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1 Numerical simulation

To simulate a sunspot atmosphere with multiple layers that could possibly contain partially ionized

plasma, we consider a two-fluid MHD model to include the dynamics of ions, neutrals, and elec-

trons as fluid constituents; the neutrals and ions are coupled by an ion-neutral collisional term. We

assume that hydrogen is the main plasma ingredient and take into account the influence of heavier

elements given by the OPAL repository of solar abundances1.

The dynamics of mass density, momentum, and energy of each constituent fluids in the two-

fluid MHD model are described by a set of equations as follows:2

∂ρn
∂t

+∇ · (ρnvn) = 0,
∂ρi
∂t

+∇ · (ρivi) = 0, (1)

ρn
∂vn

∂t
+ ρn(vn · ∇)vn +∇pn − ρng + αin(vn − vi) = 0, (2)

ρi
∂vi

∂t
+ ρi(vi · ∇)vi +∇pie − ρig − αin(vn − vi) =

1

µ0

(∇×B)×B, (3)

∂En

∂t
+∇ · [(En + pn)vn]−Qn − ρng · vn = 0, (4)

∂Ei

∂t
+∇ · [(Ei + pie)vi]−Qi − ρig · vi = ∇ ·

B(vi ·B)

µ
, (5)

∂B

∂t
= ∇× (vi ×B), ∇ ·B = 0. (6)

Here, ρ, p, v, and B denote the mass density, the gas pressure, the velocity, and the magnetic field,
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respectively. The subscripts (n, i, or e) label the constituent fluid of neutrals, ions or electrons,

or a combination of them. µ0 is the vacuum magnetic permeability, g = gŷ is the gravitational

acceleration vector, its magnitude was set at g = 274.78 m · s−2. The total energy densities of

neutrals and ions are defined as En = pn/(γ−1)+ ρnvn
2/2, Ei = pie/(γ−1)+ ρivi

2/2+B2/2µ.

The collisional terms Qi and Qn are given as in References2–5.

A sunspot model was constructed with a stratified atmosphere and a diverging magnetic field.

The magnetic field was current-free and axially symmetric about the y-axis, as given by6,

B(x, y, z) =

[

−3Sx(y − a)

(x2 + (y − a)2)2
,
x2

− 2(y − a)2 + z2

(x2 + (y − a)2)2
+Bv,

−3S(y − a)z

(x2 + (y − a)2)2

]

. (7)

The parameter S was set by ensuring that the magnetic field strength had maximum value at 1200G

at the footpoint. The uniform vertical magnetic field component was set at Bv = 15G. The

magnetic field in use is visualized in Figure 2 in the main text.

The initial stratified atmosphere was set to follow a temperature profile of a semi-empirical

sunspot model7. The ions (electrons) and neutrals were assumed to have equal temperature in the

initial equilibrium, and the pressure was given by a stratified atmosphere model,

∂pα
∂y

=
ηαmHg

kB

pα
Tα

. (8)

Here α denotes either i or n for ion and neutral constituents, respectively. The reduced atomic

mass of ion and neutral were set as ηn = 1.21, ηi = 0.58. The variations of ion/neutral density and

temperature are plotted in Figure A2.1.
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Figure A2.1: The sunspot atmosphere used in the simulation. The variations of temperature, den-

sity of ions and neutrals with height.
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2 Initial and boundary conditions

To generate a cold and dense chromospheric fibril, we added a localized pressure profile above the

equilibrium condition, so the pressure profile p′α was modified to model a fibril, as given by

p′α = pα

{

1 +Rp exp

[

−
x2 + (y − y0)

2 + z2

w2

]}

, (9)

where pα is the initial stratified pressure. The parameter w defines the width of the fibril and was

set to 50 km. The relative amplitude Rp was set to 100. A periodic transverse driver was setup at

the bottom boundary for every constituent fluid,

vx,α = Av exp

[

−
x2 + (y − y0)

2 + z2

w2

]

sin

(

2π

Pd

t

)

, (10)

where Pd is the oscillation period and was set to 240 s, the amplitude of the oscillating driver Av

was set to 5 km · s−1. The parameters were chosen in good agreement with the measurement in

this study.
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