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Introduction

General Relativity is the current theory of gravitation universally accepted in
modern physics. It was developed by Albert Einstein and published in 1915 be-
coming the last great classical theory before quantum revolution. Spacetime
is identified with a four-dimensional differentiable manifold equipped with a
pseudo-Riemannian metric g,,. This tensor can be thought as a field defined
on every point of the spacetime and it is described by the famous Einstein field
equations:

1
R/u/ - ERQ;U/ = 87TGT}U/ ) (1)

where T}, is the energy-momentum tensor, which describes the energy and mat-
ter distribution, and R, R, are respectively Ricci scalar and Ricci tensor, both
defined by the metric g,,. The synthetic form of these equations actually hides
the complexity of ten coupled, nonlinear PDEs, and despite the fact that par-
ticular solutions were found early after the publication of Einstein’s paper (for
example Schwarzschild spacetime in 1916), the aim of finding a general one seems
out of reach still nowadays. By reason of this complexity, situations with pecu-
liar symmetry are usually considered and different solution generating techniques
were developed over the years: in this frame axisymmetric stationary metrics rep-
resent a large class of solutions of physical interest. Considering this family, at
the end of the sixties Ernst found the way to recast the explicit form of into
simpler equations. In his two original papers [2] and [3]| he considers respectively
the vacuum case and then the more general electrovacuum condition where 7,
brings only the electromagnetic contribution (in this case Einstein equations are
coupled to Maxwell equations V, F* = 0 and we speak of Einstein-Maxwell the-
ory). Although Ernst equations are still difficult to solve, they provide a natural
context to develop solution generating methods based on symmetry transforma-
tions (as shown for example by Kinnersley in [5]). In principle one can ask why
is there any advantage in using Ernst formulation to study symmetries. Indeed,
it is possible to perform the analysis also on the raw Einstein equations, but in
this case the only transformations one can find are trivial: the metric produced
is equivalent to the seed by means of a change of coordinates. In this way we can
understand that recasting equations using Ernst method is not just a matter of
simplifying the form of the system: it produces non trivial symmetries that can
be used to find new solutions.

The first chapter of this thesis deals with Ernst formulation of axially symmetric
4d gravitational problem, showing how to introduce new potentials in order to



simplify the equations. In the second chapter we will give a brief introduction to
Lie point symmetries as a method to generate new solutions once a seed metric is
known. Through the analysis of the action principle that generates Ernst equa-
tions, we will derive the full symmetry group characterizing the system. Then,
in order to show how to practically use the symmetry transformations, we will
use one of them to generate Kerr-Newman metric from Kerr black hole.

Five dimensional gravity was first considered in 1919 by Kaluza aiming to unify
gravity with classical electrodynamics. The fundamental idea is that electro-
magnetism can be described as a purely geometric effect considering a five di-
mensional manifold. The equivalent four dimensional system (coupled to a new
scalar field called "dilaton") can be retrieved afterwards by means of dimen-
sional reduction. In 1926 Klein conjectured that the extra-spatial dimension is
real, though giving a quantum interpretation if it and defining what nowadays is
known as Kaluza-Klein theory. Despite the quantum interpretation of Klein, the
theory was built in a classical frame, circumstance that caused it to be forgotten
for some years until the rise of new unification theories, such as string theory,
which needed higher dimensional spaces to try a consistent agreement between
gravitation and quantum physics. So we can see that studying five or higher
dimensional theories of gravity is interesting both from a theoretical point of
view (the possible existence of these dimensions need to be tested with particle
accelerators) and for the fact that the considered system is equivalent to a four
dimensional one.

The third chapter deals with higher dimensional gravity, with particular attention
to the five dimensional case. Specifically, we will first modify a transformation
presented in [7] in order to add electric charge to Tangherlini black hole (the
higher dimensional version of Schwarzschild). However, the main purpose of
this section is to show that also in the context of five dimensional gravity it is
possible to introduce Ernst potentials to study Lie point symmetries and gener-
ate new solutions. After recasting the problem by means of suitable functions,
we will show that the formalism is useful to recover and generalize the result
used to charge Tangherlini. The last step we will take consists in exploiting the
generalized transformation in order to find a new possible metric.
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Chapter

Ernst potentials

In this section we will show how to recast Einstein-Maxwell equations in the con-
text of stationary axisymmetric solutions. The method is based on the definition
of two complex potentials and was achieved by Ernst in two different papers |2],
[3] at the end of the sixties. This formalism is a useful tool both for writing the
equations that describe the system in a simpler and more compact form, and
for supplying methods that allow to generate new solutions from already known
ones. First of all, Einstein-Maxwell theory is represented by the the following
couple of equations

1 1
Ry = 5B =2 [FWFVP — 9o P (1.1)

V.M =0 (1.2)

where the unknown fields to be found are the metric g,,, and the electromagnetic
Faraday tensor F),,, defined by F,, = 0,A, — 0,A,. Inhomogeneous Maxwell
equations are represented by , while the homogeneous ones (0, F,, = 0)
are identically satisfied because of the definition of F},,. The right hand side of
the first equation shows the explicit expression of the electromagnetic energy-
momentum tensor. As a matter of choice, Einstein-Maxwell theory can be alter-
natively expressed more concisely using the following action functional

1
S[guuaFuV] :/d4l'\/ _g[R_ ZFNVFMV . (13)

These equations can be specified assuming particular symmetries of the physical
context we are considering. In this case we are interested in stationary axisym-
metric spacetimes, which are characterized by two commuting Killing vectors 0,
and d,. Under this assumption the most general metric owning these symmetries
can be written in the Lewis-Weyl-Papapetrou form

ds? = —f(dt —wdp)® + fpPde? + *(dp? + d2?)] (1.4)
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where f, w and v are functions that depend only on the non-Killing variables
z, p. The most general electromagnetic potential one-form compatible with the
spacetime symmetries is given by A = At(p,2)dt + Ap(p, z)de. In term of
the functions mentioned above Einstein equations (EE) assume the form
(actually Einstein equations do not immediately present this simple structure,
in appendix [A|l we show how to obtain these formulas)

v [p-2 F2Vw + 4p 2 fA(VA, + wVAt)} —0 (1.5)

V3] = (V) = p 2 fH (V) + 2f [ (VAN + p 2 VA, + wVAP| | (16)
while Maxwell equations (ME) become

v. [p*2 F(VA, + wVAt)] —0 . (1.7)

AV [f_1VAt —p 2 fw(VA, + wVAt)] =0 , (1.8)

where V and V? are understood as the usual flat differential operators of mul-
tivariable calculus. Exploiting the fact that the functions do not depend on the
coordinate ¢ and expanding the differential operators in cylindrical coordinates
it is possible to verify that the following relation is trivially satisfied regardless
of the choice of /Lp

A (,0_1927 X v,@) —0 , (1.9)

where ¢ is a unit vector in the azimuthal direction. Last equation may be seen
as an integrability condition for the existence of a magnetic scalar potential A,.
If we set A, such that

p U (VA, + wVA) = ¢ x VA, | (1.10)

equation (I.7) is necessarily satisfied in virtue of (1.9). Using ¢ x (¢ x VA,) =
—VA,, latter formula can be recast as an explicit expression for VA,

VA, = —p lfp x (VA, + wVA,) . (1.11)

Applying now the divergence operator to the former equation and taking advan-
tage of ([1.9) one more time one can find that

Ve [fVA, - p g x VA =0 (1.12)

Comparing this equation with (1.8), which assumes the following form in term
of A,

v [JHVAt — plwi x V/LP} —0 (1.13)
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it is possible to understand the advantage of introducing the complex potential

® = A +iA, (1.14)

which allows us to merge ((1.12)) and ([1.13]) into one complex equation

Ve [fVe —iplwp x VB| =0 (1.15)

that carries all the information contained in ME. Operating with the following
vector relations

V- (p_l@ X AtVA¢> = —VASD x VA, = VA X VALP =-V- (0_195 X A@VAt) )

(1.16)
the first Einstein equation (|1.5)) can be written in the form
V- [p_2f2Vw — 9% % Im(cb*vq))] ~0 , (1.17)

which suggests, along the lines of integrability condition (|1.9), the introduction
of a new scalar potential x (known as "twist potential") such that

p L AVWw — 20 x Im(P*VP) = ¢ x Vy . (1.18)

This formula can be treated likewise (1.10) in order to get both an explicit
definition of y
Vx = —p ' f2p x Vw — 2Im(®*VP) (1.19)

and a new equation
v [f‘Q (vx + 21m(<1>*v<1>))] —0 (1.20)

equivalent to (1.5). The definition of y can be used also to express in another
form Maxwell equations: we can also apply divergence to the second term both
of (1.12)) and ([1.13)) in order to substitute Vw with the twist Vy and express the
equations in function of the new potentials xy and /Lp

