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Abstract

Quipper is a functional language for programming quantum circuits. Proto-Quipper is a family of
languages aiming to provide a formal foundation for Quipper. In this paper, we extend Proto-Quipper-M
with a construct called dynamic lifting, which is present in Quipper. By virtue of being a circuit
description language, Proto-Quipper has two separate runtimes: circuit generation time and circuit
execution time. Values that are known at circuit generation time are called parameters, and values that
are known at circuit execution time are called states. Dynamic lifting is an operation that enables a state,
such as the result of a measurement, to be lifted to a parameter, where it can influence the generation of
the next portion of the circuit. As a result, dynamic lifting enables Proto-Quipper programs to interleave
classical and quantum computation. We describe the syntax of a language we call Proto-Quipper-Dyn.
Its type system uses a system of modalities to keep track of the use of dynamic lifting. We then provide
an operational semantics, as well as a notion of categorical model for dynamic lifting. We also construct
a concrete instance of such a model based on biset-enrichment. We prove that both the type system and
the operational semantics are sound with respect to our categorical semantics. Finally, we give some
examples of Proto-Quipper-Dyn programs that make essential use of dynamic lifting.

1 Introduction
1.1 Quipper and Proto-Quipper

Quipper is a functional programming language for quantum computing [16, 17]. The overall
aim of Quipper is to allow quantum algorithms to be specified at a level of abstraction that is
similar to how the algorithm might be described in a research paper, and to compile this down
to the level of individual quantum gates, producing a logical quantum circuit. Quipper has
been used to program a set of nontrivial algorithms from the quantum computing literature,
and it has been used to generate quantum circuits consisting of trillions of gates. As a circuit
description language, Quipper shares some of the traits of hardware description languages. In
particular, it has two notions of runtime: The first of these is circuit generation time. This is
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when a Quipper program is run to generate a quantum circuit. The second is circuit execution
time. This is when a quantum circuit is executed by a quantum computer or a simulator.

Quipper is a practical language, implemented as an embedded language in Haskell. As such,
it lacks formal foundations such as operational and denotational semantics. This motivates
the development of Proto-Quipper, a family of experimental languages that aim to provide
formal semantics for fragments of Quipper. Proto-Quipper-S features a linear type system
with subtyping as well as an operational semantics [38]. Proto-Quipper-M has a linear type
system without subtyping, but with a sound categorical semantics in addition to its operation
semantics [37]. More recently, Proto-Quipper-D was introduced, which features a type system
with linear dependent types as well as a fibrational categorical semantics [12, 15].

1.2 Dynamic lifting and the interaction of the two runtimes

Proto-Quipper, like Quipper, distinguishes two runtimes. Moreover, Proto-Quipper gives
a formal account of parameters and states. A parameter is a value that is known at circuit
generation time, such as a boolean value for an if-then-else expression. A state is a value that
is only known at circuit execution time, such as the actual state of a qubit or classical bit in a
circuit. The type system of Proto-Quipper reflects this distinction. Among the types, there is
a subset of parameter types, such as Nat and Bool, whose elements can be duplicated and
discarded. There is also a subset of state types, such as Qubit and Bit, which are linear so
that their elements cannot in general be duplicated or discarded. One of the fundamental
design decisions of Proto-Quipper is that parameter types and state types belong to the same
universe of types, so that one can form compound types that are part parameter and part
state. An example of this is the type Bool ® Qubit, whose elements are pairs of a boolean
(a parameter) and a qubit (a state). Another example is the type of lists of qubits. Here, the
length of the list is a parameter (known at circuit generation time), but the actual qubits in the
list are states (known at circuit execution time). In this way, Proto-Quipper differs, e.g., from
QWire, an embedded quantum circuit description language in which parameters and states
belong to separate universes [31].

In Quipper, the two runtimes can interact with each other. A priori, it is clear that states can
depend on parameters. For example, we can initialize a qubit based on a boolean parameter,
simply by inserting a gate at circuit generation time to initialize the qubit in one state or
another. The opposite direction is more complicated. Usually, circuit execution happens
after circuit generation, and in this case, it is clear that a state cannot be converted to a
parameter. However, there are some quantum algorithms that require circuit generation and
circuit execution to be interleaved. Here, a state, such as the outcome of a measurement in a
circuit, may be used to inform the generation of the next part of the circuit. To enable such
interleaving, Quipper provides a construct called dynamic lifting, which enables a state to be
lifted to a parameter in certain situations. For example, dynamic lifting permits the result
of a measurement, which is a state of type Bit, to be lifted to a parameter of type Bool. It
is important to note that dynamic lifting is an expensive operation, as it requires control to
pass from circuit evaluation time back to circuit generation time. This requires the real-time
quantum computer to put all of its active qubits into long-term storage while spending an
indeterminate amount of time awaiting further instructions from the classical computer in
charge of circuit generation.
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Dynamic lifting is important because it can be used to express quantum algorithms that
require interleaving circuit execution time and circuit generation time. While there are many
quantum algorithms that do not require such interleaving, there are some that do. One example
is the so-called repeat-until-success procedure [30]. It involves the design of a special circuit
such that when we measure some particular subset of the qubits, if the measurement results
are all zeros, then the unmeasured qubits are in the desirable state; if some measurements are
non-zero, then the unmeasured qubits can be returned to their original state and the circuit
is run again. This is repeated until all the measurements are zero, i.e., “until success”. In
this case, the quantum computer must maintain the state of the unmeasured qubits between
measurements.

Another example is magic state distillation [5]. Here, the goal is to prepare a qubit in
some target state. We start with a large number of qubits, say n of them, each of which is a
rough approximation of the target state. We then apply a probabilistic “distillation” procedure
which yields on average, say, n/4 qubits that are better approximations of the target state;
the remaining qubits are wasted. By repeated distillation steps, we eventually wind up with
a small number of qubits that are excellent approximations of the target state. In such a
situation, dynamic lifting is essential because after each distillation step, we must throw away
the wasted qubits, but we do not know ahead of time which ones (or indeed, how many)
there will be. Thus which future gates will be applied depends on the outcomes of previous
measurements. With the help of dynamic lifting, these algorithms can be naturally expressed
as functions in the programming language.

The concept of dynamic lifting is different from measurement, and the two should not be
confused. Measurement is merely a gate in a circuit, turning a quantum bit (a state) into a
classical bit (also a state). Dynamic lifting is an operation of the programming language,
turning a classical bit (a state) into a boolean (a parameter). The common concept of
“measurement that returns a result” is measurement-as-a-gate followed by dynamic lifting.
There is no conceptual difference between whether it occurs in the middle of a circuit or at the
end, except that when dynamic lifting occurs in the middle of a circuit, the quantum computer
must store the remaining quantum state, whereas if it occurs at the end of a circuit, there is
no remaining quantum state to store. Since the writing of this paper, IBM has implemented
dynamic lifting on some of their newer hardware and Qiskit has been updated to support it
under the name of “dynamic circuits” [18].

1.3 A type system for dynamic lifting
Previous versions of Proto-Quipper lacked dynamic lifting. Modeling dynamic lifting is a
challenging problem. To better understand the issues involved, it is useful to know that there
are two things that can be done with circuits in Proto-Quipper. On the one hand, circuits can
be run on a quantum device. On the other hand, circuits can be boxed. A boxed circuit is a
data structure that contains a circuit that has already been generated, i.e., an actual list of
gates, rather than merely instructions for how to generate such a list. As a result, a boxed
circuit can be used as a building block for all kinds of things. In the simplest case, it can
be re-used in the construction of other circuits. But once boxed circuits are available, one
can also have other operations on them. Many such operations are implemented in Quipper,
although we do not specifically focus on them in this paper. Examples include: applying
gate transformations (systematically replacing gates by other gates), adding things like error
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correction, or rewriting the circuit to simplify it. Boxed circuits can also be reversed, which
is used in many quantum algorithms, for example to uncompute ancillas. The ability to box
circuits is crucial to Quipper’s ability to express algorithms at a natural level of abstraction,
because algorithms are often described in terms of meta-operations on circuits.

Now it is clear that dynamic lifting only makes sense in the context of a circuit that is
actually being executed, rather than one that is merely being boxed. We will keep track of this
in the programming language by adding a modality to the type system and a corresponding
monad to the semantics. The modality should be thought of as denoting “boxability”. For
example, a function of type Qubit —; Qubit represents a circuit that can be boxed or
executed, i.e., that does not use dynamic lifting, whereas a function of type Qubit —( Qubit
represents a quantum operation that can only be executed but not boxed.

Before we can describe the operational or denotational semantics of Proto-Quipper-Dyn,
we must be more precise about what we mean by a “circuit”’. We must also specify what
it means to “execute” a circuit. There are many different notions of circuits, differing, for
example, in which collection of gates is provided. Rather than specializing to one of these,
we take a more general point of view: a circuit is simply a morphism in a small symmetric
monoidal category M, which we assume to be given ahead of time, but otherwise arbitrary
(subject to some properties). Similarly, for the execution of circuits, we assume that we are
given another small symmetric monoidal category Q of quantum operations. Conceptually,
the morphisms of M are syntactic entities; thus, M is typically a category that is freely
generated by a collection of wire types such as Bit and Qubit, and a collection of gates.
On the other hand, we think of the morphisms of Q as physical operations, which can be
performed on a quantum computer. The categories M and Q have the same objects, and there
is a symmetric monoidal interpretation functor J : M — Q.

Operationally, dynamic lifting is an operation that reads the state of a bit in Q, and returns
a boolean value. Since a bit state can be the result of a measurement, the read operation
for dynamic lifting is nondeterministic, i.e., it can return different boolean values with
probabilities governed by measurements. The nondeterministic nature of the dynamic lifting
suggests that it should be modeled as a monadic operation [27].

We therefore conceptualize the types of Proto-Quipper-Dyn as the objects of a single
category A, withamonad 7 : A — A, called the dynamic lifting monad. This will be done in
such a way that M is fully embedded in A, and Q is fully embedded in the Kleisli category
Klr(A), in a way that makes the following diagram commute.

M‘L>A

L, e

Q —2 Kir(A)
Here, J is the given interpretation functor, and E is the canonical functor from A to Kir(A).
We then model dynamic lifting as a map dynlift : Bit — 7' Bool € K/ (A), which lifts a state
(Bit) to a parameter (Bool), such that the following diagram commutes.

Bit

V l dynlift

Bool —~— T Bool
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Note that dynamic lifting is a morphism of the Kleisli category; this makes sense because it is
essentially a side-effecting read operation. More generally, any computation that potentially
uses dynamic lifting will have type A — TB.

As mentioned above, our type system must also distinguish quantum circuits that are
being executed from quantum circuits that are being boxed. Naturally, since the latter may
not use dynamic lifting, they are maps in the category A while the former are maps in the
Kleisli category Klr(A). As a practical matter for programmer convenience, it would be
awkward to have T as an explicit type constructor that must be mentioned everywhere in the
program. Instead, we use a system of modalities to keep track of the dynamic lifting monad
T. More specifically, we annotate a typing judgment with a modality, i.e., " o, M : A, where
a € {0,1}. When « = 0, it means that the term M represents a morphism [['] — T[A] in
the Kleisli category Ki7(A). When @ = 1, it means that the term M represents a morphism
[T'] — [A] in A. An example of the typing rule for dynamic lifting is the following (where
Meas : Qubit — Bit represents the measurement gate).

£ : Qubit ; Meas(?) : Bit
¢ : Qubit +( dynlift(Meas(¢)) : Bool

If we have a quantum circuit Qubit — Bit, it can be run by a quantum computer and the
measurement result of type Bit will be lifted to a parameter of type Bool. Note that the dynlift
operation sets the modality of the typing judgment to O, and as a result, we have a map
Qubit — 7 Bool in the Kleisli category. The use of modalities in our type system ensures
that the term Meas(¢) can be turned into a boxed circuit, whereas it will be a compile time
typing error to try to box the term dynlift(Meas(?)).

1.4 Operational semantics

Next, let us take a look at the operational semantics of Proto-Quipper-Dyn. In previous
versions of Proto-Quipper, the operational semantics used configurations of the form (C, M),
where C is the circuit being currently constructed, and M is a term. On the other hand, in the
quantum lambda calculus [40], which is not a circuit construction language but intended to
run directly on a quantum computer, the operational semantics used configurations of the
form (Q, M), where Q is the current quantum state and M is a term.

In a sense, Proto-Quipper-Dyn is a combination of these prior languages: it is a language
for circuit construction (via the boxing operation), but it is also a language for running
quantum operations (as otherwise dynamic lifting would not be possible). Consequently, our
operational semantics uses both kinds of configurations: those of the form (Q, M) are only
used for top-level computations that actually run on a quantum device, and those of the form
(C, M) are used during boxing. These two kinds of configurations correspond closely to the
two runtimes, since configuration of the form (C, M) are used for circuit construction and
those of the form (Q, M) are used for circuit execution. They also correspond to the two
categories M and Q.

Consequently, the evaluation rules take two different forms. Evaluation at circuit generation
time takes the form (C, M) || (C’,V), where C is a circuit, M is a term, and V is a value.
The type system ensures that such an evaluation does not involve dynamic lifting, so it can
be done entirely with a classical computer and the evaluation is deterministic. On the other
hand, evaluation at circuit execution time takes the form (Q, M) | >; p:(Q;,V;), where O
represents a quantum state. Since M can use dynamic lifting, the result of such an evaluation
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rule is probabilistic, with outcome (Q;, V;) happening with probability p;. Note that the
probabilities here arise from measurements.

1.5 Related work

The feature of dynamic lifting first appeared in the Quipper programming language [16]. The
various versions of Proto-Quipper [15, 37] each formalize some aspects of Quipper, but the
present Proto-Quipper-D is the first of these to include dynamic lifting in the formalization.

A common misunderstanding is that dynamic lifting means performing measurements
during the execution of a quantum program. That would not be a new feature; indeed, the
ability to perform on-the-fly measurements was already present in the earliest quantum
programming languages, such as Omer’s QCL [1998], Selinger’s quantum flow charts [2004]
and Selinger and Valiron’s quantum lambda calculus [2009]. Rather, dynamic lifting is an
operation that only makes sense in the context of a circuit description language, where
circuits are not executed during the circuit generation phase. Dynamic lifting is the transfer of
information from the circuit execution environment back to the circuit generation environment.
Therefore, in the following discussion of related work, we do not include comparisons with
most papers on languages that include measurement but do not have separate circuit generation
and circuit execution times.

One of the features of the present work, and of Proto-Quipper in general, is that it works
with the standard notion of quantum circuits [28], which are basically lists of gates, or more
precisely, gates that have been composed using the laws of symmetric monoidal categories.
By contrast, some of the other notions of dynamic lifting that appear in the literature (and
which we discuss in more detail below) not only add features to the programming language,
but also to the generated circuits themselves. Relatedly, one of the features that makes boxed
circuits useful in Proto-Quipper is that they are actual data structures. Here, by a “data
structure”, we mean data that can be queried, for example via a case distinction or pattern
matching. This is different from a “thunk”, such as a lambda abstraction, which represents a
suspended computation. Some of the alternative notions of dynamic lifting that appear in
the literature make dynamic lifting part of the circuit language, allowing circuits containing
dynamic lifting to be boxed. This turns circuits into thunks.

The original related work is of course Quipper [16], where the concept of dynamic lifting
was first introduced. One of the main shortcomings of Quipper is that, as an embedded
language, it is not strongly typed; in Quipper, it is a runtime error when one attempts to box a
circuit that contains dynamic lifting. By contrast, in Proto-Quipper-D, it is a typing error.

In recent work, Lee et al. [23] extended Proto-Quipper with a version of dynamic lifting.
They work with a single runtime modeled by a category of quantum channels, which are
generalizations of quantum circuits with a notion of branching for measurement results. A
quantum channel is a list of gates like a quantum circuit, with the important exception that if
the current gate is a measurement, the list has two tails, one for each possible measurement
outcome. Consequently, the channels of Lee et al. must either be implemented as thunks, or
as data structures that are exponentially large. The main difference with our work is that in
our setting, the type system ensures that circuits containing dynamic lifting cannot be boxed,
and therefore boxed circuits are data structures that contain only one branch.

Another version of Proto-Quipper incorporating a form of dynamic lifting was proposed
by Colledan and Lago [6]. Their language uses a very general version of dynamic lifting,
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which is even more general than the one present in the Quipper language, and allows for
the output type of their circuit to depend on the outcomes of the measurements specified
in the computation. They also work with a single runtime where dynamic lifting is part of
their generalized notion of quantum circuits. While this alternative notion of dynamic lifting
is interesting in its own right, their language does not come equipped with a denotational
semantics.

QWire [31, 33, 34] is a quantum programming language that also supports dynamic
lifting. QWire has a host language and a circuit language. The host language describes the
computation of the classical computer, while the circuit language describes the computation
of the quantum computer. QWire has a denotational semantics for the circuit language, but
not for the host language. Dynamic lifting is part of the syntax of the circuit language, and
therefore, QWire’s notion of quantum circuits differs from Proto-Quipper’s notion. Besides
dynamic lifting, QWire also has a notion of static lifting in the form of a “run” function. This
allows measuring all the qubits in a circuit, returning boolean values to the host language,
without leaving any unmeasured quantum state. By contrast, Proto-Quipper-Dyn does not
require a run function, since it does not have separate host and circuit languages. All circuits
that are not constructed inside a box are automatically executed, and dynamic lifting can be
used to bring measurement results into the control flow of the language.

We use enriched category theory to construct a categorical model for dynamic lifting.
There are some existing works that also use enriched categories in the context of quantum
programming languages. For example, Lindenhovius et al. [24] use CPO-enrichment to model
a version of Proto-Quipper-M with recursion. The main difference between our model and
that of Lindenhovius et al. is that our model accounts for dynamic lifting while their model
accounts for recursion. Rennela and Staton [35] give a categorical model for a QWire-like
language that also uses enriched categories. Their language allows boxing a circuit that uses
dynamic lifting, which is quite different from how boxing works in Proto-Quipper. As a result,
circuits in their setting are thunks and not data structures. Also, in Rennela and Staton’s
EWire language, the host language does not include wire types such as a type of qubits,
whereas Proto-Quipper does not have separate host and circuit languages, and includes all
types in a single language. Consequently, Proto-Quipper has a linear type system, whereas
the EWire host language does not. This difference is also reflected in the model: in Rennela
and Staton’s semantics, programs are interpreted in a cartesian-closed category, whereas in
our model, they are interpreted in a monoidal category.

The fact that Proto-Quipper has two distinct runtimes (circuit generation time and circuit
execution time) suggests a possible connection to another computational paradigm that
also has multiple runtimes, namely multi-staged computation [26, 41], and more recently,
two-level type theory [1, 21]. However, there are some important differences. One of them is
that multi-staged computation, such as in MetaML [41], deals with potentially many levels,
but all of the levels share the same operations and the same hardware; the primary purpose of
staging is to precisely orchestrate the order in which operations are evaluated. On the other
hand, the main purpose of dynamic lifting in Proto-Quipper is to interleave computations
from two different hardware models. The “meta-language” of Proto-Quipper terms has almost
nothing in common with the “object language” of circuits. Each of the two stages has its own
distinct operations: classical expressions and control flow for the meta-language, and gates
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and measurements for the object language. In particular, quantum circuits are not just code
for expressions of the meta-language.

Finally, we will mention the quantum programming language Silq [3]. Like Proto-Quipper-
Dyn, Silq also uses modalities to keep track of the use of certain operations. For example, the
modality “mfree” in Silq is used to indicate whether a computation uses measurement. The
difference is that Silq is not a circuit description language, so it does not have a notion of
boxed circuits or dynamic lifting.

1.6 Contributions

In this paper, we describe the syntax and type system of an extension of Proto-Quipper with
dynamic lifting, called Proto-Quipper-Dyn. The type system uses a system of modalities to
keep track of the use of dynamic lifting. We also provide an operational semantics, using two
different kinds of configurations to model circuit generation time and circuit execution time.
We further provide an abstract categorical semantics for this language, in which dynamic
lifting is modeled by a map Bit — 7 Bool, where T is a monad encapsulating circuit execution.
By an “abstract” categorical semantics, we mean that we only state the properties that a
categorical model must satisfy to give a sound interpretation of the language. We also give a
construction of a concrete categorical model. Lastly, we have implemented a prototype for
Proto-Quipper-Dyn, which is available at [11].

This paper is an extended version of two conference papers [13, 14], with more details
and proofs. Compared to this earlier work, we have further simplified and improved the
categorical semantics. Unlike in Fu et al. [14], we no longer require enrichment in the abstract
categorical semantics, which allows us to simply the axioms. We still use enrichment to
construct the concrete categorical model.

The rest of the paper is organized as follows: In Section 2, we give some examples of
dynamic lifting in Proto-Quipper-Dyn. In Section 3, we give an axiomatization of a categorical
semantics for dynamic lifting. In Section 4, we define a type system for dynamic lifting
that uses a system of modalities. We then show how a typing judgment with modalities is
interpreted as a morphism in our categorical model. In Section 5, we define a call-by-value
big-step operational semantics for our language. We show that the operational semantics
satisfies type preservation and that the type system guarantees error freeness. We also show
that the operational semantics is sound with respect to the categorical semantics. In Section 6,
we construct a concrete categorical model based on biset-enrichment. We finish the paper
with some concluding remarks in Section 7.

2 Dynamic lifting in Proto-Quipper

We now discuss several Proto-Quipper-Dyn programs that make use of dynamic lifting. A
prototype implementation of Proto-Quipper-Dyn is available at [11], and the programs in this
section have been tested with that implementation. In Section 2.1, we give an example of
quantum teleportation. In Section 2.2, we give an example of magic state distillation, and in
Section 2.3, we give an example of repeat-until-success circuits.

Note that several of the following example programs make use of recursion. While we do
not formally treat recursion in this paper, it is included in the prototype implementation. See
Section 7 for more discussion.
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2.1 Quantum teleportation

The following circuit implements a one-qubit quantum teleportation protocol.

alicet

v) |

=
~
Pany
V5
Pany
v

bell00

This circuit is generated by the following Proto-Quipper-Dyn functions.
alicel : !'(Qubit -> Qubit -> Bit * Bit)
alicel a g =
let (a, q) = CNotGate a g
q = HGate q
in (Meas a, Meas q)

bobl : !(Qubit -> Bit -> Bit -> Qubit)

bobl g x y =
let (q, x) = C_XGate q x
(4, y) = C_ZGate q y
_ = Discard x
_ = Discard y
in q

bell®® : !(Unit -> Qubit * Qubit)
bell®0 u =
let a = Init® QO
b = Init® O
in CNotGate b (HGate a)

telel : !(Qubit -> Qubit)
telel q =
let (b, a) = bell®® O
(x, y) = alicel a q
z =bobl b xvy
in z

boxTele : Circ(Qubit, Qubit)
boxTele = box Qubit telel

In the above functions, the ! indicates a type is reusable. Discard is a gate of type
!I(Bit — Unit). As its name indicates, it discards a bit. The modality information is not
visible to the programmer. Because the programs do not use dynamic lifting, the modalities
in the fully annotated types are all 1. For example, the fully annotated type of tele1 is
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!1(Qubit —; Qubit). We can therefore box tele1 into a quantum circuit. The evaluation of
boxTele occurs on a classical computer and generates the circuit diagram above.

