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ABSTRACT

The details of the dynamo process in the Sun are an important aspect of research in solar-terrestrial
physics and astrophysics. The surface part of the dynamo can be constrained by direct observations, but
the subsurface part lacks direct observational constraints. The torsional oscillations, a small periodic
variation of the Sun’s rotation with the solar cycle, are thought to result from the Lorentz force of
the cyclic magnetic field generated by the dynamo. In this studv. we aim to discriminate between
three Babcock-Leighton (BL) dynamo models by comparing the zonal acceleration of the three models
with the observed one. The property that the poleward and equatorward branches of the torsional
oscillations originate from about £55° latitudes with their own migration time periods serves as an
effective discriminator that could constrain the configuration of the magnetic field in the convection
zone. The toroidal field, comprising poleward and equatorward branches separated at about +55°
latitudes can generate the two branches of the torsional oscillations. The alternating acceleration and
deceleration bands in time is the other property of the torsional oscillations that discriminate between
the dynamo models. To reproduce this property, the phase difference between the radial (B,) and

toroidal (By) components of the magnetic field near the surface should be about /2.

1. INTRODUCTION

The quasi 11-year cyclic variation of the Sun’s large-
scale magnetic fields is believed to be maintained by
a dynamo process, in which the toroidal and poloidal
components of the magnetic fields sustain each other
via turbulent convection (Karak et al. 2014; Charbon-
neau 2020). The Babcock-Leighton (BL)-type dynamo
(Babcock 1961; Leighton 1969) is considered as the most
promising one, as it has received some observational sup-
port (Cameron & Schiissler 2023). Its poloidal field gen-
eration, i.e., the BL mechanism results from the emer-
gence and the subsequent evolution of tilted sunspot
groups over the solar surface (Wang & Sheeley 1991).
The surface part of the BL mechanism can be con-
strained by direct observations, and is well described
by the surface flux transport model (Wang et al. 1989;
Baumann et al. 2004; Mackay & Yeates 2012; Jiang et al.
2014; Petrovay & Talatha 2019; Wang et al. 2020; Yeates
et al. 2023). However, the subsurface part of the dynamo
process, in particular the magnetic field configuration,
still lacks observational constraints.

Helioseismology offers a unique window into the inte-
rior of our Sun and has been enormously successful in
the study of the solar interior dynamics (Basu 2016, and
references therein). One of its notable successes is the
identification of the latitude and depth dependence of

the Sun’s rotation, known as differential rotation (Howe
2009). Using full-disk velocity observations over a so-
lar cycle from the Mount Wilson observatory, Howard
& Labonte (1980) for the first time reported the tem-
poral variations of the rotation at different latitudes,
which showed a pattern of migrating bands of faster-
and slower-than-average rotation rate associated with
the equatorward drift of the activity belts during the
solar cycle. This pattern is known as the torsional oscil-
lation or zonal flow. Since the 1990s, the development of
helioseismology has gradually revealed surface torsional
oscillations extend significantly downwards into the en-
tire convection zone (Kosovichev et al. 1997; Vorontsov
et al. 2002; Basu & Antia 2019). There are implications
that phase and amplitude of the torsional oscillations
are related to magnetic activity of the subsequent solar
cycle, leading some to suggest that they could serve as
a proxy for the prediction of solar cycles (Kosovichev &
Pipin 2019; Ulrich et al. 2023).

Several mechanisms have been proposed to explain
torsional oscillations since their discovery. For instance,
Spruit (2003) proposed thermal effects near the sur-
face to be the origin of torsional oscillations. Rempel
(2006) showed that the thermal effects were required to
reproduce the observed equatorward branch. Beaudoin
et al. (2013) demonstrated that their simulated torsional
oscillations are driven via the magnetic modulation of
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angular-momentum transport by the large-scale merid-
ional flow.

However, the Lorentz force is widely considered to be
the most plausible explanation for the torsional oscil-
lations. Shortly after the discovery of the oscillations,
Schuessler (1981); Yoshimura (1981) suggested that the
torsional oscillations are driven by the Lorentz force gen-
erated by the cyclically varying magnetic field associ-
ated with the solar cycle. Yoshimura (1981) estimated
the Lorentz force waves using typical magnetic field val-
ues and suggested that torsional oscillations could be
driven by the surface magnetic stress. Some observed
properties of the torsional oscillation have been repro-
duced by some kinematic dynamo models. In the frame-
work of the BL-type dynamo, Durney (2000) obtained
the expected sign of the longitudinal component of the
Lorentz force when including the toroidal field generated
in the bulk of the convection zone. Covas et al. (2000)
demonstrated that torsional oscillations penetrate into
the convection zone and migrate towards the equator
over time. The oscillations had a period half that of
the global magnetic fields. Chakraborty et al. (2009)
attempted to explain the reason for the torsional oscil-
lation starting 2-3 years before the solar cycle. Pipin &
Kosovichev (2019) proposed that torsional oscillations
can be driven by a combination of magnetic field effects
acting on turbulent angular momentum transport and
the large-scale Lorentz force. Their models reproduced
two propagating branches in the subsurface shear layer.
The effect of the Lorentz force was also investigated by a
global MHD simulation of the solar interior (e.g., Guer-
rero et al. 2016).

