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Challeng es

Whatis matter?

Origin of elements

N

Z
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Neutrinoshpere

T � 10� 20MeV.

Crosssection:n � 1=(G2
F E 2

� R) � 10� 4 fm� 3.

Dilute 1=n1=3 � 1=m� andcold
p

2� =(M T) � 1=m� onnuclearscale:perturbation.
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Nuclear interaction
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;

jaj � 19 fm � 1=m� � 1:4 fm.

neutron-� P-wave resonancejaP j � 60 fm3.

atomicsystems:In 4Hegases,a � 100�A � r 0 � 7�A.
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From Atoms to Neutr on Stars

Regal andJin,2003
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Finite density system

Consideradilutesystem:R3n � 1.

At temperatureT: � =
p

2� =(M T) � R.

Microscopicphysicsirrelevant.

However, no a3n; a
p

M T � 1
expansion.

Systematic calculation for
n� 3 � 1 evenas
a3n ! 1 anda

p
M T ! 1 .
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Outline

1. Virial expansion.

2. Unitarity gas.

3. Neutronmatter.

4. Neutrinoresponse.

5. Conclusion.
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Real gases

P
T

= n + B (T)n2 + C(T)n3 + � � � :
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Free Theor y

Fugacityz = exp(�=T ) expansion:

n = 2
Z

d3 k
(2� )3

1
e(k 2 =(2M ) � � )=T + 1

;

�
2
� 3

�
z �

z2

2
p

2
+

z3

3
p

3
+ � � �

�
:

Smalln� 3 impliessmallz, where� =
p

2� =(M T).

Effective positive pressure

P
n

= T
�
1+

� 3n

8
p

2
+ � � �

�
:
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In general

n =
2
� 3

�
b1(T)z + 2b2(T)z2 + 3b3(T)z3 + � � �

�
;

P =
2T
� 3

�
b1(T)z + b2(T)z2 + b3(T)z3 + � � �

�
:

bl receivescontributionatmostfrom l-bodyphysics.

Densitydependencein z � n� 3

Interactionin bl

bl = f (a
p

M T)
h
1 + R

p
M T + � � �

i
:
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Separation of scales

p � m�

m�

� 10GeV

N

N
q�
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Effective Field Theor y

L = c0O(0) + c1O(1) + � � �

O(i ) : low-energy degreesof freedom,symmetry.

Dimensionfulci determinedby high-energy scale� .

Expansionin low scaleover thehighscale: p
� .

r

x

P

O

f

V(r ) = 1
4� r [Q +

R
dvx

r � cos� ] + O( x2

r 2 )
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Example: N-N scattering

Isospinsymmetry, Galileanandrotationalinvariance.

n n

n n

=

n

p p

n

L = c0O(0) + c2O(2) + � � � ;

O(0) = (N T N )y(N T N );

O(2) = (N T N )y[N T (
 
r �

!
r )2N ];

N T N = pT p + nT n

Powercounting/dimensionalanalysis:[c0] = � 2 ) c0 � 1
� 2 ; c2 � 1

� 4 .

c2O(2)

c0O(0)
�

p2

� 2 ; an expansionin
p
�

:

Subtleties:�ne-tuning andquantumcorrections.
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Free Theor y again

n =
� i�

i�

k2=(2M ) � �

n =
i
�

I
d�

1
e� =T + 1

Z
d3 k

(2� )3

1
� + � � k2=(2M )

= 2
Z

d3 k
(2� )3

1
z� 1ek 2 =(2 M T ) + 1

�
2
� 3

�
z �

z2

2
p

2
+ � � �

�
:

Aside:
X

j

hj jX e� H
T jj i !

X

j

hj jX e� itH jj i ; identify t = �
i
T

;

with boundaryconditions.
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Examples

1

+ + � � �D(p0; ~p) =

D(p0; ~p) =
4�

M g2

1

� 1=a +
p

p2=4 � M p0 � 2M �
+ O(z2):
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Virial expansion

ClosedparticleloopO(z).

CloseddimerloopO(z2).

Closedtrimer loopO(z3), ...

Corollary

Particle-particleloopO(1).

Particle-holeloopO(z).

Virial coef�cient bl receivescontributionsfrom atmostl-bodyphysics.b1 = 1

Remember

n =
2
� 3

�
b1(T)z + 2b2(T)z2 + 3b3(T)z3 + � � �

�

BedaqueandRupak,2003
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l -bod y contrib utions to bl

...

P =

Calculate

Leadingorderl-bodypropagator(sameasin vacuum):T-matrix.

T(� ) hascuts,polesat � = � l � + � � � .

� integralgives1=(e� =T + 1) ! zl .
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Warm-up calculation

P =

� 2�

� 2� � 1
M a2

P =
i

2�

I
d�

e� =T + 1

Z
d3q

(2� )3
log

h
� 1=a +

p
q2=4 � M (2� + � )

i
;

b2(T ) =
1

p
2

e1=( a2 M T )
h
1 + Erf (1=(a

p
M T))

i
j a j!1

=
1

p
2

:

Comparewith BethandUhlenbeck,1937

b2(T ) =
p

2
� X

eB =T +
1
�

Z
dk@k � (k)e� k 2 =( M T )

�
:
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b3(T)

+= + : : :

- 0.4 - 0.2 0 0.2 0.4
g
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We �nd b1
3 � 1:05. b3(T )

plottedfor T around6�K in 40%
incrementsfor 6Li.
Rupak,PRL2006

1=2eV � 1=4000�A� 1.
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Neutr on matter

Higherpartialwaves,effective range� correctionsnucl-th/0705???

b2(T) = �
1

25=2
+

3M CP

4� 3 +
1

p
2

e

 2

M T

�
1 + Erf (



p

M T
)
�

�
�

2�
�


 � 2

4�
;

b2(T = 5 MeV) = � 0:18+ 0:017+ 0:62(1� 0:30+ 0:016)

b̂3(5 MeV) � 1:05(0:93);

b̂3(25 MeV) � 1:2(0:99);

closeto unitarityvalue� 1:05
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Equation of state
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At T = 5 MeV, TF =T � 0:3 correspondsto n � 10� 3 fm� 3.

At T = 25MeV, n � 10� 2 fm� 3.
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Neutrino response

1
N

d�
d


=
G2

F E 2
�

4� 2

�
C2

A (3 � cos� )SA (q) + C2
V (1 + cos� )SV (q)

�

At T = 5 MeV.
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virial Sv(q=0)
virial Sa(q=0)
Sv(q=0, 3T, 6T) RPA with ERE contact
Sa(q=0, 3T, 6T) RPA with ERE contact

Horowitz, Schwenk('06). T = 4 MeV.
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Conc lusions

Systematicexpansion,relatedto T-matrix in vacuum.

Benchmarkneutrinocalculations.

Isospin,heavier nuclei.Horowitz, SchwenkandRupak

Neutrinointeractionsaway from thestaticlimit. SchäferandRupak

Higherdensitieswith pions: : :
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