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Abstract:

Models for gravitationally induced decoherence can be formulated within the frameworlk
gravity is chosen as the environment and quantised together with the system under consi
system under the influence of the environment are encoded in the so-called master equa
often take the Lindblad equation as the starting point for the master equation, while fr
approaches, an underlying microscopic model from which a field-theoretical master equ
more accessible approach, which also makes it possible to establish a connection betw
models.
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Plan of the Talk

|. Brief review on open quantum systems
Il. Steps & Challenges for open QFT models from (Loop) Quantum
Gravity Perspective

lll. Quantization and Gravitationally induced decoherence models
IV. Applications: one-particle master equation (neutrino oscillations)
IV. Summary and conclusions
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Two interesting aspect from the perspective of loop quantum gravity:

1. We use a different quantisation than Schrédinger quantisation

——» polymerised open scattering model [K.G. and M. Kobler '22]

2. Quantum gravity effects in a different context than for instance LQC or
quantum black holes

— gravitationally induced decoherence [M. Fahn, R. Kemper, M. Kobler 22]
M. Fahw, K.G. 241
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l. Open Quantum Systems

Aim: Consider gravitationally induced decoherence

System S + environment € : H = Hg Q@ H.

System Y Dynamics: H,; = Hg + H, + Hin:
. of Interest_g
e
Hine(t) = ) Sa(t) ® Eqf(t)
[0

Environment .
Total Dynamics:

1
op = E [Htota P]

Gravitational environment interesting because all matter couples to gravity
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Total dynamics is usually to complicated to solve
Microscopic model: Hior = Hg + H + Hine Hine(t) =

Aim: Effective dynamics for S: master equation

0ips = < 7 (Vi ©)p(0)ULoe(8)) = = trc (Hor, )

dt iR

Master equation encodes interaction with the environment
Jps(t ()
ps(t) _ - [Hs(t) + Haqa(t), ps(t)] + D [ps(t)]

ot
i !

[contribution due to interaction with environment ]
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|. What characterises a microscopic model?

Lindblad equation: Born approximation: initial separation, weak coupling
fort=0 p(0) ~ ps(0) ® p-(0) stationary state [He,pe] =0

- Markov approx: to = —o0 Coaﬁ( peaked
- spectral density Hint(t) = ®ZE continuous .J(w)

Lindblad operators Ly LS correctlon His 7Yk L; time-independ.

Z0s(0) = 1 [Hs + His,ps(0] + X (Bups(O] - 5 {EhLa, s}
k

For given Hs model characterised by choice of Lk, Yk«—

includes for 2nd order TCL second powers of g° , L, depends
Hys +— on J (w)+ regulator, coupling
v, +— dependson J(w) if we use a Gibbs state depends on
temperature parameter T , coupling g

+ plus additional constants like ¢, kg, hare involved
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ll. Microscopic models from GR

Idea: Consider (general) relativistic action as a starting point

Lagrangian formulation: ,(I>J
g g g,uu Gu,y — fiTuy

Geowetry § matter

Differences & challenges compared to QM models

II.1. GR is a (fully) constrained system, involves gauge dof
—p quantisation of constrained systems more ambiguities

Hamiltonian formulation of weakly coupled gravity, linearised gravity
— Post-Minkowski approximation, open QFT models

I1.2. Even at classical level physical observables (gauge-inv. quantities) hard to construct
- Dirac observables with respect to physical dynamical (quantum) reference frames

lll. Choice of quantisation (representation) & Master equation
—» LQG inspired quantisation in QM (polymere quantum mechanics)

IV. Applications: one particle master equation + decoherence neutrino oscillations
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GR in Ashtekar-Barbero variables: rashtekar ‘g6, Barbero 941
. . . ab ] a
Different choice of variables ~ (4ab,P™") = (43, E})

