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Lecture 1: A brief overview of the finite temperature auxiliary field algorithm.
Lecture 2:  Selected applications
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ALF: General Implementation:
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Auxilia ry ﬁeld QMC BSS: Rr. Blankenbecler, D. J. Scalapino, R. L. Sugar (1981)
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: external field
®(i,7): Hubbard-Stratonovich sampling X !
(or arbitrary field with
predefined dynamics)



Auxiliary field QMC “Realistic models”
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Ho-Kin Tang, J. N. Leaw, J. N. B. Rodrigues, I. F. Herbut, P. Sengupta, F. F. Assaad, and S. Adam, The role of electron-
electron interactions in two dimensional Dirac fermions. Science 361, (2018), 570.



Auxiliary field QMC “Designer Hamiltonians”

Ising nematic quantum critical point in a metal: a Monte Carlo study

Yoni Schattner,!** Samuel Lederer,?'* Steven A. Kivelson,? and Erez Berg!

Phys. Rev. X 6, 031028 (2016)
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Designer Hamiltonians = Sign problem free Hamiltonians that capture the correctlow energy physics

[ ]
SCleI lce 1606 21 DECEMBER 2012 VOL 338 SCIENCE www.sciencemag.org

Sign-Problem—Free Quantum Monte Carlo of the Onset of Antiferromagnetism in Metals
Erez Berg, Max A. Metlitski and Subir Sachdev

week ending

PRL 119, 197203 (2017) PHYSICAL REVIEW LETTERS 10 NOVEMBER 2017

Dirac Fermions with Competing Orders: Non-Landau
Transition with Emergent Symmetry

Toshihiro S.ato,l Martin Hohenadler,l and Fakher F. Assaad'

PHYSICAL REVIEW X 6, 041049 (2016)

Simple Fermionic Model of Deconfined Phases and Phase Transitions

F.F. Assaad' and Tarun Grover>>

nature
hvsics ARTICLES
p y PUBLISHED ONLINE: 6 FEBRUARY 2017 | DOI: 10.1038/NPHYS4028

Emergent Dirac fermions and broken symmetries
in confined and deconfined phases of Z,
gauge theories

Snir Gazit'*, Mohit Randeria? and Ashvin Vishwanath'3
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Auxiliary field QMC.
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Example For H = H + — ZV (é'e. —1)(”” —1), AT_(C,T,AN)

-s({@@.0)}) _ e—zi’jJAT(D(i,T)Vijjl(D(j,T)Tr ﬁe_mﬁoe—mZiicb(i,r)[@j@i -1}
=1

V has to be positive definite

R. Brower, C. Rebbi and D. Schaich PoS(Lattice 2011)056

M. V. Ulybyshev, P. V. Buividovich, M. I. Katsnelson, and M. I. Polikarpov. Phys. Rev. Lett., 111, 056801, (2013).

M. Hohenadler, F. Parisen Toldin, I. Herbut and F. F. Assaad, 90, 085146 (2014)

Ho-Kin Tang, E. Laksono, J. N. B. Rodrigues, P. Sengupta, F. F. Assaad, and S. Adam, Phys. Rev. Lett. 115 (2015), 186602.
M. Raczkowski and F. F. Assaad Phys. Rev. B 96 (2017), 115155.

Ho-Kin Tang, J. N. Leaw, J. N. B. Rodrigues, 1. F. Herbut, P. Sengupta, F. F. Assaad, and S. Adam, Science 361 (2018), 570.

S. Karakuzu, K. Seki, S. Sorella, arXiv:1808.07759



Example H = H +H,, ZV,,(ATA -I(ée -1, ¢ =(l.é)

~s({eo)) _ e_zi’j’fmq)(i’fwfjlq)(j’T)Tr lL—TIe—Ar > i) & —1}e_M,:,0

Trotter R. M. Fye Phys. Rev. B 33, 6271 (1986)

7= Tr[e_ﬂﬁ] =Tr|:(e_MﬁVe_MHO )Lr }+ 0((ATV) 2), LAT=p

Note 1 Resulting propagator is not Hermitian

e_Hl e_Hz — e_(H3+lH4) ﬁ;{:ﬁn’ ﬁ3:ﬁl+ﬁ2+“.’ FI4:%|:I§1’FI2:|+“.

F. Casas and A. Murua, Journal of Mathematical Physics 50 (2009), no. 3, 033513.

If possible use a symmetric decomposition:

oo e e s ofaev)’

Note 2

The Trotter systematic error can be avoided in certain cases: M. Iazziand M. Troyer, Phys. Rev. B 91 (2015), 241118,
L. Wang, Y. Liu, and M. Troyer, Phys. Rev. B 93 (2016), 155117. E. Huffman and S. Chandrasekharan, Phys. Rev. D 96 (2017), 114502.



Note 3

Note 4

Trotter error can break symmetries and define a relevant perturbation at a critical point

Tutorial  https://git.physik.uni-wuerzburg.de/ALF

L=4 Hubbard ring, t=2, U/t=4
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Example H = H +H,, Z (éle, —1ee, -0, & =(¢,.él)

—S({d)(i,r)}) _ e_zi,j,TAT(D(i’T)Vijjlq)(j T) H e—AT 2 iP(i ’L') C ¢ 1} ATI:IO

Hubbard Stratonovich

_ATZ”V (m=1)(n;=1) J’qu)(i) e—zi,jAT(I)(i)Vijjl(I)(j)e_ATZiiq)(i)[ﬁi_l]
i

Note: ALF implementation

MR & () A ) y(£D)=146/3, y(£2)=1-6/3
= 2y M4+ oarh n(£1)=£26-V6), n(x2)=£26+V6)

[=%1,£2
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- Hubbard Mz

- Hubbard SU(2)




Perfect squares H=H Spin Fermion T £ Kondo
Hepin = Y (JESFS7 + J5 (SFS7 + hee.)) (1)

1
Hrermion = Y ¢hoToyCyo +U D (1) = ) (Mt = 3)

I_IKondozz:J'K CT [i.S?_ﬂ(O.—FSi_i_O.—Si—F) Cy-

1,7

1

x’y’o-

1, T 2 (2 2

1,T

No sign problem if graph x is bipartite and Jlfj< 0

PHYSICAL REVIEW LETTERS 120, 107201 (2018)

Quantum Monte Carlo Simulation of Frustrated Kondo Lattice Models

Toshihiro Sato,1 Fakher F. Assaad,1 and Tarun Grover®



Perfect squares

H=H_ +H

Spin Fermion Kondo
Hspin = Y (J5S757 + J35 (SHS; +hee)) (1)
]
1 1
HFermion — xzy:a C;LJTm7yCyg + U zx:(n 5)(n$,T — 5)
Hgond Z‘]K ! —ﬂ(JJrS_—I—J_S?L) C..
ondo i 2Cx 5 ; ; N

