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Main themes

• Clock shifts in atomic gases

• Neutrino mean free paths in collapsing stars

Conservation laws and symmetry principles



Clocks important

Technology.

• Measuring longitude

(John Harrison (1693-1776))

• Modern applications

(e.g. GPS navigation)

Basic science

• Time dependence of fundamental constants



The first atomic clock
(Zacharias, 1953)

A rubidium fountain atomic clock
(C. Solomon et al., ENS)



Basic idea

• Change state of one atom

• Interactions with other atoms depend on the state

• Spectral line is shifted. Mean field energy

• “Clock” shift, or collisional shift

• Size: ∆E = n 4π�2a/m ∼ �F n1/3a.
a – scattering length, n – density,
�F – Fermi energy, kF – Fermi wavenumber

• 1 µK corresponds to 20,000 Hz

• Current clocks: want precision of 1 in 1016

• Optical transition. Want clock shift � 1 Hz



has the same relative phase for all atoms.
Thus, the atoms remain identical and cannot
interact in the s-wave regime. The mean-field
energy is thus established only after the co-
herence of the superposition state is lost and
the pair correlations have relaxed, forming a
purely statistical mixture of the two states.

It is a consequence of Fermi statistics
that spectroscopic methods do not measure
the equilibrium energy difference between
the initial and final state of the system, but
rather measure the unperturbed resonance
frequency. The expected absence of the
clock shift has led to suggestions for the
use of fermions in future atomic clocks
(27 ). Our work presents an experimental
demonstration of this phenomenon.

We determined the transition frequency be-
tween states !1" and !2", first starting with a pure
state !1" and then with a pure state !2" sample.
The absence of a splitting between these two
lines proves the suppression of the clock shift.
Fig. 1 shows an example of such measure-
ments. The magnetic field was ramped up to
570 G with the cloud in state !1". At this field,
a12 # 150a0. Therefore, the expected equilib-
rium mean-field shifts were $% & '5 kHz for
our mean density of 3 ( 1013 cm)3 (28). The
interaction between states !1" and !2" at this
magnetic field was also observed in the mutual
evaporative cooling of the two states in the
optical trap. RF pulses 140 *s in duration were
applied at frequencies near the unperturbed res-
onance %12 # 76 MHz. Atoms in states !1" and
!2" could be monitored separately by absorption
imaging, because they are optically resolved at
this field. We observed a suppression of the
clock shift by a factor of 30 (Fig. 1). Using the
same method, we observed the absence of a
clock shift at several other magnetic fields. In
particular, we observed a suppression of more
than three orders of magnitude at #860 G (29).

P-wave interactions (23) could lead to a
nonvanishing clock shift. However, at these
low temperatures, they are proportional to T
or TF, whichever is higher, and are therefore
strongly suppressed.

We can observe mean-field shifts and
scattering lengths spectroscopically by driv-
ing transitions from a statistical mixture of
two states to a third energy level. [While this
work was in progress, use of a similar method
to measure scattering lengths in fermionic
40K was reported (30).] Specifically, we re-
corded the difference between the RF spectra
for the !2" 3 !3" transition in the presence
and in the absence of state !1" atoms. The
presence of atoms in state !1" is then expected
to shift the resonance by (31).
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In our experimental scheme to determine the
interaction energy at different magnetic fields
(Fig. 2), the system was prepared by ramping
up the magnetic field to 500 G with the atoms

in state !1". Either partial or complete RF
transfer to state !2" was then performed. The
number of atoms in state !1" was controlled
by adjusting the speed of a frequency sweep
around the !1" 3 !2" resonance. A fast, non-
adiabatic sweep created a superposition of the
two states, whereas a slow, adiabatic sweep
prepared the sample purely in state !2". A
wait time of 200 ms was allowed for the
coherence between states !1" and !2" to decay
and the system to equilibrate.

Typical parameters for the decohered !1"
– !2" mixture were mean-density n1 #
2.4 ( 1013 cm)3 and T # 0.7 TF. The
magnetic field was then changed to the
desired value, and the transition from state
!2" to state !3" was driven with 140-*s RF
pulses (Fig. 2C). We monitored the appear-
ance of atoms in state !3" and the disap-
pearance of atoms from state !2", using
simultaneous absorption imaging. Fig. 2D
shows the unperturbed and perturbed reso-
nances at the magnetic field B & 480 G.
The position of the unperturbed resonance

Fig. 1. Absence of the clock shift. RF transitions
were driven between states !1" and !2" on a
system prepared purely in state !1" (solid cir-
cles) and purely in state !2" (open circles).
Mean-field interactions would have resulted in
5-kHz shifts for the two curves in opposite
directions. Gaussian fits (solid lines) to the data
are separated by 0.04 ' 0.35 kHz. This gives a
clock-shift suppression factor of 30. Arb., arbi-
trary units.

