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Abstract

We prove polynomial decay of the mixing field of the Vertex Reinforced Jump Process
(VRJP) on Z? with bounded conductances. Using [22] we deduce that the VRJP on
72 with any constant conductances is almost surely recurrent. It gives a counterpart
of the result of Merkl, Rolles [16] and Sabot, Zeng [22] for the 2-dimensional Edge
Reinforced Random Walk.
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Let G = (V, E) be an undirected graph with finite degree at each vertex. We note
i ~ jif {i,j} is an edge of the graph. Let (W, ;);~, be a set of positive conductances
on the edges, W; ; > 0, W, ; = W, ;. The Vertex Reinforced Jump Process (VR]JP) is the
continuous time process (Y;),>0 on V, starting at time 0 at some vertex ig € V, which,
conditionally on the past at time s, if Y; = ¢, jumps to a neighbour j of i at rate

Wi ;L (s),

where s
Lj(s):=1 +/ Ly, =5} du.
0

The VRJP was introduced by Davis and Volkov and investigated on Z in [6], then on
trees in [4, 2]. In [20], Sabot and Tarrés proved that this process is closely related to
the Edge Reinforced Random Walk (ERRW), and that on any finite graphs, after some
time-change, it is a mixture of Markov jump processes, the mixing law being the first
marginal of the supersymmetric hyperbolic sigma field introduced by Disertori, Spencer,
Zirnbauer [23, 10]. Using the exponential localization result of Disertori and Spencer
[9], it was proved in [20] that on any graph with bounded degree, there exists a value
W such that if W, ; < W for all ¢ ~ j, the VR]P is positive recurrent, i.e. the VRJP visits
every point infinitely often and spends a positive portion of the time on all points (an
alternative proof of the localization of the VRJP was given by Angel, Crawford, Kozma
in [1] using the representation as a mixture proved in [20]). Using the delocalization
result of Disertori, Spencer, Zirnbauer [10], a phase transition was proved on 74, d > 3:
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Polynomial localization of the 2D-VRJP

there exists W (d), such that if W; ; > W (d) for all i ~ j, the VRJP is transient, and also
diffusive for (W; ;) constant and large enough ([22]).

Similar results hold for the Edge Reinforced Random Walk (ERRW) (see [7, 5, 20, 1,
8]). Besides, on 72, a polynomial localization of the mixing field of the ERRW (the so-
called magic formula of Coppersmith and Diaconis) was proved by Merkl and Rolles [15].
By itself, this polynomial localization does not entail recurrence of the ERRW (the
polynomial estimate was used in [16] to prove recurrence of the ERRW on a modification
of Z? at weak reinforcement). However, together with the representation of the VRJP
and ERRW on infinite graphs as mixture of Markov jump processes provided in [21, 22],
it allows to prove recurrence of the ERRW on Z? for all initial constants weights.

The aim of this paper is to provide a counterpart to the result of Merkl and Rolles
[15], i.e. to prove polynomial decay of the mixing field of the VRJP. By [22], it implies
recurrence of the VRJP with constant conductances on Z2, in the sense that any point is
a.s. visited infinitely often by the VRJP. The proof is based on a deformation of the field
by a deterministic harmonic function, it is in the spirit of the proof of Merkl and Rolles
for the ERRW, and earlier than that it takes its origin in Mermin Wagner type arguments
about conservation of continuous internal symmetries and polynomial decorrelation of
some 2D spin models (see e.g. [17, 14, 11, 19] and see [18] for more references and a
discussion about the history of the arguments).

Note: Gady Kozma and Ron Peled also have a proof of similar results, see [12]. From a
discussion with them, we concluded that our two approaches are rather different. We
thank them for communicating an early version of their manuscript.

1 Statement of the results

1.1 The mixing field of the VRJP

We first recall how the VRJP can be written as a mixture of Markov jump processes
and its relation with the first marginal of the supersymmetric hyperbolic sigma model.

