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ABSTRACT
Pulsating and non-pulsating asymptotic giant branch (AGB) stars exhibit a variable near-
ultraviolet (near-UV) spectrum, which suggest that mechanisms other than pulsation may
affect their near-UV spectrum. In this work, we analyse the near-UV spectra of two groups of
AGB stars: (1) regularly pulsating and (2) irregular, small-amplitude stars. Near-UV and blue
spectra were obtained for 27 stars distributed into these two groups with the Isaac Newton
Telescope (La Palma, Spain). Additional near-UV spectra were taken from the IUE library.
The occurrence of Fe II lines depends mainly on the intensity of the stellar continuum: as it
increases, Fe II lines are gradually hampered. Balmer emission lines are pulsation driven, as
they appear only among the large-amplitude pulsating stars of our sample, between −0.10 < φ

< 0.50. Among the regularly pulsating stars, the intensity of the Mg II λ2800 doublet is driven
by pulsation, with its maximum between 0.20 < φ < 0.35. On the other hand, this feature
is also highly variable among small-amplitude, irregularly pulsating stars. This suggests that,
besides pulsation, other mechanisms may participate in the formation of this line. The spectral
slope between 3000 < λ(Å)<3200 is approximately constant among small-amplitude stars,
but it shows a strong correlation with the phase of the pulsation in the other group, which
indicates that the origin of the continuum is chromospheric. Different phase lags between
the Mg II λ2800 and the slope of the continuum suggests that this line and its neighbouring
continuum might be formed in distinct places in the chromosphere or its surroundings.

Key words: stars: AGB and post-AGB – binaries: general – circumstellar matter – ultraviolet:
stars.

1 IN T RO D U C T I O N

Asymptotic giant branch (AGB) stars show a variety of features
in their ultraviolet (UV) spectra, and various mechanisms have
been proposed to explain their characteristics. The IUE satellite
(Sonneborn et al. 1987) revealed a multitude of metallic emission
lines, especially Fe II (Carpenter & Wing 1979) between 1200
and 3200 Å. AGB stars with intense far-UV emission and high-
excitation emission lines have been suggested to be binaries (Sahai
et al. 2008, 2018; Ortiz & Guerrero 2016), whereas the correlation
between the NUV GALEX magnitude and the visual light curve of
Mira-type stars indicates that their near-UV emission follows the
stellar pulsation and is thus ‘intrinsic’ to the star (Montez et al.
2017).

The majority of the near-UV emission lines are collisionally
excited and stellar pulsation has been suggested as the main
mechanism of excitation of metallic ions, with shock waves prop-
agating from the bottom of the chromosphere upwards (Judge &
Jordan 1991; Judge & Cuntz 1993). Schrijver (1987) noticed
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that there might be two distinct mechanisms responsible for the
chromospheric heating: (1) a basal component, fundamentally non-
magnetic, which depends only on fundamental stellar parameters,
such as effective temperature and gravity, and (2) a ‘magnetic’
component, which depends on the stellar rotation and the properties
of convection zones. The matter is controversial, and eventually
Judge & Carpenter (1998) demonstrated that acoustic heating
mechanisms, i.e. non-magnetic, are not able to produce the chro-
mospheric heating necessary to explain the observed UV flux.

The UV emission of AGB stars is highly variable, and to date
only Mira-type variables have been analysed in detail (Fox, Wood &
Dopita 1984; Johnson & Luttermoser 1987; Wood & Karovska
2000; Montez et al. 2017), whereas a significant fraction of AGB
stars are irregulars or small-amplitude pulsators. The slope of the
near-UV continuum of AGB stars between 3000 and 3200 Å and the
intensity of the Mg II λ2800 doublet has been recently analysed by
Ortiz, Guerrero & Costa (2019): three non-regularly pulsating stars
(BD Cam, TW Hor, and TX Psc) shows the F3200/F3000 flux ratio
to be anticorrelated with the intensity of the Mg II λ2800 doublet,
whereas the Mira o Cet shows additionally that the minimum of the
F3200/F3000 flux ratio occurs approximately at the same phase as the
intensity of the Mg II λ2800 doublet peaks.
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Pulsation and the UV spectrum of AGB stars 681

Table 1. Regular and irregularly pulsating AGB stars observed in this study and their spectral characteristics. Visual magnitudes have been extracted from
Samus et al. (2017) and the AAVSO light curves. An asterisk (∗) after the name marks the stars previously observed by Ortiz et al. (2019).

Name Class. Period Spectral type Visual mag. Emission lines

Regularly pulsating:
R And M 409d S3.5e−S8.8e 15.2–5.8 Fe II,Fe I, H16, H15, H14, H13, H12, H11, H10, H9, H7, H6, Hε, Hδ, Hγ

UX And SRb 350d M6 III 9.9–8.2 Fe II

W Aqr∗ M 376d M6−M8e 15.2–8.3 Hδ

Y Aqr M 382d M6.5−M9e 15.5–8.1 Fe II, H16, H15, H13, H9, H8, H7, H6, Hδ, Hγ

VX Aur M 326d M5e 13.1–8.0 Fe II

R Cas M 433d M6e−M10e 13.5–4.4 Fe II, Fe I, H16, H15, H13, H9, H8, H7, H6, Hδ, Hγ

