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ABSTRACT

Context. Asteroseismic measurements of the internal rotation of subgiants and red giants all show the need for invoking a more
efficient transport of angular momentum than theoretically predicted. Constraints on the core rotation rate are available starting from
the base of the red giant branch (RGB) and we are still lacking information on the internal rotation of less evolved subgiants.

Aims. We identify two young Kepler subgiants, KIC 8524425 and KIC 5955122, whose mixed modes are clearly split by rotation.
We aim to probe their internal rotation profile and assess the efficiency of the angular momentum transport during this phase of the
evolution.

Methods. Using the full Kepler data set, we extracted the mode frequencies and rotational splittings for the two stars using a Bayesian
approach. We then performed a detailed seismic modeling of both targets and used the rotational kernels to invert their internal rotation
profiles using the MOLA inversion method. We thus obtained estimates of the average rotation rates in the g-mode cavity ((Q),) and
in the p-mode cavity ((Q)p).

Results. We found that both stars are rotating nearly as solid bodies, with core-envelope contrasts of (Q),/(Q), = 0.68 + 0.47 for
KIC 8524425 and (Q),/{Q), = 0.72 + 0.37 for KIC 5955122. This result shows that the internal transport of angular momentum
has to occur faster than the timescale at which differential rotation is forced in these stars (between 300 Myr and 600 Myr). By
modeling the additional transport of angular momentum as a diffusive process with a constant viscosity v,q4, we found that values of
Vaaa > 5% 10* cm? s~! are required to account for the internal rotation of KIC 8524425, and v,4q > 1.5 x 10° cm? s~ for KIC 5955122.
These values are lower than or comparable to the efficiency of the core-envelope coupling during the main sequence, as given by the
surface rotation of stars in open clusters. On the other hand, they are higher than the viscosity needed to reproduce the rotation of
subgiants near the base of the RGB.

Conclusions. Our results yield further evidence that the efficiency of the internal redistribution of angular momentum decreases during
the subgiant phase. We thus bring new constraints that will need to be accounted for by mechanisms that are proposed as candidates
for angular momentum transport in subgiants and red giants.
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1. Introduction

Understanding how angular momentum (AM) is transported in
stellar interiors is one of the main challenges faced by mod-
ern stellar astrophysics. Despite the important impact that rota-
tion is known to have on stellar structure and evolution (see,
e.g., Maeder 2009), the mechanisms responsible for the evo-
lution of rotation inside stars remain poorly understood. Cur-
rent stellar evolution models generally include a prescription
for hydrodynamically-induced AM transport through meridional
circulation and shear instabilities (Zahn 1992; Mathis & Zahn
2004; Mathis et al. 2018), but a growing body of evidence shows
that they are far too inefficient at redistributing AM. They
indeed fail to produce the nearly uniform rotation of the Sun, as
revealed by helioseismology (Schou et al. 1998; Gough 2015).
They predict low coupling intensities between the core and the
envelope of young stars, whereas short coupling timescales are
needed to account for the surface rotation of stars in young clus-
ters (Denissenkov et al. 2010; Gallet & Bouvier 2013). These

models also drastically overestimate the core rotation rates of
subgiants and red giants, as is detailed below.

Asteroseismology has given new momentum to this field
by providing measurements of the internal rotation of stars of
various masses, at different stages of their evolution. Most of
them were obtained using the high-precision photometric data
from the Kepler satellite (Borucki etal. 2010). In particular,
asteroseismology has given us a rather clear view of how the
internal rotation of low-mass stars (M < 2 M) varies along
their evolution from the main sequence all the way to the core-
helium-burning phase. Current observations seem to indicate
that low-mass stars have only modest differential rotation dur-
ing the main sequence. Beside the solar case, nearly uniform
rotation was also found for solar-like main-sequence stars using
Kepler data (Benomar et al. 2015; Nielsen et al. 2015). Prob-
ing the rotation in the deep cores of main-sequence stars would
require to detect g modes, which is notoriously challenging for
stars with convective envelopes (see, e.g., Appourchaux et al.
2010). Fossatetal. (2017) recently claimed to have found

Al117, page 1 of 15

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1051/0004-6361/202038578
https://www.aanda.org
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0

A&A 641, A117 (2020)

evidence for a fast rotating core in the Sun using a modula-
tion of p modes that they interpret as caused by g modes. The
validity of this result has however been questioned by several
studies (Schunker et al. 2018; Appourchaux & Corbard 2019).
After the end of the main sequence, the nonradial oscillation
modes of subgiants and red giants develop a mixed character
(they behave as p modes in the envelope and as g modes in the
core). The detection of these modes with Kepler data has made
it possible to precisely measure the core rotation. It was thus
shown that the core spins up when stars reach the base of the
red-giant-branch (RGB) and that a significant radial differential
rotation develops (Deheuvels et al. 2014, hereafter D14). This
behavior is expected, considering that the core contracts while
the envelope expends during this phase, but the seismically mea-
sured core rotation rates are in fact much lower than would be
predicted if the layers were conserving their specific AM. As
stars ascend the RGB, the core rotation rate remains roughly
constant (Beck et al. 2012; Deheuvels et al. 2012; Mosser et al.
2012; Gehan et al. 2018), despite the ongoing core contraction.
All these observations point to the existence of an efficient redis-
tribution of AM in subgiants and red giants.

The origin of the transport of AM in red giants remains a
matter under much debate. It has been shown that purely hydro-
dynamical mechanisms of AM transport are much too inefficient
to account for the core rotation of red giants (Eggenberger et al.
2012; Ceillier et al. 2013; Marques et al. 2013). Mathis et al.
(2018) have proposed a revised modeling of the horizontal
transport induced by shear instability, which is still too ineffi-
cient to reproduce asteroseismic observations. Other candidates
have been considered for this additional transport of AM, such
as internal gravity waves (IGW) excited at the bottom of the
convective envelope either by turbulence (Fuller et al. 2014) or
by plumes (Pingon et al. 2016). The latter could account for
the rotation of young red giants near the base of the RGB
(Pingon et al. 2017), but for more evolved red giants IGW are
expected to damp before reaching the core and cannot pro-
duce the required coupling between the core and the envelope.
Mixed modes themselves might efficiently transport AM for
these stars (Belkacem et al. 2015). Another candidate for the
transport of AM in red giants is magnetism. The core of red
giants could indeed be the seat of magnetic fields, either of
fossil origin or the remnants of fields induced by a dynamo
process in the convective core during the main sequence. The
interaction of these fields with differential rotation could pro-
duce an efficient transport of AM (Maeder & Meynet 2014;
Kissin & Thompson 2015). A magnetic transport of AM could
also be induced by turbulence associated with magnetohydro-
dynamic (MHD) instabilities (Ruidiger et al. 2015; Jouve et al.
2015; Fuller et al. 2019). So far, their impact on the rotation evo-
lution of subgiants and red giants has been addressed only under
the debated assumption of the Tayler-Spruit dynamo in radiative
interiors (Spruit 2002), and its revision based on a different satu-
ration process by Fuller et al. (2019). Comparisons with astero-
seismic measurements have shown that this process is currently
unable to correctly account for the internal rotation of subgiants
and red giants (Cantiello et al. 2014; den Hartogh et al. 2019;
Eggenberger et al. 2019a; den Hartogh et al. 2020).

So far, seismic measurements of the core rotation are avail-
able starting from the base of the RGB (D14), near the tran-
sition between subgiants and red giants (Mosser et al. 2014).
We are still lacking observational constraints on the internal
rotation of less evolved subgiants. Such measurements would
be particularly helpful to understand the transition between the
nearly-uniform rotation of main-sequence stars and the growing
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core-envelope contrast at the base of the RGB. It is also impor-
tant to stress that young subgiants undergo a strong forcing of
differential rotation owing to the structural adjustment at the
main sequence turnoff, especially for stars that had a convective
core during the main sequence (Eggenberger et al. 2019b). Mea-
suring their internal rotation can thus place strong constraints on
the efficiency of AM transport during this phase. This is what
we set out to do in this paper. In Sect. 2, we present two young
subgiants observed with Kepler, for which we have been able
to measure the rotational splittings of mixed modes. A seismic
modeling of these targets is described in Sect. 3. In Sect. 4, we
perform inversions of the rotation profiles of these stars. We then
interpret our results to estimate the efficiency of the transport of
AM during the subgiant phase in Sect. 5. Section 6 is dedicated
to conclusions.

2. Signature of rotation in the oscillation spectra of
two Kepler subgiants

2.1. Why measuring rotation in young subgiants is
challenging

For several reasons, young subgiants are less suited to rotation
inversions than their more evolved counterparts.

