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ABSTRACT

A better understanding of the amplitudes of stellar oscillation modes and surface gran-
ulation is essential for improving theories of mode physics and the properties of the
outer convection zone of solar-like stars. A proper prediction of these amplitudes is
also essential for appraising the detectability of solar-like oscillations for asteroseismic
analysis. Comparisons with models, or between different photometric missions, are
enabled by applying a bolometric correction, which converts mission-specific ampli-
tudes to their corresponding bolometric (full light) values. We derive the bolometric
correction factor for amplitudes of radial oscillation modes and surface granulation
as observed by the Kepler, CoRoT, and TESS missions. The calculations are done
assuming a stellar spectrum given by a black-body as well as by synthetic spectral
flux densities from 1D model atmospheres. We derive a power-law and polynomial re-
lations for the bolometric correction as a function of temperature from the black-body
approximation and evaluate the deviations from adopting a more realistic spectrum.
Across the full temperature range from 4000 — 7500 K, the amplitudes from TESS
are in the black-body approximation predicted to be a factor ~0.83 —0.84 times those
observed by Kepler. We find that using more realistic flux spectra over the black-
body approximation can change the bolometric correction by as much as ~30% at
the lowest temperatures, but with a change typically within ~5 — 10% around a T.¢
of 5500 — 6000 K. We find that after Teg, the bolometric correction most strongly de-
pends on [M/H], which could have an impact on reported metallicity dependencies of
amplitudes reported in the literature.

Key words: Asteroseismology — methods: data analysis — stars: oscillations (in-
cluding pulsations) — stars: solar-type — stars: atmospheres

The study of the physical processes underlying metric correction cp_po for radial (I = 0) modes of oscilla-

the interaction between pulsations and convection
(Houdek & Dupret 2015) requires observed values of
oscillation mode amplitudes. Space-based missions such
as Kepler have lead to a large number of such amplitude
measurements, including derivations of amplitude relations
as a function of fundamental stellar parameters, such as
luminosity and effective temperature (see, e.g., Huber et al.
2011; Mosser et al. 2012; Corsaro et al. 2013, for such
relations from Kepler observations).

However, the general use of the measured oscillation
mode amplitudes requires a conversions between what is ob-
served with a given spacecraft to the corresponding bolomet-
ric (full light) value. This conversion is given by the bolo-
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tion, which can also be applied to estimate the bolometric
intensity fluctuation from granulation (see Kallinger et al.
2014). Such a bolometric correction was calculated by
Ballot et al. (2011) (hereafter B11) and Michel et al. (2009)
(hereafter M09) for the observing band-pass of the Kepler
(Van Cleve & Caldwell 2016) and CoRoT (Auvergne et al.
2009) missions.

The bolometric correction is thus also essential for ap-
plying amplitude relations derived for one mission to an-
other. Such a use is especially important for predicting
the detectability of solar-like oscillations and thereby guide
the target selection strategy for a mission such as TESS
(Chaplin et al. 2011; Campante et al. 2016a; Schofield et al.
2019).

In this paper we calculate the bolometric correction
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Figure 1. Spectral response functions S, for the Kepler
(Van Cleve & Caldwell 2016), CoRoT (Auvergne et al. 2009),
and TESS (Ricker et al. 2014) missions as a function of wave-
length A (normalised to a maximum of 1). The shaded regions
show black-body spectra with temperatures of 7000, 6000, 5000,
and 4000 K (normalised to a maximum of 1 for the hottest/bluest
curve).

Ccp_pol for the photometric missions Kepler, CoRoT, and
TESS (Ricker et al. 2014). In Section 1 we outline the proce-
dure for the calculation. The calculations of c¢p_p, are pre-
sented in Section 2, both from using a Planck spectrum in
Section 2.1 and from adopting synthetic model flux spectra
in Section 2.2. In Section 3 we discuss the potential impact
from changes to the bolometric correction, and conclude in
Section 4.

1 BOLOMETRIC CORRECTION cp_pg

The bolometric correction cp_po) is defined such that it gives
the conversion factor between bolometric amplitudes and
those observed through a given band-pass ‘P’:

Apol = Cp_pol AP . (1.1)

Throughout, when referring specifically to either the Ke-
pler, CoRoT, or TESS band-pass we shall replace ‘P’ by
‘K’, ‘C’, or ‘T’ respectively. Hence, the bolometric correction
for TESS reads ‘cp_po) -

Following the derivation by B11l and M09 (see also
Berthomieu & Provost 1990) for the Kepler and CoRoT
missions, ¢p_po may be approximated as!:

4 [tp(DF(,-)da

CP-bol = SF(L- .

