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In the regime E0 � E ⌧ E0, ignoring the energy dependence of all other factors, we can

write
d�

dE
⇠ (E0 � E)�� 5

2 . (16)

Thus, a characteristic feature of processes involving an unnucleus is the power-law depen-

dence of the di↵erential cross section on the recoil energy near the end point.

IV. MULTI-NEUTRON FINAL STATES AS UNNUCLEI

So far the search for relativistic unparticles has been unsuccessful [2–4]. In nuclear

physics, however, there are natural approximate unnuclei due to the fortuitous occurrence of

fine tuning in several nuclear systems. In particular, neutrons have a large s-wave scattering

length: a ⇡ �19 fm, compared to the e↵ective range r0 ⇡ 2.8 fm. A system of neutrons

can be considered as an unnucleus if the relative momentum between any two neutrons in

the system is between ~/a and ~/r0. If this is the case, they are described by a well known

nonrelativistic conformal field theory—the theory of fermions at unitarity.
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FIG. 2. A nuclear reaction with three neutrons in the final state.

Thus, the real-world realizations of the reaction pictured in Fig. 1 are reactions with a few

neutrons in the final state. A typical reaction with three final-state neutrons is schematically

depicted in Fig. 2. The di↵erential cross section d�/dE considered above is now an inclusive

cross section, where the momenta of the neutrons are left unmeasured. Reactions of this

type are abundant in nuclear physics. Some examples are

3H+ 3H ! 4He + 2n , (17)
7Li + 7Li ! 11C + 3n , (18)

4He + 8He ! 8Be + 4n . (19)

The final-state neutrons can be considered as forming an unnucleus when the kinetic energy

of the system of neutrons in its center-of-mass frame (neutron kinetic energy) is between

"0 = ~2/ma2 ⇠ 0.1 MeV and ~2/mr20 ⇠ 5 MeV. Only in this kinematic regime, our predic-

tion (16) for d�/dE applies. Physically, in this regime the neutrons travel together and keep

interacting with each other until the distance between them becomes larger than a. If the

total kinetic energy of the final scattering products Ekin is much larger than ~2/mr20, then

..
.
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fine tuning in several nuclear systems. In particular, neutrons have a large s-wave scattering

length: a ⇡ �19 fm, compared to the e↵ective range r0 ⇡ 2.8 fm. A system of neutrons

can be considered as an unnucleus if the relative momentum between any two neutrons in

the system is between ~/a and ~/r0. If this is the case, they are described by a well known

nonrelativistic conformal field theory—the theory of fermions at unitarity.

B

A

A

n

n

n

1

2

FIG. 2. A nuclear reaction with three neutrons in the final state.

Thus, the real-world realizations of the reaction pictured in Fig. 1 are reactions with a few

neutrons in the final state. A typical reaction with three final-state neutrons is schematically

depicted in Fig. 2. The di↵erential cross section d�/dE considered above is now an inclusive

cross section, where the momenta of the neutrons are left unmeasured. Reactions of this

type are abundant in nuclear physics. Some examples are

3H+ 3H ! 4He + 2n , (17)
7Li + 7Li ! 11C + 3n , (18)

4He + 8He ! 8Be + 4n . (19)

The final-state neutrons can be considered as forming an unnucleus when the kinetic energy

of the system of neutrons in its center-of-mass frame (neutron kinetic energy) is between

"0 = ~2/ma2 ⇠ 0.1 MeV and ~2/mr20 ⇠ 5 MeV. Only in this kinematic regime, our predic-

tion (16) for d�/dE applies. Physically, in this regime the neutrons travel together and keep

interacting with each other until the distance between them becomes larger than a. If the

total kinetic energy of the final scattering products Ekin is much larger than ~2/mr20, then

..
.
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Q neutrons
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Multi-neutron systems:

Will exploit two theoretical tools:

• Schrödinger symmetry and its breaking                
• The large-charge expansion (superfluid EFT)
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"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

`

<latexit sha1_base64="wHmIV61ugEdEZp+IqBsURq4b+xA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2A9oQ9lsJ+3S3U3Y3Qgl9C948aCIV/+QN/+NSZuDtj4YeLw3w8y8IBbcWNf9dkpr6xubW+Xtys7u3v5B9fCobaJEM2yxSES6G1CDgitsWW4FdmONVAYCO8HkLvc7T6gNj9SjncboSzpSPOSM2lzqoxCDas2tu3OQVeIVpAYFmoPqV38YsUSiskxQY3qeG1s/pdpyJnBW6ScGY8omdIS9jCoq0fjp/NYZOcuUIQkjnZWyZK7+nkipNGYqg6xTUjs2y14u/uf1Ehte+ylXcWJRscWiMBHERiR/nAy5RmbFNCOUaZ7dStiYaspsFk8lC8FbfnmVtC/q3mX95uGy1rgt4ijDCZzCOXhwBQ24hya0gMEYnuEV3hzpvDjvzseiteQUM8fwB87nDxFGjkc=</latexit>

⇢`3 ⌧ 1

<latexit sha1_base64="t9jpSxAZn48M7jLtSoeCTXdabIQ=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5JoQb0VvXisYD+giWWznbRLN5uwu1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqsrK6tbxQ3S1vbO7t7dnm/peJUUmjSmMeyExAFnAloaqY5dBIJJAo4tIPR9dRvP4BULBZ3epyAH5GBYCGjRBupZ5c9OYyxB5zfn2GPc+z27IpTdWbAy8TNSQXlaPTsL68f0zQCoSknSnVdJ9F+RqRmlMOk5KUKEkJHZABdQwWJQPnZ7PQJPjZKH4exNCU0nqm/JzISKTWOAtMZET1Ui95U/M/rpjq88DMmklSDoPNFYcqxjvE0B9xnEqjmY0MIlczciumQSEK1SatkQnAXX14mrdOqW6te3tYq9as8jiI6REfoBLnoHNXRDWqgJqLoET2jV/RmPVkv1rv1MW8tWPnMAfoD6/MHoLSS9Q==</latexit>

Overview: unitary Fermi gas and neutrons

Consider a gas of      non-relativistic fermions 
of mass M with range of interaction `

<latexit sha1_base64="5+XmjIG2a+Zy/kH/mODWgbSW+No=">AAAB63icdVBNS8NAEN34WetX1aOXxSJ4ColW2tyKXjxWsB/QhrLZTtulu0nY3Qgl9C948aCIV/+QN/+NmzSCij4YeLw3w8y8IOZMacf5sFZW19Y3Nktb5e2d3b39ysFhR0WJpNCmEY9kLyAKOAuhrZnm0IslEBFw6Aaz68zv3oNULArv9DwGX5BJyMaMEp1JA+B8WKk69mXD87wL7NhOjpx4br2O3UKpogKtYeV9MIpoIiDUlBOl+q4Taz8lUjPKYVEeJApiQmdkAn1DQyJA+Wl+6wKfGmWEx5E0FWqcq98nUiKUmovAdAqip+q3l4l/ef1Ejxt+ysI40RDS5aJxwrGOcPY4HjEJVPO5IYRKZm7FdEokodrEUzYhfH2K/yedc9ut2d5trdq8KuIooWN0gs6Qi+qoiW5QC7URRVP0gJ7QsyWsR+vFel22rljFzBH6AevtE3LUjoo=</latexit>

Q

<latexit sha1_base64="Dw4wZugwTA28tlONuERkkfiQklk=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GnriZPEW9OIxAbNAMoSeTiVp07PQ3SOEIV/gxYMiXv0kb/6NnUVQ0QcFj/eqqKrnx4IrTciHlVlb39jcym7ndnb39g/yh0ctFSWSQZNFIpIdnyoQPISm5lpAJ5ZAA19A259cz/32PUjFo/BWT2PwAjoK+ZAzqo3UaPTzBWK75VKJuJjYpFipXpSXpELK2LHJAgW0Qr2ff+8NIpYEEGomqFJdh8TaS6nUnAmY5XqJgpiyCR1B19CQBqC8dHHoDJ8ZZYCHkTQVarxQv0+kNFBqGvimM6B6rH57c/Evr5voYdVLeRgnGkK2XDRMBNYRnn+NB1wC02JqCGWSm1sxG1NJmTbZ5EwIX5/i/0mraDuufdlwC7WrVRxZdIJO0TlyUAXV0A2qoyZiCNADekLP1p31aL1Yr8vWjLWaOUY/YL19Ahc+jSk=</latexit>



"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

`

<latexit sha1_base64="wHmIV61ugEdEZp+IqBsURq4b+xA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2A9oQ9lsJ+3S3U3Y3Qgl9C948aCIV/+QN/+NSZuDtj4YeLw3w8y8IBbcWNf9dkpr6xubW+Xtys7u3v5B9fCobaJEM2yxSES6G1CDgitsWW4FdmONVAYCO8HkLvc7T6gNj9SjncboSzpSPOSM2lzqoxCDas2tu3OQVeIVpAYFmoPqV38YsUSiskxQY3qeG1s/pdpyJnBW6ScGY8omdIS9jCoq0fjp/NYZOcuUIQkjnZWyZK7+nkipNGYqg6xTUjs2y14u/uf1Ehte+ylXcWJRscWiMBHERiR/nAy5RmbFNCOUaZ7dStiYaspsFk8lC8FbfnmVtC/q3mX95uGy1rgt4ijDCZzCOXhwBQ24hya0gMEYnuEV3hzpvDjvzseiteQUM8fwB87nDxFGjkc=</latexit>

⇢`3 ⌧ 1

<latexit sha1_base64="t9jpSxAZn48M7jLtSoeCTXdabIQ=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5JoQb0VvXisYD+giWWznbRLN5uwu1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqsrK6tbxQ3S1vbO7t7dnm/peJUUmjSmMeyExAFnAloaqY5dBIJJAo4tIPR9dRvP4BULBZ3epyAH5GBYCGjRBupZ5c9OYyxB5zfn2GPc+z27IpTdWbAy8TNSQXlaPTsL68f0zQCoSknSnVdJ9F+RqRmlMOk5KUKEkJHZABdQwWJQPnZ7PQJPjZKH4exNCU0nqm/JzISKTWOAtMZET1Ui95U/M/rpjq88DMmklSDoPNFYcqxjvE0B9xnEqjmY0MIlczciumQSEK1SatkQnAXX14mrdOqW6te3tYq9as8jiI6REfoBLnoHNXRDWqgJqLoET2jV/RmPVkv1rv1MW8tWPnMAfoD6/MHoLSS9Q==</latexit>

Overview: unitary Fermi gas and neutrons

Consider a gas of      non-relativistic fermions 
of mass M with range of interaction `

<latexit sha1_base64="5+XmjIG2a+Zy/kH/mODWgbSW+No=">AAAB63icdVBNS8NAEN34WetX1aOXxSJ4ColW2tyKXjxWsB/QhrLZTtulu0nY3Qgl9C948aCIV/+QN/+NmzSCij4YeLw3w8y8IOZMacf5sFZW19Y3Nktb5e2d3b39ysFhR0WJpNCmEY9kLyAKOAuhrZnm0IslEBFw6Aaz68zv3oNULArv9DwGX5BJyMaMEp1JA+B8WKk69mXD87wL7NhOjpx4br2O3UKpogKtYeV9MIpoIiDUlBOl+q4Taz8lUjPKYVEeJApiQmdkAn1DQyJA+Wl+6wKfGmWEx5E0FWqcq98nUiKUmovAdAqip+q3l4l/ef1Ejxt+ysI40RDS5aJxwrGOcPY4HjEJVPO5IYRKZm7FdEokodrEUzYhfH2K/yedc9ut2d5trdq8KuIooWN0gs6Qi+qoiW5QC7URRVP0gJ7QsyWsR+vFel22rljFzBH6AevtE3LUjoo=</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

S = e2i�(k)

<latexit sha1_base64="RPMbltkbdhSdWdauVsvEzVn6KhE=">AAAB/3icbVDJSgNBEO2JW4zbqODFS2MQ4iXMhIB6EIJePEY0C2TG0NNTkzTpWejuEcKYg7/ixYMiXv0Nb/6NneWgiQ8KHu9VUVXPSziTyrK+jdzS8srqWn69sLG5tb1j7u41ZZwKCg0a81i0PSKBswgaiikO7UQACT0OLW9wNfZbDyAki6M7NUzADUkvYgGjRGmpax7cYgdfOBjuswpzfOCKlAYno65ZtMrWBHiR2DNSRDPUu+aX48c0DSFSlBMpO7aVKDcjQjHKYVRwUgkJoQPSg46mEQlButnk/hE+1oqPg1joihSeqL8nMhJKOQw93RkS1Zfz3lj8z+ukKjhzMxYlqYKIThcFKccqxuMwsM8EUMWHmhAqmL4V0z4RhCodWUGHYM+/vEialbJdLZ/fVIu1y1kceXSIjlAJ2egU1dA1qqMGougRPaNX9GY8GS/Gu/Exbc0Zs5l99AfG5w/Ht5Sz</latexit>

k cot �(k) = �1

a
+

1

2
rk2 + v2k

4 + v3k
6 + . . .

<latexit sha1_base64="fRNA852QvegE/9GVMiE8fgDD1cs="></latexit>

r ⇠ (v2)
1/3 ⇠ (v3)

1/5 . . . ⇠ `

<latexit sha1_base64="1v2FdMj2c34G8v0Xixa3z/M0ze0=">AAACHHicbZDLSsNAFIYnXmu9RV26GSxC3dSkrai7ohuXFewFmhgmk2k7dHJhZlIoIQ/ixldx40IRNy4E38ZpGkRbfxj4+c45nDm/GzEqpGF8aUvLK6tr64WN4ubW9s6uvrffFmHMMWnhkIW86yJBGA1IS1LJSDfiBPkuIx13dD2td8aECxoGd3ISEdtHg4D2KUZSIUevcWgJ6sPy2Kme3CfmaS39AbUMnKUW80IpZtgijDl6yagYmeCiMXNTArmajv5heSGOfRJIzJAQPdOIpJ0gLilmJC1asSARwiM0ID1lA+QTYSfZcSk8VsSD/ZCrF0iY0d8TCfKFmPiu6vSRHIr52hT+V+vFsn9hJzSIYkkCPFvUjxmUIZwmBT3KCZZsogzCnKq/QjxEHGGp8iyqEMz5kxdNu1ox65XL23qpcZXHUQCH4AiUgQnOQQPcgCZoAQwewBN4Aa/ao/asvWnvs9YlLZ85AH+kfX4D6Aufdg==</latexit>

Q

<latexit sha1_base64="Dw4wZugwTA28tlONuERkkfiQklk=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GnriZPEW9OIxAbNAMoSeTiVp07PQ3SOEIV/gxYMiXv0kb/6NnUVQ0QcFj/eqqKrnx4IrTciHlVlb39jcym7ndnb39g/yh0ctFSWSQZNFIpIdnyoQPISm5lpAJ5ZAA19A259cz/32PUjFo/BWT2PwAjoK+ZAzqo3UaPTzBWK75VKJuJjYpFipXpSXpELK2LHJAgW0Qr2ff+8NIpYEEGomqFJdh8TaS6nUnAmY5XqJgpiyCR1B19CQBqC8dHHoDJ8ZZYCHkTQVarxQv0+kNFBqGvimM6B6rH57c/Evr5voYdVLeRgnGkK2XDRMBNYRnn+NB1wC02JqCGWSm1sxG1NJmTbZ5EwIX5/i/0mraDuufdlwC7WrVRxZdIJO0TlyUAXV0A2qoyZiCNADekLP1p31aL1Yr8vWjLWaOUY/YL19Ahc+jSk=</latexit>



"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

`

<latexit sha1_base64="wHmIV61ugEdEZp+IqBsURq4b+xA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2A9oQ9lsJ+3S3U3Y3Qgl9C948aCIV/+QN/+NSZuDtj4YeLw3w8y8IBbcWNf9dkpr6xubW+Xtys7u3v5B9fCobaJEM2yxSES6G1CDgitsWW4FdmONVAYCO8HkLvc7T6gNj9SjncboSzpSPOSM2lzqoxCDas2tu3OQVeIVpAYFmoPqV38YsUSiskxQY3qeG1s/pdpyJnBW6ScGY8omdIS9jCoq0fjp/NYZOcuUIQkjnZWyZK7+nkipNGYqg6xTUjs2y14u/uf1Ehte+ylXcWJRscWiMBHERiR/nAy5RmbFNCOUaZ7dStiYaspsFk8lC8FbfnmVtC/q3mX95uGy1rgt4ijDCZzCOXhwBQ24hya0gMEYnuEV3hzpvDjvzseiteQUM8fwB87nDxFGjkc=</latexit>

⇢`3 ⌧ 1

<latexit sha1_base64="t9jpSxAZn48M7jLtSoeCTXdabIQ=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5JoQb0VvXisYD+giWWznbRLN5uwu1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqsrK6tbxQ3S1vbO7t7dnm/peJUUmjSmMeyExAFnAloaqY5dBIJJAo4tIPR9dRvP4BULBZ3epyAH5GBYCGjRBupZ5c9OYyxB5zfn2GPc+z27IpTdWbAy8TNSQXlaPTsL68f0zQCoSknSnVdJ9F+RqRmlMOk5KUKEkJHZABdQwWJQPnZ7PQJPjZKH4exNCU0nqm/JzISKTWOAtMZET1Ui95U/M/rpjq88DMmklSDoPNFYcqxjvE0B9xnEqjmY0MIlczciumQSEK1SatkQnAXX14mrdOqW6te3tYq9as8jiI6REfoBLnoHNXRDWqgJqLoET2jV/RmPVkv1rv1MW8tWPnMAfoD6/MHoLSS9Q==</latexit>

Overview: unitary Fermi gas and neutrons

Consider a gas of      non-relativistic fermions 
of mass M with range of interaction `

<latexit sha1_base64="5+XmjIG2a+Zy/kH/mODWgbSW+No=">AAAB63icdVBNS8NAEN34WetX1aOXxSJ4ColW2tyKXjxWsB/QhrLZTtulu0nY3Qgl9C948aCIV/+QN/+NmzSCij4YeLw3w8y8IOZMacf5sFZW19Y3Nktb5e2d3b39ysFhR0WJpNCmEY9kLyAKOAuhrZnm0IslEBFw6Aaz68zv3oNULArv9DwGX5BJyMaMEp1JA+B8WKk69mXD87wL7NhOjpx4br2O3UKpogKtYeV9MIpoIiDUlBOl+q4Taz8lUjPKYVEeJApiQmdkAn1DQyJA+Wl+6wKfGmWEx5E0FWqcq98nUiKUmovAdAqip+q3l4l/ef1Ejxt+ysI40RDS5aJxwrGOcPY4HjEJVPO5IYRKZm7FdEokodrEUzYhfH2K/yedc9ut2d5trdq8KuIooWN0gs6Qi+qoiW5QC7URRVP0gJ7QsyWsR+vFel22rljFzBH6AevtE3LUjoo=</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

S = e2i�(k)

<latexit sha1_base64="RPMbltkbdhSdWdauVsvEzVn6KhE=">AAAB/3icbVDJSgNBEO2JW4zbqODFS2MQ4iXMhIB6EIJePEY0C2TG0NNTkzTpWejuEcKYg7/ixYMiXv0Nb/6NneWgiQ8KHu9VUVXPSziTyrK+jdzS8srqWn69sLG5tb1j7u41ZZwKCg0a81i0PSKBswgaiikO7UQACT0OLW9wNfZbDyAki6M7NUzADUkvYgGjRGmpax7cYgdfOBjuswpzfOCKlAYno65ZtMrWBHiR2DNSRDPUu+aX48c0DSFSlBMpO7aVKDcjQjHKYVRwUgkJoQPSg46mEQlButnk/hE+1oqPg1joihSeqL8nMhJKOQw93RkS1Zfz3lj8z+ukKjhzMxYlqYKIThcFKccqxuMwsM8EUMWHmhAqmL4V0z4RhCodWUGHYM+/vEialbJdLZ/fVIu1y1kceXSIjlAJ2egU1dA1qqMGougRPaNX9GY8GS/Gu/Exbc0Zs5l99AfG5w/Ht5Sz</latexit>

k cot �(k) = �1

a
+

1

2
rk2 + v2k

4 + v3k
6 + . . .

<latexit sha1_base64="fRNA852QvegE/9GVMiE8fgDD1cs="></latexit>

r ⇠ (v2)
1/3 ⇠ (v3)

1/5 . . . ⇠ `

<latexit sha1_base64="1v2FdMj2c34G8v0Xixa3z/M0ze0=">AAACHHicbZDLSsNAFIYnXmu9RV26GSxC3dSkrai7ohuXFewFmhgmk2k7dHJhZlIoIQ/ixldx40IRNy4E38ZpGkRbfxj4+c45nDm/GzEqpGF8aUvLK6tr64WN4ubW9s6uvrffFmHMMWnhkIW86yJBGA1IS1LJSDfiBPkuIx13dD2td8aECxoGd3ISEdtHg4D2KUZSIUevcWgJ6sPy2Kme3CfmaS39AbUMnKUW80IpZtgijDl6yagYmeCiMXNTArmajv5heSGOfRJIzJAQPdOIpJ0gLilmJC1asSARwiM0ID1lA+QTYSfZcSk8VsSD/ZCrF0iY0d8TCfKFmPiu6vSRHIr52hT+V+vFsn9hJzSIYkkCPFvUjxmUIZwmBT3KCZZsogzCnKq/QjxEHGGp8iyqEMz5kxdNu1ox65XL23qpcZXHUQCH4AiUgQnOQQPcgCZoAQwewBN4Aa/ao/asvWnvs9YlLZ85AH+kfX4D6Aufdg==</latexit>

Can exploit non-relativistic conformal symmetry (=Schrödinger symmetry)!

Unitary Fermi gas: ` ! 0 , a ! 1

<latexit sha1_base64="uCYd7zQKB2xuVatPCvjtuyuDPO0="></latexit>

Q

<latexit sha1_base64="Dw4wZugwTA28tlONuERkkfiQklk=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GnriZPEW9OIxAbNAMoSeTiVp07PQ3SOEIV/gxYMiXv0kb/6NnUVQ0QcFj/eqqKrnx4IrTciHlVlb39jcym7ndnb39g/yh0ctFSWSQZNFIpIdnyoQPISm5lpAJ5ZAA19A259cz/32PUjFo/BWT2PwAjoK+ZAzqo3UaPTzBWK75VKJuJjYpFipXpSXpELK2LHJAgW0Qr2ff+8NIpYEEGomqFJdh8TaS6nUnAmY5XqJgpiyCR1B19CQBqC8dHHoDJ8ZZYCHkTQVarxQv0+kNFBqGvimM6B6rH57c/Evr5voYdVLeRgnGkK2XDRMBNYRnn+NB1wC02JqCGWSm1sxG1NJmTbZ5EwIX5/i/0mraDuufdlwC7WrVRxZdIJO0TlyUAXV0A2qoyZiCNADekLP1p31aL1Yr8vWjLWaOUY/YL19Ahc+jSk=</latexit>



1/kFa

<latexit sha1_base64="SRBLBiK/TrUNm5UhNqKwAg4qnW8=">AAAAAHicbVBNS8NAEJ3Ur1q/qh69LBbBU02koMeiIB4r2A9oQ5lsN+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUUdaksYhVJ0DNBJesabgRrJMohlEgWDsY38789hNTmsfy0UwS5kc4lDzkFI2V2t7FuH9HsF+uuFV3DrJKvJxUIEejX/7qDWKaRkwaKlDrrucmxs9QGU4Fm5Z6qWYJ0jEOWddSiRHTfjY/d0rOrDIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwms/4zJJDZN0sShMBTExmf1OBlwxasTEEqSK21sJHaFCamxCJRuCt/zyKmldVr1a1X2oVeo3eRxFOIFTOAcPrqAO99CAJlAYwzO8wpuTOC/Ou/OxaC04+cwx/IHz+QMF0460</latexit>

0

<latexit sha1_base64="CddqBBLHLFJ7p0Fjt3j2BOaqnNU=">AAAAAHicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WtVt1ir12zyOIpzBOVyCB9dQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AeheMtw==</latexit>

+1 !

