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PHOTON-PHOTON INTERACTIONS - MOTIVATION

➤ The relaxion has both CP-even and CP-odd couplings to photons 

➤ Could generate effective CPV photon-photon interactions. 
 
 

➤ Within the SM -  

➤ CP-conserving - Euler-Heisenberg  
 

➤ CP-violating - from          - suppressed by 20 orders of magnitude.  
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EXPERIMENTAL CONSTRAINTS

➤ High energies - Light-by-Light scattering at  

➤ LHC with heavy ions  

➤ Low energies - constraints on the effective operators 

➤ Direct measurements only of CPC operators! 

➤ Lamb Shift 

➤ Vacuum Birefringence (PVLAS)   

➤ CPV is constrained by EFT consistency - causality/unitarity
α2

3 ≤ 4α1α2

ℒeff
8 = α1 (FμνFμν)

2
+α2 (FμνF̃μν)

2
+ α3FρσFρσFμνF̃μν .

α1 ≲ 10 αEH1

−30 αEH1 ≲ α2 − α1 ≲ 50 αEH1

mγγ ∼ GeV

σγγ→γγ ≈ 1.53 − 1.73 σSM
γγ→γγ

No direct experimental measurement of low-energy photon CPV
ATLAS, [1904.03536]   M. Fouche et al, [1605.04102]  G. Remmen and N. Rodd , [ 1908.09845]  

�5



SUPERCONDUCTING 
RADIO FREQUENCY (SRF) 

CAVITIES



NON-LINEAR ELECTRODYNAMICS IN A CAVITY

➤ Start with pump fields - eigenmodes of the cavity 

➤ Nonlinear Maxwell’s equations - pump fields self-
interactions as an effective current- 

➤ Generate a new field - cubic in the background fields 

⃗E p = ⃗E 1(x)sin(ω1t) + ⃗E 2(x)sin(ω2t) , ⃗B p = ⃗B 1(x)cos(ω1t) + ⃗B 2(x)cos(ω2t)

ωENL
= ω1, ω2, ± 2ω1 ± ω2, ± ω1 ± 2ω2, 3ω1, 3ω2

∂νFμν ≈ − Jμ
ϕ(F3

p)
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⃗ENL ∝
Q

2πω
⃗J NL(F3

p)



NON-LINEAR ELECTRODYNAMICS IN A CAVITY

➤ Non-linear effects are enhanced if the self-interactions of 
the pump fields excite another resonance mode of the 
cavity Es. 

➤ Spatial overlap -  

➤ Frequency matching - set the cavity dimensions to match 
the frequency of      to the eigenfrequency of the resonance 
mode 

ωs
!= ωEs

NL
= 2ω1 ± ω2/2ω2 ± ω1/ 3ω1/ 3ω2

Es
NL

�8
Eriksson et al., [physics/0411054]   Bogorad et al, [1902.01418]  

Es
NL =

Q
ωs

̂Es
1
V ∫ d3x ⃗J NL ⋅ ̂Es



IDENTIFYING AND ISOLATING CPV INTERACTIONS

➤ Choose pump & signal modes -  

➤ The new field in the direction of E2 -  

➤ CPV part 

➤ CPC part
( ⃗ENL ⋅ ̂Es)CPV

∝ gg̃ ⃗B 1 ⋅ ̂E2∂t(−
1
2 (B2

1 + B2
2 − E2

1 − E2
2)) + …

( ⃗ENL ⋅ ̂Es)CPC
∝ g2 ⃗E 2 ⋅ ̂E2∂t(−

1
2 (B2

1 + B2
2 − E2

1 − E2
2)) + …

�9

scalar - F2 =
1
2

(E2
1 + E2

2 − B2
1 − B2

2)

pseudoscalar - FF̃ = ( ⃗E 1 ⋅ ⃗B 2 + ⃗E 2 ⋅ ⃗B 1)



IDENTIFYING AND ISOLATING CPV INTERACTIONS

➤ Choose pump & signal modes -  

➤ The new field in the direction of E2 -  

➤ CPV part 

➤ CPC part
( ⃗ENL ⋅ ̂Es)CPV

∝ gg̃ ⃗B 1 ⋅ ̂E2∂t(−
1
2 (B2

1 + B2
2 − E2

1 − E2
2)) + …

( ⃗ENL ⋅ ̂Es)CPC
∝ g2 ⃗E 2 ⋅ ̂E2∂t(−

1
2 (B2

1 + B2
2 − E2

1 − E2
2)) + …

ωCPV = ± noddω1 ± nevenω2

ωCPC = ± noddω2 ± nevenω1

Can set cavity geometry s.t only CPV field matches a resonance!
�9

scalar - F2 =
1
2

(E2
1 + E2

2 − B2
1 − B2

2)

pseudoscalar - FF̃ = ( ⃗E 1 ⋅ ⃗B 2 + ⃗E 2 ⋅ ⃗B 1)



BIREFRINGENCE IN 
FABRY-PEROT CAVITIES



VACUUM BIREFRINGENCE

➤ Modified dispersion relation in the presence of a background 
magnetic field - non-isotropic vacuum refractive index 
 
 

➤ Induced ellipticity of a probe beam - if not in an eigenstate 
(eigen-polarization) of propagation (similarly to neutrino/
flavor oscillations)

�11

ω2 − k2 0 ±ωBg̃
0 ω2 − k2 gBω

±ωBg̃ gBω ω2 − k2 − m2
ϕ

A⊥
A∥

ϕ
= 0

Y. Liao, 0704.1961 J. Redondo, 0807.4329.  



CPV VACUUM BIREFRINGENCE

➤ Signal grows linearly with length of interaction region. 

➤ PVLAS - Fabry-Perot cavity - probe laser bounces back and 
forth between two mirrors - enhancement by 

➤ CPV and CPC interactions -  
 

➤ CPV accumulated phase cancels out in a round trip!

�12PVLAS is insensitive to CPV light-by-light interactions!

F ∼ 105 .

ΨCPC
EFT = 8(α2 − α1)ωLB2 sin 2α0, ΨCPV

EFT = ∓ 8α3ωLB2 cos 2α0



PVLAS WITH A RING CAVITY

➤ A solution - a ring cavity, phase is accumulated on one side. 
 
 
 
 
 

➤ Separating CPV and CPC interactions - modulation by a 
rotating magnetic field.

�13

CPV and CPC signals can be disentangled by a temporal analysis of the 
beam intensity.

ΨCPC
EFT = 8(α2 − α1)ωLB2 sin(2α0 + ωBt), ΨCPV

EFT = − 8α3ωLB2 cos(2α0 + ωBt)



RESULTS



EXPERIMENTAL PROBE - EXPECTED BOUNDS

➤ Bounds on the product of CP-odd and CP-even relaxion 
couplings.
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ϕ
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V
-1
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1b
2

3

Igor G. Irastorza and Javier Redondo, [1801.08127]   E.G. Adelberger  et al, [hep-ph/0307284v1]  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EXPERIMENTAL PROBE - EXPECTED BOUNDS

➤ Obtain bounds on a generic dim-8 EFT-
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CONCLUSIONS AND FUTURE WORK

➤ We presented two methods for measuring CPV photon-photon 
interactions using an SRF cavity and a ring Fabry-Perot cavity 
(PVLAS-like). 