We denote by E the set of corresponding directed edges associated with the undi-
rected edges FE (i.e. with each edge of ¥ we associated two edges with opposite
orientations). We denote Z Z

=] (i.,5)€E
the sum on directed edges of the network. For a function v : V — R and for (i, j) € E,
we denote the gradient of v on (i, j) by:

Vuz-}j = Uj o U

Assume V is finite. We introduce the mixing field of the VRJP. For a fixed set of
positive conductances (W; ;)i jjcr, and a vertex ig € V, we denote by Q" (du) the
positive measure on {(u;)icy € RY, u;, = 0} defined by

 (eVUi,j—
W (du) = eye™ s Zims Wi D/ Dy Wou) ([ dus), (1.1)
i#io
[Vi-1
where ¢y = 1/+/27 , and
Dio(Wv U) = Z H Wi,jevw’ja
T€eTi, (3,5)€T

where 7;, is the set of directed spanning trees oriented towards the root (. (The choice
of directed spanning trees with weights ¢“ ~%, instead of e“T% classically, explains that
the integration is with respect to the measure ([[,; du;) instead of ([[,; e™"'du;).)
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The following fact was initially proved in [10] by supersymmetric arguments, then in
[20] by probabilistic arguments and in [21] by direct computation.

Theorem A. The measure Q}" (du) is a probability measure on the set {(u;)icv, ui, = 0}.

For simplicity, we will often write ]EQlo -) for f QW du). The following is a simple
consequence of the previous theorem.

Corollary 1.1. For any iy, jo € V:
E® (e%0) = 1.

Proof. By simple computation, changing from variable (u;) to (%;) = (u; — u,,), we get

that
/ “JOQW du) /QW dua) = 1. O

The following result relates the mixing field QZVX (du) with the VR]JP and was proved in
[20].

Theorem B. After some time change (see [20], Theorem 2 ii) for details), the VRJP
starting from iy € V with conductances (W ;)i~; is a mixture of Markov jump processes
with jump rates 1W; ;e¥i~Ui, where (U;);cv is distributed according to Q)Y (du). More
precisely, we have the following identity of distributions:

EVRJP /L") W du)

where L} #7" is the law of the (time-changed) VR]P starting from i, and EE;L) is the law
of the Markov jump process starting from 7, and with jump rate from ¢ to j ~ 1,

1 .
§WZ’J euj e °

1.2 Main results

We focus now on the lattice Z2 and its restriction to finite boxes. We denote by
Gz2 = (72, Ez2) the usual Z? lattice where {i,j} € Ey: if |i — j|; = 1. We assume that
the lattice is endowed with some positive conductances (W ;)i~;.

For N a positive integer, we set Vi := 72N [-N,N ]2, and denote by Gy the restriction
of Gz» to [~ N, N]? with wired boundary condition. More precisely, Gy := (Vy, E,) where
Vy = Vy U {6n} and Ex are obtained by contracting all the vertices of 7?2 \ Vy to
the single point d (the edges are obtained as the image of the edges of G2 by this
contraction and by removing all the loops created and identifying multiple edges).
The graph Gy is naturally endowed with the conductances (W/¥), . 7, obtained by this
restriction: the conductance of an edge is the sum of the conductances of the edges of
FEz2> mapped to it by the contraction. (See [22], section 4.1 for details of the construction.)
The estimates below are also valid for the free wired boundary condition, but the wired
boundary condition is useful for the application to recurrence. We denote by sz the
mixing field associated with this graph with conductances (W2 )ec &, and simply by QN
when ig = 0.

The main theorem proves polynomial decay of some exponential moments of the
mixing field under Q" (du).

Theorem 1.2. Assume that the conductances are uniformly bounded: W, ; <W < oo
foralli~ j,i,j € Z*. Then, for0 < s < 1, there exists n = n(W,s) > 0 such that for all
N € NN large enough, for ally € Vy,

EQ (e540) < |y| .
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Remark 1.3. An explicit expression is provided for 7, see (2.8).

