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Whence	
  the	
  Crossroads?	
  
Which	
  stellar	
  observa.ons	
  currently	
  provide	
  the	
  
best	
  constraints	
  on	
  analy.cal	
  and	
  numerical	
  
dynamo	
  models?	
  

–  The	
  Sun	
  	
  
•  Ac.vity	
  cycles	
  and	
  detailed	
  dynamics	
  

– A	
  selec.on	
  of	
  ac.ve	
  Kepler	
  and	
  Mt	
  Wilson	
  stars,	
  
among	
  a	
  few	
  others	
  

•  Sensi.vity	
  of	
  ac.vity	
  cycles	
  to	
  fundamental	
  parameters	
  	
  
–  Red	
  Giants	
  	
  

•  Convec.ve	
  Core	
  Dynamos	
  
– M	
  dwarfs	
  	
  

•  Impact	
  of	
  a	
  stable	
  interior,	
  fully	
  convec.ve	
  dynamics,	
  proxy	
  
for	
  pre-­‐main	
  sequence	
  stars	
  





Evolu.on	
  of	
  Mean	
  Magne.c	
  Fields	
  

Turbulent	
  
Correla.ons	
  

Rota.on	
  

• 	
  Fully	
  resolved	
  nonlocal	
  3D	
  MHD	
  
	
  	
  	
  

• 	
  Flux-­‐transport	
  dynamo	
  (e.g.,	
  BL)	
  
	
  	
  	
  

• 	
  Delta-­‐correlated	
  turbulence	
  (MFT)	
  
	
  	
  	
  

• 	
  Parametrically	
  asympto.c	
  models	
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Froehlich	
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Livingston	
  2007	
  

Radick	
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And	
  of	
  course	
  new	
  cycle	
  period	
  data	
  from	
  a	
  set	
  of	
  Kepler	
  targets	
  (e.g.	
  Mathur	
  et	
  al),	
  
as	
  well	
  as	
  the	
  work	
  that	
  we	
  heard	
  about	
  yesterday	
  (e.g.,	
  Metcalf	
  et	
  al	
  2016).	
  



Slope-­‐Limited	
  Diffusion	
  

Too	
  many	
  sources	
  to	
  
list!	
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Solar-­‐like	
  stars	
  
Impacts	
  of	
  a	
  convec.vely	
  stable	
  region:	
  MHD	
  instabili.es	
  

Magneto-­‐shear	
  instability	
  (e.g.,	
  Miesch	
  2007)	
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Magneto-­‐shear	
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  (e.g.,	
  Miesch	
  2007)	
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Impacts	
  of	
  a	
  convec.vely	
  stable	
  region:	
  MHD	
  instabili.es	
  

Lawson	
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Tayler	
  instability	
  (e.g.,	
  Tayler	
  1973)	
  



Solar-­‐like	
  stars	
  
Impacts	
  of	
  a	
  convec.vely	
  stable	
  region:	
  MHD	
  instabili.es	
  

Augustson	
  et	
  al	
  2013	
  

Polar-­‐slip	
  instability	
  (e.g.,	
  Spruit	
  et	
  al	
  1982)	
  



(J. Schmitt, 2003, IAU S219) 

Low mass 

ultra-­‐cool	
  star	
  V374	
  Pegasi	
  	
  
(Dona.	
  et	
  al.)	
  

Young	
  star	
  V2129	
  Oph	
  	
  
(Dona.	
  et	
  al.)	
  

Before	
  we	
  leave	
  stable	
  zones	
  behind…	
  
consider:	
  Tiny	
  Stars	
  with	
  Strong	
  Fields	
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Implica.ons	
  of	
  a	
  convec.vely	
  stable	
  region	
  

•  Stable	
  regions	
  act	
  as	
  storage	
  of	
  magne.c	
  
energy,	
  significantly	
  lengthening	
  the	
  cycle	
  
period	
  

•  In	
  addi.on	
  to	
  convec.ve	
  pumping,	
  
instabili.es	
  play	
  a	
  role	
  in	
  eroding	
  that	
  stored	
  
field	
  

•  Poten.ally	
  reduces	
  the	
  magne.cally-­‐ac.ve	
  
life.me	
  of	
  the	
  star,	
  rela.ve	
  to	
  fully	
  
convec.ve	
  stars	
  



Features	
  similar	
  to	
  the	
  observed	
  solar	
  dynamo:	
  
