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Measured masses and radii
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The radii are less well determined, but NICER experiment predicts ~ 13 km for 1.4M¢.
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Three two-solar-mass neutron stars in binaries with WD

@ The millisecond pulsar J1614-2230 in a binary with a white dwarf,
M = 1.97 4+ 0.04M (Demorest et al. 2010), Relativistic Shapiro delay.

@ The millisecond pulsar J0348+0432 in a binary with a white dwarf
M = 2.01 £ 0.04M, (Antoniadis et al. 2013) [theor. assumptions about WD
cooling.]

@ The millisecond pulsar J0740+6620 M = 2.1470 M, (NANOGrav, Cromartie et
al. 2019) Relativistic Shapiro delay.
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GW170817: First gravitational waves from a neutron star merger
(Ligo-Virgo-Collaboration)

[2]

The associated EM events observed by over 70 observatories :
@ + 2sec gamma ray burst is detected
@ +10 h 52 min bright source in optical
@ +11 h 36 min infrared emission; +15 h ultraviolet

@ +9 days X-rays; +16 days radio
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pictures courtesy: C. Breu, L. Rezzolla

The gravitational wave signal allows for extraction of the tidal deformability of the two
neutron stars A and Aj.

A
Qij=—X&;, A= s

where Qj; is the induced quadrupole moment, &;; is the tidal field of the partner.
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Low-spin priors (|y| < 0.05)

High-spin priors (|y| < 0.89)

Primary mass 1.36-1.60 M, 1.36-2.26 M,
Secondary mass m, 1.17-1.36 M, 0.86-1.36 M,
Chirp mass M 11881008 M 118810003 M,
Mass ratio m,/m,; 0.7-1.0 0.4-1.0
Total mass 274100 M 28200 Mg
Radiated energy E,yg > 0.025M ¢ > 0.025M oc*
Luminosity distance Dy 4078, Mpc 4015, Mpe
Viewing angle © <55° <56°
Using NGC 4993 location . <28 <28°
Combined dimensionless tidal deformability A <800 <700
Dimensionless tidal deformability A(1.4M ) <800 < 1400
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Pulse-profile modeling of the isolated 205.53 Hz millisecond pulsar PSR J0030+0451
observed in X-rays by NICER experiment:
@ 14470 Mo —> 13.02F] 2 km, Miller et al 2019.
@ 13470 PMg —> 12.717] |3 km, Riley et al 2019.
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TOV equations, static spherically symmetrical stars:

T - o () - 5 -y
M(r) = 47r/rr26(r)dr. ‘P[e] - M,R,[,Q,...‘
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Goals:

@ Construct an EoS in a form of density functional: the pressure of dense
zero-temperature matter is a functional of energy-density: P(e(r))

@ The parameters of the functional are adjusted to the available data; in our case
astrophysics and laboratory data.

@ Ab initio calculations are data — check compatibility and adjust if required.

@ DFT must be versatile enough to accommodate the baryon spin-1/2 octet and
spin-3/2 decouplet.

@ Fast in implementation to generate quickly families of EoS

DFT’s :

@ Relativistic mean-field models of nuclear matter reinterpreted as DFT:
(a) relativistic covariance, causality is fulfilled automatically (+)
(b) The Lorentz structure of interactions is maintained explicitly (+)
(c) straightforward extension to the strange sector and resonances (+)
(d) fast implementation (+)

(e) the microscopic counterpart is unknown [not a QFT in the QED/QCD sense] (-)

@ Non-relativistic DFTs (e.g. Skyrme or Gogny classes):
(a) high accuracy at low-densities (+)
(b) extensive tests on laboratory nuclei (+)
(c) relativistic covariance is lost and high-density extrapolation is not obvious (-)
(d) extensions to heavy baryons not straightforward (-)
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This talk

@ Relativistic covariant DFT based on the DDME-2 parametrization and its variants
@ Constraints from laboratory, astrophysics and ab initio calculations
@ Examples of implementation in astrophysics of compact stars:

(a) Equation of state, M — R relation and deformability (GW170817)

(b) First order phase transition to quark phase(s)

(c) Rapid rotation and large masses (GW190814)

