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® Nuclear Equation of state



Infinite nuclear matter

Z A-Z
1) make A, V, big by keeping " T 7 T T T T ™ fixed

2) switch off electromagnetic interaction
3) My =My =my
Energy density of the infinite nuclear matter as function of the proton and neutron densities:

. M(A, Z)c* g B . B(A, Z)c?
S

Binding energy per nucleon: e(n,x) = E(n,x)/n —my

where, " =7, +n, total density, * =n,/n  proton fraction

_ 9E(np,n,) 0E(n,xz) x0E(n,x)

chemical potentials: Hon

oM, on n  Ox
_ 0E(ny,n,) O0E(n,x) N 1—2z0E(n,z)
Ho = on,  On n or

Pressure: PZMnnnJrupnp—E:n%—E T=0



Infinite nuclear matter. Symmetry energy

e(n,z) =eo(n) +es(n) (1 —2x)* + ...

ISM enerqy: go(n) Symmetry enerqgy: es(n)

1 0?
Two definitions of the symmetry energy: (1) eg(n) = - e(n, x)

8W m1/2 local (X~1/2)

(2) es(n) =e(n,x =0) —e(n,z =1/2)
NS applications

4
If the derivative ~ 9 £(1,7) g very small, then both definitions are equivalent
Ox?



Equation of state of nuclear matter

The energy per nucleon of the nuclear matter E(np, nn) = go(n) + c5(n) (np — )

n, — proton number density

. n—n,t+n
n, — neutron number density P "

K (n —ng)? Q (n—ng)? (n —np)?
e nuclear matter parameters = F 0+ — O( )
o) =Eot 04 g+ 755 1+ n

Ln—nyg Ksm (n— n0)2 Qsym (n — no)g (n — n0)4
saknom f n ! (ol
symmetry energy es(n) + 3 e T 2 160 3 + n
So
saturation density n, and binding energy E, 1 ~ 0.16 £ 0.015 fm =3 Fy~ —15.6 £0.6 MeV
N - _S ' 1 ' 1 ' 1 4 I
Correlations among parameters _ :g::bg;‘gen Bom)
n, vs E, —Coester line problem: role of TNF, ; -10 F < Bon(n K”L‘l
relativistic effects, chiral forces w L A on Bonn
)
Z 15 | ﬁ o v
« Stiffness of E0S < ' o
~ S
_ o = 20 A -
frequently characterized by the compressibility modulus K I
K = 240 + 20 MeV Y N
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Giant Monopole Resonance (GMR) kF [fm ]



® Correlations among parameters L-J eg[n| = J +

Masses: UNEDFO Skyrme DF+BHF
[Kortelainen et al., PRC 82, 024313 (2010)]

Isobaric analog states+isovector skin:
[Danielewicz et al. NPA 958, 147 (2017)]

Pb dipole polarizability:
[Roca-Maza et al., PRC 88, 024316 (2013)]

Sn neutron skin:
[Chen et al., PRC 82, 024321 (2010)]

GDR:
[Trippa et al.,, PRC 77, 061304 (2008)]

Isospin defusion in HIC
[Tsang et al., PRL 102, 122701 (2009)]

Ln—ng

Keym (n —

no)

3 o 18

5
Un

Lattimer Lim plot

P77

Excluded

100

80 =

40

20

h o UG analytic

-
s
-

Allowed

i

32 34 36 38 44

J (MeV)

Behind all calculation are particular models for NN interactions and many-body techniques



Relativistic mean-field models

nucleon-nucleon interaction  vacuum: one boson-exchange for NN-potential
+ Lippmann-Schwinger equations

amodel » — 3 [z (0 +igon +ig,nT p)} —(m —gox 0)]
N
1 1 1 1

+ 3 (0,0 "o —m2o*) — Ulo) — 7 Wi wh + 5 M W w” — 1 P p + 5 Pu p"
scalar vector iso-vector
Wy = dpy — 81,(4)“ Py = Oupy, — (91,[)“
Euler-Lagrange equations for ¢ = ¢(#,t) = {V, 0,w, p} 0, [ 0L ] — 0L =0
a(aMQ) dq
[i9, (0" + igunw! +igonTp") — (MmN — gono)| ¥y =0
dU _
(0" +m3)o+ ——=gon D, UnUy
o Nepn nucleon sources Uy = (
for meson fields

(82 + mz))wu = JwN Z \IIN’Y,u,\IjN
N=p,n

(0? —I—mi)pﬂ = goN Z VNt Py
N=p,n



medium: mean-field approximation :Ev P
nucleons

o(r,t) =
w#<r7 t) - 5u,0 wo
ng ¥ JwN o guN

pir, ) = 6" 6,0 p((f’) wo =72 < U >= e (1 + 1)
constant fields

(3) AR PN = gp]; Nigo = gp—];f (np

mp 2 2
2 dU _
m oo + E =gon < VYV >= g ,nyns = goN(ns,p 4+ ns,n)
oo

[i7,0" — (gunwo + (gonps " — (my — gonao)] ¥ =0

*
m=y

V
po—V —my —(PC") 2 *2 2
. | Yn=0 m) (V) +my+(po)” =

(po) —po+V —mi

(po—V)>=my +p°

nucleon spectrum in MF approximation

en(p) = \/m}‘\? + p? + guwnN wWo + gpN IN po3

[Serot, Walecka] pion dynamics falls out completely in this approx.
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*
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Th tum t = — gL+ § : %

e energy-momentum tensor L = —Guv g 1
7] £ = ({Tw) P=3(T)

