Magic zeroes in the black hole response problem and a
Love symmetry resolution
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What is Love?

Love numbers in Newtonian gravity aen. Leve 1912), oisson & wit 2014)

Tidal response of spherically symmetric and non-spinning compact body
(L=iy...ip, xt=x" ... x")

] (0 2) Re\ 2417 )

50N (w, X) =2 | Lt () x
Ry <r<L¢ ; ¢l “source” '

response )

Tidal Love numbers = Conservative
Tidal Response Coefficients

ke (w) = Re (ke ()} &
KIS (w) = Im (ke (w))

Goldberger et al. (2020), Chia (2020), CDI (2021a), Le Tiec et al. (2020)
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What is Love?

LOV€ nu mberS In G R = Worldllne EFT Goldberger&Rothstein (2006), Porto (2006)

2 ,
R ~ romitv” K ropit ~ Agwv K Aew

Tidal effects Potential modes Radiation zone

SeY [xemy hy A, @] = Sy [+ b, A, 0] — M / dT 4 Shnite-size [Xems h; A, @]

Love numbers in GR = Wilson coefficients in worldline EFT

2\
Sfinite—size D) Z 2(2'€/ g(s) Xcm (T))S(S) ( ( )) (S A B)
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What is Love?

Newtonian matching kel & Smolin (2011), Hui et al. (2021), CDI (2021a)

® Put a pure 2¢-pole background with source moments &; at large distances

and match 1-pt function: . ; . .,
source response

Ao GM
) + ETAE] (b0+b1r+.‘.)

® 5 = (0: Scalar response

v

)\ES) . kés)l—ove (w = 0) R2(+1 ® s =1: Electric/Magnetic polarization

® s =2: Electric/Magnetic tidal response
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The tune of Love

Static scalar Love numbers of Schwarzschild black hole

® Massless scalar field in Schwarzschild black hole background
(m=1rs=2GM, A(r)=r(r—r5)):

4
Osutl Puem = [ar AD, — %33] Suom =L (£ +1) Do

Response as low-energy scattering problem starobinsky (1965), Chia (2020), CDI (2021a)

® Near-zone region: w(r —n) < 1

® Far-zone region: wr > 1

® Intermediate region: r, < r < % Near-zone Far-cone
——j
re 2 Love,(0) 2 9
@fullzarAar_Zsat =0nz = kg ’ (W):O -I-O(w I‘s)

v
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The tune of Love

The tune of Love

e Totalitarian principle: “Everything not forbidden is compulsory!”

® 't Hooft naturalness (1980): “At any energy scale, a physical
parameter is allowed to be small if setting it to zero enhances the
symmetry of the system. Otherwise, its natural value is an O (1)
number”.

Magic zeroes in the black hole response problem

® For all isolated asymptotically flat GR (Kerr-Newman) black holes:
Fang & Lovelace (2005), Damour & Nagar (2009), Binnington & Poisson (2009), Hinderer (2009), Poisson

(2015), Le Tiec & Casals (2020), Chia (2020), Le Tiec et. al (2020), CDI (2021a)

Im

Krove:(s) (w=0)=0|= ‘ Fine-tuning or enhanced symmetry?‘ Porto (2016)
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Love symmetry

Enhanced symmetry in near-zone

Recall near-zone e.o.m. for massless scalar field in Schwarzschild background:
4
Ong®utm =L (£+1) Putm: Ong = 0,80, = 2%, D=r(r—r)
SL (2,R) symmetry of Qngz: Bertini et al. (2012)

Lo=—B0; , Lig = et/ [¢¢Ea,+(¢£)'ﬁat] . B=or,

1
Loy L] = (M =) Ly , Co= 13— 5 (LitL 14+ L 1Ly1) = Oz

e Globally defined and regular at Lo®um = ifw®uem
both future and past e.h.'s Co®Puopm =L (€ + 1) Dyyym
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Love symmetry

nghest—Welght baniSheS Love coi (2021b, 2022)

Massless scalar field in Schwarzschild background

® Highest-weight vector with fixed Casimir

U—t,0 at orbital number ¢ € N:
Ly Ly
Vg1 Lov_go=—tv_go , Ly1v_go=0
L+1 L_1 = V_y0 = e@t/ﬁA€/2
Vg2

® v_yg: regular at eh., w_go = il/p.
v : = v_gn=(L_1)"v_yo: regular
vy 5 J b
solutions, w_g, =i (£ — n) /.

