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Abstract:
| will present a calculation of the vacuum energy that reproduces the observed value
understanding of guantum gravity as gravitized quantum theory. In that context the fixec
short conceptual background, | will discuss experimental consequences of this new view,

order quantum interferences that are impossible in guantum mechanics and quantum fie
observed masses of quarks and leptons (including predictions for the neutrino masses)
understood in the same context. At the very end | also plan to comment on a time-varyir
guantum gravity viewed as gravitized quantum theory.

[This talk is based on the following papers:

https://arxiv.org/pdf/2212.00901

https://arxiv.org/pdf/2407.06207

https://arxiv.org/pdf/2501.19269 |
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Introduction

n - s i <t ST ':__." e Quantum Gravity (QG)=Gravitized Quantum Theory (GQ)
G

2 Quantum Gravity (QG)=Gravitized Quantum Theory (GQ)

&] Summary: Spacetime physics is classical, non-probabilistic, but

o background independent (generally covariant). Quantum physics is

fundamentally probabilistic, but with fixed Born rule. | will argue

that quantum gravity (QG) is“gravitized quantum theory

(GQ)” with a dynamical Born rule and intrinsic triple and

higher order quantum interference. (Experimental signature!) |

will give formulae for the cosmological constant, Higgs mass, and ¢

masses and mixing matrices of quarks and leptons. Predictions 2 |

for neutrino masses. Example of QG=GQ: metastrings (and ”

metaparticles) living in quantum (modular) spacetime. Dual .

particles - (fuzzy) dark matter. (Time-varying) dark energy - g

curvature of dual spacetime. ®,
Q
Q

g E
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2z The CC Problem in QFT ¥
_ (W
A Cosmological constant A (a parameter in Einstein's eqs
| A Guv + Necgu = 87GTy,) has been measured (supernovae, CMB,
8, large scale structure). It corresponds to the (quantum) vacuum
: energy A /(87G) ~ (1073eV)*. The natural Planckian value is
10'2* times off (10'°GeV)* - the cosmological constant
problem. (Analogous to the stability of atoms.) Need to explain
! the observed value and its radiative stability.
Let us start with the QFT vacuum partition function (free scalar): -
62
— . o~ [ Ld(—82+m?)d _ # "
e = / Doe= ] 2% )6 — Ry (1) 5
which we can rewrite as “
7 1y l()g(—692+m2) @‘
vac — € 2 (2) ®
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i@ =
2 The CC Problem in QFT | LF
’ ©
C?A
5 Thus, vacuum energy density in D spacetime dimensions becomes
g + qD-1
| d“ "k wy h
0= [ ——=—~ N 6
po / 20T 2 D (6)
Ap is the volume of energy-momentum space. (>, %fu,uk, h=1) o
This is a divergent expression (to be regularized) that leads to the % |
cosmological constant problem. (Weinberg's classic review.) .
The cosmological constant in 4d is (Einstein's equations .
Gab + Nec8ab = 8GN Tap) so that Aqe ~ poGy ~ polg. p
@
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2 The CC Problem in QFT |
’ (&
& Note that the vacuum partition function is also
2, Zyac = (0]e777|0) = e~P0VD (7)
a where Vp is the volume of D-dimensional spacetime, dnd p, is the
vacuum energy density.
Furthermore Z,.c = exp(Zs1) where Zs: is the partition function
on St in the world-line formulation ol
i ah G
d~ k dl e 2y1 62
Za=Vp | == | —e ¥ +7)3 8
: D/(zw)D ./2/ (8) -

Thus the vacuum energy density is given by (scaling as before)
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The CC Problem in QG/String Theory |
(k!
For the case of a bosonic string, instead of one particle we have
an infinite tower of particles with mass spectrum (P_olchinski '86;
Polchinski's String theory book) - graviton (h=1,h = 1)
m2—3(h+ﬁ—2) § (10)
o
Thus, summing over the physical string states N
62
di@@rl)™P2 [0 ih-Rye -2 (hih-2)! -
%?ZSI‘%:"D/ g [ et e v
g &
11
(1) -

