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Motivation
• Many nuclear experiments study reactions 

 
      


• Neutron-neutron interaction is accidentally fine-tuned 
 
     : approximately unitary fermions


• Goal: understanding the effect of neutron-neutron final state interactions

A1 + A2 → B + (B1 . . . ) + n + n + ⋯n
N neutrons

|ann | = 19 fm ≫ 2 fm





Tetraneutron resonance?

15FB Physik | Institut Institut für Kernphysik | Meytal Duer1.8.2023

RESULTS: 
MISSING-MASS SPECTRUM 

6He(p,p4He)2n

confirms the expected dineutron 
   low-energy peak ~100 keV

8He(p,p4He)4n

MD et al., Nature 606, 678 (2022)

evidence of free correlated four neutrons(Duer et al Nature 2022)



SOVIET PHYSICS JETP VOLUME 11, NUMBER 4 OCTOBER, 1960 

THE EXISTENCE OF NEW ISOTOPES OF LIGHT NUCLEI AND THE EQUATION OF 

STATE OF NEUTRONS 

Ya. B. ZEL'DOVICH 

Submitted to JETP editor October 22, 1959 

J. Exptl. Theoret. Phys. (U.S.S.R.) 38, 1123-1131 (April, 1960) 

The limits of. stability (relative to nucleon emission) of light nuclei are considered. The 
existence (in the sense of stability against decay with emission of a nucleon) of the follow-
ing nuclei is predicted: He8, Be12, 0 13 , B15•17 •19 , c16 - 20 , N18- 21 , Mg20 • The problem of the 
possibility of existence of heavy nuclei composed of neutrons only is considered. The prob-
lem is reduced to that of a Fermi gas with a resonance interaction between the particles. 
The energy of such a gas is proportional to w213, where w is its density. The accuracy 
of the calculations is not sufficient to determine the sign of the energy and answer the ques-
tion as to the existence of neutron nuclei. 

THE problem of the possible isotopes has been 
treated by Nemirovski11•2 for 8 =s Z =s 84, and by 
Baz' 3 for the region 17 =sA =s 40. The former 
uses the one-particle approximation, with an at-
tempt to find the dependence of the parameters of 
the well on the numbers of neutrons and protons. 
For nuclei with an excess of protons Baz' bases 
his discussion on the experimental data on the 
mirror nuclei (with excess of neutrons) and on 
the well-known expression for the Coulomb energy. 
For nuclei with an excess of neutrons he extrapol-
lates the binding energy in series of nuclei with 
constant isotopic spin. 

These papers predict the existence of many as 
yet unknown {3 -active isotopes. In the table given 
below the isotopes so predicted are enclosed in 
dashed-line squares. One of them has very re-
cently been observed experimentally. 4 

In the present paper (Sec. 1) we make addi-
tional predictions in the region of the lightest nu-
clei; the isotopes so predicted are enclosed in 
solid-line squares in the table. We point out par-
ticularly the conclusion that there is a large prob-
ability that He8 exists. For nuclei with an excess 
of neutrons the writer has tried to take the effect 
of shells and the pair interaction of neutrons into 
account as accurately as possible. 

In Sec. 2 the question is raised of the existence 
of nuclei composed solely of neutrons. In the lim-
iting case of a large number of neutrons, by using 
the data on resonance in the 1s scattering, one can 
find the general form of the dependence of the en-
ergy on the density of the nuclear matter, but the 
accuracy of the first approximation obtained in 
this paper is insufficient to give a definite answer 
to the question of the existence of such nuclei. 

1. LIGHT NUCLEI 

Following the method of Baz', 3 one easily con-
vinces oneself that there must exist a nucleus 0 13 

with a proton binding energy not smaller than 1.2 
Mev and with /3+ -decay energy 16 to 17 Mev. Using 
the data4 on the mass of 0 20, we conclude that the 
mirror nucleus Mg20 must exist with proton bind-
ing energy not less than 2. 7 Mev and /3+ -decay 
energy about 7 Mev. The existence of 0 12, Ne16, 
and Mg19 is not excluded (empty spaces in the 
table);* the corresponding mirror isotopes Be12, 
C16, and N19 are predicted in this paper (see later 
argument), but their energies cannot be predicted 
with enough accuracy to give a definite conclusion 
about 0 12, Ne16, and Mg19• The isotopes Ne17, 
Na19, Mg21 , and Mg22 are predicted by Baz'. 