There are two popular BL-type flux transport dynamo
models developed by Dikpati & Charbonneau (1999)
and Chatterjee et al. (2004). Hereafter they will be re-
ferred to as DC99 and CNC04, respectively. Both mod-
els assume that the generation of the toroidal fields re-
sponsible for surface sunspot emergence occurs mainly
in the tachocline. The main difference between the
two models is in the flux transport parameters, espe-
cially the turbulent diffusion. The models are classi-
fied as “advection-dominated dynamo” and “diffusion-
dominated dynamo” based on the relative strength be-
tween the turbulent diffusion and the meridional flow, as
suggested by Yeates et al. (2008). The different param-
eters result in the different structures of the magnetic
field in the convection zone. Zhang & Jiang (2022),
hereafter referred to as ZJ22, have recently developed
a BL-type dynamo that mainly operates in the bulk
of the convection zone. The model takes into account
some recent observational constraints, such as surface
field evolution (Cameron et al. 2012; Jiang et al. 2013).

At cycle minimum, the poloidal field exhibits a simple
global dipole field. This generates the toroidal field with
a weaker poleward and a stronger equatorward propa-
gating branches separated around 455° latitudes in the
convection zone.

All of the aforementioned three models can reproduce
the features constrained by the surface observations,
such as the butterfly diagram and the magnetic but-
terfly diagram. However, the interior magnetic fields’
distribution and evolution of the three models differ
considerably from each other. This situation raises an
important question, namely, how to evaluate and dis-
criminate between the three models. According to the
original idea of Durney (2000), the torsional oscillations
patterns reproduced by the magnetic field of the dynamo
have the potential to discriminate between different dy-
namo models. This inspires us to calculate the Lorentz
force and the torsional oscillations resulting from the
three dynamo models, and then to compare the calcu-
lated torsional oscillations with observations so that we
can constrain configurations of the magnetic field inside
the convection zone by analyzing the main results from
the three dynamo models.

The paper is organized as follows. Some main char-
acteristics of torsional oscillations are described in Sec-
tion 2. Three BL-type dynamo models and the relating
Lorentz force are described in Section 3. We present the
zonal acceleration caused by the Lorentz force result-
ing from the three dynamo models and compare them
with observations in Section 4.1. We analyze how tor-
sional oscillations are reproduced in the three models in
Section 4.2. We summarize and discuss our results in
Section 5.

2. OVERVIEW OF OBSERVATIONAL
PROPERTIES OF THE TORSIONAL
OSCILLATIONS

In this section, we list some main observational prop-
erties of the torsional oscillation, which will be used to
discriminate among the three dynamo models.

The generally accepted properties of the torsional os-
cillation are as follows. Torsional oscillations represent
bands of fast and slow zonal flows that migrate to-
wards the equator and poles, after subtracting the time-
averaged rotation rate. The two migrating branches
originate at about 55° latitudes. Below 55°, the equa-
torward branch appears approximately after the previ-
ous solar activity peak and vanishes at the equator a
couple of years after the minimum of the following cy-
cle. The whole process takes about 18 years. The active
regions emerge on the boundary between the fast and
slow zones of the equatorward branch. Above 55°, the
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poleward branch appears a year or so after solar mini-
mum and moves to the pole before the next minimum.
It lasts only about 9 years (Howe et al. 2018; Altrock
1997), which is about half of the low-latitude branch.

Compared to the zonal velocity, the zonal accelera-
tion is considered to be a more representative physical
quantity for revealing the physical nature of torsional
oscillations (Kosovichev & Pipin 2019; Mahajan 2019).
Kosovichev & Pipin (2019) illustrated that the active
region zones coincide with the deceleration zones. The
amplitude of the zonal flow velocity is about 5 m s™!,
corresponding to the zonal acceleration on order of 10~8
m s~ 2. The amplitude varies with latitudes and depth.
The amplitude of the poleward branch is significantly
higher than that of the equatorward branch. Torsional
oscillations permeate into the solar interior and involve
the whole depth of the convection zone (Vorontsov et al.
2002; Mahajan 2019). The amplitude of torsional oscil-
lations decreases with increasing depth.

Some properties of the torsional oscillation are still
under debate. For example, the phase shift of the low-
latitude branch with depth remains uncertain. Koso-
vichev & Pipin (2019) point out that at low latitudes,
acceleration bands first appear at the bottom of the con-
vection zone and rise to the near surface for about 8-9
yrs at about 15° latitude. At higher latitudes, there
is a similar phase shift process, but the rate is much
faster. It is about 2 yr at 60°. However, Basu & An-
tia (2019) present an opposite trend for 15° and 30°
latitudes. That is, acceleration bands first appear near
surface and propagate downward with time (see the top
two panels of their Figure 4). Howe et al. (2005) sug-
gest that the phase of the torsional oscillations has no
obvious regularity at low latitudes, but it is almost un-
changed at high latitudes.

