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Abstract

We investigate weak coin flipping, a fundamental cryptographic primitive where two dis-
trustful parties need to remotely establish a shared random bit. A cheating player can try to
bias the output bit towards a preferred value. For weak coin flipping the players have known
opposite preferred values. A weak coin-flipping protocol has a bias ¢ if neither player can force
the outcome towards their preferred value with probability more than % + €. While it is known
that all classical protocols have € = %, Mochon showed in 2007 [1] that quantumly weak coin
flipping can be achieved with arbitrarily small bias (near perfect) but the best known explicit
protocol has bias 1/6 (also due to Mochon, 2005 [2]). We propose a framework to construct
new explicit protocols achieving biases below 1/6. In particular, we construct explicit unitaries
for protocols with bias approaching 1/10. To go below, we introduce what we call the Elliptic
Monotone Align (EMA) algorithm which, together with the framework, allows us to numerically
construct protocols with arbitrarily small biases.
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1 Introduction

We investigate coin flipping, a fundamental cryptographic primitive where two distrustful parties
need to remotely generate a shared unbiased random bit. A cheating player can try to bias the
output bit towards a preferred value. For weak coin flipping the players have known opposite
preferred values. A weak coin flipping (WCF') protocol has a bias e if neither player can force the
outcome towards his/her preferred value with probability more than % + €. For strong coin-flipping
there are no a priori preferred values and the bias is defined similarly. Restricting to classical
resources, neither weak nor strong coin flipping is possible under information-theoretic security,
as there always exists a player [3] who can force any outcome with probability 1. However, in a

quantum world, strong coin flipping protocols with bias strictly less than 1 have been shown and

the best known explicit protocol has bias % [4]. Nevertheless, Kitaev gave a210wer bound of % — %
for the bias of any quantum strong coin flipping, so an unbiased protocol is not possible.

As for weak coin flipping, the current best known explicit protocol—the Dip Dip Boom pro-
tocol—is due to Mochon [2] and has bias 1/6. In a breakthrough result, he even proved the exist-
ence of a quantum weak coin-flipping protocol with arbitrarily low bias € > 0, hence showing that
near-perfect weak coin flipping is theoretically possible [1]. This fundamental result for quantum
cryptography, unfortunately, was proved non-constructively, by elaborate successive reductions (80
pages) of the protocol to different versions of so-called point games, a formalism introduced by
Kitaev [5] in order to study coin flipping. Consequently, the structure of the protocol whose exist-
ence is proved is lost. A systematic verification of this by independent researchers recently led to a
simplified proof [6] (only 50 pages) but eleven years later, an explicit weak coin-flipping protocol is
still unknown, despite various expert approaches ranging from the distillation of a protocol using
the proof of existence to numerical search [7, 8]. Further, weak coin flipping provides, via black-box
reductions, optimal protocols for strong coin flipping [9], bit commitment [10] and a variant of
oblivious transfer [11] (fundamental cryptographic primitives). It is also used to implement other
cryptographic tasks such as leader election [12] and dice rolling [13].

We construct a framework that allows us to convert simple point games (i.e. corresponding to
known protocols) into explicit quantum protocols defined in terms of unitaries and projectors. We
use the said framework to convert a bias 1/10 point game into its corresponding explicit protocol
making it the first improvement of its kind in the last thirteen years since Mochon’s Dip Dip Boom
protocol (bias 1/6) [2].

Our second contribution, the Elliptic Monotone Align (EMA) algorithm, is a numerical al-
gorithm which can provably find the unitaries required for implementing protocols with arbitrary
biases, including the ones with ¢ — 0.

1.1 State of the Art | Kitaev’s Formalisms and Mochon’s Games

Let us start with noting two features of weak coin flipping. First, note that we can say, without
loss of generality, that if the bit is zero it means Alice won and if the bit is one it means Bob won.
Why is that? In weak coin flipping we know both players have known preferences. Alice wants zero
and Bob wants one! since if they both wanted the same outcome bit, there would be no need to
flip a coin. If a player gets what they want, we say they won. Second, we note that there are four
situations which can arise in a weak coin flipping scenario of which three are of interest. Let us

! Alice wanting a zero and Bob wanting a one is just an uninteresting relabelling.



denote by HH the situation where both Alice and Bob are honest, i.e. follow the protocol. In this
situation we want the protocol to be such that both Alice and Bob (a) win with equal probability
and (b) are in agreement with each other. In the situation HC where Alice is honest and Bob
is cheating, the protocol must protect Alice from a cheating Bob. In this situation, a cheating
Bob tries to convince an honest Alice that he has won. His probability of succeeding by using his
best cheating strategy is denoted by P} where the star/asterisk refers to a cheating player and the
subscript denotes the outcome he desires to enforce on the honest player. The CH situation where
Bob is honest and Alice is cheating naturally points us to the corresponding definition of P}. The
situation CC where both players are cheating is not of interest to us as nothing can be said which
depends on the protocol. This is because nobody is following the protocol.

A trivial example of a weak coin flipping protocol is where Alice flips a coin and reveals the
outcome to Bob over the phone. A cheating Alice can simply lie and always win against an honest
Bob which means P} = 1. On the other hand, a cheating Bob can not do anything to convince
Alice that he has won, unless it happens by random chance on the coin flip. This corresponds to
Py = % The bias of the protocol is max[P}, Pj5] — % which for this naive protocol amounts to
%, the worst possible. Manifestly, constructing protocols where one player is protected is nearly
trivial. Constructing protocols where neither player is able to cheat (against an honest player) is
the real challenge.

Given a WCF protocol it is not a priori clear how the best success probability of a cheating
player, denoted by P} /B> should be computed as the strategy space can be dauntingly large.
It turns out that all quantum WCF protocols can be defined using the exchange of a message
register interleaved with the players applying the unitaries U; locally (see Figure 3) until a final
measurement, say 114 denoting Alice won and Il denoting Bob won, is made in the end. Computing
P7 in this case reduces to a semi-definite program (SDP) in p: maximise P} = tr(Il4p) given the
constraint that the honest player follows the protocol. Similarly for computing Pg one can define
another SDP. Using SDP duality one can turn this maximization problem over cheating strategies
into a minimization problem over dual variables Z,,p. Any dual feasible assignment then provides
an upper bound on the cheating probabilities P} /B SDPs are usually easy to handle but in this
case, there are two SDPs, and we must optimise both simultaneously (see Subsection 2.1). Note that
here we assume the protocol is known and we are trying to find bounds on P} and Pj. However,
our goal is to find good protocols. So what we would like is a framework which allows us to do
both, construct protocols and find the associated P} and Pj. Kitaev gave us such a framework.

He converted this problem about matrices (Zs, ps and Us) into a problem about points on a
plane, which Mochon called Kitaev’s Time Dependent Point Game (TDPG) framework. In this
framework, one is concerned with a sequence of frames—the positive quadrant of the plane with
some points and their probability weights—which must start with a fixed frame and end with a
frame that has only one point. The fixed starting frame consists of two points at [0,1] and [1, 0]
with weight 1/2. The end frame must be a single point, say at [, o], with weight 1. The objective
of the protocol designer is to get this end point as close to the origin as possible by transitioning
through intermediate frames (see Figure 1) by following certain rules (we describe these shortly).
The magic of this formalism, roughly stated, is that if one abides by these rules then corresponding
to every such valid sequence of frames, there exists a WCF protocol with P} = «, Pj; = [ (see
Subsection 2.3).

We now describe these rules. Consider a given frame and focus on a set of points that fall on
this vertical (or horizontal) line. Let the y coordinate (or x coordinate) of the ith point be given
by z4 and the weight be given by pg,. Let 2z, and pp, denote the corresponding quantity in the
subsequent frame. Then, the following conditions must hold



1. the probabilities are conserved, viz. >, pg, = >, Dh,

(a) forall A >0

Azg, Azp,
zi:/\+zgipgigzi:/\+zhiphi' M
Note that from one frame to the next, one can either make a horizontal transition or a vertical
transition. By combining these sequentially one can obtain the desired form of the final frame, i.e.
a single point. The aforesaid rule and the points in the frames arise from the dual variables Z4/p .
Just as the state p evolves through the protocol, so do the dual variables Z,,5. The points and their
weights in the TDPG are exactly the eigenvalue pairs of Z,,p with the probability weight assigned
to them by the honest state |¢)) at a given point in the protocol (|i)) and p are closely related).
The aforementioned rules are related to the dual constraints. Given an explicit WCF protocol
and a feasible assignment for the dual variables witnessing a given bias, it is straightforward to
construct the TDPG. However, going backwards, constructing the WCF dual from a TDPG is
highly non-trivial and no general construction is known.

Our main contribution is precisely to this part. We construct a framework which allows for a
ready conversion of simple TDPGs into explicit protocols, and once supplemented with the EMA
algorithm, it can convert any TDPG into its corresponding protocol. This is relevant because
Mochon’s breakthrough result was to define a family of games? with bias € = ﬁ where k encodes
the number of points that are involved in the non-trivial step (for k& = 1 it reduces to a version
of the Dip Dip Boom (bias 1/6) protocol) which means, effectively, we can numerically construct
quantum weak coin flipping protocols with arbitrarily small bias (see Section 5 of either [1, 6]).

As this point game formalism is the cornerstone of the analysis, we simplify the rules further and
then apply them to construct a simple example game. Later, we convert this example game into
an explicit protocol using our framework. If we restrict ourselves to transitions involving only one
initial and one final point, the second condition reduces to z, < zj, (we suppressed the subscript).
This is called a raise. It means that we can always increase the coordinate of a single point. What
about going from one initial point to many final points (note that the points before and after
must lie along either a horizontal or a vertical line)? The second condition in this case becomes
1/z4 > (1/z), that is the harmonic mean of the final points must be greater than or equal to
that of the initial point, where (f(23)) := (32; f(2n,)Pn;) / (ZJ phj). This is called a split. Finally,
we can ask: What happens upon merging many points into a single point? The second condition
becomes (z4) < zp, that is the final position must not be smaller than the average initial position
(where (f(z4)) is analogously defined). This is called a merge. While these three transitions/moves
do not exhaust the set of moves, they are enough to construct games that almost achieve the bias
1/6. Let us construct a simple game as an example. We start with the initial frame and raise the
point [1,0] along the vertical to [1, 1] (see Figure 1). We know this move is allowed as it is just a
raise. Next we merge the points [0, 1] with [1, 1] using a horizontal merge. The z-coordinate of the
resulting point can at best be %.O + %.1 = % where we used the fact that both points have weight
1/2. Thus we end up with a single point at [%, 1] with all the weight. Kitaev’s framework tells us
that there must exist a protocol which yields P} = 1 while Py = % This, however, is the phone
protocol that we started our discussion with! It is a neat consistency check but it yields a trivial
bias. This is because we did not use the split. If we use a split once, we can, by simply matching
the weights, already obtain a game with P} = Pp = % Protocols corresponding to this bias were

found by various researchers [14, 15, 16] long before this framework was known. In fact, the bias

*Mochon describes his games in Kitaev’s Time Independent Point Game (TIPG) framework but it is straightfor-
ward to go back from a TIPG to a TDPG.



of the said weak coin flipping protocol, € = % — %, was exactly the lower bound for strong coin
flipping. It was an exciting time (we imagine) as the technique used to bound strong coin flipping
fails for weak coin flipping. The matter was not resolved for a while. This protocol held the record
for being the best known weak coin flipping protocol until Mochon progressively showed that if
we use multiple splits wisely at the beginning followed by a raise, one simply needs to use merges
thereafter to obtain a game with bias almost 1/6, which corresponds to his Dip Dip Boom protocol.
The Dip Dip Boom protocol, is actually a family of protocols which in the limit of infinite rounds
of communication yields bias 1/6. Going lower, therefore, is not a straight forward extension and
we need to use moves which can not be decomposed into the three basic ones, splits, merges and

raises. Our contribution is to find ways of constructing the unitaries corresponding to these moves.

1.2 A Framework | First Contribution

We first describe our framework for converting a TDPG into an explicit protocol. We start by
defining a ‘canonical form’ for any given frame of a TDPG. This allows one to write the WCF
dual variables, Zs, and the honest state |¢)) associated with each frame of the TDPG. We define a
sequence of quantum operations, unitaries and projections, which allow Alice and Bob to transition
from the initial frame to the final frame. It turns out that there is only one non-trivial quantum
operation in the sequence which we leave partially specified for the moment. This means that we
know that the unitary should send the honest initial state to the honest final state. However the
action of the unitary on the orthogonal space, which intuitively is what would bestow on it the
cheating prevention/detection capability, is obtained as an interesting constraint. Using the SDP
formalism we write the constraints at each step of the sequence on the Zs and show that they are
indeed satisfied (see Theorem 46 for a full statement of the following, Subsection 3.2 for its proof
and the description of the framework).

Theorem 1 (TEF constraint (simplified)). If a wunitary matric U acting on the space
span{|g1),|g2) ..., |h1), |he) ...} satisfying the constraints

Ulv) = |w),
> g [hi) (Rl =Y 29, EnU |gi) (gl UTEp > 0 (2)

can be found for every move/transition (see Definition 47 and Definition 9) of a TDPG then an
explicit protocol with the corresponding bias can be obtained using the TDPG-to—FExplicit—protocol
Framework (TEF), where {|gi)},{|h:)} are orthonormal vectors and if the transition is horizontal

e the initial points have x4 as their x-coordinate and py, as their corresponding probability
weight,

e the final points have, similarly, xp, as their x-coordinate and py, as their corresponding prob-
ability weight

e Ej, is a projection onto the span{|h;)} space,

o [0) =32 P 191) |V Pgis [w) = i \/Ph; |hi) [/ pns

and if the transition is vertical, the x4, and xp, become the y-coordinates yq, and yn, with everything
else unchanged.
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Figure 1: Point game corresponding to the weak coin flipping over the phone protocol.

Note that the TDPG already specifies the coordinates xj,,z,, and the probabilities py,, py,
which satisfy, Equation (1), the scalar condition. Our task therefore reduces to finding the correct
U which satisfies the aforesaid matrix constraints. It is this general problem that is solved by our
EMA algorithm which we describe later.

Given such a unitary U acting on the space span{|g1),|g2) ... |h1),|h2) ...} one can construct a
unitary, UE@, acting non-trivially on the space span{|gi191) aps  [9292) ans - - -5 [R1R1) ang - 1R2R2) A0

...} by mapping |g;) = |9igi) aps»> [Ri) — |hihi) 45, and as identity otherwise. We now informally
describe how to convert a TDPG into an explicit protocol. It suffices to show what a transition
from a given frame to the next frame corresponds to in terms of the protocol. In this discussion, we
refer to them as the initial frame and the final frame. Assume that the corresponding non-trivial
U1(421\)4 is known. As we saw, a given transition would either be horizontal or vertical. We assume it is
horizontal without loss of generality®. We label the points that do not participate in this horizontal
transition, i.e. remain unchanged in both frames, by ki, ko ... in both frames. The points in the
initial frame involved in this transition are labelled g1, gs... and the ones in the final frame are
labelled hq, hs.... All the points are now labelled. We denote the coordinates of the final points
by xp,,Zh, ... and the probability weights by ps,, pp, ... We similarly define z4,,py, and xy,, px,-
The Hilbert space of interest is given by H := span{|k1), |k2)...,|g1),|92) ..., |h1),|he)...,|m)}
where each vector is assumed orthonormal (|m) is just an idle state in which the message register
is assumed to be initially and returned to finally). We assume that Alice’s register, Bob’s register
and the message register each have dimension at least as large as dim(#H). The state (by state in
this discussion, we mean the honest state) corresponding to the initial frame is assumed to have
the form

’¢(1)> = (Z VPg: 19i9i) ap + Z \/pri|kiki>AB> ® [m) -

Bob: Assume Bob has the message register. He applies the conditional swap UE‘;&PW ™} where
Ug\j}\v/lp{g,m} swaps conditionally on both registers being in the subspace span{|gi),|g2)...,|m)}.

The state after this operation is
‘1/’(2)> = Z VPg; 19i9i) ang @ M) g + Z VPk; |kiki) ap @ M) -

He then sends the message register to Alice.

Alice: Alice applies the non-trivial unitary Uf]\)z[ on her local register and the message register.

She then measures {E?) T~ E?)} where E?) := (3 |h;) (hi] + 3 ki) (ki]) 4 ® Tns. The state at

3Mochon’s point games have a repeating structure he calls a “ladder”. Corresponding to each k he constructs
a family of point games parametrised by the number of points in this ladder. The game approaches the bias € =
(4k +2)7' as the number of points is increased (the value is reached in the limit of infinite points). Consequently,
we consider a finite set of points in the transition.



this point is

‘¢(3)> = Z VPh; [hihi) ap @ [m) g + Z\/ﬁTm\kiki>A3 ® |m) -

If the outcome corresponds to the latter, she declares herself to be the winner. Otherwise she sends

the message register back to Bob.

Bob: Bob again applies a conditional swap Ugﬁp{h’m} followed by a measurement correspond-

ing to {E®) T~ E®} where E®) := (X, |h) (| + X2; ki) (ki]) g @ Tns. The final state is

’1/)(4)> = (Z\/ﬁwmihihg + Z \/]Tk’i|kiki>AB> ®|m) -

%

If the outcome corresponds to I — EG), Bob declares himself the winner.

As the final state is in the same form as the initial state, one can progressively build the
sequence corresponding to the complete protocol. Once the entire sequence is known, one must
reverse the order of all the operations to obtain the final protocol. Note that the message register
is initially decoupled, it then gets entangled, and finally it emerges decoupled again. This simplifies
the analysis (and also entails that one need not keep the message register coherent for the duration
of the protocol; keeping it coherent for each round individually is sufficient).

Let us try to apply this procedure to our example game (see Figure 1). We label the points in
the first frame as g; and go. The state is given by % (l9191) ap + 19292) 4p) ® |m) ;- (This should
make it clear that the order is reversed here because we want to end with an EPR like state so
that when Alice and Bob make a measurement, they agree on a random bit.) We simply claim
for the moment that raising does not require Alice and Bob to do anything. This means that we
can consider the second frame with the same labels. We now apply the merge transition by using
the aforesaid recipe, where Bob applies a swap, sends the message register to Alice, she applies

U£121\)/1 and the projector, returns the message register to Bob and he applies the final swap and

measurement. We continue to assume we are given the correct Uge/[ that implements the merge
step. The state one obtains after the application of these unitaries turns out to be |h1ha) 45 ®|m) ;.
(This looks like the state we should start with, completely unentangled. This is intuitively why
the actual protocol is a reversed version of what we have.) Our procedure can be applied to any
point game, granted the non-trivial unitary U® can be found. The central issue is that there is no
general recipe known for constructing U®s.

To address this we can prove that what we call the Blinkered Unitary satisfies the required
constraints for both the split and merge moves (see Subsection 3.3). It is defined as

Uplink = |w) (v| + |v) (w] + Z |vi) (vi] + Z |w;) (w (3)

where |v), {|v;)} and |w), {|w;)} are orthonormal vectors spanning the {|g;}} and {|h;)} space
respectively. With these the former best protocol (bias 1/6) can already be derived from its TDPG,
in a manner analogous to the one used for the example game. This was not known (to the best
of our knowledge), even though the protocol itself was separately known and analysed. We next
study the family of bias 1/10 TDPGs and isolate the precise moves required to implement it (see
Subsection ?7). Let ny — nj, denote a move from ng initial points to ny final points. While the
bias 1/6 games used a 2 — 1 merge as its key move, the bias 1/10 games use a combination of
3 — 2 and 2 — 2 moves (these can not be produced by a combination of merges and splits, as was
pointed out earlier). We give analytic expressions for these unitaries and show that they satisfy



the required constraints (see Subsection 4.4). In particular, we show that for 3 — 2 moves with
Tg, < Tgy, < Tgy and xp, < Tp,

Uz = [w) (o] + wn) (vr] + [v3) (op] + [o1) (wi] + |v) w (4)

satisfies the required constraints (under some further technical conditions which are satisfied by
the 1/10 games of interest), where

) = VPar 191) + \/Pgs 192) + /Pgs |93)
N b

g
og) = VP 192) = VPya |95)
N, ’
Pgo+D
» ~Lreetpn) ) b i 192) + VP 19s)
V) =
Ny,

and

_ /Py |l) + /Py |h2) og) = VPhs |R1) = \/Phy |h2)
Ny, ’ Ny,

are normalised vectors (this fixes the normalisation factors) which we use to define

|w)

|v]) = cos@|vr) +sinf |va), [vh) = sinf |v1) — cos b |va)

where cos # is obtained by solving

\/Ph1Phs ( v/ Pg2Pygs

Thy, — Tp,) — cos b

Tﬁ N,N., (Tgy — Tgy)
N,

—sind (x g =0
< g> Nv2

and choosing the solution which is closer to 1. Similarly we give an explicit unitary corresponding
to the second move, i.e. the 2 — 2 move. For the second move, i.e. the 2 — 2 move with x4 < x4,
and xp, < xp,, we show that

Uzsa = [w) (0] + (afv) + Blw1)) (1] + |v) (w] + (B |v) — a|wr)) (wn]

satisfies the required constraints (again, under further technical conditions which are satisfied by
the 1/10 games of interest) where

) = - (VParlon) + VP ).
) = 37 (VP ) = VFar o)
and
) = - (VB Vi) + /7 )
w) = 5 (VB ) = Vi )



Further, a, 8 € R are such that o® + 32 = 1 and

5 _ Ph1Pho (xh1 - xhg)
PgiPgs (Tgy — Tg,)

This lets us, in effect, convert Mochon’s family of bias 1/10 games into explicit protocols, finally
breaking the 1/6 barrier. Mochon’s games achieving lower biases correspond to larger unitary
matrices. Consequently, this approach based on guessing the correct form of the solution becomes
untenable.

1.3 EMA Algorithm | Second Contribution

To go lower than 1/10 we use our Elliptic Monotone Align (EMA) algorithm which we now describe.
Note that if we neglect the projector in Equation (2), we can express it as Xp > U XgUT where
X, Xy are diagonal matrices with positive entries (justified in Subsection 5.1). Surprisingly, it is
possible to show that we can restrict ourselves to orthogonal matrices without loss of generality
(see Subsection 5.2). Once we restrict to real numbers, it is easy to see that the set of vectors
Ex, = {|u)| (u] X} |u) = 1} describe the boundary of an ellipsoid as ), u?/(a:};l) = 1 (note zp,
is fixed here and wu; is the variable). Similarly £ox, or represents a rotated ellipsoid where O is
orthogonal (see Figure 2). Note that larger the xj, (or x,4,) higher is the curvature of the ellipsoid
along the associated direction. It is not hard to see the aforesaid inequality, geometrically, as the £x,,
ellipsoid being contained inside the Epx or ellipsoid (the order gets reversed; see Subsection 6.1).

Recall that the orthogonal matrix also has the property O |v) = |w). Imagine that in addition,
we have (w| X}, [w) = (v| X, |v) which in terms of the point game means that the average is preserved
(as was the case for merge). In terms of the ellipsoids, it means that the ellipsoids touch along the
|w) direction. More precisely, the point |c) := [w) /v/{w| Xj [w) belongs to both Ex, and Epx, or-
Since the inequality tells us the smaller A ellipsoid is contained inside the larger g ellipsoid, and we
now know that they touch at the point |¢), we conclude that their normals evaluated at |c¢) must
be equal. Further, we can conclude that the inner ellipsoid must be more curved than the outer
ellipsoid.

Mark the point |¢) on the &g x,0r ellipsoid. Now imagine rotating the &x, ellipsoid to the
o X,0T ellipsoid. The normal at the marked point must be mapped to the normal of £x, at |c).
It turns out that to evaluate the normals |ny,) on £x, at |c) and |ng) on Ex, at the marked point,
one only needs to know X, X, |v) and |w). Complete knowledge of O is not required and yet we
can be sure that O |ng) = |nj) which means O must have a term |np) (ng|. In fact, one can even
evaluate the curvature from the aforesaid quantities. It so turns out that when this condition is
expressed precisely, it becomes an instance of the same problem we started with one less dimension
allowing us to iteratively find O, which so far we had only assumed to exist. This, however, only
works under our assumption that (w| Xj |w) = (v| X4 |v). This is not always the case which we
address next.

A monotone function f is defined to be a function which has the property “xz > y —
f(x) > f(y)” An operator monotone function? is obtained from a generalisation of the aforesaid
property to matrices, which in our notation can be expressed as “Xj; > OXgOT = f(Xn) >
Of(X g)OT”. In mathematics, it is known that for a certain class of operator monotone functions f,

2 1
“Note that the monotone function f(z) = 2 is not an operator monotone. This is a counter-example: [ 11 :| >



f~!is also an operator monotone. Using these results in conjunction with results from Aharonov
et al. [6] we conclude that one can show that there is always an operator monotone f such that
(w| f(Xp) |lw) = (v] f(Xg)|v). (This result also admits a beautiful geometric interpretation. It
means that to establish £x, is inside £px or, which essentially means we look at all different
directions and make sure the h ellipsoid is inside the g ellipsoid, we can instead look along a single
direction |w) and check that all the different ellipsoids £y, are inside the corresponding £ ¢( X,)OT
ellipsoids along just this direction, for every operator monotone f in the class indicated earlier.)
Since the orthogonal matrix which solves the initial problem also solves the one mapped by f,
we can use our technique on the latter to proceed. This shows how and why our EMA algorithm
works. Let us summarise the algorithm into an informal statement.

Definition (EMA Algorithm (informal)). Given a transition from a TDPG the algorithm proceeds
in three phases.

1. Initialise
e Tightening procedure: Bring the final points close to zero until the corresponding ellips-

oids start to touch.

e Spectral domain, matrices: Find the spectrum of the matrices which represent the el-
lipsoid. Evaluate the smallest matrix size n needed to represent the problem using
ellipsoids.

e Bootstrapping: Using the aforesaid, define (X ,Sn),Xén), w(")> , ’U(”)>> = X where
the superscript denotes the size of the matrix and vectors.

2. Tterate (neglecting special cases)
Input: X*)
Output: X(k_l), the vector ‘ugk)> and the orthogonal matrices Oék), O}(lk)

Procedure:

e Tightening procedure: Similar to the one above, shrink the outer ellipsoid until it touches
the inner ellipsoid.

e Honest align: Use operator monotone functions to make the ellipsoids touch along the
|w) direction.

e Evaluate the Reverse Weingarten Map: Evaluate the curvatures and the normal (which
fixes ‘uﬁlk)>) along the |w) direction.

(k—1)

e Finite Method: Use the curvatures to specify X and find the orthogonal matrices

oM 0P
3. Reconstruction
Evaluate O™ recursively using O%) = Oék) ( ‘uglk)> <u,(1k)‘ + O(k_1)> O,(f).

Theorem 2 (Correctness of the EMA Algorithm (informal)). Given a transition of a TDPG, the
EMA Algorithm always finds a U such that the constraints in Theorem 1 are satisfied.

See Subsection 1.3 for the complete algorithm and proof of the theorem; in particular Defin-
ition 96 and Theorem 97 for the corresponding formal statements. Results from a preliminary
numerical implementation of the EMA algorithm are discussed in Section 8.



Despite the apparent simplicity of the main argument there were many difficulties we had to
address in order to prove the aforesaid statement. We had to extend the results about operator
monotone functions to be able to use them for performing the tightening step as indicated and
for being certain that the solution unitary/orthogonal matrix stays unchanged under these trans-
formations. We also extended some results related to different representations of the aforesaid
transitions as these situations arise in the tightening procedure (see Subsection 7.2.1). Finding
an easy method for evaluating the curvatures—the reverse Weingarten map—was key as has been
noted (see Subsection 6.2). The trickiest part of the algorithm, which we have not mentioned here
in the introduction, was handling the cases where one of the tangent directions of an ellipsoid has
an infinite curvature. For concreteness, imagine an ellipse which under an operator monotone gets
mapped to a line segment. The tip of the line segment, if viewed as a limit of an ellipse, has an
infinite curvature. In these cases, our finite analysis breaks down as the normal is no longer well
defined. For the moves used by Mochon in his 1/18 game for instance that we tried to numerically
solve using this algorithm, this infinite case does not appear. However, to solve the split move
using the algorithm (instead of the blinkered unitaries) the infinite case does appear. In either
case, our algorithm can handle these infinite cases using what we call the Wiggle-v method (see
Subsection 7.2.3 and Subsection 7.3).

