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ABSTRACT
We present a long-term optical spectroscopic study of the post-asymptotic giant branch (AGB) binary system 89 Herculis, with the
aim to characterize the relationship between photospheric instabilities and dynamics in the close circumstellar environment of the
system. This study is based on spectra acquired with the high-resolution Catania Astrophysical Observatory Spectropolarimeter
and archive data, covering a time interval between 1978 and 2018. We find long-term changes in the radial velocity curve of the
system, occurring mostly in amplitude, which correlate with the variability observed in the blueshifted absorption component of
the P Cygni-like H α profile. Two possible scenarios are discussed. We also find strong splitting in the s-process elements of Ba II

6141.713- and 6496.898-Å lines, with short-term morphological variations. A Gaussian decomposition of such profiles allows
us to distinguish four shell components, two expanding and two infalling toward the central star, which are subject to the orbital
motion of the system and are not affected by the long-term instabilities. Finally, we find that the numerous metal lines in emission
could originate in regions of a structured circumbinary disc that have sizes proportional to the energy of the corresponding upper
level transition Eup. This study demonstrates the potential of long-term high-resolution spectroscopy in linking together the
instability processes occurring during the late evolutionary stages of post-AGBs and the subsequent phase of PNe.
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1 IN T RO D U C T IO N

Stars with a main-sequence initial mass in the 0.8–8 M� range evolve
from the asymptotic giant branch (AGB) to the planetary nebulae
(PNe) stages. The end of the AGB is characterized by a phase of
very strong mass-loss (10−7–10−4 M� yr−1) that occurs in the form
of gas and dusty wind driven by stellar radiation pressure (see reviews
by Höfner & Olofsson 2018; Van Winckel 2018). This process
seems to be neither isotropic nor steady over time and important
episodic mass-loss enhancements can occur. The subsequent phase
of post-AGB is then characterized by a spatially complex environ-
ment that may include long-lived quasi-Keplerian stratified discs,
short-term structures, equatorial overdensities, and axisymmetric
bipolar jets.

To explain the rich variety of morphologies of PNe, a wide range
of dynamical processes have been invoked as shaping agents (Balick
& Frank 2002). Among these, the attractive possibility of large-scale
magnetic fields (Jordan, Werner & O’Toole 2005) on the surface of
the central star has been ruled out with systematic spectropolarimetric
campaigns (Leone et al. 2011, 2014; Ramos et al. 2014; González
et al. 2015). In contrast, binary interaction has emerged as the more
fundamental process (e.g. De Marco 2009). Unseen companions are
indeed suspected to play a key role in the outflow processes, also
influencing the time scales of the different evolutionary stages of
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the primary star (Chesneau 2013). Binarity seems also to affect the
dynamics of discs as it has been highlighted in the particular case of
binary post-AGBs (Kluska et al. 2019, and references therein); discs
are found to be, in turn, mainly responsible for the orbital evolution
of the binary system (e.g. Dermine et al. 2013).

Mass-loss is also a key ingredient for the understanding of
the chemical abundance in evolved stars. Indeed, many post-AGB
stars are found to be underabundant of s-process elements, that
are incorporated into refractory grains. Such a depletion can then
mask the enrichments of the nucleosynthetic products formed in
the previous AGB state (Van Winckel 2018). Even if the involved
complex processes are still a matter of discussion, it seems necessary
that there exist a stable disc around the post-AGB star, at least partly,
responsible for the observed chemical anomaly (Gezer et al. 2015).
Indeed, the radiation pressure acting on the circumstellar dust grains
can clean the dust from the gas. The latter, in turn, can be re-accreted
into the stellar surface (Van Winckel 2018).

From an observational point of view, a wealth of high-spatial-
resolution techniques (e.g. high-contrast imager and interferometry
in the optical, infrared, millimetric, and radio wavelengths, thanks to
new advanced adaptive optics and post-processing techniques) can
provide important constrains on models. However, the achievable
contrast and spatial resolution are not yet sufficient to be able to
investigate the environment in proximity (i.e. few AU) of the central
star and their mutual relationship.

An important step forward this kind of studies can be achieved
by looking at optical/infrared high-resolution spectroscopy. Indeed,
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a variety of peculiarities have been taken as direct evidence of
circumstellar envelope and mass-loss manifestations: (i) variable
and complex profiles of Balmer and sodium D lines, which include
absorption and emission components, (ii) electron transitions of low-
excitation potential iron-peak and s-process elements result in largely
asymmetric spectral line profiles with several components, and (iii)
forbidden metal emission lines (Klochkova 2014). In addition, a
variability in the aforementioned features could be associated with
the kinematics of the circumstellar envelope and its morphology.
This aspect however requires high-quality data that span over wide
temporal bases.

The goal of this paper is to investigate the relationship between
spectroscopic variability and dynamics in the circumstellar environ-
ment of the most known post-AGB binary system: 89 Herculis (Sec-
tion 2). This study is based on high-resolution optical spectroscopy,
with data spanning a time interval of more than 25 yr (Section 3).
In particular, we first focus on the long-term variability, in terms
of radial velocities (RVs) (Section 4) and H α line morphological
changes (Section 5). Then, we analyse the short-term variability in
the morphologies of s-process elements lines (Section 6.1) and in
the kinematics of metal lines in emission (Section 6.2). Finally,
we discuss the results in Section 7, giving our conclusion in
Section 8.

2 8 9 H E R C U L IS

The F2Ibp star 89 Herculis (HR 6685, HD 163506) is considered
the prototype of the new class of post-AGB binaries surrounded by a
circumbinary dust disc (Waters et al. 1993). The primary component
pulsates with a period of 63.5 d (Arellano Ferro 1983), while the
orbital period of the system is 289.1 d (Oomen et al. 2018). The
mass-loss rate derived by Sargent & Osmer (1969) from the P
Cygni-type H α profile is ∼10−8 M� yr−1. The primary has a mass
of Mp = 0.6 M� and a radius of Rp = 71 R�, while the secondary
is supposed to be a main-sequence star with a mass of Ms = 0.4
M� (Hillen et al. 2014).

The structure of the circumbinary envelope was investigated
interferometrically by Bujarrabal et al. (2007) and Hillen et al.
(2013, 2014). Both research teams suggested the presence of at least
two nebular components: an expanding hour-glass structure and an
unresolved circumbinary Keplerian disc. The hour-glass axis is tilted
with respect to the line of sight (LoS) of θLoS ∼ 12◦ with a position
angle θPA = 45◦.

3 O BSERVATIONAL DATA

From 2014 to 2018, we have performed optical high-resolution
spectroscopy of 89 Herculis with the high-resolution Catania As-
trophysical Observatory Spectropolarimeter (CAOS, R = 55 000;
Leone et al. 2016a) at the 0.91-m telescope of the stellar station
of the Catania Astrophysical Observatory (G. M. Fracastoro Stellar
Station, Serra La Nave, Mt. Etna, Italy). Further spectra were also
acquired on 2012 June 2, with the Device Optimized for the LOw
RESolution spectrograph (DOLORES, LRS in short, R = 4300;
Molinari, Conconi & Pucillo 1997), on 2017 May 27 with the HArps-
North POlarimeter (HANPO, R = 115 000; Leone et al. 2016b) of
the Telescopio Nazionale Galileo (Roque de Los Muchachos Astro-
nomical Observatory, La Palma, Spain) and on 2018 June 25, with
the High Accuracy Radial Velocity Planet Searcher spectrograph
(HARPS-N, R = 120 000; Cosentino et al. 2012).

Data were reduced according to the standard procedures using the
NOAO/IRAF1 packages. Each spectrum was previously corrected for
the heliocentric velocity due to the Earth’s motion by means o the
IRAF task rvcorrect.

In addition, reduced data of 89 Her have been retrieved from all
available archives. In particular from the

(i) Ritter Observatory Archive.2 Spectra were collected from 1993
to 1995 with the echelle spectrograph of the 1-m Ritter Observatory
Telescope (R = 26 000).

(ii) BTA3 (Big Telescope Alt-azimuth) archive. Spectra have been
acquired in 1998 and 2010 with the Nasmyth Echelle Spectrograph
(NES, R = 60 000; Panchuk et al. 2007).

(iii) ELODIE4 archive. A spectrum was acquired on 2004 August
18 with the ELODIE spectrograph at the Observatoire de Haute-
Provence 1.93-m Telescope (R = 42 000; Moultaka et al. 2004).

