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While the realization of scalable quantum computation will arguably require topological stabilization and,
with it, topological-hardware-aware quantum programming and topological-quantum circuit verification, the
proper combination of these strategies into dedicated topological quantum programming languages has not yet
received attention.
Here we describe a fundamental and natural scheme that we are developing, for typed functional (hence
verifiable) topological quantum programming which is fully topological-hardware aware – in that it natively
reflects the universal fine technical detail of topological q-bits, namely of symmetry-protected (or enhanced)
topologically ordered Laughlin-type anyon ground states in topological phases of quantum materials.
What makes this work is:
1. our recent result [64][63] that wavefunctions of realistic and technologically viable anyon species – namely
of 𝔰𝔲(2)-anyons such as the popular Majorana/Ising anyons but also of computationally universal Fibonacci
anyons – are reflected in the twisted equivariant differential (TED) K-cohomology of configuration spaces
of codimension=2 nodal defects in the host material’s crystallographic orbifold;
2. combined with our earlier observation [61][60][68] that such TED generalized cohomology theories on
orbifolds interpret intuitionistically-dependent linear data types in cohesive homotopy type theory (HoTT),
supporting a powerful modern form of modal quantum logic.
Not only should this emulation of anyonic topological hardware functionality via TED-K implemented in
cohesive HoTT make advanced formal software verification tools available for hardware-aware topological
quantum programming, but the constructive nature of type-checking a TED-K quantum program in cohesive
HoTT on a classical computer using existing software (such as Agda-♭), has the potential to amount at once to
classically simulating the intended quantum computation at the deep level of physical topological q-bits.
This would make TED-K in cohesive HoTT an ideal software laboratory for topological quantum computation
on technologically viable types of topological q-bits, complete with ready compilation to topological quantum
circuits as soon as the hardware becomes available.
In this short note we give an exposition of the basic ideas, a quick review of the underlying results and a
brief indication of the basic language constructs for anyon braiding via TED-K in cohesive HoTT. The language
system is under development at the Center for Quantum and Topological Systems at the Research Institute of NYU
Abu Dhabi. Further details are available at: ncatlab.org/schreiber/show/TQCinTEDK#FurtherDetails.
CCS Concepts: • Theory of computation → Quantum information theory; Quantum information theory;
• Software and its engineering → Functional languages; Functional languages; • Hardware → Quantum
error correction and fault tolerance.
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Need for topological quantum programming. The key [74] to making the idea of quantum
computation (e.g. [13][50]) a viable practical reality remains (e.g. [45]) the stabilization of quantum
circuits against noise and decoherence (fault-tolerance, e.g. [54][55][32]). This may conceivably
be done after the fact, via quantum error correction ([74], see [82][11]), but optimally such errors
would be avoided in the first place: The grand promise of topological quantum computation (TQC,
[36][28][49], review in [88]) is to utilize topological effects in the underlying quantum materials (see
[79][89][44][64]) to constrain the pathways along which quantum coherence can decay at all. It
may be argued [22]1 that topological protection is not an option but a necessity for realizing useful
quantum computation that deserves the name.
Since the principal hardware component of TQC, namely anyonic topological order in topological phases of quantum materials ([37][64]), has recently been demonstrated in experiment
([12][47][43], and see [48]), there seems to be no fundamental technical obstruction against the
eventual construction of TQC machines, ambitious as it may still be. Hence, while the engineers
are occupied with the task of constructing topological quantum hardware, theorists must become
serious about the upcoming practice of topological quantum programming.
Nature of topological quantum programming. Efficiency demands that a programming language be hardware-aware, in that its design principles align with the functionality that the machine
offers. This has become common-place for available and near-future toy quantum computers (e.g.
[73][90]), but in view of the required topological quantum revolution it remains to ask:
How can a quantum programming language be aware of topological quantum hardware?
By this we mean that language structures reflect the established implementation paradigm for
topological quantum computation (see [64] for pointers), including:
(1.) topological q-bits encoded in topologically ordered ground states depending on given positions
c2𝑘 -anyon defects at any CS-level 𝑘,
of 𝔰𝔲
(2.) quantum logic gates operating by adiabatic braiding of these positions.
But this question of topological-hardware awareness has not received much attention yet.2
We present a principal answer to this question by going to the very bottom of the concepts of:
 (a) homotopy type theory

