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Abstract: | will review some recent advances on the line of deriving quantum field theory from pure quantum information processing. The general
idea is that there is only Quantum Theory (without quantization rules), and the whole Physics---including space-time and relativity---is emergent
from the processing. And, since Quantum Theory itself is made with purely informational principles, the whole Physics must be reformulated in
information-theoretical terms. Here's the TOC of the talk: a) Very short review of the informational axiomatization of Quantum Theory; b) How
space-time and relativistic covariance emerge from the quantum computation; c) Specia relativity without space: other ideas; d) Dirac equation
derived as information flow (without the need of Lorentz covariance); €) Information-theoretical meaning of inertial mass and Planck constant; f)
Observable consequences (at the Planck scale?); h) What about Gravity? Three alternatives as a start for a brainstorming.
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Can we say that a quantum field is just a collection of (infinitely

many) quantum systems (each at every “space point = Planck
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OUTLINE

¢ Very short review of the informational axiomatization of QT

* How space-time and relativistic covariance emerge from the
quantum computation

¢ Special relativity without space and time: other ideas

*k Dirac equation derived as information flow (without the need of
Lorentz covariance)

*¢ Information-theoretical meaning of inertial mass and Planck
constant

*¢ Observable consequences (at the Planck scale?)

oven 0195 W AL about Gravity? Three alternatives as a start for a e
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HOW RELATIVITY EMERGES
FROM THE COMPUTATION?

Informational description of reality:
a causal network of events.
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Relativity from QT

A distributed system consists of a collection of distinct
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sigorithm is given for synchronizing & system of logieal  OF UNC SVeRUS
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spRehroayshe clocks can become. of all the events. This algorithm can provide a useful :
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FROM CAUSALITY WE GOT
SPACE-TIME ENDOWED WITH
RELATIVITY
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Relativity from QT

A theory of quantum gravity based on quantum computation

Seth Llovd
Massachusetts [nstitute of Technology
MIT 3-160. Cambridge. Mass. 02139 USA

sllovd@mit.edu

Kevwords: quantum computation. quantum gravit

THE GEOMETRY OF
Abstract: This paper proposes a method of unifyin SPACE-TIME IS A
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~ 75 \QUANTUM INFORMATION/
PROCESSING

computation gives rise to a superposition of four-

ph/OS01T135v8 26 Apr 2006

_ obevs the Einstein-Regze equations. The theorv n
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Lorentz transformations from causality %P

and topological homogeneity 1008.4805

Lemma 1 An event b € L(O,) belongs to the t-th leaf
L;(On) for t = (21 — 22)/2, and the number of events on

where U(#) is the matrix performing a #-rotation, can be

interpreted as the space-time coordinates of the event b
in the frame L(Q,).

irsa: 10110080

such leaf between b and O, is given by s = (21 + 22)/2. 3
s
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According to the last Lemma the coordinates %
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Frames in standard configuration (boosted). Consider
now two observers O, = {o;} and O, = {07} sharing
the same origin (homogeneity guarantees the existence
of observers sharing the Drigin). We will shortly denote
the two frames as & and R°, and the corresponding co-
ordinate maps as K' and K?%. We will say that the two
frames ®' and R* are in standard configuration if there
exist positive a'?, 3%, such that Vi € Z

K'(o?) = D?K?(o}), D'? := diag(a'?,8'%). (11)

=it 7 X -
Ay IONRe Of =d |

GMD and
A. Tosini
1008.4805
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Lorentz transformations from causality

al2023 — 312323

- 13 — -
al2023 312323

V12 + V23
1 + vi2v23

Coordinates

irsa: 10110080




Lorentz transformations from causality P o

A. Tosini
and topological homogeneity 1008.4805

al2a023 + 312323 1 4 110003

~

- e Tl S 52 L plt?
— X132 \/1 = (v12)2 3 — X172 \/1 — (,Ulz)z’

Y19 := \/auﬁm

which differ from the Lorentz transformations only by the
multiplicative factor yi12. The factor y12 can be removed

By rescaling the coordinate map in Eq. (10) using the
ot o " g

1

e e o - P Y =

* 13 aZa® — 512523 V12 + V23
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Frames in standard configuration (boosted). Consider
now two observers O, = {o;} and O; = {0’} sharing
the same origin (homogeneity guarantees the existence
of observers sharing the origin). We will shortly denote
the two frames as & and R°, and the corresponding co-
ordinate maps as K' and K?%. We will say that the two
frames ®' and R* are in standard configuration if there
exist positive a'?, 3%, such that Vi € Z

K'(o?) = D?K?*(o}), D'? := diag(a'?,8'%). (11)

GMD and
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12 .23 _ 312 323 =i
1: QK Panifesl thd V12 +
o

convenﬁonohf; ab et ahedl? 323 R = XY

To determine simultaneity of distani

F events we yﬂd tE Ezme&d, e
_‘xiﬁ Fa N A
We can :Hy ele:'mt\vrhgllvo-way inbeve

= average speed of light ..
X12 4= V @12812 -

T from the Lorentz tr rmaﬁ
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Conventionality of

simultaneity, homogeneity, ...

The causal network manifests the

conventionality of simultaneity.

events we need to know a speed, to
measure a speed we need to know
simultaneity of different events ...
 We can only determine the two-way
4 average speed of light ...
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R |_ (from Irving Stein)
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SPECIAL RELATIVITY FROM RANDOMNESS
Kevin S. Brown (Kent, WA) [
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p(’U) = ?)2 a probability!
Uy Uy (orthogonal = independent)

p(aUb) = p(a) + p(b) — p(anb) = p(a) + p(b) — p(a)p(b)
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p(v) = v>  aprobability!
Ur Uy (orthogonal = independent)
p(aUb) = p(a) + p(b) — p(a N b) = p(a) + p(b) — p(a)p(b)

2 comgposition of
Y orthogonal speeds in SR!

