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Feshbach Resonance: Motivation

 Hamiltonian:

HQ) = HO + V()

A: control knob of interaction (e.g., B)

 Example:

- Crossover between BCS- and BEC-superfluid
phases along interaction parameter 1/kga;
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Two-Channel Feshbach Resonance

* Principle: A
coupling between open and closed channel
closed channel
v E
« Resonance condition: 0---- X === S 1
>
energy E in open channel resonantly couples to % open channel
binding energy £ of closed channel S
Vo(R)
_
0 Atomic separation R
RPTU
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Elimination of Closed Channel

Notation:
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- Solving |y,) for |y, yields effective Schrodinger equation for |y,)

HA(E) |w,) = E|y,)

Feshbach Hamiltonian

Hy(E) =

H. |E- A

nonlinear equation for £
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Effective Interaction and Feshbach Resonance

« Effective interaction as scattering potential

coupling between cha;nels effective scattering potential
H(E)=H,, +H,|E-H,|"'H =HO + V_«(E) Hog' = Hoo = Vog
PRI TR el e o VenE) = Vo + A [E = |
Feshbach resonance at £ — (Ec + 5EC) =0 open channel kinetic energy

T(E) = Vg(E) + V() [E — A T(E)

T-matrix (scattering amplitude)

- Energy detuning E — (EC + 5EC) controls ! 1 _ lrskz + .

T(E) a, 2
- resonance of scattering length a

- closed-open channel coupling characterised by effective range r,
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Broad- and Narrow-Feshbach Resonance
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Magnetic Feshbach resonance (FR) of 5Li from coupled-channel calculations [1]
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Observation of Resonances in Driven Systems
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Applications of Floquet—-Feshbach Resonance

» Advanced experimental techniques allow precise and versatile control

over Floguet—Feshbach resonance
two-color driving: B(t) = B® + B(a) cos wt + B(b) cos(2a)t + ¢)

A 1.0 F
Z 05 B9 =89G
w =2.1 MHz
2000 =
< <
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above: measured ®Li-atomic loss measurement from two-color driving
below: numerical simulation shows suppression of imaginary part(brown) of a,(B,), while keeping real part(dark green) resonant.[1]
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« Hamiltonian with time-periodic two-body scattering \A/(t) = \A/(t +T)

e

A 2]{2 A %: 2-body relative momentum
H(t) = + V(1) M,: reduced mass
2Mr \
unperturbed Hamiltonian time-periodic perturbative
(scattering energy) scattering potential

* Floquet theorem

HO) |lw(@) = ih%lw(t)) has solution

lw®) = Y ce ™ u 1), |u0) = |ut+T))

€,: quasi-energy

Hny=Ht+T) =

| u,(t)): Floquet mode

a

» |Instead of Schrodinger equation, consider quasi-energy eigenvalue problem

A 0
<H(t) — lh5> lu, () =€, |u,t))
. RPTU



» Fourier transform of quasi-energy equation

<ﬁ<z>—-hi>| ) = €, lu,(0)
ih— ) 1)) = €|

ﬁ(t) — Z e—inwtﬁ(n)

Fourier

nez
transform () = Z AT
nez
Z e—ina)tz F (=" | uén')) _ Z nha)e—ina)tl uéﬂ)) — eaz e—ina)tl u(gn)>
n n' n "

~Lcomponentl_

Z (I-AI(”‘”/) — nha)én,n) |ul™y = e, | ul™)
n'eZ * *

convolution  modulo Aiw
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Quasi-Energy Operator

A A . a A A /
() = A - in 7y = B = b,
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« Quasi-energy eigenvalue problem for scattering state

_ M — nnw n,n/+ (I’) Qbk,n/(r)— Qbk,n(r)

n'eZ I

g = (T 4t
=79 () J — !ty (7 p)
n,n’ T ?
0

- Scattering channel n = 0 leads to Floquet scattering wave function

ik-7
7 —e ! = n—n’) /2 =y
¢, (r) = YT 8p0+ [d3r GOF, 7, E + nhw) 2 VEE ) (F)

neZ

asymptotic free state in scattering channeln = 0
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» Specialisation:
V(n—n’)(;:/) N g(n—n’)é(?/)

» The scattering wave function becomes

ik-7
N _ O - —). _ ’ -
Pin7) = o ¥ GOF,0;E + nhw) Y g™ (0)
n'ez
e O G oy | 00 OF T -n" g (G
— = N- n—n’ s . / n'—n” .
= Gaatno + GOGOE + nho) D8 oz HOVO0:E + n'ho) D g™z ,.(0)
n'eZ l n"ez
— 3 ig-(r=7")
GOE +n'hw) = limJ d q3 d -
=7 Jigien Cm° E 4 n'ho + 0+ — S—g?

