MATH 460 /560 CHEEA WALTN)

SPRING 2024

RICE W.

LAST TIME
— LECTURE H#(
- SIMPLE ALGS.

- SEM(S(MPLE ALGS.
- SEPARABLE ALGS.

ToP(eS:

T. CATEGORIES (32.1)

T. UNIVERSAC CONSTRUCTIoNY (32.2.1)
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L. CATEGORIES

{CATEGORY THEORY IS THE MATHEMATICS OF MATHEMATICS . |
— PRoF. ENGENIA CHENG
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L. CATEGORIES

{CATEGORY THEORY IS THE MATHEMATICS OF MATHEMATICS . |
— PRoF. ENGENIA CHENG

A QATEG’QR‘a TG CONSISTS OF THE DATA:

(o) A ColleCT (oM oF OBTECTS Ob(t),
WRITe XeG ForR Xeob(e).

(L)FoR EVERY PAIR OF OBIECTS X,y e,
A COLLECTIN oF MERPH(SUS toMe(X)Y).
WRITE %X—)\‘ Fok A€ ‘H'“'Akg()ﬂ‘().
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— PRoF. ENGENIA CHENG

A QATEG’QR‘a TG CONSISTS OF THE DATA:

(o) A ColleCT (oM oF OBTECTS Ob(t),
WRITe XeG ForR Xeob(e).

(L)For EVERYY PAIR OF OBJECTS X,y e,
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L. CATEGORIES

{CATEGORY THEORY IS THE MATHEMATICS OF MATHEMATICS. |
— PRoF. ENGENIA CHENG

A QATEG’QR‘a TG CONSISTS OF THE DATA:

(o) A ColleCT (oM oF OBTECTS Ob(t),
WRITe XeG ForR Xeob(e),

(L)For EVERYY PAIR OF OBJECTS X,y e,
A COLLECT(SN oF MERPH (SMY H“Weo‘»‘{)-
WRITE 43:)(-—9\1 Fok ‘2€:++“¢\%;()<f1).

) For SVeRrY oBiecT X<,
AN IDENTITY MARPHISM  idy @ XX,
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§: WYX AND «3-. X-)\‘)
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L. CATEGORIES

{CATEGORY THEORY IS THE MATHEMATICS OF MATHEMATICS . |
— PRoF. ENGENIA CHENG

A QATEG’QR‘a TG CONSISTS OF THE DATA:

(o) A ColleCT (oM oF OBTECTS Ob(t),
WRITe XeG ForR Xeob(e),

(L)For EVERYY PAIR OF OBJECTS X,y e,
A COLLECT(SN oF MERPH (SMY ’chanq\().
WRITE 43:)(-—9\1 Fok ‘3€:++“¢\%;()<f1).

) For SVeRrY oBiecT X<,
AN IDENTITY MARPHISM  idy @ XX,

(4) For €VERY PAIR oF MORTHEMS
§: WYX AND 3-. X-)\‘)
A CoMPoBITE MeRPHISM 61; S \,J_a\(.

| | — THIS DATA MWST

SAﬂ.SF'a THE AXIcAN :

ASSCCIATIV(T
wa )§ = W(a¥
(hg) o )
‘H’“Mn(‘ (w\%)

(AN TAuTvA
dx t=f ¢ 310\;<=3
IN IN
“VM‘(.(\N)X) HVMc(,(X)Y)

¥ W, 3=X——)\{/ [,\:\(_;%
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I. QATEG'QR.GS “86 “COLLE(,T(QI\S ) (NBTE—A"D oF “86T«

A QATEG'QR‘a G CONSISTS OF THE DATA:

(o) A ColleCT (oM oF OBTECTS Ob(t),

(L)For EVERYY PAIR OF OBJECTS X,y e,
A COLLECT(oN oF MERPH (SMS H“M‘CCY'Y)-

) For SVeRrY oBieCT X<,
AN IDENTITY MARPHISM  idy * XX,

(4) For EVERY PAIR oF MOTTHSMS
§: WX AwD 3-. X-)\‘)
A CompolITE MoRPHISM 6@ =qet: Wy

(... TO AVOLD (SSWES WITH

“A SET oF SeTS, \LNTER)

