
signal

idler

Paul M. Alsing & Michael L. Fanto
Air Force Research Laboratory, Rome, NY USA
Collaborator: Perry Rice,
Univ. of Miami, Oxford, OH

RQI 2017
Kyoto, Japan
４－７July2017

Spontaneous parametric down conversion 
with a depleted pump as an analogue for 

gravitational particle production

Mon & Wed is for theory,

- Close enough!
Fri is for “drinkin` and thinkin
Tues & Thur is for experiments,

$$ - AFOSR LRIR: “Relativistic Quantum Information”

Approved  for public release 88ABW-2015-3227, 88ABW-2016-1701; distribution unlimited.

PM: Dr. Tatjana Curcic

プレゼンター
プレゼンテーションのノート
Title slide: Read

In its simplest form, the Unruh effect states that the power spectrum for a scalar plane wave mode in an inertial (Minkowski) spacetime is thermal at negative frequencies when observed from the frame of a uniformly accelerated observer.  In this talk  I present a 2-parameter class of coordinates which smoothly transforms between inertial and uniform accelerated trajectories in Minkowski spacetime, and (i) compute the Bogolyubov coefficients (BC) for these non-uniformly accelerated motions and (ii) discuss the non-Planckian aspects of the negative frequency BCs for these trajectories. 
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Black Hole Information Problem

29 April 2011
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Outline
• Classical information transmission capacity of quantum black holes;                  

Adami & Ver Steeg, Class. Q. Grav. 31 (2014) 075015;   arXiv:gr-qc/0407090v8

– Classical information is not lost in black hole dynamics; re-emitted in stimulated emission

– Hawking radiation is spontaneous emission

• Analogy to SPDC (spontaneous parametric down conversion)

– Hawking radiation is a two-mode squeezed state; observed state is thermal

• Depleted BH `pump’ model (PDC)  (Alsing: CQG 32, 075010, (2015); arXiv:1408.4491)

– Quantized the BH `pump’ source 

– Short time behavior, Long time behavior

– Page Information Curves

• One Shot Decoupling Model (Bradler & Adami: arXiv:1505.02840;                                           

Alsing & Fanto: CQG 33, 015005 (2016), arXiv:1507.00429)

– Suggested by Alsing: CQG:2015 Future Work; closer analogy to SPDC 

– Page Information Curves redux

• Summary and Conclusion
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プレゼンター
プレゼンテーションのノート
Outline: Read
In the past, work presented at this conference has concentrate on the effects  on entanglement of the Unruh temperature  for a uniformly (i.e. constant) accelerated observer in flat Minkowski spacetime.

Here I will derive the Unruh temperature for arbitrarily accelerated observers. I will use a set of instantaneous co-moving (Fermi-Walker) coordinates that generalize form of the uniformly accelerated Rindler metric, replacing a0 → a(t) .

I will investigate two ways of deriving the Unruh temperature: (i) a WKB-like tunneling method that emphasizes the role of particles “crossing” the horizon and (ii) by the introduction of a specific set of inertial-to-Rindler (I2R) coordinates in which the observer has a finite asymptotic velocity less than c. 

Issues of the role of non-uniform acceleration on entanglement will not be address in this talk (they will in a future talk). Here I concentrate on the preliminary kinematics of determining the Unruh temperature for non-uniformly accelerated motion – a topic of interest in its own right.
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Simple Derivation of Unruh Effect: 
zero vs. constant acceleration

´

´

プレゼンター
プレゼンテーションのノート
The trajectory of (a) the inertial observer with coordinates (T,Z) at Z=constant, and (b) the Rindler uniformly accelerated observer at ζ’ = 0. 

(Image produced by author)
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Simple Derivation of Unruh Effect: 
Bosons

Frequency Transformations in SR: a = 0 (constant velocity)
Alsing & Milonni, Am.J.Phys. 72 1524 (2004);   T. Padmanabhan, “Gravitation: Foundations & Frontiers,” Cambridge (2010).

プレゼンター
プレゼンテーションのノート
For an observer moving with constant velocity with respect to a stationary observer, the Lorentz Transformation (LT) leads to an constant exponential (in the rapidity r) Doppler frequency shift.