‒  Magne.c	
  energy	
  (ac.vity)	
  cycles	
  
‒  Regular	
  polarity	
  reversals	
  
‒  Equatorward	
  propaga.on	
  of	
  magne.c	
  

structures	
  
‒  Grand	
  minimum	
  

Physical	
  processes	
  at	
  work	
  	
  
(Augustson	
  et	
  al.,	
  2013,	
  2014,	
  &	
  2015):	
  

‒  Polarity	
  cycle	
  arising	
  from	
  	
  
‒  Strong	
  Lorentz-­‐force	
  feedback	
  
‒  Low-­‐la.tude	
  poloidal	
  field	
  genera.on,	
  

topological	
  	
  reorganiza.on	
  
‒  Resis.ve	
  collapse	
  

‒  Equatorward	
  propaga.on	
  through	
  a	
  	
  
nonlinear	
  dynamo	
  wave	
  

‒  Grand	
  minimum	
  arising	
  from	
  disrupted	
  phase	
  
correla.on	
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Solar-­‐like	
  stars	
  
On	
  the	
  role	
  of	
  helicity	
  in	
  the	
  dynamo	
  

Miesch	
  et	
  al	
  2016	
  Time 



Solar-­‐like	
  stars	
  
On	
  the	
  role	
  of	
  helicity	
  in	
  the	
  dynamo:	
  	
  

Equatorward	
  propaga.on	
  of	
  a	
  nonlinear	
  
dynamo	
  wave	
  

Duarte	
  et	
  al	
  2016	
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Two	
  paths	
  to	
  equatorward	
  propaga.on	
  

•  Structure	
  of	
  the	
  differen.al	
  rota.on	
  and	
  
kine.c	
  helicity	
  lead	
  to	
  a	
  dynamo	
  wave	
  that	
  
follows	
  Parker-­‐Yoshimura	
  	
  
–  (e.g.,	
  Duarte	
  et	
  al	
  2016	
  and	
  Wernicke	
  et	
  al	
  2014)	
  

•  Nonlinear	
  Lorentz	
  force	
  feedback	
  
–  (e.g.,	
  Augustson	
  et	
  al	
  2015	
  and	
  Guerrero	
  et	
  al	
  2016)	
  



Solar-­‐like	
  stars	
  
Parity,	
  magne.c	
  
Prandtl	
  number,	
  
and	
  mul.modal	
  

dynamos	
  

Käpylä	
  et	
  al	
  2016	
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•  Dynamo-­‐generated	
  or	
  frozen-­‐in	
  fields	
  from	
  PMS	
  

– Lead	
  to	
  stable	
  fossil	
  fields	
  in	
  radia.ve	
  regions	
  	
  
	
  (e.g.	
  Braithwaite	
  et	
  al.	
  2006,	
  Duez	
  &	
  Mathis	
  2010,	
  Emeriau	
  &	
  Mathis	
  2015)	
  

– Poten.al	
  instability	
  driving	
  dynamo	
  in	
  radia.ve	
  
regions	
  

	
  (e.g.	
  Spruit	
  2002,	
  Mullan	
  et	
  al.	
  2005)	
  
•  Core	
  dynamo-­‐generated	
  fields	
  from	
  convec.ve	
  
regions	
  
–  Influences	
  later	
  stages	
  of	
  evolu.on	
  
	
  (e.g.	
  Moss	
  et	
  al.	
  1989,	
  Brun	
  et	
  al.	
  2005,	
  Featherstone	
  et	
  al.	
  2009)	
  



•  Evolu.on	
  of	
  a	
  Massive	
  Star	
  
–  Pre-­‐Main	
  Sequence	
  

•  Either	
  convec.ve	
  or	
  radia.ve	
  depending	
  upon	
  mass	
  

– Main	
  Sequence	
  
•  Convec.ve	
  core	
  and	
  surface	
  region,	
  generate	
  field	
  how	
  does	
  this	
  link	
  
to	
  fossil	
  field?	
  

