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‣ iPEPS at finite temperature
‣ Imaginary time evolution of density operator (or purification)

‣ Finite correlation length scaling
‣ Study of critical phenomena and order parameter extrapolations in gapless systems

‣ Spiral iPEPS
‣ efficient simulation of incommensurate spin spiral phases

‣ Excitations & spectral functions
‣ Excitation ansatz & real-time evolution

‣ Extensions to 3D
‣ iPEPS for 3D quantum systems

‣ iPEPS for layered systems in 3D

Outline of today’s lecture



iPEPS at finite temperature



Finite temperature simulations with iPEPS
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‣ Wave-function:

‣ Density-operator: ⇢̂ = e��Ĥ ⇡
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‣ Methodological developments (2D):
Li et al. PRL 106 (2011); Czarnik et al. PRB 86 (2012); Czarnik & Dziarmaga PRB 90 (2014);  
Czarnik & Dziarmaga PRB 92 (2015); Czarnik et al. PRB 94 (2016); Dai et al PRB 95 (2017);  
Kshetrimayum, Rizzi, Eisert, Orus, PRL 122 (2019), P. Czarnik, J. Dziarmaga, PC, PRB 99 (2019), …

‣ Symmetric form: e��Ĥ/2 ⇡
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⇢̂(�) = ⇢̂†(�)
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by construction



Finite temperature simulations with iPEPS

⇢̂(�) ⇡
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(CTM + imaginary time evolution)

join legs
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⇢̂(�) = Tra| ̃ih ̃|
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Other (equivalent) formulation using purification:



Imaginary time evolution
• Start at infinite temperature:  
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Trotter-Suzuki 
decomposition: 

• Initial state: exact!

⇢̂(� = 0) = I
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• Evolve in imaginary time: ⇢̂(�) = e��Ĥ/2⇢̂(0)e��Ĥ/2
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• Evolve up to target       �/2
<latexit sha1_base64="nbvrPzE0yE0Z8tqP0YgnMGbezq4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU02qoCcpePFYwX5AG8pmu2mXbjZhdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDfz209cGxGrR5wk3I/oUIlQMIpWavcCjvSi1i9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+7pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uwxs/EypJkSu2WBSmkmBMZr+TgdCcoZxYQpkW9lbCRlRThjahkg3BW355lbRqVe+yWnu4qtRv8ziKcAKncA4eXEMd7qEBTWAwhmd4hTcncV6cd+dj0Vpw8plj+APn8wek/I8Z</latexit>

• Truncate after each step using e.g. simple / full update

Czarnik, Dziarmaga & PC, PRB 99 (2019)



Kageyama et al. PRL 82 (1999)
 

Cu2+

carries  
S=1/2

SrCu2(BO3)2

The Shastry-Sutherland model and SrCu2(BO3)2

Shastry & Sutherland, Physica B+C 108 (1981)
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Corboz and Mila, PRB 87 (2013)
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The Shastry-Sutherland model and SrCu2(BO3)2

Kageyama et al. PRL 82 (1999)
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S=1/2
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SrCu2(BO3)2

previously found in:
Koga and Kawakami, PRL 84 (2000)
Takushima et al., JPSJ 70 (2001)
Chung et al, PRB 64 (2001)
Läuchli et al, PRB 66 (2002)

 
previously found in:

Deconfined QCP
 
 

Intermediate QSL phase?
Yang et al, PRB 105 (2022)
Wang et al, CPL 39 (2022)
Viteritti et al, arxiv: 2311.16889
Maity et al., arXiv:2501.00096

Lee, You, Sachdev &  
Vishwanath, PRX 9 (2019)
Liu et al, PRL 133 (2024)



Finite temperature simulation examples

‣ Benchmarks in the dimer phase of the Shastry-Sutherland model

‣ Comparison between ED, TPQ, QMC, iPEPS  
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strong sign  
problem

Miyahara and Ueda, arxiv:cond-mat/0004260

agreement 
at low T

high T:  
model not 
accurate!

J 0/J = 0.62
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J = 77K
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Wietek, PC, Wessel, Normand, Mila, and Honecker, PRR 1 (2019)



SrCu2(BO3)2  under pressure 

Waki, et al. J. Phys. Soc. Jpn. 76, 073710 (2007)
Haravifard, et al. Nat. Commun. 7, 11956 (2016)
Zayed, et al., Nat. Phys. 13, 962 (2017)
Sakurai, et al., J. Phys. Soc. Jpn. 87, 033701 (2018)
Guo, et al., PRL 124, 206602 (2020)
Bettler, et al,. Phys. Rev. Research 2, 012010 (2020)

pressure

Drive system across the phase transitions!
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equivalent plaquette patterns, PS order can appear at T > 0
already in an isolated layer.
Following indications from nuclear magnetic resonance

(NMR) of an intermediate phase with broken spatial
symmetry [22,23], inelastic neutron scattering revealed
an excitation attributed to a PS state [11]. The mode was
only detected at P ¼ 2.15 GPa, and recently an alternative
scenario with no PS phase was proposed [12]. Here we
argue that the PS phase exists adjacent to a previously not
observed AF phase below 4 K and P ¼ 3–4 GPa.
Experiments.—We have performed high-pressure heat

capacity (C) measurements on SrCu2ðBO3Þ2 single crys-
tals. With support of simulations of quantum spin models,
we have for the first time extracted a ðP; TÞ phase diagram,
Fig. 2(a), in the range of P and T where the SS model
should be relevant. Six different samples were studied, and
CðTÞ was measured from room temperature down to 1.5 or
0.4 K at several pressures (using two different types
of cryostats and pressure cells; see the Supplemental
Material [24]). Consistent results were obtained among
all these measurements. In Figs. 2(b)–2(e) we show typical
results for CðTÞ=T in the different pressure regions. In the
Supplemental Material [24] we discuss data for P > 4 GPa,
where the SS description is no longer valid.
We identify two main low-T features in CðTÞ=T: there is

always a broad maximum that we will refer to as the hump.
Starting at P ≈ 1.7 GPa, a smaller peak emerges at lower T
and prevails up to 2.4 GPa. We will argue that this peak
signals the PS transition. Upon further increasing P, the
small peak is no longer detected at temperatures accessible
in the experiments. A broader hump appears between 3 and
4 GPa, below which there is a peak at T ≈ 2–3.5 K that we
interpret as an AF transition. AF order was previously
detected only at P > 4 GPa up to T ≈ 120 K [11]. This
high-T phase is different from the new low-T AF phase—
see the Supplemental Material [24], where we also discuss
a new transition at T ≈ 8 K for P > 4 GPa.
The C=T hump is known from studies at ambient

pressure [37], where it arises from the correlations leading
to the dimer singlets as T → 0. As shown in Fig. 2(a),
the hump temperature ThðPÞ, including the minimum at
P ≈ 2.5 GPa, agrees remarkably well with exact diago-
nalization (ED) results for the SS Hamiltonian on a
20-site lattice (see the Supplemental Material [24]) with
P converted to α by linear forms JðPÞ, J0ðPÞ [11].
The hump width also agrees well with the SS model
[see Fig. S5].
In the 2D Heisenberg model the hump appears at T ≈

J=2 [38] where strong AF correlations build up. In general,
the hump indicates a temperature scale where correlations
set in that remove significant entropy from the system. The
ThðPÞ minimum can be regarded as the point of highest
frustration, with the energy scale being lowered due to
the two competing couplings (see also Refs. [39,40]).
The peak that we associate with PS ordering appears in

this pressure region, suggesting singlet formation driven
by strong frustration.
If the putative AF ordering below T ¼ 4 K for P ≈

3–4 GPa is the result of weak inter-layer couplings J⊥, the
observed hump-peak separation is expected, as the hump

FIG. 2. (a) Phase diagram of SrCu2ðBO3Þ2 (crystal structure in
the inset) from high pressure CðTÞ measurements. Examples of
CðTÞ=T curves are given in (b)–(e), where the orange arrows
indicate the hump locationTh. The green symbols in (a)markTh in
several samples and the purple curve shows results for the 20-spin
SS model with couplings close to those of Ref. [11]; J0ðPÞ¼
½75−8.3P=GPa%K and JðPÞ ¼ ½46.7 − 3.7 P=GPa%K. For P ≈
1.7–2.4 GPa a second peak at lower T, marked with a red arrow in
(c); it indicates the transition into the PS phase. Upon further
compression, the system first enters a regime where the experi-
ments cannot reach sufficiently low T to observe the second peak.
The peak is again detectable around 3 GPa and is marked with blue
arrows in (d),(e). It becomes more prominent with increasing P,
suggesting [38] AF order due to weak interlayer couplings. The
phase boundaries extracted from the second peak are indicated by
half-filled red squares and diamonds (PS phase) and blue filled
squares and half-filled circles (AF phase). The low-T data in (b),(c)
are fitted (black curves) tothe form C=T ¼ a0 þ a1T2 þ
ða2=T3Þe−Δ=T [37], giving gaps Δ shown in Fig. 3(a). In (d),(e)
fits are shown (red curves) without gap term; C=T ¼ a0 þ a1T2.
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Other examples

Obtaining accurate results at low-T challenging! Room for improvement!



Finite correlation length scaling:
“finite size scaling” with iPEPS
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Motivation: study of quantum phase transitions
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<latexit sha1_base64="zIcW3Qz3OvOg/F3fUmnkWbsmaxo=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZE0JUU3LisYB/SDiWTybShSWZIMkIZ+hVuXCji1s9x59+YtrPQ1gOBwznnkntPmApurOd9o9La+sbmVnm7srO7t39QPTxqmyTTlLVoIhLdDYlhgivWstwK1k01IzIUrBOOb2d+54lpwxP1YCcpCyQZKh5zSqyTHvvCRSMyoINqzat7c+BV4hekBgWag+pXP0poJpmyVBBjer6X2iAn2nIq2LTSzwxLCR2TIes5qohkJsjnC0/xmVMiHCfaPWXxXP09kRNpzESGLimJHZllbyb+5/UyG18HOVdpZpmii4/iTGCb4Nn1OOKaUSsmjhCqudsV0xHRhFrXUcWV4C+fvEraF3Xfq/v3l7XGTVFHGU7gFM7BhytowB00oQUUJDzDK7whjV7QO/pYREuomDmGP0CfP7FjkE8=</latexit><latexit sha1_base64="zIcW3Qz3OvOg/F3fUmnkWbsmaxo=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZE0JUU3LisYB/SDiWTybShSWZIMkIZ+hVuXCji1s9x59+YtrPQ1gOBwznnkntPmApurOd9o9La+sbmVnm7srO7t39QPTxqmyTTlLVoIhLdDYlhgivWstwK1k01IzIUrBOOb2d+54lpwxP1YCcpCyQZKh5zSqyTHvvCRSMyoINqzat7c+BV4hekBgWag+pXP0poJpmyVBBjer6X2iAn2nIq2LTSzwxLCR2TIes5qohkJsjnC0/xmVMiHCfaPWXxXP09kRNpzESGLimJHZllbyb+5/UyG18HOVdpZpmii4/iTGCb4Nn1OOKaUSsmjhCqudsV0xHRhFrXUcWV4C+fvEraF3Xfq/v3l7XGTVFHGU7gFM7BhytowB00oQUUJDzDK7whjV7QO/pYREuomDmGP0CfP7FjkE8=</latexit><latexit sha1_base64="zIcW3Qz3OvOg/F3fUmnkWbsmaxo=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZE0JUU3LisYB/SDiWTybShSWZIMkIZ+hVuXCji1s9x59+YtrPQ1gOBwznnkntPmApurOd9o9La+sbmVnm7srO7t39QPTxqmyTTlLVoIhLdDYlhgivWstwK1k01IzIUrBOOb2d+54lpwxP1YCcpCyQZKh5zSqyTHvvCRSMyoINqzat7c+BV4hekBgWag+pXP0poJpmyVBBjer6X2iAn2nIq2LTSzwxLCR2TIes5qohkJsjnC0/xmVMiHCfaPWXxXP09kRNpzESGLimJHZllbyb+5/UyG18HOVdpZpmii4/iTGCb4Nn1OOKaUSsmjhCqudsV0xHRhFrXUcWV4C+fvEraF3Xfq/v3l7XGTVFHGU7gFM7BhytowB00oQUUJDzDK7whjV7QO/pYREuomDmGP0CfP7FjkE8=</latexit><latexit sha1_base64="zIcW3Qz3OvOg/F3fUmnkWbsmaxo=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZE0JUU3LisYB/SDiWTybShSWZIMkIZ+hVuXCji1s9x59+YtrPQ1gOBwznnkntPmApurOd9o9La+sbmVnm7srO7t39QPTxqmyTTlLVoIhLdDYlhgivWstwK1k01IzIUrBOOb2d+54lpwxP1YCcpCyQZKh5zSqyTHvvCRSMyoINqzat7c+BV4hekBgWag+pXP0poJpmyVBBjer6X2iAn2nIq2LTSzwxLCR2TIes5qohkJsjnC0/xmVMiHCfaPWXxXP09kRNpzESGLimJHZllbyb+5/UyG18HOVdpZpmii4/iTGCb4Nn1OOKaUSsmjhCqudsV0xHRhFrXUcWV4C+fvEraF3Xfq/v3l7XGTVFHGU7gFM7BhytowB00oQUUJDzDK7whjV7QO/pYREuomDmGP0CfP7FjkE8=</latexit>

m ⇠ |g|�
<latexit sha1_base64="I4Lr6uHVJKLd4mqcg3CSFVwQLE0=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoCcpePFYwX5AE8tmu2mX7iZhdyOWNH/FiwdFvPpHvPlv3LY5aOuDgcd7M8zMCxLOlHacb6u0tr6xuVXeruzs7u0f2IfVtopTSWiLxDyW3QAryllEW5ppTruJpFgEnHaC8c3M7zxSqVgc3etJQn2BhxELGcHaSH27KpCnmEDT4fQh8wKqcd63a07dmQOtErcgNSjQ7Ntf3iAmqaCRJhwr1XOdRPsZlpoRTvOKlyqaYDLGQ9ozNMKCKj+b356jU6MMUBhLU5FGc/X3RIaFUhMRmE6B9UgtezPxP6+X6vDKz1iUpJpGZLEoTDnSMZoFgQZMUqL5xBBMJDO3IjLCEhNt4qqYENzll1dJ+7zuOnX37qLWuC7iKMMxnMAZuHAJDbiFJrSAwBM8wyu8Wbn1Yr1bH4vWklXMHMEfWJ8/7v2UWg==</latexit><latexit sha1_base64="I4Lr6uHVJKLd4mqcg3CSFVwQLE0=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoCcpePFYwX5AE8tmu2mX7iZhdyOWNH/FiwdFvPpHvPlv3LY5aOuDgcd7M8zMCxLOlHacb6u0tr6xuVXeruzs7u0f2IfVtopTSWiLxDyW3QAryllEW5ppTruJpFgEnHaC8c3M7zxSqVgc3etJQn2BhxELGcHaSH27KpCnmEDT4fQh8wKqcd63a07dmQOtErcgNSjQ7Ntf3iAmqaCRJhwr1XOdRPsZlpoRTvOKlyqaYDLGQ9ozNMKCKj+b356jU6MMUBhLU5FGc/X3RIaFUhMRmE6B9UgtezPxP6+X6vDKz1iUpJpGZLEoTDnSMZoFgQZMUqL5xBBMJDO3IjLCEhNt4qqYENzll1dJ+7zuOnX37qLWuC7iKMMxnMAZuHAJDbiFJrSAwBM8wyu8Wbn1Yr1bH4vWklXMHMEfWJ8/7v2UWg==</latexit><latexit sha1_base64="I4Lr6uHVJKLd4mqcg3CSFVwQLE0=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoCcpePFYwX5AE8tmu2mX7iZhdyOWNH/FiwdFvPpHvPlv3LY5aOuDgcd7M8zMCxLOlHacb6u0tr6xuVXeruzs7u0f2IfVtopTSWiLxDyW3QAryllEW5ppTruJpFgEnHaC8c3M7zxSqVgc3etJQn2BhxELGcHaSH27KpCnmEDT4fQh8wKqcd63a07dmQOtErcgNSjQ7Ntf3iAmqaCRJhwr1XOdRPsZlpoRTvOKlyqaYDLGQ9ozNMKCKj+b356jU6MMUBhLU5FGc/X3RIaFUhMRmE6B9UgtezPxP6+X6vDKz1iUpJpGZLEoTDnSMZoFgQZMUqL5xBBMJDO3IjLCEhNt4qqYENzll1dJ+7zuOnX37qLWuC7iKMMxnMAZuHAJDbiFJrSAwBM8wyu8Wbn1Yr1bH4vWklXMHMEfWJ8/7v2UWg==</latexit><latexit sha1_base64="I4Lr6uHVJKLd4mqcg3CSFVwQLE0=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoCcpePFYwX5AE8tmu2mX7iZhdyOWNH/FiwdFvPpHvPlv3LY5aOuDgcd7M8zMCxLOlHacb6u0tr6xuVXeruzs7u0f2IfVtopTSWiLxDyW3QAryllEW5ppTruJpFgEnHaC8c3M7zxSqVgc3etJQn2BhxELGcHaSH27KpCnmEDT4fQh8wKqcd63a07dmQOtErcgNSjQ7Ntf3iAmqaCRJhwr1XOdRPsZlpoRTvOKlyqaYDLGQ9ozNMKCKj+b356jU6MMUBhLU5FGc/X3RIaFUhMRmE6B9UgtezPxP6+X6vDKz1iUpJpGZLEoTDnSMZoFgQZMUqL5xBBMJDO3IjLCEhNt4qqYENzll1dJ+7zuOnX37qLWuC7iKMMxnMAZuHAJDbiFJrSAwBM8wyu8Wbn1Yr1bH4vWklXMHMEfWJ8/7v2UWg==</latexit>

⇠ ⇠ |g|�⌫
<latexit sha1_base64="Obve8aqTu5bgWMRFx0QTP9QqQkA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBjSURQVdScOOygn1AE8tkOmmHTiZhZiKGtP6KGxeKuPVD3Pk3Th8LbT1w4XDOvdx7T5BwprTjfFuFldW19Y3iZmlre2d3z94/aKo4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGF5P/NYDlYrF4k5nCfUj3BcsZARrI3XtsvfIkKdYhEb90X1+6ol03LUrTtWZAi0Td04qMEe9a395vZikERWacKxUx3US7edYakY4HZe8VNEEkyHu046hAkdU+fn0+DE6NkoPhbE0JTSaqr8nchwplUWB6YywHqhFbyL+53VSHV76ORNJqqkgs0VhypGO0SQJ1GOSEs0zQzCRzNyKyABLTLTJq2RCcBdfXibNs6rrVN3b80rtah5HEQ7hCE7AhQuowQ3UoQEEMniGV3iznqwX6936mLUWrPlMGf7A+vwBgjSUqA==</latexit><latexit sha1_base64="Obve8aqTu5bgWMRFx0QTP9QqQkA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBjSURQVdScOOygn1AE8tkOmmHTiZhZiKGtP6KGxeKuPVD3Pk3Th8LbT1w4XDOvdx7T5BwprTjfFuFldW19Y3iZmlre2d3z94/aKo4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGF5P/NYDlYrF4k5nCfUj3BcsZARrI3XtsvfIkKdYhEb90X1+6ol03LUrTtWZAi0Td04qMEe9a395vZikERWacKxUx3US7edYakY4HZe8VNEEkyHu046hAkdU+fn0+DE6NkoPhbE0JTSaqr8nchwplUWB6YywHqhFbyL+53VSHV76ORNJqqkgs0VhypGO0SQJ1GOSEs0zQzCRzNyKyABLTLTJq2RCcBdfXibNs6rrVN3b80rtah5HEQ7hCE7AhQuowQ3UoQEEMniGV3iznqwX6936mLUWrPlMGf7A+vwBgjSUqA==</latexit><latexit sha1_base64="Obve8aqTu5bgWMRFx0QTP9QqQkA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBjSURQVdScOOygn1AE8tkOmmHTiZhZiKGtP6KGxeKuPVD3Pk3Th8LbT1w4XDOvdx7T5BwprTjfFuFldW19Y3iZmlre2d3z94/aKo4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGF5P/NYDlYrF4k5nCfUj3BcsZARrI3XtsvfIkKdYhEb90X1+6ol03LUrTtWZAi0Td04qMEe9a395vZikERWacKxUx3US7edYakY4HZe8VNEEkyHu046hAkdU+fn0+DE6NkoPhbE0JTSaqr8nchwplUWB6YywHqhFbyL+53VSHV76ORNJqqkgs0VhypGO0SQJ1GOSEs0zQzCRzNyKyABLTLTJq2RCcBdfXibNs6rrVN3b80rtah5HEQ7hCE7AhQuowQ3UoQEEMniGV3iznqwX6936mLUWrPlMGf7A+vwBgjSUqA==</latexit><latexit sha1_base64="Obve8aqTu5bgWMRFx0QTP9QqQkA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBjSURQVdScOOygn1AE8tkOmmHTiZhZiKGtP6KGxeKuPVD3Pk3Th8LbT1w4XDOvdx7T5BwprTjfFuFldW19Y3iZmlre2d3z94/aKo4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGF5P/NYDlYrF4k5nCfUj3BcsZARrI3XtsvfIkKdYhEb90X1+6ol03LUrTtWZAi0Td04qMEe9a395vZikERWacKxUx3US7edYakY4HZe8VNEEkyHu046hAkdU+fn0+DE6NkoPhbE0JTSaqr8nchwplUWB6YywHqhFbyL+53VSHV76ORNJqqkgs0VhypGO0SQJ1GOSEs0zQzCRzNyKyABLTLTJq2RCcBdfXibNs6rrVN3b80rtah5HEQ7hCE7AhQuowQ3UoQEEMniGV3iznqwX6936mLUWrPlMGf7A+vwBgjSUqA==</latexit>

