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Gravitational Waves

« Not to be confused with « Gravity Waves »
« Waves in matter distribution with gravity
as driving force
« ex.. deformation at the surface of water
« Detection : oscillation of a buoy

. Light :
« Wave of electromagnetic fields
« Detection: oscillation of electric charges

« Gravitational waves :
 « gravitational light »
« Wave of space-time deformation s /
« Detection : oscillation of inertial masses | \y | AT
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Selected facts on gravitational waves

~ Theoretical discovery: Einstein 1916

ml]:iésétodetection attempts: mechanical resonators by Weber
S

~ Indirect detection (1974-1990) in binary pulsars (Nobel 1993)
~ Concepts and prototypes of laser interferometer (1970-1980)
~ LIGO first generation : runs 2002-2000 without detection

~ upgrade to Advanced LIGO (second generation) : 2008-2015

~ First run O1 (sept.2015-Jan. 2010) : three events of black hole
mergers

~ Physics Nobel Prize 2017

~ now at 3 runs, 50 detections (black hole and neutron star
mergers)

~ Third generation : Einstein telescope
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The first detection

Theoretical waveform and LIGO signals
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High-frequency Gravitational waves

~ Frequency range : from 10kHz to 10'2Hz !

~ Astrophysical sources:

~ neutron star merger and quakes, primordial black hole merger, relics from
very early universe (inflation, phase transitions, topological defects, ),
braneworld, etc.

v Laboratory sources (for a gravitational Hertz experiment):
v extremely weak but controllable ; possibility of long duration experiment

v Some high-frequency detector concepts (>10kHz):
~ Mechanical deformation of high Q microwave cavity (Reece, 1984)
~ Coupled superconducting cavities (P. Bernard et al.,, 1999) ~1MHz
~ Magnetic conversion of GW to EM waves (inverse Gerstenshtein effect)
v GW effect on microwave beam polarization (Cruise, 1983-present)
~ Bulk acoustic wave resonators (Goryachev-Tobar, 2014) : 1TMHz-1GHz

~Magnetic conversion similar to axion search with haloscopes

~ sensitivity of ADMX ~1024 W of induced EM radiation at ~100MHz thanks to
special SQUID receiver
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Electromagnetism and gravitation
~ Einstein’s equivalence principle Viatter Electromagnetic
 General relativity (Einstein’s equations) : i°/”r°es flelds

! 3G -\
By — S RGu, = . (szglat) T Té@

\2/%4
——

Spacetime
curvature

Equivalence:
Any types of energy, same constant strength

 Pure Einstein-Maxwell system (T, (mat=0)

Einstein equations

Sl
Ly = A Tpsevm) Valpy + Vylapg+ Valya =0
Tlem) — 0= R=0 V F* = poJ"
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Maxwell equations on curved space




Electromagnetism and gravitation

~ Electromagnetic source (stress-energy tensor) :

1 1 :
(em) __ - of3 N af Electromagnetic
T,ul/ o 140 g FM(X FVB 4 gMVFOéBF stress-energy tensor
. _ Faraday tensor o
FFW I a:uAV a’/Aru with A electromagnetic vector potential At = (V/C, A)

2 2 ?
vnOr T 60E B /,UO /C S : Poynting vector
75 ? 1V M : Maxwell stress tensor
/C 3x3

~Gravitation from electromagnetism: Ftot=Fstatic4 Fwave
 static-static terms in TM=> static grav. fields (from coil, capacitor, etc.)

v wave-wave terms => Gravitational Waves from EM waves (e.qg. laser
pulses)

~n Static-wave terms => wave resonance : Gertsenshtein effect
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Gravitation from electromagnetism:
some proposed experiments

1. Static EM to static gravitational field :
~ Static gravitational field from coils (FGzfa, 2016)

2. EM Wave - GW :

~ high-intensity Laser pulses (Ratzel et al. 20106)
~ EM resonators as GW emitters/receivers

3. Static EM field -GW (Direct Gertenshtein effect) :

« EM wave generation from static electric field in a capacitor (Lupanov,
1967)

« Gravitational Hertz experiments

~ EM Resonators in external magnetic fields (Grischuk & Sazhin, 1974-
2003)