T [ Tp() 2522 da
Here, F(4,-) is the representation of the stellar spectral
flux density; F(4,-) can be given by the true (or simu-
lated) spectral flux density, in which case it will depend
on several parameters, e.g., F(4,-) = F(A, T.g,log g, [Fe/H], -),
or be represented by a black-body (Planck) function, i.e.,

(1.2)

' This relates to the response function Rg of M09 as cp_po =
4/Rg.

F(A,+) = B(4,Teg) (as done in B11). In this work the bolo-
metric corrections from both of these options are calculated.
For reference, B(A, Te) in flux density units is given as:

2rhc?

B Tegr) = — 0
Je (eﬁ _ 1)

[erg em™3 s_l], (1.3)

where A gives the wavelength, & is Planck’s constant, c is the
speed of light, and kg is Boltzmann’s constant. We note the
added value of 7 to convert from spectral radiance to spec-
tral flux density. The temperature derivative of the black-
body function is given as:

hc
27Th2(,‘3€ Ak Tog

BB(/L Teff) _

-3 1 p-1
ergem s K.
0T 2 [

hc
6 2 AkpTeg _
A kBTeff (e Bler — ]

(1.4)

In Equation 1.2, 7p(Q) is the instrumental transfer function
for the band-pass ‘P’ given as:

() = Sa/Ex [erg™]. (1.5)

where E; = hc/A is the photon energy at wavelength A,
and S, is the spectral response function (SRF) defining the
band-pass throughput.

In Figure 1 we show the SRFs for Kepler, CoRoT, and
TESS as a function of 2. The TESS SRF can be seen as
the product of a long-pass filter transmission at short wave-
lengths and the quantum efficiency (QE) of the detector at
long wavelengths. The TESS band-pass is roughly centred
on the Johnson-Cousins I¢ filter at ~800 nm (Ricker et al.
2014; Sullivan et al. 2015), and it is redder than that of Ke-
pler, the latter being is closer to the R¢ filter (Koch et al.
2010). The CoRoT band-pass is very similar to that of Ke-
pler, but slightly wider, especially towards long wavelengths.

2 c¢p_poi RELATIONS
2.1 cp_po from a black body approximation

Figure 2 (left panel) shows calculated values for cp_pg
(Equation 1.2) for the three missions as a function of T
in the range from 4000 — 7500 K. The numerical integration
of the components of Equation 1.2 were computed using a
tanh-sinh quadrature scheme as implemented in the Python
module mpmath (Johansson et al. 2013). Like B11, we fitted
two types of parameterizations to the calculated values, viz.,
a power-law:

Teft ¢
cp-bolTe) = |7~ | (2.1)
o
and a polynomial:
4 .
cp—bol(Tef) Z ai(Teg — To)' (2.2)
=0

which we fitted including 2 orders. The coefficients from the
different fits are provided in Table B1 along with the root-
mean-square error (oyms) to indicate the ‘goodness-of-fit’.
For TESS the power-law model (Tj; Equation 2.1) is found
to perform worse than the corresponding for Kepler and
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Figure 2. Left: Calculated values for the bolometric correction ¢p_po; (Equation 1.2), from adopting a Planck spectrum (Equation 1.3),
as a function of Tg. Values are given for both the Kepler, TESS, and CoRoT spectral response functions (see legend). The lines show
the T, (TESS), K, (Kepler), and C, (CoRoT) polynomial fits (Equation 2.2), with coeflicients provided in Table B1. The magenta line
from T.g 5800 — 6750 K gives the relation obtained by M09 from fitting to calculated cc_po values in this T range, but with values
obtained from ATLAS9 model atmosphere fluxes covering a small range in log g and [Fe/H] around the Solar value. Right: Ratio between
the bolometric corrections from the left panel for Kepler and TESS (ck-r1; Equation 2.3), and Kepler and CoRoT (ck—_c; Equation 2.3).
The line gives the rational function between the K; and T, models for cx_1, and C, and 7> models for cx_c, given by the ratio of these

respective relations (Table B1).