g =
�� �c

�c
<latexit sha1_base64="hb9TOyxrxTGOgK7Vb5224ke6tAM=">AAACDnicbVDLSgMxFL3js9bXqEs3wVJwY5kRQTdKwY3LCvYB7TBkMpk2NJMZkoxQhn6BG3/FjQtF3Lp259+YtgNq64GQwzn3kNwTpJwp7Thf1tLyyuraemmjvLm1vbNr7+23VJJJQpsk4YnsBFhRzgRtaqY57aSS4jjgtB0Mryd++55KxRJxp0cp9WLcFyxiBGsj+Xa1f9mLJCZ5j5tQiE+K2yfj/If6dsWpOVOgReIWpAIFGr792QsTksVUaMKxUl3XSbWXY6kZ4XRc7mWKppgMcZ92DRU4psrLp+uMUdUoIYoSaY7QaKr+TuQ4VmoUB2Yyxnqg5r2J+J/XzXR04eVMpJmmgsweijKOdIIm3aCQSUo0HxmCiWTmr4gMsGlHmwbLpgR3fuVF0jqtuU7NvT2r1K+KOkpwCEdwDC6cQx1uoAFNIPAAT/ACr9aj9Wy9We+z0SWryBzAH1gf38eTnI0=</latexit><latexit sha1_base64="hb9TOyxrxTGOgK7Vb5224ke6tAM=">AAACDnicbVDLSgMxFL3js9bXqEs3wVJwY5kRQTdKwY3LCvYB7TBkMpk2NJMZkoxQhn6BG3/FjQtF3Lp259+YtgNq64GQwzn3kNwTpJwp7Thf1tLyyuraemmjvLm1vbNr7+23VJJJQpsk4YnsBFhRzgRtaqY57aSS4jjgtB0Mryd++55KxRJxp0cp9WLcFyxiBGsj+Xa1f9mLJCZ5j5tQiE+K2yfj/If6dsWpOVOgReIWpAIFGr792QsTksVUaMKxUl3XSbWXY6kZ4XRc7mWKppgMcZ92DRU4psrLp+uMUdUoIYoSaY7QaKr+TuQ4VmoUB2Yyxnqg5r2J+J/XzXR04eVMpJmmgsweijKOdIIm3aCQSUo0HxmCiWTmr4gMsGlHmwbLpgR3fuVF0jqtuU7NvT2r1K+KOkpwCEdwDC6cQx1uoAFNIPAAT/ACr9aj9Wy9We+z0SWryBzAH1gf38eTnI0=</latexit><latexit sha1_base64="hb9TOyxrxTGOgK7Vb5224ke6tAM=">AAACDnicbVDLSgMxFL3js9bXqEs3wVJwY5kRQTdKwY3LCvYB7TBkMpk2NJMZkoxQhn6BG3/FjQtF3Lp259+YtgNq64GQwzn3kNwTpJwp7Thf1tLyyuraemmjvLm1vbNr7+23VJJJQpsk4YnsBFhRzgRtaqY57aSS4jjgtB0Mryd++55KxRJxp0cp9WLcFyxiBGsj+Xa1f9mLJCZ5j5tQiE+K2yfj/If6dsWpOVOgReIWpAIFGr792QsTksVUaMKxUl3XSbWXY6kZ4XRc7mWKppgMcZ92DRU4psrLp+uMUdUoIYoSaY7QaKr+TuQ4VmoUB2Yyxnqg5r2J+J/XzXR04eVMpJmmgsweijKOdIIm3aCQSUo0HxmCiWTmr4gMsGlHmwbLpgR3fuVF0jqtuU7NvT2r1K+KOkpwCEdwDC6cQx1uoAFNIPAAT/ACr9aj9Wy9We+z0SWryBzAH1gf38eTnI0=</latexit><latexit sha1_base64="hb9TOyxrxTGOgK7Vb5224ke6tAM=">AAACDnicbVDLSgMxFL3js9bXqEs3wVJwY5kRQTdKwY3LCvYB7TBkMpk2NJMZkoxQhn6BG3/FjQtF3Lp259+YtgNq64GQwzn3kNwTpJwp7Thf1tLyyuraemmjvLm1vbNr7+23VJJJQpsk4YnsBFhRzgRtaqY57aSS4jjgtB0Mryd++55KxRJxp0cp9WLcFyxiBGsj+Xa1f9mLJCZ5j5tQiE+K2yfj/If6dsWpOVOgReIWpAIFGr792QsTksVUaMKxUl3XSbWXY6kZ4XRc7mWKppgMcZ92DRU4psrLp+uMUdUoIYoSaY7QaKr+TuQ4VmoUB2Yyxnqg5r2J+J/XzXR04eVMpJmmgsweijKOdIIm3aCQSUo0HxmCiWTmr4gMsGlHmwbLpgR3fuVF0jqtuU7NvT2r1K+KOkpwCEdwDC6cQx1uoAFNIPAAT/ACr9aj9Wy9We+z0SWryBzAH1gf38eTnI0=</latexit>

Critical coupling?
Universal critical exponents?

Challenging!

• Strong finite size effects in the vicinity of the critical point

• Powerful approach: finite size scaling: m(g, L) = L��/⌫F(gL1/⌫)
<latexit sha1_base64="qHM2th2lrCVGTTIz31BfgMfUZz4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoQWsigm6UgiAuuqhgH9DEMplO0qGTSZiZCCX0L9z4K25cKOJWd/6N07QLbT1w4XDOvdx7jxczKpVlfRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG1yN/dYDEZJG/E4NY+KGKODUpxgpLXXNSlgKDmtleAFr9+mR4xGFjh2ejGDqYMTg9agUjB07E8uwaxatipUBzhN7SopginrX/HJ6EU5CwhVmSMqObcXKTZFQFDMyKjiJJDHCAxSQjqYchUS6afbXCB5opQf9SOjiCmbq74kUhVIOQ093hkj15aw3Fv/zOonyz92U8jhRhOPJIj9hUEVwHBLsUUGwYkNNEBZU3wpxHwmElY6yoEOwZ1+eJ82Tim1V7NvTYvVyGkce7IF9UAI2OANVcAPqoAEweATP4BW8GU/Gi/FufExac8Z0Zhf8gfH5A4YjnQU=</latexit><latexit sha1_base64="qHM2th2lrCVGTTIz31BfgMfUZz4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoQWsigm6UgiAuuqhgH9DEMplO0qGTSZiZCCX0L9z4K25cKOJWd/6N07QLbT1w4XDOvdx7jxczKpVlfRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG1yN/dYDEZJG/E4NY+KGKODUpxgpLXXNSlgKDmtleAFr9+mR4xGFjh2ejGDqYMTg9agUjB07E8uwaxatipUBzhN7SopginrX/HJ6EU5CwhVmSMqObcXKTZFQFDMyKjiJJDHCAxSQjqYchUS6afbXCB5opQf9SOjiCmbq74kUhVIOQ093hkj15aw3Fv/zOonyz92U8jhRhOPJIj9hUEVwHBLsUUGwYkNNEBZU3wpxHwmElY6yoEOwZ1+eJ82Tim1V7NvTYvVyGkce7IF9UAI2OANVcAPqoAEweATP4BW8GU/Gi/FufExac8Z0Zhf8gfH5A4YjnQU=</latexit><latexit sha1_base64="qHM2th2lrCVGTTIz31BfgMfUZz4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoQWsigm6UgiAuuqhgH9DEMplO0qGTSZiZCCX0L9z4K25cKOJWd/6N07QLbT1w4XDOvdx7jxczKpVlfRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG1yN/dYDEZJG/E4NY+KGKODUpxgpLXXNSlgKDmtleAFr9+mR4xGFjh2ejGDqYMTg9agUjB07E8uwaxatipUBzhN7SopginrX/HJ6EU5CwhVmSMqObcXKTZFQFDMyKjiJJDHCAxSQjqYchUS6afbXCB5opQf9SOjiCmbq74kUhVIOQ093hkj15aw3Fv/zOonyz92U8jhRhOPJIj9hUEVwHBLsUUGwYkNNEBZU3wpxHwmElY6yoEOwZ1+eJ82Tim1V7NvTYvVyGkce7IF9UAI2OANVcAPqoAEweATP4BW8GU/Gi/FufExac8Z0Zhf8gfH5A4YjnQU=</latexit><latexit sha1_base64="qHM2th2lrCVGTTIz31BfgMfUZz4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoQWsigm6UgiAuuqhgH9DEMplO0qGTSZiZCCX0L9z4K25cKOJWd/6N07QLbT1w4XDOvdx7jxczKpVlfRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG1yN/dYDEZJG/E4NY+KGKODUpxgpLXXNSlgKDmtleAFr9+mR4xGFjh2ejGDqYMTg9agUjB07E8uwaxatipUBzhN7SopginrX/HJ6EU5CwhVmSMqObcXKTZFQFDMyKjiJJDHCAxSQjqYchUS6afbXCB5opQf9SOjiCmbq74kUhVIOQ093hkj15aw3Fv/zOonyz92U8jhRhOPJIj9hUEVwHBLsUUGwYkNNEBZU3wpxHwmElY6yoEOwZ1+eJ82Tim1V7NvTYvVyGkce7IF9UAI2OANVcAPqoAEweATP4BW8GU/Gi/FufExac8Z0Zhf8gfH5A4YjnQU=</latexit>

ordered 
phase

disordered 
phase
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gL1/⌫
<latexit sha1_base64="bVRnLBWMNhplxDleIE13Ku0GL9U=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ERwXxAcoa9zV6yZG/v2J0TwpGfYWOhiK2/xs5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesBxwv2IDpQIBaNopc6A3D1m3llXpZNeueJW3RnIMvFyUoEc9V75q9uPWRpxhUxSYzqem6CfUY2CST4pdVPDE8pGdMA7lioaceNns5Mn5MQqfRLG2pZCMlN/T2Q0MmYcBbYzojg0i95U/M/rpBhe+ZlQSYpcsfmiMJUEYzL9n/SF5gzl2BLKtLC3EjakmjK0KZVsCN7iy8ukeV713Kp3f1GpXedxFOEIjuEUPLiEGtxCHRrAIIZneIU3B50X5935mLcWnHzmEP7A+fwBbjSQsA==</latexit><latexit sha1_base64="bVRnLBWMNhplxDleIE13Ku0GL9U=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ERwXxAcoa9zV6yZG/v2J0TwpGfYWOhiK2/xs5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesBxwv2IDpQIBaNopc6A3D1m3llXpZNeueJW3RnIMvFyUoEc9V75q9uPWRpxhUxSYzqem6CfUY2CST4pdVPDE8pGdMA7lioaceNns5Mn5MQqfRLG2pZCMlN/T2Q0MmYcBbYzojg0i95U/M/rpBhe+ZlQSYpcsfmiMJUEYzL9n/SF5gzl2BLKtLC3EjakmjK0KZVsCN7iy8ukeV713Kp3f1GpXedxFOEIjuEUPLiEGtxCHRrAIIZneIU3B50X5935mLcWnHzmEP7A+fwBbjSQsA==</latexit><latexit sha1_base64="bVRnLBWMNhplxDleIE13Ku0GL9U=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ERwXxAcoa9zV6yZG/v2J0TwpGfYWOhiK2/xs5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesBxwv2IDpQIBaNopc6A3D1m3llXpZNeueJW3RnIMvFyUoEc9V75q9uPWRpxhUxSYzqem6CfUY2CST4pdVPDE8pGdMA7lioaceNns5Mn5MQqfRLG2pZCMlN/T2Q0MmYcBbYzojg0i95U/M/rpBhe+ZlQSYpcsfmiMJUEYzL9n/SF5gzl2BLKtLC3EjakmjK0KZVsCN7iy8ukeV713Kp3f1GpXedxFOEIjuEUPLiEGtxCHRrAIIZneIU3B50X5935mLcWnHzmEP7A+fwBbjSQsA==</latexit><latexit sha1_base64="bVRnLBWMNhplxDleIE13Ku0GL9U=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ERwXxAcoa9zV6yZG/v2J0TwpGfYWOhiK2/xs5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesBxwv2IDpQIBaNopc6A3D1m3llXpZNeueJW3RnIMvFyUoEc9V75q9uPWRpxhUxSYzqem6CfUY2CST4pdVPDE8pGdMA7lioaceNns5Mn5MQqfRLG2pZCMlN/T2Q0MmYcBbYzojg0i95U/M/rpBhe+ZlQSYpcsfmiMJUEYzL9n/SF5gzl2BLKtLC3EjakmjK0KZVsCN7iy8ukeV713Kp3f1GpXedxFOEIjuEUPLiEGtxCHRrAIIZneIU3B50X5935mLcWnHzmEP7A+fwBbjSQsA==</latexit>

Motivation: study of quantum phase transitions

m ⇠ |g|�
<latexit sha1_base64="I4Lr6uHVJKLd4mqcg3CSFVwQLE0=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoCcpePFYwX5AE8tmu2mX7iZhdyOWNH/FiwdFvPpHvPlv3LY5aOuDgcd7M8zMCxLOlHacb6u0tr6xuVXeruzs7u0f2IfVtopTSWiLxDyW3QAryllEW5ppTruJpFgEnHaC8c3M7zxSqVgc3etJQn2BhxELGcHaSH27KpCnmEDT4fQh8wKqcd63a07dmQOtErcgNSjQ7Ntf3iAmqaCRJhwr1XOdRPsZlpoRTvOKlyqaYDLGQ9ozNMKCKj+b356jU6MMUBhLU5FGc/X3RIaFUhMRmE6B9UgtezPxP6+X6vDKz1iUpJpGZLEoTDnSMZoFgQZMUqL5xBBMJDO3IjLCEhNt4qqYENzll1dJ+7zuOnX37qLWuC7iKMMxnMAZuHAJDbiFJrSAwBM8wyu8Wbn1Yr1bH4vWklXMHMEfWJ8/7v2UWg==</latexit><latexit sha1_base64="I4Lr6uHVJKLd4mqcg3CSFVwQLE0=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoCcpePFYwX5AE8tmu2mX7iZhdyOWNH/FiwdFvPpHvPlv3LY5aOuDgcd7M8zMCxLOlHacb6u0tr6xuVXeruzs7u0f2IfVtopTSWiLxDyW3QAryllEW5ppTruJpFgEnHaC8c3M7zxSqVgc3etJQn2BhxELGcHaSH27KpCnmEDT4fQh8wKqcd63a07dmQOtErcgNSjQ7Ntf3iAmqaCRJhwr1XOdRPsZlpoRTvOKlyqaYDLGQ9ozNMKCKj+b356jU6MMUBhLU5FGc/X3RIaFUhMRmE6B9UgtezPxP6+X6vDKz1iUpJpGZLEoTDnSMZoFgQZMUqL5xBBMJDO3IjLCEhNt4qqYENzll1dJ+7zuOnX37qLWuC7iKMMxnMAZuHAJDbiFJrSAwBM8wyu8Wbn1Yr1bH4vWklXMHMEfWJ8/7v2UWg==</latexit><latexit sha1_base64="I4Lr6uHVJKLd4mqcg3CSFVwQLE0=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoCcpePFYwX5AE8tmu2mX7iZhdyOWNH/FiwdFvPpHvPlv3LY5aOuDgcd7M8zMCxLOlHacb6u0tr6xuVXeruzs7u0f2IfVtopTSWiLxDyW3QAryllEW5ppTruJpFgEnHaC8c3M7zxSqVgc3etJQn2BhxELGcHaSH27KpCnmEDT4fQh8wKqcd63a07dmQOtErcgNSjQ7Ntf3iAmqaCRJhwr1XOdRPsZlpoRTvOKlyqaYDLGQ9ozNMKCKj+b356jU6MMUBhLU5FGc/X3RIaFUhMRmE6B9UgtezPxP6+X6vDKz1iUpJpGZLEoTDnSMZoFgQZMUqL5xBBMJDO3IjLCEhNt4qqYENzll1dJ+7zuOnX37qLWuC7iKMMxnMAZuHAJDbiFJrSAwBM8wyu8Wbn1Yr1bH4vWklXMHMEfWJ8/7v2UWg==</latexit><latexit sha1_base64="I4Lr6uHVJKLd4mqcg3CSFVwQLE0=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoCcpePFYwX5AE8tmu2mX7iZhdyOWNH/FiwdFvPpHvPlv3LY5aOuDgcd7M8zMCxLOlHacb6u0tr6xuVXeruzs7u0f2IfVtopTSWiLxDyW3QAryllEW5ppTruJpFgEnHaC8c3M7zxSqVgc3etJQn2BhxELGcHaSH27KpCnmEDT4fQh8wKqcd63a07dmQOtErcgNSjQ7Ntf3iAmqaCRJhwr1XOdRPsZlpoRTvOKlyqaYDLGQ9ozNMKCKj+b356jU6MMUBhLU5FGc/X3RIaFUhMRmE6B9UgtezPxP6+X6vDKz1iUpJpGZLEoTDnSMZoFgQZMUqL5xBBMJDO3IjLCEhNt4qqYENzll1dJ+7zuOnX37qLWuC7iKMMxnMAZuHAJDbiFJrSAwBM8wyu8Wbn1Yr1bH4vWklXMHMEfWJ8/7v2UWg==</latexit>

⇠ ⇠ |g|�⌫
<latexit sha1_base64="Obve8aqTu5bgWMRFx0QTP9QqQkA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBjSURQVdScOOygn1AE8tkOmmHTiZhZiKGtP6KGxeKuPVD3Pk3Th8LbT1w4XDOvdx7T5BwprTjfFuFldW19Y3iZmlre2d3z94/aKo4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGF5P/NYDlYrF4k5nCfUj3BcsZARrI3XtsvfIkKdYhEb90X1+6ol03LUrTtWZAi0Td04qMEe9a395vZikERWacKxUx3US7edYakY4HZe8VNEEkyHu046hAkdU+fn0+DE6NkoPhbE0JTSaqr8nchwplUWB6YywHqhFbyL+53VSHV76ORNJqqkgs0VhypGO0SQJ1GOSEs0zQzCRzNyKyABLTLTJq2RCcBdfXibNs6rrVN3b80rtah5HEQ7hCE7AhQuowQ3UoQEEMniGV3iznqwX6936mLUWrPlMGf7A+vwBgjSUqA==</latexit><latexit sha1_base64="Obve8aqTu5bgWMRFx0QTP9QqQkA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBjSURQVdScOOygn1AE8tkOmmHTiZhZiKGtP6KGxeKuPVD3Pk3Th8LbT1w4XDOvdx7T5BwprTjfFuFldW19Y3iZmlre2d3z94/aKo4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGF5P/NYDlYrF4k5nCfUj3BcsZARrI3XtsvfIkKdYhEb90X1+6ol03LUrTtWZAi0Td04qMEe9a395vZikERWacKxUx3US7edYakY4HZe8VNEEkyHu046hAkdU+fn0+DE6NkoPhbE0JTSaqr8nchwplUWB6YywHqhFbyL+53VSHV76ORNJqqkgs0VhypGO0SQJ1GOSEs0zQzCRzNyKyABLTLTJq2RCcBdfXibNs6rrVN3b80rtah5HEQ7hCE7AhQuowQ3UoQEEMniGV3iznqwX6936mLUWrPlMGf7A+vwBgjSUqA==</latexit><latexit sha1_base64="Obve8aqTu5bgWMRFx0QTP9QqQkA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBjSURQVdScOOygn1AE8tkOmmHTiZhZiKGtP6KGxeKuPVD3Pk3Th8LbT1w4XDOvdx7T5BwprTjfFuFldW19Y3iZmlre2d3z94/aKo4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGF5P/NYDlYrF4k5nCfUj3BcsZARrI3XtsvfIkKdYhEb90X1+6ol03LUrTtWZAi0Td04qMEe9a395vZikERWacKxUx3US7edYakY4HZe8VNEEkyHu046hAkdU+fn0+DE6NkoPhbE0JTSaqr8nchwplUWB6YywHqhFbyL+53VSHV76ORNJqqkgs0VhypGO0SQJ1GOSEs0zQzCRzNyKyABLTLTJq2RCcBdfXibNs6rrVN3b80rtah5HEQ7hCE7AhQuowQ3UoQEEMniGV3iznqwX6936mLUWrPlMGf7A+vwBgjSUqA==</latexit><latexit sha1_base64="Obve8aqTu5bgWMRFx0QTP9QqQkA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBjSURQVdScOOygn1AE8tkOmmHTiZhZiKGtP6KGxeKuPVD3Pk3Th8LbT1w4XDOvdx7T5BwprTjfFuFldW19Y3iZmlre2d3z94/aKo4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGF5P/NYDlYrF4k5nCfUj3BcsZARrI3XtsvfIkKdYhEb90X1+6ol03LUrTtWZAi0Td04qMEe9a395vZikERWacKxUx3US7edYakY4HZe8VNEEkyHu046hAkdU+fn0+DE6NkoPhbE0JTSaqr8nchwplUWB6YywHqhFbyL+53VSHV76ORNJqqkgs0VhypGO0SQJ1GOSEs0zQzCRzNyKyABLTLTJq2RCcBdfXibNs6rrVN3b80rtah5HEQ7hCE7AhQuowQ3UoQEEMniGV3iznqwX6936mLUWrPlMGf7A+vwBgjSUqA==</latexit>

g =
�� �c

�c
<latexit sha1_base64="hb9TOyxrxTGOgK7Vb5224ke6tAM=">AAACDnicbVDLSgMxFL3js9bXqEs3wVJwY5kRQTdKwY3LCvYB7TBkMpk2NJMZkoxQhn6BG3/FjQtF3Lp259+YtgNq64GQwzn3kNwTpJwp7Thf1tLyyuraemmjvLm1vbNr7+23VJJJQpsk4YnsBFhRzgRtaqY57aSS4jjgtB0Mryd++55KxRJxp0cp9WLcFyxiBGsj+Xa1f9mLJCZ5j5tQiE+K2yfj/If6dsWpOVOgReIWpAIFGr792QsTksVUaMKxUl3XSbWXY6kZ4XRc7mWKppgMcZ92DRU4psrLp+uMUdUoIYoSaY7QaKr+TuQ4VmoUB2Yyxnqg5r2J+J/XzXR04eVMpJmmgsweijKOdIIm3aCQSUo0HxmCiWTmr4gMsGlHmwbLpgR3fuVF0jqtuU7NvT2r1K+KOkpwCEdwDC6cQx1uoAFNIPAAT/ACr9aj9Wy9We+z0SWryBzAH1gf38eTnI0=</latexit><latexit sha1_base64="hb9TOyxrxTGOgK7Vb5224ke6tAM=">AAACDnicbVDLSgMxFL3js9bXqEs3wVJwY5kRQTdKwY3LCvYB7TBkMpk2NJMZkoxQhn6BG3/FjQtF3Lp259+YtgNq64GQwzn3kNwTpJwp7Thf1tLyyuraemmjvLm1vbNr7+23VJJJQpsk4YnsBFhRzgRtaqY57aSS4jjgtB0Mryd++55KxRJxp0cp9WLcFyxiBGsj+Xa1f9mLJCZ5j5tQiE+K2yfj/If6dsWpOVOgReIWpAIFGr792QsTksVUaMKxUl3XSbWXY6kZ4XRc7mWKppgMcZ92DRU4psrLp+uMUdUoIYoSaY7QaKr+TuQ4VmoUB2Yyxnqg5r2J+J/XzXR04eVMpJmmgsweijKOdIIm3aCQSUo0HxmCiWTmr4gMsGlHmwbLpgR3fuVF0jqtuU7NvT2r1K+KOkpwCEdwDC6cQx1uoAFNIPAAT/ACr9aj9Wy9We+z0SWryBzAH1gf38eTnI0=</latexit><latexit sha1_base64="hb9TOyxrxTGOgK7Vb5224ke6tAM=">AAACDnicbVDLSgMxFL3js9bXqEs3wVJwY5kRQTdKwY3LCvYB7TBkMpk2NJMZkoxQhn6BG3/FjQtF3Lp259+YtgNq64GQwzn3kNwTpJwp7Thf1tLyyuraemmjvLm1vbNr7+23VJJJQpsk4YnsBFhRzgRtaqY57aSS4jjgtB0Mryd++55KxRJxp0cp9WLcFyxiBGsj+Xa1f9mLJCZ5j5tQiE+K2yfj/If6dsWpOVOgReIWpAIFGr792QsTksVUaMKxUl3XSbWXY6kZ4XRc7mWKppgMcZ92DRU4psrLp+uMUdUoIYoSaY7QaKr+TuQ4VmoUB2Yyxnqg5r2J+J/XzXR04eVMpJmmgsweijKOdIIm3aCQSUo0HxmCiWTmr4gMsGlHmwbLpgR3fuVF0jqtuU7NvT2r1K+KOkpwCEdwDC6cQx1uoAFNIPAAT/ACr9aj9Wy9We+z0SWryBzAH1gf38eTnI0=</latexit><latexit sha1_base64="hb9TOyxrxTGOgK7Vb5224ke6tAM=">AAACDnicbVDLSgMxFL3js9bXqEs3wVJwY5kRQTdKwY3LCvYB7TBkMpk2NJMZkoxQhn6BG3/FjQtF3Lp259+YtgNq64GQwzn3kNwTpJwp7Thf1tLyyuraemmjvLm1vbNr7+23VJJJQpsk4YnsBFhRzgRtaqY57aSS4jjgtB0Mryd++55KxRJxp0cp9WLcFyxiBGsj+Xa1f9mLJCZ5j5tQiE+K2yfj/If6dsWpOVOgReIWpAIFGr792QsTksVUaMKxUl3XSbWXY6kZ4XRc7mWKppgMcZ92DRU4psrLp+uMUdUoIYoSaY7QaKr+TuQ4VmoUB2Yyxnqg5r2J+J/XzXR04eVMpJmmgsweijKOdIIm3aCQSUo0HxmCiWTmr4gMsGlHmwbLpgR3fuVF0jqtuU7NvT2r1K+KOkpwCEdwDC6cQx1uoAFNIPAAT/ACr9aj9Wy9We+z0SWryBzAH1gf38eTnI0=</latexit>

• Can we do something similar with iPEPS?

