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Area vs Length metric

Length metric  :     
•Measuring length of tangent vectors 
   and angles between vectors
•10 independent components 

gμν

Area metric  :     
•Measuring areas of parallelograms 
and angles between parallelograms

•require cyclicity  (as for Riemann tensor):   
(for mathematical and physical reasons)

•20 independent components: 
same symmetries as for Riemann tensor

Aμνρσ

A[μνρσ] = 0

[Schuller et al 05+:  Area metrics]
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Area metrics have been motivated from Loops/Spin foams [Borissova, BD, Kogios, Padua-Arguelles], 
                                                           Strings [Schuller et al] and AdS/CFT [Bhattacharya et al ’25].



Micro-scopic:

Area metrics from spin foams: three different ways

Meso-scopic:

Macro-scopic:

4-simplex quantum geometry specified by 
20 semi-classical quantities →

[BD, Padua-Arguelles ’23]

These 20 quantities define area metric 
for 4-simplex

[BD, Ryan ’08,  Freidel, Speziale ’10]

Effective spin foams: allowing for 
 lattice perturbation theory 

(50 variables per vertex)

[Asante, BD, Haggard ’20,  BD ’21]

→ Continuum limit: Leading order dynamics 
described by area metrics associated to 

hypercubes

[ BD, Kogios ’22; Asante BD ’24]

Modified Plebanski framework

[Krasnov ’07]

→ Allows derivation of area metric action

[Borissova, BD ’22]

Actions 
are consistent.}



Plebanski action for Gravity 
•Quantizing non-trivial phase spaces is often “simpler” if one embeds it into a larger phase space and then 
constrains back to the original one.

•Example:  replace length metric with triads (3D) or tetrads (4D).  
•Works beautifully in 3D but not in 4D.    3D: Ponzano-Regge 60’s - the first topological QFT.
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γ ⋆ B ∧ F)− 1
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Parity violating: 
But no classical effect



Plebanski action for Gravity 
•Quantizing non-trivial phase spaces is often “simpler” if one embeds it into a larger phase space and then 
constrains back to the original one.

•Example:  replace length metric with triads (3D) or tetrads (4D).  
•Works beautifully in 3D but not in 4D.    3D: Ponzano-Regge 60’s - the first topological QFT.

SPleb = ∫ (B ∧ F+ 1
γ ⋆ B ∧ F)− 1

2 ϕ ⋅ B ∧ B{
BF action:  “easy part”
Can be quantized exactly.
Defines a topological field theory.
No gravitons.
Discretization independent.

{
Simplicity constraints - very involved. 
Need to be imposed to regain GR. 
But a quantum anomaly appears: 
cannot be imposed sharply.
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do not commute
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Effective continuum dynamics for spin foams
Can one derive an area metric action directly in the continuum?

•Spin foams derived from quantization of Plebanski action:  
but part of the constraints only implemented weakly

•Modified Plebanski actions:  replace constraints by mass terms for constrained dof’s 
•Chiral version: leads to (“deformed version of” ) GR
•Non-chiral version (used in spin foams): leads to bi-metric theory of gravity

[Kransov 08+]
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•Leads to an action in terms of area metrics
• Integrate out non-length metric degrees of freedom:
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[Kransov,  Freidel]

[Speziale]

(2)ℒ(h) = (2)ℒEH(h) − (1)Cμνρσ(h)
1

p2 + M2
(1)Cμνρσ(h)

Consistent with continuum limit of effective spin foams!

Propagator: Prop = ( 1
p2

+
1
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Found a very special class of modified gravity theories from spin foams: no additional poles.



General linearized area metric actions

ℒdiff = ℒEH + ∑
±

α±

2
hμν χ±μνp2 +

p2+M2
±

4
χ±

μν χ±μν

[Borissova, BD, Krasnov  2023]

Linearized area metric perturbations:                    aμνρσ → hμν, χ±
μν

Most general diff-invariant Lagrangian:

(     :  5+5 spin-2 degrees of freedom) χ±
μν = p−2ℙ±ab

μνρσ p−2pρpσ χab

Deriving area metric actions from scratch.

                   



General linearized area metric actions

ℒdiff = ℒEH + ∑
±

α±

2
hμν χ±μνp2 +

p2+M2
±

4
χ±

μν χ±μν

Special case arising from modified Plebanski: α2
+ + α2

− = 2 , M+ = M− = M

α+ − α− ∼ 1/γRemaining coupling is the Barbero-Immirzi-parameter:
parametrizes parity violating terms

[Borissova, BD, Krasnov  2023]

Linearized area metric perturbations:                    aμνρσ → hμν, χ±
μν

Most general diff-invariant Lagrangian:

(     :  5+5 spin-2 degrees of freedom) χ±
μν = p−2ℙ±ab

μνρσ p−2pρpσ χab

Additional 5-parameter 
shift symmetry  for kinematical terms.

Do effect equations of motion!

Deriving area metric actions from scratch.

                   

Different from length metric gravity 
with no higher order derivatives.

LQG: Barbero-Immirzi parameter is small.  Can we measure it? 



Renormalization flow for area metric actions
[Borissova, BD, Eichhorn, Schiffer  2025]

• First study of functional renormalization flow for area metric theories; development of general set-up provided

• How do additional area metric degrees of freedom (aka shape mismatching dof) behave under renormalization? 
• What happens to their masses?  What happens to length - shape-mismatching couplings?

• Flow of parity violating couplings?

• Truncate to four third order terms which couple length and shape-mismatching degrees of freedom

Results:

• Masses for shape-mismatching degrees of freedom can be generated and grow towards IR  (good)
• At least one of the couplings remains relevant                                                              (might be good, but dangerous)

• Parity symmetry is not emergent                                                                             (and thus needs to be controlled)

How dangerous are parity violating terms?



Gravitational waves in area metric dynamics

[BD 2026]
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Lemma 1 (K-contractions in TT gauge). Let Xab be symmetric, transverse and traceless. For

Kab,µω

± = !±aµε!±b ωϑ
ωεωϑ, using !±a cω

ωω = ±ı ε
ac
ω0 + ϑ

acd
ωd one has:

(i) internal indices free: Kab,cd

± Xcd = →
[
Ẍ +↑2

X ± 2i CẊ
]
ab

, (20)

(ii) spatial spacetime indices free: Kab,cd

± Xab = →
[
Ẍ +↑2

X ↓ 2i CẊ
]
cd

. (21)

Proof. Expand (±ı ε
ac
ω0 + ϑ

acg
ωg)(±ı ε

bd
ω0 + ϑ

bdf
ωf ) acting on Xcd (case (i)) or Xab (case (ii)).

The ω2

0
terms give →Ẍ in both cases. The double-ϑ terms give, after using the determinant identity

for ϑacgϑbdf together with transversality and tracelessness of X, the result →↑2
X in both cases.

