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Discrete symmetries: C (Charge conjugation), P (Parity), T (Time reversal)

    

    Important role in discovering fundamental physical laws and in generating matter-
antimatter asymmetry in our universe.

    Parity violation in weak interaction, discovered in1956; CP violation discovered in 
1964;……

    

Some frequently discussed topics: 

    CP violation in strong interaction,  term in QCD ; P, CP & CPT violations in 
electrodynamics, Chern-Simons ; ……
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How about gravity?



Parity-violating (PV) gravity as extension to general relativity (GR)

Subject of intense investigations in recent years, motivated by gravitational waves (GWs) 

detections, undergoing and planned CMB polarization experiments. 



Outline

• Chern-Simons Modified General Relativity and Its Difficulties


• Teleparalel and Symmetric Teleparallel Gravities


• Nieh-Yan Modified Teleparallel Gravity


• Parity Violating Model in Symmetric Teleparallel Gravity


• Summary and Outlook



Chern-Simons Modified General Relativity & Its Difficulties
Lue, Wang, Kamionkowski, astro-ph/9812088; 

Jackiw & Pi, gr-qc/0308071; 

Alexander & Yunes, arXiv:0907.2562, Phys. Rept. (2009)
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gravitational Chern-Simons (CS) term 

Pontryagin density: , appears in gravitational anomalies, parity-oddR eR ⌘ "µ⌫⇢�R ↵�
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EOM
Four dimensional Cotton tensor

Effects on GWs: left and right polarized GWs have the same velocity, 

                            but different amplitudes (amplitude birefringence)
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After inflation, left and right primordial GWs have power spectra with different amplitudes

CMB TT, EE, BB, and TE spectra only depend on the sum , but TB and EB 

depend on the difference
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CMB B mode experiment can be used to test parity symmetry of gravity! astro-ph/9812088



Instability in CS modified gravity
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Ghost, wrong sign for the kinetic term, vacuum instability


CS contains two Riemann tensors, is a higher derivative term 
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Higher time derivative terms introduce extra propagating modes, 

some of them are ghosts (Ostrogradsky ghost modes)


The ghost mode presented here is not the Ostrogradsky type



Extensions of CS modified gravity


Crisostomi et al, arXiv:1710.04531

No extra propagating modes from higher derivatives if

More examples can be found in: Zhao et al., arXiv:1909.10887

But the problem of ghost instability still exists,  Bartolo et al., arXiv:2008.01715



Question: 

     Can we have a healthy parity violating (PV) gravity ?

Can we make PV extension to GR from the viewpoint of non-metric theory?

Example of GR equivalent non-metric theory: 

Teleparallel & Symmetric Teleparallel Gravities



Teleparallel & Symmetric Teleparallel Gravities

General metric-affine theory, non-Riemannian geometry, �̂⇢
µ⌫ , gµ⌫
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Non-metricity Q ⇢�
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Distorsion tensor



General Relativity: Riemannian geometry, torsionless, metric compatible
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Equivalent to GR
from metric or from tetrad

GR Equivalent Teleparallel Gravity (TGR)

connection (a gauge choice)

Torsion tensor or torsion two form have simple forms

eAµ
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In stead of , using the language of tetradΩρ
μ

<latexit sha1_base64="fM/e8OA3Jl5tRFfw3ONPrvd2YPE="></latexit>

⇤A
B : Lorentz matrix element

�̂⇢
µ⌫ = e ⇢

A (@µe
A
⌫ + eB⌫!

A
Bµ) ! e ⇢

A @µe
A
⌫

<latexit sha1_base64="gmp8XKwu01yDZX4Fh0wbSmiWYQI="></latexit>

breaks local Lorentz symmetry, but diffeomorphism invariance is preserved 



Symmetric Teleparallel Gravity: no curvature, torsionless
<latexit sha1_base64="X195K6MNOQwfifj0o2UqcdanCVM="></latexit>

