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QUARK SCATTERING AT QGP/2SC INTERFACE�M. SadzikowskiyCenter for Theoreti
al Physi
s, Massa
husetts Institute of Te
hnologyCambridge, MA 02139, USAandHenryk Niewodni
za«ski Institute of Nu
lear Physi
sRadzikowskiego 152, 31-342 Kraków, Poland(Re
eived February 28, 2002)We 
onsidered the phenomenon of the Andreev re�e
tion of quarks atthe interfa
e between the 
old quark�gluon plasma phase and 2SC 
olorsuper
ondu
tor.PACS numbers: 24.85.+p, 74.25.Fy1. Introdu
tionThe very interesting phenomenon arises at the jun
tion between a nor-mal metal and a super
ondu
tor. The re�e
tion of a 
ondu
tion ele
tronfrom the super
ondu
ting barrier, �rst elaborated in the paper [1℄, is knownin the literature as the Andreev re�e
tion. It was shown that the ex
ita-tion in the normal metal outgoing from the re�e
tion point has the sign ofthe momentum, the sign of the 
harge, and the sign of the e�e
tive massopposite to that of the in
oming ele
tron (hole quantum numbers). This pe-
uliar predi
tion was 
he
ked by tunneling experiments and ballisti
 (dire
t)observations [2℄.In this letter we raise the interesting question of the intera
tion betweenthe phase 
ontaining the free quarks (QGP) and the Color Super
ondu
tor(CS). We shall show that the free quarks from the QGP phase falling at theCS barrier are re�e
ted in the similar fashion as was des
ribed by Andreevin [1℄.� Presented at the Cra
ow Epiphany Conferen
e on Quarks and Gluons in ExtremeConditions, Cra
ow, Poland, January 3�6, 2002.y Foundation for Polish S
ien
e Fellow.(1601)



1602 M. SadzikowskiIn the next se
tion we develop the Bogolubov�de Gennes equations forsuper
ondu
ting phase. The third se
tion 
ontains the detailed dis
ussion ofthe Andreev re�e
tion. In the last 
hapter we make some 
omments aboutthe in�uen
e of the Andreev re�e
tion on the phenomena that 
an take pla
einside the Neutron Stars.2. Bogolubov�de Gennes equations for 2SC phaseOur interest is the des
ription of the phenomena that happens at theQGP/CS jun
tion at moderate densities expe
ted in the Neutron Stars. Inthis work we do not address the question of the gluon intera
tion with theCS phase thus we just 
on
entrate on the fermioni
 degrees of freedom. Themodel of QGP is the gas of the free quarks. The quarks in QGP builtthe Fermi ladder, with the Fermi energy � (of the order of 400�500MeV inthe Neutron Stars), where � is a quark 
hemi
al potential. In the 
ase ofthe two light quarks, whi
h we 
onsider here, the CS phase 
reates the2SC super
ondu
tor (for the review of the subje
t see [3℄). The essentialphysi
s of 2SC phase at moderate densities, is des
ribed by the e�e
tivefour-fermion point intera
tion with the attra
tive pseudos
alar 
hannel [4℄.This model leads to the Cooper instability of the Fermi sea whi
h 
reatesthe new va
uum of 
ondensed Cooper pairs. The physi
al ex
itations arefermioni
 quasi-parti
les separated from the va
uum by the energy gap j�j.The energy gap was 
al
ulated in the mean-�eld approximation in the varietyof models giving the values 40�140MeV whi
h is about 10�30% of the Fermienergy.The e�e
tive Hamiltonian at the mean-�eld level takes the form:H = Z d3xn j y� ��i~� � ~r+m
0 � �� j� + �2  j y� (�2)jkt��C
5 k y�� ��2  j�(�2)jkt��C
5 k� +H(�;m)� ; (1)where m is a quark mass and  j� is the �eld operator of the quark. TheGreek indi
es des
ribe the 
olor and the Latin indi
es des
ribe the isospinquantum numbers. The matrix �2 is the antisymmetri
 Pauli matrix and tis one of the three antisymmetri
 Gell-Mann matri
es. For our 
al
