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A Quantum Fueled Universe

Cosmological Evolution
of the Universe

Quantum Mechanics
- basic ideas in QM motivated by gravity, applied to cosmology
- creatively applying and critically thinking of first-principle QM

- "back of the envelope” style, yet realistic

o Local finite-dimensionality

. Scalar Field in an Expanding Universe . Toolkit paper

o Generalized Pauli Operators (GPOs) ' 'ntmdu?mg d
paradigm!

o Parameterizations and Modeling Choices

o Implications tor Cosmological Physics



Let’s start with our usual standard construction,
Quantum Field Theory



A Quantum Field Theoretic Construction
“collection of harmonic oscillators”  our current best

understanding of

QM + Special Relativity = QFT physics *without”
gravity

# of particles

k3 kN

Specify occupation of each
wavenumber ‘'mode”

Fach wavenumber mode is a quantum harmonic oscillator G, T | = ih




The Hilbert Space of QFT

Bao, Carroll & Singh 2017, arXiv:1704.00066

The Hilbert Space of QFT is infinite-dimensional.

- Arbitrary Long Wavelength Modes . IR Cutoff (~Hubble Size)

- Arbitrary Short Wavelength Modes UV Cutoff (~Planck Length)

No Bound on Bosonic Energy Excitations]




Local Finite-Dimensionality
Bao, Carroll & Singh 2017, arXiv:1704.00066

The Hilbert Space of QFT is infinite-dimensional.

- Arbitrary Long Wavelength Modes IR Cutoff (~Hubble Size)
Lattice Regularization

'No Bound on Bosonic Energy Excitations]

Include Gravity: Excite these degrees of freedom, many collapse into BHs

- Bekenstein Bound o A - Finite entropy
- Holographic Principle BH ™ 4 - Similar application to our dS horizon

Finite Entropy (hence, dofs) in a Finite Region of Space, suggests:

The Hilbert Space of Quantum Gravity is locally finite-dimensional



Our Working Hypothesis

The Hilbert Space of Quantum Gravity is locally finite-dimensional

Bao, Carroll & Singh 2017, arXiv:1704.00066



Local Finite-Dimensionality
Singh & Carroll 2018, arXiv:1806.10134

It Matters!
The Stone - von Neumann Theorem

Continuum Quantum Field Theory

Infinite-Dimensional Hilbert Space for
uncountably infinite dofs

Non-Separable Hilbert spaces

Inequivalent representations of the
Canonical Commutation Relations

(CCRs)

Additional choice/preferred algebraic
state

Quantum Gravity

Finite-Dimensional Hil

bert Space for

local regions of space

Separable Hilbe

rt spaces

Unigque representation (upto unitary

equivalence) of

he CCRs

Algebra is just "all hermitian operators”



Scalar Field in an Expanding Universe

de2 — 42 (d772 - de) L = 0 g FRW Cosmology
/ ’ ~ On “homogenous, isotropic expansion”

Scale Factor |
S = 5 /dndgaz a’ [(¢’)2 — (ng)2 — m2a2¢2}
Action

" AN 1) P R S N O R S S e R N S O S S R R e S S A R e S P S ..\ 1 d dg k
“Comoving Coordinates” | = — / ' a’ [WMQ — (\k|2 —+ m2a2)\¢k|2]
' — : 2 (27T ) 3

mode. Expressing the Fourier transform of the field in terms of real and imaginary parts,
O = A + 1Br, we must have Ay = A_ and By, = —B_j because ¢ is real. This allows us

to define a new field
Ak for kl S 0

gk = V2 (2.4)
By for k1 > 0




Scalar Field in an Expanding Universe

dnd°k [a* a’(|k|* +m?a®)
q — (A2 2 .

Put the universe Iin a box Standard quantization
LC [Cjkvﬁk’] — i5k,k’

2 _Li . a® (|k|*/a® +m?) ~2
k _ C -

Collection of time-dependent harmonic oscillators, one for
each mode



Cosmological Connection

Governing Dynamics are Einstein’s
—quations of General Relativity:

Curvature of Spacetime Energy and Matter

(g) 2 - % p(t) ‘Friedmann tquation'

a Governs Evolution of Universe
based on Einstein’s Theory of
/ \ Gravity
Expansion history of Fnergy Density
the universe sourced from the quantum

Hamiltonian



Sources of Infinite-Dimensionality

3 _Li A2 a’ (|k|2/@2 mQ) A2
H(t) = > 5q3 Pk T T 5 ip

IR and UV scales
Latticize the theory in a box! L.

kph,max — AUV

And still,
1
Cnergy Spectrum: By, = (n + 5) hw

of states: dimH = o0

Collection of time-dependent

harmonic oscillators

Gk, Pl’ | = 10k k7
P(\)

-
P S \
/_fﬂ\‘\ % W
P — - —
. - - -~ -
e o ’_/ , —

,.""/P4(X)

- _'"""*7{‘1__‘ _[)3_(X)

- Py (x)

Py (x)

ho
= Py(x)
ha/2 S .

