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Figure 6.2 Schematc diagram showing the turmng points in the mass versus central density diagram
lor equilibrium configurations of cold matter.

S. Shapiro, S. Teukolsky, “Black holes, White dwarfs and Neutron Stars”

-White dwarfs -first family, M < 1.5M, [S. Chandrasekhar, L. Landau (1930-32)]
-Neutron Stars - second family, M < 2M ), [Oppenhimer-Volkoff (1939)]

-Hybrid Stars - third family, M < 2M), [Gerlach (1968), Glendenning-Kettner (2000)]
- Fourth Family? M < 2M if nature realizes NM—2SC—CFL [Alford, A.S. (2017)]
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1 g
Guy = Rpuw — Eng, = 8T, E
s

@ Energy-momentum tensor:

[N
Tuv = —P(r)guv + [P(r) + €(r)] Upity |
Se+l4 ‘ le+5 ‘ 15e+15 Zellﬁ
efgrsm'3]
TOV equations:
ap(r) __ Ge(nM(r) (| N PN (4 N 473 P(r) L 2GM(r) -t
dr N c2r? e(r) M(r)c? c2r ’

M(r) = 4ﬂ/r26(r)dr.
0
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quarks gluons(Yang —Mills)
where (Dy,)jj = 60, — igstA}, , and FFY = OHAY — 0" AH — 2g(AH x AY)
Dense QCD
covarinat derivative gluonic field (Yang—Mills) field tensor
y
SOME METHODS
e uon LQCD
T plasma
XPT

. pQCD
’ NJL-like
colour
superconductors
(WCys¢)
CFL
M g

(Yo275¢) = Bsina

(¥9) = Beosar Picture courtesy: M. Mannarelli
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8
P70 — )y + Gy (Piy")> + Gs > _[($Xath)? + (DivsAat)) ?]

a=0

LnjL

Dense QCD quarks vector

scalar—pseudoscalar

+ Gp Z [J)g s S €abe (wC)%] [(J)C)rpi’YS @ Er.vcwg]
v,c

pairing
— K {detr[tp(1 4 y5)9] + dete[p(1 — ~5)3]},

t/Hooft interaction

vy

- quarks: ¢, color a = r, g, b, flavor (o = u, d, 5); mass matrix: /i = diagf(mu, my, my);
- other notations: Mg, a = 1, ..., 8, ¢ = CT and e = YT C, C = iy?40.

Parameters of the model:

- Gy the scalar coupling and cut-off A are fixed from vacuum physics
- Gp is the di-quark coupling ~ 0.75Gg (via Fierz) but free to change
- Gy and py are treated as free parameters
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QCD interactions pairing interactions and gaps

A o (0195095, 10)

- Symmetric in space wave function (isotropic interaction)

- Antisymmetry in colors a, b for attraction

- Antisymmetry in spins o, 7 (Cooper pairs as spin-0 objects)
- Antisymmetry in flavors «, 8

2SC phase:

Low densities, large m; (strange quark decoupled)

A(25Cs) oc AeP e, o <K A,

Crystalline or gapless phases:

Intermediate densities, large m; (strange quark decoupled)

Alcryst.) o< €480 07 op > A,

CFL phase:

High densities nearly massless u, d, s quarks

A(CFL) <0|¢ZLL¢I[’3L|O> = _<0|¢ER¢];3R‘O> = AfabcAEa/BC-
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EOS including (hyper)nuclear, 2SC and CFL phases of matter

Choose Maxwell (large surface tension) or Glendenning (low surface tension)
constructions. Matching condition for Maxwell is simply

Py(ps) = Po(us),

i.e., with low-density nuclear and high-density quark phases

— P,=25p, 1
G /G0 P=30p, GJ/G=02

4x10™

oI NI R
O ao® 20”0 xi0” 2xa0”
plegfem’]
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Synthetic equations of state with constant speed of sound

=
Z CFL
&
[-w
Ag,
——
)
2SC
Ag,
R
nuclear, ASQSC
Energy
€ & density

@ Instead of full NJL-model EoS with 2SC-CFL transition use synthetic EoS
@ Realistic DD-ME2 EoS below the deconfinement (Colucci-Sedrakian EoS)

@ Parametrize synthetic EoS via Constant Speed of Sound (CSS) parameterization
(Alford-Han-Prakash 2013), also Haensel-Zdunik (2012).
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_ . 1
L = E B [W“ (la,u T 8wBBWp = S8pBBT * Py ) — (mp — goBB0) | YB
B
baryonic contribution

