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Consider a fermionic theory with a quartic interaction:
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adapted from Krien, Valli, Capone, PRB 100, 155149 (2019)
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Introduction to SBE fRG

Single-boson exchange (SBE) decomposition:
[Krien, Valli, Capone, PRB 100, 155149 (2019)]

_ Z (VX + MX _ U) JrIZPI

X={pp,ph,ph}

with VX = . MX = T TP >< " fo
only U-reducible diagrams only U-irreducible and 2P-reducible diagrams only 2PI diagrams
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wX : bosonic propagator
AX: Yukawa coupling
MX : rest function
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Introduction to SBE fRG

Single-boson exchange (SBE) decomposition:
[Krien, Valli, Capone, PRB 100, 155149 (2019)]

@ = Y (Ve MEov)+
X={pp,ph,ph}
with V¥ = +.. MX = +.. 721 >< + o
S——— S——— -
only U-reducible diagrams only U-irreducible and 2P-reducible diagrams only 2PI diagrams

w* : bosonic propagator
AX: Yukawa coupling
MX : rest function

Heart of the SBE decomposition:

1 boson exchanged

= Example for the Hubbard model:

V@) = X @ QN(Q)

= SBE decomposition introduces bosonic dofs and treats all channels equitably
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Introduction to SBE fRG

Start from 1¢ flow equations obtained from the vertex expansion:

[Morris, IIMP A09, 2411 (1994)]
[Metzner, Salmhofer, Honerkamp, Meden, Schénhammer, RMP 84, 299 (2012)]
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Introduction to SBE fRG

Start from 1¢ flow equations obtained from the vertex expansion:

[Morris, IIMP A09, 2411 (1994)]
[Metzner, Salmhofer, Honerkamp, Meden, Schénhammer, RMP 84, 299 (2012)]

a1
Gy,

OAZA =

oary) -

Insert SBE decomposition T = 3 ﬁ) o) Q + ... to substitute 9,14 = with:
X

[Bonetti, Toschi, Hille, Andergassen, Vilardi, PRR 4, 013034 (2022)]
[Fraboulet, Heinzelmann, Bonetti, Al-Eryani, Vilardi, Toschi, Andergassen, EPJB 95, 202 (2022)]

a\’u!:f = Q‘» R OA\)\K =
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Introduction to SBE fRG

Start from 1¢ flow equations obtained from the vertex expansion:

[Morris, IIMP A09, 2411 (1994)]
[Metzner, Salmhofer, Honerkamp, Meden, Schénhammer, RMP 84, 299 (2012)]

a1
Gy,

OAZA =

oary) -

Insert SBE decomposition T = 3 ﬁ) o) Q + ... to substitute 9,14 = with:
X

[Bonetti, Toschi, Hille, Andergassen, Vilardi, PRR 4, 013034 (2022)]
[Fraboulet, Heinzelmann, Bonetti, Al-Eryani, Vilardi, Toschi, Andergassen, EPJB 95, 202 (2022)]

a\’u!:f = Q‘» R OA\)\K =

/N SBE formalism and Hubbard-Stratonovich transformations can yield same flow equations at 1¢
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[Kugler, von Delft, PRL 120, 057403 (2018), PRB 97, 035162 (2018), NJP 20, 123029 (2018)]
(Related work for bosonic theory: [Blaizot, Pawlowski, Reinosa, PLB 696, 523 (2011), AP 431, 168549 (2021)])
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with flow equations derived from the Bethe-Salpeter equation:
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Multiloop fRG:

[Kugler, von Delft, PRL 120, 057403 (2018), PRB 97, 035162 (2018), NJP 20, 123029 (2018)]
(Related work for bosonic theory: [Blaizot, Pawlowski, Reinosa, PLB 696, 523 (2011), AP 431, 168549 (2021)])

Idea: substitute 9,1 -

with flow equations derived from the Bethe-Salpeter equation:

Ondy = O

What about the self-energy flow?
[Hille, Rohe, Honerkamp, Andergassen, PRR 2, 033068 (2020)]

[Patricolo, Gievers, Fraboulet, Heinzelmann, Al-Eryani, Bonetti, Toschi, Vilardi, Andergassen, in prep.|
[Talk by M. Patricolo|

Advantageous to use Schwinger-Dyson equation within the truncated unity approach: 9,X, = éh( ‘ )

