





Figure 6.4: Volume-rendering images of cloud density for model M4 at three different times,
t/tye = 1, 3, and 5. The image scales are linear and the viewing area is rotated 20° about
the x-axis and 30° about the z-axis. Black represents the lowest values which are ~ 0 at
each epoch and white the highest values which are ~ 100 at t/t,. = 1, ~ 464 at t/t,. = 3,
and ~ 229 at t/ty. = 5.
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Figure 6.5: Time evolutions of the root mean square radius of the cloud, the mean cloud
velocity, and the mean thermal energy of the cloud for models M1 (curves ending at t/t,. = 4)
and M2 (curves ending at t/ty. = 6) in the left panels and for models M3 (curves ending at
t/the = 4) and M4 (curves ending at t/t,. = 5) in the right panels. The solid, dotted, and
dashed lines in the root mean square radius and the mean velocity panels represent the x-,
y-, and z-components, respectively.
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6.3 Synchrotron Emission

Propagating relativistic jets produce nonthermal radio (synchrotron) emission which
originates from relativistic high-energy particles accelerated at the shock front. Jones et al.
(1999) and Tregillis et al. (2001) calculated the synchrotron emission in extragalactic jets by
explicitly calculating the acceleration of electrons at shocks and following the evolution of
magnetic field. However, they assumed nonrelativistic jets, and hence the emissivity needs
to be further examined using relativistic jets. To compute the synchrotron emission from
relativistic jets, other relativistic hydrodynamic simulations have worked with a simpler
approximation (Gémez et al., 1997; Komissarov & Falle, 1997; Mioduszewski et al., 1997;
Aloy et al., 2000). Using this same simple model we now calculate the synchrotron emission
in our simulations in order to estimate how the relativistic jet interaction with a cloud would
appear in emission as a extragalactic radio source. We make the usual assumptions that the
jet is optically thin and only the jet material radiates. Thus, in order to separate the jet
material from the ambient medium and the cloud, we include an additional tracer variable
fo (see Section 6.2) which is initially set to unity inside the jet (f, = 1) and zero everywhere
outside the jet (f, = 0).

The relativistic high-energy electrons responsible for the synchrotron emission are as-
sumed to have a power-law energy distribution. Given the spectral index «, the high-energy
particle number density Ny, and the magnetic field intensity B, the synchrotron emissivity
at frequency v is then approximated by the power-law distribution (see e.g., Mioduszewski
et al., 1997)

G o¢ NoBoTy—, (6.5)
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The high-energy particle number density, Vg, is assumed to be proportional to the relativistic
electron energy density, u., from the integration of the power-law energy distribution over
some energy range, and u,. is also taken to be proportional to the hydrodynamic pressure.
Then we have Ny o< u, o< p. Assuming that there is an equipartition of the magnetic field
energy density up and the relativistic electron energy density (up = u.), then ug o< p. This

leads to B ujlg/2 o p'/2. Therefore, equation (6.5) becomes
G, o< platd/2y e (6.6)

This equation shows that the local thermal pressure approximately reflects the local syn-
chrotron emissivity. We have used a = 0.75 in our calculation. By integrating the syn-
chrotron emissivity along the line of sight L through the emitting plasma at a viewing angle
0, we can compute the synchrotron intensity on the surface projected onto the line of sight

at that viewing angle to be

I, = / D2j,dL, (6.7)
L

where the Doppler boosting factor is given by

1
b= I'(1—wvcosf) (68)

Other relativistic effects, including light aberration and time dilation, have not been included
in this calculation, as we can reasonably assume that these effects are negligible in comparison

to the Doppler boosting.
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Figure 6.6 shows the synchrotron intensity maps of models M1 and M2 at the viewing
angles of 90°, 45°, and 0° with respect to the jet propagation axis. These maps are shown
at t/ty,e = 2.5 for M1 and 3.5 for M2 when the jet is colliding with the cloud. The peak
intensity in this figure varies with the models and the angles of view. Doppler boosting has
a modest negative effect on the emission of the jet at the viewing angle 90°, so that the
observed emission is quite closely related to the intrinsic emissivity in this case. At smaller
viewing angles (e.g., 45° and 0°), however, the emission morphology is determined to a large
degree by Doppler boosting. The synchrotron emission is dominated by the bright hotspot,
which can correspond to the compact emission knot in VLBI radio maps. Although the
beam and the deflected material show only weak emission features, there is a faint secondary
spot seen from deflected material in model M2.

The time evolution of the total synchrotron intensity for models M1-M4 at the viewing
angles of 90°, 45°, and 0° are shown in Figure 6.7. The total synchrotron intensities computed
here are in arbitrary units. There are significant quantitative differences among the models,
but the intensity curves qualitatively show the same trends. The total synchrotron intensity
is much amplified at smaller viewing angles of 45° and 0° because Doppler boosting plays
a role in the amplification of the intensity in these cases. As expected, the passage of the
jet over a cloud enhances the synchrotron intensity; there are high amplitude bumps in the
intensity curves during the interactions. The total intensity steeply increases at the moment
of the impact by the jet, and then gradually increases until the jet crosses over the cloud.
This tells us that the compression of the plasma in this region produces higher synchrotron

emission in this approximation where it is tied to the pressure. The peak synchrotron
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intensity occurs shortly after the jet passes through the entire cloud, and after that the
intensity falls off slowly because the compression is weaker.

Although we have not computed the thermal X-ray emission in detail, we can briefly
discuss it. Since the free-free emission (bremsstrahlung) is proportional to p?, the total X-ray
luminosity due to thermal bremsstrahlung is most sensitive to the density of gas, provided
that the gas is, or becomes, hot enough to emit X-rays. The relativistic jet itself is not
expected to emit thermal X-rays because of its low density, and only in some cases does the
synchrotron spectrum extend far enough to produce nonthermal X-ray emission (Harris &
Krawczynski, 2006). The dense cloud is very unlikely to start out hot enough to emit X-rays.
However, during the jet-cloud interaction the density and pressure of the cloud become so
high that the total X-ray emission may be larger inside the cloud than elsewhere, for example,
in the bow shock of the jet. An estimate of the increase in the total X-ray luminosity of
the cloud is given by L,/Ly,o =~ (pe/peo)?(Te)T.0)/*(V./Vep), where L, is the total X-ray
luminosity of the cloud, T, is the mean cloud temperature, V. is the mean cloud volume,
and the subscript 0 represents the initial (preshocked) value. If we simply assume an ideal
gas 50 T,  p./pe, we have Ly /Ly ~ (pe/peo)®?(pe/Peo)/*(Ve/Veo), allowing us to estimate
the total X-ray luminosity of the cloud with respect to its preshocked X-ray luminosity. In
model M4, for example, p./peco ~ 3, pe/peo = 12, and V,./V,.o ~ 1 at t/t,. = 3 (as can be
roughly estimated from Figs. 6.4 and 6.5), so that L,/L,o ~ 18. Thus, the shocked cloud
could possibly be a important source of thermal X-rays depending upon the various physical
parameters such as the incident jet velocity, the cloud density, and, most importantly, the

initial cloud temperature, which is not explicitly specified in our scaled models. However
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any significant thermal X-ray luminosity should subside rapidly after the interaction as the

cloud is diffusive and quickly attains equilibrium with the postshocked ambient pressure.
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Figure 6.6: Contour maps of synchrotron intensity at the viewing angles of 90°, 45°, and
0° (top to bottom) for models M1 (left) and M2 (right) at ¢/tp,. = 2.5 (M1) and 3.5 (M2).
Maximum synchrotron intensities are 0.17 (90°), 0.13 (45°), and 0.27 (0°) for model M1 and
0.57 (90°), 0.35 (45°), and 0.55 (0°) for model M2, and the contour levels are 0.1%, 0.5%,
1%, 3%, 6%, 10%, 20%, 40%, 70%, and 90% of the maximum synchrotron intensity.
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Figure 6.7: Total synchrotron intensity curves for models M1 (top left), M2 (top right), M3
(bottom left), and M4 (bottom right). The solid, dotted, and dashed lines correspond to the
viewing angles of 90°, 45°, and 0°, respectively.
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CHAPTER 7

SUMMARY AND DISCUSSION

A multidimensional code for special relativistic hydrodynamics was described. It differs
from previous codes in the following aspects: 1) It is based on the total variation diminishing
(TVD) scheme (Harten, 1983), which is an explicit Eulerian finite difference upwind scheme
and an extension of the Roe scheme to second-order accuracy in space and time. 2) It
employs a new set of conserved quantities, and so the dissertation describes a new eigen-
structure for special relativistic hydrodynamics. 3) For the Lorentz transformation from the
conserved quantities in the reference frame to the physical quantities in the local rest frame,
an analytic formula is used.

To demonstrate the performance of the code, several tests were presented, including
relativistic shock tubes, a relativistic wall shock, a relativistic blast wave, the relativistic
version of the Hawley-Zabusky shock, and a relativistic extragalactic jet. The relativistic
shock tube tests showed that the code clearly resolves mildly relativistic and highly relativis-
tic shocks within 2 — 4 numerical cells, although it requires more cells for resolving contact
discontinuities. The relativistic wall shock test showed that the code correctly captures very
strong shocks with very high Lorentz factors. The relativistic blast wave test showed that
blast waves propagate through the ambient medium while preserving the symmetry. The
test simulations of the relativistic version of the Hawley-Zabusky shock and a relativistic
extragalactic jet proved the robustness and flexibility of the code, and that the code can be

applied to studies of practical astrophysical problems.
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The strong points of the new code include the following: 1) Based on the TVD scheme,
the code is simple and fast. The core routine of the TVD relativistic hydrodynamics is only
about 300 lines long in the three-dimensional version. It runs only about 1.5 —2 times slower
than the non-relativistic counterpart (per time step). Yet, tests have shown that the code is
accurate and reliable enough to be suited for astrophysical applications. In addition, the use
of an analytic formula for Lorentz transformation makes the code robust, so it ran for all the
tests we have performed without failing to converge. 2) The code has been built in a way
to be completely parallel to the non-relativistic counterpart. So it can be easily understood
and used, once one is familiar with the non-relativistic code. In addition, the techniques
developed for the non-relativistic code such as parallelization can be imported transparently.

We have used this code to perform three-dimensional relativistic hydrodynamic simula-
tions to study relativistic jet interactions with dense clouds, focusing on the influence of spe-
cial relativistic effects. We have investigated clouds struck by both low and high relativistic
beam Mach number jets which have less and more dominant relativistic effects, respectively,
and have compared our results to the extent possible with nonrelativistic simulations which
have been published previously. We also have studied the evolution of the assaulted clouds
and have estimated the synchrotron emission from the relativistic jets interacting with the
clouds.

In our models, the partial deflections of the jets due to the interactions with clouds
are seen more clearly when denser clouds are involved, and the deflection angle is more
strongly influenced by the density contrast of the cloud to the ambient medium than by the
beam Mach number of the jet. The streams of deflected gas from the jet induced by the

interactions move outward much faster compared to nonrelativistic models. If our models

75



can be generalized, this suggests that the relativistic jet-cloud interactions are an effective
mechanism of producing at least some of the outflows observed in the vicinity of AGNs (e.g.,
Emonts et al., 2005; Morganti et al., 2005). After the relativistic jets interact with the dense
clouds, we find that the slower relativistic jets can be bent by modest angles and that these
bent jets still remain stable and collimated over fairly extended timescales. This trend is
similar to the results from nonrelativistic simulations.

The impact of the jet erodes the cloud, but much of the cloud mass survives as a
large coherent body rather than being completely destroyed. This enhancement of the cloud
durability compared to interactions with planar shocks appears to be primarily due to the
geometric influence of an off-axis collision. Compared to head-on collisions, off-axis collisions
damage the cloud less, increasing the chance of survival of a large portion of the cloud.
Another likely reason for the enhancement of the cloud durability is that the rate of cloud
fragmentation through Kelvin-Helmholtz instabilities is lowered since the relativistic flows
reduce the growth rate of the instabilities compared to similar off-axis blows by nonrelativistic
jets. This leftover tenacious cloud material could be a candidate for a strong star formation
region in the vicinity of AGNs, particularly when the cooling timescales are sufficiently short.

The synchrotron intensity “maps” show that at the jet impact on a cloud, the syn-
chrotron emission comes dominantly from a bright hotspot which could correspond to the
form of the compact emission knots seen in many VLBI radio maps. Although the emission
from the deflected jet material is relatively weak, sometimes there is a secondary synchrotron
spot visible from this deflected material. This emission feature may represent some of the
distorted emission seen in many VLBI radio maps. The passage of the jet over a cloud sig-

nificantly enhances the total synchrotron intensity of the jet. We find that the synchrotron
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emission is steeply enhanced shortly after the jet hits the cloud, but the emission peaks right
before the jet passes through the cloud. The next big step in performing these calculations
would be to include magnetic fields. Such relativistic magnetohydrodynamical simulations
would allow for better estimates of synchrotron emission and would allow the examination
of the polarization of emission arising from more complicated shock structures. Such polar-
ization structures could be a useful diagnostic of the dynamics.

