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Quantum fields near the Cauchy horizon of a Reissner-Nordstrom
black hole — Cosmic censorship hypothesis

Classical massless fields— weak null curvature singularity

Classical massive fields — stronger singularity, but still
continuously-extendible beyond the CH

I eighde Eireann
Research Ireland



A surprising result

PHYSICAL REVIEW D 99, 061502(R) (2019)
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Analysis of quantum effects inside spherical charged black holes

Assaf Lanir, Amos Ori, Noa Zilberman, Orr Sela, Ahron Maline, and Adam Levi
Deparment of Physics, Technion, Haifa 32000, Israel

®] (Received 8 November 2018; published 19 March 2019; corrected 27 May 2021)

We numerically compute the renormalized expectaton value (@2}, of a minimally coupled massless
quantum scalar feld in the interior of a four.dimensional Reissner-Nordstrom black hole, in both the
Hartle-Hawking and Unruh states. To this end we use a recently developed mode-sum renormalization
is found to approach a finie
value at the nner orizon (). The final approsch 1o the H asympiotic vaue s marked by an inserse
pover tail 2%, where 7. is the andwithn = 2forthe

state and 1 = 3 for the Unruh state. We also report here the results of an analytical computation of these

scheme based on coariant point spliting. In both quantum states, (&%),

inverse-power tails of (&%), near the H. Our numerical results show very good agreement with this

both the power index and the tail amplitude), in both quantum states. Finally, from

s asymputi behaviorof (%), we analytically compute the leading-order asympiotic behavior of the

is found
T o v e Gt /r\pcnhrduhmr.mdwuhahmm\pamn\c\crbv To the best of our
this is the first fully quanitative derivation of the asymptotic behavior of these renormalized

juantites at the 1H of a four-dimensional Reissner-Nordstrom black hole. In particular, this is the first
conclusive result showing the divergence of the renommalized stress-cnergy tensor at the Cauchy horizon.

DOI: 10.1103/PhysRevD99.061502
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quantum scalar field in the intrior of  four-dimensional Reissner-Nordstrom black hole, in both
Harlle-Hawking and Unruh states. To this end we use a recently developed mode-sum eromatsaion
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scheme based on covariant point splitting. In both quantum states, (&%), is found to approach a finie
value a the inner horizon (1. The final approach tothe 1H asympotic value is marked by an inerse
‘power tail 17", where r. is the and with n = 2 for the

state and i = 3 for the Unruh state. We also report here the results of an analytical computation of these
inverse-power tails of (&%), near the H. Our numerical results show very good agreement with this

both the power index and the tail amplitude), in both quantum states. Finally, from
s asymputi behaviorof (%), we analytically compute the leading-order asympiotic behavior of the
tress-cnergy is found

T o v e Gt h n specified above and with a known parameter b). To the best of our
this is the first fully quanitative derivation of the asymptotic behavior of these renormalized
juantites at the 1H of a four-dimensional Reissner-Nordstrom black hole. In particular, this is the first
conclusive result showing the divergence of the renommalized stress-cnergy tensor at the Cauchy horizon.
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of a minimally coupled massless

We numerically compute the renormalized

Harlle-Hawking and Unruh states
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found
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knowledge, this is the first fully quanitative derivation of the asymptotic behavior of these renormalized
quantites at the IH of a four-dimensional Reissner-Nordstrom black hole. In particular, this is the first
Concluse et show ing the divergence of the renormalized stress-energy tensor at the Cauchy horizon
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The semiclassical fluxes at the CH

PHYSICAL REVIEW LI

TERS 124, 171302 (2020)

Quantum Fluxes at the Inner Horizon of a Spherical Charged Black Hole

Noa Zilberman®,” Adam Levi,” and Amos Ori
Department of Physics, Technion, Haifa 32000, Isracl

®] (Received 4 June 2019; revised manuscript received 9 March 2020; accepted 3 April 2020; published 27 April 2020)

