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—— Abstract

General quantum computation consists of unitary operations and also measurements. It is well
known that intermediate quantum measurements can be deferred to the end of the computation,
resulting in an equivalent purely unitary computation. While time efficient, this transformation
blows up the space to linear in the running time, which could be super-polynomial for low-space
algorithms. Fefferman and Remscrim (STOC’21) and Girish, Raz and Zhan (ICALP’21) show
different transformations which are space efficient, but blow up the running time by a factor that
is exponential in the space. This leaves the case of algorithms with small-but-super-logarithmic
space as incurring a large blowup in either time or space complexity. We show that such a blowup
is likely inherent, demonstrating that any “black-box” transformation which removes intermediate
measurements must significantly blow up either space or time.
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1 Introduction

Measurements play a fundamental role in quantum computation, as it is through measure-
ments that useful classical information is extracted from the hidden world of a quantum
state. Formal treatments typically regard a quantum computation as being unitary, with
any measurement only occurring at the very end of the computation. For example, many
algorithmic techniques such as amplitude amplification [6, 13, 7], numerous query complexity
lower bounds [5, 3, 2], and cryptographic proofs involving rewinding [27, 24, 18, 8, 20], all as-
sume unitary algorithms whose states are pure. On the other hand, when designing quantum
algorithms it is often convenient to measure and/or discard quantum states in the middle of
a computation. Unitary computations may also be desireable from a practical perspective,
as implementing measurements can be challenging, and may have energy-use implications
(see Section 1.2 below). Fortunately, assuming unitary computations can be justified by
appealing to the “Principle of Delayed Measurement,” which states that measurements in
general quantum computations can always be delayed until the end of the computation with
minimal time-complexity overhead.

However, it has long been recognized that delaying measurements naively gives a space
complexity that is potentially as large as the time complexity, even if the original computation
used very little space. Thus, delaying measurements can incur a huge space-complexity
overhead, and eliminating measurements in a space-efficient is a major foundational question in
quantum computation. Fefferman and Remscrim [10] and Girish, Raz and Zhan [12] give space-
optimal answers to this problem, showing how to eliminate intermediate measurements with
a linear blowup in space complexity. However, these results incur a potentially exponential
blowup in time complexity: the new running time is poly(T’,2%) where S, T are the original
space and time complexities. This leaves the following important open problem:
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Can intermediate measurements be eliminated in a
simultaneously space- and time-efficient manner?

Our work. Our main result is to show a black-boz barrier to achieving such a result.

1.1 What is a Quantum Measurement, Anyway?

Before proceeding, we must mention the work of Girish and Raz [11], which eliminates
intermediate “measurements” from any space S, time T' quantum algorithm, resulting in a
space O(SlogT), time T x poly(S) algorithm without measurements. This seemingly resolves
the central question above positively. However, we note that their result only works for a
very particular notion of measurement. Digging deeper, their model of computation allows
for unitary gates, plus a probabilistic measurement gate defined as mapping

|0)  with probability |a|?

al0) + B[1) —
0) + B1) {|1> with probability |3|?

Crucially, the measurements in [11] do not output the classical measurement result, and their
model does not allow the resulting quantum register to be discarded or reset to a fixed state.

Such a measurement gate as considered in [11] is wunital, meaning it maps the totally
mixed state to the totally mixed state of the same dimension. Unitary operations are also
unital, as is any combination of unital gates. As such, their model of quantum computation
with measurements only captures unital computations.

Not all works treat measurements in this way, and many algorithms in the literature
are not described using such unital measurements. In fact, measurements are most often
depicted as producing a classical output, sometimes consuming the quantum state (such as
with the POVM formalism) and sometimes leaving behind a “collapsed” quantum register
(such as with the projective measurement formalism). A key distinguishing feature of classical
information is that it can be erased, something which is forbidden with unital gates. One
can also consider “reset” gates which reset a qubit to |0), or even “discard” gates, which
simply discards a register.

We note that most measurement gates — such as consuming the quantum state but
outputing the classical measurement result, outputting both the measurement result and the
collapsed state, resetting a qubit to |0), or simply discarding the state — are all easily seen to
be equivalent under appropriate assumptions!. In fact, unitary operations plus any one of
these gates can be used to implement any quantum channel, a consequence of Stinespring
Dilation [22]. Moreover, these variants appear frequently at least implicitly throughout the
literature in the descriptions of quantum algorithms. On the other hand, the gate considered
in [11] — which outputs the collapsed state but no classical output — is unital and thus not
enough to lift unitary operations to general channels. Thus, we see that [11] only applies to
a version of measurement that is potentially quite limited.

More generally, one can consider a quantum computation involving general non-unitary
channel gates, of which measurements are only a specific example. The goal is then to
“purify” the computation, turning it into a computation involving only unitary gates. [11]
will fail on general channels. We note that, in contrast to [11], [10] applies to quantum
algorithms comprising arbitrary (potentially non-unital) channels, at the cost of a potentially
exponential blowup in time complexity?.

L Assuming the ability to (1) arbitrarily discard classical values, (2) have quantum gates depend on
previously obtained classical values, and (3) initialize new registers.
2 [12], on the other hand, only claims to apply to unital channels.
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» Remark 1. We stress that [11] only claim their results work for their notion of measurement
gates. They also mention that with qubit reset gates, it is trivial to simulate an intermediate
measurement. But then the resulting circuit would have qubit reset gates. Qubit reset could
reasonably itself be considered a “measurement” in a broader sense, since it is non-unitary
and is equivalent to various other versions of measurements. To try to avoid any confusion,
we will use the term “general quantum computation” to refer to computations involving this
more general view of measurement.

1.2 Relationship to Classical Reversible Computation

The task of eliminating intermediate measurements has an analog in classical computation:
turning general (irreversible) classical computation into reversible computation. One motiva-
tion for reversible computing is Landauer’s principle [19], which states that any irreversible
logic operation requires a certain minimum energy consumption, therefore imposing a limit
on how much efficiency can be improved. Meanwhile, no such energy consumption is inherent
to reversible operations, meaning in principle reversible computation could have zero energy
cost. In the quantum setting, measurements make a quantum algorithm irreversible and
Landauer’s principle would likewise impose a minimal energy consumption. Meanwhile,
unitary algorithms are reversible and therefore “immune” to Landauer’s principle.

Analogous to the quantum setting, in the classical setting one can make a general
computation reversible trivially by blowing up the space to be linear in the running time.
An old classical question was whether anything better is doable.

Bennett [4] resolved this classical question, showing that space S and time T general
computation can be made reversible with space S’ = O(SlogT) and time T" = poly(T),
thus preserving time and space efficiency. One may therefore be tempted to apply similar
techniques to obtain an analogous result for eliminating quantum measurements. We now
explain, however, that this strategy fails.

Bennett’s result works roughly as follows. We first start with the trivial conversion, which
makes an irreversible computation reversible by simply storing the complete program trace
containing all prior states of the algorithm. To reverse a step of the computation, one simply
un-computes the last state in the trace by re-computing it from the penultimate state. This
of course blows up the space from S to S x T. What Bennett does is cleverly store only a
few carefully selected prior states at a time, and show that this is sufficient to reversibly
simulate the original computation, with only a modest blow-up in time complexity.

