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Two Equal Mass Particles in Double Stern-Gerlach Experiment

We present a model as a coun-
terexample to the claim that grav-

‘ n ‘ itational entanglement is evidence
.5—1. .5—1. against semiclassical theories?; one
A '@ ! ' that makes use of the trajectory®?

0 zz zl as an additional “hidden” variable
f-/ fJ in the de Broglie-Bohm theory, and
Y VY Y ‘@ is closer in spirit to the mean-field

R R approach.
! \% \2

S. Bose et al. (2017), C. Marletto,
V. Vedral, (2017) [1, 2]

bsee Hall, Reginatto [3] and by
Andersen [5]
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Introduction

How does one model the effect of quantum matter on spacetime curvature?

1 8nG A
Ruv — §guvR = A (V| Tuv W)

for nonrelativistic case potential can be described as:

Gmym; Gmimy 1 )
= (r)| () —r " Vs(e'g(t’rl)+ Vs(e@(t,rz)

Vsc(t7r17r2) —

on the other hand, by perturbative quantized gravity we have:

Gm1 my

Vag(ri,rz) = TTh-n|
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Gravity Sourced Along Bohmian
Trajectories
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Gravity Source Along Bohmian Trajectories

Using the tools of, de Broglie-Bohm Theory, especially the guiding equation,

i fi ViV(t;ry,...,
da (t):|m< (s r"’)> (4)
dt mj \U(t;rl,...,rN) rlqu(t)7-~~rN:qN(t)
with potential term:
Gmim Gmim
Vib(ri,r2,q1,92) = 12 L2 4 (a1, 92) (5)

Cn-q ai—r

Choosing 1(q1,g2) = Gmima|q1 — qg\_l and together with some arrangements we can

obtain the same phases: ®J1 &1- o L & as Vi, (3).

Hence we concluded that Vi, (5) and Vg, (3) make the same predictions for both
classical trajectories and gravitational phase shifts.
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Mean-Field Trajectory Hybrid Model
(M-FTH Model)
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Mean-Field Trajectory Hybrid Model

We have shown a model, based on Broglie-Bohm trajectories. However, we also need
to demonstrate its connection to mean-field semiclassical gravity.

. 8\Il(t;r1,...,rN) W VI?
ih 3¢ = —?I;E—kV(t;rl,...,rN;ql,...7qN;\|J) \U(t;rl,...7l‘/\/)

(6)
by introducing the parameter R € (0,00), for potential term, we gathered a hybrid
model that is able to interpolate between Vj,(Veg) and Vic. Therefore, as a result we
defined Vg which can mimic Vjp(Vgg) in limit R — 0 and Vi in limit R — oot

1—djjfreg(R
VR(r17-~-7rN;CI17 - qdN; \U —_Gzzmmj ’ g( )

P N;(t,R)
/d3 X(R qyjrl_)rP'( ") +7vR(a1,..-.an)  (7)
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Mean-Field Trajectory Hybrid Model

Functions that are presented for Vi in the equation (7):

2(Ror) = 1 for|r|<R (82)
0 forlr|>R
P;(t,r) = /d3r1---/d3rj,1/d3rj+1-~-/d3r,\/
><|lll(t;r1,...,rj_l,r,rj+1,...,rN)\2 (8b)
Ni(t.R) = [ @rPi(tn)x(R.a; 1), (8¢)

a regularization function fieg : R4 — [0,1] with
0 for R—oo
freg(R) — . (8d)
1 for R— 0 ‘“sufficiently fast”

Yr for now an arbitrary function of q;, with yr — 0 for R — co.
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M-FTH Model: Classical and Quantum Limit

Why "semiclassical limit?" This is just Ehrenfest's theorem, which is an exact equality
for the expectation values:

1
9Z(r;) = - (ViVr(tirs,....rni 41, . ...an; V)

ZGJ;NlmJ 5”freg /d3rx ,qj — )P(,)<r_ri> (9)

i —rf?

