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ABSTRACT

Context. We previously suggested that variable red- and blueshifted absorption features observed in the Ca II K line towards the A-
type shell star φ Leo are likely due to solid, comet-like bodies in the circumstellar (CS) environment.
Aims. Our aim is to expand our observational study of φ Leo to other characteristic spectral lines of A-type photospheres as well as to
lines arising in their CS shells.
Methods. We obtained more than 500 high-resolution optical spectra collected at different telescopes over 37 nights in several observ-
ing runs from December 2015 to January 2019. Consecutive time-series spectra were taken, covering intervals of up to ∼9 h on some
nights. We analysed some photospheric lines, in particular Ca I 4226 Å and Mg II 4481 Å, as well as the circumstellar shell lines Ca II H
and K, the Ca II IR triplet, Fe II 4924, 5018, and 5169 Å, Ti II 3685, 3759, and 3761 Å, and the Balmer lines Hα and Hβ.
Results. Our observational study reveals that φ Leo is a variable δ Scuti star whose spectra show remarkable dumps and bumps
superimposed on the photospheric line profiles, which vary in strength and sharpness, propagate from blue- to more redshifted radial
velocities, and persist for a few hours. Similarly to other δ Scuti stars, these features are likely produced by non-radial pulsations. At
the same time, all shell lines present emission at ∼3 km s−1 centred at the core of the CS features, and two variable absorption minima
at both sides of the emission; those absorption minima occur at almost the same velocity for each line, that is, no apparent dynamical
evolution is observed. The variations observed in the Ca II H and K, Fe II, and Ti II lines occur on a range of timescales from minutes
to days and between observing runs, but without any clear correlation or recognisable temporal pattern among the different lines. In
the case of Hα, the CS contribution is also variable in just one of the observing runs.
Conclusions. We suggest that φ Leo is a rapidly rotating δ Scuti star surrounded by a variable, (nearly) edge-on CS disk possibly
re-supplied by the δ Scuti pulsations. The behaviour of the CS shell lines is reminiscent of that of rapidly rotating Be shell stars with
an edge-on CS disk, and is clear evidence that the variations observed in the CS features of φ Leo are highly unlikely to be produced
by exocomets. In addition, the observational results presented in this work, together with some recent results concerning the shell star
HR 10, highlight the need for critical revision of the Ca II K features, which have been attributed to exocomets in other shell stars.

Key words. stars: individual: φ Leo – stars: early-type – stars: variables: δ Scuti – stars: emission-line, Be – circumstellar matter –
comets: general

1. Introduction

Transient red- and blueshifted absorption features mainly
detected in the Ca II K line towards ∼30 A-type stars have been
interpreted as the signatures of the evaporation of large solid,
comet-like bodies transiting or grazing the central stars (e.g.
Ferlet et al. 1987; Kiefer et al. 2014b; Welsh & Montgomery
2018). This interpretation is reinforced by detections of sporadic

? A copy of the spectra and Table C.1 are only available at the CDS
via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/653/A115
?? Part of this work was made while at the Departamento de Física

Teórica of the Universidad Autónoma de Madrid, and as visiting
astronomer at Calar Alto Observatory.

events and stable absorptions in some UV metallic lines in the
surroundings of a few of those stars, and emission lines at
far-infrared (FIR) and (sub)millimetre wavelengths, indicating
the presence of secondary cold gas in some debris disk stars.
Additionally, photometric observations reveal the presence of
exocomets around later type stars (Boyajian et al. 2016; Kiefer
et al. 2017; Rappaport et al. 2018); further photometric and
spectroscopic evidence for such bodies is found around white
dwarf stars (see e.g. Manser et al. 2019; Strøm et al. 2020, and
references therein).

Several of the exocomet-hosting A-type stars are known to
be shell stars. Those objects, whose CS envelope is most likely a
CS disk due to their high rotational velocities (v sin i), have vari-
able, narrow absorption features in many lines of for example
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Ti II, Fe II, and also the Ca II H and K and IR triplet lines, with
the shell lines even appearing and disappearing in some stars
(e.g. Jaschek et al. 1988; Abt et al. 1997). However, the similar
variable behaviour of the Ca II K line in shell stars and bona-
fide cometary-like events detected towards other A-type stars like
β Pic or HD 172555 (see e.g. Kiefer et al. 2014a,b) can lead to
some misidentification of shell variability (or star binarity) as
events from exocomets. A paradigmatic case of this confusion is
provided by the shell star HR 10, where the variability of the nar-
row absorption components superimposed on the photospheric
Ca II K line, as well as on Ti II absorption lines at 3759/61 Å,
were interpreted as comet-like events caused by infalling comet-
like material (Lagrange-Henri et al. 1990; Welsh et al. 1998;
Redfield 2007; Abt 2008). However, Montesinos et al. (2019),
based on the analysis of a large set of optical spectra spanning
several decades, together with interferometric PIONIER/VLTI
data, showed that the spectroscopic variations observed in HR
10 are actually caused by its binary nature with CS envelopes
around both stellar components.

In the present study, we revisit the shell star φ Leo. In a pre-
vious paper (Eiroa et al. 2016), we analysed the Ca II H and K
non-photospheric CS absorptions and found the most plausible
explanation of the observed, striking variability to be comet-like
events – although we note that a question mark was included
in the title of that paper. However, our analysis of other lines,
and numerous time-series spectra taken in 2017 and 2019 and
presented here, provide new perspectives about the variability
seen in this star, and we now deem our previous analysis to be
inappropriate.

The paper is organised as follows: Sect. 2 summarises the
properties of the star, Sect. 3 describes the observations, instru-
ments, and observing periods, Sect. 4 describes the results
concerning some photospheric and non-photospheric CS lines,
with specific examples of spectra obtained in some periods, in
Sect. 5 we present a discussion of these results, and Sect. 6 is a
brief summary of our conclusions.

