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Unruh and Hawking effects

Two fundamental results in QFT in curved space-time

Unruh effect

A uniformly accelerating observer in Minkowski space-time observes
thermal radiation in the Minkowski vacuum

[ Fulling PRD 7 2850 (1973); Davies JPA 8 609 (1975); Unruh PRD 14 870 (1976) ]

Hawking effect
A black hole formed by gravitational collapse emits thermal radiation
[ Hawking CMP 43 199 (1975) ]
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Introduction

An analogy [ Kay cMP 10057 (1985) |

Minkowski space-time Kruskal space-time

r=20

r=20
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Introduction

An analogy [ Kay cMP 10057 (1985) |

Rindler wedge Exterior Schwarzschild

r=20

r=20
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Introduction

An analogy [ Kay cMP 10057 (1985) |

Rindler vacuum Boulware state

r=20

r=20
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Introduction

An analogy [Kay cMP 10057 (1985) |

Minkowski vacuum Hartle-Hawking-Israel state

r=20

r=20
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HHI state on Schwarzschild space-time

HHI state on
Schwarzschild space-time
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HHI state on Schwarzschild space-time

Schwarzschild space-time

=il
ds? = — <1 — g) drr + (1 — g) ar? + 12 de* +* si1r129dqo2
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HHI state on Schwarzschild space-time

Schwarzschild space-time

-1
ds? = — (1 — g) G (1 — g) dr* 4 r* d6* 4 r? sin” 0 d ¢*
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HHI state on Schwarzschild space-time

Canonical quantization of a massless scalar field
Klein-Gordon equation

Ud =0

Klein-Gordon inner product

(q)ll q>2)1<(; = i/z‘. [CI);VVCI)l - (I)lv}lq);] dx’

Involves time derivative of ®
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HHI state on Schwarzschild space-time

Mode expansion of the massless scalar field &

Expand classical field in terms of orthonormal basis of field modes

d = Za]-(p;r + a;(pj_
]
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HHI state on Schwarzschild space-time

Mode expansion of the massless scalar field &
Expand classical field in terms of orthonormal basis of field modes

O = Za]-q;].* + a}qb].—
]

Positive frequency modes

¢ e w >0

Positive KG “norm”

(‘P;r’qb’j)KG < Ojts
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HHI state on Schwarzschild space-time

Mode expansion of the massless scalar field &
Expand classical field in terms of orthonormal basis of field modes

O = Zajqu* + a}gb]f
]

Negative frequency modes
¢ e w <0

Negative KG “norm”

(0795 ) g =~
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HHI state on Schwarzschild space-time

Mode expansion of the massless scalar field &

Expand classical field in terms of orthonormal basis of field modes
D=V 4bT 4ot
® =) a0+
]
Promote expansion coefficients to operators a;, ﬁ;r with

A At A At At
[a]-,ak} = Ojk 4,8, =0 [aj,ak} =0
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HHI state on Schwarzschild space-time

Mode expansion of the massless scalar field &

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

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

d;j - particle annihilation operators
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HHI state on Schwarzschild space-time

Mode expansion of the massless scalar field &

Expand classical field in terms of orthonormal basis of field modes
D —VNa.067 +ote-
=) a9 +ijg;
]
Promote expansion coefficients to operators a;, ;r with

] = pal =0 |alaf] =0

- particle annihilation operators
- particle creation operators

]
.‘.
]
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HHI state on Schwarzschild space-time

Mode expansion of the massless scalar field &

Expand classical field in terms of orthonormal basis of field modes
D=V a.06" +ate-
d = Za]gbj +a;;
]
Promote expansion coefficients to operators a;, ;r with

] = pal =0 |alaf] =0

i - particle annihilation operators
- particle creation operators

\x_‘_\

Define the vacuum state |0)

a;10) =
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HHI state on Schwarzschild space-time

Massless scalar field modes

) (trG )—;
wlm ;,,(P _rN\/W

Y/ (0): spherical harmonics

eitheimq)Yﬁm (G)Rwﬂ (1’)

