Critical Scaling at the MBL Phase Transition in 1D: A review of RG approaches

Kuan-Yu Lin
Department of Physics, Stanford University, Stanford, CA 94305
(Dated: June 27, 2020)

Submitted as coursework for PH470, Stanford University, Spring 2020

This report provides an review of the recent attempts on using the renormalization group (RG)
method to describe the many-body localization (MBL) transition, which describes the breakdown of
thermalization behavior, and hence the conventional statistical physics description, in systems with
strong disorder. In the first half of the report, we sketch out the derivation of the block decimation
RG rule and explain the results obtained in the decimation approach®®. We then motivate the
RG rule of the toy model in Goremykina et al.® and demonstrate how the RG rule gives rise to the
integral-differential equation that result in the final RG flow equation. We later on derive the scaling
behavior of the length scale according to the RG equation. Finally, we discuss through Dumitrescu
et al.” that touch upon results from both approaches.
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I. INTRODUCTION

The ability to succinctly describe the behavior a
macroscopic interacting system using only a handful of
parameters lies at heart of many-body physics. While
deep in thermodynamic/quantum phases it may not be
too surprising that the system can be described by several
macroscopic variables due to central limit theorem, for-
mulating theories under similar paradigm in the vicinity
of phase transitions can be challenging due to fluctuation
at all length scales up to the macroscopic system size.

In his seminal paper!' in 1975, Wilson conceived the
scaling invariance at critical points due to the ab-
sence/divergence of length scales and put forward a el-
egant theory of momentum space renormalization group
(RG). Applying the essence of the RG method, namely
the invariance of theory under coarse graining and inte-
grating out degrees of freedom, to real space Hamiltoni-
ans, Kadanoff constructed a powerful tool? to tackle the
critical behavior of Ising-like systems.

The many-body localized (MBL) phase has attracted
substantial interests, both theoretically and experimen-
tally due to its potential application to quantum com-
puting. Such phase is a class of many-body interact-
ing systems in which, contrary to conventional wisdom
from classical thermodynamics, thermalization behavior
is absent and memory of the initial configuration is re-
tained at late times. Contrary to equilibrium (ground
state) phases, the MBL phase is distinct in its dynamical
behavior®, for instance the vanishing of DC conduc-
tance, logarithmic growth of entanglement entropy and
the Poisson level statistics signifying a emergent integra-
bility.

Characterizing the nature of the MBL-thermalization
transition is both illuminating and challenging since
the conventional paradigm that focuses on the ab-

sence/presence of gaps does not work; the microscopic
picture of how fluctuations is present in the system across
transition is also vastly different.

The application of RG to the MBL transitions, nev-
ertheless, is not necessarily hindered by aforementioned
technical challenges as it only relies on the scaling in-
variace of the system. In fact, several RG approaches
have been proposed to study the property of the MBL
transition® . While each of them differs in the RG rules
which lead to different scaling behavior and falls short on
microscopic justifications, there are some overall agree-
ments among these approaches, and a convergence trend
towards reaching a final consensus is apparent. This
report serves as a review and comparison of these ap-
proaches.

We review the past works in a chronological order, as
later works typically build upon or refer to earlier works
for consistency checks. The first works that put together
a RG rule and provide a scaling behavior are by Vosk
et al.* (VHA) and Potter et al.> (PVP) These two inde-
pendant works theorize a similar block decimation proce-
dure and therefore result in practically identical scaling
behaviors, which is discussed in Sec. IT A. Later on, Du-
mitrescu et al. (DVP) build upon their previous work®
and come up with a RG rule that relies less on ad hoc
heuristics and is perhaps more microscopically justifiable,
which we summarize in Sec. IIB.

