Extremal Black Holes and UV Physics
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Extremal Black Holes and UV Physics
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Gravity as an EFT



accurately describes gravity across various scales...

..but predicts its own breakdown: Need UV completion!



perspective: Use most general local action
1) consistent with symmetries,
2) organise in derivative expansion, and

3) keep coefficients arbitrary up to dimensional analysis.

V m R n
SEFT:MQQ/CZDCU\/?Q[ +A? Z Crom (K) ( lei’lzann>]

m>0,n>2

Suppressed by loops

~

A
- Treat as standard QFT (careful about breakdown!)



This works because of decoupling and separation of scales!

Challenge: UV effects/EFT corrections are suppressed by
construction!



Successful efforts using knowledge about UV to constrain possible EFT operators.

8 Energy [Pham & Truong ‘85]
[Adams et al. ‘06]

Bootstrap/
Positivity Bounds




Goal: Study set-ups where UV corrections could

have large effect

—1In this talk: Extremal black holes provide
two such set-ups



Extremal black holes



Charged black holes

Interested in charged black holes in GR.

in D dimensions

SEM == /dDiC\/ [— — iF FW/]

* Spherically symmetric and static background solution: Reissner-Nordstrom

2

f(r)

ds? = — f(r)dt* + + 203, F =W (r)dt Adr

d=D —2 Y, Q2
flr):=1- D3 T 2(D3) W(r) = D—3




Extremal black holes

e Solution possesses two real

2

—> Degenerate to extremal horizon rg := r, = r_ in extremal limit.

* Near-horizon geometry: Define p = r — r . At leading-order in

near-horizon expansion: / /
2

ds?=—— P 42 ¢ dp? + r2,d03

i.e. AdS, x S9!

[Bertotti ‘'59; Robinson ‘59]

—> Rigidity: Generic to extremal black holes!
[Kunduri, Lucietti, Reall ‘07]



Why?

* Supersymmetry leads to a lot of analytic control: E.g. microstate counting of ) = 5 RN via

the D1 — D5 system in type-IIB string theory.
[Strominger & Vafa ‘96]

 The third “law” of BH thermodynamics does not hold generally: Extremal black holes can

form in
[Kehle & Unger 22]

. . Jhijec a. (lron

« Astrophysical black holes typically not charged, but rotate... — }{;_gg’
Mrk 110 = (.99

. o . . NGC 4051 > 0.99

e ...Often quite rapidly (possibly biased measurements)! Mk 500 -~ 0.9
[e.g. Bambi "19 for review] 1HO707-495 > 0.98

RBS 1124 > (0.98

NGC 3783 = (.98

] ] 1H0419-577 > 0.98

- My perspective: Convenient systems to study. Fairall 9 - 0.97
NGC 1365 0.97+0-01

Swift J0501-3239 = 0.96
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[Chandra X-Ray Observatory]




| promised UV sensitivity...!



1. Aretakis instability



Aretakis instability

of extremal black holes.
[Aretakis ‘11 & "12]
[Lucietti & Reall "12]

For simplicity, consider massless scalar field in ) = 4 RN.
2
ds? = — f(r)dv? + 2dvdr 4+ 72dQ2,  f(r) = (1 _ ""—H)
* Expanding in spherical harmonics

o(v,r, Q) = qugmfurlﬁgm(ﬂ)

- Individual modes decouple, obey wave equatlon
r% O¢y = 2r0,0, (roe) + O [frzf('r)Qachg] — Ll +1)py =0

e Take n-th derivative and evaluate on horizon:

20,0 |10 (rdy)] nn+1) =00+ 1)]0" ¢y

‘H ’H —



Aretakis instability

* Implies on horizon (Aretakis constant):
Hy =1 0y [rdr (réo)] |

* More detailed analysis shows ¢;. decays at late time for £k < /, so
8/?¢£‘H -~ ,Un—E—l

- Blow-up at late times!

In near-horizon limit,
00+ 1)

5
7

oy,

U@y = Uads, P —

And we can identify

8?@‘]{ ~oV TR A =041



Near-horizon perspective

Not a coincidence!
[Lucietti, Murata, Reall, & Tanahashi '12]

For field obeying near-horizon equation

Oads® — mgff¢ =0

can show

O |y ~v" "

- A Is scaling dimension in AdS»

A — % (1 + \/1+4m§ﬁL§) , Lo=+/2/f"(rg)

At least [A] or |A| + 1 transverse derivatives necessary to see non-decay or blow-up in null
time.



Severity of determined by
integer part of scaling dimensions!




UV sensitivity

Relevant example: Suppose
A=1 — 0|, ~ov" !

