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e Cold dense matter EoS - constraint from PSR J1614-2230

I e Color superconducting quark matter and hybrid stars
e Supernovae and HIC in the QCD phase diagram - hybrid models at finite T,n
e CompOSE - CompStar Online Supernova EoS
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Extreme States of Matter - The Phase Diagram
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NICA White Paper, http://theor.jinr.ru/twiki-cgi/view/NICA/WebHome



PSR J1614-2230 - A new constraint for the Coinpact Star EoS

e NS-WD binary in Scorpius

e NS 1s recycled MSP with P =
3.15ms

-~ e almost edge-on, inclination 89.17°
e Shapiro delay measured!
o My p~ 0.5 Mg
o Mys = (1.97 + 0.04) M
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e NS-WD binary in Scorpius

e NS 1s recycled MSP with P =
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- e almost edge-on, inclination 89.17°
e Shapiro delay measured!
o Myyp ~ 0.5 Mg
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Demorest et al., Nature 467, 1081 (2010)



PSR J1614-2230 - A new constraint for the Compact Star EoS
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PSR J1614-2230 - A new constraint for the Compact Star EoS
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Some ‘‘soft’> EoS are now ruled out !

What about hybrid stars? Strong constraints for quark matter! '




PSR J1614-2230 - A new constraint for the Compact Star EoS

Hybrid Star Neutron Star Strange Star

Outer Crust L
- lNner Crgst P - - ions
B heavy 1aRS - electron gas
- relativistic electron gas
- superfluid neutrons

: Core
" Inner Core - neutrons, protons
g - (neutrons, protons) - electrons, muons
- electrons, muons - superconducting protons
- hyperons Sl i
- bosonic condensates - strange quark matter Q’
- deconfined quark matter




PSR J1614-2230 - A new constraint for the Compact Star EoS

State-of-the-art hybrid EoS model:
e Chiral symmetry restoration

e Color superconductivity

e Vector meanfield “stiffening”




PSR J1614-2230 - A new constraint for the Compact Star EoS
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State-of-the-art hybrid EoS model:
e Chiral symmetry restoration

e Color superconductivity

e Vector meanfield “stiffening” '

Constraints from heavy-ion collisions:

e Flow constraint at high densities flowconstraint

Danielewicetal.

e Not too early onset of quark matter | o CBM@FAIR

fixedtarget NICAcollidermode

Klidhn et al., PLB (2007),
arxiv:1101.6061
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CHIRAL MODEL FIELD THEORY FOR QUARK MATTER

e Partition function as a Path Integral (imaginary time 7 =i t)

Z|T,V, u] = /D¢D¢ exp{ / dT/ d3 W“@ —m—7 ( + Agpts + iA303]Y) — Ling + U(CD)]}

Polyakov loop: ® = N 'Tr [exp(iSA3¢3)] Order parameter for deconfinement
e Current-current interaction (4-Fermion coupling) and KMT determinant interaction
Lint = X pteno.. Gu@Ty)* + 30, Gp(WTpyp)* — Kldets(G(1 +75)q) + detf(g(1 —75)q)]

goee

e Bosonization (Hubbard-Stratonovich Transformation)

2
My, IAD|2 1T

Z[T V M] _ /DMMDAT DAp e — 2 M.D 4GM G T2 Tr IS { My} {Ap}®]+U(®)+Vimr

e Collective quark fields: Mesons (M},) and Diquarks (Ap); Gluon mean field: ¢
e Systematic evaluation: Mean fields + Fluctuations

—Mean-field approximation: order parameters for phase transitions (gap equations)
—Lowest order fluctuations: hadronic correlations (bound & scattering states)
—Higher order fluctuations: hadron-hadron interactions



NJL MODEL FOR NEUTRAL 3-FLAVOR QUARK MATTER

Thermodynamic Potential (7T, u) = =T In Z[T, p

VT, p) = but Gt br | |Bul” + Dl +1Ax]” | Kbyt atés (W —p)
) 8GS 4GD 16G% 4GV

3
— TZ/ b 1Trln( S l(iwn,ﬁ))—I—U(Cb)—l—Qe—Qo.

M (p) + pr" A(p)

1. VP! —
InverseNambu — GorkovPropagator S~ '(iw,,p) = | '* ~ ;
Af(p) Yt — M(p) — py°

Fermion Determinant (Tr In D = In det D): Indet[8 S~ (iw,, 7)] = 23>, In{B2[w? + Ao(§)?]} .
Result for the thermodynamic Potential (Meanfield approximation)

T, 1) = but 0it 8, [Dul® + 1Al + AP | K ut gat oy (u"—p)
is e 1Gp 16G? 1Gy

) Py & [)\ T (14 eelT U(D) 4+ Q. — O
/(2@3@1 o 2T (14 ) |4 U(@) 40, -

Color and electric charge neutrality constraints: ng = ng = ng = 0, n, = —0%2/0u; = 0,
Equations of state: P = —(2, etc.



