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Abstract

The helioseismically observed solar tachocline is a thin internal boundary layer of shear that separates the rigidly
rotating solar radiative zone from the differentially rotating convective zone and is believed to play a central role
in the 22-yr solar dynamo cycle. The observed thinness of the tachocline has long been a mystery, given the
expected tendency of such shear to undergo radiative spreading. Radiative spreading is the process by which the
meridional circulation and angular velocity burrow into a stably stratified fluid owing to the mitigating effect of
radiative thermal diffusion. A confinement mechanism is thus required to keep the tachocline so thin. In previous
work using global dynamo simulations, we achieved a statistically stationary confined tachocline for which the
confinement mechanism was derived from the Maxwell stresses arising from a dynamo-generated
nonaxisymmetric poloidal magnetic field. However, the parameters chosen meant that the tachocline was
confined against viscous spreading instead of radiative spreading. Here, we show that this previously identified
dynamo confinement scenario still succeeds in a simulation that lies in the more solar-like radiative spreading
regime. In particular, a nonaxisymmetric, quasi-cyclic dynamo develops in the convective zone and overshoot
layer, penetrates into the radiative zone via a novel type of skin effect, and creates Maxwell stresses that confine
the tachocline over many magnetic cycles. To the best of our knowledge, this is the first fully self-consistent
rendering of a confined tachocline in a global numerical simulation in the parameter regime appropriate to
the Sun.

Unified Astronomy Thesaurus concepts: Solar interior (1500); Solar differential rotation (1996); Solar convective
zone (1998); Solar radiative zone (1999); Solar dynamo (2001)

1. The Solar Dynamo and Tachocline

Two primary observations of the Sun indicate large-scale
order within the solar interior. The first is the 22-yr dynamo
cycle associated with emerging sunspots (e.g., D. H. Hatha-
way 2015). The second is the helioseismically inferred internal
rotation profile (e.g., R. Howe 2009; S. Basu 2016), whose
large-scale shear is thought to be a key driver of the dynamo.
The region of strongest shear is the solar tachocline at the base
of the convective zone (CZ), where the strong latitudinal
differential rotation of the CZ rapidly transitions to the rigid
rotation of the radiative zone (RZ) beneath. Understanding this
large-scale structure in the magnetic field and rotation profile
is one of the primary goals of solar physics.

The dynamics of the tachocline are particularly important, as it
has long been invoked as the “seat” of the solar dynamo, i.e., the
primary location where large-scale poloidal magnetic field is
sheared into toroidal field. Production of the toroidal field
constitutes one half of the dynamo loop, and the tachocline is thus
thought to be a possible deep source for sunspots and related
magnetic activity (e.g., E. N. Parker 1993; P. Charbonneau &
K. B. MacGregor 1997). The tachocline’s existence as a thin,
stationary layer is, however, particularly puzzling. E. A. Spiegel
& J.-P. Zahn (1992; hereafter SZ92) elucidated a process called
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“radiative spreading,” in which the baroclinicity associated with
the CZ’s thermal wind balance (e.g., L. I. Matilsky 2023) spreads
inward. In radiative spreading, the thermal diffusion acts to
mitigate the very strong stable stratification of the RZ, which
would otherwise keep the shear from burrowing beyond a very
narrow rotational shear layer (e.g., J. R. Holton 1965). On
evolutionary timescales, the baroclinicity, induced meridional
circulation, and ultimately the differential rotation, are all
expected to burrow very deeply into the RZ (see also
A. Clark 1973; P. H. Haynes et al. 1991). An originally thin
solar tachocline should have thickened considerably, spreading
inward to a radius of about 0.3R, by the current age of the Sun
(see also J. R. Elliott 1997). Since a deep tachocline is not what
we observe, there must be a torque in the RZ that opposes the
radiative spreading and confines the tachocline to a thin layer.
This torque has been hypothesized to arise from hydrodynamic
(HD) shear instabilities (SZ92) or from a primordial magnetic
field (D. O. Gough & M. E. McIntyre 1998), but its precise
origins are still not well understood.