V_p2¢ ' ® Dy—g.m X V_py

(/_+1)£+1 V_ge=0= 8f+1¢w:o,gm = 0= No r ! term!
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Love symmetry

Love symmetry for Kerr-Newman black holes

—B 8t +s
1) = 29| 5 VA0, + (V&)

+ 05 —s(1£1) (\/E”

BOt o

Here M

and? 3
i s vt bl bl

CDI (2021b, 2022)

Teukolsky (1973)

TABLE |

fo=Foint, o= B0+ m¥m), by = Egnt, (L1)

o= =Gt = = Cotin™, ()

" (B)/Z)drdkp ~ (EfA)dr* ~ Tdo*
s “n

v )
msonm et bk o ol moreron, 3 Foe
o o s th St

3 e
E L)

[(' SO i)

-4 E(

@Y aMar @y 1 1%
R ]

3 arg
) maa(""‘u) Z’[M M'*E“T‘Jx

[M—r lamﬂ]af+(:’cm'0 = 45T, (47) )
V—¢,0 _
L] Tl Dig0—s
Vg1 T
v L]  TLp Ui02
—0,2 o 01 L+1T J/L_l
U—Z,f-‘rs _+ ’ L+1 T J/L_]_
V42,0
(a) Highest-weight repr. = {v_¢n}: (b) Lowest-weight repr. = {Tys,n}:
Regular (Singular) at future (past) e.h. Regular (Singular) at past (future) e.h.
imQ23/2 No induced multipole
R o— r)= (ﬂ) A "
sw=0.4m (1) r—r- 2 n=0 Cnitm moment term
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Love symmetry

Relation to enhanced NHE isometry coi 2022

® Near-horizon geometry of extremal
black holes develops an infinite
throat and decouples from
far-horizon geometry.

® Decoupled throat has enhanced
isometry from acquired AdS factors.

® RN: SL(2,R)yue X SO (3)
® Kerr: SL(2,R)yqe x U(1)

Bardeen & Horowitz (1999)

RN: Qzli_r;an SL (2aR)Love =SL (QvR)NHE
Kerr: lim (SL (2 R)gy C SL(2,R) o, x U(1)) = SL(2, R)yue
a2 —M?
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Love symmetry

Summary

® Love numbers capture the linear conservative “tidal” response of a compact
body to external “tidal” fields and can be probed in radiation waveform
signals.

® Black holes in d = 4 GR have vanishing static Love numbers
— ('t Hooft-)naturalness concerns

® Enhanced SL (2,R) Love symmetry explains seemingly unnatural properties
of black holes Love numbers
— “Highest-weight banishes Love”

® Closely related to enhanced NHE SL (2, R) isometry.

® In higher dimensions, Love symmetry still exists regardless of details of
perturbation and is in accordance with the more intricate
vanishing/non-vanishing/running of the black hole static Love numbers.

® For modified GR, Love symmetry in general does not exist and Love
numbers have their natural non-zero and RG-flowing values.
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Love symmetry

What else to do with Love symmetry?

® Re-organization of perturbation theory and QNMs?
L4 B|aCk p—branes and AdS/CFT? (in progress)
e Full symmetry structure and Kerr/CFT? (in progress)

® “Accidental” symmetry of extremal GR black holes?

Porfyriadis & Remmen (2021)

® Near-horizon BMS-like algebra and Celestial holography?

Donnay, Giribet, Gonzalez, Pino (2016a,2016b)

“Black holes are the hydrogen atom of the 21st century”

't Hooft (2016), EHT (April 10, 2019)

Thank you
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|nfinite extension coi (2021b, 2022)

SL(2,R) oye = SL(2,R) gy X U (1) DSL(2,R),,
Lm(a) = L5 + 0 v, Q38 , vm €V

Love

Starobinsky near-zone SL (2,R) x SO (3)

Starobinsky (1973) (X — 1 V42
Lo=—5 (at + Qa¢) LLove LI;olve
4 1 V41
Li1=¢e t/8 [:F\/Z@, + (\/Z) 15} (at + Qa¢):| LLOlve
Lo®uutm = i3 (w — mQ) D vo ]
ove
C2¢w£m =/ (6 + 1) q)wém L
V-1
Geometrically more interesting! L'-°"e [Love
Hui et al. (2021, 2022) V_o
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I_OVG Symmetry in hlgher dimensions CDI (2021b, 2022), CI(2023)

