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Effective current from spatial or temporal variations of i or £

1
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Berlin, Blas, D’Agnolo, SARE, Harnik, Kahn, Schutte-Engel (PRD 2022)
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GW /Axion similarities

Effective current from spatial or temporal variations of A or £

h FHY 4 hY, FO# — i FO‘”)
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GW /Axion similarities

Effective current from spatial or temporal variations of A or £

1
jle =0, (— h FHY 4 hY, FOH — i FO‘”)

2

o o x
Currents can excite cavity modes E__ as long as 7 non-zero: 71 X /V Ecay - Jer

Gertsenshtein effect (1962)

jgNa(hF)

Also Zeldovich (1973)

Should be reminiscent of axion physics...
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Effective current from spatial or temporal variations of A or £

1
jle =0, (— h FHY 4 hY, FOH — i FO‘”)

2

o o x
Currents can excite cavity modes E__ as long as 7 non-zero: 71 X /V Ecay - Jer

Gertsenshtein effect (1962)

Je ~ O (h F')
Also Zeldovich (1973)

Should be reminiscent of axion physics...

Ja ~ Jay0 (a F)
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GW /Axion similarities

Effective current from spatial or temporal variations of A or £

1
jle =0, (— h FHY 4 hY, FOH — i FO‘”)

2

o o x
Currents can excite cavity modes E__ as long as 7 non-zero: 71 X /V Ecay - Jer

Gertsenshtein effect (1962)

Je ~ O (h F')
Also Zeldovich (1973)

Should be reminiscent of axion physics...

Ja ~ Jay0 (a F)

Raffelt & Stodolsky (1988)
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Framing the Question

Detailed estimates require some GR
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Framing the Question

Detailed estimates require some GR

GWinTT Jauge. 6’Mh“” = 0, h,u’u =0, hgo=hg; =0
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Framing the Question

Detailed estimates require some GR

GWin TT gauge: 0,h"" =0, h,' =0, hgy=ho;=0

Riemann tensor invariant at O(h):
1

Roioj = —58752}1;;5'T>

ROijk 8t (ﬁkh;ET — 6’]-

Rz’kjl (8k@j h?;T + 826)1 hrjrkT — azaj hElT — 8l~c8l hZT)

|
2
|
2
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Framing the Question

Crucial to work in appropriate reference frame!
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Framing the Question

Crucial to work in appropriate reference frame!

Detector in Local Inertial Frame (LIF) A x E =0 f-B =0

A y /
N
/ :
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Framing the Question

Crucial to work in appropriate reference frame!

Detector in Local Inertial Frame (LIF) A x E =0 f-B =0

B-field in LIF = B-fieldin TT

: y /
S
/ Which frame is the right one to use’?
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Framing the Question

Proper Detector Frame — complication
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Framing the Question

Proper Detector Frame — complication

Textbooks give long-wavelength approximation wg feav < 1

o 4 . . . . 1
ds?® ~ —dt2(1 + Rpipjx'x’) — 3 dt dx’ (R()ijkajjxk) + dx' dx’ ((57;3- — §Rikﬂxkxl>
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Framing the Question

Proper Detector Frame — complication

Textbooks give long-wavelength approximation wg ficay <1
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Framing the Question

Solution — GW as sum of plane waves
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Framing the Question

h X 6iw9(t_z) e a@h;TkT
k1

Solution — GW as sum of plane waves
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Transfer function for EM conversion

(w% —w? + iwgl> e1(w) /dw’éo(w — W gew KT (W)
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Framing the Question

Further complications: What is an EM field?

M 16(2)6(y)

What does /6(z) o(y) look like far from c.o.m.?
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Framing the Question

Further complications: What is an EM field?

EM field generated by a charge/current distribution

M 16(2)6(y)

Proper Detector Frame is expansion around c.o0.m.

What does /6(z) o(y) look like far from c.o.m.?
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Interactions of Gravitational Waves with masses

— Iy v
b S:—/dtm\/— dxt dx
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Interactions of Gravitational Waves with masses

— Iy v
L S:—/dtm\/— dxt dx

d? aH dx? dxP
i ion: -T8 =0 Y =N thuw, ¢"" =n""—h"
Equation of motion T 0o (T) . " " "
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Interactions of Gravitational Waves with masses

— Iy v
L S:—/dtm\/— dxt dx

d? aH dx? dxP
i ion: -T8 =0 Y =N thuw, ¢"" =n""—h"
Equation of motion T 0o (T) . " " "

Effect of GW encoded in Christoffel symbol [' o< Oh
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Returning to Framing the Question

Consider Local Inertial Frame
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a*¢; I

dT? m

11 Sebastian A. R. Ellis — Electromagnetic Detection of Gravitational Waves CERN, Feb. 11th, 2025



Returning to Framing the Question

Consider Local Inertial Frame

Effect of GW in LIF is that of a Newtonian Force
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Returning to Framing the Question

Consider Local Inertial Frame

Effect of GW in LIF is that of a Newtonian Force

d?€; F, d4¢; - oMy
d1? = m d1? I = _hij L
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Returning to Framing the Question

Consider Local Inertial Frame

Effect of GW in LIF is that of a Newtonian Force

d2 ; F’L d2 ; | z’ m..TT :

dT? m dT?