• Powerful approach: finite size scaling: m(g, L) = L��/⌫F(gL1/⌫)
<latexit sha1_base64="qHM2th2lrCVGTTIz31BfgMfUZz4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoQWsigm6UgiAuuqhgH9DEMplO0qGTSZiZCCX0L9z4K25cKOJWd/6N07QLbT1w4XDOvdx7jxczKpVlfRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG1yN/dYDEZJG/E4NY+KGKODUpxgpLXXNSlgKDmtleAFr9+mR4xGFjh2ejGDqYMTg9agUjB07E8uwaxatipUBzhN7SopginrX/HJ6EU5CwhVmSMqObcXKTZFQFDMyKjiJJDHCAxSQjqYchUS6afbXCB5opQf9SOjiCmbq74kUhVIOQ093hkj15aw3Fv/zOonyz92U8jhRhOPJIj9hUEVwHBLsUUGwYkNNEBZU3wpxHwmElY6yoEOwZ1+eJ82Tim1V7NvTYvVyGkce7IF9UAI2OANVcAPqoAEweATP4BW8GU/Gi/FufExac8Z0Zhf8gfH5A4YjnQU=</latexit><latexit sha1_base64="qHM2th2lrCVGTTIz31BfgMfUZz4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoQWsigm6UgiAuuqhgH9DEMplO0qGTSZiZCCX0L9z4K25cKOJWd/6N07QLbT1w4XDOvdx7jxczKpVlfRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG1yN/dYDEZJG/E4NY+KGKODUpxgpLXXNSlgKDmtleAFr9+mR4xGFjh2ejGDqYMTg9agUjB07E8uwaxatipUBzhN7SopginrX/HJ6EU5CwhVmSMqObcXKTZFQFDMyKjiJJDHCAxSQjqYchUS6afbXCB5opQf9SOjiCmbq74kUhVIOQ093hkj15aw3Fv/zOonyz92U8jhRhOPJIj9hUEVwHBLsUUGwYkNNEBZU3wpxHwmElY6yoEOwZ1+eJ82Tim1V7NvTYvVyGkce7IF9UAI2OANVcAPqoAEweATP4BW8GU/Gi/FufExac8Z0Zhf8gfH5A4YjnQU=</latexit><latexit sha1_base64="qHM2th2lrCVGTTIz31BfgMfUZz4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoQWsigm6UgiAuuqhgH9DEMplO0qGTSZiZCCX0L9z4K25cKOJWd/6N07QLbT1w4XDOvdx7jxczKpVlfRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG1yN/dYDEZJG/E4NY+KGKODUpxgpLXXNSlgKDmtleAFr9+mR4xGFjh2ejGDqYMTg9agUjB07E8uwaxatipUBzhN7SopginrX/HJ6EU5CwhVmSMqObcXKTZFQFDMyKjiJJDHCAxSQjqYchUS6afbXCB5opQf9SOjiCmbq74kUhVIOQ093hkj15aw3Fv/zOonyz92U8jhRhOPJIj9hUEVwHBLsUUGwYkNNEBZU3wpxHwmElY6yoEOwZ1+eJ82Tim1V7NvTYvVyGkce7IF9UAI2OANVcAPqoAEweATP4BW8GU/Gi/FufExac8Z0Zhf8gfH5A4YjnQU=</latexit><latexit sha1_base64="qHM2th2lrCVGTTIz31BfgMfUZz4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoQWsigm6UgiAuuqhgH9DEMplO0qGTSZiZCCX0L9z4K25cKOJWd/6N07QLbT1w4XDOvdx7jxczKpVlfRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG1yN/dYDEZJG/E4NY+KGKODUpxgpLXXNSlgKDmtleAFr9+mR4xGFjh2ejGDqYMTg9agUjB07E8uwaxatipUBzhN7SopginrX/HJ6EU5CwhVmSMqObcXKTZFQFDMyKjiJJDHCAxSQjqYchUS6afbXCB5opQf9SOjiCmbq74kUhVIOQ093hkj15aw3Fv/zOonyz92U8jhRhOPJIj9hUEVwHBLsUUGwYkNNEBZU3wpxHwmElY6yoEOwZ1+eJ82Tim1V7NvTYvVyGkce7IF9UAI2OANVcAPqoAEweATP4BW8GU/Gi/FufExac8Z0Zhf8gfH5A4YjnQU=</latexit>

• Strong finite size effects in the vicinity of the critical point



• iMPS with finite D can only represent states with a  
finite correlation length

Finite correlation length scaling in 1D (iMPS)

Tagliacozzo, de Oliveira, Iblisdir & Latorre, PRB 78 (2008) 
Pollmann, Mukerjee, Turner & Moore, PRL 102 (2009)
Pirvu, Vidal, Verstraete & Tagliacozzo, PRB 86 (2012)

m(g, L) = L��/⌫F(gL1/⌫)
<latexit sha1_base64="qHM2th2lrCVGTTIz31BfgMfUZz4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoQWsigm6UgiAuuqhgH9DEMplO0qGTSZiZCCX0L9z4K25cKOJWd/6N07QLbT1w4XDOvdx7jxczKpVlfRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG1yN/dYDEZJG/E4NY+KGKODUpxgpLXXNSlgKDmtleAFr9+mR4xGFjh2ejGDqYMTg9agUjB07E8uwaxatipUBzhN7SopginrX/HJ6EU5CwhVmSMqObcXKTZFQFDMyKjiJJDHCAxSQjqYchUS6afbXCB5opQf9SOjiCmbq74kUhVIOQ093hkj15aw3Fv/zOonyz92U8jhRhOPJIj9hUEVwHBLsUUGwYkNNEBZU3wpxHwmElY6yoEOwZ1+eJ82Tim1V7NvTYvVyGkce7IF9UAI2OANVcAPqoAEweATP4BW8GU/Gi/FufExac8Z0Zhf8gfH5A4YjnQU=</latexit><latexit sha1_base64="qHM2th2lrCVGTTIz31BfgMfUZz4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoQWsigm6UgiAuuqhgH9DEMplO0qGTSZiZCCX0L9z4K25cKOJWd/6N07QLbT1w4XDOvdx7jxczKpVlfRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG1yN/dYDEZJG/E4NY+KGKODUpxgpLXXNSlgKDmtleAFr9+mR4xGFjh2ejGDqYMTg9agUjB07E8uwaxatipUBzhN7SopginrX/HJ6EU5CwhVmSMqObcXKTZFQFDMyKjiJJDHCAxSQjqYchUS6afbXCB5opQf9SOjiCmbq74kUhVIOQ093hkj15aw3Fv/zOonyz92U8jhRhOPJIj9hUEVwHBLsUUGwYkNNEBZU3wpxHwmElY6yoEOwZ1+eJ82Tim1V7NvTYvVyGkce7IF9UAI2OANVcAPqoAEweATP4BW8GU/Gi/FufExac8Z0Zhf8gfH5A4YjnQU=</latexit><latexit sha1_base64="qHM2th2lrCVGTTIz31BfgMfUZz4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoQWsigm6UgiAuuqhgH9DEMplO0qGTSZiZCCX0L9z4K25cKOJWd/6N07QLbT1w4XDOvdx7jxczKpVlfRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG1yN/dYDEZJG/E4NY+KGKODUpxgpLXXNSlgKDmtleAFr9+mR4xGFjh2ejGDqYMTg9agUjB07E8uwaxatipUBzhN7SopginrX/HJ6EU5CwhVmSMqObcXKTZFQFDMyKjiJJDHCAxSQjqYchUS6afbXCB5opQf9SOjiCmbq74kUhVIOQ093hkj15aw3Fv/zOonyz92U8jhRhOPJIj9hUEVwHBLsUUGwYkNNEBZU3wpxHwmElY6yoEOwZ1+eJ82Tim1V7NvTYvVyGkce7IF9UAI2OANVcAPqoAEweATP4BW8GU/Gi/FufExac8Z0Zhf8gfH5A4YjnQU=</latexit><latexit sha1_base64="qHM2th2lrCVGTTIz31BfgMfUZz4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoQWsigm6UgiAuuqhgH9DEMplO0qGTSZiZCCX0L9z4K25cKOJWd/6N07QLbT1w4XDOvdx7jxczKpVlfRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG1yN/dYDEZJG/E4NY+KGKODUpxgpLXXNSlgKDmtleAFr9+mR4xGFjh2ejGDqYMTg9agUjB07E8uwaxatipUBzhN7SopginrX/HJ6EU5CwhVmSMqObcXKTZFQFDMyKjiJJDHCAxSQjqYchUS6afbXCB5opQf9SOjiCmbq74kUhVIOQ093hkj15aw3Fv/zOonyz92U8jhRhOPJIj9hUEVwHBLsUUGwYkNNEBZU3wpxHwmElY6yoEOwZ1+eJ82Tim1V7NvTYvVyGkce7IF9UAI2OANVcAPqoAEweATP4BW8GU/Gi/FufExac8Z0Zhf8gfH5A4YjnQU=</latexit>

Finite size scaling ansatz Finite correlation length scaling ansatz

m(g,D) = ⇠��/⌫
D M(g⇠1/⌫D )

<latexit sha1_base64="2PimHuK+ox0U0EN3i6q1PyWfj28=">AAACH3icbVDLSsNAFJ3UV62vqks3g0VoQWsiom6Ugl24ESrYBzQ1TKaTdOhkEmYmYgn5Ezf+ihsXioi7/o3Th6DWAxcO59zLvfe4EaNSmebQyMzNLywuZZdzK6tr6xv5za2GDGOBSR2HLBQtF0nCKCd1RRUjrUgQFLiMNN3+5chv3hMhachv1SAinQD5nHoUI6UlJ38SFP39agmeQ/uBOtW75MB2iUKHNo9TmNgYMXidFv1v1xobJejkC2bZHAPOEmtKCmCKmpP/tLshjgPCFWZIyrZlRqqTIKEoZiTN2bEkEcJ95JO2phwFRHaS8X8p3NNKF3qh0MUVHKs/JxIUSDkIXN0ZINWTf72R+J/XjpV31kkoj2JFOJ4s8mIGVQhHYcEuFQQrNtAEYUH1rRD3kEBY6UhzOgTr78uzpHFUtsyydXNcqFxM48iCHbALisACp6ACrkAN1AEGj+AZvII348l4Md6Nj0lrxpjObINfMIZfA0egfA==</latexit><latexit sha1_base64="2PimHuK+ox0U0EN3i6q1PyWfj28=">AAACH3icbVDLSsNAFJ3UV62vqks3g0VoQWsiom6Ugl24ESrYBzQ1TKaTdOhkEmYmYgn5Ezf+ihsXioi7/o3Th6DWAxcO59zLvfe4EaNSmebQyMzNLywuZZdzK6tr6xv5za2GDGOBSR2HLBQtF0nCKCd1RRUjrUgQFLiMNN3+5chv3hMhachv1SAinQD5nHoUI6UlJ38SFP39agmeQ/uBOtW75MB2iUKHNo9TmNgYMXidFv1v1xobJejkC2bZHAPOEmtKCmCKmpP/tLshjgPCFWZIyrZlRqqTIKEoZiTN2bEkEcJ95JO2phwFRHaS8X8p3NNKF3qh0MUVHKs/JxIUSDkIXN0ZINWTf72R+J/XjpV31kkoj2JFOJ4s8mIGVQhHYcEuFQQrNtAEYUH1rRD3kEBY6UhzOgTr78uzpHFUtsyydXNcqFxM48iCHbALisACp6ACrkAN1AEGj+AZvII348l4Md6Nj0lrxpjObINfMIZfA0egfA==</latexit><latexit sha1_base64="2PimHuK+ox0U0EN3i6q1PyWfj28=">AAACH3icbVDLSsNAFJ3UV62vqks3g0VoQWsiom6Ugl24ESrYBzQ1TKaTdOhkEmYmYgn5Ezf+ihsXioi7/o3Th6DWAxcO59zLvfe4EaNSmebQyMzNLywuZZdzK6tr6xv5za2GDGOBSR2HLBQtF0nCKCd1RRUjrUgQFLiMNN3+5chv3hMhachv1SAinQD5nHoUI6UlJ38SFP39agmeQ/uBOtW75MB2iUKHNo9TmNgYMXidFv1v1xobJejkC2bZHAPOEmtKCmCKmpP/tLshjgPCFWZIyrZlRqqTIKEoZiTN2bEkEcJ95JO2phwFRHaS8X8p3NNKF3qh0MUVHKs/JxIUSDkIXN0ZINWTf72R+J/XjpV31kkoj2JFOJ4s8mIGVQhHYcEuFQQrNtAEYUH1rRD3kEBY6UhzOgTr78uzpHFUtsyydXNcqFxM48iCHbALisACp6ACrkAN1AEGj+AZvII348l4Md6Nj0lrxpjObINfMIZfA0egfA==</latexit><latexit sha1_base64="2PimHuK+ox0U0EN3i6q1PyWfj28=">AAACH3icbVDLSsNAFJ3UV62vqks3g0VoQWsiom6Ugl24ESrYBzQ1TKaTdOhkEmYmYgn5Ezf+ihsXioi7/o3Th6DWAxcO59zLvfe4EaNSmebQyMzNLywuZZdzK6tr6xv5za2GDGOBSR2HLBQtF0nCKCd1RRUjrUgQFLiMNN3+5chv3hMhachv1SAinQD5nHoUI6UlJ38SFP39agmeQ/uBOtW75MB2iUKHNo9TmNgYMXidFv1v1xobJejkC2bZHAPOEmtKCmCKmpP/tLshjgPCFWZIyrZlRqqTIKEoZiTN2bEkEcJ95JO2phwFRHaS8X8p3NNKF3qh0MUVHKs/JxIUSDkIXN0ZINWTf72R+J/XjpV31kkoj2JFOJ4s8mIGVQhHYcEuFQQrNtAEYUH1rRD3kEBY6UhzOgTr78uzpHFUtsyydXNcqFxM48iCHbALisACp6ACrkAN1AEGj+AZvII348l4Md6Nj0lrxpjObINfMIZfA0egfA==</latexit>

m
<latexit sha1_base64="gPCcXEYifA5NXylbqmyz+5BFSqM=">AAAB6HicbVDLSgMxFM3UV62vqks3wSK4GhLxuZGCG5ct2Ae0Q8mkmTY2yQxJRihDv8CNC0Xc+knu/BvTdhCtHrhwOOde7r0nTAQ3FqFPr7C0vLK6VlwvbWxube+Ud/eaJk41ZQ0ai1i3Q2KY4Io1LLeCtRPNiAwFa4Wjm6nfemDa8Fjd2XHCAkkGikecEuukuuyVK8hHM0DknyF8dY7ht4JzUgE5ar3yR7cf01QyZakgxnQwSmyQEW05FWxS6qaGJYSOyIB1HFVEMhNks0Mn8MgpfRjF2pWycKb+nMiINGYsQ9cpiR2aRW8q/ud1UhtdBhlXSWqZovNFUSqgjeH0a9jnmlErxo4Qqrm7FdIh0YRal03JhYAXX/5Lmic+Rj6un1aq13kcRXAADsExwOACVMEtqIEGoICBR/AMXrx778l79d7mrQUvn9kHv+C9fwH0LY0D</latexit><latexit sha1_base64="gPCcXEYifA5NXylbqmyz+5BFSqM=">AAAB6HicbVDLSgMxFM3UV62vqks3wSK4GhLxuZGCG5ct2Ae0Q8mkmTY2yQxJRihDv8CNC0Xc+knu/BvTdhCtHrhwOOde7r0nTAQ3FqFPr7C0vLK6VlwvbWxube+Ud/eaJk41ZQ0ai1i3Q2KY4Io1LLeCtRPNiAwFa4Wjm6nfemDa8Fjd2XHCAkkGikecEuukuuyVK8hHM0DknyF8dY7ht4JzUgE5ar3yR7cf01QyZakgxnQwSmyQEW05FWxS6qaGJYSOyIB1HFVEMhNks0Mn8MgpfRjF2pWycKb+nMiINGYsQ9cpiR2aRW8q/ud1UhtdBhlXSWqZovNFUSqgjeH0a9jnmlErxo4Qqrm7FdIh0YRal03JhYAXX/5Lmic+Rj6un1aq13kcRXAADsExwOACVMEtqIEGoICBR/AMXrx778l79d7mrQUvn9kHv+C9fwH0LY0D</latexit><latexit sha1_base64="gPCcXEYifA5NXylbqmyz+5BFSqM=">AAAB6HicbVDLSgMxFM3UV62vqks3wSK4GhLxuZGCG5ct2Ae0Q8mkmTY2yQxJRihDv8CNC0Xc+knu/BvTdhCtHrhwOOde7r0nTAQ3FqFPr7C0vLK6VlwvbWxube+Ud/eaJk41ZQ0ai1i3Q2KY4Io1LLeCtRPNiAwFa4Wjm6nfemDa8Fjd2XHCAkkGikecEuukuuyVK8hHM0DknyF8dY7ht4JzUgE5ar3yR7cf01QyZakgxnQwSmyQEW05FWxS6qaGJYSOyIB1HFVEMhNks0Mn8MgpfRjF2pWycKb+nMiINGYsQ9cpiR2aRW8q/ud1UhtdBhlXSWqZovNFUSqgjeH0a9jnmlErxo4Qqrm7FdIh0YRal03JhYAXX/5Lmic+Rj6un1aq13kcRXAADsExwOACVMEtqIEGoICBR/AMXrx778l79d7mrQUvn9kHv+C9fwH0LY0D</latexit><latexit sha1_base64="gPCcXEYifA5NXylbqmyz+5BFSqM=">AAAB6HicbVDLSgMxFM3UV62vqks3wSK4GhLxuZGCG5ct2Ae0Q8mkmTY2yQxJRihDv8CNC0Xc+knu/BvTdhCtHrhwOOde7r0nTAQ3FqFPr7C0vLK6VlwvbWxube+Ud/eaJk41ZQ0ai1i3Q2KY4Io1LLeCtRPNiAwFa4Wjm6nfemDa8Fjd2XHCAkkGikecEuukuuyVK8hHM0DknyF8dY7ht4JzUgE5ar3yR7cf01QyZakgxnQwSmyQEW05FWxS6qaGJYSOyIB1HFVEMhNks0Mn8MgpfRjF2pWycKb+nMiINGYsQ9cpiR2aRW8q/ud1UhtdBhlXSWqZovNFUSqgjeH0a9jnmlErxo4Qqrm7FdIh0YRal03JhYAXX/5Lmic+Rj6un1aq13kcRXAADsExwOACVMEtqIEGoICBR/AMXrx778l79d7mrQUvn9kHv+C9fwH0LY0D</latexit>

