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Technology Operational Frequency
5.5.2 GW to Electromagnetic-Wave Conversion in a Static Electric Diclectric Axion Haloscopes, Section 5.1.2, 521]
ield Madmax (R&D), [522] 100 MH7 — 10 GHz)*
DALI prototype (R&D), [526] 7,33GHz
DALI phase IT (proposed), (526 6 60)GHz
Ref. [528] considered the inverse Gertsenshtein effect in a static electric field N phose T (proposed), 026 (Lo
rather than a static magnetic field.** The physics is essentially the same in the High Energy Pulsed Lasers, Section 5.5.1, (527] 10"~ 107 GHz
two cascs but the intensity of electric ficlds in laboratory scttings is limited duc Conversion in a Static Electric Field, Scction 552 .
to their tendency to pull clectrons from any support structure. Cons tl Atomic electric field, [529] Q0% — 107 Gll
the energy densities reachable in electric fields are about a million times smaller Resonant Polarization Rotation, Section 5.5.2, 530 i
than those of magnetic fields in the soveral Tesla range. e ooy 52, 393 ot e e
This limitation can be overcome by focusing on graviton-to-photon conver- Opical cavities of ALPS 11 (built), [531] (0.1 MHz - 0.1 THy)
sion in atomic clectric fields, which can be much stronger [529]. The conversion Suporconducting Rings, Section 57,1, 501,557 oo
lhappens when the wavelength under consideration is shorter than the atomic b o - :
radius, making the method sensitive at frequencies of 102°-1024 Hz, or graviton Graviton-Magnon Resonance, Section 5.7, [565, 569] 18— 14 Gllz
lenergies between 100keV and 1GeV. [529] proposed to search for the gener- Atomic Procision Measuremont, Section 5.7.5, [771] (1017 - 10GH]
ated photons in current and future neutrino detectors, for instance JUNO. A One-Electron Quantum Cyeclotron, Section 5.7.4, [569] [20 — 200] GHz
| downside of this technique is the limitation to very high frequencies, at which Rydborg Atoms, Section 575, 05— 16)GHz
it seems difficult to envisage sufficiently strong GW sources.

529. J. Dai and G.-R. Liang, “Graviton-Photon Conversion in Atoms and the Detection of
Gravitons,” arXiv:2302.07044 [gr-qc]. (Sections: 5.5.2, 7)
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Outlines

1. Basic formalism and key properties of GRAPH
(1) Formalism
(2) Transverse static electric field
— the simplest example to illustrate key features

2. Photon to graviton transition (P—G): Gertsenshtein effect
— The “gravitational photo-electric effect” to test the
energy quantization of the gravitational field

3. Graviton to photon transition (G—P)
(1) High frequency GW Detections
(2) A More General framework
(3) Spherical atomic electric field
— a possible way to detect high frequency GW

4. Final words and discussions
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Clarifications

We will frequently use the word “graviton” as a synonym of
“high frequency GW?”,

or the “energy quantization” of gravitational field.

while we work in classical regime through out the procedure.
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1. Basic formalism and key properties of GRAPH

(1) Formalism: Graviton-Photon conversion in flat spacetime

(1) Formalism: GRAPH in flat spacetime

— the action and Equations of Motion
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1. Basic formalism and key properties of GRAPH

(1) Formalism: Graviton-Photon conversion in flat spacetime
GRAPH is fully described by the action:

R 1
S= S, + Sem = / dlzy/—g <167T — 4FWF“”> ()

with R the Ricci scalar, and F,,, the electromagnetic tensor as
Fun=V,A, -V,A,=0,A, —0,A,. (2)
The interaction is solely contained in
SEM = —/ d4$\/ F FMV (3)

both the metric and EM field are perturbed around a
background as

G = v + hywy Ay — Ay + Ay (Fuw — Fuw + fu). (4)
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1. Basic formalism and key properties of GRAPH

Formalism: GRAPH interaction term

Keeping terms containing both f,, and h,, up to the 2nd order
the EM action is expanded as

0SEM = / d*z <—Allfuufw + FA(uf/\u)hW _M> , (5)

the cancellation is due to TT gauge. The rest of the Lagrangian
is naturally composed of a free term and an interaction term,

I
Lem = £f+ Ling = _Zf/u/fu + 57-# hlw (6)

with the “interactive tensor”, governing the core of GRAPH:

T =T - W (7)

9
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1. Basic formalism and key properties of GRAPH
Formalism: G—P(GW—EMW) conversion

For G—P conversion, Lgym alone is enough, but in a more
explicit form with a current J*, extracted as

_ — 1
Jp =07 [<Fup77ua = LpcNup _Qﬂﬂﬁ;> hw} . (8)

Therefore, the EOM for G—P conversion is
V,LL.]M Y=g (9)

and the retarded potential is

1 [ = |
A“(r,t)zlm/ (’r_z D gy, (10)
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1. Basic formalism and key properties of GRAPH
Formalism: P—G(EMW—GW) conversion

For P—G conversion, we perturb the Einstein-Hilbert action

Sg = F d4$\/ g (1].)

around flat spacetime g, = 1., + A, to get

1 . , 1
Lh=1573 (vuh,A Vahu — fVAh“ Vahu — VPh 5 hVAh>
(12)

and then piece it with Ly, giving the source term on the RHS
of GW equation:

Ohy = =262 To = =267 Fyuf) (13)
and the retarded solution is thus
T (' t—|r—1))
u(7, 1) K dv. 14
v T o / |r— 7| v (14)
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3. From Graviton to Photon transition (G—P)

(2) Transverse static electric field

(2) Transverse static electric field

— the simplest example to illustrate key features
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3. From Graviton to Photon transition (G—P)

(2) Transverse static electric field

The simplest model to present physical properties of GRAPH:
A static electric field by charged parallel plates.

Incident GW = space distortion = EMW excitation.

[+ttt rtrrrrtrttrtst |

Graviton e11

High frequency: almost identical orientation.
U
Ling = %Tﬂ”h]}w = %F‘u .f/)\h,uu

E= FlD = —F()l, h,u,j = 2Re [euyei“’('z_t)]
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3. From Graviton to Photon transition (G—P)

(2) Transverse static electric field
In this case, the Lagrangian is given as
L(h, E) = —2ERe [(El e11 + Ezern) eiw(z_t)} ; (15)
hence the corresponding electric current is

J; = 2wE|ey| cos [w(z— )+ @i — g} , (16)

where the phase ; — § is irrelevant to our problem. We see

that only J; and J, exist in this case.

We focus on incident e;; mode, and follow the standard Green’s
function procedure:

Ji— A; — E; — Py = ;]/E;ilaxﬂ o (17)
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3. From Graviton to Photon transition (G—P)

(2) Transverse static electric field
Under high frequency approximation A < L, the total power:
1 .
PEM = §w260E2 VL|€11|2/C, (18)

with V = LWH the volume of capacitor.

The incoming gravitational radiation power is
w?c|ern]?
8 G
the probability that a graviton turns into photon (the ratio):

Pow = WH. (19)

- 81 G
€9y = Pan/Pow = AT Geg B2 L? /¢! = %ESEMLQ- (20)

For a constant magnetic field background,

- 8r G :
€9y = Prni/Paw = 4rGB*L? /g c* = ?EENILZ~ (21)
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3. From Graviton to Photon transition (G—P)

(2) Transverse static electric field

Key features of conversion probability:

» Frequency-independent, but EM field energy density dependent.

» Proportional to the length squared:

Reason: massless gravitons and photons have equal velocities,
the probability amplitudes adds up coherently along the path.

Results: relation very sensitive to phase changes. Tiny speed
difference will break the proportionality to length squared.
(e.g. QED effect, light propagating in medium)

LN 5 O 1 BN 1 ST 1
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2. From Photon to Graviton transition (P—G)

An experiment to test the energy quantization of gravitational field

2. From Photon to Graviton transition (P—G)

— An experiment to test the energy quantization of
gravitational field
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2. From Photon to Graviton transition (P—G)

An experiment to test the energy quantization of gravitational field

A gravitational version of photo-electric effect:

Let pairs of entangled ~-photons travel in the opposite
direction, with a single branch going through a magnetic tunnel.
Count the photons on the 2 detectors to find the missing photons.

Electron Beam
i Photon magnetic unnel v Photan

Detector Detector

TR .