– Helium	
  Burning	
  
•  Like	
  the	
  main-­‐sequence,	
  with	
  a	
  more	
  compact	
  core,	
  stronger	
  fields	
  
(geometry	
  +	
  density)!	
  

– Mixed	
  Element	
  Burning	
  
•  Shellular	
  burning	
  with	
  an	
  even	
  more	
  compact	
  core	
  -­‐>	
  even	
  stronger	
  
fields!	
  

–  Silicon	
  Burning	
  
•  End-­‐stage	
  with	
  shellular	
  burning	
  and	
  extremely	
  compact	
  core	
  -­‐>	
  
strongest	
  fields!	
  

The	
  magne.c	
  field	
  at	
  each	
  stage	
  depends	
  upon	
  the	
  topological	
  evolu.on	
  
of	
  the	
  previous	
  one!	
  



•  Consider	
  a	
  sta.s.cally	
  steady	
  state	
  with	
  the	
  
following	
  force	
  balance	
  for	
  a	
  non-­‐rota.ng	
  
system:	
  

•  Further,	
  let	
  

•  Then,	
  the	
  equipar..on	
  magne.c	
  field	
  should	
  
roughly	
  be	
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coupling, possibly by gravity waves or magnetic fields during
their evolution.

Recent observational surveys by consortia such as MiMeS
(Magnetism in Massive Stars) and BOB (B Fields in OB
Stars) have been directed toward measuring magnetic fields
on the surfaces of massive stars, some using spectropolari-
metric Zeeman Doppler Imaging techniques. They report
that only about 7% of B-type stars exhibit large-scale mag-
netic fields (e.g., Donati & Landstreet 2009; Wade et al. 2011;
Grunhut et al. 2012; Morel et al. 2014). There is also indirect
evidence that a larger fraction may possess magnetic fields,
but that they may be too weak or of too small a spatial scale
to be detected using spectropolarimetry. What remains largely
unknown is how these magnetic fields arise. Four comple-
mentary theories that attempt to address the origins of these
magnetic fields are: a strong core dynamo (Moss 1989; Char-
bonneau & MacGregor 2001); a shear-driven dynamo in the
radiative zone (Spruit 2002; Mullan & MacDonald 2005); a
fossil field surviving from the star’s formation stages (Braith-
waite & Nordlund 2006); or a bifurcation in the stability of
weak and strong magnetic field configurations in differentially
rotating envelopes (Lignières et al. 2014). Some of the im-
plications of such differing origins for the observed surface
magnetic fields are discussed in (Donati & Landstreet 2009;
Langer 2012).

1.2. Simulating Massive Stars
Here, spherical 3-D magnetohydrodynamic (MHD) simu-

lations of convection and dynamo action are employed to ex-
amine the properties of the magnetic fields that might be real-
ized within the core of rotating main-sequence 10M⊙ B-type
stars. These simulations build upon earlier studies using the
anelastic spherical harmonic (ASH) code to study convective
core dynamos in rotating 2M⊙ A-type stars (Brun et al. 2005;
Featherstone et al. 2009), suggesting the general flavor of the
structures and strengths of magnetic fields that may be built
in B-type stars. However, the convection within the cores
of the more massive B-stars is much more vigorous, where
the average convective velocities are ten times those seen in
a typical A-type star (Browning et al. 2004). Therefore the
field strengths and flow structures maintained within the core
of these stars remain uncertain given the nonlinearity of the
underlying physics.

Notable findings from the A star simulations are that super-
equipartition dynamo states could be realized in which the
magnetic energy is significantly greater than the convective
kinetic energy, and that little differential rotation survived
within the core in the presence of such magnetic fields. In
(Featherstone et al. 2009) a core-fossil field system was con-
structed by introducing various fossil field configurations into
the radiative envelope surrounding the core dynamo. The in-
teraction between the existing dynamo and a modest fossil
field possessing a net flux through the core has allowed the
system to generate significantly higher (roughly tenfold) mag-
netic energy than kinetic energy, as might be expected from
theory in other settings (Boyer & Levy 1984; Sarson et al.
1999). Such behavior is in stark contrast to simulations in
the absence of a fossil field where these stars generated mag-
netic energies that were only 70% of the convective kinetic
energy (Brun et al. 2005). Peak field strengths in the super-
equipartition states reach as high as 500 kG. Such structures
in A star cores may ultimately become buoyant and attempt
to rise to the stellar surface.