In collaboration with:
Jia-Jie Li (Goethe-University — South Western University, China)

Mark Alford (Washington University, St. Louis, USA)
Fridolin Weber (San Diego State University, USA)

References:
@ Equation of state: Eur. Phys. J. A 54, 133 (2018)
Phys. Lett. B 783, 234, (2018)
Phys. Rev. C 100, 015809 (2019)
@ Deformabilities: Astrophys. J. Lett 874, L22 (2019)
@ QCD-phase transition: Phys. Rev. D 101, 063022 (2020)

@ Rapid rotation:  Phys. Rev. D 102, 041301 (2020)
Phys. Lett. B 810, 135812 (2020)
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Nuclear matter Lagrangian:

Ly =

_ 1
ng {’Y“ (iau ~ 8wBBW — S8pBBT - PH) — (mp — gaBBU):| VB
B

baryons

1 1 1 1
+ 58”(7(%0 = Emg,az = Zw””wuy + Emiw”wu

mesons

1 I o
= PPt ety + ) Ay 0 —ma
A

1
)¢>\ - ZF!“’F‘“/
———

mesons
leptons

@ B-sum is over the baryonic octet B = p,n
@ Meson fields include o meson, p,~-meson and w;,-meson

@ Leptons include electrons, muons and neutrinos for 7" # 0

electromagnetism

Two types of relativistic density functionals based on relativistic Lagrangians
@ linear mesonic fields, density-dependent couplings (DDME2, DD2, etc.)

@ non-linear mesonic fields; coupling constant are just numbers (NL3, GM1-3, etc.)
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Fixing the couplings: nucleonic sector

gin(pB) gin (p0)hi(x),

gon(pB)

hi(x) =

gpn(po) exp[—ap(x — 1)],

w1+mu+¢y
l1+c,-(x+d,~)2
i:p,(ﬂ—HF)

= G7w7

— DD-ME?2 parametrization, Phys. Rev. C 71, 024312 (2005), Lalazissis, Vretrenar, Ring

— Similar to DD2 parametrizations (S. Typel)

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

hi(1) =1, k' (0) = 0 and A}/ (1) = h{} (1), which reduce the number of free parameters to
three in this sector.
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Thermodynamics
Energy stress tensor for any generic field ¢; and its relevant components

0L

v _ v v — 0 :1 il
T+ _78((3“@)8 ¢i—gv¥, — & (1%, 2 3Z(T ).

i

For the baryonic component

kr,B 1
G = =2 / K2dk [Tg(k) + 7v3(k)} ,
272 Jo 2
Tg(k) = Ppkp+ MpMg, Vp(k) = MpZs (k) + PsZv p(k) — Zo,5(k),

with

P=K'JE* M=MJE* K" =k+kSy M*=M+ .

Thermodynamic consistency requires:

08
Py = phoo

9pn

4
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where 8 = (n, — np)/(n, +np) and § = (p — po)/3po-
Consistency between the density functional and experiment
@ saturation density
Equation of po = 0.152 fm—3 120
state of dense .. e —— HiC
matter ° blndlng energy per nucleon ;"‘— 3 -=-+- QMC & neutron star
E/A = —16.14 MeV, 100 ' [ R FRDM
@ incompressibility O e AS
Ko = 250.90 MeV, s 80F phoEs —= Mpp(pp)
3
@ symmetry energy = 7 PDR (LAND 2007)
Esym = 32.30 MeV, = 60+ i1j— "~ POR égaarbone 2010)
i |- ap (PPD)
@ symmetry energy slope =i AGDR (2%
i (<°Pb)
L =51.24 MeV, w1 |
@ symmetry incompressibility 0 ) ) ) ) )
Kgym = —87.19 MeV 28 30 32 34 36 38
@ higher order Qsat = 479 T MeV]
Osym = 777 MeV
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Consistency between the density functional with experiment and ab initio theory

50 T T T
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sl W@
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3 0 , , ,
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plog,
w w

Lagrangian parameters can be replaced by physical parameters (characteristics) at
saturation (Margueron, et al. 2018):

po = 0.152 fm—3, E/A = —16.14 MeV, Ky = 250.90 MeV, (leading order)
Esym = 32.30 MeV, L = 51.24 MeV, (next-to-leading order)
Ksym = —87.19 MeV (3rd order)
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Beyond nucleons: Baryon octet J” = 1/2% and baryon decuplet J? = 3/2+