[84]3
(a) computation






(b) generalized cohomology [81]
(b) algebraic topology
in their guise of


 (c) charge quantization
[27],
(c) quantum physics 


where we find a novel programming scheme which natively connects:
(1.) the mesoscopic physical principles of topologically ordered quantum states
[37][49]
(2.) the high-level language of quantum logic in the form of dependent linear type theory
[68][85][30][58].
TED K-theory for topological quantum programming. The connective tissue between these
concepts is ([64][63]) the cohesive generalized cohomology theory called ([61][65] following
[8][35]):
Twisted, equivariant, differential K-theory (henceforth TED-K-theory).
1 “The

q-bit systems we have today are a tremendous scientific achievement, but they take us no closer to having a quantum
computer that can solve a problem that anybody cares about. [. . . ] What is missing is the breakthrough [. . . ] bypassing quantum
error correction by using far-more-stable q-bits, in an approach called topological quantum computing.” [22].
2 Some authors have considered the combination of topological protection and error-correction, see [40].
3 For further introduction to homotopy type theory see also [25][14]. For its semantics in ∞-topoi as originally envisioned
in [9, §3] – such as those considered in the references [60][61][64] to which we refer here – see [78], reviewed in [56].
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Namely, TED K-theory naturally and accurately reflects (we indicate in a moment how this works):
• the fundamental principles of topological quantum physics (as first highlighted in [29], see
[64, §1] for more), in fact of anyonic topologically ordered quantum ground states ([64, §2])
• in the mathematics of geometric [15] equivariant [83] stable [3] homotopy theory [80].
But there exists a programming language for synthetic constructions in this rich form of homotopy
theory, namely cohesive homotopy type theory [67][68][69][70][71][75][86][20][60][46][58][61];
see [16][87][76][60, p. 5-6] for exposition and further pointers.
This way, TED-K-theory is a natural topological quantum programming scheme when handled
appropriately: Its implementation in cohesive HoTT makes it a programming language construct,
and its reflection of anyonic topological quantum order then makes it a topological hardware-aware
quantum programming language (we illustrate this in a moment):
Programming platform:
Library/Module:
Hardware platform:
[68]
[58]

Cohesive Homotopy
Type Theory with
dependent linear types

implements
[60][61]

TED-K-cohomology of
Anyonic quantum states
emulates
defect configurations in
in topological phases
[64]
crystallographic orbifolds
of quantum materials
runs

topological quantum programming

[36][28]
[49]

Topological
quantum
circuits

To put this in perspective, notice that existing quantum programming languages (surveyed
in [31]) are, at their core, formal languages for (the category of) linear algebra (as foreseen in
[53][1][72][2][23]), whose data types are linear types (such as Hilbert spaces) of quantum states
and whose algorithms are linear maps (unitary operators) between these: quantum circuits [21].
In topological refinement of this state of affairs, cohesive homotopy type theory is in particular
([67, §4.1][68][69][58]) a language (specifically: a functional language, like QML [7] or Quipper [34])
for linear homotopy theory traditionally known as stable homotopy theory, whose data types include
”linear homotopy types” known as spectra, a prominent example of which is the spectrum KU
representing topological K-theory (e.g. [5, §B.2]).
Traditional quantum programming

TED-K in cohesive HoTT

Type theory

Linear type theory
(linear algebra)

Linear homotopy type theory
(stable homotopy theory)

Data types

Linear types
(vector spaces)

Linear homotopy types
(cohesive spectra)

Classical adiabatic
control

Dependent linear types
(vector bundles)

Dependent linear homotopy types
(cohesive parameterized spectra)

Unit of
information

Q-bit in C

Character in KU𝜏 (−; C)

