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Overaching questions about sunspots

• Why are sunspots dark? 😎 
• Measurement of intense magnetic fields by Hale (1908) 
• Intense magnetic fields inhibit convection, thereby reducing 

convective heat transport (Bierman 1941). 
• What are sunspots so bright though? 🥺  
• Why does inhibition of convection not channel heat flux around the 

sunspot, leading to a bright ring? 
• Spruit (1978) argued that for deeply anchored (d > 10 Mm) sunspots, 

efficient convection (close to adiabatic gradient) will wash out the 
bright ring.  

• Parker (1955, and later papers) argue that horizontal pressure balance 
between 3 kG umbral field and ambient CZ requires lower internal 
temperatures, thus lower vertical pressure support. Parker argues the 
intense magnetic field is a consequence of reduced temperature.

2



Parker (1974)
19
74
So
Ph
..
.3
6.
.2
49
P

19
74
So
Ph
..
.3
6.
.2
49
P

3



Parker (1974)
19
74
So
Ph
..
.3
6.
.2
49
P

19
74
So
Ph
..
.3
6.
.2
49
P

4



10 (30) arc seconds

What about sunspots could/should models capture?
This movie shows Stokes V images (proxy of 
line-of-sight field) in a Zeeman sensitive-line of 
a sunspot.  
 
Salient observational facts: 
• Penumbral filaments  
• Weaker field in the penumbra than in the 

umbra 
• Moving magnetic features stemming from 

the penumbra 
• Evershed flow 
• Possible existence of light bridges 
• The sunspot maintains coherence over at 

least 1 day, though it is continuously 
evolving. 

(Credit: Alan Title, LMSAL)
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(Credit: Yang Liu,SDO/HMI/Stanford)

More examples 
of active 
regions
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Hinode SOT observation of sunspot formation (Shimizu, 
Ichimoto & Suematsu 2012): A Ca II dark ring precedes 
appearance of the penumbra in G-band BFI images
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Models of Sunspots as an Isolated Entity 

• Sunspot as a steady state, vertically oriented magnetic flux tube (e.g. 
Schlüter & Temesvàry, 1958; Deinzer 1965).  

• Sunspot as collection cluster of flux tubes (Parker 1979): argument 
based on force balance considerations (magnetic tension vs. buoyancy). 

• Jupyter Notebooks https://github.com/fluxtransport/HelioLectures/ 
• sunspot_lecture_part1.ipynb
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From sunspot_lecture_part1.ipynb
NB: This high β region umbra is an artifact of the simplistic model (axisymmetric, no flows).

The monolithic sunspot structure is confined by high 
plasma-β plasma. Vigorous (magneto)convective flows 
expected in this region. These flows are sources of 
acoustic waves ( ).

β ~ 1 region is a where mode 
conversion can effectively occur.

Some implications of the simplistic model

Cally, Crouch & Braun, 2003, MNRAS 
Cameron, Gizon & Duvall, “Helioseismology of Sunspots”, 2008, Solar Physics 
Nordlund, Stein & Asplund, “Solar Surface Convection”, 2009, Living Reviews in Solar Physics 
Felipe, Khomenko & Collados, “Magnetoacoustic waves in sunspots …. “, 2010, ApJ 
Khomenko & Collados, “Oscillations and Waves in Sunspots”, 2015, Living Reviews in Solar Physics 

9



174 A. G. KOSOVICHEV, T. L. DUVALL JR. AND P. H. SCHERRER

Figure 8. The sound-speed perturbation in a sunspot region observed on 20 June 1998. The horizontal
size of the box is 13 deg (158 Mm), the depth is 24 Mm. The horizontal cut in panels (a) and (b) is
located at a depth 21.6 Mm, in panel (c) it is 4.8 Mm deep. The positive variations are shown in red,
and the negative ones in blue.

Kosovichev, Duvall & Scherrer (2000, Solar 
Physics, 192, 159) reported results from time-
distance helioseismology applied to SOHO/
MDI Dopplergrams. 