Ve FvA] - R e 2AVA, - Ava)| VA =0 )
v [ f—lwig,} _ [vx +2(AVA, - A¢VAt)} VA =0 .  (122)
At last, from the square modulus of one finds that
PP (Vw) = [Vx+ 21m(c1>*v<1>)]2 , (1.23)
while from the definition of ®
2fV® - V®* =2f(VA,)? +2p 2f3(VA, —wVA) . (1.24)
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These relations allow us to write the second Einstein equation (|1.6|) as
FVEf = (Vf)? — [vx 2 Im(@ V)| +2fVE. Ve (1.25)
If we introduce a second complex function £ such that
E=f—-—PP" +iy |, (1.26)

equation (|1.15) yields
(Re& + ®P*)V*® = VP - (VE +20°VP) . (1.27)

On the other hand, by means of a substitution of £ and using ((1.27)), Einstein
equations (|1.20)), (1.25]) yield

(Re€ + ®P*)V?E = VE - (VE +29*VP) . (1.28)

The first obvious feature this couple of complex vector differential equation pro-
vides is an alternative free-coordinates (yet non-tensorial) representation of the
considered system. They can be specified considering the vacuum case charac-
terized by ® = 0: equation becomes trivial while equation turns
into

(ReE)V?E =VE -VE | (1.29)

which is named after Ernst.
We can also express the two equations of motion by a single action principle for
the complex field couple (€, ®)

VE +28°V®)(VE +28VE")  2VBVD’
(E+E +208)? E+E 1200
(1.30)

SIE, @] = / pdpdz[(

which can be specified too to the vacuum case setting ® = 0. The two formulas
ruling £ and ® actually do not supply a complete description of all potentials
since they do not determine v: this is due to the fact that there are other two
non-trivial Einstein equations in addition to and . Expressed in terms
of the complex potentials they assume the following form

p
4(Re & + ®P~)?

0,7(p, 2) = (0,6 +20°9,®) (9,€" + 200,9")

. (aze+2¢*azq>) (aze*+2cbaz<1>*)

—m (9,20, ~0.00.9") .

(1.31)



_ P
09002 = {(Reg + 2o

(0,6 +20°0,®) (0.6 + 200.9")

+(0.6+20°0.9) (9,6 +290,0") L s (0,20.0°-0.90,0")

" Re& + &P~

(1.32)

It is clear that the equations that determine v are completely decoupled from the
previous ones, so as to enable £ and ® to be found first by solving the system

(1.27)-(1.28]), leaving v to be determined by quadrature.

As already mentioned, this formalism is suitable for generating new solutions
to Einstein-Maxwell equations starting from already known ones. This possibil-
ity was first exploited by Ernst in 3] where he rationalized the method used by
Newman et al. in |4] for finding the electric generalization of the rotating Kerr
black hole. Even if it may seem arbitrary to some extention, we now present the
argument used by Ernst; in the next chapter it will be proved to be a particular
case within a wider generation technique.

Making the additional assumption that £ is an analytic function of ® and using

the chain rule, equations (1.28])-(1.27) imply

€

which shows that € is a linear function of ®. Using the asymptotically flat
spacetimes boundary conditions & — 1 and ® — 0 we obtain the following

relation 5
E=1-& | (1.34)
q

where ¢ is a complex constant. Performing the substitutions

5=:%:><I>:$ , (1.35)
into equation or one gets to
€6 — (1—qq")| V2 = 267 (VE)* (1.36)
which transforms into
(&o&p — 1) V&0 = 263(VEo)® (1.37)

once the further substitution & = &pv/1 — q¢* is carried out. Equation ((1.37))
is equivalent to the Ernst vacuum equation (1.29)) for the potential £q through

the transformation £y = (§o — 1)/(&o + 1). On account of this trick, it is

9



possible to find a vacuum solution of equation ((1.29) and then to map it into an
electrovacuum one following the scheme

Eor— & r—E— (E,P) | (1.38)

which can be expressed explicitly as

(@a+1)€&p+(a—1) _ 1— &g
Ee gty TV <(a—|—1)+(a—1)80> o (1.39)

where a is a real parameter defined by ¢ via a = /1 — qq¢*.

Working out the explicit calculations, Ernst found that the solution £g cor-
responding to Kerr metric is mapped into the couple (€, ®) that identifies Kerr-
Newman black hole. At this point it is not clear if the method involved is just
working accidentally by means of wishful thinking or if it can be framed into a
more structured generation technique. In the next section we will prove that the
analysis of Lie point symmetries associated to Ernst equations (1.28)) and ((1.27)
provides an efficient tool to better understand the transformations used and to
control which kind of solution is being generated.

10



Chapter

Symmetries

In this chapter we focus on the method used to determine the transformation
symmetries of a set of differential equations (or alternatively of the equivalent
action). Then we present how they can be applied in the context of Einstein-
Maxwell equations in order to generate new solutions. Standard references are
[8] for a general discussion of Lie point symmetries and [9] for their application
in the context of General Relativity.

2.1 Lie point symmetries
A Lie point symmetry of the system of PDEs
H(x", u®, 0pu®, Opmu®,...) =0 (2.1)

where 2™ are the independent variables, u®(z™) the dependent ones and 0, u®
their derivatives respect to ™, is a mapping

" ="zt uPe),

* = (', u’;e) (2.2)
which maps solutions into solutions. One remarkable requirement the mapping
must satisfy is

"zt uP;0) = 2", a(zt,uP;0) = u . (2.3)
In this case we are assuming the dependence only on one parameter ¢ but it is
possible to consider more general charts with more than one continuous param-
eter involved. Moreover, due to the fact that under suitable hypothesis these
mappings form a one-parameter group, it is possible to compose different sym-
metries so as to obtain new transformations. In this way, the application of a
symmetry leads to a new solution by starting from an already known one. Actu-
ally, though from a mathematical point of view this technique provides a method
to generate different solutions from the original one, their difference could be not
physically significant inasmuch as it can be absorbed into a change of coordi-
nates. In these cases the considered symmetry is just a gauge transformation.
Although it is possible to deal with system of PDEs in the form of equation

11



(2.1), in order to simplify the argument and to show the fundamental ideas of
this method, we will consider H independent of the derivatives of the dependent
variables u®. We can now expand equation (2.2)) at first order around ¢ = 0 so

as to get (using property (2.3))

izt ufie) = 2" + e (@t uP) ¢ =" e X - (2.4)
w(z' ufse) = u +en®(2’ uP) 4 = u e Xu® - (2.5)
where
: oz" ou®
n/ i B\ .__ af i B — 2 2.
£ (o, ) = O ) =00 (2.6
e=0 e=0
and
. 0 , 0
X = € ) g+ ) 27)

The operator X is called "infinitesimal generator" of the transformation because
its iteration produces the finite transformation. Practically, we can obtain the
finite transformation by integrating

ozr" . B) o , 5)

) jég_ y (2.8)

=n*(a",u

with boundary condition represented by equation (2.3). Exploiting the fact that
all solutions satisfy

H(@",a0®) =0 (2.9)

OH (2", u%) OH 0z" OH ou”
0= = 2.10
oe (a@n e oae 8&?) ’ (2.10)
e=0 e=0
which is equivalent to
XH=0 . (2.11)

At this point we can focus on the problem of finding Lie point symmetries of the

system ([1.28)-(1.27)). Although it is possible to reach this purpose by analyzing
directly the system of differential equations, we will follow a slightly different

path using the action principle (1.30)). Following [9], we see that the considered
Lagrangian is in the form (it is actually a property shared by all electrovacuum
spacetimes with almost one non-null killing vector) of

L = AGap () P0ap0p¢" | (2.12)

12



where 748 is the three dimensional flat metric in a general coordinate form, v its
determinant, ¢° the fields of interest (in this case real and imaginary parts of £
and ®) and G, the components of the bilinear form induced by the Lagrangian.
The field equations are invariant under an infinitesimal transformation of the
form

©° = ° +e§(p) (2.13)

if £¢ is an affine vector field, that is
vacga == Rabcdgd . (214)

In the present context covariant derivatives and the Riemann tensor are pertinent
to the metric G4. One further property that can be proved states that if £€% is a
Killing vector, namely such that

Vialyy = Valp + Vila =0 (2.15)

then the Lagrangian (2.12)) is left invariant. Moreover, using the first Bianchi
identity for Riemann tensor we can check that Killing equation implies ([2.14)).
Practically, we consider the definition of Riemann tensor

ViVl + ViV &= =R 6, (2.16)
and its cyclic index permutations

vuvpgu + vau&/ = _RAp,Vpé}\ ) (217)

vpvugu + vuvugp - _R)\up,u§>\ . (218)

By summing the first two equations and subtracting the third, we find

2V, Vol = (—RY,,, — R, + RY,,)6 (2.19)

puv

As already mentioned, using Bianchi identity

R 4+ R

pHY

+RY =0, (2.20)

mvp vpp

relation is easily verified. This implication represents a pivotal point be-
cause it tells us that a priori the symmetries of the action are just a subset of
the symmetries of the full system of differential equations. However, considering
both the action and its relevant field equations —, one can show
that in this case the two sets of symmetries are equivalent, so that the differ-
ence between the two methods is immaterial. It is straightforward to understand
that studying only one scalar function (the Lagrangian that defines the action)
is easier than analyzing the full set of differential equations.