First, their oscillation spectra contain less g-dominated
mixed modes. Owing to their lower core density, their Brunt-
Viisild frequency is lower, and so are the frequencies of their
gravity modes. The oscillation spectra of subgiants after the main
sequence turnoff result from the coupling of p modes with the
lowest-order gravity modes (ng = 1,2,3,..., where ng is to
the number of nodes of the mode eigenfunctions in the g-mode
cavity). The frequency separation between consecutive-order g
modes of low ng is large and the oscillation spectra of subgiants
thus contain only a few g-dominated modes. For this reason, we
expect to measure the core rotation of subgiants less precisely
than for red giants, which contain tens of g-dominated mixed
modes.

Secondly, subgiants are hotter than red giants. It is now
established from both observational and theoretical point of view
that the damping of the oscillation modes increases very steeply
with the effective temperature of the star (Appourchaux et al.
2012a; Belkacem etal. 2012). Consequently, the oscillation
modes of subgiants have shorter lifetimes, and thus larger line
widths in the oscillation spectra. This makes the measure-
ment of the mode splittings more complicated and statistical
tests are needed to establish the significance of the rotational
splittings.

Finally, the oscillation modes excited in subgiants have fre-
quencies well above the Nyquist frequency of the long-cadence
data of Kepler (278 puHz) and short-cadence data (integration
time of 58.84876 s) are thus required. This drastically limits the
number of targets available in the Kepler catalog compared to
the case of more evolved red giants.

2.2. Selection of targets

Among the subgiants observed with the Kepler satellite in short
cadence, we searched for stars that are less evolved than the
sample studied by D14 (logg > 3.85) and for which the rota-
tional splittings of mixed modes could be extracted with a
high-enough significance level for rotation inversions. For this
purpose, we selected stars among the catalog of Chaplin et al.
(2014) with clear detection of mixed modes, duration of obser-
vations over one year (to ensure a good enough frequency
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Fig. 1. Echelle diagrams of the power spectra of KIC 8524425 (left panel) and KIC 5955122 (right panel).

resolution to measure individual mode splittings) and logg >
3.85. To identify interesting targets among this sample, we per-
formed a preliminary measurement of the rotational splittings
for nonradial modes using a maximum likelihood estimation
technique and performing statistical tests to determine whether
or not the rotational splittings of the modes are significant.
This step follows directly the method described in Sect. 3.1
of Deheuvels et al. (2015). We thus identified two subgiants
that provided enough significant rotational splittings to perform
inversions (KIC 5955122, and KIC 8524425). The known prop-
erties of these targets are described below. We note that apply-
ing more advanced statistical studies to all subgiants in the
Chaplin et al. (2014) catalog might lead to identify more targets
of the same type.

2.2.1. KIC 5955122

KIC 5955122 is an F9 star observed with the Kepler satellite
in short cadence during quarters Q1 and then QS5 through Q17
(1181 days overall). Spectroscopic observations were obtained
for this star by Bruntt et al. (2012), who found T = 5865 + 70
K, [Fe/H] = —0.17 £ 0.06 dex, logg = 3.88 £ 0.08 and v sini =
6.5kms™!. The Kepler light curve of KIC 5955122 shows clear
signatures of spot modulations and the star is thus magnetically
active. Bonanno et al. (2014) analyzed the light curve of the star
and found that the lifetimes of spots range from 16.4 days to
27.7 days. They attributed these variations to latitudinal differ-
ential rotation at the surface of the star, which they estimated
to 0.25 rad d~! using spot modeling. Garcfa et al. (2014) found a
rotation period of 19.13 + 2.41 days for this star using the spot-
modulation of the Kepler light curve, which is in agreement with
the measurement by Bonanno et al. (2014).

Using adaptative optics at Subaru, Schonhut-Stasik et al.
(2017) found that KIC 5955122 has an M-type companion
source with a separation of 3.60 + 0.06”. The Gaia DR2 indi-
cates that this companion has a similar parallax as KIC 5955122
(5.53 £0.02 mas for KIC 5955122, 5.51 + 0.05 mas for the com-
panion, Gaia Collaboration 2018), which means that the two
stars likely form a wide binary system. To estimate the star’s
luminosity, we combined the Gaia parallax with the magni-
tude mg = 9.24 in the Gaia passband. The bolometric cor-
rection and the effects of reddening are estimated following
Casagrande & VandenBerg (2018). Assuming a a reddening of
EB-V) = 0.03f8:8§ from the three-dimensional dust map
of Green et al. (2018), we obtained a luminosity estimate of
L/Ls = 5.3 + 0.4 for the star.

2.2.2. KIC 8524425

KIC 8524425 is a G2 target of the Kepler mission observed
during quarter Q2 and then continuously during quarters Q5
through Q17. Using spectroscopy, Bruntt et al. (2012) found
T = 5620+70 K, [Fe/H] = 0.14+0.06 dex, logg = 4.03+0.08
and v sini = 2.3kms™! for this star. Its Gaia parallax is 7 =
5.78 £ 0.02 mas (Gaia Collaboration 2018), which means that its
distance is 172.9 + 0.7 pc. Using reddening from Green et al.
(2018) (E(B - V) = 0.03*3:02) and a bolometric correction from
Casagrande & VandenBerg (2018), we obtained L/Lg = 3.1+0.2
for this star. Spot modulations were found in the light curve of
KIC 8524425 by Garcia et al. (2014). Using those, they could
derive a surface rotation period of 42.44 + 3.44 days for the star.

2.3. Seismic analysis

A seismic analysis of the two targets has already been performed
by Appourchaux et al. (2012b) using the Kepler data available
at that time (quarters Q5—Q7, corresponding to 275 days of
data). They applied statistical tests to detect oscillation modes
and extracted their frequencies from the oscillation spectra. The
frequency resolution at that time was not sufficient to mea-
sure individual rotational splittings of the modes. We here per-
formed a new analysis of the oscillation spectra of the two stars
using the complete Kepler dataset with the aim to (i) increase
the precision of the mode frequency estimates compared to
Appourchaux et al. (2012a) and (ii) to measure the rotational
splittings of the mixed modes. The power spectra of the two
stars are shown in the shape of échelle diagrams in Fig. 1. We
followed the procedure that was described in Deheuvels et al.
(2015), which is only briefly recalled here.

2.3.1. Fit of the background

The light curves of the two stars were processed using the
Kepler pipeline developed by Jenkins et al. (2010). Corrections
from outliers, occasional jumps, and drifts were applied fol-
lowing Garcia et al. (2011). The power density spectra (PSD)
were then obtained using the Lomb-Scargle periodogram (Lomb
1976; Scargle 1982). Prior to fitting individual oscillation modes,
we fit the background of the PSD using a maximum-likelihood
estimation (MLE) method. Our model of the background con-
tains contributions from the granulation, the photon noise, and
the oscillations. The contribution from the granulation was
modeled by two Harvey profiles (Harvey 1985) with distinct
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characteristic timescales, as advocated by Karoff et al. (2013)
and Kallinger et al. (2014). We also added a white noise com-
ponent to account for photon noise. The contribution from the
oscillations was modeled as a Gaussian function. The back-
ground model was used to build the prior probability law for
the background level when extracting the mode parameters. The
central frequency of the Gaussian component gives an estimate
of the frequency of maximum power of the oscillations vy,x. We
obtained vp,x = 860 = 12 uHz for KIC 5955122, and v =
1091 + 10 uHz for KIC 8524425. These values were used when
applying seismic scaling relations (see Sect. 3.1).

2.3.2. Modeling of the oscillation spectrum

Each oscillation mode was modeled as a Lorentzian function in
the power spectrum, characterized by its central frequency v, .
its height H, and its full width at half maximum I'. The height
ratios of the m-components within multiplets (modes of same
radial order n and degree /) depend on the stellar inclination
angle i and their expressions were derived using the relations
given by Gizon & Solanki (2003). The different m-components
of the rotational multiplets were assumed to have a common line
width I'.

Owing to the slow rotation of subgiants and red giants, the
rotational splittings can be expressed as a first-order perturbation
to the mode frequencies. Previous rotation inversions performed
for subgiants and red giants have all assumed that the rota-
tion profile is spherically symmetric (e.g., Deheuvels et al. 2012;
Di Mauro et al. 2016). However, the modulations in the light
curve of KIC 5955122 due to spots suggest that its convective
envelope shows latitudinal differential rotation (see Sect. 2.2.1).
In this case, the symmetric rotational splittings defined as
Suim = Vugm — Vni-m)/(2m) are expected to vary with the
azimuthal order m. This needs to be taken into account in order
to reliably extract the rotational splittings of quadrupole multi-
plets.

