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Abstract: | discuss novel symmetries of perturbation theory around rotating and non-rotating black holes in general relativity, and discus
origins and implications for gravitational-wave astronomy. This is motivated by two special aspects of black hole perturbations in four dimen
isospectrality of quasinormal modes and the vanishing of tidal Love numbers. There turn out to be off-shell symmetries underlying each o
phenomena. One is a duality, which on shell reproduces the famous Chandrasekhar duality and therefore underlies isospectrality, and can b
of as an extension of electric-magnetic duality to black hole backgrounds. The other is a set of "ladder symmetries” relating modes of di
angular momentum or spin, which imply the vanishing of Love numbers. This has a geometric origin in the conformal symmetry of low-freqt
modes.

Zoom link: https://pitp.zoom.us/j/93633894223?pwd=CEFRYno5WSt5NUJIOWJILdVZHWIJE1QT09
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“The black holes of nature are the most perfect
macroscopic objects there are in the universe: the
cmi.j elements in their construction are our
concepts of space and time!

-Chandraseldar
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Motivation

Black holes are simple buk mysterious

“A new era of gravitational wave
astronomy”™

Binary BH mergers probe gravity in a
wide variety of regimes and
techniques

This kalke: Linear Fer&urba&ions;
Schwarzschild for simplicity

o Many/(all?) results apply to Kerr
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Hinks of Symmetries
(m D=% GR)

Tid&’. TQSPQP\SES: Black hole Love numbers = o

“Fine tuning”: vanishing EFT coefficients

ISOSPECETQLE‘:% Both GW Potariz.aki.ans have bthe
same QNM sPecEru;m

Due to a duality of the Einstein equations
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Tidal Responses & Love Numbers

o
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During nspiral, companion
object sources a tidal field

CGrravitational respohse ko
tidal deformation encoded
in Love numbers

© Static response (@ = 0)
o Observable ot 57N

@ Measures inkternal
sktructure

Image: C. Henze/NASA Ames Research Center
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\f&hishms Love

o Love humbers are Wilson coefficients
of point-particle EFT:

| |
SPP = de (—m +'-2""/1EE;' + —EZ,BB; + ...)

o encode effects of finite size/
structure

o Standard EFT Logic: Wilson
coefficients are 0(1)

e Small/vanishing coefficients
sighals unless
protected by symmetry

o Porto, 160605595

Image: C. Henze/NASA Ames Research Center
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For Love numbers, it largely suffices to study spin-o
dyhamics o Schwarzschild:

],.4

——07 +0,(Ad,) + : dg(sinddy) [ ¢ A =r(r—r)
A t r r Sind 0 0 S

SQPO«T'QI?I:LE.E:’: P = Z e_iwtqbf(r)Y A0) Y,(6): m=0 spherical

v harmownics

E T P R e R St TG e T M T ,-:‘z-

Radial equation: | [Ad(A0)—£(¢ + DA +w?r*| ¢, =0

Fimie
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Vanishing Love in a nutshell

Shares key features with

Static Klein-Gordomn: [a,.(Aa,,) — (¢ + 1)] $=0 Rasge-Whesler/Zerill on

Teukotsk-_-, ol Kerr

- >
v Horizown Infinity

'I‘ESN;LQT' ¢a ~ const. S‘I“OMEMS qb ~ J‘”Lp (tidal field)
|
rb” +1

blow:ing up ¢ ~ In(l —r,/r) dec“j‘-"\f) ¢ ~

(static response)

Love number: coefficient of decaying term ot infiniby:
¢ — P, (r”a 3 /lfr_f_l)
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Vanishing Love in a nutshell

Shares key features with

SEad:E.c KLeLh-Gordoh: [0,.(Aar) i (f + 1)] qb =0 Res\?:::l::zl:;ﬁe:ﬁ on

Teukotsk-_-, o Kerr

>
v Horizown Infinity

T'Q.SQLQT' ¢ e COHSt : k_“WTM uw 3"'0""""‘9 qb o r?/p ((:Lda’_ fie.l.d)
1
pt+1

blowing up ¢ ~ In(l —r/7) decaying ¢ ~

(static response)

Love number: coefficient of decaying term ot infiniby:
¢ — P, (r”a o /lfr_f_l)

I R e e L

‘ akh: mkv do these diff eqs have this FTOF‘?-T&‘j? f

| Physics: why does D=4 GR give us diff eqs Like tuis? |

A el U PO o S bt i e lot e it
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Vanishing Love in a nutshell

Shares key features with

Static Klein-Gordon: [a,.(Aar) -7 (f + 1)] Qb =0 Res\?:::l:;iesl;;/&eﬁj on

Teukotsk-_-, o Kerr

>
v Horizon Infinity

T‘QSHLQT' ¢ ~ const . 31'0“,;;_“9 qb ~ rf U:Ldod. fiaLd)
1

Py (static response)

bLO'fJi:'ﬂf] uP ¢ ~ 111(1 = rs/r) d@.CjSVlﬂ f}b P~
Love number: coefficient of decaying term ot infiniby:
¢ — ¢, (r”a = /lfr_f_l)

= 5 A

Math: why do these Ak eqs have this property?

o
'y
3

E‘thstcsz why does D=4 GR give us diff eqs Like Ehis? |

1
§

A e e S T oA PO W el S RO Ry elat S e et e Sy s Pt el
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Vahishiv\g) Love in a nutshell