T [_1 2 9 1 5 @2 1

p 5o — 57,00 + §mc2,02 + U(O’)} Gy + 1V N7, 0, Ty
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Enerqy-density functional

PF.N
2 2

myo 9 \Mn + Ty My — Ny . d 2
E[n,,ny; 0] = ———+U(o) + qu C{Q)q + Z / ]:Tf \/(m\ — g O)E + PP

2 2miy 8mi

0

evaluated for o—field following from the equation 5E[nfg ol w0 =o0(n,n,)
a

2 2
gin Mn

Paremeters O = 5

are adjusted to properties of nuclear matter at saturation

m;
ng =~ 0.1640.015 fm™3
JoNO m2o?  mi f? Ey o~ —15.64+0.6 MeV
; ; ; f = o N N 0 =~ 9. J. €
Dimensionless scalar field 5 207 mi(ng) ~ (0.75 % 0.1)
K ~ 240 4 40 MeV
U(f) = myO0f°/3+cf*/4) J o~ 3244MeV

If we add gradient terms this energy density functional can be used for a description of properties of atomic nuclei.



ISM: n, = n, =n/2

condition for the minimum

En,x) = (my +e(n,z))n

binding energy

0E[n/2,n/2; f] 1 1
on = n—E[no;fo] n—E[nosfo] = my + Fo
n0,f0 0 0
fo is the scalar field at the density n, = n,, = ny/2
condition for the minimum effective nucleon mass
2 —1
O*E O*E PE miy
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: =22 p | Cony  mn
symmetry energy Egym(N) = === E[n—n,,n — S
Y 8 87&129 PP np=n/2 8m?v 4PFN A /m]\% + p%N
p-meson repulsion Pauli exclusion principle
equation for the scalar field pry = (3720 /2)Y3
PFN
my(1 - f)

md, f dU_2/ 2d%p

¢z A B koo

0.16 & 0.015 fm™

no ~

Ey =~ —15.6+0.6 MeV
my(ng) ~ (0.75+£0.1)my

K~ 240 £+ 40 MeV

J ~  32+4 MeV




Input: 70 =0.16 fm™, Ey=—16MeV, J=232MeV, my =938 MeV

Waleckamodel  py(f)y=0 W: (€2=2329.70, C2=249.40, C? =68.09

) K ~ 553 MeV, miy(ng)/my =~ 0.54

Modified Walecka model U(f) =mi(bf3/3 +cft/4)

Additional input: K =270 MeV,  mjx(no)/mny = 0.8
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Neutron stars



Courageous theorists

Lev Landau (Phys. Z. Sowjetunion, 1, 285, 1932)
speculated that one could compose a stellar object
out of neutral particles held by gravity

Discovery of neutron 1932 by James Chadwick

Neutron would be a good candidate to build up
"unheimliche Sterne" (weird stars)
Landau @ seminar in NBI, 1932

Baade and Zwicky @ Stanford Meeting, 15-16 Dec. 1933

“... With all reserve we advance the view that supernovae
represent the transitions from ordinary stars into

neutron stars, which in their final stages consist

of extremely closely packed neutrons...”




Courageous theorists

Friedrich Hund 1936

role of inverse f-decays in the stability of neutron stars
n—p+e+r,

Tolman, Oppenheimer & Volkoff 1939
calculated properties of neutron stars:
(only neutrons) R~10km and M~1 M,




Courageous sinologist in Leiden. 1942

“Amice, I have succeeded in finding another place where your Nova is
mentioned. There exists an extensive work, of which a facsimile edition
was published only a few years ago (and which could not have been
known to earlier researchers), treating the institutions of the Sung
dynasty, which includes the year 1054. The name is Sung Hui Yao. In
vol. 54 of this work,...”

J.L. D k
J.J.L. Duyvenda letter to Jan Oort, July 30, 1940

On this, Oort added in pencil,

"Must write an airmail letter about this to Mayall and Baade,
as soon as | am back in Leiden."

The original text (quoted by Biot from Ma Tuan-lin’s ¥/ en-
hsien T'ung-k’ao) is found in the Sung-shih (“History of the
Sung Dynasty”) by T'o-t’o (1313 to 1355).% It runs:

In the 1st year of the period Chth-ho [1054], the 5th moon, the
day chi-ch’ou [July 4] [a guest-star] appeared approximately sev-

eral inches south-east of T ien-kuan [T Taun] After more than a
year? it gradually became invisible.

Jan Oort
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.. probed deeper into the nebula, observing that a prominent star near the

nebula's center might be related to its origin.