where we have imposed the level matching h = h (or 4 7).
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’ | ©
C?A
@A - . I -
Definer =0+ i =1 +imn.
i We get the partition function of a bosonic string on T2
“drdT 7
| ZTZ = VD / (471’2('1:!’7'2)_9/2 Z qh_lﬁh_lI (12)
L i 27y h E
where g = e®™'7. This can be derived directly from the Polyakov ”
path integral. ~
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| O
GA
- Note that we can rewrite, with / = o'm,
& © dPk 21
i 420/ ,)7P/? = / ek 13
B ( ! 2) ’ (ZW)D ( )
Thus, as in QFT we can write Z2 = f(k?) ~ VpAp
with A
™ 14 :
- dPk d? i .
Ap = . f k2 = —k2a/ 15 /2 h—1 h 1 14 62 |
o= [ G (W)= [ gne HPE T s :

where F is the fundamental domain. Note that f(k?) is o
dimensionless, so it does not contribute to the scaling of Z» and 3
the vacuum energy po ~ Z12/Vp.

®
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’ O
e, i
& The only difference is that in QFT the region of integration is
@A
1
. || < 57 7 > 0. (15)
In string theory, because of modular invariance,
1 % 5| |
In| <=, |7|>1. (16) ]
2 6
So, the cosmological constant is UV finite(!) in string theory, but -
still po ~ Z12/Vp ~ Ap (!) - the CC problem persists in string -
theory! c
Unbroken SUSY - flat space or AdS. Broken SUSY - still pg ~ Ap. 3
@
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© Resolving the Cosmological Constant Problem (and QG=GQ) & |
@ Quantum Gravity, Phase Space and Observation »
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i @ 7
2 Quantum Gravity, Phase Space and Observation ¥
’ O
e
Following FKLM [2212.00901], [2303.17495] (see also BHM, |
. [2212.06086]) we return to Zs1, setting m = 0 for convenience and
2, with p denoting the momentum,
" ‘dr [ dPp _g-
Ze =V, — | ———e" 2 17
5t D/2T_/(27T)De (17)
But the spacetime volume is given by Vp = [ dPg. We t%erefore 7 B
consider the phase space expression & '-
“dr ‘ qu D_ P _ EE i
Zsl——/EZ(T), Z(T)—/W/d pe 2 = Tre 2 c
(18) ®,
where Tr is in phase space. Q
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E]s
2,
(&}
e -
. In D = 4 we then get
i) |
4 OO Je ¢] 2
(3 1 _AT
2 Z(r)=[]=— / dg; / dpje " (19)
B i=1 2ﬂ- o —0O0 — 00
or by discretizing phase space
: A€ . i (%k)2e27 " ll
Z(t)= | — E dx [ dxe 2 (20) 62
27 — 0 0
k.kel ~
where p — €X, g — Ax with Ae = h. v
&
@

N
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u Resolving the (-:o‘.s;‘r-llﬁ-ollsgi-c.t.;l- Constantpmblem(and QG:GQ) Explicit Realization of QG=GQ
e &
i @ =
2 This is divergent but restrict the sum to finite range, modular A
’ regularization (Following papers on modular polarization in (!
G 4 1 1
A quantum theory and modular spacetime by FLM, '15, '16 - see
LY slides in what follows) !
e,
Ng—1 Np—1 4
¥ )\F_ 1 . 7(1(-%)2[21'
Z(t)=| =— Z dxdxe 2 (21)
‘ 27 - 0
k=0 =0
B where N,. N, count the number of unit cells in the spacefime and il
momentum space dimensions, respectively. o
Now, define
[ = NgA, and A= Npe (22) ;
where then /* = Vj is the size (volume) of spacetime and A* is the B
size (volume) of energy-momentum space, and N = (N,Ny)* € Z. 5.
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u Resolving th; (-:c:;r'-l.ﬁ-ollsgi-c.:.;l- Constantpmblem(and QG:GQ) Explicit Realization of QG=GQ
o @
i @,
2 Thus, o
©
e, N
474 .OAG
e, But there is actually an upper bound on pg ~ A* < % in D=4
F due to exp(—p>7/2) < 1. Note: N should be thought of as
entropy. One can be in a phase cell or not! Thus there are
2N possibilities, and its logarithm scales as N.
i The same bound also holds in string theory following our ‘earlier -
calculation of the partition function of the bosonic string on T2 in P
D = 4. (We'll show that the same bound holds in QFT and .
cosmological phase transitions described by an effective potential.) 5
N &
g < — 24
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u Explicit Realization of QG=GQ

