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Relativistic Quantum Information
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Fundamental Topics: Cosmology

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern  Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

(3% 1.!.”#.:-&{:[‘“!: e O FED N OV

Infiation )é’gF ﬁ

Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

How much can we learn about the Early Universe nowadays?
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Fundamental Topics:
Black Hole Information Loss Problem

Quantum Mechanics preserves information.
Black Holes: Does Nature destroy information?

Or does the information escape in the form of Hawking Radiation?
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Fundamental Topics:
Vacuum Fluctuations

In Nature, the vacuum is not empty. Only on average.
Vacuum Fluctuations contain Information about curvature of spacetime.

Quantum noise is special: It can assist communication!
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Fundamental Topics:
Quantum Measurements and Localization

Quantum Theory is a probabilistic theory.
The outcome of measurements is not deterministically predictable.
Quantum-to-Classical transition.

Relativistic considerations in the localization of Information
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Fundamental Topics:
Fixed points in Quantum evolution

The problem of equilibration in Quantum Theory and in Gravity.
Quantum Thermodynamics

Quantum Control

Pirsa: 17030033 Page 7/78



Fundamental Topics:
Quantum Gravity

One of the most important challenges of modern Mathematical Physics:

Quantum Theory for Gravitation
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Fundamental Topics:
“Spacetime Engineering”
Violate energy conditions:

-Warp drives?
-Wormholes?

;;;;;

P

For more info: N.Funai, E. martin-Martinez: arXiv:1701.03805
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Technological Applications

Development of Mathematical tools that can be applied to experiments and
technologies:

-Quantum Entanglement and Quantum Resources
-Communication
-Metrology

-Quantum Control and Simulations
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Getting Familiar with Spacetime

Relativity Matters for Quantum Information
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Same Physics, Different
Descriptions

Bell Rocket “Paradox”
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Same Physics, Different
Descriptions

Bell Rocket “Paradox” N

Does the rope break or not?? Why??
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Same Physics, Different
Descriptions

Bell Rocket “Paradox” N

Does the rope break or not?? Why??
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Same Physics, Different

Descriptions
Bell Rocket “Paradox” “ :
Jd
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Does the rope break or not?? Why??
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Same Physics, Different
Descriptions

Bell Rocket “Paradox” N

Does the rope break or not?? Why??
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Same Physics, Different
Descriptions

Bell Rocket “Paradox” N

Does the rope break or not?? Why??

irsa: 17030033 Page 17/78



Pirsa: 17030033

Same Physics, Different
Descriptions

PHYSICS:
The rope breaks, all right!

PHENOMENOLOGY:
For the accelerated observer A: Because rocket B is faster than us!
For the observer on the ground: Because both rockets go equally

faster and faster, the length of the rope Lorentz-contracts!
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Getting Familiar with Spacetime

Simultaneity is Relative!

Two observers in different states of motion would not agree about what happens first
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Getting Familiar with Quantum
Mechanics

Schrodinger’s cat

A8+ )
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Quantum Entanglement

B S - —

FINSTEIN ATTACKS
OUANTUM THEORY

Scientist and Two Colleagues
Find It Is Not ‘Complete’
Even Though ‘Correct.’

SEE FULLER ONE POSSIBLE

Believe a Whole Description of
‘the Physical Reality’ Can Be
Provided Eventually.




Quantum Entanglement
Vs Classical Correlations
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P,

irsa: 17030033 Page 22/78



Quantum Entanglement
Vs Classical Correlations

| pick one ball at random... It's white!

’ | know the one inside is black!
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Quantum Entanglement
Vs Classical Correlations
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Quantum Entanglement
Vs Classical Correlations

i3
ﬂpick one set of dice at random. ..
ol | throw it and it gives 10!
Classically: | don’t know
anything about what
° would be the result of

throwing the other set
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What entanglement is not

The Race To Prove 'Spooky’' Quantum Connection
May Have a Winner

Entanglement breakthrough could lead to unhackable Internet
By Devin Powell August 29, 201!

