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A B S T R A C T 

Red giant asteroseismology can provide valuable information for studying the Galaxy as demonstrated by space missions like 
CoRoT and Kepler . Ho we ver, pre vious observ ations have been limited to small data sets and fields of view. The TESS mission 

provides far larger samples and, for the first time, the opportunity to perform asteroseimic inference from full-frame images 
full-sky, instead of narrow fields and pre-selected targets. Here, we seek to detect oscillations in TESS data of the red giants 
in the Kepler field using the 4-yr Kepler results as a benchmark. Because we use 1–2 sectors of observation, our results are 
representative of the typical scenario from TESS data. We detect clear oscillations in ∼3000 stars with another ∼1000 borderline 
(low S/N) cases. In comparison, best-case predictions suggest ∼4500 detectable oscillating giants. Of the clear detections, we 
measure �ν in 570 stars, meaning a ∼20 per cent �ν yield (14 per cent for one sector and 26 per cent for two sectors). These 
yields imply that typical (1–2 sector) TESS data will result in significant detection biases. Hence, to boost the number of stars, 
one might need to use only νmax as the seismic input for stellar property estimation. Ho we ver, we find little bias in the seismic 
measurements and typical scatter is about 5–6 per cent in νmax and 2–3 per cent in �ν. These values, coupled with typical 
uncertainties in parallax, T eff , and [Fe/H] in a grid-based approach, would provide internal uncertainties of 3 per cent in inferred 

stellar radius, 6 per cent in mass, and 20 per cent in age for low-luminosity giant stars. Finally, we find red giant seismology is 
not significantly affected by seismic signal confusion from blending for stars with T mag � 12.5. 

Key words: stars: fundamental parameters – stars: interiors – stars: oscillations. 
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 I N T RO D U C T I O N  

he space-based asteroseismic revolution of red giant stars (de 
idder et al. 2009 ) spawned the realization that oscillating giants 
ould provide powerful ways to study the Milky Way (Miglio 

t al. 2009 ). The initial attempts of this asteroseismically informed 
alactic archaeology were made with CoRoT (e.g. Miglio et al. 
013 ; Anders et al. 2017 ) and later with Kepler (e.g. Casagrande
t al. 2016 ; Sharma et al. 2016 ; Silva Aguirre et al. 2018 ). Ho we ver,
t soon became clear that the small sky coverage and the complex,
nd to some degree undocumented, target selection function would 
 E-mail: stello@physics.usyd.edu.au 

t  
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imit the use of these particular data sets within this line of research.
ortunately, Kepler’s K2 mission (Howell et al. 2014 ) gave birth

o the K2 Galactic Archaeology Programme, designed to support 
tudies of the Milky Way along the ecliptic, with stars probing many
ifferent parts of the Galaxy and following a simple reproducible 
election function (Stello et al. 2015 ; Sharma et al. 2021a ). Although
eismic data have been released for all campaigns of the K2 Galactic
rchaeology Programme (Stello et al. 2017 ; Zinn et al. 2020 , 2022 ),

he scientific fruits of this rich data set have only just started to be
arvested (Khan et al. 2019 ; Rendle et al. 2019 ; Sharma et al. 2019 ,
021b ) 
The launch of NASA’s TESS mission opened the first opportunity 

o detect oscillations in red giants o v er the full sky (Ricker et al.
015 ; Campante et al. 2016 ), with its initial 2-yr mission co v ering
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http://orcid.org/0000-0001-5222-4661
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rst the Southern ecliptic hemisphere, followed by the Northern
emisphere. The potential to study large stellar populations in the
ilky Way with TESS is therefore significant. In an early attempt

o quantify the asteroseismic performance of TESS in this context,
guirre et al. ( 2020 ) used TASOC 

1 ‘FastTrack’ data of 25 bright
ed giants ( V � 6) from the first two sectors of TESS’s Southern
emisphere observations. They found all the giants in their sample
howed oscillations, confirming the expected TESS performance.

hen combining the seismology from TESS with parallaxes from
aia DR2 (Gaia Collaboration et al. 2018 ), they found the precision
n the inferred stellar radii, masses, and ages from grid modelling
as similar to that obtained from 4-yr Kepler data. This showed

hat the smaller aperture and shorter observation time span by TESS
leading to less precise seismic measurements) is compensated in
he grid modelling by the targets being brighter and closer (more
hotons and more precise parallaxes) compared to the typical Kepler
argets. Later, Mackereth et al. ( 2021 ) used a full-year (13 sectors)
f TESS Southern-continuous-viewing-zone data, co v ering about
50 deg 2 , to infer the potential for red giant asteroseismology with
ESS across its full-sky view. They estimated ∼300 000 giants would
how oscillations across the sky. 