The cross terms di”er: in case (i) the ϑ of each ! is contracted as follows ϑacdωdXb
c = →(CX)ab,

producing ↓2i CẊ; in case (ii) the contraction is ϑ
acd

ωdX
b
a = +(CX)cb, producing ±2i CẊ (note

that X is symmetric and TT and hence CX is also symmetric).

We therefore introduce the chiral wave operators

D± ↔ ω
2

0 +↑2 ± 2ı C ω0. (22)

Note the relative + between ω
2
t and ↑2. On TT fields, using C2 = →↑2 we have:

D→D± = (ω2

t +↑2)2 + 4 C2
ω
2

t = (ω2

t →↑2)2 = ↭2 (23)

With the chiral wave operates we can express the equations of motions in TT gauge as follows.
The spatial components of the h-equation (15) reduce in TT gauge to

↭hab =
1

2

∑

±
ϖ± (D→

ϱ
±)ab . (24)

For the (0µ) components of the h-equation (15) we notice that with TT gauge G
lin

00
= G

lin

0a
= 0.

So the corresponding components of (15) turn into conditions for the longitudinal modes of ϱ±:
∑

±
ϖ± ω

a
ω
b
ϱ
±
ab

= 0,
∑

±
ϖ±

[
ω
b
ϱ̇
±
ba

↓ ı ϑa
cd
ωc

(
ω
b
ϱ
±
bd

)]
= 0. (25)

The ϱ-equation (16) reads now as

(
↭→m

2
)
ϱ
±
ab

= ϖ± (D±
h)ab. (26)

Since D± preserves the TT property we can restrict to transverse ϱ
±
ab

(that is ωaϱ
±
ab

= 0), which
we do from now on. (Even without imposing TT gauge on the metric perturbations, one can
show that D± preserves the space of longitudinal modes and thus the three longitudinal-traceless
ϱ-modes decouple from the TT mode dynamics.) Using TT gauge equation (26) shows that the
longitudinal modes are massive. For the remainder of this work we restrict to the case that the
longitudinal modes are vanishing, which is consistent with (25). Thus ϱ

± is symmetric, traceless
(by definition) and transverse.

Solving the ϱ-equation by ϱ
± = ϖ±(↭ →m

2)↑1D±
h (plus homogeneous solutions, which con-

stitute the massive branch found below), and inserting into the h-equation, the identity (23) and
the shift symmetry condition ϖ

2
+ + ϖ

2
↑ = 2 gives

↭h = 1

2

(
ϖ
2

+ + ϖ
2

↑

)
(↭→m

2)↑1↭2
h =↗ (↭→m

2)↭h = ↭2
h =↗ m

2↭hab = 0. (27)

equations of motion:
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terms give →Ẍ in both cases. The double-ϑ terms give, after using the determinant identity

for ϑacgϑbdf together with transversality and tracelessness of X, the result →↑2
X in both cases.

The cross terms di”er: in case (i) the ϑ of each ! is contracted as follows ϑacdωdXb
c = →(CX)ab,
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V. EQUATIONS OF MOTION AND SOLUTIONS

A. Equations of motions

To obtain the equations of motion we vary the action (9) with respect to hµω and ω
±
ab
.

Variation of the Einstein-Hilbert part in the action (9) leads to the linearized Einstein tensor
G

linµω :

ε

εhµω

∫
LEH = ↭h

µω → ϑ
µ
ϑεh

εω → ϑ
ω
ϑεh

εµ + ϑ
µ
ϑ
ω
h+ ϖ

µω(ϑεϑϑh
εϑ →↭h) = →2Glinµω

, (14)

Together with the variation of the mixed term we thus obtain

G
lin

µω =
1

4

∑

±
ϱ±Kab

±µωω
±
ab

with Kab,µω

± = !±aµε!±b ωϑ
ϑεϑϑ . (15)

For the variation with respect to ω
±
ab
, remember that these tensors are symmetric and traceless,

hence only the symmetric-traceless projection of the variation must vanish. We obtain

(
↭→m

2
)
ω
±ab + ϱ±

(
Kab,µω

± → 1

3
ε
ab
εedKed,µω

±

)
hµω = 0 . (16)

The trace can be evaluated with the completeness relation (4) leading to

εedKed,µω

± hµω = ↭h
ε

ε → ϑ
µ
ϑ
ω
hµω , (17)

which vanishes once transverse–traceless gauge is imposed below.
The equations of motions (15) and (16) both contain Kab,µω ; in (16) the internal indices ab are

free, in (15) the spacetime indices µς are free. As we will see, this innocuous-looking di”erence
flips the sign of the parity-odd part of this operator when applied to symmetric, transverse and
traceless tensors.

B. Reduction to TT gauge

The equations of motion will become more transparent after we subject the metric perturbations
to transverse–traceless (TT) gauge:

h0µ = 0, ϑahab = 0, haa = 0 =↑ h = 0, ϑ
µ
hµω = 0. (18)

In the following TT tensors will mean symmetric, traverse and traceless tensor fields.
For symmetric spatial tensors we define the tensor curl

(CX)ab ↓ φa
cd
ϑcXdb, (19)

which for transverse–traceless Xab is again symmetric, transverse and traceless.5 We have on TT
tensors C2 = →↔2.

To simplify the contractions involving K we need

5 In three dimensions the antisymmetric part of CX is dual to the vector vc = ωcab(CX)ab = ωabc ωajk εjXkb =
εbXcb → εcXbb, using ωabcωajk = ϑbjϑck → ϑbkϑcj . Thus C maps the TT sector to itself.

tensor curl

ℒdiff = ℒEH + ∑
±

α±

2
hμν χ±μνp2 +

p2+m2

4
χ±

μν χ±μν
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terms give →Ẍ in both cases. The double-ϑ terms give, after using the determinant identity

for ϑacgϑbdf together with transversality and tracelessness of X, the result →↑2
X in both cases.

The cross terms di”er: in case (i) the ϑ of each ! is contracted as follows ϑacdωdXb
c = →(CX)ab,

producing ↓2i CẊ; in case (ii) the contraction is ϑ
acd

ωdX
b
a = +(CX)cb, producing ±2i CẊ (note

that X is symmetric and TT and hence CX is also symmetric).

We therefore introduce the chiral wave operators

D± ↔ ω
2

0 +↑2 ± 2ı C ω0. (22)

Note the relative + between ω
2
t and ↑2. On TT fields, using C2 = →↑2 we have:

D→D± = (ω2

t +↑2)2 + 4 C2
ω
2

t = (ω2

t →↑2)2 = ↭2 (23)

With the chiral wave operates we can express the equations of motions in TT gauge as follows.
The spatial components of the h-equation (15) reduce in TT gauge to

↭hab =
1

2

∑

±
ϖ± (D→

ϱ
±)ab . (24)

For the (0µ) components of the h-equation (15) we notice that with TT gauge G
lin

00
= G

lin

0a
= 0.

