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<latexit sha1_base64="LSVE3M+3Hiz/h9qnWziFrxZq2GY=">AAADKXicpVJNj9MwEHXD11I+tgtHLhYVUleUKEHLwgW0wIUbRaK7KzVV5TiT1KrtRLYD6Vr5PRz4LUhw4evKH8FNi0S63Bgp0vObGc2bl4kLzrQJgh8d78LFS5ev7FztXrt+4+Zub+/Wsc5LRWFMc56r05ho4EzC2DDD4bRQQETM4SRevFzlT96B0iyXb82ygKkgmWQpo8Q4atZ7HhVzNqj28VMcMWlwlCTRyDHFPo5ilk3waF AN3YOsmPs4MlAZJezcp37dVExnvX7gB03g8yDcgD7axGi21/kcJTktBUhDOdF6EgaFmVqiDKMc6m5UaigIXZAMJg5KIkBPbbNrje85JsFprtzn9Dbs3x2WCK2XInaVgpi53s6tyH/mMkWcFbTamm/SJ1PLZFEakHQ9Pi05Njle2YkTpoAavnSAUMXcBpjOiSLUONO7kYT3NBeCyMQ6Z2v7x7+kbo2x1Xq7FmfY4uxBCkvp2tsZBVyzs22n/k9pAqk7oUaGJZy/VgmoF7yE2qosrm3gHwwD/9EwbCuJFVmAqd0NhNt//Dw4fuiHh/7hm4P+0bPNNeygO+guGqAQPUZH6BUaoTGi6AP6hL6ib95H74v33fu5LvU6m57bqBXer99gPAd5</latexit>

ω(x) =

∫
d!(p)

[
P (x, p)a(p) + h.c.

]

<latexit sha1_base64="zU66KzRTRRuSJnxljmzdyBw6REc="></latexit>

Past solutions P (x, p)

<latexit sha1_base64="zJbozdaQDhbDJ6F6oUM2BmmcY8A="></latexit>

P (x, p) →→→→↑
t→↑↓

e↑ix·p



Pair Production
Exact field eom

<latexit sha1_base64="sCzALsG5oawTXSiEwK/PkXhmVJ4="></latexit>

ω2ε+ ωµ h
µω(x)ωωε = 0

<latexit sha1_base64="Z+kAVRnoFS9ldJqffHz49MU7Wq4="></latexit>

ω(x) =

∫
d!(p)

[
F (x, p)b(p) + h.c.

]

<latexit sha1_base64="88nTxlHQbGvwWGN8Z9VeYXLy7AA="></latexit>

Future solutions F (x, p)

<latexit sha1_base64="YTMU8N2G10hG7ElF+zsgh7QBu4c="></latexit>

F (x, p) →→→↑
t→↑

e↓ix·p

<latexit sha1_base64="LSVE3M+3Hiz/h9qnWziFrxZq2GY=">AAADKXicpVJNj9MwEHXD11I+tgtHLhYVUleUKEHLwgW0wIUbRaK7KzVV5TiT1KrtRLYD6Vr5PRz4LUhw4evKH8FNi0S63Bgp0vObGc2bl4kLzrQJgh8d78LFS5ev7FztXrt+4+Zub+/Wsc5LRWFMc56r05ho4EzC2DDD4bRQQETM4SRevFzlT96B0iyXb82ygKkgmWQpo8Q4atZ7HhVzNqj28VMcMWlwlCTRyDHFPo5ilk3waF AN3YOsmPs4MlAZJezcp37dVExnvX7gB03g8yDcgD7axGi21/kcJTktBUhDOdF6EgaFmVqiDKMc6m5UaigIXZAMJg5KIkBPbbNrje85JsFprtzn9Dbs3x2WCK2XInaVgpi53s6tyH/mMkWcFbTamm/SJ1PLZFEakHQ9Pi05Njle2YkTpoAavnSAUMXcBpjOiSLUONO7kYT3NBeCyMQ6Z2v7x7+kbo2x1Xq7FmfY4uxBCkvp2tsZBVyzs22n/k9pAqk7oUaGJZy/VgmoF7yE2qosrm3gHwwD/9EwbCuJFVmAqd0NhNt//Dw4fuiHh/7hm4P+0bPNNeygO+guGqAQPUZH6BUaoTGi6AP6hL6ib95H74v33fu5LvU6m57bqBXer99gPAd5</latexit>

ω(x) =

∫
d!(p)

[
P (x, p)a(p) + h.c.