' : S . RN 0
b % / }f"rv > O ,'/471 , 8

Six years later, scientists discovered that the Crab was emitting among the '

strongest radio waves of any celestial object.

Baade noticed in 1954 that the Crab possessed powerful magnetic fields.

1963 a high-altitude rocket detected X-rays from the nebula.
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On the verge of discovery...

... somewhere in UK
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e

’.' " ';;»“wﬁ.»ﬁg ?

'. g , "}'7‘;\;?;?.1 """:' '
The Cambr'fgge mtépplarietary scmtlIlgﬁe‘#’ielescmpe'&the 4- a@l’fé-narra )

'.’ " " ' : ! (e |
l \ “‘*: : "‘ 3V ““ 'l' 'nf L l\-‘v”l"“i~ ) ‘ll "’f ,,":'I "y ﬁk

NMS e{’?‘

«.~ VWL NNS lac u}




While studying distant galaxies,
Jocelyn Bell noticed small pulses of
radiation when the telescope was
looking at a particular position in the
sky.

For a short time, she and A. Hewish
thought the pulses might be coming
from an extra-terrestrial civilizations.
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Froure I Chart on which Joc -:*.I'] n Bell disem -:*ﬁ.*d her j‘!rs." ,ua.'.".a:.'r.

Anthony Hewish




Lighthouse model

Energy Emission from a Neutron
Star

Tt seems more rewarding therefore to look for some
mechanisms by which the noutron star ean release either
its magnetic or its rotational energy or both. In this
communication 1 would like to outline the principal
features of a possible model of this kind.

F. Pacint
Center for Radiophysics and Space Research,

Cornell University,
New York. [Nature, 216 (1967) 567]

Rotating Neutron Stars as the Origin of the [Nature, 218 (1968) 731]
Pulsating Radio Sources

The constancy of frequency in the recently discovered pulsed radio

by sources can be accounted for by the rotation of a neutron star.
T. GOLD Because of the strong magnetic fields and high rotation speeds,
Center for Radiophysics and Space Research, relativistic velocities will be set up in any plasma in the surrounding

Cornell University, magnetosphere, leading to radiation in the pattern of a rotating
Ithaca, New York beacon.
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Crab's central pulsar was drch\/ered In 1968 0)Y, radro astronomers
The pulsar was then. |dent|f|ed as a source of periodic optrcal and X-ray radiation.
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>2000 neutron stars in isolated rotation-powered pulsars
~ 30 millisecond pulsars

>100 neutron stars in accretion-powered X-ray binaries
~ 50 x-ray pulsar
intense X-ray bursters (thermonuclear flashes)

short gamma-ray bursts
neutron star -- neutron star,
neutron star -- black-hole mergers
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Neutron star masses
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Measuring pulsar mass

. . -\ 3 9 | . -\ 3
(Ml =n @) I (QW). (a'l SH”) direction of observation

(M1 + M>)2  \ D G o
My . .’,’
€ onld)
&

Newton gravity ChA Keplerian orbital parameters:
- orbital period, semi-major axis length,excentricity, ...

Do not det_er‘mine individqal masses of stars and the orbital inclination.

Einstein gravity —— 5 potentially measurable post-Keplerian parameters:
~orbit precession, Shapiro delay, gravitational redshift, .:..

Measurement of any 2 post-Keplerian parameters allows to determine the mass
of each star. '



White dwarf -- neutron star binaries

B2303+46 (31) L
J1012+5307 (50) ]
J1713+0747 (51) ®
B1802-07 (31) ] In NGC 6539
B1855+09 (52) ]
J0621+1002 (53) ®
JO751+1807 (53) L
J0437-4715 (54) ®
J1141-6545 (55) L
J1748-24461 (56) ] :| InTer 5
J1748-2446) (56) ]
J1909-3744 (57) ® . 2,95 ms pulsar
J0024-7204H (56) & . In 47 Tuc
B1802-2124 (58) L
JO51-4002A (56) @ In NGC 1851
B1516+02B (59) . In M5
J1748-2021B (60) In NGC 6440 ®
J1750-37A (60) ® In NGC 6441
J1738+0332 (61) ®
B1911-5958A (62) L In NGC 6752
J1614-2230(63) * —
J2043+1711 (64) ®
J1910+1256 (28) L
J2106+1948 (28) L
J1853+1303 (28) °
J1045-4509 (31) ' ]
J1804-2718(31) ' ]
J2019+2425 (65) L
| | | | | | | | | I | | | | | | | | | | | | | | I | | | |

0.0 0.5 1.0 1.5 2.0 2.5
Lattimer ARNPS62 (2012) Neutron star mass (M,)



Measuring pulsar mass

X-ray binaries

4”1?(]'[] 371 '5-2"

Vela X-1 (3232)

Cyg X-2 (34)

4U 1538-52 (3

SMC X-1(2

LMC X-4 H

Cen X-3(323)

Her X-1 -: hl

XTEJ2123-058 (35)

250021-630 (36)

