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ABSTRACT

Since the onset of the ‘space revolution’ of high-precision high-cadence photometry, asteroseismol-
ogy has been demonstrated as a powerful tool for informing Galactic archaeology investigations. The
launch of the NASA TESS mission has enabled seismic-based inferences to go full sky — providing a
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2 SILVvA AGUIRRE ET AL.

clear potential for large ensemble studies of the different Milky Way components. Here we show the
first asteroseismic ensemble study of red giant stars observed by TESS to demonstrate its potential for
investigating the Galaxy. We use a modest sample of stars for which we measure their global aster-
oseimic observables and estimate their fundamental stellar properties, such as radius, mass, and age.
Clear improvements are seen in the uncertainties of our estimates when combining seismic observables
from TESS with astrometric measurements from the Gaia mission compared to when the seismology
and astrometry are applied separately. Specifically, when combined we find stellar radii to a precision
of a few percent, masses to 5-10% and ages to the 20% level. This is comparable to the precision

typically obtained using Kepler data.

Keywords: asteroseismology — stars: fundamental parameters — techniques: photometric

1. INTRODUCTION

Asteroseismology of red giant stars has been one of the
major successes of the CoRoT (Baglin et al. 2006) and
Kepler (Borucki et al. 2010) missions. The unambigu-
ous detection of non-radial oscillations (De Ridder et al.
2009) has fundamentally widened our understanding of
the inner workings of red giants, including the condi-
tions in their core (e.g., Bedding et al. 2011) and their
rotation profiles (e.g., Beck et al. 2012). The observed
frequency spectra have allowed the determination of the
physical properties of thousands of red giants to an un-
precedented level of precision (e.g., Miglio et al. 2013),
paving the way for the irruption of asteroseismology as
a powerful tool for Milky Way studies and Galactic ar-
chaeology (Casagrande et al. 2016; Silva Aguirre et al.
2018; Sharma et al. 2019). The Transiting FEzxoplanet
Survey Satellite (TESS, Ricker et al. 2015) is on the path
of continuing this legacy with its all-sky survey that is
expected to increase the number of detected oscillating
red giants by an order of magnitude compared to the
tens of thousands reported by its predecessors CoRoT
and Kepler.

In the nominal TESS mission, the northern and south-
ern hemispheres are each observed during thirteen 27-
day-long sectors, and most (92%) of the surveyed sky
will be monitored for just 1-2 sectors. Except for the
20,000 targets pre-selected in each sector for 2-min ca-
dence observations, all stars are observed as part of the
full frame images obtained in 30-min cadence, similar
to the long cadence sampling of the Kepler satellite.
The length of the observations sets the lower limit on
the oscillation frequencies one can resolve, and the sam-
pling sets the upper frequency limit. We know from
previous Kepler observations that one month of long
cadence data should be well suited to detect oscillations
in the low red giant branch (RGB) and sufficient to
measure the global oscillation properties charaterising
the frequency spectrum, in particular, its frequency of
maximuim power, Vyay and the frequency separation be-
tween overtone modes, Av (Bedding et al. 2010). These
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in turn can be used in combination with complemen-
tary data such as the effective temperature, Teg, the
relative iron abundance, [Fe/H], and parallax, to obtain
precise stellar properties (including ages) when applying
asteroseismic-based grid modelling approaches (see e.g.,
Rodrigues et al. 2017; Pinsonneault et al. 2018).

Due to the large sky coverage, approximately 97% of
asteroseismic detections in red giants from the TESS
nominal mission data are expected to come from stars
observed for only one or two sectors'. Here we set out to
explore the capability of TESS to detect the oscillations
in giants ranging from the base of the red giant branch
to the red clump, determine their stellar properties, and
use that to assess the prospects for Galactic archaeology
studies using one to two sectors of TESS data.