In an ongoing cffort to explore quantum effects on the interior geometry of black holes, we expliitly
compute the semiclassical flux components T 0 (T, ) 2 ¢ bing he s Eingion
coontntes) of e enomalized s ncrey torfor a misimaly coupled masscs uamum scli ek

in the vicinity of the inner horizon (IH) of a hole.
to dominate the effect of backreaction in the TH vicinity, and furthermore, their rogularization pmmdur\
reveals remarkable simplicty. We consider the Hartle-Hawking and Unruh quantum states, the latter
- Ot (7, o 10 (7, ) i

tain finite asymptotic

cortesponding o an evaporating black hole. In both quantum stat
IH vicinity for a wide range of O/ M values. We find that both (T,,) .,
values at the IH. Depending on O/, these asymptotic values are o e positive or negative
(or vanishing in berween). Note that having  nonvanishing (7',),¢, at the IH implies the formation of a
curvature singulasity o its ingoing section, the Cauchy horizon. Motivated by these findings, we also take.

the IH geometry,

DOI: 10.110PhysRevLet124.17)
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In an ongoing cffort to explore quantum effects on the interior geometry of black holes, we expliitly
compute the semiclassical flux components (T, )y, and (7 and 1 being the standard Eddington
coordinates) of the renormalized strss-cnergy tensor for mmmulh  coupled masscs uanum el ek
in the vicinity of the inner horizon (IH) of a hole. em
to dominate the effect of backreaction in the TH vicinity, and furthermore, their rogularization pmmdur\
reveals remarkable simplicity. We consider the Hartle-Hawking and Unruh quantum staes, the latter
comsponting o cspraingHick oI ol S, W MU (7, o 35 (7, )i
1H vinity for a wide rnge of 0 vahies. We fnd hat bt (1) and (7). iie sympioic
values at the IH. Depending on O/, these asymptotic values are found o e iber positive or negative
(or vanishing in berween). Note that hav vanishing (T} ., at the IH implics the formation of a
curvature singulasity o its ingoing section, the Cauchy horizon. Motivated by these findings, we also take.
the IH geometry,
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implies a curvature singularity at the CH, since trans-
forming to a regular Kruskal-like coordinate V = —e™*-"
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In an ongoing cffort to explore quantum effects on the interior geometry of black holes, we expliitly
compute the semiclassical flux omponets (T 0 (7 v and o being the sandad Edingon
coordinates) of the renormalized stress-c n\o{luruummulh coupled massless quantum scalar ield.
v viinty of e imnes borison (1 f hole. seem
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and U gt s, the bt

T,
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Do these results hold for different field parameters?
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In an ongoing effort to explore quantum effects on the interior ¢
compute the semiclassical flux components (T,,)yes and (7',)y (u and 1 being the standard Eddi
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Do these results hold for different field parameters?

We consider for the first time quantized massive scalar fields
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The renormalization problem

The semiclassical Einstein equations

Gas + O(R?) = 8 (T;C; + <n5>gn) .
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The renormalization problem

The semiclassical Einstein equations
cl o
Gas + O(R) =8 (TS0 + (Tapha)

The renormalized stress-energy tensor
(Taghien = lim Fus[Ga(x,x') = K(x,x)].
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The renormalization problem

The semiclassical Einstein equations
Gop + O(R?) =87 (T;;” + <faa>?en) .
The renormalized stress-energy tensor
<?—a/3>t{:n = lim 7,\_115 [ GA(XaX,) - K(X,X,)} .
x!—x N~ N

Green's Hadamard
function parametrix
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The renormalization problem

The semiclassical Einstein equations
cl 4
Gap + O(R?) = 8 (T;[) + (T, >A) .
The renormalized stress-energy tensor (RSET)
(Tag)ien = lim ag[Ga(x,x") — K(x,x")].
x! —x ‘/

Galx,x) = e 2V (0,0) Yin(0', 6 )gli(r, 1)

Imw
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The renormalization problem

The semiclassical Einstein equations
cl T A
Gup+ O(RY) =8 (T + (Tu)len).
The renormalized stress-energy tensor (RSET)
<?-&ﬁ>?en = lim 72045 [GA(X7 X/) - K(Xaxl)] .
x! —x /

Kx, x) ~ % + V(x,x) log (2"(2;/))
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The renormalization problem

The semiclassical Einstein equations
cl o
Gop + O(R?) =81 (T;5> +(Ta >?e,,) .
The renormalized stress-energy tensor (RSET)
(Tag)ien = lim ag[Ga(x,x") — K(x,x")].
x! —x

