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Objectives

1. Use observations of masses and
radil (binding energy, moment of inertia, Love
number, period and etc.) Of several
Individual NS stars to determine the
dense nuclear matter EOS.

2. To provide a benchmark maximally
model-independent dense matter
EOS for ongoing microscopic studies.
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Pulsar

Binary pulsar
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Mass and radius of a NS
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“The American Pie”
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Many exotic scenarios for pipterier composition, but
none confirmed!
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Mass-Radius Diagram and Theoretical Constraints
GR:
R > 2GM/c?
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Note: Diverse predictions for masses and radii;
not satisfactory!
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Neutron Star Matter Press ure and the Radius
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How several observed individual
stars determine the EOS.

Observed

Density region
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Smoothness of the EOS In NS matter

Phase transitions with more than one conserved charge
Gibbe rules Glendenning Phys Rev D 46 (1992) 1274

P =P (mechanical equilibrium)

2

1
E.g., L =u +u (chemical eq.)

n U d
m System with one conserved charge
s Maxwell construction
m NS profile p(r) has discontinuity
m dP/dp discontinuities are large
m Charge and baryon number
conservation
m Chemical beta equilibrium:
E.g.:d(ors)ou+e + v _
m Global charge neutrality
= po(r) is continuous
m dP/dp discontinuities are small

“Pressure, energy density, and

chemical potentlals <
In NS matter we can start Finction of wei hted b

with smooth EOS’s and density when there is mére
later correct for than one conserved charge.”
discentinuikies (phasey: s:.reedlajendenning 1992) 11
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»
0. Use low density “known” EOS to set st&ts S A,
squared <"v:

=

Recast the hypothetical EOS as speed of soun
c (h)=dP/dp vs h (where dh=dp/(p+ p)) in the unknown region

1. Since c (h) is chosen to be smooth and varies slowly, at each next small step in h we can generate a

linear piece of curve with slight deviation in its slope from the previous step: “tree”

a =a (1+8 j/N)

next slope previous slope a

alh [0,0]...[i—=1,5:—1]+ ¢ 3 [0,0]...[i—1,7:—1] ) + tan (”

a(hyo,0.. i1 *"ﬁf[m:.]...[-;;..-:']'3' = ; P
L — a(ho,00.. [i=1,ji_.]: €5 (0,0]. .. [i—1,5s 1] ) tan (..-r-}.i; \%)

1. For every piecewise ¢ (h), calculate corresponding P(p)

S

2. Now | am also using faster Monte Carlo scheme
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Masses are well measured
in binary systems but
radii are not precisely

known.

The other systems, in
which the radiation radius

R

Object R

is measured, do not

D kTes.00 Ref.

(km)

(kpc) (eV)

Omega Cen 135+ 2.1

(Chandra)

536 £6% 667  Rutledge

et al. (’02)

13.6 £ 0.3

Omega Cen

(XMM)

5.36 £ 6% 67 +2 Gendre

et al. (02)

M13
(XMM)

126+ 04

780£2% 76 £3 Gendre

et al. (’02)

1.6
145717,

(14 Mp)

47 Tuc X7
(Chandra)

5.13 +4% Rybicki

et al. (°05)

M28

7 sndra)

+6.9
14.57 37

55+ 10% 90%};  Becker

et al. ("03)

) 0748-676
indra)

13.8+ 1.8
(2.10 + 0.28 M)

92+ 1.0 Ozel (°06)

Ro = R/\/1 - (2GM/*R) ;

BT (e D)

Atmospheric (sometimes magnetic) modeling required.
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Unstable nuclear burning of accreted
matter on the neutron star surface
causes type | (thermonuclear) X-ray

bursts.

Accretion on neutron star

Rise time = 0.5 - 5 seconds
Decay time = 10 - 100 seconds
Recurrence time = hours to day

Energy release in 10 seconds

Burst light curve

SECOMDS

= 10% ergs

|

Sun takes more than a week
to release this energy.

Why is unstable burning needed?

Energy release:
Gravitational = 200 MeV / nucleon
Nuclear = 7 MeV / nucleon

Accumulation of accreted matter for hours — Unstable nuclear
burning for seconds = Thermonuclear X-ray burst.

