
ComputationalPhysics:Tidal Tailsof
InteractingGalaxies

DucLe

January8, 2004

Abstract

Someproblemsaredif�cult to investigateexperimentally. In thesecases,
if theunderlyingrealsystemmaybeapproximatedby a simplemodel,then
the problemcanbe simulatedon a computer. This paperwill discussone
suchmethodof simulation,theVerletmethodfor integratingNewton'sequa-
tionsof motion,asappliedto interactinggalaxies.
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1 Intr oduction

The aim of the problemis to describethe interactionof galaxiesdue to gravi-
tational attraction. The starsthat make up the galaxieswill be representedby
simulated'particles'. Howeverdueto thecomputationallimits, eachparticlewill
representmany stars.Thestarsin thecentreof thegalaxywill berepresentedby
a singleparticleof unit mass,andthestarssurroundingthis centralmasswill be
representedby severalconcentricringsof ' testparticles'with zeromass.Because
computingalgorithmswork bestwith numbersnearunity, the variablesin this
simulationhave beenscaledsuchthat their valuesarenearunity. Hencewe take
thegalaxiesashaving unit mass,with G=1asthegravitationalconstant.

Therewill be � ve concentricringsaroundthecentralmass,with radius2, 3,
4, 5, 6 'units', with 12,18,24,30,36 particlesin eachring respectively. Initially
thetestparticlesin thering will bemoving in acircularorbit, againfor simplicity.
Thesimulationtheninvolveshow two of thesegalaxiesinteract,whenthey arein
variousorbits with respectto eachother. We areinterestedin themotion of the
testparticlesdueto their gravitational attractionwith the two centralmasses,as
thetwo galaxiesmovepast(or around)eachother.

2



2 Analysis

2.1 Verlet Method

Wewill usetheVerletMethodtosolveNewton'sequationsof motionnumerically.
Westartwith aTaylorexpansionof thepositionasafunctionof time,afterasmall
time-step,h:

r (t + h) = r(t) + hv(t) +
h2F(t)

2m
+

h3

3!
d3r
dt3 + O(h4)

r (t � h) = r(t) � hv(t) +
h2F(t)

2m
�

h3

3!
d3r
dt3 + O(h4)

wherewe have substitutedv = dr
dt andF = 1

m
d2r
dt2 . Summingtheseequations

weget:

r (t + h) = 2r(t) � r (t � h) +
h2F(t)

2m
(1)

if we ignoretermsof orderh4. Equation1 doesn't includethevelocity, which
is givenby subtractingour �rst two equations:

v(t) =
r(t + h) � r (t � h)

2h
(2)

Wecannow recastEquations1 and2 de�nedatthesametime(t + h) by taking
thenext time stepr(t + 2h) andv(t + h) andeliminatingr(t + 2h) andr(t � h) to
get:

r (t + h) = r(t) + hv(t) +
h2F(t)

2m
(3)

v(t + h) = v(t) +
h

2m
(F(t) + F(t + h) (4)

2.2 Concentric Rings

Now we can approximatenormal spiral galaxiesas �at discswith a spherical
centralhub. The centralhub is representedby a singleparticleat the centreof
the galaxy, andthe spiral armsby circular rings of particlesaroundthis central
mass,moving in circles.Becauseeachparticlein oursimulatedsystemrepresents
many stars(around105) in reality, wehave to introduceanextra factorto 'soften'
thegravitational interaction.This ensuresthatwe don't haveunrealisticallylarge
changesof momentum,whentwo particlesapproachcloseto eachother. To do
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this we modify thegravitationalforcelaw to includea softeninglength,e, which
is of theorderof thesizeof theparticles(105 stars):

Fi = å
Gmimj r i j

(r2
i j + e2)3=2

The testparticlesin concentricrings aboutthe centralhub move in circular
motion. Now sincetheseparticlesrepresentfewer starsthanthecentralhub,we
canapproximatethemasmassless,sothey only feelgravitationalattractionto the
centralhub, andnot to eachother. Now the velocity of particlesin centripetal
motionis givenby:

v = r � w

wheretheradialvelocity, w, underagravitationalforceis:

wi =

s
Gmj

r(r2 + e2)
n̂

from theexpressionfor centripetalforce,Fi j = mirw2
j . n̂ is a unit vectorpar-

allel to theaxisof rotation.Initially, theparticleswill berotatingin thex-y plane,
son̂ will bein thez-direction.

2.3 Galactic Orbit

In thisproblem,weareinterestedin how theinteractionsof thetwo galaxieslook
asobservedby someoneoutsidethe two galaxy. Henceit makessensefor us to
usethe zeromomentumframe,ratherthaneither the frameof oneor the other
galaxy. With the way we have setupthe problem,usingthe Verlet Method,all
we now needto do is to give thecentralmassof eachgalaxyequalandopposite
initial velocities,sincethey will bothhave thesamemass.FromNewton's Third
Law, wecanthenbecertainthatthetwo galaxieswill havezerototalmomentum,
asno externalforcewill acton them.
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Figure1: Plotsof thepositionof theparticles(a) initially and(b) after 10 itera-
tions

3 Implementation

Theproblemwasthenimplementedin Fortran90,usingtheNAG Compilerunder
Linux (andlatertheGNU Fortran90/95compiler, g95).First,asinglering of test
particlemoving in a circle abouta stationarycentralmasswas implementedto
test the system. Oncethis wasworking, the other rings wereadded. Thenthe
systemwas given a constantvelocity, to seethat the test rings will still rotate
abouta moving centralmass.Thelistingsfor theseprogramsarein AppendixA
andB. TheFortran90 programoutputstheposition(x- andy-coordinates)of all
theparticlesat eachiterationinto separate�les. Figure1 and2 show theplotsof
thepositionsof theparticlesinitially andafter10 iterations.

Next thetwo centralmassesweretakenontheirown, to makesurethefollow a
parabolicpath.Thelisting is in AppendixC andplotsof theircumulativepositions
is in Figure3.

Finally, thewholeprogramwasassembled,with thetwo centralmassmoving
in aparabolicorbit, with initially justonering each,thenextendedto thefull � ve
rings.Thefull listing is in AppendixD. Figure4 showsthepositionsof thegalxy
atvarioustimes.In additionthemotionof thegalaxiesis availableasananimated
GIF �le from http://www.geocities.com/duckling42/

In addition,theprogramwill alsooutputthedistanceof closestapproach(in
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Figure2: Plotsof thepositionof theparticles(a) initially and(b) after 10 itera-
tions

Figure3: Plot of thecumulativepositionof thetwogalacticcentral mass
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Figure4: Plotsof thepositionof theparticles(a) initially, (b) after125iterations,
(c) after250iterations,and(d) after375iterations

arbitaryunits) of the two galaxiesto stdout,andprint the positionsof the two
galaxiesto asingle,separate�le sothata trackof thetwo galaxiescanbeplotted.