Although most astrophysical simulations based on relativistic hydrodynamics, including
this study, have assumed the ideal EOS, it is well known that the ideal EOS is correct only if
the gas is assumed to be entirely nonrelativistic (7 = 5/3) or ultrarelativistic (y = 4/3). If a
local transition between nonrelativistic gas and relativistic gas is involved, the ideal EOS will
produce incorrect results in that regime. Recently, Ryu et al. (2006) have studied this issue
of the EOS in numerical relativistic hydrodynamics and propose a new EOS which is simple
and yet approximates closely the EOS of a perfect gas in the relativistic regime, having an
accuracy in enthalpy better than 0.8%. Future numerical simulations using this new EOS
should produce even better results concerning the problem of relativistic jet interactions with

clouds.
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APPENDIX

This appendix includes the Fortran source code which solves the three-dimensional spe-

cial relativistic hydrodynamic equations in Cartesian coordinates using our characteristic de-

composition and the total variation diminishing (TVD) scheme. This code is the parallelized

version using the message passing interface (MPI) and contains the following components:

makefile
common
rjets.f
init.f
bound. f
tvd3.f
tstep.f
rhdtvd.f
lorenz.f
prot.f

dump. f

Makefile which compiles the program

A file giving dimensions of arrays and common blocks

Main program for three-dimensional relativistic jets and clouds
Subroutine which sets up initial conditions

Sets three-dimensional boundary conditions

Subroutine for three-dimensional extension of the TVD scheme
Computes every time step

Relativistic hydrodynamic TVD scheme based on Choi & Ryu (2005)
Solves Lorentz transformations

Protects against too low minimum values of density and pressure

Subroutine which dumps output data
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objs = rjets.o init.o tvd3.o tstep.o rhdtvd.o lorenz.o prot.o\
bound.o dump.o

rjets.x : $(objs)

$(fc) $(opts) -o $(dir)rjets.x $(objs)
$(objs) : common

$(fc) $(opts) -c $*.f
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implicit none

integer nx, ny, nz

integer np, nxp, master
parameter (nx=256,ny=256,nz=256)
parameter (np=32,nxp=8,master=0)

real*8 ql(-1:nxp+2,-1:ny+2,-1:nz+2),
q2(-1:nxp+2,-1:ny+2,-1:nz+2),
q3(-1:nxp+2,-1:ny+2,-1:nz+2),
q4(-1:nxp+2,-1:ny+2,-1:nz+2),
q5(-1:nxp+2,-1:ny+2,-1:nz+2)

real*8 ul(-1:nxp+2,-1:ny+2,-1:nz+2),
u2(-1:nxp+2,-1:ny+2,-1:nz+2),
u3(-1:nxp+2,-1:ny+2,-1:nz+2),
u4(-1:nxp+2,-1:ny+2,-1:nz+2),
ub(-1:nxp+2,-1:ny+2,-1:nz+2)

real*8 w0(5,-1:nx+2), wi1(105,-1:nx+2),

+ + + +

+ + + +

+ w2(75,-1:nx+2), w3(15,-1:nx+2),
+ w4 (5,-1:nx+2)
real*8 f1(-1:nxp+2,-1:ny+2,-1:nz+2),
+ f2(-1:nxp+2,-1:ny+2,-1:nz+2),
+ w5(2,-1:nx+2),
+ w6(12,2,ny), w7(12,2,ny)

integer nstep, nunit, nw

real*8 xsize, ysize, zsize, dx, dy, dz, dr,
+ t, tend, dt, gam, cour, epsl, eps2

real*8 x, y, z, r

integer pi, nps, status(MPI_STATUS_SIZE), err

common /hydrol/ qi, 92, 93, g4, 95
common /hydro2/ ul, u2, u3, u4, ub
common /hydro3/ w0, wl, w2, w3, w4
common /hydro4/ f1, f2, wb, w6, w7

common /paraml/ nstep, nunit, nw
common /param2/ xsize, ysize, zsize, dx, dy, dz, dr,
+ t, tend, dt, gam, cour, epsl, eps2

common /param3/ x, y, z, T

common /mpipar/ pi, nps, status, err
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O o0 o0 o0 o0 o0 0 0

(@)

program rjets
3D relativistic jets and clouds
rjets -- init -- bound
-- tvd3 -- tstep

-- rhdtvd
-- lorenz
-— prot
-- bound

implicit none

include "mpif.h"
include "common"

call MPI_INIT (err)
call MPI_COMM_RANK (MPI_COMM_WORLD,pi,err)
call MPI_COMM_SIZE (MPI_COMM_WORLD,nps,err)

if (nps.ne.np) then
write (*,%*) ’processor number not equal to pre-defined number’
stop

endif

if (pi.eq.master) then
open (unit=10,file=’tapel0’,status=’unknown’,form=’formatted’)
endif

call MPI_BARRIER (MPI_COMM_WORLD,err)

call init
nstep = 0
t = 0.d0

if (pi.eq.master) then
write (10,%*) nstep, t

endif

nunit = 0

call dump
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900 continue

call tvd3
nstep = nstep + 1
t =t + dt

if (pi.eq.master) then
write (10,%*) nstep, t, dt
endif
nunit = nunit + 1
if (mod(nunit,10).eq.0) call dump
call MPI_BARRIER (MPI_COMM_WORLD,err)

if (t.1lt.tend) goto 900
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subroutine init

implicit none

include "mpif.h"
include "common"

integer ix, iy, iz

xsize = 8.d0

ysize = 8.d0

zsize = 8.d0

dx = xsize/dble(nx)
dy = ysize/dble(ny)
dz = zsize/dble(nz)
tend = 20.d0

gam = 4.d40/3.40
cour = 0.3d0
epsl = 0.3d0
eps2 = 0.1d0

do 101 ix=1,nxp
x = (dble(ix+nxp*pi)-0.5d0)*dx
y = (dble(iy)-0.5d0)*dy
z = (dble(iz)-0.5d0)*dz
r = sqrt((x-4.d0)**2+(y-3.5d0) **2+(z-4.d0) **2)

ql(ix,iy,iz) = 1.d0
q2(ix,iy,iz) = 0.40
q3(ix,iy,iz) = 0.40
q4(ix,iy,iz) = 0.d0
q5(ix,iy,iz) = 0.01d0/(gam-1.d0)+1.d0

[

ul(ix,iy,iz) = 1.d0
u2(ix,iy,iz) = 0.d0
u3(ix,iy,iz) = 0.d0
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0.d0
0.01d0/(gam-1.d40)+1.d0

w4 (ix,iy,iz)
ub(ix,iy,iz)

ql(ix,iy,iz)*0.d0
ql(ix,iy,iz)*0.d0

f1(ix,iy,iz)
f2(ix,iy,iz)

if (r.le.1.d0) then

ql(ix,iy,iz) = 10.40
q2(ix,iy,iz) = 0.d0
q3(ix,iy,iz) = 0.d0
q4(ix,iy,iz) = 0.40
q5(ix,iy,iz) = 0.01d0/(gam-1.d0)+10.d0

ul(ix,iy,iz) = 10.d0
u2(ix,iy,iz) = 0.d0
u3(ix,iy,iz) = 0.d0
ud(ix,iy,iz) = 0.d0
u5(ix,iy,iz) = 0.01d0/(gam-1.d0)+10.d0

f1(ix,iy,iz) = ql(ix,iy,iz)*0.d0
f2(ix,iy,iz) = ql(ix,iy,iz)*1.d40

endif
101 continue

call MPI_BARRIER (MPI_COMM_WORLD,err)

call bound

return
end
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subroutine bound

implicit none

include "mpif.h"
include "common"

integer ix, iy, iz, nsize, ndest

if (pi.eq.master) then

do 100 iz=1,nz
do 100 iy=1,ny
do 100 ix=1,nx/64
y = (dble(iy)-0.5d0)*dy
z = (dble(iz)-0.5d0)*dz
r = sqrt((y-4.d0)**2+(z-4.d0) **2)

if (r.le.1.d0/4.d0) then

ql(ix,iy,iz) = 0.1d0/sqrt(1.d0-0.9d0%0.9d0)
q2(ix,iy,iz) = (0.01d0/(gam-1.d0)+0.1d0+0.01d0)*0.9d0
+ /(1.d0-0.9d0*0.9d0)
q3(ix,iy,iz) = 0.40
q4(ix,iy,iz) = 0.40
q5(ix,iy,iz) = (0.01d0/(gam-1.d0)+0.1d0+0.01d0)
+ /(1.d0-0.9d0*0.9d0)-0.01d0

ul(ix,iy,iz) = 0.1d0
u2(ix,iy,iz) = 0.9d0
u3(ix,iy,iz) = 0.d0
ud(ix,iy,iz) = 0.d0
u5(ix,iy,iz) = 0.01d0/(gam-1.d0)+0.1d0

f1(ix,iy,iz) = ql(ix,iy,iz)*1.d40
f2(ix,iy,iz) = ql(ix,iy,iz)=*0.d0

endif
100 continue

endif
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nsize = 12%2*ny
if (pi.eq.master) then
ndest = np-1
else
ndest = pi-1
endif
do 101 iz=1,nz
do 102 iy=1,ny
we( 1,1,iy) = q1(1,iy,iz)
we( 1,2,iy) = q1(2,1iy,iz)
we( 2,1,iy) = q2(1,1iy,iz)
w6( 2,2,iy) = q2(2,1iy,1iz)
w6( 3,1,iy) = q3(1,iy,iz)
w6 ( 3,2,iy) = q3(2,1iy,iz)
we( 4,1,iy) = q4(1,iy,iz)
we( 4,2,iy) = q4(2,1iy,iz)
w6( 5,1,iy) = q5(1,1iy,iz)
w6( 5,2,iy) = q5(2,1iy,1iz)
we6( 6,1,iy) = ul(l,iy,iz)
we( 6,2,iy) = ul(2,iy,iz)
we( 7,1,iy) = u2(1,iy,iz)
w6( 7,2,iy) = u2(2,iy,iz)
w6( 8,1,iy) = u3(l,iy,iz)
w6( 8,2,iy) = u3(2,iy,iz)
w6( 9,1,iy) = ud(l,iy,iz)
w6( 9,2,iy) = ud(2,iy,iz)
w6(10,1,iy) = ub(1,iy,iz)
w6(10,2,iy) = ub(2,1iy,iz)
w6(11,1,iy) = f1(1,iy,iz)
w6(11,2,iy) = £1(2,1iy,iz)
w6(12,1,iy) = £2(1,1iy,iz)
w6(12,2,iy) = £2(2,1iy,iz)
102 continue
call MPI_SEND (w6,nsize,MPI_DOUBLE_PRECISION,ndest,pi,
+ MPI_COMM_WORLD, err)

call MPI_BARRIER (MPI_COMM_WORLD,err)
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call MPI_RECV (w7,nsize,MPI_DOUBLE_PRECISION,MPI_ANY_SOURCE,
+ MPI_ANY_TAG,MPI_COMM_WORLD,status,err)

do 103 iy=1,ny
ql (nxp+l,iy,iz) = w7(
ql (nxp+2,iy,iz) = w7(
q2(nxp+l,iy,iz) = w7(
q2(nxp+2,iy,iz) = w7(
q3(nxp+l,iy,iz) = w7(
q3(nxp+2,iy,iz) = w7(
q4 (nxp+l,iy,iz) = w7(
q4 (nxp+2,iy,iz) = w7(
q5(nxp+l,iy,iz) = w7(
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q5(nxp+2,iy,iz) = w7( 5,2,iy)
ul (nxp+1,iy,iz) = w7( 6,1,1y)
ul (nxp+2,iy,iz) = w7( 6,2,1iy)
u2(nxp+1,iy,iz) = w7( 7,1,iy)
u2(nxp+2,iy,iz) = w7( 7,2,1iy)
u3(nxp+1,iy,iz) = w7( 8,1,iy)
u3(nxp+2,iy,iz) = w7( 8,2,1iy)
ud(nxp+l,iy,iz) = w7( 9,1,1iy)
ud (nxp+2,iy,iz) = w7( 9,2,1iy)

ub(nxp+1,iy,iz) = w7(10,1,iy)
ub(nxp+2,iy,iz) = w7(10,2,iy)

f1(nxp+l,iy,iz) = w7(11,1,1iy)
f1(nxp+2,iy,iz) = w7(11,2,1iy)
f2(nxp+1l,iy,iz) = w7(12,1,1iy)
£2(nxp+2,iy,iz) = w7(12,2,1iy)
103 continue
101 continue

call MPI_BARRIER (MPI_COMM_WORLD,err)

if (pi.eq.np-1) then
ndest = master
else
ndest = pi+l
endif

do 104 iz=1,nz

do 105 iy=1,ny
we( 1,1,iy) = ql(nxp-1,iy,iz)
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w6( 1,2,iy) = ql(nxp ,iy,iz)
w6( 2,1,iy) = q2(nxp-1,iy,iz)
w6( 2,2,iy) = q2(nxp ,iy,iz)
we( 3,1,iy) = g3(nxp-1,iy,iz)
we( 3,2,iy) = q3(nxp ,iy,iz)
w6( 4,1,iy) = g4(nxp-1,iy,iz)
w6( 4,2,iy) = g4(nxp ,iy,iz)
w6( 5,1,iy) = g5(nxp-1,iy,iz)
we( 5,2,iy) = gb(nxp ,iy,iz)
w6( 6,1,iy) = ul(nxp-1,iy,iz)
w6( 6,2,iy) = ul(nxp ,iy,iz)
we( 7,1,iy) = u2(nxp-1,iy,iz)
we( 7,2,iy) = uw2(nxp ,iy,iz)
w6( 8,1,iy) = u3(nxp-1,iy,iz)
w6( 8,2,iy) = u3(nxp ,iy,iz)
w6( 9,1,iy) = ud(nxp-1,iy,iz)
w6( 9,2,iy) = ud(nxp ,iy,iz)

w6(10,1,iy) = ub(nxp-1,iy,iz)
w6(10,2,iy) = ub(nxp ,iy,iz)

w6(11,1,iy) = fi(nxp-1,iy,iz)

w6(11,2,iy) = fi(oxp ,iy,iz)

w6(12,1,iy) = f2(nxp-1,iy,iz)

w6(12,2,iy) = f2(nxp ,iy,iz)
105 continue

call MPI_SEND (w6,nsize,MPI_DOUBLE_PRECISION,ndest,pi,
+ MPI_COMM_WORLD, err)

