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Abstract. Motivated by recent observations of type Il radighe radio emission only occurs in discrete regions of the solar
bursts, we study propagation of shock waves by the twoerona. Uchida (1974) postulated that such regions would occur
dimensional numerical magnetohydrodynamic model. Explathere the Alfven speed is low so that an MHD wave can steepen
sion of a hot plasma is investigated for various ratios of tlieto a shock and dissipate energy there. He suggested that the
mass density and magnetic field intensity in a fan of coronagion near the axis of a helmet streamer structure would be
loops. Ducting of shock waves occurs along loop-like structusaitable because of the high electron densities and low magnetic
and ducting of possible radio emission in under-dense corofildd strengths expected there.
loops is expected. This provides an alternative to classical ex- Further, it was found that the path of the shock waves caus-
planation that two distinctly separated type Il radio bursts aireg type Il bursts can deviate remarkably from a direct straight
caused by two different shocks. The presented results suppiog. For instance, Kai (1969) interpreted one peculiar event
the idea that a single solar flare energy release with a singkethe observational evidence for a reflection of shock waves
shock can generate coronal disturbances observed as two sepanagnetic wall. In another case, Smerd (1970) described a
rate type Il radio bursts. behind-limb event and concluded a curved path for the type Il
burst exciters thus being either refracted or magnetically guided.
Key words: Magnetohydrodynamics (MHD) — shock waves — Duncan (1979) suggested that meter-wave radio emission
methods: numerical — Sun: corona — Sun: radio radiation  propagates from the Sun along under-dense magnetic flux tubes.
Fundamental and harmonic radio emissions arise within, and are
subsequently ducted along, the same under-dense elements of
1. Introduction bundles of magnetic flux tubes. The common apparent source of
) both emissions is the point of escape of radiation from the wave
The study of coronal shocks is not an easy task because §{i; at that frequency. This scenario enables to explain the ap-
solar atmosphere in which they propagate is far from homoggs,ent coincidence of fundamental and harmonic radio sources
neous and in situ measurements are lacking (Bougeret 1983),yg|| as the great heights of solar meter-wave radio sources.
Although traveling shocks compress the coronal plasma, incan (1979) also estimated that the ducting of radio waves
thinness of the physical structure makes them difficult, if NeL,jires magnetic flux tubes with wall over-density factors of
impossible, to image directly. The existence of coronal shockgq;t 3.
is therefore often inferred from their indirect effects. Drifting  |yterestto type Il radio bursts has been renewed recently due
radio emission, type Il bursts, is well-observed effect that marks ;pservations by the Yohkoh, SOHO, and TRACE spacecrafts,
the passage of shocks through the corona (Wild & Smerd 197g), 5 gioheliograph in Nancay, as well as by the larger extent of
However, not all shocks produce radio bursts, presumablyjis frequencies observed by radiospectrographs (GHz, MHz,
because they QO not meet Iopal.condltlons for acceleratlonmz)_ Comparative analysis of multi-wavelength observations
electrons required for the excitation of plasma waves and th@jih 3 possibility to spatially identify radio sources is important

conversion to radio waves. Further, the type Il emission does gk only for investigation of various dynamic phenomena in the
outline the entire shock front, but occurs where the shock Way§i5r corona but for radio emission models as well.

intersects pre-existing structures (Stewart 1984). Multiple type k|assen et al. (1999a) investigated the formation of radio

Il events are also observed to arise from a single shock whighitting shocks above flaring active regions by combined spec-
intersects different coronal structures (Robinson & Sheridga, 5ng imaging observations of type Il radio events with solar

1982). X-ray imaging observations. They confirmed earlier findings

_Ithas been thought that type Il sources may lie in streamefsy; type 11 bursts are emitted above active region loops seen
orinregions where the inferred magnetic topology is open (Wil soft X-ray images. The alignment of radio waves at succes-

1970). Spatial observations by radioheliographs suggest thgky jower frequencies is often not radial: the lower frequency
Send offprint requests 1®. OdstEil sources seem to bend away from the active region. Klassen et al.
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(1999a) identified two type Il spectral features which syste type II burst shocks
atically precede the well known metric type Il burst lanes,
“type Il precursor” and the “arc pattern”. These features sug:
that the shock exists before the type Il radio bursts.

