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WHY DO WE CARE ABOUT LOW-TEMPERATURE

e Real experiments are performed . =
2

usually at room temperature or as 8 7

cold as possible o ! % . 7
* Better zero temperature i o 0; — - / |
extrapolation 5 = 5 "

(@)

e Clean isolation of the low-energy 3 / ‘
states 0.0 0.2 0.4 . 0.6 08 1.0
Interacting: ¢ B=4 ¢ B=6 B=8
Non-Interacting: —_— (=4 —_— =6 3=38 — (=0

M. Rodekamp et al., arXiv:2406.06711
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WHY DO WE CARE ABOUT LOW-TEMPERATURE
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LOW-TEMPERATURE HMC

Action

Z/Dm(
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https://www.codecogs.com/eqnedit.php?latex=M_t%20%5Cequiv%20%5Cexp%20(%5Cdelta%20%5Ckappa)%20%5Ccdot%20%5Cmathrm%7Bdiag%7D%20%5Cleft(%20e%5E%7Bi%5Cphi_%7B0%2Ct%7D%7D%2C%20e%5E%7Bi%5Cphi_%7B1%2Ct%7D%7D%2C%20%5Cdots%2C%20e%5E%7Bi%5Cphi_%7Bx%2Ct%7D%7D%2C%20%5Cdots%2C%20e%5E%7Bi%5Cphi_%7BN_x-1%2Ct%7D%7D%20%5Cright)#0
https://www.codecogs.com/eqnedit.php?latex=Z%20%3D%20%5Cint%20%5Cmathcal%7BD%7D%5B%5Cphi%5D%20%5Cleft(%20%5Cprod_%7Bf%3D1%2C2%7D%20%5Cdet%20M%5E%7B(f)%7D%5B%5Cphi%5D%20%5Cright)%20e%5E%7B-S%5B%5Cphi%5D%7D%20%3D%20%5Cint%20%5Cmathcal%7BD%7D%5B%5Cphi%5D%20e%5E%7B-S%5B%5Cphi%5D%20%2B%20%5Csum_%7Bf%3D1%2C2%7D%20%5Clog%20%5Cdet%20M%5E%7B(f)%7D%5B%5Cphi%5D%7D%20%5Cequiv%20%5Cint%20%5Cmathcal%7BD%7D%5B%5Cphi%5D%20e%5E%7B-S_%7B%5Cmathrm%7Beff%7D%7D%5B%5Cphi%5D%7D#0
https://www.codecogs.com/eqnedit.php?latex=M%20%3D%20%5Cbegin%7Bpmatrix%7D%20%5C%5C%5C%5C%201%5C!%5C!1%20%26%200%20%26%20%5Ccdots%20%26%200%20%26%20M_%7BN_t-1%7D%20%5C%5C%5C%5C%20%5C%5C%5C%5C%20-M_0%20%26%201%5C!%5C!1%20%26%200%20%26%20%5Ccdots%20%26%200%20%5C%5C%5C%5C%20%5C%5C%5C%5C%200%20%26%20-M_1%20%26%201%5C!%5C!1%20%26%20%5Cddots%20%26%20%5Cvdots%20%5C%5C%5C%5C%20%5C%5C%5C%5C%20%5Cvdots%20%26%20%5Cddots%20%26%20%5Cddots%20%26%20%5Cddots%20%26%200%20%5C%5C%5C%5C%20%5C%5C%5C%5C%200%20%26%20%5Ccdots%20%26%200%20%26%20-M_%7BN_t-2%7D%20%26%201%5C!%5C!1%20%5C%5C%5C%5C%20%5Cend%7Bpmatrix%7D#0

LOW-TEMPERATURE HMC
The Problem

det(M) — det (]1 —+ M()Ml C .. MNt—l)
det(M)];_o = [ J(1 + ™) —K<\N<K

?