13



2.2 Lie symmetries of Ernst potentials

After these considerations, in order to solve Killing equation, starting with the
Lagrangian

VE +20*V®)(VE* + 20V P") VPV P

E:( " - * 9
(E+E +208)? E+E +200

(2.21)

we first have to identify G,,. Differential operators are thought in cartesian
coordinates in order to avoid the overall term p present in (1.30). We see that
defining the complex variables € =: x 4+ 1y and ® =: z + iw and mapping

ﬁ’yABﬁAgoaﬁngb = V@“chb — dgo“dcpb , (2.22)

where {¢'} = {z,y,z,w}, it is possible to bring the Lagrangian into a four-
dimensional potential space with metric G, such that

1
4(w? + 22 + o)
— 4wdydz 4+ 4zdydw + 4dwdrdw + 4zdaxdz|. (2.23)

ds® = Gupdp?de’ =

5 dz? + dy? — 42(d2? + dw?)

The explicit expression of the metric allows to calculate Christoffel symbols and
covariant derivatives so as to expand Killing equation in its ten components

(& s

w? 4z + 22 8:1::0
26, 0 &

w2+x+z2+8y ax_o

06,  0&,
&U+2w§x+2z£y+(w2+x+z2)<8§0 8—2)_0

o0&, 0,
2z§x—2w§y+§z+(w2+x+22)(;z + ai) =0
_ —Sx +%:0
w2+ x4+ 22 Oy

s o (2.24)
—2z§z+2w§y—§Z+(w2+x+z2)<a—£+a—;>:0

0y | 0&

2 2y (9Sy | OS2\ _
2w, + 22€, + Eu + (w —I—a:+z)<az+ay) 0
wfw_zfz agw_
2w2+x+z2+8w_0
0 | O,
2 2y ((9Sw _

4z&, + 4wé, + (w —|—x—|—z)<az +8w> 0
2_w§w + Zgz afz -0
w4422 0z

14



The solution of the system produces eight integration constants that correspond
to eight different independent infinitesimal transformations. Raising the indices
of all £, with the inverse of the metric one obtains the components of the
most general Killing vector in the four dimensional potential space

&% = dajzy + 2a0(wx + 2y) + 2a3(rz — wy) + dagx — 2a6w + 2a7z

€Y = 2a,(y? — 2%) + 2az(wy — 22) + 2a3(zy + 2w) + dagy + 2asz + 2a7w + 4ag

£ = 2a;(vw + y2) + ax(dwz — y) + 2a3(2* — w? 4+ ) + 2042 — asw — ay

€Y = 2a; (yw — x2) + 2as(w? — 2* 4+ ) + as(dzw + y) + 2a4w + a5z + ag .
(2.25)

Setting seven parameters to zero and the eighth to one, it is possible to find
eight different infinitesimal generators which, once integrated, will produce eight
nonequivalent finite transformations. Operating the substitution one gets the
following vectors

& = 4xyd, + 2(y* — 2%)9, + 2(xw + y2)0, + 2(yw — 12)0y
& = 2(zw + y2)0, + 2(yw — 22)0, + (42w — ¥)I. + (2w?® — 22° + 7)0,
& = 2(zz — yw)9, + 2(zw + y2)d, + (2 — w* + 2)0, + (42w + y)0, ,
&4 = 420, + 4y0, + 220, + 2w0,, ,
& = —w0, + 20, ,
&6 = —2w0, + 220, + 0, ,
& = 220, + 2w0, — 0, ,
& = 40, .

(2.26)

We can now consider all eight generators in order to show how to work out the
relevant finite transformations: as already mentioned, equations provide
the practical method to find them. For example, considering &, we see that
using the boundary conditions z(0) = xq, y(0) = yo, 2(0) = 2o and w(0) = wy,
the associated system of ODEs can be integrated straightforwardly

(dz
=y
de v
dy z(e) = e*xg
a9 = 4y _ e
de _, vE)=c"u (2.27)
dz N z(e) = ¥z
de w(e) = e*wy
dw o
Cde

Turning back to the original definition of the potentials £ and @ it is possible
to write down the correspondent Lie point symmetry

E=x+iy=0E&y, ®=z2+iw=>0bD, |, (2.28)

15



where b := e*. We can repeat the same process considering now &

(dx
e
de
dy z(e) = @o
A y(e) = o
— ) (2.29)
dz w z(g) = zp cos(e) — wp sin(e)
de w(e) = zpsin(e) + wp cos(¢)
dw
—_— Z
\ de
This system induces the following transformations on the potentials
E=Ey, P=e"Dy . (2.30)

The composition of transformations (2.28) and (2.30) has the evident effect of
scaling £ and both scaling and rotating ®. So this two symmetries can be merged
into one by introducing the complex parameter A\, with module b and phase ¢:

The finite transformations corresponding to the second and the third infinitesimal
generators come from more involved equations that deserve a bit more attention.
Starting from &3 the system of ODEs reads

j—i = 2(zz — yw)
% = 2(zw + yz)
c (2.32)
de =2[2* —w?® + 7]
de
dw
e dzw +y

By means of the complex (physically meaningful) substitutions £ = = + iy and
® = 2 + jw the system, though still coupled, is significantly simplified

e

2.
1P , (2.33)
— =2+ &
de

In this form the system can be easily decoupled, however, the solution of the
consequent second order ODEs is not so easy. The most convenient way to solve
them is to first solve the equation

d® 282+ £

i€~ 2Ee (2:34)

16



which belongs to Bernoulli type, and then to substitute ®(&€) into the first of
(2.33) and solve it. As a result we can directly write the finite transformations
for the potentials € and ®:

E
£ = 0 ,
1— 26@0 — 8280
o o + B (2.35)
N 1— 26(1)0 — 8280
Considering now & we see that the associated system is
d
d_i = 2(zw + yz)
d
d—y = 2(yw + x2)
dg (2.36)
z
e =4dzw —y
d
\d_@: = 2[w? — 2* + 1]

In this case the useful substitutions are represented by n = x—iy and v = w+iz,
which yield a system identical to . Since 1 and - are related to Ernst
potential by £ = n* and ® = v*, and remembering that complex conjugation
satisfies (z/w)* = z*/w*, also in this case we can immediately obtain potential
transformations

* ,’76 80
g pu— p— pu—
() =n"= 1= 2ves —mys2 1 — 2is®g — 28y
(2.37)
st is€9 + Po
1= 2955 —mgs? 1+ 2is®g — s2Eg

Even in this case the last two transformation can be expressed in term of a single
map with the introduction of a new complex parameter o := ¢ — is. In this way

we can recast (2.36]) and (2.37) (with slight change of notation) as

B E & — af + &
1 =20® — aa*E 1= 20® — aa*E

g (2.38)

Similarly, the examination of the system related to & shows the benefit of intro-
ducing the complex variable I' = y — ix and using ® = z + iw

17



(dx
= 4
de i
dy _ 2(y* — z7) il" = oI
35 — Olf (2.39)
z
= _9 — & =2I'®
= (zw + yz) =
dw
= = 2(yw — x2)

The solution of the system is straightforward and brings directly to the final form
of the transformation

FO X 80
I'=——— — €&€=I'=——
1—2:T T g,
(2.40)
o_ P @
1-2T¢ 1+ic&
where we set ¢ := —2¢. The second transformation that can’t be unified with

another by introducing a complex parameter is the shift generated by &. The
equations are trivial and lead to

E=E+ib , =& . (2.41)
Finally, the infinitesimal generators & and &7 can be easily integrated and yield

E=E+2td—t* |, =P+t

Y

(2.42)

E=E4+2D -5 , P =P—5 |,

which can be recast in the usual way using a complex parameter defined by
b= —s+it

E=E-2®-pp , =+ . (2.43)

In this way we obtained the whole group of Lie point symmetry transformations
that leaves invariant the action and its equations of motion —:
the information enclosed in the eight parameter group is brought by three com-
plex constants (A, £, «) and two real ones (b, ¢). For future reference we synthe-
size here all the finite transformations (dropping the zero as subscript and using
apostrophe for transformed potentials):

I) E— & =X\\E ®— P =)\
II) Er— & =E+ib P— P =9
E P

171 = i) P =

) E— &= F — 1+ icE (2.44)
V) ErsE=E—28® -85 ®+r—@ =d+0

;L E ;L af +P
V) 8'—>£—1—2a*¢>—aa*5 ¢H¢—1—2a*q)—aa*8
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As a conclusive remark, we can see at first glance that the first three transforma-
tions form a proper subgroup, known as "vacuum group" because it maps vacuum
solutions into vacuum solutions. On the other hand, as we will see thoroughly
in the next section, transformations /V') and V') operate on the electromagnetic
field also when the seed solution presents ® = 0.

