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Physics & Astrophysics of Neutron Stars

» Can observations of M, R & B.E etc., (structure & composition)

& P, P, T, & B etc., (evolution) uniquely pin down the dense
matter eqution of state?

» Neutron stars implicated in x-ray & ~-ray bursters, mergers with
other neutron stars & black holes, etc.

» Observational Programs :

SK, SNO, LVD’s, AMANDA ... (v’s)
HST, CHANDRA, XMM, RXTE ... (7’s)
LIGO, VIRGO, GEO600, TAMA ... (Gravity Waves)

Connections:
Atomic, Cond. Matter, Nucl. & Part., Grav. Physics

» Theory : Many-body theory of strongly interacting systems,
Dynamical response (- & - propagation & emissivities)

» EXxperiment: h,e,~, and v- scattering experiments on nuclel,
masses of neutron-rich nuclei, heavy-ion reactions, etc.
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Observational Constraints

Maximum Mass
Minimum Rotational Period
Radius (or Radiation Radius or Surface Redshift)

Moment of Inertia

Proto-Neutron Star Neutrinos (Binding Energy & v— Opacities)
Surface Temperatures; Core Cooling Timescale (Urca or not)
Crustal Cooling Timescale

Seismology

Pulse Shape Modulation

Gravitational Radiation
Lattimer & Prakash , Phys. Rep. 442, 109 (2007).
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Equations of Stellar Structure-|

e In hydrostatic equilibrium, the structure of a spherically symmetric
neutron star from the Tolman-Oppenheimer-\Volkov (TOV) equations:

dM (r)

— = Amrre(r)
IP(r)  GM()e(r) [“Z(:))] l“ﬂi’ii?]
dr c2r2 [1 ) 2G]\24 (r)]

e (7 := Gravitational constant
e P := Pressure
e ¢ .= Energy density

e VM (r) := Enclosed gravitational mass
e R, = 2G'M/c* := Schwarzschild radius

4/36




Equations of Stellar Structure-I11

e The gravitational and baryon masses of the star:

R
Maoc? = / dr 4mr® €(r)
0

R
Mic? = mA/ dr 47mr? ) 7
0 [1 B QGM(T)]

c2r

e m 4 .= Baryonic mass
e n(r) := Baryon number density

e The binding energy of the star B.E. = (M4 — Mg)c.

To determine star structure :
e Specify equation of state, P = P(e)
e Choose a central pressure P, = P(e.) atr =0
e Integrate the 2 DE’s out to surface r = R, where P(r = R) = 0.
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(u=n/ng).

Nuclear matter
equilibrium density

no = 0.16 fm >,

Proton fraction

T =mn,/(n, + ng).
Nuclear matter : x = 1/2.

Neutron matter : x = 0.

Stellar matter in 5—
equilibrium :
T = X.
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Results of Star Structure
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Stellar properties for
soft & stiff (by
comparison) EOS’s.
Causal limit: P =¢.

M, : Gravitational
mass

R : Radius
BE : Binding energy
ng . Central density

I : Moment of inertia

¢ . Surface red shift,
€¢/02 _

(1—-2GM/2R)~1/2,
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Constraints on the EOS-I

» R> R, =2GM/c* =
M/Ms > R/Rys ;
RS® — 2GM@/C2

~ 2.95 km.

» P.< oo
= R > (9/8)R,
= M/Mg >
(8/9)R/Rso -

» Sound speed c; :
cs = (dP/de)'/? < ¢
= R > 1.39R;
= M/Mg >
R/(1.39Rss) .

» If P = eabove
ng >~ 2ng ,

R > 152R, =
M/MyR/(1.52R,s) .
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Constraints on the EOS-I11

> Mmaa: Z Mobs :
In PSR 1913+16,

Mobs — 144 M@ .

» In PSR 1957+20,
P =1.56ms:

Qp ~ 7.7 x 10°

1/2 B
(Mpe ) (fop) ™7 57

» Mom. of Inertia [ :
Lew = 0.6x10% g cm?

