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Plan

Rozrzedzone gazy fermionowe — definicja,
oddziatywanie, rezim unitarny

Mozliwosci eksperymentalne
Kwantowe Monte Carlo

Szczelina energetyczna dla rezimu
unitarnego

Obliczenia dla rozrzedzone] materi
neutronowe] — rownanie stanu, szczelina
energetyczna
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Interaction |

Scattering at low energies
(s-wave scattering)

® —0
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1:2—7[» R
k
e ;; - eﬂﬂ’ R -radius of the interaction potential
W(V) e +f(k)7, f(k) - scattering amplitude
k—0

J(k) =

|
—ik—}/ —|—1r0k2 , _
a=2 scattering length and ef
range, If k-0
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Interaction Il

Momentum cut-off /

Leading term of Skyrme force
Suitable for dilute fermionic gases

r—r')=— st o P 2 e

V=T ")==gs(r-7') g AmAa 2mh

o 32, s == Relation between coupling constant
= gf dr ) ( I”) e ( 4 ) and scattering length

For neutron matter:

scattering length: a=-18.5
effective range:  ro=2.8

V(i@e=—g, 6(F—7")+g,[V6(F-F)+6(F=F )V’
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Unitary limit |

Expected phases of a two species dilute Fermi system
BCS-BEC crossover

s

weak interaction weak interactions

! ? Molecular BEG@ and
Atomic*Violecular
Superfluids

BES Superiimid
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1/a

a<0 a>0
no 2-body bound state shallow 2-body bound state
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Theory and experiment
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|t i G 05 10 15 20
S I T = Magnetic field [kG]

g 4 TU h a 2 Tt h -"ngnetic-. field dependence of the scattering length
in °Li. showing a broad Feshbach resonance at By ~ 834 G
and a narrow Feshbach resonance at By >~ 543 G (can not be
resolved on this scale). From Bourdel et al. (2003).
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Experiments with atomic gases

Magnetic Field [G]

833 , Control parameters of
experiments:

s The number of atoms In
the trap

= The density of atoms

s Mixtures of various

FIG. 36 Vortex lattice in a rotating gas of °Li precisely at the atoms
Feshbach resonance and on the BEC and BCS side. Reprinted

with permission from Zwierlein et al. (2005). o The temperatu fe Of the
atomic cloud

_____ [l < The strength of
7 ////% interaction
y

1.6 ; 0.7
+—BEC Interaction parameter 1/k.a BCS —
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Universality of unitary regime |

f(k)'=" =
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N
| 7 e
|
4
i
<
_ <.

The only relevant length scales remain the inverse

of the Fermi wavevector.

All thermodynamic quantities should be univer

function of the Fermi energy Er and of the rat

Example: E(T)=&(T/T,)E,. M=

Dimensionless
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Universality of unitary regime li

4

- 01ds_ atunitarmny .

FNAr noninfaracetina Farp
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o
(U,

Universality requires
a unitarity Fermi gas to

The mechan obey the virial theorem fc

equilibrium i ga
7

Fig. [1] shows -:::;1.'2:} as a fum*fi' m F. The dashed line
shows the fit, = = 1.03(0.02) E/Ey, which 1s
1 close ag lF*t—'I'ﬂt—'llt W 1th ’rhr- virial theorem prediction of
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Quantum Monte Carlo |

Definition of the problem

fi —B(H—uN) den of
" (ﬁ 4 ) . 11-"” { g A} R Hubbard-Seté::topovich
O(,B L H)ZZTr {@e_ﬁ(H —H N)} transformation

the two-body interactio

2008-09-26 15th Nuclear Physics Workshop 10



Quantum Monte Carlo II

General form for expectation
value of operator takes form

Tr{Oe *'"

performlng
multidimensional integrals

O(B,u) =

Trie B
| Dow (s

——

-
|||||||||I|u.‘ ;‘

Unfortunately,
many of the hamiltonians
of physical interest
If W is real and non-negative suffer from a sign problem

for all domain of integration

(Origin of sign problem

we can use Monte Carlo tech antisymmetry of wave functio
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Summary on superfluidity and heat capacity

Neutrons, protons and other baryons in neutron star interiors
can be in superfluid state

Superfluidity is very model dependent (too many different
microscopic models)

Superfluidity is a Fermi surface phenomena which affects
thermodynamics and Kinetics of neutron star matter

In particular, superfluidity can strongly affect heat capacity
of neutron star interiors

What are the effects of superfluidity on neutrino emission
and neutron star cooling?

