Nonlocal Chiral Quark Models & Critical (End-)Point’

David Blaschke (Univ: Wroclaw & JINR Dubna)

SETTING SCIENCE AGENDAS I:;.'_'ZI.::: ELROFE

..o. ..;..‘:?.'. »
(B e
.® : 0..CO ’ . .
star AP~y . .

INT Workshop, Seattle, August 15, 2008



Nonlocal Chiral Quark Models & Critical (End-)Point’

David Blaschke (Univ: Wroclaw & JINR Dubna)

L : -
} o NCQM as a togl for strong QCD|7, o
.b.‘.' ! . . e Mean-field: order-params. & phase diagram
o : .. CO ’ .
- e Flucuations: mesons & Mott effect
star o

e Gibbs constr: compact starsvs. CBM et al.

INT Workshop, Seattle, August 15, 2008



1. Mass and Flow constraint

Quantum Field Theory for Chiral Quark Matter 2 2 Cove on

e Partition function for chiral Quark Field theory

B g B
ZIT,V,u] = /Dzﬂ?w exp {—/ dr /V d%[zﬂ(iw“@u —m =) — Emt]}

e Current-current coupling (4 -fermion interaction)

geos

e Bosonisation (Hubbard-Stratonowch Transformatlon)

ZIT,V, 1] = / DéyDALDA exp{ Z4GM Z’f(i s [{MM},{AD}]}

e Collective (stochastic) Fields: Mesons (¢,,) and Diquarks (Ap)
e Systematic Evaluation: Vean field + Fluctuations

— Mean-field Approximation: Order parameter for Phase transitions (Gap equations)
— Fluctuations (2. Order): Hadronic Correlations (Bound- & Scattering states)
— Fluctuations of higher Order: Hadron-Hadron Interaction



Phase diagram for nonlocal chiral quark model 5. Qus Sistcire s

Euclidean actionat 7", u = 0

_ G G
sp:/#x{w@«ﬂﬂmww@——¥ﬁmwM@—~§uy@ﬂ%@ﬁ
Two alternatives to introduce nonlocality
Model | i (@) = / dhy &z r(y — 7) r(z — 2) Oly) Ty o(2),

Instanton Liquid
Model inspired ;% (x) = /d4y d'zr(y — ) r(z — 2) Yo(y) ivsmda ¥(2)

Model I1 f B 4 _ 2 2
oreluon. (@) = [ d'9() b+ 5 Ty vl = 3.
Exchange a B 4 - N 2
inspired iplz) = /d 2 g(2) Yoz + 5) 1Y5ToAe Y (@ — 5)

r(z — y) and g(z) are nonlocal regulators, ¥ c(z) = Yoys ! (z), Ty = (1, i757)



The T-mu plane:

order parameter landscape
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Three phases of quark matter: confined, deconfined, superconducting




The T-mu plane: walking on the map

Armenia in Europe:
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5. Conclusions

Three phases of quark matter: confined, deconfined, superconducting
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The T-mu plane:

walking the routes (I)

Map of routes:
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1. Introduction
2. Hadronic Cooling

The T-mu plane: walking the routes (II) . Qur St s

5. Conclusions

Route 1’;: deconfined — confined
.

Map of routes:

0.000 0.004 0.007 0.011 0.015 0.018 0.022 0.000 0.002 0.005 0.007 0.009 0.012 0.014
0.6 0.6
o
T I %
Crossover T T2sc
1507005 X 1 0.4 0.4
50% V> ‘Normalquarkmatterphase — —
: ¥ | 3 3
Ny &) &)
> i © °
%)100 \ nd Orde[(ra\'\smons
=X T T 0.2 0.2
= e ¢t 1
Critical endpoint %)
50 ‘ - g
o
g
s Hr=t>+ ] 0.0 0.0
. "
Conflner‘nent phase‘ ZS‘C phase 0.0 0.2 0.4 0.6 0.0
% 0l 02 03 04 05 A [Gev]
0.000 0.005 0.006 0.009 0.012 0.015 0.018 0.000 0.002 0.004 0.006 0.009 0.011 0.013
0.6 0.6
0.4 0.4
> >
() ()
2, 2,
©- ©-
0.2 0.2 L
g
0.0 0.0
0.0 . . ‘ 0.0

