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CEP in the QCD phase diagram: HIC vs. Astrophysics
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A. Andronic, D. Blaschke, et al., “Hadron production ...”, Nucl. Phys. A 837 (2010) 65 - 86
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2" CEP in QCD phase diagram: Quark-Hadron Continuity?
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Neutron Star Interiors: Strong Phase Transition?
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Neutron Star Interiors: Strong Phase Transition?

M=2.01 +/- 0.04 Msun M=1.928 +/- 0.017 Msun

PSR J0348+0432 PSR J1614-2230

Antoniadis et al_, cience 340 (2013) 448
Demorest et al_, Nature 467 (2010) 1081
Fonseca et al_, arxiv:1603.00545

What if they were high-mass twin stars?
— radius measurement required ! — NICER (2017)



Neutron Star Interiors: Strong Phase Transition?
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» Star configurations with same
masses, but different radii

Mark A. R. Kaltenbom

* New class of EOQS, that features
high mass twins

» NASA NICER mission: radii
measurements ~ 0.5 km

- Existence of twins implies 1% order
phase-transition and hence a

critical point

Benic, Blaschke, Alvarez-Casiillo, Fischer, Typel, A&A 577, A40 (2015)




Neutron Star Interiors: Strong Phase Transition?

Alford, Han, Prakash, arxiv:1302.4732

First order PT can lead to a stable branch of
hybrid stars with quark matter cores which,
depending on the size of the “latent heat”
(jump in energy density), can even be
disconnected from the hadronic one by an
unstable branch — “third family of CS".
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Measuring two disconnected populations
of compact stars in the M-R diagram would
be the detection of a first order phase

transition in compact star matter and thus

indirect proof for the existence of a

critical endpoint (CEP) in the QCD phase
diagram!




Mass-Radius Constraints: GW170817 & NICER
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GW170817: NS-NS Merger

Multi-Messenger Astrophysics !!

M<2.17 M_sun (arxiv:1710.05938)

Low-spin priors ([y| <0.05)

Primary mass m, 1.36-1.60 M
Secondary mass m- 1.17-1.36 M
Chirp mass M 1.188700% M,
Mass ratio m,/m; 0.7-1.0
Total mass my, 274 0H M,
Radiated energy E > 0.025M ;c?
Luminosity distance Dy 407%, Mpc
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GW170817, announced on 16.10.2017
B.P. Abbott et al. [LIGO/Virgo Collab.], PRL 119, 161101 (2017); ApJLett 848, L12 (2017)
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GW170817: NS-NS Merger — Equation of State Constraints

Multi-Messenger Astrophysics !

M<2.17 M_sun (arxiv:1710.05938)

Low-spin priors ([y| <0.05)

Primary mass m, 1.36-1.60 M
Secondary mass m; 1.17-1.36 M
Chirp mass M 1.188700% M,
Mass ratio m,/m,; 0.7-1.0
Total mass 1y 274100 M,
Radiated energy E > 0.025M ;c?
Luminosity distance Dy 407%, Mpc
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M. Bejger, D.B., et al., in preparation (2017)
D. Alvarez-Castillo, D.B., K. Yagi et al. (2017)

Question: can the heavier NS be a member of
The “third family” of hybrid stars with quark core?




Neutron Star Interiors: Sequential Phase Transitions?

How likely is it that s-quarks (and no s-bar) exist and survive in neutron stars in a QGP
or in hyperons. How large is then the ratio s/(u+d) in neutron stars and in the Universe?

There could also be single flavor quark matter, mixed with nuclear matter (d-quark dripline)

Increasing density

Ky My o Mg Hy o Ha My F

m
m m ; ] .

pure nuclear matter d—quark drip 2—flavor quark matter 3—flavor quark matter
(NM) (NM + d—CSL phase) (25C phase) (CFL phase)

D.B., F. Sandin, T. Klaehn, J. Berdermann, PRC 80 (2009) 065807




Neutron Star Interiors: Sequential Phase Transitions?

How likely is it that s-quarks (and no s-bar) exist and survive in neutron stars in a QGP
or in hyperons. How large is then the ratio s/(u+d) in neutron stars and in the Universe?

