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Neutron stars
Mass ~ 1.3-2 M,

Baryon Nno. ~ 1057 Mountains < 1mm _ .
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Radius ~ 10-12 km e OUTER CORE
Tempe rature . °  Free neutrons, protons and electrons
~108-10° K [o00s:

Surface gravity INNER CORE

~10 14 that of Earth ‘ | possibly continuous-

. . transition to
Surface binding quark-gluon plasma
~ 1/10 mc? 2ol

Magnetic fields
~10-10"G




Properties of liquid interior
near nuclear matter density

Determine N-N potentials from
- scattering experiments E<300 MeV
- deuteron, 3 body nuclei (°He, 3H)
ex., Paris, Argonne, Urbana 2 body potentials
Solve Schrodinger equation by variational techniques

Large theoretical extrapolation from low energy laboratory
nuclear physics at near nuclear matter density

Two body potential alone:

Underbind *H: Exp =-8.48 MeV, Theory = -7.5 MeV
“He: Exp =-28.3 MeV, Theory = -24.5 MeV



Importance of 3 body interactions

Attractive at low density
Repulsive at high density

Various processes

that lead to three

and higher body
Intrinsic interactions

(not described by
iterated nucleon-nucleon
interactions).

Stiffens equation of state at high density
Large uncertainties!



Standard construction of neutron star models

1) Compute energy per nucleon in neutron matter (pure or in beta
equilibrium: w, = u, + u,). Include 2 and 3 body forces between
nucleons.

Akmal, Pandharipande & Ravenhall, Phys. Rev. C58 (1998) 1804
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2) Determine the equation of state, P(p)

E = energy density = p ¢
n, = baryon density
P(p) = pressure = n,? o(E/n,)/ad n,

3) Integrate the Tolman-Oppenheimer-Volkoft
equation of hydrostatic balance:

- mar

general relativistic corrections

= mass within radius r

a) Choose central density: p(r=0) =
b) Integrate outwards until P=0 (at radius R)

c) Mass of star




Neutron star models using static interactions between nucleons

Maximum neutron star mass
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Mass vs. radius

Akmal, Pandharipande and Ravenhall, 1998



Going beyond this picture:

Discovery of two high mass (2 M) neutron stars indicates
high density in neutron stars and a stiff equation of state

Onset of new degrees of freedom at higher densites: mesonic, A’ s,
quarks and gluons, including strange quarks...

Properties of matter in this extreme regime determine maximum
neutron star mass, nut large uncertainties!!

Fundamental limitations of equation of state based on nucleon-nucleon
Interactions alone

Programs to observe masses and radii simultaneously:
in low mass x-ray binaries, and soon NICER.



Fundamental limitations of equation of state based on
nucleon-nucleon interactions alone

Accurate for n~ ny= nuclear saturation density = 0.16/fm?

But for n >> ny;:

-can forces be described with static few-body potentials?

-Force range ~ 1/2m_ => relative importance of 3 (and higher)
body forces ~ n/(2m_)3 ~ 0.3 n/n,. Estimate from chiral
effective field theory possibly lower.

-No well defined expansion in terms of 2,3,4,...body forces.

-Can one even describe system in terms of well-defined

“asymptotic" laboratory particles? Early percolation of nucleonic
volumes!

Must take quarks degrees of freedom seriously at densities n >> n,



I |attice continuum limit

Lattice gauge theory
calculations of equation
of state of QGP

HTL NNLO
HRG ——-—

Limited, because of
“fermion sign problem”
to zero baryon density
and nearby.

Can’t systematically
calculate yet for
realistic chemical
potentials




Learning about dense matter from
neutron star observations

Masses of neutron stars
Binary systems: stiff e.o.s
Thermonuclear bursts in X-ray
binaries => Mass vs. Radius,
strongly constrains eq.of state

Glitches: probe n,p
superfluidity and crust

Cooling of n-stars: search for exotica




Neutron star masses

F. Ozel et al, Ap.J.757, 1 (2012)

Neutron Stars

Ti binary neutron stars
!
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The equation of state is very stiff

Stiffer equation of state =>
higher maximum mass and
lower central density

Binary neutron stars ~ 1.4 M: consistent with soft eq. of state

PSR J1614-2230: M =1.97 £ 0.04M
PSR J0348+0432: M. _.iron star = 2.01 £ 0.04M
require very stiff equation of state! How possible?

neutron star



High mass neutron star, PSR J1614-2230
-- In neutron star-white dwarf binary

Demorest et al., Nature 467, 1081 (2010); Ozel et al., ApJ 724, L199 (2010).