The dynamo action in the cores of massive B stars may

yield strong enough magnetic fields capable of buoyantly ris-
ing to the surface before thermalizing. In addition, the buoy-
ant structures must overcome the compositional gradients and
stiff stratification present at the core boundary (MacDonald &
Mullan 2004). One mechanism that partially circumvents this
constraint, by reducing the magnetic field strength required
to buoyantly rise to the surface, is convective overshooting
and penetration into the stably stratified envelope above the
core. This leads to mixing in this region, which reduces the
compositional and sub-adiabatic gradients there. It also de-
posits magnetic field above the steepest gradients, where the
field can be strengthened through further dynamo action there.
This field may grow to strengths to become sufficiently buoy-
ant to > survive radiative exchange as they rise to the sur-
face. Thus the core dynamo might have direct bearing on the
regions of strong magnetic field observed on the surfaces of
some massive stars. However, it may well be that what is de-
tected are fossil fields from the formation stages of the mas-
sive stars, and many favor this simpler suggestion rather than
calling for contemporary dynamo action to explain the mag-
netic fields detected in a small fraction of B stars.

Simulations of 3-D core convection without magnetism in
massive stars were first reported by (Kuhlen et al. 2003) for
a 15M⊙ main-sequence B star, and recently for a similar star
by (Gilet et al. 2013) using low Mach number modeling, re-
vealing the complexity of the resulting flows. Using a fully
compressible code, (Meakin & Arnett 2007) examined the
differences in 2-D and 3-D modeling of core convection in
a nonrotating 23M⊙ main-sequence O star, emphasizing that
3-D convective flows are dominated by small plumes and ed-
dies unlike the more laminar 2-D flows. Angular momentum
transport by internal gravity waves generated at the convec-
tive core and radiative envelope interface in a 3M⊙ star have
been investigated by (Rogers et al. 2013) in a 2-D equatorial
domain for a range of rotation rates, finding that the waves are
very effective in transport processes.

Turning to the 10M⊙ B-type star core dynamo simulations,
a simple scaling argument for the core magnetic field strength
with Rossby number is first provided in §2. The MHD equa-
tions solved in ASH and the details of how these numerical
experiments are setup are discussed in §3. The convective
patterns and mean flows established in a hydrodynamic solu-
tion are compared to those in an MHD simulation at the same
rotation rate in §4. The properties of three MHD simulations
with varying rotation rates (and thus of varying Rossby num-
ber) are shown in §5. The discussion in §6 then examines
the mechanisms of magnetic field generation and tachocline
confinement.

2. SCALING
Before preceding to a full discussion of the 3D simulations

carried out here, it is first useful to provide a few scaling laws
for the expected behavior of the magnetic fields in the cores of
massive stars. First consider an equipartition magnetic field
that arises from a force balance between the advective and
Lorentz force in a non or weakly rotating system:

ρv ·∇v ≈ 1
4π

∇×B×B. (1)

Suppose that the turbulence is isotropic, further suppose
that the average length scale of variation of the velocity v and
the magnetic field B are �v and �B. Let them be linearly related
by the magnetic Prandtl number as �v = Pm�B. Therefore, the
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Recent observational surveys by consortia such as MiMeS
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Figure 1. Theoretical scaling with data overlain.

average gradients yield an equipartition magnetic field corre-
sponding to

4π�B

�v
ρv2 ≈ B2 =⇒ Beq ≈

�
4πρv2

Pm

�1/2

. (2)

Since most of these stars are rotating fairly rapidly, even
within the core of the star, the strength of the magnetic field
will depend additionally upon the Coriolis force. Thus con-
sider the modified force balance

ρv ·∇v + 2ρv× Ω̂0 ≈
1

4π
∇×B×B, (3)

=⇒ 4π�B

�v
ρv2 + 8π�BρvΩ0 ≈ B2, (4)

=⇒ B2 ≈ B2
eq + 4πρv2

Pm
�
2�vΩ0/v

�
, (5)

=⇒ B ≈ Beq
√

1 + Ro−1. (6)

Hence, the effective equipartition magnetic field depends
upon the rotational constraint of the convection. In particular,
it depends upon the square root of the inverse Rossby number
and tge magnitude of the magnetic field established in a non-
rotating convective core. This scaling with and without the
base equipartition field is shown in Figure 1. In that figure,
the blue curve is that given in Equation 6. The green curve
corresponds to omitting the inertial term from Equation 1 and
leads to the scaling B/Beq ≈ Ro−1/2, showing that the inertial
term gives rise to a minimum energy state.