| @
2 Quantum Gravity, Phase Space and Observation ¥
e, 0
’ We now consider the Bekenstein bound in a space with a l
&, cosmological horizon, ie assuming that the cosmological constant
) is positive and we have a dS spacetime. ( This is a feature of
semiclassical gravity, and also of gravitational thermodynamics.)
In static coordinates, dS spacetime metric is
; 5 5 ) 2B
dsgs =—(1- —g-—)ch?2 - — + rzdwég (25) 2 |
rcH (1--2) n
CH
where | = rcy, the cosmological horizon, is the size of the v
observed spacetime. c
@
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4 ¥
By identifying the above quantum number N with the ®
[« . . . .
g gravitational entropy, the Bekenstein bound (S, = IPQArea)
Ll becomes
a I u
4
: N < (26)
P

( Experimental consequence for black holes - gravitational wave
“echoes” - in the quantum chaos phase, because N is large -
i quantum scars?) K

: Combine the Bekenstein bound with the bound on po (po < N//*) j: .
o (27) )
P00 = /2/}23 &
Mixing of the UV (/p) and the IR (/) scales. ;
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i &
i @
2 With the cosmological constant in D = 4 dimensions, A¢ ¢ = pol,% A
o we then get the bound B
Al 1
o Ac_c S l_z (28)
&, ﬂ
; Thus, the natural energy scale, ¢, associated with the vacuum
energy density,
i P=¢€c™pa o (29)
7 23 B
P
. 62
the corresponding natural length scale, /.. ~ 1/¢c., we get the
see-saw formula (FKLM) - also in full QFT (cosmological phase "

transitions etc) [probe - gravitational interferometry]

c
e 72 T (30) ®,
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@

2 Quantum Gravity, Phase Space and Observation 2

_____ Note (integration over the Schwinger parameter can be absorbed
in the renormalization of the Newton constant). Also:

2 o with / ~ 10%®m we get /.. ~107% m or 1073 eV in i
N agreement with observations. Use for other predictions.

@ natural with pg — 0 when / — oc, and / is the IR scale

_;. @ radiativelly stable since no UV dependence A
e the CC is small because the universe is filled with stuff (large

number of degrees of freedom (dof) N ~ 1012%)

@ N is large because fluctuations scale as ﬁ - stability of the

universe (Schrodinger's argument “Why are atoms small?")

g El

o N; (where iis t,x,y.z)is N4 ~ 103! (Avogadro number for
spacetime atoms: QG Brownian motion - Zurek et al.).
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u Resolving th; (-:o‘;r-l.ﬁ-ollsgi-c.t.;l- Cons‘cantpmblem(and QG:GQ) Explicit Realization of QG=GQ
2 >
Note further the contextuality of the argument: the measurement B
= of a quantum observable depends on which commuting set of
Y observable are within the same measurement set of observable, ie
A quantum measurements depend on the context!
; @ First, e is NOT a cut-off, as ¢ and A can be arbitrary, though :
have to satisfy Ae = A
e Second, ¢* is replaced by N, which is the new quantum
’ number, and the size of spacetime, | = rcy k -l
@ N is determined by the Bekenstein bound—N is related to / &
and /p, which is where gravity enters via Gy ~ /3 N
Effective field theory (EFT) does not “see” phase space and N “
(EFT lives in classical spacetime, OR momentum space) and it c
does not mix UV and IR. (However, see the work of Reuter et al.) 3
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G

B> &

- Note on EFT: the QFT partition function is defined as

£, Z(J) = W) = [ D¢ e5(0)+J9] where W(J) is the generating

o functional of vacuum correlation functions, and it represents a

direct analogue of the partition function for a particle on a circle,

or a string on a torus!

= Given W(J), we can define its Legendre transform to obtain I'(¢),

i the effective action, as [(¢) = W(J) — [ d*x J(x)p(x). The
leading term in the expansion of ['(¢) is the effective potential,
M(¢) = [ d**[—Vegr(¢) + .. .]. the minimum of which deff'nes the

L vacuum energy in QFT. %

Then by introducing the Schwinger parametrization we can obtain 6 ||

that [(¢) ~ [d* [ (;L_‘)‘J [dr e=U(K.2)r/2 where the exponent in

the above integral is bounded by 1. (Also at finite temperature!) ”

By applying modular regularization to the crucial phase

space factor together with the Bekenstein bound we get the

already derived result for the bound on the vacuum energy!