In fact, this subsumes dependent linear homotopy types [68][85][58], which represent twisted
generalized cohomology theories (see e.g. [33][27, §2.2]), such as TED-K-theory. Computationally,
the dependency of linear data types on ordinary (i.e. “intuitionistic”) data types reflects the controlling of quantum computation by classical computers (in the spirit of [52]), specifically the adiabatic
quantum computation (e.g. [6]) by “slow” variation of external parameters, of which anyon braiding
is an example (e.g. [28, pp. 6][49, p. 6][19][18]), to which we come back in a moment.
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The topological quantum trilogy. To appreciate how natural this enhanced programming scheme
actually is, notice that we may understand the passage from the left to the right column in the
above table as topologization followed by quantization of the classical computational trilogy (I below,
due to [42, §1] following [39], review in [24, §3]) which puts into mutual relation the theories of
(i) computation, (ii) type theory (iii) category theory:
• First (in II) the topological computational trilogy (see [77] with [60, pp. 5-6]) identifies:
(i) dependent/contextual computation, (ii) homotopy type-theory, and (iii) homotopy theory;
• and then (in III) the quantum computational trilogy identifies (i) classically-controlled quantum
computation, (ii) dependent linear homotopy type-theory, and (iii) algebraic topology.
Computation &
Programming Language

Contextual Computation
& Programming Language

quantize

topologize

↦−−−−−−−−−−−−−→

↦−−−−−−−−−−−−−−−−→

Intuitionistic Logic
and Type Theory
Category and
Topos Theory

Classically Controlled
Quantum Computation

Homotopy
Type Theory
Twisted Non-Abelian
Cohomology Theory

I. Classical computational trilogy
[42, §1][24, §3]

Linear Homotopy
Type Theory
Twisted Generalized
Cohomology Theory

II. Topological computational trilogy
[77][60, pp. 5-6]

III. Quantum computational trilogy
[10][68][67, §4.1]

In particular, topological q-bits in Hilbert spaces of anyon wavefunctions depending on the
classical position of the corresponding defects (vortices) constitute the dependent linear data type
which embody the anyon’s quantum states together with their adiabatic motion through topological
braid quantum gates (graphics taken form [64]):

w𝐼 /𝜅
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Some ground state for
fixed defect positions
𝑘 1, 𝑘 2, · · · at time 𝑡 1

𝜓 (𝑡 1 )

𝑘 1, 𝑘 2, · · · at time 𝑡 2

Notice how the full set of language features of dependent linear data types in cohesive homotopy
type theory is necessary and sufficient for faithfully capturing this state of affairs. We now close
this note by indicating the syntax of TED-K in cohesive HoTT which provides the programming
language reflection of such topological quantum gates. This is a research project at the Center for
Quantum and Topological Systems (CQTS), whose detailed results will be reported elsewhere.
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The language TED-K. In cohesive homotopy type theory one has access to the data type R1 of
real numbers understood with its differential topology [75]. From this, one constructs data types
representing familiar objects in differential topology and analysis, such as separable complex Hilbert
spaces ℋ, their projective unitary groups PU and their spaces of Fredholm operators Fred0C , etc.,
all understood with their respective (strong operator) topology (see [61, Ex. 1.3.19] for details and
further pointers).
This way, complex topological K-theory groups of any cohesive data type X are coded as the
type of cohesive homotopy classes of Fredholm-operator valued functions:


X : Type ⊢ KU X ≡ S X →
− Fred0C 0 : Type .
(1)
Here “ S ” denotes the shape modality operator of cohesive HoTT and | − | 0 denotes the 0-truncation
modality present already in plain HoTT (see [57]).
Moreover, the type of (self-adjoint odd-graded) Fredholm operators receives a canonical conjugation action by the (graded) projective unitary group PU and hence (by [51][17], see [61, Prop.
0.2.1]) occurs as the homotopy fiber of a dependent type Fred0C PU over the delooping type BPU.
Regarding a function from any type X to BPU as a twist, we obtain the corresponding twisted
K-cohomology type as the 0-truncation of the shape of the dependent product of the function type:

Ö 

X : Type; 𝜏 : X →
− BPU ⊢ KU𝜏 X ≡ S
X→
− Fred0C PU
: Type
(2)
BPU

0

If X itself here is not 0-truncated, then this is twisted orbifold K-theory. Specifically, if X ≃ X 𝐺
for a discrete group 𝐺 acting on a 0-truncated type X, then this is twisted 𝐺-equivariant K-theory.
By this we mean that under interpreting homotopy type theory into ∞-topoi (reviewed in [56]),
and here specifically into the cohesive ∞-topos of smooth ∞-groupoids ([67], consise details in
[27, Prop. A.56][61, §3.3.1]), the above types are identified with the twisted equivariant K-theory
groups found in the traditional literature ([8][41][4], see [61, Ex. 4.3.19]).
Topological quantum syntax. The key point now is this [64]: Taking the type X to be a configuration space of points in the torus, then these twisted equivariant K-groups (2) naturally subsume
the (mass terms among) spaces of topologically ordered 𝔰𝔲(2)-anyonic ground states ([63, Thm.
2.18]), and they do so as linear types dependent on the classical/external/intuitionistic parameter of
anyonic defect positions:
entails