Constructing 1 1
EoS 2 2
0 + 58“0(%0 = 5Ms0

scalar mesons

1 1 1 1
= @M et en = 2P by, + Smppt - p,

vector mesons

_ 1
+ DA — ma)x = P P,
A

leptons

@ B-sum is over the baryonic octet B = p, n, A, 0 =50

@ Meson fields include o meson, p ,-meson and w;,-meson

@ Leptons include electrons, muons and neutrinos for 7 # 0
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. + bi(x+d;
gin(ps) = gin(po)hi(x), i=ow,  hilx)= aim
gon(pB) = gpn(po) exp[—ap(x — 1)].
Constructing
EoS

DD-ME2 parametrization of D. Vretenar, P. Ring et al. Phys. Rev. C 71, 024312 (2005).

o w p
m; [MeV]  550.1238  783.0000  763.0000
gni(po) 10.5396 13.0189 3.6836

a; 1.3881 1.3892 0.5647
b; 1.0943 0.9240 —
ci 1.7057 1.4620 —
d; 0.4421 0.4775 —

Total number of parameters 8: boundary conditions on (x) atx = 1.
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saturation density 120 o
_ e —3 f -
= 0152 1m v ; -=++ QMC & neutron star
binding energy per nucleon 1000 i - FROM
E/A = —16.14 MeV, : s
incompressibility g 80f FrETES L |- o
Ko = 250.90 MeV, s i = PDR (LAND 2007)
i .
symmetry energy J = 32.30 = o - | ZDiiit:"ezmo)
b %
MeV, 0 /:/ i |— AGDR (*®Pb)
symmetry energy slope i !
L = 51.24 MeV, T
20 1 1 1 1 1
symmetry incompressibility 8 30 3 M 36 38
Kyym = —87.19 MeV I MeV]
OE/A 8E/A 1 8%/p
2 2
Ko = ki K2 |k=kp = 9Posz|p=pm S(P) = 5 952 |6:0
_ 1 — 2
S(p) = J+L(M>+—Ksym(p po) .
3p0 3po
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30x10% 151 :
e
2 o
y g s
Constructing B oox10” s L X5, = 06164
EoS a
35 Xg=0.15
10x10°F e 045
05 1= 050
== 055
-- 065
0.0
14 15 15
5.0x10 1.0x10~ 1.5x10°” 0 > L | L L | L
3 12 13 14
elg em] R [km]

Zero temperature equations of state of hypernuclear matter for fixed x,5 = 0.6164 and a
range of values 0.15 < x,5 < 0.65. These values generate the shaded area, which is
bound from below by the softest EoS (dashed red line) corresponding to x,5; = 0.65 and
from above by the hardest EoS (solid line) corresponding to x,» = 0.15.
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CSS parameterization

o) ={ it

Quark
= , Matter
= .

S oMt - R - Slope = Cgm
8 I Ae
5 Etrans ----------
Q ]
| =
(5] |
|
Nuclear !
Matter :
ptrans
Pressure
P < Ptrans

ENM (ptrans) + Ae + C&s[(p - plrans) P > Ptrans

M. G. Alford, S. Han, M. Prakash, Phys. Rev. D 88, 083013 (2013).

J. Zdunik and P. Haensel A and A 551, A61,

(2013).
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Dense matter . .
phases and new Phase dlagl’am m M'R Space
equilibria of
compact stars Phase diagram for hybrid star branches in the mass-radius relation of compact stars. The
A Sedrakian left panel shows schematically the possible topological forms of the mass-radius relation

in each region of the diagram.

Constructing

n n,
o -

2.0 3.0 4.0 50 Neasa 6.0
T T T T

A

T
!
\
1 D -|

Ae/ Sll'al'lS

[0l W P/ M s 0 0.1 0.2 0.3 0.4 0.5

A5':crit _ 1 + éptrans

Etrans % 2 Erans

M. G. Alford, S. Han, M. Prakash, Phys. Rev. D 88, 083013 (2013).
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EoS with sequential phase transitions

=
2 CFL
g
(W}
Ag,
—
)
2SC
Ag,
R
nuclear AgQSC
Energy
€ & density
Parameters of the models:
(e1,P1) Aey, Aexsc (e2,P2) Aep

Note that there are five independent parameters.
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The EOS is analytically given

Py,
Pi +s1]e — (e1+Aer)],
Py,
Py + s [5 — (82+A82)],

g1 < e <el+Ag
e1+Ae; <e< e
gy < e < exyt+Ag
€>ext+Aey.