One may be tempted to adapt this technique in order to make a quantum computation with
measurements reversible in low space and time, thereby removing intermediate measurements.
We observe, however, that Bennett’s result relies on a crucial feature of classical information
that is no longer true quantumly: that the classical intermediate states of the algorithm
can be copied — one copy going into the program trace, and another copy to continue the
computation. In contrast, the intermediate quantum states of a general quantum algorithm
will not be copy-able by the no-cloning theorem. Of course, instead of copying, we could try
to produce two copies of the state by running the algorithm a second time from the beginning.
This will potentially fail for non-unitary algorithms, however, as intermediate measurements
may have made the intermediate states unpredictable. But even worse, running the algorithm
a second time will involve its own intermediate measurements that will need to be eliminated.
So it is not clear if copying the state by running the algorithm from scratch a second time
resulted in any progress. No-cloning thus seems to invalidate this approach to eliminating
quantum measurements.
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1.3 Our Results
1.3.1 Formalizing Black Box Impossibilities

Our goal is to show that there is no procedure to eliminate general quantum measurements
without blowing up either space or time. However, we observe that an unconditional result is
out of reach given the current state of complexity theory. Indeed, if BQL = BQP (quantum
log-space equals quantum polynomial-time), then for any BQP computation, we can trivially
eliminate measurements using delayed measurements, thereby blowing up the space, but
then “compress” the space using the equivalence to BQL.

We therefore provide a notion of “black-box” compilers for quantum circuits. Such
black-box compilers capture natural techniques such as all the quantum compilers mentioned
above [10, 12, 11] and the Principle of Delayed Measurement. The classical version of our
notion also captures [4], and therefore our notion of quantum black-box compiler captures
natural attempts to adapt [4] to the quantum setting. We note that our notion of black-box
is somewhat different than notions studied in cryptography [15]. Indeed, all the compilers
mentioned above inherently operate on the computation at the circuit level, meaning the
compilers get to “see” the circuit representation. In contrast, black-box techniques in
cryptography treat the inputs as a monolithic computation, and the techniques are explicitly
forbidden from seeing the circuit representation. Our key insight is that natural circuit
compilers like those discussed above do make use of the circuit representation, but are
essentially agnostic to the gates used in the original computation, giving equally good space-
and time-bounds regardless of the gate set used. We therefore define black-box compilers,
roughly, as those that work equally well for any set of gates.

1.3.2 Our Main Theorem

» Theorem 1.2 (Informal). For any black-box compiler mapping space S, time T general

quantum computation to space S', time T' unitary computation, either S = Q(T) or
T = 29U5),

We note that the Principle of Delayed Measurement and [10] demonstrate that Theorem 1.2
is essentially tight®. We prove our theorem by exhibiting, for any S,T, a set of unitary
gates and a space S, time T general quantum computation (with measurements) relative to
these gates, such that any unitary simulation using these gates requires space S’ = Q(T') or
time 7" = 22(5), Theorem 1.2 also demonstrates that [11] cannot be generalized to handle
arbitrary measurement gates.

1.3.3 New Space Lower Bound Technique

To prove Theorem 1.2, we need a lower-bound technique that works on unitary computation,
but crucially fails to lower bound general quantum computation containing measurements,
since we need a low-space general quantum algorithm with measurements for the task. Prior
quantum space lower bounds (e.g. [17, 21, 9, 14]) typically work similarly well for both
general quantum algorithms and those that make no measurements. Indeed, this would be
considered a feature in the usual setting of space lower bounds as it makes them more general.
But for us, it means we need a fundamentally new lower-bound technique.

3 Assuming the typical parameter setting where T' < 20(5)



M. Zhandry

Our lower bound technique works by simulating a quantum gate using a stateful simulator.
The simulator will start out having some space. Then we show that for any algorithm solving
some task, the size of the simulator’s state must decrease by a certain amount. As the joint
state of the simulator and any algorithm that does not make measurements is pure, the total
joint state size must not decrease from its original value. But since the simulator’s state
decreased, the algorithm’s state size increased. Observe that this technique does not apply to
algorithms which may make measurements, as such measurements result in a joint operation
that is non-unitary and can decrease in size.

2 Technical Overview

2.1 Our Construction

We now give an overview of our results and techniques. Motivated by the challenges of
adapting [4] to remove quantum measurements, our idea is to design a computation where
intermediate states are unclonable. In particular, only part of the intermediate state, call it
|1)), is useful, and the other part, say |¢), is a useless byproduct of the computation of [¢)).
If measurements are allowed — or more precisely, the ability to reset registers — then |¢) can
always be reset before proceeding. But if we demand a unitary version of the computation,
the only way to eliminate |¢) appears to be to un-compute it along with |¢), meaning no
progress has been made in the computation. By having many intermediate steps produce
useless side states |@1), |@2), -+ that all must be present to make progress, we force any
unitary version of the computation to be large. Meanwhile, with measurements we can reset
all the |¢;) as they are computed to re-use their space, keeping the overall space small.

[91) [%2) —ls)

0 0 Olioy
0) |p1) 0) |p2) 10) |p3) 0)

10)

Figure 1 Our task that can be computed in low time and space with measurements, but requires
large space or time without.

2.2 Formalizing Black Box Compilers

As discussed earlier, it is consistent with current knowledge (even if considered unlikely) that
BQL = BQP, in which case one can eliminate measurements in a space- and time-efficient
manner by first blowing up the space using delayed measurements, and then generically
reducing the space back. However, such a mechanism would be non-black-box, in the
sense that it would have to inherently use the circuit representation of the unitary O, the
computation that jointly computes |1}, |¢).

We therefore imagine a class of black-box compilers, which work regardless of O. That
is, any such compiler takes as input a circuit C involving O gates and measurements, and
produces a new unitary circuit C’ using O (and potentially other ordinary unitary gates)
but no measurement gates. C’ must have (approximately) the same functionality as C'. The
compiler must work for any unitary O, though we allow the compiler to have complete
knowledge of O and potentially have the choice of circuit C’ depend on O. The aforementioned
compilers for eliminating measurements such as delayed measurements, [10, 12, 11], or any
strategy similar to [4] are all black box in this sense. We explain in slightly more detail how
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our notion of black-box captures these works in Section 4. By treating O as a black box,
we have now turned a potentially intractable problem involving at a minimum quantum
complexity lower-bounds into an oracle problem, which may be tractable.

» Remark 1. Note that one can use the space-efficient version of the Solovay-Kitaev Theorem
([25] Theorem 7) to replace any constant-sized set of unitary gates with any other constant-
sized set of unitary gates in a space- and time-efficient manner. However, this transformation
is only efficient when fixing the gate sets and then considering the complexities asymptotically;
the constants in the asymptotics will depend on the gate sets in question. In particular, if
we let n be the number of qubits O acts on, applying [25] to replace O with gates from a
fixed universal gate set will blow up the running time to 2°("™). This is “constant” if O and
n are fixed, but is exponential if we allow n to vary. In our case, we set n = S, the space of
C, in which case applying [25] gives a running time of at least 20(9),

Our notion of a black-box compiler requires the space and time complexities S’, T" of C’
to be fixed functions S’ = S'(S,T),T' = T"(S,T) of the space and time complexities S, T of
C'. The functions S’, T’ have to be the same, regardless of the gate set used by C or how C
is constructed. We stress, however, that our notion allows C’ to depend arbitrarily on C' and
its gate set, with the only restriction being on the space and time complexities. Restricting
the space and time complexities in this way seems inherent: if S/, 7" as functions of S, T
were allowed to depend on the gate set, then we can apply the space-efficient Solovay-Kitaev
Theorem to move to a fixed universal gate set. Then, if BQL = BQP, we can eliminate
intermediate measurements in low space and time as explained above.

2.3 Proving Large Unitary Space

We now turn to proving that any unitary computation which computes |¢;) efficiently must
have large space. Specifically we prove that Q(¢ x S) unitary space is necessary, which is
Q(T) since by our modeling, resetting n = S/2 qubits requires n gates in each step.

More specifically, our goal is to show, roughly, that the only way to compute |4);) efficiently
with unitaries requires computing and storing each of |¢1), - ,|¢:). The challenge is, of
course, that the algorithm can apply arbitrary unitaries to the |¢;), including applications of
0. So we cannot hope to say that each of the |¢;) are explicitly stored in memory, as they
may be hidden behind a more complex computation.

