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. K =Q %i
“guantization” dof i
classical H=H{Q0},{P}) pure
degrees-of-freedom quantum
theory




Plan for
this talk

A) Do this for quantum fields
iIn a way motivated by
= holographic entropy bound

= operator dressing

H~Q K,

dof i

H=~H{Q,},{P})

B) Explore whether
features of A) can be
motivated / re-discovered
INn mereology



quantization with
overlapping dofs
/
QFT that satisfies
holographic entropy
bounds



Motivation I:
The holographic principle ( not AdS/CFT)

How much entropy

canyouamasson 4
your backward light-
cone

backward light-sheet thermal fluid

with entropy S

///'.1 (integrated along
light-sheet)

?

Answer: covariant

holographic bound

(“Bousso bound” ;
arxiv:0203101 ):

A
S < —
4

5\“.\\_3

==

 Consequence when building a quantum theory for matter on that sheet:

Hilbert space should
have finite dimension

logdimZ =S, < 7 where S o volumel




Motivation lI:
operator dressing

_/

Consider scalar field ¢ with local U(1) gauge symmetry;

= @(X) is not gauge invariant / not an observable!

But the dressed operators
O(x) = exp <iq[d4X’f”(x, x')Aﬂ<x'>> ()

are gauge invariant as long as 6ﬂ Hx,x') = sHP(x —x) .

(see e.qg. https://arxiv.org/abs/1507.07921 , including analogous procedure
for diff-invariance)



https://arxiv.org/abs/1507.07921

Motivation lI:
operator dressing

J

dressed field in flat space

w(x)
@
@
w(X,)
@
@ W(Xe)
w(x;)
@ y(Xs)

Gravitational dressing causes !
(“overlaps”)

At same time: systems with non-canonical commutators may be
embedded Iin !



L _ What are “overlapping dofs”?
Inspiration from https://arxiv.org/abs/1701.01062

who considered imperfect qguantum computer
with “overlapping qubits”.

Perfect (i.e. non-overlapping) set of 8 qubits:

i

H=H,QH, QH,® ... : dim % = 2°

In particular, measurements on different qubits 1 107 g O7, | = 0
41



https://arxiv.org/abs/1701.01062

What are “overlapping dofs”?

Instead, consider imperfect (i.e. ) set of 8 qubits:

In particular, measurements on different qubits

074 » 0Zq = ()




What are “overlapping dofs”?

Instead, consider imperfect (i.e. ) set of 8 qubits:

In particular, measurements on different qubits

Oz, > O7 . * 0 - i\bert S
I .4 9q]_ g™  into Sma\\ A
e s NOW i )
e - these O _n<
side efie



What are “overlapping dofs”?

Instead, consider imperfect (i.e. ) set of 8 qubits:

In particular, measurements on different qubits

074 » 0Zq = ()

H+H, QH, QK ,® ... ; dimF =2" <25

but: ¥ = H, @ H, ——»

2%%®%”2 \ \

= %6]3 ® %”3 —
\ -




What are “overlapping dofs”?

Instead, consider imperfect (i.e. ) set of 8 qubits:

In particular, measurements on different qubits

9Z.qi > OZq;

£ 0

(15 -» A p— I . Y W‘
o s “».-: e



Classical and Quantum Gravity

PAPER - OPEN ACCESS

Holographic phenomenology via overlapping degrees of
freedom

Oliver Friedrich"?" (l2), ChunJun Cao®>*°, Sean M Carroll®’, Gong Cheng®?8 () and
Ashmeet Singh®

Published 28 August 2024 - © 2024 The Author(s). Published by IOP Publishing Ltd
Classical and Quantum Gravity, Volume 41, Number 19