Need to specify:

e 6 o ¢

the two speeds of sounds: s and s

the point of transition from NM to QM ¢, P,

the magnitude of the first jump Ag

the size of the 2SC phase, i.e, the second transition point

627P2

the size of the second jump Ae,
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Varying parameters of EoS with sequential phase transition

P [cgs units]

P [cgs units]

14%10%

1.2¥10

110 L
8410™ L
6+10% |-

4%10%

2%10%

14410 |

12%10%

1#10% L
8410 L

6+10
4#10%
2+10%

36

T T T
1 1 1
T v T
c d
i 1 1 1 1 4 1 1 1 1
5410 1¢10° 15410 2%10°  25%10° 5410 1410 15%10°  2#10" 2510

e[gem]

e[gem™]
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T T T T T T T T
208 | b E
206 |
204 | B
202 -
g 200 4
198 |- i r=0.10 —— 1
Sequential 1.96 - i ! =0.17 1
ph;\.\§ ; 194 =023 T r=0.23 1
transitions 192} l 12030 . F 12030 w e e
190 —t } } } —t } } }
208F ¢ 1+ E
206 |
204 |
202 |
g 200 <+ E
198 |- =010 — T | =010 ——
196 |- =0.17 T =0.17 R
194r =023 + 1
1928 1 =030 - F ot b
1.90 ! 1 1 1 1 L] 1 1 1 1
1#10®  15¢10°  2+10°  25+10" 110°  15410°  2#10° 25410
elg e elg enr?)
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202

201 I Agy/Ag; =0.10

200 |-

M/M,,
=
=]

T

198
0.30

197 | .

1.96 1 1 1 1 1 1 1

2 4 6 8 10 12 14
P, [10% dyn cm™2]

The stellar mass as a function of the star’s central pressure for four different values of Ae,.
The other parameters of the EOS are fixed at P; = 1.7 x 10*> dyncm =2, 5; = 0.7,
Aessc/e1 = 0.27, Aey /ey = 0.6, and s, = 1. The vertical dotted lines mark the two
phase transitions at P and P,. Stable branches are solid lines, unstable branches are
dashed lines. We see the emergence of separate 2SC and CFL hybrid branches along with
the occurrence of triplets.
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.... and resulting topologies of mass-radius relations

208
2.06
204
202
2.00
198
1.96
1.94
192
208
2.06
204
202

198
1.96
194
192

200 |

Il Il Il Il Il Il Ll Il Il Il Il Il Il
T T T T T T T T T T T T
¢ 4 d

1 1 i 1 1 1 1 1

100 105 110 115 120

R [km]

125 130 100 105 110 115 120 125

R [km]
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202

201 L Aey/Ae, =0.10

2.00 |-

M/M,,
=
=]

T

198 -

197 | .

1.96 1 1 1 1 1 1 1

1050 1100 1150 1200 1250 1300 1350
R [km]

The M-R relations for the parameter values defined above . We have fixed the properties of
the nuclear — 2SC transition and the speed of sound in 2SC and CFL matter. For the 2SC
— CFL transition we have fixed the critical pressure and we vary the energy-density
discontinuity Ae;. The separate 2SC and CFL hybrid branches are clearly visible, along
with the occurrence of triplets.
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Profiles of triplets stars (same mass)

36
34
32
30
28
36
34
32
30
28
36
34
32
30
28

log P(r)

00

The profiles (here the log of pressure as a function of the internal radius) of the three

CFL

28C

MMy=1975

20

40

6.0

r [km]

80

100

120

members of a triplet with masses M = 1.975 M. Here “N” means the nuclear phase. The

parameter values are as above, with Ae; /Ae; = 0.23.
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Stability conditions for our models

A&l /61
Aey/Ae; 04 0.5 0.6 0.7
0.1 S, S S, S us, s U, us
~—~ ~—~
N-25C N-CFL
0.2 S, S S, S us, us U, us
~—~
triplet N-CFL
0.3 s, s S, s us, us u, us
—~— ~—
N-2SC;N-CFL  N-CFL
0.4 S, S S, Us us, u u,u
~—~ ~—~
2SC-CFL N-28C
0.5 S, 8 S, Us us, u u,u
~—~ ~—
2SC-CFL N-25C

In each entry stable/unstable branches are referred by s/u, the 2SC and CFL phases are
separated by comma, and the pressure increases from left to right. The presence of twin
hybrid configurations or triplet configurations is marked by the underbraces with
information about the involved phases (“N”” means nuclear).
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2.10 T T T T T T T T T

A Sedrakian T T
205 = Aeyne, =0.10 175 | \ iy

Sequential
phase
transitions

1.70 1 1 1 1 1 1 1 1 l

9.50 10.00 10.50 11.00 11.50 12.00 12.50 13.00 13.50
R [km]

@ Low-mass triplets via early transition NM— QM

@ Still 2-solar mass members possible but only with the NM-2SC-CFL composition
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and GW

Low-mass hybrid stars and twins [V. Paschalidis, et al. Phys.
Rev. D 97, 084038 (2018)]

[dyn/cmz]

10°

Low-mass twins and GW

T

— APR
ACS-1j=0.1
— - —— ACS-Tj=027
----- ACS-Tj=0.43
----- ACS-1j=0.6
— — — ACS-Ij=0.8
ACS-Ij=1.0
------ ACB4
————— ACB5
. — .- ACB6
ACB7T

|

|

|

€ [g/cm3]

