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Synopsis

The operation of the solar dynamo, with all of its remarkable spatio-temporal ordering,
S NA S OBIHNOIOASASOBIEIE:. A nmber of mechanisms that
might plausibly contribute to its operation have been proposed, but the relative role played
by cach remains unclear. | S CEASTSOTICONARERSHOTSICONCENE
SRS OO G SeAEANCONNEEHERONS. oo flows are in-tumn thought to

sustain both the Sun’s turbulent EMF and the large-scale flows of differential rotation and
meridional circulation suspected of influencing the dynamo’s organization and timing.

Cleimntely. (b AT A G T e o TN OHoTe:
w e e e e T e I FBT
tion in its spatial structure, and the meridional flow is expected to assume a single-celled
profile within each hemisphere. Convection subject to strong Coriolis forces instead orga-

nizes into compact, spiraling columnar structures and sustains meridional flows that possess

multiple cells in latitude and radius. The [iplications for the dynamo in these two regiimies

lare substantial, impacting the flux-transport properties of any assumed meridional flow and

the convectively-driven EMF'.

Continued progress in this area is compli ioseismic

measurements of convective and meridional flow made with different techniques and instru-

ments. and (ii) a lack of high-latitude data for convection, differential rotation, and merid-
ional flow. o suggest that the path forward to resolving these difficulties is twofold [ First,

r convection zone. [SECONN

vations and to resolve

inconsistencies between existing measurements.
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1 Introduction

An outstanding gap persists in our understanding of the solar dynamo. Numerous and poten-
tially viable descriptions of this physical system now exist, but not one has been definitively
tied to the dynamics at work in the Sun, and for good reason. Convection, an indispens-
able component of the dynamo, occurs in the presence of rotation; yet, owing to persistent
questions surrounding the convective flow speed and structure at depth, the degree to which
rotation influences convection remains largely unquantified throughout the solar interior.

In a rotating, convecting system such as the Sun, it is the interplay between the Coriolis
force and buoyant driving that ultimately shapes the convective structure and amplitude,
and in turn, the nature of the resulting dynamo. The relative importance of these two effects
is typically quantified through a ratio known as the Rossby number (Ro),

rotation period
Ro = on Db . (1)
convective timescale

When the convective flow speed is high, and the resulting Ro is large, convective motions are
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Figure 1: Rotational influence on convective structure. (upper) Schematic convective flow structures
as realized in rotating convection, viewed in cutaway of northern hemisphere. (lower) 3-D rendering of
simulated solar-like convection realized under different Rossby numbers. Regions of upflow (downflow) are
rendered in red (blue). As rotational influence increases from left (high Ro) to right (low Ro), convective
patterns become increasingly more helical and columnar (Featherstone & Hindman, 2016).
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Figure 2: Potential solar-dynamo mechanisms. (a) An interface dynamo, sustained by turbulent pumping
of magnetic field into the tachocline. (b) Meridional flow profile employed in a flux-transport dynamo whose
cycle timing is tied to the circulatory timescale (black streamlines overlying colored streamfunction;
). (¢) Magnetic field lines in a “wreathy” dynamo, realized in low-Ro convection without a tachocline.
Red/blue coloring indicates opposite signs of toroidal-field polarity (Brown et al., [2011)).

largely unaffected by the Coriolis effect. In this limit, fluid motions span the convection zone
and exhibit little, if any apparent organization in their structure (e.g., Ahlers et al., 2009)).
When Ro is small, as happens when the convective turnover time exceeds a rotation period,
the Coriolis effect is strong enough to induce significant curvature in the fluid trajectories
2002). Convective flows ultimately organize into spiraling, columnar structures with
cross-sectional area proportional to Ro. This situation is illustrated schematically and via
simulation results in Fig.

The Sun’s location along the spectrum of behavior shown in Fig. 1 must profoundly
impact key components of the solar dynamo. Its differential rotation, meridional circulation,
and turbulent EMF ultimately derive from the morphology and speed of its convecting
plasma. The latter is apparent upon consideration of the MHD induction term, namely

0B
S = Vx@xB), 2)

where the amplitude of the velocity vector v directly determines the rate of change in the
magnetic field vector B. In turn, the structure of v, via the spatial variation of its correlations
with the magnetic field, is central to the inductive process.

1.1 The Multi-faceted Dynamo

Several potential dynamo mechanisms may be operating in the solar interior, whether in
isolation or in concert, and their relative importance hinges to a large degree on Ro. Per-
haps the most well-known of these is the interface dynamo mechanism (Parker] which
depends on the tachocline located at the base of the convection zone. The rotational shear
characteristic of that region may serve to stretch poloidal field, pumped there by convective
downdrafts, into organized toroidal field (Fig. ) As a result, the tachocline has been the
presumed seat of the solar dynamo for some time, figuring prominently in the flux-transport
class of dynamo models (e.g., Fig. [2p; Dikpati & Charbonneau, 1999} Rempel, [2006).

