
SURFACE-TO-CORE ROTATION  
IN THE MAIN SEQUENCE STAR  

KIC 11145123 

Don Kurtz 
Hideyuki Saio 
Masao Takata 

Hiromoto Shibahashi 
Simon Murphy 
Takashi Sekii 



ROTATIONAL SPLITTING 

DIPOLE MODE 

 

l = 1, m = -1 l = 1, m = 0 l = 1, m = +1 

10 Kurtz et al.

Table 4. Mode identification of the observed modes based on our best model

with 1.46 M⊙. The first column indicates the type of mode that is common

to Tables 1 and 2, while the fourth and fifth columns represent the spherical

degree, l, and the radial order, n, of each mode, respectively. The identifi-

cation of two modes that have a question mark in the sixth column should

be regarded as tentative.

observed frequency model frequency l n
d−1 d−1

g 1.210 1.209 1 −33
g 1.247 1.245 1 −32
g 1.287 1.284 1 −31
g 1.328 1.325 1 −30
g 1.374 1.369 1 −29
g 1.418 1.416 1 −28
g 1.470 1.467 1 −27
g 1.524 1.521 1 −26
g 1.582 1.579 1 −25
g 1.647 1.642 1 −24
g 1.713 1.712 1 −23
g 1.789 1.786 1 −22
g 1.864 1.868 1 −21
g 1.951 1.957 1 −20
g 2.045 2.057 1 −19

q (ν3) 16.742 16.693 2 −1
s (ν1) 17.964 17.925 0 3
t (ν2) 18.366 18.448 1 2
q (ν4) 19.006 18.849 2 0
t (ν5) 22.002 22.007 1 3

t 23.516 23.444 6 −2 ?

q 23.565 23.488 2 2
t 23.819 23.966 6 −1 ?

t 24.419 24.453 2 3

4.1 Rotational splittings

If a star rotates slowly, the Coriolis force and advection perturb the

eigenfrequencies of its oscillations, whereas the effect of the defor-

mation of the star caused by the centrifugal force is negligible. If

the angular velocity, Ω, depends only on the radius, r, then the fre-

quency perturbation, δω, in the inertial frame of reference is given

by

δωn,l,m = m(1− Cn,l)

∫ R

0

Kn,l(r)Ω(r)dr, (3)

where n, l,m are the radial order, the spherical degree and the az-

imuthal order; Cn,l, which is sometimes called the Ledoux constant

(Ledoux 1951), is defined as

Cn,l =

∫ R

0
ξh(2ξr + ξh)r

2ρdr
∫ R

0
[ξ2r + l(l + 1)ξ2h] r

2ρdr
, (4)

with radial (ξr) and horizontal (ξh) displacements; ρ and r are the

gas density and the distance from the centre, respectively. The ker-

nel, Kn,l, is given as

Kn,l =

[

ξ2r + l(l + 1)ξ2h − 2ξrξh − ξ2h
]

ρr2
∫ R

0
[ξ2r + l(l + 1)ξ2h − 2ξrξh − ξ2h] ρr

2dr
. (5)

Since
∫ R

0

Kn,l(r)dr = 1, (6)

the integral on the right hand side of equation (3) gives the rota-

tion rate averaged with respect to the eigenfunctions of the eigen-

mode specified by n and l (Unno et al. 1989; Aerts, Christensen-

Dalsgaard & Kurtz 2010). For later use, we explicitly introduce the

average rotation rate, Ω̄n,l, by

Ω̄n,l =

∫ R

0

Kn,l(r)Ω(r)dr. (7)

It should be stressed that, although the Ledoux constant, Cn,l, was

originally introduced in the case of uniform rotation, equation (3)

is valid for any rotation profile that depends only on the radius.

We therefore do not need to assume uniform rotation at all in the

following analysis, which is based on Cn,l.

