Lecture Two: Review of Relevant Ex-
periments

So far experiments on p-wave gases are mostly carried out on the
Fermi alkali gas °Li and *°K, and I will be focusing on this two ele-
ments. In Bose alkali gas mixture ®Rb and ®'Rb, p-wave scattering
resonance is also seen’, but I will not discuss that.
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Figure 1: Energy diagram of °Li in an external magnetic field.

IPRA 94, 062702 (2016)



1. Scattering properties of °Li.

scattering channel theory ENS MIT Comments
1) - [1) 159.15 160.2 159.14(0.4) loss due to three-body
1) - [2) 185.15 186.2 185.09(0.2) two-body dipole
12) - |2) 214.90 215.2 214.94(0.4) two-body

Since p-wave scattering occurs through three angular momentum
channels, m = +1 (xy-channel) and m = 0 (z-channel), there are
splittings due to magnetic dipole-dipole interaction. In the case of
OLi, this effect is small. For example for the |1) - |1) scattering, the
splitting is about 10mG with m = 0 higher. This is typically not
resolved in experiments (either due to magnetic field fluctuations or
temperature broadening).



2. Feshbach Resonance

Consider two SLi atoms in collision, each is described by a set of
internal degrees of freedom, its valence electron spin s; 9, nuclear
spin 41 2 and the relative orbital angular momentum ¢. To discuss
the Feshbach resonance, one necessarily is interested in the short-
range potential between the two atoms, and we form S = s1 + 59
and I = 11 +1>. Now because of the total interchange of atoms obeys

Fermi statistics, it turned out that
S + 1 + ¢ = even. (1)

In fact, this expression is independent of the statistics (Bose/Fermi)
of the (composite) particle in question. For SLi, we have s15 = 1/2
and 212 = 1, so one finds S = 0,1 and I = 0,1, 2. Now the relevant
closed channel molecule (singlet channel, v = 38) which gives rise
to the p-wave Feshbach resonance observed in °Li is in the singlet
channel with .S = 0. One requires I 4+ £ = even.

S I 7 Comments
0 0,2 0 two s-wave scattering in 5Li (543, 822)
0o 1 1 p-wave scattering

Note that in this case (as well in “°K), the p-wave resonance is due
to coupling of p-wave scattering fermions to a p-wave closed channel
molecule, and the inter-channel coupling is of s-wave symmetry:.

As mentioned before, small dipolar interaction in %Li splits the
resonance with m = #£1 from that of m = 0 about 10 mG.
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A related question is the molecular fraction in the closed channel
(molecule in the singlet channel, v = 38). This has been calculated
and investigated experimentally by measuring the magnetic moment
of the Feshbach molecules (linear superposition of closed channel
molecules and open channel scattering fermions).

¢Feshbach - \/2¢01086d channel molecule T V 1-Z 77D0pen channel fermions

(2)
This turns out to be Z = 0.81 close to coupled channel calculation
which gives Z = 0.82. What p-wave Feshbach is special is that Z es-
sentially stays the same as one tunes the magnetic field. In any simple
model that one writes down usually Z = 1 at resonance. (problem
here: experimental resolution and other closed channel states, needs
full coupled channel calculation). [Recall s-wave case...|
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Figure 2: Energy diagram of °Li in an external magnetic field.

3. Molecular Energy measurement?.

One unique feature of the p-wave scattering is the existence of cen-
trifugal barrier which allows the existence of quasi-bound state. To
measure the molecular binding energy, one can make sure of magneto-
association spectroscopy, in which a modulated magnetic field with
an amplitude d B (180mG of order of the width) and a fixed frequency
(Ymod = 650KHz). Then one changes the static magnetic field, and
see the loss features of the cloud. The assumptions are when on
resonance, there will be significant loss due to formation of p-wave
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molecules (quasi-molecules) and these, via atom-molecule scattering,
leads to loss. In this way, one can map out the field dependences of
molecular binding energy by changing vy,.4.

Note:
1. line shape similar for bound and quasi-bound state |2) —|2) (much
higher barrier for °Li) [cf. 1°K].
2. No temperature dependence of the loss feature (collision energy
100nK and temperature around 400nK).
3. No Rabi oscillation between atom pairs and molecules (quasi-
bound state) is seen.
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Figure 3: Binding energy of Li-6 in the |1) — |1) states.Linear de-
pendence on magnetic field.



4. Molecular conversion rate and loss®.

In the same Swinburne experiment when the conversion to molecules
are small, theoretical calculation (on the bound state side) as well ex-
periments (by monitoring the remaining number of atoms) are done
to see the field dependence of conversion rate. It is found that

1. The rate is similar for the bound state and quasi-bound state,
which is a bit surprising;

2. Fermi-Golden-rule calculation match the bound side very well;

3. No special feature of molecules at resonance.

Initial experiments on %Li have mainly focused with measuring
the loss of atoms close to p-wave resonance. In this regard, one
should distinguish two different cases:

(1) The p-wave resonance for the lowest hyperfine-Zeeman states
(|1)-]1)) where no dipole loss is allowed.

