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Two-component interacting Fermi
systems

The contact term




mm The Contac’g_afnd Universal Relations

A concept developed for a dilute two-component Fermi

. . . Scatterin
systems with a short-range interaction. length ;

dilute = r,, <<a,d

Distance between
fermions

S. Tan Annals of Physics 323 (2008) 2952, ibid 2971, ibid 2987
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mm The Contact and Universal Relations

R A -

A concept developed for a dilute two-component Fermi

' i : Scatteri
systems with a short-range interaction. Claengtr;]”g
dilute = r,, <<a,d
Distance between
These systems have a high-momentum tail: fermions

n(k)=C/k* for k>k,.
f

Cis the contact term

S. Tan Annals of Physics 323 (2008) 2952, ibid 2971, ibid 2987
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mm The Contac}_and Universal Relations

A concept developed for a dilute two-component Fermi

' i : Scatteri
systems with a short-range interaction. ﬁaengtr;]”g
dilute = r,, <<a,d
Distance between
These systems have a high-momentum tail: fermions

n(k)=C/k* for k>k,.
/

Tan’s Contact term: Cis the contact term

1. Measures the number of SRC different fermion pairs.
2. Determines the thermodynamics through a series of universal
relations.

S. Tan Annals of Physics 323 (2008) 2952, ibid 2971, ibid 2987
Mir 5




Experimental Validation

Two spin-state mixtures of ultra-cold 4°K and Li atomic gas

systems.

=> extracted the contact and verified the universal relations

Adapted from a talk
by Debbie Jin (JILA)

8
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Kuhnle et al. PRL 105, 070402 (2010)
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I Experimental Validation

Two spin-state mixtures of ultra-cold 4°K and Li atomic gas
systems.

=> extracted the contact and verified the universal relations

Adapted from a talk

by Debbie Jin (JILA) 5, 070402 (2_910)
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A Nuclear Contact?

R A -

Are nuclei dilute? (i.e.r<<a,d)

—1/3
d = (%) ~23 fm

~(.7 fm [Tensor force]

h
r =
T 2om_ -c

a(’$,)=542 fm

[The high-momentum
tail is predominantly
’S; (°Dy)]
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A Nuclear Contact?

e A A ———-—

Are nuclei dilute? (i.e. r<<a,d)

—1/3
d = (%) ~23 fm

7 = ~0.7 fm [Tensor force]
2-m_-c

a(’$,)=542 fm

5O fm) < d(23 f), (S fim

————— —
||Il-
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A Nuclear Contact?

R A -

Is there 1/k* scaling regardless?

1.5k, <k <3k,
n (k)= a,(Al d)-n, (k)

N\

Constant Deuteron

Momentum
Distribution




I A Nuclear Contact?

Is there 1/k* scaling regardless? YESI

1.5k, <k <3k,
n (k)= ay(Al d)-n, (k)

O. Hen et al. Phys. Rev. C, In-Print (2015)
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I A Nuclear Contact?

A A

Is there 1/k? scaling regardless? YES!

1.5k, <k <3k,
n (k)= ay(Al d)-n, (k)

 S—
Why 1/k4? T
Effect of the one pion exchange

(OPE) contribution to the tensor
potential acting in second order

(_B_H0)|\PD> = VT|\PS>
Vo, =V, (~B—H,) 'V,

k'

O. Hen et al. Phys. Rev. C, In-Print (2015)
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I A N_uglear Contact?

Is there 1/k? scaling regardless? YES!

_( ) - AV18 == CD-Bonn __|
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O. Hen et al. Phys. Rev. C, In-Print (2015)
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A N_uglear Contact?

Is there 1/k? scaling regardless? YES!