For comparison, let us consider the following Proto-Quipper-Dyn programs that implement
quantum teleportation using dynamic lifting.

alice2 : !'(Qubit -> Qubit -> Bool * Bool)
alice2 a q =
let (a, q) = CNotGate a q
q = HGate q
in (dynlift (Meas a), dynlift (Meas q))

bob2 : !(Qubit -> Bool -> Bool -> Qubit)
bob2 g x y =
let q = if x then XGate g else q
q = if y then ZGate q else q
in g

tele2 : !'(Qubit -> Qubit)
tele2 q =
let (b, a) = bell®® O
(x, y) = alice2 a q
z =bob2 b xvy
in z

test : Bool
test = dynlift (Meas (tele2 (Init® ())))

-- The following causes a typing error
boxAttempt : Circ(Qubit, Qubit)
boxAttempt = box Qubit tele2

As before, the code contains no modality annotations. In the alice2 function, dynamic
lifting is used right after the measurement gate Meas : Qubit — Bit. Accordingly, the fully
annotated type of alice2 is !; (Qubit —; Qubit —oy Bool = Bool). The bob2 function then
uses if-then-else expressions to decide whether to apply the gates QNot and ZGate, rather
than applying the bit-controlled gates C_XGate and C_ZGate, as in the bob1 function.

The tele2 function calls the bob2 function with the booleans provided by the alice2
function. Hence, the tele2 function implicitly uses dynamic lifting. Its fully annotated type
is !1 (Qubit —oy Qubit). Because of the modality inference, the type checker will issue a
typing error for the boxAttempt function. According to the typing rule for box, the box Qubit
function requires an argument of type !| (Qubit —o; Qubit), which is distinct from the type
of tele2. This error is sensible because the tele2 function does not correspond to a circuit.

The test function applies tele2 to an input qubit in the |0) state. The output value of test
should then be False with probability 1. Note that the evaluation of test requires access to a
quantum computer or a simulator.
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2.2 Magic state distillation

Magic states are quantum states that can be used, in conjunction with Clifford gates, to
perform universal quantum computing fault tolerantly [5]. For example, there is a standard
method to implement a T gate using the magic state (|0) + e [1))/V2, along with Clifford
gates and measurements. This enables the application of any operation from the Clifford+T
gate set, a well-known universal set of quantum gates [28].

The process of producing a magic state such as (|0) + e [1))/V2 from several imperfect
states is called magic state distillation [5]. In order to distill a magic state |M), one first
prepares several qubits in a state that approximates |M) up to an error rate €. A carefully
designed quantum circuit is then applied to these qubits and some of them are measured. If
all of the measurement results are 0, then the remaining qubits are guaranteed to be in a state
that approximates |M) up to an improved error rate €’ < €. If any one of the measurement
results is 1, then all of the qubits are discarded and the entire process is restarted. In practice,
several rounds of distillation are required to obtain a state that approximates |M) up to an
acceptable error rate.

A Proto-Quipper-Dyn implementation of Bravyi and Kitaev’s distillation algorithm is
given in the following.

-- A five qubit error correcting code.
fiveQubits : ! (Qubit * Qubit * Qubit * Qubit * Qubit
-> Qubit * Qubit * Qubit * Qubit * Qubit)

fiveQubits input =
let (al, a2, a3, a4, a5) = input
(al, a5) = CZ al a5
(a2, a5) = CZ a2 a5
(a3, a5) = CZ a3 a5
(a2, a4) = CZ a2 a4
(a3, a4) = CZ a3 a4

(a5, a4) = CY a5 a4
(al, a3) = CZ al a3
(a4, a3) = CZ a4 a3
(a5, a3) = CY a5 a3

(al, a2) = CZ al a2
(a5, a2) = CY a5 a2
(a3, al) = CZ a3 al
(a5, al) = CNotGate a5 al
in (HGate al, HGate a2, HGate a3, HGate a4, ZGate a5)

prepMixedState : ! (Unit -> Qubit)
prepMixedState u = TGate (HGate (Init® ()))

distill : !(Qubit * Qubit * Qubit * Qubit * Qubit -> Maybe Qubit)
distill input =
let (al, a2, a3, a4, a5) = fiveQubits input
al’ = dynlift (Meas al)
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a2’ = dynlift (Meas a2)
a3’ dynlift (Meas a3)
a4’ = dynlift (Meas a4)
in if al’ || a2’ || a3’ || a4’
then let a = dynlift (Meas a5) in Nothing
else Just a5

distillation : !(Nat -> Qubit)
distillation n =

case n of
Z -> prepMixedState ()
Sn’ >
let ql = distillation n’
q2 = distillation n’
g3 = distillation n’
g4 = distillation n’
q5 = distillation n’
in

case distill (ql, q2, g3, g4, q5) of
Nothing -> distillation n
Just g > q

In the distill function, we first apply a five-qubit error correction circuit fiveQubits to the
inputs, then measure the qubits and, through dynamic lifting, promote the resulting bits to
booleans. If all of the booleans are False, the distillation was successful and we return the
remaining qubit. Otherwise the distillation failed, so we discard the unmeasured qubit and
return nothing. Dynamic lifting is essential for defining the distill function because in this
case the if-then-else expression cannot be implemented as a circuit.

The distillation function performs n rounds of magic state distillation. The function
prepMixedState prepares an initial imperfect state. The distillation function is a recursive
function that assumes five successful distillations from the previous round and then applies
the distill function to the resulting qubits. If that function returns a qubit, the n-th round of
distillation was successful, otherwise it will restart the whole process.

2.3 Repeat-until-success

The repeat-until-success paradigm provides a technique to apply a unitary that cannot be
implemented exactly, at the cost of potentially running the same circuit multiple times. In
order to apply a non-Clifford+T gate N to a target qubit |¢), one first initializes several
ancillary qubits before applying a well-chosen Clifford+T circuit C to the target and the
ancillas and measuring the ancillas. If all of the measurement results are 0, the target qubit is
guaranteed to be in the state N|¢@). Otherwise, a correction is applied to the target to return it
to its initial state and the process is repeated.
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Consider the following circuit used by Paetznick and Svore [30] to illustrate the implemen-

tation of the gate V3 = £2Z yging the repeat-until-success method.

V5

0) —{H7r 4 T
0) —{7] 1T

The top wire is the target qubit, while the wires below it are the ancillas. We apply a
sequence of gates (H, H, T*, CNOT, T, and H) to the ancillas before measuring the first
ancilla. If, as we assume here, the measurement result is 0, then we apply a sequence of
gates (T, Z, CNOT, T, and H) to the target qubit and the second ancilla before measuring
the second ancilla. Assuming, again, that the measurement result is 0, we then know that
the target qubit is in the desired state. Note that the circuit above is not a representation
of the entire repeat-until-success protocol. Instead, it is the circuit constructed in the event
that both measurement results are 0 (which can be shown to occur with probability 5/8). If
the measurements yield different results, the circuit constructed by the repeat-until-success
protocol is different. For example, if the result of the second measurement is 1, a Z gate must

A\

be applied to the target qubit to return it to its initial state.
The following function gives a precise description of the implementation of V3 in Proto-
Quipper-Dyn.
v3 : !'(Qubit -> Qubit)
v3 q =
let al = TGate_inv (HGate (Init® ()))
a2 = HGate (Init® ()
(al, a2) = CNotGate al a2
al = HGate (TGate al)
in if dynlift (Meas al)
then
let _ = Discard (Meas a2)
in v3 ¢
else let g = ZGate (TGate q)
(a2, q) = CNotGate a2 q
a2 = H (TGate a2)
in if dynlift (Meas a2)
then v3 (ZGate q)
else q

Once again, dynamic lifting plays an essential role here. Note that the v3 function has type
!1(Qubit —o( Qubit); it is a quantum computation, rather than a quantum circuit.

3 A categorical semantics for dynamic lifting

In this section we will give a general categorical semantics for dynamic lifting. Our definition
takes the form of a sequence of properties (a)-(f), which will be dispersed throughout this
section, culminating in Definition 3.5 of a model for Proto-Quipper with dynamic lifting.

Definition 3.1. A category A is a linear-non-linear programming language model if
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(a) A has coproducts and is symmetric monoidal closed, i.e., it is symmetric monoidal
and there is an adjunction - ® A 4 A — — foreach A € A.
(b) A is equipped with an adjunction

p:Set—> A4b:A — Set
such that p is a strong monoidal functor.

Remarks. o The requirement that A has coproducts and is symmetric monoidal closed
implies that it can model function types and sum types in a functional programming
language. Moreover, since — ® A is a left adjoint functor for any A € A, it preserves
the coproducts, so the tensor products distribute over coproducts in A.

e The adjunction in (b) is often called a linear-non-linear adjunction [2]. Here, the
assumption that p is a strong monoidal functor means that there exist isomorphisms
e: Il - plandm: pX ® pY — p(X xY) making some diagrams commute (see
Appendix A).

e Since p is strong monoidal and Set is cartesian, for any X € Set, there are maps
discardx : pX — [ and dupy : pX — pX ® pX in A. Moreover, for any map
f : X — Y in Set, we have the following in A.

dupy o pf = (pf ®pf) odupy

We call objects of the form pX € A parameter objects, since they can be duplicated
and discarded. For example, Bool := I + I = pl + pl = p(1 + 1) is a parameter
object.

e Forany X € Set, B € A, we write ¢ for the isomorphism ¢ : A(pX, B) = Set(X,bB),
and forceg for the counit forceg : pbB — B.

e Because p : Set — A is the left adjoint and it is strong monoidal, we can deduce that

P =p() = ) p=) I

xeX xeX xeX
Due to the adjunction p - b, we also have bB = Set(1,bB) = A(/, B).

Definition 3.2. A convex space is a set X equipped with a convex sum operation, which
assigns toany x,y € X and p, g € [0, 1] such that p + ¢ = 1 an element px + gy € X, subject
to certain standard conditions, which are detailed in Appendix B. A category is enriched in
convex spaces if each hom-set is equipped with the structure of a convex space, and moreover,
composition is bilinear with respect to convex sum, i.e., (pf +¢gg)oh =p(foh)+q(goh)
and ho (pf +qg) =p(ho f)+q(hog).

As mentioned in the introduction, Proto-Quipper-Dyn is parameterized by two small
categories M and Q of circuits and quantum operations. Since general quantum operations,
such as measurement, are probabilistic, we assume that each set of morphisms in Q is
convex. On the other hand, convexity is not assumed for the category M. We now specify the
properties that these categories must satisfy.

Assumption 3.3. We assume that we are given two small symmetric monoidal categories M
and Q, satisfying the following properties:

(1) M and Q have the same objects, including a distinguished object called Bit. The
category M has distinguished morphisms zero, one : I — Bit.
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(2) Q has a coproduct Bit = I + I, and the tensor product in Q distributes over this
coproduct.

(3) There is a given strict symmetric monoidal functor J : M — Q that is the identity
on objects and J(zero) = inj, : I — I +1,J(one) =inj, : I — I + 1. We call J the
interpretation functor.

(4) The category Q is enriched in convex spaces.

(5) Forany A € Q,and f : I — Bit® A € Q, we have f = pi(inj; ® f1) + p2(inj, ® f2),
where inj,, inj, : I — I+ and pi, p2 € [0, 1] are uniquely determined real numbers
such that p; + p» = 1. When p; # 0, the map f; : I — A is also unique.

The categories M and Q are not only used in the categorical semantics, but also in the
operational semantics of Proto-Quipper-Dyn (i.e., to run the program, we must know what a
circuit is and what a quantum operation is). Therefore, these categories should be regarded as
given as part of the language specification, rather than as a degree of freedom in the semantics.
On the other hand, nothing in the operational or denotational semantics depends on particular
properties of M and Q other than properties (1)—(5) above. Therefore, Proto-Quipper-Dyn
can handle a wide variety of possible circuit models and physical execution models.

In practice, the category M will be a category of quantum circuits and the category Q will
be a category of quantum operations. These categories will typically have additional objects,
such as Qubit and perhaps Qutrit, and additional morphisms, such as H : Qubit — Qubit
and Meas : Qubit — Bit. Assumption (5) means that any morphism with domain / and a
bit state in its codomain is a convex sum of two morphisms. This property is used in the rule
for dynamic lifting in the operational semantics.

To support dynamic lifting, we require the following monad, which allows us to combine
the behaviors of M and Q into a single category.

Definition 3.4. A category A satisfying (a) and (b) has a dynamic lifting monad T if the
following holds.

(¢) T is a commutative strong monad on A. Forany A, B € A, we writefa g : A®TB —
T(A ® B) for the strength and s4 5 : TA ® B — T(A ® B) for the costrength. As
usual, we write 77 : A — TA and p : T>A — T A for the structural maps of the monad.

(d) The Kleisli category Kl7(A) of the monad T is enriched in convex spaces. In other
words, forany A,B € A,if f,g: A > TBand p,q € [0,1], p + g = 1, then there
exists aconvex sum p f +qg : A — TB. Moreover, forany h : C > TA,e: B - TD,
we have the following:

uoT(pf+qg)oh=p(uoTfoh)+q(uoTgoh)
poTeo(pf+qg)=p(uoTeo f)+q(uoTeog).
(e) There are fully faithful embeddings M < A and Q <, Kl (A). These embedding

functors are strong monoidal, and ¢ preserves the convex sum. Moreover, the following
diagram commutes for any S,U € M.

vs,u
M(S,U) ——— A(S.U)

lJS,U lEs,u

Qs Uy 25Y kin(a)(s, U)

Here, E : A — Kl7(A) is the canonical embedding of A into the Kleisli category,
which is the identity on objects.
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(f) There are maps dynlift : Bit — TBool and init : Bool — Bit in A such that the
following diagram commutes.
Bit
V ldynlift
Bool —— T Bool

Here, Bool = pI + pl, and Bit is the object of M and Q described in Assumption 3.3.

Remarks
e For any S, U € obj(M), the map unbox : M(S,U) — b(S — U) is defined by

M(S,U) = A(S,U) =25 A(1,S —o U) = b(S — U).
Similarly, the map box : b(S — U) — M(S, U) is defined by

b(S — U) 5 A(I, S — U) —=5 A(S,U) = M(S, U).
So box and unbox form an isomorphism between M(S, U) and b(S — U).
o If a category A satisfies (a), (b), and has a fully faithful embedding  : M — A
(the first part of (e)), then it is a model for Proto-Quipper without dynamic lifting.

For example, the category M of Rios and Selinger [37] is such a model. The rest of
the structure, concerning Q and the monad 7', is what is needed to support dynamic
lifting.

e The objects of the Kleisli category Kl (A) are the same as the objects of A, and the
hom-set is given by Kl (A)(A, B) := A(A,TB) for any A, B € A.

e The Kleisli category Kl (A) is monoidal because 7 is a commutative strong monad
and A is monoidal. Forany f : A] —» TB) and g : A, — TB; in Klp(A), we define
f®geKIir(A)(A ® Ay, B; ® By) by

A1® Ay 225 TB ® TBy > T(B, ® TBy) <5 TT(B, ® By) 2 T(B, © By).

e Since ¥ (S) = ¢(S) for any S € M, Q, we define Bit =  (Bit) = ¢(Bit) € A.

o Condition (e) expresses the requirement that the category A must combine both cate-
gories M and Q, i.e., they are subcategories of A and its Kleisli category, respectively.
Thus A has both quantum circuits and quantum operations. The commutative diagram
implies that a circuit in A can be used as a quantum operation.

o Condition (f) gives a categorical characterization of dynamic lifting. The map dynlift
is not in the image of ¢ or ¢, and therefore it is neither a quantum circuit nor a
quantum operation.

Definition 3.5. We say a category A is a model for Proto-Quipper with dynamic lifting if it
satisfies (a)—(f).

We have now axiomatized a general categorical model for Proto-Quipper with dynamic
lifting. In Section 6, we will give a construction of a concrete model based on biset-enrichment.

4 A type system for dynamic lifting

In this section, we present the syntax of Proto-Quipper-Dyn and a type system for dynamic
lifting. Our typing judgments have the form I" o, M : A, where @ ::= 0| 1 is a modality
used to keep track of dynamic lifting. When @ = 1, the term M is guaranteed not to perform
any dynamic lifting operations while it is being reduced to a value. Such computations can
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Modality a,Bp = 0]1

Types A,B = Unit| Qubit | Bit | Bool | !|,A | A -, B | Circ(S,U) | A® B

Parameter Types P,R = Unit|Bool|!,A | Circ(S,U) | P®R

Simple Types S,U == Unit| Qubit |Bit | SQU

Terms M,N = c|x|Ax.M|MN |Unit| (a,C,Db) | apply(M,N) | force M
| lift M | box U M | (M,N) | let (x,y) = N in M | dynlift M

Simple Terms a,b = (| Unit| (a,b)

Contexts r = - |x: AT |€:Qubit,I"|¢:Bit, I’

Parameter contexts © = - |x:P,®.

Label Contexts z = - |{:Qubit,2 | {: Bit,X

Values \% = x|l | AxM|Nift M| (a,C,b) | (V,V’') | Unit

Circuits C,D:X-%

Fig. 1. The syntax of Proto-Quipper-Dyn

therefore be carried out at circuit generation time. When @ = 0, M may invoke dynamic
lifting so the evaluation of M needs to be performed at circuit execution time.

4.1 Syntax
Definition 4.1 (Syntax). The syntax of Proto-Quipper-Dyn is in Figure 1.

The modality a appears in the linear function type A —o,, B and the linear exponential type
!« A. This is because the values of A —,, B and !, A are thunks and we use the modality « in
the types to keep track of the dynamic lifting within the thunks. Cire(S, U) denotes a type of
circuits with input S and output U. The values of this type are boxed quantum circuits that can
be constructed by the box term. They can be further manipulated by meta-operations such as
circuit reversal, circuit iteration, or printing; these operations are treated as constants in the
language, i.e., we do not fix a particular set of such operations, but assume that they would be
defined in a standard library that comes with any particular instance of Proto-Quipper-Dyn.

The terms of our language are similar to the ones from Rios and Selinger [37], with
the addition of a term construct for dynamic lifting dynlift M, which will be evaluated to
a boolean value. Lift and force are from linear lambda calculus, and are used to construct
and deconstruct a term of type !, A. Values of type Circ(S, U) are represented as (a, C, b),
where a, b are simple terms and C is a morphism in M. The term apply(M, N) attaches a
boxed circuit M of type Circ(S, U) to the wires described by N. The term ¢ ranges over
constants such as booleans, natural numbers, and built-in functions. A subset of the types are
designated as parameter types; these are types whose values are known at circuit generation
time. Unlike general values, values of parameter type can be duplicated and discarded. A
boxed circuit is considered to be a parameter and can be used multiple times. Parameter types
are closed under tensor product.

A value of simple type corresponds to a state. Our language and semantics can accommodate
coproducts (sum types), but we elide the treatment here for the sake of simplicity.

We make a distinction between variables and labels. A label £ corresponds to a wire in
a circuit (when generating circuits), or to an address of a bit or qubit state (when running
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FI-(,MZ!l(S—Ol U)

Gx:Arx:A T+, box S M : Cire(s, U)
INbg M:A—-ogB Iokg, N: A I''x:Arqe M:B
- app - lambda
I'+1I» Fo&an&pB MN : B I'riAx.M:A—o,B
I't ko M : Cire(S,U) InrgN:S FrgM:1,A
apply force
' + I Fogp apply(M,N) : U I' togp force M : A
Zikra:S ok b U
C:Z1 - Dr, M: A )
. circ — lift
O+ (a,C,b) : Cire(S,U) D liftM:1,A
e 0o, label ——— const
@, ¢ : Qubit|Bit +; ¢ : Qubit|Bit Drc: A
It M:A Tty N:B - Bi
1 Fay 2 Py pair I Fa M : Bit dynl[‘f[

I' +I% Fo&a (M,N):A®B I" +o dynlift M : Bool

I'x:A,y:Bbrg M:C Iote, N:A®B
I +1)Foga, et (x,y) =NinM:C

let

Fig. 2. The typing rules for Proto-Quipper-Dyn

circuits). Consequently, a label can only have type Bit or Qubit. Labels can only be renamed,
not substituted. Every label context £ has an obvious interpretation [2] in the category M as
a tensor of the appropriate sequence of the objects Qubit and Bit. We write D : £ — ¥’ to
denote a quantum circuit, i.e., a morphism D : [X] — [Z].

4.2 The typing rules
Definition 4.2 (Typing). The typing rules are in Figure 2.

We write @ & § for the boolean conjunction of @ and 8 so that, e.g.,0& 1 = 0. If T’y = @, T
and I, = O, Fé and Fi, Fé are disjoint, we write I'y + I', for @, Fi, Fé.

The typing judgments are of the form I" -, M : A, where « is the modality of M. When
a = 0, this means that dynamic lifting may occur during the evaluation of M to a value V.
This is distinct from any modality that may occur in the type A, which refers to dynamic
lifting that occurs when the value V is used. In the var rule, we require a parameter context ®.
In the const rule, A, is the type of the constant symbol c. In the /ift and lambda rules, the
modality « is moved to the type and the current modality (i.e., modality in the conclusion)
is set to 1. This is because the lift and lambda terms are values, and values do not perform
dynamic lifting. In fact, all values have modality 1. The modalities in types, e.g., A —, B in
the lambda rule, are for recording the modality of the term M under the lambda abstraction.

In elimination rules such as app and force, the modality in the type affects the current
modality of the typing judgment through boolean conjunction. This is related to how the
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evaluations are performed for these terms. For example, when evaluating the term MN,
we will first evaluate M, then evaluate N and finally perform a beta-reduction. Thus, the
evaluation of M N could perform dynamic lifting of @) = 0, @ = 0, or 5 = 0. Consequently,
the modality for the typing judgment of M N is the boolean conjunction of all these related
modalities.

By the dynlift rule, an application of dynamic lifting sets the current modality to O,
signifying that a dynamic lifting is performed. In the box rule, a term M can only be boxed
into a circuit if it has type !{ (S —o; U). This ensures that the value of M (denoted by V) does
not use dynamic lifting. Thus, when evaluating the term (box S V), a dynamic lifting cannot
occur. This prevents a class of runtime errors in Quipper that are caused by boxing functions
that use dynamic lifting.

In the apply rule, depending on the modality @) & a», the term apply (M, N) either appends
the quantum circuit M to N, which is done at circuit generation time, or applies the quantum
operation M to N, which is done at circuit execution time. The circ rule defines a well-typed
quantum circuit. In practice, we often assume that a set of well-typed quantum gates is
provided as pre-defined constants of the language, for example as part of a standard library.
For this reason, programmers do not usually need to write circ terms directly; such terms
would only be written by the implementors of the standard library.

The following lemma shows that a value can only have modality 1 and that the free variables
of a parameter must come from a parameter context.