Long-wavelength approximation valid because materials have ¢, < 1
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Returning to Framing the Question

Consider Local Inertial Frame

Effect of GW in LIF is that of a Newtonian Force

2 2 .. .
dfz’N F; dgim_@.rj é_@ FNEhTT$z
dr?  m dr2 — W YT9 Y

Long-wavelength approximation valid because materials have ¢, < 1
2 : iy — 2t da j ok i g L kol
ds” ~ —dt“(1 + Rppjx'x’) — 3 dt dx (Rofijkx x ) +dz’ dx’ | 055 — ng‘kjw x
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Situation Report

Effective current from spatial or temporal variations of A or £

h FHY 4 B, FOR — FCW)
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Effective current from spatial or temporal variations of A or £
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Physical current itself also changing at O(h)

— s N~
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Situation Report

Effective current from spatial or temporal variations of A or £

h FHY 4 B, FOR — FO‘”)

Physical current itself also changing at O(h)

— s N,

Boundaries also changing at O(h)

=

See, e.g., Ratzinger, Schenk, Schwaller (2024)
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Cavity Regime

Effective current from spatial or temporal variations of A or £

1
) (5 h FHY 4 B, FOR — FO‘”)

Physical current itself also changing at O(h)

— s N,

Boundaries also changing at O(h)
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Cavity Regime

Effective current from spatial or temporal variations of A or £
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Physical current itself also changing at O(h)
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Cavity Regime

Effective current from spatial or temporal variations of A or £
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Physical current itself also changing at O(h)
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Boundaries also changing at O(h)
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Axion Cavity Modes Couple to GWs
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Axion Cavity Modes Couple to GWs
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Axion Cavity Modes Couple to GWs

But TM modes not optimal...
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Axion Cavity Sensitivity

Projected Sensitivities of Axion Experiments

wg /2w € [0.65,1.02] GHz

P a0, o ek Coherent GW
_ 3 1,5/3 >
HAYSTAC — o 10 By =0T Slg a Q W Veay (nn ho BO)

Veay = 2 L, Tays ~ 0.13 K

wg/2m € [1.6,1.65] GHz

Q~4x10% By=73T
‘/cav = 3.47 L, Tsys ~ 12K

wg/2m = 26.531 GHz

Q~13x10% Bg=7T
‘/Cav ~ 0.0078 L, Tsys Y 4: K

wg/2m € [1,2] GHz

Vv
| ~10% By =5T
SQMS params. //A%w = 100 f, Tays ~ 1 KF//

Strain Sensitivity hg
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Axion Cavity Sensitivity

Projected Sensitivities of Axion Experiments

wg /2w € [0.65,1.02] GHz

%; ixlgg4ﬁ,?gyjz.8.gK Coherent GW
wg/2m € [5.6,5.8] GHz Slg - ng V5/3 (nn h() BO)2

J|1Q~3x%x10% Bop=9T -
HAYSTAC Veay = 2 L, TsysON 0.13 K

wg/2m € [1.6,1.65] GHz

Q~4x10% By=73T
‘/cav = 3.47 L, Tsys ~ 12K

wg/2m = 26.531 GHz

Q~13x10% Bg=7T
‘/Cav ~ 0.0078 L, TSYS Y 4: K

wg /27 € [1,2] GHz

Vv
a ~10% By =5T
SQMS params. //A%w — 100 T, Tags ~ 1 KF//

Strain Sensitivity hg
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Axion Cavity Sensitivity

Projected Sensitivities of Axion Experiments

wg /2w € [0.65,1.02] GHz

%; ixlgg4ﬁ,?gyjz.8.gK Coherent GW
wg/2m € [5.6,5.8] GHz Slg - ng V5/3 (nn h() BO)2

J|1Q~3x%x10% Bop=9T -
HAYSTAC Veay = 2 L, TsysON 0.13 K

wg/2m € [1.6,1.65] GHz

Q~4x10% By=73T
‘/cav = 3.47 L, Tsys ~ 12K

c.f. axion power:

wg/2m = 26.531 GHz

o M P&, ! Q! V("agan aBo)?

