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Most astronomers are familiar with 
the classical Hertzsprung–Russell 
diagram with its main sequence of 

hydrogen-burning stars running from the 
faint-red low-mass stars to the bright-blue 
high-mass stars, the red-giant branch, and 
a smattering of hot supergiants and white 
dwarfs running across the top and bottom. 
Less well-known is the zoo of very blue 
stars way to the left of the main sequence 
(figure 2). While still rare, these hot stars 
have been studied for more than 50 years, 
and continue to deliver surprises.

The science of hot subdwarf astronomy 
began in the mid-20th century with 
observations by Jesse Greenstein using the 
Palomar 200-inch telescope. Greenstein 
(1966) showed that faint blue stars found 
around the galactic poles were not extra-
galactic, as had been thought, but hot stars 
within our galaxy, fainter than expected 
for their colour if they were main-sequence 
stars, yet too luminous to be white dwarfs. 
These rare subdwarf O and B stars, unre-
lated to the metal-poor sub dwarfs of the 
lower main sequence, were to trigger a 
half-century of discovery and challenge. 
For decades, they remained rare stars with 
fewer than a hundred of them known 
(Kilkenny et al. 1988). 

This changed because, by happy coin-
cidence, their colours are similar to those 
of quasars. In mapping the far universe, 
the Palomar–Green survey (Green et al. 
1986) discovered hundreds of new hot 
subdwarfs, showing them to be the most 
abundant blue stars in the sky at magni-
tudes brighter than 16. Normal subdwarfs 
are low-mass helium-burning stars with 
remnant hydrogen envelopes giving them 
hydrogen-rich atmospheres. They are 
sometimes known as extreme horizontal-
branch stars (Heber 2009). Although the 
majority have helium-depleted atmo-
spheres, a few show strong helium lines 
and a still smaller fraction show no 
hydrogen lines at all; these are sometimes 
referred to as intermediate and extreme 

helium subdwarfs, respectively. 
At the Armagh Observatory, we study 

helium stars of many kinds, all unusual 
and surprising in one way or another, 
such as the exotic double helium subdwarf 
PG1544+488 (Ahmad et al. 2004, Sener 
& Jeffery 2014). In recent years we have 
turned our attention to the intermediate 
helium subdwarfs – but could something 
described as “intermediate” be interesting? 
Early studies revealed nothing extraordi-
nary, and no clues as to why their surfaces 
should be so unusual. It is not obvious 
whether helium or hydrogen is the problem 
– are these extreme helium subdwarfs with 
too much hydrogen, or vice versa? One 
thing was clear: the stars had properties 
similar to hydrogen-rich subdwarfs and so 
it was proposed that, like the latter, a frac-
tion might pulsate. This is reasonable; pul-
sations in hydrogen-rich subdwarfs require 
an enhancement of iron in the driving zone 
to be unstable. Reducing hydrogen has the 
same effect on stability as increasing iron; it 
increases the opacity gradient, promoting 
pulsation. From a photometric survey of 
ten helium-rich subdwarfs, one appeared to 
show variability at a level of a few per cent. 
This was LS IV-14 116 (Ahmad & Jeffery 
2005; figure 1). 

The puzzling beat of 
heavy-metal stars

A new group of low-mass 
chemically peculiar stars with 
helium-rich surfaces also seem 
to have layers of cloud rich in 
zirconium, strontium, yttrium 
and even lead. Simon Jeffery 
and colleagues are undertaking 
new observations in 2015 to 
understand the origin and 
unexplained pulsations of these 
heavy-metal stars.

