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3. Pion condensation (PC)

3-1. historical overview

Pions: m(m®, wt, m™), spin (S) =0, isospin (7)=1, boson,
mass (m,;) =140 MeV

~1935 OPEP (Important ingredient of nuclear force since Yukawa’s work)

1965 In medium, n— p + ©~ (bose condensation with k=0) when u,
(chem. Pot.)> m,, ; proposed by J.N. Bahcall and R.A. Wolf*)
— later on, NO! due to the repulsive effects from n-n S-wave int.

1972 |n-condensation with k#0 is OK! by n-N P-wave int., pointed out by
A.B. Migdal and independently by R.F. Sawyer and D.J. Scalapino® ;

explicit introduction of meson degrees of freedom in medium

—So many works (including, e.g., ALS*))

*) A.B. Migdal, Sov. Phys. —JETP34 (1972) 1184.
R.F. Sawyer and D.J. Scalapino, Phys. Rev. D7 (1972) 953.
T. Takatsuka, K. Tamiya, T. Tatsumi and R. Tamagaki, Prog. Theor. Phys. 59 (1978) 1933.



~1980 “Nom-cond.” “Deathto PC”; p > po (0 > (2 —3)pyp)

Stop studies
. Continuous works from a view of NS physics (dense NS cores)
(e.g. Kyoto group)

Renewed interests coming from the progress of NS observations
(Cooling, Glitches, NS formation mechanism and so on)

1999 Smaller g’ (Landau-Migdal parameter), suggested experimentally*)
—> m-condensation is easy to occur

Now Stimulated studies as to “PC and related phenomena”

*) S. Suzuki and H. Sakai, Phys. Lett. B455 (1999) 25.



3-2. Alternating-Layer-Spin (ALS) model

s it possible for neutrons to solidify?

[ Considering usual mechanism for solidification,
i.e., “Geometrical caging”
------ effect of avoiding repulsion
> Zero point energy due to localization
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Possibility of solid neutron matter is denied by more detailed investigation

the reason:

weaker repulsion and stronger quantum effects as compared with those in He

system.



Can we have another new mechanism? - Yes

ALS' model | (Al ternating ol_.a)'n -Spim)d

o Characleristics oj' OPEP- temsor force :
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Presentation of the ALS model
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3-3. ALS model and PC

O ALS= 7° condensate®

(1D Potential Description (PD) v.s. Field Description (FD)

O (n+1?) system; (0-V) coupling
O Hamiltonian:

H=Hy+H, +H,_n ; h=c=1 (3-3)

Hy = [d& (VYT (&, 0) - V(& t))/2my ; §= {r,spin} (3-4)

Hy = L[ ar((@(r0)+(Vo .0y +map? ()} (3-5)

Hoon = (f /ma)f d Eptoy - Vo (3-6)

OField eqs.:

(O—-m> =—-fV-ypteyp f=f/m, (3-7)

i = {=V2/2my + fVg - o} (3-8)

OGS > |By>=|dy >R |dg >, (3-9)

Taking Mean Field Approx. (MFA):

(O—m,?)p =—fV < dylyptay|dy > (3-10)
Y = {=V%/2my + fV < Op|p| Py > o} (3-11)

*) =T. Takatsuka, K. Tamiya, T. Tatsumi and R. Tamagaki ; Prog. Theor. Phys. 59 ('78) 1933
*T. Takatsuka and J. Hiura; Prog. Theor. Phys. 60 ('78) 1234



O Y=X.q Ca(l)oce—igat , | Py > =115 CaT|O > (3-12)
O Sol. of it field:

(O-m;»)e = —fV <ytoy > (3-13)
¢ =pc+ @ (3-14)
¢ = Ypf ag (e + h.c.}/\ 2w (3-15)
Qg = TifAre'* =9k + hoc.}3 /2040 (non-cond.) (3-16)
Oc = Yp{S(k)e™ + h.c.}/\ /2w, Q ; static  (cond.) (3-17)
Where S(k) = >.9°¢S,, (k) (3-18)
Saall) = 7 [ dgg’ (ka)boe /270 (3-19)
O This means:
a,(t) = Ae '@kt + S(k) ; Displaced (3-20)

O Rewrite H by using field eq. :
t.