(ML) (my
Me 10 km
f(Mmaaza Rmaaz)

» In SN 1987A
B.E.~(1-2)

x 10°3 ergs.
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Binding Energies
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Lattimer & Prakash , Phys. Rep. 442, 109 (2007).
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Mass Radius Relationship
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Ry = R/+/1 — (2GM/c2R)
Lattimer & Prakash , Phys. Rep. 442, 109 (2007).
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General Constraints

Maximum Mass, Minimum Period
Theoretical limits from GR and causality

o i ;
* ] _[”1{” =4, _){ €y .f €f ) L4 M, = Rhoades & Ruffini (1974), Hartle (1978)
[ X / .:;:' r f / ] -1
Lindblom (1984), Glendenning (1992), Koranda, Stergioulas & Friedman (1947)

® Pe < 4.9 X 1“15(R[._f._f.-’fﬂ;{h-i_.i,,g{.&.f)-'} £ '[_‘111_:'3 Lattimer & Prakash (2005)
T : T / WAL Y v \2/9 .
® Frin ™ (0.74 £ 0.03)(Mg/ ﬂ[ﬁ);?)‘f‘[ﬁ’,gﬁ,h /10 km)*/* ms
Koranda, Stergioulas & Friedman (1997)
* P 2= 0.96(M. /M p) "2 (Ropn/10 km)* 2 ms (empirical)

Lattimer & Prakash (2004)

* n.>0.91 x 10(1 J_]_lh%lf]‘7‘”“-,?_)2 o cm ™ (empirical)

L

- n) ;
cJ/GM= < (.5 (empirical, neutron star)

Lattimer & Prakash , Phys. Rep. 442, 109 (2007).
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Measured Neutron Star Masses
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Lattimer & Prakash,
PRL, 94 (2005)
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Measured Neutron Star Masses

Observed Masses

Firm lower mass limit?— ¥

__updated 15 June 2008
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Maximum Mass (Mg)

Ultimate Energy Density of Cold Matter

Approximate Central Baryon Density n_/n.
012345 6 7 8 9 10 11 12°1% 14 15
30[T T T T\, T T T T | | | | |
'l‘ o \\\ ® NR Potential ~
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[ ‘o \\ ‘ |
25 ‘,(641 AN A Exotica -

N
O
\ \

1.5

O 1 2 3 4 o S /

Lattimer & Prakash, PRL, 94 (2005) 111101.

\ 4

Tolman VII:
e =¢e(l—(r/R)?%)
€c X (MG)/M)2

A measured
red-shift provides a

lower limit.

Crucial to es-
tablish an upper

limit to M,,.. -

15/36




Neutron star radius measurements

Object R D Klcrf oo  Ref.

(km) (kpc) (eV)
Omega Cen 13.5 4+ 2.1 5.36 £ 6% 661% Rutledge
(Chandra) etal. C02)
Omega Cen 13.6 £0.3 536 £ 6% 67+ 2 Gendre
(XMM) etal. (C02)
M13 12.6 £ 0.4 7.80+2% 7613 Gendre
(XMM) etal. C02)
47 Tuc X7 14.511°8 5.13 + 4% Rybicki
(Chandra) (1.4 M) etal. (C05)
M28 14.5153 55+10% 90730 Becker
(Chandra) etal. (C03)
EXO 0748-676  13.8 + 1.8 9.2+ 1.0 Ozel (*06)

(Chandra) (2.10 + 0.28 M)

Ry = R/\/1—(2GM/R); F =4nT.;(Rs/D)?
Atmospheric (sometimes magnetic) modeling required.
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Constraints from Radiation Radii

Mass (Mg)

Radius (km)

Lattimer & Prakash , Phys. Rep. 442, 109 (2007).
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Pressure of NS Matter

Neutron Star Matter Pressure and the Radius

n ~ Keltl/n 0L ey PALG- |
P = K L WFF2 3
aa / g . - WFF3 G52
1 L — d In p/ dlne—1~1 L AP4 PCL2
APF ——30N -
» n/(3—n) A r(l—-n)/(3—n [ MST SOM2
Roc K™ M ’ ] E: SOM3
g7 GM3

Rocp,/ e MY | ENG

([ LA I..-f;("_'q_'_] < 2} h';
Wide variation: 2 WE
13« 280 -7 .
2 < v fm s < =

i :
GR phenomenological © | / ||
result (Lattimer & Prakash 2001) i |
1/4 —1/2
Hix pl e, ™ / ‘|
; , / qu ‘
P = NdE,,,/dn % | L1
n 2 3 A 5 & .7
Density (frr

Lattimer & Prakash , ApJ 550, 426 (2001).
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Pressure-Radius Correlation
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Rotational Constraints

