Superfluid LDA (SLDA):
Describing pairing phenomena in nuclei,
neutron stars and dilute fermi gases in traps

Aurel Bulgac

collaborator/graduate student: Yongle Yu

Transparencies will be available shortly at
http://www.phys.washington.edu/~bulgac




Physics absences hamper research

by Divlan Lee Lehrke
1072172003

Tongle T, a physics graduate student, was optimistic when he went to
~weden last March to be mternewed for a postdoctoral postion at the
wotld-renowned Lund University, Yu got the position and had to return to
W only to take his fnal exams. But 10 meonths later, half a yvear after he
was supposed to have graduated, Y1z i hus home country of China

walting for a wisa.

A Husky's First Rasourca




One of my favorite times in the academic vear occurs in early spring when |

give my class of extremely bright graduate students, who have mastered

quantum mechanics but are otherwise unsuspecting and imnoceént, a take-
home exam in which they are asked to deduce superfluidity from first prin-

ciples. There is no doubt a special place in hell being reserved for me at this

very moment for this mean trick, for the task is impossible. Superfluidity, like

the fractional quantum Hall effect, is an emergent phenomenon — a low-ener-
gv collective effect of huge numbers of particles that cannot be deduced from
the microscopic equations of motion in a rigorous way and that disappears
completely when the system is taken apart®. There are prototypes for super-
fluids, of course, and students who memorize them have taken the first step
down the long road to understanding the phenomenon, but these are all ap-
proximate and in the end not deductive at all, but fits to experiment. The
students feel betrayed and hurt by this experience because they have been
trained to think in reductionist terms and thus to believe that everything not
amenable to such thinking is unimportant. But nature is much more heart-

less than I am, and those students who stay in physics long enough to se-
riously confront the experimental record eventually come to understand that
the reductionist idea is wrong a great deal of the time, and perhaps always.

Robert B. Laughlin, Nobel Lecture, December 8, 1998




Superconductivity and superfluidity in Fermi systems

v Dilute atomic Fermi gases T,> 1012 eV
e Liquid 3He T.> 107 eV
e Metals, composite materials T.>103-102eV
v" Nuclei, neutron stars T, >10° - 106 eV

e QCD color superconductivity T, >107 - 103eV
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superconductivity of Fermi systems
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Cipen shell nucleus

How pairing emerges?

Cooper’s argument (1956)

Gap 2D

Cooper pair
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Density Functional Theory (DFT)
Hohenberg and Kohn, 1964

E, = jd3r8[p(?)] G particle density

Local Density Approximation (LDA) The energy density is typically
Kohn and Sham. 1965 \ determined in ab initio calculations
—_— b

E, = [drel p(7),7(F)]

of infinite homogeneous matter.

Kl‘he main reason for the A in LDA is
due to the inaccuracies of the gradient
corrections.

p(7) = ZI v,(F)[

7(F) = Z| Vv, (7) [
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LDA (Kohn-Sham) for superfluid fermi systems

(Bogoliubov-de Gennes equations)

E,, = [d’re(p(F), 7(7),v(7))
p(F) =2 |v,(F)[, (7)) =2 Vv, (F)

v(F) =D u, (F)v,(7)

(T+U(?)—ﬂ A(F) j[umj: . (umj
A7) ~(T+UF -\ v, (7)) "\ v, ()
Mean-field and pairing field are both local fields!

(for sake of simplicity spin degrees of freedom are not shown)

There is a little problem! The pairing field D diverges.




Why would one consider a local pairing field?
v Because it makes sense physically!

v'The treatment is so much simpler!
v Our intuition is so much hetter also.

