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ABSTRACT

Fundamental stellar properties, such as mass, radius, and age, can be inferred using asteroseismology. Cool stars
with convective envelopes have turbulent motions that can stochastically drive and damp pulsations. The properties
of the oscillation frequency power spectrum can be tied to mass and radius through solar-scaled asteroseismic
relations. Stellar properties derived using these scaling relations need verification over a range of metallicities.
Because the age and mass of halo stars are well-constrained by astrophysical priors, they provide an independent,
empirical check on asteroseismic mass estimates in the low-metallicity regime. We identify nine metal-poor red
giants (including six stars that are kinematically associated with the halo) from a sample observed by both the
Kepler space telescope and the Sloan Digital Sky Survey-III APOGEE spectroscopic survey. We compare masses
inferred using asteroseismology to those expected for halo and thick-disk stars. Although our sample is small,
standard scaling relations, combined with asteroseismic parameters from the APOKASC Catalog, produce masses
that are systematically higher ((AM) = 0.17 &£ 0.05 M) than astrophysical expectations. The magnitude of the
mass discrepancy is reduced by known theoretical corrections to the measured large frequency separation scaling
relationship. Using alternative methods for measuring asteroseismic parameters induces systematic shifts at the
0.04 M, level. We also compare published asteroseismic analyses with scaling relationship masses to examine
the impact of using the frequency of maximum power as a constraint. Upcoming APOKASC observations will
provide a larger sample of ~100 metal-poor stars, important for detailed asteroseismic characterization of Galactic
stellar populations.

Key words: asteroseismology — Galaxy: halo — stars: fundamental parameters

1. INTRODUCTION difficult, unless stars are members of clu§ters or eclipsing binary

systems. However, we can probe stellar interiors through global

Accurate determinations of fundamental stellar properties are oscillations. After several ground-based studies (Bedding 2014)
required to improve our understanding of stellar populations and serendipitous space-based observations (Hubble Space Tele-
and Galactic formation. Inferring these properties is notoriously scope and WIRE; e.g., Stello & Gilliland 2009 and references
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therein), the space-based telescopes CoRoT (Michel et al. 2008)
and Kepler (Borucki et al. 2010) made asteroseismic charac-
terization possible for thousands of stars. In an asteroseismic
analysis, the average spacing between consecutive overtones of
the same angular degree (average large frequency separation,
Av) and the peak in the Gaussian-like envelope of mode ampli-
tudes (frequency of maximum oscillation power, vp,y) is derived
from the frequency power spectrum. For oscillations driven by
surface convection, empirical scaling relations (hereafter SRs;
Kjeldsen & Bedding 1995 and references therein) connect these
asteroseismic observables to mass, radius, and effective temper-

ature:
Av M2 R\
S () (o )
Vo Mg Ro

Vmax ~ ( M ) ( R >2< Teff )1/2 (2)
vmaxo  \ Mo/ \Ro Teti o ’
where Avg = 135.0 £ 0.1 uHz, vy o = 3140 + 30 uHz, and

Tetr.o = 5777 K (M. Pinsonneault et al., in preparation). Solving
for mass and radius yields

M ~ ( Vmax >3 ( Av )4< Tetr )3/2 3)
M@ - Vmax,@ AVO Teff,@

R N ( Vmax )(AV >2< Tetr )1/2 (4)
RO l)max,(a AVO Teff,@

The SRs take no account of metallicity dependence and they
were developed for stars like the Sun, so it is not obvious
that they should work for red giant branch (RGB) stars, which
have a different internal structure. There are observational and
theoretical problems with defining and measuring vy,,x and Av.
Empirical tests of the radius and mass from SRs have been
restricted to metallicities near solar (—0.5 < [Fe/H] < +0.4).
Asteroseismic radii agree within <5% when compared with
interferometry (Huber et al. 2012), Hipparcos parallaxes (Silva
Aguirre et al. 2012), and RGB stars in the open cluster
NGC 6791 (Miglio et al. 2012). SR masses are less precise than
SR radii and fundamental mass calibration is also intrinsically
more difficult. Brogaard et al. (2012) anchored the mass scale of
the super-solar cluster NGC 6791 to measurements of eclipsing
binaries at the main-sequence turn-off (MSTO) and inferred
Mggs = 1.15 £ 0.02 M, lower than masses derived from
standard SRs (Mgrgs = 1.20 &+ 0.01 Mg and 1.23 £ 0.02 M,
from Basu et al. 2011 and Miglio et al. 2012, respectively). This
is not conclusive evidence that the SRs are in error because the
mass estimates are sensitive to temperature scale and bolometric
corrections. Even using a new less-temperature sensitive SR, Wu