= de(Vl/J vy)
2mpy

+2[ar(og2 +(Vpg)? + mp29,%} — 1 [ ar((veo? + my 2.2}

N ' (3-21)
Positive definit ), wr Ak Ag




Pure n-matter

Nucleon matter

mucleon configuration density  souce fn. 71° field
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—> G.S. should be the vaccum with respect to ¢, :
0 =A4,(0)|Pp > = (ar(0) — S(k))|Pp > (3-22)
e, ag|®g>=Sk)|Pg > (3-23)
- |®p > is the coherent state of a;

O Then, by the Glauber transformation:

| Py > = ek S(k)(ak+—a—k)|() > (3-24)
e | Dy >= |0 >® |0y > = eZeSE (@’ -a-0) [occ ¢ t]0 >
(3-25)
O Number of pions with k
N (k) =< ®¢|agTar| @y > = [S(k)|? (3-26)

¥ condensation - Macroscopic Ny, (i.e., S(k)) for specific k,

That is, actualization of “pion cloud” depending on
the structure of nucleon system.



O Two expressions of total energy: , condensation energy

= (K.E. of Nucleons) —= [ ar{voo)?+ma2¢2} €& [FD]

= " ) 3208 < a/?|V0PE|a/3 > & [PD]
- equivalence of PD and FD N OPEP int. energy
o
2 —x
VOPE(1,2) = Z L {512(1 +— —)—+ o, T}
— M 211 T201°0,8(%), X=MgTo

3

O Therefore we can see:

W Hn—N \[FD}

<VOPE > %0 <@>=q¢@.*0

| |
ALS 79 cond.

(3-27)
(3-28)

(3-29)

(3-30)



@

Mechanism for the realization of ALS phase

(3-31)

Pc
Il ~ -
O (V2 —m;?) < ¢ >= —fV <ALS|p*ap|ALS> = —fV,p, 3 (1)} D (2)|?
—j T
Y= Yo Cabgeat, |ALS> = [T ¢, 10 >, o

—_1 Lig,r i — (=)!
¢a(€) — me 1LrL (blll(Z)XO'l(spln)l 0; ( )
ay1/4 ,—>(z—dl)?
(e
Sol. > < (z) >=—-2fp X1 e ™ /AT gink, 7
odd “m
(kn = =T = ad?® wp? = ky* +my?)

Single-mode dominance -
z—pr%e—”z/‘LF sink.z; k., =mn/d

O | E= (K. E. of neutrons)-> [ dr{(V<¢>)2+m,?<¢>?)

~ 2
E/N = Trfd + 4m1“ — - fzp%e‘”z/zr ; funct. of I'and d
N N c
hZ 2
OE/N = (ALSI-(FG) =E/N—2 € ; €p=—; qp = (3n’p)"/?

2mpy

(3-32) (3-33)
(3-34)

(3-35)

(3-36)

(3-37)

(3-38)

(3-39)



Realization of ALS
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Charged Pion (r¢) Condensation

O Simple Model (SM) with : H__y only ; MFA, |®, >= |®y>Q |Pg >  (3-40)
O Field eqgs. :

(O—my2)py =V2fV < dylYpTar |y > (3-41)
2
i) = |- —\2f{t, V< OglY_|dg >0+ h.c.}| Y (3-42)
ZmN

To solve these egs. Self-consistently under the conditions; charge (Q) and
baryon number (N) conservations

W =y, Yn), 14 = (T1xiT2)/2, @+ = (¢4 ii§02)/\/§) (3-43)

O Source funct. = Isospin flip operator (t4)
— good nucleon mode should be

np(t) = npe”EnB = up*iig(£) — vp*Pp_(t) (3-44)
0p(t) = 0 e Ee P =g g () + vpig () (3-45)
B=(q,0), B-=(q-ks20), lugl*+lvg|*=1) (3-46)
No 7t¢- cond.
O |oy >=TI5"ng" 0> FG of pure n-matt. (3-47)

O n¢- cond. of running wave type (< @, >o etkc?) with the condensed
momentum k.Z



O coherence of |®5 > can be shown quite analogously with 7° case :

|CI)B >: |(I)TL'_>® |CD7T+>
| @, - >= exp{Sy-(kc)(br,'—by )}0 >
|+ >= exp{Sy+ (ko)(d_g,” —d_g )}0 >