E. Forgics-Dajka & K. Petrovay (2001; hereafter FDPO1)
proposed that the cycling solar dynamo could also produce
such a confining torque. In an idealized two-dimensional
model excluding convection and dynamo action, they showed
that an axisymmetric poloidal magnetic field undergoing
regular polarity reversals could penetrate by at least a skin
depth into the RZ. For turbulently enhanced values of the
magnetic diffusivity, this skin depth could be sufficiently large
that a magnetic confinement mechanism would be able to
reproduce the observed thickness of the solar tachocline.

L. I. Matilsky et al. (2022; hereafter M22) generalized FDPO1’s
idealized model significantly using global simulations. M22
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demonstrated what we now call a “dynamo confinement scenario,”
i.e., a situation in which the magnetic torque from a self-excited
dynamo confines a tachocline. Using three-dimensional, fully
nonlinear simulations of convection and dynamo action, M22
showed that a convectively driven dynamo, whose poloidal field
was primarily nonaxisymmetric and reversed polarity quasi-
regularly, penetrated into the top of the RZ and produced Maxwell
stresses that self-consistently confined a tachocline. However, the
parameters of these simulations were such that the shear spread
into the RZ viscously instead of radiatively. The central goal of
this Letter is to report on new simulations in which dynamo
confinement works against radiative spreading.

Despite being in the incorrect parameter regime for the Sun,
the mechanism found in M22 is a far more flexible incarnation of
the skin-depth idea of FDPO1. A subsequent paper (L. I. Matilsky
et al. 2024; hereafter M24) showed that because the polarity
reversals were only quasi-regular and hence occurred with a wide
range of frequencies, the depth to which the dynamo field could
penetrate was determined by a correspondingly wide range of
skin depths. Furthermore, because of the nonaxisymmetry, the
frequencies determining the skin depths were Doppler-shifted by
the rigid rotation rate of the RZ. Therefore, any nonaxisymmetric
field almost corotating with the RZ could conceivably penetrate
to considerable depth.

Here in this Letter, we show that the dynamo confinement
scenario identified in M22 and M24 operates successfully in
the more solar-appropriate radiative spreading regime. Note
that here, we present simply an example of our findings
demonstrating the major result, while leaving a detailed
description of our full simulation suite (which includes a
broader survey of the parameter space and a more detailed
description of the dynamics) to an upcoming longer article.

2. A Statistically Steady Tachocline Confined against
Radiative Spreading

We use the Rayleigh code (N. A. Featherstone &
B. W. Hindman 2016; H. Matsui et al. 2016) to evolve the
anelastic equations of resistive magnetohydrodynamics (MHD;
e.g., T. Clune et al. 1999; A. S. Brun et al. 2004) in a spherical-
shell CZ-RZ system, rotating with background angular velocity
Qy about the z-axis (z = r cos 8, where r is the radial coordinate
and 60 is the colatitude). The shell extends from the inner
boundary r; = 0.491R., to the outer boundary r, = 0.947R
(where Ry, is the solar radius), thus capturing the lowermost ~3
density scale heights of the solar CZ and the uppermost ~2 scale
heights of the RZ according to the standard solar structure Model
S (. Christensen-Dalsgaard et al. 1996). The internal CZ-RZ
boundary, across which overshoot occurs, is located at the shell’s
midpoint radius 7. = 0.720R.