Computational Problem: can we express the K(x, x’) as a
mode-sum in the same form as Ga(x,x’) so that we subtract
mode-by-mode?
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The renormalization problem

The semiclassical Einstein equations
cl o
Gas + O(R) =8 (TS0 + (Tapha)

The renormalized stress-energy tensor (RSET)
(Taghien = lim Fus[Ga(x,x') = K(x,x)].
x! —x

Computational Problem: can we express the K(x, x’) as a
mode-sum in the same form as Ga(x,x’) so that we subtract
mode-by-mode?
Recent solution: Extended coordinate method (ECM)

Taylor, Breen, 2016, 2017;

Taylor, Breen, Ottewill, 2022;
Arrechea, Breen, Ottewill, LP, Taylor, 2025.
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Extended Coordinate Method

The ECM allows to express the Hadamard parametrix

’ U 5 ! / 2 € ; !
Kixx) ~ LDy g (ff(;X)>

as a mode-sum in the same form as Ga(x, x")

K(x,x') = (2/+1)P(cos) / dw e @AM 7y,
1=0 0
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as a mode-sum in the same form as Ga(x, x")

K(x,x') = (2/+1)P(cos) / dw e @AM 7y,
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Extended Coordinate Method

The ECM allows to express the Hadamard parametrix

’ U 5 ! / 2 € ; !
Kixx) ~ LDy g (ff(;X)>

as a mode-sum in the same form as Ga(x, x")

K(x,x') = (2/+1)P(cos) / dw e @AM 7y,
1=0 0

Mode-by-mode subtraction

Renormalized vacuum polarization (VP)

($2>fen L= Xllir_'r:X (GA(X,X/) — K(x, x'))

s 2/ +1) /Ow dw (gﬁ:(r) - kiT)(r)) -

1=0
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Extended Coordinate Method

The ECM allows to express the Hadamard parametrix

’ U 5 ! / 2 € ; !
Kixx) ~ LDy g (ff(;X)>

as a mode-sum in the same form as Ga(x, x")

K(x,x') = (2/+1)P(cos) / dw e @AM 7y,
1=0 0

Mode-by-mode subtraction

Renormalized vacuum polarization (VP)

($2>fen L= Xllir_'r:X (GA(X,X/) — K(x, x'))

s 2/ +1) /Ow dw (gﬁ:(r) - kiT)(r)) -

1=0

The order m of the expansion defines the rate of convergence
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Renormalized Vacuum Polarization
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Renormalized Vacuum Polarization
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Renormalized Vacuum

Polarization

»
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VP near the Cauchy horizon - numerical results

Results for the Hartle-Hawking (solid lines) and Unruh (dashed lines)

states.
Different field masses Different BH charges
M*(@?),, M*($?),..
0.4 =0 nM = 0.05 0.25 — Q=080M — Q=095M
pM =001 — pM = 0.08 —0.85M — Q= 0.99M
03 . 0.20 Q=085M — Q=0.99M
~ pM =0.02 — pM =0.10 Q=090M — Q=0.999M
0.2 M =0.03 0.15
0.10:
Al \
0 \ .
r-r10.05 \
0.0 ox (15=) ;
N/

-300 -250 -200 -150 -100

Numerical evidence that the VP diverges logarithmically at the CH
for massive fields

I eighde Eireann
Research Ireland



VP near the Cauchy horizon - semi-analytical

analysis

It can be shown that

where

1 g <
W<:4722(2/+1)/0 dw{gw,fkw, }
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VP near the Cauchy horizon - semi-analytical

analysis

It can be shown that

where

1\ g <
W<:4722(2/+1)/ dw{gw,fkw,},

1=0 0
1 . Y
€50 = 55— [(1Auil? + 1Bt + Auy B2 ™ + AL Buje ™ ™ ) coth(Z)

+ %{A:f,’ (Ai),ez"“”* + B2 e 2w 4 ZAW,BW,) }Csch(%):l as r—r_.
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VP near the Cauchy horizon - semi-analytical

analysis

It can be shown that

where
1\ ! < m
we = 4722(2/“)/ dw{gw,fkw, }
1=0 0
g5 = [(\Aw,\ + [Bui 2+ Ay BE 2 LAY B e 2“‘”*)coth("“’)

+ %{A:f,’ (Ai),ez"“”* + B2 e 2w 4 ZAW,BW,) }Csch(%):l as r—r_.