/-

radius of interaction inter-particle separation

coherence length
size of the Cooper pair



Nature of the problem

S o . 1
v(n,n)= ka(’ﬂ)uk(’”z)oc .
E, >0 ‘7’1—7"2‘
O B
A(rl:rz)ZEV(rprz)V(rvrz)

It is easier to show how this singularity appears
in infinite homogeneous matter (BCS model)

at small separations

vi (7)) = v, exp(ik -7), u, (%) =u, exp(ik -F,)

2 2 -
J, u, +v, =1, ¢ =




Pseudo-potential approach
(appropriate for very slow particles, very transparent
but somewhat difficult to improve)

Lenz (1927), Fermi (1931), Blatt and Weiskopt (1952)
Lee, Huang and Yang (1957)

/R o . . :
— “y(r)+V((rwr)=Ew(r), V(r)=0if r>R
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if kry<<1 then V@#)w(r)= gﬁ(F)ai[VW(f)]
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The SLDA (renormalized) equations
E,=[d’riey [p(F) )]+ e [o@)v ()]

def

esloGlv@)] = —AGW.(F)= g G .GY

2m(r

A (F)u,(F) = [h(F) = p1v,(F) = E,v,(F) AGF)=—g.(FW.(7)

{mww—ummﬂ+AawWﬁ>=amuw {%ﬁ)? "G U

11 _mUUhUU{L_hJﬂlnhUU+h%ﬂ}
gy (F)  glp(]  27°R° 2k, (F) "k (F) = kp(F)
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Position and momentum dependent running coupling constant
Observables are (obviously) independent of cut-off energy (when chosen properly).
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| OPPORTUNITIES IN NUCLEAR SCIENCE

NSAC Long Range Plan

April 2002




Mavember 10, 2003

Energy Secretary Spencer Abraham Announces
Department of Enerygy 20-Year Science Facility Plan
Sets Priorities for 28 New, Major Science Research Faciiies
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Facilities for the Future of Science: A Twenty-Year Outlook
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A (significantly) abridged list of major questions still left unanswered
in nuclear physics concerning pairing correlations:

v" Do nuclear pairing correlations have a volume or/and surface character?

. The density dependence of the pairing gap (partially related to the previous
topic), the role of higher partial waves (p-wave etc.) especially in neutron matter.

v The role of the isospin symmetry in nuclear pairing.
« Pairing in T =0 channel?
v Does the presence or absence of neutron superfluidity have any influence

on the presence and/or character of proton superfluidity and vice versa.
New question raised recently: are neutron stars type | or Il superconductors?



Pairing correlations show prominently in the staggering of the
binding energies.

Systems with odd particle number are less bound than
systems with even particle number.
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One-neutron separation energies
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Two-neutron separation energies
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One-nucleon separation energies
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How can one determine the density dependence
of the coupling constant g? | know two methods.

&g [ IO(F ), V(F )] — Y [ ,O(I_’: )] | V(F ) |2 <«— Superfluid contribution to EDF

v" In homogeneous low density matter one can compute the pairing gap as a
function of the density.

v" One compute also the energy of the normal and superfluid phases as a function
of density, as was recently done by Carlson et al, Phys. Rev. Lett. 91, 050401 (2003)
for a Fermi system interacting with an infinite scattering length (Bertsch’s MBX

1999 challenge)

In both cases one can extract from these results the superfluid contribution to the
LDA energy density functional in a straight forward manner.



Anderson and Itoh,Nature, 1975
“Pulsar glitches and restlessness as a hard superfluidity phenomenon”

The crust of neutron stars is the only other place in the entire Universe where one
can find solid matter, except planets. A NEUTRON STAR: SURFACE and INTERIOR
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Landau criterion for superflow stability

(flow without dissipation)

Consider a superfluid flowing in a pipe with velocity v..

2
Nmv

: - o
B, + 5 <Eyt+é&;+v,-p+

no internal excitations

One single quasi-particle excitation with momentum p

A

In the case of a Fermi superfluid this condition becomes \4

S <—
ik,



Vortex in neutron matter

Uy (7)) (u,(r)expli(n+1/2)¢ —ikz]
v . (7)) \v, (r)expli(n—1/2)¢—ikz]

j, n - half -integer

A(F) = A(r)exp(i@), ¥ =(r,9,z) [cyllindrical coordinates]

Oz - vortex symmetry axis

Ideal vortex, Onsager's quantization (one 7 per Cooper pair)




“Screening effects” are significant!

