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Abstract: Recent discoveries, including a 2 solar mass pulsar, rapid cooling in the Cas A supernova remnant, and estimates of masses and radii from
photospheric radius expansion bursts and thermal emissions from neutron stars, are able to constrain significantly the properties of dense matter.
Implications for the pressure-density relation and properties of superfluids in neutron star interiors will be discussed.
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xtreme Properties of Neutron Stars

» The most compact and massive configurations occur when the
low-density equation of state is "soft” and the high-density equation
of state is "stiff’ (Koranda, Stergioulas & Friedman 1997).
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xtreme Properties of Neutron Stars

» The most compact and massive configurations occur when the
low-density equation of state is "soft” and the high-density equation
of state is "stiff’ (Koranda, Stergioulas & Friedman 1997).
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xtreme Properties of Neutron Stars
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aximum Energy Density in Neutron Stars
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aximum Energy Density in Neutron Stars

Approximate Central Baryon Density r**i/rwc5
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ass-Radius Diagram and T heoretical Constraints
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ass-Radius Diagram and T heoretical Constraints

.. =

R (G 4}64‘&’ C =N l_
Pl

—

—

G p—

e

j — _:] B

/) :

m -

causality: - B
= =

R< 290GM/c” i

L

0.5

— normal NS ~ B
0 0N
L

8 10

_ 12 14 16
_Pirsa:_11060012_ f - # S R‘U d i -J S l: ;( rnr‘ :l Page 15/82




ass-Radius Diagram and T heoretical Constraints
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ass-Radius Diagram and T heoretical Constraints
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PSR J1614-2230

3.15 ms pulsar in 8.69d orbit with 0.5 M., white dwarf companion.
Shapiro delay tightly confines the edge-on inclination: sin/ = 0.99984
Pulsar mass is 1.97 = 0.04 M.
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mplications of Maximum Masses

M,... >2 M-

» Upper limits to energy density, >
pressure and baryon density:
> = 13 1=,
= B ?El:r:_
» Lower limit to spin period: >
P > 0.56 ms
» | ower limit to neutron star radius: >
K > 8.5 km
» Upper limits to energy density, >

pressure and baryon density in the
case of a quark matter core

TE I T
> = < [.1=s
» p < 20=,
pirsa: 11060018 [T 2 6.0n.

Mpax > 2.4 M-

Upper limits to energy density,
pressure and barvon density:

= < 8.9,

Lower limit to spin period:
P > 0.68 ms

Lower limit to neutron star radius:
K > 104 km

Upper limits to energy density,
pressure and baryon density in the
case of a quark matter core
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mplications of Maximum Masses

Mumax > 2 M

» Upper limits to energy density, >
pressure and baryon density:
> = 13 1=,
» p < 8.8=,
> Ng 0.8n.
» | ower limit to spin period: -

P > 0.56 ms
» |ower limit to neutron star radius: >
» Upper limits to energy density, -

pressure and baryon density in the

case of a quark matter core

Mumax > 2.4 M

Upper limits to energy density,
pressure and barvon density:

= < 8.9=;
p < 50=;

Lower limit to spin period:
P > 0.68 ms

Lower limit to neutron star radius:
K> 104 km

Upper limits to energy density,
pressure and baryon density in the
case of a quark matter core

tIs—1/3)
» = < 52=,
» p< 1l4s,
> nNg 4.61".-'._: Page 46/82



ow-Mass Neutron Stars

Theoretial limit for minimum mass of

neutron stars is about 0.09 M.

Practical limit. on the basis that
neutron stars form from lepton-rich

n can't exceed of 1
to 1.2 M..

Recent refined mass determinations of
X-ray pulsar binaries (Rawls, Orosz,

McClintock and Torres (2011)
» Vela X-1: 1.77 =0.08 M.

» 4U 1538-52:
0.87 = 0.07 M., (eccentric orbit),
1.00 =0.10 M. (circular orbit)

» SMC X-1: 1.04 =0.09 M.

> LMC X-4: 1.29 = 0.05 M..

» Cen X-3: 1.49 +0.08 M.

Pirsa: 11060012

» Her X-1: 1.07 =0.36 M.

