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The QCD phase diagram
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e Heavy-ion collisions and lattice QCD sensitive primarily to high T, low u

regions

e Electromagnetic and gravitational wave observations of neutron star-related
phenomena are the best probe of cold, dense (and non-perturbative)

QCD.
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e QCD: The theory which describes the interactions of nucleons and quarks
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The Nuclear Symmetry Energy
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e S(ng) = Epeu(np) — Enuc(np)
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e S is the value at the nuclear saturation density § = S(ng)

e L is the derivative, L = 3npS’ (np)

e P(no,x = xp) ~ n2S'(no)
L attimer and Prakash (2007)

masses to experiment



Bridging Nuclear and Astrophysics
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Neutron Star Composition

A neutron star
Uater Crust
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Inspired by D. Page; open source (python)

e Quter crust: of
neutron-rich nuclei

Pn = Hp + He
e |nner crust: neutron-rich
nuclei embedded in a sea

of quasi-free superfluid
neutrons

e Quter core: fluid of
neutrons, protons, and
electrons

e Inner core: hyperons? Bose
condensates? deconfined
quark matter?

What are the correct degrees
~ of freedom for the effective
« field theory which describes

dense matter?



Neutron Star Masses and Radii and the EOS

e Neutron stars (to better than 10%) all lie on one universal

mass-radius curve
(Largest correction is rotation)
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e As of 2007, neutron star radii ranged from 8-16 km
Lattimer and Prakash (2007)

e Two 2 Mg neutron stars
(important for later)



Correlation Between Pressure and Radius
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¢ Radius is particularly sensitive to the pressure of neutron-star matter

e Caveat emptor: this is still model dependent



Correlations with the Skin Thickness of Lead

15 T T | T T I ! |
120——T7——— — T T
NL3 ) \ AN H ~._
14 5271 P i \ AN 0 R=0.28 ™
—— L2714 ,# '| \ —
—_ 72T T ' n ' N
= 100\ . —
=13 o - SN ~ §R=026
= i \\ H‘m%ﬂ% |
2 [ 5R=024
12 =L —~—
e T ——
e L T 0 R=0.22 ]
11016 018 02 022 024 026 028 : [
R -R_(fm) 60— —_ a R=0.20 N
nop —
FI(z. 3. Hadius of a 1.4 solar mass neulron star ver- . 6 R=0.18
s1s neutron-minus-proton radiug in ¥ Ph lor the [our i - SR=016 i
parameter sels described in the texi. L L , | 1 C
. . - TS 28 30 3 3
Horowitz and Piekarewicz (2001), but taken from S (MeV)

the arXiv v1.
Steiner, unpublished work based on a droplet model

e Skin thickness correlated with

neutron star radii e Skin thickness correlated with L

e These lines are fuzzier in reality — model dependence



Low-mass X-ray binaries
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e H and He accreted is unstable
e Accretion is unstable and sporadic

e X-ray burst, burns H and He to
heavier elements
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Radius Measurements in qLMXBs
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Dominated by Systematic Uncertainties

Composition of neutron star atmosphere
Absorption of X-rays by interstellar matter

o Connection to galatic chemical evolution: X-ray absorption
impacted by model of solar system abundances

Distance measurement difficulties
X-ray detector calibration

Model-dependent extraction of M-R curve from data

12

Current astrophysical constraints on the neutron skin in lead are
limited by uncontrollable systematics
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Role of Bayesian Inference
e Underconstrained problem!
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e Determine parameters through marginalization, i.e.

* Bayes theorem: P[M;|D] =

P(M?) = / S(M; — MY)P[DIM;]P[M;] dM

e Choice of prior distribution introduces additional model dependence



Extrapolation: The Tail Wags the Dog
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FIG. 2. (Color online) Mass-radius relation of SLy4 [ 1], UNEDFD
|22] and SV-min |24 |. The uncertainty band for SV-min is shown. This
band is estimated by calculating the covariance ellipsoid for the mass
M and the radius R at each point of the SV-min curve as indicated by
the ellipsoid. Also depicted (dotted lines) are uncertainty limits for

TOV-min.
Erler et al. (2013)
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e Many works extrapolate
models of the nucleon-
nucleon interaction up to
very large densities

e Bayesian inference can
alleviate this problem

e Arrange prior distribution
to properly reweigh the
dog and its tail

e Important issue when
fitting disparate data sets

to one model

e Related to "overfitting"

14



Presence of Phase Transitions Above Saturation *
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» Choice of prior distribution has a significant affect on radius, even after fixing
data

e Phase transitions tend to spoil relationship between radius and L

* Demonstration of the danger of extrapolations to high density



Probability distribution

Figure 4, Limils on the densily derivative ol the symmelry energy, L. The single-

hatched (red) regions show the 95% confidence limits and the double-hatched

Implications for L and radii
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e Trying several
different prior
distributions

e Model C prefers
strong phase
transitions

e | ess certain
constraints on the
skin thickness of lead

e Radiusofa 1.4 Mg
neutron star is about
10.5-13 km

16
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Representative Models

e [t has been common to use a small set of models to represent a large
parameter space
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e This is like doing a many-dimensional Monte Carlo integral with only
a handful of haphazard points

e New computational power has allowed for more complete
explorations of parameter space
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FIG. 4 (color online).
T/T.. The red solid curve corresponds to the HotQCD data, the

TIT,.