5/15 K. Fraboulet




SBE decomposition

Introduction to SBE fRG SBE fRG

Multiloop fRG
Multiloop SBE fRG

Insert SBE decomposition into multiloop fRG equations:

K. Fraboulet ( Wien) September 25, 2024




SBE decomposition
SBE fRC

Multiloop fRG
Multiloop SBE fRG

Introduction to SBE fRG

Insert SBE decomposition into multiloop fRG equations:
[Gievers, Walter, Ge, von Delft, Kugler, EPJB 95, 108 (2022)]

OGR!

o X(1
()Au,*‘\( ) -

o X(n)
wy =

X'#X

oy =%

uwX =Y o) D, ok = oY, oMy =Y o

= =) =1
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Insert SBE decomposition into multiloop fRG equations:
[Gievers, Walter, Ge, von Delft, Kugler, EPJB 95, 108 (2022)]

OGR!

o X(1
()Au,*‘\( ) -

o X(n)
wy =

uwX =Y o) D, ok = oY, oMy =Y o

= =) =1

= Multiloop SBE fRG enables us to go beyond conventional 1¢ fermionic fRG

by means of flowing bosonic vertices
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Hubbard model Hamiltonian:

[Hubbard, PRSL A 276, 238 (1963)]

[Gutzwiller, PRL 10, 159 (1963)]

[Kanamori, PTP 30, 275 (1963)]

\(gin. Schiifer, Andergassen, Corboz, Gull, ARCMP 13, 275 (21]22‘\|

_ i ot
H= D tiiclyei + U D cleyelyey
7

. . [
i#],0 § strange
o metal
[ O,
. . . E 5 % Q
@ ¢;; : hopping between nearest-neighbor sites (¢) 3 2% L% ¢
o < U
. . = o\
or between next-nearest-neighbor sites (¢) = § super- S
S conductivity
@ U : on-site Coulomb interaction doping
Phase separation uniform d-wave
or stripe? superconductivity?
o dop
AF magnet stripe order Fermi liquid
like

Fig. adapted from Qin, Schiifer, Andes en, Corboz, Gull, ARCMP 13, 275 (2
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Conclusions from 1¢ SBE fRG study:

[Fraboulet, Heinzelmann, Bonetti, Al-Eryani, Vilardi, Toschi, Andergassen, EPJB 95, 202 (2022)]
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—&— T = 0.1t without M —¥— T = 0.1t with M

.2t without A1 —v— T = 0.2t with M

Conclusions from 1¢ SBE fRG study: 3t without M —v— T = 0.3t with M
= 0.4t without M —v— T = 0.4t with M

[Fraboulet, Heinzelmann, Bonetti, Al-Eryani, Vilardi, Toschi, Andergassen, EPJB 95, 202 (2022)|

@ Rest functions MX negligible in most studied

regimes (above pseudo-critical transition)

@ Divergence when approaching pseudo-critical
transition fully encompassed in bosonic propa-
gator wM (wM = U + U?*xM)

Parameters:

September 25, 2024

U = 2t, half-filling
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—&— T = 0.1t without M —¥— T = 0.1t with M
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—A— T = 0.4t without M —v— T = 0.4t with M

[Fraboulet, Heinzelmann, Bonetti, Al-Eryani, Vilardi, Toschi, Andergassen, EPJB 95, 202 (2022)|

@ Rest functions MX negligible in most studied

regimes (above pseudo-critical transition)

@ Divergence when approaching pseudo-critical
transition fully encompassed in bosonic propa-
gator wM (wM = U + U?*xM)

—A— ' = —0.2¢ without M £
34— 1'=—02t with M 0.95
= | t=—025t without M | | .
[ |—v— t'=-0.25t with M ‘ =
‘5\9 Il 0.90
~— 0.85
<
u
o0
=3
S 080
- - [~
M T
.
Parameters: U = 2t, T = 0.2t, p = 4t 0.75 T T T T
r X M r
Parameters: U = 2t, half-filling
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Conclusions from multiloop SBE fRG study:

[Fraboulet, Al-Eryani, Heinzelmann, Andergassen, in prep.|
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Multiloop SBE fRG

Conclusions from multiloop SBE fRG study: =

[Fraboulet, Al-Eryani, Heinzelmann, Andergassen, in prep.|

@ Substancial difference between 1¢ SBE fRG
and converged multiloop SBE fRG

@ Rest functions M* also negligible for converged

Fites

DQMC

parquet approx.