1 Artist’s impression of a layer of zirconium-rich 
clouds in the atmosphere of LS IV-14 116. (N Behara)
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A zirconium star? 
Before its pulsations were discovered, 
LS IV-14 116 was simply an intermediate 
helium star with an 80:20 hydrogen/helium 
mixture on its surface (Ahmad & Jeffery 
2003). To explain both the chemistry and 
the pulsations, more accurate spectroscopy 
was needed. A high-resolution spectrum 
was obtained in 2005 with the University 
College London Echelle Spectrograph at 
the Anglo-Australian Telescope, in order 
to measure its surface chemistry and in 
particular the carbon–nitrogen–oxygen 
signature that might indicate why the 
star was rich in helium. We measured the 
surface temperature and gravity, and the 
abundances of elements normally seen in 
the optical spectra of hot stars. Our model 
of the spectrum looked like a very good fit, 
with nothing unusual about the CNO ratios 
(Naslim et al. 2011). But there were a few 

lines in the observed spectrum that had no 
counterpart in the model – and they were 
very strong. The usual explanations – that 
they were weak lines or high-order mul-
tiplets omitted from the linelists – would 
not work. Naslim and Jeffery searched for 
a possible match in published spectral line 
lists, but nothing seemed 
likely. Eventually they found 
one line that appeared to 
match an observed wave-
length. It came from triply 
ionized zirconium. Checking 
the spectrum, Naslim and Jeffery found 
perfect matches for other lines from the 
same ion. It had to be triply ionized zirco-
nium, never previously observed at this 
wavelength in an astronomical spectrum. 
On Earth, zirconium is a soft grey metal, 
better known as a hard and brilliant oxide, 
used for cutting tools and in place of 

diamond in costume jewellery. 
Naslim went on to identify the remain-

ing mystery lines as germanium, yttrium 
and strontium. This left us with a puz-
zle. If these lines were never previously 
observed, then the abundances in this 
star must be extraordinarily large. How-

ever, the abundances could 
not be measured straight  
away because vital atomic 
data were missing for these 
species. Alan Hibbert from 
Queens University Belfast 

and the atomic physics code CIV3 (Hibbert 
1975, Hibbert et al. 1991) were called in to 
calculate the necessary data. With the new 
numbers in hand, the abundances could 
be measured, revealing an astonishing 
excess of 10 000 times solar abundances 
of zirconium, strontium and yttrium in 
LS IV-14 116. 

“If these lines were 
never previously seen, 
then the abundances in 
this star must be huge”

2 Luminosity–effective temperature diagram showing the colours of all stars within 250 pc of the Sun 
(dots), the positions of hot subdwarfs observed with Galex (navy blue dots; Nemeth et al. 2012) and 
the positions of three lead and zirconium stars analysed by the Armagh team (violet stars). The main 
sequence (MS), giant branch (GB), horizontal branch (HB), asymptotic giant branch (AGB), and white 
dwarfs are indicated. Evolution tracks for stars with 1, 2 and 5 M⊙ are shown; the 1 and 5 M⊙ tracks run 
through to the AGB. The 2 M⊙ track has been interrupted on the giant branch by the rapid removal of the 
hydrogen envelope, as if by a binary companion (Byrne 2015). Such a common-envelope ejection (cee) 
causes the star to evolve to the extreme blue end of the horizontal branch where the O and B-type sub-
dwarfs are found (sdB, sdO). In some cases, the entire envelope may be removed and the star be well on 
its way to becoming a white dwarf before core helium is ignited. The evolution of such a “late hot flasher” 
(Miller-Bertolami et al. 2011) might account for some of the very blue subdwarfs.

3 Exaggerated distortion and colour variation 
caused by a non-radial oscillation (l = 3) as might 
be seen in LS IV-14 116. (S Jeffery) 
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Pulsation paradox 
Meanwhile, in the deserts of Arizona and 
South Africa respectively, teams led by 
Betsy Green and Jeffery had been monitor-
ing LS IV-14 116. Both sets of data confirmed 
that the star had a principal pulsation with 
a period of 1953 seconds, or just over half 
an hour (Green et al. 2011, Jeffery 2011). Five 
longer periods with smaller amplitudes 
were also present. Both teams measured 
the surface temperature and gravity of 
LS IV-14 116 and, although they disagreed 
about exact values, both found that the 
star is hotter than 30 000 K and that the 
pulsation periods correspond to gravity 
modes – long-period modes excited deep 
inside the star. This was a paradox, because 
g-modes are normally excited only in hot 
sub dwarfs with surface temperatures less 
than 28 000 K. If the stars are hotter than 
this, only acoustic or p-modes are found. 