Kinematics: (4%, Ef) {AL(x), EX(y)} = £66.8°(x,y) 5
(Vacuum case here) —— 591

Constraints:  C(A,E) =0,C,(A,E)=0,G;(A, E) =0 ?ii?jgo::r:grl;(iiz
Dynamics: A‘f;., = {A‘;, Hcan} E_? = {E;:LJ Hcan}

1 .
Canonical Hamiltonian Hean = p / 3z (NC' + NC, + A Gj)

Holonomies & Fluxes: h.(A), E(S) /’ﬁ}-—'/

» Holonomy-flux algebra as e TP 2_@

classical starting point g
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Il.1. Matter Coupled to Linearised Gravit

Microscopic derivation: First steps in a given model

[LAnastopoulos, Hu 2013]; [Blencowe 20121; [Oniga, Wang 2016]1;
[Lagouvardos, Anastopoulos 2021]; LAsprea 202111

Scalar field coupled linearised gravity in Ashtekar variables

Existing work in ADM variables:

; linearize gravitational part in Hamiltonian
J —
54z, 4] = /M VIdet(@)[E+Ss | tormulation

system : ¢, 7  environment :JA",6E"
In field theory interaction given g /M d'z6h* T, @, n]

Need true Hamiltonian system: reduced quantisation, geometrical clocks,
classical dynamical reference frame
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Il.2. Geometrical dynamical reference frame

Here we use relational formalism in a perturbative scheme

Linearised constraints: | 6Cr := (6C, 6C,,0G;) SA",6ES

Choose geometrical clocks such that (use dual observable map)
{T(),C5(0)} = {677 (2),6C)(y) + °C1 )} = -850V (2, ) + O (5%, )

ADM-like clocks extended to Ashtekar-Barbero case and matter Lanm ‘eo, pittrich ol

1 (1. .
8T (Z,t) == "B lﬁfﬁfawab (6B x G2) (%, t) + 6% (6A.° * G2) (%, t)} ;

o %aa (64,7 % G2) (&,1),

5T(Z, 1) ::% (55526“ - %5;;3“ + 5“5,15,,) (6B + G2) (4, 1)

+ %f [;558“8" (6G; x GAD) (&, 1) — 5%5} (6C; « G2) (7, t)} + ;125“ [(5C — re) % GAA] (4, 1)

This allows to construct the corresponding physical Hamiltonian describing the total

dynamics of system and environment K- Kabel, wieland 24 relation to
covariant phase space reference frames]
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1I.2. Observable map and dual map

Usual observable map (omitted integrals here)

Or,1y (TI) = [exp (51 {Cr, }) ) f] ‘51;:T1_T1

= f+ (T =) {Cr, f + o (T =71 (T = 77) {Co {Cr 1} + -+

Useful for constructing suitable reference frame, weak abelianisation of constraints
combination of both maps yields directly STT dof as physical dof in vacuum case

In non-vacuum case was useful to understand self-energy term and simplicity of the
algebra of the Dirac observables [Fahw, K.G. Kewper to appear soon]

Relational open quantum systems: open QFT with respect to some reference
frame, observer dependent also the interaction to the environment
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II.2. Classical Model: Gravitationally induced decoherence

Recap: started with ((§A%), (0EZ), (¢, m) ':9+1 dof or 18+2 on phase space
Now:|((6A42)CT, (JE2)CY), (¢%1, w1 +(6T, 6C), (6T*, 6C,) , (627, 6G)

Degrees of freedom: physical: 2+2, 1+1 and unphysical: 7+7

Open quantum perspective: QF T model with determined interaction

System : gbGI ,TI'GI environment : (5A£)GI , ((5E;-‘)GI)

Physical Hamiltonian: classical model

(5H = H¢, -+ O'ngo AT + O’H;,{T} with ngo = / d3$520geo (SC)

Standard Hamiltonian model no 3
constraints left Hy = [ d°ze(Z,?)
o
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lll. Gravitationally induced decoherence

