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“The many faces of neutron stars” ...

phase transition = transition from a vase to a face

|

“holy grail”

face diagram ———



Support a CEP in QCD phase diagram with Astrophysics?
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Crossover at finite T (Lattice QCD) + First order at zero T (Astrophysics) = Critical endpoint exists!




"Holy Grail” -

High-Mass Twin Stars

Twins prove existence of disconnected populations

(third family) in the M-R diagram

Consequence of a first order phase transition
Question: Do twins prove the 1st order phase trans.?
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NICA White Paper — selected topics ...

Many cross-relations with astrophysics of compact stars! High-mass twin stars prove CEP !

#22 Neutron star mass limit at 20/ supports the existence of a CEP

D. Alvarez-Castillo'-?, S. Benic®P, D. Blaschke!-3#, Sophia Han®®, and S. Typel”
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Quark-hadron matter & neutron star observations

David Blaschke (University Wroclaw, JINR Dubna & MEPhI Moscow)

0. Support for the QCD Critical EndPoint from Astrophysics?!
1. “Measuring” the cold Equation of States with Compact Stars
2. Microphysics of strong 1%t order Phase Transitions

3. New Bayesian Analysis Scheme

4. Hybrid Star Matter @ NICA & FAIR [P
cCOosE

The New is often the well-forgotten Old Sl EEE AND Tre Lo,

Exploring the QCD PhD through Energy Scans, INT Seattle, 06.10.2016
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Goal: Measure the cold EoS !

P

Direct approach: l/

EoS is given as P(p)

— solve the TOV Equation EOS:
to find M(R) e e

v vy

PAL

Start

Idea: Invert the approach
Given M(R) — find the EoS

Bayesian analysis

Ubgerved stars

with error regions

Plots: M. Prakash, Talk Hirschegg 2009



Measure masses and radii of CS!

R

e [Distance measured

e Spectrum measured (ROSAT, XMM, Chandra)

» photospheric radius

e Luminosity measured

» effective temperature T,

R, =2GM

Object R.. [km]

Lot S

Reference
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b 8§ 10 12 14 wCen | 13.6 £0.

|
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Lower limit from RX] 1856 incompatible with w Cen and M13 ?




Measure masses and radii of CS!

e [Distance measured

e Spectrum measured (ROSAT, XMM, Chandra)

e Luminosity measured

» effective temperature T,

» photospheric radius

| R .
R, = — —. R.=9CM
/1-R,/R

Object R.. [km] | Reference
RX] 1856 16.8 Triimper et al. (2004)

11 | | N | | I | | I EEI--EEI | ]

6 8 10 12 14 wCen  |13.6 0.3 | Gendre et al. (2003)
|

M13 12.8 0.4 | Gendre et al. (2004)

R [km]
Lower limit from RX] 1856 incompatible with w Cen and M13 ?

... unless the latter sources emit X-rays from “hot spots™ — lower limit on R




The lesson learned from RX J1856

radius determination = EoS = state of matter at high densities
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X-ray emitting region is a “hot spot”, J. Trumper et al., Nucl. Phys. Proc. Suppl. 132 (2004) 560



Which constraints can be trusted ?

Mass {Mr;]
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1 — Largest mass J1614 — 2230 (Demorest et al. 2010)

2 — Maximum gravity XTE 1814 — 338 (Bhattacharyya et al. (2005)

3 — Minimum radius RXJ 1856 — 3754 (Trumper et al. 2004)

4 — Radius, 90% confidence limits LMXB X7 in 47 Tuc (Heinke et al. 2006)
5 — Largest spin frequency J1748 — 2446 (Hessels et al. 2006)

18




Which constraints can be trusted ?

Nearest millisecond pulsar PSR J0437 — 4715 revisited by XMM Newton
Distance: d = 156.3 +/- 1.3 pc
Period: P=5.76 ms, dot P = 10”-20 s/s, field strength B = 3x1078 G
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Key fact: Mass “twins” < 1torder PT

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” a
(jump in energy density), can even be >
disconnected from the hadronic one by an & |
unstable branch — “third family of CS”. !
2.57 :
N AE/Ee = 0.3 C%M =1 _ Perit
s ~ Neit = 4.0np | Pressure
R S AEgp/Ecy = 0.727
s ﬂEfELT:T;Z 1 Measuring two disconnected populations
Q| 1 of compact stars in the M-R diagram would
L1} Lefea=06 1 be the detection of a first order phase
Z ] transition in compact star matter and thus
0.5} \ ] the indirect proof for the existence of a
[ 1 critical endpoint (CEP) in the QCD phase
ol diagram!
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Key fact: Mass “twins” < 1torder PT

HLPS + C85(c’=1)
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EoS P(g) <--> Compact star phenomenology M(R)

Most interesting and clear-cut cases: (D)isconnected and (B)oth — high-mass twins!



