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Abstract: <p>Gravitational shockwaves may signal the breakdown of effective field theory near black hole horizons. Motivated by this, | will revisit
the Dray-&€t Hooft solution and explain how to generalize it to the Kerr-Newman background. In doing so | will emphasize the method of spin
coefficients (the Newman-Penrose formalism) in its compacted form (the Geroch-Held-Penrose formalism).</p>
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Black hole information problem

* “The approximation | shall use in this paper is that the
matter fields [...] obey the usual wave equations with the
Minkowski metric replaced by a classical space-time metric
gap." (Hawking, 1975)

“[...] the three postulates that are in conflict — purity of the
Hawking radiation, absence of infalling drama, and
semiclassical behavior outside the horizon — are widely
held [...]” (Almheiri et al., 2013)

How do correlations leak out of an evaporating black hole?

Pirsa: 17110053 Page 4/31



Pirsa: 17110053 Page 5/31




Pirsa: 17110053

Quantum butterfly effect

Kiem, Verlinde, and Verlinde, 1995:

* Near horizon: ¢(u,v, %) = ¢out(u, T) + din(v, T) .
» But outgoing and ingoing modes do not commute:

[‘}"{I}c)ut.('“-',: T’) ‘}’-r’in("-’a ?)] ~

167if(Z,Z') e 0y dout (v, &) Oydin(v, T) .

“...this will result in large, super-Planckian stress-energy
fluctuations near the horizon.”

“...these modes interact violently with all infalling
particles, via the stress-energy fluctuations...”

“This will in turn result in a fast growing quantum
uncertainty in the geometry near the horizon...”

Revisited by Stanford and Shenker, 2014; Kitaev, 2015;
Polchinski, 2015.
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Conventions and coordinates
Signature: (— + ++)
Spherical coordinates: (t¢,r,0, ¢)
Tortoise coordinate: 7, = r + 2M In |557 — 1
Eddington coordinates: u =t — 7., v =t + 7,

. = , S L
Kruskal coordinates: U = —e~2m, V = +etm

Schwarzschild metric (exterior):

oM (f.-r,.ﬂ + -["“((]H“ -+ 51113 H (]kr.“")

T

2 dUAV + r(UV)?(d6? + sin® 6 dp?) .
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Gravitational shockwave (Dray and 't Hooft, 1985; Matzner, 1986)

U
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Equivalent depictions of outgoing shockwave

(0,V) = (u, v+@W)50ye)
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Gravitational shockwave (see Eardley, 1974)

,(’ ( 89;0.,9,)
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Equivalent depictions of ingoing shockwave

(5,V) = (L+@W 460, V)
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Goal: Generalize Dray-'t Hooft to Kerr-Newman.
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Null tetrad

Perform a 2+2 decomposition (Newman and Penrose, 1962):

e fy s / -
guw = — (L1, +U,b) + (mymy, + mymy) .

Conditions:

* Null: I#l, = I'"l}, = mtm, = m'*mj, = 0.

* Normalized: lf'-'Z;I_ = —1, mf‘*-m.;f =41,

Useful transformations:

* Conjugation: (1, mu,m,) = (Iu,l,,m,,m,).

» Phiming: (1 ,l M my) = (0, 1, my,my)

o Sachs: (I, 1, my, m},) = (my, =mi,, =1,,1,) .

Pirsa: 17110053 Page 13/31



Pirsa: 17110053

Kerr-Newman black hole
Forms:'

R

& R
l:,d;l?“ = 2R (r.fﬁ‘A dr+asin® 0 dy )

l dz¥ dt 4 dr+asin® 0 dy,

| : :
mydzt = R [\fi’.|3rib‘+i\[}’“]“}sinﬁ (d . | 1(]\ (h‘)]

Vectors:

), - ) 3.
(" P *)“
|Rol® (
7 1o | =0k
[ A (([+‘11l1|‘3(~' :

| ;
? (()H—Ft-.[n(—]d +HI H]TlH()f) :

"Notation: A =% —2Mr +a? + Q% R=r +iacosf, Ry = r + ia.
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Gravity as a gauge theory

* Ambiguity in frame:

e, (z) ~ O%(x) l’fi}!(.ff) it O%(z) € SO(3,1).

* Subgroup (Geroch, Held, and Penrose, 1973):

Ly = MM, U = X7

y * =] S —1yx 1/
Mgy — NN, I =R AT G

* Weighted objects (“matter fields”):

: T ; ohx% 2k &
fn e (ARE i B =g
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Spin connection

* Covariant derivative for SO(3,1):
(D)%, = 040u + [Wa)% -
* Spin coefficients (Newman and Penrose, 1962):

L 1
Yabe = (u);r.)ru’) (i .

e Torsion-free:
dts = pas e’ Hhe .

Under the GHP subgroup, 8 spin coefficients transform as

matter fields, while the remaining 4 transform as gauge fields.
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Covariant derivatives for GHP

* NP derivatives (1962):
D=IFV,, 6=m"'V, .

* Gauge fields:

€= %(_’7"121 +9sdt) ;s B= %(_7123 +7343) -

* GHP derivatives (1973):

Priming flips weights, conjugation exchanges them.
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Weighted spin coefficients

Geometrical properties of null congruences:

o Refraction: kK = v311 ~ (2, 3)
* Expansion + i Twist: p ~ 7314 ~ (3, %)
¢ Complex shear: o = y313 ~ (3, —3%)

* Angular velocity: 7 = 312 ~ (5, —3)
Horizons: pp’ = 0.