Scalar susceptibility in d > 4 Schwarzschild kel & smolkin (2011), Hui et al. (2021)

J= ¢ ® |ove symmetry still exists in
d - 3 NE€ar-ZONE: Bertini et al. (2012)
@ #0 if20 ¢ N .
KD =S+ Bings iffeN+ . FoPutm = 1 Putm
=0 if /e N Co®uotm = (L + 1) Puotm

¢ Regular static solution € highest-weight repr. of SL (2, R) iff leN v )

S-mod % T-modes v

EM susceptibilities: ~modes TLNs: ¢ V-modes (Regge-Wheeler) v
V-modes v/ .

S-modes (Zerilli) ?

e Scalar susceptibilities for 5-d rotating (Myers-Perry) black holes v/
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Beyond Einsteinian Love coi (2022

® Love symmetry might not be unique to GR, but it certainly does not
exist for a generic theory of gravity.

Generic spherically symmetric, non-extremal black hole

ds®> = —f, (r) dt* + dr’ + r?dQ3
‘ fr (r) ?
® Geometric condition for existence of near-zone SL (2,R) Love symmetry:
£, (r) 4r2f, (r) + (%rh)2 9
"+ (r
= ) /B = T ) ﬂs = 2rh

fe (r) (rf(r)? VI () £ (rn)

® |f such geometries are supported, the static Love numbers will vanish due to
the highest-weight property.

® Counterexample: Rf;l,pg gravity — Condition not satisfied!

= No Love symmetry — Consistent with kéo) = ¢+ BeIn ™ results

- = ——— yoT
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More background multipole moments, e.g. mountains, spin

(multi-index notation: L =iy ...y, xt = x ... x¥)
. (¢ —2)! RN MNar, 1
d) = —_— 7 k ’ —
oy (w, X) Z 7 O+ ke (w) p & (w)x

r>R 2,0

“source”
“response”

kLE® (w) = K™ (w) C ko ()

e.g. shape deformation Vs tidal locking

Axisymmetric spinning body with no /-mode
mixing

kim'® (w) = Re {kem (w)}

Earth's Gravity Field Anomalies {milligals)

ki (w) = Im {kem (w)} _—
GRACE data, 2004

(analogous to C-valued susceptibility in EM)

Goldberger et al. (2020), Chia (2020), CDI (2021a)
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WOI’l d | I [S E FT Goldberger&Rothstein (2006)

St g, {31} = Sen [g] + Sine[{x1}, &%)

® Neutron star made up of ~ 10*°/m3 constituents, with the /'th constituent
propagating along a worldline x/, and Sine[{x1}, g*"°"] capturing the
internal dynamics.

- gl'fy"g + gZ*)j’”; “long”/"short"-distance relative to the size
R ~2GM/c? of the body.

® Long-distance dofs: g,'f;‘g, center of mass x4, .

* Short-distance dof: gSho"t, ox/" = x|" — xl,.

e Worldline EFT: eSeFT[xem.&"™™] _ / DgE'LO”D5X/pe"5ﬁ-“[gv{x'}]

® Bottom-up approach:

SerT [Xem, h] = Sen [+ h] — /V// dT + Stinite-size [Xem s ]
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MeaSU rl ng LOVG Flanagan & Hinderer (2007), Cardoso et al. (2014), Chatziioannou (2020)

Lead|ng Order t|da| effeCtS enter at 5PN Flanagan & Hinderer (2007)

L2

idal
=56,
v=(GMrf)"3 | X=Nop = Lk B

A
{(ml +12m2)—1+1 <—>2] ,

5

Love numbers probe the internal structure of the compact body
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MeaSU rl ng LOVG Flanagan & Hinderer (2007), Cardoso et al. (2014), Chatziioannou (2020)

Lead|ng Order t|da| effeCtS enter at 5PN Flanagan & Hinderer (2007)

A
widal ()= — =~ (4 12m) 22 4162
I my

3000 y;
Il < 0.89 / VI <005 /

2500

e GW170817 NS/NS
coalescence

2000

= 1500
Abbott et al. (2017)

1000 4%

® Already puts constraints
on EoS of involved NSs

500

i i \ 3
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Ay Ay
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