We expressed the rotational splittings as a sum of orthogo-
nal polynomials using the Clebsch-Gordon a-coefficient decom-
position, as was done in helioseismology (Ritzwoller & Lavely
1991) and more recently for main-sequence solar-like pulsators
(Benomar et al. 2018). We then have

21+1
[ [
Vnim = vns + Y @ mP (m), (1
i=1

where the v,,; are the mode frequencies of the nonrotating star
and the Pﬁl)(m) are orthogonal polynomials of degree i that are
explicitly given by Pijpers (1997). Only the a; coefficients with
odd i need to be considered because of the symmetry properties
of the splittings. Having access to modes with degrees [ < 2,
we can only measure a; and a3 coeflicients here. The symmetric
rotational splittings are then given by

Sni1 =a"(n) )
1
Snam=aPn) + 5(sm2 — 17’ (). 3)

The advantage of this decomposition is that the a; coefficients
probe the internal rotation, while the a3 coefficients measure the
latitudinal differential rotation.

The quality of our data is not sufficient to measure individual
values of S,,,, for the components of each quadrupole multi-
plets. We therefore had to make simplifications. We tested two
different models:
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1. Model M,: It is well known that most / = 2 modes that are
detected in subgiants and red giants are p-dominated because
the coupling between the p- and g-cavities is weak. Our mod-
eling of both subgiants in Sect. 3 confirms that the contri-
bution from the core to the kinetic energy of the detected
quadrupole modes is indeed very small. In these conditions,
it is fair to assume that quadrupole modes probe only the
rotation in the p-mode cavity. As for main-sequence solar-
like pulsators, the rotational kernels of quadrupole modes
with different radial orders have roughly the same sensitivity
to the rotation profile. We thus chose to assume a common

value of a(12) and agz) for all quadrupole modes in order to
make the fit more robust.

2. Model M,: We measured individual rotational splittings for
quadrupole modes, neglecting the effects of latitudinal rota-
tion (that is, setting a(32) =0).

We note that we have here neglected the effects of near-

degeneracies in the mode frequencies, which can in some cases

create asymmetries in the rotational multiplets (Deheuvels et al.

2017). In practice, asymmetries arise when the frequency sep-

aration between consecutive mixed modes is comparable to the

rotational splitting. This is not the case for our stars here (see

Sect. 3.2), so we could safely neglect near-degeneracy effects.

2.3.3. Extraction of mode parameters

We then proceeded to fit the individual oscillation modes with
a Bayesian approach (e.g., Benomar et al. 2009). We estimated
the parameters 6 for a spectrum model M; (described in the
Sect. 2.3.2) given a data set D and prior information / through
posterior probability using Bayes theorem:

p6|M;, Dp(D\6, M;, I)
p(DIM;, 1) ’

where p(6|M;, ) is a prior probability law, p(D|@, M;,I) is the
likelihood and p(D|M;, I) the evidence of model M; knowing
the observation D, defined as the marginalization over the whole
parameter space of the product of the likelihood and the prior.
We assumed that the observed spectrum follows the distribution
of a y? with 2 degrees of freedom.

We performed semi-local fits. We defined small windows of
16 pHz in the vicinity of each oscillation modes (the size of the
windows was chosen such that the local background level can
be efficiently estimated). When two or three modes are too close
to be isolated, they have been fit together in a broader window.
Thus, I = 0 and [ = 2 modes have been fit together, and some-
times, a close-by / = 1 mode has also been included. For each
box, we assumed a constant background B. All the windows have
been simultaneously fit with a common value for the inclination
angle i. When fitting model M, we used a common value of a(lz)

and a(32) for all modes, as mentioned in Sect. 2.3.2.

The prior probability laws for the different free parameters
we used are very similar to the ones we chose in Deheuvels et al.
(2015). For the mode frequencies v,;, we used a uniform prior
spanning an interval of 3 yHz. For the mode heights H, widths I
and for the background level B, we used uniform priors for the
parameters InT, In(wHI'/2) and In B. This is the same as using
Jeffreys prior for H, I', and B. We assumed an isotropic prior for
the rotation axis orientation, and thus considered a uniform prior
for cosi over [0,1]. For the rotational splittings, we used a uni-
form prior for a; over [0,1uHz]. For model M, where splitting
asymmetries are taken into account, we also used a uniform prior

for the ratio agz) / a(lz) over [-0.15, 0.2]. This is a very broad prior:

pOD, M;, 1) = “
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Fig. 2. Rotational multiplets of two dipolar mixed modes of
KIC 8524425. The top panel shows a g-dominated mode and the bot-
tom panel, a p-dominated mode (see Sect. 3.3). The red curve indicates
the best fit to the data (see Sect. 2.3).

beyond these limits m = +1 components can become degener-
ated with m = +2 or m = 0 components.

Posterior distribution is sampled with a Markov Chain Monte
Carlo. Our code is based on Metropolis-Hastings algorithm and
is very similar to the one developed by Benomar et al. (2009).
We use parallel tempering with 20 parallel chains to avoid the
sampling being stuck in local maxima.

Using model M, we obtained rather loose constraints on
the a3 coefficients. We found a; = 163? nHz for KIC 5955122,

and a3 = 15739 nHz for KIC 8524425. We show in Appendix A
that our measurement of the a3 coefficient for KIC 5955122 is
compatible with the photometric measurement of the latitudinal
differential rotation obtained by Bonanno et al. (2014). For both
stars, our measurements of a3 are compatible with zero, which
means that we can safely neglect the effects of latitudinal differ-
ential rotation, as was done for model M,. We thus retain only
the results obtained with this model in the following sections.
In this context, we no longer need to use the Clebsch-Gordon
decomposition for the rotational splittings. We further denote the
rotational splittings of the modes as 6vs.

Both stars were found to have a relatively high inclina-
tion angle (i = 68°*%1 for KIC5955122, and i = 78.1°*7¢
for KIC 8524425). This makes these targets favorable to mea-
sure the rotation splittings of dipole mode because the m =
0 components have a low visibility. Tables B.1 and B.2 give
the extracted mode frequencies for the two stars. To ensure
robust results, we retained only the rotational splitting estimates
for which the posterior distribution has a negligible amplitude
around zero. For each parameter, we provide the median of
the marginalized posterior distribution with errors that corre-
spond to the 68% probability interval. For illustration, Fig. 2
shows two dipolar mixed modes of KIC 8524425 that were
found to be significantly split by rotation. The extracted mode
frequencies for both stars are in good agreement with the
recent estimates of Liet al. (2020a), who followed a similar
approach.

Table 1. Global stellar parameters obtained from seismic scaling
relations.

Starname M/M, R/Rg logg
KIC5955122 1.11+0.07 2.00+0.05 3.884 +0.020
KIC 8524425 1.07+0.05 1.75+0.03 3.978 +0.015

3. Seismic modeling
3.1. Seismic scaling relations

Preliminary hints of the masses, radii, and surface gravities of
the two stars can be derived from seismic scaling relations using
measurements of vy,,x and the asymptotic large separation of
p modes Av. Estimates of vy,,x have already been obtained in
Sect. 2.3. To determine Av, we fit a second-order asymptotic
expression to the frequencies of the observed radial modes that
were obtained in Sect. 2.3. The asymptotic expression of the
radial modes was taken following Mosser et al. (2013),

&)

a
2
Vpj=0 = |[n+ & + E(n — Nmax)” | AV,

where np,x corresponds to the radial order that satisfies v, j=¢ =
Vmax- An estimate of the asymptotic large separation Av,, was
then obtained as Av,, = Av(l + npx@/2) using Eq. (11) of
Mosser et al. (2013). We thus obtained Av,s = 51.91 + 0.02 uHz
for KIC 5955122 and Av,s = 61.72 £0.02 uHz for KIC 8524425.
By combining our estimates of Av,, and vp,x with the measure-
ments of T given in Sects. 2.2.1 and 2.2.2, we applied seismic
scaling relations to the two stars. The results are given in Table 1.
These rough estimates were refined when performing a full seis-
mic modeling of the two targets in Sect. 3.2.

3.2. Seismic modeling using individual mode frequencies

For red giants, the g modes that couple to the observed p modes
have high radial orders ng, so that the trapping of the modes
can be estimated directly from the observed oscillation spec-
tra, using the mode frequencies and asymptotic expressions
(Goupil et al. 2013). For young subgiants such as KIC 5955122
and KIC 8524425, which have n, of order unity, this is not pos-
sible and one has to compute a stellar model that matches rea-
sonably well the observed mode frequencies.