1.5k, <k <3k,

n (k)= a,(4/d)-n, (k)

126 g .

e
g :
I
1 1.2 1.4 1.6 1.8 2 C
X =a,(4) R,
k.- A
Nucleus| a2(A) =
“C |4.75+0.16(3.04 +0.49
°°Fe [5.21 +0.20(3.33 + 0.54
TAu [5.16 +0.22(3.30 &+ 0.53

O. Hen et al. Phys. Rev. C, In-Print (2015)
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mm  Comparing with atomic systems
Finding the same dimensionless interaction strength

— °Li Atoms

/
O‘iu- 4l 0K Atoms ,ﬁ

Stewart et al. Phys. Rev. Lett. 104, 235301 (2010)
Kuhnle et al. Phys. Rev. Lett. 105, 070402 (2010) 18



mm  Comparing with atomic systems
Finding the same dimensionless interaction strength

O‘iu.4 —V—4OKAtoms / FOF NUC|€I.
- °Li Atoms kF ~1.27 fm1
ax=54fm
=> (k) = 0.15

Stewart et al. Phys. Rev. Lett. 104, 235301 (2010)
Kuhnle et al. Phys. Rev. Lett. 105, 070402 (2010) 19



mmn  Comparing with atomic systems
Equal contacts for equal interactions strength'

O‘<LL4 :_ Atomic Gas -+ %K Atoms For Nuclei:
R A I k. = 1.27 fm?
» :
- (7 - 7 d(' - Nuclei 7 u, 197Au 3 = 5.4 fm
°F e g Jc => (k;a)™ = 0.15
- o P - - Fa ~ .
- [~
5 - ke=1.6eV/c Nuclei
. p=10%m3 )
: Nucleus| =4
1+ “C [3.04+0.49
i ke = 2.5x108 eV/c °°Fe [3.33+0.54
- | Q 1044 m™ TAu |3.30 +0.53
O S A - PR R [ R S ! ]
2 A5 1 05 0 05 1 -
(kFa) kA =a,(A4)- R,

O. Hen et al. Phys. Rev. C, In-Print (2015)
Stewart et al. Phys. Rev. Lett. 104, 235301 (2010)
Kuhnle et al. Phys. Rev. Lett. 105, 070402 (2010)
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Comparing with atomic systems

- %K Atoms
— °Li Atoms
-2 Nuclei

ke = 2.5x10% eV/c

p=~10%m3

O. Hen et al. Phys. Rev. C, In-Print (2015)

Stewart et al. Phys. Rev. Lett. 104, 235301 (2010)
Kuhnle et al. Phys. Rev. Lett. 105, 070402 (2010)

0

0.5

(k.a)’

-

At unitary (i.e.
(kra)t=0) the SRC
probability is
~20% for both
systems
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mm  Comparing with atomic systems
At unitary (i.e.
-t GRC

o‘

Can approximate universal
relations ( similar to Tan’s ) be
extracted for the nuclear physics
it case?

1 SheulD

— p=~10%m3
l‘l 1 1 l 1 1 1 L l 1 L 1 1 l L L 1 1 l 1 1 1

1.5 -1 -0.5 0 0.5 1
(k a)

Rev. Lett. 105, 070402 (2010) 22



Neutron Star

Mass ~ 1.5 times the Sun
~12 miles in diameter

gty (2 — 3) * IO 0

Heavy liquid interior
Mostly neutrons,
with other particles

0

107 " Po
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Nuclear Symmetry Energy

Energy of asymmetric nuclear matter:

E(pn ” pp) — EO (pn — pp) T 0(64)

Energy of symmetric
nuclear matter

24



Nuclear Symmetry Energy

Energy of asymmetric nuclear matter:

E(p,, pp) = Eo(pa=1p)) ?ym(p) +O(8%)

symmeltry enerqy

\Esym (,0) = E(p)PNM - E(p)SNM

Relates to the energy change when replacing n with p

25



Nuclear Symmetry Energy

Energy of asymmetric nuclear matter:
E(py, Pp) = Eo(Pn=1pp) ZT?W(P) +O(8%)

symmetry enerqy

\Esym (,0) = E(p)PNM - E(p)SNM

Relates to the energy change when replacing n with p

* equation-of-state of < r-process nucleosynthesis
neutron stars * core-collapse supernovae
* heavy-ion collisions ¢ more...
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Thomson Research Fronts 2013