As stated in Remark 7 of [22], such an estimate implies that the VRJP is recurrent on
72
Theorem 1.4. On the graph Z? with constant conductances on horizontal edges and on
vertical edges, the VRJP is recurrent, i.e. almost surely, the VRJP visits infinitely often
every point.

Remark 1.5. A weaker version of the recurrence was proved for the 2D-VRJP by Bauer-
schmidt, Helmuth and Swan in [3]: their result asserts that the expectation of the total
time spent at the origin is infinite. Their approach is based on a direct relation between
the VRJP at finite time and the full supersymmetric hyperbolic sigma model and by an
adaptation of the original Mermin-Wagner argument.

Proof. The proof of the theorem is the same as the proof of the corresponding theorem
for the ERRW, see Theorem 5 of [22]. In [22], a stationary ergodic function (¢(%));cz2 is
constructed, which is a.s. equal to 0 if and only if the VRJP is recurrent. The polynomial
decay of the mixing field EQ” (e**v) implies that the function ¢ is equal to 0 and thus
that the VRJP is recurrent. O

2 Proof of Theorem 1.2

2.1 An a priori estimate

The proof is based on the following Mermin-Wagner type estimate. This estimate is
valid for any finite graph G = (V, E)) with conductances (W ;)i~;.

Lemma 2.1. Let iy and y be two distinct vertices. Let v : V — R be such that v(ig) = 0,
v(y) =1. For0 < s < 1, let g > 1 be such that s + | = 1. Let ¥ > 0 be such that

1
7|V 4| < 3 Vi~ jin V. (2.1)

Then,
EQYK (e5™) < e Vst L (Wi +1) |V 51

In order to simplify the notations, we will simply write Q(du) for Q" (du) and D(W, u)
for D;, (W, u).

Proof. We start by a simple change of variables.

Proposition 2.2. For v € R we denote by Q" the distribution of 4" := v — yv when u is
distributed under Q(du). We have

7dQ (u) = e% Ei%j Wi,jevui"j (evvw,j _1) D(VV’ U) ,
Qv D(W,u +~v)

Proof. If ¢ is a positive test function, by changing from variable u to @ := u — v,
/ P(u—)Q(du) = cv / b(u— yv)e™F Tims Wea €71 /BT du
cy / ¢(ﬂ)e*% il Wi (eV g trVvig—1) D(W, 4+ yv)du

~ —% Z'i*)j quyjeVﬂllj (e’yvvi:j —1) D(W? ﬂ’ + ,-YU) ~
/¢(U)€ DA Q(da) O
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Let us now prove the Lemma. We have by Corollary 1.1
EQ (evv) = E® (e"v=7) = e TEQ (e™) = e,

On the other hand, by the Holder inequality with exponents ¢ and %

L (d ((AQNNY g e

1/q
L R ((;g)q) 2.2)

(It will be clear later that everything is integrable on the right-hand-side.)
Let us fix 7/ such that

/

v =—=v(g—1).

@ d@)q)_ o d@) _pe d@) 4Q
E ((dQV =k aQ =E aQ Q" (2.3)
Then, by Proposition 2.2

dQ\"" (dQ
() @)

q
Wi’jeVu,in ((qfl)e’yvvaj+e'y/vvivj —q) _D(VV, U)
VDWW, u+ ’yv)qil VD(W,u++v)

We have,

1
= e2 i3

Using that

eVuw ((q _ 1)67va + e'Y/V”w _ Q) — quuiyj—i-.y’Vyi,j ((1 _ l)eq'va,;,j + 1 _ e(q—l)'va,;,j)

since 7' := —y(¢ — 1), and taking the logarithm of the determinantal terms, we get
/ 1 1
24) = exp|2 Z W je¥ i th Vi ((1 — =) Vi 4 — — e(ql)vvvi’j>
2~ q q
i—j
q 1 1 ’
exp | lnD(I/V,u)—(1—g)lnD(VV,u—F'yv)—glnD(VV,u—F’yv) .

