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We found that the most feasible naturally produced quantotanglement between two distant
particles from astrophysical regions is the two-photonnspoeous transition of the hydrogen
2 281/2 metastable level, which is known to be one of the compondrttseocontinuous spectra
of ionized regions. We calculate the two-photon emissida the Orion Nebula, two nearby
planetary nebulae IC 2149 and NGC 7293, and the Solar Cowdnase production of entangled
pairs per second is.80x 10%8, 9.39x 10%, 9.77 x 10*, and 146 x 10 respectively. The
distribution of the propagation directions of both emitftbtons does not vanish at any angle;
therefore it is possible to observe the entangled pair atngitead ~ 0°. Because the number
of two-photon coincidences goes as the fourth power of thie between the detector size and
the distance from the astrophysical object, coincidencesearce; for its detection we required
receivers with a size much larger than those currently aloksl
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1. Introduction

| discuss the methods and results of our paperhich goal is to connect the optical quantum
entanglement with astrophysics. Since the publicatiorhefEinstein Podolsky &Rosen’ paper
in 1935 which was though to criticized the fundamentals o&Qum Mechanics, and point the
finger on its incompleteness; it allows however, the intadidun of the quantum entanglement
between two separated particles. In this presentation l@nggdo discuss the most feasible kind
of quantum entanglement: the two-photon emission in thedgeh 2251/2 metastable level which
is one of the most important component in the optical continiemission from HIl regions, and
planetary nebulae; we calculate the emission rate for £rdifft astrophysical regions and the
possibility to detecting the entangled pairs of photons.

2. Quantum entanglement

One of the physicist dreams is to be able to communicate tardipoints in the Universe;
and above all to allow the communication of quantum infororabetween to distant points of the
Universe. The quantum entanglement came to life from thetenpaper of Einstein, Podolsky, &
Roser!, with a Gedanken Experiment of a quantum composite state that can not be expressed as
a product of the two separate states of each patrticle, tiverétiey are in an entangled state. This
presented new points of view about realism and non-localigM. Later on Bohnf (1951) used
discrete states in a case of quantum entanglement with s$wripldon of particle’s spins; which
is going to be used by John BBl who develops a general model of hidden variables, where the
angular momentum is conserved, as in the cas8P& atomic cascades, where it results some
algebraic inequalities of the involved values of this hiddariables model. The Bell's theorem
is precisely referred to this general hidden variables madsder the assumptions of locality,
i.e., that there is no instantaneous influence or pertunbdietween the separated particles and
the values should obey certain algebraic inequality whictotally independent of QM. Several
experiment§ were done to confirm the violation of a special kind of Beltgguality that does
not required polarization analyzers with 100% efficienamedCHSH (Clauser-Horne-Shimony-
Holt) Bell's inequality; and finally with the experiment ofspectetal’, where they measured
the linear polarization correlations of pairs of photon#hwviime-varying analyzers; for their solid
angles and polarizer efficiencies, QM predi&s, = 0.112, (theS variable is defined therein).
They found that the average of their two runs, yiefdg = 0.101+0.020 violating the Shimony-
Holt inequalityS< 0 (an equivalent of Bell’'s inequality) by 5 standard dewaasi, which effectively
disproved the existence of local hidden variables theories

These are examples of quantum entanglement that can berpedat the Lab: positron-
ium annihilation, proton-proton scattering, decayrdf— et 4 e~, cascade-photon experiments
(i,e. J=0—J=1—J=0), and two-photon experiments of the hydrogen metastaikedden
transition 22S— 12594,

Among all the possible sources of naturally produced quardgntanglement in the Universe:
the annhilation of the positronium, which produces a paiemtangledy photons (a process that
occurs spontaneously in stellar interiors, stellar coeoret cosmic rays), the decay of a spinless
particle ° — e™ + e~ (happens in some nuclear reactions in stellar interiors @osmic rays),
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Figure1l: Continuum emission of Orion Nebula, where...: two-photon, . .: recombinationof HI, ... ...:
recombination of Hel & ___: total. C. Morisset(Inst. AStudNAM).

the proton-proton scattering (may occur in stellar atmesgh or in the ISM), the two-photon

atomic SPS cascades such as the case of obs@B&t3 A andA 4227 A pairs produced in the

Calcium atom (may occur in stellar atmospheres), and theptraion emission in the hydrogen
2 251/2 metastable level that occurs in large quantities in Hll@gagiand PNe (is observable as
part of their optical whole continuum emission). From alltbése kinds of pairs of quantum

entangled particles, the most feasible to be detected ismtrgohoton emission in the hydrogen
2 281/2 metastable; due to the abundance of hydrogen in the uniaeséo the moderate amount
of energy involved in his process.

2.1 Two-photon emission in the hydrogen 225, , metastable

The continuum emission coefficients in HIl Regions & PNe carekpressed in four com-
ponents: free-bound & free-free transitions of H+, freent & free-free transitions of He, free-
bound & free-free transitions of He+, anc?Sl/z two-photon transitions in H.