(Royalty-free clip art image obtained from http://office.microsoft.com/en-us/images/images-clip-art-photos-sounds-animations-FX102588427.aspx?CTT=1)
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Simple Derivation of Unruh Effect: 
zero vs. constant acceleration

´

´

プレゼンター
プレゼンテーションのノート
The trajectory of (a) the inertial observer with coordinates (T,Z) at Z=constant, and (b) the Rindler uniformly accelerated observer at ζ’ = 0. 

(Image produced by author)
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Simple Derivation of Unruh Effect: 
Bosons

Frequency Transformations in SR: a = constant; (uniform acceleration) 

( , )i t ze φ ⇒

プレゼンター
プレゼンテーションのノート
For an observer moving with constant acceleration with respect to a stationary (inertial) observer, a Lorentz Transformation (LT) to the instantaneous co-moving frame
leads to an time-varying exponential (in the rapidity aτ/c) Doppler frequency shift.





(Royalty-free clip art image obtained from http://office.microsoft.com/en-us/images/images-clip-art-photos-sounds-animations-FX102588427.aspx?CTT=1)
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Simple Derivation of Unruh Effect: 
Bosons
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Alsing & Milonni, 
Am.J.Phys. 72 1524 (2004) 

プレゼンター
プレゼンテーションのノート
We know ask how the exponentially shifted inertial plane wave exp(iφ(τ)) (as perceived by the accelerated observer) decomposes into positive and negative frequency modes exp(-iΩτ)  and exp(iΩτ) by the accelerated observer.

The power spectrum at negative frequencies (which is a  Γ function integral) exhibits a thermal-like spectrum indicated by the Planck factor – reminiscent of a Bose Einstein distribution of thermally emitted particles.

Thus the Minkowski vacuum of the stationary inertial observer, appears as a thermal vacuum to the uniformly accelerated observer.



1029 April 2011

Simple Derivation of Unruh Effect: 
Fermions

Alsing & Milonni, Am.J.Phys. 72 1524 (2004) 

プレゼンター
プレゼンテーションのノート
The Bose-Einstein distribution (with the crucial – sign in the denominator) of the previous slide came about because we considered a scalar plane wave appropriate for a boson (spin 0) particle.

We can repeat this analysis for a fermion (spin 1/2 ) particle. The new feature is that we must ALSO Lorentz transform the spinor part of the wave function, in addition to the plane wave, in order to get into the instantaneous rest frame of the accelerated observer. This introduces an additional factor of exp(aτ/2c), which transforms the Γ function integral in just the right way, to produce a + sign in the denominator. The resulting spectrum is then a Fermi-Dirac spectrum, appropriate for spin ½ fermions.  
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1429 April 2011



1529 April 2011



1629 April 2011

( / ) ( / )
2 2U H

B B

a c cT T
k k

κ
π π

= ⇒ =
  4

2 ,
4s

GM c
r GM

κ = = 2

2
s

GMr
c

=

surface gravity Schwarzschild radius

2 2 2 2( ),ze dt dzκκ≈ − ( ) zz eκρ =



1729 April 2011

The Hawking Effect: Modes
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Channel (Holevo) Capacity

2 2 /( /c)tanhz r e πω κ−= =
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Black Hole Information Problem

29 April 2011
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BH as PDC with depleted pump
P.M. Alsing, Classical & Quant. Grav. 32, 075010 (2015);   arXiv:1408.4491
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Justification for Model
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BH as PDC with depleted pump

see Heisenberg approach: P. Nation and M. Blencowe: New J. Phys. 12 095013 (2010), arXiv: 1004.0522
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BH as PDC with depleted pump
0 0 ,p sn n n
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BH as PDC with depleted pump
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BH as PDC with depleted pump
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Channel (Holevo) Capacity
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29 April 2011

( )I τ

S( )τ
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Page, PRL 71, 1291 (1993); gr-qc/9305007
Page, PRL 71, 3743 (1993); gr-qc/9306083
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( )I τ

S( )τ

( )I τ

Page, PRL 71, 1291 (1993); gr-qc/9305007
Page, PRL 71, 3743 (1993); gr-qc/9306083

( ) 0pd n dτ τ =

Page Information Curves
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( )I τ
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Page, PRL 71, 1291 (1993); gr-qc/9305007
Page, PRL 71, 3743 (1993); gr-qc/9306083
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Page Information Curves

