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A Detailed version of Section

In this section, we prove our main technical result: a lower bound on the sample complexity of testing
whether a degree-d Bayes net is a product distribution.

Theorem 2.1. Let d < c-logn, where ¢ > 0 is a sufficiently small absolute constant. Then, testing
whether an arbitrary degree-d Bayes net over {0, 1}™ is a product distribution or is e-far from every
product distribution requires Q(24/%n,/?) samples.

This theorem considerably generalizes the lower bound of ©(n/c?) established in Canonne et al.
[2020] for the case of trees (d = 1). To establish our result, we build upon (and considerably extend)
their analysis; in particular, we will rely on the following “mixture of trees” construction, which can
be seen as a careful mixture of (241 of) the hard instances from the lower bound of [Canonne et al.|
2020, Theorem 14].

Notation. Throughout, for given n, d, €, we let N := n — d 4+ 1 (without loss of generality assumed
to be even), D = 2%-1, § == ﬁ and

1+45 1+ (46)* 1+ (46)*
= —_— 1= 2o = —,

1—45 7' T 1462 TP 1—(40)f

Definition 2.2 (Mixture of Trees). Given parameters 0 < d < n and 6 € (0, 1], we define the
probability distribution D,, 4 5 over degree-d Bayes nets by the following process.

20

1. Choose a perfect matching A of [N] uniformly at random (where N =n — d + 1), i.e., a set

of N/2 disjoint pairs;

2. Draw i.i.d. py, ..., up uniformly at random in {0, 1 N/2,

3. For £ € [D], let p, be the distribution over {0,1}" defined as the Bayes net with tree
structure A, such that if A\, = (¢,j) € A then the corresponding covariance between

variables X;, X is
COV(Xi,Xj) = (71)’“‘1“5

4. Let the resulting distribution Py ,, over {0,1}" be

D
1
PML(:E) = 5 E pg(ﬂ?d, . ,:cn)]l[b(:cl, e 7Id—1) = f]
{=1

where ¢: {0,1}%! — [D] is the indexing function, mapping the binary representation to
the corresponding number.
That is, D,, 4 s is the uniform distribution over the set of degree-d Bayes nets where the first d — 1

coordinates form a “pointer” to one of the 2¢~! tree Bayes nets sharing the same tree structure (the
matching \), but with independently chosen covariance parameters (the D parameters p1, . .., ip).

With this construction in hand, Theorem 2.1]will follow from the next two lemmas:

Lemma 2.3 (Indistinguishability). There exist absolute constants ¢, C' > 0 such that the following
holds. For Q(1) < d < clogn, no m-sample algorithm can distinguish with probability at least 2/3
between a (randomly chosen) mixture of trees P ~ D,, 4 . /. s and the uniform distribution U over
{0,1}", unless m > C - 2%/%n /&2,

Lemma 2.4 (Distance from product). Fix any 0 < d < § and ¢ € (0, 1]. With probability at least
9/10 over the choice of P ~ D,, ; ./ /m, P is Q(€)-far from every product distribution on {0, 1}".

Note that this guarantees farness from every product distribution, not just from the uniform distribution.

We first establish Lemma [2.3]in the next subsection, before proving Lemma 2.4]in Section [A.2]
Throughout, we fix n, d, and € € (0, 1].

A.1 Sample Complexity to distinguish from Uniform (Lemma

We here proceed with the proof of Lemma 2.3, starting with some convenient notations; some of the
technical lemmas and facts used here are stated and proven in Section@ Let 0 = (A, pt1, - -« flod—1),
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where each ji;, € {£1}"/2, and let Py be the distribution for the mixture of trees construction from
Deﬁnition The following denotes the matching count between (A, 1) and x as the quantity

C(/\,/.L,J?) = |{(l7.7) € {d7 . ,Tl}2 A<k %7Ak = (Zaj) and (_1)%‘4—%‘ = (_1)#L(z)‘k}|'

We will also introduce an analogous quantity with an “offset”, for z., = (xq, ..., 2y ), referring
exclusively to the child nodes of x (i.e., the last N nodes, which are the “children” of the first d — 1
“pointer nodes” in our construction),

Cch()‘auamch) = (13)
{(i,4) €f{d,....n}*: 31 <k < T e =(i—d+1,j—d+1)and (—1)"T% = (=1) s}

To denote the parameters of the “mixture of trees,” we write 0; := (A, u;) (for i € [D]), recalling
that the matching parameter )\ is common to all D tree components. Since each p; corresponds to
one of the values of (x1,...,74_1) € {0,1}¢71, we as before use ¢: {0,1}¢~1 — [D] to denote the
indexing function (so that, for instance, ((x1 = -+ = 24_1 = 0) = 0). We finally introduce three
more quantities, related to the matching and orientations parameters across the D components of the
mixture:

Ag, o = {(s,t) € {L1,...,N/2}? : A[s] = N'[t], pusls] = i8]}
(common pairs, same orientation)

By, o = {(s,1) € {1,..., N/2}* : X[s] = N'[t], uils] # w;[t]}
(common pairs, different orientation)
Co, 00 = (AUX)\ (AU B) (pairs unique to 6 or 0")
For ease of notation, we define A; := Ay, g, B; := By, ¢: and C; := Cp, ¢:; and note that C; = C1,

as it only depends on A (not on the orientation ;).

To prove the indistinguishability, we will bound the squared total variation distance (or equivalently,
squared ¢1) distance between the distributions of m samples from (the uniform mixture of) P and

U by a small constant; that is, between @ := Eg [P(;X’m] and U®™. From Ingster’s method (see, e.g.,
[Acharya et al.,|2020, Lemma IIL.8.]), by using chi-square divergence as an intermediate step we get

1Q = US|} < da (@ US™) = By r[(1 +7(6,6))™) — 1, (14)

where 7(0,0') = E,y {(P"(?&[{u)) (P"’(g)(;)(](x))] In order to get a handle on this quantity

7(0,0"), we start by writing the expression for the density Py (for a given parameter 6 of the mixture
of trees). For any z € {0, 1}", recalling Item 4] of Definition[2.2]

PG(x) = P@(xd,...,fﬂn | $1,...,l'd,l)Udfl(ih...,:L‘d,l)
1
= dePAlul«(m)(xd7"' axn)
1 1 N
= ST ' c(Xstu(a) ) _ S —c(N My (2),X)
= i1 g (L+40) e (1 — 4g) 7 ~eHie

= (1 41— ag)F e )

Substituting this in the definition of 7, we get

7(0,0") = Eprr [(I;G((j)) - 1) (129'/(5;) B 1)]

N 1—|—45 C(/\vlh(z)vw) N 1+45 C()\/7H:<z)vw)
(0 (LY (g ()

=14+ (1 -4 NEprr {ZS(A’M“(”)’IHC(A ’“Lm@’)}

. "‘““’”] , ()

_ (1 _ 46)%1[4:%(\/[] |:ZS(>\1/LL(H:)71):| _ (1 _ 46)%]EINU |:ZO
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where 2o == 122, As z ~ Ul, for fixed \,  we have that o (), p, z) follows a Bin(%, 3)

distribution; recalling the expression of the Binomial distribution’s probability generating function,
we then have

(1 — 45) 2 ]ExNU[ cbuce): $)] = (1 — 46)% T1~Uqg—1 |:E52~UN |:Z(C)Ch(A’uL(fl))52):|i|

{ZEmNBm %,% [ 6”]}

1+ 2
=1.
()

Using this to simplify the last two terms of (13, we obtain

m‘z

= (1 49)

vlz2
vz

(1—49)