~ With Fabry-Perot cavities into external magnetic field (Kolosnitsyn &
Rudenko 2015)
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Gravitational waves generation

with wave resonance
~ Direct Gertsenshtein effect (1962):

Constant
magnetic field
region

Electromagnetic
wave propagating transverse
—\ /, to some outer magnetic field

Outgoing Gravitational Waves

v Amplitude of generated Gravitational Wave : ;. newton’s constant
4( BO EO L2 B,: external magnetic field

Of order of the gZ E,: TEM wave electric field
Gerstenshtein 65 Ho L: size of interacting region
number : c : speed of light in vacuum

L,: magnetic permeability
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Direct and inverse Gertsenshtein effects

~Direct Gertsenshtein effect: GW from EM waves

1G _
— = 1074 (T.V.m) ™"
C"Ho

~ For generating a strain h~10-2! with external Bo~ 10 T ; E; ~TMV/m, one
needs L ~120 lyr!

~ Astrophysical application (Zeldovich, 1973)

v « Inverse Gertsenshtein effect » : EM waves from GW |
A gravitational wave h*® passing
through a transverse constant magnetic
field produces a faint EM wave

~ Tiny coupling of GW generation :

Incoming GW

Magnetic field Resulting EM wave

region

vApplication to GW detection !
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Inverse Gertsenshtein effect

~ From Maxwell equations on curved space

v F’ul/ O — Total EM field = Background + Induced
- (0) (1),
g GW through a F,Lu/ — —|—F TEM wave

(second group) magnetic field

External Statlc Magnetic field

OuFlY =~ 0, EL) = T
~ Modified Maxwell wave equations for electric & magnetic fields:

(6615 — A) B(1> == BOS(h, 82 h) For the induced Magnetic field

vMagnetic field tranverse to a passing GW:
-> generation of TEM waves
-> same frequency spectrum than GW (wave resonance)
-> induced magnetic field ||BM ||~ By * GW strain

-> Variation of EM energy N By / BOY 1 (B(l))z yr
210 Jv
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A case study of an electromagnetic GW detector
~ TEM coaxial waveguide inside a radial magnetic field

Cross section

v TEM mode & boundary conditions:
VEM,=BM,=0 ; EM (R;)= EM_(R,)=BM (R;)=BM (R,)=0

~ Cylindrical harmonics decomposition (spectral method) :

B % 37 Clnn®)- Rinr)- (G ) (m) - () 7

S111 S111
kmn
Linear combination of Bessel Functions

of 15t and 24 kinds

vMaxwell wave equations => forced harmonic oscillators C, (1)
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A case study of an electromagnetic GW detector

T B .
+ Energy variation inside the resonator:AE ~ —2 [ pMgy Atfirst order

B % 2t Ro o Jv in GW strain
AFE ~ -9 B(l) rdrdgpdz For external
Ho J_L Jo R; r T radial magnetic
2 field B,

 Induced radial magnetic field B! is boosted by external field B,

~ Only the m=n=0 radial modes contribute to AE at first order in
GW strain

B2L3|hy| IR
AE(t) ~ 2T 0 CkOO(t)_ Rko(’l“).?“.dff’
Ho ; L? Ry
N— L
Coil’s magnetic energy o~
X GW strain Geometrical factors ~“R,-R,
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Application to detection of binary primordial black holes

» PBHSs : relics of very early universe — formation from strong
density fluctuations deep inside radiation dominated era

 Strong candidate for (fraction of) dark matter, seeds of
supermassive and intermediate-mass black holes

~ Mass far below stellar masses
~ Mass range depends on formation epoch
~ Evaporation by Hawking radiation after t~10-'7 (mass/1kQg)3 sec

 Coalescence of binarK PBHs system produce GW of
frequencies above 10kHz, outside the reach of present laser
iInterferometers

= > detection by electromagnetic detectors!
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Application to detection of binary primordial black holes

Observational
constraints

Spectral indexes:

Present fraction of PBH 0.100 3
- n,=0.965, 0.97, 0975

among cold dark matter

il

o 0.010: 5

quBH é_ | g 7

0.001 = .