cond(M) = K
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https://www.codecogs.com/eqnedit.php?latex=%5Cdet(M)%20%3D%20%5Cdet%20%5Cleft(%201%5C!%5C!1%20%2B%20M_0%20M_1%20%5Cdots%20M_%7BN_t-1%7D%20%5Cright)#0
https://www.codecogs.com/eqnedit.php?latex=%5Cleft.%20%5Cdet(M)%20%5Cright%7C_%7BU%3D0%7D%20%3D%20%5Cprod_%7Bi%7D%20(1%20%2B%20e%5E%7B%5Cbeta%20%5Clambda_i%7D)#0
https://www.codecogs.com/eqnedit.php?latex=-K%20%5Cleq%20%5Clambda_i%20%5Cleq%20K#0
https://saxarona.github.io/mathjax-viewer/?input=%5Cmathrm%7Bcond%7D(M)%20%3D%20e%5E%7B2%5Cbeta%20K%7D#0

LOW-TEMPERATURE HMC
The Problem

det(M) — det (]1 -+ M()Ml C .. MNt—l)

det(M)];_o = [ J(1 + ™) —K<\N<K

1

cond(M) =|e?K

Exponential Temperature Dependence!
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The Problem

det(M) — det (]1 -+ M()Ml C .. MNt—l)
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https://www.codecogs.com/eqnedit.php?latex=%5Cdet(M)%20%3D%20%5Cdet%20%5Cleft(%201%5C!%5C!1%20%2B%20M_0%20M_1%20%5Cdots%20M_%7BN_t-1%7D%20%5Cright)#0

LOW-TEMPERATURE HMC
The Problem

det(M) — det (]1 -+ M()Ml C .. MNt—l)

We get round-off errors while accumulating the matrix
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LOW-TEMPERATURE HMC
The Problem

det(M) — det (]1 -+ M()Ml C .. MNt—l)

We get round-off errors while accumulating the matrix

J. Kreit et al. arXiv:2601.18273 (2026)

The determinant has been stabilized in other works C. Bauer SciPost Phys. Core 2, 011 (2020)
E. Y. Loh et. al. International Journal of
MOMl MNt—l — UO DO((TOUl)Dl) Tl UNt—lDNt—lTNt—l Modern PhySICS C 16, 1319 (2005).
—UDT F. Assaad et. al. John von Neumann Institute for

Computing, ISBN 3000090576 (2002)
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LOW-TEMPERATURE HMC

Stable Force

Unstable way
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Stable Method

7o (t) = 0y, logdet(M)

. -1
7T$(t) = tr ((]]. = MO “ee MNtfl) 8¢thM0 «ee MNtl)
—1
— —1 —1ar—1 —1
Nt = | L+ M7 MM M
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https://saxarona.github.io/mathjax-viewer/?input=%5Cdot%7B%5Cpi%7D_x(t)%20%5Cequiv%20%5Cpartial_%7B%5Cphi_%7Bx%2Ct%7D%7D%20%5Clog%20%5Cdet(M)#0
https://saxarona.github.io/mathjax-viewer/?input=%5Cdot%7B%5Cpi%7D_x(t)%20%5Cequiv%20%5Cmathrm%7Btr%7D%20%5Cleft(%20%5Cleft(%201%5C!%5C!1%20%2B%20M_0%20%5Cdots%20M_%7BN_t-1%7D%20%5Cright)%5E%7B-1%7D%20%5Cpartial_%7B%5Cphi_%7Bx%2Ct%7D%7D%20M_0%20%5Cdots%20M_%7BN_t-1%7D%20%5Cright)#0
https://saxarona.github.io/mathjax-viewer/?input=%5Cdot%7B%5Cpi%7D(t)%20%3D%20%5Cmathcal%7BN%7D(t)#0
https://saxarona.github.io/mathjax-viewer/?input=%5Cmathcal%7BN%7D(t)%20%3D%20%5Cleft(%201%5C!%5C!1%20%2B%20%5CPi(t-1)%20%5CSigma(t)%20%5Cright)%5E%7B-1%7D#0
https://saxarona.github.io/mathjax-viewer/?input=%5CPi(t)%20%5Cequiv%20M_t%5E%7B-1%7D%20M_%7Bt-1%7D%5E%7B-1%7D%20%5Cdots%20M_0%5E%7B-1%7D%20%3D%20U_%7B%5Cpi%7D(t)%20D_%7B%5Cpi%7D(t)%20T_%7B%5Cpi%7D(t)#0
https://saxarona.github.io/mathjax-viewer/?input=%5CSigma(t)%20%5Cequiv%20M_%7BN_t-1%7D%5E%7B-1%7D%20M_%7BN_t-2%7D%5E%7B-1%7D%20%5Cdots%20M_t%5E%7B-1%7D%20%3D%20U_%7B%5Csigma%7D(t)%20D_%7B%5Csigma%7D(t)%20T_%7B%5Csigma%7D(t)#0
https://saxarona.github.io/mathjax-viewer/?input=%5Cmathcal%7BN%7D(t)%20%5Cequiv%20%5Cleft(%201%5C!%5C!1%20%2B%20%5Cunderbrace%7BM_%7Bt-1%7D%5E%7B-1%7D%20%5Cdots%20M_0%5E%7B-1%7D%20M_%7BN_t-1%7D%5E%7B-1%7D%20%5Cdots%20M_t%5E%7B-1%7D%7D_%7BN_t%20%5Ctext%7B%20terms%7D%7D%20%5Cright)%5E%7B-1%7D#0
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N-BODY 2-POINT CORRELATION FUNCTIONS

