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We explore the EPR experiment in the case of the breakup of a polyatomic molecule into two mutually
entangled fragments. We give a derivation based on the properties of the dissociated wave function that no
information is transferred, not even at a speed smaller than the speed of light, from one entangled partner to
the other concerning its measurement or lack thereof. We also explain experiments that show that each separated
fragment can retain coherences induced in its parent molecule by a broad band laser pulse, regardless of
whether a measurement has been performed on its entangled partner.

|. Introduction II. Multichannel Photodissociation

In their famous papéerEinstein, Podolski, and Rosen (EPR) ~ Consider irradiating a polyatomic molecule;-8, where A
pointed out that a necessary consequence of quantum mechanica@nd B are atoms or groups of atoms, existing initially in state
is the establishment of correlations between two entangled Po Of energyEo, with a pulse of light of the form
particles dissociated from the same initial adduct. Thus, if the
total spin of the adduct is zero, a choice of quantization axis E.()= Ref dE €,(we) exp(—iwgt) 1)
upon measurement of one fragment would yield a spin which ) . i
is the exact opposite of the spin measured for the other fragmentVNereE is an energy value in the continuum ang = E —
but only when the same axis of quantization is chosen in both £o: With @.u., for whichi = 1, being used here and throughout

measurements. The issue is how can one fragment be “aware'NiS Paper. After the pulse is over, those molecules that have
of the choice made regarding the quantization axis of the other’?"’1bsorbeo| a photon from the puls_e and are on thel_r way to yield
. . the A + B fragments are describedy the following wave
Although the existence of these correlations has been

established experimentafy it has however been argued on function

the basis of causalitythat no “spooky interaction at a distance” . 1 —n .

nor any information can be transferred between the fragments PRy = f dE ch )(E)w( )(R,r,E) exp(-iEt) (2)

as a sole result of a measurement being performed on either "

fragment. Were it to be the case, we would be able to transfer whereR = Ry — Rg, with Ra andRg denoting, respectively,
information at speeds greater than that of light. Only when the the lab-frame coordinates of A (c.m.) and B (c.m.). In the above,
two observers get together, or send each other the details of js a collective index for the B fragment internal coordinates
their measurements by any other ordinary “classical” com- and n stands for{v, k}, where v is the collective quantum
munication channel, do they become aware of the existence ofnumber for the internal motions of B aridis the direction

these correlations. angles ofk, the momentum conjugate . }, designates
It is of interest to see whether the above heuristic argument summation ovew and integration ovek.
can also be derived directly from the Sctimger equation, and YR, E) exp(—iEt) are scattering solutioh®f the full

more explicitly, from the properties of its solutions. It is also time independent Schdinger equation
of interest to see whether any information, even at sub-light

speeds, which is not forbidden by causality, can be transferred [TO(E —ie—Hy ""(R,r,E)=0 3)
between the fragments as a result of observations performed ¢
on one of them. which approach at largea single product of an internal wave

In this paper, we address these issues by analyzing the EPRunction of B and a plane wave iR, function
dissociation of a case more complicated than those considered
so far, that of a polyatomic molecule breaking apart under the "(R, r, E) exp(~iEt) R
action of a broad or narrow band light pulse to yield two R — i
fragments. Here, because of the presence of both discrete and Nk, (E)9,(1) explik,(B)R —IEM (4)
continuous variables, the collapse of the wave function upon wherek,(E) is the “channel-momentum” vector whose magni-
measurement is even more dramatic than in the two particle yyde is determined by energy conservation to be
case and would seem to enable an observer of one fragment to

sense when an observation of the other fragment is being made. k %(E)
This however, as we show below, is not the case. 2 =E-—e, (5)
T Part of the “Chava Lifshitz Memorial Issue”. In the aboveg, is the energy of the, B state andu is the
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(A—B) reduced mass, defined as

11 1
that is aomA) - mE)
m(A)m(B)

“TmA) + mB) (©)

N(k) is a normalization constant that guarantees that
J dR [N expli(k — k')-R] = 6(E — E)o(k — k) (7)
that is

N(K) = (uk/(27)*)"? (8)

cf}) (E) of eq 2 are preparation coefficients, given in first-
order perturbation theory as

SAE) = 27ie;(we) @ "(E)|dylypo0] 9)

whered; is the transition dipole operator in the direction of the
electric field E;.