Sn_ (kc) 1+.u7t/wc
St (ke) = A /Qw/2 X 1—p, /o,
Ur = HUn —Hp W= (kcz +mn2)1/21

occ
A, = —V2fk.071 2 2 ugVy (0. = ?)
q

|

(3-48)
(3-49)

(3-50)

(3-51)

(3-52)

(3-53)



O aspect of the condensate :
n~: (k.= k. Z,uy) : coherent state
nt: (—k,,—u,;) : coherent state
N,- =S,-2, N+ =8_+°
N, = Np- — N+ (= Nyc) : charge neutrality

Uy > 0 = "m~ —dominant” condensate

3
O E/N = = €Er +(3.u7t2 - (‘)CZ)Acz/p

(3-54)

(3-55)

(3-56)



Coexistent Pion Condensation™

O n° and € condensations are made to coexist by taking their
condensed momenta as

m: ko =ko 2 > perpendicular
¢ ko =k
0__ .
n composed of .7T . COIl.d- in
(n, pl) ™~ ™1 k, : z-direction
’ ORI
(M =u'fl —v'p)
L on /¢¢ " ¢/ ‘ K
e P MR ¢ —cond. In x-y

ALS structure of n-particles plane (2-Dim. FG)

O By this coexistent condensation, the energy gains from m%and
m¢condensations become additive
Most probable type of pion condensation:

—> m97¢Combined condensation

*) K. Tamiya and R. Tamagaki; Prog. Theor. Phys. 60 (1978) 1753



Realization of m¢-cond. (SM) Additive Energy Gain (SM)
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Toward Realistic Treatment
O H,_y only:

pe () = pe(m€) = p, (m°1) = py
O Other effects :
° short-range correlation \
° p-meson contribution

Act against
° quantum correction (exch. Effect)/

°Isobar 4(1232) effect Act for
° N-N int. other than H,;_y
O Results :
Authors [
T. Kunihiro and T. Tatsumi ('81) ~2 Po
K. Tamiya and R. Tamagaki ('81) (2-3) po
% | T Takatsuka and J. Hiura ('82) (1.5-2.6) pg
O. Benhar (83, ’85) (3-4) po
A. Akmal and V.R. Pandharipande ("98 ) ~1.2 py
m¢ | W. Weise and G.E. Brown ('74) ~2.1 pg
T. Tatsumi ('82) (1.5-2.2) pg
Mo, | T. Muto and T. Tatsumi ('87) (3-5) po




4. Baryonic superfluidity under PC*

Motivation:

Neutrons in NS interior are in the superfluid state of 3P,-type at densities
p=(1-3)pg.

On the other hand, pion condensations are considered to set in or develop
somewhere in this density region.

The there arises a question:

Whether the nucleon superfluid, shown to be realizable from ordinary
Fermi gas, persist or not when pion condensations come into play.

*) As review articles,
T. Takatsuka and R. Tamagaki, Prog. Theor. Phys. Suppl. No. 112 (1993) 107.
T. Takatsuka, Int. Journal of Modern Phys. : Conference Series 11 (2012) 133.



4.1 Pairing Correlation under PC

(1) Under t° condensation®

3 rel l r rel
5 (E)— WrLd ™ (2)Xgm a2
-_.4.:}
SPz-GOminonf i NN lm ( _

d \ L(@q, —Pry)
Pty for ZmL(l) L]mL (q_]_rl)e q1L"¥ry
eutrons .-45.’;.-

3 =1 = (—1)!
'So-dominont ‘\\ S 4 mS ( )
pairingfor /a4 4 ¢V fo---Bp-4 +-3-
profons L'/ . i )
S Density localization
structure density

O Remarks

(4-1)

(4-2)

=superfluid

(i) 1-Dim. Localization = pairing correlation is operative in 2-Dim. FG space,
and predominant for the pair in the same layer;

“(q,, l;—q,, l)-Cooper pair

of 2-Dim. character

*) T. Takatsuka and R. Tamagaki, Prog. Theor. Phys. 62 ('79) 1655; 64 ('80) 2270; 65 ('81)

1333; 67 ('82) 1649.

R. Tamagaki, T. Takatsuka and H. Furukawa Prog. Theor. Phys. 64 ('80) 1865.



(i) Pair state is specified by 1 = (S,mg, m;) instead of 2 = (S, L,J,m)).