10 fRG without M
20 fRG without M
RG* without M |

multiloop fRG in most studied regimes at weak

couplings
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Investigations at weak couplings 1¢ SBE fRG

Multiloop SBE fRG

—- DQMC U =9t
—@— parquet approx.
2.09 —a~ 10 RG without M
. . 2 fRG without M
Conclusions from multiloop SBE fRG study: S MRS

[Fraboulet, Al-Eryani, Heinzelmann, Andergassen, in prep.|

@ Substancial difference between 1¢ SBE fRG
and converged multiloop SBE fRG

@ Rest functions M* also negligible for converged

multiloop fRG in most studied regimes at weak

couplings

How can we extend multiloop SBE fRG
to access strong couplings?

Parameters:

T = 0.2t, half-filling
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Investigations at strong couplings

Dynamical mean-field theory:
[Metzner, Vollhardt, PRL 62, 324 (1989)]
[Georges, Kotliar, Krauth, Rozenberg, RMP 68, 13 (1996)]

Idea: treat a lattice problem by studying an effective impurity problem with a bath adjusted self-consistently
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Investigations at strong couplings

Dynamical mean-field theory:
[Metzner, Vollhardt, PRL 62, 324 (1989)]
[Georges, Kotliar, Krauth, Rozenberg, RMP 68, 13 (1996)]

Idea: treat a lattice problem by studying an effective impurity problem with a bath adjusted self-consistently

8 .
Simp = —/ drdr’ Zq’, (T)Gairll)(r — 7)o (7') + Sine
0 o

G-l

o.imp('/) =w+pu—Av)

a8
Stae = — / drdr’ Y el (k. 7) Gy Ly (e, 7 = T)eq (ko) + S
Jo k.o
Gtk v) = iv+p— e

Fig. adapted from Bonetti, Toschi, Hille, Andergassen, Vilardi, PRR 4, 013034 (2022)
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Dynamical mean-field theory:
[Metzner, Vollhardt, PRL 62, 324 (1989)]
[Georges, Kotliar, Krauth, Rozenberg, RMP 68, 13 (1996)]

Idea: treat a lattice problem by studying an effective impurity problem with a bath adjusted self-consistently

8 .
Simp = —/ drdr’ Zq’, (T)Gairll)(r — 7)o (7') + Sine
0 o

G-l

o.imp('/) =w+pu—Av)

Determination of the dynamical mean-field A(v):

Make local approximation Ximp (V) = Siagt,ii (V)
and solve Dyson equation with it

G;}I)(l/) = _,ilmp(l/) - Elatt@'i(’/) t

a8
Stae = — / drdr’ Y el (k. 7) Gy Ly (e, 7 = T)eq (ko) + S
Jo k.o
Gtk v) = iv+p— e

Fig. adapted from Bonetti, Toschi, Hille, Andergassen, Vilardi, PRR 4, 013034 (2022)
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Dynamical mean-field theory:
[Metzner, Vollhardt, PRL 62, 324 (1989)]
[Georges, Kotliar, Krauth, Rozenberg, RMP 68, 13 (1996)]

Idea: treat a lattice problem by studying an effective impurity problem with a bath adjusted self-consistently

8 .
Simp = —/ drdr’ Zq’, (T)Gairll)(r — 7)o (7') + Sine
o o

G-l

o.imp('/) =w+pu—Av)

Determination of the dynamical mean-field A(v):

Make local approximation Ximp (V) = Siagt,ii (V)
and solve Dyson equation with it

Gi_ngp(l/) = (Iilmp(l/) - Elatt@'i(’/) t

A Local correlations fully captured s .
v cap Sttt = — / drdr’ " ch (k, 7) Gy s (k7 = 7)o (k, ) + Sint
70 ko

A DMFT mapping exact in infinite dimensions
2 .
G (V) = iv +p— e

Fig. adapted from Bonetti, Toschi, Hille, Andergassen, Vilardi, PRR 4, 013034 (2022)
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Investigations at strong couplings

DMF?RG (DMFT-+{RG):

|Taranto, Andergassen, Bauer, Held, Katanin, Metzner, Rohringer,
Toschi, PRL 112, 196402 (2014)]

[Vilardi, Taranto, Metzner, PRB 99, 104501 (2019)]

[Bonetti, Toschi, Hille, Andergassen, Vilardi, PRR 4, 013034 (2022)]
[Fraboulet, Al-Eryani, Andergassen, in prep.|

