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MEUTRON STAR

Content:

- Structure of the neutron star crust.

- Nuclear hydrodynamics in the inner crust

- In-medium ion mass renormalization and lattice vibrations
of the Coulomb crystal.

- Collective excitations of nuclei immersed in a superfluid
neutron environment.

- Spherical symmetry breaking in the inner crust.

- Specific heat of the inner crust.

- Nuclear clustering in the bottom of the inner crust:
selfconsistent description of exotic ‘pasta’ phases.
Fermionic Casimir effect.

- Conclusions and open questions.
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Cooling stages of a neutron star:

1) Temperature: 50MeV o (.1MeV

Dominant process:

URCA process: p+e rn+i,
noopte+tr,

R} Temperature: 0.1MeV 3 100eV

Dominant process:

Modified URCA process: p+n »p+p+e+i
n4n rn4pte+ig
p+pte yptnti
n+pte rn+ntu,
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Estimations of various contributions
to the specific heat

Characteristic temperature: T~ (0.1 MeV (hp=1)

Elcctrons {(ultrarelativistic at densities p = 1[)5# :
C,~=  (for Tz
e S (for T - &)
supcerfluid uniform nuclear lhiguid:
. AR .7
(’-.l_:‘ L s (T)J$E " {f.':.\-'ll T {g A)
Lattice vibrations:
L W R ¢ g )
Nkg e S
§ BV : 5 . . i}
oty = «\; Y plasma fregquency, e - radins of o WS cell

Nuclear shape vibrations (multipolarity [):

Cu.-
Nkg

fit; - excitation energy of a multipole vibration

» 2L+ 1 (forf = hwy)

C3ucstion:

What 18 a typleal value of Loy in the Inner crust of
A neutron star’?

What are the basic degrees of freedom of
the neutron-proton-electron matter at subnuclear densities?



http://support.leadtools.com/ltordermain.asp?ProdClass=EPRT1

Nuclear collective excltations 1n

the hydrodynamic approximation Neutrons

A ssumptions: incompressibility of a nuclear liguid
superfluidity (potential flow) ®

he motion is described by the function:

® (7)

lefined as: #(F) = — V®(7),

vhere @ (r ) is a velocity ficld (stationary)
hc continuity cquation: Vi (F) =0

1a8 to be solved inside (Pi,) and outside (Pgyu)

. a nucleus.
he boundary conditions:

(I)in(F)lrzR — (I)Dllt(F)lr:R

OF ., wire e OGP on T
pin(?_ T "Lﬁ)lrzR: pDuL(TL_ T 'u)lT':R e

B oue(F) 0 forr — oo

vhoeroe: N 1
ins Pout — densities inside and outside a nuclcus uclicus

7 - normal unit vector

- nuclecar radius

P.Magierski, A. Bulgac, Acta Phys Pol. B, submitted
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In-medium 10n mass renormalization and lattice vibrations

ren (1' y)z — P
M= Mo = pa
M - bare nuclear mass
Mren - renormalized mass

Limiting cases:

) M™— M (nucleus in a vacuum)
2) M™ — 0 (uniform system)

3) M™ _» y/2M (bubble)

wp |1y

Plasma frequency: _
(Dpren (Zy _|_1)1/2

P.Magierski, A. Bulgac, Acta Phys Pol. B, submitted
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P.Magierski, Int.J.Mod.Phys.E, in press
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0.07 Typical nuclear

0.06 parameters
oy DR in the inner crust extracted
= 0 from
= 003} . .
3 a density functional theory
002t
pout - density of outside neutrons oot -
000}
1.2
i
0
E 0.8
=
: © 08
- surface tension of & nucleus =
ks 04f
0.2}
0.0t
50
= Wignes-3eilz 0all radiu
- 40f S ot
E
=
E 3 3
Fram P. Haensel, J.L. Zdurik, J, Dabaczewski, = Re - Wigner-Seitz cell
Asgtron. Astrophys. 222 (1 9B9) 353 i .
From F. Douchin, F. Haensel, J. Meyer, o radius
Mucl. Phys. ABBS {2000} 419 o .
Rn — Neutron radius
Rp — Proton radius
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Hamailtonian of a nucleus immersed in
a neutron gas

(harmonic approximation}:

- l |1_'T!T-rn-,|2 P
H=3 > (FF +Claml? Neutrons
m
Mass parameters:
9. — 4 [‘,:r _ ]-J_} O _ Poanr
My =1 o, f-f—l—l,l—l—-fR e
Note that:
Afy pm% for pon.=0 - nuclecus in a vacuum
A 0 for pon. = P - INniform system
Af; pf_,m_ﬁ—'dl for p, =10 - bubble nuclcus
Stiffness