The previous block decimation approaches suffers from
the shortcomings that no analytic tools are readily exis-
tent to analyze the RG flow of the parameters. Therefore,
the scaling behaviors are only extracted from numeri-
cal simulations, which only extend up to system size of
~ 108. In light of this, several later attempts seek to by-
pass matrix element calculation in the previous block dec-
imation framework and instead construct phenomenolog-
ical RG flows based on minimal models that incorporate



the past intuition with the MBL transition, such as quan-
tum avalanche!®© and the Griffith effect, which respec-
tively depict the behavior of thermal bubbles destroying
MBL phases and insulating bubbles causing sub-diffusive
transport in thermal phases. These models hence ab-
stract away the use of Hamiltonians to describe the sys-
tem. Zhang et al. provide the first analytically solvable
RG model under this framework by only keeping ther-
mal/insulating block lengths as the relevant variables”.
This method is further generalized and improved by
Goremykina et al.® which takes into account the asymme-
try between the inclusion of thermal/insulating bubble in
a insulating/thermal bath. These works are summarized
in Sec. TITA.

Goremykina et al.’s toy model gives a surprising
Kosterlitz-Thouless (KT) RG equation and indicates the
divergence of length scale to qualitatively disagree with
the finite-size simulation results of VHA and DVP. The
recent work by Dumitrescu et al.” provides numerical
evidences that reconciliate the results from VHA/DVP
method with the predictions from KT scaling equations.
A more general argument that does not rely on the toy
model is also provided to arrive at the same KT RG equa-
tion. Various results from this work is finally summarized
in Sec. IIIB.

II. BOTTOM-UP APPROACH:
RENORMALIZING COUPLINGS

The essence of the block decimation approach is to
combine several local degrees of freedom (for instance
spin-1/2) into a block and assign it to be locally ther-
malizing or localized depending on entanglement rate,
namely the relative strength between coupling I' and typ-
ical energy spacing A of bare states within the block.
Slightly different from what is done in Kadanoff’s ap-
proach, no degrees of freedom are being integrate out dur-
ing each RG step, one only coarse grains the information,
as one can actually extract the block size from inspecting
the typical energy spacing. Each RG step involves select-
ing some blocks to merge into a bigger block, and modify-
ing the coupling between this block with other blocks by
inspecting the properties of the constituent small blocks.
The initialization of the coupling distributions between
blocks of size one and the RG rules that dictate how the
blocks combine is slightly different among each of the
works, which we shall go in more detail below.

A. VHA and PVP

For the sake of clarity, we first outline the RG rule
applied in VHA and later provide a comparison to that
in PVP. We also do not attempt to go in full detail in
deriving VHA or PVP’s RG rule, as many of the rules
for intermediate cases are not immediately justifiable and
are only applied after empirical self-consistency checks.

We do provide arguments for RG rules of the two ex-
treme cases, namely the combination between two ther-
mal blocks or two insulating blocks, since they cleanly
recover the scaling behavior of entanglement spreading
deep in the MBL and eigenstate thermalizing (ETH)
phases.
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FIG. 1: The VHA model. Each block represents a finite seg-
ment of spins and is associated with a rate I' which is pro-
portional to the inverse thermalization time and a coupling
strength g that characterizes the thermalizing/localization be-
havior of the block. The interblock rate I';; is defined by the
inverse time for the two blocks to fully relax. Each coarse
graining step involves combining the two blocks with the
strongest two-block rate together, with the new interblock
rates 'y, defined according to the RG rule (see text). For this
example the two-block rate I'23 is assumed to be the largest
among I';;’s, so block 2 and block 3 are decimated into a
lar;ger block in this step of RG. Figure redrawn from Vosk et
al.

1. VHA RG rules

The VHA scheme assumes a hierarchy of timescales
between the one block thermalization rates I'; and and
the interblock thermalization rates I';;. The assumption
is taken to be that a block must first thermalizes within
itself before becoming entangled with other blocks.