A [GeV] N Y



The T-mu plane:

walking the routes (III)

Map of routes:
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The T-mu plane:

walking the routes (IV)

Map of routes:
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Phase diagram for nonlocal chiral quark model (II)

1. Introduction

2. Hadronic Cooling

3. Quark Substructure and Phases
4. Hybrid Star Cooling

5. Summary

Instanton model (left) vs.

One-Gluon-Exchange model (right)
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1. Mass and Flow constraint
2. Chiral Quark model

Complex mass pole fit to Lattice propagator 5250 BBHE on

4. d-CSL hybrid
5. Conclusion

S(p) sum of N pairs of complex conj. mass poles

1'0_ - ;ﬁ;—;”‘:“;;ﬁ;“g”;*;&;“—l_: Al 2; zF . ; 2
0.8] )}/3&’5@” ] S(p) = z:: Z, {z]é T + i+ mj} = —ipoy(p”) + o5(p?)
o.e__/?’ _ Representation of the scalar amplitude
! _ Al 2 My 2Fm
) as(pQ)ZZZ:l:Zz_l {p2+m§+p22+n;j2}

“Derivation” of the equivalent separable model (in
Feynman-like gauge) D,.,.(p — ¢) = d,,, D(p, q) and

0.0 1.0 2.0 3.0 4.0

p (Gev) D(p,q) = fo(pj) fol@®) + f1(p*) p - Qflng
fl(pQ) = —A(pcz -1 : fo(p2> = 2l )b_ e
S(p)~" = ipA(p*)+ B(p*), ]



1. Mass and Flow constraint
2. Chiral Quark model

Confinement: Polyakov Loop Chiral Quark Model | = :ziosirim

4. d-CSL hybrid
5. Conclusion

0.8

0.6

04

0.2}

G/ I)T=0

0.05 0.1 0.15 0.2 0.25 0.3 0.35 04
T [GeV]

Grand canonical thermodynamical potential

AT, d,m) = 2 — 6N / D po (=)
oo — T -
s oy s 2G f (271_)3 p p
d3
- 2N [ S (T 1 Lo ()]
(27)

+ Ten |1+ LTe (90T} 114 (0,8,T)
Appearance of quarks below T.. largely suppressed:
In det [1 + L e_(Ep_“wT} + In det [1 + LT e_(Eer“)/T}
= In [1 + 3 (CD + CTDe_(Ep_“>/T) e_(Ep_“)/T + e_?’(Ep_“)/T}
+ In [1 +3 (CI) + CIDe_(Ep+“)/T> o (Eptn)/T + e_?’(Eer“)/T} .

Accordance with QCD lattice susceptibilities! Example:
g (T7 :LL) . 1 9% (T7 ,LL)

T3 T Ou




Nonlocal Polyakov Loop Chiral Quark Model

rank-1 separable, two-flavor, Instanton model

D.B., Buballa, Radzhabov, Volkov, arXiv:0705.0384
Yad. Fiz. (2008) in press.

susceptibilities

1. Mass and Flow constraint
2. Chiral Quark model

3. 2SC + DBHF hybrid

4. d-CSL hybrid

5. Conclusion

rank-2 separable, three-flavor, OGE model
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D.B., Horvatic, Klabucar, Radzhabov, in prep.