S( )τ

( )I τ



31

Initial BH `pump’ CS

Signal: initial vacuum

Relative Entropy
of BH ’pump’ to emitted HawkRad signal

0τ =

Final BH ’pump’:
Single-mode 

squeezed state 

Signal: final 
0.55τ =

0.55τ =

0.42τ =

0τ =

Signal 

BH `pump’ 
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Outline
One Shot Decoupling Model

• Justification for use of trilinear Hamiltonian for BH evaporation/particle 
production

– Semi-classical Hamiltonian for a collapsing spherical shell

• One Shot Decoupling Model of Bradler and Adami, arXiv:1505.02840

– Simplified version of Master Equation suggested by Alsing: CQG 32, 075010, 
(2015); arXiv:1408.4491

• Analytic formulation by Alsing and Fanto, CQG 33, 015005 (2016), 
arXiv:1507.00429

– Extension of models by Alsing and by Nation and Blencowe

– Page Information Curves

• Summary and Conclusion
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プレゼンター
プレゼンテーションのノート
Outline: Read
In the past, work presented at this conference has concentrate on the effects  on entanglement of the Unruh temperature  for a uniformly (i.e. constant) accelerated observer in flat Minkowski spacetime.

Here I will derive the Unruh temperature for arbitrarily accelerated observers. I will use a set of instantaneous co-moving (Fermi-Walker) coordinates that generalize form of the uniformly accelerated Rindler metric, replacing a0 → a(t) .

I will investigate two ways of deriving the Unruh temperature: (i) a WKB-like tunneling method that emphasizes the role of particles “crossing” the horizon and (ii) by the introduction of a specific set of inertial-to-Rindler (I2R) coordinates in which the observer has a finite asymptotic velocity less than c. 

Issues of the role of non-uniform acceleration on entanglement will not be address in this talk (they will in a future talk). Here I concentrate on the preliminary kinematics of determining the Unruh temperature for non-uniformly accelerated motion – a topic of interest in its own right.



3329 April 2011

Justification for Model
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Spontaneous parametric down conversion as an 
analogue for gravitational particle production 

1U

2U

NU

One Shot Decoupling Model
Bradler and Adami, arXiv:1505.0284

kU


BH `pump’
mode

empty Hawking 
radiation modes
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Spontaneous parametric down conversion as an 
analogue for gravitational particle production 

One Shot Decoupling Model
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Spontaneous parametric down conversion as an 
analogue for gravitational particle production 

Reduced Density Matrices

‘

N

N
j′Φ =

(notation: )Nj k≡
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Spontaneous parametric down conversion as an 
analogue for gravitational particle production 

Probabilities

Entropy S( )τ

S( )τ

I( )τ

S( )τ

I( )τ

Page (1993)

Page (2013)
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Spontaneous parametric down conversion as an 
analogue for gravitational particle production 

Original Probabilities

Refinement of Probabilities

0
10pn =

0
25pn =

(notation: )Nj k≡
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Spontaneous parametric down conversion as an 
analogue for gravitational particle production 

Page Information Curves

0 25pn =

0, ps in n

0 100pn =

0, ps in n

0, ps in n
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Analogy of BH evaporation to SPDC process
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Consideration of coherence length 
of BH `pump’ source particles
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Conclusion

S ( )thermal τ

S( )τ

( )I τ

Alsing: CQG 32, 075010, (2015)

S( )τ

I( )τ

Alsing and Fanto, CQG 33, 015005 (2016)Page (2013)
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Page (1993)
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Outline: Read
In the past, work presented at this conference has concentrate on the effects  on entanglement of the Unruh temperature  for a uniformly (i.e. constant) accelerated observer in flat Minkowski spacetime.

Here I will derive the Unruh temperature for arbitrarily accelerated observers. I will use a set of instantaneous co-moving (Fermi-Walker) coordinates that generalize form of the uniformly accelerated Rindler metric, replacing a0 → a(t) .

I will investigate two ways of deriving the Unruh temperature: (i) a WKB-like tunneling method that emphasizes the role of particles “crossing” the horizon and (ii) by the introduction of a specific set of inertial-to-Rindler (I2R) coordinates in which the observer has a finite asymptotic velocity less than c. 

Issues of the role of non-uniform acceleration on entanglement will not be address in this talk (they will in a future talk). Here I concentrate on the preliminary kinematics of determining the Unruh temperature for non-uniformly accelerated motion – a topic of interest in its own right.
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