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THE NEUTRON STAR NEWS
Special Wuhan Edition FROM QUARKS TO THE COSMOS - Since 1934

DIRECT DETECTION OF GRAVITATIONAL RADIATION FROM A BINARY NEUTRON STAR
MERGER GW170817 – MULTI-MESSENGER ASTRONOMY –PRODUCING GOLD AND
OTHER HEAVY ELEMENTS.  TWO MERGER REPORTS APRIL 25 AND 26!!

DIRECT OBSERVATIONS OF 2.0 SOLAR MASS STARS AND ONE OF 2.17 ON APRIL 14 

ONGOING DETERMINATIONS OF MASSES AND RADII CONSTRAINING NEUTRON STAR
INTERIORS:  NICER EXPERIMENT, ON INTERNATIONAL SPACE STATION

EMERGING UNDERSTANDING IN QCD OF HOW NUCLEAR MATTER TURNS INTO
DECONFINED QUARK MATTER AT HIGH BARYON DENSITIES
(complementary to studying dense matter in ultrarelativistic heavy ion collision 
experiments at RHIC and the LHC)



Neutron star – neutron star merger observed on 17 Aug. 2017 
by LIGO and Virgo (gravitational radiation), FERMI (gamma ray
telescope) + ~ 70 other electromagnetic observatories. GW170817



Merger was 130,000,000 light years = 40 MPc away



Mollweide projection

GW170817

Two binary neutron star merger candidates in LIGO/Virgo O3 run



False alarm rate:  1 per 69834 years

Neutron star-neutron star merger most likely.

Very poor localization in sky => difficult to 
carry out electromagnetic observations.

S190425z  LIGO (Livingston) + Virgo. 042519

4/28/2019 bayestar.png,0 (800×600)

https://gracedb.ligo.org/api/superevents/S190425z/files/bayestar.png,0 1/1

~1380 ly

Hanford detector of LIGO was down for 40 minutes when event occurred.



Low significance, 
False alarm rate: 1 per 1.6276 years
15% chance of being spurious

Binary neutron star merger?
Neutron star-black hole merger?
No electromagnetic observations yet! 

S190426c  LIGO (H + L) + Virgo.   042619

~500 ly



Mass ~ 1.4-2 Msun
Radius ~ 10-12 km
Temperature

~ 106-109 K

Surface gravity
~1011 that of Earth

Surface binding
~ 1/10 mc2

Neutron star interior

Density ~ 2x1014g/cm3



Neutron star over Aspen

Neutron star over Wuhan

4/4/2019 Wuhan - Google Maps
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Masses ~ 1-2 M⦿

Baryon number ~ 1057

Radii ~ 10-12 km
Magnetic fields ~ 106 - 1015G
Made in gravitational collapse of massive stars (supernovae)
Central element in variety of compact energetic systems:
pulsars, binary x-ray sources, soft gamma repeaters

Merging neutron star-neutron star and neutron star-black hole
sources of gamma ray bursts and gravitational waves

Matter in neutron stars is densest in universe: 
baryon density n up to ~ 5-10 n0   (r0 = 3 X1014g/cm3 = density of 

matter in atomic nuclei  = 0.16 /fm3 )   1 fm = 10-13 cm      
[cf. white dwarfs:  r ~ 105-109 g/cm3]

Supported against gravitational collapse by nucleon degeneracy   
pressure
Astrophysical laboratory for study of high density matter

What are states in interior?  Existence of quark stars?



Early History of Neutron Stars

free neutrons => M<0.7 M⊙



Chadwick to Bohr, 24 Feb. 1932
announcing the discovery of the neutron



W. Baade and F. Zwicky

Stanford APS Meeting,
15-16 Dec. 1933
Phys. Rev. 45, 138 (1934)



Landau to Bohr, 11 November 1937

I send you an article about 
stellar energy, which I 
have written.  If you think it
makes physical sense, 
please send it to “Nature”.  
Do not put too much work 
into it, and it would make me 
very happy to learn what you 
think about it.