3. FORMULATING THE PROBLEM
Our primary research tool for modeling dynamics within

stellar interiors is the three-dimensional anelastic spherical
harmonic (ASH) simulation code. ASH is a global large
eddy simulation (LES) code that solves the anelastic MHD
equations of motion in a rotating spherical shell using a
pseudo-spectral method (Brun et al. 2004). Simulations using
ASH capture the entire spherical shell geometry and allows
for global connectivity of magnetic structures and turbulent
flows. We cannot computationally afford to capture all the
scales of motion. Thus we parameterize sub-grid-scale mo-
tions in effective momentum, thermal, and magnetic diffusiv-

ities. The anelastic approximation is employed to retain strat-
ification effects and Alfvén waves, while filtering out sound
waves which have short periods relative to the dynamical time
scales of most interest. For B-type stars, the sound speed in
the core is on the order of 1000kms−1, while the convective
flows are about 0.5kms−1. Thus the anelastic approximation
is ideally suited for simulating the interior of these stars. The
Courant-Friedrichs-Lewy condition on the time step thus de-
pends either on the local subsonic flow velocity or the speed
of Alfvén waves, rather than the local speed of sound.

The turbulence achieved in these models is still quite re-
moved from the intensely turbulent conditions likely present
in actual stellar convection zones. Yet with ASH, simulations
of convection and dynamo action in many spectral types of
stars have made significant contact with observations and led
to new ways of thinking about stellar dynamos. In particu-
lar, it has been used to simulate a wide range of stars: from
fully convective M dwarfs (Browning 2008), to Sun-like stars
(Brown et al. 2011; Nelson et al. 2013) and F-type stars (Au-
gustson et al. 2013), and extended to the convective cores
of an early A-type star (Brun et al. 2005; Featherstone et al.
2009).

3.1. Anelastic Equations
The version of the ASH code utilized here implements

the Lantz-Braginsky-Roberts co-density formulation (Lantz
1992; Braginsky & Roberts 1995), so that gravity waves are
properly captured in the stably stratified, radiative envelope
(Brown et al. 2012). The anelastic MHD equations evolved in
ASH are still fully nonlinear in the momentum and magnetic
variables (Brun et al. 2004). The thermodynamic variables (S,
P, T , and ρ) are linearized about a spherically-symmetric and
hydrostatic background state S, P, T , and ρ, which are func-
tions of the radial coordinate only. The equation of state for
this background state is a calorically perfect gas. The equa-
tions solved in ASH retain physical units, are in spherical co-
ordinates (r,θ,φ), and are evolved in time t. These equations
are

∂v/∂t = −v ·∇v −∇ϖ + Sc−1
P g −Λr̂ + 2v× Ω̂0 (7)

+ (4πρ)−1 (∇×B)×B +ρ−1∇ ·D,

∂B/∂t = ∇× [v×B −η∇×B] , (8)

∂S/∂t = −v ·∇
�
S + S

�
+
�
ρT

�−1 [∇ ·q +Φ+ �] , (9)

with v = vrr̂ + vθθ̂ + vφφ̂, B = Brr̂ + Bθθ̂ + Bφφ̂, and the co-
density ϖ = Pρ−1. The solenoidality of the mass flux (∇ ·ρv =
0) and the magnetic field (∇ ·B = 0) are maintained through
the use of a streamfunction formalism. The angular velocity
of the rotating frame is Ω̂0 = Ω0ẑ. The gravitational acceler-
ation is g = −g(r)r̂. In Equation (7), Λ (r) is the radial gradi-
ent of the mean turbulent pressure that maintains hydrostatic
equilibrium as the spherically symmetric state evolves. In the
induction equation, η is the magnetic resistivity. The volu-
metric heating arising from the combination of the CNO and
PP nuclear reaction chains are parameterized in �, as in §3.2.
The energy flux q is comprised of a spherically-symmetric,
diffusive radiation flux and a turbulent entropy diffusion flux,

q = −κrρcP∇T −κρT∇S, (10)

where κr the radiation diffusion coefficient, and cP the spe-
cific heat at constant pressure. The entropy diffusion flux has



