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Abstract

The last two lectures construct the massive ®4 measure on the three-dimensional torus with
the forward-backward equations of Lecture 4. In this lecture we set up the problem. For
the mass regulator the Polchinski process of Lecture 4 is a noisy observation of the terminal
field, and its forecast is the posterior mean; this gives an exact FBSDE at every lattice cutoff.
Its backward half is the force equation of Lecture 4 in the forecast coordinate. We cannot
solve that equation, so we construct an explicit approximate force and write the exact FBSDE
in the coordinates it defines: the approximate forecast Y and the error Z. The error is driven
only by the failure of the approximate force to solve it. We explain why the approximate
force needs two renormalisations, in two senses: a linearly and a logarithmically divergent
mass counterterm, and two correction steps beyond one loop, which make the defect integ-
rable in the backward equation. Finally we identify the large-field problem: the construction
only controls fields of size r,=(q/A)"/?, and must be extended to all fields without losing
coercivity. The price is an error that is not small but lives on large fields. Lecture 7 controls
it by a priori estimates on the FBSDE and removes the cutoffs.

The results presented in Lectures 4-7 were obtained recently, with the use of Al, in col-
laboration with Sarah-Jean Meyer.
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Introduction

Lecture 4 formulated a programme ((7.7) and Figure 7.1): solve the FBSDE
to- to.
@i = [ QFods+ [ QI%dW,,  Fi=E/([-DVi(®n)],

with a renormalised interaction V7, with estimates uniform in the ultraviolet cutoff, and take
the limit. For ®3 the force F; is not expected to converge to an integrable terminal value, and
the naive estimates of the force diverge (Appendix A.2 of Lecture 5). In these two lectures
we carry out a version of the programme on the unit torus T°. The guiding principle is the
one of Section 8: do not estimate ® and F directly, but pass to the forecast coordinate, in
which the forward equation has no drift and the tree diagrams have been integrated exactly.
Section 10.6 shows on one site what goes wrong with a frozen cube, and what integrating it
gives: this motivates the form of the approximate force.

The plan. Figure 10.1 gives the plan: this lecture builds the approximate force F; Lecture 7
does the estimates and the limits. The emphasis is on the structure of the argument. We
give complete proofs of the identities and of the scalar models of the estimates, and only
describe the tensor estimates on the lattice. The point of view is that of [BCG26]; for other
constructions of <I>§‘,‘ see [G]73, FO76, BFS83, BG20, GH21].

What is proved. Theorem 10.2 holds for every coupling, every reference mass o> 0 and
every finite part r of the counterterm, on a fixed torus, with no smallness, and for an explicit
counterterm whose finite part is arbitrary. Section 18.7 lists what is not proved. Detailed
proofs of what these lectures cite or condense are in the Supplement.

The reference mass. The number gy >0 is not an additional regulator: it is the squared
mass m?= qo of the Gaussian reference C=Cy,= (g0 — An) L It must be positive even on the
torus, where there is no infrared problem at large distances, because the constants are in the
kernel of —Ay;, so that (—Ay) ~! does not exist. The counterterm cannot supply this positivity,
since its finite part r is an arbitrary real number, negative values included. The measure vy
depends on gp and yn only through g0+ yn, so the two parameters are redundant: one may fix
go once and for all, for instance go=1, and let r be the free mass parameter. The number g is
also where the scale starts: the Polchinski process runs over g € [go, o) and vanishes at g =gqg
(see (10.7)).
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One auxiliary scale. The expansion of the force needs g, small, and this happens above
an auxiliary scale g, >1, depending on A, o and on the finite part. Below it the coefficients
are frozen (Section 12.4), so the force, the system and the results hold at all scales, and no
statement about v depends on it.

Acknowledgements. The results presented in Lectures 4-7 are joint work with Sarah-
Jean Meyer, obtained recently with the use of AI. M. Gubinelli is partly supported by UK
Research and Innovation via the grant “StochFields” EP/Z534328/1 and by the Simons Col-
laboration on Probabilistic Paths to QFT. S.-J. Meyer is supported by the grant “StochFields”
EP/Z534328/1.

10 The problem and the exact FBSDE

10.1 Lattice, scales and notation

Let N be an odd integer and Ay = (N ~17./7)3 the periodic lattice of mesh N ~1in the unit
torus. Let Hy = RN with

(u,v):fuv, ff::N_3 Z f(x),

XEAN

so that the volume is 1 and integrals approximate continuum integrals. The nearest-neigh-
bour Laplacian is Ayu(x) = N? 2?21 [u(x+e;/N)+u(x—e;/N)—2u(x)]; we usually drop the
index N. A kernel C (x,z) acts by

Cu(x)= f C(x,z)u(z)dz,

so the identity has kernel N 31—, and

TrC= [C(x0dy,  (diag))()=C(x,x),  IClow=sup [ IC(x,2)ldz.

The row norm ||Cllsow is the largest L' norm of a row of the kernel. It bounds the operator norm
on L%, and for a symmetric kernel on every L, 1 <p < oo, by interpolation: ||C llp—p <ICllrow- My

is multiplication by f, and K+ A y2 means K +/\Myz. For a functional F on Hy, DF, D2F, D¥F
are its gradient and derivatives, as in Lecture 3. |[ull, is the L norm for the measure .

The resolution parameter. Lecture 3 used a general covariance profile. Here we use the
mass-regulator profile of Exercise 8.8 of Lecture 4: with m*=ggand t >0,

1 B 1
|k|2+qo |k|2+6]0+ 2’

Rt: tz.

Qi(k) =
It is convenient to parametrise the resolution by the squared regulator mass

q:=qo+1t>E[qo, ).
Set
K,==q—Ay, Co=K7 1, C:=Cyy=(m*—An)~L. (10.1)

In the notation of Lectures 3—4, with T = co and using ¢ instead of  as the resolution variable
(so Q now means 9;Q;),

Q=C-C,  9,Q,=C3, Q'2=C, S,=C;, Ry=q—q0, RR,=1. (10.2)
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So C, is the covariance of the scales not yet resolved, and K,=S;" is the precision of the
posterior at resolution g under the free prior . The main properties of C, are elementary.

Lemma 10.1. (Free resolvents) For q>qo (constants depend on the lower bound only for scales
below one), uniformly in N: C; has a nonnegative kernel,

Cpl=q7"1,  ICllp—p=9"" for I<p< o, (10.3)
and
ax(q) = (CH(x,x)=TrC;<q Y*AN3q72,  TrC,SNAN?g~. (10.4)
For ye Hy and A >0, the killed resolvent
Gy(y) = (Ky+Ay*)
satisfies

0<Gy(y) (x,2) <Cy (x,2).

Proof. C;= [~ e "e*Ads and e** is the transition kernel of the lattice random walk. This gives
positivity and the row sums. Killing the walk at rate A y? gives the comparison for G4 The

symbol of —Ay is comparable to |k|*> on the centred frequency cube n € {—%, . ,%}3
(symbol 4NZZZ. sin?(7tn;/N), with k=2mn), and
Y g+l 72<C [ o (@ kD) 2dk=Cq 2,
k
Counting the N° modes gives the other bounds. O

The bubble ay(q) is the coincident-point variance of the shell at resolution g:
9;Var(X,(x)) =ax(q)
for the free field at resolution g, and

fqo a=Tr Cyy=N

is the divergent variance of the lattice field.

10.2 The cutoff measure and the goal

Fix A > 0. The interaction and the lattice measure are

A —VN(9)
up=5[¢* Vg =Up+EE [¢? I/N(dgo):eZN 1C(dg), (10.5)

where 3 is the centred Gaussian measure with covariance C = Cyoon Hy, and py€ R is a
mass counterterm to be chosen. With this normalisation D? Uy) :/\Myz: the coupling is the
curvature of the interaction, which is why we write A /12. In Lecture 4 we wrote the interac-
tion as

A
ﬁfH4((/7;CT)+’)’TfH2(§0;CT);

the coupling is the same, and the Wick ordering is now part of uy. For every real uy, vy is a
probability measure with all moments, since the quartic term dominates.
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Theorem 10.2. (Main result, informal) Let A >0, g0>0,r€R, and

— 2 2 8
un=r=ATrC+3¥ [ C°.
Then:

a) the laws vy, embedded in H =S(T3), s> %, converge along the whole sequence to a measure
v, and v is an explicit density over the explicit flow from Yg,=0 (Theorem 18.5);

b) the forecast processes converge in law, along the whole sequence, tested at each scale and
jointly with the terminal field, to a solution of a forward—backward system on [qo, o),
Y;,=0, driven by a cylindrical Brownian motion, whose terminal value has the law v; the
forecast is 1, =my(Py) with my continuous (Theorem 18.6);

c) v has a renormalised variational formula (Theorem 18.12), and it satisfies the integration
by parts formula of Theorem 18.8, in which the renormalised cube appears only tested in
expectation, and it has quartic exponential tails for tested fields.

The bounds that prove (a) and (b) are uniform in N: this is UV stability. They are bounds on
the error Z of an approximate forecast, defined below. We now set up the exact FBSDE at fixed
N.

10.3 The Polchinski process as a filter

At fixed N everything in Sections 7-8 of Lecture 4 is a theorem. We need it in the profile
(10.2), where the regulator is 4 — g9 and the terminal resolution g = co.

Proposition 10.3. (The Polchinski process) At every fixed N, the Polchinski process of The-
orem 7.3 of Lecture 4 starts at Oy =0 and solves

d®,=CiF,dg+C,dW,,  F;=E;[-DVn(®Pu)], (10.6)
where W is a Brownian motion on Hy, E; is the conditional expectation given Fp=0(Ps:s<q), and
D; > D ~vnasq— oo (by (10.7) below; see the proof of Lemma 16.1).

Proposition 10.4. (Filtering) At every fixed N, by Proposition 7.7 of Lecture 4:

a) the Polchinski process is a noisy observation of the terminal field: there is a Brownian motion
B on Hy;, independent of @, with

q)q: (q_qO)qu)oo+Cqu—qo} (107)

b) the forecast ;= E;®o = @y + CyF,; is a smooth function of @y, 1, =my(Dy), with Dm,=
Cov,K,; invertible, where Cov,=Cov( qDoon:q) >0;

c) W is the innovation of the filter, and

dy, = Cov,dW,. (10.8)

Proof. In this profile ;= (4 —q0)C; and S;=C,, so (a) is the bridge (7.14) and (c) the filter
equation of Lecture 4. For (b), the conditional law of ® is vy tilted by exp({K;®,, ¢) —
q_zqollq)ll%) by (7.16): an exponential family in K,®,;, whose mean has derivative the covari-
ance. O
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The noise of the forecast is the conditional expectation of the bridge noise: taking E, in
(10.7),

wWy= K@y = (9= 90) 5= Eq[By—g,],
a function of the field, w,; = w,(P;) with w,(x) = Kzx — (9 —go)my(x). It is the noise of the field

equation of Lecture 5 in this profile, and it is sub-Gaussian whatever the interaction (Propos-
ition 9.6 of Lecture 5, Lemma 13.2 of Lecture 7).

10.4 The exact force in the forecast coordinate
By Proposition 10.4(b) the map &, 1, is invertible, and we define the exact force in the
forecast coordinate J;, (not to be confused with the filtration) by

Q=+ CoFg(py), e K@= Kghy+ Fo(ipy). (10.9)

So F;= —Iq(tpq), the force of Theorem 8.2 of Lecture 4, and the second form is the field equa-
tion in the forecast coordinate. We write CtrgT for the contraction of two slots of a tensor T
with a kernel E, and H7*(y) = (K; + D?iq(y))_l.