No sign problem if graph x is bipartite and Jlfj< 0

J;j| ((%;T’g 1) - |J | (f*f —1)>2—Uf

[ (f*f +ff)2+i((’fv[f§ —1)+@;~; 1))2]

> (0 1)

(c—l—cf)




Half-filled Kondo Lattice with classical frustration

PHYSICAL REVIEW LETTERS 120, 107201 (2018)

Quantum Monte Carlo Simulation of Frustrated Kondo Lattice Models

Toshihiro Sato,1 Fakher F. Assaad,1 and Tarun Grover®
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061 Z-PKS e :‘-,-‘/ 7
" o4 e AT —
ol ."'.' . @ ]
- & xy-AFM Q
_ ’ o
0 038 12 * 16
JK
A At A e A 1) Kondo U(1) spin
_ i K ¢ QS
H=—t Z € oCio +J zSi SJ.
e ; 2) xy-AF:  Ordering in xy-spin direction
+ JZ 2 Sz Q=S Broken U(1) spin
<<i,j>>
3) z-TS : Three sub-lattice ordering

See also S. Capponi and F. F. Assaad Phys. Rev. B 63 (2001), 155114

} U(1) spin
Broken translation
“Partial Kondo Screening”



Example H = H +H,, Z (éle, —1ee, -0, & =(¢,.él)

—S({d)(i,r)}) _ e_zi,j,TAT(D(i’T)Vijjlq)(j T) H e—AT 2 iP(i ’L')[C G —1} ATI:IO

Notation
LT
-s({@@.0)}) _ e—SO({CI)(i,T)})Tr H e-AréTV(q>T)ée_meTTé

7=1

Def: B((I)T): e—ATV(q%) e—ArT
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Integrating out the fermions - coherent state path integral. (Negele-Orland)

Let: ¢ |&)=¢ |€), {cfj,gj'}:{éj,gj}:o, g, areGrassmannnumbers, x=(i,0), #= ,}

sates &)=T10-54)o

Overlaps (& €'>=exp(§,€‘i5;)

Integration Jag=0, [age=1
resolaionofuniy 1= [[Taglag, e > [¢)(d

Trace Tr[A]=Iljldézdae;é“"<—5\1&lé>

o = [T]de! e exp[z N (S b ArH(ém,@,fg} rn =76

[ J x,7=1 x,7=1
Lr ¥ f

H —ATeV(®_ )¢ —AréTe
e e ( T)ce Arere T+1T§ + é:HV((DTH)gr

7=1




Integrating out the fermions - coherent state path integral. (Negele-Orland)

TrH | Hdé* dE, exp[z A (- AT€T+I<T+V<<DT>>6,>]

x,7=1 x,7=1

- [TTez e, exp[Z—éz,Ma,ﬁ : ] _

1 0 Co : 1-At(T+V(®,))
~1+AT(T+V(D,)) 1 0 - : 0
_ det 0 ~1+AT(T+V(®,)) 1 0 : 0
0 : - 0 -1+ AT (T+V (D, ) 1

=M : NL xNL Matrix
T T

Here we have used: ‘[Hd@dﬁa CXP[Z_@MO,,/; gﬁ j = det(M)

with —1+ AT(T +V(®@ )= —e 2V @7 L O(AT?) = — B(® )+O(AT?)

we obtain the final result:



Integrating out the fermions - coherent state path integral. (Negele-Orland)

L
T -
~ATeTV (@ )¢ —ArelTe
Tr | |e e
7=1

Schur's determinant
identity

det(A B]z
C D

det(D) det(A— BD'C)

det

det

1 0
~B(®D) 10

0 —B(®,) 1 0

0 . -0 -B(®, )

1 0
~B(®D) 10

0 —B(®,) 1 0

0 - -0 -B(®,,)

det(1+ B(®, )+ B(®,)B(®,) B(®D,))

B@®, )
0
0

1

B(®, )B(®, )
0
0

1




Integrating out the fermions - coherent state path integral. (Negele-Orland)

N ><N Matrix

Numerical stabilization required !
7 =|D{o,)} e 00 det[1+B(q> )orr-B(D, )] VAL, scoling > 2502 particles

Sorella et al PRX 2016

\
[ o . - - B(®, )
—B(D,) 1 0o - - 0
—JD{CI)(I T)} So({@(i,0)}) det 0 -B(®,) 1 O - 0
No numerical stabilization required ! 0] y -0 —B((I)L _1) 1
N3L3 scaling (Hirsch-Fye) \ i J

v
=M: NL_XNL, Matrix

Sub-cubic scaling?  Stochastic sampling of det. |det(M)| = n/2 J‘d” (M M) /2

Note: Matrix is sparse.
Checkerboard decomposition of
hopping - O(NL,) non-zero elements!

NxLY scaling (Hybrid Molecular Dynamics)

Stefan Beyl, Florian Goth, and FFA, PRB 97 (2018).
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Measuring observables:

LT
—SO(CI))T _ArétTe —ATéTV(CDT)GO"
BA A J.D(ID e r He e
Tr[e OJ - e
Tre_ﬁl:[ _ LT AforA A Al A
JD(D e SO(QD)Tr He_Mc Té, ATV (®@)e
7=1

LT
Tr He—AréTTée—Aré*V(be)éé

LT
_[DQD e " Tr| ] g ATETE AT (@) T:Ll
=1 Tr He_mewee—mew(q),)é
B 7=1
— L T
S (® “A1eTe ATV (D )¢
J-DCI)e 0PI I Ie reTe ATV (R,
7=1

L’[ n N ~ ~ .
Implicit assumption: Tr[He‘“““e‘““”q’f’“} does not vanish!

=1

If this is not the case, then wrong results can be obtained and/or variance may not be finite.
Hao Shi and Shiwei Zhang, Phys. Rev. E 93 (2016), 033303.




Measuring observables:

L

=Sy (@) T _Até'Te -AzelV ()¢
_BA A J.D(ID e r I I e e
Tr[e OJ - i
Tre_ﬁl:[ _ LT AforA A Al A
JD(D e SO(CID)TI_ He_Mc Té, ATV (®@)e
7=1

L

T
_Aréfre —AeV (@ )e A

I Ie e 0
7=1
L

T
_ArélTe —ATeTV (@ )¢
r I Ie e 4

7=1

LT
~So(®) He—AréTTee—AréTV(q>r)é

7=1

L

T

_ AretTe —Agel 5
J'D(I) e So(cp)Tr He ATe'Te , INZUZC Y

7=1

:JDCI) P(D) <« 0> &
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Measuring observables: Calculating ()((D) - Wick’s theorem (Negele Orland)

5
—AV (@) —AreTe _ 1 - $ _ -l .
et 1] e e = U,(1,.7,) if 7,>7, and U,(7,,7,) = U,'(1,.7,)if 7,> 7,