2. φ Leo: properties

φ Leo (HD 98058, HR 4368) is an A5V-A7 IVn shell star
(e.g. Jaschek et al. 1991) located at a distance of 56.5 pc. The
best stellar parameters, found by Eiroa et al. (2016) from fit-
ting Kurucz photospheric models to high-resolution spectra, are
Teff = 7500 K, log g= 3.75, and v sin i = 230 km s−1, in reason-
able agreement with other estimates (e.g. Lagrange-Henri et al.
1990; Royer et al. 2007; Zorec & Royer 2012; Adamczak &
Lambert 2014; David & Hillenbrand 2015; Soubiran et al. 2016).
Its bolometric luminosity is ∼45–50 L� (Zorec & Royer 2012;
Adamczak & Lambert 2014; Balona & Ozuyar 2020); the esti-
mated mass is ∼2.3 M� (Zorec & Royer 2012; Adamczak &
Lambert 2014; De Rosa et al. 2014), while age estimates are
in the range ∼500–900 Myr (De Rosa et al. 2014; David &
Hillenbrand 2015), and the stellar radius has been estimated to
be ∼3.2 R� with significant oblateness (van Belle 2012; Arcos
et al. 2018). φ Leo is located in the δ Scuti instability strip of
the HR diagram, and has been classified by Balona & Ozuyar
(2020) as a δ Scuti variable with several peaks in its TESS peri-
odogram, the strongest one having an amplitude of 5.25 ppt and
a frequency of 6.4739 d−1.

Shell Ca II H and K and Ti II 3759, 3761 Å absorption
lines have been detected in the spectrum of φ Leo (e.g. Abt &
Moyd 1973; Jaschek et al. 1988). The shell lines likely arise in
a gaseous, close-to-edge-on CS disk given the high rotational

velocity of the star (Abt 2008); thus, the triangular shape of
the Ca II K profile is probably due to the combination of the
photospheric and disk absorptions (Lagrange-Henri et al. 1990).
Long-term variations of the Ti II CS lines were reported by Abt
(2008), while we found remarkable short-term variations of the
Ca II H and K lines (Eiroa et al. 2016). Finally, we note that the
star does not possess a detectable warm or cold dusty debris disk
(Rieke et al. 2005; Cataldi et al. 2019).

3. Observations

A total of 555 high-resolution spectra of φ Leo were collected
during ten observing campaigns from December 2015 to April
2017: 389 spectra were obtained with HERMES (Raskin et al.
2011) attached to the Mercator Telescope (La Palma, Spain);
163 spectra with FEROS (Kaufer et al. 1999) at the MPG/ESO
2.2-m telescope (La Silla, Chile); two spectra were obtained with
the FIES spectrograph (Telting et al. 2014) at NOT (La Palma,
Spain); and one more with CARMENES (Quirrenbach et al.
2016), the high-resolution optical/near-IR spectrograph attached
to the 3.5-m telescope at Calar Alto observatory (Almería,
Spain). Additionally, 13 spectra were taken in January 2019 with
HARPS-N (Cosentino et al. 2012) at TNG (La Palma).

Observing dates, instruments – with their corresponding
spectral range and resolution – and the number of spectra per
night are given in Table 1; a detailed log with the specific dates
and times (UT) is given in Table C.1 of Appendix C. During
the 2017 observing runs, φ Leo was extensively observed when
its airmass was .2; in particular, from March 31 to April 3 the
star was continuously followed from La Palma and La Silla for
∼9.5 h.

The spectra were reduced using the available pipelines of
the corresponding instruments; they include the usual steps for
échelle spectra, such as bias subtraction, flat-field correction,
cosmic-ray removal, and order extraction. Wavelength calibra-
tion is carried out using Th–Ar lamp spectra taken at the
beginning and end of each night. Barycentric corrections have
been applied to the HERMES, FIES, and CARMENES spec-
tra because the pipelines do not include such correction. Finally,
telluric lines have been removed using MOLECFIT, a tool that
generates a model atmosphere accounting for the most common
absorbing molecules (Smette et al. 2015). Typical signal-to-noise
ratios (S/Ns) of the spectra achieved at a continuum of around
4000 Å, that is, close to the Ca II H and K lines, are in the range
of ∼70–150, mostly depending on weather conditions. The S/Ns
of the median spectra of each night are in the range of ∼200–500,
again depending on weather conditions and the number of spec-
tra per night, and the S/N of the median spectrum of all spectra
is ∼1000.

4. Results: the spectrum of φ Leo

The spectrum of φ Leo consists of a broadened A-type photo-
spheric spectrum together with some CS contribution. Figure 1
shows the median spectrum of φ Leo in some wavelength ranges
with characteristic photospheric Balmer and neutral metallic
lines (Fe I, Mn I, Ca I, Na I, O I) of late-type A stars (e.g. Gray &
Corbally 2009). This median spectrum has been estimated using
all FEROS and HERMES spectra; the latter have been rebinned
to the FEROS spectral resolution (0.03 Å pixel−1). The spectra of
α Aql and κ Phe, two stars with values of Teff and v sin i compa-
rable to those of φ Leo (Rebollido et al. 2020), are also shown
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Table 1. Log of observations.