2.3 Group action on Ernst potential

Once studied the symmetries and worked out the group , it is interesting
to analyze the effects of the transformations on metric functions and on elec-
tromagnetic potentials when a particular seed metric is chosen. This process
is equivalent to understand which solutions to Einstein-Maxwell equations can
be generated from known ones. The first general feature shared by every single
element of the group consists in leaving invariant equations and ((1.32)), so
that v does not change when a new solution is generated. The second character-
istic shared by I), IT) and IV') can be investigated without considering a specific
seed metric: indeed these transformations turn out to be gauge ones that do not
give rise to any new physical nonequivalent solution. As shown by Kinnersley
in 5], transformation /) produces both a scaling of the potentials that can be
absorbed by the change of coordinates t — ¢, ¢ — |A|p, and a rotation of ®
equivalent to duality transformation which is well-known from special relativity.
Transformation I7) affects only twist potential by the mapping x — y + b but
this does not affect w because, as shown by , it is related to x up to a
constant. Analogously transformation V) comes from the definition of £, ®
and the arbitrariness of integration constants in and .

2.3.1 Generating Kerr-Newman from Kerr

We can now focus on transformation V') and show by direct computation that
it can generate new metrics. It is named after Harrison, who first discovered it,
and can be used to add electric charge to vacuum solutions. In the present case
we will consider Kerr black hole as seed metric and we will show how to generate
Kerr-Newman metric. First of all, Kerr metric can be written in Boyer-Lindquist
coordinates as follows

dr?
Ao(r)

~ Ag(r)
20(7’, 9)

ds? — (dt — asin® 0dg)? + o(r, 9)( + d02> +

sin’ @

Zo(r, 0)

[adt —(r* + a2)dap} i , (2.45)

where Y¢(r, 0) == r? 4+ a® cos? 0, Ag(r) == r* — 2mr + a? and the electromagnetic
one-form A is identically zero. The first necessary step to identify Ernst potential
is to compare Kerr metric to in order to find fy, €, wy. Despite the fact
that the general metric and the seed are expressed in different coordinate systems,
the transformation between Boyer-Lindquist coordinates and Weyl coordinates
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does not involve t and (. This property allows us to consider the block ¢ — ¢ and

to compare the coefficients of the two metrics. When quadratic differentials and

mixed terms are factored in , one can clearly identify fqy as g;. Therefore

we get

Ao(r) —a?sin®f 2m
Yo(r, 0) B r2 + a?cos? 6

Since the function wy must satisfy fowo = g4,, knowing fy we can find that

fg (7’, 6) =

(2.46)

2mar sin® @

wo(r,0) = —

2.47
r? —2mr + a? cos? 0 (247)

The component g, of Kerr metric, once considered the relation gy, = p*/fo —
fow?, allows us to define the relation between Weyl radial coordinate p and (r,
0). Explicitly we find that

p(r,0) = sin /Do (r) . (2.48)
Considering a second coordinate transformation
z(r,0) = cosO(r —m) (2.49)
and setting = := cos §, LWP line element assumes the convenient form

ds® = — fo(dt+wodp)*—f ! [62%((1"—771)2—(7712—&2)332) (Aii)—l—l(fi»—l—fdgf] :
(2.50)

At this point we can identify the last metric potential ¢’ from the equation

fote*o [(7’ —m)? — (m* — a2)x2} =% , (2.51)

which yields
o — r? —2mr + a*z? (2.52)
(r—m)2—(m?—a?)z? = '
Since we want to build Ernst gravitational potential, we first need to find the
twist xo. Using @7 = 0 and the explicit gradient operator associated to a three

dimensional flat space via Boyer-Lindquist coordinates

VQ(r,z) = NG _1 s [ 7/ Ao(r Q (r,z)+2zv1 — x2 ( )]7

(2.53)
it is possible to expand in components equation ((1.18))
12 damrx
OrXo=—""0wp=———5——
Xo A0 (12 + a?z?)?
) , 5 (2.54)
Do x0 = f—08er _ 2m(ar® — a’z?)
1—a? (r? 4 a?x?)?
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These equations can be easily integrated: starting from the first, yo is defined
up to a function of x which turns out to be zero once the second equation is
considered. Then the solution is

2amx
r2 + a2z2?

Xo(r,z) = (2.55)

After the computation of all functions, using £y = fo — PeP®;; + ix0, We can now
express Ernst gravitational potential

(2.56)

The application of Harrison transformation leads both to a new gravitational

potential and to a non-zero electromagnetic potential
E E
go_ & g% o (2.57)
1—’&’ 80 1—’&’ 80

where a = b + ic. Performing calculations one gets

g- ! [1 2m ] (2.58)

C1- |oz|2 B r(1— |0¢]2) + 2m|oz|2 +i(1— |a|2)ax

which assumes a more compact form by defining R == r(1 — |a|*) 4+ 2m|a/|?

1 2
£ = S(1-——) (2.59)
1— o R+ia(l — |a|”)z
Then the electromagnetic potential is
2
:%(1— o ) . (2.60)
1—|af R +ia(l — |o|")x

Electromagnetic components can be calculated straightforwardly considering real
and imaginary part of ®

. c(2m — R)R — 2ab(1 — |a*)ma + a2¢(1 — |a)*)x?
A‘P(R7 x) = Im(q)) = - 2 2 2 2 3,.2 )
(1—1a|)R2 4+ a?(1 — |a|")?z
(2.61)
b(2m — R)R + 2ac(1 — |of*)ymz + a2b(1 — |a|?)2?
(1 —[a*)R? + a?(1 — [a*)?2?

Ay(R,z) = Re(®) = —

(2.62)
Twist potential can be easily found too
2max

R,x)=Im(€) = , 2.63
() =€) = 2 (2:63)

and the metric function f follows from the definition of €

_ 2 _ 201 _ 2\ 2

foE 4 B — iy (2m — R)(2m|a|” — R) + a*(1 — |a| )z (2.64)

(1 —[af*)2R? + a*(1 — |a*)ta?
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Since the definition of w involves the specific form of gradient operator, at this
point it is useful to evaluate how non-Killing part of the metric transforms. In or-
der to perform this calculation, we have to remember that €27 is invariant under
the full group of symmetry: we just need to operate the change of coordinates
from r to R.

dR? n da? )
A(R) 1—a2/ "~
where A(R) == R? — 2m(1 + |a)R + 4m2a? + a*(1 — |a|*)%. The definition
of gradient operator is completely analogous to ([2.53|) and allows us to write in
explicit form equation (|1.18)

fre?(dp? 4 db?) = [R2 +a*(1 — |oz|2)m2] ( (2.65)

A . .
835(,0 = —FaRX + Q(AwﬁRAt — AtaRA¢)
1— 22 . .
Ones = 50X + 24,041 — A0, A,

The substitution of all the potentials in the second line leads to the final form

(2.66)

2amf(Jaf’ = 1) (22 = 1) (a2 (jal* = 1)* (Jaf* + 1) + R (jal*(4m — R) - R))

GRw = — 3
[a2x2 (\a\Q - 1)2 + (2m — R) (2m|04]2 — R) }

(2.67)
Integration is straightforward and produces an indefinite function of x. Substi-
tuting the result in the first line of the system, just like we did for x, one finds
that this function must be constant, so we set it to zero. We find that

2am (z* — 1) (|oz|2 - 1)3 [|a|2(2m —R) — R}
w(R,x) = 5 5 5 . (2.68)
a?z? (|a|” = 1)" 4+ (2m — R) (2m|al” — R)

As a concluding remark on these quadratures, we can specify that we chose a
particular integration order because it was the only one to produce constant
integration function. If we had inverted the order, we would have had to solve
another non-trivial differential equation so as to define the specific form of the
integration function. A, is the last function we need to find to determine the
system. In order to do so we will use the explicit expression of equation (|1.10])

A N
0y = S0pA, — w0, A
- (2.69)
OpA, = "”T_ax/i@ — wORA,

Substituting all the terms in the second line we get

2am (z? — 1) (|oz|2 - 1)2 <a2bx2 (|a|2 - 1)2 + 2acRx (|a|2 -1) - bR2>

OrA, = —
’ a*x? (|a|2 - 1)4 + 2a? R%x? (|a|2 - 1)2 + R*
(2.70)
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We can integrate this expression and generate an arbitrary function of z, then
differentiating it respect to x and comparing with the first line of the system we
see that this function must assume the form k(z) = —2b%cmz — 2c3mzx + 2cma.
Substituting it in A, we obtain