Fig. 2. Schematic of the mean-
field measurement and represen-
tative spectra at 480 G. (A) Hy-
perfine structure of the ground
state of 6Li. (B and C) Experimen-
tal scheme: (B) Preparation of a
mixture of atoms in states !1"
and !2", and (C) RF spectroscopy
of the !2" 3 !3" transition using
a variable radio frequency (%RF).
(D) The fraction of atoms trans-
ferred from !2" to !3", with !1"
atoms absent (solid circles) and
present (open circles). The
mean-field shift is computed
from Gaussian fits to the data
(solid lines). (E) Spatial images of
state !3" for the perturbed reso-
nance. The optical trap was
turned off immediately after the
RF pulse and absorption images
of the atoms were taken after
120 *s of expansion time. The
central section of#150-*m ver-
tical extent was used to extract
the transferred fractions in (D).
(E) also shows images of states
!2" and !1" for zero RF detuning.
States !3" and !2" were imaged
simultaneously to observe their
complementary spatial struc-
ture. State !1" was imaged after
760 *s of expansion time to
record its density for normaliza-
tion purposes.
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|3���❛✻6Li (Gupta et al., 2003)

Fermi gases with resonant interactions

• Can make interactions strong

• Probe correlations by rf spectroscopy



Scattering from correlated pairs

• Excitation creates a 3-atom 2-atom-hole pair

• Shift due to interaction with 1-atoms

• Similar to problem of pion-deuteron scattering (Glauber, 1955)� ✲ �✒
❅❘ �✒

� ❛1 3

2-hole



Theory of shifts in dilute gases

• Naive theory. Energy shift of atom is

∆Ei = −n1
4π�2

m

sin 2δ1i

2k
→ n1

4π�2

m
a1i

Line shift ∆E23 = n1
4π�2

2mk
[sin 2δ12 − sin 2δ13]→ n1

4π�2

m
(a13 − a12)

• Standard theory of line shape in a dilute gas gives (Koelman et al., Phys.
Rev. 38, 2525 (1988), Dickerscheid and Stoof (unpublished)) for the self
energy

Σ = −4π�2n1

2mik

�
e2i(δ13−δ12) − 1

�

∆E23 ∝ sin(2δ12 − 2δ13) = sin 2δ13(1− 2 sin2 δ12)− sin 2δ12(1− 2 sin2 δ13)

Linewidth ImΣ ∝ sin2(δ12 − δ13)
S-matrix ∝ e2iδ

• Like “shadowing” in imaginary part.

• Shifts finite for resonant scattering.



Line shifts
With vertex corrections Without vertex corrections

δ2 δ2

δ1 δ1



Exactly soluble model

• Take m1 � m2 = m3.

• 1-atoms can be treated as static impurities.

G. M. Bruun, C. J. P., and Z. Yu,
Phys. Rev. A 81, 033621 (2010).



Calculating the correlation function

�
Vertex correction

← Self energy



Line shapes

G. M. Bruun, C. J. P., Zhenhua Yu, Phys. Rev. A 81, 033621 (2010)



Important lessons

• Vertex corrections. Can change sign of shift

• Shifts not large for resonant interactions.

• To obtain correct result for phase shift in a medium, it is
necessary to include particle–hole scattering (bubbles) in addition
to particle–particle and hole–hole scattering (ladders)



Making better clocks

• Use fermions. Interaction effects reduced by Pauli principle

• Work in an optical lattice (no Doppler shift)

• Work with optical transition

G. K. Campbell et al., Science 324, 360 (2009).
87

Sr
1
S0-

3
P0 optical transition (4.3× 10

14
Hz).

Shift (∼ 1 Hz) seen even though atoms are fermions.

Surprise!



Why is there a shift?

• How identical do fermions need to be to obey Pauli principle?

• Think in terms of two level system (
1
S0 and

3
P0). Pseudospin.

• Two atoms. Rotationally invariant interaction ∝ S1 · S2.

• Precession of total spin unaltered: dS1/dt ∝ S2×S1 and dS2/dt ∝ S1×S2.

Thus d(S1 + S2)/dt = 0.

Solution: Inhomogeneity of magnetic field

• Spins in different states in the optical lattice precess at different rates.

• Initially all spins point in same direction (
1
S0).

• Spins in different motional states precess and get out of step. Triplet

admixture.

• With further precession, a change in the total spin results.

K. Gibble, PRL 103, 113202 (2009)

A. M. Rey, A. V. Gorshkov, and C. Rubbo, PRL 103, 260402 (2009)

Z. Yu and CJP, PRL 104, 010801 (2010).



Supernova 1987A, Hubble Space Telscope



General considerations and history

• Neutrinos seen from SN 1987A

• Early calculations. Energy transport by neutrinos.
Colgate and White (1966)

• 1970s. Discovery of weak neutral currents (ν + N → ν + N), in addition
to charged currents (p + e− → n + νe).

