The Discovery of Pulsating Hot Subdwarfsin NGC 2808
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Abstract.  We present preliminary results oftdubble Space Telescopeogram to
search for pulsating hot subdwarfs in the core of NGC 2808. These observations, ob-
tained in March of 2013, were motivated by the recent discovery of such stars in the
outskirts ofw Cen. Bothw Cen and NGC 2808 are massive globular clusters exhibit-
ing complex stellar populations and large numbers of extreme horizontal branch stars.
Our far-UV photometric monitoring of over 100 UV-bright stars has revealed at least
six pulsating subdwarfs with periods ranging from 100 to 150 seconds. In the UV
color-magnitude diagram of NGC 2808, all six of these stars lie immediately below the
canonical horizontal branch, a region populated by the subluminous “blue hook” stars.
Three of these six pulsators also have low-resolution far-UV spectroscopy that is suf-
ficient to broadly constrain their atmospheric abundances and effective temperatures.
Curiously, the spectroscopic and photometric data do not exhibit the uniformity one
might expect from a well-defined instability strip.

1. Formation of Extreme Horizontal Branch Stars

The formation of extreme horizontal branch (EHB) stars has been an intriguing puzzle
for decades. These stars are distinguished by their high temperatugesd,000 K)

and surface gravities (log >5), and are located at the hot end of the HB in globular
clusters (GCs) with extended blue HB morphologies. Their analogs in the field, the
subdwarf B (sdB) stars, are responsible for the “UV upturn” in the otherwise cool spec-
tra of ellipticals (Brown et al. 1997, 2000). The EHB stars have extremely thin envelope
masses (4072 Mo), implying that they have undergone extensive mass loss on the red-
giant branch (RGB). The challenge has been to understand how a star caf.[®b&,

on the RGB while retaining enough envelope to ignite helium in the core and evolve to
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the EHB. Proposed mass-loss mechanisms include binary interactions igvBlvaine
Lobe overflow, common envelope evolution, or white dwarf (WD) mergers.(Han
et al. 2002, 2003), as well as single-star avenues such as a striagvgited or even
planet ingestion.

New insight into the formation of EHB stars in GCs has come from the discov-
eries of a double main sequence (MS)rCen (Anderson 1997) and a triple MS in
NGC 2808 (D’Antona et al. 2005; Piotto et al. 2007). These massivedp@arently
contain a significant~20%) population of helium-richY ~ 0.4) stars (Piotto et al.
2005), likely formed in a second stellar generation from the helium-rich efddtze
first generation (see Bekki & Norris 2006). With enough scrutiny, i ggems to be
a simple stellar population, but the massive GCs exhibit significantly largeadpiin
many heavy elements as well as clear evidence for helium-rich subpopslétiora
review, see Gratton et al. 2012). These helium-rich subpopulations npégirexvhy
massive GCs have HB morphologies that extend to figh(D’Antona et al. 2002;
Busso et al. 2007). Because the MS tufrmoass decreases strongly with increasing
helium for a given GC age, a helium-rich star will arrive on the HB with a sigaifily
lower mass and therefore a highkg than a helium-normal star, assuming the same
RGB mass loss. EHB stars in massive GCs are most likely the progeny of the mos
helium-rich subpopulation.

