3.5-4kms™! (see Fig. 2 of Ginestet et al. 1999).
In our spectrum, some Fe lines of the Ap component can indeed
be distinguished as a blue blend in the blue wing of the Fe lines
of the G giant (which is the brighter star). This is, for instance,
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Fig. A.13. TIC 298197561 (HD 340577). There are four sectors of SAP
data plotted here, S14, 15, 41, and 55. Here they have been phased
with a rotation period of P, = 11697 (Hiimmerich et al. 2016) after
some zero-point adjustments up to 0.01 mag have been made among
the sectors.

the case for the Fe 1.15434.5 A line, as can be seen in Fig. 4. The
contributions of the two components to the observed Fe lines
cannot be disentangled, so that there is no possibility to diag-
nose the mean quadratic field modulus or the projected equato-
rial velocity for the analysis of these lines, as was done in other
stars of this study. Nevertheless, the Fe lines of HD 174017 seem
to be sharp enough so that this may be a ssrAp star.

SAP data are available for many sectors: S14-17, 19-26, 40-
41, 47, and 55-55. There is no convincing rotational variability
seen in these SAP data.

A.16. TIC 286965228 (HD 127304)

The case of HD 127304 is, to some extent, similar to that of
HD 148330. Its spectrum also fails to show the characteristic
lines generally found in Ap stars of similar temperature (see
Fig. A.4). Here, too, the analysis of three ESPaDOnS archive
spectra and of one CAOS dedicated spectrum failed to detect
any formally significant mean quadratic magnetic field. A null
value of the root mean square longitudinal magnetic field is also
determined from the ESPaDOnS spectra, (B;);m,s = (9 = 7)G.

However, HD 127304 definitely shows radial velocity varia-
tions: the values that we measured range from v, = —26.2kms~!
to vy = -2.1kms™'; Royeretal. (2014) determined v, =
—-22.3kms™!; and Gontcharov (2006) give v, = —12.6kms™".
Ramella et al. (1989) suspect that this may be an Am SB2.
Nevertheless, we do not readily see evidence of the secondary
lines in the spectra that we analysed. The sets of diagnostic
lines that we measured in each spectrum are internally consis-
tent in terms of radial velocity, so that these lines must pertain
to a single component. The resulting upper limit of the pro-
jected equatorial velocity, derived from the ESPaDOnS spectra,
v sini < 7.34kms~!, does not support the view that this compo-
nent, whether it is an Ap star or not, rotates super slowly.

SAP data are available for Sectors 23 and 50. There is no
convincing rotational variability seen in these SAP data, which
supports the view that HD 127304 is probably not an Ap star.

A.17. TIC 291561579 (HD 171420)

At the 2.20 level, the value of the mean quadratic magnetic field
that is derived from the analysis our SALT-HRS spectrum of
HD 171420 is not formally significant . However, inspection of
the regression plots (Fig. 9) suggests that it should be readily
measurable at somewhat higher resolution, with a probable value
of the order of 1.5kG. It would be interesting to confirm this, to
test whether HD 171420 is a mild Ap star (rather than a star
misclassified as Ap), as conjectured in Sect. 2.2. However, it is
definitely not a slowly rotating Ap star, as indicated by the upper
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Fig. A.14. Mean longitudinal magnetic field measurements of
HD 17330 against date, from the Special Astrophysical Observatory
team (see text for specific references). Except for two discrepant val-
ues, little variability is seen, except perhaps for a small long-term trend.

limit of the projected equatorial velocity, v sini < 11.51kms™!,

which is significant, and by the width of the Fe 1 15434.5 A line,
as illustrated in Fig. 4.

SAP data are available for Sector 13. There is no convincing
rotational variability seen in these SAP data.

A.18. TIC 298197561 (HD 340577)

Following the identification of HD 340577 as a ssrAp star
candidate that shows ¢ Sct pulsations, reported in Paper II,
Hubrig et al. (2023) detected the magnetic field of this star
through a single spectropolarimetric observation, from which
they measured a value (B;) ~ —0.4kG of its mean longitudi-
nal component. This rather low (B,) value is consistent with the
fact that the mean quadratic magnetic field is below the detection
threshold in the CAOS spectrum of HD 340577 that was anal-
ysed. The rotational Doppler broadening is also below the formal
detection threshold, but the FWHD of the Fe 1 15434.5 A line
seems somewhat greater than could be accounted for by instru-
mental and thermal broadening: the weakly magnetic Ap star
HD 340577 may either have a moderately long rotation period
(20d < Prot $504d) or be a ssrAp star.