There could also be single flavor quark matter, mixed with nuclear matter (d-quark dripline)
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Neutron Star Interiors: Sequential Phase Transitions?
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Measuring Mass vs. Radius
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High-mass triples and fourth family:
M. Alford and A. Sedrakian, arxiv:1706.01592
PRL 119 (2017)




Neutron Star Interiors: Sequential Phase Transitions?

Measuring Mass vs. Radius B > Equation of state
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NICER 2017

Gendreau, K. C., Arzoumanian, Z., & Okajima, T. 2012, Proc. SPIE, 8443, 844313
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Goal: Hadron Dissociation in the QCD Phase Diagram

Early Universe The Phases of QCD

e LHC Experiments

Temperature

Quark-Gluon Plasma

NICA - MPD (collider)

Critical Point ?

5 /‘-
Hadron Gas . Color
e Superconductor

Superno

Nuclear J/
- Vacuum Matter Neutron Stars
-

¥ ,‘/

900 MeV
Baryon Chemical Potential




Goal: Hadron Dissociation in _the QCD Phase Diagram
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Goal: Hadron Dissociation in _the QCD Phase Diagram
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Goal: Hadron Dissociation in _the QCD Phase Diagram

The Phases of QCD

e LHC Experiments
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Description of chemical
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®-derivable approach, 2-loop approximation

J.-P. Blaizot, E. lancu, A. Rebhan, Phys. Rev. D 63 (2001) 065003
Skeleton expansion for thermodynamic potential and entropy

1 1
BQ[D]=—logZ=-TrlogD ! - STrIID+®[D] -[D] = mz@ +1mm+ms@ .

| T
Inv. Temp: 1/T trace in conf. Space self-energy related to D
Dyson equation: D! =Dy | Free propagator Do is known
Essential property of Q[D] is Stationarity under variation of D: & Q[D]/dD =0
This implies & ®[D]/d D =1/21
Physical propagator and selfenergy are defined self-consistently !

Self-consistent approximations are defined by the choice of ®

- P — derivable theories

G. Baym, Phys. Rev. 127 (1962) 1391; Vanderheyden & Baym; J. Stat. Phys. 93, 843 (1998)



Approximately selfconsistent thermodynamics

Matsubara summation:

d*k .
0N/V= Wn{m][lmlﬂg{—mz+k“+ [1)-ImIID] +T®[D]/V

Analytic properties: = dky plko k) plw.k)

ImD(w B)=ImD(w+1e.k)=

—wlm Kg—w 2

D[m,k}l:j

Thermodynamics from entropy density: &= —a{L/V)/aT

S= ak M) oe DV wk j dk_m(0) 1wk ReD(w.k) LS
__jizw}“ T oBD @) | s or (@ HRe D@
. AT®IV) d*k an(w) R

="t | ") Gor Tor ettmp 0

for two-loop skeleton diagrams

Loosely speaking: S'accounts for residual interactions of “independent quasiparticles”

d/dw[Imlog D'+ ImMReD]=2Im[D ImI (d/dw D*) Iml] = 2 sin%® d&/dw , for D = |D|e®

D. B., G. Baym & G. Roepke, in preparation (2017)



®-derivable Q-M-D PNJL model, 2-loop approximation

1T
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i=Q M.D
1Y 1Y
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i {13 !q:l i,0 [13 ,'Eﬂ {]3 :.'El} 3 8s. 0, if II; 35. .