14+7(0,0") =1 - 45)NIEm~U[,ZS(A’M'TMCHC(A ’M(m)@)]

D
1 e N
- D{ 31— 4)VE iy [z O e vuw)]}

1=1
1 D
B; o N
- D{ D (1= 48 -2 |IEoz~Bin(|A,-|,%)[Zg 111 ]Ea~6<oi>[20]}
=1 o;i|loi| =4
D Al
1 1+2 22 N
=1 oiiloi| >4

where the product is taken over all cycles in the multigraph Gy ¢/ induced by the two matchings; and,
given a cycle o, B(c) is the probability distribution defined as follows. Say that a cycle o is even
(resp., odd) if the number of edges with weight 1 along o is even (resp., odd); that is, a cycle is even
or odd depending on whether the number of negatively correlated pairs along the cycle is an even or
odd number. If o is an even cycle, then B(c) is a Binomial with parameters |o| and 1/2, conditioned
on taking even values. Similarly, if o is an odd cycle, (o) is a Binomial with parameters |o| and 1/2,
conditioned on taking odd values. It follows that E, (5 [2(] is given by the following expression.

_ (42071 4+(1—20)!"!

. EaNBm(‘ ! %)[z“ | @ even] = STol ,if o is even
EaNB(U) [ZO] - Lo (1+20)!7! — (1 z0)!°! . .
Ea~Bm(\a )[ |  odd] = T ,if o is odd
Denote
Sei = 38c(0;,0,) = {0 € cycle(;,0)) : |o| > 4,0 is even},
So.i = 8o(0,0) = {0 € cycle(6;,0)) : |o| > 4,0 is odd}.
We will often drop A, iz or i, when clear from context. We expand E, .5, [2(] as follows:
o] _ (1+20)l! + (1 — 29) 1! (1+20)l = (1 — 29)”!
H Eonso)l20] = H olo] H P
o:lo|>4 o:|o|>4,even o:|o|>4,0dd

el lo| _ o
1 + Zo 1 20 (1 + Zo) 1 20
H 2le| * <1+Zo) ) 1] 2lo| 1+ 2o

elgelzr?zl U:(\;yd;zl
20 )lel
- I S T+ o) [Ta- o)
oilo|>4 cES, veS,
Z Za: ol>4 lo|
- . —;ZOG):U>4 \IU\ H 1+ (_45)|U|) H (1- (—45)|a|)
= oceS, cES,
2)ICI
OZTOI) [T+ =49)7h) T (0 = (—46)")
gES. ces,
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where for the last equality we used that }© ., ;>4 |0 = |C|. We now improve upon the analogous
analysis from [Canonne et al., 2020, Claim 12] to obtain a better upper bound for the remaining
terms; indeed, the bound they derived is e9("/m) which was enough for their purposes but not ours
(since it does not feature any dependence on d). Let z; = }f(ig)z. In view of using the above

expression to bound (16), we first simplify (part of) the summands of by using the fact that
2|A4;| + 2|B;| 4+ |C;| = N for all 4, and following the same computations as in Canonne et al. [2020]:

(1— 46Nz |B|<1+Zo> A1 (1 4 29141

2 21Ci|
5 [As 2)|Cil
:(1—45)N203i<12 0) (1;;?
= ((1 — 46)? I&I(l_4521Jr >A<1—451+Z°>|Cil
= (( )*20) ( ) ( )5

= (1 )P0+ (a0 _
=(1- (45)2)|A¢|+|Bi\z\lf1i\ =(1- (45)2)|A1|+\Bl\z\1Ai\ ’

where the last equality uses the fact that the sum |A;| 4+ | B;| only depends on the matchings A, '
(not the orientations p;, 11;), and thus is independent of 7. Plugging this simplification into (16, and
letting R := |A;1| 4+ |B1| < N/2 for convenience, we get

D 22 [Ail
1+ 7(0,0") 11){2( —45)N |B<1+20> HEQNB(@)[Z(‘;‘]}

i=1 g3

(1— (40)%)f 1{2 AT a+ (=)l T1 (1—(_45)la|)}.

0ES. ;i 0€S,,i

Next, we compute the expectation after raising the above to the power m.

E@)g/ [(1 + 7(9, 9/))7”]

D
=Ego | | (1 - (46) {Z H -46)"h 1] (1_(_45)0)}
€Se,

=1 Ueso,i

m

m

= Eax | (1= (46)2)™PE; {Z |As] H —40)hy T] (1-(-45)(”)}
€Se,

i=1 0€S,,i

a7

The quantity inside the inner expectation is quite unwieldy; to proceed, we will rely on the following
identity, which lets us bound the two product terms:

[T+ (40 T - (—48)) < 57 J] (1+(=46)) [[ (1= (-48))), (18)
€S, €S, 0ESe:|o|=4 0ES,:|o|=4

for some absolute constant ¢’ > 0. We defer the proof of this inequality to Appendix and proceed
assuming it. Note that as long as D = O(n /%), we will have e¢ ™" /N*"* < 6128’”52/(\/5")5

and this restriction on D is satisfied for the regime of parameters considered in our lower bound,
d = O(logn).

Fix a pair A, \’; we have that the |A;|’s are i.i.d. Bin(R, 1/2) random variables. We now introduce
= o1 :lon| = 4} = [{oi : os| = 4},

*As per the condition set in Lemma [B. 5|, we will from now on assume that n/e? > n > 40D, which gives
us N3/2 > (n/2)%/% > (20D)1/2 > 2n+/D; and some more calculations give us ¢’

e2 < 128me?
N3/2 =~ VDn
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which is the random variable denoting how many cycles have length exactly 4. In particular, we
have R’ < %, since Zo:|a|>4 o = |C] < N; more specifically, we have R’ < NfR < %. Further,
define ~; as the number of cycles of length 4 which have an even total number of negative correlations;
that is, the number of cycles o such that ;, 1 impose either 0, 2, or 4 negatively correlated pairs
along that cycle.

Since p, p’ are uniformly distributed, being odd or even each has probability 1/2, and thus x; ~
Bin(R’ , %) Moreover, while x; and A; both depend on y;, 44}, they by definition depend on
disjoint subsets of those two random variables: thus, because each correlation parameter is chosen
independently, we have that x; and A; are independent conditioned on (R, R’). Now, recalling our

setting of zo = 1+ (3234 and fixing a realization of R, R’, we have

1 |a, "
Buw | | 52_a™ I a+w@sh [ (-wsh
i=1 €S8, (i):|o]|=4 0i€8,(i):|o|=4
1 D N / m
=B KD oA+ Ao (- (4)h” ”i> ]
i=1
(1(46>4>’”R’EWK Zz““‘ ) ]
R mR' D
<(1—(46)H™ 2% 2,° Eq H(cosh(2ozi62))R(cosh(Zai(S‘l))R/], (19)
i=1

where follows from the following lemma, whose proof we defer to the end of the section:

Lemma 2.5. There exists an absolute constant 0y = 0.96 such that the followmg holds. Let K 21
)2

and Ry, ..., Ri be integers, and 01, ...,0x € (O 8o Suppose that k1, ...,k p ~ Bin(R;,
1+5

)

are i.i.d., and mutually independent across 1 < j < K, and z; :=

L D =K e\ K _ZR; D K
E [(D >izt Hj:l 2" ) } < (Hj:l Zj J)Ed [Hi:l Hj:l COSh(2ai5j)] )
where (o, . .., ap) follows a multinomial distribution with parameters m and (1/D, ... 1/D).