-
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2 QG = GQ and Experiment: ¥
’ (&
| GA " »
_____ So what? Extra evidence: Let us repeat the same logic for some
Ty 2 , ;
effective action that leads to the masses of elementary particles.
&, First, the Higgs - M ~ g2M2, where the relevant IR scale is the
. Bjorken-Zeldovich scale (BZ), Mpz. Match spacetime and |

matter entropies: N ~ [?/I2 to I*/I3,, so that I3, ~ II3.
(M}, ~ MM32 ~ (TMeV)3). The UV scale is Mp. Obtain,

my ~ /mpaMp. (Here we use some stringy formulae for ;nH.)
Repeat for the Standard Model (SM) fermions: ms ~ gsMs and
use the phase-space-like structure of modular spacetime. The
relevant IR scale - Mgz and the relevant UV scale - the heaviest
fermion scale. (Use SM criticality to relate the heaviest fermion
masses to the Higgs mass.) Two expressions are possible:

&
M &)
~ v MirMyy or mg ~ Mg v 7
uv ®
Djordje Minic The Cosmological Constant Problem and Quantum Gravity as G Q
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2 QG = GQ and Experiment - Results 1: ¥
{ B
| | < CC: mp ~/MMp ~ 10 3eV: my ~ /maMp ~ 125GeV: my and
| | ] RG: Determine m;, mp and m; from my (SM criticality).
2, M3, ~ MM? ~ (TMeV)3. Then:
g me ~ v/ Mgz m: = Mgz NT;Z ~ 1.10 (1.27) GeV.
|
ms ~ Mgz mp = Mgz, / % ~ 171 (93.4)MeV.
my ~ M3z/me ~ Mgz /M2 ~ 102 Mgz ~ 1071 (2.16)MeV. .l
my ~ M3, /ms ~ Mgz, /Mm—tjf ~ 10" Mgz ~ 1 (4.67)MeV. &2
my,, ~ Mgz m; = Mgz, me—;Z ~ 112 (106)MeV. :
2
Me ~ h:,fff ~ MBZ\/Mm—iZ ~ 464 (511)keV. Prediction for: &
(Neutrino masses) mz ~ m7,/Mspy ~ (1072 — 10" 1)eV. 3,
my ~ /mams ~ (1072° —1072)eV. my ~ ﬂmﬁ ~ (107HeV. =
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2, QG = GQ and Experiment - Results 2: s

- CKM matrlx (quark mixing matrix)

s V| ~ m ~ /22 /82~ 0.050 (0.041), (~ 623)
y | Vi | ~ mb Z ~ Moz, [MEZ 0011 (0.008)(~ f12)
I
|Vib| ~ s ~ 1/ T ,/MBZ 0.002 (0.003)(~~ 913)

PMNS (neutrmo mixing matrix: Mgz — mp)

