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From Flat to Curved Space Electroweak Sphalerons

New Sphalerons in Weinberg-Salam Theory

Volume 216, number 3.4 PHYSICSLETTERS B 12 January 1989

NEW SPHALERONS IN THE WEINBERG-SALAM THEORY

J.KUNZ'
NIKHEF-K, P.O. Box 41882, NL-1009 DB Amsterdaim, The Netherlands

and

Y. BRIHAYE
Physique Théorique et Mathématique, Université de UEtat @ Mons, B-7000 Mons, Belgium

Received 14 July 1988, revised manuscript received 19 September 1988
We discovered new sphalerons in the Weinberg-Salam theory, in the limit of vanishing mixing angle. Dependent on the mass

of the Higgs field, a whole set of saddle-point solutions exists. The Dashen—Hasslacher—Neveu sphaleron forms the basic branch
of solutions from which, at critical values of the Higgs mass. new branches of solutions systematically cmerge.
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Lagrangian of SU(2)-Higgs model (6,, = 0)

1 v . v2 2
L= —@tr(F“ F,) + D,¢D" ¢l — oo — ?)

gauge field tensor
Fu = 0.V, — 0,V —i[V,, V)]

covariant derivative
Du¢ = (8u - iVu)Qb

Higgs field vacuum expectation value

masses of gauge and Higgs bosons

My = % . My = V2N
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static spherically symmetric solutions

Higgs field

gauge field 1
Vi = §gTaVlf’
Voa - O
G H
Vit = {r) €aibTo + (r) (0ai — Tali) + (r) Fafi
gr gqr qgr

gauge choice F(r) =0

sphaleron

bisphaleron
H(r) #£0, K(r)#0

new branches of solutions
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From Flat to Curved S e Electroweak Sphalerons

New Sphalerons in Weinberg-Salam Theory

bisphalerons branch off the sphaleron
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small fluctuations around background functions: normal modes

set of coupled equations: eigenvalue problem
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From Flat to Curved Space Electroweak Sphalerons

New Sphalerons in Weinberg-Salam Theory

normal modes of sphaleron and bisphaleron
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solid: sphaleron normal modes, dashed: bisphaleron normal modes
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From Flat to Curved Space Dyons and Hairy Black Holes

Gravitating Dyons

26 November 1998

PHYSICS LETTERS B

ELSEVIER Physics Letters B 441 (1998) 77-82

Gravitating dyons and dyonic black holes

Yves Brihaye 2, Betti Hartmann °, Jutta Kunz °

* Faculté des Sciences, Université de Mons-Hainaut, B-7000 Mons, Belgium
® Fachbereich Physik, Universitit Oldenburg, Postfach 2503, D-26111 Oldenburg, Germany

Received 21 July 1997; revised 28 August 1998
Editor: P.V. Landshoff

Abstract

We study static spherically symmetric gravitating dyon solutions and dyonic black holes in Einstein-Yang-Mills-Higgs
theory. The gravitating dyon solutions share many features with the gravitating monopole solutions. In particular, gravitating
dyon solutions and dyonic black holes exist only up to a maximal coupling constant, and beside the fundamental dyon
solutions there are excited dyon solutions. @ 1998 Elsevier Science B.V. All rights reserved




From Flat to Cu 5 d Hairy Black Holes

Gravitating Dyons

SU(2) Einstein-Yang-Mills-Higgs action: Higgs triplet

1 1 1 1
— 4 — _ T pa papy apppa aa _ 172\2
S /d v/ g{lGﬂ'GR 4FMVF 2Du¢ D*¢ 4/\((;5 ¢* — HY) }

field strength tensor
F, = 0,4, — 0, A7 + ee“bcAZAﬁ

covariant derivative

DM¢a — aud)a + eeab(:AZ(bc
gauge coupling e, Higgs coupling A\, and Higgs field expectation value Hy

gravitating magnetic monopoles and black holes with monopole hair were known

how about gravitating dyons and black holes with dyonic hair?
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From Flat to Cu 5 d Hairy Black Holes

Gravitating Dyons

static spherically symmetric metric in Schwarzschild-like coordinates
ds? = g datda” = —A Ndt? + N~'dr? + r?(d6? + sin® 0dp?)