We now focus on the expectation on the right (last factor of the RHS of (19)): using that cosh u <
min(e*’/2, ") for u > 0, we have, setting A := 1/§2 = n/e?,

Es

D
H(cosh(Qozi(SQ))R (COSh(2a1‘54))R/]

=1
D
. 2 254 258 1o/
< E& Hmln(€2az§ R762a15 R)62a16 R
i=1

D
<E [ 20;6% Rl [ov; >A], 2025 R1[a; <A] 2a268R/]
< e

=1

/4 rp 1/2
E He‘*a?&gR’] (20)
i=1

where the last step comes from the generalized Holder inequality (or, equivalently, two applications
of the Cauchy—Schwarz inequality), and the threshold A was chosen as the value for which the term
realizing the minimum changes. We first bound the product of the last two expectations:

D D 1/2
E He&x?é‘lR]l[aigA] E He4a§68R’
i=1 i=1

D /4 rp
E HeSaiaan[ai>A]] E lH eSa?64R1[ai<A]

i=1 i=1

1/4
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2

D 1/4 D 1/
<E lH 6854Rrrlin(a?,A2)1 E lH 640?58R/]
i=1

i=1
< (E[e8min(a?,AQ)é‘LR})D/4(E[e4oﬁ§8R’])D/2 Q1
2 2
< exp (32547]@R> exp (3268%]%'). (22)

where we applied negative association (see, e.g., [Dubhashi and Ranjan|[[1996, Theorem 13]) on
both expectations for (2I)); and then got by Lemmas and (for the latter, noting that
tm = 26®mR’ < 1/16; and, for the former, assuming with little loss of generality that ¢ < 1/(4v/2)).
Applying Lemmalﬁito the first (remaining) factor of the LHS above as 85°R < 4 and D > Q(1),
we get

1/4
E

D 1/4
H e&ﬁ#m [ai<A]

i=1

D
E lH €8ai62R]l[a,;>A]

i=1

D 1/2
E lH 64(135812’]
=1

2 2
< (140(1)) - exp (3264721%) exp <32"Z)58R’>

= (1 + 0(1)) exp(32C"R),

recalling that R’ < N/4 < n/4, and our assumption that m < C’v/Dn/e?. Combining (17), (18),
and (19), what we showed is

mR mR/

E@)@r[(l + 7_(970/))711] < (1 + 0(1»6128%1[3)\’)\, |:(1 _ (46)2)mR(1 _ (45)4)mR’212 2y 2 632012,12]

= (14 0(1)e O Ban [ (1 - (40)) (1 - (46)%) " 20 7]
g (1 + 0(1))6128.C,EA7>\/ |:632C/2'R:| s

where the equality follows from the definition of z1, z2. To conclude, we will use the fact that, for
every k > 0,

Pr[R > k] < % (23)

which was established in|Canonne et al. [2020} p.46]. By summation by parts, one can show that this
implies
Erl[e®f] <1+ (1- e (e —1) — 1+a(e—1)

a—0
for any a > 0, and so, in our case,

Eoor[(1+7(6,0))"] < (14 o(1))e2 (14 (1 - e o n) e

In particular, the RHS can be made arbitrarily close to 1 by choosing a small enough value for the

constant C” (in the bound for m). By (14), this implies the desired bound on [|Q — U®™ ||i, and thus
establishes Lemma[2.3] O

The remaining technical lemma. It only remains to establish Lemma 2.5| which we do now.

Lemma 2.5. There exists an absolute constant dy ~ 0.96 such that the following holds. Let K > 1
and Ry, ..., Rk be integers, and 61, . ..,0x € (0,00]. Suppose that K1, ...,kjp ~ Bin(Rj, %)

are i.i.d., and mutually independent across 1 < j < K, and z; := }fg?. Then
J

L «p K _ru) K ZR; D <K
E [(D Dz Hj:l z; > } < (Hj:l zj? )]E& {Hi:l Hj:l COSh(QaiCSj)}v
where (a1, ..., ap) follows a multinomial distribution with parameters m and (1/D,...,1/D).

Proof of Lemma We will require the following simple fact, which follows from the multinomial
theorem and the definition of the multinomial distribution:
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Fact A.1. Let D be a positive integer and m be a non-negative integer. For any x1,...,xp € R, we

have
1 D m D
(D 3 x> CE . [H l] |
i=1 i=1
where (a1, ..., ap) follows a multinomial distribution with parameters m and (1/D, ...,1/D).

We now apply Fact inside the expectation of the LHS of the statement. Note that the sets of

random variables & = {a1,...,ap}, &1 = {K11,...,k1.0},...,Kx = {KkK1,...,KK,D} are
mutually independent, since & are a set of auxiliary random variables derived from an averaging
operation and by the assumption on <;; and we have that x; 1, ..., k; p areii.d,
m Qg
D K D [ K
E L i =E|E i
5 Zj = Q1,..,0D 2
i=1j=1 i=1 \j=1
e [T11
- oK
i=1j5=1
QiKi g
i, T T4
1=17=1
(D K
QiR i
— | | TTTT B 5
[i=1j=1
1 +Zaz Rj
= Eq H 1l ( )
z 15=1

(Probability-Generating Function of a Binomial)

_D % "y Z,_ai/2+zo»q/2 R
_m. J J
~ea I (0

i=1j=1

ﬁm ()

i=1j=1

Next, we will simplify the expression left inside by upper bounding it, using the fact that, given our
assumption on ¢; being bounded above by dy, we have z; = ifgj < e, Thus,

7/2+z @i /2 2 =205 4 200, \ P
e (7550 | em M ()

i=1j=1 i=1j=1

D K
= Ea H H(COSh(QO&i(Sj))R

i=1j=1

as claimed. O

A.2 Product Distributions Are Far from Mixture of Trees (Lemma [2.4)

In this subsection, we outline the proof of Lemma Our argument starts with Lemma([A.2] which
allows us to relate the total variation distance between the mixture and the product of its marginals to
a simpler quantity, the difference between two components of this mixture.

Lemma A.2. Let p be a distribution on {0,1}N x {0,1}™ (with N, M > 2), and denote its
marginals on {0, 1}V, {0, 1} by p1, ps respectively. Then, if py is uniform,

drv(psp1 @ p2) = drv(p(- |21 =0),p(- | 21 =1)).
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This in turn will be much more manageable, as the parameters of these two mixture components are
independent, and thus analyzing this distance can be done by analyzing Binomial-like expressions.
This second step is reminiscent of [[Canonne et al., 2020, Lemma 8], which can be seen as a simpler
version involving only one Binomial instead of two:

Lemma A.3. There exist C,Cy > 0 such that thefollowmg holds. Let E € (0,1) andn > C4, and
let a,b be two integers such that a +b =n and b > 31 Then, for § = f’ we have

S ()T

This parameter b corresponds to the difference between the orientations parameters p, ' being large,
which happens with high constant probability as long as n is large enough. The proof of Lemma[A.3]
is deferred to Appendix|C.3| and we hereafter proceed with the rest of the argument. For fixed 6 and

2 CQE.

Toy...,Tg, 2 1= ﬁ—jg. We will denote by 1, i’ the two (randomly chosen) orientation parameters
corresponding to the mixture components indexed by (0, zo, ..., z4) and (1,2, ..., z4). By Lemma
and Lemma|[I.5] for any product distribution g,
1 N /
- (1- 1 c(Mpyz) _ e(Xp,x)
2d1v(p0) 2 3 (1=40)F D [ — o)) (25)

Let S; denote the set of pairs in the child nodes with common parameters between p and 1/, and S
the set of pairs with different parameters (that is, the definition of 51, S5 is essentially that of A and
B from the previous section (p[:) but for equal matching parameters )\ = )X'). In particular, we
have that |S5| = Hamming(u, ) ~ Binomial (£, 1) and |S; U So| = &. Let &(S, i, z) be the
analogue of cc, (A, i1, z) from (13)), but only on a subset of pairs S instead of {d,...,n}?ie.,

&S, px) = |{(i,j) €S : Ik eN, Ny =(i—d+1,j—d+1)and (—1)"F* = (=1)#*}|.

