A Numerical Simulations

In this section we present simulation results for performance of gradient descent over f(U). We
consider measurements y; = (A;, X*), where A, are i.i.d Gaussian with each entry distributed as
N(0,1/m). X* is a 100 x 100 rank r random p.s.d matrix with | X*||r = 1. r is varied from 1 to
20 in the experiments.

We consider both standard gradient descent and noisy gradient descent (4) with step size m We
add noise of magnitude le — 4 for the noisy gradient updates. Each method is run until convergence
(max of 200 iterations). Let the output of gradient descent be U. A run of this experiment is

considered success if the final error |[UU T — X*||p < le — 2. Each experiment is repeated for 20
times and average probability of success is computed.

We repeat the above procedure starting from both random initialization and SVD initialization. For
SVD initialization, the initial point is set to be the rank r approximation of Y .~ | y; A; as suggested
by Jain et al. [15]. In figure 2 we have the plots for the cases discussed above. All of them have phase
transition around number of samples m = 2 - n - r. This is in agreement with the results in Section 3.
f(U) has no local minima once m > 2 - n - r and random initialization has same performance as
SVD initialization.

In figure 3, the left two plots show error ITU " —X* =/ x*| » behaves with varying rank and number
of samples for random and SVD initializations. The rightmost plot shows the phase transition for
rank 10 case for all the methods. Again we notice no significant difference between these methods.
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Figure 2: This figure plots the success probability for increasing number of samples m and various
values of rank . The plots on the top are for gradient descent, left for random initialization and
the right for SVD initialization. Similarly the bottom plots are for the noisy gradient descent. We
notice no significant difference between all these settings. They all have phase transition around
m=2-n-r.
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Figure 3: This figure plots the error 10U " =X "||r/| x*||» for increasing number of samples m. The left
plot is for gradient descent with random initialization, center plot corresponds to SVD initialization.
Again we notice no difference in error for these two settings. The rightmost figure shows phase
transition of low rank recovery for all the different settings when X * is rank 10.

B Proof for the exact case

Lemma (4.3). Let U be a first order critical point of f(U). Then for any r x r orthonormal matrix
Rand A; = Ae]e (A=U—-U*R),

m T

Z vec ( V2f( )} vec(A;) = 2(24 <Ai,UAjT>2 —2 <Aia uu' - U*U*T>2>v

i=1 j=1

Proof of Lemma 4.3. For any matrix Z, taking directional second derivative of the function f(U)
with respect to Z we get:

vec(Z)" [V2f(U)] vec (Z) = vec (2)" lim

t—0

{Vf U +i(2)) Vf(U)]
t

= 2i |:2 <A“UZT>2 + <A,L7UUT _ U*U*T> <AZ,ZZT>:|
i=1

Setting Z = A; = (U — U*R)ejejT and using the first order optimality condition on U, we get,

—~

c (U -U*R)eje] )" [V?f(U)] vec (U — U*R)ese] )

-r”ﬂs

~
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—

1(ALUATY +2(A,UUT —U*U*" ) (45, 05A])
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(A1 Ueje] AT +2(A,UUT —UU* ) (A, U™eje] (U ese])T)
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1(AnUee] AT) —2(A,UUT ~UU* ") (A, Ue;e] UT ~U*e;e] U
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.
Il

(2) and (47) follow from the first order optimality condition (6),
m m
S (A, UU Ueje] =Y <Ai, U*U*T> Ueje],
i=1 i=1
for j = 1---r. Finally taking sum over j from 1 to r gives the result. O

Lemma (4.4). Let U and U* be two n X r matrices, and Q) is an orthonormal matrix that spans the
column space of U. Then there exists an r X r orthonormal matrix R such that for any first order
stationary point U of f(U), the following holds:

- * 1 *® * * *
S [Uese] @ - U B[ < LUUT ~ 00T} + S OUT U0 )QQT [
j=1
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Proof of Lemma 4.4. To prove this we will expand terms on the both sides in terms of U and A =
U —U* R and then compare. First notice the following properties of R that minimizes |[U*R—U || p.
Let LSPT bethe SVD of U* ' U. Then, R= LP". Hence, R"U*'U = PSPT = U U*Risa
PSD matrix. This implies, UTA=U'U-U'U*R=U'U-R'U*"U=ATU.