For this purpose, we have used the MESA stellar evolution
code (version 10108, Paxton et al. 2015). We used the OPAL 2005
equation of state (Rogers & Nayfonov 2002) and opacity tables.
The nuclear reaction rates were computed using the NACRE com-
pilation (Angulo et al. 1999), except for the “N(p, )30 reac-
tion where we adopted the revised LUNA rate (Formicola et al.
2004). The atmosphere was described by Eddington’s gray law.
We assumed the solar mixture of heavy elements of Asplund et al.
(2009). Convection was described using the classical mixing
length theory (Bohm-Vitense 1958) with an adjustable mixing
length parameter ayr. Microscopic diffusion was included by
solving the equations of Burgers (1969) at each time step. We
have computed models with or without convective overshoot-
ing. For both stars, we found that models computed with a sig-
nificant amount of overshooting led to similar or worse fits to
the observations compared to models that do not include over-
shooting. Indeed, the masses of the two stars indicate that they
had either a small convective core or a radiative core during
the main sequence. In this mass range, low amounts of core
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overshooting are expected (Deheuvels et al. 2016). The eigenfre-
quencies of the stellar models were calculated using the ADIPLS
code (Christensen-Dalsgaard 2008). The mode frequencies were
then corrected from near-surface effects using the parametrized
correction advocated by Ball & Gizon (2014) (cubic term propor-
tional to v3/ I, where v is the mode frequency and 7 is its inertia).

Modeling subgiants with mixed modes is notoriously diffi-
cult. The frequencies of g-dominated modes vary on timescales
that are short compared to the evolution timescale, which is
problematic for usual seismic modeling techniques. To model
the two stars under study, we followed the method described
by Deheuvels & Michel (2011). For a given set of input stel-
lar parameters (initial helium and heavy element abundances,
mixing-length parameter), the authors have shown that the
frequencies of radial modes and the frequency of the most
g-dominated mode can be used together to obtain very precise
estimates of the stellar mass and age. For both stars, we have
thus computed grids of models with varying Yy, (Z/X)o, and
amrr. For each grid point, we performed an optimization yield-
ing the best-fit mass and age, as mentioned above. A traditional
grid-based approach, where mass and age are considered as free
parameters, would have required tiny steps in mass and age (and
therefore a tremendous number of models) in order to catch the
best-fit models.

For each model of the computed grids, we estimated the
agreement with the observations by computing the y? function
defined as

ZN: (Omod OobS)Z

i=1 i

) (6)

where O;’bs, i =1,...,N are the N observables that were used
to constrain the models, o; correspond to the associated uncer-
tainties, and O;“Od are the corresponding values in the computed
stellar models. In this case, the observables include to the global
surface parameters (T, L, log g, and (Z/X)g,f) and the frequen-
cies of the / = 0, 1, and 2 modes given in Tables B.1 and B.2. The
stellar parameters of the best-fit models are given in Table 2. As
can be seen in Fig. 3 the mode eigenfrequencies of the optimal
models (corrected from near-surface effects) show a very good
visual agreement with the observations. The reduced y? of these
best-fit models are x2,, = 2.0 for KIC5955122, and x2, = 5.1

for KIC 5955122. For these two models, the )(2 value is domi-
nated by the contribution of a few mixed modes of degree [ = 1
or 2.

Seismic modelings of the two subgiants have also recently
been performed by Lietal. (2020b), who worked with pre-
computed grids of stellar models, using an interpolation of the
mixed mode frequencies with age. Our best-fit models are sig-
nificantly more massive than those of Lietal. (2020b), who
found M = 0.97 + 0.04 M, for KIC 8524425 and M = 1.12 +
0.05 M, for KIC 5955122. However, we notice that the agree-
ment with the observed mode frequencies, and in particular
with the mixed dipole modes, is much better in the present
study than for the best-fit models of Li et al. (2020b) (compar-
ing Fig. 3 to the échelle diagrams in Appendix B of Li et al.
2020b). The authors attribute these large differences between
models and observations to an imprecise modeling of the core. A
more detailed analysis would be required to identify the source
of this disagreement, but this could be related to the fact that
they only considered models with core overshooting, while our
best-fit models for both stars were found for negligible core
overshooting. Microscopic diffusion, which was neglected in the
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Table 2. Stellar parameters of the best-fit models of KIC 5955122 and
KIC 8524425.

KIC 5955122  KIC 8524425

Mass (M) 1.218 1.113
Age (Gyr) 4.65 7.58
Radius (Ry) 2.099 1.797
Luminosity (Lg) 5.49 3.06
(Z/X)o 0.0143 0.0266
Yo 0.257 0.277
aMLT 2.00 1.86
)(fed 2.0 5.1

study of Li et al. (2020b), could also account for part of this dis-
agreement.

In practice, it has been shown that the results of rotation
inversions does not depend critically on the choice of a best-
fit model, provided the mode frequencies are fit reasonably well
(Deheuvels et al. 2012). When inferring the internal rotation pro-
file in Sect. 4, we have also checked that our conclusions are
unchanged if we choose other models with comparable x? val-
ues from the grid as reference models for our inversions. Figure 4
shows the evolutionary tracks of the optimal models for the two
stars in an HR diagram, compared to those of the stars studied
by D14. It is readily seen that KIC 8524425 and KIC 5955122
are indeed less evolved than the D14 sample.

Our optimal models for KIC 5955122 all have a convective
core during the main sequence, while the core of KIC 8524425
was radiative. This is important to stress because stars that
have a convective core during the main sequence experience a
rapid core contraction outside of thermal equilibrium as the star
adjusts to the stopping of nuclear reactions in the core. Without
redistribution of AM, this contraction induces a sharp increase
in the core rotation rate (Eggenberger et al. 2019b).

Finally, using our best-fit models for the two stars, we
could estimate the minimum separation between consecutive
mixed modes, in order to test whether asymmetries in rota-
tional multiplets due to near-degeneracy effects are expected
(Deheuvels et al. 2017). For KIC 8524425, we found minimum
separations of 30.7uHz for [ = 1 modes and 10.7 uHz for
! = 2 modes. For KIC 5955122, we obtained 25.1 yHz for [ = 1
modes and 5.5 uHz for [ = 2 modes. These separations are much
larger than the measured rotational splittings, so we confirm that
neglecting near-degeneracy effects, as was done in Sect. 2.3, is
legitimate here.

3.3. Mode trapping vs rotational splittings

Using the optimal stellar models for the two stars, we could esti-
mate the trapping of the observed modes. This is traditionally
done using the ¢ parameter, which measures the contribution of
the g-mode cavity to the mode energy

Sl er@ ey dr
 ffor@ ey

where &, and &, are the radial and horizontal displacements of
the mode, r, and r, are the turning points bounding the g-mode
cavity, and L?> = [(I + 1). We calculated ¢ for all modes and
we confirmed that the detected quadrupole modes are indeed
p-dominated (we found ¢ < 0.09 for KIC 8524425 and ¢ < 0.02

N



S. Deheuvels et al.: Seismic evidence for near solid-body rotation in two Kepler subgiants

F T T T T T T ]
L @ 4
- © ® © .
1.2 ® @ © -1
T e ° :
E | ® ® ® |
810 ® ® o @ _
E 3 o ® ® .
g | -
L I ® ® ® 1
o8 ® @ ®

al ® © Q@ |
L o @ ® |

1 1 1 1 1 1

20 30 40 50 60 70

Frequency modulo Av (uHz)

F T T T T T 3

11E ® E

o © @

1.0g ® ®© ® E
-~ e @ ©
‘o; E o e ®
c08F o @ ® ® 3
S | o e o)
= 0.75— ® ® ® —;
© @ ® 3

0.6 ® ® E

s ®

0.5k 1 I L L L =

10 20 30 40 50

Frequency modulo Av (uHz)

Fig. 3. Echelle diagrams of the best-fit model obtained for KIC 8524425 (left panel) and KIC 5955122 (right panel). The open circles correspond
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Fig. 4. Evolutionary tracks in the HR diagram of the optimal stellar
models of KIC 5955122 (blue long-dashed curve) and KIC 8524425
(red dot-dashed curve). Also shown in gray are the evolutionary tracks
of the stars whose rotation profiles were measured by D14.

for KIC 5955122). We note that for more evolved targets, esti-
mates of { can be obtained directly from the mode frequencies
using an asymptotic analysis (Goupil et al. 2013). However, in
our case the low number of nodes of the modes in the g-mode
cavity (ng is order unity) prevents the use of an asymptotic treat-
ment and ¢ has to be calculated from a stellar model.

Goupil et al. (2013) showed that the splittings of dipole
modes are expected to follow a linear trend with . Their expres-
sion can easily be extended to modes of degree /, giving

-1 (@), (@)

brom TS EH (1= T ®)
where (Q),, and (Q), are average rotation rates in the p- and g-
mode cavities. The observed rotational splittings are plotted as a
function of ¢ in Fig. 5.