So the corresponding components of (15) turn into conditions for the longitudinal modes of ϱ±:
∑

±
ϖ± ω

a
ω
b
ϱ
±
ab

= 0,
∑

±
ϖ±

[
ω
b
ϱ̇
±
ba

↓ ı ϑa
cd
ωc

(
ω
b
ϱ
±
bd

)]
= 0. (25)

The ϱ-equation (16) reads now as

(
↭→m

2
)
ϱ
±
ab

= ϖ± (D±
h)ab. (26)

Since D± preserves the TT property we can restrict to transverse ϱ
±
ab

(that is ωaϱ
±
ab

= 0), which
we do from now on. (Even without imposing TT gauge on the metric perturbations, one can
show that D± preserves the space of longitudinal modes and thus the three longitudinal-traceless
ϱ-modes decouple from the TT mode dynamics.) Using TT gauge equation (26) shows that the
longitudinal modes are massive. For the remainder of this work we restrict to the case that the
longitudinal modes are vanishing, which is consistent with (25). Thus ϱ

± is symmetric, traceless
(by definition) and transverse.

Solving the ϱ-equation by ϱ
± = ϖ±(↭ →m

2)↑1D±
h (plus homogeneous solutions, which con-

stitute the massive branch found below), and inserting into the h-equation, the identity (23) and
the shift symmetry condition ϖ

2
+ + ϖ

2
↑ = 2 gives

↭h = 1

2

(
ϖ
2

+ + ϖ
2

↑

)
(↭→m

2)↑1↭2
h =↗ (↭→m

2)↭h = ↭2
h =↗ m

2↭hab = 0. (27)
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V. EQUATIONS OF MOTION AND SOLUTIONS

A. Equations of motions

To obtain the equations of motion we vary the action (9) with respect to hµω and ω
±
ab
.

Variation of the Einstein-Hilbert part in the action (9) leads to the linearized Einstein tensor
G

linµω :

ε

εhµω

∫
LEH = ↭h

µω → ϑ
µ
ϑεh

εω → ϑ
ω
ϑεh

εµ + ϑ
µ
ϑ
ω
h+ ϖ

µω(ϑεϑϑh
εϑ →↭h) = →2Glinµω

, (14)

Together with the variation of the mixed term we thus obtain

G
lin

µω =
1

4

∑

±
ϱ±Kab

±µωω
±
ab

with Kab,µω

± = !±aµε!±b ωϑ
ϑεϑϑ . (15)

For the variation with respect to ω
±
ab
, remember that these tensors are symmetric and traceless,

hence only the symmetric-traceless projection of the variation must vanish. We obtain

(
↭→m

2
)
ω
±ab + ϱ±

(
Kab,µω

± → 1

3
ε
ab
εedKed,µω

±

)
hµω = 0 . (16)

The trace can be evaluated with the completeness relation (4) leading to

εedKed,µω

± hµω = ↭h
ε

ε → ϑ
µ
ϑ
ω
hµω , (17)

which vanishes once transverse–traceless gauge is imposed below.
The equations of motions (15) and (16) both contain Kab,µω ; in (16) the internal indices ab are

free, in (15) the spacetime indices µς are free. As we will see, this innocuous-looking di”erence
flips the sign of the parity-odd part of this operator when applied to symmetric, transverse and
traceless tensors.

B. Reduction to TT gauge

The equations of motion will become more transparent after we subject the metric perturbations
to transverse–traceless (TT) gauge:

h0µ = 0, ϑahab = 0, haa = 0 =↑ h = 0, ϑ
µ
hµω = 0. (18)

In the following TT tensors will mean symmetric, traverse and traceless tensor fields.
For symmetric spatial tensors we define the tensor curl

(CX)ab ↓ φa
cd
ϑcXdb, (19)

which for transverse–traceless Xab is again symmetric, transverse and traceless.5 We have on TT
tensors C2 = →↔2.

To simplify the contractions involving K we need

5 In three dimensions the antisymmetric part of CX is dual to the vector vc = ωcab(CX)ab = ωabc ωajk εjXkb =
εbXcb → εcXbb, using ωabcωajk = ϑbjϑck → ϑbkϑcj . Thus C maps the TT sector to itself.

tensor curl

{
Imply:
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bd
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bdf
ωf ) acting on Xcd (case (i)) or Xab (case (ii)).

The ω2

0
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for ϑacgϑbdf together with transversality and tracelessness of X, the result →↑2
X in both cases.

The cross terms di”er: in case (i) the ϑ of each ! is contracted as follows ϑacdωdXb
c = →(CX)ab,

producing ↓2i CẊ; in case (ii) the contraction is ϑ
acd

ωdX
b
a = +(CX)cb, producing ±2i CẊ (note

that X is symmetric and TT and hence CX is also symmetric).

We therefore introduce the chiral wave operators

D± ↔ ω
2

0 +↑2 ± 2ı C ω0. (22)

Note the relative + between ω
2
t and ↑2. On TT fields, using C2 = →↑2 we have:

D→D± = (ω2

t +↑2)2 + 4 C2
ω
2

t = (ω2

t →↑2)2 = ↭2 (23)

With the chiral wave operates we can express the equations of motions in TT gauge as follows.
The spatial components of the h-equation (15) reduce in TT gauge to

↭hab =
1

2

∑

±
ϖ± (D→

ϱ
±)ab . (24)

For the (0µ) components of the h-equation (15) we notice that with TT gauge G
lin

00
= G

lin

0a
= 0.

So the corresponding components of (15) turn into conditions for the longitudinal modes of ϱ±:
∑

±
ϖ± ω

a
ω
b
ϱ
±
ab

= 0,
∑

±
ϖ±

[
ω
b
ϱ̇
±
ba

↓ ı ϑa
cd
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(
ω
b
ϱ
±
bd

)]
= 0. (25)

The ϱ-equation (16) reads now as

(
↭→m

2
)
ϱ
±
ab

= ϖ± (D±
h)ab. (26)

Since D± preserves the TT property we can restrict to transverse ϱ
±
ab

(that is ωaϱ
±
ab

= 0), which
we do from now on. (Even without imposing TT gauge on the metric perturbations, one can
show that D± preserves the space of longitudinal modes and thus the three longitudinal-traceless
ϱ-modes decouple from the TT mode dynamics.) Using TT gauge equation (26) shows that the
longitudinal modes are massive. For the remainder of this work we restrict to the case that the
longitudinal modes are vanishing, which is consistent with (25). Thus ϱ

± is symmetric, traceless
(by definition) and transverse.

Solving the ϱ-equation by ϱ
± = ϖ±(↭ →m

2)↑1D±
h (plus homogeneous solutions, which con-

stitute the massive branch found below), and inserting into the h-equation, the identity (23) and
the shift symmetry condition ϖ

2
+ + ϖ

2
↑ = 2 gives

↭h = 1

2

(
ϖ
2

+ + ϖ
2

↑

)
(↭→m

2)↑1↭2
h =↗ (↭→m

2)↭h = ↭2
h =↗ m

2↭hab = 0. (27)

Gravitational wave propagates as in (linearized) GR!