SAP data are available for Sectors 14, 15, 41 and 55.
Figure A.13 shows the phased light curve after some problematic
data have been excised and after some adjustments to S14 and 55
by 0.01 mag were made. This star is definitely a ssrAp star, with
a rotation period Py, = 11697 (Hiimmerich et al. 2016).

A.19. TIC 301918605 (HD 17330)

The magnetic field of HD 17330 was detected in 2010 by
Romanyuk et al. (2017). In the following years, this group
obtained 22 additional observations of the star, which are shown
in Fig. A.14 (Romanyuk etal. 2018, 2020, 2022a,b, 2023).
Twenty of the measurements yield values (B,) ~ —400 G, with
a hint of a long-term trend towards less negative values at the
more recent epochs. Two early determinations look discrepant,
with mean longitudinal field values departing considerably from
(B;) ~ —400G. The origin of these deviations is unclear — the
authors regard instrumental effects as unlikely — but they do not
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look at all like typical rotational modulation of Ap star magnetic
fields. We believe that the long-term near stability of the 21 other
(B;) values, with a possible slow upward trend, is much more
likely to represent the true variability of this field moment. If so,
HD 17330 must have a rotation period Py > S yr; it is a sSTAp
star.

Romanyuk and his colleagues (see references above) also
detected radial velocity variations, which they regard as signif-
icant, hence which indicate that HD 17330 is a spectroscopic
binary. Their published measurements are insufficient to con-
strain the orbital period. The single radial velocity value that we
derived is well within the range of those of the Romanyuk group.

For determination of the mean quadratic magnetic field of
HD 17330 from our CAOS spectrum, we used diagnostic lines
from Fe 1I. Indeed this is one of the few stars in the present
study that have effective temperatures Ter > 10*K, so that Fe 1
lines tend to be too weak and too few to be used. The mean
quadratic magnetic field is below the detection threshold, but
a significant upper limit of the projected equatorial velocity is
derived, v sini < 8.15kms™!, which is larger than one would
expect if the rotation period is longer than 5 yr, as inferred from
the mean longitudinal field variations. However, this apparent
inconsistency results from the definite occurrence of significant
crosstalk between the a; and a; terms of the right-hand side of
Eq. (5), so that it does not question the conclusion that HD 17330
is very probably a ssrAp star in a binary system.

SAP data are available for Sector 18. There is no convincing
rotational variability seen in these SAP data.

A.20. TIC 301946105 (HD 7410)

Bernhard et al. (2020) reported the occurrence of photometric
variations in HD 7410 with a period P, = 37908. This was
overlooked in Paper II. This variability is unduly removed by
the reduction process in the PDCSAP data, but it is clearly seen
in the SAP data. The star was observed with TESS only in Sec-
tor 17, over a time base too short to allow the rotation period
to be clearly determined. But the variations are consistent with
the published P,y value, as can be seen in Fig. A.15. Hence,
HD 7410 is not a ssrAp star, but an Ap star with a moderately
long rotation period (see Sect. 2.4 of Paper III).

‘We have obtained a CAOS spectrum and a HARPS-N spec-
trum of HD 7410, 392 days apart. The radial velocity shows a
small but formally significant change between the two epochs.
This is probably a spectroscopic binary, possibly one with a long
orbital period.

The analysis of the HARPS-N spectrum allowed us to
derive a precise value of the mean quadratic magnetic field,
(By) = 2086G. This value is below the detection limit with
CAOS. Meaningful upper limits of v sini were determined from
from both spectra: v sini < 7.16kms™' (CAOS) and v sini <
4.82kms~! (HARPS-N).

A.21. TIC 334505323 (HD 106322)

Spectral lines typical of Ap stars, such as those of Cr, Si, and
Nd, are not seen in the spectrum of HD 106322 (see Fig. A.3):
although it has been assigned the MK type Ap EuCr (Houk
1978), this star looks more like a normal A star. In particu-
lar, the spectral lines of Fe I in the red-arm SALT-HRS spec-
trum of HD 106322 are weak and their density is low, so that
they cannot be used to diagnose the mean quadratic magnetic
field. The Fe 1 lines of the blue-arm spectrum were used instead.
Of course, because the Zeeman effect depends quadratically on
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Fig. A.15. TIC 301946105 (HD 7410). This shows the light curve of the
S17 SAP data phased with the rotation period found by Bernhard et al.
(2020) of P, = 37908. The SAP data do not confirm this period, but
they are consistent with it.

the wavelength, the magnetic sensitivity of the lines is lower
in the blue arm than in the red arm. In fact, no definite detec-
tion of the mean quadratic magnetic field was achieved, but
a meaningful upper limit of the projected equatorial velocity,
vsini < 14.77kms™!, was derived. Thus, HD 106322 is not
rotating extremely slowly, as is also apparent from consideration
of the profile of the Fe 1 A15434.5 A line in Fig. 4.