Speed of sound squared as a tunction of

c? ~ 1/12 in neutron matter at

the saturation density

black solid onc to the Wuppertal-Budapest data, the short-dashed
one o the NJL model, and the long-dashed one o the Polyakoy

loop extended NIL model fit to the HotQCD lattice data.

Plumari et al. (201 1)

universe?

e Isc? > 1/3 anywhere in the

18



A Hypothesis

Remember ¢ = dPlde

Ok, let's assume that ¢z < 1/3

This limits the pressure, thus also limits the maximum
mass

Can we produce a 2 Mg neutron star?

19
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e Make the speed of sound as large as possible (black curve)

e Failure! ¢z must be non-trivial at high densities. Why?

e May imply a phase transition at high-density, or the introduction
of some new length scale



Thermal Emission from Isolated Neutron Stars *

e No distance measurement required

e Requires a model of the NS atmosphere to associate the observed
spectrum with a luminosity or temperature
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Neutron Star Cooling Processes

e DirectUrcain > p+e+7, Q~TO
e Only possible if enough protons are around

28 = prn + Prp + Pre
e Condition for direct Urca is:

5(5 — prn)(S — Prp)(s — pre) = 0

Lattimer et al. (1991), this expression from Steiner (2006)
e 4(1 — 2n,/n)S(n) = u,
e Also blocked by superfluidity because it breaks pairs
 Modified Urcacoolingn+n - n+p+e+v, Q~ T8

e Also quark and hyperon direct Urca processes

22



The Nuclear Symmetry Energy, Revisited

wo—_ e Definea = (n, — np)in
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""" RAPR s = L ( A(nE/A) )
- 2ol 2n o a=0
= Neutron matter ~
< e 5(n) = (E/A)neut(n) — (E/A)nuc(n)
T e If E/A is quadratic in a, S(n) = S(n)
Nuclear matter
o oos ulll 013 02 0.2
n{fm )

o L is the derivative, L = 3nyS’(ng)
Steiner et al. (2005)

o 4S(n) = 0, [Ha(n, @) — i (m, @)

e S(n) probed in neutron matter,
S(n) probed in nuclei, e.g. isovector giant dipole
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Quartic Terms and the Direct Urca Process

(EIA)(n, @) = (E/A)pc(n, @) + &*S(n) + a* Q)

¢ Below saturation, quartic terms are ’) _'| .
likely "small", above saturation
densities, they may be important |

4S(n) + 50(n) \

y
45(n) + Q(n) 1.5 ,F \ M x/(1.4 MG) “q

n(n) =

«3/7<nn) <5 [\ H
T prea(0.6 )

e Complicates connection between I R, /(12 km) T

symmetry energy and direct Urca | - -mext 0l

1 | 1 1 1 1 | 1 1 1 | | 1 1 1 | | | I
] 2 3 4 5

n

e Superfluidity also very important,

and depends on L
Steiner (2006)



* More Complications from Short-Range Correlationgs

* Most calculations of the direct Urca process have assumed a Fermi-like
distribution function for the nucleons
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e Short-range correlations modify this picture

e E.g. may suppress superfluidity
Frankfurt and Strikman, 0806.0997



Summary

Nuclear physics provides an important input for describing
astronomical phenomena

Astronomical observations are helping us understand QCD and
the nucleon-nucleon interaction

Neutron star radii are most likely between 10 and 13 km
L is most likely between 40 and 80 MeV

We need more data, particularly data which is not dominated by
systematic uncertainties

Neutron star cooling may help us determine the composition
and transport properties of dense nucleonic matter

26



Neutron Star Superfluidity

[See our review at 1302.6626)
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. 15[] gap increases with increasing

density, but drops off at higher
densities because of n-n repulsion

» Superfluidity can block cooling

Processes

e _.but it opens up new ways of
cooling

Steiner and Reday (2009)
nn Cooper
pair




Detecting Neutron Star Superfluidity

* The large slope is only well reproduced by the neutron triplet superfluid transition and
associated emissivity

* Cas A requires a very particular triplet gap A(T = 0) & T¢

nn Cooper
pair

~— ]
]
« If you form a Cooper e o YeO e
pair, you gain energy 1 10 100 1000 10% 10°

Age [yrs]

Fage, et al. (2011)



Accreted Neutron Star Crusts

Fp-process unstable 12C4+72C

(hours-days) (years)

envelope
(ZA)

outer crust

inner crust

n, P, &,
Adapted from E. Brown

e X-ray burst ashes undergo electron captures, neutron emissions, and
pycnonuclear fusions

e Heat is released: "deep crustal heating"
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A Multicomponent Model of the Deep Crust

e Multi-component simulation of the compression of X-ray burst ashes

¢ Reaction rates depend critically on the properties of very neutron-rich
nuclei

e Most of the heat is released in the very outer layers of the inner crust
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Symmetry Energy and Deep Crustal Heating *

¢ Vary masses based on nucleon-nucleon interactions with different
symmetry energies
¢ Skyrme models: SLy4 (L=45 MeV) and Gs (L=90 MeV)

e Find that SLy4 gives 2.4 MeV per nucleon while
Gs gives 4.8 MeV per nucleon
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* Neutron-rich Nuclei and Deep Crustal Heating *

e Important cycles which generate energy involving neutron-rich nuclei
e Two **Mg nuclei

e 6 electron captures and 18 neutron emissions = Two **C nuclei

e Fuse to one **Mg, emit another 4 neutrons
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