Let columns of U be orthogonal, else we can multiply U by an orthonormal matrix and U R will
satisfy this. Since U R is also local minimum, and UU " = URRTU T, results for U R will also hold
for U. Let @) be the orthonormal matrix that spans the column space of U and Q) QI =1-QQ".

Similarly let @); span Ue; ejT. Note that ); are orthonormal since columns of U are orthogonal.
Hence,

(U —U*R)eje; U ||z = |Uejej UT —Q;Q/ U*Reje; UT = Q;1Q) U Rejej U |3
=|Ueje; U —Q;Q U*Reje; U |3 + |Q;1Q; , U*Reje U |3
_UejejUT = Q;Q U™ Reje] (Q,Q;UR) |7
- 2(v/2 - 1)

The last inequality follows from Lemma F.1 and the fact that e] U TU*Re; > 0,Vj as UTU*R
is PSD. Now we will bound the second term in the above equation. The main idea here is to split
this term into error between the subspaces of X, X* and then error between their singular values,
since both of them are bounded by distance | X — X*QQ " ||r. Let Q* be an orthonormal matrix
that spans the column space of X *. Also let X = Q¥Z,Q".

||QjLQjTLU*RejejTUT||% = trace(ejTRTU*TQjLQjTLU*RejejTUTUej)
= trace (e;RTU*TQjJ_QL_U*Rej [e;rUTUej — e;RTU*TQjQ;QjQ;rU*Rej

+1Q;1Q; U Reje] UT|%.  (9)

+e;-rRTU*TQijTU*Rej])

1
< e/ RTUTQ1Q[ U Re)’ +2(¢] U Ue; — e/ RTU* ' Q,Q] U Re;)?

term1 term2
+(QjLQ U*Reje] (Q;Q]U*R)T)%. (10)
term3

where (i) follows from Cauchy-Schwarz inequality.

We will use the following inequality through the rest of the proof. So we state it first for any matrix
T.

r

Z(e]TTTTej)Q < zr: i(ejTTTTekF

j=1 j=1k=1
S [Sradr |-y g,
j=1 k=1 j=1
=|T'T|% = |TT"|%. (11)

Now we will bound each of the terms in equation .
Term 1: Let, T = Q); LQJTJ_U*R. Then applying inequaltiy from equation (11) we get,
> (e] RTU*TQ;1Q] U*Re;)* = (] TTTe;)?
j=1 j=1
<|TTTIE = |RTU QuQIUR|E.  (12)
Further,
IRTU* Q. QIU*R|% = trace(U* ' Q. QIU*U*'Q.Q[U*)
= trace(Q Q| X*Q.1Q 1 X ™)
<QLQIX™ | < X — X*|I3- (13)
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Term 2:

(e;UUej —e] RTU* T Q;Q] U Re;)?

= (e U Ue))* + (¢] R"U* ' Q;Q] U*Re;)* — 2¢] U Ueje] R"U* ' Q;Q] U*Re;

= ||Ueje;-rUTH% + ||QjQ;—U*Reje;—RTU*TQjQ;||% - 2trace(e;rUTUe]-e;rRTU*TQjQ;rU*Rej)
D Ue;e] UT[3+ 1Q,Q) U Reje] RTU* Q,Q) [} — 2 trace(e] RTU*  Ueje] UTU* Rey)

= |[Ueje] UT — Q;Q] U*Reje] RTU* ' Q;Q] |3 (14)

(212 Cgollowifrom e;rUTUej = ||U;||% and |U; H%Q]QJT = UejejTUT. Now from orthogonality
of (); we have,

Y Ueje;UT = Q;Q] U Reje] RTU* ' Q;Q] |7 < [UUT —QQTUU* QQ"[|%. (15)

Jj=1

Term 3: Finally we bound the last term in equation (10) similar to the first term, which gives,

> (Qi1Q) U*Reje] (Q;Q/U*R)T ) < |UUT —U*U*"QQ 7.