➤ CPV interactions can be isolated from CPC effects according to 
the frequency of the signal mode(SRF), or temporal dependence 
(FP). 

➤ Bounds on relaxion-like scalars expected to be weaker than the 
combination of current scalar and pseudoscalar bounds. 

➤ However, bounds on effective CPV photon-photon interactions 
would probe theoretically consistent region. 

➤ Future work - eEDM EFT bound estimation, molecular probes?, 
CPV in intense laser background.
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BACKUP SLIDES



BREAKING DOWN THE SIGNAL COMPONENTS

➤ For our setup, we choose the pump fields such that 

➤ The projection of the new field onto the direction of E2

⃗E 1 ⋅ ⃗B 1 = 0 , ⃗E 2 ⋅ ⃗B 2 = 0 ,
⃗E 1 ⋅ ⃗E 2 = 0 , ⃗B 1 ⋅ ⃗B 2 = 0 ,
⃗B 1 ⋅ ⃗E 2 ≠ 0 , ⃗B 2 ⋅ ⃗E 1 ≠ 0 .

⃗E2 ∥ ⃗B1  or ( ⃗∇ ϕ) ⃗B 1× ⃗E 2

= 0

⃗J ϕ ⋅ ̂E2 = − ((g̃ ⃗E − g ⃗B ) × ⃗∇ ϕ) ⋅ ̂E2 + ∂tϕ(g̃ ⃗B + g ⃗E ) ⋅ ̂E2

ϕ ∼ (−
1
2

g (B2 − E2) + g̃ ( ⃗B ⋅ ⃗E ))



BREAKING DOWN THE SIGNAL COMPONENTS

➤ For our setup, we choose the pump fields such that 

➤ The projection of the new field onto the direction of E2

⃗E 1 ⋅ ⃗B 1 = 0 , ⃗E 2 ⋅ ⃗B 2 = 0 ,
⃗E 1 ⋅ ⃗E 2 = 0 , ⃗B 1 ⋅ ⃗B 2 = 0 ,
⃗B 1 ⋅ ⃗E 2 ≠ 0 , ⃗B 2 ⋅ ⃗E 1 ≠ 0 .

⃗E2 ∥ ⃗B1  or ( ⃗∇ ϕ) ⃗B 1× ⃗E 2

= 0

⃗J ϕ ⋅ ̂E2 = − ((g̃ ⃗E 1 − g ⃗B 2) × ⃗∇ ϕ) ⋅ ̂E2 + ∂tϕ(g̃ ⃗B 1 + g ⃗E 2) ⋅ ̂E2

ϕ ∼ (−
1
2

g (B2
1 + B2

2 − E2
1 − E2

2) + g̃ ( ⃗B 1 ⋅ ⃗E 2 + ⃗B 2 ⋅ ⃗E 1))



IDENTIFYING CPV INTERACTIONS

➤ CPV part 

➤ CPC part

( ⃗J ϕ ⋅ ̂E2)CPV
∝ gg̃ (− ⃗E 1 × ⃗∇ (−

1
2 (B2

1 + B2
2 − E2

1 − E2
2))) ⋅ ̂E2 + gg̃ ( ⃗B 2 × ⃗∇ ( ⃗B 1 ⋅ ⃗E 2 + ⃗B 2 ⋅ ⃗E 1)) ⋅ ̂E2

+gg̃ ⃗B 1 ⋅ ̂E2∂t(−
1
2 (B2

1 + B2
2 − E2

1 − E2
2)) + gg̃ ⃗E 2 ⋅ ̂E2∂t( ⃗B 1 ⋅ ⃗E 2 + ⃗B 2 ⋅ ⃗E 1) .

( ⃗Jϕ ⋅ ̂E2)CPC
∝ g2 ( ⃗B 2 × ⃗∇ (−

1
2 (B2

1 + B2
2 − E2

1 − E2
2))) ⋅ ̂E2 − g̃2 ( ⃗E 1 × ⃗∇ ( ⃗B 1 ⋅ ⃗E 2 + ⃗B 2 ⋅ ⃗E 1)) ⋅ ̂E2

+g2 ⃗E 2 ⋅ ̂E2∂t(−
1
2 (B2

1 + B2
2 − E2

1 − E2
2)) + g̃2 ⃗B 1 ⋅ ̂E2∂t( ⃗B 1 ⋅ ⃗E 2 + ⃗B 2 ⋅ ⃗E 1) .

ωCPV = ± noddω1 ± nevenω2

ωCPC = ± noddω2 ± nevenω1

Separate CPV and CPC effects by frequency components at 
different polarizations!



EXAMPLE - CYLINDRICAL CAVITY

➤ Can choose pump eigenmodes - 

➤ Signal eigenmodes -  

1.                 

2.                

a
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L
<latexit sha1_base64="MmIIBTYNgsS5mNV0WaIjOxjB3FI=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaOut6MWDhxZsK7ShbLaTdu1mE3Y3Qgn9BV48KOLVn+TNf+OmraCiDwYe780wM8+POVPatj+s3Mrq2vpGfrOwtb2zu1fcP+ioKJEU2jTikbz1iQLOBLQ10xxuYwkk9Dl0/cll5nfvQSoWiRs9jcELyUiwgFGijdS6HhRLdvm8Xq24VWyXbbvmVJyMVGrumYsdo2QooSWag+J7fxjRJAShKSdK9Rw71l5KpGaUw6zQTxTEhE7ICHqGChKC8tL5oTN8YpQhDiJpSmg8V79PpCRUahr6pjMkeqx+e5n4l9dLdFD3UibiRIOgi0VBwrGOcPY1HjIJVPOpIYRKZm7FdEwkodpkUzAhfH2K/yedStkxvOWWGhfLOPLoCB2jU+SgGmqgK9REbUQRoAf0hJ6tO+vRerFeF605azlziH7AevsEA6mNEg==</latexit><latexit sha1_base64="MmIIBTYNgsS5mNV0WaIjOxjB3FI=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaOut6MWDhxZsK7ShbLaTdu1mE3Y3Qgn9BV48KOLVn+TNf+OmraCiDwYe780wM8+POVPatj+s3Mrq2vpGfrOwtb2zu1fcP+ioKJEU2jTikbz1iQLOBLQ10xxuYwkk9Dl0/cll5nfvQSoWiRs9jcELyUiwgFGijdS6HhRLdvm8Xq24VWyXbbvmVJyMVGrumYsdo2QooSWag+J7fxjRJAShKSdK9Rw71l5KpGaUw6zQTxTEhE7ICHqGChKC8tL5oTN8YpQhDiJpSmg8V79PpCRUahr6pjMkeqx+e5n4l9dLdFD3UibiRIOgi0VBwrGOcPY1HjIJVPOpIYRKZm7FdEwkodpkUzAhfH2K/yedStkxvOWWGhfLOPLoCB2jU+SgGmqgK9REbUQRoAf0hJ6tO+vRerFeF605azlziH7AevsEA6mNEg==</latexit><latexit sha1_base64="MmIIBTYNgsS5mNV0WaIjOxjB3FI=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaOut6MWDhxZsK7ShbLaTdu1mE3Y3Qgn9BV48KOLVn+TNf+OmraCiDwYe780wM8+POVPatj+s3Mrq2vpGfrOwtb2zu1fcP+ioKJEU2jTikbz1iQLOBLQ10xxuYwkk9Dl0/cll5nfvQSoWiRs9jcELyUiwgFGijdS6HhRLdvm8Xq24VWyXbbvmVJyMVGrumYsdo2QooSWag+J7fxjRJAShKSdK9Rw71l5KpGaUw6zQTxTEhE7ICHqGChKC8tL5oTN8YpQhDiJpSmg8V79PpCRUahr6pjMkeqx+e5n4l9dLdFD3UibiRIOgi0VBwrGOcPY1HjIJVPOpIYRKZm7FdEwkodpkUzAhfH2K/yedStkxvOWWGhfLOPLoCB2jU+SgGmqgK9REbUQRoAf0hJ6tO+vRerFeF605azlziH7AevsEA6mNEg==</latexit><latexit sha1_base64="MmIIBTYNgsS5mNV0WaIjOxjB3FI=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaOut6MWDhxZsK7ShbLaTdu1mE3Y3Qgn9BV48KOLVn+TNf+OmraCiDwYe780wM8+POVPatj+s3Mrq2vpGfrOwtb2zu1fcP+ioKJEU2jTikbz1iQLOBLQ10xxuYwkk9Dl0/cll5nfvQSoWiRs9jcELyUiwgFGijdS6HhRLdvm8Xq24VWyXbbvmVJyMVGrumYsdo2QooSWag+J7fxjRJAShKSdK9Rw71l5KpGaUw6zQTxTEhE7ICHqGChKC8tL5oTN8YpQhDiJpSmg8V79PpCRUahr6pjMkeqx+e5n4l9dLdFD3UibiRIOgi0VBwrGOcPY1HjIJVPOpIYRKZm7FdEwkodpkUzAhfH2K/yedStkxvOWWGhfLOPLoCB2jU+SgGmqgK9REbUQRoAf0hJ6tO+vRerFeF605azlziH7AevsEA6mNEg==</latexit>