The implication is that we can now numerically convert known games with arbitrarily small
bias into complete protocols. One remaining question is the effect of noise. In the current analysis
two idealising assumptions have been made. First, the EMA algorithm assumes one can solve
certain problems with arbitrary precision classically, such as finding the roots of polynomials and
diagonalising matrices. Second, in Mochon/Kitaev’s point game formalisms, one assumes that the
unitaries are known and applied exactly. Neither of these will hold practically, therefore, the effect
of noise on the bias of the protocol must be quantified, which we leave as an open problem for
further work.

The remaining document starts with stating the previously known formal results and motiv-
ating their proofs (Section 2). Thereafter the document is divided into two parts. The first part
establishes the TDPG-to-Explicit-protocol Framework, TEF, (Section 3) and then discusses its ap-
plication to Mochon’s games (Section 4) including the one with bias 1/10. The second part starts
with laying the groundwork for viewing the problem in terms of ellipsoids (Section 5), summarises
some results about ellipsoids (Section 6) and finally discusses the Elliptic Monotone Algorithm
itself (Section 7). It ends by stating some observations made through a preliminary numerical
implementation of the said algorithm and briefly discussing related open problems (Section 8).
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(SXg SOXQOT

Figure 2: On the left the ellipsoids correspond to the diagonal matrices X, and X}. The vectors |w)
and |v) indicate only the direction. On the right, the larger ellipsoid is now rotated to corresponding
to OX,0T. The point of contact is along the vector |w) = O |v).

Alice Message Bob

Figure 3: General structure of a Weak Coin Flipping protocol.
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2 Prior Art

We start with stating the results up to a certain point from Aharonov et al’s [6] paper (which
completely formalises Mochon’s results [1] and simplifies one of the results proved in its appendix;
we build on this improved proof in our work). We will motivate the statements as we go along. It
is unlikely that the next section will make perfect sense unless one has already read Aharonov’s et
al’s and /or Mochon’s article. The ideas should get clear in the following sections as we use them to
construct explicit protocols. Logically, however, we have tried to keep everything consistent (even
though the presentation thereof may not be optimal).

We define R> := [0,00), Rs := (0,00) and similarly R< := (—o0,0],Rc := (—00,0). A note
about the colour scheme. We use purple for intuitive and non-technical discussions and, in this
section, blue for statements/corrections that we have added to the results from Aharonov et al’s
article.

2.1 WCF protocol as an SDP and its Dual

Any weak coin flipping protocol can be expressed in the following general form (we do not prove
this claim here; see [4]).

Definition 3 (WCF protocol with bias €). For n even, an n-message WCF protocol between two
players, Alice and Bob, is described by

e three Hilbert spaces with 4, B corresponding to Alice and Bob’s private workspaces (Bob
does not have any access to A and Alice to B), and a message space M;

e an initial product state [1o) = [t4,0) ® [Yar,0) ® [¥Bo) € AR M@ B;

e a set of n unitaries {U,...U,} acting on A®@ M @ B with U; = Ua; ® Ig for i odd and
Ui =14®Up, for i even;

e a set of honest states {|¢;) : ¢ € [n]} defined by |¢;) = U;U;—1 ... Ui |¢bo);

e a set of n projectors {Ey,...Ey,} acting on A ® M ® B with E; = E4; ® Ig for ¢ odd, and
E; =14 ® Ep,; for i even, such that E; |¢;) = |15);

e two final positive operator valued measure (POVM) {Hf), HS)} acting on A and {HSBO),HS)}
acting on B.

The WCF protocol proceeds as follows:
e In the beginning, Alice holds |1 4,0) [¢'am,0) and Bob |¢p ).
e Fori=1ton:

— If i is odd, Alice applies U; and measures the resulting state with the POVM {E;,I— E; }.
On the first outcome, Alice sends the message qubits to Bob; on the second outcome,
she ends the protocol by outputting “0”, i.e, Alice declares herself to be the winner.

— If i is even, Bob applies U; and measures the resulting state with the POVM {E;, 1— E;}.
On the first outcome, Bob sends the message qubits to Alice; on the second outcome,
he ends the protocol by outputting “1”, i.e., Bob declares himself to be the winner.

— Alice and Bob measure their part of the state with the final POVM and output the
outcome of their measurements. Alice wins on outcome “0” and Bob on outcome “1”.

12



The WCF protocol has the following properties:

e Correctness: When both players are honest, Alice and Bob’s outcomes are always the same:
0 @ Iy @ 10 ) = 1Y) @ Ty @ T 1) = 0.

e Balanced: When both players are honest, they win with probability 1/2:
2 2
Py = ]Hﬁ?) @Iy @I |¢n>‘ — L and Pg = ‘Hfj) Ry @I y¢n>’ =1

e ¢ biased: When Alice is honest, the probability that both players agree on Bob winning is
P; < %—F €. And conversely, if Bob is honest, the probability that both players agree on Alice
winning is P} < % + e

To be able to define the bias, we need P} and P which correspond to the best possible cheating
strategy of the opponent. The primal semi-definite program (SDP) formalises this statement.

Theorem 4 (Primal).
P} = max Tr((HS) @ Im)pamn) over all pan,; satisfying the constraints

o Trym(panro) = Tras([vo) (Yol) = [Ya0) (Paol;
o fori odd, Tra(parti) = Trm(EiUipansi1Uf Ey);
o fori even, Tra(pami) = Trm(pansi-1)-
P = max Tr((Ipm ® Hg))pMBm) over all ppn,; satisfying the constraints
o Trpm(prno) = Tram(|vo) (Yol) = [¥Bo) (Bl
o fori even, Trav(parp,i) = Trim(EiUipaipi1Uj Ei);
e fori odd, Tryp(pmB,i) = Trm(pmB,i-1)-

A feasible solution to an optimisation problem is one which satisfies the constraints but is not
necessarily optimal. A feasible solution to the primal problems gives a lower bound on P} and Pj.
If we consider the duals instead, it is known that, a feasible solution gives an upper bound on P}
and P5. This certifies how good the protocol is.

Theorem 5 (Dual).
Pp =min Tr(Za|Ya0) (Yapl) over all Z4; under the constraints

1. i, Za; > 0;
2. fori odd, Za;—1 @Ip > UIMEA,i(ZA,i @ Im)Ea,iUa
3. fori even, Zai1 = Zay;
4. Zan =14,
Py =min Tr(Zp o |YBo) (¥Bol) over all Zp; under the constraints
1. Vi, Zp; > 0;
2. fori even, Iy ® Zp -1 > U;’Z‘EB,Z‘(HM ® ZB,;i)EB,iUp,;
3. fori odd, Zp;—1 = Zp;

13



4 Zpn =115
We add one more constraint to the above dual SDPs.

5. |Ya0) is an eigenvector of Zao with eigenvalue o > 0 and |[¢p ) is an eigenvector of Zp
with eigenvalue 5 > 0.

Definition 6 (dual feasible points). We call dual feasible points any two sets of matrices {Za,...,Zan}
and {Zpy,...,Zpy} that satisfy the corresponding conditions 1 to 5 as listed in Theorem 5.

It turns out that strong duality holds for the primal problems which means that there is a
cheating strategy for Alice and Bob matching the upper bound on P} and P} respectively.

Proposition 7. P} = inf a and Pj = inf § where the infimum is over all dual feasible points and
B, « are defined in constraint 5 of the definition of the dual feasible points.

2.2 (Time Dependent) Point Games with EBM transitions

The basic idea here is to remove all inessential information, that is the basis information, from
the two aforesaid dual problems. Kitaev’s genius was to achieve this by considering, at a given
step, the dual variable Z4, Zp as observables with |¢)) governing the probability. This combines the
evolution of the certificates on cheating probabilities with the evolution of the honest state—the
state obtained when both players follow the protocol (nobody cheats). Originally, using a similar
manoeuvre, Kitaev settled solvability of the quantum strong coin flipping problem by giving a
bound on e. To make this insight precise, first “prob” is defined.

Definition 8 (prob). Consider Z > 0 and let 111! represent the projector on the eigenspace of
eigenvalue z € sp(Z). We have Z = Y°_ 2111l Let [¢) be a (not necessarily normalised) vector. We
define the function with finite support prob[Z, ] : [0,00) — [0,00) as

(| ) if 2 € sp(Z)
0 else.

prob[Z, ¢](z) = {

If Z=27Z,81pm® Zp, using the same notation, we define the 2—variate function with finite support
prob[Za, Zp,¢] : [0,00) x [0,00) — [0,00) as

(YTl @ Ty @ TEBL |9) if (24, 25) € 5p(Za) X 5p(ZB),

prob[Za, Zp,¥|(24,2B) =
0 else.

Think of the aforesaid 2—variate function as assigning a weight on each point of the plane.
Going from one such configuration to another is what we would intuitively refer to as a “move”
for the moment. Notice that at an odd step 4, the dual variable Zp doesn’t change while Z4
does (see Theorem 5). The constraint equation in this step is Z4,;-1 ® Iyy > UZ-Jf (Za; @) Ui.
The honest state can be expressed as [1;) = U, |;—1) but this acts on the complete A @ M ® B
space. Applying the aforesaid method of removing the basis information using the prob method,
and appending the fixed Zp; 1 = Zp,;, we conclude that prob(Z4,—1 ® In ® Zp,|i-1)) —
prob(Z4,; ® Iy ® Zp, [1i)) should constitute an “allowed move” as it is simply re-expressing the
dual SDP in a basis independent form. For the dual, we are assuming the protocol is given to us,
i.e. U; (unitary operations), Il4,p (measurements) and |tp) (initial state) are specified, and we
have to find the appropriate Zs. However, when we discuss the notion of an “allowed move” we are
moving towards a framework which will free us from discussing a specific protocol. This motivates
the following definitions.
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Definition 9 (EBM line transition). Let g,h : [0,00) — [0,00) be two functions with finite
supports. The line transition g — h is EBM if there exist two matrices 0 < G < H and a (not
necessarily normalised) vector |¢) such that g = prob[G, ] and h = prob[H, v].

Definition 10 (EBM transition). Let p,q : [0,00) X [0,00) — [0,00) be two functions with finite
supports. The transition p — ¢ is an

e EBM horizontal transition if for all y € [0, 00), p(.,y) — ¢(.,y) is an EBM line transition, and
e EBM vertical transition if for all € [0,00), p(x,.) = ¢(z,.) is an EBM line transition.

It turns out that when one writes the dual, the order of the constraints gets inverted, i.e.
the condition associated with the final measurements and states appears first and the condition
associated with the initial state appears in the end. We expect the final state to be like an EPR
state and, intuitively, expect two points (in terms of the 2—variate function as described earlier) to
be associated with it. This makes it plausible that we will start with two points in the dual when
it is expressed in the aforementioned basis independent way. The initial state of the protocol is
unentangled. This we expect should correspond to a single point. This helps us accept that we
end with a single point in the basis independent expression of the dual. The rules for moving these
points must be related to the dual constraints. We already formalised these conditions into EBM
transitions. The notation

1 zg=xzandy, =y

(9, Yol (2, y) = {

0 else

will be useful for formalising the complete description into what Mochon dubbed an “Expressible
by Matrices” (Time Dependent) point game.

Definition 11 (EBM point game). An EBM point game is a sequence of functions {po, pi1,...,0n}
with finite support such that

o po=1/2[0,1] + 1/2[1,0];

e for all even i, p; — p;11 is an EBM vertical transition;

e for all odd ¢, p; — p;41 is an EBM horizontal transition;

e p, = 1[3,a] for some a, € [0,1]. We call [3, ] the final point of the EBM point game.

Since we started with a WCF protocol, considered its dual and re-expressed it as a TDPG
(which is just a basis independent representation), the following should not come as a surprise.

Proposition 12 (WCF = EBM point game). Given a WCF protocol with cheating probabilities
P} and Pj, along with a positive real number 6 > 0, there exists an EBM point game with final
point [Pf + 0, P} + 4.

What is slightly more non-trivial is that given this TDPG one can construct a WCF protocol.
This means that by using only “allowed moves” one can be sure that there exists a corresponding
sequence of unitaries U;, the measurements I1,,5 and the initial state |1)p) complemented by the
dual variables Z4; and Zp; which certify the bias corresponding to the coordinates of the final
point in the point game. This establishes the equivalence between TDPGs and WCF protocols.
The precise statement is as follows.
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Theorem 13 (EBM to protocol). Given an EBM point game with final point [3,«], there exists
a WCF protocol and two dual feasible points proving that the optimal cheating probabilities are
Pi <o and P§ < .

Our first contribution is related to this part. We construct protocols from EBM point games in
a slightly different way which results in two important improvements. The first improvement makes
the protocol more practical as the message register gets decoupled from Alice and Bob’s registers
after each round. (In Mochon/Aharonov et al’s version the message register is highly entangled
and stays that way until the very end.) The second improvement is due to the addition of a cheat
detection measurement at every round (similar to Mochon’s improved Dip Dip Boom protocol)
which allows us to consider certain matrices with infinite eigenvalues in a well defined way. These
pave the path for converting the bias 1/10 point game (due to Mochon; will be introduced later)
into a protocol.

2.3 (Time Dependent) Point Games with valid transitions

While the problem has been simplified by the removal of the basis information, it is still hard to
know which transitions are allowed, i.e. are EBM transitions. This is because finding the matrices
certifying that a transition is EBM is not easy. The goal of this section is to find another criterion
for establishing that a transition is EBM. This criterion is at the heart of coin flipping. It would
turn out that the set of EBM functions (closely related to EBM transitions) form a closed convex
cone. The dual of this cone happens to be the set operator monotone functions (as described earlier
in Subsection 1.3, these are a generalisation of monotone functions, x >y = f(z) > f(y), to
X>Y = f(X)> f(Y) where X and Y are now matrices). These functions have a very nice
and simple characterisation. This is what leads to the key simplification for WCF. To be able to
harness this, one can use the known fact that for a closed convex cone, the dual of the dual is
the original cone itself (also called bi-dual). So this dual of operator monotone functions, i.e. the
bi-dual of the cone of EBM functions, equals the cone of EBM functions. The dual of operator
monotone functions has an easy description because operator monotone functions have an easy
description. Combining these, one obtains an easy characterisation of EBM functions which allows
one to construct interesting WCF protocols. The catch is that we establish that the two cones, the
cone of EBM functions and the dual of the cone of operator monotone functions, are the same but
given a point in the second cone we do not have a recipe for finding the matrices certifying it is an
EBM. Without the matrices we can not implement the protocol even though we know the matrices
must exist as the cones are the same. These notions are now formalised.

2.3.1 Formalising the equivalence between transitions and functions

Working with functions instead of transitions will be rather useful as will be evident from the next
subsection.

Definition 14 (K, EBM functions). A function a : R>g — R with finite support is an EBM
function if the line transition a~ — a® is EBM, where a™ : R>g — R>g and a= : R>g — Rxg
denote, respectively, the positive and the negative part of a (a = a®™ —a™).

We denote by K the set of EBM functions.

Definition 15 (K, EBM functions on [0,A]). For any finite A, a function a : [0,A) — R with
finite support is an EBM function with support on [0, A] if the line transition a= — at is EBM
with its spectrum in [0, A], where a™ : [0,A) — R>¢ and a™ : [0,A) — R>( denote, respectively,
the positive and the negative part of a.
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We denote the set of EBM functions with support on [0, A] by Kjy.

It is evident that if the functions g, h denoting the transition ¢ — h have no common support
then the function description uniquely captures the said transition. In this section we restrict to
such transitions and therefore use them interchangeably. In later sections we revisit this notion.

To be able to talk about different characterisations of EBM functions it is useful to abstract it
(the characterisation) into a property P which the function must satisfy. Using this we can define
games which use these P functions. This is done to be able to handle subtleties which arise in
proving that the set of EBM functions is the same as the set of P functions for specific Ps.

Definition 16 (Horizontal and vertical P-functions). A P-function a : R>o — R is a function with
finite support that has the property P.
A function t : R>g x R>g = Ris a

e horizontal P-function if for all y > 0, ¢(.,y) is a P-function;
e vertical P-function if for all x > 0, t(z,.) is a P-function.

Definition 17 (point games with P-functions). A point game with P-functions is a set {t1,...,t,}
of n P-functions alternatively horizontal and vertical such that

o 3[0,1] + 5[1,0] + iy ti = [B,ol;
o Vi€ {l,...,n}, 3[0,1] + 1[1,0] + X, t; > 0.
We call [, a] the final point of the game.
We note the following before looking at P functions in more detail.

Lemma 18 (point game with EBM functions = point game with EBM transitions). Given a
point game with n EBM functions and final point |3, a] we can construct a point game with n EBM
transitions and final point [, a].

2.3.2 Operator monotone functions and valid functions

This discussion is essential to understand our second contribution. The set of EBM functions forms
a convex cone. To see this we recall the definition of a convex cone.

Definition 19 (convex cone). A set C' in a vector space V' is a cone if for all x € C' and for all
A>0, \xr € C. It is convex if for all x,y € C, x +y € C.

Noting that the state |¢) in the definition of an EBM function (which in turn invokes an EBM
transition) is unnormalised the set of EBM functions is easily seen to form a cone. By taking a
direct sum one can establish convexity as well. The vector space of interest here is given by the
span of the basis {[mg]}x\qe[om)
earlier. We use it shortly.

where [z,4](2) = dz,,. The notation is similar to the one introduced
Lemma 20. K is a convex cone. Also, for any A € (0,00), K5 is a convex cone.

To establish an alternative characterisation of the cone of EBM functions we need to define
what is called a dual cone.
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Definition 21 (dual cone). Let C' be a cone in a normed vector space V. We denote by V' the
space of continuous linear functionals from V to R. The dual cone of a set C C V is

C*={®eV'VaeC,P(a) >0}.

For our purpose linear functionals can be thought of simply as functions which map objects in
the cone to a non-negative real number with the added property of being linear in its argument.
We now formally define operator monotone functions.

Definition 22 (operator monotone functions). A function f : R>o — R is operator monotone if
for all 0 < X <Y we have f(X) < f(Y).

Definition 23 (operator monotone functions on [0,A]). A function f : [0,A] — R is operator
monotone on [0, A] if for all 0 < X <Y with spectrum in [0, A] we have f(X) < f(Y).

The pivotal result of this (sub)section is the equivalence between the cone of operator monotone
functions and the dual cone of EBM functions.

Lemma 24. ® € K* if and only if fo is operator monotone in [0,00]. Also, for any A € (0,00),
® € K} if and only if fo is operator monotone on [0, A].

(NB: We need to use the bijection between ® (a linear functional from V' — R) and a function
on reals (from R — R) given by the identification fe(x) = ®([z]) to make such a statement)

The proof of this crucial result is not too hard (almost trivial in one direction) and follows from
the respective definitions with some work for unpacking. What makes this connection interesting
is the following beautiful characterisation of operator monotone functions introduced by Léwner
(in 1934, see [17]).

Lemma 25 (characterisation of operator monotone functions). Any operator monotone function

f:R>o — R can be written as

Az
Az

fx)=co+ 1z + /0 dw(N)

c e A
for a measure w satisfying [;° Txdw(A) < occ.

Lemma 26 (characterisation of operator monotone functions on [0, A]). Any operator monotone
function f:[0,A] = R can be written as

Az
= dw(\
fa) 00+cla:+/Hm w(A)
with the integral ranging over X € (—oo,—A) U (0,00) satisfying [ I%\dw()\) < 0o where w is a

measure.

As will become clear when we discuss the dual of the cone of operator monotones, it suffices to
consider operator monotones of the form Az /(A + x) (which basically is because w is a measure).

So far the statements from Aharonov et al’s paper were made in the same order as they had
originally appeared. We now re-order these a little with an eye on our end-goal (as opposed to the
one of Mochon/Aharonov). It is known that the bi-dual of a cone is the closure of the cone we
started with.

Fact 27. Let C CV be a conver cone, then C** = cl(C) where C* is the dual cone of C.°

®See [Boyd and Vandenberghe 2004] for proofs of these facts.
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The astute reader would have guessed where we are going with this discussion. We define, from
hindsight, the bi-dual of EBM functions to be the cone of valid functions. Since the dual of EBM
functions has an easy characterisation, the bi-dual also has an easy characterisation which is why
we are interested in it.

Definition 28 (A valid functions). A function a : [0, A] — R with finite support on [0, A] is A valid
if a € K}*.

To be able to use the aforementioned fact we note that the cone of interest, the cone of EBM
functions, is closed. As one can imagine, proving this is easier if the matrices involved have a
bounded spectrum. We consider only these for now. This means that the cone of valid functions is
the same as the cone of EBM functions. We state these precisely below.

Lemma 29. For A € (0,00), Ky is closed (which implies K3* = Ky ).
Corollary 30. For A € (0,00), Kp = {a € V|V® € K}, ®(a) > 0}.

Corollary 31 (EBM on [0, A] is equivalent to A valid). A function a : [0, A] — R with finite support
on [0,A] is EBM on [0,A] if and only if Y-, a(z) =0, >, za(x) > 0 and YA € (—oo, —A] U (0, 00),
dow %a(m) > 0.

In the last statement, the characterisation of operator monotone functions was used which we
introduced earlier. Note that all the statements made here assume that the matrices used in EBM
functions have a finite spectrum. Our EMA algorithm heavily relies on this part of the analysis
which is due to Aharonov et al.

It is worth pointing out that Mochon outlines this scheme used by Aharonov et al. but himself
proceeds by using matrix perturbation theory for proving a similar result.

2.3.3 Strictly valid functions are EBM functions

To be able to simplify the conditions one needs to check, it is useful to relax the condition on
the spectrum of the matrices involved. This is evident from range of A one needs to use in the
characterisation of operator monotone functions (compare Lemma 26 and Lemma 25).

It is easy to describe the interior of the dual of a cone. It is also possible to relate the interior
with the closure of the cone, but in finite dimensions. This reasoning fails for infinite dimensions.
They still serve as motivation for the definition of valid and strictly valid functions.

Fact 32. Let C be a convex set, then int(C) = int(cl(C)).

Fact 33. Let C be a cone in the finite-dimensional vector space V, then int(C*) =
{® € V'|Va € C — {0}, ®(a) > 0}.

Definition 34 (valid function). A function a : R>g — R with finite support is valid if for every
operator monotone function f : R>¢ — R we have 3, cquppn f(2)a(z) > 0.

Definition 35 (strictly valid function). A function a : R>¢ — R with finite support is strictly valid
if for every non-constant operator monotone function f : R>g — R we have 3-  cqnn(a) f(z)a(x) > 0.

One can use the characterisation of operator monotone functions to explicitly characterise the
set of valid and strictly valid functions.
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Lemma 36. Leta : R>g — R be a function with finite support such that y_, a(x) = 0. The function

a is a strictly valid function if and only if for all A >0, 3., _)ﬁg) >0 and Y, z.a(z) > 0.

(We added the last condition else the merge (discussed later) becomes a strictly valid function but
it can be shown that no bounded matrices exist for which it is EBM.)

The function a is valid if and only if for all A >0, > _/\':Ei) >0 and Y, z.a(x) > 0.

The set of strictly valid functions can be shown to also be A valid for some finite A. This means
that it would also be EBM on [0, A] which in turn means it would be an EBM function. We hence
have the following.

Lemma 37. Any strictly valid function is an EBM function.

2.3.4 From valid functions to EBM functions

If we construct a point game with valid functions we can convert it into a game with EBM functions
with an arbitrarily small overhead on the bias. The trick is to raise the coordinates of all the final
points (ones with positive weight) a little at each step, to convert a valid function into a strictly
valid function.

Theorem 38 (valid to EBM). Given a point game with 2m valid functions and final point |3, o]
and any € > 0, we can construct a point game with 2m EBM functions and final point [5+ €, o+ €].

Lemma 39. Fiz e > 0. Given a point game with 2m valid functions and final point [3,a] we can
construct a point game with 2m strictly valid functions and final point [ + €, a + €].

2.3.5 Examples of valid line transitions

We go back to transitions to discuss some simple valid and strictly valid line transitions which are
defined similar to the corresponding functions.

Definition 40 (Valid and strictly valid line transitions). Let g, h : R>¢9 — R be two functions with
finite support. The transition g — h is valid (resp., strictly valid) if the function h — g is valid
(resp., strictly valid).

We focus our attention to the simplest cases. The first is to increase the coordinate of a point.
The second considers the case of merging two points into one. The third is about splitting a single
point into two.

Example 41 (Point raise). p[zy] — plzp] with xp > 4.

Pgy Tg1 +PgrZgo

Example 42 (Point merge). py, [€g,] + Dgs[Tgo] = (Pg1 + Pgo)[xn] With zp > PR

Example 43 (Point split). py[ze] — pn,[Th,] + PhylTh,] With pg = pp, + ph, and % > Py Phy

Thq th

The merge and split can be generalised to many points and be shown to have the same form.

2.4 TIPGs.

Mochon’s Dip Dip Boom protocol, the one with bias 1/6, can be expressed already as a (time
dependent) point game. However, it is possible to simplify the point game formalism even further
and it is in this simplified formalism Mochon constructs his family of point games that achieve
an arbitrarily small bias. Instead of worrying about the entire sequence of horizontal and vertical
transitions, one can focus on just two functions as described below.
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Definition 44 (TIPG). A TIPG is a valid horizontal function a and a valid vertical function b
such that

a+b=1[3,0] - %[0,1] T

1
2
for some a, f > 1/2. We call the point [, @] the final point of the game.

The main difference here is that we do not worry about the sequence in which one must apply
the transitions to obtain the final configuration. This justifies the name TIPG which stands for a
Time Independent Point Game. It is not too hard to see that if we have a valid point game we
can combine the horizontal functions and the vertical functions to obtain a and b. It is a little
counter-intuitive in fact to learn that one can convert a TIPG into a valid (time dependent) point
game with an arbitrarily small cost on the bias. It is counter-intuitive because it is not clear that
one can flesh out a time ordered sequence as one can, and in fact does for Mochon’s point games,
run into causal loops that is you expect a point to be present to create another point which in
turn is required to produce the first point. The trick that is used to fix this problem is known as
the “catalyst state”. One deposits a little bit of weight wherever there is negative weight for a, for
instance, and then one can implement a scaled down round of a and b. The scaling is proportional
to the weight that is placed to start with. Repeating this procedure multiple times yields the
required final state along with the “catalyst state” which stays unchanged. Absorbing the catalyst
state leads to a small increase in the bias. The number of rounds increases with how small one
wants this increase in bias to be.

Theorem 45 (TIPG to valid point games). Given a TIPG with a valid horizontal function a and
a valid vertical function b such that a+b = 1|8, a] — %[0, 11— %[1, 0], we can construct, for all e > 0,
a valid point game with final point [ + €, a + €] where the number of transitions depends on €.

It is important to state that the conversion from a TIPG to a valid (time dependent) point
game, TDPG, is easy and explicit.

A word about resource usage. The size (dimension) of the physical system we use depends on
the number of points involved in the point games linearly. The number of rounds on the other
hand needs to be calculated with more care as it depends on the choice of the catalyst state. These
calculations with respect to Mochon’s game and in general have been performed by Aharonov et
al. in their article and we do not discuss it here.

We have stated enough results to be able to commence the discussion of our work.
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Part 1
Bias 1/10

3 TDPG — Explicit Protocol, Framework (TEF)

We strongly recommend that the reader looks at the third section titled “The illustrated guide to
point games” from Mochon’s [1] article, if they have not already, before proceeding.