If: α2
+ + α2

− = 2

ℒdiff = ℒEH + ∑
±

α±

2
hμν χ±μνp2 +

p2+m2

4
χ±

μν χ±μν



Gravitational waves in area metric dynamics

[BD 2026]

8

Lemma 1 (K-contractions in TT gauge). Let Xab be symmetric, transverse and traceless. For

Kab,µω

± = !±aµε!±b ωϑ
ωεωϑ, using !±a cω

ωω = ±ı ε
ac
ω0 + ϑ

acd
ωd one has:

(i) internal indices free: Kab,cd

± Xcd = →
[
Ẍ +↑2

X ± 2i CẊ
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longitudinal modes are massive. For the remainder of this work we restrict to the case that the
longitudinal modes are vanishing, which is consistent with (25). Thus ϱ

± is symmetric, traceless
(by definition) and transverse.

Solving the ϱ-equation by ϱ
± = ϖ±(↭ →m

2)↑1D±
h (plus homogeneous solutions, which con-

stitute the massive branch found below), and inserting into the h-equation, the identity (23) and
the shift symmetry condition ϖ

2
+ + ϖ

2
↑ = 2 gives

↭h = 1

2

(
ϖ
2

+ + ϖ
2

↑

)
(↭→m

2)↑1↭2
h =↗ (↭→m

2)↭h = ↭2
h =↗ m

2↭hab = 0. (27)

equations of motion:

8

Lemma 1 (K-contractions in TT gauge). Let Xab be symmetric, transverse and traceless. For

Kab,µω

± = !±aµε!±b ωϑ
ωεωϑ, using !±a cω

ωω = ±ı ε
ac
ω0 + ϑ

acd
ωd one has:

(i) internal indices free: Kab,cd

± Xcd = →
[
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terms give →Ẍ in both cases. The double-ϑ terms give, after using the determinant identity

for ϑacgϑbdf together with transversality and tracelessness of X, the result →↑2
X in both cases.

The cross terms di”er: in case (i) the ϑ of each ! is contracted as follows ϑacdωdXb
c = →(CX)ab,
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terms give →Ẍ in both cases. The double-ϑ terms give, after using the determinant identity

for ϑacgϑbdf together with transversality and tracelessness of X, the result →↑2
X in both cases.

The cross terms di”er: in case (i) the ϑ of each ! is contracted as follows ϑacdωdXb
c = →(CX)ab,

producing ↓2i CẊ; in case (ii) the contraction is ϑ
acd

ωdX
b
a = +(CX)cb, producing ±2i CẊ (note

that X is symmetric and TT and hence CX is also symmetric).

We therefore introduce the chiral wave operators

D± ↔ ω
2

0 +↑2 ± 2ı C ω0. (22)

Note the relative + between ω
2
t and ↑2. On TT fields, using C2 = →↑2 we have:

D→D± = (ω2

t +↑2)2 + 4 C2
ω
2

t = (ω2

t →↑2)2 = ↭2 (23)

With the chiral wave operates we can express the equations of motions in TT gauge as follows.
The spatial components of the h-equation (15) reduce in TT gauge to

↭hab =
1

2

∑

±
ϖ± (D→

ϱ
±)ab . (24)

For the (0µ) components of the h-equation (15) we notice that with TT gauge G
lin

00
= G

lin

0a
= 0.

So the corresponding components of (15) turn into conditions for the longitudinal modes of ϱ±:
∑

±
ϖ± ω

a
ω
b
ϱ
±
ab

= 0,
∑

±
ϖ±

[
ω
b
ϱ̇
±
ba

↓ ı ϑa
cd
ωc

(
ω
b
ϱ
±
bd

)]
= 0. (25)

The ϱ-equation (16) reads now as

(
↭→m

2
)
ϱ
±
ab

= ϖ± (D±
h)ab. (26)

Since D± preserves the TT property we can restrict to transverse ϱ
±
ab

(that is ωaϱ
±
ab

= 0), which
we do from now on. (Even without imposing TT gauge on the metric perturbations, one can
show that D± preserves the space of longitudinal modes and thus the three longitudinal-traceless
ϱ-modes decouple from the TT mode dynamics.) Using TT gauge equation (26) shows that the
longitudinal modes are massive. For the remainder of this work we restrict to the case that the
longitudinal modes are vanishing, which is consistent with (25). Thus ϱ

± is symmetric, traceless
(by definition) and transverse.

Solving the ϱ-equation by ϱ
± = ϖ±(↭ →m

2)↑1D±
h (plus homogeneous solutions, which con-

stitute the massive branch found below), and inserting into the h-equation, the identity (23) and
the shift symmetry condition ϖ

2
+ + ϖ

2
↑ = 2 gives

↭h = 1

2

(
ϖ
2

+ + ϖ
2

↑

)
(↭→m

2)↑1↭2
h =↗ (↭→m

2)↭h = ↭2
h =↗ m

2↭hab = 0. (27)

chiral wave operators
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V. EQUATIONS OF MOTION AND SOLUTIONS
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ab
.
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G

linµω :

ε

εhµω

∫
LEH = ↭h

µω → ϑ
µ
ϑεh

εω → ϑ
ω
ϑεh

εµ + ϑ
µ
ϑ
ω
h+ ϖ

µω(ϑεϑϑh
εϑ →↭h) = →2Glinµω

, (14)
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G
lin

µω =
1

4

∑

±
ϱ±Kab

±µωω
±
ab

with Kab,µω

± = !±aµε!±b ωϑ
ϑεϑϑ . (15)

For the variation with respect to ω
±
ab
, remember that these tensors are symmetric and traceless,

hence only the symmetric-traceless projection of the variation must vanish. We obtain

(
↭→m

2
)
ω
±ab + ϱ±

(
Kab,µω

± → 1

3
ε
ab
εedKed,µω

±

)
hµω = 0 . (16)
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εedKed,µω

± hµω = ↭h
ε

ε → ϑ
µ
ϑ
ω
hµω , (17)
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5 In three dimensions the antisymmetric part of CX is dual to the vector vc = ωcab(CX)ab = ωabc ωajk εjXkb =
εbXcb → εcXbb, using ωabcωajk = ϑbjϑck → ϑbkϑcj . Thus C maps the TT sector to itself.

tensor curl

{
Imply:

8
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]
cd

. (21)

Proof. Expand (±ı ε
ac
ω0 + ϑ

acg
ωg)(±ı ε

bd
ω0 + ϑ

bdf
ωf ) acting on Xcd (case (i)) or Xab (case (ii)).