Proposition 10.5. (The force equation with a mass regulator) At fixed N, J; is smooth, DJ:,
is symmetric, K, + DJFg>0, and

1 X
9 Fq(y) + ECtrH?(y)ZDZIq(y) =0, Cov,=Hg™(¥y)- (10.10)

Proof. Differentiating (10.9) in ¢ and using Dm,=Cov,K, gives K, +DF,(1,) = Covq_l. Apply
It0's formula to @, =1, + Cy 74 (1) with (10.6), (10.8) and dC,= —Cg dg: the martingale parts
agree, and the drifts differ by C, times the left side of (10.10). At fixed N the forecast has full
support, so this holds for all y. O

This is the derivative of the Wetterich equation of Lecture 4 (Exercise 10.1). It is an iden-
tity about the unknown vy, not a construction. But since

dy, = HX(yy) dW,,

an approximate force gives approximate forecast coordinates, with an error governed by how
badly it fails to solve (10.10).

10.5 Approximate forecast and error

Let ﬁq be, for g > g0, an odd map on Hy, continuous and piecewise smooth in g and y, with

Dﬁq symmetric and K + Dﬁq > ¢4l with ¢;> 0. Define the approximate response, the force
defect and its drift

Hy(y):=(Ky+DFy(y) 7Y,
- 1 -
Dy(y): =0T 4(y) +5Clryy 2D Fy(y),  by(y):=~Hy() Dy(y). (10.11)

The defect is the failure of F to solve (10.10). The map y—y+ qu_:q(y) is a bijection of Hy.
Define the approximate forecast and the error by

Y+ CoFq(Y) =@y, Zg=tp;—Y, Eg=Cov,—Hy(Y,). (10.12)
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Equivalently Y; solves the approximate coordinate equation

K@, =K, Y, + Fo(Yo),
which is (10.9) with F in place of F. If F=TFthenY = ¥, Z=0,D=0and b=0.
Theorem 10.6. (The FBSDE in approximate forecast coordinates) At every fixed N,

AY,=[by(Yy) + Hy(Yy) Z,1dq + Hy(Y,) AW,

" (10.13)
dZ,=—[by(Yp) + Hy(Yy) Z,1dg + B, dW,,

for q=qo, and Y + Z = is the martingale [ Cov dW.

Proof. Y; is a smooth function of (g, ®,), so it is an It6 process, dY =dgq+AdW. Apply
Ito's formula to Y + CJr4(Yy) = ®,, with (10.6) and dC, = —C; dg, and multiply by K,: the
martingale parts give (K + DF)A=1,s0 A=H, and the drifts give

(K+DJF)B=CF+CF(Y) - Bqﬁ—%CterDzji: y—Y-D,

since CF=9—&® and Cj_i(Y) =®-Y. Hence f=H(p—Y — D) =HZ+ b, which is the first
equation. The second is dZ=dy—dY and (10.8). The computation uses no initial value. At
the reference scale ®,;,=0, so Y;,=0 by oddness. O

Remark. (Canonical coordinates between Polchinski and Wetterich) The construction is an
exact change of coordinates for any admissible F, whether or not it approximates the exact

force. Symmetry of its derivative gives a primitive J,= DI, Set

1 = .
Wy =5y, Ky +L,(y),  jg=K;Py.

Coercivity makes U, strictly convex, and the coordinate equation is j, = DU, (Y,), or Y, =
DU (j;), where Ul is the Legendre transform. At fixed g, regard j, ¢ as conjugate variables
and put P=H,(Y) —1Z. Then

(,dj) =(P,dY) +d(W; ().

Here the differentials are in phase space, with the scale held fixed. Thus (j, ¢) — (Y, P) is
canonical; its type-two generating function is

The primitive of ¥, together with the Gaussian quadratic term, therefore determines the
canonical change. The conjugate momentum is P=H~'Z, rather than Z itself. For F =0 one
has Y=®, H=C and Z=CF: the forward equation is the Polchinski equation. For F = F =
DI one has Y =1 and Z =P =0: the prediction field is a martingale with the exact Wetterich
response. Intermediate choices are equally valid; for example [=6r,0<0<1, preserves coer-
civity since K+ 0D’T = (1—60)K + 8(K + D’T') >0. Moreover,

=1
D,=D(yf; - ETqu) .
The defect measures the failure of the chosen potential to solve Wetterich's equation, up to
a field-independent normalisation. The error also depends on terminal data: the zero choice
has zero defect but generally nonzero Z, and need not satisfy the stronger terminal matching
used below.
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Reading (10.13). The equation for Y is forward and explicit, once Z is known: its coefficients
b,H are deterministic functions built from F. The equation for Z is backward. Its terminal
condition is not imposed but proved: if J;, matches the bare force as g — oo, then gZ, -0 at each
fixed N (Lemma 16.1). Its only source is the drift b, i.e. the force defect, transported by the
propagator exp [ H. So:

UV stability means that the explicit force ¥ computes the forecast up to an error Z which is small
uniformly in N.

For this we need: (i) a force defect ) integrable against the backward propagator, which is

a deterministic renormalisation problem (Section 11); (ii) global coercivity of F, so that Hy(y)
is a good noise coefficient for all fields (Section 12); (iii) a priori estimates for the coupled
system (Lecture 7). Figure 10.1 summarises the logic of the two lectures.

Renormalisation
seed + 2 corrections,
mass path (§11)

Clipping: global Exact FBSDE for
coercivity, ComFlete (Y,Z) at fixed N
drlft b = b + bl (§12) (Theorem 10.6)

Forward Coerc1v1ty. Backward representation:

large fields | by

noise tails +E (L7)

AN

energy E by B,
boundary, %2] (L7)

Boundarv 7. — 0 Limit FBSDE, terminal law,
ary 424 DS identity; explicit density,
at fixed N (L7)

variational formula (L7)

UV stability:

SUPN]EHZq||2 < g2
Figure 10.1. The structure of the construction (E, J: the energies of Lecture 7). The two arrows between
the forward and backward estimates form the closed loop of Lecture 7: neither estimate closes on its own.

10.6 Why the Polchinski expansion is not enough

Before building the approximate force, we test on one site why it is written in the forecast
coordinate. Lecture 4 gives two exact descriptions of the flow: the Burgers equation for the
force F at the field ®, and the force equation at the forecast (. We use the second, here and in
Lecture 7. The first looks more economical, and the following programme is natural:

1. Keep the bare cube —%g03 unclipped, so that the approximate force stays coercive at all
fields.

2. Expand the rest of the force in perturbation theory and clip only these higher orders.

3. Pay for the clipping in the source of the equation for the remainder R =F — f, using the
a priori estimates.

No change of coordinates would be needed.

Here we test the programme where everything can be computed: on one site. There is
no spatial structure and no renormalisation, so whatever goes wrong has nothing to do with
divergences.

Conventions. As in Exercise 10.4: N=1, A=0, K;=4q, V(p) = 12gp and rg= (q/)x)l/2 We
write §=C,;=1/q for the remaining covariance, and x for the value of the field at resolution g.
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The exact force is linear at large fields. The exact force is the conditional mean of the bare
force,

A
F(x) = —7ExY°,

A
—pY' -3’

where E, is the expectation for the probability density proportional to e . It solves
the Burgers equation
BqF+%SzF”+SZFF':O. (10.14)
Let m,(x) = E,Y. Integrating by parts in y gives
A
Fa(x) = =3 ExY®=q(mg(x) - x). (10.15)

This is Proposition 10.4(b): the posterior mean is the forecast, i, = m;(®;). So F; measures
how far the forecast lies behind the field.

Lemma 10.7. (Posterior mean) For all x and g,

[ ()] <2(A/3) V4 +2(3glx| /A) 13,
Proof. Integrating the derivative of y times the density gives

%]EXY4+ gE Y2 —gxE,Y=1.

With M = (E,Y*)!/* this gives
%M‘* <1+qixIM,
and Young's inequality gives

%Mk 14 (gl *3(24/3) 113,

Finally |[m | <M. O
Therefore, by (10.15), the two regimes of the force are

3

F,ﬁx)—»—%x (fixed x,g > ),  Fy(x)=—qx+O(x|'/3) (fixed g, [x| > o0). (10.16)

The limits cannot be interchanged. The crossover is at |x| ~ r;, where the cube equals the

Gaussian restoring force: 3 rs ~qr,. Beyond it the force is linear, because convolution with
a Gaussian of variance S cannot produce a force steeper than x/S.

Proposition 10.8. (The remainder of a frozen cube) Let

A
fx)= —3 3+ fi(x)

with f1(x) = o(|x]?), for instance linear terms plus bounded clipped corrections. At every fixed q, the
remainder R, =F,;— f satisfies
3R4(x)
Ax3

-1 (]x]— ).

So no estimate can make R a small fraction of the retained cube uniformly in the field.
The cube in R is not a new counterterm, since there is nothing to renormalise here. It is the
compensation for having frozen the leading term of a force that does not stay cubic.
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The field equation does not see the cube. The field equation (18.20) of Lecture 7 on one site
is

qoPq=J4F (D) + wy,
where J;= (g —qo) /q. Its noise is the conditional expectation of the bridge noise, so

Eexp (hew,) <exp((q—qo)h?*/2)

whatever the interaction (Lemma 13.2 of Lecture 7). With the frozen cube f = —% x> the equa-
tion looks coercive:

A
qox + ]‘f§ x3= JaRq(x) + wy(x).

But by Proposition 10.8, J;R, cancels the cube on the left side at large fields. Inserting (10.15)
shows what is left:

qx=(q—qgo)mg(x) + wy(x). (10.17)
There is still confinement, but it is linear, and it comes from the sublinear growth of m,.
Proposition 10.9. (Tails on one site) Ifq2 =8A, then [mg(x)| < %le for |x| =1, and for R>7,

qZRZ

P(|q)q| =R) <2€Xp(—m

).
Proof. The mean m has the sign of x, the density being an even density tilted by e™V; by
symmetry take x>, so that Ax?>¢. Jensen's inequality in the identity of Lemma 10.7 gives

m(%m3+q(m—x)) :%m4+qm2—qu<1.

If m> %x, then, as (9/10)3/3 > 6/25, the bracket exceeds x(%/\x2 — %) > S—Zq X, so the left
7

2 2
side exceeds % “=54 x2> % > g7 >1, a contradiction. Hence, by (10.17), |wy(x)| = glx| — (9 —

qo)%lxl > %le. On {|®y > R} we therefore have |wyl > g R/10, and the sub-Gaussian bound
P (Jw,l > a) < 26~/ 2W=00) with g = gR /10 concludes. ]

At R=r, the exponent is at least qz / (200A4). This estimate treats the combined restoring
force through the posterior moment. It never uses the cube as a coercive term against a
remainder regarded as a source.

Remark 10.10. (This does not transfer to the lattice) With a linear term ay in the force,
Lemma 10.7 acquires the term (3(q+a)_ /A2 On the lattice the bare mass makes a diver-
gent and negative, so this elementary moment bound is not uniform until the renormalised
cancellations have been built in. The scalar tail bound is therefore not an independent input
for the field theory.

