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QRF and Mechanical Models
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What are QRF?

How can we quantize a mechanical model with gauge symmetry using QRFs?
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Can we extract a general procedure to use in gravity?

The Relational Gravitational Path Integral

Why are QRFs so important for quantum gravity?

What are quantum reference frames for gravity?
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How to define a relational gravitational path-integral? How to make sense of it mathematically?

How is it related to the reduced and gauge-fixed (FP) path integrals?
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How does it transform under QRF changes?

QRF covariance and Physical Consequences

How. do local relational correlators look like in different frames?

What generating functionals should be considered? How to build effective actions?
Is quantum gravitational physics covariant under QRF changes?

How do transition amplitudes look like in different frames?

How are relational ground sectors and Hartle-Hawking states®defined?
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How do ground sectors look like from different QRF perspectives?
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v

v

Diff(M)-invariance :  E[p, B] =0 +— E[f.¢,B] =0.

» Diff(M)-covariance: let the theory “live” on M: no physics, choice of mathematical language.
» Diff(M)-invariance is physical: invariance under active diffemorphisms.

> Gravity: Diff(M)-covariance + background independence = Diff (M)-invariance.

Gauge-Invariance vs Locality"”

> Gauge-symmetries in gravity: (small) active diffeos: ¢ ~ f,p, f € H[p] C Diff(M).
» Physical observables must be ¢-dep. and gauge-invariant: O[p] = O[f, ¢], but cannot be M-local.

(2]
4
]

[

>

S

]

(7]
]
o

No spacetime local observables in gravity!

[1] Giulini 060308 Goeller, Hohn, Kirklin 2022

a Marchet: QREFs for Gravity and the Relational GPI



Invariance and Locality in Classical Gravity

Covariance and Invariance"

Theory defined by fields ¢ and background structures BB on a manifold M, with eom E[p, B] = 0.
(¢, B) support action of diffeos: (¢, B) — (fip, £ B), f € Diff(M).

v

v

Diff(M)-invariance :  E[p, B] =0 +— E[f.¢,B] =0.

» Diff(M)-covariance: let the theory “live” on M: no physics, choice of mathematical language.
» Diff(M)-invariance is physical: invariance under active diffemorphisms.

> Gravity: Diff(M)-covariance + background independence = Diff (M)-invariance.

Gauge-Invariance vs Locality"”

> Gauge-symmetries in gravity: (small) active diffeos: ¢ ~ f,p, f € H[p] C Diff(M).
» Physical observables must be ¢-dep. and gauge-invariant: O[p] = O[f, ¢], but cannot be M-local.

(2]
4
]

[

>

S

]

(7]
]
o

[1] Giulini 060308 Goeller, Hahn, Kirklin 2022
a Marchet: QREFs for Gravity and the Relational GPI

Should we give up locality?




Dynamical Frames and Relational Observables

Relational Observables

» Dynamical Frames for Diffeos:" (-dependent diffeo R[p] : g — Uo s.t. R[fup] = Ro L.

p-dep region on M 4 A Region in relational spacetime O g

[1] Goeller, Héhn, Kirklin 2022; [2] Bergmann 1961; Rovelli, 1991; [3] Giddings 2 ; Dittrich 2006-2007; Giesel, T. Thiemann 2015; Rej:

a Marchetti QREFs for Gravity and the Relational GPI



Dynamical Frames and Relational Observables

Relational Observables

» Dynamical Frames for Diffeos:” (-dependent diffeo R[p] : Ur — Uo s.t. R[fip] = Ro f L.

.12

Relational observables:"* M-covariant Alp] — Og-invariant Oxr[¢] = (R[#]+)Alp]-

[1] Goeller, Hohn, Kirklin 2022; [2] Bergmann 1961; Rovelli, 1991; [3] Giddings 2006-2016; Dittrich 2! 007; Giesel, T. Thiemann 2015; Rej

a Marchetti QREFs for Gravity and the Relational GPI



Dynamical Frames and Relational Observables

Relational Observables

Dynamical Frames for Diffeos:" (-dependent diffeo R[] : Up — Up s.t. R[fip] = Ro f L.

.12

Relational observables:"* M-covariant Alp] — Og-invariant Oxr[¢] = (R[#]+)Alp]-

v

Gauge-Invariant: Covariance A[f, @] = f, Al] implies Oar[e] — (R[@].f " f Alp]) = Oarlel-
Og-locality: If Alp] is local on U C M (U NUR # 0), then Oxr[¢] local on Ok.

~ E.g.:” Relational metric O g, relational Lagrangian O, g = Lg...

<

[1] Goeller, Héhn, Kirklin 2022; [2] Bergmann 1961; Rovelli, 1991; [3] Giddings 2006-2016; Dittrich 2! Giesel, T. Thiemann 2015; Rejzner 2017

ca Marchetti QREFs for Gravity and the Relational GPI 3



Dynamical Frames and Relational Observables

Relational Observables

Dynamical Frames for Diffeos:" (-dependent diffeo R[] : Up — Up s.t. R[fip] = Ro f L.

.12

Relational observables:"* M-covariant Alp] — Og-invariant Oxr[¢] = (R[#]+)Alp]-

v

Gauge-Invariant: Covariance A[f, @] = f, Al] implies Oar[e] — (R[@].f " f Alp]) = Oarlel-
Og-locality: If Alp] is local on U C M (U NUR # 0), then Oxr[¢] local on Ok.

~ E.g.:” Relational metric O g, relational Lagrangian O, g = Lg...