Strangeness carrying baryons + resonances (nucleon excitations)

A A8 A 3 ALt
Yy —'— —
\7 \udq 1/ 2

Ray = gav/8an and Kay = fay/gay for hyperons in SU(6) spin-flavor model

R\Y A by =
Roy 2/3 2/3 1/3
Ryxy  -V2/3 V2/3 -2v/2/3

Ruy 2/3 2/3 1/3

Rwy -1 14 2kuN —2 — KwN
Ryy V2/3 V2/3 2v/2/3

Key 2+ 3KwN —2 — KwN 1 +2KkwN
Ryy 0 2 1

Kpy 0 =3/54+(2/5)kpn  —6/5— (1/5)kpN
fﬂ—y 0 zaps '(l/z)aps

aps = 0.40. k is the ratio of the tensor to vector couplings of the vector mesons.

V.
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The depth of hyperonic potentials in symmetric nuclear matter are used as a guide the
range of hyperonic couplings:

@ A paricle: V(™ (pg) ~ —30 MeV
@ E particle: VéN)(po) ~ —14 MeV
@ 3 particle: V&Y (pg) ~ +30 MeV

These ranges capture the most interesting regions of the parameter space of masses and

radii.

The depth of A-potentials in symmetric nuclear matter are used as a guide the range the
couplings:

@ Electron and pion scattering: —30 MeV +VXV> (po) < Va(po) < Va(po)
@ Use instead RyA = gma /gmn for which the typical range used is

Roa =1, 08<Rya <16, Rya =Rya£02.

17/34
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with different potential depths: strong reduction of the radius.

EoS and MR-relations for hyperonic and A-admixed models. Inclusion of A-resonances

J
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Large population (~ 20%) of heavy baryons. A population dominates at asymptotically

large densities.
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EoS models and MR relations for N, NY, and NY A compositions of stellar matter with the
DDME?2 parametrization. The bands are generated by varying the parameters Qsar [MeV]
(a, b) and Lgym [MeV] (c, d). The ranges of Qs and Lsym allowed by xEFT and maximum
mass constraints are indicated in the figures.
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Particle Fraction Y,

Dependence of particle abundances on characteristics Lsym and Qgat. J
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—N

kS =300 MeV ===y
) . ool
218 =800 M Ry = 43]
S BENN\. /- Ry, =503

1.0 LSym =40 MeV 4

—L,,=60Mev
o5
00
00 05 10 15 20 25 30
Ay, 107
y
Tidal deformabilities
A 2k 2
= T = 5 A0 )‘:7](2R7
M> 3¢5 3

ky is tidal Love number, R star’s radius, C = M /R compactness for NY A matter and
GW170817 constraints.

Consistency is achieved for low Lsym and Qs values and for heavy baryon compositions.
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Pl @ =

Mt

e
\ g Minax
=\

'min M

Triplets
L Y S \
M.
=
Rfe=scemses M3
y I (b)
€ R

Left: EoS with two sequential phase transitions. Right: Mass-radius relationships,
emergences of minima in the function M (R).

o
Case when NY A-matter makes a first order phase sequential transitions to various generic
new phases (we had in mind phases of color superconducting phases).
P, g1 <e<e+Ag
=17 +s1e— (e14+Ae)], e+l <e<e
b D2 e <e<e+Ae
P2+ 52 [5 — (sz-l-AEz)} ., € >extAe;.
23/
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NICER NICER

MM]

(a) Mass-radius relation for hybrid stars with a single (left) and double (right) phase
transition(s), with three different hadronic envelopes: nucleonic (N), hyperonic (NY) and
A-resonance-hyperon admixed (NYA).