PHASES OF QCD @ EXTREMES: NO COLOR NEUTRALITY
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PHASE DIAGRAM FOR SYMMETRIC MATTER (HIC)
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DB, Sandin, Skokov, NICA WhitePaper (2009)

.Critical density for chiral restoration
v = 1.5 ng increasing (!) with low T

.Almost crossover (masquerade!),
l.e. small density jump, small latent
heat/ time delay in heavy-ion coll.!

eHigh T, ~ 0.97, for 25C phase due
to Polyakov loop.

¢ 25C - CFL phase transition at n >
6 no with density jump and latent
heat/ time delay!
Provided the temperature can be
kept low 7" < 100 MeV



EXPLORING THE QCD PHASE DIAGRAM: TRAJECTORIES

Heavy-lon Collisions: Supernova Explosions (15 M..):
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D.B.,Skokov, Sandin, NICA WhitePaper (2009) Liebendoefer et al. (2005)
Sagert et al., PRL 102 (2009)



SUPERNOVAE - COMPACT STARS - BLACK HOLES
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SUPERNOVA POSTBOUNCE EVOLUTION IN THE PHASE DIAGRAM
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TOWARDS NEW SUPERNOVA EOS: CLUSTERS AT LOW-DENSITIES
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e Clusters important in plunge phase of SN collapse (0.01 < n/ng < 0.1)

e Low-density symmetry energy with clusters describes experiment (Kowalski et al.)

Typel, Ropke, Klahn, D.B., Wolter, Phys. Rev. C81 (2010); arxiv:0908.2344 [nucl-th]
Natowitz et al. (12 coauthors), Phys. Rev. Lett. (2010); arxiv:1001.1102 [nucl-th]




BAG vS. PNJL MODEL IN THE PHASE DIAGRAM

Figure: The MIT bag model?, ¥, ~ 0.3 Cluark matter descriptions and the mixed phase
— : : : : @ The MIT bag model
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Figure: The PNJL madel®, ¥~ 0.3 - Different behavior of the critical density for finite ¥
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T. Fischer, D.B., et al., Yad. Fiz. 75 (2012) [arxiv:1103.3004]



EVOLUTION OF CENTRAL MASS ELEMENTS IN SHEN/PNIJL PHD

Figure: 20 My, non-exploding model
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PHASE DIAGRAM / COMPACT STARS FOR SHEN/BAG MODEL

Figure: (MIT bag) Yo =01, Yo~ 03, Yo 0.5
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Figure: The MIT bag model

B'“=165MeV
[a14]

Wo=0.3, Uds s—
=05, ud e

50

40 b

30

T [MeV]

20

10

Reguirements of the model and dependencies

@ |sospin asymmetry
nc —_ .I’?._u;liT1 Vp:l

@ Maximum Mass (Mass-Radius relation)

LW
£
B =
Z =
=
g, 2
L v Tz =
BRE s & 8 w2 ou B W ara.. T
e Figy »
El

Blli=162Mel ==
Bt'I‘i:"IEEMEV FEAREREEE

1} B..'Iﬂ:-l?ﬂmeu MMELIIRII L]
E-;',I1=1E{=MEV :::::::::
E:',4=19~=}r-,1e'-.-' mprre i

B T=200Melf vemine

| hadronic, TM1 wamua
9.5 - 1.44 solar mass - -

Mass [solar mass)

2 4 & a8 10 12 14 16
Radius [kml

€@ Consistent with data from heavy-ion collisions

& Timescalesto establish equilibrium
iproduction of strangeness)

Utz 45

==ty == Ot —~ 100 MeW
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EXTRA NEUTRINO BURST FROM QUARK-HADRON TRANSITION

The neutrino chservables
@ No direct signal form the phase transition 16 B - .1
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& Shock crossing over the neutrinospheres = e o : -
A5q4f e .
. . - o — +— ":'S o
— Neutrino burst dominated by &g =2 S :g =
o i Falkback; 7 Expansion s
5 o 12r e : 0 |
W g!'_ — b m : i 19.6 i
= = = o & | B = = . E
5 anti—w - = o EA =
g’ = = %] = ! =
_____ rantip =2 = T i 10.4 =
% 3 whe =1 1 . e
= - < |2 i -
= = [4+] =] ] =
m 2r i =] gt = 5 |j} 10.2 ]
£ % - L e Explosion
E 1t Wil a L B ) 1 Eplcta 0
- J; — 10' R 10°
0o 0z 04 08 08 1 Radius, r [km]