⇠
<latexit sha1_base64="1xSc7WvGzxzh1O1Pn1jAk/Mb7nU=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZnN05MEvHiMaEwgWcLsZDYZMvtgZlYMSz7BiwdFvPpF3vwbZ5MIKlrQUFR1093lxYIrjfGHlVtZXVvfyG8WtrZ3dveK+we3KkokZW0aiUh2PaKY4CFra64F68aSkcATrONNLjK/c8ek4lF4o6cxcwMyCrnPKdFGuu7f80GxhG1cr5erNZSRSgVXDGnUag4uI8fGc5Rgidag+N4fRjQJWKipIEr1HBxrNyVScyrYrNBPFIsJnZAR6xkakoApN52fOkMnRhkiP5KmQo3m6veJlARKTQPPdAZEj9VvLxP/8nqJ9s/clIdxollIF4v8RCAdoexvNOSSUS2mhhAqubkV0TGRhGqTTsGE8PUp+p/clm0H285VtdQ8X8aRhyM4hlNwoAFNuIQWtIHCCB7gCZ4tYT1aL9brojVnLWcO4Qest0+uzY4L</latexit><latexit sha1_base64="1xSc7WvGzxzh1O1Pn1jAk/Mb7nU=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZnN05MEvHiMaEwgWcLsZDYZMvtgZlYMSz7BiwdFvPpF3vwbZ5MIKlrQUFR1093lxYIrjfGHlVtZXVvfyG8WtrZ3dveK+we3KkokZW0aiUh2PaKY4CFra64F68aSkcATrONNLjK/c8ek4lF4o6cxcwMyCrnPKdFGuu7f80GxhG1cr5erNZSRSgVXDGnUag4uI8fGc5Rgidag+N4fRjQJWKipIEr1HBxrNyVScyrYrNBPFIsJnZAR6xkakoApN52fOkMnRhkiP5KmQo3m6veJlARKTQPPdAZEj9VvLxP/8nqJ9s/clIdxollIF4v8RCAdoexvNOSSUS2mhhAqubkV0TGRhGqTTsGE8PUp+p/clm0H285VtdQ8X8aRhyM4hlNwoAFNuIQWtIHCCB7gCZ4tYT1aL9brojVnLWcO4Qest0+uzY4L</latexit><latexit sha1_base64="1xSc7WvGzxzh1O1Pn1jAk/Mb7nU=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZnN05MEvHiMaEwgWcLsZDYZMvtgZlYMSz7BiwdFvPpF3vwbZ5MIKlrQUFR1093lxYIrjfGHlVtZXVvfyG8WtrZ3dveK+we3KkokZW0aiUh2PaKY4CFra64F68aSkcATrONNLjK/c8ek4lF4o6cxcwMyCrnPKdFGuu7f80GxhG1cr5erNZSRSgVXDGnUag4uI8fGc5Rgidag+N4fRjQJWKipIEr1HBxrNyVScyrYrNBPFIsJnZAR6xkakoApN52fOkMnRhkiP5KmQo3m6veJlARKTQPPdAZEj9VvLxP/8nqJ9s/clIdxollIF4v8RCAdoexvNOSSUS2mhhAqubkV0TGRhGqTTsGE8PUp+p/clm0H285VtdQ8X8aRhyM4hlNwoAFNuIQWtIHCCB7gCZ4tYT1aL9brojVnLWcO4Qest0+uzY4L</latexit><latexit sha1_base64="1xSc7WvGzxzh1O1Pn1jAk/Mb7nU=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZnN05MEvHiMaEwgWcLsZDYZMvtgZlYMSz7BiwdFvPpF3vwbZ5MIKlrQUFR1093lxYIrjfGHlVtZXVvfyG8WtrZ3dveK+we3KkokZW0aiUh2PaKY4CFra64F68aSkcATrONNLjK/c8ek4lF4o6cxcwMyCrnPKdFGuu7f80GxhG1cr5erNZSRSgVXDGnUag4uI8fGc5Rgidag+N4fRjQJWKipIEr1HBxrNyVScyrYrNBPFIsJnZAR6xkakoApN52fOkMnRhkiP5KmQo3m6veJlARKTQPPdAZEj9VvLxP/8nqJ9s/clIdxollIF4v8RCAdoexvNOSSUS2mhhAqubkV0TGRhGqTTsGE8PUp+p/clm0H285VtdQ8X8aRhyM4hlNwoAFNuIQWtIHCCB7gCZ4tYT1aL9brojVnLWcO4Qest0+uzY4L</latexit>

�
<latexit sha1_base64="u1iNYKfD41J0lBESsQHd8XIpz60=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi1JUU3LisYB/QhjKZTNqhk0mYuRFK6Ee4caGIW7/HnX/jtM1CWw8MHM45l7n3BKkUBl332yltbG5t75R3K3v7B4dH1eOTjkkyzXibJTLRvYAaLoXibRQoeS/VnMaB5N1gcjf3u09cG5GoR5ym3I/pSIlIMIpW6g6kjYZ0WK25dXcBsk68gtSgQGtY/RqECctirpBJakzfc1P0c6pRMMlnlUFmeErZhI5431JFY278fLHujFxYJSRRou1TSBbq74mcxsZM48AmY4pjs+rNxf+8fobRjZ8LlWbIFVt+FGWSYELmt5NQaM5QTi2hTAu7K2FjqilD21DFluCtnrxOOld1z617D9e15m1RRxnO4BwuwYMGNOEeWtAGBhN4hld4c1LnxXl3PpbRklPMnMIfOJ8/O5GPeQ==</latexit><latexit sha1_base64="u1iNYKfD41J0lBESsQHd8XIpz60=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi1JUU3LisYB/QhjKZTNqhk0mYuRFK6Ee4caGIW7/HnX/jtM1CWw8MHM45l7n3BKkUBl332yltbG5t75R3K3v7B4dH1eOTjkkyzXibJTLRvYAaLoXibRQoeS/VnMaB5N1gcjf3u09cG5GoR5ym3I/pSIlIMIpW6g6kjYZ0WK25dXcBsk68gtSgQGtY/RqECctirpBJakzfc1P0c6pRMMlnlUFmeErZhI5431JFY278fLHujFxYJSRRou1TSBbq74mcxsZM48AmY4pjs+rNxf+8fobRjZ8LlWbIFVt+FGWSYELmt5NQaM5QTi2hTAu7K2FjqilD21DFluCtnrxOOld1z617D9e15m1RRxnO4BwuwYMGNOEeWtAGBhN4hld4c1LnxXl3PpbRklPMnMIfOJ8/O5GPeQ==</latexit><latexit sha1_base64="u1iNYKfD41J0lBESsQHd8XIpz60=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi1JUU3LisYB/QhjKZTNqhk0mYuRFK6Ee4caGIW7/HnX/jtM1CWw8MHM45l7n3BKkUBl332yltbG5t75R3K3v7B4dH1eOTjkkyzXibJTLRvYAaLoXibRQoeS/VnMaB5N1gcjf3u09cG5GoR5ym3I/pSIlIMIpW6g6kjYZ0WK25dXcBsk68gtSgQGtY/RqECctirpBJakzfc1P0c6pRMMlnlUFmeErZhI5431JFY278fLHujFxYJSRRou1TSBbq74mcxsZM48AmY4pjs+rNxf+8fobRjZ8LlWbIFVt+FGWSYELmt5NQaM5QTi2hTAu7K2FjqilD21DFluCtnrxOOld1z617D9e15m1RRxnO4BwuwYMGNOEeWtAGBhN4hld4c1LnxXl3PpbRklPMnMIfOJ8/O5GPeQ==</latexit><latexit sha1_base64="u1iNYKfD41J0lBESsQHd8XIpz60=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi1JUU3LisYB/QhjKZTNqhk0mYuRFK6Ee4caGIW7/HnX/jtM1CWw8MHM45l7n3BKkUBl332yltbG5t75R3K3v7B4dH1eOTjkkyzXibJTLRvYAaLoXibRQoeS/VnMaB5N1gcjf3u09cG5GoR5ym3I/pSIlIMIpW6g6kjYZ0WK25dXcBsk68gtSgQGtY/RqECctirpBJakzfc1P0c6pRMMlnlUFmeErZhI5431JFY278fLHujFxYJSRRou1TSBbq74mcxsZM48AmY4pjs+rNxf+8fobRjZ8LlWbIFVt+FGWSYELmt5NQaM5QTi2hTAu7K2FjqilD21DFluCtnrxOOld1z617D9e15m1RRxnO4BwuwYMGNOEeWtAGBhN4hld4c1LnxXl3PpbRklPMnMIfOJ8/O5GPeQ==</latexit>

�c
<latexit sha1_base64="zIcW3Qz3OvOg/F3fUmnkWbsmaxo=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZE0JUU3LisYB/SDiWTybShSWZIMkIZ+hVuXCji1s9x59+YtrPQ1gOBwznnkntPmApurOd9o9La+sbmVnm7srO7t39QPTxqmyTTlLVoIhLdDYlhgivWstwK1k01IzIUrBOOb2d+54lpwxP1YCcpCyQZKh5zSqyTHvvCRSMyoINqzat7c+BV4hekBgWag+pXP0poJpmyVBBjer6X2iAn2nIq2LTSzwxLCR2TIes5qohkJsjnC0/xmVMiHCfaPWXxXP09kRNpzESGLimJHZllbyb+5/UyG18HOVdpZpmii4/iTGCb4Nn1OOKaUSsmjhCqudsV0xHRhFrXUcWV4C+fvEraF3Xfq/v3l7XGTVFHGU7gFM7BhytowB00oQUUJDzDK7whjV7QO/pYREuomDmGP0CfP7FjkE8=</latexit><latexit sha1_base64="zIcW3Qz3OvOg/F3fUmnkWbsmaxo=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZE0JUU3LisYB/SDiWTybShSWZIMkIZ+hVuXCji1s9x59+YtrPQ1gOBwznnkntPmApurOd9o9La+sbmVnm7srO7t39QPTxqmyTTlLVoIhLdDYlhgivWstwK1k01IzIUrBOOb2d+54lpwxP1YCcpCyQZKh5zSqyTHvvCRSMyoINqzat7c+BV4hekBgWag+pXP0poJpmyVBBjer6X2iAn2nIq2LTSzwxLCR2TIes5qohkJsjnC0/xmVMiHCfaPWXxXP09kRNpzESGLimJHZllbyb+5/UyG18HOVdpZpmii4/iTGCb4Nn1OOKaUSsmjhCqudsV0xHRhFrXUcWV4C+fvEraF3Xfq/v3l7XGTVFHGU7gFM7BhytowB00oQUUJDzDK7whjV7QO/pYREuomDmGP0CfP7FjkE8=</latexit><latexit sha1_base64="zIcW3Qz3OvOg/F3fUmnkWbsmaxo=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZE0JUU3LisYB/SDiWTybShSWZIMkIZ+hVuXCji1s9x59+YtrPQ1gOBwznnkntPmApurOd9o9La+sbmVnm7srO7t39QPTxqmyTTlLVoIhLdDYlhgivWstwK1k01IzIUrBOOb2d+54lpwxP1YCcpCyQZKh5zSqyTHvvCRSMyoINqzat7c+BV4hekBgWag+pXP0poJpmyVBBjer6X2iAn2nIq2LTSzwxLCR2TIes5qohkJsjnC0/xmVMiHCfaPWXxXP09kRNpzESGLimJHZllbyb+5/UyG18HOVdpZpmii4/iTGCb4Nn1OOKaUSsmjhCqudsV0xHRhFrXUcWV4C+fvEraF3Xfq/v3l7XGTVFHGU7gFM7BhytowB00oQUUJDzDK7whjV7QO/pYREuomDmGP0CfP7FjkE8=</latexit><latexit sha1_base64="zIcW3Qz3OvOg/F3fUmnkWbsmaxo=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZE0JUU3LisYB/SDiWTybShSWZIMkIZ+hVuXCji1s9x59+YtrPQ1gOBwznnkntPmApurOd9o9La+sbmVnm7srO7t39QPTxqmyTTlLVoIhLdDYlhgivWstwK1k01IzIUrBOOb2d+54lpwxP1YCcpCyQZKh5zSqyTHvvCRSMyoINqzat7c+BV4hekBgWag+pXP0poJpmyVBBjer6X2iAn2nIq2LTSzwxLCR2TIes5qohkJsjnC0/xmVMiHCfaPWXxXP09kRNpzESGLimJHZllbyb+5/UyG18HOVdpZpmii4/iTGCb4Nn1OOKaUSsmjhCqudsV0xHRhFrXUcWV4C+fvEraF3Xfq/v3l7XGTVFHGU7gFM7BhytowB00oQUUJDzDK7whjV7QO/pYREuomDmGP0CfP7FjkE8=</latexit>

Nishino, Okunishi, Kikuchi, Phys. Lett. A 213 (1996)

• Similar idea for 2D tensor networks for 2D classical partition functions

m(g,�) = ⇠��/⌫
� M(g⇠1/⌫� )

<latexit sha1_base64="hkrPHHk+VsNiUmxyN7FrbB8bXA4="></latexit><latexit sha1_base64="hkrPHHk+VsNiUmxyN7FrbB8bXA4="></latexit><latexit sha1_base64="hkrPHHk+VsNiUmxyN7FrbB8bXA4="></latexit><latexit sha1_base64="hkrPHHk+VsNiUmxyN7FrbB8bXA4="></latexit>

: bond dimension for contraction �
<latexit sha1_base64="CGF6uMy/Ig84HXzOkVIP5rEKZEc=">AAAB63icbVDLSgMxFM3UV62vqks3wSK4GhLxCS4KblxWsA9oh5JJM21okhmSjFCG/oIbF4q49Yfc+Tdm2kG0euDC4Zx7ufeeMBHcWIQ+vdLS8srqWnm9srG5tb1T3d1rmTjVlDVpLGLdCYlhgivWtNwK1kk0IzIUrB2Ob3K//cC04bG6t5OEBZIMFY84JTaXenTE+9Ua8tEMEPlnCF+dY/it4ILUQIFGv/rRG8Q0lUxZKogxXYwSG2REW04Fm1Z6qWEJoWMyZF1HFZHMBNns1ik8csoARrF2pSycqT8nMiKNmcjQdUpiR2bRy8X/vG5qo8sg4ypJLVN0vihKBbQxzB+HA64ZtWLiCKGau1shHRFNqHXxVFwIePHlv6R14mPk47vTWv26iKMMDsAhOAYYXIA6uAUN0AQUjMAjeAYvnvSevFfvbd5a8oqZffAL3vsXHcCOQg==</latexit><latexit sha1_base64="CGF6uMy/Ig84HXzOkVIP5rEKZEc=">AAAB63icbVDLSgMxFM3UV62vqks3wSK4GhLxCS4KblxWsA9oh5JJM21okhmSjFCG/oIbF4q49Yfc+Tdm2kG0euDC4Zx7ufeeMBHcWIQ+vdLS8srqWnm9srG5tb1T3d1rmTjVlDVpLGLdCYlhgivWtNwK1kk0IzIUrB2Ob3K//cC04bG6t5OEBZIMFY84JTaXenTE+9Ua8tEMEPlnCF+dY/it4ILUQIFGv/rRG8Q0lUxZKogxXYwSG2REW04Fm1Z6qWEJoWMyZF1HFZHMBNns1ik8csoARrF2pSycqT8nMiKNmcjQdUpiR2bRy8X/vG5qo8sg4ypJLVN0vihKBbQxzB+HA64ZtWLiCKGau1shHRFNqHXxVFwIePHlv6R14mPk47vTWv26iKMMDsAhOAYYXIA6uAUN0AQUjMAjeAYvnvSevFfvbd5a8oqZffAL3vsXHcCOQg==</latexit><latexit sha1_base64="CGF6uMy/Ig84HXzOkVIP5rEKZEc=">AAAB63icbVDLSgMxFM3UV62vqks3wSK4GhLxCS4KblxWsA9oh5JJM21okhmSjFCG/oIbF4q49Yfc+Tdm2kG0euDC4Zx7ufeeMBHcWIQ+vdLS8srqWnm9srG5tb1T3d1rmTjVlDVpLGLdCYlhgivWtNwK1kk0IzIUrB2Ob3K//cC04bG6t5OEBZIMFY84JTaXenTE+9Ua8tEMEPlnCF+dY/it4ILUQIFGv/rRG8Q0lUxZKogxXYwSG2REW04Fm1Z6qWEJoWMyZF1HFZHMBNns1ik8csoARrF2pSycqT8nMiKNmcjQdUpiR2bRy8X/vG5qo8sg4ypJLVN0vihKBbQxzB+HA64ZtWLiCKGau1shHRFNqHXxVFwIePHlv6R14mPk47vTWv26iKMMDsAhOAYYXIA6uAUN0AQUjMAjeAYvnvSevFfvbd5a8oqZffAL3vsXHcCOQg==</latexit><latexit sha1_base64="CGF6uMy/Ig84HXzOkVIP5rEKZEc=">AAAB63icbVDLSgMxFM3UV62vqks3wSK4GhLxCS4KblxWsA9oh5JJM21okhmSjFCG/oIbF4q49Yfc+Tdm2kG0euDC4Zx7ufeeMBHcWIQ+vdLS8srqWnm9srG5tb1T3d1rmTjVlDVpLGLdCYlhgivWtNwK1kk0IzIUrB2Ob3K//cC04bG6t5OEBZIMFY84JTaXenTE+9Ua8tEMEPlnCF+dY/it4ILUQIFGv/rRG8Q0lUxZKogxXYwSG2REW04Fm1Z6qWEJoWMyZF1HFZHMBNns1ik8csoARrF2pSycqT8nMiKNmcjQdUpiR2bRy8X/vG5qo8sg4ypJLVN0vihKBbQxzB+HA64ZtWLiCKGau1shHRFNqHXxVFwIePHlv6R14mPk47vTWv26iKMMDsAhOAYYXIA6uAUN0AQUjMAjeAYvnvSevFfvbd5a8oqZffAL3vsXHcCOQg==</latexit>

• Correlation length at the critical point: ⇠D
<latexit sha1_base64="mEXVRBPiXnym9ddsRsxlp9rSAOQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmFpoQ9lsJ+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkorq2vrG+XNytb2zu5edf+gpZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+Hoeuo/PKLSPJH3ZpxiENOB5BFn1FjJ7z7x3k2vWnPr7gxkmXgFqUGBZq/61e0nLItRGiao1h3PTU2QU2U4EzipdDONKWUjOsCOpZLGqIN8duyEnFilT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6OelzhcyIsSWUKW5vJWxIFWXG5lOxIXiLLy+T1lndc+ve3XmtcVXEUYYjOIZT8OACGnALTfCBAYdneIU3RzovzrvzMW8tOcXMIfyB8/kDn6uOjA==</latexit><latexit sha1_base64="mEXVRBPiXnym9ddsRsxlp9rSAOQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmFpoQ9lsJ+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkorq2vrG+XNytb2zu5edf+gpZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+Hoeuo/PKLSPJH3ZpxiENOB5BFn1FjJ7z7x3k2vWnPr7gxkmXgFqUGBZq/61e0nLItRGiao1h3PTU2QU2U4EzipdDONKWUjOsCOpZLGqIN8duyEnFilT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6OelzhcyIsSWUKW5vJWxIFWXG5lOxIXiLLy+T1lndc+ve3XmtcVXEUYYjOIZT8OACGnALTfCBAYdneIU3RzovzrvzMW8tOcXMIfyB8/kDn6uOjA==</latexit><latexit sha1_base64="mEXVRBPiXnym9ddsRsxlp9rSAOQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmFpoQ9lsJ+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkorq2vrG+XNytb2zu5edf+gpZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+Hoeuo/PKLSPJH3ZpxiENOB5BFn1FjJ7z7x3k2vWnPr7gxkmXgFqUGBZq/61e0nLItRGiao1h3PTU2QU2U4EzipdDONKWUjOsCOpZLGqIN8duyEnFilT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6OelzhcyIsSWUKW5vJWxIFWXG5lOxIXiLLy+T1lndc+ve3XmtcVXEUYYjOIZT8OACGnALTfCBAYdneIU3RzovzrvzMW8tOcXMIfyB8/kDn6uOjA==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="jiUM733FUXS++wRHuhOmCdMIUso=">AAAB4XicbZDNSgMxFIXv1L9aq1a3boJFcFVm3OhS0IXLCk4rtEPJpLdtaCYzJHfEMvQZ3LhQxJdy59uY/iy09UDg45yE3HviTElLvv/tlTY2t7Z3yruVver+wWHtqNqyaW4EhiJVqXmMuUUlNYYkSeFjZpAnscJ2PL6Z5e0nNFam+oEmGUYJH2o5kIKTs8Lus+zd9mp1v+HPxdYhWEIdlmr2al/dfiryBDUJxa3tBH5GUcENSaFwWunmFjMuxnyIHYeaJ2ijYj7slJ05p88GqXFHE5u7v18UPLF2ksTuZsJpZFezmflf1slpcBUVUmc5oRaLjwa5YpSy2easLw0KUhMHXBjpZmVixA0X5PqpuBKC1ZXXoXXRCPxGcO9DGU7gFM4hgEu4hjtoQggCJLzAG7x72nv1PhZ1lbxlb8fwR97nD3qNjTU=</latexit><latexit sha1_base64="jiUM733FUXS++wRHuhOmCdMIUso=">AAAB4XicbZDNSgMxFIXv1L9aq1a3boJFcFVm3OhS0IXLCk4rtEPJpLdtaCYzJHfEMvQZ3LhQxJdy59uY/iy09UDg45yE3HviTElLvv/tlTY2t7Z3yruVver+wWHtqNqyaW4EhiJVqXmMuUUlNYYkSeFjZpAnscJ2PL6Z5e0nNFam+oEmGUYJH2o5kIKTs8Lus+zd9mp1v+HPxdYhWEIdlmr2al/dfiryBDUJxa3tBH5GUcENSaFwWunmFjMuxnyIHYeaJ2ijYj7slJ05p88GqXFHE5u7v18UPLF2ksTuZsJpZFezmflf1slpcBUVUmc5oRaLjwa5YpSy2easLw0KUhMHXBjpZmVixA0X5PqpuBKC1ZXXoXXRCPxGcO9DGU7gFM4hgEu4hjtoQggCJLzAG7x72nv1PhZ1lbxlb8fwR97nD3qNjTU=</latexit><latexit sha1_base64="7gVIaWkTZXc1fOZ5S5NXNXddkgE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m86LGoB48VTFtoQ9lsN+3SzSbsTsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6W19Y3NrfJ2ZWd3b/+genjUMkmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fjm5nffuTaiEQ94CTlQUyHSkSCUbSS33sS/dt+tebW3TnIKvEKUoMCzX71qzdIWBZzhUxSY7qem2KQU42CST6t9DLDU8rGdMi7lioacxPk82On5MwqAxIl2pZCMld/T+Q0NmYSh7Yzpjgyy95M/M/rZhhdBblQaYZcscWiKJMEEzL7nAyE5gzlxBLKtLC3EjaimjK0+VRsCN7yy6ukdVH33Lp379Ya10UcZTiBUzgHDy6hAXfQBB8YCHiGV3hzlPPivDsfi9aSU8wcwx84nz+ea46I</latexit><latexit sha1_base64="mEXVRBPiXnym9ddsRsxlp9rSAOQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmFpoQ9lsJ+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkorq2vrG+XNytb2zu5edf+gpZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+Hoeuo/PKLSPJH3ZpxiENOB5BFn1FjJ7z7x3k2vWnPr7gxkmXgFqUGBZq/61e0nLItRGiao1h3PTU2QU2U4EzipdDONKWUjOsCOpZLGqIN8duyEnFilT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6OelzhcyIsSWUKW5vJWxIFWXG5lOxIXiLLy+T1lndc+ve3XmtcVXEUYYjOIZT8OACGnALTfCBAYdneIU3RzovzrvzMW8tOcXMIfyB8/kDn6uOjA==</latexit><latexit sha1_base64="mEXVRBPiXnym9ddsRsxlp9rSAOQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmFpoQ9lsJ+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkorq2vrG+XNytb2zu5edf+gpZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+Hoeuo/PKLSPJH3ZpxiENOB5BFn1FjJ7z7x3k2vWnPr7gxkmXgFqUGBZq/61e0nLItRGiao1h3PTU2QU2U4EzipdDONKWUjOsCOpZLGqIN8duyEnFilT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6OelzhcyIsSWUKW5vJWxIFWXG5lOxIXiLLy+T1lndc+ve3XmtcVXEUYYjOIZT8OACGnALTfCBAYdneIU3RzovzrvzMW8tOcXMIfyB8/kDn6uOjA==</latexit><latexit sha1_base64="mEXVRBPiXnym9ddsRsxlp9rSAOQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmFpoQ9lsJ+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkorq2vrG+XNytb2zu5edf+gpZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+Hoeuo/PKLSPJH3ZpxiENOB5BFn1FjJ7z7x3k2vWnPr7gxkmXgFqUGBZq/61e0nLItRGiao1h3PTU2QU2U4EzipdDONKWUjOsCOpZLGqIN8duyEnFilT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6OelzhcyIsSWUKW5vJWxIFWXG5lOxIXiLLy+T1lndc+ve3XmtcVXEUYYjOIZT8OACGnALTfCBAYdneIU3RzovzrvzMW8tOcXMIfyB8/kDn6uOjA==</latexit><latexit sha1_base64="mEXVRBPiXnym9ddsRsxlp9rSAOQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmFpoQ9lsJ+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkorq2vrG+XNytb2zu5edf+gpZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+Hoeuo/PKLSPJH3ZpxiENOB5BFn1FjJ7z7x3k2vWnPr7gxkmXgFqUGBZq/61e0nLItRGiao1h3PTU2QU2U4EzipdDONKWUjOsCOpZLGqIN8duyEnFilT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6OelzhcyIsSWUKW5vJWxIFWXG5lOxIXiLLy+T1lndc+ve3XmtcVXEUYYjOIZT8OACGnALTfCBAYdneIU3RzovzrvzMW8tOcXMIfyB8/kDn6uOjA==</latexit><latexit sha1_base64="mEXVRBPiXnym9ddsRsxlp9rSAOQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmFpoQ9lsJ+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkorq2vrG+XNytb2zu5edf+gpZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+Hoeuo/PKLSPJH3ZpxiENOB5BFn1FjJ7z7x3k2vWnPr7gxkmXgFqUGBZq/61e0nLItRGiao1h3PTU2QU2U4EzipdDONKWUjOsCOpZLGqIN8duyEnFilT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6OelzhcyIsSWUKW5vJWxIFWXG5lOxIXiLLy+T1lndc+ve3XmtcVXEUYYjOIZT8OACGnALTfCBAYdneIU3RzovzrvzMW8tOcXMIfyB8/kDn6uOjA==</latexit><latexit sha1_base64="mEXVRBPiXnym9ddsRsxlp9rSAOQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmFpoQ9lsJ+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkorq2vrG+XNytb2zu5edf+gpZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+Hoeuo/PKLSPJH3ZpxiENOB5BFn1FjJ7z7x3k2vWnPr7gxkmXgFqUGBZq/61e0nLItRGiao1h3PTU2QU2U4EzipdDONKWUjOsCOpZLGqIN8duyEnFilT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6OelzhcyIsSWUKW5vJWxIFWXG5lOxIXiLLy+T1lndc+ve3XmtcVXEUYYjOIZT8OACGnALTfCBAYdneIU3RzovzrvzMW8tOcXMIfyB8/kDn6uOjA==</latexit>