Another challenge, as mentioned previously, is that existing quantum space lower bounds
make no distinction between unitary and non-unitary algorithms. Since we have a low-space
non-unitary computation, any attempt to use existing techniques would necessarily fail at
giving meaningful unitary lower bounds.

We show how to simulate the oracle O. Our simulator will only use several copies of
each of |¢1), -+, |¢d¢) and |¢p1),- -, [¢1). Essentially, whenever the gate must output |¢;)|¢;),
instead of constructing the state our simulator will simply swap in one of its copies, thereby
reducing the number of copies the simulator has. Likewise, whenever the gate takes as input
|1;) and must eliminate it by uncomputing it, the simulator instead moves |¢);) from the
algorithm’s registers to the simulator’s list of copies.

Importantly, as any supposed algorithm makes progress towards computing [i;), we
show that if the states are Haar random, then the number of copies of the various |¢;) the
simulator has must decrease. But if the algorithm is unitary, the overall joint state size can
never decrease, since the initial copies of the various |¢;) cannot be destroyed by unitary
computation. Therefore, if the simulator’s storage decreases, the algorithm’s storage must
increase. Observe that this space bound does not apply to algorithms with measurements,
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which can easily destroy copies of |¢;) by measuring/resetting them. This means the joint
system of the non-unitary algorithm and simulator could decrease in space. Indeed, this is
what happens in our low-space measurement-based algorithm.

» Remark 2. Our arguments above only apply to algorithms with running time at most 29(5);
this is inherent as our black-box notion captures the low-space algorithm of [10], which runs
in time 2%(5) . The restriction to running time 2°(5) appears in two places. First, the claim
that the number of copies of a state cannot be unitarily changed only holds for a bounded
number of copies, since beyond 29(%) copies it is possible to perform tomography on the
state. Our simulator must have a number of copies that is at least the number of queries
made to O, so our arguments only apply if the number of queries is bounded. The second
place where we assume a bounded running time is that our simulation introduces a small
error of order 2-9() for each query to O, and after 2°(5) queries the error becomes O(1),
meaning the simulation failed.

3 Preliminaries

A quantum system is associated with a finite-dimensional complex Hilbert space H. A (pure)
state over a quantum system is a unit column vector |¢) with |||¢)|| = 1. The Hermitian
transpose of 1) is denoted (¥|. A probability distribution over pure states is a mixed state,
and is characterized by its density matrix p = >, p;|1;)(¢;| where p; is the probability of |¢;).
Note that Tr(p) = 1. When the distribution over i is clear, we can also write p = E;[|1;){¥i]].

Given a complex matrix U, let UT be the Hermitian transpose. A unitary operation is a
complex square matrix U such that UUT = I. Unitary evolution of a quantum system is
described by a unitary U that transforms |¢) into Ule).

General non-unitary evolution of a quantum system is described by a completely-positive
trace-preserving (CPTP) map M from system H;, to Houwt. Such maps are in particular
linear on density matrices, and trace preserving: Tr(M(p)) = Tr(p) = 1. Given a joint system
A ® B, a special CPTP map is the partial trace Trg which maps A ® B to A, with the
property that Trg(pa ® ps) = pa for any mixed states pa, pg over A, B respectively. By
linearity, Trp can be extended to all mixed state inputs. If we apply Trg to a quantum state,
we will say that B has been traced out.

Given any unitary operation U on A, we can extend it to a unitary operation U ® I
on A ® B by acting as the identity on B. Likewise, a CPTP map M from A to A’ can be
extended to a CPTP map from A® B to A’ ® B by acting as the identity on B. In both
cases, we will abuse terminology and say that U or M is acting on A ® B.

The trace distance between two mixed quantum states p, p’ over the same system H is given
by TD(p,p') = 3Tr(\/(p— p') - (p — ¢')). The trace distance is equivalent to the optimal
distinguishing probability between the two states. The distance between two distributions

D, D', denoted A(D, D'), is given by 2 3| Pr[z + D] — Pr[z + D']|.

A qubit is the special case where H has dimension 2, often denoted Hy. We will typically
consider Hilbert spaces that are the product of many qubits: H = ”H?".

We now describe our non-uniform model of computation using quantum circuits, follow-
ing [1]. Let G be a fixed, finite set of operations. We will assume each operation in G is length
preserving. We will call the elements of G gates. We will always assume G is closed under
Hermitian transpose. A unitary circuit is composed of a sequence of applications of unitary
gates, and a general quantum circuit is composed of a sequence of applications of general
quantum gates. The qubits are then partitioned into three sets: H;,, which contains the
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input state, Hout, which will contain the output state, and Huork, which will contain private
work space. The classical input z is loaded into the register H;,, denoted as |z}, and then
Hout and Hyork are initialized to fixed states, which will both be denoted |0). At the end of
the computation, H;, and Hwork are traced out and Hoyt is measured to get the final output.

For a quantum circuit C' and a classical input z, we will let C'(z) denote the distribution
of outputs obtained by computing C|z) and then measuring Hoyt.

In general, we will consider the gate set as being a property of a quantum circuit C,
which we will denote as G(C). We note that we allow C to not use all the gates in the gate
set, meaning G(C) may include gates not used in C'.

The time complexity of a quantum circuit is the number of gates in the circuit. The space
complexity is the sum of the number of qubits in Hi,, Hout, Hwork-

» Remark 1. It is also possible to consider uniform quantum computational models [26, 25, 23].
However, as we discuss in Section 4, working in a non-uniform model makes our result stronger,
as we are interested in lower-bounds.

An oracle-assisted circuit is one that may make queries to a unitary U. For oracle-assisted
circuits, the time complexity is the total of the number of gates and number of oracle calls
to U. The space complexity is still the number of qubits in Hin, Hout, Hwork- Lhese time and
space complexities do not include the time and space used internally by U.

A wuniversal unitary gate set is a finite set of unitary gates G, such that any unitary
operation can be approximately arbitrarily closely by circuits over G. A universal general
gate set is a finite set of general gates G, such that any CPTP map can be approximated
arbitrarily closely by circuits over G. A wuniversal measurement set is a set of gates M,
such that for any universal unitary gate set G, G U M is a universal general gate set. An
example of a universal measurement set is M = {Trash, Init}, where Trash traces out a qubit
(outputting nothing) and Init initializes a new qubit to a fixed state typically denoted as
|0). Note that any universal general gate set is also a universal measurement set. A proper
universal general gate set has the form G U M where G is a universal unitary gate set and
M is a universal measurement set. Note that the unital measurement gate from [11] is not
universal, since when combined with unitary gates it only gives unital circuits.

For a Hilbert space H and positive integer ¢, let SymZH be the symmetric subspace of
¢ copies of H, which is the space of all states that are invariant under permuting the ¢

copies of H. The symmetric subspace has dimension Dim (Syme’H> = (Dim(He)H_l). We will

somewhat abuse notation, and also let Syme denote the projection of the space H®* onto the
symmetric subspace Sym‘H.

We will avoid specifying the formal definition of Haar random states, but will make use
of a few key facts. First is that the density matrix of ¢ copies of a Haar random state over
system H is identical to that of the totally mixed state over Symg’H. Second is a no-cloning
statement, which says that the optimal probability of constructing [¢)®¢*1) from |¢)®¢ is
at most the ratio of the dimensions of the symmetric subspaces Sym*H and Sym**'#, which
works out to be £/(Dim(H) + £) [28].