Observing run Instrument Range (nm) Resolution Dates (†) Spectra per night

2015 December HERMES ∼370–900 ∼85 000 20, 22, 23 1, 4, 1
2016 January FIES ∼370–830 ∼67 000 26 2
2016 January HERMES 27, 28, 30 1, 3, 3
2016 March HERMES 3, 4, 5, 6 4, 4 ,2 ,3
2016 March FEROS ∼350–930 ∼48 000 25, 26, 27, 28 4, 4, 3, 3
2016 May HERMES 11 20
2016 May CARMENES ∼520–960/960–1710 ∼94 600/80 400 19 1
2017 March HERMES 6, 7, 8, 9, 14, 20, 22, 26,

10, 11, 12, 13 26, 13, 24, 24
2017 March/April HERMES 28, 29, 30, 31, 24, 24, 26, 33,

1, 2, 3 21, 22, 23
2017 March/April FEROS 31, 1, 2, 3, 8, 28, 26, 11,

4, 5, 6, 7, 8 16, 16, 13, 16, 15
2019 January HARPS-N ∼392–683 ∼115 000 29 13

Notes. (†)Dates refer to the beginning of the night; this convention is used throughout the paper.

Fig. 1. Photospheric lines of φ Leo (black). Top: Balmer lines together with some lines due to neutral atoms. The absorption at ∼3815 Å is most
likely a blend of Fe I lines (the referenced wavelength denotes the strongest Fe I line of the blend, i.e. the one with the highest oscillator strength).
Bottom: Na II D 5890/96 Å and O I triplet at 7775 Å. For comparison, the spectra of α Aql (red) and κ Phe (green) are also plotted. The strength and
width of the Balmer lines and the rest of the spectral features are similar in all three stars, indicating that they are ‘pure’ photospheric absorptions.

for comparison. The strength and width of the photospheric lines
are similar in all three stars.

In addition, φ Leo exhibits a number of absorption lines with
a clear non-photospheric contribution. Figure 2 shows examples

of such lines; in particular the Ca II H and K lines, some Fe II

and Ti II lines around the 4481 Å Mg II photospheric one, the
Fe II 5169 Å, and the 8542 Å line of the Ca II IR triplet. In this
figure, the spectrum of α Aql is plotted directly superimposed on
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Fig. 2. Top left: Ca II H and K lines and the Balmer Hε of φ Leo (black), together with α Aql (red) and the shell star HR 7731 (blue). The
conspicuous non-photospheric contribution in the Ca II lines of φ Leo is distinguishable although not as prominent as in HR 7731. Top right: same
three stars, but in this case the photospheric line Mg II 4481 line is similar in all stars, while the shell Fe II and Ti II lines are striking in HR 7731
but less so in φ Leo. Bottom left: 5169 Å line of the Fe II triplet 42. Bottom right: Ca II triplet line at 8542 Å. The spectrum of α Aql is plotted
superimposed on the φ Leo spectrum in all panels.

the φ Leo spectrum. Figure 2 additionally displays the spectrum
of the shell star HR 7731 which also has similar photospheric
parameters (Rebollido et al. 2020). We note that the strength of
some shell lines in φ Leo might be slightly stronger than in αAql
(e.g. the Fe II 4549.5, 4583.8 Å lines) but not comparable with
the very strong shell absorptions observed in HR 7731.

φ Leo exhibits conspicuous photospheric and circumstellar
variability as evidenced by the behaviour of distinctive lines of
A-type shell stars. The photospheric line variability becomes dis-
cernible as dumps and bumps in the line profiles with similar but
not identical characteristics in different lines; careful inspection
of several regions close to the photospheric lines shows that such
bumps and dumps are not seen in the continuum. The temporal
presence of such features is irregular, and when they appear, they
usually move from blue to red over short timescales, seemingly
lasting for up to a few hours. On the other hand, the CS lines
show a common emission at their core, and absorption changes
over very short timescales at both the blue and red sides of the
core, yet without any apparent correlation among the different
lines. In the following two sections we give further details of the
photospheric and CS line variability separately.

4.1. Photospheric lines

As mentioned above, the median spectrum of φ Leo shows
photospheric lines typical of a late A-type spectrum (Fig. 1),

Fig. 3. Ca I 4226 Å and Mg II 4481 Å lines observed with FEROS dur-
ing the night of 2016-03-28/29. The spectra have been rebinned to a
pixel spectral resolution of 6.39 km s−1. The date and UT of each spec-
trum are indicated. Black dashed line: median of the four-day period
shown for comparison. We note the different behaviour of the extra
absorption features of each line when compared to their median spectra.
The vertical dashed line corresponds to a radial velocity of 3 km s−1 (see
text in Sect. 4.2 and Fig. 5).

but individual spectra distinctly show that at least some of
those lines (e.g. Ca I 4226.7 Å, Ti II 4468.5 and 4501.3 Å,
Mg II 4481 Å, Fe II 4508.3 Å) vary, with the aforementioned
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Fig. 4. Ca I 4226 Å and Mg II 4481 Å absorption lines as observed in the 13 consecutive HARPS spectra taken during the night 2019-01-29/30.
Exposure time was 15 min per spectrum. The dates and UTs of the spectra are given. Pixel resolution is 5.5 km s−1. The top panels show the
observed line profiles while the bottom panels show the residuals once the median spectrum of the night has been removed. The median spectrum
of the night is plotted in red. The blue arrows mark some examples of bumps (in the Ca I panels) and dumps (in the Mg II panels). The black dashed
line in all panels corresponds to a radial velocity of 3 km s−1 (see text in Sect. 4.2 and Fig. 5).

Table 2. Equivalent widths (mÅ) of Ca I 4226 Å and Mg II 4481 Å dur-
ing the night 2016-03-28/29.

UT (hh:mm) Ca I Mg II

02:18 534 528
03:40 511 501
05:22 550 554

median 530 528

Notes. Estimated uncertainty ∼5%.

dumps and bumps appearing superimposed on the line profiles.
Figure 3 displays the absorption profiles of the Ca I 4226 Å and
Mg II 4481 Å lines, as observed in the three spectra taken with
FEROS during the night 2016-03-28/29. Very clear extra absorp-
tions close to the core are observed in comparison to the median
spectrum of the whole March 2016 period; the amplitude of vari-
ations in the equivalent widths of both lines is small, in the range
of two to three times the estimated uncertainties (Table 2).