The new simulations described here are designed to assess the
robustness of the dynamo confinement scenario of M22 and M24
under the original conditions for radiative spreading described
by SZ92. In SZ92, the tachocline was infinitely thin initially. The
RZ rotated rigidly and was assumed to be completely decoupled
from the CZ, save for a latitudinal differential rotation imposed as
an upper boundary condition. SZ92 analytically solved for the
evolution of the tachocline and showed that radiative spreading
would occur on the Eddington—Sweet timescale 7., := Bu rC2 / K
(A. S. Eddington 1925; P. A. Sweet 1950). Here, x is the
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radiative thermal diffusivity and the buoyancy number

2
Bu := N

e W

(where N is the buoyancy frequency and 2 is the rotation rate)
measures the resistance of the RZ to the rotationally induced
meridional circulation (e.g., J. R. Holton 1965; V. Barcilon &
J. Pedlosky 1967). Viscous spreading, on the other hand,
occurs on the viscous diffusion timescale ¢, := rC2 /v, where v
is the kinematic viscosity. The Prandtl number

Pri= 2, )
K

which relates the radiative and viscous timescales, thus plays a
role in addition to Bu. Ultimately, whether the tachocline
spreads viscously or radiatively is determined by a dimension-
less quantity (e.g., A. Clark 1973) now called the o parameter
(e.g., L. A. Acevedo-Arreguin et al. 2013), which characterizes
the ratio of the two relevant timescales:

g [T _ iF — JBuPr. (3)
t, 20V k

In general, if o > o, where o, is an order-unity critical value,
viscous spreading dominates, whereas if o < o, radiative
spreading dominates. The value of o. depends on various
geometric properties of the system and here seems to be
around 5-10, although we leave the slightly involved details of
this estimate to our follow-up work.

Using the solar tachocline values from D. O. Gough (2007)
for the dimensional quantities in Equations (1)-(3) yields
Bu~2 x 104, Pr~2 x 1076, and thus o ~ 0.2. The solar RZ
is therefore firmly in the radiative spreading regime, despite
being very stably stratified (high Bu), by virtue of having
extremely low Pr. Simulations would, of course, ideally be
performed in a similar parameter regime, but the extreme
turbulence at low Pr makes the required computational
resolution too expensive. Most prior work in global CZ-RZ
spherical-shell simulations has been focused on strong
stratification (Bu > 1), Pr = O(1), and thus o > o, leading
to negligible radiative spreading. The exception is L. Korre &
N. A. Featherstone (2024), who achieved radiative spreading
in weakly stratified simulations with Pr = 1, Bu < 1, and thus
o < 1. Here, we take advantage of the fact that . ~ 5-10 for
our chosen parameter space to perform more solar-like
simulations with Bu > 1, Pr < 1, and 1 < 0 < o.. We verify
that radiative spreading indeed dominates in these simulations
after the fact.

To capture the essence of a solar radiative spreading process,
we begin by running our new cases with identical parameters to
the dynamo simulation “Case 4.00” from M24, which had
o =764, Pr = 1.00, and was thus firmly in the viscous spreading
regime. A very well-confined statistically steady tachocline then
develops via the dynamo confinement scenario already described.
We then restart the simulation from the established confined-
tachocline state and change the parameters to ¢ = 2.88 and
Pr = 0.250 (keeping all other aspects of the simulation the same),
which allows radiative spreading to become significant. We
consider both an MHD case, in which the dynamo from Case
4.00 keeps running, and an HD case, in which the magnetism is
turned off. To allow each system to achieve a new thermally



THE ASTROPHYSICAL JOURNAL LETTERS, 991:L1 (5pp), 2025 September 20

MHD case: w}, (r>r¢) and Bg (r<re)

Figure 1. Three-dimensional spherical cutout showing a snapshot of the
simulated flows (wé for r > r.) and fields (By for r < r.) in the MHD case. The
spherical surfaces are close to the boundaries and the meridional surfaces are
located 90° apart. Each radial level is normalized separately by the rms of the
appropriate quantity at that level.