Time after bounce [ms]

40
= 0.5
=
2 =) ' >
& 5 04
£ oot . B
e e e ro0a
a e =
=]
= 1of i 5 02
: @
= ' : ' : : i
o 02 04 06 08 1 0.1
Time after bounoe [s]
1 a
& Detection of the "QCD-burst" (ICEC,SK)? 10 10f 10

Radius, r [km]

=Dasgupta et al. (2010)

T. Fischer, D.B., et al., Yad. Fiz. 75 (2012) [arxiv:1103.3004]



HYBRID-EOS ROBUST? ROLE OF KMT DET - TWINS!
AN e G
di o 01 1 [
Flowconstraing e
15k Y :\ o Danielewicetal (2002) |
=
s 1r ] o n,120 13
> : G n 125 |2 N 4 _
----- - Nn.1.30 -
-l . 231.35 | .
DBHF ____ DBHF(BomnA) |
6IHE|§|H1|OIH1|2|'IIJV:I14I 0o |1 T é T3 s 0d 05 06 07 08 08
Rkm nfm n fm

C

e Mass - radius constraints from quiescent LMXB’s and RXJ 1856 = Small AND large stars?
NJL with KMT allows for mass twins! Direct transition DBHF-CFL possible!

e Flow constraint = PT not too early! No direct DBHF-CFL trans.!

D.B., Kliahn, Lastowiecki, Sandin, J. Phys. G 37, 094063 (2010); arxiv:1002.1299 [nucl-th]



HYBRID-EOS ROBUST? ROLE OF KMT DET - TWINS!
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e Mass - radius constraints from quiescent LMXB’s and RXJ 1856 = Small AND large stars?
NJL with KMT allows for mass twins! Direct transition DBHF-CFL possible!

e Flow constraint = PT not too early! No direct DBHF-CFL trans.!

D.B., Kliahn, Lastowiecki, Sandin, J. Phys. G 37, 094063 (2010); arxiv:1002.1299 [nucl-th]



HYBRID-EOS ROBUST? CONSTRAINTS & COVARIANT NCQM

25 L A B ]
ot | [.— h=0.70, g=0.05 -
- — — h=0.74, g=0.07 =T
2.0t " | — DBHF (Bonn A) ;
— (?E 100F ]
215 T i
- 2
2 1.0 | -
] . o flow constraint
osk | E - 8;2 g - 88? (Danielewicz et al.)
0' ! . ! . ! . ! . | I Y A S S SR
8 10 12 14 16 0.2 0.4 0.6 0.8
R [km] :

° Covariant nonlocal interaction model:
q a Gy - :
w = = [ d'e {Sl@)i@) + L n@)] b+ @) @) |
e Nonlocal currents, e.g.

= [d'z g(z) ¥(z+3) Tyo(z —3),

D.B., Gomez-Dumm, Grunfeld, Klihn, Scoccola, PRC 75, 065804 (2007); [arxiv:nucl-th/0703088]
Recent developments: Radzhabov et al., arxiv:1012.0664; Horvatic et al., arxiv:1012.2113



HYBRID-EOS ROBUST? CONSTRAINTS & COVARIANT NCQM
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e Nonlocal currents, e.g.
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D.B., Gomez-Dumm, Grunfeld, Klahn, Scoccola, PRC 75, 065804 (2007); [arxiv:nucl-th/0703088]
Recent developments: Radzhabov et al., arxiv:1012.0664; Horvatic et al., arxiv:1012.2113



MASS-RADIUS CONSTRAINT AND FLOW CONSTRAINT
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e Large Mass (~ 2 M) and radius (R > 12 km) =- stiff E0S;

e Flow in Heavy-lon Collisions =- not too stiff E0S !

Sandin et al., CompOSE project (2009-10); See also:
Klahn, D.B., Sandin, Fuchs, Faessler, Grigorian, Ropke, Triimper, PLB 654, 170 (2007)
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MASS-RADIUS CONSTRAIN,T\PEKID FLOW CONSTRAINT
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e Large Mass (~ 2 M) and radius (R > 12 km) =- stiff E0S;

e Flow in Heavy-lon Collisions =- not too stiff E0S !