3. BL-TYPE DYNAMO MODELS AND THE
ASSOCIATED LORENTZ FORCE

3.1. BL-type Dynamo Models

All the three BL-type dynamo models, i.e., DC99,
CNCO04, and ZJ22, are kinematic dynamo models. The
starting point of the models is the magnetic induction
equation, governing the evolution of the large-scale mag-
netic field B in response to advection by the flow field
U and magnetic diffusion 7,

%—szx(UxB—anB). (1)
Under the assumption of axisymmetry, the magnetic
field can be written as B(r,0,t) = By(r,0,t)és + V x
[A(r,0,t)é4], where Byéy, represents the toroidal field
and B, = V x [A(r,0,t)éy] is the poloidal compo-

nent. The dynamo equations resulting from the induc-
tion equation are expressed as,

o4 | %(up -V)(sA) =17 (V2 - ;) A+ S, (2)

6B¢ + } 6(urrB¢) + 8(UQB¢)
ot r or 00

_ 21 . 1dn 8(rBy)
—77<V 52 By + s(By VQ)+rdr or ’

where Spy, is the BL-type source term and s = rsin§.
The flow fields U include azimuthal rotation Uy =
Qdrsinfey and meridional flow u, = u, &, + ugéy. The
three models are distinguished by specific assumptions
for the key ingredients of the dynamo process, such as
the magnetic diffusion 7, the source term of the poloidal
fields, and the flow fields. Below we will overview the
main differences among the three models.

In the dynamo model, the Q-effect describes the pro-
cess that the poloidal fields are sheared by differential
rotation to generate the toroidal fields. In the models
of DC99 and CNCO04, they all assume that the Q-effect
mainly works in the tachocline, which contains strong
radial shear and subadiabatic stratification. Since this
scenario faces challenges of MHD simulations and stellar
observations (Nelson et al. 2014; Wright & Drake 2016),
7J22 developed a model, in which the toroidal fields
are mainly generated in the bulk of the convection zone
by the latitudinal differential rotation. The tachocline
plays a negligible role in the ZJ22 model.

For the BL-type source term, the a-effect, the DC99
model adopts a non-local surface source term that re-
lates to the toroidal fields at the bottom of the convec-
tion zone. The CNCO04 model adopts a buoyancy algo-
rithm that makes the toroidal fields at the bottom of the
convection zone rise to the surface when these toroidal
fields are larger than a threshold, then the surface BL
source term works to generate the newly poloidal fields.
The ZJ22 model makes the surface BL-type source term
related to the subsurface toroidal flux through the whole
bulk of the convection zone.

For the profiles of differential rotation used in the
three models, they are almost the same since they all
adopted the converged helioseismic results. However,
the inner profile of the meridional flow has not reached
a consensus so far. So the profiles of the meridional flow
used in these models are different. The meridional flow
in the DC99 model penetrates into about 0.6 Rg. It is
about 0.61 Rg in CNCO04. These mean that the merid-
ional flow penetrates below the bottom of the convection
zone in both models. In ZJ22 the penetration depth is
about 0.7 Rg. The amplitudes of the meridional flow at
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the surface are 10, 29, and 20 m s—! in DC99, CNCO04,
and ZJ22, respectively.

In the DC99 and CNC04 models, the meridional flow
plays an important role in coupling the regions of the «
and (2-effects and in determining the cycle period. In the
7J22 model, however, the role of the meridional flow is
much weaker (Zhang et al. 2024). The surface poloidal
fields is in radial, and its evolution is consistent with
observations. In the convection zone, the poloidal fields
have the regular large-scale structure, approximately to
the dipolar structure. The latitudinal propagation of
the toroidal flux belts (Zhang et al. 2022) is dominated
by the latitude dependence of the latitudinal rotational
shear, which peaks around 455° latitudes. This leads
to two branches of the toroidal field: a weaker poleward
branch and a stronger equatorward branch influenced
by the equatorward component of the meridional flow.

The turbulent diffusivity is another key ingredient in
the dynamo models. According to the mixing length
theory, the diffusivity can reach 102 cm? s=! in the
bulk of the convection zone. However, usually dynamo
models cannot work with such high diffusivity. In the
reference case of DC99, the diffusivity is 5x10'° cm?
s~1. The reference case of CNC04 operates in the rel-
atively high diffusivity range of 10?2 ¢cm? s=1. But the
strong diffusivity is just for the poloidal field. The dif-
fusivity for the toroidal fields is still two orders lower
than that of the poloidal fields. The diffusivity for both
the toroidal and the poloidal fields is 2x10'! cm? s~}
in the model of ZJ22. The strength of diffusion in the
convection zone impacts the configuration of magnetic
fields, which further determine various properties of the
Lorentz force.