"Holy Grail” -

High-Mass Twin Stars

Twins prove exitence of disconnected populations

(third family) in the M-R diagram

Consequence of a first order phase transition
Question: Do twins prove the 1st order phase trans.?
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High mass twins:

more examples !
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MESSAGE:

- excluded volume (quark Pauli blocking) important

- high-density quark matter slightly stiffer eta_v=0.25

- the scaled energy density jump (0.65) fulfills the twin
condition of the schematic model by Alford et al. (2013)

— Astronomers: Find disconnected star branches !!
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Hyperon puzzle & quark matter
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Mass-radius sequences for different model equations of state (EoS) illustrate how the three
major problems in the theory of exotic matter in compact stars (left panel) can be solved
(right panel) by taking into account the baryon size effect within a excluded volume
approximation (EVA). Due to the EVA both, the nucleonic (N-EVA) and hyperonic (B-EVA)
EoS get sufficiently stiffened to describe high-mass pulsars so that the hyperon puzzle gets
solved which implies a removal of the reconfinement problem. Since the EVA does not apply
to the quark matter EoS it shall be always sufficiently different from the hadronic one so that

the masquerade problem is solved.



2. Microphysical approach to strong 15t order PT



“Three-window picture of dense matter”
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2. Story “Three-window picture of dense matter”
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2. Story “Three-window picture of dense matter”
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2. Story “Three-window picture of dense matter”
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Hadron-Quark Crossover and Massive Hybrid Stars

Kota Masuda!'?*, Tetsuo Hatsuda?, and Tatsuyuki Takatsuka??

L Department of Physics, The University of Tokyo, Tokyo 113-0033, Japan
2Theoretical Research Division, Nishina Center, RIKEN, Wako 351-0198, Japan
STwate University, Morioka 020-8550, Japan

* E-mail: masuda@nt.phys.s. u-tokyo.ac.jp

On the basis of the percolation picture from the hadronic phase with hyperons to
the quark phase with strangeness, we construct a new equation of state (EOS) with the
pressure interpolated as a function of the baryon density. The maximum mass of neutron
stars can exceed 2M g, if the following two conditions are satisfied; (i) the crossover from
the hadronic matter to the quark matter takes place at around three times the normal
nuclear matter density, and (ii) the quark matter is strongly interacting in the crossover
region. This is in contrast to the conventional approach assuming the first order phase
transition in which the EOS becomes always soft due to the presence of the quark matter
at high density. Although the choice of the hadronic EOS does not affect the above
conclusion on the maximum mass, the three-body force among nucleons and hyperons
plays an essential role for the onset of the hyperon mixing and the cooling of neutron
stars.

Subject Index Meutron stars, Nuclear matter aspects in nuclear astrophysics, Hadrons and
quarks in nuclear matter, Quark matter



1. Introduction
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Fig. 1  Schematic picture of the QCD pressure (P) as a function of the baron density (p) under the assumption
of the hadron-quark crossover. The crossover region where finite-size hadrons start to overlap and percolate is shown
by the shaded area. The pressure calculated on the basis of the point-like hadrons (shown by the dashed line at low
density) and that calculated on the basis of weakly interacting quarks (shown by the dashed line at high density) lose
their validity in the crossover region, so that the naive use of the GGibbs conditions by extrapolating the dashed lines
is not justified in general.



2. Hadronic EOS (H-EOS)

Table 1

Properties of various hadronic EOSs with hyperons; TNI2, TNI3, TNI2u, TNI3u |33, 34|, Paris+TBF,

AV184TBF [36-38] and SCL3AY [39]. k is the nuclear incompressibility and p,;, is the threshold density of hyperon-
mixing with pg ( l}.lTl,-"fmﬂj being the normal nuclear density. R and p. denote the radius and central density for the

maximum mass { My ) NS, respectively. The numbers in the parentheses are those without hyperons. #s indicate that
the numbers are read from the figures in |36).