1 Bqg T dw » )
0 = ETE{;}'D 2y fﬂf,-[u}T'r{Imln[S,- ] +[ReS; ImIL]} + O
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®-derivable Q-M-D PNJL model, 2-loop approximation

| T
=37 Y aTr{ln[S7'] +[SiIL]} + ®[Sq, Sm, Sp]
i=Q.M.D
50) 50)
S'_l.:l't- :S'_11ﬂ: _l-[t'-rn:u 5 — 1 i — .
C i) = S0 2 @) - izn@) . 5o =0, f M= 3o
1 Bq [ dw » )
Q= 5T 3 2y fﬂf,-[m}"['r{[mln[ﬂ,- ] +[ReS;ImIL]} + O
i=0Q.M.D o
& — &[Sp. Sar Spl — AT g [ dw, Tr {[Im S; ReII,
= &[S, Sm,Sp] - 3 i=§m {gﬂ}afhf,[m} {[Im S; Re TL;]} |

—

dfl
S=—E=Zisi_+x




®-derivable Q-M-D PNJL model, 2-loop approximation

(Imln§~*)" = —Im (SI') = SyIl; — STy — (M7 Sy, + SrITy)

g R
2 Im(ST1; 8+ ) (M 8g)"

Use optical theorems ...
SIl; = sin § e'% .. S*’H; = —i§' sinde ¥ .. ﬂIm(SH;S*’H;] — —24"5in? 4 .

Generalized Beth-Uhlenbeck EoS

35,(w,q)
S

Tln[I — e~ (w=rd/T] gin? §,(w, q)

Effect of the sin”2 term ... example: Breit-Wigner ...

Lty Pf; ] 5{5.; {LLJ} - Emm.;f‘,-
. 3

§;(w) = — arctan [

w? — w; o (W -w?)? WP
. 2 30; (w) 2 (w; ;) “Squared Breit-Wigner” ...
sin” d; (w) = 2 242 221z = Vanderheyden & Baym (1998)
dw [(w? — wi)* +wiTs y y

Morozov & Roepke (2009)



Conclusion:

High-mass twins (HMTs) with
guark matter cores can be
obtained within different
hybrid star EoS models, e.g.,
- constant speed of sound

- higher order NJL

- piecewise polytrope

- density functional

HMTs require stiff hadronic
and quark matter EoS with a
strong phase transition (PT)

MIC & - MPD (collider

HIC A - BM3HN (nuclotren)

HE

Hi

Existence of HMTs can be verified, e.g., by precise compact star mass and
radius observations (and a bit of good luck) — Indicator for strong PT !!

Extremely interesting scenarios possible for dynamical evolution of isolated
(spin-down and accretion) and binary (NS-NS merger) compact stars

Critical endpoint search in the QCD phase diagram with Heavy-lon
Collisions goes well together with Compact Star Astrophysics



Particle Accelerators and Detectors

Equation of State — Phase Diagram

Quantum Field Theory of Dense Matter

29 member
countries !!
(MP1304)

EUROPEAN COOPERATION
IN SCIENCE AND TECHNOLOGY

Kick-off: Brussels, November 25, 2013




‘
Particle Accelerators and Detectors

Equation of State — Phase Diagram

21 member

countries !
(CA15213)

“Theory of HOt Matter in Relativistic
Heavy-lon Collisions”

EUROFEAN COOPERATION
New- I H o m IN SCIENCE AND TECHNOLOGY
[ ]

Kick-off: Brussels, October 17, 2016




Particle Accelerators and Detectors

Newest:
PHAROS

http://www.cost.eu/COST _Actions/ca/CA16214

Equation of State — Phase Diagram

Quantum Field Theory of Dense Matter

Network:
CA16214

EUROPEAN COOPERATION
IN SCIENCE AND TECHNOLOGY

Kick-off: Brussels, 22.11. 2017
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International Conference “Critical Point and Onset of Deconfinement”
University of Wroclaw, May 29 — June 4, 2016




volume 52 - number 8 - august - 2016 The European Physical Journal volume 52 - number 1 - january - 2016
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Inside: Topical Issue on Exotic Matter in Neutron Stars
edited by David Blaschke, Jiirgen Schaffner-Bielich
and Hans-Josef Schulze

Topical Issue on Exploring Strongly Interacting Matter
at High Densities - NICA White Paper
edited by David Blaschke, Jirg Aichelin, Elena Bratkovskaya Valker Friess,

Marek Gazdzick, Jergen Randrup, Oleg Rogachevsky, Oleg Tervaey, Viacheslav Toneey

From:
Neutron star interiors: Theory and reality
by J.R. Stone (left)