Based on work considering effect of magnetic 
fields (e.g. Schunker et al. 2013), these 
inversion results are no longer believed to be 
representative of actual sunspot subsurface 
structure. However …
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Convection 
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Flux Emergence Model With Imposed Flux Rope
Cheung, Rempel, Title & Schüssler (2010) 

• Kinematically advect a twisted semi-torus into the 
domain with an upflow speed of 1 km/s (Mach 
number  approx. 0.03) 

• Semi-major axis: R = 16 Mm 

• Semi-minor axis: a = 3.6 Mm 

• Dimensionless twist parameter λ = 0.5 

• B = 21 kG (at tube axis), plasma β = 26 

• Toroidal flux Φ = 7x1021 Mx 

• Mass injected = 1.4x1024 g  = 40% of mass in 
domain 

• Potential field at top boundary

Following Fan & Gibson 2004



Red$(nega)ve$magne)c$flux)$$$$$Green$(horizontal$magne)c$field)$$$Blue$(posi)ve$magne)c$flux)$

Purple$background$(brightness$intensity$of$convec)ve$flows)$

Radiative MHD simulation of AR formation
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Cheung, Rempel, Title & Schüssler (2010)



Toriumi, Cheung & Katsukawa (2015): Compared light bridge formed in 
MHD simulation (Cheung et al. 2010) with observed light bridge. Found 
general agreement in photospheric observables.
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Mass discharge

Schematic 
scenario in 2D

Top: Dark blue indicates high density
Bottom: Red indicates downflow

From Cheung, Rempel, Title & Schuessler (2010). Same 
mechanism as suggested by Kubo, Low & Lites (2010).

Courtesy: Stein
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From simulation in Rempel & Cheung (2014). See also Hotta & Iijima (2020).
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Solid lines: Quantities enclosed by 8x1020 Mx flux surface 
Dashed line: comparable quantities using mean quiet Sun stratification18



12 Rempel & Cheung

Figure 9. Transport of photospheric (z = 0) magnetic flux for the leading polarity spot. The bottom left panel shows the net flux content
within a circle of radius r from the axis leading spot. The yellow contours correspond to enclosed net vertical fluxes of ⇥ = 2 � 1021 Mx
to ⇥ = 1022 Mx in increments of �⇥ = 2� 1021 Mx. Green dashed lines in this panel show the migration of flux surfaces for a self-similar
solution for the decay of an ideal spot due to turbulent di⇤usion. The remaining panels show the flux transport terms, with a positive
(negative) value at radial distance r at a certain time t indicating that the flux ⇥ enclosed a circle of this radius is increasing (decreasing)
in time. The column labelled ‘Mean Flows’ shows the flux transport rate ⇥̇m, which is due to azimuthally-averaged flow v acting on the
corresponding mean field B. The column labelled ‘Correlations’ shows ⇥̇f due to correlations between fluctuating components v� and B�.
The first and second rows show components of ⇥̇ associated with horizontal (i.e. lateral transport) and vertical flows (i.e. emergence
and submergence), respectively. The third row shows the sum of both contributions. The plot in the bottom right shows ⇥̇ = ⇥̇m + ⇥̇f
multiplied by a factor of 4 to enhance contrast.

patterns in deeper layers.
The assumption of a constant turbulent di⇥usivity

�turb is a simplification that keeps the di⇥usion equa-
tion linear to facilitate analytical solutions. This implic-
itly assumes that the erosive e⇥ects of turbulent di⇥u-
sion do not depend on field strength. Since it is well
known that strong magnetic fields (e.g. in sunspots) in-
hibit convective motions (see, e.g. Schüssler & Vögler
2006), this assumption is not valid. Without performing
full 3D MHD simulations (which is what we do here), a
appropriate treatment would be that taken by Petrovay
& Moreno-Insertis (1997), who took into account the
strong-field quenching of turbulent di⇥usion by assuming
an ad hoc (but physically motivated) functional depen-
dence of �turb on field strength B. In fact, observations
of sunspot decay typically require lower turbulent di⇥u-
sivities (e.g. 200 km2 s�1, Mart́ınez Pillet 2002) than
those of global flux transport models, which follow the
evolution of magnetic flux over much longer time scales

(months, years and solar cycles) typically require a larger
turbulent di⇥usivity of �turb ⇤ 600 km2 s�1 (Sheeley
2005). These higher values of the turbulent di⇥usivity
are usually associated with supergranulation rather than
granulation. Since there are no (clear) signatures of su-
pergranulation in our model, the influence of supergran-
ular cells on the AR decay process is not addressed in
the present work.

For the self-similar solution given by Eqs. (4) and (5),
the flux contained with a radius r, and the flux change
rate are, respectively, given by

�(r, t)=�0

�
1� e�r2/�(t)2

⇥
, (6)

�̇(r, t) =
⇧�
⇧t

=��0
4�turbr2

⇥(t)4
e�r2/�(t)2 . (7)

For the present case, Eq. (7) yields flux loss rates as
high as 4.7⇥ 1016 Mx s�1 at the beginning of the decay
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ɸ dot x4 ɸ dot x4 ɸ dot x4

Rempel & Cheung (2014)
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Flux Spreading in the Decay Phase

Yellow contours show surfaces of constant enclosed flux 
in intervals of 2x1021 Mx (for the leading polarity).