R̂⇢
�µ⌫ = 0, T ⇢

µ⌫ = 0 ) �̂⇢
µ⌫ = (⌦�1)⇢�@µ⌦

�
⌫ with ⌦�

⌫ =
@y�

@x⌫

Gravity is identified with non-metricity, 

R⇢
�µ⌫ = R̂⇢

�µ⌫ +r⌫C
⇢
µ� �rµC

⇢
⌫� + C⇢

⌫�C
�
µ� � C⇢

µ�C
�
⌫�

<latexit sha1_base64="LzHPtWp29Ilnt5BWgirHx5aXtDg="></latexit>

R⇢
�µ⌫ = R̂⇢

�µ⌫ +r⌫C
⇢
µ� �rµC

⇢
⌫� + C⇢

⌫�C
�
µ� � C⇢

µ�C
�
⌫�

<latexit sha1_base64="LzHPtWp29Ilnt5BWgirHx5aXtDg="></latexit>

with
<latexit sha1_base64="c4y16sb6aFIbt0pHTJfBnsTq4Hw="></latexit>

C⇢
µ⌫ =

1

2
(Q ⇢

⌫ µ +Q ⇢
µ⌫ �Q⇢

µ⌫)

Q ⇢�
µ = r̂µg

⇢�

<latexit sha1_base64="vicgdJjLUgLtlNzVwzsPPqBsOg8=">AAACH3icbVDLSgMxFM3UV62vUZduBovgqsxI8bEQim5ctmAf0GnLnTRtQ5PMkGSEMoxf4sZfceNCEXHXvzF9LGrrgcDhnHO5uSeIGFXadcdWZm19Y3Mru53b2d3bP7APj2oqjCUmVRyyUDYCUIRRQaqaakYakSTAA0bqwfB+4tefiFQ0FI96FJEWh76gPYpBG6ljX1Y6ic/jtJ08+3IQ+or2OaS3/gB04gsIGKSzQL+dLAQ6dt4tuFM4q8Sbkzyao9yxf/xuiGNOhMYMlGp6bqRbCUhNMSNpzo8ViQAPoU+ahgrgRLWS6X2pc2aUrtMLpXlCO1N1cSIBrtSIBybJQQ/UsjcR//Oase5dtxIqolgTgWeLejFzdOhMynK6VBKs2cgQwJKavzp4ABKwNpXmTAne8smrpHZR8IqFm0oxX7qb15FFJ+gUnSMPXaESekBlVEUYvaA39IE+rVfr3fqyvmfRjDWfOUZ/YI1/AYwGpSs=</latexit>

Building blocks: 
<latexit sha1_base64="LrFf2TXj6qOt8XKFpURkHgplEPg="></latexit>

gµ⌫ and y⇢

Transform to the y-coordinate (coincident gauge)
<latexit sha1_base64="wCXzUqhIg+U+odfw4wk8HMUlcnA="></latexit>

�̂⇢
µ⌫ = 0, r̂ = @

can be gauged away
<latexit sha1_base64="1tD8alp+ZRWDFl3Ot2MWp+kv1ls="></latexit>

y⇢Freedoms by

breaks diffeomorphism invariance

<latexit sha1_base64="1tD8alp+ZRWDFl3Ot2MWp+kv1ls="></latexit>

y⇢



GR Equivalent Symmetric Teleparallel Gravity (TGR)

Equivalent to GR

Qα = gσλQασλ, Q̄α = gσλQσαλ

Sg =
1
2 ∫ d4x −g [−R(g) + ∇μ(Qμ − Q̄μ)]



Nieh-Yan Modified Teleparallel Gravity (NYTG)
In Teleparallel Gravity, parity violation can be realized by the Nieh-Yan term 

[H.T. Nieh & M.L. Yan, J. Math. Phys. 23, 373 (1982)] coupled with an axion-like scalar field

Z
d4x

p
�g

c✓

4
TAµ⌫

eT Aµ⌫

<latexit sha1_base64="mkA58qavjYprrtmtfHR79bq2su4="></latexit>

Teleparallelism

condition

Similar to electromagnetic Chern-Simons term

Local Lorentz invariance is broken, diffeomorphism is preserved

ML, Haomin Rao & Dehao Zhao, arXiv:2007.08038

With

<latexit sha1_base64="msbW1KipwGTYoJcJTf6tn1V49BE="></latexit>

S =
1

2

Z
d4xeT+ SNY + ...



In all, NYTG model is prosed as a minor extension to GR

EOMs

10 field equations

6 constraint equations

Using Bianchi identity 

consistent with Klein-Gordon eq

because

with connection is taken here



Spatially flat FRW universe: background

Tetrads in the background

EOMs

Nieh-Yan term does not affect the background evolution!