<latexit sha1_base64="aNjYjmzTCs8n2CthbH7MDVVWXGA=">AAAAAHicbVDLSsNAFJ3UV62v+Ni5CRZBEEoiBQU3RTcuK9gHNKVMppN26GQmzNwoMRR/xY0LRdz6H+78G6dtFtp64MLhnHu5954g5kyD635bhaXlldW14nppY3Nre8fe3WtqmShCG0RyqdoB1pQzQRvAgNN2rCiOAk5bweh64rfuqdJMijtIY9qN8ECwkBEMRurZB6c+EyGk/qWv2GAIWCn50LPLbsWdwlkkXk7KKEe9Z3/5fUmSiAogHGvd8dwYuhlWwAin45KfaBpjMsID2jFU4Ijqbja9fuwcG6XvhFKZEuBM1d8TGY60TqPAdEYYhnrem4j/eZ0EwotuxkScABVktihMuAPSmUTh9JmiBHhqCCaKmVsdMsQKEzCBlUwI3vzLi6R5VvGqFfe2Wq5d5XEU0SE6QifIQ+eohm5QHTUQQY/oGb2iN+vJerHerY9Za8HKZ/bRH1ifP7NklWM=</latexit>

 �1

<latexit sha1_base64="/W0RWYBjiYYI1xWQSIIUBstpAQw=">AAAAAHicbVBNS8NAEN3Ur1q/ouLJS7AIXiyJFBR6KXrxWMF+QBPKZrtpl252w+5EKaHgX/HiQRGv/g5v/hu3bQ7a+mDg8d4MM/PChDMNrvttFVZW19Y3ipulre2d3T17/6ClZaoIbRLJpeqEWFPOBG0CA047iaI4Djlth6Obqd9+oEozKe5hnNAgxgPBIkYwGKlnH/mcRoCVko9+7dxnIoKxX+vZZbfizuAsEy8nZZSj0bO//L4kaUwFEI617npuAkGGFTDC6aTkp5ommIzwgHYNFTimOshm50+cU6P0nUgqUwKcmfp7IsOx1uM4NJ0xhqFe9Kbif143hegqyJhIUqCCzBdFKXdAOtMsnD5TlAAfG4KJYuZWhwyxwgRMYiUTgrf48jJpXVS8asW9q5br13kcRXSMTtAZ8tAlqqNb1EBNRFCGntErerOerBfr3fqYtxasfOYQ/YH1+QMdnZWT</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>
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 Superfluidity/pairing: spontaneous breaking of particle number 



observe the evolution of both single-particle excitations and
collective modes in the BEC-BCS crossover. From our
observations of the collective mode, we extract the speed
of sound in the system, while the shifting onset of the
pair breaking continuum reveals the evolution of the
superfluid gap throughout the BEC-BCS crossover.
Finally, we compare current state-of-the-art theories with
our measurement of the gap.
For our experiments, we use an ultracold gas of 6Li atoms

[Fig. 1(b)] in a balanced spin mixture of the lowest two
hyperfine states. We follow an approach similar to the one
taken in [29,30] and trap the gas in a cylindrical box
potential whose walls are formed by blue-detuned laser
beams. This results in a system with an almost constant
density per spin state of n ≈ 0.4=μm3, which corresponds to
a Fermi energy of EF ≈ h × 7 kHz. The strength of the
interparticle interactions is parametrized by the dimension-
less parameter 1=kFa, where a is the s-wave scattering
length and kF ¼ ð6π2nÞ1=3 the Fermi wave vector. The
temperature of homogenous Fermi gases in the BEC-BCS
crossover is challenging to measure [31], but for systems
with an interaction strength of 1=kFa ¼ 0 a technique
based on measuring the total energy of the gas has been

developed [32]. For our system this approach gives us an
estimate of T=TF ≈ 0.13, where T is the temperature and
TF ¼ EF=kB is the Fermi temperature of the gas.
To measure the excitation spectrum of our system, we

employ an experimental technique called Bragg spectros-
copy [43–45]. This technique is based on applying two
laser beams that are far detuned from the atomic transition
so that single-photon scattering is strongly suppressed.
However, stimulated scattering processes, where a photon
from one beam is scattered into the other, can occur if the
difference in energy and momentum between the absorbed
and emitted photon is transferred to the atoms [Fig. 1(a)].
These two-photon scattering events therefore are only
possible if the many-body system allows for the creation
of excitations at this specific combination of transferred
energy ℏω and momentum ℏq. By applying such Bragg
beams and measuring the resulting heating rate dE=dt, we
obtain the dynamic structure factor Sðq;ωÞ ∝ ω−1dE=dt
[46], which quantifies the probability for an excitation with
energy ℏω and momentum ℏq to be created and therefore
describes the excitation spectrum of the system [34].
For our first measurement, we prepare our gas at the

so-called unitary point where the scattering length diverges
and 1=kFa ¼ 0. At this point, the only relevant length scale
in the system is the inverse Fermi momentum 1=kF and the
system becomes scale invariant [8,47]. The gas is also very
strongly interacting, with a collision rate that is comparable
to the inverse Fermi time EF=h of the system. This unitary
Fermi gas is a canonical problem in many-body physics
that was first posed in the context of neutron matter, and has
come under intense experimental study with the develop-
ment of ultracold Fermi gases.
Our measurement of the dynamic structure factor of the

unitary Fermi gas is shown in Fig. 1(c). The two distinct
types of excitations discussed above are immediately visible.
First, there is a narrow, well-defined mode whose energy is
approximately proportional to its momentum, which we
identify as the sound mode of the Fermi gas. For very low
energies, where collisions have time to restore local thermal
equilibrium, it can be understood in terms of hydrodynamics
[48], whereas for higher frequencies or weaker coupling
strengths it is a Goldstone mode [26,27] that is driven by
phase fluctuations of the superfluid order parameter.
The second type of excitations are single-particle exci-

tations in which an atom is lifted out of the Fermi sea and a
particle-hole excitation is created. These particle-hole
excitations appear as a broad continuum in our spectra,
as each particle inside the Fermi sea can be excited to
any unoccupied state if it receives the proper combination
of energy and momentum transfer. However, as the
fermions are paired, this requires an energy of at least
twice the pairing gap Δ, resulting in a well-defined onset
of the continuum. The overall behavior of our measured
dynamic structure factors is in excellent agreement
with theoretical expectations [49]; a comparison to a

(a)

(b)

(c)

FIG. 1. Measuring the excitation spectrum of an ultracold
Fermi gas using Bragg spectroscopy. (a) Absorption image of
a homogeneous Fermi gas trapped in an approximately cylin-
drical box potential. (b) Sketch of the experimental setup. Two
far-detuned laser beams with frequency and wave vector ðω1; k⃗1Þ
and ðω2; k⃗2Þ are used to create excitations with energy and
momentum transfer ℏω ¼ ℏω1 − ℏω2 and ℏq ¼ jℏk⃗1 − ℏk⃗2j
through a two-photon process. (c) Measurement of the dynamic
structure factor Sðq;ωÞ of a unitary Fermi gas. At low energy
and momentum transfer, the Goldstone mode of the superfluid
manifests itself as a linear phononic mode with a slope that
corresponds to the speed of sound vs. Pair breaking excitations
occur as a broad continuum, with a clear onset at an energy
corresponding to twice the pairing gap Δ of the system. For
comparison, the expected value of 2Δ on unitarity [33] is shown
as a red dashed line, a numerical calculation of the center of the
Goldstone mode is shown as a red solid line [34]. All data shown
in this Letter are obtained by averaging over 7–40 individual
measurements.
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Bragg spectroscopy (Biss  et al)

quasiparticle random-phase approximation calculation of
Sðq;ωÞ is shown in the Supplemental Material [34].
While in the limits of small or large momentum transfer

the response of the system can be clearly identified as either
a collective or single-particle excitation, there is a range of
intermediate momenta where this is not as straightforward.
In particular, as the collective mode approaches the pair
breaking continuum it no longer follows the linear slope
given by the speed of sound and instead starts to bend
down. This behavior is reminiscent of an avoided crossing
with the onset of the pair breaking continuum, and indicates
the existence of a coupling between the Goldstone mode
and the excitation of single particles from the superfluid via
pair breaking. Such a coupling has been predicted by theory
[26,49–51], but had not yet been observed in experiments.
After examining the general structure of the excitation

spectrum, we now proceed to measure the dynamic
structure factor at interaction strengths ranging from the
deep BEC to the BCS regime. The results are displayed in
Fig. 2 and clearly show the evolution of the superfluid
throughout the BEC-BCS crossover.
Our first observation is that the collective mode is

present throughout the entire BEC-BCS crossover. This
is a direct consequence of the fact that the presence of a
well-defined Goldstone mode is a fundamental feature of
any neutral superfluid [26,27,52]. In contrast, the nature of

the single-particle excitations changes completely when
going across the crossover. On the BCS side of the
resonance [Figs. 2(e), 2(f)], the pairs are large and weakly
bound and we observe a broad continuum of pair breaking
excitations. This continuum becomes less pronounced as
the pairs become more tightly bound in the crossover
regime and completely disappears from our spectra in the
BEC regime [Figs. 2(a), 2(b)]. This is caused by the pairs
turning into deeply bound molecules, which are only
broken at very high energy and momentum transfers.
Consequently, when going toward the BEC regime, pair
breaking is gradually replaced by a different single-particle
excitation where a single unbroken molecule is ejected
from the condensate.
This behavior directly shows the evolution of our system

from a BCS superfluid of weakly bound Cooper pairs to a
BEC of deeply bound molecules. In the following, we
discuss the properties of the collective mode and the pair
breaking continuum in more detail and use them to extract
quantitative information about our system.
First, we consider the behavior of the collective mode,

whose curvature has important consequences for the
damping processes allowed in the system and has been a
topic of intense theoretical discussion [53,54]. We follow
[55–57] and fit the dispersion with an expression of the
form ωðqÞ ¼ vsqð1þ ζq2Þ, examples are shown in

(a)

(d) (e) (f)

(b) (c)

FIG. 2. Evolution of the excitation spectrum in the BEC-BCS crossover. (a) In the deep BEC regime, the excitation spectrum follows
the Bogoliubov dispersion of an interacting Bose gas, with a linear sound mode at low momenta and a quadratic dispersion of single-
molecule excitations at high momenta. (b),(c) When moving into the crossover regime, the compressibility of the system decreases, and
consequently the linear branch has a steeper slope and persists to higher momenta. At the same time, the high-momentum part of the
dispersion shows a strongly reduced curvature and starts to broaden, which indicates the transition to pair breaking excitations. (d) At the
unitary point, there is already a strong pair breaking continuum, which becomes even more pronounced when going further into the BCS
regime (e),(f).
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the response of the system can be clearly identified as either
a collective or single-particle excitation, there is a range of
intermediate momenta where this is not as straightforward.
In particular, as the collective mode approaches the pair
breaking continuum it no longer follows the linear slope
given by the speed of sound and instead starts to bend
down. This behavior is reminiscent of an avoided crossing
with the onset of the pair breaking continuum, and indicates
the existence of a coupling between the Goldstone mode
and the excitation of single particles from the superfluid via
pair breaking. Such a coupling has been predicted by theory
[26,49–51], but had not yet been observed in experiments.
After examining the general structure of the excitation

spectrum, we now proceed to measure the dynamic
structure factor at interaction strengths ranging from the
deep BEC to the BCS regime. The results are displayed in
Fig. 2 and clearly show the evolution of the superfluid
throughout the BEC-BCS crossover.
Our first observation is that the collective mode is

present throughout the entire BEC-BCS crossover. This
is a direct consequence of the fact that the presence of a
well-defined Goldstone mode is a fundamental feature of
any neutral superfluid [26,27,52]. In contrast, the nature of

the single-particle excitations changes completely when
going across the crossover. On the BCS side of the
resonance [Figs. 2(e), 2(f)], the pairs are large and weakly
bound and we observe a broad continuum of pair breaking
excitations. This continuum becomes less pronounced as
the pairs become more tightly bound in the crossover
regime and completely disappears from our spectra in the
BEC regime [Figs. 2(a), 2(b)]. This is caused by the pairs
turning into deeply bound molecules, which are only
broken at very high energy and momentum transfers.
Consequently, when going toward the BEC regime, pair
breaking is gradually replaced by a different single-particle
excitation where a single unbroken molecule is ejected
from the condensate.
This behavior directly shows the evolution of our system

from a BCS superfluid of weakly bound Cooper pairs to a
BEC of deeply bound molecules. In the following, we
discuss the properties of the collective mode and the pair
breaking continuum in more detail and use them to extract
quantitative information about our system.
First, we consider the behavior of the collective mode,

whose curvature has important consequences for the
damping processes allowed in the system and has been a
topic of intense theoretical discussion [53,54]. We follow
[55–57] and fit the dispersion with an expression of the
form ωðqÞ ¼ vsqð1þ ζq2Þ, examples are shown in

(a)

(d) (e) (f)

(b) (c)

FIG. 2. Evolution of the excitation spectrum in the BEC-BCS crossover. (a) In the deep BEC regime, the excitation spectrum follows
the Bogoliubov dispersion of an interacting Bose gas, with a linear sound mode at low momenta and a quadratic dispersion of single-
molecule excitations at high momenta. (b),(c) When moving into the crossover regime, the compressibility of the system decreases, and
consequently the linear branch has a steeper slope and persists to higher momenta. At the same time, the high-momentum part of the
dispersion shows a strongly reduced curvature and starts to broaden, which indicates the transition to pair breaking excitations. (d) At the
unitary point, there is already a strong pair breaking continuum, which becomes even more pronounced when going further into the BCS
regime (e),(f).
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"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>
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 Superfluidity/pairing: spontaneous breaking of particle number 



observe the evolution of both single-particle excitations and
collective modes in the BEC-BCS crossover. From our
observations of the collective mode, we extract the speed
of sound in the system, while the shifting onset of the
pair breaking continuum reveals the evolution of the
superfluid gap throughout the BEC-BCS crossover.
Finally, we compare current state-of-the-art theories with
our measurement of the gap.
For our experiments, we use an ultracold gas of 6Li atoms

[Fig. 1(b)] in a balanced spin mixture of the lowest two
hyperfine states. We follow an approach similar to the one
taken in [29,30] and trap the gas in a cylindrical box
potential whose walls are formed by blue-detuned laser
beams. This results in a system with an almost constant
density per spin state of n ≈ 0.4=μm3, which corresponds to
a Fermi energy of EF ≈ h × 7 kHz. The strength of the
interparticle interactions is parametrized by the dimension-
less parameter 1=kFa, where a is the s-wave scattering
length and kF ¼ ð6π2nÞ1=3 the Fermi wave vector. The
temperature of homogenous Fermi gases in the BEC-BCS
crossover is challenging to measure [31], but for systems
with an interaction strength of 1=kFa ¼ 0 a technique
based on measuring the total energy of the gas has been

developed [32]. For our system this approach gives us an
estimate of T=TF ≈ 0.13, where T is the temperature and
TF ¼ EF=kB is the Fermi temperature of the gas.
To measure the excitation spectrum of our system, we

employ an experimental technique called Bragg spectros-
copy [43–45]. This technique is based on applying two
laser beams that are far detuned from the atomic transition
so that single-photon scattering is strongly suppressed.
However, stimulated scattering processes, where a photon
from one beam is scattered into the other, can occur if the
difference in energy and momentum between the absorbed
and emitted photon is transferred to the atoms [Fig. 1(a)].
These two-photon scattering events therefore are only
possible if the many-body system allows for the creation
of excitations at this specific combination of transferred
energy ℏω and momentum ℏq. By applying such Bragg
beams and measuring the resulting heating rate dE=dt, we
obtain the dynamic structure factor Sðq;ωÞ ∝ ω−1dE=dt
[46], which quantifies the probability for an excitation with
energy ℏω and momentum ℏq to be created and therefore
describes the excitation spectrum of the system [34].
For our first measurement, we prepare our gas at the

so-called unitary point where the scattering length diverges
and 1=kFa ¼ 0. At this point, the only relevant length scale
in the system is the inverse Fermi momentum 1=kF and the
system becomes scale invariant [8,47]. The gas is also very
strongly interacting, with a collision rate that is comparable
to the inverse Fermi time EF=h of the system. This unitary
Fermi gas is a canonical problem in many-body physics
that was first posed in the context of neutron matter, and has
come under intense experimental study with the develop-
ment of ultracold Fermi gases.
Our measurement of the dynamic structure factor of the

unitary Fermi gas is shown in Fig. 1(c). The two distinct
types of excitations discussed above are immediately visible.
First, there is a narrow, well-defined mode whose energy is
approximately proportional to its momentum, which we
identify as the sound mode of the Fermi gas. For very low
energies, where collisions have time to restore local thermal
equilibrium, it can be understood in terms of hydrodynamics
[48], whereas for higher frequencies or weaker coupling
strengths it is a Goldstone mode [26,27] that is driven by
phase fluctuations of the superfluid order parameter.
The second type of excitations are single-particle exci-

tations in which an atom is lifted out of the Fermi sea and a
particle-hole excitation is created. These particle-hole
excitations appear as a broad continuum in our spectra,
as each particle inside the Fermi sea can be excited to
any unoccupied state if it receives the proper combination
of energy and momentum transfer. However, as the
fermions are paired, this requires an energy of at least
twice the pairing gap Δ, resulting in a well-defined onset
of the continuum. The overall behavior of our measured
dynamic structure factors is in excellent agreement
with theoretical expectations [49]; a comparison to a

(a)

(b)

(c)

FIG. 1. Measuring the excitation spectrum of an ultracold
Fermi gas using Bragg spectroscopy. (a) Absorption image of
a homogeneous Fermi gas trapped in an approximately cylin-
drical box potential. (b) Sketch of the experimental setup. Two
far-detuned laser beams with frequency and wave vector ðω1; k⃗1Þ
and ðω2; k⃗2Þ are used to create excitations with energy and
momentum transfer ℏω ¼ ℏω1 − ℏω2 and ℏq ¼ jℏk⃗1 − ℏk⃗2j
through a two-photon process. (c) Measurement of the dynamic
structure factor Sðq;ωÞ of a unitary Fermi gas. At low energy
and momentum transfer, the Goldstone mode of the superfluid
manifests itself as a linear phononic mode with a slope that
corresponds to the speed of sound vs. Pair breaking excitations
occur as a broad continuum, with a clear onset at an energy
corresponding to twice the pairing gap Δ of the system. For
comparison, the expected value of 2Δ on unitarity [33] is shown
as a red dashed line, a numerical calculation of the center of the
Goldstone mode is shown as a red solid line [34]. All data shown
in this Letter are obtained by averaging over 7–40 individual
measurements.
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quasiparticle random-phase approximation calculation of
Sðq;ωÞ is shown in the Supplemental Material [34].
While in the limits of small or large momentum transfer

the response of the system can be clearly identified as either
a collective or single-particle excitation, there is a range of
intermediate momenta where this is not as straightforward.
In particular, as the collective mode approaches the pair
breaking continuum it no longer follows the linear slope
given by the speed of sound and instead starts to bend
down. This behavior is reminiscent of an avoided crossing
with the onset of the pair breaking continuum, and indicates
the existence of a coupling between the Goldstone mode
and the excitation of single particles from the superfluid via
pair breaking. Such a coupling has been predicted by theory
[26,49–51], but had not yet been observed in experiments.
After examining the general structure of the excitation

spectrum, we now proceed to measure the dynamic
structure factor at interaction strengths ranging from the
deep BEC to the BCS regime. The results are displayed in
Fig. 2 and clearly show the evolution of the superfluid
throughout the BEC-BCS crossover.
Our first observation is that the collective mode is

present throughout the entire BEC-BCS crossover. This
is a direct consequence of the fact that the presence of a
well-defined Goldstone mode is a fundamental feature of
any neutral superfluid [26,27,52]. In contrast, the nature of

the single-particle excitations changes completely when
going across the crossover. On the BCS side of the
resonance [Figs. 2(e), 2(f)], the pairs are large and weakly
bound and we observe a broad continuum of pair breaking
excitations. This continuum becomes less pronounced as
the pairs become more tightly bound in the crossover
regime and completely disappears from our spectra in the
BEC regime [Figs. 2(a), 2(b)]. This is caused by the pairs
turning into deeply bound molecules, which are only
broken at very high energy and momentum transfers.
Consequently, when going toward the BEC regime, pair
breaking is gradually replaced by a different single-particle
excitation where a single unbroken molecule is ejected
from the condensate.
This behavior directly shows the evolution of our system

from a BCS superfluid of weakly bound Cooper pairs to a
BEC of deeply bound molecules. In the following, we
discuss the properties of the collective mode and the pair
breaking continuum in more detail and use them to extract
quantitative information about our system.
First, we consider the behavior of the collective mode,

whose curvature has important consequences for the
damping processes allowed in the system and has been a
topic of intense theoretical discussion [53,54]. We follow
[55–57] and fit the dispersion with an expression of the
form ωðqÞ ¼ vsqð1þ ζq2Þ, examples are shown in

(a)

(d) (e) (f)

(b) (c)

FIG. 2. Evolution of the excitation spectrum in the BEC-BCS crossover. (a) In the deep BEC regime, the excitation spectrum follows
the Bogoliubov dispersion of an interacting Bose gas, with a linear sound mode at low momenta and a quadratic dispersion of single-
molecule excitations at high momenta. (b),(c) When moving into the crossover regime, the compressibility of the system decreases, and
consequently the linear branch has a steeper slope and persists to higher momenta. At the same time, the high-momentum part of the
dispersion shows a strongly reduced curvature and starts to broaden, which indicates the transition to pair breaking excitations. (d) At the
unitary point, there is already a strong pair breaking continuum, which becomes even more pronounced when going further into the BCS
regime (e),(f).
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<latexit sha1_base64="/W0RWYBjiYYI1xWQSIIUBstpAQw=">AAAAAHicbVBNS8NAEN3Ur1q/ouLJS7AIXiyJFBR6KXrxWMF+QBPKZrtpl252w+5EKaHgX/HiQRGv/g5v/hu3bQ7a+mDg8d4MM/PChDMNrvttFVZW19Y3ipulre2d3T17/6ClZaoIbRLJpeqEWFPOBG0CA047iaI4Djlth6Obqd9+oEozKe5hnNAgxgPBIkYwGKlnH/mcRoCVko9+7dxnIoKxX+vZZbfizuAsEy8nZZSj0bO//L4kaUwFEI617npuAkGGFTDC6aTkp5ommIzwgHYNFTimOshm50+cU6P0nUgqUwKcmfp7IsOx1uM4NJ0xhqFe9Kbif143hegqyJhIUqCCzBdFKXdAOtMsnD5TlAAfG4KJYuZWhwyxwgRMYiUTgrf48jJpXVS8asW9q5br13kcRXSMTtAZ8tAlqqNb1EBNRFCGntErerOerBfr3fqYtxasfOYQ/YH1+QMdnZWT</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

"

<latexit sha1_base64="SzXulREkhVBcafXGikqQezTSsHE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2SQmWaUs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLRzdRvPVJtmBT3dqxomOCBYDEj2Dqp3U0V1lo+9coVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJvdO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q48swY0KllgoyXxSnHFmJps+jPtOUWD52BBPN3K2IDLHGxLqISi6EYPHlZdI8qwbn1au780rtOo+jCEdwDKcQwAXU4Bbq0AACHJ7hFd68B+/Fe/c+5q0FL585hD/wPn8AckiQQg==</latexit>

BCS

<latexit sha1_base64="HBE+NIrVKFf3XEdvEHBcL7SVv5g=">AAAAAHicbVDLSsNAFJ3UV62PRl26CRbBVUlE0GVpNy4r2ge0oUwmN+3QySTMQ6ihX+LGhSJu/RR3/o2TNgttPTBwOOce7p0TpIxK5brfVmljc2t7p7xb2ds/OKzaR8ddmWhBoEMSloh+gCUwyqGjqGLQTwXgOGDQC6at3O89gpA04Q9qloIf4zGnESVYGWlkV4eahyDyeNZs3c9Hds2tuws468QrSA0VaI/sr2GYEB0DV4RhKQeemyo/w0JRwmBeGWoJKSZTPIaBoRzHIP1scfjcOTdK6ESJMI8rZ6H+TmQ4lnIWB2YyxmoiV71c/M8baBXd+BnlqVbAyXJRpJmjEidvwQmpAKLYzBBMBDW3OmSCBSbKdFUxJXirX14n3cu6d1V3765qjWZRRxmdojN0gTx0jRroFrVRBxGk0TN6RW/Wk/VivVsfy9GSVWRO0B9Ynz/cX5M2</latexit>

size � k�1
F

<latexit sha1_base64="C7J7P0QyPkXXSioA9sPCx2dnlcw=">AAAAAHicbVDLSsNAFJ3UV62vqLhyM1gEN5ZECrosCuKygn1AE8NkOkmHzkzCzESoIeCvuHGhiFu/w51/4/Sx0NYDFw7n3Mu994Qpo0o7zrdVWlpeWV0rr1c2Nre2d+zdvbZKMolJCycskd0QKcKoIC1NNSPdVBLEQ0Y64fBq7HceiFQ0EXd6lBKfo1jQiGKkjRTYB57kuaKPpPDiGA6D6/v81C0Cu+rUnAngInFnpApmaAb2l9dPcMaJ0JghpXquk2o/R1JTzEhR8TJFUoSHKCY9QwXiRPn55PwCHhulD6NEmhIaTtTfEzniSo14aDo50gM1743F/7xepqMLP6cizTQReLooyhjUCRxnAftUEqzZyBCEJTW3QjxAEmFtEquYENz5lxdJ+6zm1mvObb3auJzFUQaH4AicABecgwa4AU3QAhjk4Bm8gjfryXqx3q2PaWvJms3sgz+wPn8A/PCVfA==</latexit>

pairing

<latexit sha1_base64="QbwaElgAjez4lYIZNMzCUSO0TJs=">AAAAAHicbVA9SwNBEN3zM8avUwsLm8UgWIU7CWgZtLGMYD4gd4S9zSRZsrd37M6J4UjjX7GxUMTWn2Hnv3HzUWjig4HHezPMzItSKQx63rezsrq2vrFZ2Cpu7+zu7bsHhw2TZJpDnScy0a2IGZBCQR0FSmilGlgcSWhGw5uJ33wAbUSi7nGUQhizvhI9wRlaqeMeBwiPaHAkIQ8E0pQJLVR/3HFLXtmbgi4Tf05KZI5ax/0KugnPYlDIJTOm7XsphjnTKLiEcTHIDKSMD1kf2pYqFoMJ8+kDY3pmlS7tJdqWQjpVf0/kLDZmFEe2M2Y4MIveRPzPa2fYuwpzodIMQfHZol4mKSZ0kgbtCg0c5cgSxrWwt1I+YJpxtJkVbQj+4svLpHFR9itl765Sql7P4yiQE3JKzolPLkmV3JIaqRNOxuSZvJI358l5cd6dj1nrijOfOSJ/4Hz+ALwelyE=</latexit>

BEC

<latexit sha1_base64="3jtMD/WZBp4x90yWI8t3MZD77Vg=">AAAAAHicbVDLSsNAFJ3UV62PRl26CRbBVUlE0GVpEVxWsA9oQ5lMbtqhk0mYh1BDv8SNC0Xc+inu/BsnbRbaemDgcM493DsnSBmVynW/rdLG5tb2Tnm3srd/cFi1j467MtGCQIckLBH9AEtglENHUcWgnwrAccCgF0xbud97BCFpwh/ULAU/xmNOI0qwMtLIrg41D0Hk8ax525qP7Jpbdxdw1olXkBoq0B7ZX8MwIToGrgjDUg48N1V+hoWihMG8MtQSUkymeAwDQzmOQfrZ4vC5c26U0IkSYR5XzkL9nchwLOUsDsxkjNVErnq5+J830Cq68TPKU62Ak+WiSDNHJU7eghNSAUSxmSGYCGpudcgEC0yU6apiSvBWv7xOupd176ru3l/VGs2ijjI6RWfoAnnoGjXQHWqjDiJIo2f0it6sJ+vFerc+lqMlq8icoD+wPn8AxxuTKA==</latexit>

size ⌧ k�1
F

<latexit sha1_base64="EKYSOCtIcOkbTNI0Wk3+uKgXWRg=">AAAAAHicbVDLSsNAFJ3UV62vqLhyM1gEN5ZECrosCuKygn1AE8NkOmmHzkzCzESoIeCvuHGhiFu/w51/47TNQlsPXDiccy/33hMmjCrtON9WaWl5ZXWtvF7Z2Nza3rF399oqTiUmLRyzWHZDpAijgrQ01Yx0E0kQDxnphKOrid95IFLRWNzpcUJ8jgaCRhQjbaTAPvAkzxR9JLnHGBwF1/fZqZsHdtWpOVPAReIWpAoKNAP7y+vHOOVEaMyQUj3XSbSfIakpZiSveKkiCcIjNCA9QwXiRPnZ9PwcHhulD6NYmhIaTtXfExniSo15aDo50kM1703E/7xeqqMLP6MiSTUReLYoShnUMZxkAftUEqzZ2BCEJTW3QjxEEmFtEquYENz5lxdJ+6zm1mvObb3auCziKINDcAROgAvOQQPcgCZoAQwy8AxewZv1ZL1Y79bHrLVkFTP74A+szx8MhpWG</latexit>

tight binding
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There is a fixed point at C0 = 0, corresponding to free particles (a = 0), and a fixed point
at C0 = Cı corresponding to a divergent scattering length (unitarity). It is convenient to
rescale the couplings to Ĉ0 © C0/Cı. The beta-function for the rescaled coupling is then

—̂(Ĉ0) = µ
d

dµ
Ĉ0(µ) = ≠Ĉ0(µ)

1
Ĉ0(µ) ≠ 1

2
, (2.4)

which has fixed points at Ĉ0 = 0 (free fermions) and 1 (fermions at unitarity).
It is convenient to rewrite the Lagrangian with an auxiliary field s as [9]

L = Â†

‡

5
iˆt +

≠æÒ 2

2M

6
Â‡ + 1

C0
s†s + Â†

¿
Â†

ø
s + s†ÂøÂ¿ . (2.5)

Then, at unitarity, the system of low-energy fermions is described by a non-relativistic
conformal field theory, defined by the Lagrange density

LCF T = Â†

‡

5
iˆt +

≠æÒ 2

2M

6
Â‡ + 1

Cı

s†s + Â†

¿
Â†

ø
s + s†ÂøÂ¿ . (2.6)

Now consider a gas of fermions. At the non-interacting fixed point (C0 = 0), the energy
per particle is

E/N = 3
5

k2
F

2M
, (2.7)

where kF is the Fermi momentum. At the interacting fixed point (unitarity) there is no
new scale and therefore

E/N = 3
5

k2
F

2M
› , (2.8)

where › is a dimensionless parameter, known as the Bertsch parameter, that must be
determined by numerical simulation or via experiment (see section 4.1 for details).