Regarding all the other nuclei in the upper right-
hand part of the table we can assert with assurance 
that they are unstable against emission of a proton, 
i.e., they do not exist, which is shown in the table by 
the minus signs in all the upper cells. 

Let us turn to the nuclei with an excess of neu-
trons. A nucleus with an excess of neutrons does 
not exist in the case in which all the discrete levels 
are already filled up with neutrons. An important 
point here is that the nuclear forces fall off rapidly 
with distance, and therefore the number of levels 
in the field of the nuclear forces is limited (in 

*These nuclei may be unstable with respect to the emission 
of two protons at once. On the other hand, at the limit of stabil-
ity the expression for the Coulomb energy of the last proton, 
1.2(Z -l)A-'1., gives too large a result; for example, in the 
pair Li8 - a• we have for Li8 the binding energy Q0 = 2 Mev and 
for a• the value Qp = 0.2 Mev, so that the difference is 1.8 
Mev, whereas by the formula we would get 1.2 x 4 x 7-'ls = 2.5 
Mev. 

812 
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Point production of neutrons

• Other examples:    
                             


• Regime of interest: small neutron relative energy  
 
   wavelengths of the neutrons  size of reaction region (~ 2 fm)

π− + 4He → p + 3n
π− + 4He → π+ + 4n

≫



Factorization

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 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

𝒰

=

“UnNuclear physics”
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!

P(A1 + A2 → B + 3n) = P(A1 + A2 → B + !)P(! → 3n)

When energy scale of primary reaction is larger than 

 = unnucleus (nonrelativistic version of Georgi’s unparticle)

! → 3n

!

-E
-

𝒪†
3

𝒜(A1 + A2 → B + nnn) = 𝒜(A1 + A2 → B + 𝒪3)𝒜(𝒪3 → 3n)

E3n ≪ Eprimary



The problem point production

• Take a local operator  
 

    act on the vacuum 


• measure final particles. Questions:


• total rate


• spectrum and correlations between final particles

𝒪†
N

∫ dt d ⃗x eiEt𝒪†
N(t, ⃗x) |0⟩



Conformal collider physics
• A lot of recent progress in formalizing collider physics, jet observables etc


• Key is the energy flow operator 
 

        

          Sterman 1975, Sterman Oderda Korchemsky 1997, Hofman-Maldacena 2008


• Measurements on asymptotic out-state as correlation function


• Simplest in conformal field theory

ℰ(n) = lim
r→∞

r2

∞

∫
−∞

dt niT0
i(t, rn)



Schrödinger symmetry and 
nonrelativistic conformal field theory



Symmetries of NR field theory

• Translation:     
     rotation:       


• U(1) symmetry: 


• Galilean boosts: 

H, Pi ψ(t, ⃗x) → ψ(t + a, ⃗x + b⃗)
Mij ψ(t, xi) → ψ(t, Oi

jxj)

ψ → eiαψ

ψ(t, ⃗x) → exp(im ⃗v ⋅ ⃗x −
i
2

mv2t) ψ(t, ⃗x − ⃗vt)

S = ∫ dt ddx(iψ†∂tψ −
|∇ψ |2

2m ) −
1
2 ∫ dt ddx ddyV( ⃗x − ⃗y)ψ†( ⃗x)ψ†( ⃗y)ψ( ⃗y)ψ( ⃗x)



Galilean algebra

• An algebra formed by , , , ,  
 
            
     
 
     
    


• All other commutators are zero

H Pi Jij Gi M

[Jij, Pk] = i(δikPj − δjkPi) [Jij, Gk] = i(δikGj − δjkGi)
[Jij, Jkl] = i(δikJjl − δjkJil + δilJkj − δjlJik)

[Gi, Pj] = iMδij = imNδij
[H, Gi] = − iPi



Additional symmetries of free field

• Scale :  


• “Special conformal transformation” 
 

:     

D ψ(t, ⃗x) → λd/2ψ(λ2t, λ ⃗x)

C ψ(t, ⃗x) →
1

(1 + λt)d/2
exp[ imx2

2(1 + λt) ]ψ( t
1 + λt

,
⃗x

1 + λt )