CoRoT, but still reproduces the cp_po values with residuals
within #3 x 1073, The polynomial parameterizations have
residuals within about +1 x 1074

To estimate the conversion factor between amplitudes
observed in Kepler, TESS, and CoRoT one can use the ratio-
nal function R(T.¢), given by the ratio between the relations
describing cp_po(Teff) for the different missions. For Kepler
versus TESS, R(T.¢) thus provides an approximate relation
for:

ck—bol(Tefr) (2.3)

_17(Teg) = .
ex-1(Tet) cr—pol(Tef)

Figure 2 (right panel) shows the calculated values of
cx-T(Tor) and cx_c(Teg) together with the rational func-
tions R(Tefr) = Ko /T» and R(Tegr) = K2 /C>. As seen, for TESS
the conversion factor ranges between ~0.83 and ~0.84 in the
temperature range considered, thus on average the ampli-
tudes observed by TESS will be ~83 — 84% that observed in
Kepler. For CoRoT the amplitudes are very similar to those
of Kepler, as one might expect from the very similar spec-
tral response functions (Figure 1), ranging between ~0.966
and ~0.996.

2.2  c¢p_po from synthetic spectra

To investigate the impact from using the simplistic represen-
tations for the stellar flux density given by the Planck spec-
trum, we computed ¢p_po values using a grid of ATLAS9*
model fluxes. All spectra are computed with updated opac-
ity distribution functions (ODFNEW; Castelli & Kurucz
2003), without overshoot, assuming a mixing length of

3 http://waps.cfa.harvard.edu/MIST/
4 http://wwwuser.oats.inaf.it/castelli/grids.html
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Figure 3. Kiel-diagram illustrating by full grey lines the bound-
aries of the bolometric correction calculations. Stellar evolu-
tion tracks are obtained from MIST3(Choi et al. 2016), adopting
[Fe/H] = 0 (using the Asplund et al. (2009) solar reference) and a
range of masses as indicated by the colour-bar. The red line gives
the red-edge of the classical instability strip from Pamyatnykh
(2000), to the left of which no solar-like oscillations are expected.
Indicated are also lines of constant vmax, the frequency of maxi-
mum oscillation mode amplitude.

¢/Hp = 1.25, a microturbulence of 2km/s, and adopting the
Grevesse & Sauval (1998) reference for the solar metal con-
tent.

For these calculations of cp_p, we used spectra with
temperatures from 4000 — 7500K in steps of 250 K. For each
temperature we further adopted surface gravity (log g) val-
ues from 2.0-4.5 in steps of 0.5 dex, and metallicities of
[M/H] = -1,0,+0.2 and +0.5 dex. For all combinations of
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the above we further adopt two different values for the a-
enhancement, namely, [@/M] = 0 and [@/M] = +0.4. Figure 3
illustrates in a Kiel-diagram the region covered by the cal-
culations. As seen, some combinations covered by the cal-
culation will not be realistic for a real star or correspond
to stars showing solar-like oscillations. The calculations do,
however, cover most regions populated by detected solar-like
oscillators from the Kepler and CoRoT missions (see, e.g.,
Huber et al. 2011; Chaplin & Miglio 2013). Figure 4 shows
examples of the calculated cp_po values for the TESS mis-
sions for a given logg in combination with all [M/H] (top
row), and for a given [M/H] in combination with all logg
values (middle row). From these examples it is evident that
(1) differences in cp_po are mainly a function of metallic-
ity, while logg has little impact; (2) the values computed
using more realistic flux densities are typically lower than
those obtained using the simple Planck spectrum; (3) the
best agreement between the two cp_p, estimates is typi-
cally found around Teg values of 5500 — 6500 K. For TESS
the absolute deviations from the Planck estimates (Figure 4;
bottom row) reaches at the lowest temperatures and highest
metallicities up to ~30%. Figure 5 shows the resulting ratio-
nal functions for the different missions (top row) and per-
centage deviation from the Planck spectrum rational func-
tions (bottom row). Because the spectrum-derived cp_pg)
for the different missions overall follow the same behaviour
with Teg, logg, and [M/H], the ratio between two such val-
ues shows a smaller difference to the Planck-derived ratio
than does the individual c¢p_po values. The absolute differ-
ence to the Planck rational function reaches up to ~15%.
There is furthermore a dependence on the a-enhancement
of the star (see Section A), following the same tendency as
[M/H], i.e., that an increased @-enhancement decreases the
cp_pol-value. For most T this would increase the difference
to the Planck-derived values.

In the online material of this paper we provide the full
table of calculated cp_po-values. The table is accompanied
by a small piece of Python code that allows for an easy
interpolation in the cp_po grid.