EOS TNI2 | TNI3 | TNI2u | TNI3u | Paris+ TBF | AVI§+TBF | SCL3AY
k(MeV) | 250 | 300 | 250 | 300 281 192 211
pn(AN)/po | 295 | 245 | 401 | 4.01 2.9* 2.8 2.24
pn(S7)/po | 283 | 223 | 406 | 4.01 1.9% 1.8 2.24
Mpax/Mgs | 1.08 | 110 | 1.52 | 1.83 1.26 1.22 1.36

(1.62) | (1.88) (2.06) (2.00) (1.65)
R (km) 770 | 828 | 843 | 9.55 10.46 10.46 11.42

(8.64) | (9.46) (10.50) (10.54) (10.79)
Pe/ Po 16.10 | 13.90 | 11.06 | 8.26 7.35 7.35 6.09

(9.97) | (8.29) (6.47) (6.53) (6.85)
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3. Quark EOS (Q-EOS)

— 1, e - . -
Lna =GP —m)g+ 3G ) [[@\0)° + @isA"9)?] — G, [detq(1

_J39.@"9)’
1G, s [[@*Xq)% + (G@in"15A%9)?]

B S; ! (iwe, p)
P(T, puds) = TZZ/(Q;?—]&TTIH( T )

1 .
_G*ﬁ Z Ji'z . 46‘};':'-11”&53 B {Egi’ {Z?
1

STt =p—M;—"p", pt = {‘“‘ 9y 25
- GL,.ﬂi'

AMeV) | G A | G A° | my, g(MeV) | mg(MeV)
HK 631.4 3.67 | 9.29 5.5 135.7
RKH | 602.3 3.67 | 12.36 5.5 140.7
LKW 75 3.64 8.9 3.6 87
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4. Hadron-Quark crossover

As discussed in §1, treating the point-like hadron as an independent degree of freedom loses
its validity as the baryon density approaches to the percolation region. In other words, the
system cannot be described neither by an extrapolation of the hadronic EOS from the low-
density side nor by an extrapolation of the quark EOS from the high-density side. Under
such situation, it does not make much sense to apply the Gibbs criterion of two phases I and

11, A(T,, pe) = Pr(T,, ptc) since P; and Fpp are not reliable in the transition region.

we will consider a phenomenological “interpolation” between the H-EOS and Q-EOS as a first step.
Such an interpolation is certainly not unique, but we adopt a simplest

P(p) = Pualp)f-(p)+ Folp)f(p),

f(p) = % (1 + tanh (p;ﬁ)) :

where Py and Pg are the pressure in the hadronic matter and that in the quark matter,

One should not confuse Eq.(7) with the pressure in the mixed phase associated with the
first-order phase transition in which f+ i1s considered to the volume fraction of each phase.
In our crossover picture, the system is always uniform and f_ (f) should be interpreted as

the degree of reliability of H-EOS (Q-EOS) at given baryon density.



To calculate the energy density £ as a function of p in thermodynamically consistent way,

we integrate the thermodynamical relation, P = p?0(s/p)/8p and obtain

o

g(p')

cH(p)f-(p) +eq(p)f+(p) + Ac

7 (e (e) - ca())

dp'

with g(p) = %(ex +eX)"2and X = (p— p)/T. Here ey (2¢) is the energy density obtained

from H-EOS (Q-EOS). At is an extra term which guarantees the thermodynamic consistency.
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5. Numerical results and discussions

5.1.

Massive hybrid star with strangeness

We now solve the following Tolman-Oppenheimer-Volkov (TOV) equation to obtain M-R

relationship by using the EOSs with and without the hadron-quark crossover:
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5.4.  Sound velocity of interpolated EOS
One of the measures to quantify the stiffness of EOS is the sound velocity v. = \/dP/d=.
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6. Summary and concluding remarks

We have constructed an EOS by the interpolation between the H-EOS at lower densities and
the Q-EOS at higher densities, and found that the hybrid stars could have My ~ 2Mg,
compatible with the observation. This conclusion is in contrast to the conventional EOS for
hybrid stars derived through the Gibbs construction in which the resultant EOS becomes
always softer than hadronic EOS and thereby leads to smaller M.

The idea of rapid stiffening of the EOS starting from 2p; opens a possibility that the
experimental nuclear incompressibility £ = (240 &+ 20)MeV at p ~ py is compatible with the
existence of massive neutron stars. Also, the idea may well be checked by independent

laboratory experiments with medinm-energy heavy-ion collisions.

