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To understand the solar large-scale flows is important!

 Large-scale flows play important roles in the solar dynamo
<L = (rsinf)yv,

ot

* (PPme) VL =F
(£ specific AM; & : torque by Reynolds stress, Maxwell stress, etc.)

* gyroscopic pumping (e.g. Miesch & Toomre 2009)

e A relationship among rotation (&), meridional circulation ( vy ), and turbulence (&)

« We know £ very well thanks to helioseismology (e.g. Thompson+1996)
— once we know vy, we can extract information on &

* Observational studies of MC are important!
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Observational studies of internal MC profile

* One of the most promising ways of inferring internal MC profile is
helioseismology

e Global helioseimsology:
eigenfunction perturbation analysis (e.g., Schad+2012, 2013,)

* | ocal helioseismology:

time-distance helioseismology (e.qg., Giles 2000, Zhao+2013, Rajaguru and Basu
2015, Chen+2017, Mandal+2018, Gizon+2020, Herczeg and Jackiewicz 2023)

« But NOT CONCLUSIVE yet SN Lo
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* |n recent studies, a single-cell MC profile is obtained as a solution
(Gizon+2020, Herczeg and Jackiewicz 2023)
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From a theoretical perspective

* 3-d numerical simulation of the solar convection zone (e.g. Miesch 2005)

* “It is difficult for us to reproduce the solar equator-fast rotation while maintaining a
single-cell MC profile” (according to Hideyuki)

(c) High: DR (Q)/27 [nHz]

_ (D High: MF ({v) [m/s]

*In HK21, MC transports the angular momentum (AM) toward the equator

Y. Hatta, 20240827

420 |00
F) i I 10
400 |
e 380 \ -0
== N | §360 | pouble-cell... L“,\
\ \\‘ - _10
i 340 l
Rotation profile MC (Hotta and Kusano 2021; HK21)



Then, what happens if we assume equatorward AMT by MC?

e \What we would like to do Is:

 pased on an assumption that the HK21 regime is correct, we carry out
inversion (of travel times) to infer the solar MC profile with an additional
constraint that AMT by MC is equatorward

* Which type of MC profile would we obtain, single-, double-, or
multiple-cell structure?
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What we Invert is

* Travel time is related to meridional flow field (see Gizon+2017):

w Ry
T, = J J (K'U, + K°Up)drdd + ¢; (K and K? are sensitivity kernels)
07 (1 = 1,....9120 in the case of the G20 data)

* Discretizing the integral equation above leads to:

T=Ku+e

* \WWe have used data of Gizon+2020 (G20) such as travel times,
sensitivity kernels, and covariance matrix
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Inversion method used in G20

T=Ku+e

 What they minimize is; mass conservation in the CZ

A’ = \T—Ku|2+a|Du\2+K-(Cu)+ﬂ-(Su)

A

Assuming that the vorticity is small
a: trade-off parameter

» The solution # is obtained by inverting the matrix equation as below:

K'K+aD'D Cc! ST\ /u T
C o ollx]=10
S o o) \H 0

* G20 provide the matrices D, C and S

Y. Hatta, 20240827 7



Additional constraint in terms of AMT by MC: HK21-type constraint

« AMT by MC is equator-ward (HK21)
« AM flux by MC is given as: Fycg = poitgZ (£ = (rsinf)v,)

Radially averaged AMF F; , (HK21) We have assumed:

Le1e that the latitudinal average of Fy,c 4 is positive (negative) for

1.0 imulati : '
simulation (HK21) the northern (southern) hemisphere

0.51 S-hemisphere | and that the latitudinal derivative of Fy, 4 is small

E Rl N AR e The assumptions can be expressed as:
S
~0.5- ; ~ ~
+ N-hemisphere D HK1U b and DHKzu 0
-1.0° ' because AMF by MC is linear in terms of MC velocity u,
—90 -60 -30 O 30 60 90