L — N

p(vy Uvy) = v2 + v —viv
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SPECIAL RELATIVITY FROM RANDOMNESS
Kevin S. Brown (Kent, WA) [

T W W W W W W

p(’U) — ?)2 a probability!
Ur Uy (orthogonal = independent)

p(aUb) = p(a) + p(b) — p(anb) = p(a) + p(b) — p(a)p(b)

p('yx U ’Uy) — ’Uf, — 'Ug (Galileo, disjoint events)

T — e |
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SPECIAL RELATIVITY FROM RANDOMNESS
“ Kevin S. Brown (Kent, WA) [

w W W W L * x W W

p(y) — fu2 a probability!
Ur Uy (orthogonal = independent)
p(aUb) = p(a) + p(b) — planb) = p(a) + p(b) — p(a)p(d)

2 composition of
Y orthogonal speeds in SR!
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Uz Uy (orthogonal =independent)

p(aUb) = p(a) + p(b) — p(anb) = p(a) + p(b) — p(a)p(b)

_ 2 comgposition
p(U:Bva)—vi-l-Ug—va; ordnogwdmoifnsm




SPECIAL RELATIVITY FROM RANDOMNESS

o 2 2 ¢ H: Kﬁin‘s'Bm(Km’WA) E 2 2 S g

p(v) = v*®  aprobability!
Uz Uy (orthogonal = independent)

p(aUb) = p(a) + p(b) — p(anb) = p(a) + p(b) — p(a)p(b)

_ 2 comgposition
p(szvy)—vi-l-vg—vzv; WMQLSRI

E—— |

Pr—02/221




SPECIAL RELATIVITY WITHOUT SPACE

Stephen Wolfram, A New Kind of Science

w W W W W W W




WHAT IS THE INFORMATIONAL MEANING
OF INERTIAL MASS AND h

AND HOW THE QUANTUM FIELD EMERGES

Pirsa: 10110080



THE INFORMATION FLOW

T W W W

.[

ONE-DIMENSIONAL FLOW

Information can flow only in two directions - -"-'L

Pirsa: 10110080
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THE INFORMATION FLOW

= ONE-DIMENSIONAL FLOW —
Information can flow only in two directions w1 -'L'L '-'-'-'-'-'-'-'-'-'-'—':

é; |:¢'+] _ -’U 51- 0 f [¢+:| : :{ .r -:-:-:-:-:-:-:-:_:.:-:_:

¢ F 0 —v 51; ¢’ 2 :ll: ¥ -:—:-:-:-:-:—:—:h:-:—:-i
] } LI LLLLLLLLILI i

P
S
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THE INFORMATION FLOW

ONE-DIMENSIONAL FLOW

Lo S a4 { X NN

Information can flow only in two directions

-7 s
7] |0 —wE| |97

Pirsa: 10110080



THE INFORMATION FLOW

ONE-DIMENSIONAL FLOW

* * h A i{

Information can flow only in two directions

~[¢+] _[vd, o | [+
2R Y | I

v=alt

* s;s;*:ﬁ?ﬁ555555555555555555555555
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THE INFORMATION FLOW

——— ONE-DIMENSIONAL FLOW e
Information can flow only in two directions E-: } :-:-:-:-:-:-:-:-:-:-:-:
5 [¢+] ol [¢+] " I LI
¢ F 0 —v 3I (,?5 3 :-q -:-:-:—:-:-:—:—:h:—:—:—:
A ¥ ' I
Constant average speed: = d dpdpdpdydydgdudydydydyd,
periodic change of direction v=a/T I j: -:-:-:-:-:-.:-:-:-:-:-:—:
- - ..
3 Gy
zh 2 ST

Pirsa: 10110080




THE INFORMATION FLOW

T W W W '\\

Information can flow only in two directions

-vér 0

ONE-DIMENSIONAL FLOW

- +
¢ 0 _va:r
Constant average speed:
periodic change of direction

irsa: 10110080

o

v=a/T

1 2 2 S

g

.

E

§ 5 B F
- [ N N N N
- - N Em o
- 3 N N B N
N X R R N B ¥
- ¥ N B B N B

Ta¥
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THE INFORMATION FLOW

ONE-DIMENSIONAL FLOW

Lo 2 3 g { ) T W W

. |- T I T TR T R I R Y Y
Information can flow only in two directions = 4l = - - - - -
: : I . N N ...

= - N N . .

(N N N . . .

5 [¢+] _|vd: 0 [¢+] Iy iy
t;b_ _ 0 —’U@I_ ¢_ :‘ '-:-:-:-
Constant average speed: " E': LLLT LI
periodic change of direction v=a/T I LT
: Forn
o4
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THE INFORMATION FLOW

ONE-DIMENSIONAL FLOW

L S g g { 1) W

. 1. ------------
Information can flow only in two directions = 'L -
y : 1. | B N 8 B 3

- L] } - . . N N 3 N N

I = | N N N N

(-7 s
7] |0 —wE| |97

Constant average speed:

v=alr

periodic change of direction 1 == =
V- ==

—— ATy
coupling between ¢ "and ¢~ with Ay ..'-"-'-'-'-'.

imaginary constant

Pirsa: 10110080 Page 112/221




THE INFORMATION FLOW

ONE-DIMENSIONAL FLOW

T W W W { Ll W

Information can flow only in two directions =i’ '-'-'-'-'-:—:—:.:-:
5 [¢+] B, o [¢+] zh i Ity
- . = -~ LA I-. -----
(lb 0 —’U@I Q'? l-n' E - -
Constant average speed: i :':
periodic change of direction = a/ -1 i
* 4, e 'L
coupling between ¢ "and @~ with - J. - -
imaginary constant = e = Aydydydydydydy:

Page 113/221




THE INFORMATION FLOW

ONE-DIMENSIONAL FLOW

L S g \\ 4] T W

Information can flow only in two directions w1 '-'.'-'-'-:-:-:—:-:
é; |:¢’+] e ’U@I 0..—... [¢+] :-: , '-:-:-:-:-l

¢' 3 0 —v a;r ‘;b 2 :ﬂ -:-:'-:-
- K ;- EE B ' .
Constant average speed: — vd, ' 4 .gdyd,

periodic change of direction v=a/T - i

- - e ..
i Ip L i
coupling between ¢ "and @~ with i Sy iy by ly
imaginary constant l- -‘- ' ----r---:

(spinless) Dirac equation!
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THE INFORMATION FLOW

ONE-DIMENSIONAL FLOW

W W W {

Information can flow only in two directions

3 [¢.+] _[vd: 0
“lo~ 0 —vd;

Constant average speed:
periodic change of direction

—~ll—

coupling between ¢ "and @~ with
imaginary constant

|

¢’+
(;b_

|

v =alr

1) i g

: e
;E .,% -":::::::__:
5 & " i
I ot T

(spinless) Dirac equation!