(i) 1; = (S = 1, mg = m; = (—1)!) is most effective, where 3P, interaction

dominates Imy| = 2
3P,-dominant pairing.

Gap Equation | : 2-Dim. 4, =( =1, mg=m; = (-1}

1 (oo / / / / ~ ’ /
43 (qL) = _gfo q.'dqy’ < q." |Va,(ri)lgL > 43, (q1 )/\/EZ(QL )+ 47 7(q1)

<q.'Vg (r)lq. >5] rid TJ_/1(QL,71)VL(71)]1(CIL71)
0

_4,2
VL(rJ-) = (%)1/Zjdze 2% Vzl(T’)

2 2

3z —r
Vi, () =V(r) +Vr(r) () +Vis(mmsm,

£(q) = hz(CIlz - qJ_Fz)/ZmN*

(4-3)
(4-4)

(4-5)

(4-6)

(4-7)



(2) Under € condensation

O No localization, 3-Dim. Nature holds. But one
important difference arises: superfluid is
described by quasineutron basis.
n=un—-v'p (=up+vii (4-8)

(lul>+|v|?= 1) 1 &)
O Remarks:
(i) Large band gap
occ + L Eq(Q)
s , eVl

Excitation of (qo; —qo’) 3 4
Cooper pair from n—particle states to
(-particle ones are stately neglected

. . -€F=—6| MeV
—> Wwe can restrict ourselves to n—particle

(quasineutron) space. (P= )

(ii) Isospin is not a good quantum number
—> pair state is specified by A’ = (S, L,])
>A, =(S=1,L =1,] = 2) —pair state is most attractive, which
includes 3P,-int. ( = 1) and 7 = 0-int. with 3P,-kinematical factor
- means “attenuation” of 3P,—int. _ Attenuation factor <1

3P2‘int. 3P2‘int. XN\




(3) Under %€ condensation
O The characteristics of (1) and (2) join together:

- 2-Dim. Nature due to %-cond.
- quasineutron superfluid and “attenuation” due to m¢-cond.

O Most probable type of superfluid at higher densities.
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4-2. Baryonic superfluidity with /] effects

Under ° condensation with 1(1232)

Omn-Cond. & A-mixing is essential
On-Super > (n+4%)-Super

1

IN>= [ |p>} - |B>=
o|n>
Extended Operator |:
1 0
s
-0 Kq ’
T 0
S
-0 K. 0 ’

SU(4) quark model -

,\i—spin of. for A

Interaction in N-Space - in (N+.])-Space

| p> & t/2=1/2 (4-10)
| n> < -1/2
|4t > &< 0 = 3/2 i-spin
|4t > & =1/2
o|4 > & -1/2
| 47> < -3/2
o 0 A/ Spin op. for /]
0 . Kgd (4-11)
0T | ApSTT }
A, ST | K, .50

transition j-spin op.
transition spin op.

N>

K1 =1, Kg= 2, Ke=2, Kge=32, Agc =+/72/25 (4-12)



@‘ Quasi-Neutron 3P, — dominant Pairing

IN, >=uy|n, > —v,|4,° >  (quasi-n)
| Ag > = ug|4® > +vg|ng > (quasi-4°)
|Op >= |cDALS >= chocc) NaT| 0>

a=1{q,,l}; spin—> og,/2=%,=1/2
i-spin >t,/2 =60, =—1/2
basis function:

bo($) = diq, (§) =

1 eld1TL (a/n.)l/é}e—a(z—dl)z)a (B)

JOQ o
x1 B (spin, isospin) = u; x; ™ —v; ;&)
u=u v =D

HBB(palr) = %Zlql’ql< g, — q,'|Vpp(1,2)|lq,, 1 — q, >

X Nl‘I’J_TNl_CI’LTNl_‘ILNlCIJ_
Most attractive pair

A={S=1, mg= (-1, m)}

(4-13)
(4-14)

(4-15)

(4-16)

(4-17)

(4-18)



—pai (277:)2 / !
Hpg 7P = Q—y 7 7 7 <q. |VBB(A)|QJ_ > blmLT(Ch )bim, (q1)
J_ J J J J

l q,' q1 mg

. 1 1 ~ T~ T
Pair Operator: blmLT(CIJ_) = Tif dquﬁe‘mL‘Pquql Ni_q,

2-dim. Matrix Elements:

<q, |VBB(A)|qJ_ >= j dTﬂlme(QL’TL)VBB(A)(TL)]mL(CIﬂl)
0

2-dim. Pot.
Vas (1) = [, dz e™muor ()t emas/t

X< Y1ms BB [Vpp (1, 2)|X1mS(BB) >
a 2 ,
X (— 1/4 ,—az“/4 ,im@,
(Zn) e e

@

— Gap eq.:
1 (00]
41(qy) = —Ef dq,'q, < CIJ.,|VBB(A)|CIJ_ >
0
41(q.)

In the same way as the case without /]

X

Aars = A41(qp)/V2m , kT, =~ 0.574y;¢

(4-19)

(4-20)

(4-21)

(4-22)

(4-23)

(4-24)



[1 Under 7€ condensation with 4®

O Quasibaryon basis
[fig > = \/iﬁ{|nﬁ > +y1|Aﬁ+‘ >} (quasi-n)
Dp- > = \/iﬁ{lpﬁ— > +y;|4p--*} (quasi-p)
N=1+y:|>B=1{q,0},Bs ={qt k., 0}, ={q - 2k.,0}
O BCS-quasiparticles
np > = uplfig > —vplpp- >, |3 >=vp"[fip > +ug”|Pp-- >

[0 Under %7€ condensation with 4**)
O Quasibaryon basis

1
17, > = —N{|ny > +21]|4,° > +2,|4,,7 >}

77

1P, > = i{|p _ > +z1|A P> 4z,04,_ 7t >}
Y \/N Y Y Y
N =1+ |z|* + |2,]% Yy =1{l,q.,0}, v+ =1L qL £ k., 0},

Y-— ={l,q. — 2k, 0}
O BCS-quasiparticles
ny >=w, |, > —v|p,- >, 5 >=1v,

n, > +u,” |py- >

*) T. Takatsuka and R. Tamagaki, Prog. Theor. Phys. 101 (1999) 1043.
**) R. Tamagaki and T. Takatsuka, Prog. Theor. Phys. 110 (2006) 573; 117 (2007) 861.

(4-25)
(4-26)
(4-27)

(4-28)

(4-29)

(4-30)

(4-31)

(4-32)



Critical Temperature (T,.) of 3P,-dominant Baryon

Superfluid under °-cond. with 4° effects
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Critical Temperature Baryon 3P,—superfluid under "
condensation with A effects
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Critical Temperature of 3P,—dominant Baryon Superfluid
under 7% condensation with A effects
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5. Neutron star phenomena with PC

Characteristics of Pion-Condensed NS
O 3-points:

1) “Softening”:
EOS is remarkably softened by the energy gain due to m-cond.
———————— mon¢, nOn¢

2) “Solid”:
Solid-like “1-Dim. Localization) state is provided by the ALS structure
———————— ¥, n°n¢

3) “Pion-Cooling”:
Cooling of NS is dramatically accelerated due to the URCA process
mediated by pion condensation --------

D

£ A NORMAL . - 2
TC-Cond.
}c ’ ;f . —__>P
’ 3]
 /
" / ) m-> P-re'a-i"::}(’:)\m

e -
?‘\% TS+ 22+€+)% : OK



Effect of m condensation on NS cooling

e strength of the classical 7z field, »5 the

Log T (K)

7

56

ut-u,u”r,uu--IcvuIntulr-nulsnxln_‘:ﬂ 7|l||||||||l|l1||'ll|'ll|l||1||||'||ullllll 37
Standard — % F 28
—-'36-.-'; 86— ...:35.'7\
4 B B . :,
Jas = g - 3
= L) —3s
2] ey e - g By
12 @ L .
-:33‘3 .3 £ 2 Y
L — 22 7
17 0 L TP UERR v ~32
LAk, (FF) \+ 1 N v v TN :
lgll‘lllel]lJ_lJllllllllllxllllllll'l I g Lo L S -:3‘
a1 0 1 2 3 4 5 3 - Lix
Log t (yoars) 2 1 0 1 2 3 4 5 8

Log 1 {yoars)

NO PC With PC



Problems of starquake model
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M-dep. Of NS structure
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5-1. Pulsar glitch model based on PC*

[ lHow to overcome the problems
-Crab - Crustquake, Vela—> Corequake

(A) No solid core - | “ALS-solid” due to 7°-cond.