•      acts as a cut-off on the diverging correlation  
length, similarly to a finite L    
⇠D

<latexit sha1_base64="Embyg55PwzuCTspBdM9Tpgtjbn4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwV9OCxgqmFNpTNdtIu3WzC7kYsob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1PBtXHdb6e0srq2vlHerGxt7+zuVfcPWjrJFEOfJSJR7ZBqFFyib7gR2E4V0jgU+BCOrqf+wyMqzRN5b8YpBjEdSB5xRo2V/O4T7930qjW37s5AlolXkBoUaPaqX91+wrIYpWGCat3x3NQEOVWGM4GTSjfTmFI2ogPsWCppjDrIZ8dOyIlV+iRKlC1pyEz9PZHTWOtxHNrOmJqhXvSm4n9eJzPRZZBzmWYGJZsvijJBTEKmn5M+V8iMGFtCmeL2VsKGVFFmbD4VG4K3+PIyaZ3VPbfu3Z3XGldFHGU4gmM4BQ8uoAG30AQfGHB4hld4c6Tz4rw7H/PWklPMHMIfOJ8/nUOOhA==</latexit><latexit sha1_base64="Embyg55PwzuCTspBdM9Tpgtjbn4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwV9OCxgqmFNpTNdtIu3WzC7kYsob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1PBtXHdb6e0srq2vlHerGxt7+zuVfcPWjrJFEOfJSJR7ZBqFFyib7gR2E4V0jgU+BCOrqf+wyMqzRN5b8YpBjEdSB5xRo2V/O4T7930qjW37s5AlolXkBoUaPaqX91+wrIYpWGCat3x3NQEOVWGM4GTSjfTmFI2ogPsWCppjDrIZ8dOyIlV+iRKlC1pyEz9PZHTWOtxHNrOmJqhXvSm4n9eJzPRZZBzmWYGJZsvijJBTEKmn5M+V8iMGFtCmeL2VsKGVFFmbD4VG4K3+PIyaZ3VPbfu3Z3XGldFHGU4gmM4BQ8uoAG30AQfGHB4hld4c6Tz4rw7H/PWklPMHMIfOJ8/nUOOhA==</latexit><latexit sha1_base64="Embyg55PwzuCTspBdM9Tpgtjbn4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwV9OCxgqmFNpTNdtIu3WzC7kYsob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1PBtXHdb6e0srq2vlHerGxt7+zuVfcPWjrJFEOfJSJR7ZBqFFyib7gR2E4V0jgU+BCOrqf+wyMqzRN5b8YpBjEdSB5xRo2V/O4T7930qjW37s5AlolXkBoUaPaqX91+wrIYpWGCat3x3NQEOVWGM4GTSjfTmFI2ogPsWCppjDrIZ8dOyIlV+iRKlC1pyEz9PZHTWOtxHNrOmJqhXvSm4n9eJzPRZZBzmWYGJZsvijJBTEKmn5M+V8iMGFtCmeL2VsKGVFFmbD4VG4K3+PIyaZ3VPbfu3Z3XGldFHGU4gmM4BQ8uoAG30AQfGHB4hld4c6Tz4rw7H/PWklPMHMIfOJ8/nUOOhA==</latexit><latexit sha1_base64="Embyg55PwzuCTspBdM9Tpgtjbn4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwV9OCxgqmFNpTNdtIu3WzC7kYsob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1PBtXHdb6e0srq2vlHerGxt7+zuVfcPWjrJFEOfJSJR7ZBqFFyib7gR2E4V0jgU+BCOrqf+wyMqzRN5b8YpBjEdSB5xRo2V/O4T7930qjW37s5AlolXkBoUaPaqX91+wrIYpWGCat3x3NQEOVWGM4GTSjfTmFI2ogPsWCppjDrIZ8dOyIlV+iRKlC1pyEz9PZHTWOtxHNrOmJqhXvSm4n9eJzPRZZBzmWYGJZsvijJBTEKmn5M+V8iMGFtCmeL2VsKGVFFmbD4VG4K3+PIyaZ3VPbfu3Z3XGldFHGU4gmM4BQ8uoAG30AQfGHB4hld4c6Tz4rw7H/PWklPMHMIfOJ8/nUOOhA==</latexit>



How about in (2+1)D with iPEPS?

D ! ⇠D
<latexit sha1_base64="6hRB0vbYTIV4zqSp3WXbaMGb0F4=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBIR9CQFe/BYwX5AG8Jmu2mXbrJhd6KGUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2tldW19Y7O0Vd7e2d3btw8O21qmirIWlUKqbkA0EzxmLeAgWDdRjESBYJ1gfD31O/dMaS7jO8gS5kVkGPOQUwJG8u1KA/cVH46AKCUfcP+R+w3frjo1Zwa8TNyCVFGBpm9/9QeSphGLgQqidc91EvByooBTwSblfqpZQuiYDFnP0JhETHv57PgJPjHKAIdSmYoBz9TfEzmJtM6iwHRGBEZ60ZuK/3m9FMJLL+dxkgKL6XxRmAoMEk+TwAOuGAWRGUKo4uZWTEdEEQomr7IJwV18eZm0z2quU3Nvz6v1qyKOEjpCx+gUuegC1dENaqIWoihDz+gVvVlP1ov1bn3MW1esYqaC/sD6/AEpCZRu</latexit><latexit sha1_base64="6hRB0vbYTIV4zqSp3WXbaMGb0F4=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBIR9CQFe/BYwX5AG8Jmu2mXbrJhd6KGUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2tldW19Y7O0Vd7e2d3btw8O21qmirIWlUKqbkA0EzxmLeAgWDdRjESBYJ1gfD31O/dMaS7jO8gS5kVkGPOQUwJG8u1KA/cVH46AKCUfcP+R+w3frjo1Zwa8TNyCVFGBpm9/9QeSphGLgQqidc91EvByooBTwSblfqpZQuiYDFnP0JhETHv57PgJPjHKAIdSmYoBz9TfEzmJtM6iwHRGBEZ60ZuK/3m9FMJLL+dxkgKL6XxRmAoMEk+TwAOuGAWRGUKo4uZWTEdEEQomr7IJwV18eZm0z2quU3Nvz6v1qyKOEjpCx+gUuegC1dENaqIWoihDz+gVvVlP1ov1bn3MW1esYqaC/sD6/AEpCZRu</latexit><latexit sha1_base64="6hRB0vbYTIV4zqSp3WXbaMGb0F4=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBIR9CQFe/BYwX5AG8Jmu2mXbrJhd6KGUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2tldW19Y7O0Vd7e2d3btw8O21qmirIWlUKqbkA0EzxmLeAgWDdRjESBYJ1gfD31O/dMaS7jO8gS5kVkGPOQUwJG8u1KA/cVH46AKCUfcP+R+w3frjo1Zwa8TNyCVFGBpm9/9QeSphGLgQqidc91EvByooBTwSblfqpZQuiYDFnP0JhETHv57PgJPjHKAIdSmYoBz9TfEzmJtM6iwHRGBEZ60ZuK/3m9FMJLL+dxkgKL6XxRmAoMEk+TwAOuGAWRGUKo4uZWTEdEEQomr7IJwV18eZm0z2quU3Nvz6v1qyKOEjpCx+gUuegC1dENaqIWoihDz+gVvVlP1ov1bn3MW1esYqaC/sD6/AEpCZRu</latexit><latexit sha1_base64="6hRB0vbYTIV4zqSp3WXbaMGb0F4=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBIR9CQFe/BYwX5AG8Jmu2mXbrJhd6KGUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2tldW19Y7O0Vd7e2d3btw8O21qmirIWlUKqbkA0EzxmLeAgWDdRjESBYJ1gfD31O/dMaS7jO8gS5kVkGPOQUwJG8u1KA/cVH46AKCUfcP+R+w3frjo1Zwa8TNyCVFGBpm9/9QeSphGLgQqidc91EvByooBTwSblfqpZQuiYDFnP0JhETHv57PgJPjHKAIdSmYoBz9TfEzmJtM6iwHRGBEZ60ZuK/3m9FMJLL+dxkgKL6XxRmAoMEk+TwAOuGAWRGUKo4uZWTEdEEQomr7IJwV18eZm0z2quU3Nvz6v1qyKOEjpCx+gUuegC1dENaqIWoihDz+gVvVlP1ov1bn3MW1esYqaC/sD6/AEpCZRu</latexit>

• All simulations suggest:                    despite that these states obey an area law! 

• Example of a state with an area law which cannot be represented with finite D

• iPEPS: There exist critical states with a finite D
see e.g. Kraus et al. PRA 81 (2010), Verstraete et al. PRL 96 (2006)

• However, these are 2D classical states or ground states of generalized  
Rokhsar-Kivelson Hamiltonians at the critical point which can effectively be  
described by a (2+0)D CFT

see e.g. Henley, JPCM 16 (2004); Ardonne, Fendley & Fradkin, Ann. Phys. 310 (2004); 
Castelnovo, Chamon, Mudry & Pujol, Ann. Phys. 318 (2005); Isakov, et al. PRB 83 (2011)

• For Lorentz-invariant critical points (2+1D): no example of a critical iPEPS is known

Dynamical critical exponent:  z = 1
<latexit sha1_base64="Sr7+Tcs5ns/vFPfqy+60EP2/FPI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUASh4MVjRfsBbSib7aZdutmE3YlQQ3+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1ybUSsHnCccD+iAyVCwSha6f7p2uuVK27VnYEsEy8nFchR75W/uv2YpRFXyCQ1puO5CfoZ1SiY5JNSNzU8oWxEB7xjqaIRN342O3VCTqzSJ2GsbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiuGlnwmVpMgVmy8KU0kwJtO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2+vEyaZ1XPrXp355XaVR5HEY7gGE7BgwuowS3UoQEMBvAMr/DmSOfFeXc+5q0FJ585hD9wPn8A2JuNeA==</latexit><latexit sha1_base64="Sr7+Tcs5ns/vFPfqy+60EP2/FPI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUASh4MVjRfsBbSib7aZdutmE3YlQQ3+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1ybUSsHnCccD+iAyVCwSha6f7p2uuVK27VnYEsEy8nFchR75W/uv2YpRFXyCQ1puO5CfoZ1SiY5JNSNzU8oWxEB7xjqaIRN342O3VCTqzSJ2GsbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiuGlnwmVpMgVmy8KU0kwJtO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2+vEyaZ1XPrXp355XaVR5HEY7gGE7BgwuowS3UoQEMBvAMr/DmSOfFeXc+5q0FJ585hD9wPn8A2JuNeA==</latexit><latexit sha1_base64="Sr7+Tcs5ns/vFPfqy+60EP2/FPI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUASh4MVjRfsBbSib7aZdutmE3YlQQ3+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1ybUSsHnCccD+iAyVCwSha6f7p2uuVK27VnYEsEy8nFchR75W/uv2YpRFXyCQ1puO5CfoZ1SiY5JNSNzU8oWxEB7xjqaIRN342O3VCTqzSJ2GsbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiuGlnwmVpMgVmy8KU0kwJtO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2+vEyaZ1XPrXp355XaVR5HEY7gGE7BgwuowS3UoQEMBvAMr/DmSOfFeXc+5q0FJ585hD9wPn8A2JuNeA==</latexit><latexit sha1_base64="Sr7+Tcs5ns/vFPfqy+60EP2/FPI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUASh4MVjRfsBbSib7aZdutmE3YlQQ3+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1ybUSsHnCccD+iAyVCwSha6f7p2uuVK27VnYEsEy8nFchR75W/uv2YpRFXyCQ1puO5CfoZ1SiY5JNSNzU8oWxEB7xjqaIRN342O3VCTqzSJ2GsbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiuGlnwmVpMgVmy8KU0kwJtO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2+vEyaZ1XPrXp355XaVR5HEY7gGE7BgwuowS3UoQEMBvAMr/DmSOfFeXc+5q0FJ585hD9wPn8A2JuNeA==</latexit>

⇠time ⇠ ⇠zspace ⇠ ⇠space
<latexit sha1_base64="Ss6OHhQKpaBmDHYGxCy0Y3x65Us=">AAACF3icbVC7TsMwFHXKq5RXgJHFokJiihKEBANDJRbGItGH1JTKcW9aq3YS2Q6iRPkLFn6FhQGEWGHjb3DTDtByJEvH59x77XuChDOlXffbKi0tr6yuldcrG5tb2zv27l5Txamk0KAxj2U7IAo4i6ChmebQTiQQEXBoBaPLid+6A6lYHN3ocQJdQQYRCxkl2kg92/HvWS/TTECOfcUELu4qIRTy24cFqWdXXcctgBeJNyNVNEO9Z3/5/ZimAiJNOVGq47mJ7mZEakY55BU/VWAmj8gAOoZGRIDqZsVeOT4ySh+HsTQn0rhQf3dkRCg1FoGpFEQP1bw3Ef/zOqkOz7sZi5JUQ0SnD4UpxzrGk5Bwn0mgmo8NIVQy81dMh0QSqk2UFROCN7/yImmeOJ7reNen1drFLI4yOkCH6Bh56AzV0BWqowai6BE9o1f0Zj1ZL9a79TEtLVmznn30B9bnD0eGoJY=</latexit><latexit sha1_base64="Ss6OHhQKpaBmDHYGxCy0Y3x65Us=">AAACF3icbVC7TsMwFHXKq5RXgJHFokJiihKEBANDJRbGItGH1JTKcW9aq3YS2Q6iRPkLFn6FhQGEWGHjb3DTDtByJEvH59x77XuChDOlXffbKi0tr6yuldcrG5tb2zv27l5Txamk0KAxj2U7IAo4i6ChmebQTiQQEXBoBaPLid+6A6lYHN3ocQJdQQYRCxkl2kg92/HvWS/TTECOfcUELu4qIRTy24cFqWdXXcctgBeJNyNVNEO9Z3/5/ZimAiJNOVGq47mJ7mZEakY55BU/VWAmj8gAOoZGRIDqZsVeOT4ySh+HsTQn0rhQf3dkRCg1FoGpFEQP1bw3Ef/zOqkOz7sZi5JUQ0SnD4UpxzrGk5Bwn0mgmo8NIVQy81dMh0QSqk2UFROCN7/yImmeOJ7reNen1drFLI4yOkCH6Bh56AzV0BWqowai6BE9o1f0Zj1ZL9a79TEtLVmznn30B9bnD0eGoJY=</latexit><latexit sha1_base64="Ss6OHhQKpaBmDHYGxCy0Y3x65Us=">AAACF3icbVC7TsMwFHXKq5RXgJHFokJiihKEBANDJRbGItGH1JTKcW9aq3YS2Q6iRPkLFn6FhQGEWGHjb3DTDtByJEvH59x77XuChDOlXffbKi0tr6yuldcrG5tb2zv27l5Txamk0KAxj2U7IAo4i6ChmebQTiQQEXBoBaPLid+6A6lYHN3ocQJdQQYRCxkl2kg92/HvWS/TTECOfcUELu4qIRTy24cFqWdXXcctgBeJNyNVNEO9Z3/5/ZimAiJNOVGq47mJ7mZEakY55BU/VWAmj8gAOoZGRIDqZsVeOT4ySh+HsTQn0rhQf3dkRCg1FoGpFEQP1bw3Ef/zOqkOz7sZi5JUQ0SnD4UpxzrGk5Bwn0mgmo8NIVQy81dMh0QSqk2UFROCN7/yImmeOJ7reNen1drFLI4yOkCH6Bh56AzV0BWqowai6BE9o1f0Zj1ZL9a79TEtLVmznn30B9bnD0eGoJY=</latexit><latexit sha1_base64="Ss6OHhQKpaBmDHYGxCy0Y3x65Us=">AAACF3icbVC7TsMwFHXKq5RXgJHFokJiihKEBANDJRbGItGH1JTKcW9aq3YS2Q6iRPkLFn6FhQGEWGHjb3DTDtByJEvH59x77XuChDOlXffbKi0tr6yuldcrG5tb2zv27l5Txamk0KAxj2U7IAo4i6ChmebQTiQQEXBoBaPLid+6A6lYHN3ocQJdQQYRCxkl2kg92/HvWS/TTECOfcUELu4qIRTy24cFqWdXXcctgBeJNyNVNEO9Z3/5/ZimAiJNOVGq47mJ7mZEakY55BU/VWAmj8gAOoZGRIDqZsVeOT4ySh+HsTQn0rhQf3dkRCg1FoGpFEQP1bw3Ef/zOqkOz7sZi5JUQ0SnD4UpxzrGk5Bwn0mgmo8NIVQy81dMh0QSqk2UFROCN7/yImmeOJ7reNen1drFLI4yOkCH6Bh56AzV0BWqowai6BE9o1f0Zj1ZL9a79TEtLVmznn30B9bnD0eGoJY=</latexit>

★ We can apply finite correlation length scaling also in 2D!

