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Canonical quantization of a neutral scalar field

Klein-Gordon equation

Ud =0

Klein-Gordon scalar product

(@1, Py) = i/z [®5V,®; — &V, D] dxr

Involves time derivative of ®
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Canonical quantization of a neutral scalar field ®

Expand classical field in terms of orthonormal basis of field modes
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(@GR ERPZLIOM  Neutral scalar field

Canonical quantization of a neutral scalar field ®
Expand classical field in terms of orthonormal basis of field modes

d = Za]-q;].* + a}qb].—
]

Positive frequency modes

(P]—&- o e—iw(t:l:x) w>0

Positive KG “norm”

(‘P;r’qb’j)KG o< Ojk
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(@GR ERPZLIOM  Neutral scalar field

Canonical quantization of a neutral scalar field ®
Expand classical field in terms of orthonormal basis of field modes

d = Zajqu* + a}gb]f
]

Negative frequency modes

(P]_ o e—iw(t:l:x) w<0
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(@GR ERPZLIOM  Neutral scalar field

Canonical quantization of a neutral scalar field ®

Expand classical field in terms of orthonormal basis of field modes
D=V 4bT 4t
® =) a0 a9,
]
Promote expansion coefficients to operators 4, ﬁ;? with

A At A At At
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Canonical quantization of a neutral scalar field ®

Expand classical field in terms of orthonormal basis of field modes
D=V 40T 4ot
b= Za]gbj +a;;
]
Promote expansion coefficients to operators 4, ﬁ;? with

A At A At At
[a]-,ak} = Ojk 4,8, =0 [aj,ak} =0

d;j - particle annihilation operators
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(@GR ERPZLIOM  Neutral scalar field

Canonical quantization of a neutral scalar field ®

Expand classical field in terms of orthonormal basis of field modes
b=V a.06T +ate-
=) a9 +ijg;
J
Promote expansion coefficients to operators 4, ]Jr with

A At AoA At oAt
[a]-,ak} = Ojk [El]',llk] =0 [a], :| =0

- particle annihilation operators
- particle creation operators

]
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[ELIITEIRIERW PG Neutral scalar field

Canonical quantization of a neutral scalar field ®

Expand classical field in terms of orthonormal basis of field modes
b=V a.06T T
d = Za]gbj +a;;
]
Promote expansion coefficients to operators 4, ]Jr with

at| =6 [@al=0 |ahaf] =0

- particle annihilation operators
- particle creation operators

\x_‘_\

Define the vacuum state |0)

a;10) =
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Schwarzschild black hole

-1
ds? = — <1 — g) ar + (1 — g) dr? + 12 6% + 1> si1r129d(p2
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QFT on Schwarzschild

Schwarzschild black hole

-1
ds? = — (1 — g) dr? + (1 — g) dr? 4 r* d6* 4 r? sin” 0 d ¢*

4

Neutral scalar field modes

Bt (17,0, 9) = €Y, (8) (1)

V.
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Schwarzschild black hole

=il
ds? = — (1 — g) arr + (1 — g) dr* + r* do* + »* sinZquo2

y
Neutral scalar field modes
1 .
(Pwém (t/ r, 6/ (P) = We Zwtezm(lem (Q)ng(l’)
Y/, (0): spherical harmonics
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Neutral scalar field modes
1 .
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Schwarzschild black hole

=il
ds? = — (1 — g) arr + (1 — g) dr* + r* do* + »* sinZquo2

4

Neutral scalar field modes

Bt (17,0, 9) = ¢ eV, (8) (1)

Y/, (0): spherical harmonics
N: normalization constant

Positive frequency with respect to Schwarzschild time t: «w > 0
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Schwarzschild black hole

=il
ds? = — (1 — ¥> arr + (1 — g) dr* + r* do* + »* sir12(9dgo2

4

Neutral scalar field modes

Bt (17,0, 9) = €7 PY 1, (8)Re (1)

Y/, (0): spherical harmonics
N: normalization constant

Positive frequency with respect to Schwarzschild time t: w > 0

42 dr, oM\ !
0= [d—r% + wa(r)] Rye(r) Frie <1 — —>
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Schwarzschild black hole

=il
ds? = — (1 — ¥> arr + (1 — g) dr* + r* do* + »* sir12(9dgo2

4

Neutral scalar field modes

Bt (17,0, 9) = €7 PY 1, (8)Re (1)

Y/, (0): spherical harmonics
N: normalization constant

Positive frequency with respect to Schwarzschild time t: w > 0

0= [% + ng(r)] Ru(r) O = <1 - %) .