2. TARGET SELECTION

Our goal is to have a representative sample of giants
including the types of stars in which we can expect to
detect oscillations from one sector long-cadence TESS
data. We selected red giant candidates observed during
sectors 1 and/or 2 that were deemed viable for aster-
oseismic detections according to their predicted prop-
erties based on the Hipparcos catalogue (Van Leeuwen
2007). We first estimated the stellar T and luminos-
ity using B — V color, V-band, and Hipparcos parallax,
and the color-temperature and bolometric correction re-
lations of Flower (1996). We then obtained a prediction
of Vmax assuming a mass of 1.2 Mg, which is represen-
tative of a typical red giant as observed by Kepler (and
unlikely to be more than a factor of two from the true
value of each star, Yu et al. (2018)). We note that one of
our targets (TIC 129649472) is a known exoplanet host
star recently analysed by Campante et al. (2019).

To ensure that the selected targets were amenable to
asteroseismic detection from one sector of 30-min ca-
dence data, we required they would have an expected
Vmax in the range 30-220pHz and Tg in the typical range

1 TESS GI proposal
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Figure 1. ‘Asteroseismic HR diagram’ showing vmax instead
of luminosity. Red dots show the selected targets inside the
black selection box. For reference, the Sun is shown as well as
all Hipparcos stars brighter than 6th magnitude (grey dots).
Solar metalicity MESA tracks are shown to guide the eye
(pre- and post- helium core-ignition phases are shown sepa-
rately).

133 of red giants of 4500-5200 K. In addition, we applied a
13+ more narrow Tog range of 4500-4700 K for the stars with
135 Umax between 30pHz and 70puHz, to avoid having red
136 clump stars dominating our sample. The resulting sam-
137 ple of stars span evolutionary phases from the base of
13s the red giant branch to the red giant branch bump, as
130 well as some clump stars.

uw  From this sample, we selected the 25 brightest tar-
1w gets for light curve extraction and asteroseismic analy-
w2 sis. The faintest stars in our sample turned out to be
13 ~6-Tth magnitude in V' band. Under the assumption
14 that the photometric performance of TESS is similar to
us Kepler’s, apart from its smaller aperture, this magni-
s tude limit is equivalent to 11-12th magnitude for Ke-
w7 pler. Because single-quarter observations from Kepler’s
us second life, K2, showed no oscillation detection bias for
1o red giants brighter than around 12th magnitude (Stello
150 et al. 2017) we would expect to detect oscillations in all
151 25 giants with TESS.

12 Figure 1 illustrates the location of the selected stars
153 in the HR-diagram and the applied selection criteria.
152 We confirmed that the stars were in the desired sectors
155 using the Web TESS Viewing tool (WTV)?.

2 https://heasarc.gsfc.nasa.gov/cgi-bin/tess /webtess/wtv.py
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3. DATA PROCESSING AND ASTEROSEISMIC
ANALYSIS

The stars selected were included in an early release
of processed data from the TASOC pipeline®. The
processing combined the methodology from the K2P2
pipeline (Lund et al. 2015) for extracting the flux from
target pixel data with the KASOC filter for systemat-
ics correction (Handberg & Lund 2014). The resulting
TASOC light curves were high-pass filtered using a fil-
ter width of 4 days, corresponding to a cut-off frequency
of approximately 3uHz, and 40 outliers were removed.
Finally, we used linear interpolation to fill gaps that
lasted up to three consecutive cadences and derived the
Fourier transforms (power frequency spectra) of each
light curve.

The light curves for the seven stars observed in both
sectors were merged. To follow the approach anticipated
for the millions of light curves from the TESS full frame
images in the future, we first applied the neural network-
based detection algorithm by Hon et al. (2018) resulting
in detection of oscillations in the power spectra of all
stars except one. The non-detection is listed as an A2
dwarf and a ’Visual Double’ in the University of Michi-
gan Catalogue of two-dimensional spectral types for the
HD stars (Houk (1994)), and hence possibly too hot to
show solar-like oscillations, or potentially contaminated.
For the current test case, the number of stars was small
enough that we visually checked the results, which con-
firmed all detections and the non-detection. The power
spectra of a representative sample of the stars are shown
in Figure 2 showing clear oscillation excess power and
the frequency pattern required to measure both vy ax
and Av.

The neural network also supplies a rough estimate
for vmax, which we provided as a prior to 13 indepen-
dent groups analysing the power spectra to extract high-
precision values of both v.., Av, and their respective
uncertainties using their preferred method. These meth-
ods have been thoroughly tested and described in the lit-
erature (see e.g., Huber et al. 2009; Gaulme et al. 2009;
Hekker et al. 2010; Mathur et al. 2010; Mosser et al.
2011; Kallinger et al. 2012; Corsaro & De Ridder 2014;
Davies et al. 2016; Campante et al. 2017; Zinn et al.
2019).