Prodtron Beam i

Criteria for energy quantization of gravitational field:

» If photon numbers on the two sides are equal, but
frequency on the RHS is red-shifted — classical;

» If photon number on the RHS is less, but the rest on the
two sides have the same frequency — quantized.
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3. Graviton to photon transition (G—P)
(1) Motivation: Detection of High frequency GWs

(1) Motivation: Detection of High frequency GWs

— Detection frequency bands and methods
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3. Graviton to photon transition (G—P)

(1) Motivation: Detection of High frequency GWs

Detected GW frequencies < visible light (~ 101* Hz).
LIGO: 10Hz ~ 10kHz, PTA: InHz

Characteristic Strain

We have to

0%
103
10
103
10 %
10 %
10

10%

push GW detection to a higher frequency band!

107 10° 10°¢ 10+ 10% 10° 10? 10° 10°

Frequency / Hz
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3. Graviton to photon transition (G—P)

(1) Motivation: Detection of High frequency GWs
Rough Classifications of High-Frequency GWs:

» Relatively High Frequencies (RHF, #4E#i) — 10* ~ 106Hz
(Just a little above the LIGO detectability)

» Very High Frequencies (VHF, EE4i) — 10° ~ 10'2Hz
(mainly cover MHz and GHz bands)

» Ultra High Frequencies (UHF, #&4i) — 1012 ~ 10'¥Hz:
(mainly cover visible EMW band ~ 10'4Hz)

» Extremely High Frequencies (EHF, #&4i) — > 10'¥Hz:
(atomically detectable, the main focus in this report)
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3. Graviton to photon transition (G—P)

(1) Motivation: Detection of High frequency GWs

Detection methods of High-Frequency GWs:

» Optically levitated dielectric sensors

> Resonant polarization rotation around 108Hz

108 ~ 7 x 108Hz

» Bulk acoustic wave devices

» GW deformation of microwave cavities

» Graviton-Photon conversion

Atomically detectable: f> f4 = ¢/rq ~ 10'®Hz

103 ~ 3 x 10°Hz

106 ~ 1019Hz

a wideband, f> ¢/L
(equivalently A < L, L the scale of background EM field)
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3. From Graviton to Photon transition (G—P)
(2) A More General framework of GRAPH

(2) A More General framework of GRAPH
— Considering QED, plasma effect and back-reaction
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3. From Graviton to Photon transition (G—P)
(2) A More General framework of GRAPH

Considering QED, plasma effect and back-reaction
A Schrodinger-type equation:

with

Notations:
» Polarization — \ = +, X
» GRAPH coupling — Ay, = 2¢/7B/ M,
» Effective photon mass — A, = Aqep + Aplasma-
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3. From Graviton to Photon transition (G—P)
(2) A More General framework of GRAPH

Initial condition:
G—P transition: hy(0) =1, A,(0) = 0;
P—G transition: A,(0) =1, hy(0) = 0.

Conversion probability:

2A
€gery = <Aosgz> sin?(Agsez/2). (24)

Oscillation factor — Agge = A% + (2A4)2.
A complete conversion (egs = 1) requires A, =0,

€gery = SN (A 2). (25)
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3. From Graviton to Photon transition (G—P)
(2) A More General framework of GRAPH

For the phase to be 7/2, the conversion length is

W/Q_ﬁMlc

lyry = o ~1.7x 10" m ~ 1.8 x 10 lys, (26)

B ~ 1T for man-made magnetic field.

In ground-based experiment, z < lges,

SI units 8 G 7;
TEEM

gy = (Agy2)? = AT GB? P == (27)

which is consistent with equation (21).

To increase the conversion probability, we have to choose a
strong EM field to enhance egy!
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3. From Graviton to Photon transition (G—P)

Comparison of man-made and natural EM fields

Largest man-made and atomic electric and magnetic fields:

. E (V/m) B (1)
EM Field
18 — epU/md) e (J/m?)
1.3x 10 45.5
Man-made 7.48 x 105 8.24 x 108
Atom 5.14 x 1011 12.52
orie 1.17 x 1012 6.24 x 107

The atomic electric field has the largest energy density!
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3. From Graviton to Photon transition (G—P)
(3) Spherical atomic electric field

(3) Spherical atomic electric field
— a possible way to detect extremely high frequency GW
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3. From Graviton to Photon transition (G—P)
(3) Spherical atomic electric field

Strong electric field: inside an atom, particularly near the nuclei.