1. Mass and Flow constraint

Nonlocal Polyakov Loop Chiral Quark Model 2 22 Cone i

F — Q 1 o Q
AT) = =U(®,P) ~ TTipnarp |W{S7 @ TV} = 5200 T) - S0 T) | (1)

where the full quark propagator for the flavor f = u. d, s,

S, T) = Si(py,T) =37 (py, T)

= 07 Ap((pR)*, T) + ivawn Cr((p)*. T) + By((pp)%, T) (2)
Is defined by the DSE for the quark selfenergy ¥, see below. The Polyakov-loop potential is of the form:
o, P 1
U(le ) _ —éa(T)CI)*CD +0(T)In [1 — 60*D + 4(0*° + %) — 3(¢*P)?] . (3)

The Matsubara 4-momenta are defined as (1) = (w$)* + p?, W =w, + ag¢s, « = —1,0,+1, and are coupled
] _ ¢ ¢ .
to the Polyakov-loop variable = ¢ = NL (1 + et 4 e"T?’) = Ni (1 + 2 cos (%)) . via the parameter ¢s.

Employing for the effective gluon propagator in a Feynman-like gauge, gQDﬁyﬂ:(p —q) = 06,,D(p?*,¢*,p-q), arank-2
separable ansatz

D(p*,¢* p - q) = DoFo(p*)Fo(d®) + DiFi(p*)(p - ) Fi(d) (4)
the propagator amplitudes are given by
By(py,T) = s+ br(T)Folpy) (5)
Ap(pp, T) = 1+ag(T)Fi(py) (6)
Ci(pn:T) = 1+ cf(T)Fi(py) (7)



1. Introduction
2. Hadronic Cooling

Phase diagram for 3-Flavor Quark Matter 3 Qe S s

5. Summary

Thermodynamic Potential (7T, ) = =T In Z[T', ]

2 2 2 Au 2 AUSQ ASQ d3 1 1
Q(T,,u) _ ¢u+¢d+¢s+’ d‘ +’ ‘ +’ d’ _TZ/ p—Trln( q- 1(2'("-)717]5))—'—96_90'

8G g 4G p - (2m)32 T
o 0 N
InverseNambu — GorkovPropagator S _1(iwn, p) = TuP i\f (D) + 1y A(p) .|
Al(p) D" — M(p) — iy

Ak}’y — 2GD<Qiai75€aﬂ7€ijkg(®Q%>' A(m — 7;75€aﬁfy€ijk;Ak’yg(m-

Fermion Determinant (Tr In D = In det D)

Indet (; (zwn,ﬁ)> _QZm (“" +TA (@2>

Result for the thermodynamic Potential (Meanfield approximation)

2 2 2 Au 2 AUSQ ASQ d3
T, 1) = ¢u+8¢éd+¢8+‘ d +’4G| * 184 —/( 3Z[A +2Tln(1+e WT)]+Q — O,
S D

Neutrality constraints: ng = ng = ns =0, n; = —02/du; = 0,
Equations of state: P = —(), etc.



Quark Masses, Diquark Gaps, Gapless Modes s Qurc s s

600

....... ug_dr
\ . —-.. - ub_sr
500 i -\~ - db-sg (gapless)-
_ — M, |
400 o M
L O - M |
> d
D S M, M
E u’ d
=300~ . A .
s | ___ALA,
d us’ —ds
100~ .\-\:"'—'—-—- T Trmimee o
I ‘.\.'\\\'-\~\..§_f .......................... | I | I | L ! | ! | \..—-u(.
L CTEees % 200 400 0 200 400 600
300 350 400 450 500 550 P[MeV] P[MeV]

U [MeV]

Dispersion relations for Gp = 0.75 Gg, T = 0,
1 = 465 MeV (left), Gp = 1.0 Gg, T = 59 MeV,
1 = 500 MeV (right)

Dynamical quark masses and diquark gaps at 7' = 0
for intermediate diquark coupling Gp = 0.75 G



1. Mass and Flow constraint

Three-flavor Quark Matter Phase Diagram S

4. d-CSL hybrid
5. Conclusion

80—
0 NQ nggu’f”
H50_
> -
S 40+
- o\
L\ et
= Pes
o o1
il NQ-2SC x
o | l I “Ll
) © 450
i [MeV]