From the 13 independent determinations of the global
asteroseismic parameters we adopted as central refer-
ence value for Av and vyax the results from the PGA
pipeline (Gaulme et al. 2009), as it was the method that

3 T'DA Data Release Notes - Data Release 3 for TESS Sectors
142 (https://doi.org/10.5281/zenodo.2510028)
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Figure 2. Power spectra sample of our targets represen-
tative of the vmax range that they cover from around the
red clump (top) to the low luminosity red giant branch (bot-
tom). Left: Spectra shown in log-log space (smoothed in red)
showing the location of the oscillation power excess, Vmax, in-
dicated by red arrows on top of a frequency-dependent gran-
ulation background and flat white noise component. Right:
Close-up of spectra showing rough locations of the radial
modes to guide the eye (red vertical lines) and their average
separation, Av (red horizontal arrows). In the three bottom
panels multiple dipole (I = 1) mixed modes are resolved in
between consecutive radial modes as indicated by the black
brackets.
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on average was closest to the ensemble mean after apply-
ing a 2-0 outlier rejection. Uncertainties in the global as-
teroseismic parameters obtained by the selected pipeline
are at the 1.9% and 2.4% level for Av and vy,.x respec-
tively. These uncertainties are of comparable magnitude
to those obtained from a single campaign with the K2
mission (see appendix in Stello et al. 2017) and about
twice as large as those extracted from 50 days of Kepler
observations (see Figs. 3 and 4 in Hekker et al. 2012).
We report the central values and statistical uncertainties
in Av and vpax for all targets in Table 1.

For each star, we take into account the scatter across
the different methods by adding in quadrature the stan-
dard deviation among the central values retained af-
ter the 2-o outlier rejection procedure to the formal
uncertainty reported by the selected reference method.
This consolidation process yields median uncertainties
of 3.9% in Av and 2.6% in vyay, where the individual
contribution arising from this systematic component to
the total uncertainty is listed in Table 1. We note that
we could decrease the level of uncertainties resulting
from our ‘blind’ statistical consolidation approach by
for example checking the Av and vy, results against
the power spectra and/or échelle diagrams (see Fig. 5
in Stello et al. 2011). However, we want to draw a re-
alistic picture of the uncertainties one can expect when
dealing with large ensembles of stars (as expected from
TESS) where detailed "boutique’ analysis/checking on a
star-by-star basis is not practically feasible. Hence, our
quoted uncertainties are conservative but representative
for analysis of TESS red giants where several pipelines
are involved.

4. DERIVED STELLAR PROPERTIES

We have determined stellar properties for a subsample
of 17 stars that had measurements of effective temper-
ature and chemical composition available in the litera-
ture. This information was complemented with paral-
laxes from Gaia DR2 (Gaia Collaboration et al. 2018)
and the use of the asteroseismic scaling relations:

(55) =7
Ave ) Do

(L) (R) (e )”2 o
Vmax,® N M@ R@ Teff,@ ’

where we adopted Avg = 135.5 (uHz) and vmax,e =
3140 (uHz) as obtained by our reference pipeline from
the analysis of solar data. Seven teams independently
applied grid-based modelling pipelines based on stellar
evolution models or isochrones to determine the main
physical properties of the targets (see Basu et al. 2012;

(1)
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Silva Aguirre et al. 2015; Rodrigues et al. 2017; Mints &
Hekker 2018; Yildiz et al. 2019, and references therein).
When matching the models to the atmospheric prop-
erties and the global asteroseismic parameters Av and
Vmax the pipelines yielded radius, mass, and age for the
targets with median uncertainties of ~5%, ~12%, and
~41%, respectively. These statistical uncertainties are
of the same magnitude to those obtained with the K2
mission (Sharma et al. 2019), as expected from the sim-
ilar resulting errors in the global seismic parameters de-
scribed in Section 3, and about a factor of two larger
than what can be achieved with the full duration of the
Kepler observations (Pinsonneault et al. 2018).

