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A Proofs of main results
In this section, we present the proofs for our main results while deferring some technical results to the appendices.

A.1 Proof of Theorem 1

Our result makes use of the following corollary (proven in Appendix C.1):

Corollary 1. Given constants § € (0,1) and 8 € (0,1/12], suppose that we generate the the sample-level EM
sequence O, = M, 1(0},) starting from an initialization 6] € Ij, and using a sample size n lower bounded as
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n = logt %) (1og(1/B)/8). Then for all iterations t > n'/2=68 log(n)log(1/8), we have

-8
0L — 0% < ¢ (1 log k)g(i/ﬁ)) , (15)

n
with probability at least 1 — 9.

Remark: We note that the sub-optimal bound (15) obtained from Corollary 1 is not an artifact of the localization
argument and arises due to the definition of the operator operator Mn,l (11a). As we have alluded to earlier,
indeed a finer analysis with the population EM operator M is required to prove the rate of n='/8 stated in
Theorem 1. However, a key assumption in the further derivation is that the sample EM iterates 0!, can converge
to a ball of radius < n~1/16 around * in a finite number of steps, for which Corollary 1 comes in handy.

We now begin with a sketch the two stage-argument, and then provide a rigorous proof for Theorem 1.

A.1.1 Proof sketch

As mentioned earlier, the pseudo-population operator Mnﬁl is not sufficient to achieve the sharp rate of EM
iterates under the univariate symmetric Gaussian mixture fit. Therefore, we make use of corrected-population
operator M to get a sharp statistical rate of EM. Our proof for the tight convergence rate of sample EM updates
relies on a novel two-stage localization argument that we are going to sketch.

First stage argument: Plugging in 8 = 1/84 in Corollary 1, we obtain that for ¢ - y/nlog(n), with probability
at least 1 — 0 we have that
log(1
|6‘fl - 0*| < en~ 11 logﬁ 70g(6/ﬂ) < n*%, (16)
where the second inequality follows from the large sample condition n > ¢ log® %. All the following claims are
made conditional on the event (16).

Second stage argument: In order to keep the presentation of the proof sketch simple, we do not track
constant and logarithmic factors in the arguments to follow. In epoch ¢, for any iteration ¢ the EM iterates satisfy
0 € [n~%+1, n~%] where as41 > ag and a; < 1/16. Applying Lemma 1 for such iterations, we find that with
high probability

|M(04)] 2 (1 —n70ae1) 0L and M, (6%) — M(6%)] 3
=

where the first bound follows from the 1 — c¢f® contraction bound (12b) and the second bound follows from the
cubic-type Rademacher bound (12d). Invoking the basic triangle inequality T times, we obtain that

1 n—3ae (Z) 1 n e
L=y Vn ~1l-v n
where in step (ii) we have used the fact that for large enough T, the first term is dominated by the second term

in the RHS of step (i). To obtain a recursion for the sequence ay, we set the RHS equal to n~%+1. Doing so
yields the recursion

(Z) —6a
— 41 — —
‘eij’ ;j e Tn n ap n6ag+1 3ap 1/27

3ay 1

41 = —5—

- +ﬂ’ where a9 = 1/16. (17a)

Solving for the limit ayy1 = ay = ay, we find that a, = 1/8. Thus, we can conclude that sample EM iterates in
the univariate setting converge to a ball of radius n~!/% as claimed in the theorem statement.

A.1.2 Formal proof of sample EM convergence rate

We now turn to providing a formal proof for the preceding arguments.
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Notations: To make the proof comprehensible, some additional notations are necessary which we collect here.
Let ¢, = [log(8/8)/10og(7/3)] so that as, <1/8 — 3. We define the following shorthand:

w:i=—, where c¢,;:=1log"(10n(¢, 4 1)/6). (17b)
Cn,s
For / =0,...,¢,, we define the time sequences t;, and T as follows:
¢
to=+vn, to=[10w"logw]|, and T, = th. (17¢)
§=0
Direct computation leads to
nlog + 3/4-68

Ty, < v/n+lte, 3log | —2 (”) < ¥4, (17d)

Cn,65 Cn,s

In order to facilitate the proof argument later, we define the following set
Rio={w ™, . w %, dw ™, . dw "}, (17e)
where ¢’ := (5¢y + 1). Here, cg is the universal constant from Lemma 1.

Formal argument: We show that with probability at least 1 — § the following holds:

65| < (%)W —w %, forallt>T, and ¢ < /,. (18)

As a consequence of this claim and the definitions (17a)-(17d) of a,, and Ty, , we immediately obtain that

1/8-8 1/8-p
0t — 0*| < (CJ) /80 <llog10 WW) ’
" ~\n ~\n 0

for all number of iterates t == n?/4~%%log(n)log(1/8) with probability at least 1 — § as claimed in Theorem 1.
We now define the high probability event that is crucial for our proof. For any r € R, define the event E, as

follows
10
E,. = sup ‘Mn’l(H) fﬂl(Q)’ < 027'3“ w
0€B(0,r) n

Then, for the event

£ = ﬂ E,. N {Event (16) holds }, (19)
rerR

applying the union bound with Lemma 1 yields that P[€] > 1 — §. All the arguments that follow are conditional
on the event £ and hence hold with the claimed high probability.

In order to prove the claim (18), we make use of the following intermediate claim:

Lemma 2. Conditional on the event £, if |0 < w™%, then | My 1(0)] <w™% for any £ < .

Deferring the proof of Appendix C.2, we now establish the claim (18) conditional on the event & only for t = T,
and when [0} € [w™%+1,w™] in which we now prove using induction.

Proof of base case £ = 0: Note that we have ag = 1/16 and that n~/16 < /16, Also, by the definition (19)
we have that the event (16) C £. Hence, under the event £ we have that |0%] < n='/16 for t == \/nlog(n). Putting
all the pieces together, we find that under the event &, we have |0%,| < n~1/16 < w1/16 and the base case follows.
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Proof of inductive step: We now establish the inductive step. Note that Lemma 2 implies that we need to

show the following: if [6,| < w=® for all t € {Ty, Ty +1,...,Ty41 — 1} for any given £ < £, then |62+ | < w—+1,
We establish this claim in two steps:

92@%1/2 < dw ™+ and, (20a)

OTer1 < o (20b)

where ¢/ = (5¢g + 1) > 1 is a universal constant. Note that the inductive claim follows from the bound (20b). It
remains to establish the two claims (20a) and (20b) which we now do one by one.

