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Plan

® How to compute lots of Feynman Diagrams (and why)
® Electrons interacting with AFM fluctuations
® Stripes signatures at intermediate temperature?

® Origin and fate of the pseudogap
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Why computing (a lot
of) Feynman diagrams?



Fermionic sign problem

® Traditional Quantum Monte Carlo

Z¢ otpN

A\ . _Q electrons
(0) ==

unphysical non-locality for fermions

Signal-to-noise-ratio ~ e~/ Netcetrons
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® Traditional Quantum Monte Carlo

Z¢ otpN
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unphysical non-locality for fermions

Signal-to-noise-ratio ~ e~/ Netcetrons

® Diagrammatic Monte Carlo

()Y =0y+80,+8%0, +... +

Small signal <= Small correction - M




Diagrammatic Monte Carlo: cancellations are welcome

{ Analytics }

I Monte Carlo!

Bosons: Qn ~ n! e
. Factorial

Fermions on a lattice: Qn ~ (—R)™" .
=> analytic continuation et cancellations }

. A 1/5
Unitary Fermi Gas: Qn ~ (n !) Prokofev. Svistunov. PRL 2008

=> conformal-Borel resummation . [RR, Ohgoe, Van Houcke, Werner, PRL 2018]



Bare series convergence: lattice fermions T>0

Ry := lim min |z 4.,|

L—>00

Theorem: Rﬂ >
[Benfatto et al., Annales H. Poincaré 2006]: ﬁ—)()o log ﬁ
) .
Dyson’s argument: 7 > 0 finite radius of convergence
1.774215 =
1.774210 }
: o 1.774205
Numerics: 2
T/t = 1/8, Ult =2, n = 0.87500(2) © 1774200 |
1.774195 }
1.774190 = . . . .
8 9 10 1
Truncation order
8 [RR, PRL 2017]



How to compute (a lot
of) Feynman diagrams?



CDet main idea O()A2)

X, X,
Original DiagMC
[Prokof’ev, Svistunov, PRL 1998]
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CDet main idea O()A2)

X X3
Original DiagMC
[Prokof’ev, Svistunov, PRL 1998] GX, X)) GX,X,) GX,X3)
AYI,YZ({XI’Xb X3}) i=det| G(X,, X)) G(X5, X)) G(X,, X3) | X
G(X5, X)) G(X5, X)) G(X5,X3)

CT-INT
[Rubtsov, arXiv2003] G(leXI) G(Xl,Xz) G(XI,X3) G(Xl, Yz)
[Rubtsov, Savkin, Lichtenstein,
5 . PRB 2005] det G(X5, X7) G(X5,Xy) G(X5,X3) G(X, 1))
ourovski, Prokof’ev, Svistunov,
PRB 2004] G(X39X1) G(X3,X2) G(X3,X3) G(Xp Yz)

G, X)) GV, X)) G(Y,,Xs) G(Y,,Y,)
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CDet main idea O()A2)

X X3
Original DiagMC
[Prokof’ev, Svistunov, PRL 1998] [ G(X{,X;) G(X;,X5) G(X{,X3)
AYI,Yz({Xl,Xz, X;}) :i=det| G(X,, X)) G(X5, X)) G(X5, X3) | X
G(X3, X)) G(X3,Xy) G(X5,X3)

CT-INT
[Rubtsov, arXiv2003] G(leXI) G(Xl,Xz) G(XI,X3) G(Xl, Yz)
[Rubtsov, Savkin, Lichtenstein,
. PRB200S] det G(X5, X7) G(X5,Xy) G(X5,X3) G(X, 1))
ourovski, Prokof’ev, Svistunov,
PRB 2004] G(X39X1) G(X3,X2) G(X3,X3) G(Xp Yz)
GV, X)) G(Y,X,) G,,X) G,
CDet
Cy(1X. X0 Xa}) i= Ay (XL X0 X5 = Y Gy (S) Ay (X1, X0, X5 1\S)

SC{X1,X5. X5}
[RR, PRL’17] 12 O(3An)



