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Causality + GR Limits and the Maximum Mass

A lower limit to the
maximum mass sets a
lower limit to the 2.5
radius for a given mass.

M — R curves for maximally compact EOS

2.0

Similarly, a precise

(M, R) measurement 15
sets an upper limit to =
the maximum mass. = 4

Mo)

1.4M, stars must have

R > 8.15M,. 05 A
1.4M,, strange quark 0.0 c ]
matter stars (and likely 6 8 . gkom) 12 14

hybrid quark/hadron
stars) must have
R > 11 km.
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The Radius — Pressure Correlation
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Nuclear Symmetry Energy

Defined as the difference between energies of pure neutron matter
(x = 0) and symmetric (x = 1/2) nuclear matter.

5(p) = E(p,x =0) — E(p,x =1/2)

Expanding around the saturation density 3¢ [C. Fuchs, H.H. Wolter, EPJA 30(#006)'5
(ps) and symmetric matter (x = 1/2) gol. [ vt )
E(p,x) = E(p, 1/2)+(1-2x)°Sa(p) + .- 5 aa]-
L =
Sp) =S+ . F
3 ps k=TT
S, ~ 31 MeV, L ~50MeV e
20 . . , : ‘ ‘ ‘nucllear‘maTlerﬁ
Connections to pure neutron matter: 0 . plp o
Q

E(ps,0)~ S, + E(ps,1/2) =S, — B, p(ps,0) = Lps/3

Neutron star matter (in beta equilibrium):

O(E + E. Lps 45,\*4-35,/L
g =0, p(ps,xz) % [1—<hc) 37r2p/:|

Ox
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Nuclear Experimental Constraints

Kortelainen et al. (2010)

Binding Energies

o 100]- 1

Liquid Droplet Model I
80| ]

_ A2 Sy _ I
Eom = Al [1+55A71/3/sv . 6of ]
20R 1+S,A-1/3/5, < 40} & ]

S I S

, 20} ]

Ss ~ 3a L L . —

S, — 2r {1 t35 * <3sv) } i
Oj b
=200 ]
24 26 28 30 32 34 36

S, (MeVv)

J. M. Lattimer How Well Do We Know the High-Density Equation of State?



Nuclear Experimental Constraints

Neutron Skin Thicknesses
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Nuclear Experimental Constraints

Tsang et al. (2009)
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Nuclear Experimental Constraints

Trippa, Colo & Vigezzi (2008)
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Nuclear Experimental Constraints

Roca—Maza et al. (2013)
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Nuclear Experimental Constraints
Danielewicz & Lee (2013)
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Theoretical Neutron Matter Calculations

H&S: Chiral Lagrangian

GC&R: Quantum Monte Carlo

L (MeV)

S, — L constraints from
Hebeler et al. (2012)

J. M. Lattimer

s N y U
Hebeler & Schwenk (2011)
LA B B B R B

s
8oL ¢
60
40

201 -

-20

24 26 28 30 32 34 36
S, (MeV)

How Well Do We Know the High-Density Equation of State?




Theoretical Neutron-Rich Matter Calculations

neuty, .
80 L On skin P\

Chiral Lagrangian studies of
neutron and neutron-rich matter

by Drischler, Somd & 60
Schwenk (2014)

Astro'h sics

L (Mev)

40

Includes uncertainties in oo P

symmetric matter properties
20} 4

26 28 30 32 34
S, (MeV)

J. M. Lattimer How Well Do We Know the High-Density Equation of State?




Simultaneous Mass/Radius Measurements

» Measurements of flux Foo = (Rso/D)? oT

and color temperature T, o< AL, yield an

apparent angular size (pseudo-BB):

R. R 1

D D.,/T-2GM/Re
» Observational uncertainties include

distance D, interstellar absorption

. e Accretion di
Ny, atmospheric composition

\ Neutron Star

Best chances for accurate radius measurement:
» Nearby isolated neutron stars with parallax (uncertain atmosphere)

» Quiescent low-mass X-ray binaries (QLMXBs) in globular clusters
(reliable distances, low B H-atmosperes)

» Bursting sources (XRBs) with peak fluxes close to Eddington limit
(where gravity balances radiation pressure)

M
Foaa = <M A 2GM R
kD2
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Photospheric Radius Expansion X-Ray Bursts
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PRE Burst Models

Ozel et al. z,, =z B = GM/Rc? Steiner et al. z,, << z
GMc . GMc
Frad,oo B V1-28 Fradoo = 5
2
A = F°°:fc—4<R°°) a = ByY1-28
(;_Téc 5 D 0 = cos ! (1—54a?)
Edd,co K
= - =p(1-2 1 9
“ \/Z fc2C3 ( B) B - - 1+\/§Sln (>
AP Ry 6 3
7T Fmia. @
1 1 —cos| 3
1 :
a < s required. a < 57 = 0.192 required.
a

EXO 1745-248 4U 1608-522 4U 1820-30 KS 1731-260 SAX J1748.9-2021
0.188 £0.035 0.247 = 0.058 0.235 £ 0.040.199 +0.032 0.177 = 0.036
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M — R PRE Burst Estimates
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M (Mg)
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M — R PRE Burst Estimates
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PRE Burst Conundrum

Poutanen et al. (2014) and
Suleimanov et al. (2011)

argue that soft short Type | bursts
are affected by accretion

discs that obscure our view.