call MPI_BARRIER (MPI_COMM_WORLD,err)

call MPI_RECV (w7,nsize,MPI_DOUBLE_PRECISION,MPI_ANY_SOURCE,
+ MPI_ANY_TAG,MPI_COMM_WORLD,status,err)

do 106 iy=1,ny
ql(-1,iy,iz) = w7(
ql( 0,iy,iz) = w7(
q2(-1,iy,iz) = w7(
q2( 0,iy,iz) = w7(
q3(-1,iy,iz) = w7(
q3( 0,iy,iz) = w7(
q4(-1,iy,iz) = w7(
q4( 0,iy,iz) = w7(
q5(-1,iy,iz) = w7(
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q56( 0,iy,iz) = w7( 5,2,1iy)
c
ul(-1,iy,iz) = w7( 6,1,iy)
ul( 0,iy,iz) = w7( 6,2,iy)
u2(-1,iy,iz) = w7( 7,1,1iy)
u2( 0,iy,iz) = w7( 7,2,iy)
u3(-1,iy,iz) = w7( 8,1,iy)
u3( 0,iy,iz) = w7( 8,2,iy)
ud(-1,iy,iz) = w7( 9,1,iy)
u4( 0,iy,iz) = w7( 9,2,1iy)
ub(-1,iy,iz) = w7(10,1,1iy)
ub( 0,iy,iz) = w7(10,2,1y)
c
f1(-1,iy,iz) = w7(11,1,iy)
f1( 0,iy,iz) = w7(11,2,1iy)
f2(-1,iy,iz) = w7(12,1,iy)
£f2( 0,iy,iz) = w7(12,2,1y)
106 continue
104 continue
c
call MPI_BARRIER (MPI_COMM_WORLD,err)
c
if (pi.eq.master) then
do 107 iz=1,nz
do 107 iy=1,ny
ql(-1,iy,iz) = q1(1,iy,iz)
ql( 0,iy,iz) = q1(1,iy,iz)
q2(-1,iy,iz) = q2(1,iy,iz)
q2( 0,iy,iz) = q2(1,iy,iz)
q3(-1,iy,iz) = g3(1,iy,iz)
q3( 0,iy,iz) = g3(1,iy,iz)
q4(-1,iy,iz) = q4(1,iy,iz)
q4( 0,iy,iz) = q4(1,iy,iz)
q56(-1,iy,iz) = g5(1,1iy,iz)
q5( 0,iy,iz) q5(1,1iy,iz)
c

ul(-1,iy,iz)
ul( 0,iy,iz)
u2(-1,iy,iz)
u2( 0,iy,iz)
u3(-1,iy,iz)
u3( 0,iy,iz)
ud(-1,iy,iz)
ud( 0,iy,iz)
ub(-1,iy,iz)

ul(l,iy,iz)
ul(l,iy,iz)
u2(1,iy,iz)

= u2(1,iy,iz)
= u3(1,iy,iz)
= u3(1,1iy,iz)
= ud4(1,iy,iz)
= ud4(1,iy,iz)

u5(1,iy,iz)

92



107

us( 0,1iy,iz)

f1(-1,iy,iz)
f1( 0,iy,iz)
f2(-1,iy,iz)
f2( 0,iy,iz)

continue

endif

if (pi.eq.np-1) then
do 108 iz=1,nz
do 108 iy=1,ny

ql (nxp+1,iy,iz)
ql (nxp+2,iy,iz)
q2(nxp+l,iy,iz)
q2(nxp+2,iy,iz)
q3(nxp+l,iy,iz)
q3(nxp+2,iy,iz)
q4 (nxp+1,iy,iz)
q4 (nxp+2,iy,iz)
q5(nxp+1,iy,iz)
q5(nxp+2,iy,iz)

ul (nxp+1,iy,iz)
ul (nxp+2,iy,iz)
u2(nxp+1,iy,iz)
u2(nxp+2,iy,iz)
u3(nxp+1,iy,iz)
u3(nxp+2,iy,iz)
u4(nxp+1,iy,iz)
u4 (nxp+2,iy,iz)
ub(nxp+1,iy,iz)
ub(nxp+2,iy,iz)

f1(nxp+l,iy,iz)
f1(nxp+2,iy,iz)
f2(nxp+l,iy,iz)
f2(nxp+2,iy,iz)

continue

endif

u5(1,iy,iz)

f1(1,iy,iz)
f1(1,iy,iz)
£2(1,iy,iz)
f2(1,iy,iz)

= ql(nxp,iy,iz)
= ql(nxp,iy,iz)
= g2(nxp,iy,iz)
= g2(nxp,iy,iz)
= g3(nxp,iy,iz)
= q3(nxp,iy,iz)
= g4(nxp,iy,iz)
= g4(nxp,iy,iz)
= g5(nxp,iy,iz)
= g5(nxp,iy,iz)

= ul(nxp,iy,iz)
= ul(nxp,iy,iz)
= u2(nxp,iy,iz)
= u2(nxp,iy,iz)
= u3(nxp,iy,iz)
= u3(nxp,iy,iz)
= u4(nxp,iy,iz)
= u4(nxp,iy,iz)
= ub(nxp,iy,iz)
= ub(nxp,iy,iz)

= f1(nxp,iy,iz)
= f1(nxp,iy,iz)
= f2(nxp,iy,iz)
= f2(nxp,iy,iz)

call MPI_BARRIER (MPI_COMM_WORLD,err)



do 109 ix=1,nxp
do 109 iz=1,nz

ql(ix, -1,iz)
ql(ix, 0,iz)
ql(ix,ny+1,iz)
ql(ix,ny+2,iz)
q2(ix, -1,iz)
q2(ix, 0,iz)
q2(ix,ny+1,iz)
q2(ix,ny+2,1iz)
q3(ix, -1,iz)
q3(ix, 0,iz)
q3(ix,ny+1,iz)
q3(ix,ny+2,iz)
q4(ix, -1,iz)
q4(ix, 0,iz)
q4(ix,ny+1,iz)
q4 (ix,ny+2,iz)
qb(ix, -1,iz)
g5(ix, 0,iz)
q5(ix,ny+1,iz)
q5(ix,ny+2,iz)

ul(ix, -1,iz)
ul(ix, 0,iz)
ul(ix,ny+1,iz)
ul(ix,ny+2,iz)
u2(ix, -1,iz)
u2(ix, 0,iz)
u2(ix,ny+1,iz)
u2(ix,ny+2,iz)
ud(ix, -1,iz)
u3(ix, 0,iz)
u3(ix,ny+1,iz)
u3(ix,ny+2,iz)
ud(ix, -1,iz)
ud(ix, 0,iz)
ud(ix,ny+1,iz)
ud(ix,ny+2,iz)
ub(ix, -1,iz)
ub(ix, 0,iz)
ub(ix,ny+1,iz)
ub(ix,ny+2,iz)

f1(ix, -1,iz)

ql(ix, 1,iz)
ql(ix, 1,iz)
ql(ix,ny,iz)
ql(ix,ny,iz)
q2(ix, 1,iz)
q2(ix, 1,iz)

= q2(ix,ny,iz)
= q2(ix,ny,iz)
= q3(ix, 1,iz)
= q3(ix, 1,iz)

q3(ix,ny,iz)
q3(ix,ny,iz)

= q4(ix, 1,iz)
= gq4(ix, 1,iz)
= g4(ix,ny,iz)
= g4(ix,ny,iz)

q5(ix, 1,iz)
q5(ix, 1,iz)
q5(ix,ny,iz)
q5(ix,ny,iz)

ul(ix, 1,iz)

= ul(ix, 1,iz)
= ul(ix,ny,iz)
= ul(ix,ny,iz)
= u2(ix, 1,iz)

u2(ix, 1,iz)
u2(ix,ny,iz)

= u2(ix,ny,iz)
= u3(ix, 1,iz)
= u3(ix, 1,iz)
= u3(ix,ny,iz)

u3(ix,ny,iz)
ud(ix, 1,iz)
ud(ix, 1,iz)
ud (ix,ny,iz)
ud (ix,ny,iz)

= ub(ix, 1,iz)
= ub(ix, 1,iz)
= ub(ix,ny,iz)

u5(ix,ny,iz)

f1(ix, 1,iz)
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f1(ix, 0,iz)
f1(ix,ny+1,iz)
f1(ix,ny+2,iz)
f2(ix, -1,iz)
f2(ix, 0,iz)
f2(ix,ny+1,iz)
f2(ix,ny+2,1iz)

f1(ix, 1,iz)
f1(ix,ny,iz)
f1(ix,ny,iz)
f2(ix, 1,iz)
f2(ix, 1,iz)
f2(ix,ny,iz)
f2(ix,ny,iz)

109 continue

call MPI_BARRIER (MPI_COMM_WORLD,err)

do 110 iy=1,ny
do 110 ix=1,nxp

ql(ix,iy, -1)
ql(ix,iy, 0)
ql(ix,iy,nz+1)
ql(ix,iy,nz+2)
q2(ix,iy, -1)
q2(ix,1iy, 0)
q2(ix,iy,nz+1)
q2(ix,iy,nz+2)
q3(ix,iy, -1)
q3(ix,1iy, 0)
q3(ix,iy,nz+1)
q3(ix,iy,nz+2)
q4(ix,iy, -1)
q4(ix,iy, 0)
q4(ix,iy,nz+1)
q4(ix,iy,nz+2)
g5 (ix,iy, -1)
q5(ix,1iy, 0)
q5(ix,iy,nz+1)
q5(ix,iy,nz+2)

ul(ix,iy, -1)
ul(ix,iy, 0)
ul(ix,iy,nz+1)
ul(ix,iy,nz+2)
u2(ix,iy, -1)
u2(ix,iy, 0)
u2(ix,iy,nz+1)
u2(ix,iy,nz+2)
u3(ix,iy, -1)

ql(ix,iy, 1)
ql(ix,iy, 1)
ql(ix,iy,nz)
ql(ix,iy,nz)
q2(ix,iy, 1)
q2(ix,iy, 1)
q2(ix,iy,nz)
q2(ix,iy,nz)
q3(ix,iy, 1)
q3(ix,iy, 1)
q3(ix,iy,nz)
q3(ix,iy,nz)
q4(ix,iy, 1)
q4(ix,iy, 1)
q4(ix,iy,nz)
q4(ix,iy,nz)
g5(ix,iy, 1)
g5(ix,iy, 1)
q5(ix,iy,nz)
q5(ix,iy,nz)

ul (ix,iy, 1)
ul(ix,iy, 1)
ul(ix,iy,nz)
ul(ix,iy,nz)
u2(ix,iy, 1)
u2(ix,iy, 1)
u2(ix,iy,nz)
u2(ix,iy,nz)
ud(ix,iy, 1)
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con

ud(ix,iy, 0)
u3(ix,iy,nz+1)
u3(ix,iy,nz+2)
ud(ix,iy, -1)
ud(ix,iy, 0)
u4(ix,iy,nz+1)
w4 (ix,iy,nz+2)
ub(ix,iy, -1)
ub(ix,iy, 0)
ub(ix,iy,nz+1)
ub(ix,iy,nz+2)

fi(ix,iy, -1)
f1(ix,iy, 0)
f1(ix,iy,nz+1)
f1(ix,iy,nz+2)
£2(ix,iy, -1)
£2(ix,iy, 0)
f2(ix,iy,nz+1)
f2(ix,iy,nz+2)
tinue

ud(ix,iy, 1)

= u3(ix,iy,nz)
= u3(ix,iy,nz)

ud(ix,iy, 1)
ud(ix,iy, 1)
ud(ix,iy,nz)
ud(ix,iy,nz)
ub(ix,iy, 1)

= ub(ix,iy, 1)
= ub(ix,iy,nz)

ub(ix,iy,nz)

f1(ix,iy, 1)
f1(ix,iy, 1)

= f1(ix,iy,nz)
= f1(ix,iy,nz)
= f2(ix,iy, 1)
= f2(ix,iy, 1)

f2(ix,iy,nz)
f2(ix,iy,nz)

call MPI_BARRIER (MPI_COMM_WORLD,err)

return
end
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subroutine tvd3

implicit none

include "mpif.h"
include "common"

integer ix, iy, iz, nmod, ncycle, iflag(0:5,0:2)

nmod = mod(nstep,6)
ncycle = 0
if ((nmod.eq.0).or.(nstep.eq.1)) call tstep

iflag(0,0) =
iflag(0,1) =
iflag(0,2) =
iflag(1,0) =
iflag(1,1) =
iflag(1,2) =
iflag(2,0) =
iflag(2,1) =
iflag(2,2) =
iflag(3,0) =
iflag(3,1) =
iflag(3,2) =
iflag(4,0) =
iflag(4,1) =
iflag(4,2) =
iflag(5,0) =
iflag(5,1) =
iflag(5,2) =

W R, NDNNEFE WOWNDNWEFE P, WONEDNDWWND -

204 continue

if (ncycle.ge.3) then
goto 205

elseif (iflag(nmod,ncycle).eq.1) then
goto 201

elseif (iflag(nmod,ncycle).eq.2) then
goto 202

elseif (iflag(nmod,ncycle).eq.3) then
goto 203
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else
stop ’iflag not equal to 1, 2 or 3’
endif

