Approximate Counting and Mixing Time of Markov Chains Fall 2024

Lecture 9: Spectral Independence

Lecturer: Shayan Owveis Gharan

Disclaimer: These notes have not been subjected to the usual scrutiny reserved for formal publications.

For the next few lectures we study the Glauber dynamics on two state spin systems. In other words, suppose
we have a graph G = (V, E) we want sample from the state space {£1}V. We are going to see that if the
underlying distribution  on {£1}" exhibits limited "spectral” correlations then the Glauber dynamics mies
in almost linear time (when G is bounded degree).

For o € {£1}V let

®i(5) = —o; ifj=1
o;  otherwise

Recall that the Glauber dynamics works as follows: First we choose a u.r. vertex ¢ then, with probability
@i .

% we move to 0@’ and otherwise we stay.

It is also instructive to write down the Dirichlet form

1 1 & m(o®?) i

Ex(f.f) =35 > W(U)EZW(“U) — [(0®9))?

(o) + w(0®?)

ce{£1}V i=1
Pinning. Let 7 be a distribution on {£1}V. For a any set of vertices iy,...,ix (for any 1 < k < n) and
signs si,..., S, we let
7r(i1,81),--.,(ik,8k)) = 7T'|(Ti1 = S1,.-. 7Uik = Sk.
In other words, this is the conditional measure on all vertices in V' — {i1,... 4t} when we pin 41,..., ik to
signs si,..., Sk respectively.

Averaging / Projection. Conversely, given 7 and a set S C V we let 7 to be distribution 7 projected
onto the set S when we average out all vertices outside of S. In other words,

mS(re{x1}¥)= > n(0).

0:05=T

Having that we can re-write the Dirichlet form as follows:

m(e®) (o) .
)+ m(e®) 7w(o) + w(o®7)

Exll.f) = 5B Y (vlo) +(0™) - —

oce{£1}V
Ei Y (7o) +7(0®)) - Vars,_,(f)
ce{£1}V
= Ei]ETNTrV—i Val"ﬂ-T (f)

Note that m,_; is the pinning of 7 on all vertices in V' — i according to o. It follows that to bound the
Poincare constant it is enough to relate the local variance to the global variance of f.

11-1
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11.1 Spectral Independence
Definition 11.1 (Spectral Independence). Let 7 be a probability distribution over {+1}V. Define the influ-
ence matriz U, € RV*V,
\I/W(Z,]) = ]P)ﬂ- [O’j = +1|O’i = +1] —Pﬂ- [O'j = +1|0’1 = —1] .
If i = j we simply let V. (i,i) = 1. We say 7 is n-spectrally independent if Amax(¥r) < 1+ 7.
Fact 11.2. Let D, be the diagonal matriz with Dy (i,i) = Var(o;). Then,
U, = D Cou(n)
In particular m is n-spectrally independent iff Cov(w) < (1 +n)Dy
Note that this fact in particular implies that ¥, has real eigenvalues, as eigenvalues of ¥ is the same as
eigenvalues of the symmetric matrix D;I/QCO’UD;I/2.
Proof. The first observation is that
Var(o;) = Plo; = +1]Po; = —1] (1 — (=1))? = 4P [0; = +1]P[o; = —1]
On the other hand, let p; = P[o; = 1],p; =P[o; = 1]. Then,

Cov(i,j) = Eojo; — Eo;Eo;

=Eojo; — (2p; —1)(2p; — 1)

= 4(]P [Ui = 0']' = -I-l] —_ ]P)[O'l = +1]]P)[0'] = +1D
To see the last line observe that

—]P)[O'i = 170j = —1] + pi :P[Uz =0, = 1}7

—P[O’i = —1,0'j = 1} + pj :P[O'Z =0; = 1}

Ploi=0;=-1]+pi+p; —1=Ploi =0; =]

Having this, we can write

]P[O’i:O'j:ﬂ-l}—P[O'i:-l-l]]P[O'j :+1]

D 'Cou(i, j) =

Plo; = +1]P[o; = —1]
_ Ploj =1jos =1] = Po; = 1]
o P[O’i:—l]
_Ploj=1loi =1 -Plo; =1,0; = 1] - P[o; =1,0; = 1]
N ]P’[O’l:—].]
Ploy=1los =1 (1 = Plo = 1)) ~Plo = Loy =—1] _ . _
= Plos = 1] =U,(1,7).