Finally, we remark that the crossover region may contain richer non-perturbative phases
such as color superconductivity, inhomogeneous structures and so on [1]. How these structures
as well as the associated cooling processes affect the results of the present paper would be

an interesting future problem to be examined.
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Traditional: Pressure vs. chem. Potential for H-EoS, Q-EoS and hybrid EoS
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Traditional: Pressure vs. chem. Potential for H-EoS, Q-EoS and hybrid EoS
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2" attempt: interpolation between energy densities &(p)
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Masuda, Hatsuda, Takatsuka, PTP 073D01 (2013); [arxiv:1212.6803v2]



2" attempt: interpolation between energy densities &(p)
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NOTE: After a strong stiffening one observes the “dip” in the speed of sound
which is typical for a phase transition and corresponds to the “plateau” in P(p)



2" attempt: interpolation between energy densities &(p)
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NOTE: This interpolation procedure in £(p) is not only thermodynamically consistent,
but also a true interpolation, as can be seen from P(l) or its inversion pu(P).

Courtesy: Matthias Hempel, using data from arxiv:1212.6803v2

For hybrid star EoS with interpolation in P(p), see arxiv:1302.6275; arxiv:1310.3803



2" attempt: interpolation between energy densities &(p)
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Attention:

Results with interpolation between energy densitiese(p) are different from those with
interpolation in pressures P(p)

Which one is correct? ...



2. Microphysical approach to strong 1t order PT



2. Another “three-window picture of dense matter”
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2. Another “three-window picture of dense matter”

O A,

many-quark exchange

oW quark exchange
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2.1. Pauli blocking among baryons

Q:;ﬁ (g‘g‘* @ a) Low density: Fermi gas of nucleons (baryons)
& a®
T, re e
@) &) &)

b) ~ saturation: Quark exchange interaction and
Pauli blocking among nucleons (baryons)

c) high density: Quark cluster matter (string-flip
model ...)

Roepke & Schulz, Z. Phys. C 35, 379 (1987); Roepke, DB, Schulz, PRD 34, 3499 (1986)

Free quark Nucleons (baryons)inmedium —— Nycleon (baryon) self-energy --> Energy shift

in medium / \
A" =3 |4,p(123) [ [E(1)+E(Q+E(3)=Ep][fa, (1) +f4,(2)+f4,3)]
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2.1. Pauli blocking among baryons — details

New aspect: chiral restoration --> dropping quark mass
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Increased baryon swelling at supersaturation densities:
--> dramatic enhancement of the Pauli repulsion !!

D.B., H. Grigorian, G. Roepke: “Quark exchange effects in dense nuclear matter’, STSM 2014



2.2. Pauli blocking among baryons — results

New EoS: Joining RMF (Linear Walecka) for
pointlike baryons with chiral Pauli blocking
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2.3. Pauli blocking among baryons — Summary

Pauli blocking selfenergy (cluster meanfield) calculable in potential models for baryon structure
Partial replacement of other short-range repulsion mechanisms (vector meson exchange)

Modern aspects:
- onset of chiral symmetry restoration enhances nucleon swelling and Pauli blocking at high n
- quark exchange among baryons -> six-quark wavefunction -> “bag melting” -> deconfinement

Chiral stiffening of nuclear matter --> reduces onset density for deconfinement

Hybrid EoS:
Convenient generalization of RMF models,
Take care: eventually aspects of quark exchange already in density dependent vertices!

Other baryons:

- hyperons

- deltas

Again calculable, partially done in nonrelativistic quark exchange models, chiral effects not yet!

ivisti it ; ; ; 2 — ;0,1 :
Relativistic generalization: aid L5 P29 e P10

Box diagrams of quark-diquark model ... & -
/.

pa;p P p Paj p Ps—qipi P3P

K. Maeda, Ann. Phys. 326 (2011) 1032



2.4. Pauli blocking effect — Excluded volume

Well known from modeling dissociation of clusters in the supernova EoS:

- excluded volume: Lattimer-Swesty (1991), Shen-Toki-Oyematsu-Sumiyoshi (1996), ...
- Pauli blocking: Roepke-Grigo-Sumiyoshi-Shen (2003), Typel et al. PRC 81 (2010)
- excl. Vol. vs. Pauli blocking: Hempel, Schaffner-Bielich, Typel, Roepke PRC 84 (2011)

Here: nucleons as quark clusters with finite size --> excluded volume effect !

