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ENEILETE - ZE#REXPZET IV (Standard Solar Model)
- BRI —RIT(KBDEZ(LTMsun TAHE)
- AR (B KET) 5 O
- #JHRIARE (zero-age main-sequence : ZAMS) : —#k’R{EFHHRK
- HRba RILZ VLT, {E MR DEEZIED
) 4p — *He + 2e™ + 2v, + 26.73MeV

- TNUICEE B DOEBELZIED (46(8F) — IREOXRGF CHFINSNEMEE
(BERARDOIRIVF—E#HEZFRE; TR - BETHLEY or X

e\ e.g., Christensen-Dalsgaard+ 96
*TEKBﬁ:E ) l/ ( SSM ) Bahcall & Pinsonneault 95

Ny s wam e B .
8_1” — : ’ mass continuity ﬂ’)'bﬁmj?ﬁ:_'
om  4mrlo (Ledoux criterion)
B_P _ Gm hydrostatic balance Viad < Vad + [(P/ 5]Vy ’
= — T o
88’;”’ A e BEINBBE 1V = Viad
S =& = Cpo-h o, energy equation WEINRVES 1V = XERICED
" g TS
0T GmT 2
— = — V., heat transport {m ) 3/2
om drr* P Feonv = pcpT (H_P) ngP (V—=Va)'".

composition _NIC Feonv = L/4mr?

BXi - m; .
it o (;”’ Xk:r’k) - =l hanges ERALT, VERDHB(ET).
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we can obtain flow velocity from the time difference.
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FAERICEMAr EMZIE, BE

DEB EDBEZEApIF

Ap = [(dp/dr), — (dp/dr) JAr

Ap <ODEF, F,.=—gAp >0 &0 FN%R/S. 2T,
- (dp/dr), = p[(dIn P/dr), — (dInT/dr),]
- (dp/dr), = p[(dIn P/dr), — (dInT/dr) ]

EE(FS. &5, AP=0 (EA

T ZREI DL

Ap =[—p(dInT/dr), + p(dInT/dr) ]Ar

EHZT =LA~ Hy=—dr/dInP 2> TEZXHZ 3 &
Ap =p[(dInT/dInP), — (dInT/dIn P) JAr/Hp

= p[V,— V. ]Ar/H,

MINER & B O TEALIEDY

O = VS — Vad > () (Schwarzschild criterion)

(adiabaticity)

F.=—gAp& D, REERDEEN 7

EWC EZIRET D &
(e, IMER) , V, =V, 4 EEF 3. ZOK, NRLEFRHKIF, (Bohm-Vitense 1958, Gough 1977,