The Sun’s meridional circulation also plays a key role in flux-transport models, serving
to advect toroidal flux near the base of the convection zone and resulting in the equatorward
migration of active bands at the solar surface (e.g., (Charbonneaul, |2020). By regulating this
migration, the meridional flow also regulates the magnetic cycle period.




Flux-transport models of the dynamo face complications, however, in that the structure
and amplitude of deep meridional circulation remains a free parameter. In the absence of ob-
servational constraints, a single-celled circulation profile within each hemisphere, consistent
with near-surface observations of the meridional flow, has often been chosen (e.g., [Dikpati
& Charbonneaul, [1999). Whether or not this choice is reasonable depends on the Rossby
number characteristic of deep convection, which is still a matter of debate.

Computational studies of rotating convection have shown that the Rossby number is
important in determining meridional flow structure (Gastine et al. |2013; Guerrero et al.,
2013; |Gastine et al., [2014} [Featherstone & Miesch| 2015; |(Camisassa & Featherstone, [2022]).
Slow, low-Ro convection tends to generate a meridional circulation with multiple cells in
radius (Fig. ) At sufficiently low Ro, additional cells appear in latitude near the poles.
In the high-Ro regime, rapidly overturning convection generates a mono-cellular meridional
circulation within each hemisphere (Fig. [37).

An interesting alternative to the interface-dynamo paradigm has arisen in recent years
as fully nonlinear, 3-D dynamo models have begun to produce so-called “wreathy” magnetic
fields. These large-scale bands of toroidal magnetic field that encircle the convection zone
are particularly interesting because can be generated either in the presence or in the absence
of a tachocline (e.g., Fig. ; Brown et al., 2010)). Such dynamos can undergo cycles where
the toroidal belts modulate their amplitude, migrate in latitude, and change sign — all key,
observed characteristics of the solar dynamo (Ghizaru et al., 2010; [Brown et al., 2011; Racine
et al., 2011} |Augustson et al., 2015; [Matilsky & Toomre} 2020)).

Simulations resulting in wreathy behavior all have one property in common: the Rossby
number is small (typically between 0.01 and 0.03). If the Sun is operating in such a low-
Ro regime, the relative importance of the tachocline and meridional flow to the solar cycle
becomes less clear. Without strict observational bounds on the Sun’s Ro, we cannot
assess either the likelihood of a wreathy dynamo, the importance of deep flux
transport, or the role played by the tachocline. As a result, the predictive capability
of any dynamo model is severely diminished.

1.2 The Challenge

The fundamental challenge inhibiting progress on this problem is that current measurements
provide only limited insight into where the Sun lies on the spectrum of behavior illustrated in
Fig. [I] Solar convection-zone models that produce differential rotation resembling that of the
Sun tend to possess substantial convective power on spatial scales similar to the convection
zone depth, roughly consistent with the central images in Fig. This is not born out by
observations, however. Photospheric convective power instead peaks at the spatial scale of
supergranulation, which is one-tenth the expected scale (e.g., Hart, [1956; Leighton et al.,
1962; Rincon & Rieutord] 2018)). Larger-scale photospheric flows are much weaker and tend
to be dominated by inertial waves (Hathaway & Upton, 2021} Gizon et all 2021)).

Below the photosphere, local helioseismology provides the potential to gain additional
clues. Local helioseismic analysis becomes challenging beyond a depth of about 30 Mm,
however. Helioseismic attempts to measure convective flows below this region remain in-
conclusive; some indicate substantial large-scale convective power, and others a lack thereof
(Hanasoge et al., [2012; |Greer et al.| 2015; Proxauf, [2021)).
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Figure 3: Continuing questions regarding deep meridional flow. (a,b) Meridional flow as obtained from
GONG and HMI observations, showing the latitudinal component of the flow, averaged over time and
longitude; adapted from |Jackiewicz et al.| (2015)). (¢,d) Similar rendering of possible flow profiles as realized
in solar convection simulations run with different Rossby numbers (indicated; adapted from the survey of
[Hindman et al. (2020)). (e) Comparison between the travel times obtained from observations and from
two simulated meridional flow profiles (denoted by N3 and N5; |Stejko et al.| [2022). Discrepancies between
observations and the lack of polar flow data make it difficult to distinguish between possible flow regimes.
Models and observations are nevertheless now making meaningful contact, as illustrated in (e).