SAP data are available for Sectors 10 and 37. There is no
convincing rotational variability seen in these SAP data, lending
plausibility to the suspicion that HD 106322 is not an Ap star.

A.22. TIC 347202840 (HD 236298)

As for some other stars, a precise determination of the mean
quadratic magnetic field of HD 236298, (B;) = 2218 G, could
be obtained through analysis of a HARPS-N spectrum, but this
field moment remained below the detection threshold of a CAOS
spectrum. As the star is one of the hottest ones of the present
sample (T = 10,700 K), Fe 11 lines were used to diagnose the
magnetic field. A meaningful upper limit of v sini is obtained
from both spectra: v sini < 5.50kms™' (CAOS) and v sini <
3.07kms~! (HARPS). The CAOS value is definitely an overes-
timate, because of crosstalk between the a, and a3 terms of the
regression analysis (the former is negative, which is physically
meaningless). Crosstalk in this case appears to result primarily
from the weakness of the spectral lines and the very narrow range
of equivalent widths that they span, so that a3 is poorly con-
strained. The v sin i upper limit determined from the HARPS-N
spectrum is consistent with a long rotation period.

The radial velocity does not appear to have changed at
all over the 435 days that separate our two observations.
All elements of information available until now indicate that
HD 236298 must either be be a single magnetic ssrAp star, or
a single Ap star with a moderately long rotation period.

SAP data are available for Sectors 17 and 24. Fig. A.16
shows the phased light curve after some zero-point shifts were
made. It is clear that further zero-point shifts exist within the
SAP data, but the rotational variation is clear with a period near
Py = 24.3d, or twice this value. (As pointed out in Paper III,
double-wave light curves are not infrequent in Ap stars, which
cannot be easily distinguished using TESS observations when
the one-wave period value is close to the sector length.) This star
is an Ap star with a moderately long rotation period.

A.23. TIC 352787151 (BD+35 5094)

The fact that no Cr I lines are visible in the portion of the spec-
trum of BD+35 5094 illustrated in Fig. A.1 probably results
primarily from a temperature effect. Indeed, this is one of the
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Fig. A.16. TIC 347202840 (HD 236298). Sectors 17 and 24 SAP data.
Those have been phased with a rotation period of P, = 24.3d after
some zero-point adjustments have been made. It is clear that there are
further instrumental zero point shifts.
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Fig. A.17. TIC 352787151 (BD +35 5094). S17 SAP data. Those have
been phased with a rotation period of P,,, = 35%7. There is no convinc-
ing rotational variability seen in these SAP data. The small amplitude is
plausibly instrumental.

coolest stars of the present sample, and the lines of Si T and Nd 111
are similar to those of the other Ap stars in the same tempera-
ture range. The Ap classification of BD+35 5094 also received
recent confirmation from the analysis of LAMOST spectra by
Shang et al. (2022).

The mean quadratic magnetic field of BD+35 5094 is below
the detection threshold of the CAOS spectrum that we obtained
for this star. However, a meaningful upper limit of the pro-
jected equatorial velocity, v sini < 5.92kms™!, was obtained
as a by-product of our analysis, but there appears to be some
crosstalk between the a; and a, terms of the regression analy-
sis. Indeed, the latter is negative, which is not physically mean-
ingful. This implies that the value of a; is overestimated. More
likely, the rotational broadening of the spectral lines is at most
marginally above the detection threshold, consistent with the
appearance of the Fe 1 15434.5 A line profile in Fig. 4. Accord-
ingly, BD+35 5094 is probably a weakly magnetic ssrAp star,
but a moderately long rotation period cannot be ruled out.

SAP data are available for Sector 17. Figure A.17 shows the
phased light curve with a period of P, = 3597. The variations
are plausibly instrumental.

A.24. TIC 403625657 (HD 11187)

Babcock (1958) detected the magnetic field of HD 11187 and
obtained seven measurements of its mean longitudinal compo-
nent. The latter shows apparently significant variability over a
couple of days, raising the suspicion that the rotation period may
be short. Re-analysing the TESS data, short-term photometric
variations were indeed detected, which suggest a value of the
rotation period of the order of 5927. However, this value is not
unambiguously constrained. A series of 15 determinations of the
mean longitudinal magnetic field of HD 11187 obtained at the
Special Astrophysical Observatory (Romanyuk, private commu-
nication) also indicates that the rotation period must be of the
order of days to weeks. In particular, sign reversals of (B.) are
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observed over a few days, but these measurements are not suffi-
cient yet for unambiguous determination of the rotation period.

