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Abstract
Are photons either bunched or unbunched, or are these particular cases of a wider	 phenomenon? Here we will show that bunched and unbunched photons are indeed two extreme cases of a process parameterized by a continuous parameter, called the bunching parameter, and (mainly) we will suggest that the state orthogonality interferometer that can be used for the construction and measurement of the full range of values of the above said bunching parameter. Finally, as an application of the bunching parameter, we will show how the HOM effect is generalized. Unlike thein  HOM effectת effect, where the interferences is only between the two photons, the states produces produced by the states orthogonalitly interferometer exhibit both single photon interferences and two indistinguishable photon interferences, . Aa  property that Fermions fermions does not seen seem to have.  
1. Introduction
The exchange degeneracy symmetysymmetry of identical particles gives rise to a new kind of interference, the interferenceinterference: interference between the particles’ wave functions. This interference plays a role in several important quantum physics effects, e.g. the electron configuration of atoms, behavior of light, Fermi-Dirac and Boss- Einstein statistics, and many more. Among those is the bosons bunching of indistinguishing indistinguishable bosons (also named called bosons enhancements). Bunching refers to the preference of indistinguishing indistinguishable bosons to be found in the same state compared to distinguishing distinguishable particles under the same scenario. The footprint of bosons bunching is found in a variety of cases. To mention a few: 
Hanbury Brown-Twiss effect [1], HOM [2], Gיhosh Mandel [3], and atomic optics [4].



Feynman [5] gave a quantified measure of the bosons bunching. He showed that the probability of finding  indistinguishing indistinguishable bosons in the same state is  higher than for  distinguishing distinguishable bosons (see  also [6])

However, it has been shown that this picture is more subtle, and in fact, Feynman's claim does not hold in general. For example, in [7] it is shown that the measure of a spatial probability of indistinguishing indistinguishable bosons is equal to those of distinguishing distinguishable bosons. That is, the  rule doesn't hold, and in fact, it is not well defined in the limiting case where the detector size goes to zero [8].
It is very tempting, as is often done, to describe the bunching of indistinguishing indistinguishable bosons due to “attractive forces” between the indistinguishing indistinguishable bosons [9]. However, this view is also only a partial truthpartially true. It has been shown [10-12] that when two bosons are released from a trap, the bosons behave as if they have “repelling forces” which govern their behavior.
Finally, a way to generalize the bosons bunching for Schrödinger particles has been given at in [12]. This generalization defines a "bunching parameter", which is equal to N! in the special case considered by Feynman. 
The aim of this letter is threefold. The first oneFirstly, in section Section 2, is towe will formulate the bosons parameter for the two photons’ fields. To do this, the bunching parameter will be reformulated in the second quantization language. Then, in section Section 3, the state orthogonality interferometer will be represented with different realizations of the photons’ state  orthogonality. This interferometer enables "tailor-made" states of arbitrary state orthogonality of photons and its corresponding bunching parameter--. Iin particular so, a “tailor-made" state that is not produced in natural light. Finally, in section Section 4, we use those "tailor-made" states in the HOM experiment. Then, wWe then show that such states generalize the HOM effect. 
The notation of the “first quantization” follows [14], and in the “second quantization” we follow [15].
2. Bunching Parameter for Two Photons.  

[bookmark: _GoBack][image: ][image: ]The HOM [2] effect clearly demonstrates clearly the bunching of two photons. In Fig 1(a), the schema of the HOM experiment is represented: two photons enter simultaneously from different legs onto a symmetric beam splitter. The notation is as used in [15]--,  for example, , means one particle in leg 2. The photons’ probability to be found on the outcoming legs, is given at in fig Fig. 1 (b) for indistinguishingdistinguishable photons and in figFig.1(c) for distinguishing distinguishable photons (say for example, by their polarization degree of freedom) photons. As seen in figFig. 1(b), the indistinguishing indistinguishable photons are always emitted together, whereas, as seen by in fig1Fig. 1(c), distinguishing distinguishable photons are emitted together only half of the time, and half of the time they are emitted to different legs. This preference of the indistinguishing indistinguishable bosons to be emitted together is a manifestation of the bosons bunching. In Fig. 2, two photons enter simultaneously on the same leg of the beam splitter. In fig Fig. 2 (b), the probability of finding the emitted photons is given. It turns out that the probability of the emitted photons is independent of the photons being distinguishing distinguishable or not: the difference between the indistinguishing indistinguishable and distinguishing distinguishable photons disappears. From these examples, we can see that the distinguishability of the photons is not the only condition that plays a roll role whether to bethey are bunched or not.Figure 1: schema of the HOM experiment
Figure 2: two photons enter simultaneously on the same leg