(iv) Canadian Astronomy Data Centre. Spectra were collected
from 2005 to 2009 at the 3.6-m Canadian–France–Hawaii Telescope
with the ‘Echelle SpectroPolarimetric Device for the Observation of
Stars’ (ESPaDOnS, R = 68 000; Donati et al. 2006).

(v) ESO5 archive. A spectrum was acquired on 2019 May 9 at
the MPG/ESO 2.2-m Telescope with the ‘Fiber-fed Extended Range
Optical Spectrograph’ (FEROS, R = 48 000; Kaufer et al. 1999).

The complete logbook of the observations is given in Table 1.

4 LO N G - T E R M RV VA R IA B ILITY

Since the 1920s, the RV variability of 89 Herculis has been investi-
gated (Burki, Mayor & Rufener 1980; Fernie 1981; Arellano Ferro
1984; Waters et al. 1993). From these works, a periodicity of about
288 d, ascribable to the binary nature of the system, was established.
Using data acquired with CORAVEL in the period 1978–1992, Waters
et al. (1993) have determined the orbital parameters of the system.
Recently, Oomen et al. (2018) have revised the orbital parameters by
acquiring new data with HERMES in the period 2009–2017. However,
important scatter around the mean RV curve (see e.g. fig. 1 of Waters
et al. 1993 or fig. B.1 of Oomen et al. 2018) has always been found
and has been attributed to pulsations or irregular instabilities in the
extended atmosphere of the star. To overcome the problem of the
irregular scatter of the data and thus to better constrain the orbital
parameters, measurements over many orbital cycles are necessary.
For this reason, thanks to the relatively large temporal base of our
data, we can perform a revision of the orbital parameters through the
study of the RV variability of 89 Her.

Following Catanzaro et al. (2019), we measured RVs of 89
Her by cross-correlating each observed spectrum with a synthetic
template. The latter was computed by means of the SYNTHE (Kurucz
1993) code, using an atmospheric model with effective temperature
Teff = 6500 K, surface gravity log g = 1.0, and iron abundance
[Fe/H] = −0.5, as measured by Kipper (2011). Cross-correlations
were performed with the IRAF task fxcor in the widest spectral
range available, excluding regions containing Balmer and telluric
lines as well as transitions that are strongly influenced by envelope

1IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of the Universities for Research in Astron-
omy, inc. (AURA) under cooperative agreement with the National Science
Foundation.
2http://astro1.panet.utoledo.edu/∼wwritter/archive/PREST-archive.html.
3https://www.sao.ru/oasis/cgi-bin/fetch?lang=en.
4http://atlas.obs-hp.fr/elodie/.
5http://archive.eso.org/eso/eso archive main.html.
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Table 1. Journal of observations and RV measurements.

Date HJD RV OBS Date HJD RV OBS
(day-mo-yr) [−2400000] (km s−1) (day-mo-yr) (−2400000) (km s−1)

24-09-1993 49254.520 −26.86 ± 0.22 RIT 04-07-2014 56843.397 −31.09 ± 0.18 CAOS
01-04-1994 49443.883 −29.27 ± 0.18 RIT 05-07-2014 56844.437 −31.32 ± 0.23 CAOS
11-05-1994 49483.800 −24.26 ± 0.16 RIT 09-07-2014 56848.446 −32.32 ± 0.15 CAOS
22-05-1994 49494.792 −22.88 ± 0.22 RIT 14-07-2014 56853.442 −31.81 ± 0.17 CAOS
29-05-1994 49501.745 −26.16 ± 0.27 RIT 21-07-2014 56860.320 −33.31 ± 0.28 CAOS
07-06-1994 49510.773 −24.67 ± 0.16 RIT 22-07-2014 56861.319 −34.61 ± 0.18 CAOS
01-07-1995 49899.800 −27.43 ± 0.20 RIT 23-07-2014 56862.463 −34.00 ± 0.18 CAOS
31-07-1995 49929.679 −33.02 ± 0.23 RIT 24-07-2014 56863.354 −34.41 ± 0.17 CAOS
04-07-1996 50268.691 −28.54 ± 0.28 RIT 25-07-2014 56864.317 −34.10 ± 0.23 CAOS
23-05-1997 50591.774 −29.29 ± 0.31 RIT 06-08-2014 56876.348 −35.42 ± 0.20 CAOS
20-07-1997 50649.664 −25.69 ± 0.19 RIT 07-08-2014 56877.436 −35.50 ± 0.30 CAOS
05-04-1998 50908.896 −26.56 ± 0.41 RIT 21-08-2014 56891.344 −34.41 ± 0.17 CAOS
12-04-2003 52741.570 −29.60 ± 0.25 BTA 24-08-2014 56894.317 −35.17 ± 0.17 CAOS
18-08-2004 53236.300 −24.83 ± 0.43 ELO 25-08-2014 56895.317 −34.21 ± 0.24 CAOS
22-08-2005 53604.753 −25.05 ± 0.22 ESP 27-08-2014 56897.308 −34.79 ± 0.31 CAOS
08-02-2006 53775.115 −28.17 ± 0.21 ESP 28-08-2014 56898.283 −35.35 ± 0.20 CAOS
10-02-2006 53777.096 −29.67 ± 0.17 ESP 03-09-2014 56904.321 −34.60 ± 0.22 CAOS
14-08-2006 53961.777 −29.38 ± 0.17 ESP 10-10-2014 56941.000 −34.98 ± 0.19 CAOS
02-03-2007 54162.066 −23.47 ± 0.26 ESP 12-10-2014 56943.000 −35.32 ± 0.12 CAOS
29-09-2007 54372.821 −23.30 ± 0.21 ESP 16-06-2016 57555.522 −29.60 ± 0.19 CAOS
14-02-2009 54877.099 −31.83 ± 0.17 ESP 17-06-2016 57557.489 −31.36 ± 0.20 CAOS
15-02-2009 54878.132 −31.51 ± 0.17 ESP 29-06-2016 57569.489 −25.93 ± 0.19 CAOS
17-02-2009 54880.076 −31.22 ± 0.11 ESP 30-06-2016 57570.442 −27.40 ± 0.20 CAOS
02-05-2009 54954.125 −28.63 ± 0.19 ESP 06-07-2016 57575.513 −24.25 ± 0.16 CAOS
04-05-2009 54955.849 −28.39 ± 0.19 ESP 07-07-2016 57577.455 −23.82 ± 0.18 CAOS
06-05-2009 54958.121 −27.59 ± 0.17 ESP 12-07-2016 57582.411 −24.30 ± 0.16 CAOS
07-05-2009 54959.076 −27.20 ± 0.14 ESP 28-07-2016 57598.420 −25.35 ± 0.17 CAOS
07-09-2009 55081.874 −29.80 ± 0.22 ESP 02-08-2016 57603.385 −24.55 ± 0.17 CAOS
28-09-2009 55102.832 −31.34 ± 0.16 ESP 25-08-2016 57626.387 −22.29 ± 0.18 CAOS
05-10-2009 55109.823 −29.86 ± 0.19 ESP 02-09-2016 57634.335 −23.28 ± 0.17 CAOS
01-02-2010 55229.169 −30.87 ± 0.14 ESP 04-10-2016 57666.248 −25.68 ± 0.17 CAOS
05-04-2010 55292.470 −24.47 ± 0.29 BTA 20-05-2017 57893.559 −25.54 ± 0.26 CAOS
02-06-2012 56080.575 −34.25 ± 0.35 LRS 26-05-2017 57900.102 −24.83 ± 0.30 HAN
09-05-2013 56422.404 −26.63 ± 0.49 FER 01-07-2017 57935.528 −23.43 ± 0.16 CAOS
15-06-2014 56824.035 −27.15 ± 0.10 ESP 25-07-2017 57960.374 −25.88 ± 0.15 CAOS
19-06-2014 56828.007 −28.11 ± 0.11 ESP 13-05-2018 58251.592 −25.16 ± 0.22 CAOS
22-05-2014 56799.619 −23.43 ± 0.23 CAOS 29-05-2018 58267.548 −27.29 ± 0.20 CAOS
08-06-2014 56816.519 −31.71 ± 0.17 CAOS 25-06-2018 58294.013 −33.31 ± 0.18 HAR
04-07-2014 56842.519 −31.05 ± 0.19 CAOS 01-08-2018 58332.357 −36.25 ± 0.21 CAOS

Note. OBS: RIT Ritter, ELO Elodie, ESP Espadons, LRS DOLORES, FER Feros, CAOS Caos, HAN Hanpo, HAR HARPS-N,
BTA NES of the BTA telescope.

components (e.g. the Na D lines at 589 and 590 nm or lines of s-
process elements). Measured RVs are reported in Table 1. In this
study, we have also included RVs by Burki et al. (1980) and Waters
et al. (1993) to span about 40 yr.