We also tried calculating cp_po using the high reso-
lution synthetic spectra from the library of Husser et al.
(2013)° using the PHOENIX code (Allard & Hauschildt
1995). However, the results from these spectra showed an
erratic behaviour with fluctuations in cp_po of up to £50%
from the Planck values in T spans of ~100 K, and with the
position in Teg and amplitude of these fluctuations varying
with log g and [Fe/H]. We could trace the variability back to
strong fluctuations in the T,g-derivative of the spectral flux
at a given wavelength. Until this behaviour is better under-
stood we provide only results from ATLAS9, and caution
that the choice of model atmosphere used for calculating
Cp_pol can have an impact on the results.

2.3 Effects of interstellar extinction

Interstellar extinction from dust and gas along the line-
of-sight will reduce the amount of stellar flux received,
hence change the shape of the stellar spectrum. The ex-
tinction affect the spectrum differently at different wave-

5 http://phoenix.astro.physik.uni-goettingen.de/

lengths, with shorter wavelengths being more affected than
longer ones (Trumpler 1930), thereby causing a redden-
ing (see Draine (2003) for a review). To test the impact
on cp_po from reddening we use the A /E(B — V) relation
from Fitzpatrick (1999) for the Galactic average value of
Ry =3.1[= E(B-V)/Ay] (Cardelli et al. 1989; Bastiaansen
1992; Fitzpatrick & Massa 2007). The range of wavelengths
covered by either the Kepler, CoRoT, or TESS spectral re-
sponses cover a range of wavelengths where A, changes fairly
smoothly, and agree well with most determinations from
other authors. We note that the value of Ry will depend
on the specific line-of-sight to the star, but for the wave-
length range covered here the dependence of Ay/E(B - V)
on Ry is quite modest and should not be a main source of
uncertainty.

For a given E(B-V) we apply the extinction to the flux,
Fy,a, from the stellar spectra as

Fy = Foax 1070444, (2.4)

The left panel of Figure 6 shows the effect of apply-
ing the wavelength-dependent extinction from a range of
E(B - V) reddening values to the spectrum of a Teg = 5700
K, logg = 4.5 dex, and [M/H] = 0 dex star. The overall red-
dening (i.e., move to longer wavelengths) is seen, and also
indicate that stars of different T should be affected to dif-
ferent extents, with a larger relative change the bluer (hot-
ter) the star. Any effect should therefore also be larger for
the Kepler /CoRoT band-pass as compared to that of TESS,
because the former is slightly bluer (see Figure 1).

The right panel of Figure 6 shows the relative change in
cp_pol from adopting different values of E(B — V). While the
impact from reddening follows expectations in terms of T.g
and band-pass, it is seen that the impact is very modest and
at the sub-percent level. This can be understood by the fact
that the influence on the spectrum also cause a change in the
spectrum derivative, resulting in only a small net effect on
the integral of their ratio in Equation 1.2. So, in addition to
having a negligible effect on measured oscillation amplitudes
in a given band-pass, interstellar extinction is also of little
importance in the conversion to bolometric amplitudes and
can largely be ignored.

2.4 Effects of stellar parameter uncertainties

When using a bolometric correction on observed amplitudes
it is naturally important to propagate any uncertainty in
parameters upon which cp_p, depends. For the corrections
based on Planck spectra only the T uncertainty needs to
be taken into account. Figure 7 (left panel) give contours for
the relative uncertainty on cy_po as a function of Teg and
its relative uncertainty. As seen, the contours for the relative
uncertainty on cy_po) are nearly horizontal in the plot, i.e., it
is nearly constant for a given relative uncertainty on Teg. It
is however slightly smaller — this is expected given the rea-
sonable representation of the ¢y _po dependence on Teg by a
simple power-law (Equation 2.1), in which case the relative
uncertainties should scale simply with the exponent (o) of
the power-law. In terms of which parameterization to use for
the Planck calculated values (Egs. 2.1-2.2; Table B1), it is
useful to take the effect of the temperature uncertainty into
consideration. Taking the example of a star with tempera-
ture Tog = 5777+ 80 K, the corresponding bolometric correc-
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Figure 4. Calculated values for cp_po as a function of Tig. Left column panels show values for TESS, middle column panels for Kepler,
and right column panels for CoRoT. The lines coloured according to the colour-bar give cp_po for a specific logg and a range of [M/H]
values (top row), or a specific [M/H] and a range of logg values (middle row). In all panels the full red line gives the ¢p_po value from
assuming a Planck spectrum; the blue shaded area shows the regions covered by all combinations of logg and [M/H], and the dashed
red line gives the median ¢ p_po value for all these combination. The bottom row give the percentage difference between the Planck and
synthetic spectrum c¢p_po values, with lines adopted from the top row.
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Figure 5. Ratio between the bolometric corrections from Figure 4 for Kepler and TESS (c¢k-r; left column), Kepler and CoRoT (¢cx_c;
middle column), and CoRoT and TESS (cc-r; right column). The lines coloured according to the color-bar give cp_ps for a specific
log g and a range of [M/H] values. In all panels the full red line gives the cp_ps value from assuming a Planck spectrum (see Figure 2);
the blue shaded area shows the regions covered by all combinations of logg and [M/H], and the dashed red line gives the median cp_p-
value for all these combination. The bottom row panels show the percentage difference between the Planck and synthetic spectrum cp_p-

values.