J=1

Substituting the above equations (12), (13), (14) and (15) in (9) and (10) gives the result. O]

C Proof for the Noisy Case

In this section we present the proof characterizing the local minima of problem (2). Recall y =
A(X™*) + w, where X * is a rank-r matrix and w is i.i.d. (0, 02)).

We consider local optimum that satisfies first and second order optimality conditions of problem (2).
In particular U satisfies Vf(U) = 0 and 2" V2 f(U)z > 0 for any z € R™". Now we will see how

these two conditions constrain the error UU T — U*U* .

C.1 First order optimality

First we will consider the first order condition, V f(U) = 0. For any stationary point U this implies

> (AU - UrT) AU = iwiAiU. (16)
i i=1

Now using the isometry property of A; gives us the following result.

Lemma C.1. [First order condition] For any first order stationary point U of f(U), and A satisfying
the (4r,)-RIP (3), the following holds:

[ N 1+ 6)log(n
U™ — U U*1HQQT || g(SHUUT—U U THF+2 %aw,

wp. >1— n% where Q) is an orthonormal matrix that spans the column space of U.

This lemma states that any stationary point of f(U) is close to a global optimum U™ in the subspace
spanned by columns of U. Notice that the error along the orthogonal direction || X*Q Q] | can
still be large making the distance between X and X ™ arbitrarily big.

Proof of Lemma C.1. Let U = @QR, for some orthonormal (). Consider any matrix of the form
Z QRTT. The first order optimality condition then implies,

<Ai, vUT - U*U*T> (A, URIQTZT) =Y w,AURQ Z".
i=1 i=1

13



The above equation together with Restricted Isometry Property(equation (5)) gives us the following
inequality:

(v - v Q7 zT)| <s|vuT -~ ||QQTZT||F+2\/W%J\ZTHF,

by Cauchy Schwarz inequality and Lemma F.2. Note that for any matrix 4, (A,QQ"Z) =

(AQQ", Z). Furthermore, for any matrix A, sup;z.z| <1} (A, Z) = [|Al|r. Hence the above
inequality implies the lemma statement. O

C.2 Second order optimality

We will now consider the second order condition to show that the error along @) LQI is indeed

bounded well. Let V2 f(U) be the hessian of the objective function. Note that thisisann -7 x n - r
matrix. Fortunately for our result we need to only evaluate the Hessian along the direction vec(U —
U*R) for some orthonormal matrix R.

Lemma C.2. [Hessian computation] Let U be a first order critical point of f(U). Then for any
r X r orthonormal matrix Rand A = U — U*R,

Z vec (Aj)T [V2f(U)] vec(4A;)
j=1

:i XT:4<Ai’UA_;’r>2_2<AiaUUT—U*U*T>2_2wi <Ai,X_X*> ’

i=1 \j=1

Proof of Lemma C.2. For any matrix Z, taking directional second derivative of the function f(U)
with respect to Z we get:

vec (Z)—r [V2f(U)] vec (Z) = vec (Z)—r lim {Vf (U +t(2)) - Vf(U)]

t—0 t

- 2§: {2 <A,-,UZT>2 + (<A1‘,UUT _ U*U*T> _ wl) <Ai,ZZT>]

i=1
Setting Z = A; = (U — U*R)eje;r and using the first order optimality condition on U, we get,
vec (U —U*R)eje] ) [V2F(U)] vee (U — U*R)eje] )

I

«
Il
-

1A, UAD +2(( 4, 0UT — U U*T) —w) (A 050])

s
S

4(A;, Ueje] AT + 2(<Ai, uUT - U*U*T> —w;) (A, U*eje] (U*eje])T)

J

q
Il
_

M

o
Il
A

1(A; Ueje] AT = 2( A, UUT — U U ") (A, Ue;e] UT — U*eje] U
— 2w; <A1:, UejejTUT - U*ejeTU*T> . (17)

J

where the last equality is again by the first order optimality condition (16). O

Hence from second order optimality of U we get,
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Corollary C.1. [Second order optimality] Let U be a local minimum of f(U) . Forany r X r
orthonormal matrix R, wp. > 1 — #,

1 m . 2 m r 9 .
5> <Ai, UUT — U*U T> <357 (A, UATY + Vicg(m)oullAX — X*)|:
i=1 i=1 j=1
m T 1 m
7;;<A“UAJ> +510g(n)aw+20;<A“X X*)
Further for A satisfying (2r,8) -RIP ( equation (3)) we have,
1=0 T preprxT T *2 5log(n) ,
< A —[| X =X ——0. 1

j=1

Hence from the above optimality conditions we get the proof of Theorem 4.1.

