Neutron Star Structure
and Neutron-Rich Matter

James Lattimer

| atti mer @stro. sunysb. edu

Department of Physics & Astronomy
Stony Brook University

Collaborators: M. Prakash, M. Carmell



B2303+46 (e —el
J1012+5307 (m) :
J1713+0747 (r) :
B1802-07 (e) —e— |
I
I
I
I

B1855+09 (g)
JO621+1002 (f)
JO751+1807 (v)

————
o—
—e—i

T

——e— 3.48 ms pulsar

J0437-4715 (p) S
J1141-6545 (j) . : : white dwarf—
Ter 51 (t) | : o neutron star
Ter 5 J (t) | —e— binaries
J1909-3744 (u) ® 2.95 ms pulsar
J1045-4509 (e) « 1o
J1804-2718 (e) L
J2019+2425 ihi i :
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Neutron star mass (Mg)

J.M. Lattimer, Department of Physics & Astronomy, Stony Brook University - p.2/42



0.0L

MS0

Radius (km)

MS2
o3 M2A] .
60\'\\,\;AP4 G PAL1
)
GO
squ3)| !
SQM1 | GM g
GS!1 ———£AL0 |
——
(N
12
R./km=10
| | | | | | | | |
8 10 12 14




Observable Quantities

* Pulsar Rotation Periods
¢ Rotation rate limited by Keplerian velocity (mass-shedding limit):

GM
YRV TR

¢ Limits R for a given M, independently of EOS (Lattimer & Prakash 2004).

M /10 km) 3/2
v ~ 1045 + 30 Hz
M@ Ro
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Observable Quantities

* Pulsar Rotation Periods
¢ Rotation rate limited by Keplerian velocity (mass-shedding limit):

GM
YRV TR

¢ Limits R for a given M, independently of EOS (Lattimer & Prakash 2004).

M (10 km) /2
v ~ 1045 + 30 Hz
M@ Ro

e Pulsar Glitches

¢ Global transfer of angular momentum.
¢ Possible weak coupling between crustal n superfluid and star.
® Velaimplies Icryst/Istar > 0.014

Icrust PtR4
X<
]star GM2

where P, is pressure at the core-crust interface (Link, Epstein & Lattimer
1999).

¢ Limits R for a given M.
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RX J1856-3754

Isolated Neutron Star RX J185635-3754
Hubble Space Telescope « WFPC2

\ . TTTTeeee—— ] @ &
PRC97-32 « ST Scl OPO « September 25, 1997
F. Walter (State University of New York at Stony Brook) and NASA

(VLT KUEYEN + FORS2)

ESO PR Photo 23b/00 (11 Seprember 2000) ® European Southern Observatory
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Minimum mass mmit from Ju/o01 T+ 10U/, 1er 9O I & J

Terzan 51 & J:
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Minimum mass imit from Ju/21+ 10U/, 1er o | & J

Terzan 51 & J
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Structural Constraints
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GR Phenomenol ogy
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The Pressure of Neutron Star M atter

Expansion of cold nucleonic matter near ns and isospin symmetry x = 1.2:

3hc
~—x(3n%nx)l/3,

E(n,z) ~ E(n,1/2) 4 Esym(n)(1 —2x)? +

dE(n,1/2)
dn

dEsym (n)

Ns dn

P(n,z) =~ n? [ o (1= 2:1:)2] + %:1:(37r2'r7,:1:)1/3

OF
e —_— hc(37r2nx)1/3 = MUn — Up = — <a—> )
L/ n



The Pressure of Neutron Star M atter

Expansion of cold nucleonic matter near ns and isospin symmetry x = 1.2:

3hc
~—x(3n%nx)l/3,

E(n,z) ~ E(n,1/2) 4 Esym(n)(1 —2x)? +

dE(n,1/2 dFEsym (n he
P(n,z) =~ n? (n,1/2) ym () (1—22)%| + —z(3n2nz)"/3
dn ns dn ns 4
oF
He = hc(37r2n:c)1/3 — Hn — Hp = — | 3 3
oxr ),
PS pu— ?’Ls(l - 2$3) ’)’LS d n (1 - 2$3) —|_ Esym(ns)xs 9
n S

In B equilibrium:

AE ’
Ts (37r2n3)_1( Syhn;(ns)> ~ 0.04,

Thus, P « dEsym /dn forn ~ ns.



The Pressure of Neutron Star M atter

Expansion of cold nucleonic matter near ns and isospin symmetry x = 1.2:

3hc
= x(3n2nx) /3,

E(n,z) ~ E(n,1/2) 4 Esym(n)(1 —2x)? +

dE(n,1/2 dFEsym (n he
P(n,z) =~ n? (n,1/2) ym () (1—22)%| + —z(3n2nz)/3,
dn ns dn ns 4
oF
He = hc(37r2n:c)1/3 — Hn — Hp = — | 5 )
oxr ),
PS pu— n3(1_2$3) ’)’LS d n (1_2$3)+E8ym(n3)$3 9
n S

In B equilibrium:

AE ’
Ts (37r2n3)_1( Syhﬂ;(ns)> ~ 0.04,

Thus, P < dEsym /dn forn ~ ns.  Surface and volume symmetry coefficients are

highly correlated from nuclear mass measurements.

S’U = Esym(ns) 5 —
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Blue: AE < 0.01 MeV/b  Circle: Moeller et al. (1995) R,, — R, contours
Green: AL < 0.02 MeV/b Plus: Best fits

Gray: AFE < 0.03 MeV/b  Dashes: Danielewicz (2004)
Solid: Steiner et al. (2004)



Interacting Fermi Gas
Non-relativistic Potential Model
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Interacting Fermi Gas

Non-relativistic Potential Model
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Relativistic Field-Theoretical Model
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1 oUq oU1
= MNin, = d3 — 3 — Nn —
n = nNnp + Np T3h3 ;/ft p D90 np — N Bgpp
s = d>p = : M*=M — g,
" 473 h3 ; / Je E P goO Jo 7
2 2 2 2 2 2
m w m Mo o0 K A \
U — (_w) (guw) +( p> (9pp) U, = ( ) (950) 5 (o042 (goor
2

1 3
€= 47r3h3Z/Etftd p+U1+Us, P = 1573
{



Phase Coexistence
Schematic energy density

K 2 2/3
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Two-Phase Free Energy Minimization
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T (MeV)

P (MeV fm™)

=15 MeV
=10 MeV

J.M. Lattimer, Department of Physics & Astronomy, Stony Brook University
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Nucle in Dense Matter
Liquid Droplet Model

F=uw(Fr+ fup/Vn) + (1 —w)Frp, fup = fs+ fo + fr
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217 MeV, 5,=31.4 MeV, Y _=0.40
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FOS = skm_p1.dat
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T (MeV)

Beta Equilibrium

= e = hC(37T27”LYe)1/3
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