What clipping does to the Burgers equation. Fora force f put D;=d,+ %528?{ andlet E;(f) =
D,f + Ssz "be its Burgers defect, so E;(F;) =0. Perturbation theory solves

Dfi=0, Dgr=-S*hf1’,

2
with f1= —%(x3 +3Sx), the cube and its Wick correction, and f, = %S x°+ ..., the first tree.
Keep f1 unclipped and clip the correction: f“= fi +Cf, with Cfo=1;'"- f,0x,, the clip x, of (12.1)
below, a smooth odd map equal to the identity for x| <7, and constant for |x|>2r,. Then

E;(f9)=(1—-0)S*ifi’'+ Dy, Clf2+ S*(fiCf) '+ S*CH(Ch) . (10.18)
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Without the clip only the last two terms, of higher order, would be present. The clip reintro-
duces a defect at exactly the order that f, was built to cancel. For |x| > 2rg we have Cf,=0, so
f¢= f1, and the Burgers defect is exactly

2
Eq(x) =S*f1(x) f1'(x) :%Szx5(1 +0(S5/x%). (10.19)

This is the price of the clipping. At the edge of the clip it is of order (g/A)'/2, which is not
integrable in g, so it can only be paid through the small probability of reaching the clip. Along
the exact process d®,= SZFq(CIDq) dg+SdW,, Ito's formula gives for R;=F;(®;) — ﬁf(cbq) the
equation

dR;=—[Eg(Pg) + S*(f) (PR, dg + EF AW (10.20)

The transport term has a favourable sign at large fields: (f©)'= —A(x%+S) for |x| > 2rg, which is
the dissipation one hopes to use (near the clip the sign fails: on the ball the quintic takes over

beyond |x|~0.77r;). But at large fields the bracket is %ZS x> —AS%’R, and for the true R ~ % x3
the two terms cancel at leading order. The source and the dissipation are the same quantity,
so estimating them separately gives nothing. To close, one would need, for instance, a signed
estimate that retains this cancellation, or a tail bound for ® obtained independently of R. On
one site Proposition 10.9 is such a bound: the probability of reaching the clip is at most of
order exp(—cg?/\), so in expectation the source is exponentially small, and the frozen cube
is not ruled out there. But that bound comes from the posterior moment, and by the remark
above it does not transfer. The field equation alone cannot replace it, since its restoring force
is the cube and R together, which is what we are trying to estimate.

Going further in perturbation theory does not help: any finite depth of expansion leaves
the same structure (Exercise 10.6), and we shall see in a moment that the series of trees stops
converging inside 7;.

Integrating the cube. The term responsible for all this is the nonlinear transport in (10.14).
So solve it exactly: let f; solve the Burgers equation without diffusion,

of +S*f'=0, fuol(x) :—% x5, (10.21)
The characteristics give the solution in closed form.

Proposition 10.11. (The integrated cube) For x€ R, let y=y,(x) be the unique real root of gy +
%yg’ =qx. Then the solution of (10.21) is

A
f7(0) =—§yq(x)3=q<yq<x) —x), (10.22)
and it has the following properties.
a) Variational form. y,(x) is the minimiser of %y‘l + %(y —x)2% and f;=—V, for the minimum
value V,(x).

. A . 1 Gk A
b) Small fields. f,(x) = qZDI (_S_q)kckx2k+1 with Ck=2k—+1%, s0 f, = -

40 o . . . 2
752x7+ ... This is the sum of the tree expansion. Its radius of convergence is |x| =37,

/\2
X3+ ?S x5 —

¢) Large fields. %Iyl3 <qlxl, so fo(x) = —qx + O(IxI'/3) at fixed g, as for the exact force, and
fi= —Ay?/ (1+Ay?/q) <0 forall x.

d) Defect. f, fails to solve Burgers by the diffusion term alone, which is q times the drift of Exer-
cise 10.4:

1 r’ _
Ey=55 (0 =qby(ys(0),  byy) ==Ay(q+Ay")~>. (10.23)
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Proof. Differentiate x =y + % Sy>withd=1+Ay?/q:y' =1/d, 9sy = —% v3/d, f'=-\y?/d
and f" =-2Ay/d® Hence osf :%ZyS/d = ff', which is (10.21) as 9, =—5%9s. For (a), the
stationarity condition is %y3 +q(y—x)=0. For (b), use Lagrange inversion on y =x — % S y3;
the nearest singularity is where d =0, that is at y = +ir;, x= i%irq. Finally (c) and (d) are read
off from the formulas, since d =1/ (qH,(y)) with Hy(y) = (¢ +}Ly2) -1 O

Item (b) explains why the depth of the expansion is not the issue. The tree series has the
same complex singularity y = +ir; as the one-loop seed (Section 12.1 below), and its trunca-
tions at even k point outward at large fields.

The defect is now bounded for all fields, and it gives a global estimate.

Theorem 10.12. (Global error of the integrated cube) Let C, =3sup.|z|(1 + 322)73, 50 C,. < %
Forall >0,

A
sup [F4(x) — fo(x) gzc*(ﬁ)l/z. (10.24)

xeR

Proof. Use S=1/q as time, starting from S=0. Subtracting, R =F — f solves the linear problem

CR=f", £=ds—30—Fo,—f', Ro=0.
The zeroth-order coefficient has the good sign, as —f ">0. Withz=(A5/3)V Zy, the source
obeys %lf”| < C*(%)l/z, which is integrable at S=0, so ¥(S) =2C.(AS/3)1/? satisties £8 >
%l f"I. To apply the maximum principle on the line, takAe X= e¥(1+x%. Then £x 20, since
6x°<3(1+x* and xF(x) <0; the last holds because F = —EIEXYS, and E,Y?has the sign of x, the
density being an even density tilted by e?’. Both F and f grow at most cubically, uniformly
for bounded S: |f] < %le3 since [y| < |x|, and %]EXY6 + q]E,CY4 — qxIExY3 =3E,Y? gives E,Y*<
(Ix| + (3S)1/2)4 up to constants, hence |F| < CA(Ix® + 53/2). Also R is continuous at S = 0, since

the posterior concentrates at x. So ilA{ — 0 —¢ex isnegative on the boundary of a large cylinder,
hence inside it. Let the cylinder grow and then ¢ — 0. O

inward force /(qry) remainder /(qr,), log scale

2
— frozen cube §x° 10

= exact force F;

|Fy + 4x°

6 - - . integrated cube f; 10!
qx
]0()
4 bound, Theorem 10.12

10
2 ,
10~*
1073

1 2 3 4 5 6

,\‘/7'17 x/]‘q

Figure 10.2. The force on one site, for A =3, g =4. Left: the frozen cube leaves the exact force at x ~ 7, while
the integrated cube follows it at all fields: the two curves coincide at this scale, their difference being at
most 0.06 in these units. Right, on a logarithmic scale: the remainder of the frozen cube grows like the
cube itself, while the remainder of the integrated cube stays below the bound of Theorem 10.12. The dip
of the frozen-cube curve at x ~0.787, is a sign change: the remainder is negative at small fields, where the

Wick term —AS x dominates, and positive at large fields, where it approaches %x3.
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The integrated cube is the forecast coordinate. The equation gy + % y>=qx, atx= D, is
the coordinate equation of Exercise 10.4, so y,(®;) =Y;. Equations (10.15) and (10.22) then
say that F, — f,=q(m;—1y,): the remainder is K;Z,, and the error Z of (10.12) is the posterior
mean minus the posterior mode. By (10.24), on one site |Z,| <2C.(A/ 3)1/ 25-3/2 surely, for all
tields.

Why the forecast coordinate has no such problem. In the variable y the bare cube does
not flow at all: all the trees of (b) are contained in the map x —y. The second term of (10.10)

is a loop, and the defect Dy(y) =Ay Hy(y)? of Jy= % y® is bounded by A/273/2 for all y. This
is why Section 12.2 below can leave the cube untouched and clip only the corrections: what is
clipped consists of loops, not of trees whose large-field sum is forced to change the growth of
the force. This removes the frozen-cube problem specifically: the clipping error of Section 12.3

below is still there, and it is what Lecture 7 pays for.

In the coordinate y the cube is genuine: qy + % yi=q D, =(q—q0) P+ wy, i.e. qoy + %y3 =
wy+ (9 —qo) (Y;—y). This is the forecast equation of Lecture 5 with the explicit force in place
of the exact one, the equation (13.3) of Lecture 7 on one site.

What the model points to. The scalar model points to the integration of the cube. The
force equation in the forecast coordinate and the FBSDE of Theorem 10.6 are one way to
organise it; another would keep the original field, with the force f, given by the variational

formula of (a), and work with the defect %Ctrchzfq. On the lattice the variational formula

still defines this force, with a nonlocal response, but its defect contains the loop contractions,
starting with the tadpole, and must be renormalised. A complete proof along that route is
not given in these lectures.

The scalar model proves less than a no-go theorem. It shows that a global estimate treating
the remainder of a frozen cube as a small cubic perturbation is false. It does not show that
every construction based on the Polchinski equation fails, nor does it give the asymptotics
of the force on the lattice. There is also a limit to the integrated cube itself. With a linear
term in the force, the map y— vy + s 3 y2+ry) has derivative 1+ S(r+Ay?), which vanishes
somewhere when 1+ Sr <0 (Exercise 10.7). A divergent negative mass cannot simply be
placed inside this monotone map, and this is one reason why the mass correction M, of (12.1)
below is kept apart from the cube and is required to be small relative to K; (Lemma 12.1
below).

Exercises

Exercise 10.1. (Same force) Show that J-; of (10.9) coincides with the F; of (8.5) of Lecture 4 for the profile
(10.2). Show that J-,= DT, where 9,[; = %Tr HY*, and that this agrees with the Wetterich equation (8.13), the
difference being —%Tr C,

Exercise 10.2. (Gaussian case) Let Vy(¢) :%II@IIZ, a>0. Compute ¢, Cov, and Iq explicitly, and check Pro-
position 10.4 and (10.10). Compare with Exercise 7.1.

Exercise 10.3. (Bayes for the whole path) Show that the conditional law of @, given the whole path (®,).,
depends only on ®,: the Polchinski process is a sufficient statistic for itself (Proposition 7.7(a) of Lecture 4).

Exerc1se 10.4. (One site) Take N=1 (one site, A=0, K,=q) and T, ) =3 y (a) Show that Y; is the real root
ofgY+= 2y3= q®,, and that H,(y) = (+Ay?)~". Explain how large fields suppress the noise of Y (b) Compute
the defect Dy(y) =Ay(q+Ay* ~? and the drift b,(y) = —Ay(q+Ay*) ~>. Show that |b,(y)|<Ag~lyl, and compare

-1/2

with Proposition 12.2: on one site a,(q) = 2 instead of 47"/, and no renormalisation is needed.

Exercise 10.5. (The defect) Check (10.23) and integrate it: show that qu q'suplb,|dq’ equals the right side of
(10.24). Why does the integration of the cube turn the x° of (10.19) into a bounded function?
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Exercise 10.6. (Depth of the expansion) Let f be any approximate force, f°= f 4. Show that E,(f) =E,(f) +
D, + S*(f5)'+ S*66". Which terms are controlled by the smallness of the truncation defect E,(f)? Take f the

tree expansion up to order k, and § the clipping of its terms beyond the cube. What replaces %ZSZxS in (10.19)?

Exercise 10.7. (Negative mass) For r <0, let y —» y + S(% y®+ry). Show that it is monotone if and only if
1+ Sr>0. What happens to the minimiser in the variational formula when 1+ Sr <0, and to the solution of

(10.21) with f= —% x> —rx? Why does this not contradict the existence of the exact, smooth force F,?

11 Renormalisation: why two of them

We now construct the force J, on bounded fields. The aim is an explicit approximation whose
defect in the Wetterich force equation is small enough to drive the backward equation for
Z. We do not need to solve the full nonlinear flow. We shall start from the bare cubic force,
compute a one-loop seed, and improve it twice by inserting the preceding approximation
into the equation. This section is deterministic: it uses no information on vy.