For a state [¢), let Py := 1 — 2[¢)(¢| be the reflection about [¢/). We observe that
P4y can be used to implement the map satisfying [4)[b) — |[¢)[b @ 1) and identity on all
states orthogonal to [¢)|b). Indeed, we can apply the Hadamard transform to |b), obtaining
%|0> + (—1)b%|1>. Then controlled on the bit in this register, we apply Py). In the case
where the state is [¢), then |0) maps to |0) while |1) maps to —|1). This maps the overall
qubit state to %\m + (—1)b+1%|1>; applying Hadamard one more time give |b® 1). On
the other hand, if the state is [7) orthogonal to [t)), then P}y acts as the identity.
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Using the latter formulation, we can also implement the projective measurement |) (1| by
simply initializing the qubit to 0, applying the transformation above, and then measuring the
qubit. If we get a 1, we know the state is [¢), while a zero tells us that the state is orthogonal
to [¢). We will abuse notation, and let Py, whichever version (reflection, [¢)[b) — |¢)[b® 1),
or projection) is most convenient.

Given a classical function O : {0,1}™ — {0, 1}", we can have an algorithm make queries to
O. Do do so, we turn O into a unitary O that acts on H5" @ HS™ as O|z,y) = |2,y ® O(z)).
Then any query to O simply applies the unitary O.

Consider the state |¢) = > ag 4|z, y) of a quantum query algorithm when it makes its
t-th query. Define ¢, (|¢:)) to be the magnitude squared of = in this superposition, that is
gz (|0e) =32, |ovzy|?. Call this the query magnitude of z. Let ¢, = Y, ¢z(|¢:)) be the total
query magnitude of . For a set S, let gs = ) ¢ ¢, be the total query magnitude of S.

» Lemma 2 ([5] Theorem 3.1). Suppose |||¢) — [1}|| < €. Then performing any measurement
measurement on |¢) and |v) yields distributions with statistical distance at most 4e.

» Lemma 3 ([5] Theorem 3.3). Let A be a quantum query algorithm making T queries to
an oracle O. Let € > 0 and let S be a set such that qs < €. Let O’ be another oracle that is
identical to O on all points not in S. Let |p), |1) be the final state of A when given O,0’,
respectively. Then |||¢) — |)|| < VTe

4 Quantum Circuit Compilers and Black Box Purifiers

We give our notion of black-box impossibility for circuit compilers. A property of a quantum
circuit is a function P(C) € {0,1}. We say that C has property P if P(C) = 1. Equivalently,
a property is a subset of all possible quantum circuits. Example properties include:
The “all circuits” property Py defined as Py (C) =1 for all C.
The unitary property Punitary, Where Puynitary(C) = 1 if C' only makes use of unitary gates?.
The size property Psie(s) property, where Psie(5)(C) = 1 if and only if C' has size at
most S. Likewise we can define the time property Prime(r)-
Fix a proper universal general gate set Go. The “normal form” property Pnormal (with
respect to Gp) is the property that (1) Go C G(C), and (2) that G(C) \ Gy contains only
unitary gates. In other words, a normal form circuit is a circuit whose non-unitary gates
must come from Gy, but the unitary gates could be arbitrary.
Any combination of the above properties, such as being unitary and time 7', which would
be denoted Punitary N Prime(T)-

» Definition 1. Let P, Q be two properties of quantum circuits. A P = Q compiler is a
function C from circuits to circuits such that:
Same gate sets: For any quantum circuit C, G(C(C)) = G(C) °.
Close functionalities: For any C and any classical string x, A( C(z) , C(C)(x) ) < 1/3.
Property transforming: For any C, if P(C) =1, then Q(C(C)) =

5

— —

The choice of the constant 1/3 is arbitrary, and typically only affects an overall constant
factor in the complexity of C(C'), which would be absorbed into Big-Oh notation. Note that
any compiler, by definition, maps normal-form circuits to normal-form circuits, since the
input and output circuits have the same gate set.

4 Note that C' may compute a unitary operation even if it contains non-unitary gates. In such a case we
would say that Punitary(C) = 0 despite C being a unitary operation.
5 Recall that C,C(C) do not need to use all gates in their gate set.
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» Remark 2. Typically, one would want a circuit transformation to approximately preserve
the action of C' on any quantum input. However, as we are interested in low-bounds here,
only asking for approximately preservation on classical inputs will make our results stronger.

4.1 Purifiers

We are now ready to give our notion of a purifier. A purifier transforms any quantum circuit
with measurement gates (or more generally non-unitary gates) into a circuit with only unitary
gates. A black-box purifier, in some sense, successfully removes non-unitary gates, no matter
what gate set the original circuit used. More precisely:

» Definition 3. Fiz a universal general gate set Gy. A black-box purifier is @ Pnormal = Punitary
compiler. We can also consider purifiers that maintain bounds on the time and/or space:
For a function S" : " — Z%, a black-box S’-space purifier is a Pnormal N Pspace(s) =
Punitary N Pspace(s'(s)) compiler, for any S > 0.
For a function T : Z+ — 77, a black-box T’-time purifier is @ Pnormal N PTime(r) =
Punitary N Prime(17 (7)) compiler, for any T > 0.
For functions S',T' : (Z*)? — Z%, a black-box (S',T")-space-time purifier is a Pnormal N
PSpace(S) N 7)Time(T) = PUnitary N PSpace(S’(S,T)) N PTime(T’(S,T)) compiler.

In other words, a black box purifier maps any quantum circuit that is in normal form
into one that is unitary (and also in normal form, since compilers preserve gate sets). A
black box purifier, in other words, removes the non-unitary gates, and must do so using the
unitary part of the original gate set, regardless of the choice of unitaries. We note, however,
that our definition allows the purifier to depend arbitrarily on the gate set and circuit inputs.
The only requirement is that it must work no matter the choice of unitaries in the original
gate set. An S’ space, T' time or (S’,T") space-time purifier must do this while outputting
circuits with space S’ and/or time 7".

We now explain our notion of black box purifier captures existing approaches for removing
intermediate measurements from quantum computation:

[11]: This transforms the original circuit C' into a new quantum circuit C’ as follows:

it takes every measurement gate, and replaces it essentially with a random phase gate.

The randomness for the phase gate is then derived by a suitable explicit pseudorandom

generator (PRG). As a consequence, the “unitary part” of C' is entirely un-touched, and

we only need to add the PRG computation which can be expressed in any universal gate

set. As long as the gate set of C' is proper, this PRG computation can be expressed in

terms of the unitary gates from the gate set. Thus, their result is black-box.

[10, 12]: These works follow an approach where the computation is broken into a
6. These channels are then expressed as
matrices representing the transformations on the underlying Hilbert spaces, and then

sequence of arbitrary channels ®q,--- $p

multiplied using a low-space multiplication algorithm to get the final result. Arbitrary
channels can implement any arbitrary gate set, and the algorithm for low-space matrix
multiplication can be implemented in any universal gate set. Thus we see that their
results are also black-box. Note here that these results appear to be “non-black-box” in

5 In [10], the channels are truly arbitrary. In [12], the channels are restricted to being unital. This
restriction does not affect the discussion here.
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the sense that they make explicit use of the matrix representation of the gates. However,
they are still “black-box” in our sense, as we allow the circuit C’ to depend arbitrarily on
C and it’s gates, as long as the transformation is possible for any starting C.

[4]: this work is not a black-box purifier in our sense simply because it is a transformation
on classical circuits, and the goal is not to remove measurements but to make the circuit
reversible. However, we can define an analogous notion of classical reversible-izers that
transform any classical circuit into a reversible one. A reversible-izer would then be

black-box as long as is worked for any set of starting gates. [4] is a black-box reversible-izer.

Because of the similarities of purifying and reversible-izing, we would expect any attempt

to adapt [4] in order to purify quantum computations would result in a black-box purifier.

» Remark 4. [10, 12, 11] work in the uniform setting where the quantum circuits are generated
uniformly by a classical Turing machine, and additional space and time constraints are placed
on the Turing machine. In our lower bound in Section 5, the low-space algorithm that
contains measurements is easily seen to be uniformly generated. Our notion of a purifier,
however, does not place any resource constraints on how the circuits are generated, which
makes our lower bound stronger.

