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WALECKA MODEL FOR DENSE NUCLEAR MATTER (1)

Meson exchange model
example: scalar (¢) meson
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WALECKA MODEL FOR DENSE NUCLEAR MATTER (I1)

Field theoretical formulation: Lagrangian and Path Integral for Partition Function

3=1/T
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Up, 1

_ ’ Neutron
Jo(T, %) = V(r,Z)V (T, T) U (wn) L = Up, | }
Ju (T, T) = (7, 2)7,¥(T, T) Uy Un, 1 }Antineutron
Un, |
Lo = [l — symmetric nuclear matter

pn #0; pp, =0 — pure neutron matter
L = fby + - — Neutron star matter (G-equilibrium)
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WALECKA MODEL FOR DENSE NUCLEAR MATTER (I11)

Evaluation of the Path Integral: Hubbard-Stratonovich trick

exp( (ww) < (w)) - (G [lao)exs ( 2‘21 +aw> 0

Effective action quadratic =—- Gaussian Path Integral

L 0 . o2 w?
S = /dT/d?’g;\IfaZT {( %8_+WV mN+70M+0—’VMwM>\IJ(a: T)+2GU—2G’;M}

Fourier representation: W(z, 1) = \/;Zn ST, (5) | with w, = 7T(2n + 1)

g — 0
/ dT/d?’:E\If(f, T) ( Yo + Z’yV my + Yop + 0 — Vowo> U(z,7)
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= 62 Zﬁn(ﬁ) _/Vupu —my)V,(p) = Z Z@n(ﬁ)G_l[@ WONJTL(@ (2)

Effective mass m} = my — o, chemical potential ©* = 1 — wy and quasiparticle propagator

G_l[aa w] = _B(’Yupu -+ m?\f) , Do = iw, — :u*
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WALECKA MODEL FOR DENSE NUCLEAR MATTER (1V)

Evaluate fermionic Path Integral and mean field approximation:
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Stationarity condition: 0In Z,,/05 = 01n Z,, /0w, = 0 corresponds to
g = —G,TrGle,wy| =Gons, wy=—-G,TrvGa,w) =G.n .
Thermodynamics: Q(T,V,p) = =Tln Z,, = —pV
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Quasiparticle properties E* = (/52 + m%?, miy =m, — Gong, u*=p—Gon .
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WALECKA MODEL FOR DENSE NUCLEAR MATTER (1V)

Evaluate Traces:TrIinG~' = trytrpInG~' = tr,IndetpG~' = 3 > IndetpG~!
Scalar mean field
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Matsubara sums — Seminar!!
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WALECKA MODEL (VI) - RESULTS

Effective mass Pressure vs. energy density / density
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See, e.g., Kapusta: ’Finite temperature field theory’: liquid - gas phase transition
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NJL MODEL FOR NEUTRAL 3-FLAVOR QUARK MATTER

‘AudP + ’Aus,Q + ’AdS‘

» Fermion determinant (TrIn D =

¢3+¢§+¢§+

3
— TZ/ @b 1Trln( S” 1(iwn,ﬁ)>
+ . — Q.

Inverse propagator of Nambu-Gorkov spinors
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with diquark gaps (A, = Ay, ...)

Aty = 2G p{Giaisapmeind’s)-

as elements of the gap matrix

A = 195€08€ijk Dy

In det D)

1 w2 + \(p)?
Indet (T (zwn,ﬁ)> = QZln ( e
Result for thermodynamic potential
¢2 ‘|‘¢¢2i+¢2 |Aud‘2+ ‘Aw‘z"' ‘Ad5|2
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/( 32()\ +2T1n(1+6 ))
+ Q. — Q.

Neutrality conditions: ng = ng = nz = 0,
OS2
n; = — — 07
Opi

Equation of state: P = —(, etc.
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MASSES, DIQUARK GAPS AND GAPLESS MODES
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QUARK MATTER IN COMPACT STARS

The phases are:
o NQ Aud = Aus = Ads = 0;
o NQ_ZSC Aud ?é O! Aus = Ads = O, OS X2sc Sl;
0 2SC: Aug # 0, Ayy = Agy = 0;
e USC: Ay #0, Ays #0, Aygs = 0;
e CFL: Aud ?é 0, Ads ?é 0, Aus ?é 0;
Result:
e Gapless phases only at high T,
e CFL only at high chemical potential,
e At T <20-30 MeV: mixed NQ-2SC phase,
e Critical point (7.,1..)=(44 MeV, 347 MeV),

Blaschke et al: hep-ph/0503194 e Strong coupling, n = 1, changes?.
Ruster et al: hep-ph/0503184

Color neutrality problem: hep-ph/0507271
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2SC-CFL TWIN CONFIGURATIONS, ENERGY RELEASE
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Energy release: AE ~ 0.1 Moc? ~ 10°2 erg.
See also: Aguilera et al: A&A 416, 991 (2004), DB et al: NPA 736, 203 (2004)

Caution: CFL core unstable against adding a hadronic shell!
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| 2SC QUARK MATTER IN COMPACT STARS? l
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e Bag model Fit for Gaussian SM EoS

Grigorian et al., PRC 69 (2004)
Aguilera et al., hep-ph/0412266
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SPIN-1 (CSL) PHASE FOR COMPACT STARS

Phases of superfluid *He
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e Color-spin-locking (CSL) condensate
Aguilera et al., hep-ph/0503288
(g7 Cv*X2 qy)

r O = (¢ Cy'\1 qp)
(g7 Cv°As qr) =y,
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log, (T4 [KD)

COOLING OF A QUARK-HADRON HYBRID STAR
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Evolution of the surface temperature
dU dT :
E:; C’Z-E——ey—zj:sjy

Data taken from:
Yakovlev et al., A & A 389 (2002) L24

Calculation for neutron stars:
DB, Grigorian, Voskresensky,
astro-ph/0403170; A & A 424 (2004) 979

for hybrid stars: astro-ph/0411619;
PRC 71 (2005) 045801.
Small gaps: 2S5C+X or CSL ?
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| PULSAR KICKS, GRAVITATIONAL WAVES ... I

e Large kick velocities of pulsars at birth
Vpicr = 500...1000 km s71

e Possible explanation: “Neutrino rocket”

\ T \ \ \

1750 | e Spin-1 condensates (CSL) can be

1500 | anisotropic
TE 1250 | e Anisotropic direct Urca v emissivity leads
£ 1000 to acceleration of the PNS, when 7' < T,

iy for CSL pairing Acceleration stops when

2 photons start dominating, resulting in:

500 |

5vmax ~ 0.033 aSGF/'Le/'Lu/'Ld 3 1. 4M T4T2t0
250 |
e Gravitational waves: Pagliara et al.
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