Slide from:

- Next Je| Dima Yakovlev (St. Petersburg, Russia)
Cooling of Compact Stars

Ladek Zdroj, Poland, 18-29 February 2008

http://www.ift.uni.wroc.pl/~karp44/lectures/lectures yako




Quasi-particle spectrum

For quasi-particle approach

2

p

E(p)=

2m
Effective
mass /

Our algorithm

*

L TUunNcluon vt
2 TUATTUUIUIT A\

e T G T w— Fit parameters m*, U, A
as a function of T y to reproduce x(p) /

2008-12-03

2 “pairing” gap
2
U — A
m*, U, A are temperatu
single-particle dependent parameters

potential

Uncontrolled
approximation
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Unitary limit — energy gap |

—e&— Chang et al.

| —=— Carlson and Gezerlis
Y Carlson and Reddy

| —&—This work

BCS Regime

The pairing gap extracted from the response functio
at the lowest temperature (T=0.1eF) _
compared to the values for T=0
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The “pairing” gap
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after Blatt,
Modern Physics

Critical temperature for unitarity: T ' _ ¥ S S T
A. Bulgac, J.E. Drut, P. Magierski, Phys. Rev. :/( (2006) T/T

: : yS eV, e :
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High temperature superconductors |

The excitations of the system must smoa Ve
from fermionic in the BCS regime
to bosonic in the BEC regime

BCS BEC
A Normal state weak coupling strong coupling
region
A(T) J large pair size small pair size
k-space pairing r-space pairing
Superconductor
region strongly overlapping ideal gas of
Cooper pairs preformed pairs
T T* S
C
AT
% — @
. Yo 22"
eratt / @ @ @
4 Peral @% o

atw if:- irs o¢;~/ e-/: form
R —
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High temperature superconductors Il
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10’ 10° 10° 10° 10° T (K)
Fermi Temperature Te=¢;/kg (K) FIG. 9 (Color) Temperature dependence of the excitation gap from

ARPES measurements for optimally doped (filled black circles), un-
derdoped (red squares) and highly underdoped (blue inverted trian-
gles) single-crystal BSCCO samples (taken from Ding et al,, 1996).
There exists a pseudogap phase above T in the underdoped regime.

Pictures from:
Physics Reports 412, 1-88 (2005)
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Determination of the Superfluid Gap in Atomic Fermi Gases by Quasiparticle
Spectroscopy

André Schirotzek, Yong-il Shin, Christian H. Schunck and Wolfgang Ketterle
Department of Physics, MIT-Harvard Center for Ultracold Atoms, and Research Laboratory of Flectronics,
Massachusetts Institute of Technology, Cambridge, Massachusetts, 02139
(Dated: August 13, 2008)

TABLE I: Superfluid gap A, Hartree term [V and final state

interaction Ffinqr in terms of the Fermi energy epy for various
interaction strengths 1/kra.

1/kra A U Etinal

0.25 022 -022 022 D+t DAC 1
0 0.44 -0.43  0.16 DUt boo

0.38 0.7  -059  0.14

068 099 087  0.12 a

Using photoemission spectroscopy to probe a strongly interacting Fermi gas

J. T. Stewart, J. P. Gaebler, and D. S. Ji
JILA, Quantum Physies Division, National Institute of Standards and Technology and Department of Physies,
University of Colorado, Boulder, CO 80309-0440, USA



Current challenge Il - dilute neutron matter

Strongly interacting fermi g

ases
(unitary limit) /

Generalization to finite

effective range
(suitable for dilute neutron m

atte
4

Extension to dense
nuclear matter
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Interaction with effective range |
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6g, |7 —71'|=0
g? ‘—% —%f‘:b
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Interaction with effective range Il

Contains the same physics:

T T g [V ST 5 (F—T V7]

| attice => discretization

Three point difference formula
contribution

Nearest neighborhood
contribution
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Equation of State for p=0.02p.
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Equation of State for p=0.02p.