5 A separation between pure and general quantum computation

» Theorem 5.1. Fiz a proper universal measurement set. Then there are constants ¢, d such
that there is no black box (S" = ¢T,T' = 295)-space-time purifier.

Due to lack of space, we defer the complete proof to the Full Version [30]; here we prove
a slightly weaker version. In short, here we show how to construct a gate relative to which
there is a bit b that can be computed by a low space-time algorithm with measurements, but
no low space-time unitary algorithm can compute b. Here, it is crucial that the algorithms
are independent of the choice of gate. If the algorithm can depend on the choice of gate, then
the algorithm can simply have b hardcoded and output that b. As such, our result in this
section does not result in a separation for circuits that are allowed to depend on the choice of
gate. Note that our notion of a compiler is allowed to depend on the gates being used, so the
result from this section is insufficient. We extend this result to gate-dependent algorithms,
and therefore rule out time- and space-efficient black box purifiers, in the Full Version.

Consider n,t € Z*. Assume for simplicity that ¢ + 1 = 2™ for an integer m. Let
U = {[);),¢i) }iey) De a list of 2t pure quantum states over H5™ that are orthogonal to [0);
denote this space as H3" \ {|0)}. We will think of these states as each being Haar random
over H$™\ {|0)}. Let o € {0,1} be a bit, which we will think of as being a uniform random

bit. Define the following unitary function Oy oy that acts on H5 (m+ntn),

Oy 0ut]0)[0") [07) = [0)[th1) [¢1)
Ouou|0)|¢1) |#1) =10)[0") [0™)
O‘I',out|i> [¥i) [0™) = i) [thit1)|div1) fori e [1,t —1]
Ouw out|?) [Yir1)@ir1)=[7) [vi) |0™) for i e [1,t —1]
Owoutlt) [Vr) |2)  =1t) 1Y) [2@outd™ ") for z € {0,1}"

Meanwhile, Oy o4t preserves all states orthogonal to the states above. The goal will be, given
oracle access to Oy out, to compute out.
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5.1 A Low-Space-Time Circuit with Measurements

» Lemma 2. There exists a general quantum circuit C with space O(n +m) = O(n + logt)
and time O(nt) that computes out probability 1.

Proof. Our general quantum circuit does the following:

Initialize registers |0)|0™)]0™).

Apply an O gate, to obtain |0)[1)1)|d1)

Repeat the following loop for ¢ = 1,...,¢, where the state at the beginning of the loop is

i = 1) |vi)|¢i):
Reset the state |¢;) to [0™)
Add 1 (mod ¢ + 1) to the first register, which contains ¢ — 1. At this point, the state is
i) a5y 07
Make a query to O. If i < ¢, the resulting state is now |i)|t;11)|¢i+1). If i = ¢, the
state is now [t)[t);)|out0”~1).

Discard [t), 1), and |07~ 1), leaving |out). Measure and output out.

Above, resetting |¢;) to |0™) can be accomplished with n qubit reset gates. As mentioned
in Section 1, qubit reset gates are space- and time-equivalent to many typical notions of
measurement gates, assuming the ability to use the classical results of measurement to control
later gates. However, we cannot reset |¢;) with a unital measurement: unital measurements
will result in |z) for a random z, but then there is no way to overwrite |z) with |0™).

The space of the algorithm above is 2n +m = O(n + log(t)), plus any extra space
needed to discard and initialize new registers, which is constant. Thus, the overall space
is O(n + log(t)). For time, there are ¢ + 1 applications of the O gate, plus in each of the ¢
iterations we have n qubits are discarded and re-initialized, taking time O(n) per iteration.
This gives an overall number of gates equal to O(nt). |

5.2 No Low-Space-Time Circuit without Measurements

» Lemma 3. There exists a distribution over W,out and constants ¢, d’ such that, for any
unitary circuit over any gate set which makes at most 2d'n queries to Oy oy and runs in
space S < 'nt, the probability of outputting out is less than 7/12.

The constant 7/12 above is arbitrary, as long as it is strictly between 1/2 and 2/3 (the latter
being the arbitrary constant in the definition of a black box purifier). Above, note that the
time 7' of the circuit is at least the number of queries to Oy ou. Thus, there is no time
T < 24" and space S < ¢/nt circuit that can guess out with probability at least 7/12.

The rest of this section will be devoted to proving Lemma 3.

Roadmap. We will assume an algorithm A running in time much less than 29 with
probability of outputting out being at least 7/12. We will show that such an algorithm must
have space Q(nt). First, we will show that any unitary algorithm that outputs out with
significant probability must actually be able to produce [¢;). This follows from standard
quantum query techniques. Then, we will design a simulator which approximately simulates
U using only several copies of the [1);), |¢;) instead of the full descriptions of these states.
This simulation uses ideas from [16], and will cause some error which will be small assuming
the unitary algorithm’s running time is small. As the unitary algorithm is run, some of these
copies will be provided to the algorithm, decreasing the storage of the simulator. We show
essentially that the simulator must have given at least one copy of |¢;) for each ¢ to the
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algorithm in order for the algorithm to have obtained [¢;). This implies an upper bound
on the space of the simulator at the end of the computation. Finally, we observe that the
total joint storage of the simulator and the unitary algorithm cannot drop below the initial
simulator storage. This then implies a lower bound on the space of the unitary algorithm.

5.3 From Computing out to computing |)

» Lemma 4. Fiz any V. Let A be a unitary algorithm making queries to Og out TUNNING
in time T and space S, such that Pr,. (13 [A®V=() = 0] > 7/12. Then there is a another
unitary algorithm Ay running in time < T and space < S that attempts to output |¢) with
the following guarantee. If p is the final state of A1 when making queries to Oy out for a
random out, then (Vy|plh,) > (48T)72.

Proof. Since A runs in time at most T, it makes at most T queries to O. We zoom in on
the basis states of the queries to O where the first register is [t). Pick any basis for HS"
which contains |1);) as the first element, and look at the queries to O in that basis. Then we
see that O, when restricted to the first register being |t), is implementing a quantum query
to a classical function, namely the function that maps 0 (corresponding to the first basis
element being |1;)) to out, and everything else to 0. Let the total query weight on the basis
element |¢;) be . We now switch from Oy o4t to Ow o, which contains no information about
out. This means A when querying Oy o outputs out with probability 1/2. By Lemma 3, this
change moves the output state of A by at most v/Te. Then applying Lemma 2 shows that
the output distribution is affected by at most 4v/Te. In other words, |p — 1/2| < 4v/Te. By
our assumption that p > 7/12, we have that ¢ > (482T)~L.

This means there is some query j € [T] such that the query weight on |¢;) is at least
€¢/T > (48T)~2. We therefore define A; as the algorithm which runs A until query j, and
outputs the middle register of the query.

By the analysis above, if p is the output state of Ay, then (¢;|p|ty;) > (48T)~2. Observe
that the number of queries A; makes and the space of A; are at most the query count and
space for A. If A is unitary, then so is A;. <

From now on, we will assume an algorithm A which outputs |i;).

5.4 Simulating Oy o,: Counting

We now gradually build up a simulator which simulates Oy o4t to the algorithm. Our ultimate
simulator will only use several copies of each of the |¢;) and |¢;).

As a first step, we show that we can simulate Oy o, as specified above, but we can record
in some ancilla registers the net number of copies of each of the |v;),|#;) that have given
out/consumed”.

Let Hoo be the infinite-dimensional Hilbert space spanned by {|z)},cz. Note that we use
an infinite dimensional space for simplicity, and we can make the space finite-dimensional by
instead using the Hilbert space spanned by {-U,-U +1,--- ,U — 1,U} for some U > T.