Let us consider the first line of the last expression: we make a second order expansion
of the term (1 — 1)e?7V¥is 4 L — ¢(4=1)7Vi5, The constant term vanishes, and the first
order is

1
(1- Q)LWVUM —(¢—1)7Vu;; =0

Hence we can bound by Taylor expansion:

(1 _ l)eqvvvi,j 4 1 _ 6(11*1)’Yvw,j

= %(qvvvi’j)z(l - é)emlvvi'jl + %((q — 1)7|Vu; ) %ela= DIVl
< ¢* Vo PVl
< 2¢29%|Vu ;2 (2.5)
1
= 2 (2.6)
ECP 26 (2021), paper 1. https://www.imstat.org/ecp
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where (2.5) and (2.6) comes from the fact that ¢v|Vv; ;| < ¢*y|Vv; ;| < % by assump-
tion (2.1), and that ez < 2.
Concerning the second term we will use the following lemma.

Lemma 2.3. The application v — In D(W, u + ~v) is convex.

Remark 2.4. The property was already remarked in [10], remark 2.3, and a similar
statement was proved in the case of the ERRW, see the proof of Lemma 6.2 in [16].

Proof. Remind that 7;, is the set of directed spanning trees oriented toward i,. We have
Vi j+7Vvi
ZTeTiO (H(i,j)ET T ’]> (Z(i,j)ET V'Ui,j)
Yorer, Hager WigeV Ve
2
82 ZTeﬁo (H(i,j)ET Wi,je wi,j+yVou ,J) (Z(i,j)ET V'Ui’j)

— In D(W, u + yv) — S
2 ZTeﬂo H(i,j)eT Wi jeVusitaVois

2]
doreT, (H(i,j)eT Wi,jevui"'ﬂvvi'j) (Z(i,j)eT Vvi,j)

ZTeTio H(i,j)ET Wi jeVunitrVve

3}
—1InD
37n (W, u + yv)

2

We denote by M (W, u + yv) the probability on the set 7;,, which gives a weight
H w; jeVui,jJr»va,;,j’
(:,4)€T

to a spanning tree T' € T;,, suitably normalized. We denote by Var w,.+~.) the associ-
ated variance. With this notation, we get,

82
6‘772 In D(W,u 4 yv) = Var pw,u-~v) Z Vo ;| =2 0. O
(i,4)€T

As a consequence, since (1 — 1)y + 7 = 0, we have

1 1
(1—-=)InD(W,u++v) + —In D(W,u+~'v) — In D(W,u) > 0.
q q

Hence by (2.4) and (2.5)

dQ \"' / dQ q
(dQv> <de () S exp | 5 Y WigeV o7V (2079 Vg )

i—J

Hence,

= (@) (&)

1 ,
= v /eXp —5 > Wi (<1 = 2¢°72| Vv 5 |?)e¥ stV 1) VDWW, u+7'v)du
i—J
< Xins Waad Vel /eXp _% > Wi (evui‘jﬂlwm - 1) VD(W,u+~"v)du
i—J
with
. . — 3.2 2
Wi = Wi;(1=2¢°y"[Vui;]7)
ECP 26 (2021), paper 1. https://www.imstat.org/ecp
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Remark that by assumption, we have 2¢3v?|Vuv; ;|> < 2(¢%*y|Vv; j|)? < 1, we have

1
Wij 2 5Wi; >0,

hence the measure QW Q defined by (1.1) with conductances (Wi’j) is well-defined
as a probability. Changing back to coordinate @ = u + 7'v we get that

o () ()