Microscopic derivation: First steps in a given model

Assumptions of the model Max Fahn, k.G, Michael Kobler 221

[Nakajima 195€]; [Zwanzig 1960]; [Shibata, Takahashi, Hashitsume 1977]; [Chaturvedi, shibata 197971

Starting point: Time-ConvolutionLess (TCL) equation truncated at second oder
Assume thermal state for the gravitational environment

As first step: Fock quantisation of physical Hamiltonian and interaction
Scalar field and photon analogue form of master equation y,r(k l) different
Resulting master equation [ nl J

systent operators
0 :
apS(t) = g [HS + kU + RHLS? pS(t)] + Dﬁrst {pS]

dSkdspdal
Dirsy [PS] 2 /

O
> Rl 5 ,0) (3205, Dis @)z (.90 = 5 {ie(E 2GR, . s}

r;ab

not Of Llndblad ’[ype, Leonfirm results of [Owiga, Wang 2016],

LAwnastopoulos, Hu 20121 and [Lagouvardos, Anastopoulos 2021]]
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lll. LQG inspired quantizations: Polymere QM
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lll. Open Polymere QM Model

What changes if we apply an LQG inspired quantisation to open quantum models?
First steps: m«.q. michael kobler 221 Htot — f{s R1: +1g® ﬁg + f{int

Open microscopic scattering model in X e
. e 25 a1, 1o )
polymerized QM Hs = gme ®1e Ho=1593 = =
a=1 &

N
Usual interaction Hamiltonian: = Z® Zgaia
a=1

4—[ not possible here J

LQG inspired QM: “holonomies” Hpoly := L (Rs, dup), eu(q) :=€*? with peR,

H = 7448) @ o\ _ [T s ) _ 8
poly — @ poly €n'1Cm i I 9 En ' €m’ = Onm
éel0,1) s -

Elementary operators in polymerised QM
UN)n)s = [n+Ns, UN)Tn)s=In—A)s and  pyln)s = (n +6)|n)s
More complicated interaction Hamiltonian operator

additional challenges - T Fa e  od oy Pont Y
x®;gawaaM(UAU/{)®z2iA (U){ ) _ (U)(‘ )) )

a=1
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lll. Open Polymere QM Model

What are these challenges?

Interaction picture in general more complicated
Computing environmental correlation functions: beyond standard case
Trace wrt eigenfunctions of system’s Hamiltonian

Higher order powers of annihilation and creation operators
in general

Often standard
techniques need to be
extended (Lin. Gravity)

Resulting master equation ix.c., michael kobler 221

{ 3
—gan? —20.n8

d . P 1 i i e e Jacobi Theta function
Sops() = =i [fs,ps0] + gz [ X ST e (Eam+9)

a=1neZ —19 (ZOUTD:)‘_
£x2 - Additional sin & cosine
x (Cos (ém ) {f}). -0, [ﬁ,\(f‘g) = U’l(*&),,ﬁs(t)ﬂ functions

83

o (N TA vt e e s “holonomies" instead
%Sm(Zma [UA U"’{UA( &= U= ’ps(t)}} of position operators
\, J

Work in progress: consider polymerized open QM models with HO
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IV. Applications: One particle master equation
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lll. Open Polymere QM Model

What are these challenges?

Interaction picture in general more complicated
Computing environmental correlation functions: beyond standard case
Trace wrt eigenfunctions of system’s Hamiltonian

Higher order powers of annihilation and creation operators
in general

Often standard
techniques need to be
extended (Lin. Gravity)

Resulting master equation ix.c., michael kobler 221

{ 3
—gan? —2c.n8

d . P 1, gt i e e Jacobi Theta function
'—d—t‘Ps(f) =il |:H51 Ps(t)] i /o dg Z Zgi cos (ﬂ%/\(”*' 5))

a=1neZ _i?—(ZCU Ta)—
)2 - Additional sin & cosine
x (Cos (ém ) {f},\ ~, [U,\(f‘g) = U;(fg)“as(t)“ functions