Given any x, p and 1/, the following holds from the definitions of ¢ and cy:

. Si/nce S1 U Sy contains all the pairs, e, (A, @, ) = ¢(S1, 1, ) + é(Sa, p, ) (similarly for
W),

* Since S (resp., S2) contains exactly the pairs whose orientation is the same (resp., differs)
between 1 and 1/, we have ¢(S1, ¢/, ) = ¢(S1, p, ) and é(Sa, p’, ) + é(Sa, p, ) = | Ss]

* For a fixed matching and a partition S1, Sy of its IN/2 pairs, given an orientation vector
p € {0,1}N/2, and fixed values 0 < k; < |S1], 0 < kg < |Ss|, there are 2N/2(|gi‘) (%l)
different vectors = € {0, 1}"V such that ¢(Sy, p, x) = kq and &(Sa, p, z) = ka.

Using these properties, we have, assuming |Sa| > i - % and NN bigger than some constant,

Z |ch1,(A7H7w) _ chh(A,M/v‘”” = Z |25(S17u,1‘)+6(527uyw) _ 26(517u’77;)+&(52,u'7w)|
z€{0,1}N ze{0,1}N
_ Z | 605112+ E(S2,1,w) _ E(S1p)+|82| = (82,17 |
ze{0,1}N
[S1] |Sz|
=285 () 2 (R)sers st
kim0 N1/ 2o N2
1 2
2N
>C — .
>0 (1—46)N2 ©

where C' > 0 is an absolute constant, and for the last inequality we invoked Lemma[A.3] Recalling
now that | S| ~ Bin(4, 1), for IV large enough we also have

N _N
g 21—6 16>9/10
Thus, combining the two along with (23), we conclude that
Prldrv(Po(- | 21 = 0,22,...,24), Po(- | 21 = 1,29,...,24)) = Q(e)] = 9/10,

establishing Lemma O

PI'|:|SQ| 2
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B Useful results on the MGFs of Binomials and Multinomials

In this section, we establish various self-contained results on the moment-generating functions
(MGF) and stochastic dominance of Binomials, truncated (or “capped”) Binomials, and multinomial
distributions, which we used extensively in Section[2.T and should be of independent interest. Notably,
derivations from Sect following are direct consequences of the three lemmas in the section:
Lemma|[B.3, Lemma|B.6 and Lemma|[B.7 below, which we restate and establish later in this section.

Lemma B.3. Let X ~ Bin(m, p). Then, for any t such that 0 < tm < 1/16,
E[etXQ] < exp(16tm?p? 4 2tmp).

Lemma B.6. Suppose d = (v, ...,ap)? follows a multinomial distribution with parameters m

and (1/D,...,1/D), and A > 40D > c* be such that m<cevV/ DA. Then, for any t < 4 and
D > Q(1), we have

D
H eteil [ai>A]

i=1

Lemma B.7. Let X' ~ Bin(m,p), and X := min(X’, A), for some A < m. Then, for any t such
that 0 < tA < 1/8 and 0 < tmp < 1/16, we have

E

1
<1+ c@exp(—g()AlogD).

E[etxz] < exp(16tm?p? + 2tmp).

B.1 Bounds on moment-generating functions

We start with some relatively simple statements:
Fact B.1. If X ~ Bin(m, p), then, for any 0 < t < 1, E[e*X] < exp(2tmp).

Proof. This follows from computing explicitly E[e!*] = (1 + p(e! — 1))™ < (1 + 2tp)™ < e2mp,
where the first inequality uses that ¢ < 1. O

We will also require the following decoupling inequality:

Lemma B.2. Ler F': R — R be a convex, non-decreasing function, and X = (X1,...,X,) be a
vector of independent non-negative random variables. Then

E|F ZXZ-X]» <E|F 4ZXin
i#] ()
where Y is an independent copy of X.

Proof. Introduce a vector of independent (and independent of X) Bern(1/2) random variables

§ = (61,...,0,); so that E[§;(1 — 6;)] = 21;;. For any realization of X, we can write

S OXiX; =4Es | Y 0i(1—6) XX, | =4Es | > 6i(1—0,)X: X; |,
i#] i#] i,J
and so, by Jensen’s inequality and Fubini, as well as independence of X and 6,
Ex |F|Y XiX; || =Ex |F[4Es | > 6:(1 - ;)X X;
i#] 2
<Es |Ex |F|4) 6:(1-6,)X:X;

,J
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This implies that there exists some realization 6* € {0, 1}" such that
Ex |F ZXin <Ex|F 425;(1-5;)&)9
i#] (2%

LetI:={i € [n]:6; =1}. Then_, 67 (1 — 07)XiX; =3 (; jyerxse XiX;, and we get

Ex |F ZXin <Ex|F|4 Z XX, (26)
i#£j (4,5)eIxIe

=Ex |[F|4 Y XV
(i,5)eIxIe

<Ex|[Fl4 ) XY+4 > XY

(ig)elxIe (i) @I xI°

=Ex |[F[4)_XV; ]|,
2%

where the equality uses the fact that (X;);cr and (X)) cre are independent (as I, I° are disjoint), and
so replacing > jere X by the identically distributed jere Y; does not change the expectation; and

the second inequality uses monotonicity of /" and non-negativity of X, Y, as 43, o7, e X;Y; = 0.
(Note that up to (and including) (26), the assumption that the X;’s are independent is not necessary;
we will use this fact later on.) O

Note that compared to the usual version of the inequality, we do not require that the X;’s have mean
zero; but instead require that they be non-negative, and that F' be monotone. We will, in the next
lemma, apply Lemma@to the function F'(x) = €2!*, for some fixed positive parameter ¢ > 0 (s0
that F' is indeed non-decreasing), and to X1, ..., X,, independent Bernoulli r.v.’s. Specifically, we
obtain the following bound on the MGF of the square of a Binomial:

Lemma B.3. Ler X ~ Bin(m, p). Then, for any t such that 0 < tm < 1/16,
E[etxz] < exp(16tm?p? + 2tmp).

Proof. Write X = > | X, where the X are i.i.d. Bern(p) (in particular, X; = X?). Then, by the
Cauchy—Schwarz inequality and the decoupling inequality from Lemma[B.2, we have, for ¢ > 0,

E[etx2] _ E[etZi XietZi;éj Xin:|

(decoupling) < \/W \/W . 27

where Y; ~ Bern(p) are i.i.d., and independent of the X;’s. Let Y = >""" | V; ~ Bin(m, p). From
Fact@ as long as 2t < 1, 8tm < 1, and 16tmp < 1 (all conditions satisfied in view of our
assumption),

N

EX7y[€8tXY] _ EX [EY [68tXY” < EX [616tme] < 632tm2p2,

and E[e*"X] < e*™P. Going back to (27), this implies

E[etXQ] < Vexp (4tmp)/exp (32tm?p?) = exp (2tmp + 16tm>p?) |

concluding the proof. O
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We will prove an MGF bound on the truncated Multinomial in Lemma [B.6 (noting that using
MGEF bound of Multinomial distribution is not nearly enough), as required by our analysis on the
independence testing lower bound; prior to that, we will need two important lemmas: Lemma|B.4
and Lemma [B.5] These two lemmas both try to bound the expression with a uniform and more
manageable term.

