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Breakdown of Entanglement during the Teleportation
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Abstract The teleportation may become an important means for remote distance communications in the future, and the mechanism is

based on entanglement of quantum states. But the entanglement is fragile. As the state is disturbed by the environment the entangle-

ment may be broken down. In this work, we choose the electron-positron pair in an entangled state of spin O as an example to investi-

gate the rate of breaking down of the entanglement by the Compton scattering with the background radiation photons or Bremsirahlung

with strong magnetic fields of some astronomical objects which the electron or positron passes by. Since the spin projection of single

electron (positron) is not physically measurable and the electron beams cannot keep its shape for long because of the Coulomb repul-

sion among the charged particles in the beam, the only way is to shoot one electron-positron pair each time and continuously repeat the

processes. With all the restraints this study has only pedagogic meaning, but may shed light on further studies where other information

messagers are chosen.
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The quantum teleportation might become an important
means for remote communication in the future!'™3 . Therefore
it is necessary to investigate its reliability. The mechanism is
based on entanglement of quantum states. This means may
apply to other fields. Possibilities were discussed for optical
and atomic physics, for exarnple:478] and also investigated for

quantum computer-> !

. The microscopic particles, such as
electrorrpositron, photons or even atoms can be the mes-
sangers which carry information. they are produced from a
parent particle, for instance, 7, or other mesons of spin-0
( due to the helicity suppression, this production rate is low) ,
and the pair of electron and positron reside in a state with to-
tal angular momentum J = 0. That is an entangled state. Lat-
er the two particles (e* and e” ) fly away back to back in the
center-of-mass frame of the parent particle. The quantum me-
chanics principle requests that no matter how far they are sep-
arated, even for a space-like separation, if there is no distur-
bance, these two particles remain in the entangled state. The

state is described as:
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Where the subscripts 1 and 2 refer to particle 1 and 2 respec-
tively. If we use the helicity to replace the spin projections

with respect to a fixed direction, one has:

|¢>:«/%(|+>1|+>2_|_>1|_>2)’ (2)

where| + )and| — ) correspond to the eigenstates with helicity
being + or — .

If the states of the two separated particles are not dis-
turbed, the entanglement will be retained forever, as the
quantum principle demands. However, electrons and
positrons are charged, thus they must interact with photons.
In fact, the entanglement is fragile as generally expected. On
the long route of the flight, due to the interaction with pho-
ton, the spin projections of the electron ( positron) may flip
(as well as the helicities) and then the entanglement is bro-

ken down.

Now let us investigate the processes which can break
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down the entanglement,i.e. flip the helicities of either elec-
tron or positron. First, our universe is a huge black body
whose background radiation corresponds to 2.7K and can be

described by the distribution function:

o= Ne'%. (3)

As a reasonable approximation, here we only need the
Maxwell distribution function which is simpler. In the natural
unit system, % and the Boltzman constant £ are set to be uni-
ty. By a Compton scattering with the background photon, the
helicity of the electron (positron) has a certain probability to
be flipped. One can generally expect that this effect should
be very small by our common . knowledge.

The second source is more serious. If the electron (or
positron) passes a neighborhood of a huge astronomical object
whose magnetic field is very strong, for example, neutron
star, superova or even a cluster of stars, etc., the helicity
may be {flipped by their strong magnetic field. It is a
Bremsstrahlung scattering case where the flipping probability
is proportional to the magnetic field B of the astronomical ob-
ject.

Moreover, as well known, the spin projection of an in-
dividual electron is not experimentally measurable, moreover
one can neither use a beam of electrons because the electrons
would diverge by the Coulomb interaction among each other.
Therefore, we shoot the electron-positron pairs one by one
with a necessary time interval by which the individual electron
can be identified, for each pair the electron and positron are
entangled. We will evaluate the helicity flipping probability
in the strong magnetic field by the quantum field theory,
namely determine the fraction of electrons ( positrons) which
do not retain the original entanglement with their partners fly-
ing in opposite direction.

In general, we believe that a beam cannot be taken as
the messangers of information, but need some other agents,
mainly the neutral photons or neutrinos. Better than electron-
positron pairs, photons do not carry charges, they interact
with other photons via loops, so the cross sections are much
suppressed and as well as for neutrinos. The corresponding
calculations are more complex and as the first step, we just
investigate the electron-positron pair case. Concretely, we
calculate the probability of the helicity flipping and estimate
the distance the particle can fly when the flipping probability
is larger than a certain value. The processes are either via the
Compton scattering with the background radiation photons or

Bremsstrahlung scattering with the strong magnetic field of a

huge astronomical object. Indeed, this investigation for the
electron-positron pairs has only pedagogic meaning, but can
help us to further study the reliability of the teleportation
when other kinds of messangers are employed.