201 continue

nw = nxp
dr = dx

do 101 iz=1,nz
do 101 iy=1,ny
do 102 ix=-1,nxp+2

w0(1,ix) = qil(ix,iy,iz)
w0(2,ix) = q2(ix,iy,iz)
w0(3,ix) = q3(ix,iy,iz)
w0(4,ix) = q4(ix,iy,iz)
w0(5,ix) = q5(ix,iy,iz)

wa(1l,ix) = ul(ix,iy,iz)
w4 (2,ix) = u2(ix,iy,iz)
w4 (3,ix) = u3(ix,iy,iz)
w4 (4,ix) = ud(ix,iy,iz)
w4 (5,ix) = ub(ix,iy,iz)

wb(1,ix) = f1(ix,iy,iz)
w5(2,ix) = £f2(ix,iy,iz)
102 continue

call rhdtvd
call lorenz

do 103 ix=1,nxp
ql(ix,iy,iz) = w0(1,ix)
q2(ix,iy,iz) = w0(2,1ix)
q3(ix,iy,iz) = w0(3,1ix)
q4(ix,iy,iz) = w0(4,ix)
q5(ix,iy,iz) = w0(5,ix)

ul(ix,iy,iz) = w4(1,ix)
u2(ix,iy,iz) = w4(2,ix)
u3(ix,iy,iz) = w4(3,ix)
ud(ix,iy,iz) = w4 (4,ix)
ub(ix,iy,iz) = w4(5,ix)
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wh(1,1ix)
wh(2,1ix)

f1(ix,iy,iz)
f2(ix,iy,iz)
103 continue
101 continue

call MPI_BARRIER (MPI_COMM_WORLD,err)

call prot
call bound

ncycle = ncycle+l
goto 204

202 continue

nw = ny
dr = dy

do 111 ix=1,nxp
do 111 iz=1,nz
do 112 iy=-1,ny+2

wo(1,iy) = qi(ix,iy,iz)
w0(2,iy) = q3(ix,iy,iz)
w0(3,1iy) = q4(ix,iy,iz)
w0(4,1iy) = q2(ix,iy,iz)
w0(5,iy) = g5(ix,iy,iz)

wa(1l,iy) = ul(ix,iy,iz)
wa(2,iy) = u3(ix,iy,iz)
wa(3,iy) = ud(ix,iy,iz)
wa(4,iy) = u2(ix,iy,iz)
wa(5,iy) = ub(ix,iy,iz)

ws(1,iy) = f1(ix,iy,iz)
w5(2,iy) = £f2(ix,iy,iz)

112 continue

call rhdtvd
call lorenz

do 113 iy=1,ny
ql(ix,iy,iz) = wo(1,iy)
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q3(ix,iy,iz) = w0(2,1iy)
q4(ix,iy,iz) = w0(3,1iy)
q2(ix,iy,iz) = w0(4,iy)
q5(ix,iy,iz) = w0(5,1iy)

ul(ix,iy,iz) = wa4(l,iy)
ud(ix,iy,iz) = w4(2,iy)
ud(ix,iy,iz) = w4(3,iy)
u2(ix,iy,iz) = wad(4,iy)
ub(ix,iy,iz) = w4(5,1iy)

f1(ix,iy,iz) = w5(1,1iy)
f2(ix,iy,iz) = wb(2,1iy)
113 continue
111 continue

call MPI_BARRIER (MPI_COMM_WORLD,err)

call prot
call bound

ncycle = ncycle+l
goto 204

203 continue

nw = nz
dr = dz

do 121 iy=1,ny
do 121 ix=1,nxp
do 122 iz=-1,nz+2

w0(1,iz) = qi(ix,iy,iz)
w0(2,iz) = q4(ix,iy,iz)
w0(3,iz) = q2(ix,iy,iz)
w0(4,iz) = q3(ix,iy,iz)
w0(5,iz) = g5(ix,iy,iz)

wa(1l,iz) = ul(ix,iy,iz)
w4 (2,iz) = ud(ix,iy,iz)
w4 (3,iz) = u2(ix,iy,iz)
w4(4,iz) = u3(ix,iy,iz)
w4 (5,iz) = ub(ix,iy,iz)
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wh(1,1iz)
wh(2,1iz)
122 continue

f1(ix,iy,iz)
f2(ix,iy,iz)

call rhdtvd
call lorenz

do 123 iz=1,nz
ql(ix,iy,iz) = w0(1,iz)
q4(ix,iy,iz) = w0(2,iz)
q2(ix,iy,iz) = w0(3,iz)
q3(ix,iy,iz) = w0(4,iz)
q5(ix,iy,iz) = w0(5,iz)

ul(ix,iy,iz) = w4(1,iz)
ud(ix,iy,iz) = w4(2,iz)
u2(ix,iy,iz) = w4(3,iz)
u3(ix,iy,iz) = w4(4,iz)
ub(ix,iy,iz) = w4(5,iz)

f1(ix,iy,iz) = w5(1,iz)
f2(ix,iy,iz) = w5(2,iz)
123 continue
121 continue

call MPI_BARRIER (MPI_COMM_WORLD,err)

call prot
call bound

ncycle = ncycle+l
goto 204

return
end
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subroutine tstep

implicit none

include "mpif.h"
include "common"

integer ix, iy, iz, i
real*8 vxmax, vymax, vzmax, dtp

vxmax = 0.d0
vymax = 0.d0
vzmax = 0.d0

do 101 iz=1,nz
do 101 iy=1,ny

do 102 ix=-1,nxp+2
wa(1l,ix) = ul(ix,iy,iz)
w4 (2,ix) = u2(ix,iy,iz)
w4 (3,ix) = u3(ix,iy,iz)
w4 (4,ix) = ud(ix,iy,iz)
w4 (5,ix) = ub(ix,iy,iz)
102 continue

do 103 i=-1,nxp+2
w2(1,i) = wd(2,1)
w2(2,1i) = w4(3,1)
w2(3,1i) = w4(4,1)
w2(4,1) = (gam-1.d0)*(w4(5,1)-w4(1,1))
w2(5,1) = (w4(5,1)+w2(4,1))/wa(1,1)
103 continue

do 104 i=-1,nxp+1
w2(11,1) = (w2(1,i)+w2(1,i+1))/2.d0
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w2(12,1) = (w2(2,i)+w2(2,i+1))/2.d0

w2(13,1i) = (w2(3,i)+w2(3,i+1))/2.d0

w2(14,1) = (w2(5,i)+w2(5,i+1))/2.d0

w2(15,1) = sqrt((gam-1.d0)*(w2(14,1)-1.d0)/w2(14,1))
104 continue

do 105 i=0,nxp
vxmax = max(vxmax, ((1.d0-w2(15,1)**2)*abs(w2(11,1i))
+sqrt ((1.d0-w2(11,1)**x2-w2(12,1) **2-w2(13,1) **2)
*w2(15,1) **x2% (1.d0- (w2 (11, 1) **2+w2 (12, 1) **2
+w2(13,1) **2) *w2(15,1) **2-(1.d40-w2(15,1) **2)
*w2(11,1)*x2)))/(1.d0-(w2(11,1)**2+w2 (12, 1) *%*2
+w2(13,1) **2) *w2(15,1) *%2))

+ 4+ + + +

105 continue

do 111 ix=1,nxp
do 111 iz=1,nz

do 112 iy=-1,ny+2
wa(1,iy) = ul(ix,iy,iz)
wa(2,iy) = u3(ix,iy,iz)
wa(3,iy) = ud(ix,iy,iz)
wa(4,iy) = u2(ix,iy,iz)
wa(5,iy) = ub(ix,iy,iz)
112 continue

do 113 i=-1,ny+2
w2(1,i) = wd(2,1)
w2(2,i) = w4(3,1)
w2(3,i) = w4(4,i)
w2(4,1) = (gam-1.d0)*(w4(5,1)-w4(1,1))
w2(5,1) = (w4(5,1)+w2(4,1))/wa(1,1)
113 continue
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do 114 i=-1,ny+1
w2(11,1) = (w2(1,i)+w2(1,i+1))/2.40
w2(12,1) (w2(2,1)+w2(2,i+1))/2.d0
w2(13,1) (w2(3,1)+w2(3,i+1))/2.40
w2(14,1) (w2(5,1)+w2(5,i+1))/2.d0
w2(15,1) = sqrt((gam-1.d0)*(w2(14,1)-1.d0)/w2(14,1))
114 continue

do 115 i=0,ny
vymax = max(vymax, ((1.d0-w2(15,1i)**2)*abs(w2(11,1))
+sqrt ((1.d0-w2(11,1)**x2-w2(12,1) **2-w2(13,1) **2)
*w2(15,1) **x2% (1.d0- (w2 (11, 1) **2+w2 (12, 1) **2
+w2(13,1) **2) *w2(15,1) **2-(1.d0-w2(15,1) **2)
*w2(11,1)*x2)))/(1.d0-(w2(11,1) **x2+w2 (12, 1) *%*2
+w2(13,1) **2) *w2(15,1) *%2))

+ 4+ + + +

115 continue

do 121 iy=1,ny
do 121 ix=1,nxp

do 122 iz=-1,nz+2
wa(1l,iz) = ul(ix,iy,iz)
w4 (2,iz) = ud(ix,iy,iz)
w4 (3,1iz) u2(ix,iy,iz)
wa(4,iz) u3(ix,iy,iz)
wa(5,1iz) ub(ix,iy,iz)
122 continue

do 123 i=-1,nz+2
w2(1,1) = w4(2,1)
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w2(2,1) = wa(3,1)

w2(3,1) = w4(4,1)

w2(4,1) = (gam-1.d0)*(w4(5,1)-w4(1,1))

w2(5,i) = (wa(5,1i)+w2(4,1))/wa(1,1)
123 continue

do 124 i=-1,nz+1
w2(11,1) = (w2(1,i)+w2(1,i+1))/2.40
w2(12,1) = (w2(2,1)+w2(2,i+1))/2.40
w2(13,1i) = (w2(3,i)+w2(3,i+1))/2.d0
w2(14,i) = (w2(5,i)+w2(5,i+1))/2.d0
w2(15,1) = sqrt((gam-1.d0)*(w2(14,1)-1.d0)/w2(14,1))
124 continue

do 125 i=0,nz
vzmax = max(vzmax, ((1.d0-w2(15,1)**2)*abs(w2(11,1i))
+sqrt ((1.d0-w2(11,1)**x2-w2(12,1) **2-w2(13,1) **2)
*w2(15,1)**x2%x (1.d0- (w2 (11, 1) **2+w2 (12, 1) **2
+w2(13,1) **2) *w2(15,1) **2-(1.d0-w2(15,1) **2)
*w2(11,1)*%2)))/(1.d0-(w2(11,1)**2+w2(12,1) **2
+w2(13,1) **2) *w2(15,1) *%2))

+ + + + +

125 continue

call MPI_REDUCE (dtp,dt,1,MPI_DOUBLE_PRECISION,MPI_MIN,master,

+ MPI_COMM_WORLD,err)
call MPI_BCAST (dt,1,MPI_DOUBLE_PRECISION,master,
+ MPI_COMM_WORLD,err)

call MPI_BARRIER (MPI_COMM_WORLD,err)
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subroutine rhdtvd

implicit none

include "mpif.h"
include "common"

integer i

do 101 i=-1,nw+2
w2(1,i) = wd(2,1)
w2(2,i) = w4(3,1)
w2(3,1) = wa(4,1)
w2(4,1) = (gam-1.d0)*(w4(5,1)-w4(1,1))
w2(5,1) = (w4(5,i)+w2(4,1))/wa(1,1)
101 continue

do 102 i=-1,nw+1
w2(11,i) = (w2(1,i)+w2(1,i+1))/2.d40
w2(12,1i) = (w2(2,1)+w2(2,i+1))/2.d40
w2(13,1) (w2(3,1)+w2(3,i+1))/2.40
w2(14,i) = (w2(5,1)+w2(5,i+1))/2.d0
w2(15,i) = sqrt((gam-1.d0)*(w2(14,1i)-1.40)/w2(14,1))
102 continue

do 103 i=-1,nw+1
w2(16,1) = 1.d0/sqrt(1.d0-w2(11,1i)**2-w2(12,1)**2-w2(13,1)**2)
103 continue

do 104 i=-1,nw+1
wi(1,i) = ((1.d0-w2(15,i)**2)*w2(11,1i)-sqrt((1.d0-w2(11,1)**2
—w2(12,1)**x2-w2(13,1)**2)*w2(15,1)**x2%(1.40
—(w2(11, 1) **x2+w2 (12, 1) **x2+w2 (13, 1) **2) *w2 (15,1) **2
-(1.d0-w2(15,1)**2)*w2(11,1i)**2)))/(1.4d0
- (w2(11, 1) **x2+w2 (12, 1) **2+w2 (13, 1) **2) *w2 (15, 1) **2)

+ + + +
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wil(2,i) = w2(11,1)
wl(3,i) = w2(11,1)
wi(4,i) = w2(11,1)
wl(5,i) = ((1.d0-w2(15,i)**2)*w2(11,1i)+sqrt((1.d0-w2(11,1)**2

—w2(12,1)**x2-w2(13,1)**2)*wy2(15,1)**x2%(1.40
—(w2(11, 1) **x2+w2 (12, 1) **x2+w2 (13, 1) **2) *w2(15,1) **2
-(1.d0-w2(15,1)**2)*w2(11,1i)**2)))/(1.40

- (w2(11, 1) **x2+w2 (12, 1) **2+w2 (13, 1) **2) *w2 (15, 1) **2)

+ + + +

104 continue

do 105 i=-1,nw+1
wi(11,i) = (1.d0-w2(11,i)*w1(1,1i))