What must be approximated. The equation to approximate is
1 2 -
Oy = —ECtrH’%D Fq,  Hy=(Ks+DJFyp)~L

At infinite resolution its boundary value is the bare force U'+ uny, with U'(y) = %y3. A first
idea is to insert U’ on the right and integrate backwards from infinity. This does produce a
useful nonlinear correction, but it also produces a linear term whose integral is not bounded
uniformly in the lattice cutoff. For example, with G,(y) = (K, +/\y2)_1, the bare right-hand
side at the site x is

—AY () Gy(y)(x,x) = —Aax(q)y(x) + O(y>).

The coefficient a,(g) has continuum size g~'/2 in three dimensions. Its integral to infinity is
divergent; at fixed N it is finite, but grows with the cutoff. This is the tadpole mass correction.
Further insertions also produce the logarithmically divergent sunset. These divergent terms
are constant modes, and must be incorporated into a running scalar mass, rather than estim-
ated as a small remainder.

Why we project. For a smooth odd force f, define
ALY (w):=f(y) —DEO)y, (1-1ID f)(y) =DE0)y.

Thus I12=11, D(I1 £)(0) =0, and Ilf starts at cubic order in the field. I'T removes the whole
linear jet, and keeps the cubic interaction and higher vertices. Only the constant mode of the
linear jet needs a condition at a finite scale; the rest can be integrated from infinity like the
vertices. All kernels at zero field are translation invariant, and for such an operator L we write

L=(L)+L°, L1=(L)1,

with (L) its constant-mode eigenvalue and L° centred, L°1 =0. The divergences above are
constant modes: the tadpole is a local term, a multiple of the identity, and so is the divergent
part of the sunset. The centred part of the linear flow is different: once the local term is sub-
tracted, what remains is a nonlocal kernel whose first spatial moment is integrable at infinite
resolution (Section 11.3). So we also use the projection that removes only the scalar part of
the linear jet,

IT'F)(y):=f () — (D) )y = (TTf) (y) + (DF(0))°y.
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Everything in the range of IT is integrable at infinite resolution (shown in Section 11.3) and
is fixed there by the bare force, whose linear part is the scalar yny; only the scalar mass needs
a condition at a finite scale. Within the range of I1" we still split off the centred linear part
with I, since it is measured differently: vertices in rooted norms, the centred kernel by its first
spatial moment. We write the force as

Fo=U'+My+6,  M,=pl+0,

with IT¢, = {;, a running scalar mass j; and an even, translation-invariant, centred kernel ©;.
The nonlinear remainder ¢ and the centred kernel © are integrated from infinity, where they
vanish, and are computed by the same finite iteration; the scalar mass is fixed at a finite refer-
ence scale, and the bare counterterm is then an output of the flow. We first establish the size
of a loop, then compute the seed and its two corrections.

11.1 Scales and power counting

Two scales govern everything:
gq::/\q_l/z, rgi= (q/ )2, /\r;:q. (11.1)

g7 is the dimensionless coupling at resolution g: in d = 3 the coupling A has dimension of mass,
and g'/? is the mass of the regulator. It is small at all scales g > g, if 5. =gy 12 js small;
this is the only large number in the construction, and it is not a physical mass. 7, is the field
size at which the nonlinearity is comparable to the regulator: DZU(y) :/\yZ ~q when [y| =~ 7,.

Compare with the size of the free field at resolution g:

_ (1 1/2
VarXq(x)_quaZQCq 2

so typical fields have size

1/4_ 12
q/ =& rq<<rq.

We measure a k-tensor T(xy,...,xx) (for instance a vertex with k legs, the kernel of the (k—1)th
field derivative of a force) by its rooted norm

s(T) =max sup f IT (x1,...,%K)] H dx;, (11.2)
i x; e
and a force g by #
Sk(g) = sups(D*lg(y)) (11.3)
. yeB,
on the field ball

Byi= {yEHN: 1Yl oo <2rq}.

The natural size of the k-leg vertex of the loop corrections (recall U'=DU = % y> the bare force,
M a linear mass term)

by=Fo—U'~My
to the bare force is
Sk(ly) <849 rg_k. (11.4)

For k=2 this says the derivative of the correction force is g;=A¢~'/? times the regulator g
(while D*U ~q at |y| ~ r5); each extra field derivative costs r; 1. For k=4, 9ty 2=\ gq the
four-leg vertex of the corrections is A times the small coupling. The whole construction is a
bookkeeping of (11.4).

The basic loop estimate. The loop %CterDzj_z and its derivatives are closed chains

H (D" EYH. .. (D F)H.
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A closed loop with p vertices, each carrying at least one external leg (vertices without external
legs are resummed into H), and p + 1 propagators H (two of them adjacent, H?, once the loop

is closed) is estimated by rooting one external slot, using two propagators in L? (each row has
L? norm <(a)Y 2) and the others in operator norm (<C/q):

P
s(loop) <Cap g~ PV T s(T) (11.5)
i=1

Indeed, by cyclicity of the trace we may take the rooted slot x on T;. Integrating out the other
external legs, each T;, i > 2, is dominated by a kernel ¢;(u,v) in its two internal legs whose
rows and columns have L! norm <s(T}), s0 |Itilla—2 <s(T}) by Schur's test; T with x fixed gives
a kernel #{ with [#{ <s(T1). The rest of the loop is a kernel |[H|R|H|, where the two propag-
ators next to Ty are kept apart and R collects the other p —1 propagators and t,...,t,. By
Cauchy-Schwarz its entries are bounded by
sup [H(x, )13 IRl2-2< Cay (C/q)" ' | s(To),
X i>2
and integrating against t{ gives (11.5). We used only that the propagators are symmetric with
rows of L2 norm gCa%/ 2 and of L' norm <C/g, which also bounds their operator norm on L2
For the free resolvent these are qu(x,z)zdz =g, and qu(x,z)dz = q'l (Lemma 10.1); for the
propagators used below they are (12.3), and Lemma 20.1 of the Supplement.
The vertices of the bare force have

s (D2 U) <quq_j

on the ball (D3U=2Ay, D*U=2A). With a,<Cq~ /2, a loop with k external legs built from
them is <Cq'/? rq k¥ and after the integration in g that produces the force 7 (which gains a
factor q) it has size g%/ qu_ k= gqqrg_k: this is the origin of (11.4), the size of one loop. Replacing
a bare vertex by a vertex of a correction of relative size ¢ multiplies the loop by ¢ (Exer-
cise 11.1). Every further loop gains one power of g;.

11.2 The seed: one loop

Insert the bare force U'in both occurrences of the force on the right-hand side of the Wetterich
equation: in the response and in the differentiated vertex. Applying I1 gives

II[ Ay (x)Gs(1)?(x,x) ] = Ay (0) [Gs(¥)?(x, x) —aa(s)].

Since 9;Gs=—G2and 9,Cs=—C2, integration from infinity with zero nonlinear boundary value
gives the one-loop seed of Exercise 8.6(b), which we call ¢!!: the superscript counts loops
(see the iteration below),

(@) () =AYy ()G () (x,0) = Cox, 1)1, 3 (1) (1) = —Ay () [Gy()2(x, ) —a2(g)],  (11.6)

with G,(y) = (K +Ay?H~L It is odd, and its linear Taylor coefficient at y =0 vanishes. Its
expansion in powers of the field,

(@) =y Y (—1)TCAY*C) N (x, x),
j>2

is the sum of one-loop diagrams with 2j external legs, one of them the output x. The leading
term is the bubble

—A%y(x) f Cy(x,2)%y(2)?dz,
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with (use (11.2) and (10.4))

s(D3(fq[1] 0) = 6}L2f Cq(x,z)zdz =6)? C%(x,x) = 6A2a2(q) <Cgs rq'Z,
as predicted by (11.4).

t'(y) = DFS <b + ><>< + ]

Figure 11.1. The seed (11.6) as one-loop graphs: lines C,, and a vertex Ay* with its two external fields at

Q=
Qol—=

each corner. The j-th ring has 2j legs and coefficient (=1)*1/ 2 7). Marking one leg of a ring gives its term
in the seed force. The series sums to a logarithm and has radius of convergence r,. The quartic ring is the
bubble.

11.3 Corrections and the mass

The seed used only the bare cubic force inside the loop. We now feed the corrected force back
into both the response and the vertex. For this calculation first prescribe a trial scalar mass
path (3,),4. The two steps then define functions of that path, the corrections 21 ul, B3I u] and

the centred kernels @[ ul, © (31 u]. Substituting them into the scalar mass equation defines
a separate fixed-point problem for yi. Thus there are two distinct operations: a finite recursion
in the force, followed by a contraction on scalar mass paths. We suppress the argument []
during the calculation. The section proceeds in this order: the splitting of the force equation
and the iteration; why the centred kernel is integrable from infinity; the two corrections and
their bounds; the scalar mass equation; the defect of the final approximation; and the fixed
point for u. For a linear operator path M = ul + ® as above we define the loop map

- 1
Jo[M, €1(y): =—§CtrRzD2<U'+ OH@y), R=&K;+M,+DU'+0)y)~" (11.7)
Splitting the force equation. The exact force solves the force equation (10.10),

8, Fy = —5CtryaD T,
and becomes the bare force
DVn=U"+uny

at g=oco. Write an odd candidate as

Fy=U"+Mgy +
the bare cube, a linear part, and a nonlinear remainder without linear Taylor coefficient, I1¢, =
{;. Since o,U'=0, DZ(qu) =0 and Djiq =M,;+D(U'+ {;), the force equation reads, with the
trace map (11.7),

(0gMp)y + 0gby = T, [M, §1(y).

With the splitting L= (L)I + L° of the linear part, the projections IT and 1 —I1 give three equa-
tions of different nature:

aqeq:Hj;[M/ eq]/ aq®q: (Dj;[M/ Eq](o))of aq,uq: (Dj;[M/ l’q](O))

The first is the nonlinear part of the flow. By power counting (11.4) its vertices with k>4 legs

have integrands O(s a-k/2y integrable at s = oo, so it can be integrated from infinite resolution
with the boundary value ¢, =0 required by the bare force:

by=— fq‘” T114[M, £] ds.
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This is a fixed-point equation: ¢ appears on both sides, inside the propagator R and in D?¢.
The second, the centred linear part, is integrable at infinity as well (its source is estimated
below, in first moment), so @ is integrated from infinity, with ®. =0. The third, the scalar
mass, is not integrable at g = co uniformly in N, since the tadpole and the sunset diverge
(Section 11.4). It is pinned at g., as specified in the mass equation (11.9) below, and its limit
is the bare mass. In the language of the projections, I1'J =117 +(DJ (0)) °y is the convergent
part of the flow, which we approximate by the iteration; the scalar mass is solved exactly and
produces the counterterm.

The iteration as Picard steps. Start from ¢[% =0, so that the superscript counts loops. The
first step is taken without the mass: the seed (11.6) obeys E) HT[O ¢[00 —HT[O 0] and
vanishes at infinity. The linear part of T[O 0] at zero field is the local tadpole, a multiple of
the identity, so the first step produces no centred kernel: @' =0, and M = ul. Every later
step uses the level mass

MP=pl+0f, =1,

with the same scalar path at every level. Write R[] = (K;+ My =1 for its zero-field response,
and

&1 := DI, (MY, (771(0) = —ATr (R ))?)I - 5Ctr )2D€ 1(0)

for the linear coefficient of the loop map at zero field, the source of the linear flow at level j (by
oddness; the first term is the tadpole). Each step integrates the flow evaluated at the previous

approximation, from infinity; we write 8 = (11— ¢U=1 for the increments. Subtracting the
seed equation from the nonlinear part gives the equivalent, more useful form

(9=0, =gV [T MO, e o) ds,
11.8
e=0, /== ["(&/)ds, j=1,2 e
- Y q - q S 7 ]_ 7%
so that
aqe[]#l] an;[M[j],f[j]], a @[]+1] (6[]])

each step inserts the previous approximation, nonlinear correction and centred kernel, into
the loop. The integrals run from oo, where the force must become the bare one (Theorem 8.2),
as explained in the introduction to this section.