ulationswe 
hose it arbitrarily as the �2. The gap parameter �(~r) depends on theposition. It vanishes inside the QGP phase and it takes a nonzero valuein the 2SC phase. The equation of motion des
ribing our system takes theform: i _ j� = ��i~� � ~r+m
0 � �� j� +�(~r)(�2)jkt��C
5 k yT� ;i _ j y� = �~r j y� � i~��  j y� (m
0 � �) +�(~r)� k T� (�2)jkt��C
5 : (2)
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attering at QGP/2SC Interfa
e 1603The equations (2) des
ribe the intera
tion of the 6 �families� of quarks 
ou-pled through the non-zero value of the gap parameter. Using standard 
on-ventions (e.g. [5℄), one 
an �nd that the up �red� quark 
ouples to the down�green� quark, the up �green� to the down �red�, whereas the �blue� quarksremain free. For the �rst �family� the equations (2) read:i _ uR = ��i~� � ~r+m
0 � �� uR ��(~r)C
5 d yTG ;i _ d yG = �~r d yG � ~��  d yG (m
0 � �)��(~r)� uTR C
5 ; (3)where u and d are isospin and R and G 
olor degrees of freedom. The equa-tions for the se
ond �family� (up �green� and down �red� quarks) 
an beevaluated exa
tly the same way and the �blue� quarks are not interestingin the �rst approximation. One 
an 
hange the operator equations (3) to
-number equations by taking the expe
tation values f � h	0j uRj	1i andgy � h	0j d yG j	1i, where j	0i ; j	1i are ground and ex
ited state, respe
-tively. In the QGP phase (j�j = 0) the �elds f and gy des
ribe a �parti
le�and a �hole�. Let us now �nd the quasiparti
le wavefun
tions in the 
ase of� = 
onst. It is 
onvenient to de
ompose the Fermi �elds in the plane wavebasis. Remembering that the relativisti
 e�e
ts are suppressed in the pres-en
e of the Fermi sea one 
an negle
t the 
ontribution from the antiquarks:f(t; ~r) = Xs us(~q)�s(~q) exp(�iEt+ i~q � ~r) ;gy(t; ~r) = Xs dys(�~q)��s (~q) exp(�iEt+ i~q � ~r) ; (4)where s des
ribes the spin degrees of freedom, �s(~q) and �s(~q) are some
-numbers. The energy E des
ribes the energy of the quark with respe
tto the Fermi surfa
e in the absen
e of the gap parameter �. The Dira
bispinors us and ds satisfy the equations:(~� � ~q +m
0 � �)us(~q) = "qus(~q) ;dys(�~q)(~� � ~q �m
0 + �) = dys(�~q)�"q ; (5)and be
ause momentum ~q 
an be in general the 
omplex number one has to
arefully distinguish between the left and the right eigenve
tors. Inserting(4) into the equations (3), using bispinors algebrai
 relations and assuming
onstant value of the gap parameter one arrives at the Bogolubov�de Gennesequations for � and � parameters:E�"(~q) = "q�"(~q) +���#(~q) ;E��#(~q) = �"q��#(~q) +���"(~q) ; (6)



1604 M. Sadzikowskiand the similar set of equations with reverse spin proje
tion on the momen-tum ~q: E�#(~q) = "q�#(~q)����"(~q) ;E��"(~q) = �"q��"(~q)����#(~q) ; (7)where "q = p~q2 +m2 � � = ��"q. We have two possible solutions of theuniform equations (6) (the 
ase of (7) is similar): for "q = ��" = s12 �1 + �E� exp�i Æ2� ;��# = vs12 �1� �E� exp��i Æ2� ; (8)and for "q = �� �" = s12 �1� �E� exp�i Æ2� ;��# = s12 �1 + �E� exp��i Æ2� ; (9)where � = pE2 � j�j2 and Æ is a phase of the gap. Let us point out thatonly for E > j�j the solution des
ribes the propagating ex
itations. Finally,the wavefun
tion des
ribing the quasiparti
le ex
itation of energy E in the2SC phase takes the form: (t; ~r) � � fgy �= 0B� exp �i Æ2�qE+�2E �A u"(~q1)�B u#(~q1)�exp ��i Æ2�qE��2E �A dyT# (�~q1) +B dyT" (�~q1)�1CA exp (�iEt+ i~q1 � ~r)+0B� exp �i Æ2�qE��2E �C u"(~q2) +D u#(~q2)�exp ��i Æ2�qE+�2E �C dyT# (�~q2)�D dyT" (�~q2)�1CA exp (�iEt+ i~q2 � ~r) ;(10)where q1;2 = �p(�� �)2 �m2 and A;B;C and D are arbitrary 
onstants.