Fori=1,...,tlet C; be a copy of H and likewise for : =1,...,t — 1 let D; be a copy

of Hoo. Each of the C;, D; will be initialized to |0). Let C be the joint system of all C;, D;.

We will write the basis states of C as |c) where ¢ € Z* 1.

7 By “net”, we mean the difference between the number given out minus the number consumed.
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Let Incre, and Decre, be the operation on C which applies the map |j) — |j + 1) and
|7) — |7 — 1), respectively, to register C;. Likewise define Incrp, and Decrp,.
Now define the following unitary OEI}’)out that acts on ”ng)(ernJrn) ®C:

O‘(Ill)out‘o>|0n> 0™)  [e)=[0)[¥1) [@1) Incre, Incrp, |c)
04 I0)w1) o) le)=10)jom) [0 Decre, Decrp, |c)

) [ir1)| i) Decre,Incre,,  Incrp,, |c) forie [1,t—1]
[;y |0™) Incre, Decre, . Decrp,,, |c) for i € [1,t — 1]

i+1

)
)

0L I1) [w)  10™) |c)=
O i) i) is1)le) =

) )

Oslllout‘t |wt> ‘Z> |C

I
=
=
S
N
©
S2)
)
e
[y
(e

3
_
~

o
S~

for z € {0,1}"

In other words, any time Oq, wue outputs a [¢;), it increments the corresponding C; register;
and analogously increments D; whenever it outputs a |¢;). On the other hand, any time
(1)
O\Il,out
Above, we will think of C as being in the prlvate state of a simulator, inaccessible

to the algorithm. We now demonstrate that ol

must absorb a [¢;) or |¢;), it decrements the analogous register.

v Out is actually indistinguishable from

Oy out, for certain distributions over ¥. Note that Whlle OSI,l )out and Oy ot may look like
they act identically on H®(m+n+n) the fact that OU

based on the contents of OEI, )Out

v Out is modifying external registers

means that the operatlons are, in fact, not identical on

H;@) m+n+n)

Essentially, by adding/subtracting from C, ol may split different branches

v, out
of the computation, eliminating interference that may be present with Oy ou¢. In particular,
if ¥ is fixed and known to the algorlthm, it is not hard to design an algorithm which can
successfully distinguish between 0\11 out 2a0d Oy oue. We show, however, that if ¥ is chosen

from a “sufficiently random” collection of states, then such distinguishing is not possible.

» Definition 5. We say a distribution D over states in HS™ is phase invariant if D is
identical to a distribution of the following form:

Sample a state [¢') from some distribution D'.

Choose for each x € {0,1}™ a uniform real number 7, € (—m, 7]

Apply to |Y') the operation which maps |r) > €'™=|x) for each .

Output the resulting state |1).
We say D is M-phase invariant if T, is instead uniform on the multiples of 2 /M in (—m, 7).

We note that any phase invariant distribution is also M-phase invariant, since we can absorb
the “extra” randomness of 7, into the distribution of |¢)'). We also observe that Haar random
states are phase invariant.

» Lemma 6. Let A be a time T algorithm. Then for any M > 2T + 1 and any M-phase
invariant distribution D, if ¥ < D2~ (meaning the |1;) and |¢;) are sampled from D), then

E [A%% ()] = B [A%%n ()]

Proof. Let A, M,D be as in the statement of Lemma 6. Let Zj,; be the set of of integers
mod M, which we will associate with the interval [—[(M —1)/2],---, [(M —1)/2]].

Consider sampling each |;) and |¢;) from D. Let |¢}), |¢) be the samples from D’ used
to sample [¢;), |¢;) according to the definition of M-phase invariance. For each state |1;), let
F; : {0,1}™ — Zp be the function mapping x to 7, * (M/27) where the 7, are the random
values used to construct |¢;). Likewise define G; : {0,1}" — Z); as the functions mapping x
to 7, * (M/2m) for each of the |¢;). Then the F;, G; are uniform random functions.
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Now fix each [}, |¢}). We will show that Pr[ACv.e() = 2] = Pr[AO$~)°“‘() = z] holds
even when fixing these states. Now the only randomness is over the choice of F;, G; and any
randomness of A.

For a function F : {0,1}" — Zys, let Phy be the unitary that maps |z) — e?27F@)/M ),
Then [ts) = Phis[1) and |65) = Pha, 1)

We will use a variant of the query recording technique of [29]. Instead of sampling
random Fy, G;, we will purify them, initializing uniform superpositions W >, |Fi) and

2171/2 >_q, |Gi). Let F be the register containing all the F;, G;. Now we can think of Oy oyt

as a larger unitary Oy acting on HS (m4n+n) o F, and Oq, ‘out 5 @ larger unitary ol

acting on H? (mtn+n) ® F ® C. Ogyyt has the following behavior:

Oout[0)[0™) 07) {Fi,Gi}i})=[0)Php |i1)  Phe,lér)  [{Fi,Gili})
Oout|0)Phr [¢1)  Pha,|¢h)  [{Fi, Gi}i})=[0)]0") 07) {Fi, Giti})
out\%> vi) 10" {Fi, Gi}i})= i) PhF+1|wz+1>PhG7+1|¢z+1> {Fi, Giti})
Oout|i) PhF+1\¢1+1>Phcq+1|¢z+1>|{Fz,G b= 10) vi) o 107) {Fi, Giti})
Ocut|t) Phr, |v7)  [2) {Fi, Gi}i})=[t) PhFTIﬂ)t) |z @ out0" H|{F;, Gi}i})

Meanwhile, Ogﬁ{ has the same behavior, except that it also acts on C using the Incr, Decr
operations.

Now we switch to viewing the F register in the Fourier basis. To do so, we use the
following:

» Lemma 7. Consider an algorithm making queries in one of two worlds. In the first, F is
initialized to the uniform superposition over tuples of random functions, and the algorithm
makes queries to Oyt (TeSD. Ogit). In the other world, F is initialized to a list of all-
zero functions [(02")2=1), and the algorithm makes queries to QFT;- - Oout - QFT £ (resp.
QFTT}- . OC()R -QFTx). Then the output distributions in the two worlds are equal.

Proof. We prove the Ot case, the other being essentially identical. We insert QFT-QFT' =1
applied to F between each query to O.,. We likewise observe that the initial state of F,
the uniform superposition over all tuples of functions, is just QFT applied to [(02")2:~1). We
can also apply a final QFTT to F at the very end of the computation, which does not affect
the algorithm’s registers. Now we observe that each QFT, QFTT we injected commutes with
the algorithm’s gates other than Oy, S0 we can take one half of each QFT - QFTT and push
it to being next to the previous query to Qg and push the other half to being next to the
subsequent query. The result is each query to O, is sandwiched between two QFT gates.
In other words, the algorithm is now making queries to QFTT - Oyt - QFT, and the initial

state of F is |(02")%*~1). These changes are all perfectly indistinguishable to the algorithm.

This completes the proof of Lemma 7. |

We now observe that QFTT]_- - Oout - QFT £ (resp. QFTT out - QFT ) have particularly
nice forms. We start by observing that if we define Phly) = e?2™%/M|y) | then

1 - 7 . .
QFTT .Ph - QFT|Z> — M ZZ?:! e~ 12myz /M6127ry/]\/16127ryz/1b1|2,/>
1 . /
i ZZ; ei2my(z+1-2 )/M|Z/> = |24+ 1)

2ryw /M

where above we used that _, e equals M if w = 0 and equals 0 otherwise.
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Using this identity, we will interpret F as a collection V' of 2t — 1 tables, each table having
length 2™ and containing entries from Zy;. For a string x, let Incrz,(,y be the operation that
adds 1 (mod M) to the entry of register F corresponding to the ith function F; on input z.
Likewise define Decrf (x), InCrg, 2y, Decrg, (). Let [¢7) = > a;i)|a:> and |¢]) = 63(ci)|x>.
Then Py, := QFT}- Oout - QFT £ is just

Pou[0)[0™) 0™)|V) = 10)>" a8 857 ) ) Iner £, (o) Incrg, ) V)
z,y
Pout|0) Za“) ly) Incrr, (@)lncrg, ,y|V) = 10)|0™) 07| V)
Pout|i>za<”|x 0™ Iner 2, () |V) = i) Z AR AR ) ly')Incr ., (o Incrg, ,, (y) V)

Pout|?) Z a<l+1)ﬁ(l+l>|m NS) Incr;“(z/)lncrgzﬂ(y HMV)=|3) Za;)m \0">|ncrfz(m>|V)

z’,y’

Pout|t) Z a(t) |z) Incrz, (y|V) =|t) Z a(l) |z @ out)Incrz, (1) |V)

Above7 we pad out with 0’s to get an n-bit string.