83

o (N At (e e “holonomies" instead
wm(Zma) [UA U"’{UA( A ‘E)’ps(t)}} of position operators
\. J

Work in progress: consider polymerized open QM models with HO
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V. One particle master equation

One particle equation and interplay with renormalisation

[Max Fahw, KK.G. '24] [Burrage, Kihding, Millington, Minar 191
Projection: one particle density matrix = p1(t) = f i d’u f i dPup(i@, 7,t)al|0)(0]a,
R R

One particle master equation

8 g - -
ap(u,v,t) = — ip(il, U, t) (wy — wv)
K f
2
e (k)

w‘b EWy
n/ Bk P (E)uu o,
( ) \/wu—&—.’cwuwv—i—kwv

{ u( [C(ﬁ,x'c’,t)wpcp(ﬁ,k?t)}

Wy —kWy

T+ E, 0+ k¢

. t—to ) )
Coefficients: c(@#,t) = / o7 {IN(K) + eSO rous—sndr . N()ei—sastonlr)
0 k
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Strategy: perform renormalisation before any approximations are applied
Involved Feynman diagrams in 2nd order TCL equation

= 77’ — I yabed (77 — b e NI S (1.2
TR mI e e = PURHRY | T 2w N (R)S(R?)

= ik (opp, 04q) i ;f', NI(p.q.u,v)

UV divergent terms: vacuum self-energy

Renormalised one particle master equation

Consider Markov & rotating wave approximations + ultra-relativistic limit: toy model

2
ot

5(t) = —ilH, p(0)] + (ﬁﬁ(t)ﬁ - Lm0

}) [Blencowe, Xu ‘221

673 2

[Doml, Bbert, Fahn, K.G., Hennlg, Katz, Kemper '24]

Pirsa: 25090047 Page 21/33



Pirsa: 25090047

V. One particle master equation

One particle equation and interplay with renormalisation

[Max Fahw, KK.G. '24] [Burrage, Kihding, Millington, Minar 191

Projection: one particle density matrix = p1(t) = f i d’u f i dPup(i@, 7,t)al|0)(0]a,
R R

One particle master equation
& rom e  wag
(T)EP(U:'U:t) - zp(u:v,t) (wu wv)

k[ Pk { P.()

[C(ﬁ, k1) + 6pCp (T, Eﬁt)}

3 27)% | wy—kwy

P, (k)

Wy — Wy

n/ Bk P (E)uu o,
( ) \/W1L+kw11.w11+kw7;

+

{ C(@+ & &k t)+C*(ﬁ+E,E,t)}p(ﬁ+E,ﬁ+E,t)

t=to qr

Coefficients: c(#,t) = / =T {IN(R) + 1 @rnimendr 4 N (f)eies-stenrr]
0 k
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Strategy: perform renormalisation before any approximations are applied
Involved Feynman diagrams in 2nd order TCL equation

= 77’ — I yabed (77 —1 o NTL LS (1.2
k2 +m? — e ANARAAAAAANA ;] (k) ﬁ + 2N (k)o (k=)

= ikT w(opp. 0qq) A ;h Wi, g, o)

UV divergent terms: vacuum self-energy

Renormalised one particle master equation

Consider Markov & rotating wave approximations + ultra-relativistic limit: toy model

L
ot

5(t) = —ilB, p(0)] + (ﬁﬁ(t)ﬁ - L o0

}) [Blencowe, Xu ‘22]

673 2

[Doml, Bbert, Fahn, K.G., Hennlg, Katz, Kemper '24]
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IV. Applications: Decoherence neutrino oscillations
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Strategy: perform renormalisation before any approximations are applied
Involved Feynman diagrams in 2nd order TCL equation

= 77’ = I yabed (17 —1 e AT (LN ST 12
k2 +m2? — e ~nnnnconse. = —PEUR) | 1 + 20N (K) (")

= ikT w(opp. 0qq) . N I(p.q.u.v)

UV divergent terms: vacuum self-energy

Renormalised one particle master equation

Consider Markov & rotating wave approximations + ultra-relativistic limit: toy model

L
bt

p(t) = —ilH, p(0)] + (ﬁb‘(t)ﬁ - L o0

}) [Blencowe, Xu ‘221

673 2

[Dowml, Bbert, Fahn, K.G., Hennlg, Katz, Kemper '24]
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[1l. Neutrino oscillations

Neutrino oscillations in a nutshell

Relation flavor and mass eigenstates Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix
\Va ZU(M:/z witha:e,u,f i=1,2.9.

