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Mergers of sub-solar mass objects
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Sub solar mass objects:

primordial black holes (PBHs) [Hawking 71]

boson and fermion stars [Palenzuela 07,Giudice 16,Palenzuela 17,Helfer 18]

gravitino stars [Narain 06] and gravistars [Mazur 04]

dark matter blobs [Diamond 21]
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Mergers of sub-solar mass objects
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expected strain

h0 ∼ 10−29 ×
(

1 pc
D

)(
Mb
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)5/3( ωg
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)2/3

D is distance to Binary merger. If PBHs are 100% DM

D = 7.2× 10−4 pc
(

Mb

10−11 M�

) 1
3
⇒ best case scenario ⇒ h0 ∼ 10−26

Jan Schütte-Engel 14.01.2022 3/18



Boson clouds from PBH superradiance

[kipac.stanford.edu]

Annihilation of bosons

ma ∼ µeV× (10−4 M�/MPBH)

ωg = 2ma ∼ GHz× (ma/µeV)

GW waveform is monochromatic
and coherent over very long
timescales

expected strain [Arvanitaki et al.’12]

h0 ∼ 10−27 ×
(

10 kpc
D

)(
MPBH

10−4 M�

)
If 10−4 M� PBHs are 1% of DM:

D ∼ 1 pc ⇒ best case scenario ⇒ h0 ∼ 10−23
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Proper detector frame
(Fermi Normal coordinates)
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Proper detector frame

Center of mass 
of cavity

Distance of balls

t

Lcav
Cavity freely falling towards Earth

Coordinate system attached to
the center of mass is proper
detector frame

Metric

gµν = ηµν +O
(

Lcav

K

)
K is scale on which the
gravitational field varies.

Jan Schütte-Engel 14.01.2022 6/18



Proper detector frame

TT
Center of mass 
of cavity

Lcav

λg

gμν = ημν + hμν
TT

hTT
µν =


0 0 0 0
0 h+ h× 0
0 h× h+ 0
0 0 0 0

 eiωg (t−z)

TT: transverse traceless
Metric in proper detector frame:

gµν = ηµν +O
(

Lcav

λg

)
λg wavelength of GW
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Proper detector frame

Resonant excitation of cavity:

λg ' Lcav

g00 = η00 + h00 = −1− 2
∞∑

r=0

r + 3
(r + 3)!

R0n0n,k1,···kr xmxnxk1 · · · xkr

(Similar eq. for g0i and gij )

[Marzlin 94, Rakhmanov 14]

Riemann tensor invariant under
infinitesimal coordinate
transformations. Evaluate therefore
in TT-frame and plug in series
expansion above.

GW propagating in z-direction:

Rijkl ∼ eiωg (t−z)

h00 = −ω2
g hTT

ab xa xb
[
− i
ωgz

+
1− e−iωg z

(ωgz)2

]
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[long wavelength expansion x iωg � 1]
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GW detection with cavities
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Maxwell equations on curved spacetime

After linearization first order eq. are:

∇ · E = ρeff + ρ,

∇× B − ∂tE = jeff + j ,

jµeff ≡ ∂ν
(

1
2

h Fµν + hνα Fαµ − hµα Fαν

)
Homogeneous Maxwell eq. are not modified.
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Mode decomposition

∇×∇× E + ∂2
t E = −∂t jeff − ∂t j

Cavity mode decomposition:

E(x , t) =
∑

n

en(t) En(x) ,

Esig(x , t) = −
´

Vcav
d3x ′ E∗n · jeff´

Vcav
d3x ′ |En|2

Q
ωg

En(x) eiωg t

Jan Schütte-Engel 14.01.2022 12/18



Signal power

Psig =
1
2

Q ω3
g V 5/3

cav (ηn h0 B0)2

ηn ≡

∣∣∣ ´Vcav
d3x E∗n · ĵ+,×

∣∣∣
V 1/2

cav
( ´

Vcav
d3x |En|2

)1/2

jeff(x) ≡ B0 ω
2
g V 1/3

cav (h+ ĵ+(x) + h× ĵ×(x))
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Sensitivity estimate
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Sensitivity estimate
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ẑ0