3.1 Motivation and Conventions

We wish to construct a protocol such that its dual matches a given TDPG. The main difference in
our construction, compared to the one used by Aharonov et al. and Mochon, is the introduction of a
message register that decouples after each round and of suitably adapted projectors. Consequently,
the non-trivial constraint that the dual matrices must satisfy would be similar to, but not quite
the same as, the EBM condition.

Keep Definition 8 in mind. Intuitively, the most natural way of constructing Zs and a |¢) given
an arbitrary frame (think of a TDPG as a sequence of frames) is to construct an entangled state
that encodes the weight and define Zs to contain the coordinates corresponding to the weight. Let
us make this idea more precise.

Definition (Canonical Form). The tuple (|¢), Z4, ZP) is said to be in the Canonical Form with
respect to a set of points in a frame of a TDPG if (see Figure 4a) [¢)) = >, VP |it) s © |-) s>
ZA = (X a; i) (i ) ®|.) (|5 and ZB = (X ;i) (i] 3)®|.) (.|, where |.),; represent extra uncoupled
registers which might be present.

It is easy to see that the ‘label’ |ii) correspond to a point with coordinates x;, y; and weight P;
in the frame (see Definition 8). It is tempting to imagine that we systematically construct, from
each frame of a TDPG, a canonical form of |¢)) s and Zs. The unitaries can be deduced from the
evolution of [¢). This approach has two problems, (1) it does not manifestly mean that the unitaries
would be decomposable into moves by Alice and Bob who communicate only through the message
register and (2) the constraints imposed consecutive Zs, of the form Z,, 1 ®1 > U} (Z, ® 1) U,, are
not satisfied in general. This construction ensures these issues are dissolved.

The framework will output variables in the reverse time convention indexed as, for example,
’¢(z‘)>» Z(), Uiy The variables at the ith step of the protocol (which follows the forward time

convention) would be given by |1);) = ‘¢(N4)>7 Zi=Zn_pand U; = U(TN_i). Note that the results
so obtain extend naturally to the case where U; may not be unitary and contains projections.
Basic Moves Work Out of the Box
Recall the three basic moves of a TDPG were given by

1. Raise: py[z,y] — p1[a’,y] s.t. 2/ > x.

P1x1+p2T2
-

2. Merge: pi[z1,y] + palz2,y] = p1+ p2 { T

-1
3. Split: (p1 + p2) {(”“ﬁ;iﬁ;‘”) y} — p1[21, y] + pafra, y] where wy = 1/p1 and wy = 1/ps.
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R
Ys * 33
I3
Y2
|22
171
fit
y1 =0
xo =0 T =13

(a) Frame of a TDPG

Yg2 9292}

Yk = Yh [ |kk) |fo)

g
IJTIT

Yg =0

2 =0 Ty, = Ty, = Th z =0 T

(b) The points which are unchanged from one frame to another are labelled by {k;}. Among the points that
change, the initial ones are labelled by {g¢;} and the final ones by {h;}.

Figure 4: Illustrations for the Canonical Form

We construct the explicit Unitaries that implement these moves which in turn (when generalised to
n points) are enough to construct the former best known protocol from its TDPG. Note, however,
that these moves do not exhaust the set of moves and more advanced moves will be constructed to
go beyond the 1/6 limit.

3.2 The Framework
Intuition

Imagine a canonical description is given. Let the labels on the points one wants to transform be
indexed by {g;} and let us also assume that one wishes to apply an z-transition (meaning Alice
performs the non-trivial step). Let the labels of the points that one wishes to leave untouched be
given by {k;} (see Figure 4b). We can write the state as

‘¢(1)> = (Z VPg: 19i9i) ap + Z \/@‘kiki%w) ® [m) -
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We want Bob to send his part of |g;) states to Alice through the message register. One way is that
he conditionally swaps to obtain the following

‘1/’(2)> = Z VPg: 19i9i) ans ® M) g + Z Vi, [kiki) g5 @ M)y -

This should at most force all the points to align along the y-axis but no non-trivial constraint should
arise (speaking with hindsight). Let {h;} be the labels of the new points after the transformation.
We assume that h and ¢ index orthonormal vectors. Alice can update the probabilities and labels
by locally performing a unitary to obtain

Vi) = D2 VB (ki) ang © )+ 3 /B ki) © )y

It is precisely this step which yields the non-trivial constraint. Bob must now accept this by
‘unswapping’ to get

’7/’(4)> = (Z VPh; |hihi) 45 + Z \/mmikiMB) ® [m) 5y

which leaves Bob’s Z in essentially the standard form (we will see). Remember that in the actual
protocol the sequence will get reversed as described above.

Note that we add a few extra frames to the final TDPG to go from a given frame to the next of
the initial TDPG. This is irrelevant as the bias stays the same but we mention it to avoid confusion.

Formal Description and Proofs

1. First frame.

) = (Z VPa; 9i9i) a5 + > mwm) ® |m)y
78y = 3w o) (gila + Dk, ki) (hil o

Z8) = Zygi l9:) (9il g + Zyk ki) (Kil 5 -

Proof. Follows from the assumption of starting with a Canonical Form. O
2. Bob sends to Alice. With y > max{y,, } the following is a valid choice
‘¢(2)> = > VPg:19i91) ans @ Im) g + > /Dr; [kiki) ap @ [m) 5
SWP{g,

U — sy {gm}

A _ 7A
Z(2) = 2
Z8) = vIE"™ + 3w k) (kil
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Proof. We have to prove: (1) ‘¢(2)> —ym ]¢(1)> and (2) UDT (Zg) ® ]IM) U > (Zg) ® ]IM).
(1) It follows trivially from the defining action of U().
(2) For convenience, let momentarily U = U®) and note that UT = U so that we can write

U (Zg) ® ]IM> U

=y | U (I§™ erif™) U+ U (Hgﬁm}m}fﬁ}) U\ +U (3w, ki) (ki @ 1) U

a1 ‘q 3
outside U’s action space outside U’s action space

= Z(Q) QI > Z(l) ® Iy
so long as y > y4, which is guaranteed by the choice of y. O

. Alice’s non-trivial step. We claim that the following is a valid choice,

‘1/1(3)> = Z VP [hihi) g ® [m) g + Z Vi [kiki) 45 @ [m) 5
EPAU® = E® (Jw) (v] + other terms acting on span{ |hih;) 19i9i) }) ans
Zisy = wn Ihi) (hal + D, [ka) (ki
B _ B
Z(3) = 2(2)
where

; i 19i9i i i |ih
) = Z000 ) 2B ) (57 )l + S ) G) @

subject to the condition
thi |hihi) hihi| 2 ngiE(2)U(2) 19:9:) (9:9:| U E®) (5)

and of course the conservation of probability, viz. > pg = > pp,-
Proof. We must show that (1) E(2) ‘¢(3)> =U® ’¢(2)> and (2)
A 2)77(2) (A 2)t (2
Zizy @Iy = EQUQ@) (Z(Q) ®]IM> Ut E®),

(1) Observing E®) ‘¢(3)> = ‘1/1(3)> the statement holds almost trivially by construction of

U®.

(2) Counsider the space H = span{|gig1),|g292) ..., |hih1),|ha,ho)...}. We separate all
expressions (they are nearly diagonal) into the H space (which gets non-diagonal) and the
rest. We start with the RHS,

28y ©Tar = 3 g, 19ii) (gigil + X g, |gi) il @ (1~ 1ga) (gil) + 3w, ki) (hil @11,

I
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where only term I is in the operator space spanned by H. Note that all the terms are still
diagonal. Next consider the LHS, without the Us,

(3 @ Iag =Y wn, [hihi) (hihil + " an, [hs) (hal @ (T |ha) (hal) + > g, ki) (ki @1,

I

which also has only term I in the H operator space. Consequently, only on these will U have
a non-trivial action. Let us first evaluate the non-H part where we only need to apply the
projector. The result after separating equations where possible is

> an, [hi) (hil @ (L= |hs) (ha]) >0
> (wr, — ) ki) (ki @ T>0

which essentially only implies
xp, > 0.

Finally the non-trivial part yields

> ap, |hihi) (hihil =" 24, EU |gigi) (9:9:| UTE

which completes the proof. O
. Bob accepts Alice’s change. The following is valid.
‘¢(4)> = (Z Vo, |hihi) 45+ \/Pr, |kiki>AB> ® |m) s
EG UG — E(3)USWP{h m}
A _ A

Zia) = 23)

ZHy = yz |ha) (hil + Zyki ki) (kil g
where E®) = (3 |hi) (hil + 3 ki) (kil) g @ L.
Proof. We have to prove: (1) E®) ‘¢(4)> =U® ‘¢(3)> and (2)

Zﬁ) @Iy > ECU® (Z(B;)) ® HM) UBTEG).

(1) This can be proven again, by a direct application of UTE on ’@Z)(4)> (where E is defined

to be E®) and U to be U®) for the proof).
(2) Note that

EU (ngvm} ® ]1}5’5”5"“}) U'E = BU (ngn} ® ]1}5*77’57"‘}) UTE+ B (ng} ® ]1}?97’5’”}> E
— EU (Hg"} ® ]1}5“’”}) U'E

= 3" |} (ha| @ T
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Since the other term in Zf ® I is anyway in the non-action space of U it follows that
EU(Zf @ DUTE =y Y [he) (hil @ T + 3y, k) (kil © L.

It only remains to show that Zﬁ) @Iy > EGUG) (Z(Bg) ® HM) U EG) which it obviously
is because y 3 [h;) (hi| @ Ing > y > [hi) (hi] @ H}&n} and the y, term is common. O

We can summarise the condition of interest as follows, the proof of which is a trivial consequence
of the aforesaid.

Theorem 46. For an x-transition (where Alice performs the non-trivial step)
Nk g Nh Nk
Zpki [mkz] + Zpgi [xgz] - thi ["th] + Zpki [l‘kz]
i=1 i=1 i=1 i=1

to be implementable under the TDPG-to-Explicit-protocol Framework (TEF) one must find a U®
that satisfies the inequality

nhp g

2 2
> n, [hihi) (hihi] gpp > ngiE;(L U® |gi9:) (919l anr UQ)TE/S ) (6)
i=1 i=1

and the honest action constraint

U@ o) = o)

where |h;) and |g;) are orthonormal basis vectors,

) =N (Z N \gz-gi>AM)
and
lw) =N (Z \/ﬁ|hihi>AM)

for N(|9) = 1) /N[0y, Bp = (i [ha) (Rl 4 + 3 |ki) (il 4) © Ly with U®)’s non-trivial ac-
tion restricted to span{{|gigi) aps}>{|hihi) aps}} (note |k;) corresponds to the points that are left
unchanged in the transition).

3.3 Important Special Case: The Blinkered Unitary

So far we have not specified the non-trivial U?) (which we call U from now) beyond requiring it
to have a certain action on the honest state. We now define an important class of U, we call the
Blinkered Unitary, as

U= |’lU> <U| + |U) <w| + Z ’U1> <U2| + Z |w2> <wz| + poutside H

and can even drop the last term as we are restricting our analysis to the 1 operator space,
where |v),{|v;)} form a complete orthonormal basis and so do |w), {|w;)} wrt span{|g;g;)} and
span{|v;v;)} respectively. The blinkered unitary can be used to implement the two non-trivial
operations of the set of basic moves.
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e Merge: g1,92 = I
We can construct from the very definitions

/Pg1 19191) + /Dgo 19292 v/Pga 19191) — \/Pg1 19292
’7)): !]1| >N 92| >7"Ul>: 92| >N 91| >,|’w>:‘h1h1>

with N = /pg, + pg, and even
U = [w) {v] + [v) (w] + |or) (| (= UT).

We would need o) o)
vPgr |W v/Pgz |W
EU |gig1) = Y=, EU |gagn) = ¥
N N

because the constraint was (substituting for m and n)

zp [hihy) (habal 2 )2, BU |gigi) (9igi| U'E
which becomes
Pg1Tg1 + Py %g,

N22

This is precisely the merge condition Mochon derives. This can be readily generalised to an

m — 1 point merge condition by simply constructing appropriate vectors (which we leave for
the appendix).

Tp =

° Split: g1 — hl, h2

_ V/Pr |h1h1) + \/Phy |hoho) wg) = \/Phy |R1h1) — \/Dhy |hah2)

0) = lg1gn) , ) - -

with N = /pp, + pp, and
U = |v) (w] + |w) (] + [w1) (wr| = UT.
We evaluate EU |g1g1) = |w) which upon being plugged into the constraint yields
xp, [hihy) (hihi| + Thy [hoho) (hoho| — x4, |w) (w] > 0.

This yields the matrix equation

[ .f[fhl ] o xl l phl \/phlphz ] > O
Thy -

N2 RV Ph1DPho Pho
Phq Phq Phoy
z Phy [Phy Phy
“91 Zhy Zhy Tho
T2 Dhy Phy Dhy
a:hl :l‘h2 $h2
Lg, [ Phy + DPhy <1
N2 Thy Thy)

where in the second step we used the fact that FF — M > 0 implies I — ﬁ_lM\/F_l >0
(if ' > 0) and the last step is obtained by writing the matrix in the previous step as [1) (|
followed by demanding 1 > (¢)]1)).

The last statement is the same constraint for a split as the one derived by Mochon. This also
readily generalises to the case of 1 — NN splits which again we defer to the appendix.

It would not be surprising to learn/prove that the class of unitaries with these properties is
much more general than the Blinkered Unitaries.
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e General m — n: g1,92...9m — hi,ha...hy
It is not too hard to show that in general one obtains the constraint

or more explicitly,

[u—

n
Zz 1 Pg; ‘ng i=1 CC

using the appropriate blinkered unitary (which also we show in the appendix).

This class of unitary is enough to convert the 1/6 game into an explicit protocol. However, for
games given by Mochon that go beyond 1/6 this class falls short. One way of seeing this is that the
general m — n blinkered transition effectively behaves like an m — 1 merge followed by a 1 — n
split, which are a set of moves that are insufficient to break the 1/6 limit (at least using Mochon’s
games).

4 Games and Protocols

We now describe two games, the bias 1/6 game and the bias 1/10 game, from the family of games
constructed by Mochon to show that arbitrarily small bias is achievable. Mochon parametrises his
games by k which determines the number of points involved in the non-trivial step. The bias he
obtains is € = 1/(4k + 2). We consider games with £ = 1 and k = 2, yielding the aforementioned
bias.

4.1 Mochon’s Approach

4.1.1 Assignments

Recall that a function

> p(2)[A]

Z€{$17$27--~xn}

is valid if

Z ()\;12) p(z) >0, Z zp(z) >0, Z p(z) =0

z€{z1,22,...Tn} z€{z1,22,...Tn} ze{z1...xn}

for all A > 0 where z; > 0. Checking if a generic assignment for p satisfies these infinite constraints
in not always easy. Mochon had used a constructive approach here and we build on to it. Let
us state these results with some precision (proven in the appendix, well most) where as above n
numbers are assumed to be represented by z; and each z; > 0.

Lemma (Mochon’s Denominator). Y i m =0 forn > 2.
AT

(fL'z)

Lemma (Mochon’s f-assignment Lemma). > 7 ; o=
J#z .

order k <n — 2.

= 0 where f(x;) is a polynomial of

Definition (Mochon’s TIPG assignment). Given a set of n points 0 < 1 < z2-+ < @y, a
polynomial f(z) with order k at most n — 2 and f(—A) > 0 for all A > 0, the probability weights
f(x:)

j#i(xj —x;) ’

for a TIPG assignment is p(x;) = —
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Mochon was able to show that ‘Mochon’s TIPG assignment’ makes for a valid function (in the
TIPG formalism), given by

ZP(%‘)[%’, Y]
i=1

where the notion of validity has been extended to a pair of points. As we will see soon, the power
of this construction lies in the fact that we can easily construct polynomials that have roots at
arbitrary locations. This allows us to create interesting repeating structures called ladders (due
to Mochon) which we can terminate using these polynomials to obtain a game with a finite set of
points. These ladders play a pivotal role in achieving smaller biases and the ability to obtain finite
ladders is essential for being able to obtain a physical process that would yield the said bias.

We now build a little on Mochon’s notation and results.

Definition (Mochon’s TDPG assignment). Given Mochon’s TIPG assignment, let {i} be the set
of indices for which p(z;) < 0 and {k} be the remaining indices with respect to {1,2,...n}. The
TDPG assignment (in accordance with the notation used in TEF) is given as

{zg,, 2o ... } = {xi}
{pgr,pgs - } = {—p(z:)}
{zh,,Thy ...} = {xk}
{Phispny -} =A{p(ar)}-

With these in place we make some observations about how initial and final averages behave
under such an assignment.

Proposition. N,% = N; where N; = > _.pg; and N,% =Y pn, for Mochon’s TDPG assignment.

Proof. We have to show that N,% — Ng2 = > Ph;, — 2. Pg; = 0 which is the same as showing
i=1p(w;) = 0 which holds because we just showed that 7 f(zi)/[];4(; — i) = 0 (Mochon’s
f-assignment Lemma). O

Proposition. (zp) — (x4) = 0 for a Mochon’s TDPG assignment with k < n — 3 where (xp) =
NL]% th,l‘hl a’nd <$g> = NLgQ Zpgi‘/ngi‘

Proof. This is a direct consequence of Mochon’s f-assignment lemma. Let h be the n — 3 order
polynomial defined by Mochon’s TDPG assignment so that (xp) — (g) & Y pp,Ti — Y Pg; g, =

n Nps — S0 h(zi)zi  _ sn f(z:) _ ; _ ;
Yo p(xi)rs = Y [T, (o) > ie T, (o= 0 because f is an n — 2 order polynomial.
O

n—1
Lemma. We have Y ;. W = (=1)""L for n > 2 (proof in section B of the Appendiz).
g\
Proposition. (r;) — (z4) = ﬁ = % for a Mochon’s TDPG assignment with k = n — 2 and
h g9

coefficient of x"2 being £1 in f(x). As above, here (xy) = % S Phn, and (Tg) = 5 3 PgiTq, -
h g

We will see that typically N, = N, are quite large and the average only slightly increase, if at
all. We are now in a position to discuss Mochon’s games.
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Figure 5: Building a TDPG/TIPG using merge moves

4.1.2 Typical Game Structure

We assume an equally spaced n-point lattice given by x; = x¢ + jox where dx = dy is small and
xo would essentially give a bound on Pgj which will be determined by following the constraints;
similarly y; = yo + joy and we also define I'y 1 = yp—r = p—k. Let P(x;) be the probability
weight associated with the point [z;,0] s.t.

Similarly with the point [0, y;] we associate P(y;) where y; = z; as we also assume that zo = yo.
These choices explicitly impose symmetry between Alice and Bob which in turn entails that we
have to do only half the analysis.

4.2 Bias 1/6
4.2.1 Game

With reference to Figure 5 we need to satisfy P(xzj_1) + Pi(y;) = Pi(xzj—1) which is probabil-
ity conservation and Pi(y;)y; < Pi(xj_1)yj—2 which is the merge condition. Both of these are
automatically satisfied if we make a Mochon’s denominator based assignment as follows

0« zg

Yj 7 Tgy
Yj—2 <7 Thy
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c(xj-1)

YjYj—2

, o cwio) e(wion)

Palvs) & 2oy = (yj —yi—2)(y5)  2y;0y
c(xj-1) _ cxj)

(yj — Yj—2)(yj—2)  2y;-20y

P(zj-1) < pgy =

Pi(zj—1) > ppy =

where the function c(x;_1) must be chosen so that P;(y;) = Pi(x;) which entails

c(rj1) _clx))
Zyj% Zyj—lﬁfﬁ
and that in turn is solved by ¢(z;) = C‘g’c‘jx where we used z; = y;, 0z = dy (and added a dx as it

helps approximating Y P(x;) by an integral). Plugging this back we have

co co0T

Pi(zj) = P(z;) =

_% _ Qo
2zjTj1 Tj—1T5Tj+1

Since they involve a sum we do this in the limit dx — 0 and I' — oo to avoid dealing with
summing a series.
L 1 U dx co [1 1 1
P(m-):f—>c0/ _{_} _1
j; 72 w 3 (=2) [T? 23] 2

which entails ¢y = x%. The next condition yields xq

" P(zj) 1 2/F dr 3 [1 1] 11
= - =X = _— = | = = —
JZ:;] i 2 T, (=3) 3 2

x o T4 z

which means
2 1
Top=—- —> €= —.

3 6

Of course a more careful analysis must be done to show these things exactly. Aside from the
integration step one must also set ¢o(x) = (I',41 — ) in order to terminate the ladder which turns
the terminating step on the ladder into a raise. At the moment, however, we satisfy ourselves with
this and move on to the more interesting 1/10 game. These issues have been dealt with in general
(see [6]).

4.2.2 Protocol

Although we could only claim that one can construct the protocol once the unitaries are known,
the basic idea is that one starts with a split, then a raise by Alice and Bob, followed by a merge
by Bob, then a merge by Alice and so on until only two points remain. Bob can also start as the
description is symmetric. These two can then be raised to the same location and merged. The
coordinates of these points tend to [%, %] as calculated above. The only creative part left would be
the choice of labels that make the description neater from the point of view of the explicit protocol.
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Yi+2

Yi+1

P(x;)

o) o oY Y oY Y o o) o
U 7
X

Figure 6: 1/10 game: The 3 — 2 move based TIPG for bias 1/10

4.3 Bias 1/10 Game
With respect to Figure 6 we use Mochon’s assignment with f(y;) = (y—2 —y;) (I'1 —v;) (T2 — ;) as
Fly)e'(z5)
Hk;éj(yk —Y5)

Following the scheme as described above the probabilities become

Py(yjr2) = m
Pi(yj+1) = M
P(z;) = Sy

v Yj+2¥i+1Yj—1Y5—2
where we added the minus sign to account for the fact that f is negative for coordinates between
y—2 and I';. Imposing the symmetry constraints P;(y;) = Pi(x;) we get
flyj)e(xj—1) _ flyj—1)e(z;)
3.2(677%y;  3.2089)7y;1
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which means
cof (%)

Lj

co(z;) =

where ¢ is a constant. This also entails that P»(y;) = P(z;), viz. it satisfies the second symmetry
constraint. Finally we can evaluate

Y @i 1T ;

which means that

1« P(xy) U(zo—2)de [V (z0 — x)dx
=X [ =

6
0 X

4.4 Bias 1/10 Protocol
4.4.1 The 3 — 2 Move

In this section we introduce as many parameters as possible within the TEF to implement the
largest class of 3 — 2 moves. However, we use our insight to choose an appropriate basis so that
the parameters are small which in turn simplifies the analysis.

Recall that
VP l91) + \/Pgs 192) + \/Pygs 193)

lv) = N,
and let
o) = V/Pgs 192) — /Py 193)
1 Nv1
+
" — o) |g)) + /g l92) + /B l9s)
V: =
2 Nvg
where Nj = pg, + pg, and NJ, % + Pg, + Pgs- Recall that
) = VPhy |h1) + \/Phy |h2)
Ny,
) /Py [P1) = /Dy |h2)
1) — .
Np,
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Now we define

[v]) = cos@|vr) + sin 6 |vg)
lvy) = sin @ |vy) — cos b |va)

where we know (from hindsight) that cos@ ~ 1. The full unitary (which is manifestly unitary) we
define to be

= |w) (W] + (avr) + Blw)) (vi] + [v3) (va| + (B [v1) — e |w1)) {wi| + [v) (w]

where |a|®> + [8]> = 1 for a, 8 € C. There is some freedom in choosing U in the sense that
a |v) 4B |wy) would also work (then |v) (w| — |v1) (w]) because these do not influence the constraint
equation. That is what we evaluate now. We need terms of the form EU |g;) with E = It#} This
entails that on the {|g;)} space

EpUEy = |w) (v] + B Jwr) (v
= |w) (v| + B |wi) (cos O (v1| 4 sin O (va]) .

Consequently we have

EnU |g11) = ~ 91 ] ) + |cos6.0 — S.inezM B |wi)
V/Pg1 Noy

g1

EAU lgz2) = ”2|> coseV im0 B )
v2

7Jl

EnU |g33) = \/E |w) + |— cos 0@ + sin QN”pg‘?’} B lwy) .
v2

v1

Recall that the constraint equation was
thi i) (hi| — ngiEhU 9:) (gil UTEh >0

where the first sum becomes
/PhiPh
<xh> NI}QL 2 (xh1 - th)
h.C. thxhl +phl Ih2

2
Nh

in the |w) , |wy) basis. Since we plan to use the 3 — 2 move with one point on the axis, we take
x4, = 0. Consequently we need only evaluate

[ P ﬁ(cosﬂm—ksmG p” )]

Ng
| hec. (cos@ + 51116@) ElR
[ Doy ﬁ(—cosﬁvp”pg?’ + sin 0 pg3 ) ]

zg, EnU l92) (g2l UTEhing

Ng

B, =
7as EU 193) (98] U7 B =, h.c. ( cos ‘/72 + sin \]/V%)z |5|2
v

which means that the constraint equation becomes

\/PhiPhy iy ~
<xh)—<xg> 0 92 g3($g2—wgd)—[351n6< >T;92

Y (en, —@ny) — Beos
h > 0.

Pho®hy TPhTh -
h.c. 2%hy ZPhy Thy

2 2cos0sin6, /Pga P
sin” 0 VPg3Pg3
<9~“g> + (ng - zgs)

2 | cos? 6
— 18l NI (Pa3Tgy + Pga®gs) + > 2 Nuyp No
2 (Nv2 /Ng) 1 Nvg
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We already showed that Mochon’s transition is average non-decreasing viz. (xp) — (z4) > 0. We set
the off-diagonal elements of the matrix above to zero and show that the second diagonal element,
the second eigenvalue therefore, is positive.

Setting the off-diagonal to zero one can obtain 8 by solving the quadratic in terms of 3 although
the expression will not be particularly pretty. To establish existence and positivity we need to
simplify our expressions.

So far everything was exact even though the basis and techniques were chosen based on exper-
ience. Now we claim that 0]\% = O(dy) at most (where dy = dx is the lattice spacing) and since

oy will be taken to be small we can take the small 0]@[—9 limit and to first order in it the constraints
v

become — —
v/ Ph h v/
NI;QL 2(why — Thy) — 541\7512\@? (Tgo — g5) 0 N, LoE 2)
= U= Y
B <93g> Ny,
and

Dho®hy + PhyThy |5|2 PgsZgo + PgaZygs Ng Pg3Pg> 2
|| |Peste F Porlas 4 9p Yo VEsPer (1L O@sy?) > 0.
Ny, N, Nyy NgNp, =% 7%

o N, . .
If our claim is wrong when we evaluate 0% we will get zero order terms but as we show in the
v2

following section 95—9 = 0.0y + O(dy?) in fact.
v2

4.4.2 Validity of the 3 — 2 Move

With respect to Figure 6 we have

Py (yj+2) = phy, = M

Pl(yj+1) = Pgs = ?)_QJ;S/QJyti)l
Py(z5) = pn, = M
Py(x;) = pg, = LM
Play) = pgy = — (0%

B Yi+2Yj+1Yj—-1Yj—2

where we assumed f(0) > 0 and f(y) < 0 for y > y(, y, = yo + dy. We also scaled by dy to make
P(z;) into a nice density. So far everything is exact. We now convert all expressions to first order
in dy. To this end we note

FWiem) = fly;) + g‘;méy + O(6y%)

-1
1 5 1 0

= (y; + mdy)t = — (1 + my> = — — m—g + O(69?)
Yj+m Yj Yj Yj j

36



of (y) |

where 3—5 refers to oy vi We define and evaluate

B = k0Y2Ym
_ L[y _9f 2} 1y 2
= W0 [ f(y;) aym5y+0(5y ) LJJ' myf. + O(6y7)

1 f of  f 9
= |-— - - L )
kéy? [ Yj "y (33/ yj) Oy )]

1 of f 2
- 9 _ I 5
= o [ f <ay yj) + O(dy )1

where f means f(y;). In this notation
2 —1
h2:P127ph1 :PG
-2 1
9o = P17 g3 = B -
With an eye at the off-diagonal condition we evaluate

1 1 af f
AR i ——
Fa = ke k1Ko (yj5y2>

fo+ foy (y—y) (m1 4+ m2) + O(dy )]

J

. - 1 1 1 mi ma of /
pmLoy pm2 - —+ — i e YR
mo T yj5y2[ <k1 +k2>f (k1 " k2>5y<8y Yi O]

We now evaluate

and

\/DPhiPhy = \/P122P_ yéy \J16 f2—|-f5 (af—:;)—l-(/)((s 2)]
J
0
2 _p2 pio L (L 1y, (2 F ‘lf_i

1

= 74yj5y2 [—f + O(éyZ)}

and similarly

/52 of
VPg2Pgs = PPy = Y092 Jmﬁlfz_féy((‘)_y)—i_o(éy )]
_ p- _ 1 f(0)dy
Ng2 = P2+ P} +pg, = 4,007 {—f + (9(53,2)} + y? + O(5y2)]

1

= W [—f + (9(53/2)}

2

N2 = o [+ 0607
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where even though it seems like we have neglected p,, when we take the ratios the meaning of
keeping first order in dy would become precise. We can actually take 8 = 1 and obtain

N, A e(-3w) [FA+ 3 (- L) -1 - (8- L) +06?)]
Ny, B (zg)
=0+ O(89?). '

0

This shows that to first order the off-diagonal term is zero for 6 = 0.
Now we show that the second diagonal element is positive to first order in dy. Using the fact
that Hji,v—g = O(6y?) we have
v

phnghl +ph1xh2 pg3I92 +p92$g3 2
N7 N N2 +00y) 20
1

as the positivity condition. This becomes

_P122yj—1 + Pg_lyj+2 Piyj—o+ P1_2211j+1
a N} - N2
1

AN
—f ) yjoy?