V Cas M 230d M5e−M8.5e 13.4–6.4 Fe II, Fe I, H13, H12, H11, H10, H9, H8, H7, H6, Hε, Hδ, Hγ

o Cet∗ M 332d M5−M9e 10.1–2.0 Fe II

R Cet M 166d M4−M9e 14.0–7.2 Fe II, H16, H15, H14, H13, H11, H10, H9, H8, H7, H6, Hδ, Hγ

T Cet∗ SRc 159d M5–6IIIe 6.9–5.0 Fe II, H9, H7, H6, Hδ

Y Lyn∗ SRc 110d M6SIbII 10.3–7.8 Fe II

R Sgr M 270d M4e−M6e 12.8–6.7 Fe II, H17, H16, H15, H14, H13, H12, H11, H10, H9, H8, H7, H6, Hδ, Hγ

R Tri M 267d M4IIIe−M8e 12.6–5.4 Fe II, Mg I λ4572?
Irregular or non-pulsating:
β And NSV ? M0IIIa 2.1–2.0 Absent
V1472 Aql SR/E 199d? M2.5III 6.6–6.36 Absent
π Aur Lc – M3IIb 4.3–4.2 Fe II

V2012 Cyg SR: ? S3,1 11.2–10.7 Absent
γ Eri Lb: – M0IIIb 3.0–2.9 Absent
η Gem SRa – M2IIIa 3.9–3.2 Absent
μ Gem Lb – M3IIIab 3.0–2.8 Fe II

106 Her SR: ? M1III 5.0–4.9 Absent
β Peg Lb – M2.5II-III 2.7–2.3 Fe II

HR Peg SRb 50d? S4 6.5–6.1 Fe II

55 Peg ? ? M1IIIab 4.6–4.5 Absent
ρ Per SRb 50d? M4IIIa 4.0–3.3 Fe II

TX Psc∗ Lb – C7.2 5.2–4.8 Absent
μ UMa E: ? M0III 3.3–3.0 Absent

In this work, we address the effect of pulsation of AGB stars
on their near-UV spectrum. Two groups of AGB stars have been
selected: (1) large-amplitude pulsators with well-defined periods,
and (2) irregular, small-amplitude AGB stars. We compare the slope
of the continuum, the occurrence and strength of the Mg II λ2800
and Fe II emission lines of these two groups, based on ground-based
and IUE spectra obtained at various epochs.

2 O BSERVATIONS

Blue optical ground-based spectroscopic observations were ob-
tained at the Observatorio de Roque de Los Muchachos (hereafter
ORM), located in La Palma, Spain, for a sample of 27 AGB
stars (Table 1). The sample consists of (1) 13 Mira-type and
semiregular (SR) variables with well-defined periods monitored
by the AAVSO, and (2) 14 irregular or non-regularly pulsating AGB
stars. Five AGB stars, namely W Aqr, o Cet, T Cet, Y Lyn, and
TX Psc, previously observed by Ortiz et al. (2019) were included
in the target list aiming at obtaining spectra at various pulsating
phases.

The observations were obtained on 2018 October 18–24, using
the Intermediate Dispersion Spectrograph (IDS) at the 2.5-m Isaac
Newton Telescope (INT). The instrumental configuration used is the
same as in Ortiz et al. (2019): the 235-mm camera and the EEV10
detector, a thinned EEV42 4280 × 4280 CCD with pixel size 13.5
μm, resulting in a spatial scale of 0.40 arcsec pixel−1. The R1200U
grating was used, providing a spectral dispersion of 0.48 Å pixel−1

and a spectral free range from 3110 to 4680 Å. A slit width of 1.3
arcsec was used in all observations, which corresponds to a spectral

resolution of 1.25 Å. The seeing varied from 1.7 to 3.2 arcsec along
the six-nights observing run.

The spectra were reduced and analysed using standard IRAF

routines1 Standard bias and flat-field corrections were applied. The
spectra were wavelength-calibrated using spectra of a CuNeAr arc
obtained immediately before and after the observation of each target
with the telescope at the same position and flux-calibrated using the
spectra of several standard stars observed each night. Finally, 1D
spectra were extracted.

Near-UV spectra were downloaded from the International Ul-
traviolet Explorer (IUE) from the INES webpage hosted at the
Astronomical Data Centre at CAB (INTA-CSIC)2 to assess the UV
properties of the AGB stars in our sample. In spite of the large
amount of IUE data, most spectra of Mira-type stars are affected by
bad pixels and/or suffer from low signal-to-noise ratio. Good-quality
IUE spectra with well-sorted temporal series were only available
for four regularly pulsating (o Cet, R Car, R Leo, and S Car) and five
irregular (β And, μ Gem, β Peg, ρ Per, and TX Psc) AGB stars. The
data are spread over a period between 7 (R Leo) and 15 yr (o Cet).

3 SPECTRAL FEATURES I N AG B STA RS

An inspection of the 1D IDS spectra in the blue region of the visible
and IUE spectra of the AGB stars reveals the presence of different

1IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy,
Inc., under contract to the National Science Foundation.
2http://sdc.cab.inta-csic.es/
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682 M. Guerrero and R. Ortiz

Figure 1. Number of Balmer emission lines in the spectra of regularly
pulsating AGB stars included in Table 1 and listed by Ortiz et al. (2019).
Triangles correspond to SR stars and circles to Mira-type variables.

spectral features, including H I Balmer, Fe I, and Fe II emission lines
in the optical (Table 1), and near-UV continuum emission and Mg II

λ2800 emission lines in the UV. The occurrence of these spectral
features among different types of AGB stars and their variability is
examined next.