With appropriate approximations this results in the Newtonian equations of motion:

2 A q; —4qi
97qi~ Gy m——=. (10)
j=1 laj—al
JFi
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M-FTH Model: Two Equal Mass Particles in Double Stern-Gerlach Experiment

Az
iz 5:\::
m | tm ) | i tm
0 o x
B P Feem 1@
.
W 4

Schematic depiction of the double Stern—Gerlach experiment as proposed by Bose et al. [1]. Two spin—% particles are each brought into superposition
of two possible trajectories in an inhomosgeneous magnetic field, resulting in a total of four possible trajectory combinations located around x
coordinates u1_12'2 = +(Ax/2)+s1.2(6x/2) depending on the spin eigenvalues s; 5 = £1.
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M-FTH Model: Two Equal Mass Particles in Double Stern-Gerlach Experiment

Ignoring the self-gravitational terms, that affect only each particle at its site but not
both together, and assuming same mass, m, for both particles we defined:

sz R7 —r)P t,r
VkUhrquqzﬂU)z._AhU:Rj/}er( q1 —r)Pyi(t,r)

[r2—r|
__Gm? /dzrl(Rﬂz—r)Pz(t»r)
Ng(t,R) |r1—r|
+vr(91,92) (11)

Assuming, T>> T,, classical trajectories uy'; = (uy';,0, vt) for t € [0,7], with

u?; =+(Ax/2)+512(8x/2) and s = £1. After the integration of Vg:

03 =~ [ dtVa(ug (0.3 (005 (0. a3 (D V(U (D05 (D) (12)
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M-FTH Model: Two Equal Mass Particles in Double Stern-Gerlach Experiment

By making some choices; mao? > fit (o initial width of wave function), and looking at
quasi-classical trajectories; q;(t) ~ ui (t) (I = Gm?t/h):

X(Ru —r)Pi(r)  x(R,u} —r)Px(r)
S152N 3 1 2 515
o (e Nae ) 4 (13)

Considering the four spin combinations independently, and defining global phase as
Pr=0g" = ¢z (with ¢;'* also contributing only to ®g), the relative phases:

Or = Pr —Pr (14)
and their average
+ +— oot
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M-FTH Model: Two Equal Mass Particles in Double Stern-Gerlach Experiment

0.4 06 0.8 1.0 0 1 2 3 4 5
R wide wave function R narrow wave function

R large distance small distance
Change of phases qﬁ;, Or 4% as functions of R; a) wide wave function: Ax =0.25, §x =0.1, b) narrow wave function: Ax =25, §x =1, c) large

distance: Ax =3, 6x =0.5, d) small distance:Ax =2, §x = 1.9, according to equations (14) and (15).
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Witness for Spin Entanglement
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Witness for Spin Entanglement

For these derived phases we can now check experimentally the witnessing of the
entanglement that is induced via gravitation. The wave function of such system:

el¢R

[w) = 5= (1) 4% 1) +¢% 1)+ 1) (16)
and the proposed entanglement witness function, W,Bose et al. [1]:
w=|(0® ©02) + (o) 2 02|
= > lcos (9) +cos (9 — 95F) —cos (957) ~1| = |sin9f (sinof —sinoF )| (17)

In the limit R — o of mean-field semiclassical gravity one has ¢.7 = —¢., with the
symmetry of the cosine, hence one can see the witness function can only take values
0 < W <1, depending on the phase difference 92 (202 = ¢4 — dr).
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Witness for Spin Entanglement

For any separable spin wave function W < 1, witnesses entanglement for any value
W >1.