Proof of claim (20a): Let ©, ={0: 0| € [w™*+',w~*]}. Now, conditional on the event £, Lemma 1 implies
that

sup | M, 1(0) — M1(0)] < cow ™2, and  sup [M1(6)/6] < (1 —w 5+ /5) =: 4.
ISy IS

We can check that v, < oW /5, Unfolding the basic triangle inequality ¢,/2 times and noting that 6! € ©,
for all t € {T},...,T; +t¢/2}, we obtain that

‘9;17:‘2+t2/2‘ S ,yzé/z ‘0;{'2| + (1 +'Y£+ o _’_7231/2—1)620‘)730,@71/2

e 1
Se tow /10w a[+ Cow 3ap 1/2

L=
© 6ary1—3ar—1/2
< (1 + beg)wBaerr—3ac=1/
(&) (5eg + 1w ™%+t
where step (i) follows from plugging in the value of , and invoking the definition (17c) of ¢;, which leads to

6
e—tzw @41 /10w—a2 S w6a4+1—3a5—1/2.

Moreover, step (ii) is a direct consequence of the definition (17a) of the sequence a,. Therefore, we achieve the
conclusion of claim (20a).

Proof of claim (20b): The proof of this step is very similar to the previous step, except that we now use the
set ©), = {0 : 10| € [w™ %+, dw™*+1]} for our arguments. Applying Lemma 1, we have

sup My 1(0) — M1(0)] < co(¢)w™*+171/2 and  sup
0o 0co),

M1(6)/6] < .

Using the similar argument as that from the previous case, we find that
1
L=
< (562 + 1)(0')3004&@4-1*1/2 !

‘ng+tg/2+tg/s2 < et /10y —aey 62(6/)3w73a£+171/2
n —

Qo
< w apt1

£’ /10 - dapya—1/2

where step (i) follows from the inequality e and the inequality

wloer1=1/2 < o, —1/2 < (=48 < 1/()4,

since n > (c’)l/ﬁcnﬁ. The claim now follows.

A.2 Proof of Theorem 2

Before proceeding further, we first derive the convergence rates for the scale parameter o, using Theorem 2.
Noting that (6*,0*) = (0,1), we obtain the following relation

e el | IXGB e 10— 071
(002 = (0] = | ==L 202 (o) B,
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Using standard chi-squared bounds, we obtain that

nox; |2 ,
Zz:ijlll HQ _ (U*)Q ,-_5 (’I’Ld)_i,

with high probability. From the bound (8), we also have ||0f, — 6*||2/d 3 (nd)~2. Putting the pieces together, we
conclude that the statistical error for the scale parameter satisfies

=

(o) = (07)? X (nd)"% forall t 1 (2)7, (21)

with high probability. Consequently, in the sequel, we focus primarily on the convergence rate for the EM
estimates 0 of the location parameter, as the corresponding guarantee for the scale parameter ¢! is readily
implied by it.

The proof of Theorem 2 is based on the population-to-sample analysis and follows a similar road-map as of the
proofs in the paper [Dwivedi et al., 2020]. We first analyze the population-level EM operator and then using
epoch-based-localization argument derive the statistical rates (8). We make use of the following d-dimensional
analog of the pseudo-population operator (cf. equation (11a)):

Yo
Y tanh (Z?—l 1X; 13/ (nd) — 0||2/d>] ' (22)

In the next lemma, we establish the contraction properties and the perturbation bounds for Mmd:

Mn,d(e) =Eyon0,10)

Lemma 3. The operator ]T/fn,d satisfies

(1 _ 3||9§) < 1Mr,4(6)]2 < (1 _ (1—=1/d)]|0]13
4 161]2 4

) , Jorall ||0]2 € Ig, (23a)

with probability at least 1 — 6. Moreover, there exists a universal constant ca such that for any fixed § € (0,1),
B€(0,1], andr € (0, §) we have

P[ sup Mo a(8) ~ Moa(6)]2 < oy dlg(w] 21-45— eI, (23b)
0€B(0,r) n

See Appendix C.3 for the proof.

Lemma 3 shows that the operator Mmd has a faster contraction (order 1 — ||0]|3) towards zero, when compared to
its univariate-version (order 1 — 6% cf. (12a)). This difference between the univariate and the multivariate case
had already been highlighted in Section 1.2 in Figure 2. Indeed substituting d = 1 in the bound (23a) gives us
a vacuous bound for the univariate case, providing further evidence for the benefit of sharing variance among
different dimensions in multivariate setting of symmetric fit (1). With Lemma 3 at hand, the proof of Theorem 2
follows by using the localization argument from the paper [Dwivedi et al., 2020]. Mimicking the arguments similar
to equation (13b), we obtain the following statistical rate:*

crfva_ eV _ :

1
e 2 € e~n (24)

Much of the work in the proof of Theorem 2 is to establish Lemma 3. With the bounds (23a) and (23b) at hand,
using the localization argument (in a manner similar to the proof of Theorem 1), easily leads to the statistical
rate of order (d/n)'/* as claimed in Theorem 2. The detailed proof is thereby omitted.

4Moreover, similar to the arguments made in the paper [Dwivedi et al., 2020], localization argument is necessary to derive
a sharp rate. Indeed, a direct application of the framework introduced by Balakrishnan et al. [Balakrishnan et al., 2017]

for our setting implies a sub-optimal rate of order (d/n)'/® for the Euclidean error 0%, — 6| (cf. (13a) and (13b)).
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A.3 Proof of Lemma 1

We now prove Lemma 1 which provides the basis for the two-staged proof of Theorem 1.

The proof for the contraction property (12b) of the corrected population operator M is similar to that of the
property (12a) pseudo-population operator Mn’l (albeit with a few high probability arguments replaced by
deterministic arguments). Hence, while we provide a complete proof of the bound (12a) (in Section A.3.1), we
only provide a proof sketch for the bound (12b) at its end. Moreover the proofs of bounds (12c) and (12d) are
provided in Sections A.3.2 and A.3.3 respectively.