Izvestia to Bohr



J. Wheeler
Ann. Rev. Astronomy 
and Astrophysics, 1966



1967 (November) First pulsar detection: 1919+21   
Bell & Hewish

“It was highly unlikely that there would be two lots of little
green men on opposite sides of the universe both deciding to
signal at the same time to a rather inconspicuous star on a 
rather curious frequency.”    Jocelyn Bell

1968 (Spring): Pulsars identified as rotating neutron stars by 
Tommy Gold and Franco Pacini





1972:  x-ray pulsars in binary stars:  UHURU

(Ricardo Giacconi et al. ) 

Early 1960’s: observations of x-ray sources (Sco X-1)
by balloon flights

Detection of neutron stars in x-ray



Observed neutron stars
> 1500 ns in isolated rotation-powered radio pulsars

~ 400 millisecond pulsars  (1/716 < P <1/30 sec.)
https://apatruno.wordpress.com/about/millisecond-pulsar-catalogue/

> 100 ns in accretion-powered x-ray binaries
~ 50 x-ray pulsars
intense x-ray bursters
(thermonuclear flashes)

Short (10-100 s) gamma-ray bursts  
(ns-ns, ns-bh? mergers) 

Soft gamma-ray repeaters
-- magnetars (B ~ 1014-1015G)

Period derivative vs period for known pulsars
Shown is dipolar magnetic field needed to give
dP/dt.



Crab Pulsar  (period = 33msec)
Supernova July 4, 1054

1 msec
per frame



Crab nebula
in optical



Crab nebula
in infrared



Crab nebula
in radio
(VLA)



Crab nebula
in x-ray
(Chandra)



Neutron star





Isolated neutron star RX J185635-3742   HST WFPC2   

Distance ~ 117 pc ~ 400 l.y.      Radius of emitting region ~ 17 km



Isolated neutron
star in supernova
remnant (green)
1E 0102.2-7219
in the Small 
Magellanic Cloud





Fermi Gamma-ray LAT burst catalog 3FGL (2015)

PSR = pulsar,  PWN = pulsar wind nebula, AGN = active galactic nebula

3033 sources 



Learning about dense matter from 
neutron star observations

Challenges to nuclear theory!!



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

NICER to measure M/R directly

Gravitational waves from ns-ns and ns-bh mergers 
explore masses, radii, and tidal deformabilities

Glitches: probe n,p
superfluidity and crust

Cooling of n-stars:  search 
for exotica
Measuring equation of state in crust

Learning about dense matter from 
neutron star observations



First firm high mass neutron star, PSR J1614-2230
-- in neutron star-white dwarf binary

Spin period = 3.15 ms; orbital period = 8.7 day
Inclination = 89:17o � 0:02o : edge on
Mneutron star = 1.928�0.017M¤ ;   Mwhite dwarf = 0.500 �0.006M¤

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

Demorest et al., Nature 467, 1081 (2010); E. Fonseca et al., ApJ. 832, 16  (2016). 



Highest mass neutron star, PSR J0740+6620
-- in neutron star-white dwarf binary

Spin period = 2.89 ms; orbital period = 4.77 day
Nearly circular orbit (eccentricity = 5X10-6 )
Inclination = 87.44o � 0:01o : edge on
Mneutron star = 2.17�0.1M¤ ;   Mwhite dwarf = 0.26 �0.01M¤

(Gravitational) Shapiro delay of light from pulsar

NICER is also observing J0740+6620 in the  X-ray

Firm test of the equation of state!!!

Chromartie et al., arXiv:1904.06759. (April 14, 2019)



Mass distribution



Timing Residuals



Second highest mass neutron star, PSRJ0348+0432 -- in 
neutron star-white dwarf binary

Spin period = 39 ms; orbital period = 2.46 hours
Inclination =40.2o

Mneutron star =2.01 � 0.04M¤ ;      Mwhite dwarf = 0.172 �0.003M¤

Significant gravitational radiation

400 Myr to coalescence!   AAAALigo

Antonidas et al., Science 340 1233232 (2013)

Ṗ/ṖGR = 1.05± 0.18



Possible high mass neutron stars (< 2.7M¤) in 
extreme “black widow pulsars”

J1311-3430, B1957+20,  J2215+5135
(neutron star - He star binaries)

Mns-J1311 ~ 1.8 - 2.7 M¤ ;      Mcompanion ~ 0.01M¤

Romani et al. (1311-3430), Ap. J. Lett., 760:L36 (2012),  Ap. J. 804:115R (2015),
van Kerkwijk, Breton, &. Kulkarni (B1957+20),” Ap.J. 728, 95 (2011), 
Schroeder & Halpern (J2215+5135 ), Ap. J. 793, 78 (2014). 