Why the first spatial moment is the right quantity. For a translation-invariant kernel write
Oz)=0(0,z) and

01(©) = [ d(0,2)|0(2)Idz

for its first spatial moment; the analogous moment v (T) of a k-leg tensor is defined in "Fol-
lowing a spatial distance through a loop" below. For an even kernel, centring means ©1 =
0, or [©(z)dz=0. Thus the diagonal coefficient cancels the total off-diagonal mass. Define
(0o )(x) = f(x+2z) and 02=0,+ 0_,—2I. Before taking absolute values, use centring and even-
ness to write

1 1
=5 f O(z)6%dz, C,0=> f ©(2)82C,dz.

The absolute row norm [®|lyow = [ 1@ (z)|dz discards this cancellation. It would give only
ICiOllrow < q_1||®||row, which is not small uniformly in the cutoff. For example, for a lattice
step h in a coordinate direction e and a >0, the centred kernel

a
®h = E(Uhe +0_he—2I)



RENORMALISATION: WHY TWO OF THEM 19

has v1(®y) =a but |Oy/lyow = 2a/h. Its absolute row norm diverges as  — 0, even though its
effect after a resolvent remains controlled. This example explains why bounding the bare
kernel in absolute value is too strong a requirement.

The resolvent receives the cancellation. The free resolvent smooths translations on the
length scale g ~!/2. Uniformly in the lattice cutoff,

162Cllrow < Cq~12d(0,2).

One way to see the scale is to write C;= [° e I'p;dt. The heat-kernel translation estimate
I(oz — Dpelli < Cd(0,2)t "2 gives the bound by integration, since [,” ™9 ~1/2dt = ymrqg~/2
Insert this estimate into the signed identity above, and only then take absolute values:

IC®lrow < Cq "2 [ d(0,2)|@(2)ldz=Cr1(©),

where 17,(0) = g 1?v1(©). The estimate in the weighted convolution norm used for loops
is proved in Lemma 19.3 of the Supplement. Although centring gives a second difference, a
bound by d (0,2)? without a logarithmic loss is not available uniformly at kinetic order two.
One distance power is enough, and the scale factor '/ supplies the required gain.

From the free resolvent to the loop response. This cancellation remains useful when the
field is nonconstant. Put V,, :/\y2 and G=(K;+Vy) —1, Since G=(I— GV))C,,

GO=I-GV,))(C0, IGO0 -0 < 2CqOllrow-

Indeed, positivity and GV,1=1-4G1 imply |GV, |l«x- < 1. For the full response R = (K, +
M +DU'+ D¢}, the Neumann series in R = (I + G(M + D¥¢)) ~1G has bounded norm on the
admissible ball. Thus the small insertion is ROM, not éM on its own:

5
IRM oo 00 < C 04, pq=%+q‘“zvl<6®q>.

Keeping the nonlinear correction fixed while changing M, the resolvent identity gives 6R =
—RSMR, with R the response at the mass M — M. Consequently its row norm is bounded by
Cpg/q, and its row L? norm by C p,,/a2(q). These are the original propagator bounds multi-
plied by o, so the marked propagator in a loop gains exactly that relative factor. The weighted
version is the comparison in Lemma 20.4.

Why the centred source is integrable. The first-moment bound on ®*! is an output of the

iteration. To see it, separate its source Gy Vinto the local tadpole and the correction vertex:

&)1 =-ATr((R{D)I+E,, Ctr(Rj])z » T,=D0).

Here T is a four-leg tensor; E; and T; depend on the level, which we do not write. Since all
kernels at zero field are translatlon 1nvar1ant write E;1 =e¢;1. The constant mode is (6[] ])
—ATr( (Ro q) ) + ¢, so the source of the centred kernel is exactly

(&) =E;—e,l.

The tadpole cancels completely. More generally, any local term ¢, cancels in this subtrac-
tion. The scalar part, including the divergent mass contributions, is the constant mode; only
that of the final level enters the mass equation (11.9). Off the diagonal, centring leaves E,
unchanged; it only adjusts the diagonal so that the row sum is zero. Since the distance van-
ishes on the diagonal,

01((6Y)*) =v1(E;—eg]) =01(Ey).
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Thus centring removes the local obstruction, but does not itself create spatial decay. The
remaining estimate comes from the first moment of the nonlinear vertex.

The vertex pays for the spatial moment. The weighted comparison through the seed and
two corrections, computed below (the four-leg bound after two steps), gives the four-leg
vertex bound at every level. There is no circularity: the induction is level by level. ®?! needs

only the four-leg vertex of the seed, the bubble, and ® 3] only that of ¢ which is computed
with MY = uI and no centred kernel. The bound is

s(Tp) +Jqu1(T)) < Cggqry 2= CA2q 12,

In particular v1(T;) <C A2g~1. This is the weighted vertex bound in Proposition 11.2; it follows
from the weighted loop estimate of Lemma 20.1 of the Supplement. The two uncontracted
legs are the two kernel arguments of E, so

1
E;(x,y) = _Ef Raq(u,v)Tq(x,y, u,v)dudo.

Cauchy-Schwarz and the row L? bound on the response give supy , IRglq(u, )| <Cax(g) <
Cg~1/2. Keeping the distance d(x,y) in the vertex before integrating its other legs yields

01(Eg) Cq~Y?01(T,)) <CAg 32

The response contraction supplies g~'/2, while the within-vertex moment supplies A%g~!. A
rooted bound without the vertex moment would not control this distance.

Integrating from infinity. The centred kernel of the next level therefore satisfies
1 o - o ~
01(®L§]+ ]) < fq 01((6£]]) )ds < C}szq s732ds = 2C/\2q 172,

This proves convergence of the integral in first moment and v; (@;f +1]) — 0, for every admiss-
ible trial scalar path and uniformly in N; in particular 17q(®[2]) <C g%. The same argument
applied to the difference of consecutive sources, which inserts 5121 and ©! into the loop,
gains one more factor g: 17,(® Bl_elhgc g; . This convergence concerns the centred kernel
in first moment; it does not assert a cutoff-uniform bound on its absolute row norm or on the
bare scalar mass. The source (S itself, by contrast, does have a cutoff-uniform row norm:
it is a contraction of a four-leg vertex, bounded in a rooted norm, against the bounded kernel

(R([){ 37)2. This is what makes the linear defect below small in the row norm.

Computing the first correction. To see what is inserted at each step, put
R = K+ M+ DU () + D)) =1, 810 = gl1— gU-10,

Here j=1,2,3; since ¢ [01=0, the first increment 61 = ¢[1] is the seed. For the first correction,
subtract the bare loop from the loop containing the seed. Suppressing the field argument, this
gives exactly

1 poo '
5(7[21251; H[Ctr(Rs[”)Z—GszDzu +Ctr<Rs[1])2D2€s[1]]ds.

The first term changes the propagators; the second changes the vertex. The resolvent identity
makes the extra insertion explicit:

RM—-G=-RM(u+DeMG.

Both /g and D¢ /g have size O( gq) on the ball. Applying the loop estimate to either term
therefore adds one power of g to the one-loop seed. For the four-leg vertex the calculation is

54(5,1[2]) < fqoo gss'/2rtds :/\3qu0 s 72 ds=A% "L
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Thus (12! = (111 + §1%] contains the seed of size Ag, and a first correction of size Ag,? in this vertex.

Remark 11.1. (Why the corrections also enter the propagators) The loop map (11.7) is the
right-hand side of the exact force equation, whose propagator is the response (K, +DF)~! of
the force itself. So ¢ enters I}[M, {] twice, in the vertex D?¢ and in the lines through D¢, and
the iteration (11.8) consists of Picard steps for this equation, with both evaluated at the pre-
vious approximation. This cannot be dropped. The defect of the final force (Proposition 11.2)

measures the force equation at the approximate force, so its loop has the lines of ¢3!, Had the
corrections been computed with the lines frozen at G, the defect would keep the leading term

%HCtrd{m)z_GzDZU'. By the resolvent identity R — G = —RBI(MP 4 D¢ G, and since /g
and D¢131/ g are O(g,) on the ball, while ©® (31 js smaller still once it passes through a resolvent
(17q(®[3]) < g,?), this term is as large as the integrand of 5!?!: its four-leg coefficient is of order
A3g72, instead of A°37% in (11.14). The defect would never improve beyond one power of g
over the seed. In graphs (Figure 11.2), a correction inserted into a line (a self-energy) and one

inserted as a vertex give loops with the same number of loops and the same power counting,
and an expansion correct to a given order must contain both. Finally, the lines are resummed
rather than expanded: DU’ :}Lyz stays in G,(y) = (K; +Ay2)_1 < Cy, which makes the loop
estimates uniform in the field, and the mass M resums the tadpoles. Adding D¢, which is
small on the ball, preserves the coercivity of K, + DJ- and costs nothing.

Computing the second correction. Subtract the first two Picard equations, keeping the same
scalar mass path. This yields

1 peo
5,1[3] :ffq H[Ctr(Rs[z])z_(R£1]>2D2(U'+ fgl]) +Ctr(Rs[2])zD25£2]]dS.

Now the marked insertion is the first correction itself, nonlinear and centred:

R _RI= _R2(@2] 4 pslRI
For noncommuting operators one uses

A>—B*=A(A—B)+(A-B)B
to split the difference of squared propagators in these formulas. A loop with this insertion

gains another power of g; the centred kernel enters only through its first moment, 17,(® 2y g
C gg, which the resolvent receives as explained above. This gives

o _ o 2 _
54(5q[3])qu g3s'/%r; 4ds:A4fq s 5/2ds:§)x4q 3/2,

The second correction is of size Agg in the four-leg vertex. These calculations also require
higher vertices to control the differentiated loops; their precise bounds and the derivative
count are given in Proposition 11.2 below.

Following a spatial distance through a loop. The estimates just computed also propagate a
first spatial moment. For a symmetric k-leg tensor define

01(T) :Er%supfd(xa,x,,)|T(x1,...,xk)|H dx;, Wy(T)=s(T) + Jqo1(T).
a<b i

The moment is needed only at zero field, where the vertices and propagators are translation
invariant. Mark the two external legs whose distance is being measured. If they lie in one
vertex, charge the distance to that vertex's first moment. Otherwise connect them along the
loop. The triangle inequality bounds their distance by the sum of displacements inside ver-
tices and along propagator edges. Each term is estimated with a weight on the corresponding
vertex or edge.
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For an edge charge use the weighted convolution bounds

J A+ a2 H@Idz<g™", [ (L+4d(0,2)H(2)Pdz 59712

Cutting the loop into two chains, use one inverse in each weighted L> norm and the remaining
inverses in the weighted L! norm. For a loop Z with p vertices and p + 1 inverse factors this
gives
p
Wy (2) SCpp V2~ P T Wo(To.
i=1

This is Lemma 20.1 of the Supplement. It has the same scale powers as the unweighted loop
bound: the factor /g makes a distance of size ¢ ~'/? dimensionless. Distances inside a nonlocal
vertex must be paid for by that vertex; a propagator bound alone does not control them.