et al. (2014) found Mrgs = 1.24 £ 0.03 M in NGC 6791.
The Kepler Asteroseismic Science Consortium (KASC) de-
tected solar-like oscillations in 13,000+ red giants (e.g., Stello
et al. 2013). As part of the Sloan Digital Sky Survey III
(SDSS-III; Eisenstein et al. 2011), the Apache Point Obser-
vatory Galaxy Evolution Experiment (APOGEE; S. R. Ma-
jewski et al., in preparation) is obtaining follow-up spectra of
these asteroseismic targets. APOGEE uses a high-resolution
(R ~ 22,500), H-band, multi-object spectrograph whose seven
square-degree field of view (Gunn et al. 2006) is well-matched
to the size of one of Kepler’s 21 CCD modules. The APOKASC
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Catalog (M. Pinsonneault et al., in preparation) reports aster-
oseismic and spectroscopic results for stars in the Kepler field
observed in APOGEE’s first year of operations.

M. Pinsonneault et al. (in preparation) describe the astero-
seismic analysis, including the preparation of raw Kepler light
curves (Garcia et al. 2011), measurement of Av and vp,,x, and
outlier rejection procedures. We used up to five methods to ex-
tract Av and vp,x from the frequency-power spectrum (Huber
et al. 2009; Hekker et al. 2010, OCT; Kallinger et al. 2010;
Mathur et al. 2010; Mosser et al. 2011, COR). Because the
OCT method had the highest overall completion fraction, the
APOKASC Catalog reports Av and vy, from OCT with un-
certainties that combine, in quadrature, the formal OCT uncer-
tainty, the standard deviation of results from all methods, and
an allowance for known issues with the SR (e.g., Miglio et al.
2012).

We perform with the APOKASC sample the first test of
asteroseismic SR mass estimates in the low-metallicity regime
where strong priors on stellar ages and masses exist. For this, we
identify rare halo stars, explicitly targeting high-proper motion
stars and low-metallicity candidates selected using Washington
photometry (P. Harding et al., in preparation) and low-resolution
spectroscopy.

2. THE METAL-POOR SAMPLE

We identified 9 stars among the 1900 red giants in the
APOKASC catalog with [M/H] < —1, measured astero-
seismic parameters, and no “BAD” spectroscopic parameters
(Table 1). Spectroscopic properties in the catalog were derived
using the APOGEE Stellar Parameters and Chemical Abun-
dances Pipeline (ASPCAP; A. E. Garcia Pérez et al., in prepa-
ration). ASPCAP used x> minimization in a library of synthetic
spectra to find the combination of temperature (7.¢), surface
gravity (log g), metallicity ((M/H]aspcap), carbon ([C/M]), ni-
trogen ([N/M]), and alpha-element abundance ([« /M]) that best
reproduced the observed spectrum. We adopt the calibration
from Mészaros et al. (2013), who compared the raw ASP-
CAP stellar parameters with well-studied clusters and astero-
seismic log g and corrected raw ASPCAP metallicities to reflect
[Fe/H]. We also performed a line-by-line analysis of Fe, C, O,
Mg, Si, and Al for the three most metal-poor stars, confirming
the ASPCAP stellar parameters and abundances.

We used kinematics to discriminate between halo and disk
populations. APOGEE measures radial velocities accurate to
better than 150 m s~ (D. Nidever et al., in preparation),
and UCAC-4 (Zacharias et al. 2013) reports proper motions.
Adopting Schlegel et al. (1998) extinctions and Bressan et al.
(2012) bolometric corrections, we calculated luminosities from
SR radii and ASPCAP T.¢s and then distances from the Two
Micron All Sky Survey J-band magnitude (Skrutskie et al.
2006). Three-dimensional space velocities (U, V, W) were
derived using the Johnson & Soderblom (1987) prescription,
correcting for the solar motion relative to the local standard of
rest (LSR; Schonrich et al. 2010). From a Toomre diagram
(Figure 1(a)), the four most metal-poor stars in our sample
show halo-like kinematics, KIC 11181828 and KIC 5858947
are ambiguous, and the remaining three show thick-disk-like
kinematics.