“/ero Point Energy/
Vacuum Energy”




Finite-Dimensional Conjugate Variables

On a finite-dimensional Hilbert space,

] = | |
dimH = d < oo Operators = Matrices!

Can we find matrices of size “d x d” which obey Heisenberg’s

A\

Commutation Relation? |z, p| = ¢h

NO!
It's the Stone - von Neumann Theorem

z,p| # ih



Finite-Dimensional Conjugate Variables
Generalized Pauli Operators (GPOs)

Singh & Carroll 2018, arXiv:1806.10134

» Ubiquity of Conjugate variables in both Classical and Quantum Mechanics.

No finite-dimensional representations of Heisenberg CCR: Stone-von Neumann Theorem.

Rescaling to make our B 5 B ,
. . . = L%, P, = prlL
variables dimensionless: Qr = ai/L7 , P =pils



Finite-Dimensional Conjugate Variables
Generalized Pauli Operators (GPOs)

Cinite-dimensional Hilbert space Singh & Carroll 2018, arXiv:1806.10134

dlm%k — dk < OC Qk — qk/Lg : Pk EpkLg

— o = B PTG X o B R Y- PP Y . -y — e, & & e e e e o o e = 0 2P B -

Ak — €XP (—ioékpk> , ék — €XP (Zﬁka> :
An equivalent

commutation, albelt A 0\ A .J aka/Bk - Q\{O}
exponentiated i A Br, = exp ( dr. ) B Ag

Weyl Commutation Relation ; Hermann
I  Weyl (1934)

27 to recover Heisenberg's commutation in the

Oékﬁk — d_k infinite limit



Finite-Dimensional Conjugate Variables
Generalized Pauli Operators (GPOs)

Singh & Carroll 2018, arXiv:1806.10134
Generalized Pauli Operators offer a way to realize Weyl’s form of the CCR in a finite-dimensional

Hilbert space, conjugate variables in finite dimensions

000 -~ 0 1
1 00 --- 0 0 _ 9 1
A 010 - 0 0 e = 2l +
Ag=| . . . . .. (can work for even dimensions too)
0 0 0 0 0
0 0 0 1 s
(translation operators) exp( 21y, 0 0
) 0 exp(F(lp — 1)) - 0
B, = .
0 0 exp(=35 k) /.



Finite-Dimensional Conjugate Variables

“Just what you would expect”
Singh & Carroll 2018, arXiv:1806.10134

Spec(Qk) = {—lkak , .. , leai) =P 10) = |Q41)
Spec(pkz) — {_Ekﬁk ) ee e 9 gkﬁk}

Lattice-like spectrum for the
conjugate variables

e’ |Pj) = |Pjy1)

(cyclic shifts)

. | . dk — OO
Recover Heisenberg in the limit: oD = T

g, B — 0

-ree Parameters: dr and A



Have I Seen This Before?
Ford =2 Yes!

A 0 1 | | A 1 O
A = ( L0 ) Pauli Matrices B ( 0 1 )

“Clock and Shift Matrices”

“Generalized Clifford Algebra’

- Modification to Canonical Commutation, uncertainty principle.

- Modification of eigenspectra of operators, eg. the quantum harmonic oscillator



Modifications to Energy Levels

.| P2 om02.
H. — k | kE N2
k A : Q1

1=3 —Infinite-Dimensional Oscillator
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100 150 200 250 300
Eigenstate number £ in |\;)




Implications of Finite-Dimensionality
Suppresion of Zero Point Energy

Zero-point energy of a
single oscillator

- Depends on both frequency and
dimension

- Saturation to infinite-dim result

- High frequency and Low Dimension
show suppression

Full expressions In paper

; Accurate Approximations
~ to Exact Matrix Calculations

L* BRI : S e b S SHEIR CATREDITRIRE ETeIRE R S N S oS SN S WA S ] < :

—Q=1=-Q=10

60 80 100
d (dimension of Hilbert space)

2=30——Q =100




Finite-Dimensional Hamiltonian
for our Expanding Universe

AL (K> /a® +m%)

) 15,3

H =

Z QCLSLC
|k|<aAUV _

Collection of time- ‘\I

dependent harmonic
oscillators, one for each
mode

Physical UV Cutoft

konh = Auv = Emax = alAyy

-ree

: Q

2

|k‘,‘<CLAUV

D2
Py

M)

2

2M

2

e
Qx

GPO finite-dim conjugate variables

Parameters:

M = a’L,

O, = \/|E|2/a? + m2

dg

and

895



Parametric Profile for Hilbert Space Dimension
"a simple power law ansatz”

1’( A "
| ‘ n D v‘
aEE—— '
s [} 45
' I min |
¢ 3
3 d

{anD} dmin — 2

Parameter Space cach mode has the
Hilbert space of at
least a qubit




Scaling of Degrees of Freedom

Counting the number of degrees of freedom

L;
Nqubit — Z logz (dk) ~ (27_‘_)3 / d?)k 1Og2 (dk)
el <alt) v k| <a(t)Auv




Scaling of Degrees of Freedom

np =0 Volume Scaling

)
S
©
O
n
3
&
e
O
>

np < 0 Sub-volume scaling

e Joj (e u|p / ¥a"bpn uip)