A.3.1 Contraction bound for population operator Mml

We begin by defining some notation. For 8 € (0,1/12] and a > 1/2 — 63, we define the event &, and the interval
1, g as follows

5/n— 1’ <n~%5%, and, (25)

I = [3n~ Y128 /97400 — n—a], (26)

where in the above notations we have omitted the dependence on n, as it is clear from the context. We also use
the scalars a and b to denote the following:

-«

a=1-n and b:=14+n"%

With the above notation in place, observe that standard chi-squared tail bounds yield that P[€,] > 1—e™ n'72e/8 >
1 — 6. Moreover, invoking the lower bound on n in Theorem 1, we have that [3n~1/*2+8 1/10] C I, 5. Now

conditional on the high probability event &,, the population EM update Mn71(0), in absolute value, can be upper
and lower bounded as follows:

— Y Y X
Mn,1(9)’ < Ey {Ytanh (a _|99|2>} = |0| Ey [ tanh ( 10 )], and,

6] a— 62
=7(0)
~ X 9] Y 0] Y
M, > Ey |Y tanh = |#| Ey | — tanh ,
0]z [y o (725 ) | = ey [ (525
=:(0)

where the last two inequalities follows directly from the definition of J’\\/[/n,l(O) in equation (1la), and from the
fact that for any fixed y,0 € R, the function w — ytanh(y|0|/(w — 6?)) is non-increasing in w for w > 6.
Consequently, in order to complete the proof, it suffices to establish the following bounds:

1-36°/2<~(0), and 7(0) < (1—6°/5). (27)

The following properties of the hyperbolic function z — x tanh(x) are useful for our proofs:

Lemma 4. For any x € R, the following holds

228 1728

(Lower bound): xtanh(z) > 2% — T + = 3
Y225 17a® | 62210
(Upper bound): xtanh(z) < x? — % + % - 31365 + Tfﬁ

See Appendix C.4 for its proof.

Given the bounds in Lemma 4, we derive the upper and lower bounds in the inequality (27) separately.
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Upper bound for 7(#): Invoking the upper bound on z tanh(z) from Lemma 4, we find that
266
——_FE[Y®
el
1768 62610
- RV + ——— —E[Y!]).
3150 2= ) T oa3aa g2yt ]>

Recall that, for Y ~ N(0,1), we have E [Y%} = (2k — 1)!! for all & > 1. Therefore, the last inequality can be
simplified to

a—6? 6> 6*
7(0) < 92 ((a _ 92)2E [YQ] o WE [Y4] +

1 62 204 1765 6268
7(0) < - - ) 2
0 < G " e T a— Py 3077 | 32 (28)
When n= + 62 < 9/400, we can verify that the following inequalities hold:
ey S LT ) (7 6 (0 67 200 6,
02
TO—na_2)p < -6 (1+3(n~*+ 0%) +6(n"* +6%)* + 10(n"* + 92)3) ,
94
(A—no—@p <0 (145(n""+6%) +16(n" > + 6°)?),
6° 6 2
e S (L T ).
63 s
Aoy SO/

Substituting « = 1 — n~¢ into the bound (28) and doing some algebra with the above inequalities and using the
fact that max {6, n"*} < 1 we have that

() <1- 396 + %08 +100n"* <1 — 506 +100n"*<1— 596.

The second last inequality above follows since § < 3/20, and the last inequality above utilizes the fact that if
a>1/2— 64, then §5/5 > 100n—° for all § > 3n~/12+#_ This completes the proof of the upper bound of F(6).

Lower bound for v(f): We start by utilizing the lower bound of x tanh(z) in the expression for (), which
yields:
1 62 20% 176

R () R (N A S E 2)

Since || € [3n=1/12+8_,/9/400 — n—2] by assumption, we have the following lower bounds:

Hn—il‘X—HQ > 14+ (07 —n )+ (6% —n )+ (87 —n ) + (67 —n ),
2
_(1+:a92)3 > —0% — (1+3(0° —n™%) +6(07 —n~~*)* +11(6° —n™*)?)
91 \ . o
Aoy 20 (145(62—n"*) +15(6> —n~),
96

> 0 (1 + 8(0% —n"?)).
(1+n-o—62)7 = (180" —n")
Substituting b = 1 +n~% into the bound (29) and doing some algebra with the above inequalities and using the
fact that max {0, n >} < 1 we have that

2 76 5 3
> _ - 6_7 8_ —Q > _ 6_ — > _ 6
~v(0) > 1 39 3 0 100n™“>1 40 100n~*>1 29 ,

The second last inequality above follows since 6 < 3/20, and the last inequality above utilizes the fact that if
a>1/2— 64, then §5/4 > 100n— for all § > 3n~/12+# This completes the proof of the lower bound of 7(6).
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Proof of contraction bound for M;: Note that it suffices to repeat the arguments with a =1 and b=1 in
the RHS of the inequalities (28) and (29) respectively. Given the other computations, the remaining steps are
straightforward algebra and are thereby omitted.

A.3.2 Proof of perturbation bound for Mml

We now prove the bound (12c) which is based on standard arguments to derive Rademacher complexity bounds.
We first symmetrize with Rademacher variables, and apply the Ledoux-Talagrand contraction inequality. We
then invoke results on sub-Gaussian and sub-exponential random variables, and finally perform the associated
Chernoff-bound computations to obtain the desired result.

To ease the presentation, we denote av:=1/2—-28 and Z :=[1 —n~% —1/64,1 — n~]. Next we fix r € [0,1/8]

and define 7 := m. For sufficiently large n, we have 7 < 2r. Recall the definition (25) of the event:

Ea =A{| Z?=1 XJQ/n — 1] < n~}. Conditional on the event &,, the following inequalities hold
Mn 1(9) — Mml(H) < sup

ZX tanh 9 Y tanh Y9
' 9€eB(0, 7") o2ez | M i o?

M,(6) - M (@),

< sup
9€B(0,7)

with all them valid for any 6 € B(0,7). Here Y denotes a standard normal variate A'(0, 1) whereas the operators
M and M,, are defined as

M(f) := E[Y tanh(Y6)] and M, (6) ZX tanh(X,0).

=1
To facilitate the discussion later, we define the unconditional random variable

Z = sup ‘M Z/\l\(g)‘
6eB(0,7)

Employing standard symmetrization argument from empirical process theory [van der Vaart and Wellner, 2000],
we find that

n

Elexp(AZ)] < E lexp < sup £ Zai tanh(Xig)Xz)] )

geB0,) " i1

where ¢;,1 € [n] are 1.i.d. Rademacher random variables independent of {X;,7 € [n]}. Noting that, the following
inequality with hyperbolic function tanh(x) holds

’tanh(aca) — tanh(z6)

< ‘(575’):0’ for all x.

