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Abstract: Our starting point is a particular "canvas aimed to "draw' theories of physics, which has symmetric monoidal categories as its
mathematical backbone. With very little structural effort (i.e. in very abstract terms) and in a very short time this categorical quantum mechanics
research program has reproduced a surprisingly large fragment of quantum theory. Philosophically speaking, this framework shifts the conceptual
focus from "material carriers such as particles, fields, or other

“material stuff', to "logical flows of information’, by mainly encoding how things stand in relation to each other. These relations could, for example,
be induced by operations. Composition of these relationsis the carrier of all structure.

Thus far the causal structure has been treated somewhat informally within this approach. In joint work with my student Raymond Lal, by restricting
the capabilities to compose, we were able to formally encode causal connections. We call the resulting mathematical structure a CauCat, since it
combines the symmetric monoidal stricture with Sorkin's CauSets within a single mathematical concept. The relations which now respect causal
structure are referred to as processes, which make up the actual "happenings. As a proof of concept, we show that if in a quantum teleportation
protocol one omits classical communication, no information

istransfered. We also characterize Galilean theories.

Classicality is an attribute of certain processes, and measurements are special kinds of processes, defined in terms of their capabilities to correlate
other processes to these classical attributes. So rather than quantization, what we do is classicization within our universe of processes. We show how
classicality and the causal structure are tightly intertwined.

All of thisis still very much work in progress!
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Causal categories: a universe of interacting processes
Bob Coecke and Rav Lal
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QUANTUM TELEPORTATION
(a graphical account)




Lemma (. | | l @ @) =
lLemmal. - ! 4 { =
Lemma 2. | | Bell\ =

Lemma 3. (( Bell | Bell)) = 1.
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[Lemma 0:

Tid?

Lemma |l & Lemma 2:

Uswy

[Lemma 3:
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[Lemma 0:

Tid?

Lemma | & Lemma 2:

- %

Lemma 3:

™=
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CATEGORICAL QUANTUM MECHANICS
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[Lemma 0:

Ti-d?

Lemma |l & Lemma 2:

Uswy

Lemma 3:
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CATEGORICAL QUANTUM MECHANICS




— merely a new notation?” —
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— merely a new notation? —
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— merely a new notation? —
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— merely a new notation? —
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— merely a new notation? —

(go f) 2 (koh)=(g= k)o(f = h)

TRT

BIFUNCTORIALITY
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— physical processes as a symm. monoidal category —

Svstems:

Processes:
g SoLA ¢ ¥ B B .
Compound systems:
Ao B | A2 _Ba.b

Temporal composition:

A—.C = A B 5 A =S
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— merely a new notation? —

(go 1) % [koh)= (g% k)o (] I h)

TRT

BIFUNCTORIALITY
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— merely a new notation? —

(go f) % (ko h)= (g% kYo (] < h)

TRT

BIFUNCTORIALITY
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— physical processes as a symm. monoidal category —

Systems:
': B r
Processes:
e {-—~ B B—=
Compound systems:
\& B | | -~ 129 B D
Temporal composition:
A—C = A B A——A
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— physical processes as a symm. monoidal category —

Systems:
': B r
Processes:
— A~ .B B——
Compound systems:
\ e B | L2 BaD
Temporal composition:
A—C = A B A——A
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— (pure) Classical vs. Quantum —

classical . i * *
quantum V . ++
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— quantum-like —

A A
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— quantum-like —

A A
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— quantum-like —
—
]
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— quantum-like —

A A
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— quantum-like —
e
e ]
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— shiding —
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— sliding —
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— sliding —

- -
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— dagger —
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— sliding —

-
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— dagger —
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— dgger —
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— dagger —
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— dagger —

(1)

(2)

In FHilb: (1) ~ transpose & (2) ~ conjugate
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BOB

— quantum teleportation
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— completeness —

Thm. [Selinger *05] An equational statement berween
expressions in dageer compact svmmerric monoidal
carecortcal laneuage holds I'rf and f-‘H/_"L' :'f (it 1s deriv-