1 ~ .
< eXini Wi,quwz‘v'l/i,jlzcv/exp -3 ZWW (evm,j _ 1) V' D(W, 2)da
1—7
= Z‘L*}] ‘Jq Yy ‘V’U / WU QW
W )
Now, since 2¢3v%|Vv; ;> < 2 and (1 - h)" ' <e?"if0<h <1,
D < 232v44271< 2 232v442
D(W H 7| Vvil°) = exp Z 7’7"V
U {i.j}eE {i,j}€E
< exp 22q372|vvi,j 2

— 7
It follows that

, q—1 1/q
EQW <<;0§> (dcfg%» Sexp | 3 (Wi + 1)y Vo[

]

Together with (2.2) and (2.3), it concludes the proof of the lemma. O

2.2 Back to the Z2? lattice

We assume in this section that the graph is the graph Gy = (VN,EN) defined in
Section 1.2. We will apply the previous lemma in the case where i = 0 and y € Vy.

The next step to conclude the proof of Theorem 1.2 is to construct a good function
v which satisfies the hypothesis of Lemma 2.1 and with a good control on its {> norm.
We denote by £ the Dirichlet form on the graph Gy with conductances 1 defined for

f:Vy— Rby
1
=3 > Vil
i—J

Let v be the harmonic function between 0 and y € Vi, y # 0, for constant conductances
1:

v(0) =0,

v(y) =1,

Djjee VU2 =0, V2E€VN, 2#£0, z#y.

By definition
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where R(0,y) is the equivalent resistance between 0 and y for the graph Gy with unit
conductances. Classically, by Nash-William criterion, there exists ¢y > 0, independent of
N and y, such that

R(0,y) > coln [y|oc

see e.g. [13], formula (2.7) Section 2.4 taking the annuli between 0 and y as cut-sets.
(Note that we can take ¢y arbitrary close to 1/8 for |y|. large enough, since [13],

formula (2.7) implies that R(0,y) > Z‘,ﬂ"ffl m ~ £ Iny|o.) Moreover we have,
div(V0)(2) = - (Log — 1.y
1v v = z=0 — 1z= )
R(0,y) Y
where div(Vv) is the divergence of Vv defined by div(Vv)(z) = >_; ., Vv, ;. This

implies that R(0,y)Vwv is a unit flow between 0 and y, in fact it is the current flow, see
[13] Section 2.4. In particular it implies, by [13] Proposition 2.2 and exercise 2.37, that

R(0,y)|Vvi 3] <1, Vi~
Take
1

= R(0 ith 4 <
v=7R(0,y), wi =i

(2.7)

7 to be fixed later. We have that

v¢* Vv | = 3¢°(R(0, y)| Vv ) <

N | =

and v satisfies the hypothesis of Lemma 2.1. Hence, we can apply Lemma 2.1 to v and v:
since W; ; < W forall ¢ ~ j, we get
EQ (e5%v) < e~V (WHDE(ww)  _ —R(0,)7s+272R(0,y)%¢* (W+1)E(v,v)

e—R(Ow)(&s—%?qz(WH))7

since £(v,v) = 1/R(0,y). The infimum on # of the right-hand side is obtained for

S 1
V= — < —
TRt S 2

Choosing v as above, it satisfies the condition (2.7), so that we get

_ s2 __ cqs?
EQ (esuy) <e R(an)ng(WJrl) S e 82 (W+1) 1n\y|. (28)

Taking n(s, W) := ﬁwfﬂ) concludes the proof of the lemma.

Remark 2.5. Note that when W — 0, we cannot get an arbitrary large exponent 7(s, W).
This is rather surprising since, by a different argument, at small W it is known that the
field is exponentially localized (see [9]). The same phenomenon appears in the proof of
Merkl and Rolles of the polynomial localisation of the mixing field of the ERRW (see [16]),
where a Mermin-Wagner argument is also used. This is what prevented them to prove
recurrence of the 2D-ERRW at strong disorder. Indeed, without extra considerations,
one needs an exponent 7 at least larger than 1 to get recurrence.
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