Ill. Nondegenerate Case

I1l.1. Collapsed Wave Function. It follows from eq 5 that,

if the B fragment has no degeneracies and A is assumed to be

a structureless atom, knowledgetband determination d,(E)

(which can be performed by measuring atom A only) completely

determines whicle, level of B is occupied, thereby causing
the collapse of the wave packet of eq 2 to one term only.
Before discussing this further, we verify thif(E) can be

determined by measuring A alone. We note that, if we assume

that the total c.m. momentua—g = 0, we have that

ky = —k; (10)
Since
k(E) = u(vy — v5)
we have that
k,(E) =k) = —Kk® (11)

The above implies that as we measky), the wave function,
which in the far future is given, using eq 4, as

W (R,r,t)—
Y J dE a’(B)¢,(N(k,(E) explik, (E)-R — iEf] (12)

must collapse to a single term

PRI =
J dE & (B)e,(r)N(K,(E)) explik,(E)-R — iEt] (13)
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CW case where

SA(E) = cPU(EQO(E — Ey)

we have that

pr) = [ dk IEUEDS, (1" (15)

Il1.2. Uncollapsed Wave Function. We can write the
uncollapsed wave function as a sum of products of internal and
translational wave functions

YRt = [ dEE)S,(Ny,(RE) expiEY) (16)
where

¥(R,E) = N(k (E)) exp(k,(E)'R) 17)

When we lack knowledge of A, the probability-density of B
associated with this wave function is obtained by squaring this
expression and integrating over the relative translational coor-
dinateR

ps= [, dR [W(R,r, 1) =
S dE O’ G,,(EE) G(E) () ,(1) 471
expl(E — E)Y] (18)

where
Go(E E) = [, R yH(RE) p(RE) =

Jy, dR N(k,(E)) N(k,(E")) expli(k (E) — k,(E")-R] =

8 sin(AkX) sin(Ak,Y) sin(AkZ)
AKAKAK,

whereV is a limited volume of separation between the A and
B fragments.

At R> 1/Ak values, terms withAk = O decay to zero and
the probability-density becomes that of the collapsed case.
Before dealing with the limite® case further, we examine the
case in which the separation between A and B is allowed to
assume any value. We then obtain from eq 19 that

N(kz/(E)) N(kz/’(E’))

(19)

Gy (EE) = N(k,(E))* 3(k,(E) — k,(E") 3(k,(E) — k,(E)
(20)

hence
Py =
;f dE [ ke, k(E) € ¢(E) ¢,(r) #3(r) explie, — €)1
(21)

where

As we repeatedly measure A and bin these measurements

according to their differerk,(E) values, the system is described
by a density matrix of the form

p="y [y, 14)

with vy, being the “collapsed” wave function of eq 13. In the

k(E) = k,(E)
or
E=E—-e¢ +e, (22)

As a real example, we consider the photodetachment gf SF
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SK, —SKI[i=0,1]+¢e 201
where| designates the SFangular momentum. The internal ey 5:\\\\ "
states we wish to consider are split by twice the rotational 2 ! N / \
constant, i.e. < LN A ;
I ~ N 1 v, ~ 3 10 J
_ _ > 10 ~ y it “
Ae~3cmt=1.37x 10 °a.u. = T N
8 N7 N7
This means that\k may be calculated as follows: § 05 W /i W S
° Rl \\\\0.6//,,’ N 60,7/
— 2 2 o \ =7 K \\\ ~ - K
Ae= (ky - kz/' )/2/[ \\0.3,/[ N 90,/
. N . 0.0
Assuming that the average kinetic energy of the ejected electron 0.0 02 0.4 06 08 10
is Ex time (ps)
&2u = E Figure 1. Modulation of the probability-density according to 12 as a
2u=E function of the dissociating pulse-width. The “which-way” parameter,
. (W,,» = |c, — ¢y]) ranging from 1 for a narrow band pulsA & 10
that is cm™) to 0.3 for a broad-band pulsé & 90 cnT?) indicates the degree

of “which way” information we have when we measwg£E).