The ω2

0
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(that is ωaϱ
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= 0), which
we do from now on. (Even without imposing TT gauge on the metric perturbations, one can
show that D± preserves the space of longitudinal modes and thus the three longitudinal-traceless
ϱ-modes decouple from the TT mode dynamics.) Using TT gauge equation (26) shows that the
longitudinal modes are massive. For the remainder of this work we restrict to the case that the
longitudinal modes are vanishing, which is consistent with (25). Thus ϱ

± is symmetric, traceless
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h (plus homogeneous solutions, which con-

stitute the massive branch found below), and inserting into the h-equation, the identity (23) and
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2
↑ = 2 gives
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Gravitational wave propagates as in (linearized) GR!

If: α2
+ + α2

− = 2

ℒdiff = ℒEH + ∑
±

α±

2
hμν χ±μνp2 +

p2+m2

4
χ±

μν χ±μν

But a gravitational waves drags along a  field:χ

(χ+
1 , χ+

2 , χ×
1 , χ×

2 ) = 2
k2

m2
h+ (ℜα+, ℑα+, ℑα+, − ℜα+)

Note the   - suppressed by Planck mass squared.1/m2

Could there be an observational signature?
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• For 0 < ω < 1 the extra branch is a massive length-metric mode of mass m/
→
1↑ ω ↓ m, i.e.

super-Planckian near the shift point, whose only low-energy trace is a contact correction of
order ω/m2 to the graviton propagator — unobservably close to the shift-symmetric theory.

• For the extra branch to be light we would require ω ↔ ↑1, but (48) shows that its residue is
ω/(1 ↑ ω) and negative. We would thus have a genuine massive length metric spin-2 ghost,
largely excluded because it would lead to e.g. additional radiation channels for binaries and
Yukawa corrections to the Newtonian potential of range

→
1↑ ω/m.

Assuming m ↗ MPlanck, the shift symmetry condition is thus observationally safe on both sides:
large violations are ruled out, small violations are invisible at accessible energies. We note that the
area metric action constructed from modified Plebanski theory and from the continuum limit of
e!ective spin foams satisfy ω = 1 by construction rather than tuning. Conversely, the phenomenol-
ogy developed in this work — exact masslessness of the graviton branch, helicity degeneracy, the
dressing and its energetics, and the interferometer polarization channel discussed below — does
not hinge on the shift symmetry condition.

VI. ELECTRO-MAGNETIC RESPONSE

A. Coupling of electro-magnetism to area metrics

We have seen that the propagation of the length-metric perturbation itself remains mostly
una!ected by the presence of the non-length degrees of freedom. But non-vanishing gravitons lead
to non-vanishing non-lengths excitations ε

±. One might be able to probe the presence of such
excitations via the electromagnetic field.

Area metrics couple naturally to electromagnetism, the field strength Fµω is a two-form, and
the Maxwell action requires precisely a metric on bivectors. We therefore extend the action (9) by
the constitutive (premetric) Maxwell term

SEM[A;G] = ↑1

8

∫
d
4
x Gµωεϑ

FµωFεϑ , Fµω = ϑµAω ↑ ϑωAµ , (49)

where the constitutive tensor Gµωεϑ is the density-weighted inverse of the area metric on bivectors,
normalized such that for an induced area metric G

ind(g) one has Gµωεϑ =
→
↑g

(
g
µε
g
ωϑ ↑ g

µϑ
g
ωε
)
,

so that (49) reduces to the Maxwell action ↑1

4

∫ →
↑g FµωF

µω . This is the setting of premetric
(local and linear) electrodynamics [28, 29] and of constructive gravity [58, 59].

Expanding to first order in the perturbation (7): since G inverts G on bivectors, the perturbation
enters with a minus sign relative to a naive raising of indices, Gµωεϑ = ϖ

µε
ϖ
ωϑ ↑ ϖ

µϑ
ϖ
ωε ↑ a

µωεϑ +
(trace terms), where a

µωεϑ is raised with ϖ and the density weight contributes only trace terms,
irrelevant for transverse–traceless h and the trace-free ε

±. Hence

LEM = ↑1

4
FµωF

µω +
1

8
a
µωεϑ

FµωFεϑ . (50)

The variation of this action with respect to Aµ leads to the inhomogeneous Maxwell equation

ϑµ

(
F

µω ↑ 1

2
a
µωεϑ

Fεϑ

)
= 0 . (51)

The electromagnetic field acts also as a source for the area metric, this happens however via terms
quadratic in the electromagnetic field strength, a!ecting ε by an amount ↗ F

2
/(MPlanckm)2. We

Electro-magnetic fields couple naturally to the area metric!

Expanding around flat spacetime:

14

will neglect this e!ect and rather assume a regime where the electromagnetic field acts as a probe
for the area metric.

We now evaluate the coupling term aFF in (50) more explicitly. With our conventions we have
Ea = Fa0 and Ba = 1

2
ωabcFbc. The metric perturbation is

aµωεϑ = hµε εωϑ+εµε hωϑ→hµϑ εωε→εµϑ hωε +
∑

±
w

±
µωεϑ , w

±
µωεϑ =

1

2
”±a

µω ”
±b

εϑ ϑ
±
ab
, (52)

Together with ϑ
± = ϑ1 ± ıϑ2 we obtain

1

8
a
µωεϑ

FµωFεϑ = → 1

2
h
ab
(
EaEb +BaBb

)
→ 1

2
ϑ
ab

1

(
EaEb →BaBb

)
→ 1

2
ϑ
ab

2

(
EaBb +BaEb

)
(53)

The three symmetric trace-free fields h,ϑ1,ϑ2 couple to the three independent quadrupolar
quadratic forms of the electromagnetic field: h to the stress (energy-momentum) quadrupole
EaEb + BaBb; ϑ1 to the Lagrangian-type, parity-even quadrupole EaEb → BaBb; and ϑ2 to the
Pontryagin-type, parity-odd quadrupole E(aBb). In this sense ϑ1 and ϑ2 are the spin-2 analogues

of a dilaton coupling ϖFµωF
µω and an axion coupling ϱ FµωF̃

µω , respectively.

B. Optical e!ects of area metric perturbations

To discuss the optical e!ects of ϑ1 and ϑ2 (which in this section, to improve readability, we will
denote by ϑ

1 and ϑ
2) we introduce the excitation fields

Da ↑ ςLEM

ςEa

=
∑

b

φabEb →
∑

b

ϑ
2

ab
Bb , Ha ↑ →ςLEM

ςBa

=
∑

b

(µ→1)abBb +
∑

b

ϑ
2

ab
Eb , (54)

where

φab = ↼ab → hab → ϑ
1

ab
, (µ→1)ab = ↼ab + hab → ϑ

1

ab
. (55)

The Maxwell equations take the familiar form of electrodynamics in a medium,

↽↓ · ↽B = 0 , ↽↓↔ ↽E = →ςt
↽B︸ ︷︷ ︸

homogeneous

, ↽↓ · ↽D = 0 , ↽↓↔ ↽H = ςt
↽D︸ ︷︷ ︸

inhomogeneous

. (56)

with the homogeneous pair following from the definition Fµω = ςµAω→ςωAµ and the inhomogeneous
pair results from the field equation (51).