Vo (1) = w? T — oo
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QFT on Schwarzschild

“In” and “Up” modes

e 7 11‘1
In” modes R wor
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QFT on Schwarzschild

“In” and “Up” modes

e 7 11‘1
In” modes R wor
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QFT on Schwarzschild

“In” and “Up” modes

V7% P24 in 4 ” up
In” modes R7, Up” modes R ,
in ,—iwr, _ iWry up —iwr, _
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QFT on Schwarzschild

“In” and “Up” modes

V78 P24 in
In” modes R},

e—lwr* +A$£elwr* T — 0
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Quantum states on Schwarzschild

Boulware state |B) [ Boulware PRD 11 1404 (1975) |

Positive frequency with respect to Schwarzschild time

B‘O’B Z Z/ dw w£m+0w€m]

=0m=—
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QFT on Schwarzschild

Quantum states on Schwarzschild

Boulware state |B) [ Boulware PRD 11 1404 (1975) |

Positive frequency with respect to Schwarzschild time

B‘O’B Z Z/ dw w£m+0w€m]

=0m=—

Hartle-Hawking state |H) [Hartle & Hawking PRD 13 2188 (1976)]

Positive frequency with respect to Kruskal time

w
H|O|H Z 2/ dw wém wém] coth (ZTH)

=0m=—/
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QFT on Schwarzschild

Quantum states on Schwarzschild

Boulware state |B) [ Boulware PRD 11 1404 (1975) |

Positive frequency with respect to Schwarzschild time

B‘O’B Z Z/ dw wﬁm—l_owﬂm]

=0m=—

Hartle-Hawking state |H) [Hartle & Hawking PRD 13 2188 (1976)]

Positive frequency with respect to Kruskal time

w
H|O|H Z 2/ dw wém wém] coth (ZTH)

=0m=—/

Unruh state |U) [Unruh PRD 14 870 (1976) |
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QFT on Schwarzschild

Quantum states on Schwarzschild

Boulware state |B) [ Boulware PRD 11 1404 (1975) |

Positive frequency with respect to Schwarzschild time

B‘O’B Z Z/ dw wﬁm—l_owﬂm]

=0m=—

Hartle-Hawking state |H) [Hartle & Hawking PRD 13 2188 (1976)]

Positive frequency with respect to Kruskal time

w
H|O|H Z 2/ dw wém wém] coth (ZTH)

=0m=—/

Unruh state |U) [Unruh PRD 14 870 (1976) |

(UlofU) = 2 ) . dw[wfm wfmCOth(zc;Hﬂ

=0m=—/{

4

Elizabeth Winstanley (Sheffield) SR and BH quantum states Leipzig, August 2023 7/28



QFT on Schwarzschild

Properties of standard quantum states

Elizabeth Winstanley (Sheffield) SR and BH quantum states
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Properties of standard quantum states

Boulware state |B) [ Boulware PRD 11 1404 (1975) |
@ State which is as empty as possible at infinity

@ Diverges on the event horizon
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Boulware state |B) [ Boulware PRD 11 1404 (1975) |
@ State which is as empty as possible at infinity

@ Diverges on the event horizon

Hartle-Hawking state |H) [ Hartle & Hawking PRD 13 2188 (1976)]

@ Represents a black hole in thermal equilibrium with a heat bath

@ Regular on and outside event horizon

Unruh state |U) [Unruh PRD 14 870 (1976) |

e Hawking radiation at .#
@ Regular at H "
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Properties of standard quantum states

Boulware state |B) [ Boulware PRD 11 1404 (1975) |
@ State which is as empty as possible at infinity

@ Diverges on the event horizon

Hartle-Hawking state |H) [ Hartle & Hawking PRD 13 2188 (1976)]
@ Represents a black hole in thermal equilibrium with a heat bath
@ Regular on and outside event horizon

[ Sanders LMP 105 575 (2015) ]

Unruh state |U) [Unruh PRD 14 870 (1976) |

e Hawking radiation at .#
@ Regular at H "
[ Dappiaggi, Moretti & Pinamonti ATMP 15 355 (2011) ]
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Kerr black hole

sin? 0

ds? = —%[dt — asin? 0d(p]2 + %d;’2 +Xde* + (P +a%)do — aalt]2

A=71*—2Mr+a®> X =r2+d%cos?6
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QFT on Kerr