Spin period = 3.15 ms; orbital period = 8.7 day
Inclination = 89:17° + 0:02° : edge on

M =197 £0.04M,: M = 0.500 + 0.006Mg

neutron star white dwarf

© 9O

(Gravitational) Shapiro delay of light from pulsar
when passing the companion white dwart



Second high mass neutron star, PSRJ0348+0432
-- In neutron star-white dwarf binary

Antonidas et al., Science 340 1233232 (2013)

Spin period = 39 ms; orbital period = 2.46 hours
Inclination =40.2°
M =2.01£0.04Mg ;  Myhite gwarsr = 0-172 £0.003M

neutron star
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Significant gravitational radiation
P/Pgr =1.05+0.18
400 Myr to coalescence!




Measuring masses and radii of neutron stars In
thermonuclear bursts in X-ray binaries

Ozel et al., 2006-2016
Steiner et al. 2010-2013

Eddington
Luminosity

10
Radius (km)

Time (s)

Measurements of apparent surface area, flux at Eddington limit
(radiation pressure = gravity), combined with distance to star,
constrains M and R.
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NICER =

neutron star interior composition explorer

To be flown to International Space Station (Space-X) fII 201
X-ray timing(GPS to 300nsec) and spectroscopy (0.12-12 KeV)
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Quark matter cores in neutron stars

Canonical picture: compare calculations of egs. of state
of hadronic matter and quark matter.
GB & S.A. Chin (1976)
Crossing of thermodynamic potentials
=> first order phase transition.

ex. nuclear matter using 2 & 3 body interactions,
vs. perturbative expansion or bag models.

Energy density .
Q

¢ Assumes hadronic state at high

soft| densities — not possible when

g{gt“e”fj _____ > I hadrons substantially overlap

N\ ‘ .
S " 15t order — Allows only quark equations of
s /7 Maxwell state lying under hadronic at
= construction high density. These are too soft
H

Baryon density

to support two solar mass stars.

Typically conclude transition at n~8-10n.,, -- barely reached even in

high mass neutron stars

=> at most small quark matter cores



Modern phase diagram

Early Universe
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critical point (1989)
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Temperature

~170 MeV=

Crossover at zero net baryon density

Early Universe
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QCD lattice gauge
theory -- for finite light
quark masses -- predicts
crossover from confined
phase at lower T to

deconfined phase at
higher T.

Do quarks roam freely in
the deconfined phase?
If so, they must also
roam freely at lower T.

Are there really quarks
running about freely in
this room?



Crossover at zero net density: see no evidence of
phase transition in pressure, entropy, or energy density.

B |attice continuum limit

HTL NNLO
HRG ——-—

a0
TMeV]

Wuppertal-Budapest
lattice collaboration

WB: S. Borsanyi et al., PLB (2014)
HotQCD: A. Bazavov et al., PRD (2014)



No free quarks even above the crossover! (Toru Kojo)

In confined region quarks are inside : |
hadrons. Also have quarks and antiquarks [

in the QCD forces between hadrons. N
With higher density or temperature, form O\ e
larger clusters, which percolate at the Ry M
crossover. In deconfined regime clusters
extending across all of space.

[GB1979, Satz et al. 1980+]

isolated disks

( non-confining ) (pQCD)

Npore ~ 0.34 (3/4m r 3) fm3

perc

r, = nucleon radius

Percolation of clusters along the density axis, at zero temperature.
n, is the density of matter inside a large nucleus. Quarks can still be
bound even if deconfined.



But aren’t nucleons, with long distance cloud of wee
partons, always overlapping?

Does anything actually happen at classical percolation
transition? No obvious lattice calculation to do!

Distinguish classical, or geometric percolation
from quantum percolation in terms of wave functions

Deconfinement as (inverse) Anderson localization
(Kenji Fukushima):

Quantum percolation at p = p,

Classical percolation at p = p. /

(Nothing happens) (Anderson Metal-Insulator Transition)

(Confined) Quarkyonic (Deconfined)
Nuclear Matter | Regime Quark Matter

Chemical potential u
Concentration p




T

Asakawa-Yazaki critical pt.

QGP

Hadronic B

Diquark pairing

Possible new critical pt.

Critical points similar to those in liquid-gas phase _1
diagram (H,O) =

Can go continuously from A to B around the
upper critical point. Liquid-gas phase transition.

In lower shaded region have BCS pairing of nucleons,
of quarks, and possibly other states (meson condensates).
Different symmetry structure than at higher T.