Dipole mode splittings are indeed found to vary roughly lin-
early with £. One striking observation is that in contrast with all
previously studied subgiants and red giants, the splittings of p-
dominated modes ({ — 0) are larger than those of g-dominated
modes ({ — 1). This is already an indication that the core is not
rotating much faster than the envelope in these two stars. Pre-
liminary estimates of the core and envelope rotation rates were

obtained by fitting Eq. (8) to the observed splittings. We obtained
(Q)g/(2m) = 224 + 107 nHz and (Q),/(2n) = 288 + 18 nHz for
KIC 8524425, and (Q),/(2m) = 535 + 272nHz and (Q),/(27) =
656 + 34 nHz for KIC 5955122. This suggests that both stars are
compatible with a solid-body rotation profile. These first esti-
mates were then refined using full seismic inversions in Sect. 4.

4. Rotation inversions

We then used the rotational kernels of the best-fit models to
measure the internal rotation of the two stars. For this pur-
pose, the optimally localized averages (OLA) inversion tech-
nique is particularly well suited. For a given location ry inside
the star, it consists in building an averaging kernel K,y (ro; 1) =
Z?ﬁl ¢i(ro)K;i(r), where the functions K;(r), i = 1, M correspond
to the rotational kernels of the modes whose splittings have been
measured (for modes of degrees [ = 1 and 2), and the coeflicients
¢; are optimized so that K,,(ro;7) is as localized as possible
around ry. Different approaches have been proposed, whereby
the averaging kernels are built to approximate at best a Dirac
function (multiplicative optimally localized averages, or MOLA
method) or another well chosen target function, such as a Gaus-
sian function (subtractive optimally localized averages, or SOLA
method).

4.1. Envelope rotation rate

Previous rotation inversions for subgiants and red giants have
failed to build averaging kernels that resemble Dirac or Gaussian
functions within the envelope. This is because the eigenfunctions
of the observed modes in the p-mode cavity are too similar to one
another to obtain localized information on the rotation profile in
this region. The situation is in fact quite similar to that of main
sequence solar-like pulsators, for which only an average rotation
of the p-mode cavity can be obtained (e.g., Benomar et al. 2015).
Thus, the MOLA and SOLA inversion methods are not directly
suited to measure the envelope rotation.

To obtain an average rotation in the p-mode cavity, one needs
to cancel at best the contribution of the g-mode cavity to the
envelope averaging kernel. We thus propose a slight modification
to the MOLA method. Instead of imposing a particular shape to
the averaging kernel, we minimize the integral of K'(r)? below a
radius 7, that is chosen within the evanescent region between the
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Fig. 5. Observed rotational splittings (open symbols) for modes of degrees / = 1 (circles) and / = 2 (squares) plotted as a function of the parameter
{ obtained from the best-fit stellar models (£ measures the trapping of the modes, with { — 0 for p-dominated and { — 1 for g-dominated modes).
The splittings obtained with the inverted values of (Q), and (Q), (see Sect. 4) are shown as filled symbols. The dashed and dotted lines show the
expected rotational splittings for / = 1 and 2 modes, respectively, when fitting Eq. (8) to the observations.
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Fig. 6. Cumulative integral of the envelope averaging kernels obtained
with the modified MOLA method (see text) for KIC 8524425 (red
dashed line) and KIC 5955122 (solid blue line). The vertical dotted lines
indicate the upper turning point of the g-mode cavity.

p- and g-mode cavities. We thus minimize the functional

Te M
S(K) = K@) dr+ 2 202, 9
(%) fo (r?dr + ;c,a, ©)

where the second term corresponds to a regularization term. It
limits the error magnification that can arise when the optimal
coefficients c; take on large values of opposite signs. The coeffi-
cient A is a trade-off parameter. We performed tests of this inver-
sion method using artificial input rotation profiles, from which
we found that 1 ~ 1072 provides a good compromise between
the minimization of for“ K (r)* dr and error magnification.
Figure 6 shows the cumulative integral of the envelope aver-
aging kernels obtained by minimizing the function S(K) for
KIC 8524425 and KIC 5955122. As can be seen, the core con-
tribution is below 1% in both cases. We found that the [ = 2
rotational splittings are not crucial to obtain measurements of
the average envelope rotation rate. Envelope averaging kernels
with similar shapes as those shown in Fig. 6 can be obtained
using / = 1 modes only. However, the rotational splittings of
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! = 2 modes improve the precision on the measurements of the
average envelope rotation by a factor of 1.5 (KIC 8524425) to
2 (KIC 5955122). We were thus able to derive average rotation
rates in the p-mode cavity of both stars. The results are listed in
Table 3. We obtained (2),/(27) = 298+20 nHz for KIC 8524425
and (Q),/(2m) = 675 + 27nHz for KIC 5955122. This corre-
sponds to periods of rotation of (P), = 38.8 + 2.6 days for
KIC 8524425 and (P), = 17.1 £ 0.7 days for KIC 5955122.

These rotation periods (P), agree within 1-o errors with
the surface rotation periods that were obtained by Garcia et al.
(2014) from the photometric signature of stellar activity
(19.13 + 2.41 days for KIC5955122 and 42.44 + 3.44 days
for KIC8524425). A surface rotation period can also be
derived from the spectroscopic estimates of vsini obtained by
Bruntt et al. (2012) for the two stars. By combining the vsini
measurements with the inclination angles that we obtained from
our analyses of the oscillation spectra (Sect. 2.3) and the stars’
radii from our modeling (Sect. 3.2), we obtained rotation periods
of 15.2 days for KIC 5955122 and 38.7 days for KIC 8524425
(no error bars are given for the vsin i in Bruntt et al. 2012). These
values also agree well with our seismic measurement of the aver-
age rotation in the p-mode cavity.

As can be seen in Fig. 6, seismic measurements mostly probe
the rotation in the outer layers of the star but they are nonethe-
less also sensitive to the rotation in the bulk of the convective
envelope and to a lesser extent in the radiative region below. The
mean radius of sensitivity of the envelope averaging kernels can

be computed as Xepy = fOR XKeny(r) dr, where x = r/R is the
normalized radius. For both stars, one finds x.,, ~ 0.76. The
good agreement between the seismic measurement of the aver-
age rotation in the p-mode cavity and the surface rotation period
suggests that there can only be a mild differential rotation within
the envelope.

4.2. Core rotation rate

The rotation inversions performed so far on subgiants and red
giants yielded very precise constraints on the core rotation
rate (e.g., Deheuvels et al. 2012; Di Mauro et al. 2016). This
was achieved thanks to the detection of a large number of
g-dominated modes. In our case, young subgiants have only
few g-dominated modes, so it is also more difficult to build
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Table 3. Estimates of the mean rotation rates (€2),, (€2),,, and the ratio between these quantities obtained from the coefficients of the 6v({) relation

or rotation inversions.

Star (Q),/(2m) (nHz)

(Q)p/(2m) (nHz)

(Q)g /()

Inversions

2409)

2409)

OLA Inversions

2409)

KIC 8524425 224 + 107 204 + 134
KIC 5955122 535 +272 488 +227

288 £ 18 298 +£20
656 +£34 675 +27

0.78 £0.42 0.68 +0.47
0.82+0.46 0.72+0.37
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Fig. 7. Core averaging kernels obtained with the modified MOLA
method (see text) for KIC 8524425 (red dashed line) and KIC 5955122
(solid blue line).

1.0000

averaging kernels that efficiently suppress the contribution from
the envelope. By testing the inversion method on simulated data,
we found that building core averaging kernels with negligible
contribution from the envelope requires to measure the rotational
splittings of several individual / = 2 modes.

We applied the same inversion technique as in Sect. 4.1
but this time we minimized the contribution from the enve-
lope to the averaging kernel. The core averaging kernels
Keore thus obtained are shown in Fig. 7. The contribu-
tion of the envelope is indeed efficiently canceled for both
stars. Using these kernels, we obtained (Q)s/(27) = 204 %
134nHz for KIC 8524425 and (Q),/(2r) = 488 + 227nHz
for KIC 5955122 (see Table 3). Contrary to rotation inver-
sions performed on more evolved targets, the estimates of
the core rotation rate for these two young subgiants are
less precise than the measurement of the envelope rotation
rate.

We used the values of (€2), and (€2), obtained from seismic
inversions to calculate the corresponding rotational splittings
as

e R
ovs = (Q)gﬁ K, (r)dr + (Q>pf K, (r)dr. (10)

The results are overplotted in Fig. 5. They match quite well the
observed values of the a; coefficients, which brings further vali-
dation to our inversion results.