Lemma B.4. Fix m, A, D such that %gcx/ﬁfor some ¢ > 0 (and D > max(16c*,e1%0)). Fix
any integer k > 0 and a tuple of non-negative integers (a1, ...,ap) summing to m such that
L = Zle a; > kA (in particular, k < ¢/D). Suppose (ai,...,ap) follows a multinomial
distribution with parameters m and (1/D, ..., 1/D). Then,

1
M Prjd@ = (a1, ...,ap)] <m- exp(—ngogD).

Proof. Via a multinomial distribution grouping argument, the probability can be bounded by con-
sidering a grouping of two random variables, L = Ele a; and Ly = Zi’ikﬂ v, where (L, Ls)

follows a multinomial distribution with parameters m and (%, %), namely, recalling L = Zle a;

and setting T := Z,D:k_H ai,

S ml (k\"(D-k\"
Pr[a—(ahm,aD)]<PY[L1_L’L2_T}_L'T'(D> <D>

Moreover, note that m = L + T'. Via Stirling’s approximation, we have

|
% < exp(mlogm +logm — Llog L — T'log T)) (28)
from which we can write, taking the logarithm for convenience,
m! (k\"/D—-k\" LD TD
I — | = —_— <1 —( Llog — + Tlog ————— 29
Og(L!T!(D) ( D ) ) e ( iy Ogm(D—k)) (29)

LD TD D34 — k
_IOgm_<L10gmk+Tlog(m(D3/4—k) D% ))

(30)
D —k
1/4

< logm — mlog(D )—|—(m—L)log<D3/4_k> (31)
DYV* 1 DYV* 1

L4 — 1/4

mk 1—1/DY* 1
<1 ek L log D 33
Slogm + prg— — gllog (33)
1

<logm+ L — leogD (as ¢/ DY < 1/2)

where we used Gibbs’ inequality for (31)); we then have @) by log(1 4+ z) < z for the first term.
then follows from k& < ¢v/D and km<kA - cv/D < L - ¢v/D. Finally,

(kN /D—k\" 1 1
64Lm() <) < exp(bL — ZLlogD) < mexp<—5LlogD> ,

L'T'\ D D
the last inequality as long as log D > 100. O
Lemma B.5. Suppose d = (v, ...,ap)? follows a multinomial distribution with parameters m

and (1/D,...,1/D), and that ®<cv/D for some ¢ > 0,A > 1 with A > 40D > Q(c*) and
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D > Q(1). For any integer evVD>2k>1and any t < 4,

l I & 1@ :k]] gexp<—810Alog(D)).

o >A

where v(a) = |{i : a; > A}| denotes the number of coordinates of & greater than A.

Proof. Without loss of generality, (as later, we will sum over all combinations) assume that

a1,...,qp are the coordinates larger than A, for some integer k; and denote their sum by L.

Note that we then have kA < L < m<cAvVD, and thus 0 < k < evV/D.
[I @ =hl=(y) ¥ X eFherda= (o o)
) k: ) b
Bra; >A Ay, ap>A aptt,...,ap<A
(34)

A uniform bound on any o, ..., ap as specified can be obtained from Lemma- B.4} and, combining
it with |i we have an express1on that does not depend on the value of &; from whlcl'

(35)

E[e‘lZ?:laiIL[u(d') = k]] < (i) Z me~52log D
A1y g >N Q15,0 D KA
D k A D—k 1
< i (m—A)*AYPexp logm—gAlogD
A
< expl klog D + klog(m — A) + (D — k) log A + logm — 0 log(D)
= exp(klog(D~ m;A)+DlogA+logm— A10g(D)>
1
< exp( gAlogD + (D +1)log A + log(cV'D) + klog(cD)>
1
< exp( TOA log D + 20\/>10g(cD)>

where (35)) follows from 20l og D Sy o8 A, which holds for A > 40D and D large enough (larger than
some absolute constant); and the last inequality holds, given the above constraints, for D > 16¢*. O

Lemma B.6. Suppose d = (v, ...,ap)? follows a multinomial distribution with parameters m

and (1/D,...,1/D), and A > 40D > ¢* be such that m<cvV'DA. Then, for any t < 4 and
D > Q(1), we have

D

H etai]l[ai >A]

i=1

E

1
<1+ c@exp<8()AlogD>.

Proof. Letv(&) = |{i : o; > A}| denote the number of coordinates of & greater than A. Note that
v(d) < L=, and that L = ¢v/Ds by assumption. We break down the expectation by enumerating
over the possible values for (&), from 0 < k < L:

IS L
E Heta,i]l[ai>A]‘| _ Elz H e 1v(@) = k] + 1[v(d) = O]]
i=1

k=1i:a;>A

>We have the number of terms in the summation upper bounded by the following analysis: (m — A)* is an

upper bound of combinations of vy, . . . , ay, with values larger than A; and similarly, (A + 1)” ~* will be the
upper bound for the combinations of a+1, .. ., ap with values up to A.

25



+1-Pr[v(a) =0

k=1 dioe >A
1
< Lexp (_SOA log D) + Pr[v(@) = 0] (36)
1
< eDY?exp (80A log D> +1,
where follows from Lemma[B.5. 0O

We now state and prove our last lemma, Lemma [B.7] on the MGF of the square of a truncated
Binomial:

Lemma B.7. Let X' ~ Bin(m,p), and X := min(X’, A), for some A < m. Then, for any t such
that 0 < tA < 1/8 and 0 < tmp < 1/16, we have

E[etXQ] < exp(16tm?p? + 2tmp).

Proof. We will analyze the sampling process in Definition [B.8:

Definition B.8. Fix integers m > A > 1,and let X1, ..., X/ bei.i.d. Bern(p) random variables.
Define the distribution of X1, ..., X,, through the following sampling process:

1. Initialize X; = O for all ¢ € [m]; sample {X]}1<i<m as mii.d. Bern(p);

2003 e Xi <A let X; = X[ forall i € [m];

3.0 e Xi 2 Aslet 8" = {i € [m] : Xj =1} and let S be a uniformly random subset of
S’ of size Ajset X; = X[ fori € S.

Consider a sequence of random variable X1, ..., X,, as defined in Definition @; each X; (for
1 < i < m)is supported on {0, 1} (so that, in particular, X? = X;); and X = Zie[m] X;. By the
Cauchy—Schwarz inequality,

E[etXQ] ) [et Sl X+t Zq‘,;ﬁj Xin:|

< E [62t§;;';1 Xi} \/E [62@;1# X,-XJ}

S \/m\/ﬂﬂ [egtz(z\j)elxzc XiX.7:| 37)
< \/]E [GQtX]\/E[GStYIYZ] a8)

where Y7 ~ min(Bin(|I|,p),A), Y2 ~ min(Bin(|I¢|,p), A) and Y; is independent of Y5 (and
(I,1I°) is some fixed, but unknown partition of [m]). follows from the intermediate step in
the proof of Lemma@ (observing that « — e'® is convex, and non-decreasing as ¢t > 0; and using
the remark from that proof about the independence of X;’s not being required up to that step) and
(38) follows from Lemma[B-12, We will implicitly use Facts[B.9, [B.10, and [B-1T for the remaining
calculations, eventually replacing most expressions with X’ ~ Bin(m, p).