Sandin et al., CompOSE project (2009-10); See also:
Klahn, D.B., Sandin, Fuchs, Faessler, Grigorian, Ropke, Triimper, PLB 654, 170 (2007)




MASS-RADIUS CONSTRAINT AND FLOW CONSTRAINT
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e Large Mass (~ 2 M) and radius (R > 12 km) = stiff EoS;

e Flow in Heavy-lon Collisions =- not too stiff EoS !

Klahn, D.B., Sandin, Fuchs, Faessler, Grigorian, Ropke, Triimper, PLB 654, 170 (2007)



CONSTRAINTS FROM PSR J1614-2230 FOR QUARK MATTER EOS
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Color superconductivity «——s Heavy strange quark

Ozel, Psaltis, Ransom, Demorest, Alford,
arxiv:1010.5790 [astro-ph] (2010)

Phenomenological Quark Matter EoS:

3 3
Qov = ——aupt* + ——=asp® + Be
Q 1 aq it 1 2a2,u fF

If the critical density for chiral restora-
tion/deconfinement is reached in the compact
star core, then Mj514 = 1.97 £ 0.04 M, implies
the following:

e Quark matter is strongly interacting, QCD
corrections (a4) important

e Quark matter is color superconducting:
CLQSO



CONSTRAINTS FROM PSR J1614-2230 FOR QUARK MATTER EOS

0.7
0.6f

0.5F

DB, Klihn, Lastowiecki, Miller; in prep. (2010)

Mjyi614 = 1.97 £ 0.04 M., implies the following:

e KMT interaction term cannot be admit-
ted without a compensating effect (Fierz'd
KMT, change of gluon condensate (bag
pressure), ...)

e If PSR J1614 is a hybrid star it must be in
the 2S5C phase ! No strange quarks (CFL
phase) admitted !

e A maximum star mass M., ~ 1.9 M,
requires that the critical density for chi-
ral restoration/deconfinement in symmetric
matter is n, > 4 ng

e Conversely: Onset of (CSC) quark matter in
compact stars at 1.5 M, requires n, ~ 3 ng
in symmetric matter, but would fulfill the De-
morest constraint only for extreme np and

ny.



WHAT HAPPENS ON “HAPPY ISLAND”?

Andronic et al., arxiv:0911.4806
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“beach”: hadron resonances — QGP
“cliff”’:
¢ (unmodified) vacuum bound state energies

e fast chemical equilibration

Explanation:

Strong medium dependence of rates
for flavor (quark) exchange processes

Reason:

e lowering of thresholds

e increase of hadron size (Pauli principle)
— geometrical overlap (percolation)

D.B., Berdermann, Cleymans, Redlich,
Part. Nucl. Phys. Lett. (2011), arxiv:1102.2908;
Few Body Syst. (2011) arxiv:1109.5391



CoMPOSE - COMPSTAR ONLINE SUPERNOVA EOS

Reference manual
version 1.0

CompOSE
Compstar Online Suparnovae Equations of State
fertilizing the flelds of nuclear physics and astrophysics

www compstar-esf.org/compose®
compose@compsatar-esf orgt

European Science Foundation
Research Networking Program

Compstar

MNovember 24, 2010

General Requirements:

e Densities: 1078 < n/ng < 10
e Temperatures: 0 < T < 200 MeV

e Proton fractions: 0 <Y, <0.6; 8 =1—-2Y),

New Developments:

e Dissolution of clusters due to Pauli blocking
o Realistic high-density modeling: DD-RMF/3FSC PNJL

e Thermodynamics of 15! order PT; pasta phases

I. For Contributors:

e How to prepare EoS tables
e How to submit EoS tables

e Extending CompOSE

II. For Users:

e Hadronic EoS: Statistical, Skyrme, DBHF, ...
e Quark Matter EoS: Bag, PNJL, ...

e Phase transition: Maxwell, Gibbs, Pasta, ...




ROADMAP FOR PHASE DIAGRAM AND EOS RESEARCH
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SUMMARY

e Hadron production in HIC — Triple point in QCD phase diagram!
e Compressed nuclear matter: quarkyonic phase (QP)! Coexisting chiral symm. + conf.
e Here: PNJL model as microscopic formulation of the QP

e Prospects for HIC (CBM & NICA) and Supernovae: color superconducting (quarkyonic)
phases accessible!

OUTLOOK: NEXT STEPS ...

e Walecka model as limit of PNJL model: chiral transition effects in nuclear EoS
e Beyond meanfield: mesons and baryons in the PNJL, higher clusters: sextetting
e Astrophysics: Maximum mass & cooling of quarkyonic stars; quarkyonic supernovae

e HIC: signals of CSC phase transition (dilepton enhancement?)




INVITATION: CONTRIBUTE TO THE NICA WHITE PAPER
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