Particles don't obey the same rules as people. Poke a particle, and another
one far away can instantly respond the touch -- without any messages passing
through the space between, as if the two particles were one. "Entanglement”
is what quantum physics calls the intimate connection.

Einstein called it "spooky.” To his dying day, he refused to believe that nature
could be so unreasonable.

From http://www.popsci.com
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Getting Familiar with Spacetime

Simultaneity is Relative!
Who collapses what??
Who pokes what??

A happens after C A and C are simultaneous A happens before C
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Relativistic Quantum Information

OnAUGE. OURE ] | BUT BB W A
THE ONE FOR WE QATEN WORLD
{ [HOW CAN WE BE SURE|
\ ' 3] A
,\,._;-

Quantum field theory |
General relativity Quantum information

« & e “ " . . op . .
® Harncss I"C]Eltl\-’lSth approachcs to CID more 1n quantum mformat]on proccssmg.

® Stud‘y the structure of spacctime and the quantum nature of‘gravity via quantum
informational tools
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THE BLACK HOLE INFORMATION
PARADOX
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Entanglement in a

Once upon a time...

There was... NADA ¥, = |0)
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But then...

What happened to the field!?
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Entanglement in a Stellar C

Vacuum 1n the far past evolves into two mode squeezed state
between infalling and outgoing modes in the far future

Tror (|0) (0]) = ® Z tanh®” 7, 1) (Mo

(OHI T

We only see the modes that reach the future!
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Black hole Information |

If we believe in quantum theory, information cannot be lost...
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Black hole Information X

[f we believe in quantum theory, information cannot be lost...

After corrections, the outflow may not be entirely thermal...

Like when a piece of charcoal burns
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Black holes Informatio‘_-

Page Hypothesis:

Entanglement between radiation emitted at different times
in the black hole life!

Entropy law

Page time
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Black holes Informatioj;

So... The outflow is not entirely thermal. ..

Hold on!! that'’s potentially even worse!!
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Black hole Information P:

A: Radiation emitted after Page Time
B: Infalling Radiation
C: Radiation emitted before Page Time

Entropy subadditivity:
S(P/\B(:) - S(p,\) = S(PAB) <+ S(p,m)

Entanglement subadditivity:

E(A,B) +£(A,C) < (A, BO)
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HAWKING RADIATION

What about monogamy?

Susskind’s Black Hole complementary
The Harlow-Hayden Conjecture
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Black hole Information F

Possible Solution: Firewalls!

Almheiri, Ahmed; Marolf, Donald; Polchinski, Joseph; Sully, James. Journal of High Energy Physics 2013 (2).
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Black hole Information{f *

What-if scenario:

Somehow dynamics 1s such that it destroys the correlations
= »n ([} ”n .
between “in” and “out regions

Entanglement subadditivity:
E(A,B)+E(A,C) < E&(A, BC)

-

Make this zero
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Black hole Information Pé

Entropy law

Unitary
15 ~ Hawking
// .‘\
L ] '/ N
g N
'
i P .
/ 4 \
/’/ %
. ] Lo 1.8

“Charcoalization” of the BH

HHEWAI. The information is carried out by quantum
correlations among all particles radiated

from the black hole.

Radiated particles break ®
their correlations with A
their infalling partners. ’ 4

firewall around the
black hole.

Correlations between
the emitted particles
contain information

about everything that

fell into the black hole,

even after the hole
evaporates.
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Divergences in the stress-energy
tensor: Violence at the horizon

k ending
JULY 2018

PHYSICAL REVIEW LETTERS |

PRL 115, 031301 (2015)

(1 + 1)D) Calculation Provides Evidence that Quantum Entanglement Survives a Firewall

