Gravitational waves

from twisted light

Based on arXiv:2309.04191

Main collaborators:
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The action of gravity on light is well known but the converse

- i.e. the way light acts as a source of gravity -

remains, to a large extent, unexplored.
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On twisted light

® Light can carry orbital angular momentum (OAM)

The OAM is characterized by an azimuthal phase dependance of the electromagnetic field.

E(z") x el e Z

= 1 twisted light Projection onto the azimuthal plane

propagating along the z-axis

® Different types of twisted beams: - Laguerre-Gaussian beams

- Bessel beams

Killian Martineau - LPSC UHFGWSs - Where to next?




Generation of Bessel modes

Region over which
twisted light is generated
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Characterization of the Bessel modes

® Bessel modes can be modeled as an infinite superposition of plane waves:

27 ¢ = arctan(y/x)
1 : "
) — 2—/ ilEOeZ(ku(¢)x +l¢)ﬁ(¢)d¢ Azimuthal position on
T Jo

the conical surface
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® Bessel mode E-field orbital angular momentum

S Eoll [ : OAM parameter
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® Fields components

b [ Ji41(Bp) sin(wt — k.2 + (I +1)¢) — Ji—1(Bp) sin (wt — k.2 + (I — 1)¢)

E, =2
T2

By =~ 1 (8p) cos(wt — oz + (14 1)9) + Ji1(Bp) cos (wt — Kz + (1 — 1))

E, =0
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Characterization of the Bessel modes

® Bessel modes can be modeled as an infinite superposition of plane waves:

1 27 | ¢ = arctan(y/x)
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® Bessel mode E-field orbital angular momentum

S Eoll [ : OAM parameter
J:// €0 OEJZQ(Bp)édS X
c

® Fields components

E, = % [Ji1(Bp) sin(wt —k,z+ (L + 1)¢) — J;_1(Bp) sin (wt — k,z+ (I — 1)¢)]

B, = —% [ J1+1(Bp) cos(wt — k.z+ (L +1)p) + Ji1—1(Bp) cos (wt — k.2 + (I —1)9)
E, =0

os(oz)% T (Bp) cos(wt — vz + (I +1)6) + Ji_1(Bp) cos(wt — Koz + (I — 1)8)
o5(0) 22 (1 (Bp) sinfeot — k.2 + (1 4+ 1)6) = Ji-1(8p) sin(wt — bz + (1= 1))

Ey

B, = sin(oz)?Jl(ﬁp) cos(wt — k,z + 1)
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Characterization of the Bessel modes

® Bessel modes can be modeled as an infinite superposition of plane waves:
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® Fields components

= % | J141(Bp) sin(wt — k.2 + [IH1)¢) —|Ji—1(Bp) sin (wt — k.2 +

Eq

E, = == Ji11(Bp) cos(wt — k.z + [ILH 1)¢) +|Ji—1(Bp) cos (wt — k,z +

E, =0

by

Eq
2
Eq
2

E
0 Ji(Bp) cos(wt — k,z HI¢)

C

\Ji11(Bp) cos(wt — k,z + [LH 1)) +J;—1(Bp) cos(wt — k,z +

cos(a)
cos(a)

B, = sin(«)

By
By

(Ti1[8p) sin(wt — k.z + [T 1)¢) —[7i1[Bp) sin(wt — k.2 + [T
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Characterization of the Bessel modes

® Bessel modes can be modeled as an infinite superposition of plane waves:
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® Fields components

= 20 i (p) sin@ 4 1)6) —[7i-i(Bp) sin

Eo W :Pulse

=0

FEig
2
FEi
2
E
2 J,(8p) cos{wt — k.z H 1))

c

B, = cos(a)— |Ji11(8p) cos(wt — k.z + [LH 1)) +|J;—1(Bp) cos(w

|J1+1(Bp) sin{e} — k.2 + [1H 1)¢) —|Ji_1(Bp) sinfw

B, = cos(a)

B, = sin(«)
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® Fields components

= 20 i (p) sin@ 4 1)6) —[7i-i(Bp) sin

E | °
Ly, = - 1Ji+1(Bp) cos LH1)¢) +Ji—1(Bp) cos : Pulse

- 7 frequency

E, =0

by

. Half-cone

Bo | ’ ( |
- ’.‘]l—l—l'\ﬁp) COS(w 1 1)§b) + Jl—l'\Bp) cos(w angile

2
E | / . .

B, = cos(oz)TO |Ji1(Bp) sin(wlt — +1)¢) — J1—1(8p) sinw
Eq

)_
C

B, = costgl)

B, = sin

Ji(Bp) cos(wit —|k. 2
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Characterization of the Bessel modes