Proof of Theorem 3.1. Assuming UU" #U *U* ", from Lemma 4.4 and Corollary C.1 we get,
with probability > 1 — 5

1-9§ .y
(5557 I —

34 1 5log(n)
<Lix oxrz 4 3 x - x0Tz 4 2 x - x|z 4 2108l e
< 8|| % + 3 I QQ %+ 20|| ||F+m(1+5)aw
G /1 1 34 (1+9)log(n) 5log(n)
< (= X - X* = [ 28%|X — X*|% o2 e 52,
< (8 >|| 1%+ 3 < | |7 +8 m T +m(1+5)%

(7) follows from Lemma C.1. The above inequality implies,

— 1
< 1-96 1 3462> ”UUT_U*U*TH%§34(1+5)10g(n) 2+ 510g(n) 2'

2(1+06) & 20 4 P T

L, the above inequality reduces to [[UU T — U*U* " ||p < ¢y/ log(”) 0., for some constant
c<1T,wp>1- 3. O

If6 < L

D Proof for the High Rank Case

In this section we will present the proof for the inexact case, where rank(X*) > r. Recall that
measurements are y = A(X™).

Let SVD of X ™ be Q*X*Q* T. With slight abuse of notation we use X *

Jr+1l:(G+r
rank 7 block QJT+1 (]+1)TZ]T+1 G+ QjTJrl:(jH)T , where Q* denotes the restriction of
Q to columns jr + 1to (5 + 1)r.

to denote the jth

Jr+Ll:(j+1)r

D.1 First order optimality
First we will consider the first order condition, V f(U) = 0. For any stationary point U this implies

Z<Ai,UUT —U*U*T>AiU:O. (19)
Now using the isometry property of A; gives us the following result.

Lemma D.1. [First order condition] For any first order stationary point U of f(U), and {A;}
satisfying the (4r,0)-RIP (3), the following holds:

IX - QQT X <OIIX — X5+ [(X* = X2)QQ|F + 6 X* — X ).

where Q) is an orthonormal matrix that spans the column space of U.
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This lemma states that any stationary point of f(U) is close to a global optimum U™* in the subspace
spanned by columns of U. Notice that the error along the orthogonal direction || X*Q Q] | r can
still be large making the distance between X and X * arbitrarily big.

Proof of Lemma D.1. Let U = @R, for some orthonormal (). Consider any matrix of the form
ZQR'". The first order optimality condition then implies,

> (A, X - X)) (AL URQ™ZT) = f: (Ai, X* - X)) (A, UR'Q"ZT).

i=1 i=1

Note that X — X is atmost rank-2r. Hence, the above equation together with Restricted Isometry
Property(equation (5)) gives us the following inequality:

(X - X2QQ"ZT)| -0 |X - X! |QQTZ"||,

1 & .
= Z <Ai’ ‘ jr+1:(j+1)r> (Ai,QQ"ZT)
j

i=1 i

IN

(X0 QQTZT ) + 01X 1yl

<IX* = X)QQ  |r + 68l X™ — X7

The last inequality follows from -, [ X5 LG4
true for any Z.

Further note that for any matrix A, <A7 QQ'Z > = <AQQT, VA > Furthermore, for any matrix A,
SUp;z.|z|r<1} (A; Z) = ||Al|r. Hence the above inequality implies the Lemma. O

lr < [|X™* — X ||« The above inequalities are

D.2 Second order optimality

We will now consider the second order condition to show that the error along () LQI is indeed
bounded well. Let V2 f(U) be the hessian of the objective function. Note that thisisann -7 x n - r
matrix. Fortunately for our result we need to only evaluate the Hessian along the direction vec(U —
U™ R) for some orthonormal matrix R.