wg /27 € [1,2] GHz

Vv 106 y
SQMS params. — //A@w flofﬂ _T5 TN ] KV//

Strain Sensitivity hg
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Axion Cavity Sensitivity

Projected Sensitivities of Axion Experiments

wg /2w € [0.65,1.02] GHz

P a0, o ek Coherent GW
_ 3 1,5/3 >
HAYSTAC — o 10 By =0T Slg a Q W Veay (nn ho BO)

Veay = 2 L, Tays ~ 0.13 K

wg/2m € [1.6,1.65] GHz

Q~4x10% By=73T
‘/cav = 3.47 L, Tsys ~ 12K

c.f. axion power:

wg/2m = 26.531 GHz

o M P&, ! Q! V("agan aBo)?
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wg /2T € |
' g
SQMS params. - //A‘Q; 1_06?1059%, _T5 A KV//

10~ - 1O|_23 o 1()_22 I 1() 2 1() 0
Strain Sensitivity hg
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High-Frequency Regime

Effective current from spatial or temporal variations of A or £

1
jle =0, (5 h FHY 4 hY, FOH — i FO‘”)

Physical current itself also changing at O(h)

— s N,

Boundaries also changing at O(h)
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High-Frequency Regime

Effective current from spatial or temporal variations of A or £

1
) (5 h PRV 4 RY, FO* — hH FO‘”)

Physical c

Boundaries also changing at O(h)
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High-Frequency Regime
Axion conversion in a b.g. magnetic field:

Ea!" Qan aBoe '
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High-Frequency Regime
Axion conversion in a b.g. magnetic field:

Ea!" Qan aBoe '

GW conversion in a b.g. magnetic field (in TT gauge):

Bo

> i x(hy p+ h.8)+ h s R g 1" (1" Ra)

EP = |
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GW conversion in a b.g. magnetic field (in TT gauge):

Bo
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High-Frequency Regime
Axion conversion in a b.g. magnetic field:

Ea!" Qan aBoe '

GW conversion in a b.g. magnetic field (in TT gauge):

Bo

> ix(h B+ heg)+ hy s R g 1" (1" Ra)

EP = |

Consequence of mass degeneracy of photon and GW in vacuum
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Dielectric Haloscopes
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Disks giveth, but disks also taketh away On resonance, flux density
enhanced by ~200
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Dielectric* Haloscopes

resonant operation
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Dielectric* Haloscopes

Fully resonant approach
requires scan, but improves
sensitivity by ~ 10

resonant operation
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Dielectric* Haloscopes

Fully resonant approach
requires scan, but improves
sensitivity by ~ 10

Hybrid w/ half disks, half
vacuum
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Dielectric* Haloscopes

Fully resonant approach
requires scan, but improves
sensitivity by ~ 10

resonant operation

Hybrid w/ half disks, half
vacuum
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Take out disks, fully broadband

GW frequencyf [HZz]
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Dielectric* Haloscopes

Fully resonant approach
requires scan, but improves
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sensitivity by ~ 10
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resonant operation
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Take out disks, fully broadband

Note wl. enhancement from

vacuum conversion
GW frequencyf [HZz]
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Dielectric* Haloscopes

Fully resonant approach
requires scan, but improves
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No-Disc MADMAX for PBHs

Take out disks, fully broadband

10 °
. 103
O
=t
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Low-Frequency Regime

Effective current from spatial or temporal variations of A or £

1
) (5 h FHY 4 B, FOR — FO‘”)

Physical current itself also changing at O(h)

— s N,

Boundaries also changing at O(h)
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Low-Frequency Regime

Effective current from spatial or temporal variations of A or £

-

]eff

Physical current itself also changing at O(h)

— s N~

Boundaries also changing at O(h)
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Low-Frequency Regime

Effective current from spatial or temporal variations of A or £
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Physical current itself also changing at O(h)
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Transfer function for mechanical transduction
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Magnetic Weber Bar

140 MJ stored energy < S,,}/z ~ 1072 H 12

(up to transfer function)

Fig. 10. GE 9.4 T MRI magnet before shipment.

TABLE 1I
PARAMETERS OF GE 9.4 T MRI MAGNET

Central Field B, (T) 94

B ea/Bo 1.024
Uniformity at 40cm DSV, peak-to-peak S ppm
Stored energy (MJ) 140
Conductor length (km) 540
Conductor weight (ton) 30
Magnet weight (ton) 45
Magnet length (m) 3.1
Room shielding weight (ton) 520
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Magnetic Weber Bar

Fig. 10. GE 9.4 T MRI magnet before shipment.