equilibrated, statistically steady state, the new HD case is run for
46.6 thermal diffusion times and the new MHD case is run for
3.11 magnetic diffusion times (corresponding to approximately
eight dynamo cycles, thereby allowing the skin effect to operate).
In each case, we use impenetrable, stress-free, potential-field, and
fixed-entropy-gradient boundary conditions at both boundaries.
The computational grid has the following resolution, where we
denote the number of radial, colatitudinal, and longitudinal points
by N,, Ny, and Ny, respectively. For the viscously spreading
MHD  case (which sets the initial condition),
(N, Ny, Ny) = (192, 384, 768); for the radiatively spreading
HD case, (N,, Ny, N) = (192, 768, 1536); and for the radiatively
spreading MHD case, (N,, Ny, Ny) = (192, 512, 1024). For more
numerical details, see M24.

Figure 1 shows typical elements of the flow velocity u (via
the vorticity w =V X u) and magnetic field B in these CZ-RZ
dynamo systems. In the CZ, the axial “convective” vorticity
(i.e., w! = w, — (w,), where (---) denotes an azimuthal average
at a particular instant) traces the helical columnar convective
rolls known as Busse columns (e.g., F. H. Busse 2002). These
columns drive large-scale shear (e.g., P. A. Gilman 1972;
L. I. Matilsky et al. 2019), ensure thermal-wind balance
(L. I. Matilsky et al. 2020), and produce large-scale poloidal
magnetic field via dynamo action (e.g., K. C. Augustson et al.
2013; L. I. Matilsky & J. Toomre 2020). The figure also shows
the nonaxisymmetric poloidal magnetic field component By in
the RZ, which is a result of the penetration of the dynamo’s
magnetic field due to the skin effect, and whose associated
Maxwell stresses ultimately confine the tachocline.

We define the local rotation rate €2 via

O, 0, 1) = O + 2L @
rsinf
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(a) (Q)¢/Qo — 1 (HD case) (b) (Q)¢/Qo — 1 (MHD case)
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Figure 2. Simulated equatorially symmetric component of the differential
rotation (), /o — 1, in (a) the HD case and (b) the MHD case. The color
bars are normalized separately for positive and negative values and the contour
(), = Qo is dashed.

where ¢ is the azimuthal coordinate and ¢ is the time. Figure 2
shows the normalized differential rotation (Q2), /Qo — 1 in both
the HD and MHD cases, where (---), denotes a temporal
average over the statistically stationary and thermally
equilibrated state. The results are reminiscent of those
of M22. In the MHD case, there is a confined tachocline,
whereas in the HD case, the shear has spread throughout the
whole RZ. Crucially, however, the spread of shear in the
current simulations is radiative, as we now verify.

True radiative spreading consists of a specific set of terms
being dominant in the five HD fluid equations as the shear
burrows inward (see A. Clark 1973 or SZ92). This full balance
largely appears to hold in our simulations, although we again
must reserve a detailed exposition of this for our follow-up
work. In this Letter, we instead follow the approach of
L. Korre & N. A. Featherstone (2024) and examine the steady-
state torque balance. If the torque due to the burrowing
meridional circulation (7,.) is strong enough and is also
attempting to imprint the CZ’s differential rotation onto the
RZ, then this indicates that radiative spreading is the primary
process spreading shear into the RZ. Furthermore, radiative
spreading tends to spread the shear along cylinders in order to
enforce the Taylor-Proudman constraint in the differential
rotation, i.e., 9€2/0z = 0. Radiative spreading of the tachocline
is thus expected to be most powerful in the slowly rotating
high-latitude regions, where the tachocline’s isorotation
contours are nearly orthogonal to the rotation axis.