Uncertainties arise from 
incomplete modeling of heating 
of the companions by the 
neutron stars. 



PSR J1614-2230 : 
Mnstar = 1.928 ± 0.017M¤

PSR J0348+0432:  
Mnstar = 2.01 ± 0.04M¤

Neutron star masses

accreting bursters

optically observed
w.d companion

binary neutron stars

with high mass 
companions

ns  +white dwarf

Õzel & Freire, Ann Rev AA (2016) 

Galactic black hole masses

Hulse-Taylor

ns  +white dwarf

Hulse-TaylorHulse-Taylor

Wiktorowicz
& Belcynski



GW171017 formed a low mass
(~2.7 solar masses) black hole

Mass gap



The equation of state is very stiff

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

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

PSR J1614-2230 :   Mneutron star = 1.93 � 0.02M¤

PSR J0348+0432:   Mneutron star  = 2.01 � 0.04M¤

PSR J0740+6620 :   Mneutron star  = 2.17 � 0.1M¤

require very stiff equation of state!   How possible?

M
as

s

Central density

stiff e.o.s.

softf e.o.s.



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

Time (s)

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

Apparent Radius

Eddington
Luminosity

F. Özel, GB., T. Güver, PRD 82, 101301 (2010); 
J.M. Lattimer & A. W. Steiner, Ap .J, 784, 123 
(2014). F. Özel, D. Psaltis, T. Guver, GB, C. 
Heinke, & S. Guillot, Ap. J. 820, 28:1 (2016).companion

neutron star



Mass vs. radius determination of neutron stars in burst 
sources (low mass x-ray binaries).          R ~ 9-13 km

F. Özel, GB., T. Güver, PRD 82, 101301 (2010); J.M. Lattimer and A. W. Steiner, Ap
J, 784, 123 (2014). F. Özel, D. Psaltis, T. Güver, GB, C. Heinke, and S. Guillot, Ap. J. 
820, 28:1 (2016).



NICER = Neutron star Interior Composition ExploreR

X-ray timing (GPS to 300 nsec) 
& spectroscopy (0.12-12 KeV)

Measure masses and radii (5%) by
monitoring X-ray pulse profiles of
nearby neutron stars (J0437, ...)

Properties of ns crusts via
astroseismology

Periodic pulsations from 
transient & steady systems

Now taking data!

Delivered to Int’l 
Space Station 
03 June 2017



Track hot spots on neutron star.  Light bending by star enables 
one to see spot “behind” star.  Bending depends on M and R.

Observer
= NICER

Rotating 
neutron star

hot spot

Measure amplitudes
and phases in different
colors (frequencies)



invisible visible observer

phase/2π
0.5 1

flux

X-ray 
color

1

2
1

2

GR lensing

redshift blueshift

0

f � 300-800 Hz



invisible visible observer

phase/2π
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X-ray 
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GR lensing

redshift blueshift

0





PSR J0030+0541  d=244pc    age= 7580Myr  
P = 4.865 ms

PSR J0437-4715      156pc              1590Myr 
P = 5.75 ms
closest & brightest ms. pulsar known

PSR J1231−1411     440pc 
P=3.684 ms
3rd suitable millisecond pulsar has a waveform 
apparently simpler to analyze

NICER sources being studied:



(Fred Rasio, 2005)

Neutron star - neutron star binary inspiral

dE/dtgrav rad = - (G/5c5)h (d3Q/dt3)2 ~ m2R4w6



Neutron star – neutron star merger observed on 17 Aug. 2017 

by LIGO and Virgo (gravitational radiation), FERMI (gamma ray

telescope) and ~ 70 other electromagnetic observatories.