'[=

0.0 -1.0 -2.0 -3.0 -4.0 -5.0 -6.0 -7.0 -8.0 -9.0 Implications for Holographic
Nnp Principle




Choice of Eigenvalue Spacing
“Fiducial Choice”

At T when a mode enters the sum in the Hamiltonian

we demand,

maximization of ground
state energy

We show In the paper:

Finite-dimensional ef

‘ects

can only decrease

he
ground state energy

27
e \/dkM(tk)Qk(tk)

7/6k:\/

Minimizes devia

iNnfinite-dimensio

]{7| — a(tk)AUV

‘'mode Initialization”

1ons from
nal result

S

INn the low energy spectru

QWM(tk)Qk (tk)

dp,

(conservative effects of finite-dimensionality)

il



Choice of Eigenvalue Spacing
“Fiducial Choice”

d 27 QWM(tk)Qk (tk)
dOék Emin,k(tk) =0 A = \/dkM(tk)Qk(tk) , Bk = \/ a0

-Xpectations values are the same as the
Infinite-dimensional results

Ok Qi[O 1)) = 2M(tk>1ﬂk(tk)
(0(k, tr)| P2 |0(k,tr)) = M(tk)zﬂk(tk)

Implies an equal resolution in both
variables

o7 Bi




Choice of Eigenvalue Spacing
“An Alternate Choice”

27T
Oék—\/dk = Ok

More Algebraically Symmetric

(more extreme effects of finite-dimensionality)



Implications for Cosmological Physics

L.~ H;!

constant comoving volume, coinciding with the Hubble horizon our
universe Is saturating to in the future

Lph (t) — a(t) LC

(one possible choice of IR scale, we outline more possibilities in the paper)



Implications for Cosmological Physics

Evac (1) T (1 : ;dij‘j)

Focus on vacuum energy, and its equation of state

Implications for expansion history of the universe

1. Vacuum energy can be dynamical
2. Suppression compared to its infinite-dimensional counterpart
3. Can decay between two constant epochs

(2)2 — SEG/O(t) “Friedmann

@ Equation”

Energy
Density



Suppression of Vacuum Energy

np=—35,InD=-4.0
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alternative ay, Bk
(extreme case)

Emin(kpn) / (Kpn/2)

0.6

0.4-

0.2 fiducial ay, ﬁk

102

Possible implications
for the “cosmological
constant” problem




Dynamical Vacuum Energy

10—38_
10—44_
10—50_

10—56_

- Implications for various 10762
cosmological epochs,
and transitions

(extreme case)

fiducial Ak, Ek

- Can decay between two
constant epochs




Vacuum Equation of State

B 1_|_1d1Il€vac
Wvac = 3 dlna

Wyac = —1 “Cosmological Constant”
Wyac — 1/3

\

Radiation era

W=
./3— =N

ul
’

Wyne = 0 Matter era

© |
~
x|
.
L |
N
|
=
=
—~ |
M
< |
o |
3 |
V|
=5
o !

Z /My -66'0 < (OHM)

0.0 -1.0 -2.0 -3.0 4.0 -5.0 -6.0 -7.0 -8.0 -9.0 %
Np !
Fiducial eigenvalue spacing D
%—.
V
Exclude regions of parameter space based on 00 1020 30 40 306070 80 90

known LHC scale particle physics Alternate eigenvalue spacing



...okay, to recap,

Fiducial Choice Alternate Choice

a range of possible effects from first-principle, finite- d|men3|ona\ QI\/\|

TS AN AN S AS A AR IO S ANY STR S A AOC a H S P a TN A A NI ST A eSS B P R P e R P R O B A Dy R R B PP S S SNSRI DTS SIS ESAAPGIf e e BRSPS f O Y

|
|

1. Finite-dimensional guantum mechanics applied to expanding cosmology

| 2. Precise expressions for ground state energy of the finite-dim oscillator

! 3. Sub-volume scaling of degrees of freedom, connections to holography

4. Parametrized models of dimension and eigenvalue scalings

- 5. Dynamical vacuum energy, can be suppressed, and decays between two
' Constant epochs

e v e S P e i e e S A S i e SRAR T R T R > ST SEeS e S ’ e R e D e e e R T s e o s R e R e TR S o i e G S S e Citns A e ; S el R L Sl e R i AT

A possibly fruitful point for exploring implications for cosmo\oglcal phySICS



Public Code Available At:

https://github.com/OliverEHD/GPUniverse

We welcome you try It out, play with these tools!


https://github.com/OliverFHD/GPUniverse

o Local finite-di
intrinsic finr

In Hindsight

mensionality from quantum gravity, along with an
‘e-dimensional construction as a new paradigm

e Predictive consequences for (quantum) gravity motivated by first
principle ideas.

e Corrections to Heisenberg Uncertainty
Cassimir

® Dyna

mical

such

Dark

-nergy, co

as to constrain the di

nnections witr

mension the

Principle, Feynman Diagrams,
—ffect, etc.

cosmological observations,
lbert space of the universe

° Connections with inflation, reheating, epoch transitions, etc. in

cosmology