B1e
i!1t +B2e

i!2t
<latexit sha1_base64="W3VJBp3cyWgGeXddCcSjV9zO5HY=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCUJIiKLgpduOygn1AE8NketMOnTyYmQgl9GPc+CtuXPjAhRu/xUmbRW09MHDmnHu59x4/4Uwqy/o2VlbX1jc2S1vl7Z3dvX3z4LAt41RQaNGYx6LrEwmcRdBSTHHoJgJI6HPo+KNG7nceQUgWR/dqnIAbkkHEAkaJ0pJnXjshUUM/yG4mno3hIWNOHMKA6I+a4HM8Z9fm7Zq2PbNiVa0p8DKxC1JBBZqe+eH0Y5qGECnKiZQ920qUmxGhGOUwKTuphITQERlAT9OIhCDdbHrkBJ9qpY+DWOgXKTxV5zsyEko5Dn1dme8sF71c/M/rpSq4cjMWJamCiM4GBSnHKsZ5YrjPBFDFx5oQKpjeFdMhEYQqnWtZh2AvnrxM2rWqrfndRaXeKOIooWN0gs6QjS5RHd2iJmohip7QC3pD78az8Wp8Gl+z0hWj6DlCf2D8/AKsx6Qx</latexit><latexit sha1_base64="W3VJBp3cyWgGeXddCcSjV9zO5HY=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCUJIiKLgpduOygn1AE8NketMOnTyYmQgl9GPc+CtuXPjAhRu/xUmbRW09MHDmnHu59x4/4Uwqy/o2VlbX1jc2S1vl7Z3dvX3z4LAt41RQaNGYx6LrEwmcRdBSTHHoJgJI6HPo+KNG7nceQUgWR/dqnIAbkkHEAkaJ0pJnXjshUUM/yG4mno3hIWNOHMKA6I+a4HM8Z9fm7Zq2PbNiVa0p8DKxC1JBBZqe+eH0Y5qGECnKiZQ920qUmxGhGOUwKTuphITQERlAT9OIhCDdbHrkBJ9qpY+DWOgXKTxV5zsyEko5Dn1dme8sF71c/M/rpSq4cjMWJamCiM4GBSnHKsZ5YrjPBFDFx5oQKpjeFdMhEYQqnWtZh2AvnrxM2rWqrfndRaXeKOIooWN0gs6QjS5RHd2iJmohip7QC3pD78az8Wp8Gl+z0hWj6DlCf2D8/AKsx6Qx</latexit><latexit sha1_base64="W3VJBp3cyWgGeXddCcSjV9zO5HY=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCUJIiKLgpduOygn1AE8NketMOnTyYmQgl9GPc+CtuXPjAhRu/xUmbRW09MHDmnHu59x4/4Uwqy/o2VlbX1jc2S1vl7Z3dvX3z4LAt41RQaNGYx6LrEwmcRdBSTHHoJgJI6HPo+KNG7nceQUgWR/dqnIAbkkHEAkaJ0pJnXjshUUM/yG4mno3hIWNOHMKA6I+a4HM8Z9fm7Zq2PbNiVa0p8DKxC1JBBZqe+eH0Y5qGECnKiZQ920qUmxGhGOUwKTuphITQERlAT9OIhCDdbHrkBJ9qpY+DWOgXKTxV5zsyEko5Dn1dme8sF71c/M/rpSq4cjMWJamCiM4GBSnHKsZ5YrjPBFDFx5oQKpjeFdMhEYQqnWtZh2AvnrxM2rWqrfndRaXeKOIooWN0gs6QjS5RHd2iJmohip7QC3pD78az8Wp8Gl+z0hWj6DlCf2D8/AKsx6Qx</latexit><latexit sha1_base64="W3VJBp3cyWgGeXddCcSjV9zO5HY=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCUJIiKLgpduOygn1AE8NketMOnTyYmQgl9GPc+CtuXPjAhRu/xUmbRW09MHDmnHu59x4/4Uwqy/o2VlbX1jc2S1vl7Z3dvX3z4LAt41RQaNGYx6LrEwmcRdBSTHHoJgJI6HPo+KNG7nceQUgWR/dqnIAbkkHEAkaJ0pJnXjshUUM/yG4mno3hIWNOHMKA6I+a4HM8Z9fm7Zq2PbNiVa0p8DKxC1JBBZqe+eH0Y5qGECnKiZQ920qUmxGhGOUwKTuphITQERlAT9OIhCDdbHrkBJ9qpY+DWOgXKTxV5zsyEko5Dn1dme8sF71c/M/rpSq4cjMWJamCiM4GBSnHKsZ5YrjPBFDFx5oQKpjeFdMhEYQqnWtZh2AvnrxM2rWqrfndRaXeKOIooWN0gs6QjS5RHd2iJmohip7QC3pD78az8Wp8Gl+z0hWj6DlCf2D8/AKsx6Qx</latexit>