Likewise we can define PC(,R = QFT;_- . OC(,R -QFT £, and obtain equations for the definition
of P1) which look exactly like those for Pgii, except that they include additionally the

out»
operations Incr, Decr on the register C.

> Claim 8. FEach register C; in C contains exactly the sum of the entries of F; (when
interpreted as integers in the interval [—|(M — 1)/2],---,[(M — 1)/2]]), and likewise D;
contains exactly the sum of the entries of G;.

Proof. This is true initially since all the registers are zero. Then the property is preserved
mod M since, any time Incrz,(,) is applied, then so is Incre,, and likewise for Incrg, () and
Incrp,. Since the number of queries is less than M /2 and each query only increases or
decreases the value of any register by 1, the entries in F;,G; always remain in the interval
[—(M —=1)/2],---,[(M —1)/2]] and never need to be reduced mod M. Therefore, equality
holds over the integers. N

Since the register C can be computed from F, which is local to the oracle simulation and
not seen by the algorithm, we can imagine computing C from F immediately before each
query, and then uncomputing C from F immediately after each query, and this change will
not affect the algorithm in any way. The result is that we move from applying P, to P((,R
without any affect on the algorithm. This shows that P to Pgﬂ, and hence Ot to O((,R,
are perfectly indistinguishable. This completes the proof of Lemma 6. <

We next observe the following feature of Oy ou:

» Lemma 9. At all times, fori=1,...,t — 1, the support of C is on states where the count
in register D;1 is equal to the count in register D; minus the count in register C;.

In other words, the net number of |¢;) given out is equal to the difference in the net numbers
of |¢;) and |1;41) given out.

Proof. Initially all counts are 0 so the lemma is trivially true. In any query where the first
register is 0, the difference between C; and D; is preserved (since both are increased or
decreased or preserved together) and all other counts are kept the same. Thus, the relations
between the counts are preserved. For any query where the first register is ¢ € [1,¢ — 1], the
count in C; may be decreased, therefore increasing the difference between D; and C;, but in
this case D;41 is increased; no other registers are effected. Thus the relations between the
counts are preserved. For any query where the first register is ¢, the counts, and therefore
the relations between them, are preserved. <
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5.5 Simulating Og o.: State Swap

Fix a list of states U. Now we replace the register |c) with the following. Let H = H5 \ {|0)},
the space of an n-qubit system with the state |0) removed. Recall that Sym‘H is the
symmetric subspace of H’. Let Sym*H = ug‘;lsym%.

Fori=1,...,t, let S; be a copy of Sym*H; for i = 1,...,t — 1, let 7; be another copy of
Sym*H. Let S be the joint system of all S;, 7;. Each S; is initialized with ¢ copies of |;),
and each 7; is initialized with ¢ copies of |¢;). Here, £ > T is a parameter to be chosen later;
think of £ as polynomial in 7.

Let Incrs, increase the number of copies of |¢;) in S; by 1 (mod N for some N > T + £),
and likewise define Decrg,, Incr;, Decry;. Note that because each S;, 7; contains many copies
of an identical state, the state of the system is always in a symmetric subspace.

Now define the following unitary OSI, out,¢ that acts on H®(m+n+n) ® St

O$out€|0>‘0n> 07} |w)=10)[th1)  |o1) Decrs, Decr, )
0L A0 [1) lwh=10)jom) [0™) Incrs, Incr [w)
o( AT 10m) Jw)= 18 i) i) Incre, Decrs, ,, Decrr, , ), i € [1, — 1]
‘I/ out £|7’> |¢Z+1>|¢l+1>|w>: |Z> W > |On> Decrcilncr$i+1lncr7?+1|w> 1€ [17t - 1]
O, dlty ) 12)  lw)=[8) %) |2 ® out0™ 1) |w) e {0, 1}"

Observe that, as long as the number of queries is at most ¢, then OEI? )Out ¢, can be easily

simulated from just the initial state of S containing ¢ copies of each of the [¢;), |¢;), as well
as oracle access to the reflections P,y and Pg,y where Py := 1 — 2|¢)(s|. Indeed, we
need two queries to each Py, and P,y in order to decide if the input register is in one of
the states |1;),|®;), and then uncompute the decision at the end of simulating the query.
Moreover, whenever we need to remove an |i;) or |¢;) from |w), we also need to output an
|th;) or |¢;), respectively. So instead of deleting, say, one of the copies of |¢);) from |w), we
just put it into the response register given back to the algorithm. Likewise, when we need to
increase the number of |1;), we also are given one of the |¢);) as input. Since the input |¢;)
needs to be deleted to execute the gate, we can instead just swap the |1);) given as input into
|w), simultaneously deleting the input copy and increasing the number of copies in |w), as
desired. The only issue is if the number of copies drops below 0 or increases to IV or larger,
in which case the number of copies gets reduced mod N. But since we started with ¢ copies
which is at least the number of queries, then we can never run out of copies. Likewise, the
number of copies can never increase by more than T, for a total of £ +T < N. Thus, we
never need to reduce the number of copies modN. See Figure 2.
We also have the following:

» Lemma 10. Let A be a time T < £ algorithm. Then for any ¥, any out, we have the
following equality of density matrices:

(1)
AO W, out () AO\P out, £ ()

Proof. We can compute |w) from |c) (assuming knowledge of the |¢);), |¢;)), and vice versa,
as follows. The count in C; is just £ minus the number of copies of |¢);) in S;. Likewise the
count in D; is just ¢ minus the number of copies of |¢;) in T;. Therefore, since |w) can be
computed from |c) just by computing on registers of the simulator, the algorithm cannot
distinguish whether |w) or |c) is stored by the simulator. The only issue is if the number of
copies of some state in |w) gets reduced mod N, but this cannot happen by our choice of
{>Tand N >T + 4. |

102:17

ITCS 2024



102:18 The Space-Time Cost of Purifying Quantum Computations

Simulator’s State

Sic |vi) ) i)

Query l
|4) |13) 10™) iSi+1 i) Vie )i 1) Vig)

Tiv1 ¢ |Gir1)@iv1)|Pitr)

Sii |¢z> |¢z> |¢z> |1/Jz>
Siv1 © [Yip1)|[Yig1)[Yitr)

Tit1 : |biv1)|div1)

|7) [Vit1)  |Piv1)

Figure 2 How our simulator maps the query input (top) to the query output (bottom) by simply
moving registers around.

Let ¢; be £ minus the number of copies of |¢;) and d; be ¢ minus the number of copies of
|t;) in |w). By mapping the constraints on ¢ from Lemma 9 to |w), we also have:

(2
» Corollary 11. At any point when running AO‘I’=°M(), the support of the simulator’s state
is only on terms satisfying, d;y1 = d; — ¢;.

5.6 Simulating Oy c.: Approximating |i) (|

Above in Section 5.5, we show how to almost simulate Oy oyt just using copies of |¢;) and |¢;).
The only part where we need actual knowledge of [;),|®;) is to implement the reflections
Ply,y, Pg,)- Here, we use techniques from [16] to simulate queries to the reflection, just using
our copies of [1);).