2.2 Superfluid EFT at unitarity

As the unitary limit can be approached from both negative and positive values of a, it
is natural to wonder: what phase does the gas of unitary fermions find itself in the far
infrared? In nuclear physics the neutron-neutron interaction is attractive, the scattering
length is negative, and the neutron gas is superfluid. More generally, in atomic systems the
s-wave scattering length a can be tuned at will via external magnetic fields near a Feshbach
resonance, and one can smoothly crossover from a fermionic superfluid BCS state (a < 0)
of long-range Cooper pairs to a bosonic superfluid BEC state (a > 0) of tightly-bound,
repulsive dimers at the unitary fixed point. Remarkably these seemingly very di�erent
physical systems are all described by the same superfluid EFT in the infrared [20, 21].

The order parameter ÈÂÂÍ breaks the U(1) particle-number symmetry, giving rise to
a Goldstone boson excitation, ◊(x), which can be defined as (one half of) the phase of the
condensate,

ÈÂÂÍ = |ÈÂÂÍ| e≠2i◊ . (2.9)

A fundamental Galilean-invariant building block in the superfluid EFT is the field

X = Dt◊ ≠ (ˆi◊)2

2M
, (2.10)
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Introduce auxiliary field s. At unitarity CFT defined by:

of correlation functions have been computed to several non-trivial orders, making use of the

state-operator correspondence [8–13].

In this paper, we include conformal-breaking corrections due to a finite scattering length

and due to e↵ective-range corrections in the large-charge expansion. We exploit a well-

known procedure to compute the conformal correlation functions and dimension exactly in

the conformal field theory without making use of the state-operator correspondence. What

one finds is that in the exact calculation there is an emergent harmonic trap, whose frequency

is proportional to the inverse temporal separation between sources.

3 Basics of the fundamental fermion theory

3.1 Free Fermi gas

Recall basics of the Fermi gas at zero temperature. All states below the Fermi momentum

kF are occupied while states above kF are empty. The density ⇢ = N/V of a noninteracting

system with Fermi momentum kF and degeneracy g = (2s+ 1) is obtained by summing over

all occupied states,

⇢ = g

Z
d3k

(2⇡)3
✓(kF � k) =

g k3F
6⇡2

. (3.1)

In what follows, we assume g = 2. Note that in a uniform system the relationship between ⇢

and kF is unchanged by interactions [16]. The energy density E of a noninteracting Fermi gas is

given by weighting the integral in Eq. (3.1) with the free single particle energy !~k ⌘ ~k 2/(2M),

which leads to

E = ⇢
3

5

k2F
2M

. (3.2)

The energy per particle E/N is simply E/⇢, and can be written as

E/N =
3

5

k2F
2M

=
3

5
"F , (3.3)

where "F ⌘ kF
2/(2M) is the Fermi energy.

3.2 Interactions

Consider a system of spin-1/2 Fermions which interact via two-body contact forces. At very

low energies, the Lagrange density takes the Galilean invariant form

L =  †

�


i@t +

�!r 2

2M

�
 � � 1

2
C0( 

†

� �)
2 , (3.4)

where � =", #. Below inelastic thresholds, the unitary s-wave scattering amplitude for a finite

range potential is defined as

T (k) = �4⇡

M

h
k cot �(k)� ik

i�1
, (3.5)
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Fundamental EFT defined

C PDS
0 (⌫) =
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M

1

1/a � ⌫
�! C?
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rescale the couplings to Ĉ0 © C0/Cı. The beta-function for the rescaled coupling is then
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4 Symmetry breaking e�ects

4.1 Fermions near unitarity

Consider now the inclusion of small Schrödinger-breaking e�ects in the fundamental theory.
Using Eq. (2.5) one can write

L = LCF T + M

4fia
s†s ≠ M2r

16fi
s†

A

i
Ωæ
ˆt +

≠æÒ 2 + Ω≠Ò 2

4M

B

s , (4.1)

where, in addition, e�ective range corrections have been included [9, 39]. The scattering
length corrections therefore enter via a relevant dimension-4 operator (the field s at unitar-
ity has dimension 2), and the e�ective range corrections enter via an irrelevant dimension-6
operator.

The energy per particle E/N of the interacting Fermi gas in the near-Schrödinger limit
can be written at very-low densities7 as [40, 41]

E/N = 3
5

k2
F

2M

A

› ≠ ’

kFa
≠ ’2

k2
Fa2 + . . . + ÷ kFr + . . .

B

. (4.2)

Here the various dimensionless universal parameters have been determined using quantum
Monte Carlo simulations. From Ref. [42], › = 0.372(5) (Bertsch parameter) and ÷ =
0.12(3). From the simulation data in Ref. [43], it is straightforward to extract ’ = 0.8(3)
and ’2 = 1.0(6).

Note that the e�ective range contributions to the energy density grow with Fermi
momentum with respect to the energy at unitarity. This implies that in the large-charge
limit, the superfluid EFT is sensitive to arbitrarily short distance scales in the fundamental
fermion theory. Hence, the e�ect of the e�ective range and all higher shape parameter
corrections that arise from operators with arbitrary numbers of derivative interactions
are of the same size, leading to a breakdown of the fundamental-fermion EFT expansion.
This renders it di�cult to assess the e�ect of Schrödinger-breaking e�ects due to finite
e�ective-range corrections in the large-charge EFT, as evidently knowledge of the equation-
of-state at high densities is required8. This will be treated in a separate publication, and
therefore e�ective range and higher shape parameter corrections in the fundamental theory
are assumed to vanish in what follows.

4.2 Symmetry breaking in EFT

The leading conformal-breaking e�ects are straightforward to include using spurion for-
malism. In the fundamental theory, recalling that the field s has scaling dimension 2, the
conformal-breaking e�ects can be made scale invariant by assigning 1/a scaling dimension

7
Note that the range of validity of the EFT of neutron contact operators is, strictly speaking, not set

by the pion mass, Mfi, but rather by Mfi/2, which is the position of the t-channel branch point in the

neutron-neutron scattering amplitude.
8
Recent state-of-the-art simulations of the energy density in neutron matter [44] indicate a remarkable

closeness to the unitary curve up to unexpectedly high densities.
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of correlation functions have been computed to several non-trivial orders, making use of the

state-operator correspondence [8–13].

In this paper, we include conformal-breaking corrections due to a finite scattering length

and due to e↵ective-range corrections in the large-charge expansion. We exploit a well-

known procedure to compute the conformal correlation functions and dimension exactly in

the conformal field theory without making use of the state-operator correspondence. What

one finds is that in the exact calculation there is an emergent harmonic trap, whose frequency

is proportional to the inverse temporal separation between sources.

3 Basics of the fundamental fermion theory

3.1 Free Fermi gas

Recall basics of the Fermi gas at zero temperature. All states below the Fermi momentum

kF are occupied while states above kF are empty. The density ⇢ = N/V of a noninteracting

system with Fermi momentum kF and degeneracy g = (2s+ 1) is obtained by summing over

all occupied states,

⇢ = g

Z
d3k

(2⇡)3
✓(kF � k) =

g k3F
6⇡2

. (3.1)

In what follows, we assume g = 2. Note that in a uniform system the relationship between ⇢

and kF is unchanged by interactions [16]. The energy density E of a noninteracting Fermi gas is

given by weighting the integral in Eq. (3.1) with the free single particle energy !~k ⌘ ~k 2/(2M),

which leads to

E = ⇢
3

5

k2F
2M

. (3.2)

The energy per particle E/N is simply E/⇢, and can be written as

E/N =
3

5

k2F
2M

=
3

5
"F , (3.3)

where "F ⌘ kF
2/(2M) is the Fermi energy.

3.2 Interactions

Consider a system of spin-1/2 Fermions which interact via two-body contact forces. At very

low energies, the Lagrange density takes the Galilean invariant form

L =  †

�


i@t +

�!r 2

2M

�
 � � 1

2
C0( 

†

� �)
2 , (3.4)

where � =", #. Below inelastic thresholds, the unitary s-wave scattering amplitude for a finite

range potential is defined as

T (k) = �4⇡

M

h
k cot �(k)� ik

i�1
, (3.5)
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State-operator correspondence

The dimension of a primary operator = energy of state in harmonic potential
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FIG. 1: Relation between the ground state energy of resonantly interacting, harmonically trapped

atoms and the energy dependence of nuclear few-body reactions. Hammer and Son show that if the

ground state energy of N particles in a harmonic trap is EN = �h̄! then the cross section for the

reaction �+A ! B+Nn, where an incident photon, �, knocks out N neutrons from a neutron-rich

nucleus, A, scales as E��5/2
Nn . For two particles � = 2, and for three particles � = 4.27 [6].

diverges. The e↵ective range, on the other hand, is controlled by the physical range of the

underlying interaction, and remains finite1.

II. UNNUCLEAR PHYSICS

The limit in which the scattering length is much larger than all other length scales

(a ! 1), but the other length scales in the interactions are relatively small, is particularly

interesting. In this case the physics is invariant under a rescaling of all distances [4]. This

phenomenon is well known in statistical mechanics, where in the vicinity of a second order

phase transition the correlation length diverges, and fluctuations occur on all length scales.

Correlation functions, for example the probability that a local density fluctuation in a fluid is

correlated with a similar fluctuation separated by a spatial distance x, decay as a fractional

1 An essential feature of nuclear physics is the large separation of scales between the small binding energy

of nuclei, typically a few MeV, and the large rest mass energy of the nucleon, about 940 MeV. An e↵ective

theory that exploits this separation of scales, constructed by Steven Weinberg in 1990 [3], treats nucleons

as point-like nonrelativistic spin 1/2 particles. In this theory, the nucleon interaction is controlled by long-

range pion exchange, and zero-range forces which are adjusted to reproduce the scattering parameters.
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I. INTRODUCTION

It is well known that neutrons present a natural realization of fermions near unitarity: the low-energy neutron-

neutron scattering is resonant in the s-wave and characterized by an anomalously large scattering length, a ⇡ �19 fm,

as compared to a more typical (for nuclear interactions) value for the e↵ective range r0 ⇡ 2.75 fm [1]. Fermions

at unitarity is described by a universal interacting nonrelativistic conformal field theory (NRCFT) [2, 3], where the

symmetries impose nontrivial constraints on the correlation functions. In particular, the correlation functions possess

scale invariance. The scale-invariant behavior of the neutron-neutron interaction is, however, limited to a finite energy

window between ✏a ⌘ ~2/(mna2) ⇠ 0.1 MeV and ✏r0 ⌘ ~2/(mnr20) ⇠ 5 MeV (where mn is the neutron mass); the

upper end of this energy range is somewhat below the energies typically encountered in nuclear physics. One system

where neutrons can be approximated as fermions near unitarity is weakly-bound nuclei, especially, weakly-bound

two-neutron halo nuclei. For the latter, quantitative predictions for the properties of the system can be reliably

made [4].

It has recently been pointed out that the scale-invariant regime in neutron physics also exhibits itself in the physics

of nuclear reactions [5]. This can be illustrated in the example of a reaction in which the final states contain several

neutrons and one another particle:

A1 +A2 ! B + n+ n+ · · ·| {z }
N neutrons

. (1)

(An example of such a reaction, considered in Ref. [5], is the radiative capture of a pion by a triton nucleus: ⇡�+3H !
�+3n.) At a given center-of-mass energy of the colliding particles, the spectrum of B has an end point (i.e., a maximal

energy) E0, and near this end point the neutrons move along almost the same direction with approximately the same

velocity. In this regime the reaction can be thought of as occuring in two steps. In the first, primary, step, the initial

particles A1 and A2 collide to produce the particle B and an object called “unnucleus” U , which has the same quantum

numbers (mass, charge, and baryon number) as N neutrons. The unnucleus is not, however, a particle, but is a local

field in the nonrelativistic conformal field theory. In the second step, the unnucleus decays into N free neutrons. Near

the end point the di↵erential cross section is proportional to the decay rate of the unnucleus U into neutrons, which

is determined by scale invariance. The di↵erential cross section thus vanishes according to a power law where the

exponent is the scaling dimension of an operator in the nonrelativistic conformal field theory of unitarity fermions,

d�

dE
⇠ (E0 � E)�U�5/2. (2)

Here �U is the scaling dimension of the operator in the NRCFT that produces that unnucleus U that eventually

decays into N final-state neutrons. The value of �N for a few small values of N are: �2 = 2, �3 ⇡ 4.27272 in p-wave

and 4.66622 in s-wave, and �4 ⇡ 5.0. This “unnuclear” behavior of the cross section is a nonrelativistic version of

the “unparticle physics” speculated to exist beyond the Standard Model [6].

One expects that the power-law “unnuclear” behavior derived in Ref. [5] has a finite range of applicability: the

“relative” kinetic energy of the neutrons, i.e., the total kinetic energy of the neutrons in their common center-of-mass

frame, has to be between ✏a and ✏r0 . In this paper, we compute the deviation from the scaling behavior (2) that

comes from two sources of violation of scale invariance: the finite scattering length and the nonzero e↵ective range in

the s-wave neutron-neutron scattering.

=)
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(Nishida,Son)

Correspondence valid only in the symmetry limit!



Consider subsectors of fixed charge Q (canonical)

3 Correlation functions at large charge

3.1 Schrödinger symmetry constraints

Schrödinger symmetry places strong constraints on the form of the correlation functions
that can be computed in the EFT [5, 11–14]. Consider the N -point correlation function of
scalar primary operators, Oi,

G(x1, x2, . . . , xN ) = ≠iÈ0|T (O1(x1)O2(x2) . . . ON (xN )) |0Í . (3.1)

In Euclidean space, Schrödinger symmetry constrains the form of the two-point function
as [11–14]

G(x1, x2) = ”Q1,Q2”�1,�2 ◊(·12) ·≠�1
12 exp

A

≠Q1Mx
2
12

2·12

B

�2 + . . . , (3.2)

where �2 is a constant normalization factor, and the dots corresponds to the other time
ordering. The notation is given by ·ij © ·i ≠ ·j , xij © xi ≠ xj . Similarly, the three-point
correlation function of scalar primary operators takes the form

G(x1, x2, x3) = ”Q1+Q2,≠Q3 ◊(·13) ◊(·23) ·
≠�13,2/2
13 ·

≠�23,1/2
23 ·

≠�12,3/2
12

◊ exp
A

≠Q1Mx
2
13

2·13
≠ Q2Mx

2
23

2·23

B

�3(v123) + . . . , (3.3)

where �3 is a non-universal function of the Schrödinger-invariant variable v123, which is
given by

v123 © 1
2

(x13·23 ≠ x23·13)2

·12·13·23
= 1

2

A
x

2
23

·23
+ x

2
12

·12
≠ x

2
13

·13

B

, (3.4)

and �ij,k © �i ≠ �j ≠ �k. The Ward identity constraints become less and less strong for
higher n-point correlators, which include non-universal functions of the (n ≠ 2)(n ≠ 1)/2
Schrödinger-invariant variables that generalize the v123 [28].

If the correlation functions describe free-particle propagation, then the conformal di-
mensions are given by their naive scaling values. However, for interacting non-relativistic
conformal field theories, the conformal dimensions are generally strong-interaction physics
and must be obtained from either the state-operator correspondence or an exact evaluation
of the correlator.

3.2 Free theory with operator insertions

A useful tool for evaluating correlation functions in the semi-classical approximation in-
volves exponentiating the operator insertions and defining a new e�ective action, which in
turn is evaluated at its saddle point to generate the correlation functions. This method has
been used in the context of the large-charge expansion in Refs. [19, 29–32]. Here, as an ex-
ample for what follows, it will be applied to the two-point function of free, non-relativistic,
boson operators. The correlation function of interest is

G(x1, x2) = ≠iÈ0|T
1
OQ(x1)O†

Q
(x2)

2
|0Í , (3.5)
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Superfluid EFT and large charge expansion

There is a fixed point at C0 = 0, corresponding to free particles (a = 0), and a fixed point
at C0 = Cı corresponding to a divergent scattering length (unitarity). It is convenient to
rescale the couplings to Ĉ0 © C0/Cı. The beta-function for the rescaled coupling is then
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which has fixed points at Ĉ0 = 0 (free fermions) and 1 (fermions at unitarity).
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Now consider a gas of fermions. At the non-interacting fixed point (C0 = 0), the energy
per particle is
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where kF is the Fermi momentum. At the interacting fixed point (unitarity) there is no
new scale and therefore

E/N = 3
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where › is a dimensionless parameter, known as the Bertsch parameter, that must be
determined by numerical simulation or via experiment (see section 4.1 for details).

2.2 Superfluid EFT at unitarity

As the unitary limit can be approached from both negative and positive values of a, it
is natural to wonder: what phase does the gas of unitary fermions find itself in the far
infrared? In nuclear physics the neutron-neutron interaction is attractive, the scattering
length is negative, and the neutron gas is superfluid. More generally, in atomic systems the
s-wave scattering length a can be tuned at will via external magnetic fields near a Feshbach
resonance, and one can smoothly crossover from a fermionic superfluid BCS state (a < 0)
of long-range Cooper pairs to a bosonic superfluid BEC state (a > 0) of tightly-bound,
repulsive dimers at the unitary fixed point. Remarkably these seemingly very di�erent
physical systems are all described by the same superfluid EFT in the infrared [20, 21].

The order parameter ÈÂÂÍ breaks the U(1) particle-number symmetry, giving rise to
a Goldstone boson excitation, ◊(x), which can be defined as (one half of) the phase of the
condensate,

ÈÂÂÍ = |ÈÂÂÍ| e≠2i◊ . (2.9)

A fundamental Galilean-invariant building block in the superfluid EFT is the field

X = Dt◊ ≠ (ˆi◊)2
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, (2.10)
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Ĉ0(µ) = ≠Ĉ0(µ)
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length is negative, and the neutron gas is superfluid. More generally, in atomic systems the
s-wave scattering length a can be tuned at will via external magnetic fields near a Feshbach
resonance, and one can smoothly crossover from a fermionic superfluid BCS state (a < 0)
of long-range Cooper pairs to a bosonic superfluid BEC state (a > 0) of tightly-bound,
repulsive dimers at the unitary fixed point. Remarkably these seemingly very di�erent
physical systems are all described by the same superfluid EFT in the infrared [20, 21].

The order parameter ÈÂÂÍ breaks the U(1) particle-number symmetry, giving rise to
a Goldstone boson excitation, ◊(x), which can be defined as (one half of) the phase of the
condensate,

ÈÂÂÍ = |ÈÂÂÍ| e≠2i◊ . (2.9)

A fundamental Galilean-invariant building block in the superfluid EFT is the field

X = Dt◊ ≠ (ˆi◊)2

2M
, (2.10)
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where Dt„ = ◊̇ ≠ A0, with ◊̇ = ˆt◊ and A0 is an external field. The e�ect of an external
trapping potential can be included by setting A0 = MÊ2r2/2. It is straightforward to find
the leading-order (LO) Lagrange density corresponding to fermions at unitarity [21, 27],

LLO = c0 M3/2X5/2 , (2.11)

where c0 is a low-energy constant. Note that assigning time, t, scaling dimension ≠2, and
space, xi, scaling dimension ≠1, i.e.,

(t , xi) æ
1
e2–t , e–xi

2
, (2.12)

a scale-invariant action implies a Lagrange density with scaling dimension 5. As X has
scaling dimension 2, the Lagrange density of Eq. (2.11) is scale invariant, and can be further
shown to respect the full Schrödinger symmetry [21].

The equation of motion (eom) for ◊ is

ˆt

1
X3/2

2
= 1

M
ˆi

1
ˆi◊X3/2

2
. (2.13)

In spite of the apparently simple form, this is a highly non-linear equation.
The simplest non-trivial solution ◊ = µ t gives the ground state of a system with

chemical potential µ. If one expands as

◊(x) = µ t ≠ „(x) , (2.14)

the fluctuations around „ correspond to phonon excitations. The density of the system is

fl = ”L
”X

= 5
2c0M3/2X3/2 , (2.15)

and one sees that the eom takes the form of the continuity equation for the particle number
symmetry:

ˆtfl ≠ 1
M

ˆi (ˆi◊fl) = 0 . (2.16)

Identifying the Lagrange density at the ground-state solution with the grand potential,
�(µ), and matching with Eq. (2.8), one finds

c0 = 25/2

15fi2›3/2 . (2.17)

The Hamiltonian density is related to the Lagrange density in the usual way,

H = ◊̇
ˆL
ˆ◊̇

≠ L =
A

X ≠ A0 ≠ (ˆi◊)2

2M

B

fl ≠ L . (2.18)

The classical solution „ = 0, X = µ with A0 = 0 then recovers the standard thermodynamic
relation between the energy density and the grand potential.
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Superfluid EFT and large charge expansion

There is a fixed point at C0 = 0, corresponding to free particles (a = 0), and a fixed point
at C0 = Cı corresponding to a divergent scattering length (unitarity). It is convenient to
rescale the couplings to Ĉ0 © C0/Cı. The beta-function for the rescaled coupling is then

—̂(Ĉ0) = µ
d

dµ
Ĉ0(µ) = ≠Ĉ0(µ)

1
Ĉ0(µ) ≠ 1

2
, (2.4)

which has fixed points at Ĉ0 = 0 (free fermions) and 1 (fermions at unitarity).
It is convenient to rewrite the Lagrangian with an auxiliary field s as [9]

L = Â†

‡

5
iˆt +

≠æÒ 2

2M

6
Â‡ + 1

C0
s†s + Â†

¿
Â†

ø
s + s†ÂøÂ¿ . (2.5)

Then, at unitarity, the system of low-energy fermions is described by a non-relativistic
conformal field theory, defined by the Lagrange density

LCF T = Â†

‡

5
iˆt +

≠æÒ 2

2M

6
Â‡ + 1

Cı

s†s + Â†

¿
Â†

ø
s + s†ÂøÂ¿ . (2.6)

Now consider a gas of fermions. At the non-interacting fixed point (C0 = 0), the energy
per particle is

E/N = 3
5

k2
F

2M
, (2.7)

where kF is the Fermi momentum. At the interacting fixed point (unitarity) there is no
new scale and therefore

E/N = 3
5

k2
F

2M
› , (2.8)

where › is a dimensionless parameter, known as the Bertsch parameter, that must be
determined by numerical simulation or via experiment (see section 4.1 for details).

2.2 Superfluid EFT at unitarity

As the unitary limit can be approached from both negative and positive values of a, it
is natural to wonder: what phase does the gas of unitary fermions find itself in the far
infrared? In nuclear physics the neutron-neutron interaction is attractive, the scattering
length is negative, and the neutron gas is superfluid. More generally, in atomic systems the
s-wave scattering length a can be tuned at will via external magnetic fields near a Feshbach
resonance, and one can smoothly crossover from a fermionic superfluid BCS state (a < 0)
of long-range Cooper pairs to a bosonic superfluid BEC state (a > 0) of tightly-bound,
repulsive dimers at the unitary fixed point. Remarkably these seemingly very di�erent
physical systems are all described by the same superfluid EFT in the infrared [20, 21].

The order parameter ÈÂÂÍ breaks the U(1) particle-number symmetry, giving rise to
a Goldstone boson excitation, ◊(x), which can be defined as (one half of) the phase of the
condensate,

ÈÂÂÍ = |ÈÂÂÍ| e≠2i◊ . (2.9)

A fundamental Galilean-invariant building block in the superfluid EFT is the field

X = Dt◊ ≠ (ˆi◊)2

2M
, (2.10)
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Galilean invariant building block:

There is a fixed point at C0 = 0, corresponding to free particles (a = 0), and a fixed point
at C0 = Cı corresponding to a divergent scattering length (unitarity). It is convenient to
rescale the couplings to Ĉ0 © C0/Cı. The beta-function for the rescaled coupling is then

—̂(Ĉ0) = µ
d

dµ
Ĉ0(µ) = ≠Ĉ0(µ)

1
Ĉ0(µ) ≠ 1

2
, (2.4)

which has fixed points at Ĉ0 = 0 (free fermions) and 1 (fermions at unitarity).
It is convenient to rewrite the Lagrangian with an auxiliary field s as [9]

L = Â†

‡

5
iˆt +

≠æÒ 2

2M

6
Â‡ + 1

C0
s†s + Â†

¿
Â†

ø
s + s†ÂøÂ¿ . (2.5)

Then, at unitarity, the system of low-energy fermions is described by a non-relativistic
conformal field theory, defined by the Lagrange density

LCF T = Â†

‡

5
iˆt +

≠æÒ 2

2M

6
Â‡ + 1

Cı

s†s + Â†

¿
Â†

ø
s + s†ÂøÂ¿ . (2.6)

Now consider a gas of fermions. At the non-interacting fixed point (C0 = 0), the energy
per particle is

E/N = 3
5

k2
F

2M
, (2.7)

where kF is the Fermi momentum. At the interacting fixed point (unitarity) there is no
new scale and therefore

E/N = 3
5

k2
F

2M
› , (2.8)

where › is a dimensionless parameter, known as the Bertsch parameter, that must be
determined by numerical simulation or via experiment (see section 4.1 for details).

2.2 Superfluid EFT at unitarity

As the unitary limit can be approached from both negative and positive values of a, it
is natural to wonder: what phase does the gas of unitary fermions find itself in the far
infrared? In nuclear physics the neutron-neutron interaction is attractive, the scattering
length is negative, and the neutron gas is superfluid. More generally, in atomic systems the
s-wave scattering length a can be tuned at will via external magnetic fields near a Feshbach
resonance, and one can smoothly crossover from a fermionic superfluid BCS state (a < 0)
of long-range Cooper pairs to a bosonic superfluid BEC state (a > 0) of tightly-bound,
repulsive dimers at the unitary fixed point. Remarkably these seemingly very di�erent
physical systems are all described by the same superfluid EFT in the infrared [20, 21].