N: normalization constant independent of w
Positive frequency with respect to Schwarzschild time ¢t: w > 0
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HHI state on Schwarzschild space-time

Massless scalar field modes

wlm t/r/Gr = ——
(Pé ( (P) VN\/W

Y/ (6): spherical harmonics
N: normalization constant independent of w
Positive frequency with respect to Schwarzschild time ¢: w > 0

Radial mode equation

0= [;22 +Vw6m(r):| Ree(1) CZ; = (1 - @)

Vo (r) = w? asr—2M,r, — —o0
wbm\") = w2 ast — 00, 7y — 00
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hild space-time

“In” and “Up” modes

V75 P/ in
In” modes R},

Bl e Ty — —00
e—lwr* _i_AZIIIZEZOJT* s — 00

7 ” up
Up” modes R

B/Feiwr: e —

{ eiwr*+A;Pée—iwr* Fe — —00
(4
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HHI state on Schwarzschild space-time

“Out” and “Down” modes

“Out” modes R “Down” modes Rf};}wn
'(cz;lzteiwr* . Ty — —00 efiwr* _i_AS]czwneiwr* Ty — —00
elwr +A2]U?e_lwr* Fe —> 00 Bg%wne—zwr* Ty — 00
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HHI state on Schwarzschild space-time

HHI state [Hartle & Hawking PRD 13 2188 (1976), Israel PLA 57 107 (1976) |

@ Define positive frequency with
respect to Kruskal time T
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HHI state on Schwarzschild space-time

HHI state [Hartle & Hawking PRD 13 2188 (1976), Israel PLA 57 107 (1976) |

@ Define positive frequency with
respect to Kruskal time T

@ Use “up” and “down” modes?
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HHI state on Schwarzschild space-time

HHI state [Hartle & Hawking PRD 13 2188 (1976), Israel PLA 57 107 (1976) |

@ Define positive frequency with
respect to Kruskal time T

@ Use “up” and “down” modes?

e “Up” and “down” modes are
not orthogonal
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HHI state on Schwarzschild space-time

HHI state [Hartle & Hawking PRD 13 2188 (1976), Israel PLA 57 107 (1976) |

@ Define positive frequency with
respect to Kruskal time T

j-l—

@ Use “up” and “down” modes?

>+

e “Up” and “down” modes are
not orthogonal

@ Instead use “in” and “up”
modes
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HHI state on Schwarzschild space-time

HHI state [Hartle & Hawking PRD 13 2188 (1976), Israel PLA 57 107 (1976) |

@ Define positive frequency with
respect to Kruskal time T

@ Use “up” and “down” modes?

e “Up” and “down” modes are
not orthogonal

@ Instead use “in” and “up”
modes

@ Resulting vacuum state is HHI
state |H)
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HHI state on Schwarzschild space-time

Expectation values in the HHI-state |H)
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HHI state on Schwarzschild space-time

Expectation values in the HHI-state |H)

Stress-energy tensor operator

1

A 2 N N

A . 1 N A
v, v, o - ggw,VAd)V)‘CID
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HHI state on Schwarzschild space-time

Expectation values in the HHI-state |H)
Stress-energy tensor operator

1

A 2 N N

A . 1 A A
v, v, o - ggwmepv%p
Unrenormalized stress-energy tensor expectation value

+ - ! « w in up
(Tl H) = 3 1 [ dcoth 5= ) (T [ohn] + oo 02521}

wlm
=0m=—/

[ Candelas PRD 21 2185 (1980) ]
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HHI state on Schwarzschild space-time

Expectation values in the HHI-state |H)
Stress-energy tensor operator

1

A 2 N N

A . 1 A A
v, v, o - ggym@v%p
Unrenormalized stress-energy tensor expectation value

+ - ! « w in up
(Tl H) = 3 1 [ dcoth 5= ) (T [ohn] + oo 02521}

wlm
=0m=—/

[ Candelas PRD 21 2185 (1980) ]

Compute renormalized expectation values using point-splitting
[ Howard PRD 30 2532 (1984) |
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HHI state zschild space-time