Propagator
Mt 1) — MM MM Ve > ¢
T -1 -1 -1 -1
M(tUrNt)%Nt M(tUrNg—l)%Nt e M(t+1)%Nt Mt Vt’ <t
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%2Ct)%20%3D%20%5Cbegin%7Bcases%7D%20%0DM_%7Bt'%7D%5E%7B-1%7D%20M_%7Bt'-1%7D%5E%7B-1%7D%20%5Cdots%20M_%7Bt%2B1%7D%5E%7B-1%7D%20M_t%5E%7B-1%7D%20%26%20%5Cforall%20t'%20%5Cgeq%20t%20%5C%5C%20%0DM_%7B(t'%2BN_t)%5C%25N_t%7D%5E%7B-1%7D%20M_%7B(t'%2BN_t-1)%5C%25N_t%7D%5E%7B-1%7D%20%5Cdots%20M_%7B(t%2B1)%5C%25N_t%7D%5E%7B-1%7D%20M_t%5E%7B-1%7D%20%26%20%5Cforall%20t

N-BODY 2-POINT CORRELATION FUNCTIONS

Propagator
Mg = | e Moo Mt e
M vyanMesn-von, - Meiyan My - <t
Columns of the Propagator G(t,0) = [M71(t — 1,0) + M(~1,8)] " = [Tt 1) +=(t)]

IJ JULICH

Member of the Helmholtz Association 28 July 2026 Page 9 Forschungszentrum


%2Ct)%20%3D%20%5Cbegin%7Bcases%7D%20%0DM_%7Bt'%7D%5E%7B-1%7D%20M_%7Bt'-1%7D%5E%7B-1%7D%20%5Cdots%20M_%7Bt%2B1%7D%5E%7B-1%7D%20M_t%5E%7B-1%7D%20%26%20%5Cforall%20t'%20%5Cgeq%20t%20%5C%5C%20%0DM_%7B(t'%2BN_t)%5C%25N_t%7D%5E%7B-1%7D%20M_%7B(t'%2BN_t-1)%5C%25N_t%7D%5E%7B-1%7D%20%5Cdots%20M_%7B(t%2B1)%5C%25N_t%7D%5E%7B-1%7D%20M_t%5E%7B-1%7D%20%26%20%5Cforall%20t
https://saxarona.github.io/mathjax-viewer/?input=G(t%2C0)%20%3D%20%5Cleft%5B%20%5Cmathcal%7BM%7D%5E%7B-1%7D(t-1%2C0)%20%2B%20%5Cmathcal%7BM%7D(-1%2Ct)%20%5Cright%5D%5E%7B-1%7D%20%3D%20%5Cleft%5B%20%5CPi%5E%7B-1%7D(t-1)%20%2B%20%5CSigma(t)%20%5Cright%5D%5E%7B-1%7D#0