<

From spacetime locality to relational locality!

[1] Goeller, Héhn, Kirklin 2022; [2] Bergmann 1961; Rovelli, 1991; [3] Giddings 2 ; Dittrich 2006-2007; Giesel, T. Thiemann 2015; Rejzner 2017

a Marchetti QRFs for Gravity and the Relational GPI 3



Dynamical Frames and Relational Observables

Relational Observables

Dynamical Frames for Diffeos:" (-dependent diffeo R[] : Up — Up s.t. R[fip] = Ro f L.

.12

Relational observables:"* M-covariant Alp] — Og-invariant Oxr[¢] = (R[#]+)Alp]-

~ Gauge-Invariant: Covariance A[f, ] = f, A[g] implies Oarl¢] — (R[@]«f" f Alp]) = Oarle]-
~ Og-locality: If A[¢] is local on U C M (U NUR # 0), then Oar[#] local on Og.

~ E.g.:” Relational metric O g, relational Lagrangian O, g = Lg...

From spacetime locality to relational locality!

Examples: Scalar fields”

> Consider a set of four scalar fields, Z*(x) : M — R* o =1,...4, with det Z5, # 0 globally.

Frames

/M dx8(Z5" = Z(x))ldet Z5,1(x)All(x) = Alel(Z ™" (Z)) = Z.Al¢l(Z0) = Oaz[¢l(Z0)

Inflaton clock: T[@](x) = ¢~ *(¢(x)) = t + m(x), = “Stiickelberg field”, & background inflaton.

Relational observables = gauge-invariant extensions of unitary gauge-fixed quantities.

[1] Goeller, Héhn, Kirklin 2022; [2] Bergmann 1961; Rovelli, 1991; [3] Giddings 2006-2016; Dittrich 2! Giesel, T. Thiemann 2015; Rejzner 2017

ca Marchetti QREFs for Gravity and the Relational GPI 3



Dynamical Frames and Relational Observables

Relational Observables

» Dynamical Frames for Diffeos:” (-dependent diffeo R[p] : Ur — Uo s.t. R[fip] = Ro f L.

.12

Relational observables:"* M-covariant Alp] — Og-invariant Oxr[¢] = (R[#]+)Alp]-

~ Gauge-Invariant: Covariance A[f, ] = f, A[g] implies Oarl¢] — (R[@]«f" f Alp]) = Oarle]-
~ Og-locality: If A[¢] is local on U C M (U NUR # 0), then Oar[#] local on Og.

~ E.g.:” Relational metric O g, relational Lagrangian O, g = Lg...

From spacetime locality to relational locality!

Examples: Brown-Kucha¥ dust”

3

1 17
Sualel = =5 [ ax/leMONE VU +1), Uy = -0, T+ 3 Wa,Z".
k=1

Frames

> Where M(x) # 0 flow lines are geodesics (on-shell), labelled by zk (u*o, zk = 0).

» Since UM, T =1, T measures the proper time along the geodesics.
L

> R[p] = (T(x), Z"(x)) maps M(x) # O-regions to Og = dust space (space of flow lines).

[1] Goeller, Héhn, Kirklin 2022; [2] Bergmann 1961; Rovelli, 1991; [3] Giddings 2006-2016; Dittrich 2! Giesel, T. Thiemann 2015; Rejzner 2017

ca Marchetti QREFs for Gravity and the Relational GPI 3



Dynamical Frames and Relational Observables

Relational Observables

» Dynamical Frames for Diffeos:” (-dependent diffeo R[p] : Ur — Uo s.t. R[fip] = Ro f L.

Relational observables:"* M-covariant Alg] — Og-invariant Oarl¢] = (R[#].)Al#].

~ Gauge-Invariant: Covariance A[f, o] = f, Alp] implies Oarlw] = (R[e].f fi Ale]) = Oarlel]-
~ Og-locality: If A[¢] is local on U C M (U NUR # 0), then Oar[#] local on Og.

~ E.g.:” Relational metric O g, relational Lagrangian O, g = Lg...

From spacetime locality to relational locality!

Examples: Geodesic frames"

Define points by shooting geodesics from O M

(%]
o
£
I
I
[

> Fix a point z € OM, a vector W € T,OM, and dM-normal A”.

> X, . w[g] point at distance T along geodesic def. by z and W — A.

> Xr 2 wlfig] = fixr 2, wlg] since Ai and geod. eq. are covariant.

[1] Goeller, Hohn, Kirklin 2022; [2] Bergmann 1961; Rovelli, 1991; [3] Giddings 2006-2016; Dittrich 2! 007; Giesel, T. Thiemann 2015; Rej

a Marchetti QREFs for Gravity and the Relational GPI



Dynamical Frames and Relational Observables

Relational Observables

» Dynamical Frames for Diffeos:” (-dependent diffeo R[p] : Ur — Uo s.t. R[fip] = Ro f L.

Relational observables:"* M-covariant Alg] — Og-invariant Oarl¢] = (R[#].)Al#].

~ Gauge-Invariant: Covariance A[f, o] = f, Alp] implies Oarlw] = (R[e].f fi Ale]) = Oarlel]-
~ Og-locality: If A[¢] is local on U C M (U NUR # 0), then Oar[#] local on Og.

~ E.g.:” Relational metric O g, relational Lagrangian O, g = Lg...

From spacetime locality to relational locality!

Examples: Geodesic frames"

Geometric frame Rfl[g] (7, (2, W) = xr 2, wlg]

(%]
o
£
I
I
[

» Fix a point z € OM, a vector W € T,0M, and dM-normal #°.