T=T,+1
Lt 0=T, ¢ (7)), (")) (7,)¢, (',)-¢ (T,)C, (1) T. : Time ordering

with ¢t (7 )= U, (0,7) &' U, (1,0)

T

L
—ATe'V (@) —AreiTe A
TI'|:H€ e ¢o Até TCO} JHd&;d&a CXp(Z_ggMa,’B 5[3 jéjpfléx'pf'l .. .éjn,fng)‘:'n,f'n
. o o.pB

7=1

L
T AV (®,)e —arélTe ; ;
TI’ H € € J.H déadéa GXp Z_éa Ma,ﬁ 6/3
7=1 (24 avﬁ
— _1 o o 0 — _1
(7 )(x ') (7 )Lx",7',) _ n At .
= det . . > Al(x{rl Wx'T')) =—<< T:L'Cxl (Tl )Cx'l (T 1) =
1 . Green function
STy e, T




Measuring observables:

Since we know the matrix M explicitly we can find a form for M. For instance the equal time Green

function reeds:

-1

M == < T2 (D (1) ==(1+ B@®, ) B@)B(®, )--B@®,,))

Def: G, (r)=(1+B(®,) B®)B®, ) B(cbm))—l

The equal time Green function is the central quantity in the algorithm.



Measuring observable:

Tr| e ¢ ¢t
[Tr e‘ﬂﬁ y:| - qu) P(P) Gx,y ((I)) P®=

-s()

G(®) = (1+B, -B)"

Wicks theorem holds for a given field configuration >
Any equal time observable can be computed from G

A different way of writing Wick’s theorem. 1. Grover Phys. Rev. Lett., 111, 130402, (2013).

—BH et —— 1
ez = [dOP@)p(®@), p(D)=det[G(D)]e o

h=

— Jd® P((I))Tr[ﬁ((l))O] = <0> For all equal time observables.



Renyi entanglement entropies T. Grover Phys. Rev. Lett., 111, 130402, (2013).

p,=Tr,p= |dDP(D)p, (D)

n-replicas
A

Trp," = fc'Z(I)l ---d(I)"P((Dl)"'P((Dn)lTr[ﬁA((Dl)”' ﬁA’A((Dn)]

1 (b) Ult=2,L=6, Wy=4, A = 5x10°
_ on 8 T T T T T T
S = InTrp,
n—1 75 F -
. . Tr §
F. F. Assaad, T. C. Lang, and F. Parisen Toldin
Phys. Rev. B, 89, 125121, (2014) u 6.5
6 -
Mutual information in heavy fermions systems 55
Francesco Parisen Toldin,':* Toshihiro Sato,!-T and Fakher F. Assaad!* 5

arXiv:1811.11194v?2
In(Fm FS) = Sn(rc) + Sn(FS) - Sn(Fc U FS)



Entanglement Hamiltonian T. Grover Phys. Rev. Lett., 111, 130402, (2013).

p.=e™ =Tr,p= [dOP@)p,(D),

Ee—a(cb) E@(D)

r Y _¢Mn ;\1 —\8
with P, (@) =det[1-G,(®)]e n| o' @]

Cumulant expansion: thycxcy + Z nywz cle ¢ 3Z + -

xXTyTw

X,y W,2Z

=(h@),,) - [<a<<1>>h<<1>>x,y>—<a<<1>>><h<<1>>x,y>}

(h(@),,) =] doP@)h(®),,

Uyye == | (@), 1(®@), )~ (h(@),, )(h(@),.)]

PHYSICAL REVIEW LETTERS 121, 200602 (2018)

Entanglement Hamiltonian of Interacting Fermionic Models

Francesco Parisen Toldin" and Fakher F. Assaad’
Institut fiir Theoretische Physik und Astrophysik, Universitit Wiirzburg, Am Hubland, D-97074 Wiirzburg, Germany
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Auxiliary field QMC. Positivity of weight?

L
e_S({(D(i’T)}) _ e_z"j’fmq)(i’r)mlq)(j’T)Tr l—le—m PIRLIED _l}e_MﬁO

-
\

>

Is the action real ?  Let T be an anti-unitary operator, 7T =KU, U
R A =S P(i,T
T?=-1 and |:T,U:| =0 then e ({ ; )}) >0

C. Wu and S.-C. Zhang. Phys. Rev. B, 71, 155115, (2005).

N

[ et IAJ‘V>:7L‘V> = ﬁf“‘v>=iﬂv> From 772 =-1, <vTv>:O

- Eigenvalues of U occur in complex conjugate pairs. Implicit assumption: U(1) symmetry I




Auxiliary field QMC. Positivity of weight?

L
e_S({(D(i’T)}) _ e_z"j’fmq)(i’r)mlq)(j’T)Tr l—le—m PIRLIED _l}e_MﬁO

-
\

—

A

Is the actionreal?  Let T be an anti-unitary operator, T = I%U,

i
7>=-1 and [f,ﬁ] =0 then e_S({q)(i’T)}) >()

I, K: complex conjugation with

C. Wu and S.-C. Zhang. Phys. Rev. B, 71, 155115, (2005).

N

[ et IAJ‘V>:7L‘V> = ﬁf“‘v>=iﬂv> From 772 =-1, <vTv>:O

- Eigenvalues of U occur in complex conjugate pairs. Implicit assumption: U(1) symmetry I

Time reversal symmetry
/\T AT
A Ci,T N
T T

AN i
Ci,i Ci,T




Auxiliary field QMC. Positivity of weight?

L
e_S({(D(i’T)}) _ e_zi’j’TATq)(i,T)Vijjl(D(j’T)TI' l—le—m PIRLIED _l}e_MﬁO

-
\

Is the action real ?

Ever growing class of interesting negative sign free models.

C. Wu and S.-C. Zhang. Phys. Rev. B, 71, 155115, (2005)

E. Huffman and S. Chandrasekharan, Phys. Rev. B 89, 111101, (2014)

Zi-Xiang Li, Yi-Fan Jiang, and H. Yao Phys. Rev. Lett. 117, 267002, (2016)

Z. C. Wei, C. Wu, Yi Li, Shiwei Zhang, and T. Xiang. Phys. Rev. Lett. 116, 250601 (2016)

Z.C. Wei, arXiv:1712.09412

Conditionson  A;---A,, Al =—-A; | Tr <67T‘4” fe e”TA”) >0 ?



Spectrum

A

H

PHYSICAL REVIEW B 98, 235108 (2018)

Half-filled Landau levels: A continuum and sign-free regularization
for three-dimensional quantum critical points

Matteo Ippoliti,! Roger S. K. Mong,? Fakher F. Assaad,® and Michael P. Zaletel

P)f ¢ (U (i @r.ob@) + Ui (5 @nid@) + Ui (@) i) | P

!

4 component spinor.
Single particle Hilbert space
has dimension 4N

PRL 114, 226801 (2015) PHYSICAL REVIEW LETTERS

s

Wess-Zumino-Witten Terms in Graphene Landau Levels

Junhyun Lee' and Subir Sachdev'?