From the scaling behavior of entanglement time deep
in the two phases we can deduce the scaling of the di-
mensionless coupling g:

ETH:TNZ,A~2—l,g=i>>1
A (1)
MBL: 7 ~e 0 g 50, A~270 g= — << 1,
TA
with [ being the size of the system, and [y the localization
length. Eq.1 demonstrates a clear separation of scales of
the parameter g in two phases, enabling a convenient
definition of the MBL phase transition to be around g ~
1.

It is also noted that during the RG process, the hierar-
chy between the interblock rates and the intrablock rates
has to be maintained, which implies that the new block
rates after RG, such as I'y, and ' in Fig.1 has to be
slower than min(I'1,Ta3) and min(eg, ') respectively.



The rates I'f, and I'g is basically the ”three block rate”
T3, 234, namely the inverse entanglement time of the
three block system.

Keeping the hierarchy in mind, we proceed to motivate
the RG rules in the VHA paper. The coupling between
two blocks is assumed to be of the form

j12 = Jlg(AJ{AQ + h.C.)7 (2)

where Ajp, Ay are on-site operators that located at the
interface between block 1 and block 2. The coupling
strength Jio is given in the original microscopic Hamil-
tonian and is generally of order W x O(1), with W being
the single-particle disorder strength.

When joining two MBL blocks, we expect relative
timescale to be W~ < A™! <« (T'12)7!, corresponding
to a weak coupling to a continuum. In such regime, the
relaxation timescale should be appropriately described
by the Fermi’s golden rule:

Tig ~ Y o[ (in] Av| f1) P |2l Aal £2)*0(Eiy in =B o),

fi.f2

3)
where 1i,, f,, represent the initial states and the final
states of block n, respectively. For the energy conser-
vation to be matched, 7,, and f, should be located in the
middle of the spectrum, and 4, should be close in terms
of energy with f,. Under this condition, it typically in-
volves flipping O(1) I-bits to get from i,, to j,, giving the
typical matrix element magnitude |(i1|A;|f1)| ~ e~V/'o.
Therefore, the two block rate I'15 scales as

2
W 6_2l12/l07 (4)
12

Ip ~

where Ajs is the energy spacing of the two-block system
that scales as Aqp ~ W/2l12, and 1o is the size of the
two-block system which naturally satisfies l10 = 11 + ls.
One can go through a similar treatment to obtain the
one block rates I'y and three block rates I'123 as in the
VHA paper, but the result can be obtained in a intuitive
(though less rigorous) sense by making the observation
that I'15 actually only depends on its own properties and
not the history of the constituent blocks. That is to say
the one block rates, and hence the three block rates, can
be constructed in a similar manner:

W2
Fl ~ Te_Qll/lo

! (5)

2
w 6—21123/10.
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The results in Eq.5 can be inverted to give the cor-
rect entanglement growth in the MBL phase: [ ~ S ~
log(1/T) — T' ~ e~°.. One can also construct the RG
rule used in the VHA paper:
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For the opposite case of combining two thermaliz-
ing blocks, the timescale hierarchy becomes W~=! <
(T'12) "t < A~1 so the Fermi’s golden rule no longer cap-
ture the correct entanglement timescale in such regime.
The two block rates in this regime is simply given by the
Ohm’s law:

lio o< (T12) ™' = (T1) 71+ (T2) 7, (7)
and the RG rule writes
(Tr) ™" = (T123) " = (T12) ' + (Ta3) ™' = (T2) ™" (8)

The above two rules are the only rules applied throught
the RG process in the VHA paper. The separation of
time scales is fuzzy when jointing thermalizing blocks
and localized blocks, so the authors have to construct a
somehow arbitrary set of rules that only justifies itself
after numerical consistency checks.

2. Initialization of the VHA scheme

Instead of fully specifying the microscopic Hamilto-
nian, the authors only initialize the ensemble with energy
spacings A and coupling constants g;; drown from a pre-
scribed probability distribution. The tuning parameter
is directly obtained from the probability distribution of
g, defined as (log g)o. This approach lifts the necessity
to specify the relationship between localization length as
a function of disorder bandwidth, but as a drawback re-
sults in the inability to directly inspect the transition as
a function of physically measurable quantity |W — W,|.
However, the scaling exponents of the lengthscale should
be nevertheless unaltered.