. PBHs from PBHs from ]

EW & quarks Qcb R

4 | phase transition  Phase transition " |

i |
] From B. Carr et al.
107°% 107 001 10 10% 10 ’

arXiv:1906.08217

A\ AT PBH mass
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Some possible signals : time domain

e 10728 Mass (Mg) “ Time scale (s) Lower frequency
' | | | | H
Two PBHs of mass 1 Mg, ( z)

1t At 1GPc distance 107 1030 107
10 1028 10> 10/
c 05 | 1] ||
3 10 1027 10 106
;’ g w 1 1023 107 103
O -30
0.5 W) , x10°
1l Two PBHs of mass 1077 M@

At 1GPc distance

-0.04 -0.03 -0.02 -0.01 0

Time (s) Signals of black hole coalescence

from Post-Newtonian formalism,
pre-merger phase

GW Strain

Each case at 1GPc distance
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Some possible signals : frequency domain

10°¢

PBHs at 105 M :

—
oI

Formation when
elementary particles
become non-relativistic

Normalized Power Spectrum

—
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N
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Frequency (Hz) 17
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Results: induced magnetic field

PBH merger 10™° Mg,
Bo=5T ; L=10m ; Inner/Outer diameters : 10cm (1m)
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Results: energy variation and induced power

PBH merger 10° M, 5210
Bo=5T ; L=1m ; Inner/Outer diameters : 10cm (1m) P ~10-3 W
15 x10728 rms
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Results: input and output power spectra
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Results : waveguide in resonance with incoming GW

PBH merger 10™° Mg,
Bo=5T ; L=1m ; Outer diameter : 10m (instead of 1m)
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Conclusions

~ Detecting high-frequency GWs for the study of
~ Physics of neutron star interiors (starquakes)
~ Very early universe (inflation, cosmic defects)
~ Primordial black holes of mass << solar masses

r\,fDlec’jcector concepts of high-frequency GWs involve intense magnetic
lelds

~ Similar set-ups than haloscopes (searches for axion)
~ But coupling GW-magnetic field produce TEM waves
~ Energy variation is in second order in GW strain in cavities

~ Patented concept :
~ TEM waveguide in a transverse magnetic field

~ Detection through measurement of the energy variation boosted by external
magnetic field

~ Waveguide resonance enhances detection threshold for specific progenitors
 PBHs of mass 10 Mg, ; GW strain ~10-28 can produce radiation with

Pims~1019 W (in resonance)

~ Difficulty: detection of faint induced radiation in high-intensity
magnetic field region
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For more technical details, see patents on-line :

*‘PCT/EP2018/086758
* PCT/EP2018/086760
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High-frequency Gravitational waves

voome high-frequency detector concepts (>10kHz):
~ MiniGrail (Leiden)
~ Mechanical deformation of high Q microwave cavity (Reece)
~ Conversion of GW to EM waves (Gerstenshtein)

~ GW effect on EM wave polarization (Cruise: change of polarization of a
microwave beam circulating in a closed loop)

~ Bulk acoustic wave resonators (Goryachev, Tobar)

v Superconducting rings and Sagnac effect (Anandan, Chiao)
v Resonant antenna with two superconducting spheres

~ Magnetic conversion detectors
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Prewous proposals of EM generators of GW
* Grlshchuk & Sazhm (1 974)

— Spherical electromagnetic. hollow cawty with TE or TM modes; possubly in external static f|e|d
‘— Rectangular EM hoIIow caV|ty (TE/TI\/I modes) .. P
— Weaknesses: ' T |

». Strong |sotropy of GW emission (Blrkhoﬁ theorem: spherical symmetry=>"no GWs') '

* Requires strong EM energy density in the cavity

» TE or TM modes: less efficient in terms of GW polar|zat|on modes excited-(only one polarization. exc:|ted at
once) | '

=~ * Only part of the generator volume contributes to GW emission

% Grishchuk-& Sazhin (1975):

— Toroidal TM/TE hollow cavity for. “ch'e generat|on of standing GW on axis
— Detection of GWs through excitation of hollow caV|ty modes

"— Weaknesses: - : _
. Also requires Segelgle EM enéergy den5|ty in the caV|ty

. Cawty detector not efﬂaent for the generation of photons (TEM modes) induced by’ passmg GWs



