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Gravitational motion

GMm

r

V(r) = —
m

>

gravitational Test particle
source

d*r mM
EOM: m— = —G——
dt? 72

Initial condition: 7(f) = R+ x(#), x(t=0)=0, x(r=0)=0

GMt?

t
x(t) = — Vo

2
= -3.3x 1074 (1_s> mm] e.g. Pt M =100 [kg], R =10° [mm]

Can we amplify gravitational motion by weak measurement?
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Plan of Talk

1. Review of Weak Measurement

2. Weak measurement of gravitational force by using
atomic system

3. Conclusion
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Weak measurementis
oneof indirect measurement

* Indirect measurement

Hilbert space: # = A ® B @

Aservation
Interaction
A <€=-----=- >

Target Measuring device
of measurement

Getting informations of A by observing B
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Indirect measurement

e.d.

v H\ = 8A ® ppé(t — 1)

0o

o\

A :observableof A Pp : momentum of B

_lfH dtlw®\P>_e lgA®pB W®T>_ Z|a (a |l//> e lgaPB|\P)

Initial state Translatlon operator

-)_(-A|ai>A=ai|a>

5 /23



Indirect measurement

e.d.

Trace out A
| W>A > > * (unknown)
: v H, = 8A ® ppo(t — 1)

G |'P) B > : > P B * Observation

o\

A :observableof A Pp : momentum of B

_,f 1ntdt|1//®\P>—e lgA®pB|l//®\P>_Z|a <a|l//> e lgapB|\P>

Translatlon operator

X Alai>A=ai|ai>

= Try |71l 1y @ W)y @ W 1|
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Indirect measurement

pp = Try [ 1|y @ W) (yr @ W i1t

* el |y @ W) = Zla)(a ) e ’lgaPB|\P>B
<XIpBIX>—2 ‘<a|l//>‘ \(x gal‘l’>\ 4//

<X|PAB|X>
A

| (x| W) |” : initial distribution

Translation!/\
\ |
N

VAN g . X

»

g X ay g Xa,

By observing B ( ps), we can measure A (a1, az, ...)
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Weak measurement

Weak measurement: g << 1

(x| pplx) = Z ‘<“i|‘/’>‘2x ‘ (x = il‘z

(x|pg|x) Small translation
A
[ (x| I
A
i > x
g X a

Measuring peak of distribution becomes difficult
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Weak measurementwith post-selection

* Restricting the final state of A : post-selection

% A > : > | &) A * Post-selection

L H = gA ® ppd(t — 1)

° Ry B > : > | D) B * Observation

@), = (| e ' ®Ps |y @) =~ (p| (1 — igA ® pp) | ® P)

(DA ly)
= — I ¥
<¢|l/f><1 g R pB) '),

Weak value
(PlAlw) A

~ (| w>e"’g}<w> "),
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Translation by weak value

Y Py, . (plAly) A
| @), = (p|e %8|y QW) =~ (P|y)e & @ 75| W)

D
(@A |y)

(x| @), ~ <¢|w>< ‘ \:
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Weak value can become large

(| A|p)
(@ |y)

Weak value:

- Large weak value = small transition amplitude (¢ |y) ~ 0

 Trade off in weak value:

Large weak value vs Statistics
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Weak value amplification

A . (p|Aly) A
D), = (|49 |y @ W) ~ (| phe 4 T P2 | W)

"'

d <¢|AA|1//>

X ~ —_— \Ij

(x| > ‘ e(ll//) :
Mx@ﬂ oo S

A

I weak value amplification!

C A .

(P|A|y)
(P |w)

Even if g Is small, large shift by large weak value

g X Re
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Plan of Talk

2. Weak measurement of gravitational force by using
atomic system

3. Conclusion
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Atomic cloud in gravitational source

GMm

r

W
2
r

Atomic cloud (BEC) Large weak value
<4 '

gravitational as test particle Statistics
source

V() = -

e.g. 87Rb atoms

 Hilbert space of this system:
H=Ha® X

Internal state of atom Relative motion: Y (7)

e.g. at|0y, alloy, -
““‘T""’ ’”‘T"*

ground state 1st excited state (Hyper fine splitting)
a?|0y, alal|0), -
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Atomic cloud in gravitational source

GMm

r

V(r) = —

S

r Atomic cloud

gravitational e.g. Rb atoms

source
» Hamiltonian: A oA p: GMm
H — Hat()m + A A
2m r
Interaction

b/w (Internal state) and (Relative motion state)

Hyom = E1a,a, + Eraa,, |a;, aj] = 0y, la, a;] = la;, aj] =0
ground state 1st excited state (Hyper fine splitting)

| d, : mass operator of atomic cloud
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Approximation

GMm

V(r) = —

Atomic cloud

gravitational
e.g. 87Rb atoms

source
« Hamiltonian:
AD 2 A7) A A
A 4 - pr GMm . Py GMm X
H = Hatom ' A A = [Tyom ™ A 5
2m r 2m R R




Timeevolution

- GMm 2 GMh Qi
E[Afl

- GMTm @ X

: A )
e Tl |y) | ) = e e T |yphe= 5T | gy

Initial state . GMtma

I =e R |¢(t)> W(t»

Internal state x Relative motion state
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Post selection

- GMm 2 GMm® @
_ =

-~ —iH.T —iH _GMTh®%  .p _,ﬁ_%
o} l 1T€ ZHOT|%>|¢1'> ~e TR e lHOTll//i>€ lzmT|¢i>

_; GMTh ®

= ¢ 2 |y(T)) | ¢(T))