¥
| li_l b E/N=0(d-d.,>*+b
vY Vv VvYey 3‘ - z.
EEE R ¥  Es~Nsad (£-%)
lilli_, -BcEE.
[, <104 n/em’
. /45 B/V 4= )4
Shear 'modulus ~ 10 ﬁc , OK
- B B“V”’ Selid Cbu’o‘hLSo!v'J

(B) Heating — | Rapid “Pion Cooling” due to m“-cond.

By the next glitch, Pion Cooling can get rid of the heat due to
the released strain energy

*) T. Takatsuka and R. Tamagaki, Prog. Theor. Phys. 79 (1988) 274; 82 (1989) 945.




(i) How much energy is released?
Strain energy - AE; = 2 B I1(e-2o>2€)

~ 6 x em x® 104
Teritical stmm mn;)e

: 44-46
9,,-5740 ~5x10 —> ~3xI0

(ii) To what extent is NS heated up?

evy /

specific heat

. L C=CT ; Coz2bx10"
heat “P ¢ Low. Tﬂur Approx.d
Tafk “4E Njfnr

=;‘Nc (TT T )
—> aT(eT;-Tiy = (0.04- paaral

(iii) How long is the coolmg time At for Tr = T;?
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Energy Release by Starquake

Feg 8= F ¢ imdep. of £
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“Crab > crustquake : ZJE=~ 13X 103941 erg
(AE,,+ =~ 5.9 x 1037 erg)
Vela > corequake : AE=~2.8 % 10%4~46 org
(AE,,¢ =~ 1.4 X 10*2 erg)
Y IXEIZFEHhNS ?
(1) Heating
(2) y, Xray burst — like phenomena ?




(C) Two exponential terms (t; ~ monthes, t,~ days)

> Extend 2-comp. into 3-comp.

Surerﬂu.d s ;- g -‘1st
3P Sur@?j’llhd I Tr !LP
Selid core . 3yd
Crust } A2 i

E% oj' motion :/Cxﬂ\’"‘“‘ torque
o £ ;
IC ;n. = ‘d "_L- (lﬂ' 'Aﬂs)/’t: - Ic (ln'anr’/?r

IS .f.lsl‘= Ic (..Q\'Jls )/Ts

Ts  is .res‘Pnsille j'ot T
T’, " {



oSolution:

L) ;_.l)."‘:h t 4L, [Q, e-t/?' +@z€ ¥t 1(1-6,-@2> ]
’o'na short

A = J.)..ct)- N

=00, %’e’tm t %’e‘t”’ J

,_{mee) =-%‘t +Comst.
Ve P, Ba{t  IleLel

1 Ie (1-afpe /ANl
@,= T’ {G-ARso /o> - F =03 7S ¥

IP ' e h .,AJho/‘.n.’
@27 U-aRpe /s T T s

(i) short term not visible in Q8t) because of
Q, > Q4,becomes visible in 4Q(t); 7, K T, = 9 L

11 12

(ii) Assuming ang. Mom. Consv. At glitch (t=0) for respective
component (41;/I; = —4Q;0/%;, i=c, s, p) information of
internal structure can be extracted.
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a ‘F&Amrle :

o Crab: I /T~09 —> M~12Mo
( (1.1~1.35Me)
—> No Sol;d Core
-8

a4 Crustquake only -)}?"a.w

o Vela : [/T-L/1~05 —>M~16 Mo
(4~162M0?

—> With Solid Core |
Mo

—> Corequake ossible | 4%
quake is p Ao

(tvi Jated by crustiuake )

That is, consistent with our model setting .



5-2. PC and v-burst from SN19874*)

v-burst from SN1987A
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*) T. Takatsuka, Prog. Theor. Phys. 78 (1987) 516; 80 (1988) 361

C



Releasable Energy v-luminosity
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OAE,,s~(0.9 — 3.5) x 1053 erg (K. Sato and H. Suzuki, Phys. Lett. B196 (1987) 267)
~(1.6 — 3.1) x 10°3 erg (S.H. Kahana, J. Cooperstein and E. Baron, Phys. Lett. B196 (1987) 259)