Citation Oliver Friedrich et al 2024 Class. Quantum Grav. 41 195003

DOI 10.1088/1361-6382/ad6e4d

a Article PDF



https://github.com/OliverFHD/GPUniverse
https://github.com/OliverFHD/GPUniverse
https://github.com/OliverFHD/GPUniverse
https://github.com/OliverFHD/GPUniverse
https://github.com/OliverFHD/GPUniverse
https://github.com/OliverFHD/GPUniverse
https://github.com/OliverFHD/GPUniverse
https://github.com/OliverFHD/GPUniverse
https://github.com/OliverFHD/GPUniverse
https://github.com/OliverFHD/GPUniverse
https://github.com/OliverFHD/GPUniverse
https://github.com/OliverFHD/GPUniverse
https://github.com/OliverFHD/GPUniverse
https://github.com/OliverFHD/GPUniverse
https://github.com/OliverFHD/GPUniverse
https://github.com/OliverFHD/GPUniverse
https://github.com/OliverFHD/GPUniverse
https://github.com/OliverFHD/GPUniverse
https://github.com/OliverFHD/GPUniverse
https://github.com/OliverFHD/GPUniverse
https://github.com/OliverFHD/GPUniverse
https://github.com/OliverFHD/GPUniverse
https://github.com/OliverFHD/GPUniverse
https://github.com/OliverFHD/GPUniverse

2n
L

Pz/

gubits inside a Fourier space shell with |p| € [Pmin

’ pmax]

X X X X X X X X X
X X x// t % \\x X
X x/A x x x x k X
X / x x/ X X \x x X
x x x x X X X x X
Pmin
X x x X X X x X
Pmax
x x x x X X % /T X
X \ x x\ X X /x x X
N
X X x x x x x x X
\\ //
X X X \ x x / X X
X X X X X X X X x
—4 -2 0 2
P1 /%

embedding N qubits into a Hilbert space with
; H# ® Hqubit

dim(H) <2V

qubit

s

Building a holographic quantum field
(here, a Weyl field = Fermion)

l/A/(Xa 1) = 1 C,(1) u(p) ePX + C,Z\ (l‘)T l/t(p) e—ipx |
Zp: (IpIL3)> L P j

Consider Fourier space shell s of
radius k, and width A .

= number of modeS[NS X kSZAS]

volume scaling

but we want holographic scaling, i.e.
effective number of modes[ns o kA ]

area scaling



To achieve holography, we only have to allow for very low overlaps:

holography induces non-zero anti-commutator for modes p = q, |p| =k = |q|

. BUT: |{c},cq}| <e(k) for all pairs of modes (99% certainty in CJP)
10~

1071 1.

10—23_

10—27_
55 10—31_
w

10—35_

10—39_

10—43_

1014 1010 106 102 102 106 1010 1014
k [eV]

Ng = APlanck\/ Naioty!Naot toral ~ “species scale”



[ Main result: scattering of plane wave in vacuum ]

e can view this dispersion over time as “cosmic fog”

e the severity of this effect depends on UV-cut;

=> Use this + neutrino Observations to
test (our version of) the holographic principle:

(" )

Step A: use

=> must have flewn on straight line
=> can use this to constrain UV-cut = “thickness of the fog”

- J

Step B: use
=> are there neutrinos beyond the UV-cut derived in step A)?

- J




s
Testing the holographic
principle: step A)

.

~N
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a )
Testing the holographic
principle: step B)

.

energies?

=
~—
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Team of students looking into
iImproving our model: Paul Schneidewind-Telge

(Master)

S-matrix of holographic
fields

Varun Kushwaha
(PhD)

- holographic scalars & photons
- helping me supervise the team

Laurenz Kohlbach
(Master)

Sarah Joswig
(Master)

propagation of wave
packets

Holographic Weyl field
on expanding background

With Varun & Kristina Giesel:
overlapping degrees-of-freedom \‘0“\
in classical field theory 1\'\3“\(



Classical holography
(Varun, Kristina & me)

Compress classical phase space while preserving symplectic structure:

—_ -

0 q
P/ s P/ qnx1

How small can we make n while still preserving dynamics?

(Log-Log) Reduced Phase Space Size vs. Original Phase Space Size

>771 —e— Minimum Phase Space Dimension Required
s36] —— Linear Fit: y = 0.6808x - 0.7806

5.136
4.883 -
2

4.585 - ~ Iog((Vqume)g )

4.277 A

~ 3.951 A

3.401 -

2.890 A

2.079 -

4.159 5.375 6.238 6.908 7.455 7.917 8.318 8.671 8.987 9.2739.534

log(N) log(Volume)

see Varun’s poster
for more details

Area
scaling?!
-D



overlapping dofs /
proto-dressing
from mereology



Quantum mereology approach for Emergence of gravity + EFT

ChundJun Cao, Sean Carroll, Ashmeet Singh, Marin Girard, Nicolas Loizeau, Arsalan Adil

TN

2. Split Hilbert space

into “degrees-of- a6 | o7 \ 3. Study under which
freedom” these dofs resemble “Bulk
a entanglement gravity”
q4 (Cao & Carrol
arxiv:1712.02803)

1. Start from random matrix
model (Hamiltonian)




\ How to split 7" ~ 7" @ 7, such that

7 is a “good” degree of freedom?