During its second year, TESS co v ered the Kepler field in Sectors
4 (fully) and 15 (partly). This provided an interesting opportunity
o test the TESS performance in more detail on a large sample
f well-studied red giants. Despite the limitations of the Kepler
ata for Galactic archaeology studies, the mission provides the
est-quality data for red giant seismology on individual stars. As
uch, Kepler is still the benchmark for red giant seismology. The
early continuous observations for four years, stable environment
ar from the Earth, and relatively large aperture mean that Kepler -
ased results will probably remain the ultimate ‘ground truth’ for the
oreseeable future. In addition to testing the TESS performance, the
ESS observations of the Kepler red giants also give us an important
ay to verify whether our seismic measurements are consistent with

he ‘true’ values, as we mo v e toward analysing all TESS data fully
utomatically in the future. 

In this paper, we use the Kepler results on red giants to study how
ell we can measure the oscillations from TESS data of all giants

n the Kepler field brighter than Kp = 13. Particularly, we want to
1) investigate how the intrinsic limitations of TESS (such as small
perture and short observation time) affect the completeness of the
eismic stellar population from TESS, (2) study if the uncertainties
n the seismic observables νmax and �ν are representative of the
rue uncertainties, (3) estimate the yield of stars with reliable �ν

easurements as opposed to only νmax , (4) see if there is any bias in
max and �ν relative to the Kepler results, and finally, (5) provide a
ough estimate of the radius, mass, and age precision one can expect
rom the one to two sectors of TESS observations. 

 TA R G E T  SELECTION  A N D  L I G H T  C U RV E  

R E AT I O N  

e selected the 8668 stars brighter than Kp = 13 in the catalogue of
6 000 Kepler red giants with detected oscillations by Yu et al. ( 2018 ).
hese stars were all observed with Kepler’s 30-min cadence and have
 measurement of the frequency of maximum acoustic power, νmax ,
nd of the frequency separation between radial o v ertone modes, �ν.

To co v er as man y stars as possible, we used the TESS Full Frame
mages taken at 30-min cadence as our data source. We followed
NRAS 512, 1677–1686 (2022) 

 TESS Asteroseismic Science Operations Center: http://www.tasoc.dk

2
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a

he approach of Saunders et al. ( 2022 ) 2 , which we summarise
ere. First, we retrieved data from the Mikulski Archive for Space
elescopes (MAST) using TESScut (Brasseur et al. 2019 ) to
ownload 11 x 11-pixel cutouts around each target, and then applied
he following methodology to remo v e the scattered light background
rom the TESS Full Frame Image observations. Our pipeline uses
he RegressionCorrector framework in the lightkurve
ython package (Lightkurve Collaboration et al. 2018 ). Using the
utout target pixel files, we created a design matrix with column
ectors populated by the flux light curves of pixels outside a threshold
perture mask, a v oiding pixels that contain flux from the target to
nsure our noise model did not fit out the desired signal. We then
erformed Principal Component Analysis on the columns of the
esign matrix to find ten principal components to use in our model. To
roduce our final noise model, we set up a generalized least-squares
roblem to find optimal coefficients for each of the components in our
esign matrix, and then generated a model as a linear combination
f the column vectors. We produced an uncorrected light curve by
erforming simple aperture photometry on the cutout target pixel file
sing the inverse of the aperture mask used to select regressors. Our
nal light curves were produced by subtracting the noise model from

he uncorrected light curves. 
Almost all the selected stars were observed in Sector 14 (8576

tars) and about half were observed in Sector 15 (4909 stars). We
oncatenated the light curves of those observed in both sectors (4817
tars). We then followed the data processing previously applied to K2
ata by Stello et al. ( 2015 ) and Stello et al. ( 2017 ), which included
 4-d wide boxcar high-pass filter (meaning a cut-off frequency of
bout 3 μHz in the frequency domain) and filling gaps below 1.5 h
n length using linear interpolation. 

For each sector, we identified the time stamp segments (spacecraft
rbital phases) for which the light curves were potentially affected
y Earth shine and subsequently remo v ed affected stars. 3 Affected
tars were defined as those with a light curve standard deviation in
heir potential Earth shine segments, σ Earth , above 40 per cent of their
naffected se gments, σ normal . We remo v ed 2307 stars in this process.
Fig. 1 (a) shows the sky coverage of our targets for Sector 14,

evealing the footprint of the Kepler field of view. The colour-
ode of each observed star represent σ Earth / σ normal . The part of the
eld affected by Earth shine (bright coloured dots) corresponds to
ESS camera 1. The two insets show example light curves with the
egments potentially affected by Earth shine highlighted in red. In
ector 15, the Earth shine issue is clearly less severe, only affecting

he lower-right corner of the field, as seen in Fig. 1 (b). The inset
n this figure shows the σ Earth / σ normal distribution and the cut-off
dashed line) used to remo v e affected stars. 