Page 115/221

No need of | imposing




WHAT IS h?

igt _cbt- _ ivém w cz‘)iL
28 w  —ivly| |9
W =X’
= i Compton
- me wavelenght
mass in Kg
topon
chronon

Pirsa: 10110080 e 116/221
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THE INFORMATION FLOW

ONE-DIMENSIONAL FLOW

Lo 2 2 g [ o W

Information can flow only in two directions = R e "LLLLLI
| _ :

2 55555555555555555555555
D
::3t :E:E:E:E:E:E:EZEZEIEEZ';
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THE INFORMATION FLOW

ONE-DIMENSIONAL FLOW

Lo o 3 g [ T X W W

Information can flow only in two directions

(-7 s
7] |0 —wE| (97

Pirsa: 10110080



THE INFORMATION FLOW

.[

T W W W

Information can flow only in two directions

) [

—v@z_

Pirsa:

|

¢'+
t;b_

|

V0,

0

0

Constant average speed:

00000000

periodic change of direction

v—=ajlr |

ONE-DIMENSIONAL FLOW

s

TR
--—

LIkt
1Lt

--h
-F

I
T

-

T W




THE INFORMATION FLOW

ONE-DIMENSIONAL FLOW

L S o g \\ 1) W

Information can flow only in two directions w1 Ll '-'-'--'-:-:-:-:-:
sel[e o\ R
t -8 = ~ el '_- --g---
¢' ] 0 —’U@I_ ‘;b -- -

Constant average speed: == vd.
periodic change of direction = a/ ] ™ - -
- - . ..
—l— R
coupling between ¢ "and @~ with ay .'-"-'-'-'-'.

imaginary constant
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THE INFORMATION FLOW

ONE-DIMENSIONAL FLOW

L S g g !\\ 1) T W W

Information can flow only in two directions

é;; [¢+] - ’U@I 0..-.. [¢+] :-: ----- '

‘;b_ 0 —’U@I ¢_ :li _ dydydydy.
Constant average speed: = E': 4

periodic change of direction v=a/T ™ i -

1= --m

—l— 1D oI RS

coupling between ¢ "and ¢~ with Sy j. - - -

imaginary constant .- - ----r---:
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WHAT IS h?

3, [07] =[O w_|[oF
2 w  —v0g| |9
w=c\~’
= i Compton
- me wavelenght
mass in Kg
topon
chronon

Pirsa: 10110080 e 122/221

Pag
mass (informational) in s!




igt (}.’)i’ _ o, W t;Di'
28 w  —w0g| |9
W=\
. i Compton
- me wavelenght
mass in Kg
topon
chronon

mass (informational) in s!



o~

&
|
)

e B
Ww=c\" -
=X, A Compton
b wavelenght
mass in Kg
h: conversion factor between the topon
informational notion (in s°') and. the chronon
castbitfary notion (in Kg) of the Page 1241221

mass (informational) in s!

G oo s B et



THE INFORMATION FLOW

SIMULATING A QUANTUM FIELD

W W W T W W

Simulation of QFT with a quantum computer, with gates
performing infinitesimal transformations:

Pirsa: 10110080 e Page 125/221



THE INFORMATION FLOW

SIMULATING A QUANTUM FIELD

w W W W L

Simulation of QFT with a quantum computer, with gates
performing infinitesimal transformations:

~r

In order to have average speed equal
to ¢ you need infinite maximal speed.

irsa: 10110080

W W
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THE INFORMATION FLOW

SIMULATING A QUANTUM FIELD

w W W W L T W W

Simulation of QFT with a quantum computer, with gates
performing infinitesimal transformations:

~r

In order to have average speed equal
to ¢ you need infinite maximal speed.

~r

Lorentz-covariance must be imposed as a

constraint, and cannot be derived from
QT causality!

irsa: 10110080 Page 127/221




THE INFORMATION FLOW

SIMULATING A QUANTUM FIELD

W W W L A W W W

Simulation of QFT with a quantum computer, with gates
performing infinitesimal transformations:

~r

In order to have average speed equal
to ¢ you need infinite maximal speed.

~r

Lorentz-covariance must be imposed as a

constraint, and cannot be derived from
QT causality!

~

“Relativity is derived from the computational

Page 128/221




THE INFORMATION FLOW

w W W W L

SIMULATING A QUANTUM FIELD

11 W W W

Simulation of QFT with a quantum computer; with gates

performing infinitesimal transformations:

~r

In order to have average speed equal

swap

=

=

l -
N

to ¢ you need infinite maximal speed.

~

Lorentz-covariance must be imposed as a

constraint, and cannot be derived from
QT causality!

~

“Relativity is derived from the computational

swap.

|

=i, o} n n. o+l n+l_

-

Page 129/

We must have finite




THE INFORMATION FLOW

LINEAR FLOW

™ W W o W w

2n(t=1)=Uz,U' = Z Unk 2k

Each gate evolves the field linearly:

(anti)commutation U = ||U; 3 | unitary matrix
relations are preserved

. ol el
R =1 Z 2,

Evolution from bipartite gatesf

2 -v[a]et-vl]

Pirsa: 10110080




QC SIMULATION OF QFT

Coarse-grained discrete derivatives:

Oz = = [2(kT) — 2(—kT)]

5:’3 o 4ka (5k 5 )

“HAMILTONIAN™

' t'IH(‘QHLJ — -L[Z(RT) — z(—n7)| = -iaz

gate® = o

H2) 2 = o ( UszU} — Upalh,)



QC SIMULATION OF QFT

We need to develop a path-sum calculus over the circuit:

|. Number all the input wires at each gate,

from the leftmost to the rightmost one, and
do the same for the output wires

2. We say that a wire | is in the past-cone of
the wire k if there is a path from / to k

passing through gates.