_______
P SN

. P+ AP
: e P ptAp
. (fuidelement) . T4+ AT

~~~~~~
------

A

Ar >0
gl i

(surroundings)

P(r), p(r),
T(r)

Canuto & Mazzitelli 1992)

Fl (B HIEEN) , RUEHEE UTORTEERRERG

0;Ar = — (g/Hp)[ Vg — VIAr s 0 =1/(g/Hp)5  Gpmss
(BFTRRIAL A « exp(ot))
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e Conventional view on Sun's CZ

The Swedish 1-meter Solar Telescope / Institute for Solar Physics, Observer & Data reduction:

Luc Rouppe van der Voort, Oslo 18 Jun 2006 (Wavelength: 656.3nm H-Alpha)
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n [cm?/s]

n solar x 10’

L 1 1 1 1 ' 1 1 I 1 1 1 I 1 1 1 1 1

0.65

075 080 0.85 0.90
R/R,

YN D PSAb =)

HED
Re

REM
Ra

Pr

Ek

> ——
' ))Itlng 0)%?1

Prm

\

HRTTIV I A —4

012 - 1014
08 - 1010
022 - 1024
0-6-10-5
0->-1072
0-15 (=Ro/Re)

F RS RANTHT

0.2g/cm3 @QJE, 2x106 g/cm3@YLEK

Pr, Pm

1.00

KB TSAVEEZ 5 L THELRBRER

Brown,B 2010_§

0.65

0.70

0.75

0.80

R/R,

0.90

0.95

1.00

=1.0) =1.0)
0.0 240 15.8 156 0.0 0.0 0.333
0.1 137 13.2 88 0.08 0.46 0.537
0.2 43 9.4 35 0.35 0.94 0.678
0.3 10.9 6.8 12.0 0.61 1.0 0.702
0.4 2.7 5.1 3.9 0.79 1.0 0.707
0.6 0.21 3.1 0.50 0.94 1.0 0.712
0.8 0.017 1.37 0.09 0.99 1.0 0.735
1.0 1.3x10710 0.0064 2.7x1077 1.00 1.0 0.735

(Bahcall and Pinsonneault: Rev. Mod. Phys., 67, 781, 1995)
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Density, Temperature and Pressure

[g/cm3]

106 L——
0O 01 02 03 04 05 06 07 08 0.9
R/Ryun = 6.96 x 101° cm

BEREHARE 1 1 [g/cms3] = 103 [kg/m3] ~103° [m3]
TREHAEE @ 1[K] ~ 104[eV]
H: B 1[dyn/cmz2] ~ 0.1[N/mz2]
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Unsolved Issue D Origin of Conical Profile

= Before helioseismology,

- cylindrical profile is expected.
- i.e., Taylor-Proudmann state.

- Why conical in the actual Sun ?

Discuss later in more detail.

-1.0 . IR P IR

0.00.2 04 06 0.8 1.0 1.2

Gilman & Miller 1986



Unsolved Issue @ Origin of Thin Tachocline

“Tachocline ” (Spiegel & Zahn 1992)

: A transition layer from the
differentially rotating convectively
unstable envelope to the rigidly
rotating, convectively stable region.

Q. Why does the tachocline
° becomes a issue ?

A: Because it is too thin, physically.

| PR T |

0.0 0.2 0.4 06 0.8 1.0 1.2

-




Unsolved Issue @ Origin of Thin Tachocline

Suppose the situation with a moving fluid layer overlying the stationary fluid layer

stationary Laife

state — — —} )

1. Because of the diffusivities (such as viscosity and conductivity),
the initially stationery fluid is dragged by the overlying moving fluid.

2. The region with moving fluid gradually spread with a diffusion time
if the velocity of the overlying moving fluid is maintained.

diffusion length: laitr ~ (vt)12 [v: diffusivity, t: time]

In the case of the Sun with the age t ~ 4.5 G years,

laiee ~ 0.3Rsun >> tachocline thickness with O(10-2) Rsun

— Tachocline confinement problem (Spiegel & Zahn 1992;
Gough & McIntyre 1998,
Hughes et al. 2007 ....etc....)



Brief Summary 1 - Solar Internal Rotation -

% There are three characteristic layers:

(D Convection envelope

: Differential Rotation
- Equatorial acceleration
- Conical iso-rotation profile

@ Tachocline (%% convectively stable)
: Differential Rotation

@ Radiative Zone
: Rigid Rotation

(1) Origin of conical profile

(2) Origin of thin tachocline
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2. Basic Hydrodynamics in the Solar Interior

2-1. Properties of the Solar Convection

~ MHD effects are ignored here ~
~ Differential rotation in the CZ is highlighted here ~

3rd East-Asian School and Workshop on Laboratory, Space, Astrophysical Plasmas



The rotating stratified convection
transports angular momentum in the Sun

Masada et al. (2013) -

@0.85Rsun

A similar convective motion (@mid-CZ) is commonly observed in the
simulation of the other groups.

To deepen the understanding of the rotation profile, we should
begin with the physical properties of the convection in the Sun.



Properties of the Solar Convection

The rotating stratified convection transports A.M.

To deepen the understanding of the rotation profile, we should
begin with the physical properties of the convection in the Sun.

The solar convective motion is characterized by

(1) Narrower & faster downflow + broader & slower upflow
(2) Elongated convective cells aligned with the rotation axis

: solar convection profile has asymmetric features.



Effects of the Stratification - up-down asymmetry -

m Effects of the stratification on the convection (Spruit et al. 1990 for review)

upflow = diverging flow downflow = converging flow
(buoyancy braking) (buoyancy acceleration)
ambient
Side View /

gravity
gravity

ASup ASdown HH-

vy

The downflow region is thus narrower than the upflow region.

ambient

% The conservation of the mass flux:
[V uyav =2 puraS=0
. Udown/Uup ~ 'Sup /Sdown > 1 (Sup: ZASup, Sdown = ZASdown)

The faster downflow is a natural outcome of the stratified convection.

These are the reason why the up-down asymmetry arises in the solar
convection (— Narrower & Faster downflow + Broader & Slower Upflow).



Effects of the Rotation Q1) Helical motion

. Effects of the rotation on the convection D  (Spruit et al. 1990 for review)

upflow = diverging flow downflow = converging flow
(buoyancy braking) (buoyancy acceleration)

= i

Top View
+  Coriolis force acts on Coriolis force actson
. the diverging motion converging motion and :

. and induces C.W. motion induces C.C.W. motion :

gravity
gravity

= Coriolis force — helical convective motion.
= CCW motion of the downflow >> CW motion of the upflow
(because of the up-down asymmetry).



Effects of the Rotation @ Alignment

s Effects of the rotation on the convection @

Q(w)

y Brxmmell et al. 1996
%The convective motion is aligned with the rotation axis due to the Coriolis force
(x u x 2) when Q1is not parallel to g.
The motion parallel to 2 experiences no Coriolis acceleration, whereas that perpendicular
to 2 feels a force which will tend to move a fluid parcel in an inertial circle in the plane
perpendicular to the rotation vector.

