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Introduction



intfroduction '

Quantum
gravity
® We need experimental evidence to explore quantum gravity Our focus
“ e
® Quantum gravity theory = non-relativistic gravity in QM regime 1/c

Our focus '
® Regarding the recent progress of quantum experiment in mesoscopic scale, it is expected to

see gravitational effect of quantum object in near future.

Quantum control Measuring gravitational const

Not tested yet
-

~ Planck mass scale

Probe mass

»

o0ng 90mg

How to test the quantum nature of non-relativistic gravity targeting on mesoscopic object?



Feynman (1957)

QUG n'l'U m g rGVitY Willn ess Bose et al. (2017), Marletto, Vedral (2017)

Carney, Muller, Taylor (2021)

® |dea °“Isthe gravitational field superposed when the mass source is in quantum superposition?”

If Yes... Gravitational potential is aé“ ~ Probe m, & Mass source M, X
O(i, X) = —| Gﬂiﬂ depends on src operator . ..“:'x “1' Gravitational field
Time evolution c:;‘ probe and mass source is ﬁ /~ " —__ \/’—
e~/ N @ (IL) + |RY) (¢p; = —im®(&,5)t/h) \\.;;,/ \\': ’;,/

= e?L|y) ® |L) + e®?|Y) ® |R) : entangled state C) ) (|L) + |R))

Probe feels superposed gravity and evolves to superposed state.

® |ssue Other quantum interaction can also let the probe superposed and create entanglement.

How can we pick out quantum feature unique to gravity?

We need to deal with relativistic phenomena to distinguish gravity and other interactions!
— Gravitational redshift using quantum clock: YK, Maeda, Nambu, Osawa (2022)

— Gravitational lensing <« Today’s talk!! As a first step, we consider BH as toy model.



BH shadow of a spatially superposed

Schwarzschild spacetime
(on-going work)



Setup

® Suppose a quantized scalar field propagating from the point source on a

spatially superposed Schwarzschild spacetime

® Quantized scalar field propagate through a lens, and we observe the intensity

of the point source (BH image) on the screen.

Screen
Superposed BH '

N N

Scalar field
x1“ ” . //‘

Point

e Observa:tlon plane :(Lens)

T'obs

(BG spacetime in superposition

% (o)) + lga(z2)})

Assume that BH states are orthogonal

(91(21)]g2(22)) =0

Each BH state gives Sch. metric:
e
ds® = (gi) pvd(2i)!d(2;)"
2

2 dr 2
< F(T’L)dt + F(T‘%) +T ds2 ( z:¢%)

F(?“g;) = 1—2M/?“,,;

(39‘2,yz, 2’2) = (371:y1:Z1 - 52’)




How to construct the BH image from quantum state?
Noda, Nambu (2022)

1. Suppose 2 Unruh-de Witt detectors A and B on the observation plane and detect two point
function of the scalar field. Yr

Detector has two internal energy levels 10), [1) . Screen

Detector position: €4 = (7obs, 0,0), B = (robs, 8, ¢) Obs. plane
Fixed at the center of obs. plane  Move freely on the plane

Interaction between detectors and scalar field:

Hit) =2 3 (oh(t) +0p(t) 8t 2p)
' D=A,B |
ob(t) =1, 2p)(0,2pl, opn(t) =e "N0,2p) (1, zp]

—~ —~

Two point function is given by <(I)(w0, :I:A)(I)(wo,a:B)> o Tt . scatar [4 (0|5 (1] p(£)]1) 4]0) 5]"

P(w,z) = 27)~t [dte™ (¢, ) Time evolution of BH + scalar + 2 detectors

2. Fourier transform the two point function to obtain the BH image on the screen.

: Explains optical
T]°ITAB deflection on lens
TAB ‘= TA — IR

?:OJO

F(xr,yr) OC/

obs. plane

dzmAB 'TI'BH,scalar [A<0|B<1|p(t)|1>/il|0>B]>1= exp [

obs



Lensing formula using UdW detectors

[ ) I [ ) )
Time evolution f(scf,ym/dmmr[ 0]5(11o(t) >Ao>B]*exp[““’%I-m]

Tobs

® |et's calculate time evolution of “superposed BH + scalar + 2 detectors” systems
In BH image:
to obta age o(t) = eI TU AHION/RY oy (| ATLS deHr (05
1
— Initial state: |¥i) = 7 (lg1(z1)) + |g2(22))) @ |Vyac) ® [0,2.41) ® |0, 2B1)
Scalar 2 detectors in ground state