> x. . wlg] point at distance 7 along geodesic def. by z and W — A. »

> Xr - wlfig] = fixr 2, wlg] since /i and geod. eq. are covariant.

[1] Goeller, Hohn, Kirklin 2022; [2] Bergmann 1961; Rovelli, 1991; [3] Giddings 2006-2016; Dittrich 2! 007; Giesel, T. Thiemann 2015; Rej

a Marchetti QREFs for Gravity and the Relational GPI



Frame Changes and Frame Reorientations

Changes of Frames"

> Frames (Ri, R>) with relational spacetimes (O1, O2): Ui—2[¢] = (Ri[p])« Re[p] : O1 — Oa.
> Frame changes: Ui2[¢]. Oajr, [¢] = (R[] Rile] " Rile]L Ale]) = Relels Alp] = Onjr,l]

> E.g. (Mechanical model): U;_,; = qi — g changes observables, but particles positions are fixed!

Uiz = RapliRo[p] = Opyr, [#]

Rj-relational
spacetime

Ry-relational
spacetime

Spacetime M

[1] Goeller, Hohn, Kirklin 2022; [2] Bergmann 1961; Rovelli, 1991; [3] Giddings 2006-2016; Dittrich 2! 007; Giesel, T. Thiemann 2015; Rej

a Marchetti QREFs for Gravity and the Relational GPI



Frame Changes and Frame Reorientations

Changes of Frames"

> Frames (Ri, R>) with relational spacetimes (01, O2): Ui—2[¢] = (Ri[e])« Relp] : O1 — Os.

> Frame changes: U;_,2[p] gauge-invariant field-dependent perspective change.

Frame covariance: Frame changes change the observables, but not the field configuration.

» E.g. (Mechanical model): U;_,; = q; — qj changes observables, but particles positions are fixed!
g j /j

Uiso =Ry [W]*R2 [99] = ORz\Rn [»9]

Rj-relational
spacetime

Ra-relational
spacetime

; Giesel, T. Thiemann 2015; Rejzn

2017...

4



Frame Changes and Frame Reorientations

Changes of Frames"

> Frames (Ri, R>) with relational spacetimes (01, O2): Ui—2[¢] = (Ri[e])« Relp] : O1 — Os.

> Frame changes: U;_,2[p] gauge-invariant field-dependent perspective change.

Frame covariance: Frame changes change the observables, but not the field configuration.

> Relational atlas: Frames are (M, F)-local. Frame changes define transition maps for meta-atlas!

Uiso =Ry [W]*R2 [99] = ORz\Rn [»9]

Rj-relational
spacetime

Ra-relational
spacetime

; Giesel, T. Thiemann 2015; Rejzner 2017. ..

4



Frame Changes and Frame Reorientations

Changes of Frames"

Frames (R1, R>) with relational spacetimes (01, O2): Ui—2[¢] = (Ri[p])« Relp] : O1 — Os.

>
> Frame changes: U;_,2[p] gauge-invariant field-dependent perspective change.

Frame covariance: Frame changes change the observables, but not the field configuration.
> Relational atlas: Frames are (M, F)-local. Frame changes define transition maps for meta-atlas!

Frame Reorientations

> Reorientations:" Change configuration of R[] only: g-indep. R[¢] — f o R[], f € Diff(Og).

Physical transformations: Reorientations change the observables by changing the R-configuration.

(%]
=
<
=
@
2
£
>
()

[1] Goeller, Hohn, Kirklin 2022; [2] Bergmann 1961; Rovelli, 1991; [3] Giddings 2006-2016; Dittrich 20

; Giesel, T. Thiemann 2015; Rejzn

2017...
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Frame Changes and Frame Reorientations

Changes of Frames"

v

Frames (R1, R>) with relational spacetimes (01, O2): Ui—2[¢] = (Ri[p])« Relp] : O1 — Os.

v

Frame changes: U;_,2[¢] gauge-invariant field-dependent perspective change.

Frame covariance: Frame changes change the observables, but not the field configuration.

> Relational atlas: Frames are (M, F)-local. Frame changes define transition maps for meta-atlas!

Frame Reorientations

> Reorientations:" Change configuration of R[] only: g-indep. R[¢] — f o R[], f € Diff(Og).

Physical transformations: Reorientations change the observables by changing the R-configuration.

Symmetries

~ E.g. (mechanical model): Translate frame q; — q; + g;. Then O;; — 0;;(q;) = O;|; — §;-
> If they map solutions into solutions (i.e., Lg = R, L is covariant), they are physical symmetries.

2016; Dittrich 2006-2007; Giesel, T. Thiemann 2015; Rejzner 2017
4

[1] Goeller, Héhn, Kirklin 2022; [2] Bergmann 1961; Rovelli, 1991; [3] Giddings 20




Frame Changes and Frame Reorientations

Changes of Frames"

v

Frames (R1, R>) with relational spacetimes (01, O2): Ui—2[¢] = (Ri[p])« Relp] : O1 — Os.

v

Frame changes: U;_,2[¢] gauge-invariant field-dependent perspective change.

Frame covariance: Frame changes change the observables, but not the field configuration.

> Relational atlas: Frames are (M, F)-local. Frame changes define transition maps for meta-atlas!

Frame Reorientations

> Reorientations:" Change configuration of R[] only: g-indep. R[¢] — f o R[], f € Diff(Og).

Physical transformations: Reorientations change the observables by changing the R-configuration.