4U 1822-371 (37)

EXO 1722-363 (38)

B1957+20 (39)

IGR J18027-2016 (40)
I I |

0.5

Lattimer ARNPS62 (2012)

3)
3)

inskituknde =
(=]

A Low Mass X-Ray Binary: 4l 1820-30

X-Ray Emission: BURSTS

|<— 130,000 km —>| 0 seconds 30

White

"'Accretion
Disk

Neutron Star

\‘ 1,200 km/sec

Black widow pulsar

Neutron star mass (M)

Accretion disk
Pulsar magnetosphere

4.8z

E Dany Page



Measurinq pulsar mass

Double neutron star binaries

1974 Hulse-Taylor pulsar: .

First precise test of Einstein gravitation theory.
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2003 )39 first double pulsar
1975 1980 1985 1590 1995 2000 2005

Year

Pulsar A: PW=22.7 ms, M®=1.338 M,
Pulsar B: P®=2.77 ms, M®)=1 7. 11 Mgg
Orbiting period 2.5 hours

[Nature 426, 531 (2003), Science 303, 1153 (2004)].



Double neutron star binaries

J1829+2456 (42)
| J1829+2456 comp. (42) L
J1811-1736(43) ®
J1811-1736 comp. (43) .

J1906+0746 (44) L

J1906+0746 comp. (44) ®

J1518+4904 (27) ®

J1518+4904 comp. (27) ¢
B1534+12 (45) o

B1534+12 comp. (45) L

B1913+16 (46) ®

B1913+16 comp. (46) ® Hulse-Taylor binary
B2127+11C(47) )

B2127+11C comp. (47) ® | In M15
J0737-3039A (48) *

J0737-3039B (48) . Double pulsar
J1756-2251 (49) .

J1756-2251 comp. (49) [

J1807-25008B (29) ¢

J1807-2500B comp.
| | | | | |
0.0 0.5 1.0 1.5 2.0 2.5 3.0

7(29) ® In NGC 6544
|

Neutron star mass (M)



Most massive neutron stars




Pulsar J1614-2230

M = (1.97 + 0.04) My,

P.Demorest et al., Nature 467, 1081 (2010)

Measured Shapiro delay with high precision

Time signal is getting delayed
when passing near massive object.

S




Pulsar J0348+0432

M = (2.01 + 0.04) M,
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0.0
Orbital Phase

Antonadis et al, Science 340, 1233232

pulsar-white dwarf binary

Measured phasé;resolved spectra
of the optical/ counterpart.
hydrogen Balmer lifes



pulsar-white dwarf binary

Pulsar J0740+6620

M = (2.08 + 0.07) M,

* 1500 MHz (GBT)

e » Canadian Hydrogen
| Intensity Mapping

Experiment (CHIME)

telescope

Residual [us]

57500 58000 5850 59000
MJD [day]

—
N
=
T
=
b=
=
o

58600 58650 58700 58750 58800
M]D [day]

Fonseca et al, Astrophys. J. Lett., 915 (2021) L12 Shapiro delay



Pulsar J0952-0607
M = (2.35 +0.17) M.,

the companion is being destroyed by the strong
powerful outflows, or winds, of high-energy
particles caused by the neutron star.

Median l¢ 2¢ 30

Radial velocity from the companion spectrum
/a1 [\ io 219 205199 194

J}BLD+1744 ‘." \ Radio
! [ Spiders 2.29 2.18 2.12 2.08
/10952 2.33 222 2.15 2.10

Al7 230 2.9 213 2.09

| BWs (31810, 31653, J1311, J0952)
| RB (2215)

J0952-0607

|
D

L JH]

0 - —I'§ LT'_ ___3_:{" ______
Romanl ApJ Lett 934 (2022) L17

ALn(Lik)




Neutron star radius




The Neutron Star Interior Composition Explorer Mission (NICER)

Front-side hotspot rotates through the line of sight Lightcurve modeling

constrains the compactness
(GM/Rc?) and viewing
geometry of a non-accreting
millisecond pulsar
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Pulse phase o
P invisible surface

Thomas E. Riley et al 2021 ApJL 918 L27 R =12.397.20km and M = 2.072"¢

—0.066 4

M. C. Miller et al 2021 ApJL 918 L28 R=13.7"72km and M = 2.08 4 0.07 M|




Cross section of a neutron star

Nuclei and electrons
outer core Neutron-rich nuclei and electrons
Nuclei, electrons and neutrons

neutrons, protons,

electrons, muons

Exotics:

hyperons,
meson-condensates,
quark matter
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interplay of Coulomb energy 0 %0 m

and surface tension Negele & Vautherin (1973)

Inner Crust saturation density
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Tolman-Oppenheimer-Volkov equation

Equilibrium condition for a shell in a non-rotating neutron star

So(r)dp = dFg Newton’s Law
dr

trrtdp =GB dM = drre(p) dr
r
| | 3 ~ Jp=pn)
INPUT: equation of state (EoS) e=elp) o e = e(n)

boundary conditions: e(r=0)=¢., M(r=0)=0,P(r=R)=0

OUTPUT: neutron star density profile, radius R and mass M

relativistic corrections

d GpM P A7 Pr3 2GM\ !
Lo P i — ) 1+ =) (1-
dr r pc? M ? c’r




neutron star mass

limitting mass

unstable I'

\

central density

M[M_]

2.0

1.5

1.0

0.5

0.0

Neutron star configuration

| = = SLY crust

= « = NQ crust ‘,
= FPS crust I
!
!