•  Extend	
  this	
  sta.s.cally-­‐steady	
  force	
  balance	
  to	
  
a	
  rota.ng	
  system:	
  

•  Then,	
  the	
  super-­‐equipar..on	
  magne.c	
  field	
  
may	
  scale	
  as	
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In	
  these	
  simula.ons,	
  
displacement	
  of	
  
magne.c	
  and	
  velocity	
  
fields	
  minimizes	
  
Lorentz	
  forces	
  on	
  
heat-­‐carrying	
  flows.	
  

Strong-­‐Field	
  Ini.al	
  Condi.on	
   Weak-­‐Field	
  Ini.al	
  Condi.on	
  



The	
  displaced	
  fields	
  
have	
  weak	
  
genera.on,	
  while	
  
genera.on	
  occurs	
  
largely	
  in	
  the	
  
overlap	
  regions,	
  
namely	
  at	
  the	
  edges	
  
of	
  the	
  magne.c	
  
structures.	
  

Featherstone	
  et	
  al.	
  2009	
  



Superequipar..on	
  convec.ve	
  dynamos	
  are	
  likely	
  
to	
  occur	
  above	
  a	
  threshold	
  Rossby	
  number	
  

Such	
  dynamos	
  avoid	
  magne.c	
  quenching	
  through	
  
non-­‐local	
  interac.ons	
  
	
  Minimizing	
  the	
  Lorentz	
  force	
  	
  

	
  Op.mizing	
  the	
  induc.on	
  



Strong	
  magne.c	
  fields,	
  for	
  these	
  10	
  Msun	
  stars,	
  imply	
  they	
  
are	
  likely	
  for	
  most	
  core	
  convec.ve	
  stars.	
  	
  
For	
  more	
  see	
  the	
  talk’s	
  aper	
  the	
  coffee	
  break!	
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Summary	
  
•  Solar-­‐like	
  stars:	
  

–  The	
  last	
  six	
  years	
  have	
  been	
  fruiqul	
  in	
  finding	
  cycling	
  dynamos	
  in	
  self-­‐
consistent	
  3D	
  simula.ons.	
  

–  Stable	
  regions	
  play	
  an	
  important	
  role	
  in	
  the	
  solar-­‐like	
  dynamos,	
  
lengthening	
  cycle	
  periods	
  by	
  storing	
  magne.c	
  field.	
  

–  MHD	
  instabili.es	
  also	
  promote	
  cycling	
  by	
  eroding	
  those	
  stored	
  fields.	
  
–  Topological	
  reconnec.on	
  and	
  magne.c	
  helicity	
  conserva.on	
  may	
  play	
  a	
  

role	
  in	
  for	
  cycling	
  dynamos.	
  
–  Spa.al	
  propaga.on	
  of	
  the	
  mean	
  magne.c	
  field	
  is	
  well	
  described	
  either	
  

by	
  nonlinear	
  feedback	
  or	
  by	
  dynamo	
  waves.	
  
–  S.ll	
  missing	
  how	
  to	
  form	
  sunspots	
  though!	
  

•  Core	
  dynamos:	
  
–  Superequipar.on	
  states	
  easily	
  achieved	
  (also	
  true	
  for	
  rapidly	
  rota.ng	
  

low	
  mass	
  stars)	
  
–  Nonlocal	
  dynamics	
  allow	
  such	
  states,	
  with	
  the	
  magne.c	
  and	
  kine.c	
  

energy	
  (as	
  well	
  as	
  thermal)	
  structures	
  being	
  spa.ally	
  displaced.	
  
–  Room	
  lep	
  to	
  explore	
  more	
  turbulent	
  states	
  with	
  poten.ally	
  higher	
  levels	
  

of	
  superequipar..on	
  magne.c	
  energy.	
  