From a general look at the data, we confirm the presence of
significant scatter around the mean RV curve, which can be more
than 5 km s−1 (Fig. 1). However, we found out that this spread is not
randomly distributed over the years. Indeed, there are time intervals
where the amplitude of the velocity curve increases. In particular, by
dividing the data in the epochs A = [1978, 1979], B = [1982, 1989],
C = [1990, 1998], D = [2003, 2010], and E = [2012, 2018], the
amplitudes in B and E are about twice those observed in the other
epochs (Fig. 2).

4.1 Orbital solutions

Following Hilditch (2001), we determine the orbital parameters for
the binary system (i.e. the epoch of the periastron passage T, the

Figure 1. Phase-folded RVs of 89 Herculis and theoretical mean curve. The
residuals are shown in the bottom panel.
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Figure 2. Phase-folded RVs for different epochs of 89 Herculis. Colours
and symbols are as in Fig. 1. Theoretical curves, computed with the orbital
parameters reported in Table 2, are superimposed.

orbital period P, the systemic velocity γ , the velocity semi-amplitude
K, the eccentricity of the orbit e, and the longitude of periastron ω)
from the RV curve through the following equations:

Vrad = γ + K[cos (θ + ω) + e cos ω], (1)

K = 2πa sin i

P
√

1 − e2
, (2)

with θ the true anomaly, a the semi-major axis of the orbit, and i the
orbital inclination. From P and K, it is also possible to determine the
binary mass function f:

f = M3
2 sin3 i

(M1 + M2)2
= PK3

2πG
. (3)

We have made an independent fit of equation (1) by considering
the RV curves divided into the aforementioned epochs. According
to Catanzaro et al. (2018), fits have been performed using the
amoeba method (Nelder & Mead 1965) while errors were statistically
estimated as the variation in the parameters that increases by 1 the
χ2 value.

In Fig. 2, we report the RV curves with the theoretical solutions,
while the corresponding orbital parameters are reported in Table 2.
Scatters around the mean RV curve are now reduced within about
3 km s−1.

The important differences among the obtained RV curves can
be interpreted as a consequence of the different data sampling and
number of RV points within the A–E epochs. Moreover, in the A
and C epochs, the available data do not completely cover all the
orbital phases. As a consequence, pulsations or irregular scatters can
dominate over the global shape of the fitted curve, leading to a wrong
determination and interpretation of orbital parameters changes. On
the other hand, we stress that the residuals of the cumulative fit
of the measurements (see Fig. 1, bottom panel), are not randomly
distributed and that the increase in amplitude in the epochs B and E
can hardly be interpreted as a sampling problem. Rather, we think
that it represents a real change in the amplitude.

In light of this, in Fig. 3, we report the fitted parameters against
time, considering the mean year for each of the epochs A–E. From
a general look, the eccentricity e and the period P do not show any
appreciable variability. In contrast, the systemic velocity γ and the
semi-amplitude K present a significantly increase of their values from
the D to E epoch. Finally, the epoch of the periastron passage T and
the longitude of periastron ω show a constant decrease over time. In
the following, we discuss the possible scenarios.

4.2 The nature of the RV modulation

The observed variations can be explained in several ways. The
possible hypotheses for these are (i) stellar pulsations, (ii) the
presence of a third body, or (iii) an intrinsic variation of the orbital
parameters of the binary system. In the following, we will discuss
these three scenarios.

4.2.1 Pulsations

It has been shown that a long- or short-term RV modulation can
be a consequence of atmospheric velocity gradient perturbations in
pulsating stars. Indeed, modulated variability was discovered both
in classical and in long-period Cepheids (e.g. Derekas et al. 2012;
Anderson 2016, and references therein), as well as in other types of
pulsating stars, such as δ Sct or γ Dor (e.g. Bowman et al. 2016;
Guzik et al. 2016).

Table 2. Orbital parameters derived through modeling of the RV curves shown in Fig. 2.

Epochs A B C D E
1978–1979 1982–1989 1990–1998 2003–2010 2012–2018

P (d) 288.92 ± 3.2 288.46 ± 1.70 290.42 ± 1.90 290.81 ± 0.20 289.43 ± 0.1
T 46 150 ± 15 46 054 ± 6 46 030 ± 17 45 965 ± 7 46 044 ± 4
e 0.17 ± 0.27 0.14 ± 0.34 0.17 ± 0.22 0.17 ± 0.19 0.06 ± 0.12
γ (km s−1) − 27.91 ± 0.62 − 28.95 ± 0.95 − 28.74 ± 0.46 − 28.55 ± 0.52 − 29.51 ± 0.58
ω (◦) 493 ± 34 405 ± 14 406 ± 22 316 ± 12 304 ± 7
K (km s−1) 2.24 ± 0.74 4.76 ± 0.66 2.96 ± 0.68 3.54 ± 0.5 6.81 ± 0.77

a sini (AU) 0.06 ± 0.04 0.12 ± 0.06 0.08 ± 0.04 0.09 ± 0.03 0.18 ± 0.04
f (10−4 M�) 3.37 ± 3.37 32.25 ± 13.60 7.81 ± 5.43 13.37 ± 5.67 94.74 ± 32.17

MNRAS 500, 926–941 (2021)
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Figure 3. Variation of orbital parameters over the years. Horizontal dashed
lines represent values found through the cumulative fit of the data (Fig. 1).
Coloured regions indicate time intervals where RV curves are available
(yellow: high-amplitude RV curves, grey: low-amplitude RV curves; see
Fig. 2).

In principle, due to the pulsating nature of 89 Herculis, the
observed RV modulation should be ascribed to the possible presence
of long-term cycle-to-cycle pulsation variations. In such a case, the
atmospheric velocity perturbations should lead to important changes
in the morphology of the spectral lines during the different epochs.
To investigate this possibility, we have searched for a variation in the
photospheric absorption spectral lines by calculating the equivalent
widths (EWs) and the bisector inverse span (BIS) in the epochs D
and E, for different absorption lines with different depths. The BIS
were computed according to Anderson (2016), i.e. as the difference
between bisector velocities at the top 10–40 and bottom 60–90
per cent normalized flux of the absorption profile.

Fig. 4 shows an example of EWs and BIS calculated for the strong
line of Fe II at 4508.2805 Å; similar results are for absorption lines
of other neutral and ionized species. As expected for pulsating stars,
we have found that BIS is variable with the pulsation period Ppuls. In
particular, we have found Ppuls = 63.61 ± 0.01 d, in full agreement
with the photometric pulsation period found by Waters et al. (1993).
In contrast, EWs of the same lines do not show any appreciable
variability, neither pulsational nor orbital. In both cases, however,
we have found no significant difference in the behaviour of BIS
and EWs between epochs D and E; the slightly lower values in

Figure 4. BISector (top panel) and EWs (bottom panel) of the Fe II line at
4508.2805 Å.

EWs of the period D are ascribable to the continuum determination
in ESPaDOnS and CAOS spectra because of the different spectral
resolving power.

We conclude then that pulsations are unlikely to be the major
contributors to the observed RV modulation.

4.2.2 Presence of a third body

In principle, the presence of a third body in a hierarchical triple-
star system can be responsible of RV modulation. In such a case, the
constant value of γ in equation (1) should be considered as a variable
velocity with the same analytic form of equation (1). In this case,
γ represents the centre-of-mass velocity of the close binary system
orbiting the third body, and it is expected to be variable according to
the orbital period of the third component.

In our case, γ has a constant value in the epochs B, C and D with
a decreasing and an increasing of only about 1 km s−1 in the A and E
epochs, respectively (see Table 2 and Fig. 3). While such a behaviour
may still be compatible within the picture of a hierarchical triple-star
system, we exclude the possibility that during the time interval in
which these small velocity changes occur the presence of a third
body represents the major contributor to the observed variation in
the RV curves.

4.2.3 Intrinsic variations in the orbital solutions

As discussed above, T and ω are the only parameters that show a
constant decreasing over time, while γ and k show an increase only
in the A–B and D–E epochs (Fig. 3).