In addition to the asteroseismic information, five of
the pipelines can include Gaia DR2 parallaxes coupled
with Tycho-2 (Hgg et al. 2000) observed V-magnitudes
in their fitting algorithm to further constrain the stel-
lar properties. The resulting uncertainties decrease to a
level of ~3% in radius, ~7% in mass, and ~22% in age.
This level of precision resembles that obtained with the
use of the full length of asteroseismic observations from
the nominal Kepler mission, and emphasizes the poten-
tial of TESS for Galactic studies using red giants given
its larger sky coverage, simple and reproducible selec-
tion function, and order of magnitude higher expected
yield of asteroseismic detections than any other previous
mission.

13097379
38828538
39082723
70797228
111750740
115011683
129649472
141280255
149347992
155940286 —_——
175375523 —_————————
204313960
220517490 ——
270245797
281597433
439399563
441387330

— = ()
(B, Vmax)
(@, AV, Vmax)
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Mass (Mo )

Figure 3. Stellar masses obtained with BASTA when fitting
different combinations of input parameters: Gaia DR2 paral-
lax and V-band magnitude (w), global asteroseismic param-
eters (Av ,Umax), and all combined (@ ,Av ,umax). Effective
temperature and composition are also fitted in all cases. See
text for details.

To further illustrate the gain in precision obtained
when combining the global asteroseismic properties
with the astrometric solutions from Gaia, Fig. 3 shows
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the masses obtained with one of the pipelines (BASTA,
Silva Aguirre et al. 2015) when fitting different combina-
tions of input parameters. The figure includes the case
when, in addition to the atmospheric properties, only
the Gaia DR2 parallax and observed V-band magnitude
are included. For the majority of the targets the results
are consistent across the three sets within their formal
statistical uncertainties, with a clear improvement in
precision when asteroseismic information and parallax
are simultaneously included in the fit. Two targets
(TIC 70797228 and TIC 129649472) present a larger
disagreement between the masses obtained with paral-
lax and the seismic set (Av,Vmax). The parallax-only
solution determines a surface gravity that is not com-
patible with the seismic one, and via the scaling relation
(Eq. 2) it predicts a distribution of vy that includes
the measurements from TESS only in its wings. This
effects causes the discrepancy in the predicted masses
and explains the existence of an intermediate solution
when all the observables (w ,Av ,vmax) are considered
in the fit.

1.0

(@)
(B, Vimax)
= (@, AV, Vmax)

0.8

g
o

Kernel density
o
N

0.2

0.0 0.2 0.4 0.6 0.8 1.0
Fractional age uncertainty

Figure 4. Distribution of fractional age uncertainties for
our sample of stars determined by the BASTA pipeline fitting
different combinations of available observables. The points
indicate the individual values used to construct the Gaussian
kernel density estimation. For better visualization we have
excluded TIC 175375523 from the figure. See text for details.

In Fig. 4 we plot the distribution of fractional age
uncertainties obtained with BASTA for the three consid-
ered cases of input, showing the impact in the obtained
statistical age uncertainties of including different com-
binations of input. We note that for visualization pur-
poses we have excluded the target TIC 175375523 from
the figure as its fractional age uncertainty obtained with
(AV ,Umax) exceeds one. Its resulting age distribution is
bimodal in this set as both RGB and clump models can
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reproduce the observations, but the inclusion of paral-
lax information favours the red giant branch solution
and explains the ~ 20% statistical uncertainty reported
in Table 1.

Our stellar ages at the 20% level are significantly more
precise than what is obtained by data driven and neural
network methods trained using asteroseismic ages from
Kepler (above the 30% level, see e.g., Mackereth et al.
2019). A summary of the measured and derived stel-
lar properties for our targets can be found in Table 1,
where we have listed the central values and statistical
uncertainties obtained with the BASTA pipeline, and de-
termined the systematic contribution as the standard
deviation across the results reported by all pipelines.