We also found and remo v ed an additional 196 stars that showed
rders-of-magnitude higher noise than the rest of the sample, with
 standard deviation σ normal > 0.005. All turned out to lie close
o the TESS CCD edges (Figs 1 c–d). For the remaining 6165
tars, we calculated the Fourier transform (power spectrum) for
ubsequent oscillation analysis. In Fig. 2 (left-hand panels), we show
 representative set of the power spectra from TESS. In the right-
and panels, we illustrate the corresponding Kepler data, which can
e regarded as providing the ground truth benchmark measurements
n this investigation. We note that amplitude calibration between
ESS and Kepler is still uncertain [Lund et al. (in preparation)] but
 https:// github.com/nksaunders/ giants 
 Although one could potentially salvage affected stars by removing only the 
ffected time segments, we opted not to do so for our purpose. 

http://www.tasoc.dk
https://github.com/nksaunders/giants


TESS asteroseismology of the Kepler red giants 1679 

Figure 1. Sk y co v erage of our targets (gre y points). P anel (a) Observ ed stars in TESS Sector 14 are colour-coded by σEarth / σ normal . The insets show two 
e xample light curv es, with the time stamps used to calculate the scatter colour-coded by red ( σEarth ) and black ( σ normal ) points. Panel (b) Same as panel (a) but 
for Sector 15. The inset shows the σEarth / σ normal distribution and the cut-off value of 1.4. Panel (c) Same as panel (a) b ut colour -coding showing log( σ normal ). 
Panel (d) Same as panel (c) but for Sector 15. The inset shows the σ normal distribution and the cut-off value of 0.005. 
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ill not affect the results presented here. Thirty stars in our sample
lso had 2-min cadence TESS data, and hence an existing SPOC
ight curve on MAST, and comparison of those power spectra with 
urs showed on average similar power levels across all frequencies, 
lthough with some star-to-star variation. 

 DETECTION  O F  OSCILLATIONS  

or Galactic archaeology, in particular, we would like our seismic 
etection algorithms to provide complete and pure samples, meaning 
e detect all possible detections without introducing any false 
ositives. Stello et al. ( 2017 ) demonstrated that visual inspection 
f power spectra provided a robust determination of which stars 
howed oscillations (high completeness and high purity), despite 
eing subjective and time consuming. Based on this, and previous 
ork by Hekker et al. ( 2011 ) and Hekker et al. ( 2012 ), Yu et al. ( 2018 )
sed visual inspection to classify detections and non-detections for 
heir sample of 16 000 Kepler red giants, now regarded as a gold
tandard data set from the Kepler red giants (e.g. Mackereth et al.
021 ). To eliminate the shortcomings of performing visual inspection 
anually, Hon, Stello & Zinn ( 2018b ) trained an image-recognition 

rtificial neural network on such visual classification, which was 
hown to be very efficient on Kepler data (Hon et al. 2019 ). However,
his network has not yet been trained to provide both pure and com-
lete sets of detections from actual TESS data. We therefore followed 
he approach by Stello et al. ( 2017 ) to manually classify our relatively
mall sample of TESS stars into three detection categories: ‘Yes’, 
Maybe’, and ‘No’. These results helped inform our subsequent 
esults when we came to assess how well we could measure the
eismic, as well as fundamental global, properties of the stars. 
Fig. 3 shows the entire sample of stars, with the detection of
scillations by TESS indicated by colour. We see that the detections
Fig. 3 a, green) follow a similar threshold trend in the upper right
orner to that predicted using the formalism in Chaplin et al. ( 2011 )
nd Schofield et al. ( 2019 ) (black line). For the predictions, we
gnored blending and systematic noise and different to the approach 
y Schofield et al. ( 2019 ), we used Gaia -based radii directly from the
ESS Input Catalog (Stassun et al. 2019 ) and used TESS magnitudes

n place of Johnson I-band. Fainter and intrinsically less luminous 
tars (lower amplitude and larger νmax ) have a signal-to-noise ratio 
oo low to detect the oscillations. Extrapolating the threshold line 
owards the most luminous giants with νmax ∼ 5 –10 μHz, suggests 
hat TESS would probably be able to detect oscillations in stars
s faint as T mag ∼ 14, at least for the most luminous stars. As
xpected, most of the ‘Maybe’ detections (Fig. 3 b magenta) are
lose to the detection threshold; they truly are borderline cases. 
any of them are situated in the red clump (RC) region around

max ∼ 30 –100 μHz, which often provide lower and wider oscillation 
ower excess detections (e.g. Mosser et al. 2012 ; Yu et al. 2018 ).
hile most non-detections (Fig. 3 c, red) are abo v e the predicted

hreshold line, as e xpected, man y fall well within the predicted
detection’ region below the line. Based on spot checks, many of them 

how either unusually strong low-frequency variation (regular or 
rre gular, indicativ e of binarity or instrumental/photometric issues) or 
ignificantly different noise levels between the two observing sectors. 
his strong o v erlap between detections and non-detections in νmax –
 mag space is only seen in the observations. The detection predictions
how very little overlap if plotted in the νmax –T mag diagram. This is a
esult of ignoring any systematics, demonstrating that the predictions 
epresent the ideal scenario (single well-isolated stars and a perfectly 
MNRAS 512, 1677–1686 (2022) 
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M

