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ASTEROSEISMOLOGY

Asteroseismology can reveal strong
internal magnetic fields in red

giant stars

Jim Fuller,*?>*+ Matteo Cantiello,”*1 Dennis Stello,>* Rafael A. Garcia,” Lars Bildsten?¢

Internal stellar magnetic fields are inaccessible to direct observations, and little is known
about their amplitude, geometry, and evolution. We demonstrate that strong magnetic
fields in the cores of red giant stars can be identified with asteroseismology. The fields can
manifest themselves via depressed dipole stellar oscillation modes, arising from a
magnetic greenhouse effect that scatters and traps oscillation-mode energy within the
core of the star. The Kepler satellite has observed a few dozen red giants with depressed
dipole modes, which we interpret as stars with strongly magnetized cores. We find that
field strengths larger than ~10° gauss may produce the observed depression, and in one
case we infer a minimum core field strength of =107 gauss.

espite rapid progress in the discovery and
characterization of magnetic fields at the
surfaces of stars, very little is known about
internal stellar magnetic fields. This has
prevented the development of a coherent
picture of stellar magnetism and the evolution of
magnetic fields within stellar interiors.

After exhausting hydrogen in their cores, most
main sequence stars evolve up the red giant
branch (RGB). During this phase, the stellar
structure is characterized by an expanding con-
vective envelope and a contracting radiative core.
Acoustic waves (p modes) in the envelope can
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couple to gravity waves (g modes) in the core (7).
Consequently, nonradial stellar oscillation modes
become mixed modes that probe both the envel-
ope (the p-mode cavity) and the core (the g-mode
cavity), as illustrated in Fig. 1. Mixed modes (2)
have made it possible to distinguish between
hydrogen- and helium-burning red giants (3, 4)
and have been used to measure the rotation rate
of red giant cores (5, 6).

A group of red giants with depressed dipole
modes were identified using observations from
the Kepler satellite [(7), see also Fig. 2]. These
stars show normal radial modes (spherical har-
monic degree ¢ = 0) but exhibit dipole (¢ =1)
modes whose amplitude is much lower than usual.
Until now, the suppression mechanism was un-
known (8). Below, we demonstrate that dipole
mode suppression may result from strong mag-
netic fields within the cores of these red giants.

Red giant oscillation modes are standing waves
that are driven by stochastic energy input from
turbulent near-surface convection (9, 10). Waves
excited near the stellar surface propagate down-
ward as acoustic waves until their angular fre-
quency o is less than the local Lamb frequency
for waves of angular degree ¢; i.e., until v =
L, = \/€(¢+ 1)vs/r, where vy is the local sound
speed and 7 is the radial coordinate. At this boun-

dary, part of the wave flux is reflected, and part of
it tunnels into the core.

The wave resumes propagating inward as a
gravity wave in the radiative core where o < N,
where N is the local buoyancy frequency. In
normal red giants, wave energy that tunnels into
the core eventually tunnels back out to produce
the observed oscillation modes. We show here
that suppressed modes can be explained if wave
energy leaking into the core never returns back
to the stellar envelope.

The degree of wave transmission between the
core and envelope is determined by the tunnel-
ing integral through the intervening evanescent
zone. The transmission coefficient is

- (ﬁ) t(e+1) 0

T

where 7, and 7, are the lower and upper boun-
daries of the evanescent zone, respectively. The
fraction of wave energy transmitted through the
evanescent zone is 72, For waves of the same fre-
quency, larger values of ¢ have larger values of 75,
thus Eq. 1 demonstrates that high ¢ waves have
much smaller transmission coefficients through
the evanescent zone.