Each hybrid star branch bifurcates from a hadronic sequence at Mt /M = 0.60-1.80.
(hyperons appear in the two cases: MLL /Mg = 1.60 and 1.80). In each case the

maximum mass of the hybrid branch is fixed at M2, /Mo = 2.00.
(b) Mass-deformability relation for the configurations shown in (a) (only We NY or NYA
envelopes). The inset has MiL /M = 1.40. The smaller radius (deformability) curve

corresponds to NY A envelope stars, whereas the larger ones - to N-NY envelope stars.
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T Mass-radius relation for hybrid EoS with single (left) and double (right) phase transitions
ase transition
to quark matter and nucleonic envelope. The EoS are identified by the maximum mass

Mgﬁx /M = 2.00-2.20, and the maximum mass of the hadronic star which is fixed at

Mxl;[mx/MG

1.40. The emergence of twin configurations is shown in the inset.
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(a) Tidal deformabilities of compact objects with a single (left) and double (right) phase
transition(s) for a fixed value of binary chirp mass M = 1.186M . The are three types of
pairs on the left and six pairs on the right (labelled by numerals I-VI). (b) The same as in
(a) but for fixedMLL, = 1.40M. The shaded regions correspond to the 50% and 90%
credibility regions taken from the analysis of GW170817 within PhenomPNRT model.
The inset shows the mass-radius relation around the phase transition region. The open

circles (labeled M,) are the masses of two possible companions for the star of mass M

(full circle) for a fixed value of binary chirp mass M = 1.186M,.

.
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T Mass weighted deformability vs. mass asymmetry for a binary system with fixed chirp

’hase transition

to quark matter mass M = 1.186M, predicted by a range of hybrid EoS with single phase transition and
various values of MY, . The error shading indicates the constraints estimated from the

GW170817 event and the electromagnetic transient AT2017gfo.
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Rapidly rotating hybrid stars and GW 190814

— GW190814 event: extreme mass asymmetric ratio created by a 22.2 — 24.3 M, black
hole and a 2.50 — 2.67 M compact object (no em counterpart).

— Light object’s nature is enigmatic as it is in the mass gap 2.5 Mo < M < 5 M where
no compact object had ever been observed before.

T T T T T
0¢ e &--. N -
GW190814 A i
25 F N »—":f::‘-e—-z_\\‘
20l MSP J0740+6620"S,
s .
S5k
PSR J0030+0451
10k
05+
00 I I I I I
10 12 14 16 18 20 2

R [km]

Solid curves — static solutions; dashed curves - maximally rotating (Keplerian) solutions.
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EoS and the corresponding speed-of-sound squared for (a) N and (b) NYA matter. In (a) Q € [—600, 900] and Lgym
€ [30, 70]. EoS with O = 0, Lyym = 30 and 70 are shown by solid and dash-dotted lines for illustration. In (b) O
€ [300, 900], sym € [30,70] Vp/Vy = 1,4/3 and 5/3 EoSs with Q = 600, Lsym = 50 and three indicated values
of Vp are shown for illustration.
v

29/34



Hypernuclear
physics of
compact stars
constrained by
gravitational-
wave
observations

A Sedrakian

Current
astrophysical

constraints

Equation of
state of dense

matter

Integral
parameters of

compact stars

Phase transition
to quark matter

Rapidly rotating
hybrid stars and
GW190814

Rapidly rotating hybrid stars and GW 190814

2 Sl W
= % ,/,

R [km]

Mass-radius (a) mass-tidal deformability (b) for static N-stars. (c) Mass-radius for
maximally rotating (Keplerian) sequences.
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Mass-radius (a) mass-tidal deformability (b) for static NY A-stars. (c) Mass-radius for
maximally rotating (Keplerian) sequences.
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Rapidly rotating hybrid stars and GW 190814
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Maximum masses of (a) static and (b) Keplerian N-stars.
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Rapidly rotating hybrid stars and GW 190814

Further DFT developments (not covered in this talk)

@ Hot compact stars, universal relations, limits on the maximum mass, S. Khadkikar,
A. R. Raduta, M. Oertel, A. Sedrakian, arXiv:2102.00988, arXiv:2008.00213

@ Hypernuclear A-admixed stars with anti-kaon condensation: V. B. Thapa, M.
Sinha, J. J. Li, A. Sedrakian, arXiv:2102.08787

@ Hypernuclear A-admixed stars in strong magnetic fields: V. B. Thapa, M. Sinha, J.
J. Li, A. Sedrakian, arXiv:2010.00981
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