Figure 2. Example power spectra from TESS (left-hand panels) and Kepler 
(right-hand panels) for three stars ranging from low to high νmax values. The 
red curves show the smoothed spectra using the same smoothing for TESS 
and Kepler . 
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erforming instrument and photometric extraction). With this in
ind, we count the number of stars with a predicted detection

robability larger than 99 per cent to be about 4500. Hence, the
bserv ed yield relativ e to this optimistic scenario is ∼60 per cent for
lear detections (2724 stars), and ∼80 per cent if the stars marked
Maybe’ are also counted as genuine detections (975 stars). We
ote that these yields are not lik e-for-lik e comparable to those of
ackereth et al. ( 2021 ) because our studies are complementary.
ifferences between the two studies include: (1) the length and
ltering of the time series, (2) the target selection, and (3) the
efinitions for what constitutes a detection. 
To further verify whether our detections follow expectations, Fig. 4

hows the average power in the TESS data as a function of Kepler
max , measured in a 0.4 νmax -wide window around the Kepler νmax .
he clear detections (Fig. 4 a) show a relatively tight power-law

elation with a sharp upper limit at fixed νmax , as seen in previous
nsemble results (e.g. Yu et al. 2018 ), demonstrating that the power
pectrum is dominated by oscillation power at νmax . This is further
upported by the power measured for a given star typically being
uch larger than the predicted white noise for its brightness (dots

all abo v e dashed lines of the same colour). Most of the ‘Maybe’
NRAS 512, 1677–1686 (2022) 
etections (Fig. 4 b) also seem to follow the power-law relation and
o wer le vels being higher than the predicted white noise, suggest-
ng that they are mostly genuine detections. The non-detections,
o we ver, mostly follo w a flat and quite broad distribution (at fixed
max ), with many stars falling near and even below the predicted
oise, which shows the power spectra are dominated by noise. It
s e vident, ho we ver, that to wards lo w νmax , some non-detections
tart to follow the steep power law of the detections, suggesting
hat some of these stars could possibly show hints of oscillation 
ower. 

 SEISMIC  MEASUREMENTS  

n the next step, we analysed the level of precision and accuracy in
max and �ν from the TESS data by benchmarking our results against

he 4 yr-based Kepler results by Yu et al. ( 2018 ). The assumption is
hat the Kepler results can be regarded as the ground truth, with
e gligible uncertainty relativ e to those of the TESS measurements.
o make a like-for-like comparison, we followed the approach by Yu
t al. ( 2018 ) to extract νmax and �ν using the so-called SYD pipeline
y Huber et al. ( 2009 ), with impro v ements detailed in Huber et al.
 2011 ) and Yu et al. ( 2018 ). Here, we only looked at stars deemed
lear detections in the previous section. 

The direct comparison between the TESS and Kepler results is
hown in Fig. 5 (a) for νmax and Fig. 5 (b) for �ν. The deviations from
he dashed 1-to-1 line are completely dominated by the uncertainty
n the TESS measurements (see representative 3 σ error bars for
ESS; Kepler error bars are too small to see). The tight correlation

n Fig. 5 (a) confirms that our detections with TESS are robust.
 similar plot of the ‘Maybe’ cases also reveals a tight relation,

urther supporting that most are genuine detections, while the ‘No’
etections show an extremely large scatter indicative of random
umbers. Almost all the outliers seen in Fig. 5 (b) have reported
ESS uncertainties abo v e 10 per cent. 
It is evident from Fig. 5 (a) that 1–2 sectors of TESS data will

ro vide relativ ely few seismic detections of low-luminosity red giant
ranch stars ( νmax � 100 μHz) and of highly luminous giants ( νmax �
 μHz), with the bulk of detections being in the helium-core burning
C stars ( νmax ∼ 30 –40 μHz) (see also Fig. 3 ). Unfortunately, RC

tars are typically the most difficult when it comes to extracting �ν

eliably from short time series, as evident from the larger spread in
he RC region of Fig. 5 (b) ( �ν ∼ 3–4 μHz). 

We know from previous careful visual inspection of K2 results,
hich co v ered ∼ 80 d, that only about 50 per cent of the stars with
scillation power excess (a νmax detection) also provided reliable
ν measurements (Stello et al. 2017 ). With one or two sectors of
ESS data (27 or 54 d), we would therefore expect somewhat lower
ields. To verify which stars had reliable �ν detections, we used
n impro v ed v ersion of the artificial neural network by Zinn et al.
 2020 ), trained on one- and two-sector-long K2 data sets (Reyes et al.
022 ). We found that 570 stars showed reliable �ν detections; hence
n o v erall yield of 20 per cent. In Table 1 , we quantify the �ν yields
or different samples of stars and show how it depends on having
ne or two sectors of data. In addition to the shorter observations
y TESS compared to K2, one reason why these yields are lower
han for K2 could be that the lower signal-to-noise ratio in the TESS
ata (compared to K2), excludes predominantly low-luminosity red
iant branch stars, which would typically provide a high fraction of
ν detections due to their well-resolved simple frequency patterns

Bedding et al. 2010 ). 
In Fig. 6 , we show the o v erall fraction of stars with �ν mea-

urements within 3 per cent and 1 per cent of the Kepler values as

art/stac414_f2.eps
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Figure 3. Kepler values of νmax from Yu et al. ( 2018 ) versus TESS magnitude from Stassun et al. ( 2019 ) of all stars seismically analysed here (grey dots). In 
each panel, they are colour-coded according to our detection of oscillations in TESS data: (a): Yes (green), (b): Maybe (magenta), and (c): No (red). The black 
line shows the predicted detection threshold for TESS. 

