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Abstract: <p>We study a general class of D-dimensional spacetimes that admit a non-twisting and shear-free null vector field. This includes the
famous non-expanding Kundt family and the expanding Robinson-Trautman family of spacetimes. In particular, we show that the algebraic structure
of the Weyl tensor is I(b) or more special, and derive surprisingly simple conditions under which the optically privileged null direction is a multiple
WAND. All possible algebraically special types, including the refinement to subtypes, are thus identified. No field equations are applied, so that the
results are valid not only in Einstein's theory but also in its generalizations. Differences between the D=4 and D>4 cases are summarized, and we
give ashort discussion of some interesting particular subcases (exact gravitational waves, gyratons, non-rotating p-form black holes etc.).</p>
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definition of the geometries

more than 50 years ago [/]/'
e Wolfgang Kundt (1961, 1962) /{7 |

e |vor Robinson, Andrzej Trautman (1960, 1962)

|

introduced and studied four-dimensional geometries that

admit a geodesic null congruence generated by k& which is —~ / )
L/
o twist-free: 0=TrA? = —kp,.5 k> L
v -3 1 9 /(‘ \\\(
o shearfree: 0=Tro* = ko p) k"’ — 5=5(k%)" Y Sl Ll
s J
non-expanding: 0 =0 = 5= 2/»“ Kundt spacetimes
.
expanding: 0#6© Robinson—Trautman spacetimes & f>\
.
for their recent reviews see the monographs (chapters 31+28 and 18+19, respectively) KJ_:‘{)/

e Stephani, Kramer, MacCallum, Hoenselaers and Herlt 2003 Exact Solutions of Einstein’s Field Equations
e Griffiths and JP 2009 Exact Space-Times in Einstein’s General Relativity

our goal was to investigate their generalization to arbitary dimension DD
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general metric

in suitable coordinates all such metrics can always be written as

ds?® = Gpq dx? dx? + 2 g,p duda? — 2 dudr + gy, du?

r = const.

where G4, Gup, 9uu are functions of the coordinates x, u, r:

o z=(zP) = (22,25,...,: gD-1):
spatial coordinates in the transverse (D — 2)-dim space

e wu = const: foliation by null wave-surfaces to which k is tangent

e 7: affine parameter along the geodesics generated by k = 0,

e Kundt non-expanding class © = 0 < g,, = hy,(u, )
¢ Robinson-Trautman expanding class © # 0 < g¢,, = R%(r,u, x) hpg(u, x)
with R =exp ([©dr)
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important members of the Kundt family

e pp-waves with gyratons (CCNV spacetimes)
defined geometrically as admitting a covariantly constant null vector field k
necessarily independent of r: (Brinkmann, 1925)

2 [ - 2
ds® = gpqda? dz? + 2 ep dudz? — 2dudr + ¢ du”

e VSl spacetimes
scalar curvature invariants of all orders vanish
transverse space is flat, g,, = 0,4: (Coley et al., 2006 etc)

ds? = )pg dzP dz? + 2 (ep + fpr)duda? —2dudr + (a r? +br + c)du?

e Bertotti-Robinson, Nariai, Plebanski-Hacyan, and Minkowski spacetimes
direct-product spaces, electrovacuum with A, algebraic type D and O
CSI backgrounds on which the Kundt waves and gyratons propagate:

ds? = g, dz? dz? — 2dudr + ar? du?
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important members of the Robinson—Trautman family

e de Sitter, anti-de Sitter, and Minkowski spacetimes
conformally flat vacuum spaces with A, algebraic type O

. . 0, dzP da?
ds? = r? I;q - = — 2dudr - |1 -
(1 4 % ()m” rmaon )..

e static black holes of type D with various horizon geometries and topologies
since h,,, is any Riemannian Einstein space: R, = K(D — 3) hy,,, K =0, %1

Schwarzschild-Kottler—Tangherlini for a constant curvature hp,(x) = (1 + llh' Omn z™x") 2 Opq

: . 2A . e
ds? = r? hy, da? dz? — 2dudr — [1\' ROEDTGE r? — ’Jﬁl_:;] du”

e expanding gravitational waves of type N do not exist in higher dimensions DD

. o5 0y dzP dx? i A . .
ds? = r? [}1’;(11(11)1 —2dudr — {]\ —2r (log P) o — g'f'zl du?

where P(z,u) is any solution of Alog P = K
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explicit form of curvature tensors for the general metric

ds? = gpg(r,u,z) da? dz? + 2 gyp(r, u, z) dudz? — 2 dudr + gyu(r, u, ) du?

