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Warping the fabric of spacetime

Preparation of states of spacetime
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Exotic spacetimes

1 8m G
Einstein Equations: Rp,u = 5 Rg,u.u —s ?” T;Lu
Geometry Stress-energy

Weak energy condition: T ,,,£#¢Y > 0.

-Wormholes
If violated: Exotic solutions:
-Warp drives

-Anti-gravity / screening
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Exotic spacetimes

Quantum Fields violate AWEC:

o0
o [ (Tagrer) 3
= 2 7,972 2. 4"
T T+ 7 327 Ty
— 0

Ford, Pfenning, etc...
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Exotic spacetimes

How can we engineer violations of AWEC?

Nature does not have perfect mirrors...

o [ e, ,
T 2 + 7'02 = 327727'61
— 00
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Breaking Strong Local Passivity
Quantum Energy Teleportation

Unexpected result: Unlock zero-point energy
Consuming entanglement

What about quantum fields?

Ground state is entangled!

Can we pull the same trick?
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Breaking Strong Local Passivity
Quantum Energy Teleportation

Local energy density

X

Alice

Bob
S

-

lHotta, Phys. Rev. D., 78.045006, Aug 2008
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Breaking Strong Local Passivity
Quantum Energy Teleportation

Local energy density

Alice

1Hotta, Phys. Rev. D., 78.045006, Aug 2008
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Breaking Strong Local Passivity
Quantum Energy Teleportation

Local energy density

/\ Bob
® °®

Alice

V.

'Hotta, Phys. Rev. D., 78.045006, Aug 2008

Pirsa: 18040007 Page 52/112



Breaking Strong Local Passivity
Quantum Energy Teleportation

Local energy density

/\ Bob X
‘ B

L
Alice \

Energy extraction (transfer)
without energy carriers.

'Hotta, Phys. Rev. D., 78.045006, Aug 2008
2Hotta, J. Phys. A: Math. Theor., 43,105305 (2010)
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Breaking Strong Local Passivity
Quantum Energy Teleportation

Left modes Left & right modes
Local energy density Local energy density
\ I" ‘I'\
“1"‘ \_ Bob X I‘."I I‘ml y 4
. . - = . i g =
Alice Alice Bob
® ®
Measurement Measurement
information information
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Breaking Strong Local Passivity
Quantum Energy Teleportation

Left modes
Local energy density

/\

Alice

Bob X

I\ -

Measurement
information

Left & right modes
Local energy density

I\
[\
/ \

Alice

f\

’JI \ X
\ / \ ;
Bob
™
Measurement
information

Page 55/112



Breaking Strong Local Passivity
Quantum Energy Teleportation

Left modes Left & right modes
Local energy density Local energy density
."/\" .'A"\ f
& Bob X / \ / \ X
v ~. s ® = L \.7 & v @ =
Alice Alice Bob
L ®
Measurement Measurement
information information
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Breaking Strong Local Passivity
Quantum Energy Teleportation

Left modes Left & right modes
Local energy density Local energy density
'\ Bob X ""\.‘ i X
Lk - 'S ﬁ — ‘ Py ’Il =
Alice Alice ‘| | Bob
"'Jl
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So what’s the plan?

What we will do:

1-We will focus on the state of the field
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1-We will focus on the state of the field
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So what’s the plan?

What we will do:

1-We will focus on the state of the field
2-We will focus on 3+1D

3-Protocol made concrete (Using atomic probes, not idealized systems)
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Introducing particle detectors

Physics of particle detectors:
Non-relativistic Quantum systems that couple to quantum fields

Think of atoms, nuclei, etc.. coupled to the EM field

Unruh-DeWitt Model

Huow = x(t) /(‘l:{;'l.'ﬁ(:l: :I:,w")c'i)(:f:,f)_

N . (l:{k o 7 7 . .
(’D ‘l:,} o /1— (}"f‘l'l.-“ + ll.('.. . "] :I:.f = "F T elgur{,}i' - IEZI‘(}
& J /(2m)32k| [k |, p(e,t) =eF(x) | + ¢ ]
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Mater, Light, Unruh and DeWitt

Is this simplification good at all?

