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Challeng es

» Whatis matter?

$ Origin of elements
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Neutrinoshpere
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® Crosssection:n  1=(GZE?R) 10 *fm 3.

. _ P .
Dilute 1=n'=* 1=m andcold 2 =M T) 1=m onnuclearscale:perturbation
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Nuclear interaction

d

$ ja 19fm 1=m 1:4 fm.
® neutron- P-waveresonancgapj 60fm>.

® atomicsystemsin “Hegasesa 100A ro 7A.
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From Atoms to Neutron Stars

Regal andJin, 2003
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From Atoms to Neutron Stars

Regal andJin, 2003 BeaneandSarage,2003
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Finite density system

O O
Considemdilute system:R3n 1. o
P
Attemperaturd: = 2 =MT) R. ~— ~—
. o ¢ @
Microscopicphysicsirrelevant.
O
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Finite density system

O O
Considemdilute system:R3n 1. o
P
Attemperaturd: = 2 =MT) R. ~— ~—
. o ¢ @
Microscopicphysicsirrelevant.
O

However, noa’n: ap MT 1

expansion.
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Finite density system

O O
Considemdilute system:R3n 1. o
P
Attemperaturd: = 2 =MT) R. ~— ~—
. o ¢ @
Microscopicphysicsirrelevant.
O

However, noa’n: ap MT 1

expansion.
/@Q\ Systematic calculation for
n 3 1levenas

aln! 1 andapMT! 1.
.
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Outline

. Virial expansion.

. Unitarity gas.

. Neutronmatter

. Neutrinoresponse.

. Conclusion.
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Real gases

=n+ B(T)n?+ C(T)n>+

—| T
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Free Theory

Fugacityz = exp( =T ) expansion:

Z
s d® k 1 .
TS 2B dkEEM) )T 4
2 ] 72 .\ 73 .\
3 2I 2 3' 3

Smalln 3impliessmallz, where = P 2 =(MT).

Effective positive pressure
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In general
n= 2 b(T)z+ 20 (T)Z2+ 3y(T)Z2 +
P =20 bu(T)z+ by(T)2% + by(T)2°+

b recevescontrikbution atmostfrom I-body physics.

Densitydependencenz n 3

Interactionin b
P—— h P—— |
h=f(a MT) 1+ R MT + :
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Separation of scales

10GeV——
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Effective Field Theory

L = 09 + O +

O low-enepgy degreesof freedom,symmetry

Dimensionfulc; determinedy high-enegy scale .

Expansiorin low scaleoverthe high scale: 2.

R :
V(r) = /2[Q+ dv* cos ]+ O(%)
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Example: N-N scattering

Isospinsymmetry Galileanandrotationalinvariance.

n n p P L=c¢09+c0@+
0O = (NTNYINTN):

0P = (NTNYINT(r 1 )?NJ;
NN =p'p+n'n

Pawver counting/dimensionanalysisco] = 2) ¢ ;¢ .

c,0®@ 2 o
0(230(0) p—z; an expansionin p.

Subtleties: ne-tuning andquantumcorrections.
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Free Theory again

<
n = i
. 2_
| k“=(2M)
I Z
I d® k 1
- esT+1 (2)3 + k2=(2M)
_22 d’ k 1 2 A
2 )3z 1gk2=2M T) + 1 3 2p§
Aside:
X H X " _ i
HiXe Tijji! HiXe ™ jji ;identify t = =

J J

with boundaryconditions.
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Examples

D (po; p) =
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Virial expansion

Closedparticleloop O(2z). BedaqueandRupak,2003

Closeddimerloop O(z?).

Closedtrimerloop O(z3), ...

Corollary
Particle-particldoop O(1).
Particle-holeloop O(z).
Virial coefcient b recevescontributionsfrom at mostl-bodyphysics.b; = 1

Remember

n=2 bu(T)z+ 25,(T)Z2 + Bos(T) 2% +
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|-body contrib utions to b

Calculate

Leadingorderl-body propagtor(sameasin vacuum):T -matrix.
T( ) hascuts,polesat = | +

integral gives1=(e =T + 1) ! Z'.
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Warm-up calculation

¢ AN_N_N_\
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A~ 2 g
o Z h i
] d d*q P |
P—2 =T + 1 (2 )3Iog l=a+ q—4 M2 + ) ;
b (T) = p—el (a*M T) 1+ Erf (1= (aIO M T)) e pl—

5
Comparewith BethandUhlenbeck 1937

Z
(T) = P37 e, L dk@ (k)e ¥ =M™
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Neutr on matter

Higherpartialwaves,effective range correctionshucl-th/0705??7

1 3MCp 1 2 ?
b (T) = 25:2"‘ 73 "'P—ée“” 1+ Erf(pﬁ) 5

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

B:(5 MeV)  1:05(0:93);
B:(25 MeV)  1:2(0:99);

closeto unitarityvalue 1:05
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Equation of state

0

At T = 5MeV, Te=T 0:3correspondson
10 2fm 3.

At T = 25MeV, n
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Neutrino response

1d GZE? _, 2
o= CR( c0s)Sa(q)+ C(1+ cos )Sv (q)
At T = 5MeV.
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Conclusions

Systemati@xpansionyelatedto T-matrixin vacuum.

Benchmarkneutrinocalculations.

Isospin,heavier nuclei. Horowitz, SchwenkandRupak

Neutrinointeractionsaway from the staticlimit. SchaferandRupak

Higherdensitiesvith pions: : :
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ThankYou
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