Small-w expansions (McNamara 1978; Kehle, Shlapentokh-Rothman 2019)

iq 0 ia 0 . 2 2
Ag= el +0@w),  Bu=—— b0 +Ow), with |Bul® — |4y =

w
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VP near the Cauchy horizon - semi-analytical

analysis

It can be shown that

where
1« g < L m
We = 4—71_22(2l+1)/ dw{gw,fkw, },
1=0 0
6500 = 5 [ (14wl + 1Bl + Ay BL e AL Buje ™™™ ) cot(£2)

+ %{A:f,’ (Ai),ez"“”* + B2 e 2w 4 ZAW,BW,) }Csch(%):l as r—r_.

Small-w expansions (McNamara 1978; Kehle, Shlapentokh-Rothman 2019)

iq lq
Avi = 24D L O@w),  Bu= -2 +b(°) +O(w), with [Byl® — |Aul® =1.
w

We find
(O, ~ k(u, Q)log|f], r— r—. |State independent result
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RSET near the Cauchy horizon

RSET components

ICA
1
<?—89>1rAen = <?—¢¢>rAen ~L IOg |f|7

<7‘—tt>1‘"Aen = _<?—rr>ﬁan ~
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RSET near the Cauchy horizon

RSET components

At A Ar VA KA
<T t>ren_ _<T r>renN Wa r— r—,
(T%0)mn = (T?4)fen ~ L log|f], r—r_.

L vanishes for y = 0.
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RSET near the Cauchy horizon

RSET components

At A Ar VA KA
<T t>ren_ _<T r>renN Wa r— r—,
(T%0)mn = (T?4)fen ~ L log|f], r—r_.

L vanishes for y = 0.

The semiclassical fluxes are finite on the Cauchy horizon

"l .- S K"
H H U
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RSET near the Cauchy horizon

RSET components

At A Ar VA KA
<T t>ren_ _<T r>renN Wa r— r—,
(T%0)mn = (T?4)fen ~ L log|f], r—r_.

L vanishes for y = 0.

The semiclassical fluxes are finite on the Cauchy horizon

"l .- S K"
H H U
< u’u)ren = < 'u'U>ren = 77 <Tyy>ren = 7 + Jy7

In agreement with previous massless results (Zilberman et al., 2020).

3 Taighde Eireann
Research Ireland



The RSET near the Cauchy horizo

Numerical computation of the semiclassical fluxes:

Massless (Zilberman et al., 2020)

Mass M = 0.1

L x x1077
’ , , 8|
i P A
E1 N o \
1
- Q/M 4R\
So _ \
& 0965 097 0975 098 0985 0990995 1 2 \
. \ L \
Sl e : o 0.975 0.980 0.985 0:990 0.995
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The RSET near the Cauchy horizon

Numerical computation of the semiclassical fluxes:

Massless (Zilberman et al., 2020)

T U U
Ty Tou Tow

Q/M

= 0965 097 0975 098 0985

090

Classical perturbations: T,,, ~ m,

0,995 1 2

Mass M = 0.1

0.975\_ 0.980  0.985 0:990  0.995

Result independent of state

and field parameters

p>0.

May convert the CH into a strong singularity (Hollands et al., 2020).
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Conclusions

Components as r — r— Massless Massive
(A, Finite k(p, Q) log |f]|
(Th)fen = —(T"itw o |7 o |f] 7
(To9)rn = (T26)m Finite L log |f|
(t@)in Finite Finite
Near extremality ('Al'qjlv,ﬁzn <0 ('7'@%2“ >0
(?’;ﬁgn x V72 x V2
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Conclusions

Components as r — r— Massless Massive
(A, Finite k(p, Q) log |f]|
(Tho)fen = —(T"iw o |7 oc |f] 7
(To9)rn = (T24)n Finite L log |f|
(t@)in Finite Finite
Near extremality (?’ﬁ)?cn <0 <'7'yz,)ﬁ\cn >0
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Thank you, any questions?
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