Figure 4. Average power in the TESS data around νmax from Yu et al. ( 2018 ) versus νmax of all the seismically analysed stars (grey dots). The colour-highlighted 
stars are separated into three panels according to their detection classification like in Fig. 3 [(a) : Yes; (b): Maybe; (c): No], but with the colour-coding showing 
T mag . The dashed lines show the white noise levels according to equation (11) in Campante et al. ( 2016 ) for T mag = 9, 10, 11, and 12. 
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4 Adding the measurement uncertainty from the Kepler result to the width of 
the Gaussian did not significantly change the final distribution, as shown in 
the figure. 
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 function of νmax to further demonstrate where the most and best 
esults are expected. In combination, Table 1 , Figs 3 , 5 , and 6 imply
hat all regions of the parameter space (be it seismic or in brightness),
nd hence the stellar evolutionary stage, are affected by detection 
ias. This clearly needs to be taken into account when assessing the
ompleteness of the seismic samples for the purpose of population 
tudies. 

We now turn to the measurement uncertainties. The red histogram 

n Fig. 7 (a) shows the fractional deviation of the TESS νmax from
he Kepler result ( | νmax TESS − νmax Kepler | /νmax Kepler ). This deviation 
rom the ‘true’ value allows us to check if the reported uncertainties
rom the SYD pipeline are robust across the ensemble as a whole; in
ther words, whether they are representative of the true measurement 
ncertainties. The blue curve in Fig. 7 (a) shows the deviation one
ould expect from the reported uncertainties. We derived each 
eviation by taking a random extract from a Gaussian distribution 
ith a width 2 
√ 

2 ln 2 times the reported uncertainty for each star. 4 

he distributions have similar shapes, although it seems the reported 
max uncertainties are on average underestimated by about 10–
0 per cent. 
Fig. 7 (b) shows the plot similar to Fig. 7 (a), but for �ν. The

eported uncertainties are clearly accurate, with typical values of 
bout 2–3 per cent, similar to what was reported by Aguirre et al.
 2020 ) on about a dozen bright stars. This shows their results on
adius, mass, and age precision are representative for the full sample
f red giants observed during 1–2 sectors by TESS when using grid-
ased modelling, including parallax information, as performed by 
MNRAS 512, 1677–1686 (2022) 
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Figure 5. TESS versus Kepler results for both νmax [panel (a)] and �ν

[panel (b)]. Only stars with confirmed oscillations are shown in panel (a), 
while panel (b) shows only the subset that also have �ν deemed reliable 
using our neural network vetter (Reyes et al. 2022 ). The outliers have large 
quoted uncertainties. The 3 σ error bar represents the median uncertainties of 
the TESS data (the error bars for Kepler are too small to be visible). 

Table 1. �ν yields. 

Sample 
1 sector 

(per cent) 
2 sectors 
(per cent) 

Full 14 26 
RGB/AGB 20 48 
RC 

∗ 12 19 

Note. ∗Red clump (RC) star identifications are from Hon, Stello 
& Yu ( 2018a ). 

Figure 6. Fraction of stars with a �ν measurement to better than 3 per cent 
(black curve) and 1 per cent (red curve). 

Figure 7. Deviations of TESS results for both νmax and �ν are 
shown in panels (a) and (b), respectively. ‘True’ deviations are 
| ’TESS’ −’ K epler ’ | /’ K epler ’. ‘Reported’ deviations are random extracts from 

N(0, σ′ TESS ′ /’TESS’) distributions. 

A  

t  

b  

p
 

s  

c  

t  

o  

t  

s  

o  

ν

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/2/1677/6539340 by C
N

R
S - ISTO

 user on 21 M
arch 2023
guirre et al. ( 2020 ). The figure also illustrates that the RC stars

ypically have larger uncertainties (red dashed line) than red giant
ranch stars, as expected from their more complicated frequency
atterns in the power spectra. 
In addition to random errors, we also want to investigate potential