3. Results of VHA

Two fixed points are found in the VHA paper. One
corresponds to the infinite randomness point of MBL
phase where g vanishes exponentially, the other corre-
sponds to the fully thermal phase there g grows expo-
nentially with system size. The universal scaling form
is numerically shwon to be (logg)(l) = £f(1/€), with a
power-law divergence £ ~ 1/(go — go.)” and the critical
exponent v ~ 3.1. The transition also manifests itself in
terms of the transport behaviour. The scaling exponent
ayr in the relationship I ~ 7% ~ 7" smoothly evolves
from oy, = 0.5 signifying the diffusive transport in the
ETH phase to ay,. = 0 signifying the insulating behavior
in the MBL phase. It is noteworthy that VHA method
correctly recovered the Griffith effect, which predicts the
sub-diffusive behavior on the ETH side of the transition,
and the fact that the system is localized at the critical

point go = go, .



4. Comparison to PVP

The RG laws in the PVP paper® of the block rates
T'; are essentially identical to the VHA paper. The only
difference is that they take a different initialization con-
dition that incorporate the disorder bandwidth W as the
tuning parameter. The system considered in the PVP
paper reminiscent of a diordered Heisenberg chain:

H =" hio? + J(0F0lyy + 0lolyy) + Voior,, (9)

K2

where the on-site energy h; is uniformly sampled within
the disorder bandwidth [-W,W]. The Hamiltonian is
first diagonalized in the single particle basis (V' = 0), and
the coupling V is later turned on to obtain the matrix
element, which is of the form

V(x) ~ Ve 2/ (10)

which xy denotes the single particle Anderson localiza-
tion length o ~ [§ In(1 + (W/J)?)~ 1.

The scaling exponent PVP obtained after performing
the RG is similar to that from the VHA paper:

gloc/L = f(L/£)7 (11>

with &,c the length of the longest thermal block, and &
the emergent length scale that diverges as & ~ 1/|W —
We|” near the critical point, with v ~ 3.5.

B. DVP

Both aforementioned approaches, though self-
consistent, face difficulties in determining RG rules
between insulating and thermal clusters. Dumitrescu
et al, build upon the previous PVP paper, created a
modified RG method that is more justifiable in the
intermediate regime®.

Here we explain the setup of the DVP paper: the RG
operations still focuses on the relative scale between en-
ergy spacing A and the coupling I" of clusters of spin,
and the initialization also come from the same disordered
Heisenberg chain, as explained in Sec. ITA4. It is only
the RG steps in the DVP paper that is different from the
previous work. In order to circumvent the complexities
associated with jointing MBL blocks with ETH blocks,
the DVP RG rule only joins blocks when the resulting
block is thermal. The result when RG operation termi-
nates would be a single block when the system is in the
ETH phase, and order [ blocks when the system is in the
MBL phase. The RG operation ensures that at any given
time all the blocks are locally thermal, and therefore the
coupling strengths are easy to compute:

Tij ~ [mazi, i jyejijl{al Ai |Bi) (a1 A5, 185),  (12)

where |a),|8) represent eigenstates and A, represent
local operator at site n. The ETH hypothesis states

4

(i Ay, |Bs) ~ et*n/2 with s;h a constant as a function
of on-site Hilbert space dimension. For spin 1/2 systems
Stp = In 2.

Despite the clean and well-motivated RG step formula-
tion, the only observable that one has access to regarding
the transition is the block entanglement entropy, which
can be naturally obtained as functions of block length.
Other observables, such as transport properties, are dif-
ficult to calculate. Nevertheless, the behavior of the en-
tanglement entropy itself almost gives as much informa-
tion of the transition as the previous works. The entropy
is found to lie on a universal curve:

s(L/2)/L = f(LJ€), & ~ 1)|W — W.|",v ~3.2. (13)

The fluctuation of the entanglement o, also provides
another evidence that the critical point is localized, as
the fluctuation peaks in the ETH phase.