tion for TESS would be ¢p_po = 1.18£0.01. The uncertainty To appraise the impact on the uncertainty of ¢y_po from
on the temperature of +80 K thus gives an uncertainty on having dependencies on logg and [M/H] we performed a
¢T—pol that is a factor of >4 times larger than the oy for the Monte Carlo sampling in the grid of calculated cr_po values,
simplest T] parameterization (Equation 2.1). Hence, even for including normally distributed uncertainties on T4, logg,
the simple T} model, any bias will typically be well below and [M/H]. The sampling was done by first tessellating the
the uncertainty on cy_po from T4 alone. ¢T_pol grid using a Delaunay triangulation, followed by a lin-
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depend on T.¢. The colour-bar is split in two, with blue colours indicating varying log g with a fixed [M/H], and vice versa for the green
colours.

ear barycentric interpolation on the triangulation simplices. 3 DISCUSSION
Figure 7 (right panel) shows the derived relative uncertainty
from this exercise when adopting an uncertainty on T, of 3.1

Scaling relations
100K. As expected, the dependence of the relative uncer-

tainty on T shows more structure, but generally follow the
same trend as the corresponding Planck-derived uncertainty.
In any case, a calculation of the uncertainty on ¢p_po should
be derived following an approach as the one described above
for any specific use. The code accompanying the online grid
of cp_po1 values allows for such a calculation.

To date many empirical relations exist to describe either am-
plitudes of solar-like oscillation modes (Kjeldsen & Bedding
1995; Huber et al. 2011; Stello et al. 2011; Corsaro et al.
2013) or the surface granulation (see, e.g., Mathur et al.
2011; Kallinger et al. 2014).

If such a scaling relation is intended to enable a pre-
cise representation of amplitudes for a given photometric
mission, then the bolometric correction is of little impor-
tance and the dependencies of the amplitude (with Tg, log g,
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[M/H], etc.) caused by the specific band-pass can be incor-
porated in the representation (see, e.g., Yu et al. 2018).

A proper description of ¢p_po becomes important, how-
ever, if the scaling relation is meant to enable a comparison
of measured amplitudes with theory and to uncover depen-
dencies on fundamental stellar parameters of the driving of
solar-like oscillations. The important point is, that if scal-
ing relations are derived for bolometric values, i.e., based on
values converted from the measured and band-pass specific
values, then one should be careful in interpreting any de-
pendency with stellar fundamental parameters as an actual
properties of the underlying driving mechanism if the de-
pendencies belonging to the conversion itself have not been
accounted for. The same goes for relations describing the de-
pendence of granulation amplitudes on stellar parameters.

Conversion to bolometric amplitudes for Kepler data
for generating scaling relations and testing dependen-
cies on, e.g., metallicity, have so far made use of the
Ballot et al. (2011) conversion (see, e.g., Huber et al. 2011,
Mosser et al. 2012; Corsaro et al. 2013; Kallinger et al.
2014; Vrard et al. 2018), as have some comparisons with
theory (e.g. Samadi et al. 2013). In addition to generally re-
sulting in underestimated uncertainties on the bolometric
amplitudes, this conversion also neglect correction-specific
dependencies on metallicity and surface-gravity.