Lemma4.3. IfT"+, V : B, then « = 1. Moreover, if B = P is a parameter type, then I’ = ®
is a parameter context.

Proor. By induction on the derivation of I' +, V : B. O

The following lemma shows that the type system has the usual substitution property.
Lemma 4.4 (Substitution). IfI'j, x : A,F{ b M :Band T, 1 V : A, then Fl,Fz,F{ Fa
[V/x]M : B.

Proor. By induction on the typing derivation of M. O

4.3 Interpretation of the typing rules

The modality is a syntactic device to track the dynamic lifting monad 7. We will interpret
'+ M:Aasamap [I'] - [A]in A, and T +o M : A as amap [I['] — T[A]. To make the
notation more uniform, we write @[A] to mean T[A] if @ = 0, and just [A] if @ = 1. With this
notation, the interpretation of I' o, M : A is amap [['] — «[A]. Similarly, the modalities in
types such as A —o, B and !, A also indicate optional occurrences of the dynamic lifting
monad 7. Recall from Definition 3.1 that A is equipped with functors p : Set — A and
b:A — Set.

Definition 4.5. We interpret types as objects in A.

[A—aB] = [A] < o[B]
[A® B] = [Ale[B]
[taAl = pba[A]
[Cire(S. )] = pA([S]. [U])
[Bool] = p(l+1)
[Bit] = Bit

[Qubit] Qubit
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It is easy to check that for a parameter type P, there exists X € Set such that [P] = pX; in
other words, [P] is a parameter object. Similarly, for a simple type S, there exists ¥ € M
such that [S] = ¢Y, where ¢ : M — A is the fully faithful embedding of Definition 3.4. We
call objects of the form Y simple objects. We interpret a context I" as a tensor product of all
objects in " (denoted by [I[']). The interpretation of parameter context [®@] is a parameter
object and the interpretation of a label context [X] is a simple object. Without loss of
generality, we assume that if [2] = [X’], then & = X’ (this condition can always be ensured
by making additional isomorphic copies of objects, if necessary).

The interpretation of typing judgements is defined as follows. Here, for convenience, we
write 174 : @[[A] — T[A], which is the unit of the monad when @ = 1 and the identity when
a=0.

Definition 4.6 (Interpretation). To each valid typing judgement I" +, M : A, we associate a
map [M] : [I'] — a[A] in A, called its interpretation. Note that [M] here is an abbreviation
for [T ko M : A].
The interpretation is defined by induction on the derivation of I +, M : A.
e Case
D,x: Ak x: A

discard®[ A
We define [x] as [®] ® [A] oot [A].
o Case

®, £ : Qubit +; ¢ : Qubit.

discard®[Qubit]
—_—

We define [] as [®] ® [Qubit] Qubit X, Qubit.

e Case
DT kg M:A DIy, N:B

D, T, Fo&a, (M,N): A® B.

Suppose a; = @, = 0. The other cases are similar. By the induction hypothesis,
we have [M] : [®] ® [I'1]] — T[A] and [N] : [®] ® [I2] — T[B]. So we define
[(M, N)] as the following composition:

dup® [T e [I2]
_—

[®] ® '] ® [I2] [] @ [@] ® [I] ® [T%]

5[] e [N] e [@] © ] 22 7A@ 78]
L 1(T[A] ® [B]) = TT([A] ® [B]) % T([A] ® [B]).

e Case
I'+y, M : Bit

I" ko dynlift M : Bool.
By the induction hypothesis, we have [M] : [I'] — «[Bit]. We define [dynlift M] by

M e T dynlif
[r] L N o[Bit] 2% TBit] —2"% 7T[Bool] £ T[Bool].

Note that dynlift : Bit — 7 Bool is the dynamic lifting morphism defined in
Definition 3.4.

e Case
I'x:Arqg M : B

' AxM:A —, B.
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By the induction hypothesis, we have [M] : [I'] ® [A] — «[B]. Using monoidal
closedness, we define [Ax.M] := curry([M]) : [T] — [A] — «[B].
e Case
DT boy M:A—gB ® kg, N:A
q), 1“1,1“2 "m&az&/i’ MN : B.

app

Here we only consider the case where @1 = a» = 8 = 0. The other cases are similar. By
the induction hypothesis, we have morphisms [M] : [®] ® [[1] — T([A] — T[B]))
and [N] : [®] ® [I2] — T[A]. Thus we define [M N] to be the following.

[®] ® [] ® [ry] 222 el

[®] @ [®] ® [I'] ® [I]
> [@le[rle o] o[r]
e T(1A] — TIBD) © T[A]
L 1(1([A] - T[B]) @ [A]) => TT(([A] — T[B]) ® [A])
5 T(([A] ~ TIB]) ® [A]) — TT[B] £ T[B].
e Case
dr, M: A
@y it M 1A
By the induction hypothesis, we have [M] : [®] — «[A], where [®] = pX for
some X € Set. By the adjunction p + b, we have §[M] : X — ba[A]. So we define
[lift M] := p6[M] : pX — pba[A].
e Case
r Fp M :1,A
I' Fosp force M : A.

We only consider the case where @ = 8 = 0; the other cases are similar. By the
induction hypothesis, we have a map [M] : [I'] — TpbT[A]. Since there is a natural
transformation force : pbT[A] — T[A], we define [force M] by

] 2L 7pbrpag 228, rrpay £ 714

e Case
'kt M1 (S — U)
I'+q box S M : Cire(S,U).

Here we only consider the case @ = 0; the other case is similar. By the induction
hypothesis, we have [M] : [['] — Tpb([S] — [U]). We define [box SM] by

] 25 7ob([8] — [U]) 2222 TpA([S], [U]).

e Case
<I),I“1 Fo M : Cil’C(S,U) (I),FQ I—B N:S
O,IN, I Fagp apply(M,N) : U

apply

Here we only consider the case @ = 8 = 0. By the induction hypothesis, we
have [M] : [[1] — TpA([S],[U]) and [N] : [I2] — T[S]. Thus we define
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[apply(M, N)] by

[@] @ [11] & [1>] Z22E 0 19 @ [0] @ [11] @ [

S [@] @[] @ [®] @ [I]
D, TpA(IS]. VD) o TIS]
S T(TpA([S].[UD) ® [S])
2 1T (pA([S]. [UD) @ [S])

& T(pA([S], [U]) ® [S])
T ((force o p unbox) ® [S])

T(([S] — [UD) ® [SD
I, o).

e Case

Zikra:S ok b U
CZZ]—)ZQ

@+ (a,C,b) : Cire(S,U)

Note that [a] : [£,] — [S] and [?] : [Z2] — [U] are isomorphisms. Moreover,
C : [Z1] = [Z2] is a morphism in A. We write 8¢ = [b] o C o [a]~! : [S] — [U]

and 1g. : 1 — M([S], [U]) such that 1. (%) = 6¢. Thus we define [(a,C,b)] as
ploc : I — pM([S], [UD.
e Case

®Ty,x:Ay:Bro M:C ®Tsre N:A®B
®.T1. 05 Forgas 161 (1)) = NN M: C let

We only consider the case where ;| =

ay = 0; the other cases are similar. By
the induction hypothesis, we have [M] : [®] ® [I'1] ® [A] ® [B] — T[C] and

[N] : [®] ® [I2] = T([A] ® [B]). Thus we define [let (x,y) = N in M] as the
following composition.

[©] @ [11] & [1s] 2222, 19 @ [0] @ [11] @ [T

S [o] @[N] @ [@] @ [I2]
P, [l o In] o T([A] @ [B])

L r(@] @ 1] @ [A] ® [B]) 2L 77c] & T[],

Our interpretation of the typing rules satisfies the usual semantic substitution theorem
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Theorem 4.7 (Semantic substitution). Suppose ®,I'1,x : A, T2+ M : Band ®,T3+; V : A.
We have the following equality.

[[V/x)M] =[®] ® 1] ® [[3] @[]
222 [@] @ [@] @ [I] @ [Is] @ [T2]
5 [@] e[ @ [@] ® [T3] @[]

el 1) & 1] © [4] ® [T2]

M
LN a[B].
Proor. The proof is by induction on the typing derivation of M. See Appendix C for
details. O

The next two lemmas show that values of parameter type are in the image of the functor p,
and that values of simple types are isomorphisms.

Lemma 4.8. I[f ® +| V : P for some parameter context ® and parameter type P, then
[Vl =pf : pX — pY for some f : X — Y € Set such that [®] = pX, [P] = pY.

Proor. By inductionon ® +; V : P. O

Lemma 4.9. Suppose £ +| a : S for some label context ¥ and simple type S, then
[a] : [Z] — [S] is an isomorphism in A.

Proor. By inductionon X +j a : S. O

Since the embedding ¢ : M < A is full and faithful and [£] and [S] are in the image of
W, there is a corresponding isomorphism in M which we also denote as [a] : [Z] — [S].

4.4 Discussion: implementing the type checker

While typing judgments and certain types (A —, B and !, A) are annotated with a modality,
information about this modality is meant to be hidden from the programmer unless an error
occurs. For example, if one attempt to box a function which uses dynamic lifting, the type
checker will raise a modality error. As a result, such programming errors are caught at
compile time in Proto-Quipper-Dyn, whereas they are only caught at runtime in Quipper.

The modality inference can readily be integrated into bi-directional type checking, which
uses a pair of recursively defined functions for type checking and type inference [10, 32].
To work with modalities, the type checking function not only takes a term and a type as
inputs, but also the current modality of the typing judgment. For example, when checking
a term Ax.M against a type A —o, B with current modality S, the type checking function
first ensures that the current modality S is 1, then extends the current typing environment
with x : A and recursively checks the term M against the type B, with the modality «. The
type inference function takes a term as input and outputs the inferred type as well as the
inferred modality. For example, when inferring the type for a term M N, the type inference
function first infers a type A —o, B and a modality S for M, and then it infers a type A and
a modality y for the term N, so the type inference function will return the type B and the
inferred modality o & 8 & .
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(C1,M) | (Cy, Ax.M’) (C1, M) | (Co, (a, D, b))
(C,N) | (G3,V) (C2,N) |l (Cs,¢)
(Cs, [V/xIM") | (C4, V") . append(D, Cs,a,c) = C’ ;
CLMN) T Cnv) P CLappy (ML N) [ (€. b) PP

(C,M) | (C,lift M")

c, M) | (C’,lift M) gen(S) =a
.My« ' (ids, M" a) || (D, D)
(C,force M) || (C”,V) lift-force (C,box S M) || (C’, (a,D,Db)) box
(C,N) | (C, (V1,V2)) (€, M) | (C", V1)
(€, i/x,V2/yIM) | (C",V) (C'.N) L (C",V2)

(Clet(roy) = NinM) L (C7.V) ' (., N) T (7. (viva)) P

Fig. 3. Operational semantics for circuit generation time

5 Operational semantics and soundness

In this section, we will specify an operational semantics for Proto-Quipper-Dyn and show
that it is sound with respect to the categorical model A for dynamic lifting of Definition 3.5.

We distinguish two kinds of evaluation in order to model Quipper’s two runtimes. The
evaluation rules for circuit generation time will work with morphisms in M, i.e., quantum
circuits. On the other hand, the evaluation rules for circuit execution time will work with
morphisms in Q, i.e., quantum operations. Because of the embeddings ¢ : M < A and
¢ : Q — KlIrp(A), we are able to interpret the configurations for these two runtimes as maps
in the category A.

5.1 Operational semantics for circuit generation time

First of all, we specify the meaning of appending circuits in the category M.

Definition 5.1 (Circuit append). SupposeC : £ — %y, ¥y and D : £] — X3 are morphisms in
M and there are typing judgments 2y +; a : Sand X + a’ : S. We define append(D, C, a’, a)
to be the following morphism in M. Note that [a’] is invertible by Lemma 4.9.

(Do [[a’]]_1 ofa) ® [Z2]) e C: X — 3,5

Thus append(D, C, a’, a) is the result of appending the circuit D to C by connecting the
interfaces a” and a.

The following are the evaluation rules for circuit generation time, where the underlying
states are given by morphisms in M. The evaluation is defined over configurations of the
form (C, M), where C is a morphism in M and M is a term.

Definition 5.2 (Circuit generation time evaluation). The operational semantics for circuit
generation time is defined in Figure 3.

In the rule box, we write gen(S) = a to mean that the a is a globally fresh simple term of
type S. Recall from Figure 1 that a simple term is essentially a tuple of labels, so gen(S) is
a side-effecting function that generates an appropriate number of previously unused labels.
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Note that the evaluation of (C, M) || (C’,V) does not account for dynamic lifting, and the
underlying states are circuits. So it is the same set of evaluation rules as in Rios and Selinger
[37]. The evaluation comes with the following notion of circuit configuration.

Definition 5.3 (Well-typed circuit configuration). We write £ +; (C, M) : A; ¥’ to mean
there exists X/ suchthat C : X —» ¥/, X" and X" +| M : A.

A well-typed circuit configuration requires a typed term with modality 1,i.e., 1 M : A. It
is a runtime error if a term with dynamic lifting is encountered when using the evaluation
rules in Definition 5.2. Our type system and the following type preservation theorem ensures
that this cannot happen.

Theorem 54. If X+ (C,M) : A; %X and (C,M) || (C’,V), then X +; (C’,V) : A; X',
Proor. By induction on (C, M) | (C’,V). O
In the following we define the interpretation [C, M] as a morphism in the category A.

Definition 5.5. Suppose X +; (C, M) : A;X’. We have maps ¢ C : [Z] — [Z'] ® [£”] and
[M] : [Z”] — [A] in A. We define [C, M] as follows:

[Z']e[M]
_—

5] 25 [ [2] [¥] @ [A].

The following theorem shows that the evaluation rules for circuit generation time are sound
with respect to the categorical model A.

Theorem 5.6. IfX +; (C,M) : A;X and (C, M) || (C’",V), then [C, M] = [C’, V].

Proor. By induction on (C, M) || (C’, V). Since the reduction rules in Definition 5.2 do
not include a rule for dynamic lifting, the proof is similar to the one in Rios and Selinger [37]
and Rios [36]. O

5.2 Operational semantics for circuit execution time

Since dynamic lifting requires the ability to access the states in Q, we first define the concepts
of state and addresses.

Definition 5.7 (State and addresses). For any object S € Q, a state is a morphism Q : [ —
S € Q. We write addr(Q) = X if ¢(S) = [Z], we call £ the addresses of Q. (Recall that we
have, for convenience and without loss of generality, assumed that the interpretation function
[-] is one-to-one on label contexts).

We often write Q : [ — X € Qfor Q : I — S, where ¢(S) = [Z]. The following read
operation will be used to define the operational semantics for dynamic lifting.

Definition 5.8 (Read operation). Suppose addr(Q) = Z,¢ : Bitand QO = p(inj, ® Q1) +
p2(inj, ® Q2), where addr(Q;) = addr(Q») = £ and py,p2 € [0,1] and p; + p2 = 1. We
define a formal sum read(Q, ¢) = p1(Q1, False) + p»(Q», True), where False, True : Bool.

Note that by the last condition in Assumption 3.3, we know that Q = p;(inj; ® Q1) +
p2(inj, ® 0») : I — Z ® Bit for some essentially uniquely determined Q;, Q> : I — X, and
p1,p2 € [0, 1] such that p; + p, = 1. The only time Q; is not uniquely determined is when
pi = 0, but in this case, it will turn out that the Q; does not matter since it corresponds to a
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branch of computation taken with probability zero. In this case, we can just make some fixed
but arbitrary choice for Q;. So the read operation makes the information of the probabilities
D1, p2 and the states Q1, Q, available.

In the following, we define the circuit execution time counterpart of Definition 5.1. It
specifies the meaning of updating a quantum state by applying a quantum circuit, where the
identity-on-object interpretation functor J : M — Q is needed for the definition.

Definition 5.9. Suppose Q : I — X;,%; is a morphism in Q, and C : £ — X3 is a
morphism in M, and there are typing judgements X; + a : S and X{ + a’ : S. We define
applyTo(C, Q, a’, a) to be the following map in Q.

(J(Cola] " ofal) ®[a]) 0 Q: T — 53,5,

We now define the operational semantics for circuit execution time. The underlying
states of the evaluation are the states in Q. The evaluation is of the form (Q,M) |
2ie[n] Pi(Qi, Vi). Its intuitive meaning is that the configuration (Q, M) can be reduced to
(Qi, Vi) with probability p;. The notation };¢(,) pi(Qi, V;) is a short hand for the formal
sum p1(Q1, Vi) + ... + pu(Qn, V), and we assume ¢, pi = 1. We write [n] = {1, ..., n}.

Definition 5.10 (Operational semantics for circuit execution time). The operational semantics
for circuit execution time is defined in Figure 4.

In the apply rule, we use applyTo from Definition 5.9 instead of append. This allows
a quantum circuit to be applied as a quantum operation. In the dynlift rule, for each
(Qi, ), we apply the operation read(Q;, £;), which gives rise to two possible outcomes
(Q;’], ai.1), (Q;,z’ a; 2) with probabilities ¢; 1, g; 2, where a; 1,a;» : Bool and a; | # a;».
This is the only rule that gives rise to probabilistic results in the evaluation. In the box rule,
the evaluation of (ids, M/a) uses the rules defined in Definition 5.2, so it is performed at
circuit generation time.

We now define a well-typed configuration for evaluating a term under a quantum state.

Definition 5.11 (Well-typed configuration). We write -, (Q, M) : A; X’ to mean there exists
¥ suchthat X" +, M : A, and addr(Q) = X", Y.

Since the evaluation rules in Definition 5.10 account for dynamic lifting, the above
configuration allows the term M to have modality 0. The operational semantics defined in
Definition 5.10 is type-safe in the following sense.

Theorem 5.12. If o (Q, M) : A;X" and (Q, M) | 2ic(n) pi(Qi, Vi), then 1 (Qi, Vi)
A; X foralli € [n].

Proor. By induction on (Q, M) || X;c(n) Pi(Qi, Vi)- O

The following theorem shows that if the configuration has modality 1, the evaluation is
deterministic.

Theorem 5.13. If+ (Q, M) : A;X" and (Q, M) || Yicin) Pi(Qi, Vi), then n = 1. In other
words, we actually have (Q, M) | (Q’,V).

Proor. The proof is by induction on the evaluation rules. O

In the following we interpret a well-typed configuration +, (Q, M) : A; X’ as a map in the
Kleisli category Kl (A).
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(Q. M) | Zicpny Pi(Qi, Ax.M])
(Qi- N) U Zjepm) 4i.5(Q; ;> Vij)
( ll’[ l]/-x]M ) U Zke Sl,j,k(Q;:j’kvvi/’j’k)
(Q, MN) U 21, .0y elnixmix(1] Pi9i.jSijk(QF ;o Vi i)

(@, M) | Zicpn) pi(Qi, lift M)
(Qi, M) U 2je(m) 49i.5(Q} ;> Vij)
(Q.force M) U 2 jye(n)x[m) Pidi.j(Q; ; Vij)

Q. M) | Ziciny Pi(Qis (ai, Dy, by))
Qi N) U Xjepm) 4i.(Qf > cij)
applyTo(D;, Q; ;. ai.ci ) = Q7 ;

(Q,apply(M,N)) | Z(t j)e[n]x[m] Pi4i j( ,]ab

) apply

(O, M) | Xiciny Pi(Qi, lift M)
gen(S) =a
(ids, M a) | (D, b;)

(Q bOXSM) U Zze[n] pl(Ql?(a D;, bi ))

Q. M) | Ziciny Pi(Qis )
read(Q;, i) = qi,1(Q] 1> ai,1) + 4i2(Q] 5, ai2)

(Q.dynlift M) U Xi jye(nix(2) Pi4i.j(Q; ;- aij)

dynlift

(Q.N) U Ziepny Pi( Q7 (Vi V1)) (QF Vi/x, VI [YIM) U 2 jem(QF 12 V)

(Q.let (x,y) = NinM) | X jyernixm) (@7 ;> Vi)

(O, M) | Xicrn Pi(Qis Vi)
(Qi, N) U Zje[m] qi,j(Q;,j’ Vi”j)
(Q’ (M’ N)) U Zi,je[n]x[m] (Q;’j, (Vi, Vi’,j))

Fig. 4. Operational semantics for circuit execution time
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Definition 5.14. Suppose +, (Q, M) : A;X'. We have ¢Q : I — T([X"] ® [E’]) and

[M] : [Z”] — a[A] in A. We define [Q, M] by:
e If @ =1, then

127z e [

T([A] ® [Z']).
e If @ =0, then

T([M]e[2])
_—

122 (=9 2] T(T[A] ® [2'])

Do rr(al e [2]) S T([A] © [2]).
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The following theorem shows that the operational semantics in Definition 5.10 is sound
with respect to the semantic model A.

Theorem 5.15 (Soundness). Iftq (Q, M) : A; Y, and (Q, M) || Xic(n) Pi(Qi» Vi), then

[o.M] = ) pilQiVi] : 1> T([A] @ [£]).

i€[n]

Proor. The proof is by induction on the evaluation rules. Here we only consider the rule
for dynlift; see Appendix D for the remaining rules. We also assume a = 0, because the other

case is similar.

e Case

Q. M) | Ziciny Pi(Qis &)
read(Qi, i) = X jep2) 4:,j(Q; ;- ai.j)

(O, dynlitt M) U X i jye(n)x[2] Pi4i.j(Q] ;> @i j)-
Suppose addr(Q) = X", %", %" +g M : A, and

X"+ M :Bit
2" +o dynlift M : Bool.

In this case we have the following derivation.
(0. M) (0.0
read(Q’, {) = q1(Q1, False) + q2(Q), True)
(Q,dynlift M) | q1(Q7, False) + g2(Q5, True)

Sinceread(Q’, £) = q1(Q], False) +42(Q}, True), we have that Q" = g, (inj, ® Q) +
g2(inj, ® Q7) in Q. So in A, we have

¢Q" = qi(poTtoso (¢(inj;) ® Q1)) + g2(p o Tt o s o (¢(inj,) ® $pQ%)),

where ¢Q’ : I — T(Bit ® [X']), and ¢Q, ¢Q), : I — T[Z'], and ¢(inj,), $(inj,) :
I — TBit. Note that by condition (e) of Definition 3.4, we have ¢(inj;) = 5 o init o
[False] and ¢(inj,) = 57 o init o [True]. We need to show that

[0, dynlift M]| = ¢ (T ([False] ® [Z']) 0 Q) + g2(T([True] ® [X']) o ¢Q?).

By the induction hypothesis, we have [Q, M] = [Q’,{], i.e., T([M] ® [Z']) o ¢Q =
¢Q’. Thus
[Q. dynlift M] = u o Ts o T((dynlifto[M]) ® [Z']) © 60
= poTsoT(dynlift [X']) o T([M] ® [Z']) o ¢Q
= o Ts o T(dynlift ®[Z']) o $Q’
= poTsoT(dynlift ®[X]) o (g1 (uoTtoso (¢(inj;) ® Q1))
+q2(poTtoso (¢(inj) ® ¢Q3)))
=qi(uoTsoT(dynlift X)) o uoTroso (H(inj;) ® Q7))
+q2(uoTsoT(dynlift @[X']) o o Tt o s 0 (¢(injy) ® ¢Q0%)).



