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Motivation

What is the sensitivity of a large solenoidal

magnet to gravitational waves?
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Challenge

Juv — Nuv =+ h,uu

[Berlin, Blas, D'Agnolo, Ellis, Harnik,

Kahn, Schiitte-Engel, Wentzel 2023]

Broadband shown, high frequency
noise suppressed if resonant
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Small subset of ideas, see
tAB [Aggarwal+ 2020]
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First approach: hF*

Goal: exploit large stored energy
in a magnetic field
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First approach: hF?

Familiar use

ga},},aF F

BERKELEY

LAB Axion detection with solenoidal geometry [Sikivie, Sullivan, Tanner 2014]
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Earlier suggestion by Romalis & Thomas, see [Svrcek, Witten 2006]




First approach: hF*

> Familiar use
8y Al F

A A A Exploit direct analogy for GW
hF*

Axion haloscopes are GW telescopes
Expand S D |d*x,/—g —le f =n,+h
Xpan g 2 org,, =1, +n,
\—— [Berlin, Blas, Tito D’Agnolo, Ellis, Harnik, Kahn, Schutte-Engel 2021]
[Domcke, Garcia-Cely, NLR 2022]
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First approach: hF*

Familiar use
aFF

5 ary

Exploit direct analogy for GW
hF*

Jy
| 7, Generates AC magnetic field

N
N\

~ EM 2
B ~ hBy(wL)
h
N Leading gauge %nvariant Coptril?ution,
full solenoidal calculation in
[Domcke, Garcia-Cely, Lee, NLR 2024]
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First approach: hF?

Compute full response for EFR, SQUID
noise limited, broadband readout (ideal
for transients - see Yoni Kahn’s talk)
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i (See Josh Foster’s talk)
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As for axion, improves with resonant

readout (also true for MAGO 2.0)
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TT gauge: h ~ ¢"K*2) + )0 but By ~ ?

Proper detector frame: B, ~ 0°, h ~ @?

PDF advocated in [Berlin+ 2021],

see also [Fortini and Gualdi 1982],
[Marzlin 1994], [Rakhmanov 2014]

ﬂ Nick Rodd | Static Magnets are Weber Bars

11



EEEEEE

rrrrrr

EY

TT gauge: h ~ e &%) ~ " but By~

Proper detector frame: B, ~ 0°, h ~ @?

PDF: locally inertial frame along a geodesic x;,

0 : : :
w" contribution is 17,

Locally flat coordinates = O(w) must vanish
0 =T* (x,) ~ 0g(x;)

See [Domcke, Garcia-Cely, Lee, NLR 2024]

PDF advocated in [Berlin+ 2021],

see also [Fortini and Gualdi 1982],
[Marzlin 1994], [Rakhmanov 2014]
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TT gauge: h ~ ¢"K*2) + )0 but By ~ ?

Proper detector frame: B, ~ 0°, h ~ @?

Couples to an EM modes

2
w- — wfy + (owpm/ Opm)
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Mechanical Coupling

Solenoidal Magnet:
NI

7L
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Mechanical Coupling

Solenoidal Magnet:
‘ NI

B, L

GW oscillates the magnet length
L—L+hL

L+ AL
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Mechanical Coupling

Solenoidal Magnet:
‘ NI

B, L

GW oscillates the magnet length
L—L+hL

Generates AC magnetic field
h EM
B,"™" ~ hBy > B,

L+ AL
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Mechanical Coupling

Solenoidal Magnet:
‘ NI

B, L

GW oscillates the magnet length
L—L+hL

Generates AC magnetic field
h EM
B,"™" ~ hBy > B,

L+ AL
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Where is the w?

PDF: GW generates a force density

1 oo .
_ TT

W't ~ w?h
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Where is the w?

PDF: GW generates a force density

1 oo .
_ TT

Force density = displacements in solenoid,

find U(r) = r’ — r by Navier-Cauchy equation

pU= @A+ V(V-U)+uV?U+f,
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Where is the w?

PDF: GW generates a force density

1 oo .
_ TT

Force density = displacements in solenoid,

find U(r) = r’ — r by Navier-Cauchy equation

Recompute B from Biot-Savart, find
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Where is the w?