III. PHENOMENOLOGICAL APPROACH AND
THE KOSTERLITZ-THOULESS RG FLOW

The previous approaches, though physically justifiable,
suffers from finite size limitations. Due to the form of the
RG rules, the authors are not able to perform analytical
calculation that extends to [ — 0o, and are limited to sys-
tem size ~ 109, the capability of existent numeric tools.

Due to this constraint, another route to tackle the RG
problem recently being pursued. The phenomenological
approach seeks to avoid constructing RG rules from any
microscopic models, and focuses on the analytical solv-
ability instead. The RG rules are far from justifiable if
one restricts to calculations in a ab initio sense, but they
do capture the large scale behvior of the ETH and MBL
phases.

A. Analytically solvable RG model

Lha L,=0 Lo Lha L,=Q Lo

Thermal | Insulating | Thermal Insulating | Thermal | Insulating

Loa BL, Lo Lol Ly

Thermal Thermal Thermal Insulating | insuisting  Insulating

FIG. 2: The RG rule in Goremykina et al®. Within each RG
step, blocks with length below the cutoff length scale €2 gets
combined with its neighboring blocks of the opposite type into
a bigger block. The difference of the ”effective conductance”
gives rise to the parameter o and .

The first solvable family of RG rules is proposed by
Zheng et al.” and expanded by Goremykina et al.®. In



these RG rules, the only parameters being retained are
the length of the blocks, and the most simplistic Ohm’s
law is assumed to described the RG process:

lrILew = lrIL—l + Oélz + lrIH—l

14
Ly =10+ AL 1T, "
with a pictorical description in FIG.2.

For such artificial RG rules to emulate the actual MBL
and ETH systems, the parameters describing the effective
conductance «, 8 are set to satisfy the following condi-
tions: o <« 1 < f and aff = 1. The former condition
stems on the fact that localizing blocks always serve as
bottleneck in terms of transport, hence the ”effective re-
sistance of a localized block is much bigger than a ther-
malized block. Conservation of total length during the
RG process post the latter constraint.

As mentioned in FIG.2, each normalization step in-
volves combining a block of length 2 with its neighbor-
ing blocks to form a bigger block. The cutoff length scale
starts from 0 and finally reaches the total system length.

Below I extract the derivation of the RG integral-
differential equation in the paper by Goremykina et al.
from their supplement. Denote the number density of
thermal/insulating blocks when the cutoff is @ = T" to be

‘”\gl/T = nllﬂ/ (1), and it follows that the total block num-
ber to be le/T = [ dlnlﬁ/T(l). For each step of RG,
blocks of length [ € [I',T' + dI'] are combined with their

neighbors, resulting in the reduction of the total number:

/T /T /T T/I
Ve = Ne/T = (/T g (E)ar, (15)
and a modification of the distribution nf/ T(l):
1T /T T/1 /T
nfae @) = ng/" (@) + g (D) -2p1 " ()

) 16
+ / ATt agpry,
T

where the first term in the square bracket representing
blocks of length [ being combined with blocks of length
I" to form a longer block, and the second term is the
result of generating blocks of length [ after the merging
process, and the probability density pl{/ T(l) is detined as
T (@) /N

It can then be shown that after taking the rescaled
form Ql{/ T(n) = l"p{/ T(l) of the probability distribution
with n = % —1, one arrive at the following eigenfunctions
in the limit « — 0

1+ k&

Qr(n) =ve ", QL (n) = e

(17)
The dynamics of the parameters 7,y gives the RG flow
equation:

dry _ dk _
dinlT " dmr

(1 + K). (18)

The RG flow equation can be recasted into the famous
Kosterlitz-Thouless RG equation!! that describes the 2D
XY model:

dK~' o dy
a Voa

with K being the ratio between the spin stiffness and the
temperature and y the spin vortex fugacity. The detail
of the XY model is not important here, and we only note
the two important features of such RG equation: First,
there is a line of stable fix points. (y = 0,K > 2/7 in
the case of KT and v = 0,k > 0 for the case in Eq. 2.
) Second, the divergence behavior of length scales is of

the form & ~ eV |P=Pel with P being the temperature
in the KT transition, and disorder bandwidth W in the
MBL transition.

