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Key Questions

- Can compact star observations provide compelling
evidence about a first order phase transition in QCD?

- What are the relevant observables?



Outline

. Introduction to the neutron star equation of state.

- First order phase transition and deconfinement in
compact stars: neutron star twins.

. Astrophysics measurements of compact stars.

- Astrophysical implications and perspectives.



Neutron Stars
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Neutron Star EoS

* Nuclear interaction:
E(n,x)=E(n,x=1/2)+E_(n)*a’(x),
- Beta equilibrium: M, —H, =H.=H,

- 2 phase construction under Gibbs

conditions: p'=p" =4 H=H
- Charge neutrality: X, =X,
+ TOV equations + Equation of State
d_p:_(p+ p/c?)G(m+4nrip/c?) p(p)
dr r’(1-2Gm/rc*)
d—m:47[r2p

dr



Compact Star Sequences
(M-R ¢ EoS)
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Mass (solar)

Massive neutron stars

2.5

2.0

1.5k

L) L

MPA1
3

PAL1
ENG
AP

SOME~  paL6

L

MSO

MS

1.0

0.5

0.0

Double NS Systems

Nucleons Nucleons+Exotic Strange Quark Matter,

8 9 10 ¥ B 12 13
Radius (km)

15



Critical Endpoint in QCD
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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!



- Measuring

Neutron Star Twins and the AHP
scheme

- 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”.

two disconnected
populations of compact stars in the
M-R diagram would represent the
detection of a first order phase
transition in compact star matter and
thus the indirect proof for the
existence of a critical endpoint (CEP)
in the QCD phase diagram!

Alford, Han, Prakash,
Phys. Rev. D 88, 083013 (2013)
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Key fact: Mass “twins” «» 1storder PT
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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!



Compact Star Twins

Third family (disconnected branch)
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High Mass Star Twins
Based on multipolytrope
EOS

Alvarez-Castillo, Blaschke (2017)
High mass twins from multi-polytrope equations of state
Phys. Rev. C 96 045809
arXiv: 1703.02681



Piecewise polytrope EoS — high mass twins?
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Piecewise polytrope EoS — high mass twins?
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Compact Star Twins
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I's K3 mos |MYNS MHS MHS

[MeV fm*T2=Y]  [MeV] |[Mo] [Mg] [Mg]
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Compact Stars with Sequential QCD Phase
Transitions
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A fifth family of compact stars at high mass
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Quark substructure effects in baryonic matter

Excluded volume mechanism in the context of RMF models

Consider nucleons as hard spheres of volume V., the available volume V,, for the motion of
nucleons is only a fraction ® = V,,,,/V of the total volume V of the system. We introduce

d>zl—v2n,- ,

i=n,p

with nucleon number densities n; and volume parameter v = ’ 4" (2rnuc) = 4V . and identical
radii 7pye = rn = 7p of neutrons and protons. The total hadrom( pressure and energy density are:

1
ptot(ﬂnaﬂp) - 6 Z Pi + Pmes
i=n,p
Etot(l"naﬂp) =  —Prot + Z Jin;
i=n,p

with contributions from nucleons and mesons depending on p,, and p,. 'T'he nucleonic pressure

1 (s)
i = - (En; —m? ),
P ( in mn

contains the nucleon number densities, scalar densities and energies:

$ s b ki + E; /1. y d
n; = T «;l‘g) ,"'S.) 2:;1 | ey — (7" ) In 1:;: l , FE;= kf -+ (771,:)2 = i — Vz_% Z Pj,

j=p,n

as well as Fermi momenta k; and effective masses m} = m; — S;. The vector V; and scalar S;
potentials and the mesonic contribution pp.s to the total pressure have the usual form of RMF
models with density-dependent couplings.

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



NJL model with multiguark interactions
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Neutron Star Twins

Equation of State Mass-Radius Relation
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Neutron Star Twins

Nonlocal NJL models
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Avoiding Masquerades
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Avoiding reconfinement
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FIGURE 1. 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.