Proto-Quipper with dynamic lifting 29

(moinito[[False] )®¢Qi

IQT[Y] ——— T[] T(Bool ® [Z'])

[Faise] ®T[[2’]]l T([[False]}@[[z']])l % Tu

Bool ® T[X'] —— T(Bool ® [X']) —— TT(Bool & [£'])

T(ne[='])
inite 7[5/ T(inite[']) s
nite ' ]]l (init[ ]]l T(dym TT

Bit® T[X'] —— T(Bit® [¥']) —— T(T Bool ® [2’])

id o
T (Bit®1n) \ TT(dynhft ®[2'])

T[] T(Bit® [X])

n n
T

TBite T[X] —— T(Bit® T[X']) ——— TT(Bit® [Z'])
Fig. 5. A diagram used in the proof of Theorem 5.15

We just need to show
T([False] ® [2']) 0 ¢Q} = p o Ts o T(dynlift ®[Z]) o o Tt 0 s 0 (¢(inj;) ® ¢pQ7)
=puoTsoT(dynlift@[X'|)opuoTtos
o ((n o init o [False]) ® ¢Q).

This is true because of the commutative diagram in Figure 5. Note that the left-hand
side in the above equation corresponds to the top leg of the diagram and the right-hand
side corresponds to the bottom leg. The only non-trivial part of the diagram is the
triangle involving dynlift and init in the middle, which commutes by the definition of
dynlift.

O

Remark. In practice, a closed term M is always evaluated with the initial configuration
(idy, M), where id; : I — I is a state in Q. When M has modality 0, we would need access to
a quantum computer/simulator in order to evaluate (id;, M) and each run of (id;, M) could
give a different value. When M has modality 1, the evaluation of (id;, M) is deterministic,
i.e., the top-level quantum state is updated in a deterministic fashion. In this case, instead of
performing the quantum operations, we could also just generate a list of gates, which can be
done entirely in a classical computer.

6 A concrete model for dynamic lifting

In this section, we will show how to construct a model for dynamic lifting from the categories
M and Q. We first give some background of enriched category theory. In Section 6.1, we will
introduce the category of bisets and biset-enrichment. In Section 6.2, we will construct a
biset-enriched category C based on M and Q and introduce its enriched presheaf category C.
In Section 6.3, we will construct a reflective subcategory C of C such that it is also monoidal
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closed. In Section 6.4, we will show that there is a commutative strong monad TonC.In
Section 6.5, we will demonstrate that the monad T supports dynamic lifting. In Section 6.6,
we will prove that the underlying category of C is a model for Proto-Quipper with dynamic
lifting.

Recall that enriched categories are a generalization of categories where, instead of hom-sets,
one works with hom-objects, which are objects in a monoidal category.

Definition 6.1. Let V be a monoidal category. A ‘V-enriched category B is given by the
following:

o A class of objects, also denoted B.

e For any A, B € B, an object B(A, B) in V.

For any A € B, amorphism uy : I — B(A, A) in V, called the identity on A.

For any A, B,C € B, a morphism ca 5.c : B(A,B) ® B(B,C) — B(A,C) in V,
called composition.

The composition and identity morphisms must satisfy suitable diagrams in V (see,
e.g., Kelly [19] and Borceux [4]).

Remarks.

e Many concepts from the theory of non-enriched categories can be generalized
to the enriched setting. For example, V-functors, V-natural transformations, V-
adjunctions, and the V-Yoneda embedding are all straightforward generalizations
of their non-enriched counterparts. We refer the reader to Kelly [19] and Borceux
[4] for comprehensive introductions. Symmetric monoidal categories can also be
generalized to the enriched setting (see Appendix E).

o In the rest of this section, when we speak of amap f : A — B in a V-enriched
category B, we mean a morphism of the form f : I — B(A, B) in V. Furthermore,
when g : B — C is also a map in B, we write g o f : A — C as a shorthand for

128 B(A, B)® B(B,C) 5 B(4, C).

o A “V-enriched category B gives rise to an ordinary (non-enriched) category V(B),
called the underlying category of B. We use V(A) to denote the underlying category,
rather than the usual U(A), because the letter U is used for other purposes in
this paper. The objects of V(B) are the objects of B and the hom-sets of V(B) are
defined as V(B) (A, B) = V(I,B(A, B)), forany A, B € V(B). Similarly, a ‘V-functor
F : B — Bgivesrisetoa functor VF : V(B) — V(B) and a ‘V-natural transformation
a : F — G gives rise to a natural transformation Va : VF — VG.

6.1 Bisets

We now begin our construction of a concrete model satisfying Definition 3.5. Let 2 be the
category with two objects 0, 1 and one nontrivial arrow 0 — 1. Let Set?>” be the category of
functors from 2°P to Set. Concretely, the objects are triples (Ag, Ay, f), where Ay, A; are
sets and f is a function A| — Ag. We call such a triple a biset. A morphism in Set?” from
(Ao, Ay, f) to (B, By, g) is a pair (hg, h1), where hg : A9 — Bp and h; : Ay — Bj are
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functions such that the following diagram commutes.

AlLBI

bl

Ao —2 By
Because it is a presheaf category, the category of bisets Set®” is complete, cocomplete, and
cartesian closed. We write A = B to denote an exponential object. From now on, we will
write V for Set?” .

The category V is itself a V-category where the hom-object V (A, B) is given by the
exponential object A = B. Since V can be regarded both as an ordinary category and as
a “V-category, we sometimes write |V| for V, when we want to emphasize that we are
regarding it as an ordinary category. In particular, |'V|(A, B) is a set, whereas V (A, B) is a
biset.

Any set X can be viewed as a trivial biset (X, X, id). Therefore, any ordinary category
can be viewed as a trivial biset-enriched category. For example, Set can be viewed as a
“V-category, where the hom-objects are given by Set(A, B) = (Set(A, B), Set(A, B), id) for
any A, B € Set.

Definition 6.2. We define “V-functors Uy(Ag, Aj,a) = Ag : V — Set, and A(X) =
(X, X,id) : Set — V.

The V-functor A is fully faithful and Uy is strong monoidal. Note that there is also another
functor U (Ag, A1, a) = Ay : V — Set, but it is only an ordinary functor, not a V-functor.
The functor U; will play no role in this paper, but the two V-functors Uy and A will be
important.

Theorem 6.3. There is a V-adjunction Uy : V — Set 4 A : Set — V. We write T for the
V-monad A o Uy. It is a commutative strong V-monad.

Proor. We have a ‘V-natural isomorphism Set(UpA,Y) = V (A, AY). Using the definition
T = Ao Uy, itcan be shownthats : TA® B > T(A® B)andt: A®TB — T(A ® B) exist
in V and satisfy the diagram for a commutative ‘V-monad. O

6.2 The V-categories C and C

Recall the categories M and Q from Assumption 3.3. In the following we define a ‘V-category
C from M and Q.

Definition 6.4. We define the V-category C as follows.

o The objects of C are the same as those of M and Q.
e For objects A, B € C, we define C(A, B) as the following object of V,

C(A’B) = (Q(A9B)’M(A’B)’JAB : M(A’B) - Q(A,B)),

where J : M — Q is the interpretation functor from Assumptlon 3.3 (3).

e For every object A € C, we have a morphlsm up = (1d0,1d1) 1 > C(A,A) inV,
where id, (¥) =idg : A > Ain M and 1d0(*) idgy:A—> AinQ.

e Forany A, B, C € C, we have a morphism c4,5.c = (cp,c1) : C(A,B) xC(B,C) —
C(A,C) in V, where co : Q(A,B) X Q(B,C) — Q(A,C) and c¢; : M(A, B) x
M(B, C) — M(A, C) are the compositions in Q and M, respectively.
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Note that we have a bijection |'V|(1, C(A, B)) = M(A, B) in Set.

The biset-enriched category C is symmetric monoidal and it encompasses morphisms
from both M and Q. However, it is not monoidal closed. For that, we will need to work in the
V-enriched presheaf category C.

Definition 6.5. We define the V-category C to be V" . Concretely, an object F € C is a
V-functor F : C°P — V. Because V is complete, for any F, G € C, we have a hom-object
C(F,G) € V that represents V-natural transformations F — G [4].

An object in C is a ‘V-functor F : C® — V. This means that for each A € C°P, there is an
object FA € V. And for any A, B € C°P, there is a morphism Fsp : C°’(A,B) — (FA =
FB) in V, which is given by the following commutative diagram.

Fl
M(B,A) —28 5 (FA= FB), = |'V|(FA, FB)
l-’B,A ll’o
FO
Q(B,A) —2B, (FA = FB)y =Set((FA)y, (FB)).
Note that an element & € |'V|(F A, FB) is a pair of function (hg, i) such that the following
commutes.

(FA) —% (FB),
Ls le
(FA) —%5 (FB)o
Thus we define po(hg, h1) = hg. SoaV-functor F : C°? — V induces an ordinary functor
F%: Q% — Set, where F'(A) = (FA), and the function Q(B, A) — Set(F°A, F'B) is
given by FgB for any A, B € Q.

Theorem 6.6. The V-category C is a ‘V-monoidal closed category, where the tensor product
®pay and linear exponential —op,y are given by Day’s convolution. The tensor unit is defined
by I :=yI = C(—, 1), where y is the V-enriched Yoneda embedding y : C — C.

Proor. This is a result by Day [7]. O

The V-category C has coproducts. Day’s construction implies that the Day tensor product
distributes over the coproducts, and that the ‘V-enriched Yoneda embedding y : C < C is
strong monoidal.

The V-adjunction Uy 4 A and the V-monad T can be lifted to C.

Definition 6.7. We define V-functors Ug(F) := Uy o F : V" — Set® | A(F) := Ao F :
Set®” — YE* andT := A oﬁg s P P,

Note that A is fully faithful and that Uy is strong monoidal.
Theorem 6.8. There is a V-adjunction Uy : VE" — Set® 4 A : Set®” — V€.

Proor. Forany F € SetCoP, G € C, we need to show that Set®” (FOF ,G) = (VCOP(F , ZG)
that is V-natural in F and G. This is true since the following isomorphisms follow from
properties of end.

VC*(F,AG) = / V(FA,AGA) = Set(UgFA,GA) = Set®” (UyF,G). O
AeC AeC
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Theorem 6.9. The monad T is a commutative strong monad.
Theorem 6.9 is a consequence of the following more general theorem.

Theorem 6.10. Let V be a complete, cocomplete, symmetric monoidal closed category. Let
A be a V-category. If T is a commutative strong V-monad onV, then T(F) =T o F is a
commutative strong ‘V-monad on VA .

Proor. See Appendix F. O

Consider a V-functor F : C°? — Set. For any A,B € C, FA € Set, and the map
Fap : C(B,A) — Set(FA, FB) is uniquely determined by the function FE\B :Q(B,A) —>
Set(FA, FB). So F is uniquely determined by F° : Q°® — Set. In fact, we have the following
theorem.

Theorem 6.11. We have Set®” = SetQ”.

Proor. See Appendix G. O

The following theorem shows the maps in the Kleisli category of T are essentially maps in
SetQ”.

Theorem 6.12. For any F,G € C, we have C(F,TG) = Set®” (F°, GY).
Proor. C(F,TG) = C(F,AU,G) = Set®” (UoF,UyG) = Set®” (F°, G). o

6.3 A reflective subcategory C of C

The V-category C itself is not a model for Proto-Quipper with dynamic lifting. For
example, it does not have a map Bit — T Bool for dynamic lifting. Namely, we define
Bool := yI + yI = C(—,I) + C(—, ) and Bit := yBit = C(—, Bit) € C, where Bit € C. Note
that Bit = 7 + I in Q. Consider the following
C(Bit, T Bool) = Set?” (Bit’, Bool”)

= Set?” (Q(~, Bit), Q(~ 1) + Q(~, 1))

=8et®(Q(~. 1+ 1).Q(=.1) + Q(~.1)).
So a map in C(Bit, T Bool) is the same as a natural transformation from Q(—, I + I) to
Q(—, 1) + Q(—, 1) in Set®”. Moreover, for condition (f) of Definition 3.5 to be satisfied,
this natural transformation should be a left inverse of the canonical natural transformation
Q(=, 1)+ Q(-,1I) = Q(—, I + I). On the other hand, by the Yoneda lemma, every natural
transformation from Q(—, I + I) to Q(—,I) + Q(—, I) either takes all of its values in the
left component or in the right component of the disjoint union. Therefore, it cannot be a
left inverse to Q(—, 1) + Q(—,I) — Q(—, I + I). It follows that dynamic lifting cannot be

interpreted in C. To fix this, we now consider a reflective subcategory of C, in the style of
Lambek [22].

Definition 6.13. A V-functor F : C® — V is called smooth if F* : Q°® — Set is a
product-preserving functor, i.e., F°(A + B) = F°A x FOB for any A, B € Q.

Observe that for any A € C, the V-enriched Yoneda embedding y of A, which is
C(-, A), is smooth. Because C(—,A)? = Q(—, A), and for any B;, B, € Q, we have
Q(By + B3, A) = Q(B1,A) X Q(B3,A). Thus, the codomain of y consists of smooth
V-functors.
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Definition 6.14. We define C to be the full “V-subcategory of smooth functors.

Definition 6.15. We define the Lambek embeddingy : C — C to be the corestriction of
the Yoneda embedding y, i.e., it is the unique V-functor such that the following diagram

commutes.
y\i

<isT

N — O

Theorem 6.16. The V-category Cisa reflective V-subcategory of C, i.e., the inclusion
V-functori : C — C has a left adjoint K.

Proor. See Appendix H. O

Using results of Day [8, 9] (see also Malherbe [25] for a more recent exposition), we
can furthermore show that that C is symmetric monoidal and K is strong monoidal. See
Appendix I for further details. We now give an explicit definition of the monoidal closed
structure in C.

Definition 6.17. For any F,G € é we define the tensor product, internal hom and tensor
unitin C as F ®Lam G 1= K(iF ®pay iG), F —oLam G = iF —opyy iG,and [ :=yI = C(-,1),
respectively.

In the above definition, the linear exponential ' —op,y G is well-defined because iFF —op,y
iG is an object in C (Theorem I.1 in Appendix I).

Theorem 6.18. The V-category Cis symmetric monoidal closed. For any F,G,H € G
there is a V-natural isomorphism C(F Qram G, H) = C(F,G —opam H).

Proor.
C(F ®Lam G, H) = C(K(iF ®pay iG), H) = C(iF ®pyy iG,iH)
= C(iF,iG —opyy iH) = C(F,G —oLum H)

6.4 A commutative strong monad on C
The V-category C has a commutative strong monad. In the following we write [(Vcop]prod
for C and VE” for C. We write [SetQOP]pmd for the full subcategory of product-preserving
functors of Set?” . Consider the following diagram.

O] ﬁo O]
SetC” &———— vy
[ E—

i b x|

[sec™] 5 vem|

prod A prod :

We define the V-functor Up : [VE" | proa — [Set®” Jproa by restricting the domain of Uy to
[V Cop]prod. Here [SetCoP]pmd is the full V-subcategory of smooth V-functors. Similarly,
A [Setcﬁp]pmd — ["Vccp]pmd is a restriction of A. We have a monoidal adjunction L 4 j,
since [SetQOp]pmd = [SetCOp]prod, the full subcategory of product-preserving functors, is
reflective in SetQ” = Set®”. The other adjunction K 4 i is from Theorem 6.16. We write
T=Ao 170. Observe that T is T with a restricted domain.
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Theorem 6.19. We haveioA = Ao jand jo Uy = Ugoi, therefore i o T =T oi. Moreover,
UpoK = LoU,.

Proor. By definition of Z, 170, L,and K. O

Theorem 6.20. We have a V-adjunction lNJO 1A [SetCOP]pmd — [(VCOP]pmd. And lNJO is
strong monoidal.

Proor. Forany X € [(VCOP]pmd, Ye [SetCOp]prod, we have
[Set] g (ToX,¥) = Set” (jToX, j¥) = et UoiX, j¥)
= VT (iX,AjY) = VC' (iX,iAY) = [(VC”’]pro L (X.AY).

The V-functor Uy is strong monoidal. For any F, G € [VC" ] rd, we have Upl = Ul = I
and

i]o(F ®Lam G) = f]oK(iF ®pay iG) = LUo(iF ®pay IG) = L(EoiF ®Day ﬁoiG)
= L(jUoF ®pay jU0G) = UgF ®Lam UoG. m]
Theorem 6.21. There is a ‘V-natural transformation p : K o T — ToK.

Proor. Forany F € C, let np : F — iKF be the unit and ef : KiF — F be the counit

(which is an isomorphism). We define pr to be the composition KTF KEF KTiKF >
KiTKF 5" TKF. o
The natural transformation p is one of the components for defining the strength for T.

Theorem 6.22. The V-functor T is a commutative strong monad.

Proor. Forany F,G € C, the strength of T is given by

F ®Lum TG = K(iF ®pay iTG) = K(iF ®pay TiG)
K KT (F ®pay iG) 2 FK(iF ®pay iG) = T(F ®Lam G).
Note that 7 is the strength for 7. The verification of the strength diagrams is in Appendix J. O
Similarly to Theorem 6.12, we have the following theorem for T.
Theorem 6.23. Forany F,G € C, we have the following V-natural isomorphisms.
C(F,TG) = [Set®" ] roa(F°, G%).
Proor. We have
C(F,TG) = C(F,AU(G) = [Set® |poa(UoF, UoG) = [Set?” | poa (F°, G°).
Note that by Theorem 6.11, [SetCOP]pmd = [SetQOp]prod. O

Corollary 6.24. Consider the underlying category V(é) of C. The functor VT is a monad
on V(C). Moreover, for any F, G € V(C), we have the following isomorphisms.

V(C)(F,VTG) = [V|(1, [Set® I roa(UoF, UpG))
= [VI(1, [Set®" ] proa(F°, G°)) = [Set®” ] proa (F°, GO).
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6.5 Dynamic lifting in C
Since C has coproducts and Cis areflective subcategory, the coproduct of A, B € Cis defined
as A+’ B=K(iA +iB). In C, we define Bool := yI +" yI = K(yI + yI) and Bit := y(Bit),
where 1, Bit € C. There exists maps zero, one : yI — Bit in C. We are now ready to define
a map for dynamic lifting.

’Iheorem §.25. There are V-natural transformations init : Bool — Bit and dynlift : Bit —
TBool in C such that the following diagram commutes.
Bit
init ldynlift
Bool ——> TBool

Proor. We define init = [zero,one] : Bool — Bit. Firstly, we want to show that
Tinit : TBool — TBit is an isomorphism. Using Yoneda’s principle, we just need to
show e(F, Tinit) : é(F, TBool) — E(F, TBit) is an isomorphism for any F € C. By
Theorem 6.23, this is equivalent to showing that

[SetQ" ] proa (F, init?) : [Set®” 1 proa(F%, Bool®) — [Set®" ] roa (F, Bit”)

is an isomorphism. This is the case because the Lambek embedding « : Q — [SethP]pmd
preserves coproducts, Bit = I+7 € Q, and the map init® : k/+«I — «(I+1) is an isomorphism
in [SetQ”] prod- We therefore define dynlift as the composition (?’init)_l on: Bit — TBool.
As a result, we have the following commutative diagram.

Bool AN TBool

NS

Bit ——> TBit —— 7Bool O
(Tinity~1

Recall that the category Q is enriched in convex spaces, i.e., the hom-sets of Q are convex
spaces and the composition is bilinear with respect to the convex sum. The following theorem
shows that its Lambek embedding is also enriched in convex spaces.

Theorem 6.26. The category [SethP]pmd is enriched in convex spaces. Moreover, the
Lambek embedding k : Q — [SetQOp]pmd preserves the convex sum in Q.

Proor. The proof is in Appendix B. O

The above theorem implies that for any A, B € (NJ, the Kleisli-hom e(A, TB) is convex
because of the isomorphism C(A, TB) = [SetQ" ] 0a(A°, B) from Theorem 6.23.

6.6 V(é) is a model for Proto-Quipper with dynamic lifting

We are now ready to prove our main theorem.
Theorem 6.27. The category V(é) is a model for Proto-Quipper with dynamic lifting.

Proor. We show each of the conditions (a)—(f) from Definitions 3.1-3.5.

(a) Since C is a biset-enriched symmetric monoidal category, the underlying category
V(é) is an ordinary symmetric monoidal category. Since we have a natural isomor-
phism (NZ(B ® AC) = (NZ(B, A — C) in V, we also have a natural isomorphism
[V](1,C(B® A,C)) = |V|(1,C(B, A — C)) in Set.



Proto-Quipper with dynamic lifting 37
Since C has coproduct, V(C) has coproduct as well.

|VI(1,C(F + G, H))

|V|(1,§J(F, H) x (Nj(G,H)N)
|VI(1,C(F, H)) X |'V|(1,C(G. H))
V(C)(F,H) x V(C)(G, H).

V(C)(F + G, H)

R

R

(b) We define p(X) = Y ex T and b(A) = V(V)(,A) = |(V|(1,E(I, A)). We can show
that we have an adjunction p 4 b : Set — V(C).

V(I©)(pX.4) = [VI(1,C(pX.A))

= VI, C(Zrex 1.4)
[VI(L TTeex €1, A)
Meex IVI(L C(L.A))
Set(X,b(A)).

IR

R

(¢) By Theorem 6.22, V((NZ) have a commutative strong monad VT : V(é) - V((NZ).

(d) By Corollary 6.24 and Theorem 6.26.

(e) e First we need to define a functor ¢ : M — V((NJ). We define it as the following
composition.

M = V(C) 3 v(©)

The functor ¥ is strong monoidal, because VY is strong monoidal.
e Next we need to define a functor ¢ : Q — KI,,7(V(C)). We write

0r.G : C(F,TG) = [Set™ 1pwoa(UoF, UG)
forany F,G € C. We also write Q : [Setcop]prod = [SetQOp] prod- We have

Kl,z(V(©)(F,G) = ['V|(1,C(F,TG))

[VI(1,0F,G) o] ~ ~
= |VI(1, [Set®" 1 proa (UoF, UoG))

VI

—

1,Q

I3

) o
[VI(1, [Set®" ] proa(F°, G%))
= [SetQ®" ] proa (F0, G°)

for any F,G € C. The category K ZVT(V(E)) is enriched in convex spaces
because so is [SetQOp]prod.
Now we define ¢. On objects, we define

$(8) =5 =C(-.5).

On morphisms, for any S, U € Q, we define ¢ ¢ by the following composition
of isomorphisms.
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Ks.u

Q(S,U) = [Set?"]proa (xS, kU) = [Set®" ] roa(75)°, (3U)°)

= |VI(1, [Set®" ] proa (75)°, (3U)))

|(V‘(l’9'7]) Copr ~— ~—
= |(V|(19 [Set ]prod(UOyS’ onU))

[VI(L,65¢ 51, op e ~

= VI [V proa(5S, ATYD)) = Kl57(V(C)) (75, 5U)

Since the Lambek embedding «s ¢/ preserves convex sum (Theorem 6.26) and
the composition [V|(1, 9551,5(] o Q1) is an isomorphism, we conclude that ¢
preserves convex sum.