Eduardo Martin-Martinez"*" and Jorma Louko
Insiinnte for Quantum Compunng, Universioe of Waterloo, Waierloo, Omarvio N2L 3G, Canada
Deparviment of Applicd Mathematics, University aof Waterl Waierlon, Oniario N2L 3G, Canada
Perimeter nstitute for Theoretical Physics, Waterloo, Ontario N2L 2Y5, Canada
Sehool of Mathematical Scier gl wingham NG7 2RO, Unired Kingdom
(Received 26 February 2015 published 14 July 2015)

v, Ulniversity of

when

We analyze how preexisting entanglement between two Unruh-DeWitt particle detectors evolve

one of the detectors falls through o Rindler firewall in (1 + 1 edimensional Minkowski space. The firewall

elfect 1s minor and does not wash out the detector-detector entanglement, in some regimes even proserying

the entanglement better than Minkowski vacuum, The absence of cataclysmic events should continue o

hold for young black hole frewalls. A frewall's prospective ability w resolve the information paradox must

hence hinge on s detmled gravitational structure, presently poorly understood.

DOL T TT03PhysRevLet. 1 15.031 301 PACS numbers: 047000y, 04.60.-m, 04.62 +y
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The two results we will talk about

Vacuum Entanglement Harvesting and Farming

Quantum Collect Calling
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Communication through massless
fields

General properties of wireless communication

Page 44/78



Communication through the EM field

Communcation mediated by ‘real’ energy-carrying quanta

An emitter emits photons. A receiver captures photons.
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Communication through the EM field

Information flow carried by (an average) energy flow

Information reaches you when energy reaches you
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Communication through the EM field
Communication is only possible at the speed of light (in vacuum)

cl

If you miss the beam, you miss the message
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Communication through massless fields

Communication through a masses fields in the vacuum

-Only At the speed of light. (%)
-Through the exchange of real quanta (%)
-Information flow carried by energy flow. €3

-Miss the beam, miss the message R

) THE PROBLEM WITH QUOTES
%' FOUND ON THE INTERNET IS
| THAT THEY ARE OFTEN

_NOT TRUE.

-ABRAHAM LINCOLN

Pirsa: 17030033 Page 48/78



Communication through massless fields

Communication through a massless fields in vacuum

-Information propagates arbitrarily slow even for massless field.
-Recover the message even if the beam is missed.
-Information flow not supported by real quanta (photons) flow.

-Information flow in absence of energy flow.

PHYS ¢ .ORG Nanotechnology ~  Physics v Earth v Astronomy & Space ~  Technology v Chemistry v Biology v Other Sclences v

fy NS Q

Home » Physics » Quantum Phyaica » Mareh 31, 2015

Photon "afterglow’ could transmit information without transmitting

energy
March 31, 2015 by Lisa Zyga [0

(Phys.org)}—Physicists have theoretically shown that it is possible to transmit information from one location to
another without transmitting energy. Instead of using real photons, which always carry energy, the technique
uses a small, newly predicted quantum afterglow of virtual photons that do not need te carry energy. Although no
anerov is transmitted. the receivar must nrovide the eneraov needed to detect the incomina sional—similar to the
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Mathematical Methods:
Beyond the Strong Huygens Principle

Subtleties in the behaviour of the solutions of certain PDEs:
The strong Huygens principle

The Green's function of the (massless) wave equation in 3+ 1D Minkowski space
has support only on the light cone. Hence, any disturbances propagate strictly
along null geodesics (at the speed of light)
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Mathematical Methods:
Beyond the Strong Huygens Principle

Subtleties in the behaviour of the solutions of certain PDEs:
The strong Huygens principle

The Green's function of the (massless) wave equation in 3+ 1D Minkowski space
has support only on the light cone. Hence, any disturbances propagate strictly
along null geodesics (at the speed of light)

Exploitable when emitters are quantum!
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TECHNICAL DETAILS

R. H. Jonsson, E. Martin-Martinez, A. Kempf, Phys. Rev. Lett. 114, 110505 (2015)
A. Blasco, L. J. Garay, M. Martin-Benito, E. Martin-Martinez, Phys. Rev. Lett. 114, 141103 (2015)