sAnalogy with the cyclotron motion of charged

particles moving in the magnetic field due to i B
the Lorentz force « v X B VERWERVIR VAN




Effects of the Rotation 3 Elongation

= The size of convective cell is determined by both the scale-height
and the Coriolis force (see Cowling 1951):

= Simple version of dispersion relation for the convection (c.f., Hathaway 1984)
ko' kg p2 (ko sin 0 — k, cos 0)?
T, ko® + ky® + k,° ko* + ko* + k> |

] (no diffusivities)

= When we neglect £2,, this can be reduced to

o /Ay = [1- (¢ /N)2sin20] -2
Ao : latitudinal wavelength of convective instability.

A¢ : longitudinal wavelength of convective instability.
0 : colatitude

N : Brunt-Vaisala frequency

{2 : Latitudinal component of rotational frequency

- The ratio of 2o and 4y increases with 6

(this is the reason why the convective cell is
elongated in the latitudinal direction )

— The elongation of the cell is controlled by £




Brief Summary 2-1 - Anisotropy in the Solar Convection -

Masada et al. (2013)

. (a) Density Stratification — Up-down asymmetry in the convection.
(b) Rotation (Coriolis force):
. - helical convective motion (CCW downflow >> CW upflow).

- convective motion is aligned with the rotation axis.

- convection cell is elongated in the direction of the rotation axis.



2. Basic Hydrodynamics in the Solar Interior

2-2. Angular Momentum Transport in the Sun

~ MHD effects are ignored here ~
~ Differential rotation in the CZ is highlighted here ~

3rd East-Asian School and Workshop on Laboratory, Space, Astrophysical Plasmas



Angular Momentum Transport in the Sun

Q: Why does the equator rotate faster than the pole ?

To answer this question, we should understand the
“angular momentum transport process” in the Sun.

10 ™77 L T Trr [T rr[rr7
.

solar interior ¢ IR :
L =pi2Q i 09
i 0
o A
et 0.0
A
-0.5

There should be equatorward A.M. transport process !

= ol
_1.0 rolF R W U N U NN U U S NN AN U NN U

0.0 0.2 0.4 0.6 0.8 1.0 1.2




Turbulent Transport by Reynolds Stress

Transporter = turbulent Reynolds stress:

fluctuation

2 uilt
.5 - - - oEm o= - - .- .= === - Lo - - = = = LY L - - - - N B N, = = = - -
=
O <ul> mean flow . 1 !
> transport ¢ Ui
k
° ‘L — / i
j Reynolds decomposition: u© = (u)+ u

with w'= (ui',u;',ux’)
Reynolds stress:
the stress that arises when the fluctuated momentum (pu;') 1s transported by

fluctuation velocities uj'or ux’' . The momentum flux is then (pui'u;’) or (pui'ur').
The mean flow i1s changed by these fluctuated momentum being transported.

In the case of the Sun,
Frs o pui'ug', puo'uy', pur'ue
The first and second components are related to the differential

rotation in the Sun because these describe the transport of the
zonal momentum (puy').




An Origin of Velocity Correlation = Coriolis force

%Coriolis force yields a correlation in two velocity components
> X

FCoriolis x yu X Q

Yy
= Assume four fluctuated velocity components +u, and +u,.

= The rotation axis is perpendicular to this slide in the rotating frame.

= Then how does the Coriolis force act on these velocity components ?



An Origin of Velocity Correlation = Coriolis force

%Coriolis force yields a correlation in two velocity components

> X
| uy

e : - Uy ':' . FCoriolis x u X £
. superscript “i” denotes | 1 ot '\'uyl
‘the induced component ____x__) —
Eby the Coriolis force. : L;"gs v -Ux
"""""""""""""""""""""""""""""""""""""""""""" y g 't .

< ; L

-U

! @0

if the amplitudes of |ux|and |uy| are comparable, the spatial
average of the velocity correlation (u.uy) becomes zero.

%There should be anisotropy in the fluid motion for
generating the mean momentum flux.



Radial Transport of Zonal Angular Momentum

Q' Is the fluctuated zonal momentum puy
: transported radially inward or outward ?

% (Coriolis force introduces the correlation between u,’ and uy'.

/ A
| U 4
Feoriois % 1 X £2 - > g < 0
Coriolis & W 1 ] Ur Ur Ugp
, ¢"l V‘ ur, _url — ur1u¢l < 0
u¢ " V 5~~~.
—, T, | wowuw>o
. vy
P e / ! /
-Ur 4 SUy Uy —> Ur Uy >0
'
gb Ur @ (PN
<€

In the solar convection, the radial convective velocity 1s much larger than the

azimuthal convective velocity, that is u,' > uy'. The mean correlation (u,'ugy') thus
becomes negative, that is (u,'ug') < 0.

A the angular momentum (x puy') is transported
' to radially inward direction.



Latitudinal Transport of Zonal Angular Momentum

Q' Is the fluctuated zonal momentum puy
' transported poleward or equatorward ?¢

-Uo . .
6 The convective cells are elongated 1n the 0-
v direction and aligned with the rotation axis.
Uy = up'ug >0 ue — uyp'us <0
= uy' > ug

Uy = Up'ue >0 -up — up'ug <0 o .
(The asymmetry is induced by the rotation)

The mean correlation (us'uys') thus becomes positive ((uo'uy’) > 0).

the angular momentum (x puy') is transported
to the equatorial direction.



Turbulent Angular Momentum Transport in the Sun

(a) Slow rotation case oo (b) Fast rotation case

meridional plane meridional plane




Mean Field Transport of Angular Momentum

The mean-field EOM 1n a rotating frame with £: (%Q, = Qo e,)

1 1
((;_Iltl'_l_(u.V)u:—;VP—QﬂgXU—|—Q—|-;V'(FRS)

I
when considering a steady sate with ocu/ot =0

% Frs « Reynolds stress

Meridional component (r,6) Zonal component (¢)
§ Ceurl > LX) N
rsin@a—QQ: g 105 pUpm - Vi L = =V - (FRrs)
0% vCy 1 00 Anelastic approximation I U, = Ur€y + Ugeg
g—gocVPxVP =V )
: V- (Fvc + Frs) =0

(Thermal Wind Balance eq.) where

: F = . 0 2Q m — E m
The mean flow profile is determined : mc = p(rsinf)"Ou pru

to satisfy these two equations. Frs = p(rsin 9)(<U;=U2b>€r + <uéu;5>€9)

Gyroscopic Pumping (Zonal Balance eq.)
gyroscopic pumping after McIntyre 1998



Angular Momentum of Rotating Star

GO FETR I (A ¢ IR

B AEEE (L o« 12Q) DR T RAUITEE AR [ I3 Z WA ] s

[Emudl

H

7

KB R AR O Fi 5 261 5 4 20%)
: PUp - Vi L = — (FRS) '
. 0L/oz ~ O’ oL/06 > 0 Anelastic approximation 1 U = Ur€yr 1+ Ugey
' =V (pum)

V- (Fme + Frs) =0

where

Faic = p(rsin0)*Qu,, = pL, .
Frs = p(rsin0)((u,uy)e, + (upuy)eq)

2 FrsD M E b 2UL., TERIROMA Z D)5




Mean Field Transport of Angular Momentum (1)

=

RO FEB R (AR ¢ PIRER