Merger was 130,000,000 light years = 40 MPc away



Scaling of magnetic fields and periods

Collapse 
of star in 
supernova

magnetic field B

Conservation of flux => BR2 = constant
R:  1011 cm  => 106 cm
B:  102 G  =>    1012 G

Conservation of angular momentum
=> I W ~ R2 W = constant

Period = 2p/W :  107 s =>  10-3 s

radius R 



Mass and radius scales of neutron stars
Non-relativistic equation of 
hydrostatic balance.   

Mass within radius r
rc = central mass density

dP = n dµ + S dT => n dµ at zero temperature T  
µ = baryon chemical potential

At surface, µ(R) = m  => 
R = neutron star radius

m = nucleon mass

@P

@R
= �G⇢(r)M(r)

r2
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Newton’s gravitational constant

G= 6.67 X 10-8 cgs.

N0 = 2.21 X 1057,    mnN0 = 1.189 M⦿= solar mass

N0 sets the scale of the masses of stars

Electrodynamic fine structure constant:

Gravitational fine structure constant:

mp = proton mass

e2

~c =
1

137
<latexit sha1_base64="LieOIJqjDpTIwCx2VqdmNOStCSw="></latexit>
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Virial theorem for gravitating systems:
kinetic energy = -potential energy/2

Potential energy:

Classical stars:      Kinetic energy

Total energy = -kinetic energy => as stars lose energy they
heat up.   Negative specific heat!!!  Burning fuel => cooling.
Negative feedback keeps star stable as it burns fuel.

Scale of stellar masses ~ mn aG
-3/2

�M2G

R
<latexit sha1_base64="ltinktfTt+ho/MTxILHxqAe5f5g=">AAAB+HicbZDLSsNAFIYn9VbrpVGXbgaL4MaQ9J5dwYVuhCr2Am0sk+mkHTq5MDMRauiTuHGhiFsfxZ1v47SNouIPA4f/P4dz5nMjRoU0zQ8ts7K6tr6R3cxtbe/s5vW9/bYIY45JC4cs5F0XCcJoQFqSSka6ESfIdxnpuJOzed65I1zQMLiR04g4PhoF1KMYSWUN9Pxp3+MIJ5e3xfNZcj0b6AXLMBeCpmEr1cppYVvwKyqAVM2B/t4fhjj2SSAxQ0L0LDOSToK4pJiRWa4fCxIhPEEj0lNlgHwinGRx+AweK2cIvZCrF0i4cH9OJMgXYuq7qtNHciz+ZnPzv6wXS6/uJDSIYkkCvFzkxQzKEM4pwCHlBEs2VQXCnKpbIR4jBUIqVjkFwTRMu1qq2Orvll2xqtUFhHqxVvmG0C4aVskoXpULDTPFkQWH4AicAAvUQANcgCZoAQxi8ACewLN2rz1qL9rrsjWjpTMH4Je0t0/lQ5N9</latexit>

⇠ NT
<latexit sha1_base64="Mfotxub0+3/mq2tPEeHVShd7NFQ=">AAAB7nicbVDLSgMxFM34rPVVdekmWARXw0zfsyu4cSUV+oJ2KJk004YmmSHJCKX0I9y4UMSt3+POvzGdjqLigQuHc+7l3nuCmFGlHefD2tjc2t7Zze3l9w8Oj44LJ6ddFSUSkw6OWCT7AVKEUUE6mmpG+rEkiAeM9ILZ9crv3ROpaCTaeh4Tn6OJoCHFSBupN1SUw9v2qFB0bScFdGzPoF7JiOfCL6sIMrRGhffhOMIJJ0JjhpQauE6s/QWSmmJGlvlhokiM8AxNyMBQgThR/iI9dwkvjTKGYSRNCQ1T9efEAnGl5jwwnRzpqfrrrcT/vEGiw4a/oCJONBF4vShMGNQRXP0Ox1QSrNncEIQlNbdCPEUSYW0SypsQHNvxauWqZ353vapbq6UhNEr16ncI3ZLtlu3SXaXYdLI4cuAcXIAr4II6aIIb0AIdgMEMPIAn8GzF1qP1Yr2uWzesbOYM/IL19gllu4/Y</latexit>