Polynomial complexity of lattice fermions at non-zero T

| U| 2N
. ty ~ 3N x
CDet CPU time: N p (RA,ﬂ )

recursive formula ™~ |
Monte Carlo variance

Exponential cost vs t( 6) N €—a [RR et al, EPL’16]
Exponential convergence: [Troyer, Wiese, PRL'05]
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Polynomial complexity of lattice fermions at non-zero T

| U| 2N
. ty ~ 3N x
CDet CPU time: N p (RA,ﬁ )

recursive formula ™~ |
Monte Carlo variance

Exponential cost vs t( 6) N €—a [RR et al, EPL’16]
Exponential convergence: [Troyer, Wiese, PRL'05]

. Crossover
Phase transition

Re U




Algebraic renormalization

AlGy, U] :
C[Gy, U] = Z[GZ’ Tt C({X, ., X, }) 1= ST, U0 C[Gy, U] g
Nilpotent polynomials (aka hyperdual numbers)
U(z)(X) = Zn: z; 6(X — X;), 2] =0, z°=0
j=1
AlGy, Uz)]  A2) o

C(z) := C[G,, U(z)] = Cz) = CUXy, -, X, 1)

Z[Gy, U(2)] 7)) 07;...07,

— CDet is just a hyperdual-number polynomial division

Renormalization = [G(2), T'y(2)]

— ,Bare® CDet is all one needs

Application: fix density in g.c. ensemble by u(w), where w™! =0

15

[RR, Simkovic, Ferrero, EPL 2020]



2D Hubbard model



Fermi-Hubbard model
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[Mazurenko et al,
Nature 2017]

Quantum |
simulators  §

[Google Al Quantum, 2020]
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Expected finite T situation in 2D (rough sketch)

Temperature
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Interaction strength



Setting for the numerical experiment and probes

Square lattice

H= Z ekéT 6k6 + U Z A (r) — p Z n(r) €y = — 2t(cos k, + cos k) — 41’ cos k, cos k,
k,o

A Ny A

O) = e Qe

Self-energy Spectral function proxy
G(r,7) = — (C4(r, 7)5‘4{(0» 1
B B Ak)=—1ImG_,,
G =G, —X T o
Spin susceptibility Charge susceptibility
/T R R 1/T
Xsp(T) = J dz (S(r, )5 (0, 7)) Xen(X) = J dr [(7(r, 7)7(0,0)) — (7A(r))(7(0))]
0 0

Strong-coupling probes

Sp() = (S,(r)5,(0))

= (7, (0 (1)) (A(r)) versus p ' Sen(r) = (7(r)1(0))
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Fermions Interacting
with AFM fluctuations



Previous works

Half-filled Hubbard with ph sym: Perfect nesting

0.40,

) 03 (b) DOS hotspots
1 __ 0251
0 3 0.20-

0.151
-2 0.10-
-3 0.05

-4 0.00+

l
-4 -3 -2 -1 0 1 2 3 4
£

Half-filling

—~ 2 u=0
% O~ T Exact RG fixed point?

:zj e(k)=-2t[cos(k,)+cos(k,)]
—(do:m (0,m) (m, m) (n/2, nj2) (0,0)
[ Simkovic et al, PRL 2020]
[Schafer et al, PRX 2021] = |go| + ¢(v)[|qx| + |g,]]

[Schlief et al, PRX 2017]
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Our numerical experiment: Half-filled Hubbard model with t’
[RR, Simkovic, Ferrero, Georges, Tsvelik, Prokofiev, Tupitsyn, PRR’24]



Flowing toward nesting? Hotspots?

Half filling, U/t =575, ¢/t=-03, T/t=1/7

 Re Xy, —p+uU=0) Im 2y jw,

“\ —0.50
—0.75
. . —1.00
—1.25
.""“ —1.50
| N

0 /2 T

Line of zeros of Non interacting 1

AFM spin fluctuations  Z;, ~

renormalized Fermi surface
dispersion relation

ex +Re Ty, —p =0 # FS = argmax[~ImG,, | > pole developing at antinodes,

iwn - ék—f—Q

not at the hotpots!

22
[RR, Simkovic, Ferrero, Georges, Tsvelik, Prokofiev, Tupitsyn, PRR’24]



Fermi surface reconstruction tendencies

—Im Gk,iwo
—Im Gk, iwo 3.0 —— U=0.00
ﬁ f\ —— U=2.00
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2:3 1 ﬂ f\ U=5.25
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2.0 -
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Spectral intensity
0.0 A

IS minimal at
the hotspots
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[RR, Simkovic, Ferrero, Georges, Tsvelik, Prokofiev, Tupitsyn, PRR’24]




Exact RG fixed point of Schlief-Lunts-Lee?