B AR (L o 12Q) LT AL IE S8 oD T FI 1 2 W S
ORI - 5 LD P32 12 5 4 20%)

[Emudl

H

7

PUmM VL = — (FRS)
. 0L/0z ~ O’ oL/o6 > 0 Anelastic approximation I U = Ur€yr 1+ Ugey
' =V (pum)

V- (Fme + Frs) =0

where

Faic = p(rsin0)*Qu,, = pL, .
Frs = p(rsin 0)(<u;u2b>e,,~ + <u’9u;5>69)

o [HRAGE VLS
- FrsDPHEIEHMADINE = Frsld A DAl
OFrs/0Or > 0 @Qupper, 0Frs/0r < 0 @bottom

0 r

Frs | J@ﬁ
D
V. 0




Mean Field Transport of Angular Momentum (2)

L

[Emudl

H

(i
7

GO BB A PR
M - AdEFE (L« 12Q) O CTRAVUIEZENEE O [BlE T 1 03 (X4 0]

(KB D FRIE D F B R 72135 4 20%)
' PUy, - Vi L = — (FRS)
- OLIoz ~ O’ oL/06 > 0 Anelastic approximation I Uy = Ur€r + Ugey
' =V (pum)

V- (Fme + Frs) =0

where

Faic = p(rsin0)*Qu,, = pL, .
Frs = p(rsin 0)(<u;u2b>e,,~ + <u’9u;5>69)

o [HRAGE VLS
- FrsDPHEIEHMADINE = Frsld A DAl
OFrs/0Or > 0 @Qupper, 0Frs/0r < 0 @bottom

um <0 Qupper
um >0 @bottom

(b7t TRRIZE BERLEDIRTE)




Mean Field Transport of Angular Momentum (3)

N5

RO FEB R (AR ¢ PIRER
B AR (L o 12Q) LT AL IE S8 oD T FI 1 2 W S
ORI - 5 LD P32 12 5 4 20%)

[Emudl

H

7

PUmM VL = — (FRS)
. 0L/0z ~ O’ oL/o6 > 0 Anelastic approximation I U = Ur€yr 1+ Ugey
' =V (pum)

V- (Fme + Frs) =0

where

Faic = p(rsin0)*Qu,, = pL, .
Frs = p(rsin0)((u,uy)e, + (upuy)eq)

R [F] L7978 VBT S
- Fresz/ilmADME = Frsld B DA
0Frs/00 < 0 @high-z, 0Frs/0z > 0 @low-z

0 z

Frs |2z f .7
D
V. 0




Mean Field Transport of Angular Momentum (3)

=

RO FEB R (AR ¢ PIRER
B AR (L o 12Q) LT AL IE S8 oD T FI 1 2 W S
ORI - 5 LD P32 12 5 4 20%)

[Emudl

H

7

PUmM VL = — (FRS)
. 0L/0z ~ O’ oL/o6 > 0 Anelastic approximation I U = Ur€yr 1+ Ugey
' =V (pum)

V- (Fme + Frs) =0

where

Faic = p(rsin0)*Qu,, = pL, .
Frs = p(rsin0)((u,uy)e, + (upuy)eq)

R [F] L7978 VBT S
- Fresz/ilmADME = Frsld B DA
0Frs/00 < 0 @high-z, 0Frs/0z > 0 @low-z

Um <0 @high-z
um >0 @low-z




Mean Field Transport of Angular Momentum (4)

[Emmdl

KA Z2 RO T VWS DT TIE R
— & 5 RIS E T 5 BN RENED N T Y A 2Rk LTW» 5

xEI L Z & L Gyroscopic Pumping?3[m
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i 11 P A E @2 B X3 /= A (BT = 135S
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Demonstration with Simulation Models

(a) Slow rotation case

Q= Q2

-

1.0

(b) Fast rotation case

1.08

0.92

Qi= Quun

_al. (2013) |

3D rotatin;

> spherical
shell copvection

0.6 08 1

.0
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Convection conundrum
(B REEE S ENHRODEERT )



ABEDVIVFRT—IVEXRIER (INSY 1 L)

The Swedish 1-meter Solar Telescope / Institute for Solar Physics, Observer & Data reduction: Y j(l}%jd‘iﬁ%d) (1£' %E’\J @)ﬁ{%

Luc Rouppe van der Voort, Oslo 18 Jun 2006 (Wavelength: 656.3nm H-Alpha)

giant cell l

!

A Y

o HRBE : typical size & 1Mm, typical lifetime ~ 10 min.
o BRI - typical size ~% 30Mm,  typical lifetime & 20 hours
® B Kid : typical size & 200Mm, typical lifetime ~ 1 month

1

ye
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Velocity (m s”)

AT @%’Eﬁ:'il Ejiﬂ'ﬂldlé:\_/\ﬁ??"

_IMost of numerical models are

Hathaway et al. (2015) - 1 | constructed on the conventional picture.
- 10° § ASH Revised GHFT2015
1 7 =0.98Rg r = 0.96Rq
100 = T .
- - \7 '¢' | ‘\Il 10° E
i R granule m;
I o super-granule <
[7 ]
1 0 ; ..... SIM 7: E_
C ] >
- HMI T E 100
: ................. WI Artlfacts : E 3
I B KBEDTFEN | %
] Hﬁﬁﬂnéz/f )b W
T 100 1000 P
Spherical Harmonic Degree _ Proxauf 2021
1072
o - l(l)0 o 1(I)1 - 102 103 I””].IO4
Hathaway et al. (2015): angular degree

ABZXTREIRE (YEEKHE) TOXERANINL:
- REERD U TCOHESN DX T —IVICE RERDEFENHEER TR

e Hanasoge et al. (2012): see also e.g., Greer+15; Proxauf 21:
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- EAIMICIEFRAICHIESN TUVWBDATRIVF—ICFAEITEV(KELE)

« EDVOTIRIVF—ILEIINTLADH? Convection Conundrum
 SEFEDAKEMHDETIVIIIRFENDAKGEITE<LERDIMROBPTYIFEZRHENTWND? ?
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Are we headed in the right direction?
How to resolve the convection conundrum ? several possible solutions are proposed
(D rotationally-constrained convection (e.g., Featherstone and Hindman 2016; Vasil et al. 2021)
@ mostly adiabatic CZ (e.g., Spruit 1997; Rast 1998; Brandenburg 2016; Cossette & Rast 2017)
© large effective Prandtl number (e.g. O’'Mara et al. 2016; Bekki et al. 2017; Karak et al. 2018)
@ higher resolution + SSD (e.g., Hotta & Kusano 21)  Brief review of mixing-length concept:
' e How is the energy transported inside the sun ?

B conventional view : multi-scale convection
0 = Vs =-Vaa> 0 (for whole the C2) - two transporters: I
............................................. O
¢ granule F’,. + Fe —
g : — . r?
radiative convection
diffusion

super-granule

O
T with F X p(éu 56) : enthalpy flux

(energy transported by the convection)

e The turbulent energy flux is naively modeled by :

oe; >
ou,0e; ~ kp——, where kg =1/(u;) [

or : turbulent transport coef.

(GD model)

gradient diffusion model

l, ( [: mixing length ~ size of the convective eddies)

With choosing the scale-height Hp as the mixing-length /,
the amplitude of the turbulent transport coef. kg is determined

: €<— = | bottom CZ
‘entropy grad e The natural depiction derived from the GD
Because of the high density contrast in the solar CZ (6 orders model is the multi-scale convection in the sun.
: e CC suggests that the absence of the giant cell
which should be the main energy transporter.

of magnitude difference in the density over whole CZ), the
scale height varies largely there. So, we believe that the size
of the convective eddies should vary largely in the solar CZ.



Is there an alternative to giant cells ? solar CZ is an open system

(enerav loss from the nhotosnhere)
one po

(The driv ABSTRACT. Progress in the theory of stellar convection over the past decade is reviewed. The
similarities and differences between convection in stellar envelopes and laboratory convection at high
Simple Rayleigh numbers are discussed. Direct numerical simulation of the solar surface layers, with no other
(YM in pr{ input than atomic physics, the equations of hydrodynamics and radiative transfer is now capable of