Klassen et al. (1999b) analyzed branches of a type Il b
observed on 9 July 1996 using the soft-X-ray observations f
the Yohkoh spacecraft and radio emission observations 1 ‘
the Nancay radioheliograms and the Potsdam and Ondrejc
diospectrographs. They identified that these radio bursts %3
located at different places and suggested that they were cz L3
by two shocks. As sketched in Fig. 1, the flare energy rele
starts at low layers in space among lodpsl.2, and L3. Two L
MHD shocks are assumed to form and generate type Il i
bursts at different locations. The first shock was initiated dui
the flare impulsive phase by primary energy release proce
(probably some magnetic field disturbance). This disturbe
was propagating upwards guided along adjacent loop struct

It generated the short-lasting type Il burst observed at the ic Fig.1. The interpretation of the July 9, 1996 radio event discussed
e>_(tended |0,0p systems. The SeC,O”d type i burgt was QbserM Q(Iassen et al. (1999b). The first shock (marked by full-line bows)
with some time delay and its radio source was situated in lowgpagates along loop structure L2 and L3. The second shock (marked

heights between the two extended loop systems. The drivehgfjashed-line bow) propagates between loop structures L2 and L3.
the first type Il burst propagates along two adjacent loops with a

twofold speed compared with the second one. In higher coropa
heights, in the above lying coronal streamer structure, this ev )

was studied by Pick et al. (1998) using the observations frq tancez, and the vertical heighy (y-axis starts in the Sun

X‘ﬁg(igﬁgﬁ trgslezi:\?!\?sgs:)iegts;dwig?oou; Lfbsefv\?ece?‘r?hneaggzﬁc%nter). The time-dependent model, written in the conservative

and extension of the radio sources and the CME with distinctrm’ consists of the following system of equations:
leading edges. 0 0 0

. L= —(pVi —(pV,) =0, 1

The July 9, 1996 coronal event has motivated us to invedt () + oz (pVe) + y (V) @)

tigate propagation of coronal shocks in large-scale magnetic

shock propagation is used in the Cartesian coordinate sys-
. The two independent spatial variables are the horizontal

structures, such as arcades and active region loop systems. Qur 0 o 0

goalistoinvestigate whether a single source can generate disgyr V) + oz (pVe) + Ay (pVaVy) =

bances that can evolve into two separate shocks or separate type D) 9 /B2 & [ B.B,

Il radio sources due to different plasma parameters in different - %(P) + 2 (/j) + a ( p y) ; (2)

propagation directions. In a positive case, this would provide an
alternative to classical explanation that two signatures of shocgs

are caused by two sources. —(pV,) + g(prVy) + g(pvf) — _pGJZ\/[S
In this paper, we use the two-dimensional numerical maé‘lf Oz dy Y
netohydrodynamic (MHD) model to investigate propagation of 0 9 ( B.B, 0 Bj
shocks in the solar corona with two adjacent coronal loops. We @(P) + or u) + dy 7 ) (3)
use a simple potential field configuration to represent 2-D ana-
logue of coronal loops and the initial configuration is in stati o o oV, GM
equilibrium in the gravitation field. This initial state is disturbed,??(E) + —(EVy) + —(EV,) = 73;725
by introduction of a localized hot plasma that expands and gen- Oz Oy Y
erates MHD waves. Propagation of coronal shocks is investi- _ Q(pvx) _ ﬂ(pvy)
gated for different ratios of the mass density and magnetic field Ox dy
intensity. d ( By
+ o ( . (B Vs +ByVy))

2. Numerical model 9 (By )

: + — | =BV + B,V |, 4
Large-scale dynamic phenomena in the solar corona can be de- YA
scribed by a system of MHD equations. These equations enaﬂqu + Q(BTVI ) = Q(B Vi) (5)
determination of macroscopic spatial and temporal variations@f oy oy ’
the plasma and magnetic field caused by various initial and the 9 9
boundary conditions. A two-dimensional ideal MHD model ofy; (By) + - (ByVz) = 5-(B.V,) , (6)
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wherepisthe mass density] = (V, V,)) is the flow velocity,P We wish to specify loop-like structures within this coronal
is the total pressure (sum of the thermal and magnetic pressurasjade model. For this purpose we use the vector potential
B = (B, By) is the magnetic field inductior¥; is the total