(1) Via the Compton scattering

The electron (or positron) scatters with a background
photon with energy w; and its helicity may flip. We are going
to evaluate the probability of the ﬂip[121 .

The differential cross section for the spin flip can be
[13]

written as
2 w
99 _ LN 2y (@)
and
s 1
./%:u(pf,sf(—))u/mﬁfﬁ
1 _
g bi— k- metf]u(pi’si(”) -
S ups) Ly
— WP Thitbi-m

sen(=)

1 _1+751§i

mh] 5 w(posi(+)),

¢

where p;, k;, p, by and s;, 57, €;, €/ are the 4-momenta and
polarizations of the incoming electron, photon and outgoing
electron, photon, and the symbols (=) and ( +) stand for
the helicities being — and + respectively. The helicity pro-
jectors select proper helicity state of the incoming and outgo-
ing electrons. Without losing generality, in this equation, we
choose h; = 5, = + and hy= sy = — .In fact, because the en-
ergy of the background photons is very small, the direction of
flight of the electron is almost unchanged after collisions, and
so is its energy, i.e.p=p’.

The probability of flipping the helicity of the electron is
P= JZE Quwe(E, w)e’k_u’;'dSkls =

JZE . 2wa(E,w)e’kl;d3kLs, (5)

where t is the time of flight in the space, L is the travel dis-
tance of the electron in the space. 2E2w * v corresponds to
the relative flux of the electron and photon when we adopt the
normalizations
th, bt = Q)2 ES3(P - P') ,for fermion; (6)
[a,a"] = 27)2wd3(K - K') ,for boson.  (7)

w .
The distribution ' ¥’ &k stands for the density of the
background photons and s is an effective cross section for real
collisions between the electron and photon. Obviously, by the

quantum mechanics (QM), s can be approximated as AZ
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where A is to De Broglie wavelength of the electron. Thus the
{lipping probability is proportional to the time of flight, the
cross section, and the energy of electron. Here a factor of
2 ~ 3 corresponding to the photon degeneracy and other prop-
erties may be missing, but it does not affect our estimate of
magnitude .

If we take the corresponding parameters as m, = 0.51
MeV, T =2.7K") and kinetic energy of the electron to be
250MeV, when we select the flipping probability to be 50% ,
i.e. P=0.5, our numerical results show that the travel dis-
tance is L=5.0x 10%ly.

(2)Via the Bremsstrahlung

Instead of colliding with a single photon, the electron in-
teracts with the magnetic field. According to the standard
field theory, it is a Bremsstrahlung process. Here, as an ap-
proximation, we simplify the picture that the magnetic field
near an astronomical object is constant and uniform as

B=F. (8)

Thus we can write
AT = (O’Eer): (00 lBrsm@ 0). (9)

A Fourier transformation can bring A*" in the configura-

tion space into the momentum space and it is written as
6(’]0) _‘q.r70) ’

(10)

where § is a constant angle between B and the direction of £

ext _
AT = (0,0 47rBsm(9J (2m)?

which can be arbitrarily chosen.
Then the differetial scatiering cross section is
4a’*m?B?
do = g X
nlp;llpf+k—p,-|

D01t | py | dwd,d0,, (1)

€

where
./%: ;(pf’sf)[ ¢ é}’z +
ﬁf+ k — i,
5 1
V¢ ulp,s) =
b k- mf] P
- ! 751&/ 2
u( ,s) 7+
2 Prsy [¢ﬁ/+]c—m
N
5 1 1+ 75&5 ;
v k- mf] 5 ulpss). (12)
The flipping probability now is
P = Z—L;”‘” - Z?L. (13)

It looks different from that for the Compton scattering
case. Because the cross section of the Compton scattering is
for a collision of an electron with a photon, but in the case of
Bremsstrahlung, it is a scattering of an electron with a field.
The fluxes are different in the two cases. By a dimensional
analysis we can see the validity of the formula. One more rea-
son is that for the Bremsstrahlung the energy is conserved, but
not the 3-momentum.

