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Abstract

We use one-dimensional high-order central shock-capturing numerical methods to study the response of various model
solar atmospheres to forcing at the solar surface. The dynamics of the atmosphere is modeled with the Euler equations in a
variable-sized flux tube in the presence of gravity. We study dynamics of the atmosphere suggestive of spicule formation and
coronal oscillations. These studies are performed on observationally derived model atmospheres above the quiet sun and above
sunspots.

To perform these simulations, we provide a new extension of existing second- and third-order shock-capturing methods to
irregular grids. We also solve the problem of numerically maintaining initial hydrostatic balance via the introduction of new
variables in the model equations and a careful initialization mechanism.

We find several striking results: all model atmospheres respond to a single impulsive perturbation with several strong shock
waves consistent with the rebound-shock model. These shock waves lift material and the transition region well into the initial
corona, and the sensitivity of this lift to the initial impulse depends nonlinearly on the details of the atmosphere model. We also
reproduce an observed 3 min coronal oscillation above sunspots as well as 5 min oscillations above the quiet sun.
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1. Introduction

This paper investigates the response of the solar atmosphere to impulsive forcing at the solar surface using
initial conditions derived from observationally based atmosphere models. Impulsive forcing is studied because it
provides insight into the natural modes of oscillation of the solar atmosphere, and because there are occasione
observed impulsive phenomena, such as small solar flares, spicules, etc. Impulsive forcing is believed to be mostly
caused by magnetic stresses, such as those resulting from magnetic reconnection, local dynamo action, the eme
gence of magnetic flux tubes from the solar interior and interaction between flux tubes and granular convection.
We look at a range of parameters that define the forcing function for each atmosphere model. We simulate the
response of previously published observationally based model atmospheres above the quiet sun and above sunspo
Various phenomena that appear in our simulations correspond to observed phenomena on the sun. Specifically
our simulations show behavior correspondingsficules narrow, jet-like features observed in the solar atmo-
sphere, and oscillations in the upper atmosphere. We find that the details of these phenomena depend on th
atmosphere model.

The dominant feature in our simulations is strong shock waves that propagate upward, lifting material from the
lower atmosphere and causing oscillations of atmospheric materials. Because of these strong shocks, we perform ot
simulations using high-resolution central shock-capturing schemes. These schemes provide reliable approximation
to solutions of the model equations in the presence of strong shocks while avoiding spurious numerical oscillations.
We extend existing methods to computational meshes which have variable grid spacing. We also use new variable:
defined to facilitate numerical maintenance of hydrostatic equilibrium.

One important result of our simulations is the observation that the height of the lifted material depends nonlinearly
on the details of the initial atmospheric model. A second result is that when we use the quiet sun atmosphere model
we observe a period of particle oscillations is in the 6 min range while if we initialize our simulations using a sunspot
model we see oscillations in the 4 min range. This is strikingly similar to observations of coronal oscillations in the
solar atmospher].

Our simulations are based on the quasi-one-dimensional Euler equations applied to an initially hydrostatic
atmosphere in a magnetic flux tube whose area increases with height. This model ignores heating, except for the
input background heating needed to maintain the initial atmosphere contained in the initial conditions. This model
also ignores radiative energy loss, ionization terms, and thermal diffusion. We neglect magnetic fields beyond their
role in defining the geometry of the flux tube. Our lack of inclusion of energy loss precludes the study of continuous
forcing, because without energy loss terms such forcing would increase the energy of the atmosphere, causing i
to expand without bound. We therefore restrict our study to impulsive forcing. We will add energy loss terms and
study continuous forcing in a future work.

The structure of this paper is as follows: In Sectihd we discuss basic properties of the solar atmosphere,
describing its structure and summarizing the observed phenomena of interest to this paper. Sgatgants
the physical model that underlies our simulation. Sec8amtroduces our numerical method, including a discus-
sion of initial and boundary conditions, and the computational mesh. New second- and third-order reconstruc-
tions on irregular meshes are presented in Se@i@nin Section3.4 we present a new technique for maintain-
ing initial hydrostatic equilibrium. Sectiod presents our results, focusing on the match between our simula-
tions and observed properties of the solar atmosphere. We speculate on physical interpretations of our result:
in Sectiond.2.1

1.1. The solar atmosphere

The solar atmosphere is a dynamic environment with high-energy phenomena occurring on many scales. At the
base of the solar atmosphere is fft@tosphergthe surface of sun’s convective outer layer. The photosphere is
roughly divided into two types of regionguietandactive The dominant features of the quiet photosphere are
its temperature, about 6000 K, agchnulations which are currently understood as the surface of convective cells
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Fig. 1. Temperature profiles in the model atmospheres we use in our simulations.

rising from below. The surface of the photosphere has been observed to rise and fall with velocities in the range of
1km/s, and with a period of about 5min. Active regions are associated with sunspots, which are regions of lower
temperature, and very strong magnetic fields.

Above the photosphere, magnetic fields farmagnetic flux tubesvhere a fixed number of magnetic field lines
are confined by hydrodynamic pressure into a tube. Since hydrodynamic pressure drops with increasing height, the
flux tube will in general expand with altitude, requiring a quasi-one-dimensional simulation. Though many flux
tubes are curved and closed, following magnetic loops, we will consider the simpler case of open magnetic flux
tubes pointing radially upward.

Above the photosphere, the solar atmosphere has a strongly stratified structure. The most striking feature of this
stratification is the variation of temperature with height. For example above quiet regions, after slowly dropping in
temperature to about 4700K at abouk30°m, at 2x 10°m there is a strong rise to about® within a few
kilometers. The layer within which this dramatic rise in temperature occurs is callé@itsition region The solar
atmosphere below the transition region and above the photosphere is calldddimsphereand above is the
corona

One-dimensional models of the solar atmosphere have been developed, based on observed temperatures, densitie
and the requirement of hydrostatic equilibrium. The assumption of hydrostatic equilibrium is only approximately
justified, since significant down- and up-flows have been observed. Models have been developed for the atmosphere
above quiet regiond 7] and sunspotgt,9]. Fig. 1shows the temperature profiles for the models that we use in our
simulations.