14
Available volume fraction: @ = V_/V =1-v Z n, v= ETH (2rauc)” = 4Vaue

=0 T

1
Equations of state for T=0 nuclear matter:  Pioi(itn, ftp) = m Z Pi + Pmess

I=n.p
Etot(Mns ftp) = —Pro + Z i nj,
pi= 5 (Eimi—min®).
o . Effective mass: m; = m; — 8.
n; = EI_’“
n® = ‘i’”;f Eki — (mY In ki +tE:' ‘ Scalar meanfield: S ~n/
v ' § HI.;

Vector meanfield: K ~n



2.5. Stiff quark matter at high densities

S. Benic, Eur. Phys. J. A50, 111 (2014)

5y ,Euz

L=q(if—mq+p,gv"q+ L+ Ly, Ly=

> 1(gq)* + (giysTq)
Ly = —[L:;-w;r}2 +(qiystq)’' | — —{f;rmff —gif?ypq}l[{f?q}z +(giystq)’]

Meanfield approximation: Lar = Glid — Mg + gy g — U,

M=m ,!-.?m
fig = g — "“E'ﬂ 4‘{3—{:? gy E‘E—{qq} (q'q) .
U = Hqﬂif&'tﬂ‘ —%{q%}z — 3%{qTq}4

Thermodynamic Potential:

E + Tlog[l + e P55] 4T log[1 + ¢ P50} 4+ Q,

Q=U- zwfwjih}j



Result: high-mass twins <« 1st order PT

S. Benic, D. Blaschke, D. Alvarez-Castillo, T. Fischer, S. Typel, arxiv:1411.2856
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Hybrid EoS supports M-R sequences with high-mass twin compact stars



2.5. Stiff quark matter at high densities
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Here: Stiffening of dense hadronic matter by excluded volume in density-dependent RMF

S. Benic, D.B., D. Alvarez-Castillo, T. Fischer, S. Typel, A&A 577, A40 (2015) - STSM 2014



2.5. Stiff quark matter at high densities

Estimate effects of structures in the phase transition region (“pasta”)

1Ml

— B0 10 PSR 10343 40432
B [
= il b FRR Th] 42 50%0
,.I; -
= .
=, —_— T =
L B Ll [
0 — - LTS
) E?-| Al veman Bl T =30 I |
1 = 1. cme- =S T =T |
Lamos CCD [Basavoe o ol (20140 = F
i
[ ] = E-
=L = r
e . 16 = 3o Py O ' -
=¥ o a ke # . _ IR DR R B I R B
XN 7K | 12 13 14 15 16 | )
B [km]

£ [MeViim']

High-mass Twins relatively robust against “smoothing” the Maxwell transition construction

D. Alvarez-Castillo, D.B., arxiv:1412.8463; Phys. Part. Nucl. 46 (2015) 846



2.6. Rotation

- existence of 2 M_sun pulsars and
possibility of high-mass twins raises
question for their inner structure:
(Q)uark or (N)ucleon core ?7?

--> degenerate solutions
--> transition from N to Q branch

- PSR J1614-2230 is millisecond pulsar,
period P = 3.41 ms, consider rotation !

- transitions N --> Q must be considered
for rotating configurations:
--> how fast can they be?

(angular momentum J and baryon mass
should be conserved simultaneously)

- similar scenario as fast radio bursts

(Falcke-Rezzolla, 2013) or braking index
(Glendenning-Pei-Weber, 1997)

M. Bejger, D.B. et al., arxiv:1608.07049
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2.6. Rotation and stability
2.7
2.6} E
2.5]
2.4]
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< 2.2
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2.0} : | | | |
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Red region - strong phase-transition instability,

Blue region - unstable w.r.t axisymmetric oscillations,

Grey region - no back-bending,

Green region - stable twin branch reached after the mini-collapse from the tip
of J = const. curve, along My, = const.



2.6. Rotation - summary

This type of instability EOS provides a "natural” explanation for:

* Lack of back-bending in radiopulsar timing,
% Spin frequency cut-off at some moderate (but >716 Hz) frequency,

» Falcke & Rezzolla Fast Radio Burst (FRB) engine

+ catastrophic mini-collapse to the second branch (or to a black hole),
* massive rearrangement of the magnetic field — energy emission.

Astrophysical predictions:
* Way to constraint on My, J, I, core EOS efc.,
* Specific shape of NS-BH mass function (no mass gap?)
— population of massive, low B-field NSs (radio-dead?),
— population of massive, high B-field NSs (collapse enhances the field?),

* Characteristic burst-like signature in GW emission during the
mini-collapse.



3. New Bayesian Analysis scheme



Measure the cold EoS by Bayesian TOV!