Weighted comparisons and the scale integral. Set Tk[]q] = Dk_lfq[j 1(0). If a difference of vertices

has relative size ¢ in the weighted bounds through k + 2 legs, telescope the loop difference
onto one changed vertex or one changed inverse. The same distance argument works with
this marked factor, and gives

Wo(D (T IM, €] = T[M, 80) (0) S es ™21
For a changed inverse, its weighted bounds gain the same relative factor by the resolvent
identity. Changes of the level mass are marked insertions too: by the scalar y in the first com-
parison, of relative size |p|/q < Cg,, and by the centred kernel ©2! in the second, controlled
by the centred-kernel estimate above. The projection IT subtracts only a linear force: it does

not change any k-leg tensor with k> 4.
Most importantly, an integral from g to infinity is measured with the weight at g, not at the

running scale s. Since /7 < V5,

Wyl [ Asds) < [7 (s(A9) + JFor(A)ds < [ We(Ao)ds.

Thus integrating costs no additional spatial moment. The unweighted supremum over fields
is propagated at the same time, because B3, C B, for s >¢. These are the two parts of the norm
N4 used in Proposition 11.2.

The four-leg bound after two steps. At zero field the seed's four-leg vertex is the bubble: its
spatial kernel is built from /\ZCq(z)2 and local identifications of its legs. Hence

Wo(TED S 2 [ (14 gd(0,2)Cy(2)2dz S A% 712,

Higher seed vertices obey the corresponding weighted bounds through ten legs, by the same
cycle estimate. The first loop comparison has &, = O(g;) from the seed and the admissible

mass insertion. The second has 5= O( gsz) from the first correction and the centred kernel ®%,
with the same scalar mass. Applying the preceding integral estimate at k=4 yields

WoTL = Ta) s [ s Vortds =7,
3 2 oo - AV
Wy(TE] = TED 5 [7 glsVoritds =507,

The derivative budgets are 10 — 8 — 6 legs, so both comparisons have the higher vertices they
require. Summing the seed and the two increments, with T, = T4[Z], gives

s(Ty) + \/ﬁm(Tq) 5/\2q_1/2(1 +g,7+g§) SAZq_l/Z.
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In particular v1(T,;) SA%~". This is the spatial input used below to integrate the centred ker-
nels. The statement holds for each admissible trial scalar path: the finite recursion propagates
the vertex moment and the first moments of @'* and @5,

The scalar mass. The scalar part of the linear term is not truncated at two correction steps.
Instead, its flow is imposed exactly for the final approximation by a separate fixed-point equa-
tion for y. The linear part of the flow at y =0 is, by oddness,

DJ,(0) = —%CtrR(z]Dg’I"(O),

where R ;= (K;+M,)~!. Requiring that u solves the scalar part of this flow exactly gives the
mass equation

O pig=Byi=(6"), &= —ATr(R3,) - 5Ctrg; D¥7(0), (11.9)

with the boundary condition
Hq,=Db..

The running mass is pinned at the auxiliary scale g,, at a value b, with [b,| < BoAg.’>. The
centred part of G is not imposed: the kernel ® of the final approximation is the one pro-
duced by the iteration, from the source of the previous level.

Why we stop at the second correction. Define the bounded-field approximation by
Fy=U'm+My+ W),  Mp=MI=pl+0. (11.10)

From now on M =M and ® = ®"! denote the linear part of this final approximation.

Choose the scalar mass to solve the scalar part of the linear flow for this final approxim-
ation, as in (11.9). Since aqu = Hj;[M[Z], (11 and aq(a[?ﬂ = (652])% and since IT'f =T1f +
(D1£(0))°y, its defect is exactly

DY=T1"(Jo (M5, (1217 — T, (MBI, ¢1317):

the nonlinear and the centred linear part of a loop difference, the scalar linear part vanishing
by the mass equation. The centred linear part is there for the same reason as the nonlinear
one: @B js built from the source of level 2, while the exact flow would need the source of
level 3. This is the price of not solving for ® exactly, the same price already paid for {. The
defect is one loop with an insertion of 51! and of @3 — @2, There is no scale integration in
the defect, so

SaDN $&q Prit=2q72 1w + 9" *01(ED) S g7,

where £;=D1);(0) = (6[52] — 6{53]) ° is the centred linear part. The tadpoles, being local, cancel
in the centred part. What remains contracts the four-leg vertex of §!*! with R(Z),q, and the four-

leg vertex of £!2) with the difference of the squared responses caused by @3 — @2, Both are
contractions of rooted tensors against bounded kernels, so their row norm is controlled, as
for the centred source above; the first moment stays in the vertex. The backward equation
uses only the row norm, as an L™ operator bound; the first moment is needed only for the
continuum limit. In short: ® is not the exact centred flow, so the final force has a linear defect
of relative size gf}, and it is harmless because on the ball it has the same size as the cubic defect.

To understand why this is enough, use the backward power count from Section 11.5. On
the ball, D = O(Sa(D)73 + |E%,0w?), and after two steps both terms are of size N/ zq =3/2. mul-
tiplication by H costs ¢}, and backward transport from s to g costs about s/4. After only the
first correction S4() would be A*s™/2, producing the divergent source integral

A5/2,-1 o -14s.
q fq S S
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After the second correction the corresponding bound is
2
fq 5_3/2ds:2/\7/2q_3/2.

Two corrections beyond the one-loop seed are therefore sufficient for this bounded-field
source estimate; one is borderline. This explains the depth of the construction, rather than
asserting convergence of an infinite Picard iteration. Each step consumes two field deriv-
atives. The rigorous backward estimates, including the terminal condition and the large-field
contribution, are proved in Lecture 7.

(a) one step of the iteration

QO vertex D2(U’ 4 ¢l

aq&[{m - ln = line R = (K, + M{ + D(U’ + ¢li1))~1
® 9;K; = 1, the derivative of the scale
—» root: the output slot of the force

il, j > 1, enters twice: in the lines and in the vertex

(b) expanded in bare lines G; = (K4 + DU’)~! (single lines; external field legs not drawn)

Q-0 G - Ge

seed 61 = ¢l1] 621 ¢ inserted 6Bl 512 inserted defect Dy, no g-integral
one loop, Ag, two loops, Ag3 three loops, Ag3 Su(DY) S A3

Figure 11.2. The iteration (11.8). (a) One step: the loop map (11.7) at the previous approximation ¢},
which enters both the propagator and the vertex. (b) The same steps expanded in the bare propagator G,;:
each step inserts the previous increment 5/ = {1 — ¢~ into the loop, on a line or as the vertex, and gains
one loop and one factor g, as in (11.13). After two steps the defect is one loop with 6! and %' — @
inserted, projected by IT’, and no scale integral; this gives (11.14) and makes the source integrable in the

backward equation. Insertions of the level masses Méj I on the lines are not drawn (M%) = 0: the first step
is massless).

Closing the mass path. The notation B,[¢] includes the dependence of the final approxim-
ation on the whole trial path. More explicitly, for any admissible scalar path y first compute
the two steps of the iteration, corrections and centred kernels, and set

Bl ] = (DI [MBI[ 31, €831 111(0)).

Integrate it from g, to define a new scalar path

Alpl,=b.+ f; Bslp1ds.

The desired mass solves y= A[u]. At a fixed point, 9y, = B,[¢] and p,, =b,. This is a fixed
point on scalar paths over [g., o), rather than an ordinary initial-value equation: the correc-
tions and the centred kernels at g use the trial path at later scales. It is the only fixed point
we actually solve: the exact equations for £ and © are replaced by two Picard steps, and the
centred kernels are explicit outputs of them. The unknown of the fixed point is a scalar func-
tion of g, not an operator-valued path.

Two nonlinear steps, one scalar fixed point. For example, start with ;4(0) b. and repeat

‘u(n) — (E[Z]I@[Z])[‘u(n)] — (g[3],@[3])[‘u(n)] '—’,B[ﬂ(m] — ]1<”+1) — A[‘u(”)].
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Every evaluation starts again from the same seed and uses precisely two steps; increasing n
does not increase their depth. On the admissible ball, use the weighted path norm

|744]
Il =sup —=
q2qx /\\/_
Where the small factor comes from. Compare two admissible scalar paths y, ji with the
same boundary value b,. Write d = ||y — ji|l.;  denotes the corresponding difference of every
output, including the level masses SMU! = 6ul + 6@V, In a resolvent, the mass difference is a
marked insertion. For the response at level j, the exact identity is

R[j][}l] _R[j][li\l] — —R[j][]/l]((SM[j] +D5€[j])R[j][]:\l]‘

The scalar insertion relative to the regulator obeys [614|/q< g,d. The centred kernels are out-
puts of the iteration, so their differences are computed level by level: the differences of the
centred sources obey the moment bound displayed below, and integrating them from infinity
gives g~/ 201(5®¢5j hgc g;;’d. The centred-kernel estimate uses only this first spatial moment;
an absolute row norm is not needed. Thus the centred part contributes gg, while the scalar
part contributes g,: the factor comes from cancellation followed by resolvent smoothing, not
from small absolute mass of the centred kernel. These are the resolvent comparisons in the
proof of Lemma 20.4 of the Supplement. Applying the loop comparison at each of the two
fixed levels gives, in the norms of Proposition 11.2,

N80y <Cg2qri*d,  j=2,3, 4<k<12-2j.

This compares the same level at different scalar paths; it is distinct from the difference between
consecutive nonlinear levels. At both levels j=2,3 the path differences of the corrections have
relative size ¢?. Contracting their four-leg vertices in the sources, and also varying the propag-
ators there, yields for the scalar source of the mass equation, and for the centred sources
of the iteration,

0B <Cg2d=CAq7d, 0166 <CA%q72.

For the scalar bound, a one-loop source of size g, gains the relative insertion g,d. In the centred

bound the local quartic contributes only to the scalar; the spatial moment stays in the non-

local four-leg tensor. Its source has size A%§ /% and gains the same extra factor. The precise

comparisons are in the proof of Proposition 20.6.

Integrating and normalising the differences. Since the two paths have the same value b,, it
cancels in the scalar update:

|5yneW|<C/\2dfq E:C/\zlog(q/q*)d.
q* S
Divide by its path weight A7 and set x=gq/q.>1:

new|

5
P 1ecq 1Og’cd< 2, .
A\/— e

Here sup,>1log x/ /X =2/e. This proves

IALp] = AL < Cgg,lip — il

The centred kernels are not part of the unknown of the fixed point: their variation is already
contained in 6p.
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The individual source bounds also show that A preserves a fixed admissible ball. Choose
its radius first, then take g, large enough for the resolvent bounds and Cg,, <1/2. Banach's
theorem gives the unique scalar mass path on the whole half-line, uniformly in N. The scalar

logarithm causes no loss: the weight /g absorbs it, leaving precisely g,..

Why the outer contraction loses no more derivatives. The derivative loss belongs to applying
the nonlinear loop map, which requires a (k 4+ 2)-leg vertex to control a k-leg output. One
evaluation of A always has the same finite budget:

£1: 10 legs— ¢1%): 8 legs— £13): 6 legs—sdefect: 4 legs.

For a force, a k-leg vertex is its (k—1)th field derivative. The mass source itself uses only the

four-leg vertex of (B3] and the centred sources those of 11 and ¢!2. A difference of scalar
paths adds the marked insertions SMU! = §ul + 5@ in the resolvent identity; these operators
are independent of the field, so D,6M l1=0. Comparing the two finite constructions therefore
uses the same budgets as constructing them. This is a Lipschitz comparison in the mass para-
meter, not an extra application of the nonlinear loop map.