3.1 The Balmer series

H I Balmer emission lines are seen in 62 per cent of the regularly
pulsating AGB stars, but they are absent in all irregular AGB stars
(Table 1). This is further illustrated in Fig. 1, showing the number
of Balmer lines detected in the spectrum in the wavelength range
from 3110 to 4680 Å range of stars with sinusoidal light curves
in Table 1, including those observed with the same instrumental
configuration as Ortiz et al. (2019). Although the number of SRs is
smaller than that of Miras, the plot shows that Balmer emission
lines are less common among SRs when compared to Miras.
This difference and the absence of Balmer emission lines among
irregularly pulsating AGB stars support the hypothesis of shock
waves driven by pulsation as the origin of these lines (Fox et al.
1984). Accordingly, the large amplitude pulsation of Miras produces
strong shock waves that excite the Balmer lines, whereas these are
absent among stars with small amplitude pulsations.

Since Fig. 1 only includes objects showing a sinusoidal light
curve, excluding pulsating stars with multiple periods whose pulsa-
tion phase cannot be uniquely determined, it allows us to investigate
the dependence with the pulsation phase of Balmer emission lines
in the spectra of Mira-type stars. These lines begin to appear at
phase φ � −0.1, become strong at φ = 0.1–0.3, and begin to
fade at φ � 0.4. The variability of Balmer emission lines in the
spectra of these stars has been previously investigated by Fox et al.
(1984), Wood & Karovska (2000), Richter & Wood (2001), Ortiz
et al. (2019), and others who observed a relationship between the
intensity and shape of these lines with the pulsation phase. Fox
et al. (1984) point out that all Balmer emission lines have their
intensity strongly decreased by the strong opacity of the stellar

Figure 2. Fe emission lines of o Cet in the near-UV. Top spectrum obtained
at JD = 2458119.4 (Ortiz et al. 2019), corresponding to φ = 0.937 and visual
magnitude mV = 3.5; and bottom spectrum obtained at JD = 2458412.5 (this
work), φ = 0.837 and mV = 8.2. Dotted vertical lines mark the position of
the Fe II lines cited in Table 2.

atmosphere near the light-curve minimum, albeit large differences
in intensity have been observed from cycle to cycle (Crowe &
Garrison 1988). Richter & Wood (2001) observed that the Balmer
lines reach their maximum intensity around φ = −0.1, whilst Fox
et al. (1984) suggest that different Mira-type stars can reach their
maximum at distinct phases, with an average value of φ = 0.0 and
a non-negligible variation (±0.1) around this value. These results
are consistent with those presented in Fig. 1.

3.2 Fe I and Fe II lines

The frequency of occurrence of Fe lines follows similar trend to
that of the Balmer H I lines. Fe II lines are present in the spectrum
of 92 per cent of pulsating AGB stars, but only in 36 per cent
of the non-regularly pulsating. Less frequent are the Fe I lines,
seen only in R And, R Cas, and V Cas, three regularly pulsating
AGB stars. The smaller occurrence of Fe lines among the smaller
amplitude, irregularly pulsating stars can be explained by the
stronger continuum in the near-UV due to their generally earlier
M and MS spectral type (Table 1). Consequently, the intensity of
emission lines redwards of 3000 Å can be strongly influenced by
the intensity of the stellar continuum, and they can even appear
sometimes as absorption features during phases of strong stellar
continuum.

These effects are nicely illustrated by the spectra of o Cet obtained
at two different epochs (Fig. 2), one at JD 2458119.4 near the light-
curve maximum (φ = 0.937; spectrum obtained by Ortiz et al. 2019)
and another one at JD 2458412.5, just after the stellar minimum (φ =
0.837, this work). In late-type stars emission lines can be visible
as the stellar continuum becomes fainter towards the UV. This may
explain the presence of the FeII]λ3177 emission feature observed in
the spectrum of o Cet near its maximum. However, apart from this
feature, other Fe II lines are absent or appear in absorption near the
stellar maximum, whereas these same lines appear in emission near
its minimum.
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Figure 3. Fe emission lines of T Cet. Top: JD = 2458412.5 (φ = 0.956 and
mV = 5.1); and bottom JD = 2458119.3 (φ = 0.119 and mV = 5.4).

The spectra of T Cet, a SRc variable with a period of 159d (Samus
et al. 2017), obtained just before its maximum (φ = 0.956) and at the
post-maximum phase (φ = 0.119, Ortiz et al. 2019) are revealing of
a different aspect of these effects. Emission lines of Fe II are present
in the spectra obtained at these two different epochs (Fig. 3), but
they appear stronger soon after the light-curve maximum, especially
for those at shorter wavelengths. The post/pre-maximum line ratio
R obtained from a comparison between the line intensities given in
Table 2 and in Ortiz et al. (2019) are: R(λ3255) = 3.4, R(λ3277) =
2.6, R(λ3281) = 1.6, R(λ3295) = 1.5, and R(λ3302) = 1.2, i.e.
there is a clear anticorrelation with wavelength. Since all these lines
belong to the same multiplet, this dependence must be caused by
the opacity of the stellar atmosphere.