® Bessel modes can be modeled as an infinite superposition of plane waves:

27 ¢ = arctan(y/x)
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® Bessel mode E-field orbital angular momentum
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® Fields components
Ey . .
E, = ) |J141(8p) sin(w +1)¢) —|Ji—1(8p) sin
Ey ¢ ;
E, = —70 \Ji11(Bp) cos LH1)o) + Ji—1(Bp) cos eulae

frequency

. Half-cone

A m 1))+ 1 b

Bp) sin( H+ 1)) —|J;—1 ' = 1)¢)] [ : Beam
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n) cos(wit —
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Associated spacetime deformations

® Stress-energy tensor of the system E.Aronga, K.M, R. Aboushelbaya, A. Barrau et. al.. 2309.04191

puv _ (U N/c
N/C —04,5
€pC

- D05 o o = BB
u = 7(E e ) e — 5 055 = Eoc(Ez'Ej —+ C2BZ‘BJ') = udm-
EM field energy density Poynting vector Mazxwell tensor
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Associated spacetime deformations

® Stress-energy tensor of the system E.Aronga, K.M, R. Aboushelbaya, A. Barrau et. al.. 2309.04191

puv _ (U N/c
N/C —04,5
€pC

- D05 o o = BB
U = 7(E +c°B ) N a7 Oij = EOC(EZ'EJ' —+ CQBZ'BJ') — udé,j
EM field energy density Poynting vector Mazxwell tensor

® Associated spacetime deformations

In the compact source approrimation:

— 14
R (1, 7) = 228
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Associated spacetime deformations

® Stress-energy tensor of the system E.Aronga, K.M, R. Aboushelbaya, A. Barrau et. al.. 2309.04191

puv _ (U N/c
N/C —04,5
€pC

- D05 o o = BB
U = 7(E +c°B ) N a7 Oij = EOC(EZ'EJ‘ —+ C2BZ‘BJ’) — u&&-,j
EM field energy density Poynting vector Mazxwell tensor

® Associated spacetime deformations

In the compact source approrimation:

= 14
hHY (t,T) = 146

® Projection into the TT gauge

T TT
hz’j — A(
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Spacetime deformations in the TT gauge

iTT _ #D,TT | 3+.ZZ,TT | ++,7T | X, TT
th o hw/ + hMV + huv + huv
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Spacetime deformations in the TT gauge

0 0 0
cos?(6) [1 — cos(26)] 0 cos(6) sin(0) [cos(20) — 1] 3
0 cos(260) — 1 0 D
cos () sin(0) [cos(26) — 1] 0 sin?(0) [1 — cos(26)]

0 0 0
cos?(0) [1 — cos(26 0 cos(0) sin(0) [cos(20) — 1] | -
(€)1~ cos(20)] o) 1 (6)sin(®) eos(20) ~ 1]
cos(#) sin(0) [cos(26) — 1] 0 sin?() [1 — cos(26)]

0 [ ] 0
sin(6) cos(6) [cos?(6) + 1] 2 sin®(6) [cos?(6) + 1]

0 0 0

T TT 0 3 cos?(6) [cos?(8) + 1] — 3 sin(6) cos(6) [cos?(6) + 1]

h”; = 0 h+
0 -
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Spacetime deformations in the TT gauge

0 0 0
—_ ,D,TT | 3, ZZ,TT | 7+, 7T | 1, X,TT IDTT _ cos?(6) [1 — cos(26)] 0 cos(0) sin(f) [cos(20) — 1] [+
— h’uv + h;w + huv + huV P = 0 cos(26) — 1 0 hp

\ cos () sin(0) [cos(26) — 1] 0 sin?(0) [1 — cos(26)]
b

0 0 0 0
RZZTT _ 0  cos?(6)[1— cos(20)] 0 cos(#) sin(0) [cos(26) — 1]
w =0 0 —1 0 2z
0

cos(26)
_ _ — (0) sin(6) [cos(26) — 1] 0 sin?(0) [1 — cos(26)]
2h{? + R{TY 4RV | 4— —
= 2R® 4 0D L RED 0, ;
0
=

hy

7+1) | 7-,(1) | 7H241) | 7-,(20-1) it = 3 c05°(6) [cos”(6) + 1] —3 sin(8) cos(6) [cos?(0) + 1]
= hxyz +hxz thyz +hxy

B 0 [ ] 0
(1) (1) (20+1) (21—1) sin(6) cos(6) [COS2(0) + 1] %Sinz(e) [cos2(0) + 1]
— 1+ 7 —,(1 7+,(2041 T —.(21—1
hyz " —hyz +hyy — hyy
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Spacetime deformations in the TT gauge