2
N=1_2"
T
spherically symmetric ansatz for the gauge and Higgs field
A, = €,.J(r)Hy

- 1-K - 1-K
AT:O, A9:€¢7(70), A¢:—é'97(r>sin9
)

dimensionless coordinate x

coupling constants o2 = 4xC Hg ; 52 _

Yves Brihaye
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From Flat to Curvec

Gravitating Dyons

gravitating dyons and hairy dyonic black holes

fundamental solution fundamental solution

L Q=1
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mass vs coupling « mass vs horizon radius x g

bifurcations (?) from Reissner-Nordstrom black hole
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Compact

Scalar-Tensor Theories

action: Einstein frame

kTl / d*z/=g [R — 2g"" 0,00, — AV (0)] + S [W.n; A%(0) g ]

metric in Einstein frame: g,,,
scalar field in Einstein frame: ¢
non-minimal coupling functon to matter: A(y)

pressure and density in Einstein frame: p, p
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Compact Objects Matter Induced alari ion

Scalar-Tensor Theories: Spontaneous Scalarization

VOLUME 70, NUMBER 15 PHYSICAL REVIEW LETTERS 12 APRIL 1993

Nonperturbative Strong-Field Effects in Tensor-Scalar Theories of Gravitation
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Institut des Hautes Etudes Sczsmv,ﬁques, 91440 Bure.s sur Yvette, France
and Département d’Astrophysique Rell iste et de Ci logie, Observatoire de Paris,
Centre National de la Recherche Scientifique, 92195 Maudon France

Gilles Esposito-Farése
Centre de Physique Théorique, Centre National de la Recherche Scientifigue, Luminy, Case 907,

Energy

A3
By
3

W
e

\K
Y

G

Jutta Ku



Compact Objects Matter Inducec

Scalar-Tensor Theories: Spontaneous Scalarization

Einstein frame: field equations
1
R/w = 28/1 9001/4,0 + 887G /Ll/ - iTg/u/

V.Vt + dnGa(p)T =V, VFp — mz0 = 0

Klein-Gordon equation with effective mass term m?2g;
coupling function

1 OlnA
A= exp(§50<p2), a(p) = na@(go) = Bow, Bo <0

GR solutions remain solutions: ¢ =0, a(p) =0

matter induced tachyonic instability: mZ; < 0

me

g = —4rG EO)T—47TG50T<O if T<0
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Compact Objects Matter Inducec

PelPo
mass — central density (8 = —5)

, GR: zero mode
Model2(M2) : A(p) = €% /? w=0

Modell(M1) : A(p) [cosh(V/38¢p)]Y/ 37 M2: zero mo%c
w =
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Scalar-Tensor Theories: Spontaneous Scalarization

radial modes

So(t,r) = dp(r)e™?, ...

Eigenvalue w

= WR + twy

S ~ eiWrtemwrt

scalarization:

GR: zero mode
w=~0

GR: unstable mode
wr <0

Jutta Kunz (Univ
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Matter Inducec ion

ontaneous Scalarization

< 8r
¥
S
&L 1

—-20 0 20 40 60 80 100
Bo

1. spontaneous scalarization: 8y < 0, T < 0 = [T >0

2. spontaneous scalarization: 8y >0, T >0 = SyT >0

of Solutions Yves Brihaye
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Compact Objects Curvature Induced arization

Einstein-scalar-Gauss-Bonnet Theories

EsGB action
1 1
S = 1oz [ ¢'0v=3 |R = 500" + Fle)REn
167 2
Gauss-Bonnet term: quadratic in the curvature

Rep = Ryuupo RMP7 — 4R, R"™ + R®

coupling function f(¢)

In 4 spacetime dimensions the coupling to the scalar is needed.

The resulting set of equations of motion are of second order (Horndeski).
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Compact Objects  Curvature Induced Sc

Static EsGB black holes

curvature induced scalarized black holes
action

1
§=1— / d*zy/—g [R —2V,0V¥ = V(p) + f(0)REs

Einstein equations

G,u,u = T;w
scalar equation
[ df
Vi Vi + RGB =0
df (¢
GR solutions remain solutions: ¢ = 0, fl(k'/) =0
dep

tachyonic instability
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Compact Objects  Curvature Induced Sc

Static EsGB black holes

curvature induced scalarized black holes

scalar equation
V. Vi + ﬂRéB =0
s dg@

simplest choice

2
e df
fle)=n R

Gauss-Bonnet: Schwarzschild

48 M2
RQGB =5
effective mass
m? = —nR&p <0, ifn>0

Jutta Kunz (Uni Oldenbu:



Compact O s Curvature Induce

Static EsGB black holes

coupling function 32

fle) = D) (1 - 6’76@2>

scalar perturbation equation

/\2
vV, VHsp + ZRéBw =0

d?u

drz ~ (W =U(r)u=0

2M\ [2M 1 12M72
r r3 r2 r6

Schwarzschild is unstable:

M? < 0.34)2

Solutions Yves Brihaye
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Static EsGB black holes

Curvature Induced Scalarization

coupling function

02 [
\2 01t ) ’ N
o) =13 (1 - 6_6“”2)
]‘2 < 0.0 N ,
small ¢ a
A2 0.1 ‘
fp) = o5 ?
02 S~-__{o.01 _
0.15 0.20 0.25
0.0 072 074 0f6
M/
sequence of radial excitations
onset n.=0: M/X = 0.587