C,{ == Crsurf_l_ Ccoul
Cq“rf Rzﬂ'(ﬁ — 1)(3 -+ 2) & — surface tension

coul __ & (Ze)? 1 -1 R(ZE) Bpy2
Ci — 27 R, 2141 ( )

I, - proton radius

F,. - Wigner-Scitz cell radius

= . Vibrating nucleus
Interaction with a lattice
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Spreading width of a quadrupole

vibrational state

Nuclear

Static width (Coulomb): lattice

(Z)? ; Bp 2y Shony Vibrating nucleus
o160 G ()2 (5ez) 2

coul ~.
Iﬂstat p

Dynamic width (Coulomb):

rge = 0.248 200 (T y3(3hn U (T))_

Dynamic width {(hydrodynamical):

Teyn 220.396 mpout g5

(v —1¥ Buva ps (a7 ez U(T) 3
1}3~ 3} ( ) R’( aAl, M, )

Note that;:

coul

TR(T) and TS (T) - depends on temperature

U(T) - ithe internal energy per ion associalted wiih
laillice vibrations,.

N - number of nearesil neighbours
EH, - neulron radius

Energy depends on the

Ay, C) - mass parameler and stiffhess for a dipole molion

orientation with respect
to the lattice vectors
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Spherical symmetry breaking
due to the coupling between lattice and
nuclear vibrations

spherical nuclei

hw, (MeV)
| CDI —*I hJ. (4 IJh o O I“d

|
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phase transition
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°

deformed nuclei

0.01

Nuclear quadrupole excitation
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Contribution to the specific heat
coming from the nuclear vibrations

L 1 Frw 2
C‘L (2T)2 lz: (25_'_1)( h.f;_ml)
N/

[n the case when I' o 5 0, where

Lo = ((TFom)? + (TFaes)? + (T/550)2)2

pnc obtains:

Co =Gy g g() () 2d(heo)

frou
Sl]_]h ﬁ

whoere

Clrivyp— .F;m:}2

g(w) — Tg(?l —+ l)e_ 2(7 o}
gg(w)d(hw) = (20 + 1)

T'he dominant contribution comes from quadrupole
vibrations

A

Specific heat per 1on
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Log,, C, (MeV/fm? K)

Contributions to the specific heat of the inner crust
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A (MeV)

Log,, C, (MeV/fm? K)

Contributions to the specific heat of the inner crust
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A (MeV)

Log,, C, (MeV/fm? K)
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Structure of the bottom of the inner crust: ,,pasta” phases
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Skyrme HF with SLy4, P. Magierski and P.-H. Heenen, Phys.Rev.C65,045804 (2002)
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Energy difference between the spherical phase and the ‘spaghetti’ phase: ——

Energy difference between the spherical phase and the ‘lasagna’ phase: ........
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Shell effects

Let me create a caricature of a the “pasta phase” in the crust of a neutron star.

Fermions

Impurities

Question: What is the most favorable arrangement of these two spheres?

Casimir Interaction among Objects Immersed in a Fermionic Environment

Semiclassical approximation:

2 2
h°k. a
~ 3

E cos( 2k . (r— 2a)) ; forr>>a

C™ 8mm r
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Quantum Corrections to the GS Energy of Inhomogeneous NM
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The Casimir energy for the displacement of a single void in the lattice
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Conclusions

There is a substantial renormalization effect of a nuclear/ion mass in the
inner crust of a neutron star, due to the presence of a superfluid neutron
liquid.

Thermal and electric conductivities of the inner crust are expected to be
modified. In particular, the contributions coming from Umklapp processes
have to be recalculated using the renormalized ion masses.

Due to the coupling between the nuclear surface vibrations and the ion lattice
part of the crust is filled with non-spherical nuclei. The phase transition takes
place at densities far lower than the predicted density for the transition to the
exotic ,,pasta phases”.

The contribution to the specific heat associated with nuclear shape vibrations
seems to be important at densities around 0.02 fm -3 where the pairing
correlations are predicted to reach their maximum.

Quantum corrections (Casimir _energy) to the ground state energy of an’
inhomogeneous neutron matter at the bottom of the crust are of the same
magnitude or larger than the energy differencies between spherical,
»Spaghetti”’, and ,,Jasagna” phases.

The “pasta phase” might have a rather complex structure, various shape can
coexist, and at the same time significant lattice distortions are likely and the
bottom of the neutron star crust could be on the verge of a disordered phase.
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Open questions:

* Basic degrees of freedom of the ,,pasta phase”?

* Influence on the cooling curve of neutron stars?

* The role of isovector nuclear modes?
 Mechanical properties of the crust?

* The role of superfluid vortices in the inner crust?
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