energy density (sum ofthe thermal, kinetic, and magnetic enerdy = 20 €0s(z/A) exp(=y/A) , (10)

densities), ang is the magnetic permeability. The equation ofhat gives the same magnetic field configuration as given by
state Is Eqg. (8). Thus we have a possibility to superpose any additional
p=RpT, (7) Vvector potential and the resulting magnetic field remains diver-
gence free. The magnetic field components are determined from

whereR is the gas constant arfdis the temperature. The ratiog, following relations

of specific heatsy = 5/3 is used.
Robust and high-resolution numerical methods are requir%d _ 0A

to simulate propagation of shock waves in plasma with non-" oy’

homogeneous magnetic field. The explicit finite-difference YD- 0A

0 _
FCT algorithm (Odstil 1993) is used by a space-splitting techBy = T 9r (11)

hique on a non-staggered numerical grid. The algorithm can {fe assume that loop-like structures have reduced or enhanced

tsr? Ive shogkslwnrotgt n%;? g%%n ﬁr}";gg flsdlf;l;]smn tto Statl)'l'zﬁtensity of the magnetic field. This can be ensured by modifica-
e numerical solution Sl ). The rectangular tion of the gradient of the vector potentialirdirection within

computational_domain s defin(_ad by pairs of boundaries at ﬁXS iven spatial region as shown in Fig. 2. The spatial region is
?orlgontf;l p??tl_orrw]ts (Igftt?nd rlggtt) at ?f gnd dcg%’ ar;]d at specified by two levels of the original vector potentisl and
ixed vertical heights (bottom and top) at 1.0 and 24 where r that correspond to values &, =-0.10 andX g =-0.06Rg

Rs =6.96x 10° mis the solar radius. These dimensions rough . _ . . ) L
corresponds to the observed coronal structures shown in Fi .%he heighy = 1.1 5. The right loop is defined similarly but

Th mputational domain represents a rectanaular region wi ues are chosen to correspond to valuesat 0.06 andX r
€ computational domain represents a rectanguiar region wi .10 Rs. The new gradient of the vector potential between

; . : . X1 andXp is chosen such that the derived valuesByfare 2
Itis not easy to avoid reflections at the boundary witho Ies smaller or larger then their original values in that region.

using some special approach, such as a characteristics-base 6E that positions where the vector potential has valuet;of
trapolation. We use a simple technique where all boundariesiF
a

the equidistant difference mesh with 400x200 grid points.

%AR depends on the height. Thus the loops become wider
assumed to have constant values and they are well away from 8 curved away from the center as shown by shaded area in
interaction region of interest. Two rows of “ghost” cells are us 3 as well as by wider profiles in Fig. 4
around the computational domain that keep initial values. Thinge assume that the coronal plasmais an isothermal and fully
boundary condition causes reflection of incident disturbanc%m

. . zed gas which satisfies the perfect gas law. The temperature
however, computational subdomain where the shock propa 9 P 9 b

a- . . :
R . . . . .5 constant with a value dfy = 1.5 MK everywhere including
tion is investigated is not affected during the used time per'°§0ronal loops. Since the magnetic field is potential and thus

force-free, the equilibrium is given by balanced forces of the
vertical gradient of the thermal pressure and the gravity forces.

In the low corona, within about one solar radius of the soldhe density is determined to from the equilibrium condition
surface, long-lived magnetically closed structures may be ag- pGMg
sumed to be in static equilibrium under a balance between thg (FoT0) = I (12)
Lorentz force, the plasma pressure gradient, and the gravity
force (Priest 1982). Coronal loops are three-dimensional strdd€ density is then adjusted to balance changes in the mag-
tures, however, we use simplified two-dimensional structurestgtic field strength across loop-like structures to keep the total
make understanding of basic mechanisms easier. More complEgSsure constant at the constant height. Figs. 3a—c show cases
3-D scenarios will be incorporated in future work. with the weaker background magnetic field and larger density
We use the coronal arcade model (Oliver et al. 1993) as inan cases in Figs. 3d-f. Figs. 3b,c,e,f show cases with loop-like
first step in specification of the initial conditions. This modettructures that have stronger (weaker) magnetic field and lower
assumes that the coronal arcade is in static equilibriim@) (higher) density than the surrounding background values.