Term of base type

T2
{𝑘𝐼 }𝐼𝑁=1 : Conf b



𝐺

S

⊢

{1, · · · , 𝑁 }

Defect anyon positions

parameterize

dependent linear TED-K type


Ö

Conf b
T2 \ {𝑘𝐼 }𝐼𝑀=1 𝐺 →
− Fred0C PU : Type (3)

0

BPU {1, · · · , 𝑛}

Hilbert space of topologically ordered ground state wavefunctions

This turns out to depend only on the cohesive shape S of the configuration space – which is
equivalently (the delooping of) the (toroidal) braid group (e.g. [38, §2.1][26, §8]):



Cohesive shape S
stack
Conf b
T2 ≃ B BrbT2 (𝑁 ) Delooping
(4)
of base type
of braid group .
{1, · · · , 𝑁 }

Therefore, the ambient univalent homotopy type theory now provides the operation of transport
([84, §2.3]) of the dependent type (3) along identities in the cohesive shape of its base type (4):
operation on TED-K types
induces dependent type transport




𝜏
𝜏
= (𝑘𝐼 )𝐼𝑁=1 ⊢ 𝑈 (𝛾) : KU𝐺
Conf b
T2 \ (𝑘𝐼 )𝐼𝑁=1 →
− KU𝐺
Conf b
T2 \ (𝑘𝐼 )𝐼𝑁=1 .

Term in identity type of base type



𝛾 : (𝑘𝐼 )𝐼𝑁=1

SConf 𝑁 b
T2



{1, · · · , 𝑛}

{1, · · · , 𝑛}

𝐺

Braid of defect anyon worldlines

induces

unitary quantum gate operation on topological q-bits

By the above discussion, this term denotes an operation of the braid group on the space of anyon
ground states and, as such, it encodes exactly the desired braid quantum gates as indicated on p. 4.
, Vol. 1, No. 1, Article . Publication date: June 2022.