Kerr black hole
. 2

ds? = —%[dt —asin?0dg]’ + %d# +3d6% + g[( 2+ @) do — adt]”
y

Neutral scalar field modes

1 1 o
Pootm (t,7,0,9) = Nme P S i (€OS 0) R o (1)
2+a

V.
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Kerr black hole

. 2
ds? = —%[dt —asinzed(p]2+§d72+2d92+¥[( 2+ @) do — adt]”

4

Neutral scalar field modes

1 1 o
Peotm (t,7,0,9) = Nme LMD S i (€OS 0) R o ()
2 4+a

Sewim(cos 6): spheroidal harmonics
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Kerr black hole

sin2 6

ds? = —%[dt —asin®0dg]”+ §d72+2d92+ = (*+a?) dg — adt]”

4

Neutral scalar field modes

1 1 Ciwt i
¢w€m (t/ r, 9/ 47) = N —le w e””‘”Swgm (COS G)wam (7’)
(7’2 4 aZ) 2
y
Radial mode equation
d? dr. r*+a?
0= |5+ Vum(r)| R r =
d?’% wﬂm( ) wﬂm( ) dr A
y
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Kerr black hole

ds? = —%[dt—asin29d¢]2+§dr2+2d92 ciby S0 2

r+a )dgo—adﬂ2

Neutral scalar field modes
1 1

it i
¢w€m (t/ r, 9/ 47) = N —le w e””‘”Swgm (COS G)wam (7’)
(7’2 L aZ) 2
4
Radial mode equation
d? dr. r*+a?
0= +V, R r =
dr 2 wfm( ) wﬁm( ) dr A
Votm (1’) = {
y
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Kerr black hole

ds? = —%[dt—asin29d¢]2+§dr2+2d92 ciby S0 2

r+a )dgo—adﬂ2

Neutral scalar field modes
1 1

it i
¢w€m (t/ r, 9/ 47) = N —le w e””‘”Swgm (COS G)wam (7’)
(r2 + a2)?
y
Radial mode equation
d? dr. r*+a?
0= +V, R r =
dr 2 wfm( ) wﬁm( ) dr A
Viorm(r) =
wim (") w? asr, — 0o
y
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Kerr black hole

ds? = —%[dt—asin29d¢]2+§dr2+2d92 ciby S0 2

r+a )dgo—adﬂ2

Neutral scalar field modes
1 1

it i
¢w€m (t/ r, 9/ 47) = N —le w e””‘”Swgm (COS G)wam (7’)
(r2 + a2)?
V.
Radial mode equation
d? dr, 1> +a?
0= + V. R r =
dr 2 wfm( ) wﬁm( ) dr A
Vo (r) = @? = (w—mOy)* asr, — —oo
whm w? asr, — o
y
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Classical superradiance

in — 1Ty _
(1’) wéme Yy — —O0
wﬂm —zwr* +Am 1wr* e — 00
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QFT on Kerr

Classical superradiance

in —iwr, _
wém —zwr* + Am zwr* Fe — 00
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QFT on Kerr

Classical superradiance

in —iwr, _
wém —zwr* + Am zwr* Fe — 00

[1_ ‘Al €m| } _w‘Bl fm‘

A, P> 1ifwa <0
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QFT on Kerr

Classical superradiance

— 1Ty

m pa—
wﬁm —zwr* + Am zwr* Fe — 00
SN S B s e S S B S B 1
r a=0.99M ]
[ |— wugM=0.0 N
- _ pSM:DJ 4
[ —_ HSM:D'E 4
r - pgM=0.3 n

]A 2 S 1ifw® <0

wlm

[ Brito, Cardoso & Pani LNP 905 (2015) ]
SR and BH quantum states Leipzig, August 2023
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“In” modes
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“In” modes
Positive frequency/“norm” for

w >0
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QFT on Kerr

“In” and “Up” modes

“In” modes
Positive frequency/“norm” for

w >0

“Up” modes

Positive frequency/“norm” for

w=w-—-—mOy >0

V.
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Quantum states on Kerr
Unruh state
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QFT on Kerr

Quantum states on Kerr

Unruh state

(U|0|U) = Z Z {/0 dwoggm—i-/o dwol) coth (%)}

0m=—/

Hartle-Hawking state
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QFT on Kerr

Quantum states on Kerr
Unruh state

U|O|U) /dwowm—i-/ dwoh cth( )}
< | | ZZ(:)m;({ 14 wtm €O 2Ty

Hartle-Hawking state

No Hartle-Hawking state exists on Kerr
[ Kay & Wald Phys. Rept. 207 49 (1991) ]
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QFT on Kerr