From the seismic measurements of (), and (Q),, we could
deduce estimates of the core-envelope contrast for the two stars.
We obtained (Q),/(2), = 0.68 + 0.47 for KIC 8524425 and
(Q)s /() = 0.72 + 0.37 for KIC 56955122 (see Table 3). This
confirms that the two stars are indeed consistent with a solid-
body rotation within the entire interior.

5. Interpretation for the transport of AM

5.1. Forcing of differential rotation

After the end of the main sequence, stars experience structural
changes that are expected to force differential rotation. Without
internal redistribution of AM, the contraction of the most central
layers should spin up the core and the expansion of the envelope
should make it spin down. To quantify the forcing of differential
rotation for the two stars under study, we used the stellar models
obtained in Sect. 3.2 to calculate the theoretical variations in the
mean rotation rate (£2), along the evolution, assuming that each
layer conserves its specific AM. Under this hypothesis, we found
that (Q), should have increased by a factor of about four com-
pared to its value at the end of the main sequence for both stars.
By then, the envelope has expanded and thus spun down, so that
we expect a core-envelope rotation contrast between eight and
nine for the two stars. Therefore, an efficient transport of AM
must take place to enforce nearly solid-body rotation, as was
found from seismology.

Eggenberger et al. (2019b) proposed to estimate the
timescale of the forcing of differential rotation during the sub-
giant phase as Tpr = (dIn{Q), /dH)~!, where (Q), is computed
assuming conservation of the specific AM. The top panel of
Fig. 8 shows the variations in Tpr during the post main sequence
evolution for both stars. Whatever mechanism redistributes
AM in young subgiants has to operate on a timescale shorter
than Tpr to enforce solid-body rotation. Two different phases
where differential rotation is strongly forced were identified by
Eggenberger et al. (2019b). The first one takes place just after
the turnoff for stars that had a convective core during the main
sequence (this is the case for KIC 5955122, and Fig. 8 shows that
Tpr drops to about 200 Myr after the MS turnoff). The second
phase coincides with the base of the RGB, where tpr decreases
from about 3 Gyr to about 100 Myr for both stars. These rapid
changes in Tpr can be explained by departures from thermal
equilibrium, which are measured by &gy = —T0s/0t. The
bottom panel of Fig. 8 shows the variations in &g,y in the stellar
core of both stars, which are clearly anti-correlated with the
variations in Tpr. The forcing of differential rotation is maximal
at the peaks of ggray, that is when the core contracts on a thermal
timescale.

The stars studied by D14 all lie after the peak of ggry
corresponding to the base of the RGB except for the least
evolved one (star B), which lies precisely at the maximum
of the peak (see Fig. 6 of Eggenbergeretal. 2019b). As
shown by Fig. 8, the evolutionary stage of KIC 8524425 and
KIC 5955122 places them well before the maximum of &gy,
which confirms that they are indeed less evolved than the
sample of D14. The nearly solid-body rotation profiles that
we obtained show that the internal redistribution of AM for
these stars takes place on timescales lower than the current
value of Tpr (about 320 Myr for KIC 5955122 and 570 Myr for
KIC 8524425).
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Fig. 8. Variations in the timescale 7pg over which differential rotation
is forced (fop panel) and in &,, (bottom panel) along the subgiant
branch for our best-fit models of KIC 8524425 (red dashed line) and
KIC 5955122 (solid blue line). The filled circles correspond to the stars
at current age.

5.2. Efficiency of AM transport

To estimate the efficiency of the AM transport that is required
to reproduce the observed rotation profiles, we computed rotat-
ing models for the two subgiants, including an additional con-
stant viscosity v,qq in the equation for the transport of AM in
radiative zones. This approach was already followed for instance
by Eggenberger et al. (2012, 2019b), Spada et al. (2016), and
den Hartogh et al. (2019), for more evolved subgiants and red
giants. As already mentioned in these works, this is a very crude
description of the AM transport in subgiants. Naturally, we do
not expect whatever mechanism is at work to indeed operate like
a diffusive process with constant viscosity. The main goal of this
approach is to study how the mean efficiency of the unknown
transport processes vary with stellar parameters, and in particu-
lar with evolution. It was shown by Eggenberger et al. (2019b)
that the transport efficiency decreases during the late subgiant
phase, near the base of the RGB, but must increase again as stars
evolve along the RGB (Eggenberger et al. 2017). We here had
the opportunity to estimate the efficiency of the transport closer
to the MS turnoff and compare with its value on the MS.

5.2.1. Rotating models

We used two different stellar evolution codes: YREC
(Demarque et al. 2008) and GENEC (Eggenberger et al.
2008). The two codes differ in their treatment of the rotation.
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GENEC follows the assumption of shellular rotation advo-
cated by Zahn (1992; see also Maeder & Zahn 1998). The evo-
lution of the rotation profile is computed simultaneously to the
evolution of the star, taking into account AM transport by merid-
ional currents and the shear instability. In this context, the equa-
tion for AM transport that is solved in radiative regions is

d 2 _ 1 0 4 10 46£2
pg (79), = 55 5 lriaue)] + rza_r(pr" o) b

where p(r) is the density at radius r, and U(r) corresponds to
the radial dependence of the meridional circulation velocity in
the radial direction. An effective diffusion coefficient D, was
introduced as Dyo = Dghear + Vadd, Where Dgpe,, 18 the diffusion
coefficient for AM transport by shear instability and v,qq is the
additional viscosity introduced. Models that include the brak-
ing of the stellar surface by magnetized winds were computed
with the braking law of Matt et al. (2015) with a braking con-
stant fixed to its solar-calibrated value. The initial rotation rates
of the stars were adjusted in order to reproduce their observed
current surface rotation rates.

For YREC models, we neglected the AM transport by merid-
ional circulation and shear instabilities. We considered only the
effects of the unknown mechanism that transports AM in sub-
giants, assuming that it acts as a diffusion process, as was done
in Spada et al. (2016). Thus, only the second term in the right-
hand-side term of Eq. (11) was retained, and Dy, = Vvaqq.- We
did not expect this difference of treatment to affect much the
estimates of v,qqg compared to the GENEC models because it
has been shown that rotation-induced AM transport as it is cur-
rently understood is very inefficient in this phase of the evolu-
tion (e.g., Ceillier et al. 2013). The braking of the stellar surface
through magnetized wind was included following the prescrip-
tion of Kawaler (1988). The initial rotation period was chosen
so that to the period at the age of 1 Myr is 8 days (this choice
roughly coincides with the median of the observed period distri-
bution of the Orion Nebula Cluster, Rebull 2001). The braking
constant K of the wind model was then adjusted to match the
surface rotation of the two stars.

5.2.2. Results

Using both evolution codes, v,qq was adjusted in order to repro-
duce the core to envelope rotation contrast obtained by seismol-
ogy. Above a certain value of v,qq, the rotation profile is con-
stant throughout the star. Since the rotation profiles of both sub-
giants were found to be consistent with solid-body rotation, we
could only obtain a lower limit to the value of v,q4. Models com-
puted with GENEC and YREC including magnetic braking dur-
ing the MS yielded very similar results. They required v,qq >
8 x 10* cm?s~! for KIC 8524425 and v,qq > 2.5 x 10° cm?s™!
for KIC 5955122 to reproduce {(Q),/{€2), within 1-o- errors (see
Fig. 9).

We also investigated how these results depend on the
assumptions made concerning the transport of AM during the
MS. For this purpose, we computed an additional set of GENEC
models in the (unrealistic) case where no magnetic braking is
included during the MS. For these models, slower initial rota-
tions are needed to reproduce the current envelope rotation rates
of the two stars. Naturally, these models reach the end of the MS
with a lower level of radial differential rotation than the mod-
els computed with magnetized winds. We found that additional
viscosity required is then lowered to about 5 x 10*cm?s™! for
KIC 8524425, and 1.5 x 10° cm2s~! for KIC 5955122. We thus
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Fig. 9. Ratio between core and envelope rotation rates obtained with
GENEC models computed with an additional viscosity v,qq adjusted
to match asteroseismic observations (see text). Filled circles indi-
cate seismic measurements for KIC 5955122 (blue symbol) and for
KIC 8524425 (red symbol).
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Fig. 10. Additional viscosity that is required to reproduce the seis-
mic rotation profiles of subgiants as a function of the ratio between
the current stellar radius and the radius at the end of the MS (proxy
for evolutionary stage). Filled squares and vertical arrows indicate the
lower limits on v,4q obtained for KIC 5955122 (blue) and KIC 8524425
(red) with magnetic braking in the MS and crosses show the lower
limits obtained without wind. Gray circles correspond to the evolved
subgiants studied by Eggenberger et al. (2019b). The thick purple bar
shows the efficiency of the AM transport during the main sequence for
stars with masses between 1.1 and 1.2 M, obtained with open clusters
(Spada & Lanzafame 2020).

found that, contrary to more evolved stars, the rotational proper-
ties of young subgiants are sensitive to the internal transport of
AM on the MS (Eggenberger et al. 2019b).