+ /(w2(16,1)*w2(14,1)*(1.d0-w2(11,1i)**2))
wi(12,i) = wi(1,1)
w1(13,1i) = (1.d0-w2(11,i)*wl(1,i))*w2(12,1i)/(1.d0-w2(11,1i)**2)
wl(14,i) = (1.d0-w2(11,i)*wl1(1,i))*w2(13,1i)/(1.d0-w2(11,1)**2)
wi(15,i) = 1.4d0

wl(21,i) = -w2(16,1i)*(2.d0*w2(14,i)-1.d0)*w2(12,1i) /w2(14,1)
w1(22,i) = 0.d0
w1(23,i) = 1.40
w1(24,i) = 0.d0
w1(25,i) = 0.d0

w1(31,i) = (w2(16,1i)**2*(2.d0*w2(14,1i)-1.d0)*(w2(12,1) **2
+ +w2(13,1i)**2)+w2(14,1)) /w2(16,1) /w2(14,1)

w1(32,1) = w2(11,1)

w1(33,i) = 0.d0

w1(34,i) = 0.4d0

w1(35,i) = 1.4d0

wi(41,i) = -w2(16,i)*(2.d0*w2(14,i)-1.d0)*w2(13,i) /w2(14,1)
wl(42,i) = 0.d0
w1(43,i) = 0.d0
wl(44,i) = 1.40
wl(45,1) = 0.40

wi(51,i) = (1.d0-w2(11,i)*w1(5,1i))

+ /(w2(16,1)*w2(14,1)*(1.d0-w2(11,1i)**2))
wl(52,1i) = wi(5,1)
wl(53,i) = (1.d0-w2(11,1i)*w1(5,i))*w2(12,1i)/(1.d0-w2(11,1)*%*2)
wl(54,i) = (1.d0-w2(11,1i)*w1(5,i))*w2(13,1i)/(1.d0-w2(11,1)*%*2)
wl(55,i) = 1.4d0
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105 continue

do 106 i=-1,nw+1
wl(61,1) = —w2(16,1)*w2(14,1)*(w2(11,1)-w1(5,1))

+ /(w2(14,1)-1.40)/(w1(1,i)-w1(5,1))
wl(62,1) = -(w2(16,1)**x2%(2.d0*w2(14,1)-1.d0)* (w2(12,1)**2
+ +w2(13,1)**2)+1.d0) *(w2(11,1i)-wi(5,1i))*w2(11,1)
+ /((w2(14,i)-1.d0)*(1.d0-w2(11,1i)**2)
+ *(wi(1,i)-w1(5,1)))+1.d0/(wi(l,1i)-w1(5,i))
wl(63,i) = -w2(16,1i)**2%(2.d0*w2(14,i)-1.d0)*(w2(11,i)-w1(5,1i))
+ *w2(12,1)/(w2(14,i)-1.40)/(w1(1,i)-w1(5,1i))
wl(64,i) = -w2(16,i)**2%(2.d0*w2(14,1)-1.d0)*(w2(11,i)-w1(5,i))
+ *w2(13,1)/(w2(14,i)-1.d0)/(w1(1,i)-w1(5,1))
w1(65,1) = (w2(16,1i)**2%(2.d0*w2(14,1)-1.d0)*(w2(12,1)**2
+ +w2(13,1) **2)+1.40) *(w2(11,1)-w1(5,1))
+ /((w2(14,1)-1.d40)*(1.d0-w2(11,1)*%2)
+ *(w1(1,1)-w1(5,1)))-wi1(5,1i)/(w1(1,i)-w1(5,i))

wl(71,1) = w2(16,i)*w2(14,i)*w2(12,i)/(w2(14,i)-1.40)
wl(72,1) = (w2(16,1)**2x(2.d0*w2(14,1)-1.d0)* (w2(12,1) **2

+ +w2(13,1) **2)+w2(14,1) ) *w2(11,1) *w2(12,1)
+ /(w2(14,1)-1.40)/(1.d0-w2(11,1)**2)
w1(73,1) = w2(16,1)**x2%(2.d0*w2(14,1i)-1.d0)*w2(12,1)**2
+ /(w2(14,1)-1.40)+1.40
wi(74,1) = w2(16,1)**x2x(2.d0*w2(14,1)-1.d0)*w2(12,1i)*w2(13,1)
+ /(w2(14,1)-1.40)
wl(75,1) = -(w2(16,1)**x2x(2.d0*w2(14,1)-1.d0)* (w2(12,1)**2
+ +w2(13,1) *x2)+w2(14,1) ) *w2(12,1)
+ /(w2(14,1)-1.40)/(1.d0-w2(11,1)**2)

wl(81,i) = w2(16,i)*w2(14,i)/(w2(14,i)-1.d0)
w1(82,1) = (w2(16,1i)**2x(2.d0*w2(14,1i)-1.d0)*(w2(12,1)**2

+ +w2(13,1)**2)+1.d0)*w2(11,1)
+ /(w2(14,1)-1.40)/(1.d0-w2(11,1)**2)
w1(83,1i) = w2(16,1)**x2%(2.d0*w2(14,1)-1.d0)*w2(12,1)
+ /(w2(14,1)-1.40)
w1(84,1) = w2(16,1)**2%(2.d0*w2(14,i)-1.d0)*w2(13,1)
+ /(w2(14,1)-1.d0)
wl(85,1i) = -(w2(16,1)**x2%(2.d0*w2(14,1)-1.d0)* (w2(12,1)**2
+ +w2(13,1)**2)+1.40)
+ /(w2(14,1)-1.40)/(1.d0-w2(11,1)**2)

w1(91,1) = w2(16,1)*w2(14,i)*w2(13,1i)/(w2(14,i)-1.4d0)
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w1(92,1)

(w2(16,1)**2*%(2.d0*w2(14,1)-1.d0) * (w2 (12, 1) **2

+ +w2(13,1) **2)+w2(14,1) ) *w2(11,1) *w2(13,1)
+ /(w2(14,1)-1.40)/(1.d0-w2(11,1)**2)
w1(93,i) = w2(16,1)**x2%(2.d0*w2(14,i)-1.d0)*w2(12,i)*w2(13,1)
+ /(w2(14,1)-1.d0)
w1(94,1) = w2(16,1)**x2x(2.d0*w2(14,1)-1.d0)*w2(13,1i) **2
+ /(w2(14,i)-1.d0)+1.4d0
w1(95,1) = -(w2(16,1)**2%(2.d0*w2(14,1i)-1.d0)* (w2(12,1)**2
+ +w2(13,1) **2)+w2(14,1i) )*w2(13,1)
+ /(w2(14,1)-1.40)/(1.d0-w2(11,1)**2)

w1(101,i)= -w2(16,1i)*w2(14,i)*x(w2(11,1i)-wi(1,1i))

+ /(w2(14,1)-1.40) /(w1 (5,i)-w1(1,1))
w1(102,1i)= - (w2(16,1)**2%(2.d0*w2(14,1i)-1.d0)* (w2(12,1) **2

+ +w2(13,1)**2)+1.d0) *(w2(11,i)-wi(1,1i))*w2(11,1)

+ /((w2(14,i)-1.d0)*(1.d0-w2(11,1i)**2)

+ *(w1(5,1)-w1(1,1)))+1.d0/ (w1 (5,i)-wi(1,1i))
w1(103,1)= -w2(16,1i)**2%(2.d0*w2(14,1)-1.d0)*(w2(11,i)-w1(1,i))

+ *w2(12,1)/(w2(14,1)-1.d0) /(w1 (5,i)-w1(1,1))
w1(104,i)= -w2(16,i)**2%(2.d0*w2(14,1)-1.d0)*(w2(11,i)-w1(1,i))

+ *w2(13,1)/(w2(14,1)-1.d0) /(w1 (5,i)-w1(1,1))
w1(105,1)= (w2(16,1i)**2%(2.d0*w2(14,1)-1.d0)* (w2(12,1)**2

+ +w2(13,1) **2)+1.d40) *(w2(11,1)-w1(1,1))

+ /((w2(14,1)-1.d0)*(1.d0-w2(11,1)*x2)

+ *(w1(5,1)-wi(1,i)))-wi(1,1i)/(w1(5,i)-wi(1,i))

106 continue

do 107 i=-1,nw+1
w2(21,1) = wi(61,i)*(w0(1,i+1)-w0(1,1i))
+wl1(62,1)*(w0(2,i+1)-w0(2,1))
+w1(63,1)*(w0(3,i+1)-w0(3,1))
+wl1(64,1)*(w0(4,i+1)-w0(4,1))
+w1(65,1)*(w0(5,i+1)-w0(5,1))
w2(22,1) = wi(71,i)*(w0(1,i+1)-w0(1,1i))
+wl(72,1)*(w0(2,i+1)-w0(2,1))
+w1(73,1)*(w0(3,i+1)-w0(3,1))
+wl(74,1)*(w0(4,i+1)-w0(4,1))
+wl(75,1)*(w0(5,i+1)-w0(5,1))
w2(23,1) = w1(81,i)*(w0(1,i+1)-w0(1,1i))
+w1(82,1)*(w0(2,i+1)-w0(2,1))
+w1(83,1)*(w0(3,i+1)-w0(3,1))
+w1(84,1)*(w0(4,i+1)-w0(4,1))
+w1(85,1)*(w0(5,i+1)-w0(5,1))

+ + + + + + + +

+ + + +
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w2(24,1) = w1(91,1i)*(w0(1,i+1)-w0(1,1))
+w1(92,1)*(w0(2,i+1)-w0(2,1i))
+w1(93,1)*(w0(3,i+1)-w0(3,1))
+w1(94,1)*(w0(4,i+1)-w0(4,i))
+w1(95,1)*(w0(5,i+1)-w0(5,i))
w2(25,1i) = wi1(101,i)*(w0(1,i+1)-w0(1,1))
+w1(102,1)* (w0 (2,i+1)-w0(2,1))
+w1(103,1i)*(w0(3,i+1)-w0(3,1))
+w1(104,i)*(w0(4,i+1)-w0(4,1))
+w1(105,1i)*(w0(5,i+1)-w0(5,1))

+ 4+ + +

+ 4+ + +

107 continue

do 108 i=-1,nw+1
if (dt/dr*abs(wl(1,i)).ge.2.d0*epsl) then
w2(31,1) = (dt/dr*abs(wl(1l,i))-(dt/dr*wl(1l,1i))**2)

+ /2.d0*xw2(21,1)
else
w2(31,1) = ((dt/dr*wl(1,i))**2/4.d0/epsl+epsl
+ —(dt/dr*wl(1,1))*x2)/2.d0*w2(21,1)
endif

if (dt/dr*abs(w1(2,i)).ge.2.d0*eps2) then
w2(32,1) = (dt/dr*abs(wl1(2,1i))-(dt/dr*wl1(2,1))*%*2)

+ /2.d0*w2(22,1)
else
w2(32,1i) = ((dt/dr*w1(2,1i))**2/4.d0/eps2+eps?2
+ -(dt/dr*wl1(2,1))*%2)/2.d0*w2(22,1)
endif

if (dt/dr*abs(w1l(3,1i)).ge.2.d0*eps2) then
w2(33,1) = (dt/dr*abs(w1(3,i))-(dt/dr*wl1(3,1))**2)

+ /2.d0*w2(23,1)
else
w2(33,1) = ((dt/dr*w1(3,1i))**2/4.d0/eps2+eps?2
+ —-(dt/dr*w1(3,1))**2)/2.d0*w2(23,1)
endif

if (dt/dr*abs(wl(4,i)).ge.2.d0*eps2) then
w2(34,1) = (dt/dr*abs(wl(4,i))-(dt/dr*wl(4,1i))**2)

+ /2.d0*w2(24,1)
else
w2(34,1) = ((dt/dr*wl(4,i))**2/4.d0/eps2+eps2
+ —-(dt/dr*wl(4,1))*x2)/2.d0*w2(24,1)
endif

if (dt/dr*abs(wl(5,i)).ge.2.d0*epsl) then
w2(35,1) = (dt/dr*abs(wl(5,1i))-(dt/dr*wl(5,1))**2)
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O 0

O O 0 0 o0 o0 o0 0 0 0000000

+ /2.d0*w2(25,1)

else
w2(35,1i) = ((dt/dr*w1(5,1i))**2/4.d0/epsl+epsl
+ -(dt/dr*wl(5,1))*%2)/2.d0*w2(25,1)
endif

108 continue

do 109 i=0,nw+1
w2(41,1i) = sign(1.d0,w2(31,1))

+ *max (0.d0,min(abs (w2(31,1)),

+ sign(1.d0,w2(31,1))*w2(31,i-1)))
w2(42,i) = sign(1.d0,w2(32,1))

+ *max (0.d0,min(abs (w2(32,1)),

+ sign(1.d0,w2(32,1))*w2(32,i-1)))
w2(43,i) = sign(1.d0,w2(33,1))

+ *max (0.d0,min(abs (w2(33,1)),

+ sign(1.d0,w2(33,1))*w2(33,i-1)))
w2(44,i) = sign(1.d0,w2(34,1))

+ *max (0.d0,min(abs (w2(34,1)),

+ sign(1.d0,w2(34,1))*u2(34,i-1)))
w2(45,i) = sign(1.d0,w2(35,1))

+ *max (0.d0,min(abs (w2(35,1)),

+ sign(1.d0,w2(35,1))*w2(35,i-1)))

109 continue

do 109 i=0,nw+1
w2(41,i) = sign(1.d0,w2(31,1))

*max (0.d0,min((abs(w2(31,1))
+sign(1.d0,w2(31,1))*w2(31,i-1))/2.40,
2.d0*abs (w2(31,1)),
2.d0*sign(1.d0,w2(31,1))*w2(31,i-1)))

sign(1.d0,w2(32,1))

*max (0.d0,min((abs(w2(32,1))
+sign(1.d0,w2(32,1))*w2(32,i-1))/2.40,
2.d0*abs (w2(32,1)),
2.d0*sign(1.d0,w2(32,1))*w2(32,i-1)))

sign(1.d0,w2(33,1))

*max (0.d0,min((abs(w2(33,1))
+sign(1.d0,w2(33,1))*w2(33,i-1))/2.4d0,
2.d0*abs (w2(33,1)),
2.d0*sign(1.d0,w2(33,1))*w2(33,i-1)))