Bayesian TOV analysis:
Steiner, Lattimer, Brown, ApdJ 722 (2010) 33
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Caution:

If optical spectra are not measured, the observed

X-ray spectrum may not come from the entire surface

But from a hot spot at the magnetic pole!
J. Trumper, Prog. Part. Nucl. Phys. 66 (2011) 674

Such systematic errors are not accounted for in
Steiner et al. - M(R) is a lower limit — softer EoS
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Which constraints require caution ?

A. Steiner, J. Lattimer, E. Brown, ApJ Lett. 765 (2013) L5
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“Ruled out models” - too strong a conclusion!
M(R) constraint is a lower limit, which is itself included in that
from RX J1856, which is one of the best known sources.




Disjunct M-R constraints for Bayesian analysis !
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Alvarez, Ayriyan, Blaschke, Grigorian, J. Phys. Conf. Ser. (2014)



3.1. Equation of state

e excluded volume corrections in the hadronic EoS,
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1. Equation of state <--> M-R relation

e excluded volume corrections in the hadronic EoS,

2.5

if n < ngat
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- crosses: violation of causality!

- consider phase transition to quark matter!



3.1. Equation of state <--> M-R relation

2.5

--> Phase transition removes problem with causality ...

--> Example: See Alvarez, Kaltenborn, Blaschke [arxiv:1511.05873] (magenta line)
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3.1. Equation of state
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3.1. Equation of state
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3.1. Equation of state
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3.1. Equation of state <--> M-R relation

2.5

e excluded volume corrections in the hadronic EoS,

e multi-quark interactions for gquark matter EoS.

_ ! I ! I
Probability less than|0.001
— Probability less than|0.01

—_/ PSRIT6142230 | ;b 2 arXiv: 1304.6875
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3.2. New Bayesian analysis scheme

For the BA of the most probable EoS for given prior from (real or ficticious) observations,
we start by defining a vector of free parameters 7T (p,74), which correspond to all the possible
models with phase transition from nuclear to quark matter using the EoS described above. The

way we sample these parameters is

=T (p(k),ma(l)), (2)
where i =0,1,....N —1with N =Ny x Nosuchthat i = Nox k+land k=0,1,....N; — 1,
I=0,1,....,No—1, with N1 and N9 as the total number of parameters pi. and Tal respectively.

The goal is to find the set m; corresponding to an EoS and thus a sequence of confipurations which
contains the most probable one based on the given constraints using BA. For initializing the BA
we propose that a priori each vector of parameters m; has the same probability: P(m;) = 1/N
for ¥i. We can calculate probability of m; using Bayes’ theorem [13]

P (E|m;) P (m)
=1 (3)

T PEIR)P)

P(m|E) =

D. E. Mvarez Castillo, A. ﬁ}'rl:.ran D. Blaschke and H. Grigorian, arXiv:1506.07755
D. E].EIEE]]]{-E H. Grlgnnan D. E. Alvarez-Castillo and A. Ayriyan, J. Phys. Conf. Ser. 486, 012002 (2014).
A. Ayriyan, D. E. Alvarez-Castillo, D. Blaschke, H. Gngurmn and M. Suknluwskl, Phys. Part. Nucl. 46, 854 (2015).



3.2. New Bayesian analysis scheme

case A

e a maximum mass constraint from PSR J0348+0432 [10],
e a radius constraint from the nearest millisecond pulsar and PSR J0437-4715 [12],

30
M4 79

0.003

0.002

0001

D. Alvarez-Castillo, A. Ayriyan, D. Blaschke, H. Grigorian, arXiv:1511.05880



Phase transition? Measure different radii at 2Mo !

“Now let us travel into future. It is year 2017, some new, reliable
NS radius measurement methods are discovered and were
used to find the size of two most massive pulsars, which still
are PSR J0348+0432 and PSR J1614-2230. The community
was shocked when received the results of observations: one

radius is 13 = 0.5 km, while the otheris 11 = 0.5 km!”
— Michat Sokotowski, Master Thesis, 2014

Alvarez, Ayriyan, Blaschke, Grigorian, Sokolowski, PHPN 46(5) 854 (2014)



3.2. New Bayesian analysis scheme

case B

e a radius measurement of B =12+ 0.5 km for PSR J0348+0432 with its known mass,
e a radius measurement of £ = 15+ 0.5 km for PSR J1614-2230 with its known mass,