The visibility of stellar oscillations depends on
the interplay between driving and damping of
the modes (10, 1I). To estimate the reduced mode
visibility due to energy loss in the core, we as-
sume that all mode energy that leaks into the
g-mode cavity is completely lost. The mode then
loses a fraction T2 of its energy in a time 2 Zqoss,
where f.oss is the wave crossing time of the
acoustic cavity. Due to the larger energy loss rate,
the mode has less energy E,. within the acoustic
cavity and produces a smaller luminosity fluctu-
ation V' at the stellar surface, whose amplitude
scales as V2E,.. We show (12) that the ratio of
visibility between a suppressed mode Vg, and its
normal counterpart Vyom is

Vaw _ [1+Av T 72" (2)
VI%OITT]

where Av = (2 f0s) " (13) is the large frequency
separation between acoustic overtone modes,
and 7 is the damping time of a radial mode with
similar frequency. We evaluate 72 from our stel-
lar models using Eq. 6, whereas t = 5 to 10 days
(10, 14~16) for stars ascending the RGB.
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Most observed modes are near the frequency
Vmax, Which is determined by the evolutionary
state of the star. On the RGB, more-evolved stars
generally have smaller vp,.«. Figure 2 compares
our estimate for suppressed dipole mode visibility
(Eq. 2) with Kepler observations (7, 8). The objects
identified by (7) as depressed dipole mode stars
lie very close to our estimate. The striking agree-
ment holds over a large baseline in vy, extend-
ing from the very early red giants KIC8561221 (8)
and KIC9073950 at high v,y to near the lumi-
nosity bump at low vy.. The observations are
consistent with nearly total wave energy loss in
the core, because partial energy loss would create
stars with less-depressed modes, which seem to
be rare.

We conclude that the cores of stars with de-
pressed dipole modes efficiently trap or disrupt
waves tunneling through the evanescent region.
This is further supported by their normal ¢ = 0
mode visibility, because radial modes do not
propagate within the inner core, and because
much larger field strengths are required to alter
acoustic waves. The absence (or perhaps smaller
degree) of depression observed for ¢ = 2 modes
(7) occurs because quadrupole modes have a
smaller transmission coefficient 7', and less of
their energy leaks into the core.

An additional consequence is that the larger
effective damping rate for depressed modes will
lead to larger linewidths in the oscillation power
spectrum. The linewidth of a depressed dipole mode
is ©! + AvT? and is generally much larger than
that of a normal mode. The depressed dipole
modes in KIC8561221 (8) indeed have much
larger linewidths than normal dipole modes in
similar stars.

Magnetic fields can provide the mechanism
for trapping oscillation mode energy in the core
by altering gravity wave propagation. The nearly
horizontal motions and short radial wavelengths
of gravity waves in RGB cores will bend radial
magnetic field lines, creating strong magnetic ten-
sion forces. The acceleration required to restore a
wave of angular frequency ® and horizontal dis-
placement &, is &, o, whereas the magnetic ten-
sion acceleration due to a radial magnetic field of
strength B, is &,B2k?/(4mp), where k. is the
radial wavenumber and p is the density. Gravity
waves are strongly altered by the magnetic fields
when the magnetic tension force dominates,
which for dipole waves occurs at a critical
magnetic field strength (72)

B — [® T
2 N

This field strength approximately corresponds
to the point at which the Alfvén speed becomes
larger than the radial group velocity of gravity
waves.

Magneto-gravity waves cannot exist in re-
gions with B; > B., where magnetic tension
overwhelms the buoyancy force; i.e., the stiff
field lines cannot be bent by the placid gravity
wave motion. Consequently, dipole magneto-
gravity waves become evanescent when o < wyg,

3)
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where the magneto-gravity frequency wyg is
defined as

1/4
2 B’N?

T pr2

(4)

oOMG =

Figure 3 shows a wave propagation diagram in
which a strong internal magnetic field prevents
magneto-gravity wave propagation in the core.