We here give a derivation of the scaling law from the
RG flow equation Eq. 17, which is omitted in the original
paper. Integrating over Eq.18 one obtains

(2 —7K)y, (19)

r —kr +In(ky +1) =C ~ Co(W — We). (20)

In the vicinity of transition, v and x can assumed to be
small and we expand Eq.20 to lowest order of  to obtain
the relation

2
K
T = 7F + CO(WC - W)7 (21)

and the modified RG eqution:

dk “12“
d]nl" = —r = —(? + OO(WC - W)) (22)

Initially kr is of order 1 so the Co(W.—W) term can be
dropped in Eq.22 and one obtains the scaling T’ ~ e~2/#r
when k2 becomes comparable to Co(W,. — W). the flow
slows down, the system approaches the fix point and
the RG process is terminated. Thus, & ~ e~2/%Ter with
Kt~ Co(W —W,) and we obtain the KT divergence of
lengthscale & ~ e/ VW-We,

It is noted by the authors that such KT scaling would
be hard to observe in a finite size system. There is nev-
ertheless a scaling law that one can observe in a finite-
sized system, which is the scaling exponent of thermal
block probability distribution p”(I) o 1~(*%). Close
to the critical point the fix point value k vanishes as
~ /W —W,, so a convergence to the p? () oc [=2 could
be one signature in favor of the KT RG theory.

B. Phenomenological Kosterlitz-Thouless RG flow

A later work by Dumitrescu et al.” removes the ne-
cessity to derive the RG flows from a somewhat artifi-
cial model. They consider the density p of the thermal
blocks and the localization length ¢ (which is not the
emergent lengthscale that diverges at the transition) and
write down the first order contribution to each of them
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FIG. 3: The RG flow map derived in Dumitrescu et al®. The
line of fixed points corresponds to the MBL phase. The two
axes £ and p represents the bare localization length and the
thermalizing block density respectively. A different set of pa-
rameters is used to obtain the RG flow equation in Goremyk-

ina et al.®, but they qualitatively describe the same physical
quantities.

during the coarse graining process, which are stated be-
low. First, the density of thermal block should grow in
the ETH phase and decay in the MBL phase, which give
the flow equation

d
L= bp(¢ — ) + o (23)
dl
where b is a constant of order 1. Second, the existence
of thermal blocks helps extending the localization length

after coarse graining, which yields the second RG flow
equation

d

d—? =cpC..., (24)
again with ¢ being a constant of order 1. These two
flow equation can be re-casted into the KT form and the
resulting RG flow is plotted in FIG.3.

The authors also attempt to reconcile the KT descrip-
tion of the transition with the DVP/VHA RG proce-
dure by looking at the probability distribution of block
length and discover the universal scaling of p(I) ~ 172.
Therefore, despite the fact that the bottom-up method
and the phenomogical method give different predictions,
these two approaches can still be compatible with each
other and a refined theory that unifies both approaches
awaits.

IV. CONCLUSION

We have provided an overview of several recent renor-
malization group approaches that studies the critical be-
havior of the MBL transition. The two major frame-
works, bottom-up block decimation method from well-
established microscopic models and phenomenological
method that provides easy-to-calculate RG flow equa-
tions, though provide intuition that conforms to past ex-
perimental and theoretical finds, have their respective
shortcomings. Thus, it might be necessary to combine
the two frameworks to give a more comprehensive and
justifiable RG rule to the MBL transition.
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