Schwarzschild fat purple
onset n = 2: M/\ =0.140
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scalarized n = 0 red

scalarized n = 2 blue




Compact Objects Curvature Induced Scalarization

Static EsGB black holes

5 T T
coupling function P et
4r Second branch 1
)\2 R = Third branch
=2 (1—¢0 ) 3+ E
)= 135 ( e .
~
small ¢ | ]
)\2 2 L k------- - 1
fle) = o
0 . . .
0.0 0.2 0.4 0.6
M/A
sequence of radial excitations Schwarzschild fat black
onset n.=0: M/X = 0.587 scalarized n = 0 red
onset n = 2: M/\ =0.140 scalarized n = 2 blue
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Compact Objects

Static EsGB black holes

Curvature Induced Scalarization

I I Ino modes, V0 o
0.2+ no modes - - 4
unstable —
0.1F ]
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=1 Y12
-021 |
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solutions
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Compact Objects Curvature Induced arization

Static EsGB black holes

perturbation theory: damped oscillations (QNMs)

metric
g,ul/ = gfj.ou) (T) + Eh,uu (t' 7'7 97 (,D)

scalar

¢ = ¢o(r) + €do(t, 1,0, )

polar modes:  even-parity perturbations

axial modes:  odd-parity perturbations (pure space-time modes)

master equation: Schrédinger-like equation

eigenvalue w
W = WR + Wy

frequency: wg decay time: 7= —1/wy
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Compact Objects vature Induced Scalarization

Static EsGB black hole

sy Polar 1=2 scalar-led modes Igy Polar 1=2 grav-led modes
4t 4t —
& &
~< <
2t 2 1
0 0
0 0 0.4 0.8
M/A
1 0.6
Polar 1=2 grav-led modes
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Compact Objects Curvature Induced Scalarization

Static EsGB black holes

025 025 1 025 1

020 020 1 020 1

0.15 0.15 q 015 1
S S S
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0.05 0.05 1 005
=001 =005 a=01
0.00 L c 0.00 0.00
056 058 0.60 062 0.64 056 058 0.60 062 064 056 058 060 062 064
] M M

quadratic coupling function
scalar field potential

1 1
Vip) = §M2‘P2 + §>\<P4

radial stability: small mass, large self-interaction

Jutta Kunz (Un



Compact Objects Curvature Induced arization

Rotating EsGB black holes

curvature induced scalarized black holes

scalar equation

d
V. Vi + éRéB =0
Gauss-Bonnet: Kerr
48 M2
R?}B = W (7"6 — 157“4)(2 + 15r2X4 - Xﬁ) , X =acosf

effective mass
m? = —nR&p <0

rotation suppresses scalarization

n>0
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arization

Curvature Induced Sc

Compact Objects

Rotating EsGB black holes

coupling function
flp) = 12

0.4 .
M/A=0.55
03 existence line 0.75 : -
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area/entropy VS angular momentum

angular momentum vs mass
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Compact Objects Curvature Induced Scalarization

Rotating EsGB black holes
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Compact Objects Curvature Induced rization

Rotating EsGB black holes

coupling function

0.4 T T 1 T T
ext. Kerr solid: existence
dashed: critical .S
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Compact Objects  Spin Induced ¢ ization

Rotating EsGB black holes

curvature induced scalarized black holes

scalar equation
V, Vo + ﬁRéB =0
I d(,ﬁ
Gauss-Bonnet: Kerr
48 M2

R(Q}B = W (TG - 157"4)(2 + 157-2X4 — Xﬁ) , XxX=uacosf

effective mass
2

m? = —nR&p <0
sufficiently fast rotation induces scalarization

n<0
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Compact OF i d ization

Rotating EsGB black holes

6] ~ exp(t/7)

coupling function

0.999
_ 2 (/M)
fle)=—ne
0.9
50.00
Vip) =0
10.00
onset of scalarization 0.8 2.00
= 1.00
=
< 0.60
p(m—0) = +p(0) 07 0.40
. 0.20
odd scalar field
0.6 0.10
_ 0.05
p(m —0) = —p(0)
05 0.01
range 10° 10! 10? 10° 10 10°

—n/M?
05<j<1
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Compact Objects

Spin Induced

rization

Rotating EsGB black holes

coupling function

A2 2
f@) =735 (1=e%") . V(e
12
critical lin Kerr BHs
0.9 0.9 _—
Kerr BHs critical line
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08 0.8
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area vs angular momentum entropy Vs angular momentum
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Compact Objects  Spin Induced rization

Rotating EsGB black holes

coupling function
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From Flat to Curved Space

flat space curved space

e gravitating sphalerons
e gravitating solitons
e black holes

@ sphalerons
e monopoles & dyons

e skyrmions
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