
Unexpected aspects ofUnexpected aspects ofUnexpected aspects of Unexpected aspects of 
large amplitude nuclear collective motion large amplitude nuclear collective motion 

Aurel BulgacAurel Bulgac
University of WashingtonUniversity of Washington

Collaborators:Collaborators:

Sukjin YOON                (UW)Sukjin YOON                (UW)
Kenneth J. ROCHE      (ORNL)Kenneth J. ROCHE      (ORNL)

Yongle YU                  (now at Wuhan Institute of Physics and Mathematics)Yongle YU                  (now at Wuhan Institute of Physics and Mathematics)
Y L LUO (UW)Y L LUO (UW)Yuan Lung LUO        (UW)Yuan Lung LUO        (UW)
Piotr MAGIERSKI    (Warsaw and UW) Piotr MAGIERSKI    (Warsaw and UW) 
Ionel STETCU           (UW)Ionel STETCU           (UW)

Funding:  DOE  grants No. DEFunding:  DOE  grants No. DE‐‐FG02FG02‐‐97ER41014  (UW NT Group)97ER41014  (UW NT Group)
DEDE‐‐FC02FC02‐‐07ER41457  (07ER41457  (SciDACSciDAC‐‐UNEDF)UNEDF)



BardeenBardeen, Cooper, and  Schrieffer, 1957, Cooper, and  Schrieffer, 1957
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Goldstone theorem Goldstone theorem îî existence of Goldstone bosonsexistence of Goldstone bosons
The BogoliubovThe Bogoliubov--Anderson sound modes are the Goldstone bosonsAnderson sound modes are the Goldstone bosonsgg

Oscillations of the phase of the order parameter (pairing gap)Oscillations of the phase of the order parameter (pairing gap)
•• T=0, no collisionsT=0, no collisionsT 0, no collisionsT 0, no collisions
•• Momentum distribution is sphericalMomentum distribution is spherical
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Somewhat surprising, it has the same Somewhat surprising, it has the same 
speed as regular (first/speed as regular (first/collisionalcollisional) sound!) sound!



A different type of collective excitation: A different type of collective excitation: Higgs modeHiggs mode

Small amplitude oscillations of the modulus of Small amplitude oscillations of the modulus of 
the order parameter (pairing gap)the order parameter (pairing gap)

2Ω = Δ02HΩ = Δ

This mode has a bit more complex characterThis mode has a bit more complex character
cf.cf. VolkovVolkov and and KoganKogan 1972 (a bit later about it)1972 (a bit later about it)



The BogoliubovThe Bogoliubov--Anderson sound modes are routinely described Anderson sound modes are routinely described 
within Quantum Hydrodynamics approximation (Landau, here at T=0)  within Quantum Hydrodynamics approximation (Landau, here at T=0)  
Their properties are well confirmed experimentallyTheir properties are well confirmed experimentally
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LandauLandau--GinzburgGinzburg--like /effective action approaches are often like /effective action approaches are often 
advocated for the dynamics of the order parameteradvocated for the dynamics of the order parameter
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Very brief/skewed summary of DFTVery brief/skewed summary of DFT
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Universal functional of Universal functional of  particle density aloneparticle density alone
I d d t f t l t ti lI d d t f t l t ti lIndependent of external potentialIndependent of external potential

Normal Fermi systems only!



H t i l!H t i l!However, not everyone is normal!However, not everyone is normal!



Superconductivity andSuperconductivity and superfluiditysuperfluidity in Fermi systemsin Fermi systemsSuperconductivity and Superconductivity and superfluiditysuperfluidity in Fermi systemsin Fermi systems

Dilute atomic Fermi gases                   Tc ≈ 10-12 – 10‐9 eV

Liquid  3He                                             Tc ≈ 10-7 eVq c

Metals, composite materials                Tc ≈ 10-3 – 10-2 eV

Nuclei, neutron stars                            Tc ≈ 105 – 106 eV

• QCD color superconductivity       Tc ≈ 107 – 108 eV

units (1 eV ≈ 104 K)



Extension of KohnExtension of Kohn‐‐Sham to superfluid fermionic systems:Sham to superfluid fermionic systems:

Superfluid Superfluid Local Density Approximation (SLDA) Local Density Approximation (SLDA) 
The case of a The case of a unitary Fermi gasunitary Fermi gas

Wh ld d hi ?Wh ld d hi ?Why would one want to study this system?  Why would one want to study this system?  

One (very good) reason: One (very good) reason: 

(for the nerds, I mean the hard(for the nerds, I mean the hard‐‐core theorists, not the core theorists, not the phenomenologistsphenomenologists) ) 

Bertsch’sBertsch’s ManyMany--Body X challenge, Seattle, 1999Body X challenge, Seattle, 1999Bertsch sBertsch s ManyMany Body X challenge, Seattle, 1999Body X challenge, Seattle, 1999

What are the ground state properties of the manyWhat are the ground state properties of the many--body body 
system composed of spin ½ fermions interacting via a system composed of spin ½ fermions interacting via a 
zerozero--range, infinite scatteringrange, infinite scattering--length contact interaction. length contact interaction. 