3——r U EEN
25 0 ]
00200 |
2l
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= 13} T - |
= 0.0 -
1 =
A 0.005 T e
05} 0000}, Vi ‘j
- 0 ;
. I . I . | : | . i
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E. [km] P

80

D. Alvarez-Castillo, A. Ayriyan, D. Blaschke, H. Grigorian, arXiv:1511.05880



3.3. Outlook

sun

M M

1.5

- hadronic EoS too stiff:
- tension with Danielewicz' flow constraint

- violates Podsiadlowski's M-M;, relation

DD2 --> DD2F ev — Stefan Typel
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3.3. Outlook: Extended Bayesian analysis scheme

EoS extension: (DD2 + DD2F) x (E_s®m + E_s + E_s”p)
= DD2m + DD2 + DD2p + DD2Fm + DD2F + DD2Fp

800 —
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400 —
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3.3. Outlook: Extended Bayesian analysis scheme

Hadronic EoS classes
(varying v_ex):

............... S

PSR J161 4_22§\ \ '-'!;_\

Ty DD2m

o + DD?2

+ DD2p

+ DD2Fm
o i + DD2F

T SR + DDZFp

1:_ A

Quark matter EoS
(varying eta_4):

hNJL

| | | | I D. Alvarez-Castillo et al.,
qo 12 14 16 Eur. Phys. J. A52, 69 (2016)




Perspectives for new Instruments?

THE FUTURE: SKA - SQUARE KILOMETER ARRAY



Neutron star Interior Composition ExploreR
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Gendreau, K. C., Arzoumanian, Z., & Okajima, T. 2012, Proc. SPIE, 8443, 844313
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4. Hybrid star matter at NICA and FAIR
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firedall=fluid

S,

W4 3-Fluid Dynamics

Baryon e
Stopping __ﬂ'_
Produced particles 5
populate mid-rapidity S
. ; 5
Model = fireball fluid £
%
momentum along beam
s =3, 11 R I T 1 |
Target-like fluid: a,J; =0 by =P+ P}
| eading particles carry bar. charge exchange/emission

I - - _li = 1. d i ... Jobs e 1/ E-"'.

Projectile-like fluid:  d,J, =0, Ty = ot T Fpl

e 1l = o LIS wy ¥ L 1/ iu.

Baryon-free fluid Source term  Exchange

The source term is delayed due to a formation time 7 ~ 1 fm/c

Total energy-momentum conservation:
8T + T +T:7)=0

http://theory.gsi.de/~ivanov/mfd/

Yu.B. lvanov, V.N. Russkikh and V.D. Toneev, Phys. Rev. C73, 044904 (2006)




Net proton rapidity distribution — test case for a 1! order PT signal

Theory: Yu.B. Ivanov, Phys. Rev. C 87, 064904 (2013)
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Net proton rapidity distribution — test case for a 1! order PT signal

Theory: Yu.B. Ivanov, Phys. Rev. C 87, 064904 (2013) & net-protons in Pb+Pb at SPS energies
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Baryon stopping signal for first order phase transition ?

2-phase EoS, b =2 fm 2-phase EoS, b =6 fm 2-phase EoS, b =11 fm

croszover EoS, b =6 fm

P. Batyuk, D.B., M. Bleicher, Yu. Ivanoyv, lu. Karpenko, M. Nahrgang et al., arxiv:1608.00965



Baryon stopping signal for first order phase transition ?

2-phase EoS, b =2 fm
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P. Batyuk, D.B., M. Bleicher, Yu. Ivanov, lu. Karpenko, M. Nahrgang et al., arxiv:1608.00965



THESEUS: Particlization of 3-f uid Hydro + UrQMD casc.
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What about K+/mr+ (Marek's horn) in THESEUS ?

2-phase EoS, b= 2 fm

03¢ THESEUS simulation reproduces 3FH result,
o0sh Thus it has the same discrepancy with experiment
n_zf— --> some key element still missing in the program
wF P. Batyuk, D.B., M. Bleicher et al., arxiv:1608.00965

LRI
osk Recent new development in PHSD

- @

L Chiral symmetry restoration in HIC at intermediate ...”

VS GeV A. Palmese et al., arxiv: 1607.04073
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'\\ “ | Mott dissociation of pions and kaons
in the Beth-Uhlenbeck approach ...