Recent observations have revealed that massive GCs also host latjpopaf
subluminous EHB stars that cannot be explained by canonical evolutiorythEhese
subluminous stars were first discovereduirCen, where they form a “blue hook” at
the hot end of the EHB (D’Cruz et al. 2000). D’Cruz et al. (2000)purged that these
blue-hook stars were the result of a delayed helium-core flash beyend@B tip.
Brown et al. (2001) subsequently found a large population of blué-ktaws in the UV
color-magnitude diagram (CMD) of NGC 2808 (Figure 1). Using new diahary
and spectroscopic models, Brown et al. (2001) demonstrated that faesedok stars
were the result of flash mixing on the WD cooling curve. Normally, stars igrmilie/im
at the RGB tip (Figure 2), but stars that losdfient mass either through single- or
binary-star mechanisms will leave the RGB and evolve to High before igniting
helium (Castellani & Castellani 1993). If the helium-core flash is delayéi tne
WD cooling curve, the flash convection will mix the hydrogen envelope intbétiem
core (Sweigart 1997), leading to greatly enhanced surface abceslah helium and
carbon as well as a much highkg during the subsequent EHB phase. The higher
together with the decreased hydrogen opacity shortward of the Lyman limig thak
flash-mixed stars subluminous in the UV and optical, as more of the flux is emitted in
the EUV. In a later study, Brown et al. (2010) found blue-hook starsath&r massive
GCs spanning a wide range of metallicity. Spectroscopic investigations ofiube b
hook and normal EHB populations o Cen (Moehler et al. 2011) and NGC 2808
(Brown et al. 2012) have confirmed that, compared to the normal EHB ttarblue-
hook stars are both much hotter and enhanced in helium and carbon,rtviding
unambiguous evidence for flash mixing. From an analysis of Space dpketmaging
Spectrograph (STIS) spectra, Brown et al. (2012) found that ttiegtdlue-hook stars
in NGC 2808 exhibit ective temperatures up to 50,000 K, carbon abundances orders
of magnitude higher than in normal EHB stars, helium abundances of 99%aby,
and enormous enhancements in the iron-peak elements from radiative lavitatio
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Figure 1. The UV CMD of NGC 2808. The full sample of Brown et @001)
is shown by circles, with photometric error bars indicatéte canonical HB locus
is indicated by grey shading, bounded by the zero-age HB BA#&hd the point
at which stars have completed 99% of the core helium-burifietime. NGC 2808
has a significant population of blue-hook stars lying belog/¢anonical HB. Circles
are filled for those stars monitored in our time-tag photoyndthe six pulsators are
highlighted with diamonds, spanning a wide range of colahablue-hook region
of the UV CMD.

2. Pulsating Subdwarfs

While it is clear that hot subdwarfs require significant mass loss, ofseng to date
have not determined how this mass loss actually occurs. The high fractlinasfes
among field subdwarfs suggests a binary mechanism for their produsticimas com-
mon envelope evolution (e.g., Maxted et al. 2001; Napiwotzki 2006). itrast, the
binary fraction for GC subdwarfs is much lower (Moni Biden et al. 2QI)9, 2011),
indicating that single-star mass loss, or perhaps WD mergers, is more intpdrten
fact that the fraction of HB stars falling on the EHB does not appear tp signifi-
cantly with radius irnw Cen or NGC 2808 (e.g., Whitney 1998; lannicola et al. 2009)
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Figure 2.  Various evolutionary paths for producing an HB @tam Brown et al.
2010). The ZAHB phase is highlighted in grey, while the prHB evolution (solid
curves) and post-ZAHB evolution (dashed curves) are inkblathe peak of the
helium-core flash is marked by an asterisk. The four pane she evolution for
progressively larger amounts of mass loss on the RGB. THatéwoin the first two
panels produces canonical HB stars in which the hydrogdamstirface composition
does not change during the helium-core flash. In the thirclpadhe helium-core
flash occurs on the WD cooling curve, producing a flash-mixadrstving a surface
composition highly enriched in helium and carbon and a teatpee significantly
hotter than the canonical HB. In the fourth panel, the helilash never occurs and
the star dies as a helium WD.

would argue against a binary origin for the EHB stars. Indeed, therebmaygreater
diversity of formation mechanisms in the field subdwarf population than in GCs.

One of the exciting new avenues for exploring the formation and evolugionar
status of hot subdwarfs has been asteroseismology. Pulsating hetastgdre well-
established in the field, where they are generally known as EC 14026 &t M8a
stars (Kilkenny et al. 1997). These stars have shat00—200 s) non-radial pulsations
apparently driven by a radiatively enhanced iron abundance, aabitrdm instability
strip at 29,000 K< Teg < 36,000 K (Charpinet et al. 1997). Asteroseismic analysis
of hot subdwarfs can yield accurate structural parameters {eg@tp 0.6%, logg to
0.03%, total mass to 1%, and envelope mass to 20%; Charpinet et al. Z&%his
reason, the Kepler mission has dedicated significant observing time tostardseis-
mology of hot subdwarfs in the field (e.g., @stensen et al. 2010).