In recent years several authors have addressed the
dependence of oscillation and granulation amplitudes on
metallicity, a dependence that has been suggested by
theoretical studies such as Houdek et al. (1999) and
Samadi et al. (2010). Vrard et al. (2018) investigated the
metallicity dependence of bolometric oscillation ampli-
tudes obtained from Kepler and found a higher-than-20%
change in amplitude from a 1 dex change in metallicity.
This is in qualitative agreement with earlier findings from
Mosser et al. (2012), who like Vrard et al. (2018) adopted
the Ballot et al. (2011) conversion. Corsaro et al. (2017)
looked at amplitudes of meso-granulation as measured in
the Kepler band-pass and found a significant dependence on
metallicity. However, by working with Kepler-specific ampli-
tudes, rather than bolometric values, the measured depen-
dence on metallicity will be a combination of the star and
the band-pass dependencies, rather than being solely from
the star. It is beyond the scope of this paper to assess the
detailed impact on the reported dependencies of, especially,
metallicity on oscillation and granulation amplitudes. How-
ever, to get a feel for the potential scale of the impact we
considered the sample of amplitudes from Yu et al. (2018),
with values for T and [Fe/H] adopted from Mathur et al.
(2017). We can write bolometric amplitudes obtained from
using ¢p_po1 values from synthetic spectra in terms of those
from using the Planck correction as (here for Kepler):

CK-bol,S

. (3.1
CK —bol,P )

Ag—bol,s = AK—bol,P
hence, any dependence of Ax_y,0),s on [Fe/H] would be given
by the dependence of Ag_op on [Fe/H] (e.g. Vrard et al.
2018), but modified by the [Fe/H] dependence of the ratio of
cp_pol values. We may therefore simply look at the [Fe/H] de-
pendence of the ¢p_p) ratio. For the calculation of ¢p_po) val-
ues we use the MC method described in Section 2.4. Rather
than using the value for logg provided by Yu et al. (2018)
we re-calculate these (using the same method as Yu et al.
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Figure 8. Ratio between the bolometric correction ¢ p_po for the
Kepler mission as calculated adopting synthetic model spectra
over the Planck spectrum, as a function of metallicity. ¢p_po1-
values are computed using the Monte-Carlo sampling approach
described in Section 2.4. The point in the lower left corner il-
lustrate the median uncertainties of the sample. Ratios are pre-
sented for the sample of red giants with amplitudes measured by
Yu et al. (2018), but limited to stars identified as being in the
Helium core burning phase. Points coloured blue are restricted
further to a log g range from 2.35 to 2.45. The red line gives the
linear fit to the blue points from an orthogonal distance regres-
sion. The axis on the left side of the plot gives the change relative
to an intersection at [Fe/H] = 0.

(2018)) to include the inherent correlation between the log g
and T, values from this method. To limit the range of log g
values we further restrict the sample to stars in their He-
lium burning phase with logg from 2.35 to 2.45. Figure 8
shows the dependence of the calculated ratios with [Fe/H].
As seen from the fitted relation (red line) the ratios decrease
by ~6.25% from a 1 dex increase in [Fe/H]. From Equa-
tion 3.1 we see that such a decrease in the cp_po ratio with
[Fe/H] would act against the increase in Ag_po) p with [Fe/H]
seen, e.g., by Vrard et al. (2018).

This exercise is by no means meant to suggest that de-
pendencies of bolometric amplitudes reported in the liter-
ature are incorrect. We do, however, caution that part of
the observed dependencies may be caused by applying a
bolometric correction that neglects the dependencies under
study. For comparisons with theoretical predictions we rec-
ommend either adopting a bolometric correction incorporat-
ing [Fe/H] and log g dependencies, or even better, to apply
the spectral response of the given mission of comparison to
the theoretical calculations (see, e.g., Mathur et al. 2011).

3.2 Detectability prediction

The importance of cp_po enters if one requires a conver-
sion from one band-pass to another. A direct implication
from a change of the bolometric correction in this respect
comes when predicting the detectability of solar-like oscilla-
tions. When preparing target-lists for observations in a pho-
tometric mission, such as TESS, the detectability of solar-
like oscillations is assessed and targets reaching a certain
likelihood of detection are proposed for observations. For
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TESS, targets that require observations with a 2-min ca-
dence must be proposed, while targets that can be stud-
ied with the long-cadence option (currently a 30-min ca-
dence) will be observed in any case from the TESS full-
frame images. In the detectability calculation an estimate is
needed for the amplitude of the oscillation modes (see, e.g.,
Chaplin et al. 2011), which is typically obtained from scaling
relations (see, e.g., Kjeldsen & Bedding 1995; Huber et al.
2011; Stello et al. 2011; Corsaro et al. 2013).