Both types of pulsation require a layer 
enriched in iron and nickel deep inside the 
star, at temperatures of around 200 000 K. 
This can occur as a result of radiatively 
driven diffusion: light pressure is absorbed 
more strongly by some ions than by others, 
and so concentrates these ions at specific 
places inside the star. Even with iron–nickel 
enrichment in the driving zone, models for 
LS IV-14 116 could not be made to pulsate. 
Marcelo Miller-Bertolami made an interest-
ing counter suggestion (Miller-Bertolami 
et al. 2011): instead of being driven by the 
opacity mechanism, could the LS IV-14 116 
pulsations be driven by a nuclear instabil-
ity in a helium-burning shell even deeper 
inside the star? If so, Miller-Bertolami 
argued that this would be the first con-
firmed instance of the epsilon mecha-
nism responsible for stellar pulsations in 
unstable helium-burning zones within the 

star. This puzzle remains to be resolved, 
but recent results argue that LS IV-14 116 
is already on the helium main sequence 
and so helium shell-flashing has finished 
(Randall et al. 2015).

Lead stars 
Back in Armagh, Naslim had been hunting 
through the European Southern Observa-
tory archives. In a search for double white-
dwarf stars which might be the progenitors 
of Type Ia supernovae, the Supernova 
Progenitor survey (Napiwotzki et al. 2003) 
had collected data for 134 hot subdwarfs 
with the ultra violet–visual echelle spectro-
graph at ESO’s Very Large Telescope. Nine 
had been identified as having between 
5% and 90% helium in their atmospheres 
(Stroeer et al. 2007). They were neither nor-
mal hydrogen-rich subdwarf 
stars, nor were they extreme 
helium-rich subdwarfs. 
Naslim found that all nine 
showed strong lines from 
interesting ions (Naslim et 
al. 2013). Four showed strong carbon lines; 
the other five showed no carbon lines at all. 
One of the stars with strong carbon lines – 
HE 2359-2844 – showed the same zirconium 
and yttrium lines seen in LS IV-14 116, as 
well as additional zirconium lines further 
to the violet end of the spectrum. The same 
star showed another group of unknown 
lines, identified by further atomic detec-
tive work as triply ionized lead (figure 4). 
This ion had been seen in the ultraviolet 
spectra of hot subdwarfs observed with the 
Hubble Space Telescope, but once again this 
was the first time it had been observed in 
the spectrum of any star from the ground. 
The spectrum pointed to an exceptional 
overabundance of lead, again by a factor of 

10 000 compared to the Sun. A second star 
in the carbon-rich group, HE 1256-2738 also 
showed lead lines, at an overabundance of 
more than 40 000 times, but without zirco-
nium and yttrium. 

The heavy metal band 
So far we have found three intermediate-
helium subdwarfs with extraordinary 
surface levels of one or more of lead, zirco-
nium, yttrium, strontium or germanium 
(figure 5). Where does the excess come 
from? These elements can be produced 
by neutron capture in asymptotic-giant-
branch stars – red giants which have a 
carbon–oxygen core and two nuclear shells 
burning helium and hydrogen. However, 
the hot subdwarfs never reach this stage of 
evolution, so the excess cannot come from 

normal fusion processes in 
the stellar core. The alter-
native is that something 
concentrates all of the lead or 
zirconium from a large part 
of the star into a very thin 

layer in its atmosphere. 
This phenomenon is also seen in cooler 

chemically peculiar Ap stars and mer-
cury–manganese stars. In contrast with 
the Sun’s turbulent surface, hot subdwarf 
atmospheres are calm places where the 
only significant forces acting on ions are 
gravitational and radiative. The downward 
gravitational acceleration of every ion is the 
same, and is almost exactly balanced by the 
pressure gradient, which includes a radia-
tive component. However, different ions 
have different electronic structures which 
give rise to tiny differences in the radiative 
force. If a zirconium ion is good at trapping 
photons (more opaque) it will experience a 
slightly stronger upward acceleration than 