2.1  The Bunching Parameter-- fFirst qQuantization 

Consider two particles in a two-dimensional space with an orthonormal base of two states  

[bookmark: ZEqnNum969125]	 	
With 

[bookmark: ZEqnNum868678]	 	
The scalar product of the two states 

[bookmark: ZEqnNum501780]	 	

Here we follow the notation of [15]. The index inside the ket  represents the particle, and the Greek later letter is the state the particle is in. 


If the two particles are distinguishing distinguishable bosons, where one of the bosons is in the state  and the other is in the state ,  their joined wave function is,  

[bookmark: ZEqnNum927728]	 	



Where where and is the normalization constant given by the condition.
From  

	 	 

1

oleObject1.bin

image2.wmf
!

N


oleObject2.bin

image3.wmf
N


oleObject3.bin

oleObject4.bin

image4.png
Incoming indistinguish photons
1
P(12))=#(2,)=3
(1, |1),)=0

(b)
Incoming distinguish photons
1

P(2)=P(2,) =
1

P, ) =3
(c)




image5.png
Incoming distinguish\indistinguish
photons
1

P(J2))=£(2),) =

1

P, ),)=2
(b)




image6.wmf
2

1


oleObject5.bin

image7.wmf
12

,

qq


oleObject6.bin

image8.wmf
2

1

2

1

1;1;

2;2;

ii

i

ii

i

q

q

ca

rg

=

=

=

=

å

å


oleObject7.bin

image9.wmf
22

22

11

1

ii

ii

ag

==

==

åå


oleObject8.bin

image10.wmf
2

*

1

ii

i

I

crag

=

==

å


oleObject9.bin

image11.wmf
1;

c


oleObject10.bin

image12.wmf
1;

c


oleObject11.bin

image13.wmf
2;

r


oleObject12.bin

image14.wmf
1

1;:2;

D

D

N

ycr

=


oleObject13.bin

image15.wmf
1;:2;1;2;

crcr

ºÄ


oleObject14.bin

image16.wmf
D

N


oleObject15.bin

image17.wmf
1

D

D

yy

=


oleObject16.bin

image18.wmf
1;:2;1;:2;1

D

N

crcr

==


oleObject17.bin

image1.wmf
N



1


 


 


S


tate 


Orthogonality 


I


nterferometer


 


C


ombining


:


 


Generalization of 


the 


HOM effect


 


 


Avi Marchewka


 


8 Gal


e


i Tchelet St., Herzliya, Israel


 


avi.marchewka@gmail.com


 


Abstract


 


Are photons either bunched or unbunched, or 


are these


 


particular case


s


 


of a wider


 


 


phenomenon? Here we will show that bunched and unbunched photons are indeed two 


extreme cases of a 


process parameterized by a 


continuous parameter, called the 


bunching parameter, and (mainly) we will suggest 


that 


the state orthogonality 


interferometer 


can be use


d


 


for the construction and measurement of the full range of 


values of 


the


 


said


 


bunching parameter.


 


Fi


nall


y, 


a


s an application of the 


bunching 


parameter


,


 


we 


will 


show how 


the 


HOM 


effect is generalized.


 


Unlike 


the


 


HOM 


effect, 


where the 


interference


 


is only between the two photons, the stat


e


s 


produced 


by the 


state


 


orthogonal


it


y


 


interferometer


 


exhibit


 


both


 


single photon 


interferences


 


and two 


indistinguish


able


 


photon 


interferences


,


 


a


 


property that 


fermions 


do


 


not 


seem 


to have. 


 


 


1.


 


Introduction


 


The exchange degeneracy 


symmet


ry


 


of identical particles gives rise to a new kind of 


interference


:


 


interference


 


between the particles’ wave functions. 


Th


is


 


interference play


s


 


a 


role in several importan


t


 


quantum physics effect


s


, e.g. the electron configuration of 


atoms, 


behav


ior


 


of light, Fermi


-


Dirac and Boss


-


 


Einstein statistic


s


, and many more. 


Among t


hose is the bosons bunching 


of 


indistinguish


able


 


bosons


 


(also


 


called


 


boson


 


enhancements


)


. Bunching refers to the 


preference


 


of 


indistinguish


able


 


bosons to be 


found in the same stat


e


 


compare


d


 


to 


distinguish


able


 


particle


s


 


under the same scenario. 