Quantum states on Kerr

Unruh state

(ulo[v) ; > {/ il + [ d“"’w@m“’*h(z;ﬁ}

0m=—/

‘CCH> [ Candelas, Chrzanowski & Howard PRD 24 297 (1981) ]
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QFT on Kerr

Quantum states on Kerr
Unruh state

(elfefley ; > {/ il + [ d“"’w@m“’th(z;ﬁ}

0m=—/{

|CCH> [ Candelas, Chrzanowski & Howard PRD 24 297 (1981) ]

(CCH|O|CCH) = Z Z/ dw coth (2T ) o,

=0m=—

+Z Z / dwcoth(ZT ) o

=0m=—
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Quantum states on Kerr
Unruh state

(elfefley ; > {/ il + [ d“"’w@m“’th(z;ﬁ}

0m=—/{

|CCH> [ Candelas, Chrzanowski & Howard PRD 24 297 (1981) ]

(CCH|O|CCH) = Z Z/ dew coth (2T ) o,

=0m=—

+Z Z / dwcoth(ZT ) o

=0m=—
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QFT on Kerr

Quantum states on Kerr

Unruh state

(ulo[v) ; > {/ il + [ d“"’wém“’th(z;ﬁ}

0m=—/

|CCH> [ Candelas, Chrzanowski & Howard PRD 24 297 (1981) ]

(CCH|O|CCH) = / dwcoth( ) o,
Om——f 2T

+Zom2_/ dwcoth(ZT ) o

@ Does not represent an equilibrium state

[ Ottewill & Winstanley PRD 62 084018 (2000) ]
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QFT on Kerr

Quantum states on Kerr

Unruh state

(ulo[v) ; > {/ il + [ d“"’wém“’th(z;ﬁ}

0m=—/{

|CCH> [ Candelas, Chrzanowski & Howard PRD 24 297 (1981) ]

(CCH|O|CCH) = Z Z/ dw coth (2T ) o,

=0m=—
+Zomz_/ dwcoth(zT ) 0 stm

@ Does not represent an equilibrium state

@ Regular outside the event horizon
[ Ottewill & Winstanley PRD 62 084018 (2000) ]
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QFT on Kerr

Quantum states on Kerr
‘CCH> [ Candelas, Chrzanowski & Howard PRD 24 297 (1981) |

(CCH|O|CCH) = ) 2 / dw coth (ZTH)O;;‘M

{=0m=—{

—i—z Z / dwcoth(ZT > 0im

=0m=—

|FT) [Frolov & Thorne PRD 39 2125 (1989) |

(FTIOJFT) = 1 2/ dwcoth<2T )ogfm

(=0m=—
[ee] up
+;f)ng/ dw coth (ZT )owem
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QFT on Kerr

Quantum states on Kerr

‘CCH> [ Candelas, Chrzanowski & Howard PRD 24 297 (1981) ]

(CCH|O|CCH) = ) 2/ dw coth (2T ) o,

{=0m=—{
+ Z Z / dw coth (ZT > 0im
=0m=—
4
|FT) [Frolov & Thorne PRD 39 2125 (1989) |
(FTIOJFT) = 1 Z / dw coth <2T ) o,
(=0 m=—
(o]
up
+ Z Z / dcw coth (ZT ) 00sim
(=0m=—/{
V.
Elizabeth Winstanley (Sheffield) SR and BH quantum states Leipzig, August 2023 12/28




QFT on Kerr

Quantum states on Kerr
‘CCH> [ Candelas, Chrzanowski & Howard PRD 24 297 (1981) |

(CCH|O|CCH) = ) 2 / dw coth (ZTH)O};‘M

{=0m=—{

—i—z Z / dwcoth(ZT > 0im

=0m=—

|FT) [Frolov & Thorne PRD 39 2125 (1989) |

(FTIOJFT) = 1 Z/ dwcoth(ZT )ogfm

(=0 m=—

+Z Z/ dwCOth(ZT )ozgzm

=0m=—/{

e Divergent everywhere except on the axis of rotation
[ Ottewill & Winstanley PRD 62 084018 (2000) ]

Elizabeth Winstanley (Sheffield) SR and BH quantum states Leipzig, August 2023

V.
12/28



Charged scalar QFT on RN

Charged scalar field on RN space-time

Elizabeth Winstanley (Sheffield) SR and BH quantum states



Charged scalar QFT on RN

Charged scalar field on RN space-time

Reissner-Nordstrom black hole

2 2N\ —1
r 1’2 r r2
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Charged scalar QFT on RN