Time-series spectra taken during the May 2016, 2017, and
2019 observing runs allow us to better characterise the changes
in the absorption lines, and to trace their temporal evolution with
a time resolution of between 4 and 15 min during a time inter-
val from ∼3 up to ∼9 hours (during some nights of March-April

2017, HERMES and FEROS spectra were consecutively col-
lected for a time interval of ∼9.5 h; some spectra were even
obtained simultaneously using both telescopes). Figure 4 shows
the profile of the Ca I 4226 Å and Mg II 4481 Å lines corre-
sponding to the 13 consecutive spectra obtained with HARPS-N
in January 2019 during ∼3 hours of observations; the integra-
tion time of each spectrum was 15 min. Several dumps and
bumps propagating across the profile at different radial veloc-
ities can be distinguished; in both lines the features vary their
radial velocity at a rate of ∼100 km s−1 per hour (to guide the eye
some of them are marked with arrows in the figure). Figure 4
shows the median of the HARPS-N spectra superimposed on
each observed individual spectrum as well as the residuals once
the median spectrum has been removed. The features (dumps
and bumps) propagate towards redder velocities, first increasing
their strength, achieving a maximum at a velocity of ∼3 km s−1,
which is close to the apparent emission detected in CS features
(see details in Sect. 4.2 and Fig. 5), and then decreasing their
strength, for seemingly ∼1 to ∼3 h; their persistence from pro-
file to profile suggesting that they are real and not artifacts or
noise. Similar features, varying their strength and sharpness, and
moving from blueshifted to more redshifted velocities, superim-
posed on the median line profiles are seen in other nights. We
note that the time-span, velocity interval, and maximum strength
are irregular, and that the behaviour of the Ca I and Mg II
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Fig. 5. Line profiles in velocity units of metallic absorptions showing a clear non-photospheric contribution. Hα is also plotted. The profiles
correspond to the median of all φ Leo HERMES and FEROS spectra. The vertical line corresponds to a radial velocity of 3 km s−1. In the case of
the Ca II K line, the profile corresponds to the ‘pure’ CS contribution, i.e., the photospheric absorption has been removed (see text).

lines is not quite coincident, or in other words, the variations
do not seem to be in phase. The fact that they do not corre-
late might suggest that the lines originate from different layers
in the stellar photosphere. We also note that dumps and bumps
are not always clearly present in many of the spectra. Appendix
A presents some further spectra of the Ca I 4266 Å and Mg II

4481 Å photospheric lines.

4.2. Circumstellar absorptions

Prominent non-photospheric shell-like features are seen in the
Ca II H and K lines, the Ca II triplet at 8498, 8542, and 8662 Å,
the Ti II lines at 3685, 3759, and 3761 Å, the Fe II triplet at
4923.9, 5018.4, and 5169 Å, and the Balmer lines Hα and Hβ.
Other shell lines, such as those observed in other shell stars (see
e.g. the spectrum of HR 7731 shown in Fig. 2) are either hardly
distinguishable or undetected. Figure 5 shows the median HER-
MES and FEROS spectrum in velocity space of some of those
lines; in the case of the triplet lines the most representative one
is shown. These lines show common and distinct behaviours:

(i) The median spectrum of the non-photospheric metallic
features shows prominent emission at the line centre (Fig. 5). The
emission peak is located at a velocity of ∼3 km s−1. The emis-
sion at the core is also present in the Hα line and very weak in
Hβ. We note that the emission in the Ca II H and K lines is not
apparent in the 2015 spectra (see Fig. 6) but it clearly appeared
in the 2017 and 2019 spectra, as well as in the 2016 spectra (see
Fig. 7). In Figs. 6 and 7, the photospheric line contribution has
been removed; the procedure we followed to visualise the Ca II
H and K CS features is described below after item (v);

(ii) Manifest variability is observed in the Ca II H and K
and Fe II triplet lines, together with less pronounced variations
in the Ti II lines. Changes are observed on various timescales
ranging from minutes to days and between observing runs, as
perceived when comparing spectra taken during the same night,
or the median spectra of the different nights or observing peri-
ods. The variations do not show a discernible temporal pattern,
and there is no correlation between the observed variability of
the different metallic ions;

(iii) As in the metallic lines, an absorption excess is clearly
visible at the core of Hα (Fig. 8). Hα and Hβ remained free
of any noticeable changes in the spectra taken with HERMES
and FEROS from 2015 December to 2017 April, but Hα dis-
played clear variability in the spectra of 2019-01-29 taken with
HARPS-N. These variations do not exactly correlate with those
simultaneously observed in the Ca II and Fe II lines;.

(iv) The Ca II triplet lines do not show any apparent change
when spectra are compared on any timescale. However, we note
that the HARPS-N spectra do not cover these lines; therefore, we
do not know if these lines varied in 2019-01-29 as Hα did;

(v) In all CS lines, including Hα, the variability shows up as
changes in the relative absorption strength at both blue and red
minima of the central emission, but the strength of those minima
in the median spectrum is almost indistinguishable (Fig. 5). In
the case of the constant Ca II triplet lines, the blue side is always
weaker than the red side. Further, the minimum appears at nearly
the same radial velocity for all lines.