Ruster et al, PRD 72 (2005) 034004;

Blaschke et al, PRD 72 (2005) 065020;
Abuki, Kunihiro, NPA768 (2006) 118;
Warringa et al, PRD 72 (2005) 014015

The phases are:
o NQ: Ayg = Ays = Ags = 0;
o NQ-2SC: Aq # 0, Ay = Ay = 0, 0< x5 <1,
e 2SC: Ay # 0, Ays = Ays = 0;
o USC: Ay # 0, Ays # 0, Ays = 0;
o CFL: Ayy # 0, Ags # 0, Ays # 0;
Result:
e Gapless phases only at high T,
e CFL only at high chemical potential,
o At T <25-30 MeV: mixed NQ-2SC phase,
e Critical point (7;,1.)=(48 MeV, 353 MeV),

e Strong coupling, Gp = Gg, similar,
no NQ-2SC mixed phase.



Mass-Radius constraint

and Flow constraint (II)
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1. Mass and Flow constraint
2. Chira Quark model

3. 2SC + DBHF hybrid

4. d-CSL hybrid

5. Conclusion
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— N, =102,n,=025
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e Large Mass (~ 2 M) and radius (R > 12 km) =- stiff quark matter EoS;
Note: DU problem of DBHF removed by deconfinement! and: CFL core Hybrids unstable!

e Flow in Heavy-lon Collisions = not too stiff EoS ! N
Note: Quark matter removes violation by DBHF at high densities

Klahn, D.B., Sandin, Fuchs, Faessler, Grigorian, Ropke, Triumper, Phys. Lett. B567, 160 (2007)



1. Mass and Flow constraint
2. Chiral Quark model

Phase diagrams for the CBM experiment 5 25+ Dov yord

4. d-CSL hybrid
5. Conclusion
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Phase diagrams for isospin-symmetric matter, for hybrid star maximum mass M,,.. = 2.1 M
(left-hand side) and M,,,,,. = 1.7 M, (right-hand side).

D. B., F. Sandin, S. Typel, in preparation.



1. Mass and Flow constraint
. . 2. Chiral Quark model
Phase diagrams for CBM: Surprises? 2 250 e o
. d- ybrid
5. Conclusion
I T I T I T I
250 v — First order transition | 2504 ——T=0
— — - Second order transition — — - T=50MeV
e Smooth crossover ' T - T =100 MeV
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Effect of the color neutrality constraint on the Polyakov-loop NJL phase diagram:
Coexistence of xSB and 2SC phase = BEC-BCS crossover in the hadronic freezout region!

D. Gomez-Dumm, D. B., G.A. Grunfeld, N.N. Scoccola, arxiv:0807.1660 [hep-ph]



d-quark ’dripline’ and single-flavor (d-CSL) phase

Sequential deconfinement’ of quark flavors

% Ky Ky Ky Ky Ky Ky
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pure nuclear matter d—quark drip 2—flavor quark matter

(NM) (NM + d-CSL phase) (2SC phase)

D.B., F. Sandin, T. Klahn, J. Berdermann,
arXiv:0807.0414 [nucl-th]

1. Mass and Flow constraint
2. Chiral Quark model

3. 2SC + DBHF hybrid

4. d-CSL hybrid

5. Conclusion



Sequential deconfinement in asymmetric NS matter

1. Mass and Flow constraint
2. Chiral Quark model

3. 2SC + DBHF hybrid

4. d-CSL hybrid

5. Conclusion

Hy | Ho | K
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pure nuclear matter
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D.B., F. Sandin, T. Klahn, J. Berdermann,
arXiv:0807.0414 [nucl-th]
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1. Mass and Flow constraint
2. Chiral Quark model

