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Strong cosmic censorship

— BH interiors — determinism?
— Cauchy hypersurface %
— Domain of dependence DT (%)
— Strong cosmic censorship (A = 0, classic)
— Original formulation [penrose 1965] [False]
— Weaker formulation [christodolou 1991]
— Strong cosmic censorship (A > 0)
— Classically: violated in near-extremal RNdS
[Cardoso et al. 2018], [Dias, Reall, and Santos 2019]
— Quantum effects restore sCC kiein, zahn, and Hollands
2021], [Hollands, Wald, and Zahn 2020]
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Strong cosmic censorship

— BH interiors — determinism?
— Cauchy hypersurface X
— Domain of dependence D (X)
— Strong cosmic censorship (A = 0, classic)
— Original formulation [penrose 1965] [False]
— Weaker formulation (christodolou 1991]
— Strong cosmic censorship (A > 0)

— Classically: violated in near-extremal RNdS
[Cardoso et al. 2018], [Dias, Reall, and Santos 2019]

— Quantum effects restore sCC kiein, zahn, and Hollands
2021], [Hollands, Wald, and Zahn 2020]

(weak) backreaction: 9,Q(u, v) = —4xr* {j,),,
= (dis)charge BH interior RNdS
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QFTCS: an overview

— Quantum fields on curved background (classical) spacetimes
— Semiclassical Einstein-Maxwell equations

Guv = 8({Tow)y + TEM)
VPF,, = =47 (i),

1. Fix the background geometry —> Reissner-Nordstrém ST

2. Compute EVs of observables of a certain field in a (Hadamard) state of choice
= Charged scalar field in the Unruh state

3. (Try to) take into account backreaction effects

— Analytical analysis of real scalar in (near-extremal) RN (ziberman and ori 2021)
— My MSc. project: can this be generalized to the charged scalar?
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Setup: background geometry

Reissner-Nordstrom ST
9w = —f(r)de + f(r)~*dr* + rFdQ?
fl=1- M + Q—Q
N r r2
Roots: ri=M+VM2 — Q2
Tortoise coordinate  dr, = f(r)~ldr
Lightlike coordinates u=t—r,, v=t+r,

Kruskal coordinates U= Fe *+Y, V= —e F-V

(Jv) x (Jy) kZIVL (Tyy) x (Tw) K2V 2

Near-extremality A = /1 - Q?/M? < 1
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Setup: Quantum theory

— Charged scalar field: D,DF® =0
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dt.
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— Mode ansatz ~ ®(t,r,,0,¢) = (47) " Y2r 1Y;,(0, ) Hoe(t, 1)

Hoo(t,r) = e thyo(r,) —> d;::;f _ {f(r)(l(l:; 1)+W,@)—(w_(7f)>2}hwé

— Gauge transformations: A, — A +0x(x), ¢— elax(x) P
— Fix a
X(tvr*707¢):th7 rOE{r-i—,r—}
0
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Setup: Quantum theory

Quantization: expansion in modes @,

oo
A
200 = 3 [ do(@m()akun + O oum(x002)
Aem0
— ®,m: positive frequency Unruh mode solutions
Unruh vacuum: a3, |0), = 0= b}, [0),
Unruh state is Hadamard across H*

Caveat: computationally difficult — Boulware modes
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Quantization: expansion in modes @,

oo
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200 = 3 [ do(@m()akun + O oum(x002)
Aem0
— ®,m: positive frequency Unruh mode solutions
Unruh vacuum: a3, |0), = 0= b}, [0),
Unruh state is Hadamard across H*

Caveat: computationally difficult — Boulware modes

. N - L -
A~ eV onz AL L el on

: w | .
hi;)m,” ~e W on HR h/(Jér)UP, ~e Wi on rHE
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Setup: Quantum theory

— Wronskian relation in region I:

/ W — wy 12 qQ
IRY|P+ ——=IT.0'1* = wp=—.
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Setup: Quantum theory

— Wronskian relation in region I:

Ji2 , W W 12 qQ
IR +T|TSJ§| =1, W=
—— +

20

. f . HR .
— superradiance = |R™/12 > 1 = (j,)}{ """ # 0 even at extremality
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Scattering problem




The current j, and the SET 7,

— Classically j, = iq((I)(Dl,@)* - <I>*D,,<I>>

1 1
T = 5 ((Du®)"Dy® + D,@(D,@)") — 76,00 ((D,®)* Dr® + D,D(D>)")

— Quantum theory = renormalization
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— Classically j, = iq((I)(Dl,@)* - <I>*D,,<I>>

1 . a1 \ .
T =5 ((Ducb) D,® + D,®(D,®) ) - Zgwg”A ((D,@) D\® + D,®(D)®) )