we calculated all coordinate components of 'y, Raped , Rab s R, Cabed lengthy...

using a useful notation for tensors in the (D — 2)-dimensional transverse space
with the Riemannian metric g,,,:

— 1
® €pq = Gu(pllq) — 39rq,u
FE — L
® Lpg = Gulp,q] o 29pq,u
i 1
® ff"! — gu{p.qu) + ﬁgflp.l‘_(}uq.r‘

e symbol || denotes covariant derivative with respect to gpq

® “Riupng, “Rpq. “Cmpngq are the Riemann, Ricci, Weyl tensors of g,

the curvature tensors read:
see JP, Svarc: CQG (2015)
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algebraic classification: the Weyl tensor null alignment

to determine the algebraic type of any spacetime we must
project the Weyl tensor coordinate components Clypcd
onto a normalized null frame {k, I, m2, m3,....mp_1}

k=0,. = %g,,,, Or + Oy . m; = mf’ ( Gup Or + Op) ' /

e k and ! are future-oriented null vectors: l=-1 .,,,:,./‘ €n

k.
e m,; are (D — 2) transverse spatial vectors: m; - m; = d,,

i,j=2,3,...D—1

components of the Weyl tensor in this null frame are the Newman—Penrose scalars W 4:;

Vois = Cabed k° m':’ k© m;‘r
Wiijk = Cabed k° m':’ m",? m}: Viri = Cabed k® 1b ke mf
Woisei = Cabed M§ mj’ mj, m}l Wos = Cabed k° 1 1e kA
Wois; = Claped £ P my m‘j Uorii = Cabed k“ ’”? L '”‘J'i
Waijk = Cabed l” mi’ m;' mf, Wsri = Cabed l° k® 1€ ’”‘;’!
W4i; = Cabeal®mlcm] grouped by their boost weight:
if we perform a boost k' = Ak, I’ = A~ 11 then they scale as \IJ('W = /\E\P(,.J. \I"IUL_ = AW, ijk, efc.
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principal alignment Weyl types and subtypes

e the scalars W 4i;.. of various boost weights vanish or not in a suitable null frame
e equivalent to the existence of the multiple WAND: Weyl aligned null direction k

(sub)type vanishing components
] lpl}'-}
[(a) | Wois Wy
l(}’) anu ‘Ijluk
I1 "IJ'}JJ \I}l‘]‘x {I}l:‘;k

(a) | Woi; Wypi Urije  Vas
II(b) W ij W, i ‘I’l:‘;k ‘i’._”‘(,_,]
[I(c) | Yois  Wypi pije  Woijki
I(d) | oi;  Wypi Py Wi

111 Wois  Vypi Yiise  WYas Worais) Yaiikt o
]ll(d) lIJ‘”u ‘.IJI.]., li,l"‘”" lI’-;_g; lijg‘[‘[‘j) li}-_!:_;k.r lp"_!fj ‘I!_.”.;

I11(b) W ij Vi Viijk Vaos ‘i’g—p[u} ‘i’guﬂ Woij Wgijk
N q"n:_} "I’l']'r ‘i;l:_;k ‘p)‘s ‘1’2‘1'[11} "Il-z:_;kf "Il-_)l'_f "I’.“ll ‘i':;i_;k

- = another
D W ij W,pi Yiiik Vari Ygijk W,ij WAND 1

for definitions see Coley, Milson, Pravda, Pravdova: CQG (2004), Ortaggio, Pravda, Pravdova: CQG (2013)
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Immediate conclusions on the algebraic structure

for all twist-free shear-free geometries in any dimension D

e the Weyl scalars of the highest boost weight +2 always vanish:
\11“,., == ) —

for any such spacetime the optically privileged null vector k = 0,. is a WAND

e moreover, the boost weight +1 Weyl scalars ‘il,._,k always vanish:
\1’()"; — {]. killr_,ui\ - () =

all Kundt or Robinson-Trautman geometries are of type I(b), or more special

e the remaining boost weight +1 Weyl scalars W,7: vanish if, an only if,
(Gup,r — 20gup) r = 20 ) &
spacetimes are of algebraic type Il, or more special, and k = 0,. is a double WAND
in particular, Kundt geometry (© = 0)isof type Il < gup = ep(u, x) + fp(u,x)r
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the key functions for type Il spacetimes simplify to