Symmetries

Time evolution

> Reorientations generated by ¢-indep. timelike pgr € X(ORg), and Lg = R, L is pg-covariant.

H,, = / Jor is a non-trivial bulk Hamiltonian: changes values of physical clock!
R

2016; Dittrich 2006-2007; Giesel, T. Thiemann 2015; Rejzner 2017
4

[1] Goeller, Héhn, Kirklin 2022; [2] Bergmann 1961; Rovelli, 1991; [3] Giddings 20




Frame Changes and Frame Reorientations

Changes of Frames"

v

Frames (R1, R>) with relational spacetimes (01, O2): Ui—2[¢] = (Ri[p])« Relp] : O1 — Os.

v

Frame changes: U;_,2[¢] gauge-invariant field-dependent perspective change.

Frame covariance: Frame changes change the observables, but not the field configuration.

> Relational atlas: Frames are (M, F)-local. Frame changes define transition maps for meta-atlas!

Frame Reorientations

> Reorientations:" Change configuration of R[] only: g-indep. R[¢] — f o R[], f € Diff(Og).

Physical transformations: Reorientations change the observables by changing the R-configuration.

Symmetries

Time evolution

> Reorientations generated by ¢-dep. timelike pr[p] € X(Og), and Lg = R, L is pg-covariant.

3H,, = /): (84p, — Jsp,) may define open system time-evolution
R

2016; Dittrich 2006-2007; Giesel, T. Thiemann 2015; Rejzner 2017
4

[1] Goeller, Héhn, Kirklin 2022; [2] Bergmann 1961; Rovelli, 1991; [3] Giddings 20




Gauge-Invariance vs Locality

> Gravity gauge-symmetries: (small) active diffeos: ¢ ~ f,p, f € H[p] C Diff(M).
> Gauge-invariant observables O[¢] = O|[f, ] encode physical info but cannot be M-local

Diffeos

Spacetime locality — Relational locality!

Relational Observables

» Dynamical Frames for Diffeos: o-dependent maps R[g] : Uz — Ue such that R[f,p] = Ro f '

Relational observables:™® M-local Al¢] — Og-local gauge-inv. Op(r[¢] = (Rl¢])Al2].

n
Q
£
©
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w
=
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£
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>
a

Scalar fields, Brown-Kucha¥ dust, geodesic frames. . .

Frame Changes and Frames Reorientations

> Frames (Ri, R>) with relational spacetimes (O1, O2): Ui_a[p] = (Ri[p])« Relp] : O1 — Os.
> Frame changes: U;_;>[¢] gauge-invariant ¢-dependent perspective change Oz, = (U1—2)+Ojg, -
» Frame Reorientations: Physical transformations induced by changes in R-configurations.

Physical Transf.

Spacetime covariance/symmetries — Relational covariance/symmetries!



The Relational Path-Integral (1)

Field Space For Gauge Theories. .. " F

> Field space F: is a manifold constructed out of the set of field histories.

» F can be coordinatized by field components <pi(><) =

» G decomposes F into gauge orbits: F is a principal fiber bundle.

LM (to appear); [2] Parker, Toms, 2009: DeWitt, 2003; i : Vilkovisky, Christensen 1984;

ca Marchetti y and the Relational GPI



The Relational Path-Integral (1)

Field Space For Gauge Theories. .. " F

Field space F: is a manifold constructed out of the set of field histories.

F can be coordinatized by field components <pi(x) =

G decomposes F into gauge orbits: F is a principal fiber bundle.

...and its Geometry”

» Geometry of F: defined by a gauge-invariant F-metric &j;.

» &;; and gauge generators induce a gauge orbits metric v,3.




The Relational Path-Integral (1)

Field Space For Gauge Theories. .. "

> Field space F: is a manifold constructed out of the set of field histories.
» F can be coordinatized by field components <pi(x) =

» G decomposes F into gauge orbits: F is a principal fiber bundle.

...and its Geometry”

» Geometry of F: defined by a gauge-invariant F-metric &j;.

» &;; and gauge generators induce a gauge orbits metric v,3.

Fiber Adapted Coordinates

Relational field coordinates: (R, Og) are fiber adapted coordinates for F.

> Introduced by DeWitt; reluctantly abandoned as gauge-invariant coordinates are M-non-local.

Dyn. Frames

> Revived by relational update on locality and covariance!




The Relational Path-Integral (1)

Field Space For Gauge Theories. .. "

> Field space F: is a manifold constructed out of the set of field histories.
» F can be coordinatized by field components <pi(x) =

» G decomposes F into gauge orbits: F is a principal fiber bundle.

...and its Geometry”

» Geometry of F: defined by a gauge-invariant F-metric &j;.

» &;; and gauge generators induce a gauge orbits metric v,3.

Fiber Adapted Coordinates

Relational field coordinates: (R, Og) are fiber adapted coordinates for F.

> Frame changes: Are passive coordinate changes on F: (R, Og) — (R’, Ogs).

Dyn. Frames

> Reorientations: Active change of R-configuration, which changes Og.




The Relational Path-Integral (1)

Field Space For Gauge Theories. .. "

> Field space F: is a manifold constructed out of the set of field histories.
» F can be coordinatized by field components <pi(x) =

» G decomposes F into gauge orbits: F is a principal fiber bundle.

...and its Geometry”

» Geometry of F: defined by a gauge-invariant F-metric &j;.

» &;; and gauge generators induce a gauge orbits metric v,3.

Fiber Adapted Coordinates

Relational field coordinates: induce coordinates Og on F /G by projection.