6

Hisham Sati and Urs Schreiber

REFERENCES
[1] S. Abramsky and B. Coecke, A categorical semantics of quantum protocols, LiCS’04 IEEE Computer Science Press,
2004, [lics.siglog.org/archive/2004], [arXiv:quant-ph/0402130].
[2] S. Abramsky and R. Duncan, A Categorical Quantum Logic, Math. Struc. Comp. Sci. 16 (2006) 3,
[doi:10.1017/S0960129506005275], [arXiv:quant-ph/0512114].
[3] J. F. Adams, Stable homotopy and generalized homology, Chicago Lectures in Math., University of Chicago Press
(1974), [ucp:bo21302708].
[4] A. Adem and Y. Ruan, Twisted Orbifold K-Theory, Comm. Math. Phys. 237 (2003), 533-556, [arXiv:math/0107168],
[doi:10.1007/s00220-003-0849-x].
[5] M. Aguilar, S. Gitler, and C. Prieto, Algebraic topology from a homotopical viewpoint, Springer (2008),
[doi:10.1007/b97586].
[6] T. Albash and D. A. Lidar, Adiabatic Quantum Computing, Rev. Mod. Phys. 90 (2018) 015002,
[doi:10.1103/RevModPhys.90.015002], [arXiv:1611.04471].
[7] T. Altenkirch and J. Grattage, A functional quantum programming language, IEEE Symposium on Logic in Computer
Science (2005), 249-258, [doi:10.1109/LICS.2005.1], [arXiv:quant-ph/0409065].
[8] M. Atiyah and G. Segal, Twisted K-theory, Ukr. Math. Bull. 1 (2004), 291-334, [arXiv:math/0407054],
[iamm.su/en/journals/j879/?VID=10].
[9] S. Awodey, Type theory and homotopy, in: Epistemology versus Ontology, Springer (2012) 183-201 [arXiv:1010.1810]
[10] J. Baez and M. Stay, Physics, topology, logic and computation: a rosetta stone, in New Structures for Physics, Lecture
Notes in Physics 813, Springer (2011), 95-174, [doi:10.1007/978-3-642-12821-9].
[11] S. Ball, A. Centelles, and F. Huber, Quantum error-correcting codes and their geometries, [arXiv:2007.05992].
[12] H. Bartolomei et al., Fractional statistics in anyon collisions, Science 368 (2020), 173-177, [arXiv:2006.13157],
[doi:10.1126/science.aaz5601].
[13] G. Benenti, G. Casati, and D. Rossini, Principles of Quantum Computation and Information, World Scientific (2018),
[doi:10.1142/10909].
[14] M. Bezem, U. Buchholtz, P. Cagne, B. I. Dundas, D. R. Grayson, Symmetry (2021),
[unimath.github.io/SymmetryBook/book.pdf]
[15] K. S. Brown, Abstract Homotopy Theory and Generalized Sheaf Cohomology, Trans. Amer. Math. Soc., 186 (1973),
419-458, [jstor:1996573].
[16] G. Brunerie, D. R. Licata, P. LeFanu Lumsdaine et al., Homotopy theory in type theory (2013)
[ncatlab.org/nlab/files/Licata-HomotopyInTypeTheory.pdf]
[17] U. Buchholtz, F. van Doorn, E. Rijke, Higher Groups in Homotopy Type Theory, LICS (2018), 205-214,
[doi:10.1145/3209108.3209150].
[18] C. Cesare, A. J. Landahl, D. Bacon, S. T. Flammia, and A. Neels, Adiabatic topological quantum computing, Phys. Rev.
A 92 (2015) 012336, [doi:10.1103/PhysRevA.92.012336], [arXiv:1406.2690].
[19] M. Cheng, V. Galitski, and S. Das Sarma, Non-adiabatic Effects in the Braiding of Non-Abelian Anyons in Topological
Superconductors, Phys. Rev. B 84 (2011) 104529, [doi:10.1103/PhysRevB.84.104529], [arXiv:1106.2549].
[20] D. Corfield, Modal homotopy type theory, Oxford University Press, 2020, [ISBN:9780198853404].
[21] U. Dal Lago and C. Faggian, On Multiplicative Linear Logic, Modality and Quantum Circuits, EPTCS 95 (2012), 55-66,
[arXiv:1210.0613].
[22] S. Das Sarma, Quantum computing has a hype problem, MIT Technology Review (March 2022),
[www.technologyreview.com/2022/03/28/1048355/quantum-computing-has-a-hype-problem].
[23] R. Duncan, Types for Quantum Computing (2006),
[personal.strath.ac.uk/ross.duncan/papers/rduncan-thesis.pdf]
[24] H. Eades, Type Theory and Applications, 2012, [metatheorem.org/includes/pubs/comp.pdf]
[25] M. H. Escardø, Introduction to Univalent Foundations of Mathematics with Agda, (2019-2022), [arXiv:1911.00580].
[26] P. I. Etingof, I. Frenkel, and A. A Kirillov, Lectures on Representation Theory and Knizhnik-Zamolodchikov Equations,
Math. Surv. monogr. 58, Amer. Math. Soc., Providence, RI, 1998, [ams.org/surv-58].
[27] D. Fiorenza, H. Sati, and U. Schreiber, The character map in (twisted differential) non-abelian cohomology,
[arXiv:2009.11909].
[28] M. Freedman, A. Kitaev, M. Larsen, and Z. Wang, Topological quantum computation, Bull. Amer. Math. Soc. 40 (2003),
31-38, [doi:10.1090/S0273-0979-02-00964-3], [arXiv:quant-ph/0101025].
[29] D. S. Freed and G. W. Moore, Twisted equivariant matter, Ann. Henri Poincaré 14 (2013), 1927–2023,
[doi:10.1007/s00023-013-0236-x], [arXiv:1208.5055].
[30] P. Fu, K. Kishida, N. Ross, and P. Selinger, A Tutorial Introduction to Quantum Circuit Programming in Dependently
Typed Proto-Quipper, Reversible Computation, Lect. Notes Comp. Sci. 12227, [doi:10.1145/3373718.3394765],
[arXiv:2005.08396].
, Vol. 1, No. 1, Article . Publication date: June 2022.