Entanglement witness W defined in equation (17) as a function of R for the wide wave function case Ax =0.25, 6x =0.1, [ of 0.5,1,2

FRIEDRICH-SCHILLER-

@%wXERSWAT M. Kemal Doner e Physik-Combo 2022 —  Witness for Spin Entanglement e




Witness for Spin Entanglement

For a more general treatment 1: Wg(0) = 2sin?(4)sin? 95 +sin 6 (sin 95 +sin¢)
(parameterized by |6) = \% (|w(0,0)) +¢ |y(m,x))))

Change of special cases: W3 = Wg(%@); small and Wy = W (% ); maximally entangled cases of the system, I'; 0.5,1,2 and Rmax = 0.5

LT. Guff, N. Boulle, I. Pikovski (2021) [8]
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Conclusions
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Conclusion

e We have presented a model for nonrelativistic quantum system on a classical
spacetime, where the curvature of spacetime is sourced by the wave function and
the particle trajectory. (except R — o)

e We have shown that this model results in a gravitational phase shift for which the
presented witnesses can find entanglement.

e This is an explicit counterexample that gravity can be unquantized and still result
in entanglement between two particles.
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Thank You

Questions?

FRIEDRICH-SCHILLER-
VERSIT

@J@#A AT M. Kemal Doner e Physik-Combo 2022 —  Conclusions e 14/14
4



[4 S. Bose, A. Mazumdar, G.W. Morley, H. Ulbricht, M. Toros, M. Paternostro, A.A.
Geraci, P.F. Barker, M.S. Kim, G. Milburn, Phys. Rev. Lett. 119, 240401 (2017).
DOI 10.1103/PhysRevLett.119.240401

[4 C. Marletto, V. Vedral, Phys. Rev. Lett. 119(24), 240402 (2017).
DOI 10.1103/PhysRevLett.119.240402

[4 M.J.W. Hall, M. Reginatto, J. Phys. A: Math. Theor. 51(8), 085303(2018).
DOI 10.1088/1751-8121/aaa734

[4 M.J.W. Hall, M. Reginatto, Phys. Rev. A 72(6), 062109 (2005).
DOI 10.1103/PhysRevA.72.062109

[4 T.C. Andersen, J. Phys.: Conf. Ser. 1275(1), 012038 (2019).
DOI 10.1088/1742-6596/1275/1/012038

[d T. Norsen, Found. Phys. 40(12), 1858 (2010).
DOI 10.1007/s10701-010-9495-2

[4 T. Norsen, D. Marian, X. Oriols, Synthese 192(10), 3125 (2015).

/\ FRIEDRICH-SCHILLER-
233 JLIJEI\I{IIXERSITAT M. Kemal Déner e Physik-Combo 2022




DOI 10.1007/s11229-014-0577-0
[4 T. Guff, N. Boulle, I. Pikovski, arXiv:2112.08564 [quant-ph] (2021)

\ FRIEDRICH-SCHILLER-
i J%%IXERSITAT M. Kemal Déner e Physik-Combo 2022




Backup slides

However, this claim (idea) has been also criticized by many opponents, and shown that
it is only valid for certain classical interactions, and discussed that for hybrid models
quantum-classical ensembles entanglement can increased?.

With similar intentions we have constructed a different model, based on de

3

Broglie-Bohm theory, which takes trajectories® as additional “hidden” variables and use

them to construct the necessary connection for entanglement between subsystem.

By its dependence on both the trajectories and the wave function, this model can
interpolate between maximally entangling model and non-entangling model
(semiclassical potential, Vi,).

2M.J.W. Hall, M. Reginatto; (2018), (2005) [3],[4]
3This “trajectory approach* is briefly mentioned also by Hall, Reginatto [3] and by Andersen [5]
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The concept of Norsen (TELB),* the conditional wave functions:

v (t,x) = V(t;x,q2(t)) (18)
yvo(t,x) = V(t; q1(t),x)
. J F'2 82 eff
1ﬁ$Wi(t7X) - _Trniﬁlyl(t?x)—’_ \/I (t,X)l[/,(t,X) (19)
Gmimy  Gmimy . dgi ) B @
- _ nl_ n 2
V12 Y(q1,92) — 01— 2] |x—qaa] = 2 2mpy 12 (20)
n 1 0"V(x,xp,t
I_Ig )(t,x)z ; g n )
va(t,x) X3 o=aa(1)
, (21)
(n) 1 d"V(xy,x, t)
ny”(t,x) =
2 ( ) X ax"
ll/2(t,X) X]. X1:q1(t)