Consequently for any given z, the function 0 tanh(azg) is Lipschitz. Invoking the Ledoux-Talagrand contraction
result for Lipschitz functions of Rademacher processes [Ledoux and Talagrand, 1991] and following the proof
argument from Lemma 1 in the paper [Dwivedi et al., 2020], we obtain that

log(1/0
Z <cr M, with probability > 1 — 6,
n

for some universal constant c¢. Finally, using 7 < 2r for large n, we obtain that

M, 1(9) — Mn’l(g)‘ < 2cr M7 with pI‘Obability >1-6— e_nl 2 /87
n

s

where we have also used the fact that P[E,] > 1 — e ""/% from standard chi-squared tail bounds. The
bound (12¢) follows and we are done.
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A.3.3 Proof of perturbation bound for M;

We now prove the bound (12d). Note that it suffices to establish the following point-wise result:

o 161 1og" (5n/6)
M1 (0) — M1 (0)] 3 I

with probability at least 1 — ¢ for any given § > 0. For the reader’s convenience, let us recall the definition of
these operators

for all  |g] X n=1/16,

M, (0) = E[X tanh(X6/(1 — 92))}, (30a)
M,1(0) = % zn: X, tanh (XiH/(an - 92)), (30b)

where a,, ==Y | X?/n. We further denote pi := Exnr0,1)[X*], and i := £ 37" | XF. From known results
on Gaussian moments, we have por = (2k — 1)!! for each integer k = 1,2, .. ..

For any given x and scalar b, consider the map 6 ~ z tanh(z6/(b — 6?)). The 9-th order Taylor series for this
function around 6 = 0 is given by

rtanh(2z0/(b— 62)) = . e e o + =

+97 _17$8+E_%+ﬁ
31567 308 b b4
s 62210 1728 " % 10z* + lj te
283549 45b8 b7 38 bd

Oz 03(a* —3ba?) | s < 225 ot x2>

(31)

where the remainder € satisfies ¢ < O (4911). Plugging in this expansion with b =1 on RHS of equation (30a) and
taking expectation over X ~ A(0,1), we obtain

3

2 4 5
M (0) =0+ 6%( Z cstizn) + 0°( Z cs,tizr) + 07 ( Z 7 ktizk) + 99(2 Co, koK) + €, (32a)
k=1 k=1 k=1 k=1

where we have used the notation ju := Ex.pr0,1)[X k] and ¢;,, denote universal constants. Furthermore, plugging
in the same expansion (31) with b = a,, on RHS of equation (30b), we obtain the following expansion for the
sample EM operator

2 ~ 3 ~ 4 ~ 5 ~

M1 (8) =0+ 63( 3 can i) + 07 (D esn o) +07(Y crntam ) +0°(D cop ) +en,  (32b)
k=1 an k=1 an k=1 Gn k=1 an

where Jij, denotes the sample mean of X, i.e., [, := %Z;;l XE. In order to lighten the notation, we introduce
the following convenient shorthand:

i i
2k
Bj —chkugk and ﬂj chk i for j € {3,5,7,9} == J (33)
k=1 k=1 Gn

A careful inspection reveals that 53 = 85 = 0. With the above notations in place, we find that

f|29j ﬂ]|+s

71(6) — M, 1(0)

JjET
=:U; + Us.
Therefore, it remains to establish that
6> 1og® (5n/6 0] log® (5n/68

vn ~ Vi
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with probability at least 1 — § for any given § > 0. Since the remainder term is of order 6!, the assumption
|0] < n~1/16 ensures that the remainder term is bounded by a term of order 6% /y/n and thus the bound (34) on
the second term Us follows.

We now use concentration properties of Gaussian moments in order to prove the bound (34) on the first term Uy.
Since |0] < 1, it suffices to show that

log® (5n/6)
\/ﬁ

with probability at least 1 — §. Using the relation (33), we find that

sup ‘BJ ﬁJ‘ = (35)

J+1 J+1
_i=1l_
’ /B]‘|Z<Cjk‘,u2k‘ Cj.k 71+k>’_z J1+k|ﬂ2k*,u2k}+c]k (1—-an 2 )/LQk
k=1 ap>

EESE

< CZ (\M% — ik | + f) ; (36)

for any j € J. Here in the last step we have used the following bounds:
—izl g C
max ¢jr < C and max (1 —ap )< —
jeT k< IEL jeT k< IEL Vn
for some universal constant C'. Thus a lemma for the 1/y/n-concentration® of higher moments of Gaussian random
variable is now useful:
Lemma 5. Let Xy,..., X, are i.i.d. samples from N'(0,1) and let poy, = ]EXNN(OJ)[X%] and floy = % S X2k
Then, we have
Ci logF(n/6)
Vn

P<|ﬁ2k—uzk|§ )21—5 forany k>1,

where Cy denotes a universal constant depending only on k.
See the Appendix C.5 for the proof.
For any ¢ > 0, consider the event

Cr log® (5n/6)
vn

Straightforward application of union bound with Lemma 5 yields that P[£] > 1 — §. conditional on the event &£
inequality (35) implies that

53:{|H2k—ﬁ2k|< fora11k€{2,4,...,10}}. (37)

1
2
2 ~ H2k
sup |8, — B < C'sup (u%—u% +)
jeg jej,; | | vn

j+1 ~ G+ 1)
<C  sup  To— (|MJ+1 fijpr] + —=—

j€{3,5,7,9} Vn
(i) log = (5n/6 1)l
<C sup (-1 ‘C@ gZ(n/)’+(j+)
j€{3,5,7,9} 2 Vn Vn

(@) 5
N Clog (5n/5)’

SO
where step (i) follows from the definition of the event (37) and in step (ii) using the fact that j < 9 is bounded we

absorbed all the constants into a single constant. Since the event £ has probability at least 1 — 4, the claim (35)
now follows.

(38)

5The bound from Lemma 5 is sub-optimal for & = 1 but is sharper than the standard tail bounds for Gaussian
polynomials of degree 2k for k > 2. The 1/4/n concentration of higher moments is necessary to derive the sharp rates
stated in our results.
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Perturbation error for EM operators
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Figure 4. Plots of the perturbation errors for the pseudo-population operator ]Tfn,l (11a) and the corrected
population operator M7 (11b) with respect to the sample EM operator M, 1 (4), as a function of §. From the
least-squares fit on the log-log scale, we see that the error ||M, 1(8) — M, 1(8)| scales linearly with 6, the error
|M1(8) — M,.1(0)| has a cubic dependence on 6, in accordance with Lemma, 1.