S = ∫ dt ddx(iψ†∂tψ −
|∇ψ |2

2m )



The Schrödinger algebra

•                               


•  
 

                     SO(2,1) algebra

[D, Pi] = iPi [D, Gi] = − iGi [D, 𝒪] = iΔ𝒪𝒪

[D, H] = 2iH
[D, C] = − 2iC
[C, H] = iD



Current algebra and Schrödinger algebra

• mass density   


• mass current (momentum density)    


•          
 
               diffeomorphisms

ρ( ⃗x) = m ψ†( ⃗x)ψ( ⃗x)

⃗π = −
i
2

(ψ† ⃗∇ψ − ⃗∇ψ†ψ)

[ρ( ⃗x), ⃗π( ⃗y)] = − iρ( ⃗y) ⃗∇δ( ⃗x − ⃗y)

[πi( ⃗x), πj( ⃗y)] = − i(πj( ⃗x)∂i + πi( ⃗y)∂j)δ( ⃗x − ⃗y)



Current algebra and Schrödinger algebra

• Schrödinger algebra can be obtained from 
 

                

 

              

 
  and          continuity eq. 
          

M = ∫ ddx ρ( ⃗x) Pi = ∫ ddx πi( ⃗x) Jij = ∫ d ⃗x [xi πj( ⃗x) − xj πi( ⃗x)]

Gi = ∫ ddx xiρ( ⃗x) D = ∫ ddx xiπi( ⃗x) C = ∫ d ⃗x
⃗x2

2
ρ( ⃗x)

[H, ρ( ⃗x)] = i∂iπi( ⃗x)
[D, H] = 2iH



Interacting theories with Schrödinger symmetry

• Theories with 


• (2+1)d anyons: multivalued wavefunction, boundary condition  
 

       

 

         

V( ⃗x − ⃗y) =
α

| ⃗x − ⃗y |2

ψ( ⃗x1, ⃗x2, …, ⃗xn) = ∏
ij

(zi − zj)ν

|zi − zj |
ν ϕ( ⃗x1, ⃗x2, …, ⃗xn)

single valued

H = −
1

2m ∑
a

∇2
xa



(3+1)D: “Unitary interaction"

• 


•  : one bound state at zero energy


• ,  limit: scattering length  
 
  “unitary limit”

V(r) = {−V0 r < r0

0 r > r0

V0 =
π2

4mr2
0

r0 → 0 V0 → ∞ a → ∞

r

V(r)



Unitary fermion: boundary condition

•
Wave function  


• antisymmetric with respect to exchanging two ’s or two ’s


• When one spin-up and one spin-down particle approach each other: 
 

   


•              

ψ( ⃗x1, ⃗x2, …, ⃗xm

up-spin

, ⃗y1, ⃗y2, …, ⃗yn

down-spin

)

x y

ψ(… ⃗xi…, … ⃗yj…) =
1

| ⃗xi − ⃗yj |
C( ⃗xi + ⃗xj

2
, …) + O( ⃗xi − ⃗yj)

H = −
1

2m (∑ ∇2
xi

+ ∑ ∇2
yj) ⃗xi ≠ ⃗yj



Examples of local operators
• Charge-1 operator:       


• Charge-2 operator: naively  but 
 
      


• Correct definition of charge-2 operator   

 
now        

ψ(x) Δψ = 3/2

ψ↑(x)ψ↓(x)

⟨0 |ψ↑(x)ψ↓(x) |Ψ⟩ = Ψ(x, x) = ∞

O2(x) = lim
y→x

|x − y |ψ↑(x)ψ↓(y)

⟨0 |O2(x) |Ψ⟩ = lim
y→x

|x − y |Ψ(x, y) Δ[O2] = 2Δ[ψ] − 1 = 2



Local operators
• Local operators are classified by mass and dimension: 

 
              


• Massive operators ( ) form ladders


• Lowest rungs of the ladders: primary operators 
 
   
 
    

[M, 𝒪†(0⃗)] = m𝒪𝒪†(0⃗) [D, 𝒪(0⃗)] = iΔ𝒪𝒪(0⃗)

m ≠ 0

[Gi, 𝒪(0⃗)] = [C, 𝒪(0⃗)] = 0

Unitary Fermi gas, ε expansion, and nonrelativistic conformal field theories 23

Pi

∆Opri

∆Opri
+1

∆Opri
+2

Pj Kj

Ki

H C

Opri |ΨOpri
→

Q†
i

Q†
j Qj

Qi

L† L

Fig. 11 Correspondence between the spectrum of scaling dimensions of local operators in NRCFT
(left tower) and the energy spectrum of states in a harmonic potential (right tower). The bottom of
each tower corresponds to the primary operator Opri (primary state |ΨOpri→).

