M aximum mass of a neutron star

Say that we believe equation
of state up to massdensity r,
but e.o.s. Is uncertain beyond

Weak bound:
a) core not black hole =>2M G/c? < R,

b) M. =sRed3rr(r)3 (4p/3) r RS
=> c’RJ2G3 M 3 (4p/3) r RS>

R—=2M- G/c? = 2.94 km

M M = (3M—/4pr ;Rs3)Y2M—

M, .2 13.7 M—£(10™g/cm3/r ;)2
Outside materia adds~ 0.1 M—




Strong bound: require speed of sound, c, in
matter in core not to exceed speed of light:

cZ=P/r £ c?

Maximum core masswhenc,=c
Rhodes and Ruffini (PRL 1974)

WFF (1988) eg. of state=> M__= 6.7M—(10%g/cm3/r ;)2
V. Kalogera and G.B., Ap. J. 469 (1996) L61

ro=4r,, =>M_,=22M-
2. . => 2.9 M-

nm




Neutron star massvs.r

Fic. 2.—Maximum neutron star mass, M,... as a function of the fiducial
density, py, for the two variations of the WFFS8 equation of state: AV14 plus
UVII potential (solid line) and UV14 plus UVII potential (dotted line). Vertical
dashed lines lie at constant py = pPums 2Pmm > and 4p,, .




Neutron star massvs. central density for givenr ,
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Black hole candidates

Conventional cut on black hole candidates: M, .= 3.2M—

Mo =29M— (ryg=2r )
22M— (ro=4r )

many new small mass black hole candidates

Mass function; f

=(M,2sini) [(M,+Micq)? < M,

In low mass x-ray binaries

opt

ex. Novamuscae, f,, =3.1+0.4
GRO J1655-40, f,, = 3.16+0.15
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LMXBs
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RADIO-PULSARS

Compact black hole masses

] ] l
3 J1650-500
— J1859+226

—) GX 3394

— BWCH GRS1915+105

Va4 CYG
J1819-254
J1655-40
J1550-564
4U1543-47
H1705-25
G51124-684
GS2000+25
AQG20-00
GRS1009-45
JOd422+320
J1118+480

10 15
Compact object mass (M)

J. Caceres, astro-ph/0503071




Neutron

411700-3%
Vela X—1
Her X-1
41U1538-52
Cen X-3
LMC XxX—4
SMC X-1
JOD45—-73

Cen X-4
J2123-058

B1855+09

B1B0OZ-0D7

J1713+07

J10124563

B15as+49(C)
B158B+48(P)
B2303+46{C)
B2303+46(P)
B2127+11{C)
B2127+11(P)
B1534+12(C)
B1534+12(P)
BLO13+16(C)
B1913+16(P)

kRadio Pulsars

Black Holes
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V4841 Ser
J1655—40

J1859+226
GRS10089-45
GX335-4
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ADBE0—00
N Mus 91
N Oph #7
G2000+25
Va04 Cyg
J1118+480

| GR319156+105

Fig. 5.21. The mass

| 10
Compact object mass in solar masacs

distribution of neutron stars and black holes.

Note the re-

markably narrow spread of NS masses, and the large factor by which the BH masses
exceed the (canonical) maximum NS mass of 3.2Mq .

Charles & Coe, astro-ph/0302080




Stability of neutron starsvs. egn. of state (Newtonian)

E = Einternal + Egran B A e
grav 5 R

average pressure (ISR N 1 et 1M"G\ oV
5 R V

Newtonian virial theorem

(6

T 94V 15 R 1%

1 dp ._Vr)g 2 AIQG ((5vr> 2

VdP ny dP

d VT P dﬂ*‘ b

Newtonian stability requires G> 4/3 on average




General relativistic corrections:
G> (4/3)(1 + O(R/R))

R, = 2MG/c? = Schwarzschild radius = 2.94 (M/M—-) km

Numerically small (but crucial) correction for white dwarfs, where
for relativistic electrons, G= 4/3

Large (> 50%) correction in neutron stars.
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Speed of sound and adiabatic index vs. mass density

Akmal, Pandharipande and Ravenhall, Phys. Rev. C58 (1998) 1804

A18+8v+UIX
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L ear ning about dense matter from
neutron star mass deter minations

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

Binary neutron stars » 1.4 M—: consistent with soft e.o.s
M, ~ 1.56My,, (Bethe-Brown, no neutron star observed in SN1987A)

Cyg X-2: M=1.78 £ 0.23M—
VelaX-1: M=1.86 + 0.15M— allow some softening

PSR J0751+1807: M >» 2.1 M— no softening
QPO 4U1820-30: M » 2.2-2.3 M— challenge microscopic €.0.s.




M easur ed neutron star massesin radio pulsars

Thorsett and Chakrabarty, Ap. J. 1998

I
PSR B1518+49

PSR B1518+489 companion nelJtrOn Star

PSR Bl534+12

PSR B1534+12 companion = nelJtron Star
PER B1913+16 bi nari$

PER B1913+16 companion

PSR B2127+11C

PER B2127+11C companion M :1-3510.04M_
PSR B2303+46

i PER BE2303+46 companion

PSR JO437-4715

PER J1012+5307%
PER J1045-4509
PER J1713+07
PSR B1802Z2-07
PSR J1804—-2718
PSR B1855+09
PSR J2019+2425

PR JO040-7310

1
Neutron star mass (M)




NEW BINARY PULSAR SYSTEM
Lyne et al., Science 303, 1153 (2004)

l 4 22-mspulsar JO737- 3039A
| A +2.7-sec pulsar J0737- 3039B companion

See eclipsing of A by B




See orbit almost edge-on:

A orhit
B orbit

line of sight to Earth

-

-

. i o
line of -.L;__a!jt_t:m_ﬁ_nr_:__*

energy flux balance ——




M ass deter minations:
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Mass A (Mg,.)

Stellar masses A=1.337(5M—, B=1.250(5)M—




Vela X-1 (LM XB) light curves

Serious deviation from Keplerian radial velocity
Excitation of (supergiant) companion atmosphere?

M=1.86 + 0.33 (25)M—

M. H. van Kerkwijk,
astro-ph/0403489

i'. i -
n "._
i &

oo e XL ? 1.75M—<M<2.44M—

+E 1.52{Ffr:hnlen

+ . Photographic i . ' 4 _ Qual ntre” et al "y

o; [UE

A&A 401, 313 (2003)




PSR J0751+1807

3.4 ms. pulsar in circular 6h binary w. He white dwarf
D. Nice et al., astro-ph/0508050

Pulsar slowing down due to gravitational radiation: dP/dt = 6.4£1014

Shapiro delay of signal due to gravitational field of companion:
= - (2Gm,/c®) In(1-cosq)
g = angle between ns and wd seen by observer
Measurements free of uncertainties due to atmospheric distortion in
companion

2.14£0.2M;, (68% confidence)
L] — L 21 |:I+11 .['\']. [t]r 1 o “j-uhuu ,,4;_

J 0.1914+0.015M; (68% confidence)
e —

Lll 1’41‘?:1“ Ms (95% confidence)




Neutron star (pulsar) - white dwarf binaries
Nice, Splaver, & Sairs, astro-ph/0411207
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QPO 4U1820-30 (RXTE)
Lamb, Miller, Psaltis

INnnermost circular stable orbit
R=6M G/c?

=> M~ 2.2-2.3 M—

Implies very stiff equation of state. No exoticalikely.
Central density ~1.0fm=~6r

Observations beginning strongly to constrain
microscopic nuclear physics




A18+0v

Akmal, Pandharipande and Ravenhall, 1998