E1e
i!1t +E2e

i!2t
<latexit sha1_base64="LIacn0rY52ZjmvPw1B9ZWCKzBYo=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCUJIiKLgpFMFlBfuAJobJ9KYdOnkwMxFK6Me48VfcuPCBCzd+i5M2i9p6YODMOfdy7z1+wplUlvVtrKyurW9slrbK2zu7e/vmwWFbxqmg0KIxj0XXJxI4i6ClmOLQTQSQ0OfQ8UeN3O88gpAsju7VOAE3JIOIBYwSpSXPvHZCooZ+kN1MPBvDQ8acOIQB0R81wed4zq7N2zVte2bFqlpT4GViF6SCCjQ988PpxzQNIVKUEyl7tpUoNyNCMcphUnZSCQmhIzKAnqYRCUG62fTICT7VSh8HsdAvUniqzndkJJRyHPq6Mt9ZLnq5+J/XS1Vw5WYsSlIFEZ0NClKOVYzzxHCfCaCKjzUhVDC9K6ZDIghVOteyDsFePHmZtGtVW/O7i0q9UcRRQsfoBJ0hG12iOrpFTdRCFD2hF/SG3o1n49X4NL5mpStG0XOE/sD4+QW2rqQ3</latexit><latexit sha1_base64="LIacn0rY52ZjmvPw1B9ZWCKzBYo=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCUJIiKLgpFMFlBfuAJobJ9KYdOnkwMxFK6Me48VfcuPCBCzd+i5M2i9p6YODMOfdy7z1+wplUlvVtrKyurW9slrbK2zu7e/vmwWFbxqmg0KIxj0XXJxI4i6ClmOLQTQSQ0OfQ8UeN3O88gpAsju7VOAE3JIOIBYwSpSXPvHZCooZ+kN1MPBvDQ8acOIQB0R81wed4zq7N2zVte2bFqlpT4GViF6SCCjQ988PpxzQNIVKUEyl7tpUoNyNCMcphUnZSCQmhIzKAnqYRCUG62fTICT7VSh8HsdAvUniqzndkJJRyHPq6Mt9ZLnq5+J/XS1Vw5WYsSlIFEZ0NClKOVYzzxHCfCaCKjzUhVDC9K6ZDIghVOteyDsFePHmZtGtVW/O7i0q9UcRRQsfoBJ0hG12iOrpFTdRCFD2hF/SG3o1n49X4NL5mpStG0XOE/sD4+QW2rqQ3</latexit><latexit sha1_base64="LIacn0rY52ZjmvPw1B9ZWCKzBYo=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCUJIiKLgpFMFlBfuAJobJ9KYdOnkwMxFK6Me48VfcuPCBCzd+i5M2i9p6YODMOfdy7z1+wplUlvVtrKyurW9slrbK2zu7e/vmwWFbxqmg0KIxj0XXJxI4i6ClmOLQTQSQ0OfQ8UeN3O88gpAsju7VOAE3JIOIBYwSpSXPvHZCooZ+kN1MPBvDQ8acOIQB0R81wed4zq7N2zVte2bFqlpT4GViF6SCCjQ988PpxzQNIVKUEyl7tpUoNyNCMcphUnZSCQmhIzKAnqYRCUG62fTICT7VSh8HsdAvUniqzndkJJRyHPq6Mt9ZLnq5+J/XS1Vw5WYsSlIFEZ0NClKOVYzzxHCfCaCKjzUhVDC9K6ZDIghVOteyDsFePHmZtGtVW/O7i0q9UcRRQsfoBJ0hG12iOrpFTdRCFD2hF/SG3o1n49X4NL5mpStG0XOE/sD4+QW2rqQ3</latexit><latexit sha1_base64="LIacn0rY52ZjmvPw1B9ZWCKzBYo=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCUJIiKLgpFMFlBfuAJobJ9KYdOnkwMxFK6Me48VfcuPCBCzd+i5M2i9p6YODMOfdy7z1+wplUlvVtrKyurW9slrbK2zu7e/vmwWFbxqmg0KIxj0XXJxI4i6ClmOLQTQSQ0OfQ8UeN3O88gpAsju7VOAE3JIOIBYwSpSXPvHZCooZ+kN1MPBvDQ8acOIQB0R81wed4zq7N2zVte2bFqlpT4GViF6SCCjQ988PpxzQNIVKUEyl7tpUoNyNCMcphUnZSCQmhIzKAnqYRCUG62fTICT7VSh8HsdAvUniqzndkJJRyHPq6Mt9ZLnq5+J/XS1Vw5WYsSlIFEZ0NClKOVYzzxHCfCaCKjzUhVDC9K6ZDIghVOteyDsFePHmZtGtVW/O7i0q9UcRRQsfoBJ0hG12iOrpFTdRCFD2hF/SG3o1n49X4NL5mpStG0XOE/sD4+QW2rqQ3</latexit> !s

<latexit sha1_base64="qxXsYSngoISKtWXnUOSR+jqLoSs=">AAAB73icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBjoRePFewHtEvJprNtaDZZk6xQSv+EFw+KePXvePPfmLZ70NYXAg/vzJCZN0oFN9b3v73CxubW9k5xt7S3f3B4VD4+aRmVaYZNpoTSnYgaFFxi03IrsJNqpEkksB2N6/N6+wm14Uo+2EmKYUKHksecUeusTk8lOKR90y9X/Kq/EFmHIIcK5Gr0y1+9gWJZgtIyQY3pBn5qwynVljOBs1IvM5hSNqZD7DqUNEETThf7zsiFcwYkVto9acnC/T0xpYkxkyRynQm1I7Nam5v/1bqZjW/DKZdpZlGy5UdxJohVZH48GXCNzIqJA8o0d7sSNqKaMusiKrkQgtWT16F1VQ0c319XavU8jiKcwTlcQgA3UIM7aEATGAh4hld48x69F+/d+1i2Frx85hT+yPv8AR3tkAI=</latexit><latexit sha1_base64="qxXsYSngoISKtWXnUOSR+jqLoSs=">AAAB73icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBjoRePFewHtEvJprNtaDZZk6xQSv+EFw+KePXvePPfmLZ70NYXAg/vzJCZN0oFN9b3v73CxubW9k5xt7S3f3B4VD4+aRmVaYZNpoTSnYgaFFxi03IrsJNqpEkksB2N6/N6+wm14Uo+2EmKYUKHksecUeusTk8lOKR90y9X/Kq/EFmHIIcK5Gr0y1+9gWJZgtIyQY3pBn5qwynVljOBs1IvM5hSNqZD7DqUNEETThf7zsiFcwYkVto9acnC/T0xpYkxkyRynQm1I7Nam5v/1bqZjW/DKZdpZlGy5UdxJohVZH48GXCNzIqJA8o0d7sSNqKaMusiKrkQgtWT16F1VQ0c319XavU8jiKcwTlcQgA3UIM7aEATGAh4hld48x69F+/d+1i2Frx85hT+yPv8AR3tkAI=</latexit><latexit sha1_base64="qxXsYSngoISKtWXnUOSR+jqLoSs=">AAAB73icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBjoRePFewHtEvJprNtaDZZk6xQSv+EFw+KePXvePPfmLZ70NYXAg/vzJCZN0oFN9b3v73CxubW9k5xt7S3f3B4VD4+aRmVaYZNpoTSnYgaFFxi03IrsJNqpEkksB2N6/N6+wm14Uo+2EmKYUKHksecUeusTk8lOKR90y9X/Kq/EFmHIIcK5Gr0y1+9gWJZgtIyQY3pBn5qwynVljOBs1IvM5hSNqZD7DqUNEETThf7zsiFcwYkVto9acnC/T0xpYkxkyRynQm1I7Nam5v/1bqZjW/DKZdpZlGy5UdxJohVZH48GXCNzIqJA8o0d7sSNqKaMusiKrkQgtWT16F1VQ0c319XavU8jiKcwTlcQgA3UIM7aEATGAh4hld48x69F+/d+1i2Frx85hT+yPv8AR3tkAI=</latexit><latexit sha1_base64="qxXsYSngoISKtWXnUOSR+jqLoSs=">AAAB73icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBjoRePFewHtEvJprNtaDZZk6xQSv+EFw+KePXvePPfmLZ70NYXAg/vzJCZN0oFN9b3v73CxubW9k5xt7S3f3B4VD4+aRmVaYZNpoTSnYgaFFxi03IrsJNqpEkksB2N6/N6+wm14Uo+2EmKYUKHksecUeusTk8lOKR90y9X/Kq/EFmHIIcK5Gr0y1+9gWJZgtIyQY3pBn5qwynVljOBs1IvM5hSNqZD7DqUNEETThf7zsiFcwYkVto9acnC/T0xpYkxkyRynQm1I7Nam5v/1bqZjW/DKZdpZlGy5UdxJohVZH48GXCNzIqJA8o0d7sSNqKaMusiKrkQgtWT16F1VQ0c319XavU8jiKcwTlcQgA3UIM7aEATGAh4hld48x69F+/d+1i2Frx85hT+yPv8AR3tkAI=</latexit>