3. For any output wire k and any input wire |
| in its causal past cone, consider all paths
connecting k with |

4. The following linear expansion holds

zfa:(oto}o= Z U(l) U(2) . U(n Zk(O) l Page 1321221

1122 ~ 1213 tnin 1



QC SIMULATION OF QFT

“Hamiltonian™

AnBné. — B, AYVS, + AnByy —BL AL,  (AnBr— BLAL)S. + AnByy — BL_,A}IJ

g® _ & [
eate ™ 47 | (AyoByy — BLAY)6, +AnBn — BL AL, AnaBaé, — BL AL 6_ + AnBxw — BLA!

- -

Pirsa: 10110080 Page 133/221




QC SIMULATION OF QFT

“Hamiltonian™
HY — 4 [-—1213215— — Bl,Al,6+ + A2aB1y — B}, A}, (A21B22 — Bj,A},)0- + A2Biz — B],A]
sate [.:112311 — B_IEAIH_](F.;. + A1 Bay — Bi.tl*'iéz ;11231254. — B;l,‘iélé_ + A1 Boo — BEZAL_

Hermiticity is satisfied:

(G Ho | 0) = (95 [HL

4 + t ntf\
(O HELIOT) = (0T HELI05) — (AnBiz—A],B],) = —(AyBy —ALBL,)"

D |05V = i(AnaBrs — ~AlBl) R,

(O | [Hee|05) = (O HGL 0 )" = Al B!, = 4A;,B;,

¢;|Hgan:|¢n 1) = (9, H

Pirsa: 10110080

(4)

gate

‘¢n+1) —> A21822 —A;BL e —(AlzB“ —AEB;)*.

Page 134/221
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OBSERVATIONAL CONSEQUENCES:
MASS-DEPENDENT REFRACTION INDEX
OF VACUUM

Pirsa: 10110080



QC SIMULATION OF QFT

| THE SPINLESS DIRAC EQUATION |
* W Wk I = w xR
Write the “Hamiltonian” as follows: (inverse) refraction index
4 = o P .
Héale =c(H +:1K09;) = ic0; + woz, w =cA >

—i—

Hyy = — 5-S(A9 By + A2y By4) =0,

Hiz = (AnB» — A}, B}, + AnnBia — A}, B3,)) = X7'
His = — ~S(A12B12 + A11B22) = 0, '
Ku:—?(ﬂﬂﬁﬂl):c .

Kay =R(A12B12) = —(, : e : E
e S o, ¢, o & @& o
K2 = — 5(A21 B2 — A, By, ) =0. 5 .

=

Pirsa: 10110080 Page 136/221




QC SIMULATION OF QFT

e THE SPINLESS DIRAC EQUATION P
Write the “Hamiltonian” as follows: - (inverse) refraction index
4 5 = a .
Héa)te =c(H +:1K09;) = i1c(0; + woz, w =cA >

i

Hy =— ﬁg[ﬂzlﬁzl + AgaBy1) =0,

Hyiz = (A2 Bx — A1, B, + AnnB1a — A}, B3,) = )
Hy = — 5-S(A12B12 + A11B22) = 0,

Ky =—R{(A21 B2 ) =(,

sy s o, o, & ¢ ¢ @

K2 = — (A1 By — A}, BY,) = 0. -—

[ e cosé e*¥ sin #

A = S _ - -
—e " "Wgsinf e *?cosf
10110080 i . Page 137/221
0 ie’ﬂ

n — |




QC SIMULATION OF QFT

THE SPINLESS DIRAC EQUATION

* A o ' 1l * & A
Write the “Hamiltonian” as follows: (inverse) refraction index
4 -xr . —3
Héa)te =c(H+1:KJ9;) = ic(0r + wo,, w =cA

i

Hyy = — 52S(A21 By + A2 Byy) =0,
His =4:I{ As1Bag — 4;23;1 + A Bio — .4;1351) =

Hyy = — "-'d[ A1aByo + 4113&3} =0

Kiy=—R(A21B2) =

Ky =R(A12Bi3) =, o el S e T e
22 =R(A12B,5) C. q)-l ¢_; ‘17{, ¢o ¢11 ¢!;

Ky = — 5(A21 By — A}, B},) = 0.

[ e'® cosé e'¥ sin #
A= —ith - —id
—e sinf e cos @
10110080 = 5 Sm 9 = C ]_ S _P_I381 1

= | o ¥




MASS-DEPENDENT REFRACTION INDEX
OF VACUUM

General phenomenon due to unitariety 924\ 2

T — _ﬁ

i
1.0
0.8
0.6

04

Pirsa: 10110080




e e
MASS-DEPENDENT REFRACTION INDEX

OF VACUUM
General phenomenon due to unitariety 920\ 2
Proof. We need the gate-HamiItoniah: s U (T
HS:aI;g — iCCCFggI + woy | — —

=

|

=

e

=

=

=

bo

=

L E

irsa: 10110080 Page 140/221




MASS-DEPENDENT REFRACTION INDEX

OF VACUUM
General phenomenon due to unitariety 20\ 2
Proof. We need the gate-HamiItoniah: N (T)
Hg;;g = iCCO';ggI + woy | — —

We must have the same number n of time-
steps and of space-steps, and from the form of
the Hamiltonian we get n=2.

i
1.0
0.8
0.6

0.4

=2
b
2
e
=
=
=
¥ 4
=
4
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MASS-DEPENDENT REFRACTION INDEX
OF VACUUM

General phenomenon due to unitariety \/ 92q\ 2
-(3)

Proof. We need the gate-HamiItoniah: sind = ¢ =

H(gn)

gate

= iCCO’36I—|—w0'1 | —

We must have the same number n of time-
steps and of space-steps, and from the form of
the Hamiltonian we get n=2.

i
10

The Hamiltonian is Hermitian, whence: 04

1 .

gate At

[
[
2
e
o
=
=
oc
="
==
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MASS-DEPENDENT REFRACTION INDEX

OF VACUUM
General phenomenon due to unitariety 92g\ 2
Proof. We need the gate-HamiItoniah: e - (T)
Hgﬂ. = iCCO’3§I + woq | — —

We must have the same number n of time-
steps and of space-steps, and from the form of
the Hamiltonian we get n=2.