TABLE 1I
PARAMETERS OF GE 9.4 T MRI MAGNET

Central Field B, (T)

chal-;/B()

Uniformity at 40cm DSV, peak-to-peak
Stored energy (MJ)

Conductor length (km)

Conductor weight (ton)

Magnet weight (ton)

Magnet length (m)

Room shielding weight (ton)

9.4
1.024
S ppm
140
540
30
45
3.1
520
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140 MJ stored energy < S,,}/z ~ 1072 H 12

(up to transfer function)

Operates in the regime ! 1! 14! !y
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Magnetic Weber Bar

Fig. 10. GE 9.4 T MRI magnet before shipment.

TABLE 1I
PARAMETERS OF GE 9.4 T MRI MAGNET

Central Field B, (T)

chak/Bu

Uniformity at 40cm DSV, peak-to-peak
Stored energy (MJ)

Conductor length (km)

Conductor weight (ton)

Magnet weight (ton)

Magnet length (m)

Room shielding weight (ton)

9.4
1.024
S ppm
140
540
30
45
3.1
520
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140 MJ stored energy < S}}/z ~ 1072 H 12

(up to transfer function)

Operates in the regime ! 1! 14! |
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mech
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Magnetic Weber Bar

Heuristics confirmed in detailed calculation...

Gain for h, along x-axis

10°

IGF=10"*" Qfec —— pickup loop only

103 | A — U210 On|y1 erlech :31
both, Qmech =10

Fig. 10. GE 9.4 T MRI magnet before shipment. ‘ F S
@
o~ E
TABLE II 10 14
PARAMETERS OF GE 9.4 T MRI MAGNET
Central Field B, (T) 94
B pea/Bo 1.024 1d 3 _|
Uniformity at 40cm DSV, peak-to-peak S ppm
Stored energy (MJ) 140
Conductor length (km) 540
Conductor weight (ton) 30 1d 5 I I I I I I
Magnet weight (ton) 45
Magnc[ lcng[h (m) 3.1 1.2 1.4 1.6 1.8 2.0 2.2 2.4
Room shielding weight (ton) 520

z' [m]
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Magnetic Weber Bar

Heuristics confirmed in detailed calculation...

Gain for h, along x-axis

IGF=10"*" Qfec —— pickup loop only
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Fig. 10. GE 9.4 T MRI magnet before shipment. ‘ F S
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TABLE II 10 14
PARAMETERS OF GE 9.4 T MRI MAGNET T l 1
Central Field B, (T) 9.4
Bpear/Bo 1.024 1d 3 _|
Uniformity at 40cm DSV, peak-to-peak S ppm
Stored energy (MJ) 140
Conductor length (km) 540
Conductor weight (ton) 30 1d 5 I I I I I I
Magnet weight (ton) 45
Magnc[ lcng[h (m) 3.1 1.2 1.4 1.6 1.8 2.0 2.2 2.4
Room shielding weight (ton) 520

z' [m]
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Magnetic Weber Bar

Heuristics confirmed in detailed calculation...

Gain for h, along x-axis

10°

— 1 2 n 2 .
~ IGF=10"" Quesn —— pickup loop only
10° N — U210 ONlY, Qmech =1
- - 103
T I Q mech both, Qmech =10
- 100 | GfF=5 T
Fig. 10. GE 9.4 T MRI magnet before shipment. ‘ F S
)
o~ E
TABLE II 10 14
PARAMETERS OF GE 9.4 T MRI MAGNET T l 1
Central Field B, (T) 94
B pear/Bo 1.024 1d 3 _|
Uniformity at 40cm DSV, peak-to-peak S ppm
Stored energy (MJ) 140
Conductor length (km) 540
Conductor weight (ton) 30 1d 5 I I I I I I
Magnet weight (ton) 45
Magnet length (m) 3.1 12 14 16 18 20 22 24
Room shielding weight (ton) 520 |
z' [m]
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Magnetic Weber Bar
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Magnetic Weber Bar
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Magnetic Weber Bar
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Enhancement from mechanical
resonance transfer function
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Conclusions

26

ldentify regime of GW by hierarchy with respect to size of detector:

s Resonant regime: w, ~ 1/L > ¢ /L — use PDF and account for current &

g
boundary changes

e.g. axion cavity experiments
= High-frequency regime: @, > 1/L > c,/L — use TT gauge
e.g. MADMAX

s Low-frequency regime: 1/L > @, — use PDF and account for current &

boundary changes
e.g. Magneto-quasistatic experiments

e.g. Heterodyne experiments
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