DeesN IT
exusT

| | — THI§ DATA MWAST

“VM‘(.(W)X) HVMc(,(x)Y)

SAT\SF‘& THE AX(eMN:

ASSSCIATWVITH
Wa )§ = W(q¥
(hg) o )
‘H'“Ma(l (w\%)
U\N\TAuTvA

MX‘Y':'Q { 3'10\;<=3
IN IN

¥ W, 3=X——)\{/ L\:\(_;%
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I. QATEG'QRlGS “86 “COLKE(,T(QI\) ) (NSTgAD oF “SGT«

_SPECIAL CAZES
AvQATEG—QR'a TG CONSISTS OF THE DATA: o

SMALC
(o) A ColleCT(oN oF OBTECTS Ob(t),

| L THIS DATA MWAST
SAT\SF‘B THE AX(eAN :

(L)FOR EVERY PAIR OF OBIECTS X\ e, ASSQCINTVITY
M CoLLECTiaN oF MERPHISUS toMg(X)Y). (\"%H &,k(g%)
£ ALL MORPHISMS Homle) FoRM A 3T Home (W,2)
) X:Kl:::‘:—)r QBU@:;FM: : “ezi\ RV ANUTAUTY
a M I ) io()(‘?’:‘(' i s'lo\x‘—'ﬁ
IN IN

(4) FoR €VERY PAIR oF MORTHEMS

FWAYX A q: XY,
A COMPOSITE MoRPHISM 6‘? '-‘3"‘?' . W—*\(. ¥ W, 3=X——)\{, l,\‘-\(—a?:

“VM‘(.(W)X) {'hMc(,(x)Y)
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I. QATEG'QR.GS “86 “COLKE(,T(QI\) ) (NSTgAD oF “SGT«

_SPECIAL CASES
AYQATEG—QR'a C CONSISTS OF THE DATA:| .o
LocAUY, SMACLL

(o) A ColleCT(oN oF OBTECTS Ob(t),

| L THIS DATA MAST
SAT\SF‘B THE AXIcAN :

(L)FoR EVERY) PAIR OF OBJECTS X,y e, ASSC CIATWVITY
A COLLECT(dN oF MERPH (SMS H“M«QCY,Y). (\'\3“ CJ"\(S%)
& THIS (S A SET ¥X,ye¥, .J\ tome, (W,2)
) ’Z:K SVERY SBTECT X<, ANITAUTY
IDENTITY MARPHISMA idy * XKDX., io\x’? -4 ¢ 3"°\>‘=3
s eve IN IN
(4) For :;’;:3)( W:D“‘"‘;ii“\;&)m oM (W)X)  frome OY)

A ConPoBITE MeRPHISM 6‘? = g4 w—ax(. VHwox, 4%y, hiyoz
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L. CATEGORIES

A CAT EG’QRa hG
CONSISTS OF:

(&) OBTECTS.

(L) MERPHISMS
H’“Mae(Y;Y)
VX/\( e,

ALGEBRAIC

© WX X CATEGORIES

¥Xe,.

() 81? W y
V5 WX
3:)(_4 V,
SAT(S Famcr
AlSa CATWITY
(\/uz)% = k(g-f')
lAN\TAuTvA
iO\x‘Q’=“(’, 3'10\)<=3
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L. CATEGORIES

A CAT EG’QRa hG
CONSISTS OF:

(&) OBTECTS.

(L) MERPHISMS
H’“Mae(Y;Y)
VX/\( e,

) '\o\x X = X
¥xe,.

() 81? W y
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L. CATEGORIES

A CAT EG’QRa hG
CONSISTS OF:

(&) OBTECTS.

(b) MSRPHISMS
H’“Mﬁe(Y;Y)
VX/\( e,

) '\o\x X = X
¥xe,.

() 81? W y
V5 WX
3:)(_4 V,
SAT(S Famcr
AlSa CATWITY
(\/uz)% = k(g{')
lAN\TAuTvA
iO\x‘Q':‘(', 330\)<=3

G}(OUCF
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ALGEBRAIC
CATeGORIES
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L. CATEGORIES

A CAT EG’QRa hG
CONSISTS OF:

(&) OBTECTS.

(b) MSRPHISMS
H’“Mﬁe(Y;Y)
VX/\( e,

) '\o\x X = X
¥xe,.