The Hamlltonlan is Hermitian, whence:

4 _ _qrt * (4)
Hgate i 4?" Uf U 'IHgate = 02 04 0.6 08 1.0

|3

Pirsa: 10110080 Page 143/221




MASS-DEPENDENT REFRACTION INDEX
OF VACUUM

General phenomenon due to unitariety J (20 ) 2

Hgate = iCCJ;gaI + wWo1 T— —

Proof. We need the gate-HamiItoniah:

We must have the same number n of time-
steps and of space-steps, and from the form of
the Hamiltonian we get n=2.

The Hamnitoman is Hermitian, whence: 04

4) _ i * (4)
Hgate i Uf = U ||Hgate = 02 04 0.6 08 1.0

The norm is obtained by FT at k = Qlﬂ

VE+4r%? _ 1
Pirsa: 1011008007~ k. Q1 Page 144/221
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MASS-DEPENDENT REFRACTION INDEX
OF VACUUM

General phenomenon due to unitariety J 20\ 2
. . )

Proof. We need the gate-HamiItoniah:

HS;;; = iCCO’géI + woq | — —————

We must have the same number n of time-
steps and of space-steps, and from the form of
the Hamiltonian we get n=2.

The Hamlltonlan is Hermitian, whence: 04
= I * H'Y i
Hgate H 4‘?" Uf U |I B S 02 04 06 08 10 M

The norm is obtained by FT at k£ = 21
aa

V2 + 47202 e | - 2a .

Pirsa: 1011008007~ s 2T C iy 1 o age 149221
1 Samete . MIOINASEYS; 3 X
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QC SIMULATION OF QFT

SIMPLE SCAILAR FIELDIN 1SPACE DIM.

* % * * [ il & & & K

) [ e*® cos @ e'¥sinf e [ 0 iei¢]

e @

—e~ "Wsinf e *®cosé

e

‘E)n qbn t:E:’-r.u—i—l C-ﬁ'n—}—l

Pirsa: 10110080



QC SIMULATION OF QFT

SIMPLE SCAILAR FIELDIN 1SPACE DIM.

A A & ?[ 1 * % & K

- [ e'® cos e'¥sinf e [ 0 ie’-@]

—e~"sinf e *?cosé —ie— " 0

W.lgfix 0 =0, ¥ = —m/2

Pirsa: 10110080



QC SIMULATION OF QFT

SIMPLE SCAILAR FIELDIN 1SPACE DIM.

* A A K 3— 1l * A A
_— e?cosfl  e¥sinf 0
T | —e *sinf® e *®cosf B o —i

W.lgfix 0 =0, ¥ = —m/2

For both Bose and Fermi ﬁelds one has:
o — exp {39 [@:th';_l — (ﬁ;_lqu):] } 1 ‘35’:+1 Pnt1
B =exp{i} (¢} 70, + 0, 70}]}

-

Pirsa: 10110080



QC SIMULATION OF QFT

SIMPLE SCALAR FIELDIN 1SPACE DIM.

A=exp{if [¢}T0,_, + 6, _107]}
B = exp {i% [¢} 1o + o707}

Commuting Anticommuting § | B ' | ' |
Harmonic oscillator |  Clifford algebra 3 |

1] + »
r ‘pn @n Ggrl—‘—l Oﬂ+1
aal] =6 | #i=on [ chuck ——
E=_—oc
n_—.
+ _ - n = Oony103 x
i ¢n = a2n @, = G2n+1 Pn = 034 1%2n H ™

Pirsa: 10110080




QC SIMULATION OF QFT

SIMPLE SCALAR FIELDIN 1SPACE DIM.

A=exp{ib [¢] 10, , +0,_,T6F]}
B =exp {iZ [¢3T07 + o7 To1])

' Harmonic oscillator Clifford algebra
ay, u; = dik Pn =a-;,,kﬁ O3k 1105k PPN, " ——
| @n =@2n ¢, = a1 On = O3pns1%m ﬁ o
o
Gates act
A = exp [~ib (03,105, + 03 103,)] | onlocal

algebras
2 ; A =g
B =exp |—i% (03,05,.1 + 05,05,.1)] onilv!



QC SIMULATION OF QFT

CONNECTION WITH THE USUAL QFT

L g S 2 ][

2
Global field Hamiltonian, i. e. such that: [H ; ﬁf’l] — Héaﬁfﬁl

wx WWw

Pirsa: 10110080



QC SIMULATION OF QFT

| CONNECTION WITH THE USUAL QFT

PErE— |

-
Global field Hamiltonian, i. e. such that: H ¢’l éﬂlcﬁz

- .

For a given field theory to be simulable by a homogeneous
quantum computer in the discrete approximation qﬁ(la) = a_iqﬁl
one needs the field Hamiltonian that can be written in the form (*)

with then > ] satisfying the bound

2n
[Hencel <

Pirsa: 10110080 Page 152/221




QC SIMULATION OF QFT

| CONNECTION WITH THE USUAL QFT

*  * * |

7.
Global field Hamiltonian, i. e. such that: [H ¢’l éaﬁfﬁz

- .

For a given field theory to be simulable by a homogeneous
quantum computer in the discrete approximation qﬁ(la,) = a_i'qﬁl
one needs the field Hamiltonian that can be written in the form (*)

with then > ] satisfying the bound

H)| < —
a.te nrt

Page 153/221

All known OFT are OC -simulable!