Single-flavor spin-1 superconductor (d-CSL phase) | = cawhi

5. Conclusion

Ansatz: isotropic Color-spin-locking (CSL)
A = A3 Xg + A7 + 92 )Xs5)

8 T —
I I L L B HL I B BN BN 2100_ i!l
8r M =330MeV L M =400 MeV ] = 5
| 7 | H
] 2 X
=

S 13
0 ‘il
2 -.
< P _
l 1 pl ]
IR VA Al M=330Mev T i1l M=400Mey
36 328 330 332 300 3712 374 376 T T I
MeV MeV
p[MeV] p[MeV] L MeV] L [MeV]
See also: Aguilera et al., PRD 72 (2005) 034008:

Schmitt, Wang, Rischke, PRD 66, 114010 (2002) PRD 74 (2006) 114005



1. Mass and Flow constraint
d-CSL: single-flavor phase in competition e
5. Conclusion

Dash-dotted lines: border between oppositely charged phases
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D.B., F. Sandin, T. Kléhn, J. Berdermann, in preparation.



1. Mass and Flow constraint
2. Chiral Quark model

d-CSL: single-flavor phase in neutron stars 5 250+ Dot e

4. d-CSL hybrid
5. Conclusion

Equation of state
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D. B., F. Sandin, T. Klahn, J. Berdermann, arXiv:0807.0414 [nucl-th]



1. Mass and Flow constraint
2. Chiral Quark model

d-CSL: single-flavor phase in neutron stars (II) v

4. d-CSL hybrid
5. Conclusion

d-quark drip at crust-core boundary: Candidate for “deep crustal heating” (DCH) process?

1- r~r~1r-rr3r£0r-r0rertrrg Haensel and Zdunik,A& A 227, 431 (1990)
. Total density ] Ushomirsky and Rutledge, MNRAS 325, 1157 (2001)
. T T y_lézlsiarphmaastéer Ia i Page and Cumming,ApJ 635, L 157 (2005): Superbursts & Strange Stars
. . Stejner and Madsen,A& A 458, 523 (2006): SS + Transient Cooling
T~ Shternin, Yakovlev, Haensel and Potekhin, MNRAS 382, L43 (2007): KS1731
B T T T T T T T T T T I T 7,
. /
- —— DBHF 7 Mev ——+ ]
9 01— . 1 ! - - - DBHF+CSL - )
& [ e, T .o 200 -
= - N, + N — - ]
m [ \ T ] = - 10 Mev *——~ ]
c ‘\ . E : e :
B T 7] 7
- = L \._ % : 7 g :
| = i -7 §
- M=14M + M=20M p . 100 -7 o
sun | sun | o - -, .
. = o 7 —
i | - s ]
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C T I RS i
L | 1 o -/ -
i L I B/ i
[ I I I BRI P T AR I R 9) L | L
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D. B., F. Sandin, T. Klahn, J. Berdermann, arXiv:0807.0414 [nucl-th]



d-CSL: single-flavor phase in neutron stars

Cooling: processes in single-flavor quark matter are blocked!

1. Mass and Flow constraint
2. Chiral Quark model
3. 2SC + DBHF hybrid
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not operative since u-quark Fermi sea not
populated (pr,, = 0)



Conclusions Constraints on the high-density EoS

e Compact star masses ~ 2 M, require stiff EoS

e Flow data provide upper limits on the stiffness

Local charge neutrality: 2SC-+ DBHF hybrid
e diquark coupling lowers phase transition density

e vector meanfield stiffens quark matter EoS

o

Global charge neutrality: d-CSL + DBHF hybrid

e single flavor phase (d-CSL) as consequence of dynamical ySR
e no d-CSL in symmetric matter: x, ..;; < 0.2

e no Urca cooling processes — no neutrino trapping?

) .' Next steps

-~ comp
star

e apply to superbursts, X-ray transients, high-mass supernovae

e extend to inhomogeneous phases: surface tension and Coulomb effects