A. Blasco, L. J. Garay, M. Martin-Benito, E. Martin-Martinez, Phys. Rev. D 93, 024055 (2016)
P. Simidzija, E. Martin-Martinez, Phys. Rev. D 95, 025002 (2017)

See also:

R. H. Jonsson, J. of Phys. A, 44, 445402 (2016)
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STRONG HUYGENS PRINCIPLE

The radiation Green’s function (or equivalently the commutator) of a massless
field has support only on the light-cone

OG(x,2") = —4noy(x, x") [®(x), ®(2")] = 4—@(;1?, )

1
s

—> Communication has support only on the light-cone

True in 3+1 Flat spacetime

BEYOND THE STRONG HUYGENS PRINCIPLE

In general: if there is curvature (unless there is conformal invariance)

In curved spacetimes, communication through massless fields
is not confined to the light-cone, but there can be a leakage of
information towards the inside of the light-cone decoupled from
energy propagation.
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SPACETIME
GEOMETRY

SPATIALLY FLAT, OPEN FRW SPACETIME 3+1D: 7 : conformal time

a(n): scale factor
ds® = a(n)?(—dn? + dr? + r2dQ?) t : cosmological time,
dt = a(n)dn

units: A=c=1

This geometry will be generated by:

~

a perfect fluid with a constant density-to-presure ratio ( p = wp )

ot ] 2041 O : 3 — 3w
—> [he scale factor evolves as | a ox 7 e o t2a+a ] with o= —=

N

ATEST SCALAR FIELD QUANTIZED IN THE BUNCH-DAVIS VACUUM
WILL BE COUPLED TO THE BACKGROUND GEOMETRY.
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ALICE & BOB’s
DETECTOR MODEL

Unruh-DeWitt DETECTOR @

-Two-level system

-Energy gap ground-excited 0
states:

eiﬂut + 191})(‘?14' e~

-Monopole moment operator: ~ Hv () = lew) (9w

v ={A, B}

272 2
-Spatially smeared: F (&, e~ Ut) T /o

Detectors:  |¢,) = a, |ey) + B |gw)
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HI_.U

Coupling strength

b

‘ Monopole
moment

Switching fun(:ti()n‘

X (t)

‘ Detector’s trajoctory‘

DETECTOR-FIELD
INTERACTION
HAMILTONIAN

/N

~ A Onlt) [ ot Fle — o0, 0le. 1)

Scale
factor

Smearing function

Total Interaction
Hamiltonian:

Hy=Hra+Hrp
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TRANSMISSION OF
INFORMATION

Influence of the presence of A on B SIGNALING ESTIMATOR,

how much information can be sent? CHANNEL CAPACITY,
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Influence of the presence of A on B

how much information can be sent?

TRANSMISSION OF
INFORMATION

{ SIGNALING ESTIMATOR,

l)({‘” - I”’HI2 { l"'r.‘rf.r-“-') {

CHANNEL CAPACITY,
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THE BIG BANG Setting

BIG BANG CASE, ST. COSMOLOGICAL MODEL: GENERAL RELATIVITY
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SCALAR FIELD:
COUPLING TO GRAVITY

KLEIN-GORDON EQUATION

2 . 1
(L—=—m~+&R)p =0 O=s —
Vlal

o, (Vidlo <,

CONFORMAL COUPLING

Yields Conformally Invariant Action

MINIMAL COUPLING

£ =0 Gives good predictions (Cosmology, etc..)
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CASE : Variation of temporal separation

7

XB FIXED TiB VARIABLE

CASE: Variation of separation

XB VARIABLE TiB FIXED

XB
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IS INFORMATION
TRANSMITED?

Influence of the presence of A on B

{ SIGNALING ESTIMATOR,

l)({‘” = I”’h‘ g { l)'r.'rf.r-“-') {
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SIGNALING
ESTIMATOR, S

CONFORMAL COUPLING

S = AargSy i O(A%)

i [ 6(An+ |z — ')
a(t)a(t’

An =n(t) —n(t')
W”O,:/) - auleu> + ﬂu|gy>
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CHANNEL
CAPACITY

To obtain a lower bound to the channel capacity, we use a simple
COMMUNICATION PROTOCOL.:

Alice encodes “1" by coupling her detector A to the field, and “0" by not
coupling it.