A.3.4 Sharpness of bounds of Lemma 1

In Figure 4, we numerically verify the linear and cubic scaling of the bounds stated in Lemma 1.

B Minimax bound

We now show that the error of order n~% (up to logarithmic factors) is, in fact, tight in the standard minimax
sense. Given a compact set © C R x (0,00), and a set of true parameters (6*,0*) € €, suppose that we
draw n i.i.d. samples {X;}!" | from a two-Gaussian mixture of the form IN(6%, (0*)?) + N (—6*, (0*)?). Let
(0n,0,) € Q denote any estimates—for the respective parameters—measurable with respect to the observed
samples X1,..., X, it fo o~ and let E(y- ,+) denote the corresponding expectation.

Proposition 1. There exists a universal constant co > 0 (depending only on ), such that

inf  sup Epe v {(|§n| — |9*|)2 + |(?fn)2 — (a*)zu > cqn~i0 for any 6 > 0.
(0n,0n) (0%,0%)

See Appendix C.1 for the proof.

Based on the connection between location parameter 6!, and scale parameter ¢ in the EM updates (cf. Equa-
tion (3c)), the minimax lower bound in Proposition 1 shows that the (non-squared) error of EM location updates
|61 | — 6% || is lower bounded by a term (arbitrarily close to) n™.

B.1 Proof of Proposition 1

We now present the proof of the minimax bound. We introduce the shorthand v := 02 and 7 := (6, v). First of
all, we claim the following key upper bound of Hellinger distance between mixture densities f,,, fy, in terms of
the distances among their corresponding parameters 7; and 7s:

il’lf h(f’f];vfnz)
S ((161] - 162 + fon — val)

=0 for any r € (1,4). (39)

Moreover, for any two densities p and ¢, we denote the total variation distance between p and ¢ by
V(p,q) := (1/2) [ |p(x) — q(x)|dz. Similarly, the squared Hellinger distance between p and ¢ is given as

W (w.0) = (1/2) [ (Vo) ~ va@@) de.
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Taking the claim (39) as given for the moment, let us complete the proof of Proposition 1. Our proof relies on
Le Cam’s lemma for establishing minimax lower bounds. In particular, for any r € (1,4) and for any € > 0
sufficiently small, according to the result in equation (39), there exist 71 = (01,v1) and 12 = (62, v2) such
that (|61] — |02])* + |v1 — va| = 2¢ and h (fars fna) < ce” for some universal constant ¢. From Lemma 1 from
Yu [Yu, 1997], we obtain that

~ 2
sup E, [( 0, — |9|) + ’(Un)2 — (0)2@ > (1 —V( o ,Z)) ,
ne{m,m2}
where f;' denotes the product of mixture densities f, of the data Xi,..., X,,. A standard relation between total

variation distance and Hellinger distance leads to

Voo fn) < WSy fon) = \/1 —[1 = h2(fn, fr)]" < \/1 —[1 — cer]".

By choosing ce” = 1/n, we can verify that

sup K, [(

ne{ni,m2}

0,

2
)" 4G = (0P| 2 e
which establishes the claim of Proposition 1.

B.1.1 Proof of claim (39)

In order to prove claim (39), it is sufficient to construct sequences 71 5, = (01,5, v1,n) and 72, = (02, v2,,) such
that

B (fars Frz) | ((810] = 02n])? + forn = v]) =0

as n — oo. Indeed, we construct these sequences as follows: 0 ,, = 26, , and v1, —v2, =3 (917n)2 foralln >1
while 6, — 0 as n — 0o. Direct computation leads to

1 1
fm,n (.’1?) - fnz,n (.Z’) = 5 ((b(.’l?, _91,71; Ul,n) - (Z)(LI?, _02,n, 'U2,n)) +§ ((b(.’l?, 91,717 Ul,n) - (b(xv 92,7“ U2,n)> .
Tl,n T2.n

Invoking Taylor expansion up to the third order, we obtain that

Z (02,?1 - 917’”)041 ('ULn — IUZ,n)OéQ a‘alqs

T, =
i aqlas! 0021 Jy2

(.23; _62,na U2,n) + Rl (1‘),
|| <3

015 — 02.0)° (V1.0 — V2.)? Ol
To= 3 (01,0 = 02.0)" (V1.0 — V2.n) % (21 02.0 V2 + Ra(2)

041!0(2! 0091 Qy2
lo| <3
where |a| = a1 + as for a = (a1, @s). Here, Ri(x) and Ry(z) are Taylor remainders that have the following
explicit representations

Hn_enﬂlvn_vnﬁ2
Rl(:c)::4z(2’ 1n) 2 (V10 = V2in)

B4 B1!52!

1

84

X /(1 — t)BWi& (1’7 —02’,1 =+ t(92,n — 91,77.)7 V2.n + t(vl,n — Ug’n)) dt,
0

_ B1 _ B2
R2($) — 4 Z (61,71 92,n) (Ul,n U2,n)

B B1!52!

1
5 0%
X (1 — t) _ (:17; 92771 + t(@l,n — 92}»”), Von + t(’l)l,n — ’Uzm)) dt.

60ﬂ1 avﬂQ
0
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Recall from equation (2) that the univariate location-scale Gaussian distribution has the PDE structure of the
following form

¢ 9¢
892(33 0,0 )*2W(x 6,0%).

Therefore, we can write the formulations of T ,, and 153 ,, as follows:

(7] n—@ nal n— nOQ 8(114-2042
Ty = Z (6, 1) (V1.0 = V) (b(x; 02,5, v2.n) + R1(2),

292 vy levp! 001 +202
|| <3
(01 n 92 n)al ('Ul n — U2 n)az aa1+2a2¢
Tom = Z 2920 lap! 00a1+2az (€3 02,0, v2,n) + Ra(2).
lor| <3

Via a Taylor series expansion, we find that
3—]al

1420 2 T AQa1+2as+T7
6 ¢($'92n,v2n>: Z ( 02,71) a ¢

g +20z 1 ggerizarer (0 02n: v2n) + Raa(w)

=0

for any oo = (a1, a2) such that 1 < |a| < 3. Here, R o is Taylor remainder admitting the following representation

1
292 n) Foal0)
Rgﬁa(l‘) = / 1 — t 69a1+761}a ( 7*02771 —+ 2t027n, v2,n) dt
0

T4|oz\

Governed by the above results, we can rewrite f,,  (z) — f, . () as

6
al
P ®) = S (2) = 3 A 320 =02 v20) + R()
=1

where the explicit formulations of A;,, and R(x) are given by

1 (020 — 010 Vip — U2y )2
Al,ni—*z 2 1) (v1, 2.m)

202 aqlas!
1,02 1 2

1 1 92 n) (al,n - 02,n)a1 (Ul,n - UZ,n)a2
523

Tlaglas!