(H|T,y|H) for a massless scalar field

[ Howard PRD 30 2532 (1984) ]

Elizabeth Winstanley (Sheffield) Kay-Wald theorem and HHI-like states York, April 2017 14 / 47



HHI state on Schwarzschild space-time

HHI state |H)

For a quantum scalar field on Schwarzschild space-time




HHI state on Schwarzschild space-time

HHI state |H)

For a quantum scalar field on Schwarzschild space-time

Properties
@ Thermal state in region [
@ Regular on the horizons
o (H|T,,|H) finite everywhere in region I

@ Time-reversal symmetric

Elizabeth Winstanley (Sheffield) Kay-Wald theorem and HHI-like states York, April 2017

15/ 47



HHI state on Schwarzschild space-time

HHI state |H)

For a quantum scalar field on Schwarzschild space-time
Properties

@ Thermal state in region I

@ Regular on the horizons

o (H|T,,|H) finite everywhere in region I

@ Time-reversal symmetric

Rigorous results on the existence of |H)

Kay CMP 100 57 (1985) HHI state in regions I & IV

Jacobson PRD 50 R6031 (1994) HHI state on Euclidean section
Sanders IJMPA 28 1330010 (2013) HHI state on Kruskal space-time
Sanders Lett. Math. Phys. 105 575 (2015) HHI state across horizons

o
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HHI state on Schwarzschild space-time

The Kay-Wald theorem [ Kay & Wald Phys. Rept. 207 49 (1991) ]

Globally hyperbolic space-time
with a bifurcate Killing horizon

Wedge isometry maps I <+ IV
[ Kay JMP 34 4519 (1993), Kay & Lupo CQG 33 215001 (2016) |
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HHI state on Schwarzschild space-time

The Kay-Wald theorem [ Kay & Wald Phys. Rept. 207 49 (1991) ]

Globally hyperbolic space-time

Theorem with a bifurcate Killing horizon

v

Wedge isometry maps [ <+ IV
[ Kay JMP 34 4519 (1993), Kay & Lupo CQG 33 215001 (2016) |
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HHI state on Schwarzschild space-time

The Kay-Wald theorem [ Kay & Wald Phys. Rept. 207 49 (1991) ]

Globally hyperbolic space-time

Theorem with a bifurcate Killing horizon

@ On a large subalgebra of
observables, there can be at
most one quasifree,
isometry invariant,
Hadamard state

v

Wedge isometry maps [ <+ IV
[ Kay JMP 34 4519 (1993), Kay & Lupo CQG 33 215001 (2016) |
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HHI state on Schwarzschild space-time

The Kay-Wald theorem [ Kay & Wald Phys. Rept. 207 49 (1991) ]

Globally hyperbolic space-time

Theorem with a bifurcate Killing horizon

@ On a large subalgebra of
observables, there can be at
most one quasifree,
isometry invariant,
Hadamard state

o This state, if it exists, is a
KMS state at the Hawking
temperature Ty on
observables in the
subalgebra localized in
region [

v

Wedge isometry maps [ <+ IV
[ Kay JMP 34 4519 (1993), Kay & Lupo CQG 33 215001 (2016) |
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HHI state on Schwarzschild space-time

HHI state |H) on Schwarzschild
The Kay-Wald theorem [ Kay & Wald Phys. Rept. 207 49 (1991) |

|H) exists and is unique on Schwarzschild

r=0 o

11
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HHI state on Schwarzschild space-time

Massless fermion field ¥

Dirac equation

Canonical quantization

@ Expansion of classical field in orthonormal basis of field modes

"

@ “in” and “up” modes

@ Positive frequency with respect to Kruskal time T

Stress-energy tensor

T‘uy —

g{[‘I’ YuVy ‘I’] [‘i’, %vyﬂ = [Vyﬁ, 'yv‘ﬂ = [VV‘AI’, 'y,}ﬂ}

v
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HHI state on Schwarzschild space-time

(H|T,y|H) for a massless fermion field ¥

1200 T T T T T T T T T T T ]

100 .
£ s :
N
3 J
x. 607 ]
S 0
8 L
o 400 ]
s [

20 .