+ + + +

w2(42,1)

+ + + +

w2(43,1)

+ + + +
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w2(44,i) = sign(1.40,w2(34,1))

*max (0.d0,min((abs (w2(34,1))
+sign(1.d0,w2(34,1))*w2(34,i-1))/2.40,
2.d0*abs (w2(34,1)),
2.d0*sign(1.d0,w2(34,1))*w2(34,i-1)))

sign(1.d0,w2(35,1))

*max (0.d0,min((abs (w2(35,1))
+sign(1.d0,w2(35,1))*w2(35,i-1))/2.d0,
2.d0x*abs (w2(35,1)),
2.d0*sign(1.d0,w2(35,1))*w2(35,i-1)))

+ 4+ + +

w2(45,1)

O 0O o0 o0 o0 o0 0 o0 o000

+ 4+ + +

do 109 i=0,nw+1
w2(41,i) = sign(1.40,w2(31,1))

*max (0.d0,min(abs (w2(31,1)),
2.d0xsign(1.d0,w2(31,1))*w2(31,i-1)),
min(2.d0*abs(w2(31,1)),
sign(1.d0,w2(31,1))*w2(31,i-1)))

sign(1.d0,w2(32,1))

*max (0.d0,min(abs (w2(32,1)),
2.d0xsign(1.d0,w2(32,1))*w2(32,i-1)),
min(2.d0*abs (w2(32,1)),
sign(1.d0,w2(32,1))*w2(32,i-1)))

sign(1.d0,w2(33,1))

*max (0.d0,min(abs (w2(33,1)),
2.d0xsign(1.d0,w2(33,1))*w2(33,i-1)),
min(2.d0*abs (w2(33,1)),
sign(1.d0,w2(33,1))*w2(33,i-1)))

sign(1.d0,w2(34,1))

*max (0.d0,min(abs (w2(34,1i)),
2.d0xsign(1.d0,w2(34,1))*w2(34,i-1)),
min(2.d0*abs (w2(34,1)),
sign(1.d0,w2(34,i))*w2(34,i-1)))

sign(1.d0,w2(35,1))

*max (0.d0,min(abs (w2(35,1)),
2.d0xsign(1.d0,w2(35,1))*w2(35,i-1)),
min(2.d0*abs (w2(35,1)),
sign(1.d0,w2(35,1))*w2(35,i-1)))

(@)

+ 4+ + +

w2(42,1)

+ + + +

w2(43,1)

+ + + +
I

w2(44,1)

+ + + +

w2(45,1)

+ + + +

do 110 i=0,nw
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if (abs(w2(21,i)).ge.1.d-30) then
w2(51,1i) = (w2(41,i+1)-w2(41,1i))/w2(21,1i)
else
w2(51,i) = 0.d0
endif
if (abs(w2(22,i)).ge.1.d-30) then
w2(52,1) = (w2(42,i+1)-w2(42,1))/w2(22,1)
else
w2(52,i) = 0.d0
endif
if (abs(w2(23,i)).ge.1.d-30) then
w2(53,1) = (w2(43,i+1)-w2(43,i))/w2(23,1i)
else
w2(53,1i) = 0.d0
endif
if (abs(w2(24,i)).ge.1.d-30) then
w2(54,1) = (w2(44,i+1)-w2(44,1))/w2(24,1i)
else
w2(54,i) = 0.d0
endif
if (abs(w2(25,i)).ge.1.d-30) then
w2(55,i) = (w2(45,i+1)-w2(45,1))/w2(25,1)
else
w2(565,1) = 0.d40
endif
110 continue

do 111 i=0,nw
if (abs(dt/dr*wl(1,i)+w2(51,i)).ge.2.d0*epsl) then
w2(61,1) = abs(dt/dr*xwl(1,i)+w2(51,1i))*w2(21,1)

+ -(w2(41,1)+w2(41,i+1))
else
w2(61,1) = ((dt/dr*wi(1,i)+w2(51,1))**2/4.d0/epsl+epsl)
+ *w2(21,1)-(w2(41,i)+w2(41,i+1))
endif

if (abs(dt/dr*w1(2,i)+w2(52,1)) .ge.2.d0*eps2) then
w2(62,1) = abs(dt/dr*wl(2,1i)+w2(52,1))*w2(22,1)

+ -(w2(42,1)+w2(42,i+1))
else
w2(62,1) = ((dt/dr*wl(2,i)+w2(52,1))**2/4.d0/eps2+eps2)
+ *w2(22,1)-(w2(42,1)+w2(42,i+1))
endif

if (abs(dt/dr*w1(3,i)+w2(53,1)) .ge.2.d0*eps2) then
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w2(63,1) abs (dt/dr*wl(3,1i)+w2(53,1))*w2(23,1)

+ -(w2(43,1)+w2(43,i+1))
else
w2(63,1) = ((dt/dr*w1(3,1i)+w2(53,1))**2/4.d0/eps2+eps2)
+ *w2(23,1)-(w2(43,1)+w2(43,i+1))
endif

if (abs(dt/dr*wl(4,i)+w2(54,1)) .ge.2.d0*eps2) then
w2(64,1) = abs(dt/dr*wl(4,i)+w2(54,1i))*w2(24,1)

+ -(w2(44,1)+w2(44,i+1))
else
w2(64,1) = ((dt/dr*wl(4,i)+w2(54,1))**2/4.d0/eps2+eps2)
+ *w2(24,1)-(w2(44,1i)+w2(44,i+1))
endif

if (abs(dt/dr*wl(5,i)+w2(55,1)).ge.2.d0*epsl) then
w2(65,1) = abs(dt/dr*wl(5,1)+w2(55,1i))*w2(25,1)

+ -(w2(45,1)+w2(45,i+1))
else
w2(65,1) = ((dt/dr*wl(5,1i)+w2(55,1))**2/4.d0/epsl+epsl)
+ *w2(25,1)-(w2(45,1i)+w2(45,i+1))
endif

111 continue

do 112 i=0,nw
w2(71,1) = (wO(1,i)*w2(1,i)+w0(1,i+1)*w2(1,i+1))/2.40
w2(72,1) = (w0(2,i)*w2(1,1i)+w2(4,1)

+ +w0(2,1i+1) *w2(1,i+1)+w2(4,1i+1))/2.40
w2(73,i) = (wO0(3,1)*w2(1,i)+w0(3,i+1)*w2(1,i+1))/2.40
w2(74,1) = (wO(4,i)*w2(1,i)+w0(4,i+1)*w2(1,i+1))/2.40
w2(75,1) = (wO(5,1i)*w2(1,i)+w2(4,1i)*w2(1,1)

+ +w0(5,i+1) *w2(1,i+1)+w2(4,i+1)*w2(1,i+1))/2.d0

w2(71,1i) = w2(71,i)-dr/dt*(w2(61,i)*w1(11,1)
+w2(62,1)*wl1(21,1)
+w2(63,1)*w1(31,1)
+w2(64,1)*wl1(41,1)
+w2(65,1i)*w1(51,1))/2.4d0

w2(72,1) = w2(72,1i)-dr/dt*(w2(61,i)*w1(12,1)
+w2(62,1)*w1(22,1)
+w2(63,1)*w1(32,1)
+w2(64,1)*wl(42,1)
+w2(65,1i)*w1(52,1))/2.4d0

w2(73,1) = w2(73,i)-dr/dt*(w2(61,i)*w1(13,1i)

+ +w2(62,1)*w1(23,1)

+ + + +

+ + + +
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+ +w2(63,1)*w1(33,1)

+ +w2(64,1i)*wl1(43,1)
+w2(65,1)*w1(53,1))/2.d0

w2(74,i)-dr/dt* (w2(61,1)*w1(14,1i)
+w2(62,1) *wl(24,1)
+w2(63,1)*w1(34,1)
+w2(64,1i)*wl(44,1)
+w2(65,1i)*w1(54,1i))/2.4d0

w2(75,i)-dr/dt* (w2(61,1)*w1(15,1i)
+w2(62,1)*wl1(25,1)
+w2(63,1)*w1(35,1)
+w2(64,1)*wl1(45,1)
+w2(65,1)*w1(55,1))/2.4d0

+

w2(74,1)

+ + + +

w2(75,1)

+ + + +

112 continue

do 113 i=1,nw
w0(1,1i) = wOo(1,i)-dt/dr*xw2(71,i)-w2(71,i-1))
w0(2,1) = w0(2,1i)-dt/dr*xw2(72,i)-w2(72,i-1))
w0(3,1i) = w0(3,i)-dt/dr*w2(73,i)-w2(73,i-1))
w0(4,i) = wo(4,i)-dt/dr*(w2(74,1i)-w2(74,i-1))
w0(5,1) = w0(5,1i)-dt/dr*(w2(75,i)-w2(75,i-1))
113 continue

end

do 204 i=-1,nw+1
wi(1,i) = w2(11,1)
wi(2,i) = w2(11,1)
204 continue

do 205 i=-1,nw+1
wi(11,i) = 1.d0
wl(12,i) = 1.d0
205 continue

Lk(i+1/2)
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do 206 i=-1,nw+1
wl(61,i) = 1.d0
wl(62,i) = 1.d0
206 continue

do 207 i=-1,nw+1
w2(21,1) = wi(61,i)*(w5(1,i+1)-w5(1,1i))
w2(22,1) = wi1(62,1)*(w5(2,i+1)-w5(2,1i))
207 continue

G
c “gk(i+1/2)
G
do 208 i=-1,nw+1
if (dt/dr*abs(wl(1,i)).ge.2.d0*epsl) then
w2(31,1) = (dt/dr*abs(wl(1l,i))-(dt/dr*wl(1l,1i))**2)
+ /2.d0%w2(21,1)
else
w2(31,1) = ((dt/dr*wl(1,i))**2/4.d0/epsl+epsl
+ -(dt/dr*wl(1,1))*%2)/2.d0*w2(21,1)
endif
if (dt/dr*abs(w1(2,i)).ge.2.d0*epsl) then
w2(32,1) = (dt/dr*abs(w1(2,i))-(dt/dr*wl(2,1))*x*2)
+ /2.d0%w2(22,1)
else
w2(32,1i) = ((dt/dr*w1(2,1i))**2/4.d0/epsl+epsl
+ -(dt/dr*w1(2,1))*%2)/2.d0*w2(22,1)
endif
208 continue
G
c gk(i)
G
c do 209 i=0,nw+1
c w2(41,i) = sign(1.40,w2(31,1))
c + *max (0.d0,min(abs (w2(31,1)),
c o+ sign(1.d0,w2(31,1))*w2(31,i-1)))
c w2(42,1) = sign(1.d0,w2(32,1))
c + *max (0.d0,min(abs (w2(32,1)),
c + sign(1.d0,w2(32,i))*w2(32,i-1)))
c209 continue
G
c gk(i)
G



c do 209 i=0,nw+1

c w2(41,i) = sign(1.d0,w2(31,1))

c + *max (0.d0,min((abs (w2(31,1))

c + +sign(1.d0,w2(31,1))*w2(31,i-1))/2.4d0,
c + 2.d0*abs (w2(31,1)),

c + 2.d0xsign(1.d0,w2(31,1))*w2(31,i-1)))
c w2(42,1i) = sign(1.d0,w2(32,1))

c + *max (0.d0,min((abs (w2(32,1))

c + +sign(1.d0,w2(32,1))*w2(32,i-1))/2.4d0,
c + 2.d0*abs (w2(32,1)),

c + 2.d0*sign(1.d0,w2(32,1))*w2(32,i-1)))

do 209 i=0,nw+1
w2(41,i) = sign(1.d0,w2(31,1))

*max (0.d0,min(abs (w2(31,1)),
2.d0*sign(1.d0,w2(31,1))*w2(31,i-1)),
min(2.d0*abs(w2(31,1)),
sign(1.d0,w2(31,1))*w2(31,i-1)))

w2(42,i) = sign(1.d0,w2(32,1))

*max (0.d0,min(abs (w2(32,1)),
2.d0*sign(1.d0,w2(32,1i))*w2(32,i-1)),
min(2.d0*abs(w2(32,1)),
sign(1.d0,w2(32,1))*w2(32,i-1)))

+ 4+ + +

+ 4+ + +

209 continue

e
c gammak(i+1/2)
e
do 210 i=0,nw
if (abs(w2(21,i)).ge.1.d-30) then
w2(51,1i) = (w2(41,i+1)-w2(41,1i))/w2(21,1i)
else
w2(51,i) = 0.d0
endif
if (abs(w2(22,i)).ge.1.d-30) then
w2(52,1) = (w2(42,i+1)-w2(42,1i))/w2(22,1)
else
w2(52,i) = 0.d0
endif
210 continue
e
¢ betak(i+1/2)
e



do 211 i=0,nw
if (abs(dt/dr*wil(1,i)+w2(51,i)) .ge.2.d0*epsl) then
w2(61,1) = abs(dt/dr*wil(1,i)+w2(51,1i))*w2(21,1)

+ -(w2(41,1)+w2(41,i+1))
else
w2(61,1) = ((dt/dr*wi(l,i)+w2(51,1))**2/4.d0/epsl+epsl)
+ *w2(21,1)-(w2(41,i)+w2(41,i+1))
endif

if (abs(dt/dr*wl(2,i)+w2(52,1)).ge.2.d0*epsl) then
w2(62,1) = abs(dt/dr*wl(2,1)+w2(52,1i))*w2(22,1)

+ -(w2(42,1)+w2(42,i+1))
else
w2(62,1) = ((dt/dr*wl(2,1)+w2(52,1))**2/4.d0/epsl+epsl)
+ *w2(22,1)-(w2(42,1)+w2(42,i+1))
endif