• Improved equations of state.

• Failure of direct explosion mechanism.

• Shock revival by neutrino heating (Bethe, Wilson).

• Still no agreed mechanism for generating explosion.
(Convection, sound waves, ...)

• Need improved estimates of neutrino processes



Neutrino processes

• Rates important but not frequency shifts. (cf. cold gases)

• Scattering from nucleons N + ν → N + ν

• Initial and final state interactions N + N + ν → N + N + ν
Landau-Pomeranchuk-Migdal effect (Raffelt, Seckel, Strobel, Sigl,

Hannestad, Sedrakian, Dieperinck,... )

• Neutrino pair bremsstrahlung and annihilation N + N � N + N + ν + ν̄

• Similar processes in neutron star cooling (also charged currents)

Complications.

Neutrino flavours

Inhomogeneity of matter (coherent scattering)



Basic formalism

• Treat weak interactions using Golden Rule.

Rates ∝ G2
F

�
dωd3q . . . S(q, ω)

• Information about medium encoded in S(q, ω) – density-density (vector)

or spin-spin (axial vector) dynamical structure factors.

• Related to the corresponding correlation functions:

S(q, ω) =
1

πn

1

1− e−ω/T
Imχ(ω,q)

• Crucial densities seem to be somewhat below nuclear matter density.

(High densities – neutrinos trap. Low densities – few interactions)



(M. Liebendörfer and A. Perego)

nBλ3
T = 1 nBλ3

T = 1

T = 1
3TF

T = 1
3TF



(M. Liebendörfer and A. Perego)

nBλ3
T = 1 nBλ3

T = 1

T = 1
3TF

T = 1
3TF



Phase Space

• Neutrino scattering. (ω, q) spacelike.

• Neutrino pair production or annihilation. (ω, q) timelike.

• Single nucleon particle-hole pair. |ω| ≤ vFq, i.e. spacelike.

• Need collisions between nucleons for the latter processes.
Two or more particle-hole pair creation.
Both timelike and spacelike.

• Also affects scattering.

• Quasiparticles damped. Landau-Pomeranchuk-Migdal effect.
(Raffelt and coworkers.)
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Spacelike ← Single nucleon
particle-hole pair

Phase Space

(Neutrino scattering)

(Pair creation)
Multiple particle-hole
states can be
anywhere!



Effect of Interactions

• Generally axial vector interaction most important. Factor 3.

Vector important for coherent scattering from nuclei.

• Density response. Particle number conserved.

ωm0(ρq)m0 = −q · (jq)m0, (ρq)m0 = −q · (jq)m0

ωm0

For q → 0, no matrix elements to states with nonzero excitation energy

(e.g., multipair states).

• Spin response. Total spin not conserved. (cf. liquid
3
He)

Nonzero matrix elements to multipair states.

• Effects well known to nuclear physicists. (gA �= 1)



Spin response function

• Kinetic equation.

• Mean field. Collisionless Landau–Boltzmann equation. Single pairs.

χσ = N(0)/[1 + g0N(0)]

• Add collisions. This includes two-pair states.

χσ = X0/[1 + g0X0]
X0 includes effects of collisions.

• Includes effects of nonzero q and mean field.

• Long wavelengths, q → 0

χσ =
N(0)

1 + G0 − iωτσ

Usual relaxation form. τσ – spin relaxation time.
In- and out-scattering terms in Boltzmann equation. Vertex corrections.
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FIG. 3: (Color online) Ratio of the spin relaxation rate to the relaxation rate for an excess of quasiparticles in a single
momentum state (1/!!)/(1/! ) as a function of Fermi momentum kF for purely tensor scattering amplitudes (in which case
the value is 2), for the one-pion exchange interaction (which gives the value 4/3), from low-momentum interactions Vlow k, and
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0 0.5 1 1.5 2

#/(v
F
q)

0

0.5

1

1.5

2
Im

 $
"
 /

 N
(0

)

non-interacting

v
F
q!

"
=5, G

0
=0

1/!
"
=0, G

0
=0.8

v
F
q!

"
=5, G

0
=0.8

v
F
q!

"
=2, G

0
=0.8
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Results are shown for the non-interacting system, without and with mean-field e!ects, G0 = 0 and G0 = 0.8 respectively, and
for di!erent values of the spin relaxation rate 1/!! = 0, vFq!! = 2 and vFq!! = 5.

densities. This is because the central part of the OPE interaction ! k2 and ! k!2 does not capture the central shorter-
range physics in nuclear forces. This deficiency of the OPE model is most prominent at low densities, in comparison
to the increasing Vlow k rate. Similar to the spin response, we find a reduction of C due to second-order many-body
contributions, where the band in Fig. 2 again indicates a range for the e!ects due to many-body correlations. Finally,
as expected, the relaxation rate obtained from Vlow k plus second-order contributions is now dominated by the central
terms in Eq. (42).