3. Initial conditions

and the potential magnetic field configuration is given by ‘Coronal shocks and large amplitude waves are caused by lo-

0 calized dynamic events, e.g., by impulsive phase of solar flares.
By = Bocos(z/A) exp(—y/A), We assume that a shockis generated by an “explosion” of the hot
By = —Bysin(z/A) exp(—y/A) (8) plasma into much cooler surrounding values. The hot plasma is

where A (=width/r) is a parameter defining the arcade shag@ecified as a cylinder with the temperatiite= 100 MK and
and B is the scaling parameter specified in the next. The widfHth the radius of 0.02%s. This cylinder is centered at= 0
parameter of 0.8 is used in this paper. Note that the totandy = 1.1 R for Cases 0 and 1, and a¢-0.082 andy = 1.1

magnetic strength depends only on the vertical height Rg for Case 2 as shown in Fig. 3. o
Six cases are considered in this paper as shown in Fig. 3.

B = /B2 + B} = Byexp(—y/A) . (9) These cases differ by the geometry of the magnetic field and



D. Odstgil & M. Karlick y: Propagation of shock waves in the solar corona with 2-D loop structures 769

(@) Casesla& 2a (b) Cases1b & 2b
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Fig. 2a and b. Specification of the vector potentiad, used to compute the magnetic field with a loop-like structure. Values are shown at the
constant heighy = 1.1 Rg, i.e., along thec-line marked in Fig. 3. The vector potential decreases exponentially ig-thiection as given by

Eq. (10). A loop-like structure is introduced by modification of the vector potential between two pairs of constant values of the original profile.
The thick solid (dash-dot) line shows decreasing (increasing) gradient that causes reduction (enhancement) of the magnetic field strength. Details
are given in the text.
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Fig. 3a—f. Six different initial states used for numerical computations in this paper. Solid lines show the magnetic field lines. The shading shows
the density distribution (the same logarithmic scale is used for all frames) where the darker color corresponds to larger values. Black area shows
hot plasma cylinder with the temperature 100 times higher than the surrounding values. The thick solid and thick dash-dot lines mark two lines
at the constant height gf= 1.1 and 1.3Rs, respectively, along which distribution of parameters is shown in Fig. 4.

position of the explosion site (Fig. 3) and by reduction or etke heights larger than 1225. Minimum values of the magnetic
hancement of the magnetic field strength in loop-like structurisld give the same ratio of the maximum and minimum mag-
(Fig. 2). Fig. 4 shows profiles of the total magnetic field, demetic pressures for all heights. Maximum values of the number
sity, and plasma (ratio of the thermal and magnetic pressureslensity correspond approximately to the 10x Newkirk model
for different cases at the constant height of 1.1 andRg3 for the heights larger than 12¢. Minimum values of the num-

Fig. 5 shows maximum and minimum values of these quantitiesr density lie between the 2x and 5x Newkirk model in the
at given heights for all Cases. Maximum values of the magnelieights between 1.1 and 1E3;. These density profiles ensure
field correspond approximately to the Dulk-McLean model fahat the total pressure is constant at a given height. Decreasing
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(a) CaseOa (b) CaseOb (c) Casesla& 2a (d) Cases1b & 2b
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Fig. 4a—d. Profiles of the total magnetic field, number density, and plagr(ratio of the thermal and magnetic pressures) for Cases 0, 1, and
2. Profiles are shown at the constant heights of 1.1 andk,3&long the thick solid and dash-dot lines marked in Fig. 3.
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Fig. 5a—c. Maximum and minimum values of the total magnetic field, number density, and plagoper and lower solid lines) at given
heights. The total magnetic fieldsare plotted together with values of the Dulk-McLean model shown by a dashed line. The number densities
b are plotted together with values of the 1x, 2x, 4x, and 10x Newkirk model shown by four dashed lines. The/pladmesc are plotted
together with the unity value shown by a dashed line.