5. CONCLUSIONS

We presented the first ensemble analysis of red giants
stars observed with the TESS mission. We selected a
sample of 25 stars where we expected to detect oscil-
lations based on their magnitude and parallax value,
and analysed the extracted light curves in search for as-
teroseismic signatures in the power spectra. Our main
findings can be summarized as follows:

e We detected oscillations in all the stars (except one
that was likely incorrectly listed as a red giant).
Despite the modest number of stars in our sam-
ple, our detection yield supports that the TESS
photometric performance is similar to that of Ke-
pler and K2 apart from its smaller aperture.

e Individual pipelines retrieve the global asteroseis-
mic parameters with uncertainties at the ~2%
level in Av and ~2.5% in vpmax, which respec-
tively increase to ~4% and ~3.5% when we take
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into account the scatter across results. We con-
sider these uncertainties to be representative for
the forthcoming ensemble analysis of TESS tar-
gets observed in 1-2 sectors, as individual valida-
tion of the results will not be feasible due to the
large number of targets observed.

e Grid-based modelling techniques applying astero-
seismic scaling relations were used to retrieve stel-
lar properties for the 17 targets with spectroscopic
information. Radii, masses, and ages were ob-
tained with uncertainties at the 5%, 12%, and 41%
level, and decrease to 3%, 7%, and 22% when par-
allax information from Gaia DR2 is included.

The expected number of red giants with detected os-
cillations by TESS (~500,000) greatly surpasses the fi-
nal yield of Kepler (~20,000, Hon et al. (2019)). In this
respect, the combination of TESS observations, Gaia as-
trometry, and large scale spectroscopic surveys holds a
great potential for studies of Galactic structure where
precise stellar properties (particularly ages) are of key
importance. We note that the recently approved ex-
tended TESS mission will change the long cadence of
observations to 10 minutes, making it possible to detect
oscillations of stars of smaller radii using full frame im-
ages. This will enable more rigorous investigations of
the asteroseismic mass scale for giants when anchored
to empirical mass determinations (e.g., from eclipsing
binaries) of turn-off and subgiant stars.

This paper includes data collected by the TESS mis-
sion, which are publicly available from the Mikulski
Archive for Space Telescopes (MAST). Funding for the
TESS mission is provided by NASAs Science Mission
directorate.
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Table 1. Measured and derived stellar properties of our targets. The global asteroseismic quantities and
stellar properties include a statistical and systematic component derived as described in Sections 3 and 4,

respectively. We report them here as value £ 050 £ 0sys.

TIC Vmax Av |4
(nHz) (nHz) (mag)
13097379  59.10 & 1.50 + 0.31 6.02+£0.034+0.21  6.646 & 0.010
38574220  29.40 %+ 0.90 £ 0.25 4.06 +0.20 £0.13  5.577 + 0.009
38828538  189.90 & 1.60 +0.05  14.90 +0.10 £ 0.06  5.896 & 0.009
39082723  49.30 + 2.10 £ 0.79 5.20 £ 0.10 £ 0.02  5.574 & 0.009
47424090  28.30 + 1.80 £ 0.82 3.40 £0.10 £ 0.21  6.930 4 0.010
70797228  31.80 & 1.50 £ 0.18 4.3740.20+0.22  5.787 + 0.009
77116701  48.30 + 7.60 +23.20  5.64+£0.20 £3.17  8.568 4 0.018
111750740 142.60 £2.70 £0.22  11.80 £0.10 £ 0.15  5.658 = 0.009
115011683  58.80 & 1.20 & 0.34 6.10 £ 0.10 £ 0.00  6.057 £ 0.010
129649472  31.80 =+ 1.20 4 0.64 4.204+0.20 £ 0.03  5.755 + 0.009
139756492  27.60 % 0.90 4 0.07 4.16 £0.20 + 0.48  6.819 4 0.010
141280255 150.40 +1.00 £ 0.15  12.52 4 0.02 +0.08  5.307 = 0.009
144335025  68.50 + 1.60 & 0.12 7.354+0.2040.24  6.194 £ 0.010
149347992  165.80 + 4.10 £ 12.54 11.10 £ 0.40 £ 0.32  6.405 £ 0.010
155940286  73.20 % 1.30 & 0.04 7.40 £ 0.0240.09  6.810 £ 0.010
175375523  60.00 = 1.10 % 0.04 5.80 £ 0.10 £ 0.07  5.899 & 0.009
183537408  57.90 + 1.10 & 0.26 6.20 +£0.20 £ 0.26  6.781 £ 0.010
204313960 106.00 £3.30 £ 0.31  9.40 £ 0.50 £ 0.16  6.083 & 0.010
220517490 117.30 £1.20 £0.14  10.87 £ 0.02 4 0.13  5.846 4 0.009
237914586  47.00 & 1.40 + 0.53 5.74+£0.20 £ 0.01  3.959 & 0.009
270245797  72.20 £ 1.70 + 0.12 6.60 +£0.10 £ 0.19  6.239 = 0.009
281597433  73.30 & 1.00 + 0.70 7.204£0.034+0.17  6.163 4 0.010
439399563  44.30 £ 1.40 + 0.15 4.54 4 0.06 +0.06  5.892 4 0.009
441387330  46.60 + 0.80 & 0.37 5.25+0.10 £ 0.17  5.592 & 0.009