For solar-like stars to be observed with TESS,
Campante et al. (2016b) performed a detectability study fol-
lowing the procedures of Chaplin et al. (2011). In their cal-
culations an average amplitude conversion factor from Ke-
pler to TESS (ckx-1; Equation 2.3) of 0.85 was adopted, and
this is also used for generating the actual target proposal list
(Schofield et al. 2019) — while being slightly larger, this cor-
responds roughly to the level found here from the Planck-
spectrum calculations (see Figure 2). To estimate the po-
tential impact of changing the value of cx_r, we can use
the ratio of the signal-to-noise ratios (S/N; oscillation power
over the stellar and instrumental noise background) from a
specific cx_r value compared to the value of 0.85:

R _ S/NCK:r:O.SS N ( 0.85 )2 binst + (CK—T)ZPg
SN = cK-T ] binst + (0.852Pg

S/Nex s (3.2)
where bjng gives the instrumental noise, and Pg gives the
power level from the granulation background. Given that
ck-1 calculated from synthetic spectra in all cases are be-
low 0.85 (see Figure 5), Rgy will maximally reach a value
of (0.85/cx_t)%. If we adopt a value of cx_r ~ 0.8, which
corresponds to the value for a star with a temperature of
~6500K and in general one of the lowest cx_7 values for
stars that will be observed in short-cadence (2-min) mode.
Using a description of bjg following Sullivan et al. (2015)
and P, following Kallinger et al. (2014) (in the form used
in Campante et al. (2016b)) we find that for a star with a
value of vpax of ~800 uHz, Rgpy reaches the maximum value
of ~1.13, which then decrease as a function of TESS magni-
tude.

The current target selection strategy is somewhat con-
servative in the sense of including, with low priority, some
stars that are not expected to show oscillations. The up-to
~13% overestimate of the predicted S/N from using a fixed
ck-1 = 0.85 is unlikely to cause any significant change to
the targets selected.

3.3 Other considerations

There are a number of effect that can impact the effective
band-pass of the observations, hence the bolometric correc-
tion. While these effect are typically expected to be of little
importance they are worth keeping in mind when process-
ing photometric data for the sake of measuring amplitudes.
We will not attempt a quantitative assessment of the po-
tential impact of these effect. Below we will focus on effects
particular to the TESS mission.

e The backside-illuminated CCDs of TESS are at the
bottom equipped with high-conductivity “straps” for a fast
frame-transfer. The conductive straps have a wavelength-
dependent reflectively which takes effect in the IR (above
~800nm) where photons can pass through the entire silicon

layer of the CCD. This effectively increase the QE, hence the
SRF (Figure 1), of the pixels affected by the straps with an
intensity rise of 0.5 — 14% over wavelengths from 825 — 1050
nm (see Krishnamurthy et al. 2017). For more information
on the conducting (and other types of) straps we refer to
the TESS Instrument Handbook (Vanderspek et al. 2018).

e The QE of the TESS CCDs is mildly sensitive to
temperature (see Krishnamurthy et al. 2017). While this
is likely a negligible effect it could introduce a systematic
change in the bolometric correction with a change in the
CCD temperature, e.g., when the Earth is in/near the FOV.

e The Point Spread Function (PSF) of stars observed with
TESS will include both off-axis and chromatic aberrations
arising both from the refractive elements of the TESS cam-
era and from the deep-depletion CCDs, absorbing redder
photons deeper in the silicon (Woods et al. 2016). It has also
been observed that for some saturated stars diffuse verti-
cal and horizontal image extensions appear, known as “mus-
taches”. These originate from reflections of long-wavelength
light within the bulk silicon of the CCDs and will be made
of photons with wavelengths >950 nm (Vanderspek et al.
2018). With these effects in mind it is important to use aper-
tures that capture the full light from the star.

4 CONCLUSION

We have calculated the bolometric correction factor cp_po)
for the Kepler, CoRoT, and TESS missions, enabling the
conversion of measured amplitudes for radial (I = 0) os-
cillation modes and granulation to bolometric values. The
numerical calculations followed the prescription set forth by
Ballot et al. (2011) and Michel et al. (2009) for the Kepler
and CoRoT missions.

The bolometric correction was computed using both a
Planck spectrum and synthetic model flux spectra from AT-
LAS9 as representations for the stellar spectral flux den-
sity. For the cp_po values adopting a Planck spectrum (Sec-
tion 2.1) we derived simple power-law (Equation 2.1) and
polynomial parameterizations (Equation 2.2) as a function
of To (Figure 2), the coefficients of which are provided in Ta-~
ble B1. For the cp_p calculations adopting synthetic spec-
tra (Section 2.2) we provide online tables of the values as
a function of T.g, logg, [Fe/H], and @-enhancement (Sec-
tion A).