Consider a photon with the plane-wave ansatz ( ↽E, ↽B)(t, ↽x) = ( ↽E, ↽B)(n̂,⇀ϖ)↔ e
ı(q n̂·ϱx→ςωt), prop-

agating in the direction n̂, with ⇀ϖ far above the frequencies of the background fields, which can
therefore be taken constant over many optical cycles. Choose a right-handed orthonormal frame
(n̂, ê1, ê2) and introduce the circular polarization vectors

e± = 1↑
2

(
ê1 ± ı ê2

)
, n̂↔ e± = ↗ ı e± , e+ · e→ = 1 , e± · e± = 0 . (57)

Decompose ↽E = E+ e+ + E→ e→ + En̂ n̂ and likewise ↽B. Note that X± = e↓ · ↽X. For given
photon frequency ⇀ϖ , the quantities to be determined are the wavenumber q and the amplitudes

of ↽E and ↽B as function of n̂ and ⇀ϖ .

With our ansatz, ↽↓ ↘ ıq n̂ and ςt ↘ →ı⇀ϖ , so the four Maxwell equations (56), together with
(54), amount to the algebraic conditions

n̂ · ↽B = 0 , q n̂↔ ↽E = ⇀ϖ
↽B ,

n̂ · (φ · ↽E → (ϑ2) · ↽B) = 0 , q n̂↔ ((µ→1) · ↽B + (ϑ2) · ↽E) = →⇀ϖ (φ · ↽E → (ϑ2) · ↽B) . (58)

{Lead to birefringenceEigen-indices kγ /ωγ

[BD 2026]

n± = 1+ 1
2 h ̂kγ

̂kγ
± |χ+

−− |
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• For 0 < ω < 1 the extra branch is a massive length-metric mode of mass m/
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largely excluded because it would lead to e.g. additional radiation channels for binaries and
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so that (49) reduces to the Maxwell action ↑1

4

∫ →
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µω . This is the setting of premetric
(local and linear) electrodynamics [28, 29] and of constructive gravity [58, 59].
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8
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The electromagnetic field acts also as a source for the area metric, this happens however via terms
quadratic in the electromagnetic field strength, a!ecting ε by an amount ↗ F
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will neglect this e!ect and rather assume a regime where the electromagnetic field acts as a probe
for the area metric.

We now evaluate the coupling term aFF in (50) more explicitly. With our conventions we have
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ωabcFbc. The metric perturbation is
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1

2
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Together with ϑ
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1

8
a
µωεϑ

FµωFεϑ = → 1

2
h
ab
(
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2
ϑ
ab

1

(
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2
ϑ
ab

2

(
EaBb +BaEb

)
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The three symmetric trace-free fields h,ϑ1,ϑ2 couple to the three independent quadrupolar
quadratic forms of the electromagnetic field: h to the stress (energy-momentum) quadrupole
EaEb + BaBb; ϑ1 to the Lagrangian-type, parity-even quadrupole EaEb → BaBb; and ϑ2 to the
Pontryagin-type, parity-odd quadrupole E(aBb). In this sense ϑ1 and ϑ2 are the spin-2 analogues

of a dilaton coupling ϖFµωF
µω and an axion coupling ϱ FµωF̃

µω , respectively.

B. Optical e!ects of area metric perturbations

To discuss the optical e!ects of ϑ1 and ϑ2 (which in this section, to improve readability, we will
denote by ϑ

1 and ϑ
2) we introduce the excitation fields
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=
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where
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The Maxwell equations take the familiar form of electrodynamics in a medium,
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homogeneous

, ↽↓ · ↽D = 0 , ↽↓↔ ↽H = ςt
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inhomogeneous

. (56)

with the homogeneous pair following from the definition Fµω = ςµAω→ςωAµ and the inhomogeneous
pair results from the field equation (51).

Consider a photon with the plane-wave ansatz ( ↽E, ↽B)(t, ↽x) = ( ↽E, ↽B)(n̂,⇀ϖ)↔ e
ı(q n̂·ϱx→ςωt), prop-

agating in the direction n̂, with ⇀ϖ far above the frequencies of the background fields, which can
therefore be taken constant over many optical cycles. Choose a right-handed orthonormal frame
(n̂, ê1, ê2) and introduce the circular polarization vectors

e± = 1↑
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(
ê1 ± ı ê2

)
, n̂↔ e± = ↗ ı e± , e+ · e→ = 1 , e± · e± = 0 . (57)

Decompose ↽E = E+ e+ + E→ e→ + En̂ n̂ and likewise ↽B. Note that X± = e↓ · ↽X. For given
photon frequency ⇀ϖ , the quantities to be determined are the wavenumber q and the amplitudes

of ↽E and ↽B as function of n̂ and ⇀ϖ .

With our ansatz, ↽↓ ↘ ıq n̂ and ςt ↘ →ı⇀ϖ , so the four Maxwell equations (56), together with
(54), amount to the algebraic conditions

n̂ · ↽B = 0 , q n̂↔ ↽E = ⇀ϖ
↽B ,
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{Lead to birefringenceEigen-indices kγ /ωγ

(a) t = t0
h0 > 0

k̂ = →ẑ

stretch

squeeze

laser n̂ = x̂

x̂-arm

ŷ-arm

ŷ

ẑ

slow
n+

fast
n→

ω

(b) t = t0 + TGW/2

h0 < 0

k̂ = →ẑ

squeeze

stretch

laser n̂ = x̂

x̂-arm

ŷ-arm

ŷ

ẑ

fast
n→

slow
n+

ωsame two lines,
roles exchanged

n± = 1 +
1
2hn̂n̂ ±

∣∣ε+
→→

∣∣ , ε+
→→ = →ϑ+

k2

m2
h0(t) , !n = 2

√
cosh 2ϖ

( k

m

)2∣∣h0

∣∣ , ω = → 1
2 arctan(tanh ϖ) (mod 90

↑
)

Over half a period h0 ↑ →h0, so argε+
→→ shifts by ϱ and ω ↑ ω → 90

↑
: the eigen-axes are the same two lines in both panels; only the fast/slow roles are exchanged.

The signed index di”erence along a fixed axis therefore oscillates with the wave, giving a polarization-di”erential phase !ςpol(t) = φωLe! !n cosφt, phase-locked to the strain channel

!ςstrain(t) = φωLe! h0(t) but suppressed by (k/m)
2
. The tilt ω, by contrast, is static: it does not oscillate with the wave.

At ϖ = 0 the axes coincide with (ŷ, ẑ), so an o”set of the birefringence axes from the wave’s own polarization axes isolates the parity-violating (Barbero–Immirzi-type) ϖ,

while the amplitude !n carries only the parity-even combination
↓
cosh 2ϖ. In general relativity !n ↔ 0 at all times — a length metric cannot split photon polarizations — and both discs would be featureless.

[BD 2026]

n± = 1+ 1
2 h ̂kγ

̂kγ
± |χ+

−− |



Observational signature?