Topological Quantum Programming in TED-K

7

[31] S. Garhwal, M. Ghorani, and A. Ahmad, Quantum Programming Language: A Systematic Review of Research Topic and
Top Cited Languages, Arch. Computat. Methods Eng. 28 (2021), 289–310, [doi:10.1007/s11831-019-09372-6].
[32] D. Gottesman, Fault-Tolerant Quantum Computation, Phys. Canada 63 (2007), 183-189, [arXiv:quant-ph/0701112].
[33] D. Grady and H. Sati, Twisted differential generalized cohomology theories and their Atiyah-Hirzebruch spectral
sequence, Algebr. Geom. Topol. 19 (2019), 2899-2960, [doi:10.2140/agt.2019.19.2899], [arXiv:1711.06650].
[34] A. Green, P. LeFanu Lumsdaine, N. Ross, P. Selinger, and B. Valiron, Quipper: A Scalable Quantum Programming
Language, ACM SIGPLAN Notices 48 6 (2013), 333-342, [doi:10.1145/3009837.3009894], [arXiv:1304.3390].
[35] M. Hopkins and I. Singer, Quadratic Functions in Geometry, Topology, and M-Theory, J. Differential Geom. 70 (2005),
329-452, [euclid.jdg/1143642908], [arXiv:math.AT/0211216].
[36] A. Kitaev, Fault-tolerant quantum computation by anyons, Annals Phys. 303 (2003), 2-30,
[doi:10.1016/S0003-4916(02)00018-0], [arXiv:quant-ph/9707021].
[37] A. Kitaev, Anyons in an exactly solved model and beyond, Ann. Phys. 321 1 (2006) 2-111,
[doi:10.1016/j.aop.2005.10.005], [arXiv:cond-mat/0506438].
[38] T. Kohno, Conformal field theory and topology, Transl Math. Monogr. 210, Amer. Math. Soc., Providence, RI, 2002,
[ams:mmono-210].
[39] J. Lambek and P. Scott, Introduction to Higher Order Categorical Logic, Cambridge Studies in Advanced Mathematics
7, Cambridge University Press, (1986), [ISBN:9780521-24665-1].
[40] D. Litinski, M. S. Kesselring, J. Eisert, and F. von Oppen, Combining Topological Hardware and Topological Software: color-Code Quantum Computing with Topological Superconductor Networks, Phys. Rev. X 7 (2017) 031048,
[doi:10.1103/PhysRevX.7.031048].
[41] E. Lupercio, B. Uribe, Gerbes over Orbifolds and Twisted K-theory, Comm. Math. Phys. 245 (2004), 449-489,
[doi:10.1007/s00220-003-1035-x], [arXiv:math/0105039].
[42] P.-A. Melliés, Functorial boxes in string diagrams, Proc. Computer Science Logic 2006 in Szeged, Hungary,
[hal:00154243].
[43] A. Mintairov, D. Lebedev, A. Vlasov, A. Orlov, G. Snider, and S. Blundell, Nano-photoluminescence of natural anyon
molecules and topological quantum computation, Sci. Rep. 11 (2021) 21440,
[doi:10.1038/s41598-021-00859-6].
[44] R. Moessner and J. Moore, Topological Phases of Matter, Cambridge University Press (2021),
[doi:10.1017/9781316226308].
[45] Th. Monz et al., Demonstration of fault-tolerant universal quantum gate operations, Nature 605 (2022), 675–680,
[doi:10.1038/s41586-022-04721-1].
[46] D. J. Myers, Modal Fracture of Higher Groups, 2021, [arXiv:2106.15390].
[47] J. Nakamura, S. Liang, G. C. Gardner, and M. J. Manfra, Direct observation of anyonic braiding statistics, Nature Phys.
16 (2020), 931-936, [doi:10.1038/s41567-020-1019-1], [arXiv:2006.14115].
[48] C. Nayak, Demonstrating the underlying physics required to create a new kind of qubit, Microsoft Research Blog,
March 14, 2022, [www.microsoft.com/en-us/research/blog].
[49] C. Nayak, S. H. Simon, A. Stern, M. Freedman, and S. Das Sarma, Non-Abelian anyons and topological quantum
computation, Rev. Mod. Phys. 80 (2008), 1083-1159, [doi:10.1103/RevModPhys.80.1083].
[50] M. A. Nielsen, I. L. Chuang, Quantum computation and quantum information, Cambridge University Press, 2000,
[doi:10.1017/CBO9780511976667].
[51] T. Nikolaus, U. Schreiber, D. Stevenson, Principal ∞-bundles – General Theory J. Hom. Rel. Struc 10 (2015), 749-801,
[doi:10.1007/s40062-014-0083-6], [arXiv:1207.0248].
[52] S. Perdrix and P. Jorrand, Classically-Controlled Quantum Computation, Math. Struct. in Comp. Science 16 (2006),
601-620, [doi:10.1017/S096012950600538X], [arXiv:quant-ph/0407008].
[53] V. Pratt, Linear logic for generalized quantum mechanics, in Proc. of Workshop on Physics and Computation, Dallas,
TX, IEEE, 1992, [doi:10.1109/PHYCMP.1992.615518].
[54] J. Preskill, Reliable Quantum Computers, Proc. Roy. Soc. Lond. A 454 (1998), 385-410, [quant-ph/9705031],
[doi:10.1098/rspa.1998.0167].
[55] J. Preskill, Fault-tolerant quantum computation, in Introduction to Quantum Computation and Information, World
Scientific, Singapore, 1998, [doi:10.1142/3724], [arXiv:quant-ph/9712048].
[56] E. Riehl, On the ∞-topos semantics of homotopy type theory, lecture at Logic and higher structures CIRM (Feb. 2022)
[emilyriehl.github.io/files/semantics.pdf]
[57] E. Rijke, M. Shulman, and B. Spitters, Modalities in homotopy type theory, Log. Meth. Comp. Sci. 16 (2020) 1,
[episciences:6015], [arXiv:1706.07526].
[58] M. Riley, E. Finster, and D. R. Licata, Synthetic Spectra via a Monadic and Comonadic Modality,
[arXiv:2102.04099].