In the simulations described in this paper we begin with an atmosphere in hydrostatic equilibrium. This initial
atmosphere is based on one of the model temperature profiles described above. This atmosphere is then forced by
an impulse perturbation at the base of the atmosphere. There are two observed phenomena in the solar atmospher
that correspond to features that appear in our simulations.

e Spicules Spiculeq3,13] are narrow near-linear features that are observed on the solar limbi(se®. They
seem to be cooler chromospheric material shooting up into the corona, and so can be modeled as an uplifting of
the transition region in a magnetic flux tube. We will see such uplifting in our simulations.

e Coronal oscillationsParticle oscillations in the corona have been observed to have periods of about 5 min above
quiet regions and 3 min above sunsp@fs
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Fig. 2. Spicules near the solar limb, seen as darker linear features against the solar surface. The spicules appear darker in this narrow-ban
hydrogen-alpha image because their light is blue shifted due to their motion towards the observer. Photo credit: National Solar Observa-
tory/Sacramento Peak.

We describe these observations in more detail in Sedtwdmere we compare them directly with our simulations.

1.2. Previous simulations

There is a sizable literature of simulations similar to those presented in this paper, most of which attempt to
model spicule formation. Early attempts to model spicules as a ballistic uprise of the chromosphere into the corona
due to a very large (60 km/s) initial impulse are foundtlih, 15] These simulations used vertical straight flux tubes.
Smaller impulses leading to a rise via the rebound shock phenomenon are considérBglnsome of which
include expanding flux tubes. These simulations are extenddd oy adding radiative energy loss, heating and
heat conduction terms. These simulations used either the quiet sun VAL model or a simplified model of the solar
atmosphere.

Our paper extends the above work in two ways: we perform these simulations on recently published atmosphere
models above sunspots, comparing the results with those above the quiet sun. We also study coronal particle
oscillations in response to our impulsive forcing in the various atmosphere models. Our primary objects of study are
the relative behavior of both spicule formation and coronal particle oscillation in the various atmosphere models.

2. The model

The quasi-one-dimensional hydrodynamic equations for material in a flux tube oA&ted in gravity are
written in terms of density(x, ¢), velocity u(x, t) and kinetic plus thermal enerd(x, t) as

Ap Apu 0
Apu | + Apu? = | —Apx — g(x)Ap+ F(x,t)Ap |, (2.1)
AE A(E + p)u —g(x)Apu + F(x,1)Apu

t X

whereg(x) is the gravitational acceleration and the presp(xgt) is given by the equation of state= (y — 1)(E —

(1/2)pu?) with y = 5/3. The temperatur€ is given byp = R pT, whereR' is the universal gas constafi(x, t)

is a forcing term which perturbs the base of the solar atmosphere in our numerical experiments. We describe out
specific forcing function in Sectiof.



S. Bryson et al. / Physica D 201 (2005) 1-26 5

In order to use numerical methods that were developed for conservation laws, we (Buites a balance law
(conservation law with source)

p pu —puA~rA; — pATLA,
oul +1 pu?+p = —pulA7TA, — puAT1A, — g(xX)p + F(x, t)p . (2.2)
E)], (E + p)u —(E+ puA=1A, — EA7YA, — g(x)pu + F(x, )pu

This form makes explicit that the scale of the flux tube area does not affect the dynamics. Following previous authors
[5,14] we consider static flux tubes g = 0.
For our flux tube geometry, based on the model giveji4), we use the functional approximation
A(x) = Ao[1 + b(a(x) — ao)]?. (2.3)

Hereb = 3.2, a(x) = tanh{(x — xo)) with s = 1078 andxg = 1.5 x 10P, andag = a(0). Ag = A(0) is the area of
the flux tube at the base of the atmosphere, but does not appear in the simulation. Therefore

A'(x)  2bs(1— a(x)?)
A(X) 1+ b(a(x) —ao)’

3. The numerical method

In this paper we use high-order, non-oscillatory central schemes designed to solve systems of conservation laws
with source terms of the form

q: + f(g)x = S(q, x). (3.1)

Hereq € R? is ap-dimensional solution vectof,is the flux function, and € R? is thep-dimensional vector of
source terms. The solution ¢8.1) may become singular in finite time, which in turn requires careful study when
dealing with numerical approximations.

Our approach for solving3.1) is based on extending the semi-discrete central-upwind scheme of Kuragnov et
al. (KNP)[8] toirregular grids. The KNP method is a simple efficient scheme with less dissipation than fully central
schemes, and has desirable stability properties. Any such scheme is composed of a numerical flux, a piecewise-
polynomial reconstruction and an ODE solver. The order of accuracy of the reconstruction and the ODE solver
determine the order of accuracy of the method. Below we address all three ingredients, with a particular focus on
our new high-order reconstructions on irregular grids.

Throughout this section we assume a one-dimensional grid with irregularly spaced.nodés distance
between consecutive grids points is denotedag:= x;;1 — x;. We definex; 1,2 = (x; + x;4+1)/2 and the cell
I; = [xj-1/2, xj4+1/2]. For any functiorf(x) we use the notatioif; := f(x;). The cell average df in the cell]; is
given by

_ 1 Xj+1/2
qj = —/ q(x) dx.
xj+1/2 - xjfl/Z Xj-1/2

We assume that the ceII-averag?ar_e known at time”. The first step in the derivation of the approximate solution
is to generate a piecewise-polynomial reconstruction from these cell-averages. Such a global reconstruction is
defined as

) =Y 3;(x)x;(x), (3.2)
J
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wherey;(x) is the characteristic function df;, andg;(x) are polynomials of a suitable degree. The construction
of admissiblez; will be discussed in Sectio®.2 For the time being, it is sufficient to assume that a reconstruction
of the form(3.2)is known.