Can always decompose Hamiltonian as

N . Tr(H) A
H=H QI +1 &H, A r 1+ Hyp,
where
Trqﬁqzo : Tr,,ﬁ,,=0 ; Tfrﬁlnt=0=quﬁint

Now find split that minimizes interaction strength!

I.e. In space of factorizations, minimize the “loss function”

ZL(H) = Tr(H?)



\ How to split 7 ~ %/q K 7,

such that

7 is a “good” degree of freedom?

In practice:

Keep factorisation #' = # , ®  , fixed and instead
change p; — Up,U" .

= of Tr(H, [UHU?) !

Once a minimum U is found, the
IS given by:

><M
|

Ut(oy ® 1)U
U'(cy 1)U
U'(c,@1)U

M M
N X
1l

Ech i ik - N Al ¢ > - i oL E T = [t M < - 4t b - -/ [t =
\ - _ _ ~ B - . _~- T . . L~ N - . . .~ \ o~ By - . . AL \ .y

_ - T



\ How to split 7" ~ 77 ® 77, such that

H , is a “good” degree of freedom?

Idea: find all factorisations

12

that minimize Tr(I—AIiznt) !

— do these factorisations overlap?
— do they behave like a collection of dressed field operators?



dressed field in flat space

w(x)

W (Xs)




pre—geometry of overlapping dofs

For interacting theory, real-space modes minimize interaction
https://arxiv.org/abs/hep-th/0506124 (Piazza, 2005)

contains real space H_int
B~ [as [# 479

~ /d3k 1% + k%|) + /\Yd3k234 ¢(k1 — k2 — k3)¢(ks) (k2 — k4)¢(k4)n

contains Fourier space H_int


https://arxiv.org/abs/hep-th/0506124

\ How to split 7 ~ 77 , ® 77 . such that

77 . is a “good” degree of freedom?

(of course!) results for general Hamiltonians are limited..
One can show: at minima of Tr(Hiznt) the Hamiltonian becomes

N ~  Tr(H) N

H=Hq®”r+ﬂq®Hr' Jd '|]+Hq®Xint

L, A Tr(H) A
g7az®|],,+|]q®H,, F— 1+ 0, ® Xy

and even that [H, X, ] =0 .



pre—geometry of overlapping dofs

q1 rest
= %qz ® %rest
= %% ® %rest
but :
HrH, QX 6 QKX ey,

P . Tr(H)
at each site : H=702®|],,+|]q®H +




\ How to split 7 ~ 77 , ® 77 . such that

77 . is a “good” degree of freedom?

For more results: pick concrete Hamiltonian; e.g.:

Step A: Draw random Hamiltonian (for now from Gaussian ensemble)

Step B: Find all local minima of Tr([fliznt)
(“local” in space of possible factorisations # ~ #Z' & # ')

Questions:

Are the minima “overlapping”?
Are they only local minima, or legitimate dof-candidate globally?

“Choice of dressing” ?



| —— exponential fit "
~
| | - %
103 * simulations, T=1 ~ *
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I
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dim(H)

Result No. 1:
There are a lot of local minima!

- the number of emergent qubits increases ~ exponentially with dimension;
in particular > log, dim # , i.e. these are |



improvement of mereology metrics
(compared to random factorisation)

10° 4
1071 ;
_ I TI’(HiZnt) /d
T Tr(H2,) / d

10_2 - M

. TTHHH‘HH '

random factors

10_4 I I I I
10 20 30 40 50 60

d=dmH

Result No. 2:
Each minimum achieves very low interaction

- l.e. qualitatively: there is indeed very
(compared to random factorisation)

= plausible to view # , @s “degrees-of-freedom’”



100 i

D/ATr(HE))
+
+
+
+
—
+
K
X
+

2
int

T
| -
=
B

10_1 | | 1 1 1 1

10 20 30 40 50 60

d=dimH

Result No. 3:

In limit of large d, all minima have similar coupling

- I.e. coupling structure “translation invariant™?




diagonal of Hessian of Tr(ﬁizm ; basis where #{non-zero diag} = #{non-zero eigenvalues})

100 -
10—1 -
10—2 -
107 + unitaries that
nal 10-4 - don't change
factorisation increased
10—5 -
. i degengracy \-
101 [ ) at minima
10_(7) . -
0 200 400 600 800 1000
i
| J _J
v Y Y
S
E .
2 1, A, A;® 1, A; ® A, (except gauge group generated by (1, — 0z, 4) ® diag)
)
(@)]

Result No. 4: An unexpected degeneracy emerges

- remember: minimisation is done in SU(N)
= , because some U don’t change factorisation

- But degeneracy is bigger than expected. An additional



The Hamiltonian

. E, . Tr(H)
H=702®HF+HQ®HF+

‘[| + 0Z®Xint,

only dependson o, ® [, = X_ , but not on the rest of the Pauli algebra in the qubit.

= we have

.1
Define “field” ¥ = (X, +iX,)

= this is not unique \ choice of “dressing;
But Hamiltonian is independent of this choice:

E

AH=-
2

P+ P (1, @ X)) + -



pre—geometry of overlapping dofs

q1 rest
~ K 4> ® 4 rest
~ K q3 ® 4 rest
but :
H * %6]1 ® %q ® %Tesﬁz

at each site : =

P+ P (1, @ X)) + -



Summary &
Outlook



Summary
There...
* We built a holographic Fermion field

that also satisfies a cosmic Bousso
bound

* We analytically calculated lifetime of
plane wave excitations (and more..)

* We compared plane wave lifetime to
Neutrino observations

=> Comparing a core principle of QG
to datal!

. and back again:

* |sing-like structure when looking for
minimum-interaction dofs

e numerous local minima in random
matrix model, all with similar & low
interaction

e operator algebra not uniquely fixed at
minima (“proto-dressing choice”)

10—1 i

neutrino free path [pc]

=
~—

101 ... Kov=Kpianck Tl
kov=10" kpanck T TTTeeal
9] —--- kyy=470k o TP
10 o He distance to TX50506+056 | - m==-e____
290 TeV
104 ]
"a'i'é't'é'ﬁ'c"e'"E'd_'S'NT'Q'S_?'A"""""'; """
10711 20 MeV|
U ‘TAU high energy} —-
....................... solar neutrinos|
1021 “CERN S GFan Sass0. T -
"60-GeV;
10-16 size of ATLAS detector A
13 TeV§ """
100 103 106 109 1012 1015 1018
k [eV]

diagonal of Hessian of I(q : r) ;

basis where #{non-zero diag} = #{non-zero eigenvalues})

unitaries that
don't change
factorisation

increased
degeneracy \
‘e - =\ at minima L
(I) 260 4(I)O 660 8(I)O 1OIOO
i
| )\ _J

generators

1,0A,,A;®1,

Aq ® A, (except gauge group generated by (14 — 0, 4) ® diag)
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pre—geometry of overlapping dofs

For interacting theory, real-space modes minimize interaction
https://arxiv.org/abs/hep-th/0506124 (Piazza, 2005)

contains real space H_int
B~ [@ [# 479

~ /d3k 1% + k%|) + /\Yd3k234 ¢(k1 — k2 — k3)¢(ks)p(k2 — k4)¢(k4)n

contains Fourier space H_int


https://arxiv.org/abs/hep-th/0506124

What are “overlapping dofs”?

Instead, consider imperfect (i.e. ) set of 8 qubits:

How does this work in practice?

Quoting from Friedrich et al. 2024:

1. Choose generators C4, ..., Cy, for the Clifford algebra in the Hilbert space of
dimension 2" < 2V .

2. Choose a pair|v, w|of orthonormal vectors in R?" . . :
P each pair of vectors defines

3. Define Pauli-algebra of one qubit
2n 2n => now choose 8 such random
.= () Ci, oy=) (ejlw)C;, 0. =—ig.0,, vector pairs
j=1 j=1
where (e;|v) and (e;|w) are the jth components of v, w in some orthonormal basis
{ej} of ]R2n .
4. Finally, define raising and lowering operators as
1 1
c= §(a'x—l—z'a'y) , ¢l = E(am—iay) :



Further results from studying this model:

A. overlaps lead to long-range correction to real-space propagator

1
N E{iwa(x)T, W (Y)} = 2i6p(x — y) + 2iC(X, y)

B. computed full energy spectrum of the holographic field

— vacuum energy density suppressed by mode overlaps

C. mode overlaps generate a “cosmic fog”, i.e. plane waves in the field
scatter in vacuum
=> comparison to neutrino observations allows test of holographic principle

holographic principle almost fails the test!