{112 [=f = 20y7] (y; — 0y) + é [—f +70y] (y; + 20y) — <(15 [—f = 0y (y; — 26y) + % [—f + 26y7] (y; + 5y>}
+0(8y?)
—2 (1 .

:g {2%4‘ foy — 2ydyy) + (=AY — 2fdy + ydyy) — ((7f§+ 2foy — ydyy) + 3 (=7 — foy + ngy,y))}
+0(8y%)

:;; (foy — 2ydyy) + 2(—2f8y + ydyv)} + O(6y?)

:;; {=3foy} + O(5y*) = 26y + O(3%?) > 0

+O(5y?)

where v = (% — %) and we suppressed the index j in y; for simplicity. This establishes the
validity of the 3 — 2 transition for a closely spaced lattice.

Note that only the proof of validity was done perturbatively to first order in dy. The unitary
itself is known exactly (6 can be obtained by solving the quadratic).
Using f(y) = (y5 — y)(I'1 — y)(T'2 — y) we can implement the last two moves in Figure 6 as they
form a 3 — 1 merge and a 2 — 1 merge (possibly followed by a raise). The only remaining task
is implementing the 2 — 2 move in the last step because we assumed here that ,/pg, 7# 0 (else the

vectors which we assumed are orthonormal, cease to be so).

4.4.3 The 2 — 2 Move and its validity

We claim that the 2 — 2 move can be implemented using
U = |w) (v + (a|v) + B |w1)) (v1] + |v) (w] + (B |v) — afwr)) (wi]

where as before |a|* 4 |8]* = 1,

0} = ; (/For |91} + v/ 192))
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) = - (VB ) + v/ ).
jor) = ; (/P l91) — v/ 92))

and
) = - (VB ) = vy [ha).

We evaluate the constraint equation using

EhU ‘gll) — V pgl |’LU> + Beii¢gei¢h\/pg2 |UJ1>

Ny
p w) — 66_i¢gei¢h p wl
EhU‘gQQ)Z vV g2| > N V 91| >
g
and
N R TR
EyU |g11) (gu| UTE, = N2 (W) | Pa ﬂezwh_‘z’;)\/]?gzpm
9 |wy) | h.c. 18" pgs

(similarly for L |ga2) (g2o| LT) as

[ (an) = (26) 3 |v/PrPha (@ — 2h) = By/ParPaa (g, — g0)|

h.c. ]\%2 |:ph2:1:hl + PhyThy — |/B’2 (pQngl +p91$92)}

where we absorbed the phase freedom in 3, a free parameter, which will be fixed shortly. We use
the same strategy as above and take the first diagonal element to be zero. Our burden would be

to first show that
phlphz ($h1 - xhz) — ,8 < 1
Pg1Pgs (xgl - :EQQ) N

|:ph2$h1 +ph1$h2 - ’ﬁ|2 (pQngl +p91$g2):| 2 0.

and subsequently
N2
Ny

What makes this situation special (compared to the 3 — 2 merge) is that f(y;—2) = 0 which we
use to write

0
f(jn) = (Tf (k+2)dy = —(k + 2)ady
Yj—2
where of
a=— oy Yj—2 = (T1 —yj-2)(l'2 = yj-2).

Using the axis situation as depicted in Figure 7 we note that

—f(yj-1)  a+O(y)

P = Pale) 3.2092y;5 1 60yy;
—f(yjr2)  a+ O(dy)

LThy = Yj—1, Thy = Yj+2
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Py(yj+2)|=

Pr(Yj+1)
Yj+2

Yj+1

[

Figure 7: First 2 — 2 Transition

while
F(0)oy f(0)dy + O(6y?
pg = P(x;) = — () = 0 T Oy
y]+2y]+1y]—1y]—2 yj
—f(yj+1)  a+O(dy)
Pe> = Prlyj1) 3.2692y)41 20yy;

Lg, = 0, Lgy = Yj+1-

This entails

g [Prabra (@n —n) _ A +00y) Bty (36977
Pg1Pgy (Tgy — Tgy) M}VZ SY(f(0)er+ O(‘@))M

_ \/yaa +0(0y) _ ¢ (1 —yj—2)(C2 — y;-2) + Oy) _,
f(0) [1ly -

where we used f(0) = y(I'1'2 and assumed 0y is small compared I's (which is the case) for the
inequality in the last step to hold.
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The second condition can be proven similarly

1 2

N2 [Ph2$h1 + Phy Thy — |B] (pQngl +pg1$92)}
g

>

1
m [pthhl + PhiThy — p92x91]
g
L o+t (9(5y)y Lot 0(5y)y f(0)dy + (9(5y2)y
S s - £ P et -2 P -
NZ 30yy; 7 60yy; a y;»l a

_ 1 3\ f(0)dy* + O(3y°)
= 35w |0 (5) -

v}
€0(dy?)
1
= m [(T1 —yj—2)(T2 —yj—2) +O(y)] >0

where the last step holds for Jy small enough.

Py(yj+2)|=
Pr(yj+1)
Yj+2
Yj+1
O
A\
Fui(zj) = P,
Yj—2 ®
Plz))
oY nY oY oY O oY o o) o
Tj

Figure 8: Final 2 — 2 Transition.

The 2 — 2 move corresponding to the leftmost (see Figure 8) and bottommost set of points can
be shown to be implementable similarly.
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Part 11
Elliptic Monotone Algorithm (EMA)

5 Canonical Forms Revisited

We note that to construct the unitaries involved in the bias 1/10 protocol we did not follow any
systematic recipe. We now switch gears and construct an algorithm that can generate the re-
quired unitary for any given A-valid function (see Definition 28). Note that corresponding to any
WCF protocol with valid functions, one can find a WCF protocol with strictly valid functions (see
Lemma 39). All strictly valid functions are A-valid for some finite A (see Lemma 37, Corollary 31).
Thus we do not lose generality by restricting to A-valid functions.

In this section we formalise the non-trivial constraint Equation (5) into two forms which we call
the Canonical Projective Form (CPF) and the Canonical Orthogonal Form (COF). The CPF is
always well defined but the corresponding COF may contain diverging eigenvalues. However since
we restrict to A-valid functions, as we will see, the COF will also always be well defined. We need
the COF as it is this that we use in the Elliptic Monotone Algorithm (EMA) algorithm.

We continue to use purple for the intuitive parts and start using blue for the proofs.

5.1 The Canonical Projective Form (CPF) and the Canonical Orthogonal Form
(COF)

We always use the convention pg,,pp, > 0. This is important else in some of the statements one
can find trivial counter-examples. Recall Theorem 46 which formally states the main result of
Section 3. Note that the number of points initially, n,, and finally, n;, may differ. To facilitate
further discussion we formalise the aforesaid condition into an object and its property. First,
however, we define the following notation.

Definition 47 (Transition). Consider two finitely supported functions g,h : R> — R>. A trans-
ition is defined as g = 312, pg. (5] = b = S0 pp;[n,] where [y](x) := &4y and py, > 0, pp, > 0.

1

Definition 48 (Canonical Projective Form (CPF) for a give transition). For a given transition
the Canonical Projective Form (CPF) is given by the set of m x m matrices X3, Xy, U, D and m
dimensional vectors |v), |w) where

nhp TLg
Xp =3 an, [hi) (hil, Xg =D 2, 19:) (0l
i=1 =1

)= vl o) =S il
=1 =1

D:=X;, — E,UX,U'E),

and U is a unitary which satisfies
Ulv) = |w)

for B, = Y- |hi) (hil, orthonormal basis vectors {|g1) . [g2) - - - [gn,) s [h1) s |h2) - - |hn,) }, = ng+ny,.
Definition 49 (legal CPF). A CPF is legal if D > 0.
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In this language then our objective is to find a legal CPF for a given transition.

Surprising as it may seem it suffices to restrict to real unitaries viz. orthogonal matrices. This
will be justified in the next section but we already make this restriction in everything that follows
(unless stated otherwise). In this section we try to reach an equivalence between a legal CPF and
what we call the legal Canonical Orthogonal Form (COF).

The latter will be, roughly speaking, an inequality of the form Xj — OXgOT > 0 where X, =
diag{zn,, n, - Tn,, &€} and Xy = diag{zg,, 2y, ..., 2g,,,0,0... } for a large &. It is easy to
see that if we can find an O that satisfies the COF for a given transition then the same O would
satisfy the TEF inequality. It is almost trivial to note that a A valid function admit matrices of
the COF form but we will show this later. Proving the other way, i.e. every legal CPF entails
the corresponding COF must also be legal, is more non-trivial. Doing this requires handling the
infinities and the matrix sizes more carefully. We only sketch an argument for this as we do not
use it in the algorithm.

Definition 50 ((n,&) Canonical Orthogonal Form (COF) for a transition, £ COF for a transition).
For a given transition and two numbers n > max(np,ng), & > max(zp,, 2, - .. Tp,,) an (n,§)
Canonical Orthogonal Form (COF) is given by the set of n x n matrices X, Xy, O, D and vectors
|v), |w) where

Xh = diag{xh1,$h2 Ce ,:L‘hnh,g,f. . },

X, = diag{wzg,, zg, . .. ,xgng,(),() b
g
[v) = /Py, li)
=1

np,
|w> = Z v/ Ph; ’7'> )
i=1
D := X;, — 0X,0"
and the matrix O is orthogonal which satisfies
O |[v) = |w).
A ¢ Canonical Orthogonal Form (COF) is an (n,&) COF with n =nj, +ng — 1.

Definition 51 (n legal COF, legal COF). An (n,&) COF is an n legal COF' if D > 0 in the limit
& — 00. A legal COF is a £ COF such that D > 0 in the limit £ — oo.

Imagine you found a legal COF corresponding to some transition. One can then sandwich D
between a positive matrix as EDFE to get

- i - i
X

- UX,U" 172

5—1/2
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Note that D > 0 <= EDE > 0 because E is diagonal (which means one can write EDE =
(EvVD)(VDE) which in turn is of the AT A form). From the legality of the COF, D > 0 in the
limit & — oo and in this limit F becomes a projector. After some relabelling (and appropriately
expanding the space to m = ng+ny, dimensions) the inequality reduces to a CPF. This observation
readily extends to the n legal case where n < ng + nj. It turns out that one can, and we show this
later, always express an n' legal COF as an n legal COF with n < ng 4+ ny, (in fact we can prove
that n < ng 4+ np —1). We have established the following statement.

Proposition 52. Consider a transition. If there exists an n legal COF corresponding to it then
there exists a legal CPF for the said transition.

How about the reverse? Given a legal CPF can we find the corresponding n legal COF? We are
given

=E),

Replacing the appended diagonal zeros in the first matrix (one containing Xj) with 1s yields an
equivalent inequality. Next note that we can conjugate by a permutation matrix to get

0 = Xy ~
Finally we write the diagonal zeros in Ej, as 1/¢ 1/2 and use the reverse of the trick above to recover
an m legal COF where recall m := ng4 + ny. This sketches the proof of the following statement.

Proposition 53. Consider a transition. If there exists legal CPF corresponding to it then there
exists an m legal COF for the said transition (where recall m := ng + ny).

5.2 From EBM to EBRM to COF

We briefly summarise, at the cost being redundant, how Aharonov et al. prove that valid functions
are equivalent to the EBM functions (assuming the operator monotones are on/the spectrum of the
matrices is in [0, A]). They do this by showing that the set of EBM functions forms a convex cone
K. Then they take the dual of this cone to get K*. This dual happens to be the set of operator
monotone functions. Then they find the bi-dual K** and define the objects in this to be valid
functions. They then show that K = K** which is to say that valid functions are equivalent to
EBM functions. Note that all of this is assuming the aforesaid [0, A] condition.

This is an extremely useful result because checking if a function is EBM is hard. Checking if a
function is valid is a piece of cake because mathematical wizards have neatly characterised the set
of operator monotone functions.

One can do even better. Instead of EBM functions, consider EBRM functions where the matrices
are additionally restricted to be real. Let this set be given by K’. It turns out that its dual K™
is also the set of operator monotone functions [18] viz. K™ = K*. Aharonov et al’s proof for
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K = K** can be applied to the real case as is to get K’ = K** (granted we assume the same [0, A]
condition).

Since Mochon’s point games (and even the ones built later) use valid functions, the aforesaid
simplification justifies why it suffices to restrict to real matrices.

We use the definition of Prob (Definition 8), EBM line transition (Definition 9), EBM function
(Definition 14, Definition 15), Operator Monotone functions (Definition 22, Definition 23) and
their characterisation (Lemma 25, Lemma 26), A valid functions (Definition 28) and finally its
equivalence with EBM functions (Corollary 31).

Equivalence of EBM and EBRM

First we define EBRM transitions and EBRM functions similar to their EBM analogues except
with the further restriction that the matrices and vectors involved are real.

Definition 54 (EBRM transitions). Let g,h : [0,00) — [0,00) be two functions with finite sup-
ports. The transition g — h is EBRM if there exist two real matrices 0 < G < H and a (not
necessarily normalised) vector |¢) such that g = prob[G, ] and h = prob[H, v].

Definition 55 (K’, EBRM functions; K, EBRM functions on [0, A] ). A function a : [0,00) — R
with finite support is an EBRM function if the transition a= — a™ is EBRM, where a® : R>g — R>g
and a” : R>g — R>( denote, respectively, the positive and the negative part of a (a = a* —a™).
We denote by K’ the set of EBRM functions.

For any finite A € (0,00), a function a : [0,A) — R with finite support is an EBRM function
with support on [0, A] if the transition a~ — a™ is EBRM with its spectrum in [0, A], where a™ and
a~ denote, respectively, the positive and the negative part of a (again, a = a™ — a™). We denote
by K, the set of EBRM functions with support on [0, A].

Definition 56 (Real operator monotone functions). A function f : (0,00) — R is a real operator
monotone if for all real matrices 0 < A < B we have f(A) < f(B).

A function f : (0, A) — R is a real operator monotone on [0, A] if for all real matrices 0 < A < B
with spectrum in [0, A] we have f(A) < f(B).

Lemma. K is the set of real operator monotones on [0, A].

Proof sketch. Aharonov et al. showed that K} (which is, recall, the dual of the set of EBM functions
on [0, A]) is the set of operator monotone functions on [0, A] (see Lemma 3.9 of [6]). Their proof
can be adapted here by restricting to real matrices which entails that K is the set of real operator
monotone functions on [0, A]. O

Lemma 57. K} = K and K* = K", i.e. the set of operator monotones on [0, A] equals the set of
real operator monotones on [0, A] and the set of operator monotones equals the set of real operator
monotones.

Corollary 58. K = K\M* = K\* = K, i.e. the set of EBRM functions on [0,A] = the set of A
valid functions (dual of EBRM functions) = the set of A wvalid functions (dual of EBM functions)
= the set of EBM functions on [0, A].

Corollary 59. Any strictly valid function is EBRM.

We now sketch the proof of Lemma 57. It is clear that the set of real operator monotones must
contain the set of operator monotones because operator monotones are by definition required to
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work in the restricted real case as well. The set of real operator monotones might be bigger but
that does not happen to be the case. This is because we can encode an n x n hermitian matrix
into a 2n x 2n real symmetric matrix. This is achieved by replacing each complex number « + i8
with the matrix
1 -1
SR

Note that the matrices have the exact same properties as 1 and 7 respectively. This corresponds to
(after some permutation) writing a complex matrix W = Wy + iWg as a real symmetric

+ 8

Wg Wy

where Wy and Wy are real. For a Hermitian W1 = W we must have Wy = W% and Wg = —WQT
which makes W/ = W'T" a symmetric matrix. The spectra of W and W’ are the same. This is
established most easily by looking at the diagonal decomposition. W = USU' which would get
transformed to W’ = U’S'U’T. Since S is real S’ is also real with doubly degenerate eigenvalues
(except for the degeneracy already present in S). Thus if we have 0 < A < B then we would also
have 0 < A’ < B’ as A— B and A’ — B’ would have the same spectrum where we used A’ and B’ to
represent real symmetric analogues of the hermitian matrices A and B. The other way is trivial.
Hence we have an equivalence which means that requiring a function to be operator monotone on
complex matrices is the same as requiring it to be operator monotone on real symmetric matrices
of twice the size (at most). This means that the set of real operator monotones is the same as the
set of operator monotones.

EBRM to COF | Mochon’s Variant

We just saw how we can reduce our problem from the set of EBM transitions to the set of EBRM
transitions. We now show that each EBRM transition can be written in a standard form, which we
call the Canonical Orthogonal Form (COF). The following is actually due to Mochon/Kitaev [1]
but there was a minor mistake in one of the arguments which we have corrected. The interesting
part is showing that one can always restrict the matrices to a certain size which in turn depends
on the number of points involved in the transition.

Lemma 60. For every EBRM transition g — h with spectrum in [a,b] there exists an orthogonal
matriz O, diagonal matrices Xy, X, (with no multiplicities except possibly those of a and b) of size
at most ng +ny — 1 such that

Lgy

Tg,,

=Xy

xhl

and the vector 1) := S0 /oy, i) = S0 /DO |i).

Proof. An EBRM entails that we are given G < H with their spectrum in [a, b] and a [¢)) such that

a:hnh

g = Prob[G, [¢)] = Zg:pgi [mgz]
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and

h = PI‘Ob[H, W)] = thi [xhz]
i=1

with pg,, pr;, > 0 and zy, # x4, xp, # xp; for i # j but the dimension and multiplicities can be
arbitrary. First we show that one can always choose the eigenvectors |g;) of G’ with eigenvalue z,
such that

ng
) = Z; VP 19i) -
i=
Consider P, to be the projector on the eigenspace with eigenvalue x4,. Note that
Py [¥)
(Y] Py, [¥)
fits the bill. Similarly we choose/define |h;) so that

lgi) ==

np
V) = Z VPh [hi) -
i=1
Consider now the projector onto the {|g;)} space
g
Iy =" 1g:) (il
i=1
Note that this will not have all eigenvectors with eigenvalues € {z4,}. Similarly we define
np
I, = |hs) (hil -
i=1

We further define G’ := II,GIl, + a(I — 1) and H' := I, HIIj, + b(I — II}). These definitions are
useful as we can show
G'<H'

From G = II,GTI, + (I - II,)G(I - II,) we can conclude that II;GII, + a(I —II;) < G. This entails
G’ < G. Using a similar argument one can also establish that H < H’. Combining these we get
G' < H'
Consider the projector

IT := projector on span{{lg:) };2y, {|h:) }i2
and note that this has at most ny 4+ nj, — 1 dimension because [¢) lives in the span of {|g;)} and in
the span of {|h;)} so one of the basis vectors at least is not independent. Now note that

G" .=TNGTU <UH'T =: H"

because we can always conjugate an inequality by a positive semi-definite matrix on both sides.
Note also that II [¢) = |¢)) which means the matrices and the vectors have the claimed dimension.
We now establish that Prob[H”, |1))] = h and Prob[G”, |¢)] = g. For this we first write the projector
tailored to the g basis as IT = II,+1II,, where I,  is meant to enlarge the space to the span{h;};";.
With this we evaluate

G" = (I, + 1y ) [T,GTl, + a(I — T1,)] (I, 4Ty, )
— I,GIL, + all,, .
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Manifestly then Prob[G”, [¢)] = ¢g. By a similar argument one can establish the h claim. Note that
that G” and H” have no multiplicities except possibly in a and b respectively. Thus we conclude
we can always restrict to the claimed dimension and form. O

Corollary 61. For every EBRM transition the corresponding COF is legal.

The COF is of interest because we can use it to interpret our inequalities geometrically and use
the tools thereof. We study this connection next.

6 Ellipsoids

6.1 The inequality as containment of ellipsoids

We try to show that the matrix inequality of the form 0 < G < H can be geometrically viewed as
the containment of a smaller ellipsoid inside a larger one.
Consider an unnormalised vector |u) = 3~ u; |h;) with u; € R. Note that the set

{lw) | {u] X [u) =1}

describes the surface of an ellipsoid where X; = diag(xp,,xp,...). This is easy to see as the
constraint corresponds to
xhlu% +xh2u% +o=1

which is of the form

— 4+ = 4. = 1

ai a3
which, in turn, is the equation of an ellipsoid in the variables {u;} with axes a1 = 1/,/Zp,, a2 =
1/\/Th, - ... An inequality would correspond to points inside or outside the ellipsoid. It is also
useful to note that if we start with some arbitrary (even unnormalised) vector |u) then the point
on the ellipse along this direction are given by

Finally, note that the set {|u> | (| UX,UT |u) = 1} also corresponds to the equation of an ellipsoid

with axes {1 /s /acgi} except that it is rotated. This follows from the fact that if we use |u') = U |u)
then the equation reduces to the standard form in the u} variables which can then be used to obtain
u;s by the aforesaid relations which is a rotation. We can define a similar map from a vector |u) to
a point on the rotated ellipse as

|u)

Eg(|u)) = :
(u| UX,UT |u)

With this understanding in place we are ready to get a visual interpretation of our equation. The
statement that

X, —UX,U" >0
= (u| Xp, [u) — (u|UX,UT Ju) >0 Y u)
= (| UX,U" u) <1 V{Ju) | (u] X [u) =1}
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which in turn corresponds to the statement that every point denoted by |u) that is on the h ellipse
must be on or inside the g ellipse. Note that if (z5) — (4) = 0 then for |u) = |w) the inequality
saturates. This in turn means that even for &, (Jw)) the inequality is saturated as it is the same
vector up to a scaling. The difference is that &, (|w)) represents a point on the A ellipsoid. Since the
inequality is saturated it means that the ellipsoids must touch at this point. Thus &;(|w)) = &, (Jw))
which one can check explicitly as well.

The discussion so far can only give some intuition about the visualisation of our constraint
equation. This intuition, as was explained in Subsection 1.3, can be efficiently used but it requires
us to precisely specify the notion of curvature.

6.2 Convex Geometry Tools | Weingarten Map and the Support Function

Consider a curve in the plane. One can easily guess that the curvature must be related to the rate
of change of tangents. This means we must use the second derivative. This can be generalised to
arbitrary dimensions and in this case we obtain a matrix of the form 0;0;f for some function f
which describes the curve. The eigenvalues of this matrix would tell us the curvature along the
principle directions of curvature, given by the corresponding eigenvectors. It is possible to follow
this idea through for an ellipsoid but the result becomes rather cumbersome as one must choose a
coordinate system with its origin at the point of interest, aligned along the normal and re-express
all the quantities of interest.

A concise way of evaluating the same is based on a mathematically sophisticated method ap-
plicable to all convex bodies. We state the result for the convex body of interest, an ellipsoid.

For a normalised direction vector |u) the support function corresponding to an ellipsoid X is
given by

_ -1
A(u) = \J(ul X u) = /3wt (7)
The derivative of the support function yields the point on the ellipsoid where the tangent plane
corresponding to the direction |u) touches the said ellipsoid. It is

-1

Oh(w) = s

The most remarkable of all these is the fact is that

-1_-1
ST U

hajaih(u) = (—] 52 + x[léij> (8)

contains as eigenvalues the radii of curvature at the aforesaid point and as eigenvectors the directions
of principle curvature. If instead of the normal you know the point at which you would like to
evaluate this object then one can use the gradient to first find this normal and then apply the
aforesaid. The normal at a point of contact [¢) = > ¢; i) is |u(c)) = N (3 zi¢; |i)) . The results
discussed here were deduced as special cases of those discussed in Section 2.5 of the book on convex
bodies by R. Schneider [19].

We have stated the basic results needed to proceed with the description of our algorithm.

7 Elliptic Monotone Align (EMA) Algorithm

Solving the weak coin flipping (WCF) problem can be reduced to finding explicit matrices for a
given EBM transition g = 30 pg,[24,] — h = S0 pn, [xh,] where g and h have disjoint support
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or, equivalently, for a given EBM function a = h — g = S0 pp.[2n,] — 302y Pgi[g:]. Here we
describe our elliptic monotone align (EMA) algorithm, which runs by converting the given problem
into the same problem of one less dimension iteratively until it is solved.

7.1 Notation

This subsection might appear to be particularly dry as we almost exclusively only introduce defin-
itions; but it is a necessary evil. We try to motivate the definitions as we move along but things
would not make perfect sense until one reaches the description and analysis of the algorithm itself.

At step k of the iteration, the transition g — h and the associated function a = h — g used below
are given by ¢ — h(®) and a® respectively. It remains fixed for the said step. We therefore
do not write an explicit dependence on it in the following definitions. This is to facilitate the
discussion of the iterative algorithm. We consider the extended real line R = R U {oo, —oo} with
1/00 = —1/00 := 0. We also need the extended half line R> := R> U {oc} and Rs := R U {oc}.
These situations appear unavoidably in the analysis of certain transitions and correspond to one
of the directions of the ellipsoids having infinite curvature. We use N (|¢0)) := [¢) = /{(¥]¢)). We
usually denote by [Zmin, Tmax| the smallest interval that contains supp(a). We call this interval the
support domain for a. Similarly, we would refer to the smallest interval containing supp(g)Usupp(h)
as the transition support domain for (the transition) g — h. We use the variables x,£ € R to be
such that they denote an interval [x,&] O [Tmin, Tmax|- As these x and £ would later be associated
with an interval containing the spectrum of relevant matrices, we would refer to this interval as the
spectral domain. The need for distinguishing the three is not hard to justify. A transition ¢ — h
can be such that both g and h have a term pg[xy] for some p; > 0 and xp. This term would be
absent from a = h — g. Thus the transition support domain and the support domain would be
different in general. One might object to this as we started with the assumption that g and h have
disjoint support. The issue is that this assumption does not necessarily hold once the problem is
reduced to a smaller instance of itself. As for the spectral domain, this is defined from hindsight, as
we know we need to use COFs which (see Lemma 60) use matrices with spectra that would usually
be larger than the transition support domain.

Recall from the discussion of Subsection 1.3 that we intend to use operator monotone functions
to make the ellipsoids touch along a known direction. We already have a characterisation of operator
monotone functions (see Lemma 26). The function Axz/(A + z) can be turned into —1/(A + z) by
adding a constant (we will do this carefully shortly). Further, the characterisation we have expects
the input matrices to have their spectrum in the range [0, A]. We must generalise this as this
assumption can not be made for smaller instances of the same problem which appear in subsequent
iterations. This motivates the following definitions.