The order parameter ÈÂÂÍ breaks the U(1) particle-number symmetry, giving rise to
a Goldstone boson excitation, ◊(x), which can be defined as (one half of) the phase of the
condensate,

ÈÂÂÍ = |ÈÂÂÍ| e≠2i◊ . (2.9)

A fundamental Galilean-invariant building block in the superfluid EFT is the field

X = Dt◊ ≠ (ˆi◊)2

2M
, (2.10)
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where Dt„ = ◊̇ ≠ A0, with ◊̇ = ˆt◊ and A0 is an external field. The e�ect of an external
trapping potential can be included by setting A0 = MÊ2r2/2. It is straightforward to find
the leading-order (LO) Lagrange density corresponding to fermions at unitarity [21, 27],

LLO = c0 M3/2X5/2 , (2.11)

where c0 is a low-energy constant. Note that assigning time, t, scaling dimension ≠2, and
space, xi, scaling dimension ≠1, i.e.,

(t , xi) æ
1
e2–t , e–xi

2
, (2.12)

a scale-invariant action implies a Lagrange density with scaling dimension 5. As X has
scaling dimension 2, the Lagrange density of Eq. (2.11) is scale invariant, and can be further
shown to respect the full Schrödinger symmetry [21].

The equation of motion (eom) for ◊ is

ˆt

1
X3/2

2
= 1

M
ˆi

1
ˆi◊X3/2

2
. (2.13)

In spite of the apparently simple form, this is a highly non-linear equation.
The simplest non-trivial solution ◊ = µ t gives the ground state of a system with

chemical potential µ. If one expands as

◊(x) = µ t ≠ „(x) , (2.14)

the fluctuations around „ correspond to phonon excitations. The density of the system is

fl = ”L
”X

= 5
2c0M3/2X3/2 , (2.15)

and one sees that the eom takes the form of the continuity equation for the particle number
symmetry:

ˆtfl ≠ 1
M

ˆi (ˆi◊fl) = 0 . (2.16)

Identifying the Lagrange density at the ground-state solution with the grand potential,
�(µ), and matching with Eq. (2.8), one finds

c0 = 25/2

15fi2›3/2 . (2.17)

The Hamiltonian density is related to the Lagrange density in the usual way,

H = ◊̇
ˆL
ˆ◊̇

≠ L =
A

X ≠ A0 ≠ (ˆi◊)2

2M

B

fl ≠ L . (2.18)

The classical solution „ = 0, X = µ with A0 = 0 then recovers the standard thermodynamic
relation between the energy density and the grand potential.

– 5 –

,

<latexit sha1_base64="aA87R8qbkl5LnJmCOVza5LUxNo0=">AAAAAHicbVBNS8NAEJ34WetX1aOXxSJ4kJJIQY9FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxmW/VHYr7hxklXg5KUOOer/01RvELI1QGiao1l3PTYyfUWU4Ezgt9lKNCWVjOsSupZJGqP1sfuiUnFtlQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlO0IXjLL6+S1lXFq1bcRrVcu83jKMApnMEFeHANNbiHOjSBAcIzvMKb8+i8OO/Ox6J1zclnTuAPnM8fdAeMsw==</latexit>

,

<latexit sha1_base64="aA87R8qbkl5LnJmCOVza5LUxNo0=">AAAAAHicbVBNS8NAEJ34WetX1aOXxSJ4kJJIQY9FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxmW/VHYr7hxklXg5KUOOer/01RvELI1QGiao1l3PTYyfUWU4Ezgt9lKNCWVjOsSupZJGqP1sfuiUnFtlQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlO0IXjLL6+S1lXFq1bcRrVcu83jKMApnMEFeHANNbiHOjSBAcIzvMKb8+i8OO/Ox6J1zclnTuAPnM8fdAeMsw==</latexit>

where Dt„ = ◊̇ ≠ A0, with ◊̇ = ˆt◊ and A0 is an external field. The e�ect of an external
trapping potential can be included by setting A0 = MÊ2r2/2. It is straightforward to find
the leading-order (LO) Lagrange density corresponding to fermions at unitarity [21, 27],

LLO = c0 M3/2X5/2 , (2.11)

where c0 is a low-energy constant. Note that assigning time, t, scaling dimension ≠2, and
space, xi, scaling dimension ≠1, i.e.,

(t , xi) æ
1
e2–t , e–xi

2
, (2.12)

a scale-invariant action implies a Lagrange density with scaling dimension 5. As X has
scaling dimension 2, the Lagrange density of Eq. (2.11) is scale invariant, and can be further
shown to respect the full Schrödinger symmetry [21].

The equation of motion (eom) for ◊ is

ˆt

1
X3/2

2
= 1

M
ˆi

1
ˆi◊X3/2

2
. (2.13)

In spite of the apparently simple form, this is a highly non-linear equation.
The simplest non-trivial solution ◊ = µ t gives the ground state of a system with

chemical potential µ. If one expands as

◊(x) = µ t ≠ „(x) , (2.14)

the fluctuations around „ correspond to phonon excitations. The density of the system is

fl = ”L
”X

= 5
2c0M3/2X3/2 , (2.15)

and one sees that the eom takes the form of the continuity equation for the particle number
symmetry:

ˆtfl ≠ 1
M

ˆi (ˆi◊fl) = 0 . (2.16)

Identifying the Lagrange density at the ground-state solution with the grand potential,
�(µ), and matching with Eq. (2.8), one finds

c0 = 25/2

15fi2›3/2 . (2.17)

The Hamiltonian density is related to the Lagrange density in the usual way,

H = ◊̇
ˆL
ˆ◊̇

≠ L =
A

X ≠ A0 ≠ (ˆi◊)2

2M

B

fl ≠ L . (2.18)

The classical solution „ = 0, X = µ with A0 = 0 then recovers the standard thermodynamic
relation between the energy density and the grand potential.
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At unitarity have NR CFT:

Therefore, the leading order e↵ective Lagrangian takes the form

LLO =
25/2

15⇡2
M3/2X5/2 . (4.8)

This Lagrangian can now be expanded in various ways to determine Goldstone boson prop-

erties.

In the non-trivial Schrödinger limit, a ! 1, the absence of scale implies that the equation

of state will take the same form as the free theory, up to a dimensionless constant, c0, which

must be determined from microscopic computations. Therefore,

P = c0M
3/2µ5/2 . (4.9)

Using the thermodynamic relations and Eq. (3.16), one finds

c0 =
25/2

15⇡2⇠3/2
. (4.10)

Hence the corresponding Lagrange density is

LLO = c0M
3/2X5/2 . (4.11)

Note that assigning time, t, scaling dimension �2, and space, xi, scaling dimension �1,

i.e.,

(t , xi) !
�
e2↵t , e↵xi

�
, (4.12)

a scale-invariant action implies a Lagrange density with scaling dimension 5. As X has scaling

dimension 2, this works out as expected.

4.2 Relation to hydrodynamics

The equation of motion for the field � can be written as

@0
@L

@(@0�)
= @i

@L
@(@i�)

. (4.13)

Therefore at LO, one can write [26]

@0⇢̄ +
1

M
@i (⇢̄@i�) = 0 , (4.14)

where

⇢̄ ⌘ P 0(X) =
dP

dX
. (4.15)

Eq. (4.14) is readily seen to be the continuity equation for the current

jµ = (⇢̄, ⇢̄vs) , (4.16)

where the fluid velocity is

vs =
r�

M
. (4.17)

– 8 –



 Homogeneous ground state  (grand canonical)

where Dt„ = ◊̇ ≠ A0, with ◊̇ = ˆt◊ and A0 is an external field. The e�ect of an external
trapping potential can be included by setting A0 = MÊ2r2/2. It is straightforward to find
the leading-order (LO) Lagrange density corresponding to fermions at unitarity [21, 27],

LLO = c0 M3/2X5/2 , (2.11)

where c0 is a low-energy constant. Note that assigning time, t, scaling dimension ≠2, and
space, xi, scaling dimension ≠1, i.e.,

(t , xi) æ
1
e2–t , e–xi

2
, (2.12)

a scale-invariant action implies a Lagrange density with scaling dimension 5. As X has
scaling dimension 2, the Lagrange density of Eq. (2.11) is scale invariant, and can be further
shown to respect the full Schrödinger symmetry [21].

The equation of motion (eom) for ◊ is
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2
. (2.13)

In spite of the apparently simple form, this is a highly non-linear equation.
The simplest non-trivial solution ◊ = µ t gives the ground state of a system with

chemical potential µ. If one expands as

◊(x) = µ t ≠ „(x) , (2.14)

the fluctuations around „ correspond to phonon excitations. The density of the system is
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= 5
2c0M3/2X3/2 , (2.15)

and one sees that the eom takes the form of the continuity equation for the particle number
symmetry:
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ˆi (ˆi◊fl) = 0 . (2.16)

Identifying the Lagrange density at the ground-state solution with the grand potential,
�(µ), and matching with Eq. (2.8), one finds
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The Hamiltonian density is related to the Lagrange density in the usual way,
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X ≠ A0 ≠ (ˆi◊)2
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The classical solution „ = 0, X = µ with A0 = 0 then recovers the standard thermodynamic
relation between the energy density and the grand potential.
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Insertions at ·̃ = ±Œ are then mapped to · = ±1/Ê. However, since the map is singular
at these points, such insertions in the oscillator frame are always mapped to x = 0 in the
Galileian frame. Then the source points are always at x1 = x2 = 0, and therefore x = y.
In addition, M = 1 in this section.

Primary operators of dimension � and charge Q are related by

O�,Q(·, x) = (cosh(Ê·̃))� exp
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The Goldstone field transforms non-linearly under Schrödinger symmetry, so to see how
the ground state solution ◊̃(·̃ , x̃) = ≠i µ ·̃ is mapped to ◊(·, x), take a generic primary in
terms of the Goldstone field and use the map above:

Õ�,Q(·̃ , x̃) = X̃(·̃ , x̃)�/2eiQ◊̃(·̃ ,x̃) ‘æ O�,Q(·, x) = X(·, x)�/2eiQ◊(·,x) . (3.61)
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which is the field configuration generated by two insertions at (· = ±1/Ê, x = 0). These
expressions are consistent with those found working directly in the Galileian frame with
the identification

“ = µ

Ê
= µ

2 ·12 . (3.64)

Evaluation of the 2-point function. The density is given by

fl = ≠ ”L
”X

= ≠”LI

”X
+ �

2 X≠1#
”4(x ≠ x2) + ”4(x ≠ x1)

$
. (3.65)

Now, using Eq. (3.53) and Eq. (3.55), it is easy to see that the second term has no support
and therefore gives a vanishing contribution to the density. Therefore, taking

LI = LLO = ≠c0 M3/2X5/2 , fl = 5
2c0 M3/2X3/2 , (3.66)

it is straightforward to check that fl satisfies the homogeneous eom at the saddle-point
solution, Eq. (3.49).

To satisfy the eom in the presence of sources, the density at the saddle-point solution
must be integrated over all space to fix the charge. Now note that the density vanishes
when r æ R̄(·) with

R̄(·) =
Ú

2µ̄

M

1
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3
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where Dt„ = ◊̇ ≠ A0, with ◊̇ = ˆt◊ and A0 is an external field. The e�ect of an external
trapping potential can be included by setting A0 = MÊ2r2/2. It is straightforward to find
the leading-order (LO) Lagrange density corresponding to fermions at unitarity [21, 27],

LLO = c0 M3/2X5/2 , (2.11)

where c0 is a low-energy constant. Note that assigning time, t, scaling dimension ≠2, and
space, xi, scaling dimension ≠1, i.e.,

(t , xi) æ
1
e2–t , e–xi

2
, (2.12)

a scale-invariant action implies a Lagrange density with scaling dimension 5. As X has
scaling dimension 2, the Lagrange density of Eq. (2.11) is scale invariant, and can be further
shown to respect the full Schrödinger symmetry [21].

The equation of motion (eom) for ◊ is

ˆt

1
X3/2

2
= 1

M
ˆi

1
ˆi◊X3/2

2
. (2.13)

In spite of the apparently simple form, this is a highly non-linear equation.
The simplest non-trivial solution ◊ = µ t gives the ground state of a system with

chemical potential µ. If one expands as

◊(x) = µ t ≠ „(x) , (2.14)

the fluctuations around „ correspond to phonon excitations. The density of the system is

fl = ”L
”X

= 5
2c0M3/2X3/2 , (2.15)

and one sees that the eom takes the form of the continuity equation for the particle number
symmetry:

ˆtfl ≠ 1
M

ˆi (ˆi◊fl) = 0 . (2.16)

Identifying the Lagrange density at the ground-state solution with the grand potential,
�(µ), and matching with Eq. (2.8), one finds

c0 = 25/2

15fi2›3/2 . (2.17)

The Hamiltonian density is related to the Lagrange density in the usual way,

H = ◊̇
ˆL
ˆ◊̇

≠ L =
A

X ≠ A0 ≠ (ˆi◊)2

2M

B

fl ≠ L . (2.18)

The classical solution „ = 0, X = µ with A0 = 0 then recovers the standard thermodynamic
relation between the energy density and the grand potential.
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The Goldstone field transforms non-linearly under Schrödinger symmetry, so to see how
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which is the field configuration generated by two insertions at (· = ±1/Ê, x = 0). These
expressions are consistent with those found working directly in the Galileian frame with
the identification
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Evaluation of the 2-point function. The density is given by
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Now, using Eq. (3.53) and Eq. (3.55), it is easy to see that the second term has no support
and therefore gives a vanishing contribution to the density. Therefore, taking

LI = LLO = ≠c0 M3/2X5/2 , fl = 5
2c0 M3/2X3/2 , (3.66)

it is straightforward to check that fl satisfies the homogeneous eom at the saddle-point
solution, Eq. (3.49).

To satisfy the eom in the presence of sources, the density at the saddle-point solution
must be integrated over all space to fix the charge. Now note that the density vanishes
when r æ R̄(·) with
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Rearranging Pionless E�ective Field Theory
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Abstract

We point out a redundancy in the operator structure of the pionless e�ec-
tive field theory, EFT(�/), which dramatically simplifies computations. This
redundancy is best exploited by using dibaryon fields as fundamental degrees

of freedom. In turn, this suggests a new power counting scheme which sums
range corrections to all orders. We explore this method with a few simple

observables: the deuteron charge form factor, np � d�, and Compton scat-
tering from the deuteron. Unlike EFT(�/), the higher dimension operators
involving electroweak gauge fields are not renormalized by the s-wave strong

interactions, and therefore do not scale with inverse powers of the renormal-
ization scale. Thus, naive dimensional analysis of these operators is su�cient

to estimate their contribution to a given process.
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Abstract

We point out a redundancy in the operator structure of the pionless e�ec-
tive field theory, EFT(�/), which dramatically simplifies computations. This
redundancy is best exploited by using dibaryon fields as fundamental degrees

of freedom. In turn, this suggests a new power counting scheme which sums
range corrections to all orders. We explore this method with a few simple

observables: the deuteron charge form factor, np � d�, and Compton scat-
tering from the deuteron. Unlike EFT(�/), the higher dimension operators
involving electroweak gauge fields are not renormalized by the s-wave strong

interactions, and therefore do not scale with inverse powers of the renormal-
ization scale. Thus, naive dimensional analysis of these operators is su�cient

to estimate their contribution to a given process.
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Figure 6 – Hierarchy of scales of the pionless EFT.

M⇡/2. Hence r
�1
0 ⇠ M⇡/2 formally sets the high momentum scale in EFT(⇡/), the EFT

of contact operators which describes the interactions of neutrons and protons at very
low momentum transfers where the pion is integrated out of the EFT. However, this
branch-point singularity is weak and therefore in most applications EFT(⇡/) extends to
M⇡/2. The low scale is set by a

�1. Therefore, the large-charge EFT of neutron matter
is formally valid for momenta in the range a

�1 < k,kF < r
�1
0 , and in practice may be

valid in the range a
�1 < k,kF < M⇡. Translating to energy scales, this corresponds to

energies between 0.1 and 6 MeV and 0.1 and 21 MeV, respectively. The hierarchy of scales
is illustrated in Fig. �.

11. Conclusion

With few exceptions, quantum field theories of nature tend to be far from conformal fixed
points, and in most exceptions that are relevant to experiment, require lattice field theory
simulations in order to extract physical observables. An interesting system in this regard
in the non-relativistic domain is the unitary Fermi gas, which is described by a �����.
This system is superfluid and remains superfluid in the presence of small deformations
away from the Schrödinger symmetry limit. In the symmetry limit the superfluid EFT
has subsectors of fixed charge which admit a large-charge expansion. This allows the
exact closed-form determination of correlation functions which encode the propagation
of conformal superfluid matter in space and time. In the nuclear physics context, where,
for instance, the unitary fermions are taken to be neutrons, this conformal superfluid
matter has been dubbed unnuclear matter, as it does not have a particle interpretation.
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Abstract

We point out a redundancy in the operator structure of the pionless e�ec-
tive field theory, EFT(�/), which dramatically simplifies computations. This
redundancy is best exploited by using dibaryon fields as fundamental degrees

of freedom. In turn, this suggests a new power counting scheme which sums
range corrections to all orders. We explore this method with a few simple

observables: the deuteron charge form factor, np � d�, and Compton scat-
tering from the deuteron. Unlike EFT(�/), the higher dimension operators
involving electroweak gauge fields are not renormalized by the s-wave strong

interactions, and therefore do not scale with inverse powers of the renormal-
ization scale. Thus, naive dimensional analysis of these operators is su�cient

to estimate their contribution to a given process.
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low momentum transfers where the pion is integrated out of the EFT. However, this
branch-point singularity is weak and therefore in most applications EFT(⇡/) extends to
M⇡/2. The low scale is set by a

�1. Therefore, the large-charge EFT of neutron matter
is formally valid for momenta in the range a

�1 < k,kF < r
�1
0 , and in practice may be

valid in the range a
�1 < k,kF < M⇡. Translating to energy scales, this corresponds to
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11. Conclusion

With few exceptions, quantum field theories of nature tend to be far from conformal fixed
points, and in most exceptions that are relevant to experiment, require lattice field theory
simulations in order to extract physical observables. An interesting system in this regard
in the non-relativistic domain is the unitary Fermi gas, which is described by a �����.
This system is superfluid and remains superfluid in the presence of small deformations
away from the Schrödinger symmetry limit. In the symmetry limit the superfluid EFT
has subsectors of fixed charge which admit a large-charge expansion. This allows the
exact closed-form determination of correlation functions which encode the propagation
of conformal superfluid matter in space and time. In the nuclear physics context, where,
for instance, the unitary fermions are taken to be neutrons, this conformal superfluid
matter has been dubbed unnuclear matter, as it does not have a particle interpretation.
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Abstract

We point out a redundancy in the operator structure of the pionless e�ec-
tive field theory, EFT(�/), which dramatically simplifies computations. This
redundancy is best exploited by using dibaryon fields as fundamental degrees

of freedom. In turn, this suggests a new power counting scheme which sums
range corrections to all orders. We explore this method with a few simple

observables: the deuteron charge form factor, np � d�, and Compton scat-
tering from the deuteron. Unlike EFT(�/), the higher dimension operators
involving electroweak gauge fields are not renormalized by the s-wave strong

interactions, and therefore do not scale with inverse powers of the renormal-
ization scale. Thus, naive dimensional analysis of these operators is su�cient

to estimate their contribution to a given process.
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of contact operators which describes the interactions of neutrons and protons at very
low momentum transfers where the pion is integrated out of the EFT. However, this
branch-point singularity is weak and therefore in most applications EFT(⇡/) extends to
M⇡/2. The low scale is set by a

�1. Therefore, the large-charge EFT of neutron matter
is formally valid for momenta in the range a
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0 , and in practice may be

valid in the range a
�1 < k,kF < M⇡. Translating to energy scales, this corresponds to

energies between 0.1 and 6 MeV and 0.1 and 21 MeV, respectively. The hierarchy of scales
is illustrated in Fig. �.

11. Conclusion

With few exceptions, quantum field theories of nature tend to be far from conformal fixed
points, and in most exceptions that are relevant to experiment, require lattice field theory
simulations in order to extract physical observables. An interesting system in this regard
in the non-relativistic domain is the unitary Fermi gas, which is described by a �����.
This system is superfluid and remains superfluid in the presence of small deformations
away from the Schrödinger symmetry limit. In the symmetry limit the superfluid EFT
has subsectors of fixed charge which admit a large-charge expansion. This allows the
exact closed-form determination of correlation functions which encode the propagation
of conformal superfluid matter in space and time. In the nuclear physics context, where,
for instance, the unitary fermions are taken to be neutrons, this conformal superfluid
matter has been dubbed unnuclear matter, as it does not have a particle interpretation.
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Abstract

We point out a redundancy in the operator structure of the pionless e�ec-
tive field theory, EFT(�/), which dramatically simplifies computations. This
redundancy is best exploited by using dibaryon fields as fundamental degrees

of freedom. In turn, this suggests a new power counting scheme which sums
range corrections to all orders. We explore this method with a few simple

observables: the deuteron charge form factor, np � d�, and Compton scat-
tering from the deuteron. Unlike EFT(�/), the higher dimension operators
involving electroweak gauge fields are not renormalized by the s-wave strong

interactions, and therefore do not scale with inverse powers of the renormal-
ization scale. Thus, naive dimensional analysis of these operators is su�cient

to estimate their contribution to a given process.
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Figure 6 – Hierarchy of scales of the pionless EFT.

M⇡/2. Hence r
�1
0 ⇠ M⇡/2 formally sets the high momentum scale in EFT(⇡/), the EFT

of contact operators which describes the interactions of neutrons and protons at very
low momentum transfers where the pion is integrated out of the EFT. However, this
branch-point singularity is weak and therefore in most applications EFT(⇡/) extends to
M⇡/2. The low scale is set by a

�1. Therefore, the large-charge EFT of neutron matter
is formally valid for momenta in the range a

�1 < k,kF < r
�1
0 , and in practice may be

valid in the range a
�1 < k,kF < M⇡. Translating to energy scales, this corresponds to

energies between 0.1 and 6 MeV and 0.1 and 21 MeV, respectively. The hierarchy of scales
is illustrated in Fig. �.

11. Conclusion

With few exceptions, quantum field theories of nature tend to be far from conformal fixed
points, and in most exceptions that are relevant to experiment, require lattice field theory
simulations in order to extract physical observables. An interesting system in this regard
in the non-relativistic domain is the unitary Fermi gas, which is described by a �����.
This system is superfluid and remains superfluid in the presence of small deformations
away from the Schrödinger symmetry limit. In the symmetry limit the superfluid EFT
has subsectors of fixed charge which admit a large-charge expansion. This allows the
exact closed-form determination of correlation functions which encode the propagation
of conformal superfluid matter in space and time. In the nuclear physics context, where,
for instance, the unitary fermions are taken to be neutrons, this conformal superfluid
matter has been dubbed unnuclear matter, as it does not have a particle interpretation.
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Figure 6 – Hierarchy of scales of EFT(⇡/). The dotted regions denote the “effective” region
of validity of the ���. The arrow denotes a transition from the large-charge ���, which is
defined about the nontrivial unitary fixed point, to an ��� description about the trivial, non-
interacting, fixed point.

10.2. Deformation and perturbative window

In neutron matter, both kinds of deformation should be considered and therefore,

ImG(E, 0) = C0 E
�Q�5/2

h
1 + CQ

⇣
a

p
ME

⌘�1
+ C00

Q r
2
0 ME

i
. (��.�)

Fig. � is a plot of ImGQ(E, 0) vs E (MeV) for Q = 3, 4, 5, 6. Note that the substantial
uncertainties in the coupling constants have not been propagated in this plot for clarity of
presentation. Perhaps the most interesting observation is that the scattering-length and
effective-range deformations enter with opposite signs and there is therefore a partial
cancellation which implies that for each Q, there is an energy at which the Schrödinger
symmetry is restored. One sees that the energy window in which perturbation theory
is valid is rather narrow for each Q value. However, as discussed in the introduction,
for instance at �������, there is excellent energy resolution of the final-state neutrons
which in principle allows one to focus on the regions of enhanced symmetry. The
fundamental obstacle from the theory side is the large uncertainties in the coupling
constants, particularly h2. However, it may be possible to improve these determinations
using quantum �� simulations of the energy density.
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 Power counting:  derivative expansion or largeµ
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 Homogeneous ground state  (grand canonical)

where Dt„ = ◊̇ ≠ A0, with ◊̇ = ˆt◊ and A0 is an external field. The e�ect of an external
trapping potential can be included by setting A0 = MÊ2r2/2. It is straightforward to find
the leading-order (LO) Lagrange density corresponding to fermions at unitarity [21, 27],

LLO = c0 M3/2X5/2 , (2.11)

where c0 is a low-energy constant. Note that assigning time, t, scaling dimension ≠2, and
space, xi, scaling dimension ≠1, i.e.,

(t , xi) æ
1
e2–t , e–xi

2
, (2.12)

a scale-invariant action implies a Lagrange density with scaling dimension 5. As X has
scaling dimension 2, the Lagrange density of Eq. (2.11) is scale invariant, and can be further
shown to respect the full Schrödinger symmetry [21].

The equation of motion (eom) for ◊ is

ˆt

1
X3/2

2
= 1

M
ˆi

1
ˆi◊X3/2

2
. (2.13)

In spite of the apparently simple form, this is a highly non-linear equation.
The simplest non-trivial solution ◊ = µ t gives the ground state of a system with

chemical potential µ. If one expands as

◊(x) = µ t ≠ „(x) , (2.14)

the fluctuations around „ correspond to phonon excitations. The density of the system is

fl = ”L
”X

= 5
2c0M3/2X3/2 , (2.15)

and one sees that the eom takes the form of the continuity equation for the particle number
symmetry:

ˆtfl ≠ 1
M

ˆi (ˆi◊fl) = 0 . (2.16)

Identifying the Lagrange density at the ground-state solution with the grand potential,
�(µ), and matching with Eq. (2.8), one finds

c0 = 25/2

15fi2›3/2 . (2.17)

The Hamiltonian density is related to the Lagrange density in the usual way,

H = ◊̇
ˆL
ˆ◊̇

≠ L =
A

X ≠ A0 ≠ (ˆi◊)2

2M

B

fl ≠ L . (2.18)

The classical solution „ = 0, X = µ with A0 = 0 then recovers the standard thermodynamic
relation between the energy density and the grand potential.
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Insertions at ·̃ = ±Œ are then mapped to · = ±1/Ê. However, since the map is singular
at these points, such insertions in the oscillator frame are always mapped to x = 0 in the
Galileian frame. Then the source points are always at x1 = x2 = 0, and therefore x = y.
In addition, M = 1 in this section.