.‘-

Nim=0.1ny ¢

8I10I12.14.16
R [km]

uncertainty in R~103m



Two basic physical principles determine the structure of compact stellar objects:

Electroneutrality and Pauli exclusion principle
Macroscopic object held by gravity must be electrically neutral:

Consider a sphere of a radius R

with the uniform charge density n, and the baryon density n

Coulomb energy:

)
Ec=e?2m R’ ng = 1.5 x 10% McV (n_Q) ( R )

no / \1km
Gravitational energy: (Ny=0.16 fm-3)
R 2
Fo = —G2r R2nmy = —0.7 MeV x [ — ) (=—
ng lkm

n 2
8 ST = WDy = —Q 1036



Pauli blocking at work: neutron star composition

Composition is determined by the minimum of energy

Symmetry energy: = agyy, (n,, — n,)*/n—> It is favorable to have some protons.

Electroneutrality: =i — There will be also some electrons

PFe

Electron energy: 2=

d’p p% 3 1
E,(p) = 2Ee = = (372)1/3 /3

SSE =
™o

=
ot

—— Electron energy increases fast

Energy minimization: Mainly neutrons and small admixture of protons and electrons

medium in £ equilibrium
n<pte
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o)} o
o o

i
o

symmetry energy [MeV]

20

_ 9E(np,n,) 0E(n,xz) x0E(n,x)

_ 0E(ny,n,) O0E(n,x) N 1—2z0E(n,z)

chemical potentials: fhn, on. on T or Hp on, on o O
Condition of the beta equilibrium 70 <> P + € n<p+u U <> e
Honn = [hp T+ [e o = He
10F(n,x)
He = Hn — fp = ——— 70— = des(n) (1 —2x)
n Ox
2 2\3/2 2 . 2Y\3/2
equation for the proton concentration 1. (te) + 1, (fte) = (e 26) (b 2”) =n,=an
3T 37
- 300
_ 30 MeV<J<35 MeV
L [MeV] : 250
L 60 L
!/ [
< 200
e T g i
o1
) o 50
] 100
- 50
— — ADFMC [Gandolfi et al 2010] |
— - —ASY-EOS [exp] ok L —— I
: L : 2 1 2 4
1 2 3 0 n/n 3 >
0
n[n] PF.1

Etot — Enucl + Elept — Enucl + Z /

l:e,,u 0

(

\/m? + p?

2d%p
27)3
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re) Walecka model U(c)=0

no

— 0.16fm™? ., Bipma = —16 MeV

1

K =553 MeV, my(ng) = 0.54my
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30 T | T | ! | ! 1
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Hardest EoS among RMF models

mN(no)lmN
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0.70 F

- - =
-a -
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Hyperonization of nuclear matter

300 —
29 MeV<J<38 MeV
250 70
———il——
200 | Hn g a—
3 fle = Tp — My
S
= 150
=1}
100
; *
m.,
0 ] ] ] ] o
K 2 3 4 5 e +p—>A+v1,
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Energy-density functional with hyperons

B € SU(3) ground state multiplet scalar field f = g, x, 0/mn

mA 2 C*n% + C’gﬁ% + C’;ﬁ%
E[f,{ns}] = ZEkin(pF,B:WLB(DB(f)) + 2%{ +U(f) + [ o2 }
B 7 N

effective densities: ﬁBE TLBNB 51:5 T,ptsBNB ﬁsE THpHNH
B B H

I I i L Qw( VB _ G¢H
with coupling constant ratios To(p)B = $ ToH = 5
mass scaling: My —dy(f)=1—f T (f) =1— x iy
. my mN H JHmH

quark counting SU(6) JwN * GwA oy i gus =3 :2:2:1

for vector couplings: GoN  GpA & oS : Gp= = 1:-0:2-1

scalar couplings:

S+V=U,,, my — my(no)



Neutron star composition with hyperons

ng=0.17fm°, Ey=—-16MeV, K =210MeV, J=236.8MeV, mi(ng)=0.8my

2 =
Tyh = Ty, = 2Tz = 3 EA (= —30MeV Eriqg = — 18 MeV

1.0 ' L L B B | L N B B
'f\\\n (m T

0.8 [
0.6 |
0.4 |
0.2 [
0.0 L

concentreation

o T p?