As is shown in figure 1, for the case of Orion most of the contimus due two-photon emis-
sion forA < 2600 A.

Novick™ (1969) presented an extensive review of the previous workwvorphoton produc-
tions, and showed (both theoretically and experiment#figy the angular correlation between the
propagation directions between both photons is propatitm(1 -+ cos?6), which clearly shows
that both photons can be emitted in all directions with respe each other. This is an impor-
tant result since for astrophysical detection it is coneahthat the direction of propagation of the
two-photon pair has to be nearly parallel.

Two-photon entangled wavefunction in the polarizations loa expressed in this way:
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Where 0 represents the polarization in the directionxofxis & 1 represents the

polarization in the direction of axis; first column of tensor produc is the state of the first
photon and the second column of the tensor produ the state of the second photon.
The conservation of energy of two-photon in terms of freqigs

E, —E; . 10.2eV
h h
With a total transition probabilityAgs 25 = 8.227 sec™.

Vs+ Vi = Vo1 = =1.46x 10°s?!

3. Astrophysical ionized regions

Here | present the methods to calculate the total numbertahgted emitted photon€(2q),
and the total number of emitted photons produced by the bhjathe hydrogen metastable tran-
sition decay 2S— 12S Q(H?) production rate of photoionizing photons.

The astrophysical regions that we have studied are:

e PNe:IC 2149 (L=1585 pc)NGC 7293[Helix] (L=157 pc)

. GB(HO,T) XL(HB) ap T[F(HB)

Q(H%) = ff = —err X 2 ,
aff[(HO.T) M, ag’ 4mhve,

Q(HO) obtained fromH flux: Q(2q) = & -Q(H), & = 2.
Q(29)[IC 2149 = 1.88 x 10*®photons s?
Q(29)[NGC 7293 = 1.95x 10*photons s?

e Orion Nebula(L=414 pc)
Dominant O6 staf* Ori C
Q(H%) = 2.19x 10*°photoionizing photons &,
£—053
Q(29) = 1.16 x 10*photons st

e Solar Corona (L=less than 1 A.U.)

n -l [

xFe({) x <—Zzn§(Z)GB(Z)
Agg 125

— 2.92x 10'%photons s*

X hyAgp(y)> dydQd{
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Table 1: Receiver diameters for one two-photon coincidence per andmper year

Object L Rep D[1/y]* DI[1/y] Di1/hr]
pairss?! km km km
Orion Nebula| 414 pc 58 x 10*® 272 785 7590
IC 2149 1585 pc  939x 10™ 5200 14000 135000
NGC 7293 157 pc  977x10* 906 1540 14900
Solar Corona| 1 A.U.  146x 10 457 457 4420

* No extinction

We obtain the observed values for the electronic density,the temperature of the Solar
Corona? , { = R/R., whereR., = 6.96 x 10'° cm is the solar radius

for1<{<3.83

Ne({) = 155x 1077 ®x (1+1.93x " %) cm 3,

& for { >3.83

Ne(¢) =7.2x 10°7 2cm 3,

Te(Q) = %7 x 10°K.
The number of signal photorzsy, which arrive on the earth per éper second would be:

Q@9 5 1
Zph, = 82 cm ‘s -, (3.1)

wherelL is the distance to the object in cm. The number of signal pisotbat can be detected
by a receiver of diameter D will be:

mD?  Q(2q) o1
ZPhS_ZPhSXT_?)Z.LzXD S ; (32)
C(0), the number of two-photon coincidences that can be detewiiddour receiver of di-
ameterD at a distancé from the particular region, which depends on the subtendgteaf the
receiver

D .
@:Erad|ans
_ Q9D? 1(D\? Q(29) _(D\*
CO="gn2 Xé(f) = 24m X(I)
o 24710(@)]1/4
= “om ) <

In table 1 we presented the minimum receiver diametersu@at the effect of ISM extinc-

tion) for one two-photon coincidence per hour and per yeaalidhe studied astrophysical objects
in our papel?.
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4. Conclusions

e The possibility to observe this quantum effect in a natyraticurring astrophysical object
seems particularly interesting. Since it would not only bserved outside of laboratory
conditions, but the distance associated with the nonltyoafl such an entanglement would
be unprecedented.

e The most feasible EPR Quantum Entanglement that can beteltecthe Universe is the
two-photon spontaneous transition of the hydrogéﬁlgz metastable level.

e The pair of photons keep their entanglement during thevetra

e The two-photon emission rate for Orion, IC 2149, NGC 7293, & Gor. are 580x 10,
9.39x 107, 9.77 x 10™, & 1.46x 10 pairs of photons per second respectively.

e The minimum sizes of the receiver diamet&dor one coincidence per year 272 km and
457 km for the Orion Nebula and Solar Corona respectively @@ and 5200 km for
NGC 7293 and IC 2149 respectively.

e The best astrophysical object to detect two-photon coarwds is the Solar Corona.

e Although we have explored the possibilities of the two-gimodletection, we don't think that
the proposed size level (about 457 km for the Solar Coronalddoe realistically reached
even in the long future.
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