Primary operators of dimension � and charge Q are related by

O�,Q(·, x) = (cosh(Ê·̃))� exp
5
≠Q Ê

2 tanh(Ê·̃)x̃2
6
Õ�,Q(·̃ , x̃) , (3.59)

Õ�,Q(·̃ , x̃) =
1
1 ≠ Ê2·2

2�/2
exp

C
Q Ê

2
x

2·

1 ≠ Ê2·2

D

O�,Q(·, x) . (3.60)

The Goldstone field transforms non-linearly under Schrödinger symmetry, so to see how
the ground state solution ◊̃(·̃ , x̃) = ≠i µ ·̃ is mapped to ◊(·, x), take a generic primary in
terms of the Goldstone field and use the map above:

Õ�,Q(·̃ , x̃) = X̃(·̃ , x̃)�/2eiQ◊̃(·̃ ,x̃) ‘æ O�,Q(·, x) = X(·, x)�/2eiQ◊(·,x) . (3.61)

Then one finds

◊̃ = ≠i µ ·̃ ‘æ ◊ = i
µ

2Ê
log

31/Ê ≠ ·

· + 1/Ê

4
≠ i

4

A
x

2

· + 1/Ê
≠ x

2

1/Ê ≠ ·

B

, (3.62)

X̃ = µ ≠ Ê2

2 x̃
2 ‘æ X = µ

2Ê

3 1
1/Ê ≠ ·

+ 1
· + 1/Ê

4
≠ 1

8

3
x

· + 1/Ê
+ x

1/Ê ≠ ·

42
, (3.63)

which is the field configuration generated by two insertions at (· = ±1/Ê, x = 0). These
expressions are consistent with those found working directly in the Galileian frame with
the identification

“ = µ

Ê
= µ

2 ·12 . (3.64)

Evaluation of the 2-point function. The density is given by

fl = ≠ ”L
”X

= ≠”LI

”X
+ �

2 X≠1#
”4(x ≠ x2) + ”4(x ≠ x1)

$
. (3.65)

Now, using Eq. (3.53) and Eq. (3.55), it is easy to see that the second term has no support
and therefore gives a vanishing contribution to the density. Therefore, taking

LI = LLO = ≠c0 M3/2X5/2 , fl = 5
2c0 M3/2X3/2 , (3.66)

it is straightforward to check that fl satisfies the homogeneous eom at the saddle-point
solution, Eq. (3.49).

To satisfy the eom in the presence of sources, the density at the saddle-point solution
must be integrated over all space to fix the charge. Now note that the density vanishes
when r æ R̄(·) with

R̄(·) =
Ú

2µ̄

M

1
Ê̄

= 2Ô
M

3
“

(· ≠ ·2)(·1 ≠ ·)
(·1 ≠ ·2)

41/2
. (3.67)
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Rearranging Pionless E�ective Field Theory
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Abstract

We point out a redundancy in the operator structure of the pionless e�ec-
tive field theory, EFT(�/), which dramatically simplifies computations. This
redundancy is best exploited by using dibaryon fields as fundamental degrees

of freedom. In turn, this suggests a new power counting scheme which sums
range corrections to all orders. We explore this method with a few simple

observables: the deuteron charge form factor, np � d�, and Compton scat-
tering from the deuteron. Unlike EFT(�/), the higher dimension operators
involving electroweak gauge fields are not renormalized by the s-wave strong

interactions, and therefore do not scale with inverse powers of the renormal-
ization scale. Thus, naive dimensional analysis of these operators is su�cient

to estimate their contribution to a given process.
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a�1
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Abstract

We point out a redundancy in the operator structure of the pionless e�ec-
tive field theory, EFT(�/), which dramatically simplifies computations. This
redundancy is best exploited by using dibaryon fields as fundamental degrees

of freedom. In turn, this suggests a new power counting scheme which sums
range corrections to all orders. We explore this method with a few simple

observables: the deuteron charge form factor, np � d�, and Compton scat-
tering from the deuteron. Unlike EFT(�/), the higher dimension operators
involving electroweak gauge fields are not renormalized by the s-wave strong

interactions, and therefore do not scale with inverse powers of the renormal-
ization scale. Thus, naive dimensional analysis of these operators is su�cient

to estimate their contribution to a given process.
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Figure 6 – Hierarchy of scales of the pionless EFT.

M⇡/2. Hence r
�1
0 ⇠ M⇡/2 formally sets the high momentum scale in EFT(⇡/), the EFT

of contact operators which describes the interactions of neutrons and protons at very
low momentum transfers where the pion is integrated out of the EFT. However, this
branch-point singularity is weak and therefore in most applications EFT(⇡/) extends to
M⇡/2. The low scale is set by a

�1. Therefore, the large-charge EFT of neutron matter
is formally valid for momenta in the range a

�1 < k,kF < r
�1
0 , and in practice may be

valid in the range a
�1 < k,kF < M⇡. Translating to energy scales, this corresponds to

energies between 0.1 and 6 MeV and 0.1 and 21 MeV, respectively. The hierarchy of scales
is illustrated in Fig. �.

11. Conclusion

With few exceptions, quantum field theories of nature tend to be far from conformal fixed
points, and in most exceptions that are relevant to experiment, require lattice field theory
simulations in order to extract physical observables. An interesting system in this regard
in the non-relativistic domain is the unitary Fermi gas, which is described by a �����.
This system is superfluid and remains superfluid in the presence of small deformations
away from the Schrödinger symmetry limit. In the symmetry limit the superfluid EFT
has subsectors of fixed charge which admit a large-charge expansion. This allows the
exact closed-form determination of correlation functions which encode the propagation
of conformal superfluid matter in space and time. In the nuclear physics context, where,
for instance, the unitary fermions are taken to be neutrons, this conformal superfluid
matter has been dubbed unnuclear matter, as it does not have a particle interpretation.
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Abstract

We point out a redundancy in the operator structure of the pionless e�ec-
tive field theory, EFT(�/), which dramatically simplifies computations. This
redundancy is best exploited by using dibaryon fields as fundamental degrees

of freedom. In turn, this suggests a new power counting scheme which sums
range corrections to all orders. We explore this method with a few simple

observables: the deuteron charge form factor, np � d�, and Compton scat-
tering from the deuteron. Unlike EFT(�/), the higher dimension operators
involving electroweak gauge fields are not renormalized by the s-wave strong

interactions, and therefore do not scale with inverse powers of the renormal-
ization scale. Thus, naive dimensional analysis of these operators is su�cient

to estimate their contribution to a given process.
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M⇡/2. Hence r
�1
0 ⇠ M⇡/2 formally sets the high momentum scale in EFT(⇡/), the EFT

of contact operators which describes the interactions of neutrons and protons at very
low momentum transfers where the pion is integrated out of the EFT. However, this
branch-point singularity is weak and therefore in most applications EFT(⇡/) extends to
M⇡/2. The low scale is set by a

�1. Therefore, the large-charge EFT of neutron matter
is formally valid for momenta in the range a

�1 < k,kF < r
�1
0 , and in practice may be

valid in the range a
�1 < k,kF < M⇡. Translating to energy scales, this corresponds to

energies between 0.1 and 6 MeV and 0.1 and 21 MeV, respectively. The hierarchy of scales
is illustrated in Fig. �.

11. Conclusion

With few exceptions, quantum field theories of nature tend to be far from conformal fixed
points, and in most exceptions that are relevant to experiment, require lattice field theory
simulations in order to extract physical observables. An interesting system in this regard
in the non-relativistic domain is the unitary Fermi gas, which is described by a �����.
This system is superfluid and remains superfluid in the presence of small deformations
away from the Schrödinger symmetry limit. In the symmetry limit the superfluid EFT
has subsectors of fixed charge which admit a large-charge expansion. This allows the
exact closed-form determination of correlation functions which encode the propagation
of conformal superfluid matter in space and time. In the nuclear physics context, where,
for instance, the unitary fermions are taken to be neutrons, this conformal superfluid
matter has been dubbed unnuclear matter, as it does not have a particle interpretation.
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Abstract

We point out a redundancy in the operator structure of the pionless e�ec-
tive field theory, EFT(�/), which dramatically simplifies computations. This
redundancy is best exploited by using dibaryon fields as fundamental degrees

of freedom. In turn, this suggests a new power counting scheme which sums
range corrections to all orders. We explore this method with a few simple

observables: the deuteron charge form factor, np � d�, and Compton scat-
tering from the deuteron. Unlike EFT(�/), the higher dimension operators
involving electroweak gauge fields are not renormalized by the s-wave strong

interactions, and therefore do not scale with inverse powers of the renormal-
ization scale. Thus, naive dimensional analysis of these operators is su�cient

to estimate their contribution to a given process.
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Figure 6 – Hierarchy of scales of the pionless EFT.

M⇡/2. Hence r
�1
0 ⇠ M⇡/2 formally sets the high momentum scale in EFT(⇡/), the EFT

of contact operators which describes the interactions of neutrons and protons at very
low momentum transfers where the pion is integrated out of the EFT. However, this
branch-point singularity is weak and therefore in most applications EFT(⇡/) extends to
M⇡/2. The low scale is set by a

�1. Therefore, the large-charge EFT of neutron matter
is formally valid for momenta in the range a

�1 < k,kF < r
�1
0 , and in practice may be

valid in the range a
�1 < k,kF < M⇡. Translating to energy scales, this corresponds to

energies between 0.1 and 6 MeV and 0.1 and 21 MeV, respectively. The hierarchy of scales
is illustrated in Fig. �.

11. Conclusion

With few exceptions, quantum field theories of nature tend to be far from conformal fixed
points, and in most exceptions that are relevant to experiment, require lattice field theory
simulations in order to extract physical observables. An interesting system in this regard
in the non-relativistic domain is the unitary Fermi gas, which is described by a �����.
This system is superfluid and remains superfluid in the presence of small deformations
away from the Schrödinger symmetry limit. In the symmetry limit the superfluid EFT
has subsectors of fixed charge which admit a large-charge expansion. This allows the
exact closed-form determination of correlation functions which encode the propagation
of conformal superfluid matter in space and time. In the nuclear physics context, where,
for instance, the unitary fermions are taken to be neutrons, this conformal superfluid
matter has been dubbed unnuclear matter, as it does not have a particle interpretation.
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We point out a redundancy in the operator structure of the pionless e�ec-
tive field theory, EFT(�/), which dramatically simplifies computations. This
redundancy is best exploited by using dibaryon fields as fundamental degrees

of freedom. In turn, this suggests a new power counting scheme which sums
range corrections to all orders. We explore this method with a few simple

observables: the deuteron charge form factor, np � d�, and Compton scat-
tering from the deuteron. Unlike EFT(�/), the higher dimension operators
involving electroweak gauge fields are not renormalized by the s-wave strong

interactions, and therefore do not scale with inverse powers of the renormal-
ization scale. Thus, naive dimensional analysis of these operators is su�cient

to estimate their contribution to a given process.
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low momentum transfers where the pion is integrated out of the EFT. However, this
branch-point singularity is weak and therefore in most applications EFT(⇡/) extends to
M⇡/2. The low scale is set by a

�1. Therefore, the large-charge EFT of neutron matter
is formally valid for momenta in the range a

�1 < k,kF < r
�1
0 , and in practice may be

valid in the range a
�1 < k,kF < M⇡. Translating to energy scales, this corresponds to

energies between 0.1 and 6 MeV and 0.1 and 21 MeV, respectively. The hierarchy of scales
is illustrated in Fig. �.

11. Conclusion

With few exceptions, quantum field theories of nature tend to be far from conformal fixed
points, and in most exceptions that are relevant to experiment, require lattice field theory
simulations in order to extract physical observables. An interesting system in this regard
in the non-relativistic domain is the unitary Fermi gas, which is described by a �����.
This system is superfluid and remains superfluid in the presence of small deformations
away from the Schrödinger symmetry limit. In the symmetry limit the superfluid EFT
has subsectors of fixed charge which admit a large-charge expansion. This allows the
exact closed-form determination of correlation functions which encode the propagation
of conformal superfluid matter in space and time. In the nuclear physics context, where,
for instance, the unitary fermions are taken to be neutrons, this conformal superfluid
matter has been dubbed unnuclear matter, as it does not have a particle interpretation.
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Figure 6 – Hierarchy of scales of EFT(⇡/). The dotted regions denote the “effective” region
of validity of the ���. The arrow denotes a transition from the large-charge ���, which is
defined about the nontrivial unitary fixed point, to an ��� description about the trivial, non-
interacting, fixed point.

10.2. Deformation and perturbative window

In neutron matter, both kinds of deformation should be considered and therefore,

ImG(E, 0) = C0 E
�Q�5/2

h
1 + CQ

⇣
a

p
ME

⌘�1
+ C00

Q r
2
0 ME

i
. (��.�)

Fig. � is a plot of ImGQ(E, 0) vs E (MeV) for Q = 3, 4, 5, 6. Note that the substantial
uncertainties in the coupling constants have not been propagated in this plot for clarity of
presentation. Perhaps the most interesting observation is that the scattering-length and
effective-range deformations enter with opposite signs and there is therefore a partial
cancellation which implies that for each Q, there is an energy at which the Schrödinger
symmetry is restored. One sees that the energy window in which perturbation theory
is valid is rather narrow for each Q value. However, as discussed in the introduction,
for instance at �������, there is excellent energy resolution of the final-state neutrons
which in principle allows one to focus on the regions of enhanced symmetry. The
fundamental obstacle from the theory side is the large uncertainties in the coupling
constants, particularly h2. However, it may be possible to improve these determinations
using quantum �� simulations of the energy density.
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 Power counting:  derivative expansion or largeµ
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5.2.2 NLO

In computing the NLO contribution to the energy in a trap, we can keep the expression,

Eq. (5.13), for the classical density. Here, in Eq. (4.22), we take

[(@i@i✓)
2 � 9Mr2A0] ! [0 � 9M

�
�3M!2

�
] = 27M2!2 . (5.18)

The sub-leading Hamiltonian density at the classical solution is then

HNLO

cl = � LNLO(Xcl) = �c1!
4r2 (µ � A0)

�1/2 + 27c2!
2 (µ � A0)

1/2 . (5.19)

And the energy is
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!
= 4⇡

Z
R
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cl = �21/235/3⇡2
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c1 � 9
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c2

◆
⇠Q2/3 . (5.20)
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34/3

4
⇠1/2Q4/3 � 32/3

p
2⇡2⇠ cNLO Q2/3 + O(Q5/9) + . . . +

1

3
p
3
logQ (5.21)

5.2.3 Schrödinger symmetry breaking

Similarly, the Schrödinger breaking contributions to the trap energy are

ESB

!
= �64

p
2 31/3⇡⇠2

35

✓
g0

a
p
µ

+
2

3
g1r

p
µ

◆
Q4/3 . (5.22)

5.3 Linear response

5.3.1 LO and NLO

Consider the density-density correlation function

G⇢⇢(E,p) = �i

Z
dtd3x h0|T (⇢(t,x)⇢(0,0)) |0ieiEt� ip·x , (5.23)

where ⇢ (a charge neutral operator) is given by Eq. (4.18). The static density response

function is given by

�(p) = G⇢⇢(0,p) , (5.24)

which satisfies the compressibility sum rule,

�(0) = � ⇢

Mc2s
= � kF

⇠⇡2
, (5.25)

where we have used Eq. (5.3) and

⇢ =
k3F
3⇡2

=
@P

@µ
=

5

2
c0M

3/2µ3/2 . (5.26)

To evaluate the correlation function, one takes derivatives of the classical action with respect

to the external field A0. Including LO and NLO contributions (with M = 1),

L = c0 (µ � A0)
5/2 + c1 (µ � A0)

�1/2 (@iA0)
2 � 9c2(µ � A0)

1/2r2A0 , (5.27)

and one has

�(p) = � kF
⇠⇡2
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p
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k2F

#
. (5.28)
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Figure 1 – Fit of DMC simulation data over the range Q = 8 → 80, as described in the text.
The solid black line is leading order in the large-charge expansion, and the gray band is the
!"# fit, including the Casimir correction. The simulation data are as described in the text.

data, while the Bertsch parameter is significantly overestimated by the mean-field value.!
The dispersion relation parameters in Eq. (".") are found to be

cs =

√
2µ
3 =

√
ω

3kF, ε =
64
45

3c2 → c1
c0

, (#.$)

where kF is the Fermi momentum. It is important to emphasize that at unitarity, the
speed of sound is determined by symmetry.

3. Scale separation and perturbative expansions

Strategy. In the homogeneous system, the !"# power counting is simple: all observable
quantities are systematically computable for momentum transfers well below the scale
of the superfluid gap, which, at unitarity, is set by the chemical potential µ (times
a dimensionless number of order one) [%]. The presence of the trapping potential
introduces a new scale—roughly the size of the fermion cloud—which in turn implies

5. A similar observation is made in the relativistic analog of this problem, the large-charge effective theory for
the O(2) model. While the low-energy coefficient of the leading operator in the $%& computed at large N has
an error of order 20% with respect to the lattice result, the large-N result for the !"# correction in the $%& lies
within the error bars of the lattice computation [33, 34, 35].

&

State-operator correspondence:               
energy of      fermions in a harmonic trapQ

<latexit sha1_base64="Dw4wZugwTA28tlONuERkkfiQklk=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GnriZPEW9OIxAbNAMoSeTiVp07PQ3SOEIV/gxYMiXv0kb/6NnUVQ0QcFj/eqqKrnx4IrTciHlVlb39jcym7ndnb39g/yh0ctFSWSQZNFIpIdnyoQPISm5lpAJ5ZAA19A259cz/32PUjFo/BWT2PwAjoK+ZAzqo3UaPTzBWK75VKJuJjYpFipXpSXpELK2LHJAgW0Qr2ff+8NIpYEEGomqFJdh8TaS6nUnAmY5XqJgpiyCR1B19CQBqC8dHHoDJ8ZZYCHkTQVarxQv0+kNFBqGvimM6B6rH57c/Evr5voYdVLeRgnGkK2XDRMBNYRnn+NB1wC02JqCGWSm1sxG1NJmTbZ5EwIX5/i/0mraDuufdlwC7WrVRxZdIJO0TlyUAXV0A2qoyZiCNADekLP1p31aL1Yr8vWjLWaOUY/YL19Ahc+jSk=</latexit>

(Carlson,Gandolfi 2014)



Not useful when including Schrödinger-
symmetry breaking effects..



Not useful when including Schrödinger-
symmetry breaking effects..

Now need Euclidean path integral formulation

where, at LO,

LLO = ≠c0 M3/2X5/2 , (3.23)

with

X = iˆ· ◊ ≠ A0 ≠ (ˆi◊)2

2M
. (3.24)

Hermiticity requires that ◊ be pure imaginary. Note that now

fl = ≠ ”L
”X

, H = L ≠ ◊̇
ˆL
ˆ◊̇

, (3.25)

where here ◊̇ © ˆ· ◊. The Euler–Lagrange equations take the form

ˆ·

3
i

”L
”X

4
= 1

M
ˆi

3
ˆi◊

”L
”X

4
+ ”L

”◊
. (3.26)

At LO, one finds the ground-state solution

◊ = ≠i µ · , X = µ ≠ A0 . (3.27)

For what follows, it is interesting to note that there is also a space-time dependent solution
to the eom (now taking A0 = 0),

◊f (·, x) = ≠i
Mx

2

4·
, Xf (·, x) = ≠Mx

2

8·2 . (3.28)

As Xf is negative definite, this solution corresponds to an unstable configuration. As will
be seen below, there is a sense in which this is the “free” solution, which is unsurprisingly
not stable in the superfluid EFT.

The saddle configuration. Now, take A0 = 0. In the EFT every operator can be
written as a function of the Goldstone field by simply identifying its quantum numbers.
If follows that a generic primary operator with charge Q and dimension � must have the
form

O�,Q = N
3 2

“

4�/2
X�/2 exp (iQ◊) , (3.29)

where N is a normalization constant, and the other constant factor has been chosen for
future convenience and will be defined below. Define the two-point function

GQ(x1, x2) =
⁄

D◊ O�,Q(x2)O�,≠Q(x1) e≠

s
d4

xLI , (3.30)

where LI is the interaction Lagrange density. In this semiclassical computation, only one
time ordering will appear as a consequence of the fact that the eom are not time-reversal
invariant, as was already observed in the free case above. In what follows, it will be assumed
that ·1 > ·2.

The operator insertions can be exponentiated to give

GQ(x1, x2) = N 2
3 2

“

4� ⁄
D◊ e≠

s
d4

xL , (3.31)
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where

L = LI ≠ �
2 log X

#
”4(x ≠ x2) + ”4(x ≠ x1)

$
≠ iQ ◊

#
”4(x ≠ x2) ≠ ”4(x ≠ x1)

$
. (3.32)

Now the saddle point solution must be found in the presence of the sources. The Euler–
Lagrange equation is

ˆ· fl + 1
M

ˆi (iˆi◊fl) = Q
#
”4(x ≠ x2) ≠ ”4(x ≠ x1)

$
. (3.33)

This is the continuity equation in the presence of a source. It may appear confusing that
there are now two distinct expressions for the density. First, there is the density as an
observable quantity related to the specific Lagrange density which describes the system,
given by Eq. (3.25), and which satisfies Eq. (3.33) in the presence and absence of sources.
On the other hand, there is the density – proportional to Q – which solves Eq. (3.33) in
the presence of sources and vanishes in the absence of sources. This second density is a
distribution and is not directly equal to the observable density. However, the densities
integrated over space must be equal, and indeed that equality fixes the charge Q of the
superfluid system.

In order to solve Eq. (3.33) for ◊ = ◊(·, x), consider the ansatz

iˆi◊‘fl‘ = ‘
1
2ˆifl‘ , (3.34)

where ‘ = ±. This equation is readily integrated to give

fl‘ = f‘(·) exp (2i‘◊‘) , (3.35)

where f‘(·) is an arbitrary real function of · .
Now plugging the ansatz, Eq. (3.34), into the eom gives

5
ˆ· + ‘

≠æÒ 2

2M

6
fl‘ = Q

#
”4(x ≠ x2) ≠ ”4(x ≠ x1)

$
, (3.36)

and it is clear that the ansatz restricts the initial highly non-linear eom to a di�usion
equation, whose solution has been shown above to be Schrödinger invariant. Noting that
the di�usion equation

5
ˆ· ≠

≠æÒ 2

2M

6
g(x; xÕ) = ”4(x ≠ xÕ) (3.37)

is solved by the Green’s function

g(x; xÕ) = ◊(· ≠ · Õ)
3

M

2fi(· ≠ · Õ)

43/2
exp

A

≠M(x ≠ x
Õ)2

2(· ≠ · Õ)

B

, (3.38)

and 5
ˆ· +

≠æÒ 2

2M

6
g(xÕ; x) = ≠”4(x ≠ xÕ) , (3.39)

– 10 –

where, at LO,

LLO = ≠c0 M3/2X5/2 , (3.23)

with

X = iˆ· ◊ ≠ A0 ≠ (ˆi◊)2

2M
. (3.24)

Hermiticity requires that ◊ be pure imaginary. Note that now

fl = ≠ ”L
”X

, H = L ≠ ◊̇
ˆL
ˆ◊̇

, (3.25)

where here ◊̇ © ˆ· ◊. The Euler–Lagrange equations take the form

ˆ·

3
i

”L
”X

4
= 1

M
ˆi

3
ˆi◊

”L
”X

4
+ ”L

”◊
. (3.26)

At LO, one finds the ground-state solution

◊ = ≠i µ · , X = µ ≠ A0 . (3.27)

For what follows, it is interesting to note that there is also a space-time dependent solution
to the eom (now taking A0 = 0),

◊f (·, x) = ≠i
Mx

2

4·
, Xf (·, x) = ≠Mx

2

8·2 . (3.28)

As Xf is negative definite, this solution corresponds to an unstable configuration. As will
be seen below, there is a sense in which this is the “free” solution, which is unsurprisingly
not stable in the superfluid EFT.

The saddle configuration. Now, take A0 = 0. In the EFT every operator can be
written as a function of the Goldstone field by simply identifying its quantum numbers.
If follows that a generic primary operator with charge Q and dimension � must have the
form

O�,Q = N
3 2

“

4�/2
X�/2 exp (iQ◊) , (3.29)

where N is a normalization constant, and the other constant factor has been chosen for
future convenience and will be defined below. Define the two-point function

GQ(x1, x2) =
⁄

D◊ O�,Q(x2)O�,≠Q(x1) e≠

s
d4

xLI , (3.30)

where LI is the interaction Lagrange density. In this semiclassical computation, only one
time ordering will appear as a consequence of the fact that the eom are not time-reversal
invariant, as was already observed in the free case above. In what follows, it will be assumed
that ·1 > ·2.

The operator insertions can be exponentiated to give

GQ(x1, x2) = N 2
3 2

“

4� ⁄
D◊ e≠

s
d4

xL , (3.31)
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normalization primary operator

But..exact large-charge solution can be found!



Saddle point instanton solution: master field

where now

f+(·) = d
3

M

2fi(·1 ≠ ·)

43/2≠“

. (3.47)

And the second solution for the Goldstone field is

◊+ = ≠ i

2“ log
3

M

2fi(·1 ≠ ·)

4
+ i

M(x ≠ x1)2

4(·1 ≠ ·) . (3.48)

Both solutions, Eq. (3.45) and Eq. (3.48), satisfy the homogeneous eom. However, the
inhomogeneous solution, and therefore the general solution, must depend on both source
locations. Indeed, one expects that the solution will be invariant with respect to Q æ ≠Q

and x2 ¡ x1. The only linear combination of ◊≠ and ◊+ which is invariant with respect to
x2 ¡ x1 is the sum3 ◊≠ + ◊+, and indeed the sum is evidently the only linear combination
that solves the homogeneous eom.

Finally, the general solution to the eom and the saddle point location in the presence
of sources is given by

◊s(·, x) = i

2“ log
3

·1 ≠ ·

· ≠ ·2

4
≠ i

4M

C
(x ≠ x2)2

(· ≠ ·2) ≠ (x ≠ x1)2

(·1 ≠ ·)

D

. (3.49)

As will be seen below, this is the large-charge master field. The solution is well-defined and
physical for ·2 < · < ·1. Just as in the free case, the structure of the eom imposes a time
ordering. To arrive at this solution, the assumption of Schrödinger invariance has entered
via the di�usion-equation ansatz of Eq. (3.34). However, it is straightforward to see that
the master field solution is present in the Schrödinger algebra, and this will be shown in
detail below4. From the saddle solution, one finds

X[◊s] = 1
2“

(·1 ≠ ·2)
(· ≠ ·2)(·1 ≠ ·) ≠ 1

8M

C
(x ≠ x2)
(· ≠ ·2) ≠ (x ≠ x1)

(· ≠ ·1)

D2

. (3.50)

It is convenient to shift the spatial variable to

x = y + x2

3
·1 ≠ ·

·1 ≠ ·2

4
+ x1

3
· ≠ ·2
·1 ≠ ·2

4
. (3.51)

It then follows that

x ≠ x2 = y + x12

3
· ≠ ·2
·1 ≠ ·2

4
, x ≠ x1 = y ≠ x12

3
·1 ≠ ·

·1 ≠ ·2

4
, (3.52)

3
Invariance follows if one also takes “ æ ≠“, however note that the eom is solved independently of the

value of “, so the sign of this term is irrelevant until one fixes the charge.
4
This solution is general in the following sense. Consider a Schrödinger-invariant system and let ◊ be the

field that transforms with a shift under the action of the particle number operator. Then there always exists

a solution to the eom in which ◊ has the form in Eq. (3.49). For example, for the free theory, a special case

of this solution has been found in [33] as an instanton which describes the decay of a metastable bosonic

droplet.
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where

L = LI ≠ �
2 log X

#
”4(x ≠ x2) + ”4(x ≠ x1)

$
≠ iQ ◊

#
”4(x ≠ x2) ≠ ”4(x ≠ x1)

$
. (3.32)

Now the saddle point solution must be found in the presence of the sources. The Euler–
Lagrange equation is

ˆ· fl + 1
M

ˆi (iˆi◊fl) = Q
#
”4(x ≠ x2) ≠ ”4(x ≠ x1)

$
. (3.33)

This is the continuity equation in the presence of a source. It may appear confusing that
there are now two distinct expressions for the density. First, there is the density as an
observable quantity related to the specific Lagrange density which describes the system,
given by Eq. (3.25), and which satisfies Eq. (3.33) in the presence and absence of sources.
On the other hand, there is the density – proportional to Q – which solves Eq. (3.33) in
the presence of sources and vanishes in the absence of sources. This second density is a
distribution and is not directly equal to the observable density. However, the densities
integrated over space must be equal, and indeed that equality fixes the charge Q of the
superfluid system.