]

<latexit sha1_base64="zU66KzRTRRuSJnxljmzdyBw6REc="></latexit>

Past solutions P (x, p)

<latexit sha1_base64="zJbozdaQDhbDJ6F6oUM2BmmcY8A="></latexit>

P (x, p) →→→→↑
t→↑↓

e↑ix·p



Pair Production

<latexit sha1_base64="Z+kAVRnoFS9ldJqffHz49MU7Wq4="></latexit>

ω(x) =

∫
d!(p)

[
F (x, p)b(p) + h.c.

]<latexit sha1_base64="LSVE3M+3Hiz/h9qnWziFrxZq2GY=">AAADKXicpVJNj9MwEHXD11I+tgtHLhYVUleUKEHLwgW0wIUbRaK7KzVV5TiT1KrtRLYD6Vr5PRz4LUhw4evKH8FNi0S63Bgp0vObGc2bl4kLzrQJgh8d78LFS5ev7FztXrt+4+Zub+/Wsc5LRWFMc56r05ho4EzC2DDD4bRQQETM4SRevFzlT96B0iyXb82ygKkgmWQpo8Q4atZ7HhVzNqj28VMcMWlwlCTRyDHFPo5ilk3waF AN3YOsmPs4MlAZJezcp37dVExnvX7gB03g8yDcgD7axGi21/kcJTktBUhDOdF6EgaFmVqiDKMc6m5UaigIXZAMJg5KIkBPbbNrje85JsFprtzn9Dbs3x2WCK2XInaVgpi53s6tyH/mMkWcFbTamm/SJ1PLZFEakHQ9Pi05Njle2YkTpoAavnSAUMXcBpjOiSLUONO7kYT3NBeCyMQ6Z2v7x7+kbo2x1Xq7FmfY4uxBCkvp2tsZBVyzs22n/k9pAqk7oUaGJZy/VgmoF7yE2qosrm3gHwwD/9EwbCuJFVmAqd0NhNt//Dw4fuiHh/7hm4P+0bPNNeygO+guGqAQPUZH6BUaoTGi6AP6hL6ib95H74v33fu5LvU6m57bqBXer99gPAd5</latexit>

ω(x) =

∫
d!(p)

[
P (x, p)a(p) + h.c.

]
<latexit sha1_base64="65OYYUm6NUl9J770yGzt75xvO7U="></latexit>=



Pair Production

<latexit sha1_base64="Z+kAVRnoFS9ldJqffHz49MU7Wq4="></latexit>

ω(x) =

∫
d!(p)

[
F (x, p)b(p) + h.c.

]<latexit sha1_base64="LSVE3M+3Hiz/h9qnWziFrxZq2GY=">AAADKXicpVJNj9MwEHXD11I+tgtHLhYVUleUKEHLwgW0wIUbRaK7KzVV5TiT1KrtRLYD6Vr5PRz4LUhw4evKH8FNi0S63Bgp0vObGc2bl4kLzrQJgh8d78LFS5ev7FztXrt+4+Zub+/Wsc5LRWFMc56r05ho4EzC2DDD4bRQQETM4SRevFzlT96B0iyXb82ygKkgmWQpo8Q4atZ7HhVzNqj28VMcMWlwlCTRyDHFPo5ilk3waF AN3YOsmPs4MlAZJezcp37dVExnvX7gB03g8yDcgD7axGi21/kcJTktBUhDOdF6EgaFmVqiDKMc6m5UaigIXZAMJg5KIkBPbbNrje85JsFprtzn9Dbs3x2WCK2XInaVgpi53s6tyH/mMkWcFbTamm/SJ1PLZFEakHQ9Pi05Njle2YkTpoAavnSAUMXcBpjOiSLUONO7kYT3NBeCyMQ6Z2v7x7+kbo2x1Xq7FmfY4uxBCkvp2tsZBVyzs22n/k9pAqk7oUaGJZy/VgmoF7yE2qosrm3gHwwD/9EwbCuJFVmAqd0NhNt//Dw4fuiHh/7hm4P+0bPNNeygO+guGqAQPUZH6BUaoTGi6AP6hL6ib95H74v33fu5LvU6m57bqBXer99gPAd5</latexit>

ω(x) =

∫
d!(p)

[
P (x, p)a(p) + h.c.

]
<latexit sha1_base64="65OYYUm6NUl9J770yGzt75xvO7U="></latexit>=
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P → !
(
AF +BF̄

)
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Pair Production

<latexit sha1_base64="Z+kAVRnoFS9ldJqffHz49MU7Wq4="></latexit>

ω(x) =

∫
d!(p)

[
F (x, p)b(p) + h.c.