2m (|a|2 —1) [a%x (|oz|2 - 1)2 + abR (z* — 1) (|oz|2 -1)+ chx}

A,(R,x) =
o) a’x? (|a|2— 1)2+R2

(2.71)
At this point, defined all the potentials that characterize both the metric and
the electromagnetic one-form, we can note that the following substitutions bring
an evident simplification to the system. Indeed

o = a(l-|af)
m' =m(1+ |al®) , (2.72)
q:=—2mb , p:=2mc ,

transform the metric like

1 ( ¢ +p?—-2m'R

ds? — — ) [dt2+2w(R, 2)dtdp +w(R, z)2dp?] +

(1—|af?)? R? + a2
dR? da?
2, 2 2 A IN2( P2 1 22\ 1,2
+<R +a x)[ (R)+1—x2]+(1 la|)*(R* + ax%)de” , (2.73)

where w staisfies
,20(1= ) (@ + 9 — 2m'R)
A(R)

and A(R) = R*—2m'R+ a”?z* + ¢* +p? after performing transformations ([2.72)).
The electromagnetic one-form reads instead

w(R,z) = (1—|af’) (2.74)

de

(2.75)
We can now scale Killing coordinates ¢ and ¢ in order to delete the overall
(1 — |a|?)? factors that appear here and there. Applying the scaling

1 qR — pad'x pz(a? + R?) — qa’R(1 — 2?)
= 2( 2 2 2>dt—|—(1—|0z|2) 2 12,2
1— o R? 4+ a”x R? +ax

t=71(1—l|af’) = dt = (1 — |o>)dr (2.76)
p=0(l o) = dp=(1—|af")'de .

and dropping both the irrelevant constant term in A; and the apexes on a’, m/,
after some algebra we finally get to Kerr-Newman metric

,  A(R) , dR?
45" = g3y (047 — asin’ 0dg)? + (R, ) (—A(R) +d6?)+
sin® 6 2
g [0 (B ade] )
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where X(R, 0) := R? + a? cos® #, with the associated electromagnetic one-form

qR — pa cos 0 ;. beos 0(a® + R?) — qaRsin*0

A=
R? 4+ a2 cos? 0 R? + a2 cos?20

do . (2.78)

The two parameters ¢ and p are to be understood as electric charge and magnetic
monopole, while a, like in Kerr metric, is connected to angular momentum. We
can indeed see this by setting to zero one parameter at time. When a = 0 it is
possible to recognize Reissner-Nordstréom metric (including magnetic monopole),
when ¢ = 0 and p = 0 Kerr metric is retrieved, while when both electromagnetic
charges and the angular momentum are turned off, we get back to Schwarzschild
black hole. The combination of these parameters can be summarized into the
following table

| | Not rotating (a = 0) | Rotating (a #0) |
Uncharged (¢ =0, p=0) Schwarzschild Kerr
Charged (¢ # 0, p # 0) Reissner-Nordstrom Kerr-Newman

2.3.2 More on Harrison transformation

In the first chapter we hinted at the fact that transformation ([1.39)), implicitly
used by Ernst, is substantially an Harrison transformation. By means of easy
algebra we can recast it in the more suitable form

Eo — _ _
eofom g [lol s (2.79
]'_a_JrlgO 1+a1——80

Since the two mappings (Ernst and Harrison) are in a slightly different form, we
will use also gauge transformations I) and V') in order to get the desired result.
However, we remark that the charging property is carried only by V') and the
necessity of using gauge transformations comes from the free-coordinate form we
will be working with in this section.

First of all, the most general composition I)oIV)oV') (assuming real parameters
and ®o = 0) reads

Eo(1+ B2a? — 2Ba) — @2]
1-— 0128() 7

E=\ (2.80)

Eola — a®) +
1-— 04280

d =\ (2.81)

24



Comparing the denominators in € we immediately obtain

1—a
— 2.82
@ Vi+a ’ (2:82)

while the additive term in the numerator of &€ fixes

1—a

)\2 2:
p 1+a

(2.83)

Comparing the coefficients of £y in the numerator of ® it is possible to get the

further condition
1—a

Ma — Ba?) = — 2.84
(0= o) = =\ 1o (2.84)
which, together with (2.83)), defines § and A
(I1—-a)(1+a) 2a

- _ A= — ) 2.85
B 5y 7 o (2.85)

This set of parameters satisfies also the condition
N(1+ p%* —2Ba)=1 (2.86)

so Ernst transformation is anything different from a gauge-Harrison mapping
with null initial electromagnetic potential. Moreover, the arbitrary hypothesis
that € must be a function of ® naturally comes out from Harrison transformation
when the seed solution is uncharged (® = a€). In this way we see that it is a
general property of every spacetime that can be charged from a vacuum metric
by means of V).

2.4 Discrete symmetries

Lie point symmetries do not represent the only type of transformations that gen-
erates new nonequivalent solutions: for example, the requirement that maps
must depend continuously on € automatically excludes all discrete symmetries.
Within this family of transformations, Wick rotation is doubtless of particular
use in the context of axially symmetric solutions. In particular we will consider
the double Wick rotation that maps time coordinate to the angular one and vice
versa:

t—ip
B (2.87)
it
The application of this complex transformation to
ds? = — f(dt — wdp)? + f[p*dp® + e*7(dp* + d2?)] (2.88)
produces the following metric
ds® = f(dp — wdt)? + fH—p*dt? + € (dp? + dz?)] (2.89)
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which still solves Einstein equations, but belongs to a different family from the
first one. In this way it is possible to compose double Wick rotation to other
continuous symmetries in order to generate new solutions. In the next chapter,
working with higher dimensional generalizations of these metrics, we will show
a detailed example about how it works.
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Chapter

Higher dimensional gravity

Higher-dimensional theories of gravity can be thought of as a natural extension
of their four-dimensional counterpart. The main aim of this chapter is to show
that the solution generating method based on symmetries and potentials can
be used fruitfully also in this context. In particular we will deal firstly with
n-dimensional gravity, showing a particular transformation able to add electric
charge to Schwarzschild-Tangherlini black hole (higher dimensional generaliza-
tion of four-dimensional Schwarzschild) and then, considering five dimensions,
we will prove that this mapping can be recovered and generalized by means of
Ernst potentials and Lie point symmetries.

3.1 Charging transformations for Tangherlini

As already outlined in chapter introduction, Schwarzschild solution in arbitrary
dimension n > 4 was first found by Tangherlini in [10|. It represents an asymp-
totically flat, spherically symmetric black hole, where the metric assumes the
form

ds® = —fdt® + f~dr? +r%dQ;_, (3.1)

with d©22_, as line element on the (n—2)-dimensional sphere with unitary radius,
and f is such that

le—ﬂ’f_g . (3.2)

The parameter p is related to the physical mass M by

(n—2)r"z (n—2)Q,_2
M p— p—
so(e=t) 160 7

2

(3.3)

where I'(s) is Euler Gamma function and €2,,_» is the hypersphere surface defined
in n — 1 spatial dimensions. A fast check shows that for n = 4 we have y = 2M
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as expected. In this context it is useful to introduce an hypersphere parametriza-
tion slightly different from the most common one: it is almost analogous to the
standard diffeomorphism as far as the first n — 4 coordinates are concerned, but
it differs in the last two one. It can be written as

( x1 = cosfcosy

o = cos 6sin 1y cos Yo

Tp_5 = cosBsiny ...sinv,_gcos,_s (3.4)
Tp_g = cOSOsinyy ...sinvY, gsin, s

Tp_3 = sinf cos ¢

( Zy—o = sinfsin p

where 6 € [0,7/2], ¢ € [0,27], ,—5 € [0, 27| and the other ¢; € [0, 7]. With such
coordinates the spherical line element can be expressed in function of the coor-
dinates ¢, € and the standard line element of a lower dimensional hypersphere,
so that it assumes the form dQ?_, = cos? §dQ?_, + d6? +sin® Odp?. Substituting
it in (3.1)) one obtains

ds? = — fde® + f'dr? + 12 cos? 0dQ2_, + r2d6? + r?sin® Ode? | (3.5)

which will be used as seed metric for the charging transformation. As described
by Ortaggio in [7], when we consider a solution admitting one spacelike Killing
vector J, within pure Einstein-Maxwell gravity, it is possible to choose a set of
coordinates {z',p}, i = 1,...,n — 1, with g;, = 0 = A;. In this case the general
form of the solution is

ds® = gy;da*da? + Vde?® | (3.6)
F=0Adz" Ndp <= A= A,dyp (3.7)

where all functions depend only on the set of non-Killing coordinates {z'}. As-
suming these properties, one can show that the following transformation leaves

invariant Einstein-Maxwell action, generating non-equivalent solution respect to
the seed:

( n—3 2 1n-—3
A= (1 BA ) - B?
+ n—2 % + 2n — 2 v
ggj = A2/(n_3)gij s V, = A_2V (38)

4, =27 [Ag, + B<%V+ Z - gAi)]
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where B is the constant that will add the relevant charge to the seed spacetime.
In |7] this transformation is used to add magnetic field to (3.5)): the identification
of potentials is quick and leads to the new solution

ds? = A3 fdt? + fLdr2 +r2 cos? 0dQ? _, +1r2dA%|+ A~ 22 sin? dp? | (3.9)
1

A= §Aler2 sin®fdy | (3.10)
where f is the same of (3.5]) and
A—1—|—2n_28r sinf . (3.11)

This is the generalization of four-dimensional black hole immersed in Melvin
universe, a particular spacetime surrounded by parallel non-vanishing magnetic
lines. Its properties, and in particular its stability were studied extensively by
Melvin and Thorne in [6] and |11] hoping to set a conceivable context to gravi-
tational collapse in strong magnetic fields.