In order to solve Eq. (3.33) for ◊ = ◊(·, x), consider the ansatz

iˆi◊‘fl‘ = ‘
1
2ˆifl‘ , (3.34)

where ‘ = ±. This equation is readily integrated to give

fl‘ = f‘(·) exp (2i‘◊‘) , (3.35)

where f‘(·) is an arbitrary real function of · .
Now plugging the ansatz, Eq. (3.34), into the eom gives

5
ˆ· + ‘

≠æÒ 2

2M

6
fl‘ = Q

#
”4(x ≠ x2) ≠ ”4(x ≠ x1)

$
, (3.36)

and it is clear that the ansatz restricts the initial highly non-linear eom to a di�usion
equation, whose solution has been shown above to be Schrödinger invariant. Noting that
the di�usion equation

5
ˆ· ≠

≠æÒ 2

2M

6
g(x; xÕ) = ”4(x ≠ xÕ) (3.37)

is solved by the Green’s function

g(x; xÕ) = ◊(· ≠ · Õ)
3

M

2fi(· ≠ · Õ)

43/2
exp

A

≠M(x ≠ x
Õ)2

2(· ≠ · Õ)

B

, (3.38)

and 5
ˆ· +

≠æÒ 2

2M

6
g(xÕ; x) = ≠”4(x ≠ xÕ) , (3.39)
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EOM: continuity equation with source
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EOM: continuity equation with source

and the spatial delta functions become

”4(x ≠ xi) = ”3(y)”(· ≠ ·i) . (3.53)

In the new coordinate,

◊s = i

2“ log
3

·1 ≠ ·

· ≠ ·2

4
≠ i

4M

C
1

· ≠ ·2

3
y + x12

3
· ≠ ·2
·1 ≠ ·2

442

≠ 1
·1 ≠ ·

3
y ≠ x12

3
·1 ≠ ·

·1 ≠ ·2

442 D

(3.54)

and

X = 1
2“

(·1 ≠ ·2)
(· ≠ ·2)(·1 ≠ ·) ≠ 1

8M
Ë (·1 ≠ ·2)
(· ≠ ·2)(·1 ≠ ·)

È2
y

2 . (3.55)

Note that now all dependence of the correlation function on the spatial separation is con-
tained in the Q insertion in the action. The emergent harmonic trap is now seen by writing

X = µ̄(·) ≠ 1
2M Ê̄(·)2r2 , (3.56)

where r = |y|, and

Ê̄(·) = 1
2

(·1 ≠ ·2)
(· ≠ ·2)(·1 ≠ ·) , µ̄(·) = 1

2“
(·1 ≠ ·2)

(· ≠ ·2)(·1 ≠ ·) . (3.57)

Here, it is clear that the time-dependent function µ̄(·), via the anomalous dimension “ > 0,
drives spontaneous symmetry breaking5.

The saddle from the state-operator correspondence. An alternative derivation of
the saddle solution, this time based on Schrödinger invariance is obtained by comparing
two equivalent frames:

• The Galileian frame with coordinates (·, x) that was used above, in which there is
no background potential and the sources are inserted at finite Euclidean time, and

• the oscillator frame, with coordinates (·̃ , x̃) in which the sources are placed at ·̃ =
±Œ and a background field A0 = MÊ2

y
2/2 is present.

These are the two sides of the non-relativistic state-operator correspondence [34], in which
the conformal dimension � of a primary in the Galileian frame is mapped to the energy in
units of Ê, Ẽ/Ê of a state in the oscillator frame.

The two frames are completely equivalent for Schrödinger-invariant systems and are
related by

Y
_]

_[

Ê· = tanh(Ê·̃) ,

x = x̃
1

cosh(Ê·̃) ,

Y
_]

_[

Ê·̃ = arctanh(Ê·) ,

x̃ = xÔ
1 ≠ Ê2·2 .

(3.58)

5
Despite the suggestive notation, this function should not be viewed as a time-dependent chemical

potential.
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Emergent time-dependent harmonic trap
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physics, however, there are natural approximate unnuclei due to the fortuitous occurrence of

fine tuning in several nuclear systems. In particular, neutrons have a large s-wave scattering

length: a ⇡ �19 fm, compared to the e↵ective range r0 ⇡ 2.8 fm. A system of neutrons

can be considered as an unnucleus if the relative momentum between any two neutrons in

the system is between ~/a and ~/r0. If this is the case, they are described by a well known

nonrelativistic conformal field theory—the theory of fermions at unitarity.
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Thus, the real-world realizations of the reaction pictured in Fig. 1 are reactions with a few

neutrons in the final state. A typical reaction with three final-state neutrons is schematically

depicted in Fig. 2. The di↵erential cross section d�/dE considered above is now an inclusive

cross section, where the momenta of the neutrons are left unmeasured. Reactions of this

type are abundant in nuclear physics. Some examples are

3H+ 3H ! 4He + 2n , (17)
7Li + 7Li ! 11C + 3n , (18)

4He + 8He ! 8Be + 4n . (19)

The final-state neutrons can be considered as forming an unnucleus when the kinetic energy

of the system of neutrons in its center-of-mass frame (neutron kinetic energy) is between

"0 = ~2/ma2 ⇠ 0.1 MeV and ~2/mr20 ⇠ 5 MeV. Only in this kinematic regime, our predic-

tion (16) for d�/dE applies. Physically, in this regime the neutrons travel together and keep

interacting with each other until the distance between them becomes larger than a. If the

total kinetic energy of the final scattering products Ekin is much larger than ~2/mr20, then
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of the system of neutrons in its center-of-mass frame (neutron kinetic energy) is between

"0 = ~2/ma2 ⇠ 0.1 MeV and ~2/mr20 ⇠ 5 MeV. Only in this kinematic regime, our predic-

tion (16) for d�/dE applies. Physically, in this regime the neutrons travel together and keep

interacting with each other until the distance between them becomes larger than a. If the

total kinetic energy of the final scattering products Ekin is much larger than ~2/mr20, then
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FIG. 1. A nuclear reaction with an unnucleus U (represented by the shaded region) in the final

state.

where A1 and A2 are some initial particles, B is a particle and U is the unnucleus. For

simplicity, we assume all particles involved in the reaction are nonrelativistic, though our

main conclusion requires that only U is. We work in the center-of-mass frame. The total

kinetic energy available to final products is

Ekin = (MA1 +MA2 �MB �MU)c
2 +

p2A1

MA1

+
p2A2

MA2

. (11)

Unless U is a particle, the energy spectrum of B is continuous. Let E and p be the energy

of the particle B, E = p2/2mB. We are interested in the di↵erential cross section d�/dE.

We can think about a term in the e↵ective Lagrangian

Lint = g U †B†A1A2 + h.c. (12)

where g is some coupling constant. The di↵erential cross section can be computed to be

d�

dE
⇠ |M|2

p
E ImGU(Ekin�E,p). (13)

For the Lagrangian (12)M = g, but in principleM can contain dependence on the momenta

of the incoming and outgoing particles. The statement of Eq. (13) is that the cross section

can be factorized into two parts, one (encoded by M) corresponding to the primary process

A1+A2 ! B+U , the other (encoded by ImGU) corresponding to the final-state interaction

between the constituents of U . Such a factorization requires that the energy scale of the

primary scattering process is much larger than that of the interaction between the neutrons

and is the essence of the Watson-Migdal approach to final-state interaction [6, 7].

According to Eq. (9),

ImGU(Ekin�E,p) ⇠
✓
Ekin � E � p2

2MU

◆�� 5
2

=


Ekin �

✓
1 +

MB

MU

◆
E

��� 5
2

. (14)

Denote the maximal value of the recoil energy received by the particle B as

E0 =

✓
1 +

MB

MU

◆�1

Ekin. (15)
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can be considered as an unnucleus if the relative momentum between any two neutrons in

the system is between ~/a and ~/r0. If this is the case, they are described by a well known

nonrelativistic conformal field theory—the theory of fermions at unitarity.
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Factorization  (theorem?)

P (A1 +A2 ! B +Qn) = P (A1 +A2 ! B + U)P (U ! Qn)
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FIG. 1. A nuclear reaction with an unnucleus U (represented by the shaded region) in the final

state.

where A1 and A2 are some initial particles, B is a particle and U is the unnucleus. For

simplicity, we assume all particles involved in the reaction are nonrelativistic, though our

main conclusion requires that only U is. We work in the center-of-mass frame. The total

kinetic energy available to final products is

Ekin = (MA1 +MA2 �MB �MU)c
2 +

p2A1

MA1

+
p2A2

MA2

. (11)

Unless U is a particle, the energy spectrum of B is continuous. Let E and p be the energy

of the particle B, E = p2/2mB. We are interested in the di↵erential cross section d�/dE.

We can think about a term in the e↵ective Lagrangian

Lint = g U †B†A1A2 + h.c. (12)

where g is some coupling constant. The di↵erential cross section can be computed to be

d�

dE
⇠ |M|2

p
E ImGU(Ekin�E,p). (13)

For the Lagrangian (12)M = g, but in principleM can contain dependence on the momenta

of the incoming and outgoing particles. The statement of Eq. (13) is that the cross section

can be factorized into two parts, one (encoded by M) corresponding to the primary process

A1+A2 ! B+U , the other (encoded by ImGU) corresponding to the final-state interaction

between the constituents of U . Such a factorization requires that the energy scale of the

primary scattering process is much larger than that of the interaction between the neutrons

and is the essence of the Watson-Migdal approach to final-state interaction [6, 7].

According to Eq. (9),

ImGU(Ekin�E,p) ⇠
✓
Ekin � E � p2

2MU

◆�� 5
2

=


Ekin �

✓
1 +

MB

MU

◆
E

��� 5
2

. (14)

Denote the maximal value of the recoil energy received by the particle B as

E0 =

✓
1 +

MB

MU

◆�1

Ekin. (15)

5

In the regime E0 � E ⌧ E0, ignoring the energy dependence of all other factors, we can

write d�

dE
⇠ (E0 � E)��5

2 .
(16)

Thus, a characteristic feature of processes involving an unnucleus is the power-law depen-

dence of the di↵erential cross s
ection on the recoil energy near the end point.

IV. MULTI-NEUTRON FINAL STATES AS UNNUCLEI

So far the search for relativistic unparticles has been unsuccessful [2–4]. In nuclear

physics, however,
there are natural

approximate unnuclei due t
o the fortuitous occ

urrence of

fine tuning in several nuclear sy
stems. In particular, neutro

ns have a large s-wave scatt
ering

length: a ⇡ �19 fm, compared to the e↵ective range r0 ⇡ 2.8 fm. A system of neutrons

can be considered as an unnucleus if the relative momentum between any two neutrons in

the system is between ~/a and ~/r0. If this is the case, they are described by a well known

nonrelativistic conformal field theory—the theory of fermions at unitarity.

B

A

A

n

n

n

1

2

FIG. 2. A nuclear rea
ction with three neutrons in

the final state.

Thus, the real-wo
rld realizations of the

reaction pictured in Fig. 1 are reaction
s with a few

neutrons in the final state. A
typical reaction with three final-state n

eutrons is schematically

depicted in Fig. 2. The di↵ere
ntial cross section

d�/dE considered above is now an inclusive

cross section, where the momenta of the neutrons are left unmeasured. Reactions of this

type are abundant in nuclear physics. S
ome examples are

3H+ 3H ! 4He + 2n ,
(17)

7Li +
7Li ! 11C + 3n ,

(18)

4He +
8He ! 8Be + 4n .

(19)

The final-state ne
utrons can be considered as forming an unnucleus when the kinetic energy

of the system of neutrons in its center-of-mass frame (neutron kinetic energy) is between

"0 = ~2/ma2 ⇠ 0.1 MeV and ~2/mr20 ⇠ 5 MeV. Only in this kinematic regime, our predic-

tion (16) for d�/dE applies. Physicall
y, in this regime the neutrons tra

vel together and keep

interacting with each other until the distance between them becomes larger than a. If the

total kinetic energy of the final scattering products Ekin is much larger than ~2/mr20, then

..
.
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Factorization  (theorem?)

P (A1 +A2 ! B +Qn) = P (A1 +A2 ! B + U)P (U ! Qn)
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(E,p)
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Etot = E + EU
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(Etot � E,�p)
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d�

d⌦
⇠ |M|2

p
E ImGU (Etot � E,p)
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means E0 �E is between 0.1 MeV and a few megaelectron volts.
The exponent ⌫ is predicted to be

⌫=

8
><

>:

�1/2 N =2,

1.77 N =3,

2.5� 2.6 N =4.

[4]

In general, ⌫ is equal to the ground-state energy of a system of
N fermions at unitarity in a harmonic trap with unit frequency,
minus 5

2 .
The structure of this paper is as follows. In The Unnucleus we

introduce the notion of an unnucleus and review the properties
of the unnucleus propagator that follow from nonrelativistic con-
formal field theory. In Rate of Processes Involving an Unnucleus
we compute rates for reactions with an unnucleus in the final
state. We argue that multineutron final states can approximate
unnuclei in Multineutron Final States as Unnuclei. In Comparison
with Multineutron Spectra we compare our prediction with pre-
vious model calculations for several nuclear reactions. Finally,
Conclusion contains concluding remarks.

The Unnucleus

We will start our discussion at a rather formal level and transition
to real nuclear processes later.

The unnucleus is a nonrelativistic field with mass MU and
dimension �. There is a unitarity bound on �: �� 3

2 , where the
lower bound corresponds to a free field. (In our convention, the
dimensions of momentum and energy are 1 and 2, respectively.)
According to the general formalism, the two-point function of
a primary operator U in nonrelativistic conformal field theory is
completely fixed (up to an overall factor), so the propagator of
an unnucleus is (6)

GU (t , x)=�ihTU(t , x)U†(0, 0)i=C
✓(t)
(it)�

exp

✓
iMUx

2

2t

◆
,

[5]
where C is a normalization factor. For �= 3

2 (the dimension of
a free field), the unnucleus becomes a nucleus (a nonrelativistic
particle).

One example of the unnucleus is a collection of noninteracting
particles,

U = 1 2 . . . N . [6]
Assuming the masses of all fields  i are equal, the mass and the
dimension of this operator are

MU =Nm , �=
3
2
N . [7]

The propagator of U is then the N th power of the propagator of
a single particle.

For diagrammatic calculation we need the unnucleus propaga-
tor in momentum space. Taking the Fourier transform of Eq. 5
we get

GU (!,p)=�C

✓
2⇡
MU

◆3/2
�

✓
5
2
��

◆✓
p2

2MU
�!

◆�� 5
2

. [8]

In Fourier space the imaginary part of the propagator of an
unnucleus is

ImGU (!,p)⇠

8
<

:
�
⇣
!� p2

2MU

⌘
, �= 3

2 ,⇣
!� p2

2MU

⌘
�� 5

2 ✓
⇣
!� p2

2MU

⌘
, �> 3

2 .
[9]

Only for free fields (�= 3
2 ) the propagator has a pole; otherwise

it has a cut. For the composite operator in Eq. 6, ImGU is pro-
portional to the final-state phase space available when an initial

state carrying energy E and momentum p becomes N final par-
ticles. Similar to the relativistic case, an unnucleus of dimension
� can be thought of as N = 2

3� (which is, in general, a fractional
number) particles. The imaginary part of the unnucleus propaga-
tor can be interpreted as the phase space volume of a fractional
number of particles.

Rate of Processes Involving an Unnucleus

To illustrate the physical consequences of the existence of an
unnucleus, consider the following reaction (see Fig. 1):

A1 +A2 !B +U , [10]

where A1 and A2 are some initial particles, B is a particle, and U
is the unnucleus. For simplicity, we assume all particles involved
in the reaction are nonrelativistic, though our main conclusion
requires that only U is. While on-shell scattering amplitudes in
relativistic conformal theories are typically ill-defined because
of infrared divergences associated with massless particles, they
are well-defined in nonrelativistic theories even in the conformal
limit (7). Therefore, no special procedure is required to calculate
this process.

We work in the center-of-mass frame. The total kinetic energy
available to final products is

Ekin =(MA1 +MA2 �MB �MU )c
2 +

p2
A1

MA1

+
p2
A2

MA2

. [11]

Unless U is a particle, the energy spectrum of B is continuous.
Let E and p be the energy of the particle B , E = p2/2MB . We
are interested in the differential cross-section d�/dE . We can
think about a term in the effective Lagrangian

Lint = g U†B†A1A2 + h.c., [12]

where g is some coupling constant, such that the unnucleus is
produced at a point. For definiteness, we assume the unnucleus
to represent an interacting n-particle state with total mass MU
and total momentum �p. The Jacobi momenta and reduced
masses of the particles are denoted by qi and µi with i =1, ..,
n � 1, respectively (see Fig. 2).

The differential cross-section can then be written as

d�⇠ g2 |GU (Ekin�E ,p)|2 d3p
n�1Y

i=1

d3qi

⇥ �

 
Ekin �E � p2

2MU
�

n�1X

i=1

q2
i

2µi

!
, [13]

Fig. 1. A nuclear reaction with an unnucleus U (represented by the shaded
region) in the final state.
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d�

d⌦
⇠ (E0 � E)�Q�5/2
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Fig. 2. Kinematics for the production of an unnucleus U (indicated
by shaded region) representing an interacting n-particle state in the
reaction of Eq. 10.

where the incoming flux factor and factors of 2⇡ have been
suppressed. We rewrite d3p⇠ d⌦p

p
EdE and perform the triv-

ial integration over d⌦p . Further integrating over the Jacobi
momenta of the final state particles

Qn�1
i=1 d3qi and using the

optical theorem, we obtain

d�⇠ g2
p
E ImGU (Ekin�E ,p) dE . [14]

Thus, the differential cross-section for a general production
amplitude M can be written as

d�
dE

⇠ |M|2
p
E ImGU (Ekin�E ,p). [15]

In principle M can contain dependence on the momenta of the
incoming and outgoing particles. The statement of Eq. 15 is that
the cross-section can be factorized into two parts, one (encoded
by M) corresponding to the primary process A1 +A2 !B +U ,
the other (encoded by ImGU ) corresponding to the final-state
interaction between the constituents of U . Such a factorization
requires that the energy scale of the primary scattering process
is much larger than that of the interaction between the neutrons
and is the essence of the Watson–Migdal approach to final-state
interaction (8, 9).

According to Eq. 9,

ImGU (Ekin�E ,p)⇠
✓
Ekin �E � p2

2MU

◆�� 5
2

=


Ekin �

✓
1+

MB

MU

◆
E

��� 5
2

. [16]

Denote the maximal value of the recoil energy received by the
particle B as

E0 =

✓
1+

MB

MU

◆�1

Ekin. [17]

In the regime E0 �E ⌧E0, ignoring the energy dependence of
all other factors, we can write

d�
dE

⇠ (E0 �E)�� 5
2 . [18]

Thus, a characteristic feature of processes involving an unnucleus
is the power-law dependence of the differential cross-section on
the recoil energy near the end point.

Multineutron Final States as Unnuclei

So far the search for relativistic unparticles has been unsuccessful
(3–5). In nuclear physics, however, there are natural approxi-
mate unnuclei due to the fortuitous occurrence of fine tuning in

several nuclear systems. In particular, neutrons have a large s-
wave scattering length: a ⇡�19 fm, compared to the effective
range r0 ⇡ 2.8 fm. A system of neutrons can be considered as an
unnucleus if the relative momentum between any two neutrons
in the system is between ~/a and ~/r0. If this is the case, they
are described by a well-known nonrelativistic conformal field
theory—the theory of fermions at unitarity.

Thus, the real-world realizations of the reaction pictured in
Fig. 1 are reactions with a few neutrons in the final state. A
typical reaction with three final-state neutrons is schematically
depicted in Fig. 3. The differential cross-section d�/dE consid-
ered above is now an inclusive cross-section, where the momenta
of the neutrons are left unmeasured. Reactions of this type are
abundant in nuclear physics. Some examples are

3H+ 3H! 4He+2n, [19]
7Li+ 7Li! 11C+3n, [20]

4He+ 8He! 8Be+4n. [21]

The final-state neutrons can be considered as forming an unnu-
cleus when the kinetic energy of the system of neutrons in its
center-of-mass frame (neutron kinetic energy) is between "0 =
~2/ma2 ⇠ 0.1 MeV and ~2/mr20 ⇠ 5 MeV. Only in this kinematic
regime, our prediction, Eq. 18, for d�/dE applies. Physically,
in this regime the neutrons travel together and keep interacting
with each other until the distance between them becomes larger
than a . If the total kinetic energy of the final scattering products
Ekin is much larger than ~2/mr20 , then the power-law behavior of
the differential cross-section, Eq. 18, is expected in a region near,
but not too close to, the maximal recoil energy.

According to the general formalism (6) the dimension of an
operator is equal to the energy of the corresponding state in the
harmonic potential with unit oscillator frequency. This leads to a
nontrivial connection between the few-body physics of fermions
at unitarity and the physics of nuclear reactions. Namely, the
spectrum of fermions at unitarity in a harmonic trap determines
the behavior of the processes involving emission of neutrons in a
certain kinematic regime.

For emission of two neutrons, the ground state of two uni-
tary fermions in a harmonic trap (with opposite spins) is known
exactly, and corresponds to the “dimer” operator of confor-
mal dimension �=2. The differential cross-section thus grows
toward the endpoint

d�
dE

⇠ 1p
E0 �E

. [22]

This growth stops very close to the endpoint when the neu-
tron kinetic energy is of order "0, after which, the two

Fig. 3. A nuclear reaction with three neutrons in the final state.

Hammer and Son
Unnuclear physics: Conformal symmetry in nuclear reactions

PNAS | 3 of 6
https://doi.org/10.1073/pnas.2108716118

D
ow

nl
oa

de
d 

fro
m

 h
ttp

s:/
/w

w
w

.p
na

s.o
rg

 b
y 

U
ni

ve
rs

ita
et

sb
ib

lio
th

ek
 B

er
n 

on
 A

pr
il 

30
, 2

02
4 

fro
m

 IP
 a

dd
re

ss
 1

30
.9

2.
18

4.
85

.

P
H

Y
S

IC
S

Fig. 2. Kinematics for the production of an unnucleus U (indicated
by shaded region) representing an interacting n-particle state in the
reaction of Eq. 10.

where the incoming flux factor and factors of 2⇡ have been
suppressed. We rewrite d3p⇠ d⌦p

p
EdE and perform the triv-

ial integration over d⌦p . Further integrating over the Jacobi
momenta of the final state particles

Qn�1
i=1 d3qi and using the

optical theorem, we obtain

d�⇠ g2
p
E ImGU (Ekin�E ,p) dE . [14]

Thus, the differential cross-section for a general production
amplitude M can be written as

d�
dE

⇠ |M|2
p
E ImGU (Ekin�E ,p). [15]

In principle M can contain dependence on the momenta of the
incoming and outgoing particles. The statement of Eq. 15 is that
the cross-section can be factorized into two parts, one (encoded
by M) corresponding to the primary process A1 +A2 !B +U ,
the other (encoded by ImGU ) corresponding to the final-state
interaction between the constituents of U . Such a factorization
requires that the energy scale of the primary scattering process
is much larger than that of the interaction between the neutrons
and is the essence of the Watson–Migdal approach to final-state
interaction (8, 9).

According to Eq. 9,

ImGU (Ekin�E ,p)⇠
✓
Ekin �E � p2

2MU

◆�� 5
2

=


Ekin �

✓
1+

MB

MU

◆
E

��� 5
2

. [16]

Denote the maximal value of the recoil energy received by the
particle B as

E0 =

✓
1+

MB

MU

◆�1

Ekin. [17]

In the regime E0 �E ⌧E0, ignoring the energy dependence of
all other factors, we can write

d�
dE

⇠ (E0 �E)�� 5
2 . [18]

Thus, a characteristic feature of processes involving an unnucleus
is the power-law dependence of the differential cross-section on
the recoil energy near the end point.

Multineutron Final States as Unnuclei

So far the search for relativistic unparticles has been unsuccessful
(3–5). In nuclear physics, however, there are natural approxi-
mate unnuclei due to the fortuitous occurrence of fine tuning in

several nuclear systems. In particular, neutrons have a large s-
wave scattering length: a ⇡�19 fm, compared to the effective
range r0 ⇡ 2.8 fm. A system of neutrons can be considered as an
unnucleus if the relative momentum between any two neutrons
in the system is between ~/a and ~/r0. If this is the case, they
are described by a well-known nonrelativistic conformal field
theory—the theory of fermions at unitarity.

Thus, the real-world realizations of the reaction pictured in
Fig. 1 are reactions with a few neutrons in the final state. A
typical reaction with three final-state neutrons is schematically
depicted in Fig. 3. The differential cross-section d�/dE consid-
ered above is now an inclusive cross-section, where the momenta
of the neutrons are left unmeasured. Reactions of this type are
abundant in nuclear physics. Some examples are

3H+ 3H! 4He+2n, [19]
7Li+ 7Li! 11C+3n, [20]

4He+ 8He! 8Be+4n. [21]

The final-state neutrons can be considered as forming an unnu-
cleus when the kinetic energy of the system of neutrons in its
center-of-mass frame (neutron kinetic energy) is between "0 =
~2/ma2 ⇠ 0.1 MeV and ~2/mr20 ⇠ 5 MeV. Only in this kinematic
regime, our prediction, Eq. 18, for d�/dE applies. Physically,
in this regime the neutrons travel together and keep interacting
with each other until the distance between them becomes larger
than a . If the total kinetic energy of the final scattering products
Ekin is much larger than ~2/mr20 , then the power-law behavior of
the differential cross-section, Eq. 18, is expected in a region near,
but not too close to, the maximal recoil energy.

According to the general formalism (6) the dimension of an
operator is equal to the energy of the corresponding state in the
harmonic potential with unit oscillator frequency. This leads to a
nontrivial connection between the few-body physics of fermions
at unitarity and the physics of nuclear reactions. Namely, the
spectrum of fermions at unitarity in a harmonic trap determines
the behavior of the processes involving emission of neutrons in a
certain kinematic regime.