3. ESTABLISHING AGE AND MASS EXPECTATIONS

Independent measurements of the mass and age of halo
and thick-disk stars determined the astrophysical priors that



Table 1

Stellar Properties for the Metal-poor APOKASC Sample

GHB2009 IRFM T

Typical

Asteroseismic Scaling Relations,

Schlegel et al. Assuming E(B — V)= IRFM Ty APOGEE Spectroscopic Parameters Kinematics Measured Seismic Parameters Assuming Spectroscopic Test
KIC (1998) KIC Zero Schlegel KIC Orand Tete logg [M/H] Distance U \%4 w Av Vmax Mass Radius log g
ID EB-V) EB-V) (K (K) (K) (K) (K) (dex) (dex) (kpe) (kms™') (kms™") (kms™h) (uHz) (nHz) (Mo) (Ro) (dex)
Halo
A 7191496 0.11 0.12 4930 5133 5167 100 4899 +£ 176 2.01 £0.39 —2.29+0.16 245+0.24 —67+16 —260+8 —72+23 246+0.06 1683+£0.72 1.09+0.19 1487 £1.01 2.13+0.05
B 12017985 0.1 0.1 4989 5178 5187 110 4862 £163 1.99+0.33 —2204+0.13 1.1+0.11 145+£15 —180+1 —82+8 2.62+£0.08 18594071 1.134+020 1443 +1.08 2.17 +£0.04
C 8017159 0.07 0.12 4649 4764 4847 100 4586+ 162 1.10+£0.29 —2.094+0.13 33+£0.78 —280+46 —288+9 —26+24 0.64+0.07 3.08+0.13 1.324+0.61 38.90+8.70 1.38 £0.05
D 11563791 0.08 0.11 4892 5041 5095 90 4820 £ 131 2.30+£0.20 —1.36 £0.10 0.99 +0.07 13+£7 —-277+£3 81+£10 495+0.11 41.82+0.81 1.00+£0.12 9.05+0.46 2.52+0.03
E 11181828 0.07 0.14 4771 4884 5014 100 4702 £ 121 2.16+0.24 —1.05+0.09 223+0.17 —-70£81 —-90+9 17737 4.13£0.09 3349+0.72 1.02+0.12 1029 +0.53 2.42+0.03
F 5858947 0.11 0.11 5051 5257 5247 120 4820+ 119 2734020 —1.04+0.09 0.7+£0.05 147+10 —160+4 14+9 1441+026 17441 +£4.18 1.01+0.11 445+0.21 3.14+0.03
Thick Disk

G 7019157 0.06 0.16 4936 5042 5219 80 4754 £129 2.02+0.20 —1.28+0.10 2.33 +£0.19 91+15 —37+£5 —18+13 343+0.08 27.68+0.80 1.23+0.17 12.39 £0.71 2.34 +£0.03
H 4345370 0.12 0.16 4617 4811 4872 100 4726 £125 225+0.20 —1.17+0.09 1.32+0.1 —19+13 —-94+8 —-71+£20 4.03+0.09 31.81+£0.69 0.97£0.12 10.29 £0.54 2.40 £0.03
I 7265189 0.07 0.11 4915 5031 5107 120 4903 £+ 138 2.724+0.23 —1.08 +£0.09 1.24 £0.09 93+7 —19+4 113+10 843+0.17 8501+£1.78 1.02+0.12 6.40+0.31 2.83+0.03

Note. Pixel data (Q0-Q12) are available for KIC 4345370, KIC 5858947, and KIC 8017159; otherwise public data (Q0-Q8) were used.
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Figure 1. Left: Toomre diagram of red giants with seismic detections in the APOKASC sample, using vy, .sr = 180 km s~! as the kinematical division between stars
classified as halo and disk (Venn et al. 2004). Right: metal-poor stars have enhanced ASPCAP [« /Fe].

we adopted for the mass of metal-poor APOKASC stars. The
best direct mass constraint for a metal-poor star comes from an
MSTO eclipsing binary in the thick-disk globular cluster (GC)
47 Tuc, with measured masses M, = 0.8762 4- 0.0048 M, and
M; = 0.8588 £ 0.0060 M, (Thompson et al. 2010).