U=Uy,

0.2 0.4 0.6 0.8 1

Flux per honeycomb in units of flux qauntum

y

5= / d2"”d7é (0,p(x,7))* + 2mil [@]

~ €abede
[[p] = m/ du/dzwdTSOaastbaysﬁcaﬂOdau%

Candidate theory for critical point of DQCP.



Auxiliary field QMC. Sign problem  Generically the action will be complex

j d{q)} o Sled) e«v({cb})O( {(D})

oy Jetele ™ offo) Jd{@}e‘s“‘l’”

jd{cb}e (te}




Auxiliary field QMC. Sign problem  Generically the action will be complex

j d{q)} -s({}) ew({cb})O({q)})

fofo)e o) __Iote i

0), = [a Tl e ) B ~s(fel)] - <ez¢<{@}>>

But in the low temperature limit: <ei¢({®})> =7/7 e_ﬁN(eo_EO) = g PNo

~l

A(z/2) 1 but A(Z/Z z/ that CPU >> (2PV0 \
Z/Z << u ( / ) \/@SO a >> e

Note:

» & is method dependent.



Hubbard model on square lattice away from half-filling

(sign) Ult=4,L=6

eATU(ﬁi,T—ﬁi!¢) 2 _ 2 y(l)e\/ArU/Zn(l)(fzi’T—ﬁi’¢) + O(ATY)

[=*+1,+2



um\’/lgﬁnsf“ﬁn Fermion Monte Carlo: the auxiliary field
L determinantal approach

Auxilia rv ﬁeld QMC BSS: r. Blankenbecler, D. J. Scalapino, R. L. Sugar (1981)

1) Trotter

2) Hubbard Stratonovitch

3) Integrating out the fermions
4) Measurements

5) Wicks theorem

S N S S S8

6) Absence of sign problem
7) Organization of the code and fast updates.
8) Stabilization

9) ALF examples



All in all we have:

[ D{@,)} e I ge t[1+B(CI)L) B((I)l)—‘<<0>>
<0O>=

| {0} e o ded 14B@, ) B@)) |

Sum over HS fields > Metropolis importance sampling. Adopt a sequential single spin-flip
upgrading scheme.

(I)i,T — (I)'i,’[
B(®.)— B(®' )= (1+A)B(D,)

e—so({cb‘(i,r)}) det[l n B((DLT )---(1+A)B(D., )- - - B(PD 1)—‘ e—SO({CD'(i,T)})

= det| 1+A(1-G
e_SO({(D(i’T)})det[1+B((DLT)--..B((D1)} o Sol{®dn}) et[ +A( q’(T))]

The equal time Green function matrix is the central quantity of the algorithm. It determines

i) The Monte Carlo dynamics
i) All equal time observables (Wick's theorem)




Organization of the code.

e y
Tr : ¥ :

T

Real space lattice, with replica at each imaginary time slice.

Independent Hubbard Stratonovitch field at each imaginary time
and lattice site. @

i,T



Organization of the code.

/T\o
[ o j
TI' [ o [
o o
[ ] Y |
@ ()
Start on time slice 7 =1 with G, (t=1) T
Scan through the real space o Sol{®@.n})
lattice and flip spin sequentially —sy({@G.00}) det[1+A(1—G¢(7))]
e

Accept move with probability:

If the move is accepted, upgrade
the Green function. G,(t=D)—> G, (t=1)



Organization of the code.

e 1

° ° °

° ° °

Tr

° °

([ Y o

° °

Fast updates: T

Gy (0)=(14(14 A)B@,) B@)B@®, ) B@_)] . A

Gy(7),.N[1-Gy(D) ] |
1+]1- Gq)(r)]zjz n

X,y = X,z y,ZTI

Gq),(l')x’y = GCD(T)W -

, Au®vd
1+VeA 'l

Use:  (A+i®V) =4




Organization of the code.

_/T\. 1 _
Tr : ° :

Propagate the Green function
from 7=1 to 7t1=2

Gy(1+1)= (14 B®@_)--B®,)B@®, ) B@®_,)| =B®_)G,(1)B"(®,,)



Organization of the code.

/T\o

[ o j
[ o [

Tr

o o
[ ] Y o
@ ()

Repeat til 7 =10 and do not forget to measure observables.

Gy(1+1)= (14 B®@_)--B®,)B@®, ) B@®_,)| =B®_)G,(1)B"(®,,)



Organization of the code.

Tr \

Retrace your steps backto 7=1

Gyt =)= (14 B@_ ) B®)B(®, ) B(®,)] =B (®)G,(1)B(®,)



um\’/lgﬁnsf“ﬁn Fermion Monte Carlo: the auxiliary field
L determinantal approach

Auxilia rv ﬁeld QMC BSS: r. Blankenbecler, D. J. Scalapino, R. L. Sugar (1981)

1) Trotter

2) Hubbard Stratonovitch

3) Integrating out the fermions
4) Measurements

5) Wicks theorem

6) Absence of sign problem

N R N Y. N N

7) Organization of the code and fast updates.
8) Stabilization

9) ALF examples



Numerical stabilization: Problem. & *%

When 3 gets big, then vectors become

l: U(l) _ B((I)l)' . 'B((Dl)l linearly dependent and the Green function

is ill defined.

QR (Gram Schmidt)

U(l):UlDlVl U : UITU1 =1, V. :Unittriangular [, : Real Diagonal

Do not mix scales during propagation.

UQ@D=(B(®,)B(®,,)U,)D,V;=U,D, V'V,
UZBZV £

.

Handle scales only when computing the Green function. Internal check: difference between wrapped and
freshly computed Green functions

ALF: [=NWRAP Variable: Precision Green Mean, Max in info file



um\’/lgﬁnsf“ﬁn Fermion Monte Carlo: the auxiliary field
L determinantal approach

Auxilia rv ﬁeld QMC BSS: r. Blankenbecler, D. J. Scalapino, R. L. Sugar (1981)

1) Trotter

2) Hubbard Stratonovitch

3) Integrating out the fermions
4) Measurements

5) Wicks theorem

6) Absence of sign problem

7) Organization of the code and fast updates.