PC, P. Czarnik, G. Kapteijns, L. Tagliacozzo, PRX 8 (2018); M. Rader and A. M. Läuchli, PRX 8 (2018)



Finite correlation length scaling with iPEPS

• Complication: there are two bond dimensions:

D ! ⇠D
<latexit sha1_base64="6hRB0vbYTIV4zqSp3WXbaMGb0F4=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBIR9CQFe/BYwX5AG8Jmu2mXbrJhd6KGUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2tldW19Y7O0Vd7e2d3btw8O21qmirIWlUKqbkA0EzxmLeAgWDdRjESBYJ1gfD31O/dMaS7jO8gS5kVkGPOQUwJG8u1KA/cVH46AKCUfcP+R+w3frjo1Zwa8TNyCVFGBpm9/9QeSphGLgQqidc91EvByooBTwSblfqpZQuiYDFnP0JhETHv57PgJPjHKAIdSmYoBz9TfEzmJtM6iwHRGBEZ60ZuK/3m9FMJLL+dxkgKL6XxRmAoMEk+TwAOuGAWRGUKo4uZWTEdEEQomr7IJwV18eZm0z2quU3Nvz6v1qyKOEjpCx+gUuegC1dENaqIWoihDz+gVvVlP1ov1bn3MW1esYqaC/sD6/AEpCZRu</latexit><latexit sha1_base64="6hRB0vbYTIV4zqSp3WXbaMGb0F4=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBIR9CQFe/BYwX5AG8Jmu2mXbrJhd6KGUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2tldW19Y7O0Vd7e2d3btw8O21qmirIWlUKqbkA0EzxmLeAgWDdRjESBYJ1gfD31O/dMaS7jO8gS5kVkGPOQUwJG8u1KA/cVH46AKCUfcP+R+w3frjo1Zwa8TNyCVFGBpm9/9QeSphGLgQqidc91EvByooBTwSblfqpZQuiYDFnP0JhETHv57PgJPjHKAIdSmYoBz9TfEzmJtM6iwHRGBEZ60ZuK/3m9FMJLL+dxkgKL6XxRmAoMEk+TwAOuGAWRGUKo4uZWTEdEEQomr7IJwV18eZm0z2quU3Nvz6v1qyKOEjpCx+gUuegC1dENaqIWoihDz+gVvVlP1ov1bn3MW1esYqaC/sD6/AEpCZRu</latexit><latexit sha1_base64="6hRB0vbYTIV4zqSp3WXbaMGb0F4=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBIR9CQFe/BYwX5AG8Jmu2mXbrJhd6KGUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2tldW19Y7O0Vd7e2d3btw8O21qmirIWlUKqbkA0EzxmLeAgWDdRjESBYJ1gfD31O/dMaS7jO8gS5kVkGPOQUwJG8u1KA/cVH46AKCUfcP+R+w3frjo1Zwa8TNyCVFGBpm9/9QeSphGLgQqidc91EvByooBTwSblfqpZQuiYDFnP0JhETHv57PgJPjHKAIdSmYoBz9TfEzmJtM6iwHRGBEZ60ZuK/3m9FMJLL+dxkgKL6XxRmAoMEk+TwAOuGAWRGUKo4uZWTEdEEQomr7IJwV18eZm0z2quU3Nvz6v1qyKOEjpCx+gUuegC1dENaqIWoihDz+gVvVlP1ov1bn3MW1esYqaC/sD6/AEpCZRu</latexit><latexit sha1_base64="6hRB0vbYTIV4zqSp3WXbaMGb0F4=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBIR9CQFe/BYwX5AG8Jmu2mXbrJhd6KGUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2tldW19Y7O0Vd7e2d3btw8O21qmirIWlUKqbkA0EzxmLeAgWDdRjESBYJ1gfD31O/dMaS7jO8gS5kVkGPOQUwJG8u1KA/cVH46AKCUfcP+R+w3frjo1Zwa8TNyCVFGBpm9/9QeSphGLgQqidc91EvByooBTwSblfqpZQuiYDFnP0JhETHv57PgJPjHKAIdSmYoBz9TfEzmJtM6iwHRGBEZ60ZuK/3m9FMJLL+dxkgKL6XxRmAoMEk+TwAOuGAWRGUKo4uZWTEdEEQomr7IJwV18eZm0z2quU3Nvz6v1qyKOEjpCx+gUuegC1dENaqIWoihDz+gVvVlP1ov1bn3MW1esYqaC/sD6/AEpCZRu</latexit>

Bond dimension of the TN ansatz: Boundary dimension in contraction:

� ! ⇠�
<latexit sha1_base64="VZ0vksdobytwOMwPKvV1ns4tR8c=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyURQVdScOOygn1AE8JkOmmGTmbCzEQtobjxV9y4UMStX+HOv3HSZqGtBy4czrmXe+8JU0aVdpxvq7K0vLK6Vl2vbWxube/Yu3sdJTKJSRsLJmQvRIowyklbU81IL5UEJSEj3XB0VfjdOyIVFfxWj1PiJ2jIaUQx0kYK7AMPxxR6kg5jjaQU99B7oEEhBnbdaThTwEXilqQOSrQC+8sbCJwlhGvMkFJ910m1nyOpKWZkUvMyRVKER2hI+oZylBDl59MXJvDYKAMYCWmKazhVf0/kKFFqnISmM0E6VvNeIf7n9TMdXfg55WmmCcezRVHGoBawyAMOqCRYs7EhCEtqboU4RhJhbVKrmRDc+ZcXSee04ToN9+as3rws46iCQ3AEToALzkETXIMWaAMMHsEzeAVv1pP1Yr1bH7PWilXO7IM/sD5/ACrLl0I=</latexit><latexit sha1_base64="VZ0vksdobytwOMwPKvV1ns4tR8c=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyURQVdScOOygn1AE8JkOmmGTmbCzEQtobjxV9y4UMStX+HOv3HSZqGtBy4czrmXe+8JU0aVdpxvq7K0vLK6Vl2vbWxube/Yu3sdJTKJSRsLJmQvRIowyklbU81IL5UEJSEj3XB0VfjdOyIVFfxWj1PiJ2jIaUQx0kYK7AMPxxR6kg5jjaQU99B7oEEhBnbdaThTwEXilqQOSrQC+8sbCJwlhGvMkFJ910m1nyOpKWZkUvMyRVKER2hI+oZylBDl59MXJvDYKAMYCWmKazhVf0/kKFFqnISmM0E6VvNeIf7n9TMdXfg55WmmCcezRVHGoBawyAMOqCRYs7EhCEtqboU4RhJhbVKrmRDc+ZcXSee04ToN9+as3rws46iCQ3AEToALzkETXIMWaAMMHsEzeAVv1pP1Yr1bH7PWilXO7IM/sD5/ACrLl0I=</latexit><latexit sha1_base64="VZ0vksdobytwOMwPKvV1ns4tR8c=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyURQVdScOOygn1AE8JkOmmGTmbCzEQtobjxV9y4UMStX+HOv3HSZqGtBy4czrmXe+8JU0aVdpxvq7K0vLK6Vl2vbWxube/Yu3sdJTKJSRsLJmQvRIowyklbU81IL5UEJSEj3XB0VfjdOyIVFfxWj1PiJ2jIaUQx0kYK7AMPxxR6kg5jjaQU99B7oEEhBnbdaThTwEXilqQOSrQC+8sbCJwlhGvMkFJ910m1nyOpKWZkUvMyRVKER2hI+oZylBDl59MXJvDYKAMYCWmKazhVf0/kKFFqnISmM0E6VvNeIf7n9TMdXfg55WmmCcezRVHGoBawyAMOqCRYs7EhCEtqboU4RhJhbVKrmRDc+ZcXSee04ToN9+as3rws46iCQ3AEToALzkETXIMWaAMMHsEzeAVv1pP1Yr1bH7PWilXO7IM/sD5/ACrLl0I=</latexit><latexit sha1_base64="VZ0vksdobytwOMwPKvV1ns4tR8c=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyURQVdScOOygn1AE8JkOmmGTmbCzEQtobjxV9y4UMStX+HOv3HSZqGtBy4czrmXe+8JU0aVdpxvq7K0vLK6Vl2vbWxube/Yu3sdJTKJSRsLJmQvRIowyklbU81IL5UEJSEj3XB0VfjdOyIVFfxWj1PiJ2jIaUQx0kYK7AMPxxR6kg5jjaQU99B7oEEhBnbdaThTwEXilqQOSrQC+8sbCJwlhGvMkFJ910m1nyOpKWZkUvMyRVKER2hI+oZylBDl59MXJvDYKAMYCWmKazhVf0/kKFFqnISmM0E6VvNeIf7n9TMdXfg55WmmCcezRVHGoBawyAMOqCRYs7EhCEtqboU4RhJhbVKrmRDc+ZcXSee04ToN9+as3rws46iCQ3AEToALzkETXIMWaAMMHsEzeAVv1pP1Yr1bH7PWilXO7IM/sD5/ACrLl0I=</latexit>

• Simplify: eliminate     dependence by taking                 limit � ! 1
<latexit sha1_base64="Ssk0rzsqluFk4qRGxJtepvpO4bs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSiKAnKXjxWMF+QBPKZrtplm42YXeihNCLf8WLB0W8+jO8+W/ctjlo64OBx3szzMwLUsE1OM63VVlZXVvfqG7WtrZ3dvfs/YOOTjJFWZsmIlG9gGgmuGRt4CBYL1WMxIFg3WB8M/W7D0xpnsh7yFPmx2QkecgpASMN7COPRhx7io8iIEolj9jjMoR8YNedhjMDXiZuSeqoRGtgf3nDhGYxk0AF0brvOin4BVHAqWCTmpdplhI6JiPWN1SSmGm/mD0wwadGGeIwUaYk4Jn6e6IgsdZ5HJjOmECkF72p+J/XzyC88gsu0wyYpPNFYSYwJHiaBh5yxSiI3BBCFTe3YhoRRSiYzGomBHfx5WXSOW+4TsO9u6g3r8s4qugYnaAz5KJL1ES3qIXaiKIJekav6M16sl6sd+tj3lqxyplD9AfW5w/SppaI</latexit><latexit sha1_base64="Ssk0rzsqluFk4qRGxJtepvpO4bs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSiKAnKXjxWMF+QBPKZrtplm42YXeihNCLf8WLB0W8+jO8+W/ctjlo64OBx3szzMwLUsE1OM63VVlZXVvfqG7WtrZ3dvfs/YOOTjJFWZsmIlG9gGgmuGRt4CBYL1WMxIFg3WB8M/W7D0xpnsh7yFPmx2QkecgpASMN7COPRhx7io8iIEolj9jjMoR8YNedhjMDXiZuSeqoRGtgf3nDhGYxk0AF0brvOin4BVHAqWCTmpdplhI6JiPWN1SSmGm/mD0wwadGGeIwUaYk4Jn6e6IgsdZ5HJjOmECkF72p+J/XzyC88gsu0wyYpPNFYSYwJHiaBh5yxSiI3BBCFTe3YhoRRSiYzGomBHfx5WXSOW+4TsO9u6g3r8s4qugYnaAz5KJL1ES3qIXaiKIJekav6M16sl6sd+tj3lqxyplD9AfW5w/SppaI</latexit><latexit sha1_base64="Ssk0rzsqluFk4qRGxJtepvpO4bs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSiKAnKXjxWMF+QBPKZrtplm42YXeihNCLf8WLB0W8+jO8+W/ctjlo64OBx3szzMwLUsE1OM63VVlZXVvfqG7WtrZ3dvfs/YOOTjJFWZsmIlG9gGgmuGRt4CBYL1WMxIFg3WB8M/W7D0xpnsh7yFPmx2QkecgpASMN7COPRhx7io8iIEolj9jjMoR8YNedhjMDXiZuSeqoRGtgf3nDhGYxk0AF0brvOin4BVHAqWCTmpdplhI6JiPWN1SSmGm/mD0wwadGGeIwUaYk4Jn6e6IgsdZ5HJjOmECkF72p+J/XzyC88gsu0wyYpPNFYSYwJHiaBh5yxSiI3BBCFTe3YhoRRSiYzGomBHfx5WXSOW+4TsO9u6g3r8s4qugYnaAz5KJL1ES3qIXaiKIJekav6M16sl6sd+tj3lqxyplD9AfW5w/SppaI</latexit><latexit sha1_base64="Ssk0rzsqluFk4qRGxJtepvpO4bs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSiKAnKXjxWMF+QBPKZrtplm42YXeihNCLf8WLB0W8+jO8+W/ctjlo64OBx3szzMwLUsE1OM63VVlZXVvfqG7WtrZ3dvfs/YOOTjJFWZsmIlG9gGgmuGRt4CBYL1WMxIFg3WB8M/W7D0xpnsh7yFPmx2QkecgpASMN7COPRhx7io8iIEolj9jjMoR8YNedhjMDXiZuSeqoRGtgf3nDhGYxk0AF0brvOin4BVHAqWCTmpdplhI6JiPWN1SSmGm/mD0wwadGGeIwUaYk4Jn6e6IgsdZ5HJjOmECkF72p+J/XzyC88gsu0wyYpPNFYSYwJHiaBh5yxSiI3BBCFTe3YhoRRSiYzGomBHfx5WXSOW+4TsO9u6g3r8s4qugYnaAz5KJL1ES3qIXaiKIJekav6M16sl6sd+tj3lqxyplD9AfW5w/SppaI</latexit>

�
<latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit><latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit><latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit><latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit>

m(g,D) = ⇠��/⌫
D M(g⇠1/⌫D )

<latexit sha1_base64="2PimHuK+ox0U0EN3i6q1PyWfj28=">AAACH3icbVDLSsNAFJ3UV62vqks3g0VoQWsiom6Ugl24ESrYBzQ1TKaTdOhkEmYmYgn5Ezf+ihsXioi7/o3Th6DWAxcO59zLvfe4EaNSmebQyMzNLywuZZdzK6tr6xv5za2GDGOBSR2HLBQtF0nCKCd1RRUjrUgQFLiMNN3+5chv3hMhachv1SAinQD5nHoUI6UlJ38SFP39agmeQ/uBOtW75MB2iUKHNo9TmNgYMXidFv1v1xobJejkC2bZHAPOEmtKCmCKmpP/tLshjgPCFWZIyrZlRqqTIKEoZiTN2bEkEcJ95JO2phwFRHaS8X8p3NNKF3qh0MUVHKs/JxIUSDkIXN0ZINWTf72R+J/XjpV31kkoj2JFOJ4s8mIGVQhHYcEuFQQrNtAEYUH1rRD3kEBY6UhzOgTr78uzpHFUtsyydXNcqFxM48iCHbALisACp6ACrkAN1AEGj+AZvII348l4Md6Nj0lrxpjObINfMIZfA0egfA==</latexit><latexit sha1_base64="2PimHuK+ox0U0EN3i6q1PyWfj28=">AAACH3icbVDLSsNAFJ3UV62vqks3g0VoQWsiom6Ugl24ESrYBzQ1TKaTdOhkEmYmYgn5Ezf+ihsXioi7/o3Th6DWAxcO59zLvfe4EaNSmebQyMzNLywuZZdzK6tr6xv5za2GDGOBSR2HLBQtF0nCKCd1RRUjrUgQFLiMNN3+5chv3hMhachv1SAinQD5nHoUI6UlJ38SFP39agmeQ/uBOtW75MB2iUKHNo9TmNgYMXidFv1v1xobJejkC2bZHAPOEmtKCmCKmpP/tLshjgPCFWZIyrZlRqqTIKEoZiTN2bEkEcJ95JO2phwFRHaS8X8p3NNKF3qh0MUVHKs/JxIUSDkIXN0ZINWTf72R+J/XjpV31kkoj2JFOJ4s8mIGVQhHYcEuFQQrNtAEYUH1rRD3kEBY6UhzOgTr78uzpHFUtsyydXNcqFxM48iCHbALisACp6ACrkAN1AEGj+AZvII348l4Md6Nj0lrxpjObINfMIZfA0egfA==</latexit><latexit sha1_base64="2PimHuK+ox0U0EN3i6q1PyWfj28=">AAACH3icbVDLSsNAFJ3UV62vqks3g0VoQWsiom6Ugl24ESrYBzQ1TKaTdOhkEmYmYgn5Ezf+ihsXioi7/o3Th6DWAxcO59zLvfe4EaNSmebQyMzNLywuZZdzK6tr6xv5za2GDGOBSR2HLBQtF0nCKCd1RRUjrUgQFLiMNN3+5chv3hMhachv1SAinQD5nHoUI6UlJ38SFP39agmeQ/uBOtW75MB2iUKHNo9TmNgYMXidFv1v1xobJejkC2bZHAPOEmtKCmCKmpP/tLshjgPCFWZIyrZlRqqTIKEoZiTN2bEkEcJ95JO2phwFRHaS8X8p3NNKF3qh0MUVHKs/JxIUSDkIXN0ZINWTf72R+J/XjpV31kkoj2JFOJ4s8mIGVQhHYcEuFQQrNtAEYUH1rRD3kEBY6UhzOgTr78uzpHFUtsyydXNcqFxM48iCHbALisACp6ACrkAN1AEGj+AZvII348l4Md6Nj0lrxpjObINfMIZfA0egfA==</latexit><latexit sha1_base64="2PimHuK+ox0U0EN3i6q1PyWfj28=">AAACH3icbVDLSsNAFJ3UV62vqks3g0VoQWsiom6Ugl24ESrYBzQ1TKaTdOhkEmYmYgn5Ezf+ihsXioi7/o3Th6DWAxcO59zLvfe4EaNSmebQyMzNLywuZZdzK6tr6xv5za2GDGOBSR2HLBQtF0nCKCd1RRUjrUgQFLiMNN3+5chv3hMhachv1SAinQD5nHoUI6UlJ38SFP39agmeQ/uBOtW75MB2iUKHNo9TmNgYMXidFv1v1xobJejkC2bZHAPOEmtKCmCKmpP/tLshjgPCFWZIyrZlRqqTIKEoZiTN2bEkEcJ95JO2phwFRHaS8X8p3NNKF3qh0MUVHKs/JxIUSDkIXN0ZINWTf72R+J/XjpV31kkoj2JFOJ4s8mIGVQhHYcEuFQQrNtAEYUH1rRD3kEBY6UhzOgTr78uzpHFUtsyydXNcqFxM48iCHbALisACp6ACrkAN1AEGj+AZvII348l4Md6Nj0lrxpjObINfMIZfA0egfA==</latexit>

• Now same as in MPS (1D) case:

m(g,D,�) = ⇠��/⌫
D M(g⇠1/⌫D , ⇠D/⇠�)

<latexit sha1_base64="VfV1Pq/yONov5xznAPm8IxU0VA4="></latexit><latexit sha1_base64="VfV1Pq/yONov5xznAPm8IxU0VA4="></latexit><latexit sha1_base64="VfV1Pq/yONov5xznAPm8IxU0VA4="></latexit><latexit sha1_base64="VfV1Pq/yONov5xznAPm8IxU0VA4="></latexit>

• Scaling ansatz:

PC, P. Czarnik, G. Kapteijns, L. Tagliacozzo, PRX 8 (2018); M. Rader and A. M. Läuchli, PRX 8 (2018)



Computing the correlation length with CTM

<latexit sha1_base64="ASjT2Yz2xOq/AqQ2C1DRg1v6y+8=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6f7jNo=</latexit>

M

<latexit sha1_base64="DYrKLoIRk+cRhodTNQq1qYdoIX8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktRT0WvXisYD+gXUs2zbax2WRJskJZ+h+8eFDEq//Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeY3GR+54kqzaS4N9OY+hEeCRYygo2V2n0yZg+1QbniVt050CrxclKBHM1B+as/lCSJqDCEY617nhsbP8XKMMLprNRPNI0xmeAR7VkqcES1n86vnaEzqwxRKJUtYdBc/T2R4kjraRTYzgibsV72MvE/r5eY8MpPmYgTQwVZLAoTjoxE2etoyBQlhk8twUQxeysiY6wwMTagkg3BW355lbRrVe+iWr+rVxrXeRxFOIFTOAcPLqEBt9CEFhB4hGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMqS47f</latexit>

�2
<latexit sha1_base64="DYrKLoIRk+cRhodTNQq1qYdoIX8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktRT0WvXisYD+gXUs2zbax2WRJskJZ+h+8eFDEq//Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeY3GR+54kqzaS4N9OY+hEeCRYygo2V2n0yZg+1QbniVt050CrxclKBHM1B+as/lCSJqDCEY617nhsbP8XKMMLprNRPNI0xmeAR7VkqcES1n86vnaEzqwxRKJUtYdBc/T2R4kjraRTYzgibsV72MvE/r5eY8MpPmYgTQwVZLAoTjoxE2etoyBQlhk8twUQxeysiY6wwMTagkg3BW355lbRrVe+iWr+rVxrXeRxFOIFTOAcPLqEBt9CEFhB4hGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMqS47f</latexit>

�2

<latexit sha1_base64="XZ9pK1oamajmtMT3KAUrjGqSjwU=">AAACIHicbVBNS8MwGE7n15xfVY9egkPYLqOV4bwIQy8eJ7gPWEtJs3QLS9OSpOIo/Sle/CtePCiiN/01ZlsR3Xwg8OR53vdN3sePGZXKsj6Nwsrq2vpGcbO0tb2zu2fuH3RklAhM2jhikej5SBJGOWkrqhjpxYKg0Gek64+vpn73jghJI36rJjFxQzTkNKAYKS15ZsO5pxUHj2gVXkAnEAindpY6LBpW5jeH6WED5FnZD7WzauaZZatmzQCXiZ2TMsjR8swPZxDhJCRcYYak7NtWrNwUCUUxI1nJSSSJER6jIelrylFIpJvOFszgiVYGMIiEPlzBmfq7I0WhlJPQ15UhUiO56E3F/7x+ooJzN6U8ThTheP5QkDCoIjhNCw6oIFixiSYIC6r/CvEI6VyUzrSkQ7AXV14mndOafVar39TLzcs8jiI4AsegAmzQAE1wDVqgDTB4AE/gBbwaj8az8Wa8z0sLRt5zCP7A+PoGHgKi/g==</latexit>

⇠(�) =
1

log(�0
�1
)

1st and 2nd lowest  
eigenvalue of M

Nishino, Okunishi, Kikuchi, Physics Lett. A 213, 69 (1996) 

T

T

Transfer matrix made of  
an infinite column of tensors

★ Accurate                extrapolation technique:
<latexit sha1_base64="YmxeDM1EQ7pzxypTJruC+kc5jyU=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEInkoiUj1JwYvHCvYDmlA22027dLMJuxMlxB78K148KOLVv+HNf+O2zUFbHww83pthZl6QCK7Bcb6tpeWV1bX10kZ5c2t7Z9fe22/pOFWUNWksYtUJiGaCS9YEDoJ1EsVIFAjWDkbXE799z5TmsbyDLGF+RAaSh5wSMFLPPvTokHuKD4ZAlIofsMdlCFnPrjhVZwq8SNyCVFCBRs/+8voxTSMmgQqiddd1EvBzooBTwcZlL9UsIXREBqxrqCQR034+vX+MT4zSx2GsTEnAU/X3RE4irbMoMJ0RgaGe9ybif143hfDSz7lMUmCSzhaFqcAQ40kYuM8VoyAyQwhV3NyK6ZAoQsFEVjYhuPMvL5LWWdWtVWu355X6VRFHCR2hY3SKXHSB6ugGNVATUfSIntErerOerBfr3fqYtS5ZxcwB+gPr8wd8u5Zp</latexit>

� ! 1
Rams, Czarnik & Cincio, PRX 8, 041033 (2018)



Application examples
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PC, P. Czarnik, G. Kapteijns, L. Tagliacozzo, PRX 8 (2018)

• TF Ising & XY model  

• J1-J2 Heisenberg model

• t-V model at finite T

• Kagome HM

• Anisotropic triangular HM

M. Rader and A. M. Läuchli, PRX 8 (2018)

Hasik, Poilblanc, Becca, SciPost Physics 10 (2021)

Czarnik, PC, PRB 99 (2019)

Hasik, PC, PRL 133, 176502 (2024)

Ferrari, et. al, SciPost Phys. 14, 139 (2023)

… …
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Ĥ = J
0
X

hi,ji

Si · Sj + J

X

hhi,jiidimer

Si · Sj + h

X

i

S
z
i

The Shastry-Sutherland model revisited

Kageyama et al. PRL 82 (1999)
 

Cu2+

carries  
S=1/2

SrCu2(BO3)2

Plaquette phase

0.765(15)0.675(2)

Néel phaseDimer phase

Corboz and Mila, PRB 87 (2013)

