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Abstract: | will discuss electromagnetic signals generated by gravitational waves (GWS) in resonant cavity experiments. Experiments designed for
the detection of axion dark matter only need to reanalyze existing data to search for GWs in the GHz range with strains as small as h ~ 10"{-22} -
10M{-21}. This is dtill far from the BBN bound on primordial sources, but it is the best direct constraint that we can currently obtain in the
laboratory. To get to thisresult | will correct some long standing misconceptions present in the literature.

Zoom Link: https://pitp.zoom.us/j/94313100053?pwd=bWk1eHh3NWM3NnB1TjR5d0xrY 3BIUTO09
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Largest from Astrophysics

Pirsa: 22030098 Page 6/64



i i " :‘_v \u‘\_ i
- S .
w raffaeledagnolo
g

1
H(T)

ATs) < Causality

do 1015GeV 100

wo(T.) = () ) > 10 MHZ( u ) (Lc;r*(fll.e))l/6

Pirsa: 22030098 Page 7/64



.

'.ﬁff#ledagnolo

Pirsa: 22030098 Page 8/64



Pirsa: 22030098 Page 9/64




Pirsa: 22030098 Page 10/64




ALP DARK MATTER DETECTION
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ALP DARK MATTER DETECTION
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but you know exactly the waveform

and the signal is always there
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Dark Matter Particles in a de Broglie Volume Today
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Galaxy: Npwm = 10° (m )
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ALP DARK MATTER IN THE LAB
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Produced Colder than the SM

E, ~m,

It acquires a small velocity dispersion from virialization in the Milky Way
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ALP DARK MATTER IN THE LAB

In each experimental bin we are summing over a multi
with different phases

as

ai

v2 V2
a(t) = aop [cos (ma (1 + %) t+ gbl) + cos (ma (1 + ?2) t+ gbg) + ]
k

~ ag cos(mgt + ¢) [cos(dwat + @) + ...]
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1 ~ 10 Effectively: very slow modulation of an
My approximately monochromatic field
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ALP DARK MATTER IN THE LAB
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ALP DARK MATTER IN THE LAB

a(t) ~ = 2PDM cos(wgt + ¢)

me

_Ma

1076 eV

1076 eV

Mg

1076 eV
ne,

Frequency: w, ~ GHz

Coherence: 7, ~ 1ms

Max Exp. Size: \, ~ 200 m
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AXION DARK MATTER DETECTION

raffaeledagnolo

Cavity
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AXION DARK MATTER DETECTION
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AXION DETECTION

Cavity

A

m-0.1cm

Low noise electronics
High quality factors
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GRAVITATIONAL WAVE DETECTION

Projected Sensitivities of Axion Experiments
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ADMX

HAYSTAC

CAPP

ORGAN A

SQMS params.

wg /2 € [0.65,1.02] GHz
Q~8x10% By=75T
Veav = 136 L, Tyys ~ 0.6 K

wy /2 € [5.6,5.8] GHz
Q~3x10% Bp=9T
Vn;uv =2 L, T;:_v:: ~0.13 K

wg /27 € [1.6,1.65] GHz
Q~4x10%, Bp=73T
Veav = 347 L, Toys ~ 1.2 K

wg/2m = 26.531 GHz
Q~13%x10% Be=7T

Veav ~ 0.0078 L, Tg}.s ~ 4 K

F wq /27 € [1,2] GHz
/ Q~10%, Bo=5T
Veav =100 L, Toys ~ 1 K
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Not a covariant vector
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GW Axion
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Ak

depends on the background field in the laboratory
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Proper Detector Frame (PDF) Vs Transverse Traceless (TT) Frame

(Fermi Normal Coordinates)
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If you do the calculation in the reference frame of the laboratory
(proper detector frame = Fermi normal coordinates)

| What you compute is what you measure

2. The applied fields and all other aspects of the experimental
apparatus are simple

3. The metric of the GW is not simple
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1
=8, (5 h F#Y 4 b, Fo# — b, FC“”)

If you do the calculation in the reference frame of the wave
(TT gauge)

1. What you compute is NOT what you measure (unless you choosé
a gauge invariant quantity)

2. The applied fields and all other aspects of the experimental
apparatus are very complicated

<Y The metric of the GW is very simple
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proper detector frame = laboratory
(ta :Ca ya Z)

probe wire U* = (1,0,0,0)

VVVYY
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proper detector frame = laboratory
(ta :Ca ya Z)

probe wire U* = (1,0,0,0)
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proper detector frame = laboratory
(ta :Ca ya Z)

* 2
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TT gauge = comoving with the wave
(trr, TTT, YTT, 2TT)

Z
TP _ 3R
hoo = hg; =0

| he hy O
— Wy (t—=2) hx —h_|_ 0
0 0 0
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TT gauge = comoving with the wave
(tTT, zTT, YTT, 2TT)