<latexit sha1_base64="Xw/GtqKzbAfflsr8zgWGU1VrsW8="></latexit>

�

<latexit sha1_base64="BIaZJT7/Un6F46hdkSur8iMVA68="></latexit>

�

<latexit sha1_base64="BIaZJT7/Un6F46hdkSur8iMVA68="></latexit>

B

<latexit sha1_base64="MP4klPh2io95mUFAHE3eovjr0C0="></latexit>

SNR ' Psig

Tsys

√
tint

∆ν

h0 & 1× 10−23 ×
(

1 GHz
ωg/2π

)3/2(0.1
ηn

)(
8 T
B0

)(
0.1 m3

Vcav

)5/6(105

Q

)1/2(Tsys

1 K

)1/2(1 min
tint

)1/2

Bandwidth ∆ν = 1
tint

- Superradiance Binary mergers
tint 1 min (single scan time) 10−4 s (no scan)

best case h0 10−23 10−26
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Sensitivity of existing axion experiments

10−24 10−23 10−22 10−21 10−20 10−19

Strain Sensitivity h0

ADMX

HAYSTAC

CAPP

ORGAN

SQMS params.

ωg/2π ∈ [0.65, 1.02] GHz

Q ∼ 8× 104, B0 = 7.5 T
Vcav = 136 L, Tsys ∼ 0.6 K

ωg/2π ∈ [5.6, 5.8] GHz

Q ∼ 3× 104, B0 = 9 T
Vcav = 2 L, Tsys ∼ 0.13 K

ωg/2π ∈ [1.6, 1.65] GHz

Q ∼ 4× 104, B0 = 7.3 T
Vcav = 3.47 L, Tsys ∼ 1.2 K

ωg/2π = 26.531 GHz

Q ∼ 1.3× 104, B0 = 7 T
Vcav ∼ 0.0078 L, Tsys ∼ 4 K

ωg/2π ∈ [1, 2] GHz

Q ∼ 106, B0 = 5 T
Vcav = 100 L, Tsys ∼ 1 K

Projected Sensitivities of Axion Experiments

Existing axion experiments only need to reanalyze their data!
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Why the frame matters
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↵

<latexit sha1_base64="JnSX+lOACY7KuVYPFHc6pYgQljY="></latexit>

ẑ

<latexit sha1_base64="v6DEpGBT2QGABLQCX0csE5GXgkQ="></latexit>

ŷ

<latexit sha1_base64="7L/itK/LCEyOiZO24pRzNblRev4="></latexit>

ŷ0

<latexit sha1_base64="R/mN1P4zaibJLTKvUMGRSQc+YU8="></latexit>

ẑ0

<latexit sha1_base64="Xw/GtqKzbAfflsr8zgWGU1VrsW8="></latexit>

�

<latexit sha1_base64="BIaZJT7/Un6F46hdkSur8iMVA68="></latexit>

�

<latexit sha1_base64="BIaZJT7/Un6F46hdkSur8iMVA68="></latexit>

B

<latexit sha1_base64="MP4klPh2io95mUFAHE3eovjr0C0="></latexit>

TT frame is not the right frame! Use
proper detector frame.

α = 0, β = 0

If we use TT metric jeff = 0. NO
SIGNAL!
However this is WRONG. Use proper
detector metric.

Proper detector frame result (α = 0)

p = 1 p = 2

β

η
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Evaluation of coupling coefficient

p = 0 p = 1 p = 2

α = π
2 α = 0
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sensitivity

Sensitivity to
polarization

Jan Schütte-Engel 14.01.2022 17/18



Conclusions

Monochromatic high frequency GWs from superradiance and merging
sub solar mass binaries

Proper detector frame metric resummed to all orders

Signal calculation in cavities permeated by strong external B-field.

Existing axion experiments only need to reanalyze data to set limits.

Thank you for your attention
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