ystematics between TESS and Kepler results because it can affect
omparisons of inferred masses and hence ages of the stars between
he two data sets. Any bias could be either from difference in the data
r because the time series are not the same length, which could affect
he automated fitting procedures in the data analysis. In Fig. 8 , we
how the fractional difference between TESS and Kepler as a function
f νmax and �ν. Overall there is no strong bias ( −0.004 ± 0.003 for
max and 0.004 ± 0.002 for �ν). Ho we ver, for the RC stars with νmax 
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Figure 8. Binned fractional difference between TESS and Kepler for 
both νmax and �ν is shown in panels (a) and (b), respectively. RC star 
identifications are from Hon et al. ( 2018a ). 
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round 40 μHz, the TESS νmax results tend to be 2–3 per cent lower
han for Kepler . For red giant branch stars at high νmax , there is also
vidence of some bias (TESS values being larger), but the few data
oints in these bins make this somewhat more uncertain. 
Finally, we wanted to quantify the scatter in results across the 

ifferent seismic analysis pipelines that are typically used in large 
nsembles efforts (Pinsonneault et al. 2014 , 2018 ). This would act
s a way to estimate pipeline-dependent systematic uncertainties 
n the seismic analysis of TESS data. The pipelines were only 
iven the 2724 stars that had confirmed oscillations, and were only 
sked to provide results deemed reliable. The pipelines engaged in 
his analysis were the so-called, A2Z (Mathur et al. 2010 ; Garc ́ıa
t al. 2014 ), BAM (Zinn et al. 2019 ), BHM (Elsworth et al. 2017 ),
AN (Kallinger et al. 2010b ), COR (Mosser & Appourchaux 2009 ),
nd OCT (Hekker et al. 2010 ) updated with packages from TACO
Hekker et al. (in preparation)]. We derived the scatter across 
ipelines for each star for which at least four pipelines reported 
 measurement ( ∼2500 stars). The νmax scatter distribution peaked 
t 2 per cent, with a slight νmax -dependent trend. At (low) νmax = 10–
0 μHz the scatter was around 3 per cent, while at (high) νmax = 90–
00 μHz the scatter was around 0.5 per cent. We found 8 per cent of
he stars had at least one pipeline return an outlier measurement. For
ν, the scatter distribution also peaked at 2 per cent and with a slight

max -dependent trend. At (low) νmax = 10–20 μHz the scatter was 
round 2–3 per cent, while at (high) νmax = 90–100 μHz the scatter
as around 1–2 per cent. About 24 per cent of the stars had at least
ne pipeline return an outlier measurement. 5 These scatter values 
ndicate that the pipeline-dependent systematics are typically smaller 
 For additional recent details into the biases between pipelines on short time 
eries see for example Stello et al. ( 2017 ) and Zinn et al. ( 2022 ). 

s  

i
i
∼  
han the uncertainties on the individual seismic measurements that 
re shown in Fig. 7 . 

 U N C E RTA I N T Y  O N  RADI US,  MASS,  A N D  AG E  

ow we turn to the measurement uncertainties on the fundamental 
tellar properties, which ultimately determine how useful the 1–2 
ector red giant data will be for studying the Milky Way. Based on
ur results, we expect the minority of the TESS seismic red giant
ample will have both νmax and �ν measurements available. We 
herefore consider two scenarios separately; one where both νmax 

nd �ν are available and one where we only have νmax . 
We are now in the Gaia era, which gives us powerful addi-

ional tools for asteroseismology. Scaling relations are distance- 
ndependent, but also highly sensitive to uncertainties in the measure- 

ents. The νmax and �ν scaling relations give us R � T 0 . 5 eff νmax /�ν2 

nd M � T 1 . 5 eff ν
3 
max /�ν4 (Brown et al. 1991 ; Kjeldsen & Bedding

995 ; Kallinger et al. 2010a ); all variables in terms of solar values,
hich we assumed to have negligible uncertainty. The utility of 
 fully asteroseismic approach thus degrades dramatically with 
ncreased errors. Ho we ver, with an independent radius estimate, it
s possible to infer masses using either νmax or �ν alone. Gaia data
an be used to infer luminosity, from a combination of photometry,
strometry, and extinction maps. When combined with spectroscopy, 
his yields what we will refer to as a Gaia radius. It is easier to
easure νmax in TESS data, so following Stello et al. ( 2008 ), we focus

ere on νmax plus R as an alternative scaling relation. In this case,
 � T 0 . 5 eff νmax R 

2 
Gaia . For a sufficiently precise R , the uncertainties in

he single-seismic-parameter scaling relation can be comparable to, 
r smaller than, those from two parameter scaling relations. 
First, we consider the case where we estimate radii, masses, and

ges using seismic scaling relations in the same way as commonly
one for Kepler and K2 ensemble analyses (e.g. Pinsonneault et al.
018 ; Zinn et al. 2022 ). We use standard error propagation for mass
ncertainties, and infer the age uncertainty based on the scaling 
elation from Bellinger ( 2020 ) (applicable only to red giant branch
tars), for which we also needed a typical uncertainty in [Fe/H].
ypical TESS uncertainties are ∼ 5 per cent in νmax and ∼ 3 per cent 