' 1
tTth—%wg(ﬁ_y? : xTsz—im(l—iwgz)h+e
1 _ . : |

gl
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TT gauge = comoving with the wave
(tTT, TTT, YT, 2TT)

probe wire .
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TT gauge = comoving with the wave
(tTT, zTT, YTT, 2TT)

- g - 7
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B = By’

-’_1, .
Theorem: Jeg 71 = 0
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(tTr, 7T, YT, 2TT) e R
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e,

Wrong Conclusion

Theorem: Jeg rr = 0 No signal

Doubly Wrong:

1. Impossible to prepare a uniform B-field in the TT frame
2. Evenif you could do it, there would sfill be a signal (wire moving)
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OUR CALCULATION

Proper Detector Frame
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OUR CALCULATION

Proper Detector Frame
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OUR CALCULATION

Proper Detector Frame

3 * .
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OUR CALCULATION

Proper Detector Frame
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OUR CALCULATION

Selection rules of SO(3) breaking
by the GW and the B-field

=0.5
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OUR CALCULATION
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OUR CALCULATION

Resummed Metric in the Detector Frame
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OUR CALCULATION

Metric in the Detector Frame
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OUR CALCULATION

Resummed Metric in the Detector Frame
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OUR CALCULATION
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ADMX, HAYSTAC, ...
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Angle between GW and B-field
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OUR CALCULATION

ADMX, HAYSTAC, ...

_f"
jx-éoci\sminﬁ(—l—k%wg(zcosﬂ—’rsmcbsmﬁ)—k(’)( Ldet))

h’wﬂf

'he volume integral of the leading

Jnv i . o
raer piece vanis é’s S

Pirsa: 22030098 Page 47/64



OUR CALCULATION

ADMX, HAYSTAC, ...

0
jx - 2 x sin ¢ sin 3 ( -1+ éwg (zcos B — rsin¢sin 8) + (’)(wﬁ Lﬁet))
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ror the orrnogonal polarizarion

1€ 10JC
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see that it's non-zero
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GRAVITATIONAL WAVE DETECTION

Projected Sensitivities of Axion Experiments
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SQMS params.

wg /2 € [0.65,1.02] GHz
Q~8x10% By=75T
Voay = 136 L, Toya ~ 0.6 K

wy /27 € [5.6,5.8] GHz
Q~3x10% Bp=9T
Veav =2 L, .T-;:_\.'_b ~0.13 K

Q~4x10%, Bp=73T

wg/2m € [1.6,1.65] GHz
Veay =347 L, Tays ~ 1.2 K

wy/2m = 26.531 GHz
Q~13%x10% By=7T

Veav ~ 0.0078 L, Ts}.ﬁ ~ 4 K
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Vear =100 L, Toys ~ 1 K
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OUR CALCULATION
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ADMX, HAYSTAC, ...
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OUR CALCULATION
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Proper Detector Frame
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Not a covariant vector
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TT gauge = comoving with the wave
(trr, TTT, YTT, 2TT)

probe wire
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GRAVITATIONAL WAVE DETECTION

Projected Sensitivities of Axion Experiments
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wg/2m € [0.65,1.02] GHz
Q~8x10% Bo=75T
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Q~3x10% Bp=9T
Veav =2 L, Tb_va ~0.13 K
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wy/2m € [1.6,1.65] GHz
Veav =347 L, Tgye ~ 1.2 K
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Q~13%10% Be=7T

Veav ~ 0.0078 L, Toys ~ 4 K
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GRAVITATIONAL WAVE DETECTION
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LOWER FREQUENCIES

Proper Detector Frame

3 * .
B + S Oy w2 en(t) = — Ve
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LOWER FREQUENCIES

Proper Detector Frame

3 * .
B + S 0y w2 en(t) = — T
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LOWER FREQUENCIES

Heterodyne Detection

atjeff B 8,5(RB) o~ wgB

Orjest ~ Ot(RB(¥)) ~ w}B(t)

[Caves '78], [Radicati, Pegoraro, Picasso '78]

Pirsa: 22030098 Page 58/64



Pirsa: 22030098 Page 59/64



Pirsa: 22030098 Page 60/64



ELECTROMAGNETIC
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MECHANICAL

[Caves '78], [Radicati, Pegoraro, Picasso '78]

Pirsa: 22030098 Page 62/64



CONCLUSION
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* We clarified a few aspects of GW interactions with EM
fields in the laboratory that were often tfreated
incorrectly in the literature

* Axion dark maftter experiments can re-analyze their
data and be the most sensitive probe of GWs at GHz
frequencies

Stay tuned for heterodyne detection
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GRAVITATIONAL WAVE DETECTION

Projected Sensitivities of Axion Experiments
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