For emission of two neutrons, the ground state of two uni-
tary fermions in a harmonic trap (with opposite spins) is known
exactly, and corresponds to the “dimer” operator of confor-
mal dimension �=2. The differential cross-section thus grows
toward the endpoint

d�
dE

⇠ 1p
E0 �E

. [22]

This growth stops very close to the endpoint when the neu-
tron kinetic energy is of order "0, after which, the two

Fig. 3. A nuclear reaction with three neutrons in the final state.
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Fig. 2. Kinematics for the production of an unnucleus U (indicated
by shaded region) representing an interacting n-particle state in the
reaction of Eq. 10.

where the incoming flux factor and factors of 2⇡ have been
suppressed. We rewrite d3p⇠ d⌦p

p
EdE and perform the triv-

ial integration over d⌦p . Further integrating over the Jacobi
momenta of the final state particles

Qn�1
i=1 d3qi and using the

optical theorem, we obtain

d�⇠ g2
p
E ImGU (Ekin�E ,p) dE . [14]

Thus, the differential cross-section for a general production
amplitude M can be written as

d�
dE

⇠ |M|2
p
E ImGU (Ekin�E ,p). [15]

In principle M can contain dependence on the momenta of the
incoming and outgoing particles. The statement of Eq. 15 is that
the cross-section can be factorized into two parts, one (encoded
by M) corresponding to the primary process A1 +A2 !B +U ,
the other (encoded by ImGU ) corresponding to the final-state
interaction between the constituents of U . Such a factorization
requires that the energy scale of the primary scattering process
is much larger than that of the interaction between the neutrons
and is the essence of the Watson–Migdal approach to final-state
interaction (8, 9).

According to Eq. 9,

ImGU (Ekin�E ,p)⇠
✓
Ekin �E � p2

2MU

◆�� 5
2

=


Ekin �

✓
1+

MB

MU

◆
E

��� 5
2

. [16]

Denote the maximal value of the recoil energy received by the
particle B as

E0 =

✓
1+

MB

MU

◆�1

Ekin. [17]

In the regime E0 �E ⌧E0, ignoring the energy dependence of
all other factors, we can write

d�
dE

⇠ (E0 �E)�� 5
2 . [18]

Thus, a characteristic feature of processes involving an unnucleus
is the power-law dependence of the differential cross-section on
the recoil energy near the end point.

Multineutron Final States as Unnuclei

So far the search for relativistic unparticles has been unsuccessful
(3–5). In nuclear physics, however, there are natural approxi-
mate unnuclei due to the fortuitous occurrence of fine tuning in

several nuclear systems. In particular, neutrons have a large s-
wave scattering length: a ⇡�19 fm, compared to the effective
range r0 ⇡ 2.8 fm. A system of neutrons can be considered as an
unnucleus if the relative momentum between any two neutrons
in the system is between ~/a and ~/r0. If this is the case, they
are described by a well-known nonrelativistic conformal field
theory—the theory of fermions at unitarity.

Thus, the real-world realizations of the reaction pictured in
Fig. 1 are reactions with a few neutrons in the final state. A
typical reaction with three final-state neutrons is schematically
depicted in Fig. 3. The differential cross-section d�/dE consid-
ered above is now an inclusive cross-section, where the momenta
of the neutrons are left unmeasured. Reactions of this type are
abundant in nuclear physics. Some examples are

3H+ 3H! 4He+2n, [19]
7Li+ 7Li! 11C+3n, [20]

4He+ 8He! 8Be+4n. [21]

The final-state neutrons can be considered as forming an unnu-
cleus when the kinetic energy of the system of neutrons in its
center-of-mass frame (neutron kinetic energy) is between "0 =
~2/ma2 ⇠ 0.1 MeV and ~2/mr20 ⇠ 5 MeV. Only in this kinematic
regime, our prediction, Eq. 18, for d�/dE applies. Physically,
in this regime the neutrons travel together and keep interacting
with each other until the distance between them becomes larger
than a . If the total kinetic energy of the final scattering products
Ekin is much larger than ~2/mr20 , then the power-law behavior of
the differential cross-section, Eq. 18, is expected in a region near,
but not too close to, the maximal recoil energy.

According to the general formalism (6) the dimension of an
operator is equal to the energy of the corresponding state in the
harmonic potential with unit oscillator frequency. This leads to a
nontrivial connection between the few-body physics of fermions
at unitarity and the physics of nuclear reactions. Namely, the
spectrum of fermions at unitarity in a harmonic trap determines
the behavior of the processes involving emission of neutrons in a
certain kinematic regime.

For emission of two neutrons, the ground state of two uni-
tary fermions in a harmonic trap (with opposite spins) is known
exactly, and corresponds to the “dimer” operator of confor-
mal dimension �=2. The differential cross-section thus grows
toward the endpoint

d�
dE

⇠ 1p
E0 �E

. [22]

This growth stops very close to the endpoint when the neu-
tron kinetic energy is of order "0, after which, the two

Fig. 3. A nuclear reaction with three neutrons in the final state.
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the measured spectrum. In Fig. 4, we analyze the calculations
of ref. 19 with respect to signatures of the two-neutron unpar-
ticle. In that paper, calculations within two effective three-body
approaches for the wave function of the initial 6He nucleus are
carried out: 1) a leading order Halo effective field theory (Halo
EFT) calculation which includes nn s-wave interactions, n↵
p-wave interactions, and a short-range nn↵ three-body force
(20) (Fig. 4, Left) and 2) a model calculation using the three-
body code FaCE (21) which has n↵ interactions in the s-, p-
and d -wave and a longer ranged three-body force (Fig. 4, Right).
The two-neutron distribution from Halo EFT (upper red dotted
line) is well-described by the unnucleus behavior, 1/

p
E , above

0.5 MeV as indicated by the solid line. In fact, even the full
energy distribution up to 3 MeV can reasonably well be described
by the dimer propagator, Eq. 23 (dash-dotted line), by just fitting
the prefactor to the data below 0.5 MeV. If the propagator is fit
to the whole energy range, a better description at higher energies
can be achieved at the expense of a somewhat worse descrip-
tion of the peak. The deviations are due to the initial 6He wave
function, which also enters into the description of the reaction.
This can be seen by the lower green dotted curve which gives the
energy distribution without the nn final state interaction. This
distribution is well-described by the free-neutron behavior

p
E

up to about 0.5 MeV. At this energy scale, it seems that struc-
ture effects from the 6He wave function become important and
the neutron distribution starts to differ from the free case. This is
consistent with the intrinsic scale generated by the two-neutron
separation energy of 6He, which is of order 1 MeV. A similar
behavior is observed in the FaCE calculation in the Fig. 4, Right
(dotted curve). However, in this case the description of the FaCE
calculation for energies beyond 0.5 MeV can be improved by
also including the p-wave contribution which falls off as 1/E3/2

(dash-dash-dotted line). We expect this to be due to the more
complicated structure of the 6He wave function in FaCE.

Next, we turn to the case of a three-neutron final state. A pre-
cise photon spectrum near the kinematical endpoint for radiative
capture of stopped pions on tritium was measured by Miller et
al. (22). While unnucleus behavior is consistent with the spec-
trum of Miller et al., we cannot unambiguously extract the power
behavior from these data. Therefore, we turn to the theoret-
ical calculation of Golak et al. (23). They have carried out
a realistic model calculation of the capture rate for the reac-
tion 3H(⇡�, �)3n using the AV18 two-nucleon potential and
a Urbana IX three-body force. Their results are shown in Fig.
5, Left for the full calculation (circles) and the plane wave
impulse approximation (squares). We have converted the calcu-
lated photon spectra to three-neutron spectra for convenience.

As expected, the free neutron behavior, E3 (dashed line), can
describe the full calculation (circles) only at the lowest energies.
However, the plane wave impulse approximation (squares) can
be described up to about 2.5 MeV. The full calculation including
final state interaction displays clear unnucleus behavior, E1.77

(solid line) for energies also up to about 2.5 MeV, where it starts
to deviate from the prediction. This is somewhat smaller than
the value 5 MeV expected from the effective range. We suspect
that this is due to the wave function of the triton, which has finite
extent, making the reaction a less than ideal “point source” of
the neutrons and causing the factorization formula, Eq. 15, to
break down earlier than expected. The description cannot be sig-
nificantly improved by including the next state which behaves
as E2.17 (dash-dotted line). Analogous behavior is exhibited by
the theoretical spectra for the reaction 3H(µ�, ⌫µ)3n calculated
by Golak et al. (24) using the same interaction model (see Fig.
5, Right). In this reaction, the energy scale of the primary scat-
tering process is slightly smaller such that the corrections to
factorization are larger.

A four-neutron spectrum was recently measured by Kisamori
et al. in the reaction 4He(8He,8Be)4n (25), but the number of
events is too low to extract evidence of unnucleus behavior. It
may, however, be possible to observe unnucleus behavior in the
four-neutron spectrum of a new experiment using the reaction
8He(p, p↵)4n , which has higher statistics and is currently being
analyzed.

Conclusion

We have suggested that nuclear processes involving a few neu-
trons in the final state may be well described, in a certain
kinematic regime, as the production of an unnucleus, defined
as an object corresponding to a field in a nonrelativistic confor-
mal field theory. Using this observation, we predict power-law
behaviors of the differential cross-section in a certain range of
the neutron kinetic energy, or equivalently, of the recoil energy
of the particle that emits the neutrons, with the value of the
exponent determined by the universal physics of fermions at
unitarity.

The power-law behavior breaks down when the relative
momentum between the neutrons is less than ~/a , crossing over
to the regime of free neutrons. The transition between the two
regimes is well known in the case of two-neutron final state.
For final states containing more than two neutrons, this cross-
over can be, in principle, studied within the effective field theory
approach.

The problem can be formalized as the calculation of the imag-
inary part of the two-point Green’s function of an operator U
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Fig. 5. Center-of-mass energy spectrum of three neutrons in the reaction 3H(⇡�, �)3n (A) and 3H(µ�, ⌫µ)3n (B). The circles/squares give the full/plane wave
calculations by Golak et al. (23, 24). Different fits are explained in the key and in the main text.
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Deformation via conformal perturbation theory

relevant deformation irrelevant deformation

(Chowdhuri, Mishra,Son)

where

Ca ⌘ 64
p
2 31/6⇡ ⇠7/4g1

35
. (3.12)

This e↵ect is small as compared to LO for a�1 ⌧ M1/2Q1/6⌧�1/2
12 ⇠ ⇤UV . Therefore, with

a large, one can take a�1 ⇠ pIR and scattering length e↵ects are small at large charge.

Continuing back to Minkowski space, choosing the source points x1 = (t,x), x2 = (0,0),

and taking the Fourier transform [2, 4] one finds

Im GQ(E,0) = C0 E
�Q�5/2

"
1 +

CQ
a
p
ME

#
, (3.13)

Im GQ(E,0) ⇠ E�Q�5/2

"
1 + Cr

Q r
p
ME

#

(3.15)

Im GQ(E,0) ⇠ E�Q�5/2

"
1 +

Crel

a
p
ME

+ Cirrel r
p
ME

#

(3.17)

where C0 is a normalization constant that can be absorbed into the definition of the

X field, and

CQ(Q) = � 1p
2
⇡CaQ7/6�

�
6
2 ��Q

�

�
�
5
2 ��Q

� tan⇡�Q . (3.18)

This function is plotted in Fig. 2. It is noteworthy and promising that, for Q ⇠ 3, these

O(a�1) corrections in the large-charge EFT are consistent with the range of values found

in Ref. [5] working directly with the three-body wavefunctions.

Similarly, for the leading e↵ective-range correction one finds

Sr

SB =

Z
d4xHr

SB = CrM1/2Q3/2r
1

2
p
2

Z
⌧1�"

⌧2+"

d⌧

✓
(⌧1 � ⌧2)

(⌧ � ⌧2)(⌧1 � ⌧)

◆3/2

= CrM1/2Q3/2r
2p
2

1

"
, (3.19)

where

Cr ⌘ 128

35

r
2

3
⇡ ⇠9/4h1 . (3.20)

Hence the leading e↵ective-range corrections are divergent due to droplet edge e↵ects.

This UV divergence can be absorbed into wavefunction renormalization of the charge-Q

– 5 –

Conformal perturbation theory

•  

 

 

 
 
 
 
 

          

 

⟨O3(x)O†
3 (0)⟩ = 1

Z ∫ #ψ O3(x)O†
3 (0)eiSCFT+ i

a ∫y O†
2(y)O2(y)

= ⟨O3(x)O†
3 (0)⟩0 + 1

a ∫ dy ⟨O3(x)O†
2 (y)O2(y)O†

3 (0)⟩0

dσ
dE

∼ ωΔ−5/2(1 + c1

a mω ) Δ = 4.273
c1 = 2.642

|3⟩⟨3 ||1⟩⟨1 |

Example:  Q=3

=)
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be expressed as

L =  †
�


i@t +

�!r 2

2M

�
 � +

1

C0
s†s+  †

# 
†
"s+ s† " # , (2.1)

L =  †

i@t +

�!r 2

2M

�
 (2.2)

where the field  †
� creates a fermion of spin � =", #, s is an auxiliary field, and C0 is a bare

low-energy constant. In what follows these fermions will be taken to be neutrons. Consider

neutron-neutron scattering. Below inelastic thresholds, the s-wave phase shift is given by

the e↵ective range expansion

k cot �(k) = �1

a
+

1

2
rk2 + O(k4) , (2.3)

where a is the scattering length and r is the e↵ective range. In dimensional regularization

with the PDS scheme [15, 16] and renormalized at the scale µ, the relation between the

low-energy constant C0 and the scattering length is given by

C0(µ) =
4⇡

M

1

1/a� µ
. (2.4)

There is a non-trivial UV fixed point at C0 = C?, corresponding to a divergent scattering

length. Therefore, expanding about infinite scattering length, the system of low-energy

fermions is described by a non-relativistic conformal field theory, defined by the Lagrange

density

LCFT =  †
�


i@t +

�!r 2

2M

�
 � +

1

C?

s†s+  †
# 

†
"s+ s† " # . (2.5)

Consider now the inclusion of small Schrödinger-breaking e↵ects in the fundamental theory.

Using Eq. (2.1) one can write

L = LCFT +
M

4⇡a
s†s � M2r

8⇡
s†
 
i
 !
@t +

�!r 2 +
 �r 2

4M

!
s , (2.6)

L = LCFT +
M

4⇡a
O†

2O2 �
M2r

8⇡
O†

2

 
i
 !
@t +

�!r 2 +
 �r 2

4M

!
O2 (2.7)

where, in addition, e↵ective range corrections have been included [5, 17]. The scattering

length corrections therefore enter via a relevant dimension-4 operator (the field s at unitar-

ity has dimension 2), and the e↵ective range corrections enter via an irrelevant dimension-6

operator.

The energy per particle E/N of the interacting Fermi gas in the near-Schrödinger limit

can be written at very-low densities as [18, 19]

E/N =
3

5

k2F
2M

✓
⇠ � ⇣

kFa
� ⇣2

k2Fa
2

+ . . . + ⌘ kFr + . . .

◆
. (2.8)
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The density and Hamiltonian density are given by, respectively,

⇢ = � �L
�X

, H = L � ✓̇
@L
@✓̇

, (3.4)

where ✓̇ ⌘ @⌧✓. The Euler–Lagrange equations take the form

@⌧⇢ +
1

M
@i (i@i✓⇢) = 0 . (3.5)

At LO, one finds the ground-state solution

✓ = �i µ ⌧ , X = µ . (3.6)

Plugging this solution into Eq. (3.2) and matching to Eq. (2.6) one finds

c0 =
25/2

15⇡2⇠3/2
= 0.168(3) , (3.7)

3.2 Large-charge master field

3.3 Symmetry breaking operators by matching

A spurion analysis immediately gives the symmetry-breaking operators in the superfluid

EFT

LSB = g1 a
�1MX2 + g2 a

�2M1/2X3/2 + h1M
2X3r + h2M

5/2X7/2r2 , (3.8)

where the gi are dimensionless constants1. Matching to Eq. (2.6) one finds

g1 = � 2⇣

5⇡2⇠2
= �0.078(34) , g2 = �

p
2⇣2

5⇡2⇠3/2
= �0.13(7) , h1 = � 4⌘

5⇡2⇠3
= �0.19(5).(3.9)

3.4 Symmetry breaking in correlation functions

Symmetry breaking corrections are evaluated by computing the symmetry-breaking action

at the saddle-point solution. Of course this is a valid procedure to leading order in the

symmetry-breaking parameter. For the two-point function, one has

G(x1, x2) = GCFT (x1, x2)e
�Ssb[✓S ] . (3.10)

The leading scattering length correction has been computed in Ref. [1] and will be

briefly reviewed here. The symmetry-breaking action at the saddle point is found to be

Sa

sb = CaM�1/2Q7/6a�1 1p
2

Z
⌧1�"

⌧2+"

d⌧

✓
(⌧1 � ⌧2)

(⌧ � ⌧2)(⌧1 � ⌧)

◆1/2

=
1p
2
⇡ CaM�1/2Q7/6a�1⌧1/212 , (3.11)

1Note that the contribution of the leading scattering length correction to the phonon dispersion relation

has been considered in Ref. [25].
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For larger Q, perhaps it is more efficient to use the large-
charge EFT. Naively, in conformal perturbation theory

so the ��� at first order takes the form

•�0 + r0 •�1 + r0 cosh(!⌧̃) •�0F
0( §�0) + r0! sinh(!⌧̃)F0( §�0) = 0, (C.�)

and, order by order,

�0 = A⌧̃ + B, �1 = C⌧̃ +D � F
0(A)
!

sinh(!⌧̃). (C.�)

Note that �1 does not vanish at the boundary t = ±T .
The action at the saddle thus receives three contributions:

�. the �� action evaluated on the �� solution
�. the �� action evaluated on the ��� solution
�. the ��� action evaluated on the �� solution.

Contribution � does not vanish at the saddle due to a boundary contribution given by

�1
�L

� §�

�����
T

�T
=
✓
2CT � 2F0(A)

!
sinh(!T )A

◆
. (C.�)

Explicitly, the action at the saddle at order O(r0) reads:

S[�0 + r0�1] =
Tæ

�T

d⌧̃ 1
2
§�2

0 + §�0 §�1r0 + cosh(!t)F( §�0)r0 (C.�)

=

Tæ
�T

dt 1
2A

2 +A(C � cosh(!t)F0(A))r0 + cosh(!t)F(A)r0 (C.�)

= A
2
T +


2ACT � 2AF

0(A)
!

sinh(!T )
�
r0 +

2F(A)
!

sinh(!T )r0, (C.��)

which depends manifestly on the O(r0) value of the field �1.
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<latexit sha1_base64="516BcC13JDHYMauZOlWqdsq6ECA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexqQD0IQS8eEzQPSJYwO+lNhszOLjOzQgj5BC8eFPHqF3nzb5wke9BoQUNR1U13V5AIro3rfjm5ldW19Y38ZmFre2d3r7h/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hbmtx5RaR7LBzNO0I/oQPKQM2qsdF+/Pu8VS27ZnYP8JV5GSpCh1it+dvsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuqUnFilT8JY2ZKGzNWfExMaaT2OAtsZUTPUy95M/M/rpCa89CdcJqlByRaLwlQQE5PZ36TPFTIjxpZQpri9lbAhVZQZm07BhuAtv/yXNM/KXqV8Va+UqjdZHHk4gmM4BQ8uoAp3UIMGMBjAE7zAqyOcZ+fNeV+05pxs5hB+wfn4BqN1jWU=</latexit>

E (MeV)

<latexit sha1_base64="dtqGKH3tQPowcVO+vZBrnZP6HR0=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSLUS9mVgnoriuBFqGA/oLuWbJq2oUl2SbJKWfo/vHhQxKv/xZv/xrTdg7Y+GHi8N8PMvDDmTBvX/XaWlldW19ZzG/nNre2d3cLefkNHiSK0TiIeqVaINeVM0rphhtNWrCgWIafNcHg18ZuPVGkWyXszimkgcF+yHiPYWOnh2kel1FcC3dLG+KRTKLpldwq0SLyMFCFDrVP48rsRSQSVhnCsddtzYxOkWBlGOB3n/UTTGJMh7tO2pRILqoN0evUYHVuli3qRsiUNmqq/J1IstB6J0HYKbAZ63puI/3ntxPTOg5TJODFUktmiXsKRidAkAtRlihLDR5Zgopi9FZEBVpgYG1TehuDNv7xIGqdlr1K+uKsUq5dZHDk4hCMogQdnUIUbqEEdCCh4hld4c56cF+fd+Zi1LjnZzAH8gfP5A+XhkX8=</latexit>

4

<latexit sha1_base64="0St17u8X8+4hS9j1HX99ZHbcsD0=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVBIpqLeiF48V7Ae0oWy2k3btZhN2N0IJ/QVePChe/U3e/Ddu2xy09cHA470ZZuaFqeDaeN63U9rY3NreKe+6e/sHh0cV97itk0wxbLFEJKobUo2CS2wZbgR2U4U0DgV2wsnd3O88o9I8kY9mmmIQ05HkEWfUWOmhPqhUvZq3AFknfkGqUKA5qHz1hwnLYpSGCap1z/dSE+RUGc4Eztx+pjGlbEJH2LNU0hh1kC8OnZFzqwxJlChb0pCF+nsip7HW0zi0nTE1Y73qzcX/vF5mousg5zLNDEq2XBRlgpiEzL8mQ66QGTG1hDLF7a2EjamizNhsXBuCv/ryOmlf1vx67abauC3CKMMpnMEF+HAFDbiHJrSAAcILvMG78+S8Oh/LxpJTTJzAHzifPxiDi5o=</latexit>

5

<latexit sha1_base64="Rb0izWSWgCcBgejIE15xfHxRf5Q=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRL0FvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+mWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUr5pl4pVW+zOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A4SNjMU=</latexit>

6

<latexit sha1_base64="vTAg2ffy1GAJEbxqc3z4XGLgQ2c=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexK8HELevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9cteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhtT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwoe5XyTb1Sqt5mceThBE7hHDy4gircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB4YRjMY=</latexit>

a�1

<latexit sha1_base64="EXLqXqhDGR0rILaZK/M+vq9mj1Q=">AAAAAHicbVDLSgNBEOz1GeMr6tHLYBC8GHYloMegF48RzAOSNcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtJ6oNU/LejhMaCjyQLGYEWyc18UN2Hkx6pbJf8WdAyyTISRly1Hulr25fkVRQaQnHxnQCP7FhhrVlhNNJsZsammAywgPacVRiQU2Yza6doFOn9FGstCtp0Uz9PZFhYcxYRK5TYDs0i95U/M/rpDa+CjMmk9RSSeaL4pQjq9D0ddRnmhLLx45gopm7FZEh1phYF1DRhRAsvrxMmheVoFrx76rl2nUeRwGO4QTOIIBLqMEt1KEBBB7hGV7hzVPei/fufcxbV7x85gj+wPv8ARdIjs4=</latexit>

M�/2

<latexit sha1_base64="yeXfymaVzZQ2Yd8k3Ubgl0IB1ZA=">AAAAAHicbVBNSwMxEJ31s9avqkcvwSJ4qruloMeiFy9CBfsB7VKyabYNzSYhyQpl6Y/w4kERr/4eb/4b03YP2vpg4PHeDDPzIsWZsb7/7a2tb2xubRd2irt7+weHpaPjlpGpJrRJJJe6E2FDORO0aZnltKM0xUnEaTsa38789hPVhknxaCeKhgkeChYzgq2T2vf9nmKX1X6p7Ff8OdAqCXJShhyNfumrN5AkTaiwhGNjuoGvbJhhbRnhdFrspYYqTMZ4SLuOCpxQE2bzc6fo3CkDFEvtSlg0V39PZDgxZpJErjPBdmSWvZn4n9dNbXwdZkyo1FJBFovilCMr0ex3NGCaEssnjmCimbsVkRHWmFiXUNGFECy/vEpa1UpQq/gPtXL9Jo+jAKdwBhcQwBXU4Q4a0AQCY3iGV3jzlPfivXsfi9Y1L585gT/wPn8AgnuPBQ==</latexit>

M�

<latexit sha1_base64="GFjBz3C38kP5iN4Bhe4cokTqYTg=">AAAAAHicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRixehgmkLbSib7aRdutmE3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305pbX1jc6u8XdnZ3ds/qB4etXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2Ob2d++wmV5ol8NJMUg5gOJY84o8ZK/n2/l/J+tebW3TnIKvEKUoMCzX71qzdIWBajNExQrbuem5ogp8pwJnBa6WUaU8rGdIhdSyWNUQf5/NgpObPKgESJsiUNmau/J3Iaaz2JQ9sZUzPSy95M/M/rZia6DnIu08ygZItFUSaIScjsczLgCpkRE0soU9zeStiIKsqMzadiQ/CWX14lrYu6d1l3Hy5rjZsijjKcwCmcgwdX0IA7aIIPDDg8wyu8OdJ5cd6dj0VrySlmjuEPnM8foZ2OkA==</latexit>

� r�1

<latexit sha1_base64="GYLDwIea1VwV93n4ghUpjs1cD2s=">AAAAAHicbVDLSgNBEOyNrxhfUY9eBoPgxbArAT0GvXiMYB6QrGF2MpsMmccyMyuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3n6g2TMkHO0loKPBQspgRbJ3U7RkmkH7MLoJpv1zxq/4caJUEOalAjka//NUbKJIKKi3h2Jhu4Cc2zLC2jHA6LfVSQxNMxnhIu45KLKgJs/nJU3TmlAGKlXYlLZqrvycyLIyZiMh1CmxHZtmbif953dTG12HGZJJaKsliUZxyZBWa/Y8GTFNi+cQRTDRztyIywhoT61IquRCC5ZdXSeuyGtSq/n2tUr/J4yjCCZzCOQRwBXW4gwY0gYCCZ3iFN896L96797FoLXj5zDH8gff5A6eCkNY=</latexit>

k, kF

<latexit sha1_base64="UdGHtnJDMHFpGeCw/FddrO241gw=">AAAAAHicbVBNSwMxEJ2tX7V+VT16CRbBg5RdKdRjURCPFewHtEvJptk2bjZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL0g408Z1v53C2vrG5lZxu7Szu7d/UD48amuZKkJbRHKpugHWlDNBW4YZTruJojgOOO0E0c3M7zxRpZkUD2aSUD/GI8FCRrCxUju6QNHgdlCuuFV3DrRKvJxUIEdzUP7qDyVJYyoM4Vjrnucmxs+wMoxwOi31U00TTCI8oj1LBY6p9rP5tVN0ZpUhCqWyJQyaq78nMhxrPYkD2xljM9bL3kz8z+ulJrzyMyaS1FBBFovClCMj0ex1NGSKEsMnlmCimL0VkTFWmBgbUMmG4C2/vEral1WvVnXva5XGdR5HEU7gFM7Bgzo04A6a0AICj/AMr/DmSOfFeXc+Fq0FJ585hj9wPn8AoASOgA==</latexit>
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Rearranging Pionless E�ective Field Theory

Silas R. Beanea and Martin J. Savagea,b
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Seattle, WA 98195.
b Je�erson Laboratory, 12000 Je�erson Avenue,

Newport News, VA 23606.