Charged scalar field on RN space-time

Reissner-Nordstrom black hole

) 2\ —1
d2=—(1- M2 gy (1ML 2 pe g 2
T r2 r 72

4

Charged scalar field equation
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Charged scalar QFT on RN

Charged scalar field on RN space-time

Reissner-Nordstrom black hole

) 2\ —1
g2 = —(1-2M 2 oy (1ML 2 sy 22
T r2 r 72

Charged scalar field equation

i — _v, i __L
v
Scalar product
. *
(@1,®2) = i [ [(Dy1)" &2 — B{D,P2] =gz
2 v
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Charged scalar QFT on RN

Charged scalar field on RN space-time

Charged scalar field modes

1
Poum(t,1,6,9) = 47e ™Y g, () Reve (1)
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Charged scalar QFT on RN

Charged scalar field on RN space-time

Charged scalar field modes

Bt (17,0, 9) = 317V (8) R (1)

v
Radial mode equation
d? dr. 1

0= [—+vg(r) Rulr) = o

2 @ w 2

dr? ar 11— 27M + (rQ_z
V.
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Charged scalar QFT on RN

Charged scalar field on RN space-time

Charged scalar field modes

Bt (17,0, 9) = 3¢ eV (8) R (1)

v
Radial mode equation
d? dr. 1
0= [—+v4(r) Ro(r) o
2 @ w 2
dr? ar 11— 27M + (rQ_z
Vw((r) = {
V.
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Charged scalar QFT on RN

Charged scalar field on RN space-time

Charged scalar field modes

Bt (17,0, 9) = 3¢ eV (8) R (1)

v
Radial mode equation
d? dr. 1
0= [—+v4(r) Rulr) = o
2 @ w 2
dr? ar 11— 27M + (rQ_z
Ve (1’) = ”
w asry — o
V.
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Charged scalar QFT on RN

Charged scalar field on RN space-time

Charged scalar field modes

Bt (17,0, 9) = 3¢ eV (8) R (1)

Y
Radial mode equation
d? dr, 1
0= [—+v4(r) Rl S
ar2 = ¢ «“ dr _2M | @
* 1 - + )
2
v _ &72:<w—Z—Q> as ry — —oo
w((r) = ’ i
w asry — o
y
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Charged scalar QFT on RN

Charge superradiance

Bi_‘n e—icT)r* 7 _) — 00
gilﬁ(r) = iA)zﬁ;r in Liwr :
e "+ AT 1y — 00
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Charged scalar QFT on RN

Charge superradiance

in () = Bie " o Ts —> —00
wl e—zwr*_{_Agléelwr* Fe — 00
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Charged scalar QFT on RN

Charge superradiance

we(r) = Bigge " T = —®
wl e—zwr*_{_AgZelwr* 7y — 00

w[1- A | = @B,

AR > 1if w@ < 0
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Charged scalar QFT on RN

Charge superradiance

n = [ BT o e
wl e iwrs +A£[elwr* 7y — 00

] S R R
20F =
(] RN W B
E A ]
- Y 3
-20F Y\ .-~ Q=0.5M, gM=0.1 3
E Y -— Q=0.5M, gM=0.5 1
40E i — Q=05M, qM=1 E
s WA -=- Q=0.99M, gM=0.1 ]
E B Q=0.99M, gM=0.5 1
-60F Y — Q-0.99M, gM-1 =
E \ \\ E
-80F DY 3
r LYY ]
o M ]
100 B | - | | ]
% 0 0.2 0.4 0.6 0.8 1.0

oM

in 12 . ~
A" > 1Tif ww <0 , _
[ Brito, Cardoso & Pani LNP 905 (2015) ]
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Charged scalar QFT on RN

“In” and “Up” modes

1" 4
“Tn” modes Up” modes

Positive frequency/“norm” for

w >0
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Charged scalar QFT on RN

“In” and “Up” modes

“In” modes
Positive frequency/“norm” for

w >0

“Up” modes
Positive frequency/“norm” for

9Q

W =w — >0
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Charged scalar QFT on RN

Observables

e Scalar condensate SC = % [Cixi)* +h.c }
o 1 o o A
o Current [ = =2 [&* (D'®) + (D'®) &' —h.c.
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Charged scalar QFT on RN

Observables

—~ 1r. .
@ Scalar condensate SC = 5 [<I><I>Jr + h.c.]