Superposed Sch. BH
— Hamiltonian: Time evolution depends on the BH state
Hi(t) = Z hi(t)|g:)(gil g

i=1,2 = superposition of probe scalar, BH-others entanglement

2
Here, hi(t) =X Z ob(t)+op5(t)) @y, (L, zpi) Numerical sols of ((I) )

D=AB
is an interaction btw scalar and detectors for |g;) , and

ah(t) = 1) p(0], ap(t) = e |0) p(1]
D(I)Q@' (ta .’L‘@') — (g%')”uv#vb’q)gé (t, .’L‘@') — S(S(:B o .CL'S)

KG eq. on BH spacetime gi(x3) with the point source term
(Boundary conditions: In-going at the horizon, Out-going at infinity) i




Image of superposed BH

® BH image
After we substitute the time evolved state into
the lensing formula, we obtain

Flar,yr) = % {Filzr,yr) + Folzr, yr)}

Here, F;(x,yr)is the image of the classical BH spacetime gi(xi)

F(xr,yr) OC/

obs. plane

2 point function of the scalar field on the classical Sch. Spacetime.
We can calculate this by solving KG equation numerically!

~ ?:(.UO

d°T 4 B <(i)g?; (wo, a:) Py, (woawB¢)>GXP [

rr - wABi]

Tobs

If we assume that the BH states are orthogonal (g:1(z1)|g2(22)) =0,
BH image of superposed Sch. spacetime is simply given by

the summation of BH images of each spacetime.



Resulti: Classical BH case

® BH image of a classical Schwarzschild spacetime
M=1, w=20, rops =20, r4 =6, d=10.5

2 point func. on the obs. plane <Fourier trf. > BH image on the screen

O 1Gu(XaXs) " = IF (x,,0)
B 2D image @& i
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Einstein ring appears!



Result2: Superposed BH case

® BH image of a superposed Schwarzschild spacetime
M =1, w=20, rops =20, r4 =6, d=0.5, 6z =4

2 point func. on the obs. plane <Fourier trf. > BH image on the screen
gl e, 7000 g2(@2))
2D image \§ [" | ’

X

\ . I I . ! I
XB .0 <5 05 1.0

-0.4 -0.2 0.0 0.2 0.4

Interference pattern of two wave modes Double Einstein rings appear which peak
scattered by |g1(z1))and|g2(2z2)) corresponds to |g1 (1)) and|gs(x2))



Conclusion



Conclusion

® |ssue of the BMV proposal : We cannot distinguish the guantum feature of

gravity and other quantum interactions.

— We stepped into arelativistic phenomena to capture quantum feature unique to gravity.

® BH shadow of a spatially superposed Schwarzschild spacetime

> 00

— Superposition of Sch. BH %Ugl(xl))"' |g2(22))) [(91(x1)|92(x2)> = 0}

— Image of superposed BH = Summation of images of each classical BH

® Future work
— What if BH states are not orthogonal? (g1 (x1)|g2(2z2)) # 0
— What is the difference between scattering by superposed Coulomb potential?
Did we really see the quantum feature unique to gravity?
— Extension to tabletop experiment (weak gravity case)

Thank you!
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BMV; Eﬁ Bose et al. (2017), Marletto, Vedral (2017)

Carney, Muller, Taylor (2021)
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% Hawking radiation®E ) L > X% R DT
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ty b7V 7
® Ly SchwarzchildiFZE ICHE W T, BRI OIEET A EF A7 —15
O=ETRAT—HBDAITEN D, RV U= ETORREDIintensity (BHER) % K& %
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— =]
Z jJ 7 _ % a) H# Fﬂﬂ %E Caribe Jorll\lsos(:)arll’, NCZ?:I: gg;g

® :I%s;'!\ﬁéf:gg E \E/j 7de SChW&I‘ZChIldHiU’U ¢ Eternal blackhole

1 oM
ds* = —F(r)dt* + dr® 4+ r* (d6* + sin®* 0d¢®), F(r)=1- "—
F(r) r
® Massless, real ET7 X 1 7 — 15 DEERE ZH 5 —EDamplitude

10f]

B Px) = / dw e D, (x) + a) e D) ()
0

O, (x) =) 13&,,(?«)133 (cos 6)

r €T o
;
Klein-Gordon eq. O®(x) = p(x), pa)=Sd(x —axy) K.
d2
r 5 B DOEOM - Ry (r) + (w? — Veg(r)) Rew(r) = Se 8(r —rs)

Vi =2 = P (22 + B2 D) s = (ot (04 5) s &
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® Van Cittert-Zernike theorem
A7) —> EORFEDintensityld, BIEEEORX AT —5H0 2 AR O 7 — ) TZ&#E

Flzr,yr) 2/ &Pxap G,(xa,Tp)exp [’f»
|:IJAB|<d

w
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Tobs

AEELEICH1T2 2T —1B0 2 SIEEEK Gu(z,y) = (Pu(x)Pu(y))
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af=1
T
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