)

1 1 (01,0 — 02.0)* (V1,0 — V2,0)*?
R@y_QRﬂ@+2Rﬂ@4}Z%2M P Ry ()

for any [ € [6] and = € R. Here the ranges of o, ag in the first sum of A; ,, satisfy aq + 22 =l and 1 < |a| < 3
while the ranges of a1, @z, 7 in the second sum of A4 ,, satisfy a1 +2a9+7=1,0<7<3—af, and 1 < |a| < 3.

From the conditions that 63, = 26, , and vy, —v2, =3 (91,71)2, we can check that A;, =0 for all 1 <[ < 3.
Additionally, we also have

max{|Aanl,|[As5nl,|A6nl} T |6’1,n|4 .
Given the above results, we claim that

h (farns Fron) 1000 - (40)

Assume that the claim (40) is given. From the formulations of sequences 7; ,, and 12, we can verify that

T ~
(010101 = 1020])? + 10 = v20]) = 1010

Since 1 <r < 4 and 6; ,, — 0 as n — oo, the above results lead to

B (Fons Fre) /(€

As a consequence, we achieve the conclusion of the claim (39).

T ~
~182])? + o1 = 2l ) 3 10107 0
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B.1.2 Proof of claim (40)

The definition of Hellinger distance leads to the following equations

Fonn (@) = frpn (@)’
2h° fm.nafnz,n = ( : : dx
(. ) / (VT @ + /o @)
6, ¢, )
:/(ZAlnael( 7702,n7v2,n)+R(x)) "
(VT @) + /Fram @)
2
R (Gt an)) + B

“/ (VI @) + /T (@)’

where the last inequality is due to Cauchy-Schwarz’s inequality. According to the structure of location-scale
Gaussian density, the following inequalities hold

dz, (41)

. 2 l 2
(t;ﬁ(x; —03 Uz,n)> (gﬂqlb@g; ~Ozn, Uz’n)>
dp < d 42
/ (\/fmm, (1') + \/f?h,n (1'))2 oo / ¢((E, _92’7“/02:”) e ( )

for 4 <1< 6. Note that, for any 8 = (51, 82) such that |5| = 4, we have
4 4
T e e e e L e R R
With the above bounds, an application of Cauchy-Schwarz’s inequality leads to

Ri(z)

/ (\/fm,n (z) + \/f”2=” (x))z

9*¢ 2
< ( Z; *02,77, + t(GQ,n - al,n)a U2,n + t(vl,n - U2,n)))

dzx

0051 9yB2

te o 1] .
: <
|91”| /32:4/ ¢(z; =021, V2.1) dz 3 101n]" -

With a similar argument, we also obtain that

R3(z) R3 ()

/ (VI @) T @) e, | Vi@ + V@)

Governed by the above bounds, another application of Cauchy-Schwarz’s inequality implies that

dzr

dz 3101,

R* ()

5d
/ (\/fmn(x) + \/an,n (x))

Combining the results from equations (41), (42), and (43), we achieve the conclusion of the claim (40).

z 3 (010" (43)

C Proofs of auxiliary results
In this appendix, we collect the proofs of several auxiliary results stated throughout the paper.

C.1 Proof of Corollary 1

In order to ease the presentation, we only provide the proof sketch for the localization argument with this corollary.
The detail proof argument for the corollary can be argued in similar fashion as that of Theorem 1. In particular,
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we consider the iterations ¢ such that 6¢, € [n=% n~=%] where a; > a,. For all such iterations with 6, invoking
Lemma 1, we find that

Ma(64)] £ (1 =m0 0] and | Moa(8h) — Moa(63)| < nor /v
—_——
=Ya,

Therefore, we obtain that

057 < [ Mo (07| 4 [ M (65771) = Moy (057 1)| < 70,047 7 /i,
Unfolding the above inequality T' times, we find that

05T <2, (0577 72) 4 = /(14 ) S 00 + (L + Yoy + -+ 90, In™ /v/n

1 a
-n=% [\/n.
1 —Ya,

_ —6ap _
SeTn na,+

As T is sufficiently large such that the second term is the dominant term, we find that that
|9t+T| < 1 . n—ar/\/ﬁ — nﬁaz—ar—l/Z.
n ~ 1 o ’Yae
Setting the RHS equal to n~ %, we obtain the recursion that

.1
Sy = (44)

R BV

Solving for the limit a; = a, = a, yields that a, = 1/12. It suggests that we eventually have 6% — B(0,n~1z).
As a consequence, we achieve the conclusion of the corollary.

C.2 Proof of Lemma 2
Without loss of generality, we can assume that 0| € [w™ ¢+, w™%]. Conditional on the event £, we have that
[M1(0)] < (1 —w ™%+ /5)19]  and | M, 1(8) — M1(6)| < cow w3,
As a result, we have
| My 1(0)] < |Mi1(6) — M1(0)| + [M1(6)] < (1 — w0941 /5) |6] + cyw™ 2w ™30

_ . _
WO /5 4 o T T2 ) T

—ay

(1
(1

IN A

w

Here, to establish the last inequality, we have used the following observation: for w =n/c, s and that n >
(B¢, s, we have

502w6a5+1—2a4—1/2 S 5C2w4a2—1/2 S c/w4ag*—1/2 S C/w—4ﬂ S 1/(6/)3 S ]_7

which leads to —w =0+ /5 4 CQW_%LU_2(M < 0. As a consequence, we achieve the conclusion of the lemma.

C.3 Proof of Lemma 3

The proof of the perturbation bound (23b) is a standard extension of d = 1 case presented above in Section A.3.2,
and thereby is omitted.