3.2. The Lorentz Force and Zonal Acceleration

In the kinematic dynamo presented in the last sub-
section, the effect of the magnetic field on the velocity
is ignored and all the flow fields are time-independent.
In this case, the steady profile of velocity field is de-
termined by the Navier—Stokes equation in equilibrium.
Since we only investigate the time variation of the rota-
tion, only the azimuthal direction, i.e., the ¢ direction
in the spherical coordinate (r, 6, ¢) satisfies:

o208 = (U W)U, ~ (Fp)o + WF2U)s =0, (4)

where p is density, p is pressure, and v is the turbulent
viscosity. When the effect of the magnetic field B on
the velocity, that is the Lorentz force, is taken into ac-
count, there is not only the steady profile of the toroidal
velocity field, but also a perturbed part V' denoting to
the torsional oscillation. The temporal variation of this
part satisfies

o2 = (U -9)U, ~ 8(Tp)s + 50V V) + Fy,

()
where § describes the difference between the cases with
and without the magnetic field and Fy is the Lorentz
force in the ¢ direction. The difference of momentum
transfer term & [(U - V) U], is small enough in compar-
ison to the Lorentz force so that it can be ignored, which
follows the assumption given by Yoshimura (1981). We
further assume axisymmetry, that is 9/9¢ = 0. Hence
the terms involving the zonal gradient are zero. Then
Equation (5) is reduced to

ov

— = F,. 6
Py =Fe (6)
The toroidal Lorentz force Fy is expressed as
1
Fy=— B)x B
s =1 [(Vx B)x B, 7)

which can be rewritten with the three components of
the magnetic field as

1 [ 0B
Fy= 1 |B—5"

&8&) n B, By I cot GBQB¢
or r 00 r T ’
(8)

Equations (7) and (8) indicate that not only the
strength but also the configuration of the magnetic fields
impact the value of F,. This explains why torsional os-
cillations occur in regions without strong magnetic fields
(Howard 1983).

According to Equation (6), the zonal acceleration
0V /0t caused by the Lorentz force can be calculated
using the given density profile. We adopt the density
stratification based on a least-squares fit to the solar
model S as (Christensen-Dalsgaard et al. 1996)

p(r) =05 (Ro/r =)™, 9)

where v = 0.9665 and m = 1.911 based on the constraint
by Munoz-Jaramillo et al. (2009). The density near the
surface is much smaller than that at the bottom of the
convection zone. Therefore, even though the magnetic
fields in the shallow convection zone are smaller than
that at bottom, it still can support the same amplitude
of the zonal acceleration.

4. RESULTS

4.1. Torsional Oscillations from the Three Models and
Comparison with Observations

In this subsection, we will show torsional oscillations
calculated based on the three dynamo models, and then
compare the results with observations in the three as-
pects: 1) equatorward and poleward migrating branches
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including the propagation time period, 2) alternating ac-
celeration and deceleration bands in time, and 3) ampli-
tude. Figure 1 shows the time-latitude diagrams of the
zonal acceleration driven by the Lorenz force in the mod-
els of ZJ22, CNC04, and DC99, in the depth of 0.72R),
0.8Rg, 0.9Rs, and 0.98R,.

Observations of torsional oscillations show distinct
equatorward and poleward branches as presented in Sec-
tion 2. This provides the first property to discriminate
the three models. In the ZJ22 model, the poleward
and equatorward branches separate around £55°, which
corresponds to the initial latitude of torsional oscilla-
tions. In the bulk of the convection zone, the equator-
ward branch exists for about 16 years, and the poleward
branch lasts only about 8 years. The propagation time
period of each torsional oscillation branch generated by
the ZJ22 model is in close agreement with the observed
results. The CNC04 model is able to generate a tor-
sional oscillation pattern that exhibits both propagat-
ing branches near the surface. The equatorward branch
lasts about 12 years, which is shorter than the observa-
tions, and poleward branches persist for about 10 years.
However, the equatorward branch occurs at high lati-
tudes in the bulk of the convection zone and the pole-
ward branch is absent. In the DC99 model, the pole-
ward branch above +70° latitudes last about 15 years
throughout the convection zone. Migration patterns of
the equatorward branch are more complex. The surface
equatorward branch propagates from about +70° lati-
tudes with time scale of 30 years. In the bulk of the
convection zone, the equatorward branch generates in
two regions. One is slightly below the poleward branch
and the other is below +20° latitudes. It is worth noting
that since the solar cycle period of the DC99 model we
reproduced is about twice that given in Dikpati & Char-
bonneau (1999), we increased the time frame in Figure
1 accordingly.