, Vol. 1, No. 1, Article . Publication date: June 2022.

8

Hisham Sati and Urs Schreiber
[59] S. D. Sarma, M. Freedman and C. Nayak, Majorana zero modes and topological quantum computation, npj Quantum
Inf. 1 (2015) 15001, [doi:10.1038/npjqi.2015.1].
[60] H. Sati and U. Schreiber, Proper Orbifold Cohomology, [arXiv:2008.01101].
[61] H. Sati and U. Schreiber, Equivariant principal ∞-bundles, [arXiv:2112.13654].
[62] H. Sati and U. Schreiber, Differential Cohomotopy implies intersecting brane observables via configuration spaces and
chord diagrams, Adv. Theor. Math. Phys. 26 4 (2022), [ISSN:1095-0753], [arXiv:1912.10425].
[63] H. Sati and U. Schreiber, Anyonic defect branes in TED-K-theory, [arXiv:2203.11838].
[64] H. Sati and U. Schreiber, Anyonic topological order in TED-K-theory, [ncatlab.org/schreiber/show/ATO+in+TED-K].
[65] H. Sati and U. Schreiber, Twisted equivariant differential non-abelian cohomology, in preparation.
[66] H. Sati, U. Schreiber, and J. Stasheff, Twisted differential string and fivebrane structures, Commun. Math. Phys. 315
(2012), 169-213, [doi:article/10.1007/s00220-012-1510-3], [arXiv:0910.4001].
[67] U. Schreiber, Differential cohomology in a cohesive infinity-topos, [arXiv:1310.7930].
[68] U. Schreiber, Quantization via Linear Homotopy Types, talk notes, Paris Diderot and ESI Vienna (2014),
[arXiv:1402.7041].
[69] U. Schreiber, Differential generalized cohomology in Cohesive homotopy type theory, talk at IHP trimester on Semantics
of proofs and certified mathematics, Workshop 1: Formalization of Mathematics, Institut Henri Poincaré, Paris, (May
2014), [ncatlab.org/schreiber/show/IHP14].
[70] U. Schreiber and M. Shulman, Quantum Gauge Field Theory in Cohesive Homotopy Type Theory, EPTCS 158 (2014),
109-126, [doi:10.4204/EPTCS.158.8], [arXiv:1408.0054].
[71] U. Schreiber Some thoughts on the future of modal homotopy type theory, talk at German Mathematical Society Meeting
(Sept. 2015), [ncatlab.org/schreiber/show/Modal HoTT].
[72] P. Selinger, Towards a quantum programming language, Math. Struc. Comp. Sci. 14 (2004), 527–586,
[doi:10.1017/S0960129504004256].
[73] Y. Shi et al., Resource-Efficient Quantum Computing by Breaking Abstractions, Proc. IEEE 108 (2020), 1353-1370,
[doi:10.1109/JPROC.2020.2994765].
[74] P. W. Shor, Scheme for reducing decoherence in quantum computer memory, Phys. Rev. A 52 (1995) R2493,
[doi:10.1103/PhysRevA.52.R2493].
[75] M. Shulman, Brouwer’s fixed-point theorem in real-cohesive homotopy type theory, Math. Structures Comput. Sci. 28