J 0/J<latexit sha1_base64="0cIbSyEyqZ9MRXb995eeQWGzjq8=">AAAB63icdVDLSsNAFJ34rPVVdelmsAiuwiQNad0V3bisYB/QhjKZTtqhM0mYmQgl9BfcuFDErT/kzr9x0lZQ0QMXDufcy733hClnSiP0Ya2tb2xubZd2yrt7+weHlaPjjkoySWibJDyRvRAryllM25ppTnuppFiEnHbD6XXhd++pVCyJ7/QspYHA45hFjGBdSMj2a8NKFdmXDd/1fIhshOqO6xTErXs1DzpGKVAFK7SGlffBKCGZoLEmHCvVd1CqgxxLzQin8/IgUzTFZIrHtG9ojAVVQb64dQ7PjTKCUSJNxRou1O8TORZKzURoOgXWE/XbK8S/vH6mo0aQszjNNI3JclGUcagTWDwOR0xSovnMEEwkM7dCMsESE23iKZsQvj6F/5OOazu+jW69avNqFUcJnIIzcAEcUAdNcANaoA0ImIAH8ASeLWE9Wi/W67J1zVrNnIAfsN4+AS+cjbA=</latexit>

0.63

previously found in:

Deconfined QCP
 
 

Intermediate QSL phase
Yang et al, PRB 105 (2022)
Wang et al, CPL 39 (2022)
Viteritti et al, arxiv: 2311.16889
Maity et al., arXiv: 2501.00096

Lee, You, Sachdev &  
Vishwanath, PRX 9 (2019)
Liu et al, PRL 133 (2024)



Benchmark comparison of variational energies

★ iPEPS yields lowest variational energy in the thermodynamic limit

<latexit sha1_base64="Nb68pua/Nv+0iRwk/D4i/4q8Zp0=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbRU0xEai9KwYv0VMF+QBvKZrtpl242cXcjlNA/4cWDIl79O978N27bHLT1wcDjvRlm5vkxZ0o7zreVW1ldW9/Ibxa2tnd294r7B00VJZLQBol4JNs+VpQzQRuaaU7bsaQ49Dlt+aPbqd96olKxSDzocUy9EA8ECxjB2kjt2ul57dqxK71iybGdGdAycTNSggz1XvGr249IElKhCcdKdVwn1l6KpWaE00mhmygaYzLCA9oxVOCQKi+d3TtBJ0bpoyCSpoRGM/X3RIpDpcahbzpDrIdq0ZuK/3mdRAcVL2UiTjQVZL4oSDjSEZo+j/pMUqL52BBMJDO3IjLEEhNtIiqYENzFl5dJ88J2y3b5/rJUvcniyMMRHMMZuHAFVbiDOjSAAIdneIU369F6sd6tj3lrzspmDuEPrM8f3gaOjg==</latexit>

J 0/J = 0.8

PC, Zhang, Ponsioen & Mila, arXiv:2502.14091



Plaquette - “AF” phase transition at finite D

★ Phase transition between 0.78 and 0.79 for large D

Plaquette order AF order (at finite D)

PC, Zhang, Ponsioen & Mila, arXiv:2502.14091



P - “AF” transition using constrained iPEPS

★ Phase transition between 0.78 and 0.79 for large and infinite D

PC, Zhang, Ponsioen & Mila, arXiv:2502.14091



Finite correlation length scaling

QSL AFDimer Plaquette

<latexit sha1_base64="wawvbNxS1bklgigYKnV54tBGpFk=">AAAB7nicbVA9SwNBEJ3zM8avqKXNYhBic9wFiSksAjaWEcwHJEfY2+wlS/b2lt09IRz5ETYWitj6e+z8N26SKzTxwcDjvRlm5oWSM20879vZ2Nza3tkt7BX3Dw6Pjksnp22dpIrQFkl4oroh1pQzQVuGGU67UlEch5x2wsnd3O88UaVZIh7NVNIgxiPBIkawsVLHc+vVin81KJU911sArRM/J2XI0RyUvvrDhKQxFYZwrHXP96QJMqwMI5zOiv1UU4nJBI9oz1KBY6qDbHHuDF1aZYiiRNkSBi3U3xMZjrWexqHtjLEZ61VvLv7n9VIT1YOMCZkaKshyUZRyZBI0/x0NmaLE8KklmChmb0VkjBUmxiZUtCH4qy+vk3bV9Wtu7eG63LjN4yjAOVxABXy4gQbcQxNaQGACz/AKb450Xpx352PZuuHkM2fwB87nDwfljg8=</latexit>

0.82(1)
<latexit sha1_base64="Bic/0Y4/bod5LAQSLy2TVFwe+8I=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBahXkJSauvBQ8GLxwr2A9pQNttNu3SzibsboYT+CS8eFPHq3/Hmv3Hb5qCtDwYe780wM8+POVPacb6t3Mbm1vZOfrewt39weFQ8PmmrKJGEtkjEI9n1saKcCdrSTHPajSXFoc9px5/czv3OE5WKReJBT2PqhXgkWMAI1kbqOnatflWuXA6KJcd2FkDrxM1ICTI0B8Wv/jAiSUiFJhwr1XOdWHsplpoRTmeFfqJojMkEj2jPUIFDqrx0ce8MXRhliIJImhIaLdTfEykOlZqGvukMsR6rVW8u/uf1Eh1ceykTcaKpIMtFQcKRjtD8eTRkkhLNp4ZgIpm5FZExlphoE1HBhOCuvrxO2hXbrdm1+2qpcZPFkYczOIcyuFCHBtxBE1pAgMMzvMKb9Wi9WO/Wx7I1Z2Uzp/AH1ucPhKuOUg==</latexit>

0.675(2)
<latexit sha1_base64="BeHK2W6BpmiPSCHUQ60SyazfWqE=">AAAB63icbVA9SwNBEJ3zM8avqKXNYhCt4p1ItLAI2EiqCOYDkiPsbfaSJbt7x+6eEI78BRsLRWz9Q3b+G/eSKzTxwcDjvRlm5gUxZ9q47rezsrq2vrFZ2Cpu7+zu7ZcODls6ShShTRLxSHUCrClnkjYNM5x2YkWxCDhtB+O7zG8/UaVZJB/NJKa+wEPJQkawyaT62UW9Xyq7FXcGtEy8nJQhR6Nf+uoNIpIIKg3hWOuu58bGT7EyjHA6LfYSTWNMxnhIu5ZKLKj209mtU3RqlQEKI2VLGjRTf0+kWGg9EYHtFNiM9KKXif953cSEN37KZJwYKsl8UZhwZCKUPY4GTFFi+MQSTBSztyIywgoTY+Mp2hC8xZeXSeuy4lUr1Yercu02j6MAx3AC5+DBNdTgHhrQBAIjeIZXeHOE8+K8Ox/z1hUnnzmCP3A+fwAE8I2R</latexit>

J 0/J
<latexit sha1_base64="BYe/LLBsj2DywLZ71w0Hk5yxtuo=">AAAB73icbVDLSsNAFL2pr1pfVZduBotQNyER+1i4KLhxWcE+oA1lMp20QyeTODMRSuhPuHGhiFt/x51/47TNQlsPXDiccy/33uPHnCntON9WbmNza3snv1vY2z84PCoen7RVlEhCWyTikez6WFHOBG1ppjntxpLi0Oe0409u537niUrFIvGgpzH1QjwSLGAEayN1HbtWr5Qrl4NiybGdBdA6cTNSggzNQfGrP4xIElKhCcdK9Vwn1l6KpWaE01mhnygaYzLBI9ozVOCQKi9d3DtDF0YZoiCSpoRGC/X3RIpDpaahbzpDrMdq1ZuL/3m9RAd1L2UiTjQVZLkoSDjSEZo/j4ZMUqL51BBMJDO3IjLGEhNtIiqYENzVl9dJ+8p2q3b1/rrUuMniyMMZnEMZXKhBA+6gCS0gwOEZXuHNerRerHfrY9mas7KZU/gD6/MHjEuOVw==</latexit>

0.785(5)

★ In agreement with 

DMRG and NQS



Study of incommensurate spin spiral phases:
spiral iPEPS

J. Hasik, PC, PRL 133, 176502 (2024)

Juraj Hasik
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Anisotropic triangular lattice Heisenberg model
<latexit sha1_base64="ik7wGPe3Zwn+W7NFxf6UE7nvYuE="></latexit>

H =
X

r

J(Sr · Sr+x̂ + Sr · Sr+ŷ) + J11Sr · Sr+x̂+ŷ

AF order

0

square 
lattice

isotropic
triangular

1
120° order?

• Mean-field theory: Spin spiral order between [0.5, 1] with 
<latexit sha1_base64="gxv+0OKGXO4orxFj0dP/ojIe+/k=">AAACE3icbVDLSgMxFM3UV62vUZdugkVopdSZKlUQoeDGZQX7gM5QMplMG5p5mGSEMvQf3Pgrblwo4taNO//GTDsLbb1wyck595Kc40SMCmkY31puaXlldS2/XtjY3Nre0Xf32iKMOSYtHLKQdx0kCKMBaUkqGelGnCDfYaTjjK5TvfNAuKBhcCfHEbF9NAioRzGSiurrx5aP5NDxkvvJVcmKaEV12WJuKAUs1dTl5LQyO8p9vWhUjWnBRWBmoAiyavb1L8sNceyTQGKGhOiZRiTtBHFJMSOTghULEiE8QgPSUzBAPhF2MvU0gUeKcaEXctWBhFP290aCfCHGvqMmUwdiXkvJ/7ReLL0LO6FBFEsS4NlDXsygDGEaEHQpJ1iysQIIc6r+CvEQcYSlirGgQjDnLS+Cdq1q1qv127Ni4zKLIw8OwCEoAROcgwa4AU3QAhg8gmfwCt60J+1Fe9c+ZqM5LdvZB39K+/wBIEWcXw==</latexit>

q = (⇡,⇡) . . . (2⇡/3, 2⇡/3)

<latexit sha1_base64="I+l+c2r/oSJ6IJb5RYnCmvWnefg=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSJ4KhuR6kkKXsRTBfsB7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmhYngxvr+t7eyura+sVnYKm7v7O7tlw4Om0almrIGVULpdkgME1yyhuVWsHaiGYlDwVrh6Gbqt56YNlzJBztOWBCTgeQRp8Q6qXnXyzCe9Eplv+LPgJYJzkkZctR7pa9uX9E0ZtJSQYzpYD+xQUa05VSwSbGbGpYQOiID1nFUkpiZIJtdO0GnTumjSGlX0qKZ+nsiI7Ex4zh0nTGxQ7PoTcX/vE5qo6sg4zJJLZN0vihKBbIKTV9Hfa4ZtWLsCKGau1sRHRJNqHUBFV0IePHlZdI8r+BqpXp/Ua5d53EU4BhO4AwwXEINbqEODaDwCM/wCm+e8l68d+9j3rri5TNH8Afe5w/86o7A</latexit>

J11
<latexit sha1_base64="bkyF2zG8WxrbVwQ6cTnVeSe/BHE=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSLUS9kVqV6UghfxVMFtC+1Ssmm2Dc0mS5IVytLf4MWDIl79Qd78N6btHrT1wcDjvRlm5oUJZ9q47rezsrq2vrFZ2Cpu7+zu7ZcODptapopQn0guVTvEmnImqG+Y4bSdKIrjkNNWOLqd+q0nqjST4tGMExrEeCBYxAg2VvIr99feWa9UdqvuDGiZeDkpQ45Gr/TV7UuSxlQYwrHWHc9NTJBhZRjhdFLsppommIzwgHYsFTimOshmx07QqVX6KJLKljBopv6eyHCs9TgObWeMzVAvelPxP6+TmugqyJhIUkMFmS+KUo6MRNPPUZ8pSgwfW4KJYvZWRIZYYWJsPkUbgrf48jJpnle9WrX2cFGu3+RxFOAYTqACHlxCHe6gAT4QYPAMr/DmCOfFeXc+5q0rTj5zBH/gfP4AWj6NvA==</latexit>

(J = 1)

• Spin-wave theory: 0-flux quantum spin liquid (QSL) for [0.77, 0.88]    Hauke et al, NJP 13 (2011)

• Schwinger boson theory: nematic QSL between [0.6, 0.9] Gonzales et al, PRB 102 (2020)

• Series expansion: dimerized state between [0.7, 0.9] Weihong et al, PRB 59 (1999)

• DMRG: weak spatial symmetry breaking? Weichselbaum & White, PRB 84 (2011)

• VMC: competing QSL and spiral phase between [0.7, 0.8] Ghorbani et al, PRB 93 (2016)



Numerical study of spin spiral phases

• Challenge: system size needs to be commensurate with the 
wavelength of the spin spiral

• VMC: only specific wave vectors can be realized → bias

… but rather cumbersome/expensive

• Spiral iPEPS: single-tensor ansatz 
with position dependent local unitaries

<latexit sha1_base64="z3SYRxGApIlwvvyTbmY6S62AOgQ="></latexit>

ur(q, r
0) = exp[i⇡(q · r0)Sy

r ]

rotates the spin in the x-z plane, turning 
the spiral into a (correlated) ferromagnet, 
with wavevector q as variational parameter

Similar approach used for MPS in 1D: Ueda & Maruyama, PRB 86 (2012)

• iPEPS: large unit cells are in principle possible…
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iPEPS 
with 18 
tensors
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q = 7⇡/9



Optimal q as a function of J11
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• m suppressed around [0.7, 0.8]
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• Optimal                  up to 
<latexit sha1_base64="CB41+/zXx3q/1G+5qxaqvMxzmBE=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0hEW/FU8CKeKtgPaEPYbDft0s0m7G4KJfSfePGgiFf/iTf/jds2B60+GHi8N8PMvDDlTGnX/bJKa+sbm1vl7crO7t7+gX141FZJJgltkYQnshtiRTkTtKWZ5rSbSorjkNNOOL6d+50JlYol4lFPU+rHeChYxAjWRgps+z7IPW+G+orFyHXqV4FddR13AfSXeAWpQoFmYH/2BwnJYio04Vipnuem2s+x1IxwOqv0M0VTTMZ4SHuGChxT5eeLy2fozCgDFCXSlNBoof6cyHGs1DQOTWeM9UitenPxP6+X6ejaz5lIM00FWS6KMo50guYxoAGTlGg+NQQTycytiIywxESbsComBG/15b+kfeF4Naf2cFlt3BRxlOEETuEcPKhDA+6gCS0gMIEneIFXK7eerTfrfdlasoqZY/gF6+MbGFKSAA==</latexit>

J11 ⇠ 0.75
<latexit sha1_base64="IiPg+WY+f4rZiGHlyyS4KcJ4kWU=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoMQQcKuSBRBCHjxGME8YLOE2clsMmR2Zp3pFcKSz/DiQRGvfo03/8bJ46CJBQ1FVTfdXWEiuAHX/XZyK6tr6xv5zcLW9s7uXnH/oGlUqilrUCWUbofEMMElawAHwdqJZiQOBWuFw9uJ33pi2nAlH2CUsCAmfckjTglYyX+8KXcSfmbrtFssuRV3CrxMvDkpoTnq3eJXp6doGjMJVBBjfM9NIMiIBk4FGxc6qWEJoUPSZ76lksTMBNn05DE+sUoPR0rbkoCn6u+JjMTGjOLQdsYEBmbRm4j/eX4K0VWQcZmkwCSdLYpSgUHhyf+4xzWjIEaWEKq5vRXTAdGEgk2pYEPwFl9eJs3ziletVO8vSrXreRx5dISOURl56BLV0B2qowaiSKFn9IreHHBenHfnY9aac+Yzh+gPnM8fIw+QgA==</latexit>

q = (⇡,⇡)



Extrapolated order parameter
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‣Quantum spin liquid for 
<latexit sha1_base64="hgX4xelPN6ZIPkHQSxhGP4LN5Jg=">AAACA3icbVDLSsNAFJ34rPUVdaebYBFakJCp0nZZdCOuKtgHpCFMptN26GQSZiZCCQU3/oobF4q49Sfc+TdO2yy09cCFwzn3cu89QcyoVI7zbaysrq1vbOa28ts7u3v75sFhS0aJwKSJIxaJToAkYZSTpqKKkU4sCAoDRtrB6Hrqtx+IkDTi92ocEy9EA077FCOlJd88vvVTCCddyl3Hrl4UYencsWtOsVzyfLPg2M4M1jKBGSmADA3f/Or2IpyEhCvMkJQudGLlpUgoihmZ5LuJJDHCIzQgrqYchUR66eyHiXWmlZ7Vj4QurqyZ+nsiRaGU4zDQnSFSQ7noTcX/PDdR/ZqXUh4ninA8X9RPmKUiaxqI1aOCYMXGmiAsqL7VwkMkEFY6trwOAS6+vExaZRtW7MrdZaF+lcWRAyfgFBQBBFVQBzegAZoAg0fwDF7Bm/FkvBjvxse8dcXIZo7AHxifP8cwlGc=</latexit>

J11 2 [0.73(1), 0.80(2)]

AF spiral
order

Unbiased simulation of spiral order is crucial 
for resolving the competition with QSL !



Excitations with iPEPS



iPEPS excitation ansatz

| i ⇡
<latexit sha1_base64="3ogdKbCNwjYVKtXUUFZf2LMsJgg=">AAAB/nicbVBNSwMxEM36WevXqnjyEiyCp7JbBT0WvXisYD+gu5RsOm1Ds9mQZMWyFvwrXjwo4tXf4c1/Y9ruQVsfDDzem2FmXiQ508bzvp2l5ZXVtfXCRnFza3tn193bb+gkVRTqNOGJakVEA2cC6oYZDi2pgMQRh2Y0vJ74zXtQmiXizowkhDHpC9ZjlBgrddzDx6CmGQ4UEX0OOCBSquSh45a8sjcFXiR+TkooR63jfgXdhKYxCEM50brte9KEGVGGUQ7jYpBqkIQOSR/algoSgw6z6fljfGKVLu4lypYweKr+nshIrPUojmxnTMxAz3sT8T+vnZreZZgxIVMDgs4W9VKOTYInWeAuU0ANH1lCqGL2VkwHRBFqbGJFG4I///IiaVTK/lm5cnteql7lcRTQETpGp8hHF6iKblAN1RFFGXpGr+jNeXJenHfnY9a65OQzB+gPnM8fE6eVkA==</latexit>

‣ Ground state:

‣ Excitation on top  
of ground state  
with momentum k

Tensor B at position ~x<latexit sha1_base64="PszTIGcFT/D10TvlDeTeHnoZO7E=">AAAB7nicbZDPTgIxEMZn8R/iP9Sjl0Zi4onswkFPSuLFIyYCJrAh3TJAQ7e7abtEsuEhvHjQGK++h2/gzbexLBwU/JImv3zfTDozQSy4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU0eJYthgkYjUQ0A1Ci6xYbgR+BArpGEgsBWMbmZ5a4xK80jem0mMfkgHkvc5o8Zarc4YWfo47RZLbtnNRFbBW0Dp+rOaqd4tfnV6EUtClIYJqnXbc2Pjp1QZzgROC51EY0zZiA6wbVHSELWfZuNOyZl1eqQfKfukIZn7uyOlodaTMLCVITVDvZzNzP+ydmL6l37KZZwYlGz+UT8RxERktjvpcYXMiIkFyhS3sxI2pIoyYy9UsEfwlldehWal7FXLlTu3VLuCufJwAqdwDh5cQA1uoQ4NYDCCJ3iBVyd2np03531emnMWPcfwR87HD6l2kfo=</latexit>
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Haegeman, Osborne, and Verstraete, PRB 88, 075133 (2013).
Zauner, Draxler, Vanderstraeten, Degroote, Haegeman, Rams, Stojevic, Schuch, and Verstraete, 
New J. Phys. 17, 053002 (2015).
Vanderstraeten, Marien, Verstraete, and Haegeman, PRB 92, 201111 (2015)
Vanderstraeten, Haegeman, and Verstraete, PRB 99, 165121 (2019)
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iPEPS excitation ansatz: the challenge

‣ Excitation on top  
of ground state  
with momentum k

Ansatz consists of an infinite sum!
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‣ Minimizing: Triple infinite sum!

Translational invariance  
→ Double infinite sum
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Systematic summation using CTM
Left move examples:h�~k(B)|Ĥ|�~k(B)i
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Simpler: use AD to avoid the summation of energy terms
Ponsioen, Assaad, PC, SciPost Physics, 12, 006 (2022) 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Tu, Vanderstraeten, Schuch, Lee, Kawashima, Chen, PRX Quantum ’24



Benchmark: 2D Heisenberg model
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Charge gap in the half-filled Hubbard model
Ponsioen, Assaad, PC, SciPost Physics, 12, 006 (2022)
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★ Systematic improvement with D,  
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★ QMC: extracting gap at large  
U/t is exponentially hard,  
in contrast to iPEPS



Spectral function A(ω, k) for U/t=8 (half filling)
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(⇡,⇡)
<latexit sha1_base64="XfeE0AUE5v2ohFeHADe0WQvfVJg=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahgpRdKeqx6MVjBbcttEvJptk2NJsNSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZF0rOtHHdb6ewtr6xuVXcLu3s7u0flA+PWjpJFaE+SXiiOiHWlDNBfcMMpx2pKI5DTtvh+G7mt5+o0iwRj2YiaRDjoWARI9hYqV3tSXbhnvfLFbfmzoFWiZeTCuRo9stfvUFC0pgKQzjWuuu50gQZVoYRTqelXqqpxGSMh7RrqcAx1UE2P3eKzqwyQFGibAmD5urviQzHWk/i0HbG2Iz0sjcT//O6qYlugowJmRoqyGJRlHJkEjT7HQ2YosTwiSWYKGZvRWSEFSbGJlSyIXjLL6+S1mXNu6rVH+qVxm0eRxFO4BSq4ME1NOAemuADgTE8wyu8OdJ5cd6dj0VrwclnjuEPnM8f8bGOqw==</latexit>

(⇡, 0)
<latexit sha1_base64="XfeE0AUE5v2ohFeHADe0WQvfVJg=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahgpRdKeqx6MVjBbcttEvJptk2NJsNSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZF0rOtHHdb6ewtr6xuVXcLu3s7u0flA+PWjpJFaE+SXiiOiHWlDNBfcMMpx2pKI5DTtvh+G7mt5+o0iwRj2YiaRDjoWARI9hYqV3tSXbhnvfLFbfmzoFWiZeTCuRo9stfvUFC0pgKQzjWuuu50gQZVoYRTqelXqqpxGSMh7RrqcAx1UE2P3eKzqwyQFGibAmD5urviQzHWk/i0HbG2Iz0sjcT//O6qYlugowJmRoqyGJRlHJkEjT7HQ2YosTwiSWYKGZvRWSEFSbGJlSyIXjLL6+S1mXNu6rVH+qVxm0eRxFO4BSq4ME1NOAemuADgTE8wyu8OdJ5cd6dj0VrwclnjuEPnM8f8bGOqw==</latexit>

(⇡, 0)
<latexit sha1_base64="TfACV5vRWKtGwip1e2y+LCMMmR4=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BItQQcquFPVY9OKxgtsW2qVk02wbms0uSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFySCa+M436iwtr6xuVXcLu3s7u0flA+PWjpOFWUejUWsOgHRTHDJPMONYJ1EMRIFgrWD8d3Mbz8xpXksH80kYX5EhpKHnBJjJa/qXDjn/XLFqTlz4FXi5qQCOZr98ldvENM0YtJQQbTuuk5i/Iwow6lg01Iv1SwhdEyGrGupJBHTfjY/dorPrDLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCW/8jMskNUzSxaIwFdjEePY5HnDFqBETSwhV3N6K6YgoQo3Np2RDcJdfXiWty5p7Vas/1CuN2zyOIpzAKVTBhWtowD00wQMKHJ7hFd6QRC/oHX0sWgsonzmGP0CfPxetjZI=</latexit>

(0, 0)
<latexit sha1_base64="NIX3TTCKoJdFlMDnpC0K3dHuQxo=">AAACBnicbVDLSsNAFL2pr1pfUZciBItQQUpSirosunFZwT6gCWUynbRDJ5MwMxFKyMqNv+LGhSJu/QZ3/o3TNgtbPXDhzDn3MvceP2ZUKtv+Ngorq2vrG8XN0tb2zu6euX/QllEiMGnhiEWi6yNJGOWkpahipBsLgkKfkY4/vpn6nQciJI34vZrExAvRkNOAYqS01DePK24gEE7dmGZpLTtfeJ31zbJdtWew/hInJ2XI0eybX+4gwklIuMIMSdlz7Fh5KRKKYkaykptIEiM8RkPS05SjkEgvnZ2RWadaGVhBJHRxZc3U3xMpCqWchL7uDJEayWVvKv7n9RIVXHkp5XGiCMfzj4KEWSqypplYAyoIVmyiCcKC6l0tPEI6CKWTK+kQnOWT/5J2repcVOt39XLjOo+jCEdwAhVw4BIacAtNaAGGR3iGV3gznowX4934mLcWjHzmEBZgfP4AKb6Y8Q==</latexit>

(
⇡

2
,
⇡

2
)

R. Chi, Y. Liu, Y. Wan, H.-J. Liao, and T. Xiang, PRL 129 (2022)

Anisotropic triangular lattice HM (Ba3CoSb2O9)

Ponsioen, Assaad, PC, SciPost Physics, 12, 006 (2022)

Already a powerful tool, but computationally rather expensive.
Further improvements desirable!