The variation of T and ω suggests that the orbit precedes in the
prograde sense. In particular, our data indicate that a variation of 	ω

= 189◦ is made in ∼40 yr, suggesting that a complete rotation can
be made in ∼76 yr. The orbital plane rotation, however, has no effect
on the other parameters.

From equations (2) and (3), we have computed the binary mass
function and the a sin i; values are reported in Table 2. Their
variations are shown in Fig. 5 and follow the behaviour of K, a direct
consequence of equations (2) and (3), since P and e can be considered
constant. Two different scenarios could explain the observed trend:
(i) a variation of the inclination of the binary orbit or (ii) a variation
of the masses.

In the first case, assuming an average value of i = 12◦, the
semimajor axis of the orbit would be about 0.5 AU. With this value,

MNRAS 500, 926–941 (2021)
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Figure 5. Variability of a sin i (top panel) and binary mass function (bottom
panel). Horizontal dashed lines represent values from a cumulative fit of the
data (Fig. 1). Coloured regions indicate time intervals where RV curves are
available (yellow: high-amplitude RV curves, grey: low-amplitude RV curves;
see Fig. 2).

we found that during the A–B and the D–E epochs, the orbit plane
inclination would increase from about 6◦ to 14◦ and from about
10◦ to 20◦, respectively. In such case, the observed RV amplitude
modulation would be then related to an orbital plane wobbling of
∼ 10◦ in a time interval of ∼13 yr.

Alternatively, with i = const, the important increase of the binary
mass function during epochs A–B and D–E would be a consequence
of mass transfer between the components of the system. Such mass
transfer could be triggered from the mass-loss of the primary star. In
particular, if we consider M1 + M2 = const, and assume M1 = 0.6
M� for the primary and M2 = 0.4 M� for the secondary (Hillen et al.
2014), this would mean that during the A–B and the D–E epochs,
the secondary must undergone an increase of mass of the order of
10−1M2, which corresponds to a mass-loss rate of the primary of
10−2 M� yr−1. Such a value, however, is not compatible with the
typical mass-loss rates expected for post-AGB objects.

We conclude that the observed RV modulation could be explained
with an orbital plane wobbling while it can hardly be correlated
with a mass transfer between the components of the system. The
behaviour of the T and ω parameters only supports the hypothesis of
an orbital plane rotation, a scenario that should be further investigated
by appropriate models. The cumulative fit of the RV data (Fig. 1)
mitigates long-term and sporadic variation effects, and it should be
taken as the best measurement of the orbital parameters of 89 Her.

To further investigate the nature of the RV modulation, we explore
now the possibility that the already known long-term spectroscopic
variability of the system can be associated with these changes in RV
amplitude.

5 LO N G - T E R M H α VA R IA B ILITY

Several studies have been carried out on 89 Herculis spectral vari-
ability. In particular, Böhm-Vitense (1956) first pointed out important
variations in the RV amplitudes and in the structure of the Balmer
and sodium D lines in the period 1951–1955. The author had also
speculated on a possible correlation between these two evidences.
Variations in the structure of Balmer and sodium D lines were later
ascribed to optically thick expanding shells and then interpretable as
episodic mass-loss enhancements from the primary star (Sargent &
Osmer 1969). Khalilov, Hasanova & Shustarev (2010) discovered a
long-period variability in EWs of the H α P Cygni-like profile of 89
Her, finding a period of 6553.6 d for the absorption component and
a period of 10 922.7 d for the emission one. The EWs of the Na I D

Figure 6. Examples of H α profiles variations in a time interval of 77 (top
panel) and 368 d (bottom panel).

absorption line were also found to be variable with a period of about
5000 d (Khalilov, Hasanova & Hajiyeva 2019).

To verify the hypothesis made by Böhm-Vitense (1956) on a
possible relationship between the variability of the RV curves and
the episodic mass-loss enhancements of the star, we now analyse the
long-term H α line profile changes.

The H α P Cygni-like profile is considered the most suitable
diagnostic for wind and mass-loss rate studies. Indeed, such a
profile indicates the presence of a strong stellar wind that can
produce the emission line and the blueshifted absorption. The latter
is produced by optically thick expanding shells, along the LoS, and
it is then linked to the flow velocities as well the mass-loss rate of
the gas component. Assuming a spherical expansion with constant
velocity, the mass-loss rate Ṁ can be related to the properties of the
blueshifted absorption component by the continuity equation (Höfner
& Olofsson 2018):

Ṁ = 4πr2v∞ρ(r), (4)

where v∞ and ρ are the terminal velocity and the density of the gas
component, respectively. Terminal velocity can be derived from the
position of the blue absorption edge of the H α profile, while density
is related to the depth of the absorption component; the product
v∞ρ can be then estimated from the measurement of the EW of the
absorption component.

The variations across the H α P Cygni profile of 89 Her cover
different time scales, from days to years, with remarkable changes
in the intensity and in the structure of the blue-displaced component.
Fig. 6 shows examples of such variations. We perform a crude
estimate of the EW of the absorption (EWabs) and emission (EWem)
components. They were measured in the fixed intervals from −400
to 0 km s−1 and from 0 to 245 km s−1, respectively. The emission
components have been firstly corrected for the presence of H2O tel-
luric lines at 6563.521, 6564.061 and, 6564.203 Å. HJD 57666.248,
58251.592, and 58268.548 data were excluded since the profiles were
significantly altered. We also measured the terminal velocity v∞ as
the one corresponding to the blue wing of the component at a flux of
20 per cent less than the normalized continuum. Measurements are
reported in Table 3.

Fig. 7 (bottom panel) shows the EWs in time. Considering data
acquired in the last 20 yr (regions D and E), two episodes of
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932 M. Gangi et al.

Table 3. EWs of the absorption (EWab) and emission (EWem) components of the H α spectral.

HJD OBS EWab EWem v∞ HJD OBS EWab EWem v∞
2400000+ (mÅ) (mÅ) (km s−1) 2400000+ (mÅ) (mÅ) (km s−1)