211 continue

do 212 i=0,nw
w2(71,1) = (wb(1,i)*w2(1,i)+wb(1,i+1)*w2(1,i+1))/2.40
w2(72,1) (w5(2,1)*w2(1,1)+wb(2,i+1)*w2(1,i+1))/2.d0

w2(71,1) w2(71,1)-dr/dt*w2(61,i)*wl1(11,1)/2.d0
w2(72,1) = w2(72,1)-dr/dt*w2(62,1i)*w1(12,1)/2.40
212 continue

do 213 i=1,nw
w5(1,i) = w5(1,i)-dt/dr*(w2(71,i)-w2(71,i-1))
w5(2,1) = w5(2,1i)-dt/dr*(w2(72,1i)-w2(72,i-1))
213 continue

119



CcC program lorenz
SUBROUTINE LORENZ

Written by Dongsu Ryu, February 2005
Compile on linux with ifort -02 -132

O o0 o0 o0

implicit none

INCLUDE "mpif.h"
INCLUDE "common"

cC real*16 gam, rho, vel, pre
cC real*x16 ddd, mmm, eee
CcC real*16 vt, vl11l, v12
CcC real*16 coffl, coff2, coff3, coffd, coffb
CcC complex*32 a, b, c, d
CcC complex*32 vs
cC real*x16 vsr, vsi, v
INTEGER I
REAL*8 DDD, MMM, EEE
REAL*8 VT, VL1, VL2
REAL*8 COFF1, COFF2, COFF3, COFF4, COFF5
COMPLEX*16 A, B, C, D
COMPLEX*16 VS
REAL*8 VSR, VSI, V

write (*,*) ’gam, rho, vel, pre’
read (*,*) gam, rho, vel, pre
write (,*)

ddd = rho/sqrt(1.d0-vel**2)

mmm = (rho+gam/(gam-1.d0)*pre)*vel/(1.d0-vel**2)
eee = (rho+gam/(gam-1.d0)*pre)/(1.d0-vel**2)-pre
write (*,*) ’ddd, mmm, eee’

write (*,*) ddd, mmm, eee

write (x,x%)

O 0O 0 o0 o0 0 0 0 o0 0 00

Q
(@]

write (*,*) ’gam, ddd, mmm, eee’
read (*,*) gam, ddd, mmm, eee
write (*,x%)

O QQ
aQ Q

DO 101 I=1,NW

IF (WO(1,I).LE.1.D-30) THEN
WO(1,I) = SQRT(1.DO-(WO(2,I)**2+W0(3,I)**x2+W0(4,I)*x*2)
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CcC

CcC
CcC
CcC

CcC

CcC
cC
CcC

CcC
CcC
cC

CcC

CcC

CcC
CcC

/WO(5,I)*x2)*W0(5,I)/2.D0

ENDIF

DDD = WO(1,I)

MMM = SQRT(WO(2,I)**2+WO(3,I)**2+W0(4,I)**2)
EEE = W0(5,I)

if ((mmm/abs(ddd)).le.(1.d-10)) then
IF ((MMM/DDD).LE.(1.D-10)) THEN
v = 0.d0
write (*,%) ’mmm=0: approximate solution’
write (x,%x) v
stop
GOTO 900
endif

if ((mmm/eee).ge.(1.d0-1.d-6)) then
v = sqrt(1.d42-1.40)/1.d1
V = 1.D0-1.D-6
write (*,%) ’mmm>=eee: approximate solution’
write (x,*) v
stop
GOTO 900
endif

vt = (gam*eee)**2-4.d0* (gam-1.d0) *mmm**2
if (vt.le.(0.d0)) then
vll = 0.d0
else
vll = (gam*eee-sqrt(vt))/2.d0/(gam-1.d0)/mmm
endif
vl2 = mmm/eee
write (*,*) ’limits’
write (x,*x) vl11l, v12
write (*,x*)

if ((mmm/abs(ddd)).le.(1.d-6)) then
IF ((MMM/DDD) .LE.(1.D-6)) THEN
v = (v11+v12)/2.40

write (*,%) ’very small mmm: approximate solution’

write (x,%) v

stop

GOTO 900
endif
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+ O + 0+ N+ O+ O+ W+ N A+ -+

+ A e e

+ ® + v + V +

coffl
coff2
coff3
coff4d
coffb

Q0 T M

vs

mmms 2

-2.d0*eee*gam*mmm

2.d0*(gam-1.d0) *mmm**2+eee**2*xgam**2-ddd**2* (gam—1.d0) **2
-2.d0*eeexgam* (gam-1.d0) *mmm

mmm**2* (gam—-1.d0) **2+ddd**2* (gam—-1.d0) **2

coffl/coffs
coff2/coffb

= coff3/coffb

coff4d/coffb

= ((SQRT(27.d0*a*x*2*xd**4+(4.d0*b**x3-18.d0*a*xb*c) *d**3
+(4.d0*a*xc**3-b**2*xCc**2

-144 . d0*a*x*2*c+6 . dO*axb**2) *d**2+ (80 .d0*a*xbxc*x*2
-18.d0*b**3*c+192. d0*xax*2xb) *d

-16.d0*a*xcx*x4+4 , dOxb**x2xc*x*3+128 . dO*a**2xck*2
-144 . dOxa*xb**2*c+27 .d0*b*x*x4-256.d0*a

**x3) /SQRT(3.d0)/6.d0-(a*x(72.d0*c-27 .d0*d**2)+9.d0*b*c*d
-2.d0*c*x*x3-27 .d0*b**2) /54 .d0

)*x((=1.d0)/3.d0)*(36.d0*(SQRT (27 .d0*a*x*2xd*x*4+ (4. d0xb**3
-18.d0*axb*c) *d*x*3+(

4 .d0*akxc*k*3-b**2*xc**x2-144 . d0*a**2*xc+6.d0*axb*x*2) xd**2
+(80.d0*axb*xc**2-18.d0*b*

*3xc+192. d0*a*x*2xb) *d-16 . dO*axcx*x4+4 . dO¥b**2*c**3
+128.d0*a**x2*xc*x*2-144 . dO*xaxbx*

*2xc+27 . dOxb*x*x4-256 . dO*a*x*3) /SQRT (3.d0) /6.d0-(a*(72.d0*c
-27.d0*d**2)+9 . d0*b*xcxd—2.d0*

c**x3-27 .d0*b**2) /54.d0) **(2.d0/3.d0)+(9.d0*d**2
-24.d0*c)* (SQRT (27 . dO*a**2xd**4

+(4.d0*b**3-18.d0*axb*c) *d**3+ (4 .d0*a*ckx*x3-bx*x2kckx*2
-144 .d0*a*x*2*c+6 . dO*a*xb**2

) *xd*x*2+ (80 .d0*axbxcx*2-18.d0*bx*3*c+192. dO*a**2%b) *d
-16.d0*a*c**4+4 . dOxbx*x2xc*

*3+128.d0*a*x*2xcx*x2-144 . dO*xaxb*x*x2xc+27 . dO*b**x4-256 . dO*a**3)
/SQRT(3.d0)/6.d0-(ax*

(72.d0*c—-27.d0*d**2) +9 . dO*bxcxd—2.d0*c**3-27 .d0*b**2)
/54.d0)**(1.d0/3.d0)-12.d0*b*d+

4.d0*c**2+48.d0%*a) ) **((-1.d0) /4.d0) *SQRT (- (SQRT (27 . dO*a**2
*d**4+ (4 .d0*b*x*x3-18.d0

*axbxc) *d*x*x3+ (4. dO*axcx*x3-bxx2xc**x2-144  d0*a**2*c
+6.d0*axb**2) *d**2+ (80 .d0*

axbxcx*2-18.d0*b**x3*%c+192.d0*a*x*2*b) *d-16.d0*a*cx*4
+4 . d0*b**2%c**3+128 . d0*a**2

*c*x*x2-144  dO*axbx*x2xc+27 . dO*b**x4-256 .d0*a**3) /SQRT (3.d0)
/6.d0-(a*x(72.d0*c-27.d0*d*
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*2)+9.d0*b*xcxd—2.d0*c*x*x3-27 . dOxb**2) /54 .d0) ** ((-1.d40) /3.40)
*((18.d0* (SQRT(27.d0*a

*x2xd*x*x4+ (4. dO*xb*x*x3-18 . dO*axb*c) *d**3+ (4.d0*a*xc**3
—bx*2kc*k*x2-144 . dO*a*x*2*c+

6.d0*a*xb**2) *d**2+ (80 .d0*a*xb*c**2-18.d0*b**3*c
+192.d0*a**2*xb) *d-16.d0*a*xc**4+4 .40

*bx*x 2k cx*x3+128 . dO*ax*x2xcxx2-144  dO*axb**2%c+27 .dO*b*x*x4
-256.d0*a**3) /SQRT (3.40)

/6.d0-(a*(72.d0*c-27.d0*d**2)+9.d0*b*c*d-2.d0*c*x*3
-27.d0%b**2) /54 .d0)**(2.d0/3.d0)

+(24.d0*c-9.d0*d**2) * (SQRT (27 . dO*a*x*2xd**4+ (4 . dOxb**3
-18.d0*axb*c) *d**3+(4.d0*a*c

**x3-bx*x2xck*x2-144  dO*a*x*2xc+6 . dOxaxb**2) *d**2+ (80 . d0*axbkc*x*2
-18.d0*b**x3xc+

192.d0*a**2%b) *d-16.dO*axc**4+4 . dOkb*x*2*xcx*x3+128 . dO*a** 2k c*x*2
-144 .d0*axb*x*2*c+

27 .d0*b**4-256 .d0*a*x*3) /SQRT (3.d0) /6.d0-(a*x(72.d0*c
-27.d0*d**2)+9 . d0*b*xc*xd—2 . dO*cx*3-

27.d0*b*%*2) /54 .d0)**(1.40/3.d0) -6.d0*b*d+2.d0*c*x*2+24 . dO*a)
*SQRT ((SQRT (27 .d0O*a**2

*dxx4+ (4. dO*b*x*3-18.d0*axb*xc) *d*x*x3+ (4. d0*a*cx*3-b**2*xC**2
-144 .dO*a**x2*c+6.d0*a

*bx*2) *d*x*x2+ (80 . dO*axbxcx*x2-18 . dO*xb**3*xc+192.d0*a**2*b) *d
-16.d0*a*xc*x*x4+4 . dO*bx*

*2kCk*3+128 . dO*xax*x2xcx*x2-144 . dO*axbx*2xc+27 . dOxb*x*4
-256.d0*a**3) /SQRT(3.40)/6

.d0-(ax(72.d0*c-27.d0*d**2)+9.d0*b*c*xd-2.d0*c*x*x3-27 . dOxb**2)
/54.d0)**((-1.d40)/3.d0)

*(36.d0* (SQRT (27 . dO*a*x*2xd**4+ (4 .d0*b**3-18.d0*a*xb*c) *xd**3
+(4.d0*a*xc**3-b**2xC

*x2-144  dO*ax*x2xc+6 . dO*axbx*2) xd*x*x2+ (80 . dO*a*xb*c**2
-18.d0*b**3*c+192.d0*a*x*2*xb

)*d-16.d0*a*xcx*x4+4 , dOxb**2*xc*x*x3+128 . dO*a**x2xcx*x2-144 . d0
*axb**2%c+27 . dOxb*xx4-25

6.d0*a**3) /SQRT(3.d0)/6.d0-(a*x(72.d0*c-27.d0*d**2)+9.d0*xb*xc*xd
-2.d0*c**3-27 .d0*bx*2) /5

4.d0)**(2.d40/3.d0)+(9.d0*d**2-24.d0*c) * (SQRT (27 . dO*xa*x*2xd**4
+(4.d0*b**3-18.d0*a*b

*c) *d**x3+ (4. dO*a*cx*x3-bx*x2kxcx*x2-144  d0*a**2*c
+6.d0*axb**2) *d**2+ (80 . dO*a*xb*

c*x*2-18.d0*b**3%c+192.d0*a*x*2*b) *d-16.d0*a*c**x4+4 . dO*b**2xC**3
+128.d0*a*x*2xcx*

2-144 .d0*a*xb**2*c+27 . d0*b**4-256 .d0*a**3) /SQRT(3.d0)/6.d0
- (a*x(72.d0*c-27.d0*d**2) +

9.d0*b*c*d-2.d0*c**3-27 .d0*b**2) /54 .d0) **(1.40/3.40)
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-12.d0*b*d+4 .d0*c*x*x2+48.d0*a) )+ (

-27.d0*d**3+108.d0*c*d-216.d0*b) * (SQRT (27 . dO*a*x*2*xd*x*4
+(4.d0*b**3-18.d0*axb*c) *d*

*3+ (4. dO*xaxcx*x3-bx*x2xcx*x2-144 . dO*xax*2*c+6 . d0*a*xb**2) *d**2
+(80.d0*axb*c**2-1

8.d0*b**3*c+192.d0*a**2%b) *d-16 . d0*a*c*k*4+4 . dO*b**2kcx*3
+128.d0*a*x*2*xc*x*2-144 . d0*

axbxx2%xc+27 . d0*b**x4-256 .d0*a*x*3) /SQRT(3.d0) /6.d0
-(a*x(72.d0*c-27.d0*d**2)+9.d0xbxc*

d-2.d0*c**3-27.d0*b**2) /54 .d0) **(1.d0/3.d0)))
/SQRT(2.d0)/6.d0-SQRT((SQRT (27 .d0*

ax*2*xd**4+ (4.d0*b**3-18.d0*axb*c) *d**3+(4.d0*a*xc**3
—bxk2kc*kx2-144 . dO*ax*2*c