Lemma D.2. [Hessian computation] Let U be a first order critical point of f(U). Then for any
n X r matrix Z,

vec(Z)" [V2f(U)] vec(Z) = izx (A, UZT>2 +2 <Ai, vu'’ — U*U*T> (A;,Z2Z7),

=1

Further let U be a local minimum of f(U) and A satisfying (2r,0) -RIP (equation (3)). Then,

(1-30)|X — X5 <41 +0) Y IUATIE + 1 X* — X% + 6] X" — X712,

Jj=1

Proof of Lemma D.2. For any matrix Z, taking directional second derivative of the function f(U)
with respect to Z we get:

vec(Z)" [V2f(U)]vec(Z) = vec(Z)" lim

t—0

[Vf U +1(2)) - Vf(U)]
t

= Qi {2 <A¢,UZT>2 I <Ai7UUT _ U*U*T> <A“ZZT>}
=1
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Setting Z = A; = (U — U*R)eje, we get,

Zvec (U - U*R)e“) [V2f(U)] vec (U — U*R)eje] )
i 4(A, Uese] (U—-UR)T)

42 Z <Ai, uuT - U*U*T> (A;, (U - UzR)e;e] (U —UZR)TY)
=1
Q) Z 3 4(A, UATY 42 <Ai, vUT - U*U*T> (AL UR(UIR)T — X)).
=1 j=1
(1) is by the first order optimality condition (19).

Hence from second order optimality of U we get

Z Z (A, UATY >Zz (A;, X — X*) (A, X — X5 (20)

=1 gj=1
1 & 1 &
— A, X - XN (A, X - X3 = — (A, X — XY+ (A, Xy — X" (A, X - X
m;< i ) (A, m; i 7+ (AL X ) (A, )
(Z) * |2 1 & * *
> (1= 01X = X7 F = =37 [ 3 (An Xy | (40X = X5)

i=1 \j=1

(#1)
> 10X~ X7l - 3 (X~ X2 Xy - I

j=1
= (1= X = X7 |5 — (X = X5, X" = X7) =) |IX = X}l X vyl
j=1
* 1 * 1 * * * *
> (1= 0)|1X = X7|IF = S I1X = X% = SI1X™ = X% - 0 NIX = X2 PI X it jnyellr
Jj=1

(ii7)

> (1= 0)IX = X3IF - 51X = XF - 51X - XzIE - o5 (1X - X203+ 1% - X2|2)

1—-36 y 1w . 0 o x .
= 5 IX = X7E = I = X2E - 51X - X3 @1
(i) is from using RIP and splitting X* — X into rank-r components X* — X* =
n/pr—1 * .. .
Zj/:l X 1.1y (11) follows from using RIP (5). (iii) follows from 3 || X5 1 iy, llF <
X = X2
The Lemma now follows by combining equations (20), (21) and using RIP (3). O]
Hence from the above optimality conditions we get the proof of Theorem 3.4.
Proof of Theorem 3.4. Assuming UU T # U} U:T, from Lemma 4.4 we know,
- 1 * T *yTx
SIUATIE < JIUUT - vz T+ SO0 - Urur )RR IR @)

for some orthonormal R. Hence combining equations (22),with Lemma D.2 we get,

1 * * 6 * *
T3 < SIXT - XIE 4+ 51X - X2

1 cy 34 .
w201+ (51 - X313+ S0 - XDQQT IR ).
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This implies,

175 * 1 * * g * * 17 *
X - X < 1K - X+ SIXT - X+ (1 8) (X - X)QQT I
(23)
Finally from Lemma D.1 we know,
* * * * 2
1X - XQQ" |3 < (5||X XM e+ I1(X* = X9QQ " Ir + 0] X* — X2|.)