In principle, the Sun’s meridional circulation can provide important clues into the nature
of the underlying convection via the structural changes illustrated in Figs. [c,d. Unfor-
tunately, there is presently no observational consensus concerning the structure of deep
meridional circulation. Local helioseismic analyses based on HMI data seem to suggest that
the location of the circulation’s return flow is relatively shallow and hint at multiple cells in
radius (Schad et al., [2012; [Zhao et al., 2013; |(Chen & Zhao, [2017). However, measurements
deriving from ground-based GONG and space-based MDI data have failed to confirm this
multi-cellular structure (Figs. [Ba,b; Jackiewicz et al. 2015} (Gizon et al., [2020).

2 Looking Forward

Ultimately, it is novel helioseismic analysis, supported by a robust theoretical/modeling
framework that promises to bridge outstanding gaps in our understanding of solar convection
and the dynamo it sustains. The promise of such a combined approach is well-illustrated
by the recent meridional circulation study carried out in Stejko et al. (2022)). By modeling
the propagation of acoustic waves through simulated meridional flow profiles, those authors
were able to generate synthetic time-distance measurements and compare them against actual
measurements of the Sun. Such comparisons can in turn be used to discriminate between
potential models of interior convection, as illustrated in Fig. [3e.

The recent identification of inertial modes in the solar photosphere provides another
example. As these wave modes stem from the Coriolis force, their properties are sensitive
to the underlying convective flow. When combined with numerical simulations of deep
solar convection, this rapidly-developing branch of helioseismology promises to help further
discriminate between models (Gizon et al [2021; Bekki et al., 2022]).

With these recent advances in mind, we recommend substantial investment in the areas
of interior theory, modeling, and helioseismic analysis for the coming decade. We believe this
requires the investment both in broad projects that facilitate the union of the these thrusts,
as well as investment in smaller, focused projects that enhance capabilities within these vital
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Figure 4: Polar clues to interior convective structure as suggested by simulation (adapted from |[Hindman
et al., [2020)). (a) Meridional flow realized at Ro=0.05. At such low Ro, countercells develop in the polar
regions (b) Accompanying differential rotation. In the polar region, there is increased spin-down of near-
surface layers and spin-up of deep CZ. At larger values of Ro, prograde differential rotation can develop at
all depths in the polar region. (c¢) Polar flow structures for Ro=0.01 as viewed from the pole. Reference
circle indicates latitude 60°. Regions of downflow are indicated in red and upflow in blue. (d) Similar view
of polar convection, but for Ro=0.03. When viewed from the poles, both mean and convective flows can
provide insight into deep interior convection.

areas of research. To that end, we advocate for two broad priorities for the next decade:

1. Development of the capability to acquire Doppler measurements of the solar poles,
taken from a polar vantage point, and investment in new helioseismic and observational
techniques as needed to fully exploit that data.

2. Continued and expanded investment in the Theory/Modeling/Simulation program and
in NASA HEC resources.

2.1 The Promise of the Poles

We suggest that the most crucial set of observations used to advance understanding of the
dynamo in the next decade will be those taken from a polar vantage point. While the polar
regions are visible from the ecliptic when the B-angle is favorable, measurements of that
region nevertheless suffer from substantial foreshortening. This effect typically limits the
application of local helioseismic analysis to regions that are within 60° of disk center, far
from the poles. When flow measurements are attempted at such extreme latitudes, results
obtained using different techniques are in qualitative agreement at best, and only large-scale
flows (~ 100 Mm) are resolved (e.g., Bogart et al., 2015} [Hathaway & Upton, 2021). This
situation is extremely unfortunate because, in many respects, the high latitudes are key to
understanding the properties of deep convection. The reasons for this are fourfold:

1. Systems with low Ro tend to possess multiple countercells at high-latitudes (Fig. [4a),
whereas those with moderate values of Ro possess no such reversal. Consensus re-
garding the high-latitude meridional flow structure will thus provide important clues
concerning the nature of deep interior convection, while also placing further constraints
on flux-transport models of the dynamo.

2. The nature of high-latitude differential rotation is similarly sensitive to the amplitude
of its underlying convection. Systems that possess Ro of roughly unity tend to possess
polar regions that rotate in prograde fashion with respect to the mid latitudes. In
contrast, systems with low-Ro tend to possess increased spin-down at the poles (Fig.
). Identifying where the Sun lies on the spectrum between these two extremes will
place further constraints on Ro.



3. The vortical motions associated with rotating convection are expected to exhibit their
strongest helioseismic signal when viewed from the poles, where the motion is predom-
inantly horizontal at the solar surface. Measurement of the characteristic spatial size
of those structures would place firm constraints on the Rossby Number characteristic

of deep convection (e.g., Figs. [1} i, d).

4. Finally, convection subject to strong rotational influence tends to possess strong latitu-
dinal temperature gradients. As noted by |Matilsky et al. (2020)), the observed structure
of solar differential rotation suggests that an equator-to-pole variation of roughly 10
K is expected. Ecliptic-based measurements, however, indicate at most a weak, if any,
variation of 1-2 K (Kuhn et all [1998; [Rast et al., [2008). Emissivity measurements
from a direct polar vantage would provide valuable new insight into this puzzle and
the nature of deep interior convection.