) 1 1 S 1 nn 1l D=4 mn ‘

P = (5 9uu,r — Oguu),r + D=0 "R + mg' f,,,||,, - 29%=29 fmfn — 20 4
Qpg = “Rpq + %(D = 4)(f(pl19) + %f.“fq)
!.‘i”! —s f[[’.q]

r 1 - 1 D=4
‘p = E(fp.u = Guu,rp — QupYuu,rr -+ _f}m » fm Ifanp) "t Emgm”yu[pfm]fn

1 1 1 y
_mgmn [ym[p.uun] + Yu[m,p]||n + (Im[pfnl 53 Egul’fmun e Eyum(f( n|lp) — ';f[n.;:])]

+."]up.quu(").r -+ 2."}1:;:(").11 + Gu u('"').,r: o ('")(.(}up.(hm.r + Gu u.p)

-\'pmq = Y9p[m,ul|q] + Gu(q,m]||p 2z €plmlq] — .qu[qfrn}Hp e Uupf[m.q] =y %.ququm]fp

4 — 1 1 1 . 1
” pq = _59”““1’H"l - Eﬁpq.uu + !j,,(‘,,.,,”q) - Eguu.rfyq - !},“,,,“,!jq;u - Egupgquuu.r:‘

+%.q“u,[pfq) + %guuf(qu) + g“[pfq).u o %.‘}m ”(."}ruuf}unfpfq . fm.fn.")upﬂuq)
—29™" gum frgupfq) + 9™ (EmpEng + fmEn(p9q)u — JumEn(pfq)) + Juugupguq®,r

+2.(Iup.(luq(')-u +2gllflyu(p(-).q) '+'(")(-2(]” u,(p9q)u T g“”.qu(puq) + GupGuqGuu,r — %.(qu.qpq-u)

versus 73 lines of Cyupeqd -
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algebraically special Kundt geometries

Kundt spacetimes for which the optically privileged field k = 0, is a multiple WAND are

ds? = gpq dzP dz? + 2 (ep + fp r) dudz? — 2 dudr + gy, du®

9pqs €p, [p are functions of x and u only Guulr u, x)

this metric contains all vacuum spacetimes, with A, aligned elmag field, pure radiation
see JP, Zofka: CQG (2009)
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Kundt: summary of all algebraic types in D = 4

type definition NP relation necessary and sufficient conditions
li(a) Vog=0 ReVs = 0 Juu=a r24+br+ec a= Llf”fp - %(HR + 1)
lI(b) always
li(c) always
li(d) W,i; =0 Im¥o =0 Foq=0
1l li(ad)
lli(a) Vapi =0 ReVs3 =0 ap+ fpa=0, a= ll_f”fp - %(HR + f)
Im¥s3 =0 bp— fou=ep(SR+ f) — £f9eqfp + f1Eqp +2Xp
li(b) always
N lNi(a) Vo=0=V¥3
O all vanish all vanish N with Wpq = %gp.f W
D | ¥3pi=0]| ¥3=0 | 3(rfp9uurr + Guu,rp — fpu) + €p(3 Guu,rr — 1F91)
=r(3f%qp +Yp) — 1 f%qfp + 5f9Eqp + Xp
W5 =0 U, =0 Wpe = 3 9pq W
=D p,q=23 W ,i; antisymmetric W ,i; symmetric and traceless

Pirsa: 15050116 Page 20/38



geodesic deviation in vacuum Kundt spacetimes

canonical components of the gravitational field:

longitudinal

7(1) _#Z(” 4- \112“: zW _ Lyt 7zU) spatial direction

— (D-1)(D-2) V2 & 3T
(1) 2 A r7(1 int (g 1 int r7(1 1 int (7 transverse
d( ) = mz( ) — q]‘.!'l““-” A'(}) - ﬁ ]:;'!w Z( ) — qul" Z(” spatial directions
(2)=(2),(3), ...
conformally flat type D type Il type N
isotropic motion Newton-like longitudinal transverse
Vis = Vag 11;;‘}[‘_“” = W,r(is)
lIJ?;,‘;.J = V24 Waori + V2 &P 9pq ((lIJ-_g,,.; - Worji) mi — Uyg m?)

int P . o « k
Wi =20V, +4uzP gpg (\D:”.[,mj} - Waj)em ")

4i]
3 P m n km __In
+2 2P ‘(_qm Vorii) = Gpm 9qn Y25 m; m3 + gpm gqn ¥Yaikjim™""m

. A
—ngm Jgn (‘I’-_zk(a + ‘I}'.ZT'I"(* ) 3”;] m m)

e the scalars combine the specific curvature with kinematics
Weyl scalars 11’_..;_, P, 1 velocity components of the observer

e for geodesics P = () we directly observe the invariants W 4:;
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020 *wwn_m, | e

(1)m(2),(4), ...