[scattering of plane wave in vacuum]

e Mode overlaps cause scattering of plane wave excitations in the vacuum!

¢ \We estimate the lifetime to be




[scattering of plane wave in vacuum]

e Mode overlaps cause scattering of plane wave excitations in the vacuum!

e \We estimate the lifetime to be

Asp = APlanck\/ N, dOf,l/// N, dof,total

2 7 ] IR cut
2 p—
Tscatter ~ 2T A . size of cosmic
uv ‘ p ‘ horizon
How much \
overlapg mix UV cut momentum
energies i.e. no particles of particle
beyond this
energy!




To achieve holography, we only have to allow for very low overlaps:

holography induces non-zero anti-commutator for modes p = q, |p| =k = |q|

. BUT: |{c},cq}| <e(k) for all pairs of modes (99% certainty in CJP)
10~

1071 1.
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w

10—35_
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10—43_
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Ng = APlanck\/ Naioty!Naot toral ~ “species scale”



{3 H ”f)
mperfect (i.e. overlapping) set of 8 qubits: What are “overlapping dofs™

» ® » ® % ® % ®
How does this work in practice?
Quoting from Friedrich et al. 2024:
1. Choose generators C4, ..., Cy, for the Clifford algebra in the Hilbert space of
dimension 2" < 2V .
2. Choose a pair of orthonormal vectors in R?" . : :
P @ each pair of vectors defines
3. Define Pauli-algebra of one qubit
2n 2n | => now choose 8 such random
0. =) (€lv)Cj, 0y =) (ew) C;, 0. = —iozay vector pairs
Jj=1 j=1
where (e;|v) and (e;|w) are the jth components of v, w in some orthonormal basis
{ej} Of R2n .
4. Finally, define raising and lowering operators as
1 1
c= §(Ux+io'y) , ¢l = E(ax—ia’y) :



A. Long-range correction to real-space propagator

e field propagator obtains long-range, stochastic correction;
e.g. after tracing out spin dofs: {y“(X) , l//;(y)} = 2i0p(xX—y) + [iC(X, y)]

e after smoothing field by radius R, compare local and long-distance propagator:

amplitude of long-range propagator relative to local propagator as function of
smoothing scale R (IR cut-off: future co-moving particle horizon = 19 Gpc)

101 - Ndof, 17} ‘
| N =1 .~
dof, total .
/'/
N gof, .
- R il — O 1 L~ l
S Ngof, total e -
< é 10_2 T N d f, ............................. ‘. 'J’"'(" ................ e . ... .. ..................
= Y 0.01 =
>: 9, Ndof, total Py
Xl= '
6 x\ ‘/‘/
=X =
x 1073 .
-
= - long-range
__________ anti-commutator
- ~ 1% of local
107y anti-commutator
100 | | - 10! | | 102

R [Mpc]



B. Vacuum energy
density suppression

suppression of Eac(k)
o

mean of 640
simulations

dim H = 2%
dim H =28
dim H =212
scatter of
individual
simulations
large-N
prediction

> O O

1100 10!
[Nqubit/IOQZ(dim H)] ~ Kk

10

e pboth low-dimensional simulations of overlapping qubits & analytical result indicate
suppression of vacuum Energy (compared to standard Weyl field)
—> analytical prediction is from random matrix theory => will be even more accurate at

realistic dimensions

8
37

. . Nk
e vacuum energy in shell sis By s & "

/)

suppression due |
to holography ~ ——

S



Motivation lI:
operator dressing

_/

dressed field in flat space

Gravitational dressing causes non-canonical equal-time commutators!
(“overlaps”, see e.g. https://arxiv.org/abs/1507.07921 )

At same time: systems with non-canonical commutators may be
embedded in reduced Hilbert space!


https://arxiv.org/abs/1507.07921