Oscillation probabllltles (vacuum):

; . 1
|Vz‘(i)>:6— i 1/-) Hvac:dlag(El,Eg,Eg) E¢=E+m?/2E, EZE(E1+E2+E3)

then Vﬁ | 'VOC E U,B'!' CY% _1’E jt Two neutrino approximation

‘ATH,?’C

P (vo = vg) = (5 | va(2)) = ZUQJUgjugkUBke-*—za i
Aot

_5a3—4ZR { Ugj akUﬁk}sm ( J:E

i>k

. A m2t ' 2
+2 Y T (U2, UpsUnUse s (225 L o

>k
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f ‘.' ‘,I ‘,' “I II‘I I.‘ ‘|' i

TR EEEE

IV. Phenomenological models: Decoherence in
neutrino oscillations

Phenonemological models
Hg = Hype + U'H,oi U in mass basis

Take Lindblad equation no Lamb shift

Ay (t) _ i [Hs, pu(t)] + D [pu(t)]  Hpawe = £V2G(N, ( (1)
0

0
ot h 8 ) in flavor basis
effective mass basis 7 _ it g7 — i ( By, By E,2)

Do not choose Lindblad operators but parametrise dissipator by 45 = 8 - 9/2
decoherence parameters, additional assumption reduce to 2-3 parameters
D = —diag (I'21,T21,0,T'31, 31, 32, T'32,0)  I';5(E) = 7y, E"
Additional dampina term S
Pij = ﬁij(g)e—%(Ez‘—Ej)t—Fz‘jt effective mass basis
Oscillation probability
P (va = vg) =Tt [0 (1)pP(0)| = 3" Uail03:02;

?‘?J

ﬁﬁjef%(ﬁ‘ifﬁ,—)tfr”t

[Ellis, Lopez, Mavromatos, Nanopoulos 1996]1; [Benatti, Floreanini 19991; [Lisi, Marrone, Montanine 2000];
[auzzo, de Holawnda, Oliveira 2016]; [qowes, Forero, quzzo, de Holanda, oliveira 2019]]
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Characteristic of long-baseline accelerator neutrino experiments

[De Romert, Gluntl, Stuttard, Ternes ‘23]

Model A: Y21 = 731 = 732

I T T T TTTTq

L=1000 km, Model A

Probabilities for oscillations
change depending on the
values for I'; ;and choice of
power n

T T T T T T T T T T T

r;‘,‘ = 10_22 GeV,n=-2
—‘I'”:5><10_23Gc\-",n:0 E

mn
B Pl =) (E_)
10! X

N N NN N N T |

E [GeV]
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Can we obtain some better physical intuition for decoherence parameters Fij

from a given microscopic model?
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IV. QM toy model for gravitationally induced
decoherence

Microscopic model with QFT inspired coupling [Blencowe, Xu '22]

N 2
Microscopic model: Hiop = Hg + Hy + Hypy  H57 =26 (8"

N
1 A
H= (HY +H§C))®]15+ﬂs®[§ Y (07 +widd)] -
% =1

Hg

Hg ~

We consider a Gibbs state for the gravitational environment

:;gps(t) - _;1 [Hs, ps(t)] + M [(Héﬂ))z  ps(®) [Iamb shift contribution J

72 |
4 w (Hg%s(wﬂéf” - % {(Héo))z ,ps(t)})
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