Thus in the integration, we have only 278 ( E E)
which corresponds to the time interval T', thus the volume
part 278 ( E p) is missing. To be explicit, one can write a

better expression as

P =2Fw lvts ll (14)

1 . . .
The extra = comes from the line density of the virtual

photon flight(e™ +¥*—e~ + ) on the route of the electron
(the factor 2 is for the real photon in the Compton scattering
case) . One can approximate V oc A%,] oc A where A is to
De Broglie wavelength of the electron.

If we still take P =0.5, and the magnetic field is as
strong as B = 3.5T, we can get the relationship between E;
and L = v+t as shown in Table.1.

Table 1. The relationship between E; and L.

k. /MeV 1 5 10 100 200 250

L/km 3.8 0.2 1.2 0.013  0.078 0.1

If one changes the magnetic filed strength, for example,
the magnetic field of the Earth is much weaker than 1T, i.e.
only with order of gauss, the penetration length would be
much longer. For a comparison, we present the relationship
between the magnetic field strength B and the penetration
length L in Table 2

Table 2. The relationship between B and L
when P =0.5 and E; = 250MeV are taken.

B/T 3.5 35 350 3500

L/m 103 1.03 0.01 1.0x107*

(3) Speculation by the Quantum mechanics
In fact, Just by the QM, one can evaluate how deep an
electron can penetrate into a magnetic field of B without flip-
ping its helicity (the time when the first flip occurs) . The ex-
pression can be found in any textbook of QM, for example,
that by Zengils]
P = sintfsintwt (15)
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where ¢ is the angle between magnetic field and electron fly-

B

2m

of one flip in the magnetic field for time duration . We can

ing direction and w = This expression is the probability

estimate the travel distance in the field when the first flip oc-
curs and find that the typical time is 10~ "'s and the distance
for an average velocity is about no more than 10 *m, at 1T.

This result looks quite different from that we obtained by
evaluating the cross section of the Bremstrahlung scattering,
but the reason is obvious. FEq. (13) is derived for extremely
non-relativistic cases and the kinetic energy of the electron is
very small compared to its mass (0.5MeV). By a naive un-
derstanding, the smaller the kinetic energy of the incoming
electron is, the larger the scattering cross section would be,
and the increase may overtake the decrease of the relative ve-
locity. The difference can be fully understood.

Indeed, in this work, we discuss possible mechanisms
which break down the entanglement of an electron-positron
pair as the electron and positron fly apart back to back in the
outer space. First we consider the background radiation in the
universe, namely helicity is flipped by a Compton scattering
of the electron( positron) with a background photon. We cal-
culate the probability of flipping the helicity of the electron
and find that for an electron with kinetic energy as large as
250MeV, the electron may travel 10° light-years before it has
50% probability to flip its helicity . If one uses photons as the
information messager, they interact with the background pho-
tons via loops and the process is much more suppressed com-
pared with the electron case, so that can actually travel in the
space without any constraint from the background radiation.

Then we discuss the situation that if the electron passes

a strong magnetic field such as in the neighborhood of a large

astronomical objects, where the magnetic field can be as
strong as a few Teslas. We find that for an electron with ki-
netic energy being 250MeV, it can penetrate into the magnet-
ic field by a few meters at about 1T before it flips its helicity.

Since the helicity is flipped, the entanglement is broken
down and it cannot bring any information anymore or the in-
formation may be lost on the Way:m . We know that the entan-
glement is fragile, and in this work we observe that a strong
magnetic field may easily break down the entangled state.

Because in this work we only need to evaluate the order
of magnitude, we do not consider some details. For example,
we take the De Broglie wavelength in the dimensional analysis
and ignore some degeneracy factors of photon in the statistical
function, etc. One can naturally expect that a numerical fac-
tor of 1 ~ 10 may be missing, but of course, it does not
change our qualitative conclusion at all.

As we discussed above, this work has only pedagogic
meaning because from the present point of view, electron-
positron cannot be taken as the messangers of teleportation.
However, on the other hand, the teleportation will find more
applications in various fields, especially for the quantum
computer, therefore the result of this work suggests that in the
future, when the teleportation which is based on the quantum
entanglement, is taken seriously, no matter what particles are
chosen to be the messangeers, the problem of breaking down
the entanglement by interactions with environment must be
confronted "’ . Then one may have to consider more realistic

situations .

We are very grateful to Y. B. Ding for helpful discussions
and we would like to express our special thanks to P. Guo who
greatly helps us in most of the calculations and discussions .
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