Phenomenological neutron star equations of state:
3-window modeling of QCD matter
byT. Kojo (right)

Color-superconducting
strange quark matter ‘ .
(u,d,5 quarks) J quark exchange * -

-quark exchange

25C CFL
csL CFLK’
gCFL  CFLK®
LOFF  CFL=®

From: Thres stagas of tha NIL A accalaraier comalay
by ¥ L Kakalidze ot o

el &) Springer &\ Springer
“aFsim

Societd Italiana
di Fisica

EPJA Topical Issues can be found at http://epja.epj.org/component/list/?task=topic
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QCD symmetries - breaking and
restoration in compact stars?
* Cooper instability
* Quark condensates
. Symmetrles and pairing patterns
* Two-flavor color superconductors — 2SC phase
* Three-flavor color superconductors — CFL phase
* NJL model and Nambu-Gorkov formalism
* Mean field gap equations and solutions
* Thermodynamic potential
* Phase diagram
* EoS and TOV equations — Hybrid stars with CC

* NS phenomenology — GW170817 & NICER




Cooper instabilities

@ ideal Fermi gas:
=» pair creation @ Fermi surface
with no free energy
@ (arbitrarily small) attraction:
= instability:
condensation of Cooper pairs

occupation #

free energy

v
0

Pr




Cooper instabilities

occupation #
@ Ideal Fermi gas: |

=» pair creation @ Fermi surface |
with no free energy NG

it

free energy

@ (arbitrarily small) attraction:

=» instability: |
condensation of Cooper pairs |

= reorganisation of the Fermi surface A :\\\//i

- gaps ! Pe

@ QCD: attractive gqg interaction = diquark condensates




Field operators

gi1(x) )

@ quark field operator: g(x) =

qanN, (X) )

@ 4 Dirac x N¢ flavor x N, color components

@ annihilates a quark or creates an antiquark
@ transposed operator: qT = (q1, ... ,@Nryl_)

e adjointoperator: ¢f, g=gq'y"

@ annihilates an antiquark or creates a quark




Quark-antiquark condensates

@ quark-antiquark condensates: (g O ¢)
e O = operator in color, flavor, and Dirac space
(including derivatives)

@ examples:
@ “chiral condensate™: (qq)
e quark number density: (g7°¢) = (¢'q)

e electric charge density:

(= -0 4 — 2 | | h— |
qOYy q) = shy — Mg — 3N, Q= (

o I e Y P
|
|

@ color charge densities




Diquark condensates

o diquark condensates: (¢" O¢q) = (g.5.|¢" Oq|g.s.)

@ gg annihilates two quarks
=» baryon number (formally) not conserved!
(ground state does not have fixed baryon number.)

@ Bogoliubov rotation:

b L.
lg.5.) = H l.':-i.'li.-'_'.'l':J (P} + Ex00r 85 (F) gip B (F) b (P, 5, u,c) Al (—7F, 5, d,c")
gl -

F |'.'|'|- " i 2
oS Er_f (F) + E3000 &5 Y gin as(F) d" (B, 5w, c) a1 (—p,5,d,c") )

@ quasiparticles = superpositions of particles and holes (+
antiparticles) which annihilate |g.s.)




Diquark condensates

e diquark condensates: (g7 O ¢)

@ Pauli principle: qiqi = —q;qi

= ¢ Oq = ¢0;q; = —q 04 = —q; O g;

-» O must be totally antisymmetric:

—q"O07¢




Operators in flavor and color space

@ Pauli matrices (for two flavors):

1= ("' ° {0 o Y o i

—lo )T = N0 o) 3T ) 2700 0

—r”—“r 1"._15';!._"
symmetric triplet antisymm. singlet

@ Gell-Mann matrices (for three flavors or colors):

I, A1, A3, A4, s, As, A2, As, A7
symmeiric sextet antisymmetric antitriplet

§ ":ll'? A f r A
@ antitriplet: The vector .:j.:.-T { —As ] g) transforms like an antiquark 7 = |( P ] under SU7(3),.
. A2 b




Operators in Dirac space

@ hermitean basis of 4 x 4 matrices: 1, ivs, v*, ~"~s, o'

@ charge conjugation matrix: C = iy~

e properties: C=C*=—-C'=—-C' =—-C"!

