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Quantum Decoherence

Quantum-to-classical transition mechanism.
Interaction with the environment — loss of coherence.

Evolution of quantum systems described by master equations
(Lindblad, ...)

Decoherence in Quantum Gravity

Gravitational field (or spacetime) as an omnipresent environment [A. Bassi et al, Class. Quant.
Grav. 34, 193002 (2017).].
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Quantum Decoherence

Quantum-to-classical transition mechanism.
Interaction with the environment — loss of coherence.

Evolution of quantum systems described by master equations
(Lindblad, ...)

Decoherence in Quantum Gravity

Gravitational field (or spacetime) as an omnipresent environment [A. Bassi et al, Class. Quant.
Grav. 34, 193002 (2017).).

Several frameworks: Quantum clocks [R. Gambini et al, Phys.Rev.Lett. 93 (2004)], metric
fluctuations [H.P. Breuer et al,Class. Quant. Grav. 26, 105012 (2009)], fluctuating minimal length and
GUP models [L. Petruzziello and F. Hlluminati, Nat.Comm. 12, 4449 (2021)], . . .
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Quantum Decoherence

Quantum-to-classical transition mechanism.
Interaction with the environment — loss of coherence.

Evolution of quantum systems described by master equations
(Lindblad, ...)

Decoherence in Quantum Gravity

Gravitational field (or spacetime) as an omnipresent environment [A. Bassi et al, Class. Quant.
Grav. 34, 193002 (2017).].

Several frameworks: Quantum clocks [R. Gambini et al, Phys.Rev.Lett. 93 (2004)], metric
fluctuations [H.P. Breuer et al,Class. Quant. Grav. 26, 105012 (2009)], fluctuating minimal length and
GUP models [L. Petruzziello and F. Illuminati, Nat.Comm. 12, 4449 (2021)], . . .

Phenomenology: Neutron interferometry and neutral kaons [J. Ellis et al, Nucl.Phys.B 241, 381
(1984)1, neutrino oscillations [V. D’Esposito and G. Gubitosi, arXiv:2306.14778 1, optomechanical
cavities [C. Pfister et al, Nature Communications 7, 13022 (2016)].
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Invariant velocity scale (c): Galileian Relativity — Special Relativity.
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Spacetime symmetries are deformed with invariant scales.

Invariant velocity scale (c): Galileian Relativity — Special Relativity.
Invariant energy (or length) scale (Ep or £p): Special Relativity — Deformed
Special Relativity.

EDERICO I



Introduction Deformed quantum evolution Conclusions & Outlook
o] Jo} 000 [e]e}

Deformed Symmetries

Spacetime symmetries are deformed with invariant scales.

Invariant velocity scale (c): Galileian Relativity — Special Relativity.
Invariant energy (or length) scale (Ep or £p): Special Relativity — Deformed
Special Relativity.

Deformed symmetries are described with Hopf algebras

Non-linear algebraic sector Coalgebra becomes relevant
Xi, Xj] =f(X) A :H — H®H (coproduct)

S : H — H (antipode)

FRICO |1



Introduction Deformed quantum evolution Conclusions & Outlook Backup slides
ocoe

Deformed symmetries in QM

gebra.

o

k-Galilei algebra: undeformed algebra and deformed coal




Introduction Deformed quantum evolution Conclusions & Outlook Backup slides
ocoe

Deformed symmetries in QM

gebra.

o

k-Galilei algebra: undeformed algebra and deformed coal

Deforming the coalgebra means deforming the action of generators on the Hilbert space.




Introduction Deformed quantum evolution Conclusions & Outlook Backup slides
ooe [ )

Deformed symmetries in QM

k-Galilei algebra: undeformed algebra and deformed coalgebra.
Deforming the coalgebra means deforming the action of generators on the Hilbert space.

Undeformed coalgebra Deformed coalgebra
sPu(ele)) = pu+ad P ol O AP(I)@la)) = (pu@g) ) ele) 3

Pyulql:=(qS(Pu) = —quiql @ Pulql:= (gl S(Pu) # —quql @4
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Deformed symmetries in QM

k-Galilei algebra: undeformed algebra and deformed coalgebra.
Deforming the coalgebra means deforming the action of generators on the Hilbert space.