Shares key features with

S&QRC KLELM“GOT&OM: [a,.(Aar) i (f + 1)] Qb =0 Res\?:;:l::ze::;ﬁe:ﬁ on

Teukotsk-j on Kerr

>
v Horizown Infinity

reqular) ¢ ~ const. growing ¢ ~ r’  (tidal field)
1

rE+1

blow:ing up ¢ ~ In(l —r/r) decaji"\s ¢~

(static response)

Love number: coefficient of decaying term at infinity:
= P (" + 4,577
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Ladder opera&ors

Static Klein-Gordon on Schwarzschild: 2 H.p,=0
¢

“Hamilkonian”: H,=-A [a,,(Aar) — (¢ + 1))] AGI=Hr~T)

i £+ 1
Admits TSI and | wering Operators: Df =—Ad, - £y

Z
D, =Ad — = &
2

in the sense that H, (DJ¢p,) =0

2 i Note: This examPLe
Ht’ —I(D 4 qbf ) =0 conbains the salient

features of spin-s on Kerr
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Turhing the Ladder Sideways

The raising/lowering svmme&rj Df ts unusual: ik relates
solutions at different levels ¢

: & symmelry for each level individually

Strategy: Llower to 7 =0 and use accidental symmetry

General spin: £ =y

0, = Dy Q,Dy
Cownserved charqe: P, = Ad(D{D; ---D;¢,) .

See also Comp&oh and PO = Aar¢0
Morrison (2003,0%5023) Q = D;‘ 1Q o D;
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Turhing the Ladder Sideways

® The raising/lowering svmme&rv Df ts unusual: ik relates
solutions ot different levels 7

: & symmelry for each level individually

SEra&egj: lower to Z =0 and use accidenkal svmmehj

General spin: £ =y

0, = Dy Q,Dy
Cownserved charqe: P, = Ad(D{D; ---D;¢,) ;

See also Comp&oh and PO e Aar¢0
Morrison (2003,0%5023) Q = D;‘ 1Q e D;
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Ladder opera&ors

Static Klein-Gordon on Schwarzschild: Z H.p,=0
¢

“Hamilkonian”: H,=-A [a,,(Aa,,) — (¢ + 1))] AEl=Hr—T.)

e £+ 1
Admits TANT and | wering Operators: DI =—Ad, - £y

4
D=Agi— =&
e

in the sense that H, (DJ¢p,) =0

2 ot Note: This examlpl.z
Ht’ —I(D £ qbf ) =0 contains the salient

features of spin-s on Kerr
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Turhing the Ladder Sideways

The raising/lowering symmetry D7 is unusual: it relates
solutions ot different levels 7

: & symmelry for each level individually

Strategy: Llower to £ =0 and use accidental symmetry

Greneral spin: f=s
Horizowntal symmetry: 09, = Q.0 £ = A0,

0, = Dy QuDy
Cownserved charqe: P, = Ad(D{D; ---D;¢,) .

See also Compbon and PO e Aar¢0
Morrison (2003,0%023) Q = D;‘ 1Q e D;
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Ladders UP and Dowi

e i)

£ = const.

b
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Turhing the Ladder Sideways

The raising/lowering symmetry D7 is unusual: it relates
solutions ot different levels 7

: & symmelry for each level individually

‘SEra&egj: lower to Z =0 and use accidenkal Sjmmaf:rj

General spin: £ =y

0, = Dy Q,Dy
Cownserved charqe: P, = Ad(D{D; ---D;¢,) :

See also Comp&oh and PO = Aar¢0
Morrison (2003,0%5023) Q = D;‘ 1Q e D;
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\f&hishihg Love

o Charge conservakion LmFLLes Love = ©

® P, =0 for growing (thihi&v) aind constant
(horizon) modes

® P, # 0 for decaying (infinity) and
divergent (horizon) modes

o Conclusion: a decaying term diverges at the

horizown W s
JOSEPH REILLY.
o Aside: spontaneous symmetry breaking: |

Qfﬁb;g) =0, qub;d) #0
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Ladders UP and Dowi
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Towards Eeati&jz SFEM Ladder

Teukolskv aqu&&oh:

a’m? + isQ2r — ryam
A

—(f—s)(£+s+1)>¢g>=o

a, (Aarqbg)) +5(2r — )oY + (

Admits Lladders in Z and sPi.n!

These extend the 5 ¥ : r ks
TeukoLskv—SEarobi.hskv ET = ar : ES — Aar == S(?‘_,_ +r_ - 27') — 2iam
identities for static ry

Ferl:urbal:ious

Relates solutions to Klein-Gordon, Maxwell, and Einstein

vahtskivxa scalar Love ——» vahishihs SraviEaEiehaL Love

NB: also can construct ladder for Regge-Wheeler

Pirsa: 22110048 Page 23/37




Pirsa: 22110048 Page 24/37



Pirsa: 22110048 Page 25/37



Pirsa: 22110048 Page 26/37



Pirsa: 22110048 Page 27/37



Pirsa: 22110048 Page 28/37



Pirsa: 22110048 Page 29/37



Pirsa: 22110048 Page 30/37



Pirsa: 22110048 Page 31/37



Pirsa: 22110048 Page 32/37



Pirsa: 22110048 Page 33/37



Pirsa: 22110048 Page 34/37



Pirsa: 22110048 Page 35/37



Pirsa: 22110048 Page 36/37



Pirsa: 22110048 Page 37/37