() 81? W y
V5 WX
3:)(_4 V,
SAT(S Famcr
AlSa CATWITY
(\/uz)% = k(g{')
lAN\TAuTvA
iO\x‘Q':‘(', 330\)<=3

G}(OUCF

GROW?S £
GROMY? tronoms.

ARCUAN GROWDS £
GROWY? tomoms .

(ANETAC RINGS &
(ANATAC RING HoMomS |

RING Honoms .

(ANLTAC
COMMUTATIVE RINGS &

(AN ATAC RN G HonomS

CATEGORIES
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L. CATEGORIES

A CAT EG’QRa hG
CONSISTS OF:

(&) OBTECTS.

(L) MERPHISMS
H’“Mae(Y;Y)
VX/\( e,

) '\o\x X = X
¥xe,.

() 81? W y
V5 WX
3:)(_9 V,
SAT(S Famcr
AlSa CATWITY
(\/uz)% = k(ﬁ'@')
lAN\TAuTvA
i&x‘?’=“(’, 330\)<=3

R Fe®
AlGe. CLASED
£ CUpRQ /N

(ot NEEDED H?
—

ALGEBRAIC
CATeGORIES
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L. CATEGORIES
R

A CAT EG’QRa hG
CONSISTS OF:

Fle®

AlGe. CLASED

£ CHARQ

)

(No&T NeEYeD H'ELE)
(&) OBTECTS. /
—_—

(L) MERPHISMS
H’“Mae(Y;Y)
VX/\( e,

) '\o\x X = X
¥xe,.

() 81? W y
V5 WX
3:)(_9 V,
SAT(S Famcr
AlSa CATWITY
(\/uz)% = k(g-f')
lAN\TAuTvA
i&x‘Q:‘(’, 3'10\)<=3

ALGEBRAIC
CATeGORIES

\R-ALGERRAS &
\R-ALGERRA
Hownoms,

CoMmnTaATIVE
\R-ALGEBRAS &
\R-ALGERRA Homoms .

FINITE DML

\R-ALGERRAS &
R-ALGEBRA HOMOMS .,
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T. CATEGORIES

A QATEG—QRa*c
CONSISTS OF:

(@) oBTECTS.

(5) MSRPHISMS
{kbphﬁ(ﬁ(,Y)
X\ e,

(C\ .\AX '.X.AX
X e,

() 8‘? W \(
¢ 5w =X
3'-)( - \l .
SAT(S Fam«
ASSCCIATIV(TY
(‘Mz)% = ‘h(g‘f')
lANtTAuTvA
EA)(‘?’:‘Q) 3(0\x=3

R Fle®

AlGe. CLASED

£ CHARQ N
(N &7 NEEPED HELE)

AB R-ALGS

/_\

RC?(A)
REPINS oF A €
REPIN MaRPHISUS

VAR(OWS

A-Mod

Mod-A %:'reermes
(A B)-Bimod \®BImdaces
A-Bimed

ALGERRALC
CATeGORIES
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L. CATEGORIES

A CAT EG’QRa hG
CONSISTS OF:

(&) OBTECTS.

(L) MERPHISMS
H’“Mae(Y;Y)
VX/\( e,

) '\o\x X = X
¥xe,.

() 81? W y
V5 WX
3:)(_9 V,
SAT(S Famcr
AlSa CATWITY
(\/uz)% = k(ﬁ'@')
lAN\TAuTvA
i&x‘?’=“(’, 330\)<=3

R Fe®
AlGe. CLASED

£ CUpRQ /N

(NoT NEEDED HEPﬁ)
ABLC lk—ALGS/
—

ALGEBRAIC
CATeGORIES

OBZeCTS = [R-ALGEBRAS
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L. CATEGORIES

A CAT EG’QRa hG
CONSISTS OF:

(&) OBTECTS.

(L) MERPHISMS
H’“Mae(Y;Y)
VX/\( e,

) '\o\x X = X
¥xe,.

