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Nuclear density functional theory from low energy
constants: application to cold atoms and neutron matter
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Outline:

e Brief historical overview of DFT for nuclei

e EFT guiding the construction of DFT/EDF

e lllustration: the YGLO functional

e Unitary gas guidance: role of large but finite s-wave scattering length

e Applications: equation of states, collective modes.

Coll: J. Bonnard, A. Boulet, M. Grasso and C.J. Yang



So why we need to do something else?
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But we want to do a little bit more...

GROUND STATE-STRUCTURE OF
THE ATOMIC NUCLEUS

Nuclear Thermodynamic

(from finite or infinite systems)
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Nuclear Energy Density Functional based on effective interaction
Constraining the functional

Static See for instance, Meyer EJC1997
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Nuclear Energy Density Functional based on effective interaction
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Limitation and drawback

Since we directly fit on experiments

Complex correlation much beyond
Hartree-Fock are included
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Can we link the energy density
functional to the low energy constants
of the bare interaction?

and render it less empirical?



Towards a constructive approach for DFT
The low-density Fermi gas limit: the EFT guidance

See for instance: R. J. Furnstahl, in Renormalization Group and Effective Field
EFT st rategy Theory Approaches to Many-Body Systems, edited by A.

Schwenk and J. Polonyi, Lecture Notes in Physics, Vol. 852
‘ (Springer, Berlin, 2012), Chap. 3.
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‘ Leads to the Lee-Yang functional (valid at low density) with possible higher order term



The Lee-Yang density functional theory (infinite system)

Hartree-Fock contribution
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Difficulty in nuclear systems
Yang, Grasso, Lacroix PRC94 (2016)

The Taylor expansion valid for afskF <1
—18.9 fm Valid for p < 1076 fm ™3
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The analogy between Skyrme interaction and EFT has been recently used to

provide a systematic constructive framework for EDF
C.J. Yang, M. Grasso,et al, PRC 94 (2016); C. J. Yang, M. Grasso,et al PRC in press




Due to the analogy, one can define equivalent low energy constant

Co=ty(l —x0) =vp — v, =
Gy =n(l—x1) = —%(vo —vy) =

' K
C2=t2(l+x2)=7(v0+va)= e

Consequence: failure of EDF at low density

Additional remarks on traditional Skyrme
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Does if have any consequence?
Can we have EDF linked to low energy constant
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The magic technique: resummation

Highlighting work Schaefer, Kao, Cotanch, NPA 762 (2005)

Resummation of particle-particle latter @ @
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First illustration of an EFT guided EDF: the YGLO* functional

Yang, Grasso, Lacroix PRC94 (2016)
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Brainstorming after YGLO

From the YGLO work
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Density Functional Theory for system at or close to unitarity

A very pragmatic approach

Minimal DFT for unitary gas Lacroix, PRA 94 (2016)
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Result of the DFT for unitary systems
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Example of applications

Lacroix, PRA 94 (2016)

Any quantity that could be obtained through

partial derivatives of the energy with respect
to a; or kr or p is straightforward to obtain

Estimate of the density dependence of the Tan contact parameter

E. Braaten, Lect. Not. Phys. 836 (2011).
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Example of applications: thermodynamical quantities around unitarity

Boulet, Lacroix, submitted to PRC

Chemical potential
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From cold atom to neutron matter

Scattering length a
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From cold atom to neutron matter: inclusion of effective range

Lacroix, PRA 94 (2016)
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EDF with no-free parameters: Predictive power for neutron matter

Lacroix, Boulet, Grasso, Yang, PRC 95 (2017)
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Range of validity
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Including the p-wave ?

Lacroix, Boulet, Grasso, Yang, PRC 95 (2017)
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Can we make contact with Skyrme like empirical functional ?

] ] Lacroix, Boulet, Grasso Yang, PRC 95 (2017)
Starting point
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Can we make contact with empirical functional ?
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» Fast evolution at low density followed by
a slower evolution around saturation density

Around normal density, a, dominated by
the unitary constraint

» At normal density, a, is washed out

» Finite r, plays a non-negligible role
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Can we make contact with empirical functional ?

Lacroix, Boulet, Grasso, Yang, PRC 95 (2017)
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Conclusion and ongoing work

Conclusions

» We propose a new way design the nuclear (cold atom) DFT to parameters of the interaction

® Low energy constants becomes the only “non-freely” adjustable parameters

® Validity p < 0.01 fm™°

» The new DFT reproduces ab-initio results in cold atoms and neutron matter

» Transition from s-wave driven (low density) to unitary gas driven (Bertsch parameter) regime

» Explain in some ways why Skyrme works so well

Applications and on-going work

Static response in neutron matter

T T T

_— = — full

T .09 \\\ -—-— full 4 p-wave

% \\\ T (a's = —00,T, = O)

2. 006 | \ Boulet, DL, submitted PRC-
= I \

< —Te—

§ 0.03 ® .
0 /

gt
//0 1 2 3 4 5 6
q/kr

AFDMC: Buraczynski,Gezerlis, PRL 116 (2016)]
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