49254.520 RIT 2101 ± 215 615 ± 19 −149 56843.397 CAOS 1631 ± 258 782 ± 34 −98
49443.882 RIT 1654 ± 147 785 ± 13 −121 56844.437 CAOS 1613 ± 223 755 ± 31 −98
49483.800 RIT 1991 ± 184 699 ± 73 −159 56848.446 CAOS 1633 ± 220 746 ± 39 −97
49494.800 RIT 2186 ± 199 609 ± 109 −174 56853.442 CAOS 1673 ± 229 751 ± 69 −98
49501.741 RIT 2143 ± 170 526 ± 30 −174 56860.320 CAOS 1731 ± 182 787 ± 48 −95
49510.800 RIT 2327 ± 229 601 ± 91 −182 56861.319 CAOS 1712 ± 295 813 ± 52 −98
49899.800 RIT 2373 ± 227 375 ± 158 −183 56862.463 CAOS 1772 ± 346 623 ± 42 −102
49929.676 RIT 2248 ± 385 426 ± 167 −176 56863.354 CAOS 1676 ± 254 833 ± 60 −95
50268.691 RIT 1592 ± 135 849 ± 89 −120 56864.317 CAOS 1798 ± 255 762 ± 43 −101
50591.774 RIT 1321 ± 154 927 ± 66 −110 56876.348 CAOS 1543 ± 234 823 ± 24 −88
50649.664 RIT 1691 ± 269 809 ± 172 −121 56877.436 CAOS 1619 ± 235 783 ± 36 −96
50908.896 RIT 1810 ± 365 813 ± 103 −135 56891.344 CAOS 1501 ± 271 886 ± 20 −85
52741.570 BTA 2244 ± 93 283 ± 84 −172 56894.317 CAOS 1480 ± 234 892 ± 48 −86
53236.300 ELO 1660 ± 153 612 ± 46 −122 56895.317 CAOS 1463 ± 219 876 ± 21 −89
53604.753 ESP 3182 ± 284 949 ± 17 −246 56897.308 CAOS 1525 ± 214 873 ± 31 −99
53775.115 ESP 3111 ± 194 991 ± 34 −227 56898.283 CAOS 1449 ± 236 903 ± 46 −99
53777.096 ESP 3100 ± 233 944 ± 37 −228 56904.321 CAOS 1548 ± 182 931 ± 26 −108
53961.777 ESP 3182 ± 370 1148 ± 97 −228 56941.000 CAOS 1620 ± 234 777 ± 89 −106
54162.066 ESP 2737 ± 290 1053 ± 60 −214 56943.000 CAOS 1690 ± 335 853 ± 115 −107
54372.821 ESP 2406 ± 255 959 ± 36 −199 57555.522 CAOS 1985 ± 351 1055 ± 161 −128
54877.099 ESP 1968 ± 285 475 ± 101 −145 57557.489 CAOS 1723 ± 412 1082 ± 142 −124
54878.132 ESP 1919 ± 335 480 ± 87 −144 57569.489 CAOS 1957 ± 296 1192 ± 60 −130
54880.076 ESP 1933 ± 280 500 ± 119 −144 57570.442 CAOS 1853 ± 402 1176 ± 91 −127
54954.125 ESP 1489 ± 223 655 ± 123 −113 57575.513 CAOS 1862 ± 292 1151 ± 125 −129
54955.849 ESP 1475 ± 284 630 ± 90 −112 57577.455 CAOS 1902 ± 244 1021 ± 87 −130
54958.121 ESP 1478 ± 265 634 ± 105 −112 57582.411 CAOS 2034 ± 358 1018 ± 113 −133
54959.076 ESP 1482 ± 265 647 ± 116 −113 57598.420 CAOS 1738 ± 326 1042 ± 128 −125
55081.874 ESP 2370 ± 295 589 ± 75 −174 57603.385 CAOS 1743 ± 316 1055 ± 124 −126
55102.832 ESP 2188 ± 308 729 ± 59 −157 57626.387 CAOS 2229 ± 366 943 ± 157 −147
55109.823 ESP 2198 ± 286 666 ± 50 −152 57634.335 CAOS 2275 ± 319 907 ± 188 −153
55229.169 ESP 1557 ± 237 644 ± 57 −111 57666.248 CAOS 2725 ± 424 ... −160
55292.470 BTA 1497 ± 92 619 ± 32 −118 57893.559 CAOS 2280 ± 247 743 ± 20 −149
56080.575 LRS 1283 ± 109 475 ± 29 −112 57900.102 HAN 2185 ± 496 759 ± 161 −157
56422.404 FER 1345 ± 214 377 ± 52 −83 57935.528 CAOS 2233 ± 378 871 ± 135 −152
56824.035 ESP 1481 ± 254 440 ± 44 −98 57960.374 CAOS 2480 ± 325 784 ± 34 −163
56828.007 ESP 1467 ± 268 447 ± 55 −98 58251.592 CAOS 2574 ± 140 ... −164
56799.619 CAOS 1592 ± 265 798 ± 74 −103 58267.548 CAOS 2623 ± 333 ... −160
56816.519 CAOS 1696 ± 363 701 ± 30 −101 58294.013 HAR 2531 ± 118 520 ± 15 −187
56842.519 CAOS 1647 ± 336 772 ± 32 −98 58332.357 CAOS 2369 ± 123 733 ± 33 −148

Notes. The terminal velocity v∞ of the blueshifted absorption component is also reported. OBS: RIT Ritter, ELO Elodie, ESP Espadons, LRS DOLORES,
FER Feros, CAOS Caos, HAN Hanpo, HAR HARPS-N, BTA NES of the BTA telescope.

important variations in the EWs are shown. The variations are
mostly pronounced in the EWs of the absorption component, with an
amplitude that is approximately double than that of the emission one.
Double-sine curves are drawn to better guide the eye. The EWs of
the absorption component exhibit a peak-to-peak variation in a time
interval of about 5000 d while the emission component as a variation
in 3300 d. An extrapolation of the curves back in time to include
RITTER data (region C) does not allow us to conclude that these
variations are strictly periodic and further data spread over a very
long timebase are necessary to clarify this possibility. We cannot then
confirm the results found by Khalilov et al. (2010), i.e. a periodicity
of 6553.3 and 10922.7 d for the absorption and emission component,
respectively. It is intriguing to note, however, that the period we found
for the H α EWabs variability is the same as that found by Khalilov
et al. (2019) for the absorption components of the sodium D lines.

Fig. 7 (top panel) shows the terminal velocity v∞ of the blue-
displacement absorption component against time. The variations
follow the behaviour of the corresponding EWabs, with values
between −80 and −250 km s−1.

From the observed EWsabs variation, we can now estimate the
variation in the mass-loss rate. Assuming the validity of equation (4)
and considering the curve shown in Fig. 7, we can express the ratio
between the maximum and the minimum mass-loss rate as

Ṁmax

Ṁmin
= EWmax

EWmin
� 2.5. (5)

We conclude that the long-term variations in the H α blueshifted
absorption component might suggest a central star undergoing
recursive mass ejections in a time interval of about 5000 d. Mass-
loss rate appears to change of a factor of ∼2.5Ṁ. Such a scenario is
also supported by the conclusions of Khalilov et al. (2019) for the
absorption components of the sodium D lines.

From the above considerations, we can infer on the correlation
between long-term mass-loss enhancements and the RV modulation
discussed in Section 4.2. In Fig. 7, we report, in coloured regions,
the time intervals where the RV curves are available. The yellow
rectangles correspond to high-amplitude RV curves (B and E epochs),
while grey regions indicate epochs where small-amplitude RV curves
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Photospheric instabilities in 89 Herculis 933

Figure 7. Top panel: terminal velocity of the H α absorption component.
Bottom panel: EWs of the H α absorption and emission components against
time. Coloured regions indicate time intervals where RV curves are available
(yellow: high-amplitude RV curves, grey: low-amplitude RV curves; see
Fig. 2).

are found (A, C, and D). Small-amplitude RV curves correspond to
phases of decreasing mass-loss rate, while high-amplitude RV curves
are in the correspondence of mass-loss enhancements. This piece of
evidence might suggest that the stellar regions where the absorption
H α component and metal lines are formed, are kinematically linked.

6 SH O RT-T E R M VA R IA B ILITY

6.1 s-process elements

As already mentioned in the Introduction, the interaction between
mass-loss and nebula plays a key role for the understanding of the
chemical abundance in evolved stars. It is commonly understood the
presence of a stable disc necessary to explain the abundance depletion
of refractoriness elements, like those produced via slow neutron-
capture process. In principle, a spectral analysis of s-process elements
could reveal important information about the interaction between
central star and the circumstellar environment (Klochkova 2014).
Indeed, strong asymmetries or splitting were found in spectral lines of
s-process elements. The blue absorption components are associated
with structured circumstellar shells, while the red component can be
related to photospheric layers. The large variability often observed in
such profiles (e.g. Klochkova 2019, and references therein) allows us
to investigate the instability of the extended atmosphere of evolved
stars, characterized by expanding shells of ejected mass and layers
falling back on the stellar surface. These processes lead to an
effective transport into the envelope of matter synthesized in the
previous stage of stellar evolution. Despite its importance, however,
a complete characterization of the morphological variability in s-
process elements lines is still missing.

Table 4. Absorption spectral lines of s-process elements which show
important asymmetries and splitting.

λteo El Ei Ef

(Å) (eV) (eV)

4883.682 Y II 1.08 3.62
4900.118 Y II 1.03 3.56
5087.418 Y II 1.08 3.52
5123.209 Y II 0.99 3.41
4554.033 Ba II 0.00 2.72
5853.675 Ba II 0.60 2.72
6141.713 Ba II 0.70 2.72
6496.898 Ba II 0.60 2.51

Note. Wavelengths and involved level energies are from NIST data base.

89 Her is found to be underabundant in s-process elements (Kipper
2011) and it has a stable circumbinary disc with an infrared excess
compatible with the presence of dusty components (Hillen et al.
2013). These evidences, together with the long-term atmospheric
instabilities reported in the previous sections, make this system a
promising candidate for investigating the processes just described.
To find out any possible evidence of such processes, we have
analysed the line morphologies in the high-resolution spectra of 89
Her. The photospheric metallic lines present slight asymmetries that
are compatible with the convective velocities characteristics of the
spectral type of the star (Gray 1982). In contrast, we have found
that all lines of s-process elements with low (i.e. ≤1 eV) excitation
energies of the lower level show strong asymmetry or splitting and,
more important, time variability. The list of such elements is reported
in Table 4 while an example of the line morphologies is shown in
Fig. 8. Such figure suggests that the variability in the line shape of
the s-process elements could be associated with the orbital period of
the system.