Fig. 12 shows how the observed rotational splittings are

weighted in the interior of one of our best models of KIC 11145123

with 1.46 M⊙. The rotation in the inner core r ! 0.1R (Mr !
0.30M ; where R and M are the total radius and total mass of

the star, respectively) dominates the g mode. The dipolar p mode

(l = 1) has a broader sensitivity in fractional radius, but is strongly

confined in fractional mass to the outer 5 per cent of the star. Thus

the separation of the dipolar p modes and g modes in frequency in

KIC 11145123 measures both surface and core rotation rates nearly

independently. On the other hand, the quadrupolar mode (l = 2)

has almost the equal sensitivity in the core and the envelope, be-

cause it has mixed characters of acoustic waves in the envelope and

gravity waves in the core.

4.2 Nearly model-independent inferences

We measured the frequency splittings for the 15 g-mode dipole

triplets, and for a selection of p-mode triplets and quintuplets, as

seen in Tables 1 and 2. For all of the p-mode multiplets, the split-

tings within the multiplet are equal within the formal errors. This

shows that there are no second-order rotation effects measureable

and that there is no strong magnetic field in the star, as that would

perturb the multiplet frequency spacings. The equally split quin-

tuplets indicate no detectable differential rotation in the latitudinal

direction.

For high-overtone g modes the Ledoux constant asymptoti-

cally approaches Cn,l ≈ 1/l(l + 1), which for the l = 1 dipole

g modes in KIC 11145123 gives Cn,l ≈ 0.5. This is a very general

conclusion, with which our best models constructed in section 3 are

certainly consistent. Using equation (3) for the g-mode rotational

triplets, we find Prot(core) = 104− 105 d. On the other hand, us-

ing a typical value of the Ledoux constant for the p modes of our

models, Cn,l = 0.03, the p-mode triplets give surface rotation pe-

riods in the range 95− 114 d. Although the above estimates do not

take account of errors in Cn,l, the consistent period range of the

p modes with that of the g modes supports uniform rotation of the

star in a broad way.

We can even show based on a careful argument about the av-

erage rotation rate, Ω̄, that the star is rotating differentially in the

sense that the envelope rotation rate is slightly higher than the core

rate. Because this is a very important conclusion, we present a care-

ful 4-step argument, whose essential points are summarised before

going into the details. First of all, it is intended to demonstrate that

the average rotation rate of the envelope layers probed by a p mode

is higher than that of the core layers inferred by a g mode. We first

show that the rotational splitting of the p mode is more than twice as

large as that of the g mode. Then, we argue based on stellar pulsa-

tion theory that twice the g-mode splitting provides the upper limit

of the core rotation rate, and that the p-mode splitting constrains
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HD 129929 – B3V 

fectiveness of the overshooting phenomenon,
technically measured by the overshooting pa-
rameter (!ov).

Oscillating main-sequence B stars more
massive than 8 solar masses are called
"-Cephei variables. Their individual oscilla-
tion modes, which are driven by an opacity
mechanism acting in the metal opacity bump
at a temperature of some 200,000°C (2), have
multiple periods between 2 and 8 hours. This
condition leads to beat periods on the order of
several months, which is much longer than
the beat periods of main-sequence stars that
exhibit solarlike oscillations or of the oscil-
lations in compact stars such as white dwarfs.
Moreover, the oscillation frequencies in so-
larlike stars and in white dwarfs are more
numerous and obey certain regular patterns
(3, 4), which makes their modes much easier
to identify than opacity-driven modes in mas-
sive stars. This is one of the reasons that

seismic studies of solarlike stars and of white
dwarfs are much further advanced than are
those of opacity-driven oscillators.