This is a particular choice

Applications in cosmology



Perturbations around the background

Izumi & Ong, arXiv:1212.5774

Metric perturbations

In comparison with traditional perturbation theory based on metric: 

This is also a particular choice



Matter perturbations

⌃i
j = @i@j� � (1/3)r2��ij + @(i�

V
j) + �T

ij

<latexit sha1_base64="VvjhTMPRr73a0SYWd73gTwAkeqA="></latexit>

Perturbation equations (Scalar, Newtonian gauge )� � � = 0, ↵ = 0

<latexit sha1_base64="DZXvj0sHGq0cGHgqVHqk/S8mEBU=">AAACAXicbZDLSsNAFIYn9VbrLepGcBMsggstiRTUhVB047KCvUATysl00g6dmYSZiVBCu/FV3LhQxK1v4c63cXpZaOsPAx//OYcz5w8TRpV23W8rt7S8srqWXy9sbG5t79i7e3UVpxKTGo5ZLJshKMKoIDVNNSPNRBLgISONsH87rjceiVQ0Fg96kJCAQ1fQiGLQxmrbB34XOIczPyQart3TkQ8s6Rlq20W35E7kLII3gyKaqdq2v/xOjFNOhMYMlGp5bqKDDKSmmJFhwU8VSQD3oUtaBgVwooJscsHQOTZOx4liaZ7QzsT9PZEBV2rAQ9PJQffUfG1s/ldrpTq6DDIqklQTgaeLopQ5OnbGcTgdKgnWbGAAsKTmrw7ugQSsTWgFE4I3f/Ii1M9LXrl0dV8uVm5mceTRITpCJ8hDF6iC7lAV1RBGI/SMXtGb9WS9WO/Wx7Q1Z81m9tEfWZ8/JOuWEQ==</latexit>

Nieh-Yan 
contributes 
a viscosity

A new constraint led by

Curvature perturbation to hypersurfaces of homogeneous  vanishes✓

<latexit sha1_base64="yCldWCvSQneu/hjvKBoYhmz/Kto=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZEdSFWHTjsoK9QDuUTJppYzPJkJwRytB3cONCETcufBT3bsS3Mb0stPWHwMf/n0POOWEiuAHP+3ZyC4tLyyv5VXdtfWNzq7C9UzMq1ZRVqRJKN0JimOCSVYGDYI1EMxKHgtXD/tUor98zbbiStzBIWBCTruQRpwSsVWtBjwFpF4peyRsLz4M/heLFh3uevH25lXbhs9VRNI2ZBCqIMU3fSyDIiAZOBRu6rdSwhNA+6bKmRUliZoJsPO0QH1ingyOl7ZOAx+7vjozExgzi0FbGBHpmNhuZ/2XNFKLTIOMySYFJOvkoSgUGhUer4w7XjIIYWCBUczsrpj2iCQV7INcewZ9deR5qRyX/uHR24xXLl2iiPNpD++gQ+egEldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wEHbZJx</latexit>

⇣✓ = � �H
�✓

✓0
= 0

<latexit sha1_base64="jtQsNN/0fGN546d+P8Y7zFTMLsw="></latexit>

The dynamical scalar field  is not an independent dynamical DOF!✓

<latexit sha1_base64="yCldWCvSQneu/hjvKBoYhmz/Kto=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZEdSFWHTjsoK9QDuUTJppYzPJkJwRytB3cONCETcufBT3bsS3Mb0stPWHwMf/n0POOWEiuAHP+3ZyC4tLyyv5VXdtfWNzq7C9UzMq1ZRVqRJKN0JimOCSVYGDYI1EMxKHgtXD/tUor98zbbiStzBIWBCTruQRpwSsVWtBjwFpF4peyRsLz4M/heLFh3uevH25lXbhs9VRNI2ZBCqIMU3fSyDIiAZOBRu6rdSwhNA+6bKmRUliZoJsPO0QH1ingyOl7ZOAx+7vjozExgzi0FbGBHpmNhuZ/2XNFKLTIOMySYFJOvkoSgUGhUer4w7XjIIYWCBUczsrpj2iCQV7INcewZ9deR5qRyX/uHR24xXLl2iiPNpD++gQ+egEldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wEHbZJx</latexit>



Perturbation equations (Vector)