0 0 0 0

0  cos?(6)[1 — cos(260)] 0 cos(6) sin(0) [cos(20) — 1] 7
0 0 cos(260) — 1 0 D
0 cos(f)sin(0) [cos(26) — 1] 0 sin?(0) [1 — cos(26)]

ITT _ 7D, TT , 3.ZZTT , i+,TT , ©x,TT -
huu — h’uv + hp,u + h‘,uu + h,uu h™ ™ =

0 0 0

cos?(0) [1 — cos(26 0 cos(0) sin(0) [cos(20) — 1] | -
(€)1~ cos(20)] o) 1 (6)sin(®) eos(20) ]

_ _ —_ cos(#) sin(0) [cos(26) — 1] 0 sin?() [1 — cos(26)]
2h? + R 4 R{Y

= 2R® 1 R L R : : ;
0
=

31, 1,1, T (2041) | 1,201
= niY + hp + R 4 2D

3 cos?(6) [cos?(8) + 1] — 3 sin(6) cos(6) [cos?(6) + 1]
Z

0 [ ] 0 Py
L 1 7+ 20+1 1" 2l-1
- hYZ( h 4 hYZ( )~ Ry

sin(6) cos(6) [cos?(6) + 1] 2 sin®(6) [cos?(6) + 1]
YZ

ho(r) sin? (a)T';(6)Sinc [n(6)] sin(v,) ,
2ho(r) [1 4 cos® ()] I';(8)Sinc ()]
X cos(9q) ,
ho(r) sin® () T'q (8)Sinc [1(6)] cos(v4) ,
ho(r) sin® (@) T'q (8)Sinc [1(6)] sin(¥,)

iﬁo(r) sin(20r) A5 (8)Sinc [n(8)] cos(t,)

leﬁo(r) sin(2a) A (0)Sinc [1(6)] sin(1,)
2ho(r) cos(a)T;(6)Sinc [n(0)] cos(v,) -
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Spacetime deformations in the TT gauge

0 0 0 0
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0 cos(260) — 1 0 ho
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cos?(0) [1 — cos(26 0 cos(0) sin(0) [cos(20) — 1] | -
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2h{? + BT 4 R

— 9p(2) 4 p(+1) | 7(-1) 0 0 0

= 2hx + hx + hx ) 0 3 cos?(6) [cos?(8) + 1] — 3 sin(6) cos(6) [cos?(6) + 1]
(D) 11, 74,2041, T, (20—1 0

—hxé)‘l'hxé)"‘hxé )‘*'hxé : 0 -1

0 [ ] 0
L 1 7+ 20+1 1" 2l-1
- hYZ( h 4 hYZ( )~ Ry

hy

sin(6) cos(6) [cos?(6) + 1] 2 sin®(6) [cos?(6) + 1]
YZ

ho(r) sinz(a)I‘l(H)Sinc (n(0)] sin(vy) ,

2ho(r) [1 4 cos® ()] I';(8)Sinc ()] dmeocE§G L |
X cos(9q) , B2c5r
2

ho(r) sin? (@)T'q (6)Sinc [7(6)] cos(isy) e e )

ho(r) sin? ()T (9)Sinc [n(8)] sin(,) , = / TJ(?(T)JQQ (c;)_; sin(O)) dr ,

1- , + : ’ DB

Zho(r) sin(2a) A5 (0)Sinc [n(8)] cos(q) e wr

1 A / TJi (7)1 (7)Js <£ sm(@)) dr
Zho(r) sin(2a) A (0)Sinc [1(6)] sin(1,) 0

2o(r) cos(c)Ty(6)Sinc [7(6)] cos(w,) - — lcos(6) — cos(a)] ,
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Spacetime deformations in the TT gauge

__3DTT |, £ZZ7TT |, i+,TT |, i x,TT
=h he’ h h

2h® + R 4 BEY

0 0 0
0  cos?(6)[1 — cos(260)] 0
0 0 cos(260) — 1
0 cos(f)sin(0) [cos(26) — 1] 0

RDTT _

0 0
cos?() [1 — cos(26)] 0
0 cos(26) — 1
cos(#) sin(0) [cos(26) — 1] 0

= 2R® 1 R L R
= E+,(1)+}—l—,(1)+h+ (2l+1)+h ,(21-1)

h (1)+h+ (2041) _ 7= (2l 1)

YZ

5 oo(r)sin® ()T (6)Sine [n(6)] sin(y,)
2ho(r) [1 4 cos® ()] I';(8)Sinc ()]

x cos(¥q)
ho(r) sin? ()T (9)Sinc [1(8)] cos

ho(7) sin® ()T o (8)Sinc [(6)] sin(vg) ,

iﬁo(r) sin(2a)ASi(9)SinC [7(8)] cos(vpq)

lBo(r) sin(2a) A (0)Sinc [1(6)] sin(1,)