FIRST QUANTIZATION

EMERGENCE OF CCR

W W W T W W

Constant of motion (number of “particles™)

N=Z¢L¢n=20ﬁ . sza:rzan

— T ——
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FIRST QUANTIZATION

EMERGENCE OF CCR

W W W E i1 T W W

Constant of motion (number of “particles™)

N=Z¢L¢n=20ﬁ o sza:rzaﬂ

— T ——
Vacuum state (invariant under processing): |0> = H }0);1




FIRST QUANTIZATION

EMERGENCE OF CCR

T W W L i1 ™ W W

Constant of motion (number of “particles™)

N':Z‘ﬂ;‘?bn 220'2 s szalan

S — T —
Vacuum state (invariant under processing): |0> = H lO)n

n
Single-particle states: ‘gbz) — .;bg”()) (ppm information encoding!)




FIRST QUANTIZATION

EMERGENCE OF CCR

L i o o W W

Constant of motion (number of “particles™)

N‘:Zﬁb};‘ﬁn =ZJ§ i szaizan

| — ——
Vacuum state (invariant under processing): |O> = H lO)n

T
Single-particle states: ‘gbg) — Qﬁz f |O> (ppm information encoding!)

= —ihYy |62)3(0%], X*=2a [¢)n(g2].

Pirsa: 10110080 e Page 157/221



FIRST QUANTIZATION

EMERGENCE OF CCR

L i i W W W

Constant of motion (number of “particles™)

szfb:;qbnzzag s sza:rzan

I — —
Vacuum state (invariant under processing): |0> = H }0);1

Single-particle states: ‘gﬁ)ﬁ) — ¢2T|0> (ppm information encoding!)
“=—ihY |¢0)0:(d%, X*=2a) |s2)n(¢%].

md (X7, PP = ihbasl,




FIRST QUANTIZATION

Single-"particle” Schrodinger equation in ppm representation:

(9 1)
(0, 1¥) - (4) | '
U= 65 10y| 10(D21T) = (0Hgeredn]*|¥) = ) Hnams(dm|¥)
(Drs1|T) ) | s |
00X X 0o 00
A0 0 -2 0 0
AP X = @
;. . 4a byt 4a i
e e 0 2 A0 0 -2
00 —-%X 0 0 A
0 0 B 5 %8

—~ .

- — g e .
— y

irsa; 1011008 Page 159/221




QC SIMULATION OF QFT

QCFTFORMORETHAN 1 SPACE DIM?
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Need six space field operators...
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QCFTFORMORETHAN 1 SPACE DIM?
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Need six space field operators...

Anticommuting fields in terms of local algebras?

Do we really need anticommuting fields?
(Grassman variables? Microcausality and
parastatistics...)

Do we need fields?
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QCFTFORMOT
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Need six space field operators...'

Anticommuting fields in terms of local algebras? | | l 1T
| H :i.u'lillltldi

nck scale} and
copic” scajle

Do we really need anticommutirgiiefields?
(Grassman variables? Microcaus3lity and
parastatistics...)

Do we need fields? - 18
For having Lorentz covariagpce
as manifest ...

Coarse-graining
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A NEW QCFT?

COMPARE WITH THE USUALQFT

W W W T W W

Regard the QCFT as the “true theory” at the Planck scale, and
the usual QFT as an approximation for “mesoscopic” scale
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Need six space field operators...

|

Anticommuting fields in terms of local algebras? \ A% a4
|| e TP
Do we really need anticommuting fields? | \ "‘ﬁFii';‘aiﬂil Yl

(Grassman variables? Microcausality and = l]"" “J’ li :
parastatistics...) r r
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Need six space field operators...

Anticommuting fields in terms of local algebras?

Do we really need anticommuting fields?
(Grassman variables? Microcausality and
parastatistics...)

Do we need fields?
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Need six space field operators...

Anticommuting fields in terms of local algebras?

Do we really need anticommuting fields?
(Grassman variables? Microcausality and
parastatistics...)

Do we need flglds?

For having Lorentz covariance
as manifest ...
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A NEW QCFT?

COMPARE WITH THEUSUALQFT

W W W T W W

Regard the QCFT as the “true theory” at the Planck scale, and
the usual QFT as an approximation for “mesoscopic” scale
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a1 COMPARE W THE USUAL QFT —

Regard the QCFT as the “true §ilfheory” at the Planck scale, and
the usual QFT as an approxim, ation for “mesoscopic” scale

QCFT solve many problems t _ hat plague QFT:

- . "

-

+ Feynman’s path integral <=

* Uu.v. renormalization
+ no need of quantization rul
* problems related to the con

s (emergent)
inuous

* - -
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Regard the QCFT as the “true theory” at the Planck scale, and
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Regard the QCFT as the “true theory” at the Planck scale, and
the usual QFT as an approximation for “mesoscopic” scale
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A NEW QCFT?

COMPARE WITH THE USUALQFT

& & A & | * % % *

Regard the QCFT as the “true theory” at the Planck scale, and
the usual QFT as an approximation for “mesoscopic” scale

QCFT solve many problems that plague QFT:

* Feynman’s path integral

* u.v. renormalization

* no need of quantization rules (emergent)
* problems related to the continuous

*'---
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A NEW QCFT?

GAUGE INVARIANCE

Pirsutm'vély nonabelian Gdhge theory!
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CONCLUSIONS

| PHYSICS IS INFORMATION

R |

*#* Quantum Theory is an information theory

il o W W

%k Space~timc and relativistic covariance emerge from the information
processing

* Informaton flow is the free QFT

S Eﬂysics 1)5 emergent (inertial mass, Planck constant, quantization
es, ...

* Anew QCFT: |
* has no space-background (QG-ready)
*¢ doesn’t need quantization
*¢ cures many problems that plague QFT

*¢ opens a route to foundations of QFT
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TODO SOON

'F PHYSICS IS INFORMATION

i i .|- - T W W

¢ QQuantization rules as emergent (needs interpretation)

* General correspondence Lagrangian-gates ¢

* Build up a complete QCFT for Dirac in 3 space dimensions
“* Emergent unitary representation of the Lorentz group

“* The need of the field (anticommuting fields, parastatistics,...)?

7

** Informational meaning of energy, gravitational mass....

* Violations of Lorentz-covariance. ?
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| CONNECTI

Itis worth noticing that for a given field theory to

b 2 2 ¢

e

approximation one needs the gtobai field Hamiltq
can be written in the form ..