DS N N N . N N

8) Stabilization

9) ALF examples



Julius-Maximilians-
I UNINER Szl ALF @ http://alf.physik.uni-wuerzburg.de

Kinetic Potential (sum of perfect squares)
Mt Ncot Na Naim

col IV Niim
S YYSY msTaﬁ’Zs)AyaﬁZU’“{leﬂ [(Z CaroVey" o )

k=1o0o=1s=1 z,y c=1 s=1 x,y

}2

Coupling of fermions to Ising field with predefined dynamics
col Nfl Ndlm

+ Z Zk (S‘ S‘ Sj émas Q(CI;S) C ) + HIsmg

oc=1s=1 z,y

> Block diagonal in flavors, Ny

» SU(N,,) symmetric in colors N
F. Goth M. Bercx  J. Hoffmann M. Ulybyshev

> Arbitrary Bravais lattice for d=1,2
» Model can be specified at minimal programming cost K onN W I HR
» Fortran 2003 standard
Wissenschaftliche
» MPI implementation DFG .
Literaturversorgungs
> Parallel tempering, projective and finite T approaches und Informationssysteme (LIS)

> Long range Coulomb M. Bercx, F. Goth, J. S. Hofmann and F. F. Assaad, SciPost Phys. 3 (2017), 013


http://alf.physik.uni-wuerzburg.de/

Jullus—Maxmlll.a.ns—
I UWNdXEEﬁ'JéT ALF @ http://alf.physik.uni-wuerzburg.de Example

}2
Da Wang, Yi Li, Zi Cai, Zhichao Zhou, Yu Wang, and Congjun Wu, Phys. Rev. Lett. 112
(2014), 156403.

Kinetic Potential (sum of perfect squares)
Mt Ncot N Naim

col N Ndim
S: S: S: S‘ 6;081}(:58) Ayas + Z Uk; {Zl Zﬂ [(dz masV:B(ZI/CS) > + Qs

k=1o0=1s=1 =z,y o=1s=1 T,y

SU(N) Hubbard model on the square lattice.

2
N
2 _ /\T VoY _ l o .
H = 2 CzchZJ j.o 2 2( kO' kG 2) Here I_’J'k der,lOte
i,j,0=1 Wannier orbitals

> Lattice vectors g, =(1,0), a, =(0,1) > Lattice class will make the lattice (tilted lattices are possible)
> Ngn = # of lattice sites
> Nﬂ =1
> Ny =N
> M; =1 (Possible to include checkerboard decomposition My = 2*Ny;, )
> T = Hopping matrix (bipartite)
> U, = UNN
> M, = #oflattice sites No sign problem for even values of N
(k) —
” (V )i,j 51/‘6’%]’


http://alf.physik.uni-wuerzburg.de/

uun’/gﬁ"gfﬁn Fermion Monte Carlo: the auxiliary field
L determinantal approach

Conclusions Lecture 1

Recent progress allows to simulate an ever growing class of models without encountering the negative
sign problem

Challenges

Sign problem. Can one find new sign free formulations for an even bigger class of models?

Global updates. Single spin flip formulations will suffer from critical slowing down.
Ergodicity issues for some problems.

Order NB methods. Present fermion QMC algorithms scale as N3B. > Pseudofermions?

NS
SOTTHHTIRONE

Center of excellence - complexity and

SFB1170
ToCoTronics .
. 3 topology in quantum matter
K O MM T H R/ !NlC! 7\?7 Leibniz-Rechenzentrum GCS

0B “ 1 der Bayerischen Akademie der Wissenschaften Gauss Centre for Supercomputing




um\’/lgﬁnsﬁh Fermion Monte Carlo: the auxiliary field
L determinantal approach

Lecture 2. Selected applications

» Superconductivity from condensation of skyrmions in a quantum spin Hall insulator

Y. Liu, Z. Wang, T. Sato, M. Hohenadler, C. Wang, W. Guo and FFA arXiv:1811.02583

SFB1170
ToCoTronics
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topology in quantum matter
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Julius-Maximilians-
I UNIVERSITAT Superconductivity from condensation of topological defects in QSH insulator

Why would it be interesting to dynamically generate a QSH state?

H=—t Z(c ¢; +He)+ A Z N(x Z (iy,;jé;faéj +H.c.)

L ()

((4,3))€C

Ly =) W, (X,7)0,Y, ¥, (X,T)

\{iﬂ%} =28,,. W,= wlyy

N(x) € 52

o (ot ot
Cz'—( it € ,¢)

j :Z—|—51 +52 — Vij = sign [62 . ((51 X 52)]
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I UNIVERSITAT Superconductivity from condensation of topological defects in QSH insulator

Why would it be interesting to dynamically generate a QSH state?

H=-tY (¢le;+He)+A Y N@)- Y (iu,;jélfaaj + H.c.)
O==x

((4,3))€C

(,9)
Uniform
N(x)=e,
Quantum spin Hall insulator

a

1.0 ¢

s | uniform
3 06t
~ 04 +

0.2 | y N

0.0

-4 -3 -2 -1 0 1 2 3 4
w
1

E/t

-1
0 Aa Ky Zna

C.L.Kane and E. J. Mele, PRL, 2005

N(x) € 52

(AT At
“ = (Cmvcm)

j=1+01+ 02 — v; j =signle, - (61 X 2)]
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Why would it be interesting to dynamically generate a QSH state?

H=-tY (¢le;+He)+A Y N@)- Y (iu,;j&;fo—éj + H.c.)
O==x

(2,3) ((2,5))€C
Uniform One Skyrmion
_ 1
N(z)=e. Q=1 / dedyN (@) - (9. N (z) x 9,N(z)) = 1
7
Quantum spin Hall insulator
@ 1.0 +
s | uniform
3 06t
~ 04
0.2 b g %
0.0

E/t

b 0 a kK, Zra Field theories of condensed matter physics. E. Fradkin

C.L.Kane and E. J. Mele, PRL, 2005
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Superconductivity from condensation of topological defects in QSH insulator

Why would it be interesting to dynamically generate a QSH state?

H=-t) (e

¢; +He)+ A Z N(x) - Z (iuijéla'éj + H.c.)
O=z

((4,3))€C

Uniform

N(x)=e,

Quantum spin Hall insulator

1.0
0.8 |
3 06}
0.4
0.2 |

0.0

N
2

uniform

R

1

E/t

-1

C.L.Kane and E. J. Mele, PRL, 2005

-4 -3 -2 -1 0 1 2 3

w

0

ma  k Zrla

Q

One Skyrmion

1 / dedyN () - (0, N (z) x 9,N(x)) = 1

:47'('

1 skyrmion

Skyrmion carries charge 2e > proliferation of

skyrmions destroys QSH and could lead to SC.

T. Grover and T. Senthil, PRL. 2008.
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Why would it be interesting to dynamically generate a QSH state?