Undeformed coalgebra Deformed coalgebra
sPu(ele)) = pu+ad P ol O AP(I)@la)) = (pu@g) ) ele) 3

Pyulql:=(qS(Pu) = —quiql @ Pulql:= (gl S(Pu) # —quql @4

The algebra becomes the standard Galilei algebra. Non trivial structures on the coalgebra are

1 1
APy =Py@1+1®Py+_Py@ P, S(Po)=—Po+ EPQ 5)
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Adjoint Action

In standard QM evolution of density operators p is given by the adjoint action
of time translations generator.

FEDERICO 1]



Introduction Deformed quantum evolution Conclusions & Outlook Backup slides
00C 000 00 000000

Adjoint Action

In standard QM evolution of density operators p is given by the adjoint action
of time translations generator.
Adjoint action defined as [H. Ruegg & V. N. Tolstoy, Lett.Math. Phys. 32, 85-101 (1994)]

ads(B) = (id® S)AAoB|, (a®b)oO:=a0b (6)
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Adjoint Action

In standard QM evolution of density operators p is given by the adjoint action
of time translations generator.
Adjoint action defined as [H. Ruegg & V. N. Tolstoy, Lett.Math. Phys. 32, 85-101 (1994)]

ads(B) = (id® S)AAoB|, (a®b)oO:=a0b (6)

If coalgebra structures are trivial

ada(B) = (id®S)(A®1+1®A)oB=(A®1— 1®A )oB=[A,B] (7)
—_—— ~—~——
AA S(A)=—A
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Density operator time evolution

Assumptions:
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Density operator time evolution

Assumptions:
Adjoint action of Py gives the time evolution of p.
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Density operator time evolution

Assumptions:
Adjoint action of Py gives the time evolution of p.

Time evolution preserves the hermiticity of p (required to interpret the
eigenvalues of p as probabilities).
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Assumptions:
Adjoint action of Py gives the time evolution of p.

Time evolution preserves the hermiticity of p (required to interpret the
eigenvalues of p as probabilities).

These requirements are met with

_ 1 .
i9ip = 5 {ads, (p) — [ads, (p)]' | (8)
leading to
1
ap = =ilPo.p)—5 - (PP*+P p—2P,p P") 9)
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Decoherence time and fundamental constraint on the mass
Free particle solution in momentum basis is

PIP1a) = Ppa(t) = Py (0)exp{ ~irlE(p) ~ Elg)] - 5. (p ~ )"} (10
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Decoherence time and fundamental constraint on the mass
Free particle solution in momentum basis is

(PlPla) = Prg(1) = Poq(0)exp{ —irlE(p) ~ E()) 5 (p—a)’}

Off-diagonal coherences vanish after a decoherence time

2K
(8p)°

D =
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Decoherence time and fundamental constraint on the mass
Free particle solution in momentum basis is

, 4 2
PlPla) = ppy(t) = Ppy () exp{ ~itlE(p) ~ Elg)] ~ 5 (p~0)" | (10)
Off-diagonal coherences vanish after a decoherence time
2k
= (1)
(6p)*

“Characteristic time” of a state of a quantum
system
[J. Hilgevoord APJ 64, 1451 (1996)]

7. 2 (8E)™ (12)
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Decoherence time and fundamental constraint on the mass
Free particle solution in momentum basis is

, 4 2
PlPla) = ppy(t) = Ppy () exp{ ~itlE(p) ~ Elg)] ~ 5 (p~0)" | (10)
Off-diagonal coherences vanish after a decoherence time
2k
T = 11)
(6p)*

“Characteristic time” of a state of a quantum
system
[J. Hilgevoord APJ 64, 1451 (1996)]

Decoherence not observable (“quantumness
is preserved”) if Tp > 7,

(5p)° _
5E ~ 2K

7. > (8E)”! (12) (13)
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Decoherence time and fundamental constraint on the mass
Free particle solution in momentum basis is

, 4 2
(PIPla) = Ppa(t) = py(0)exp{ ~itlE(p) — E(g)] — 5~ (p—)’ } (10)
Off-diagonal coherences vanish after a decoherence time
2k
= (11)
(dp)
“Characteristic time” of a state of a quantum Decoherence not observable (“quantumness
system is preserved”) if 7p > 7,
[J. Hilgevoord APJ 64, 1451 (1996)]
B (5p)° _
7. > (8E) (12) SE 2K (13)
With E = (2m)~'p?, from (13) and for momentum localized states, % <1
m< K (14)
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From purely algebraic arguments a Lindblad equation was derived as the
evolution equation of quantum systems. Decoherence.
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From purely algebraic arguments a Lindblad equation was derived as the
evolution equation of quantum systems. Decoherence.