Constraint led by

Other equations are the same with GR

Perturbation equations (Tensor)

puts no extra constraint on tensor perturbations

Using left and right circular polarization bases



After renormalization

modified dispersion relation

Left and right polarization modes have different phase velocities,

phenomenon called velocity birefringence, a property of parity violation

Same group velocity

Infrared effects, important when k ! 0

<latexit sha1_base64="tklUQQyWXvqUQg0zteo3MyqZsZw=">AAAB9XicbVDJSgNBEO2JWxy3qEcvjUHwFGZEUA9i0IvHCGaBZAw9nZ6kSU/30F1jCCH/4cWDC179DO9exL+xsxw08UHB470qquqFieAGPO/bySwsLi2vZFfdtfWNza3c9k7FqFRTVqZKKF0LiWGCS1YGDoLVEs1IHApWDbtXI796z7ThSt5CP2FBTNqSR5wSsNJdt6F5uwNEa9XDXjOX9wreGHie+FOSv/hwz5OXL7fUzH02WoqmMZNABTGm7nsJBAOigVPBhm4jNSwhtEvarG6pJDEzwWB89RAfWKWFI6VtScBj9ffEgMTG9OPQdsYEOmbWG4n/efUUotNgwGWSApN0sihKBQaFRxHgFteMguhbQqjm9lZMO0QTCjYo14bgz748TypHBf+4cHbj5YuXaIIs2kP76BD56AQV0TUqoTKiSKMH9ISenZ7z6Lw6b5PWjDOd2UV/4Lz/AL9zla8=</latexit>



Quadratic actions for scalar and tensor perturbations

Scalar perturbation
<latexit sha1_base64="gBk20JPUwLljRoz+9YYLG+Om10U="></latexit>

⇣ = � �H�✓/✓0 = 0

<latexit sha1_base64="Zi7nLcP4GjN1rtMWc3WtIBDCMU8="></latexit>

S(2)
⇣ = 0

The dynamical scalar field  is not an independent dynamical DOF!✓

<latexit sha1_base64="yCldWCvSQneu/hjvKBoYhmz/Kto=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZEdSFWHTjsoK9QDuUTJppYzPJkJwRytB3cONCETcufBT3bsS3Mb0stPWHwMf/n0POOWEiuAHP+3ZyC4tLyyv5VXdtfWNzq7C9UzMq1ZRVqRJKN0JimOCSVYGDYI1EMxKHgtXD/tUor98zbbiStzBIWBCTruQRpwSsVWtBjwFpF4peyRsLz4M/heLFh3uevH25lXbhs9VRNI2ZBCqIMU3fSyDIiAZOBRu6rdSwhNA+6bKmRUliZoJsPO0QH1ingyOl7ZOAx+7vjozExgzi0FbGBHpmNhuZ/2XNFKLTIOMySYFJOvkoSgUGhUer4w7XjIIYWCBUczsrpj2iCQV7INcewZ9deR5qRyX/uHR24xXLl2iiPNpD++gQ+egEldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wEHbZJx</latexit>



Quadratic action for tensor perturbation

or in Fourier space

No ghost instability, the model is healthy.

Maybe there is gradient instability for extremely small k so that 1 + c✓0�A/k < 0

<latexit sha1_base64="ylU99Y1mjzkGm3Xm4kI9IjBZ3b4=">AAACAXicbVDLSgMxFM3UV62vUTeCm9AiCoU6I4IKLqpuXFawD+gMJZOmbWgmMyR3hFLqxl/wE9y4UMStf+Guf2P6WGjrgcDhnHu4uSeIBdfgOEMrtbC4tLySXs2srW9sbtnbOxUdJYqyMo1EpGoB0UxwycrAQbBarBgJA8GqQfdm5FcfmNI8kvfQi5kfkrbkLU4JGKlh77l56kGHATn0hIk1SePqGHcvnYadcwrOGHieuFOSK2a9/POw2Cs17G+vGdEkZBKoIFrXXScGv08UcCrYIOMlmsWEdkmb1Q2VJGTa748vGOADozRxK1LmScBj9XeiT0Kte2FgJkMCHT3rjcT/vHoCrXO/z2WcAJN0sqiVCAwRHtWBm1wxCqJnCKGKm79i2iGKUDClZUwJ7uzJ86RyUnBPCxd3po1rNEEa7aMsOkIuOkNFdItKqIwoekQv6A29W0/Wq/VhfU5GU9Y0s4v+wPr6AWEpmI0=</latexit>

for small coupling and slow-rolling , this happens at scales well outside the horizon✓