ASTRONOMY AND ASTROPHYSICS

CORE MEAN YEAR OF
RESEARCH FRONTS PAPERS CITATIONS CORE PAPERS
1 Calileon cosmology 34 1,584 2010.7
> Probing extreme redshift galaxies in the Hubble Ultra 3 2,415 20103
Deep Field
3 Sterile neutrinos at the eV scale 4] 2,472 2010.2
4 Herschel Space Observatory and initial performance 9 1,456 2010.2
5 Kepler Mission and the search for extra-solar planets 47 421 2010.0
- 6 Neutron star observations and nuclear symmetry 18 1536 2009.9
energy
7 Evolution of massive early-type galaxies 18 1,724 2009.6
8 Gamma-ray sources detected by the Fermi Large Area 8 1531 2009.5
Telescope
Data from Hinode (Solar-8) Solar Optical Telescope
9 and Solar Dynamics Observatory (SDO) e 3.023 €009.4
10 Supernova Type la light curves and dark energy 19 5,820 2009.2

Source: Thomson Reuters Essential Science Indicators



MM Nuclear Symmetry Energy

Energy of asymmetric nuclear matter:

[SNM: Symmetric Nuclear Matter, PNM: Pure Neutron Matter]

neutron stars * core-collapse supernovae
* heavy-ion collisions ¢ more...




mm Symmetry Energy @ Saturation Density

100

Global analysis
of world data:

28 9<E,, (py)<34.1

sym

42.4<L(p,) < 74.4
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20

density dependence: L(p,) [MeV]

—20 A N B B B

24 26 28 30 32 34 36
symmetry energy: £, (0,) [MeV]

—————

J. Lattimer and Y. Lim, Astrophys. J. 771, 51 (2013) |1} "L(p,) = 3p[dE/11p] | 0



mm Constraining the Symmetry Energy

Esym(p):Ejyf;(po),(p]O‘JFE;Z(I)O)( , ]%

Py Py
E,,n(p) requires separate knowledge of the
kinetic and potential parts.

Fermi-Gas Model: a common approximation
for the kinetic term

M.B. Tsang et al., Phys. Rev. Lett 102, 122701 (2009)
A.W. Steiner, J.M. Lattimer, and E.F. Brown, Astrophys. J. 722, 33 (2010).

30



Constraining the Symmetry Energy

[Fermi-Gas Picture]

£ o) 2] +in) 2]
. Po)) Po
\[Fermi Gas
l Model




Constraining the Symmetry Energy

[Fermi-Gas Picture]

£ulol=22) (p]/ o) 2]
Y,

Fermi-Gas
l Model
in 1
FonlP)=3E: (p]

— 2
va=2

@ E (p,)=12.5 MeV




Constraining the Symmetry Energy

[Fermi-Gas Picture]

'l p ’ ;/ p 7
Eym(p):ESym(pO)' - +E1;m(p0) -
_ Po)) P
\[Fermi-Gas
Model
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|
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I Constrainirﬁthe Symmetry Energy
[Fermi-Gas Picture]

o)-slo) 2] v "?
sym Sym p 0 ( PO]J Sym( ) ( pO
Ferm| Gas
/ Model

Efyi:?(p)zéEF (p,): (ﬂ) Only unknown is y,
Py probed in HI collision
M o= % measurements and
. neutron stars
= E™(p,)=12.5 MeV ,
(20 observations

|z| ESI;Om"‘(pO): Esym(po)—Eg;(po) ~18.5 MeV

Mir 34
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I Constrainirgfthe Symmetry Energy
[With SRCs]

v
_ kin/ ) £ ’ pO;/ ) £
Esym(p)_fsym(pO) (po]j-l_ESym (po) (po?