We denote the point-values gfdt the interfaces of the cell by

qfi1j2 = 4j+1(xj4172), 9172 = qj(xj11/2)-
3.1. The KNP central-upwind method
It is straightforward to extend the semi-discrete central scheni8]adb irregular grids. When written in a
conservative form this scheme takes the form
dg; Hjy12— Hj— -
XM Hjz = Hj-12 +S;, (3.3)
dr Xjt1/2 — Xj—1/2 '

wheres; is a discretization of the averaged value of the source teripand the numerical fluff ;12 is given by

+ - - + + -
H. _ “j+1/2f(‘1j+1/2) + aj+1/2f(qj+1/2) I R x e nx V- R ]
j+12 = T - T - 9jv1/2 — 4j41/21
a; +a. a’ +a
j+1/2 T 412 j+1/2 T 4jy1y2

The local speeds of propagation of information from the discontinuities on the interfaces of the gglls, are
given by

of _ . of
a;“+1/2 = max(kk (8_q> , 0) , Ay = ‘mln (Ak (5) O)’ .

HereA,(3f/9g) denote the eigenvalues of the Jacobiahesfaluated at ;. 1/2. In the case of problerf2.2), we have
a;;l/z =max@u —c,u,u +c,0), a;+1/2 = |min(u — ¢, u, u + ¢, 0),

wherec = \/yp/p is the speed of sound and all fields are evaluated at.

We approximate the cell-average of the source t€y@sS(p;, u;, E j, x ;). This amounts to a first-order quadra-
ture approximation to the cell average. TheX@¢) error from this approximation appears in the terms containing
the flux tube area variation and the gravitational acceleragiin This error is acceptable since the flux tube model
(2.3)is itself only qualitative. While we compute the gravitational accelerag{@)yfor each cell, it is slowly varying
and so is approximately constant in each cell.

3.2. Reconstructions and order of accuracy

In this section we introduce the new second- and third-order reconstructions for irregular grids that we use in the
schemg3.3). In spite of the uncertainties that exist in the model atmospheres we use for our initial conditions as
well as the overall simplified nature of our model, high-order methods are valuable since they enable us to conduct
long-time simulations with well-resolved shock structures.

Our second-order reconstruction, when used3ir8), is highly efficient and leads to a method that is total
variation diminishing (TVD). The TVD property assures that spurious numerical oscillations will not increase from
one timestep to another. The third-order method, when ug@dd)provides higher resolution and leads to a number
of extrema diminishing (NED) method on regular grids. While the NED property does not guarantee that existing
oscillations will not grow, it does assure us that new numerical oscillations will not be introduced. Though we have
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not demonstrated that the NED property holds for irregular grids, the computational mesh we use in our simulations
is regular in the region of greatest interest.
The reconstructiop(x) in the cellI; should satisfy the following requirements:

e Conservation

1 Xj+1/2 - _
— / 3(x) dv = ;.
Xj+1/2 = Xj=1/2 Jxj_ 1/

While any linear reconstruction satisfies this property on a regular grid, this will not be automatically true when

the grid has variable spacing.
e Accuracy g; is anrth-order accurate reconstruction. On a regular grid with grid spasmthis amounts to

gj(x) = q(x) + O(Ax"), xel;.
e Oscillation minimizing Spurious numerical oscillations should be avoided.
3.2.1. A second-order reconstruction

Second-order reconstructions are provided by piecewise-linear interpolants, with a different interpolant for each
cell 7;. A linear interpolant that is conservative infor any D; is given by

E]j(x)=L7j+Dj <x—<xj+%(ij—ij'_1)>>. (3.4)

The discrete derivativel) ;, is taken as

D; = MinMod (4 9 — 4L .4 A . > : (3.5)
Axj+2Axj_1+ Axj_2 Axjp1+2Ax;+ Axja

where the MinMod limiter is defined as
min(gs, ..., qx), qi > 0, Vi,

MinMod(g1, ..., g,) = {4 maxqgi1, ..., qn), ¢i < 0, Vi,
0, otherwise

See[16] for a discussion of nonlinear limiters on uniform grids. The expres&of) now provides the required
values at the cell interfaces:

B ) 1
sz = 4i\j41/2) = qj + 7 Dj(Axj + Axj-a),
. i 1
dj12 = 4j+1(%j+1/2) = qj+1 — ZDJH(AXJ' + Axjva).

Lemma 3.1. The reconstructionf3.4) and (3.5) s total variation preserving

Proof. Our reconstruction i®(v) = }_; §;(x)x,(x), wheregj is given by(3.4). Then

R D

Dji1
qj —qj+1+ J

J
T(Ale + Axj) + 7

TV(RO) = 30 101 () 4 (A5 + M)
J

Ik
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It is easy to verify thaD; defined in(3.5) satisfies

1. ?gn@j) = sgn@;+1) = sgN@;+1 — q;)- ~ B
2. 7I(Axj—1+ Axj)Dj + (Axj + Axjy1)Djyal| < |gj+1 — qjl-

Then (assuming periodic boundary conditions)

Axj+ Axja - — |Dj| |Djtal
TV(R(v)) = Z [IDJ-I (%) +1g9; = qj+1l = T](ij-i-l + Axj) — j4 (Axj+ Axjy1)
J

_ _ Axj_1+ Axj Axj+ Axji1
I N S N B G

3.2.2. A third-order reconstruction

The third-order method frorfv], based orj10], uses a linear combination of a linear interpolan{x) and a
quadratic interpolan® ;(x) that is third-order accurate in smooth regions. Whenever a discontinuity is present,
the order of the reconstruction is reduced by choosing one linear interpolant from the appropriate side of the
discontinuity. This latter choice minimizes spurious numerical oscillations. The reconstructighisfgiven in
terms of the convex combination

qj(x) == (1 —=06;)L;(x)+ 6,0 (x), (3.6)

where

min { Mji12— Lj(xjr12) mj_12 — Lj(xj-1/2)

P P 1} b f?'—l < 67 < q_'-l—lv
Mj— Lj(xj41/2) mj— Lj(xj-12) ’ T

%=1 min { Mj-1j2 — Lj(xj-1/2) mjsy2 — Lj(xj+1/2)
Mj—Ljxj_12) ~ mj—Lj(xjt172)
1, otherwise

and
Mj=maxQ;(x;+1/2), Qj(xj-1/2)}, mj=min{Q(x;+1/2), Q;(xj-1/2)},
M2 = max(3(Lj(xjz1/2) + Ljza(xjr1/2)), Qjxa(xjr1/2)},
mjs1/2 = MN{3(Lj(xjz1/2) + Ljza(xj11/2)), Qjx1(xjz1/2)}-

We now extend the metho.6) to non-uniform grids. The linear functiot, ;(x), is taken as the conservative
reconstructior{3.4) with (3.5). The quadratic functionQ ;(x), is replaced by

Q;(x) = A; + Bj(x — (xj + x0)) + Cj(x — (x; + x0))?, (3.7)
where
1 _ 1,
Xo= 4 (Axj—Axja).  Aj=4q;— 55viC.