This bound generally gives a renormalization of 1
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I ~ The gate-Hamiltonian is Hermitian: this is

= E homogeneity of the circuit give periodicity
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Here’s the gate Hamiltonian for 2 steps fo
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QC SIMULATION OF QFT

“Hamiltonian™
gY _ i [AQIBHJ_ — B},A},6+ + AnBn — B| A}, (A21Ba — B}, A},)6- + AnBis — BIEAL)J
eate ™ 47 | (A1oByy — BLAY)S, +AnBn — BL AL,  A1Bné, — BL AL 6_ + AnBx — BLA!

- -
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QC SIMULATION OF QFT

; THE SPINLESS DIRAC EQUATION

Lo o 3 g 1l T X W W
Write the “"Hamiltonian™ as follows: - (inverse) refraction index
(4) _ 1% | I B i
H, . te = c(H +1K09;) = 1c(0; + woz, w =cA
Hyy = — 5-S( A9 Boy + A3 By,) =0,

His =L(:'121522 — A},B}, + A3 Bia— A}, B3)) ="
Hyy = — .'3'1;{&{:11;3312 + A11B22) =0,

Ky =—-R(A21 B2 ) =C(,
K. =’]?{A EB ' }: —C_‘ + & + - + ——
N T s ¢, ¢, 9 ¢ ¢ ¢
Ky =— 5(A21 B2 — A, By, ) = 0. —
. [ e'®cosé e*¥ sin |
 |—e "¥sinf e * cos
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QC SIMULATION OF QFT

THE SPINLESS DIRAC EQUATION

* A h & '.. 1l * & h *
Write the “Hamiltonian” as follows: (inverse) refraction index
4 -wr : s

i

Hy, =— ﬁﬁ[fi'ﬂﬁzl + AgaBy1) =0,

Hin = (A Fons — AS B, + AnsBhin — A BES) = X~
Hy = — 5-G(A12B12 + A11B22) = 0, |
K1y =—R(A21B2) =,

=

=0

+

Ko =R(+‘112312} = —(, ¢+ ¢- ¢+ ¢d ¢ (E_
I -1 i 0 +1 1

K2 = — 5(A21 By — A}, By;) = 0.

e*® cosé e*¥ sin @

A=|_c-wging e—i%cos 9]
10110080 = — 5 Sm 9 = C ]_ S _P_ISGI 1
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MASS-DEPENDENT REFRACTION INDEX

OF VACUUM
General phenomenon due to unitariety 9q\ 2
Proof. We need the gate-HamiItoniah: S U (T
Héga:g = ?:CCO'3§I + wWoy B — —

=
fa
2
e
=
=
=
oc
-
L E
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MASS-DEPENDENT REFRACTION INDEX

OF VACUUM
General phenomenon due to unitariety 92g\ 2
Proof. We need the gate-HamiItoniah: s U L (T
Hf;a?g = iCCO’géI + woy | — ———

We must have the same number n of time-
steps and of space-steps, and from the form of
the Hamiltonian we get n=2.

i
10

=
ha
=
e
=
=
=
[# 4
|
4k
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MASS-DEPENDENT REFRACTION INDEX
OF VACUUM

General phenomenon due to unitariety \/ 92g )\ 2
-(3)

= 1cCo30; + woy — ——

Proof. We need the gate-HamiItoniah:
H(zn)

gate

We must have the same number n of time-
steps and of space-steps, and from the form of
the Hamiltonian we get n=2.

The Hamiltonian is Hermitian, whence: 04

4 _ 1 i
B, = 2 (U; —UD)

gate At

=

|

=2

S

=

=

=

b

=
4
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MASS-DEPENDENT REFRACTION INDEX
OF VACUUM

General phenomenon due to unitariety \/ (20 ) 2

Héizg = iCCO’géI +— WO I — —

Proof. We need the gate-HamiItoniah:

We must have the same number n of time-
steps and of space-steps, and from the form of
the Hamiltonian we get n=2.

The Hamnltoman is Hermitian, whence: .

@ _ —vUl) wip H
Hgate il 47’ Uf U ||Hga1:e = 02 04 06 08 1.0

JE
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MASS-DEPENDENT REFRACTION INDEX

OF VACUUM
General phenomenon due to unitariety 94\ 2
Proof. We need the gate-HamiItoniah: il T T)
Hgﬂ = iCCO'3§I + woy | — ———

We must have the same number n of time-
steps and of space-steps, and from the form of
the Hamiltonian we get n=2.

L
1.0

The Hamnltoman is Hermitian, whence:
@ _ —Ul) i L .
Hgate i 47— Uf U " e S 02 04 06 08 10 M

The norm is obtained by FT at k£ = Qlﬂ 5
\/CI! +4T2L¢J2 1 _ 2&
o ’&: or C g ]- e " page 191221

101100821'
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QC SIMULATION OF QFT

SIMPLE SCAILAR FIELDIN 1SPACE DIM.

A A & i[ 1 * % & K

P [ e*® cos @ e*¥sinf B_ [ 0 ie“‘]

—e "¥sinf e *?cosd —ie—%® 0
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QC SIMULATION OF QFT

SIMPLE SCAILAR FIELDIN 1SPACE DIM.

* W W W i[ 1l * & W W

- [ e*® cosf e'¥sinf B_ [ 0 iei‘*]

—je " @

—e "Wsingd e *®cosé

W.lgfix 0 =0, ¥ = —m/2

-~

L+ s 3 —
(pﬂ Qﬁﬂ (p'n—!—l Gbn.%—l
- 2a =
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QC SIMULATION OF QFT

SIMPLE SCAILAR FIELDIN 1SPACE DIM.