Coupling charges to the EM field

A0 . F
p* e = 2

R [ﬁ Az, t) + Az, t) -ﬁ} + - {A(w.f-)]' + V(x,t)

2m 2m 2m
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Mater, Light, Unruh and DeWitt

Dipolar coupling

-~ ~

d- E=¢x E

Reduction to a finite number of levels (say, two-levels separated by an energy gap() )

Following: A. Pozas-Kertjens, E. Martin-Martinez. Phys. Rev. D 94, 064074 (2016)
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Mater, Light, Unruh and DeWitt

Dipolar coupling

-~ ~

d E=cx-E

Reduction to a finite number of levels (say, two-leves separated by an energy gap ())

& - E = (e|l&- E|g)e|e)(g] + (g]@ - E|e)e™*|g)(e]

Following: A. Pozas-Kertjens, E. Martin-Martinez. Phys. Rev. D 94, 064074 (2016)
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Mater, Light, Unruh and DeWitt

~ A

d- E=¢ex-FE
Reduction to a finite number of levels (say, two-leves separated by an energy gap ())

- E = (e|l& - E|g)e|e)(g| + (g|& - Ele)e ¥ |g)(e|

In the position representation (Inserting [ = / d’x |z)z|)

z-E(x,t) = / dx [F(T) . E(x, t)e**|e)(g| + F*(x) - E(, t)rt_im|g><(-‘\]

F(z) = a(c|z)(2]g) = ¢ (@)a vy ().

-~

Introducing time dependence in the coupling (switching): Hml — (;_;-X(t)i- - FE

Following: A. Pozas-Kertjens, E. Martin-Martinez. Phys. Rev. D 94, 064074 (2016)
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Mater, Light, Unruh and DeWitt

A A

d-E=ci-E

Reduction to a finite number of levels (say, two-leves separated by an energy gap ())

- E = (e|l& - E|g)e|e)(g| + (g|& - Ele)e™|g)(e|

In the position representation (Inserting [ = / d’x |z)z|)

~

j»m@ﬂ:/ﬁmeyEmﬂﬂ%wm+meémﬁwmmwﬂ

F(x) = xz(e|lx)(x|g) = Y. (x)xYy().

-~

Introducing time dependence in the coupling (switching): ., = fﬁ)(‘(t):i' )

Following: A. Pozas-Kertjens, E. Martin-Martinez. Phys. Rev. D 94, 064074 (2016)
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Mater, Light, Unruh and DeWitt

Hey = x(t) /(]:sw dz — xy.t) E(x,t)
: Electromagnetic dipole coupling
d(z,t) = e [F(z)e6T + F*(z)e 5]

Hypw = x(%) / iz (e — x4,t) r_f)(:n. t).
' Unruh-DeWitt coupling
g R it~ + =i~ =
ji(xz,t) = eF(x) [e " +e o }
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Mater, Light, Unruh and DeWitt

Hew = x(2) /(1“::_,- d(z — xy.t) E(x,t)
' Electromagnetic dipole coupling
d(z,t) =e [F(:I:)c'iw(}Jr + F*(';’I:):-'fmf&*]

Hypw = x(t) /(13:13[:(;17 — x4, t) rf)(:l:.f).
' Unruh-DeWitt coupling
p(x,t) = eF(x) [e‘”"fr*’ + e~k 5 }
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Low energy UDW detectors see high-energy physics

The low energy behaviour of particle detectors is sensitive to high-
energy effects:

-Lorentz violations:
N. Kajuri, Classical and Quantum Gravity 33, 055007 (2016).
V. Husain and J. Louko, Phys. Rev. Lett. 116, 061301 (2016).
-Lorentz invariant non-local theories (e.g. causal sets)

A. Belenchia, D. M. T. Benincasa, E. Martin-Martinez, M. Saravani
Phys. Rev. D 94, 061902(R) (2016)

A. Belenchia, D. M. T. Benincasa, S. Liberati, E. Martin-Martinez
arXiv:1707.01654 (2017)
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Engineering negative energy densities

Preparation of states of spacetime
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Engineering negative energy densities

Preparation of states of spacetime
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Let’s see how effective this protocol is!