» Frame changes: Are passive coordinate changes on F/G: Or — OR/

Dyn. Frames

> Reorientations: Active change of R-configuration, which changes Or.




The Relational Path-Integral (1)

The Perspective Neutral Relational Path-Integral..."

> Measure on F/G:" Induced by &, DOru[Or] = DOg[det & det A2 Or).

LM (to appear); [2] Parker, Toms, 2009: DeWitt, 2003; Vilkovisky, Christensen 1984; [3] Kunstatter 1992

ca Marchetti y and the Relational GPI



The Relational Path-Integral (1)

The Perspective Neutral Relational Path-Integral..."

> Measure on F/G:" Induced by &, DOru[Or] = DOg[det & det A2 Or).

N o 1/2 A .
Z = DOr {detQSdet 'y} [Or] exp{iSr[Or]}
F/9

[1] Aguilar, Ferrero, Hhn, LM (to appear); [2] Parker, Toms, 2009: DeWiti 3; Vilkovisky, Christensen 1984; [3] Kunstatter 1992

Luca Marchetti QREFs for Gravity and the Relational GPI



The Relational Path-Integral (1)

The Perspective Neutral Relational Path-Integral..."

> Measure on F/G:" Induced by &, DOru[Or] = DOg[det & det A2 Or).

~ o 1/2 A A
Z= DO {det@det ’y} [Ops] exp{iSps [Opr]} -
F/G

...and its Properties”

~ Perspective neutral: Z invariant under frame changes as they amount to (R, Or) — (R’, Og/).

LM (to appear); [2] Parker, Toms, 2009: DeWitt, 2003; Vilkovisky, Christensen 1984; [3] Kunstatter 1992

ca Marchetti y and the Relational GPI



The Relational Path-Integral (1)

The Perspective Neutral Relational Path-Integral..."

> Measure on F/G:" Induced by &, DOru[Or] = DOg[det & det A2 Or).

Z = / DRI[R, R] /J-'/g DOg {detédet 7}1/2[0;?] exp{iSR[OR]} 3

...and its Properties”

~ Perspective neutral: Z invariant under frame changes as they amount to (R, Or) — (R’, Og/).

» Quantum frame reduction: Physical gauge-fixing R = R (.‘% fixed) leads to the same PN Z.

LM (to appear); [2] Parker, Toms, 2009: DeWitt, 2003; Vilkovisky, Christensen 1984; [3] Kunstatter 1992

ca Marchetti y and the Relational GPI



The Relational Path-Integral (1)

The Perspective Neutral Relational Path-Integral..."

> Measure on F/G:" Induced by &, DOru[Or] = DOg[det & det A2 Or).

z:/ DpVdet B[R, R] det Ag exp{iS[¢]} .
F

...and its Properties”

~ Perspective neutral: Z invariant under frame changes as they amount to (R, Or) — (R’, Og/).

» Quantum frame reduction: Physical gauge-fixing R = R (.‘% fixed) leads to the same PN Z.

LM (to appear); [2] Parker, Toms, 2009: DeWitt, 2003; Vilkovisky, Christensen 1984; [3] Kunstatter 1992

ca Marchetti y and the Relational GPI



The Relational Path-Integral (1)

The Perspective Neutral Relational Path-Integral..."

> Measure on F/G:" Induced by &, DOru[Or] = DOg[det & det A2 Or).

Z:/ DeVdet B[x, 0] det Ag exp{iS[p]} .
2z

...and its Properties”

~ Perspective neutral: Z invariant under frame changes as they amount to (R, Or) — (R’, Og/).
» Quantum frame reduction: Physical gauge-fixing R = R (.‘% fixed) leads to the same PN Z.

> FP quantization: x[¢] = R — R = 0 equivalent to quantum frame reduction and PN.

LM (to appear); [2] Parker, Toms, 2009: DeWitt, 2003; Vilkovisky, Christensen 1984; [3] Kunstatter 1992

ca Marchetti y and the Relational GPI



The Relational Path-Integral (1)

The Perspective Neutral Relational Path-Integral..."

Measure on F/G:" Induced by &, DOgu[Or] = DOg[det & det V]I/Z[CA)R].
A AY1/2 A A
Z= DO {det es} [Or] exp{iSr[OR]} -
F/9
v Quantum Frame Fields: R are field-theoretic QRFs!

...and its Properties”

Perspective neutral: Z invariant under frame changes as they amount to (R, Or) — (R’, Og/).
Quantum frame reduction: Physical gauge-fixing R = R (.‘% fixed) leads to the same PN Z.
FP quantization: x[¢] = R — R = 0 equivalent to quantum frame reduction and PN.

v v v <

Classical frame reduction”: lack of gauge-orbit contribution (det ) in Z; relevant for anomalies.

LM (to appear); [2] Parker, Toms, 2009: DeWitt, 2003; Vilkovisky, Christensen 1984; [3] Kunstatter 1992

ca Marchetti y and the Relational GPI



The Relational Path-Integral (1)

The Perspective Neutral Relational Path-Integral..."

Measure on F/G:" Induced by &, DOgu[Or] = DOg[det & det V]I/Z[CA)R].
N o 1/2 A A
Z= DOr {det & det 'y} [Or] exp{iSr[Or]} -
F/9
Quantum Frame Fields: R are field-theoretic QRFs!

...and its Properties”

C v v v <

Perspective neutral: Z invariant under frame changes as they amount to (R, Or) — (R’, Og/).
Quantum frame reduction: Physical gauge-fixing R = R (.‘% fixed) leads to the same PN Z.