13

• For 0 < ω < 1 the extra branch is a massive length-metric mode of mass m/
→
1↑ ω ↓ m, i.e.

super-Planckian near the shift point, whose only low-energy trace is a contact correction of
order ω/m2 to the graviton propagator — unobservably close to the shift-symmetric theory.

• For the extra branch to be light we would require ω ↔ ↑1, but (48) shows that its residue is
ω/(1 ↑ ω) and negative. We would thus have a genuine massive length metric spin-2 ghost,
largely excluded because it would lead to e.g. additional radiation channels for binaries and
Yukawa corrections to the Newtonian potential of range

→
1↑ ω/m.

Assuming m ↗ MPlanck, the shift symmetry condition is thus observationally safe on both sides:
large violations are ruled out, small violations are invisible at accessible energies. We note that the
area metric action constructed from modified Plebanski theory and from the continuum limit of
e!ective spin foams satisfy ω = 1 by construction rather than tuning. Conversely, the phenomenol-
ogy developed in this work — exact masslessness of the graviton branch, helicity degeneracy, the
dressing and its energetics, and the interferometer polarization channel discussed below — does
not hinge on the shift symmetry condition.

VI. ELECTRO-MAGNETIC RESPONSE

A. Coupling of electro-magnetism to area metrics

We have seen that the propagation of the length-metric perturbation itself remains mostly
una!ected by the presence of the non-length degrees of freedom. But non-vanishing gravitons lead
to non-vanishing non-lengths excitations ε

±. One might be able to probe the presence of such
excitations via the electromagnetic field.

Area metrics couple naturally to electromagnetism, the field strength Fµω is a two-form, and
the Maxwell action requires precisely a metric on bivectors. We therefore extend the action (9) by
the constitutive (premetric) Maxwell term

SEM[A;G] = ↑1

8

∫
d
4
x Gµωεϑ

FµωFεϑ , Fµω = ϑµAω ↑ ϑωAµ , (49)

where the constitutive tensor Gµωεϑ is the density-weighted inverse of the area metric on bivectors,
normalized such that for an induced area metric G

ind(g) one has Gµωεϑ =
→
↑g

(
g
µε
g
ωϑ ↑ g

µϑ
g
ωε
)
,

so that (49) reduces to the Maxwell action ↑1

4

∫ →
↑g FµωF

µω . This is the setting of premetric
(local and linear) electrodynamics [28, 29] and of constructive gravity [58, 59].

Expanding to first order in the perturbation (7): since G inverts G on bivectors, the perturbation
enters with a minus sign relative to a naive raising of indices, Gµωεϑ = ϖ

µε
ϖ
ωϑ ↑ ϖ

µϑ
ϖ
ωε ↑ a

µωεϑ +
(trace terms), where a

µωεϑ is raised with ϖ and the density weight contributes only trace terms,
irrelevant for transverse–traceless h and the trace-free ε

±. Hence

LEM = ↑1

4
FµωF

µω +
1

8
a
µωεϑ

FµωFεϑ . (50)

The variation of this action with respect to Aµ leads to the inhomogeneous Maxwell equation

ϑµ

(
F

µω ↑ 1

2
a
µωεϑ

Fεϑ

)
= 0 . (51)

The electromagnetic field acts also as a source for the area metric, this happens however via terms
quadratic in the electromagnetic field strength, a!ecting ε by an amount ↗ F

2
/(MPlanckm)2. We

Electro-magnetic fields couple naturally to the area metric!

Expanding around flat spacetime:
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will neglect this e!ect and rather assume a regime where the electromagnetic field acts as a probe
for the area metric.

We now evaluate the coupling term aFF in (50) more explicitly. With our conventions we have
Ea = Fa0 and Ba = 1

2
ωabcFbc. The metric perturbation is

aµωεϑ = hµε εωϑ+εµε hωϑ→hµϑ εωε→εµϑ hωε +
∑

±
w

±
µωεϑ , w

±
µωεϑ =

1

2
”±a

µω ”
±b

εϑ ϑ
±
ab
, (52)

Together with ϑ
± = ϑ1 ± ıϑ2 we obtain

1

8
a
µωεϑ

FµωFεϑ = → 1

2
h
ab
(
EaEb +BaBb

)
→ 1

2
ϑ
ab

1

(
EaEb →BaBb

)
→ 1

2
ϑ
ab

2

(
EaBb +BaEb

)
(53)

The three symmetric trace-free fields h,ϑ1,ϑ2 couple to the three independent quadrupolar
quadratic forms of the electromagnetic field: h to the stress (energy-momentum) quadrupole
EaEb + BaBb; ϑ1 to the Lagrangian-type, parity-even quadrupole EaEb → BaBb; and ϑ2 to the
Pontryagin-type, parity-odd quadrupole E(aBb). In this sense ϑ1 and ϑ2 are the spin-2 analogues

of a dilaton coupling ϖFµωF
µω and an axion coupling ϱ FµωF̃

µω , respectively.

B. Optical e!ects of area metric perturbations

To discuss the optical e!ects of ϑ1 and ϑ2 (which in this section, to improve readability, we will
denote by ϑ

1 and ϑ
2) we introduce the excitation fields

Da ↑ ςLEM

ςEa

=
∑

b

φabEb →
∑

b

ϑ
2

ab
Bb , Ha ↑ →ςLEM

ςBa

=
∑

b

(µ→1)abBb +
∑

b

ϑ
2

ab
Eb , (54)

where

φab = ↼ab → hab → ϑ
1

ab
, (µ→1)ab = ↼ab + hab → ϑ

1

ab
. (55)

The Maxwell equations take the familiar form of electrodynamics in a medium,

↽↓ · ↽B = 0 , ↽↓↔ ↽E = →ςt
↽B︸ ︷︷ ︸

homogeneous

, ↽↓ · ↽D = 0 , ↽↓↔ ↽H = ςt
↽D︸ ︷︷ ︸

inhomogeneous

. (56)

with the homogeneous pair following from the definition Fµω = ςµAω→ςωAµ and the inhomogeneous
pair results from the field equation (51).

Consider a photon with the plane-wave ansatz ( ↽E, ↽B)(t, ↽x) = ( ↽E, ↽B)(n̂,⇀ϖ)↔ e
ı(q n̂·ϱx→ςωt), prop-

agating in the direction n̂, with ⇀ϖ far above the frequencies of the background fields, which can
therefore be taken constant over many optical cycles. Choose a right-handed orthonormal frame
(n̂, ê1, ê2) and introduce the circular polarization vectors

e± = 1↑
2

(
ê1 ± ı ê2

)
, n̂↔ e± = ↗ ı e± , e+ · e→ = 1 , e± · e± = 0 . (57)

Decompose ↽E = E+ e+ + E→ e→ + En̂ n̂ and likewise ↽B. Note that X± = e↓ · ↽X. For given
photon frequency ⇀ϖ , the quantities to be determined are the wavenumber q and the amplitudes

of ↽E and ↽B as function of n̂ and ⇀ϖ .