Recalling that X < X' by definition, the first term of can be bounded as E[e?!X] < ettmp,
Moreover, from our assumption, tY; < tA < 1/8 and tmp < 1/16. Combined with the fact that
Y1, Y5 is dominated by X ~ min(Bin(m, p), A) and thus by X’ ~ Bin(m, p), we have

E[GStYIYQ] _ Eyl [EY2 [e8tY1Y2]] < ]Eyl [616tY1mp] < 632tm2p2,

Going back to (38, this implies

Elexp (tXQ)] < \/exp (4tmp) \/exp (32tm?2p?) = exp (2tmp + 16tm2p2) ,

concluding the proof. O
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B.2 Stochastic dominance results between truncated Binomials

Fact B.9. Let X ~ Bin(m,p), and 0 < n < m. DefiningY = min(X,n)and Z = X | X <
we have, for every k > 0,

Pr[X > k| > Pr[Y 2 k] > Pr[Z > K],
i.e, X =Y = Z, where > denotes first-order stochastic dominance.

Proof. We can write the PMF of Z and Y, forall 0 < k < n,
o (X =k, k<n ., PrX =k
Pr[Y = k] —{ PrX >nl, k=n ' M= pRr
It follows that Pr[Y" > k] = Pr[X > k|1{k < n}, which gives the first part of the statement.

The second part follows from a direct comparison between the two CDF of Z,Y: indeed, for
0<k<n,
Prln > X > k]

Pr[Y 2 k| >2Pr[Z2k] & PriX>k]l> PrX < n]
< Pr[X > K](1-Pr[X >n]) > Pr[X > k] — Pr[X > n]
< Pr[X > k] Pr[X > n] < Pr[X > n]
< PriX >k <1,
and this last inequality clearly holds. O

We also record the facts below, which follow respectively from the more general result that first-order
stochastic dominance is preserved by non-decreasing mappings, and from a coupling argument.
Fact B.10. Consider two real-valued random variables X,Y, and n > 0. If X = Y, then
min(X, n) > min(Y,n): for all k,

Prmin(X,n) > k] > Pr[min(Y,n) > k|;
i.e., the min operator preserves first-order stochastic dominance relation.
Fact B.11. Ler X ~ Bin(n,p) and Y ~ Bin(m, p), where m = n. Then X Y.
Lemma B.12. Let X1, ..., X,, be sampled from the sampling process in Definition|B.8] and I, I°
be any partition of [m]. Define Zy == 3,1 X, Z1e =3, c1e X4 and Y1 ~ min(Bin(|I], p), n),
Yie ~ min(Bin(|1¢|, p), n). Then

Zr-Zie Y7 Yie.

Proof. We prove the lemma by defining a coupling Z;, Zjc, Yy, Yiec such that Z; - Zye < Y;-Yje with
probability one. The sampling process below will generate samples (X;)1<i<m, Z1, Z1¢, Y1, Y7e
for all possible realizations of I and /€. In other words, from a given sequence { X/ };c[,,), we will
generate {Xi}ie[m]v 1/11 y Y]107 lea Y]QC, vy 1/]2,,,/ s Y]Qcm y Z]l, ZI1C’ ZIQ, Z]§7 ey lem s ZISm’ where
the (I;, I7) enumerate all partitions of [m] in two sets.

1. Initialize X; = 0 for all ¢ € [m]; sample (X})1<i<m as m i.i.d. Bern(p);

2. 063 ey Xi <, let Xj = X] foralli € [m];

3. 03 epm Xi = n,let 8" = {i € [m] : Xj =1} and let S be a uniformly random subset of
S’ with size n; set X; = X/ fori € S.

4. Foreach I € {Iy,...,Ism}, denote S; = S’ N I. Select a uniformly random subset of S}
with at most n indices which is a superset of S N I. In more detail, if |S N I| < n, select
min(|Sy|,n) — |S N I| elements uniformly at random from S; \ (SN I)toaddto SN I,
which becomes S7y; else, let S; = & N I. Repeat a similar process for I¢ to obtain Sye.

5. Foreach I € {I1,...,Ian},setY; =)o Xjand Yre =3, o X

From the above definition, we can readily see that for any I, Y7 > Z; and Y > Zj.. What is left
is to argue that the Y; ~ min(Bin(|I|,p),n) and Y;c ~ min(Bin(|I¢|,p),n). We start by noting
that for any k < n, {Y; = k} = {|S1| = k} = {|S}| = k}. The last equality comes from the fact
that |S;| < n can only mean that |S}| < n, and the selection process in step 4 will thus add all
elements from S} to S;. From here, we have Pr[Y; = k] = Pr[|S;| = k] = Pr[Bin(m,p) = k|,
for £ < n; and we have Pr[Y; = n] = 1 — Pr[Y; < n] = Pr[Bin(m,p) > n]. As a result,
Y7 ~ min(Bin(|I|, p), n). Similarly, we can argue that Y7 ~ min(Bin(|I¢|, p), n). O
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C Deferred Proofs

C.1 Proofs from Section 3]

Proof of Lemma We analyze Algorithm[2: first we use the algorithm of Lemma[I.3to learn P
to d,» distance €2 as if it was a product distribution, using O(E%) samples. Let P be the output

of the learning algorithm. Note that since Lemma guarantees proper learning, Pisa product
distribution.

We then want to check that P is indeed close to P (in Hellinger distance), as it should if P were
indeed a product distribution. To do this, we use the algorithm of Theorem on P, with reference

distribution P and distance parameter €; and reject if, and only if, this algorithm rejects.

By a union bound, since both algorithms are correct with probability at least 5/6, both are simulta-
neously correct with probability at least 2/3; we hereafter assume this is the case in our analysis.
The total sample complexity is O(n/ez) + O(ﬁ/sQ) = 0(2”/2/62) , as claimed. We now argue
correctness.

* Soundness. Proof by contrapositive: if the algorithm accepts, this means, from the guarantees

of Theorem that dy (P, 15) < e. Since Pisa product distribution, we conclude that P
is e-close (in Hellinger distance) to being a product distribution.

* Correctness. Assume that P is a product distribution. Then, Lemma ensures that

dyy2 (P, ]5) < €2; and thus, by Theorem@the second step will not reject, and the algorithm
overall accepts.

Note that, by a standard amplification trick (independent repetition and majority vote), the probability
of error can be reduced from 1/3 to any § € (0, 1) at the price of a O(log(1/9)) factor in the number
of samples. O

Proof of Theorem[3.1} We analyze Algonthm[ denotmg as in the algorithm by P’ the product of
1

marginals of P, and setting § := m \/ﬁ(1+\/ﬁ) and

2(1/2 1 2(1/2
m:=0—71log=] =0 -d?*logn |.
g2 ) g2
The sample complexity is thus immediate; further, note that, as stated in the algorithm, given m i.i.d.

samples from P and a fixed set T' C [n] of nodes, one can generate m i.i.d. samples from Pr by only
keeping the relevant variables (those in T") of each sample from P.

* Completeness. Assume P is a product distribution. Then, Pr is a product distribution for
every choice of 7', and each of the ( 4 +1) performs thus accepts with probability at least 1 — &
by Lemma Thus, by a union bound, all tests simultaneously accept with probability at
least 1 — (@ 0 =2/3,and Algorlthmreturns “accept.”