Tets [Fe/H] R M Age Reference

(K) (dex) (Ro) (Mo) (Gyr)
4634 £ 77 0.04 £0.10 8.49 £0.31 £0.11 1.224+0.09+£0.03 6.10£1.144+0.71 Luck (2015)
4828 £ 53 0.11 £0.03 4.68 £0.06 + 0.01 1.224+0.03£0.01 6.10+0.36 £0.11 Alves et al. (2015)
4706 £ 46 —0.05+£0.03 9.28+0.14 £0.24 1.20 £ 0.05 £0.08 5.90 £ 0.78 £ 1.09 Alves et al. (2015)
4750 £ 100 0.12£0.10 11.15+£0.77 £0.00 1.17+0.15+0.03 7.10+2.62 £ 1.10 Jones et al. (2011)
4688 100 0.16 £ 0.10 5.13£0.16 £ 0.11 1.07 £0.08 £ 0.08 10.60 +1.84 £ 1.60 Wittenmyer et al. (2016)
4590 £100 —0.13+£0.10 7.94+£0.25+0.05 1.05+0.08£0.01 9.70+1.84 £1.62 Wittenmyer et al. (2016)
4748 £+ 42 0.28 £+ 0.06 10.81 £0.31 £0.09 1.14+0.08£0.01 8.30+1.92+1.34 Jofré et al. (2015)
4630 £ 75 0.33 £ 0.03 5.30 £ 0.04 + 0.02 1.23+0.02£0.03 6.704+0.36 £0.71 Meléndez et al. (2008)
5132 4+ 50 —0.17£0.09 7.44 4+0.28 £0.27 1.99+0.24 £0.02 1.104+0.32+£0.04 Randich et al. (1999)
4630 100 0.03 £0.10 6.96 £ 0.21 +0.18 1.01 £0.07+0.06 12.00+1.92+1.94 Wittenmyer et al. (2016)
4660 & 100 0.26 +0.13 8.99 +0.34 £ 0.64 1.37+0.11 £0.22 4.60 +0.94 £ 1.37 Jones et al. (2011)
4897 + 50 —0.20£0.09 6.53+0.17 +£0.11 1.32+0.07£0.05 3.70+£0.50 £ 0.38 Randich et al. (1999)
4961 + 24 —0.26 £0.02 5.70 +0.03 £ 0.01 1.14+0.02£0.00 5.70+0.36 £ 0.04 Alves et al. (2015)
4824 £+ 29 —0.10 £0.02 8.80+0.10 £0.06 1.62+0.04 £0.03 2.00+0.14 £ 0.07 Alves et al. (2015)
4700 + 50 —0.41+£0.09 6.87+0.17+0.11 0.98 +0.06 £ 0.04 10.30 £1.42+1.09 Randich et al. (1999)
4778 £ 59 0.11 £0.11 10.66 £0.33 £0.16 1.43£0.11 +£0.07 3.50 + 0.64 £ 0.47 da Silva et al. (2015)
4710 +£100 —0.02+0.18 10.04 £0.64+0.42 1.36£0.17+0.14 3.60 £ 0.92 + 0.63 Jones et al. (2011)

NoTE—Last column gives the reference from which we retrieved the atmospheric parameters used for the grid-based modelling (see Section 4).