(1 JJ3,,|
5 128 (1993)

from Lombardo and Schulze
astro-ph/0012209




—— phase shift — phase shift
— effective range — effective range
- RG I

NB! Extremely high relative T,

2\7/3h% k3 [ T W
eXp| —

2m 2 tanod(k F) “— Corrected Emery formula (1960)
NN-phase shift
RG- renormalization group calculation

Schwenk, Friman, Brown, Nucl. Phys. A713, 191 (2003)
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Dramatic structural changes of the vortex state naturally lead
to significant changes in the energy balance of a neutron star

0.12, extremely fast vortical motion,

_m_

S &
® In IOW denSity region g(pout )pout > g(pin )pin

which thus leads to a large anti - pinning energy E Zm >0:

E;/l'n = [g(pout)pout - g(pi” )’Oi’1 ]V

e The energy per unit length is going to be changed dramatically

when compared to previous estimates, by

AE

vortex

L = [g(loout)pout - g(pi")pi" ]ﬂRz

e Specific heat, transport properties are expected to significantly

affected as well.

Some similar conclusions have been reached recently also by
Donati and Pizzochero, Phys. Rev. Lett. 90, 211101 (2003).



Vortices in dilute atomic Fermi
systems in traps

v 1995 BEC was observed.

v' 2000 vortices in BEC were created, thus BEC
confirmed un-ambiguously.

v In 1999 DeMarco and Jin created a degenerate
atomic Fermi gas.

v 2002 O’Hara, Hammer, Gehm, Granada and Thomas observed
expansion of a Fermi cloud compatible with the existence of a
superfluid fermionic phase.



Why would one study vortices in neutral
Fermi superfluids?

They are perhaps just about the only
phenomenon in which one can have
a true stable superflow!



How can one put in evidence a voriex
in a Fermi superfluid?

Hard to see, since density changes are not expected, unlike
the case of a Bose superfluid.

What we learned from the structure of a vortex in low density
neutron matter can help however.

If the gap is not small one can expect a noticeable density
depletion along the vortex core, and the bigger the gap the
bigger the depletion.



Feshbach resonance

Tiesinga, Verhaar, Stoof
Phys. Rev. A47, 4114 (1993)

g
g
E-
g

Atomic
seperation

Regal and Jin
Phys. Rev. Lett. 90, 230404 (2003)



Consider Bertsch’s MBX challenge (1999): “Find the ground
state of infinite homogeneous neutron matter interacting with

an infinite scattering length. n—>0 << A, << |al>w

» Carlson, Morales, Pandharipande and Ravenhall,
PRC 68, 025802 (2003), with Green Function Monte Carlo (GFMC)

normal state

» Carlson, Chang, Pandharipande and Schmidt,
PRL 91, 050401 (2003), with GFMC

superfluid state

This state is half the way from BCS—BEC crossover, the pairing
correlations are in the strong coupling limit and HFB invalid again.



BCS —BEC crossover
Leggett (1980), Nozieres and Schmitt-Rink (1985), Randeria ef al. (1993),...
If a<0 at T=0 a Fermi system is a BCS superfluid

<<, iff k,|al<land f=—2f55 1
k. Ak,

n’k; . T

If |]a|]=c0 and nr *a 1 a Fermi system is strongly coupled and its properties
are universal. Carlson ef a/. PRL 91, 050401 (2003)

E :
Enormal z054§€ : superfluid 204428 and§=0 l | A:O(g )
50 N 57" . .

If a>0 (a>r,) and na®*a 1 the system is a dilute BEC of tightly bound dimers

n
and n,a’<<1, where n, =7f and a,, =0.61a >0



r)n(r) = — | s—7(r) + fn(r)*"
| m | 2m*

NS

| Ve ( r ) ‘ :

» This form is not unique, as one can have either:
(setl) or and (set ll).
» Gradient terms not determined yet (expected minor role).



Solid lines - parameter set |,
Dashed lines for parameter set |l
Dots — velocity profile for ideal vortex

The depletion along the vortex core
is reminiscent of the corresponding
density depletion in the case of a
vortex in a Bose superfluid, when the
density vanishes exactly along the axis
for 100% BEC.




Conclusions:

v" An LDA-DFT formalism for describing pairing correlations in Fermi systems
has been developed. This represents the first genuinely local extention

of the Kohn-Sham LDA from normal to superfluid systems - SLDA
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