Spectra of some observing runs that illustrate the mentioned
points above are shown in the following sections. Beforehand,
we point out that, in the case of the Ca II H and K lines, the
plots show the CS features once the photospheric contribution
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Fig. 6. Left: Circumstellar Ca II H (up) and K (bottom) features of the HERMES spectra taken in December 2015. The photospheric line has been
removed as estimated from Kurucz synthetic models (this is the procedure followed for all Ca II H and K plots, see Sect. 4.2). The spectra have
been rebinned to 3 pixels (size 3.56 km s−1). Right (bottom): Ca II 8542 Å. The spectra have been rebinned to a resolution of 3.29 km s−1 per pixel.
Right (up) Fe II 5169 Å line; the pixel resolution in this case is 8.16 km s−1. The photospheric contribution is not removed in the right panels (this is
the procedure for all plots of these lines). Dates are colour-coded. The vertical dashed line corresponds to a radial velocity of 3 km s−1 (this line is
plotted in all plots). For comparison, and to visualise the CS contribution, the right panels also show in black the Fe II 5169 Å and Ca II 8542 lines
of the φ Leo Kurucz model and the observed spectrum of the star α Aql.

Fig. 7. Ca II H and K spectra taken with FEROS during March 2016. The left panel plots the median of all four nights, while the middle and right
panels show the observed features on two different nights. The UTs are indicated in the labels. For comparison, the 2015-12-20/23 spectrum is
shown in the left panel (dashed lines).

has been removed. This is carried out by dividing the observed
profiles by synthetic ones estimated using the Kurucz synthetic
spectrum computed with the Teff , log g, and v sin i values of
Sect. 2 as it provides a very reasonable fit; see Fig. 1 in Eiroa

et al. (2016). We are aware that because of the high rotational
velocity, the oblateness of φ Leo, as mentioned in Sect. 2,
could be significant, and therefore a gradient from equator to
poles in at least Teff and log g must be present due to gravity
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Fig. 8. Median profiles of the Hα and Hβ lines taken with HARPS with the Kurucz model superimposed.

darkening. Nonetheless, we are confident that our estimates pro-
vide reasonable mean values because our Kurucz model for α
Aql gives a very good fit (see Fig. 1 of Eiroa et al. 2016), this star
also being affected by gravity darkening because of its relevant
oblateness (e.g. Bouchaud et al. 2020).

4.2.1. HERMES December 2015

The Ca II H and K lines of December 20 and 23 are similar,
showing a broad non-photospheric absorption in addition to the
photospheric line (see e.g. Fig. 1 by Eiroa et al. 2016); at the
same time, the four spectra of December 22 remain constant,
and the absorption at the core is deeper than in the other two
nights. Based on this result, and on the behaviour of other spectra
obtained in 2016, Eiroa et al. (2016) assumed that the spectra of
December 20 and 23 represented a stable absorption formed by
the contribution of the stellar photosphere and a CS gas disk,
which was taken as a template to analyse other contributions
and/or variations to the CS gas. However, the detection of the
central 3 km s−1 emission in the spectra of 2017 and 2019, which
was not clearly present in 2015, provides a new perspective, indi-
cating that the assumption in our previous work (Eiroa et al.
2016) was not appropriate. We now note that the depths in the
December 22 spectra are among the deepest absorptions of all
spectra taken in different observing runs, and that the Decem-
ber 20 and 23 spectra have depths similar to many other spectra.
Also, the profile of the CS Ca II H and K absorption in December
2015 suggests that the 3 km s−1 emission at the core was hidden
or not present. Thus, our analysis is now carried out considering
the whole absorption in excess of the photospheric line given by
our Kurucz model.

Figure 6 (left) shows the nightly average of the non-
photospheric Ca II H and K features once the photospheric line
has been removed. It can be observed that both Ca II H and
K features are deeper in December 22 than in December 20
and 23. The estimated equivalent widths of the K/H features
are ∼227 mÅ/∼234 mÅ and ∼249 mÅ/∼245 mÅ, for the spectra
December 20 and 23 and December 22, respectively; these fig-
ures suggest that the Ca II features are saturated. The peak of
the K absorption is centred at the velocity of the 3 km s−1 cen-
tral emission, although, as pointed out above, such emission is
not present in these spectra, and the H line appears at a veloc-
ity of ∼15 km s−1. Such a shift to more redshifted velocities is
observed in other shell stars (Rebollido et al. 2020), and is likely
due to the influence of the Hε line. Figure 6 (right) also shows the

Fe II 5169 Å and the Ca II 8542 Å lines, where one can appreci-
ate that Ca II 8542 Å does not vary and clearly shows the central
3 km s−1 emission, while the Fe II line does not vary apprecia-
bly (i.e. it differs in behaviour from the Ca II H and K lines)
and the central emission is not present. The Balmer Hα and Hβ
lines (not shown) are constant and present the 3.0 km s−1 central
emission.

4.2.2. FEROS March 2016

Figure 7 shows the Ca II H and K CS features as observed in this
period once the photospheric contribution has been removed.
Variability can be observed on a nightly basis as well as in the
median of each of the four observed nights; we see that, unlike
the procedure followed by Eiroa et al. (2016), the 3 km s−1 emis-
sion feature is distinctly distinguishable in many of the individual
and median spectra. For comparison, the feature as observed in
2015-12-20/23 is also plotted in the figure. In this way, it is easy
to see that the variable absorption at both blue- and redshitfted
sides of the central emission can be mistaken for FEB events
similar to those of β Pic, if, as assumed by Eiroa et al. (2016),
the 2015-12-20/23 feature is taken as a stable template. Addi-
tionally, we point out that the variations in the strength of the CS
absorption at both blue and red sides of the central emission is
recursive in other observing runs; that the changes do not follow
an identifiable temporal pattern; and that the velocity of the blue
and red deepest absorptions is always similar: ∼−10/−6 km s−1

and ∼10/20 km s−1, respectively.
Figure 9 plots the Fe II 5169 Å and the Ti II 3759 and 3761 Å

lines. In the case of the Fe II line, we have chosen to show the
median spectra of each night, while in the case of the Ti II lines
the median spectra as well as the individual spectra of the night
26/27 March are plotted. The 3 km s−1 emission is seen in all
cases, and is particularly conspicuous in all spectra of both Ti II
lines. As in the case of the Ca II K line, changes in the strength
of the lines at both sides of the central emission are observed,
but without any clear correlation among the variations in the
different lines. We briefly mention that there are no identifiable
changes in the Balmer and Ca II triplet lines.