Bj =20;[—Bj(Axj—1+ 3Ax; + 2Axj11)gj-1 + BjBjrimjq; + Bj+1(2Ax ;2 + 3Axj_1 + Axj)qji1].
Cj=12u[Bjqj-1+ BjBj+1njq; + Bj+19;+1l.
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Herey; = Ax; + Axj_1,

! 1
 (Bxj2 4 28xj-1 4 2Ax; + Axji)] Pi= Axj_p +2Axj_1+ Ax;’
nj= —(ij'fz + 3Ax;_1+ 3Ax; + Ale),

and
nj= (ZAXJ;Z +5Axj_1+5Ax; + 2Aj+1)(—Ax];2 —Axj1+ Axj+ ij'+1).

It is easy to verity that the interpola(®.7)is conservative and third-order accuratelonUsing(3.7) we get that
the point values at the cell interfaces are

1 Bj+
Qj(xj+1/2) _ajﬁjy]yj-‘rJ.QJ 1+ <1+ a]ﬁjﬂj 13/]()/]77] + M/)) q+toj—— VJQJ+17

Bj

and

1
(x] 1/2) =0j—— VJQJ 1+ (l+ 01],3]/3] 1)’](7/]’7] Hj)) _0‘],3]+1ij] 1QJ+1

ﬁ

3.3. Time integration

The time stepping is performed by either a second- or third-order TVD Runge—Kutta method #pi@iven
datag; at times", we advance to the next time step by solving an ODE of the form

dq
—L = F(q)). (3.8)
A second-order TVD RK method f¢B.8)is
1
¢V =q"+AF(g"). ¢ =2(g" + 4V + AF(EY)).

A third-order TVD RK method fo(3.8)is
a _ n n @_3,,1 0 @ a1 L, 2 0 @
¢V =q"+AF(g"),  q9=74"+ @V AFEY), "= 2d" + 560 + ArF(g?).

Each time step is set to

At =

Axj

o(J;)’

whereo(J;) is the spectral radius of the Jacobidn= df/dg evaluated af;. The parametep is taken in our
simulations ag = 0.45.
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3.4. Hydrostatic equilibrium

We assume hydrostatic equilibrium at initialization and at the computational domain boundaries. This implies
thatu = 0 and there is no time evolution so long as hydrostatic equilibrium is maintained. Therefore hydrostatic
equilibrium relates pressure and density (@) as

dp(x) _

ot — —o()plx) = g(x) p(x)

CRTR)

(3.9)

We use the temperature profiléx) and pressure at the bottom of the atmosph€e = R’ p(0)T(0) that are given
by an atmosphere model to sol{&9) for the hydrostatic pressure profiéx).

3.4.1. Hydrostatic balance

In order to obtain numerical hydrostatic balance, we modify the m(&i&) through a change of variables.
We assume that we are given an initial dengig{x) and energyFo(x) in hydrostatic equilibrium as described in
SectiorB.4.2 We define the variablgs:= p — ppandE := E — Egand write the systeif2.2)in the mathematically
equivalent form

P (P + po)u —(p+ po)uAT1A,
pu | +| @®+po)u?+p | = —(P+ po)W?A A + g — F) , (3.10)
E (E + Eo+ pu —(E+ Eo+ p)uA=tA, — (g — F)(P + po)u

1 X

with p := (y — 1)(E + Eo — (1/2)(p + po)u?). Here we define := pu/(p + po) and use the fact that hydrostatic
equilibrium implies that the flux tube is static 4¢ = 0. With these new variablep,= E = 0 as long as the system
remains in hydrostatic equilibrium, i.e. satisfi@9) with » = 0. We estimateog(xj+1/2) and Eo(x;+1/2) at the
cell interfaces using the interpolants described in Se@i@nAs described in SectioB.4.2 if po(x) is defined by
(3.12) then our numerical methd@.2) will remain in hydrostatic balance as longias= 0.

3.4.2. Hydrostatic initialization

We use(3.9) to initialize our simulations in hydrostatic equilibrium given a temperature profile specified by a
solar model. Eq(3.9)is integrated on a high-resolution grid using a standard fourth-order Runge—Kutta method,
then linearly interpolated onto the actual computational grid of the simulation. This process gives an initial pressure
profile po(x) which is transformed into an energy profile ig(x) = po(x)/(y — 1).

The initial density profilepg(x) is determined by the requirement of numerical hydrostatic equilibriumO in
our method(3.3). In this case we havez;ﬁrl 2 =011/ = Cj+1/2. Inserting these conditions in{@.3) applied to
our model(2.2) (suppressing the subscript 0 pg for clarity), we obtain

L p-—pt p-—pt 0
2(xj+1/2 — Xj-1/2) ptr —| =178 (.11
JHz = A= - _ gt - _pt
EZ=E") i1 \E —E7); 1p 0/,

We therefore have hydrostatic balance in the second component if we initialize the density term in the source as

(/OO)j = [P;+1/2 + P;'r+1/2 - (P;_l/z + P;_1/2)]' (3.12)

 2gi(xj412 — Xj-1/2)
The first and third components 8.11) will vanish if we use the variables defined in Secti®#.1so long as
hydrostatic equilibrium is satisfied at. Therefore if we initializep according t0(3.12) p = pu = E = 0 and
Eo = po/(y — 1), then the metho(B.3) applied to(3.10)will maintain hydrostatic equilibrium.
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Remark 3.2. Eq.(3.12)is a natural discretization of the cell average using the cell interface valugs:

1 j+1/2 1 j+1/2 ap 1
- - gpdx: - —dx = ——(Pj+1/2_ijl/2):
Xj+1/2 — Xj-1/2 Jj—1/2 Xj+1/2 — Xj-1/2 Jj—-1/2 ox Xj+1/2 —Xj-1/2

which follows from the condition for hydrostatic equilibrium. E§.12) cannot be used to approximate the cell
average of the source term after initialization because the system does not remain in hydrostatic equilibrium after
we apply our forcing term. In general we approximate the source $emsS(p;, uj, E;, x;), see SectioB.1

3.5. Boundary conditions

Even though we use stretched grids, placing our boundaries at great distances as described i8.§eg&on
want to limit that distance so we can use as few grid nodes as possible in the computational domain. We therefore
have two issues to consider: the failure of initial hydrostatic equilibrium at the boundaries, and the problem of
reflections, particularly of strong shocks. Failure of initial hydrostatic equilibrium at the boundaries will cause a
wave to propagate into the domain.