Asteroseismology in GCs has been figtient story. Until very recently, all searches
for pulsating subdwarfs in GCs had failed, suggesting distinct subdiwarfation
channels in GCs and the field (e.g., Reed et al. 2006). However, Rahdal(2011)
have now discovered 4 hot pulsating subdwarfeien. Compared to the field pul-
sators, these new pulsators have somewhat shorter periods (84-crtfirggher tem-
peratures<{50,000 K), with pulsation amplitudes ranging from 0.9 to 2.7%. dh&en
pulsators raise the exciting possibility of a new instability strip unseen amongette fi
subdwarfs.
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3. Times-Series Observations of NGC 2808

The best candidate for testing this hypothesis is NGC 2808, given its proxamdy
low reddening. Our previous far-UV photometry and spectroscopyeoNGC 2808
core revealed a large population of hot evolved stars, including blok-btars near
~50,000 K. With thew Cen pulsators in mind, in March of 2013 we obtained new
far-UV imaging of the NGC 2808 using the time-tag mode on STIS. In this mode, the
arrival time of each photon is tagged to an accuracy of A25That time resolution,
combined with the suppression of the dominant cool population when imaging in th
far-UV, enables accurate time-series photometry of the hot stars in tiwd@dacore of
the cluster. We monitored over 100 UV-bright stars for 26 ksec (5 autise orbits),
with four 2.5 ksec gaps due to occultations (Figure 1).

The STIS data were processed through the standard calibration pijetieing
corrections to the photon arrival times for general relativisfieas, displacement of
HST from Earth center, and displacement of Earth from the solar systencdyagy.
The net count rate for each star was measured in two-second binsapgrigre pho-
tometry and a local sky subtraction, although the background is extremeli ltive
STIS F25SRF2 bandpass. We then performed a Lomb Normalized Peidodog the
time-series photometry for each star, searching for periodic signals>@8bb6 signif-
icance and periods between 50 and 300 sec, which produced six psil@&ture 1).
Because of the irregular time sampling, we then performed a date-compkdisatete
Fourier transform on their light curves, using the VSTAR software oftimerican As-
sociation of Variable Star Observers. This yielded accurate amplitudgsesiodls for
each pulsator (Figure 3).

The characteristics of each pulsator are summarized in Table 1 and indicated
Figure 1. Three of the pulsators were included in the spectroscopic saifrpiewn
et al. (2012), and all have both far-UV and near-UV photometry frarowd et al.
(2001). Surprisingly, the pulsators form a rather inhomogeneougpgitheir periods
range from 104 to 149 sec, with amplitudes of 2 to 8%. The 6 pulsators spandd
in UV color. The 3 pulsators with spectra spafi« range of 25,000 — 50,000 K, with
both helium-rich and hydrogen-rich atmospheres present, and thecemhant of iron
(relative to the cluster abundance) that is a common product of radiafiusidn in
hot subdwarfs. The only obvious commonality in the set is that they all lie inrawa
range of far-UV luminosity, immediately below the ZAHB, among the blue-hoadlssta
in the UV CMD. The luminosity of one of these stars (VAR1) is close enoughdo th
ZAHB that it was identified as a normal EHB star by Brown et al. (2012).

4. Summary

Our far-UV time-series photometry of 110 UV-bright stars in the core oONEB08 has
revealed 6 rapid pulsators with periods of 104 to 149 sec and amplitude®y@%.
These pulsators do not appear to form a homogeneous group, instdntthew Cen
pulsators (Randall et al. 2011). The relatively high yield of pulsating $tawur search
may be due to selection bias, given that we focused our search on a samgisting
solely of UV-bright hot subdwarfs, and because the pulsation amplitagesxpected

to be stronger in the UV than in the optical. Indeed, any distinctions drawneeetw
the NGC 2808 pulsators and theCen pulsators should be tempered by the fact that
the pulsators were characterized via very distinct data and atmosphejimdiis in
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Table 1.  Properties of NGC 2808 Pulsators

Alternate Periods Amplitude Tes? Fe
Name Namé (s) (%) (K) Y2 enhancemeft
VAR1 EHB3 116, 108, 112 3.5 30,000 0.23 10x
VAR2 - 149, 130 3.3 >20,000 - -
VAR3 - 121 2.9 >20,000 - -
VAR4 - 104, 85 7.8 >20,000 - -
VAR5 BHk1 147 2.3 50,000 0.99 50x
VAR6 BHk6 113 3.6 25,000 0.23 10x

aBrown et al. (2012)

each cluster. Our survey of NGC 2808 demonstrates that this obsealaijgoroach
may be useful for finding pulsators in other massive GCs hosting largggiams of

hot subdwarfs.
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