↑T O(t,x)O†(0)→ ∝ θ (t)t↓∆O exp
(

iMO†
|x|2

2t

)

. (62)

This formula or its Fourier transform ∝
(

↓p0+ p2

2M
O†

↓ i0+
)∆O↓d/2↓1

will be use-
ful to read off the scaling dimension ∆O .

3.2.2 Correspondence to states in a harmonic potential

We now show that each primary operator corresponds to an energy eigenstate of
the system in a harmonic potential. The Hamiltonian of the system in a harmonic
potential is

Hω ≡ H+ω2C, (63)

where ω is the oscillator frequency. We consider a primary operator O(t,x) that is
composed of annihilation operators in the quantum field theory so thatO†(t,x) acts
nontrivially on the vacuum: O†|0→ %= 0. We construct the following state using O†

put at t = 0 and x= 0:
|ΨO→ ≡ e↓H/ωO†(0)|0→. (64)

If the mass of O† is MO† > 0, then |ΨO→ is a mass eigenstate with the mass eigen-
value MO† : M|ΨO→ = MO† |ΨO→. Furthermore, with the use of the commutation
relations in Table 1, it is straightforward to show that |ΨO→ is actually an energy
eigenstate of the Hamiltonian Hω with the energy eigenvalue E = ∆Oω :

Hω |ΨO→ =
(

H+ω2C
)

e↓H/ωO†(0)|0→

= e↓H/ω (ω2C↓ iωD
)

O†(0)|0→= ω∆O|ΨO→, (65)

where we used [C,O†(0)] = 0 and [D,O†(0)] = i∆O and the fact that bothC and D
annihilate the vacuum.

G j

Gi



Operator-state correspondence

• Dimension of (lowest dimensional) operator of charge   is the 
(ground state) energy of  particles in a harmonic trap in unit of trap 
frequency 
 
                                                          
                                
 

                                                                    

N ON( ⃗x)
N

ON( ⃗x) |ON⟩
[D, ON(0⃗)] = ΔON(0⃗) (H + ω2C) |ON⟩ = Δω |ON⟩

C =
1
2 ∫ d ⃗x x2ψ†ψ



Lowest operators
•  

                                      

 
           

 
                       
 
                     
                                                                            V. Efimov 1970

ψ( ⃗x) Δ[ψ] = 3/2 [D, ψ(0⃗)] =
3
2

iψ(0⃗)

O2( ⃗x) = lim
⃗y→ ⃗x

| ⃗x − ⃗y |ψ↑( ⃗x)ψ↓( ⃗y) Δ[O2] = 2

O3( ⃗x) Δ[Oℓ=1
3 ] ≈ 4.27272, 6.85825, 8.21643,…

Δ[Oℓ=0
3 ] ≈ 4.66622, 7.62735, 9.61446,…



Neutrons: aproximate unitary fermions

• ,   
 

approximate NRCFT within energy range 

a ≈ − 19 fm r0 ≈ 2.8 fm

1
ma2

0
⏟
0.1 MeV

≪ E ≪
1

mr2
0

⏟
5 MeV

n n



Total rate

•          


• 


• “Wigner threshold law”


• Momentum distribution of final particles?

|ON, E⟩ = ∫ dt d ⃗x eiEtO†
N(t, ⃗x) |0⟩ ≡ O†

N(E) |0⟩

⟨ON, E |ON, E⟩ = ∑
n

|⟨n |ON, E⟩ |2 ∼ EΔ[ON]−5/2

Hammer, DTS 2021



Detector operators
• The problem of determining spectrum of final particles can be formalized 

by defining the detector operator 
 
        

 
which counts the number of final-state particles moving with velocity , 
e.g., 

                                