The footprint of bosons bunching is found in a v


a


ri


e


ty of cases. To


 


m


e


n


t


ion


 


a


 


few


:


 


 


Hanbury Brown


-


Twiss effect


 


[1], HOM [2], G


י


hosh Mandel [3], 


and 


atomic optics [4].


 


Feynman [5] gave a quantified measure of the bosons bunching. 


He showed that


 


the 


probability 


of


 


find


ing


 


N


 


indistinguish


able


 


bosons in the same state is 


!


N


 


higher 


th


a


n 


for 


N


 


distinguish


able


 


bosons (see


 


also 


[6])


 


However, it 


has been shown that this picture is more subtle, and in fact, Feynman's 


claim does not


 


hold in general. For example, 


in [7] it is shown that the measure of a 


spatial probability of 


indistinguish


able


 


bosons is equal to those of 


distin


guishable 


bosons. That is, the 


!


N


 


rule 


doesn't hold, and in fact, it is not well defined in the limit


ing


 


case where the detector size go


es


 


to zero [8].


 


It is very tempt


ing


, as 


is 


often done, to describe the bunching of 


indistinguish


able


 


bosons du


e


 


to “attractive forces” between the 


indistinguish


able


 


bosons


 


[9]


. However, 


this 


view


 


is 


also 


only 


partially true


. It has been shown [10


-


12


]


 


that when two bosons are 


releas


ed 


from a trap


,


 


the bosons behave as 


if 


they have “repelling forces” 


which 


govern 


their behavior.


 




1     S tate  Orthogonality  I nterferometer   C ombining :   Generalization of  the  HOM effect     Avi Marchewka   8 Gal e i Tchelet St., Herzliya, Israel   avi.marchewka@gmail.com   Abstract   Are photons either bunched or unbunched, or  are these   particular case s   of a wider     phenomenon? Here we will show that bunched and unbunched photons are indeed two  extreme cases of a  process parameterized by a  continuous parameter, called the  bunching parameter, and (mainly) we will suggest  that  the state orthogonality  interferometer  can be use d   for the construction and measurement of the full range of  values of  the   said   bunching parameter.   Fi nall y,  a s an application of the  bunching  parameter ,   we  will  show how  the  HOM  effect is generalized.   Unlike  the   HOM  effect,  where the  interference   is only between the two photons, the stat e s  produced  by the  state   orthogonal it y   interferometer   exhibit   both   single photon  interferences   and two  indistinguish able   photon  interferences ,   a   property that  fermions  do   not  seem  to have.      1.   Introduction   The exchange degeneracy  symmet ry   of identical particles gives rise to a new kind of  interference :   interference   between the particles’ wave functions.  Th is   interference play s   a  role in several importan t   quantum physics effect s , e.g. the electron configuration of  atoms,  behav ior   of light, Fermi - Dirac and Boss -   Einstein statistic s , and many more.  Among t hose is the bosons bunching  of  indistinguish able   bosons   (also   called   boson   enhancements ) . Bunching refers to the  preference   of  indistinguish able   bosons to be  found in the same stat e   compare d   to  distinguish able   particle s   under the same scenario.  The footprint of bosons bunching is found in a v a ri e ty of cases. To   m e n t ion   a   few :     Hanbury Brown - Twiss effect   [1], HOM [2], G י hosh Mandel [3],  and  atomic optics [4].   Feynman [5] gave a quantified measure of the bosons bunching.  He showed that   the  probability  of   find ing  

N

  indistinguish able   bosons in the same state is 

! N

  higher  th a n  for 

N

  distinguish able   bosons (see   also  [6])   However, it  has been shown that this picture is more subtle, and in fact, Feynman's  claim does not   hold in general. For example,  in [7] it is shown that the measure of a  spatial probability of  indistinguish able   bosons is equal to those of  distin guishable  bosons. That is, the 

! N

  rule  doesn't hold, and in fact, it is not well defined in the limit ing   case where the detector size go es   to zero [8].   It is very tempt ing , as  is  often done, to describe the bunching of  indistinguish able   bosons du e   to “attractive forces” between the  indistinguish able   bosons   [9] . However,  this  view   is  also  only  partially true . It has been shown [10 - 12 ]   that when two bosons are  releas ed  from a trap ,   the bosons behave as  if  they have “repelling forces”  which  govern  their behavior.  