M = mnN
<latexit sha1_base64="69CSENDEdbd2Lml2RKREzAeegso=">AAAB7XicbVDLSsNAFJ3UV62vqks3g0VwFZK+sxAKbtwoFWwttKFMppN27GQSZiZCCf0HNy4Ucev/uPNvnKZRVDxw4XDOvdx7jxcxKpVlfRi5ldW19Y38ZmFre2d3r7h/0JVhLDDp4JCFouchSRjlpKOoYqQXCYICj5Fbb3q+8G/viZA05DdqFhE3QGNOfYqR0lL38iwY8qthsWSbVgpomY5Go5oRx4ZfVglkaA+L74NRiOOAcIUZkrJvW5FyEyQUxYzMC4NYkgjhKRqTvqYcBUS6SXrtHJ5oZQT9UOjiCqbqz4kEBVLOAk93BkhN5F9vIf7n9WPlN92E8ihWhOPlIj9mUIVw8TocUUGwYjNNEBZU3wrxBAmElQ6ooEOwTMupV2qO/t12ana9nobQLDdq3yF0y6ZdMcvX1VLLyuLIgyNwDE6BDRqgBS5AG3QABnfgATyBZyM0Ho0X43XZmjOymUPwC8bbJ7zyj3k=</latexit>

N ⇠ ncR
3

<latexit sha1_base64="7rwuwWbt/ElC0PvrYTanH186rZQ=">AAAB9HicbZDLSsNAFIYn9VbrrerSzWARXIWk9+wKblxJFXuBNpbJdNoOnUzizKRQQp/DjQtF3Pow7nwbp2kUFX8YOPz/OZwznxcyKpVlfRiZtfWNza3sdm5nd2//IH941JZBJDBp4YAFoushSRjlpKWoYqQbCoJ8j5GON71Y5p0ZEZIG/FbNQ+L6aMzpiGKktOVe9SX1IR9geHNXGuQLtmklgpbpaNXKaeHY8CsqgFTNQf69Pwxw5BOuMENS9mwrVG6MhKKYkUWuH0kSIjxFY9LTJUc+kW6cHL2AZ9oZwlEg9OMKJu7PiRj5Us59T3f6SE3k32xp/pf1IjWquzHlYaQIx6tFo4hBFcAlATikgmDF5rpAWFB9K8QTJBBWmlNOQ7BMy6mWKo7+u+1U7Go1gVAv1irfENpF0y6ZxetyoWGlOLLgBJyCc2CDGmiAS9AELYDBPXgAT+DZmBmPxovxumrNGOnMMfgl4+0TLUGR8w==</latexit>

N2/3 ⇠ T

~cn1/3
c

↵�1
G

<latexit sha1_base64="bakXApn5qJujQjfu0bHFn5/KWdE="></latexit>

~c = 2KeV Å
<latexit sha1_base64="yVvmbzed/oid90P+DQZTKC6UuhQ="></latexit> N ⇠ (T [KeV])3/2

(nc[Å
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Neutron stars with free degenerate neutron Fermi gas

Mass density Chemical potential

Typically,

Neutron star structure:

1 fm =10-13 cm

⇢ =
mp3F
3⇡2~3
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Neutron star surface
Surface gravity:   g* = MG/R2 ~ 1014 cm/sec2 ~ 1011 gearth

Gravitational binding energy at surface:

Egrav(m) = -mMG/R  = -mc2Rs/2R ~ -mc2 (1.5 km /R) (M/M⦿) 

Egrav(proton) > 100 MeV,   mp c2 = 938 MeV

Neutron star atmosphere
P = pressure = T r/matom,    matom =  Amp

Scale height of atmosphere, �:

� = T/matomg* ~ (10/A) cm     (compared with �earth ~ 7 km)

r(h) = r(0) e-h/�

(Rs = 2M G/c2 = Schwarzschild radius = 2.94 km for Sun)

@P
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h ~ 10-2 Ebind /Am g* ~ Tm/Am g* Tm ~ 10-2 Ebind