We will now use transformation (3.8]) together with double Wick rotation in
order to generate n-dimensional Reissner-Nordstrom black hole. First of all,
performing double Wick rotation (2.87) on Tangherlini metric (3.5)) we find

ds* = fdg?® + fdr? +r?cos? 0dQ>_, + r2d6? — r*sin” 6dt? (3.12)

while electromagnetic four potential A is still zero. At this point, exploiting the
explicit form of f, the application of (3.8)) yields

A=1+1”‘332(1— ) =

2n — 2 yn—3

1 ”_SKﬂ”_%+Bﬁw3—uW],(3B)

T i — 2 n—3
which suggests the following change of coordinates
2(n—2
MW3:(4132+Bﬁw3—MW , (3.14)
n —_—

where « is a generic constant that will be determined later on the basis of con-
venience. Electromagnetic potential can be calculated as
s BV _ B(n —2) B 2B(n — 2)%u 1
20 2n—=2)+(n—3)B2 (n—3)[2(n—2)+ (n—3)B? aR*?’
(3.15)
where the first constant term is unphysical and can be dropped. The Killing
component of the metric transforms in such way that

p(e=2 - B?)

, V 2(n —2)\2 1
ot sy
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All the other metric functions such as g;; can be found considering transforma-
tions in the form

_ n—3 \2/(n=3) ne3) .
gl = NV 3 g, = <m> R*¥ ™3 sin%0 (3.17)
which shows the convenience of choosing o = (2%:32)» that simplifies g;, into
g = R*sin*f (3.18)
V' into
V,_(Q(n—2)>2 1 —/L(l— n—3 BQ> I
n—3 (2(1;1*2) + B2)? 2(n — 2) Rn—3

(n—3)u*B* 1
~ -3 R2<"3)] - (319)

and the electromagnetic potential A;, to

2(n —2) uB
2(n—2 n—3
(n—3)((_3)+32>2R

n

A= (3.20)

At this point we can see that scaling the azimuthal coordinate is advantageous
to delete overall factors in V' and A{,. Indeed

2(n — 2
[ (n—2) 0 & (3.21)
(n—3) (%2 + B)
leads to
13,2 _ _on=3 ) 1 _(n_?’)MQBQ 1 2
Vidg™ = [1 “(1 2(n — 2) ) R am—2) e |17 (322)
/ pB 1

The other terms that show 72 as an overall factor transform like g, and can be
written simply replacing 7? with R?. The second component of the non-Killing
block, included the transformation of the differential, is mapped like

—1
frr e O R = (1 ) dR? = (3.24)
-1
n—3 1 (n—3)u’B?* 1
= |1—pu(l- B? — dR? . 2
[ ,u< 2(n —2) ) R"—3 2(n—2) Rn—3) R (3.25)
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At this point we can apply for the second time double Wick rotation, which leads
to the final form of both the metric and the electromagnetic potential

m 2 q*
1—- +
R*3  (n—3)(n —2) R2(=3)

ds? = —

dt’+

-1

2 2
o a dR? + R? cos? 0A02_,

R"3  (n—3)(n—2) R2n=3)

+ R*d0* + R*sin® 6d¢® , (3.26)

q 1
A pumm A = - -2
»dt e dt (3.27)
where we performed the following substitutions
n—3
=pu(l— —BQ> 2
mo=p( s—%) (3.28)
B
= _“‘2 (3.29)

We want to highlight that in Ay, though keeping its old name, after Wick
rotation refers to time component of the electromagnetic potential. Moreover last
formula clearly shows that B must be taken imaginary. The presented solution
is the arbitrary-dimensional generalization of Reissner-Nordstrom 4d black hole:
by imposing n = 4 one can easily retrieve the better known RN solution.

3.2 Ernst potentials in five dimensions

In this section we define Ernst potentials for Einstein-Maxwell theory in five
dimensions assuming only one electromagnetic component. We also show that
this formulation allows to study symmetries, which are formally very similar to
the four dimensional ones, giving the possibility to exploit Lie transformations
in order to generate new solutions. First of all, we consider the following ansatz

ds? = =T (dt —wd)? + e T p2dep? + 57T (dp? + d2?) +e*Tde? |, (3.30)
A=Aydy | (3.31)

where S, S, I', w, A, are functions of non-Killing coordinates (p,z). Under
these assumptions the only non-trivial Maxwell equation is given by V ,F#¥ = (.
Explicitly it reads

1
20, A0, +0-A0T) = (Oppdy + 0cAp + 0y 45) =0 (3.32)

We can clearly recognize the scalar product between gradients in the first term
and the cylindrical Laplacian in the second one. Multiplying the equation by e’
we obtain

e’ V?A,=Ve VA, . (3.33)
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Einstein equations come in a more elaborate form, however, by means of linear
combinations one can find more suitable relations that still describe the system.
In order to ease the dissertation, the explicit calculation to get to the following
formulas is reported in appendix [B] The first equation reads

1
2(0,90,w + 0,50,w) + Oppw + 0.0 — =Opw =0, (3.34)
P
and it is equivalent to the vector form
Ve (e5p2vw) =0 (3.35)

We can notice that this formula is formally identical to equation (|1.17)) when
® = 0, so we can define analogously a twist potential x

p e Vw = ¢ x Vy (3.36)
such that (3.35)) is trivially satisfied. Equivalently to ((1.20)), the new equation is
v (e*”vx) —0 . (3.37)

The second useful Einstein equation assumes the explicit form

2S5
1
6,)_2 (B,w)? + (azw)Q] H0uS 405+ 20,5 =0 (3.38)

that is equivalent to
eSV2e® = (Ve)? — (Vx)? . (3.39)

Last relation again involves electromagnetic component A,
1
3(0pT + 0..T + ;apT> e [(0,4,) + (2.4,)° =0, (3.40)
and can be written in terms of flat differential operators too

3VPT +4e (VAP =0 . (3.41)

At this point we can see the advantage of introducing two complex functions £,
and &£, defined by

2
E =el + ZﬁAw : (3.42)
Ey=e +ix | (3.43)

which allow to recast all the relevant PDEs into a very symmetric form: equations
(3-33) and (3.41]) can be expressed respectively as imaginary and real part of

Re(Sl)VQc‘Jl = V81 . Vgl s (344)
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while equations (3.37)) and (3.39) correspond to the imaginary and real part of

Re(Sg)V282 = Vé’g . Vgg . (345)

Last two formulas are formally identical and can be recognized as the vacuum
Ernst equation (|1.29) already known from 4d formulation. However, in the
present context potentials are defined differently, and the twist is used only
in connection to the gravitational function y, while electromagnetic component
A, appears in €, without considering any mediation with new functions. Like
the four-dimensional counterparts, the equations for v are completely uncoupled
from the others and can be expressed in terms of £, and &,

P . .
U= gy V0L~ D60 L)
3p . .
+ m(apglapgl - azé'lazé’l) s (346)
© T 4(Re&y)2 PTHET2 T YRe £, )2 P ‘

These results are also shown in [12| by Yazadjiev in the context of inverse scat-
tering method. The equations of motion (3.44)) and (3.45) for the fields &£, &

are characterized as the minimum of the effective action:

VENVE:  VENVE;
(EL+E)  (E11E)2

SE, £ = / pdpd: (3.48)

In this case the proof is straightforward if we consider that the least action
principle

05 . . .
0=5= Sl [ £V Vol (3.49
gives rise to Euler-Lagrange equations
oL oL
— =Vl =——— | =0 . 3.50
opt " (3(VM)> (3:50)

In this specific case we can consider £] and £ as unknown fields of the theory
(they are not independent of £; and &5, so the choice of one pair of fields or
their conjugates returns equivalent equations), in this way we find

oL 1 oL
V&awaﬂz¢m@@ﬂﬁaﬁ>: (3:5)
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1 3p51 + pappgl + pazszl @,81 %
= — —_ 2 —_—_— N
p (81 4 8;)2 p(gl + ST)S (apgl + 8,081)
0.&1
- 2 T ~a<a * =
PlE &) <azgl * 6z51>}
V2E, 2

VE\VE, + VEVED) |

(E1+ &2 (E,+ 5;)3(

where covariant derivatives and g are referred to cylindrical metric in flat space
(in this context we could have substituted covariant derivatives with vector op-
erators, but they are basically the same). The other term of Euler-Lagrange
equations is

oL VEVE]

— = 2 s - 3.52
o0&} (E1+E7)3 (3:52)

So we can see that the effective Lagrangian (3.48) retrieves correctly the equa-
tion for the field £]. Because of the action principle’s symmetrical form, the
calculation respect to the variation of &3 is identical and returns (3.45)).