@ antisymmetric: @ symmetric:
e (s (scalar) o C~* (axial vector)
@ ( (pseudoscalar) o CoM (tensor)

o C~H~s (vector)




Combined operators

symmetric antisymmetric
Dirac C‘.—:r..“ ! C otV C! C’.TS: V5 ,}__,t!
A T P S V
U(2) 1,7, 73 !
S S
3 1
U(3) | 1,1, A3, A1, Ag, Ag A2, A5, A7

@ combination: Dirac @ flavor @ color
(antisymmetric)”

totally antisymmetric = o | |
(symmetric)” x antisymmetric

-» many possibilities . ..




Two-flavor color superconductors

o important example:  (g" Cys7a Ay *?}J

e spin 0, antisymmetric in color and flavor

o 2flavors: g= (;) TA=Ty = (“ ;*')
r oo 0 —i 0
@ 3colors: g=1(:], A = A= 0o o0
b 0 i 0

" Crsmrag) ~ (11— 1) © (ud—du) & (rg—gr)
e’ N —’ |

[

spin flavor color




Symmetry properties: color

@ only red and green quarks are paired:

T \ . LT & ALY . . -
(g A2q) ~ (rg—gr)=(b) | “antiblue

= SU(3). “spontaneously” broken to SU(2),

=» 5 of 8 gluons receive a mass (“Meissner effect”)

@ more general ansatz?

(" (ada+BAs +7\)q) = a(b) — B(z) +(F) = ()

K

@ can always be rotated into the “antiblue” direction
by a global color transformation ¢ — exp(if, - %ﬂ}q

=» equivalent to the “simple” ansaiz




Symmetry properties: global symmetries

@ 4 = =:::}'T CysT A2q)
@ baryon number:
B: g — % = § — 4% broken
but: There Is a conserved “modified baryon number’:

; ioe(1—v/3Xg)

B g — e g = 0 — 0

o SUR)y: q — €%¥rg = § = § conserved




Three-flavor color superconductors

@ scalar color-antitriplet condensates:
o saar = (q" CysTa My q)
@ notation:

@ 7y — antisymmetric flavor generator
@ )y = antisymmetric color generator

@ two flavors, three colors:
o Ty =T, A'€{2,5,7} = T=(51,55,57)
e can always be rotated into “antiblue” direction:
§— 5 =5U = (55,,0,0), UeSU(3),

@ three flavors, three colors:

o A A" €{2,57} = s = (sa) = ( 5 ;_Z'%)

12 ¥75 7




Three-flavor color superconductors

@ three flavors, three colors:

0 A, A {257 = s = (su) = ( s ;_ié)

e SU(3). rotation: — s = sU = (Ef 555 )
@ In general, that’s all we cando ...

@ three degenerate flavors: M, = M; = M,

= SU(3)r-symmetric
=» diagonalization by combined color and flavor rotations:

517 0 0
5§ — ,j"r — VSU — ([:I 555 ﬂ‘), U = SLF{.E}{., V = SLFI:EL'

0 0 577




Pairing patterns

@ eight possible phases:

normal quark matter (NQ)
520 =855 =577 =0 }

2SC phase
52070, 855 =577=0 }

+ two more phases of this kind

522, §55 7 0,

uSC phase
s;1=0 }

+ two more phases of this kind

522, 855, §77 7 0

CFL phase }

®
@ O

®

@ CFL pairing pattern (more explicitly):
(1L-10 © ( Aywd—du) & (rg—gr)
t As(ds—sd) ® (gb—bg)
+ A7 (su—us) @ (br—rb) )

>




Color-flavor locking

@ symmetries:

@ color: SU(3). completely broken =» 8 massive gluons
e chiral: SU(3)4 -» 8 Goldstone bosons
SU(3)y “

but: symm. under “locked” color-flavor rotations g — e%s(fa—Xz)g

e baryon#: broken =» 1 scalar Goldstone boson
@ electromagnetism:
e invariant under (local) g — exp(:‘a@}q
0 = 0- % - 7% = diagi(3,—3,—5) —diag.(3, -3, —3)

e “rotated photon” = cos i photon + sin ¢ gluon
=% no electromagnetic Meissner effect!