3, Alvarez-Castillo - AIP Conf. Proc. 1701, 020013 (2015) - arXiv:1503.03834
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Pasta phases in hybrid stars
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Pasta phases in hybrid stars
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Astrophysical Applications
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Fig. 1. Variations of the hybrid EoS for the DD2F~ model. Upper row. The hadronic EoS is kept fixed while the quark EoS is
allowed to vary for the parameters ny = 0,1,2,...,30. Lower row. The quark EoS is fixed whereas the hadronic EoS takes the
values p = 0, 5,10,..., 80. For all these models the EoS is shown on the left and central plots while the resulting mass radius

diagrams are shown on the right side.

D. Alvarez-Castillo, A. Ayriyan, S. Benic, D. Blaschke, H. Grigorian, S. Typel
EPJA Topical Issue on "Exotic Matter in Neutron Stars", 2016 - arXiv:1603.03457



an Analysis
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Bayesian Analysis

Symmetry energy —

soft medium stiff
EoS4{

Mg (M)

DD2F (semi-soft)

My M)
My M)

DD2 (stiff)

Fig. 3. Gravitational mass vs. baryonic mass for the six classes of new hybrid EoS. For the explanation of the boxes, see text.
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EPJA Topical Issue on "Exotic Matter in Neutron Stars", 2016 - arXiv:1603.03457
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—nergy bursts from deconfinement

(Problem: no neutrino trapping yet)
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Double component FRB
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—nergy bursts from deconfinement

(case with rotation)

| For J=2 GM_sun/c frequency changes by
AE™ = Egy — Eqi = 5J (Qfin — Qini) 240 Hz and Delta EArot ~ 2x10752 erg ...
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What can we learn from the inspiral

Waveforms incl. finite-size effects are described by tidal
deformability (how a star reacts on an external tidal field)

Offer possibility to constrain EoS because tidal deformability
depends on EoS

B )

M

.
3

A .1\3

Corresponding to ~10 % error in radius R for nearby events
(<100Mpc) (e.g. Read et al. 2013)

Note: faithful templates to be constructed

R/M compactness (EoS dependent)

K, tidal love number (EoS dependent)



Computing the love number/tidal deformability

Extension of a standard TOV solver (i.e. numerically an integration of coupled ODESs):

Ansatz for the metric including al=2 perturbation

ds® = ®M) 1+ H(r)} @ ]dt2
+e*M [1 — H(r)Y; ( )] dr o
42 [1 — K (r)Ya0(0, 9) ( 62 + sin? 0dy?) Following Hinderer et al. 2010
Integrate standard TOV system: And additional eqgs. for perturbations:
g y
on _ (1_ 2m,. T dH
€ e r ? T — j (11)
d® 1 dp dj | my\ 1 |
= —(_H)E. - = 2(1_27‘) H{—er[56_+9p—|—f(e+p)]
dp m, + 47r3p 9 ) 9
il 3 ey 3 ra(1—2™) (M gy
2 r(r — 2m,.) -+-r2 + 2 (1 e— ) ( 2 + 47’7p)
dm, 9 243 ‘ =1 ,
= 4r-e. 2P (1 _ o _ Mr | omr2(e — -
2 (12 14 B o)
EoS to be provided g(p) (K(r) given by H(r))

Note: Although multidimensional problem — computation in 1D since absorbed in Y20
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Tidal deformabillity vs radius
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1.35 Msun stars with many different EoS, Bauswein 2015 unpublished, max dev.
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Neutron Star Twins
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NEUTRON-STAR RADIUS CONSTRAINTS FROM GW170817 AND FUTURE DETECTIONS
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ABSTRACT

We introduce a new, powerful method to constrain properties of neutron stars (NSs). We show that the total mass
of GW170817 provides a reliable constraint on the stellar radius if the merger did not result in a prompt collapse as
suggested by the interpretation of associated electromagnetic emission. The radius R; ¢ of nonrotating NSs with a mass
of 1.6 Mg, can be constrained to be larger than 10.681'8:(1)2 km, and the radius Ryax of the nonrotating maximum mass
configuration must be larger than 9.601‘8:(% km. We point out that detections of future events will further improve
these constraints. Moreover, we show that a future event with a signature of a prompt collapse of the merger remnant
will establish even stronger constraints on the NS radius from above and the maximum mass Mp,.x of NSs from above.
These constraints are particularly robust because they only require a measurement of the chirp mass and a distinction
between prompt and delayed collapse of the merger remnant, which may be inferred from the electromagnetic signal or
even from the presence/absence of a ringdown gravitational-wave (GW) signal. This prospect strengthens the case of
our novel method of constraining NS properties, which is directly applicable to future GW events with accompanying
electromagnetic counterpart observations. We emphasize that this procedure is a new way of constraining NS radii from
GW detections independent of existing efforts to infer radius information from the late inspiral phase or postmerger
oscillations, and it does not require particularly loud GW events.