< EH(X* ~ X)QQT |7 +220% | X — X7 |7 +226°1 X" — X 7|2

(24
The last inequality follows from just using 2ab < a? + b.
Combining equations (23) and (24) gives,
1—-76 17%22(1+ 4)6> . I . §  17%225? . .
- 1X = X5 < SIX* = X0 5+ (5 +——— ) 1X* = X7
4 2 2 2 2
17 « 11 X
+(1+9) I(X* = X7)QQ 1%
Substituting § = 135 gives,
* 5 * * * * * *
I1X = X215 < 51X = X5 + 120 X = X7+ 10](X™ - X7)QQ |7
< 13X — X775 + 126]| X — X712
O

E Proofs for Section 3

In this section we present the proofs for the strict saddle theorem (Theorem 3.2) and the convergence
guarantees (Theorem 3.3). The proofs use the Lemmas developed in Section 4 and the supporting
Lemmas from Section F.

Proof of Theorem 3.2. From Lemma 4.3 we know that
Zvec [ V2f(U )} vec (4A;)

Zi4<A“UAT> —2<AZ,UUT U*U*T>

i::

4(1+5)ZIIUA]-TIIQF—2(1—5)IIUUT—U*U*TH%’ (25)
j=1

where the last inequality follows from the RIP (3). Now applying Lemma 4.4 in equation (25) we get,
T - 1 )

D vec(4)) —V2[(U)| vec(4y)

j=1

1
< (1+9) (2||UUT ~UtUtF+1|(UUT - U*U*T)QQT%> —21-9)UUT ~UU|;

kTR 350 kTR
— v+ a)jwu oo k- C oo - vt

< {17(1 Loz B 55)} HUUT - U*U*THQF

(w)

< 1. HUUT U*U*THF. (26)
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(i) follows from Lemma 4.2. (i7) follows from < 1/10. Now notice that from lemma F.1
1X — X*| > 2(V2 - 1)||(U - U*R)(U*R)"||%
>2(V2 —1)0.(X*)|U - U*R|%. (27)

Finally notice that A; = Aeje] have orthogonal columns. Hence,

i | VW V)] € o Svee ()" [L927(@)] vee ()

F =1
(2) -1
S T TR
U - U*R|3
() —2(v2 = 1)o,(X*)|U — U*R|}3
= |U —U*RJ3.

HUUT —U*U*TH2
F

—4
S ?O'T(X*)

(1) follows from equation (26). (i7) follows from equation (27). O

Proof of Theorem 3.3. To prove this theorem we use Theorem 6 of Ge et al. [10]. We need to show
that f(U) satisfies, 1) strict saddle property, 2) local strong convexity, 3) f is bounded, smooth and
has Lipschitz Hessian.

The boundedness assumption easily follows from assuming we are optimizing over a bounded domain
b such that, ||[U™*||r < b. Note that we can have any reasonable upper bound on the optimum and we
can easily estimate this from ), y? which is > (1 — §)|| X *||% for the noiseless case.

Finally all the calculations below are for scaled version of f(xz) by % Note that this does not change
the number of iterations as both smoothness and strong convexity parameters are scaled by the same
constant.

Smoothness constant 3: Recall that smoothness of f is bounded by maximum eigenvalue of Hessian
over the domain. Hence, 8 = maxz.z|.<1 Z TV2f(U)Z. We have computed this projection of
Hessian in Lemma C.2. Hence,
f=2 max 3 [2 (A, UZTY + <AZ-, uuT — U*U*T> (A, ZZT>}
z:|z|3 <1

INE

max 2 (2(1+8)|U|HIZE + (1 +0)IX -~ X*|£1ZZ 7| F)
zjzlE<1

4(1 + 6)b* 4 (1 + 6)2b < 5b% + 3b.
(i) follows from the RIP.

p- Lipschitz Hessian: Now we will compute the Lipschitz constant of Hessian of f(U). We will first
bound the spectral norm of difference of Hessian at two points U, V in terms of |[U — V|| ¢ along
orthogonal direction Z; and combine them to get bound on p.. Given two n X r matrices U,V

(V*f(U) - vff(V), ZZ")

; T\2 . T _ el ) T
SQZ:”IIZH|%<<1Z[2<A“UZ ) +<A17UU Uu*Uu ><A“ZZ >}

—Z[ (A, VZTY <Ai,VVT—U*U*T><Ai,ZZT>]

<AA+O)IUZTE - IVZTIE) + 20+ 0)|UU T VV [P ZZ T ||r
<AA+9)IZIEF(U = VIE +2IUpIU = ViF) + 200+ )[UUTVV
<IZIENU = Vir (8(1 + 0)b + 4(1 + 0)b)

= ZIZIIU = VIF (12(1 +6)b) . (28)
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Hence, using the variational characterization of the Frobenius norm, the Hessian Lipschitz con-
stant is bounded by max {Z;} >, (V2f(U) — V2f(V), Z;Z; ), where Z; are orthogonal with
>=;11Zi||% < 1. Hence from equation (28) we get p = O(b).