WY -y ',-rml =Wy
Wik, VI Wy 4 VT g ((t.... = W) M = gy mz)
DA = 2P 41 4” gy (W Y m) = w,,.,,,,.nh)

Parn = dym tan Vas M 4 gpm gyn Wyon1m !
=20 tan (Vgues 4 Wypai,) m m“')

tha specific curvatur with
Wyl nealars W05 %, i valocity eomponenia of the abservar
= () wa dimctly cbeerve the invariants WA
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type N Kundt spacetimep: exact gravitational waves

purely transversa components of |ha gravitational field with quadrupla WAND k = 0, :

longitudinal spatial diraction in which the waves propagala
trineverse spatial directions in which tha lest particlas acealamita
()=(2),(3), ...
symmetric (W = 1) traceloss (W u* = () matrix of dim (D - 2)x(D-12)

encodes § (1) ~ 3) amplitudes of independant polarization modes of the wave
mﬁmmhmmklnqhmm+em

considering the rotational degrees of fmedom, thase wave amplitudes
(D-S)Mmmmmm:::m s

=
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gravitational waves in any dimension )

relative motion of test particles (initially at rest) can be explicitly integrated to

Z((,") cosh (v/A; |u|7) for A; >0 particles recede
Z8)(7) = Z((,') cos (vV=A;|u|7T) for A; <0 particles approach

Z" for A; =0 noinfluence

three distinct possibilities in 1) = 5: tidal deformation of a unit sphere of test particles

2 eigenvalues positive, 1 negative 1 eigenvalue positive, 2 negative 1 positive, 1 negative, 1 zero
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relative motion of test particles (initially at rest) can be explicitly integrated to
I

Z((,") cosh (y/A;|u|7) for A; >0 particles recede
ZW) (1) = Z((,') cos (vV=A;|u|7T) for A; <0 particles approach
pAl for A; =0 noinfluence

three distinct possibilities in 1) = 5: tidal deformation of a unit sphere of test particles

2 eigenvalues positive, 1 negative 1 eigenvalue positive, 2 negative 1 positive, 1 negative, 1 zero
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new observable effects due to higher dimensions

suppose a gravitational wave propagating in the direction e(;) of a D-dim spacetime

in the transverse (D — 2)-dim subspace we observe:

D = 4 | classical general relativity A 0
eigenvalues of the matrix are A5, A3 —\J yii = ( B
i 0 —A
./-1_-; = —A-_g traceless property =

_ L Az =0 NO wave
simultaneously (non)trivial

Az # 0 wave
D = 5 | higher dimensional gravity As 0 0
eigenvalues are A2, A3, Ay Wy = 0 A; 0
Ay = —(Az + A3) 0 0 |-(A2+As)

] T

observable by detectors as a not directly

any A, and Ajs: VIOLATION of the TT-property observable

inour (1 + 3)-dim universe by our detectors
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field equations, of course, put specific restrictions

in our studies of twist-free shear-free spacetimes we considered

I
Einstein’s field equations with a cosmological constant A:

]‘)u.i o %]{_f]u.‘f -+ A Jap = 87 :ru.)’

for
e vacuum: Tog=0
e aligned pure radiation: T.5 = ®%k_ ks
e aligned Maxwell field: Top = 1= (FauFp" — 39a8Fu F*)

1)[(\.1!“:] o () and Pﬁ!”,:u — ()
such that F,zkP = Ek,

Pirsa: 15050116
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(electro) vacuum Kundt spacetimes

the most general such metric in D dimensions is of type Il and takes the form

-

; f . ;
ds? = gy, dz? dz? + 2 (ep + f, 7) da? du — 2 du dr + (a r? +br + c) du?

where g4, €, j',,, a, b, ¢ are functions of = and u only,
which are constrained by the remaining 6 explicit Einstein equations

2 B2 — 2F?

3 l sT
__.) 9pq — ﬁ 9pq +‘2Bpru Bqu .(l”m ' §(fpfq+fp.q +fq.p) = f ;::’, fm

1 3 — 1 1
g Eglwﬂllpllq + Efp(’.p + ”(v T Efp p) - Egi’f}g”-’“ q.n(fp.m - fm.p)
e _Qf}IJ‘I(E.p n Efp)(E.q o 7 E‘fq)
e efc: for more details see JP, Zofka: CQG (2009)
the corresponding electromagnetic field is

o °R

Pq

pq dzP A dz?