H=-tY (¢le;+He)+A Y N@)- Y (iu,;jélfaéj + H.c.)
O==x

(2,3) ((2,5))€C
Uniform One Skyrmion
_ 1
N(z) =e. Q=1 / dedyN (z) - (0, N (z) x 9, N (x))
Quantum spin Hall insulator
T A A Open boundary conditions. Q is not quantized
s | uniform
3 06t ;
S ul | Q20 ¢ | "mam = om = om
0.2 % % Z| 1.5 |
Y3 2 10 1 2 3 1 :‘3 L0 r
w 3
Q 05 ¢f
‘ 8
E/t <! 0.0 mEE = u

0.0 0.2 0.4 0.6 0.8 1.0

-1
0 ma  k Zrla

C. L. Kane and E.J. Mexle, PRL, 2005 T. Grover and T. Senthil, PRL. 2008.
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WURZBURG
Model
2
— —tz éTéJ c .C;) )\Z Z Vi it (éjacj cTacz)
O \{(i,)e0
t
AT At Al
“% = ( i1 € ,¢>
. , A
J =1+ 51 + (52 — V; j = SIgn [GZ . (51 X 52)]
Order parameters
Jo= Y v (iéjac] Z'CTJCZ) Quantum spin Hall [SO(3)]
((i,3))€O
AT — ol ot
i1, s-wave superconductor [U(1)]
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1 [P . Y
xosu(q) = N/ dt Z<JOi(T)JOj>elq(?’ 7) Rosn = 1— xosu(qo0 + dq)
’ "I XQsH(90)

Rosu(L, \) = F(L? /B, (A — A\ ) LYY, L™%)

a
0.8 |
Assumption z=1
0.7 |
o oy
z - Critical exponents ?
& 3/@/@/%/
0.6 s 0 i
O ' L Ie
~ 0.0180 LY
0.5 0.0 0.1 0.2 |
1/L
0.017 0.018 0.019 0.020 0.021
A
Semimetal QSH

A ~0.019
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One expects the the SM-QSH quantum phase transition to belong to the same universality class as of the
SM-AFM transition.

Gross Neveu Yukawa

I =21/76(x,r)[ 07,8, 1+ 9, (%76, v (x,17)

g2 A
— 2 A — . 2 e
Ly =(9, 4y XT)) + Ay (X,T) ity (X)) N
F
M = ~y& isamassterm such that when 771 4 p; acquires a non-zero > g
G WF A
vacuum expectation value a mass gap opens. I. Herbut, V. Jurici¢, O. Vafek

PRB 80, 075432, (2009)

4 H,(k) N

~N

Mass term:  H (k)= Zleiki’}/o’y,+ m M

M is a mass term if {M,Ho(k)}:() and M°=1 = E(k)=tJk>+m’
. ~
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One expects the the SM-QSH quantum phase transition to belong to the same universality class as of the
SM-AFM transition.

Gross Neveu Yukawa

L, =z’1/76(x,r)[ 7’“560 + gm,,, (X,7)-0_ }wa,(x,r)

L, :((’)uﬁ;lAFM(X’T))2 + i(ﬁ/lAFM(X’T).ﬁ;lAFM(Xaf))Z N\

Y

S

Ly ZEWG(X’T)[ yugda + ngSH(x'T).6G,G'iy3y5 }wo.(x,’c) ¢ W A

S
>

I. Herbut, V. Jurici¢, O. Vafek
PRB 80, 075432, (2009)

(8 M, (X, T)) (mQSH(X T)em,, (X, T))

The only difference between the Y0 and 2707375 is a sign difference between the two valleys. Since
the transitionis a ¢) = 0 transition, we do not expect this sign difference to have any effect.
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SM-QSH
1 [P . . (i)
P (] 11—
Xasi(@) = . [ dr 3o, (r) o, )i
0 i,
a b 16 : c 09
L =
0.8 7 _ 14t - 0.8
L= ~ —
< 124 1 = o7t
0.7 iy [ =
% OO ' ! a+b/L | | +b/Le
= 3 T T— a
= 0.0190 | ] 0.8 ' 0.5 '
0 e I 0.0 0.1 0.2 0.0 0.1
cx 0.0180/ o+ b/L¢ 1/L 1/L
0.5 0.0 0.1 0.2 |
. 1L Exponents are in agreement with
0.017 0.018 0.019 0.020 0.021
A Gross-Neveu 0(3) @ N=8
v=0.84(4) F. Parisen Toldin, M. Hohenadler,
F. F. Assaad, and I. Herbut,
n= 0.70(15)|  Pphys. Rev. B 91 (2015), 165108.
z=1
Semimetal QSH

I
A ~0.019

> A\
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How should we trigger the proliferation of skyrmions in the QSH insulator?

Add an attractive Hubbard U-term

(Is technically possible and does not trigger
a negative sign problem)

- U]

U L —" /

SM QSH
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WURZBURG QSH-SC

How should we trigger the proliferation of skyrmions in the QSH insulator?

Add an attractive Hubbard U-term Adding a Hubbard U-term is not necessary!

(Is technically possible and does not trigger
a negative sign problem)

- U - Ul A

L oo / SC
U L U /

SM QSH SM QSH SC
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Quantum spin Hall s-wave superconductivity
b 10 ‘ ‘

O
w0 =
Qg
SC
- 0.7 0030
- 0.0 0.1 0.2
- 1/L
0.6 ‘ 0.6 ‘ ‘ ‘
0.031 0.032 0.033 0.034 0.035 0.031 0.032 0.033 0.034 0.035
A A
Semimetal | QSH s-wave superconductor
> A

AL ~0.019 AP ~0.0333(3)
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Quantum spin Hall

Superconductivity from condensation of topological defects in QSH insulator

QSH-SC

s-wave superconductivity

1.0 b 10 ‘ ‘
0.9 0.9
0.8 2= 0.8 R 0.036 ‘ |
& I 0.034 QSHer |
¥ 0.032 + O
0.7 0.7 < SC |
v 0.030 .
- 0.0 0.1 0.2
- 1/L
0.6 ‘ 0.6 ‘ |
0.031 0.032 0.033 0.034 0.035 0.031 0.032 0.033 0.034 0.035
A A
a 1.5
Single particle gap remains P
open over the transition
~ 0.9 |
g
0.6 |
0.3 |
0.0 ! ! :
0.0 0.1 0.2 0.3 0.4
1/L
Semimetal | QSH s-wave superconductor
> A

A ~0.019

A2~ 0.0333(3)
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Ginzburg-Landau?

Direct and continuous transition between two broken symmetry phases.

Can we understand this in the realm of Ginzburg-Landau order parameter theory?

-
'

4 coexistence disordered phase

¥
@

A 1st-order _— A continuous

& >

Y
o

Fine tuning = not generic
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Ginzburg-Landau?

Deconfined quantum criticality

F. D. M. Haldane Phys. Rev. Lett. 61 (1988), 1029-1032.
T. Senthil, A. Vishwanath, L. Balents, S. Sachdev, and M. P. A. Fisher, Science 303 (2004), 1490-1494.

Topological defects of one phase carry the charge of the other. When they condense they
simultaneously destroy one phase and create the other.

- e e - e -

+

E— N
.

i
1
i
]
|
1
I'
4
=

-

s
forr—d
oo oo
L
-
o
~
~
) 4
y A
I
1
1

>
C:)f
S

g
g

C, VBS vortex carries a spinon. Proliferation of vortices destroys the VBS and generates
SDW order. M. Levin and T. Senthil, Phys. Rev. B 70 220403 (2004).
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Effective field theory

Why is the quantum spin Hall state intertwined with s-wave superconductivity?