k= (uE)™

and since we have that

0.8

Ae~ (k, — k,)2ki2u = AkKu = AK(2E Ju)"?
we have that

Ak = (ul/(2E,))"?Ae

Performing photodetachment&t= 1 eV = 1/27 a.u. and given 0.4 . ;
that for € u ~ 1 a.u., we have that 400 800 1200 1600
Time ( fsec)

_ 12 —5\ _ —5
Ak= (27/2)1 (1.37x107) =5x 10 Figure 2. Modulation in the J pump—probe signal resulting from

This means that the probability-density, measured by say, laserN® short pulse dissociation of 1= 1o~ + I. Taken from ref 11.

induced fluorescence (LIF), must be collected over a volume-

_ : o in Figure 1. We show there how temporal modulations develop
element whose linear dimension is

as we increase the bandwidth of thg(t) dissociation laser.

AX < 2 x 10° ~1 Simultaneously with the increase in the laser’s bandwidth, we
x a.u~dum progressively lose information concerning the < k,(E)

for the modulations of eq 16 not to be averaged out so that the COrréspondence, as otterenergies, for whick.(E) = ki(E'),

signature of the uncollapsed wave packet of eq 16 could be begin to contrlt?ute S|gn|f|_cantly to the B probability-density.

established. Plotted also is the “which-way” parametew,(, = |c, —

In fact, the signature of the uncollapsed wave packet can neverCv|) which ranges from 1 for the CW case, in which we have
be established in this way. To see this, we re-expressed thef.U” which-way” information regarding the vibratios> transla-
above estimate in terms afr, the measurement time over which  tion correspondence, to 0, for an ultra broad-band pulse for
we are still aware of the difference between the collapsed andWhich ¢, ~ ¢, resulting in the loss of the vibratiom translation

uncollapsed wave packets. “which-way"” information. , ,
In Figure 2, we plot the temporal modulations obse#éul
_AX_ 1 1 Io~ resulting from the
Ar= v Akwv Ae (23)
I, — 1, +1

However, a pulse of duratioAr has bandwidth of Xz which

by eq 23= Ae. As we show below when the pulse bandwidth  photodissociation process. The experiment is done in the

exceedsAe it is not possible for us to be aware of the condensed phase with the momenta of the translational motion

measurement dfa by measuring B! never measured. Nevertheless, as predicted in eq 22, coherence
l11.2.1. Large Bandwidth Excitation-Pulse Case.To main- of the L~ fragment is observed and is being maintained for

tain (vibrational) coherence of the B fragment we must have relatively long times (until relaxation sets in).

contributions fromv = o' terms of eq 22. This can be realized When the “which-way” parameter is 1 (e.qg., for CW excita-

only when botte, i(E) andc, k(E') are nonnegligible foE and tion) eq 22 only holds when = o' (hence wherE = E'), and
E' that satisfy eq 22, namely ttig(t) pulse width must be larger e have that

than the vibrational spacinge = |e, — e,|. In that casé®
knowledge ofk,(E) as obt_alne;l fro_m measurements p_erformed pg = z f dk [c,¢(E) ¢U(r)|2 (24)
on A does not tell us which vibrational state is occupied by B, =
since it is possible fok,(E) to be equal td,(E').
The effect of the loss of “which way” informati8r1° on an expression that is indistinguishable from the collapsed case
the observed coherence of the wave packet of B is illustrated (CW). We see that in either, CW or ultrashort pulse, case, no
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information is conveyed about the measurement, or lack thereof, To answer this question the observer at the B position
from one fragment to its entangled partner. irradiates the B fragment by a second pulse of the form

IV. Degenerate Case E,(t) = Ree, exp(—iw,t) (28)

In the previous section, we saw that the lack of information
transfer between A and B is due to the cancellation of the
interference terms associated with differ&p(E) values upon
integration over the AB distance. Since the differenceki{(E)
values is due to the nondegeneracy of the internal energl/
the B fragment, it is of interest to investigate whether informa- s . .
tion transfer would be possible if theg values were degenerate. Let us choose the initial state 8B to be symmetric. This