Next we need to show ¢ is strong monoidal. Since « is strong monoidal, we have

the natural isomorphisms / g kI and kS ® kU m;U k(S®U) forany S,U € Q.
Recall that forany S € Q, xS = Q(—, S) = UoC(-, S) and Uy is strong monoidal.
Via the isomorphism € (which preserves the monoidal structure) we have the
following natural isomorphisms in [Setcop]pmd.

Q7 1(e") : UpC(~, 1) — UpC(~,1)
Q' (ms ) : Up(C(~, ) ® C(-,U)) = UyC(-, S @ V).

Now let ms,y = 055 -, (Q7'(m () : C(=,5) ® C(~,U) = TC(~, 5@ V)
and e = 6] (Q7(¢) : C(=,1) — TC(~,1). Then it is obvious that
e is an isomorphism in KIVT(V(G)). The inverse of mg ; is defined as
G%EU(Q_I (mg,’U_l)), which can be verified. We can furthermore show that
ms y is natural and that e, mg ¢ satisfies the strength diagrams for any S, U € Q.
For example, showing mg y is natural in K/ V;(V(é)), via the adjunction U 04 Z,
is equivalent to the naturality of Q™! (m

’
s.0)-
o Lastly, we want to show that the following diagram commautes.

M(S.U) —22 5 |11, €3S, 30)) = V(E)(575.5U)

lfs,u lES,U

QS.U) &= |VI(LCGFS. T3V)) = Kl z(V(E) (55, 5V))

S,.U

Let f € M(S, U). Wewrite (f, Js .y f) for the corresponding map in |'V|(1, C(S, U)).
It corresponds to the following map in C via the enriched Yoneda embedding.

.
ce.s) 2590, ooy

Composing ny with the above map, we have the following map in V.

(-5 2B, o vy Bie-v)

So for any A € C, we have the following.

M(A, Ja,
M(A, S) S0 M, vy 2% QAL v)

J/JA,S lJA,U lid
Q(A,J

QA $3 258 (A Uy —4 Qea.v)
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Since ¢§’1U = KE’IU 0 Q
$siuu o (£ Isuf) = K5y Qp 5. 5050V 1L Oys 50) (u 0 Y (f. Is,u 1))
KE,IUQf]OyS,ﬁOyU(ﬁOy(fa JS,Uf))
ks (Q(=Jsuf) = Isuf € Q(S.U).

o5S.005U © [VI(1, 855 3u), we have

(f) This is by Theorem 6.25.

7 Conclusion

We have given an axiomatization of a categorical semantics for Proto-Quipper with dynamic
lifting. We defined a type system with a modality to keep track of functions that use dynamic
lifting. The main benefit of our type system is that it statically ensures that the boxing
operation can only be applied to a function that does not use dynamic lifting. We also gave an
operational semantics for dynamic lifting. The operational semantics models both circuit
generation and circuit execution. We proved that the operational semantics is sound with
respect to the abstract categorical semantics. We also gave a construction of a concrete model
based on biset-enrichment. Lastly, we gave some examples of quantum algorithms that rely
on dynamic lifting.

There are many things left to be done. One of them is how to combine dynamic lifting
with dependent types and/or recursion. At this point, we have a model for dynamic lifting,
but it does not support dependent types or recursion. We also have a model for Proto-Quipper
with dependent types [15], but it does not support dynamic lifting or recursion. Finally,
Lindenhovius et al. [24] have a model for Proto-Quipper with recursion, but it does not
support dynamic lifting or dependent types. We do not think that adding recursion to Proto-
Quipper-Dyn would create fundamental difficulties at the level of the syntax, type system,
or operational semantics (although languages with recursion are usually better handled by
small-step operational semantics rather than the big-step semantics we considered here).
On the other hand, finding a concrete denotational semantics gets more complicated the
more features are included in the programming language, and how to add dependent types or
recursion to a semantics of Proto-Quipper-Dyn is an open problem.
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A Diagrams for strong monoidal functors

Definition A.1. Suppose A, B are categories. A functor F : A — B is strong monoidal if the
following hold.

e In B, there is an isomorphism e : I — FI and a natural isomorphismm : FAQ FB —
F(A® B).
e Forall A, B,C € A, the following diagrams commute.

(FA® FBY® FC —2> FA® (FB® FC)

lm@FC lFA@m

F(A® B)® FC FA® F(B®C)
F(A®B)®C) —%> F(A® (B®C)

I19FA <254 Freo FA

Rt
FA A= F(I®A)

FA®I 1224 FAg FI

l L

FA «—— F(A®I)

B Convexity

Let [0, 1] denote the real unit interval.

Definition B.1. A convexity structure on a set X is an operation that assigns to all p, g € [0, 1]
with p + g = 1 and all x, y € X an element px + gy € X, subject to the following properties.
Throughout, we assume p + g = 1.

(@) px+gx=xforallx € X.

() px+qgy=qy+pxforallx,y € X.

() Ox+ly=yforallx,y € X.

@) (a+b)(Z5x+Zy) +(c+d)(Zz+Lw) = (a+0)(Zax+ 52+ (b +
d)(lfi—dy+ﬁw),wherea,b,c,d € [0, 1] witha+b+c+d = 1 and all denominators
are non-zero.

Remark. Property (d) can best be understood by realizing that both sides of the equation

are equal to ax + by + cz + dw, decomposed in two different ways into convex sums of two

elements at a time. In the literature, we sometimes find a different, but equivalent condition
— qs r . .

of the form s(px + gy) + rz = spx + (gs + r)(quy + o 7). The latter axiom is arguably

shorter, but harder to read.

We often expand the binary + operation to a multi-arity operation, i.e., ;; p;x;, where
Y.ipi=1landx; € X foralli.

Theorem B.2. Let A be a symmetric monoidal category with a coproduct I + I, such that
tensor distributes over this coproduct. The following are equivalent.

(a) The category A is enriched in convex spaces.
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(b) There exists a family of maps {p,q) : I — I + I, where p,q € [0,1] withp +q =1,
such that the following diagrams commute:

{p.a) [id,id] 1 M I1+1 inj,

I i ' —
\ﬁ/ <<q,[m l[ian’injl] I . 1 + I
I+1 .1y
1
«a+b’y w,bm»
=t I+1
<< aibs a+b >>+<< ¢+d c+d >> J, J/ << a‘i(‘ a+< >>+<< b+d > b+d >>

S0

I+D+U+]) ——————> (I+DH+ U+

Here, in the last diagram, we have a,b,c,d € [0, 1] witha+ b + c + d = 1, and we
assume the denominators are non-zero. The map “iso” is the canonical isomorphism
(A+B)+(C+D)=(A+C)+ (B+D).

Proor. For the left-to-right implication, suppose A is enriched in convex spaces. We can
define
p.q) =pinj; +qinj, : I - I +1.

It is easy to verify that this definition of (p, ¢)) satisfies the four diagrams above.
We now focus on the right-to-left implication.

e First we need to show that A(A, B) is convex for all A, B € A. Given f,g € A(A, B),
we define p f + gg as follows.

7] A s N
A A1 22D e+ S Aasirael XS A+ a L B

e pf+qf = f. This holds because the following diagram commutes.

(poad
A A0l P ae ) 9 AnT+Ael s ara L g

fl fel l FOI+I) lf®1+f®1 f+fl ['CV
Ba(p.q)

B2 Bel XV e (+1) —%> Bel+Bel <4 By B

\ lB@[m id]
[id,id]

B®lI

o pf+qg = qg+ pf.This holds because the following diagram commutes.

- ) (f.2]
AL Al P Ao ) — % AelrasT 2 ara L5 p

A®‘m lA®[mJZ anl] [sz inj ]l A]

Ao (I+1) -5 A9l+Ael 2% A+ A

e 0f + 1g = g. We have the following commutative diagram.
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-1
ALt Al A®(0,1)
@‘

o (a+b)GEf+ e+ (c+d)(Z5h+ =Lw) = (a+ )G f+=Sh) + (b+
d) (258 + 75 w).
Let us write @ = -4 f + L-gand g = S h+ L
commutative diagram.

w. We have the following

A
b
A®1

lA@«a+b,c+d»

AU+ — 2 s Aol+Ael 2 ava 2P p

lA®(«fTb,fTb)>+«cid,ﬁ>>)

A((I+D)+(I+1)
ld

AU+ +A®(I+1)

ld+d

(AQI+AQDN+(A®I+A®I)

l(ﬂ+ﬂ)+(ﬂ+l)
(A+A)+(A+A) R T U B+ B

A 245 . L )+ AR 25y, 2L ) asp [id,id]

Thus

(a+b)(G5f+ L)+ (c+d)(Z5h+ -Lw)
= [id,id] o ([f, gl + [A, w]) o (A + D)+ (A + ) o(d+d)od
0 (A® ((z%. )+ (5. LMo (A®(a+b,c+dy)oal.

Similarly, we can show that

(a+)(Zf+-5h)+ (b+d) (328 +35w)

= [id,id] o ([£, 1] + [g.w]) 0 (A + ) + (A + D) o (d+d)od
o (A® ({4, SN+ (5. M) o (A® (a+c,b+d))oa™l.
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A®]
A®{a+b,c+d) A®{a+c,b+d)
Ao (I+]) A (I +1)
JAetts iy eitg A9 oo e gl 5|
ARiso

A ((I+D)+ (I +1)) A ((I+1)+(I+1)

L Js

AQU+DN+A®(I+1) AQ(UI+D+A®(I+1)

ld+d ld+d

(AQI+AQDN+(AQI+AQI) iso (AQI+A®DN+(AQI+AQ®I)

l(/l+/l)+(/l+/l) l(/l+/1)+(/1+/l)
(A+A)+(A+A) iso (A+A)+(A+A)
l[f,gmh.w] l[f,WH[g,h]
[id,id] [id,id]
B+ B B B+ B

Fig. 6. A diagram used in the proof of Theorem B.2

Thus we can show

(CZ + b)(a+bf+ a+bg) + (C +d)(c-€dh + c+dw)
=(a+o) G+ =l +(b+d)(b+dg+ b+dW)

by the commutative diagram in Figure 6.
o (pf+qg)oe=p(foe)+q(goe). Thisis by the following commutative diagram.

<<pst1>> d [f.gl
®(I+1) —>A®I+A®I—>A+A —

\)e@lT e®(1+1)T e®l+e®lT T Ae goe]

I—>C®(I+I) —> CR®I+C®]I — C+C
Celp.q) d A+

e ho(pf+qg)=p(hof)+q(hog).Thisis by the following.

! A®(p.q) d +1 [f.gl h
A—>A®I—>A®(I+I)—>A®I+A®I—>A+A—>B—>C O
\_/

[hof,hog]

THEOREM 6.26. The category [SetQOp]pmd is enriched in convex spaces. Moreover, the
Lambek embedding k : Q — [SetQOp]prod preserves the convex sum in Q.

Proor. By Theorem B.2 (b), there exists a map {p,q) : I — [+ I in Q for any
p,q € [0,1], p + ¢ = 1, and it satisfies the four diagrams. Since « preserves coproducts
in Q, the map «{p, q)) : kI — xI +’ k[ in [SetQOp]pmd also satisfies the four diagrams in
Theorem B.2 (b). Therefore [SetQOp]pmd is enriched in convex spaces.

For all f, g € Q(A, B), the convex sum p f + gg € Q(A, B) is defined to be the following.

1
A 401 22D e+ S Aasrvael 5 ara L g
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Since « preserves coproducts in Q and it is strong monoidal, we have x(pf + qg) =

pr(f) +qk(g) € [Set®" |poa (KA, kB).
O

C Proof of Theorem 4.7
THEOREM 4.7 (SEMANTIC SUBSTITUTION). Suppose ®,I'1,x : A, T2 +¢ M : B and
D,13 +1 Vi A. We have the following equality.
[[V/xIM] =[@] ® [I'] ® [T3] ® [I2]

WP 1] © [@] ® [T1] @ [[3] ® [[2]

2, @] @ [ri] @ [@] © 5] © [13]

LMY, (0] @ ] ® [A] ® [I]

™M, o8],

Proor. The proof is by induction on ®,I"j,x : A,I; o M : B. The only non-trivial cases
are that of the dynlift rule, which is new in this paper compared to previous work, and the /ift
rule, which has some subtleties because the context must be a parameter context. All of the
remaining cases are routine, and we show a few of them to illustrate the general pattern.

e Case
D, ,x: A,F; Fo M : Bit

D, T, x: A,F; o dynlift M : Bool.
Suppose ®@,1, +; V : A and a = 0. By the induction hypothesis, we have
[[V/x1M] = [M] o ([®] ® [I1] @ [V] @ [I2])
o ([@] ®y @ [ @ [I]) o (dup ® [I'] ® [I2] @ [I]])
(@] e [I] @ [I] ® [I] — T[Bit].
Since @, 1,15, F{ ko dynlift[V/x]M : Bool, we have

[dynlift[V /x]M] = p o T dynlifto[[V /x] M]
= (uo T dynlifto[M]) o ([9] & [[1] @ [V] ® [T2])
o([@]®y®[I2] @ [I]) o (dup® [I'1] ® [I2] @ [I])
(@] @ [I'] ® [I2] ® [I']] — T[Bool].

e Case
O, x: PO+, M: A

D, x: P, O+ lift M:!,A.

By Theorem 4.3, we have @ +; V : P. Since ®,®’ +, [V/x]M : A, by induction
hypothesis, we have

[[V/xIM] = [M] o ([@] @ [V] ® [®']) o (dup @ [@']) : [®] ® [®] — a[A].
Since @, @’ + lift[V/x]M : 1, A, we have
[lift[V/x]M] = pS[[V/x]M] : [®] ® [®'] — pba[A].

Note that §[[V /x] M] is the unique morphism such that
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force opS[[V/x]M] = [[V/x]M].
On the other hand, we have
force opd[M] o ([@] ® [V] ® [@]) o (dup ® [®'])
= [M] o ([®] ®[V]® [®]) o (dup ® [@])

= [[V/x1M].
Thus
[tV /x]M] = ps[[V /x]M]
= po[M] o ([@] @ [V] ® [@']) o (dup ® [®'])
= [liftM] o ([@] ® [V] ® [@']) © (dup ® [@']).
e Case

@,Fl,x:C,F;,y:AmM:B
<I>,F1,x . C,Fi F1 /ly.MIA —O B.

Suppose @, I'; 1 V : C. By the induction hypothesis, we have
[V/xIM] = [M] o ([®] @ W] ® [V] @ [T}, y - A])
o([®]eye 2] @ [I],y: Al o (dup® [IN] ® [I2] ® [,y : A])
(@] [] @[] @[,y : A] — «[B].
Since @, 1", 1,7 k1 Ay.[V/x]M : A —, B, we have
[y.[V/xIM] = curry[[V/x]M] - [@] ® [I1] © [I2] @ [I] — [A] — «[B],
which is the unique morphism such that
eo (curry[[V/x]M] ® [A]) = [[V/x]M].
On the other hand, we have
eo ((curry[M] o ([®] ® [In] @ [V] ® [I'{])
o([@] @y ®[I]@[I]) o (dup® [I'1] @ [I2] ® [T7])) ® [A])
= eo (cury[M] & [A]) o ([®] ® [] @ [V] ® [T,y : A])
o([®]@y e [I] @[] ®[A]) o (dup® [I'] ® [I2] ® [T7] @ [A])
=[M]e([@]e[M]e[V]e[I,y: Al
o([®] @y e 2] @[] ®[A]) o (dup® [I'] ® [I2] ® [T7] @ [A])
= [[v/x]M].
Thus
[Ay.[V/x]M]
= curry[M] o ([®] @ [Ih] © [V] @ [T,y : A])
o([®]®y e [I2] @[] ®[A]) o (dup® [I'] ® [I2] ® [T7] @ [A])
=[ay.M] o ([®] @[] © [V] @ [T,y : A])
o([®]®y e [I2] @[] ®[A]) o (dup® [I'] ® [I2] @ [I7] @ [A]).
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e Case
O,T,x:C[ o, M: A~ B ®Tykg N:A
<I),F1,x : C,I“i,l‘g "aq&az&/i’ MN : B

Suppose ®@,I'3 +; V : C and a; = a» = § = 0. By the induction hypothesis, we have

[[V/xIM] = [M] o ([®] ® [[1] ® [V] ® [I'}])
o([]®y®[I3] @[] o (dup® [I1] ® [I3] ® [T]])
@] @[] @ [T3] @ [T] - T([A] — T[B]).

Moreover,

[[V/x]MN] =poTeouoTsoro ([[V/x]M] ® [N])
o ([@] ® y ® [2]) o (dup & [T1] @ [I'3] ® [T}] @ [I])
=puoTeouoTsot
o(([M]e([®] @[] @[V]®[I]) o ([®] ® y ® [I] ® [I])
o (dup ® [I'] ® [I3] @ [I'])) ® [N])
o([®] ®y ®[I2]) o (dup® [I'] ® [I3] ® [I'] ® [I2]).

On the other hand,

[MN] o ([@] @[] ® [V] @[] ® [I2])
o([®]®y®[I3] ® [I'[] @ [I2]) o (dup ® [I'1] ® [I3] ® [T @ [I2])
=poTeopoTsoto ([M]®[N])
o([®]®y®[I2]) o (dup e [I'] ® [C] & [I'{] ® [I2])
o([@]e [IN] & [V] ® [I] & [I2])
o([®]®y®[I3]® [I'f] @ [I2]) o (dup @ [I'1] ® [I3] @ ] @ [T2]).

Thus by reasoning about the box diagram, we have

[[V/xIMN] = [MN] o ([®] ® [Th] ® [V] ® [I']] & [I2])
o([e]ey®[I3] @[] ®[I2])
o (dup ® [I] @ [I3] ® [I}] ® [I2]).
e Case

D, Iy,x: C,F; kg M : 1A
D, I',x:C, Fi Fos&p force M : A.

Suppose @, +; V : C and @ = B = 0. By the induction hypothesis, we have
[[V/xIM] = [M] o ([®] ® [T1] © [V] @ [I'])

o([@]®y @[] @[] o (dup® [I'1] @ [I2] @ [I]])
@] ® [I'] ® [I] ® [I]] — TpbT[A].
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Since I'1, I, 'y ko force[V/x]M : A, we have

[force[V /x]M] = p o T force o[ [V /x] M]]
= poTforceo[M] o ([®] ® [I'] ® [V] ® [I']])
o([@]®y®[I2]®[I]) o (dup® ] ® [I2] ® [I7])
[@] @[] @ [I2] @ [I1] — T[A].

On the other hand, we have

[force M] o ([®] ® [I'1] ® [V] ® [I'[])
o([@]®y®[I]®[I]) o (dup @ [I1] ® [I2] ® [I1])
= poTforceo[M] o ([@] ® [I'1] ® [V] ® [I])
o([@]®y @[] ®[I]) o (dup @ [I'1] ® [I2] ® [I]).

So [force[V/x]M] = [force M] o ([I] @ [V] @ [[®] @ T}]) o ([®] ®@ ¥ ® [T2] ®
[7D) o (dup @ [I'] @ [I2] @ [T]]).
e Case
O x:ProM:A O,x:PryN:B
®,x:Pry(M,N): A®B

Suppose @ +; V : P. By the induction hypothesis, we have
[V/xIM] = [M] o ([®] ® [V]) o dup : [®] — T[A]
and
[(V/x]N] = [N] o ([®] ® [V]) o dup : [®] — T[B].
Thus
[([V/x]IM. [V /x]N)]

=poTooto ([[V/x]M] ®[[V/x]N]) o dup
=poTooto (([M]o([@]®[V])odup)® ([N] o ([®] ® [V]) o dup) o dup.

On the other hand,

[(M,N)] o ([®] ® [V]) o dup
=poTooto([M]®[N])odupieigrpy © ([P] ® [V]) o dupjey
=poTooto([M]®[N])o (([®] @ [V]) & ([®]® [V])
o dupje]e[e] © dUP[e]
=poTooto(([M]o([®]® [V])odupiey) ® ([N] o ([®] ® [V]) o duppe)))
o dup(g)-

Thus [([V/x]M, [V/x]N)] = [(M,N)] o ([®]  [V]) o dup.
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D Proof of Theorem 5.15
Tueorem 5.15. Ifto (Q, M) : As Y, and (Q, M) || Xicin) Pi(Qi, Vi), then

[o.M] = ) pilQiVil : 1> T([A] @ [£]).

i€[n]

Proor. In the case where @ = 1, there is no dynamic lifting when evaluating M, therefore
the proof is mostly similar to the proof of Theorem 5.6. We consider just one typical case:

(0, M) | (Q1,Ax.M])
(Q1,N) | (97, V1)
(@), [Vi/xI1M7) U (Q7,V])
(Q,MN) | (Q7,V])

Suppose addr(Q) = X”,X" and £ +1 M N : A. By the typing rule for M N, we have

Z’l’l-lMZB—OlA Zé’l—lNiB
Zl'l-lMNZA,

where X" = 21’, 2;’. By Theorem 5.12, we have addr(Q) = Zi”, Zé’, >/, and Zi” k1 /lx.M; :
B —; A, and addr(Q’l) = 2;”,2;”,2’, and Zé” 1 Vi @ B, and addr(Q’l’) = X" %, and
=" v V] 1 B.

By the induction hypothesis, we have

[0.M] =T([M] ® [Z7] ® [X']) 0 $Q
=T([axM{] e [E] @ [E])0¢Q1 : I > T([B— A]® [E7] ® [Z])

and (where ¢ is an isomorphism that permutes addr(Q;) and addr(Q1))

[01.N] =T([N] & [Z'] ® [Z{"]) o ¢(6 © Q1)
=T([Z"]e [N]® [2']) o ¢0:
=T(M]e[Z]e[Z"]) o ¢(60))
=T([Z"Te e[ e¢0; : I > T([B]e [Z]®[Z"])

and

[01. Vi/xIM{] = T([[Vi/x]1M{] ® [£']) o ¢Q}
=T(([M{] o ([Z)"] @ [V1])) @ [Z]) © ¢0]
=T(Vile 2] e ¢Q) : I > T([A]@[X']).

We need to show that

[0. MN] =T([MN] ® [Z']) o ¢Q
=T((eo ([M] @ [N])) & [X']) o ¢Q
=T([V{]® [X]) o Q7
=T(([M{] o (M) @ [Z]"]) @ [Z']) © ¢Q5.
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This is the case because

[0. MN] =T([MN] ® [X']) © ¢Q
=T((eo ([M]® [N])) ® [E]) o ¢Q
=T(e@[X]) o T([B —1 A] @ [N] @ [X']) o T([M] ® [£5] ® [£]) 0 ¢Q
=T(e® [X]) o T([B -1 A] ® [N] ® [E]) o T([ax.M]] ® [Z)] ® [E]) © ¢Q1
=T(e® [X]) o T([ax-M{] ® [N] ® [Z']) 0 Q)
=T(e® [X']) o T([Ax.M{] @ [B] ® [Z']) o T([Z]"] ® [N] ® [Z]) o ¢Q1
=T(e®[Z]) oT([Ax.M{] @ [B]® [Z']) o T([Z"] ® [Vi] ® [Z']) © Q]
=T(M][Z]) o T([E"] @ [Vi] ® [E]) 0 601
=T(([M{] o ([Z{"] ® [\i]) ® [Z']) © Q.