We now present the proof of the contraction bound (23a), which has several similarities with the proofs of
bounds (12a) and (12b) from Lemma 1. In order to simplify notation, we use the shorthand Z, 4 := -5 > 1 3.
Recalling the definition (22) of operator Mmd(G), we have

~ YTo
| My,a(0)|l2 = ||Ey o) |Y tanh | ——rrm (45)

Zn,a— |01I3/d

2
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We can find an orthonormal matrix R such that Rf = ||f||ze1, where e; is the first canonical basis in R?. Define
the random vector V = RY. Since Y ~ N(0,1;), we have that V ~ A(0,1;). On performing the change of
variables Y = RTV, we find that

Yo [10]]2V1
Ey [Ytanh ()] . = |Ev [RTVtanh ( ,
H Zn.a— |10]13/d o= Zn.a— 10113/d |

16]12V4 )H
Ey, |Vitanh [ 0——————
v [ (Zn,d—nen%/d

where the final equality follows from the fact that
ER"Vf(V1)] = R"E[Vf(V1)] = RT(E[V1 £(V1)],0,...,0) .

Furthermore, the orthogonality of the matrix R implies that [E[RTV f(V1)]||3 = [E[Vif(V1)]]>.

In order to simplify the notation, we define the scalars a, b and the event &, 4 as follows:
a:=1-(nd)"® b:i=14(nd)~, and &ya={|Zna—1]< (nd)~*}, (46a)
where « is a suitable scalar to be specified later. Note that standard chi-squared tail bounds guarantee that
PlEaq) > 1—2e 4" /8, (46b)

Now conditional on the event &, 4, we have

e 10]12V1 Wi [16]]2V1
| My.a(8)]]2 < |Ey, [Vl tanh ( =1|0]|2 Ev, tanh [ ———— ||, and,
a—10]13/d [10]]2 a—|6]5/d
—50)
v 10]]2V1 Vi 1012V
|V a(6) 2 > [E, [vl tanh ( 0l Ev, [ tamn (121 Y]
b—[10l5/d [10]]2 b—116l5/d
=:p(0)

where the above inequalities follow from the fact that for any fixed y, 0 € R, the function w + y tanh(y||6]|2/(w —
16]13/d)) is non-increasing in w for w > ||6]|3/d.

Substituting @ = 1/2 — 2 in the bound (46b) and invoking the large sample size assumption in the theorem
statement, we obtain that P[£, 4] > 1 — 6. Putting these observations together, it remains to prove that

p0)2 (1= 298 joiz, ana 50 < (1 (1- 1) 198 jopg (a7

for all 5(d/n)~Y/4*8 < ||0||3 < (d — 1)/(6d — 1) conditional on the event &, 4 for @ = 1/2 — 64 to obtain the
conclusion of the theorem.

The proof of the claims in equation (47) relies on the following bounds on the hyperbolic function tanh(x). For
any x € R, the following bounds hold:
, xt 228 , xt
(Upper bound) z%— 3 + 15 > ztanh(x) > z°— 3 (Upper bound). (48)
We omit the proof of these bounds, as it is very similar to that of similar results stated and proven later in
Lemma 4. We now turn to proving the bounds stated in equation (47) one-by-one.

Bounding 5(f): Applying the upper bound (48) for x tanh(x), we obtain that

a— ||6]|3/d 1013

. 0]
PO < =72 (<a|e||3/d>

) 164 \
V) = s e M B et [Vﬂ)'
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Substituting E [V2*] = (2k — 1)!! for k = 1,2,3 in the RHS above, we find that

) | 1912 0]
p(0) < — - .
O)< TR/~ = elg/ar T = lelz/ap

The condition ||]|3 + (nd)~® < 6%%14 < 1/6 implies the following bounds:

1- (mz)—i “Temgra =t ((nd)= + [10)13/d) +3/2 - ((nd)~ + 0]13/d)”,
(1- (nd)—al_ H9||§/d)3 >1+3 ((nd)_a + ||9H§/d) )

1
(= (md)= — [ol3/ap = />

Substituting the definitions (46a) of a and b and plugging the previous three bounds on the RHS of the
inequality (49) yields that

] 1613 31813 o (1 B163Y | iora s 1L,
< — _
a0y <1+ 1008 SO e (1 BIOEY gt 1 M)
1 2 11
<1_ _ = 2 _ =z 4 - —o
S ) LR CRE R
1\ 63
<1-(1-=
<-(-2)5

where the last step follows from the following observations that

(3—2/d)[6ll3 < (1 —1/d)||60]3/2, for all [|8]]> < (d —1)/(6d —4), (50)
11(nd)=*/2 < (1 —1/d)||6]|3/4, for all |82 > 5(d/n)~Y/**# when a = 1/2 — 2. (51)

Therefore, the claim with an upper bound of p(6) now follows.

Bounding p(f): Using the lower bound (48) for = tanh(z), we find that

b_lol3/a (162 ol
o) = e (Gt %) - s a4 t2)

I S
b—To13/d ~ - oI/

The condition [|0]|z — (nd)~* > 0 leads to

T+ md)y e —Joga="" (1612/d — (nd)=) + (||6]2/d — (nd)~)*,

(1+ (nd)*al— 16]12/d)? <1+4([l0)3/d = (nd)~*) .

Applying these inequalities to the bound (53), we obtain that

012 ||o||4 4/|6)2 .

(i) 1\ eIz /4 1Y\ 9131 - 1/d)
S () -5 (G w)

>1

_ 3]0l
4

where step (i) in the above inequalities follows from the observations (50)-(51) above. The lower bound (47) for
p(6) now follows.
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C.4 Proof of Lemma 4

The proof of this lemma relies on an evaluation of coefficients with z2* as k > 1. In particular, we divide the
proof of the lemma into two key parts:

Upper bound: From the definition of hyperbolic function tanh(z), it is sufficient to demonstrate that

4 2256 1728 62410
O

e B (exn(o) + exp(2).

Invoking the Taylor series of exp(x) and exp(—x), the above inequality is equivalent to
> 22k o xt 225 1728 62210 = 22k
Py (AN A A N b
(2k + 1)! 3 15 315 2835 (2k)!
k=0 k=0
Our approach to solve the above inequality is to show that the coefficients of 22* in the LHS is smaller than that

of %% in the RHS for all £ > 1. In fact, when 1 < k < 3, we can quickly check that the previous observation
holds. For k > 4, it suffices to validate that

2 2 4 B 34 N 124 2
(2k)!  3(2k—2)! ' 15(2k —4)!  315(2k — 6)! ' 2835(2k —8)!  (2k+ 1)!