F=FEdrAdu+ (rE,+§&)dz? A du+ %B

where E, &, , B,, are functions of = and u only,
which are constrained by the remaining two Maxwell equations
gravitational waves, possibly with gyratons  see Krtous, JP, Zelnikov, Kadlecova: PRD (2012)
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(electro) vacuum Kundt spacetimes

the most general such metric in D dimensions is of type Il and takes the form

-

. f . ;
ds* = g, dz? dz? + 2 (e, + f, ) da? du — 2 du dr + (ar® + br + ¢) du?

where g4, €, j';,, a, b, ¢ are functions of = and u only,
which are constrained by the remaining 6 explicit Einstein equations
2A B2 — 2F*

i ‘ mn 1 sTYm
Pq — m 9pq — ﬁ .qpq"i“ZBpm Bqu g e E(fpfq'i_fp.q"}-fq.p) =1 Pq fm

® %.(}pq”Hqu + %f’”(}_l, -+ (-'(77 -+ %f‘“ p) S %g;)qgmn q.n(fp.m — fm.p)
s _QFJIJ‘,(E.]) n g Efp)(E.q = Efq)

e efc: for more details see JP, Zofka: CQG (2009)
the corresponding electromagnetic field is

e °R

pq dzP A dz?

F=FEdrAdu+ (rE,+§&)dz? A du+ %B

where E, §,, B,, are functions of = and u only,
which are constrained by the remaining two Maxwell equations
gravitational waves, possibly with gyratons  see Krtous, JP, Zelnikov, Kadlecova: PRD (2012)
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geodesic deviation in vacuum Kundt spacetimes

canonical components of the gravitational field:

longitudinal

7(1) _AZ(” 4 \1113“: AR L 1 pint AL spatial direction

— (D-1)(D-2) V2 3T
(1 2 A r7(1 int (g 1 int r7(1 1 int (7 transverse
d( ) = D-D (D=2 J( ) — q!.‘z—]-“_,j A'(}) — ? ]:;'.!w Z( ) — D) \‘[},1:.1 ZU} spatial directions
- (i)=(2),(3), ...
conformally flat type D type Il type N
isotropic motion Newton-like longitudinal transverse
int __ int ae
\II.ZL o ‘ll-’-“' lp-_g'lf'(r_ﬂ - \lf.'f ‘J
ll’?;,‘]'.l = V24 Waori + V2 &P 9pq ((‘I-"_:_wu; - Worji) mil — Uyg m?)
‘pillft, = 24°W,i; + 40P gpq (‘D:n“* '”j) - ‘I’;;tam-”’w)
3 P k l
+2.r‘“.r‘(_qm Wortis) — gpm gqn W2s mi" mJ + gpm ggn Woirjim”™ " m™
—2!}_”;” Jgn (‘I;-_zk[a 7 ‘I".Z'I"I"(* ) '”;] ,nkm
e the scalars combine the specific curvature with kinematics
Weyl scalars 11’_..;_, P, 1 velocity components of the observer

e for geodesics P = () we directly observe the invariants W 4:;
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fundamental difference:

e nD=4: 2H(r,z,u) = Alog P —2r(log P) y — — — =T

where P is a complicated function of - and u

: _ , R H 2A 2
e inD >4: H)H(f)—]\_r”""_(D—‘.E)(D—l)’

where K is just a constant, K = +1,0, —1
spatial scalar curvatureis R = K(D — 2)(D — 3)

for more details see JP, Ortaggio: CQG (2006)
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fundamental difference:

e nD=4: 2H(r,z,u) = Alog P —2r(log P) , — — — =T

where P is a complicated function of = and u

. : : L H 2A 2
e inD >4: 211(1)_1\_1'”‘3_(D—Q)(D—l)’

where K is just a constant, K = +1,0, —1
spatial scalar curvatureis R = K(D — 2)(D — 3)

for more details see JP, Ortaggio: CQG (2006)
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vacuum Robinson-Trautman: all algebraic types

type D=4 D >4
li(a) p=0 1 nw=70 & D(a)
lI(b) always always < D(b)
II(c) always Cmpng =0 & D(c)
li(d) always always < D(d)
i li(abed)
@) | u=0=Rp equivalent to
li(b) always for 1 = 0 equivalent to
N lli(ab)
(@) p=0=Rp and ¢|p||q = ﬁ hpq K™ C||m||n equivalentto  D(ac)
D R.p=0 and ¢p||q = ﬁ hpq R™" ¢||m||n always D(bd)