Age constraints are more readily available than direct mass
determinations, and provide an indirect constraint on halo-star
masses. GC ages are inferred by determining the color and
luminosity of the MSTO (e.g., Gratton et al. 1997), or by using
the white dwarf cooling sequence (e.g., Hansen et al. 2002).
Field-star ages have been derived using the masses of local
white dwarfs (Kalirai 2012), and the imprint left by the MSTO
on the stellar temperature distribution function (Jofré & Weiss
2011). All of these methods indicate that the Galactic halo is
10 Gyr or older, with a mean value around 12 Gyr.

All nine of our metal-poor stars are «-rich (Figure 1(b)),
in agreement with the range of [«/Fe] seen for halo GCs
(Mészaros et al. 2013). Thick-disk stars are as «-enhanced as
the halo stars, suggesting that they also formed before Type Ia
supernova significantly polluted the interstellar medium, which
occurred 1-1.5 Gyr after star formation began (e.g., Matteucci
et al. 2009). From a volume-limited sample of Hipparcos stars,
Fuhrmann (2011 and references therein) argued that the thick
disk formed in a single-burst 12-13 Gyr ago, followed by
a gap in star formation. Haywood et al. (2013) found some
a-enhanced, metal-poor disk stars as old as 13 Gyr, but none
younger than 8 Gyr. The age of the universe (13.77 & 0.059 Gyr;
Bennett et al. 2013) provides the upper bound on age.

Translating age constraints into mass expectations for metal-
poor stars requires stellar models, which depend on the adopted
helium and heavy-element mixture. We expect these nine stars
to have a normal (near-primordial) helium abundance be-
cause our line-by-line spectroscopic analysis did not reveal Al-
enhancements such as those seen in He-rich, second-generation
GC stars (e.g., Ventura & D’ Antona 2008). To establish mass
expectations, we consider only first ascent RGB models; in
Section 4.2, we discuss more evolved stars. We defined the range
of expected halo-star masses and uncertainties by adopting +2¢
ranges of +0.2 to +0.4 dex for [«/Fe], 10 to 13.77 Gyr for the
age of the halo, and 8 to 13.77 Gyr for the age of the thick disk.
We determined the fractional uncertainty in age at fixed mass by
perturbing the input physics using the Yale Rotating Evolution

Code. We modeled uncertainties in assumed helium abundance,
heavy-element mixture, nuclear reaction rates, equation of state,
opacity, model atmosphere, and heavy element diffusion rate as
in van Saders & Pinsonneault (2012). We added these uncertain-
ties in quadrature to find the total fractional age uncertainty due
to the choice of input physics for a RGB star to be <35%. This
value was converted to a <=£1.5% uncertainty in mass by defin-
ing a mass—age—composition relationship for first-ascent RGB
stars using a grid of Dartmouth stellar evolution tracks (Dotter
et al. 2008). Because of the rapid evolution along the RGB, the
age difference between logg = 1.0 and logg = 3.0 changes
the mass by <0.3% at fixed composition. This yielded a range
of expected stellar masses as a function of metallicity, which
may be directly compared to SR-based masses. Our total the-
oretical 1o errors for halo and thick-disk stars are £0.020 M,
and £0.035 M, respectively. The mean value of the expected
mass varies slowly with metallicity at fixed age: a +0.3 dex
shift in [Fe/H] at fixed T increases the expected mass by only
AM <0.02 Mg,

4. RESULTS AND DISCUSSION

We computed SR masses and uncertainties using
Equation (3), taking as inputs spectroscopic temperature, Av,
and v, and their uncertainties from the APOKASC Catalog.
We compare these SR masses with our expectations for the halo
and thick disk (Section 3) in Figure 2. All of the SR-based mass
estimates lie above the expected range. We computed (AM ), the
weighted mean of the difference between the SR mass and the
midline of the corresponding halo/thick-disk theoretical band
at the appropriate metallicity, to be 0.17 £ 0.05 My (standard
error of the mean). We conservatively compare stars with an am-
biguous kinematic classification to the wider thick-disk band.
Weights include uncertainties in the SR masses and 1o uncer-
tainties in the theoretical expectations. This >30 mass differ-
ence is significant and could result from some combination of
(1) a problem with the physics in the stellar models; (2) prob-
lems in the definition or measurement of Av, vy, or Tegr; (3) a
stellar populations effect; or (4) a breakdown in the underlying
SR when extrapolated from the Sun to other stars. Point (1) was
addressed in Section 3. We examine the remaining possibilities
below.