2.4
CNS
EE - ——
= HMNS | HNS
2.0 S _ _
LPNS? . LPNST
= EPNS’
z —-—- EPNS.
== T
5 1.2 N =0 =t =4 &
E b " - Rl ——
0.8 = ——
0.6 Y =04, s=1-2
- — - ——
- - Y. =0U5s=31-—12
0.2 = K B -
0.0 T —
a 2 6 20 24 28 32 16 40 i4 48
A [km]
Strobel. Schaab & Weigel (1960
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ow-Mass Neutron Stars

éi'"ri t for minimum mass of

about 0.09 M.

- |
T
=
-+t
-
O
-
U"I
I'Ji

. on the basis that
neutron stars form from lepton-rich
proto-neutron stars, can't exceed of
M. and could be close to 1.2 M..

Practical limit

Recent refined mass determinations of

X-ray pulsar binaries (Rawls, Orosz,
McClintock and Torres (2011)

» Vela X-1: 1.77 =0.08 M-

» 4U 1538-52:
0.87 =0.07 M ., (eccentric orbit),
1.00 =0.10 M. (circular orbit)

» SMC X-1: 1.04 =0.09 M..

» LMC X-4: 1.29 - 0.05 M..

» Cen X-3: 1.49+0.08 M.

Pirsa: 11060012

» Her X-1: 1.07+=0.36 M.

2 4
CNS
22
— HNS ' HNS™
2.0 2
LPNS _ LPNST
= EPNS.
: --— EPNS,.,
B
= 1.2 ¥ =04.s 1. Se =4—5
E : % - sy . i
0.8 - —
0.6 Y =04 s=1-2
= = W _g,-3v
0.2 — = Ao = =
1.0 T =46
3 2 16 20 24 238 2 3B 40 44 &
A [km]
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eutron Star Matter Pressure and the Radius
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eutron Star Matter Pressure and the Radius
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he Pressure of Neutron Star Matter

Expansion of cold nucleonic matter energy near n: and isospin symmetry
===} :
3hc

E(n.x) ~ E(n.1/2)+ E..(n)(1 —2x)° + =-f3.*’;_-'?':‘ A
'dE(n.1/2) = == - . :
- y— g ' +— ——(1 —2x)°| + nx{3m“nx)
1 d an ] 4
= = = JHE -\ -
. = 372 nx)} E(n,1/2)~-B+—(1— )
18 Ne
Beta Equilibrium: ( — ) e
7 / E: : -
=
- — Yi-gyIT
= (a2 (42

avllm \ EC'. T
B = 1l D)y tf_nalt 2
::i'r - 'xlr-lEI ;

E.m(n) ~ S, ~30 MeV, hc ~ 200 MeV /fm,
e —> ; — 0.04 . P; — n- (dEsym anj_
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he Pressure of Neutron Star Matter

Expansion of cold nucleonic matter energy near n. and isospin symmetry

1/2 .
. 3hc - .
- | -'.:3.'?-_’?='f‘ J.

E: 1. > i E Fl. 1 .j:l 1 s—_.:: -1r'lli, ”.‘ 1 == : B =
= 3 -,(:{ l "fl] .E 1 i
— L r :—- L] F L - :.
F({n.> - 3 _ — (I —2x)°| + nx{3x“nx) "
an an
= = . = K ; =
= = ct3T“mx)"’" J‘:{I"’li_]_—‘_lf_—,..[l__>
1:§ \ -
= ||' !
Beta Equilibrium: [ - | = ptp — pin + e =0
\ Ix }
E < 4 4E..._;’*‘ >
~ (3n2n)t (3Eom)
| e - ==
; — = : —ll . el 3 l_-:1‘+__+__Ect_,,r'r:-”.f-[l_-._j."-J
. I:J'r an =
E.om(ng) ~ S, =~ 30 MeV, hc =~ 200 MeV /fm,
e . — 004 P; — n- (dEsym dn)_ .
= ' . Page 53/82
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he Uncertain E,,(n)

p { p[}
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uclear Structure Considerations

Information about £,,,,(n) can be extracted from nuclear binding
energies and models for nuclei. For example, consider the schematic
liquid droplet model (Myers & Swiatecki):

% 3 L: =

E(A.Z) ~ —a, A+ a,A“° + ——— Ao ZAT

[ - -

=

5 X 5 /_ N1 i E__%u"} — 1 ) a r

Lt

™

Fitting binding energies results in

a strong correlation between S,
and S., but not definite values.

| \ st
1 | i =
,
IPUPIFEPRIS SPOI PR NPT EOIL TSI P, NPT IO e

/e
AgS =y

Another observable: neutron

skin thickness 0K < 5./S,.