n �ν (Fig. 7 ). From the Infrared Flux Method calibrated APOGEE
urv e y, we can expect to be able to obtain T eff with uncertainties in the
ange 40–80 K (Casagrande et al. 2010 , 2021 ). We therefore adopt
0 K as a conserv ati ve random uncertainty value. This leads to typical
andom uncertainties of 8 per cent in radius, 19 per cent in mass, and
3 per cent in age [the latter assuming an uncertainty in [Fe/H] of
.1 dex using the ‘combination 1’ formula of table 2 in Bellinger
 2020 )]. These uncertainties are dominated by the uncertainties in
max and �ν. 
Systematic errors in T eff are ∼2 per cent (Tayar et al. 2020 ). The

 per cent pipeline-to-pipeline scatter in the seimic measurements 
ould add a systematic of 4 per cent in radius, 8 per cent in mass,

nd 25 per cent in age. Likewise, the 2–3 per cent νmax bias between
ESS and Kepler at certain νmax ranges (Fig. 8 a) translates to a
ystematic of 2–3 per cent in radius, 6–9 per cent in mass, and 20–
0 per cent in age. 
Next, we consider the most common scenario where only νmax 

s available. Because the seismic red giant sample from TESS is
ypically sampling the local neighbourhood (Hon et al. 2021 ), the
tars hav e relativ ely small parallax uncertainties from Gaia . F or our
ample, the median Gaia radius uncertainties are ∼6 per cent (dom-
nated by parallax uncertainty), assuming photometric temperature 
nferences and uncertainties, and hence our mass uncertainties are 

12 per cent. This median mass uncertainty, dominated by the radius
MNRAS 512, 1677–1686 (2022) 
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ncertainty, roughly translates into an expected age uncertainty of
7 per cent on the red giant branch (Miglio 2012 ). In this scenario,
he pipeline-to-pipeline systematics and the TESS-to- Kepler bias in
max each translate to a systematic of only 2–3 per cent in mass and
–9 per cent in age. We ther efor e have the surprising, but robust,
esult that we can obtain a g es with an interesting level of precision
sing νmax alone. 
Spectroscopic T eff values will be available for large numbers of

urv e y targets. The y are of comparable precision to photometric T eff 

alues, but are not subject to systematic errors from extinction (and
arge metallicity) uncertainties. APOGEE, for example, is calibrated
o be on the Infrared Flux Method scale, with well-controlled
andom and systematic errors. Spectra also gi ve po werful compo-
ition information, important for inferring ages. The combination of
pectroscopy, Gaia , and νmax is therefore likely to be the most fruitful
echnique for the full TESS asteroseismic sample. 

Finally, we note that these estimates assume the ‘typical’ results
the median of the uncertainty distribution), and the error model is
ased on only 1–2 sectors of data. Clearly, the best fraction of stars
ill provide significant lower radius, mass, and age uncertainties. As

n example, for the closest stars, parallax uncertainties are smaller,
nd hence the uncertainties in the bolometric corrections and T eff (in-
luding the 2 per cent T eff systematic error) will dominate the radius
rror budget. Considering only these stars, we would expect internal
edian radius uncertainties of 3–4 per cent, mass uncertainties of

–9 per cent, and hence about 25–30 per cent in age, even when only
max is measured. Also, the use of grid-based modelling (adding

sochrone constraints on stellar inferences) will impro v e results, as
emonstrated by Aguirre et al. ( 2020 ), who achieved ∼3 per cent
n radius, ∼6 per cent in mass, and ∼20 per cent in age (internal
ncertainties) when including Gaia parallaxes for stars with νmax and
ν uncertainties similar to our sample. Uncertainties will, of course,

lso be lower for stars with longer time series (Hekker et al. 2012 ),
hich will be achieved with the ongoing extended TESS mission,

specially in the continuous viewing zones (Mackereth et al. 2021 ).
hotometry optimized for asteroseismology (Handberg et al. 2021 ;
und et al. 2021 ) is also expected to lead to lower uncertainties and

arger detection yields. 

 C O N F U S I O N  F RO M  B L E N D S  

ESS has relatively large pixels (21 arcsec on sky) compared to
epler (3.98 arcsec), and blending is therefore expected to be more
ommon with TESS. Blending can dilute the signal of target stars
NRAS 512, 1677–1686 (2022) 

igure 9. Location of blends (red dots) on the sky [panel (a)] and in the νmax –T ma

anel (c): Magnitude difference between target and blending star as a function of th
nd hence lower detection yields (fig. 3; Mackereth et al. 2021 ).
n addition, blends can cause ‘confusion’, where the seismic signal
rom one star is imposed on that of another. Among our red giant
argets, we noticed this confusion when identifying the seismic
etections. It manifested as two nearby stars showing almost identical
ower spectra, dominated by the star with the highest amplitude
scillations. In our case, confusion could only occur between red
iants because less evolved stars oscillate at frequencies abo v e the
yquist frequency and with amplitudes too low to cause confusion