HD 129929 (visual magnitude 8.1, spec-
tral type B3V) was discovered to be a micro-
variable (5). Three close frequencies were
established (6, 7) in multicolor photometry of
the star, which led (6) to classification of the
object as a new "-Cephei star. We have
continued the photometric monitoring of the
star and have assembled 1493 high-quality
(error # 5 millimagnitudes) multicolor data
points during several 3-week runs throughout
21.2 years. All data were gathered with the
seven-passband Geneva photometer P 7 at-
tached to the 0.7-m Swiss telescope at La
Silla Observatory in Chile. The effective tem-
perature and the gravity of HD 129929 are
available from calibrations of photometric
systems (8, 9). These parameters and the
metallicity of the star were also derived from
low-resolution spectra taken with the Interna-
tional Ultraviolet Explorer (10). The overall
range in quoted values of the temperature and
gravity is, respectively, log Teff ! [4.35,
4.38] and log g ! [3.87, 3.94], and the me-
tallicity is Z $ 0.018 % 0.004 (10). We have
used these estimates as the starting point of
our model grid calculations, but we stress that

our modeling results are independent of this
particular result. In fact, we considerably im-
prove the estimates of the temperature and
the gravity with our seismic analysis.

We have performed both phase dispersion
minimization (11) and Fourier analysis (12) on
the time series of 1493 data points in each of the
seven Geneva filters (Fig. 1). The six frequen-
cies that result were found by both of these
independent techniques, and all six frequencies
are found independently of the order of pre-
whitening (i.e., subsequent sine curve subtrac-
tion). The periodograms (Fig. 1 and Table 1)
show that f1 & f3 ! f2 & f6 ! f4 & f2 ! 0.0121
cycles per day (c d&1); i.e., two frequency
multiplets due to rotational splitting appear in
the data. We note that the highest peaks in the
periodograms do not occur for f5 and f6 but for
their 1-day alias (Fig. 1). We can be sure of this
both for physical reasons and for reasons relat-
ed to our models. All models that obey f1,. . ., f4
do not lead to a low-degree mode at f5 & 1 or
any other alias of f5, whereas they result in the
radial fundamental mode at f5. Similarly, there
is no low-degree mode available near f6 ' 1,
whereas f6 corresponds to the l $ 1, p1 mode
shifted by the rotation. The frequencies that
show up after prewhitening with f1,. . ., f6 no
longer coincide for the different Geneva filters
and/or for the different analysis methods. We
hence regard them as ambiguous, and we only
make use of the six established frequencies
(Fig. 2), which consist of one isolated frequen-
cy and (parts of ) two multiplets.

We modeled the interior structure of HD
129929 with two independent evolutionary
codes, namely the Code Liégeois d’Évolution
Stellaire (13) and the Warsaw–New Jersey
Evolutionary Code (14). We have considered a
large range in log Teff and in log g and allowed
X ! [0.68, 0.74], Y ! [0.24, 0.3], and Z !
[0.015, 0.03]. We used the opacities derived
from the OPAL code (15), completed with the
Alexander and Ferguson opacities (16 ) below
log T $ 3.95 and the standard heavy-ele-
ment mixture (17 ). For all these models, we
have calculated the oscillation modes with
two independent codes for linear nonadia-
batic oscillations (18, 19). All the results
obtained from these independent codes
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Fig. 1. Periodograms for the Geneva U data for subsequent stages of prewhitening. The amplitude
is expressed in magnitudes. For the values of the frequencies, refer to Table 1. The dotted lines
indicate the selected frequencies.

Fig. 2. Final amplitude spectrum of HD 129929.

Table 1. Accepted frequencies fi, i $ 1,. . .,6 for HD 129929. The standard error is less than 10
&6 c d&1

(cycles per day) for all listed frequencies. l and m denote the degree and the azimuthal number of the
oscillation modes. The amplitudes are expressed in millimagnitudes.