On the other hand, these effects are not clear in the multi-epoch
spectra of Y Lyn (Fig. 4), another SRc variable with a multiple
period of 110d (Samus et al. 2017), 1400d (Percy, Wilson & Henry
2001), and 214d and 595d (Szatmáry & Vinkó 1992). The spectra
were obtained at phases φ = 0.345 (mV = 7.4, Ortiz et al. 2019),
φ = 0.400 (mV = 7.6), and 0.427 (mV = 7.8), although these
have to be considered only approximate. The AAVSO data show a
general decrease of luminosity after the light-curve maximum at
JD = 2458226, including the epochs of the two latest observations,
suggesting that its visual magnitude might have been more affected

Table 2. Intensity of the Fe II lines detected in the spectra of regularly pulsating AGB stars, in erg s−1cm−2. The epoch of the observation (JD) and phase of
the cycle φ as obtained from the previous maximum in AAVSO light curves are provided.

Name R And UX And W Aqr Y Aqr VX Aur R Cas V Cas o Cet
JD 2458412.6 2458412.6 2458410.4 2458412.4 2458415.7 2458410.5 2458410.4 2458412.5
φ 0.220 0.177 0.798 0.058 0.515 0.259 0.270 0.837

λ3227 4.279 × 10−14 . . . . . . . . . . . . . . . . . . . . .
λ3255 1.206 × 10−13 1.531 × 10−14 . . . 3.126 × 10−15 . . . . . . . . . 4.417 × 10−14

λ3277 5.515 × 10−13 2.441 × 10−14 . . . . . . 3.206 × 10−15 . . . 4.460 × 10−14 6.465 × 10−14

λ3281 3.446 × 10−13 7.636 × 10−15 . . . . . . 3.113 × 10−15 . . . 2.249 × 10−14 2.653 × 10−14

λ3295 1.814 × 10−13 5.615 × 10−15 . . . 3.242 × 10−15 . . . . . . 1.553 × 10−14 . . .
λ3302 2.090 × 10−13 . . . . . . . . . . . . . . . 3.516 × 1014 . . .
λ3314 8.417 × 10−14 . . . . . . . . . . . . . . . 1.083 × 1014 . . .
λ3742 2.443 × 10−13 . . . . . . . . . . . . . . . . . . . . .
λ3906 8.275 × 10−13 . . . . . . 2.290 × 10−14 . . . 1.320 × 10−12 1.260 × 10−13 . . .
λ3938 1.280 × 10−13 . . . . . . . . . . . . . . . 6.988 × 10−14 . . .
λ4138 2.840 × 10−13 . . . . . . . . . . . . . . . . . . . . .
λ4178 2.294 × 10−13 . . . . . . . . . . . . . . . . . . . . .
λ4352 3.428 × 10−13 . . . . . . . . . . . . . . . . . . . . .

Name R Cet (1) R Cet (2) T Cet Y Lyn (1) Y Lyn (2) R Sgr R Tri (1) R Tri (2)
JD 2458412.6 2458415.6 2458412.5 2458412.7 2458415.6 2458412.4 2458413.5 2458414.5
φ 0.048 0.066 0.956 0.400 0.427 0.078 0.588 0.592

λ3227 . . . . . . . . . . . . . . . . . . . . . . . .
λ3255 . . . . . . 5.235 × 10−14 1.498 × 10−14 1.825 × 10−14 . . . 1.200 × 10−14 1.562 × 10−14

λ3277 1.771 × 10−14 1.999 × 10−14 3.198 × 10−13 3.919 × 10−14 2.641 × 10−14 . . . 1.727 × 10−14 1.978 × 10−14

λ3281 2.619 × 10−14 2.554 × 10−14 2.869 × 10−13 1.591 × 10−14 1.346 × 10−14 . . . 1.354 × 10−14 7.047 × 10−15

λ3295 2.535 × 10−14 4.598 × 10−14 2.135 × 10−13 2.610 × 10−14 . . . . . . . . . 7.335 × 10−15

λ3302 3.630 × 10−14 3.981 × 10−14 2.271 × 10−13 . . . . . . . . . 6.469 × 10−15 4.921 × 10−15

λ3314 . . . 2.318 × 10−14 2.214 × 10−13 . . . . . . . . . . . . . . .
λ3742 . . . . . . . . . . . . . . . . . . . . . . . .
λ3906 9.458 × 10−13 1.027 × 10−12 . . . . . . . . . 1.263 × 10−13 . . . . . .
λ3938 . . . . . . . . . . . . . . . . . . . . . . . .
λ4138 . . . . . . . . . . . . . . . . . . . . . . . .
λ4178 . . . . . . . . . . . . . . . . . . . . . . . .
λ4352 . . . . . . . . . . . . . . . . . . . . . . . .
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Figure 4. Fe emission lines of Y Lyn. Top: JD = 2458120.5 (φ = 0.345
and mV = 7.4); middle: JD = 2458412.7 (φ = 0.314 and mV = 7.6); and
bottom: JD = 2458415.6 (φ = 0.336 and mV = 7.8).

by this general decline than by its small amplitude stellar pulsation
during the period analysed. A comparison with the intensities given
by Ortiz et al. (2019) shows that the lines of the Fe II(1) multiplet
near λ = 3300 Å have decreased their intensity in the period,
following the general drop in luminosity observed in its light curve.