Fig. 1. Wave propaga-
tion in red giants with

&

A g

magnetized cores. f%\%}} convective envelope |7 o
Acoustic waves excited Jg f}«"):},sfgg }“ﬁﬁ,ﬁ;j}}pﬁ?fsfggﬁpﬁﬁg ﬂ"):}r{% g
in the envelope couple &3 gﬂf’;fg@ﬁgﬁr@f% = éfzgffgfj\i:{é’;“;; éﬁ@g 0
to gravity waves in the \’E{ng%bm%@ TN %4 %%V\
radiative core. In the f“ﬁ%ﬁ?ﬁ«;&\ﬁ <;?>'f//" ég{x;{f:fé 3

f f SRS RS
presence of a magnetic / V{l?%@j% y RS,
field in the core, the SBET R
gravity waves are ' p-modes A J%f:;\/,/ ke &55:;5:%%3{;
scattered at regions of A ")Jj“’ﬁ’rﬁg"/ plc TS s

high field strength.
Because the field can-
not be spherically sym-

AR
RakeTe- I
\f\hr\:/;r
EL’;—
otk
e

—~IR2AD))
93
R
ay
¥

>

metric, the waves are ;2; ,u i i

scattered to high angu- V\%é%;%ﬁ} \-\ ‘

lar degree ¢ and H%%\?&F A y ¢ ﬁ\?’é’k‘ﬁé
become trapped %@gﬁzﬁép@ N magneto- P ﬁé\?ﬁﬁ}iﬁ%{u
within the core, where D J:}‘g%k 7 gravity ,/' «&‘Jﬁgﬁvﬂ&ﬁé
th tually dissi- LERNSS PN S waves o TIPRBEIRYS
pate (dashed wave L T L S

with arrow). We refer “%§ﬁ%§fﬁ% gqﬁﬁ%§ﬁ%§ﬁ

to this as the magnetic % SEs: SRS IRSS: 557

greenhouse effect.

In red giants, B. is typically smallest at the
peak in NV corresponding to the sharp density gra-
dient within the hydrogen-burning (H-burning)
shell. Therefore, gravity waves are most susceptible
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Fig. 2. Normalized visibility of dipolar modes as a functi

ion of v ax. The star and circle symbols represent the

observed visibility V2 of ¢ = 1 modes (12). The data are taken from (7) and divided by 1.54, so that in normal

oscillators, the average visibility is V2 = 1 (22). Stars with

depressed dipole modes (orange stars) are identified

following the same criteria as in (7). The theoretical band shows the visibility of depressed dipole modes in a
1.6 My, where M, is the mass of the sun, star, as predicted by Eq. 2, and is quite insensitive to the mass of the
model. The visibility of the depressed dipoles in KIC 8561221 (8) and KIC 9073950 is also shown (square and
diamond symbols, respectively). We used values for t in the range of 5 to 20 days, consistent with (10, 16).
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Fig. 3. Propagation dia-
gram for a magnetized
red giant model. The
model has M = 1.6 M,
R =6.6 Rg, Vmax =

120 pHz, and a core
magnetic field of

~ 6 x 10° G (fig. S1).

(A) The red, blue, and
green lines are the dipole
Lamb frequency L, the
buoyancy frequency N,
and the magneto-gravity
frequency wyg (defined in
Eq. 4), respectively.
Regions are colored by
the types of waves they
support: The red region is
the acoustic wave cavity,
the blue region is the
magneto-gravity wave
cavity, and the green
region hosts only Alfvén
waves. The horizontal line
is the frequency of maxi-
MUM POWET, Vmayx, for this
stellar model. Waves at
this frequency behave like
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acoustic waves near the surface, magneto-gravity waves in the outer core, and Alfvén waves in the inner
core. (B) Critical radial magnetic field strength B, needed to suppress dipole modes. B. (Eq. 3) is
evaluated at the angular frequency o = 2rnvmax. Bc has a sharp minimum at the H-burning shell, which
determines the minimum field strength B. min required for dipole mode suppression.

Fig. 4. Minimum field
strength B; min
required for magnetic
suppression of dipole
oscillation modes in
stars evolving up the
RGB. (A) B min is shown
as a function of the fre-
quency of maximum
power, vmax, for stars of
different mass. L, lumi-
nosity; Lo, luminosity of
the Sun. B¢ min has been
computed for modes
with angular frequency
o = 2nvmayx. We have
labeled the observed
value of vimax and inferred
core field strength B, for
the lower RGB star
KIC8561221 (8) and a
lower limit to the field
strength in KIC9073950.
(B) Asteroseismic HR
diagram showing stellar
evolution tracks over the
same range in vmax-
Stars evolve from left to
right as they ascend the
RGB. Dashed lines show
the end of main sequence
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evolution, thin solid lines are the sub-giant phase, and thick solid lines are the RGB. We do not show any
evolution beyond the RGB (i.e., no clump or asymptotic giant branch).
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suppression via horizontal fields can also occur,
but in general requires much larger field strengths.