O_ 1 1 1 1

0 1 2 3 4 5

[ Carlson et al PRL 91 051301 (2003) ]
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HHI-like states on Kerr space-time

Kerr space-time

Elizabeth W



HHI-like states on Kerr space-time

Kerr space-time

O

dsz:—é dt —asin®6d 2+§dr2—|—2d92—|— 2 +a?) do — adt
s I A ¢

A = 12 — 2Mr + a? Y = 2 + a® cos® 6
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HHI-like states on Kerr space-time

Kerr space-time

O

dsz:—é dt —asin®6d Z—I—Edrz—l—ZdGz—l— 2 +a?) do — adt
s I A ¢

A = 12 — 2Mr + a? Y = 2 + a® cos® 6
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HHI-like states on Kerr space-time

Features of Kerr space-time

Event horizon

TH:M+\/M2—L12 QH— 4

) 2
rH+a
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HHI-like states on Kerr space-time

Features of Kerr space-time
Event horizon

rH=M+ VM2 —a2  Qy=

Stationary limit surface

rs = M+ /M2 —a?cos?6

For ry < r < rg an observer cannot remain at rest relative to infinity
and must have a non-zero angular velocity
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HHI-like states on Kerr space-time

Features of Kerr space-time

Event horizon

=M+ VM —a2 Q=

2 2
rgt+a

Stationary limit surface
rg = M+ /M2 — a2 cos? 0

For ry < r < rg an observer cannot remain at rest relative to infinity
and must have a non-zero angular velocity

Speed-of-light surface

An observer can have the same angular velocity as the event horizon
between r = rg and the speed-of-light surface .77,
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Location of stationary limit surface and speed-of-light

surface

0.91018M

a=

0.7M

a=

[ Casals et al PRD 87 064027 (2013) ]
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HHI-like states on Kerr space-time [SI=IEISEC]

HHI state on
Kerr space-time

Quantum scalar field
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HHI-like states on Kerr space-time [SI=IEISEC]

The Kay-Wald theorem [Kay & Wald Phys. Rept. 20749 (1991) |
Properties of |H) on Schwarzschild

@ Regular on and outside horizon
@ Time-reversal symmetric

@ Thermal state in region I

Elizabeth Winstanley (Sheffield) Kay-Wald theorem and HHI-like states York, April 2017 25 /47



HHI-like states on Kerr space-time [SI=IEISEC]
The Kay-Wald theorem [Kay & Wald Phys. Rept. 20749 (1991) |
Theorem

There does not exist any Hadamard state on Kerr which is invariant
under the isometries generating the event horizon

Elizabeth Winstanley (Sheffield)

Kay-Wald theorem and HHI-like states

York, April 2017 25 /47



HHI-like states on Kerr space-time [EIGIEVSTEI(GE

The Kay-Wald theorem [Kay & Wald Phys. Rept. 20749 (1991) |

Theorem
No HHI state exists for a quantum scalar field on Kerr J
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HHI-like states on Kerr space-time [EIGIEVSTEI(GE

Massless scalar field on Kerr space-time

Scalar field modes
1 1

Peotm(t,7,0,9) = N ﬁe_iwteim"’swm (cos 0)Repm(r)
re+a<)?

Swem(cos ): spheroidal harmonics
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HHI-like states on Kerr space-time [EIGIEVSTEI(GE

Massless scalar field on Kerr space-time

Scalar field modes

1 1 _ .
Potm (t/ 1,0, QD) - N me Wte”""vswml (COS Q)Rwém (7’)
r a

Swem(cos 8): spheroidal harmonics

Radial mode equation

d? dr, 1>+ 42

0= [@ + Vwem(r)] Reim(r) A

Voo (1) = CTJZZ(“)_T”QH)Z asr — Ty, Ty —» —©0
W)= w? asr — 00, 7y — 00
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HHI-like states on Kerr space-time