We focus now our analysis on the Ba II line profiles at 6141.713 and
6496.898 Å, whose components present the largest separation and
amplitude of variability. At this purpose, we performed a Gaussian
decomposition of such lines. For each profile, we have first identified
the photospheric contribution as well as the possible contamination
of other photospheric or telluric lines. Fig. 9 shows a comparison
between the observed profiles and the synthetic ones. The latter have
been computed with the photospheric parameters and abundances
found by Kipper (2011). In the case of Ba II 6141.713 Å, we found
that the profile is contaminated by a weak line of Si I at 6142.487
Å, while the Ba II 6496.898 Å line is blended with three telluric
lines of H2O at 6495.862, 6497.50, and 6497.594 Å. We have then
characterized all these contributions before performing the Gaussian
decomposition.

6.1.1 Photospheric contributions

The position of the photospheric lines within the morphologies to be
fitted can be fixed from the RV calculated in Section 4. In principle, in
stars with extended and pulsating photospheres, different lines may
have different velocities (e.g. Kraus et al. 2019). To fit these two Ba II

lines and the associated Si I line, we first investigated the unblended
and unsplitted lines of Ba II 4554.033 and Si I 5948.541 Å. RVs
measurements have been carried out following the centre-of-gravity
method (Kochukhov & Ryabchikova 2001). As shown in Fig. 10,
we found that the obtained RV curves are compatible, within errors,
with those reported in Section 4. We have then fixed the positions of
the photospheric lines following the RV curve of Section 4.
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934 M. Gangi et al.

Figure 8. Observed Ba II and Y II line profiles for a representative subsample of our data, vertically shifted for a better visualization. Profiles are corrected for
the RV of the star and ordered according to the orbital phase. Green and red points indicate the contamination from telluric and emission lines, respectively.

Figure 9. Ba II 6141.713- and 6496.898-Å line profiles (black). The solid
(red) continuum represents the synthetic profiles computed with SYNTHE

(Kurucz 1993) adopting the photospheric parameters and abundances by
Kipper (2011). The green lines mark the position of H2O telluric components.
Data were acquired with ESPaDOnS on HJD 53961.777.

The full width at half-maximum (FWHM) of the photospheric
profiles can be fixed by considering (i) the mean microturbulence
velocity vt = 6.7 ± 0.3 km s−1 for ionized species and vt = 3.7 ± 0.9
km s−1 for neutral atoms (Kipper 2011), (ii) the rotational velocity
v sin i = 23 km s−1 (Hoffleit & Jaschek 1991), (iii) the instrumental
broadening. Considering all of these contributions, we have then
adopted FWHM = 0.56 and 0.49 Å for the Ba II and the Si I

components, respectively.
Finally, line strengths can be difficult to estimate. In the case of

Si I 6142.487 Å, the abundance reported by Kipper (2011) led to a
good fit of the profile (Fig. 9). In contrast, for Ba II, the obtained
depth may exceed that of the profile. The photospheric abundance of
Ba II is then overestimated: This is due to the fact that the EWs of
Ba II have important non-photospheric contributions. We have then
fixed the abundance of Si I to match the observed line strength, while
for Ba II, we set the line strength as a free parameter in the Gaussian
decomposition.

6.1.2 Telluric contributions

As already mentioned, the Ba II line profile contains three telluric
lines of H2O at 6495.862, 6497.50, and 6497.594 Å (Moore, Min-
naert & Houtgast 1966).

To subtract these contributions, we have fixed the position and the
FWHM considering the heliocentric velocity and the instrumental
broadening respectively. The depth of the lines were computed in the
Gaussian decomposition.
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Photospheric instabilities in 89 Herculis 935

Figure 10. As measured from Ba II 4554.033- (top panel) and the Si I

5948.541-Å (bottom panel) lines, RVs are plotted according to orbital phase.
Theoretical curves, computed with the orbital parameters reported in Table 2,
are superimposed.

6.1.3 Gaussian decomposition and results

Gaussian decomposition was performed adopting a line-fitting IDL
procedure developed in a previous work to fit multicomponent
optical/infrared spectra (Gangi et al. 2020). This procedure is based
on χ2 minimization and provides, for each component, width, peak
velocity, and peak intensity values. Errors were statistically estimated
as the variation in the parameters that increases by 1 the χ2 value.
The total number of components was determined as the minimum
number of Gaussians that yields a χ2 stable at 20 per cent of
its minimum value. In addition to the photospheric and telluric
components already mentioned, and for which we have fixed all the
parameters except the intensities of the photospheric Ba II and telluric
lines, we found that four other components are necessary to fit the
variable Ba II 6141.713- and 6496.898-Å line profiles. Therefore,
the fitting procedure determine three parameters for each of the
four components and the intensities of the photospheric Ba II and
of the telluric contributions. Fig. 11 shows an example of the fit
for a representative subsample of CAOS data. Despite the periodic
variability in RV, two of the four components, hereafter component 0
and 1, were found always redshifted with respect to the photospheric
contribution, while the other two, the components 2 and 3, were
found blueshifted.

Fig. 12 reports the fitted values against the orbital period. Data
were divided in the epochs E (2012–2018) and D (2003–2010),
to point out any possible different behaviour similar to what was
discussed in Section 4. EWs are given by Gaussian-function areas,
while peak velocities were subtracted from the photospheric RVs. In
this ways, the vp of the four components represent the net velocity
with respect to the photosphere of the star. In general, we note that:

(i) vp and EWs show a well-defined variability with the orbital
period of the system. The EW variability is mainly due to strength
changes, since we did not find any significant variation in the width
of the components.

(ii) There is no appreciable difference in the behaviour of the fitted
parameters between epochs E and D.

(iii) Compared with other components, the vp and EWs of com-
ponent 0 show little significant variability.

(iv) The velocity curves show always positive (redshifted) values
for the components 0 and 1 and always negative (blueshifted) values
for components 2 and 3.

(v) The velocity curves are in phase each other, while they show
an ∼ 0.5 phase difference with the binary RV curve (Fig. 2).

(vi) The EWs curves of component 1 are opposite in phase with
respect to those of components 3 and 4.

6.2 Metal emission lines

89 Her is known to show numerous permitted low-excitation metal
lines in emission (Sargent & Osmer 1969; Climenhaga et al. 1987;
Kipper 2011). Previous works have suggested that the presence of
these lines is a proof of collisionally excited interaction between
the stellar wind and the circumbinary disc. In addition, some of
these lines present linear polarization that can be explained through
Thomson scattering in a circumbinary disc of radius R < 10 AU

(Leone et al. 2018; Gangi & Leone 2019). Such lines could be then
considered as a good tracer for investigating possible interaction
between the central object and the closer circumstellar regions.

The emission lines in the optical spectra of 89 Her are quite narrow,
showing widths between 8 and 12 km s−1 that significantly exceeds
only the width of the ESPaDOnS instrumental profile (σ ∼ 4 km
s−1), if we exclude the single HARPS spectrum. For this reason,
we limit our analysis to the ESPaDOnS data subsample, which are
almost all from region D.

We have selected transition of metallic lines whose profiles have
the highest signal-to-noise ratio (S/N), no blending with other
emission or absorption lines and no contamination with telluric lines.
We have thus selected 32 lines and, for each orbital phase, we have
measured the peak velocity vp, EW, and FWHM with a Gaussian fit.
The FWHMs were deconvolved by the instrumental width assuming
a Gaussian profile. We have found that vp values are variable with
the orbital period of the system, thus indicating that the regions
producing the emission are affected by the orbital dynamics, while
EWs and FWHMs do not show any appreciable variability. The line
list and the average vp, EWs, and FWHMs values are reported in
Table A1.

Looking at the RVs, we have found that the amplitude of the curves
kem is smaller than that measured for the photospheric absorption
lines and strongly dependent on the energy of the upper-level
transitions Eup (Fig. 13). We then measured the semi-amplitude of
the RV curves kem with a sinusoidal fit of the data, averaging RV
values corresponding to lines whose upper energies differ for less
than 0.02 eV, to further increase the S/N. Fig. 14 shows the strong
correlation found between Eup and kem. The semi-amplitude of the
RV curves scales linearly with Eup and a change in the slope at
energies Eup < 3 eV is also observed. Fig. 15 (top panel) reports the
average velocity γem calculated from the sinusoidal fit against Eup.
A slight linear increase of about 1 km s−1 is observed going towards
higher Eup. Values corresponding at Eup > 3 eV are compatible,
within errors, with the systemic velocity (γ = −28.5 ± 0.5). Fig. 15
(bottom panel) shows the RV curves phase difference 	φ between
emission and photospheric lines. A constant 	φ = 10◦ is observed
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936 M. Gangi et al.