In stars with field strengths exceeding B.. (Eq. 3)
somewhere in their core, incoming dipole gravity
waves will become evanescent where B, > B.. At
this point, the waves must either reflect or be
transmitted into the strongly magnetized region
as Alfvén waves. In either case, the reflection/
transmission process modifies the angular struc-
ture of the waves so that their energy is spread
over a broad spectrum of ¢ values (72). Once a
dipole wave has its energy transferred to higher
values of ¢, it will not substantially contribute to
observable oscillations at the stellar surface,
because higher-¢ waves are trapped within the
radiative core by a thicker evanescent region
(Eq. 1 and Fig. 1) separating the core from the
envelope. Even if some wave energy does even-
tually return to the surface to create an oscilla-
tion mode, the increased time spent in the core
results in a very large mode inertia, greatly re-
ducing the mode visibility. Additionally, high-¢
waves will not be detected in Kepler data because
of the geometric cancellation, which makes ¢ > 3
modes nearly invisible (17).

The magnetic greenhouse effect arises not from
the alteration of incoming wave frequencies but
rather from modification of the wave angular
structure. Such angular modification originates
from the inherently nonspherical structure of
even the simplest magnetic field configurations.

Dipole oscillation modes can be suppressed if
the magnetic field strength exceeds B. (Eq. 3) at
some point within the core. We therefore posit
that stars with depressed dipole oscillation modes
have minimum core field strengths of B¢ i, . Stars
with normal dipole oscillation modes cannot have
radial field strengths in excess of B. min Within
their H-burning shells. However, they may con-
tain larger fields away from the H-burning shell,
or they may contain fields that are primarily hor-
izontal (e.g., strong toroidal fields).

Figure 4 shows the value of B, iy, as stars
evolve up the RGB. We have calculated B, i, for
angular frequencies ® = 2mvy, and evaluated
Vmax USing the scaling relation proposed by (18).
On the lower RGB, where vy, = 250 uHz, field
strengths on the order of Bemin > 10% G are re-
quired for magnetic suppression. As stars evolve up
the RGB, the value of B, i, decreases sharply, pri-
marily because vy, decreases. By the luminosity
bump (near v ~ 40 pHz), field strengths of
only Bemin ~ 10*G are sufficient for magnetic
suppression. Magnetic suppression during the
sub-giant phase (higher vax) and in higher-mass
stars (M > 2 M) may be less common due to
the larger field strengths required.

For a given field strength, there is a transition
frequency v, below which modes will be strongly
suppressed and above which modes will appear
normal. Stars that show this transition are espe-
cially useful because they allow for an inference
of B, at the H-burning shell via Eq. 3, evaluated
at the transition frequency o = 2nv.. The RGB
star KIC8561221 shows this transition (8). Using
the observed value of v, = 600 uHzg, we infer that
the radial component of the magnetic field
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within the H-burning shell is B, = 1.5 x 107 G, al-
though we cannot rule out the presence of
stronger fields away from the H-burning shell.
This large field strength may indicate that
KIC8561221 is the descendant of a magnetic
A-type star whose internal field was much stronger
than the typical surface fields of B ~ 3kG of A-type
stars (19).

In principle, it is possible that another symmetry-
breaking mechanism within the core could sup-
press dipole mode amplitudes. The only other
plausible candidate is rapid core rotation. In or-
der for rotation to strongly modify the incoming
waves so that they will be trapped in the core, the
core must rotate at a frequency comparable to
Vmax, roughly two orders of magnitude faster
than the values commonly measured in red giant
cores (2, 6, 20). The depressed dipole mode star
KIC8561221 (8) does not exhibit rapid core ro-
tation and disfavors the rotation scenario.