'-rll:f_ .'.:l.' il I'-."-. iln"}-'..'_'.: |'-I- 5-'r-"'..:'_-"fr'_-'- . _.'t: _.'.II',:'|_,'i_"’J-‘|-'-'-F"-I .
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— completeness —

Thm. [Selinger *05] An equarional starement berween
vpressions in dagger compact svmmetric monoida
catecorical language holds ff-f and H.-‘ff_\' if ir 1s deriv-

"rll:f_ -_:._l T i I.'I_.'. :I-I'}.I';.I II:- j.r'l.:-l:._'r:rrl.'l . 'lf: _||l'|"|l'i_.f’J‘I _r‘ill )
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— completeness —

Thm. [Selinger *05] An equarional statement berween
AV SSIONS 11 tfd,:jtft'!' compacit svinumetric monoidal
carecorical lancuagce holds a_"f.fnuf unh' If ir is deriv-

. f &l 5 ] | P $ : I - 5 .
[.'r-'.'lll (il | 'll.'lt L’rr'atl."l]".!'.'l': l.:'liJ '..'}f‘ln"l:.'ll'lrln"l VI -'Illllrl-"‘r.'lf‘-"‘ J.'r-“'l- .

Thm. [Selinger "08] An equarional statement berween
expressions in dagger compact svmmetric monoidal
categorical language holds if and only if it is derivable
for Hilbert spaces, linear maps, composition thereoff.
Bell-stares, tensor Pr duct, and adjoints.
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CQM = FAME
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— and Rock 'n Roll alike stardom —
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— and Rock 'n Roll alike stardom —

Godel’s Lost Letter and P=NP

Logic Meets Complexity Theory MOST USED TAGS

.......
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— and Rock 'n Roll alike stardom —

A Picture is Worth a Thousand Qubits

_cecke uses pictures of 3 speeizl kind to explain guantum information processing. This, in
a1s hands, 1s 1n my opimion extremely insightiul, and kelpec me reallv “get it.” | thought 1
~vould trv to give an over view of what he does with his wonderful pictures. If you want to

see the rea! thing go here for the full Storyv. He uses pictures lixe these to explain quantum

leleportation and other cperations:
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— and Rock 'n Roll alike stardom —

If any of you disecover a caveman drawing looking like this: we have a problem.

. and the privileges thereof ...
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— and Rock 'n Roll alike stardom —

- re : b 1 *ﬁ_
= i .
® e k -
rfﬁ S— -
_ - f‘-; |
- o - “
=} - - |
rs y |
- r _’ il - -~
‘-.-} -

[ ] !'. 'r 'l- |--|I ¥ T "'.. -
dnd rne priviieces Irrnereoyg ...
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— M BUT ! —

A Picture is Worth a Thousand Qubits What iS 4 CIT 22 ‘)

_cecke uses pictures of 3 speeizl kind 10 explain guantum information processing. This, in
a1s hands, 1s 1n my opimien extremely mnsighttul and helpec me really "get(ity | thought 1

~vould try to give an over view of what he does with his wonderful pictures. If you want to
see the real thing go here for the full storv. He uses pictures lixe these to explain quantum

leleportation and other cperations:

1
1
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— M BUT " —

An ‘ill-founded’ lesson from categorical quantum stuft:
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— ! BUT !!! —

An “ill-founded’ lesson from categorical quantum stuft:

Reason: Postselection!

irsa: 10030058 Page 65/156




— B —
QM-relativity compatibility requires “total” processes:

B
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—oa] U s
QM-relativity compatibility requires “total” processes:

B

= “indexing” over dSCFAs (which represent bases)
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— DISCLAIMER —
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— DISCLAIMER —

The physical processes universe is NOT a
dagger compact symm. monoidal category!
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— DISCLAIMER —

The physical processes universe is NOT a
dagger compact symm. monoidal category!