The second property to discriminate the dynamo
models is the alternating acceleration and deceleration
bands. In the ZJ22 model, at 0.9R; and above, the
two propagating branches are dominated by accelera-
tion zones. Below 0.9R, the deceleration band at low
latitudes and acceleration band at high latitudes are vis-
ible. In the CNC04 model, the surface equatorward
branch is dominated by acceleration bands while the
poleward branch has both acceleration and deceleration
zones. As the depth increases, the deceleration band
gradually dominates the equatorward branch. The sur-
face migrating branches has alternating bands in the
DC99 model. In the subsurface, the poleward branch is
dominated by acceleration bands, while the equatorward
branch is governed by deceleration bands.

Another property of torsional oscillation is its ampli-
tude. Kosovichev & Pipin (2019) shows the acceleration
of torsional oscillation is in order of 1076 cm s™2. The
results from the ZJ22 model match the observed esti-
mation in order of magnitude. In contrast, the results
from the models of CNC04 and DC99 are 3 orders and 6
orders stronger than observations, respectively. We note
that the reason that Chakraborty et al. (2009) show a
good consistency with the observed one is that a filling
factor f=0.067 was introduced in their calculations. The
7J22 model also shows that the poleward branch has
higher amplitude than the equatorward branch, which
is also a well-reproduced property of the observed tor-
sional oscillation.

The amplitude of the torsional oscillation provides
the third property to discriminate between the dynamo
models. The amplitude produced from the ZJ22 model
matches the observed amplitude of the torsional oscil-
lations. The polar field near the surface is about few
Gauss, which is consistent with the observation, and
the toroidal field in the bulk of the convection zone in
the ZJ22 model is several hundred Gauss. This might
provide a clue about the strength of toroidal field in
the solar convection zone. The CNC04 and DC99 mod-
els produce the toroidal field in the order of 10* — 10°
G. This high toroidal field strength leads to the high
amplitudes of the acceleration bands. The strength of
toroidal field in order of hundred Gauss is sufficient to
reproduce the observed amplitude of torsional oscilla-
tions. The toroidal magnetic flux corresponding to the
toroidal field of this strength can be up to the order of
10?3 Mx in a hemisphere, which is in order of magni-
tude agreement with the constraint given by Cameron
& Schiissler (2015).

4.2. Understanding of the Main Results of Torsional
Oscillations from the Three Models

In the last subsection, we have presented that the tor-
sional oscillations from the three dynamo models and
compared them with the three observed properties of
torsional Oscillations, namely, equatorward and pole-
ward migrating branches including the propagation time
period, alternating acceleration and deceleration bands
in time, and amplitude. In this subsection we will an-
alyze how the first two properties are formed and will
further provide constraints on the solar interior mag-
netic field based on the comparisons.

4.2.1. Alternating Acceleration and Deceleration Bands in
Time

Alternating acceleration and deceleration bands in
time is one of the prominent properties of the torsional
oscillations occurring throughout the convection zone.
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Figure 1. Time-latitude diagrams of the zonal acceleration, 9V/dt, driven by the Lorenz force for ZJ22 (left column), CNC04
(middle column), and DC99 (right column) at four different depths. Four rows from top to bottom correspond to the results in

depth of 0.98Rw, 0.9Rw, 0.8Re, and 0.72R, respectively.

Here we put emphasis on understanding the property
near surface.

According to Equation (8), the last three terms of the
zonal Lorentz force Fyy vanish at the solar surface since
By is zero determined by the outer boundary conditions
of dynamo models. Therefore, we have

1
~4r

0B,

9By 1 BiBy
“or

F .
¢ AT Ry — 7

T—>R®

(10)

Here r is chosen to be near the solar surface R in order
to ensure the validity of the simplification. The zonal
Lorentz force Fy exhibits an opposite sign compared to
the product of B, and By. When BBy > 0, Fj is
in the opposite direction of the differential rotation, re-
sulting in a deceleration band for the torsional oscilla-
tions. Conversely, when B, B, < 0, the effect is reversed.
Thus, the torsional oscillations provide a constraint on
the phase relationship between the two components of
the magnetic field from dynamo models.

To understand the alternating acceleration and decel-
eration bands near the surface, we give the time-latitude

diagram of the toroidal field By superposed by the con-
tour of radial field B, at 0.98R in Figure 2. Thus, the
phase relation between B, and By can be illustrated.
Figure 2(a) corresponds to the result of the ZJ22 model.
The phase difference between B, and By is about .
This results in B,Bg < 0 and Fy in the direction of the
rotation persistently. This explains the absence of the
deceleration band of the near-surface torsional oscilla-
tions from the ZJ22 model. The phase difference be-
tween B, and B, in the CNC04 model (middle panel)
is about m at low latitudes, while it is less than 7/2
and lager than 0 at high latitudes. This leads to the
absence of deceleration zone of equatorward branches
and the narrow acceleration of poleward branches. In
the DC99 model (right panel), the phase difference of
approximately 7/2 exists between B, and By. This in-
dicates that the sign of B,By alternates between pos-
itive and negative values, consequently leading to the
alternating positive and negative zonal Lorentz force.
In summary, to achieve torsional oscillations char-
acterized by alternating acceleration and deceleration