A magnetic field of amplitude B > 10* G (Fig.
4) could be present in the core of a red giant if it
was retained from previous phases of stellar for-
mation and evolution (72). These strong fields
may reside within the inner core with little ex-
ternal manifestation apart from the reduced vis-
ibility of the dipole modes. However, fields of
similar amplitude have been discussed in order
to explain the suppression of thermohaline mix-
ing in a small fraction of red giant stars, as in-
ferred from the observations of their surface
abundances (21). The inferred core field strength
of B, 2 1.5 x 107 G in KIC8561221 shows that
very strong magnetic fields (B » 10° G) can exist
within the radiative cores of early RGB stars. Be-
cause these fields are probably inherited from
previous stages of stellar evolution, slightly weak-
er (B » 10° G) fields could exist in the cores of
exceptional very highly magnetized main sequence
stars.
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PLANT DEVELOPMENT

Transcriptional control of
tissue formation throughout

root development

Miguel A. Moreno-Risueno,' Rosangela Sozzani,>* Galip Giirkan Yardime1,>t
Jalean J. Petricka,?f Teva Vernoux,® Ikram Blilou,* Jose Alonso,” Cara M. Winter,>

Uwe Ohler,® Ben Scheres,* Philip N. Benfey”$

Tissue patterns are dynamically maintained. Continuous formation of plant tissues
during postembryonic growth requires asymmetric divisions and the specification of cell
lineages. We show that the BIRDs and SCARECROW regulate lineage identity, positional
signals, patterning, and formative divisions throughout Arabidopsis root growth. These
transcription factors are postembryonic determinants of the ground tissue stem cells and
their lineage. Upon further activation by the positional signal SHORT-ROOT (a mobile
transcription factor), they direct asymmetric cell divisions and patterning of cell types.
The BIRDs and SCARECROW with SHORT-ROOT organize tissue patterns at all formative
steps during growth, ensuring developmental plasticity.

rgans are formed, patterned, and maintained
during growth. In the root of Arabidopsis,
tissues are organized as concentric cylin-
ders around the internal vascular tissue.
Much progress has been made in identi-
fying factors responsible for patterning some
of these tissues, such as the ground tissue. The
ground tissue lineage is continuously generated
by the cortex endodermis initial stem cell (CEI),
which divides in the transverse orientation (anti-
clinal division) to produce a daughter cell (CEID)
and regenerate itself. The ground tissue is pat-
terned when the CEID divides asymmetrically
in the longitudinal (periclinal) orientation, gen-
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erating two cell types: endodermis and cortex ().
The mobile transcription factor SHORT-ROOT
(SHR) moves from the stele to the ground tissue,
where SCARECROW (SCR) and the C,H, tran-
scription factor JACKDAW (JKD) sequester it in
the nucleus. Nuclear SHR is required for the peri-
clinal asymmetric divisions of the CEID that pat-
tern the ground tissue (2, 3). These divisions are
activated through a bistable switch involving SHR,
SCR, and other components and correlate with
the temporal activation of transcriptional pro-
grams (4, 5). Absence of SHR results in abnor-
mal ground tissue patterning, with loss of the
endodermis and a remaining single layer of ground
tissue due to absence of asymmetric cell divisions
(5, 6). Because the ground tissue lineage remains,
this indicates that other factors participate in its
specification.

Specific roles for JKD and several close rela-
tives have been recently identified (7). JKD and
BALD-IBIS regulate SHR movement by promot-
ing its nuclear retention, and cooperatively with
MAGPIE (MGP) and NUTCRACKER (NUC) are
required for the formative divisions that pattern
the ground tissue into cortex and endodermis.
Here we show that JKD, MGP, and NUC, along
with two new members of this family (collectively
known as the BIRDs; table S1) named BLUEJAY
(BLJ) and IMPERIAL EAGLE (IME), organize the
ground tissue after embryogenesis. They function
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