Momentum transport in stars
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with work from Mark Miesch, Sacha Brun
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* Tachocline of rotatlonal shear at base of CZ
probably plays crucial role in solar dynamo
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Timescale for braking depends on stellar mass
Core-envelope coupling poorly understood



Methods. 1) measure rotation
period variation for years

2) Analyze line broadening
vedt refully —
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Remers & Schm:tt (2002)
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3) Doppler imaging of stellar
surface (+ x-corl in time)
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Solar data | model by Kuker et al

Ildea: adopt some prescription for Reynolds
stresses, etc -- classic turbulent closure problem

Can essentially duplicate solar rotation profile, but
have some “free” parameters
(predictions for other stars are not yet clear)
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Main result from early models: couIJ dupl:cate
solar EQ speedup, but interior angular velocity
nearly constant on cylinders (Proudman-Taylor)

NB also: direction of transport different in slow/fast rotators
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" ‘Solar-like” surface differential
7 rotation generically realized
when rotation strong(ish)

Anti-solar rotation realized in
very slow rotators

Big caveat: magnetic fields

C—— | Browning (2010)
Rotating at solar ‘ ‘
angular velocity Rotating ten times
(Ro~0.2) slower

Clear observational prediction (not yet tested)
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Radial velocity V,
near top of “solar”
CZ

sroad upflows,
narrow downflows
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Case E, Brun et al.
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Impose |atitude-dependent Miesch et al. (2006)

bottorn temperature BC Warm poles, cool equator

Conical profile maintained by
baroclinic effects
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.. plus rmagnetic fields (alas)

Miesch et al. (2009)



Wiy el tecrioclinie?

Two rmain classes of
rnodels for uniforrn rotation
of solar interior:

1) Magnetic field pervading
radiative zone

Wealk field sufficient

Main problem is preventing
“link-up” with CZ

Gough & Mclntyre (1998)



Wiy e tacriocline (2) 7

2) Gravity waves
rnight extract angular
rmornenturn frorm core

Only 2-D sims (or
unrealistic stratifications)
so far

Unclear whether this can
actually lead to uniforrm
rotation (or “shear-layer
oscillations”)

Rogers \& Glatzmaier (2006+)



The Sun is a great laboratory,
BUT

It is also a pain:
It has a tachocline

Rotation is “sort-of” important

We will learn a lot frormn
study of other stars:
e.g., fully convective M-

dwarfs
(This one generates

strong |-s field without Donaiti et al. 2006
evident diff. rotn.)
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| em L
Kepler: monitoring i 2y
photornetric variability of - °_ "~ _~ e
3 0.001 £\ O seteadil \
~150,000 stars S i

0 5 10 15 20 25 30

Diff Flux + Constant

Kepler Solar Like
0.004

ooos"\:/"v'\"')ﬂ:)
ooozﬂw

0.001 5 _ B
0.000 o=

0 5 10 15 20 25 30

Mission lifetime ~years i P
0004 Kepler Quiet Stars , Kepler Spotted Stars
» * .g ------------------ /:\_. ‘g
Determine photometric oo oA/ §
rotation periods (incl. M- . oo me=mpee
dwarfs!), mag cycles, ... & Z::o '
Al O 5 10 105 20 25 30 0 5 10 105 20 25 30
SO some i =
asteroseismology Basri, Walkowicz et

capability al. (2010)



&

rlovw czarl v

Wide range of spatial and

,/. Ny
)

@l
/0.// W
/W—/vﬁ/ T
,/ﬂ,l,/h't./. /A
S >
VGO Q — s s
LS %522 24
92 A oy =S X £ &
EQ meM T o
o g2
= SOov v S
0 m.m ‘. @ me S5
© 8o mwmww 8 8
mdm .ﬂsvom QL
» e SP8vLo v
T 85 2085 §E%
S35 eg845 B:E
£ nn..m o.mm“mm. ETO
8z =220 8 E=o



Surnrrizry i refleciions: .

* The Sun and other stars show :..
persistent differential rotation |

* Some aspects understood, but | .| ._
many puzzles remain 0.50 0.60 0.70r/R0.80 0.90 1.00

* New simulations will help: resolve additional
relevant physics, isolate pieces of problem

* New observations (e.g. Kepler) will constrain
momentum transport on other stars

* But there is also a need for more cross-talk
between theory, simulation, and observation
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Usirng spots to jrifer differerniial rotaijor)

Spots move faster ol
than photosphere -
Interpreted as speed- =
up with depth (spots <
anchored below = b &
surface) (Foukal 1972) *°[ ..~

sool . ., . ., ., Thompsonetal (2009)

-90 -60 -30 0 30 60 90
Latitude (degrees)




Dyrizirricel ozlziricas irl corlyection Zorle
Meridional circulations balance Reynolds stresses

V-(p{vm)L)=-V- (ﬁr sin ¢ <véﬁvgn>)

Therrnal wind balance

210 g O ( S) i.e., cylindrical syrnretry
s : proken by entro
0z~ 200r2sinf0Cp 00  gogen

(Supposing steady-state, non-ragnetic (1),
neglect viscosity; for TW: rapid rotation (Coriolis >> RS),
ideal gas in hydro equilib.)
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480 * Why a fast eq/slow pole?
460 « Why is rotation roughly
440! constant on radial lines?
L o0 * Why is the interior in solid-
S ool body rotation?

* Why a near-surface shear
layer?

 What is timescale for core-

050 060 070 080 090 1.0 envelope coupllng'?
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