Zeroth-order boundary conditions, where= g1 for j < 1 andg; = gy for j > N, whereN is the number of
grid nodes, prevent reflections off the boundary but violate hydrostatic equilibrium. We therefore adapt a dynamic
boundary condition approach, where the boundary conditions are hydrostatic until a high velocity value propagates
from the interior to that boundary: if has not risen above a threshdldsince the start of the simulation then
hydrostatic boundary conditions are applied. Otherwise zeroth-order boundary conditions are applied. This approach
allows small reflections, which propagate slower than strong shocks thereby maximizing the time until the reflections
enter the lower atmosphere region. For a typical simuldtiéstaken to be 1 km/s.

Hydrostatic boundary conditions are implemented by defining the field values in the ghost cells via linear
interpolation of the high-resolution initialization grid described in Sec®idi2 This requires that the high-resolution
initialization grid’'s domain be larger than the computational domain plus any ghost cells.

3.6. The computational domain

The computational domain is divided into three regions: the lower atmosphere, which is our domain of primary
interest and represents the chromosphere and lower corona, the upper corona, and a non-physical region below the
solar surface. The lower atmosphere region has constant high-density grid spacing while the upper atmosphere anc
sub-surface regions have exponentially stretched meshes. The stretching of each stretched region is defined so tha
grid spacing matches that of the (non-stretched) lower atmosphere at the shared boundary, and extends to a specifief
distance with a specified number of nodes. In this way we can obtain high resolution in the region of interest and
keep the boundaries sufficiently far away such that reflected waves do not enter the lower atmosphere region during
the course of the simulation. Typical simulation values place the upper boundary of the lower atmospheme at 10
and the upper corona region ax510° m.

The lower atmosphere domain is defined so that the solar surface is located at a coordinate Valuel6f T,
which corresponds to a solar radiusef= 6.9599x 10° m. Thusx = 0 corresponds tey := 6.8849x 10° m.

The non-physical interior regionn the non-physical interior region the physics is adjusted to delay reflections
from the boundary so that they do not enter the physical region during the course of the simulation. We define the
gravitational acceleration in the interior region to be exponentially damped with increasing depth:

1, x>0,
M
X)= ———i, ¢X= 2
8 = =5 @) exp{_(ﬁ,)},wo.
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HereMg is the solar mass,= rg + x, andx; is a scale defined so thgfx) ~ 0 in most of the interior region. In a
typical simulationx; is typically taken as-1 x 10’ m.

In hydrostatic equilibrium we havepddx = —gp = —gp/R’'T so a smalleg will lead to a smaller growth ip.
We extend the temperatufento the interior as a constarif{x) = 7'(0) for x < 0. The result is a slower speed of
sound so the bottom of the interior region can be closer, requiring fewer grid nodes, while still avoiding reflections
off the lower boundary from entering the lower atmosphere region.

4. Results

In this section we present various results using the model and methods in this paper. We are particularly interestec
in the response of the solar atmosphere to a single impulse at the solar surface. Our focus is on simulations tha
bring out phenomena that resemble those observed in the solar atmosphere.

We consider the forcing terfa(x, t) in (2.2), defined as

F(x, 1) = %X(x)r(t),

where the amplitud® has units of m/s. When we refer to, e.g. “20 m/s impulse”, we meanithat20 m/s. We
consider two choices fok andz:

e Xandr as square functions with respective half-widths f0and 30 s: foilr| < 30, z(r) := 1, otherwise 0, and
for |x| < 10°, X(x) := 1, otherwise O.
e Xandr as Gaussian functions with respective width mtand 30's:

X(x):exp{—(%)z}, r(t):exp{—(t;(?C))Z}.

These forcing functions are chosen to be physically reasonable but of short duration. We examine both forcing
functions to investigate possible dependence of the response of the atmosphere on the shape of the impulse.

We treatV as a tunable parameter that determines the total energy deposited into the atmosphere by the forcing
function. Our general approach will be to tuvieo that some aspect of the simulated phenomena matches observa-
tions and compare other aspects of the simulation. For example, we may chbtiet aauses the transition region
to rise to around & 10° m and study the resulting particle oscillations, atmospheric profiles and shock wave devel-
opment. Different atmosphere models will require different valuegtofraise the transition region to this height.

For simplicity we assume that the solar atmosphere is entirely composed of hydrogen.

4.1. Tests of the numerical method

4.1.1. Accuracy and comparison of the reconstructions
We first check the accuracy of the second- and third-order interpolants described in Seztinran irregular
grid. Table 1shows the relativé.! errors for the linear advection problem

g +4qx =0, (4.1)

with periodic boundary conditions. The errors are showih at 1 for the periodic initial data(x, r = 0) = sin*(zx)
on the domain {1, 1] with nodes atv; = x;_1 + A(1 4+ sin(2rj/N)/1.1), whereN is the number of grid nodes.
HereA = 1/(N — 1).
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Table 1
RelativeL! errors and convergence rates for the reconstructions on irregular grids used in the €:B¢applied to the advection equation
(4.1)
N Second-order reconstruction Third-order reconstruction

LY error Rate LY error Rate

50 332x 107! - 8.69 x 1072 -

100 100x 1071 1.73 137 x 1072 2.66
200 295x 1072 1.76 220x 1073 2.64
400 893x 103 1.72 379x 1074 2.54

We now compare the quality of the second- and third-order reconstructions for our simulations of the solar
atmospherdrig. 3shows the result at= 360 s, initialized using the quiet sun model and perturbed with the square
impulse with amplitudé/ = 20 m/s. The second- and third-order methods, were tested with a resolution of 1000
grid nodes in the lower atmosphere region. We see that there is only a small difference between the second- and
third-order methods at this resolution. Also notable in this figure is the strength of the shock in velocity value. It is
these large velocity shocks that cause the uplift and particle oscillations.