S I . S D.B., A. Dubinin, A. Radzhabov, A. Wergieluk, arxiv:1608.05383
D.B., M. Buballa, A. Dubinin, G. Ropke, D. Zablocki, Ann. Phys. (2014)

Thermodynamics of resonances (M) via phase shifts

- [ 2k T8 & TR (VR T

Polyakov-loop Nambu — Jona-Lasinio modell

. 41 . .
I (a0,q) = 2T f [?f:fbw [FrIPmFT."r'fr' Sp(pn +qu.p + q]l",'::,]
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300
Evaluation along trajectories e ik :Eﬂi %“fh '”-:E:'a”
u/T=const in the phase diagram: i S =
= L
: =
- Pion and a0 as partner states, e ool

- Chiral symmetry restoration,
- Mott dissociation of bound states,
- Levinson theorem




Mott dissociation of pions and kaons
in the Beth-Uhlenbeck approach ...

D.B., A. Dubinin, A. Radzhabov, A. Wergieluk, arxiv:1608.05383
Polarization loop in Polyakov-loop Nambu — Jona-Lasinio model
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Mott dissociation of pions and kaons in Beth-Uhlenbeck:
Explanation of the “horn” effect for K+/1r+ in HIC?

Ratio of yields in BU approach

defined via phase shifts:

ratio

0.4

0.3
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ng+  [dM [d3p (M/E)[eEFre)/T 11715+ (M)
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====K /7 - with anomalous -

100 1000

Evaluation along the freeze-out
Curve parametrized by Cleymans et al.

- enhancement for K+ due to anomalous
in-medium bound state mode
- no such enhancement for K- or pions

- explore the effect in thermal statistical
models and in THESEUS ...

D.B., A. Dubinin, A. Radzhaboy,
A. Wergieluk, arxiv:1608.05383



Further developments:

- New 2-phase EoS (D.B. et al. @ UWr)
- MPD Detector simulation (Rogachevsky et al. @ JINR)

- Bayesian EoS analyses (UWr - JINR — MEPhI collab.)



Bayesian EoS analysis with HIC data works @ LHC - RHIC

S. Pratt. E. Sangaline, P. Sorensen, H. Wang Phys. Rev. Lett. (2015)
T rtrrfrrrrrrrrrrrrrprryrrrrrrrrp g
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Lattice: Hot QCD / BW
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QCD theory+modeling and constant experimental guidance now give us a
detailed picture of the evolution of nucleus-nucleus collisions
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Emergent properties of QCD matter now experimentally accessible



Support a CEP in QCD phase diagram with Astrophysics?

[ RHIC, LHC, o _l
Early Universe e '.?‘.
QGP "%-

(BES, FAIR,
NICA, J-.PARC)

% @
Py

Sym. Nucl.
Matter

Pure Neut. J — : I Quark Matter I
Matter N =
1’/ . . Neutron Star
| 0=(N-Z£)/A A. Ohnishi @ SQM-2015 in Dubna ]

Crossover at finite T (Lattice QCD) + First order at zero T (Astrophysics) = Critical endpoint exists!




Comparison 2-phase EoS

n [11“]
0 4 8 12 16 20
| | | | | | | | | | | | | | | | | | |
[ |[— T= (0MeV
2.5 |- T=100MeV
- 15
—_20F B=160 MeV/fm’
i
E | _
> 151 110
o I ]
~ 1.0 Z
(}g[d);ns Quarks 13
(hNJL) 1
T ._0
1.5 2 2.5
n [fm™]

N.-U. Bastian, D. Blaschke (S. Benic, S. Typel),

In progress (2016)

20

Ln

n/ny

1 1 1 1 1 11 1 1T =17 1 1111711
T=10, 100, 200 MeV
- hadr. EoS .-""J'
= =2-phase EoS ,_.-'}
— == CrOSS0VEr E0S S
L ]
K4 e
e P
~ PR
L
A e
v - &
. -"'.E‘...r_""
£ —!;L — n
#
o i
| I T T N A T T M N TR R N Y I
0 4 8 12 16 20

A. Khvorostukhin et al. EPJC 48 (2006) 531
Yu. Ivanov, D. Blaschke, arxiv:1504.03992



How to probe the line of CEP's in Astrophysics?

— by sweeping (“flyby”) the critical line in SN collapse and BH formation

BH (1=05, 10, 1.3445) <
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A. Ohnishi, H. Ueda, T. Nakano, M. Ruggier, K. Sumiyoshi, Phys. Lett. B 704, (2011) 2584.




Conclusion: b

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

Equation of State — Phase Diagram

21 member
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(CA15213)

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

EUROFEAN COOPERATION
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Kick-off: Brussels, October 17, 2016
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