() 81? W y
V5 WX
3:)(_9 V,
SAT(S Famcr
AlSa CATWITY
(\/uz)% = k(g-f')
lAN\TAuTvA
i&x‘Q:‘(’, 3'10\)<=3

R Fe®
AlGe. CLASED

£ CUpRQ /N

(NoT NEEDED HEPﬁ)
ABLC lk—ALGS/
—

ALGEBRAIC
CATeGORIES

OBYECTS = |R-ALGERRAS
MQKP“"SMS . ~ (SQQLkSS”
A=b [Ny € (AB)-Bined|

Witk ida = a(Areq ),

A=BoC = Ny @ gWe
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T. CATEGORIES

A QATEG—QRa*c
CONSISTS OF:

(@) oBTECTS.
(5) MSRPHISMS
H-DM‘CCY)Y)
X\ e,

(C\ .\AX '.X.AX
Fxe,.

() 8@ W \(
¢ 5w =X
3'-)( - \l .
SATISFYIN G
ASSCCIATIVI(TY
("\‘3)% = ‘h(g‘f')

WNITALITY
EA)(‘?’:‘Q) 3(0\x=3

G’( 0 w?

| e ABCUAN (KKQ\M:S £
GROU®S &
AlGe. CLAED A |
£ CHARQ N GROMY? tronoms. GROWY Honoms

(N &7 NEEPED Hepe)

ABC R-ALGS
—_—

RC?(A)
REPINS oF A €
REPIN MaRPHISWUS

A'MOA VAR(OWS

- CATEGORIES
)«QA"A ofF

(A B)-Bimod \®BImdaces
A-Bimed

COMMUTATIVE RINGS &
AN ETAC RING Honoms

\R-ALGERRAS &
\R-ALGERRA
Honoms,

COMMUTATIVE
\k-ALGEBRAS &
\R-ALGERRA Homoms .

OBBECTS = (R-ACGEBRAS
MORPWISMS 2 (ocipss~
A=b < [AVBG (A;B)’Biwmoq

WeTh: ida = A(Amo&) A

FIN(TE DML
[R-VeCToR SPaces 4
(k- UINEAR MATS

FIN(TE DML

\R-ALGERRAS &
|k-ALGERRA Hovnoms,

A-BoC = AVB 2, ¥>wc,
e(A)Q)"B'\MQo\
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L. CATEGORIES

AChEesRaT] MORE (NON-ALKEBRAIL) EXAMPLES (ATER

LRSS W LET'S STM)A MORPHAS MS (N DETAIC ...
(&) OBTECTS.

3 : X — Y
(b) MERPHISMS
H‘“Man‘;\{)

VX/\( e,

) '\o\X X = X
¥xe,.

() 6‘? T o y
¥ WX
3:)(.4 V,
SAT(S FatrJGr
ASSCCIATIVI(TY
(\/uz)% = R(S-f')
lAN\TAuTvA
i&x“":‘(’, 330\)(=3
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L. CATEGORIES

A cA’recfQRa*c
CONSISTY OF:

LETS ST‘WB MORPHAS MS (N DETAIC ...
(&) OBTECTS.

&) marad QQX YK
MERPHISMS DQHMN oF 0 IN OF
oM, Y) 0 CODOMAIN OF ¢

VX/\(QKQ‘

(C\ .\AX '.X.AX
¥Xe%.

@) 8@ W \(
¥ §:WoY
3'-)( - \l .
SATISFYIN G
ASSCCIATIVI(TY
("\‘3)% = ‘h(g‘f')
WNITALITY
iO\x‘Q':‘(', 3i°\x=3

Copyright © 2024 Chelsea Walton



L. CATEGORIES

A cATecfQRa‘C
S i LETS STWDA MoRPHSMS (N DETAIC ...
(@) OBTECTS. . X N Y
() MSRPHISMS DOMAIN OF 3§j '\QQDQMMN GFa
H’“Man‘;\{)
X\ e, q Is Mone (oR (s A MoNo)
© iy X —>X (E 1T (S
X e, (CFT-CANCELLATIVE :
Wab:W-o \H,%’:\Né}( S 3‘°=8‘U
oy We geT £= 4.
¥ $: WX
3:)(.4 1,
SAT(SFaNGr
Amcurnm'a
(\/uz)% = R(S-f')
lAN\TAuTvA
i&x‘?’:"(’) 3""\)(:3
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L. CATEGORIES