Evidence:

e Neither the dagger nor the transpose of a ‘total

physical process 1s a physical process e.g.:
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R T
QM-relativity compatibility requires “total” processes:

B

= “indexing over dSCFAs (which represent bases)
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— M BUT "' —

An “ill-founded” lesson from categorical quantum stutt:

Reason: Postselection!
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— DISCLAIMER —

The physical processes universe is NOT a
dagger compact symm. monoidal category!

Evidence:

e Neither the dagger nor the transpose of a ‘total

physical process 1s a physical process e.g.:

-~
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CAUSAL CATEGORIES




— GOAL —

Implement constraints imposed by relativity at pri-
mal structural level ., while retaining full power of
categorical quantum mechanics.
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— GOAL —

Implement constraints imposed by relativity at pri-
mal structural level ., while retaining full power of
categorical quantum mechanics.

e E.o. without having to be specific about which pro-
cesses we L‘r.'uns.itlcr_ Ihill releportine informatiol

".Illl':-: Y J_I"\-.I -'-'l. { l"l-;':. I.I-|.|I; o ...-.r'li.
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— GOAL —

Implement constraints imposed by relativity at pri-

mal structural level . while retaining full power of

categorical quantum mechanics.

e E.o. without having to be specific about which pro-

cesses we consider. that ‘releporting informatio

e Strategy: encode “causal set -structure within cate-

gory. vielding the concept of a causal category.

Page 77/156




— NOT THE CATEGORICAL LOGIC PATH —
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— NOT THE CATEGORICAL LOGIC PATH —

Algebraic logic:

from A we canderive B — A B .
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— NOT THE CATEGORICAL LOGIC PATH —

Algebraic logic:

from 4 we canderive B — A 5.

Categorical logic:

C(A. B) is the set of all such proofs

irsa: 10030058 Page 80/156




— NOT THE CATEGORICAL LOGIC PATH —

Algebraic logic:
from Awecanderive B «— A< B.

Categorical logic:

C(A. B) is the set of all such proofs

Formal correspondence:

A B < UlA I3) =
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— NOT THE CATEGORICAL LOGIC PATH —

Algebraic logic:

from Awecandernive B == A< B.

Categorical logic:

C(A. B) 1s the set of all such proofs

Formal correspondence:

1: I!."': (_. _1Id:£.|j| = 5=

- A -

|
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— NOT THE CATEGORICAL LOGIC PATH —

Consider the scenario:
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— NOT THE CATEGORICAL LOGIC PATH —

Algebraic logic:

from A we canderive B — A B

Categorical logic:

C(A. B) 1s the set of all such proofs

Formal correspondence:

A i <— UlA. . B) =
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— NOT THE CATEGORICAL LOGIC PATH —

Consider the scenario:
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— NOT THE CATEGORICAL LOGIC PATH —

Consider the scenario:

r---._,
= §

A and B are not causally connected: 4 <
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— NOT THE CATEGORICAL LOGIC PATH —

Consider the scenario:

I )

A and B are not causally connected: 4 £ B

)

overall process of type A — Bexists: C(A. B) =

irsa: 10030058 Page 87/156




irsa: 10030058

— NOT THE CATEGORICAL LOGIC PATH —

Consider the scenario:

A and B are not causally connected: A £ B

overall process of type A — Bexists: C(A. B) = 1.

Not existence but information flow is the key!
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— EXISTENCE VS, INFORMATION FLOW —

eXISts exIsts not

ClA.B)#£0 | C(A.B)=V{

information How | no information flow

v

_?_
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— NOT THE CATEGORICAL LOGIC PATH —

Consider the scenario:

A and B are not causally connected: 4 £ B

overall process of type A — B exists: C(A. B) = (.

Not existence but information flow is the key!
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— EXISTENCE VS. INFORMATION FLOW —

eXISts exiIsts not

C(A.B)#£0 | C(A.B)=10

information How | no information flow

v

_?_
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— NOT THE CATEGORICAL LOGIC PATH —

Consider the scenario:

A and B are not causally connected: A £ B

overall process of type A — Bexists: C( 4. B) = 1.