“In” and “Up” modes

“In” modes R&m

1’*—>—00

lwr* Fe — 00

in e—icTJr*
wlm
—zwr* + A

wfm

Scalar field

“Up” modes R > wlim

w
BYP elwrs Ty — 00

{ zwr* +Aw€m —Z'LTJT‘* Fe — —00
wlm

Elizabeth Winstanley (Sheffield)
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HHI-like states on Kerr space-time [EIGIEVSTEI(GE

“Out” and “Down” modes

“Out” modes R"“‘t “Down” modes RS}%W“
Bout 10T Fe — —00 e—i&)r* + A?U(zwnei&r* Fe — —00
lwr* + Aout _lwr* r* _) o0 Bi%wneflwr* r* % 00
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HHI-like states on Kerr space-time

Modes with positive KG “norm”
Positive frequency scalar modes must have positive KG “norm”




HHI-like states on Kerr space-time [SI=IEISEC]

Modes with positive KG “norm”
Positive frequency scalar modes must have positive KG “norm”

“In” and “out” modes
“In” and “out” modes have positive KG “norm” for

it w >0
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HHI-like states on Kerr space-time [SI=IEISEC]

Modes with positive KG “norm”
Positive frequency scalar modes must have positive KG “norm”

“Up” and “down” modes

“Up” and “down” modes have positive KG “norm” for

" w=w-—-mQy >0 o+
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HHI-like states on Kerr space-time [EIGIEVSTEI(GE

A HHI-like state for a scalar field on Kerr?

@ Define positive frequency with
respect to Kruskal time T
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HHI-like states on Kerr space-time

A HHI-like state for a scalar field on Kerr?

@ Define positive frequency with
respect to Kruskal time T

@ Use “up” and “down” modes
with @ > 0?
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HHI-like states on Kerr space-time

A HHI-like state for a scalar field on Kerr?

@ Define positive frequency with
respect to Kruskal time T

@ Use “up” and “down” modes
with w > 0?

e “Up” and “down” modes are
not orthogonal
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HHI-like states on Kerr space-time

A HHI-like state for a scalar field on Kerr?

@ Define positive frequency with
respect to Kruskal time T

@ Use “up” and “down” modes
with w > 0?

e “Up” and “down” modes are
not orthogonal

@ Instead use “in” and “up”
modes

Elizabeth Winstanley (Sheffield) Kay-Wald theorem and HHI-like states



HHI-like states on Kerr space-time

A HHI-like state for a scalar field on Kerr?

@ Define positive frequency with
respect to Kruskal time T

@ Use “up” and “down” modes
with w > 0?

e “Up” and “down” modes are
not orthogonal

@ Instead use “in” and “up”
modes

@ But “in” modes have positive
“norm” for w > 0

Elizabeth Winstanley (Sheffield) Kay-Wald theorem and HHI-like states



HHI-like states on Kerr space-time [SI=IEISEC]

Attempts at defining a HHI-like state for Kerr

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

(CCHITwlccH) = 3 Y / doocoth (5 ) Ty [0

(=0 m=

OO

+5 [T coth (57 ) T (925,

{=0m=—/
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HHI-like states on Kerr space-time [SI=IEISEC]

Attempts at defining a HHI-like state for Kerr

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

(CCH|T,,|CCH) g;) / dw coth (ZT ) T (9500
+;) g/ d@ coth ( ) Tw [¢.5,.]
e

@ Does not represent an equilibrium state

[ Ottewill & Winstanley PRD 62 084018 (2000) ]
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HHI-like states on Kerr space-time [SI=IEISEC]

Attempts at defining a HHI-like state for Kerr

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

(CCH|T,,|CCH) g;) / dw coth (ZT ) T (9500
+;) g/ d@ coth ( ) Tw [¢.5,.]
e

@ Does not represent an equilibrium state

@ Regular outside the event horizon
[ Ottewill & Winstanley PRD 62 084018 (2000) ]
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HHI-like states on Kerr space-time [EIGIEVSTEI(GE

Renormalized expectation values on Kerr space-time

@ Method for computing renormalized expectation values on Kerr
has been elusive until recently
[Levietal arXiv:1610.04848 [gr-qcl]
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HHI-like states on Kerr space-time