The �nal part of the implementationwasmake the programoperatein three
dimensions.Although all the relevant variableshadbeeninitiallised with three
components,thez-componentwasup until now left aszero. Thealgorithmasit
standsin Spiral.f90 , will thereforecopewith themovementof eachparticlein
3D,soit wouldwork if wesimplygiveaninitial z displacementfor eithergalactic
centres,or an initial z velocity. However, we have �x ed the axis of rotationsof
thetwo galaxiesin thez-direction,andhencethegalacticplanesto thex-y plane.
This is not quite realistic. Although realspiral galaxiesarefairly �attened, they
arenotall orientatedthesameway.

Hence,we have to �nd a way to orientatethe galaxiessuchthat the galactic
planecanbein any arbitaryorientation.This implementationof this is two-fold.
First,theinitial positionsof thetestparticlein adisccentredonthegalacticcentre
is determined.Second,theinitial velocitiesof theseparticles(moving in acircular
orbit) is determined.Theimplementationtakesasits primaryargumentanarbitary
vectorfor theaxisof rotationof thegalaxy.

Firstly, we retainthe original initialisation proceeduresin Spiral.f90 , that
generatesa discof testparticleson thex-y plane,centredat theorigin. Thenwe
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Figure5: To rotatetheaxisfromtheinitial orientation(in thepositivez-direction)
to anarbitary direction,we�r st rotateit byq in they-axis,thenbyf in thez-axis.

rotatethis disc to thecorrectorientationusingrotationmatrices.We convert the
axis vect to sphericalpolars. We thenrotateeachtestparticleby � qaxis about
they-axis,andthen� f axis aboutthez-axis. This is summarisedin Figure5 The
negative signs is becausethe rotation matricesoperatein a right-wardssense,
whereaswewantto rotatein a left-wardssense.Theserotationeffectively moves
theaxisof theinitial discof testparticles(in thepostivez-direction)to thatof our
arbitaryaxisvector. Thecodeto initialise the testparticles'velocity alreadyuse
anaxisvector(w), so it only hadto bemodi�ed slightly. The�nal codeis listed
in AppendixE.
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4 Results

4.1 Model Parameters

Firstly, we have to determinean appropriatesofteninglength,e. In writing the
programsup to now, we have kept e at unity, for simplicity, and obtainednot
unrealisticresults.However, we want to re�ne this. The softeninglengthis the
distanceat which the1=r2 forcelaw fails, becauseour testparticlesarenot indi-
vidual stars.The'f ailure' of thenormalforcelaw occursbecuaseasthedistance
betweentwo particles,r ! 0, theforce,F ! ¥ . However, in reality, asr ! 0, the
starsmakingupthetwo testparticleswould interminglewith eachother, andtheir
randommovementswould meanthat the force would remainof 'normal' mag-
nitude. Therefore,a goodsofteninglengthwould be the extendof a particle in
reality. Starsaretypically separatedby afew parsecs,thatis around5� 1016m. If
weassumethatthestarscomprisingeachparticleareuniformally, andspherically
distributed,thentheradiusof eachparticlewould bethecuberoot of thenumber
of starsperparticletimesthestellarseparation,which is of order1018m, or about
100parsecs,for 105 stars.

We cantake the Milk y Way andAndromedagalaxiesastwo typical, neigh-
bouringgalaxiesto whichourmodelcanapproximate.TheMilk y Wayhasabout
2� 1011) stars,whilst theAndromedaGalaxyhasabouttwice asmuch,andthey
areabout750kpc apart.TheMilk y Way is about25 kpc in diameter, whilst An-
dromedais about50 kpc. Our modelgalaxiesareabout20-25'units' apart,with
adiameterof 12 'units'. However, ourmodelgalaxiescontainonly 120testparti-
clesrepresenting105 starseach.Thismeansthatourgalaxieshaveonly 1

16000 the
numberof starsaseithertheMilk y Way or Andromeda.Assumingthat thestars

areuniformallydistributed,then,theradiusof ourgalaxiesshouldbe 3
q

1
16000 the

radiusof therealgalaxies.Thisgivesa diameterof 1 kpc,soourunit of lengthis
about80pc. Therefore,thesofteninglengthshouldbeabout1.25units.

Thereis very little differencebetweenthe two softeninglengths. However,
asexpected,becausethemaximumforce is smallerfor e= 1:25, thedistanceof
closestapproachbetweenthetwo galacticcentresis slightly greater, being9.268
unitsversus9.239unitsfor e= 1:00.

Next we needto considerwhetherthetime stepis accurateenough.We have
setthegravitationalconstantandmassof eachparticleto unity. Now, our unit of
massis of order1035kg, for 105 starsof order1030kg each.Thegravitationalcon-
stantis in reality, of order10� 11m3kg� 1s� 2. Soto giveG= 1 asin oursimulation,
ourunit of timemustbeof order1015s, or about50million years.

Thesimulationsdoneso far usesa time stepof 0.3 units,andwe take about
500 iterationsto complete.This meansthat the simulationlasts7 billion years.
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Thetestparticlesorbit thecentralmassat a radialvelocity of about0.5 units for
theouterring. Thismeansthey wouldmoveabout0.15unitspertimestep,which
is almostan order of magnitudelessthan the softeninglength. Thereforeour
currentcon�gurationshouldsuf�ce.

4.2 Simulations

The�rst simulationwe did with theprogramwasto have thetwo galaxiesmove
in a (2D) Spiral orbit. We modi�ed the parametersto get them�rst, to have a
closestapproachof 9 units, then12 units, by changingtheir initial speeds,but
keepingtheinitial velocitiesthesame.In the�rst instance,shown in Figure4, the
two galaxiesshow asingledistinctspiralarm,beforecoalescinginto akill of ball
with a groupof starsclusteredto oneside,asin Figure4(d). In thesecondcase,
no spiralarmformedatall, but thesituationin Figure4(d) occuredfrom nearthe
outset.

Next wevariedtheclosestdistancefrom 9 to 12unitsasbefore,but by chang-
ing theinitial positionsof thegalaxieskeepingtheirvelocitiesconstant.Wefound
virtually thesameresultin this case,that is thepatternof thetestparticlesabout
their centralmasswasnearly the samein both cases,althoughthe pathsof the
galaxiesweredifferent.