DISCRIMINATING BABCOCK-LEIGHTON-TYPE SOLAR DYNAMO MODELS BY THE TORSIONAL OSCILLATIONS 7

1e0

Latitude

Latitude
o

Latitude

Time (year)

Figure 2. Time-latitude diagrams of the surface toroidal
field (color shades) and radial field (contours) for ZJ22 (top
panel), CNC04 (middle panel), and DC99 (bottom panel).
The solid and dashed lines of the contours denote positive
and negative values.

bands near the solar surface, the phase difference be-
tween B, and B, should be approximately m/2. This
also corresponds to that BBy changes its sign periodi-
cally near the surface. Note that Stix (1976) once sug-
gested the relation B,Bg < 0 holds at the activity belt
near the surface based on the observed magnetic but-
terfly diagrams. However, as pointed out by Schiissler
(2005), the phase relation given by Stix (1976) cannot
be taken as a constraint for solar dynamo models. The
emergence of tilted active regions and flux transport
through surface flows (Jiang et al. 2014; Yeates et al.
2023) naturally and inevitably leads to the phase rela-
tion. Our constraint on the phase relation between the
poloidal and the toroidal magnetic field components has
totally different origins from that given by Stix (1976).

B,(G)

B,(G)

In the deep convection zone, other terms of Equation
(8) could play a dominant role in determining Fy, which
will be presented in the next subsection. It is inappro-
priate to adopt the simplified form presented in Equa-
tion (10) anymore. Note that Chakraborty et al. (2009)
only considered the first term of Equation (8) to calcu-
late and analyze Fy in the convection zone based on the
CNC04 model.

4.2.2. Poleward and Equatorward Branches Originating
from about +55° Latitudes

The other prominent property of the torsional os-
cillations is that they have poleward and equatorward
branches originating from about +55° latitudes with dif-
ferent migration time periods. Only results from the
7J22 model are consistent with the property overall.
Here we take the depth of 0.8 R as an example to ana-
lyze the reasons.

Figure 3(a) shows the time-latitude diagram of the
torsional oscillations at 0.8R and the corresponding
toroidal field from the ZJ22 model. The 55° latitude
and the periodic migration pattern in two directions di-
vide the diagram into four bands as presented by Figure
6(d) of McIntosh et al. (2014) about the SOHO/MDI
differential rotation residual. Note that the parameters
are either symmetric or anti-symmetric about the equa-
tor. To avoid overcrowding, we mark the four bands
separately in two hemispheres.

Band (I) corresponds to the equatorward deceleration
band of the torsional oscillations with the cycle period
of about 16 years. It exactly follows the equatorward
migration of the toroidal field from about the 55° lati-
tude to the equator. The band is distributed along the
boundary of each two consecutive cycles. And the equa-
torward deceleration occurs when and where 0By/00
is large and By is small. Moreover, the ZJ22 model’s
poloidal field is dominated by the latitudinal compo-
nent By, and B, is nearly zero in the non-polar regions
(Jiang et al. 2013). Hence the second term of Equation
(8) dominates Fy, which is

1 By 0By
I 00
and is opposite to the rotation direction. Figures 3(b)
and (c) are the time-latitude diagrams of By overlapped
with the contours of 9B4/00 and B, at 0.8Rg, respec-
tively. Figure 3(b) shows that when By changes its sign
about every 11 years, 0By/00 changes sign simultane-
ously. Hence the equatorward deceleration band occurs
during each transition of two consecutive cycles. In the
7J22 model, the latitudinal differential rotation deter-
mines the toroidal field generation, which has the high-
est dynamo efficiency around 4+55° latitudes. The lower

4 r



8

1e-7

6
4 _
§
% "]
E 2§
“-‘: -
- 8
0 2

-2

Latitude

Latitude

Time (year)

Figure 3. Time-latitude diagrams of the torsional oscil-
lation and magnetic field information for the ZJ22 model at
0.8Rn. (a) The torsional oscillation (color shades) and By
(contours). The green circles correspond to the periodic mi-
gration bands. (b) By (color shades) and 9By /06 (contours).
(c) By (color shades) and By (contours). The green polyline,
referred to as the ‘<’ type in the main text, corresponds to
the propagating branches of B,. The yellow dotted lines cor-
respond to the 55° latitude. The solid and dashed lines of
the contours denote positive and negative values.

and higher latitudes have weaker latitudinal differential
rotation, and hence a weaker dynamo efficiency. The
latitudinal rotational shear and equatorward meridional
flow contribute to the extended solar cycle from approx-
imately £+55° latitudes to the equator, which lasts for
about 18 years. The consecutive cycles persist for ap-
proximately 16 years, resulting in a 16-year period of
the equatorward deceleration band of the torsional os-
cillations.