(2018), 856-941, [doi:10.1017/S0960129517000147], [arXiv:1509.07584].
[76] M. Shulman, The logic of space, in: New Spaces for Mathematics and Physics, Camb. Univ. Press (2021), 322-404,
[doi:10.1017/9781108854429.009], [arXiv:1703.03007].
[77] M. Shulman, Homotopical trinitarianism: A perspective on homotopy type theory, 2018,
[ncatlab.org/nlab/files/ShulmanHomotopicalTrinitarianism.pdf]
[78] M. Shulman, All (∞, 1)-toposes have strict univalent universes, [arXiv:1904.07004].
[79] T. D. Stanescu, Introduction to Topological Quantum Matter & Quantum Computation, CRC Press (2020),
[ISBN:9780367574116].
[80] J. Strom, Modern classical homotopy theory, Grad. Stud. Math. 127, Amer. Math. Soc. (2011), [doi:10.1090/gsm/127].
[81] D. Tamaki and A. Kono, Generalized Cohomology, Transl. Math. Monogr., AMS (2006), [ISBN: 978-0-8218-3514-2].
[82] B. M. Terhal, Quantum error correction for quantum memories, Rev. Mod. Phys. 87 (2015), 307–346,
[doi:10.1103/RevModPhys.87.307].
[83] T. tom Dieck, Transformation Groups and Representation Theory, Lect. Notes Math. 766 Springer (1979),
[doi:10.1007/BFb0085965].
[84] Univalent Foundations Project, Homotopy Type Theory – Univalent Foundations of Mathematics, Institute for Advanced
Study, Princeton, 2013, [homotopytypetheory.org/book].
[85] M. Vákár, A Categorical Semantics for Linear Logical Frameworks, In: Foundations of Software Science and Computation
Structures FoSSaCS 2015. Lect. Notes Comp. Sc. 9034 Springer (2015), [doi:10.1007/978-3-662-46678-0_7],
[arXiv:1501.05016]. .
[86] F. Wellen Cartan Geometry in Modal Homotopy Type Theory, [arXiv:1806.05966].
[87] F. Wellen, Differential Cohesive HoTT, talk at Types, Homotopy Type Theory, and Verification, Hausdorff Institute
(2018), [https://www.youtube.com/watch?v=uEZXHPdwvJU&t=226s].
[88] Z. Wang, Topological Quantum Computation, CBMS Regional Conference Series in Mathematics 112, Amer. Math.
Soc., 2010, [ISBN-13:9780821849309].
[89] B. Zeng, X. Chen, D.-L. Zhou, X.-G. Wen, Quantum Information Meets Quantum Matter – From Quantum Entanglement to Topological Phases of Many-Body Systems, Quantum Science and Technology, Springer (2019),
[doi:10.1007/978-1-4939-9084-9], [arXiv:1508.02595].
[90] G. Zhu and A. Cross, Hardware-aware approach for fault-tolerant quantum computation, IBM Research Blog (Sept.
2020), [www.ibm.com/blogs/research/2020/09/hardware-aware-quantum].

, Vol. 1, No. 1, Article . Publication date: June 2022.