Definition 62 (f) on (a, ). fi: (o, 8) = R is defined for A € R\[-/5, —a] as

Definition 63 (fy on [, B]). fx: [a, 8] = R is defined for A € R\(—3, —a). For A € R\[-3, —q]
we define
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For A = —8 and —a we retain the same definition as above except when x = § and « respectively
in which case we define

f-p(B) == 00

foal@) == —o0.

Remark 64. Values for f_g(5) and f_,(a) are obtained by taking for z, respectively, the left limit
(approaching from the left to $) and right limit (approaching from the right to «). Also note that
the operator monotone f(z) = x is not included in the aforesaid family of functions.

We had to define f) on the two intervals for technical reasons which we can’t quite motivate
here. We explicitly defined f) to be oo or —oo where it would be otherwise undefined (division by
zero). These infinities, however, will only appear in the denominator in our algorithm.

Again, from the discussion of Subsection 1.3, we recall that we have to expand the smaller
ellipsoid until it touches the larger ellipsoid. From Subsection 6.1 we can see that the ellipsoid
corresponding X, a positive diagonal matrix, is smaller than the one corresponding to v.X}, for 0 <
~v < 1. The X} matrix would correspond to a function h. What would the corresponding function
be for vX},7 The following definition of h, formalises the answer. We also introduce [, which helps
us check the validity condition for a transition (similar to Definition 28 and Corollary 31). The
basic idea is to take the inner product (sum over the finite support of a) of the function a with a
given operator monotone. If this is positive for every operator monotone, then the function a is
valid. From hindsight, since we already know the characterisation of these operator monotones, we
define Iy (X) to be this inner product which must be positive, labelling the operator monotone by
A and encoding the stretching of the h ellipsoid into . This plays a crucial role in our algorithm
as we have to make sure we use the right stretching, -, without actually knowing the ellipsoids
completely. We do not expect the details of these statements to be clear just yet but we hope the
following definitions appear reasonable.

Definition 65 (I, l%, a). Consider the transition ¢ — h and let a = h—g. For v € (0, 1] we define
the finitely supported functions h, : R = R> and a,(z) : R = R as

hy(x) = h(z/v)
a(z) == hy(z) — g(x).
Let Sy = [Zmin(7), Tmax(7y)] be the support domain of a,. We define I, : R\[—Zmax(7), —=Zmin ()] —

R
LA = Y ay(@)falz)

xEsupp(a~)

where f) is defined on S,,.
We define

xzesupp(a~)

Remark 66. h., and g might have overlapping support for certain values of v which justifies the ter-
minology distinguishing support domain and spectral support domain (introduced at the beginning
of the section).
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We now define a sort of indicator function, m, which tells us, given the transition g — h, if the
transition corresponding to the scaled ellipsoid g — h. is valid. There are some extra parameters
this function needs. Consider the spectrum of the matrices which make this transition EBRM (they
must be EBRM if they are valid, similar to Corollary 31). These parameters encode the interval in
which this spectrum must be contained.

Definition 67 (m(v,x,&)). We define m : ((0,1],R,R) — {0,1} to be

0 if any of the following root conditions hold
m(’y, X5 5) =

1 else.

where the first root condition is satisfied if there exists a A € R\(—¢&, —x) such that [, (\) = 0, and
the second root condition is satisfied if l# =0.

As we are dealing with different representations of the same object, we define a relation between
the matrix instance of the problem (which involves matrices) and the function instance thereof
(which involves transitions and functions). The matrix instance contains all the information needed
and so in the discussion of the algorithm we pack everything into a matrix instance to keep things
palpable. The reader can glance through the following and later refer to them when they are used.

Definition 68 (Matrix Instance, X — Function Instance, x). For a Matriz Instance defined to be
the tuple X := (X3, Xy, |w), |v)) where X}, X, are diagonal matrices and |w),|v) are vectors on
R™ for some n with equal norm, i.e. (w|w) = (v|v), we define the Function Instance to be the tuple
x: (g, h,a) where h = Prob[ X}, |w)], g = Prob[Xy, |v)] and a = h — g.

Definition 69 (Attributes of the Function Instance, x). For a given tuple x := (g, h, a) as Defini-
tion 68 we define the attributes np,ng, {pg, }, {vn, },{g: }, {zn,} as they appear by declaring g — h
to be a transition, i.e.,

e 1y as the number of times A is non-zero,

e 1, as the number of times g is non-zero,

o {pn}:{xn, },{pg: }, {xg,} implicitly as
nh ng
h = thz [l'hi]v g = Zpgz [$91]
i=1 i=1

(for pp,,pg, > 0).

The support domain for a is denoted by [ZTmin, Tmax], 1.€., the attributes Tmin, Tmax are defined to
be such that [Zmin, Tmax| is the smallest interval containing supp(a).

Remark 70. Note that i, and Zmax may not be xyin = min{{zp, }, {z4, }} and rmax = max{{zp, }, {z4}}
respectively because there can be cancellations in the evaluation of h — g = a.

Definition 71 (Attributes of the Matrix Instance, X). We associate the following with a matrix
instance.

e Spectral domain: For a tuple X as defined in Definition 68 we denote the spectral domain
by [x,&] where the attributes x,{ are such that [x,&] is the smallest interval containing
spec{ X, ® Xp}.
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e Solution: We say that O is a solution to the matrix instance X = (X, Xy, |w), |v)) if X}, >
0X,0T and O |v) = |w).

e Notation: With respect to a standard orthonormal basis {|i)}, we use the notation Xj :=

Sty yn [8) (il Xg o= 00w 16) (i, fw) o= 00 /ah 18), Jv) = Yoy /g 1)

Remark 72. We index the Matrix Instance and the corresponding function instance as Xk =
(X}(Lk),Xék), ‘w(k)> , ‘v(k)>) and X®) — x(0) = (h(k), g(k), a(k)) respectively. The associated attrib-

utes are implicitly assumed to be correspondingly indexed, e.g., as X(k), & (%) and ng{), nék) , a:gfi)n, azgfgx

Remark 73. We introduce two different symbol sets p,x and ¢,y as it allows us to describe the
proof more neatly by allowing two ways of indexing the same object. We use p, x for x and ¢,y for
X which are essentially the same.

7.2 Lemmas for EMA

With the notation in place, we can now state and prove some results which we would need in
our algorithm. We do this in three steps. First, we generalise the results obtained by Aharonov
et al. about operator monotones and their relation with EBM functions. This is the workhorse
of our algorithm. Second, we prove some results which formalise our intuitive notion of tighten-
ing—stretching the smaller A ellipsoid until it touches the larger ¢ ellipsoid. Finally, we prove a
generalisation thereof in the case where the curvature of the smaller h ellipsoid becomes infinite.

For a first reading, it might be better to focus on the statements, and come back to the proofs
after reading the algorithm.

7.2.1 Generalisations

Keep the bigger picture, Figure 9, in mind to retain a sense of direction. Our main objective here
would be twofold. First, we wish to generalise Corollary 58 from being restricted to matrices with
their spectrum in [0, A] to being applicable for matrices with their spectrum in [x, £]. Second, we
wish to extend the result from valid functions to valid transitions, including the case of overlapping
support.

To establish the first, our strategy would be to find a relation between [0, A] valid functions
and [x, £] valid functions (which we will define carefully soon) and then a relation between [0, A]
EBRM functions and [x,¢] EBRM functions. Then we use the link between [0, A] valid and [0, A]
EBRM functions to establish the equivalence of [x, £] valid functions and [x,&] EBRM functions.
Along the way we sharpen our understanding of operator monotone functions which should make
the definitions of fy, [ and m (see Definition 65 and Definition 67) obvious. The second objective
can be met with by a single, albeit, slightly long argument.

Let us start with extending our definition of the Canonical Orthogonal Form to accommodate
matrices with their spectrum in [y, &].

Definition 74 (Canonical Orthogonal Form (COF) with spectrum in [x, ]). For a given transition
g — hlet [x, ] be such that it contains supp(g) and supp(h). We define the Canonical Orthogonal
Form (COF) with its spectrum in [x,&] by the set of n x n matrices X}, Xy,0, D and vectors
|v), |w) where

Xy, = diag{xp,, zp, . .. s Thy, 656 1

Xy = diag{zy,, 2, ... s Tgng s Xo X - ~h
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0= VA i),
=1

np
= Z v/ Ph; ’Z> )
=1

D := X}, — 0X,0",

the matrix O is orthogonal which satisfies
[v) = O |w)
and n =ng +np — 1.

Definition 75 (Legal COF with spectrum in [x,¢]). A COF with spectrum in [x,¢] is legal if
D > 0.

We obviously need to generalise the notion of operator monotone functions to the range [x;, ¢]
as well to achieve our first objective.

Definition 76 (Operator monotone functions on [x,&]). A function f : [x,&] — R is operator
monotone on [y, &] if for all real symmetric matrices H, G with spec(H @ G) € [x,¢] and H > G
we have f(H) > f(G).

What happens if we try to shift/translate the interval on which an operator monotone is defined?
This is a natural question to ask, an answer to which would also directly relate our new definition
to the previous one.

Claim 77. f(x) is an operator monotone function on [y, ¢] if and only if f'(z') = f(2' — x0) is an
operator monotone function on [x + o, & + o).

Proof. Consider real symmetric matrices H > G with spec(H ®G) € [x,&] and let f(x) be operator
monotone on [y, £]. We must consider f/(z’) = f(x = 2’ —x¢) which is the same as f'(z+z0) = f(x).
We show that f’ is an operator monotone on [x + zg,& + xo]. Note that H' := H + z(l and
G’ := G+ zol are such that H > G’ and spec(H' & G’) € [x + 0, & + x0]. Note that f/(H') = f(H)
and f'(G") = f(G) because

f'(H") = f'(H + xol)
= Onf'(Hq + xol) O},
= Onf(Ha)O},
= f(H)
and similarly for G where H = OthO;: for Oy, orthogonal and H, diagonal. Since f is operator
monotone on [y, &] we have f(H) > f(G) which entails f'(H") > f/(G’). Since this holds for all
H', G’ with their spec(H' & G') € [x + 0, & + 2] we can conclude that f’ is an operator monotone

on [x + o, & + xo]. The other way follows by setting x + xo to x, & + zo to &, xp to —xo but since
all these were arbitrary to start with, the reasoning goes through unchanged. O

We now note that from the characterisation of operator monotone functions we initially had
(see Lemma 26), we can construct one which is easier to shift/translate (in the aforesaid sense).
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Corollary 78 (Characterisation of operator monotone functions on [0, A]). Any operator monotone
function f:[0,A] = R can be written as

f(z) = co+ e1z — / ()

Az
with the integral ranging over A € (—oo, —A) U (0,00) satisfying [ ﬁdd}()x) < 0.

Proof. Consider the characterisation given in Lemma 26 according to which we had f(x) = ¢, +
ar+ [ 55 AL dw(\) with fl%\dw()\) < 0o. We can write

2

+x

f(:z:):cf)+cla:+/<)\— 3 )dw(/\)

Ndw(N)

=co+caxr— Nt

where with d = A2dw(\) we obtain the claimed form. Note that the finiteness of [ Hi/\dw is
necessary to conclude that ¢y = ¢ + [ 1%\dw is also finite. O

Note that this form also makes it easier for us to handle any divergences as there is only the
denominator one has to deal with.

This can now be shifted/translated to allow for a characterisation of our shifted/translated
operator monotones.

Corollary 79 (Characterisation of operator monotone functions on [y, &]). Any operator monotone
function f": [x,&] = R can be written as

1 -
() =cy+ o’ — / Y +$/dw/()‘/)
with the integral ranging over X' € (—oo, —&) U (—x, o0) satisfying [ md@’@\’) < o0

Proof. We follow the convention that 2’ € [y, £] while the unprimed z € [0,£ — x]. From Claim 77
we know that f(z) is operator monotone on [0,¢ — x| if and only if f'(2’) = f(a’ — x) is operator
monotone on [x,&] where 2/ = x 4+ x. Since we already have a characterisation for f(z) we can
characterise f’'(z) as f(z’ — x). From Corollary 78 we have

do(N)
fh=eotalb' =0~ [ 3557
da' (N
:CIO—’—Clw/_ )\/4(_.%.?
where X = X\ — x. Since we had A € (—oo, —(§ — x)) U (0, 00) it entails ' € (—oo —5) (—x,00).
dw()\) d' (\)

The condition on the integral [ < oo can be expressed in terms of X as [ v <@

pYpETy
with do'(N) = do(N + x). With ¢; = ¢} and ¢f = ¢p — ¢1x we obtain the claimed form.

We now generalise Definition 28 to (x, &) valid functions (we intended (x, &) to indicate a tuple
and not an open set so do not read too much into this notation).

Definition 80 ((x, &) valid function). A finitely supported function a : R — R with supp(a) € [x;, ¢]
s (x, &) valid if for every operator monotone function f on [x, ] we have > wcsupp( )a(:n) (£) >0
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Remark 81. Since in Corollary 79 d&’ is a measure, to establish (, &) validity of functions, it would
suffice to restrict our attention to operator monotones f'(z') =2/, f'(2') = —ﬁ with 2’ € [x, ],
N € (_007 _5) U (_X7 OO)

By shifting/translating the characterisation of operator monotone functions we can shift /translate
valid functions as well.

Corollary 82 (a(z) is (x, &) valid <= a(2’ — ) is (x + x0,& + xo) valid). A finitely supported
function a : R — R with supp(a) € [x,&] is (x,&) valid if and only if the function o' (z') =
a(z' —zp) : R> = R is (x — z0,§ — x0) valid.

Proof. a is (x,§) valid entails >z supp(a) a(x)f(x) > 0 for all f operator monotone on [x,&]. We
can write the sum as Y a(x' — xg) f(z' — x9) > 0. Using Claim 77 we note that f'(2') = f(2' — x¢)
is operator monotone on [x + xo,§ + xg]. For o' (2') = a(a’ — xg) we thus have Y a (') f' (') > 0
which means o' (z') is a (x + xo,& + xo) valid function. The other way follows similarly. O

In accordance with our strategy, we have established a relation between (0, A) valid functions
and (x, ¢) valid functions (in fact we have a more general result). We now proceed with establishing
its analogue for EBRM functions.

Definition 83 (EBRM on [x,£&]). A finitely supported function a : R — R is EBRM on [x,¢] if
there exist real symmetric matrices H > G with their spectrum in [y, £] and a vector |w) such that
a = Prob[H, |w)] — Prob|[G, |w)].

Corollary 84 (a(x) is EBRM on [x,¢] < a(z+ x) is EBRM on [0,£ — x]). A finitely supported
function a : R — R with supp(a) € [x,&] is EBRM on [x,&] if and only if the function o/ (x) :=
(x+x):R> — R is EBRM on [0,& — x].

Proof. If a is EBRM on [y, ¢] it follows that there exist real symmetric matrices with H > G
and a vector |w) such that spec[H @ G] € [x,&] and a = Prob[H, |w)] — Prob[G, |w)]. Clearly,
H' :=H—xI>G—xI=:G and d'(x) = Prob[H', |w)] — Prob[G’, |w)] = a(z + x) with spec[H' &
G’ € [0,€ — x]. This means o’ is EBRM on [0,£ — x]. The other way follows similarly. O

We have done all the hard work for meeting the first objective. We now simply combine our
results so far to prove the desired equivalence.

Lemma 85 (a(z) is (x,&) valid function <= a(z) is EBRM on [x,¢]). A finitely supported
function a : R — R with supp(a) € [x,&] being (x, &) valid is equivalent to it being EBRM on [, &].

Proof. From Corollary 82 we know that a(x) being (x,&) valid is equivalent to a(z + x) being
A = ¢ — x valid. From Corollary 58 we know that a(x + x) is equivalently EBRM on [0,& — x].
Finally using Corollary 84 we know that a(z + x) being EBRM on [0, — x] is equivalent to a(z)
being EBRM on [y, ¢]. O

The second objective will be achieved in a single shot.

Lemma 86 (EBRM function <= EBRM transition even with common support). If we write
an EBRM function a with spectrum in [x',&'] as a = h — g with h,g : R> — R> which may
have common support then g — h is an EBRM transition with spectrum in [x,&| and with (the
smallest) matriz size (at most) ng + np — 1 where [x,&] is the smallest interval containing [x’, ']
and supp(h) U supp(g).

Conversely, if g — h is an EBRM transition with spectrum in [x, ] with h,g : R> — R> which
may have common support then a = h — g is an EBRM function with its spectrum in [x,&] (the
smallest) matriz size at most ng + np — 1.
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Proof. To prove the first statement we write a = a™ — a~ where a™ = E?:hl p;u [zp,],a” =

Z?ﬁl p;h_ [24,], for a*,a™ : R> — R>, represent the positive and the negative parts of a. Note that
at and a” by virtue of this definition can’t have any common support. Consider A = Y12 ¢;[x;] :
R> — R> to be such that h = a™ + A and g = a~ + A. This is always the case because h — g = a.
Consider the case where supp(A)Nsupp(a) = (). In this case ng = n’g+nA and ny = nj, +na. Since
a is an EBRM function we have a legal COF, viz O'X;0"" < X} and |w') = O |¢/), of dimension
(n' = nfq +n) — 1) from Lemma 60. To obtain the matrices corresponding to g — h we expand
the space to n = ng + nj, — 1 dimensions and define X, = X; X, X, =X,0X,0=0aI,
lv) = V') + X0, \/Cix1—n |i) where X = diag{x1,22...7,,}. This is just an elaborate way of
adding the points in A to the matrices and the vectors in such a way that the part corresponding
to A remains unchanged. The other cases can be similarly demonstrated with the only difference
being in the relation between ng,n; and np,n),. Suppose A is non-zero only at one point. If A
adds a point where a~ had a point then it does not contribute to increasing the number of points
in g that is ny = n’g but it does increase the number in h that is n, = nj, + 1. This means that we
have one extra dimension to find the matrices certifying g — h is EBRM which is precisely what is
needed to append that extra idle point as described above. Similarly one can reason for adding a
point where a™ had a point and finally extend it to the most general case of supp(A)Nsupp(a) # ()
which may involve multiple points.

We now prove the converse. Since g — h is an EBRM transition from Lemma 60 we know that
it admits a legal COF, that is OX,0T < X}, and O |v) = |w) with dimension ng + nj, — 1. To be
able to show that a = h—g = a™ —a~ (where a™ and @~ are again the positive and negative part of
a) is an EBRM function it suffices to show that a is a valid function. This follows directly from the
COF and operator monotones as Of(X,)O0T < f(X},) implies (v| f(X,) |[v) < (w| f(X}) |w) which
in turn is > A(x) f(x) — > g(x) f(x) > 0 and that is the same as > a(z)f(z) > 0 for all f operator
monotone on the spectrum of X, @ X, viz. a is valid. From Lemma 85 we conclude that a is also
EBRM with size at most ng + nj, — 1 (actually we can make a stronger statement by saying the

size should be at most n) +nj, — 1 where |supp(a™)| = nj, and [supp(a~)| = n}). O

This completes the first, and longest, step of our groundwork for discussing the algorithm. Our
achievement so far has been schematized in Figure 9.

7.2.2 For the finite part

For the second step, we state the following fact (see [17]). The proof of this statement is interesting
in its own right but here we only state it and use it for terminating our recursive algorithm.

Fact 87 (Weyl’s Monotonicity Theorem). If H is positive semi-definite and A is Hermitian then
Aj-(A +H) > )\j(A) for all j where )\j(M) represents the j largest eigenvalue of the Hermitian
matriz M.

Corollary 88. If H > G then A}(H) > )\j(G) for all j.

At some point, if the algorithm reaches a point where there is no vector constraint (that is the
vector |v) = |w) = 0) then one can use the aforesaid result to conclude that the solution, orthogonal
matrix O, must be a permutation matrix (this will become clear later, we mention it to motivate
the relevance of the result).

We now state a continuity condition which we subsequently use to establish that when we
stretch the h ellipsoid, there would always exist the perfect amount of stretching that makes the A
ellipsoid just touch the g ellipsoid. The non-triviality here is that we have to conclude this without
fully knowing the ellipsoids.
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Figure 9: Generalisation schematized.

Claim 89 (Continuity of [). Let [min, Tmax] be the smallest interval containing supp(a). I()\) is
continuous in the intervals A € (—2Zmin, 00] and A € [—00, —Zmax) (see Definition 65).

Proof. Since [()\) is just a rational function of A it suffices to show that the denominator doesn’t
become zero in the said range. The roots of the denominator are of the form A + 2 = 0 for
x € {{zg,}, {zn, }}. Hence the largest root will be A = —z,in and the smallest A\ = —z .. Neither
of the intervals defined in the statement contain any roots and therefore we can conclude that I(\)
will be continuous therein. Note that the function f) on [Zmin, Tmax| i not even defined for A in
(_xmaxa _xmin)- O]

Lemma 90 (Tightening with the matrix spectrum unknown). Consider a finitely supported
valid function a. Let [Zmin(7), Tmax ()] be the smallest interval containing supp(a.). Consider
m(Y, Tmin(7), Tmax (7)) as a function of v (see Definition 67). m has at least one root in the inter-
val (0,1].

Proof. To prove the claim it suffices to show that [,(\) has a root in the range (0,00) for some
€ (0,1]. Note that we are given a valid function a which means supp(a) € R>.
We assume that [,—1(\) > 0 for all A € (0, 00) because if this was not the case then we trivially
have v =1 as a root, i.e. m(1, Zyin(1), Zmax(1)) = 0.
Notice that since Y h(z) = > g(x) we have

=Y (@) (M fala Zg (AMfa(z) +1)
:Z x}\+$—Zg )\—l-ac

Therefore for the remainder of this proof we redefine fy = )\ iz Without changing the value of [ or
by extension [, (the 1/ factor is partly why we restricted A to (0,00) instead of the more general
(—=%min, 00)). Note that lim,_,o+ I,(\) < 0 for all A € (0,00) because h.(x) = h(z/v) which means
im0 > hy(2) fr(z) = limy—0 > h(x) fr(yz) = 0 since lim, o fa(z) = 0. This in turn means
lim, o+ [,(A) = — 3 g(@)fa(x) < 0
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Further, each term constituting [, (\) is finite for A € (0, 00) since for A > 0 the denominators
are of the form A + = which are always positive. Hence [(\) as a function of A € [0,00) and
v € (0, 1] is continuous. By continuity then between v = 07 and v = 1 there should be a root.

It remains to justify why we extended the range of A from (0, 00) to (—00, —Zmax) U (—Zmin, 00)
in the definition of m (see Definition 67) as it appears in the statement of the lemma. This is due
to the fact that [ (\) is continuous for X in the stated range, see Lemma 89, and so there might be
a root which appears in the extended range. If this is the case we would like to use this possibly
higher value of v (because for a small enough value a non-negative root must appear due to the
aforesaid reasoning). This can help us avoid infinities (we will explain this later). O

Once we are guaranteed that there is at least one perfect stretching amount, we want to know
the spectrum of the matrices. We state a slightly more general result which is a direct consequence
of the results from the previous subsubsection. The difference is that it is stated in a form that
would be useful for the algorithm.

Lemma 91 (Matrix spectrum from a valid function). Consider a valid function a, i.e. an a
such that [(A) > 0 and I* > 0 for A € [0,00) (see Definition 65) and let [x,&] be such that for
A € [—o0, =) U (—x, 00| we have [(X) > 0.

There exists a legal COF, corresponding to the function a, with its spectrum contained in [x,&].

Proof. Since I(\) > 0 for A € (—o0, —&) U (—x,00) and I! > 0 we know from Corollary 79 that a is
(x, &) valid. From Lemma 85 we know that a is EBRM on [x, £]. Finally from Lemma 60 we know
that there exists a legal COF with spectrum in [y, ¢]. O

Recall that in Subsection 1.3 we said that we focus on operator monotone functions f with
the special property that f~! is also an operator monotone. We now establish that fys (see
Definition 63) have this property.

Lemma 92 (H > G < f\(H) > fA(G)). Let H,G be real symmetric matrices and [x,&] be the
smallest interval containing spec[H @ G| and fy be on (x,§). H > G if and only if f{\(H) > fr(G).

Proof. H> G = f\(H) > f(G) because fy is an operator monotone function for matrices with
spectrum in [y, &]. We prove the converse. We find the inverse function of f\ and show that it is
also an operator monotone. Start with recalling that for x € [x, £] we have

where A € R\[x, ¢]. Thus f)\_l(y) = —% — A. For a given X either fy(x) and f\(§) are both greater
than zero or both less than zero. Hence the operator monotones f},(y) on [fr(x), fA(§)] permit

X' = 0. Consequently f},_,(y) = _71 is an operator monotone on [f\(x), fA(§)]. A constant is also
an operator monotone. Thus we conclude f,° 1(y) is an operator monotone on the required interval
establishing the converse. O

This completes the second step of the groundwork.
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7.2.3 For Wiggle-v; the infinite part

For the final step of the groundwork, we need to establish a result which lets us tackle the divergences
head-on. What is this divergence issue? Recall form our discussion in Subsection 1.3, our strategy
was to tighten (we saw hints of how that can be done in the previous sections) and then find the
operator monotone fy for which the ellipsoids touch along the |w) direction. What happens if
one of the ellipsoids under the action of this operator monotone has infinite curvature along some
directions? One can in fact show that there are cases where this would necessarily happen. Having
infinite curvature means that the corresponding matrix has a divergence. It is like an ellipse gets
mapped to a line. Our algorithm will fail in this situation because the normal at the tip of a line
is ill defined.

Our strategy is to show that tightness is preserved under the action of f\. This means that if
for some X we consider the ellipsoids obtained by applying fy and we find that they touch along
|w) then for some other \” (# \') they would continue to touch but along some other direction.
This allows us to consider the sequence leading to the divergence. We use this sequence in the
analysis of the algorithm.

Here we start by showing this result in the case where everything is well defined and then extend
it to the divergent case.

Lemma 93 (Strict inequality under fy). H > G if and only if fx(H) > fA(G) where f\ is on
(x,&) D spec[H & GI.
Proof. Note that H > G <= H':= H + A > G + A\ =: G’ where A € R\[—¢, —x] (by definition

of f on (x,€)). There can be two cases, either both the matrices are strictly positive or both are
strictly negative. Let us assume the former (the other follows similarly). We have

H >G>0
]I > Hl*l/QG/ﬂ/*l/Z
]I < H/l/ZG/*lH/1/2
—= H'<g!
where the first inequality follows from the fact that multiplication by a positive matrix doesn’t
affect the inequality (hint: it only changes the vectors |w) we use to show (w|(H' — G’) |w) > 0
but maps the set of rays to themselves as the norm of the vector might change), the second follows
from the fact that one can diagonalise the matrices (identity stays the same) and then it is just

a set of inequalities involving real numbers, and the third follows from again multiplication by a
positive matrix. The last one is the same as f\(H) > fi(G). O

Corollary 94 (Tightness preservation under fy). Let H > G and fy be on (x,&) D spec|H @ G].
There exists a |w) such that (w|(H — G)|w) = 0 if and only if there exists a |wy) such that

(wxl (fA(H) = fA(G)) lwy) = 0.

Proof. The contrapositive of the aforesaid condition is that f\(H) > f\(G) if and only if H > G
which holds due to Lemma 93. O

Lemma 95 (Extending tightness preservation under f\ to apparently divergent situations). Let
Xn, Xy be diagonal matrices with spec[Xp] € (x,&], spec[Xg] € [x,€) and let fx be on [x,&]. Let,
further, O be an orthogonal matriz such that Xy > OXgOT.