Sudip Bhattacharyya
NASA's Goddard Space Flight Center
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Sources of observational data:

4U 1745-248: Ozel et al. (2009)

4U 1608-522: Glver et al. (2010)

4U 1820-30: Gaver et al. (2010)

4U 1724-307: Suleimanov et al. (2010) jim Lattimer
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The band vs model EOSs and
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Sequential Bayesian
analysis

A

M
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The TOOL

refinemen
EOS space discretization [speed vs CEuERE

resolution]
step Ss1

M Data with
errors

(contours)
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physics

(low p
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[1 Other
observational

constra’~  * Seed ‘low’ density EOS (p < p0)
(Pmin;~___* Phase transitions, ‘jumps’ (pj
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(Bayesian, Mmax,
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* EOS band

Post-processing:
* Statistically

weighted EOSs
s Benchmark EOS

model dependence
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Dependence on seed EOS
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c? histogram of 4624 curves
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Bayesian analysis with
contours (AP3)
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Resulting EOS band

log,q (p, MeV/fn®
to (B, HEV/ER) + model EOSs
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Many seed EOSs
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Recent 2 solar mass star
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Next steps being taken

® Generation of complementary EOSs from TOV
inversion schemes (M-R plane). Schemes are
developed and ready for use.

® [nclusion of more constraints.
m Rotational period, redshift, B.E., Love number...
m Data from nuclear experiments
® Cooling and bursting data

® Sequential data analysis as more individual stars
available.

m Strange quark matter stars, very deferent seed
EOS.

Sergey Postnikov, IA-UNAM NS-2011, St.-Petersburg, 13 July 2011 27



The Nuclear (A)Symmetry Energy

L.W. Chen, C.M. Ko and B.A. Li, Phys. Rev. C72, 064309 (2005). . Energy cost to create an
60 T T T T W -

T T T T &

| — Skyrme-Hartree-Fock | asymmetry (0) between

with 21 parameter sets neutrons and protons
=  MDI interaction with x=0 7

o MDI interaction with x= -1

E SYm

0

Structure of nucler &
neutron stars
determined by the
015 020 025 030 energy & pressure of

fmayarXiv:1102.2728 beta-stable

nucleonic matter

E(ﬂ, ”3) -+ Esym(n (l — 2;1?)2 4 ...
n?[E'(n,05) + E! (n)(1—2x)*] 4+ ---

sym

Courtesy M. Prakash
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Summary

The way to use available observations of several stars to
determine a maximally model-independent EOS is being
developed.

Scheme to generate EOS with incorporation of observational
errors is constructed on the basis of sequential Bayesian

analysis and ‘smoothness’ assumption. It uses EOS expressed
as the speed of sound c (h) and the variable h and

S

complementary inversion scheme from M-R into EOS.

Scheme is tested on 4 stars from X-ray burst data and
produced reasonable and consistent band of EOSs.

Additional theoretical constrains and phase transitions can be
easily implemented.

New measurements of several individual stars is expected to
get us closer and closer to pinpointing benchmark EOS.
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The end

Thank you!
Questions?



Examples of generated “phase
transition”

h
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Upper Limit from LIGOII

(150000

m3) . ..
A (10%gem?s?) 16

Fii. 3.— Range of Love numbers for the estimated NS parameters from X
observations. Top to bottom sheets: EXO( Len,M13, and NGC
For aninspiral of two 1.4 M NSs: anc 0 Mpe, LIGO 1T detectors waill
0% confidence ( Flanagan
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Maximum Mass, Minimum Period
Theoretical limits from GR and causality

]n ],r mar — 4.2 \€s/€ f } L/2 ]\[ . Rhoades & Ruffini (1974), Hartle (1978)

Rpin = 2.9GM/c? = 4.3(M /M) km

Lindblom (1984), Glendenning (1992), Koranda, Stergioulas & Friedman (1997)

, 115 2
Econtral < 4.5 X 108 (My /Mjgrgest)? g cm ™3

Lattimer & Prakash (2005)

Pin = 0.74(Mz /Mg, ) L2 Repr /10 km )3/2 1ms

Koranda, Stergioulas & Friedman (1997)

Pin == 0.96 4+ 0.03(M., /M) 2 (Repn /10 km)*/2 ms
(empirical) Lattimer & Prakash (2004)

) V2

L , E o ; -
€contral > 0.91 % 1015 (I ms/ Fnin ) g cm 3 (empirical)

C JT (T\f < ).D (empirical, neutron star)
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Possible Kinds of Observations
Maximum and Minimum Mass (binary pulsars)

Minimum Rotational Period*

Radiation Radii or Redshifts from X-ray Thermal
Emission®
Crustal Cooling Timescale from X-ray Transients®

X-ray Bursts from Accreting Neutron Stars®
Seismology from Giant Flares in SGR’s”
Neutron Star Thermal Evolution (URCA or not)*

Moments of Inertia from Spin-Orbit Coupling®

Neutrinos from Proto-Neutron Stars (Binding Energies,
Neutrino Opacities, Radii)*

Pulse Shape Modulations®

Gravitational Radiation from Neutron Star Mergers®
(Masses, Radii from tidal Love numbers)

* Significant dependence on symmetry energy
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Remarks

By histogram to analyze array of
generated EOS
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