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[Cardoso et al. 2018], [Dias, Reall, and Santos 2019]

– Quantum effects restore sCC [Klein, Zahn, and Hollands

2021], [Hollands, Wald, and Zahn 2020]

(weak) backreaction: ∂vQ(u, v) = −4πr2 ⟨jv⟩U
=⇒ (dis)charge BH interior RNdS
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QFTCS: an overview

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

Gµν = 8π(⟨Tµν⟩U + TEMµν )

∇ρFρν = −4π ⟨jν⟩U

1. Fix the background geometry =⇒ Reissner-Nordström 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 [Zilberman and Ori 2021]

– My MSc. project: can this be generalized to the charged scalar?
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Setup: Quantum theory

– Charged scalar field: DµDµΦ = 0

Dµ = ∇µ − iqAµ, A = −Q
r
dt.

– Mode ansatz Φ(t, r∗, θ, ϕ) = (4π)−1/2r−1Ylm(θ, ϕ)Hωℓ(t, r∗)

Hωℓ(t, r∗) = e−iωthωℓ(r∗) =⇒ d2hωℓ
dr∗2

=
{
f(r)

( l(l+ 1)

r2
+
∂rf(r)
r

)
−
(
ω−qQ

r

)2}
hωℓ

– Gauge transformations: Aν → Aν + ∂νχ(x), Φ → eiqχ(x)Φ
– Fix

χ(t, r∗, θ, ϕ) =
qQ
r0

t, r0 ∈ {r+, r−}
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Φ(x) =
∑
λ,ℓ,m

∫ ∞

0
dω
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Φλ
ωℓm(x)aλωℓm +Φλ

−ωℓm(x)b
λ†
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– Φωℓm: positive frequency Unruh mode solutions
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Setup: Quantum theory

– Wronskian relation in region I:

|Rup,I
ωℓ |2 + ω − ωI

ω
|Tup,Iωℓ |2 = 1, ωI =

qQ
r+

.

=⇒ superradiance =⇒ |Rup,I
ωℓ |2 > 1 =⇒ ⟨jv⟩H

R,ren
U ̸= 0 at extremality
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Scattering problem
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The current jµ and the SET Tµν

– Classically jν = iq
(
Φ(DνΦ)

∗ − Φ∗DνΦ
)

Tµν =
1

2

(
(DµΦ)

∗DνΦ+ DµΦ(DνΦ)
∗
)
− 1

4
gµνgρλ

(
(DρΦ)

∗DλΦ+ DρΦ(DλΦ)
∗
)

– Quantum theory =⇒ renormalization

– Literature:
– Hadamard point-split [Klein and Zahn 2021] → ⟨jµ(x)⟩U✓
– Comparison state [Klein, Zahn, and Hollands 2021] → ⟨Tvv⟩IHU−C✓
– Particular components do not require renormalization [Balakumar, Bernar, and Winstanley 2022]

→ ⟨jr∗(x)⟩Ψ , ⟨Ttr∗(x)⟩Ψ ✓
– Essential ingredient: scattering coefficients of Boulware modes in regions I, II

d2hωℓ
dr∗2

=
{
f(r)

( l(l+ 1)

r2
+

∂rf(r)
r

)
−
(
ω − qQ

r

)2}
hωℓ. (1)
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Interior region r ∈ (r−, r+) ⇐⇒ r∗ ∈ (+∞,−∞)

– (Leading order) radial equation of motion

d2hII(+)
ωℓ

dr̃2∗
=

{
− l(l+ 1) sech2 r̃∗ −

(
ω̃ − qQ(1 + tanh r̃∗)

)2
+O(∆)

}
hII(+)
ωℓ . (2)

– BCs: hin,IIωℓ =

{
e−iωr∗ r∗ → −∞

Tin,IIωℓ e
−i(ω−ωII)r∗ + Rin,II

ωℓ e
i(ω−ωII)r∗ r∗ → ∞

– Analytic solution to leading order in ∆ =⇒ Tin,IIωℓ , Rin,II
ωℓ ✓
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Exterior region r ∈ (r+,∞) ⇐⇒ r∗ ∈ (−∞,∞) ωM ≪ 1, qQ ≪ 1

– Radial KG:

d2hin,Iωℓ

dr2∗
=

{
f(r)

( l(l+ 1)

r2
+
∂rf(r)
r

)
−
(
ω−qQ

r

)2}
hin,Iωℓ

I

r =const
i+

i−

H
R I +

I
−H −
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– Subregions


Vicinity of EH
Intermediate region
Asymptotically flat region

– Obtain Aωℓ, Bωℓ ✓
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Exterior region r ∈ (r+,∞) ⇐⇒ r∗ ∈ (−∞,∞) ωM ≪ 1, qQ ≪ 1

∣∣Tin,Iω,l=0

∣∣2 = 4r2+ω2,
∣∣Rin,I

ω,l=0

∣∣2 = 1− 2ω(ω − ωI)r2+∣∣Tin,Iω,l>0

∣∣2 ∼ ∆4l+2,
∣∣Rin,I

ω,l>0

∣∣2 = 1
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Results
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At the event horizon (EH)

– Explicitly
K
r2+

= ⟨jv⟩EHU =
1

12π2r2+

(q4Q3

r+
+
q2QM2∆2

2r3+

)
+O(q4∆, q2M−2∆3)

− L
r2+

+
KQ
r3+

= ⟨Tvv⟩EHU =
−M4∆4

480π2r8+
+

q4Q4

48π2r4+
+O(∆5M−4, q4∆, q2M−2∆3)

Conservation laws & semiclassical E-M equations

⟨jv⟩U − ⟨ju⟩U = ⟨jr∗⟩U =
K
r2

⟨Tvv⟩ − ⟨Tuu⟩ = ⟨Ttr∗⟩ = −L
r2

+
KQ
r3

Weak backreaction: ∂vQ = −4πr2 ⟨jv⟩ .
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At the inner horizon (IH)

– Explicitly

⟨jv⟩IHU =
1

12π2r2−

(q4Q3

r+
+
q2QM2∆2

2r3+

)
+O(q4∆, q2M−2∆3)

⟨Tvv⟩IHU =
−M4∆4

480π2r2−r6+
+

q4Q4

48π2r2−r2+
+O(∆5M−4, q4∆, q2M−2∆3)

– At the inner horizon,

⟨ju⟩IHU ≪ ⟨jv⟩IHU , ⟨Tuu⟩IHU ≪ ⟨Tvv⟩IHU

– Leading order contribution from l = 0 modes
– Weak backreaction ∂vQ = −4πr2 ⟨jv⟩ =⇒ discharge of BH interior
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Conclusions and outlook
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Conclusions

– Studied charged scalar field in Unruh state on RN spacetime
– Near-extremal domain =⇒ analytical treatment
– Quantum effects: charge superradiance, Hawking radiation
– Behaviour of ⟨jv⟩, ⟨Tvv⟩ at the inner horizons → connection to sCC
– (Brief) backreaction analysis
– Internship with the RTG: numerical cross-check

Thank you!
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