ratio between the maximum and minimum density values réaer, note that the field lines are distorted by expanding plasma
flects the decreasing relative importance of the magnetic figlthterial, however, the field lines that are “frozen” and that ma-
strength with the height. The maximum and minimum plasnterial does not pass through field lines. The MHD waves and
[ values are larger and smaller than unity, respectively. shocks are able to propagate across the magnetic field lines.
In the Case 0a, the plasnga> 1 and only one shock (the
fast-mode MHD shock) is formed as shown in Figs. 6a and b.
4. Propagation of a shock wave This situation is similar to hydrodynamic shock where the shock
in homogeneous stratified corona front is spherical. The magnetic field lines are deflected away

The Cases 0a and Ob correspond to situations where sth m the shock normal. Large deflections of magnetic field lines

: X o urs in the central region because of the weak strength of
propagate in homogeneous, vertically stratified corona and Re magnetic field does not suppress plasma expansion. This is

turped state at different imes is shown in F'g' 6. The hot plas ffferent from the Case Ob, where the field lines deflected by the
cylinder expa_nds and generates compressive MHD waves &E-mode MHD shock are deflect back by the slow-mode MHD
can steepen into MHD shocks. Simple shock structure wo ock. Another difference is that the Case 0b has no significant

{ﬁ Slrm ornlylf rorpﬂﬂc;r;t fxf Iotsi,lonn\;vl nvourtﬁatserwnh a TOt f[:y\ll:ln(:g eflection in the central region because plasma expansion in the
ereareaiso virib raretaction waves tnat propagates towa ng magnetic field is largely collimated along the field lines.
center of the cylinder where they reflect, propagate away from

the center, and steepen into secondary weak MHD shocks. Fur-
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Fig. 6a—d. Disturbed state at= 120 and 240 s for Cases Oa (top) and Ob (bottom). Density is shown by shading with darker areas corresponding
to smaller values. Magnetic field is shown by field lines.

In the Case 0Ob, the plasnmia< 1 and both fast-mode andincluding occurrence of a dimple in the shock front, is given
slow-mode MHD shocks have formed. The spherical expansioyn Steinolfson & Hundhausen (1990) and de Sterck & Poedts
is distorted by the magnetic field and the global structure gd-999).
quires a non-spherical configuration as shown in Figs. 6¢ and
d. The shock front is horizontally more distant at the height &f Propagation of a shock wave
1.05 R than at 1.1Rs because of faster propagation in the in structured loop-like corona

stronger field. Velocity of MHD waves and shocks depends on o
the orientation and intensity of the magnetic field. The fast® Cases 1a, 1b, 2a and 2b correspond to situations where

mode MHD shock is relatively weak and it is the stronge§f‘°Cks propagate in structured loop-like corona and disturbed

in a direction across the magnetic field lines. The slow-mogtAte at differenttimes is shownin Figs. 7 and 8. The hot plasma

MHD shock gives much larger density compression and prorpé/_linder expands and generates MHD waves in a similar manner

gates along the magnetic field lines. The magnetic field lines &%/ the Cases 0aand Ob, butthese waves propagate instructured
bent toward (away from) the front of the fast-mode (slow-mod&}OP-like plasma. The shock propagation is affected by different
shock. There are no fast-mode and slow-mode MHD shockdigSma parameters at different locations and the shock structure
perpendicular and parallel directions to magnetic field lines, rACdUireés more complex configuration. _

spectively. Both MHD shocks (or compressive MHD waves _In the Case 1a, the_loop structures h_ave twice stronger mag-
can be observed along the line oblique to magnetic field lin@tiC Pressure and twice smaller density than the background
The fast-mode (slow-mode) MHD shock is more (less) distaffronal plasma. The plasnga< 1 in the loop structures and

from the explosion center and it causes relatively small (|ar%§%1 inthe background corona. The hot plasma cylinderislocated

density compression. The fast-mode MHD shock has large QtWeen loops. The fast-mode MHD shock forms from expand-
gular extent while the slow-mode MHD waves steep into tHag compressive MHD waves. When this shock reaches coronal

shock only near the center and its front is more curved. NJRPPS: it partially reflects and passes through. The Alfven speed

that the shock front has a small dimple in its center. This effdstWice larger in the loops than in the surrounding plasma. This
is caused by transition of the fast-mode shock to the slow-mdti&/Ses faster propagation of MHD disturbances in the coronal

shock through the intermediate shock. More detail analysis'8PPS: A shock propagating inside the coronal loop is faster but
the fast, intermediate, and slow MHD shocks in the Coron\é(,eakerthanmthe surrounding background corona. We obtained
even faster shock velocities for loops with increased tempera-
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(@ Casela t=120s (b) Casela t=240s
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Fig. 7a—d. Disturbed state at= 120 and 240 s for Cases 1a (top) and 1b (bottom). Density is shown by shading with darker areas corresponding
to smaller values. Magnetic field is shown by field lines.