A simple model for the spherical atomic electric field, E(z) = E(r)7

B) = o (- ). (25)

with the “fraction function” given as

s > TA

7‘3

q(r) = -z TN < r<rTap (29)
rA s

i 7‘,
3 3 rr
G v

=)
by -

it cancels outside the atom when the GW wave length is long, but
sensitive to high frequency GW to produce GRAPH.

We consider GW with polarization ejo, traveling in z direction, and
ignore the atomic magnetic field.
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3. From Graviton to Photon transition (G—P)

(3) Spherical atomic electric field

In this case, the interaction term is
L(e12) = —2Re [(E’xEy +EyEx) €12 eiw(z*t)} ,
the effective current spacetime vector to be
]‘;ff = —2Re [(any + OyEz, iny, iwE,, 0) elgeiw(z_t)}

Using Green’s function, at a faraway point:

 A4qr

Au(r,l;;, t) = 1/ d3a/ ]’ZH (1/,15— n(r— 1}334))

where the integration of 2/ is on the whole atom.

(30)

(31)

(32)
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3. From Graviton to Photon transition (G—P)
(3) Spherical atomic electric field

The angular EM radiation power distribution:

72 e ,
P(H, 90) = 3972 |612|2(”J2 J(Q(wv 9) Q(ev SD) (33)
Inclination function f(w,0) Azimuthal distribution Q(6, )
flw,0) = wry fol dp q(p) [y d6’sin® ¢’
cos [wrap(l — ncos ) cos &' Q(0, ) = 1 —sin? fsin’ 2p
Ji(wranpsin @’ sin6),

with p = r/74.

Its azimuthal distribution Q(6, ) is of quadrupole nature, with
maximum at 4 directions of £z and +y, and minimum at 4
direction of 45°.
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3. From Graviton to Photon transition (G—P)
(3) Spherical atomic electric field

The inclination function flw,#) in 0 < § < m when
wry = 1,5,10, with the assumption n ~ 1 for extremely high
frequencies.

As wry increases, the peak moves to a smaller angle,
shrinking EMW in almost the same direction with incident GW.
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3. From Graviton to Photon transition (G—P)
(3) Spherical atomic electric field

Total EM radiation power:

|612| (Zew)

P = [0 [ ap P0.p) = ) 9

i Batora) = [ a8 F(u6) (1 -y’ 9) B

The cross section:

P G(Ze)?
5 — Pen _ G(Ze) Balwra) ~ Z2Ba(wra) x 1.2 x 1077 m?
PGW 26004
(36)

In the interval 100 < wry < 10°, numerically B4 (wry) ~ %wm,
the cross section:

0 =wraZ? x 6 x 10" ?m?, (37)

the corresponding graviton energy: 100 keV to 1.GeV.
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3. From Graviton to Photon transition (G—P)
(3) Spherical atomic electric field

But, there’s one thing we have to take care of...

0 H 10 15 20 25 30 35

Photon energy, eV

Refraction index n as a function of frequency(Hz)/photon energy(eV).

Low frequency region: n>1 = ¢,=1/n<1
High frequency region: n<1 — ¢,=1/n>1.
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3. From Graviton to Photon transition (G—P)
(3) Spherical atomic electric field

Internal electron frequency: w, = E,/h ~ 10'°Hz
Atomically detectable GW frequency: wy = 2mwc¢/ra =~ 108Hz

Wo K Wy

Atomically detectable GW locates at extremely high frequency
(EHF) region, with n < 1 and ¢, > 1.
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3. From Graviton to Photon transition (G—P)
(3) Spherical atomic electric field

Ultra-high frequency region:

Simple harmonic oscillator model for electrons.

The medium permittivity:

Te e 1

E=&0— me m (38)

At extremely high frequency, wy is suppressed, the refraction
index is

1w 2
n(w) =+/efeg~1— f—p with wp = fle€ . (39)

2w EQMe

the phase velocity is
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3. From Graviton to Photon transition (G—P)
(3) Spherical atomic electric field

Coherent length [, (phase difference less than half of a cycle):

T 21 cw
~

2n(cm—c) 2
= wp

Higher frequency = smaller velocity difference = longer
coherent length

=

Datas of HyO: electron density ng ~ 3.33 x 10?°m~3,
characteristic frequency wy, ~ 3.25 x 10'6Hz.