Finally, we compare the line luminosity (Lλ) of the FeII lines of
pulsating and non-pulsating AGB stars. We define Lλ = 4πd2Fλ,
where d is the distance to the star (by Hipparcos or Gaia) and Fλ

are the line fluxes listed in Tables 2 and 3. In Table 4, we show
the average line luminosities of the FeII λ3227, λ3255, λ3277,
and λ3281 features, for both samples. Considering the standard
deviations, we do not observe a significant difference between the
line luminosities of pulsating and non-pulsating AGB stars.

3.3 The Mg II λ2800 doublet and the near-UV continuum

An inspection of the IUE spectra of the AGB stars in our sample
reveals the presence of continuum emission and Mg II λ2800
emission lines. The Mg II lines are present in all the four regularly
pulsating AGB stars and the five irregular AGB stars. The pulsation
phase at the epoch of the observations was determined from the
AAVSO data base.3 Fig. 5 illustrates the IUE spectra of the four Miras,
obtained approximately at φ � 0.3. The Mg II line is generally the
strongest emission feature and is highly variable. The slope of the
spectra is calculated from the average intensity of the continuum
within two 15-Å wide spectral windows around 3000 and 3200 Å,
which are free from spectral lines. We analyse next the variability of
these UV continuum and Mg II emission lines with pulsation phase
among these two groups of stars.

Figs 6–9 show the intensity of the Mg II λ2800 doublet and the
slope of the continuum between 3000 and 3200 Å as a function of
pulsation phase for the four regularly pulsating AGB stars, namely
o Cet, R Car, R Leo, and S Car. The Mg II feature peaks at phases
between φ = 0.20–0.35 for the four objects (Table 5), in agreement

3The AAVSO, www.aavso.org

with the general behaviour of this feature among pulsating AGB
stars: a maximum at φ = 0.30–0.45 followed by a decrease until it
becomes undetected at φ � 0.7 (Brugel, Willson & Candmos 1986;
Luttermoser 1986; Sanad et al. 2009; Wood & Karovska 2000;
Melikian 2012). As for the slope of the spectrum between 3000
and 3200 Å, the behaviour of S Car (Fig. 9), with a shorter period
(150d, Samus et al. 2017) and smaller light-curve amplitude (∼4m),
differs from that of the classic Miras o Cet, R Car, and R Leo. The
F3200/F3000 flux ratio of the latter has its maximum near φ = 0 and
the minimum near the minimum of the visible light curve, although
this is somewhat uncertain because of the lack of photometric data
near this phase for o Cet and R Leo. Meanwhile, the F3200/F3000 flux
ratio of S Car shows a phase lag of half a period relative to o Cet,
R Car, and R Leo. Although we concluded in Ortiz et al. (2019) that
the intensity of the Mg II λ2800 feature was anticorrelated with the
slope of the near-UV continuum between 3000 and 3200 Å, the
sharp peak revealed at JD 2445852 actually implies this correlation
does not hold for regularly pulsating AGB stars, but it is caused
by various phase lags between these two quantities. Altogether, our
findings suggest that the near-UV continuum and the Mg II line
emission seem to follow distinct regimes.

These results can be compared with some characteristics of the
photosphere, like the visual magnitude and the colour index B − V,
commonly used as a measurement of the (photospheric) stellar tem-
perature. It is well known that the light-curve maximum corresponds
approximately to the maximum photospheric temperature (Reid &
Goldston 2002), which in turn should correspond approximately to
the minimum B − V of the cycle (and vice versa). This dependence
is not well defined for o Cet, but it is for R Leo and most likely
for R Car, in spite of the lack of photometric data near the light-
curve minimum, whereas S Car shows a clear phase lag between
its light-curve minimum (φ = 0.5) and B − V maximum (φ =
0.3). Overall it seems that the B − V colour index and Mg II λ2800
intensity maxima occur almost at the same phase φ � 0.3, which is
not coincident with the light-curve minimum at φ = 0.5.

The F3200/F3000 flux ratios of the non-regularly pulsating AGB
stars β And, μ Gem, β Peg, and ρ Per are shown in Fig. 10. These are
all small-amplitude variables of early-M spectral type (Table 1). In
sharp contrast with the noticeable near-UV spectral slope variations
shown by the large-amplitude variables (Table 5), these stars kept
their near-UV spectral slope nearly constant at F3200/F3000 � 3 in the
period here considered. On the contrary, the intensity of the Mg II

λ2800 doublet varies dramatically, up to a factor ∼8 (in ρ Per), but
this variation does not follow either the flat behaviour of the visual
light curve or the near-UV spectral slope.

The case of the non-regularly pulsating star TX Psc (19 Psc), a
C-rich cool supergiant with R� = 120–293 R� (Lasker, Bracker &
Kunkel 1973; Cruzalèbes et al. 2013) and spectral type C7.2, is
described separately. Near-UV spectra obtained previously (John-
son & Luttermoser 1987; Ortiz et al. 2019) showed a large number
of Fe I and Fe II lines, as well as other low-ionization ions such as
Ca II, Si II, and Al II. However, this object has been detected also in
the far-UV by GALEX and IUE (Ortiz et al. 2019), which indicates
that it might be a binary system (Ortiz & Guerrero 2016), even
though images obtained at high resolution (Ragland et al. 2006;
Cruzalèbes et al. 2013; Hron et al. 2015) cannot confirm binarity.
Recent AAVSO monitoring shows that the amplitude of its visual
light curve is a little higher than that estimated by Samus et al.
(2017): ∼0.7 magnitude. Johnson et al. (1986) noticed that the
Mg II doublet of this star varies up to a factor 8, and the spectra may
show very short time spectral variations (∼1d). Fig. 11 shows that
the F3200/F3000 varies between 6–8, a ratio considerably higher than
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Table 3. Intensity of the Fe II lines detected in the spectra of irregularly pulsating AGB stars, in erg s−1cm−2. Observations were
carried out between JD 2458410 and 2458415.