= scale height at melting temperature, Tm 

hmax<< 1 cm

Mountain on a neutron star

stress = force/area ~ Mg*/A ~ r g* h,     r = matom natom
stress = n X strain,     n = shear modulus  ~ Ebindingnatom
strain ~ matomg*h/Ebind

Mountain of mass M, area A, height h

When strain ~ 10-2, mountain breaks

hearth ~ Tm /mrock-atoms gearth ~ 20 km

g*

Mountains are source of low level gravitational radiation – so far unseen
Magnetic fields can make deformations ~ 10-6(B/1015G)2



Atoms in strong magnetic fields
B

r = (ħ /me B)1/2 = cyclotron radius
wc = eB/mec

In atom, last filled orbit at rZ ~ (2Z)1/2r ;     Z = proton no.

Atomic shape determined by competition between atomic (Bohr)
orbits in Coulomb potential and Landau orbits in magnetic field

h º a0/ZrZ

= (B/4.6 X 109 G)1/2/Z3/2

a0 = ħ /mee2



Atoms form covalently bonded chains

parallel to magnetic field.  Chains 

electrostatically bonded to each other.

B

rR
star

B=0

B=10
12

G

r (g/cm
3
)

2.7X10
3

7.86

Surface effects of strong magnetic fields 

Surface density is raised considerably:

Neutron stars are not black bodies. Difficult to absorb or emit 

radiation polarized perpendicular to magnetic field. Very important

in interpretation of detected x-ray emission from neutron stars.







Quark-Hadron Crossover, QHC19 3

An illustrative comparison of the Togashi and APR
equations of state near the saturation point in SNM can
be made by expanding the energy per baryon in powers
of x = (n � n0)/3n0 and ↵ = 1 � 2Yp, following the
convention in the CompOSE repository:

E

A
=m� E0 +

x2

2
K0 +O(x3)

+↵2
�
J + xL+O(x2)

�
+O(↵4). (1)

The saturation energy E0 of SNM is 16.1 MeV in To-
gashi vs. 16.0 MeV in APR, and the incompressibility,
K0 = 245 vs. 267 MeV in APR. Near n0, SNM in the
Togashi equation of state is slightly softer than in APR,
as the smaller values of the symmetry energy J = 29.1 vs.
34.0 MeV in APR, and the slope parameter, L = 38.7 vs.
63.2 MeV in APR.2 In neutron stars, the Togashi equa-
tion of state is slightly sti↵er at higher densities than
APR, as seen in the radii, R = 11.6 km for Togashi vs.
11.5 km for APR, and the tidal deformability, ⇤ = 360
vs. 268, for a 1.4 M� neutron star (in the crust in APR
we use the Togashi equation of state for nB  0.26n0).
In contrast, QHC19 (set B, Fig. 3) gives R = 11.6 km
and ⇤ = 350 for a 1.4 M� neutron star.
In the neutron star crust, Togashi et al. assume a sin-

gle species of heavy spherical nuclei forming a BCC lat-
tice surrounded by a gas of nucleons (Shen et al. (2011),
Oyamatsu (1993)), and construct the equation of state
by the Thomas-Fermi method. The crust extends to den-
sity ' 0.625 n0, as is found by comparing the energy per
nucleon, for given average nB and Yp, for inhomogeneous
matter with that for homogeneous matter. As reported
in Ref. (Kanzawa et al. (2009)), the properties of neutron
star crusts calculated with the Togashi equation of state
are consistent with those in previous studies (Baym et al.
(1971), Negele & Vautherin (1973), Douchin & Haensel
(2001)).
The Togashi equation of state outlined above can be

generalized to finite T in terms of the Helmholtz free en-
ergy, F (nB, Yp, T ) (Togashi et al. (2017)), thus providing
a unified framework to treat both homogenous and inho-
mogeneous matter with thermodynamic consistency.