When fitting the observed values of R(Iz)(/ll) in our CAOS
spectrum of HD 11187 by a function of the form given in Eq. (5),
the rotational broadening term (a,) is by far the dominant one.
The derived upper limit of the projected equatorial velocity,
v sini < 16.96kms™!, is compatible with a period of a few days.
The mean quadratic magnetic field is below the detection thresh-
old. In summary, HD 11187 is definitely a magnetic Ap star that
does not rotate particularly slowly.

SAP data are available for Sector 18. Over the sector the
light curve shows variations up to 0.015 mag that do not look
periodic (see Fig. A.18). Hence these may be instrumental. No
clear rotational variation is seen. We do not know how to recon-
cile this with the apparently significant variability of (B.) over a
timescale of days and the clear rotational broadening that affects
the spectral lines.

A.25. TIC 444094235 (HD 85284)

The effective temperature listed in the TIC for HD 85284, T.¢ =
13,640K, is definitely much too high. The magnetic field of
this typical Ap star can be best constrained by analysing its Fe 1
lines. Analysing a FEROS spectrum of this star, we could deter-
mine the mean quadratic magnetic field at the 5o level, but the
rotational broadening of the spectral lines is below the detection
threshold. Indeed, the contribution of the a; term of the regres-
sion appears to be somewhat below the expected intrinsic line
broadening. However, the latter is overestimated because of the
too large value of the effective temperature. If it was of the order
of Ter ~ 10,700K, as seems more plausible from the appear-
ance of the spectrum (see Sect. 2.2), the observed line width
would no longer be significantly less than the intrinsic line width
estimate. Even so, no rotational broadening would be detected.

At the resolution of our SALT-HRS spectrum, the mean
quadratic magnetic field is below the detection threshold. The
upper limit of the projected equatorial velocity, v sini <
4.49kms™!, is formally significant, but this results from a con-
siderable amount of crosstalk between the a; and a, terms of the
regression analysis (a; is negative, which is unphysical). There is
little doubt that the conclusion drawn from consideration of the
FEROS spectrum, which implies that HD 85284 is most likely a
SSTrAp star, is correct. It can also be noted that a number of lines
show significant intensity differences between the two available
spectra, which are indicative of (probably) long-term spectro-
scopic variability. Detailed characterisation of these variations is
beyond the scope of the present study.

Almost 13 years elapsed between the FEROS and SALT-
HRS observations of HD 85284. The values of the radial velocity
differ considerably between the two epochs: v, = 0.62kms~! and
vr = 9.47 kms~!, respectively. Both also significantly differ from
the value published by Denoyelle (1987), v, = 16kms~'. Thus,
HD 85284 appears to be another ssrAp star in a spectroscopic
binary. The existing data are too sparse to set any constraint on
the orbital period.

SAP data are available for Sectors 9, 10, 36, and 37. They
show no obvious rotational variations.

A.26. TIC 461161123 (HD 95811)

Although Renson & Manfroid (2009) note that HD 95811 may
be a 6 Del Am star rather than an Ap star, inspection of our
SALT-HRS spectrum of this star confirms that the latter clas-
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Fig. A.18. TIC 403625657 (HD 11187). The SAP light curve for S18.
The variations are not periodic and do not look rotational. They are
plausibly instrumental in origin.

sification is correct. The mean quadratic magnetic field is below
the detection threshold. The derived upper limit of the projected
equatorial velocity, v sini < 10.89 km s~!, indicates that the lines
are subject to some rotational broadening, which is also visible in
the profile of the Fe 1.15434.5 A line in Fig. 4. Thus, HD 95811
is not a ssrAp star. It may be an Ap star with a moderately long
rotation period, even though no photometric variability signal
was detected in the TESS SAP data, which are available for Sec-
tors 9 and 36.

A.27. TIC 468507699 (HD 206977)

The analysis of our CAOS spectrum of HD 206977 yields a
3.10 determination of the mean quadratic magnetic field. While
it is at the limit of formal significance, this detection is likely
real, as the fit appears well defined. At (By) = 1.65kG, this is
the lowest mean quadratic field value that could be measured
in this study with either CAOS or SALT-HRS; weaker fields
could only be measured with HARPS-N. This illustrates the
importance of recording spectra at the highest possible resolving
power for characterisation of the low end of the field strength
distribution in the ssrAp stars. Indeed, the upper limit of the
projected equatorial velocity that was derived for HD 206977,
vsini < 1.75kms™!, is consistent with it being a ssrAp star,
or at least an Ap star with a moderately long rotation period
(20d < Pror < 504).

SAP data are available for Sectors 9 and 36. There is no clear
rotational variation.
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