Fermi-Gas .
/ Viodel T Correlations

2/3
ESZ(P):%EF(PO)’(EJ"' ASRC(p) Only unknown is y,

Py probed in HI collision
M o= % measurements and
. neutron stars
v E™ =12.5 MeV '
sym(po) observations

|z| ESI;Om"‘(pO): Esym(po)—Eg;(po) ~18.5 MeV

Mir 35
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Constraining the Symmetry Energy

[With SRCs]

v
— kinx ) £ ' po;/ . ﬁ
Esym(p)_fsym(po) (po]j-l_Esym (pO) (po?

Fermi-Gas .
/ Viodel T Correlations

2/3
ESZ(P):%EF(PO)’(EJ"' ASRC(p) Only unknown is y,

probed in HI collision
measurements and
neutron stars
observations
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Constraining the Symmetry Energy

[With SRCs]

X
_ kinX ) £ ’ pO;/ ) £
£ )2l ] vl 2§

Fermi-Gas .
/ Viodel T Correlations

2/3
ESZ(P):%EF(PO)’(EJ"' ASRC(p) Only unknown is y,

Py probed in HI collision
V] a:X measurements and
. neutron stars
o A =126 MeV :
sym(po) ) observations
(po):Esym(po)—ESym(po)zl&S MeV

|ZI Epot

sym
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I Constrainirgfthe Symmetry Energy
[With SRCs]

Fermi-Gas .
/ Viodel T Correlations

2/3
ESZ(P):%EF(PO)’(EJ"' ASRC(p) Only unknown is y,

Py probed in HI collision
V] a:X measurements and
. neutron stars
o A =126 MeV :
sym(po) observations

@£ ()= £, (90)~ 5, (P2) = DQ MeV
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I Constrainirﬁthe Symmetry Energy
[With SRCs]

Fermi-Gas .
/ Viodel T Correlations

2/3
ESZ(P):%EF(Po)'(pﬂ)"' ASRc(p) Onl “',"“‘°"" .is.vi
0 probe HI ision

M o :X measur nts and

2 £ (p,) = 18 Mev ne >
mESI;Om"‘(pO):Esym(po)—EgZ(po)zl MeV

Mir 39




I ConstrainirEEthe Symmetry Energy
[With SRCs]

Adding np-SRCs breaks the Fermi-
Gas picture

=> Need a correlated Fermi-Gas




nCFG(k) =

N

Correlated Fermi-Gas Model (CFG)

[Fermi-Gas with an SRC tail]

SNM
A,
C_/k"
0

9

9

9

PNM
A k <k,
0 k. <k<Ak,
0 0k > Ak

O. Hen et al., Phys. Rev. C91, 025803 (2015).

C/k*is a good parameterization
of the high-momentum tail:

- AV18 —-AV18 (S-Wave) |1 4
B == CD-Bonn --- AV18 (D-Wave) |
— B — N3LO600 J4.2
—WJC1  ==WJC2 ]
| —NIWUM1  ==NIJM2 -
-+ NIJM3 ]
—0.8
- Jo.6
“““““ = ==10.4
e
0.2
| | P ] 0
0.5 15 2 25




Correlated Fermi-Gas Model (CFG)

[Fermi-Gas with an SRC tail]

SNM

A,
N

nCFG(k) = J|C K

L//L

SNM Model:

9

9

9

PNM
A k <k,
0 k. <k<Ak,
0 0k > Ak

* Depleted Fermi Distribution (A,)
* High-Momentum tail (C/k?)

e  Momentum cutoff (A)

O. Hen et al., Phys. Rev. C 91, 025803 (2015).

C/k*is a good parameterization
of the high-momentum tail:

- AV18 —-AV18 (S-Wave) ]
== CD-Bonn --- AV18 (D-Wave) |
— B — N3LO600 _]
—WJC1  ==WJC2 i
—NIJM1  ==NIJM2 ]
=== NIUM3 |




Correlated Fermi-Gas Model (CFG)

[Fermi-Gas with an SRC tail]

SNM PNM
A, A k <k,
new (k) = { C.1k* 0 k. <k<Ak,
LO/O_, 0k > Ak
PNM Model:

* Free Fermi Gas

O. Hen et al., Phys. Rev. C91, 025803 (2015).

C/k*is a good parameterization
of the high-momentum tail:

- AV18 —-AV18 (S-Wave) |1 4
B == CD-Bonn --- AV18 (D-Wave) |
— B — N3LO600 1.2
—WJC1  ==WJC2 ]
| —NIUM1  ==NIJM2 -
-== NIJM3 ]
—0.8
- ~ Jos
P = 04
e
0.2
L | | L ] 0
0.5 15 2 25
kl

k x o, (K')



Benchmark Against Microscopic Calculations

Symmetric Nuclear
Matter (p = po)

II|IIII

-SCGF (AV-18)

FSCGF (N3L0)

Fermi-Gas
+Correlations

Ferm| GasI No Corre
1 5 2

2.5
A (cutoff parameter)

3 3.5

Average kinetic energy - Nuclei

45

Atomic Nuclei (p = po)

S' 40
O
E._ s Many-Body Theory
AZ 30 _
< ~ Fermi-Gas
wi®- [+ Correlations
Vv 25_—
20} ___'?@L(iailﬂo_c_o'le _____
1

2.5 3
A (cutoff parameter)

3.5

a,(A) =5.0+0.3
a,(e2)=7.0+£1.0

0. Hen et al., Phys. Rev. C 91, 025803 (2015). i
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mmi Extracting the Kinetic Symmetry Energy

Kinetic symmetry energy

| Fermi-Gas, No Correlations

_____________ Transport calculation
. GCEEoY 000 of 12451412450 and

% :FHNC 1125n+1125n collisions
= sy also yield reduced
: e
5 [Heavy-lon kinetic symmetry
fl_,w - Collisions Correlate:d
10l Fermi-Gas energy
: (CFG)
- PEP
PR R T N WY SR WA S N S S R
2T s 2 25 3 35

A

cutoff parameter)

O. Hen et al., Phys. Rev. C91, 025803 (2015).
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mmi Extracting the Kinetic Symmetry Energy

Kinetic symmetry energy SRCs reduce the
kinetic symmetry

| Fermi-Gas, No Correlations

10
> - ~ T [Enhance the potential
% )| — w8 e—— symmetry energy and alter

its density dependence]

£
£ > | Heavy-lon
fuw _ Collisions Correlatefd 000
10k Fermi-Gas - Steiner et al. (2010) Tsang et al. (2009)
B (C FG) 40000:— Ek =-10+6
: p po 30000:
-20 PR Y N TN N T W Y TN NN O WO W B
1 15 2 2.5 3 3.5 wof
A’ 10000} "
o R TR

O. Hen et al., Phys. Rev. C 91, 025803 (2015). S 7
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Next Step — Incorporating CFG model
into:

* neutron stars equation-of-state fits
* Transport models for HI collision
analysis




Next (ongoing) Step — Incorporating
CFG model into:
* neutron stars equation-of-state fits

* Transport models for HI collision
analysis

Mass-Radius Relation] | Symmetry- | | Symmetry- |
h 1 w«- | \Energy Slope (L) : Potential |
: 1. | ”;‘ Dependence]
s 12wl I ]
c : T '-;lol = '4|()‘ oD .:1I I I()F'zl = ‘(1!3' = .[)L. = ‘(J.ls‘ ?!ﬁku l():.7
R (km) L M ,

O. Hen, A.W. Steiner, and E. Piasetzky, In-Preparation (2015)