If we changedthe parametersso that the galaxiespasswithin about6 units
of eachother, thenwe �nd two clear, if shortlivedspiralarms.Closerthanthis,
someof thetestparticles'explode' away from their centralmass.This is because
thegalaxiescomesoclosethatcentralmassof onegalaxymovesthroughthetest
particlesof another, andeffectively reversesthe other testparticlesvelocity, so
thatsomeof them�y outwards.This is unrealisticbecauseif our modelhasthe
testparticlesashaving no mass,sothey canonly beattractedto eitherthecentral
mass.But, if two realgalaxiescollidedlike this,all theparticlesshouldinteract.

Now, we canseethe spiral armsmoreclearly if we set the galaxiesinto an
elliptical orbit aboutoneanother. As shown in Figure6, thegalaxiesform spiral
armsin oppositionto eachother, on one half of their orbits abouteachother,
whilst the armsappearto be absorbedbackfor the otherhalf of the orbits. The
armsbecomemorepronouncethecloserthe two galaxiesget to eachother. The
galaxiesin Figure6 approachto 11.3unitsof eachother.

Thebehaviour of thegalaxiesin elliptical orbitsshow that they act like tides
on Earth.Tidesareproducedby theinteractionof theMoonandSunonsealevel
on Earth. WhentheMoon,EarthandSunarein alignment,sealevel in theparts
of the Earth facingthe Moon andSunis higher thanin the partsperpendicular
to theSunor Moon. Similarly, the testparticlesof onegalaxyfacingtowardsor
away from thecentreof theotherbulgesout, likehigh tideonEarth.However, as
thetwo galacticcentresarein orbit abouteachother, this bulgelagsbehinda bit
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Figure6: Thegalaxiesmoving in anelliptical orbit. (a) showstheinitial con�gu-
ration. (b) is after 125iterations.Noticethat thetestparticlesthat were initially
facingtowardsor directlyawayfromtheoppositegalaxynowbulgeout,but lag-
ging somewhat. (c) is after 250 iterations. Thebulge now becomestwo spirals.
(d) is after 375 iterations. Nowthespirals havealmostdisappeared. Later new
spiralswill appear.

(Figure6(b)), andthenbecomesa spiral arm(Figure6(c)) asit lagsstill further
behind,until eventuallyanotherbulge appears(Figure6(d), and the �rst setof
spiralarmsgetreabsorbed.

Finally we experimentedwith variouscon�gurationsfor galaxiesorientedin
any direction,with almostthesameresultasfor the2D case,wherebothgalatic
planeswere �x ed on the x-y plane. That is, we found that after moving close
to eachother, thegalaxiesdevelopeda singlespiralarm. Whenwe placedthem
in a elliptical orbit, with theplaneof theorbit on thex-y plane,they sometimes
developedtwo spirals,but theresultswerelessclearaswith the2D case.
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Figure7: 3D Plot of galacticpositions.Thetwogalaxiesare in a parabolicorbit.
(a) Initial, (b) after125iterations,(c) after250iterations,(d) after375iterations.

5 Conclusion

The simulations,althoughcrude,doesshow a way in which the spiral armsof
real galaxiesmay occur. The time scaleof the simulation,15 million yearsper
iteration,taking500iterationis not unreasonable,andshows thata spiralgalaxy
canevolve in a few billion years.However, thesimulationalsoshows thatasthe
galaxiesmove away from eachother, their spiralarmsgraduallyget reabsorbed,
as the tidal in�uences decrease.In reality, this may not happenbecausemany
galaxiesclustertogether. Our own local grouphasabout3000galaxies,so there
will alwaysbe somesort of tidal force pulling starsin two (or more)different
directions.Also, realspiralgalaxiesshow morethantwo arms,andthismayarise
from morecomplicatedinteractionsthanthatof just two galaxies.

Ontheimplementationside,theVerletMethodwasstraightforwardto putinto
code,whilst Fortran'shandlingof arraysmadetheimplementationmoreintuitive.
Themainsorepoint herewasthat theNAG compiler(in which theprogramwas
�rst compiled)couldhandlearraysof depth¿3, (i.e. Array(:,:,:) ), whereasthe
GNU G95compiler(still in alpha!)couldnot. TheNAG compileralsogenerated
more ef�cient code,with a crudetest using the time(1) commandshowing its
executabletaking20%lesstime thantheG95executableonaP3.
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The modular, step-by-stepapproachto implementation,seemedgoodat the
time, but generateda surfeit of programs,which I thenhadto patchtogetherto
get a working simulation. It saved time debuging eachof the componentparts,
but took time to assemble.Thelessonhereis perhapsthata top down approach,
whereeverythingwasplanned(perhapswith �o w diagrams?)from the outset,
would serve better. This would minimise the time in front of a computer, but
increasethetime in front of adeskwith penandpaper.

The implementationto orient the galacticplanesto any arbitaryaxis, using
rotationmatrices,may not be the mostcomputationallyef�cient, but it wasthe
simplest. Nonetheless,as it wasonly doneonceper test particle it shouldnot
slow down executiontoo much.An alternative implementationmaycalculatethe
requiredplanefrom theaxisvector, thenpositionthe testparticlesappropriately
directly onto thatplane,ratherthangeneratethepositionsfor thex-y planethen
rotatethe positionsas I did. However, I could not �nd an algorithmto do the
former.

Finally, an extensionto the simulationmay be to addmoregalaxies,to add
more testparticlesto eachgalaxyor to allow the testparticlesto interactwith
someof theirnearestneighbours.The�rst andsecondcasemaybetrivially down
by addingmorevariables,althougha loopmaybeintroducedto initialise thenew
testparticlesposition, to avoid making the programridiculously long from too
many declarations.Thelastmaybeimplementedusingcell lists.
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Appendix

A Galaxy.f90

This listing produces� ve ringsof particleswhich move in a circle abouttheori-
gin. The programoutputsthe x- and y- coordinatesinto a set of �les named
'rNNxyz.plt' whereNN is a numberbetween00 and99. Each�le representsone
iteration. Theconstantsare: G is thegravitional constant;M_cent andm_part is
themassof thecentralhub,andnominalmassof thetestparticles- to calculatethe
forcebetweenthemandthecentralhub;h is thetimestep;andep is thesoftening
length(e).

rN, vN, FN is theposition,velocity, andforcearraysof theNth ring.
The particlesare initialised at equalanglesapart in polar coordinate,then

their position is convertedto cartesian. This is simpler than calculatingtheir
cartesianpositionsdirectly. Their velocitieswere determinedby the function
Init_v(position_array, array_depth) , usingthemethoddescribedin Sec-
tion 2.2.