Wavelength π Aur μ Gem β Peg HR Peg ρ Per
(Å)

λ3227 3.599 × 10−13 1.418 × 10−12 1.569 × 10−12 2.366 × 10−14 1.321 × 10−12

λ3255 2.981 × 10−13 7.029 × 10−13 9.181 × 10−13 2.003 × 10−14 8.952 × 10−13

λ3277 2.141 × 10−13 7.630 × 10−13 1.508 × 10−12 3.261 × 10−14 1.520 × 10−12

λ3281 2.869 × 10−13 7.000 × 10−13 1.378 × 10−12 2.264 × 10−14 9.438 × 10−13

Table 4. Average line luminosity (Lλ, in erg s−1) of common Fe II lines
observed in the spectra of pulsating and non-pulsating AGB stars. N
represents the number of lines considered for each feature, extracted from
Tables 2 and 3.

FeII line Pulsating AGB Non-pulsating AGB
Lλ(×1029erg s−1) N Lλ(×1029erg s−1) N

λ3227 3 1 12 ± 7 5
λ3255 6 ± 5 9 8 ± 6 5
λ3277 13 ± 11 12 10 ± 5 5
λ3281 9 ± 8 12 9 ± 6 5

Figure 5. IUE spectra of four pulsating Miras, taken approximately at the
same phase, φ � 0.3. The grey areas mark the spectral intervals used to
calculate the average flux around 3000 and 3200 Å, eventually used to
obtain the F3200/F3000 ratio. The straight line connect the average intensity
of the continuum at 3000 and 3200 Å.

that observed among other early-M, small-amplitude AGB stars.
The difference is most likely caused by a circumstellar shell around
TX Psc, as the excess in the mid- and far-infrared observed in its
spectral energy distribution is generally attributed to a dust shell
(Eriksson et al. 1986). The strong UV absorption in the spectral
region near the Mg II feature caused by numerous molecules, such
as SiO, CS, and SiS, causes a steep spectral slope between 3000
and 3200 Å.

4 D ISCUSSION

The occurrence and variations of the features in the spectra of AGB
stars described in the previous section can be attributed to stellar

Figure 6. Phase dependence UV and optical properties of o Cet. Different
symbol shapes correspond to different intensity regimes of the Mg II λ2800
feature, i.e. above (circles) or below (triangles) than the reference value
assigned by the dotted line. Top left: Mg II λ2800 doublet intensity; top
right: F3200/F3000 flux ratio; bottom left: visual light curve (AAVSO); and
bottom right: B − V colour index (Celis 1977, 1982).

Figure 7. Same as Fig. 6 for R Car. References for the BV photometry are:
Landolt (1969), Celis (1986), and Bergmann, Livi & Costa (1984).
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Figure 8. Same as Fig. 6 for R Leo. References for the BV photometry are:
Eggen (1967, 1975), and Landolt (1966, 1967, 1968a, b, 1969).

Figure 9. Same as Fig. 6 for S Car. References for the BV photometry are:
Landolt (1968a, 1969), Celis (1982, 1986), and Bergmann et al. (1984).

pulsation or accretion on to a main sequence companion. These two
different mechanisms are discussed next.

4.1 Stellar pulsation

The effects of pulsation on the chromosphere of cool stars were first
identified through the Wilson–Bappu effect (Wilson & Bappu 1957),
where the remarkable correlation between the stellar luminosity
MV and the width of the Ca II H&K doublet is interpreted as a
consequence of the varying chromospheric thickness with stellar
luminosity. Other spectral features, e.g. the Balmer or the Mg II

emission lines, can be expected to be affected by stellar pulsation.

Table 5. Periods (Samus et al. 2017) and amplitudes of the light curves
of the four stars with well-sampled IUE data. The phases (φ) and UV flux
ratios were obtained from Figs 6–9.

Characteristic o Cet R Car R Leo S Car

Period 332d 305d 310d 150d

Amplitude 7.0m 6.5m 6.5m 4.5m

φ(light curve)max 0.0 0.0 0.0 0.0
φ(light curve)min 0.65 0.55 0.60 0.50
φ(B − V)max n.d. ∼0.5 0.5 0.3
φ(B − V)min n.d. 0.0 0.0 0.9
φ(Mg II λ2800)max 0.35 0.25 ∼0.35 0.20
φ(F3200/F3000)max 0.0 0.15 0.05 0.50
φ(F3200/F3000)min 0.5 0.65 0.50 0.00
Maximum F3200/F3000 3.6 6.5 20 6.7
Minimum F3200/F3000 1.2 1.8 1.5 1.0
Max./Min. F3200/F3000 3.0 3.6 13.3 6.7

Figure 10. Intensity of the Mg II doublet and the F3200/F3000 ratio of non-
regularly pulsating AGB stars.