ture where the sound velocity is larger. Some reflected structstepe. A shock forms also inside the right loop but it is very

forms between the loops and behind the shock. This structweak.

propagates upwardly and does not deflect the magnetic field In the Case 2b, the plasma parameters in the background

lines. The expanding plasma in the central region significantgronal plasma and in the loop structures are the same as in

distorts the magnetic field lines. This situation is similar to Caslee Case 1b. A strong shock forms inside the coronal loop as in

Oa shown in Figs. 6a and b and is possible because of the wHakCase 2a. However, this shock propagates slower than in the

magnetic field. This effect also deflects coronal loops. surrounding background corona. A contact discontinuity can be
In the Case 1b, the loop structures have twice weaker madgentifies that separates expanding hot plasma from the original

netic pressure and twice larger density than the backgrododp plasma. A shock forms also in the right loop but it is more

coronal plasma. The plasnge>> 1 in the loop structures angél  stronger thanin the Case 2a. Note that the density is significantly

< 1in the background corona. Both fast-mode and slow-modehanced when the shock passes through the right loop.

MHD shock forms from expanding compressive MHD waves

asinthe Case Ob. The Alfven speed is twice smaller in the loapsTracking of the shock fronts

than in the surrounding plasma. This causes slower propagation i
of MHD disturbances in the coronal loops. A shock propagat?/© different pieces of the same global shock structure are

ing inside the coronal loop is slower but stronger than in thgacked for different Cases in Figs. 9 and 10. Fig. 9 shows the
surrounding background corona. height where Fhe shock front crosses the \(ertlcal line at0

In the Case 2a, the plasma parameters in the loop structuffeddash-dotline) and the curved line passing through the cen-
and in the background corona are the same as in the Casd@/20 the left loop (solid line). Fig. 10 shows the local plasma
However, the hot plasma cylinder is located now inside the Idfeduencies that correspond to the plasma densities at the shock
loop. Thus the energy released from the explosion is direcf[P"t heights given in Fig. 9. Assuming that type Il radio emis-
converted into the kinetic energy of the shock propagating insigi@" IS generated at the local plasma frequency, itis possible to
the loop. Therefore the shock propagating inside the corofigd the shock position from radio observations if the density

loop is significantly faster than in the surrounding backgrourdistribution is known.

corona. The global shock structure acquires a highly elongated !N the Case 1a, the shock front reaches the largest height
above the explosion site where the released energy is fully con-

verted into the slow-mode MHD shock (Fig.9a). The shock
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(@ Case2a t=120s (b) Case2a t=240s

(c) Case2b t=120s (d) Case2b t=240s
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Fig. 8a—d. Disturbed state at= 120 and 240 s for Cases 2a (top) and 2b (bottom). Density is shown by shading with darker areas corresponding
to smaller values. Magnetic field is shown by field lines.

(@) Casela (b) Caselb (c) Case2a (d) Case2b
14 — — & - L
e 7 1T e 1T ]
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TIME (s) TIME (s) TIME (s) TIME (s)

Fig. 9a—d. The vertical height of the shock front reached at different times for different Cases. The dash-dot line with “C” shows the height of
the shock front along the vertical line at= 0 Rs (i.e., in the middle of two loops) in the corona. The solid line with “L” shows the height of
the shock front where it crosses the center of the left loop.