I ' I I
’

Mass (Mg)

16

Radius (km)

PSR J1748-2446ad: 716 Hz ; XTE J1739-285: 1122 Hz
Lattimer & Prakash , Phys. Rep. 442, 109 (2007).
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Moment of inertia (/) measurements
Spin precession periods:

2c*aPM (1 — e?)
GM_;(4M; +3M_;)

Pp,i —

Spin-orbit coupling causes a periodic departure from the expected
time-of-arrival of pulses from pulsar A of amplitude

5t l\é{[} CL(S ) a J[fl P
— ———0; COS 1 — —
4 M c CMACLQPA

sin 6 4 cos 1

P: Orbital period a: Orbital separation e: Eccentricity
M = M, + M,: Total mass
. Orbital inclination angle 6,4: Angle between S, and L.
I 4: Moment of Inertia of A

For PSR 0707-3039, 0t 4 ~ (0.17 £ 0.16)1 4 80 ps ;
Needs improved technology & is being pursued.
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Limits on R from M & I measurements

3 10 12 14 16
R (km)

» 10% error bands on I in M, km?
» Horizontal error bar for M = 1.34 Mg & I = 80 &+ 8 M, km?
J. M. Lattimer & B. F. Schutz, Astrophys. JI. 629 (2005)
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Thermal Evolution of a Neutron Star
(Spherical, non-rotating & non-magnetic)

dM dP GMe P Arr3 P
S Anr2es “r 14+ 1|1 2A
dr e dr G [ e] [ T e ]e
d 2 3 Kp l;d 2
= (Te®/c ) — D/ A
dr ( c 160 T3 4772~ °
dd G (M + 47r®P/c?) ,,
- — e
dr r2
] (L,/GQCI’/CZ) = ,e2%/ yrp2eh
dr
d 28 /c? dI d/c? 2 _A - 2. \—1/2
— (Le ) = —cy—e ' dmree”, with A =-exp(l —-2GM/c*r) .
dr dt
(P,€): (Pressure, energy density) M : Enclosed mass
x . Opacity of matter ® . Gravitational potential

Ly . Luminosity (thermal conductivity & radiation)
(Ly,€,) : Neutrino (luminosity, emissivity)
L = L4+ L,; Netluminosity

¢, - Specific heat/volume, Time ¢t measured at r = 0.
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Equation of State

10%° 25 1T T T 1 71
[ APR
—10% L 2 ;/////iiiiiitji\\\\ i
M o= LS
e _ //\ : WFF3
(6] | ° Y ]
o 215 St _
L1003 b PR o .| — BPAL31;
()] - 0 : ) .
> WFF3 —— g 1F BPALZ]-:
@ BPAL31— 1
Q4033 L BPAL21 |
0.5
1032 \ | \ | \ | \ | , | , | O [ 1 ] 1 ] 1 ] 1 ] 1 ] 1 ] 1
0 0.16 0.32 0.48 0.64 0.8 0.96 8 9 10 11 12 13 14 15
ng [fm™] Radius [km]

Moderate variation with nucleons-only matter.

Page, Lattimer, Prakash & Steiner, ApJS 155, 623 (2004).
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Specific Heat

Distribution of C, in the core among constituents

~ R _ mp,
Th
Density [10™* g cm™] i
P(”f'é’(
9 5 7 B 5 4 S 2 —
250 I | ) I I ) | I il CV
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| 200
E il .
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L 150 )
o i 3 —
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3 1t
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Stellar Volume [10°° em”] a0 '

Page, Lattimer, Prakash & Steiner, ApJS 155, 623 ?2004).
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Neutrino Emissivities

Name Process Emissivity References

(ergs—! cm—3)

, —
Modified Urca £ B = P E ~ 10297¢ Friman & Maxwell 1979

n+p+e” —-n +n+ve

n+ K~ —n+e +0
Kaon Condensate < - : ~ 10%4T$ Brown et al., 1988
n+e —n+ K 4+,

. n-—+m n+e —+v
Pion Condensate 4 - © ~ 10%6T¢ Maxwell et al., 1977

n+e —n+an 4+

: n—p+e +U :
Direct Urca { g : ~ 1027T$ Lattimer et al., 1991

pt+e —n+re

By — By + 14D
Hyperon Urca  TrT . ~ 10268 Prakash et al., 1092
Bs +1 — B1 + 1

d Tt e
Quark Urca ;T e T ~ 1026 . T  lwamoto 1980
u+e- —d-+ ve

\

To: Temperature in units of 10° K.