FP quantization: x[¢] = R — R = 0 equivalent to quantum frame reduction and PN.

Classical frame reduction”: lack of gauge-orbit contribution (det ) in Z; relevant for anomalies.

Regularization: Lattice/regulators on orientation space do not break spacetime background indep.!

LM (to appear); [2] Parker, Toms, 2009: DeWitt, 2003; Vilkovisky, Christensen 1984; [3] Kunstatter 1992

ca Marchetti y and the Relational GPI



Part |

Part Il

QRF and Mechanical Models

QRFs are dynamical quantities that locally parametrize gauge orbits.
QRFs allow us to build relational observables capturing all gauge-invariant quantum info.

QRFs provide us with fiber-adapted field space coordinates: general geometric construction!

The Relational Gravitational Path Integral

Why are QRFs so important for quantum gravity?

What are quantum reference frames for gravity?

How to define a relational gravitational path-integral? How to make sense of it mathematically?
How is it related to the reduced and gauge-fixed (FP) path integrals?
How does it transform under QRF changes?
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QRF and Mechanical Models

4-: » QRFs are dynamical quantities that locally parametrize gauge orbits.
I
8 > QRFs allow us to build relational observables capturing all gauge-invariant quantum info.
» QRFs provide us with fiber-adapted field space coordinates: general geometric construction!
The Relational Gravitational Path Integral
» The only observables in classical and quantum gravity are relational, defined wrt. a QRF.
> Naturally defined on F as dynamical frames; induce relationally fiber adapted coordinates.
o e
8 Z= e DOr{det & det 7}1/2[0R]e'5R[0R1

> Naturally regularized in orientation space: no violation of background independence!
> How is it related to the reduced and gauge-fixed (FP) path integrals?
» How does it transform under QRF changes?
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The Relational Gravitational Path Integral

» The only observables in classical and quantum gravity are relational, defined wrt. a QRF.

> Naturally defined on F as dynamical frames; induce relationally fiber adapted coordinates.

Part Il

zZ= DOg{det & det v}'/2[Or]e”RIOR]
F/9 .
> Naturally regularized in orientation space: no violation of background independence!

> Different from reduced path integral (det ), equivalent to FP path integral.
» How does it transform under QRF changes?
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The Relational Gravitational Path Integral
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QRF and Mechanical Models

QRFs are dynamical quantities that locally parametrize gauge orbits.
QRFs allow us to build relational observables capturing all gauge-invariant quantum info.

QRFs provide us with fiber-adapted field space coordinates: general geometric construction!

The Relational Gravitational Path Integral

v

The only observables in classical and quantum gravity are relational, defined wrt. a QRF.

Naturally defined on F as dynamical frames; induce relationally fiber adapted coordinates.

Z= DOr{det & det 'y}l/z[éR]e"sR[éR]
F/G 0

Naturally regularized in orientation space: no violation of background independence!
Different from reduced path integral (det ), equivalent to FP path integral.

Perspective Neutral: manifestly invariant under QRF changes.

QRF covariance and Physical Consequences

Yy VY VY VY

How do local relational correlators look like in different frames?

What generating functionals should be considered? How to build effective actions?
Is quantum gravitational physics covariant under QRF changes?

How do transition amplitudes look like in different frames?

How are relational ground sectors and Hartle-Hawking states defined?

How do ground sectors look like from different QRF perspectives?
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Sharp correlators in R-perspective
° y become fuzzy in R’-perspective!
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Sharp and Fuzzy Correlators
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y Sharp correlators in R-perspective
° y become fuzzy in R’-perspective!
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» Sources Jr are background fields on Og, thus manifestly gauge-invariant.

2607.21463.
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Relational Correlators

Sharp and Fuzzy Correlators
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y Sharp correlators in R-perspective
° y become fuzzy in R’-perspective!
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Generating Functionals

ZalJr] = €™RUR] :/ DO 11r[Or] e SFIOR1HURIAO%
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» Sources Jr are background fields on Og, thus manifestly gauge-invariant.

> Zg[Jr] cannot be frame covariant!

Aguilar, Ferrero, Hohn 2607.21463.
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The Relational Effective Action

Relational effective action"

eirR[OR] — /DOR HR[OR] eI‘SR[éR]*/’rM(éﬁfoﬁ)

Definition

[1] Aguilar, Ferrero, Hah 2607.2 Wegner 1974, Weinberg, 1979,
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The Relational Effective Action

Relational effective action"

eirR[OR] — /DOR HR[OR] eI‘SR[éR]*/’rM(éﬁfoﬁ)

Definition

v Manifestly gauge- and background-independent off shell and at the non-perturbative level.

21463 [2] Wegner 1974, Weinberg, 19
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The Relational Effective Action

Relational effective action"

eirR[OR] — /DOR HR[OR] eISRléR]*erA(ééfoﬁ)

Definition

v Manifestly gauge- and background-independent off shell and at the non-perturbative level.

QRF covariance of on-shell physics'

> R-quantum-shell: (Jg)a = I'r,a = 0. Perspective neutral quantum shell Jg = 0 for all R.

> Frame changes do not fix background Jg changes, but covariance does: Jg/[Jg = 0] = 0!

LM 2607.21463 [2] Wegner 1974, Weinberg, 1979,
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The Relational Effective Action

Relational effective action"

eirR[OR] — /DOR HR[OR] eISRléR]*erA(ééfoﬁ)

Definition

v Manifestly gauge- and background-independent off shell and at the non-perturbative level.