* * * * L 1l * % K *

Az[ e*® cos @ e'¥sin @ = .0

—e "Wsinfd e *®cosf

W.lgfix 0 =0, ¥ = —m/2

For both Bose and Fermi ﬁelds one has:
A=exp{if [oiT0,  +0, ,'65]}
B =exp{i} [0} 70, + 0, 70}]}

- ) -

Pnt1 Pns1
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QC SIMULATION OF QFT

SIMPLE SCALAR FIELDIN 1SPACE DIM.

w W W W r - W W W

A=exp{ib [63 0, 1 + 0, ."07]} L e

B =exp{i§ [¢7 1o, + 0,101 ]} L |
Commuting Anticommuting § | B ' I 'I '
Harmonic oscillator | Clifford algebra A T

:ﬂ'{'ﬂ.;t: — (5“;. E’A-—J;‘ H {7&4_152* - 2“ =
ke=—oc

+ = —
| @), = G2n O, = ani1 On = 03ns1%2n H O




QC SIMULATION OF QFT

SIMPLE SCALAR FIELDIN 1SPACE DIM.

A=exp{ib[o}T¢,_, + ¢, 167]}
B = exp {i% [¢}; 1o, + ¢, 167]}

Commuting Anticommuting §

" Harmonic oscillator Clifford algebra
ay, U}L = Ol O -Ji'u&ﬁ O%k+102k =P >
F — e b —mgr | P =0py 10 H oi
Gates act
A = exp [~ib (03,105, + 03 107,)] | on local

algebras
o (o= -+
B = exp [—%% (0'2“0'2“4_1 -+ 02n02n+1)] oniv!



QC SIMULATION OF QFT

SIMPLE SCAILAR FIELDIN 1SPACE DIM.

* o ok Kk L 1l * Kk koK
A=exp{if (6776, 1+ 6. ."67]}
B =exp {i [¢7 6, + 0,707}

e

+ —— J + g
Qﬁn ‘f"n an—!—l (-ﬂn-}—l
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QC SIMULATION OF QFT

SIMPLE SCAILAR FIELDIN 1SPACE DIM.

* W kA ZL 1l * & A K

0 v g 0
A:[E cosf e'¥ sin 6 B=[ 0 ze]

—de " ¢

—e "Wsinfd e *cosf

-~

& e,
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MASS-DEPENDENT REFRACTION INDEX
OF VACUUM

General phenomenon due to unitariety 20\ 2

D — T
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MASS-DEPENDENT REFRACTION INDEX

OF VACUUM
General phenomenon due to unitariety 92q\ 2
Proof. We need the gate-HamiItoniah: U L (T
H;I;; = iCCCF3§I + woy | — —

We must have the same number n of time-
steps and of space-steps, and from the form of
the Hamiltonian we get n=2.

L
10

The Hamilton
g4 _ 2

= —(!{
gate ATt ( 02 04 06 08 1.0

JE
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MASS-DEPENDENT REFRACTION INDEX

OF VACUUM
General phenomenon due to unitariety 92q\ 2
Proof. We need the gate-HamiItoniah: U (T
Hgate = iCCG‘Bgz T woy I — T—

We must have the same number n of time-
steps and of space-steps, and from the form of
the Hamiltonian we get n=2.

i
10

The Hamiltonian is Hermitian, whence:

@ _ —vUl) wip H
Hgate i3 47' Uf U ||Hga.1:e = 02 04 0.6 08 1.0

JE
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MASS-DEPENDENT REFRACTION INDEX

OF VACUUM
General phenomenon due to unitariety 9g\ 2
Proof. We need the gate-HamiItoniah: s T)
Hga?; = iCCO’géI + woy — ————

We must have the same number n of time-

steps and of space-steps, and from the form of ;:
the Hamiltonian we get n=2. i
The Hamn[mman is Hermitian, whence: .
02
4) _ g 2 ‘
H — 4']" Uf U * lIHgate ~ 7 ) 10 |

gate 02 04 06 08 1.0 _1:;
The norm is obtained by FT at k£ = 21
VC+42?2 1 ) 2a\ >
(“+47°w _
< cEa—f—=
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QC SIMULATION OF QFT

SIMPLE SCAILAR FIELDIN 1SPACE DIM.

* * Kk A [ 1l * * * A

io v g o
A:[e cosf e'¥'sin f B=[ 0 ae]

—ie ™ (

—e "Wsinfd e *®cosf

-

-+ s 33 =
qﬁﬂ t;ﬁ’l'l (‘-b-n—l—l ':-Dn—}—l
- 2a =
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QC SIMULATION OF QFT

SIMPLE SCAILAR FIELDIN 1SPACE DIM.

T W W W -- - T W W

a— [ e*® cosf e'¥sinf B — [ 0 33""]

~ |—ie ™ 0

—e~"Wsinf e *®cosf

W.lgfix 0 =0, ¥ = —m/2

- -

- - L+ -
Qﬁn qbﬂ qD-n—i—l "'ﬂn-}—l
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QC SIMULATION OF QFT

| SIMPLE SCALAR FIELDIN 1 SPACE DIM.

T W W W l. il T W W W

Az[ e*® cos @ e'¥sinf 0 |

—e~ "Wsinf e *®cosf

W.lgfix 0 =0, ¥ = —m/2

For both Bose and Fermi fields one has:
A=exp{if [p 10, + 0, ,'6}]}
B =exp{i} [0} 70, + 0, 70}]}
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QC SIMULATION OF QFT

SIMPLE SCALAR FIELDIN 1SPACE DIM.

A=exp{if [¢} 10, + 6, _,T07]}
B = exp {i% [¢} 1o + o707}

Commuting Anticommuting § | B ' | ' '
Harmonic oscillator ~ Clifford algebra . B

= T= N +~ _ - Z z
ap, ap| = Ok Pn = 02n H T2%e+1%2k - -a -
i—1

k=—oc
T

4+ = - - x x
| @) = G2n O, = ani1 Pn = 02041%2n H Ok
k=—oc
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QC SIMULATION OF QFT

SIMPLE SCALAR FIELDIN 1SPACE DIM.

A=exp{if[o} 10, + 0, _167]}
B = exp {i% [¢} o7 + 07107}

Commuting Anticommuting §

' Harmonic oscillator Clifford algebra
=T
a1, ay] = i 6= II chunci el Sl
| @F =a2n ¢, = an41 ®r =05t 105m rﬁ of
k=-—oc
Gates act
A = exp [~if (03,105 +0Far03)] | On local

algebras
- : A =
B =exp |—i% (03,05,.1 + 05,05,.1)] oniv!
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