O

Ex1: Independent Case. Suppose 7 is a product distribution. In that case for any i,j € U, oj|o; is
distributed the same as ;. Therefore, all off-diagonal entries of ¥ are zero. So, ¥, = I and 7 is 0-spectrally
independent.
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Extreme Positively Correlation. Suppose there are only two sets in the support of 7({+1,...,+1})) =
7({-1,...,—1} = 1/2. In this case the distribution is very positively correlated. It follows that ¥, = Jy,
where J is the all-ones matrix. So, 7 is n — 1-spectrally independent. Note that in this case any local chain
which only flips the state of one particle is not irreducible (the chain has only two states and to mix one has
to change the state of all particles simultaneously).

Negatively Correlated Case. For another example, suppose 7 is a negatively correlated distribution over
{£1}V which is k-homogeneous, namely for any i,j € [n], P[o; = +|o; = +] < P[o; = +|0; = —] and that
every o in the support of 7 has exactly & many +’s. It is welll-known that for any matrix M,

)\max(M) < Il’l;‘i,XZ |Mi7j|
J

In our setting, we get

/\max(\ll‘n'> < m?X1 + Z |P[aj = +|gi = +] - ]P[Uj = +|Ui = _} |

J#i
=1+ max Z]P’ [0j = +|os =+ —Plo; = +|oy = —] (negative correlation)
Uiz
=1+ max|[El|o|y —1foi = +] = Eflos[4|o: = —]| = 2

where |o|4 is the number of 4+’s in o. So, 7 is 2-spectrally independent.

By now there are various proofs of this theorem. However, this was first proven following a long line of works
on simplicial complexes started with works of [DK17; KO20; AL20; ALO21]

Theorem 11.3 (Mixing for Sparse Graphical Models). Let 7 be a probability measure on {£1}V. Suppose
7 satisfies the following properties: (i) Spectral Independence: There exists n < O(1) such that for every
S C [n] and every pinning T : S{x1}, the conditional distribution w, is n-spectrally independent. Then
Glauber dynamics has spectral gap at least 7.

11.2 Poincaré Inequality via Spectral Independence

In this section we prove Theorem 11.3. The main tool is the following tensorization of variance.

Lemma 11.4 (Approximate Tensorization of Variance). Let m be a distribution on {1}V that is n-spectrally
independent. Then, for any function f: {+1}V — R,

(1 - 1—7:—77) Varﬂ'(f) < EiEU;‘Nﬂ'i Var"'i»f’i (f) (111)
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Proof of Theorem 11.3. By repeatedly applying (11.1) we can write

-1
1
Var(f) < <1 - #) EEq,~ri Varr, , (f) (spect Ind of 7)
-1 -1
1+7 1+n
< (1 — T) <1 R 1) Ei B ojmmii Vare, . . (f) (spect Ind of m; ;)

k—1 -1
147
< (1 — ) ESN(LL)]EUNWS Varwsyo (f)

—1 —1
-1 (1 1 +7) Eg( v )Eonns Varag, ()

n—1

< exp ((1 Y n%) E(f.0) SnTIES )

i=0
as desired. 0

Remark 11.5. Note that if n > 1, the quantity 1 — ﬁ < 0 for values of k very close to n. So, instead, one
needs a slightly different bound on spectral independence for such values of k. Typically just the connectivity
of the support of the U is enough to show prove that A\(¥,_ ) < C(n — k) when we pin n — k coordinates in
7. We ignore those details as they simply change the final bounds by constants.

Note that if we have a perfect independent distribution then we would have

Var(f) = Z anﬂ'V*i Varﬂ‘v-i,a (f) =n- g(fa f)

In other words, the extra "small” loss n is due to small correlation/dependence between the particles in the
system.

Let me also formalize the following tensorization of variance for disconnected graphs:

Lemma 11.6. Suppose G is a disconnected graph with components S,S. So, 7 is a product measure where
o(os,0q) = Ta[s) (0’5)'7‘(6,[?](0§), Similarly, for a function f € {£1}" — R let fs and fg be the specialization

of f to vertices in S, S respectively.

Vary(f) = Varz ., (fs) + Varr, (f5)

In the rest of this section we prove Lemma 11.4.
There is a well-known fact in probability called the law of total variance.
Lemma 11.7 (Law of Total Variance). For random variables X,Y jointly distributed we have

Var(Y) = EVar(Y|X) + Var(E[Y | X])

We can use this lemma to write

Lemma 11.8. Let 7' : V x {1} — Rxq be the average of ©* measures. Namely, w'(i,s) = ~P[o; = s].
and let f1(i,s) = E,[f(0)|o; = s]. Then, by law of total variance,

Var(f) = E;E,, wri Varm,ai (f)+ Var(f1)
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Lemma 11.9.
Var,i(f1) < 1+n
Var(f) — n

Lemma 11.4 simply follows from this and the law of total vriance.