1 1 L L | | L L
345012345012345856
n/ng
CASE 1 CASE 11 CASE III CASE IV
By =+30 MeV Ej  =-10MeV EX =430 MeV EX = —10 MeV
Loy = 2%, = 2 Loy = 2%, = % Ty = Tpz = 1 Toy = Xpz = 1

SU(3) symmetry

guark counting
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nucleonic stars X

various RMF models

o

K =300 MeV
K =275 MeV
K =250 MeV
K =225 MeV
K =200 MeV
Nucleomc Stars
Hyperon Stars

T~

hyperonic stars o¥

0.55 0.6

[Weissenborn et al., NPA 881 (2012) 62]



“Hyperon puzzie”

V1B+TEF A
V18+TBF+FREE Wﬂ
V18+TEF+NSCBI(NY) ¥
V18+TEBF+ESCO8(NY)

V1B+TEF+ESCOB(NY+Y'Y)

V18 Ir_E-Fr NSC IEIT-"[ MY +%) |

8

10 12 14

R [km]

[Rijken, Schulze, EPJA52 (2016) 21]

M Mol

If we allow for a population of new Fermi seas (hyperon, A baryons, ...)
EoS will be softer and the NS will be smaller

25 |

1.5 |

0.5 |

JO4 -
yEFTB00 -
Ky=300 MeV
a,=32 MeV

12

14
R [km]

Simple solutions: -- make nuclear EoS as stiff as possible [flow constraint]
-- suppress hyperon population (increase repulsion/reduce attraction)

16

[Dapo, Schaefer, Wambach PRC 81 (2010) 035803]

against phenomenology of YN,NN,YY interaction in vacuum
+hypernuclear physics



DATA

O Plastic Ball A
- | OEOS Lo K=380MeV |
= (ap+ bp")/[l+(0 4p/p0)" 11 + SU 03T :gg 4 Ty T

dlrct &

{GeV/c)

02 - 300 T
n L 4 &
x (fm) w—
m——. -
-100 10 -100 10 -100 10 -100 10 B UB (upper bound)
1 1 1 I I \J =
37 -

| Danielewicz et al. (2002)

LB (lower bound) I

extrapolation

—100 10 —100 10 =100 10 -100 10
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Lynch, Science 298, 1592 (2002)]



In NLW the scalar field is monotonously increasing function of the density
Pr.q

* 2 2
2 1rN miyp-dp/m
m-o + U (0) — o (nS’ + ns’n) Nng; — / N
’ ” (p? 4 miy)H2

dimensionless scalar field — a/m
f 9o / N source is the scalar density

*
My — MN — §oO

[ U(f) my =mn (1 — f)
R R C2 = 2m¥ Jm2

Can we control function f(n)?

ong; My
on, N 9 2 - *2
df 20(ns p +nsn)/On ;/pF o
dn m3C 2+ U"(f))my —20(nsp +ngn)/0f Onsi / myptdp/r
af (p? + my7)3/2

0
Observation:

If we modify the scalar potential 5(0) = U(o) + AU(o) so that the m*(n) levels off



o~

NLWcut model /(o) = U(o) + AU (o)
|
soft core: AU(f) = aln|l 4+ exp(B(f — fs.core))]

sharpness parameter

fs.core — fO + ca(l — fO)

hard core: AU(f) = a[6f/(fa.core — f)]zf8 my(no) = my (1 — fo)

1-0 120 T T T T T T T ; T
08| S ;
| E | :
z06| Bl ;
£ = o NLW
* Ez i o~ o0- - ¢c=04 E
0.4 ] 0—-—c=03 |
[ < 40 oeeen. c=02 !
L D ] h
0.2} H [f(n),U(f(n)],
[ 000 [f(n),U(f(n)]
I [ n=1,2,...,10 nc;
00 N 1 N 1 N 1 N 1 N 0 L L L 1 1 1 1 1 1
0 2 4 ] 8 10 0.0 0.2 04 0.6
n/no f

Simulation of excluded volume effect



If m*N(n) saturates then the EoS stiffens

400

300 |

P [MeV/fm®]

! kaons in HIC

flow in HIC -

P.-G. Reinhard, [Z. Phys. A 329 (1988) 257]

introduced a “switch function”

to get rid off the scalar field fluctuations

6

0.01

fs.core — fO + ca(l — fO)
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m*y(ny)=0.8 my

The effect is more pronounced if the input parameter of the model m*(n,) is chosen smaller



>2.0

New precise measurements of neutron star mass : M_;;

EoS must be sufficiently stiff

Constraints from particle flow in HICS:

EoS should be not too stiff at n~4n,

R(elativistic)MF EoS based on the mean-field approximation are not flexible enough_

(cut mechanism)

GMN
Z (T.w‘.[) Py \FT'U‘JO CM:WmN}M:O-;w}p

nucleons

. . 2 2
In-medium corrections ? M~ — m~* + 11



Mesons in medium
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Adv. Nucl. Phys. 25 (2000) 1

Reduction of rho-meson mass

NAG60O Collaboration,
PRL 96 (2006) 162302



Volker Metag, Medium modifications of mesons in elementary reactions and

heavy-ion collisions, Progress in Particle and Nuclear Physics 61 (2008) 245—-252