Figure 3 shows the equatorially symmetric components of
the steady-state torque balance as functions of latitude in the
RZ for each case, after temporal, azimuthal, and radial
averaging. Since the torques are balanced, 7., is the same
magnitude as the viscous torque 7,. However, we note the key
result that the torque due to the meridional circulation is
negative (7, < 0) at most latitudes in both cases. This
suggests that radiative spreading is behaving exactly as
expected, i.e., it is working to slow down the whole RZ in
order to bring it into corotation (along cylinders) with the CZ
above it. Crucially, as demonstrated by Figure 2, the radiative
spreading has succeeded in slowing down the RZ at most
latitudes in each case, with the net result that the whole RZ
rotates significantly more slowly than its initial rotation rate
inherited from M24’s Case 4.00. The only exception appears
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Figure 3. Nondimensional azimuthally and temporally averaged equatorially
symmetric components of the torque densities, radially averaged for r/R., < 0.696
(i.e., below the approximate base of the overshoot layer), shown for (a) the HD
case and (b) the MHD case. See M24’s Equation (17) for the full definitions of the
torque densities marked in the legend.

to be the very low latitude regions of the HD case, in which the
positive viscous torque (7, > 0) appears to have spread the fast
equator radially inward.

Our overall interpretation of Figure 3 is that, in the HD case,
the radiative spreading is largely unopposed and has imprinted
the shear all throughout the RZ until finally being stopped by
the viscosity. In the MHD case, by contrast, the Maxwell-
stress torque T, associated with the nonaxisymmetric poloidal
magnetic field (see Figure 1) quickly stops the radiative
spreading and confines a tachocline.

It remains to confirm that the Maxwell stresses that produce
the confining torque are a consequence of the same type of
skin effect identified by M24. We demonstrate this by
comparing the amplitude of the poloidal magnetic field
B, = B.é, + Byéy (where é denotes a unit vector) that is
actually achieved in the RZ of the MHD case to the profile that
the nonaxisymmetric skin effect predicts. The novel finding
of M24 was that for a nonaxisymmetric, quasi-cyclic By,
each component Byj at a given angular frequency w and
azimuthal wavenumber m was exponentially damped in the RZ
over its own characteristic skin depth §™“. Because of the
nonaxisymmetry, the frequency determining the skin depth
was Doppler-shifted by the the rigid rotation rate of the RZ:

) 2n
oMY~ /—, 5
w — mfly, ©)

where n is the background magnetic diffusivity in the
tachocline and €., is the volume-average of ) over the RZ.
Note that the details are slightly more complicated than this;
see M24’s Equations (21)—(23). By summing the damping
profiles over all frequencies, we can assess the agreement
between the realized |B,y|* and the skin-effect prediction.
Figure 4 shows this comparison for the large-scale, mostly
nonaxisymmetric By,,. The agreement is exceedingly good for
the large-scale field, which is strong evidence that the skin
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RZ magnetic field amplitudes
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Figure 4. Dots: realized amplitude of |B,y|* in the RZ summed over the
largest scales (m = 0, 1, 2), where m is the azimuthal wavenumber. Solid
curve: profile for |Bp01\2 predicted by the nonaxisymmetric, quasi-cyclic skin
effect. The skin-predicted amplitude comes from summing the exponential
damping profiles azexp(2(r.—r)/6™*) over all w and m = 0, 1, 2, weighted by

the value of IBL;’(’,L{I2 at the interface r = r... Both profiles are normalized to 1 at

r = r.. For full details, see M24’s Equations (21)—(23).

effect is responsible for the presence of the large-amplitude
B,, in the RZ and the associated confinement of the
tachocline.

3. Discussion

The dynamo confinement scenario that we have demon-
strated here, as with any theory, has its advantages and
disadvantages. The essence of this scenario was first
investigated by FDPO1 (followed by E. Forgics-Dajka &
K. Petrovay 2002; E. Forgidcs-Dajka 2004; R. Barnabé et al.
2017) in an idealized, two-dimensional, isolated RZ with
imposed flows and fields at the top boundary. M22 and M24
showed that the core ideas of FDPO1 were applicable in global
nonlinear dynamo simulations of fully coupled CZ-RZ
systems. Although the shear spread viscously instead of
radiatively, these simulations self-consistently established a
differentially rotating CZ and a rigidly rotating RZ separated
by a statistically stationary confined tachocline. Here, we have
extended these ideas to demonstrate fully self-consistent
dynamo confinement of a tachocline in the more solar-
appropriate radiative spreading regime. This is a major step
forward due to the complexities of accessing this regime.