Garc ́ıa & Stello 2015 ). To quantify how common confusion would
ypically be in a sample like ours, we applied a similarity measure
n power spectra displayed in units of power density versus log
requency. The similarity that we used is known as the Shape-Based
istance (Paparrizos & Gravano 2015 ). It quantifies the correlation
etween two arrays, x and y , as CC ( x , y )/( ‖ x ‖‖ y ‖ ), where CC is the
ross-correlation operator and ‖ · ‖ indicates the vector norm. The
hape-Based Distance has a value of zero for a perfect correlation
nd −1 for a perfect anticorrelation. Before calculating the Shape-
ased Distance between the TESS power spectra of two stars, we
rst bin each spectrum (in log units) into an array of length 1000.
ext, we applied Gaussian smoothing with a kernel size of 15 to the
inned spectrum and normalized the spectrum to have a mean value
f zero and a standard deviation of one. 
For each target star, we identified another star within our sample

hat has the smallest Shape-Based Distance. If this other star had
n angular separation less than the typical photometric aperture to
he target star (150 arcsec), it was flagged as a potential nearby
lending star. To further vet blending star candidates, we ensured
hat the power was the same within the oscillation power excess
or a target star and its candidate blending star. Using the binned
nd smoothed spectrum, we calculated the mean difference in power
ithin the full width at half-maximum of the oscillation power excess

 δνFWHM 

= 0 . 59 ν0 . 90 
max ; Mosser et al. 2010 ) between a target star and

ts blending companion. This power excess difference should be
mall for a correctly identified blending star compared to that of
ny other star that is not the true source of the blending. Therefore,
ach blending candidate was verified to be a blend only if its power
xcess difference puts it in the top 0.5 per cent percentile of most
imilar excesses compared to those of all other stars in our sample.
his vetting process, combining Shape-Based Distance and power
if ferences near νmax , ef fecti vely identifies blends that have power
pectra that are very similar to a target star. 

A total of 85 targets, or about 1 per cent of our red giant sample,
ere found to be confused due to blending (counting any pair of
g plane [panel (b)]. Grey points are all stars in our sample as in Figs 1 and 3 . 
e target’s magnitude. 
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arch 2023
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lends only once). These stars did not show up as a particularly
iscrepant set in the previous figures. Fig. 9 (a) shows the sky position
f these blends, while Fig. 9 (b) shows their location in the νmax - T mag 

lane. In Fig. 9 (c), we show the difference in magnitudes between
arget and blending star as a function of the target’s magnitude. So for
eismic ensemble analyses of field red giants with TESS brighter than 
 mag of 12.5, confusion due to blending is a relatively minor issue.
ow ards f ainter magnitudes (and in particularly crowded fields), the 

ssue will of course be more se vere. Ho we ver, Fig. 3 sho ws that we
an only expect to detect oscillations in fainter stars if they are quite
uminous, which comprises a small fraction of all red giants that 
ESS will be able to detect oscillations in. 

 C O N C L U S I O N  

ur findings, based on 1–2 sectors of TESS data, can be summarized
s the following: 

(i) Due to photon noise, oscillations are typically not detectable 
n low luminosity red giant stars ( νmax � 150 μHz; log g � 3 . 1 dex)
xcept for the brightest stars ( T mag � 8 − 9). This is in agreement
ith Mosser et al. ( 2019 , their fig. 10). 
(ii) Our results suggest TESS will be able to detect oscillations 

own to T mag ∼14 for the most luminous giants ( νmax � 10 μHz; log g
 1.9). 
(iii) Of the stars with detected oscillations we can measure �ν

eliably in about 20 per cent of them, but this yield depends a lot on
he type of star (its νmax and if it is He-core burning or not) and the
mount of TESS data available. 

(iv) We find the median random uncertainty is 5–6 per cent for
max and 2–3 per cent for �ν, which for common grid-modelling ap- 
roaches should yield uncertainties of 3 per cent in radius, 6 per cent
n mass, and 20 per cent in age (Aguirre et al. 2020 ). 

(v) For stars with only a νmax measurement – the most common 
ase for TESS – we obtain median uncertainties of 6 per cent in radius
nd 12 per cent in mass (hence expected 37 per cent in age) based on
he νmax scaling relation and Gaia parallax measurements. 

(vi) Systematics in the T eff scale, pipeline-to-pipeline scatter in 
he seismic results, and bias between TESS and Kepler results each 
ranslate to systematics of 2–3 per cent in radius, 6–9 per cent in mass,
nd 20–30 per cent in age. 

(vii) Our blending analysis of the Kepler field, which sits between 
alactic latitudes of 6 and 21 ◦, suggests confusion of seismic signals

rom neighbouring stars due to blending is not expected to affect more 
han 1 per cent of red giants observed by TESS. 

Finally, we note that this investigation is based on a single 
et of light curves. It would be desirable in future to quantify
etection yields from independent asteroseismic-optimised light 
urves when they become available in the Kepler field, such as the
orthcoming TASOC light curves (Handberg et al. ( 2021 ); Lund et al.
 2021 ). 
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