In the degenerate case, we would need to find another marker €ans that
to distinguish between the fragment channels, skg) are C. =¢ .=C
the same for all degenerate fragment states. Such a marker can DL L
be provided if one or both fragments are chiral. We consider e \aye packet formed as a result of the action of this pulse
therefore the photodissociation of an-B molecule made up 5 of the form
of A and B chiral fragments. Each fragment has a right-handed,
denotedD, optical-isomer and a left-handed, denotedptical- W, (R,H)C=
isomer. Assuming that the adduct/ has no handedness, and _iEtHikR
since handedness is conserved, the photodissociation-&f A 27e(w,) N(k) e CIB,{IApIB 4 d,|B [H
can only result in the following two outcomes |A OB|d,|Bp0 (29)

wherew; = e — € is tuned to excite B to a final state where
interconversion between the D and L chiral states can readily
take place. This means that, the final vibrational quantum
number of B, can be either symmetric with respect to inversion
B\t = Bs or antisymmetric with respect to inversid, = Ba.

AptB —A-B—A_ +Bp whereE' = e, + k?/(2u). Due to the presence of th&pand
|A_Cstate vectors, the two terms above do not interfere. In their
Because of the degeneracy in the D and L fragment states, theahsence|W;Owould have become symmetric with respect to
uncollapsed wave function can be written in the CW case as jnyersion of fragment B.
To see this more clearly, we calculate the probability-density
¥ (R,)0= of B by squaring the above expression and integrating 8ver
Y(R,E) exp(—iEt) {cp |ApOB [H ¢ p|A OB (25) and the A internal variables. We find, using the orthogonality
of |Apdand |A_L] that
wherecp andc p are preparation coefficients analogous to
cW(E) of the previous section, and pu(r) = 1271e (w0 )N(KICB(1)[* { B¢, B, OF +

Y(RE) = N exp(k(E)-R) (26) IB.11dIBo T} (30)

is a translational wave function which, because of degeneracy, Since each of thélB.|dz|BL|? and |Byr|d2|Bp|* terms allows
is common to all of the internal states of the fragments. It is It transitions to both the symmetric and antisymmetBeL
clear that averaging ove® as performed opg of 10 will not stfa\tgs can pe observed, exgqtly as in the collapsed wave func.tlon.
kill the interference term because in this cagéR,E)[2 = N(k)2 It is interesting to note that it is the remote presence of_the chl_ral
is independent oR. It is also clear that a measurement of the fragment A that guarantees that the local properties of its
handedness of A will immediately collapse the handedness of €ntangled partner B prevail. This is despite the fact that these
B. properties are different from those of the originat-B wave

We can now ask whether an observer at say B can differenti- function.
ate between the uncollapsed and collapsed wave function, not .
knowing whether measurement on A has been done. For V- Conclusion
example, we can look at whether a certain optical transition is  We have shown on the basis of the properties of the solutions
allowed or not. If we start from a symmetric wave function of of the Schidinger equation, that no information can be
A—B, we know that for an electric-dipole allowed transition transferred between observers of two fragments resulting from
only transitions to an antisymmetric wave function are possible. the photodissociation of a polyatomic molecule, as a mere result
In contrast, since, per definition, the chiral fragments lack a of the performance of measurements on either fragment. We
center of symmetry, the above selection rule does not apply to have shown this to be the case even if we consider the possibility
them. This can also be seen in the following way: Each chiral that this information can somehow be transferred at speeds
state can be written as a superposition of a symmetric andsmaller than the speed of light.

antisymmetric states We have also shown that when dissociation with sufficiently
broad-band pulses is performed, the measurement of the
IDU= |ALH |SL LU= |AL- |SO (27) momentum of one fragment is not enough to collapse the wave

function of the other fragment. As a result, one can observe
coherences between many internal states of fragments resulting
from coherences induced in their parent molecule.

Thus, each chiral state contains both a symmetric and an
antisymmetric component, hence transitions to batfand|S[
excited states are allowed.

Thus the question is whether the entangled dissociated stateroferences and Notes
of eq 25 retains the symmetry property of the original wave o
function of A—B (in which case an observer at B will be able gg Eg‘lf‘?'”é";?‘ F;%ds‘i';"gi’ lB-;lgRsose”’ Rhys. Re. 1935 47, 777.
to distinguish between the collapsed and uncollapsed wave  (3) aspect, A.; yDa“bard; Roger, GPhys. Re. Lett 1982 49,
function), or not. 1804.
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