vt reproducing the observed heat flux, convection velocities, granulation patterns and line profiles with
W poiytr remarkably accuracy. These results show that convection in stellar envelopes is an essentially non-local
- dens| process, being driven by cooling at the surface. This differs distinctly from the traditional view of stellar
- 2D hy convection in terms of local concepts such as cascades of eddies in a mean superadiabatic gradient. The
consequences this has for our physical picture of processes in the convective envelope are illustrated

+ aus . : . .
G with the problems of sunspot heat flux blocking, the eruption of magnetic flux from the base of the
- FWH . 02t ¢ .
.| convection zone, and the Lithium depletion problem.
- mMinli

stellar convection should be driven by cooling at the surface !

FWHM of the Gaussian cooling (~ 4Mm) This alternative model has been proposed theoretically
already in late 90’s, but has not been studied carefully until recently.

CONVECTION IN STELLAR ENVELOPES: A CHANGING H.C. SPRUIT
PARADIGM Maz Planck Institute

>

observalion simulation filtered

height from the bottom of CZ

AR BOS
y o\ N 8
" e &5 Norgln o5

10

mild resolution:
512 (x) x 256 (2) bottom CZ

Quantitative agreement between surface convection
simulations with radiation and observational results.




Possible Two Convection Models :

(@) Cooling-driven model: super-adiabatic surface (b) S-grad-driven model: super-adiabatic
due to the radiative cooling (c.f., Spruit 1997) entropy gradient over the whole CZ
Cooling@surface : entropy loss 0=Vs - Vag> (0 (forwholethe C2)

______ ££5525225555 e oracs

)

A
' ‘Y granule

super-granule

super-granule

|

downflow
plume
1 N\

(inertia-driven)

|
1
|
|
[ |
|
|
I
|
1
|
. ]
1 giant cell
|
|
|
|
|
|
I
|
|
|
I

Il I I = = = = = E = = E E = O E N N N N E N NN NN E E Yy

- — bottom CZ | €4 e > bottom CZ
entropy grad entropy grad
. radiative cooling makes the surface super-adiabatic : * IN this model, the size of the convective eddies
— interface btw super-adiabatic and adiabatic layers determined by the local scale-height.
determines the Iargest size of the convective cell — broad spectrum from granule to giant cell

How does the convection model impact on the turbulent transport properties ?



FRE CORMBEHHE S KEEEAXT TR (EERIEER)
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How different they are in the transport properties ?

Yokoi,YM+23, YM+25 (simulation similar to Cossette & Rast 2016)
e Basic egs - compressible HD egs [Cartesian box] e density contrast & resolution
* polytropic atmosphere [CZ only] with an index m  Pbottom/prop = 300, Nx x Ny x N, = 5122X128

(aSpeCt ratio : Ly/L; = Ly/Lz = 4, No rotation) 0.22(/)SCL n 200Mm
101

e two-types of convection models are simulated ™ £ o oT— .

00€ = doyf /u10110q0’

(Dcooling-driven : m = 1.495 (upper 5%) + 1.5 (95%) o N S
= 10—3 : ]
@S-grad-driven : m = 1.495 (whole C2) T e
(0.2% difference in the input energy between models) = ' our model mimics the density profile of the
e technical term : Newton cooling (only model @) s E‘Ct“a' SUN from the base G2 to ~ 0.98Raun. |
E — BV >y _|_Ee _ Ereff This mimics the rad cooling)_ 05 L 08 0'2:‘*—-1“ 095 1 olgng )
Dt 0 . 7 and maintain super-adiabaticity Hifo S o
=777 """"""in the upper CZ (DCooling-driven  (@S-gradient-driven
' m, = 1.495 m, = 1.495
Pr =1.0 Super-adiabatic 0
l Ra =4.2x106
8
Yy
adiabatic Super-adiabatic
(marginally stable)
l m, = 1.5 m; = 1.495
g
d-€i = const.
@ bottom CZ bottom ¢z |1




Convection Properties of Two models : Appearance
(DCooling-driven model (CD):

0.008 2/

0.006

0.004

— 0.002

I
v

o
o

-0.002

(§)-§=5¢
b

-0.004

-15 -0.006 15

(98eJoAR QY] WOJJ uoleIASP AdOJjud)

-0.008
-2 -15 -1 -0.5 0 0.5 1 1.5

i A lots of downflow plumes exist in the upper CZ

08 B e —_—

vertical cutting plane

vertical cutting plane

-2 -15 -1 -05 0 05 1 15 -15 -1 -05 0

X ‘ X

05

0.008

0.006

0.004

-0.004

-0.006

-0.008

-0.002

(S)-8 =8¢

-0.004

-0.006

- Small convective cells prevail at the surface. - Large convective cells are dominant at the surface.
- A lot of downflow plumes appear in the upper CZ. - Large-scale flow motions across the entire domain.



Mean Convection Properties : Similarity and Difference

102 ® Mean kinetic energies are almost same
10-3 at saturated state between models.
10-4 e Kinetic energy spectra for v; show a
; remarkable difference in the low k regime:
10~ . .
§ - the convective energy is suppressed
107° in low k in the cooling-driven model
10-7 Cooling-driven — compatible with the NO giant cell obs.
-8 S-grad-driven ====== The cooling-driven model seems to be suitable for the
10 (a) _ ; .
. . . . . . solar convection. How do the other physical propertlc??s
10~ i ing-dri - ~dri
0 =00 1000 1500 5000 5500 2000 differ between the cooling-driven and S-grad-driven
t/to
10_3 || L | L | || L | || L L I || || || || L | || L L I ||
| (b)
104 in the upper CZ
at the saturated state
107°
< S
e 107° | ;’§\\" A
>N ! Po a -C\C(O“lw'dﬁl\./en- _
1077
Cooling-driven
10—8 ===== S-grad-driven
10—9 || || || ] ] || || || I || || || || || || || I ‘ ||

1 10 100
k/kr

=»S-grad-driven



probability

Statistical Properties of Convection : broad downflow wing

probability

1 T T | T T 1 r—1 downflow | upflow T
— | 1 - 1
10 Cooling-driven : (a> ! Cooling-driven n (b>
----- S-grad-driven : ====: S-grad-driven ':' e
10-2 i 5 1072 -
10-3 : S 1078 N
i : -
1074 | 104 i
! i . I I :" I ; | |
—-0.06 —0.04  —0.02 0 0.02 0.04 0.06 —-0.06  —0.04  —0.02 0 0.02 0.04 0.06
Up, Uy
! ' ® Gaussian-like distribution of v for both models
_, | = Cooling-driven (c) (a bit broader in the cooling-driven)

107 F ... S-grad-driven . . . .

2 e Non-gaussian distribution of v, for both models :
10~

- up-down asymmetry would be a natural outcome
10-3 of compressible convection & mass flux conservation.
- downflow has broader wing in the cooling-driven model

10~* than that in the S-gradient-driven model
105 — stochastic downflow (non-equilibrium process) plays

an important role for the transport in the system

0.1 ~0.05 0 0.05 0.1 TS
helicity (= v - w.) e | eptokurtic distribution of H for both models:

Regardless of the non-rotating model, kinetic helicity broader wing in the cooling-driven model

exists locally, while it becomes zero when taking How should we treat such ““non-gaussian properties"”
sufficiently-long time average. of convection, that may be important in considering
the transport in the stars.




Statistical Properties of Convection : probability density

10-2 10-!
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(x104) 106105 104 103 10
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(a)

-0.06 -0.04

- Probability density is also different between models.
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- wm o= =

-0.06

- In the cooling-driven model, the faster downflow

component transports more energy.

ou,0e; x | ou, \3

- scaling law :

(x10-4)
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| 6u, |
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The impact of the convection mode on turbulent transport properties
Is there any difference in the turbulent energy flux (5uzéei) ?

Yokoi,YM+23, YM+25

. 4.0 1owercz I : : : : ] : upper CZ comparison with
s _ : L.
T remarkable difference between models ! theoretical prediction
Y 3.0 | . GD model :
Z Cooling-driven Oe
< : j
— S-grad-driven 5%561' ~ Kg—,
2 2.0 0z
D where
~— _ 2
1.0 Kg =4/ (ou;) [
the box height L_is chosen as
the typical size of the eddies .
0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
(x1076) z/d (x1077)
0 (a) Cooling-driven [ ] o >0 (b) S-gradient-driven [T T T 1 '
40 F 000000 e mRRRRIII NN -
3.0 - ——— (de;0u,) measured in simulation 1 | e Tt
N BEEREEEE transport predicted by GD model Soa0bk 0 T
< S 20
g —— (0e;0u,) measured in simulation
1.0 2
'.' ------- transport predicted by GD model
) OO " i i i i i i i i a
0 01 02 03 04 05 06 07 08 09 1.0 00 01 02 03 04 05 06 07 08 09 1.0
lower CZ z/d upper CZ lower CZ z/d upper CZ

<5”z56i> for the SD model is GD-type, but that for the CD model is far from the GD-type.




Averaging method to extract the non-equilibrium effect
Main difference btw cooling-driven and S-grad-driven models: stochastic downflow plume

probability

(non-equilibrium process)

0.006

ey - e | 0.006
1T Wiyl
0.004

main difference in the upper CZ:

downflow plumes
(stochastic process)

-0.002
‘ 03
02
-0.004
01
- -0.006 0

0.004

0.002

-0.002

-0.004

-0.006

05

-05

-15 -1

- - m ' ' e Conventional GD model cannot adequately describe the

ooling-driven s b iy . . . . .
ootined ) (b) non-equilibrium process in the cooling-driven convection.

S-grad-driven

¢ How can we implement it to the transport model ?

To gain insights to answer this question, we developed a new
method for extracting the key non-equilibrium component.

Time-space double averaging (TSDA) method:

i i
T OO0l 00 00 000 e Yokoi, YM, Takiwaki 22, MNRAS for details)

with

Uz

A field quantity f is decomposed into three parts (overbar denotes time-average, ( - ) denotes spatial average):

f

<f> 1 f’ (mean + fluctuation : usual decomposition)

— <f> —+ f -+ f” (mean + spatially coherent fluctuation + incoherent (random) fluctuation)

f — <f> + f (time average = spatial average + deviation from the spatial average)

By varying the time window applying for averaging the simulation data, we can
extract the information of spatially coherent fluctuation like as downflow plumes.



Insights from the TSDA method .. . ..ic donwiow pume

With TSDA, we can see the contribution of the coherent fluctuation to the time-average of u;:
e \ertical profile of it, (RMS) as a coherent fluctuation of the vertical velocity for two models :

(x107%) . . (x1072) . .
0.8 ——] Cooling-driven F———— 0.8 —— S-gradient-driven f———
0.7 I (a) . 0.7 (b) -
10 100 =—— [ '
0.6 - 20 180 —— o 0.6
0.5 @ 0.5
0.4 | 0.4
0.3 ‘Si 0.3
B >
0.2 ~ 0.2
0.1 '3
' upper CZ 0-1
00 | | | | | | OO i I I
0.0 0.1 02 03 04 05 06 07 08 09 1.0 0.0 0.1 0.2 03 04 05 06 0.7 08 09 1.0
z/d z/d

e RMS of ii_, i.e., \/ii? =+/(ii. — (ii.))* depends on the averaging time especially in the cooling-driven model:
< z Z Z

- The amplitude of the coherent fluctuation (i.e., plume motion) has an eminent peak near the CZ surface
when taking short-time average.

— The peak is at the same place as the strong peak of the turbulent energy flux, implying that
the spatial distribution of it is determined by the coherent component of the fluctuation.

- As the averaging time increases, the amplitude of it, becomes smaller especially in the upper CZ and
finally the spatial profile becomes similar to the one in the S-gradient driven model.
(when setting the averaging time sufficiently long (than the life time of the plume), they are smeared out)

— This clearly shows that the characteristics of the cooling-driven convection related to
plume motions can be described by the coherent component of the fluctuating motion.

i, is the key for describing the contribution of the plume motion
to the transport and the modification to the transport model.




Modification to the Gradient Diffusion model Yokoi,YM+23, YM+25

Enhancement of <5”z56i> in the CD model can be well-explained by modified GD model with plume's contributions

oe:

l
ou,0e; ~ Kg—,

07 >

5l/tz5€l- ~ KNE_,

conventional eddy diffusivity correction due to the non-equilibrium process
(C : arbitrary parameter)

de.

l

0z

(conventional GD model) (modified GD model with non-equilibrium plume effect)
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(u,oe;)

influence of the plume is studied in the HD simulation, but not MHD

oach can no longer be applied.
)CEesses.

l'hen, what will happen to

a (and other
dynamo coeff.)
in such a CD situation 7?7?77

How does the MHD dynamo
change its properties under
the CD convection ?

Global MHD dynamo under
the cooling-driven convection
should be studied to bridge the
gap between models and obs.



Discussion (D penetration depth of downflow plume

Experiment : penetration depth of the plume seems to depend on Pr: (YMin prep.)

l M Pr=0.1

704 o7

>
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0