Oscillation
frequencies
(c d&1)

Amplitude
(in U)

Amplitude
(in V) Mode identification

Frequency
splitting
(c d&1)

f1 $ 6.461699 14.7% 0.6 11.8% 0.4 l $ 2, m $ ?, g1
f2 $ 6.978305 14.9% 0.8 10.3% 0.5 l $ 1, m $ 0, p1
f3 $ 6.449590 11.7% 0.6 9.1% 0.4 l $ 2, m $ ?, g1
f4 $ 6.990431 11.6% 0.8 7.5% 0.5 l $ 1, m $ '1, p1 f1&f3 $ 0.012109
f5 $ 6.590940 9.4% 0.8 4.9% 0.5 l $ 0, m $ 0, p1 f4&f2 $ 0.012126
f6 $ 6.966172 7.6% 0.6 4.8% 0.5 l $ 1, m $ &1, p1 f2&f6 $ 0.012133
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Figure 1 | Oscillation spectrum of KIC 8366239. a, The radial and ℓ=2 modes are marked with 

squares and triangles, respectively. Each ℓ=1 rotational multiplet is marked with one dot. A zoom 

on the region of 185 to 195 µHz and the analysis of the comb-like structure of the oscillation 

spectrum in a so-called échelle diagram are shown in the online material (Supplementary Figs. 1 

and 2). The spectral window of the Fourier analysis can be found in the online material 

(Supplementary Fig. 11). b, The observed rotational splitting for individual ℓ=1 modes. The error 

bars indicate the standard deviation of the measured rotational splitting of dipole modes. Similar 

analyses of the stars KIC 5356201 (Supplementary Figs. 3 and 4) and KIC 12008916 

(Supplementary Figs. 5 and 6) are discussed in the online material. c, Theoretically predicted 

rotational splitting assuming two different rotation laws. The values are calculated for a 

representative model of KIC 8366239 as defined in the Supplementary Information. The splitting 

for nonrigid rotation (marked with solid dots) for the case of a core rotation 10 times faster than 

the surface rotation of 2.5 km/s resembles the observations qualitatively well. The theoretical 

splittings for the scenario of rigid rotation and an equatorial surface rotation velocity of 3 km/s 

(marked with open symbols) show a trend opposite to the observed one, with the largest splitting 

in the centre of the dipole forest and lower splitting in gravity-dominated modes. In the case of 

rigid rotation, the variable splitting is purely governed by the variation of the Ledoux
23

 constant 

across the dipole forest (Supplementary Fig. 8). As the representative model (in panel c) has not 

been corrected for surface effects, there is a slight offset to the observations (in panel b). 

(Coloured symbols are shown in the online version of the paper.) 
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G MODE SPLITTING 

•  For high overtone g modes Cn,l asymptotically approaches 0.5   

•  Cn,l ≈ l/(l+1) = 0.5 for KIC 11145123 g modes 

•  This is model independent 

•  The splitting between the g mode sectoral m = +1 and -1 
frequencies measures the “average” rotation rate in the core.  

•  Pcore    ≥ 105.13 ± 0.02 days 

•  All mode splittings are equal within the precision of 4 years of data 

•  There are no second-order effects 

•  The star is nearly spherical  

10 Kurtz et al.

Table 4. Mode identification of the observed modes based on our best model

with 1.46 M⊙. The first column indicates the type of mode that is common

to Tables 1 and 2, while the fourth and fifth columns represent the spherical

degree, l, and the radial order, n, of each mode, respectively. The identifi-

cation of two modes that have a question mark in the sixth column should

be regarded as tentative.

observed frequency model frequency l n
d−1 d−1

g 1.210 1.209 1 −33
g 1.247 1.245 1 −32
g 1.287 1.284 1 −31
g 1.328 1.325 1 −30
g 1.374 1.369 1 −29
g 1.418 1.416 1 −28
g 1.470 1.467 1 −27
g 1.524 1.521 1 −26
g 1.582 1.579 1 −25
g 1.647 1.642 1 −24
g 1.713 1.712 1 −23
g 1.789 1.786 1 −22
g 1.864 1.868 1 −21
g 1.951 1.957 1 −20
g 2.045 2.057 1 −19

q (ν3) 16.742 16.693 2 −1
s (ν1) 17.964 17.925 0 3
t (ν2) 18.366 18.448 1 2
q (ν4) 19.006 18.849 2 0
t (ν5) 22.002 22.007 1 3

t 23.516 23.444 6 −2 ?