4.2.3. HARPS-N January 2019

Figure 10 shows the Ca II K, Fe II 5169 Å, and Hα as observed in
the 13 consecutive spectra taken with HARPS during the night
of 2019-01-29/30, with an exposure time of 15 min each, the first
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Fig. 9. Left: Fe II 5169 Å median daily spectra taken with FEROS during March 2016. Middle: median daily spectra of the Ti II lines 3759 and
3761 Å. Right: same Ti II lines as observed in the night 2016-03-26/27. Resolution is 1.2 Å pixel−1. UTs are indicated in the labels. In all plots, the
dashed line corresponds to a 3 km s−1 velocity.

Fig. 10. Ca II K (left panel, resolution 0.016 Å pixel−1), Fe II 5169 Å (middle, resolution 0.03 Å pixel−1)), Hα (right, resolution 0.01 Å pixel−1).
Spectra were taken with HARPS-N during the night of 2019-01-29/30; each spectrum is 15 min apart starting 01h01m UT (first spectrum at the
top) and finishing 04h07m UT (last spectrum at the bottom). The dashed line corresponds to a velocity of 3 km s−1.

at the top starting at 2019-01-30 01h01m UT. The photospheric
contribution has been removed in the case of the Ca II lines. The
central emission is clearly visible in all Ca II and Hα spectra, but
it is not as obvious in the case of some Fe II line profiles. Vari-
ability is seen at both sides of the central emission among the
individual consecutive spectra in all three lines; again that vari-
ability does not follow a regular temporal pattern, and there is no
correspondence in the variability of the different lines. We note,
as in previous spectra of other observing runs, that the blue and
red absorption peaks occur at almost the same velocity without
any evolution in this regard.

5. Discussion

5.1. The δ Scuti photosphere

The temporal variation of the photospheric lines and the δ Scuti
TESS photometric variability (Balona & Ozuyar 2020) are alike.
As stated in Sect. 2, φ Leo is most likely seen edge-on; there-
fore, assuming a stellar radius of 3.2 R� and 230 km s−1 as the
equatorial velocity, the rotation period would be P ≈17 h, which
is seemingly larger than the apparent temporal duration of the

features crossing the photospheric lines. While the uncertainty
of the assumed stellar parameters is high, because this estimate
does not take into account the oblateness of the star, and conse-
quently the expected gravity darkening, and assumes an edge-on
inclination, it does nevertheless suggest that the observed bumps
and dumps in the line profiles are not modulated by rotation,
which also argues against the existence of spots on the surface
of the star. Similar temporal behaviour of bumps and dumps
crossing the profiles of photospheric lines from blue to red on
timescales of hours has been seen for several decades in other δ
Scuti stars (Walker et al. 1987; Kennelly et al. 1992, 1998; Balona
2000; Mantegazza 2000), as well as in Be stars (e.g. Vogt &
Penrod 1983; Baade 1984; Kambe et al. 1993a,b; Leister et al.
1994), and early-type supergiants (e.g. Baade & Ferlet 1984).
The common interpretation is that non-radial (longitudinal) pul-
sations are caused by motions along longitudinal strips; those
non-radial pulsations divide the stellar surface into regions with
different velocity fields, which, in the presence of rotation, redis-
tribute the flux over the absorption line profile to create moving
patterns of peaks and troughs (e.g. Walker et al. 1987; Telting &
Schrijvers 1997; Schrijvers & Telting 1999; Mantegazza 2000;
Telting 2003, and references therein). The non-radial pulsations
can even be related to stellar rotation in the sense that rapid
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rotation facilitates the detection of this kind of pulsation (Baade
& Ferlet 1984). A deeper analysis of the spectroscopic photo-
spheric variability in conjunction with the TESS photometric
data is deferred to another work.

5.2. The circumstellar disk

The common feature shared by the detected CS absorptions men-
tioned in Sect. 4.2 is the ∼3 km s−1 emission at the core of the
lines. We have checked the spectra of all shell stars – 18 objects
– included in the sample of Rebollido et al. (2020) and no com-
parable spectral characteristic is present, with the exception of
a similar stable Ca II triplet profile with weaker emission at the
centre and the blue side than the red side in the stars HD 21688,
HD 39182, and HD 42111. In the case of HD 21688, emission is
also observed in the centre of the Hα line, while HD 39182 and
HD 42111 display complex Fe II 5169 Å profiles. At the same
time, the shape of the Ca II triplet in HD 85905 is similar to
the shape in these stars, but its radial velocity changes remark-
ably as it happens in other shell lines, while the photospheric
lines remain constant. Further, we note that all the previously
mentioned stars, with the exception of HD 21688, have variable
Ca II H and K CS features, and other shell stars with variability
in these Ca II lines in Rebollido et al. (2020), namely HD 256
(HR 10), HD 37306, HD 50241, HD 138629, HD 148283, and
HD 217782, have single narrow shell absorptions. Thus, the
emerging picture of the A-type stars with CS shells is the one of
a heterogeneous class of stars, which merely reflects previously
known results (e.g. Jaschek et al. 1988; Jaschek & Andrillat
1998).