3.0F
25

This leads to underestimates of
FEdd,oo and Foc

N
o

They also claim that f. should
be about 1.2 times larger.

Neutron star mass M/Mg,
-
a1

Thus, estmates of o would 10 E
remain roughly unchanged, .
but those of v would be 05 7
larger by £#, leading ]
to increases in radius estimates OO0L b b b L b Ll

8 10 12 14 16 18 20 22
Neutron star radius R (km)

They claim hard longer bursts should instead be used to infer masses and radii.

by the same factor.
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M — R QLMXB Estimates

wwwwwwwwwwwww
{ | |
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Absorption (Ny)
determined

2 self-consistently

from spectra

R(km)  Guillot et al. (2013)
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Interpretation
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M — R QLMXB Estimates

I

P(M,R) fromJ:-I atmosphere
models of Guillot et al. (2013),

adjusted for alternate Ny values
of Dickey & Lockman (1990).

Heinke et al. {2014) found
NGC 6397 prgbably has a
He atmospherk and w Cen
E has a smallerJVy than
,,,,,,,,,, = Guillot et al.{2013) found.
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Bayesian TOV Inversion

» ¢ < 0.5¢9: Known crustal EOS » EOS parameters K, K’,S,, v, €1,
» 0.5c0 < £ < &;: EOS ni, 2, np uniformly distributed
parametrized by K, K', S, ~ » Mpax > 1.97 Mg, causality
» Polytropic EOS: 1 < & < &3: nq; enforced
€ > €gpl My » All 10 stars equally weighted
L B B B B B A 2.5 1
103; — | Fiducial EOS, PREs, QLMXBsw/adjusted N, ]
Einferred P( ) E| L Lattimer & Steiner 2013 ] 0.9
[ 1 oL Bl [
102? = : : 0.7
T ] i 1[5 os
£ [ 1| SPst -
2 2 RX J1856 1| 205
s o I s - o et al. (2007)7| 1
E_, F ] E [ ] ?0'4
L ] - B éo.s
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Astronomy vs. Astronomy vs. Physics

Ozel et al., PRE bursts z,j, 25
z: R =19.74 4+ 0.50 km.

Suleimanov et al., long
PRE bursts: R; 4213.9 km >

Guillot et al. (2013), all
stars have the same radius,
self Ny: R =9.1713 km. ;@1_5

Lattimer & Steiner (2013), =
TOV, crust EOS, causality, =
maximum mass > 2Mg,

Zph = Z, alt Ny.

Lattimer & Lim (2013),

nuclear experiments:

29 MeV < S, < 33 MeV, 0.5
40 MeV < L < 65 MeV, T NI A o P |

_ 6 8 10 12 14 16 18

T I T T T T { T T T T { T T T T { T T T T
1 l 1
|,

J. M. Lattimer How Well Do We Know the High-Density Equation of State?



Additional Proposed Radius and Mass Constraints

Pulse profiles
Hot or cold regions on rotating
neutron stars alter pulse shapes:
NICER and LOFT will enable
timing and spectroscopy of

thermal and non-thermal emissions.
Light curve modeling — M/R;
phase-resolved spectroscopy — R.

Moment of inertia

Spin-orbit coupling of ultra-
relativistic binary pulsars

(e.g., PSR 0737+3039) vary i and
contribute to w: | o« MR?.

Supernova neutrinos

Millions of neutrinos detected from
a Galactic supernova will measure
BE= mgN - M, < E, >, 7,,.

QPOs from accreting sources
ISCO and crustal oscillations
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Constraints from Observations of Gravitational Radiation

Mergers:

Chirp mass M = (MyM,)3/>M~1/> and
tidal deformability A\ oc R®> (Love number)
are potentially measurable during inspiral. 0.8

A= AM~5is related to | = IM~3 by an
EOS-independent relation (Yagi & Yunes
2013). Both X and [ are also related to
M/R in a relatively EOS-independent Way§
(Lattimer & Lim 2013).

» Neutron star - neutron star: M, for
prompt black hole formation, fyeak
depends on R.

0.6

0.4

0.2
» Black hole - neutron star:

fiidal disruption dependS on R, a, Mpy.
Disc mass depends on a/Mpy and on

| | |
-2
MnsMpuR™<. 0.05 0.09 0.16 0.28 0.50

. 2 2
Rotating neutron stars: r-modes (GMys/Rysc™)(GMau/RysC”)
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