<latexit sha1_base64="yCldWCvSQneu/hjvKBoYhmz/Kto=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZEdSFWHTjsoK9QDuUTJppYzPJkJwRytB3cONCETcufBT3bsS3Mb0stPWHwMf/n0POOWEiuAHP+3ZyC4tLyyv5VXdtfWNzq7C9UzMq1ZRVqRJKN0JimOCSVYGDYI1EMxKHgtXD/tUor98zbbiStzBIWBCTruQRpwSsVWtBjwFpF4peyRsLz4M/heLFh3uevH25lXbhs9VRNI2ZBCqIMU3fSyDIiAZOBRu6rdSwhNA+6bKmRUliZoJsPO0QH1ingyOl7ZOAx+7vjozExgzi0FbGBHpmNhuZ/2XNFKLTIOMySYFJOvkoSgUGhUer4w7XjIIYWCBUczsrpj2iCQV7INcewZ9deR5qRyX/uHR24xXLl2iiPNpD++gQ+egEldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wEHbZJx</latexit>

Experimental constraints: , Wu, Zhu, Niu, Zhao & Wang, arXiv:2110.13872cθ′￼ < 6.5 × 10−42 GeV



ML, Haomin Rao & Yeheng Tong, arXiv: 2104.05917

1, Restore the local Lorentz symmetry, 

    i.e., consider the covariant version of the NYTG model;


2, Apply to the universes of all the three kinds of FRW backgrounds, 

    i.e., K=0, K>0, and K<0.

Generalizations



Restore the local Lorentz covariance by giving up the condition

Fundamental variables

The action

invariant under the local Lorentz transformation

Variation with the tetrad

Variation with 
<latexit sha1_base64="fM/e8OA3Jl5tRFfw3ONPrvd2YPE="></latexit>

⇤A
B :

Covariantization

eAµ

<latexit sha1_base64="BQ/WnGsGzcOGTMoWhNVhMG6sxWE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoN6iXjxGMA9M1jA76SRDZmaXmVkhLPErvHhQxKt/482/cZLsQRMLGoqqbrq7wpgzbTzv28ktLa+sruXXCxubW9s7xd29uo4SRbFGIx6pZkg0ciaxZpjh2IwVEhFybITD64nfeESlWSTvzCjGQJC+ZD1GibHSPT5cdtKntkjGnWLJK3tTuIvEz0gJMlQ7xa92N6KJQGkoJ1q3fC82QUqUYZTjuNBONMaEDkkfW5ZKIlAH6fTisXtkla7bi5Qtadyp+nsiJULrkQhtpyBmoOe9ifif10pM7zxImYwTg5LOFvUS7prInbzvdplCavjIEkIVs7e6dEAUocaGVLAh+PMvL5L6Sdk/LV/cnpYqV1kceTiAQzgGH86gAjdQhRpQkPAMr/DmaOfFeXc+Zq05J5vZhz9wPn8AxQqRAQ==</latexit>

<latexit sha1_base64="fM/e8OA3Jl5tRFfw3ONPrvd2YPE="></latexit>

⇤A
B :

Advantage: we can always start with the tetrad with familiar and simple form



Applications to the cosmology

Impose symmetry requirement (this may be relaxed, we will come back to it in the future)

or

We can always take

Background



<latexit sha1_base64="UsiUgAR2IBohAuKLius5xDdaWKo="></latexit>

(1) K = 0

The solution is parametrized as

Nieh-Yan term has no effect on the background of the flat universe, 

confirmed our previous result



<latexit sha1_base64="mx1seGVj9wakPFLLXeOq1TKszoY="></latexit>

(2) K > 0

The solution is parametrized as

Nieh-Yan modification has effect on the background of closed universe



<latexit sha1_base64="vEWqBNC7PcYJvzZsQVnFVVSCOSw="></latexit>

(3) K < 0

The solution is parametrized as

Nieh-Yan term has no effect on the background of the open universe



Perturbations

Tetrad perturbations

Consistent with but more than the metric perturbations

Perturbations to the spin connection or 
<latexit sha1_base64="fM/e8OA3Jl5tRFfw3ONPrvd2YPE="></latexit>

⇤A
B :