-1'-2 L I L L L L | 1
i E(T)Eprg(T=0) ——i
S v
Erra(T)/Errgl(T=0)-0.54
HFFa/eF-0.60
1 L :
D.E ._ NO Sign .-.-..’__.... _.
- | of phase transitio _ . —
[ - 1.5rEquation of state for unitary limit
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Energy gap for p=0.02p.
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Energy gap for p=0.02p,
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Quantum Monte Carlo |

Definition of the problem

v —B(H—uN
Z(B,u)=Tr{e """ T—
1 Ay All of the dlfflcul@y arises from
@, ([3 , MU ) — = b { or: } the two-body interaction.

What can we do?
Trotter expansion

Approximate by one-body

N operator
—B(H—uN)__ —1(H-u N idea of mean field calculatic
e ( ) I I e ( ) ( /
j=1
N. R
—z(T—IJN)
— e
J=1
1 Body Op. 1 Body Op.
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Quantum Monte Carlo II

Another approach

e_Tvzf dg "

2 Body Op.

1 Body Op.

In our case;:

A

-1V
e ==

2008-12-03

V==gJ d'F n,(7)n.(7)

2 In(1+Ac(
Z o 1+A , A:\/eTg_l

o(r)
Discrete Hubbard-Stratonoviph
transformation
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External conditions:
T — temperature
K — chemical potential

Lattice calculations

Coordinate representation: r, spin One particle basis

2008-12-03

wave functions of coordinate operator

¢; =6(F —T"')

¥\

R

_ A

_ A

» = N
A

The error generated by space
discretization decreases
exponentially as a function of
lattice dimension //
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Lattice calculations Ii
T — temperature
K — chemi

Momentum representation: p, spin

A A

y
i i % /?/ / ?%////
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Lattice calculations I

L — limit of the spacial correlations
in the system

Momentum cut-off

D=0/ AXx
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Quasi-particle spectrum |

Definition of the static response function:

The static response function
measures the susceptibility of the observabl
with respect to the perturbation A.

A

<1§>X—<I§>O=XABX where PI(X):H—
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Quasi-particle spectrum |

Let us define the static response function as

- g . temperature
X(p)z—fd‘r G(p,T) Green's function
0

This response can be easily evaluated in the case
of an independent-(quasi)particle model

E(p) are the single-(quasi)particle excitation energies

In case of noninteracting gas:
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Unitary limit — energy gap |

Response function for unitary limit, T=8,2eF

OHC results O
Fit chi{p}

;Efgl;gni parameter values

M 1.00893
U -8.393335
D 0.400044

After 7 1iterations the fit converged.

[ final sum of squares of residuals

6.313/8e-05
rel. change during last iteration

-3.52357e-07

degrees of freedom (ndf) : 11

rms of residuals (stdfit) = sqrt(WsSR/ndf) : 0.00239

variance of residuals (reduced chisquare) = WSSR/ndf : 5.7398e-06
8.5 1 2.5

1.5 2
P
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2008-12-03

Unitary limit — energy gap lil

-| =—This work, T=0.10¢_
—— This work, T=0.1 ﬁEF
Carlson and Reddy

compared to the one calculated '
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Unitary limit — energy gap IV

EA )“Ir,

fla - IR AR LN KRR .
EC) Tk ru'lfrwr':‘t.ﬂ'u‘.'-'.'.;Jflﬂ'i'."x\“""'"l"f FPARFIRART YRR AL AR

Away from unitarity in the

BCS regime the valu /* e
potential U is very close to
its Hartree-Fock value
estimated as:

U=4man/(1-2p,_,c
n=k: /30 4
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Unitary limit - energy gap V

o, v, M,
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Superfluid to insulator phase transition in a unitary Fermi gas

Nir Barne
The Racah Institute of Physics., The Hebrew University, 91904 Jerusalem. Israel.
Institute for Nuclear Theory, University of Washington, 98195 Seattle, Washington, USA
Dated: March 15, 2008 :
( | ) arxiv:0803.2293

qu — energy gap

in the single particle
excitation spectrum
A, — order parameter

Y ] .
["‘L

e R
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H-S Transformation with effective range

Another approach

e_Tvzf dg "

2 Body Op. 1 Body Op.

In our case:

Real number
Discrete Hubbard-Stratonovich /
transformation
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Equation of State for p=0.02p.

Bl Ours, T=0.3 MeV
=0 AFDMC. AVE'+UIX

Recent results of Auxiliary Fieldeiffusi on |
Monte Carlo calculations for T=0

F. Pederiva, K. E. Schmidt |
arX|v:0805.2513v1 . /
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