Now we consider the case where @ = 0. Suppose addr(Q) = X", 2" and X" +og M : A. We
proceed by induction on (Q, M) | X;c(n) Pi(Qi» Vi)-
e Case
Q. M) | Xicpn Pi(Qis i)
read(Qi, i) = X jep2) 4:,j(Q; ;- ai.j)
(O, dynlitt M) U X i jye(n)x[2] Pi4i.j(Q] ;> @i j)-

— Suppose we have

> 1 M : Bit
X" +o dynlift M : Bool.

In this case we have the following derivation.

(O, M) | (Q.0)
read(Q’,0) = q1(Q], False) + ¢2(0}, True)

(Q, dynlift M) || q:(Q}, False) + q2(Q), True)

Since read(Q’, ) = q1(Q], False) + q2(Q, True), we have that Q" = ¢ (inj; ®
Q') + q2(inj, ® Q%) in Q. So in A, we have

¢Q" = qi(pnoTtoso(¢(inj)) ® ¢Q))) + qa(uoTtoso (¢(injp) ® ¢0))),
where ¢Q” : I — T(Bit®[X']),and ¢Q7, Q) : I — T[X’], and ¢(inj,), ¢(inj,) :

I — TBit. Note that by condition (f) (Definition 3.5), we have ¢(inj;) =
n o init o [False] and ¢(inj,) = n o init o [True]. We need to show that

[0, dynlift M]| = (T ([False] ® [Z']) o Q) + g2(T ([True] ® [X']) o ¢Q?).



52 Peng Fu, Kohei Kishida, Neil J. Ross, and Peter Selinger

By the induction hypothesis, we have [Q, M] = [Q’, ], i.e., T([M] ® [Z']) o
$0 = $Q’. Thus

[0, dynlift M] = 1 o T's o T((dynlifto[M]) ® [£]) © $Q
= poTsoT(dynlift [X']) o T([M] ® [Z']) o #O
= poTs o T(dynlift &[]) o $Q’
= p o Ts o T(dynlift [X'])
o (q1(ioTro 5o ($(inj)) ® 40}))
a0 T1 o5 0 ($(iny) ® $0L)
= g1(i o Ts o T(dynlft ®[E']) o o Tt o s 0 (¢(inj;) ® $Q}))
+qa(uoTsoT(dynlift ®s']) o o Tt o o o (¢(inj,) ® ¢Q5)).

We just need to show

T ([False] ® [X']) o ¢Q]
=poTsoT(dynlift®[X]) o uoTroso (H(inj;) ® pQ7)
=poTsoT(dynlift ®[X]) o o Tt oso ((noinito [False]) ® Q).

This is true because of the commutative diagram in Figure 5.
— Suppose we have

X" +o M : Bit
X" +o dynlift M : Bool.

In this case (Q, M) | Xic(n) pi(Qi, &) and read(Q;, ;) = ¢i,1(Q; |, False) +
qiyz(Q;’z,True), where addr(Q;) = ¥/, ¢; : Bit and addr(Qg’l) = addr(Qg,l) =
%’. Thus we have the following in A: ¢Q; = ¢; 1 (noTtoso (¢(inj;) ® ¢Q;,1)) +
qi2(uoTtoso (¢(inj) ® ¢Q;,2)). Note that ¢(inj;) = 7 o init o [False] and
#(inj,) = n o init o [True].

We need to show that

[0, dynliftM] = " pigi(T([False] @ [Z]) @ 60} )

i€[n]

+ piqi2(T([True] ® [2']) ® ¢0; ,).

By the induction hypothesis, we have

[0.M] = poTsoT([M]®[Z']) 0 ¢Q
- Z pi(T([G] @ [Z']) © Q1)

i€(n

]
= Z Pi¢Q;.

i€[n]
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Thus

[Q, dynlift M]
=puoTsoT((uoTdynlifto[M]) ® [Z]) 0 O

=poTsoT((uoTdynlift) ® [E']) o T([M] ® [Z']) 0 ¢O
(*)

o TsoT(Aynlift®[E]) o o TsoT([M] & [X]) o 60
= poTsoT(dynlite[']) o (Y. pidQ:)
i€[n]

= ). pilpoTs o T(dyniift &[Z']) 0 $Q;)

i€[n]

= 3 piluoTs o T(aynlitte[x'])
i€[n] (gi1(uoTtoso (¢(inj;) ® ¢Q;’1))
+qi2(p o Ttos o (¢(inj2) ® Q] ,))))
= Z pigia(poTs o T(dynlift®[X']) o wo Tt os 0 (4(inj1) ® ¢Q; )
ey piqia(poTs o T(dynlift ®[Z']) o p o Tt o 5 0 (¢(inj2) ® Q] ,)).

So we just need to show
T([False] ® [X']) ® 0]
= poTsoT(dynlift@[X']) o uoTtoso (4(inji) ® $Q; ).

We already showed this in the previous case.

The equality of (x) is by the following commutative diagram.

T(TBit® [X'])
TS/ \T(idynlift@[[z’]])
TT (Bit ® [X']) T(TT Bool ® [X'])

M/ \TT(‘danift @[[2’]% \T(;t@[[z'}])

T(Bit® [2']) TT(T Bool ® [Z'])

T(TBool ® [Z'])
TTs
T(dynnft@[[z% % \
T (T Bool ® [X']) TTT(Bool ® [X']) Ts

TT(Bool ® [£']) TT(Bool ® [X'])
S T
T(Bool ® [X'])
e Case

(Q’ M) U Zie[n] pl(le/l-XMll)
Qi N) U Xjerm) 4i.(QF ;> Vij)
(Q;’js [Vt,j/x]Ml,) U Zke[l] si,j,k(Q;:j’pVi’,j,k)

(Q. MN) U Xi,j kyetniximixin) PidinjSij k(@7 o0 Vi i 1)-
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Here we only consider the following typing judgment (the other cases are proved
similarly).
ZitoM:A—o9gB 2Z+gN:A
Z] , 22 Fo MN : B
We assume that addr(Q) = X1, 2, 2.
By the induction hypothesis, we have

[0, M]

WoTsoT(s®[2']) o T([M] ® [52] ® [Z']) o 60
> pil Qi .M
i€[n]
D piT([Ax.M{] @ [Z2] @ [Z]) © $Q)),
i€[n]
where ¢Q; : I — T([2/] ® [Z2] ® [Z']) and X} | Ax.M! : A —o¢ B. The induction
hypothesis also gives
[Qi.N]=poTsoT(t®[X]) o T([E] @ [N] ® [Z']) 0 ¢Q;

> il Vil
Jjelm]

D i (r([El e Vil o [2]) 0 605 ),
Jj€lm]

where Q7 1 —> T([Z]] ® [£7;] ® [£']) and ]’ +1 V;,; : A. Moreover,

[0; ;> Vi j/xIM]] = poTs o T([[Vi;/xIM]] ® [£']) 0 $Q; ;
= poTsoT(([M]o (=] @ [Vi,]) ® [Z']) 0 60
= Z S[,j,k[[Q;:j,k’ Vi,,j,kﬂ
kell]

= Z si,j,k(T([[Vi,,j,k]] ® [Z/H) o ¢Q:,]k)’

kell]

where ¢Q7; 1 = T([Z] ] ®[Z]) and I}, +1 V]

.. B.
i,j,k
‘We need to show

[Q.MN] = o Ts o T(IMN] ® [£]) 0 6Q
poTsoT((uoTeopoTsoro ([M]®[N]) ®[]) o 4Q

> pigigsi k(T d @ [2]) 0 607, ).

i,j,ke[n]x[m]x[I]

On the right hand side, we have

RHS = Z Pidi,jSi,jk(T([V]; ] ® [Z']) 0 607 1)

i,j,ke[n]x[m]x[l]

= Z Piqi.j Z si,j k(T(V] (] ® [E']) 0 607 1)

i,je[n]x[m] kell]

Z D, Pidi (o TsoT(([M] o ([E] ® [Vi,;]) @ [E']) e 60} ).

i,je[n]x[m]
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On the left hand side, we have

LHS

=poTsoT((uoTeouoTsoro ([M]®[N]) ®[X]) o O
=poTsoT((uoTeouoTsoto (T([A] — T[B]) ® [N]) o ([M] ® [Z2])) ® [Z']) o ¢Q
=poTsoT(uoTeopuoTsoto (T([A] — T[B]) ® [N]) ® [Z']) e T([M] ® [Z.] ® [Z']) o QO

Y oTsoT(ua[E]) o T(Te ® [E]) o T(t ® [£']) o T([A] — T[B] ® [N] ® [£'])

opoTsoT(s®[Z]) o T([M] ®[Z:] ® [Z]) 0 9O
B oTsoT(ue[E]) o T(Te® [X]) o T(t & [E']) o T([A] — T[B] ® [N] ® [Z])o
> pi(T([xM] @[] © [2]) 0 ¢0:)
icln]
= > pi(uoTsoT(ua[T]) o T(Te ® [T]) o T(r @ [¥']) o T([A] — T[B] ® [N] @ [¥'])
ie[n]
oT([Ax.M]] ® [Z2] ® [X']) o $Q:)
= D, pilueTsoT((uoTeoto (([A] — T[B]) ® [N]) o ([x.M]] @ [£2])) & [E']) o ¢Q:)

i€[n]

= Y pilpoTsoT((uoTeoto ([ax.M]&[N]) &[] 0 Qi)

ie[n]

= Z pi(uoTsoT((uoTeoto ([Ax.M]®T[A]) o ([Z]® [N])) ® [Z']) o Q)

ie[n]

= > piluoTsoT((uoTeoto (ix.M]eT[A]) @ [E']) o T([E]] & [N] & [E']) 0 $0:)

i€[n]

2N piuoTsoT(e®[£]) o T([Ax.M]® [Al @ [£']) o poTs o T(1 ® [£])
i€[n]
oT([E] @[N] ®[X']) © ¢Q:)

H > piluoTsoT(e®[2]) o T([ax.M{] & [A] @ [Z'])

i€[n]

o > ai (T[] e Vil 2] o 60} ;)

Jjelm]
= > pilpoTsoT(IM{]® [N o Y qij (T[] @ [Vijl®[£]) 0 60} ;)
ie[n] Jjelm]

= > pigij(ueTsoT(([M{]e ([E] e [Vi])) & [X]) o 60} )
i,je[n]x[m]

=RHS.

To show (1) holds, we just need to show

T((uoTeouoTsoro (T([A] = T[B]) ® [N]) & [£'])
=T(ue[X])oT(Tex [X']) o T(t @ [£']) o T([A] — T[B] ® [N] ® [£])
ouoTsoT(s®[Z]).
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This is true because the following diagram commutes. Here, we have written X =

[[A]] —o T[[B]].
T(TX @ [Z2]) © [2])
r@my WXWWMZ/H)
T(T(X o [%]) ® [2]) T(TXeT[A] ® [X])
T(T(XS[N])e[Z'])
Ts T(to[z'])
/ %{M)
TT(X® [Z]) ® [Z']) T(T(X®T[A]) ® [Z']) T(T(TX @ [A]) ® [Z'])
TT(Xe[N])®['])
u T(Tte[Z'])
T((X e [%]) ®[Z]) TT((X® T[A]) ® [Z']) T(TT(X @ [A]) ® [Z'])
/ \ / N
T((Xe[N])®[Z']) no TT(e[Z']) Ts
T(X®T[A]) ® [£']) TT(T(X @ [A]) ® [Z]) —— T(T(X® [A]) ® [£'])

T(e[='])
To show (2) holds, we need to show
T((uoTeoto ([Ax.M]®T[A])) ® [Z])
=T(EeQ[Z]) o T([Ax.M]]@[A] @ [Z']) oo Ts o T(t @ [Z']).

This is true because the following diagram commutes. Here, we have written m =

[Ax.M;] and X = [A]] — T[B]. Note that the right leg of the diagram is the left-hand
side by functoriality of 7((-) ® [Z']).

T([Z] e T[A] ® [£7])
T(x@[[Z’]])/ \T(T@T[A]]@[[Z’]])

T(r(zelA) e [[TEG}J() ®[[A]])@[[Z,%(X@b T[A] ® [2'])
> ™~ Aqo[[xf]])
TT(([Z]e[AD © ﬂg;]]& ®[[A]])®[[E’]])T(T(X® [AD e [2'])
y \ % \T(ie@[[z D
T(([Z] e [AD ® [Z]) TT((X @ [A]) ® [2']) T(TT[B] ® [2'])
TT(ex[X
T(molAD e[ —F SN 7

T((xX®[A]) e [2]) TT(T[B] ® [2'])

T(ex[Z']) H

T(r[B]® [=']) fetEh

e Case

(Q. M) U Yiepn) pi(Qi, lift M})
gen(S) =a
(idx,, M{ a) | (Ds, bi)
(Q,box S M) | Xicin) pi(Qi, (a, Di, by)).

Suppose addr(Q) = X1, Z’. Consider the following.

ik M : (S —; U)
21 ko box S M : Cire(S, U)
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By the induction hypothesis, we have

[0.M] = poTsoT([M]®[Z]) o ¢Q
= Z pilQi, liftM[]

i€[n]

= Z piT([liftM]] ® [Z']) © ¢O;

i€[n]

where ¢Q; : I — T[X'] and ry lift M : !{(S —; U). Note that X, + a : S. By
Theorem 5.6, we have

lids,,. Mia] = € o ([M;] @ [a]) = [b:] o D : [Ea] — [U].
Thus uncurry[M] = [b;] o D; o [a;]~". We need to show
[Q.boxsM] = 1o Ts o T([boxsM] ® [X']) o ¢Q
=poTsoT((Tpboxo [M]) ® [E]) o O
Z pl’l[[Qi’ (a7 Di’ b)ﬂ

i€[n]

> palT(ple) ® [Z]) © 600,

i€[n]

where 6 = [b;] o D; o [a] ! : [S] — [U].
This is true because we have the following.

poTsoT((Tpboxo [M])®[Z]) o ¢Q
=T(pbox® [E']) o poTs o T([M] ® [Z']) 0 40
L T(pbox @[]0 Y pi(T([liftM]] ® [Z']) o $0:)
i€(n]
= > pi(T(pox ® [']) o T([liftM]] & [X]) © $0:)

i€[n]

= > pu(T((pbox o ps[M]]) @ [Z]) 0 6Qy).

i€[n]

Thus we just need to show box o§[M/] = Luncurryp;]- This is true by the definition
of box.

e Case

(Q. M) | Xicrny Pi(Qi, lift M[)
Qi M) U Xjeim 4i.;(Q; ;> Vi)
(Q.force M) U 2 jyelnixim) Pi4ii(QF ;> Viij)-

Suppose addr(Q) = £, %’ and

Ziko M 1hA
21 ko force M : A.
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By the induction hypothesis, we have
[Q,M] =poTsoT([M]®[Z']) o ¢Q
= > pil0sliftM]]

i€[n]
= > piT([iitM] @ [£']) © 6Q)),
i€[n]
where ¢Q; : [ — T[X'] and 0 + lift M; : 1HA.
Also by the induction hypothesis, we have
[Qi- M] = poTsoT([M;] ®[X]) 0 Qi

Z qi,;[Q; ;» Viil

Jj€lm]
Z qi,;(T([Vi ;] ® [Z']) © ¢Q; ,),
Jj€lm]
where ¢Q; 1 1 — T([%] ® [£']) and X5+ V;; « A.
We need to show

[0.force M] = o Ts o T((u o T force o[M]) & []) 0 40
= Z piq:,;[0; ;- Vil
i,je[n]x[m]
= Z piqi;jT([Vi ;] ® [Z']) 0 ¢Q; ;-
i,j€[n]x[m]

This is true because
poTsoT((uoTforceo[M])®[X']) o pQ
=poTsoT((uoTforce) ® [X]) o T([M] ® [Z']) o 6Q
=uoTsoT(force®[X'])opuoTsoT([M]®[X]) o ¢Q
o Ts o T(force ®[T']) o > ([t Ml @ [X7]) © $0)

i€[n]

= Z pi(uoTsoT(force ®[Z']) o T([lift M!] ® [Z']) © Q)

i€e[n]

= Z pi(poTsoT([M]]®[Z]) o #Q;)

i€e[n]

2 Y a1 e X e ¢0; )

ie[n]  je[m]
= Y P TVl XD 0 90) ).
i,je[n]x[m]

e Case
(O, M) | Yicin) Pi(Qis (ai, Dy, by))
(Qi, N) U Xjetm) 4i.(Qf ;> Vij)
applyTo(D;, Q; ;. ai, Vi,j) = Q7 ;
(Q,apply(M,N)) U Xi.j)e[n)x[m)] Pidi,j(QF ; bi).
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Suppose addr(Q) = X1, X, X" and

i to M : Cire(S,U) Zo+oN:S
21,2 ko apply(M,N) : U.

By the induction hypothesis, we have

[O.M]=poTsoT(s®[Z]) o T(M] ® [X2] ® [Z]) © O
= ,-;] pilQs. (ai, Dy, by)]
- Z[]] piT ([ai, Di, bi] ® [Z2] ® [Z']) © ¢Q;
= Z[:] piT(ple) ® [Z2] ® [E]) 0 ¢Q:,
= Z[:] p:T((pbox opscurryd) ® [£2] ® [£']) o ¢Q:,

where ¢Q; : I — T([Z2] ® [Z']), and 8 = [b;] o D; o [a;]~" : [S] — [U], and
D; : [Z4,] = [Zp,], and Zg, F1 a; : S and Zp, +; b; : U. Note that the last equality
is by definition of box.

Moreover, by the induction hypothesis, we also have

[Qi,N] = poTsoT([N]®[Z']) o $Q;
= > 40,10 Vil

J€lm]

= D ai TVl @ [Z]) e 60; ;.

jelm]
where Q7 1 I > T([Z)] ® [X']) and X #1 Vi = S.
Since applyTo(D;, Qt’.’j, a;,Vij) = Q;fj, we have the following in Q.
07 =((UDioda] " o Vi, ®[Z] 0 Q) : 1 - p, X

Thus in A, we have

$0;; = ¢((ID; o J[a;]™ o J[Vi ;1) ® [E']) 0 0] )
= uoT¢((ID; o J[a]™" o J[Vi ;1) ® [E']) 0 ¢0;
=poT(uoTtosod(JD;oJ[a] " o J[Vi;]) @nz) 0 $0; ;
Y poT(uoTsoto (nps, o Diola]™" o Vi) ®@npsy) 0 60,
= poT(so (s, 0 Diofai]™ o [Vi]) & [Z]) 0 ¢0;
= o T(npzgepz) © (Dio [ai] ™" o [Vi) @ [Z']) 0 605 ;
=T((D;o[ai] " o [Vi;]) ® [Z']) 0 0Q; ; : T — T([Zp,] ® [Z']).

Note that (x) is by ¢ o J = E o ¢ in condition (f) (Definition 3.5).
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‘We need to show

[Q.apply(M, N)]
=poTsoT([apply(M,N)] ® [Z']) o $Q
=puoTsoT((TeoT((force op unbox) ® [S])
opoTsoro([M]® [N]) & [¥]) 0 60
> piansl0r bl

i,je[n]x[m]

> piai (T @ []) © 607 )

i,je[n]x[m]

Z piqi;(T([bi] @ [E']) o T((Dy o [a; ] o [Vi;]) ® [E']) 0 90 ;)

i,je[n]x[m]

= Z Pigij(T(([bi] o Di o [ai] ™" o [Vi;]) ® [E']) © 6Q; ).

i,je[n]x[m]

This is true because

uoTsoT((TeoT((forceopunbox) ® [S)ouoTsoto ([M]®[N]) ®[Z]) o #Q
=puoTsoT((TeoT((forceopunbox) ® [S]) opoTsor)®[Z])
oT(([M] ® [N]) ® [Z']) o ¢Q
=puoTsoT((TeoT((forceopunbox) ® [S]) opoTsor)®[Z])
o T(T[Circ(S. U)] @ [N] ® [Z']) o T([M] ® [X2] ® [E]) 0 ¢Q

W o TsoT((Te o T((forceopunbox) ® [S]) o 1) ® [£']) o T([Cire(S, U)] ® [N] ® [£])

opoTsoT(s®[X]) o T([M] ® [Z2] ® [Z']) 0 60
" 1o Ts o T((Te o T((force op unbox) ® [S]) o 1) ® [£']) o T([Cire(S, U)] ® [N] & [£'])
° Z pi(T((pboxopéscurryd) ® [Z2] ® [Z']) o ¢Q;)
ie[n]
= Z pi(poTsoT((Te oT((forceopunbox) ® [S]) o) ® [Z'])
i€[n]
o T([Cire(S,U)] ® [N] ® [E']) o T((pboxopscurry6) ® [X:] ® [X]) o ¢Q:)
= ) pi(uoTsoT((TeoT((forceop unbox) @ [S]) o 1) & [£])
i€[n]

oT((pboxopdscurryd) @ T[S] ® [E']) c T([N] ® [Z']) o ¢Q;)

2 Z pi(T(e ®[Z']) o T((force op unbox) ® [Z']) o T((pboxopscurryd) ® [S] ® [E'])

i€[n]
oT(A' @ [Z'])opoTsoT([N] & [Z']) 0 $Q;)
= > pi(T(ea[])oT(cumyo @[] e [Z]) o T(A' @ [¥'])

i€[n]

° Z qij (T([Vij1®[Z]) 0 6Q; ;)

Jjelm]

= D pia MO o T([Vile[]) 0 6Q; )

i,je[n]x[m]

= > gy (T(([bi] e Diofa]™) @ [E]) o T([Vil ® [E']) © 60} ;)

i,je[n]x[m]

= > g, (T(([bi] e Dio[a] ' o [Vi ;) ® [E]) 0 00} )

i,je[n]x[m]
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To prove (1), we just need to prove

T((uoTsor)®[Z]) o T(T[Cire(S,U)] @ [N] ® [Z])
=T((t®[Z]) o T([Cire(S,U)] @ [N]®[Z']) oo TsoT(s ® [Z']).

This is true because the following diagram commutes. Here, we have written X =
[Circe(S,U)].