Interestingly, similarly to the CS shell line profiles in φ Leo,
central emission at the core of shell lines with two absorption
minima at both sides is also observed in the rapidly rotating
Be shell stars (e.g. Rivinius et al. 1999). Such ‘central quasi
emission’ (CQE) peaks are non-photospheric because they are
only observed in shell lines (Koubsky et al. 1993, 1997), and
are favoured by the presence of an edge-on CS disk, which
should be optically thin in the continuum, have a small spa-
tial extent, and show little line broadening (Hanuschik 1995;
Rivinius et al. 1999). We note here that φ Leo is also a rapidly
rotating star with a plausible edge-on CS disk. Central quasi
emission results from the local minimum at zero radial velocity
in the fraction of the stellar disk occulted by CS gas in Kep-
lerian orbital motion, that is, gas moving perpendicular to the
line of sight, as predicted in Hanuschik’s Keplerian model for
CS disks around Be shell stars; thus, CQE is a pure absorption
phenomenon – occurring at a few stellar radii – not related to
any emission process (Hanuschik 1995; Rivinius et al. 1999).
Following the model by Hanuschik (1995), we can estimate the
radius of the φ Leo CS disk (Rabs) where the shell absorption
lines form; thus, using Eq. (1) in Rivinius et al. (1999), namely
Rabs = (∆vcusps/2vcrit sin i)2/3, where ∆vcusps is the velocity sepa-
ration of the two minima around the CQE, and vcrit is the critical
velocity of the star (vcrit = (GM?/R?)0.5 ' 370 km s−1, assuming
the values of M?, R? given in Sect. 2 for φ Leo, and consider-
ing only the centrifugal and gravitational forces), we obtain Rabs

equal to ∼13.5 R? for the Ca II K line, ∼10.7 R? for Ti II 3759 Å,
∼9.8 R? for Fe II 5169 Å, ∼8.5 R? for Ca II 8542 Å, and ∼5.7 R?

for Hα. We note that these values of Rabs are similar to those esti-
mated by Abt et al. (1997) for the Ti II lines assuming a Keplerian
scenario. Variability in the strength of the absorption minima at
both sides of the CQE, similar to the changes observed in φ Leo,
are also known to be exhibited by some Be shell stars, for exam-
ple ε Cap (see Fig. 3 in Rivinius et al. 1999); such changes might

be due to the re-supply of matter from the star to the disk. Mech-
anisms for sufficient angular momentum transfer from the star
to the disk in Be stars are a matter of debate (e.g. see Rivinius
et al. 2013); among them, the more firmly established are those
relating the disk and stellar non-radial pulsations (e.g. Cranmer
2009, and references therein). Given the plausible evidence for
the presence of this kind of pulsation in φ Leo provided by the
spectroscopic variations of its photospheric lines, it is tempting
to hypothesise that such a mechanism could also be at work in
this star.

We also note that the absorption minima at both sides of
the central emission always show up at similar radial veloci-
ties for each line, but they are different for each one, without
any apparent dynamical evolution, making them different from
the bona-fide exocometary events observed in β Pic. This fact,
together with the variability and changes observed in the lines of
Ca II, Fe II, and Ti II from almost one spectrum to the next, and
on a range of timescales, suggests that such line variations in φ
Leo are highly unlikely to be produced by comet-like bodies.

5.3. A brief note on the exocomet-host shell stars

As indicated in Sect. 1, around 30 stars have been suggested to
host exocomets in their immediate surroundings based, for the
most part, on the variable events observed in the Ca II K line.
Among those 30 stars, 10 are A-type shell stars, including φ Leo
and HR 10; see Table 7 in Rebollido et al. (2020). However, the
HR 10 results presented by Montesinos et al. (2019) and those
of φ Leo presented here, in both cases based on a very large
amount of observational data, clearly demonstrate the need for a
deeper analysis of the stellar spectra (at least in the shell stars),
extending to large periods of time and to the behaviour of other
shell lines, and not restricted to the Ca II K line. For instance,
we note that Rebollido et al. (2020) pointed out in the case of the
shell star HD 85905 that the observed spectral variations could
be due to variability of the CS shell as suggested by the observed
changes of several shell lines, and not just the Ca II K line; fur-
ther, we note in the previous section the similar or dissimilar
behaviour of different lines among shell stars that appears to be
independent of the variability of the Ca II K line.

6. Conclusions

Our spectroscopic observations reveal that φ Leo is a highly vari-
able δ Scuti type A-shell star with remarkable changes in its
photospheric and CS lines. The photospheric variability man-
ifests as dumps and bumps superimposed on the line profiles,
varying their strength and sharpness and propagating from blue-
to more redshifted radial velocities; those features persist for a
few hours, with a timescale of the order of the δ Scuti photo-
metric variations observed with TESS (Balona & Ozuyar 2020).
Thus, similarly to other δ Scuti stars, the φ Leo spectroscopic
photospheric variability is likely produced by non-radial pulsa-
tions caused by motions along longitudinal strips on the stellar
surface.

Regarding the non-photospheric CS lines, our data suggest
that φ Leo is a late A-type star, whose shell is a disk seen
nearly edge-on, and with characteristics reminiscent of the ones
observed in Be shell stars. Thus, we are faced with the case of
a relatively late-spectral-type star, with a consequently relatively
low mass, exhibiting a Be shell-like phenomenon. In summary,
φ Leo is plausibly a rapidly rotating δ Scuti star surrounded by
a variable CS disk that is possibly re-supplied by the δ Scuti
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pulsations. To our knowledge, theoretical efforts focusing on
such a scenario have been limited to B stars but not to late-
type A stars (e.g. Rivinius et al. 2013, and references therein);
in this respect, φ Leo provides an incentive to extend such stud-
ies to less massive stars. Finally, we find that this CS scenario
for φ Leo is more plausible than the exocomet scenario first sug-
gested by Eiroa et al. (2016); the central emission, together with
the variable absorption minima at both sides – changing their
strength but not their velocity – in the lines of Ca II, Fe II, and
Ti II, which also show variability from almost one spectrum to
another, and in some periods also in Hα, are highly unlikely to
be produced by comets.