In Fig. 3 we show the ratio (1/!!)/(1/!) of the spin relaxation rate to the relaxation rate for an excess of quasi-
particles in a single momentum state as a function of Fermi momentum kF. This is a very useful measure of the
strength of noncentral interactions compared to central ones. For purely tensor scattering amplitudes, the ratio of
the corresponding spin traces in Eqs. (41) and (42) gives (1/!!)/(1/!) = 2, while for the OPE interaction, which

Spin dynamical structure factor



Collision Rates

• Collision rate

1
τ

= C[T 2 + (ω/2π)2]

• Spin relaxation rate

1
τσ

= Cσ[T 2 + (ω/2π)2]

Non-central, especially tensor forces essential!

Degenerate matter (T � TF )



Nucleon–nucleon interactions

• One-pion exchange. ↑ + ↑ → ↓ + ↓

• Potentials fitted to scattering data (Paris, Argonne, ...)

• Vlowk. (Schwenk, Brown, Friman)

– Build in effects of short-range correlations by introducing cut-off.

– Put in medium effects by perturbation theory.

• Chiral effective field theory.
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FIG. 1: (Color online) The spin relaxation time given by C! of Eq. (34) as a function of Fermi momentum kF obtained from
the one-pion exchange interaction (OPE), from low-momentum interactions Vlow k, and including second-order many-body
contributions. In addition, we show that the result obtained from Vlow k plus second-order contributions is dominated by tensor
interactions (dotted versus solid line).
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FIG. 2: (Color online) The relaxation time for decay of an excess of quasiparticles in a particular momentum state given by C
of Eq. (29) as a function of Fermi momentum kF obtained from the one-pion exchange interaction (OPE), from low-momentum
interactions Vlow k, and including second-order many-body contributions. In addition, we show that the result obtained from
Vlow k plus second-order contributions is dominated by central interactions (dotted versus solid line).

of the quasiparticle scattering amplitude). These e!ects are due to second-order particle-hole interference of tensor
with strong central interactions, which are driven by large scattering lengths at very low densities. The band in Fig. 1
from Vlow k to including second-order contributions provides a range for the e!ects due to many-body correlations. In
addition, we observe that the spin relaxation rate depends only weakly on density, and the rate obtained from Vlow k

plus second-order contributions is dominated by the tensor terms in Eq. (41).
For the relaxation coe"cient C of Eq. (29) corresponding to decay of an excess of quasiparticles in a particular

momentum state, we obtain rates in Fig. 2 that are of similar magnitude compared with the spin relaxation rate.
While the OPE rate is approximately independent of density, the OPE model underestimates the relaxation rate at low

Quasiparticle relaxation rate

1
τ

= C

�
T 2 +

� ω

2π

�2
�

(1)



S(q, \omega)
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of the quasiparticle scattering amplitude). These e!ects are due to second-order particle-hole interference of tensor
with strong central interactions, which are driven by large scattering lengths at very low densities. The band in Fig. 1
from Vlow k to including second-order contributions provides a range for the e!ects due to many-body correlations. In
addition, we observe that the spin relaxation rate depends only weakly on density, and the rate obtained from Vlow k

plus second-order contributions is dominated by the tensor terms in Eq. (41).
For the relaxation coe"cient C of Eq. (29) corresponding to decay of an excess of quasiparticles in a particular

momentum state, we obtain rates in Fig. 2 that are of similar magnitude compared with the spin relaxation rate.
While the OPE rate is approximately independent of density, the OPE model underestimates the relaxation rate at low

Spin relaxation rate reduced compared with OPE

1

τσ
= Cσ

�
T 2

+

� ω

2π

�2
�

(1)



Collisions affect energy transfer
to and from neutrinos

• No collisions. Energy transfer ∼ vF q.

• With collisions. Energy transfer ∼ �/τσ even for q = 0.



RMS Energy Transfer in Scattering
S. Bacca, K. Hally, C. J. Pethick, and A. Schwenk,

Phys. Rev. C 80, 032802 (2009).
(Chiral effective field theory)
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For the future

• Mixtures of neutrons and protons

• Other components (Clusters – α particles, other nuclei).

• Extend to less degenerate regime.

• Prepare tables for numerical codes. Modular codes.

• Sensitivity tests. Where to put calculating effort.

• Better estimates of in-medium effects on scattering.



Final remarks

• Similar effects in diverse areas of physics

• Powerful effects of conservation laws

• Plenty of work to do!



Til lykke!
Jochen

“Hip, Hip, Hurrah!”

(P. S. Krøyer)