]<latexit sha1_base64="LSVE3M+3Hiz/h9qnWziFrxZq2GY=">AAADKXicpVJNj9MwEHXD11I+tgtHLhYVUleUKEHLwgW0wIUbRaK7KzVV5TiT1KrtRLYD6Vr5PRz4LUhw4evKH8FNi0S63Bgp0vObGc2bl4kLzrQJgh8d78LFS5ev7FztXrt+4+Zub+/Wsc5LRWFMc56r05ho4EzC2DDD4bRQQETM4SRevFzlT96B0iyXb82ygKkgmWQpo8Q4atZ7HhVzNqj28VMcMWlwlCTRyDHFPo5ilk3waF AN3YOsmPs4MlAZJezcp37dVExnvX7gB03g8yDcgD7axGi21/kcJTktBUhDOdF6EgaFmVqiDKMc6m5UaigIXZAMJg5KIkBPbbNrje85JsFprtzn9Dbs3x2WCK2XInaVgpi53s6tyH/mMkWcFbTamm/SJ1PLZFEakHQ9Pi05Njle2YkTpoAavnSAUMXcBpjOiSLUONO7kYT3NBeCyMQ6Z2v7x7+kbo2x1Xq7FmfY4uxBCkvp2tsZBVyzs22n/k9pAqk7oUaGJZy/VgmoF7yE2qosrm3gHwwD/9EwbCuJFVmAqd0NhNt//Dw4fuiHh/7hm4P+0bPNNeygO+guGqAQPUZH6BUaoTGi6AP6hL6ib95H74v33fu5LvU6m57bqBXer99gPAd5</latexit>

ω(x) =

∫
d!(p)

[
P (x, p)a(p) + h.c.

]
<latexit sha1_base64="65OYYUm6NUl9J770yGzt75xvO7U="></latexit>=

<latexit sha1_base64="tic/2sF2rv4xE0iaAI5sK+f59Vo="></latexit>

P → !
(
AF +BF̄

)

 is a basisF

<latexit sha1_base64="C52qXurt/a3+BoQ2p33mtGpRYXo="></latexit>

b(k) = S†a(k)S =

∫
d!(p)

(
A(k, p)a(p) +B(k, p)a†(p)

)



Pair Production
<latexit sha1_base64="C52qXurt/a3+BoQ2p33mtGpRYXo="></latexit>

b(k) = S†a(k)S =

∫
d!(p)

(
A(k, p)a(p) +B(k, p)a†(p)

)

Bogoliubov coefficients = (generalised) amplitudes

<latexit sha1_base64="dbihhTOa/IHfWJ30+yy1pXuUpLs="></latexit>

A(k, p) = →!|S†a(k)Sa†(p)|!↑
<latexit sha1_base64="vmc1wsOFo/JZl+vJn3yp0YE2sfk="></latexit>

Vaidya vacuum



Pair Production
<latexit sha1_base64="C52qXurt/a3+BoQ2p33mtGpRYXo="></latexit>

b(k) = S†a(k)S =

∫
d!(p)

(
A(k, p)a(p) +B(k, p)a†(p)

)

Bogoliubov coefficients = (generalised) amplitudes

<latexit sha1_base64="dbihhTOa/IHfWJ30+yy1pXuUpLs="></latexit>

A(k, p) = →!|S†a(k)Sa†(p)|!↑
<latexit sha1_base64="vmc1wsOFo/JZl+vJn3yp0YE2sfk="></latexit>

<latexit sha1_base64="2NxkBZvj5EyzENEhZSqQhn53m6M="></latexit>

B(k, p) = →!|a(p)S†a(k)S|!↑
<latexit sha1_base64="OmA447L+V5PLJe1hkLkUvJjjo84="></latexit>

Vaidya vacuum



Pair Production
<latexit sha1_base64="C52qXurt/a3+BoQ2p33mtGpRYXo="></latexit>

b(k) = S†a(k)S =

∫
d!(p)

(
A(k, p)a(p) +B(k, p)a†(p)

)

Bogoliubov coefficients = (generalised) amplitudes

<latexit sha1_base64="dbihhTOa/IHfWJ30+yy1pXuUpLs="></latexit>

A(k, p) = →!|S†a(k)Sa†(p)|!↑
<latexit sha1_base64="vmc1wsOFo/JZl+vJn3yp0YE2sfk="></latexit>

<latexit sha1_base64="2NxkBZvj5EyzENEhZSqQhn53m6M="></latexit>

B(k, p) = →!|a(p)S†a(k)S|!↑
<latexit sha1_base64="OmA447L+V5PLJe1hkLkUvJjjo84="></latexit>