- Non-decay and blow-up at

87‘¢‘H = const. —— T,, = const.
8fgb‘H ~ U
However, for
A=1—-¢ — 6’?¢’H SRV
- Blow-up sensitive to sign of ¢:

éLgb‘H ~ v°



2. Static deformations



Smooth horizons

Degenerate horizon of extremal RN is smooth.
Is this a of extremal black holes?

Example: Consider multi-black hole solutions
[Majumdar ‘47; Papapetrou ‘47]

2 —2 1,2 2/(D—3 7 ' —
ds* = —H2dt* + H*(P=3)§,;da’dad szx—xn\D 3

 Recover in isotropic coordinates for N = 0.

* Take xg = 0 as reference and zoom in on p := |x| = 0 (its horizon), with near-horizon

coordinate

pO(pADB



Multi-black hole solutions

Near-horizon geometry of reference black hole at :

2 dh(p)
d log p

ds? = (3)2 dt? + (L>2 [1+(D — 3)h(p) + (D — 3)

b } dp? + 12 [1+2(D — 3)h(p)] dO5_,
Iy

with perturbation

o

h(p) ~ Z Cmp' TP

m=1

— View these as static deformations of single extremal black hole.

* In D = 4:Scaling in integer powers, so horizon is
[Welch ‘95]

* In D > 5: Scaling exponents generically non-integer, horizon is non-smooth!
[Candish & Reall ‘07; Gowdigere, Kumar, Raj, Srivastava ‘14]



Singularities

What does smoothness mean physically?

For metric perturbation which scales as
hag ~ p’

Backreacted geometry will have:

e Scalar invariants such as . * Perturbation to the scales as
i 2
S € {RapcpR*P“"” RapR",...} 0Capcp ~ 05p”
scaling as This e.g. enters the Raychaudhuri equation,
S ™. meN* ~ describes tidal forces

—> Scalar polynomial (s.p.) singularity for —> Parallel-propagated (p.p.) singularity when
v <0 | 0<y<2, 7¢Z



Stationary deformations

Study perturbations to near-horizon regions of undeformed extremal geometries!
[Horowitz, Kolanowski, Santos 22 & 23]

* Fourier transform on worldvolume ¢ — w: Near-horizon wave equation
L\* P> -
(5 i 2 (s 20) i =
0 L
* For stationary perturbations:
8t- =0—w=0
- Solutions scale:

~ 1 1
¢p=c_p'= +ecyep’t, yx= 5 + (A — 5)

Always have v— < 0 and 7v— <4 2 UseBCsat p =0 tosetc_ =0.



Behaviour of determined
by scaling dimensions!



UV sensitivity

Again consider:

- Completely

S ~const. and 0Cagcp ~ 0

However, for

A=1—¢ — ~v=—¢

— Singularity sensitive to sign of ¢:

e>0: S~p "

e<0: 5CABC‘D N,0|6|_2



Recap



Scaling dimensions of near-horizon modes determine BH physics!

Aretakis instability Static deformations

O |, ¢ ~v" " S ~ pn(A=1)

lighter = “worse”

Integers =



Are these actually present?



Gravitational perturbations



Gravitational/EM perturbations

To answer, consider

of the background geometry itself!
* Dynamics governed by set of decoupled wave equations.
- Technically challenging: Gravitational and electromagnetic perturbations mix.

* Kaluza-Klein set-up: Focus on near-horizon geometry, and integrate over internal space
(sphere).

* Equivalent lower-dim. theory has tower of massive states, governed by AdS, wave
equations

Oaas® — magd = 0



Gravitational/EM perturbations

Perturbations organised into representations on the sphere.
[Kodama & Ishibashi ‘04]

Mixing between...
perturbations (+): Vector and scalar

* Gravitational perturbations (-): Tensor, vector, and scalar

2, .2 2, 2
Mess™Lo Mess"Lo
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Generic features of Kaluza-Klein spectrum

Generally

2 2

ms_<m 2 2

2
v <mp <mg vy, Mrvggse >0

with everything above BF bound (perturbative stability).

* Tensor, and electromagnetic vector and scalar modes positive-definite.

—> Gravitational scalar and vector modes negative mass squared!
* Linearly: Can excite modes individually. Many interesting cases...

* Generically, physics dominated by least massive mode, i.e. gravitational scalar mode, for
which

1 20
= — ] — — 2.3,...
A 2(1+| D—S)’ (e{2,3,...}



Dominant mode

Dominant mode depends on dimension.

e Forodd D > 6, we have

e Foreven D > 6, minimised for

=175 o =i

* ForD = 4,5, minimised for

- Integers scaling dimensions!