B, (G)
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Band (II) corresponds to the equatorward accelera-
tion band with the migration time period of about 16
years. It has two sub-bands. Band (IIa) follows the
time-latitude evolution of the strong toroidal field, when
and where By is large and 0B,/06 is small. Hence the
fourth term of Equation (8) dominates F, which satis-
fies

1 cot§ByBy
o

As can be seen in Figure 3(b), in this region By has an
opposite sign to 0By/00, and By has the same sign as
that in Band (I). Hence Fy is in the rotation direction
and leads to the acceleration band. Band (IIb) is near
the equator and again has the large dB,/06 and small
By so that Equation (11) is satisfied. But By has an op-
posite sign to that in Band (I). Hence Fj, in Band (IIb)
is also in the rotation direction and leads to the accel-
eration band. Bands (ITa) and (IIb) cover the latitudes
from about +55° latitude to the equator for about 16
years.

The ZJ22 dynamo model reproduces the two poleward
branches originating from the £55° latitudes, which is
the most distinguishing feature from the other two mod-
els. The two branches have the cycle period of about 8
years. Band (IIT) marked on Figure 3(a) corresponds to
the strong poleward acceleration of the torsional oscilla-
tions, and Band (IV) is the weak poleward deceleration
band. At high-latitudes, the toroidal field is small and
its derivative is large, so terms with 0Bg/00 and 0By /0r
are larger than terms with B,. Meanwhile, the coeffi-
cient of the fourth term, cot 6, is large at high latitudes.
In such case, three terms of Equation (8) dominate F,

(12)

which satisfies

1 0By
— |B, 222
47 or T

@ 8B¢, cot 939 B¢
09 r

As shown in Figure 3(b), for the second term, most
poleward By and 0B,/060 have the same sign and they
change sign every 11 years, which corresponds to the ac-
celeration band. Part poleward 0Bgy/00 overlaps with
opposite By, which reproduces the deceleration band.
Figure 3(c) shows that the phase relationship between
By and By is similar to that between By and 0B, /00.
Therefore, the deceleration band is narrower and weaker
than the acceleration band in the polar regions.

The poleward migration of By results from the lati-
tude dependence of the latitudinal rotational shear for
the By generation (Cameron & Schiissler 2023; Zhang
et al. 2024). The poloidal magnetic field is wound up
and amplified by the latitudinal rotational shear to gen-
erate By. The shear peaks at about +55° latitudes,
where the strong By first appears. At higher latitudes,
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Figure 4. Time-latitude diagrams of the torsional oscillation (color shades) and the toroidal field (contours) at 0.8Rq for
CNCO04 (left panel) and DC99 (right panel). The solid and dashed lines of the contours denote positive and negative values.

the generation of B, takes longer time. The time lag
in the generation of By forms the poleward migration
of By as presented by Figure 4(a) of JZ22. The mech-
anism, which was initially proposed by Babcock (1961)
but ignored by the community, also has contributions to
the equatorward migration. Conversely, the poleward
branch of the torsional oscillations originating from the
+55° latitudes provides an evidence that the toroidal
field is generated in the bulk of the convection zone by
the latitudinal rotational shear. The toroidal field is
expected to present the ‘<’ type on the time-latitude
diagram with the turn-point at the +55° latitudes, as
shown on Figure 3(c).

Figure 4 shows the time-latitude diagram of the
torsional oscillations at 0.8Rg and the corresponding
toroidal field from the CNC04 model (left panel) and
the DC99 model (right panel). In the CNC04 model, the
deep penetration of the meridional flow (0.61R)) causes
the equatorward toroidal field, generated mainly by the
radial shear in the tachocline, from the polar regions to
the equator (Nandy & Choudhuri 2002). Thus, there are
only the equatorward branches of the torsional oscilla-
tions. The equatorward deceleration band occurs along
the boundaries of two consecutive cycles based on Equa-
tion (11). In the left panel of Figure 4, there are also two
equatorward acceleration bands at low latitudes. Their
generation is similar to Band (II) of the ZJ22 model. At
high latitudes, although there is a strong poleward B,
the absence of the poleward By above the £55° latitudes
still cannot generate the poleward band. The correlated
poleward B, and equatorward B, generate the roughly
stationary acceleration band at the poles.

The right panel of Figure 4 shows the toroidal field
of the DC99 model at a depth of 0.8 Rs. The toroidal
field concentrates in two regions. One is around the po-
lar regions with a center at about +70° latitudes due
to the strong radial shear of the tachocline at the polar

regions. The other is between the +20° latitudes due to
the flux transport by the meridional flow. Being differ-
ent from the simple poloidal field configuration given by
the ZJ22 and CNCO04 models, the poloidal field of the
DC99 model has a complex configuration throughout all
latitudes. The distribution of the poloidal and toroidal
field results in the two branches of the torsional oscilla-
tions: a poleward acceleration band originating at about
+70° latitudes and an equatorward deceleration band
slightly below it. The acceleration poleward bands are
generated by the strong poleward branch of the poloidal
and toroidal field originating from about £70° latitudes.
The toroidal field propagates towards equator, leading
to the deceleration equatorward branch at high lati-
tudes. At lower latitudes, the poloidal field is much
weaker. The toroidal field and its derivative is small
at mid-latitudes but large below +20° latitudes, corre-
sponding to the equatorward branch originating from
+20° latitudes.