Renormalized expectation values on Kerr space-time

@ Method for computing renormalized expectation values on Kerr
has been elusive until recently
[ Levietal arXiv:1610.04848 [gr-qcl]

e Differences in expectation values between two quantum states do
not require renormalization
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HHI-like states on Kerr space-time

Renormalized expectation values on Kerr space-time

@ Method for computing renormalized expectation values on Kerr
has been elusive until recently
[ Levietal arXiv:1610.04848 [gr-qcl]

e Differences in expectation values between two quantum states do
not require renormalization

@ Plots for Kerr are relative to a fixed reference state |B™)
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HHI-like states on Kerr space-time

Renormalized expectation values on Kerr space-time

@ Method for computing renormalized expectation values on Kerr
has been elusive until recently
[ Levietal arXiv:1610.04848 [gr-qcl]
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HHI-like states on Kerr space-time [EIGIEVSTEI(GE

Renormalized expectation values on Kerr space-time

@ Method for computing renormalized expectation values on Kerr
has been elusive until recently
[ Levietal arXiv:1610.04848 [gr-qc]]

e Differences in expectation values between two quantum states do
not require renormalization

@ Plots for Kerr are relative to a fixed reference state |B™)

“Past” Boulware state |[B~) [ Unruh PRD 10 3194 (1974) ]

@ “In” modes with positive frequency with respect to t near .~

e “Up” modes with positive frequency with respect to t near H~
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Renormalized expectation values on Kerr space-time

@ Method for computing renormalized expectation values on Kerr
has been elusive until recently
[ Levietal arXiv:1610.04848 [gr-qcl]

e Differences in expectation values between two quantum states do
not require renormalization

@ Plots for Kerr are relative to a fixed reference state |[B™)

“Past” Boulware state |[B~) [ Unruh PRD 10 3194 (1974) |
@ “In” modes with positive frequency with respect to ¢ near .# ~
e “Up” modes with positive frequency with respect to t near H~

@ Diverges on the event horizon
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HHI-like states on Kerr space-time

Renormalized expectation values on Kerr space-time

@ Method for computing renormalized expectation values on Kerr
has been elusive until recently
[ Levietal arXiv:1610.04848 [gr-qcl]

e Differences in expectation values between two quantum states do
not require renormalization

@ Plots for Kerr are relative to a fixed reference state |[B™)

“Past” Boulware state |[B~) [ Unruh PRD 10 3194 (1974) |

@ “In” modes with positive frequency with respect to ¢ near .# ~
e “Up” modes with positive frequency with respect to t near H~
@ Diverges on the event horizon

@ Regular everywhere outside the event horizon in region I
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HHI-like states on Kerr space-time [SI=IEISEC]

Attempts at defining a Hartle-Hawking state for Kerr

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

(FT|Tu|FT) ZZO _Z_ / dwcoth( )Tw [P,
+Z§m;€ /0 dé coth (%) T [ ]
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Attempts at defining a Hartle-Hawking state for Kerr

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

FTITWlFT) = % % [T docom (2 T 9]
(=0 m=—
+E)m§:€/ d coth (2T ) Tyv [(ngm]

@ Potentially an equilibrium state

[ Ottewill & Winstanley PRD 62 084018 (2000) ]
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HHI-like states on Kerr space-time [SI=IEISEC]

Attempts at defining a Hartle-Hawking state for Kerr

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

(FTITWIFT) = 3 / dew coth (2T )Tw [0%]
+£X%)ng/ dw coth (2T ) Tyv [(ngm]

@ Potentially an equilibrium state

@ Divergent everywhere except on the axis of rotation
[ Ottewill & Winstanley PRD 62 084018 (2000) ]
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HHI-like states on Kerr space-time [EIGIEVSTEI(GE

Kerr space-time with a mirror

Mirror . at fixed r = rg inside .7,

[ Duffy & Ottewill PRD 77 024007 (2008) ]
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HHI-like states on Kerr space-time [SI=IEISEC]