UV-cutoff renormalisation: done
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* Notation:

—

. . . T
Fi = o 21 (0), 620(0). 02, 0). .

* Matrix equation:

—_— N g — —1_,
7= én+ GOEP- = = I— GO 3
G(O)(E'.— hao) 0 0 r. g gD (D)
GE) = | - 0 GO(E) 0 g= |~ g O D
0 0 GYE+hw) - .. g® g L
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« The Floquet T-matrix for a driven contact potential
T(E) = g[1- GOE)g|

* Floquet scattering wave function

dp (T) = e’%'?én,o + GO®F, 0; E + nha))TnO(E)]

(27)3/2

 Result:

. lkf5n0+f(E)e”“, E + nho >0
%,I’lr ~ ky, r
f(E) (E)|

E+nhw <0

oM,
18 kn = ?(E + nha))

[1] C. Dauer, Diploma thesis, RPTU Kaiserslautern (2018)

Floquet wave functions in channels n € Z
coupled via potential Fourier components V [1]
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« Scattering channel n = O:

1
T n = Oy -— (0
00 1 B G(O) G, (E) = GOE + nhw)
g0+, gV 0
V. vertex-propagator pair recursion term at vertex v
« Resummed Floquet propagator At channel 7 and channel 7
@) GOo® 1 GOrT
e = Ly( 7 (), () L= nG<g°>g<0> T
— H —H —H — Yn n n—vtn—v,0
1 Zﬂ#)’y Lv Lv—/,t }/v—,u
« Low-energy expansion of scattering amplitude (in limit A — o0)
(v) 90
1 1 208 o sy L
= . — . > k“+ OK™)
Ty {g©+3, ,eWN}p, {gO+3  gWI}2
i U
scattering length a(w) effective range r(w)
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Floquet Scattering Length

* Monochromatically driven contact potential

2rh? nh?
a,(f) = aS(O) + asl)COS wt — g(O) — 7aS(O)' g(il) — Was(l)’ g(v) = () elsewhere
r T
« Low-energy O.term in 1/T,: Floquet scattering Length
1
a(w) = al¥ + —alV lim |II"YE, o) + TTE, w)
2 E—-0t
* Floquet coupling leads to continued fraction:
i ) 7ED Gy g™"
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Numerical result 2

Floquet—Feshbach resonance of Re a (w, agl)) [1]
0.0 02 0.4 06 e al1a®
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[1] C. Dauer, A. Pelster, and S. Eggert, Phys. Rev. Lett. 135, 033402 (2025) Egim = —2 v [a(o)]f dimer energy
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Floquet—-Feshbach Resonance

TOO(E) scattering erlergy
h2k?

E — Ez = >0
2M

binding energy
E — Eb < 0

binding energy poles scattering amplitude

1 1 1
- _GOYE) = T, (E:)
Too(Ey) 80+ X, o8 VE,) Co (F) =0 I Vagw) - rd@k2i2 + ..

v

near-resonance
resonance condition > approximation
E(w,) =nho, ® = w,+ ow,
v
2
ow
as(a))%as(bg)<l—z n) rs(a))z—ZZR,;k<l— -
ow, — A
B w, " n n
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Floquet Binding Energy

o T-matrix pole for E = E, < 0 with truncationn = 0, — 1:

|
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Too(Ep) 20 4 oD

GO(E,)

1 - GO(E,)g©

(D

 Floquet binding energy inn = — 1
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: dimer energy
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Floguet—Feshbach Resonance Parameterisation

 General structure:
A w— w, 2
~ (b2 n
a(w) = aq (1 Za)—wn)' r(w) = ZZR*< — a)n—An>
« Resultforn = — 1:

2 2
(1) 013 0)
a =a0 |1 - (= R¥ ~2 [ai,]
asm [a®9]2 \ o
1
A 1Edlm ()
F2Th S<0>

2
al laV| < a0
~ » narrow Feshbach resonance!
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Floquet Scattering Length and Effective Range

holEg
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Outlook

* Floquet engineering

- Multi-color driving: preventing particle loss

- Control of resonance width: broad Floquet—Feshbach resonance?

» Periodically driven BCS-BEC crossover

- Breaking of universality of Fermi gas [1]:
(T/Tg kea,) = (T/ Ty, kpag, kery)

_ Control of effective range: rs({as(”)}, a))

- Quantitative and qualitative changes in phase diagram?

2 RPTU
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