26/36




Direct versus Modified Urca

» Unlike MUTrca,
Durca exhibits
threshold effects.

» Superfluidity

abates DUrca
cooling.

» Page & Applegate,
Apl 394, L17
(1992).

» Cooper pair break-
Ing & reformation

affects both DUrca
& MUrca.

Log t (years)
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Inferred Surface Temperatures

65 "~ ~~~_ modified Urco |
TS~ llT--_J0822-4247 |
i ‘\D:\\ 1207.4-5209 |
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X L e J0720.4-3125_
< 6.0 [
< - 17066—44 L ]1055-52 |
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o N === NG A
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2 - 0656+ 14 i
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55— —
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Logio age (yr)

Lattimer & Prakash , Science 304, 536 (2004).

28/36




New Cold Objects

Several cases fall below the “Minimal Cooling” paradigm & point to
enhanced cooling, If these objects correspond to neutron stars.

36 T
—T NS 1987A ? :
35 3 Light elements B
= [ l envelopes ]
g i Heavy elements ]
— 33 r envelopes ]: =
_¢ i :
o [ 1
31 F ¢ 5
3 v ]
30 -l 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 l-
0 1 2 ) 4 ) 6 7

Log t [yrs]

Page, Lattimer, Prakash & Steiner, ApJS 155, 623 (2004).
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Deconstructing a Neutron Star

e Constructing the EOS from several (M & R)’s of the same stars.

M
") A
Lindblom(1992)
::-—p }R
v TOV $
dm 2
EQOS: — =4rnr°p, - [ T
- dr
Polytropes - | Z
—» dp m+4nrrlp
PAL — = - (p+pP) —» | B.E
: = dr r{r=2m) |
(G=¢€=1)
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Inversion of the TOV equations

Recast TOV using new variable h

Advantages:
- finite at surface dh - dp
& center - 5 (p)
- m & r depenent P*p P
variables
dr? o 2 r-2m With EOS
= -4
dh m+4dnrd3p |
— =471y’ Je)
dh m+4nxr3p
]
At 22 my o 3 (o) [1+3(dpfdh)c+15pc—5pc e b
star's | 2% (3 Ps+Pa) 10 (3 P + Pc) ” )
center | o () - %:.-3 i b (1_ . (d:’dh)c i, ) ]
Pe

Ongoing work : Postnikov, Prakash & Lattimer (2008)
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Two ways to delimit the EOS

i ¥ ’
N N

(Pcr Pc)




=2 N W
N . w .

p [107°M, / km’]
= .

n

o -

Ul .

Tests with a two-power polytrope

Lindblom's scheme

Polytropes

maximum mass
configuration

0.5 1. 1.5 2.
p [1073 M, / km’]

o Uil

Newton-Raphson scheme

w N
w - s

Polytropes

N
8]

maximum mass
configuration

|—I
m .

p [1073M, / km’]
N

- ap 100 %
0.5 —_—
/p
_0.51 0.5 ; J 1.5 2. 2.5 3.

p [107° M, / km]

For low-density, polytropic index n = 0.8, for high-density n = 2.

33/36




Tests with a model EOS

Lindblom's scheme

I._l
= .
. o

p [107° M, / km]
o
n

|
o
6]

p [107° M, / km]

2.7 Newton-Raphson scheme

1.57% PAL31

maximum mass
configuration

p [107°M, / km]
|._l

.5 i. 4.8 2. _2.5 3.
5l p [107° M, / km’]

-0.

PAL3L: K, = 240 MeV & F(u) = u with n/nq.
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Requirements

» Masses and radii of several (say 5 to 7) same neutron stars can pin
down (through deconstruction) the equation of state of neutron-star
matter and shed light on the dense matter equation of state (strong
many-body Interactions).

» Precise laboratory experiments, particularly those involving
neutron-rich nuclel, are sorely needed to pin down the near-nuclear
aspects of the symmetry energy (masses, neutron skin thicknesses,
collective excitations, etc.)
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Future Prospects

Constellation X

3

Simultaneous Mass and Radius Measurement
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Courtesey Bob Rutledge
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