N-BODY 2-POINT CORRELATION FUNCTIONS

Propagator
M(t 1) = Mt'_th'_‘ll iy J\ftflMt_l ! A
’ My nyonMein v, - MapnowMe - Y <t
Columns of the Propagator G(t,0) = [M71(t — 1,0) + M(~1,8)] " = [Tt 1) +=(t)]
Rows of the Propagator G(0,8) = —[M Y (~Lt) + M(t —1,0)] " = —[=7Y(t) + II(t — 1)]
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N-BODY 2-POINT CORRELATION FUNCTIONS

Propagator
o R
’ - - -1 — — !
M npoanMan,—vun, - Moy, M~ V8 <t
Columns of the Propagator G(t,0) = [M71(t — 1,0) + M(~1,8)] " = [Tt 1) +=(t)]
Rows of the Propagator G(0,8) = —[M Y (~Lt) + M(t —1,0)] " = —[=7Y(t) + II(t — 1)]
Diagonal of the Propagator G(t,t) = [+ M(t —1,8)] " = [L+T(t — 1)T(t)] " = N ()

IJ JULICH
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%2Ct)%20%3D%20%5Cbegin%7Bcases%7D%20%0DM_%7Bt'%7D%5E%7B-1%7D%20M_%7Bt'-1%7D%5E%7B-1%7D%20%5Cdots%20M_%7Bt%2B1%7D%5E%7B-1%7D%20M_t%5E%7B-1%7D%20%26%20%5Cforall%20t'%20%5Cgeq%20t%20%5C%5C%20%0DM_%7B(t'%2BN_t)%5C%25N_t%7D%5E%7B-1%7D%20M_%7B(t'%2BN_t-1)%5C%25N_t%7D%5E%7B-1%7D%20%5Cdots%20M_%7B(t%2B1)%5C%25N_t%7D%5E%7B-1%7D%20M_t%5E%7B-1%7D%20%26%20%5Cforall%20t
https://saxarona.github.io/mathjax-viewer/?input=G(t%2C0)%20%3D%20%5Cleft%5B%20%5Cmathcal%7BM%7D%5E%7B-1%7D(t-1%2C0)%20%2B%20%5Cmathcal%7BM%7D(-1%2Ct)%20%5Cright%5D%5E%7B-1%7D%20%3D%20%5Cleft%5B%20%5CPi%5E%7B-1%7D(t-1)%20%2B%20%5CSigma(t)%20%5Cright%5D%5E%7B-1%7D#0
https://saxarona.github.io/mathjax-viewer/?input=G(0%2Ct)%20%3D%20-%5Cleft%5B%20%5Cmathcal%7BM%7D%5E%7B-1%7D(-1%2Ct)%20%2B%20%5Cmathcal%7BM%7D(t-1%2C0)%20%5Cright%5D%5E%7B-1%7D%20%3D%20-%5Cleft%5B%20%5CSigma%5E%7B-1%7D(t)%20%2B%20%5CPi(t-1)%20%5Cright%5D%5E%7B-1%7D#0
https://saxarona.github.io/mathjax-viewer/?input=G(t%2Ct)%20%3D%20%5Cleft%5B%201%5C!%5C!1%20%2B%20%5Cmathcal%7BM%7D(t-1%2Ct)%20%5Cright%5D%5E%7B-1%7D%20%3D%20%5Cleft%5B%201%5C!%5C!1%20%2B%20%5CPi(t-1)%5CSigma(t)%20%5Cright%5D%5E%7B-1%7D%20%3D%20%5Cmathcal%7BN%7D(t)#0

THE HUBBARD MODEL

t Y t t 2 t t
=K Z Cxfyf T EZ(folefl B Cszfoz) B ‘UZ(folefl T foZfoz)
X X

(xy).f=12
° Q
e cT,c : creation/annihilation operators | U )K
e k : hopping parameter f P ®
e U : on-site interaction
| K
e u : chemical potential o A
U
____________________ .