Let AP be an algorithm making Q queries to Pyyy. [16] simulate the queries to Py as
follows. Initialize a register SymZH to contain ¢ copies of |¢). Now, instead of responding to

1 the reflection about the symmetric

each query with P, respond to each query with Sym
subspace of £+ 1 copies of H, where ¢ copies come from the simulator’s register Syme’H, and
the remaining register is the query.

Let po be the final state of the algorithm A”%) when making queries to the actual
reflection, together with £ copies of |¢). Let p; be the final state of A when the queries are
simulated, together with the final state of Sym‘H (which is symmetric but may no longer be
identical copies of |¢) since the simulation will have perturbed them).

» Lemma 12 ([16], Theorem 4). T'D [py, p1] < \/2%

In our case, we have to be a bit careful applying Lemma 12, since we do not have a fixed
number of copies of |¢), and the states in S;,7; can be in superposition of having differing
numbers of copies. Instead, we will need the following refinement. Initialize a register Sym*H
to contain ¢ copies of |1)). Now, respond to each query with the reflection Sym* T for states
in Sym*#H contained in SymelfH, Sym* ™! will reflect about the symmetric subspace of the
joint system of Symz/’H and the query register. Between queries, A is now allowed to add or
remove copies of 1) from Sym*H. Let T' be an upper bound on the number of copies that
can be removed. Let py be the final joint state A and Sym*H when A’s queries are answered
by Pjyy, and let pg be the final joint state when the queries are answered by Sym**,

» Corollary 13. If the number of removed copies is at most T, T'D [po, p1] < \/ﬁiﬂ




M. Zhandry

Proof. This follows from a simple hybrid argument. Let Hy be the case where A’s queries
are answered with Py, and H; be the case where the first () — i queries are answered with
Py, and the remaining queries are answered with Sym* ™. It suffices to prove that the trace
distance between H; and H;y1 is at most 2/v/¢ — T + 1, and the triangle inequality implies
the lemma.

Toward that end, observe that H;, H;;1 are identical except for the ith query from the
end. Up until this point, Sym™H has not been used to answer queries, though it may have
had some copies of |¢) added or removed. Therefore, the state of Sym*H is a superposition
over |¢)®5/ for several different ¢’. Since A is only allowed to remove up to T of the copies,
we know that the support of this state has ¢/ > £ — T. It is therefore a straightforward
application of Lemma 12 that the trace distance between H;, H;11 is at most \/#7 as

] —T+1’
desired. <

We now apply Lemma 12 to for each |1;), |¢;). We set @ = 2T and use that our simulation
0 makes 2T queries to each projection oracle (2 for each of A’s T queries) and removes at
most T copies of each |¢;), |¢;). We therefore obtain a simulator Osl?,)out,f which is given ¢

copies of each of the [i;),|¢;), and attempts to simulate 051,2 )out ;- We immediately have:

» Lemma 14. Let A be a time T algorithm. Then for any £ > T, any ¥, any out, and
output z,

2 3) 8T
TD [A%% (), AW ()] < s

where the states on both sides include the register provided to O O®) which initially
contains the £ copies of each of the |1;), |d;).

Now measure the number of HY registers in each of S; and 7;, obtaining values ¢ — ¢;
and ¢ — d; for integers ¢;,d;. By Corollary 11, we have:

» Corollary 15. With probability 1, d;11 = d; — ¢;.

» Lemma 16. FEzcept with probability at most ESjJT“H + 23’5}1@, ¢; >0 and d; >0 for alli.

Proof. If any ¢; (resp. d;) are less than zero, it means the number of “copies” of |i;)
of the simulator exceeds the original number provided originally. If these were actually
perfect copies, then this would violate the unclonability of Haar random states. Indeed, it
is known [28] that for a Haar random state over dimension D, the probability of mapping
r copies to r + 1 is bounded by ¢/(D + ¢). In our case, D = 2™ — 1 (since the states
are Haar random in H, which is H5" excluding |0)). Then we can union bound over all
2t — 1 < 2t states |¢;), |¢;), to get the probability of any ¢; or d; being less than 0 being at
most 2t x £/(2" — 14 ¢).

Now, the copies provided to the simulator have potentially been perturbed as the simulator

runs. However, Lemma 14 implies that they can only have been perturbed by \/ZS_tTLH,
meaning the states are still close to the respective |1;), |¢;). Putting these together completes
the proof of the lemma. <

5.7 Putting it All Together

When A terminates, apply the operation P, to the output. If it accepts, then add the
resulting state to S;. By piecing together the above results, we therefore have an algorithm
which, with probability at least
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1 8T 2 x {
(4872 I—-T+1 2"—1+¢

results in ¢; > 1, and for ¢ € [1,¢t—1], ¢;,d; > 0 and d; 1 = d; —¢;. If we assume T' > max(n, t)
and let £ = Q(T%) = Q(2T*), and if we assume T°® < 2", we can lower bound W as Q(72).

But observe that in this case, we must have all d; > 1. In this case, the system has collapsed
to a space of lower dimension. Specifically, as each of the registers F;,G; are in the sym-
metric spaces Sym‘™ %, Sym*~% %, their dimension is ((2”_1)5'&(5:61')_1)7 ((2"—1);(2—@)—1)
respectively. Thus, if we let S be the algorithm’s space, and using that the d; > 1 and the

W .=

)

¢; > 0, the total dimension of the joint system of the simulator’s state and algorithm’s state
is at most

Den e ((2n - 1)£+e— 1>t y ((zn - 1);_(@1— 1)— 1)“ 99

On the other hand, these spaces all started in the symmetric subspace SymeH, which
has dimension ((2"—12)4-@—1). Specifically, since the |i;) and |¢;) are Haar random, the
initial mixed state is equivalent to the totally mixed state in this symmetric subspace. The
algorithm’s state starts out deterministically in the state |0). Thus, the initial state joint
state of the algorithm and simulator is a totally mixed state in a space of dimension

n 1) 40— 1\
Dlnitial = <( )Z > x 1

» Lemma 17. Let p be a totally mized state in a subspace of dimension Diniial- Let U be
a unitary. Let Srina be any subspace of dimension Drina, which we will also associate with
the projection onto that space. Then Tr[SFinmUpU*SFinm] < Deinal/ Dinitial-  In other words,
the probability that a totally mixed state in dimension Diniia can be mapped to a space of
dimension Dgina using unitary computations is at most Dginal/ Dinitial -

Proof. Since p is a totally mixed state in a subspace of dimension Djnitial, it has Dipitial
positive eigenvalues, all equal to 1/Djyital. On the other hand, the state SF;na|UpUTSFina| has
rank at most Drinal, and therefore the number of non-negative eigenvalues is at most Dginal.
Moreover, if A is the maximal eigenvalue of SginaUpU 1 Spinal and |7) the associated maximal
eigenvector, then

A= <T‘SFinaIUpUTSFinaI|T> = (T/|P|T/> < (l/DInital)<7J|7J> < 1/Dlnital

where |7') = UTSgina|7), which has norm at most 1 since it is the projection of a norm-1
vector. In other words, the maximal eigenvalue A is at most the maximal eigenvalue of p.
Since the number of non-negative eigevalues is at most Dfj,a), the trace, which equals the
sum of all eigenvalues, is at most Dginal/Dinital, as desired. |

Applying Lemma 17, we therefore have:

; t—1
Q(T72) < DFinaI/DInitiaI = ((2"—1)4—() X 2S

Rearranging and taking logarithms gives S > Q( tn — tlog ¢ —logT ). Using our assumption
that 76 < 2" (equivalently, T < 2*/6) and setting ¢ > Q(T°), we have that S > Q(tn). This
completes the proof of Lemma 3.
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