5.2.3. Comparison with AM transport at other evolutionary
stages

The additional viscosities required for the two subgiants are sig-
nificantly larger than those needed for the more evolved sub-
giants studied by D14 and Eggenberger et al. (2019b) (whether
or not we include magnetic braking during the main sequence).
This confirms their findings, that the efficiency of the AM trans-
port decreases during the subgiant phase. This is illustrated in
Fig. 10, where we have used the ratio between the current stellar
radius and the radius at the MS turnoff as a proxy for the evo-
lutionary stage (updated version of Fig. 7 of Eggenberger et al.
2019b).

The obtained values of v,qq can also be compared to those
obtained for MS stars using the surface rotation periods of stars

in Galactic open clusters. These measurements can yield esti-
mates of the timescale of the coupling between the core and the
envelope in terms of AM transport as a function of the stellar
mass. Recently, Spada & Lanzafame (2020) updated these esti-
mates using observations of the Praesepe and NGC 6811 clus-
ters. For stars with masses <1.3 M, they found that the cou-
pling timescale 7. varies as 7. o(M/My)™®, with 7.o = 22 Myr
and @ = 5.6. Using our mass estimates for KIC 5955122 and
KIC 8524425 (see Table 2), this yields MS coupling timescales
of 7 and 12 Myr, respectively. Denissenkov et al. (2010) showed
that the two-zone model that was used by Spada & Lanzafame
(2020) (among other authors) is equivalent to considering a dif-
fusive transport of AM inside the star with a constant viscos-
ity v,qa. They also provided an approximate correspondence
between 7. and v,qq. Using this relation, we found that the MS
coupling timescales for both stars translate into values of v,qq
in the range (1.5-2.4) x 10° cm®s~!. This interval is shown by
the purple vertical bar in Fig. 10. This shows that the efficiency
of the additional mechanism that transports AM in young sub-
giants is found to be intermediate between the efficiency needed
on the MS for these stars and the efficiency required later in the
subgiant phase. This is a potential indication that the mechanism
that transports AM during the MS might persist for some time
after the end of the MS and become increasingly inefficient near
the base of the RGB.

5.2.4. Comparison with predictions from potential AM
transport mechanisms

Internal gravity waves (IGW) excited at the bottom of the con-
vective envelope were proposed as potential candidates for the
transport of AM in subgiants. These waves propagate in the
radiative interior, where they are damped and eventually dis-
sipate. To produce a net transport of AM, a certain amount of
radial differential rotation is needed. Indeed, with a flat rotation
profile, the contributions from prograde and retrograde waves
cancel each other out. Pingonetal. (2017) considered IGW
excited by the penetration of turbulent plumes at the base of the
convective envelope. They calculated the threshold of differen-
tial rotation AQy, = Qeore —Qeny above which the waves transport
AM on a time scale shorter than the time scale of the core con-
traction. The authors suggested a self-regulating process, which
imposes that the differential rotation stabilizes around the thresh-
old value. Pingon et al. (2017) provided first estimates of AQy,,
which are in quite good agreement with the amount of differen-
tial rotation seismically inferred for young red giants by D14.
Interestingly, Pingon et al. (2017) also found that for some time
after the end of the MS, even a negligible amount of differen-
tial rotation is enough to couple the core to the envelope. For a
1.15-M model (roughly matching the masses of our two sub-
giants), the radial differential rotation becomes detectable when
logg < 3.93 and this threshold in log g decreases with increas-
ing stellar mass (see Fig. 6 of Pincon et al. 2017). Thus, although
more detailed calculations are clearly required, it seems that AM
transport by IGW could account for the nearly solid-body rota-
tion profiles of KIC 5955122 (M ~ 1.22 M and logg ~ 3.88)
and KIC 8524425 (M ~ 1.11 M, and logg ~ 3.98). In any case,
we recall that IGW cannot account on their own for the rotational
evolution of more evolved red giants because the increasingly
large Brunt-Viisild frequency in the core makes the transport of
AM by waves more and more inefficient (Talon & Charbonnel
2008; Fuller et al. 2014).

Internal magnetic fields could also be responsible for the
transport of AM in subgiants. Recently, Fuller et al. (2019)
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Fig. 11. Ratio between core and envelope rotation rates obtained with
GENEC and the formalism of Fuller et al. (2019) with @ = 0.6 (blue
line). The filled blue circle corresponds to the observed core-envelope
contrasts for KIC 5955122. For visual comparison, the stars of D14 have
been added to this plot (gray symbols). However, we note that evaluat-
ing the transport efficiency for these stars requires a dedicated modeling
taking into account their masses and chemical compositions (see Fig. 3
of Eggenberger et al. 2019a).

proposed a revised prescription of the transport of AM by the
Tayler instability. They considered an alternate saturation mech-
anism, which leads to larger magnetic field amplitudes at the
saturation of the instability, and thus a more efficient trans-
port of AM than the original prescription of Spruit (2002).
They proposed revised expressions for the effective AM diffu-
sivity linked to the Tayler instability and the minimum shear
Gmin = (—01InQ/0 In r)y;, required to trigger the instability. They
found that with this formalism, rigid rotation is expected to be
maintained for some time after the end of the MS. The amount
of differential rotation during the subgiant phase is essentially
determined by the minimum shear gn;,, which depends on a
dimensionless parameter @ ~ 1, according to the authors.
Eggenberger et al. (2019a) showed that values of « significantly
below unity (o ~ 0.5) are needed to reproduce the internal rota-
tion of the evolved subgiants studied by Deheuvels et al. (2014),
while matching the core rotation of stars on the RGB requires
a ~ 1.5. Moreover, even higher values of @ are needed to
account for the internal rotation of intermediate mass stars in
the core He burning phase (den Hartogh et al. 2020). To estimate
the agreement of this formalism with the results of this study, we
computed a model of KIC 5955122 including the prescription of
Fuller et al. (2019) using the GENEC code. We found that val-
ues of @ > 0.6 are required to have the star rotate rigidly at its
current age (see Fig. 11). The second subgiant, KIC 8524425,
is less constraining because it has a higher value of logg, and
so even relatively low values of @ can produce near solid-body
rotation for this star. This is consistent with the value inferred by
Eggenberger et al. (2019a) for the least evolved stars of D14, but
yields a too low degree of differential rotation to account for the
most evolved ones of the sample.

6. Conclusion

In this study, we probed the internal rotation of two Kepler sub-
giants, KIC 8524425 and KIC 5955122, at an intermediate stage
of evolution between the main sequence turnoff and the base
of the red giant branch, where constraints on the core rotation
were still lacking. We were able to measure eigenfrequencies and
rotational splittings for dipole and quadrupole modes for these
two stars. Through a detailed seismic modeling, we confirmed
that the two subgiants are indeed closer to the main sequence
turnoff than the stars studied by Deheuvels et al. (2014). We also
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obtained rotational kernels for the detected modes and could
therefore perform rotation inversions.

We obtained precise measurements of the average rotation
period in the p-mode cavity (we found (€2,)/(27) = 298 +
20nHz for KIC 8524425 and 675 + 27 nHz for KIC 5955122).
These results are in very good agreement with the measurements
of surface rotation rates obtained by Garcia et al. (2014) and
Bonanno et al. (2014) for these two stars (within 1-0 errors). The
envelope rotation measured by seismology has a mean sensitiv-
ity around a normalized radius of 0.76 for both stars, that is very
close to the bottom of the convective envelope for KIC 5955122
(rce/R = 0.74) and in the lower part of the convective enve-
lope for KIC 8524425 (rcg/R = 0.65). The close agreement
between the seismic envelope rotation rate and the surface rota-
tion rate thus shows that there can be only a mild radial dif-
ferential rotation within the convective envelopes of these stars.
This type of constraints could be helpful to investigate the nature
of the mechanism that transports angular momentum (AM).
Indeed, Kissin & Thompson (2015) have proposed that radial
rotation gradients might be located within the convective enve-
lope due to AM pumping, rather than in the radiative core. Mea-
suring the rotation gradient in the convective envelope at various
stages along the red giant evolution would enable us to test this
statement.