Kerr space-time with a mirror

Mirror . at fixed r = rg inside .7,

Modes
up . Ra}im w > 0
4)w€m Rm 7‘0 ¢w€m
(rbwfm - up wém i w <0
(owm Rm* 7’0)4) wl—m

[ Duffy & Ottewill PRD 77 024007 (2008) |
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HHI-like states on Kerr space-time [SI=IEISEC]

Kerr space-time with a mirror

Mirror . at fixed r = rg inside .7,

Modes
up RJZm
4)w€m Rm 7‘0 ¢w€m w >0
(rbwfm - up wém i w <0
(owm Rm* 7’0)4) wl—m
Positive KG “norm” for w > 0 )

[ Duffy & Ottewill PRD 77 024007 (2008) |
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HHI-like state |H ;)

Modes with positive frequency with respect to Kruskal time T

|H_4) [Duffy & Ottewill PRD 77 024007 (2008) |

R I°) l o w
HaltulHa) = 5 L [~ doco () T [p)]

=0m=—
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HHI-like state |H ;)

Modes with positive frequency with respect to Kruskal time T

|H_4) [Duffy & Ottewill PRD 77 024007 (2008) |

(H. || Hy) = / dé coth( TH) Ty (98]

Om——f

e Compute expectation values relative to |B_ )
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HHI-like state |H ;)

Modes with positive frequency with respect to Kruskal time T

|H_4) [Duffy & Ottewill PRD 77 024007 (2008) |

(H. || Hy) = / dé coth( TH) Ty (98]

Om——f

e Compute expectation values relative to |B_ )

@ |B /) defined by taking modes to have positive frequency with
respect to t
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HHI-like states on Kerr space-time [EIGIEVSTEI(GE

HHI-like state |H ;)

Modes with positive frequency with respect to Kruskal time T

|H_4) [Duffy & Ottewill PRD 77 024007 (2008) |

(H. || Hy) = / dé coth( TH) Ty (98]

Om——f

e Compute expectation values relative to |B_ )

@ |B_4) defined by taking modes to have positive frequency with
respect to ¢

e |B ) diverges on H*
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HHI-like states on Kerr space-time [SI=IEISEC]

HHI-states on space-times with enclosed horizons
Non-existence of HHI-state on Kruskal space-time with a single mirror

i+

[ Kay & Lupo CQG 33 215001 (2016) ]
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HHI-like states on Kerr space-time [SI=IEISEC]

HHI-states on space-times with enclosed horizons
Existence of HHI-state on Kruskal space-time with two mirrors

i+

[ Kay GRG 47 31 (2015) ]
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HHI-like states on Kerr space-time [iSeniChEia (|

HHI state on
Kerr space-time

Quantum fermion field
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Canonical quantization of a massless fermion field ¥

Dirac equation

Dirac inner product

(Y1, ¥2)p = /Z‘?WV‘I’ﬂZV
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HHI-like states on Kerr space-time Fermion field
Canonical quantization of a massless fermion field ¥
Dirac equation

Dirac inner product

(Y1, ¥2)p = /Z‘?w”‘lfzdzy

Positivity of the Dirac norm

@ All modes have positive Dirac norm

Elizabeth Winstanley (Sheffield) Kay-Wald theorem and HHI-like states York, April 2017 41 /47



HHI-like states on Kerr space-time SISl G

Canonical quantization of a massless fermion field ¥

Dirac equation

Dirac inner product

(Y1, ¥2)p = /Z‘?w”‘lfzdzy

Positivity of the Dirac norm
@ All modes have positive Dirac norm

@ Both positive frequency and negative frequency modes have
positive Dirac norm
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HHI-like states on Kerr space-time SISl G

Canonical quantization of a massless fermion field ¥

Dirac equation

Dirac inner product

(Y1, ¥2)p = /Z‘?w”‘lfzdzy

Positivity of the Dirac norm
@ All modes have positive Dirac norm

@ Both positive frequency and negative frequency modes have
positive Dirac norm

@ More freedom in the choice of positive frequency?