Spectral function via real-time evolution
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 Real time evolution of 
iPEPS with O applied
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<latexit sha1_base64="9bZJU3AzuwAM15qfa+/TahDyLkE=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBU0napvVY9OKxiv2ANpTNdtMu3WzC7kYoof/AiwdFvPqPvPlv3LQVVPTBwOO9GWbm+TFnStv2h5VbW9/Y3MpvF3Z29/YPiodHHRUlktA2iXgkez5WlDNB25ppTnuxpDj0Oe3606vM795TqVgk7vQspl6Ix4IFjGBtpNtBOiyW7LJdr1dqLspItWpXDWm4rmNXkFO2FyjBCq1h8X0wikgSUqEJx0r1HTvWXoqlZoTTeWGQKBpjMsVj2jdU4JAqL11cOkdnRhmhIJKmhEYL9ftEikOlZqFvOkOsJ+q3l4l/ef1EBxdeykScaCrIclGQcKQjlL2NRkxSovnMEEwkM7ciMsESE23CKZgQvj5F/5NOpezUy+5NrdS8XMWRhxM4hXNwoAFNuIYWtIFAAA/wBM/W1Hq0XqzXZWvOWs0cww9Yb5/y4I2p</latexit> { Juan Diego 
Arias Espinoza

Arias Espinoza, PC, PRB 110 (2024)Approach:

‣ Start from uniform GS (1-site unit cell)

‣ Extend unit cell size to L x L

‣ Apply operator O in the center of unit cell

‣ Time evolve              up to      with FU

‣ Compute overlaps with               for all r and t

‣ Compute spatial FT and then temporal FT (convoluted with Gaussian)

<latexit sha1_base64="VOj6HSo8leAcI4WBKrpMJVKY0Us="></latexit>
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<latexit sha1_base64="kLqL33oMHv/dJQTQvEt7sGAbVZk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr4OHghePFYwttKFstpt26WYTdidCCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXphKYdB1v53Syura+kZ5s7K1vbO7V90/eDRJphn3WSIT3Q6p4VIo7qNAydup5jQOJW+Fo9up33ri2ohEPeA45UFMB0pEglG0ko+9PJr0qjW37s5AlolXkBoUaPaqX91+wrKYK2SSGtPx3BSDnGoUTPJJpZsZnlI2ogPesVTRmJsgnx07ISdW6ZMo0bYUkpn6eyKnsTHjOLSdMcWhWfSm4n9eJ8PoOsiFSjPkis0XRZkkmJDp56QvNGcox5ZQpoW9lbAh1ZShzadiQ/AWX14mj2d177J+cX9ea9wUcZThCI7hFDy4ggbcQRN8YCDgGV7hzVHOi/PufMxbS04xcwh/4Hz+ABwwjuE=</latexit>

tf

Czarnik, Dziarmaga, Corboz, PRB 99 (2019)



Dynamical structure factor via real-time evolution

Test-case: transverse field Ising model
<latexit sha1_base64="BEHFagc49DqR9PvqUpPefuTEwtM="></latexit>
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� = 2.5, L = 15
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Finite D, L effects and maximal time (λ=2.5)

<latexit sha1_base64="/rG9JkAQHzsk20PYkE8mKEy7LFU=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5Eo40QtLGwiGg+IDnC3maTLNnbO3bnhHDkJ9hYKGLrL7Lz37hJrtDog4HHezPMzAtiKQy67peTW1peWV3Lrxc2Nre2d4q7ew0TJZrxOotkpFsBNVwKxesoUPJWrDkNA8mbweh66jcfuTYiUg84jrkf0oESfcEoWun+9vKsWyy5ZXcG8pd4GSlBhlq3+NnpRSwJuUImqTFtz43RT6lGwSSfFDqJ4TFlIzrgbUsVDbnx09mpE3JklR7pR9qWQjJTf06kNDRmHAa2M6Q4NIveVPzPayfYv/BToeIEuWLzRf1EEozI9G/SE5ozlGNLKNPC3krYkGrK0KZTsCF4iy//JY2TslcpV+5OS9WrLI48HMAhHIMH51CFG6hBHRgM4Ale4NWRzrPz5rzPW3NONrMPv+B8fAOekY1h</latexit>

L = 5
<latexit sha1_base64="i5NfJLNd/Z8dKA3re3v5ZE0Ntug=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi1YtQ1IPHCqYttKFstpt26WYTdidCCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpAIrtFxvq3Cyura+kZxs7S1vbO7V94/aOo4VZR5NBaxagdEM8El85CjYO1EMRIFgrWC0e3Ubz0xpXksH3GcMD8iA8lDTgkaybvr4fVFr1xxqs4M9jJxc1KBHI1e+avbj2kaMYlUEK07rpOgnxGFnAo2KXVTzRJCR2TAOoZKEjHtZ7NjJ/aJUfp2GCtTEu2Z+nsiI5HW4ygwnRHBoV70puJ/XifF8MrPuExSZJLOF4WpsDG2p5/bfa4YRTE2hFDFza02HRJFKJp8SiYEd/HlZdI8q7q1au3hvFK/yeMowhEcwym4cAl1uIcGeECBwzO8wpslrRfr3fqYtxasfOYQ/sD6/AEeqo5A</latexit>

Dt = 5

<latexit sha1_base64="NkbngWUum53+yx17lRGGDj4qZYY=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIFaQkRaoXoeDFYwX7AW0om+2mXbrZhN1NoYb+Ei8eFPHqT/Hmv3Hb5qCtDwYe780wM8+POVPacb6t3Mbm1vZOfrewt39wWLSPjlsqSiShTRLxSHZ8rChngjY105x2Yklx6HPa9sd3c789oVKxSDzqaUy9EA8FCxjB2kh9u9ibUJLKGbpF5epl9aJvl5yKswBaJ25GSpCh0be/eoOIJCEVmnCsVNd1Yu2lWGpGOJ0VeomiMSZjPKRdQwUOqfLSxeEzdG6UAQoiaUpotFB/T6Q4VGoa+qYzxHqkVr25+J/XTXRw46VMxImmgiwXBQlHOkLzFNCASUo0nxqCiWTmVkRGWGKiTVYFE4K7+vI6aVUrbq1Se7gq1Z0sjjycwhmUwYVrqMM9NKAJBBJ4hld4s56sF+vd+li25qxs5gT+wPr8AXXckZw=</latexit>

~r = (2, 2)

<latexit sha1_base64="JSdtZJFU6Vg40MmRXn2tBFQGm3w=">AAAB+HicbVBNSwMxEM36WetHVz16CRahgpSsSPUiFLx4rGA/oF1KNp22odnskmQLdekv8eJBEa/+FG/+G9N2D9r6YODx3gwz84JYcG0I+XbW1jc2t7ZzO/ndvf2Dgnt41NBRohjUWSQi1QqoBsEl1A03AlqxAhoGAprB6G7mN8egNI/ko5nE4Id0IHmfM2qs1HULnTGwVE3xLS6RC3LedYukTObAq8TLSBFlqHXdr04vYkkI0jBBtW57JDZ+SpXhTMA030k0xJSN6ADalkoagvbT+eFTfGaVHu5HypY0eK7+nkhpqPUkDGxnSM1QL3sz8T+vnZj+jZ9yGScGJFss6icCmwjPUsA9roAZMbGEMsXtrZgNqaLM2KzyNgRv+eVV0rgse5Vy5eGqWCVZHDl0gk5RCXnoGlXRPaqhOmIoQc/oFb05T86L8+58LFrXnGzmGP2B8/kDb8SRmA==</latexit>

~r = (0, 0)

★ Finite D and finite cell size 
L effects relatively small, 
but tmax limited by L!



Dynamical structure factor via real-time evolution

‣ Overall good agreement with results from excitation ansatz 

‣ Reaching long times is challenging: increasing cell size required to 
avoid interaction effects between nearby cells

<latexit sha1_base64="P7bfqUtFxYeqft/bMX/HJRr7JKY=">AAACAnicdVDJSgNBEO1xjXEb9SReGoPgQYaZYKIeAgE9ePAQwSyQDENPp5M06VnorhHDELz4K148KOLVr/Dm39hZENcHRT3eq6K7nh8LrsC2342Z2bn5hcXMUnZ5ZXVt3dzYrKkokZRVaSQi2fCJYoKHrAocBGvEkpHAF6zu909Hfv2aScWj8AoGMXMD0g15h1MCWvLM7YuSUzjAZx6UdAMvDcjNsJS3igXPzNnWyQgF7Fj2GL9JDk1R8cy3VjuiScBCoIIo1XTsGNyUSOBUsGG2lSgWE9onXdbUNCQBU246PmGI97TSxp1I6goBj9WvGykJlBoEvp4MCPTUT28k/uU1E+gcuykP4wRYSCcPdRKBIcKjPHCbS0ZBDDQhVHL9V0x7RBIKOrWsDuH/2z9JLW85Rat4eZgr29M4MmgH7aJ95KAjVEbnqIKqiKJbdI8e0ZNxZzwYz8bLZHTGmO5soW8wXj8AmP6U+w==</latexit>

L = 15, Dt = 5, tmax = 2.65



Extensions to 3D



‣ Main challenge: how to contract it??

‣ Several works in the context of 3D classical or 2+1D: 
✦ 3D HOTRG:  

Xie, Chen, Qin, Zhu, Yang, Xiang, PRB 86 (2012) 

✦ Corner-transfer matrix (CTM) in 3D: 
Nishino and Okunishi, J. Phys. Soc. Jpn. 67, 3066 (1998) 
Orús, PRB 85, 205117 (2012) 

✦ Approaches based on a boundary iPEPS: 
Nishino, et al, Nucl. Phys. B 575 (2000); Nishino, et al, Prog. Theor. Phys. 105 (2001) 
Gendiar, Nishino, PRE 65, 046702 (2002); Gendiar and Nishino, PRB 71 (2005) 
Gendiar, Maeshima, and Nishino, Prog. Theor. Phys. 110 (2003) 
Vanderstraeten, Vanhecke, and Verstraete, PRE 98, 042145 (2018) 

✦ Other approaches: 
Ran, Piga, Peng, Su, and Lewenstein, PRB 96, (2017)  
Jahromi and Orús, PRB 99 (2019); Sci. Rep. 10 (2020) 
Tepaske and Luitz, PRR 3 (2021); Magnifico, et al, Nat. Comm. 12 (2021) 
Gray, Chan, PRX 14 (2014) 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Tensor network methods for 3D quantum systems



‣ Cluster contractions:
✦ Contract finite clusters instead of full network

✦ cheap & simple

✦ Not very accurate, but useful for quick results

Overview

(d)

(c)

�c

�b

D

‣ Full 3D contraction: the SU + CTM approach
✦ Boundary iPEPS approach 

✦ Combination of simple update (SU) truncation 

+ CTM method

✦ Good accuracy & convergence & tractable cost 

‣ Contraction of layered systems: LCTM
✦ Decouple layers away from the center  

→ use CTM to contract 2D layers 

✦ Good accuracy for anisotropic systems

✦ Substantially lower cost than full 3D algorithm

(a) (b)

(c)

�

(d)

(e) (f)

Vlaar & PC, PRB 103 (2021); PRL 130 (2023)

Patrick Vlaar



Full 3D contraction: SU + CTM approach
(a)

(b)

Repeat until  
convergence 
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Split with SVDs
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use CTM to contract resulting 3-layer network
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Apply and use SU to truncate



Convergence in χc and χb (3D Heisenberg model)

★ Systematic convergence in χc and χb

 (a)                                           (b)  (a)



Comparison with 3D HOTRG 
Xie, Chen, Qin, Zhu, Yang, Xiang, PRB 86, 045139 (2012) 

★ Very irregular convergence with HOTRG,  
in contrast to SU+CTM

 (a)                                                                                      (b)



Benchmark results in 3D

 (c) (d)

3D Heisenberg model 3D Bose-Hubbard model

<latexit sha1_base64="7LOkPmgUk+iJgJvTIE+jfKTWjXU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItS8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbqt564NiJWjzhOuB/RgRKhYBSt9KCuvV654lbdGcgy8XJSgRz1Xvmr249ZGnGFTFJjOp6boJ9RjYJJPil1U8MTykZ0wDuWKhpx42ezUyfkxCp9EsbalkIyU39PZDQyZhwFtjOiODSL3lT8z+ukGF75mVBJilyx+aIwlQRjMv2b9IXmDOXYEsq0sLcSNqSaMrTplGwI3uLLy6R5VvUuquf355XaTR5HEY7gGE7Bg0uowR3UoQEMBvAMr/DmSOfFeXc+5q0FJ585hD9wPn8AynWNeQ==</latexit>

n = 1

<latexit sha1_base64="9cgwhGnIqvZ00Yh/pG0YVMYu34E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoF6UgBePEc0DkiXMTnqTIbOzy8ysEEI+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/loxkn6Ed0IHnIGTVWepDXlV6x5JbdOcgq8TJSggz1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzU6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeGVP+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2BG/55VXSrJS9i3L1vlqq3WRx5OEETuEcPLiEGtxBHRrAYADP8ApvjnBenHfnY9Gac7KZY/gD5/MHy/mNeg==</latexit>

n = 2
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superfluid

Vlaar & PC, PRB 103 (2021)

★ SU+CTM: promising approach for 3D problems



Layered systems (anisotropic 3D)

Barišić, et al., PNAS 110, 12235 (2013)

Herbertsmithite SrCu2(BO3)2

Cuprates

Radtke et al., PNAS 112 (2015)Khuntia et al., Nature Physics 16, 469 (2020)



iPEPS for layered systems
(a)

Dxy

Dz

(b)

D2
xy

D2
z

(c) Vlaar, PC, arxiv:2208.06423

‣ 3D tensor network ansatz (coupled iPEPSs)

‣ Dxy > Dz for weak interlayer coupling

‣ Dz = 1 → product state of iPEPSs

‣ Dz = 1 : contract individual layers (2D)

‣ Dz > 1 : perform effective decoupling 
away from center using full update 
→ 2D contraction

‣ Interlayer correlations beyond mean-
field level are included by the Dz > 1 
bonds in the center

‣ Layered corner transfer matrix 
(LCTM) method

Contraction:

Ansatz:

(a) (b)

(c)

�

(d)

(e) (f)



(a)

(b) (c)

Benchmarks for 3D anisotropic Heisenberg model

‣ Substantial improvement from Dz =1 to Dz = 2

‣ Values close to the extrapolated QMC result

‣ In agreement with more expensive full 3D contraction 
Vlaar & PC, PRB 103, 205137 (2021)
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Jz/Jxy = 0.1

Vlaar, PC, PRL 130 (2023)



Limitations of the Shastry-Sutherland model

‣ Extent of the plaquette phase is smaller in experiments than in theory

equivalent plaquette patterns, PS order can appear at T > 0
already in an isolated layer.
Following indications from nuclear magnetic resonance

(NMR) of an intermediate phase with broken spatial
symmetry [22,23], inelastic neutron scattering revealed
an excitation attributed to a PS state [11]. The mode was
only detected at P ¼ 2.15 GPa, and recently an alternative
scenario with no PS phase was proposed [12]. Here we
argue that the PS phase exists adjacent to a previously not
observed AF phase below 4 K and P ¼ 3–4 GPa.
Experiments.—We have performed high-pressure heat

capacity (C) measurements on SrCu2ðBO3Þ2 single crys-
tals. With support of simulations of quantum spin models,
we have for the first time extracted a ðP; TÞ phase diagram,
Fig. 2(a), in the range of P and T where the SS model
should be relevant. Six different samples were studied, and
CðTÞ was measured from room temperature down to 1.5 or
0.4 K at several pressures (using two different types
of cryostats and pressure cells; see the Supplemental
Material [24]). Consistent results were obtained among
all these measurements. In Figs. 2(b)–2(e) we show typical
results for CðTÞ=T in the different pressure regions. In the
Supplemental Material [24] we discuss data for P > 4 GPa,
where the SS description is no longer valid.
We identify two main low-T features in CðTÞ=T: there is

always a broad maximum that we will refer to as the hump.
Starting at P ≈ 1.7 GPa, a smaller peak emerges at lower T
and prevails up to 2.4 GPa. We will argue that this peak
signals the PS transition. Upon further increasing P, the
small peak is no longer detected at temperatures accessible
in the experiments. A broader hump appears between 3 and
4 GPa, below which there is a peak at T ≈ 2–3.5 K that we
interpret as an AF transition. AF order was previously
detected only at P > 4 GPa up to T ≈ 120 K [11]. This
high-T phase is different from the new low-T AF phase—
see the Supplemental Material [24], where we also discuss
a new transition at T ≈ 8 K for P > 4 GPa.
The C=T hump is known from studies at ambient

pressure [37], where it arises from the correlations leading
to the dimer singlets as T → 0. As shown in Fig. 2(a),
the hump temperature ThðPÞ, including the minimum at
P ≈ 2.5 GPa, agrees remarkably well with exact diago-
nalization (ED) results for the SS Hamiltonian on a
20-site lattice (see the Supplemental Material [24]) with
P converted to α by linear forms JðPÞ, J0ðPÞ [11].
The hump width also agrees well with the SS model
[see Fig. S5].
In the 2D Heisenberg model the hump appears at T ≈

J=2 [38] where strong AF correlations build up. In general,
the hump indicates a temperature scale where correlations
set in that remove significant entropy from the system. The
ThðPÞ minimum can be regarded as the point of highest
frustration, with the energy scale being lowered due to
the two competing couplings (see also Refs. [39,40]).
The peak that we associate with PS ordering appears in

this pressure region, suggesting singlet formation driven
by strong frustration.
If the putative AF ordering below T ¼ 4 K for P ≈

3–4 GPa is the result of weak inter-layer couplings J⊥, the
observed hump-peak separation is expected, as the hump

FIG. 2. (a) Phase diagram of SrCu2ðBO3Þ2 (crystal structure in
the inset) from high pressure CðTÞ measurements. Examples of
CðTÞ=T curves are given in (b)–(e), where the orange arrows
indicate the hump locationTh. The green symbols in (a)markTh in
several samples and the purple curve shows results for the 20-spin
SS model with couplings close to those of Ref. [11]; J0ðPÞ¼
½75−8.3P=GPa%K and JðPÞ ¼ ½46.7 − 3.7 P=GPa%K. For P ≈
1.7–2.4 GPa a second peak at lower T, marked with a red arrow in
(c); it indicates the transition into the PS phase. Upon further
compression, the system first enters a regime where the experi-
ments cannot reach sufficiently low T to observe the second peak.
The peak is again detectable around 3 GPa and is marked with blue
arrows in (d),(e). It becomes more prominent with increasing P,
suggesting [38] AF order due to weak interlayer couplings. The
phase boundaries extracted from the second peak are indicated by
half-filled red squares and diamonds (PS phase) and blue filled
squares and half-filled circles (AF phase). The low-T data in (b),(c)
are fitted (black curves) tothe form C=T ¼ a0 þ a1T2 þ
ða2=T3Þe−Δ=T [37], giving gaps Δ shown in Fig. 3(a). In (d),(e)
fits are shown (red curves) without gap term; C=T ¼ a0 þ a1T2.

PHYSICAL REVIEW LETTERS 124, 206602 (2020)

206602-2

Guo, et al (2020)

Dimer AFPlaquette0.675 0.785
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J 0/J

≈ 0.7

‣ Series expansion results Koga, JPSJ 69 (2000)

✦ A interlayer coupling reduces the extent  
of the plaquette phase
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Dz = 2

 (b)   (a)  

Estimate for the strength of interlayer coupling: J’’/J ≈ 0.03

≈ 0.03

Guo et al (2020)

LCTM: useful tool to study layered systems in 3D

Dimer Néel

Plaquette
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Dz = 3

iPEPS phase diagram of 3D Shastry-Sutherland model
Vlaar, PC, SciPost Physics 15, 126 (2023)

series expansion



Conclusion

✓ iPEPS: powerful & versatile tool 
★ Finite temperature simulations

★ Study of gapless systems using finite correlation length scaling

★ Spiral iPEPS: simple and efficient ansatz to represent spin spiral states

★ Excitations & spectral functions

★ Extensions to 3D and layered systems

✓ Still room for improvement & extensions & new applications!
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