Direct computation with the above inequality leads to
(k= 1)(k — 2)(k — 3)(k — 4)(496k* — 1736k> + 1430k> 4 446k — 381) > 0

for all k£ > 4, which is always true. As a consequence, we achieve the conclusion with the upper bound of the
lemma.

Lower bound: For the lower bound of the lemma, it is equivalent to prove that

i 2 2k+2 ) £4 N E 171,8 i 2.132k
e+ = \" T3 T 15 31 ) (&R )

k:O

Similar to the proof technique with the upper bound, we only need to verify that

2 2, 4 34 2,
(k) 3(2k—2)! ' 15(2k—4)!  315(2k —6)!  (2k + 1) —

for any k£ > 3. The above inequality is identical to
(k —1)(k — 2)(k — 3)(4352k> — 4352k? — 512k + 1472) > 0

for all k£ > 3, which always holds. Therefore, we obtain the conclusion with the lower bound of the lemma.

C.5 Proof of Lemma 5

The proof of this lemma is based on appropriate truncation argument. More concretely, given any positive scalar
7, and the random variable X ~ A/(0,1), consider the pair of truncated random variables (Y, Z) defined by:

V=X [x<, and Z:= X x> (54)

With the above notation in place, for n i.i.d. samples X, ..., X,, from N(0,1), we have

ﬁ;ka:E;Yi+ﬁ;Zi Syt S
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where Sy, and Sz, denote the averages of the random variables Y;/s and Z/s respectively. Observe that
|Y;| < 72k for all i € [n]; consequently, by standard sub-Gaussian concentration of bounded random variables, we
have

2
P(|Sy, —E[Y]|>t) < 2exp <_ ”t41k> . (55)
’ 2T

Next, applying Markov’s inequality with the non-negative random variable Sz ,, we find that

P (Syn > ta) < L9zl _ EZ]

56
> s s (56)

By definition of the truncated random variable Y, we have E[Y] < E[X2*]; moreover, an application of Holder’s
inequality to E [Z] yields

E[Z] = E (X" x|>,) < \/E[X*VP(IX] > 7) < /2B [X*¥] exp(—72/4).
Combining the bounds on E[Y] and E[Z] with the inequalities (55) and (56) we deduce that

i X2

L <E[Y]+t +t <E[X*] 4+t +t5, and, (57a)
n
>y X2 2k [ >
==——>E [X?F] — t1 — to/2E [X*] exp(—77/4) (57b)

with probability at least 1 — exp (—;%i) — /2E [X%*] exp(—72/4). Finally, given any § > 0, choose the scalars

T,t1,to as follows:
2\/2nE [X ] , [1. 2 1
T=2 log (5 5 tl =T g log g and t2 = ﬁ

Substituting the choice of ¢1,t5 and 7, in bounds (57a) and (57b) we conclude that with probability at least 1 — §

Ci logF(n/6)
S \/ﬁ )

where C}, is a universal constant that depends only on k. This completes the proof of Lemma 5.

n 2k
‘ Zz::le _E I:XQk]

C.6 Proof of one step bound for population EM

We now describe a special one-step contraction property of the population operator.

Lemma 6. For any vector 8° such that ||0°|| < V/d, we have ||J’\\4/n7d(90)|| < +/2/7 with probability at least 1 — 4.

The proof of this lemma is a straightforward application of the proof argument in Lemma 3 in Appendix C.3.
In order to simplify notations, we use the shorthand Z, 4 = >_7_, |X;|[3/(nd). Recalling the definition (22) of

operator M, 4, we have

[ My,a(0)]|2 =

YTo
Ey. Ytanh (| 0—————5— :
Y N<071>{ at (Zn,d_ (9||§/d>}H2

As demonstrated in the proof of Theorem 2, we have the equivalence

N 16]12V2 )}
M,, 4(0 =E |Vitanh (| 5——F5
1My,,4(0)12 [ 1 (zn,d— 19113 /d
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where V; ~ N(0,1). Since the function x tanh (%) is an even function in terms of x for any given a, we
2
find that

19]]2V1 ﬂ [ ( 10]12 | V4| )}
E|Vitanh { ———m— | | =E |[Vi[tanh { ———— 05—
[1 (nd 1613/d Wiltanh { o o137
2
EVil] = /2
s

where the second inequality is due to the basic inequality tanh(z) < 1 for all € R. The inequality in the above
display implies that regardless of the initialization 6%, we always have || M, 4(0)|]2 < \/2/7, as claimed.

D Wasserstein Distance

In Figures 1 and 3, we use EM to estimate all the parameters of the fitted Gaussian mixture (e.g., the parameters
{wi, pi, X4, 1 € [k]} if the fitted mixture were G = Zle w;N (u;, 3;)) and use first-order Wasserstein distance
between the fitted model and the true model to measure the quality of the estimate. Here we briefly summarize
the definition of the first-order Wasserstein distance and refer the readers to the book [Villani, 2008] and the
paper [Ho and Nguyen, 2016b] for more details. Given two Gaussian mixture distributions of the form

G= Zwl (15,%;) and G = Zw] (15, %5),

the first-order Wasserstein distance between the two is given by

Wi(G,¢) = inf ZZQU 16: — 05112 + 12 — Zlle) , (58)
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where ||A||r denotes the Frobenius norm of the matrix A (which in turn is defined as /> A?j). Moreover, Q

ij
denotes the set of all couplings on [k] x [£'] such that

k %
¢j € [0,1], Zqij =wj; and ZQU =w,; forall i€ [k],j€ K]

Jj=1

We note that the optimization problem (58) is a linear program in the k x &’ dimensional variable ¢ and standard
linear program solvers can be used for solving it. Also, we remark that here we have abused the notation
slightly since the the definition of the Wasserstein distance above is typically used for the mixing measures which
only depends on the parameters of the Gaussian mixture (and not the Gaussian density). Finally, applying
definition (58), we can directly conclude that for the symmetric fit (1), we have

7%} <;N(9, o?ly) + %N(—e,a%d),/\/(e*, ofld)> =160 = 0, ||z + Vd\/]|o% — 62], (59)

where we have assumed that min {||6 — 0,2, || — 0 — 0|2} = [|6 — Ox]|2-