29 | B
|U;,L3| \/— 1! ?;2 0 f m/\ ~ 0. 50 (0 63) p :
| Ues| ~ —2= ~ \/ﬂ—g\ /#3 ~ 0.06, (0.14) (Similar structure!) -
Coincidence? 20 parameters written in terms of Hubble and 3
Planck scales (and the Standard Model scale)? @,‘
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', Resolving the Cosmological Constant Problem (and QG_GQ) | Expliit Reaization of QG.0Q
i@ . -
2 QG=Gravitization of Quantum Theory ¥
(&}
| G‘
A Suppose one believes all this. How does one formulate
2, QG=GQ?
: Central intuition: Quantum Relativity in analogy with Classical
" Relativity |
Classical relativity:
! a) special relativity - motivated by EM - (Minkowski R
spacetime/geometry, relativity of simultaneity), 8
b) relativistic field theory (reps of Lorentz/Poincare, |
particles/antiparticles), ”
c) general relativity (dynamical classical spacetime) v
Spacetime relativity - first (classical) relativity (both spacetime and c
matter classical). B
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i @ '
2 QG=Gravitization of Quantum Theory ¥
| G‘ Il_3
Y Quantum relativity: (FLM, '13, '14, '15, '16, '17)
2, A) QM from quantum spacetime (modular spacetime, Born
: geometry, relative locality),
" B) QFT (metafields/metaparticles),
C) gravitized quantum theory (dynamical quantum spacetime, '
| dynamical Born geometry, metastrings, metaparticles ¢ dark
matter, geometry of dual spacetime - dark energy) T8
QM /QFT - second (quantum) relativity (matter quantum, @ |
spacetime classical). ”
QG=GQ - third (QG) relativity (spacetime/matter quantum). .
(Third relativity - Finkelstein; Wheeler) Dynamical quantum c
probabilities. Background independent quantum theory. B,
)
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Z QG=Gravitization of Quantum Theory ¥
’ O
|| & Modular variables (Aharonov): suppose we define our physics on a
| A lattice (lattice QFT). Continuum via Wilsonian RG (via path
B, integral). Lattice is classical, physics is quantum. In quantum
theory we need a lattice (/) and a dual lattice (/)! (as noticed
by Zak)
Instead of considering the standard commutation relations between u
the position and momentum operators, [g. p] = ih, take the
generators of translations in phase space ol
62
~ ia A i a2mh ~ ~
U = et Vaun =892, = [U,,Var] =0 (31) "
In terms of modular variables a |a Aharonov et al, -
- > " r 2rh .
[G]lo = §moda [P]zze = pmod — == [[§]a, [P]2zn] =0 B,
a a a
(32) =
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’ (i)
GA
@A
Modular variables are covariant (modular energy, modular time
‘ as well).
Take fundamental length A and energy ¢, so that Ae = . Modular |
‘ variables are non-local (but consistent with causalityr- origin
‘ of the uncertainty principle). -
Contextuality: /n a double slit experiment the parameters A and ¢ -
are contextual to the experiment. i
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@

2, QG=Gravitization of Quantum Theory o

- : 2 :
7y Explicit non-locality: Take H = £- 4 V/(q) and write the
5 Heisenberg equation of motion for ePR/" or equivalently [p]g
(R - contextuality parameter, such as the distance between two
slits in the double slit interference experiment). (Aharonov et al)

; %pj’:\) :V(q+R/2)_RV(q_R/2) A (33) )

g E

Quantum mechanics=non-locality (from contextual modular

variables) plus causality (compatibility with Lorentz).

Now, reformulate quantum mechanics (QM) using (covariant)

modular variables via modular spacetime. (Quantum theory tells c

us something new about quantum spacetime!) ®,
Q
Q
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2 QG=Gravitization of Quantum Theory ¥
(k]
| | &
o Introduce modular spacetime. First: what is modular space?
2, (FLM, '16)
3 Modular space is the space of all commuting subalgebras of
the Heisenberg-Weyl algebra.
Note [qg. p] = il - Heiseinberg-Weyl algebra, whereas
[[a]a: [Plorn/a] = O - commuting subalgebra of Weyl-Heisenberg. ! -l
Mackey's theorem: The space of all commuting subalgebras of = B
the Heisenberg-Weyl algebra is a self-dual phase space
lattice lifted to Heisenberg-Weyl. )
Use covariant modular variables - modular spacetime of d v
spacetime dimensions. C
E)
Djordje Minic The Cosmological Constant Problem and Quantum Gravity as G
C v =« £ B O e 6 ~GOeFTo0eNE Do g

Pirsa: 25040103 Page 30/52



= Menu @ 5% Perimeter_2025.pdf X + Create ®

Alltools  Edit  Convert  E-Sign Find text or tools Q ST S T =1

Quantum Gravity, Phase Space and Observation =

u Resolving th; (-:o‘;r-l.ﬁ-ollsgi-c.t.;l- Cons‘cantpmblem(and QG:GQ) Explicit Realization of QG=GQ
E]E
2,
(k]
C?A
- Note (FLM): phase space - symplectic structure Sp(2d) - wp.
Self-dual lattice (/ plus /) - doubly-orthogonal O(d. d) - 1.
e, To define the vacuum on this self-dual lattice - need doubly
f metric structure O(2.2d — 2) - H,p.
w,n, H define Born geometry. (FLM, '13, '14, '15, '16)
Their triple intersection gives the Lorentz group.
B Thus QM follows from non-locality (fundamental  * Mowml
length/time) consistent with causality. .
Note: can be localized (local QFT possible!) in a particular phase . '
space cell, but can't tell in which one (uncertainty principle)! 5
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