Idea: use DMFT results as starting point for fRG flows
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Investigations at strong couplings

DMF?RG (DMFT+RG):

|Taranto, Andergassen, Bauer, Held, Katanin, Metzner, Rohringer,

Toschi, PRL 112, 106402 (2014)] A=Api=0

[Vilardi, Taranto, Metzner, PRB 99, 104501 (2019)] 8

[Bonetti, Toschi, Hille, Andergassen, Vilardi, PRR 4, 013034 (2022)| Simp = — / drdr’ Z (&, 7)Gop, (kT = TNeo(k,7) + Sint
[Fraboulet, Al-Eryani, Andergassen, in prep.| 0 e

Go A (K, ) = Gojimp(v)
Idea: use DMFT results as starting point for fRG flows

Goalk,v) = (1= A) Gomp(v) + AGo 1ae (k, v)

At A=A =0: Goay(k,v) = Goimp(r)
At A= Aﬁn =1: GO"Aﬁ‘Jk, 1/) = (1'(,‘1“”('](. 7/)

A=As, =1

-8
Sttt = — /U drdr’ Z ("f,(k, T)Gav'\ﬁ”(k, 7 — 7)o (k, ') + Sint
: ko

Go,ag, (K, v) = G (k, v)

Fig. adapted from Bonetti, Toschi, Hille, Andergassen, Vilardi, PRR 4, 013034 (2022)
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nical mean-field theory

DMF?RG (DMFT-+{RG):

|Taranto, Andergassen, Bauer, Held, Katanin, Metzner, Rohringer,
Toschi, PRL 112, 196402 (2014)]

[Vilardi, Taranto, Metzner, PRB 99, 104501 (2019)]

[Bonetti, Toschi, Hille, Andergassen, Vilardi, PRR 4, 013034 (2022)]
[Fraboulet, Al-Eryani, Andergassen, in prep.|

Idea: use DMFT results as starting point for fRG flows
Goalk,v) = (1= A) Gomp(v) + AGo 1ae (k, v)

At A=A =0: Goa,,(k,v) = Gojmp(v)

ini

- L o , \
At A=Agn=1: Gonag,(kv) = Gopai(k,v)
304 - DQMC X
— —A— 1/ DMF?RG without M /’
= 5 ~7 1¢ DMF'RG with M /

J‘ 27 A 2¢ DMF?RG without M //
el —¥— 2( DMF2RG with M /
&

20 25

2t, half-filli
K. Fraboulet

Parameters: T'

13/15

Wien)

A=Ayni=0
8
Sty = — / drdr’ 3 b, 1)GEL (ko7 — T)en (ko 7) + St
0 ko

Go, A (K, V) = Gojmp(v)

A=As, =1

-8
Sttt = — /U drdr’ Z ("f,(k, T)Gav'\ﬁ”(k, 7 — 7)o (k, ') + Sint
: ko

Go,ag, (K, v) = G (k, v)

Fig. adapted from Bonetti, Toschi, Hille, Andergassen, Vilardi, PRR 4, 013034 (2022)
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Conclusion
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Main conclusions:

@ Efficient bosonization of fermionic fRG provided by the SBE formalism

@ Possibility to combine SBE formalism with multiloop fRG and/or
DMF?2RG to achieve better (quantitative) accuracy and/or to tackle strong

couplings

15/15 K. Fraboulet (TU Wien) September 25, 2024



Main conclusions:

@ Efficient bosonization of fermionic fRG provided by the SBE formalism

@ Possibility to combine SBE formalism with multiloop fRG and/or
DMF?2RG to achieve better (quantitative) accuracy and/or to tackle strong

couplings

Further remarks:

@ SBE fRG already used to investigate other models
(extended Hubbard model, Hubbard-Holstein model, 10!
X-ray-edge singularity) I

dadagad:

|Heinzelmann, Al-Eryani, Fraboulet, Krien, Andergassen, in prep.| o
2
L,

Posters by A. Al-Eryani and M. Gievers|

@ Ongoing work to improve starting point of DMF?RG
with cellular DMFT r X M i

[Kriimer, Meixner, Fraboulet, Bonetti, Vilardi, Schiifer, Toschi, Andergassen, in prep.]

Parameters: U = 2t, T = 0.1t, half-filling
Poster by M. Krémer|
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