There exists a vector |w) such that (w| (f_g(Xh) - Of_g(Xg)OT) |lw) = 0 if and only if there
exists a |wy) such that (w,| (fA(Xh) - Of,\(Xg)OT) lwy) =0 for XA € R\[x,¢].
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Similarly, there exists a vector |w) such that (w| (f_X(Xh) - Of_X(Xg)OT) |w) = 0 if and only
if there exists a |wy) such that (wy| (fA(Xh) — Of)\(Xg)OT) lwy) =0 for A € R\[x,&].
Proof. The trouble with this version of the tightness statement is that X, has an eigenvalue & (if it

doesn’t then it reduces to the previous statement) which means that f_¢(X}3) is not well defined.
We assume that Xj, can be expressed as

Xh - [ Xh fH/, ]

where X; has no eigenvalue equal to £ and I” is the identity matrix in the subspace. We can write

X, > 0X,0"

— [ IA(Xp) > Ofr(X,)OT for A € R\[—€, —x]

NG
- lfA(X;l) H"]> [H/ fm")‘”?]OfA(Xg)OTlH/ A(éﬂ”)‘“]fOMER\[_g’_X]

where in the last line the expression has a well defined limit for A = —&. This establishes the
contrapositive variant of the statement we wanted to prove (similar to the strategy used for proving

Corollary 94) once we note the following. If (w] <f,£(Xh) — Of,g(Xg)OT) |lw) = 0 it is easy to

1 |lw) = 0 otherwise due to the constraint on the spectrum of X, the aforesaid

expression would be oco. This entails that

<w| (l f—g(X;L) I ] - l r f_g(gﬂ//)—l/Q ‘| Of—f(Xg)OT [ v f_g({]l”)_l/z ]) |w> =0.

One can similarly prove the case for f_, (X,). O

see that [ 0

7.3 The Algorithm

We now state our algorithm and formally state its correctness. Thereafter, we motivate each step
of the algorithm and prove its correctness.

Definition 96 (EMA Algorithm). Given a finitely supported function a (we assume it is A-valid)
proceed in the following three phases.

PHASE 1: INITTALISATION

e Tightening procedure: Let [Zmin(7'), Zmax(7)] be the support domain for a.,. Let v € (0, 1]
be the largest root of m(Y, Zmin(7), Tmax(Y))- Let Tmax := Tmax () and Tmin = Tmin(Y)-

e Spectral domain for the representation: Find the smallest interval [x,{] such that
ly(A) > 0 for A € R\[x,&]. If supp(g),supp(h) is not contained in [x,§] then from all ex-
pansions of [y, ] that contain the aforesaid sets, pick the smallest. Relabel this interval to

[, €.
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e Shift: Transform
a(x) = d(2') == alx’ + x - 1)

where instead of 1 any positive constant would do (justified by Corollary 84). Similarly
transform

9(z) = ¢'(a) = g(a’ + x - 1)
h(z) — b'(z") == h(z' +x = 1).

Relabel a’ to be a, ¢’ to be g and I’ to be h. (Remark: We do not deduce h and g from a
as its positive and negative part because they might now have common support due to the
tightening procedure.)

e The matrices: For n :=ny 4+ ny — 1 we define n x n matrices with spectrum in [x, ] and n
dimensional vectors as

XM = diag[x, X, - - g, Tgy - - - Ty, |,

X}(L:L) = diag[yTn, , Yohy, - - s Vhy, &6y -],
[0} =10,0. . yByrs Bz /Pany |
WY = [\/Brrs /P s /iy 0,0-

where g = 312, pg[2,] and b = 31 p,[zh,]. Note that ng, and nj, may be different.
e Bootstrapping the iteration:

— Basis: {‘t;ﬁ“»} where ’t%?+1)> := i) for i = 1,2...n where |i) refers to the standard
basis in which the matrices and the vectors were originally written.

— Matrix Instance: X" = {X,Sn),X§">7 w(”)> , ‘U(n)>}.

PHASE 2: ITERATION

e Objective: Find the objects ‘uék)> ,Oék), (j,(lk) and s*) (which together relate O®) to Q%1
where O) solves X(k) and O*=1 golves X(k_l) that is yet to be defined)

e Input: We will assume we are given

— Basis: { ’tgjﬂ) > }

— Matrix Instance: X*) = (X;(lk), ék),

w(k)> , ‘v(k)>) with attribute x*) > 0

— Function Instance: X*) — x(*) = (h(k),g(k),a(k)>

e Output:
— Basis: {'u,(lk)>, tgj)>}
— Matrix Instance: X* 1 = (X,(lk_l), ék_l)’ ’w(k*1)> ’ ‘v(k*1)>) with attribute y*~1 >
0

— Function Instance: X*~1) — x(k=1) — (h(k_l),g(k—l),a(k—1)>
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— Unitary Constructors: Either O!(]k) and Of(ﬁ) are returned or O%) is returned. If O%) is
returned, set O!(]k) := O™ and O;Lk) =1

— Relation: If s® is not specified, define s*) := 1.
If () =1 then use

ok .— O;(Lk) (‘uﬁf)> <u§lk>‘ 4 O(;H)) Otk

else use

0 = [0 (|uf) (u®| + 04=) O] "
e Algorithm:

— Boundary condition: If ny, = 0 and nj, = 0 then set kp = k and jump to phase 3.

— Tighten: Define x® .— ' X®) . Let v be the largest root of m 'y’,x(lf),f(lf) for a®
h./ Y ol
Y

where ng),fgf) are such that [ng),fyf)] is the smallest interval containing spec[X ,(ﬁ @
3

Xék)]. Relabel X,(llj) to X,(lk), ngk) to x*) and §§k) to &) for notational ease. Similarly
relabel af(yk) to a(k), hgk) to h(k), l,(yk) to (). Update xpin and Tpax to be such that
supp(a®) € [wirlfi)n, acr(r]fgx] is the smallest such interval. Define s*) := 1.

— Honest align: If {'(*) = 0 then define n = —x*® + 1
0= x4, X = X 4,

Else: Pick a root A of the function [*)(X) in the domain R\(—£®), —x(*)). In the
following two cases we consider the function f) on [X(k), £ (k)].

« If X\ # —x® then: Let n = —f)\(x(k)) + 1 where any positive constant could be
chosen instead of 1. Define

XM = A 4 XIE = (D) 4.
« If A = —x® then: Update st¥) = —1. Let n = —f(6()) — 1 where any positive
constant could be chosen instead of 1. Define

X;L(k) = X;/(k), X;(k) = X;:(k)v

where
X0 = —p ) = xg® = R (EP)

and make the replacement
) o)
[w®) — o @)

— Remove spectral collision: If A = —y*) or A\ = —¢(*) then

1. Idle point: If for some 5, j, we have qéf,) = q}(LIj)
is given by Definition 98

Jump to End.

and y!(]f,) = y}(LIj) then the solution
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2.

Final Extra: If for some 7, 7/ we have qék) > q,(fj)

is given by Definition 99
Jump to End.

and y(f,) = yélj) then the solution

Initial Extra: If for some j, j we have qé ,) < q}(L )

is given by Definition 100
Jump to End.

and yé /) = y(k) then the solution

— Evaluate the Reverse Weingarten Map:

1.

Consider the point ‘w(k)> /\/<w(k) ] X,(k) |w*)) on the ellipsoid X,’I(k). Evaluate the
W (8)
normal at this point as ‘ul(f)> =N (Zl 2 \/p /(k ‘t (k+1) >) Similarly evaluate

’ugk)>, the normal at the point ‘v(k)> /\/<w(k)| Xg fw )) on the ellipsoid X;(k).
Recall that for a given diagonal matrix X = Y, y; |¢) (¢| > 0 and normal vector |u) =
>; u;i i) the Reverse Weingarten map is given by Wj; = (—W + yi_léij>
where 7 = />y, 1u?. Evaluate the Reverse Weingarten maps W,/l( ) and W( )
along ‘u%k)> and ‘ugk)> respectively.

Find the eigenvectors and eigenvalues of the Reverse Weingarten maps. The ei-

uy, )>} The

corresponding radii of curvature are obtained from the eigenvalues {{rgj)},o

genvectors of W/ form the h tangent (and normal) vectors {Htgj)>} )

{{cg:)_l}, O} which are inverses of the curvature values. The tangents are labelled

in the decreasing order of radii of curvature (increasing order of curvature). Simil-
arly for the g tangent (and normal) vectors. Fix the sign freedom in the eigenvectors

by requiring <t§s)|w(k)> > 0 and <t§’f)|v(k)> > 0.

— Finite Method: If X\ # —£®) and A\ # —x® i.e. if it is the finite case then

1.

3.
4.

oK) .— ’<k>><ug>‘+ 5;11‘t$>><t(gi

’ (k—1>> — O ’v<k>> — <U§L’“)‘O(k) \v<k>>‘u§f>> and ‘w<k—1>> = ’w<k>> -
() )

Define X%V = ding{c®, el ., }, XF = diag{c?, ¥ ..},

Jump to End.

— Wiggle-v Method: If A = —¢® or A = —x(*) then

1.
2.

(k)

‘ug{)> is renamed to ‘ ,(lk)>, Ug > remains the same.

Let 7 = cosf := <ug v k)>/<ﬂgk)\w(k)>. Let ‘fglk)> be an eigenvector of X}/Z(k)_l

with zero eigenvalue (comment: this is also perpendicular to ’w(k)>). Redefine

‘ (k)> _COSH‘ alk >+Sln9’5(k>

’tg?> =s (— sin 6 ‘ag’f)> + cos 6 ’fék)»
where the sign s € {1, —1} is fixed by demanding <t§i)|w(k)> > 0.

O®) and ’v(k_1)> ) ‘w(k_1)> are evaluated as step i and ii of the finite case (a).
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4. Define

X;L(kfl) dlag{ch1 ch]z) ,cgi)il}, X’(k D .= diag{c!®, (k) k)

g1’ 92”"’ Jk—17"

Let [/~ ¢(*=1] denote the smallest interval containing spec[ X, 1(k=1) g X/(k 1)].

Let N = —'®=1) 4 1 where instead of 1 any positive number would also work.
Consider fyr on [x'*=1, ¢¢=D] Let n = —fu (x’* V) + 1. Define

(k—1)

X = (G s XD = D) 4,

5. Jump to End.
— End: Restart the current phase (phase 2) with the newly obtained (k — 1) sized objects.

PHASE 3: RECONSTRUCTION
Let kg be the iteration at which the algorithm stops. Using the relation

0 (47 ] -0 ) 0

(or its transpose if stk) = —1), evaluate O®1) from Oko) .= Ik, , then O%2) from O then O*s)
from O*2) and so on until O™ is obtained which solves the matrix instance X(™ we started with. In
terms of EBRM matrices, the solution is given by H = X}(Ln), G= O(”)XQO(”)T, and |w) = ‘w(")>.

Theorem 97 (Correctness of the EMA Algorithm). Given a A-valid function, the EMA algorithm
(see Definition 96) always finds an orthogonal matriz O of size at most n X n where n = ng + ny,
such that the constraints on O stated in Theorem 1 corresponding to the function a, are satisfied.

Definition 98 (Spectral Collision: Case Idle Point).

{‘ng)> ’ (k’)> ’ ;LIZ > , ‘thk 1>} Compozrﬁntwise
EEDY DY DY (DY VL

hj,1

{65

)

k)_z| < (k+1)

where .
componentwise

{la1),lag) ... |ax)} ne

(k+1) (k+1) (k+1) (k+1) (k4 1)\ |, (k+1)
{ ‘t > >(;c.+.1.)‘thj(k+>1) (>k:+1)hj > e > o
e > et > . ‘thk >} j<j
k41) (k+1) (k+1) (k+1)
L L »
’t >’ by >’thj > J+1>‘ b >} 3=
{‘tk+1>7 ELIZ+1> ’tk+1 >} i
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and
X]gk—l) — Z k;) ’t(k—H > <t§lk+1)‘ :
i#]

XD = OWXIOWT — g, DY) (440

] oY = 0 [0 ) -

‘w(k_1)> N Hw(k)> — /Ph, tgjﬂ‘l)ﬂ .

(This sp((lhcs‘(l b {XU D 5\] % ) (k= U> ‘ (A:71>>}~)

Definition 99 (Spectral Collision: Case Final Extra).
X*=1) .= (X,(Zkil),Xékil),‘w(k_1)>,’v(k_1)>)whereXk 1) Zk: 1 (k 1)‘ (K >< )‘ ng 1 _

St ) (] o) = [ VT ) ot %—[m¢fﬂuﬂ

where the coordinates and weights are given by

{q}(ﬁ 1)7”.q’(112—i)} componentwise {q’(u) q](w)_ qé) q;(z]j)ﬂ q}(l’z)}

{afh Vgl R )l - )l
) S (R

{y,(f; 1)7”.yi(llzi)}compogentwise {y}(ll)" .y](z) y}(z]i_l“ y}('l,’z)}7

the basis is given by

{‘u,(f)> t}(ﬁ)> tgz) 1>} componentwise
(HEP) ). ) o D) R BEDY.. ).
The orthogonal matrices are given by O;Lk) = ‘t k+1)> (ai| where

i)

{lar) - la)} = {[uf”) . [60) .-

O(k) O(k)O(k) where

o® [\/Qh ’“h g]

D] [

[ ) ] ]
+ > ().
ie{l,..k}\j’

Definition 100 (Spectral Collision: Case Initial Extra).
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(k=1) _

X(k=1) (X}(kal) X(k 1) ’w(k—1)>,‘v(’f—1)>) WhereXlC 2 Zk 1 (k Y ‘t ><t§5)’

S ol ) (0 o) = [ VT [, 1>>:N[zf_;,/q,g';—l> )]

where the coordinates and weights are given by
(k=1) (k—1)) componentwise [ (k) (k) (k) (k) (k) (k)
fan” prmET ¥ )

yeeeldp, ap, "'7th laqh qgjlaqh +1’qhg+2 “Apy

{afiD gD g ool o)l
o R ) )
{y}(llj 1)’ N .yhk : } compon:entwise {y y}(L]Z) 1}
the basis is given by
{‘u(k)> t > ’thk 1>} compon:entwise
(AR R A B v A R RO i i B 0 BN U )3

The orthogonal matrices are given by O( ) .= Ok > lai) < (]:H)‘ where

2)- )

componentvmse ‘ >

u )}

{la1) .. lax)}

o |\

U2k)> + q(k) - Qg(;]f)

) Gl el

+N[ o) o) | o [V o] i
S Y
1€{1,..k}\j

and O( ) is given by the basis change {‘t (k+1) > ‘t (k+1) >} N {’ugk)>,

RO

We start with motivating the exact step of the algorithm and then provide a proof or justification
for the claims made in that step.

7.3.1 Phase 1: Initialisation

We are given a A-valid transition ¢ — h and the EBRM function a = h — g. (Remark: We use
below the notation used in the definition of a transition.)

Since the function is EBRM we know there are matrices H > G and a vector [¢) such that
a = Prob[H, [¢))] — Prob[G, [¢)]. We also know that the maximum matrix size we need to consider
is ng +np — 1. We want to know the spectrum of the matrices involved to proceed.

The picture we have in mind is the following. We know that H > G in terms of ellipsoids means
that the H ellipsoid is inside the G ellipsoid (the order gets reversed). We try to expand the H
ellipsoid (which means scaling down the matrix H) until it touches the G ellipsoid. When they
touch we know that the corresponding spectrum of the matrices is optimal in some sense. This
would be trivial if we already knew H and G but it serves as a good picture nonetheless.
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What we do know is the function a = h — g. We use the equivalence between EBRM and valid
functions to perform the aforesaid tightening procedure even without knowing the matrices. We
use ay = hy — g where hy(z) = h(x/v) and check if a, stays valid as we shrink v from one to zero.
We stop the moment we see any signature of tightness. Using this a, we determine the spectrum
of the matrices certifying the EBRM claim.

We start with tightening till we find some operator monotone labelled by A for which I,/(\)
disappears. This captures the notion of the ellipsoids touching as after applying this operator
monotone, along the |w) direction, the ellipsoids must touch.

Tightening procedure: Let [zmin(7), Zmax(7’)] be the support domain for a... Let v € (0, 1]
be the largest root of m (Y, Zmin(7'), Tmax(Y'))- Let Tmax = Tmax () and Tmin = Tmin(7)-

First we must show that there would indeed be a root of m as a function of 7/ in the range
(0,1]. This is a direct consequence of Lemma 90. Second we must show that if we can find the
matrices certifying a, is EBRM we can find the matrices certifying a is EBRM. This follows from
the observation that v.Xj > OXgOT implies that X > vX} > OXgOT.

We found a signature of tightness. Now we find the spectrum of the matrices involved.

Spectral domain for the representation: Find the smallest interval [y, {] such that I (\) >
0 for A € R\[x,&]. If supp(g),supp(h) is not contained in [x,&] then from all expansions of [y, ¢]
that contain the aforesaid sets, pick the smallest. Relabel this interval to [x, ].

The interval so obtained will contain the spectrum of the matrices that certify a, is EBRM.
This is justified by Lemma 91 using the fact that l,ly > 0 due to the previous step.

We need our matrices to be positive to be able to use the elliptic picture. We therefore shift
the spectrum of the matrices so that the smallest eigenvalue required is one (where we could have
used any positive number).

Shift: Transform

a(z) = d(@') :=alx’ +x—1)

where instead of 1 any positive constant would do (justified by Corollary 84). Similarly transform

g(@) = ¢ (@) =g@" +x—1)
h(z) = B (2") :== h(2’ +x —1).

Relabel a’ to be a, ¢’ to be g and A’ to be h. (Remark: We do not deduce h and g from a as its
positive and negative part because they might now have common support due to the tightening
procedure.)

We use Corollary 84 to deduce that if a(z) is EBRM with spectrum in [x,§] then o/(z') =
a(z’ + x — 1) is EBRM with spectrum in [1,€ — x + 1]. We must also show that if we can find
the matrices certifying @’ is EBRM then we can find the matrices certifying a is EBRM. This is a
direct consequence of the fact that X; > OX;07 <= X, —(x —1)I > O(X, — (x — )I)OT. The
orthogonal matrix, O, which is of primary interest remains unchanged.

With the spectrum determined and adjusted to the elliptic picture, which we put to use soon,
we fix everything except the orthogonal matrix by using the Canonical Orthogonal Form (up to a
permutation).
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The matrices: For n := ny, + nj, — 1 we define n X n matrices with spectrum in [x,¢] and n
dimensional vectors as

Xé”) = diag[x, X; - - - g1 Tgy - -+ Ty, ],

X,(:) = diag[yTh,, YThy, -+ s Vb, 1 €565,
[00) = 10,0, \/Bor /B -+ /Py | -
‘w(n)> = (VP V/Bhzs o /Py 0,0

where g = 312, pg.[2g,] and b = 30 pp.[zn,]. Note that n, and nj, may be different.

We use Lemma 86 to deduce that ¢ — h is a valid transition from the validity of a. Then we
use Lemma 60 to write the diagonal matrices as described above given the valid transition g — h,
upto a permutation. Our objective is to find a matrix O™ such that O™ ’v(")> = ’w(")> while

satisfying the inequality X ,(L") > O(")Xén)O(")T.

We now remove all the redundant information and pack it into a form which we can iteratively
reduce to a simpler form.

Bootstrapping the iteration:

— Basis: {‘t§3+1)>} where ‘t n+1)> i) for i = 1,2...n where |i) refers to the standard basis
in which the matrices and the vectors were orlglnally written.

— Matrix Instance: X(™ = {X ( ), w(")> , ‘v(")>}.

7.3.2 Phase 2: Iteration

We take as input the matrices X, X), together with the vectors |w) , |v) and churn out the same
objects with one less dimension. We also output objects that, once we have iteratively reduced the
problem to triviality, can be put together to find the orthogonal matrix O. See Figure 10 for a
schematic reference.

e Objective: Find the objects ‘u(k)> ,Og(,k), O,(lk) and s(*) (which together relate 0" to Ok—1)
where O) solves X(k) and O golves X(’“l) that is yet to be defined)

e Input: We assume we are given

- B {2}

— Matrix Instance: X = (X,(Zk),Xék),

w(k>> :

— Function Instance: X*) — x(*) = (h(k),g(k),a(k))

v(k)>> with attribute x®) > 0

e Output:

— Basis: {’ugk)>, tgj)>}

— Matrix Instance: X1 = (X,Sk_l),Xék_l), ‘w(k_1)>,
0

v(k_1)>) with attribute y*—1) >
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Input: X®) with ) > 0.

Tighten

X®) with x*) >0 s.t.

either I' =0 or [, = 0 for some \

Honest Align

X'®) with x'®) > 0

st Ha'®) =0

IfA=—-§or —x Else

Spectral Collision

Yes No
Reverse Weingarten

Wiggle-v Method Finite Method

Output: X*~Y with y*=1 >0

~(k = (k k k
O, O s utk)y | 1))

Figure 10: Overview of the main step, the iteration, of the algorithm (excluding the boundary
condition).
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— Function Instance: X1 — x(k=1) — (h(k—l),g(k—1)7a(k—1)>

— Unitary Constructors: Either Oék) and @}(Lk) are returned or O%) is returned. If O%®) is

returned, set Oék) := O™ and ng) =1
— Relation: If s® is not specified, define s*) := 1.
If s¥) = 1 then use

0" .= ok (‘ug@)> <U2k)‘ i O(k—l)) Ok

else use

0 = [0 ([ul) (uf?] + 0 o] "

Our task is to solve the matrix instance X(k), i.e. find a real unitary O%®) such that

X}(lk) > O(k)Xg(,k)O(k)T and O ’v(k)> = ‘w(k)>. We assume that the solution exists and
show that the solution to the smaller instance, denoted by X*=1) must also exist. More
precisely, we show that O*) must have the form O%) = (‘ugk)> <u,(1k)‘ + O(k_l)) o) (for
a solution to exist) which satisfies the aforesaid constraints granted we can find O~

(k)

which acts on a k — 1 dimensional Hilbert space orthogonal to ‘uh > and satisfies con-

straints of the same form in the smaller dimension, viz. X}(kal) > O(k_l)Xékfl)O(k_l)T
and O®—1) ‘v(k_1)> = ‘w(k_1)>. Hence the assumption that O®) has a solution allows

us to deduce that O~ must also have a solution. This allow us to iteratively solve
the problem.

In certain trivial cases, where a point appears both before and after a transition viz. X, ék)

and X f(Lk) have a common eigenvalue, the solution has the form O®*) = O}(Lk) (‘ul(lk)> <u,(lk)‘ + O _1)) Oék).
Finally, in one of the “infinite” cases denoted by the “Wiggle-v method” the solution

will have the form O%) = {(’uék)> <u§bk)‘ + O(k_l)) O(k)}T.

e Algorithm:
If we reach a stage where the vector constraints have disappeared then we can simply stop.

— Boundary condition: If ny, = 0 and nj, = 0 then set kp = k and jump to phase 3.

We assumed that an O®) satisfying the constraints (listed right after the input/output
section) exists. In this case it means that there exists an O®) such that X }(Lk) >
O(k)Xék)O(k)T as there is no vector ’v(k’)> , ‘w(k)> to impose further constraints. Us-
ing Corollary 88 with H = X}(Lk) and G = O(k)Xék)O(k)T we conclude that O®) need
only be a permutation matrix. Note that this step can never be entered right after
the X(™) instance as we start with assuming ny,n, > 0. Further, since the protocol by

construction always returns X, and X, in the ascending order the permutation matrix
will be I.
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Finally, we deal with the interesting case. We again use the picture where the H ellipsoid is
contained inside the G ellipsoid. We expand the H ellipsoid (which corresponds to shrinking
the H matrix) until it touches the G ellipsoid as before by working with the function a.

— Tighten: Define X,(lk? = 7'X®). Let v be the largest root of m(y/, xg]f),éilf)) for a®)
Y
where Xi’f),ff/’f) are such that [X(j),fgf)] is the smallest interval containing spec|[X ,(lkz @
.
ngk)]. Relabel X}(:) to X,(lk), ng) to x*) and fgk) to &) for notational ease. Similarly

relabel a(yk) to alk ), h(yk) to h(k), lgk) to [(F), Update zmin and Tmax to be such that

supp(a(k)) € [z Er]fl)n,nggx] is the smallest such interval. Define s*) := 1.

Our burden again is to show that m as a function of 7/ has a root. Unlike the first
tightening procedure this time we know the spectrum of the matrices involved. Since
we are given (by assumption) that the matrix instance has a solution we know that

ly=1(A) > 0 and ll, _,>0for Xe R\[Xv/ 1,§ " 1] using Lemma 85. We also know that
(k)

X~/ > 0 which means that a®) (as deduced from the function instance of Xk )) is a valid
function. This observation lets us conclude that m as a function of 7/ has a root in the
required range because the reasoning behind a similar claim proved in Lemma 90 goes
through unchanged.

The tightening procedure guarantees we will be able to find a A\ which corresponds to an
operator monotone such that after applying this function the ellipsoids, which we do not
even know completely yet, must touch along the |w) direction. This piece of information
is key to reducing the problem to a smaller instance of itself. Recall the picture with the
H ellipsoid contained inside the G ellipsoid. If we know that they, in addition, touch at
some known point then it must be so that the inner ellipsoid is more curved than the
outer ellipsoid. When expressed algebraically, this condition essentially becomes that
requirement that an ellipsoid H*~1 that encodes the curvature of the ellipsoid H®*) at
the point of contact must be contained inside the corresponding G*~1 ellipsoid which
encodes the curvature of the G*¥) ellipsoid. The vector condition also reduces similarly.
Subtleties arise when A happens to have boundary values in its allowed range as this
yields infinities and this has an interesting consequence.

— Honest align: If '(*) = 0 then define n= —®) +1
DULESD CUERED (URSS )

Else: Pick a root X of the function [#)(X) in the domain R\(—£®), —x(*)). In the
following two cases we consider the function fy on [y, £(®)],

« If X # —x® then: Let n = — f>\( ) + 1 where any positive constant could be
chosen instead of 1. Define

=AY 10, XI0 = L (XP) 4.

x If X = —x® then: Update s¥) = —1. Let n = —f,(€®)) — 1 where any positive
constant could be chosen instead of 1. Define

/(k

where
X0 = — X =, XYW = (X)) =
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and make the replacement

) -
) - [

If we have A = —x®) or —£(%) it means that at least one of the matrices (among Xék) and
X ,sk) under fy) would diverge. We must remove eigenvalues common to both matrices
as isolating the divergence makes it easier to handle.

Remove spectral collision: If A = —x*) or A = —£(®) then

If it so happens that the coordinate and the probability associated is the same we
must leave the associated vector unchanged (up to a relabelling). The following simply
formalises this procedure and encodes the remaining non-trivial part into a problem of
one less dimension.

1. Idle point: If for some j',j, we have qéf,) = qi(llj) and yg(,k,) = y,(l ) then the solution

is given by
() 6.4,

tgllj+1)>7 t}(iﬂ > ‘t (k+1) > (ljirll >7 ‘t (k+1) >}7

(1)

k
— Z ’az> <t§Z’j+l)
=1

where componentwise
{Jar), lag) .. Jax)} ==
(K2 ) B2 50) 1) 1452)
N ) i<
‘ (k{Jlt);H (>k;‘f)g§+l >k+1 >‘t}(k:il> > th l‘-H)k>+1‘ >} /
t [t ,t thoy # Jj>7J
(o) ) ) =
and X}(lk,l) o é:y,(f) tl(1]:+1)> <t§£“) ’
1#]
Xék—l) — O(k)Xék)O(k»)T — oy, |t )> <t§lk-+1) :
J
o) = A ) )] 442) = [0 o )]
(This specifies X*=1) = {X/(Zk*l), Xékil). *zz,'(]"’1>> , "1;“""1)>}.)
Jump to End.
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In this proof by z;, we mean y,, similarly by z, we mean y;,; we apologise for
the inconvenience. We want to find an O®) such that X,(Lk) > O(k)Xék)O(k)T and

o®) ’v(k)> = ‘w(k)>. We do this in two stages. First, we re-arrange the entries

of Xék) as X;(k) = O;(;k)Xg(k)Oz()k)T and define ‘v]gk)> = OZ(;k) |v) for an O}(;k) to be
specified later. The re-arrangement will be such that Tg,, sits at the 7,7 location

while the rest of the elements of X;(k) are arranged in the increasing order. Second,
we solve our initial problem under the assumption that j = j/. The non-trivial part
here would be showing that we can take O*) to have the form (|j> (4] + O(k_l)) o)
without loss of generality.