ETM
0p0 = ETM

0p0(ρ) ̂z , ETE
0pq = ETE

0pq(ρ, z)φ̂ ,

BTM
0p0 = BTM

0p0(ρ)φ̂ , BTE
0pq = Bz

TE
0pq

(ρ, z) ̂z + Bρ
TE
0pq

(ρ, z)) ̂ρ ,

Es = ETM
0p′�0

Es = ETE
0p′�q′ �

⃗E 1 ⋅ ⃗B 1 = 0 , ⃗E 2 ⋅ ⃗B 2 = 0 ,
⃗E 1 ⋅ ⃗E 2 = 0 , ⃗B 1 ⋅ ⃗B 2 = 0 ,
⃗B 1 ⋅ ⃗E 2 ≠ 0 , ⃗B 2 ⋅ ⃗E 1 ≠ 0 ,

⃗Es ∥ ⃗E 2  and : ⃗Es ∥ ⃗B1  or ( ⃗∇ ϕ) ⃗B 1× ⃗E s

= 0

E1

B1

E2

B2



EXAMPLE - CYLINDRICAL CAVITY - FILTERING GEOMETRY

➤ Resonance condition 

➤ Frequency matching for CPV -  
 
 

➤ Filtering region - keep only signal                                      

Es = ETM
0p′�0 → ωCPV = 2ωTM

0p0 ± ωTE
0pq

!= ωTM
0p′�0

Es = ETE
0p′�q′� → ωCPV = 2ωTE

0pq ± ωTM
0p0

!= ωTE
0p′�q′�

ωTM
npq =

x2
np

a2
+

q2π2

d2
, ωTE

npq =
x′�2np

a2
+

q2π2

d2

fix d/a

ωTM
0p′�0 =

x2
0p′�

a2
!=

x2
01

r2

ωTE
0p′ �q′� =

x′�20p′�

a2
+

q′�2π2

d2
!=

x′�201

r2
+

π2

(L − d)2
.

a
<latexit sha1_base64="iRdJJiCIvlwsHxJ60ESf4jpRDTQ=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaOut6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdNWUNEHA4/3ZpiZ58ecKW3bH1ZubX1jcyu/XdjZ3ds/KB4edVSUSAptGvFI9nyigDMBbc00h14sgYQ+h64/vc787j1IxSJxq2cxeCEZCxYwSrSRWmRYLNnly3q14laxXbbtmlNxMlKpuRcudoySoYRWaA6L74NRRJMQhKacKNV37Fh7KZGaUQ7zwiBREBM6JWPoGypICMpLF4fO8ZlRRjiIpCmh8UL9PpGSUKlZ6JvOkOiJ+u1l4l9eP9FB3UuZiBMNgi4XBQnHOsLZ13jEJFDNZ4YQKpm5FdMJkYRqk03BhPD1Kf6fdCplx/CWW2pcreLIoxN0is6Rg2qogW5QE7URRYAe0BN6tu6sR+vFel225qzVzDH6AevtEyN9jSc=</latexit><latexit sha1_base64="iRdJJiCIvlwsHxJ60ESf4jpRDTQ=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaOut6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdNWUNEHA4/3ZpiZ58ecKW3bH1ZubX1jcyu/XdjZ3ds/KB4edVSUSAptGvFI9nyigDMBbc00h14sgYQ+h64/vc787j1IxSJxq2cxeCEZCxYwSrSRWmRYLNnly3q14laxXbbtmlNxMlKpuRcudoySoYRWaA6L74NRRJMQhKacKNV37Fh7KZGaUQ7zwiBREBM6JWPoGypICMpLF4fO8ZlRRjiIpCmh8UL9PpGSUKlZ6JvOkOiJ+u1l4l9eP9FB3UuZiBMNgi4XBQnHOsLZ13jEJFDNZ4YQKpm5FdMJkYRqk03BhPD1Kf6fdCplx/CWW2pcreLIoxN0is6Rg2qogW5QE7URRYAe0BN6tu6sR+vFel225qzVzDH6AevtEyN9jSc=</latexit><latexit sha1_base64="iRdJJiCIvlwsHxJ60ESf4jpRDTQ=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaOut6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdNWUNEHA4/3ZpiZ58ecKW3bH1ZubX1jcyu/XdjZ3ds/KB4edVSUSAptGvFI9nyigDMBbc00h14sgYQ+h64/vc787j1IxSJxq2cxeCEZCxYwSrSRWmRYLNnly3q14laxXbbtmlNxMlKpuRcudoySoYRWaA6L74NRRJMQhKacKNV37Fh7KZGaUQ7zwiBREBM6JWPoGypICMpLF4fO8ZlRRjiIpCmh8UL9PpGSUKlZ6JvOkOiJ+u1l4l9eP9FB3UuZiBMNgi4XBQnHOsLZ13jEJFDNZ4YQKpm5FdMJkYRqk03BhPD1Kf6fdCplx/CWW2pcreLIoxN0is6Rg2qogW5QE7URRYAe0BN6tu6sR+vFel225qzVzDH6AevtEyN9jSc=</latexit><latexit sha1_base64="iRdJJiCIvlwsHxJ60ESf4jpRDTQ=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaOut6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdNWUNEHA4/3ZpiZ58ecKW3bH1ZubX1jcyu/XdjZ3ds/KB4edVSUSAptGvFI9nyigDMBbc00h14sgYQ+h64/vc787j1IxSJxq2cxeCEZCxYwSrSRWmRYLNnly3q14laxXbbtmlNxMlKpuRcudoySoYRWaA6L74NRRJMQhKacKNV37Fh7KZGaUQ7zwiBREBM6JWPoGypICMpLF4fO8ZlRRjiIpCmh8UL9PpGSUKlZ6JvOkOiJ+u1l4l9eP9FB3UuZiBMNgi4XBQnHOsLZ13jEJFDNZ4YQKpm5FdMJkYRqk03BhPD1Kf6fdCplx/CWW2pcreLIoxN0is6Rg2qogW5QE7URRYAe0BN6tu6sR+vFel225qzVzDH6AevtEyN9jSc=</latexit>