T(TX o [Z2]) o [2'])

T(s®[Z']) T(TXe[NDe[='])

4

T(T(Xo[Z]) e [2]) T(TXeT[S]) & [X])

T(T(Xs[N]De[Z'])
Ts T(te[='])
T(s®[='])

TT((X®[Z:]) @ [Z']) T(T(XeT[S) =) T(T(TXe[S) e [Z]

TT((X8[NDe[Z'])
M
/ Ts

T(Xe[ZDe[]) TTr((XeT[Ss]) ®[Z]) T(TT(Xe[SD e [=]

TT(t®[2'])
T((Xe[NDe[Z']) H s

T(xeT[She[2])  TT(T(Xe[SDhe[]) - T(T(Xe[S]) e [Z])

™

/;
N
A

T(Tt®[2'])

kN
/4
N

T(Ts®[Z'])

T(ue[='])

A
N
4

T(e[='])

To prove (2), we just need to show

poTsoT((TeoT((forceopunbox) ® [S]) ot) @ [Z'])
o T((pboxopéscurryd) @ T[S] ® [Z'])
=T(e ® [Z']) o T((force op unbox) ® [Z'])
o T((pboxopscurryd) ® [S] @ [E']) o T(A' @ [E']) oo Ts.

This is true because the following diagram commutes. Here, we have written X
[Cire(S,U)] and Y = [S] — [U], as well as f = pboxopdcurryf and g
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force o p unbox.

T(A 'e[2'])
T(T[S]®[2]) —— TUT[S] e [Z])

o &T{:%[Z/H)Auz'm X(f)mﬂ@ﬂm

TT([S]® [[ZQIT)WI ﬂzlﬂf(T(I e[S e [Z]D T(XeT[S]®[2])
®
SN o o Faels)
T([Sle =D TT(I®[S][Z']) T(TXe[she[2D
T(/I'l®[[2/]]\‘ ,/ Q@[{Sﬂ@[{i% X("l;(g@[[S]])@[[E’]])
T(Ie[s]e[Z]) TT(X® [S]® [Z]) I(T(Y ® [SD e [E])
IT((ge[She[z']) calls’
T(f@ﬂsmm / \ % K(r e[Z'])
T(Xe[S]e[Z]) TT((Y o [SD @ [Z']) T(T[U] o [2'])
T(g@ﬁS]]@[[%/A / /
TYe[S]e[=] TT([U] 2 [Z'])
T(E®|Im /
T([U] e[z

E Enriched symmetric monoidal categories

Definition E.1. Let V be a symmetric monoidal category. A V-category A is symmetric
monoidal if it is equipped with the following:

e There is an object /I, called the tensor unit. For all A, B € A, there is an object
A ® B € A. Moreover, for all A}, Ay, B, By € A, there is a map

Tensor : A(A, B;) ® A(Ay,B;) — A(A] ® Ay, B ® By)
in V. The tensor product is a bifunctor in the sense that Tensor o (#4 ® ug) = Uagp
for the identity maps u 4, up, usep, and the following diagram commutes for any
A1, A2, By, By, C1,Cy € AL
id®y®id:ceq
A(A1,B1) ® A(A2, B2) 8 A(B1,C1) @ A(B2, o) 75 A(A1,C1) ® A(42,C)
l Tensor®Tensor l Tensor

A(Al ® Ay, B1 ® Bz) ® A(31 ® By,CI ® Cz) —c 5 A(A1 ® Ay, C1 ® C2)

e There are the following ‘V-natural isomorphisms in A and they satisfy the same
coherence diagrams as for symmetric monoidal categories, and analogous naturality
conditions.

la:I®A— A
ra:AQI— A
)/A’BZA®B—>B®A
asapc:(A®B)®C > AQ(B®C()

If the V-category A is symmetric monoidal, for all maps f : A} — B1,g8 : A2 = By inA,
we write f ® g : A] ® Ay — B] ® B; as a shorthand for the following composition.

Tensor

15 A(A1,B1) ® A(A2,B2) — A(A1® Az, B ® By)
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F Proof of Theorem 6.10
In this section, we assume YV to be a complete, cocomplete, symmetric monoidal closed

category. The following theorem is due to Kock [20].

Theorem F.1. Let T : V — V be a V-monad. Then T is a strong monad with strength
t: A®TB — T(A ® B) given by the following commutative diagram. Note that 1 is the unit
of the adjunction —-® A 4 A — —.

curry(t)

A—————>TB—-oT(A®B)
UJ/ /
TB.AeB
B—-oA®B

Theorem F.2. Let T be a strong monad on V and F : A°® — V be a ‘V-functor. For all
A, B € A, the functors F and T induce the following maps in V.

FAB . A(B,A) — FA - FB
and
(TF)ap : A(B,A) > TFA — TFB.

The following diagram commutes.

A(B,A) ® TFA

‘ l W)m

- =
T(A(B,A) ® FA) Tuncurry(Fap) TFB

Proor. By currying the diagram above, we just need to show the right triangle commutes
in the following diagram.

A(B, A)

curry(t)
l n (TF)aB
Fap

FA — A(B,A)® FA YA Y TFA — T(A(B,A) ® FA)
> LA)®

ﬁ*’“““”yw AB) TF A—Tuncurry(Fag)

FA —- FB TFA - TFB
TrA,FB

Note that the bottom square commutes because of the V-naturality of 7. The left triangle
commutes by the property of monoidal closedness. The front triangle commutes by definition
of (TF)ap. The back triangle commutes by Theorem F.1. O

Theorem F.3. Let F : A® ® A — V be a V-functor and let T be a strong monad on V.
Then there exists a natural map

AeA AeA
gF:/ TF(A,A)—>T/ F(A,A).

Proor. Recall that by definition of coend, we have the following coequalizers.

P1 e AcA
ZaneaA(B.A) @ F(AB) — 3 Yaea F(A A) —— [P F(A, A)
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o) , AcA
YanecaA(B,A) ®TF(A,B) 3 Y peaTF(A,A) —— [°€

12

TF(A,A)

For any A € A, the functor F(A,-) : A — V gives rise to a map
F(A9 _)BA : A(B»A) - F(A» B) -0 F(A» A)

foreach B € A. The map p; is defined as the coproduct pairing [inj ,cuncurry(F (A, —)ga)] A.BeA-
For any B € A, the functor F(—, B) : A°° — V gives rise to a map

F(—,B)ap : A(B,A) — F(A,B) — F(B,B)

foreach A € A.The map p» is defined as the coproduct pairing [inj gouncurry (F(—, B)ap)] A,BeA-
The maps p1, pj are induced similarly.
Consider the following diagram.

JATF(AA) —m e e > T [ F(A, A)
e/T TTe
[Tinj,],
2XATF(AA) TYAF(AA)
piTTpé TPITTTPZ
ZA,BA(B,A) ®TF(A, B) TZA’BA(B,A) ® F(A,B)

ZA.IN ﬂinjA,B]A,B

2apT(A(B,A)® F(A, B))

Note that [T'inj4] 4 and [Tinj, p]a,p are coproduct pairings. The morphism ¢ : A(B, A) ®
TF(A,B) — T(A(B,A) ® F(A, B)) is the strength map for T.

To show the existence of £, we just need to show Te o [TinjA] aopy=Teo [TinjA] A ° P
which is to show the bottom square commutes for p| and T p; (p} and T py). This is the case
because of the following commutative diagram (for the A, B component). Note that the left
triangle commutes by Theorem F.2.

AB i
AB, A) o TF(A,B) 228 1A, 4y — A 75 Fa, A)

T,
tl /plm,m TP'

T(A(B,A) ® F(A, B)) T Y a5A(B,A) ® F(A, B)

Tinjs g

Note that p/ (A, B) is a component of p| and p; (A, B) is a component of p;. By the universal
property of the coequalizer ¢’, there exists a unique arrow

A€A A€A
f:/ TF(A,A)—)T/ F(A,A). O

Theorem F.4. Suppose F : A°® — V. Forall B,C € A, the following diagram commutes.

A(C,B)® F(B) =% [" A(C,B) ® F(B)

uncurry(Fgc) l /
y

F(C)
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Note that y is an isomorphism expressing the Yoneda lemma in the language of coends, and
Fpc : A(C,B) — F(B) — F(C), and ep is the unit of the coend.

Proor. Note that the map uncurry(Fpc) : A(C, B) ® F(B) — F(C) is ‘V-natural in B.
By the universal property of coends, there exists a map y : f B A(C,B) ® F(B) — F(C)
such that the diagram above commutes. Moreover, y is an isomorphism [19, Chapter 2.4]. O

Theorem F.5. Let T be a strong monad on V. For all F : A®* @ A — V, the map
Er fAEA TF(A,A) »T fAEA F (A, A) makes the following diagrams commute.

(a)

v \\\42;

T [*F(A,A) — [ATF(A, A)

(b)
JATTF(A, A) —5= T [ TF(A,A) —5 TT [* F(A, 4)

Jn| |»

[ATF(A,A) T [*F(A,A)

(c) Suppose G : A°® — V and A € A.

[P AA,B)®TGB ———— TGA

'] f

[P T(AA,B) @ GB) —— T [®A(A,B)® GB

Note that y’, y are isomorphisms induced by the Yoneda lemma.
(d) Suppose F : AP @A - Vand X € V.

(J*F(A,A) @ TX — T(([" F(A,A)) ® X)

g

[HF(A,A) TX)

a

JAT(F(A,A) & X) — T [*(F(4,4) @ X)

113

(e) Suppose F : AP @ A — Vand X € V.

[YX ®TF(A, A) AN [ T(X @ F(A,A))

;l lf

x® [“TF(A,A) T [*(X® F(A,A))

xee | E

XxoT [*F(A,4) —— T(x® [ F(4,A))
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(f) Suppose F : AP @ AP @A®A — V.

[ JPTF(A,B,A,B) AN [AT [P F(A,B,AB) — T [* [®F(4,B,A,B)

[P TF(A,B,A,B) T [*? F(A,B,A,B)

Proor. (a) We need to show that the following commutes.

T [*F(AA) — [ATF(A, A)

Consider the following diagram. We write n; for the map F (A, A) — TF(A, A) and
n, for the map fAF(A,A) — TfAF(A,A).

[ FA,A) AN JATF(A, A)

m \f

T [ F(A, A)

%7
ZAF(A,A)—]I)ZATF(A,A) Te

[Tinjala
p \

TYAF(AA)

We need to show that the top triangle commutes. Since e is an epimorphism, we
just need to show & o / 11 o e =1, o e. This is the case because the bottom triangle
commutes and all three square faces commute. The bottom triangle commutes by the
universal property of coproducts. The square with & commutes by definition of £.
Also note that e’ o ) i = / 11 o e is a property of coends (see 19, Eqn. 2.4).

(b) The proof is similar to (1).

(¢) Next we need to show that the following commutes (where y, y’ are isomorphisms
induced by the Yoneda lemma).

[P A(A,B)®TGB LN [P T(A(A,B)® GB)

/| e

TGA > T ["A(A,B) 8 GB
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The above diagram commutes because the following diagram commutes for all

A,B € A.
A(A,B)® TGB ——— [ A(A,B)®TGB
uncurry ( (TGV /
t y/
TGA ---—g--—------- 5> TGA I
Tuncurry(G.4) T(A(A,B) ® GB) — [P T(A(A,B) ® GB)

/ Ty /

T(A(A,B)® G(B) ——=— T [® A(A,B) @ GB
Since G and TG are contravariant V-functors, there are the following maps in V.

Gga:A(A,B) > GB= GA

(TG)ga : A(A,B) - TGB = TGA

The bottom square commutes by the definition of &, and the back square (with ey, e)
commutes by naturality of coends. The top and the front squares commutes because
of Theorem F.4. Thus we just need to show that the left square commutes, i.e.,

C(C,B)® TFB —— T(C(C, B) ® FB)

uncurry(TG)pa l MncurryGBA)

TFC

This commutes by Theorem F.2.
(d) Next we need to prove that the following commutes.

(J*F(A,A) @TX — T(([* F(4,4)) ® X)
-l

[HF(A A ®TX) S
/r]

[AT(FA,A) @ X) — T [A(F(A,A)® X)
First observe that the following commutes (each arrow is canonical).

(ZaF(A,A)@TX — T((ZaF(A,A) ® X)

.|

2a(F(A A)®TX) =

l

YAT(F(A,A)®X) —— T Y A(F(A,A) ® X)
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Now let us consider the following cube.

(" F(A,A) @ TX ———— T(([" F(A,4)) ® X)

7 5 TeeX) =
(ZAF(A,A) @TX ———— T((Z4 F(A,A) ® X)

I
14

[ (F(A,A) ©TX)

o
SA(F(A,A) @ TX) /i
Zat JAT(FA A 8 X) — s T [A(F(A. ) X)

N Te =
SAT(F(A,A) @ X) — 044 w5 (R4, 4) 8 X)

Note that the top square commutes, by naturality of . The bottom square commutes,
by definition of £. The left square involving ) 4 7, / t commutes by naturality of
coend. The right square and the left top square commute for the same reason. For
simplicity, consider the following diagram.

(SasABA)®F(AB)®X T3 (S4F(AA)®X —> (["F(AA)®X

Sas(ABA)®F(A,B) ®X) T3 SA(F(A,A)®X) —> [“(F(A,A)®X)

Note that the right square is the same square as the right square in the cube. And
— ® X preserves coequalizers. The left square commutes by naturality. This implies
that the right square commutes, by the universal property of coequalizers. Therefore
the back side of the cube above commutes.

(e) Next, we need to show that the following diagram commutes.

[Y(X®TF(A,A) - [ T(X®F(A,A))
- Iy

X® [“TF(A,A) T [ (X ® F(A, A))
id®§l l;

xoT [*F(A,A) —— T(X® [* F(A,A))
First, observe that the following diagram commutes.

DAX®TF(A,A) — Y AT(X® F(A, A))

- !

X® Y ATF(A,A) TY (X ® F(A, A))

! 1

X®T Y, F(A,A) — T(X® X, F(A,A))
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Now let us consider the following cube.

[A(X®TF(A,A) I, [AT(X® F(A,A))
/ 50 |= /
SAX®TF(A,A) —=4— 5, T(X ® F(A, A)) £
= X® [“TF(A,A) T [*(X® F(A, A))
/ /
X ® Y, TF(A, A) xeé T YA(X®F(A,A)) =

1

XxoT [*F(A,A) N T(X® [*(F(A,A)
e Te~
XQTYAF(A,A) —L—— T(X® 34 F(A,A)

Note that the top square commutes by naturality of coends. The bottom square
commutes by naturality of #. The left bottom and the right top square involving &
commute by definition. The left top and the right bottom square commute for the
same reason. Consider the following diagram.

Sas(A(B,A)® X ® F(A,B) T3 S4(X ® F(A,A) —> [*(X ® F(4,A))

- |- |-

X® S ap(A(B,A)®F(A,B) T3 X® X, F(A,A) — X® ["F(A,A)

Note that the right square is the same square as the right bottom square in the cube
under the functor 7. And X ® — preserves coequalizers. The left square commutes by
naturality. This implies that the right square commutes, by the universal property of
coequalizers. Therefore the backside of the cube above commutes.

(f) Let F : AP @ AP @ A @ A — V. We need to show that the following diagram
commutes.

4 [P TF(A,B,A,B) I, [AT [P F(A,B,AB) —=> T [* [ F(A,B,A,B)

Lr Lrr

[P TF(A,B,A,B) T [*? F(A,B,A,B)

First, the isomorphism f is an instance of the so-called Fubini theorem for coends,
which also gives rise to the following commutative diagram.

F(A,B,A,B) —~%5 [“P F(A,B,A,B)

83$ Tf

[P F(A,B,A,B) —» [* [P F(A,B,A,B)
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The following diagram commutes by properties of the Fubini theorem, the definition
of &, and the “V-naturality of coends.

JA PP TR B AB) L5 [T [P raB A B £ T [* [P F(A.B.A.B)

ey T e T Tea l Tf

[PTF(A,B,A,B) —— T [® F(4,B,A,B) T [*® F(A, B, A, B)
, Tep T
esT / ¢
TF(A,B, A, B) — [P TF(A, B, A, B)

A,B
A l T 5

[PTF(A,B,A,B) 4 [PTF(A,B. A B)

S . , , . .
This implies the claim since ¢/, and e, are epimorphisms.
O

THEOREM 6.10. Let A be a “V-category. If T is a commutative strong V-monad on “V (the
strength is given by themap ts g - AQTB — T(A®B) forany A,B € A), thenT(F) = ToF
is a commutative strong V-monad on VA .

Prook. It is straightforward to verify that 7' is a monad. We define the strength 7 to be the
following composition.

_ (A,B)eA®A
(F ®pay TG)(C) = / A(C,A®B)Q FAQTGB

/(A,B) . (A,B)€A®A
LN T(A(C,A® B) ® FA® GB)

P (A,B)eA®A _

—>T/ (A(C,A®B)® FA® GB) =T(F ®pay G)(C)

Now to show that T is a commutative strong monad, we need to show the following properties.
e We must show that this diagram commutes.

F®Dz\y77 —
F Oy G —2 F @pyy TG

"l /
T(F ®pay G)

To show this, we just need to show that the following diagram commutes for any
C eA.

AB_,
I AC.A®B) © FA®GB L5 [“PA(C.A0 B)® FAGTGE

) M Lo

T([*"A(C,A®B) 8 FA® GB) «“— [**T(A(C,A@B) 8 FA®GB)

Note that fA’B n’ is a shorthand for fA’B A(C, A ® B) ® FAQ®n in the above diagram.

Similarly, f A8 1 is a shorthand for f AB IA(C,A®B)®FA,GB- The bottom triangle
commutes because of Theorem F.5(a). The top triangle commutes by properties of 7.
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e We must show that the following diagram commutes.

— 1 —
I ®pay TF —5 T(I @pqy F)

l 7/1):‘
TF

TF

A

If we unfold the definition of the Day tensor and apply coend version of the Yoneda
lemma, we have the following diagram for any C € A.

[PAC,1©B)®TFB AN [°T(A(C,1®B)® FB)

o S ~
/BA(C,B)®TFBf—’>/BT(A(c,B)®FB) T [PA(C.1®B) & FB

> ~ T

TFC ——=— 7 [PA(C,B)® FB

Note that for any C € A, the following commutes by naturality of ¢.

[PA(C.1®B)®TFB LN [PTA(C,1®B)® FB)
f/lBl l/T/lB
/

[P A(C,B) & TFB LN [PT(A(C,B) ® FB)

Notethat/ = A(—, 1) € (VAOP,andftisashorthandforfB tA(CJ@B)’FB,andf/lB is
a shorthand for fB A(C, ) ®idrpp, and f T Ap is a shorthand for fB TA(C,25)®

idpp, and f t’ is a shorthand for /B A(C,B),FB-
The bottom square commutes because of Theorem F.5(c). The right square commutes
by the naturality of &.

e Next we need to show that the following diagram commutes.

F ®pay TTG —— T(F @pay TG) —> TT(F @pay G)
idF ®pay 4 l l#

F ®pay TG T(F ®pay G)

The above diagram commutes because for any C € A, we have the following
commutative diagram, where X = A(C, A ® B).

t
AB Y o FAGTTGB L5 [ 1(xeFARTGE) 5 T [**(X@ FA®TGB)
/id®,ul lth lez
[’ xeFaeTGE  [*"TT(XeFA®GB) 5 T [*"T(X8FAQGB)

il // Lre

[P rxeFAeGB) <5 T [*P (X9 FA®GB) < 1T [**(X© FA® GB)

Note that the top right square commutes by naturality of &, the bottom diagram
commutes by Theorem F.5 (b), and the left diagram commutes by properties of 7.
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o Next we need to show that the following diagram commutes.

(F ®Day G) ®Day TH T((F ®Day G) ®Day H)

a l lfa
idp ®pay?

F ®pay (G ®pay TH) —> F ®Day T(G ®pay H) LS T(F ®pay (G ®pay H))

For any C € A, we have

((F ®pay G) ®pay TH)(C) = [P [XVAA L (c (X @Y) © B)® FX ® GY ® THB

and

— XeA Y,B)eA®A
(F @pay (G @pay TH))(C) = [X4 [ToBIEAS

= [*""PrXeGYeTHB® ["A(A,Y @ B)® A(C,X ® A).

A(C,X®(Y®B))@ FX®GY ® THB

Consider the following diagram. We need to show that the outermost diagram
commutes. Note that / v, T / y,a,a’ are all isomorphisms. For space reasons, we
have written AB for A ® B etc.

[PV A(C. (XY)B)® FX® GY ® THB

\/1
XY T(A(C, (XY)B) ® FX ® GY ® HB)
JEXYA(C.X(YB) e FX® GY @ THB |1,
[ \fr‘ T [PV A(C, (XY)B) 8 FX® GY ® HB

(B TAC.X(YB) ® FX@GY ® HBy) [q

[4*Aac.xa)eFxe [VPAAYB) ®GY ® THN

A

/m/:l T [5XY A(C,X(YB)) ® FX® GY ® HB
M A, xa) e Fxe [VPT(A(A,YB) € GY ® HB) l;
/mgl T [¥7F [ A(C,XA) ®A(A,YB) ® FX® GY ® HB

[AX A, xa) e FxeT [P AAYB) 2 GY o HB

'l

[*Xr@|c.xaeFxe [V AAYB) ®GY e HB

™

T [*¥AC,xA) e FX® [VPAA,YB)® GY @ HB

Note that the top square and the top right square commute by naturality of  and £. We
just need to show that the bottom diagram commutes. The expanded bottom diagram
is show in Figure 7. Note that all the inner diagrams commute, by Theorem F.3(d)—(f)
and naturality. Therefore the outer diagram commutes.

e Lastly, since VA is a symmetric monoidal V-category with yr G : F ®pay G —
G ®pay F, we can define the costrength as the following for any F, B € V AT

OF,G ‘= T'YG,F °IG,FOYTF.G* TF ®pay G — T(F ®Day G)
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M I @ —— )
y . =, 1
(4) ©) (6)
(7) (8) 9 (10)
| /[ | 5 5 -
(11) (12) (13) (14)
Lo ¢ I
(15) (16) (17) (18)
= [[t
(1l9) [ Jidet (ZTO) - -
Jidefr | e
ey TS ) L 03— )
() = [PYTAC,Xe(Y®B)®FX®GY®THB
@ = [T Xe(Y®B)®FX®GY ®HB)
3 = T[P"TAC.Xe(Y®B)eFX®GY®HB
@ = [P MAAY®B) ®A(C,X®A) ® FX®GY @ THB
) = [PYT["AAY ®B) 8 A(C,X ® A)) 8 FX ® GY ® HB)
6 = T[P"(["AAY®B) ®A(C,X®A)®FX®GY ® HB
M = [P UAMYeB) ®A(C, X ®A) ® FX ® GY ® THB)
® = [P [TAMAY®B) ®A(C.X®A)® FX®©GY © HB)
© = [T [MAMAY®B) ®A(C,X8A)® FX®GY ® HB)
(10) = 7[5 [MAAY®B) ®A(C,X®A)® FX ®GY ® HB)
(an = [V AU Y 8B ®A(C, X ®A) 8 FX ® GY ® THB)
(12) = [P [ T(AAY®B) ®A(C.X®A)® FX © GY ® HB)
13) = [P'7[**(AA,Y@B)®A(C,X® A) ® FX ® GY ® HB)
(14) = 1[% ["*(AAY®B) ®A(C,X®A)® FX ® GY ® HB)
(15) = [ [PTAC, X8 A) @ FX®A(A,Y ® B)® GY ® THB)
(16 = [ [PTT(A(C,X®A)® FX®A(A,Y ® B)® GY ® HB)
a7 = [*7 [PV (AC,X® A) 8 FX® A(A,Y ® B) ® GY ® HB)
(18) = T[* [PV(A(C,X®A)® FX8A(A,Y ® B)® GY ® HB)
(19) = [*MAC.XxeA)eFXe [*V(AAY®B) ®GY®THB)
20) = [ [PT(AC.X®A) ® FX®T(A(A,Y ® B) ® GY ® HB))
e = [ A, xeA)eFXe [*T(AAY ®B)8GY ® HB)
22) = [“ACXeA)eFXeT [P (AA,Y®B)®GY @ HB)
23) = [T xeA)eFXxe [PV (A(AY ®B)® GY ® HB))
24) = T["@AC.x0A)eFXx® ["T(A(AY ®B) ® GY ® HB))

Fig. 7. A diagram used in the proof of Theorem 6.10. The objects (1) — (24) are as shown.
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We need to show that the following diagram commutes.