Another major advantage of this new dynamo confinement
scenario is that the skin-effect principles at work here are far
more flexible than originally conceived by FDPO1. The
Doppler shifts caused by nonaxisymmetric dynamo modes
moving relative to the RZ produce a variety of oscillation
frequencies. The penetration of the associated confining
Maxwell stresses could thus vary from very shallow to very
deep. Indeed, for nonaxisymmetric fields almost corotating
with the RZ (i.e., w ~ mf},,), the penetration depth would be
exceedingly deep according to Equation (5). If this were to be
the case in the Sun, the dynamo would have the potential to not
only confine the tachocline but also provide a pathway for the
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rigidification (and possibly even the spin-down) of the deep
radiative interior.

There are of course also reasons to be concerned with this
dynamo confinement scenario. First, in all our simulations
(including M22 and M24), the latitudinal differential rotation
in the CZ is substantially suppressed by the dynamo and
therefore unrealistic in light of the strong differential rotation
observed throughout the solar CZ. Nevertheless, we estimated
in M24 that a nonaxisymmetric By, between a few gauss and a
few hundred gauss in the tachocline could yield Maxwell
stresses strong enough to prevent the radiative spreading but
weak enough to leave the differential rotation in the CZ
undisturbed. Whether such a field strength is realistic could be
assessed by future dynamo simulations at increasingly solar-
like parameters.

Second, it is somewhat troubling that the skin effect relies on
significant magnetic diffusivity. Using microscopic values of
71, M24 estimated that a skin depth larger than ~0.05R ., (required
for dynamo confinement) would require a Doppler-shifted cycle
period of about 1.4 Gyr, which is an evolutionary timescale.
Thus, for the skin effect to be significant, some sort of turbulent
diffusivity would need to be invoked, even in the more flexible
context of nonaxisymmetric, quasi-cyclic fields. Turbulent
enhancement of the viscous and thermal diffusivities in the
tachocline has long been assumed (e.g., J. P. Zahn 1992) and is
now fairly well investigated in studies of stratified turbulence
(e.g., L. Cope et al. 2020; G. P. Chini et al. 2022; K. Shah et al.
2024; P. Garaud et al. 2025). It therefore seems reasonable to
assume that the magnetic diffusivity might be similarly enhanced
(which, of course, was a central assumption in the original work
by FDPO1).

However, we must acknowledge that much is still unknown
regarding the turbulent enhancement of any of the relevant
diffusivities (viscous, thermal, or magnetic; for example, see
the work by K. Petrovay 2003; C.-G. Zhang et al. 2013;
A. C. S. Jgrgensen & A. Weiss 2018; P. Garaud et al. 2025).
Therefore, there is significant uncertainty in the understanding
of turbulent radiative spreading, turbulent magnetic skin
effects, and thus the nature of the true solar regime.
Nevertheless, we have now proven that the dynamo confine-
ment scenario presented in this line of work can succeed in
both of SZ92’s original (i.e., not turbulently enhanced) viscous
and radiative spreading regimes.

We therefore believe that, despite the stated concerns, the
dynamo confinement scenario deserves further consideration,
especially given the flexibility of the nonaxisymmetric skin effect.
To this end, we have already performed a series of HD/MHD
simulation pairs of CZ-RZ systems in the radiative spreading
regime. These pairs, of which the HD/MHD pair presented in this
Letter is one example, have various initial conditions, background
states, Pr, and o. Using the larger simulation suite, we are
investigating the dependence of the confinement mechanism and
skin effect as the more solar-like (low o, low Pr, and high Bu)
regime is approached. The results of this broader study will be
reported in a forthcoming, more comprehensive article.
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