• Formalizing the notion of a detector

ℳ(v) = lim
t→∞

t3ρ(t, vt)

v

m
dN
dv

= ⟨ON, E |ℳ(v) |ON, E⟩



Interpretation

• Particles detected by a detector receding with velocity  to infinity


• In relativistic conformal collider physics, detector operators are functions 

of : 


• In nonrelativistic conformal collider physics, they are functions of 


• final particles have arbitrary speed

v

n̂ ℰ(n) = lim
r→∞

r2∫
∞

−∞
dt niT0

i(t, rn)

v = vn



Sum rules (“Ward identities”)

• Total mass of final particles: 


• Total energy: 

Nm = ∫ dv ℳ(v)

E = ∫ dv ℳ(v)
v2

2



Computing spectrum of final particles

• Start from 


• Insert complete set of -body states: can be done exactly for 


• For free particles: result can be reproduced by phase space integral

m
dN
dv

= ⟨ON, E |ℳ(v) |ON, E⟩

N N = 3



Spectrum for 3 particles

4

where v0 =
√

E/m, ω is the angle between v and the
z-axis, and εM (ṽ) and ϑ2(ṽ) are dimensionless functions
of ṽ = v/v0. The maximal kinematically allowed value
of ṽ is 2/

→
3. The function εM (ṽ) satisfies the sum rules

that follow from Eqs. (5) and (8):

→∫

0

dṽ 4ϖṽ2εM (ṽ) = 3,

→∫

0

dṽ 2ϖṽ4εM (ṽ) = 1, (20)

while positivity of ↑M(v)↓ requires that ϑ2(ṽ) satisfies
the Hofman–Maldacena bound ↔

3
2 ↗ ϑ2 ↗ 3 [21].

The calculation is performed by inserting and summing
over a complete set of 3-body scattering states between
the detector operator and the operator that acts on the
vacuum to produce the particles [30]. The results for the
functions εM (ṽ) and ϑ2(ṽ) are plotted in Figs. 1 and 2.
For comparison, we also plot the same functions for free
spin-1/2 fermions, where they can be computed analyti-
cally,

εfreeM (ṽ) =
9
→
3

4ϖ2

√
4↔ 3ṽ2 , ϑfree

2 (ṽ) =
9

4
ṽ2. (21)

The singularities in the function εM (v) are due to the

0.0 0.2 0.4 0.6 0.8 1.0
v


2

4

6

8

10
4π v2ρM(v

)

Interacting

Free

FIG. 1. Plot of 4ωṽ2εM (ṽ) (the distribution of final parti-
cles over velocity) for unitary fermions (blue line) and free
fermions (orange line). The areas below the curves are 3 (the
number of final particles). For unitary fermions the function
becomes singular at ṽ = 1/

→
3 and 2/

→
3 (see text).

configuration where two of the outgoing particles with
opposite spins have the same velocities. In this configu-
ration one particle has velocity close to 2v0/

→
3 and two

other particles have their velocities close to v0/
→
3. The

resonance interaction within the pair of particles with al-
most the same momentum leads to the enhancement of
the distribution of particles near these values of the ve-
locity. It can be shown that the singularities of εM (ṽ)
are of the form (2/

→
3 ↔ ṽ)↑1/2 and ln |1/

→
3 ↔ ṽ| near

the two singularities. The singularity near the end point
2v0/

→
3 is the Watson-Migdal singularity [31, 32]. The

logarithmic singularity at v = v0/
→
3 is more subtle:

FIG. 2. Plot of ϑ2(ṽ) for unitary fermions (blue line) and free
fermions (orange line). The dashed line is the upper Hofman–
Maldacena bound, saturated at ṽ = 1/

→
3 and 2/

→
3.

it appears when one fixes one particle’s momentum to
be near v0/

→
3 and integrates over the momenta of two

other particles, picking up the singular behavior from
the region of integration where one of the remaining two
particles with opposite spin also has its momentum near
v0/

→
3 and the direction of v.