q 23.565 23.488 2 2
t 23.819 23.966 6 −1 ?

t 24.419 24.453 2 3

4.1 Rotational splittings

If a star rotates slowly, the Coriolis force and advection perturb the

eigenfrequencies of its oscillations, whereas the effect of the defor-

mation of the star caused by the centrifugal force is negligible. If

the angular velocity, Ω, depends only on the radius, r, then the fre-

quency perturbation, δω, in the inertial frame of reference is given

by

δωn,l,m = m(1− Cn,l)

∫ R

0

Kn,l(r)Ω(r)dr, (3)

where n, l,m are the radial order, the spherical degree and the az-

imuthal order; Cn,l, which is sometimes called the Ledoux constant

(Ledoux 1951), is defined as

Cn,l =

∫ R

0
ξh(2ξr + ξh)r

2ρdr
∫ R

0
[ξ2r + l(l + 1)ξ2h] r

2ρdr
, (4)

with radial (ξr) and horizontal (ξh) displacements; ρ and r are the

gas density and the distance from the centre, respectively. The ker-

nel, Kn,l, is given as

Kn,l =

[

ξ2r + l(l + 1)ξ2h − 2ξrξh − ξ2h
]

ρr2
∫ R

0
[ξ2r + l(l + 1)ξ2h − 2ξrξh − ξ2h] ρr

2dr
. (5)

Since
∫ R

0

Kn,l(r)dr = 1, (6)

the integral on the right hand side of equation (3) gives the rota-

tion rate averaged with respect to the eigenfunctions of the eigen-

mode specified by n and l (Unno et al. 1989; Aerts, Christensen-

Dalsgaard & Kurtz 2010). For later use, we explicitly introduce the

average rotation rate, Ω̄n,l, by

Ω̄n,l =

∫ R

0

Kn,l(r)Ω(r)dr. (7)

It should be stressed that, although the Ledoux constant, Cn,l, was

originally introduced in the case of uniform rotation, equation (3)

is valid for any rotation profile that depends only on the radius.

We therefore do not need to assume uniform rotation at all in the

following analysis, which is based on Cn,l.

Fig. 12 shows how the observed rotational splittings are

weighted in the interior of one of our best models of KIC 11145123

with 1.46 M⊙. The rotation in the inner core r ! 0.1R (Mr !
0.30M ; where R and M are the total radius and total mass of

the star, respectively) dominates the g mode. The dipolar p mode

(l = 1) has a broader sensitivity in fractional radius, but is strongly

confined in fractional mass to the outer 5 per cent of the star. Thus

the separation of the dipolar p modes and g modes in frequency in

KIC 11145123 measures both surface and core rotation rates nearly

independently. On the other hand, the quadrupolar mode (l = 2)

has almost the equal sensitivity in the core and the envelope, be-

cause it has mixed characters of acoustic waves in the envelope and

gravity waves in the core.

4.2 Nearly model-independent inferences

We measured the frequency splittings for the 15 g-mode dipole

triplets, and for a selection of p-mode triplets and quintuplets, as

seen in Tables 1 and 2. For all of the p-mode multiplets, the split-

tings within the multiplet are equal within the formal errors. This

shows that there are no second-order rotation effects measureable

and that there is no strong magnetic field in the star, as that would

perturb the multiplet frequency spacings. The equally split quin-

tuplets indicate no detectable differential rotation in the latitudinal

direction.

For high-overtone g modes the Ledoux constant asymptoti-

cally approaches Cn,l ≈ 1/l(l + 1), which for the l = 1 dipole

g modes in KIC 11145123 gives Cn,l ≈ 0.5. This is a very general

conclusion, with which our best models constructed in section 3 are

certainly consistent. Using equation (3) for the g-mode rotational

triplets, we find Prot(core) = 104− 105 d. On the other hand, us-

ing a typical value of the Ledoux constant for the p modes of our

models, Cn,l = 0.03, the p-mode triplets give surface rotation pe-

riods in the range 95− 114 d. Although the above estimates do not

take account of errors in Cn,l, the consistent period range of the

p modes with that of the g modes supports uniform rotation of the

star in a broad way.