3.3 5d Lie Symmetries

Having set the right equations and their correspondent action, we can now apply
methods from chapter [2 in order to find all the infinitesimal generators of Lie
point symmetries. Every single term of represents the particular case of
® = 0 in the four dimensional Einstein-Maxwell action , so we expect that
symmetry transformations on £, and &€, form a subgroup of . In order to
prove it we just need to check that these mappings do not mix £; with £,. As
in chapter two, considering the components of complex potentials £, = x + iy
and £ = u + v, we can associate a metric to action (3.48)) and find its Killing
vector fields. In this case we find

_da? +dy? N du? + do?

d 2
5 A2 A2 ’

(3.53)

whose Killing vectors (a priori we must assume §; = &(x,y,u,v)) are solutions
of the following system of ten PDEs (we split it into blocks in order to ease its
visualization)

8u€x + axfu =0 au (axgy - aygm) =0
81)59@ + a:cgv =0 av(axfy - aygx) =0
0uy + 0u =0 | 2ul0b — D) = 350
avgy + aygv =0 8y(6u£v - avéu) =0
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( Qé'y

X

+0y&s + 0.6, =0

0.6+ =0 (3.55)
0,6, - & =0
(% o6 vo =0
dou+ =0 (3.56)
avév - §_u =0
\ u

We can start by solving block ([3.55]). The equation for &, is already uncoupled
and gives
C
g, = Sy uv) (3.57)

T

where C'(y,u,v) is an integration function. Differentiating the first equation of
the block respect to y, the third respect to x and subtracting them, one finds
that 0,,C(y,u,v) = 0, which means that C is linear in y. We can specify &,
further by writing

D(u,v) + B(u,v)y

§o = . . (3.58)

Integrating now the third equation of the block, we find that &, depends on a
new function E(z,u,v) according to

B(u,v)

1
gy:_ D<u’v)y+ 9

o y2] + E(z,u,v) . (3.59)
Substituting the solution in the first equation, which specifies E(x, u,v) = A(u,v)/x?—
B(u,v)/2, we find that £, must be in the form

B(u,v)

5 (v? — %) + A(u,v)| . (3.60)

1
& = = [Dlw, )y +

We can now consider the first block and notice that the combination
0:&y — 0,&; must be independent both of v and v. Since it turns out to be
a polynomial in the variables x and y, the independence can be satisfied only
when all coefficients D(u,v), B(u,v) and A(u,v) are constant functions. Block
(3.56|) is formally identical to the system we have already solved, so it is possible
to write its solution just by replacing the subscripts. That said, contravariant
components (indices are raised with the inverse of (3.53))) of the most general

35



Killing vector field are given by
§" =dx(d+by)

& =4y + g(,vf —a?)+ad|
(3.61)
£ = dule + fv) |

5“:4[ev+g(y2—a:2)+h] ,

which correspond, considering in turn just one non-zero parameter, to six inde-
pendent generators

& = dayd, +2(y° — 2%)0,
& = 420, + 4y0, ,
& =40y,
& = duvd, + 2(v* — u*)0,,
&5 = 4ud, + 4o, ,
&6 = 40, .

(3.62)

We are now sure that our initial guess about symmetry transformations that
do not mix x, y with u, v, then £, with £, is true. The present infinitesimal
transformations are two copies of the four dimensional vacuum case: as such
they were already integrated in more general form in chapter 2] In particular,
the integration of & and &, is a particular case of . The relevant finite
transformations, expressed in terms of complex potentials, read

81 l—)gll :)\)\*81 82 >—>8/2 :’7’7*82
81|—>8'1—81j€—w £2|—>gl2—82—|8-10 (363)
Eir— &= ——— £ Ey=—"2—

VTSI T T e, 277 2T T g,

The first two mappings are gauge transformations, while the third is known
as "Ehlers transformation" and can be used to generate new nonequivalent so-
lutions. For example, as shown in [1], in the context of 4d Einstein-Maxwell
theory, it can be used to add NUT charge to the seed metric. Because of the
different definition of potentials, in this five dimensional formalism the transfor-
mation acts differently respect to the four dimensional formulation, adding two
dissimilar charges depending on whether it is used on £; or £5. Moreover, before
considering specific seed solutions and computing how the transformation acts
on them, we cannot be able to define the physical significance of the couple of
parameters. We will now show that Ehlers transformation, once applied to &1,
is equivalent to in 5d. In light of the calculations done with , we will
identify the symmetry as a magnetizing/charging transformation. First of all,
when n = 5 we have
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(A= (1+ gBAp)Q + %BQV
gij=Agi; , V' =A?V (3.64)
P )

Evaluating £;/(1 + ib€;) explicitly using metric functions we can check that
there exists a value for b that satisfies (3.64]).

T 21
g vide
Pk — 24,

1
- 37 +i(2V3A, — 4bA% — 3be*T ] . (365
(V3 — 20A,)? + 3b2e2T [ ( v 4 ) (3.65)
Taking real and imaginary parts of £}, it is possible to find the new potentials
e and A

€2T

(=50 v

We see that V' = A~2V holds if we set b = —B/+/3. Analogously we can work
out Aj, from the imaginary part E'. Substituting b = —B/+/3 we have

/ \/g /
A, = —i Im(&)) =

V' =" = Re(&))? =

(3.66)

| 1 4
= 2V3A, + —BA% +V3Be*) =
2 4 ©
2V3 (1 + %AQ +ip2err ( V3 )
B 2o 1. .
= < <A¢ +SBAL+ Be ) , (3.67)

which is the same of the correspondent transformation in . Considering
the invariance of S and I'" under this mapping, we see that the transformation
of the other components g;; of the metric follows e~?. Since e=?" = Ae™7, all
non-Killing components are mapped to g;; = Agi;.

We can now propose the same argument, yet considering £, = €° + iy as seed
potential. Exploiting its explicit form and separating real and imaginary part,
we can write transformation laws for e and y

s 65

<= (1 —0x)% + (225 7 (3.68)
7 2 / 25

N = XX T (3.69)

(1 —0x)? + %225
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If we define Q := (1 — £x)? + £2¢%° the full symmetry group acting both on the
metric and the electromagnetic potential can be written as

( A
— ! —
eS T eS T eS T ,

G_S_T — e—S’—T’ _ AQB_S_T :
/ 1
e — 2T = EeQT , (3.70)

wr—w

Ay — AL = A7 A, + B(%V + §Afo)] ,

where ' satisfies

{apw/ = pe 0 (3.71)

0.0 = —pe= 250,y

3.4 Ehlers

In this section we will apply Ehlers transformation on the second potential &€,
starting again from Tangherlini black hole. Introducing the new coordinate x =
sin # we can write the seed metric as

-1 2
ds® = — (1 - ﬂ>C1252 + (1 — ﬂ) dr?® + r dz? +72(1 — 2*)dep? + r’2z?de® .
r2 72 1 —a?
(3.72)
As we have already done in various contexts, it is possible to compare this partic-

ular metric with the general ansatz (3.30)) in order to identify the various metric
potentials. First of all we can see that w = 0 and recognize T" and S

el =ro | (3.73)
2 _
es_Tzl—%ﬁeS:M . (3.74)

The component g, supplies the change of coordinates between p and the couple

(r; )

e’SprQ — 7«2(1 — x2) == p= xr\/r2 - u\/l —a? . (3.75)

At this point, applying Ehlers transformation in the form of (3.68) and (3.69) to
the seed £, = €°, we obtain

p” ro(r? — u)
— 3.76
€ 721 2(u—r2)2? (3.76)
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r g(M_TQ)IQ
X =72 +2(p—r2)a? (3.77)

Since we know ' we may calculate w’ using . However, having expressed
the potentials in function of the couple (r, z) intead of (p, 2), it is convenient to
convert differential operators as we did in chapter [2] while charging Kerr. Whereas
in four dimensions the change of coordinates for z is well known, in this case we
need to find a suitable one asking the metric be diagonal also in coordinates (r, x).
Assuming the coordinate z(r,z) in the form z(r,z) = f(r)g(x) and calculating
dp? + dz? in function of dr and dx, one can see that diagonal terms vanish only
if the following differential equation is satisfied

el — )20~ 1)+ F()g() S f) Sgla) =0 (378)

The equation is separable and can be easily integrated. The integration constants
are chosen in order to have

flr) =2 =2
o) = 2 z = z(r,z) = <r2 _ g) (1,2 B %) . (379

We can now express the line element in the new coordinate system

P | PSTE.

