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Sign problem for the Hubbard model on
pipartite lattice
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Different HS decompositions:

Discrete spin—coupled field:
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Lead to very dn‘ferent sign problems:
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Continuous charge-coupled field:
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Recovering exact saddle points from
Hybrid Monte Carlo data
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Examples of saddles for the Hubbard model on
hexagonal lattice

6x6x512, a=0.99, $=20.0,U=2.0 6x6x512, a=0.99, p=20.0,U=3.0
0.3 ,
A =
s s s s s s 0.25 1
(R e e S e e :
A 0.2 1
ool s
> 015 R R e s o R .
| | | | | | N i i i i
0.4 [ e S S e :
otr=—"1111 A T T 7
Yl [ S S T o I I O :
. S IR R N LF.TMMW .
0 5 10 15 20 25 30 35 0 20 40 60 80 100 120
Sg S..
6x6x512, 0=0.99, p=20.0, U=4.0 o
02 ! - N
e 550
T S — . ‘ '
: : : : : : : ‘ 450 | =
620 ’ | ] 4
wl AN R S - el
: : 'S : : : : : 7
‘ ‘ 1} { ‘ ‘ ‘ ‘ 'y ; £ 3
| . i | | | | - <~ ) 0 , !
| | | | | | | | Y 4 2 X
005 | | + ety — — — - oo . .
Building blocks for saddle point field
ﬂ configurations are localized both in space
Idlss..

0 20 40 60 g0 100 120 140 10 180 gnd Euclidean time: instantons and anti-
Sg Instantons



Counts

Examples of saddles for the Hubbard model on
hexagonal lattice: spin-coupled field (1)
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Examples of saddles for the Hubbard model on

hexagona\ lattice: sp
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Analytical solution for instantons (1)
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d 6/ds

d 6/ds

Analytical solution for instantons (2)

Number of instantons and anti-instantons fixes the initial conditions !

Analytical solution is possible in terms of elliptic integrals.
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Role of continuous symmetries
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Many-instanton configurations

1) Variation of action depending on relative position of the instantons

2)  Variation of the determinant of Hessian

3) Variation of the volume element along the directions defined by zero modes
(obtained by triangulation inside multi-dimensional orbits)
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Examples of interaction curves
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Analytical expression for the partition
function for non-interacting instantons
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Benchmark: distribution of instantons
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Spectral functions: comparison with QMC
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Full integral over the dominant thimble:results

Spectral function
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Jacobian PTmp W
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Finding directions for 1-instanton saddle

Linear functional to fix the center of the configuration:
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Finding directions for 2-instanton saddle

4 zero modes: W)@,l =1..4
2 functionals, one fixes the center, another the time distance between instantons:
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-Inding directions in general case
M;,T N)i,,[ 1=1..N;, N, .. collective coordinates
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General properties of complex N-instanton saddles
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Gas of weakly interacting complex instantons
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Single thimble regime combining two fields
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Resummation
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Resummation - charge density away of half-
filling #r.=—Ulmg;,

+ —
0.08 — _
Al 12 ' ' P (0) = Oy + Ok, +k_) + Oy (k. — k_)
All lat 18 —=—
0.07 All lat 24 / 0.7 ﬁ” :éng I l T . T . . P
ALF 6x6 lat. + at18 —=— '
0.06  ALF 12x12 [at. _ 06 Allarz4 > A
05 // i
> 0.05 : 1 2 s
g) -§ 04 / ]
() 004 B - 8) /
P + g osf s |
S : &) e
S 0.03 ] ol A |
N . e
(@) + a7
0.02 - / - 01} fh/n/ |
001 I~ o, + | 0 o I. I |- ] ] | .. |

4 4.5

0+ + —
-0.01 L L L L L
0 0.2 0.4 0.6 0.8 1
Chemical potential
1 L n T T T T
+
+
5) 01 ¢ + -
n E + | |
)
o2 + g 0 0.5 1 15 2 25 3
o + 7
= 0.01 ¢ E 6
C + 5
4
4
+ 3
0.001 : : : : : 2
0 0.2 04 0.6 0.8 1 1.2 1
0

Chemical potential



Charge density
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Resummation - non-local correlation
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Further perspectives

1) better approximation for the thimble integral
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2) Square lattice Hubbard model

charge-coupled auxiliary field
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3) Connections to CPQMC
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