An analytic approximation to εM (ṽ) is given in the
End Matter.
Point production of a large number of unitary

fermions.—For the production of four and more parti-
cles, we do not have the exact few-body wave functions.
However, when the number of produced particles is large,
analytic calculation is again possible as the many-body
system can now be described by the superfluid e!ective
field theory. The path integral that determines expecta-
tion value ofM(v) is saturated by the saddle-point found
in Ref. [33] [34]. The result reads,

↑M(v)↓ =
27(Nm)4

512ϖ2E3

(
16E

3Nm
↔ v2

)3/2

, (22)

for v < vmax =
√

16E/(3Nm) and is 0 when v > vmax.
This coincides with the spectrum for free fermions, which
was found by a completely di!erent argument in Ref. [35].
Note that the spectrum has a cuto! at v = vmax ↘√
E/(Nm) while the maximally allowed velocity of an

outgoing particle should be
√

2E/m. The sharp cuto!
at v = vmax is the result of taking the large N limit; one
expects the real spectrum to have a tail beyond v = vmax

when one goes beyond the leading order in 1/N .
Conclusion.—In this Letter we have introduced the no-

tion of detector operators in NRCFT and used it to un-
derstand multiparticle point production. As an illustra-
tion, we have computed the single-particle spectrum in
the process of production of three particles in the theory
of unitary fermions. It would be interesting to compare
this result with experimental data [36].
One topic that we have left for future work is inclu-
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To discuss the divergence, it is convenient to separate the hyperangular wavefunction !(”)
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Oscillator frame

•            

 




• if  satisfies Schrödinger equation in free space, then 
 satisfies Schr. equation in harmonic potential  

 

                  

t = tan τ ⃗xa =
⃗ya

cos τ

ψ(t, ⃗xa) = cos3N/2 τ exp[ i
2

m tan τ ⃗y2
a]ψ̃(τ, ⃗ya)

ψ(t, ⃗x)
ψ̃(τ, ⃗y) V = 1

2 m | ⃗y |2

i
∂ψ̃
∂τ

= −
1

2m ∑
a

∂2ψ̃
∂ ⃗y2

a
+ V( ⃗ya)ψ̃

 0 < t < ∞
0 < τ < π/2



e−iHt e−iHoscτ

t → + ∞ τ → +
π
2



“Baby celestial holography”
• Finding the spectrum and correlations of final-state particles is equivalent 

to finding the properties of a quantum wavefunction


•         


• the detector operators “live” at    


•               distribution over momentum  

                                                           distribution over coordinate


• Express out-state as a state living on a boundary: “celestial holography”

t = tan τ ⃗xa =
⃗ya

cos τ

t → ∞ ↔ τ =
π
2

ℳ(v) = m ψ̃†ψ̃( π
2

, v)
→

t

τ
0

0 ∞

π/2
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Figure 4: In the harmonic trap geometry, a local four-body operator produces a state at

ω = 0. It imprints on the boundary at ω = ε/2 in velocity space.

operators have a particularly elegant interpretation, namely they are just local operators on

this slice evaluated with a “position” equal to their velocity

Ev(n̂) =
vd

ϑd
n(ω = ω

2ε , ϖy = vn̂
ε ). (1.6)

This space exhibits the symmetries of a scale, translation, and rotation invariant theory, but

now in velocity space. We study the symmetries in this space. We believe that this provides

a simplified setting to study a non-relativistic analogue of “celestial holography”.

We compute one-point functions of the detector operator, Ev(n̂) in a variety of two and

three-body states, using known wave functions for fermions at unitarity. These one-point

functions exhibit a remarkably rich structure, reflective of the complexity of the underlying

wave function. In particular, we compute the one-point function Ev(n̂), in spin-1 states.

In the relativistic case, this was used to derive the first example of the Hofman-Maldacena

“conformal collider bounds” [3]. In the NRCFTs, three-point functions depend on a single

cross-ratio. This is reflected in our bound through the dependence on the additional variable,

v. We use the positivity of our velocity dependent operator, →ϱ|Ev(n)|ϱ↑ ↓ 0, to derive a

generalization of the Hofman-Maldacena bound in NRCFTs, and show that it is non-trivially

satisfied for three-body states in fermions at unitarity.
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Production of  unitarity fermionsN ≫ 1
•  is a many-body state: can be described using superfluid effective 

field theory (superfluid hydrodynamics)


• 


• N>>1: path integral is saturated by a complex saddle point 
 




•  computed from this saddle point

O†
N |0⟩

ℒ(θ) = c(∂tθ −
1

2m
( ⃗∇ θ)2)5/2

More precisely, by setting t = →i !

ω→
p2

2M

+ ωt, εx = →i !