d
<latexit sha1_base64="ANwwD9hBK/RHUqx/kjjzPqX1y2w=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgqiQxtHVXdOOyBfuANpTJZNKOnTyYmQgl9AvcuFDErZ/kzr9x0lZQ0QMXDufcy733eAlnUpnmh1FYW9/Y3Cpul3Z29/YPyodHXRmngtAOiXks+h6WlLOIdhRTnPYTQXHocdrzpte537unQrI4ulWzhLohHkcsYAQrLbX9UbliVi8bNdupIbNqmnXLtnJi150LB1layVGBFVqj8vvQj0ka0kgRjqUcWGai3AwLxQin89IwlTTBZIrHdKBphEMq3Wxx6BydacVHQSx0RQot1O8TGQ6lnIWe7gyxmsjfXi7+5Q1SFTTcjEVJqmhElouClCMVo/xr5DNBieIzTTARTN+KyAQLTJTOpqRD+PoU/U+6dtXSvO1UmlerOIpwAqdwDhbUoQk30IIOEKDwAE/wbNwZj8aL8bpsLRirmWP4AePtEygJjSo=</latexit><latexit sha1_base64="ANwwD9hBK/RHUqx/kjjzPqX1y2w=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgqiQxtHVXdOOyBfuANpTJZNKOnTyYmQgl9AvcuFDErZ/kzr9x0lZQ0QMXDufcy733eAlnUpnmh1FYW9/Y3Cpul3Z29/YPyodHXRmngtAOiXks+h6WlLOIdhRTnPYTQXHocdrzpte537unQrI4ulWzhLohHkcsYAQrLbX9UbliVi8bNdupIbNqmnXLtnJi150LB1layVGBFVqj8vvQj0ka0kgRjqUcWGai3AwLxQin89IwlTTBZIrHdKBphEMq3Wxx6BydacVHQSx0RQot1O8TGQ6lnIWe7gyxmsjfXi7+5Q1SFTTcjEVJqmhElouClCMVo/xr5DNBieIzTTARTN+KyAQLTJTOpqRD+PoU/U+6dtXSvO1UmlerOIpwAqdwDhbUoQk30IIOEKDwAE/wbNwZj8aL8bpsLRirmWP4AePtEygJjSo=</latexit><latexit sha1_base64="ANwwD9hBK/RHUqx/kjjzPqX1y2w=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgqiQxtHVXdOOyBfuANpTJZNKOnTyYmQgl9AvcuFDErZ/kzr9x0lZQ0QMXDufcy733eAlnUpnmh1FYW9/Y3Cpul3Z29/YPyodHXRmngtAOiXks+h6WlLOIdhRTnPYTQXHocdrzpte537unQrI4ulWzhLohHkcsYAQrLbX9UbliVi8bNdupIbNqmnXLtnJi150LB1layVGBFVqj8vvQj0ka0kgRjqUcWGai3AwLxQin89IwlTTBZIrHdKBphEMq3Wxx6BydacVHQSx0RQot1O8TGQ6lnIWe7gyxmsjfXi7+5Q1SFTTcjEVJqmhElouClCMVo/xr5DNBieIzTTARTN+KyAQLTJTOpqRD+PoU/U+6dtXSvO1UmlerOIpwAqdwDhbUoQk30IIOEKDwAE/wbNwZj8aL8bpsLRirmWP4AePtEygJjSo=</latexit><latexit sha1_base64="ANwwD9hBK/RHUqx/kjjzPqX1y2w=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgqiQxtHVXdOOyBfuANpTJZNKOnTyYmQgl9AvcuFDErZ/kzr9x0lZQ0QMXDufcy733eAlnUpnmh1FYW9/Y3Cpul3Z29/YPyodHXRmngtAOiXks+h6WlLOIdhRTnPYTQXHocdrzpte537unQrI4ulWzhLohHkcsYAQrLbX9UbliVi8bNdupIbNqmnXLtnJi150LB1layVGBFVqj8vvQj0ka0kgRjqUcWGai3AwLxQin89IwlTTBZIrHdKBphEMq3Wxx6BydacVHQSx0RQot1O8TGQ6lnIWe7gyxmsjfXi7+5Q1SFTTcjEVJqmhElouClCMVo/xr5DNBieIzTTARTN+KyAQLTJTOpqRD+PoU/U+6dtXSvO1UmlerOIpwAqdwDhbUoQk30IIOEKDwAE/wbNwZj8aL8bpsLRirmWP4AePtEygJjSo=</latexit>