IJ JULICH
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WARM MOLECULES

P

Perylene

G. Malloci and M. A. L. Marques et al.
https://www.dsf.unica.it/~gmalloci/pahs/frames/citation.html
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WARM MOLECULES

Talk by Janik Kreit

Fullerene C60 system

\-{ O
o s
-

Perylene Corannulene

G. Malloci and M. A. L. Marques et al.
https://www.dsf.unica.it/~gmalloci/pahs/frames/citation.html

IJ JULICH
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WARM MOLECULES
Perylene

3017 — ©f=h
— (Q¥z%
10 —— — Q)%
2.5 1 @9z%
(@Y%
8 Y 10l
204t (Q)p=30
6 +- (Q)g=50
S o
B=90

4 1.5

2
1.0 A1
0
0.0 0.2 0.4 0.6 0.8 1.0
1
0.5 1
Interacting: ¢ B=4 $ B=6 I pB=8
Non-Interacting: — B=4 — B=6 — pB=8 —_— (o
. 0.0
M. Rodekamp et al., arXiv:2406.06711

0.0 0.2 0.4 0.6 0.8 1.0
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WARM MOLECULES
Perylene

« AQ =1 transition when U > 0

« Plateau increases with increasing of U

« Statistical power decreases

Member of the Helmholtz Association 28 July 2026

3.0 4 1
=== (Qlu=0 ‘l'
2579 -4- (Qly=1 l’
504 "t Q=2 L ___ - - P4
& (O)U:3 !/ ; [ »
1.5 )
!
!
1.0 4 I - -
I/
0.5 A l,'ﬂf
0.0 1 sttt oo Lo o
—0.5 A
710 4
1.0 4 L e I e e S iy T e B
0.8 A
0.6 1
0.4 A
+- (D=1
0.29 4~ (D)y=2
(Zhu=3
0.0 0.2 0.4 0.6 0.8 1.0
u
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WARM MOLECULES
Perylene

S [T !
« AQ = 1 transition when U > 0 i [ |
- (Qly=3 Fs / " .
» Plateau increases with increasingof U .. I aaaann
« Statistical power decreases ol
Why is there such a transition?
| +- (Zhy=1
0.29 4~ (D)y=2
(Z)u=3

Forschungszentrum
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Perylene
30 :'
2.5 1 ',l'
 Spin symmetry of the ground state is *°] HEZ e
broken 15 ;
=== (Qlu=0 ,"
. . .y o +- Q) 1
* Due to interactions, it is more e ; ’
energetically favorable in this region . ;'
to have an odd number of electrons I
in the Dirac sea 001 et - MMM M
—0.5 A1
—1.0 A
OjO 0j2 DI.4 D.IS 0.8 1.I0
28 July 2026 Page 14 J Forschungszentrum
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WARM MOLECULES

Perylene, N, =20, B=90, N,=512
t 1=0.5=1;=0,5,=1 unequal

Perylene, N, =20, B =90, N, =512
+ 1=0,5=1;1-=0,5,=1 unequal
b i=1,5=0;1;=1 unequal 107 b 1=1.5=0:, =1 unequal
N ¥ Up-Spin Trion §  Up-Spin Trion
" RN ,H.-H'H-H-""H'H ,HIH.* HH'H‘I
I IR UL ROkt
10 ', ' R
107 L . [ e,
, .
Yy .
by L
(AR f Yy
10 '* t 10 *" "
' ;
th Tt { | f Ty '
4
ty t, Yy
- fy iy - 'y
E i by =
G t Al G Y
10 t |+ 107 ar
it - Hh 'IH
H . Y f
o e fry,
T ' ut |
107 - . ‘
10
ot
0 2 4 3 8 10 12 14 o 2 4 6 8 10 12 14
T T
301 0 3.0 H !
1 1 | 1
' , : .'
254 { 254 i |
] 1 I 1
: I, ; If
2041 B L 2.0 e
: !’ 14 'l } 4
--- Q-0 H === {Q-o | !
| 151
Y1 o ! i P
| 1 4 I i ‘
| 1 1 .,
1041 I s 1.0 ]r T
: " o I' W I
| I f ! i
05| ! 051 i i
! H Lo i
| s Y, T D Y = I
0.0 H—,-—c—-—--—.-——:%a . r T r - T T T
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WARM MOLECULES

P

Perylene

G. Malloci and M. A. L. Marques et al.
https://www.dsf.unica.it/~gmalloci/pahs/frames/citation.html
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WARM MOLECULES

Corannulene

|t is difficult to see a plateau

« Statistical power plummets in the
transition region

28 July 2026

Member of the Helmholtz Association
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WARM MOLECULES

Corannulene ™

10—2 .