Based on these results we will perform the rest of the simulations in this section with 1000 grid nodes in the
lower atmosphere region using the second-order method. We make this choice primarily because of the superior
non-oscillatory properties of the second-order method, and also because of its increased speed. Using 1000 grid
nodes for our lower atmosphere region of interest (see Se8t®)rgive us a resolution of 10 km per grid cell.

This is larger than the smallest spacing of 2 km in the VAL model at the transition region, but we find that further
refinement of the grid does not significantly alter our results.

4.1.2. Test of numerical hydrostatic balance
As a test of the numerical hydrostatic balance described in Se8téhrwe run the quiet sun model in our

simulation conditions with no initial velocity perturbation, i.e. with initial velocity set to zero everywhere. After

¢ = 4000 s, the duration of our simulation runs, the velocity is bounddd|by 2 x 10~19m/s, which is consistent

with roundoff error in terms of the internal units used in our computations. Similar results are found with the other

atmosphere models. Thus numerical hydrostatic balance is preserved.

x 10°

method comparison: velocity at T=570 s
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Fig. 3. Comparison of second- and third-order methods. Left: velocity; right: temperature.
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4.2. Spicule formation

Spicules are narrow near-linear features that are observed on the solf8,iBil{seeFig. 2). They are observed
to rise with upward velocities of about 25 km/s, have temperatures in the range of 5000-10,000 K and densities of
about 3x 10~1%kg/m?. Their maximum height is betweenssx 10f and 95 x 10° m. Because of these relatively
low temperatures and high densities, spicules can be thought of as an intrusion of chromospheric material into the
corona. Their linear shape can be explained as this material being channeled inside a magnetic flux tube.

We are primarily interested in the behavior of the transition region in response to impulses at the base of the
atmosphere, as well as the physical conditions below the transition region at its time of maximum height. We define
the position of the transition region to be where the temperature rises through 200,000 K. We compare simulations
using the three atmosphere models with both square and Gaussian impulses. We do this despite the fact that spicule
are not observed above sunspots in order to study the dependence of spicule formation on the atmosphere model

The dominant feature of our simulations is strong initial and rebound shock waves that repeatedly appear for as
long as 30 min after the single initial impulse. An example of the effect of these shocks on the quiet sun model is
shown inFig. 4.

We first study the comparative response of the three model atmospheres to the same impulse amplitude. We se
the impulse amplitude t& = 16 m/s, which lifts the transition region in the quiet sun atmosphere model to about
6 x 10°m. Impulses with these amplitudes cause velocities in the range of 1 km/s in the lower chromosphere, in
accordance with observation. The resulting shock trajectories for all thee models and both square and Gaussia
impulses are shown iRig. 5. We see a characteristic increase in speed as the shock crosses the transition region
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Fig. 4. History of the temperature (left) and density (right) profile for the quiet sun model in response to a square impulse with an amplitude of
20m/s.
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from the chromosphere to the corona. As time passes, this increase in speed occurs at higher altitudes as the
transition region rises. We also see short-lived downward propagating shocks below the transition region. As seen
in Fig. 3, velocity behind the shock reaches as much as 60km/s as the shock passes the transition region. This
causes a dramatic uplift, i.e. lifting material and the transition region well into the initial corona. We track the
motion of atmospheric material by seeding test particles at specific heights, then tracking their motions throughout
the simulation. The position(r) of these particles is updated at each time step by solving the OBDE= u(x, 1)

via the standard fourth-order Runge—Kutta method, whéter) is the velocity component of the approximated
solution. The resulting patrticle histories is showrFig. 6.

We see immediately fronfrig. 6 that the Lites—Skumanich sunspot model is much more responsive to the
initial impulse, with much higher uplift than the other two models. This is striking since, as sdeg. i, the
Lites—Skumanich model has a transition region height intermediate between the other two models. We will dis-
cuss a possible mechanism for this increased lift below in Sedt®rd This behavior is also evident Fig. 7,
which shows the maximum height of the transition region for varying impulse amplitudes. The three models
exhibit a near-linear dependence on impulse amplitude, with the Lites—Skumanich sunspot model showing a
greater slope. We see that, particularly for the quiet sun and Ding—Fang atmosphere models, the transition re-
gion is lifted to spicule heights, betweenx510° and 10x 10°m, for a wide range of impulse amplitudes. In
contrast, the Lites—Skumanich sunspot model is lifting to spicule heights for a narrower range of smaller impulse
amplitudes.

Fig. 8shows estimates of the speed of the transition region in its initial rise for varying impulse amplitudes. This
estimate is defined as the height of the first local maximum divided by the time taken to reach that height from first
motion. In all cases the speed of the rise increases approximately linearly with amplitude. For the square impulse
we see that for the range of impulse amplitudes that produces spicule height transition regions we have speeds just
below 20 km/s, just below the average observed value of 25km/s. For the Gaussian impulse we have somewhat
lower speeds.

Fig. 9 shows physical conditions, specifically temperature and density, below the transition region at time of
maximum rise for each atmosphere model, with square and Gaussian impulses. In this case we choose impulse
amplitudes that lift the transition region to abouk6L.0° m, typical spicule heights, in each model. For the quiet
sun, this requirey = 16 m/s, the Ding—Fang sunspot modéek= 20 m/s, and for the Lites—Skumanich model

V = 8ml/s. The properties observed from this figure are summariZéahile 2 where we see that our simulations
match the observations reasonably well.

transition region maximum height, square impulse transition region maximum height, Gaussian impulse
20 : . : : : - : : : - : -

—&- quiet sun VAL model
—»— Ding and Fang sunspot model
N —&— Lites and Skumanich sunspot model

-~ quiet sun VAL model
20l ™ Ding and Fang sunspot model
[| = Lites and Skumanich sunspot model

maximum height (x 108 meters)
maximum height (x 10° meters)

8 10 12 14 16 18 20 22 24 26 28 8 10 12 14 16 18 20 22 24 26 28
impulse amplitude (meters/second) impulse amplitude (meters/second)

Fig. 7. Maximum height of the transition region for various impulse amplitudes. Left: square impulse; right: Gaussian impulse.
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Gaussian impulse.