A QATECTQRa‘C
CONBISTS o LET'S STWDY MoRRHSMS (N DETAIC ..
(@) OBTECTS. 3 . X Y
e DOMMN OF g~~~ "~ CODOMAIN OF 4
{#Dphe(ﬁ(,Y)
MO 3 IS MoNIC (oR 8 A Moﬂo)
(© dy X —X (F (TS
WXeY,. (EFT-CANCELLATIVE :
/
(o\)g?'-\hl-—)\( V"?r"\l\"ax WI(TH 3“:'—‘6{',
¥ $: WX We geT f= £,
R HERE: X:= (Xlﬁ) S A
SAT(S PN G SWBORJECT oF Y
ASSCCIATIVI(TY
("\‘3)% = "\(3-9')
WNITALITY
idy §=F, 3'10\;<=3
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L. CATEGORIES

A QATEG’QRa T
CONSISTY OF:

(&) OBTECTS.

(b) MERPHISMS
H‘“Man‘;\{)
VX/\( e,.

) '\o\X X = X
¥xe,.

() 6‘? T o y
¥ WX
3:)(.4 V,
SAT(S FatrJGr
ASSCCIATIVI(TY
(\/uz)% = R(S-f')
lAN\TAuTvA
i&x“":‘(’, 330\)(=3

LET'S Sﬂwg MORPHSMS (N DETAIC ...

3: X —> Y
DOMAIN OF 9= S~ CODOMAIN OF q

9 1S Monie (oR s A MoNo)

(F 1T
(EFT-CANCELLATIVE :

\H,%’:\Néx WITH 31°=«a+’
We GeT £= 81,

Here: X:=(X)q) (S A
SKBORJECT oF Y

3 IS EP(C (OR 8 AN EPI)
(F 1T (S
RIGHT-CANCELLATIVE:

W WY 2T wirk kg =K
We 6eT h=W .

HeRE: Y= (y)q) S A
QUOTIENT 0RJECT OF X
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L. CATEGORIES

CONSISTY OF:
(&) OBTECTS.

(L) MERPHISMS
H-DM‘CCY)Y)
VX/\( e“ﬂ .

Fxes,.
(o\)g}:w—»\(
V5§ W

SATWS Famcr

ASSC CATIV(Tg
(\/uz)% = k(g{' )

ANITA LTy

A QATEG’QRa ¢

LET'S ST‘WB MORPHAS MS (N DETAIC ...

3: X — Y
DOMAIN OF 9= S~ CODOMAIN OF q

AN

9 1S Monie (oR s A MoNo)

(F IT (S
(EFT-CANCELLATIVE :

VEE WS X wirk qF =93’
We geT £=¢/,

Herg: X:= (X)q) (5 A
SKBARJECT oF Y

3 IS EP(C (OR 8 AN EPI)
(F 1T (S
RIGHT-CANCELLATIVE:

W K2 Y 2T witk kg =K
We geT h=W .

tere: ¥ = (y)3) 15 A
QUOTIENT 0RJECT OF x

i&x‘e':‘(’, 3'10\)(=3

EXERCLE o0k

MoN0 (N Ab = NJECTIVE GRoWP HOMOM.
EP| (N AL = SURDECTIVE GrROP HomoMm.
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L. CATEGORIES

A QATEG’QRa T
CONSISTY OF:

(&) OBTECTS.

(L) MERPHISMS
{*Dphﬂ(ﬁ(,Y)
VX/\( e“ﬂ .

¥Xe%.

(4) AT W \(
¥ §:Wox
3:)(.4 V,
SATISFYIN G
ASSCCIATIVI(TY
(\/uz)% = k(g-f*)
lAN\TAuTvA
i&x“":“(\’, 3'10\;(=3

LET'S Sﬂwg MORPHSMS (N DETAIC ...

3: X —> Y
DOMAIN OF 9= S~ CODOMAIN OF q

9 1S Monie (oR s A MoNo)

(F IT (S
(EFT-CANCELLATIVE :

\H,%’:\Nﬁ}( WITH 3{’=«a+’
We et §£=4§/,

Here: X:=(X)q) (S A
SKBORJECT oF Y

3 IS EP(C (OR 8 AN EPI)
(F IT (S
RIGHT-CANCELLATIVE:

W K2 Y 2T witk kg =K
We GeT W=h .