The unitary gas is really a pretty good model for dilute neutron matterThe unitary gas is really a pretty good model for dilute neutron matter



Dilute fermion matterDilute fermion matter

The ground state energy is given The ground state energy is given by a by a function:function:

( )E f N V m a r= 0( , , , , , )gsE f N V m a r=
Taking the scattering length to infinity and the rangeTaking the scattering length to infinity and the rangeTaking the scattering length to infinity and the range  Taking the scattering length to infinity and the range  
of the interaction to zero, we are left with:of the interaction to zero, we are left with:
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The renormalized SLDA energy density functional  The renormalized SLDA energy density functional  
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Bulgac, Phys. Rev. A Bulgac, Phys. Rev. A 7676, 040502(R) (2007), 040502(R) (2007)

No free/fitting parameters, EDF is fully determined by  No free/fitting parameters, EDF is fully determined by  abab initioinitio calculationscalculations



Time Dependent Phenomena and Formalism Time Dependent Phenomena and Formalism 

The timeThe time--dependent density functional theory is viewed in general as a reformulation of dependent density functional theory is viewed in general as a reformulation of 
the exact quantum mechanical time evolution of a manythe exact quantum mechanical time evolution of a many--body system when only singlebody system when only single--
particle properties are considered.particle properties are considered.

A.K. A.K. RajagopalRajagopal and J. Callaway, Phys. Rev. B and J. Callaway, Phys. Rev. B 77, 1912 (1973), 1912 (1973)
V. V. PeuckertPeuckert, J. Phys. C , J. Phys. C 1111, 4945 (1978) , 4945 (1978) , y, y , ( ), ( )
E. E. RungeRunge and E.K.U. Gross, Phys. Rev. and E.K.U. Gross, Phys. Rev. LettLett. . 5252, 997 (1984), 997 (1984)

http://www.tddft.orghttp://www.tddft.org
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Full 3D implementation of TDFull 3D implementation of TD--SLDA is a SLDA is a petafloppetaflop problem and is almost problem and is almost 
complete for both nuclear systems and cold dilute atomic gasescomplete for both nuclear systems and cold dilute atomic gases

Bulgac and Roche, Bulgac and Roche, J. Phys. Conf. Series J. Phys. Conf. Series 125125, 012064 (2008), 012064 (2008)

L t f t ib ti d t Y Y L M i ki d St tL t f t ib ti d t Y Y L M i ki d St tLots of contributions due to Yu, Yoon, Luo, Magierski, and StetcuLots of contributions due to Yu, Yoon, Luo, Magierski, and Stetcu



Energy of a (unitary) Fermi system as a function of the pairing gapEnergy of a (unitary) Fermi system as a function of the pairing gap
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Response of a unitary Fermi system to changing Response of a unitary Fermi system to changing 
the scattering length with timethe scattering length with time

Tool: TDTool: TD--SLDASLDA

•• All these modes have a very low frequency below the pairing gapAll these modes have a very low frequency below the pairing gap
and a very large amplitude and excitation energy as welland a very large amplitude and excitation energy as well
•• None of these modes can be described either within Quantum HydrodynamicsNone of these modes can be described either within Quantum Hydrodynamics

Bulgac and Yoon, Phys. Rev. Lett.  102, 085302 (2009)

•• None of these modes can be described either within Quantum HydrodynamicsNone of these modes can be described either within Quantum Hydrodynamics
or Landauor Landau--Ginzburg like approachesGinzburg like approaches



3D unitary Fermi gas confined to a 1D HO potential well (pancake)3D unitary Fermi gas confined to a 1D HO potential well (pancake)

New qualitative excitation mode of a superfluid Fermi systemq p y
(non‐spherical Fermi momentum distribution) 

Black solid lineBlack solid line Time dependence of the cloud radiusTime dependence of the cloud radius

Bulgac and Yoon, Phys. Rev. Lett.  102, 085302 (2009) 

Black solid line Black solid line –– Time dependence of the cloud radiusTime dependence of the cloud radius
Black dashed line Black dashed line –– Time dependence of the Time dependence of the quadrupolequadrupole moment of momentum distributionmoment of momentum distribution



Vortex Vortex generation and dynamicsgeneration and dynamics

See movies at See movies at 

http://www phys washington edu/groups/qmbnt/vortices movies htmlhttp://www.phys.washington.edu/groups/qmbnt/vortices_movies.html



TimeTime Dependent Superfluid Local Density ApproximationDependent Superfluid Local Density ApproximationTimeTime--Dependent Superfluid Local Density Approximation  Dependent Superfluid Local Density Approximation  

This is a general manyThis is a general many--body problem with direct applications, which will body problem with direct applications, which will 
provide the time dependent response of superfluid fermionic systems to a large provide the time dependent response of superfluid fermionic systems to a large 
variety of external probes for both cases of small and large amplitude variety of external probes for both cases of small and large amplitude 
collective motion. collective motion. 

•• Nuclear physics: fission, heavyNuclear physics: fission, heavy--ion collision, nuclear reactions, response ion collision, nuclear reactions, response 
electromagnetic fields, betaelectromagnetic fields, beta--decay, …decay, …
•• Neutron star crust, dynamics of vortices, vortex pinning mechanismNeutron star crust, dynamics of vortices, vortex pinning mechanism
•• Cold atom physics, optical lattices, …Cold atom physics, optical lattices, …
•• C d d tt h iC d d tt h i•• Condensed matter physicsCondensed matter physics

•• Next frontier: Stochastic TDSLDANext frontier: Stochastic TDSLDA•• Next frontier: Stochastic TDSLDANext frontier: Stochastic TDSLDA



Generic adiabatic  large amplitude potential energy Generic adiabatic  large amplitude potential energy SURFACESSURFACES

•• In LACM adiabaticity is not a guaranteedIn LACM adiabaticity is not a guaranteedy gy g
•• The most efficient mechanism for transitions at level crossingThe most efficient mechanism for transitions at level crossing

is due to pairingis due to pairing
•• Level crossings are a great source of :Level crossings are a great source of :

entropy production (dissipation)entropy production (dissipation)
dynamical symmetry breaking dynamical symmetry breaking 
nonnon--abelian gauge fieldsabelian gauge fields