Elizabeth Winstanley (Sheffield) Kay-Wald theorem and HHI-like states York, April 2017
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HHI-like states on Kerr space-time

Mode expansion of the massless fermion field ¥

Expand classical field in terms of orthonormal basis of field modes

¥ =) byt
]

Elizabeth Winstanley (Sheffield) Kay-Wald theorem and HHI-like states



HHI-like states on Kerr space-time SISl G

Mode expansion of the massless fermion field ¥

Expand classical field in terms of orthonormal basis of field modes

& — N Bapt AT
‘I’—Zbﬂ,bj + ¢y
)

Promote expansion coefficients to operators 19]-, ¢; with

{ijfﬁi} = 0k = {C}ffi}
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Fermion field

HHI-like states on Kerr space-time

Mode expansion of the massless fermion field ¥

Expand classical field in terms of orthonormal basis of field modes

& — N Bapt AT
‘I’—Zbﬂ,bj + ¢y
)

Promote expansion coefficients to operators 19]-, ¢; with

York, April 2017 42 / 47
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HHI-like states on Kerr space-time SISl G

A HHI-like state for a fermion field on Kerr?

@ Define positive frequency with
respect to Kruskal time T
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HHI-like states on Kerr space-time

A HHI-like state for a fermion field on Kerr?

@ Define positive frequency with
respect to Kruskal time T

@ Use “up” and “down” modes
with @ > 0?
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A HHI-like state for a fermion field on Kerr?

@ Define positive frequency with
respect to Kruskal time T

@ Use “up” and “down” modes
with «w > 0?

e “Up” and “down” modes are
not orthogonal
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HHI-like states on Kerr space-time

A HHI-like state for a fermion field on Kerr?

@ Define positive frequency with
respect to Kruskal time T

j-l—

@ Use “up” and “down” modes
with «w > 0? HT

e “Up” and “down” modes are
not orthogonal

@ Instead use “in” and “up”
modes with w > 0
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HHI-like states on Kerr space-time

A HHI-like state for a fermion field on Kerr?

@ Define positive frequency with
respect to Kruskal time T

@ Use “up” and “down” modes
with «w > 0?

e “Up” and “down” modes are
not orthogonal

@ Instead use “in” and “up”
modes with «w > 0

o Call the resulting vacuum
state |H)
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HHI-like states on Kerr space-time

Unrenormalized expectation values

|H) [ Casals et al PRD 87 064027 (2013) |

(ifilt) = 35 3 [ o tanh (55 ) {The 48] + T [050])

=0m=—
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HHI-like states on Kerr space-time [iSeniChEia (|

Unrenormalized expectation values

|H) [ Casals et al PRD 87 064027 (2013) |

OO

(H| Ty |H) = / dwtanh( ){Tuv [Wesem) + T [Weoen] }

Om——é

v

| CCH > [ Candelas, Chrzanowski & Howard PRD 24 297 (1981) |
(CCH|T,|CCH) = ) Z / dw tanh( T ) Tow (Y50
{=0m=

- i / dc tanh ( ) T [¥.0,,]

(=0m=—/{
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HHI-like states on Kerr space-time [iSeniChEia (|

(H| TW|H ) for a fermion field [ casals et al PRD 87 064027 (2013) ]
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Conclusions

HHI states on black hole space-times
Schwarzschild

Kay CMP 100 57 (1985) Existence of HHI state

Kay & Wald Phys. Rept. 207 49 (1991) Uniqueness of HHI state
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HHI-like states for scalars on Kerr
@ Nonequilibrium state
@ Enclose horizon inside a mirror
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HHI states on black hole space-times
Schwarzschild

Kay CMP 100 57 (1985) Existence of HHI state
Kay & Wald Phys. Rept. 207 49 (1991) Uniqueness of HHI state

Kerr
Kay & Wald Phys. Rept. 207 49 (1991) No HHI state

HHI-like states for scalars on Kerr
@ Nonequilibrium state

@ Enclose horizon inside a mirror

HHI-like states for fermions on Kerr
@ Equilibrium state diverges on and outside .77,

o Kay-Wald theorem extends to fermions?
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