TF ®Day TG
y
T(F ®Day TG)

7l

TT(F ®pay G)

T

T(F ®Day G)

\[
T(TF ®Day G)
| 7o
ﬁ(F ®Day G)

—

For any C € A, the above diagram can be expanded to the following.
[*PA(C,A®B) @ TFA®TGB
L

[4PAC,B® A)@ TGB®TFA | [t

J

~

[APTAC, A

[Ty
[*PT(A(C,B® A) @ TGB® FA)

g/ [Ty

7[*P(A(C,B® A) 8 TGB ® FA)

B)® TFA® GB)
\f

T/*P(A(C,A®B) 9 TFA® GB)

[*PTAC,B® Tfy

[Tt

A)@ GB®TFA)

5,

T/y

[*PT(A(C,A® B)®@ FA®TGB)

f/ [Tt

T[*P(A(C,B®A) ® GB® TFA)

T[**(A(C,Ae B)® FA® TGB) | [*PTT(A(C,Be&A)@GB@FA) |T[i
/TTy/ [ \f
rft| [*PTT(A(C.A®B)® FA®GB) | T[*"T(A(C.B®A)®GB® FA)
S
T[*"T(A(C,AeB)e FA®GB) | [“T(A(C.BeA)®GB@FA)] |T¢
=
ré| [*PT(AC.A®B)®FA®GB) | TT["’(A(C.B®A)@GBeFA)
¢ -
rT[**(AC.aeB) 0 FAeGB) | T[* (A(C.BeA)®GBoFA)] |TT[y
\l‘ Tfy/

T/*P(A(C,AeB) e FA® GB) & TT["P(A(C,A® B) 8 FA® GB)

This commutes because every inner diagram commutes (by naturality and Theo-
rem F.3(b)). O

G Proof of Theorem 6.11
Notations. Let A, B be V-categories. For all A, B € A, we have
A(A,B) = (A(A, B)o,A(A, B)1, ¢* : A(A, B); — A(A, B)o).

So we write A —| B := A(A, B); and A —¢ B := A(A, B)y. Moreover, forall f : A —| B,
we have ¢ (f) : A —( B. A V-functor F : A — B gives rise to the following commutative
diagram for all A, B € A.
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Fpp
A(A,B), —% B(FA,FB),
J/‘pA l‘/}B
FQ g
A(A,B)y —25 B(FA, FB),

Forall f : A —; B, we have FA’Bf : FA — | FB. Similarly, for all g : A —¢ B, we have
F} g : FA — FB.

For any V-functors F,G : A — B, we define a biset (F =2¢ G, F =, G,p: F =G —
F = G) as follows.

F=0G:={(Ba: FA —0GA)aca |VA,B €A, Vg: A — B,Bpo Flpg =G pg0pBa}

F=1G:={(aa: FA—| GA)pea |YA,BEANf: A —| BiagoFizf =Ghpfoaa,

VA,B € A,Vg: A —¢ B,¢%(ap) o Fng = Gng o pB(an)}

p((aa: FA =1 GA)pca) := (¢®(aa) : FA =0 GA)pea : F =1 G - F =0 G

Theorem G.1. Suppose A, B are V-categories. Since the category of bisets V is complete,
the functor category B is V-enriched. For all ‘V-functors F,G : A — B, we have

BA(F,G) :=/ B(FA,GA) = (F=0G,F=>1G,p: F=1G > F=¢G)
AeA

Proor. By definition of end, we have the following equalizer diagram in V.
[rcn BFA,GA) := eq(u,v) >*— [1scn B(FA, GA) ﬁ [1a.5ca A(A, B) = B(FA,GB)
Note that u = (curry(c o (ma X Gag)))a.Bea, Where ¢ o (14 X G 4p) is the following.
(TTAB(FA,GA)) x A(A, B) “CA8 B(rA GA) x B(GA, GB) —<—> B(FA,GB)
We have v = (curry(c o (g X Fap)))a.Bea, Where ¢ o (np X Fap) is the following.
(ITAB(FA,GA)) x A(A, B) zBxXFan B(FB,GB) xB(FA,FB) —<— B(FA,GB)

We can show ([,_, B(FA,GA)), = eq(ui,vi) = F =1 G and ([,_, B(FA,GA))y =
eq(ug,vo) = F =0 G. O

THEOREM 6.11. The biset-enriched categories Set®" and Set®” are isomorphic.

Prook. Let us define a V-enriched functor Q : Set®” — Set?”. On objects, Q(F) = F°
for any F € Set®”. Since F : C° — Set is uniquely determined by F°, the function € is
bijective on objects.

Suppose F,G : C® — Set. We claim that Set®” (F,G) = Set?” (F°, G°). This will
allow us to define Qr ¢ to be this isomorphism. To show Set®” (F, G) = Set®” (F°, G°),
first of all, we have

Set?” (F*,GY) = (X, X,id),
where

X ={(aa:F°A - G°A)acq |VA,BEQVf:A—> BeQ,agoF\yf =G5f oaa}.
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Next,
Set®” (F,G) = (F =, G,F =, G, p),

where
F=0G={(aa: FA =0 GA)acc|YA,B € C,¥Vf: A —g B e C,apoFS,f =Gz foaa}
=X
and
F=1G:={(aa: FA—| GA)pea |YA,BEC,Vf: A —| B,agoFizf = GLpfoaa,
VA,B € C,Vg : A —q B, > (ap) o FOug = G4 g 0 5 (aa)}.

Since FJ\,B = Fg»B 0 €, and ¢S = id, and " (f) : A ¢ Bforany f : A —; B
with A, B € C, therefore VA, B € C,Vg : A — B, ¢%(ap) o Fng = G%Bg o @5 (ay)
implies VA,B € C,Vf : A = B,apo Fypf =GLpfoaa SoF =, G=2F =0G =X
and p =id. O

H Proof of Theorem 6.16

We write [SetQOp]pmd for the full subcategory of Set®” consisting of product-preserving
functors. We write L : Set?” — [Sethp]prod for the left adjoint of the inclusion functor
i: [Sethp]prOd s SetQ” . We write ;7 : id — iL for the unit of the adjunction.

Definition H.1. We define a function K : C — C as follows.
e Forany F € C, we define K(F) = G such that for all A € C,
G(A) = ((LF®)A, (FA)1, (npo)a o ha s (FA)L — (iLF%)A) €V,
where hy : (FA); — (FA)g and (npo)a : FA — (iLF°)A.
For any A, B € C, we define G, , and G, ; by the following.

f € MP(A, B) ni (Fzf . iLF®)(Jagf)) € V(GA,GB)

IJAB IPO
GO

Jagf € QP(A,B) — (iLF°)(Jagf) € Set((iLF°)A, (iLF°)B)
Note that G is smooth, hence G € C.
Proposition H.2. K : C — Cisa’Vv -functor.
Proor. We just need to show that for all F,G € 6 there is a morphism
Krg : C(F,G) — C(KF,KG)

in V. This is provided by the following commuting square in Set.

1

K
V-Nat(F,G) ——<— V-Nat(iKF,iKG)
l ” l
Set®” (F0,G%) — [set®”]  (LF’,LG")

We write V-Nat(F, G) for the set of V-natural transformations from F to G. The arrow KIOV G
is given by the functor L : Set®” — [SetQOp]pmd. And the arrow K ; G 18 given by extending
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the commuting square ¢4 : FA — GA with i : id — iL, as in the following diagram. Note
that for each V-natural transformation @ € VNat(F, G), we have o : FO — G°.

(ll
(FA), —2— (GA),
Lo
(FA)y —"— (GA)
(mp0)a |, (Dt 1 (1g0)a
(iLFHA —3 (iLG%)A
O

THEOREM 6.16. The V-category Cisa reflective V-subcategory of C, i.e., the inclusion
V-functor i : C — C has a left adjoint K.

Proor. K was defined in Definition H.1. We need to show C(F,iG) = é(KF, G) for any
F € C,G € Canditis V-natural in F and G. We just need to show the following diagram
commutes.

YV-Nat(F,iG) ——— V-Nat(iKF,iG)
l l
Set®” (FO,iGY%) —=— [Set®"] 0 (LF°, GO)

The bottom arrow is an isomorphism because L 4 i. The top arrow is an isomorphism because
forany A € C and V-natural transformation y : F' — iG, we have the following commutative
diagram.

(FA) —25 ((iG)A),
Lo l
(FA)y — ((iG)A)o

(g0)a | /5
0 i(y")a
(iLF”)A

I Day’s reflection theorem for C

Theorem I.1. IfH € C, then G —opay iH is also a smooth functor for any G € C.

Proor. Suppose H € Cand G € C. For any C € C, we have

(G —©Day iH)(C) = /

GA = iH(C® A) = C(G,iH(C ® -)).
AeC

Thus
(G —opay iH)(C)y = C(G,iH(C®-)) = Set®” (G°, (iH)"(C ®-))

R

/ Set(GUA, (iH)'(C ® A)) = (G° —opay (iH))(C),
AeQ

where G® —opy,, (iH)? is an exponential in Set2”. Since H® preserves products, so does
G° —opyy (iH)?, thus G —op,y iH is smooth and G —opy,y iH € C. The functor G° —op,,
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(iH)" preserves products in Q° because for any Cy, C; € C, we have

(G” —opay iHY) (C1 + C2) = /Set(GOA,iHO((C|+C2)®A))
A

I

/ Set(G°A,iHY(C,® A+ C> ® A))
A

R

/ Set(G°A,iH’(C, ® A) x iH(C, ® A))
A

113

/ Set(G A, iH®(C; ® A)) x Set(GA, iH(C> ® A))
A

113

/ Set(G°A,iH’(C, ® A)) x / Set(G°A,iH(C> ® A))
A A
= (GO —°Day iHO)(Cl) X (GO —°Day iHO)(CZ)- ]

The above theorem implies that for any G € é, F € C, the unit NF-opyiG : I —0pay iG —
iK(F —opgy iG) is an isomorphism, which gives rise to the following theorem.

Theorem L.2. Forany F,H € E we have
K ( nr ®DayH) .
K(F ®pay H) = K(iKF ®pay H).
Proor. For any G € C, we have the following commutative diagram.

~ . E(K(UF‘@DayH)»G)N
C(K(iKF ®pay H),G) — > C(K(F ®pay H),G)

B B

— E(77F®Day11siG) — .
C(iKF ®pyy H., iG) C(F @puy H,iG)

l; l;

— é(’IF‘:I'I_"D::yic) —
C(iKF, H —opyy iG) —————— C(F, H —opyy iG)
CUKF 1 op, iG) l C(F.nH oy iG)

_ C(75,iK (HopayiG))
CUKF,iK(H =y iG)) ———— C(F,iK(H —opy iG))

B

C(KF,K(H —opy iG))

IE

C(F,iK(H —opay iG))

id

The top two squares commute by naturality of the adjunctions, the third square commutes
by the bi-functoriality of C(—, —) and the bottom triangle commutes by properties of the
adjunction K 4 i. O

With the help of Theorem 1.2, one can verify that K is strong monoidal, e.g., for any
F,G € C,KF ®Lam KG = K(iKF ®pyy iKG) = K(F ®pay G).
J Proof of Theorem 6.22
We write 8 : i o T — T o to denote the isomorphism i o T=Toi.

Theorem J.1. The following diagrams commute.
(a) Suppose F € C.

ir]T ~
iF —> iTF

b

TiF
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(b) Suppose F € C.

KI]T —_
KF — KTF

oS b
TKF

(c) Suppose F € C.

e B = IB .
iTTF —2 TiTF —= TTiF
Lo i
iTF——r S TiF
(d) Suppose F € C.
_ N Fo e
KTTF —2> TKTF —2 TTKF
i L

KTF TKF

(e) Suppose F € C.
KiTF —£5 KTiF
lE lp
TF <L TKiF
(f) Suppose F € C,G € C.

K ®
KT (TG ®p F) _KTW6epF) | KT(TiG p F) ———Y 5 KT(F ®p TiG)

lr le
TK(Fepp)
TK (TG op F) ——2— TK(F &p iTG) ——LE 5 3K (F op TiG)

(g) Suppose F,G € C.

TK(F@dq‘K)
K(F ®p TG) —) KT(F ®p G) —) TK(F ®p G) —> TK(F ®p iKG)

K(F‘X’D'Ilk)l TP
K(Fepip) K(Fepp)
K(F ®p lKTG) —> K(F ®p lTKG) —> K(F ®p TLKG) —> KT(F ®p iKG)

ProoOF. (a) This is from definition of T and T. Moreover, we have
C(iF,TiF) = C(iF, AUiF) = Set®” (UyiF, UyiF) = Set® (jUF, jUF)
= [Set®" | ,r0a(UoF, UoF) = C(F,TF) = C(iF,iTF).
(b) If we unfold the definition of p, we have the following diagram.

K77T —_
KF — KTF

leﬂiK

TKF <— KiTKF
Note that we have the following commutative diagram, by naturality and (a).

Tn — B ~
F TF TiKF iTKF
K _
~| //
. Z inl




80 Peng Fu, Kohei Kishida, Neil J. Ross, and Peter Selinger

Therefore we just need to show the following diagram commutes (and indeed it does).

K
kF X5 kikr X kv

N

KF —) TKF

(¢) Since each arrow is an identity, the diagram commutes.
(d) If we unfold the definition of p, we have the following diagram.

—— kTiK . kp! ~ e ~
KTTF —— KTiKTF —— KiTKTF ——> TKTF

l KuT l KiTKTn'K l TKTniK
KTF KiTKTiKF —— TKTiKF
l KTnkK l KiTKp™! l TKp~!
KTiKF KiTKiTKF — TKiTKF
l KB~! l KiTe l Te
KiTKF KiTTKF —— TTKF

l /

All of the squares commute by naturality. We just need to show the left diagram
commutes. It commutes because the following commutes.

TTF —> TiKTF iTKTF
J, sz \T:ITT;;‘K
1K .
TTikF 21 TiKTiKF 1 iKTn'K
lK l / J/TB, J/* K
K TiKB~
TiKF TiTKF 21 TikiTKF iTKTiKF
! l J/,B' \ ltTK/S‘
iTKF <~ (TTKF iTKiTKF

The above diagram commutes, because all the squares commutes by naturality. The
bottom left corner diagram commutes by (c).
(e) If we unfold the definition of p, we have the following diagram.
~ KB —
KiTF —> KTiF
Kp KT;]i K
J’ KTie ,l
KTiF «<— KTiKiF
Kp~! KBl
JL KiTe Nl
KiTF <—— KiTKiF

TF « X TKiF

The bottom two squares commute by naturality. The top square commutes because
ie on'® =id.
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(f) See the following commutative diagram.

KT(BepF) _
KT(iTG ®p F) — KT(TiG ®p F) SN KT (F ®p TiG)

lp
P TK(TiG ®p F) P

TW \

TK(iTG ®p F) —— TK(F ®p iTG) —— TK(F ®p TiG)
TKy TK(Fepp)

(g) Consider the following diagram.

TK(F®I]’K)
K(F ®p TG) K, KT(F ®p G) N TK(F ®p G) —— TK(F ®D iKG)

K(Fgmw

K(F ®p zKTG)KF—> K(F ®p zTKG) — K(F ®p TiKG) — KT(F ®p iKG)
®pip)

Note that the very right diagram and the middle square commute by naturality. The
left diagram commutes because the following diagram commutes (with p unfolded).

— K(FeTn'K —
K(F ®p TG) (Fern) K(F ®p TiKG)
K(F®niK)J/ Wll{) /
_—— Fepp™") K(Fepp)
K(F ®p iKTG) K(F ®p TtKG) N K(F ®p iTKG)

K(F@ikT?]iK)l KW K(W l

K(F ®p iKTiKG) —— K(F ®p iKiTKG) —— K(F ®p iTKG)
K(Fepikp™') K(Fepie)

]

THEOREM 6.22. The V-functor T is a commutative strong monad. The strength is given by
IF.G: F®am TG — T(F ®Lam G) forany F,G € C.

Proor. Forany F,G € C, we define ir G by the following composition.
F ®Lam I'G = K(iF ®pay iTG)
B — P ~ ~
= K(iF ®pay TiG) — K(T(iF ®pay iG)) 2 T(K(iF ®pay iG)) = T(F @Lam G).

Now we need to show T is a commutative strong monad.

¢ We must show:

idF ®Lam jad
F®am G =3 F @ am TG

”l/

T(F ®Lam G)
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The above diagram commutes because the following diagram commutes (by properties
of 7 and Theorem J.1(a)+(b)).

K (id@DinT)

~ K (id®pp3)
K(iF ®pyy iG) ————> K(iF ®pyy iTG) ————

K (iF ®pay TiG)

K (idopnT)

K 77T

TK(I.F ®Day iG) KT(iF ®Day iG)

\L/

e We must show:

F ®Lan TTG —— T(F ®Lan TG) —— TT(F @Lam G)

l F®Laml‘T l#T

F®Lam TG T(F ®Lam G)

~

The above diagram commutes because the following diagram commutes (all the inner
diagrams commute, by naturality, properties of 7, and Theorem J.1(c)+(d)).

.. K(idopp) _ Ki - ~
K(iF ®p iTTG) — K(iF ®p TiTG) —— KT(iF ®p iTG)

lp

K(idopinl) l K (idopTp) l KT (idop )
K(iF®pilG) K(iF ®p ITiG) TK(iF ®p iTG)
K(idep) l K‘“W le lf“l{(id@Dﬁ)
K(iF ®p TiG) KT (iF op TiG) —— TK(iF op TiG)

Kil _ lk?i lTKi
T

— K P ~ —
KT(iF ®p iG) <—— KTT(iF ®p iG) —— TKT(iF ®p iG)

/| N Lo

TK(iF ®p iG) TTK(iF ®p iG)

e We must show:

~

(F ®Lam G) ®Lam TH T((F ®Lam G) ®Lam H)

l‘l lf'a
. dp®Lamf ~ i ~
F ®Lam (G ®Lam TH) — F ®Lam T(G ®Lam H) e T(F ®Lam (G ®Lam H))

Again, the above diagram commutes because the following diagram commutes (all of
the inner diagrams commute by naturality, properties of 7, and Theorem J.1(g)).
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. X ~K(d®pA) X — Kt — . . .
K(iK(iF Qp iG) ®p zTHS - K(iK(GiF ®p iG)®p TiH) —— KT(iK(iF ®p iG) @p iH)

(KK @pid))~* L J{(K(W'K®Did))_l LP
~ K(id®pp) = ~
K((iF ®p iG) ®p iTH) —5 K((iF ®p iG) ®p TiH) TK(iK(iF ®p iG) ®p iH)
K
Ka Ko KT((iF ®piG) ®@p iH) T(K(n'K@pid))~?
P

'd®D(id®ﬂe)

LK (i _ ~

K(id®nn1K)L K (id@ pn'’) lK(id@Dﬂ
K(iF ®p iK(iG ®p iTH)) — K(iF ©p T(iG ®p iH)),/ T TKa
K(id@DiK(id®D6))J/ lkt’
K(iF ®p iK(iG ®p TiH)) KT(iF ®p (iG ®p iH)) . TK(GF ®p (iG®p iH))
K(id®DiKt_)J/ K (id®@pniK) L?‘(K(id®nn"’()>
K(iF ®p iKT(iG ®p iH)) TK(iF ®p iK(iG ®p iH))

K(“@DH’)JV TP
) P K(d®pg). g , Kt = s )
K(iF @p iTK(iG ®p 1H)S - K(iF @p TiK(iG ®p iH)) —— KT (iF @p iK(iG ®p iH))
e We must show:

~ o IF o
I1Qam TF —— T(I ® am F)
Tap
m‘ N‘l’
TF

The above diagram commutes because the following commutes (all the inner diagrams
commute, by naturality, property of 7, and Theorem J.1 (e)).

. K(idspp) _ Ki
K(I®p iTF) —> K(Iep TiF) —— KT(I ®p iF)

Lo el ]

~ K p— ~
KiTF —=2 5 KTiF TK(I®p iF)
le \ lﬂoz
TF - TKiF
Te

e Lastly, since Cis symmetric monoidal with yr G : F ®Lam G — G ®Lam F. We
define the costrength o ¢ := Tyg,r 0 IG,F © Yir g TF ®Lam G — T(F ®Lam G).
We need to show the following diagram commutes.

TF ®Lam ’TVVG
T(F ®Lam TG) T(TF ®Lam G)

- [

TT(F ®Lam G) TT(F ®Lam G)

H ~
T(F ®Lam G)

Again, the above diagram commutes because the following diagram commutes (all
the inner diagrams commute, by naturality, properties of 7, and Theorem J.1(d)+(f)).
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~ ~ K ~ ~
K(TGop iTF) <L KGTF @p iT'G)

K(B®Did/ wid@Dﬁ)

K(@d®pp)| K(TiF ®p zTG') K(zTF ®p TiG)

/ K(id®pB) Kt
K(B®pid)

K(zTG ®p TiF) K(TiF ®p TiG) KT( iTF ®p iG)

N N /m%,d)

KT zTG®D1F TzG®DTzF) KT T2F®D2G TK(ZTF@DZG)

/ &T(ﬁ@D% AW \ A(ﬁ@old) ~

TKGTG @p iF) KT(TiG ®@p iF) KT(iG @p TiF) TK(TiF ®p iG) TK(zG @p iTF)

~ TKX
TK/ %ﬁ %T{ \ \ TK(ld®Dﬁ)

TK(ZF ®p 7,TG) KT(iF ®p TiG) KTT(iG ®p iF) TK(ZG ®p TiF)
TK(]d@Dﬁ\ / KT\ KTT/ \; /‘Kf
TK(iF ®p TiG) KTT(iF ®p iG) |Kn TKT(iG ®p iF)
N e
TKT(iF ®p iG) KT(iG ®p iF) TTK (G @p iF)
Ky \ /
iz
Tp|  KT(iF ®p iG) TK(iG®piF) |1TKy

N

TTK(F ®p iG) —— TK(F ®p iG) —— TTK(iF ®p iG)
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