2.1.1 Nature of Required Polar Observations: The observations required to address
points 1-4 are long-term Doppler and intensity measurements. In this context, “long-term”
does not imply observing throughout a substantial portion of the solar cycle. The reason
is that interior convection, the engine of the dynamo, is expected to operate in roughly
steady-state fashion throughout the solar cycle. In simulations reminiscent of the Sun,
convective amplitudes typically do not exhibit strong variation across a magnetic cycle. The
solar differential rotation itself provides a strong observational clue along the same lines; its
relative variation in amplitude across the solar cycle (the so-called torsional oscillations) is
on the order of 1% (e.g., Howe, [2009).

Instead, the need for long-term observations derives from the dominant source of noise
affecting both convective- and mean-flow measurements alike: photospheric supergranula-
tion. Supergranulation occurs on spatial scales of roughly 30 Mm and amplitudes of a few
hundred m s~!. With a lifetime of roughly 1-day, it acts as an intrinsic, stochastic source of
noise in any helioseismic velocity determination (regardless of technique or instrument). The
measurement of longer-lived, but much weaker flows requires substantial temporal averaging
as a result.

For the meridional circulation and differential rotation, the time-averaged near-surface
profile is required to help address points 1 and 2 above. For the convection, it is the velocity
power spectrum of the convective flows that is of interest, not direct imaging of the flows
themselves. Knowledge of where in wavelength space the convective power peaks is sufficient
to place strong bounds on Ro. Both of these features, the near-surface mean flows and
subsurface convective spectrum, can be mapped using data from multiple discrete orbital
passes. They do not require continuous observation of the Sun’s poles for years at a time.

Ultimately, observations taken across a period of 2 months are sufficient to resolve the
spatial spectrum of convective flows with an amplitude of 10 m s™! on spatial scales smaller
than supergranulation . The power spectrum of convective flows with amplitudes of 1 m
s~! would require roughly two years of observations. Similar requirements apply to the
meridional circulation and differential rotation (Loptien et al., [2015; Hassler et al., [2022]).



2.2 Investment in Theory and Modeling

A. Continued and adaptive investment in HPC resources for heliophysics: High-
performance supercomputing resources are vital to dynamo research, and the resources af-
forded through NASA’s HEC program stand out among peer-level research programs. It
is clear that Heliophysics strives to provide computing time based on project needs. Many
allocations are on-par with what can otherwise only be obtained through the highly compet-
itive and wide-ranging INCITE program run through the Department of Energy. We make
three recommendations regarding NASA Heliophysics HPC support:

e Heliophysics and NASA HEC should continue with the current model wherein only
a minimal computing time proposal is required for projects that have otherwise been
funded by NASA. This allows a research team to focus on research.

e Heliophysics should continue to invest aggressively in HPC infrastructure and resources
through NASA HEC and/or separate computing facilities. This investment should
continue to be revisited on an annual basis with input from the community.

e The ability to modify existing computing allocations throughout the span of their
supporting grants should be retained. Research plans and approaches are often fluid
throughout the span of a grant. Comparable fluidity in the available resources helps
ensure such changes do not impact closure on the proposed scientific goals.

B. Sustained and Expanded Investment in Theory & Modeling Projects:

We recommend that NASA Heliophysics increase its investment in solar interior projects that
primarily entail theory and/or simulation. This applies to theory and simulation targeted
at convection and wave propagation alike (both were used in the study of [Stejko et al.
(2022); Fig. [Be). Theory and simulation are increasingly crucial in the interpretation of
existing observations and in the planning of future observations. A range of specialties are
encompassed in the solar-interior focus of heliophysics, but this is not typically true of an
individual researcher or even an individual research group.

Researchers who specialize in theory and simulation lack a regularly-occurring opportu-
nity within NASA Heliophysics to which they can apply. The Theory/Modeling/Simulation
program is competed on a 3-year cycle, but is sometimes supplanted by the mixed-specialization
Grand Challenges program. Other opportunities to study interior flows from a theoretical
perspective, within the broader context of observational-based work, such as DRIVE Centers
and LWS/FST programs, are similarly competed in sporadic fashion.

This situation lies in contrast to the Guest Investigator and Supporting Research pro-
grams which are competed on an annual basis. While the latter has supported primarily the-
oretical investigations in the past, recently, requirements to analyze NASA data have become
a normal part of its requirements. Significant hurdles to sustained, long-term theory-oriented
projects arise as a result of these restrictions. To this end, we make two recommendations:

e Ensure that the current TMS program is retained and competed on a predictable,
three-year basis.

e Create a smaller, theory-focused program that provides funding at a level on par with
the existing HSR and HGI programs, and which is competed on an annual basis.
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