5. CONCLUSIONS

In the paper, we have assumed that the Sun’s tor-
sional oscillation is driven by the Lorentz force of the
Sun’s cyclically varying magnetic field generated by the
large-scale dynamo process. The torsional oscillation,
specifically the zonal acceleration, has been used to dis-
criminate between the three BL-type dynamo models,
7J22, CNC04, and DC99. A comparison of the tor-
sional oscillations from the three models presents signif-
icant difference in generating the observed properties of
torsional oscillations. A subsequent analysis of the re-
sults provides insight into the configuration and relation
between the poloidal and toroidal magnetic fields, and
further into the solar dynamo process.

The first property of the torsional oscillations we used
to discriminate between the three models is the poleward
and equatorward branches originating from about +55°
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latitudes. The two propagating branches of the observed
torsional oscillations have regular migration time peri-
ods, which is related to the extended solar cycle (McIn-
tosh et al. 2014). The ZJ22 model, in which the toroidal
field is mainly generated in the bulk of the convection
zone and the poloidal field has a global dipolar struc-
ture during cycle minimum, reproduces the poleward
and equatorward branches of the torsional oscillations
from about +55° with the migration time periods con-
sistent with the observed one. That is, the equatorward
and poleward branches have migration time periods of
18 yr and 9 yr, respectively. The CNC04 model, in
which the toroidal field lacks the poleward branch in the
bulk of the convection, fails to reproduce the poleward
branch of torsional oscillations. In the DC99 model,
the poleward branch of torsional oscillations originates
from +70° latitudes due to the poloidal and toroidal
field moving from there to the poles. Both CNC04 and
DC99 models fail to reproduce migration time periods
of the torsional oscillations.

The configuration of magnetic field in the convection
zone is suggested to be the reason for the poleward and
equatorward branches of torsional oscillations. Covas
et al. (2000) also reproduced the poleward and equator-
ward branches in their model, where the toroidal field
had the similar ‘<’ type as referred in Section 4.2.2.
Thus two branches of the torsional oscillations might
provide a constraint on the magnetic field, especially on
the toroidal field in the convection zone. This constraint
on toroidal field further might imply that the primary
seat of the solar dynamo could be located in the bulk
of the convection zone. This is consistent with the in-
ference given by Mahajan (2019). Durney (2000) also
concluded that the contribution of generating toroidal
field in the bulk of the convection zone is significant in
reproducing the torsional oscillation. However, it con-
tradicts the one given by Kosovichev & Pipin (2019),
who infer that the primary seat of the solar dynamo is
located in a high-latitude zone of the tachocline based
on their helioseismic analysis of torsional oscillations.

The alternating acceleration and deceleration bands is
the second property of the torsional oscillations we used

to discriminate between the three models. The DC99
dynamo model is capable of reproducing the property
of alternating acceleration and deceleration bands near
the surface. The CNC model is also able to produce
this property to a certain extent. This is because of the
phase relationship between the surface B, and Bg. The
phase difference is about 7/2 in the DC99 model, and
it is between 0 and 7/2 at high latitudes in the CNC04
model. The ZJ22 model fails to reproduce the alternat-
ing acceleration zone due to the phase difference about
m. Combined with the boundary condition, we suggest
that the torsional oscillation could provide a constraint
on the phase relationship about 7/2 between the near
surface B, and By.

The amplitudes of the torsional oscillations in the con-
vection zone represent the third property of the torsional
oscillations that have been used to discriminate between
the three models. Observations indicate that the ampli-
tude of the zonal acceleration is of the order of 108
m s~2 (Kosovichev & Pipin 2019). The ZJ22 dynamo
model produces the torsional oscillations at a compara-
ble level. The CNC04 and DC99 models produce the
torsional oscillations by 3 and 6 orders of magnitude
larger than the observed amplitude, respectively. This
could lead to the third constraint on the magnetic field in
the convection zone, namely that a toroidal component
of several hundred Gauss may be sufficient to produce
the observed torsional oscillations.

In conclusion, our study indicates that the orig-
inal idea proposed by Durney (2000) is an effec-
tive approach to discriminate between dynamo mod-
els. The model discrimination process also provides
insight into the magnetic field in the convection
zone, which is currently lacking observational con-
straints. Therefore, we propose that the approach
be applied when a new dynamo model is developed.

We acknowledge financial support from the National
Natural Science Foundation of China (Nos. 12173005
and 1235000016) and the National Key R&D Program
of China No. 2022YFF0503800.
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