Multiloop functional renormalization group study of the Fermi polaron problem
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Strategy: Vertex decomposition

Model: Two-component Fermi mixtures

e System: Fermi gas of two species ¢ and d with a local attractive interaction g > 0 e Largest challenge: complex dependencies of the vertex I' (3 frequencies, 3 radial mo-
between different species: menta, 3 relative angles), but simpler self-energy > (1 frequency, 1 radial momentum)
[ k> . k> ] - e Single-boson exchange decomposition (SBE) [5-6]
S = /Tk Ck (Or oM. pe)Cr + di (O MM, pa)dr | + /T N 9 CaladaCa — Channel decomposition into U-reducible vertices ¥V, = )\, s w, o )\,
e Interaction g related to scattering length a (tunable via Feshbach resonances): — Screened interaction w,: propagator of an exchange boson (1 frequency, 1 radial
m. 1 m. momentum)

— - —-A, momentum cutoff A ~ ro* related to effect. interaction range
27a g(\) @

e Balanced case ng/n. =1 = BCS-BEC crossover

— Hedin vertices A\, \,: exchange process between 1 boson & 2 fermions (2 fre-
quencies, 2 radial momenta, 1 relative angle)

_ fermions ,:7 w, "
— BCS regime: | = |[IV| + » 4 + b Q T 2 X)X
fermions ¢ and d form Cooper pairs 04t A
— BEC regime: T Nl ~—— — ~——
- i : liquid Va Vop \V/
bosonic bound states between ¢ and " / Pselgot R 1 . 5 % with sieolor £ t
: : : = ? — m ow equations 1tor w,, A, A, WIth sSimpler frequency-momentum structure
d particles form a Bose-Einstein sl — | | e
condensate NormmzI [ ; Hpertl = Successive complexity by taking into account more terms
— groundstate:  crossover between ) e -y e Angular momentum basis:
regimes |1] N . L il — Expand full vertex into spherical harmonics
-2 -1 0 1 2 . . .
<«— BCS 1/k-a BEC —> = truncated unity, reduction of angular dependencies
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e Extreme imbalance ng/n. — 0 = Fermi-polaron problem L)k, ke (Gr) = >4 >4 mm(Qr)(Fr)lm,l/m/(q?“)i/vl’m/(Qr)
. / /
— Attractive polaron: ol bm 1tm

quasiparticle of impurity d sur-
rounded by bath fermions ¢

Numerical methods & benchmark results

— Molecule:
bosonic bound state between impu-
rity d and one bath fermion ¢

e Parallel adaptive integrator in higher dimensions (PAID) [7]

— Effective calculation & high resolution of multidimensional momentum integrals,
e.g., for bubble Hcd(Vh Vo, ‘CID — fk GC(Vl, |k i %‘)Gd(VQ, ‘k — % )

Re(II7;)(q =0.1) oh Im(IT7;) (q =0.1)

— Groundstate: polaron-to-molecule @
transition [2]
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— Repulsive polaron: metastable exci-
tation
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e Theoretical methods: .
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— Variational wavefunctions, quantum Monte-Carlo methods, T-matrix approxima-
tions, functional renormalization group
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e Experimental realization:
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e Adaptive ODE soyllver with Cash-Karp method

— Solving fRG flow as ~ 10* ODEs, e.g., for screened interaction
why(w, lql) = (why(w, |g])? [, T2 (w, v, |ql)

Re(w;,) o Im(wy,)

— 29K impurities in °Li Fermi sea = radio-frequency spectroscopy [3]

Method: Functional renormalization group (fRG)

15

e Bethe-Salpeter equations:
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— Channel decomposition into two-particle reducible vertices ~,., r = a,p,t
(antiparallel, parallel, transversal)

— Parquet approximation for the totally irreducible part I — U = —g¢
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e Multiloop functional renormalization group (mfRG) [4]:

_ _ _ _ | e Benchmark results for different [ —
— RG scale dependence A generates a set of hierarchical differential equations for methods = starting point for N T ol
the full vertex I'* and the self-energy ¥4 higher complexity \\ |
— No flow of totally irreducible vertex I* = 0, mfRG equivalent to Parquet formal- : N mG
i A Y - X X — Ladder diagrams as non- - N\
> | _ - _ A A selfconsistent T-matrix approxi- & AN
— Katanin substitution: single scale-propagator S* = O |s—const. G is replaced by mation 37 AY
GN = S + GAYAGY = self-consistency %
L. . — Sharp and soft regulators for %
— Total derivative in A for [ — oo = independence of regulator (RG 1l y
ow 5
— Numerical root-finding methods B
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- Outlook
4 [ I, [ analogous for p,t

e Self-energy tlow = relation to self-consistent T-matrix

5 e Inclusion of Hedin vertices = form factor decomposition
e Reduced regulator dependence = extension of physical observables (polaron lifetime,
"@ = T +¢ Vi + r finite temperature, general mass imbalances 0 < ng < n.)
e Experimental protocol to measure size of polaron cloud
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