-1 r
2 2

r2 r2

which allows to write the explicit form of gradient operator

1 0
VQ(r,z) = /12 — u—Q(r, x
1) = Y e

+ V1 — xQ%Q(r, w)] . (3.81)

Now it is possible to write (3.71)) in terms of the new coordinates

725/ 1 - IQ

_ _ 2

Ow' = p(r,z)e oo uaxx’ = —20r(1 — x7)
(3.82)

/ —25' r? — H / 2

0w = —p(r,x)e 1 50X = 20x(p+17) .
—x
The integration of the system is straightforward and yields

W= @[,uxQ — (1 — x2)] : (3.83)
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The last potential I can be easily found when Weyl line element is converted

with equation ({3.80]): the condition

o—S—-T—2T
T(TQ — pa?) [7"2 —p(l— a:2)] =1, (3.84)

defines P
e — ra (= . (3.85)

(=) [ = (1 2?)]

Then we can write the final metric

ds? = — o [dt — lpa?® — (1 — 1'2)]d77/1:|2+
7’2 _ 62(742 _ H’)2$2
2

b (14 C oy [(1_ﬂ>—ldrz+ G

+
72 r2 1 — 22

+ (1 —2%) [7’2 — 2(r? — ,u)xﬂ dy? + r?2*dep* . (3.86)
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Appendix A

4d Einstein equations

As anticipated in Chapter [I, we show how to recast Einstein equations in order
to introduce Ernst potentials in four dimensions. Maxwell equations (1.7)) and
comes straightforwardly from V,F* =0 and V,F" = 0, so it is possible
to bring about the computation by writing more explicitly

1
YV, FHe — 0 = ——0,(V=gF") | Al
14 \/_—g M ) ( )
and expanding all the terms. In this formula g = —e*r?/f? is the determinant

of the metric (1.4]) and the electromagnetic strength tensor is defined by F* =
9" g7 F)s, with Fy, = 95 A, such that

0 0,4, 8.4, 0
| a4 0 0 -4,
Be=1 04 o 0o -oa4, |- (A2)

0 9,4, 0.4, 0

The case of Einstein equations is a bit more complicated because and
do not correspond to the explicit form gravitational equations assume.
Because of this, in order to bring them in a more suitable form, we need to
consider linear combinations that allow to simplify similar terms. In order to
accomplish this task, it can be convenient to take the trace of Einstein equations
so as to simplify R. Indeed, since the electromagnetic energy-momentum
tensor is traceless, we find that R = 0, which allows to write Einstein equations
as

H, =R, —2T,=0 . (A.3)
Explicitly, the various non-trivial components read (removing factorized overall
terms)

Hy = —2f° [@A@? +(0,A,) + w? ((apAt)2 + (aZAt)Q) — 2w (0, A0, Ayt
+0,A0,A,)] = 12012 + (0,0 2] + 1 (0:0)* + (0% +
torf [ap FA 105 f +10..f —2r((9,A,)° + @A@?)] —0, (Ad4)
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This component, once divided by r, directly corresponds to the second Einstein
equation . Basically this is the reason why we choose to use (A.3)): otherwise
the component H;; would have carried derivatives of + coupled to the other
potentials. The second useful relation is

Hip = =2f%(0,4,)° + (0.4,)° + 2 ((0,40)* + (0.4, -

v fw |0, + 10, f + 1. f + 21 [(apAt)2 ¥ (azAt)ﬂ

2y [(8p £)2+ (0. f)2] + fw [(apw)2 + (8zw)2} =0. (A5)

These two components are enough to retrieve the first Einstein equation ([1.5)).
As a matter of fact, we can combine them trying to remove the dependence on
the second derivatives of f, perhaps the most direct way to do it is to consider

:Htt-w—Ht@

hl :
7'4

=0 , (A.6)
which corresponds, in vector notation, to the following equation
hy =V - (p 2f*Vw) +4p 2 f(VA,) - (VA, + wVA) =0 . (A.7)
Summing the first Maxwell equation (scaled by 44;) to hy we find Einstein
equation (|1.5))
0=hy + 44,V - [p_2f(VA<p FwvA)] =
~-Vv. [,r? PVw+4p 2 fA(VA, +wVA)| . (AS8)

The other non-trivial components H,,, H., and H,, define v, while H,,, is equiv-
alent to the couple Hy, H;,. The equations that allow to integrate v once the
other potentials are known are supplied by

0 - 0.7y N a0, A;0,4, B 2f(wo, Ay — 0. A,)(wd,Ay — 0,A,) B

pe r f 72
0.f0,f  [PO.wdw
_ 27 + 53 =0 , (A9
and by the the difference
0 0,4:)% — (0,A;)?
Hy— = 20 OB ORE L Pl a2 0,404
+w?| (0,407 — (0, At)Q] +2w(0,4,0,A, — 0. A0.A,) | +

N (8zf)2f_2(apf)2 +£_§[(5Z )2 — (8pw)2] =0 . (A.10)
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Appendix B

5d Einstein equations

Similarly to what we did in the previous appendix, we recast the raw Einstein
equation in five dimensions so as to give them an appropriate form to introduce
Ernst potentials. First of all we define

H

pv

1 1
=R, — §Rg“” —2|F,,F," — ZQWF,)UFW , (B.1)

so that Einstein equations reduce to
H, =0 . (B.2)
They can be written explicitly once we consider the ansatz
ds* = —e* T (dt —wd)? + e 5T p2dep? + e T (dp? + d2?) 4+ e*Tdy? , (B.3)

A=A,y . (B.4)

Non trivial components of H,, = 0 read (minus overall terms which do not
influence the solution):

3e%%(0,w)?
2

Hy = (—462T<0ZA¢>2—<aZS>2—3<aZT>2+ —4¢*1(9,A4)*=(9,5)*~

3e25(0,w)? 9,5
—3(0,T)* + % + 4(0,.8 + pT + 0,pS) — 4(0.7 + apﬂ)) =0 (B.5)
_ Opw 42T 2
Hup = | = 40500+ 0,50) = 20esto = 2=+ Do) + w( 4¢*7(9,A,)
3 28 az 2
—(8.8)? — 3(8.7)% + % — 46*T(9,A,)% — (9,5)* — 3(9,T)*+

3625 (0,w)?

+ ?

9,5
(0.5 + =+ 0,,5) — 4D + a,,,ﬁ))} —0 (B.6)
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3 25 8,2 2
%2“) +4¢2(9,A,)% + (9,5)*—

3e25(0,w)? 40
€ (2/9"") i p’Y) —0
p p

H, = (46”@44@)2 1 (,8)2+3(0.T)* —

—3(9,T)* +

(B.7)

) 25
(B.8)

Hyy = [(p2 — e250?) ((825)2 + (aZT)Q) + 8¢*w(0,50.w + 0,50,w) + e* W+
3eMw?(0.w)?
L e

p
+ 46_2T(p2 - GQSWQ) ((azAw)z + (apA<p)2> +

+ 4€*5W%0,.S 4 4920,y — 4e*5W20..y + 4e* w0, .w+

4 28 28 S
2O WG 0%(9,5)%—
5 4ew?0.w

— e*w?(0,5)% + 3p*(0,T)* — 3¢*w?(9,T) ;

3etw?(0.w)?
02
+4p%0,,7 — 4250?07y + 4625w8ppw} =0 (B.9)

+ 8¢*5w0,50,w + € (0,w)? + + 4e*5w?0,,5+

1
Hop = | = 104, = 40,40 + 56 (9(0:5) + 39%(0.7)" = (00"~
= 20%0..8 = 60%0..T + 40%0,8 — 6020, T + 400, )| =0 (B.10)

The last non trivial component is H.., however, since it is related to H,, by
the simple relation H,, = —H.., it does not add any relevant information to
the system. At this point we can focus on H; and Hy, in order to delete the
dependence on ~. By performing

0= Htt cw + Htw = hl (B]_l)

only the first terms of Hy,; survive, then we get
1

2(0,50,w + 0,50,w) + 0ppw + Oz — —Opw =0, (B.12)
p

which is equation (3.34)). Considering

_ p2 . wa +4p2w€25h1 + (P4 _ P2W262S)Htt

0
4p?

= hg , (B13)
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we find equation ((3.38]):

25

1
(0w + (0] 405 + 0.5+ 8,5 =0 (B.14)
As last step, we can perform the linear combination

- (Htt + 6_2TH<p<p) + hQ (B]_E))

in order to retrieve equation ([3.40))
1
3(0pT + 0T + ~0,T) +4e™2" | (9,4,) + (2.4,)| =0 . (B.16)
p

As a conclusive remark we highlight that this process allows to uncouple the
equations that define w, T', S, A, from the ones that define 7. Once solved the
first set, one can consider H,,, H,. and find v by simple quadratures.
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