A (degree) (the vector b is determined based on results of HK21)
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What to solve when we add D, -

Assuming that 0,Fc , is small

e \What we minimize Is:

A= \T—Ku\2+a\Du\2+ﬁ\DHK1u —b\2+y\DHK2u‘2_|_K. (Cu) + p - (Su)
Yal AN
Assuming that the vorticity is small Assumlr‘lo‘gw;t?eb;?\;ljgtorward

 The solution # is obtained by inverting the matrix equation as below:

C O O|lX )= 0

K'K + aD' D + pD{xDyk; + vDioDuxs € S* (u) T+ fD{ix\b
S o o)W 0
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Result: In the case with the HK21-type constraint
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Discussion 1:

single-cell MC always transports AM toward the poles

* | et us consider a single-cell MC in the norther hemisphere...

Inner convective zone — equatorward

Outer convective zone — poleward
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Single-cell MC always transports AM toward the poles

» For an arbitrary colatitude @, the mass flux M_, is given as below

net

Ry r2r
M =[ [ pU,rsin Odrdg

Fezb 0

*M_ .. = (U because of the assumption
of the mass conservation

x/ R
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Single-cell MC always transports AM toward the poles

» Take a point r; at which U, changes the sign, then

M =M_+M, =0

ou
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Single-cell MC always transports AM toward the poles

« For the same colatitude 0,

Y. Hatta, 20240827

L. .. is given as below

Lnet — Lin T Lo

L ~% XM _and L, ~ <

4 Where

XM

out

out

Since Qin <
L.<0

n

out’

AMT by single-cell MC is
poleward!

(Miesch & Hindman 2011)
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Single-cell MC always transports AM toward the poles

Inferring a single-cell MC profile is not possible
when we add the constraint that AMT by MC is eguatorward
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Discussion 2: averaging kernel

* An estimate (of the latitudinal component) of the meridional flow field is given as a
linear combination of the data:

w R, T
Uyro00) = ) cmi= ) ¢ “ J (K!(r, 0)U(r,0) + K/(r, 0)Uy(r, 0))drd0 + e,
l ] 0 <r, -

w R,
= J [(2 ;K] (r, 9)) U(r,0) + (2 ¢ K(r, 9)) Ug(r, 9)] drdé + Z Ci€i
0 Jr, l

l l

T R, ]
:J [Dr<r, O)U,(r,0) + Dy(r, O)U(r,0)|drdd + ) cie,
0 Jr, § [

“IfD, — 0, Dy — 6(r — ry, 0 — 6,), ﬁ@(ro, 0y) = Uy(ry, 0y) + Z C;e;
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Averaging kernels for the inversion results

deep target point shallow target point
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* Averaging kernels are not localized well for shallow target points
* Localization of the averaging kernels for the single-cell MIC solution is better than that for the double-cell solution
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Summary of the results and future prospects

* |f the HK21 regime is correct and the solar equator-fast rotation is
sustained by AM transport by MC, the inferred MC profile is double-cell

* |f we put more priority on the localization of the averaging kernels, the
inferred MC profile is

— Dilemma

* There is another promising regime for achieving the equator-fast
rotation, where the AM transport by Reynolds stress is crucial (RS
regime)

e Should we test the RS regime? (what we are going to do next)

Y. Hatta, 20240827 19



Conclusions

e Double-cell MC profile has been inferred (by inverting the travel times measured
by G20 who concluded that the MC profile is single-cell) when we put the HK21-
type constraint

* We can reasonably explain the travel times based on the assumption that HK21 regime (in
which the magnetic field plays an important role in AMT) is correct

* Putting such a physics constraint on MC inversion has never been attempted

 However, localization of the averaging kernels for the single-cell MC solution is
better than that for the double-cell solution

* \WWe cannot determine the large-scale morphology of the solar MC profile at the
moment

* We will carry out MC inversion with the RS-type constraint
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