Vaidya vacuum

Perturbative expansion: Lippmann-Schwinger series
Giulia’s talk



<latexit sha1_base64="3nfvJozS6f4PILu2AvzHMyhpwVo="></latexit>

→!|S†a†(p)a(p)S|!↑ =
∫

d”(k) B̄(p, k)B(p, k)

Observable
Count number of particles in future

Differential number operator

<latexit sha1_base64="E1Mw8FxCTi3Wn9RL+1lcKRL9t/Y="></latexit>

dn = |B(k, p)|2d!(k, p)

<latexit sha1_base64="UakC1TCTo11CwniNlJ7AHlVE8ic="></latexit>

|B|2 = (factor)
1

e8ωGME→ → 1



Higher Orders
<latexit sha1_base64="5skGs4l+1kD/+z8aHMbqjEWSVJ8="></latexit>

exp

(
i
S

ω

)
= exp

(
i
S(0) + S(1) + · · ·

ω

)

Also computed S(1)

<latexit sha1_base64="ZQGdmnt4iadgB6SLtOZH77SAA3M="></latexit>

S(0) + S(1) = →4GME log
(
→ v/µ

)
→ 16G2M2E

v

<latexit sha1_base64="Cl+ZEl6gODdUx7c39Ga3A0z2/io="></latexit>

→ ↑4GME log
(
↑ (v + 4GM)/µ

)



Higher Orders
<latexit sha1_base64="5skGs4l+1kD/+z8aHMbqjEWSVJ8="></latexit>

exp

(
i
S

ω

)
= exp

(
i
S(0) + S(1) + · · ·

ω

)
Analog of PM expansion

Also computed S(1)

<latexit sha1_base64="ZQGdmnt4iadgB6SLtOZH77SAA3M="></latexit>

S(0) + S(1) = →4GME log
(
→ v/µ

)
→ 16G2M2E

v

<latexit sha1_base64="Cl+ZEl6gODdUx7c39Ga3A0z2/io="></latexit>

→ ↑4GME log
(
↑ (v + 4GM)/µ

)



Higher Orders
<latexit sha1_base64="5skGs4l+1kD/+z8aHMbqjEWSVJ8="></latexit>

exp

(
i
S

ω

)
= exp

(
i
S(0) + S(1) + · · ·

ω

)
Analog of PM expansion

Also computed S(1)

<latexit sha1_base64="ZQGdmnt4iadgB6SLtOZH77SAA3M="></latexit>

S(0) + S(1) = →4GME log
(
→ v/µ

)
→ 16G2M2E

v

<latexit sha1_base64="Cl+ZEl6gODdUx7c39Ga3A0z2/io="></latexit>

→ ↑4GME log
(
↑ (v + 4GM)/µ

)

Finite radius of horizon

 



Higher Orders
<latexit sha1_base64="5skGs4l+1kD/+z8aHMbqjEWSVJ8="></latexit>

exp

(
i
S

ω

)
= exp

(
i
S(0) + S(1) + · · ·

ω

)
Analog of PM expansion

Also computed S(1)

<latexit sha1_base64="ZQGdmnt4iadgB6SLtOZH77SAA3M="></latexit>

S(0) + S(1) = →4GME log
(
→ v/µ

)
→ 16G2M2E

v

<latexit sha1_base64="Cl+ZEl6gODdUx7c39Ga3A0z2/io="></latexit>

→ ↑4GME log
(
↑ (v + 4GM)/µ

)

Finite radius of horizon

Finite size effect
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We’re tooled up on this problem

❖ Remove background?

Infalling radiation:
coherent state

Matter to BH:
form factor?

Single graviton
exchange: enough

Pair production: crossing
One pair enough
(Squeezing)

Outlook



 

We’re tooled up on this problem

❖ Remove background?

❖ Non-local pair production?

Outlook
<latexit sha1_base64="1eNXyjQSg/S6DH+u3ZMSYRzW5JU="></latexit>



We’re tooled up on this problem

❖ Remove background?

❖ Non-local pair production?

Outlook
<latexit sha1_base64="1eNXyjQSg/S6DH+u3ZMSYRzW5JU="></latexit>

<latexit sha1_base64="1eNXyjQSg/S6DH+u3ZMSYRzW5JU="></latexit>



We’re tooled up on this problem

❖ Remove background?

❖ Non-local pair production - tunneling?

❖ Exponentiate with more care: stationary phase

❖ Radiation reaction?

❖ Page curve?

Outlook

Parikh & Wilczek