Figure 11. Example of CAOS-Ba II line profiles (continuum black) decomposed with Gaussian components (blue dashed: photospheric, black dashed:
circumstellar, green dashed: telluric). The solid (red) continuum is the sum of the components. Each panel is labelled with orbital phase.

Figure 12. Gaussian decomposition parameters best matching the Ba II 6141.713- (top panels) and Ba II 6496.898-Å, lines, folded with the orbital ephemeris
given in Table 2.
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Photospheric instabilities in 89 Herculis 937

Figure 13. RV measurements for a representative subsample of emission
lines, plotted according to the orbital phase and vertically shifted for a better
visualization. The amplitude of the variations increases with increasing energy
of the upper-level transition (labelled in the figure for each curve). Sinusoidal
fit (in red) are also plotted.

Figure 14. Semi-amplitude of the velocity curves Kem of emission lines
plotted against the upper-level transition energies Eup. Linear fits are reported
in blue lines.

in lines with Eup > 3 eV while a large variation up to 	φ ∼ 40◦ is
found for Eup < 3 eV.

7 D ISCUSSION

In the following, we discuss the obtained results in terms of long-term
(i.e. in time-scale τ greater than the orbital period P) and short-term
(i.e. with τ � P) variations.

7.1 Long-term variations

We have found long-term variations in the optical spectra of 89
Her, in terms of RV curves and H α line morphology. In particular,

Figure 15. Top panel: average velocity γem plotted against the upper level
transition energies Eup. Horizontal dashed line represents the value of the
systemic velocity γ of the system. Bottom panel: RV curves phase difference
between emission and photospheric lines (	φ = φem − φabs).

a correlation between the RV amplitude and the H α EWabs might
suggest a common origin.

To better support this scenario, we also looked at possible long-
term variations in the brightness of the source. Fig. 16 shows the
time series of available magnitude Vmag of 89 Her as measured by
the American Association of Variable Star Observers (AAVSO). As
already reported in previously works, short-term variations up to
∼ 0.2 mag are ascribable to the pulsational and binary nature of
the system. Looking at the bottom panel of Fig. 16, in the years
2004/2011 (epoch D), there is a slightly constant increase in the
Vmag up to ∼0.06 mag, while in the years 2012/2020 (epoch E), a
constant decrease is observed. Therefore, it would appear that, at
least for periods D and E, there is a correlation between H α EWabs,
RV amplitude, and stellar brightness.

In the following, we discuss two possible scenarios.

7.1.1 Orbital wobbling

As discussed in Section 4.2, the observed RV amplitude modulation
could be compatible with an orbital wobbling. Focusing in particular
to the epochs D and E, we found that a variation of the orbital disc
inclination of about 10◦ would lead to the observed increase in the RV
amplitude. In this scenario, the behaviour of the H α EWabs could
be understood in terms of misalignment between the axis of the
expanding hour-glass structure, supposed to be perpendicular to the
orbital plane, and the LoS direction. When the hour-glass structure
is aligned with the observer direction, the terminal velocity v∞ of the
H α absorption component reaches the maximum value, while as the
misalignment increases, the LoS intercepts only the upper edges of
the jet, with a slower expansion velocity.

We have found that epoch D is characterized by an important
decrease in the v∞ of the H α absorption component from about −250
s−1 to about −100 km s−1, while epoch E starts with a minimum value
of v∞ of about −70 km s−1 that increases up to about −190 km s−1

(Fig. 7). In this context, we could suppose that during epoch D, the
orbital plane inclination, with a medium value of about 10◦, increases
up to a certain maximum value corresponding to the beginning of
epoch E. The latter would be then characterized by decreasing orbital
plane inclination with a medium value of about 20◦.
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Figure 16. Visual magnitude of 89 Her as measured by AAVSO during the years 1990–2003 (top panel) and 2004–2020 (bottom panel). The minimum of the
luminosity around JD = 2456 000 is coincident with the H α minimum.

However, this scenario would be not compatible with the trend of
the visual photometry reported in Fig. 16. Indeed, we would expect
an increase in the brightness of the source during epoch D because
it would be less obscured from the optically thick expanding shell,
and an increase during epoch E. Instead, an opposite behaviour is
observed.

7.1.2 Recursive mass-ejection events

Alternatively, the observed variations in the blueshifted absorption
component of the P Cygni-like H α profile might suggest the
existence of recursive mass-ejection events occurring every ∼5000 d
(i.e. ∼13.7 yr). Considering the geometry of the circumstellar
environment, with a circumbinary dusty disc and an expanding hour-
glass structure, it is highly probable that during the an ‘eruptive’ event
the material is ejected along the direction of the hour-glass axis. In the
subsequent ‘relaxation’ phase, the optically thick ejected shell would
be dispersed in the circumstellar environment, becoming less dense
and no more visible as a blueshifted absorption component. Indeed,
the H α line never shows an inverse P Cygni profile, indicating that
an infall phase of the ejected material does not occur.

In such a scenario, the correlation between H α EWabs and the
RV amplitudes could be explained in terms of dynamics within the
extended atmosphere of the star and the RV amplitude variations
would no longer be related with the binary orbital parameters.
Indeed, during the ‘eruptive’ event, atmospheric velocity gradient
perturbations could cause an expansion of the stellar atmosphere that,
persisting for a time interval greater than the orbital period, would
leads to an increase in the amplitude of the RV curve. In contrast, the
‘relaxation’ phase would be characterized by a compression of the
atmosphere with a decrease in the RV amplitude curve. In addition,
the fact that the asymmetry of the photospheric absorption lines
does not shows any appreciable variability between the eruptive and
relaxation phases (see Fig. 4) might also suggest that such expansion
is not limited to the upper layers of the photosphere.

Finally, a variation of the emitting surface due to the photospheric
expansion or compression would lead to a variation of the stellar
brightness in line with the behaviour reported in Fig. 16.

Atmospheric eruptive episodes of mass-loss are known among
evolved and massive yellow hypergiants with observed time-scales
of one to a few decades (e.g. van Genderen et al. 2019). Such episodes
are characterized by very strong mass-loss rates that can reach values
of the order of 10−2 M� yr−1, as predicted by hydrodynamical
models (Tuchman, Sack & Barkat 1978; Stothers 1999). An example
is provided by the yellow hypergiant star ρ Cas, where the mass-
loss rate estimated during the mass-ejection episode in the years
2000/2001 amounted to ∼3 × 10−2 M� yr−1 (Lobel et al. 2003) and
a new episode of mass-ejection was registered ∼12 yr later (Kraus
et al. 2019), a result in line with the predictions. Similar results have
also been predicted for more evolved and lower mass (i.e. M < M�)
stars, like the AGBs (e.g. Wood 1974).

The time interval between the two supposed episodes of mass-
loss in 89 Her would appears to be compatible with that observed
and predicted for massive yellow hypergiants and AGBs. Despite the
important differences in the amount of mass-loss, this scenario might
suggests a possible similarity in the underlying physics for these
kinds of processes, providing a link between the late evolutionary
phases of stars and PNe formation.

7.2 Short-term variations

We have found variations in the spectra of 89 Herculis that cover
time-scales compatible with the orbital period of the system, for
which we refer to as short-term variations.

The first of these concerns the morphological variability in the
lines corresponding to s-process elements, in terms of strong blue-
wing asymmetries or splitting. Focusing to the Ba II at 6141.713
and 6496.898 Å, a Gaussian-function decomposition allowed us
to identify, for each profile, four components having vp and EWs
variable with the orbital period of the system. These components
could identify shells of processed material that is moving with respect
to the star. In this scenario, the behaviour of the peak velocity shown
in Fig. 12 suggests that the absorption components 2 and 3 may
represent ejected shells that are moving toward us, and that their
dynamics is affected by the orbital motion of the system. In contrast,
components 0 and 1 are representative of infalling material. The
lower variability seen in the component 0 may also suggest that the
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location of the corresponding shell is far away from the central star
and it is then not very influenced by the orbital dynamics. This idea
is also supported by looking at the behaviour of v0 of the 6496.898-Å
line profile during the epoch D (2004–2010) and E (2014–2018): The
slight increase in amplitude in the epoch E suggests that the position
of the infalling shell is now close to the system and therefore is
more affected by orbital motion. In addition, the phase differences
between the binary RV curve and the Ba II RV components of about
0.5 P suggest that such circumstellar components are subjected to the
orbital motion of the secondary star. Finally, the behaviour of the EWs
may be explained in terms of geometrical effects, if inhomogeneities
within the shells exist.