Cosmological constant

* |n (A)dS modes with (higher) lower ¢ dominate.

2 2 2 2
Mot L2 Mess Lo
| \ 11
°. \ [1'e.2
f . |
0.1 N I 6.l
' \"' ry .\ 2 Il ry .\ 2
\ == = - (_> ' ] l_ . (_>
1 \ 1 2 T e = S L 1II 1 2 =3 == 4= =5 L
0.1 ~— — 7 p -8l = _am=m=mmTTT
- -
1 e ~ -t
*6-2 I L@.y ’f
I v .7
6.3 | 9.3
[ I |
0.4 0.4
[ |
0.5 I Lgs

- Generally non-integer, unless we allow isolated modes. For example,

2
rg D —2 1

— = — -1 (l+D —3 — A=1
L? D-4 +2(D—3)2(Jr )




Find both: Very light fields and integer scaling dimensions!



EFT Corrections



EFT corrections

Parameterise corrections from UV with EFT corrections

S = + SEFT

* Due torigidity of near-horizon geometry: Perturbative EFT corrections resum
A = + AgpT

Perturbatively

C fn &
Serr = [P0y Y 16250 — Awer = 3 Lo,
O n=1

: Physics sensitive to sign of EFT corrections when

AGR:n; n € Z



This seems in tension with and
separation of scales!



ST



Breakdown of breakdowns

Estimate ranges of validity for different approximations used.

Metric perturbation series

(quadratic in metric perturbation) (in two-derivative theory)
- 2 (V\? [Rie\? . m
kLD Y (VEh) (X) (F) kLD Y V?(Vkh)
p=0,g=0 m=2
...under control when...
1
rgA>1, h~ hyp' < ;(AT‘H)Q h ~ hop’ < 1

Metric perturbation theory out of control before EFT breaks down!



Example: UV avatar of singular deformation

Einstein-Maxwell-Dilaton system
SEMD = /dDﬂ?v —g

Useful to define

N
1 1 1 1
—(R—20)+ )Y (——<e*® Fu,F" — -V,0;V"¢; — —mi¢}
5 (R—2A) + (4Ne y S ViV 2mz¢z)}

1=1

1 1
2 E :_2
UDN:: i=1 m;

in previous example are full solution.
* Find scaling exponents of deformations from full analysis of gravitational perturbations.
In marginal case:

052

Y =- 5.2 9
NTH’meﬁn



Example: Partial UV completion

Interesting features...!

* Good UV behaviour: Two-derivative theory

« When m3r3 > 1, tree-level effective action includes F?"-terms (n > 1). At leading order,

reproduce F“*-correction from previous example with

. 1 A2 N?kmZg
32’ o’

- Presents partial UV completion!

* Scaling exponents at leading-order manifestly negative:

052

Y= - 5.2 9
N’)"Hmeffl‘i

> already present in the UV.



EFT doesn’t break down
—> Still accurately describes UV theory!

Exactly when go out of control is
UV sensitive.



Conclusion



Concluding remarks

Discussed UV sensitivity of extremal black holes
: Classical instability, sensitive to integer parts of scaling dimensions
gualitatively different for integer scaling dimensions
- Not associated to breakdown of EFT!
* Generalisation to cosmological constant and black branes.
e Better understanding of non-linearities?

* Integer scaling dimensions: Associated to shift symmetries, scale-separated flux
compactifications

* Holographic picture?



Thanks for your attention!
Questions?



Bonus Slides



The extremal limit

r e ()

(singularity)

Check generic sub-extremal case.

e (Careful about in
ro. —1r_
P ,
ry +r_

£ = p=1T—"4

r=0
r_ [[(sisgularity)

- This is subtle: Order of limits ambiguous due to non-
uniform convergence of f~'(p, ) near origin

1i I; 1 1i (1 _1)
81—1}%) (p/rlén—}()f ) ?é p/r111;n—>0 El_I)I%)f

* Atleading order, wave equation:

| (L +¢) L0 -970,6] ~ o =0

T'_|_ ?“+

| —Cauchy hotizon

{t = constant}



The extremal limit

* Fortunately, solutions are known:

¢~ AP, (2) + BQ, (2), z=1+ P
r4 &

* Near the
1 1
$~ A 1+2~/+(7+1)(z1)+...] +B[c§10g(zl)+...

— Regularity requires B = 0.

e Leading order solution in extremal limit
G~ plt 4.,

—> Regular extremal limit picks out the . -branch of solutions.

Deformed geometries physical even when s.p. singular!
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