KEK Jlab CBELSA/TAPS CERES NA60
Reaction pA 12 GeV vA 0.6-3.8 GeV YA 0.7-2.5 GeV Au+ Au 158 AGeV  In+ In 158 AGeV
Momentum p =0.5GeV/c p =0.8GeV/c p =0.0GeV/c p: =0.0GeV/c p: =0.0GeV/c
acceptance
P Am Am =0 broadening Am = 0 strong broadening
= = —-9% ] :
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KVOR model [EEK and D.Voskresensky NPA 759 (2005) 373]

e in standard RMF model m,, m,,, and m, do not change

Can the in-medium modification (decrease) of meson masses
be included in an RMF model??

e o field dependent masses and couplings constant

e decreasing functions of o: m} (o), my(o) «— self-consistent o field

results in increase of p an w masses
: : * A~ e X A~ ¥ _
e universal scaling mj, /m, ~ m;,/m, ~ mj,/m, = &(n)

Lattice QCD (SC-QCD): common drop of meson masses
[Ohnishi Miura Kawamoto Mod.Phys.Lett A23, 2459]

Sliding vaccua and double decimation concept [Brown, Rho PR396(2004)1]
“Vector manifestation” [Harada, Yamawaki]

Half-skyrmion model of dense nuclear matter [Vento; Rho, Hyun Kyu Lee 1704.02775]

1

L= IIJN((‘? Y — GuNwW Y — QQpoP : fyT)lIJN —my PN U NPy
v v 2
MHod,o B (D?; mzo? — o) Wy W n (Di mawuw” B P P" e m,p,pP"
2 2 4 2 4 P 2



Field redefinition
Uy = VUn/Van , 0 = 0/\/as , wy — wu/\/ A0, Pu — Pu//Cp

LN — \IJN(’&'D°’}/)\DN—T)’ZN(I)N\I/N\I/N,

(/

Dy = 0+ 1gwXwwy + QQpop,u,T
Otod e
Lo = —27 27 7o)
2 2
v 2 H pv 2 Iz

Wy W o M ,WuW PP 2 M PP

— b — b
4 e 2 4 LG 2

m!/m; = ¢;(xs0)/v/ ai(xs0) = P;(xso) mass scaling function
Xi = Xi(Xo0) /i (Xo0) coupling-constant scaling function

where



Energy-density functional

B € SU(3) ground state multiplet scalar field f = g, x, 0/mn
Elf, {ns}] = ZEkin(pF,B;mBq)B(f)) + Z Ein(pr .1, mu)
B l=e,pt
+ mjLVfQU ()t [Cﬁﬁ% G 1+ Cfﬁ%}
2C3 2m3 L (f)  m(S)  me())

C; =228 i —o,w,p  Cy=muCy/mg

effective densities: g — E T,BNp Nr — E T,pl3pnp Ns — E Ty H
H

B B
. . . 1% o gqu
with coupling constant ratios  Tw(p)B — ﬁ ToH —
mass scaling: scaling functions
~ 1 () .
P (f) = On(f)=1—f ni(f) = ;<>, 1=0,W, P

Pu(f) =1—zonXon/

2
The standard sigma potential can be introduced as No (f) — 1 + 240;2 U(f)
my




Equivalence of RMF models

12 scaling functions 3 independent scaling
AN, ow.ps Xow.ps Pow.p P> | functions 7, ,(f) and U(f) or
and U (o) No

_ _ _ ®control of EoS stiffness in ISM and BEM
Choice of scaling functions: emonotonous increase of the scalar field as a function of density f(n)
®absence of several solutions for f(n) and jumps among them

KVOR model [EEK,Voskresensky NPA759, 373 (2005)]

C? b c 1+ 2fp1° _
KVOR __ o (Y 3 Yol KVOR __ o

2 a=1 z=20.65

( —1
O = (14 - O]

&o no K mi(no) Jo L K’ Keym
Eos MeV] [fm—2] [MeV] [mn] [MeV] [MeV] [MeV] [MeV]

KVOR —16 0.16 275 0.805 32 71 423 -89
l |

input



3.0

2.9F

2.0F

1.0

0.5F

80 o K m*N (?’Lo) JO L K’ Ksym
Fo5 [MeV]  [fm™] [MeV] [my| [MeV]| [MeV] [MeV]| [MeV]
MKVOR —16 0.16 240 0.73 30 41 557 -159
scaling functions for coupling constants vs scalar field: saturate f growth
1.25—— I Ilpll']’]
e [ Ny [=== KvOR/ I P
a KVORcut03 I, gvor -
1 1_00;\\\ 1 4[—— WMKvOR
[ "‘ﬁ.‘_ : —""""_'—.
wor7 A 0.751 hﬁ'“"‘"‘---....
KVORcut03 '|£ o i ™~
,..--""I—#"’ ] _
s 1YY, 0-50_
[ =——= KVOR i
10.25F KVORcut03 ]
e KVOR/KVORCUt03 I MKVOR H
MKVOR [renmannnnn MKVOR* s [ oo
0% "0z 04 o6 08 1% o0z 04 06 08 1 0 02 04 06 08 1
f £ f