;(S;)l(k, o =0) = c(|k| + Kk, |) [Schlief et al, PRX 2017]

1/ 1/
- U/t=5.5 - U/t=6.0
0.0140 - 0.0050 |-

0.0120 0.0040 -
Hubbard model: - o | &

. . . 0.0100 -
no sign of linear scaling | P 0.0030F )
= 0.0080 | L ' ’
for as low as 7/t = 1/10 | H}% 0.0020 L H>
0.0060 - % ' HA
I % 0.0010 [ -
0.0040 [
| L | L | L OOOOO ] | 1 L
0 0.05 0.1 0.15 |Aq|? 0 0.05 0.1 0.15 |Aq|?
H(l)

Spin-Fermion model:

H=Y ec! aat Y % K SK) - S(-k) No trace of linear scaling for .. [
) —4 |

ka Kk as low 7/t = 10
+8 Q% OlquusiesSia

Kk,q,a.5, 0.0005 i
See also :

[Bauer et al, PRR 2020]

0.00004
24 0 0.004  0.008  0.012 |Aq|

[RR, Simkovic, Ferrero, Georges, Tsvelik, Prokofiev, Tupitsyn, PRR’24]




Stripe precursors at
iIntermediate temperature?



Stripes in the Ground state of the HM (t'=0)
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[Xu et al, J. Phys.: Condens. Matter 2011]

Also T >0
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[Xiao et al, PRX 2023]

with pinning+external fields
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[Zheng et al, Science 2017]
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The Weak, the Long, and the Strong

U/t=4, T/t=0.1, n=0.925

——————————————————————————————

oooooooo
——————————

—————————
——————————

—————————
——————————

+++++++++

- + + + +
+ - . . -+
00“0“00

————————

Xsp(T)

5 C
||

O weak coupling
@ strong coupling 1—n
O long correlations

But no signature of stripe precursors!

27 [F. Simkovic, RR, M. Ferrero, PRR 2022]



Spin and charge decoupling from analytic structure

8 Xsp Xch
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Singularity hitting the real positive U axis as T — 0
for spin susceptibility = SDW crossover

No such thing happening for charge!

28 [Simkovic, RR, Ferrero, PRR 2022]
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Origin and fate of the
pseudogap phase



ImZ(K, iwo) Alm2(k)
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Pseudogap: origin
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2z = Z"loc + Znl

ReZ (K, iwg)

T=—-G*xWxI'  W=U-U, =%

1 « Gk +q,ioy, i S — s
Ziﬁ)(k’ ia)o) =7 U2T— Z O( q2 O_/’t) |
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[Simkovic, RR, Georges, Ferrero, Science 2024]
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Pseudogap: Fate?

T=0.25

0

T=0.20

T=0.15

0.0 0.05 0.1 0.15 0.20.0 0.05 0.1

0.0 0.05 0.1 0.15 0.2
6

[Xu et al, PRR 2022]

Pseudogap phase
exactly
extrapolates to
stripe ground
statel

[Simkovic, RR, Georges, Ferrero, Science 2024]



Conclusion

® \We can compute unprecedented number of Feynman
diagrams, and it is useful for fermions (poly-time method)

® AFM fluctuations in the HM: Hotspots, ~nesting
® No stripe precursor at intermediate temperature

® Origin and fate of the pseudogap in the HM

33



Outlook

-0.36

- 004
-0.35 - I
04 %
Q‘ Nmax
| S
I 0.02 - ‘1’
™
3 ¢
E Superconducting O
Normal —=— o O
-0.4 - : : 0o o 0.2 o 0.4
0 0.4 0.8 h

® d-wave and stripe-order SB high-order expansions for the 2D model
® Renormalized expansions to reach lower T
® C++ code at https://github.com/FastFeynmanDiagrammatics, Julia code under development

[Spada, RR, Simkovic, Garioud, Ferrero, Van Houcke, Werner, arXiv:2021]
[Garioud, Simkovic, RR, Spada, Schifer, Werner, Ferrero, PRL 2022]