Smooth evolution from nuclear to quark matter

GB, T.Hatsuda, M. Tachibana, & Yamamoto. J. Phys. G: Nucl. Part. 35, 10402 (2008)
H. Abuki, GB, T. Hatsuda, & N. Yamamoto,Phys. Rev. D81, 125010 (2010)

As nuclear matter becomes denser study nearly “continuous” evolution
from hadrons (nucleons) to quark pairs (diquarks) to quark matter:

denser -

K. Masuda, T. Hatsuda, & T. Takatsuka,
Ap. J.764, 12 (2013)

Neutron
superfluid

Do not expect exact continuity between BCS paired nucleonic matter
and paired quark matter; e.g. states carry angular momentum
differently. In first excited state in nuclear matter L= 3nh/2 per quark

and in quark matter L=h/2 per quark.



How can QCD give large mass neutron stars?

Pressure P is a continuous function of baryon chemical
potential uy

Stiff equation of state has high
pressure for given mass (or energy)
density or equivalently low energy
density for given pressure.

T. Kojo, P. D. Powell, Y. Song, & GB, PR D 91, 045003 (2015)



Stiffer equations of state given more massive neutron stars,
with lower central densities

P

fo)

Green equation of state is stiffer than red.
Has larger pressure for given mass density p,
and has smaller p for given pressure P



How can QCD give large mass neutron stars?
Energy or mass densitye=pcZ2=uyn-"P

:U*n* v

& slope . I®

smaller for stiffer equation of state



Hybrid egs. of state - Continuous egs. of state can
are intrinsically softer - be much stiffer

Phase with larger P at given u
thermodynamically preferred

pHextrapoIated
soft
PQ
______ >
ground _
state @ density
N discontinuity
N at phase
Py o transition

Assumes hadronic state at high . Hadrons only at low density
densities — not possible when . and quark matter at high density.

hadrons substantially overlap . In between???



Model calculations of neutron star matter within NJL model

NNINEECIERGIERM £ = G(iv,.0" — m, + nyo)g + LY + L©

rY Gz[qT gl chiral interactions

a=()

LP=H Y [(GivstareCG)q" Ciystaryq) TS pairing interactions

AA'=257

= Kobayashi-Maskawa-‘t Hooft six quark axial anomaly

plus universal repulsive quark-quark vector coupling

4 .
5( = —gv (") RO e

K. Masuda, T. Hatsuda,
& T. Takatsuka, Ap. J.764,

12 (2013)
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GB, T. Kojo, T. Hatsuda,
C.J. Pethick, T. Takatsuka,
Y. Song (to be published)

pressure

barycndensity massdensity



Minimal model: g, =0

quarks
NJL
soft

Interpolated

nuclear APR  _~~

Soft quark equation of state does not allow high mass
neutron stars



Vector interaction stiffens eq. of state

P Increase g,

—--~~

Ss
XN
N

gV=O \\\
. stiffens eq. My
. of state

interpolate . — — — ©
’ 0’
nuclear APR -7

Shift of pressure in quark phase towards higher p



Vector interaction stiffens eq. of state

P

unstable
region

nuclear APR -

Larger g,, leads to unphysical thermodynamic instability
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Restore stability with increased BCS
(diquark) pairing interaction, H

LY =H Z [(GiysTaAnCq")(q" CiysTsAsq)

AA'=257

Nuclear
APR "\

Increased BCS pairing (onset of stronger 2-body correlations)
as quark matter comes nearer to becoming confined



Sample “unified” equation of state 7. kojo et al.

observational bound "\
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Interpolated
region

Ng = 2n,

125h 0.3 f-%t_ |0-4G 3-45 50 s M-R relation similar to results of
guark chem potentia . (Gev) nucleonic (APR) equation of state
but with correct high density
degrees of freedom

<= Reasonable agreement with eq. of state
inferred from M vs. R measurements.

Quark egs. of state can be stiffer than previously
thought: allow for n.s. masses > 2 M, and with
substantial quark cores in neutron stars!!!




Summary

For 2 n, < ng < 7-8 n, mattter is intermediate between
purely hadronic and purely quark: “quarkyonic”

Quark model egs. of state can be stiffer than previously thought,
allowing for neutron star masses > 2 Mg

Interaction parameters of order vacuum values H ~ g, ~ G, @°

Gluonic bag constant is small; gluons remain non-perturbative at
densities in neutron stars. Else significant softening on equation of
state. Vacuum gluon condensate persists.



But much more to do:
Uncertainties in nuclear matter equation of state (APR, etc.)

Uncertainties in interpolating from nuclear matter to quark )
matter lead to errors in maximum neutron star masses and radii

Uncertainties in the vector coupling and pairing forces;

Going beyond the NJL model -- running g, (Fukushima-Kojo)

Need to produce finite temperature equation of state (<50 MeV)
for modelling neutron star -- neutron star (or black hole) mergers as
sources of gravitational radiation.

K. Masuda, T. Hatsuda, and T. Takatsuka, Prog. Theor. Exp. Phys. 2016, 021D01



THARRK Yod

Are we there yet?”