Strict saddle property: So far we have shown regularity properties of f(U'). Now we will discuss
the strict saddle property. Theorem 3.2 shows that Awin [V2(f(U))] < Z20,(X*). To use results
of [10] we need to show this property over an € neighborhood of any saddle point U. For this

first recall by smoothness, ||V f(U) — Vf(V)||r < B|lU — V| r. Therefore Vf(V') < ¢, when
U —-V]|r < 5 Further we know the Hessian spectral norm is p Lipschitz from equation (28).

Hence, for any direction Z,

ZT(V(V) = VU W)) 27 < plU = Ve < o5

In particular choosing Z to be the projection direction, U — U™ implies from Theorem 3.2,

—2 €

27 (V(I(V)) 2T < S0 X7 405

Hence for all V' in the bowl of radius € around U, where ¢ < %O'T(X ),

Amin [V2(F(V))] < %ar(x*). (29)

Local strong convexity: Finally we need to show that the function is « strongly convex in a neighbor-
hood € around the optimum U™ R, for any orthonormal R. This easily follows from existing local
convergence results for this problem. For example, Lemma 6.1 of Bhojanapalli et al. [2] states that,

for |U — U*R||p < 72X ) 5 (U*R),

20001 (X *)
% 2 2 27 * 2 * 2
(VIU).U = U"R) = Snl VIO + 5o U RPIU ~URIF. (G0)
for § = 1—10 and some step size 7 ﬁ Hence f(U) is locally strong convex with o =
2.0, (U*R)? in the neighborhood of radius ¢ = %UT(U*R) around the optimum.
Substituting these parameters in the Theorem 6 of Ge et al. [10] gives the result. [

F Supporting Lemmas

In this section we present the supporting results used in the proofs above.

The following lemma relates the error (U — Y)U " | p with [UU" — YY "||r under some
conditions on U and Y. This is a generalization of Lemma 5.4 in [26] and the proof follows
similarly.

Lemma F.1. Let U and Y be two n X r matrices. Further let U'Y = Y TU be a PSD matrix.
Then,

1

L e e

I[UUT —YY"|J2.

Proof. To prove this we will expand terms on the both sides in terms of U and A = U — Y and then
compare.
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[(UUT —YY|[i = [(UAT + AUT — AAT)|%

= trace (AUTUAT + UATAU T + AATAAT +2AUTAU T —2AATAU " —2AATUAT)
Y trace QUTUATA + (ATA)?2 +2UT A —4ATAUTA)

® trace (zUTUATA +(ATA—V2UTA)? —2(2 \@)ATAUTA)
(g) 2trace ({UTU (2—- UTA} ATA)

— 2 trace ([(\/i WU+ (2- UTY] ATA>

(iv)
> 2trace ((\/57 l)UTUATA> .

trace(AT). (i) follows from completing the squares. (iii) follows from trace(A2?) > 0. (iv)

follows from the hypothesis of the lemma (U 'Y is PSD) and trace(AB) > 0 for PSD matrices A
and B.

(i) follows from the following properties of trace: trace(AB) = trace(BA) and trace(A) =

Finally notice that ||(U — Y)U "||% = trace(U "UAT A). This completes the proof. O

‘We recall the standard Gaussian random variable concentration here.
Lemma F.2. Let w; ~ N (0, 0y,), then

> wizi < 2¢/log(n)ow |z,

i=1
with probability > 1 — #

Proof. Recall E[e!i] = ew!*/2 Then by Markov’s inequality, P(X.7", wiz; > clz|) <

o 2)1%42 /2

e < e/ 2%, by setting t = m Choosing ¢ = 24/log(n)o,, completes the proof.
O
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