For a 100 MeV graviton (~ 1.52 x 10?3 Hz):

Coherent length: I, ~ 0.27m

= Enhancement length : ly = min{l, ,,,}
Mean free path: I,, ~ 0.3m

2
Crot = [h(no/m)l/ﬂ o ~10"® ¢~ 107%m? (42)

Enhancement of about 18 orders of magnitude.

Not so many orders of magnitude from neutrino-atony cross section.
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3. From Graviton to Photon transition (G—P)
(3) Spherical atomic electric field

High energy gravitons could be with current/updaded neutrino

experiment facilities.
—Deep underground to exclude noises.

< HIE Zm

3821H F#13:16

i A T e
BABI T XM, StiIEiT e
MFRNBNIEREE, BRE
EERETROBLE,

160G, X MR 6u- E

Low conversion efficiency: 1. hard to detect; 2. can be detected.
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3. From Graviton to Photon transition (G—P)

(3*) Source of high energy gravitons and some restrictions

Source of high energy gravitons:
» Primordial Black Hole evaporation — 105 ~ 10'¥Hz
» Primordial Black Hole (PBH) binaries — m-dependent f
» Exotic Compact Object (ECO) binaries — m-dependent f
» Supermassive Black Hole (SMBH) photon sphere — 102°Hz
» Magnetars — 10?°Hz
>

Thermal gravitational noise of the Sun — 102 ~ 10'¥Hz
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3. From Graviton to Photon transition (G—P)

(3*) Source of high energy gravitons and some restrictions

ECO binaries (composed of beyond Standard Model particles):
1073 M,
fisco = /2 (GXOM@) 10%Hz, (43)

C' = GM/R the compactness of ECO. (Cgy = 1/2)

f>108Hz = mpco < 10715Mg ~ 10%kg (sublunar)
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3. From Graviton to Photon transition (G—P)

(3*) Source of high energy gravitons and some restrictions

PBH binaries:
GW frequency from the innermost stable circular orbit (ISCO),

4400Hz
fisco = ( (44)

my + mg)/ Mg’

my and msy masses of the two PBHs assumed to be equal.
f>108Hz = mppy < 1071° M ~ 10%kg (sublunar)

Another bound: mppn > 10'%kg to be stable = f< 10?'Hz
(Stable: Hawking evaporation time > age of the universe)

GW detection range: f~ 10'® ~ 10%'Hz
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3. From Graviton to Photon transition (G—P)

(3*) Source of high energy gravitons and some restrictions
Detailed work to be done:

Abundance of PBH

) . —>  Event rate (events per year)
Detection sensitivity

Null detection = Lower abundance

B hd . 3/2 o —1.07
fPBH S 9.1 (1020> ( M@ ) (45)

We need to know the detection sensitivity (strain/power) of
neutrino facilities.
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3. From Graviton to Photon transition (G—P)

(3*) Source of high energy gravitons and some restrictions

We are actively communicating with JUNO members to know the
sensitivity.

Basically, if there’s a MeV level single photon produced in 300ns, it

a8 EIF

BEEMIEXLE © BH " XME
2, 81 B 7 MR—NARE
BEREAT 02MeV #9 gamma HF
HPMF. § MeV TRALEBALR
$EIRAY 10000 BNEFATF (]
M5k) |, REIRNIRRDE S BEARE
BERERNE, SEIRPRH
TRINIIIFAIRI 70%, BAGREIR
EEBEEEE—EED (8
300ns) RMEIBINEFHREEA
HEPIEERUE,

ETBHIZE—RIERLEE, W
R8T 1000ns MEWS KA E
Bl

can be detected.
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4. Final words and discussions

A beautiful poem written by Jin Dai, which perfectly describes what we’ve done

W% F /The Sound of Silence

77 X E A,
— B EIRIT o
B 5% F A,
HEATHE 53592
of [ LA o

& F ek B
— B R IRAT
3 73 1R R A A
TR E S BT
1F R o

—— B

% /My Translation
FFTH R BAS 5 AR, /5
FIERTFEHAE —BAT
BAVII T AR R 2] 7 & oF 49 SA¢

25 H AR5, RIREL LA
&, SRR RO AR

BAP M FBEAEIATT, AV
KA F- AT RiER

ZALE AR VAR FREGADT
B1E5T, E2EHABZECHE

KA FAE R, LR BHRIE,

ol B Ao

——— RHEE

43 /44



4. Final words and discussions

Acknowledgement

Thank you for listening!

Comments are welcomed!
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