We find that adopting synthetic model spectra can
change the bolometric correction by as much as 30% at the
lowest temperatures (4000 K), while the difference typically
lie within ~5 — 10% around a T.g of 5500 — 6000 K. After
T.f, the metallicity has the strongest influence on cp_pq,
followed by logg. We find that amplitude comparisons be-
tween the missions included in this study can be off by up
to 15% when assuming a black-body spectrum over a more
realistic flux spectrum.

The conversion of measured amplitudes to bolometric
ones enabled by the cp_po values can be used to explore
dependencies of amplitudes on fundamental stellar parame-
ters for a better understanding of the turbulent convection
driving the excitation. We find that part of the dependence
of stellar oscillations amplitudes on [Fe/H] reported in the
literature may be caused by adopting cp_p values that ne-
glect this dependence (Section 3.1).

MNRAS 000, 1-10 (2019)
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The cp_po values can similarly be used for conversion
of amplitudes observed by different photometric missions —
this can be used to assess the detectability yield of solar-like
oscillations for a mission like TESS given amplitude relations
from Kepler, hence help guide the target selection. For the
TESS mission, we find that a change of the adopted cp_po
values from the current ones assuming a stellar black-body
spectrum would only make the target selection strategy more
conservative (Section 3.2).

The use of synthetic spectra from 1D model atmo-
spheres provide an improvement over the Planck spectrum
in terms of appreciating dependencies on parameters other
than Teg. They are, however, still limited by neglecting
potential influences from spectral line formation in non-
local thermodynamic equilibrium, and effects from a non-
stationary 3D time-dependent modelling of the convective
flows in the stellar atmosphere. A future advancement would
be to compute cp_po values from the grid 3D model atmo-
spheres from, for instance, the Stagger project (Collet et al.
2011; Magic et al. 2013).

In this study we tried also computing cp_o using a
spectral library adopting the PHOENIX code. The results
from this were very erratic and will not be provided until
the cause is better understood. We caution that the choice
of model atmosphere will likely have some influence on the
derived results, as was found for oscillation mode visibilities
by Ballot et al. (2011).

We will in a future work apply the same synthetic spec-
tra used for the bolometric correction to the calculation of
oscillation mode visibilities (see Ballot et al. 2011, for such
calculations for Kepler). Once the TESS mission has ob-
served the Kepler field during its second year of operation,
we will test the values provided in this work by comparing
amplitudes measured by both missions. The empirical deter-
mination of the cp_po-ratios between Kepler and TESS will
also be important to test different 1D atmosphere models,
different implementations of model physics, and potential
improvements from 3-D model atmospheres.
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APPENDIX A: «-ENHANCEMENT

The dependence of cp_po on a-enhancement is exemplified in
Figure A1, which shows the percentage difference from adopting
an a-enhancement of +0.4 as compared to a value of 0 (used for
Figure 4). As seen the effect is generally largest towards low Teg
and high [M/H], and overall the cp_po values for the a@-enhanced
case are lower than the non-enhanced — this would for most T.g
values increase the disagreement to the Planck-spectrum value.

APPENDIX B: RELATION PARAMETERS

Table B1 provides coefficients for the power-law (Equation 2.1;
a,T,) and polynomial relations (Equation 2.2; a,, T, ) describing
cp_pol from assuming a Planck function as a function of T.g.

MNRAS 000, 1-10 (2019)
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Figure A1l. Difference between the bolometric correction with a-enhancement of 0 and +0.4 for Kepler (left), CoRoT (middle), and
TESS (right). The lines given are for logg = 4.0 and are colour-coded by metallicity; the shaded blue area shows the regions covered by
all tested log g-values. The dashed red line shows the median difference for all tested models, which in all cases is positive, i.e., cp_po is

lower for a higher @-enhanced.

Table B1. Parameters from the fits of Equations 2.1 (@, T,) and 2.2 (an, Ty ) to the nu-
merically calculated ¢ p_po values from Equation 1.2 against Tog (Figure 2). Corrections
are given for Kepler, CoRoT, and TESS. The quality of the fits are quantified by the
root-mean-square-error Opms.

Model T, a ag ag ap Orms
name  (K) (K) (K™ (K2

¢k —bol(Terr) from B11

Ki 5934 0.80 1.05%x1073
K> 5934 ... 1 1.349x 107%  =3.120x107°  7.24x 107
cc-vol(Tefr)

C 5816  0.74 1.36 x 1073
C 5816 - -- 1.001 1.295%x 107 -3.288x10™°  3.81x 1075
1 —vol (Tefr)

T 4714 0.81 3.07x1073
T 4714 - 9.995x 107" 1.784x107* -6.127x107° 1.05x107*
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