Blue: AE < 0.01 MeV /b

cjﬂ;:iEI !"u:l:::-EiIErEI: al. (1995) a
Crosses: Best fits
Dashedi/Danielewicz (2004) o0 5= 0 ——

S

TE
i e

: “Page 55/82
Solid: Steiner et al. (2005) S, (MeV) Sy tMeV)



uclear Structure Considerations

Information about £.,,,(n) can be extracted from nuclear binding
energies and models for nuclei. For example, consider the schematic
liquid droplet model (Myers & Swiatecki):

E(A.Z)~ —a,A+aAY3 + =t At acZZA P

R S _—
stk ol 1)&
‘.-2 E:-.-HL"} I‘-

Fitting binding energies results in

a strong correlation between S,
and S., but not definite values. ; -
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uclear Structure Considerations

Information about £E,,,,(n) can be extracted from nuclear binding
energies and models for nuclei. For example, consider the schematic
liquid droplet model (Myers & Swiatecki):

= S
— . 3 Dy . . -
E(AZ)~ —a3 A+ 3.A7" + — A+ acl AT
1_'_(-:"5 ..:"__J'_\_l ;-

o & / n ( f} — l.) d3r

Fitting binding energies results in

a strong correlation between S,
and S., but not definite values.
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9
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uclear Structure Considerations

Information about £.,,,(n) can be extracted from nuclear binding
energies and models for nuclei. For example, consider the schematic
liquid droplet model (Myers & Swiatecki):

E(AZ)~ —3a A+ 3 A" +

1 4+(S,/S, )A1/3

\ Egml(n)

,
N T — -

Fitting binding energies results in

a strong correlation between S,
and S., but not definite values. ;-

I
b
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Another observable: neutron
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Blue: AF < 0.01 MeV /b
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uclear Structure Considerations

Information about £.,,,(n) can be extracted from nuclear binding
energies and models for nuclei. For example, consider the schematic
liquid droplet model (Myers & Swiatecki):

‘ — A+ acZ°AT

N =

Fitting binding energies results in

a strong correlation between S,
and S., but not definite values.

& | !
| N
[T TP (I I RN PR TR N, P e

JFI/'I Jul,

Another observable: neutron

skin thickness 0K < 5./5,.

Blue: AE < 0.01 MeV /b

Circle: Moeller et al. (1995) J
Crosses: Best fits

Dasasgbeoddanielewicz (2004) 2C
Solid: Steiner et al. (2005)
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uclear Structure Considerations

Information about E.,,(n) can be extracted from nuclear binding
energies and models for nuclei. For example, consider the schematic
liquid droplet model (Myers & Swiatecki):
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uclear Structure Considerations

Information about E.,.,(n) can be extracted from nuclear binding
energies and models for nuclei. For example, consider the schematic
liquid droplet model (Myers & Swiatecki):
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uclear Structure Considerations

Information about E.,.,(n) can be extracted from nuclear binding
energies and models for nuclei. For example, consider the schematic
liquid droplet model (Myers & Swiatecki):
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nferred M-R Probability Estimates from Thermal Sources
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Photospheric Radius Expansion X-Ray Bursts
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Photospheric Radius Expansion X-Ray Bursts
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eutron Matter and the Symmetry Energy

Pirsa: 11060012

Fits to nuclear binding energies result in a strong, nearly linear,
correlation between volume and surface symmetry energy coefficients
of the liquid droplet model.

This correlation is dependent on the nature of the liquid droplet
model and how it treats the interaction between the Coulomb effects
on the nuclear surface, and does not translate directly into a
correlation between S, and L = 3(dS, /dInn),._.

Finite nucleus models, such as Thomas-Fermi and Hartree or
Hartree-Fock, for a particular nuclear interaction, can be fit to
binding energies to obtain the correlation between S, and L.

Neutron matter studies (Hebeler & Schwenk; Carlson et al.) indicate
that £, and dE,,,,/d Inn), are also correlated.

Comparing these correlations could constrain the properties of the
symmetry energy. It could be dependent on the nature of the nuclear
interaction model, but this has not been thoroughly explored.
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