4T. Norsen (2010), T. Norsen, D. Marian, X. Oriols (2015) [6, 7]
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Gaussian wave function by the trajectorieS'

(rf 413+ (a—u")? + (0 — u3?)?) ]

exp [—
\U(Xl,r17X2,r2 ZZ (22)
s1 9 2Vrm (l—l-exp( 5X2))
using cylindrical coordinates, (x,y,z) = (x,r cos8,r sin0) and we have:
2 2 2
e—l‘ B e_p _|_e_q 7( 2 )
Pi(Xar): Q(X—U;'_,X—Ui )7 Q(puq): + (23)
2vm3 l4e % 14e%
normalization (where Ni(R) = N>(R) = N(R) regardless of the trajectory):
dx Ox
g2 erf(R+7) +erf<R—7)
N(R) = (1—e ) _
2 (14¢%)
f(R f(R — 2erf(R
| erf(R+8x) +erf( 5X2(5x)+ erf( )] (22)
4 (1+e_T)
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Jr(&)= \/2E/0Rdr\/rrfzz_~F7r2(;:‘2 =e%’ [erf(\/R2+§2) —erf(@)} (25)

and writing Au"®2 = u* — u3?, using Q(p,q) = Q(q,p) = Q(—p,—q), we find:

5152 I / dx/ 27I'I’P1(X—|—u ) + 27'L'rP2(x-|- U§2,r)
X+AU5152) —|—r2 \/(X_AUS152)2+r2
— / dx | Qx4 uf — v, x4+ uft —uy)
" 2N(R) J-r 1 U 1 U
FQ(x — U3’ +uy  x — U3 +u2)> Jr(x+ Au?) (26)

R A Jr(x—A
¢§%N(FR)/_RdXQ(X,x+6x) (JR(xiAx—i—Sx)—JR(X+ x)+ Jr(x X)>

2
(27)
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Backup slides

In the limit R — 0, both the integral from —R to R and the normalization function
N(R) tend to zero like R3.

i T or
O 7 |Ax+6x| |Ax]|

+o; (28)

expansion around small R < 1, by approximating up to and including ﬁ’(R5):

JR(é)%\/% -2 ()] (29)
N(R) ~ \/E'Zi:if> <1 +e§§2>2 <1 552> +R236X2 <2+e§§2>] (30)

52
Jr(E) _ (1+e) | 1 g 3 216t

NR) ™ (1 o) | FIET 30 1_4§2—5x2<1+es2x2)2

(31)
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For arbitrary functions q(x), f(x), g(x), we have to cubic order in R:

/R 4(x) (f(xgé) i Rg(x+§)> dx ~ 2(0)f(£)

-R

2
+ 5 (a(0) (68(6) + £1(£)) + 24/ O)7'(8) + 4" (0)F(£)) , (32)
and hence, with g(x) = Q(x,x + 6x),
J (x+&) _ R? 8 Ox
2/ dx R/v (R) ﬁ 1+ e <1+1+65§2>] (33)

The phases are then
Op = 2Ir(8x £ Ax) — Ip(Ax) — Ir(—AX) + ¢, . (34)

To lowest order, we again obtain the phases (28). As expected, this is the phase
obtained from the Bohmian potential (5).
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Backup slide

In the limit R — oo, using the asymptotic expansion of error function and N(R) — 1,

we find:

Q

—-R? 5x2/4 -R? 2
e VR, ,1+2¢ e &
N(R) I=(8) (H e ox 1+edx2/4 ) - V@R <1 2R2> ’ (35)

assuming ¢, — 0 sufficiently fast,

—-R? 5x2/4 —-R?
+ e TR, ,14+2e L Te Ox 1
¢RN<1+ NG Sx 1+e5x2/4> °°+\/ER3 1+675X2/4:EAX 71+675X2/4+\/56x
(36)
Since ¢Z =0, we find
re Rs
0% —Z (37)

R JzR3 (1+e-9/4)"
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