MKVOR model

[Maslov, EEK Voskresensky, PLB748,369 (2015); NPA950,64(2016)]

1.5F

ticks — max. values of f
reached in neutron star

Increase w repulsion
to stiffen EoS

suppress symmetry energy
DU constraint
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n/ng

0.75

1

Neutron matter EoS

empirical constraints on symmetry energy

-- (AlIS) analog isobar states

[Danielewicz, Lee NPA 922 (2014) 1]

-- ap electric dipole polarizability 298Pb

[Zhang, Chen 1504.01077]

microscopic calculations

-- (APR)

Akmal, Pandharipande, Ravenhall

-- (AFDMC) Gandolfi et al. MNRAS 404 (2010) L35

--(xEFT)

Hebeler, Schwenk EPJA 50 (2014) 11

4 5

w2

P [MeV/fm]
N




Constraints on EoS from HICs

Particle flow: Danielewicz, Lacey and Lynch, Science 298 (2002) 1592

Kaon production: Fuchs, Prog. Part. Nucl. Phys. 56 (2006) 1

10° ——— _
FISM PNM :
E
-
% - = KVOR — — KVOR
= i e MKVOR MKVOR
o 19 _ flow in HIC flow in HIC E
" kaonsin HIC soft E__
- o- GMR stiff E__
100 i, I \
n/no n/no



Attempts to solve the hyperon puzzle GmH

play with hyperon coupling constants ~ LmH — ~
I9mN

quark counting SU®6) JwN * JwA P gux fguz = 3121211
for vector couplings: GoN S GpA 1 Gpx i o= = 1:0:2: 1

Ur(ng) = —28 MeV
2 2
: : ToanoC /mN — UH(?’?,O)<— Us:(ng) = +30 MeV
scalar couplings: Tof = W - Us(ng) — —15 MeV
my —miy(no)
extensions phi meson: HH' repulsion

GoN GoA S Ges 1 gez — 0:2:2:1 gm——?gww

[J. Schaffner et al., PRC71 (1993), Ann.Phys. 235 (94),PRC53(1996)]

SU(3) coupling constants: extra parameters to tune.
two effects: |J, | Increases; g, non zero

[Weissenborn et al., PRC85 (2012):NPA8S1 (2012); NPA914(2013)]

alternative

mass of § meson  If we take into account a reduction of the ¢ mass in medium
we can increase a HH repulsion




Mass-radius constraints

' J0437-4715 R 86
i o“ -

2.5

M/M,,

0.5 || e MKVORH}o
= = = MKVORH¢
[ | = = KVORH

0.0 ] 1 ] 1 ] 1 ] 1
6 8 10 12 14 16
R [km]

BPA: Bayesian probability analysis [Lattimer,Steiner ...]

msp PSRJ0437-4715: 3c confidence Bogdanov ApJ 762, 96 (2013)



Conclusion

NSs and HICs are the only sources of the information about properties
of the strongly interacting matter under extreme condition.

They provide test for our theories and models in dynamical systems.

Problems in discussion:

Relativistic equation of state?
Inclusion of new particles (hyperons, Deltas)?
Meson in medium?



Dispersion Measure

In pulsar astronomy a handy quantity is the
dispersion measure (DM) of a pulsar,

which manifests itself observationally as a
broadening of an otherwise sharp pulse when a
pulsar is observed over a finite bandwidth.
Technically the DM is the “integrated column
density of free electrons between an observer
and a pulsar”. It is perhaps easier to think
about dispersion measure representing the
number of free electrons between us and the
pulsar per unit area. So if we could construct a
long tube of cross-sectional area 1 square cm
and extending from us to the pulsar, the DM
would be proportional to the number of free
electrons inside this volume.

=
=
=
'.E

0.6

Pulse phase (periods}

Pulses emitted at higher frequencies arrive
earlier than those emitted at lower
frequencies.



Spider Systems

The most compelling evidence for this ‘recycling’ scenario comes from the discovery of three
transitional millisecond pulsars, which have been seen to switch between rotationally powered
millisecond pulsar and accretion-powered low-mass X-ray binary states.

Redback Black widow

Redback pulsars represent a recently identified and fast growing family of binary, eclipsing radio
pulsars whose companion is a low-mass star 0.1 < M,/M < 0.7 (being M, the mass of the
companion) on almost circular orbits with periods 0.1 < P_/d < 1.0. Black widows form another family
of pulsars with orbital periods in the same range but with companion stars that are appreciably lighter,
M, < 0.05 M. Among detected redbacks, some belong to the Galactic disk population whereas others
reside in globular clusters (GCs). A recent listing of these system can be found in A. Patruno’s

cataloguet.

So far, astronomers have found at least 18 black widows and nine redbacks within the Milky
Way, and additional members of each class have been discovered within the dense globular

star clusters that orbit our galaxy.


https://www.aanda.org/articles/aa/full_html/2017/02/aa28692-16/aa28692-16.html#FN2
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