Not existence but information flow is the key!
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— definition —
% causdal caregon (Or Ccaucar) (:1(? i'*-;:

|. symmetric partial monoidal category

T E -

2. unit object / 1s termunal. re. tor each 4 = |CC

there 1s a unique morphism 7 4 : 4 — [
3. A© B exists iff
[ CC(A.B) =[CC(I.B)| o T4

F

[ CC(B.A)=[CC(I.A)oTg
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— definition —
j\ causal caregonm (Or caucdar) (:1(:' i"‘-;:

|. symmetric partial monoidal category

=

2. unit object / 1s terminal. re. tor each A B

there 1s a unique morphism 7 4 : 4 — [
3. A - Bexists iff
[ CC(A.B) =[CC(I.B)]o T4

l CC(B,A)=[CC(I,A)|o T,
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— definition —
% CAusSal carl HI"H,.-” [HI' Cancadr) (:1(:' i'*-;:

|. symmetric partial monoidal category

2. unit object [ is terminal. 1e. for each 4 € |CC
there 1s a unique morphism 7 ¢y 4 — [

3. A © Bexists iff
[ CC(A.B) =[CC(I,B)| o T
[ CC(B.A) =[CC(I.A)] o Tz
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— definttion —
AL causal caregcorv (Or caucdr) (:‘(:l i"‘-;:

|. symmetric partial monoidal category

-

2. unit object / 1s termunal. re. tor each A = |CC

there 1s a unique morphism 7 3 : 4 — [
3. A & B exists iff
[ (_‘(_. _1, _-‘II_J == -{-_r{’_. a';. .":- 1 i _!
[ CC(B. A =1€C(I. Ao T
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Example. Given:
e Posetal causal structure P

e Process category C'PM(C
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Example. Given:
e Posetal causal structure P

e Process category C'PM(C
Then define CC(C'PM(C). P):

o (A |CPM(C \I[t.ae R(P)\V) or(I.0).
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Example. Given:
e Posetal causal structure P

e Process category C'PM(C)
Then define CC(CPAM(C). P):

o A= |CPM(C \It.ae R(P)\V) or(I,0).
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Example. Given:
e Posetal causal structure P

e Process category C'PM(C
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— definttion —
AL causal caregonm (Or caucar) (:1(? i"";:

|. symmetric partial monoidal category

- -

2. unit object / 1s termunal. re. tor each A = |CC

there 1s a unique morphism 7 4 : 4 — [
3. A© Bexists iff
[ CC(A.B) =[CC(I,B)]o T
l CC(B.A)=[CC(I.A)| o Tg
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Example. Given:
e Posetal causal structure P

e Process category C'PM(C
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Example. Given:
e Posetal causal structure P

e Process category C'PM(C
Then define CC(CPAM(C). P):

e (A= |CPM(C 'It.acs R(P)\ V) or(I.0).
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Example. Given:
e Posetal causal structure P
e Process category C'PM(C
Then define CC(C'PM(C), P):
e (Ac |CPM(C)|\{l},ac R(P)\V)or(l,0).
e CC(C, P)((A,a),(B,b))=
{_Plf C)A.B) G =
CPM,(C)(I.B)|oTy a£bd

elfbotha £ bandb £ a.orif a orb = U:

(A.a) ® (B.b) =(A= B.aUb).
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— definttion —
3\ CAausdal carle TON (OT caucar) (:l(:t i'*-;:

|. symmetric partial monoidal category

=

CcC

2. unit object [ 1s terminal. re. for each A

there 1s a unique morphism 7 4 : 4 — [

3. A - Bexists ifft
[ CC(A.B) =[CC(I.B)]o T4

F

| CC(B. A) =[CC(I,A)]oTg
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Example. Given:
e Posetal causal structure P
e Process category C'PM(C
Then define CC(C'PM(C), P):
e (A |CPM(C 1I1},a < R(P)\ WV or(I,0).
e CC(C. P)((A,a),(B,b))=