3. QUARK DEGREES OF FREEDOM

Deeper into the interior, beyond some 2n0, the
hadronic description of matter begins to break down and
quark degrees of freedom begin to emerge. Exactly how
matter makes a transition from hadronic to quark de-
grees of freedom is not yet understood. We first describe
the regime at higher densities, above some 4-7n0 where
quark degrees of freedom are dominant, and defer a dis-
cussion of the transition to the next section. The study
of the high density regime requires calculations within
quantum chromodynamics (QCD). Although QCD is an
asymptotic-free gauge theory, with the interactions be-
tween quarks and gluons becoming weak at very high
baryon densities (Collins et al. (1975)), such densities
are well beyond those in neutron stars. At baryon den-
sities relevant to the core of the neutron stars (several
to 10 times n0), the baryon chemical potential µB is in
the range 1.5-2 GeV, where the strong coupling constant

2 The APR numbers cited above are calculated from the fit func-
tion in the original APR paper (Akmal et al. (1998)).

↵s is of order 1, too large to allow a perturbation the-
ory calculation of the properties of quark matter. In this
strong coupling regime of QCD, one must take into ac-
count non-perturbative e↵ects including the generation
of constituent quark masses owing to chiral symmetry
breaking (strong quark–antiquark pairing) (Hatsuda &
Kunihiro (1994)), quark–quark pairing leading to color
superconductivity (Alford et al. (2008)), and the mutual
interplay of these e↵ects (Hatsuda et al. (2006)).
This non-pertubative regime at finite baryon den-

sity can be treated approximately via the Nambu-Jona
Lasinio (NJL) e↵ective model (reviewed in Ref. Buballa
(2005)), in which gluon degrees of freedom are taken into
account only implicitly. The model contains quarks (q)
of three flavors – up, down, and strange (u, d, s) – and
of three colors, a flavor-dependent current mass mq, as
well as four-Fermi interactions in the scalar-pseudoscalar
channel, the vector channel and the diquark channel,
with coupling strengths G, gV , and H, respectively. In
perturbative QCD, G, gV and H are all related to the
single gluon exchange process between quarks, while in
the non-perturbative regime, they are taken as indepen-
dent parameters. The model also includes the (instanton-
induced) six-quark interaction with coupling strengthsK
and K 0 (Baym et al. (2018)).
The thermodynamic Gibbs potential per unit volume

at high density, ⌦HD, is a sum of quark and lepton con-
tributions which are functions of the baryon chemical po-
tential. µB, the charge chemical potential, µQ, the tem-
perature, as well as auxilliary color chemical potentials,
µ3 and µ8; in the absence of higher order electron-quark
couplings,

⌦HD = ⌦q(µ̂, T ;Mi,�j) + ⌦`(µQ, T ). (2)

Here, the Mi (i = u, d, s) and �j (j = ds, su, ud) are
the dynamically generated quark masses and color su-
perconducting gaps, while µ̂ indicates the dependence
on the chemical potentials. The quark part is normal-
ized in the vacuum to ⌦q(µ̂ = 0, T = 0;Mi,�i = 0) = 0;
⌦HD is given explicitly in (Baym et al. (2018)). The Mi
and �j minimize the free energy, and are thus deter-
mined by the conditions, @⌦HD/@Mi = 0 = @⌦HD/@�j ,
for fixed chemical potentials. The baryon density nB is
obtained from nB = �@⌦HD/@µB, electrical neutrality
from nQ = �@⌦HD/@µQ = 0, and color neutrality from
the two equations @⌦HD/@µ3 = @⌦HD/@µ8 = 0. The
pressure, PHD, is simply �⌦HD. Generally PHD at given
baryon density increases as H and gV increase (Baym et
al. (2018)).
We focus here on zero temperature, relevant to the

recent LIGO/Virgo constraint on the equation of state
from tidal e↵ects obtained from GW170817 (Abbott et
al. (2018)). We take the parameters G, K as well as
the bare quark mass mi and the momentum cuto↵ ⇤NJL

in the NJL model to have their standard vacuum values
(HK parameter set in Table I of (Baym et al. (2018)).
While in the standard description of the NJL model, the
parameters gV and H are determined by a Fierz trans-
form of the one-gluon exchange interaction, we vary them
here since the equation of state and the subsequent neu-
tron star structure are, as we see below, rather sensitive
to their values. The e↵ect of K 0 can be absorbed in the
variation of H and gV as far as the equation of state is
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General structure of neutron stars (with a little history).
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