(@) Casela (b) Caselb (c) Case2a (d) Case2b
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Fig. 10a—d. The local plasma frequency corresponding to the shock front position reached at different times for different Cases. The dash-dot
line with “C” shows the plasma frequency along the vertical linge &t0 R (i.e., in the middle of two loops) in the corona. The solid line with

“L” shows the plasma frequency where it crosses the center of the left loop. Note that the plasma frequency has reversed scale as is traditionally
used by solar radioastronomers.
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front in the loop structure reaches comparable distance fravhere the surrounding background density is less than the value
the explosion center but its height is smaller. The corresponl; at which the emission was generated. At titm€Fig. 11b)
ing Fig. 10a shows that the shock within the loop can generdlte shock front is at the height where the background density
emission at much lower frequencies than the shock between waoresponds at the plasma frequerficand the observable radio
loops due to differences in the plasma densities at the shachkission corresponds to the shock front. At the same time, the
front. shock front in the coronal loop is at the position corresponding
In the Case 1b, the coronal loops have weaker field ataithe plasma frequencfs, radio emission is generated, ducted
larger densities that causes slower Alfven speed. Both thedéeng the coronal loop, and escapes at the site where the sur-
characteristics causes that the shock propagates slower withiinding density is less than the plasma frequency at the original
the coronal loops (Fig. 9b). The corresponding Fig. 10b showssition. The situation with the under-dense loops enables radio
that the shock within the loop can generate emission at muehve ducting and sites of radio emission can be observed earlier
higher frequencies that the shock between two loops. and at much higher positions than at the background corona. At
In the Case 2a, the shock front in the loops acquires muiiime ¢3 (Fig. 11c) the shock front generates the radio emission,
further distances from the initiation site (Fig.9c). Energy ret the observable frequendy, only in the corona. The radio
leased from the explosion is directly converted into the shoeknission from loops is belowt,.
propagating in the left loop and the shock height is much larger. Situation with the over-dense loops is shown in Figs. 11d-.
The corresponding Fig. 10c shows that the shock within the lodptime ¢, (Fig. 11d) the shock front in the background corona
can generate emission at much lower frequencies that the shigcit locations where a density corresponds to observable fre-
between two loops. guencyf;. However, the shock front crosses the coronal loop
In the Case 2b, the situation is similar and the explosiavith much higher density corresponding to frequency higner
energy is released into the left loop. However, the larger char#ttan f; that cannot be observed. At timg(Fig. 11e) the shock
teristic speeds in a region between two coronal loops causes fhatt is at the height where the background density corresponds
the shock front reaches here the largest height (Fig. 9d). The adrthe plasma frequendf. At the same time, the shock frontin
responding Fig. 10d shows that the shock within the loop ctire coronal loop is at the position corresponding to the plasma
generate emission at much higher frequencies that the shfrekiuencyf;. At time t3 (Fig. 11f) the shock front generates
between two loops. the radio emission, at the observable frequeficyonly in the
Note that in all Cases there is only one shock that is trackedronal loops. Thus a spatial separation of the radio emission
along the central vertical line between two loops and along teeurces occurs also in the case of over-dense loops. However,
center of the loop. This is because the magnetic field lines g@@sitions of radio emission sources in the loops trail behind the
parallel to the shock propagation at these locations as canebgission source in the corona between two loops.
seen in Figs.7 and 8. Further, note that the shocks propagat-
ing in the loop structures are bent away from the vertical di-
rection and thus they show larger “vertical deceleration” than
the shocks propagating vertically in the corona between o

loops (Fig. 9). Finally, note that the frequency drifts of the radi/e have used the two-dimensional ideal MHD model to study
emission (Fig. 10) depends not only on the shock front velocifiye propagation of shocks in the solar corona with coronal loops.
(Fig. 9) but also on the vertical gradient of the density in a give shock is generated by an “explosion” of a hot plasma cylin-
coronal structure (Fig. 5). der and the subsequent evolution of the shock structure is com-
puted for different situations. The parameters of the problem
are chosen to specify a situation with moderate shock strength
and low plasmas (ratio of thermal to magnetic pressure) that
For simplicity, we assume that the frequency of radio emiserresponds to conditions in the solar corona. For numerical
sion corresponds to the local plasma frequency. Furthermaegsons, the configuration of magnetic field and the flare impul-
we assume that conditions for radio emission are fulfilled in tisé&ve processes (as a sudden plasma temperature enhancement)
coronal loops as well as in the space between them. Finadye simplified.
we assume two observing radio frequencfes> f, that cor- Explosion of hot plasma cylinder in the coronal arcade
responds to plasma densitid§ > N,. Fig. 11 schematically modelwith loop structures generates MHD waves. Both the fast-
shows shock front positions and possible locations of the corode and slow-mode MHD shocks form in the Igiplasma.
responding sources of type Il radio bursts. The shock propagation is affected by different plasma parame-
Situation with the under-dense loops is shown in Figs. 11#ers at different locations and the shock structure acquires com-
c. Attimet; (Fig. 11a) the shock frontin the background coronglex configuration. The shocks are stronger in the coronal struc-
is at the height where a large density corresponds to frequehases with the weaker magnetic field and larger density (lower
higher thanf; that is not observed. However, the shock fronilfven velocity) than in the surrounding background plasma.
crosses the coronal loop with much lower density correspondi@igronal loops are slightly deflected and the density is enhanced
to an observable frequengy. The radio emission is generatedvhen the shock wave passes through. The density enhancement
and ducted along the coronal loop and released at the locai®more visible for the over-dense coronal loops.