We can even show based on a careful argument about the av-

erage rotation rate, Ω̄, that the star is rotating differentially in the

sense that the envelope rotation rate is slightly higher than the core

rate. Because this is a very important conclusion, we present a care-

ful 4-step argument, whose essential points are summarised before

going into the details. First of all, it is intended to demonstrate that

the average rotation rate of the envelope layers probed by a p mode

is higher than that of the core layers inferred by a g mode. We first

show that the rotational splitting of the p mode is more than twice as

large as that of the g mode. Then, we argue based on stellar pulsa-

tion theory that twice the g-mode splitting provides the upper limit

of the core rotation rate, and that the p-mode splitting constrains

c⃝ 0000 RAS, MNRAS 000, 000–000
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 P MODE SPLITTING 

•  For the p modes Cn,l < 0.03 ≈ 0  

•  This is model independent 

•  The splitting between the p mode frequencies measures the 
“average” rotation rate near the surface.  

•  Psurface ≤   98.57 ± 0.02 days 

•  All mode splittings are equal within the precision of 4 years of data 

•  There are no second-order effects 

•  The surface rotates more quickly than the core 

10 Kurtz et al.

Table 4. Mode identification of the observed modes based on our best model

with 1.46 M⊙. The first column indicates the type of mode that is common

to Tables 1 and 2, while the fourth and fifth columns represent the spherical

degree, l, and the radial order, n, of each mode, respectively. The identifi-

cation of two modes that have a question mark in the sixth column should

be regarded as tentative.

observed frequency model frequency l n
d−1 d−1

g 1.210 1.209 1 −33
g 1.247 1.245 1 −32
g 1.287 1.284 1 −31
g 1.328 1.325 1 −30
g 1.374 1.369 1 −29
g 1.418 1.416 1 −28
g 1.470 1.467 1 −27
g 1.524 1.521 1 −26
g 1.582 1.579 1 −25
g 1.647 1.642 1 −24
g 1.713 1.712 1 −23
g 1.789 1.786 1 −22
g 1.864 1.868 1 −21
g 1.951 1.957 1 −20
g 2.045 2.057 1 −19

q (ν3) 16.742 16.693 2 −1
s (ν1) 17.964 17.925 0 3
t (ν2) 18.366 18.448 1 2
q (ν4) 19.006 18.849 2 0
t (ν5) 22.002 22.007 1 3

t 23.516 23.444 6 −2 ?

q 23.565 23.488 2 2
t 23.819 23.966 6 −1 ?

t 24.419 24.453 2 3

4.1 Rotational splittings

If a star rotates slowly, the Coriolis force and advection perturb the

eigenfrequencies of its oscillations, whereas the effect of the defor-

mation of the star caused by the centrifugal force is negligible. If

the angular velocity, Ω, depends only on the radius, r, then the fre-

quency perturbation, δω, in the inertial frame of reference is given

by

δωn,l,m = m(1− Cn,l)

∫ R

0

Kn,l(r)Ω(r)dr, (3)

where n, l,m are the radial order, the spherical degree and the az-

imuthal order; Cn,l, which is sometimes called the Ledoux constant

(Ledoux 1951), is defined as

Cn,l =

∫ R

0
ξh(2ξr + ξh)r

2ρdr
∫ R

0
[ξ2r + l(l + 1)ξ2h] r

2ρdr
, (4)

with radial (ξr) and horizontal (ξh) displacements; ρ and r are the

gas density and the distance from the centre, respectively. The ker-

nel, Kn,l, is given as

Kn,l =

[

ξ2r + l(l + 1)ξ2h − 2ξrξh − ξ2h
]

ρr2
∫ R

0
[ξ2r + l(l + 1)ξ2h − 2ξrξh − ξ2h] ρr

2dr
. (5)

Since
∫ R

0

Kn,l(r)dr = 1, (6)

the integral on the right hand side of equation (3) gives the rota-

tion rate averaged with respect to the eigenfunctions of the eigen-

mode specified by n and l (Unno et al. 1989; Aerts, Christensen-

Dalsgaard & Kurtz 2010). For later use, we explicitly introduce the

average rotation rate, Ω̄n,l, by

Ω̄n,l =

∫ R

0

Kn,l(r)Ω(r)dr. (7)

It should be stressed that, although the Ledoux constant, Cn,l, was

originally introduced in the case of uniform rotation, equation (3)

is valid for any rotation profile that depends only on the radius.