THE ASTROPHYSICAL JOURNAL LETTERS, 785:L28 (7pp), 2014 April 20

14— | - - ,
c Y Halo
1.3} F—H— & Thick Disk [
G
——
1.2f
e
Kj#* F
JEEI R \ \ N
& l.of 5 H — 2
%) — =}
© =
= ~
0.9t I_ = -
L. -
_ ——
| il e
Expected mass range for the
0.7r Halo (+20) -- Midline|]
<AM>=0.17£0.05M Thick Disk (+20)
0-67—5 20 “1s “10

[ M/H ]ASPCAP

Figure 2. Thick-disk (diamonds) and halo (stars) SR masses, calculated using
Av and vy, from the APOKASC catalog, vs. metallicity. Compare the range
of theoretically allowed masses for the halo and thick disk (light and dark
gray bands, respectively) with dynamical masses from a metal-poor binary (see
Section 3).

4.1. SR Inputs

Systematic effects in the SR inputs (T, Av, and vyax) could
impact mass estimates. To explain the entire offset as a shift
in the temperature scale requires an 11% decrease in the spec-
troscopic temperature. The best-fit synthetic spectra show good
agreement with the observed wings of the hydrogen lines at the
adopted temperatures; this fit is degraded by adopting ~500 K
cooler temperatures. Additionally, we derive photometric tem-
peratures using the infrared flux method (IRFM), which is more
closely related to the fundamental definition of 7. Because
reddening is the largest uncertainty, we compute IRFM tem-
peratures (Gonzalez Hernandez & Bonifacio 2009) under three
different reddening assumptions (Table 1). The adopted spec-
troscopic temperature scale falls at the cool end of the range
and is barely consistent with zero reddening in the Kepler field.
The combined evidence therefore points toward a correction
that would systematically increase the temperature and mass
estimates.

Systematics in seismic parameters come in two flavors: differ-
ences between various methods of extracting Av and v« from
the power spectrum and theoretically motivated corrections. The
APOKASC catalog combines a variety of asteroseismic analysis
methods and provides a representative uncertainty that charac-
terizes the differences between the measured Av and vp,,. The
large uncertainties for KIC 8017159, for example, reflect the dif-
ficulties of measuring average values for luminous giants where
only a few modes are available (Mosser et al. 2013a). Using
different methods (e.g., Kallinger et al. 2010) to extract Av and
Vmax can shift (AM) by as much as 0.04 M.

There are two published theoretically motivated corrections
that impact Equation (1), described in White et al. (2011) and
Mosser et al. (2013b). White et al. (2011) found a temperature-
dependent correction to Equation (1) for stars near solar metal-
licity; we combine this with Equation (2) to find an effective
correction to the SR mass. We note that three stars are either
more luminous or cooler, and all are more metal-poor, than
those modeled by White et al. (2011). Figure 3(a) shows that
the White et al. (2011) correction shifts stars to lower masses
(~6%), assuming the spectroscopic temperature scale. With this
correction, (AM) = 0.10 & 0.04 M. However, we caution that
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the effect depends on the absolute temperature scale. A hotter
temperature scale (motivated by photometry) could reduce the
magnitude or even reverse the sign of the change. Metallicity and
evolutionary state could also impact the temperature correction
(see Miglio et al. 2013).

We do not apply the Mosser et al. (2013b) asymptotic
correction directly to the catalog Av because the correction is
currently only calibrated for use with the COR method. Using
the COR method to derive Av and vy, and computing SR
masses with its associated solar reference values (Avg = 135.5,
Vmax.0 = 3104 uHz) yields (AM) = 0.16 £ 0.05 M, where
the weights are set by the catalog uncertainties. Applying the
asymptotic correction reduces the SR masses by 4(¢ — {g) =
5%, where ¢ is the asymptotic correction factor. This calibration
lowers (AM) to 0.11 £+ 0.05 My (Figure 3(b)). We avoid
combining this asymptotic correction with the White et al.
(2011) correction because they are highly correlated. For the
considered set of stars, both the White et al. (2011) and Mosser
et al. (2013b) corrections to the SR improve agreement with
expectations.