HeRE: Y= (y)q) S A
QQOTIENT 0RJECT OF x

q IS AN 180 (F Jq'e thomng (Y, X)

2 qq=idx AW 33@;4),.
HERE : WRITE 3’==3" D K2V
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L. CATEGORIES

A QATEG’QRa T
CONSISTY OF:

(&) OBTECTS.

(b) MERPHISMS
H‘“Man‘;\{)
VX/\( e,.

) '\o\X X = X
¥xe,.

(A)g@zw—»\(

¥ $: WYX
S'c)(—-)\l.

SATWS FatrJGr

LET'S Sﬂwg MORPHSMS (N DETAIC ...

3: X —> Y
DOMAIN OF 9= S~ CODOMAIN OF q

9 1S Monie (oR s A MoNo)

(F 1T
(EFT-CANCELLATIVE :

\H,%’:\Néx WITH 31°=«a+’
We GeT £= 81,

Here: X:=(X)q) (S A
SKBORJECT oF Y

3 IS EP(C (OR 8 AN EPI)
(F 1T (S
RIGHT-CANCELLATIVE:

W WY 2T wirk kg =K
We 6eT h=W .

HeRE: Y= (y)q) S A
QUOTIENT 0RJECT OF X

ASSCCIATIV(TY
(kg8 = hiF) 3 (S AN (SO (F 33/6 Home (Y/X) FROM EXERCWE 2.2
/. /. (S0 (N Ab=
2. =idy AJD =dy.
lANlTAuTVA 33 ’X/ _|33 ‘ Z BITECTVE GROWP HOMOM.
id§ =4, gibx=g || HERC: WRITE of'=: o AwD 2. = GROWP (SoM.
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L. CATEGORIES

A QATEG’QRa T
CONSISTY OF:

(&) OBTECTS.

(L) MERPHISMS
{*Dphﬂ(ﬁ(,Y)
VX/\( e“ﬂ .

¥Xe%.

(4) AT W \(
¥ §:Wox
3:)(.4 V,
SATISFYIN G
ASSCCIATIVI(TY
(\/uz)% = R(S-f')
lAN\TAuTvA
i&x“":“(\’, 3'10\;(‘3

LET'S Sﬂwg MORPHSMS (N DETAIC ...

3: X —> Y
DOMAIN OF 9= S~ CODOMAIN OF q

9 1S Monie (oR s A MoNo)

(F IT (S
(EFT-CANCELLATIVE :

\H,%/:\Nﬁ}( WITH 3{’=«a+’
We et §£=4§/,

Here: X:=(X)q) (S A
SKBORJECT oF Y

3 IS EP(C (OR 8 AN EPI)
(F IT (S
RIGHT-CANCELLATIVE:

W K2 Y 2T witk kg =K
We GeT k=W .

HeRE: Y= (y)q) S A
QQOTIENT 0RJECT OF x

q IS AN 180 (F Jq'e thomng (Y, X)

2 qq=idx AW 33@;4),.
HERE : WRITE 3’==3" D K2V

/@k 50 F MoNO
+€P\
®
(N GeNeERAL
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L. CATEGORIES

A QATEG’QRa T
CONSISTY OF:

(&) OBTECTS.

(b) MERPHISMS
H‘“Man‘;\{)
VX/\( e,.

) '\o\X X = X
¥xe,.

() 6‘? T o y
¥ WX
3:)(.4 V,
SAT(S FatrJGr
ASSCCIATIVI(TY
(\/uz)% = R(S-f')
lAN\TAuTvA
i&x“":‘(’, 330\)(=3

LET'S Sﬂwg MORPHSMS (N DETAIC ...

3: X —> Y
DOMAIN OF 9= S~ CODOMAIN OF q
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T. ANIVERSAC CONSTRUCTIoMS

RECALL UNIVERIAL meer%
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T. ANIVERSAC CONSTRUCTIoMS
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GIVEN A «ADGET X,
A UNWERSAL STRUCTARE ATTACHED To X VIA o (or )
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. ANIVERSAL CONSTRUCTIONS WE DON'T KAVE “ELEMgMTS”