0 et L
o Current Jl' = = [$* (D'®) + (D'd) &' — h|

@ Stress-energy tensor THV
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Charged scalar QFT on RN

Observables

1

e Scalar condensate SC = [ci)ci)* + h.c.]

N

0 et L
o Current Jl' = = [$* (D'®) + (D'd) &' — h|

@ Stress-energy tensor THV

Fluxes
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Charged scalar QFT on RN

Observables

1

e Scalar condensate SC = [ci)ci)* + h.c.]

N

0 et L
o Current Jl' = = [$* (D'®) + (D'd) &' — h|

@ Stress-energy tensor Tyv

Fluxes

@ Flux of charge K
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Charged scalar

QFT on RN

Observables

e Scalar condensate SC =

L (@b +he]

N

e Current [/ = i [CTJJF (D'®) + (D) F — h.c.}

167

o Stress-energy tensor T},

Fluxes

@ Flux of charge K
o Flux of energy L

Elizabeth Winstanley (Sheffield)
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Charged scalar QFT on RN

Unruh state |U)

00 4 00 00 w
A o 7 ~ P
(Ujoju) = 5 1;:0 m:§ iy [ . dw oy, + dwo,,, coth ‘ 2Th ]
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Charged scalar QFT on RN

Unruh state |U) G—w-_ 19

Tt

A 1 ) 4 R . © ~ up CD
(U|OJu) = 5 ) :Z_Z {/_wdwog‘m +/_mdwowemcoth‘m

(=0m

|

Ky

Ly
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Charged scalar QFT on RN

Unruh state |U) G—w-_ 19
Tt

(U|OJU) = {/ dwowzm—i—/ dc?oz}}zmcoth‘%
Om— 14 - H

|

Ky =

l 00
q / dw (20 +1
647—[36;0 0 w( )w

Bl

Sfow 3] 1)

1 &y >
LU_W;)/O dw (20 +1) w
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Charged scalar QFT on RN

Unruh state |U) Gow-10 S_,119
Y4 Y4

n 1 e 14 <5} . [e3) " &‘}
(U|OJU) = 5 Yo ) [/_oodwog}zm—i—/_oodwoilzmcoth 2Th

(=0m=—/(

|
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“Boulware”-like state on RN

[ Balakumar, Bernar, Crispino & EW PLB 811 135904 (2020) ]
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@ Positive frequency with respect to Schwarzschild time ¢
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Charged scalar QFT on RN B state on RN

“Boulware”-like state on RN

@ Positive frequency with respect to Schwarzschild time ¢

@ w > 0for “in” modes

[ Balakumar, Bernar, Crispino & EW PLB 811 135904 (2020) ]
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Charged scalar QFT on RN B state on RN

“Boulware”-like state on RN

@ Positive frequency with respect to Schwarzschild time ¢
@ w > 0 for “in” modes

@ w > 0 for “up” modes

[ Balakumar, Bernar, Crispino & EW PLB 811 135904 (2020) ]
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Charged scalar QFT on RN B state on RN

“Boulware”-like state on RN

@ Positive frequency with respect to Schwarzschild time ¢
@ w > 0 for “in” modes
@ w > 0 for “up” modes

<Bl|O|B1 |:/ dwow€m+/ dew wém:|
f 0m=—/(

[ Balakumar, Bernar, Crispino & EW PLB 811 135904 (2020) ]
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Charged scalar QFT on RN B state on RN

“Boulware”-like state on RN

@ Positive frequency with respect to Schwarzschild time ¢
@ w > 0 for “in” modes

@ w > 0 for “up” modes

(B1|O|By) = Z Z [/ dwowgm+/ & wém]

(Om—é

0 /min{12,0} Iw\
1 & max{rJr, w?
- “(2¢+1)|B®
BT Tem ;/mm{q%} II( +1 B,

[ Balakumar, Bernar, Crispino & EW PLB 811 135904 (2020) ]

Elizabeth Winstanley (Sheffield)

SR and BH quantum states

Leipzig, August 2023 19/28




Charged scalar QFT on RN

“Boulware”-like state on RN
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“Boulware”-like state on RN

@ Positive frequency with respect to Schwarzschild time ¢

[ Bernar, Balakumar & EW PRD 106 125013 (2022) ]
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Charged scalar QFT on RN B state on RN

“Boulware”-like state on RN

@ Positive frequency with respect to Schwarzschild time ¢
@ w > 0 for both “in” and “up” modes

[ Bernar, Balakumar & EW PRD 106 125013 (2022) ]
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Charged scalar QFT on RN B state on RN