Later Bob switches on B and measures its energy. If B is excited, Bob
interprets a “1", and a “0" otherwise.

Y 2
C ~ A4 \2 2 ( 52 ) + O(X\8)

B ¢
111.2 4|O:BHﬁB|
(noisy asymmetric binary channel)

Robert H. Jonsson, Eduardo Martin-Martinez, and Achim Kempf.
Quantum Collect Calling.
Phys. Rev. Lett. 114, 110505 (2015).
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support on the

CONFORMAL COUPLING light cone

i (A + |z —Z'|) — §(An — |z — ')
4m a(t)a(t')|x — x|

[¢(x, 1), 6(a’,t')] =

Decay with Spatial
separation
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SIGNALING
ESTIMATOR, S

! [d)(a} at A (}{)(;1” t“]] _ 0( (tH) - 'N(t;’l)) - ()(”(fj) - 7}(?‘5})')) /-.11 dk k Slll(kl:r x |)’}(?’(L 1) n(t”)!k)

(2m)3 e — a’la(n(ta))a(n(ts))  Jo

877 sgn(n’)|Ja 1/z(k'|'?| a-1/2( (k|n'l) ~ 1/2( (k|nl)Ja 1/2(“’]”
&\ 3’(1 2RI ) [Ta-a2(kIn']) = Jag1/2(kl0’ )] = Ja1/2(k0]) [Yaas2(kln']) = Yai1/2(k[n

Jo Yo BESSEL FUNCTIONS

MATTER DOMINATED

B 2 ,2/3
UNIVERSE o =2 @ o< 7" ot

1 [ sin(kn) |
s 1/2(klnl) = V27— |~ cos(hn) + ST
kln| L kn

; ) sgn(n) [ . cos(kn)]
Y v ya(kinl) = /27 B | gin o) 4 ST

kn

V| |

Pirsa: 17030033

Page 66/78




SIGNALING

MINIMAL COUPLING ESTIMATOR, S

MATTER DOMINATED
UNIVERSE

v -2 — aoc*r)goct2/3

i ) i JPAY x—x')—0(An— e —a (—An — o —x'|) — 0(An — | — =’
6z, 1), (', )] = - 0(An + | —a'|) — 6(An — |z —a'l)  O(=An— |z —a'|) — 6(An — |z - a’l)
Am a(t)a(t')|e — 2’| a(t)a(t")n(t)n(t')
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SIGNALING
ESTIMATOR, S

support on the

CONFORMAL COUPLING ight cone

S(An+ |z —2'|) — 6(An— |z — x'|)
a(t)a(t')|x — x|

(o, t), p(x', )] = 41”[

Decay with Spatial
separation

VIOLATION OF
STRONG HUYGENS
PRINCIPLE !!!!

MINIMAL COUPLING

1 |6(Anp+ |z —2'|) — 6(An — |z — '|) I O(-An— |z~ 2'|) - 6(An — |z — x'|)

(@ 1), e(@ )] = ¢ a(tya(t')|z — /| alt)alt)n(tyn(t)

Does NOT decay
with Spatial
separation Timelike-
leakage
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SIGNALING
ESTIMATOR,S

CHANNEL
CAPACITY

Ss+S¢

® 5
= Sy
S l'otal

MINIMAL COUPLING

10

—bee g s

5

xB
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MINIMAL COUPLING

SIGNALING
ESTIMATOR,S

aNlewn
ayljaoeds

VIOLATION OF
STRONG HUYGENS

PRINCIPLE 111!
CHANNEL
‘ ‘ ‘ S CAPACITY

axljewn
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Case: MINIMAL COUPLING