Therestof theprogramis a loopover theVerletMethod.
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PROGRAM Ring

IMPLICIT NONE

INTEGER, PARAMETER :: DP=KIND (1.0D0)
REAL ( KIND=DP), PARAMETER :: pi = 3.141592654,
REAL ( KIND=DP) :: r1(3,12), r2(3,18), r3(3,24), r4(3,30), r5(3,36)
REAL ( KIND=DP) :: v1(3,12), v2(3,18), v3(3,24), v4(3,30), v5(3,36)
REAL ( KIND=DP) :: F1(3,12), F2(3,18), F3(3,24), F4(3,30), F5(3,36)
REAL ( KIND=DP), PARAMETER :: G = 1.0, M cent = 1.0, m part = 1.0
REAL ( KIND=DP), PARAMETER :: h=0.3, ep = 0
INTEGER t, n

! Initialise positionswith particlesevenlydistributedaboutcircle.

r1(1,:) = 1; r1(2,:) = pi/2.0D0
DO n=1, 12; r1(3, n) = (2.0D0*pi/12.0D0)*n; END DO

r2(1,:) = 2; r2(2,:) = pi/2.0D0
DO n=1, 18; r2(3, n) = (2.0D0*pi/18.0D0)*n; END DO

r3(1,:) = 3; r3(2,:) = pi/2.0D0
DO n=1, 24; r3(3, n) = (2.0D0*pi/24.0D0)*n; END DO

r4(1,:) = 4; r4(2,:) = pi/2.0D0
DO n=1, 30; r4(3, n) = (2.0D0*pi/30.0D0)*n; END DO

r5(1,:) = 5; r5(2,:) = pi/2.0D0
DO n=1, 36; r5(3, n) = (2.0D0*pi/36.0D0)*n; END DO

! Convert to Cartesian

r1 = PolToCart (r1, 12)
r2 = PolToCart (r2, 18)
r3 = PolToCart (r3, 24)
r4 = PolToCart (r4, 30)
r5 = PolToCart (r5, 36)

! Initialise Velocities

v1 = Init v(r1, 12)
v2 = Init v(r2, 18)
v3 = Init v(r3, 24)
v4 = Init v(r4, 30)
v5 = Init v(r5, 36)

! Plot initial positions
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OPEN (20, �le =`r00xyz.plt', status=`replace')
DO n=1, 12; WRITE (20, *) r1(:,n); END DO

DO n=1, 18; WRITE (20, *) r2(:,n); END DO

DO n=1, 24; WRITE (20, *) r3(:,n); END DO

DO n=1, 30; WRITE (20, *) r4(:,n); END DO

DO n=1, 36; WRITE (20, *) r5(:,n); END DO

CLOSE (20)

! TimeLoop

DO t=1, 99

! Calculatenew positiondueto force

F1 = F(r1, 12); r1 = r1 + h*v1 + h**2*F1 / (2*m part)
F2 = F(r2, 18); r2 = r2 + h*v2 + h**2*F2 / (2*m part)
F3 = F(r3, 24); r3 = r3 + h*v3 + h**2*F3 / (2*m part)
F4 = F(r4, 30); r4 = r4 + h*v4 + h**2*F4 / (2*m part)
F5 = F(r5, 36); r5 = r5 + h*v5 + h**2*F5 / (2*m part)

! Plot new positions

OPEN (20, �le =FileName(t), status=`replace')
DO n=1, 12; WRITE (20, *) r1(:,n); END DO

DO n=1, 18; WRITE (20, *) r2(:,n); END DO

DO n=1, 24; WRITE (20, *) r3(:,n); END DO

DO n=1, 30; WRITE (20, *) r4(:,n); END DO

DO n=1, 36; WRITE (20, *) r5(:,n); END DO

CLOSE (20)

! Calculatenew velocities

v1 = v1 + h*(F1 + F(r1, 12)) / (2*m part)
v2 = v2 + h*(F2 + F(r2, 18)) / (2*m part)
v3 = v3 + h*(F3 + F(r3, 24)) / (2*m part)
v4 = v4 + h*(F4 + F(r4, 30)) / (2*m part)
v5 = v5 + h*(F5 + F(r5, 36)) / (2*m part)

END DO

!——————————————————————-

CONTAINS

FUNCTION PolToCart (r, dim)
INTEGER dim
REAL ( KIND=DP), DIMENSION(3, dim) :: PolToCart, r
PolToCart(1,:) = r(1,:) * cos(r(3,:))
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PolToCart(2,:) = r(1,:) * sin(r(3,:))
PolToCart(3,:) = 0

END FUNCTION PolToCart

FUNCTION Init v (r t, dim)
INTEGER :: dim
REAL ( KIND=DP) :: r mag2(dim), r t(3,dim), Init v(3,dim)
REAL ( KIND=DP) :: omega2(dim), omega(dim)
r mag2 = (r t(1,:)**2 + r t(2,:)**2 + r t(3,:)**2)
omega2 = G*M cent / ( sqrt(r mag2)*(r mag2 + ep**2))
omega = sqrt(omega2)
Init v(1,:) = r t(2,:)*omega
Init v(2,:) = -r t(1,:)*omega
Init v(3,:) = 0

END FUNCTION Init v

FUNCTION FileName (t)
CHARACTER (10) FileName, Idx
INTEGER IdxTens, IdxUnits, t
Idx = `0123456789'
IdxUnits = t - ( INT (t/10))*10 + 1 ! Fortranreally
IdxTens = (t - IdxUnits + 1) / 10 + 1 ! needssomegood

! string manipulation
FileName = `r' // Idx(IdxTens:IdxTens) &

// Idx(IdxUnits:IdxUnits) // `xyz.plt' ! functionsbuiltin!
END FUNCTION FileName

FUNCTION F (r, dim)
INTEGER, PARAMETER :: DP=KIND (1.0D0)
INTEGER dim
REAL ( KIND=DP), PARAMETER :: G=1.0, M cent=1.0, m part=1.0, ep=0
REAL ( KIND=DP), DIMENSION(dim) :: r mag2, F mag
REAL ( KIND=DP), DIMENSION(3, dim) :: F, r
r mag2 = ( r(1,:)**2 + r(2,:)**2 + r(3,:)**2 )
F mag = (G * M cent * m part) / (r mag2 + ep**2)**(1.5)
F(1,:) = -r(1,:) * F mag
F(2,:) = -r(2,:) * F mag
F(3,:) = -r(3,:) * F mag

END FUNCTION F

!——————————————————————-

END PROGRAM Ring
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B MovGlxy.f90

This listing is a modi�cation of the previous program(Galaxy.f90 ). It adds
a sectionto initialise the position of the galacticcentralhub to the origin, and
velocity to 0.2unitspertimestepto theright:

! Initialise galacticcentre to origin, with initial rightwardsvelocity

REAL ( KIND=DP) :: r g(3)=0, v g(3)=0
v g(1)=0.2

Sincethereis nothingactingonthegalacticcentre,thereis noneedfor a force
variable. Thenext changeto Galaxy.f90 addsstepsto move thecentralhub in
thetime loop:

! Plot initial positions

OPEN (20, �le =`r00xyz.plt', status=`replace')
WRITE (20, *) r g(:)
DO n=1, 12; WRITE (20, *) r1(:,n); END DO

DO n=1, 18; WRITE (20, *) r2(:,n); END DO

DO n=1, 24; WRITE (20, *) r3(:,n); END DO

DO n=1, 30; WRITE (20, *) r4(:,n); END DO

DO n=1, 36; WRITE (20, *) r5(:,n); END DO

CLOSE (20)

! TimeLoop

DO t=1, 99

! Calculatenew positiondueto force

F1 = F(r1, 12, r g); r1 = r1 + h*v1 + h**2*F1 / (2*m part)
F2 = F(r2, 18, r g); r2 = r2 + h*v2 + h**2*F2 / (2*m part)
F3 = F(r3, 24, r g); r3 = r3 + h*v3 + h**2*F3 / (2*m part)
F4 = F(r4, 30, r g); r4 = r4 + h*v4 + h**2*F4 / (2*m part)
F5 = F(r5, 36, r g); r5 = r5 + h*v5 + h**2*F5 / (2*m part)

! Calculatenew galacticcentre position

r g = r g + h*v g

! Plot new positions

OPEN (20, �le =FileName(t), status=`replace')
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WRITE (20, *) r g(:)
DO n=1, 12; WRITE (20, *) r1(:,n); END DO

DO n=1, 18; WRITE (20, *) r2(:,n); END DO

DO n=1, 24; WRITE (20, *) r3(:,n); END DO

DO n=1, 30; WRITE (20, *) r4(:,n); END DO

DO n=1, 36; WRITE (20, *) r5(:,n); END DO

CLOSE (20)

! Calculatenew velocities

v1 = v1 + h*(F1 + F(r1, 12, r g)) / (2*m part)
v2 = v2 + h*(F2 + F(r2, 18, r g)) / (2*m part)
v3 = v3 + h*(F3 + F(r3, 24, r g)) / (2*m part)
v4 = v4 + h*(F4 + F(r4, 30, r g)) / (2*m part)
v5 = v5 + h*(F5 + F(r5, 36, r g)) / (2*m part)

Wealsohave to modify theforcefunctionto usethedistancebetweenthetest
particleandthe (moving) centre,denotedin the codeasr_mod , ratherthanthe
distanceto theorigin, denotedr .

FUNCTION F (r, dim, r g)
INTEGER, PARAMETER :: DP=KIND (1.0D0)
INTEGER dim
REAL ( KIND=DP), PARAMETER :: G=1.0, M cent=1.0, m part=1.0, ep=1.0
REAL ( KIND=DP), DIMENSION(dim) :: r mag2, F mag
REAL ( KIND=DP), DIMENSION(3, dim) :: F, r, r mod
REAL ( KIND=DP) :: r g(3)

r mod(1,:) = r(1,:) - r g(1)
r mod(2,:) = r(2,:) - r g(2)
r mod(3,:) = r(3,:) - r g(3)

r mag2 = ( r mod(1,:)**2 + r mod(2,:)**2 + r mod(3,:)**2 )
F mag = (G * M cent * m part) / (r mag2 + ep**2)**(1.5)
F(1,:) = -r mod(1,:) * F mag
F(2,:) = -r mod(2,:) * F mag
F(3,:) = -r mod(3,:) * F mag

END FUNCTION F

Finally, to get the testparticlesto move alongwith the centrepoint aswell
asorbit, we have to addthe initial velocity of thesystem(i.e. v_g ), to the initial
velocitiesof theparticles,by modifying Init_v :
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! Initialise Velocities

v1 = Init v(r1, 12, v g)
v2 = Init v(r2, 18, v g)
v3 = Init v(r3, 24, v g)
v4 = Init v(r4, 30, v g)
v5 = Init v(r5, 36, v g)

.

.

.

CONTAINS

FUNCTION Init v (r t, dim, v g)
INTEGER :: dim
REAL ( KIND=DP) :: r mag2(dim), r t(3,dim), Init v(3,dim)
REAL ( KIND=DP) :: omega2(dim), omega(dim)
REAL ( KIND=DP) :: v g(3)

r mag2 = (r t(1,:)**2 + r t(2,:)**2 + r t(3,:)**2)
omega2 = G*M cent / ( sqrt(r mag2)*(r mag2 + ep**2))
omega = sqrt(omega2)

Init v(1,:) = r t(2,:)*omega + v g(1)
Init v(2,:) = -r t(1,:)*omega + v g(2)
Init v(3,:) = v g(3)

END FUNCTION Init v

C Perturb .f90

This programcalculatesthe interactionsbetweentwo galacticcentres,ignoring
the testparticles. We againstartwith the previous program,Perturb.f90 , but
strip everythingto do with the testparticles. After initialising the two galaxies
positions(into theupperright andlower left quadrants),andtheir velocities,we
go into thetime loop. We have to modify theforcefunctionto take into account
thesecondgalaxy, andto ignoretheforceof eachgalaxyon itself.
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PROGRAM Perturbation

IMPLICIT NONE

INTEGER, PARAMETER :: DP=KIND (1.0D0)
REAL ( KIND=DP), PARAMETER :: pi = 3.141592654
REAL ( KIND=DP), PARAMETER :: G = 1, M cent = 1, m part = 1
REAL ( KIND=DP), PARAMETER :: h=0.3, ep=1.0
INTEGER :: t
REAL ( KIND=DP), DIMENSION (3,2) :: F t, v t, r t, F th

! Initialise secondgalaxy

r t(1,2) = 7
r t(2,2) = 7
r t(3,2) = 0

v t(1,2) = -0.2
v t(2,2) = 0
v t(3,2) = 0

! Initialise �r stgalaxy

r t(1,1) = -7
r t(2,1) = -7
r t(3,1) = 0
v t(:,1) = -v t(:,2)

OPEN (20, �le =`2Glxy.plt' , status=`replace')

DO t=1, 499
F t = F(r t, 2, r t(:,1), r t(:,2)) ! F(t)
r t = r t + h*v t + h*h*F t / (2*m part) ! r(t+h)

! Only outputsevery�fth iteration

IF ( MODULO (t,5)==0) THEN

WRITE (20, *) r t(:,1)
WRITE (20, *) r t(:,2)