“Boulware”-like state on RN
@ Positive frequency with respect to Schwarzschild time ¢
@ w > 0 for both “in” and “up” modes
@ Superradiant “up” modes relabelled

[ Bernar, Balakumar & EW PRD 106 125013 (2022) ]
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Charged scalar QFT on RN B state on RN

“Boulware”-like state on RN

@ Positive frequency with respect to Schwarzschild time ¢
@ w > 0 for both “in” and “up” modes
@ Superradiant “up” modes relabelled

(B|O|B) = %2 :Z {/ dew [0 + 0]

[ Bernar, Balakumar & EW PRD 106 125013 (2022) ]
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Charged scalar QFT on RN B state on RN

“Boulware”-like state on RN

@ Positive frequency with respect to Schwarzschild time ¢
@ w > 0 for both “in” and “up” modes
@ Superradiant “up” modes relabelled

B0 =53 ¥

OQQ

[ Bernar, Balakumar & EW PRD 106 125013 (2022) ]

max{ ,r+}
/ dw |o [ wem T 0604”1] —2 /min{U,gS} v

up
wam }
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Charged scalar QFT on RN B state on RN

“Boulware”-like state on RN

@ Positive frequency with respect to Schwarzschild time ¢
@ w > 0 for both “in” and “up” modes
@ Superradiant “up” modes relabelled

B0 =53 ¥

Properties of the state |B)

max{O,,+ }
/ dw |o [ wim T Owém] -2 /min{O,ff} w

up
Ocufm }

[ Bernar, Balakumar & EW PRD 106 125013 (2022) ]
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Charged scalar QFT on RN B state on RN

“Boulware”-like state on RN

@ Positive frequency with respect to Schwarzschild time ¢
@ w > 0 for both “in” and “up” modes
@ Superradiant “up” modes relabelled

B0 =53 ¥

Properties of the state |B)

o Equilibrium state

Kg =0 Ly

|
o

max{O,,+ }
/ dw |o [ wim T Owém] -2 /min{O,ff} w

up
Ocufm }

[ Bernar, Balakumar & EW PRD 106 125013 (2022) ]
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Charged scalar QFT on RN B state on RN

“Boulware”-like state on RN

@ Positive frequency with respect to Schwarzschild time ¢
@ w > 0 for both “in” and “up” modes
@ Superradiant “up” modes relabelled

max{0, 3?} up
B|O|B Z Z / [ wlm + Owém] - 2/ dw Ocufm

pr — min{0, L }

Properties of the state |B)

o Equilibrium state

Kg =0 Ly

|
o

@ Empty as possible at infinity

[ Bernar, Balakumar & EW PRD 106 125013 (2022) ]
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“Hartle-Hawking”-like state on RN
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Charged scalar QFT on RN HH state on RN

“Hartle-Hawking”-like state on RN

[Hy)
oo f
A 1n
(Hy|O[H;) = / dw coth‘ 77 | o
E 0m=—/¢
oo
#3537 docom o,
I=0m=—/ y
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Charged scalar QFT on RN HH state on RN

“Hartle-Hawking”-like state on RN

[Hy)
oo f
A 1n
(Hy|O[H;) = / dw coth ‘ 77| o
E 0m=—/4
oo
+3 % [7 dacom |2,
I=0m=—/ y
Kw, = Ku
Ly, = Ly
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Charged scalar QFT on RN HH state on RN

“Hartle-Hawking”-like state on RN

|Hy)
00 l
H1|O|H1 Z Z / dw coth ‘ 2T wﬁm
(=0 m=—/
+ / dw coth’ 0im
ZZOm—ZZ 2Th f y
Ku, = Ky
4 0 ~2
_q / o (20+1)w [i gin gin ]
647—[36;00 w(exp[;"—H]—l) w}w[ ’ —wl
Ly, = Ly

LY [ <2€+_:>‘j21>[1\ o+ 28]
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Charged scalar QFT on RN HH state on RN

“Hartle-Hawking”-like state on RN
(H1|SC[H:) — (U|SC|U)

9 \

r/ry
[ Bernar, Balakumar & EW PRD 106 125013 (2022) ]
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Charged scalar QFT on RN HH state on RN

“Hartle-Hawking”-like state on RN

|Hy)
n e} J4 [} & )
— ‘5 m
<H2|O|H2> = E Z / dCUCOth‘F 0tm
(=0m=—¢7 = =
~ up
+ Z Z / dwcoth’F 0im
(=0m=—¢" —%® H y
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Charged scalar QFT on RN HH state on RN