Let’s try to deliver what | promised. First with a toy model.

o
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A toy first: 1+1D QET stress-energy engineering

The system is initially in a separable state (qubit state |Ap), field vacuum state |0)):
9t < 0) = |Ao) ®10) .

Alice interacts via:

F{int =d(t)ox ® /(in lr/\(r)ﬁ'(r).

Alice teleports her qubit to Bob, interacting via:

A~

Hie =8(t — T)6: ® /{1”‘(,-)(,5(:).

LOQC variant of QET Phys. Rev. A 93,022308 (2016)
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Vacuum Entanglement Harvesting

The system is initially in a separable state (qubit state |Ap), field vacuum state |0)):

Y(t < 0)) =|Ao) ®0).

When n = 2 the resulting stress-energy density is given by:

Alice's energy contribution Bob's energy contribution
- N(x—1)?  (N(x+1)° | (ux—(t—T))  (ulx+(t—T)))>
- T T i> = 4+ /
<(Mx) 4 e 4 4 2 4
e 2l (Ag|Gy | Ag) ' P.P
+ J (x—(t—T /dA’
2L~ (e~ T) [ N ()
Right mm,\r:;:, QET term
e 2llell (Aq]5,|A ' P.P
+ <M“”Mx+u—rn/@xwy——_f
2T 3 y—x-—t

L.

g

Left moving QET term
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1+1 D QET

Energy density immediately following Alice’s interaction.

Lorentzian smearing.

<1 Too :

Nicholas Funai Eduardo Martin-Martinez Using QET to generate exotic spacetime geometries
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1+1 D QET

Energy density after Alice’s interaction.

Lorentzian smearing.

<3 Too : (f)>

Nicholas Funai Eduardo Martin-Martinez Using QET to generate exotic spacetime geometries
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1+1 D QET

Energy density after Alice’s interaction.

Lorentzian smearing.

<3 Too : (: ')>

0.15

Nicholas Funai Eduarde Martin-Martinez Using QET to generate exotic spacetime geometries
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1+1 D QET

Energy density after Alice’s interaction.

Lorentzian smearing.

<3 Too : (’)>

0.15

Nicholas Funai Eduardo Martin-Martinez Using QET to generate exotic spacetime geometries
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Energy density immediately prior to Bob’s interaction.

Lorentzian smearing.

<? Tim : (f)>

0.15

Nicholas Funai Eduarde Martin-Martinez Using QET to generate exotic spacetime geometries
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1+1 D QET

Energy density immediately following Bob’s interaction.

Lorentzian smearing.

<1 Too : (T)>

0.30

ja Lo i nmead 2o o Jea dot bl i el e i o ol e nd i |

T 7

Nicholas Funai Eduarde Martin-Martinez Using QET to generate exotic spacetime geometries
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1+1 D QET

Energy density AT after Bob’s interaction.

Lorentzian smearing.

<i fbo : (if')>

0.6

04

Nicholas Funai Eduarde Martin-Martinez Using QET to generate exotic spacetime geometries
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1+1 D QET

Energy density AT after Bob's interaction.

( )> Lorentzian smearing.
o

Nicholas Funai Eduardo Martin-Martinez Using QET to generate exotic spacetime geometries
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3+1D Case

Gravity needs more dimensions....

Several complications
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3+1D Case

Gravity needs more dimensions....

We need a distribution of Alices and a distribution of Bobs. *
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3+1D Case

Gravity needs more dimensions....