Measuring the core rotation for the two subgiants was more
challenging than for more evolved subgiants because we mea-
sured rotational splittings for few g-dominated modes. How-
ever, with the MOLA inversion technique, we were able to
build averaging kernels that efficiently suppress the contribu-
tion from the envelope. We found (€Q,)/(27) = 204 + 134nHz
for KIC 8524425 and 488 + 227nHz for KIC5955122. We
thus derived core-envelope rotation ratios of 0.68 + 0.46 and
0.72 + 0.37 for KIC 8524425 and KIC 5955122, respectively.
These results are consistent with a solid-body rotation for the
two targets and they clearly show that the core cannot be rotating
much faster than the envelope. Our results leave open the possi-
bility that the core might be rotating slower than the envelope.
Such a behavior has been reported before (Kurtz et al. 2014). It
could not be produced by a mechanism of AM transport that
would act to smooth out rotation gradients, such as a diffusion
process. However, other mechanisms such as the transport of
AM by internal gravity waves (IGW) can potentially lead to
envelopes spinning faster than the core (Rogers et al. 2013).

The near solid-body rotation found for the two subgiants
indicates that AM is transported faster than the timescale over
which differential rotation is forced, which we found to be
equal to about 320 Myr for KIC5955122, and 570 Myr for
KIC 8524425. To go further, we estimated the efficiency of the
redistribution of AM by including an additional diffusion of AM
with a constant, adjustable viscosity v,qq. We found that val-
ues of vagq > 5 x 10 cm?s™! and vyqq > 1.5 X 10° cm?s~! are
needed to reproduce the core-envelope contrast of KIC 8524425
and KIC 5955122, respectively, within 1-o errors. These val-
ues are higher than the additional viscosity that was required
to account for the internal rotation of more evolved subgiants
(Eggenberger et al. 2019b), which brings further support to the
claim of these authors, that the efficiency of the AM transport is
decreasing during the subgiant phase. Also, the efficiency of the
AM transport that is required for the two subgiants is lower than
or comparable to the efficiency needed during the main sequence
for stars of equivalent masses (Spada & Lanzafame 2020). This
might indicate that the mechanism that flattens the rotation pro-
file during the main sequence persists for some time after the
exhaustion of hydrogen in the core.
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Different mechanisms of AM transport are currently being
investigated as candidates to account for the internal rotation of
subgiants and red giants. We compared our results to the only
two studies that have provided predictions for the evolution of
rotation during the subgiant phase. Pingon et al. (2017) show that
IGW excited by the penetration of plumes at the bottom of the
convective envelope could produce efficient transport and they
proposed that it might act as a self-regulating process. The near
solid-body rotation of KIC 8524425 and KIC 5955122 seems
to be roughly compatible with this scenario, although detailed
calculations would be needed to check this. AM could also be
transported through instabilities of an internal magnetic field.
This possibility remains to be fully explored. Fuller et al. (2019)
proposed a revised prescription of the so-called Tayler-Spruit
dynamo, which depends on a dimensionless parameter @. Using
their formalism, we found that the value of « that is required
to match the core rotation of stars near the base of the RGB
(@ ~ 0.6) is compatible with a solid-body rotation of our two
subgiants. However, as shown by Eggenberger et al. (2019a) and
den Hartogh et al. (2020), a higher value of a (>1.5) is needed
to reproduce the rotation along the RGB and in the secondary
clump.

In this work, we have bridged the gap between the (few) con-
straints that we have on the internal rotation during the main
sequence of solar-like pulsators and the constraints available from
the base of the RGB. These new observations will need to be
accounted for by the candidates for AM transport in red giants.
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Appendix A: Effects of latitudinal differential
rotation on the splittings of quadrupole modes

In Sect. 2.3, we could not find significant evidence for latitu-
dinal differential rotation in the convective envelope of the two
stars under study. However, we did obtain constraints on the a3
coefficients. For KIC 5955122, we checked whether this mea-
surement is consistent with the photometric estimates of the lat-
itudinal differential rotation at the stellar surface obtained by
Bonanno et al. (2014). These authors found an equatorial rota-
tion period of 16.4 days and estimated the difference between the
rotation rate at the pole Q). and the rotation rate at the equator
Qeq 10 AQ = Qe — Qg = —0.25 £ 0.02radd ™.

To estimate the expected effect of latitudinal differential rota-
tion on the mode splittings, we parametrized the rotation profile
Q(r,0) as

Q(r, 0) = Qo(ro(6) + Q1 (N1 (6).

The function Qy(r) gives a measurement of the radial differen-
tial rotation within the star, while Q; () measures the latitudinal
differential rotation. We here assumed that the latitudinal differ-
ential rotation is restricted to the convective envelope and inde-
pendent of the radius in this region. We thus chose

(A1)

_ Ql if r > rCE
() = { 0  otherwise,

where rcg is the radius of the bottom of the convective enve-
lope. In this study, we found that KIC 5955122 has negligible
radial differential rotation (see Sect. 4). Accordingly, we here
considered Q to be constant throughout the star. The advantage
of using orthogonal polynomials in the decomposition of Eq. (1)
is that the functions Q(r) can be determined from the coeffi-
cients a(zlszl) alone when the /() correspond to a well chosen set
of polynomials. For s = 0, 1, (see, e.g., Gizon & Solanki 2004)
they correspond to

(A.2)

Yo(0) = 15 ¥n(6) = %(5 cos” 6 — 1). (A.3)

The values of Qy and Q; are determined in a unique way by
the measurements of the surface rotation given by Bonanno et al.
(2014), which yield

AQ

Q = Qg+ < (A4)
Q= 2A0 (A.5)
1 — 15 . .

The a;z) coeflicient is then given by

Q R T
af’ = = f f [Kn22(r,0) — K1 (r, O)141 (6)dédr.  (A.6)
rcg YO

The rotational kernels of the modes K, ,,(r, ), whose expres-
sions are given for instance by Gizon & Solanki (2004), were
obtained using our best-fit model from Sect. 3.2. Using
Eq. (A.6), we found that the measurements by Bonanno et al.
(2014) correspond to an agz) coeflicient of about 16 nHz. This
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value is consistent with our seismic measurement of a
16”_’%2 nHz for KIC 5955122.

Appendix B: Estimated mode frequencies and
rotational splittings

Table B.1. Estimated mode frequencies and rotational splittings (only
for modes that were found to be significantly split by rotation, see
Sect. 2.3) for KIC 8524425.

~

v (uHz)

0.062
743.703+0.02

803.16616

861.175100%2

919.584+0034

0.034
978.931+0.03

1038.655+0027

1098.319+002

0.050
1158.056*09%

0.079
1217.934+007

0.167
12783211017

782.339+0059

832.875100%

0.039
888.544+0.039

945.322+0040

0.037
1001.819*097

104482970021

10739730026

1127.33310932 030420067

1185.43810.9%3 -

1245.027+9072 -

0.155
1305.243+0133 -

0.219
1365.15149219 -

797.27279:3 -

0105 0.080
856.5377019 (19210080

-0.111
0.0 0.056
914.464*0071  0,313+00%

0.266+0 75

0.049
0.3347 015

ovs (uHzZ)

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.

02057005

0.352+)9%

0.047
0.322% 051

0.057
0.301%507

0.024
0.207* 055

0.049
029270 041

—-0.064

0.069
973.679*9.9

0.055
1032.79410053

1093.45570042 023870038

0.066
1153.064+0.96¢ -

1212.760* 117 -

12735301010 _

NN N NN NN === == =9 p®FQRP®QpQHRMHR OO o o o o o

Notes. n.a.: not applicable.

Tables B.1 and B.2 give the oscillation mode parameters that
were obtained for KIC 8524425 and KIC 5955122, respectively,
in Sect. 2.3.
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Table B.2. Same as Table B.1 for KIC 5955122.

1 v (uHz) ovs (uHz)
0  560.765+0108 n.a.

0 609.5707014 n.a.

0  658.087+0318 n.a.

0 7063190190 n.a.

0 754.504+00% n.a.

0 803.811+004 n.a.

0  853.529004 n.a.

0 903.083+096 n.a.

0 952.477+09% n.a.

0 1002.729*21%0 n.a.

0 10533720487 n.a.

0 1103.50592% n.a.

1 58631670143 0.498+0087
1 623.60010977  0.643+0067
1 657.738+033% -

1 690.107+097  0.627+097
1 731.201%00%3  ,534+0088
1 7747228005 073510092
1 809.72110%37  0.442+0045
1 836.69010%40  0.574+091
1 879.858+00%  0.636+00%7
1 927.408:0034 -

1 975.989+0078 -

1 1024.921+0120 -

1 1073.55070182 -

2 65340910317 0.563+0166
2 7020520210 (,675+0138
2 749.926101%6  (.634+0060
2 799.594:0101 07030071
2 84920210086 () 23+0.049
2 8984787012 (.6690972
2 948.349%0130 -

2 998.270*92% -

2 1048.95170311 -
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