QRF covariance of on-shell physics'

R-quantum-shell: (Jr)a = g a = 0. Perspective neutral quantum shell Jz = 0 for all R.

Frame changes do not fix background Jg changes, but covariance does: Jg/[Jg = 0] = 0!

Infinitesimal QRF changes'

» Frame-Nielsen identity for one-parameter family of frames Ry, A € R:

Sx(TA[OA]) = Mx,a[0A](82 0% — (6:0%),,)

LM 2607.21463 [2] Wegner 1974, Weinberg, 1979,
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The Relational Effective Action

Definition

Relational effective action"

e'"RIOR] _ /DOR HR[OR] eI‘SRIOR]*/TRA(éﬁ*OQ)

Manifestly gauge- and background-independent off shell and at the non-perturbative level.

On-shell covariance of the effective action: On the quantum shell, Tg 4 =0, T = g/

QRF covariance of on-shell physics'

R-quantum-shell: (Jr)a = g a = 0. Perspective neutral quantum shell Jz = 0 for all R.

Frame changes do not fix background Jg changes, but covariance does: Jg/[Jg = 0] = 0!

Infinitesimal QRF changes'

Frame-Nielsen identity for one-parameter family of frames Ry, A € R:
A AA
IA(FA[OA]) = Tx,a[0A](62 0% — (32 0%)4y)
Frame changes = redundant transf.”; associated coupling X is inessential® (important for RG).

Ho6hn, LM 2607.21463 [2] Wegner 1974, Weinberg, 1979.
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Time Evolution

R-data in R perspective

KR[G;.?, Z;?; 6;, Z;] = / 'DOR HR[OR] eisR[OR]
J(F f

/9)"

Time Evolution

ock 1912.00033.
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Time Evolution

R-data in R perspective

Kr o R i Of7 = / DOk UR Or eisR[éR] ‘ -
(O Zri Ok, Trl = [ [Orl \ A

> Take Lg = R, L covariant wrt. field-indep. timelike p € X(Og). u,

Time Evolution

» Then H,, generates integrable time-evolution. —
" 2;{\/ 7/,,,*,,,,7/

0 ” Kr defines unitary evolution operator UR(Z;, Z;‘,).

ock 1912.00033.
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Time Evolution

R-data in R perspective

KR[G;.?, Z;?; 6;, Z;] = / 'DOR HR[OR] eisR[OR]
J(F/9)

»
Take Lg = R, L covariant wrt. field-indep. timelike p € X(Og). M“<
b

Time Evolution

Then H,, generates integrable time-evolution.

Kr defines unitary evolution operator UR(Z;, ):;,).

R-data in R’-perspective

KR[éi 9 Zi 9 éf, )Zf] = / DéR HR[éR] eisR[éR] y ——— 2
TR TR TR (F/9)" Zt(\/

> pis R-reor., so can only change OR\R’? not R’-evolution!
0'[@] = (Ur_r[#])xp € X(Og/) is field-dependent!

No closed system (unitary) dynamics in R’-perspective

QRF Changes

Ll

ock 1912.00033.
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Time Evolution

R-data in R perspective

<

]

= = .5 A A 1 .iSrIO _

: Kr[Ok, i; Of, Th] = /( oy POR alOF] 5O Y

g > Take Lg = R, L covariant wrt. field-indep. timelike p € X(Or). u,

= » Then H,, generates integrable time-evolution. >
Kr defi;ngunitary evolutgion operator Ug(Zh, =5). 2}{/’*”””77777%"/

R-data in R’-perspective

8 A

::;D KR[GE, Z;?; 6,;, )Z;] = / DOR HR[éR] eisR[OR] % —_— 2

E (F/9) R —— 4

& > pis R-reor., so can only change OR\R’? not R’-evolution!

O > (@] = (Upypr [@])sp € X(Opr) is field-dependent! ———

> No closed system (unitary) dynamics in R’-perspective!” o

Sharp time evolution may appear fuzzy from another QRF's perspective!

21463 and to appear; 6 ock 1912.00033.
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Ground Sectors

Hartle-Hawking

Absence of Hamiltonian — No-Boundary Proposal®

» HH: compact Euclidean geometries in the past of X.

Vhnlpx] :/ Dpdet e~
clz]

2607.21463 and to appear; [2] Hartle, Hawking 198 o Smith 2308.12912.
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Ground Sectors

Hartle-Hawking

Absence of Hamiltonian — No-Boundary Proposal®

» HH: compact Euclidean geometries in the past of X.
» Relational HH: same but with Og and Zg. "UHH,R[GRlzR] = / DéR [LR[OR]ei‘SR
ClzR]

2607.21463 and to appear; [2] Hartle, Hawking 198 o Smith 2308.12912.
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Ground Sectors

Hartle-Hawking

Absence of Hamiltonian — No-Boundary Proposal®

» HH: compact Euclidean geometries in the past of X.
> Relational HH: same but with O and %&. (Wi, R[ZR]) # [Whn[X])
> Different states as ¥[@] = R [#](Zr).

21463 and to appear; [2] Hartle, Hawking 198 HGhn, Russo, Smith 2308.12912.
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Ground Sectors

Hartle-Hawking

Absence of Hamiltonian — No-Boundary Proposal®

» HH: compact Euclidean geometries in the past of X.
» Relational HH: same but with Og and Xg. [Whn,r[ZR]) # |Vun[Z])

> Different states as ¥[@] = R [#](Zr).