* Soundness. Assume now that P is e-far (in total variation distance) from every product
distribution over {0, 1}™. A fortiori, it is e-far from the product distribution P’, and thus we
have

duy(P, P > dTV(P P>

\/>
By Corollary this means there exists some node i € [n
most) d parents II; such that, setting 7' := {i} U IL,,

> &
7
] along with the set of its (at

82

d%(Pp,Pr) > —.
H( T T) = m
Now, we can invoke our localization lemma, Lemma @, to conclude that Pr is not only far

from Pr., it is far from every product distribution on 7"

2
e
min d (P =2,
Q product H( N Q) n(1+,/d+ 1)2
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Thus, when this particular set T' of d + 1 nodes is encountered by the algorithm, the
corresponding independence test will reject with probability at least 1 — 6 by Lemma[3.2]
and the overall algorithm will thus reject with probability at least 1 — 6.

This concludes the proof: the sample complexity is O(d?2%/%nlog(n)/e?) as claimed, and the tester
is correct in both cases with probability at least 2/3. O

C.2 Proof of Lemma[3.3]

Lemma 3.3. Let P be a distribution on {0,1}", and P’ = (mP) ® --- ® (7, P) be the prod-
uct of marginals of P. Denotmg by Q the set of all product dlstrlbutlons on {0 1}", we have
manEQ dH(P Q) > 1+de(P P’)

Proof. Since squared Hellinger distance is an f-divergence, by the data processing inequality, we
have that

By the subadditivity of Hellinger for Bayes nets from Corollary [T.2]along with (39), we obtain the
following:

< P+ (X d(Py.Qx))
=1

n 1/2
=1

< du(P,Q) +/ndfi(P.Q)

C.3 Proof of LemmalA.3

Lemma A.3. There exist C,Cy > 0 such that thefollowzng holds. Let 6 € (0,1) andn > C4, and
let a, b be two integers such that a +b =n and b > 4n Then, for § == \F’ we have

Y108 (= R

Proof. By concentration of Binomials,

() e 2 2 CIGE) (t?)w_“)!

2 028.

n g$+2va  §+2vh k1 +ko k1 +b—ks
2 k1 ko 1-94 1-6
ki=%+Va ky= b+\/
n g4+2va  §+2vh k1+ko k14b—ks
> (L) S e S S g | (22 _ (Lo
2) ab 1-6 1-96
k1i=3+vak=5+Vb
C 4+2va  §+2vhb 145\ Fitha 14§\ Frthato—2ks
> = ) Q-0 | +— (=2
Vab 1-96 1-94
k1:%+ﬁk2:%+\/g
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where C' is some constant larger than 0. For k1 + ks — 2 =1 € {\f—i— Vb, 2 (f+ \f)]

>Va+b=+/n.
1 5 k1+ko 1 5 k1+ko+b—2ko
Aoy |((E8) T (e
1-9 1-9
1 5 n/2+1 1 5 n/2+1+b—2ko
- la-o (22) —a-or (2
1-9 1-9
l b—2k
= (1- §2)n/2 1+9 _ (1o ’
1-90 1-9
145\ 02k , 1146\ 2k
> —6%n 280 |1 _ >e2 e |1 — [ —— 40
¢ c 1-9 ¢ 1-4§ (40)
b—2ks
> e (1 (1 +g> ) > es(l —646(672]%)). (41)
where (40) and (41) follows from 1 —z > e 2%, 0 < z < 0.79 and e** > )
0 < z < 0.95. All these inequalities hold for n larger some constant and every € € ( Smce
b> Zn, and by the summation above b — 2ky € [—4\/5, —2\[},
65(1 _ e46(b72k2)) > ef <1 _ 678%\/5) > 65(1 _ 6745) > e
and therefore, summing up every term, we have our lower bound
o Frve 5+2v0b 148\ itk 14 6\ FrHhatb—2k2
(1- — - >
Va2 2 ") - () “
kFi=%+Vak,=5+vb
concluding the proof. O

C.4 Proof of

Fact C.1. For any set of cycles such that ), |o;| < n, we have

T 1+ (—4)=) T (1 (~40)) < CED) T 0+ @oyy T (- (46))

gjeven o :odd g;even o :odd
loi[24 los| =4 loi|=4 los|=4

Proof. We have
II (L+ (=)l T (= (—4o)lh)
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D Structured Testing Lower Bound

Letting D = 2™, we will rely on the construction from the “standard” lower bound of |Paninski

[2008] by picking a uniformly random subset S of {0,1}" of size %. Denote S the set of all

such combinations of S, and define Py, to be Py, 1= { P = HL=Ug + :=C=Uge | S € S}, where
C > 0 is a suitable normalizing constant. As before, Ug denotes the uniform distribution on the set
of variable S and P € P, is a mixture of two uniform distributions on disjoint parts, with different
weights.

It is known that (2"/2 /2) samples are required to distinguish between such a randomly chosen
P and the uniform distribution U; further, assume we know that the uniform distribution U is in C.
What remains to show is the distance, that is, “most” choices of P € P, are e-far from C. To argue
that last part, we will use our assumption that C can be learned with m samples to conclude by a
counting argument: i.e., we will show that there can be at most 2" or so “relevant” elements of C,

while there are at least 22" Pro that are e-far from each other. Suitably combining the two will
establish the theorem below:

Theorem D.1. Let C be a class of probability distributions over {0, 1}™ such that the following holds:
(1) the uniform distribution belongs to C (2) there exists a learning algorithm for C with sample
complexity m = m(n, ). Then, as long as mn < 20(") testing whether an arbitrary distribution
over {0, 1}™ belongs to C or is e-far from every distribution in C in total variation distance requires

Q(27/2 /?) samples.

Proof. As discussed above, indistinguishability follows from the literature [Paninski, 2008, and thus
all we need to show now is that P, is far from every distribution in C. By assumption (2), there
exists an algorithm H : {0, 1} — P (without loss of generality, we assume H deterministic) that
can output an estimated distribution given m = m(n, €) samples from P € C. Thus, for every P € C
given m i.i.d. samples X € {0,1}™", Prypen(dry(H(X),P) <¢) > 2/3.

In particular, this implies the weaker statement that, for every P € C, there exists some x in {0, 1}™"
s.t. P € B(H(x),e) (where B(x,r) denotes the TV distance ball of radius r centered at x). By
enumerating all possible values in {0, 1}"", we then can obtain an e-cover { H (1), ..., H(xgmn)}
of C, that is, such that C C Ule B(H(z;),¢e). The e-covering number of C is thus upper bounded

Next, we lower bound the size of P, by constructing an e-packing P., where P. = {P; € Pyo,1 €

N : drv(P;, P;) > €,i # j}. For P,Q € Py, corresponding to two sets S, S’, each of size
% = 2""1 we have

1 , |1+Ce 1-Ce| 2 |SAS|

dTv(P,Q> = §|SAS| 5 — 5 5—06 D >¢€

For this to be at least ¢, the pairrwise symmetric difference of (the sets corresponding to the) distribu-
tions in P, should be at least g = (2™). We know, by, e.g., Blais et al.| [2019, Proposition 3.3] that

there exist such families of balanced subsets of {0, 1}" of cardinality at least 2(22”"), where p > 0
is a constant that only depends on C.