o all quarks carry integer O charge




NJL model for color superconductivity

@ “color-current interaction”

e replace gluon exchange by point interactions: >'rm< ><

Lin(x) = = £(q(x) ¥ Xaq(x))’

@ Flerz transformation

e Identically rewrite particle-antiparticle
Interactions as particle particle interactions: >II<

(gT") g) Zdiu (@r'? cg")(¢" cTP)g J

@ toy model (two flavors):

Liw = H Y, (qivsm2Aa Cq")(q" Civsmada q) } (H = Yet!
A=25] ]




Nambu-Gorkov formalism

@ interaction Lagrangian:

La'ﬁuf —
A=2357

S (qiysmaAa Cg")(q" Cinsmada q)

@ artificially double # d.o.t. (Nambu-Gorkov spinors):

V2 (_"{?T
0 "*h,.ﬂ)& =
-}LEHIZJFHZ@( | 4) ‘I’(
A=257 0 0 [ r=,n:’ul
= vertices:
0
Y = 4HIT|oT) = 4Hi (n




Nambu-Gorkov propagator

@ Kinetic term + chemical potential:
Liin+1q'q = q(id+ p°)q
9(id+ p1y")g — ¢"C(id + pr°)Cq" |

b | —

|
K=

I -+ “r'{] 0

P+ — U
0 —i9 — uy’

= T(x) Sy (x) U(x)

-*» inverse bare propagator in momentum space:

_ + pry° 0
Sp ' (p) = (ﬁ . ﬁ_ﬁ,ﬁa)




Selfconsistency problem

@ dressed propagator (Hartree approximation):
. Q
iS(p) = iSo(p) + iSolp)(—iX)iS(p)
& S7'p) = S'(p) -
@ self-energy:
iy = Q_ 4:H2{ ks (—hyme(r) is(h)]
+ T s (- DT, isk]

=» selfconsistency problem!




Gap equation

o selfconsistency problem: §~! = s5;' — X[s]

@ ansatz:

0 — A5 A + ury° A sTa A,
¥ = T = sl = P B
A* v Az 0 —A* 5Ny P — p°

@ sirategy:
invert S~ = calculate £[S] = compare with ansatz

@ result:




Propagator

1
p+uy’ Ayni
—A* 5T A2 ﬁ — H"f’ﬂ

@ dressed propagator: S = (

e dimension: 2 x4 x Ny x N,
= 48 x 48 matrixforNy =2, N, =3

e Inversion straight forward, but some work required . ..
@ diagonalization:
S(p°.p) = U(P) Ut(p)~"

\ FD—;:EU;]/

e U(p) = unitary matrix, does not depend on p" !




Dispersion relations

@ 48 eigenvalues

= 24 quasiparticle dispersion relations:

o w.(F)=1\/(F| —n?+|AP (8fold)

o wi(p)=\/(Fl+n?+|A] (8fold
@ c_(p)= (4-fold)
@ e.(p)=

3L

1]
+

3L

(4-fold)

@ + 24 quasiholes: —w-(p), —e<(P)

free energy

NS

0

red and green quarks

antiquarks

blue quarks

antiquarks




Dispersion relations (CFL)

@ 72 eigenvalues

= 36 quasiparticle dispersion relations:

o ws () =1\/(pl— n?+|AR (164old) | quark octet x spin

o ws(P)=1/(Fl+w?+|A2 (164old) | antiquark

o w_(p)= \/(|ﬁ| — pu)* +[2A12  (2-fold) quark singlet x spin

o wii(f)=\/(Pl+n?+[2A2 (24old) | antiquark

@ + 36 quasiholes: —wg=(P), —wi+(P)




Gap equation: solutions

@ gap equation: A = I6H A JL + 2o —)
0w 0+




Gap equation: solutions

@ gap equation: A=16HA [ “';‘;3 TS (5t + )
n

9 212 31,2
I::.‘- “n ke = +w+

@ wy, = (2n+ 1)7T fermionic Matsubara frequencies




Gap equation: solutions

)

1
(2m)3 witw?