L
<latexit sha1_base64="MmIIBTYNgsS5mNV0WaIjOxjB3FI=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaOut6MWDhxZsK7ShbLaTdu1mE3Y3Qgn9BV48KOLVn+TNf+OmraCiDwYe780wM8+POVPatj+s3Mrq2vpGfrOwtb2zu1fcP+ioKJEU2jTikbz1iQLOBLQ10xxuYwkk9Dl0/cll5nfvQSoWiRs9jcELyUiwgFGijdS6HhRLdvm8Xq24VWyXbbvmVJyMVGrumYsdo2QooSWag+J7fxjRJAShKSdK9Rw71l5KpGaUw6zQTxTEhE7ICHqGChKC8tL5oTN8YpQhDiJpSmg8V79PpCRUahr6pjMkeqx+e5n4l9dLdFD3UibiRIOgi0VBwrGOcPY1HjIJVPOpIYRKZm7FdEwkodpkUzAhfH2K/yedStkxvOWWGhfLOPLoCB2jU+SgGmqgK9REbUQRoAf0hJ6tO+vRerFeF605azlziH7AevsEA6mNEg==</latexit><latexit sha1_base64="MmIIBTYNgsS5mNV0WaIjOxjB3FI=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaOut6MWDhxZsK7ShbLaTdu1mE3Y3Qgn9BV48KOLVn+TNf+OmraCiDwYe780wM8+POVPatj+s3Mrq2vpGfrOwtb2zu1fcP+ioKJEU2jTikbz1iQLOBLQ10xxuYwkk9Dl0/cll5nfvQSoWiRs9jcELyUiwgFGijdS6HhRLdvm8Xq24VWyXbbvmVJyMVGrumYsdo2QooSWag+J7fxjRJAShKSdK9Rw71l5KpGaUw6zQTxTEhE7ICHqGChKC8tL5oTN8YpQhDiJpSmg8V79PpCRUahr6pjMkeqx+e5n4l9dLdFD3UibiRIOgi0VBwrGOcPY1HjIJVPOpIYRKZm7FdEwkodpkUzAhfH2K/yedStkxvOWWGhfLOPLoCB2jU+SgGmqgK9REbUQRoAf0hJ6tO+vRerFeF605azlziH7AevsEA6mNEg==</latexit><latexit sha1_base64="MmIIBTYNgsS5mNV0WaIjOxjB3FI=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaOut6MWDhxZsK7ShbLaTdu1mE3Y3Qgn9BV48KOLVn+TNf+OmraCiDwYe780wM8+POVPatj+s3Mrq2vpGfrOwtb2zu1fcP+ioKJEU2jTikbz1iQLOBLQ10xxuYwkk9Dl0/cll5nfvQSoWiRs9jcELyUiwgFGijdS6HhRLdvm8Xq24VWyXbbvmVJyMVGrumYsdo2QooSWag+J7fxjRJAShKSdK9Rw71l5KpGaUw6zQTxTEhE7ICHqGChKC8tL5oTN8YpQhDiJpSmg8V79PpCRUahr6pjMkeqx+e5n4l9dLdFD3UibiRIOgi0VBwrGOcPY1HjIJVPOpIYRKZm7FdEwkodpkUzAhfH2K/yedStkxvOWWGhfLOPLoCB2jU+SgGmqgK9REbUQRoAf0hJ6tO+vRerFeF605azlziH7AevsEA6mNEg==</latexit><latexit sha1_base64="MmIIBTYNgsS5mNV0WaIjOxjB3FI=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaOut6MWDhxZsK7ShbLaTdu1mE3Y3Qgn9BV48KOLVn+TNf+OmraCiDwYe780wM8+POVPatj+s3Mrq2vpGfrOwtb2zu1fcP+ioKJEU2jTikbz1iQLOBLQ10xxuYwkk9Dl0/cll5nfvQSoWiRs9jcELyUiwgFGijdS6HhRLdvm8Xq24VWyXbbvmVJyMVGrumYsdo2QooSWag+J7fxjRJAShKSdK9Rw71l5KpGaUw6zQTxTEhE7ICHqGChKC8tL5oTN8YpQhDiJpSmg8V79PpCRUahr6pjMkeqx+e5n4l9dLdFD3UibiRIOgi0VBwrGOcPY1HjIJVPOpIYRKZm7FdEwkodpkUzAhfH2K/yedStkxvOWWGhfLOPLoCB2jU+SgGmqgK9REbUQRoAf0hJ6tO+vRerFeF605azlziH7AevsEA6mNEg==</latexit>

B1e
i!1t +B2e

i!2t
<latexit sha1_base64="W3VJBp3cyWgGeXddCcSjV9zO5HY=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCUJIiKLgpduOygn1AE8NketMOnTyYmQgl9GPc+CtuXPjAhRu/xUmbRW09MHDmnHu59x4/4Uwqy/o2VlbX1jc2S1vl7Z3dvX3z4LAt41RQaNGYx6LrEwmcRdBSTHHoJgJI6HPo+KNG7nceQUgWR/dqnIAbkkHEAkaJ0pJnXjshUUM/yG4mno3hIWNOHMKA6I+a4HM8Z9fm7Zq2PbNiVa0p8DKxC1JBBZqe+eH0Y5qGECnKiZQ920qUmxGhGOUwKTuphITQERlAT9OIhCDdbHrkBJ9qpY+DWOgXKTxV5zsyEko5Dn1dme8sF71c/M/rpSq4cjMWJamCiM4GBSnHKsZ5YrjPBFDFx5oQKpjeFdMhEYQqnWtZh2AvnrxM2rWqrfndRaXeKOIooWN0gs6QjS5RHd2iJmohip7QC3pD78az8Wp8Gl+z0hWj6DlCf2D8/AKsx6Qx</latexit><latexit sha1_base64="W3VJBp3cyWgGeXddCcSjV9zO5HY=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCUJIiKLgpduOygn1AE8NketMOnTyYmQgl9GPc+CtuXPjAhRu/xUmbRW09MHDmnHu59x4/4Uwqy/o2VlbX1jc2S1vl7Z3dvX3z4LAt41RQaNGYx6LrEwmcRdBSTHHoJgJI6HPo+KNG7nceQUgWR/dqnIAbkkHEAkaJ0pJnXjshUUM/yG4mno3hIWNOHMKA6I+a4HM8Z9fm7Zq2PbNiVa0p8DKxC1JBBZqe+eH0Y5qGECnKiZQ920qUmxGhGOUwKTuphITQERlAT9OIhCDdbHrkBJ9qpY+DWOgXKTxV5zsyEko5Dn1dme8sF71c/M/rpSq4cjMWJamCiM4GBSnHKsZ5YrjPBFDFx5oQKpjeFdMhEYQqnWtZh2AvnrxM2rWqrfndRaXeKOIooWN0gs6QjS5RHd2iJmohip7QC3pD78az8Wp8Gl+z0hWj6DlCf2D8/AKsx6Qx</latexit><latexit sha1_base64="W3VJBp3cyWgGeXddCcSjV9zO5HY=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCUJIiKLgpduOygn1AE8NketMOnTyYmQgl9GPc+CtuXPjAhRu/xUmbRW09MHDmnHu59x4/4Uwqy/o2VlbX1jc2S1vl7Z3dvX3z4LAt41RQaNGYx6LrEwmcRdBSTHHoJgJI6HPo+KNG7nceQUgWR/dqnIAbkkHEAkaJ0pJnXjshUUM/yG4mno3hIWNOHMKA6I+a4HM8Z9fm7Zq2PbNiVa0p8DKxC1JBBZqe+eH0Y5qGECnKiZQ920qUmxGhGOUwKTuphITQERlAT9OIhCDdbHrkBJ9qpY+DWOgXKTxV5zsyEko5Dn1dme8sF71c/M/rpSq4cjMWJamCiM4GBSnHKsZ5YrjPBFDFx5oQKpjeFdMhEYQqnWtZh2AvnrxM2rWqrfndRaXeKOIooWN0gs6QjS5RHd2iJmohip7QC3pD78az8Wp8Gl+z0hWj6DlCf2D8/AKsx6Qx</latexit><latexit sha1_base64="W3VJBp3cyWgGeXddCcSjV9zO5HY=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCUJIiKLgpduOygn1AE8NketMOnTyYmQgl9GPc+CtuXPjAhRu/xUmbRW09MHDmnHu59x4/4Uwqy/o2VlbX1jc2S1vl7Z3dvX3z4LAt41RQaNGYx6LrEwmcRdBSTHHoJgJI6HPo+KNG7nceQUgWR/dqnIAbkkHEAkaJ0pJnXjshUUM/yG4mno3hIWNOHMKA6I+a4HM8Z9fm7Zq2PbNiVa0p8DKxC1JBBZqe+eH0Y5qGECnKiZQ920qUmxGhGOUwKTuphITQERlAT9OIhCDdbHrkBJ9qpY+DWOgXKTxV5zsyEko5Dn1dme8sF71c/M/rpSq4cjMWJamCiM4GBSnHKsZ5YrjPBFDFx5oQKpjeFdMhEYQqnWtZh2AvnrxM2rWqrfndRaXeKOIooWN0gs6QjS5RHd2iJmohip7QC3pD78az8Wp8Gl+z0hWj6DlCf2D8/AKsx6Qx</latexit>