X (z/ff\ . post-selection of internal state at ¢t =1’

GMTm @ X

|PAT)) = (yrle™ © |y(D)) | p(T))
GMtm Q x
= sl (1- 12 ) W 6() + (6

GMT (el m|w(T))
~ T 1 —1i X T
AL )>( i— e @) x)lcb( ))
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Expectation value of position

* relative motion state after post-selection:

GMT (|l m | w(T))
R> (yrlw(D)) >|¢( &

| PAT)) = <wf|w<T>>(1 -

Initial condition:

(z]¢i) =

(0D 2105(T)) o pGMT T g [UA(T))°

(05 (D)[65(T)) B )

T GMT? Translatlon by weak value
classical motion x(7) = -

2R?
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Expectation value of position

- Expectation value of position:

(04 (1) & 16,(T) _ LGMT [l o)) | o
0oy~ D)+ | =y | O

Internal state

Wﬁ —

% (I1; N) + |2; N))(initial), [vr) = ; IN) — |2; V) (finial)

Coherent states (BEC): d,|1;N) =+/N|1;N), a,|2;N) =+/N|2;N)

NAmd? si
(7)1 m sin f(7T)
T 1 — COS f ( )
f(T) ~ 21'[ X (mteger) Weak value is amplified!
Am =mo —mq f(T)=GMAMNT/R z4(T) = -GMT?/2R?
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Ix,4(T)

(P(T) | X p«T))

Result

M= 100kg d= 1mm R/d 100 N= 1015 Am 10 =\

10000 -

(D (T) | p(T))

~10000!

5000}

Full
~ O(109)

(G)

#\&- [\ - | SS— <

O(G) calculation

~5000}

M\N w a\N Ty ey

| SS—
T

A
=

0.5

1

2

3}

_- (P(T) | X p(T)) NAmd? sin f(T)
] Ixg(T) ~1+
| PT) | p(T)) I 1-—cosf(T)

can be negatlve

 Blue line:

Full order calculation

T [s] b/w initial and final state
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Result

M= 100kg d= 1mm R/d 100 N= 1015 Am 10 =\

10000 -
o~ ~ — Full
5% a6l ~ 0(103) O(G) calculation
/\5 - (G) 1 (@UT) | X p(T)) I (T) = 1 4 NAmd? sin f(T)
2= j | (DI gp(T)) T 1-cosf(T)
| can be negative
SI3 o — 9
= |= \ .
= | | * Blue line:
~ | <= |
= < ~5000¢ Full order calculation
-10000! P w  —
0.5 1 2 )

T [s] b/w initial and final state

- Gravity is amplified by O(103) when N =1015

- behave as repulsive force because of negative weak value
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Conclusionand future work

* We proposed a thought experiment by using atoms

 In the weak measurement, gravity is amplified by

O(103) compared with classical motion when N =1015

» Gravity behaves as repulsive force by the

nhegative weak value

- Application to measuring the Newtonian constant
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Selection

- pre-selection, post-selection:
1 1

;) = 7 (JLN)+[2;N))  |oy) = 7 (1, N) = [2;N))

n; N) = e~ N/2oVNG, 0): coherent state

« BEC = Coherent state:

n; N) = e~ N/2gVNay, 0)
in |n; NY = VN |n; NY — (n; N|ala, |n; N) = N
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How to select

* Cold atoms in electric field

V =—qi- E (EDM)
:—QZ| B =—q(2]2]1)- E(]1)(
)= I enbrg energy state of atom
(1| z|1) = (2| 2|2) = 0 (Parity symmetry)

-Eigenstate of EDM:

r~ - \.\'\-..'
1 S B |
— _—— — i o
e e [T e 'S
-_— [ O ' !
I— e—_— se
2 resu

-S.G. ex Is possible

silver atoms
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Weak measurement

» Set-up: ?@
Cold atoms
v

Pre-selection %

l ﬁ Time evolution by
A2

A . p;  GMm GM |

~ H:Haoms - = L
@ t _I_Qm I + R2m®$

Gravitational
source Post-selection w f

e
3

Position measurement €«— Amplified by weak measurement
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Full order calculation

- Leading order

(@5 (T)| % |95 (T))
(@7 (T)|os(T))

| ey | O

— za(T) (1 | NATm - 1 iucl:fs(? ()T)>

Am =mo —mq f(T)=GMAmMNT/R z4(T) = -GMT?/2R?

* Full order

(Pr(D2|04(T)) _ - NAmd®> ‘e 9T sin f(T)
(pr(D)los(T)) ) (1 T 1—e 9D COSf(T)>

- N242 A2 Damping factor appears

T2 Ll (T)2

g(T)
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/x(T)

(BA(T) | 2] $p(T))

Weak measurement

 Plot(Full-order vs Leading-order):

M= 100kg d= 1mm R/d 100 N= 1015 Am 10‘5eV

10000 -

(Dr(T) | p«(T))

~10000"

5000}

4

acﬁ

(G)

N

=NV (¢5(T)164(T)) ~ 107N

Sunhved atoms
after selection

~5000/

05

T [s] b/w initial and final

- Gravity is amplified by O(103) when N =1015
« behave as repulsive force
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Possibility of realization

- Large number of atoms:
-In current technology N ~ (9(109)

* Time scale of post-selection is very small:

-we must do selection with accuracy 10-10 s

(05(T)||6(T)) _ NAmd® =90 sin f(7)
f / = za(T) <1 T 1—e9T) cos f(T)>

(@5 (T)|os(T))
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Selected state

- coherent state is not special in our calculation

1;N) — &IV |0) /VN

Our results don’t change
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