“Hartle-Hawking”-like state on RN

|Hy)
o 4
(H|O0H) = Y ) / dw coth‘ on,
(=0m=—/
+ZZ(:J ; / dwcoth’ZT wem
m=—~{ 4
q o max{ 9 0} | ~|
Ku, = 647T3€ZO mm{ } dw-— » (20+1) coth’—' |BY,
’+
max in
Ly, = 16712 Z/mm da) || (2£+1)coth' ‘B |
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Charged scalar QFT on RN HH state on RN

“Hartle-Hawking”-like state on RN

[Ha)
) J4
H2|O|H2 2 2 / d(UCOth‘ w@m
(=0 m=—/
+;Jm;e/ dwcoth’ZT wem
V.
q 0 max{qQ 0} |~| in
Ku, = 647T3€ZO mm{,+ 0} dw-— » (20+1) coth’ '|Bw£
0
Ly, = 16712 Z/mm } dw || (2£+1)coth'

(H,|SC|H,) — (U|SC[U) = 2 2/ do——

& |¢w€m }
=0m=—/ exp ‘T_ —

Leipzig, August 2023 23/28
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Charged scalar QFT on RN

“Hartle-Hawking”-like state on RN
H)
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Charged scalar QFT on RN HH state on RN

“Hartle-Hawking”-like state on RN
[H)

IO =3 3= 3 { [ 4 [ofn + o] coth 5
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Charged scalar QFT on RN HH state on RN

“Hartle-Hawking”-like state on RN

|H)
. 1 [ee] VA 00 . u (I)
MO =33 3 { [ d oty -+ 015, coth| 57
{=0m=—/{ -
max{0, g—Q } . @&

—2/ " dwo, coth|——

min{0, 2} whm 2TH
y
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Charged scalar QFT on RN HH state on RN

“Hartle-Hawking”-like state on RN

|H)
R 1& & = ; w5 @
— =z m -
<H|O’H> - E Z Z {/ ddw [Owém +Ow£m] coth 2T
(=0m=—¢ \ /= H
max{O,g—Q} . @&
—2/ " dwo™, coth ‘—
. Q wlm
mm{O,z:} 2Ty
Y
Ku=20 L1=0
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Charged scalar QFT on RN HH state on RN

“Hartle-Hawking”-like state on RN

H)
. 1 (e} 14 in up (I}
HIOH) =5 ) ¥ / 4 [0, +oLF,,] coth | -2
(=0m=—¢ =
max{0,7% i } p h
= / wo™, cot
min{0, 2} wim ‘ 2TH
4
Ku=0 Ly=0
(H|SC|H) — (U|5C|U)
2 i 2
— Z Z / dw E}Zm + |¢]fwlm|

0m=—¢ exp<‘6>—1 exp(%)—l
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Charged scalar QFT on RN HH state on RN

“Hartle-Hawking”-like state on RN
(H|SC[H) — (U|SC|U)

10 T T
oM =0 ——
g/M =016 -----
75 ¢ q/M =032 o 7

101 2 (SC)

r/ry
[ Bernar, Balakumar & EW PRD 106 125013 (2022) ]
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Conclusions

Quantum states for a neutral scalar field

Schwarzschild
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Kerr
o Classical superradiance
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Conclusions

Quantum states for a neutral scalar field

Schwarzschild
@ Unruh |U) - Hawking flux at .+
@ Boulware |B) - empty as possible at infinity

e Hartle-Hawking |H) - equilibrium, regular at horizon

Kerr
o Classical superradiance
e No Hartle-Hawking state
e |CCH) - regular, not equilibrium
@ |FT) - equilibrium, divergent almost everywhere
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@ Classical superradiance only for bosonic fields
@ Quantum superradiance for fields of all spins

@ Bosonic fields
[ Casals & Ottewill PRD 71 124016 (2005), Gérard RMP 33 2150028 (2021),

Klein Ann. Inst. Henri Poincaré 24 2401 (2023), Tuliano & Zahn 2307 .07467 ]

@ Fermionic fields
[ Casals et al PRD 87 064027 (2013), Gérard, Hafner & Wrochna 2008.10995 ]

Charged scalar on charged black holes

@ Renormalized expectation values
[ Klein, Zahn & Hollands PRL 127 23 (2021),

Klein & Zahn PRD 104 025009 (2021) ]

@ Analogue of Kay-Wald theorem for a charged scalar field
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