Conclusion

7. Possible locations of type Il radio bursts
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Fig. 11a—f. Schematic illustration of possible locations of type Il radio burst sources for shocks propagating in the under-dense (top row) and
over-dense (bottom row) coronal loops at three times ¢t < t5. One shock propagates in the background corona and the adjacent coronal
loops and radio emission is generated at positions with different densities. The shock front is marked by the thick solid line and the site of
observed radio emission at the frequerfeyand f2 (f1 > f2) are marked by filled and empty circles, respectively. An alternative explanation

of the July 9, 1996 radio event is possible for the scenario with under-dense coronal loops.

Interpretation of type Il radio bursts observed on July 9, 1996 different frequency ranges, although the radio sources are
provided by Klassen et al. (1999b) and schematically shownspatially close. Further, superposition of the radio emission in
Fig. 1 can have two scenarios. In the the first scenario, suggestequency can be also expected. Therefore, the radioheliograph
by Klassen et al. (1999b) the solar flare generates a shock prppsitional measurements in the decimetric frequency range are
agating upward and an electron beam propagating downwardémny desirable.
the coronal loop. The particle bombardment transports and de- The presented results have an important implications for
posits the flare energy in deep atmospheric layer and throughspace weather forecasting where observations of the metric type
evaporation it generates the second shock propagating betwiéeadio bursts have been used to derive initial speed of interplan-
the coronal loops. In the second scenario, suggested in thisgiary shocks propagating toward the Earth. For flares, like the
per, the solar flare generates only one shock that propag&dsly 1996 event referenced here, the situation is complex and
both in the coronal loops and in the surrounding backgrouttie forecasting is difficult because: (1) one solar flare can cause
corona. The shock front generates radio emission at differeccurrence of more distinct sources of the type Il radio bursts;
coronal structures at different frequencies. When the coroia) propagation of shocks in different coronal structures can be
loops structures have lower density, the radio emission candegected with different frequency drifts and different starting
ducted to higher heights where it can escape. This case cantimes; and (3) coronal shocks that generate metric type Il radio
plain the key features of the observed event; the emission sousaest can be ducted by loop structures and do not propagate into
is observed earlier and drifts faster in the coronal loop than in the interplanetary medium. There are also indications that coro-
background corona. Note that when the coronal loop structures shocks generated by flares (blast waves) can dissipate in the
have higher density than the surrounding corona, the obsergethr corona and only shocks generated and driven by coronal
event cannot be explained by this scenario. mass ejections can reach the Earth (Gopalswamy et al. 1998).

The presented results show that the radio spectra, espe-This work emphasized the effect of various plasma parame-
cially at higher frequencies, must be interpreted very carefulters on propagation of coronal shocks. The solar coronais highly
Namely, as evident from the YOHKOH, SOHO, and TRACEhhomogeneous and structured and this property affects propa-
observations, the solar atmosphere near active regions is higiagion of shock waves and locations of possible radio sources.
structured. with large variations of the magnetic field and terhis influence has to be taken into account when interpreting
perature. From the equilibrium condition, the variations afbservations of the type Il radio bursts. For this purpose, more
the plasma density in coronal loops, separatrices, neutral-lofetailed positional radio observations, comparison with other
layers, and streamers are expected. Thus, disturbances inirttaging observations, and 3-D magnetohydrodynamic model-
highly inhomogeneous solar atmosphere generate quite natg-are necessary.
rally (through the plasma emission mechanism) radio bursts
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