GW170817 +0.04
Mthres > Mtot — 2 74 —0.01 M@,

GMmaX
Mthres — 3 606 + 2 38 ° Mmax
c*Ry6

GMmax
Mthres = | —-3.38—55— +243) - Mmax

C max



GW170817 Radius Constraints
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Fictitious GW constraints

NS
NN

= T ONNRAL
st

|

\w n

= —m

hypothetical




NICA White Paper — selected topics ...

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

Neutron star mass limit at 2)/; supports the existence of a CEP

Eur. Phys. J. A 52, no. 8, 232 (2016)
D. Alvarez-Castillo'-2, S. Benic:P, D. Blaschke!:34, Sophia Han®®, and S. Typel”

Endpoint of hadronic
Neutron star config.
At 2Msun, then strong
Phase transition l

16

151

4

: —
2001 [ API-DD: hybna
+ c=-- APR-Twins
| Hybrid DD2-V_
160+
t’;a +
<120+
= 120
> I
2. I
o 80_
40+
0- 1 1 l 1 1 1 l
0 400 600 R
3
€ [MeV/fm | -
=
-

Strong phase >
transition

PSR J034830432 /

R~
/PSR 11614-2230) |

[ | —— DD2hadronic
— 2 - ZHAME hybrd
- - D02y, hadronic
o s o DOD2v - nIPNJL bybrid
—=——- APRv_ hadrone
7 | —— APRv,, - nPNJL hybnd

High-mass twin stars ||

T

55 B

|

I ! T

ApoOdqo % |

DD2v - ol PNIL
DD2-MEV - hNIL
DD2-MEV - SFM-C
APRv_ - al-PNJL
FTRMF - CTL

D2 - ZHAHP

two polytropes

— [it formula

N ey

2R N

| L I

""-\ . .. .
AR
\ RN R
\ 0 TR
AT
AR
. AN
SN R N
L
NN
AN
TR
e
N

|

Petran & Rafelski, PRC 88, 021901

P

40

trans

'l l 1
60 80 100

P, [MeV/ fm"]

trans

1 l 1
120 140

= 82 +/- 8 MeV/fm3




Perspectives and future work

- Extension of the EoS to finite T: applications to
supernovae and heavy ion collisions

- Gravitational wave signal estimation
- Moments of inertia: | love Q relations

- Radio emission description and dynamical collapse
for the twins

- Pasta phases inclusion into the Bayesian Analysis for
detection assessment
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Perspectives for new Instruments?

THE FUTURE: SKA - SQUARE KILOMETER ARRAY




THE FUTURE: SKA - SQUARE KILOMETER ARRAY

SKA Facts:

e The dishes of the SKA will produce 10
times the global internet traffic

e The data collected by the SKA in a single
day would take nearly two million years to
playback on an ipod

e The SKA will be so sensitive that it will be
able to detect an airport radar on a planet
50 light years away

Discovery Potential:

e Find a Pulsar - Black Hole Binary
e Constrain Einstein Gravity

¢ Gravitational waves

WAS EINSTEIN RIGHT ABOUT GRAVITY!




Conclusions

. Three of the fundamental puzzles of compact star structure,
the hyperon puzzle, the masquerade problem and the
reconfinement problem may likely be all solved by
accounting for the compositeness of baryons (by excluded
volume and/or quark Pauli blocking) on the hadronic side
and by introducing stiffening effects on the quark matter
side of the EoS.

. Given the knowledge from lattice QCD that at zero baryon
density the QCD phase transition proceeds as a crossover,
twins would then support the existence of a CEP in the QCD
phase diagram.



Conclusions

. Excluded volume effects (quark Pauli blocking) stiffen high-
density nuclear matter and trigger an early deconfinement
transition, thus play an important role for the M-R relations
and cooling properties of compact stars.

. High mass neutron star twins robust against the appearance
of pasta phases in the quark-hadron interface.

. Energy bursts via deconfinement feasible for the twins.

Q/W

. Possible universal phase transition pressure.