ENDIF

F th = F(r t, 2, r t(:,1), r t(:,2)) ! F(t+h)
v t = v t + h*(F t + F th) / (2*m part) ! v(t+h)

END DO

CLOSE 20

!——————————————————————-
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CONTAINS

FUNCTION F (r, dim, r g1, r g2)
INTEGER, PARAMETER :: DP=KIND (1.0D0)
INTEGER dim
REAL, PARAMETER :: G=1.0, M cent=1.0, m part=1.0, ep=1
REAL ( KIND=DP), DIMENSION(dim) :: r mag2 g1, r mag2 g2
REAL ( KIND=DP), DIMENSION(dim) :: F mag g1, F mag g2
REAL ( KIND=DP), DIMENSION(3, dim) :: F g1, F g2, F, r, r 1, r 2
REAL ( KIND=DP) :: r g1(3), r g2(3)
r 1(1,:) = r(1,:) - r g1(1)
r 1(2,:) = r(2,:) - r g1(2) ! Positionw.r.t. �r stgalaxy
r 1(3,:) = r(3,:) - r g1(3)

r mag2 g1 = r 1(1,:)**2 + r 1(2,:)**2 + r 1(3,:)**2
F mag g1 = (G * M cent * m part) / (r mag2 g1 + ep**2)**(1.5)
F g1(1,:) = -r 1(1,:) * F mag g1
F g1(2,:) = -r 1(2,:) * F mag g1
F g1(3,:) = -r 1(3,:) * F mag g1

r 2(1,:) = r(1,:) - r g2(1)
r 2(2,:) = r(2,:) - r g2(2) ! Positionw.r.t. secondgalaxy
r 2(3,:) = r(3,:) - r g2(3)

r mag2 g2 = r 2(1,:)**2 + r 2(2,:)**2 + r 2(3,:)**2
F mag g2 = (G * M cent * m part) / (r mag2 g2 + ep**2)**(1.5)
F g2(1,:) = -r 2(1,:) * F mag g2
F g2(2,:) = -r 2(2,:) * F mag g2
F g2(3,:) = -r 2(3,:) * F mag g2

F = F g1 + F g2
END FUNCTION F

END PROGRAM Perturbation
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The force function calculatesthe force of eachgalaxyon the other, but it is
writtensothatit canalsobeappliedto thetestparticles,whichwould feela force
dueto boththegalacticcentres.

D Spiral.f90

Combiningtheprevioustwo programsweget:

23



PROGRAM Spiral

IMPLICIT NONE

INTEGER, PARAMETER :: DP=KIND (1.0D0)
REAL ( KIND=DP), PARAMETER :: G=1.0, M cent=1.0, m part=1.0, ep=1.25
INTEGER t, n
REAL ( KIND=DP) :: r11(3,12), r12(3,18), r13(3,24), r14(3,30), r15(3,36)
REAL ( KIND=DP) :: v11(3,12), v12(3,18), v13(3,24), v14(3,30), v15(3,36)
REAL ( KIND=DP) :: F11(3,12), F12(3,18), F13(3,24), F14(3,30), F15(3,36)
REAL ( KIND=DP) :: r21(3,12), r22(3,18), r23(3,24), r24(3,30), r25(3,36)
REAL ( KIND=DP) :: v21(3,12), v22(3,18), v23(3,24), v24(3,30), v25(3,36)
REAL ( KIND=DP) :: F21(3,12), F22(3,18), F23(3,24), F24(3,30), F25(3,36)
REAL ( KIND=DP) :: r g(3,2), v g(3,2), F g(3,2), h=0.3
REAL ( KIND=DP) :: g sep vec(3), g sep, g sep dummy
CHARACTER (10) :: FileOut

! Initialise Galaxypositionsandvelocities

r g(1,1) = 7
r g(2,1) = 7
r g(3,1) = 0
r g(:,2) = -r g(:,1)
v g(1,1) = -0.2
v g(2,1) = 0
v g(3,1) = 0
v g(:,2) = -v g(:,1)
F g = 0

! CalculatesGalacticseparation

g sep vec = r g(:,1) - r g(:,2)
g sep = sqrt(g sep vec(1)**2 + g sep vec(2)**2 + g sep vec(3)**2)

! Initialise Ringpositionsandvelocities

r11 = Init r (12, 2, r g(:,1))
r12 = Init r (18, 3, r g(:,1))
r13 = Init r (24, 4, r g(:,1))
r14 = Init r (30, 5, r g(:,1))
r15 = Init r (36, 6, r g(:,1))
v11 = Init v (12, r11, r g(:,1), v g(:,1))
v12 = Init v (18, r12, r g(:,1), v g(:,1))
v13 = Init v (24, r13, r g(:,1), v g(:,1))

24



v14 = Init v (30, r14, r g(:,1), v g(:,1))
v15 = Init v (36, r15, r g(:,1), v g(:,1))

r21 = Init r (12, 2, r g(:,2))
r22 = Init r (18, 3, r g(:,2))
r23 = Init r (24, 4, r g(:,2))
r24 = Init r (30, 5, r g(:,2))
r25 = Init r (36, 6, r g(:,2))
v21 = Init v (12, r21, r g(:,2), v g(:,2))
v22 = Init v (18, r22, r g(:,2), v g(:,2))
v23 = Init v (24, r23, r g(:,2), v g(:,2))
v24 = Init v (30, r24, r g(:,2), v g(:,2))
v25 = Init v (36, r25, r g(:,2), v g(:,2))

OPEN (20, �le =`r00xyz.plt', status=`replace')
WRITE (20, 10) r g(:,1), r g(:,2)
DO n=1, 12; WRITE (20, 10) r11(:,n); END DO

DO n=1, 18; WRITE (20, 10) r12(:,n); END DO

DO n=1, 24; WRITE (20, 10) r13(:,n); END DO

DO n=1, 30; WRITE (20, 10) r14(:,n); END DO

DO n=1, 36; WRITE (20, 10) r15(:,n); END DO

DO n=1, 12; WRITE (20, 10) r21(:,n); END DO

DO n=1, 18; WRITE (20, 10) r22(:,n); END DO

DO n=1, 24; WRITE (20, 10) r23(:,n); END DO

DO n=1, 30; WRITE (20, 10) r24(:,n); END DO

DO n=1, 36; WRITE (20, 10) r25(:,n); END DO

CLOSE (20)

! WritesGalacticcentre positionto separate�le

OPEN (30, �le =`perturb.plt' , status=`replace')
DO n=1, 2; WRITE (30, *) r g(:,n); END DO

DO t=1, 499

! Galaxiespositions
F g = F(r g, 2, r g)
r g = r g + h*v g + h**2*F g / (2*m part)