With our ansatz, ↽↓ ↘ ıq n̂ and ςt ↘ →ı⇀ϖ , so the four Maxwell equations (56), together with
(54), amount to the algebraic conditions

n̂ · ↽B = 0 , q n̂↔ ↽E = ⇀ϖ
↽B ,

n̂ · (φ · ↽E → (ϑ2) · ↽B) = 0 , q n̂↔ ((µ→1) · ↽B + (ϑ2) · ↽E) = →⇀ϖ (φ · ↽E → (ϑ2) · ↽B) . (58)

{Lead to birefringenceEigen-indices kγ /ωγ

(a) t = t0
h0 > 0

k̂ = →ẑ

stretch

squeeze

laser n̂ = x̂

x̂-arm

ŷ-arm

ŷ

ẑ

slow
n+

fast
n→

ω

(b) t = t0 + TGW/2

h0 < 0

k̂ = →ẑ

squeeze

stretch

laser n̂ = x̂

x̂-arm

ŷ-arm

ŷ

ẑ

fast
n→

slow
n+

ωsame two lines,
roles exchanged

n± = 1 +
1
2hn̂n̂ ±

∣∣ε+
→→

∣∣ , ε+
→→ = →ϑ+

k2

m2
h0(t) , !n = 2

√
cosh 2ϖ

( k

m

)2∣∣h0

∣∣ , ω = → 1
2 arctan(tanh ϖ) (mod 90

↑
)

Over half a period h0 ↑ →h0, so argε+
→→ shifts by ϱ and ω ↑ ω → 90

↑
: the eigen-axes are the same two lines in both panels; only the fast/slow roles are exchanged.

The signed index di”erence along a fixed axis therefore oscillates with the wave, giving a polarization-di”erential phase !ςpol(t) = φωLe! !n cosφt, phase-locked to the strain channel

!ςstrain(t) = φωLe! h0(t) but suppressed by (k/m)
2
. The tilt ω, by contrast, is static: it does not oscillate with the wave.

At ϖ = 0 the axes coincide with (ŷ, ẑ), so an o”set of the birefringence axes from the wave’s own polarization axes isolates the parity-violating (Barbero–Immirzi-type) ϖ,

while the amplitude !n carries only the parity-even combination
↓
cosh 2ϖ. In general relativity !n ↔ 0 at all times — a length metric cannot split photon polarizations — and both discs would be featureless.
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To provide some numbers, a compact binary at hundreds of megaparsecs produces a strain h0 →
10→21, and with ωωLe!/c → 1013 for infrared laser light this gives !εstrain → 10→8 rad. In pure
gravity this e”ect is (photon-)polarization blind: a length metric defines a single light cone for
both photon polarizations, and !n vanishes identically.

The non-length degrees of freedom lead to a polarization dependent di”erential arm phase.
Within a single arm, light polarized along the two eigen-axes accumulates the relative phase

!εpol(t) = ωω Le! !n(t) = 2ωωLe!

∣∣ϑ+

→→
∣∣(t) , (71)

oscillating at the gravitational-wave frequency and phase-locked to the strain signal recorded simul-
taneously in the standard channel. This measurement is polarimetry rather than interferometry
between arms: one sends light of two orthogonal linear polarizations through the same arm or a
single beam whose polarization is modulated) and reads out their di”erential phase, separated by
polarizing optics at the output. !εstrain and !εpol are complementary projections of the same
optical field: the strain phase is common to both polarizations and cancels in the polarization
readout, while the birefringent phase cancels between polarizations in the strain readout.

The polarization channel is a null test : in general relativity it vanishes identically, so a signal at
any level indicates non-length geometry. Its practical signatures distinguish it sharply from instru-
mental e”ects. Mirror coatings and substrates are themselves birefringent at levels vastly exceeding
!n, but that birefringence is static; the signal, by contrast, (a) oscillates at the gravitational-wave
frequency, (b) is phase-locked to the simultaneously recorded strain, (c) carries a spectrum tilted
by two powers of gravitational wave frequency relative to the strain, !n/h0 = 2

↑
cosh 2ϖ (ωgw/m)2,

and (d) depends on the orientation of the light polarization: rotating the input polarization by an
angle ϱ modulates the signal as cos 2(ϱ ↓ ς), and the extracted axis angle ς, compared with the
wave’s polarization axes known from the strain channel, measures the parity parameter through
(69).

An instrumental precedent for the readout is provided by axion dark-matter searches via
polarization rotation in gravitational-wave interferometers [60, 61], there for a scalar, quasi-
monochromatic background producing circular birefringence, here for a tensorial, transient, strain-
locked linear birefringence.

We point out two caveats: First, the magnitude: the ratio of the two channels is
!εpol/!εstrain = 2

↑
cosh 2ϖ (ωgw/m)2, which for a Planckian mass scale m and ωgw → 102Hz

is of order 10→81. This channel is therefore more of a matter of principle unless m lies far below the
Planck scale. But a non-detection bounds m independently of astrophysical modelling. Second,
the mirrors are electromagnetically bound solids, so a ϑ-background also perturbs atomic bonds
and hence the mirror dimensions, feeding a strain-like signal at the same (ωgw/m)2 order; this
contribution is material-dependent and would add to the polarization signature.

Concerning massive non-length waves their signal would be outside available frequency bands for
a Planck scale mass. The signal would become meaningful only for an ultralight non-length sector,
m ↭ ⊋ωgw → 10→12 eV, with waves near the threshold frequency being very slow and strongly
dispersive. A condensate of ϑ, oscillating at ω ↔ m, would produce a persistent, narrow-line
birefringence at the frequency m/2φ⊋ — structurally analogous to axion dark-matter searches with
laser interferometers, but in the polarization channel. A polarization-instrumented interferometer
is thus, in principle, an antenna for a class of signals invisible to every standard gravitational-wave
search.

∼ 10−81

for 100 Hz waves
m = Planck mass

Very unlikely to lead to any observational 
constraints on Barbero-Immirzi
parameter (if masses are Planck).

Massive  waves would produce detectable 
birefringence signal if very light (need adjust arm length).
Similar to axion dark matter searches.

χ
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2 h ̂kγ
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Summary

•A number of approaches suggest a quantum extension of the configuration space: area instead of length 
metrics.

•Area metric gravity includes parity violating terms, parametrized by the illusive Barbero-Immirzi parameter. 

•The modified Plebanski  deformation of general relativity is surprisingly mild:  no extra poles/ ghosts as 
generically happens in modified gravity.

•Gravitational waves propagate as in (linearized) GR, but drag area metric wave along. 

•Leads to electro-magnetic birefringence, but amplitude is extremely weak if we assume additional area degrees 
of freedom are Planck mass suppressed.

•Outlook: cosmological backgrounds, non-linear action, black hole solutions.
•Results could (drastically) change for parity violating area metric background.



Thank you!