Let us start with the first step. We denote the orthogonal matrix O =}, |b;) (ai| by
{la1),la2),...lak)} — {|b1),|b2),...|bk)} where {|b;)} and {]a;)} each constitu(‘z()a

an orthonormal basis. Using this notation then for the case j < j/, we define O,

by
{‘t k+1)>’

(k+1)> . (k+1)> ’t(k+1)>

h]/+1

tg;‘-i-l > ‘t (k+1) >} _

e ) |3 Il

for j/ < j we define it by

)

),

{52,

tiia ) [ e )

Elk;rl > ’t(k+1 >} N

D))

{‘tk+1> ’tk+1> ‘thk:&-11>

and if j' = j we set O,(,k) =10,

For the second step, we solve the main problem under the assumption that 7' = j.

We are given X;(k) = diag{wxy,, 2y, ...z, } and X,(lk) = diag{xp,, Thy .. 2, }
which are such that z,, = x’g],; ’k)> = (,/q;}l,,/qQQ,...,/qgk)T and

‘w(k)> = (/Thy>\/Thg:- - -\/Tn;)" are such that qn; = q;j. Let us define

the matrix instance to be X' = {X,(lk),Xé(k), v’(k)>,‘w(k)>}. We have
to find an O'®) such that X,(Lk) > O’(k)X:](k)O'(k)T and O'(K) v’(k)> =
|w). Let X/ = {X,Sk_l),X;( B U'(k*1)>,‘w(k*1)>} be the mat-
rix instance obtained after removing the j'™ entry from the vectors, viz.
v/(k—1)> = Zi#j\/;%t(lj+1> ‘w(k—1)> = iy ;L]:+1)> and sim-
ilarly defining X_f](k - diag{z}, , .:U’gjil,x;jﬁ,...xgk}, X]Sk_l) =
diag{achl,ach2 ce Thy gy Thyyys e hk-}' Note that a®) = qk=1) a5 the jth point gets

cancelled. This means that if there is an O’(%) satisfying the aforementioned con-
straints a*) is EBRM on the spectral domain of X® Since a® = a*~1) we know
that a*~1) is also EBRM on the same domain. From Lemma 86 (we will justify
that k is large enough separately) we conclude that there must also exist an O’ (k—1)
which satisfies X,Sk_l) > O/(kfl)X;(k_l)O/(kfl)T and O'(k=1) v/(k*1)> = ‘w(k)>.

With all this in place we can claim that without loss of generality we can write
o'k = ‘thj> <th].‘ + O'*=1) because if we can find some other O’*) which satisfies
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the required constraints then there exists an O’'(*~1) which satisfies the correspond-
ing constraints in the smaller dimension and that means we can show O'%) also
satisfies the required constraints,

X;(lk) — (k+1)> <t(k+1)‘ JrX(k—l) >
t(k+1)>< (k+1) ’+O’k 1)X/(k Do/k=1) _
(‘t k+1)> <t§£+1)’ JrO/(k—1)) X;(k) (’tgﬁ+l)>< (k+1) ‘4—0’ (k— 1))

O( )X;(k’)O/( )T

along with

It remains to combine the two steps to produce the matrix O®), the vectors
{‘n;(lk)> . {‘t,(f)>}}, along with X~V We use X;(k) = OI(,k)Xék)OI(,k)T from the
first step and substitute it in the inequality which we showed would hold, i.e.

o'(F)

)0t

t(k+1)>_’_‘w(k—1)> _ ’w(k—1)>.

() > o'k X/(k)O/(k)T O/(k:)O(k) X, O(k)TO/(k:)

and using O;()k) ‘v(k)> =

v’(k)> we have

O [ = 0B [u®) = [1®).

Comparing the inequality to the form X}(Lk) > O(k)X!gk)O(k)T, o) ‘v(k)> = ‘w(k)>
- OB — ([nf9) (nf9] + 0-1) G4

we get OF) = OI(;k), n (k) > = ‘t (k+1) > and OF—1 = O'k=1) " Note that this O%) is
consistent with comparing the equality with O®*) ’v(k)> = ’w(k)>. The basis for the

sub-problem, i.e. the (k — 1) dimensional problem, was the same as before except

for the fact that we removed ‘t (k+1) > Thus we define {‘tg?> > ’thk 1>} =

k+1) (k+1 k+1) | (k+1 k+1 .
{tél : t( )--'t2j71)7 Eljﬂ),...tﬁlk )}. Identifying

st o)
)

was already identified with O’

X(kfl) _ {Xl(zkil)ng( _

with

)

X/=1) = {X(k 1) X/(k 1)

/(k71)>

(k—1) (k—1)

completes the argument since O
just labelling here.

SO we are

(k) > qgj) and yéf,) = y}(ﬁ) then

k=1) ._ (X]gk 1) (kfl) ‘ (k1) ’ (k_1)>; where
X Zk 1y k=) ‘t >< #5) v(k—1)> -

. Final Extra: If for some j,j' we have 4y,
the solution is given by X!

(k—1) k— 1 (k 1) (k)
Xy = D= ‘th ><th

)
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k—_ll \/qgfi_l)‘tg:»]a ‘w(k71)> =N [Zf—_ll \/(];(Llji_l)‘tg:)ﬂ where the coordin-

ates and weights are given by

{qk v hk !

(k—1
{qg1 L qyk 1

(k—1
{ygl )’ ygk 1

(k=1) (k)
{y’u ’ Yhy s

componentwise

k) (k) (k)
hl’qhQ ] 17th+17"'Qhk}

k) (k) (k k
Vgl 1>Q§ )=l g ah) g
k)

(k)

%

éz ’ ygk }

PR oY S

componentwise

componentwise

U} {a
) e
} componentywise {
'} {u

the basis is given by

{[si”) I

(DY ey,

componentwise
th —
k—1

(). i), D)) oy

1
The orthogonal matrices are given by O,(Ik) => ’tg’:+1)> (a;| where

I

{lar) - Ja)} = {|ui”).

Oék) = O<k>O§l’“) where

00 s [ o o)+ ) )| o [Vl Gy
o [ = ) ) = ) | v [ )~ D )

+ ) ‘th’“><t,(f)‘

ie{1,. k}\j’

]k

|

Jump to End.
We are given X*) (X;(Lk),ngk), ‘w(k)> ) 'U(k)>) where Xf(zk) =

k k
CoXP = S

sk h t(k+1)><t§:+1) (k+1)><t§ll:+1)’, ’v(k)> _
Sk gl (k+1)>, ’w(k)> = YF k) ‘t(k+1)> which means the correspond-
ing function instance x*) = (h( ), <k),a(k)) where, in particular we have,
al®) = 2ie{1, ki ql(:) [yn] = Zieq,..kp\sr qélf) [vg,] — (Qs(yj) - Q;(L ))[?th]- Since we

assume X has a solution it follows that a(®) is [y,£] valid. Thus the trans-

ition g1 .= a® af) =: K1 is also [x, €] valid where ¢*~1) comprises
n!(]k_l) = nék) points and A%~ comprises ngc_l) = nglk) — 1 points (using the

attributes corresponding to the function instance (A1 gk=1) pk=1) _ 5(k=1)y.
The notation would be of the form g = 317, py, [x,4,] and h = S0 pp.[zp,]). Since

k = ng) + ng) 1 the aforesaid relation yields £ — 1 = ngk Doy ;Lk Yoo
We conclude that X(kfl) = (X,(lkfl),Xékfl),‘w(k_l)%’ (k— 1)>) where
k—1 k k—1 1, (k=1) |, (k k
= s e ) 0L XY = SV ()
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oD = N{Zf_—ll [ =1 ’tg:)ﬂ’ [w=DY) = N[Z \/F’tw >] has

a solution for

(k—1) componentwise k) (k) (k)
{th 9 hk 1} - {h17Qh2"‘7Qh 17th+17' Qhk}
(k—1 k—1) componentwise k k (k) k
(a0, gDy oot Ly gl ol — ) alF) g
(k—1 componentwise
{ygl )’ "ygk 1 } o { Ygo©s - ygk }
(k=1)  (k=1)) componentwise [ () (K) (K (k)
{y . hkl} = { hy ot Y 17yhj+1"'7yhk}

as the corresponding function instance x®*~Y is indeed given by
(R=D gth=1) (=1 — (k) Here {‘tgj)>} constitute an orthonormal basis

which we relate to ‘t (k+1) > shortly. We used the fact that qélf) =0 as ygf) = x (To

see this note that £k —1 > nék Y which means that many g, are zero; by convention

we write the smallest eigenvalue, x first to increase the matrix size so the first
1 =1,2... (k: —-1- ngkfl)) gis are zero.). This means that there must exist an
O 1) which solves X(kfl).

Let us take a moment to note the following basis change manoeuvre. Note that
X}, > O'X;0" with O’ |[v') = |w') is equivalent to X), > OX,0T with O|v) = |w)
where O = Of 0’0y, Oy v) = |V), Oy |lw) = |[w'), O X;0F = X}, 0X,0] =
which is easy to see by a simple substitution.

We first expand the matrix X*=1 to k dimensions as follows. We already had
X,(Zkfl) > O(k_l)Xg(kfl)O(k_l)T with O%*~1) ‘v(k_1)> = ‘w(k_1)> which we expand
as

y)

J

::X;fk)

(4 (] 0% G k) (- 32) (o i+ 0"

— k k
=00 =)

)= N[ )] ) -

NNJ’ +‘w(k_1)>]. Note that the matrix instance X' .=
( l(k /(k

with

’(k> ‘w/(k >) yields x¥’®) = x(*). We can now use the equival-

ence we pomted out above to establish a relation between X }(Lk) > O(k)Xék)O(k)T
and X ,’l(k) >0k X _f,(k)O' (WT Yy finding O, and Oy,. We define, somewhat arbitrarily,

(401 i )}

{‘t (k+1) >7 glz+1 > 't (k+1) > : tg:ill)> (ljirQI)> ’t(kJrl >}
We require O(k) ‘w(’“)> to be ‘w’(k)>. This is simply a permutation matrix
given by {‘t k+1> ‘t (k+1) >} — {‘u,(f)> > ’t >} Note that this

;Llj+1)>
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yields O}(Lk)TX;L(k)Of(Lk) = X,(lk). It remains to find Oék) which we demand must
satisfy Oék) U(k)> = v’(k)>. Observe first that O}Lk) ‘U(’f)> — \/@‘ugﬁ)> +

Sk, le) tl(zlj)_1> We must now apply
00 o [l o)+ i~ M@ (]l |
] o [y - Ve

k k k
)

YA

ie{l,..k}\j’

|

to get Oék) ’v(k)> = ’v’(k)> where we defined C_)ék) = O(k)él(lk). (Note the expres-
sion could be simplified by using g4, = 0 which in fact is necessary for probability

(k) _ ()

conservation.) Using Yn, = Yg; We can also see that Oék)TX;(k)Oék) is essentially

Xék) with x*) at ’t;bl )> replaced by Yy, (= yhj). One can conclude therefore that
X;(k) > Oék)Xék)Oék)T

. Following the substitution manoeuvre we have

X/®) > /0 XIBOBET > 00O X D OMT OrT

— @gﬂ)T X;L(k)éék) > 02 )T O (k)O(k) X(k)OE(]k)TO/(k)Tong)
_,_/
=0(k)

— X}(Lk) > oW xmo®T

and similarly

This completes the proof.

. Initial Extra: If for some j,j' we have qé) < q,(lk) and y(k) = ,(l) then

the solution is glven by Xk = (X,(lk b X(k b ‘fwk 1 > where
k—1) k—1) k k—1) k1) k

TR i) s il ) -

N[ i \/T’ (k >] ’ (k_1)> = N[ L \/qh; ’tg: >] where the coordin-

ates and weights are given by

{ (k—1) (k—l)} Componentw1se

k k k
e ’___qh“ B _ g0, g® ® ]

"7qh] 17qh qguqh]JrIaCIhH2 “Ap_,

{al)

{0 ) ) o aP)
{ug?

{u

componentw1se

(k—1)
qgl qgk 1

{af) J
{ylt- (i) s
{mi” J

() (k)
gla' ygj, 1’y93+1"'7y9k}

yhk 1}

ygk 1

(k—1)
Yn Yhi—s

componentw1se
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the basis is given by

{‘ (k)> > ‘thk 1>} Compogentwise
(. ), ) D D) ) )

hjt1
The orthogonal matrices are given by O( O®) 3™ |ag) < 1)‘ where

flar) - lag)} =) ) ) el )}

),

(k) (k) _ (K)

O%) ::/\/'[ qék,) uy, >—l— a, — gy

)l i v |

[T iy~ Y [ i ]
L
ie{l,..k}\Jj

and @(k) is given by the basis change {’t(k+1)> ’t(k+1>} N

) ) - [t )

Jump to End
This proof will be very similar to the prev1ous one. We are given
k k k+1 k+1 k
xX® = (X< ) x§ )7‘w(k)>7‘v(k)>) where Xh =k ’(+)><té+)\, x® =

sk gl (':+1)><t§” > s gl t(k+1)> ‘ > s k+1)> which

means the corresponding function instance x(*) = (h(k’), g®), (k)) Where, in particular
we have,

7,

k
ab) = q,(“)[ym] + (q( ) - qéf))[yhj] - > 0l
ie{l,..k}\j ie{l,...k}\s’

Since we assume X has a solution it follows that a(®) is [x,&] valid. Thus the

transition g¢—1) = a(_k) — an) =: =1 i also [x,¢] valid where g1 comprises
n(gk_l) = ngk) — 1 points and A1 comprises ngf_l) = nglk) points (using the at-
tributes corresponding to the function instance (h*F=1), k=1 p=1) _ g(k=1)). The
notation would be of the form g = 317 py,[zy] and h = S pp,[xs,]).  Since
k= ()—i—n(k) 1 the aforesaid relation yields ng )—i— =D _p = f—1. We conclude that
X*-D (X,E’“ DX, JwltD) oD WhereX zk Ly DY) (1),

X = sk Y (0

1=1

, ’v("“‘l)> = N{Zizl \/F‘thi >} ‘w(k—1)> _
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N {Zf__ll v a, ’t ] have a solution for

)
N R (R NI
}
)

k—1
{4 )a--.qgkl

(k—1) (k) (k)
{uli D) vl ) lvygﬁl--wygk}

{y;ﬁ 1)7 . glzii)} Compogsntwise {y}(L]z) y;blz) 1}

k) (k) (k)
q91 7qu RRL UNEREL VIRERRRE (/Y }

componentwise

componentwise {

(k=1) gD (k=1 =

as the correspondlng function instance x is indeed given by (h( ),

a®)). Here {‘th >} constitute an orthonormal basis which we relate to ‘t (k1) > shortly.

We used the fact that qf(L) =0 as y = {. (To see this note that £ — 1 > nglkfl)

which means that many ¢, are zero; by convention we write the smallest eigenvalue,
xp, first all the way till Th,, and then to increase the matrix size we append zeros so

the ¢ = np,np+1...k yield g5, = 0.) This means that there must exist an O =1) which
solves X(’“l).

Let us take a moment to note the following basis change manoeuvre. X; > O'X éO’T
with O’ [v') = |w') is equivalent to X}, > OX,0T with O [v) = |w) where O = OT0'O,,
Oy |v) = |v'), Op|w) = |v'), O X,0F = X}, OXgOg = X which is easy to see by a
simple substitution.

We first expand the matrix X(kfl) to k dimensions as follows. We already had X }(Lk_l) >

O(k_l)Xék_l)O(k_l)T with O*—1) ’v(k’_l)> = ‘w<k—1)> which we expand as
yh

7

U](Lk)> <u](lk)‘ _’_X]gkfl) >

—x/(k)
=X,

(4 (6 +0%) o i) o ) (k) (o 0"
—O/(k) —x/®

v/(k)> _ /\/[ qéf,) u}(lk)>+‘v(k—1)>} w/(k)> _ N{ qé ) |l >+‘wk 1)>}

Note that the matrix instance X'*) := (X;L(k),Xé(k), ‘v'(k)> ; ‘w’( )>) yields x'*®) = x(),
We can now use the equivalence we pointed out above to establish a relation between
X}(lk) > O(k)Xék)O(k)T and X,’l(k) > O’(k)X;(k)O’(k)T by finding O, and Op,. We define,

somewhat arbitrarily,
{‘uék)> t(k)>)t§lk) >} Compogantwise
k—1
{o™). tha oo [STD) ) [ - )
We require O(k) )v(k) to be ‘v’(k)>. This is simply a permutation matrix given

by {‘t k+1)> .. ’t(kﬂ >} — {‘ugk)>, (I?> ‘t;{?)}. Note that this yields

Oé T Xg = Xg ") as yf(jj) = yéf,). It remains to find O,(lk) which we demand must

t(k+1)>

)
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satisfy O ’w > = w’(k)>. Let us define Of(ﬁ) = Ok (Zle |a;) <t§5+1))). Observe
that for O(k’) = I we have O}(Lk) ’w(k)> = q}(L’Z) ‘ugk)> + ;:11 q}(f) ‘tgj)> where

)l ™2 ) 42)- L)

If we define
k k k k)
_N[ Lo U2)>+ 49— g )>]N[ [ (] 4 (48 )”
k k k k k k k k
PN — g ) [ téj)ﬂf\/[ & () - o (4 )]
k k
+ Y h%)><t%)
iefl kb
we get O}(lk) ’w(k)> = w’(k)> as desired. We can also see that O,(lk)TX;(k)O}(Zk) is
essentially X, with k) g ‘t k+1> replaced by yp;. We therefore conclude that

X;(k) > Oék)Xék)O;(k). Following the substitution manoeuvre we have
/(k> > 0/(k) X/(k)ol(k) > O’(k)o(k) X(k)Oék)TO’(k‘)T
— Ol(zk)TXh(k)O}(zk) > O}(Zk)TO/(k)Oék) é )O_f] )TO/(k:)TO}(Zk)

N— ———
=0(k)

= x> o x®HoWT

and similarly

This completes the proof.

— Evaluate the Reverse Weingarten Map:

1. Consider the point ‘w(k)> /\/<w(k)| X,/L(k) |w(*)) on the ellipsoid X,/L(k). Evaluate the
)
normal at this point as )u,(lk)> =N (Zi_hl \/p A ’(k ‘t (k+1) >) Similarly evaluate

‘ugk)>, the normal at the point ‘v(k)> /\/<w(k)| X, k) |w(*)) on the ellipsoid X\,
2. Recall that for a given diagonal matrix X = Y, y; |#) (i| > 0 and normal vector |u) =
-1 -1
>; ui|i) the Reverse Weingarten map is given by W;; = (—W + yi_léij>

where 7 = />y, 1u?. Evaluate the Reverse Weingarten maps W,’l( ) and W( )
along ‘ugc)> and ‘ugk)> respectively.
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3. Find the eigenvectors and eigenvalues of the Reverse Weingarten maps. The ei-
genvectors of W/ form the h tangent (and normal) vectors {{‘t,(jj)>} ) u%k)>} The

corresponding radii of curvature are obtained from the eigenvalues {{7’2]:)},0} =

{{cg:)_l}, 0} which are inverses of the curvature values. The tangents are labelled

in the decreasing order of radii of curvature (increasing order of curvature). Simil-
arly for the g tangent (and normal) vectors. Fix the sign freedom in the eigenvectors

by requiring <t§s)|w(k)> > 0 and <t§’f)|v(k)> > 0.
— Finite Method: If A # —£®) and X\ # —x®) i.e. if it is the finite case then

1. OW = [uf) (uf?] + Aot ) (469
2. [olEY) 1= 00 |o®)— (P O® [u7) [uf)) and |u =) 2= [u® )= () [uf)).

3. Define X,(kal) = diag{cgﬁ), CEZ) e ng?,l}7 Xékil) = diag{cgf), cgz) e céﬁll .

4. Jump to End.
Our first burden is to prove that O% must have the form

k k )\ A = k k 1|,k K| .
(‘ug )> <u§b )‘ + 0% 1)) O for Ok .= ’ug )> <u£(, )‘ + lel )tgu)> <t§h) if
O®) is to be a solution of the matrix instance X*). This is best explained by
imagining that Arthur is trying to find the orthogonal matrix and Merlin already

knows the orthogonal matrix but has still been following the steps performed so
far. Recall that we are now at a point where

> d @)z = (w| X}, [w) — (v] Xg|v)

(w] X}, [w) — (w] OX50" |w)
0.

From Merlin’s point of view along the |w) direction the ellipsoids X; and OX E’]OT
touch. Suppose he started with the ellipsoids X;, X ; and only subsequently rotated
the second one. He can mark the point along the direction |v) on the X ellipsoid as
the point that would after rotation touch the Xj ellipsoid because as X — OX ;OT
the point along the |v) direction would get mapped to the point along the direction
O |v) = |w). Now, since the ellipsoids touch it must be so, Merlin deduces, that the

normal of the ellipsoid X, at the point |v) /,/(v| X} |v) is mapped to the normal of

the ellipsoid X}, at the point |w) /1/(w| X}, |w) when X} is rotated to OX,07 i.c.
O lug) = |un)-
From Arthur’s point of view, who has been following Merlin’s reasoning, in addition
to knowing that O must satisfy O |v) = |w) he now knows that it must also satisfy
O [ug) = [un).
Merlin further concludes that the curvature of the X ; ellipsoid at the point

v v| X’ |v) must be more than the curvature of the X ellipsoid at the point
g h

|lw) /1/(w| X} |w). To be precise, he needs to find a method for evaluating this
curvature. He knows that the brute-force way of doing this is to find a coordinate
system with its origin on the said point and then imagining the manifold, locally, as
a function from n — 1 coordinates to one coordinate, call it x, (1,22 ... x,—1) (think
of a sphere centred at the origin; it can be thought of, locally, as a function from x
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and y to z given by z = y/x? + y?). The curvature of this object is a generalisation
of the second derivative which forms a matrix with its elements given by 0,0y ;.
Since this matrix is symmetric he knows it can be diagonalised. The directions of
the eigenvectors of this matrix he calls the principle directions of curvature where
the curvature values are the corresponding eigenvalues. He recalls that there is a
simpler way of evaluating these principle directions and curvatures which uses the
Weingarten map. The eigenvectors of the Reverse Weingarten map W}, evaluated
for X at |w), yield the normal and tangent vectors with the corresponding eigen-
values zero and radii of curvature respectively. Curvature is the inverse of the radius
of curvature. Similarly for the Reverse Weingarten map Wy evaluated for X at |v).
With this knowledge Merlin deduces that he can write, for some Oij € R such that

> 0i;O0jk = b,

[un) (| + > O [tn,) (to,

1]

ok

Jun) (unl + Y Oij [tn,) <thj

1]

Jun) (g + 3 [tn,) (|

—Ok-1) =0(k)

where he re-introduced the superscript in the orthogonal operators. He then
turns to his intuition about the curvature of the smaller ellipsoid being more
than that of the larger ellipsoid. He observes that equivalently, the radius of
curvature of the smaller ellipsoid must be smaller than that of the larger el-
lipsoid. To make this precise he first notes that the Weingarten map Wg’ gets
transformed to OWg’OT when X is rotated as OX;OT. He considers the point

lw) /\/{w] X} |w), which is shared by both the X and the OX;O” ellipsoid. It

must be so, he reasons, that along all directions in the tangent plane, the X el-
lipsoid (the smaller one, remember larger X; means smaller ellipsoid) must have a
smaller radius of curvature than the OX;O ellipsoid, i.e. for all |t) € span{|ts,)},
{t|Wy [t) < ((]OW,OT |t). Restricting his attention to the tangent space he de-
duces the statement is equivalent to W} < OWg’OT. He writes this out explicitly as
> c,:il [th,) (th| < ¢ Olty,) (tg,| OT. Now he uses the form of O he had deduced
to obtain Zc,;il [th,) (th;| < Zc;ilO(k_l) Ith,) (tn.] OF~DT . From this he is able to
deduce that the inequality X,(lk_l) > O(k_l)Xék_l)O(k_l)T must hold.

Merlin’s reasoning entails, Arthur summarises, that O*) must always have the form

o) = (\u,(f)> <u§f>‘ + O(k—l)) ok
and that O%*—1 must satisfy the constraint
X}(kal) > O(k—l)Xék—l)O(k—l)T'

Merlin, surprised by the similarity of the constraint he obtained with the
one he started with, extends his reasoning to the vector itself. He

knows that OW) ‘v(k)> = ‘w(k)> but now he substitutes for O®) to obtain
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(‘ugk)> <u,(lk)‘ + O(k_l)) o®) ’v(k’)> = ‘w(k)>. He observes that O%*~1 can not influ-
ence the ’ugk)> component of the vector O*) ’v(k’)>. He thus projects out the ’ugk)>

component to obtain

Ok (0 [u®) — (up 0% o) ) = [w®) — () |u)

=|vt=1)) =|wk=1)

With this, Arthur realises, he can reduce his problem involving a k-dimensional
orthogonal matrix into a smaller problem in £ — 1 dimensions with exactly the same
form. Since Merlin’s orthogonal matrix was any arbitrary solution, and since the
constraints involved do not depend explicitly on the solution (only on the initial
problem), Arthur concludes that this reduction must hold for all possible solutions.

— Wiggle-v Method: If A = —¢®) or A = —x(¥) then
The aforesaid method relies on matching the normals. It works well so long as the correct

operator monotone (the monotone that yields X} and X, for which |w) //(w| X], [w)

is a point on both X; and OXg’]OT) doesn’t yield infinities. If the operator monotone
yields infinities it means that one of the directions involved has infinite curvature which
in turn means that the component of the normal along this direction can be arbitrary. To
see this, imagine having a line contained inside an ellipsoid (both centred at the origin)
touching its boundaries. The line can be thought of as an ellipse with infinite curvature
along one of the directions. The normal of the line at its tip is arbitrary and therefore
we can’t require the usual condition that normals of the two curves must coincide. The
solution is to consider the sequence leading to the aforesaid situation.

1.
2.

‘ugf)> is renamed to )ﬂgk)>,

ugk)> remains the same.
Let 7 = cosf := <u§k)|v(k)>/<ﬂ§f)|w(k)>. Let ‘f;lk)> be an eigenvector of X}/l(k)f1

with zero eigenvalue (comment: this is also perpendicular to ‘w(k)>). Redefine
‘ugbk)> := cos 0 ‘ﬂgf)> + sin 6 ‘Z;lk)> ,
49 = (= sim0[al) + cost 1))
where the sign s € {1, —1} is fixed by demanding <t}(li)|w(’f)> > 0.

O%) and ’v(k’_l)> , ‘w(k_1)> are evaluated as step 1 and 2 of the finite case.