! RingsPositions
F11 = F(r11, 12, r g)
r11 = r11 + h*v11 + h**2*F11 / (2*m part)
F12 = F(r12, 18, r g)
r12 = r12 + h*v12 + h**2*F12 / (2*m part)
F13 = F(r13, 24, r g)
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r13 = r13 + h*v13 + h**2*F13 / (2*m part)
F14 = F(r14, 30, r g)
r14 = r14 + h*v14 + h**2*F14 / (2*m part)
F15 = F(r15, 36, r g)
r15 = r15 + h*v15 + h**2*F15 / (2*m part)

F21 = F(r21, 12, r g)
r21 = r21 + h*v21 + h**2*F21 / (2*m part)
F22 = F(r22, 18, r g)
r22 = r22 + h*v22 + h**2*F22 / (2*m part)
F23 = F(r23, 24, r g)
r23 = r23 + h*v23 + h**2*F23 / (2*m part)
F24 = F(r24, 30, r g)
r24 = r24 + h*v24 + h**2*F24 / (2*m part)
F25 = F(r25, 36, r g)
r25 = r25 + h*v25 + h**2*F25 / (2*m part)

IF ( MODULO (t,5) == 0) THEN

FileOut = FileName(t/5)
OPEN (20, �le =FileOut, status=`replace')
DO n=1, 2; WRITE (20, 10) r g(:,n); END DO

DO n=1, 12; WRITE (20, 10) r11(:,n); END DO

DO n=1, 18; WRITE (20, 10) r12(:,n); END DO

DO n=1, 24; WRITE (20, 10) r13(:,n); END DO

DO n=1, 30; WRITE (20, 10) r14(:,n); END DO

DO n=1, 36; WRITE (20, 10) r15(:,n); END DO

DO n=1, 12; WRITE (20, 10) r21(:,n); END DO

DO n=1, 18; WRITE (20, 10) r22(:,n); END DO

DO n=1, 24; WRITE (20, 10) r23(:,n); END DO

DO n=1, 30; WRITE (20, 10) r24(:,n); END DO

DO n=1, 36; WRITE (20, 10) r25(:,n); END DO

CLOSE (20)
DO n=1, 2; WRITE (30, *) r g(:,n); END DO

ENDIF

! Galaxiesvelocities
v g = v g + h*(F g + F(r g, 2, r g)) / (2*m part)

! Ringsvelocities
v11 = v11 + h*(F11 + F(r11, 12, r g)) / (2*m part)
v12 = v12 + h*(F12 + F(r12, 18, r g)) / (2*m part)
v13 = v13 + h*(F13 + F(r13, 24, r g)) / (2*m part)
v14 = v14 + h*(F14 + F(r14, 30, r g)) / (2*m part)
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v15 = v15 + h*(F15 + F(r15, 36, r g)) / (2*m part)

v21 = v21 + h*(F21 + F(r21, 12, r g)) / (2*m part)
v22 = v22 + h*(F22 + F(r22, 18, r g)) / (2*m part)
v23 = v23 + h*(F23 + F(r23, 24, r g)) / (2*m part)
v24 = v24 + h*(F24 + F(r24, 30, r g)) / (2*m part)
v25 = v25 + h*(F25 + F(r25, 36, r g)) / (2*m part)

! Findsdistanceof closestapproach

g sep vec = r g(:,1) - r g(:,2)
g sep dummy = sqrt(g sep vec(1)**2 + g sep vec(2)**2 + g sep vec(3)**2)
IF (g sep > g sep dummy) THEN

g sep = g sep dummy
END IF

END DO

CLOSE(30)

10 FORMAT (F25.13, F25.13, F24.13)

PRINT *, “ClosestApproach:” , g sep

CONTAINS

!——————————————————————————-

FUNCTION F(r, dim, r g)
INTEGER dim
REAL ( KIND=DP), DIMENSION(dim) :: r mag2 g1, r mag2 g2, F mag g1, F mag g2
REAL ( KIND=DP), DIMENSION(3, dim) :: F g1, F g2, F, r, r 1, r 2
REAL ( KIND=DP) :: r g(3,2)

r 1(1,:) = r(1,:) - r g(1,1)
r 1(2,:) = r(2,:) - r g(2,1)
r 1(3,:) = r(3,:) - r g(3,1)

r mag2 g1 = r 1(1,:)**2 + r 1(2,:)**2 + r 1(3,:)**2
F mag g1 = (G * M cent * m part) / (r mag2 g1 + ep**2)**(1.5)
F g1(1,:) = -r 1(1,:) * F mag g1
F g1(2,:) = -r 1(2,:) * F mag g1
F g1(3,:) = -r 1(3,:) * F mag g1

r 2(1,:) = r(1,:) - r g(1,2)
r 2(2,:) = r(2,:) - r g(2,2)
r 2(3,:) = r(3,:) - r g(3,2)

r mag2 g2 = r 2(1,:)**2 + r 2(2,:)**2 + r 2(3,:)**2
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F mag g2 = (G * M cent * m part) / (r mag2 g2 + ep**2)**(1.5)
F g2(1,:) = -r 2(1,:) * F mag g2
F g2(2,:) = -r 2(2,:) * F mag g2
F g2(3,:) = -r 2(3,:) * F mag g2

F = F g1 + F g2

END FUNCTION F

!——————————————————————————-

FUNCTION Init r (dim, radius, r g)
REAL ( KIND=DP), PARAMETER :: pi = 3.141592654
INTEGER n, dim, radius
REAL ( KIND=DP) :: r(3, dim), Init r(3, dim), r g(3)

r(1,:) = radius
r(2,:) = pi/2.0D0

DO n=1, dim
r(3, n) = (2.0D0*pi/dim)*n

END DO

Init r(1,:) = r(1,:) * cos(r(3,:)) + r g(1)
Init r(2,:) = r(1,:) * sin(r(3,:)) + r g(2)
Init r(3,:) = r g(3)

END FUNCTION Init r

!——————————————————————————-

FUNCTION Init v (dim, r, r g, v g)
INTEGER dim
REAL ( KIND=DP) :: r(3, dim), Init v(3, dim), v g(3), r g(3), r dummy(3, dim)
REAL ( KIND=DP) :: omega(dim), r mag2(dim), omega2(dim)

r dummy(1,:) = r(1,:) - r g(1)
r dummy(2,:) = r(2,:) - r g(2)
r dummy(3,:) = r(3,:) - r g(3)

r mag2 = (r dummy(1,:)**2 + r dummy(2,:)**2 + r dummy(3,:)**2)
omega2 = G*M cent / ( sqrt(r mag2)*(r mag2 + ep**2))
omega = sqrt(omega2)

Init v(1,:) = r dummy(2,:) * omega + v g(1)
Init v(2,:) = - r dummy(1,:) * omega + v g(2)
Init v(3,:) = v g(3)

END FUNCTION Init v
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!——————————————————————————-

FUNCTION FileName (t)
! Fortrancoulddowith somethinglikesprintf!