CPM,(C)(A. B a<b
[CPM,(C)(I.B)]oTy atb

elfbotha L bandb £ a.orif aorb = U:

(A.a _ B0 — (A _ B.alUb).
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— definition —
j\ { *.cr.l“ﬁ:."-": caregor (O Ccaucar) (:l(:t i"‘-;:

|. symmetric partial monoidal category

2. unit object / 1s terminal. re. tor each A B

there 1s a unique morphism 7 ¢ 4 — [
3. A© B exists iff
[ CC(A.B) =[CC(I,B)|o T
| CC(B, A) =[CC(I,A)]o T,
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— definttion —
% causdal caregonm (OT caucdar) (:l(:t i"";:

|. symmetric partial monoidal category

2. unit object / B B

1s terminal. re. for each A

there 1s a unique morphism 7 . 4 — [
3. A © Bexists iff
[ CC(A.B) = [CC(I.B)| o T4
[ CC(B.A)=[CC(I.A)]o Tg
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Example. Given:
e Posetal causal structure P
e Process category C'PAM(C)
Then define CC(C'PAM(C). P):
o (A= |CPNMIC 1 It.a< R(P)\V)or(I.0).
e« CCIC. Pl(A . a)(B.-b))=

CPM,(C)(A.B a<b
[CPM,(C)(I.B)]oTy a%b
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Example. Given:
e Posetal causal structure P
e Process category C'PAM(C)
Then define CC(C'PM(C), P):
o (Ac|CPM(C tIt,ac R(P)\ V) or(/l.0).
e CC(C.P)(A.a).(B.b)=
CPM,(C)A,DB a<b
CPM,(C)(I.B)|oTy, a#£bd

elfbotha< bandb < a.orifaorb=1:

(A.a _ B.6) =2 : B.aUb).
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— causal structure of a caucar —
Directed graph ¢ with:
e vertices G = |CCT

e (A B eGx(G << CC(A.B) connected

irsa: 10030058 Page 120/156




irsa: 10030058

— causal structure of a caucar —

Directed graph ¢ with:

e vertices G = CC
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_ (_J:h’."lf:f{!'h’” caucais —

Def. Galilean causet :=

-

[y — | 8 1) = ) —

wherea L Odmeansthat ~ (aa < 3)and ~ (3 < a).
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— (_fn’ﬁf{t'uf! caucais —

Def. Galilean causet :=

-

X — Z ) A —

where o 1 dmeans that ~ (a < J)and ~ (3 =< a)

Def. Galilean caucat := directed caucat for which ev-
ery asymmetric subrelation of - 1s transitive.
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— Galilean caucats —

Def. Galilean causet :=

| — Z 0

where a L G means that ~ (a < 3)and ~ (3 =< a)

Def. Galilean caucat := directed caucat for which ev-
ery asymmetric subrelation of - 1s transitive.

Prop. A caucat is Galilean if ¢ is a Galilean causet.

irsa: 10030058 Page 124/156




— STructure oJ caucaits —
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— structure of caucats —

Thm. Compact objects in caucats have only one state

and morphisms between these are disconnected.
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— STruciture oj caucairs —
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— STructure oJ caucaits —

Thm. Compact objects in caucats have only one state

and morphisms between these are disconnected.
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— STructure oJ caucats —

Thm. Compact objects in caucats have only one state

and morphisms between these are disconnected.

Thm. In a caucat with a dagger objects have one state.
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— Structure of caucats —

Thm. Compact objects in caucats have only one state
and morphisms between these are disconnected.

Thm. In a caucat with a dagger objects have one state.
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— process structure —

Def. A process projector F for a caucat CC is a faith-
ful symmetric monoidal functor

F:COC—C,

with C a symm. monoidal category. and F~'([) = I.
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— process structure —

Def. A process projector F for a caucat CC is a faith-
ful symmetric monoidal functor

F.:.OCC—C,

with C a symm. monoidal category. and F~'([) = I.