In an optically thin regime, the intensity of the UV continuum
depends mainly on the thickness of the chromosphere and its mean
electron density, which are known to increase as the shock driven
by pulsation increases the chromospheric heating (Ayres 1979).
Therefore, it is highly probable that the spectral slope between
3000 and 3200 Å changes as a result of the stellar pulsation.

Similary, the Fe II lines predominant in the near-UV spectra of
late-type giants (Johnson & Luttermoser 1987) are pumped by
collisional excitation (Wood & Karovska 2000), although Judge &
Jordan (1991) and Judge, Jordan & Feldman (1992) have claimed
that the UV62 and UV63 multiplets (a set of lines between λ =
2700–2770) can be excited also by photons originating from the
stellar photosphere or even by fluorescence photons from the
chromosphere itself. If the Fe II lines were created only in the
chromosphere pumped by shocks propagating from the photosphere
outwards, their intensities would exhibit variations following the
stellar light curve (Crowe & Garrison 1988; Judge & Jordan 1991).
Actually, previous monitorings of Fe II emission lines have shown
that their intensities follow that of the Mg II doublet at λ2800 Å
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Figure 11. Intensity of the Mg II2800 doublet and the F3200/F3000 ratio of
TX Psc, a C-rich, non-regularly pulsating AGB star.

(Wood & Karovska 2000; Ortiz et al. 2019), which suggests that
they might form in the same stellar regions. There are other factors,
however, that influence the intensity of the Fe II lines, such as the
opacity of the stellar atmosphere, which can decrease their intensity
during a part of the cycle.

The results presented in the previous section indeed reveal a
clear correlation between the presence of H I Balmer lines and the
pulsating nature of AGB stars. These lines are basically present
only among large-amplitude, regular pulsators and become far less
frequent among SRs, even during the ‘active’ period, i.e. between
−0.1 < φ < 0.5, when Miras commonly exhibit these lines (Fig. 1).
They are completely absent among irregular, small-amplitude AGB
stars.

These same trends are not as clear for the Fe I and Fe II emission
lines. The SR variable with multiple periods Y Lyn shows that the
intensity of the Fe II(1) multiplet lines varies mainly as a function
of the visual magnitude (Fig. 4), whereas the single-period SRs
with low-amplitude light curves UX And and T Cet exhibit Fe II

lines like most Mira-type variable in Table 1. As the Fe lines show
up preferentially among stars with spectral types later than ∼M3
(Table 1) and at any pulsating phase, it seems that the intensities
of these lines has a more clear dependence with the level of the
UV continuum than with the pulsating nature of the star. These
findings indicate that stellar pulsation drives the formation of
Balmer emission lines, but Fe lines do not necessarily arise in
shocks associated with stellar pulsation.

Stellar pulsation can also be claimed responsible of the variations
of the spectral slope between 3000 and 3200 Å, as these variations
are present in large-amplitude variables, but absent in small-
amplitude, irregular variable AGB stars where pulsation effects
are not significant. This is supported by the periodic changes in
the spectral slope between 3000 and 3200 Å with the visual light
curve, first noticed by Ortiz et al. (2019) in o Cet and confirmed
here for R Car, R Leo, and S Car, providing an explanation for the
correlation between the NUV GALEX magnitude and the visual
light curve reported by Montez et al. (2017).

The relevance of pulsation for the near-UV Mg II doublet would
seem inconclusive, because the line emission is present among both

pulsating and non-pulsating AGB stars. It must be noted, however,
that the intensity of the Mg II λ2800 doublet follows the visual light
curve in the four large-amplitude, regularly pulsating AGB stars
analysed in this work, showing maxima at phases between φ = 0.20–
0.35, in agreement with previous findings by Wood & Karovska
(2000), Melikian (2012), and Ortiz et al. (2019). According to the
latter study, F3200/F3000 reaches its lowest value near the phase of the
Mg II λ2800 maximum, and this suggests that, at least in the case of o
Cet, both phenomena could be correlated. This correlation between
the intensity of the Mg II doublet and the spectral slope between
3000 and 3200 Å is found only in large-amplitude variables, but it
is absent in non-regularly pulsating AGB stars. Therefore, it seems
that the intensity of Mg II is dictated by pulsation.

When different spectral characteristics like the intensity of
Mg IIλ2800 or the F3200/F3000 ratio (i.e. the spectral slope) are
compared with the visual light curve (Table 5), different phase
lags are disclosed. The most remarkable case is S Car, for which the
F3200/F3000 ratio varies with a difference of half a period relative to
the other Mira-type variables. Significant differences also emerge
in the comparison between the phases of maximum Mg II λ2800
and maximum F3200/F3000 slope for individual sources (Table 5),
which is +0.35, +0.10, ∼ + 0.30, and −0.30 for o Cet, R Car,
R Leo, and S Car, respectively. This suggests that the continuum
emission and the Mg IIλ2800 might originate in different regions at
or around the AGB star. The various phase lags relative to the light
curve observed in our sample could result from different traveltimes
of the shock wave between the spot where the pulse emerges at
the stellar photosphere and the external place (or layer) where the
different UV features are generated. In particular, the delay between
the light curve and the Mg II λ2800 maxima is related with the time
necessary for the pulse to propagate from the photosphere to the
chromosphere, where the Mg II, Fe II, Al II, and other emission lines
are formed (Wood & Karovska 2000). These different phase lags
reveal important differences among the circumstellar enviroment of
these stars, but they are difficult to model because the phase lags
depend on various quantities that are poorly known, such as the size
of the chromosphere and the gas density in this environment.