E1e
i!1t +E2e

i!2t
<latexit sha1_base64="LIacn0rY52ZjmvPw1B9ZWCKzBYo=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCUJIiKLgpFMFlBfuAJobJ9KYdOnkwMxFK6Me48VfcuPCBCzd+i5M2i9p6YODMOfdy7z1+wplUlvVtrKyurW9slrbK2zu7e/vmwWFbxqmg0KIxj0XXJxI4i6ClmOLQTQSQ0OfQ8UeN3O88gpAsju7VOAE3JIOIBYwSpSXPvHZCooZ+kN1MPBvDQ8acOIQB0R81wed4zq7N2zVte2bFqlpT4GViF6SCCjQ988PpxzQNIVKUEyl7tpUoNyNCMcphUnZSCQmhIzKAnqYRCUG62fTICT7VSh8HsdAvUniqzndkJJRyHPq6Mt9ZLnq5+J/XS1Vw5WYsSlIFEZ0NClKOVYzzxHCfCaCKjzUhVDC9K6ZDIghVOteyDsFePHmZtGtVW/O7i0q9UcRRQsfoBJ0hG12iOrpFTdRCFD2hF/SG3o1n49X4NL5mpStG0XOE/sD4+QW2rqQ3</latexit><latexit sha1_base64="LIacn0rY52ZjmvPw1B9ZWCKzBYo=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCUJIiKLgpFMFlBfuAJobJ9KYdOnkwMxFK6Me48VfcuPCBCzd+i5M2i9p6YODMOfdy7z1+wplUlvVtrKyurW9slrbK2zu7e/vmwWFbxqmg0KIxj0XXJxI4i6ClmOLQTQSQ0OfQ8UeN3O88gpAsju7VOAE3JIOIBYwSpSXPvHZCooZ+kN1MPBvDQ8acOIQB0R81wed4zq7N2zVte2bFqlpT4GViF6SCCjQ988PpxzQNIVKUEyl7tpUoNyNCMcphUnZSCQmhIzKAnqYRCUG62fTICT7VSh8HsdAvUniqzndkJJRyHPq6Mt9ZLnq5+J/XS1Vw5WYsSlIFEZ0NClKOVYzzxHCfCaCKjzUhVDC9K6ZDIghVOteyDsFePHmZtGtVW/O7i0q9UcRRQsfoBJ0hG12iOrpFTdRCFD2hF/SG3o1n49X4NL5mpStG0XOE/sD4+QW2rqQ3</latexit><latexit sha1_base64="LIacn0rY52ZjmvPw1B9ZWCKzBYo=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCUJIiKLgpFMFlBfuAJobJ9KYdOnkwMxFK6Me48VfcuPCBCzd+i5M2i9p6YODMOfdy7z1+wplUlvVtrKyurW9slrbK2zu7e/vmwWFbxqmg0KIxj0XXJxI4i6ClmOLQTQSQ0OfQ8UeN3O88gpAsju7VOAE3JIOIBYwSpSXPvHZCooZ+kN1MPBvDQ8acOIQB0R81wed4zq7N2zVte2bFqlpT4GViF6SCCjQ988PpxzQNIVKUEyl7tpUoNyNCMcphUnZSCQmhIzKAnqYRCUG62fTICT7VSh8HsdAvUniqzndkJJRyHPq6Mt9ZLnq5+J/XS1Vw5WYsSlIFEZ0NClKOVYzzxHCfCaCKjzUhVDC9K6ZDIghVOteyDsFePHmZtGtVW/O7i0q9UcRRQsfoBJ0hG12iOrpFTdRCFD2hF/SG3o1n49X4NL5mpStG0XOE/sD4+QW2rqQ3</latexit><latexit sha1_base64="LIacn0rY52ZjmvPw1B9ZWCKzBYo=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCUJIiKLgpFMFlBfuAJobJ9KYdOnkwMxFK6Me48VfcuPCBCzd+i5M2i9p6YODMOfdy7z1+wplUlvVtrKyurW9slrbK2zu7e/vmwWFbxqmg0KIxj0XXJxI4i6ClmOLQTQSQ0OfQ8UeN3O88gpAsju7VOAE3JIOIBYwSpSXPvHZCooZ+kN1MPBvDQ8acOIQB0R81wed4zq7N2zVte2bFqlpT4GViF6SCCjQ988PpxzQNIVKUEyl7tpUoNyNCMcphUnZSCQmhIzKAnqYRCUG62fTICT7VSh8HsdAvUniqzndkJJRyHPq6Mt9ZLnq5+J/XS1Vw5WYsSlIFEZ0NClKOVYzzxHCfCaCKjzUhVDC9K6ZDIghVOteyDsFePHmZtGtVW/O7i0q9UcRRQsfoBJ0hG12iOrpFTdRCFD2hF/SG3o1n49X4NL5mpStG0XOE/sD4+QW2rqQ3</latexit> !s
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EXPERIMENTAL PROBE - SRF CAVITIES

➤ Bounds on the relaxion couplings given by 
 
 

➤ Cavity parameters - 

➤ Proposed experimental phases 

1. Phase I -  

a.  B=2Hz 

b.  B=1/t 

b. Phase II -  

c. Phase III - 

➤  Mode choice - 

gg̃
lim. ∼ ( TL

QVE6
0

B
t )

1
4

× {
K−1/2

0 ωs, mϕ ≪ ωs

K−1/2
∞ mϕ, mϕ ≫ ωs .

Q ∼ 108, a ∼ 0.5m , t ∼ 1 day

Q ∼ 1012, a ∼ 0.5m , t ∼ 20 days , B = 1/t

Q ∼ 1012, a ∼ 2m , t ∼ 1 y , B = 1/t

T ≈ 1.5K, ωs ∼ 108Hz ∼ 10−6 eV

Ep = TE011 + TM030 , Es = TM050 → K∞ ∼ 0.29

Bogorad et al, [1902.01418]  



VACUUM BIREFRINGENCE

➤ Modified dispersion relation in the presence of a background 
field -  non-isotropic vacuum refractive index. 
 
 

➤ Induced ellipticity (dispersion) and rotation of polarization 
plane (absorption) of a probe beam 

➤ Scalar mediator -  

➤ EFT - 

�26

Ψϕ = sin(2θ − 2θs)
ωL
4

B2(g2 + g̃2)
m2

ϕ (1 −
sin x

x ) ,

ζϕ = sin(2θ − 2θs) ω2L
B2(g2 + g̃2)

m4
ϕ

sin2 x
2

ΨEFT = sin(2θ − 2β)8ωLB2 (α2 − α1)2 + α2
3

ω2 − k2 0 ±ωBg̃
0 ω2 − k2 gBω

±ωBg̃ gBω ω2 − k2 − m2
ϕ

A⊥
A∥

ϕ
= 0

x ≡ m2
ϕλL/(4π)

Y. Liao, 0704.1961 J. Redondo, 0807.4329.  

(
1 − n2 − 16B2

0 f(α1, α2) ±16B2
0nα3

±16B2
0nα3 1 − n2 − 16B2

0h(α1, α2)) ⃗E = 0 .