We need a distribution of Alices and a distribution of Bobs. *

We cannot teleport the state of Alice’s detectors to every Bob ‘

NO CLONING!
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3+1D Case

Gravity needs more dimensions....

We need a distribution of Alices and a distribution of Bobs. * '

We cannot teleport the state of Alice’s detectors to every Bob @

NO CLONING!

Math gets much more complicated...

DIABOLICAL
LAUGHTER
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3+1D Case

Contours of Bob's smearing Contours of Bob's smearing
® )
O ©
L) Lo (o) fat
=7 =7 " N
(o) o)
® Yo

Q00
7% |
(o) O Continuum
— o> limit
® ® Rl
e n‘\‘,‘ ) e °j
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3+1D Case

If |[Ag) is an eigenstate of &, then the LOCC protocol gives the same final state (|1)f)) as
LOQC, provided the final measurement &, give the same result.

LOQC
|Ao) H H D
0) 0y U )
LOCC
|Ao) H H
0) 04
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3+1D Case

1-Alice measures the field by coupling an atom to it
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3+1D Case

1-Alice measures the field by coupling an atom to it
2-Alice measures her non-relativistic atom
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3+1D Case

1-Alice measures the field by coupling an atom to it
2-Alice measures her non-relativistic atom
3-Alice broadcasts the result of the measurement to an agency of Bob’s
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3+1D Case

1-Alice measures the field by coupling an atom to it

2-Alice measures her non-relativistic atom

3-Alice broadcasts the result of the measurement to an agency of Bob’s
4-Bob’s agents use that information to prepare atoms and couple to the field
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3+1D Case

1-Alice measures the field by coupling an atom to it
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3+1D Case

1-Alice measures the field by coupling an atom to it

2-Alice measures her non-relativistic atom

3-Alice broadcasts the result of the measurement to an agency of Bob’s
4-Bob’s agents use that information to prepare atoms and couple to the field

Bob's energy contribution Alice's energy contribution

-
~,

s . . : [lIIA o [;[2_)1
<!//(,’)‘ :T,m : (X)‘?[f(f» - { (I;l.flzl- — N Aﬂ, ) . (lﬂlr? — N ’

—

2
: et 1
— (Aol8y|Ag)ele ((f:,f:* 5 ) + (f;f: = 7) ) }

QET term
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3+1D Case

d” ] d” Ik/\ éiht‘ﬂ( |k‘{X*}'} +€*iki(_x7y_})l’ltv)‘

dn lVd” Ik/\ (,—3' '(.)ik-(_r—_vJ—i|k\ +(, (x—y) 1|kl ‘k‘/l.

Il(l” :W / Ll”_].X'(.iJI_]-VA(.Y)/l(&V) / d”_|k‘k‘(,—';t|H—IA'[.t—_v_:.

e

. / 4= lyd" ik, e 20| (@i x-)HIT gk =y HIT) | 1(y),
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3+1 D QET

-30-20-10 0

Gaussian smearing functions used.

10 20 30

Nicholas Funai Eduardo Martin-Martinez

1.0

0.8

0.6

0.4}

0.2

Using QET to generate exotic spacetime geometries
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Dynamical picture
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3+1 D QET

Energy density after Alice’s interaction.

Gaussian smearing.

<2 Too : UJ>

-30-20-10 0 10 20 30

Nicholas Funai Eduardo Martin-Martinez Using QET to generate exotic spacetime geometries
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3+1 D QET

Energy density immediately following Alice’s interaction.

Gaussian smearing.

<3 Too :

. 200

400
300

200

. 100

-30-20-10 0 10 20 30

Nicholas Funai Eduardo Martin-Martinez

600

500

400

300

200

100

Using QET to generate exotic spacetime geometries
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Energy density after Alice’s interaction.

Gaussian smearing.

<1 fin‘: = )>

15}

-30-20-10 0 10 20 30 -“ 2

Nicholas Funai Eduarde Martin-Martinez Using QET to generate exotic spacetime geometries
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Energy density immediately prior to Bob’s interaction.