From the decoherence time, a fundamental constraint on the mass of
quantum systems arises.
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From purely algebraic arguments a Lindblad equation was derived as the
evolution equation of quantum systems. Decoherence.

From the decoherence time, a fundamental constraint on the mass of
quantum systems arises.

Phenomenology: neutrino oscillation, table-top experiments with
optomechanical cavities.

Can this framework be extended to field theories? Primordial
perturbations decoherence...
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Deformed quantum evolution

Interaction with the Environment

von Neumann measurement:

0n) @ |R) = [0n) @ |an) = |W) @ |R) — Y culon) @ |an) (15)

lan) € i, |on) € H5.
Two-level system: |y;) ® |[Ep) — |y;) ® |E;), i = 1,2. Environment-system entanglement

emerges dynamically

R

W) ©|Eo) = \/5(|W1>+W’2>) @ |Eo) L

S(woele) tlwelE)) a6

5

The density operator of the system is

ps=trg{p} = %(lllf1><llf1|+|ll/2><ll/2|+\llfl><ll/2\ <E1>Ez+|ll/2><llf1|<Ez>E1> (17

For macroscopic systems |E;) = [IN_, |eg)>, <e£xl)) e;;) =e <1, thus| (E))Es ~ eV ~ 0
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Example of system env1r0nment interaction
Two-level system { |0),|1) }; environment composed of N two-level systems { |1);,[1); }.
SENED PUPIP SRR S
Hint*§6z®E ) E::Zgi o (18)
i=1
2V — 1 energy levels for E given by [n) = 1), |1);...|1); with &, = YN | (—1)"g;.
“itfin |y = i (al0) +b11) ) @ ,Z caln) = al0) eo()) +b[1) [e1 (1)) (19)
with |£()(t)> = |81 (_t)> = 212 1 lcne_”%~
The decoherence parameter
r(t) = (e1(1) eo(t) = Y leal?e " = | (r(n)]) ~27N (20)

Recurrence time Trec exists since N is always finite. g; = g Vi and ): Yenln) = l | \f ( 1) +11); )
give (1) = [cos (g t)]N Wwith Tyee = g . Highly improbable, typlcally Trec < N!
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Env1r0nmental superselection

Interaction with the environment selects the preferred basis.

) 9 0) = (I & 1) £ va) @ ) an

|w) get entangled with the environment.

Superselected states are the ones that get least entangled with the environment
dvih-

Typically H = Hs + Hg + Hip.

Quantum measurement limit: & ~ Hip,. Typically Hy = S®E, thus
eigenstates of S get selected

e 1S9E |0y & |Eg) = [si) @ e R E|E) 1= |s)) © | Ei(e)) (22)

Quantum limit: H ~ Hg. Constants of motion of S (energy) get selected.
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Lindblad equation
In general ps(t) = trg {U (1)ps.£(0)U T(t)}. Master equations give
approximations

0ips (1) = —i[Hs, ps] +D [ ps (1) 23)

Lindblad equation: most general master equation preserving the positivity of
Ps-

n 1 ACA A A A A A
oip = —i[Hs,ps] — 2" ( OmOn P + P OnOn —20m P On (24)
2

with """ € R and u,,, u, g™ >0, Vu.
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Detalls of the contractlon
The contraction
N—c¢ 'N , P—c P ks %k (25)

gives

1 | 2 2 p2
1 I —ﬁPOJF\/l—W(Po_‘P)
My=——P 1——— (P2—c2P?) =1, I, = -1
0= 2% 0+\/ c41<2( 6 —c*P?) » o 1 (PP
cTK
(26)
thus

1 1
P0®H0+H ®P0+ (PH '®cP" - Py@1+1@Py+ P,1®P

5
I

1 1
S(Py) = —Py+ @JPZ ' — —Py+ EP2 . S(P))=—cP Iy = S(P))=~P; (27)
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Representation on Hilbert Space

To study the effect of these deformations we need to represent the algebra on
the algebra of operators of quantum systems .27 .

This is done with the standard G — —iR(G) procedure.

For the coalgebra this means

AP0:P0®1+1®P0—£P”®P” , S(Po):—PO—'i(PZ (28)
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