ω→
p2

2M

εp

M
+ ωεx and performing Gaussian

integrals for ωt, ωεx, we find
∫

dt d3εx eiωte→iεp·εx
1

(t→ iϑ)!
exp

(
iMεx2

2t

)

↑ i!
4ϖ2e!!2→!

M
3
2

(
ϱ →

p
2

2M

)
!→

5
2

(7.5)

which agrees with the exact result (7.2) in the large charge limit.

When we consider more general observables like ↓OjjO†
↔ where O has large charge, the

dominant should still come from the two-point function of O, and therefore we expect the

above saddle point analysis should still be true. In other words, one should have
∫
dtd3εx eiωte→iεp·εx

↓O(t, εx)j(t1, εx1)j(t2, εx2)O†(0,ε0)↔
∫
dtd3εx eiωte→iεp·εx↓O(t, εx)O†(0,ε0)↔

↑

↓O(t = →i !

ω→
p2

2M

, εx = →i !

ω→
p2

2M

εp

M
)j(t1, εx1)j(t2, εx2)O†(0,ε0)↔

↓O(t = →i !

ω→
p2

2M

, εx = →i !

ω→
p2

2M

εp

M
)O†(0,ε0)↔

. (7.6)

7.2 One-point function of Ev

7.2.1 εk = 0

Now, let us consider the one-point function of Ev in the large-charge state. For simplicity, we

first assume εk = 0. We would like to compute

↓O(t = →i
!Q

ω
,ε0)εj(t, εx)O†(0,ε0)↔, (7.7)

and then take the detector limit r ↗ ↘ with t = r

v
, εx = rn̂. This correlation function can be

computed by studying the path integral,
∫

DςO(φ1, εx1)εj(t, εx)O
†(φ2, εx2)e

→
∫
d
4
xLI , (7.8)

which turns out to give a saddle point solution

ςs(φ, εx) =
i

2
↼ log

(
φ1 → φ

φ → φ2

)
→

i

4
m

[
(εx→ εx2)2

(φ → φ2)
→

(εx→ εx1)2

(φ1 → φ)

]
. (7.9)

Here, φ is the Euclidean time, and we should Wick rotate it by φ = it to get the Lorentzian

time. Comparing (7.7) and (7.8), we see that we have

φ1 =
!Q

ϱ
, φ2 = 0, εx1 = εx2 = ε0. (7.10)

So, the solution at Lorentzian time t and position εx can be written as

ςs(t, εx) =
i

2
↼ log

(
!Q

ω
→ it+ 0+

it+ 0+

)
→

i

4
m

[
εx2

it+ 0+
→

εx2

!Q

ω
→ it+ 0+

]
. (7.11)
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Result for N ≫ 1
• The distribution of particles over v is 

 

    


• 


• This is also the distribution of particles in harmonic trap in Thomas-Fermi 
approximation

ℳ(v) ∼ {(v2
max − v2)3/2 v < vmax

0 v > vmax

vmax =
16E
3Nm



Compare: production of N>>1 free bosons

• 


• N>>1: microcanonica ensemble  canonical ensemble


• Final-state particle Maxwell-distributed: 
 
    

Γ(p1, p2, ⋯, pN) ∼ δ(p1 + p2 + ⋯ + pN)δ(p2
1 + p2

2 + ⋯ + p2
N − 2mE)

≈

𝒩(v) ∼ v2e−mv2/2Teff



Summary + outlook
• The problem of neutron production in nuclear physics has a lot of common with 

conformal collider physics in high-energy physics 


• Open problem: point production at finite scattering length


• Universal answer interpolating between free and unitarity fermions


• can it be studied using utracold atoms?


• Point production of  neutrons


• How to characterized a finite-size initial state Lazaukas Hiyama Carbonell PRL 2023


• inclusion of operators with higher dimensions?

N = 4



Other detectors
• “Passive” detectors:  

“Active” detectors: do not commute with energy and momentum


• Example: 


• total angular momentum


• can one realize this detector experimentally?


• More “quantum” characteristics of the harmonic-trap wavefunction at  ?

[H, ℳ(v)] = [Pi, ℳ(v)] = 0

j̃(v) = lim
t→∞

t4[j(t, vt) − ρ(t, vt)v]

∫ dv v × j̃(v) =

τ = π/2