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In the Sun and stars with Pr « 1 a lot of plume may penetrate the entire CZ (like Spruit's concept)

i @ ) 18 ?ﬁﬁéﬁ@
srt;pr)]eﬁ—eadiabatic
@ o & super-granule)

Pzg y ¢ S 5

in such a situation, distributed dynamo can be operated ?? D
— tachocllne may be better site for the dynamo

adiabatic
or sub-adiabatic

O

R U/ DIV VY,
J/ small-scale (filled by plumes as
turbulence main energy carrier)

downflow

plume
O

C O
"

' magnetic flux should be

supplied by plume to tachocline
v

tachocline See, Bekki-san's talk in this session about the adiabaticity of the CZ deduced from the analysis of inertial modes.



Discussion 2 impact of plume on the dynamo in M-dwarfs

Lx-Ro relationship (Wright & Drake 2016, see Wright+11) But, if the convection is cooling-driven

|‘X / |‘bol

AR T RS T L

e %% e o 1 downflow
o? B @ .- (:G:;f! B ‘ ROSAT, Chandra ‘ ] plume
b
SE E
o o ! No tachocline
o F O 09 R —
~ Sun's convection model is deeply related not only to solar/stellar

activity, but also to the other astrophysical plasma dynamics.

© : slowly-rotativig WisaWai  (1ui o2 ) o
I
oL

@® : rapidly-rotating M-dwarf SN S
O : solar-type (CZ + radiative zone) | ®‘ |
sun\ ‘ Weekly stable
o N S — sub-adiabatic core £one
0.01 0.1 1
Ro=P_ /T

- Lx : the indicator of the magnetic activity of
- Regardless the internal structure,
the Lx-Ro relationship is similar. weekly
— similar dynamo mechanism works in F,G,K and M  sub-adiabatic shell
— distributed dynamo should be that !
(because there should not be tachocline in M-dwarfs)

. : tachocline-like
just a speculation layer may exist 22
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Al —Y DS XKZEXROFEHEZHLET S

(T O —aEckkrEsR &nFERENIRY, KiZDERXTRETIILELTESSHHEIRULLDY)

Method : b RO AL T7—58EFT (Topological Data Analysis : TDA)

e T —%tw k: (1) S-grad-driven (SD), (2)Cooling-driven (CD), (3) Obs. (DKIST & Hinode/SOT)

VoW

-
P ¥
8. -

¢« * <" s
N o nﬁ\'u a‘ “

: N Ay ¢ \“ . p——— )
(2) Cooling-driven (CD) model d fl (3) Obs. (DKIST & Hinode/SOT) (s ‘©DK{SI~
= — — Jr— i) — o ——— F

(1) S-grad-criven (SD) model |
7 R ——— \
Z.Z A% "77.4 : - W e =

= BT -

YM+24

side view [ side view 8
X 512x512x128 X 512x512x128 y A
- Basic egs : compressible HD eqgs [Cartesian box]  (L«/Lz=Ly/L; = 4)

- polytropic atmosphere with an index m [CZ only] : Dhotiom/prop = 300
(1) S-grad-driven : m = 1.495 (whole C2) Pr =10
(2) Cooling-driven : m = 1.495 (upper 5%) + 1.5 (95%) |Rg — 4.9x106
(Newtonian cooling is imposed on the upper 5% of CZ in the CD) : p—
NO rotation similar to Cossette & Rast (2016)

(There is 0.2% difference in the input energy between models)



AT—IDS KGN ROFHEZHME T S
(T O —AEEREIR &S HIEREIR, ABOBSTRET IV ELTESSAERLLD)
Method : b ROD NDIVT—5 &M (Topological Data Analysis : TDA)

Basic properties of convective motion are common: upflow cells surrounded by downflow networks

-grad- dr|v model

ou?(k)

Cooling-driven
= S-grad-driven

side view | side view

X 512x512x128 X bBi2x512x128 4

10 100
k/kL

The small deference of the polytropic index cause the structural difference between models.
CD model has a spectrum in which the power is suppressed at the smaller k, similar to sun's conv. spectrum.
e TDA is performed on each data set and compare the results.

- The topological structures hidden in the varieties of convection data is studied.

- QUESTION: although the convection patterns are similar between data at a first glance,
is there a remarkable difference in the topological property between them ?



T, {A(Zz95Dh 2?2 ->TF—9h5 )N, DFHRZHMET S
e MROY— : EDOD DM ZELh T DEFEDHE=

(Topology studies how spaces are connected and how their structure remains unchanged through continuous
deformations, focusing on the relationships and connections between points, shapes, and surfaces.)

-O-H-% []-0-Q-@
O’RITDIN GEFER D) TIRTTDIN (U2 7T)

(9% GERER D V2T Z21) D%z, BFNICETRERI=FERNICE > AT RT DM 7?
e REOY— ' 9y OEZEHADHEHIEE (since Poincard)

W(&"ﬁﬂﬁlﬁiéijb‘ ? (I_I_{)’]AJ NODT |\7___9) ? Deng & Duzhin (2022) 2 hol
oles
wlr et i T i 2 holes ST L e

---------
S ettt

RIS RN

R4 FBEHICT — I EIEL TIRUDTFIEP T DA X RERH TS5,
TIEIRDEHR (1 X0H) [CRHT D EHRZE=HENICE SRS IN?

o N\—IU XTI NREOD— (Persistent Homology : PH) (V19—2F—9n5ROBHRERSHTHE)
TN RROI NIV REREZSISHUEE/L T DFHULWF

(originally proposed by Edelsbrunner et al. (2000), and further developed by many others, such as Carlsson (2005))




IN=2RAFY M REAQAYV—-EIN—-2ATY M (PD)
IN—DRXTRREOI—TIEITUZEDIRADN 7 | TDFEGRIVEISIRT—IDES)
1. The point cloud data is supposed and given the sphere (radius r) centered around each data point.

2. You increase the radius of the sphere gradually (equivalent to the changing resolution) [~ filtration |
3. By calculating the homology with changing radius at multiple stages, we capture the shape.

r=0 r=r1 r=ro r=r; €X)point cloud
® _ holes are born hole1 disappear hole2 disappear filtration

® e (PN |
o ® o o

e ¢ ® o ®

e°
PH: Hi=0 Hi =1 Hi=0 See, Smith, A.D + 21
H+: 1D homology (ring) resolution of data being lower filtration

(radius of (imaginary) sphere being increased)
[INIDERMEHBDERE (EREREICAS<TEZFE: TN —vay) NENZNDOINOFCEBEEZFH DTS
> The birth and death of the holes are represented as points in a persistence diagram (PD),
with x=birth_radius and y=death_radius and persistence defined as (y — Xx).

r=0 The points around = noise
. ° @, the diagonal line on PD (short lifetime)
» ° § 'o'.';g (they don't have important meanings)
T AN
R : )
. e S The points with longer | hole
. ‘ lifetime (far from DL) N
® ° * — characterizing the shape and structure of data
. .
e o % Procedure of TDA:

Imagine the sphere centered around each point. £ >

Then, gradually increase the radius of the sphere. births data P (filtration - |PD




BDE (FLA1RT=IL1 A=) DFFDIN—ATY M

» Level-set method

L O I A L L B L B

How can we study the topological structure of the field data ?
(What type of filtration is used to extract the topology information?)

Instead of changing the radius of a virtual sphere in the case point cloud,
we set a threshold value and perform filtration on the image by changing it.