These kind of splitting have already been observed in evolved
stars, although their temporal variability has never been completely
investigated. In the already mentioned case of the hypergiant ρ Cas,
the variability observed in the splitting of the strong Ba II 6141-Å line
was associated with the one decade cadence kinematic instabilities
of the upper atmospheric layers (Klochkova 2019). In our case, we
do not see any correlation between splitting variability of s-process
elements and the long-term changes of the star.

The second kind of short-term variations we found is related to
the kinematic of the metal lines in emission, which show RV curves
variable with the orbital period of the system. The most relevant
observed evidence is the dependence of the amplitude of the RV
curves with the energy of the upper level transition. This may suggest
that the regions producing the emission are not stationary with respect
to the photosphere of the primary component and that lines are
formed in regions with different sizes. Indeed, lines corresponding
to higher Eup could form in regions close to the star, thus becoming
more influenced by the binary motion, while those with lower Eup

could form in larger regions and thus be no more strongly subjected
to the binary orbit.

The behaviour of γem and 	φ observed in Fig. 15 may be an
indication of the presence of a complex structure and dynamics within
the close circumstellar disc. Indeed, the slight increase toward low
Eup of the γem velocity may suggest the decrease in the expanding
velocity from the inner to the outer regions. In particular, by
subtracting the systemic velocity of the system (γ = −28.5 ± 0.5), it
seems that external regions of the disc may fall in toward the internal
regions. The phase shift between the emission and the absorption
photospheric lines is of about 12◦ for lines with Eup > 3eV, while it
increase up to ∼40◦ for lines with Eup < 3eV. This behaviour may be
explained if the structure of the disc present some type of large-scale
asymmetries that lead to regions of enhancement emission located at
different angles respect to the direction of the semi-major axis of the
binary orbit. Such a scenario, however, needs further high-quality
data and suitable models to be better investigated.

8 SU M M A RY A N D C O N C L U S IO N

In this paper, we have presented a long-term optical spectral moni-
toring of the post-AGB binary system 89 Herculis. The main results
of our study can be summarized as follows:

(i) RV curve of the system shows long-term changes, mostly in
amplitude. Such variations cannot be related to long-term cycle-to-
cycle pulsation variations, presence of a third body in a hierarchical
triple-star system and mass transfer between the two components
of the system, but they can be compatible with an orbital plane
wobbling.

(ii) The P Cygni-like H α profile shows long-term changes with
important increases in the EWs of the blueshifted absorption compo-

nent in a time interval of about 5000 d. This variability is correlated
with that seen in the amplitudes of the RV curves, with high RV
amplitude corresponding to increasing EWs.

(iii) Two different scenarios are proposed to explain the above
pieces of evidence: (i) The RV amplitude modulation is due to
orbital plane wobbling and the H α EWabs variations are interpreted in
terms of misalignment between the axis of the hour-glass structure,
perpendicular to the orbital plane, and the LoS; and (ii) the RV
amplitude modulation is due to velocity photospheric perturbations
that are associated with recursive mass-ejection episodes that explain
the H α EWabs variations.

(iv) Absorption lines corresponding to s-process elements show
important asymmetries or splitting. The splitting observed in the
Ba II 6141.713- and 6496.898-Å line profiles could be explained by
four shell components, two expanding and two infalling, subject to
the orbital motion of the secondary star. No long-term effects are
observed.

(v) Metal lines in emission show RV variations according to the
orbital period of the system with amplitudes proportional to the upper
energy level Eup of the transition. A complex dynamics, in term of
falling-in material and large-scale disc asymmetries, may also be
present.

Our results highlight the importance of high-resolution spec-
troscopy over a wide temporal range to study the interaction between
photospheric instabilities and dynamics in the close envelopes of
evolved stars. At the same time, we note the need for suitable
theoretical models able to correctly interpret the observational
evidences.
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Table A1. Emission-line parameters.

λteo El Elow Eup vp FWHM EW
(Å) (eV) (eV) (km s−1) (km s−1) (mÅ)

4102.936 Si I 1.91 4.93 −27.95 ± 0.12 11.19 ± 1.30 48.43 ± 6.50
4976.326 Ni I 1.68 4.17 −27.83 ± 0.25 9.35 ± 1.06 9.69 ± 0.99
5839.760 Ti I 1.46 3.58 −28.36 ± 0.46 9.36 ± 2.56 4.31 ± 0.84
5846.994 Ni I 1.68 3.80 −28.07 ± 0.17 10.28 ± 0.78 18.10 ± 1.02
5866.449 Ti I 1.07 3.18 −27.86 ± 0.16 9.13 ± 0.57 19.08 ± 1.07
6007.310 Ni I 1.68 3.74 −27.34 ± 0.11 8.75 ± 0.99 23.43 ± 3.08
6108.120 Ni I 1.68 3.70 −28.56 ± 0.05 10.75 ± 0.66 66.26 ± 3.62
6572.780 Ca I 0.00 1.88 −27.37 ± 0.12 8.79 ± 0.72 32.83 ± 3.58
6574.228 Fe I 0.99 2.87 −27.88 ± 0.07 9.89 ± 0.28 53.37 ± 1.56
6743.119 Ti I 0.90 2.74 −27.11 ± 0.06 10.25 ± 0.48 70.35 ± 3.32
6771.030 Co I 1.88 3.71 −27.86 ± 0.23 12.06 ± 1.33 25.34 ± 2.44
7052.890 Co I 1.96 3.71 −28.93 ± 0.06 12.07 ± 0.91 56.44 ± 2.52
7138.903 Ti I 1.44 3.18 −27.97 ± 0.13 9.14 ± 1.18 20.56 ± 1.61
7216.182 Ti I 1.44 3.16 −27.15 ± 0.18 8.27 ± 0.89 18.53 ± 1.45
7385.240 Ni I 2.74 4.42 −28.67 ± 0.12 10.02 ± 0.88 35.15 ± 2.08
7714.320 Ni I 1.93 3.54 −28.63 ± 0.07 9.68 ± 0.60 85.90 ± 4.08
7788.940 Ni I 1.95 3.54 −28.80 ± 0.09 9.94 ± 0.66 70.98 ± 2.93
8047.618 Fe I 0.86 2.39 −28.04 ± 0.05 10.38 ± 0.50 157.94 ± 5.89
8204.102 Fe I 0.91 2.42 −27.67 ± 0.13 8.82 ± 0.76 38.22 ± 2.65
8364.237 Ti I 0.83 2.31 −27.50 ± 0.14 6.96 ± 0.59 27.75 ± 2.08
8365.633 Fe I 3.25 4.73 −28.49 ± 0.36 8.46 ± 1.26 14.11 ± 1.96
8412.356 Ti I 0.81 2.29 −27.71 ± 0.11 8.34 ± 0.56 48.80 ± 2.63
8434.959 Ti I 0.85 2.32 −27.76 ± 0.28 8.28 ± 0.69 53.84 ± 6.28
8435.650 Ti I 0.84 2.30 −27.62 ± 0.07 8.30 ± 0.45 56.92 ± 4.79
8442.970 Ti I 2.16 3.87 −27.33 ± 0.20 7.53 ± 0.86 19.82 ± 1.92
8450.890 Ti I 2.25 3.71 −28.73 ± 0.15 8.31 ± 0.69 32.12 ± 2.75
8494.448 Ti I 1.74 3.20 −28.06 ± 0.19 11.24 ± 0.97 31.54 ± 3.96
8518.352 Ti I 1.88 3.33 −28.07 ± 0.10 9.75 ± 0.79 78.44 ± 3.04
8548.088 TiI 1.87 3.32 −27.77 ± 0.07 9.53 ± 0.65 90.55 ± 4.35
8565.488 Ti I 1.74 3.19 −27.25 ± 0.28 7.35 ± 1.21 12.46 ± 1.78
8757.187 Fe I 2.84 4.26 −28.38 ± 0.10 9.08 ± 0.96 36.48 ± 2.42
9675.547 Ti I 0.84 2.12 −27.46 ± 0.15 9.08 ± 0.71 69.18 ± 4.79

Notes. For each transition, the identifications (i.e. theoretical wavelength, element, lower- and upper-level
energy) and the average kinetic parameters (i.e. peak velocity, full width at half-maximum, FWHM, and
equivalent width, EW) are reported. FWHM are corrected for the instrumental broadening.
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