4
2ho(r) cos(a)T;(6)Sinc [n(0)] cos(v,) -

(%q)
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0 0
RETT = ( 8 3 cos?(6) [cos?(8) + 1]
0 —3 sin(6) cos(6) [cos?(6) + 1]

_ 4meocEAGL
B25y
Jult —r/c) +2q(¢ —7/2) ,

=2 o
/O . TJ5(7)J2g sin(O)) dr ,
. @)

TJi1 (7)1 (T

EIL - cos@]

[cos(6)

UHFGWs -

cos(0) sin(f) [cos(26) — 1]

0

0
sin?(6) [1 — cos(26)]

0
cos(6) sin(@)o[cos(20) — 1]
sin®(6) [1 - cos(20)]

0
—1sin(6) cos(%) [cos?(0) + 1]
3 8in*(9) [cos?(6) + 1]

hy

: Pulse frequency

: Half-cone angle
: Beam waist

: Interaction region
width

Where to next?




Spacetime deformations in the T'T gauge

/_\ z |
1.x107%0  2.x107% -3.x10740 L 2.x 10740 L.1.x 10740
Sredo=d0 |

-2.x107%0

ORFR() (c) hiz"" (6) (d) hi3 7 (0) = hyy " (6)

B w=10"Hz(Z =0.33)
B w=10""%Hz(Z = 1.05)
] w=10"?Hz(g =3.33)
B w=10"2°Hz(g =10.54)
B w=10"3Hz( =33.33)

(e) his™™ (6) = hy "™ (9) (f) h33" " (0) = 33" " (6)

When (7 =wL/c>1 —> Beaming effect
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Spacetime deformations in the T'T gauge

/’N z |
1.x107%0  2.x197% -3.x107%0 L 2.x107%0 L 1.x 10740
Sresa=d0 [

-2.x107%0

-3.x107%0

(a) A5 TT(6) (b) h3z" " (c) Rz 7T (8) (@) 7T (0) = R 7T (0)

= <0

B w=10"Hz({ =0.33) A
B w=10""%Hz(Z = 1.05)

] w=10"?Hz(g =3.33)

B w=10"2°Hz(g =10.54)

B w=10"3Hz({ =33.33)

(e) his™™ (6) = hy "™ (9) (f) h33" " (0) = 33" " (6) %

When (7 =wlL/c>1 —> Beaming effect towards the|half-cone angle o

Killian Martineau - LPSC UHFGWSs - Where to next?




Main characteristics of the GW signal

® Frequency

WGW = 2Wpulse == 8.59 X 10" H 2

For a NIF’s 351 nm laser pulse
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Main characteristics of the GW signal

® Frequency

WGW = 2Wpulse == 8.59 X 10" H 2

For a NIF’s 351 nm laser pulse
@ Strain

Inside far-field: Solid:line
Outside far-field: Dotted line |

ho 10 22 at bost!

- — SEL:1.5kJ . _ . One meter away from the source

| —— NIF-QUAD:20kJ
NIF\LMJ:0.8MJ

:1 — Fulture—ICF:l5MJ

-6 -5 -4 -3 -2
Logq(r(m))
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Main characteristics of the GW signal

® Frequency

WGW = 2Wpulse == 8.59 X 10" H 2

For a NIF’s 351 nm laser pulse

® Strain

T T T T T T T T T T T T T T T

Inside far-field: Solid:line
Outside far-field: Dotted line |

: . B{\_ h ~ 10739 at best!
- — SEL:1.5kJ . _ - One meter away from the source

| —— NIF-QUAD:20kJ
NIF\LMJ:0.8MJ
|~ Future-ICF:5MJ

-6 -5 -4 -3 -2
Logq(r(m))

® Power

- Excellent control on the direction of emission

. P~94x10°Wm 2% > Powisooa ~ 3.6 x 107° W.m ™2 Powers evaluated at the detector location
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Gravitational waves from high-power twisted beams

In definitive

® The optical setup provides a very good control over the GWs properties
/ (frequency, direction of emission, polarisation states)

® Subtle and unexpected effects do appear
(Beaming effect towards the half-cone angle alpha, ...)

x ® Generated strains are too low

arXiv: 2301.08163
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Borrowed from Aldo’s talk T T | = FinereresiTiie h
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Borrowed from Georgios’s talk

Possibilities to boost the signal?
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Beyond any possible application,
the question of the gravitational field created by light is, in itself,
fascinating and largely unexplored.

A lot remains to be understood.

Thank you!
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