Decay due to turbulent diffusion (see 
Meyer et al 1974 and Mosher 1977)

Green dashed lines show the 
self-similar solution for: 
   Φ0 = 1.1 x 1022 Mx, 
σ0 = 11 Mm, and 
ηTurb = 350 km2s-1.
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Hotta & Iijima (2020): Sunspot Formation & Decay in simulation covering entire CZ
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A Simple Model by Longcope & Welsch (2000)

• “Current shunting” model for 
twisted active region emergence 

• Idealized emerging  active 
region has net twist 

• Matched to force-free coronal 
field 

• At the interface (photosphere), a 
horizontally diverging current 
drives a torque, which sends a 
torsional Alfvén wave down the 
tube. 

• Over an Alfvén crossing time ~ 1 
day (100 Mm @ 1 km/s), the tube 
unwinds while the coronal field is 
twisted up. 
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Exercise: show that a magnetic torque cannot 
be balanced by the gas pressure force. 
(hint: Sturrock, Hood & Archontis 2015)
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Fine structure of sunspots in Radiative MHD Simulations

• Schüssler & Vögler (2006): Magnetoconvection simulation in the 
umbral field strength regime: explains umbral dots as 
intermittent penetrations of upward convective plumes in the 
umbra. 

• Heinemann, Nordlund & Scharmer (2007): Slab-like geometry 
with initial B distribution like a valley (along y direction). 
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Rempel et al. (2009, ApJ)



Fine structure of sunspots in Radiative MHD Simulations
• Rempel, Schüssler, Cameron & Knölker (2009, Science)
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• Rempel, Schüssler, Cameron & Knölker (2009, ApJ):  
• Rempel (2011, ApJ): “In the uppermost few 100 km, fast 

outflows are driven primarily through the horizontal 
component of the Lorentz force, which is confined to 
narrow boundary layers beneath τ = 1” 

• Rempel (2012, ApJ): 3D simulation of a round sunspot with 
fully-fledge penumbra. The top boundary condition 
imposed a horizontal field that is 2x that of a potential 
field.  
• Conclusion: sunspot subsurface akin to monolithic model 
• Jupyter Notebooks https://github.com/fluxtransport/

HelioLectures/sunspot_lecture_part2.ipynb
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Fine structure of sunspots in Radiative MHD Simulations

https://github.com/fluxtransport/HelioLectures/
https://github.com/fluxtransport/HelioLectures/
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• Panja, Cameron & Solanki (2021): Slab-like geometry, with 
parameter study of expansion factor of then “valley”. 
• Higher expansion rate from CZ to photosphere creates more 

pronounced penumbral filaments 
• Evidence of the fluting instability (cf Parker 1979). 
• Conclusion: subsurface structure consistent with cluster model. 

Fine structure of sunspots in Radiative MHD Simulations



Confronting simulations with observations

•Jurčák et al. (2020): report discrepancies 
between models and observations, in terms of 
B at penumbral/umbral boundary, radial profile 
of B, and more.
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Summary
• Types of sunspot models: 

1.(Semi-)analytical models of axisymmetric sunspots in time-independent state 
2.Linearized MHD models investigating wave propagation and mode 
conversion: see Khomenko & Collados review 

3.Radiative MHD simulations with imposed initial sunspot subsurface structure: 
e.g. Rempel (2011 papers, 2012) 

4.Radiative MHD simulations of active region formation (but no fully-fledged 
penumbrae): see also Stein & Nordlund (2013), Chen, Rempel & Fan ( 2017), 
Toriumi & Hotta (2019). 

• Side messages: 
• Sunspot fields suck acoustic energy via mode conversion.  
• Observable consequences include chromospheric shocks, and deficit of 

acoustic power inside sunspots relative to surroundings.  
• Hard to use helioseismology to constrain sunspot subsurface structure. 

However, helioseismology has reveal interesting subsurface flows prior to 
emergence (Birch et al. 2019; Gottschling et al. 2021). 
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Homework
• Possible mini-projects: 

• Examine force (in)balance in different regions of a 
sunspot. 

• Produce cross-sectional plot of penumbral filament 
structure (check schematic diagram of Rempel 2009, 
ApJ). 

• Examine sunspot flux error as a function of optical 
depth, perhaps find a way to calibrate away this error.  

• Synthesize Stokes IQUV using the simulation data. 
• Degrade (blur + noise) for a given telescope point 

spread function. 
• Read Rempel & Schlichenmaier (2011, Living Reviews)
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