CHARACTER (10) FileName, Idx
INTEGER IdxTens, IdxUnits, t
Idx = `0123456789'
IdxUnits = t - ( INT (t/10))*10 + 1
IdxTens = (t - IdxUnits + 1) / 10 + 1
FileName = `r' //Idx(IdxTens:IdxTens)//Idx(IdxUnits:Id xUnit s)// `xyz.plt'

END FUNCTION FileName

!——————————————————————————-

END PROGRAM Spiral
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E 3DSpiral.f90

This listing modi�es theprevious(Spiral.f90 ) to orienttheplaneof thegalaxies
in any arbitarydirection. It �rsts initialisesanaxisvector, theninitialisesthetest
particles'positionandvelocitieswith respectto thisaxis.This listing only shows
themodi�cationsto theinitialisationfunctionsto changetheplaneof thegalaxies,
asthemechanicsof theporgram(i.e. themain loop andVerletMethod)remains
unchangedbecausethey alreadymakeuseof 3D vectors.
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REAL ( KIND=DP) :: axis(3,2)

! Setaxisof rotationof testparticlesin each galaxy

axis(1,1) = 1
axis(2,1) = 0
axis(3,1) = 1
axis(1,2) = 1
axis(2,2) = 1
axis(3,2) = 0

! Initialise Ringpositionsandvelocities

r11 = Init r (12, 2, r g(:,1), axis(:,1))
r12 = Init r (18, 3, r g(:,1), axis(:,1))
r13 = Init r (24, 4, r g(:,1), axis(:,1))
r14 = Init r (30, 5, r g(:,1), axis(:,1))
r15 = Init r (36, 6, r g(:,1), axis(:,1))

v11 = Init v (12, r11, r g(:,1), v g(:,1), axis(:,1))
v12 = Init v (18, r12, r g(:,1), v g(:,1), axis(:,1))
v13 = Init v (24, r13, r g(:,1), v g(:,1), axis(:,1))
v14 = Init v (30, r14, r g(:,1), v g(:,1), axis(:,1))
v15 = Init v (36, r15, r g(:,1), v g(:,1), axis(:,1))

r21 = Init r (12, 2, r g(:,2), axis(:,2))
r22 = Init r (18, 3, r g(:,2), axis(:,2))
r23 = Init r (24, 4, r g(:,2), axis(:,2))
r24 = Init r (30, 5, r g(:,2), axis(:,2))
r25 = Init r (36, 6, r g(:,2), axis(:,2))

v21 = Init v (12, r21, r g(:,2), v g(:,2), axis(:,2))
v22 = Init v (18, r22, r g(:,2), v g(:,2), axis(:,2))
v23 = Init v (24, r23, r g(:,2), v g(:,2), axis(:,2))
v24 = Init v (30, r24, r g(:,2), v g(:,2), axis(:,2))
v25 = Init v (36, r25, r g(:,2), v g(:,2), axis(:,2))

.

.

.

CONTAINS

!——————————————————————————-

FUNCTION Init r (dim, radius, r g, axis)
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REAL ( KIND=DP), PARAMETER :: pi = 3.141592654, zero = 0
INTEGER n, dim, radius
REAL ( KIND=DP) :: r(3, dim), Init r(3, dim), r g(3)
REAL ( KIND=DP) :: axis(3), phi, theta

r(1,:) = radius
r(2,:) = pi/2.0D0

DO n=1, dim
r(3, n) = (2.0D0*pi/dim)*n

END DO

! ConvertsPolar to Cartesian

Init r(1,:) = r(1,:) * cos(r(3,:))
Init r(2,:) = r(1,:) * sin(r(3,:))
Init r(3,:) = 0

! Calculateanglesof rotation
theta = acos(axis(3) / sqrt(axis(1)**2 + axis(2)**2 + axis(3)**2))
IF (axis(1) > 0E-05) THEN !

phi = atan(axis(2) / axis(1)) ! Div byzero
ELSE !

phi = pi / 2.0D0
END IF

r(1,:) = Init r(1,:)* cos(-theta) - Init r(3,:)* sin(-theta) ! cos 0 -sin
r(2,:) = Init r(2,:) ! 0 1 1
r(3,:) = Init r(1,:)* sin(-theta) + Init r(3,:)* cos(-theta) ! sin 0 cos

Init r(1,:) = r(1,:)* cos(-phi) + r(2,:)* sin(-phi) + r g(1) ! cos sin 0
Init r(2,:) = -r(1,:)* sin(-phi) + r(2,:)* cos(-phi) + r g(3) ! -sin cos 0
Init r(3,:) = r(3,:) + r g(3) ! 0 0 1

END FUNCTION Init r

!——————————————————————————-

FUNCTION Init v (dim, r, r g, v g, v axis)
INTEGER dim
REAL ( KIND=DP) :: r(3, dim), Init v(3, dim), v g(3), r g(3), r dummy(3, dim)
REAL ( KIND=DP) :: r mag2(dim), omega2(dim)
REAL ( KIND=DP) :: v axis(3), axis norm(3), omega(3, dim)

r dummy(1,:) = r(1,:) - r g(1)
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r dummy(2,:) = r(2,:) - r g(2)
r dummy(3,:) = r(3,:) - r g(3)

r mag2 = (r dummy(1,:)**2 + r dummy(2,:)**2 + r dummy(3,:)**2)
omega2 = G*M cent / ( sqrt(r mag2)*(r mag2 + ep**2))

axis norm = v axis / sqrt(v axis(1)**2 + v axis(2)**2 + v axis(3)**2)
omega(1,:) = sqrt(omega2) * axis norm(1)
omega(2,:) = sqrt(omega2) * axis norm(2)
omega(3,:) = sqrt(omega2) * axis norm(3)

! v = r crossomega
! = i(r yw z - r zw y) - j(r xw z - r zw x) + k(r xw y - r yw x)

Init v(1,:) = r dummy(2,:)*omega(3,:) - r dummy(3,:)*omega(2,:) + v g(1)
Init v(2,:) = - r dummy(1,:)*omega(3,:) + r dummy(3,:)*omega(1,:) + v g(2)
Init v(3,:) = r dummy(1,:)*omega(2,:) - r dummy(2,:)*omega(1,:) + v g(3)

END FUNCTION Init v
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