4.2.1. Causes of the lifting of the transition region

Our results show that the amount by which the transition region is lifted has a complicated relationship with
the atmosphere model. In this section we attempt to understand this relationship. We first study the forces act-
ing at the transition region in an effort to understand the particle historiésgin6. We then study two as-
pects of the dependence of the atmospheric lifting on the temperature profile: dependence on the temperatur
in the lower chromosphere, and dependence on the initial height of the transition region. These considerations
are motivated by an attempt to understand the increased lift of the corona in the Lites—Skumanich sunspot

model, where we have a slightly lower transition region and a cooler chromosphere than the other two models
(seeFig. 1).

4.2.1.1. Forces acting on the transition regiove study the forces acting at the transition region by estimating the
pressure gradient forcg, and comparing the resultant acceleratigr= Fp/p with the gravitational acceleration

g. Fig. 10plots the ratiazp/g overlaid on the trajectory of the transition region. We see that for the first several
minutes there are large transient accelerations, two orders of magnitude larggr taarsed by the passage of
shocks through the transition region. These transient accelerations cause the upward motion of the transition regior
Between these pulseg drops to an order of magnitude less tigaiso the motion of the transition region is nearly,

but not completely, ballistic. After 30 min, the acceleration attains a more wave-like character, with neither large
nor small accelerations relative ¢p so the motion is no longer ballistic. Therefore there seem to be two phases
of motion: an early phase dominated by the passage of nonlinear shocks with nearly ballistic motion between the
shocks, and a later stage which has more linear wave-like behavior. This is to be expected since the rebounding o
the atmosphere damps over time.

IZ?T:‘:Jleature and density below the transition region at time of maximum rise baségl Stompared with observed spicule properties
Obseved Square impulse Gaussian impulse
VAL DF LS VAL DF LS
Temperature (K) ® x 10" to 10* 10* 10* (2-3)x 10* 10* 10* (2-3)x 10*

Density (kg/n?) 3x 10710 2x 10710 107° 107° 2x 10710 1079 1079
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Fig. 9. The temperature (solid line) and density (dashed line) profiles at the time of maximum transition region height. Left: square impulse;

Quiet sun with 16 m/s square impulse, t = 7.75 minutes
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Fig. 10. The trajectory of the transition region (dashed line) and the ratio of the acceleratnhe transition region due to the pressure
gradient force to the gravitational acceleratgpfsolid line).

4.2.1.2. Effect of a reduced temperature in the chromosph#&eebegin by considering a simple model of an
isothermal chromosphere, with temperatiige modeled as an ideal gas p¢x) = R'Top(x). Then the condition
for hydrostatic equilibriun{3.9) becomes

do(x) _  g(x)p(x)
d«  RTp

Therefore an isothermal atmosphere in hydrostatic equilibrium has a density that decreases with height at a rate the
is inversely proportional to the temperature. Consider now a given velocity impulse at the base of this atmosphere.
As that impulse propagates upwards, conservation of momentum implies that as density decreases the velocit
will increase, with the rate of increase being greater for lower temperatures. The higher velocities cause a higher
uplift. Simple numerical experiments, replacing the quiet sun VAL temperature profile with a constant temperature
chromosphere, confirms that lower-temperature chromospheres exhibit higher lifting of the transition region for a
given velocity impulse.

We conjecture that, in a non-isothermal atmosphere, the same mechanism will, at least to a first approximation,
cause higher lifting for lower average chromosphere temperature and fixed transition region height. As a simple test
of this conjecture, we modified the quiet sun VAL model, suppressing the temperature in the lower chromosphere
similarly to the Lites—Skumanich chromosphere, approximately preserving shapely, left). The resulting
particle histories for the modified VAL model exhibit significantly increased ugify (11, right) as compared with
the unmodified VAL model for the same conditions showirig. 6. As expected, the period of coronal oscillation
is also larger for the modified VAL model, due to the larger amplitude of the initial lift.

(4.2)

4.2.1.3. Effect of moving the transition regiolm an attempt to understand the role that the location of the transition
region plays, we present simulations in which the quiet sun model is scaled so that the transition region has various
heights. We use a square 20 m/s impulse for this study.

In Fig. 12we show the dependence of the maximum transition region height on the initial transition region height.
We see that there is a nonlinear dependence, where initially higher transition regions get lifted much higher. One
possible explanation is that as the pressure shocks pass the transition region, the pressure gradient force will caus
an upward acceleration of the transition region like those shoviign10. Density decreases with height (due to
the requirement of approximate hydrostatic equilibrium), so the pressure gradient force will cause greater upward
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Fig. 11. Left: the chromospheric temperature profiles of the quiet sun VAL, modified VAL and Lites—Skumanich atmosphere models. The
modified VAL model has a reduced temperature in the lower chromosphere. Right: the particle histories for the modified quiet sun VAL model
in response to a square, 16 m/s impulse, exhibiting increased uplift (coffigai®.

acceleration of higher transition regions. The resulting quasi-ballistic motion of the transition region will lift it to
greater heights.

4.2.1.4. Combined effect3he Lites—Skumanich and Ding—Fang sunspot models have both cooler chromospheres
and lower transition regions, so we must consider the above effects in combination. This is difficult to do, even
qualitatively, because a cooler chromosphere and lower transition region have opposite effects with respect to the
amount of lifting. Further, the detailed shape of the temperature profile will have an effect on the amount of lift.
We note that the Ding—Fang sunspot model has a somewhat higher temperature in the lower chromosphere, and
lower transition region than the Lites—Skumanich model {Sgel). We therefore expect the amount of lift in the
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Fig. 13. Histograms of observed periods of coronal oscillations. Top: above the quiet sun; bottom: above sunspots.

Ding—Fang model to be less than in the Lites—Skumanich model. To understand the fact that the Lites—Skumanich
model has higher uplift than the quiet sun model, we conjecture that the increased lift due to the lower average
chromospheric temperature in the Lites—Skumanich model dominates the decreased lift due to the lower transition
region.