4.2. Stellar Populations

Stars with a different history could masquerade as halo stars.
Late accretion of in-falling satellite galaxies or stellar mergers
(e.g., blue stragglers) could be progenitors of a population
of low-metallicity stars that are younger or more massive
than their chemistry or kinematics suggest. Blue stragglers
compose only a few percent of the sample (Andronov et al.
2006). We examined the Kepler light curves for merger-induced
rotational modulation and the APOGEE spectrum for rotational
broadening, but found no detectable signatures.

KIC 5858947 and KIC 7265189 have luminosities below the
horizontal branch and are asteroseismically confirmed as RGB
stars from their mixed modes pattern (e.g., Stello et al. 2013).
The remainder have ambiguous evolutionary state classifica-
tions. If some of our stars are helium core or shell burning,
their current mass would be less than the RGB precursor by
AM ~ 0.15 Mg (Lee et al. 1990), a mass difference larger than
the mass range predicted for halo RGB stars. Contamination of
our sample by non-RGB stars would therefore strengthen our
results.

4.3. A Correction to the vy, Scaling

A 16% decrease in mass would bring the uncorrected SR
masses into agreement with the halo mass expectations. From
Equation (3), this could be achieved by a 4% correction to the
effective Av, a 6% correction to V., Or a combination of both.
Equation (1) has a theoretical foundation: the asymptotic value
of Av is related to the sound travel time across a star and therefore
is tied to the mean stellar density. White et al. (2011) and Mosser
et al. (2013b) have proposed modifications to the Av SR that
affect mass on the 5% level. Belkacem et al. (2011) argued
for a physical interpretation of the v, SR using the Mach
number. Having vy scale with the acoustic cutoff frequency
(Equation (2)) is a reasonable empirical approximation at least
for solar-metallicity stars. However, it would not be surprising
to find deviation from the empirical Equation (2) when far
from solar conditions. Metallicity could influence vy, through
mode excitation and damping and opacity-driven changes in
convective properties. To progress, we need to separately test
the two SRs.

We estimate the sensitivity of mass estimates to Vyax by
comparing different analysis techniques. Previous studies have
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from Figure 2.

performed asteroseismic analyses of two metal-poor low-
luminosity giants: v Indi (Bedding et al. 2006) and KIC 7341231
(Deheuvels et al. 2012). We compute SR masses from the re-
ported Av and vy, including the White et al. correction. Both
studies also computed mass using additional constraints, in-
dependent of vy,,x. Bedding et al. constrained the luminosity
of v Indi with Hipparcos parallax measurements. Deheuvels
et al. performed detailed modeling of individual frequencies
in KIC 7341231. Figure 4 compares the SR masses with the
masses derived by these other techniques. Interestingly, these
SR masses are systematically higher (0.08 &= 0.06 M, for v Indi
and 0.12 & 0.04 My for KIC 7341231) than the masses de-
rived from vp,«-independent fitting techniques. This evidence
suggests that Equation (2) may also require correction terms.

5. CONCLUSIONS

We identified six halo and three metal-poor thick-disk giants
in the Kepler field. Using independent constraints on the

mass of halo and thick-disk stars, we performed the first
test of asteroseismic SR masses in the metal-poor regime.
We find that SR masses calculated with APOKASC Catalog
parameters are (AM) = 0.17 £ 0.05 M higher than expected
for metal-poor stars. Published modifications of the Av SR
reduce inferred masses by as much as 5%. Additionally, masses
derived for RGB stars from vp,-independent methods are
systematically lower than those from SR. This motivates future
detailed frequency analyses of APOKASC metal-poor stars.
Additionally, theoretical models from White et al. (2011)
suggest a metallicity-dependence in Equation (1) for RGB
stars over the range [Fe/H] = —0.2 to +0.2. These theoretical
predictions should be extended to [Fe/H] < —1 and lower T..
Similarly, the reliability of the vy, determination and the impact
of the vpax-scaling on mass estimates requires investigation. We
will use a larger sample of halo stars from additional APOGEE
observations to better understand this mass offset.
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