ACS - parametrizations based on CCS, ACB - piecewise polytropic EoS

J
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A Sedrakian i 1 ACS-1j=0.43
| ACS-j=1.0
------ ACB4
F - ACBS
oL i -+ ACB6
ACB7
2 L 1 i
=
=] | ]
1.5+ - ,
Low-mass twins L 1 4
and GW
I | R
Y ISP P TSP R/ A U OVO R EAOPONL VI
8 9 10 11 12 13 14 ! 2 3
R [km)] 10 A10 10
v
Mass-radius and deformability relations: Note low-mass twins at 1.4M ), which could be
applicable to GW170917.
.
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and GW

70,7

I — Q relations for hybrid stars are to a high accuracy universal. Here x = J/M?, with J
the total angular momentum.
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Low-mass twins and GW

30 — T e
L [x ACSTj=0.1 1
L | + ACS-1j=027 J
L | o ACS-1j=043 1
Ll o ACS-1j=06 ]

20f-| <4 ACS-II j=0.8 _
H ACS-IIj=1.0 1

— L |o ACB4 1
L | a AcBs 1
[ | « ACB6 ]
v ACB7
10- L & —

Ty

—_
(=}
©
o
W

I — A relations for hybrid stars are to a high accuracy universal.
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Low-mass twins and GW

3000

2000

T

1000 [~

APR (NS/NS)
ACS-I (NS/NS)
ACS-II j=0.8 (NS/NS)
ACS-1j=0.8 (HS/NS)
ACS-I1j=1.0 (NS/NS)
ACS-I1j=1.0 (HS/NS)
ACB4 (NS/NS)
ACBS5 (NS/NS)

- ACB5 (HS/NS)

ACBG6 (NS/NS)
ACB7 (NS/NS)
ACB7 (HS/NS)

90%

Comparing with the LVC plot for the deformabilities.

)
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Thermal history of Compact Stars (Cosmology in a single compact star)

Birth in S-nova explosion

Phase transition?

T [K]

s

10 M| |

=

10° 10’ 10* 10°
tlyr]

as

ot

+V-§=R—Ly — L, | dS=cyd,

@ Dissipative function R o (V¢)? + k(VT)*/T + . ..
@ Neutrino losses £, from the bulk

@ Photon losses L~ from the surface

G= kYT
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@ Modified Urca/brems process

n+n—n+pt+e+vo,
n+n—n+p+v+rvo,

@ Crustal bremsstrahlung
e+ (A, Z) » e+ (AZ)+v+ 7,
@ Cooper pair-breaking-formation
[NN] — [NN] +v + 7,
@ Surface photo-emission
Ly = 47noR’T*
@ Quark Urca process

d—u+e+v, ut+e—d+v.

o ions, electrons

<&— electrons, neutrons, nuclei

hédtfbh-p}oton Fermi liquid
few % electron Fermi gas

quéfk glubﬁ plasma?
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Conclusions 0.4

n, [fm”]

@ 2SC phase - fully gapped, no excitations, v-emission strongly suppressed

@ gapless (or crystalline) phase v-emission enhanced
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3
= L ]
O T UOTIY R TTIN MUY M L
10 v
10° 10° 10° 10°
thyrl
A L — 77—
[ —=o01] ]
= ——— 01 165 -
\ — 015
L \ 02
S \
Cooling 0F S~
I 16 -
e b
[ 155 i
S Y I Hmmﬁ\u L .
10° 10 10 10 315 320 325 330 335 340
tlyr] tlyr]
y

Fine tuned to the Cas A data using the phase transition temperature 7* andAp.
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@ Sequential phase transitions in the QCD phase diagram can lead to a new stable
branch and a new family of compact stars, which is more compact than the ordinary
hybrid stars.

@ Triplets are possible: three distinct same mass stars configurations, differing in
internal composition, radius, etc.

@ Low-mass hybrid stars with M ~ 1.4M¢ and twins can arise if the transition
density to quark matter is low. This raises the possibility that GW170817 event
involved a hybrid compact stars and that we can study dense QCD phases using GW
signals from BNS.

Thanks to co-authons: Wlark AHjord, Vasilecas
Paschalides, Rent Yage, David sHvarez-Castilla,
David B. Blasclitee
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Near future experimental advances:
- NICER (X-ray studies of neutron stars)

- LIGO-VIRGO (Gravitational waves from BNS and pulsars)
- SKA (radio timing of pulsars)

Theory questions:

- Dense QCD phases: static and dynamic properties

- Astrophysical properties of compact stars with quark phases
- Triplets and twins

- Gravity wave and QCD

Thank you for your attention

36/36



	Introduction
	Dense QCD
	Constructing EoS
	Sequential phase transitions 
	Low-mass twins and GW
	Cooling
	Conclusions