Poles: 7' = 0.

Stationary limit surfaces: pp’ = 77/
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Dynamical equations for light rays

Given 1-form A, integrate along curve C' with embedding
coordinates X*(s):

Tix]= /( A(X) = / ds 222 4 (X (s)) .
o y v 81
Vary the curve (X* — X" + A#), bring the endpoints close
(so = s1 + €), set the linear terms to zero:

X'V, (A*A,) = X' AV (9, A, — OLA,) .

* Choose A, =1, to get:
b(Akl,) = &k A*m), + c.c. + refraction
* Choose 4, =m,, to get (let z = A¥my,):
bz =pz+oz*—(7—7"%)AMl, . < expansion, twist, shear

* Choose 4, =1, to get:

b(A*l},) = 7' A¥my, + c.c.  « angular velocity
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Spin coefficients for Kerr-Newman

Outgoing and ingoing congruences are:
* Geodesic (i.e., k = k' = 0);
* Shear-free (i.e., c = ¢’ = 0);
* Expanding and twisting (i.e., p = #- and p’ = 2@'3
and

. . 1a sin @ / La sin @
» Rotating (i.e., 7 = ¥3L and 7/ = &0 )
9 ( v2|R|* V2 " )“)

Horizons: A = 0.

Stationary limit surfaces: A = a°sin® 6.
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Spin coefficients for Kerr-Newman (cont.)

* Affinity parameters:

oA
— gl
4RpE " !

2Re(e)| =t

5 F o T T . i .
P 77! =0 2("“& (1.‘2)
* Transverse gauge fields:

cot 0
WI2R

A= el — o Al
Angular velocity at horizon:

a

g = ———
e ne
I++([-

Pirsa: 17110053 Page 22/31



Gravitational compass (Szekeres, 1965)

U, = Uy = —Clype ""m™1""m'? « outgoing transverse
U = U3 = —Clypo 1M11""m"  outgoing longitudinal
\.le'('f — \112 — (‘I?}H!,{')(T [“'N)_.UTN-’P[’U « Coulomb

\Dh = U = —Clup0 IM1"1°m° « ingoing longitudinal

’ e i A . ] . .
U = Vg = —Clupe I"m"1’m” < ingoing transverse
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Examples of curvature in GHP notation

Ingoing transverse gravitational wave:

Uo=—[b+(po+p")]o+ [6 +(t+7)] k.

Response to ingoing energy-momentum (i.e., to 1}, ["'1"):

Poo = — (bp + o |f7|“)) + 8Kk +7' K+ TR,
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Curvature scalars for Kerr-Newman

The only components of the curvature are:

* Weyl:

Uy = - L (2{—

(R*)? T R(R*)3

L
s SR Lo v v
$1y = 5B (IH1Y + mtfm'™) =
11 = s 8,001 e : -
2=k 2‘ ri)‘l

Note that Schwarzschild to Kerr is basically » — R.
(Newman and Janis, 1965.)
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Geometrize the shockwave

The Dray-t Hooft metric is

Sch o0
Jue = .V;f,’;:z = "zbz;tlv

, A SAr &
S = — =5 M §(U) £(6, )

This is called “generalized Kerr-Schild” (Taub, 1981).

2!1‘] - — nu’ l = (.‘”“, U= f —_ T, U= f _+_ Po, Ts = [ d'.!. ':; ;
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Shifted tetrad

e Define the shifted tetrad 1-forms:

1 P W= inel =i

* If background is shear-free geodesic, then:
2= [0 + (r*-7")]S, « refraction

o =p'—pS, «— shift

E)!fh..h = [b'=Sp—(h+h)(pS)+2i(h—h)Im(p).

]/h R

Page 27/31



Pirsa: 17110053

Absence of nonlinearity

The only term of O(S?) is in:*

B3y = P + Re [(pp’ — p'p)S] + PooS*

p)Im(p) + (5’-7 + o7")

‘ [DL + (T—T'*)é’ + (T*—T’)(ﬂ S
f m(

27| + 2[Re(T2) + 2I1]} S .

I1f $py =0, then (1)22 = ()(S)

Linearization is exact.

Transverse box: 0L =88’ + (r+7™)8" + /.
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Transverse “outgoing” gravitational wave

Weights: ¥4 ~ (-2,0), f ~ (-1,-1). Look for (-1, +1):

b, = )‘_P‘ U) (88 + (ki 7 + ko 7')d

+(ks T + ka7 + ks T*7)] £(6, x) .

Results:

= -2 (_l 4 ;"g:l.g) , e = (J”’ “|E)“

2r

A1:l+(l+(‘|hj)- ! )Z\'-f,:*“‘h (1+(|h ) ‘
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Gravitational field of “outgoing” particle

Weights: ®95 ~ (—1,-1), f ~ (-1, —1). Look for (0,0).

Result:

I

@2 = 7=50(U) {38+ |~ (r+7") + (14+28) (-7 |8 + e

+2Re(Uy)— (8'74+87*)+ 3|7+ 7"™°+ 3 ( +ﬂL) | } (9, ).

This is the gravitational backreaction from a massless
particle on the horizon of a Kerr-Newman black hole.
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