Gaussian smearing.

<: g ( )>

-30-20-10 0 10 20 30

Nicholas Funai Eduarde Martin-Martinez Using QET to generate exotic spacetime geometries
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Energy density immediately following Bob’s interaction.

Gaussian smearing.

<: Tin: ) (f)>

-30-20-10 0 10 20 30

Nicholas Funai Eduarde Martin-Martinez Using QET to generate exotic spacetime geometries
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3+1 D QET

Energy density AT after to Bob’s interaction.

Gaussian smearing.

<3 Ttm . {’]>

12

-30-20-10 0 10 20 30

Nicholas Funai Eduardo Martin-Martinez Using QET to generate exotic spacetime geometries
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3+1 D QET

Energy density AT after to Bob

Gaussian smearing.

<3 ’fnu : {"]>

12

10

-30-20-10 0 10 20 30

Nicholas Funai Eduardo Martin-Martinez Using QET to generate exotic spacetime geometries
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How much negative energy can we have?

Bob's energy contribution Alice's energy contribution
) IIIIA ]T‘!l)'.
: - ( l 7l . A 2712 A
<!Il(’)“T;u (r”WU» = {(Iylx- _i],tu 9 - ]ﬂ[L —’7p; ™
: 1L 1L
A |& |, ,—2||c 173 , A 37l A
- <1"‘“ n'\-[f'l()>( ” r” ((Iﬂli - }];{L ) _+_ I'H]L o }?}li 9
Q[F,t_r.:rm
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Scaling negative energy (n-dimensions)

Bob's energy contribution Alice's energy contribution

N -
-~ ~ ~

O | f I} ke El
<WU)‘:[;M:('¥)‘WU)> T {(I,L]:[LI _"7;:5 ~) ) o (I{_{[‘L_ _’?m 5 )

: gealhf oo 1 o (U 8 I 3
o <AU‘{T_\'“i‘(}>(’7L””” ((I;IJI; i ’7;&- ) ) } (Ij:ILl — rf;u > )) }

QET term

1 . n=1 n=1 : n—=1 ik-(x—y)
H(}:H —W/ d xd y/\(X),X(y)/ d k|k!e
If Alice’s smearing is scaled A\(x) — O’”'%/\(O’X) then ||a|| constant.

If additionally p(x) — OS;J,((J’X) then <: 'f‘,w(x, t) :> — o <: 'f'ﬂ,p(ax.crt) :>
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Scaling negative energy

Total amount of negative energy:

o= [ ( Too: (x,7)) dr

(: Too(x,7):) <0
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Scaling negative energy

Total amount of negative energy:

o= [ G oo (x,7)) dr

(: Too(x,7):) <0

A(x) =07 A(ox),
p(x) »o2 p(ox),
<: 'IA}W(X, t) :> —o” <: Tﬁl,y(ax,at) :>

b o 1dE.
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Scaling negative energy

Total amount of negative energy:

o= [ ( Too: (x,7)) dr

(: Too(x,7):) <0

A(x) ST A(ox),
u(x) =02 p(ox),
<: 'IA}W(X, t) :> —o” <: TMV(UX,(TI') :>
g 0" g,

Violates quantum inequalities optimally
and saturates QI conjecture
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Summary

QET can be used to operationally generate negative energy distributions.

Does so “consuming” space like vacuum entanglement.
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Summary

QET can be used to operationally generate negative energy distributions.

Does so “consuming” space like vacuum entanglement.

The negative energy packets are accompanied by positive energy packets.

This suggests interesting scenarios under gravitational backreaction
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Summary

QET can be used to operationally generate negative energy distributions.

Does so “consuming” space like vacuum entanglement.

The negative energy packets are accompanied by positive energy packets.

This suggests interesting scenarios under gravitational backreaction

QET protocol scaling saturates the Quantum Interest Conjecture.

QET protocol scaling optimally violates AWEC.
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