DE‘f. A PIroccss L‘l’!]i"&_h_“i'i'_’

G:C — CC

1s any partial section for F re. F oG = 135mco-
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— process structure —

Def. A process projector F for a caucat CC is a faith-
ful symmetric monoidal functor

F:CC—C,

with C a symm. monoidal category. and F~ () = I.

Def. A process embedding

(;_r‘ : (:‘ — CC'

1s any partial section for F re. F oG = 135mo-

Prop. F preserves normalization. G only embeds nor-

malized processes. both preserve (dis)connectedness.
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— teleportation requires classical communication —

releportarion configuration:
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— teleportation requires classical communication —
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— teleportation requires classical communication —

teleportation minus classical communication conf.:

B

T am
-~ J
| S
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— teleportation requires classical communication —

releportation minus classical communication conf.:

B

L
I
|
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— teleportation requires classical communication —

releportarion configurarion:
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— teleportation requires classical communication —

releportation minus classical communication conf.:

B

1"1::"&
o
|
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— teleportation requires classical communication —

Thm. For V-containing caucats ¢, is disconnected.
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— teleportation requires classical communication —

releportarion minus classical communication conf.:

B

L
I\
|
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— teleportation requires classical communication —

Thm. For \V-containing caucats ¢, is disconnected.
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— teleportation requires classical communication —
Thm. For V-containing caucats ¢, is disconnected.

Pf. Consider G-

Gy

GA®GC GB
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— teleportation requires classical communication —
Thm. For V-containing caucats ¢, is disconnected.

Pf. Consider G-

Gy

GA®GC GB

4 GA GCRGB

Then GG> must be disconnected since GA -~ GB.
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— teleportation requires classical communication —
Thm. For V-containing caucats ¢, is disconnected.
Pf. Consider G-

B
T GA® GC GB

4 (-4 GCRGB

Then GG> must be disconnected since GA - GB.

Hence G5 = FGGs and G'G> must be disconnected.
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THE BROADER PICTURE




Connecting environment and dageer:
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irsa: 10030058

Connecting environment and dageer:

w-w -3
-1 -8

Normalization then follows:

Then purifiable processes form Selinger’'s CPM-categories.

Connects up with Chiribella-D” Ariano-Perinott
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OUTRAGEOUS
WAY BEHIND WILD
RANDOM GUESSES

(OWBWRGS)
ON QUANTUM GRAVITY







Connecting environment and dageer:

w-w -3
-1 -8

Normalization then follows:

1

Then purifiable processes form Selinger’'s CPM-categories.

Connects up with Chiribella-D Ariano-Perinotti.
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— OWBWRGs on 0G —

e Connectedness as a fundamental principle

e GHZ & W as generating modes of interaction

Alternatively:

e Varying (quantizing) the connectedness condition.
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Example. Given:
e Posetal causal structure P
e Process category C'PAM(C
Then define CC(CPM(C), P):
o (A= |CPMC tIl,.ac R(P)\V) or(/l.0).
e CC(C, P)((A,a),(B,b)=

CPM,(C)(A. B) —
[CPM,(C)(I.B)]oTy azb

elfbotha L band b £ a.orifaorb = :

(A.a B.b)=(A® B.aUb).
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— definttion —
j\ CAausdadl cale oM ( Oor caucdrl) (:1(? i"‘-‘

|. symmetric partial monoidal category

.

2. unit object / 1s termunal. re. tor each A = |CC

there 1s a unique morphism 7 4 : 4 — [
3. A © Bexists iff
[ CCiA.B) =ICCIL.B)lo T
| CC(B. A) =[CC(I,A)]oTg
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— definition —
j\ causal caregonm (Or caucdar) (:IC' i'“"*:

|. symmetric partial monoidal category

-

2. unit object / 1s terminal. re. tor each A = |CC

there 1s a unique morphism 7 ¢ 4 — [
3. A © Bexists iff
[ CC(A.B) = [CC(I.B)]o T4
| CC(B, A) =[CC(I,A)]o Tg
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