Quadratic actions for scalar perturbations
<latexit sha1_base64="UsiUgAR2IBohAuKLius5xDdaWKo="></latexit>

(1) K = 0

Taking the gauge
<latexit sha1_base64="gBk20JPUwLljRoz+9YYLG+Om10U="></latexit>

⇣ = � �H�✓/✓0 = 0Gauge-invariant scalar perturbation
<latexit sha1_base64="PhFG3tzVJb2MoJZezohq8f0ocLM="></latexit>

= � 

Constraints

No dynamical scalar perturbation in this case, confirmed our previous result.



constraints

<latexit sha1_base64="mx1seGVj9wakPFLLXeOq1TKszoY="></latexit>

(2) K > 0

After lifting the constraints



<latexit sha1_base64="vEWqBNC7PcYJvzZsQVnFVVSCOSw="></latexit>

(3) K < 0

constraints

After lifting the constraints



Quadratic actions for tensor perturbations

The same with our previous result

<latexit sha1_base64="8VrvPPiY6ZFw1M0+7aXTFYkMPFg="></latexit>

K = 0

<latexit sha1_base64="lL0irqY6Vl5cXjxG6qrvVb4QSAc="></latexit>

K 6= 0

Circular tensor base



Parity Violating Model in Symmetric Teleparallel Gravity
<latexit sha1_base64="v0h/jl8gTKEO9b7I0cq4IiDqRpM="></latexit>

S =
1

2

Z
d4x

p
�g(Q� 2c�QQ̃) + S� + Sm

Proposed first by Conroy & Koivisto, arXiv: 1908.04313

Cosmological perturbations

ML & Dehao Zhao, arXiv:2108.01337

<latexit sha1_base64="X195K6MNOQwfifj0o2UqcdanCVM="></latexit>

R̂⇢
�µ⌫ = 0, T ⇢

µ⌫ = 0 ) �̂⇢
µ⌫ = (⌦�1)⇢�@µ⌦

�
⌫ with ⌦�

⌫ =
@y�

@x⌫

Fundamental variables 
<latexit sha1_base64="Plyr0A4bDBqvvmmb6NroriLGxHk="></latexit>

gµ⌫ , y⇢

Coincident gauge , breaks diffeomorphism invarianceΓ̂ρ
μν = 0

<latexit sha1_base64="+JbQtEiPq2FroJfJFr5Gy+8TFjM="></latexit>

gµ⌫ = ḡµ⌫ + �gµ⌫ , yµ = xµ + uµ with uµ = (u0, @iu+ ui)



Vector perturbations are promoted to be dynamical degrees of freedom

λA = + 1(A = R), − 1(A = L)

Amplitude and velocity birefringence phenomena, parity violation 

Tensor perturbations

Velocity birefringence, parity violation

Background and scalar perturbation equations are unchanged



Quadratic action for scalar perturbation

Quadratic action for vector perturbations

Taking Newtonian gauge Ei = 0



Ghost mode for  ( ) ifλL λR
<latexit sha1_base64="ll1hxDPlcDEA9BHfppISYDeqIIA="></latexit>

M > 0 (< 0)

Amplitude and velocity birefringence 



Taking coincident gauge
<latexit sha1_base64="gicyiVJmHF9JJTeNlEhhEXEUCBA="></latexit>

�̂ = 0, i.e., uk = 0

Gauge-invariant variable  (Newtonian),  (coincident)Vi = Ei − ui, Vi = − ui Vi = Ei



Quadratic action for tensor perturbation

No dangerous mode, velocity birefringence



Summary

Scalar Perturbation OK OK OK

Vector Perturbations OK OK
Amplitude and velocity 

birefringence, ghost mode, 
pathological

Tensor Perturbations
Amplitude birefringence, 
ghost mode, pathological
 Velocity birefringence,


healthy
Velocity birefringence,


healthy

<latexit sha1_base64="OGqjAs9MLk1KZmx37jyup1l5r6Q="></latexit>

R+ ✓RR̃
<latexit sha1_base64="GyLMhWLXLkG4m4osHBGTG0L2R8M="></latexit>

T+ ✓T T̃
<latexit sha1_base64="yvCZ1EopPJhUJ3hv0G4pQq36XP8="></latexit>

Q+ ✓QQ̃

A naive conjecture:  amplitude birefringence is accompanied by ghost!



Thanks!