4.2 Accretion

A mechanism different from pulsation must be invoked to explain
the detection of the Mg II feature among non-regularly pulsating
AGB stars, as pulsation is weak or absent. The variability of this
line among non-regular, small-amplitude AGB stars is also an issue,
as its intensity has been shown to exhibit variations as large as those
observed in Mira-type stars, in spite of the lack or small amplitude of
pulsation. Querci & Querci (1985) suggest that this variability could
be caused by purely chromospheric phenomena due to rapid spatial
and temporal changes that originate from magnetohydrodynamic
waves and chromospheric variable magnetic fields.

An alternative to the chromospheric origin of the emission lines
has been proposed by Sahai et al. (2008) and Ortiz & Guerrero
(2016) in the cases where the star is associated with an UV excess.
The mass loss originated from the pulsating primary would be
transferred to an accretion disc around a hot secondary, such as a
white dwarf, for example. Symbiotic stars are the best studied class
of binary AGB stars, exhibiting typical spectral signatures: TiO
molecular bands (if M-type), Balmer, He II and/or [O III] emission
lines, and the λ6830 and λ7088 Raman scattering bands. Yet
there are numerous binary AGB stars without these features. More
recently, AGB stars with UV excess and X-ray emission have been
reported to exhibit flickering in the UV continuum on time-scales
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of a few seconds that would indicate accretion, possibly on a disc
(Sahai et al. 2018).

This scenario is illustrated by the case of Mira B, where the
emission of the Mg II λ2800 doublet has been proposed to originate
in an accretion disc (Sanad et al. 2009) driven by collisional
excitation (Luttermoser 2000). As pulsation changes periodically
the mass transfer rate between the primary (AGB) and the secondary
(a dwarf star) stars, the density of the accretion disc increases
and the intensity of the Mg II λ2800 doublet raises accordingly.
Erratic accretion events unrelated to pulsation may also occur. If
the emission lines are produced in the accretion disc, there should
be a time lapse between the stellar pulsation and the excitation of
the emission lines, corresponding to the time spent by the shock to
travel from somewhere in the stellar atmosphere up to the accretion
disc. Since the distance to be covered by the pulse, as well as its
velocity vary from object to object, this delay should be different
for each object.

Assuming that shocks are driven by pulsation and the emission
lines are produced in an accretion disc, there should be a wide
distribution of phase lags between the visual light curve and the
emission line intensities. The Fe II and Balmer lines cannot be used
to test this hypothesis because their intensity is severely affected by
the opacity of the stellar atmosphere, but the narrow phase interval
of the Mg II doublet peak, i.e. 0.20 < φ < 0.35 (Table 5), does
not seem to provide support to this scenario among large-amplitude
regularly pulsating AGB stars.

5 C O N C L U S I O N S

These are the main conclusions obtained in the present study:

(i) The occurrence of Balmer H I emission lines among AGB
stars is driven mainly by stellar pulsation. Emission becomes more
evident in the phase interval −0.1 < φ < 0.5, i.e. beginning just
before the visual light-curve maximum, extending along the first
half of the cycle. These lines become gradually absent among SR,
irregular, and small-amplitude pulsators.

(ii) The occurrence of Fe I and Fe II emission lines among AGB
stars is correlated with the level of the near-UV continuum. This
is determined by the spectral type in low-amplitude SR AGB stars,
but in large-amplitude regularly pulsating stars, the Fe II lines are
gradually hampered as the stellar continuum increases its intensity
towards the light-curve maximum. Therefore, the occurrence of
low-ionization Fe lines in large-amplitude regularly pulsating AGB
stars show a dependence with the light curve, although these lines
are not necessarily produced by shocks associated with periodic
pulsations.

(iii) The intensity of the Mg II λ2800 doublet is highly variable
among large-amplitude, periodically pulsating AGB stars, peaking
at phases between 0.20 < φ < 0.35. This feature is also variable
among irregular, small-amplitude AGB stars, which suggests that
pulsation is not the only mechanism responsible for the production
of this emission.

(iv) The F3200/F3000 ratio, a measurement of the near-UV spectral
slope, is highly variable among large-amplitude, periodically pul-
sating AGB stars. Its maximum occurs at phases between 0.00 < φ

< 0.50, an interval similar to the Mg II λ2800 maximum. However,
there is a wide interval of phase lags ranging from + 0.35 to −0.30
between these two spectral features when they are individually
compared. This suggests that the UV continuum and the Mg II

emission line might originate from distinct layers of the star or
its surroundings.

(v) The F3200/F3000 ratio among irregular small-amplitude AGB
stars is constant and its value is ∼3 (but for TX Psc, with a value
∼9), in contrast with large-amplitude pulsating stars, which show a
highly variable F3200/F3000 ratio.

To sum up, stellar pulsation seems responsible of the occurrence
of Balmer H I lines, the intensity of the Mg II λ2800 doublet, and
the slope of the near-UV continuum between 3000 and 3200 Å
in large-amplitude regularly pulsating AGB stars. The Fe lines
might also be driven by shocks in the chromosphere of these
stars, but the intensities of these lines are actually enhanced among
stars of late spectral type with diminished UV emission. On the
other hand, the detection of the Mg II feature and the near-UV
continuum emission among non-regularly pulsating AGB stars
require a different mechanism, maybe involving accretion on to
a companion.
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