— Quantum theory = renormalization
— Literature:
— Hadamard point-split ieinand zahn 20211 — (j, (X)),

— Comparison state [kein, zahn, and Hollands 2021]  — (Tvv%ic
— Particular components do not require renormalization (salakumar, Bernar, and Winstanley 2022]
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— Classically j, = iq((I)(Dl,@)* - <I>*D,,<I>>

1 . a1 \ .
T =5 ((Ducb) D,® + D,®(D,®) ) - Zgwg”A ((D,@) D\® + D,®(D)®) )

— Quantum theory = renormalization
— Literature:
— Hadamard point-split ieinand zahn 20211 — (j, (X)),

— Comparison state [kein, zahn, and Hollands 2021]  — (Tvv%ic
— Particular components do not require renormalization (salakumar, Bernar, and Winstanley 2022]

= U (X)) (Te. (X))
— Essential ingredient: scattering coefficients of Boulware modes in regions |, Il

d?h,, _ {f(r)<l(l+ 1) n 8,f(r)) B (w B ?)?hwe. (1)

dr,2 r2 r
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Interior region re (r_,ry) <= r. € (+o0, —0)

— (Leading order) radial equation of motion

2h!"H) ) )
d;?qu = { —I(I+ 1) sech®F, — (d} —qQ(1 + tanhh)) + O(A)}hw(e+)' (2)

g wr« re = —00

in Il
- BCs: ™' = . ;
: 0 ilw— i(w—
w ngé”e i(w—wy)r« Rgé”el(w Wi« e — 00
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2h!"H) ) )
d;?qu = { —I(I+ 1) sech®F, — (d} —qQ(1 + tanhh)) + O(A)}hw(e+)' (2)

g wr« re = —00

in Il
- BCs: ™' = . ;
: 0 ilw— i(w—
w ngé”e i(w—wy)r« Rgé”el(w Wi« e — 00

— Analytic solution to leading order in A — Tl Ri’;’é”

wl
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Exterior region rec (ry,00) < r. € (—o00,0) wM <« 1,9Q <« 1

— Radial KG: it

7 =const

ohy; _ {f(r)(l(l+ 1)+ar';(r)>_<w_qo>2}hin,l

*
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Exterior region re (ry,00) <= r. € (—00,00)

— Radial KG:
a?h™! I(1+1) ()
ar? B {f(r)( r + r )—(w—
) e—i(w—oq)f’*
- BCs: hzgél = { —iwr jwr.
Awge * +nge *

— Real scalar [Zilberman and Ori 2021]

)
r, — —o0

ry — 00

wM<1,9Qx 1

7 =const

X
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Exterior region rec (ry,00) < r. € (—o00,0) wM <« 1,9Q <« 1

— Radial KG:
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_ BCs: AM — R e = —00
) wl
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Real scalar ziberman and ori 2021]

Subregions
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Subregions < Intermediate region

Obtain Awg, ng
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Exterior region rec (ry,00) < r. € (—o00,0) wM <« 1,9Q <« 1

‘T;T://:O}Q = 4riw?, ‘le 0} =1-2w(w-— Wl)'%r

“" A4I+2, ’le 2 _

n,
I>0’ 1>0
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Results




At the event horizon (EH)

— Explicitly
EH 1 7'Q®  g*QMPA? AA 20 ~2 A3
oiu” = 127r2r1( T )+ 0@ M)
A4 44
<Tvv>EH = M A qa Q +O(A5M’4,q4A,q2M*2A3)

v 4807r2r§+487r2:%F
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At the event horizon (EH)
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At the event horizon (EH)

— Explicitly
K . \EH 1 '@ G*QMPA? A 2pf~2 A3
r Uery 12m2r% ( ry 2r ) +0(@'A.q )
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— Conservation laws & semiclassical E-M equations alakumar, Bernar, and Winstanley 2022]

G~ Gy = )y =5 = KQ>0 @)
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— Weak backreaction: 0,Q = —4rr* (j) = BH discharge
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At the inner horizon (IH)

— Explicitly
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A4 44
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— At the inner horizon,

i < GG, (Tu < (T

— Leading order contribution from / = 0 modes
— Weak backreaction 9,Q = —4nr? (j,) = discharge of BH interior
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Conclusions and outlook




Conclusions

— Studied charged scalar field in Unruh state on RN spacetime

— Near-extremal domain = analytical treatment

— Quantum effects: charge superradiance, Hawking radiation

— Behaviour of {j,), (T,,) at the inner horizons — connection to sCC
— (Brief) backreaction analysis

— Internship with the RTG: numerical cross-check

Thank youl!
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