In all cases, the higher velocities behind a shock when it reaches the transition region will lead to higher uplift.
These higher velocities may be due to the shape of the initial temperature profile, as described above, or due tc
larger initial velocity impulses, which would explain the results showfigs. 7 and 8

4.3. Coronal oscillations

Recent observations if2] have detected a notable difference in the period of oscillation of coronal particles
above sunspots compared to periods above the quiet sun. Above sunspots, the observed oscillations have perio
clustered around 3 min, while above the quiet sun the periods are clustered near 5 rig.(48e

In our simulations, we find a similar relationship between periods of oscillation of particles in the corona (above
the transition region). As seen FKig. 6, coronal material exhibits an oscillatory behavior after being lifted by
the shocks. Due to the multiple shocks this behavior is complex, but there are dominant modes of oscillation. In
Fig. 14we see the power spectra of the particles whose histories are sh&ign GHere we again choose impulse
amplitudes that lift the transition region to typical spicule heights of aboutl®® m in each model. We see that
for the chosen impulse amplitudes the quiet sun model has a dominant mode of oscillation with a period of 5.6 min,
and a weaker mode at about 3.5 min. In contrast, the Ding—Fang and Lites—Skumanich sunspot atmosphere mode|
only has the mode with a period of about 3.5 min. This is consistent with the observational Befali
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Fig. 14. Particle spectra of particle oscillations for an impulse amplitude which lift the transition region to abdi®f &. The spectra are
stacked in order of the height of the particles. Left: square impulse; right: Gaussian impulse; top: quiet sun model; middle: Ding—Fang sunspot
model; bottom: Lites—Skumanich sunspot model.
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Fig. 15. The simulated periods of oscillations for the three atmosphere models and various surface velocity perturbation amplitudes. Left: square
impulse; right: Gaussian impulse.

In general, the period of oscillations of coronal particles depends on the impulse amplitude, though the details
of this dependence differs between the atmosphere models. This dependence is sumnfagzé&d We see that,
generally speaking, the period of oscillation increases with impulse amplitude until a cutoff period of 5—-6 min is
reached, after which shorter period modes appear and the longer period modes are damped out. For some of ot
simulations two modes appear, which we interpret to be the suppression of the longer period mode as it approache
the cutoff frequency, so the energy of oscillation goes into shorter-period modes.

5. Conclusions

In this paper we use a high-order shock-capturing scheme to study the response of various one-dimensiona
model solar atmospheres to a single impulse at the solar surface. While there are many methods for approximating
the solutions of the evolution equations used in our study, high-order, non-oscillatory central schemes have the
advantage of avoiding Riemann solvers and characteristic variables, which make them well suited for balance laws.
Our treatment includes an extension of existing central methods to irregular grids and a new choice of variables
which facilitates the numerical maintenance of initial hydrostatic balance. These new features allow us to treat a
highly stratified atmosphere, where the density and temperature change over several orders of magnitude with higt
gradients. Combined with high-resolution and numerical accuracy, our scheme has the ability to detect the effects
of subtle differences in initial conditions. Also, the study of particle oscillations is made possible by our ability to
resolve and track long trains of shock waves.

The results of our simulations verify the shock-rebound effect suggested in previoudyeeBkl 4Jas a possible
mechanism of spicule formation. In this model an initial perturbation at the base of the atmosphere causes an
acoustic wave that forms into a compression shock as it rises. This is most apparent in the velocity field, where the
shock increases dramatically in amplitude as the density decreases with increasing height. By the time the shocl
reaches the transition region, the velocity amplitude is ovémi/8, which causes a strong lift of the transition
region and the underlying material. The shock also heats the gas as it passes. After the initial shock, material
falls due to gravity, causing an eventually decreasing train of new compression shocks to form. Due to the energy
deposition of the shocks and our neglect of energy loss terms, the atmosphere generally rises, so the particle
eventually stabilize at a new height above their original height. As in previous studies, at time of maximum uplift
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we find properties of the atmosphere below the transition region that roughly correspond to those observed for
spicules.

Particles in the chromosphere and corona are also lifted by passing shocks, which then fall under gravity until
the next shock arrives, or in later stages being lifted by pressure waves. The result is particle oscillations in both the
chromosphere and corona. Frémgs. 5 and Gve see that during the lifting phase with strong shocks, new shocks
arrive before the particles have completed a complete period of oscillation due to buoyancy. This suggests that the
timing of the shock waves is the dominant factor in the period of coronal particle oscillations due to rebound shocks.

In spite of the simplicity of our model, we find a remarkable correspondence between our results and observation.
We use single impulses whose amplitudes are selected to lift the transition region to spicule heights, around 6
10° m. We then observe the response of the solar atmosphere through physical characteristics such as temperature
and density below the transition region, the speed at which the transition region rises and the period of oscillation
of coronal particles. In all cases our results are consistent with observation. When we vary the impulse amplitude
we find that these results do not depend strongly on the specific choice of impulse amplitude. There is also a small
but easily observable difference between the results for a square versus a Gaussian impulse.

These results do depend strongly on the atmosphere model. In particular we observe that the particle oscillation
spectrum using the quiet sun model differs from the particle oscillation spectrum obtained when a sunspot atmosphere
model is used. The differences we observe are consistent with observation of oscillations in the real solar corona.
We also note that the amount by which an impulse lifts the atmosphere is strongly dependent on the atmosphere
model. Simple experiments show that the temperature of the chromosphere and the location of the transition region
are strong determinants of the amount by which the atmosphere will be lifted by a given impulse.

We also examine the balance of forces at the transition region during the rebound-shock train. We find that during
the early phases, the motion of the transition region is determined by transient accelerations due to shock passage
with intervening periods of near-ballistic motion. At later times, as the rebound phenomena damps out, these forces
have a more wave-like behavior.

The next steps in our study include adding energy loss and heating models to our simulations sjiet.a&his
will allow us to study the atmospheric response to continuous surface forcing, which in our current model cause
the atmosphere to lift without bound due to the continuous energy deposition. Simulations in two-dimensional will
follow, where the model will be extended to the magnetohydrodynamic equations.
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