PDF: GW generates a force density

1 oo .
_ TT

Key: GW is coupling to mechanical not EM modes

B o h
h™ TS > : S
w= — a)Mech + l(a)a)MeCh/ QMech)

w > a)MCCh d 5 kHZ i CYG)EM
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Mechanical Coupling

Juv — Nuv =+ h,uu

Compute full response for EFR, SQUID

noise limited, broadband readout (ideal

for transients - see Yoni Kahn’s talk)
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As for axion, improves with resonant
readout (also true for MAGO 2.0)
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Important Questions

1. Could we probe a signal from the early Universe?

Would have to exploit an EM and mechanical resonance
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aLIGO also has sensitivity
to a few kHz
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Important Questions

1. Could we probe a signal from the early Universe?

Would have to exploit an EM and mechanical resonance

2. Is a static magnet the optimal Weber bar?

. ..+ . 77Weber Solenoid
Hierarchy of energy densities: U,,~™ > Uy
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Important Questions

1. Could we probe a signal from the early Universe?

Would have to exploit an EM and mechanical resonance

2. Is a static magnet the optimal Weber bar?

Hierarchy of energy densities: Uﬂ\yeber > Ug"lenc’id > UgVeber
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Conclusion

Static magnets can have leading sensitivity
to high-frequency gravitational waves

[Domcke, Ellis, NLR]
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Sensitivity to 4

For a stochastic signal described by (@, Q,,), reach
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Assumes S, (w) flat over the
range signal has support
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Backgrounds

For a broadband readout
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Comparison of Stored Energies

. 1
Elastic: —mw?*x?

2

2 2
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Uy, ~2-10" I x h? / —
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. 1 9)
Magnetic: —B~“V
5 2

B 2 I3 3
Up~4-10" I x h? [ = —
10T I m
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Taking typical values used by AURIGA
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B, profile

Response to h" & k = X in the y-z plane
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Proper Detector Frame

TT gauge: GW is a plane wave ~ el(kT—wi)

Proper Detector Frame: more involved
hoo = w?’F(k-r)b-r, b; = r;hi;"

r=0’

| A A
hoi = 5w? [F(k 1) —iF (k- 1)] (k-r hi—b-r k)

hij = —iw?F'(k-x) ([e[? b | _ +b-1di; — biry — bjrs),

F(§) = (e —1-1if) /& = ~1/2+ O(§)

See [Berlin, Blas, Tito D’Agnolo, Ellis, Harnik, Kahn, Schutte-Engel 2021],

[Domcke, Garcia-Cely, NLR 2022], [Domcke, Garcia-Cely, Lee, NLR 2024]
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Proper Detector Frame

TT gauge: GW is a plane wave ~ el(kT—wi)

Proper Detector Frame: more involved

hoo = w? o
gﬁw(x) = gul/(xO) + (2 — xo) 8049;1/1/@0)
—— N ———
h()i — w2 =Npv =0 (. I'bp(xo)
b2 + (x — x0)*(x —xo)ﬁﬁaﬁggw(xo)nL...
(Y — e’

O(w?R?)

See [Berlin, Blas, Tito D’Agnolo, Ellis, Harnik, Kahn, Schutte-Engel 2021],

[Domcke, Garcia-Cely, NLR 2022], [Domcke, Garcia-Cely, Lee, NLR 2024]
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Proper Detector Frame

Use Fermi normal coordinates

Locally inertial coordinates
along a geodesic [Fermi 1922]

,I: ] ?/k .l,m ...mn k l m e mn

I
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n-+2 -
hOi = —2 E ROkil mi..my kT mq---T'm
n _I_ 3 9 1-.-- mn 1 n )

R is evaluated at the
coordinate origin

n+3 -
hOO = —2 E ROkOl mi..my kT mq---T'm
n _I_ 3 9 1--- n 1 n

[Fortini and Gualdi 1982], [Marzlin 1994], [Rakhmanov 2014]
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Proper Detector Frame

Proper detector frame:
Fermi normal coordinates transformed to the non-
inertial reference frame of the detector

[Ni, Zimmermann 1978]

Non-inertial corrections (Earth’s gravity, Coriolis
effect, etc) are irrelevant at higher frequencies -
effectively can just use Fermi normal coordinates
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