Crucially, A returns a scalar path, not the final force correction as a new seed. At outer

step 1+ 1 we restart from the original seed with the new path 1"*1); we do not apply a further

loop step to B[], The contraction acts on the fixed complete space of scalar paths. The
finite Lipschitz estimates above then give convergence of the corrections and of the centred
kernels in their respective fixed norms. At the limit the scalar part of the linear flow is exact
for J°, while its defect, nonlinear and centred linear, remains the difference of the last two
levels.

The bare mass is then

pov=lim pig=b.+ fq* B,dq, (11.11)
and it is this number that enters the Gibbs measure (10.5).

Proposition 11.2. (The coefficient construction) For q.>max(1,qo) large enough, depending
on A and By but not on N, and |b.| < BoAql/z, the system (11.8)—(11.9) has a unique scalar mass path
in a ball, and, with M, = gl + @53] as in (11.10),

Hd<CAVE, 0@ <KCAG2 19 Myllrow < Cgyr (11.12)

where v1(®) = [d(0,z) |© (0,z)|dz; moreover 17q(®[2]) < ng and 17,7((9[3] —-0Phg Cg,;’. The incre-
ments, the seed 6/ = (' included, obey

Nigg (=007 <Crghqrd™,  4<k<12-2j, j=1,23, (11.13)

where Ny q(f) =Sk(f) + \/ﬁ " (Dk_lf(O)), and for a k-tensor
01(T) =max sup fd(xu,xb)|T| H dx;.
ia<b x; i
The complete defect of J-° on the ball is
DY =T1" (I (M, 1217 — J, [MP, ¢2T)),
and
SaDHKCXg, Elrow +qM*01(E5) < Cga, (11.14)

where E;=DJ)3(0) is the linear part of the defect, a centred kernel. At fixed N the bare mass exists,
N — bl SATICy, SAN, and |y — ptgl SCAN® /4, 110, ko SCN A2 712 0 a5 g > 0.
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Idea of the proof (complete proof: Proposition 20.6 of the Supplement). (a) Loop Lipschitz
estimate. If two corrections ¢, ¢ obey the individual bounds (11.4) up to order k +2 and their
difference obeys them with g, replaced by ¢;, then Ni (T [M,€]1—T [M, 2]) <C sqql/ 2 rq k,
Expand D*~! of the loop force into loops; in each, telescope the difference onto one marked
vertex or propagator and apply (11.5). (b) Integration. Each step gains one g; the integrand
of (11.8), after subtracting the seed, is O\ +K/25=K/2y in the k-leg vertex, and that of the incre-
ment U+ — Uil g O(}L1+k/2s_k/2g£_l), j=1, integrable at s = co for k >4. The low jets have
been removed, so the lower derivatives are controlled by Taylor's formula from the four-leg
vertex. (c) Scalar mass path. Given y in the ball, the right side of (11.9) is computed from the
two steps (¢ 21 @2h[ u] and (¢ Bl @Bh[ #]. The boundary-integrated map A defined above
is a contraction for large g,: differences gain a factor g, (for yu after integrating from 4., using
supy log x/ yxX < o0). (d) Defect. The mass equation supplies exactly the scalar linear jet of
the flow, and 9, (P! =T17J [M], ¢21], 3, 0P = (DT [M, ¢1211(0))°, so the defect is the loop
difference between the last two approximations, of order g3: by (a) with ¢;= g;;’, S4(D°) <
C gg q'’? ry 4 =CA°g73. Tts centred linear part has no tadpole contribution, the tadpole being
local; it contracts the four-leg vertex of §!¥ with R%,q, whose supremum is Cq~ /2, and the

four-leg vertex of £!% with the change of R(z),q caused by ®%1 — @2: both are O(g;) in the row
norm. ]

Two technical points are hidden in this sketch. First, the loop estimate (a) needs more
derivatives than it controls: the k-leg vertex of the loop involves vertices with k+ 2 legs. Ten
legs of the seed leave eight after one step and six after two; this is why the number of steps
must be finite and fixed in advance (an infinite iteration loses all derivatives). Second, the
nonlocal kernel ®; must be measured in a first spatial moment vy, not in a second one: the
estimate |62 Cyllrow Sd(0,2) 2 which a second moment would require, fails by a logarithm, and
one uses |62 Cyllrow S q_l/ 24(0,z) instead (Lemma 19.3 of the Supplement). Distances inside a
vertex must be paid for by the vertex itself ("The vertex pays for the spatial moment"), which
is why N contains a spatial moment at y =0.

11.4 Two mass renormalisations

The bare mass uy diverges as N — co. Its two divergent parts are the two divergent self-
energy diagrams of Appendix A.2 of Lecture 5.

o The tadpole. The first term of (11.9) integrates to
® o p2
A f - TrR3,;dg~ —ATrC~—AN

(up to a term bounded uniformly in N). This is Wick ordering;: % Pt — %/\ c p? agrees,
up to a constant, with %H4 (¢;c), withc=C (x,x) ((A.5) of Lecture 5).

e The sunset. The second term contracts the bubble contained in D3¢[31(0) (the cubic coef-
ficient of the seed force) with R3, and integrating in g produces the two-loop self-
energy, which diverges like

2 —33., 12
A |Z|>1/N|z| dz~A"log N.

This is the sunset counterterm 7~ log T of (A.7) of Lecture 5: with 97 [ Hy="1 [ ¢+
const, the sunset part of py is

27T:§A2fc3z log N,

24 712

positive. (The double-tadpole logarithms in the two terms of (11.9), the bubble with a
tadpole insertion and the mass insertion in TrR%/q, cancel each other.)
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8o

sunset

~ the g-integral removes
BN = B /<;>\ + ‘@7 the cross: }Cﬁ dq closes a line

ATrC ~ AN ZA2[C% ~ A%logN

Nl—
NI—

Ighg = —

v

tadpole, DU =2A

Figure 11.3. The mass equation (11.9), the constant mode of the two diagrams, and the two divergent
parts of the bare mass. The cross is the insertion R(Z],q. Since D3¢31(0) contains the bubble of Figure 11.1, its
contraction contains the sunset. Integrating in g turns the crossed line into a line C: the tadpole is linear
in N and the sunset logarithmic.

Power counting (Exercise A.3 of Lecture 5) says that no other counterterm is needed. In
the flow this is the statement that the integrals (11.8) of all vertices with k >4 legs converge
at g = co: only the constant mode of the linear jet must be fixed by a boundary condition at a
finite scale; its centred part is integrated from infinity like the vertices.

There is a subtlety: the running mass y, at fixed g has a limit as N — oo, but iy =yt does
not. One never interchanges these two limits. Also, the nonlocal part of the sunset is kept, as
the centred kernel @ °! of the corrections: replacing the sunset by its local part would leave a
nonlocal remainder of the wrong size.

11.5 Two correction steps

Why two corrections, and not one or three? The answer is in the backward equation of (10.13).
Freeze the noise and the large fields, and estimate the size of Z produced by a defect on the
ball. The propagator of dZ=-HZdg+ ... from g to s is about s/q (since H ~ C; has norm
-1
q~"),so
c© S
Zym [ 2 beds bdSSTHSUDY) I+ 1E6 rowr), (11.15)

using |H,ll < s~! and that the constant and scalar linear jets of ) vanish, so on the ball |D|<

Sa(D)IYI /6 + 1€ N owlyllco- After 11 steps 1€ lrow S 82 F2, 50 1€ lrowrs =< g4 TTAY2 =< Sy (Dy)r3: the
linear term contributes exactly like the cubic one, and we follow the latter. After n correction
steps the defect is the loop difference of the last two approximations, of relative size g"*': by

the loop estimate,

54(505) Sg?”sl/zr;‘*=A”+3s_(”+4)/2, |bs| S)L”+3/ZS_(”+3)/2,
and therefore
n+3/2
7,2 [T smrehings,
1> g
stepsn Sy(Dy)  Ibd J,” biids

0 (seedonly) %572  A¥25732 oo (power)
1 M52 Y2572 oo (logarithm)

2 /\55_3 )\7/25—5/2 2)\7/2q—3/2

With one step the bounded-field source produces a logarithmically divergent error; two
steps are the minimum, and they suffice: Z}I’ = O(q_3/ 2y, and the backward energy A1 f
q'/%|ZP2dq is finite (Lecture 7). The general (fractional) theory gives the depth criterion

m+2)u>03+n)/2,
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with subcriticality :% for <I>§: 2+2) -%: 2> %, while n=1 gives %< %. This is a sufficient
condition, which loses % /2; for <I>§4, the heuristic above shows that n > 1 suffices, with n =1
borderline.

The two senses of “two renormalisations” are related. The mass counterterm must con-
tain the sunset because the quartic vertex of the corrections, already of the seed, contains
the bubble, and contracting it produces the sunset; and the second step is needed because
the defect of the first one, the three-loop remainder, is borderline in the backward equation,

exactly as the sunset is borderline in the mass.

11.6 The explicit counterterm

Formula (11.11) gives py as an output of the flow, from the boundary value b,. The input can
be made explicit, and this also fixes what the finite part is.

Theorem 11.3. (The explicit counterterm) Let a,="Tr Cg and C,;z) be the kernel of CZ; in
integrals, powers of kernels are pointwise, fC,?Céz) = qu(O,z)zc,gz)(O,z)dz. For b, <BoAgL/?
and q. large,

By=—Aay—Apgay+ a3+ 202 [ CIC + Ry, IRy <CA%~2, (11.16)
and so, for fn(b.) = un(b.) +ATr C— %/\Zf C3,
fu(b.) =b.(14+Aax(g.)) +A(TrC-TrCy))

5 N (11.17)
—§A2f (c3_C§,{)+fq* (Ry+A(By+Aaz)ar) dg.

Moreover | fn(bs,1) — fn(bs2) — (bi1 =i 2)| K Cgq lbs1 — by ol, and f — f pointwise along the
whole sequence. Consequently, for By above a universal constant, every r € R and q, large
depending on A, qo, Bo, 1, there is a unique b, y with

yN:r—ATrC+%/\2f c3, (11.18)

and b, N converges along the whole sequence.

Proof. Expansion. Expand Ry=C-CMC+CMCMRg with C=C,. Since ab=—2Tr C3, the
first term of (11.9) is —Aax —Apaj +2ATr(C3@), up to O(Aaygs), and [Tr(C*@)|< Cq~'v1(O)
because I@(k)l <2lklvy. By (11.12) this term is O(/\3q_3/2) and goes into &R;. The corrections in
(131 give O(A3q_3/ 2y after contraction, by (11.13). The cubic part of the seed is —Azy(x) [ C%(x,
z)y(z)2, and contracting its third derivative at zero with R} gives the operator A%a,diag(R3) +
2)2C2. R§, where - is the pointwise product of kernels. Its constant-mode eigenvalue, with R}
replaced by C? at a relative cost 8y gives the remaining two terms.

Integration. Use 9,Tr C; = —ay, 9, C3= -3f C%C(Z), and —Aya§+)\2a§ =—A0;(pnaz) +A(B+
Aap)ay. This is the cancellation of the double-tadpole logarithms: g+ Aay = ON?/ q). At fixed
N the boundary terms at g = co vanish, which gives (11.17).