The three quantum spin Hall mass terms are part of the quintuplet of mutually anti-commuting
QSH and s-wave superconductivity mass terms.

4 M qsu N
M = { T,0.,i70737s, ToOy1Y07Y37Y5, T=020Y07375, z_yo'yi7072’737 Txayivovw:i}

A M\;c
\ /

_ s-wave superconductivity
Bogoliubov

index

A. Tanaka and X. Hu, PRL, 2005
T. Senthil and M. Fisher, PRB, 2006
T. Grover and T. Senthil, PRL. 2008
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L Effective field theory
=p(x,7)
®(z,7)] [M
X. T SH
L — E irac —l_ \:[j-‘- CU, ’ * Q \Ij .’E,
0 b gV (@, 7) [X(-’BJ)] [MSC’] (z.7)

This Lagrangian has an SO(5) symmetry

Loiae + gU (@, 7) (Rso(s) [<I>(;3: T)D , {MQSH] U(2,7) = L pieac + g0 (2, 7) {‘;’(zﬁ)] , [MQSH] V(2. 7)

Thereby the single particle gap is given by: Asp = g|<,0\

Assume that the single particle gap remains finite across the transition, then one can omit

amplitude fluctuations of the field ¢(z,7) and retain only phase fluctuations @(x,7), |p(x,7)| =1
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Effective field theory

Integrating out the fermions gives and effective field theory for the field @(x,7)

1 R A
S = /d2a:d75 (8,p(x,7))* + 2mil [@] + Ss50(3)xU(1)

1
A ECLdee 2 A A A A A
F = —
[P] Area(S4)/0 du/d TAT P a0z Pp0yPeOr a0y Pe

Ss50(3)xU(1) = /d2wd7 asoE)xu) (91 + @2 + B3° — ba” — @5
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VBS from condensation of topological defects in

Why is anti-ferromagnetism intertwined with the valence bond solid ?

AFM insulator
Effective field theory

The three AFM mass terms are part of mutually anti-commuting quintuplet of AFM and VBS masses

PRL 119, 197203 (2017)

M arMm

M ={0%, 0yY0, 0%, 7073, %075 }

-~

M~Bs

PHYSICAL REVIEW LETTERS

week ending
10 NOVEMBER 2017

I I I T
Dirac Fermions with Competing Orders: Non-Landau 'S
Transition with Emergent Symmetry
6F AFM * -
Toshihiro Sato,1 Martin Hohenadler,1 and Fakher F. Assaad’
T4 P SUPTRE * § KVBS -
4
2+ Semimetal :
oL . L ! A !
0.1 0.2 03
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Effective field theory

=¢(x,7)
—

o = Lo + 991 (e,) [ S0 D] 130 (e

This Lagrangian has an SO(5) symmetry

Eonae + 0o, ) (1500 (PE TN ) BN (a1 = Lo g0 ) [ )| - (R0 e

Thereby the single particle gap, the mass is given by: Ay, = g|¢|

Assume that the single particle gap remains finite across the transition, then one can omit

amplitude fluctuations of the field ¢(z,7) and retain only phase fluctuations @(x,7), |p(x,7)| =1
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Effective field theory

Integrating out the fermions gives and effective field theory for the field @(x,7)

1 R A
S = /d2a:d75 (8,p(x,7))* + 2mil [@] + Ss50(3)xU(1)

1
A ECLdee 2 A A A A A
F = —
[P] Area(S4)/0 du/d TAT P a0z Pp0yPeOr a0y Pe

Ss50(3)xU(1) = /d2wd7 asoE)xu) (91 + @2 + B3° — ba” — @5
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Effective field theory
g TABLE III. Enumeration of the 56 distinct five-tuplets of maximally pairwise anticommuting PHS X 1y bt gty” The 56 five-tuplets are
!5 broken into 28 pairs related by the operation of C conjugation (9.12).
=

tems: Topological defects

ic sys

5%
1 electron
parameters and their fractional exchange statistics

1mensiona

Masses in graphenelike two-d

Shinsei Ryu,' Christopher Mudry,?> Chang-Yu Hou,? and Claudio Chamon?

Five tuplet

Partner five-tuplet by C conjugation

{Re VBS, Im VBS, Re SSC, Im SSC, CDW}

{Im VBS, CDW, Re VBS,, Re VBS,, Re VBS_}
{Re VBS, CDW, Im VBS,, Im VBS,, Im VBS_}
{Re SSC, Im SSC, QSHE,, QSHE,, QSHE_}

{Re VBS, Re SSC, Re TSCyy,, Im TSCyy,, Re TSCpy.}
{Re VBS, Im SSC, Im TSCOZ’(’ Re TSCOZy’ Im TSCOZZ}
{Im VBS, Im SSC, Re TSC3,,, Im TSCs,,, Re TSCs,.}

{Im VBS, Re SSC, Im TSCs,,, Re TSCs,,, Im TSC,.}
{CDW, Im SSC, Im TSC,, Re TSC,, Im TSC}
{CDW, Re SSC, Re TSC,, Im TSC,, Re TSC,}

{Im VBS,, QSHE,, Im VBS., Re TSC,,, Im TSCy,,}
{Im VBS,, QSHE,, Re VBS,, Néel,, QSHE_}

{Im VBS,, Re TSCs,,, Im TSC,., Im TSCyy,., Im TSC,}
{Im VBS,, Re TSC3,,, Re TSCyp,, Re TSC,, Im TSCsy,}
{Im VBS,, Re TSC3,,, Im TSC3,,, Im VBS,, QSHE_}
{Im VBS,, Re TSC,, Im TSC,, CDW, Re VBS }

{QSHE,, Im VBS,, QSHE,, Re VBS., Néel.}
{QSHE,, Re TSCy,, Re TSC,, Im SSC, Im TSC3,,}
{QSHE,, Re TSCy,, Im TSCyy,, Re VBS,, Re VBS_}
{QSHE,, Re TSC3,, Im TSCyy,, Im TSC,, Re SSC}

{Re VBS,, Néel,, QSHE,, Im VBS,, QSHE_}
{Re VBS,, Re TSC,, Im TSC,, CDW, Im VBS,}
{Re VBS,, Re TSCs,, Im TSC,, Im TSCy., Im TSCyy,}
{Re VBS,, Re TSCyy,, Im TSCy,, QSHE,, Re VBS_}

{Néel,, Re TSCs,,, Im TSC,,, Im TSC,, Im TSC,}
{Im VBS_, Re TSCs,,, Im TSCyy,, Im TSC,, Im TSCs,,}
{Re TSCOZ}” Re TSCy, Im TSC321, Im TSC32\., Im VBSy}