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e 16053. Andreev re�e
tionLet us 
onsider the simple physi
al problem of the quark s
attering on thesuper
ondu
ting plane surfa
e pla
ed at z = 0 in spa
e. If we approximatethe boundary as the step fun
tion (� = 0 for z < 0 and�=
onst. for z > 0)then we are looking for stationary solution of equations (3), independentlyfor negative and positive z, supplemented with the 
ondition that mat
hesthe wavefun
tion at z = 0.Let us 
onsider in detail the situation when the �red� quark, with energyE and spin proje
tion " falls at the plane boundary from the left. Then thewavefun
tions (for � = 0) take the form <(t; z) =  u"(k) exp (ikz) + F u"(�k) exp (�ikz)H dyT# (�p) exp (ipz) ! exp (�iEt) : (11)The 
oe�
ients F and H des
ribe the amplitude of the re�e
tion of the u-parti
le and d-hole, respe
tively. The �rst equation from (6) determines thevalue of the momentum of the u quark as k2 = (�+E)2�m2. In the similarfashion the se
ond equation from (6) gives the value of the momentum ofthe re�e
ted d hole as p2 = (� � E)2 �m2. For z > 0 the quasi-parti
lesex
itation are des
ribed by the wavefun
tion  >(t; z) given by the expression(10) with B = D = 0 (no spin �ip in the s
attering pro
ess). Let us notethat for 0 < E < j�j, the momenta of the quasi-parti
les has to be 
omplexnumber q1;2 = �p�2 �m2 � j�j2 � 2ij�j� : (12)Parti
ularly simple form of momenta one 
an �nd in the massless limit. Inthat 
ase q1;2 = �� + ij�j, where the signs are 
hosen as to des
ribe thevanishing of the wavefun
tion in 2SC phase for z !1. Now it is seen thatfor E < j�j in the 2SC phase the quasiparti
le wavefun
tion is exponentiallyde
aying with the suppression fa
tor j�j =pj�j2 �E2.The 
ontinuity 
onditions mat
hing the wavefun
tions are of the form <(t; z = 0) =  >(t; z = 0) : (13)Using this 
ondition one 
an �nd the amplitudes of the s
attering pro
ess:



1606 M. SadzikowskiA = s 2EE + � exp��i Æ2�+O� 1�� ;C = rE � �2E mE�2 exp��i Æ2�+O� 1�3� ;F = m(E � �)�2 +O� 1�3� ;H = sE � �E + � exp (iÆ) +O� 1�� : (14)In the limit where j�j; E;m � � only A and H 
ontribute whi
h meansthat only hole of the d-green quark 
an be re�e
ted into the QGP phaseand the only quasiparti
le with momentum q1 
an propagate in the 2SCphase. It is interesting to point out that in the massless limit F = C = 0exa
tly. Additional insight we gain from the 
al
ulation of the probabil-ity 
urrent. From the equations (3) it follows that the probability 
urrent~j =  u yR ~� uR +  d yG ~� dG is 
onserved. Using (10), (14) one �nds:jz = 2�( 0 for E < j�j ;2�E+� +O � 1�� for E > j�j : (15)The result (15) has simple interpretation. If the quark u has energy belowthe gap it 
annot ex
ite quasiparti
le inside the 2SC phase. In that 
asethe matter waves does not propagate through the super
ondu
ting medium.However, if the u quark possesses energy above the gap it ex
ites the quasi-parti
les with a given transition 
oe�
ient. This result may be of importan
efor the physi
s of the Neutron Stars.4. Con
lusionsIn this paper we des
ribe the phenomena of Andreev re�e
tion at thejun
tion between the 
old quark�gluon plasma and super
ondu
ting 2SCphase. We found that the hole of di�erent �avor and 
olor than the in-
oming parti
le is re�e
ted toward the QGP phase. Inside the 2SC phasethe quasi-parti
les are ex
ited, whi
h for energy E of the in
oming parti-
le below the gap j�j, penetrate the 2SC phase for depth of the order of1=pj�j2 �E2 whereas for the 
ase of E > j�j they propagate freely in-side the super
ondu
ting phase. This result is similar to the situation one
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attering at QGP/2SC Interfa
e 1607en
ounters in the 
ondensed matter systems. This 
an be expe
ted be
ausein the high density QCD the purely relativisti
 phenomena are suppressedby the powers of quark 
hemi
al potential.From the equation (15) one 
an see that the transport phenomena (likeheat transport or density waves) is strongly a�e
ted by the presen
e of theinterfa
es inside the Neutron Stars. The suppression is exponential of theform exp (�j�j=T ) where T is a temperature of the Neutron Star, usuallymu
h smaller than the expe
ted super
ondu
ting gap. This phenomena
ertainly require more extensive analysis1.The stru
ture of the Neutron Stars 
an be 
ompli
ated, thus more workis needed for better understanding of the Andreev re�e
tion phenomenain super
ondu
ting QCD. In parti
ular one has to 
onsider other possiblesuper
ondu
ting phases like CFL or other possible interfa
es. Existen
e ofsu
h interfa
es 
ertainly in�uen
es the dynami
s of matter �ow inside theNeutron Stars.Let me spe
ially thank Ma
iek A. Nowak for many important dis
us-sions. Also dis
ussions with Krishna Rajagopal, Sanjay Reddy and MotoiTa
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1 Let us note that probability 
urrent through the interfa
e is not suppressed 
om-pletely, be
ause in the 2SC phase we have unpaired blue quarks.