1. set (change) the threshold value t = t; < teration
2. the region with the value of f < t; is filled by black
> . sy 3. calculate the homology and extract the information of hole
X - 1 (in this demonstration, "hole" is corresponding to "hill" in data)
t=t;
' “ - threshold value when the birth of hole * t =ty
1 el - * threshold value when the death of hole - t = tq
Y * Hole (to, o)
1 1 ‘ birth-death pair, 17— ®
) T L= L3 — | (to, td), for each hole
— makingPD £ ' _
(lifetime = tq - ty) g; it

See, e.g., Smith, A.D + 21
for more details

tb

-1 -0.5 0 0.5 1 -1 -05 0 05

With the TDA, we study the topological structure of the solar convection (focusing

Birth
of H1 : ring).



Topological Data Analysis

: application to the solar convection (model and observation)

with GUDHI and Homcloud (python libraries)

https://gudhiinria.fr/index.html
https://homcloud.dev/index.en.html



Persistent Diagrams for Two Numerical Models

with the data of velocity field (U)

We can construct one persistent diagram (PD) from one snapshot data of the velocity distribution at the surface.
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"dimensionality reduction” :

10° the distribution in PD

= "feature" of thermal convection



Persistent Diagrams for Two Numerical Models

(DS-grad-driven model (SD) :

(2Cooling-driven model (CD) :

Additionally to the PD with Uz, PDs with &T (temperature fluctuation) are also generated :
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Inverse Analysis (i-TDA) (understanding Physics)

: Where does the "peninsula® on PD come from in the real space ?



Where does the peninsula on PD come from ? - inverse analysis -

- advantage of TDA : inverse analysis is possible (data <= PD)
(we can see the correspondence between the feature structure on PD and the original spatial structure).

Corresponding structure in the real space from the specific data on PD
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o PD ?
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Where does the peninsula on PD come from ? - inverse analysis -

.filtratiqn with level-set mgthod (ch?nge fthreshold value bY hand fo\r\dem?nstration) ; result of i-TDA
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Then, what is the localized high-V updrafts ?

The formation mechanism of localized high-V updrafts is studied.  strong updrafts
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@® almost all of localized high-V updrafts are accompanied
with stronger downflows and are formed as the wing of them !

® Q: Then, what is the physical origin of this structure ?
A: That seems to be the downflow plume !!!
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ON THE NATURE OF “EXPLODING” GRANULES AND GRANULE FRAGMENTATION

DKIST Cooling-driven model
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DKIST data seems to provide the “peninsula” with relatively longer lifetime than our CD model,
implying the existence of stronger "thread-like" downflows with higher up-down asymmetry there,
similar to Rast 95, than that seen in our simulation.

10°

What Is suggested : (accompanied with strong updrafts)
(D The "peninsula" on PD is the sign of the existence of a lot of downflow plumes in CD model.

(@ DKIST data suggests that there are a lot of "hidden" localized structure due to downflow plume.
(In contrast, such structure could not be resolved in the SOT data, thus no peninsula there )

Compared with the plume's profile shown in Rast 95, that seen in our CD model seems to be broader
(up-down asymmetry is weaker), suggesting the resolution in our simulation is still not enough.
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ABSTRACT

The morphological evolution of solar granulation is dominated by granule expansion and fragmentation.
“Exploding” granules undergo these processes in a particularly vigorous manner, rapidly expanding to a large
size, darkening in the center, and splitting by the formation of dark interior radially directed lanes. We argue
that such events can be better understood if granulation is viewed as downflow-dominated surface-driven con-
vection rather than as a collection of more deeply driven upflowing thermal plumes.

Regions of maximum granular upflow lie not in the centers of the granules but along their sides, imme-
diately adjacent to the intergranular downflow lanes. These upflows occur primarily in response to the buoy-
ancy and pressure gradient forces induced in proximity to the strongly driven downflow plumes. The upflows
are thus dynamically linked to the downflow sites, and granular expansion results in a weakening to the
central flow. Radiative losses can then exceed the advected heat supply in the granule center, with the fluid

cooling until buoyancy forces becomes sufficient to trigger the formation of a new downflow plume there.
Lateral propagation proceeds as neighboring flows are disturbed, with propagation preferentially occurring in
directions predisposed to weak upflow by the strength and shape of the downflows defining the granule
boundary. Thus the radially oriented structures seen in observations of some fragmenting granules may be
formed.

Finally, the strong downflow plumes initiated in the solar photosphere entrain surrounding material as they
descend. With depth this more weakly downflowing material establishes a connectivity which is strikingly of
mesogranular scale. This may help to explain the observed correlation between the spatial distribution of
exploding granules and mesogranular flows, and suggests that both mesogranulation and supergranulation are
secondary manifestations of granulation itself.

Subject headings: convection — Sun: granulation

The regions of high-V upflow, which is suggested by Rast 95,
is compatible with the regions fo high-V updrafts found in our study.
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Similar structure of PD to that in obs. can be reproduced by corse graining of cooling-driven conv. data.



Driving mechanism of the solar convection deduced from TDA
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