* 1-body correlators are noisy even 07

atpu =0
« We need more configurations to .
clean up the signal
1078+

IJ JULICH
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SUMMARY
Outlook

W Stable Determinant and Force

« HMC simulations at large f or Low-Temperature

’ * Now the zero-temperature limit can be better estimated

’ « The Full Propagator is available — all n-body 2-point correlation functions

@;.‘E‘f'fﬁ@

aer
2604,00815

-,lu“z'

"!

@ ‘*'.s,i,-m..*#
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SUMMARY
Outlook

’ Stable Determinant and Force

W Room Temperature Simulations

« Spin symmetry breaking in the presence
of interactions

« AQ = 1 transition with an interaction
strength dependence

« Showcase of 2- and 3-body correlation
functions in the @ = 0 and Q = 1 regions
(preliminary)

Member of the Helmholtz Association 28 July 2026
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SUMMARY
Outlook

’ Stable Determinant and Force
’ Room Temperature Simulations

W What can we do next?
« Improve the signal by applying a Sign-Problem-Mitigation-Scheme
« Use a different model that accounts for neighbor interactions

« Started investigating the Pariser-Parr-Pople model with a Mataga—Nishimoto potential at U = 4

9 JULICH
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BACKUP
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PARISER-PARR-POPLE

Model . .
M. Fabian et al. arXiv:2510.04632
O
(a) Hiickel (b) Hubbard (c¢) extended Hubbard
_— . U
Mataga-Nishimoto potential Vij =

1 + UETT13/14397
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LOW-TEMPERATURE HMC

Stable Logarithmic Determinant Scaling

N, = 882
~=- 0Ny
1{}2 -
t QR
¢ no decomp.
L ]
m -7
i
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w . -
E 0%
- ’_.-'"
; - ¢
- L]
L ]
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N
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2, B

corannulene U

2,6=90,N;=512

WARM MOLECULES

Extended Regions

-
-
=
-
- o
| _ _ T T T T T
— ] =] =] o e T 9
| I
= (]
T
i 2 2
. = =
T..!._ L% Z T w L O
L ]
| “as=® : - ;
LT, Rt
|~ o
1 el e
- e
ILV.I....-.-.T o
ulll.-a..-. i i
! Lt T T S —T— ™
! ~c2t e
\ I | i
-~ 4 -

Page 22

28 July 2026

Member of the Helmholtz Association



	Слайд 1: Low-Temperature Hybrid Monte Carlo for Perylene and Corannulene
	Слайд 2: Why do we care about low-temperature
	Слайд 3: Why do we care about low-temperature
	Слайд 4: Why do we care about low-temperature
	Слайд 5: Low-temperature hmc
	Слайд 6: Low-temperature hmc
	Слайд 7: Low-temperature hmc
	Слайд 8: Low-temperature hmc
	Слайд 9: Low-temperature hmc
	Слайд 10: Low-temperature hmc
	Слайд 11: Low-temperature hmc
	Слайд 12: Low-temperature hmc
	Слайд 13: Low-Temperature HMC
	Слайд 14: N-Body 2-point Correlation Functions
	Слайд 15: N-Body 2-point Correlation Functions
	Слайд 16: N-Body 2-point Correlation Functions
	Слайд 17: N-Body 2-point Correlation Functions
	Слайд 18: The HUBBARD model
	Слайд 19: Warm Molecules
	Слайд 20: Warm Molecules
	Слайд 21: Warm Molecules
	Слайд 22: Warm Molecules
	Слайд 23: Warm Molecules
	Слайд 24: Warm Molecules
	Слайд 25: Warm Molecules
	Слайд 26: Warm Molecules
	Слайд 27: Warm Molecules
	Слайд 28: Warm Molecules
	Слайд 29: Summary
	Слайд 30: Summary
	Слайд 31: Summary
	Слайд 32: BackUp
	Слайд 33: Pariser-parr-pople
	Слайд 34: Low-temperature hmc
	Слайд 35: Warm Molecules