= —2m R =2Alog P c = —2(log P) .,

in higher dimensions D > 4:
e only type D and O vacuum RT spacetimes
e no RT gyratons

JP, Ortaggio: CQG (2006)
JP, Svarc: CQG (2015)
JP, Svarc: PRD (2014)
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RT spacetimes with p-form Maxwell field

Robinson—Trautman metric with a p-form field see Ortaggio, JP, Zofka: JHEP (2015)

e for 2p# D > 4: type D static back holes dressed with type D el & mag field:

2A 9
oOH = K — o J
(D-2)(D—1)  rb-3
K 21‘:2 1 Bg 1

+D — 2| (D —=3) r2(b-p-1) i (D —1— 2p) r2(p-1)

K =0,=1 i, E, B = const.

1 T |
(p — 2)! rD+2-2p €1.--gp—2 (¥)

duA dr A dz? A... A dz%-2

+é bq,...q(z)dz™ A ... A dz®

e for 2p = D even: non-static type Il black holes with elmag radiation of type Il or N

additional (_ D -2
term:

— eles..qp-s,a1] + 2fargps (,2)) duA d2T AL A da
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RT coordinates are adapted to an accelerated source

0) [y .
. re ‘ 2A ' 2m(u) 5
ds® = T(’)W(l.:"'(l.r"—z dudr— 1—211'(111 P) .— — ré — —— | du?

I

e prescribe a general trajectory z“(u)
where u is the proper time of the source

e at any point P along the trajectory
construct the future null cone u = const.

e for such a foliation define r = () at each vertex
(location of the source)

e introduce r as an affine parameter 70
along the null geodesic generated by k
which connects P with any event Q

I = COnst.

e choose the spatial coordinates G gD-2
to identify the points on the subspaces 7!
u =const., r = const. (typically SD_"?) general motion in [D-dim background flat space
50 2 D—1 L P L0 s D—1\ § D
then P= (2" -z ) — (0pg 29) 2P + £(2° + 2 ) 0pq TP 9
where the velocity of the source is u = [ 2" (u), 2! (u), ..., :P-1(u)]
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RT coordinates are adapted to an accelerated source

0) [y .
o re ‘ 2A 5  2m(u) o
ds® = T(’)W(l.:"'(l.r"—z dudr— 1—211'(]11 P) .— — re — ———| du”®

I

e prescribe a general trajectory z“(u)
where u is the proper time of the source

e at any point P along the trajectory
construct the future null cone u = const.

e for such a foliation define r = () at each vertex
(location of the source)

e introduce r as an affine parameter 70
along the null geodesic generated by k
which connects P with any event Q

" = QOISL.

e choose the spatial coordinates L gD-2
to identify the points on the subspaces 7!
u = const., r = const. (typically SD_"?) general motion in [D-dim background flat space
50 s D-1 R .p 150 sD-1\ ¢ oD
then P = (2" -2 ) — (0pg 29) 2P + £(2° + 2 ) Opq 2P 9
where the velocity of the source is uw = [ 2% (u), 2! (u), ..., ot 1) )|
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photon rocket accelerating in a single spatial direction

ds

2=—(1- m((f)— T')—Qu{ w)r ('()5:)—r;“{u)r')si112 J | du?
rD—3 (D—‘Z)(D— 1)

D-2i-1
—2 du dr+2 a(u) r*sind du dd+r* ((ll)2+5i112 0 ((1 05+ Z H sin” @, (l(ff))

=3 j=2

describes straight flight with the acceleration «x( ), in suitable parametrization

e the corresponding radiation pattern is
a D

2 e L
n“(u,9) = ?( - m_,,) Cos 3

[/

e mass of the rocket decreases exponentially :
m(u) = mg exp [—(D —1) [a(u) (lu] 9=0 [9 d=r

e dependence on the final speed v is

m(v) I—pp e
e w— T WIBISIE. & = const.
mo l1+v
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radiation emitted along a circular trajectory

e the radiation pattern is

8w

. (1—[1):—11 sin 91) cos(¢p —wu) ]

112((1.9_,.(,'))= D_z(—m‘,,)[l%— e
V14 a?w? — ”“"'(H,:_l'; sin ()_,) sin(¢ — wu)

e the mass decreases exponentially
m(u) =mg exp ( — (D — 1) aw? u)

e mass of the rocket after the U-turn is

m(v) ( (D—l)?ﬂ')
=exp|\l| — less efficient:
my : VvV1—1v?
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