4. Define

X;L(kfl) = diag{cgj), cgz), ce Cg?,lh X;(k_l) = diag{cgf), cg];), e 7C§i),1}-

Let [y/*=1), ¢(k=1)] denote the smallest interval containing spec[X,/l(k_l) &) X;,(k_l)].
Let N = —'®=1) 4 1 where instead of 1 any positive number would also work.
Consider fy on [x*=1, ¢¢=D] Let n = —fuv (x’* V) + 1. Define
k—1 k—1 - _
XY = (G b, XD = (D) 4,

Jump to End.
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We start with the case A = —£®). The other case with A = —x(*) follows analogously.
For the moment just imagine = 0 for simplicity; for  # 0 the argument goes
through essentially unchanged Note that because (w| f_¢(Xp) |w) — (v| f—¢(Xy) |v)

is zero we can conclude that y = ¢ implies g, = 0. After the application of the
map f_¢ these yéi) s and yéi)s Would become infinities but <t§l’:+l \w> and < (kﬂ)] >

would be zero where we suppressed the superscripts for ‘fu(k)> and ‘w(k)>. Since the

(k)

eigenvalues are arranged in the ascending order in X" (in {‘t k+1) >} basis) we

have y,(Z ) = = £ and the corresponding vector is ‘t (k+1) > ‘ n). It would be useful

t
to define |tp,) = |tp,) for i = 1,2,...5 — 1 and |thl> = |tp,) for i = 45,5 +1,.. .k,
[l = (i—j)+ 1 where j is the Smallest i for which zj,, = £ (their existence is a
straight forward consequence of dimension counting, k > ng 4+ nj — 1). This allows
us to speak of the subspace with eigenvalue & of X }(Lk)
dimensional plane spanned by |w) and |t),).
Consider the M-view (Merlin’s point of view). Since Merlin has a solution O®) to

the matrix instance
w(k)>’ U(k)>}

his solution is also a solution to the matrix instance

XO0) = { A, A, [0 [o9))

for A < —& but close enough to —¢ such that f\(Xp), fa(Xy) > 0. This is a
consequence of fy being operator monotone. Using Corollary 94 and Lemma 95
we know that since the ellipsoids corresponding to the matrix instance X(—¢&)
touch along |w) (as we are given that (w|f_¢(Xp) w) — (w]Of_¢(X,)O0T |w) =
(w| foe(Xp) |w) — (v] f-e(Xy) |v) = 0) there must also exist some vector |c(A)) such
that (c(A)] fa(Xn) [c(N)) — (c(N)] Ofr(X4)OT |e(N)) = 0 that is the ellipsoids cor-
responding to the matrix instance X(A) touch along the said direction. (Caution:
Do not confuse |c(X\)) with ¢p,/cg,. The latter are used for curvature values and
the former refers to the contact vector just defined.) Note that to match the other
conditions of the lemma it suffices to assume that Xj and X, do not have a common
eigenvalue which in turn is guaranteed by the “remove spectral collision” part.

It is easy to convince oneself that limy_,_¢ |¢(X)) = |w) (hint: argue along the lines
Ia(Xp) is very close to f_¢(X},) and so the vectors should also be very close which
satisfy the condition). Note that we can write

easily. We focus on the two

) = (x, X0

j—1
= Z dh; |thi>
=1

because (tp,|w) = 0. There is o such restriction on |¢(\)) which can have the
more general form |c¢(\)) = 3021 e(N); |in,) + Zf:j c(N); [tn,) where | = (i — j) +
1. Restating one of the limit conditions, for ¢ = j,j + 1...k, we must have the
limy_,_¢¢(A); = 0. At this point we use the fact that if O is a solution it entails
that

, Jj—1 k—j+1
O\ := (Zﬁh |+ > @ im|fhi><fhm|)0

=1 i,m=1

85



is also a solution, where Q(\) is an orthogonal matrix in the space spanned by
{|tn,)}. This is a consequence of the fact that {|¢,)} spans an eigenspace (with
the same eigenvalue, fx(§),) of fA(Xx). We can use this freedom to ensure that the
point of contact always has the form

j—1
[e(A) =D e(N)i [tn,) + e [th)
i=1
where ¢(\) = Zf:j ¢(X\)? which must vanish in the limit A\ — —¢ as its constituents

disappear in the said limit. Similarly limy_,_¢ c(X); = g, .

Next we evaluate the normals |uy (X)) at |¢(N)) for the ellipsoid represented by fy(X7)
and similarly the normal |uy) at |w) for the ellipsoid represented by f_¢(X},) to show
that limy__¢ [up(X)) # |up) (see Figure 11). Notice that the right-most term in
[un(N) = N [SI2] Fa(un) eV [fr,) + FA(€)E(N) [f4)] has f1(€) approaching infinity
and ¢(\) approaching zero as A tends to —¢. This is why it can have a finite
component along |¢5). On the other hand, |u;) = N [Zg;ll J—¢(Yn, )an, Ehi>:| which

has no component along |ty,). Since limy_,_¢ fa(yn,) = f—¢(yn,) and limy_,_¢ ¢(X); =
qn, for i € {1,2...5 — 1}, we can write

lim |up (X)) = cos@|up) +sin6 |t,) := |up) .
A——€

Evidently, we must use |uy) instead of |uy) to be able to use the reasoning of the
finite method. However, we do not know cos 8 yet.

Our strategy is to proceed as in the finite method with the assumption that |c(X))
is known (which it isn’t as we only know it exists and how it behaves in the limit
of A — —¢) and then use a consistency condition to find cosf in terms of known
quantities. At this point we re-introduce the superscripts as we will reduce the
dimension of the problem as we proceed. Let the normal and tangents at O |c()\))

for fy(X,) be given by {]ug’“>(A)> At ()} Similarly at [e(A) for f1(X) the
normal and tangents are {’u,(lk)()\)> , {t,(f)()\)}} From the finite method we know
that OM(A) := (Jun(V)) (un(A)| + O*~) O® where O = |uf (3)) <u§’“>(A)\ +
Do ti(zlj)> <té’f)’ can be used to reduce the problem into a smaller instance of itself. In
particular, we must have <u§lk)()\)|w> = <uglk)()\)’ OF(\) Jv) = <u§k)()\)|v> because

O* =1 can influence only the subspace spanned by {‘ti(zlj)>} and the component of

the vectors |w) and O®) |v) along ’u,(lk)()\)> must match for consistency.

We can determine cos @ by taking the limit of the aforesaid condition as (u|w) =
(ug|v) where we again suppressed the superscripts. Substituting |up) = cos € |up) +
sin @ |¢5,) we obtain

{ug|v)

cosf) = —— .
(up|w)

It now remains to find the limit of the reverse Weingarten maps. The reverse
Weingarten map for fy(X,) along the normal |u4())) is not of concern because it
has a well defined limit as A — —&. We consider the case for f)(X},) along the normal
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|up(A)). Note that the support function as defined in Equation (7) is finite in the
limit A — —¢ (use the definition of the normal to get Yz u? = Y a; 'alc? =
Saic? = (c| X|c), plug in |¢) = |w), X = f_¢(X};) and then use the fact that
(w| foe(Xp) lw) — (v] f—¢(Xg) |[v) = 0 which means both must be finite by noting
that we already dealt with the troublesome case of oo — oo in the “remove spectral
collision” part). Let us denote it by h(A). Now the reverse Weingarten map as

defined in Equation (8) is given by

_ 1 uhi()\)uhm()\) + 5zm
h(N)2 Ix@Wr) PrWhy) — Ir(@n,)

Since limy_,_¢ [u(X)) is well defined, limy_,_¢ A(A) is finite, we only need to show
that limy—,_¢ 1/ f\(yp,) is well defined. (We assumed 7 is zero so f_¢(yp,) # 0. If n is
not zero we must consider f_¢(y,) + 7 everywhere but that changes no argument.)
Fori=1,2...5—1, f_¢(yp,) is finite but for i = j,j+ 1... k, f_¢(yp,) is not well
defined however 1/f_¢(yn,) = 0. We therefore conclude that

Uh, Uhy, Sim . .
lim _(Wa(M);, = {}#f&@hﬂfdyw Frdig etz doth g
A==€ 0 i,m € {j,j+1...k}

which is simply the reverse Weingarten map evaluated for f_¢(X},) along |up) =
cos @ |up) + sinf |ty) and cos@ = (uglv) / (up|w). It remains to relate W), with the
reverse Weingarten map, Wi, evaluated for f_¢(X},) along |up). Surprisingly, it is
easy to see that W), = W), because only the cosf |uy,) part contributes to the non-
zero portion of W}, and the cosd factor gets cancelled due to the h? term. Further,
recall that the normal vector is always an eigenvector of the reverse Weingarten map
evaluated along it, with eigenvalue zero. This tells us that if there is(are) tangent(s)
with zero radius of curvature then the normal is not uniquely defined. This confirms
what we already knew. Now since both |u,), |£5) have zero eigenvalues for Wy, (= W)
and |u) = cos @ |uy) +sin 6 |t;,) we define [t5) := s (sin 6 |uy) — cos @ |ty,)) to span the
same space so that |u) is the correct normal vector (as we deduced earlier in our
discussion) and [t},) is the correct tangent vector corresponding to the point |w) of
f-e(Xn).

The final step is to convert the condition on the reverse Weingarten map into a
condition on the Weingarten map (inverse of the reverse Weingarten map). After
extracting the tangent vectors appropriately, one simply needs to add a constant
before inverting to obtain the Weingarten map condition. This is done in the last
step. This completes the proof of the wiggle-v method for A = —¢£.

To see how the same reasoning applies to the A = —yx case first note that for
A > —x we have fy(Xp), fA(Xy) < 0 (assuming n = 0 as before). The condition
fA(XR) > Ofr(X,)OT can then be expressed as —fy(X,) > —OT fA(X,)O with
O" |w) = |v) which can now be reasoned analogous to the aforementioned analysis.

— End: Restart the current phase (phase 2) with the newly obtained (k — 1) sized objects.
We end with giving the dimension argument. The dimension after every iteration is

k—1> nf(]kfl) + ngkfl) — 1 if we start with the assumption that k > ngk) + nglk) —1. The
reason is that either ngk_l) = ngk) —1lor = nék). Similarly, either ngk_l) = ngk) —1or
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[un(A)

fw) = le(~))
Of—€ (XQ)OT

f-¢(Xn)

Figure 11: A sequence leading to infinite curvature.

= nék). Justification of this is simply that we remove at least one component from the

two vectors (from the n_gk) for the usual wiggle-v). To see this, note that in the finite case
we remove one from both as we write express the vector in a new basis. This new basis
is the space where the vector has finite support. We then remove one of the components
in the sub-problem. In the infinite case, it is possible that we remove one and add one
for n(k_l), assuming it is the usual wiggle-v, but we necessarily reduce G
similar to the finite case. For the other wiggle-v, g and h get swapped but the counting

stays the same.

as this is

7.3.3 Phase 3: Reconstruction

Let kg be the iteration at which the algorithm stops. Using the relation

0 = 0 ([ull) (uf?] + 06-1) O

(or its transpose if s*) = —1), evaluate O*1) from O®o) := T, then O*2) from O*1), then O*3)
from O®*2) and so on until O™ is obtained which solves the matrix instance X(”) we started with. In
terms of EBRM matrices, the solution is given by H = X}(Ln), G= O(")XQO(”)T, and |w) = ‘w(”)>.
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8 Conclusion

In the first part, we described a framework which we used to construct the unitaries required to
implement the bias 1/10 protocol. In the second part, we described the EMA algorithm which
allows us to find the unitaries corresponding to arbitrary A-valid moves, which combined with the
framework, allows us to numerically find quantum WCF protocols with arbitrarily small bias.

A preliminary implementation of the EMA algorithm on python [20], which is usable but not
automated enough for an end-user, has already yielded the following interesting results and future
research directions.

1. Mochon’s denominator needs neither padding nor operator monotones. For assignments given
by Mochon’s denominator, it is known that (xp) = (x4) which means that for the first itera-
tion of the algorithm, we need not use any operator monotone function. This was clear. The
surprising result of the numerical implementation was that even for subsequent iterations one
need not use operator monotones, which also explains why® we did not need padding, i.e.
the (solution) orthogonal matrix has size n = ny = nj. An interesting open question is to
analytically prove this as Mochon’s denominator based assignment is very close to the kind
of assignments used in Mochon’s protocols. If analytic expressions for the unitaries corres-
ponding to the former (Mochon’s denominator) can be found, the unitaries corresponding to
the assignments used in Mochon’s protocols would be a small perturbation thereof. Hence,
this might lead us to analytic expressions for the unitaries involved in games with arbitrarily
low biases.

2. Mowes in the bias 1/18 protocol do not need padding (no wiggle-v). We already know ana-
lytically that there are specific cases where padding is required. However, when we tried to
numerically implement the moves involved in Mochon’s protocols going as low as € = 1/18,
to our surprise, we found that in no case was padding necessary (which means the wiggle-v
method was never invoked). It would be interesting to see if this can be proven to be the case
for all of Mochon’s moves. There is another class of games that achieve arbitrarily low bias
due to Pelchat and Hgyer [21] whose moves are also worth investigating in this regard, and
even otherwise.

3. Trick to improve the precision of the EMA algorithm. The algorithm tries to find a A such
that (w| fA(Xn) |[w) — (v| fA(Xg) |[v) = 0. In the finite case, one must also have for consistency,
(w|np (X)) = (v|ng(N)) (this is because in subsequent steps, the space orthogonal is affected
so if the component of the honest states along the normals is not mapped correctly, it would
not get fixed later; this would mean there is no solution as we are only imposing necessary
conditions). We observed that, numerically, we get a better precision if we use the latter
condition for fine-tuning the result (after applying the former for obtaining a more course-
grained solution). While analytically, the first condition implies the latter exactly, this ceases
to be the case numerically due to the finiteness of precision. A careful error analysis of the
EMA algorithm would be required to fully understand this behaviour. As a first step, we
can understand this improvement as a direct consequence of the fact that the honest state is
explicitly mapped correctly (up to the precision of the machine, which is about 16 floating
points for most computers) if we use the method involving normals while in the latter, this
should happen implicitly.

5To see this, note that the only time we spill over to the extra dimensions, is when we use the wiggle-v method.
Otherwise, we stay inside the first max(ng,ns) dimensions.
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Limitations of the current implementation.

1. Limited wiggle-v. We have not fully implemented the Wiggle-v method which means that it
would be cumbersome to apply it to the general merge and split, for instance. However, for
them we already give the explicit Blinkered Unitaries. For the rest, as we already saw, it does
not even seem necessary.

2. Minor pending issues. Sometimes due to noise (arising from finiteness of the precision) our
global minimiser gets trapped into local minima and has to be guided manually by looking
at the graph. This means that a refined algorithm should also be able to solve the problem.
Further, we did not implement the systematic method defined by the EMA algorithm for
finding the spectrum of the matrices it uses but it appears that almost any guess works for
Mochon’s assignments.

An important open problem that remains is to account for noise in the quantum formalism itself.
We assumed all along that the unitary is applied exactly. Now there are two possible effects of the
unitary being noisy. The first effect is on the coordinates of the points. This can be accounted for
by raising all the points a little bit (proportional to the noise). Doing this for each move would
yield a cumulative effect on the final point, that is, the bias. This should not be very hard to
evaluate. The second effect is on the weights of the points. This must be handled with care as
most of the games rely on a cancellation of weight across different moves. One way to proceed
would be to imagine, after a lossy operation, the remaining game/protocol is implemented with a
slightly scaled down weight but with the same relative proportion. The rest of the weight should
be collected in the end and merged with the final point to get a small raise. This would quantify
the effect of this type of noise on the bias.
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A Blinkered m — n Transition

Recall that the unitary we had described was of the form U = |w) (v]| + |v) (w]| + X |v;) (vi] +
> |w;) (w;|. Tt is evident that having a scheme for generating these |v;) and |w;) will be useful as
we explore more complicated transitions. More precisely, we need to complete a set containing one
vector into a complete orthonormal basis. Let us do this first and then return to the analysis of a
3 — 2 merge.

Completing an Orthonormal Basis

Consider an orthonormal complete set of basis vectors {|g;)}, and a vector |v) = Z\}Z\Lﬁ'g»' We
Pi

describe a scheme for constructing vectors |v;) s.t. {|v),{|vi)}} is a complete orthonormal set of
basis vectors. Formally, we can do this inductively. Instead, we do this by examples for that makes
it intuitive and demonstrates the generalisable argument right away. The first we define to be

VPLloy = s la2) [ pilg) — Pz lge) 3
= , the familiar one
LA VpL+p2

lv1) =
p1

which is manifestly normalised and orthogonal to |v), i.e. (v|v1) = p; — p1 = 0. The next vector is

VD1 lg1) + /P2 lg2) — p1+p2 93)

Jv2) = (P1+p2)
\/}71 +p2 + e
which is again manifestly normalised and orthogonal to |vi) because (ve|vi) = (v|v1). (v|ve) =
p1+ p2 — (p1 + p2) = 0. Similarly one can construct the (k + l)th basis vector as
k
k 2im
) = Sy vk gk) — S5 grs)

N,

where the N = \/ZZ 1Dk + (Z 1pk and obtain the full set.

The Analysis
Back to the analysis. Recall that the constraint equation was

S @, ha) (hiil + 2199 > S22 U gis) (gi| UT

I 11 II1

where we have introduced the notation |h;) = |h;h;) in the interest of efficiency. The g1, g2, g5 —
h1, ho transition requires us to know

= [v) (w[ + [w) (v] + [v1) (V1] + |v2) (V2| + |w1) (wr].
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Using the procedure above we can evaluate the vectors of interest

_ VDo 1911) + /Pyz |922) + /Pys |933)

|v) N,
) VPar l911) — \i% |g22)
V1) =

Ng,

(Pgy+Pgy)
og) = VPar 1911) + /Pgz 1922) — IT\/Tg |933)
N92

) = V/Phy |h11) + /Py [h22)

Ny,
) = VPhy [h11) — \/Phy |ha2)

Ny,

where Ny, Ng,, Ng,, Nj are normalisations. In fact we want to express the constraints in this basis.
To evaluate the first term we use the above to find

_ /i lw) + /g o)

h
|h11) N,
V/Phy W) = \/Phy [w1)
|ha2) = N
h
which leads to
I = ap, |hi1) (hi1]| + xp, |ho2) (hool
O S " B SN B B
= Vé |w) Phy A/PhPhy | T F; |w) Dhs —/PhiPhs
b Jwr) | /Py Phy Pha hl Jwi) | —/DhiPhs Phy
L (w]
= N2 |w> phlxh1 +ph2$h2 \/ph1ph2(xh1 - xhz)
h |w1> \/Ph1Ph, (xh1 - xhz) DhyThy + PhiThy

(Remark: We had made a mistake in this term which was causing the matrix to sometimes be-
come negative; after correction, the matrix seems to be positive for Mochon’s f-function based
construction) Evaluation of II is nearly trivial for identity can be expressed in any basis and that

yields

IT = z(|v) (v| + |v1) (v1] + |v2) (va])

| (0] (va] (v
o) | @

For the last term

I = 24, U |g11) (911 UT + 24,U |g22) (g2l UT + 24,U |g33) {gas| U
B ) (i)
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We evaluate

\/pgl \/pg1
Ulgn) = lw) + lv1) + |v2)
Ng Ngl Ngz
NI G- IR
Ulgas) = 22 |w) + =525 for) + L2 |0g)
Ng Ngl Ngz
_ Pg1 1999
\/P /Dgs
Ulgss) = Ngg lw) +0lv1) + ( Npgd ) [va) .
g 92
We must now find each sub term, starting with the most regular
IR R C
) | wow Ww
. a1 91 Vg2 g91Vg
D) =29:Pg1 | 1) | L L 1
Ny, Ng, NZ, Ny, Ny
e S
NgNg, NN, N?

For the second term, we re-write U |g22) = /Pgs (]\}g |w) — w7

t’n lv1) + N%,z \v2>> where we have

defined »
!
N, =-2N,
g1 1
Pg,
to obtain
| (v (v (w]
|'Ul> 1 _ 1 1
N N% Ng Ngs  Ng; Ny
(ii) = Lga2Pga lvg) | — x—xr LQ 1
Ny, N7, NZ, Ny Ny
lw) | — 1 1
Ny N, Ny Ny, NZ
_ 1 1 :
and finally U |g33) = \/Pgs (Ng lw) +0|vy) — N, |U2>> with
; Pgs
g2 —
DPg: + Py,
to get
| (1] (v (w]
(i) [v1)
1) = Tg.p 1 __1
931793 () ] 7
) %
w 1 1
[w) NN, M
Now we can combine all of these into a single matrix and try to obtain some simpler constraints.
r (v] (v1] (v2| (w] (w1 ]
[v) z
Jv1) z_ Fo91Pg1 _ Pg2Pgo _*g1Pgy Tg2Pg2 _*g1Pgq Tg2Pgo
821 N.L,I21 Ng1 Ngo N;]l Ngo Ngy Ng N_ZHNg
[va) _ ®g1Pgj TgoPgo _ TgyPgy _ ®gaPgs _ Tg3Pgs3y _%g1Pgy _ *gaPgo Tg3Pg3
ap def NgaNgy ' Ngy Ny, N, Ng, N2 NgyNg — NgaNg ' Ny, Ng >0
. Zg1Pg ZgaPg Zg1Pg ZgaPg *g3Pg Phy®hy TPhoTh 1 z PhiPho z =
[w) - N;Ngi NgzN_ﬁ,f - N;Ng; - NQZNgs NQ3N£ s llez 22 — ~7 Zl Zg;Pg; NZ (@hy = Thy)
A/ Ph1Phy Pho®hy TPhy Thy
Jwi) T(zhl - th) -~z
L h h =
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Despite this appearing to be a complicated expression, we can conclude that it will always be
so that larger the x looser will be the constraint. To show this and to simplify this calculation,
note that M can be split into a scalar condition, z > 0 (from the |v) (v| part) and a sub-matrix
which we choose to write as

(1| (vo| | (w| (wi]
lv1) T
[v2) ¢ B s
[w) B A
|w1)
Now since B >0 = A B >0 < C>0,A-BC'BT >0, (1-CC )BT =
B A |~ BT C |~ =0 =

0 using Shur’s Complement condition for positivity where C~! is supposed to be the generalised
inverse. Since x is in our hands, we can take it to be sufficiently large so that C' > 0 and thereby
make sure that I — CC~!' = 0. Evidently then, the only condition of interest is

A— BC'BT > 0.

We can do even better than this actually. Note that if C' > 0 then C~! > 0 and that the second
term is of the form

R R CRI R

because C~! > 0. We can therefore write the constraint equation as
A>BC'BT >0

and note that A > 0 is a necessary condition. This also becomes a sufficient condition in the limit
that + — oo because C~! — 0 in that case. We have thereby reduced the analysis to simply
checking if

PhyThy TPhoThy 1 v/PhyPhy
N WM 22i Tg;Py; Tg(xhl — Thy) 0
v/Ph1Phy PhoThy TPhqThy )
Nﬁ (xh1 - th) Nﬁ !

This being a 2 x 2 matrix can be checked for positivity by the trace and determinant method.
Another possibility is the use of Schur’s Complement conditions again. Here, however, we intend
to use a more general technique (similar to the one used in the split analysis). Let us introduce

def 1 1\ def 1 Dh,
(g) = szgipgm <H?h> = szh
g (2 h 7 (3

and recall/note that term (I) and one element from term (III) constitute matrix A, which can also
be written as

A =z, [h11) (bl + zpy [ho2) (haa| — (zg) [w) (w]
| (haa| (Rl
Th, — (2g) lw) (w|
$h2

= |h11)
|h22)
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Note that this now has the exact same form as that of the split constraint with x4, — (zg4).
-1 -1 . .

We use the same F — M >0 < 1—-+VF MvF > 0 for F' > 0 technique to obtain

Phy |h11)+ %\hm)

Np,

I > (zg) |w") (w"| where |w”") = . Normalising this one gets |w’) = [w”)

S
ad
~_—

1
x

which entails T > (z) <é> |w") (w'| and that leads us to the final condition

2 o)
(zg) = \an/
In fact all the techniques used in reaching this result can be extended to the m — n transition case
as well and so the aforesaid result should hold in general.

B Mochon’s Assignments

Lemma (Mochon’s Denominator). Y i ; m =0 forn > 2.
g\ T3

Proof. We prove this by induction (following Mochon’s proof, just optimised for clarity instead of

space). For n =2
1 1

_|_
(2 —a1) (21— 2)
Now we show that if the result holds for n — 1 and it would also hold for n which would complete
the inductive proof. We start with noting that

=0.

(Xn, — ) (21 — 24) X, —

1 1 [ 1 1
r1 — I Ty — T4
This is useful because it helps breaking the product into a sum. My strategy would be to pull off
one common term so that we can apply the result to the remaining n — 1 terms. The expression of
interest is
i 1 1 sy 1 1

2 [ —a) (e —e0 " 2 Mot —a) Tl — o)

where notice that the ith term in the sum (of the second term) can be written as

1 1 1 1

(@n — i) (x1 — @) [jzinn(@i —2i)  wn— 21 [[lpn(e; — 2 Tz — )

The first term can be written as

1
(zn — 1) Hj;élm(wj — 1)

while the last can be written as
-1
(zn — 1) [Tjn (zj — an)
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Putting all these together, we get

1 1 n-! 1 n! 1 1
— + Z _ Z _

(Tn — 21) Hj;él,n(xj — 1) i—2 Hj;éi,n(‘rj — ;) P Hj;ﬂ,i(xj — ;) Hj;&l,n(mj — Tp)

1 [ 1 Z": 1
(zn — 1) i1 Hj;éi,n(‘rj — ;) i Hj;él,i(xj — ;)

where both sums disappear if the result holds for n — 1. This completes the proof. ]
Lemma (Mochon’s f-assignment Lemma). > 1" ; % = 0 where f(x;) is of order k < n—2.
A

Proof. Again we do this by induction on k. For k = 0 the result holds by the previous result. We
assume it holds for order k¥ — 1 and show using this that it also holds for order k (this proof is also
Mochon’s). Let g(z;) be a polynomial of order k — 1 s.t.

~ f@) @) (@ — ) (we — @) — g(@)
-1 Hj;éi(ﬂfj — ) i1 Hj;éi(afj — ;) '

Notice that the first part of the sum disappears for all 1 < ¢ < k because of the numerator.
Consequently we can write the aforesaid as

_ zn: (1 — i) (x2 — ;) ... (T — 4) B n ()
i=k+1 [jpilzy = i) = (@) — @)
n
o 1
i=k+1 Hj;éz‘,l,z.“,k(xj - Cvi)
~0

where in the first step, the second term becomes zero by assuming the result holds for £ — 1 and in
the second step the sum disappears because of the previous result (Mochon’s Denominator). Note
that £ < n — 2 for the aforesaid argument to work because otherwise the last step would become

invalid. H
Lemma. )1, % = (=1)""t forn > 2.
Proof. Let us define d(n) :=>"1" 1_[];:;(;71_3”1) to proceed inductively. We can then write
d(2) = 1 N xy x1(x1 — x2) + x2(T2 — 1) _
Ty — 1 T1— T2 (w2 — 21)(21 — 22)
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We assume the result holds for d(n) and write

n+1 n

)= 2 Ml )

_ 7%:1 Q?n+1 )(CU ) + xn+1x”
Hj;éz(x] ;)
71-1—1 n—l n+1 2 1

];éz( )
1

- Z Tpy1 — —HJ#( P + Tpt1 Z H#Z(% P

=0 (Mochon’s Denominator)

i 96n+1/1/y ! M n+1
n
2:1M i) Moty (25 — i) H
)-

j#n+1 CC] - xn-i—l)

—d(n
]

Proposition. (z;) — (z4) = N%f = N%? for a Mochon’s TDPG assignment with k = n — 2 and

coefficient of x"~2 £1 in f(x). As above here (xy) = # > Dh,Th, and (xg) = ﬁ > Dg; Ty
h g

Proof. Note, to start with, that the coefficient of " 2 being 41 is not an artificial requirement
because for killing n — 2 points f(z) will have the form

f(@) = (e, — @) (wn, =) (0h,, — @) = (=1)" 22" 2 4 f(a)

where f is a polynomial of order n — 2. Observe that

Ni; ({wn) = (zg)) = Zn:p(iﬂi)xi = _zn: L(x’_)

i=1 Hj;éi(% ;)
n ( 1 n— 2 n—2 fN wz
Z H];ﬁl Ty — Z H];ﬁz( - xl)
n P 1
n 2
; H];éz(xj xl)

where the second term in the second step vanishes because of Mochon’s f-assignment Lemma and
the last step follows from the previous result. O
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