Hairy black holes and Kepler orbits

Diederik Roest
Van Swinderen Institute for Particle Physics
and Gravity



1k D=

Introduction - motivation
Mechanics - Kepler orbits
Field theories - relativistic corrections

Synthesis - hairy black holes
Conclusion - outlook



Introduction

LIGO Hanford

N
T
o
v
c
Q
=
-]
()]
B
LL

LIGO Livingston

0.7 0.8
Time (sec)




10!

|

| | | | | | | | | |

! GW150914 - .

....................................................................

..............................................................

PN order

Figure 10. Two GW detections of inspiralling BH binaries were used to set bounds
on possible deviations from their GR values of various PN coefficients that appear in
the expression for the GW phase. Figure from Ref. [3].
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Figure 9. Contributions to the two-body Hamiltonian in the PN spin expansion, for
arbitrary-mass-ratio binaries with spin induced multipole moments. Contributions in
red are yet to be calculated. LO stands for “leading order”, NLO for “next-to-leading
order”, and so on. SO stands for “spin-orbit”. Figure from Ref. [996].
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Mechanics

Newtonian dynamics and gravity results
in closed, elliptical orbits.
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Conserved quantities: angular
momentum and Runge-Lenz vector
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Enhances rotational {Li, L} = €ijiLy;

SO(3) to hidden {Ai, Lj} = €ijp Ay,
SO(4) symmetry: {Ai, A} = —pReirLy .
RO

Five independent constants
of motion: maximally
superintegrable

Free motion on a three- “
sphere in phase space

[Moser, 1979, seé also Nabet, Kol - 2014]



Similar in 3D quantum mechanics with
spherically symmetric potential:
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Field theories

Back to solar system: Mercury & SR

Solved by General Relativity:

metric theory of gravity S = / d*zv/—gR.
Particle Lagrangian _
fixed by equiv principle Lop = 0/ =g 1"
ﬂ 1
Gravitational interaction: AAASANN

« 1/r*2 + corrections
« Attractive “’V"‘j«i

« Couples to full energy-momentum tensor
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Gravitational attraction for one center:




For BH binaries: two-body problem

Post-Newtonian expansion:

1
L= Lo+ C_2L1PN ,

1 1 mim
Lo = —mivi® + —mavae® + G 2 ;
2 2 r
1 1 mim
Lipn = —’I’n1V14 + —m2V24 +G 172 [3V12 + 3V22 — 8Vy - Vo

8 8 2r

+(vi-ve — (8- va)(F-va))] - G2m1m2(;”g )

Einstein-Infeld-Hoffman terms
[ Kol, Smolkin 2007]



Hamiltonian in com frame:

1
H = Hy+ C—2H1PN

P — - +

:[p2 a]+iz[(3y_1)4 aB+v)p? av(p-i)? o

2 r 8 2 r 2 r 212
with v = £ = T tmeyz and o = Gm = G(mq + ma).

Break conservation of Runge-Lenz vector
(and Kepler orbits and integrability...)

Note: symmetric mass ratio...



Gravitational attraction for two body:




Alternative relativistic completion: Maxwell

Based on gauge B A )
Symmetry: S _/ A"z (=F7) .

Particle
Dynamics:

Lpp = M/ =0, &PV + qA, ",

Electromagnetic interaction:
« spin-1 + ¢
. 1/r"2 + corrections NN
« Repulsive

« Couples to EM charge

o



Electromagnetic attraction for one center:

q142



Finally: also possible with spin-0 theory

5= / Lo (~(09)2). Ly —met/—nudna.

Dilaton interaction:

Spin-0

1/r"2 corrections & attractive

“Scalar version” of gravity - couples to
trace of energy-mom tensor.
Equivalence principle.

Spontaneous breaking of conformal
symmetry.

Introduced by Nordstrom in 1913.

[Sundrum 2003, Deruelle 2011]
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Dilaton interaction for one center:
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Synthesis

Combine relativistic effects to regain
simplicity? Kepler - RL - integrability?

First include charges:

Reissner-Nordstrom
black hole with mass
M and charge Q.

Note: no scalar hair




Two-body system with mass m and charge e:

(mle% + mge%) )

(6(1 —e1e) + efes — A7



Distinguish between
. subextremal Q| <M
- extremal |Q| =M

Latter are QM stable with

« Zero Hawking temperature

Often extra symmetry
Vafa-Strominger entropy counting
No force condition between extremal
Consider extremal + anti-extremal






Final ingredient: coupling to scalar.

No additional mass/charge parameter but
coupling strength in bulk action:

S = / d*z\/—g (R —2(0¢)* — e 2**F?)

Particle action fully fixed in terms of mass
and charge:

Lyp = m(d)\/—guthi?” + qA, ",

1 2 5 ¢
m(¢p) = 4/ p? + §q2€2¢, po=m- — o







Structure of two-body system

2 2

H
Hipy = —70(314—1— 4B + 2C) + {H07Y} + MZT,Q

(A+2B +C + D)

Y = 2H0(p : I‘)(A + B + C) — ")’{HO,T}C.

Ay ={Ao Y}, Hamiltonian and
Runge-Lenz vector

{AH} ={Ag, Hi} +{A,Hp}

- {AO, MZTQ }(A +2B+ C + D) + {Ag, {Ho,Y}} + {{Ao, Y}, Ho}

_ {AO, uzﬂ }(A +2B+ C + D) — {Y,{Aq, Ho}},
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Hidden symmetry?

In the classical mechanics case: SO(4)
symmetry. What about relativistic case?

Remarkably: the a”2 = 3 case follows from a
5D Lagrangian...

" What a nice,
wide, comfortable

Just look at me
balance on this
10°m  unobservably
thin line!

this garden-hose
surface!



Hidden symmetry?

Similar phenomenon in much more
complicated setting: N=8 supergravity (4D
limit of string theory). Also vanishing
perihelion shift for (anti-)extremal

me“‘] c
. Sy w o}
Uﬂc\etg;‘ém\im ori
3
grom

[Caron-Huot, Zahraee - 2018]



Two-center case

Consider multiple BH (no-force condition)

Two-center case: allows for mapping onto
Kepler case when a”2 = 3.

Interesting relations to
black hole shadows -
chaotic and regular
behavior

[Cornish & Gibbons - 1996, Shipley & Dolan - 2017]



Summary

Relativistic corrections to Kepler
Special case: extremal BH with dilaton
hairand a”™2=3

Maps onto Kepler at 1PN of two-body
and at all PN of one-center

What about higher orders?

Origin of hidden symmetry?

What happens to phase space
structure away from special case?

Two-center case maps onto Newtonian
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