Thus, the size of Py, is itself ©(22""); combining this lower bound with the upper bound on the
covering number of C concludes the proof. O

As a corollary, instantiating the above to the class C of degree-d Bayes nets over n nodes readily
yields the following:

Corollary D.2. For large enough n, testing whether an arbitrary distribution over {0,1}" is a
degree-d Bayes net or is e-far from every such Bayes net requires Q(Q"/ 2/e2) samples, for any
d = o(n) and e > 270,

Proof. We can obtain a learning upper bound of m = O(2%nlog(2%'n) log(n")/e?) for degree-d
Bayes nets by combining the known-structure case (proven in Bhattacharyya et al.|[2020]]) with the
reduction from known-structure to unknown-structure (via hypothesis selection/tournament [Canonne
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et al., 2020]). We have mn < O(2%n°/c2). To have 2™" < 22"", where p is some constant, we
need mn < 29" which requires d = o(n)and e > 2-9() for large enough n. O

D.1 An Q(2%2,/n/c?) Lower Bound

In this section, we state and prove a simpler, but quantitatively weaker lower bound than Theorem [2.T
for independence testing, Theorem This simpler lower bound is adapted from Canonne et al.
[2020, Theorem 13] — the “mixture-of-products” construction. Their analysis readily provides
indistinguishability, and distance from the uniform distribution. Thus, all we need here is to show
that most of these hard instances (i.e., “mixtures of products”) are far from every product distribution
(Lemma , not just the uniform distribution. While the Q(2%/2,/n/?) lower bound this yields is
not as tight in terms of sample complexity, with a v/n dependence instead of n (at a high level, this is
because we fix the Bayesian structure, and thus the algorithms have additional information they can
leverage), the restriction on d is much milder than the one in Theorem 2.1} allowing up to d = n/2.

Theorem D.3. Let 1 < d < n/2. Testing whether an arbitrary degree-d Bayes net over {0,1}" is
a product distribution or is e-far from every product distribution requires Q(?d/ 2/n/e?) samples.
This holds even if the structure of the degree-d Bayes net is known.

Proof. As discussed above, we will use the same “mixture-of-products” construction as in (Canonne
et al./[2020, Theorem 13], which established a lower bound of 2(2%/2,/n/?) samples to distinguish it
from the uniform distribution. We first recall the definition of this “mixture-of-products” construction.

Letting N := n — d > n/2, we define, for z € {£1}" the product distribution p over {0, 1} by

N
pa(x) = H(; + zi(—l)“”ﬁ), z € {0,1}". (42)
i=1

€

where § = Vol @(ﬁ) A mixture-of-products distribution is then defined by choosing 2¢

iid. Zy,..., Zya € {£1}" uniformly at random, and setting Pz,....7,, to be the distribution over
{0,1}™ which is uniform on the first d bits, and where the first d bits of « are seen as the binary
representation (i.e., a “pointer”) for which pz, will be used for the last IV bits of z. That is,

1

pZ1,...,Z2d (x) = 27de/.(1'1 ﬁd)(xd+1>"'7xn)) HS {Ovl}n (43)

where, analogously to Definition[2.2} ¢: {0,1}¢ — [29] is the indexing function, mapping the binary
representation (here on d bits) to the corresponding number.

As mentioned in the preceding discussion, this construction was already used in |Canonne et al.
[2020, Theorem 13], where the authors show an 0(2%/2/n/£%) sample complexity lower bound to
distinguish a uniformly randomly chosen mixture-of-products distribution (which is a degree-d Bayes
net) from the uniform distribution (which is a product distribution). For their theorem (a lower bound
on testing uniformity), they then conclude from the easy fact that every such mixture-of-products
distribution is e-far from the uniform distribution. This is not enough for us, as, to obtain the
lower bound stated in Theorem |D.3| what we need is to show that every such mixture-of-products
distribution (or at least most of them) is far from every product distribution, not just the uniform one.
This is the only missing part towards proving Theorem and is established in our next lemma:

Lemma D.4 (Distance from Product distributions). For p uniformly sampled from the mixture-of-
products construction,

€ 9
Pr |min d S
rmindry(p o ®a2) 2 25| > 35

as long as n > d + C4, for some constants C; > 0 and n/2 > d.
This lemma will directly follow from Claim (below) and Lemma [I.3} the rest of this appendix is

thus dedicated to proving the former, which states that most mixture-of-products distributions are far
from the product of their marginals.
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Claim D.5. Given a mixture-of-products distribution p as in (43), let py be the marginal of p on the
first d variables (parent nodes) and po the marginal on the N last variables (child nodes). Note that
p1 ® pa is then a product distribution on {0,1}™. Then, we have

9

250} 2 10

as long as n > C1 + d, for some constants Cy > 0 and n > 2d.

Pr [dTV(papl ® p2) =

Proof. Fix any mixture-of-products distribution p. From Lemma[A.2]and the structure of p as given
in (43, one can show that

drv(p,p1 ® p2) Z drv(p(- | 0,22,...,24),p(- | 1,22,...,24)).

Denoting p(- | 0,72,...,%4) by Pia,,..z,) and p(- | 0,22,...,24) bY Gy(a,,... 2z, (Where
t(z,...,2q) € [2971], abusing slightly the definition of the indexing function to extend it to
d — 1 bits), we can rewrite this as

2d1

1
drv(p,p1 ® p2) > 51 > drv(pe ) = drv -
=1

Now, since d < n/2, one can show that, for every fixed ¢,
Prldrv(pe, ) < €/25] < e €N (44)

where the probability is taken over the choice of p (i.e., its 2¢ parameters Z1, . .., Z54), and C' > 0 is
an absolute constant. We defer the proof of this inequality to the end of the appendix, and for now
observe that the RHS is less than 1/10 for NV greater than some (related) absolute constant C; > 0.
We can then write, letting D := 29! and X; = 1{d1v(ps, ¢:)}

d—1
9

D
- 1 € e 1
drv > — ]l{d 7 7}:7.75 X,
V795 9d T £ (P a) 2 550 = 55 D&

where the X;’s are i.i.d. Bernoullis with, by the above analysis, parameter o > 1 — e~V > 9/10.
We then have

Pr[dry (p,p1 @ p2) < £/250] < Prldryv < £/250] < Pr [Z X < ] ,

so it remains to show that the RHS is less than 1/10. Since E[X;] > 9/10 for all ¢, this readily
follows from a Hoeffding bound, for d > 1. O

To conclude, we only need to prove (@4), which (slightly rephrasing it) tells us that two independent
parameterizations pyz, p’, will be at total variation distance at least Q(¢) far with overwhelming
probability.

Proof of (44). Let distribution pz,pz: be defined as in (42), and Z, Z’ be i.i.d. and uniform on
{£1}". The statement to show is then

Pridrv(pz,pz') = 2%} >1—e N8 (45)
We know (see, e.g., Kamath et al. [2019, Lemma 6.4]) that as long as § < 1/6 (which holds for
n > 36), then the TV distance is related to the ¢y distance between mean vectors iz, puz: € [0, 1]V
as

N

1
drv(pz,pz) 2 20 > (nzi — pzr i) (46)
i=1
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Relating this ¢» distance between mean vectors the Hamming distance between Z and Z’, we have

N N 1 . 2
Z(Mz,i — iz i)? = Z ((2 - Zi5> - (2 - ZZ{(S)) = 26+/Hamming(Z, Z'), (47)

i=1 i=1

where Hamming(Z, Z') = Zf;l 1[Z; # Z!]. Noting that Hamming(Z, Z’) ~ Bin(N,1/2), we
have the following via Hoeffding’s inequality along with (6] and (7)),

1 [462N . / —N/18
Pr |drv(pz,pz) > — 3 > Pr[Hamming(Z,Z") > N/3]| > 1—e .

20
Since n/2 > d and thus, 4/ @ > %5, we get ([45). O
This concludes the proof of Lemma|[D.4] and with it of Theorem[D.3] O
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