We therefore do not need to assume uniform rotation at all in the

following analysis, which is based on Cn,l.

Fig. 12 shows how the observed rotational splittings are

weighted in the interior of one of our best models of KIC 11145123

with 1.46 M⊙. The rotation in the inner core r ! 0.1R (Mr !
0.30M ; where R and M are the total radius and total mass of

the star, respectively) dominates the g mode. The dipolar p mode

(l = 1) has a broader sensitivity in fractional radius, but is strongly

confined in fractional mass to the outer 5 per cent of the star. Thus

the separation of the dipolar p modes and g modes in frequency in

KIC 11145123 measures both surface and core rotation rates nearly

independently. On the other hand, the quadrupolar mode (l = 2)

has almost the equal sensitivity in the core and the envelope, be-

cause it has mixed characters of acoustic waves in the envelope and

gravity waves in the core.

4.2 Nearly model-independent inferences

We measured the frequency splittings for the 15 g-mode dipole

triplets, and for a selection of p-mode triplets and quintuplets, as

seen in Tables 1 and 2. For all of the p-mode multiplets, the split-

tings within the multiplet are equal within the formal errors. This

shows that there are no second-order rotation effects measureable

and that there is no strong magnetic field in the star, as that would

perturb the multiplet frequency spacings. The equally split quin-

tuplets indicate no detectable differential rotation in the latitudinal

direction.

For high-overtone g modes the Ledoux constant asymptoti-

cally approaches Cn,l ≈ 1/l(l + 1), which for the l = 1 dipole

g modes in KIC 11145123 gives Cn,l ≈ 0.5. This is a very general

conclusion, with which our best models constructed in section 3 are

certainly consistent. Using equation (3) for the g-mode rotational

triplets, we find Prot(core) = 104− 105 d. On the other hand, us-

ing a typical value of the Ledoux constant for the p modes of our

models, Cn,l = 0.03, the p-mode triplets give surface rotation pe-

riods in the range 95− 114 d. Although the above estimates do not

take account of errors in Cn,l, the consistent period range of the

p modes with that of the g modes supports uniform rotation of the

star in a broad way.

We can even show based on a careful argument about the av-

erage rotation rate, Ω̄, that the star is rotating differentially in the

sense that the envelope rotation rate is slightly higher than the core

rate. Because this is a very important conclusion, we present a care-

ful 4-step argument, whose essential points are summarised before

going into the details. First of all, it is intended to demonstrate that

the average rotation rate of the envelope layers probed by a p mode

is higher than that of the core layers inferred by a g mode. We first

show that the rotational splitting of the p mode is more than twice as

large as that of the g mode. Then, we argue based on stellar pulsa-

tion theory that twice the g-mode splitting provides the upper limit

of the core rotation rate, and that the p-mode splitting constrains
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KIC 11145123 - CONCLUSIONS 

•  We see surface-to-core rotation clearly in a main sequence star 
for the first time 

•  KIC 11145123 is nearly a rigid rotator with Prot ≈ 100 d 

•  The surface rotates faster than the core 

•  Psurface ≤   98.57 ± 0.02 days 

•  Pcore    ≥ 105.13 ± 0.02 days 

•  A strong angular momentum transport mechanism other than 
viscosity must be operating 

•  Angular momentum transport in stars over their 
entire lifetimes is now an observational science 



THE P MODES AND G MODES ARE COUPLED 