5 Surface abundances of the zirconium star LS IV-14 116 and the lead stars HE 2359-2844 and 
HE 1256-2738 relative to solar values. Mean abundances and ranges for other helium-rich subdwarfs  
and normal subdwarfs are also shown. (From Naslim et al. 2013)

4 Impression of lead-rich clouds suspended in the 
atmosphere of HE 2359-2844. There is no evidence 
that the surface itself is inhomogeneous. (S Jeffery) 

“In contrast with the 
Sun’s turbulent surface, 
hot star atmospheres 
are calm places”
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its neighbours, and so will drift upward 
through the atmosphere. As it drifts 
upwards, the gas becomes cooler, ions 
reionize, electrons move to lower levels, 
and the radiative properties change. Other 
ions may be accelerated upwards faster 
and the zirconium ion will sink, finding an 
equilibrium at the point where it is best at 
trapping photons. This radiative levita-
tion is very slow – the drift 
velocities of ions in the stellar 
atmosphere are small and it 
may take up to 100 000 years 
for the atmosphere to reach 
equilibrium. The process is 
almost certainly responsible for the very 
low helium abundances seen in the maj-
ority of hot subdwarfs; at the same time, 
other light ions sink and heavy ions float, 
giving measured under-abundances of the 
former and overabundances of the latter. 

What makes the heavy-metal stars 
different? Helium-rich main-sequence 
B stars and chemically peculiar Ap stars 
have strong magnetic fields, which might 
change the process, but no magnetic field 
has been detected in LS IV-14 116 (Randall 
et al. 2015). An intriguing suggestion would 
connect the intermediate helium subdwarfs 
to their progenitors, except we don’t know 
for sure what the progenitors are (Naslim 
et al. 2013). All we do know is that they are 

nearly stripped helium stars in which the 
current surface is probably the remnant of 
the hydrogen-burning shell of a red giant, 
part-processed to show helium and also 
nitrogen enriched by the hydrogen-burn-
ing CNO process. We can’t be sure where 
the excess carbon came from; one sugges-
tion is that carbon is convected to the sur-
face when helium-burning starts (almost 

explosively) in a shell. Could 
intermediate helium sub-
dwarfs simply be young nor-
mal subdwarfs in which the 
atmospheric settling process 
is incomplete? This would 

account for their rarity – only the youngest 
0.1% or fewer would still show helium and 
carbon on the surface. However, both the 
zirconium and lead stars seem to be too hot 
compared with normal subdwarf B (sdB) 
stars. In addition, there are questions about 
both their rotation velocities, which are 
remarkably small for such compact stars, 
and their peculiar velocities – their motions 
relative to other stars in the galaxy – which 
are remarkably large. 

Future work
Normal sdB stars are helium-burning stars 
that have lost their hydrogen envelopes. 
Their masses are close to the degenerate 
helium-core ignition mass of 0.47 solar 

masses. A remnant envelope allows the 
majority to have hydrogen-rich atmo-
spheres. The heavy-metal stars and most 
of the intermediate helium subdwarfs are 
hotter. Maybe they have masses greater 
than 0.47 solar masses; we need to measure 
their masses and distances accurately. We 
aren’t even sure about the surface tem-
peratures, because we don’t know what 
effect huge heavy-metal abundances have 
on the structure of the atmosphere. New 
ultraviolet observations of LS IV-14 116 with 
the Hubble Space Telescope will help to 
answer that question. The pulsations can 
provide more clues; although very small, 
the back-and-forth motion of the pulsating 
surface can be measured (Jeffery et al. 2015; 
figure 6). Combined with light and colour 
measurements, these data give a direct 
measurement of the star’s radius. The mass 
can then be checked by combining the 
radius with the surface gravity, to find out 
what drives the pulsations. New observa-
tions using ESO’s Very Large Telescope, 
scheduled for August 2015, will address 
that question. Soon we should have a better 
idea of how heavy-metal stars get their 
exotic atmo spheres. ●

6 Radial velocity variation in the pulsating 
zirconium subdwarf LS IV-14 116 measured over 
three hours with the ESO Very Large Telescope. 
(From Jeffery et al. 2015)
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