{Re TSC,, Re TSCy,,, Im TSC,, Im TSC3,,, Néel,}

{Re VBS, Im VBS, Néel,, Néel,, Néel }

{Im VBS, Néel,, Im TSCs,., Re TSCy,., Re VBS_}
{Re VBS, Néel,, Re TSCy,., Im TSCy,., Im VBS_}
{Néel,, Néel,, Im TSC,, Re TSC., QSHE,}

{Re VBS, Née]x, Re TSCOZ,\?’ Im TSC02X, Im VBSX}
{Re VBS, Néel,, Im TSCy,,, Re TSC,,, Im VBS}
{Im VBS, Néel,, Re TSC3,,, Im TSCs,,, Re VBS).}

{Im VBS, Néel,, Im TSCs,,, Re TSCs,,, Re VBS,}
{Néel,, Néel,, Im TSC,, Re TSC,, QSHE,}
{Néel,, Néel,, Re TSC,, Im TSC,, QSHE,}

{Re TSCyy., Re TSC., Im VBS., Re TSCy,,, Im TSC3,,}
{Re TSCy.. Re TSC,. Im TSC,.. Re SSC, QSHE}
{Re TSCyy,, Re TSCyy,, Re VBS,, Im TSCyy,, Im TSC,}
{Re TSCy,,, Re VBS,, Re TSC(y,, Re TSC,, Im TSCs,,}
{Re TSCyy., Re VBS,, Re VBS,, Im TSCy,., QSHE.}
{Re TSC(p,, Re TSC,, Im TSC,, Néel,, Im TSC3,.}

{Re TSC,, Im VBS,, Im TSC,, Re VBS_, CDW}
{Re TSC,, Re TSCyy,, Re TSC,, Néel,, Im TSC3y,}
{Re TSCZ, Re TSCOZy’ Im TSCOZX’ Im TSC32Z, Re VBSZ}
{Re TSC,, Re TSCy,, Im TSCyp,, Im TSC,, Néel,}

{Re TSC5,.. Im SSC, Im TSC,, Im TSCy,, QSHE.}
{Re TSCsy,, Re TSC,, Im TSC,, Néel,, Im TSC,.}
{Re TSC3,,, Re TSCs,,, Im TSC,, Im VBS,, Im TSCp,}
{Re TSC322, Re TSCOZX’ Im TSCOZy’ Im TSCZ, Re VBSZ}

{Im SSC, Re TSCs,,, Im TSCy»,, QSHE,, Im TSC,}
{Im VBS,, Re TSCs,,, Im VBS,, QSHE,, Im TSC,,}
{Re TSCyy,, Re TSC,, Re VBS,, Im TSC;3,,, Im TSCy,.}
{Re TSC,, Re TSCyy,, QSHE,, Im TSCs,,, Re SSC}
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Critical exponents

Is the transition from QSH to SC different than the one from AFM to VBS ?

A
AFM-VBS 4 A (a)
VBS
On the lattice the U(1)
symmetry gives way to
a C, Thisintroduces a
second length scales and
complicates the analysis of the
DQCP
QSH-SC ° ~ >
AF DQCP U(l) SL
On the lattice the U(1) symmetry
of the SC is conserved.
- No dangerously irrelevant
operator. (b)
o - ® > ®
- Improved model for DQCP QSH DQCP SSC

Picture from W. Guo
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Critical exponents

n¥H =0.21(5), 7°¢ = 0.22(6)

Compares well with

™M = 0.259(6), nVB® =0.25(3)

A. Nahum et. al. Phys. Rev. X5 (2015), 041048.

From conformal bootstrap:

n > 0.52

for emergent SO(5) symmetry.

D. Poland, S. Rychkov, and A. Vichi
ArXiv:1805.04405 (2018).

0.031 0.032 0.033 0.034 0.035
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Critical exponents

/0957 =1.7(4), 1/v°¢ =1.8(2)

Compares with

1/v = 2.24(4)

H. Shao, W. Guo, and A. W. Sandvik,
Science 352 (2016), no. 6282, 213-216.

From conformal bootstrap

1/v < 1.957

for continuous transition
(Unitary CFT with one relevant scalar).

Y. Nakayama and T. Ohtsuki,
Phys. Rev. Lett. 117 (2016), 131601.

0.031 0.032 0.033 0.034 0.035
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Critical exponents

How should one reconcile conformal bootstrap and numerical results?

1) Pseudo criticality Unitary CFT with SO(5) emergent symmetry lies “close” to accessible
parameter space (e.g. D, = (2 + 1+ E)). In this case the cited bootstrap
bounds are not valid, and the RG flow is very slow in the proximity of the
fixpoint. Correlation length is greater than accessible lattice sizes and the
phase transition is ultimately first order.

C.Wang, A. Nahum, M. A. Metlitski, C. Xu, and T. Senthil, PRX 7, (2017), 031051.
P. Serna and A. Nahum, arXiv:1805.03759.

2) Continuous transition
Unitary CFT without SO(5) symmetry. The bound 1/v < 1.957 is satisfied.

Should be checked with our /mproved model.
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Summary

» Competing mass terms in Dirac fermions > Route to generate exotic phase transition (topological terms).

Y. Liu, Z. Wang, T. Sato, M. Hohenadler, C. Wang, W. Guo, FFA, arXiv:1811.02583

Gross-Neveu DQCP
2 (fermionic) (bosonic)
H = —tZ(C ¢; + c ¢i) )\Z ( Z Vi it (é;-raéj — é;a'cz)) \ /
(ij) ({(i,5)) €0
: ® ® > )\

. )\cl c2
Semimetal QSH SC
» Novel route to superconductivity

Skyrmions of the QSH order parameter carry charge 2e. When they condense they disorder to QSH

state and create an s-wave superconductor.

» Improved model to study deconfined quantum critical points (DQCP)

U(1) charge conservation is not broken by lattice > only a single length scale.

» Doping? Thermodynamics? Additional attractive U terms ?
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Kinetic Potential (sum of perfect squares)
Mt Ncot Na Naim

col IV Niim
S YYSY msTaﬁ’Zs)AyaﬁZU’“{leﬂ [(Z CaroVey" o )

k=1o0o=1s=1 z,y c=1 s=1 x,y

}2

Coupling of fermions to Ising field with predefined dynamics
col Nfl Ndlm

+ Z Zk (S‘ S‘ Sj émas Q(CI;S) C ) + HIsmg

oc=1s=1 z,y

> Block diagonal in flavors, Ny

» SU(N,,) symmetric in colors N
F. Goth M. Bercx  J. Hoffmann M. Ulybyshev

> Arbitrary Bravais lattice for d=1,2
» Model can be specified at minimal programming cost K onN W I HR
» Fortran 2003 standard
Wissenschaftliche
» MPI implementation DFG .
Literaturversorgungs
> Parallel tempering, projective and finite T approaches und Informationssysteme (LIS)

> Long range Coulomb M. Bercx, F. Goth, J. S. Hofmann and F. F. Assaad, SciPost Phys. 3 (2017), 013
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