Proof. For any i € [n] and s € {#1}, think of 7; ; as a vector in R?" where

m(o) e
mia() =  Flom HOi=5
' 0 otherwise

Similarly, let 1; s = I[o; = s]. Then, observe that

Var 1 ( ZW i,s) — (iD=

=T Yo manls | = (f1)e = (Pf, )m,

1,8

where P =), 1 =1, 577 . Note that P is a stochastic matrix.

s n

Varﬂ(f) = <fa f>ﬂ' - <f’ 1>7"
It follows that

Varq (f1) (Pf, frx

D
max ——————— = max

—{f
f - Var(f) AL e = Dx
ﬂ

So, to prove the lemma it is enough to show that Ay(P) < . The observation is that P is a low-rank
matrix. In particular, let U be the matrix with columns %1173 and R be the matrix with rows m; 5. Then,
P =UR, and X\2(P) = \2(UR) = )\Q(RU). Let M = RU € R?"*2"_ In particular,

= Xo(P)

Plo; = s1,0; = s2] 1
M E = e = L) P - _
(i,51,7,52) ]P 51,05 5] 7P [o; = 1] nIF’[UJ solo; = s1]

In fact if we take off the projection on the all-ones vector, we have

(nM — 17 ") (i, 51,4, 82) = (P[0 = s2loi = 1] — P[0j = s2])

The above matrix is very similar to the co-variance/influence matrix. It turns out that

Ax —AW]

T _
nM—1r' — 1 = {Bﬂ B,

where U, — I = A, — B,. It then follows that U, — I has the same non-zero eigenvalues as nM — 17" — 1.
This implies that \o(M) = L Apax(nM — 177) = 1(1 + Apax (¥ — 1)) < 22 as desired. O

11.3 Shattering Lemmma and Optimal Poincaré Constant

In this section, we sharpen our previous analysis in the setting of graphical models on bounded-degree
graphs. In particular, we assume that G is a graph with maximum degree A. and we prove an Q, A(1/n)
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lower bound on the spectral gap of Glauber dynamics without assuming marginal boundedness. This implies
O(n?)-mixing. In future lectures we will bound the MLS constant by 1/n which gives the optimal O(n logn)
mixing.

First, recall that

Lemma 11.10. Let G be a graph with n vertices and mazimum degree A. Then, for any any positive integer
{>1, and for any vertex v € V,
/—
Poe(p) [15:1= 8 < (2e00)""

Here S, is the unique mazimal connected component of the induced subgraph G[S] that contains v.

The main observation is the following lemma of Borgs-CHayes-Kahn-Lovasz

Lemma 11.11. The number of connected induced subgraph of G that contains v is at most (eA)*~1.

Proof Sketch. Let T be the complete A-ary tree of depth £ rooted at r. The observation is that the number
of subtrees of T" rooted at r with exactly ¢ vertices is exactly

1( (A ) L ()

\r—1 2

(see e.g., Stanley’s book for a proof). Now, the number of subtrees of G with ¢ nodes containing v is at most
that of T' (one can give a one-to-one mapping of such subtrees of G to subtrees of T). O

Proof. Now, we are read to finish the proof. Let k = 0n.

IF’SN(;;) (ISu] =4] < Z Ps[UCS] < '{UE <‘2> :v e U,GU| conn}‘-IP[UgS]
Ue(‘g),veU,G[U] conn
< (eA)*~1g* (Lemma 11.11)
< (eAB) 1 (k = 6n)
To see the second to the last line say U = {uq,...,us}; then

PUCS]|=Plus € S]Plug € Slus € 5]...Plug € Sluy,...,ur—q € 5] <6
O
Theorem 11.12. If G has mazimum degree A (and 7(o) > 1/C™ for a constant C' and any o then, the
Poincaré constant of the Glauber dynamics is at most O, a(1/n).
Proof. Let k = (1 — 6)n for a value of § < 1/A that we choose later. Similar to before, we can write
Var(f) < 9—<1+’7>]ESN(Z)1EUN,TS Var,,  (f)

_ 9—(1+n)ES~(z) Z Vary ., (fv) (Independence of components)
U comp of G\S

< 0*(1+U)ES~(nzk)ETwﬂ,s Z Eowwf’“)\|5v| Varﬂ-v_vma(f)
vgS

<O NN "By ven Vara, ,(f) D Ae(2eA0)
v 14

< Opa(n)EymE, . v—v Varg, _, (f)
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In third equation «ay is the worst Poincaré constant over (connected) graphs of size ¢ constaining i. The
second to the last line uses that the probability that |S,| has size £ for S of size |S| = n —k = On is at
most 2eA#)* 1. The last line simply uses that connectivity and that the Poincaré constant, A, is at most
exponentially large in /. O
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