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M vs. R and the EOS of Dense Matter
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. Jo a good approximation, all neutron stars lie on one universal mass versus
radius curve

. Observations provide points, "connect the dots"
. One-to-one correspondence with the equation of state (EOS)

. We can determine the EOS directly from data.



M vs. R and the EOS of Dense Matter

2.5_1 ——— LA L AL B — T ||-:_.1_ 10 _|| T T |||||||_ * 10
i S {180 350
- A 107 e
- - 1P 160 - ' ]
L N : 18 300
| | 140 - 7
- - ol | 8 250
= | B g
= [ 10 g | 1S
R 13 = .
I_ | :3[} o ]'Dg_ _§ _: 150
- 1| =60 i 100
i 11 3 - r,,>>R 11
u | 140 ! 3
= | 3 1| 50
U.ﬁ_ 1l 20 1| -
_|||||.-"r..||||||||||| sy ||_ :ﬂ ‘|||L|]||J|||Llj|||L|J||J||JL|]||||L|_ _U
¥ 8 10 12 14 16 18 2000 400 600 300 10001200 1400 1600 1800
R (km) e (MeV/fm’)

. Update of results from Steiner, Lattimer, and Brown (2010)

. Model dependence, systematic uncertainties, updated data, extra correlations
between low- and high-densities

. I will attempt to address all of these issues



Mass and Radius Data
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. Photospheric Radius Expansion
. Quiescent low-mass X-ray A-ray Bursts
binaries

. Mass and radius simultaneously

. Only GR-corrected radius, less

difficulties with systematics - Some difficulties in interpreting
the burst data



Statistical Approach

. Well-suited to this underconstrained problem

. Bayes theorem:
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. Conditional probability is provided by the data
PDM]= || Di(M R)|\rps peri,

1€ N datasets

PIM;|D] =

. In Bayesian analysis, marginal estimation 1s often employed:

1

. Different EOS parameterization is degenerate with different prior
distribution



EOS parameterization

. Schematic EOS near the saturation density:
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High-density parameters:
ni,no,erandeg or I'y(,I'9,e1 and €9

or

P (400 MeV /fm?®), P (600), P (1000), P (1400)



EOS parameterization

. Quark matter

3(1—c) , 3(m2-—4A%)
— ~ B
a2 * 42 K

. Mixed phase modeled by an additional polytrope

P

. Hybrid or "strange quark stars”
. May be a correlation between low and high-densities

. Repar this by fixing a transition density and adding a new polytrope



Radius of a 1.4 Solar Mass Neutron Star
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Radius of a 1.4 Solar Mass Neutron Star
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Radius of a 1.4 Solar Mass Neutron Star

Model A
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Radius of a 1.4 Solar Mass Neutron Star

Model A
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Model C
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Radius of a 1.4 Solar Mass Neutron Star

Model A

Model B

Model C

Model D

Redshifted photosphere
Without X7

Without M13

1.0 < fo < 1.33

1.47 < fo < 1.8

No PREs

Processing Math: 100%
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Radius of a 1.4 Solar Mass Neutron Star

Model A

Model B

Model C

Model D
Redshifted photosphere
Without X7
Without M13

1.0 < fo < 1.33
1.47 < fo < 1.8
No PREs

For all models
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Radius of a 1.4 Solar Mass Neutron Star

Model A 11.18 11.49 12.07 12.33
Model B 11.23 1153 12.17 1245
Model C 10.63 10.88 11.45 11.83
Model D 11.44 11.69 1227 1254
Redshifted photosphere 10.74 10.93 1146 11.72
Without X7 10.87 11.19 11.81 12.13
Without M13 10.94 11.25 11.88 12.22
1.0 < fr < 1.33 10.42 10.58 11.09 11.61
1.47 < fo < 1.8 11.82 12.07 12.62 12.89
No PREs 11.23 11.56 1223 12.49
For all models 10.42 10.58 12.62 12.89
M, .. > 24 12.14 1229 12.63 12.81



Radius of a 1.4 Solar Mass Neutron Star

Model A 11.18 11.49 12.07 12.33
Model B 11.23 1153 12.17 1245
Model C 10.63 10.88 11.45 11.83
Model D 11.44 11.69 1227 1254
Redshifted photosphere 10.74 10.93 1146 11.72
Without X7 10.87 11.19 11.81 12.13
Without M13 10.94 11.25 11.88 12.22
1.0 < fr < 1.33 10.42 10.58 11.09 11.61
1.47 < fo < 1.8 11.82 12.07 12.62 12.89
No PREs 11.23 11.56 1223 12.49
For all models 10.42 10.58 12.62 12.89
M.« > 2.4 12.14 1229 12.63 12.81
No X7 or M13, Model D 11.36 11.65 12.41 12.83
No M13 and 1.47 < f~ < 1.8, Model B 11.84 12.12 12.70 12.98
NoX7and 1.0 < fo < 1.33, ModelC 9.17 9.34 9.78 10.07

Processing Math: 100%




Radius of a 1.4 Solar Mass Neutron Star

Model A 11.18 11.49 12.07 12.33
Model B 11.23 1153 12.17 1245
Model C 10.63 10.88 11.45 11.83
Model D 11.44 11.69 1227 1254
Redshifted photosphere 10.74 10.93 1146 11.72
Without X7 10.87 11.19 11.81 12.13
Without M13 10.94 11.25 11.88 12.22
1.0 < fr < 1.33 10.42 10.58 11.09 11.61
1.47 < fo < 1.8 11.82 12.07 12.62 12.89
No PREs 11.23 11.56 1223 12.49
For all models 10.42 10.58 12.62 12.89
M.« > 2.4 12.14 12.29 12.63 12.81
No X7 or M13, Model D 11.36 11.65 12.41 12.83
No M13 and 1.47 < f~ < 1.8, Model B 11.84 12.12 12.70 12.98
NoX7and 1.0 < fo < 1.33, ModelC 9.17 9.34 9.78 10.07
Strange quark stars 10.19 10.64 11.57 12.01




Mass and Radius Results
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Steiner, Lattimer, and Brown, in prep.

. Slightly larger range of radii for a 1.4 solar mass star: 10.4 and 12.9 km



Mass and Radius Results
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Steiner, Lattimer, and Brown, in prep.

. Compatible with strange quark stars

. Still rule out 1/3 of Stone's Skyrme models



EOS and the Symmetry Energy

1{]1 é — T 1 T T T ] T T l_ r : : '
- ; 1=
10° E -
- - Heavy-lons . -
'.'"EE i dd
E :
BT .
> 10E - | - %
2 | 2 g |
_ = 4 I b=
L]
z | -
| Sl
D05 0.0 045 02 025 -
ng (Fm™) _ -
-1 L—-I i i i i | i i i | i i i | i i I &
10 0.2 0.4 0.6 0.8 Y =i

Ny (fm"z)

0.5

Steiner, Lattimer, and Brown, in prep.

. P(¢) determined to within 30-50%
n g) determined to within a factor of 3

.y < 0.6
. Neutron skin thickness now 0 R < 0.20 fm




Summary

. After examining:
- One source removal
- PRE problems
o Prior distributions
o Correlations between high and low densities
- Hybrid stars
o Strange quark stars

We find neutron stars have radii between 10.4 and 12.9 km
. Or something even more exciting is going on!
. Several currently used EOSs are ruled out
. 'Soft" symmetry energy near saturation density is implied

. Also, using Quantum Monte Carlo to design parameterizations of dense
matter (S. Gandolfi).



« Dimensionless parameter
FTD kD
o = 2
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Renormalized MC weight
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