Relational Effective action

...but on Og we do have a relational Hamiltonian

Definition
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- Ug

Definition
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...but on Og we do have a relational Hamiltonian
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Ground Sectors

Hartle-Hawking

Absence of Hamiltonian — No-Boundary Proposal®

» HH: compact Euclidean geometries in the past of X.
» Relational HH: same but with Og and Xg. [Whn,r[ZR]) # |Vun[Z])

> Different states as ¥[@] = R [#](Zr).

Relational Effective action

...but on Og we do have a relational Hamiltonian
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Ground Sectors

Hartle-Hawking

Absence of Hamiltonian — No-Boundary Proposal®

» HH: compact Euclidean geometries in the past of X.
» Relational HH: same but with Og and Xg. [Whn,r[ZR]) # |Vun[Z])

> Different states as ¥[@] = R [#](Zr).

Relational Effective action

...but on Og we do have a relational Hamiltonian

Eucl. past/future Eucludean cont. of Eucl. past/future

0.‘?’ s Py > ﬁ’/; NN

l frame change map l

?—ALO)R/ Physically distinct! Ho r

- Ug

Definition

Relational Unruh Effect™: ground sectors appear excited from another frame's perspective!

2607.21463 and to appear; [2] Hartle, Hawking 198 Smith 2308.12912.
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The Relational Gravitational Path Integral

> Naturally defined on F as dynamical frames; induce relationally fiber adapted coordinates.
Ze / DOg{det  det y}1/2[Og]eRIOF]
Naturally regularized in orientation space: no violation of background independence!
Different from reduced path integral (det ), equivalent to FP path integral.
> Perspective Neutral: manifestly invariant under QRF changes.
QRF covariance and Physical Consequences
» How do local relational correlators look like in different frames?
» What generating functionals should be considered? How to build effective actions?
» Is quantum gravitational physics covariant under QRF changes?
» How do transition amplitudes look like in different frames?
> How are relational ground sectors and Hartle-Hawking (HH) states defined?
>

How do ground sectors/HH states look like from different QRF perspectives?
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Event relativity: Sharp correlators may look fuzzy for different QRFs!

Sources as background field on relational spacetime. Generating functionals not frame covariant!
Is quantum gravitational physics covariant under QRF changes?

How do transition amplitudes look like in different frames?

How are relational ground sectors and Hartle-Hawking (HH) states defined?
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The Relational Gravitational Path Integral

v

Naturally defined on F as dynamical frames; induce relationally fiber adapted coordinates.
Z— / D Og {det & det 7 }/?[Og]e’SRIOR]

Naturally regularized in orientation space: no violation of background independence!
Different from reduced path integral (det ), equivalent to FP path integral.

Perspective Neutral: manifestly invariant under QRF changes.

QRF covariance and Physical Consequences
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Event relativity: Sharp correlators may look fuzzy for different QRFs!

Sources as background field on relational spacetime. Generating functionals not frame covariant!
On-shell frame covariance: Effective action and quantum EoM covariant under QRF changes!
Relativity of time evolution: Sharp time evolution may appear fuzzy for different QRFs!
R-ground sectors via Euclidean relational Pl; R-HH defined on relational spacetime.

R-Unruh Effect R-ground sectors may appear excited for another QRF! R-HH for different QRFs!
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The Relational Gravitational Path Integral

Naturally defined on F as dynamical frames; induce relationally fiber adapted coordinates.
Z— / D Og {det & det 7 }/?[Og]e’SRIOR]

Naturally regularized in orientation space: no violation of background independence!
Different from reduced path integral (det ), equivalent to FP path integral.

Perspective Neutral: manifestly invariant under QRF changes.

QRF covariance and Physical Consequences

vV VY vV VY VY Y

Event relativity: Sharp correlators may look fuzzy for different QRFs!

Sources as background field on relational spacetime. Generating functionals not frame covariant!
On-shell frame covariance: Effective action and quantum EoM covariant under QRF changes!
Relativity of time evolution: Sharp time evolution may appear fuzzy for different QRFs!
R-ground sectors via Euclidean relational Pl; R-HH defined on relational spacetime.

R-Unruh Effect R-ground sectors may appear excited for another QRF! R-HH for different QRFs!

Relational RG

Yy VY VY

How to coarse-grain in background indep. theories?
Do QRFs define a natural notion of regulator?
Role of QRF covariance in exact RG flows?

How do truncations affect frame covariance?
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The Relational Gravitational Path Integral

> Naturally defined on F as dynamical frames; induce relationally fiber adapted coordinates.
Ze / DOg{det & det }1/?[Og]e’SRIOR]
Naturally regularized in orientation space: no violation of background independence!
Different from reduced path integral (det ), equivalent to FP path integral.
Perspective Neutral: manifestly invariant under QRF changes.
QRF covariance and Physical Consequences
> Event relativity: Sharp correlators may look fuzzy for different QRFs!
> Sources as background field on relational spacetime. Generating functionals not frame covariant!
> On-shell frame covariance: Effective action and quantum EoM covariant under QRF changes!
> Relativity of time evolution: Sharp time evolution may appear fuzzy for different QRFs!
» R-ground sectors via Euclidean relational Pl; R-HH defined on relational spacetime.
» R-Unruh Effect R-ground sectors may appear excited for another QRF! R-HH for different QRFs!
Relational RG P
Beyond Formalism:
» How to coarse-grain in background indep. theories? Quantitative Predictions
» Do QRFs define a natural notion of regulator?
» Role of QRF covariance in exact RG flows? > Concrete computations: cosmology
» How do truncations affect frame covariance? » Open systems in QG
>

» QRF phenomenology