Variation of SIGNALING
tempo-ral SRy — g e ' ' ESTIMATOR,S
separation ! \ I

. \
I I ‘ I I
| /. ‘\‘. [ |
e A .
| M Lo
] 1 ey
E~ i - - B = a8 E.\\-i . . SJ[““‘:SIJ’+S”
1 W
. %

00f =, | lssssssssss ]
1000 2000 3000 4000 5000

TiB
CHANNEL

T - . CAPACITY

. o

st 1 Co
g 4 : /: | : e Cy
a I | I 1
O3] AN AN . C,
o 1 / ""\._‘- | 1 J

2 I i ‘Il 3 ﬁ."\h :I Cl otal

1 i E\J 3 = = E 8 8 & :;»I\IE m

[',.--:1-:"' ) J‘l\.‘il-.l‘;.;hn‘-‘i

1000 2000 3000 4000 5000
TiB
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Case: MINIMAL COUPLING

Variation of 10 SIGNALING
e poral L ESTIMATOR,S
separation . L Lo

) %i [E\ : -4
et N I 3
gl | ~a__ ! -
__': lI: n N x
n’:1.5 g: ‘|' : k o
100 14 AR
05} | f, - (.
oofssir’l ! aseseN\a VIOLATION OF
1000 2000 3000 STRONG HUYGENS
PRINCIPLE !!!!
107 CHANNEL
7f ] ' C CAPACITY
6l o |
'g: '\\ g
e ®
295 | 5
= [
G 3 L \‘\-._‘_‘
2t e
1
Ols-sless"""" [t
1000 2000 30 4000
TiB
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Case: MINIMAL COUPLING

Variation of SIGNALING
tempo-ral L ! . ESTIMATOR,S
separation

. S
- Sy

T
|
|
i
|
|
i
|
|

ayieoeds
axlown

1\ | Strom=84s+5s
1\ : L (am)?

Vo
2000 3000 40
TiB

CHANNEL
CAPACITY

éxuéaeds
aylawn

1000 2000 3000 4000 5000
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Exponential Expansion (deSitter): No decay in time!

P. Simidzija, E. Martin-Martinez, Phys. Rev. D 95, 025002 (2017)
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information

Cosmol.ogical.

catacljsm! 1
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EXAMPLE:
LOOP QUANTUM
COSMOLOGY

- Replaces the Big Bang by a
Big Bounce

- Bridge between two large
classical universes: a

contracting and an expanding
cosmological phase

BIG BOUNCE

PRE-EXISTING UNIVERSE
Collapse due to gravity

Martin Bojowald. Loop quantum cosmology. Living Rev.Rel., 11:4, 2008.

1074 seconds

SPACE-TIME

10 seconds: INFLATION BEGINS

5 geqonds: SUPERINFLATION ERA

Setting
QUANTUM
BOUNCE

10" seconds:
10DAY

10"® seconds:
FIRST GALAXIES

10" seconds:
COSMIC MICROWAVE
BACKGROUND RADIATION
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EXAMPLE:
LOOP QUANTUM
COSMOLOGY

- Replaces the Big Bang by a
Big Bounce

- Bridge between two large
classical universes: a

contracting and an expanding
cosmological phase

BIG BOUNCE

PRE-EXISTING UNIVERSE
Collapse due to gravity

Martin Bojowald. Loop quantum cosmology. Living Rev.Rel., 11:4, 2008.

1074 seconds

SPACE-TIME

10 seconds: INFLATION BEGINS

5 geqonds: SUPERINFLATION ERA

Setting
QUANTUM
BOUNCE

10" seconds:
10DAY

10"® seconds:
FIRST GALAXIES

10" seconds:
COSMIC MICROWAVE
BACKGROUND RADIATION
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Setting
QUANTUM
BOUNCE

Atoms (or any complex system) will not survive a quantum

bounce
Imagine an ancient (pre-bounce) and very advanced civilization

What would you do if you wanted your legacy to survive?

Encode the information in the quantum field:
detectors and field get entangled.
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