Response. For two boundary values with difference éb,, put D = sup; |6y, and X =
supy, jq3 29, (5@; ]), which are finite at fixed N. The loop comparison gives |6, < CA(D q_3/ 24
Xg75/?) and the centred kernels, outputs of the iteration integrated from infinity, obey X < CA*D
and D<|0b.| + C/\q,,_l/ZD + CAq;3/2X. Hence D <2|6b.|, and integrating 6f gives the claim.
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Limit and inversion. In (11.17), Tr C — Tr C;, has summable terms <(1 + k=% C — Cy.

converges uniformly and C?+C Cy + Ci in L!; and the integrand converges at fixed q by con-

sistency of the coefficients, dominated by CA% /2. As Tr C—Tr C;, < C + g+'%/10 uniformly
in N, the range of fy contains r for By above a universal constant and 4. large. Monotonicity

and pointwise convergence give the convergence of b, n. O

The boundary value b, is not the finite part: by (11.17), fn(b.) = b, +/\q1/2/ (4m) atleading

order, so at fixed b,, raising 4. changes the theory.

Exercises

Exercise 11.1. (Counting loops) (a) Use (11.5) to show that a loop with p vertices D/ (U'+ ¢), j; > 1, each
with s<Cqr; ", and k=Y j; external legs has rooted norm <Ca,(q)qr;*< Cq'/?*r;*. (b) Show that q-9'/%r; %=
89737~ () If one vertex is replaced by a vertex of size g r,’, show that the loop gains the factor . Deduce
the sizes ¢/ of the increments ¢/ — ¢~ in (11.13).

Exercise 11.2. (The bubble) Compute D3£’,§”(0). Show that its rooted norm is 6)\2a2(q) and its first spatial
moment is O(A%g71).

Exercise 11.3. (Small derivatives are not enough) On one site take g=A=1, M =0, fixed small «,6 >0,
£,(y) =an ' (ny—sin(ny)), and £,=¥,+ %y3. Show that both have small first derivatives on |y| < 2, that £, — ¢,

has bounded derivatives, but D3(J [¢,]—J [@n] Y(0) =12(26 + adn?+ 62) is unbounded in n. Conclude that the
loop estimate needs the individual higher derivative bounds.

Exercise 11.4. (Why two steps) Verify the table above. With one step, show that the bounded-field part of Z
is of size g7'log (T /q) on [g, T], for an upper scale cutoff T.

12 The flow at large fields

12.1 The large-field problem

All the estimates of Proposition 11.2 hold on the field ball [lyll. <27, and only there. But
the forecast Y; is a random field on N7 sites, and nothing prevents it from being larger than
ry somewhere. The free field has typical size q'/* « r,, but it exceeds r, with small, nonzero
probability, and nothing a priori controls the interacting forecast. We need a force J-, defined

and uniformly coercive for all fields, which agrees with 71,5’ for [yl <7y

A scalar model. The difficulty is already visible in the one-site seed, le] W) =Ayl(g+Ay*) 1 -
g711. Tts power series in y has radius of convergence exactly ry: the singularities are at y =
+ir;. Truncating it at any order produces a polynomial whose leading coefficient alternates
in sign: half of the truncations destroy the monotonicity of U'+ M at Iyl > r;. The exact func-

tion is harmless: it is linear at large fields, and |£’q[1]/ ()I< %/\ /g<2A/qfor ally. In field theory
we do not have the exact function, only bounds on the ball, obtained through an expansion
of the loop in vertices (the corrections are not polynomials, but their estimates are expansions
in the field). This is the large-field problem: perturbative control holds for [y| S7;, and out-
side one needs a non-perturbative replacement that preserves the structure the estimates use.

The structure to preserve is coercivity, and it is carried by the bare cube. In the scalar

model the coordinate equation qy + % ¥y =q @, has noise coefficient

1 1 1
Hy(y) =———<=A—:
=S A
large fields are more elliptic and less noisy. A good large-field extension keeps U untouched
and freezes only the correction.
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12.2 Clipping
Let 7:R — R be smooth and odd, 7(1#) =u on [—1,1], constant outside [—2,2], with0< 7' <1,
and set

K () (=1 T () /1), L) =Dig &> (), Fq):=U'() + Mgy +§().  (12.1)

The clip acts pointwise in space and maps every field into the ball, and the factor Dx, is what
keeps the clipped force a gradient. The cubic and linear parts are not clipped. By the chain

rule, with factors |K¢;b>| <C rc}_b, the clipped correction obeys the same bounds (11.4) globally:
s(DI7) <Cgry ! (j=2,3,4), s(Ddl)<Cg, (12.2)
for all y € Hy; the scale derivative includes the motion of the clip, d,x,=O(r,;/q).

Lemma 12.1. (Global coercivity) For q. large, for allye Hyand q>q.,

¢ (Kj+Ay?) <H () 71<C (Kg+Ay?),

(12.3)

IHy () llp—p <

. 2
w (1<p< ),  diagH,(y)?<Cax(q).

Idea. H'= K;+ /\y2 + M, + D?q, and M, + D?q is small relative to K: ||DZ,7|| <Cgyq, and M, is
small after multiplication by Cq (the centred kernel is controlled by its first moment, Exer-

cise 12.1). Write H= I+ G (M + D#))~1G with G= (Kq +/\y2) —1 and use the Neumann series
and Lemma 10.1. 0O

So ﬁq is a globally coercive force, and Theorem 10.6 applies.

12.3 The complete defect

On the set {[lyll <74} the clip is the identity and the defect is DO, of size (11.14). Outside it,
the clipped force does not solve the force equation even approximately in relative terms. For
q 2 q. split the drift into its bounded-field and large-field parts,

bP(y) ==—Hy(y) Dry(y) DS (xq),  by:=by—bp,
and let x,(y) = 1Iy|>n, (pointwise) and t,(y) =y Xq(y), the field restricted to the large-field set.

Proposition 12.2. (Complete source bounds) For g>q., uniformly iny€Hy, Nand p€[1,00],

by () l,<CA7/2g~>/2,
g N, <C A g 2(lltglly + 72 Iy xqlp), (12.4)
lbg () IBLC A g It lIg.

Moreover |lby()ll, < CAg ="yl

The complete proof is Lemma 21.2 of the Supplement. The first bound is (11.15) with
n=2: on the ball |D°|<S4(D°) (2r)3/6 +1Erow2r, and g T A°q 31y =q g3, =A"/*q 7>/ the
centred linear part of the defect contributes at the same order as its cubic part. The large-field
part is as large as the bound A g~3/2Jy| = ( g7/ Pyl on the whole drift (no smallness beyond
the factor g, already present in b), but it is supported on the large-field set (up to nonlocal tails
controlled by operator bounds). The last bound follows from the second since on {|y| >},
H+r" 1y <24t and (Ag732r ) 2=A4g 0.
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Where the large-field error comes from. Compute the defect of the clipped force and com-
pare it with Dx D° (xy). With z=1x,(y), ] =D x,(y) (multiplication by ' (y/r)), = l’f], M' =
d;M,, and the unclipped response H°= (K+M +Az%+DU(z)) 7}, the difference has four groups
(seven terms):

i. the mass term M'y —JM z: the linear part is not clipped, but its flow was computed at z;

ii. the motion of the clip, ] D{(z)9;x + (D9gx)*€(z);

iii. A(y—Jz)diagH 2 and AJzdiag(H 2_ (H°)?): the cubic vertex sees y, the correction sees z,
and the two responses differ by A(y? —z2) and by the chain-rule terms of the clipped
derivative, all supported on [y| >7,;

iv. the contraction of D%f — i D%((z) (the chain rule produces terms with x", ", supported
on large fields) and of D¢ with H? — (H°)2.

Each group vanishes if ||yl <7, and each is bounded by g, times |¢| or r_lyZ X, in L7, by the
same loop estimates (Section 21.3 of the Supplement; Exercise 12.2 for the one-site version).
There is no cancellation to exploit: the clipping error is genuinely of the size ( Sq/ Pyl of the
whole drift on the large-field set. What saves us is that this set is rarely visited, and its occu-
pation is controlled by the coercivity of the actual dynamics. Lecture 7 controls it through the
large-field action (13.7).

The coordinate correction. Finally, write the approximate coordinate equation as
A ~
Ky @y =Ky (Yg+0,(Y)) +5Y5,  0q(y):=Cq My + &), (12.5)

using DU (y) = g y3 The correction is a small contraction, |D ¢;(y)llp—p < €5:=C(g;+ gg), for all
yand 1<p< oo, and ¢4(0) =0 by oddness. So, up to a small Lipschitz perturbation, the forecast
is the solution of the cubic elliptic equation K, (Y +0) +35 Lys3 = K,; @, driven by the field at resolution
g. This is the equation whose coercivity Lecture 7 exp101ts

12.4 The force below the auxiliary scale

The force above is built for g > g., because its expansion needs < small. Nothing below g,
requires a construction: we freeze it. For 0 <g<g, set

Fo) = Fg. () + (@ — Dy (12.6)

Then K + Dﬁq =K, + Dﬁq*, so the coordinate equation Ky + ﬁq(y) = Kjx, at x = @, reads
Ky + ﬁq*(y) =Kyx. Thus for g<gq.,

Hy=Hg, y;(x)=y,.(CoKpx), CypKy=1-(g.—q9)Cy,. (12.7)

The It6 computation of Theorem 10.6 holds for any such family. So the system (10.13) holds
on [qo, o), with Y, =0 for vy: the initial value is deterministic, and no large mass is used. The
force is contlnuous in g and piecewise C!, which is all that Itd's formula needs. The defect for
s < (g, is explicit:

Dsy)y=—y+U), Uy = Ctqu w?D 35 L. (12.8)

Here U is the loop part of Q)q*; it obeys ||Ll(y)||p < Cgy.llyll,, which is part of the proof of the
global linear bound of Proposition 12.2 (Lemma 21.2 of the Supplement). Uniformly in N, for
5<qx

D5 <Cliylly, 105, <Cliylly,  diagH2<C, (12.9)
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with b=—HJ =H(y—U). Here we used IH|lp—p <C/q.. These are all the properties of s <q.
we use. Note that D) jumps at g.; the jump is harmless, and the measure does not depend on

g More precisely F,y,4,b,Y,Z depend on g., while, with py fixed (b, n then depends on .,
Theorem 11.3), v, i, Cov and the law of ® do not.

Exercises

Exercise 12.1. (Receiving a centred kernel) Let ® be a translation-invariant, even kernel with ® 1=0. With
o the translation by z, (0,f) (x) = f (x +2), and using C,0 = % [O@) (0:+0-,—2) C,dz, show that [|C; Ol|;ow <
C q_”zw (@) if (02 + 0. =2) Cyllrow < Cq‘”zd(O,z). Why is the absolute row mass of ® not the right quantity?

Exercise 12.2. (The scalar clipping error) On one site, let {(y) = —UAZq_2y3 (a cubic correction, ¢ a fixed

number) and F, :%y3 +1,' (N (a(y)). (a) Show that K, + F,'>q/2 for all y if cA < cq? (b) Show that b= b’
for [yl <r,. For |y| > 2r, show that x, is locally constant, bé’ () =0, and b,(y) = —-Ay(q +/\y2)‘3, the drift of the
pure cube. (c) Conclude that on the large-field set the error is the whole drift of the loop term: it is of the same
form, for |y| = 2r,, as the one-site bound /\q‘3ly| on the whole drift (the analogue of (g,/q)lyl, with a>(q) = q‘2
in place of g~'/?), but it vanishes on the ball. Compare with (12.4).

Exercise 12.3. (Large fields are less noisy) On one site with T =% y°, show that the quadratic variation of Y
is [ Hy(Y,)*dg and that H,(y)>< (Ay*)~2. Simulate the Polchinski process for v = e Mo 12411 and plot P, Y,
and .
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