(2) The loss feature of the other combinations where dipole loss dom-
inate (|1)-]2), [2)-|2)).

Several known results are:

(1) Three-body loss for [1)-]1) loss follow the T7* with A > 2 (2
for Fermi-Golden-rule, Wigner threshold law). This is generally ob-
served in experiments away from resonance, but close to resonance,
unitary limited loss is seen®.

Incidentally, the loss measurement generally shows asymmetry in
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loss about the resonance.
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Figure 4: Loss feature of 5Li in [1) — |1) state. Note: shape edge
at resonance and asymmetry profile; Cf. magneto-association spec-
trascopy.

The loss is described by the equation

N
N = L) (3)
L3 at unitarity is expected to be (independent of interaction)
1
L3 x ——— 4
3 X (kBT>27 ( )
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In general, the three-body loss rate can be computed by including
an imaginary part in the low-energy effective range expansion
1 1
kP cot b, = —— — — — —k* 5

g v v 2R (5)
where v; describes the loss of atoms due to three-body recombination
[S-matrix no longer unitary]. Lg is then the thermal average of the
(energy-dependent) rate K3

1 oo

(

where K3 is given by (I" is resonance width)

1 1
“E2(E B2 +12/4

K3 (7)

where Ej = %, or in terms of kg = /R /v, Ey, = ki/m. ko would
be a typical scale of the problem. On the bound state part, this
would give the inverse of size of the molecule.

As for the interaction dependences of the three-body loss coeffi-

cient, it is known that for v small, one has

Ls o V87?3 (8)
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Figure 5: Temperature dependence of Ls.

5. Two-body dipolar loss.
There is a detailed theoretical analysis by Kurlov and Shlyapnikov
in 1D, 2D and 3D based on the basis of Eq.(5), adapted to 2D and
also 1D. The general conclusion is that in low dimensions, two-body
loss rates are suppressed compare with 3D. Theoretical analysis of
the loss data is very similar to that of L3, except that one should
include in the average the appropriate scattering cross sections.
Experiment performed by the Mukaiyama group which generally
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Figure 6: Interaction dependence of Ls.

agrees very well with the theoretical expectation, including the sup-
pression of loss in 2D as compared with 3D. For example, the different
temperature dependences of K in the resonance and off-resonance
regime is given below.

To Summarize the °Li p-wave case, the few-body aspects of the prob-
lem are fairly understood (theoretically three-body recombination
still requires some work). The life time of the sample is limited to

11



_16?ﬁ\.\.\'\._'\
10 3
o ]
2 10"
- 1 e B-B,=15mG
£ 1 B B-B,=290mG
o~ -18 3 B, =
y 1018_E A B-B,=356mG
A
-19
10 3
2 3 4 5 6 7 8 9

Temperature [uK] 10

Figure 7: Temperature dependence of K5 for %Li.

several hundred ms close to resonance, and it is still quite challeng-
ing to achieve interesting many-body states; even the normal state
properties is barely investigated let alone the superfluid state.

One experiment by Mukaiyama group that might be interesting
from a many-body point of view is that by applying a strong 1D
optical lattice, they can selectively populate p-wave molecules with
m = 0 and m = =1 states. This would be interesting if furthermore
m = =1 can be distinguished by, say, rotating the harmonic trap.
This would be an interesting problem even to consider the normal
state of a system with angular momentum and see how it evolves
across the resonance. Incidentally the conversion rate to molecules
is generally in the level of 20%.
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A Summary for K.

[ will not dwell on the details of **K p-wave resonance as most of the
physics are close (a bit less explored than SLi it seems to me), except
to point out the most salient features.

(1) There is a significantly larger splitting of the three angular mo-
mentum projection states with m = 4 at higher magnetic field by
0.5G) due to dipole-dipole interaction).

(2) As mentioned in Lecture One, the p-wave barrier is smaller than
OLi. There is an asymmetry for the life-time of the bound and quasi-
bound state (Cf. Li lifetime measured using magneto-association
spectroscopy). (3) There is a nonlinearity in the molecular bind-
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Figure 8: Asymmetry in the molecular lifetime across resonance.

ing energy close to resonance which is not seen in °Li (at least not

13



commented upon as far as I know).
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Figure 9: Binding energy of K.
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The only many-body experiment on p-wave Fermi gas 4°K is done

by Toronto in which they measured the universal relations in this
system.

(1) momentum tails
(2) tails of the radio-frequency response
(3) dynamics of molecule-atom pair conversion
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