Abstract

We point out a redundancy in the operator structure of the pionless e�ec-
tive field theory, EFT(�/), which dramatically simplifies computations. This
redundancy is best exploited by using dibaryon fields as fundamental degrees

of freedom. In turn, this suggests a new power counting scheme which sums
range corrections to all orders. We explore this method with a few simple

observables: the deuteron charge form factor, np � d�, and Compton scat-
tering from the deuteron. Unlike EFT(�/), the higher dimension operators
involving electroweak gauge fields are not renormalized by the s-wave strong

interactions, and therefore do not scale with inverse powers of the renormal-
ization scale. Thus, naive dimensional analysis of these operators is su�cient

to estimate their contribution to a given process.

1

a�1

<latexit sha1_base64="EXLqXqhDGR0rILaZK/M+vq9mj1Q=">AAAAAHicbVDLSgNBEOz1GeMr6tHLYBC8GHYloMegF48RzAOSNcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtJ6oNU/LejhMaCjyQLGYEWyc18UN2Hkx6pbJf8WdAyyTISRly1Hulr25fkVRQaQnHxnQCP7FhhrVlhNNJsZsammAywgPacVRiQU2Yza6doFOn9FGstCtp0Uz9PZFhYcxYRK5TYDs0i95U/M/rpDa+CjMmk9RSSeaL4pQjq9D0ddRnmhLLx45gopm7FZEh1phYF1DRhRAsvrxMmheVoFrx76rl2nUeRwGO4QTOIIBLqMEt1KEBBB7hGV7hzVPei/fufcxbV7x85gj+wPv8ARdIjs4=</latexit>

M�/2

<latexit sha1_base64="yeXfymaVzZQ2Yd8k3Ubgl0IB1ZA=">AAAAAHicbVBNSwMxEJ31s9avqkcvwSJ4qruloMeiFy9CBfsB7VKyabYNzSYhyQpl6Y/w4kERr/4eb/4b03YP2vpg4PHeDDPzIsWZsb7/7a2tb2xubRd2irt7+weHpaPjlpGpJrRJJJe6E2FDORO0aZnltKM0xUnEaTsa38789hPVhknxaCeKhgkeChYzgq2T2vf9nmKX1X6p7Ff8OdAqCXJShhyNfumrN5AkTaiwhGNjuoGvbJhhbRnhdFrspYYqTMZ4SLuOCpxQE2bzc6fo3CkDFEvtSlg0V39PZDgxZpJErjPBdmSWvZn4n9dNbXwdZkyo1FJBFovilCMr0ex3NGCaEssnjmCimbsVkRHWmFiXUNGFECy/vEpa1UpQq/gPtXL9Jo+jAKdwBhcQwBXU4Q4a0AQCY3iGV3jzlPfivXsfi9Y1L585gT/wPn8AgnuPBQ==</latexit>

M�

<latexit sha1_base64="GFjBz3C38kP5iN4Bhe4cokTqYTg=">AAAAAHicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRixehgmkLbSib7aRdutmE3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305pbX1jc6u8XdnZ3ds/qB4etXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2Ob2d++wmV5ol8NJMUg5gOJY84o8ZK/n2/l/J+tebW3TnIKvEKUoMCzX71qzdIWBajNExQrbuem5ogp8pwJnBa6WUaU8rGdIhdSyWNUQf5/NgpObPKgESJsiUNmau/J3Iaaz2JQ9sZUzPSy95M/M/rZia6DnIu08ygZItFUSaIScjsczLgCpkRE0soU9zeStiIKsqMzadiQ/CWX14lrYu6d1l3Hy5rjZsijjKcwCmcgwdX0IA7aIIPDDg8wyu8OdJ5cd6dj0VrySlmjuEPnM8foZ2OkA==</latexit>

� r�1

<latexit sha1_base64="GYLDwIea1VwV93n4ghUpjs1cD2s=">AAAAAHicbVDLSgNBEOyNrxhfUY9eBoPgxbArAT0GvXiMYB6QrGF2MpsMmccyMyuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3n6g2TMkHO0loKPBQspgRbJ3U7RkmkH7MLoJpv1zxq/4caJUEOalAjka//NUbKJIKKi3h2Jhu4Cc2zLC2jHA6LfVSQxNMxnhIu45KLKgJs/nJU3TmlAGKlXYlLZqrvycyLIyZiMh1CmxHZtmbif953dTG12HGZJJaKsliUZxyZBWa/Y8GTFNi+cQRTDRztyIywhoT61IquRCC5ZdXSeuyGtSq/n2tUr/J4yjCCZzCOQRwBXW4gwY0gYCCZ3iFN896L96797FoLXj5zDH8gff5A6eCkNY=</latexit>

k, kF

<latexit sha1_base64="UdGHtnJDMHFpGeCw/FddrO241gw=">AAAAAHicbVBNSwMxEJ2tX7V+VT16CRbBg5RdKdRjURCPFewHtEvJptk2bjZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL0g408Z1v53C2vrG5lZxu7Szu7d/UD48amuZKkJbRHKpugHWlDNBW4YZTruJojgOOO0E0c3M7zxRpZkUD2aSUD/GI8FCRrCxUju6QNHgdlCuuFV3DrRKvJxUIEdzUP7qDyVJYyoM4Vjrnucmxs+wMoxwOi31U00TTCI8oj1LBY6p9rP5tVN0ZpUhCqWyJQyaq78nMhxrPYkD2xljM9bL3kz8z+ulJrzyMyaS1FBBFovClCMj0ex1NGSKEsMnlmCimL0VkTFWmBgbUMmG4C2/vEral1WvVnXva5XGdR5HEU7gFM7Bgzo04A6a0AICj/AMr/DmSOfFeXc+Fq0FJ585hj9wPn8AoASOgA==</latexit>
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Abstract

We point out a redundancy in the operator structure of the pionless e�ec-
tive field theory, EFT(�/), which dramatically simplifies computations. This
redundancy is best exploited by using dibaryon fields as fundamental degrees

of freedom. In turn, this suggests a new power counting scheme which sums
range corrections to all orders. We explore this method with a few simple

observables: the deuteron charge form factor, np � d�, and Compton scat-
tering from the deuteron. Unlike EFT(�/), the higher dimension operators
involving electroweak gauge fields are not renormalized by the s-wave strong

interactions, and therefore do not scale with inverse powers of the renormal-
ization scale. Thus, naive dimensional analysis of these operators is su�cient

to estimate their contribution to a given process.

1

a�1 < k, kF < r�1

<latexit sha1_base64="qkq5rk1MDdrLXubOsv6Ld1u6Ti4=">AAAAAHicbVDLSgMxFL1TX7W+Rl26CRbBhZYZKSjooiiIywr2Ae04ZNK0DZN5kGSEMnTrxl9x40IRt/6BO//GdDoLbT2QcHLOvdzc48WcSWVZ30ZhYXFpeaW4Wlpb39jcMrd3mjJKBKENEvFItD0sKWchbSimOG3HguLA47Tl+VcTv/VAhWRReKdGMXUCPAhZnxGstOSaCN+nx/a4e44ukL78I+S71yh7isxxzbJVsTKgeWLnpAw56q751e1FJAloqAjHUnZsK1ZOioVihNNxqZtIGmPi4wHtaBrigEonzTYZowOt9FA/EvqECmXq744UB1KOAk9XBlgN5aw3Ef/zOonqnzkpC+NE0ZBMB/UTjlSEJrGgHhOUKD7SBBPB9F8RGWKBidLhlXQI9uzK86R5UrGrFeu2Wq5d5nEUYQ/24RBsOIUa3EAdGkDgEZ7hFd6MJ+PFeDc+pqUFI+/ZhT8wPn8AVjeW7Q==</latexit>

(a2M)�1 < E < (r2M)�1

<latexit sha1_base64="rjSJJCvEBrLQ3X+3vmt2GAqu8RU=">AAAAAHicbVDJSgNBEO2JW4zbqEdBGoMQDw4zw2gM5BAUwYsQwSyQjZ5OT9KkZ6G7RwhDbl78FS8eFPHqL3jzb+wsuD8oeLxXRVU9N2JUSNN811Jz8wuLS+nlzMrq2vqGvrlVFWHMMangkIW87iJBGA1IRVLJSD3iBPkuIzV3cDb2azeECxoG13IYkZaPegH1KEZSSR19N4faNrw8aCeH1qgIz2ER5viX0tGzpmEeW7btQNOw80eFggMtw5zgk2TBDOWO/tbshjj2SSAxQ0I0LDOSrQRxSTEjo0wzFiRCeIB6pKFogHwiWsnkjxHcV0oXeiFXFUg4Ub9PJMgXYui7qtNHsi9+e2PxP68RS++kldAgiiUJ8HSRFzMoQzgOBXYpJ1iyoSIIc6puhbiPOMJSRZdRIfx5+S+p2oblGOaVky2dzuJIgx2wB3LAAnlQAhegDCoAg1twDx7Bk3anPWjP2su0NaXNZrbBD2ivH6bzlgI=</latexit>

0.1 MeV

<latexit sha1_base64="uR4a7xNth+01OTpvlGXvCmikQTc=">AAAAAHicbVDLSgMxFM3UV62vqks3wSK4GjLDaO2u6MaNUME+oB1KJs20oZnMmGQKZai/4caFIm79GHf+jekDUeuBC4dz7uXee4KEM6UR+rRyK6tr6xv5zcLW9s7uXnH/oKHiVBJaJzGPZSvAinImaF0zzWkrkRRHAafNYHg19ZsjKhWLxZ0eJ9SPcF+wkBGsjeQj23nIOjKCN7Qx6RZLyEbnjut6ENlu+axS8aBjoxm+SQksUOsWPzq9mKQRFZpwrFTbQYn2Myw1I5xOCp1U0QSTIe7TtqECR1T52ezoCTwxSg+GsTQlNJypPycyHCk1jgLTGWE9UH+9qfif1051eOFnTCSppoLMF4UphzqG0wRgj0lKNB8bgolk5lZIBlhiok1OBRPC0svLpOHajmejW69UvVzEkQdH4BicAgeUQRVcgxqoAwLuwSN4Bi/WyHqyXq23eWvOWswcgl+w3r8A/puRmw==</latexit>
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0 ⇠ M⇡/2 formally sets the high momentum scale in EFT(⇡/), the EFT

of contact operators which describes the interactions of neutrons and protons at very
low momentum transfers where the pion is integrated out of the EFT. However, this
branch-point singularity is weak and therefore in most applications EFT(⇡/) extends to
M⇡/2. The low scale is set by a

�1. Therefore, the large-charge EFT of neutron matter
is formally valid for momenta in the range a

�1 < k,kF < r
�1
0 , and in practice may be

valid in the range a
�1 < k,kF < M⇡. Translating to energy scales, this corresponds to

energies between 0.1 and 6 MeV and 0.1 and 21 MeV, respectively. The hierarchy of scales
is illustrated in Fig. �.

11. Conclusion

With few exceptions, quantum field theories of nature tend to be far from conformal fixed
points, and in most exceptions that are relevant to experiment, require lattice field theory
simulations in order to extract physical observables. An interesting system in this regard
in the non-relativistic domain is the unitary Fermi gas, which is described by a �����.
This system is superfluid and remains superfluid in the presence of small deformations
away from the Schrödinger symmetry limit. In the symmetry limit the superfluid EFT
has subsectors of fixed charge which admit a large-charge expansion. This allows the
exact closed-form determination of correlation functions which encode the propagation
of conformal superfluid matter in space and time. In the nuclear physics context, where,
for instance, the unitary fermions are taken to be neutrons, this conformal superfluid
matter has been dubbed unnuclear matter, as it does not have a particle interpretation.
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Abstract

We point out a redundancy in the operator structure of the pionless e�ec-
tive field theory, EFT(�/), which dramatically simplifies computations. This
redundancy is best exploited by using dibaryon fields as fundamental degrees

of freedom. In turn, this suggests a new power counting scheme which sums
range corrections to all orders. We explore this method with a few simple

observables: the deuteron charge form factor, np � d�, and Compton scat-
tering from the deuteron. Unlike EFT(�/), the higher dimension operators
involving electroweak gauge fields are not renormalized by the s-wave strong

interactions, and therefore do not scale with inverse powers of the renormal-
ization scale. Thus, naive dimensional analysis of these operators is su�cient

to estimate their contribution to a given process.
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0 ⇠ M⇡/2 formally sets the high momentum scale in EFT(⇡/), the EFT

of contact operators which describes the interactions of neutrons and protons at very
low momentum transfers where the pion is integrated out of the EFT. However, this
branch-point singularity is weak and therefore in most applications EFT(⇡/) extends to
M⇡/2. The low scale is set by a

�1. Therefore, the large-charge EFT of neutron matter
is formally valid for momenta in the range a

�1 < k,kF < r
�1
0 , and in practice may be

valid in the range a
�1 < k,kF < M⇡. Translating to energy scales, this corresponds to

energies between 0.1 and 6 MeV and 0.1 and 21 MeV, respectively. The hierarchy of scales
is illustrated in Fig. �.

11. Conclusion

With few exceptions, quantum field theories of nature tend to be far from conformal fixed
points, and in most exceptions that are relevant to experiment, require lattice field theory
simulations in order to extract physical observables. An interesting system in this regard
in the non-relativistic domain is the unitary Fermi gas, which is described by a �����.
This system is superfluid and remains superfluid in the presence of small deformations
away from the Schrödinger symmetry limit. In the symmetry limit the superfluid EFT
has subsectors of fixed charge which admit a large-charge expansion. This allows the
exact closed-form determination of correlation functions which encode the propagation
of conformal superfluid matter in space and time. In the nuclear physics context, where,
for instance, the unitary fermions are taken to be neutrons, this conformal superfluid
matter has been dubbed unnuclear matter, as it does not have a particle interpretation.
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Abstract

We point out a redundancy in the operator structure of the pionless e�ec-
tive field theory, EFT(�/), which dramatically simplifies computations. This
redundancy is best exploited by using dibaryon fields as fundamental degrees

of freedom. In turn, this suggests a new power counting scheme which sums
range corrections to all orders. We explore this method with a few simple

observables: the deuteron charge form factor, np � d�, and Compton scat-
tering from the deuteron. Unlike EFT(�/), the higher dimension operators
involving electroweak gauge fields are not renormalized by the s-wave strong

interactions, and therefore do not scale with inverse powers of the renormal-
ization scale. Thus, naive dimensional analysis of these operators is su�cient

to estimate their contribution to a given process.
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M⇡/2. Hence r
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0 ⇠ M⇡/2 formally sets the high momentum scale in EFT(⇡/), the EFT

of contact operators which describes the interactions of neutrons and protons at very
low momentum transfers where the pion is integrated out of the EFT. However, this
branch-point singularity is weak and therefore in most applications EFT(⇡/) extends to
M⇡/2. The low scale is set by a

�1. Therefore, the large-charge EFT of neutron matter
is formally valid for momenta in the range a

�1 < k,kF < r
�1
0 , and in practice may be

valid in the range a
�1 < k,kF < M⇡. Translating to energy scales, this corresponds to

energies between 0.1 and 6 MeV and 0.1 and 21 MeV, respectively. The hierarchy of scales
is illustrated in Fig. �.

11. Conclusion

With few exceptions, quantum field theories of nature tend to be far from conformal fixed
points, and in most exceptions that are relevant to experiment, require lattice field theory
simulations in order to extract physical observables. An interesting system in this regard
in the non-relativistic domain is the unitary Fermi gas, which is described by a �����.
This system is superfluid and remains superfluid in the presence of small deformations
away from the Schrödinger symmetry limit. In the symmetry limit the superfluid EFT
has subsectors of fixed charge which admit a large-charge expansion. This allows the
exact closed-form determination of correlation functions which encode the propagation
of conformal superfluid matter in space and time. In the nuclear physics context, where,
for instance, the unitary fermions are taken to be neutrons, this conformal superfluid
matter has been dubbed unnuclear matter, as it does not have a particle interpretation.
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Abstract

We point out a redundancy in the operator structure of the pionless e�ec-
tive field theory, EFT(�/), which dramatically simplifies computations. This
redundancy is best exploited by using dibaryon fields as fundamental degrees

of freedom. In turn, this suggests a new power counting scheme which sums
range corrections to all orders. We explore this method with a few simple

observables: the deuteron charge form factor, np � d�, and Compton scat-
tering from the deuteron. Unlike EFT(�/), the higher dimension operators
involving electroweak gauge fields are not renormalized by the s-wave strong

interactions, and therefore do not scale with inverse powers of the renormal-
ization scale. Thus, naive dimensional analysis of these operators is su�cient

to estimate their contribution to a given process.
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Figure 6 – Hierarchy of scales of the pionless EFT.

M⇡/2. Hence r
�1
0 ⇠ M⇡/2 formally sets the high momentum scale in EFT(⇡/), the EFT

of contact operators which describes the interactions of neutrons and protons at very
low momentum transfers where the pion is integrated out of the EFT. However, this
branch-point singularity is weak and therefore in most applications EFT(⇡/) extends to
M⇡/2. The low scale is set by a

�1. Therefore, the large-charge EFT of neutron matter
is formally valid for momenta in the range a

�1 < k,kF < r
�1
0 , and in practice may be

valid in the range a
�1 < k,kF < M⇡. Translating to energy scales, this corresponds to

energies between 0.1 and 6 MeV and 0.1 and 21 MeV, respectively. The hierarchy of scales
is illustrated in Fig. �.

11. Conclusion

With few exceptions, quantum field theories of nature tend to be far from conformal fixed
points, and in most exceptions that are relevant to experiment, require lattice field theory
simulations in order to extract physical observables. An interesting system in this regard
in the non-relativistic domain is the unitary Fermi gas, which is described by a �����.
This system is superfluid and remains superfluid in the presence of small deformations
away from the Schrödinger symmetry limit. In the symmetry limit the superfluid EFT
has subsectors of fixed charge which admit a large-charge expansion. This allows the
exact closed-form determination of correlation functions which encode the propagation
of conformal superfluid matter in space and time. In the nuclear physics context, where,
for instance, the unitary fermions are taken to be neutrons, this conformal superfluid
matter has been dubbed unnuclear matter, as it does not have a particle interpretation.
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Figure 6 – Hierarchy of scales of EFT(⇡/). The dotted regions denote the “effective” region
of validity of the ���. The arrow denotes a transition from the large-charge ���, which is
defined about the nontrivial unitary fixed point, to an ��� description about the trivial, non-
interacting, fixed point.

10.2. Deformation and perturbative window

In neutron matter, both kinds of deformation should be considered and therefore,

ImG(E, 0) = C0 E
�Q�5/2

h
1 + CQ

⇣
a

p
ME

⌘�1
+ C00

Q r
2
0 ME

i
. (��.�)

Fig. � is a plot of ImGQ(E, 0) vs E (MeV) for Q = 3, 4, 5, 6. Note that the substantial
uncertainties in the coupling constants have not been propagated in this plot for clarity of
presentation. Perhaps the most interesting observation is that the scattering-length and
effective-range deformations enter with opposite signs and there is therefore a partial
cancellation which implies that for each Q, there is an energy at which the Schrödinger
symmetry is restored. One sees that the energy window in which perturbation theory
is valid is rather narrow for each Q value. However, as discussed in the introduction,
for instance at �������, there is excellent energy resolution of the final-state neutrons
which in principle allows one to focus on the regions of enhanced symmetry. The
fundamental obstacle from the theory side is the large uncertainties in the coupling
constants, particularly h2. However, it may be possible to improve these determinations
using quantum �� simulations of the energy density.
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where C0 is a normalization constant that can be absorbed into the definition of the X

field. In compact form, the symmetry-breaking action at the saddle point, Eq. (�.��), in
Euclidean space is

S

��
a�1 =

64⇡2
g1�

7/2

105 a
�1
⌧

1/2
12 . (�.�)

As this contribution is independent of the regulator ✏, it can be directly substituted into
Eq. (�.��), which is then expanded to leading order in a

�1. Following the procedure
described above (using the Fourier transform given in Appendix B) and matching to
Eq. (�.�), one finds [��]

CQ(Q) = �64⇡2
g1�

7/2

105
�
� 6

2 � �Q

�
�
� 5

2 � �Q

� tan ⇡�Q. (�.�)

It is noteworthy and promising that for Q ⇠ 3 these O(a�1) corrections in the large-charge
��� are consistent with the range of values found in Ref. [�] working directly with the
three-body wavefunctions. To get a sense of the validity of perturbation theory it is
convenient to define the function

ImGQ(E, 0) ⌘ ImGQ(E, 0)/ImG
CFT

Q
(E, 0), (�.�)

where the ��� superscript indicates the correlation function evaluated with CQ(Q) = 0.
This function is plotted in Fig. � vs a

p
ME to illustrate the validity of the perturbative

expansion. Clearly perturbation theory works best at large scattering length and/or large
energies. Note that the growth of CQ(Q) with Q suggests that for fixed, large scattering
length, as Q is increased one must consider higher-energy propagation to remain in the
perturbative regime.

9.3. Irrelevant deformations: effective range

Here again on general grounds, one expects

ImGQ(E, 0) = C0 E
�Q�5/2

h
1 + C0

Qr0
p
ME

i
. (�.�)

However, as shown above, the leading effective-range corrections vanish and therefore

C0
Q = 0 . (�.�)

Note that this parallels what occurs atQ = 3 in Ref. [�]. (One easily sees that perturbations
at all odd powers of the range are power divergent with no finite part.)
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Figure 7 – Plot of the function ImGQ(E, 0) vs E (MeV). The green curves corresponds to
Q = 3, 4, 5, 6. The blue dots denote the kinematical points at which the deformations cancel.

10.3. Three-body example

Following Ref. [�], consider the process

⇡
� + 3

H ! � + nnn, (��.�)

which has been studied in Ref. [��], and whose theoretical predictions of the capture
rate, using the AV�� two-nucleon potential and the Urbana IX three-body force, can be
treated as “data” for the comparison with the predictions from the large-charge ��� with
perturbative Schrödinger-symmetry breaking from scattering-length and effective-range
effects. The formula, Eq. (��.�) is used to obtain the capture rate, which is shown in
Fig. �. The dashed black curve follows from considering the case of free neutrons, whose
conformal dimension is that of the three-body primary operator with fields assigned
naive dimensions, giving 11/2. The black curve is the unitary fixed point with the
conformal dimension given by its well-known value for Q = 3: 4.27272 (p-wave) [�] ��.
As noted in Ref. [�], the proximity of this curve to the data is indicative of unnuclear
behavior of the three-neutron final state. While the effective-range corrections, given
by the red curve, appear controlled and perturbative, the scattering length corrections,

10. Note that while the large-charge value of the conformal dimension at Q = 3, taken from Eq. (�.��), is only
about one half this value, subleading corrections in the Schrödinger limit, which involve new undetermined
constants [7], can be chosen to reproduce the Q = 3 value exactly. This is done in Appendix A.
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Scattering length corrections not in perturbative regime: 
need data at higher energies!
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 [ 1 ] Overview 
 
[ 1-1 ] Introduction 
 

This construction proposal contains description of SAMURAI (Superconducting Analyzer for 

Multi-particle from Radio Isotope Beams), status and plan of its construction and experimental programs 

we wish to perform in an early stage of its operation. 

The idea to construct a spectrometer with large angular- and momentum-acceptance as equipment in the 

RI Beam Factory (RIBF) has been discussed for long time. Its design was presented and evaluated in the 

Technical Advisory Committee (TAC) Meeting held in November 2005. Encouraged by the statement 

“…the Samurai spectrometer is an essential part of the exotic nuclei research where different types of 

reactions are employed…” in the TAC report, we continued design works and started construction in the 

fiscal year 2008, when a four-year budget for SAMURAI construction was approved.  

This proposal was made by the SAMURAI Collaboration with members involved in the construction 

works at present. In order to have more involvement of scientists in the world for developing research with 

SAMURAI, the SAMURAI collaboration should be extended to more researchers who are interested in 

SAMURAI-based experiments. An international workshop is planned in early 2011 to discuss possible 

research programs in collaboration.  

The SAMURAI spectrometer has been designed to optimize the coincidence measurement between 

heavy projectile fragments and projectile-rapidity neutrons/protons with large angular and momentum 

acceptance. A schematic view of SAMURAI is shown in Fig. 1-1-1. SAMURAI consists of a wide-gap 

high-field superconducting magnet and various particle detectors for experiments using RI beams from 

BigRIPS at RIBF. This design allows measurements of reactions with unbound final states and hence 

studies on the properties of the unbound excited states as well as those of the ground state of nuclei away 

from the stability valley on both the neutron- and proton-rich sides.   

 
Fig 1-1-1: Schematic view of SAMURAI spectrometer 

4 

 [ 1 ] Overview 
 
[ 1-1 ] Introduction 
 

This construction proposal contains description of SAMURAI (Superconducting Analyzer for 

Multi-particle from Radio Isotope Beams), status and plan of its construction and experimental programs 

we wish to perform in an early stage of its operation. 

The idea to construct a spectrometer with large angular- and momentum-acceptance as equipment in the 

RI Beam Factory (RIBF) has been discussed for long time. Its design was presented and evaluated in the 

Technical Advisory Committee (TAC) Meeting held in November 2005. Encouraged by the statement 

“…the Samurai spectrometer is an essential part of the exotic nuclei research where different types of 

reactions are employed…” in the TAC report, we continued design works and started construction in the 

fiscal year 2008, when a four-year budget for SAMURAI construction was approved.  

This proposal was made by the SAMURAI Collaboration with members involved in the construction 

works at present. In order to have more involvement of scientists in the world for developing research with 

SAMURAI, the SAMURAI collaboration should be extended to more researchers who are interested in 

SAMURAI-based experiments. An international workshop is planned in early 2011 to discuss possible 

research programs in collaboration.  

The SAMURAI spectrometer has been designed to optimize the coincidence measurement between 

heavy projectile fragments and projectile-rapidity neutrons/protons with large angular and momentum 

acceptance. A schematic view of SAMURAI is shown in Fig. 1-1-1. SAMURAI consists of a wide-gap 

high-field superconducting magnet and various particle detectors for experiments using RI beams from 

BigRIPS at RIBF. This design allows measurements of reactions with unbound final states and hence 

studies on the properties of the unbound excited states as well as those of the ground state of nuclei away 

from the stability valley on both the neutron- and proton-rich sides.   

 
Fig 1-1-1: Schematic view of SAMURAI spectrometer 



Summary

✦ Large-charge master field is known; useful for computing 
Schrödinger-symmetry breaking corrections to correlation 
functions without detailed knowledge of few-body wavefunctions.

✦ Leading non-vanishing effects from relevant and irrelevant 
deformations of the non-relativistic CFT are under control in nuclear 
physics only in narrow energy windows.

✦ The large-charge EFT provides a systematic (far infrared) 
description of many fermions near unitarity. Applicability to 
neutron matter is complicated by large effective range effects in 
the neutron-neutron interaction.

✦ The state-operator correspondence is a powerful tool for computing 
the dimensions of operators in an interacting NR CFT. However, 
including symmetry breaking is non-trivial.