@ gap equation: A =16HA [ 4% TY (—iz+
@ w, = (2n+ 1)rT fermionic Matsubara frequencies

@ turning out the sum, T — 0:

__4H 2 | I
A=A [Kdd o= + w+{kJ}J

@ solutions:
o trivial solution: A =0
o other solutions? [k dk{—r + L} = &
A-0 = p—mmg = [ —x

=» nonirivial solutions always exist for H > 0!




Thermodynamic potential

@ back to our Lagrangian:

L= q(id+m°)g+HY (¢"Crsmrq)(¢"CrsmIg)

A=257
@ linearize £;,, around A = —2H(q' Cysm\ q)

and use Nambu-Gorkov spinors to get :

_ 1 + -!-*':,.-'[] ﬂ“r‘r,Tﬂ}-. A2 _
EMFZ‘lIf(@ ‘ 'j)@_j‘ = IS0 — Y

_A* 5T\ _‘;E — in° 4H
@ thermodynamic potential:

ATp) = ~TE [ s 4 TeIn (457 (iwn.K)) + V }

e lnA=In((1—-(1-A4)) = fj L1—-A)
n=1

o useful formula: TrInA = InDetA




Thermodynamic potential

@ result after Matsubara summation:

—_—

d’p W_ "
T, p) = _/(Ewﬁ { 8 (T"’ T In(1 +e“-/T)

—|—WT+ + T In(1 + E““ﬁ)

+4 (ET‘ + T In(1 4 e/

St

—I—E?Jr + T In(1 —|—E‘E+H)) }




Thermodynamic quantities

@ standard thermodynamic relations:

@ pressure: p= -
ity _ _ 90
e density: n=—5

o entropy density: 5= —2¢

e energydensity: c=-—-p+Ts+ pun




Minima

@ thermodynamic potential:

—.|-

T, p) = _Tzf{fﬂ ITI I“( ! (iwn, )) T

@ stable solutions = minima
A1) dk 1 Al
> o = TY [ TT(ST)+EZD
n

5

@ inverse propagator:

sipy= [ PHRT Awmh
—A*ysmAy Py’

S {0 (0
as—' ol

2> A = 4H Tzf{f,‘:‘i ITr[iST}] gap equation!




Condensation energy

@ free energy gain: 42 = Q(A) — (0)

@ simplifications: neglect antiparticles, T =0

2> QA) = —5 [pPdp /(p—p)* + AP + %

@ gap equation:
o _ 1,2 A A
o = ~am [ Pdp V (p—p) AP T =0
O(A) — L [p2 gy P +IIA[

- “'-{j"] 2= J‘p dp ‘«,f'll'-rn!'?_.f-f}E_ Al

@ integrand strongly peaked at |p| = = [p*dp = p* [ dp
@ Taylor expansion of the remaining integral in A

< 00 ox p A’




CFL pairing in the bag model

@ bag-model pressure for unpaired quark matter at 7 = 0:

Py
o (pu(p, po) = %;Idpﬁ'[fpf +m; — i) + B
0

O [y =i+ SHo, Ha = s = [ — FHo; P = vf,u:% — m}
@ effects of BCS pairing:

e equalize Fermi momenta
@ pairing energy (expressed through the gap)

@ CFL phase:

COMmMan
@ P

- parameters: masses, B, A

= 2p — V - (for m, = m,; = 0)




Realistic masses

o realistic quark masses: M, M; < M, < ~

- unequal Fermi momenta, pf = /p* — M?
@ recall argument about Cooper instability:

@ pairing close to the Fermi surface
(no free energy cost for pair creation)

@ Cooper pairs in BCS theory:
@ Opposite momenta

@ unequal Fermi momenta: p'f;i’ = pr £ opf

free energy




Realistic masses

o realistic quark masses: M, M; < M, < ~

- unequal Fermi momenta, pf = /p* — M?
@ recall argument about Cooper instability:

@ pairing close to the Fermi surface
(no free energy cost for pair creation)

@ Cooper pairs in BCS theory:
@ Opposite momenta

@ unequal Fermi momenta: p}y" = pg £ 0pF

e BCS pﬂi rl ng favored if Ebr'ndi"ng > Epf:i"r creation

e approximately: % > Opr

free energy




Which phase is favored 7

@ precondition for standard BCS pairing: T T,
f I.-/ ﬁ"',
P b1 S Vika N

o Fermi momenta: py = +/p? — M2
e realistic quark masses: M, > M, =M,

@ case 1: high densities

7
®
> Mg = phoplapl = CFLJ ‘5%
]
®
_®

@ case 2: moderate densities

M; _E-I—LE}MH,H’ = p‘}{{tjp?%ﬁ? = 2SGJ @




Which phase is favored 7

e precondition for standard BCS pairing: ]

PF — PH N \E&ﬂb J -

Mg 2 My g =0

o Fermi momenta: pp = +/p?—M> | \/”/

e realistic quark masses: M, > M; = M, —

e case 1:  high densities P
®
> Mg = phoplapl = CFLJ ‘5'

20

®
M, Z’i [ = MH’ﬂr - p“;; < pg Ejpig. -3 QSGJ @—@

@ case 2: moderate densities




3-flavor NJL model

o Lagrangian: L= Lo+ Ly + L,
o free part: Ly =q(ip —m)q , m = diags(m,. mg. m)
@ quark-antiquark interaction (as used earlier):
La = G{(@raP + @ism*q)*
- K {detf (f‘}{l + ",r'_-;}-:;) + dety (r;(l — ".f'ﬂ'-’}’)}
o quark-quark interaction:

‘{-'qqr =H (q IY5TA Aar C":—J-’-T ) {qT CiysTy Aar fi’}

@ mean-field approximation:

e gg-condensates: (uu), (dd), (ss) — dynamical masses
@ gg-condensates: (ud), (us), {d} — diquark gaps




Results for T=0

@ “realistic” parameters

@ isospin symmetry

&am’: ﬂirrr; — f'i"i.!f.n: M, =My, M,

150 ] 600 e
100 - 3 100 b

' 200 } ~
xSB| 2SC| CFL| 5
Dl N DR B ﬂ..‘hl.‘_'_.'_:.......

300 400 S00 300 400 500

u [MeV] n [MeV]
> il

-*» strong interdependencies between dynamical masses and

diquark gaps




Phase diagram

. T gaaasss
_-_._-_‘_-_""‘--h
_ phase transitions
E 50 1st order
= | | ——  2nd order
|
|
xSB|H SC | CFL |
| . .
0
300 400 500
1 [MeV]

S. Ruester et al. Phys. Rev. D 72 (2005) 034004
D. Blaschke et al. Phys. Rev. D 72 (2005) 065020



Exploring hybrid star matter at NICA I
(1) Institute for Theoretical Physics, University of Wroclaw, Poland
(2) Joint Institute for Nuclear Research, Dubna
(3) Department of Physics, San Diego State University, USA

<ummsm mmmmmlp> Compact Stars

- stiff EoS - high M - o RX 11856

max

(at flow Iimit) (J1614-2230)

- low n -low M

crit onset

(at NICA fixT) | (all NS hybrid)

CBM (@ FAIR
« (BMEFAR - excluded
NICA collider mode = SOft E O S (J 1 6 1 4_22 30)

06 08 gl (dashed line)
n [fm"]

1. Measure transverse and elliptic flow for a wide range of energies (densities) at NICA
and perform Danielewicz's flow data analysis ---> constrain stiffness of high density
EoS

2. RrRYCHM BRI S5R%! S SPirbRRP 84 £2047)] Bl pEgstiy nvbrid stars
NICA White Paper, http://theor.jinr.ru — BLTP TWikipages


http://theor.jinr.ru/

Quark matter in 2M_  neutron stars?
— only color superconducting + vector int.

T. Klahn et al., PRD 88 (2013) 085001; arxiv:1307.696
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