+6.d0*axb**2) *d**2+(80.d0*a*xb*c**2-18.d0*b*x*3*c
+192.d0*a*x*2%b) *d-16 . dO*xa*c**4+

4 .d0xb**2%cx*x3+128 . dO*a*x*2*xc*x*x2-144 . dO*axbx*2*xc+27 . dOxb*x*4
-256.d0*a**3) /SQRT(3.d0

)/6.d0-(a*x(72.d0*c-27.d0*d**2)+9.d0*b*xc*xd—2.d0*c**3
-27 .d0*b**2) /54 .d0) **((-1.d0)/

3.d0)*(36.d0* (SQRT (27 . dO*a**2*d**4+ (4 .d0*b**3
-18.d0*axbxc) *d*x*3+ (4 .d0O*a*xcx*x3-bx*

*2xcx*x2-144  dO*a*x*2xc+6 . dOkaxbx*2) xd**2+ (80 .d0*a*xb*c**2
-18.d0*b**3%c+192.d0*a*

*2xb) *d-16 . dO*axcx*x4+4 . dOxbx*x2xcx*3+128 . dO*ka**2kc**2
-144 . d0*axb*x*2*c+27 .d0*b**

4-256.d0*a**3) /SQRT(3.d0) /6.d0-(a*x(72.d0*c-27.d0*d**2)
+9.d0*b*c*d-2.d0*c**3-27 . d0*b**

2)/54.d0)**(2.d40/3.d0)+(9.d0*d**2-24.d0*c)
* (SQRT (27 . dO*a*x*2xd**4+ (4 . dO*b**3-18.d0

*axbxc) *d*x*x3+ (4. dO*axcx*x3-bxx2xc*x*x2-144  d0*a**2*c
+6.d0*axb**2) *d**2+ (80 .d0*

axbxcx*2-18.d0*b**x3*%c+192.d0*a*x*2*b) *d-16.d0*a*cx*x4
+4 . d0*b**2%c**x3+128 . d0*a**2

*cx*x2-144  dO*axbx*x2xc+27 . dO*b**x4-256 .d0*a**3) /SQRT (3.d0)
/6.d0-(a*x(72.d0*c-27.d0*d*

*2)+9.d0xbxcxd-2.d0*c*x*x3-27 . dOxb**2) /54 .d0) **(1.40/3.40)
-12.d0*b*d+4.d0*xc*x*2+48.d0*a

))/12.d0-d/4.d0

write (*,*) ’v from transformation equation’
write (*,%*) vs
write (x,x%)

vsr
VSR

real (vs)
DBLE(VS)
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vsi = imag(vs)

if (vsr.le.(1.d-8)) then
IF (VSR.LE.(1.D-10)) THEN
v = 0.d0

write (*,%*) ’zero: approximate solution’

write (x,%x) v

stop

GOTO 900
endif

if (abs(vsi/vsr).le.(1.d-6)) then
if ((vsr.ge.vll).and.(vsr.le.v12)) then

Vv = VST
\
V

MIN(V,1.D0-1.D-6)

write (*,%*) ’well-behaving:

write (x,%x) v
else

min(v, (sqrt(1.d2-1.d0)/1.d1))

solution’

if (abs(vsr-vll).lt.abs(vsr-v12)) then

v = vlli+1.d-4
V = VL1+1.D-6

if (v.ge.v12) v = (v11+v12)/2.4d0
v = min(v, (sqrt(1.d42-1.40)/1.41))

V = MIN(V,1.D0-1.D-6)

write (*,%) ’outside limits: approximate solution’

write (*,%x) v

else
v = v1l2-1.4d-4
V = VL2-1.D-6

if (v.le.v1ll) v = (v11+v1l2)/2.d0
v = min(v, (sqrt(1.42-1.40)/1.4d1))

V = MIN(V,1.D0-1.D-6)

write (*,%*) ’outside limits: approximate solution’

write (x,%) v
endif
endif
else

if ((vsr.ge.vll).and.(vsr.le.v12)) then

Vv = VST
v
V

MIN(V,1.D0-1.D-6)

write (*,%*) ’complex: approximate solution’

write (*,%x) v
else
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103
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end

v = (vli+v12)/2.d0
v = min(v, (sqrt(1.d42-1.40)/1.41))
V = MIN(V,1.D0-1.D-6)

write (*,%) ’complex: approximate solution’
write (x,*) v

endif

if

CONTINUE

W3(

3,I) =V

CONTINUE

DO

CON

sto
RET
end

103 I=1,NW
W4(1,I) = WO(1,I)*SQRT(1.D0-W3(3,I)**2)
IF (SQRT(WO(2,I)**2+W0(3,I)**2+W0(4,I)**2).GE.1.D-30) THEN
W4A(2,I) = WO(2,I)*W3(3,I)
/SQRT (WO (2, I)**2+W0(3,I)**2+WO0 (4, I)*x2)
ELSE
W4(2,I) = 0.DO
ENDIF
IF (SQRT(WO(2,I)**2+W0(3,I)**2+W0(4,I)**2).GE.1.D-30) THEN
WA(3,I) = WO(3,I)*W3(3,I)
/SQRT (WO (2, I)**2+W0 (3, I)**x2+W0 (4, I)**2)
ELSE
W4(3,I) = 0.DO
ENDIF
IF (SQRT(WO(2,I)**2+W0(3,I)**2+W0(4,I)**2).GE.1.D-30) THEN

W4a(4,I) = WO(4,I)*W3(3,I)
/SQRT (WO (2, I)**2+W0(3,I) **2+W0 (4, 1) **2)
ELSE
W4(4,I) = 0.DO
ENDIF
Wa(5,I) = WO(5,1)-W0(2,I)*W4(2,1I)
-WO(3,I)*W4(3,I)
-WO(4,I)*W4a(4,1)
TINUE
p
URN
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subroutine prot

implicit none

include "mpif.h"
include "common"

integer ix, iy, iz
real*8 den, pre, denmin, premin

1}
'_\
7
IS

denmin
premin

Il
[
i
(09}

do 101 iz=1,nz
do 101 iy=1,ny
do 101 ix=1,nxp
den = ul(ix,iy,iz)
ul(ix,iy,iz) = max(den,denmin)
pre = (gam-1.d0)*(u5(ix,iy,iz)-ul(ix,iy,iz))
pre = max(pre,premin)
ub(ix,iy,iz) = pre/(gam-1.d0)+ul(ix,iy,iz)
101 continue

c
call MPI_BARRIER (MPI_COMM_WORLD,err)
i
c end
N
return
end
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subroutine dump

implicit none

include "mpif.h"
include "common"

integer ix, iy, iz

real*8 den(nxp,ny,nz), pre(nxp,ny,nz), vel(nxp,ny,nz)
real*8 fb(nxp,ny,nz), fc(axp,ny,nz)

real*8 sumO, suml, sum2, sum3, sumOp, sumlp, sum2p, sum3p
character*9 fname

write (fname,900) ’jt’, nunit, pi
900 format (a2,i4.4,i2.2)

open (unit=90,file=fname,status=’unknown’,form="unformatted’)

do 101 iz=1,nz

do 101 iy=1,ny

do 101 ix=1,nxp
den(ix,iy,iz) = ul(ix,iy,iz)
pre(ix,iy,iz) (gam-1.d0) * (ub(ix,iy,iz)-ul(ix,iy,iz))
vel(ix,iy,iz) sqrt (u2(ix,iy,iz)**2

+ +u3(ix,iy,iz)**2+ud(ix,iy,iz) **2)

f1(ix,iy,iz)/ql(ix,iy,iz)
f2(ix,iy,iz)/ql(ix,iy,iz)

fb(ix,iy,iz)
fc(ix,iy,iz)
101 continue

write (90) den
write (90) pre
write (90) vel

write (90) fb
write (90) fc

call MPI_BARRIER (MPI_COMM_WORLD,err)
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end

sumOp = 0.d0

do 105 iz=1,nz
do 105 iy=1,ny
do 105 ix=1,nxp
sumOp = sumOp + den(ix,iy,iz)*fc(ix,iy,iz)*dx**3
105 continue

call MPI_BARRIER (MPI_COMM_WORLD,err)

call MPI_REDUCE (sumOp,sum0O,1,MPI_DOUBLE_PRECISION,MPI_SUM,master,

+ MPI_COMM_WORLD,err)
call MPI_BCAST (sumO,1,MPI_DOUBLE_PRECISION,master,
+ MPI_COMM_WORLD,err)

if (pi.eq.master) then
write (50,%) t, sumO
endif

call MPI_BARRIER (MPI_COMM_WORLD,err)

sumlp = 0.d0
sum2p = 0.d0
sum3p = 0.d0

do 115 iz=1,nz

do 115 iy=1,ny

do 115 ix=1,nxp
x = (dble(ix+nxp*pi)-0.5d0)*dx
y = (dble(iy)-0.5d0)*dy
z = (dble(iz)-0.5d0)*dz

sumlp = sumlp + den(ix,iy,iz)*fc(ix,iy,iz)*(x-4.d0)**2

+ *dx**3/sum0

sum2p = sum2p + den(ix,iy,iz)*fc(ix,iy,iz)*(y-3.5d0)**2
+ *xdy**3/sum0

sum3p = sum3p + den(ix,iy,iz)*fc(ix,iy,iz)*(2-4.d0)**2
+ *dz**3/sum0
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115 continue
c
call MPI_BARRIER (MPI_COMM_WORLD,err)

call MPI_REDUCE (sumlp,suml,1,MPI_DOUBLE_PRECISION,MPI_SUM,master,
+ MPI_COMM_WORLD, err)

call MPI_REDUCE (sum2p,sum2,1,MPI_DOUBLE_PRECISION,MPI_SUM,master,
+ MPI_COMM_WORLD, err)

call MPI_REDUCE (sum3p,sum3,1,MPI_DOUBLE_PRECISION,MPI_SUM,master,
+ MPI_COMM_WORLD, err)

if (pi.eq.master) then
write (51,%) t, sqrt(suml), sqrt(sum2), sqrt(sum3)

endif

call MPI_BARRIER (MPI_COMM_WORLD,err)

sumlp = 0.d0
sum2p = 0.d0
sum3p = 0.d0

do 125 iz=1,nz
do 125 iy=1,ny
do 125 ix=1,nxp
sumlp = sumlp + den(ix,iy,iz)*fc(ix,iy,iz)*u2(ix,iy,iz)

+ *dx**3/sum0

sum2p = sum2p + den(ix,iy,iz)*fc(ix,iy,iz)*u3(ix,iy,iz)
+ *xdy**3/sum0

sum3p = sum3p + den(ix,iy,iz)*fc(ix,iy,iz)*ud(ix,iy,iz)
+ *dz**3/sum0

125 continue
c
call MPI_BARRIER (MPI_COMM_WORLD,err)

call MPI_REDUCE (sumlp,suml,1,MPI_DOUBLE_PRECISION,MPI_SUM,master,
+ MPI_COMM_WORLD, err)

call MPI_REDUCE (sum2p,sum2,1,MPI_DOUBLE_PRECISION,MPI_SUM,master,
+ MPI_COMM_WORLD, err)

call MPI_REDUCE (sum3p,sum3,1,MPI_DOUBLE_PRECISION,MPI_SUM,master,
+ MPI_COMM_WORLD, err)

if (pi.eq.master) then

write (52,%) t, suml, sum2, sum3
endif
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call MPI_BARRIER (MPI_COMM_WORLD,err)

c
sumlp = 0.d0
c
do 135 iz=1,nz
do 135 iy=1,ny
do 135 ix=1,nxp
sumlp = sumlp + den(ix,iy,iz)*fc(ix,iy,iz)*pre(ix,iy,iz)*3.d0
+ *xdx**3/sum0
135 continue
c
call MPI_BARRIER (MPI_COMM_WORLD,err)
c
call MPI_REDUCE (sumlp,suml,1,MPI_DOUBLE_PRECISION,MPI_SUM,master,
+ MPI_COMM_WORLD,err)
c
if (pi.eq.master) then
write (53,*) t, suml
endif
c
call MPI_BARRIER (MPI_COMM_WORLD,err)
i
¢ time, intensity at 90 deg, 45 deg, O deg
G
sumlp = 0.d0
sum2p = 0.d0
sum3p = 0.d0
c
do 107 iz=1,nz
do 107 iy=1,ny
do 107 ix=1,nxp
if (fb(ix,iy,iz).ge.0.001) then
sumlp = sumlp + pre(ix,iy,iz)#**(3.75d0/2.d0)*dx**3
+ *(1.d0-vel(ix,iy,iz)**2)
c
sum2p = sum2p + pre(ix,iy,iz)**(3.75d0/2.d0)*dx**3
+ *(1.d0-vel(ix,iy,iz)**2)
+ /(1.d0-vel(ix,iy,iz)/sqrt(2.d0))**2
c
sum3p = sum3p + pre(ix,iy,iz)**(3.75d0/2.d0)*dx**3
+ *(1.d0-vel(ix,iy,iz)**2)
+ /(1.d0-vel(ix,iy,iz))**2
endif
107 continue
c
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call MPI_BARRIER (MPI_COMM_WORLD,err)

call MPI_REDUCE (sumlp,suml,1,MPI_DOUBLE_PRECISION,MPI_SUM,master,
+ MPI_COMM_WORLD, err)

call MPI_REDUCE (sum2p,sum2,1,MPI_DOUBLE_PRECISION,MPI_SUM,master,
+ MPI_COMM_WORLD, err)

call MPI_REDUCE (sum3p,sum3,1,MPI_DOUBLE_PRECISION,MPI_SUM,master,
+ MPI_COMM_WORLD, err)

if (pi.eq.master) then
write (71,%) t, suml, sum2, sum3
endif

call MPI_BARRIER (MPI_COMM_WORLD,err)

return
end
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