Finally, the observational results presented in this work,
together with those presented by Montesinos et al. (2019) con-
cerning the shell star HR 10, suggest the need for a critical
revision of hypotheses regarding the origin of the variable fea-
tures in the Ca II K line observed in other shell stars, which thus
far have been attributed to exocomets.
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Appendix A: Results for photospheric lines

A.1. HERMES May 2016

During the night of 2016-05-11, 20 consecutive spectra were
obtained over ∼4 hours of observations. The night was not opti-
mal and one of the spectra was not useful. Figure A.1 shows the
profiles of Ca I 4226 Å and the Mg II lines obtained during this
night. Several dumps and bumps lasting up to several hours are
observed in both lines but seemingly not coincident. In particu-
lar, there is a depression in the Mg II line going from ∼4480 Å to
4483 Å from ∼ 2016-05-11 21h05m UT to at least 2016-05-11
23h27m UT, that is, it lasts at least ∼ 150 minutes.

Fig. A.1. Profiles of the Ca I 4226 Å (top) and Mg II 4481 Å (bottom)
lines as observed with HERMES in 2016-05-11. UTs from top to bot-
tom and from left to right are indicated in the labels. Spectra have been
rebinned to 0.1406 Å/pixel. The median of all spectra superimposed on
each spectrum is plotted in red.

A.2. HERMES/FEROS from March and April 2017

During these observing runs, series spectra were taken during 12
consecutive nights as long as the air mass of the star was .2.0.
On some nights, HERMES and FEROS spectra were obtained
simultaneously and their appearance was quite similar in spite of
the different spectral resolution, which provides high confidence
about the reliability on the weak features seen superimposed
on the line profiles. As representative results, we show below
(Figs. A.2 and A.3) the spectra of the Mg II 4481 Å line on two

of the nights, in one case with HERMES spectra, and one night
with both HERMES and FEROS spectra:

– 2017-03-28: During this night, 24 spectra were obtained with
HERMES (two of them were not useful). Figure A.2 plots
the Mg II 4481 Å line with the labels indicating the observ-
ing UT of each spectra. No obvious dumps or bumps in the
line profiles that could be attributed to pulsations are clearly
detected in most of the spectra, although very weak features
might be present in some of them.

Fig. A.2. Profiles of the Mg II 4481 Å line as observed with HERMES
during the night 2017-03-28/29. The spectra have been rebinned to 0.09
Å/pixel; the median of the night is plotted in red superimposed on each
spectrum. In both panels, UTs from top to bottom and from left to right
correspond to spectra ordered from top to bottom.

– 2017-04-01/02: On this night, 21 HERMES and 28 FEROS
spectra were taken along a time interval of ∼9.5 hours. Fig-
ure A.3 plots the Mg II 4481 Å line of these spectra. Several
features, mostly dumps, are distinctly present in the spectra,
although no obvious features are discernible in some of them
(e.g. the spectra taken at 2017-04-02 04h23m UT or 2017-
04-02 04h28m UT). We note that some features appear on
the blue side of the line profile but do not always apparently
propagate to the red wing. It is noticeable that the HER-
MES and FEROS spectra agree very well; see for example
the spectra taken at 2017-04-02 01h44m UT and 2017-04-02
01h45m UT with HERMES and FEROS respectively, or the
ones taken at 2017-04-02 02h32m UT with both HERMES
and FEROS simultaneously.

Appendix B: Results for non-photospheric lines

B.1. HERMES March 2017

During this period, HERMES spectra were taken over eight
consecutive nights. Figure B.1 shows the median spectra corre-
sponding to each night of Ca II K and Fe II 5169 Å, as well as
the spectra obtained during the night 2017-03-10. Variability is
observed in a daily basis and in consecutive spectra of a single
night. Note that the changes of Ca II and Fe II are different, and
that the 3 km/s emission is not distinguishable in some spectra.

B.2. FEROS 2017 April

During this period, FEROS spectra were taken over nine consec-
utive nights. Figure B.2 shows the median spectra of all nights
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Fig. A.3. Profiles of the Mg II 4481 Å line as observed with HERMES and FEROS during the night of 2017-04-01/02 along ∼9:30 hours. All
spectra have been rebinned to 0.12 Å/pixel, and the median of the night is plotted in red superimposed on each spectrum. Spectra with ‘m’ in the
labels refer to those obtained with HERMES and those with ‘f’ refer to FEROS. Labels correspond to spectra from top to bottom and then the two
columns from left to right.

Fig. B.1. Left: Nightly median of Ca II K and Fe II 5169 Å. Dates are indicated in the labels. Right: Some consecutive spectra taken during the
night 2017-03-10/11. Exposure time of each spectrum is 15 minutes. The resolution of the Ca II spectra is is 0.0625 Å/pixel, while for Fe II is 0.0938
Å/pixel. Ca II K shows variability from night to night as well as irregular short timescale variability in individual nights. The central emission is
seen in some of the nights, and both blue- and red-shifted minima change their relative strength. With respect to the Fe II line the central emission
is present in all nights but the variability is less pronounced than the one in the K line and no correlation is seen.

corresponding to Ti II 3759 and 3761 Å, Ca II K, and Fe II

5169 Å. We note that the ∼3 km s−1 emission is observed on
all nights and that the variations are different from line to line.

Appendix C: Observing Log

Table C.1 is only available in electronic form at the CDS.
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Fig. B.2. Nightly median of Ti II 3759 and 3761 Å, Ca II K and Fe II 5169 Å lines as observed from 2017-03-31 to 2017-04-08 with FEROS. Dates
are indicated from top to bottom in the Ca II K panel.
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