T WORK WITH (N GENERAL
THLS (S THE MAIN WhAY
WEILL DO COMPUTATIONS

RECALL UNIVERIAL FT&?GK’%

GIVEN A ard&ET X,
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TT. WUNIVERSAC CONSTRUCTIONI NE DOn'T RAVE “ELEMENTY’
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Arf(x) Vﬂ@/ SOMETIMES WE NAME BoTH
TR NG WHEN BIILDING WIVERIAL CoNSTRACTIons
\ /4

Univ(X) %X | Eex OBIECT  ker )’

WILL BRILD “kerpnel” EQIPPED WITH

FORM T OF A MARPHISM 1 X Y Wﬂgﬁ“‘
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T. UNIVERSAL CONSTRUCTIONS ¢ [N\TIAL, TERMINAL ) AVD TERO OBTIECTS
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T. UNIVERSAL CONSTRUCTIONS ¢ [N\TIAL, TERMINAL ) AVD TERO OBTIECTS
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X—25 [aiv (X)| | AN OBIECT T€T S INITIAC (F i
i = HIE™ Dy §
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9 ::a\.%x VXet ! MORPHISM Ox: LT—X, \)"(
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YEoN, VY
Arb(X) | | AN OROECT TeT IS TERMINAL IF ’,‘3‘ A
: \]
' D ~ i
FORM T UXeh 3T MORFRIM 0 X =T, | 1
A ZERQ OBFECT O S AN (NIT(AC & TERMINAL OBY.
Arg,cx) - EKAMRES  Seb  Grop  Rimg  Vee
' X
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T. ANIVERSAL CONSTRUCTIONS ¢ CoPRODUCTS AND PRODWCTS

UNIVERIAL FRO?E?\’% GIVEN A QATEG(\K'Q‘Q £ OBJEQCTS X,Yen :

o COPRODWCT QF X AND PRODUCT QF X AND
X’—X—> (Aniv (X) \/ \/

PR S
N By Jj
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T. ANIVERSAL CONSTRUCTIONS ¢ CoPRODUCTS AND PRODWCTS

UNIVERIAL FRO?EK’% GIVEN A QATEGGK*Q‘Q £ OBJEQTS X,Yen :

oy ) COPRODWCT QF X AND \/ PRODWCT QF X AVD \/
A— u“‘.' (X) (3 AN OB3ECT XUY €%

0 ::3‘-‘& EQWIPPED WITH MORPHISMS

\V(’Fx 3 v oy X*XL\Y AID °(y=Y‘9XUY
Arb(X) | | st ISFYING:

X = Xut Yty

FORMT "N V%Y
C
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T. ANIVERSAL CONSTRUCTIONS ¢ CoPRODUCTS AND PRODWCTS

UNIVERIAL ‘FRO?E?C% GIVEN A QATEGGK'gz £ OBJEQTS X,\(en :

oy ) COPRODWCT QF X AND \/ PRODWCT QF X AVD \/
A—" u“\.' (x) (3 AN OB3ECT XUY €%

(‘2 %3“&( EQWIPPED W(TH MORPHIIMS

V’Fx 3 Vi oy X%XL_\Y AND O(Yy—%XuY
Arb(OX) | | st ISFYING:

X = Xut Yty

FORMT "N V%Y
C
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T. ANIVERSAL CONSTRUCTIONS ¢ CoPRODUCTS AND PRODWCTS

UNIVERIAL FT&?GK’% GIVEN A QATEGGK'gz £ OBJEQCTS X,\(en :

COPRODUCT QF X AND \/ PRODUWCT QF X AVD \/

oy :
X/—> (AM\{ (X) (S AN OBRIECT Xuye“ﬁ (S AN OBIECT Xﬂyegc

2 %3‘-& EQWIPPED WITH MaRPHIIMS | EQWIPPED WITH MORPHISMS
Y Y o KoXuY AD oy Xuy | e XimY =K mi oy XY =Y
Arb(X ) AT lSF'alr\'Gr SATINFYING

XLJYe—%L—Y

F
ORM T g 2 Ve NG|
FoRM \i?\\ /Y / 3‘;\

XX Yy
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T. ANIVERSAL CONSTRUCTIONS ¢ CoPRODUCTS AND PRODWCTS

UNIVERIAL FKO?GY:(& GIVEN A QATE(}OKB“C, 4 OBJeCTS X,\eh ¢

oy Univ ( ) COPRODWCT QF X AND \/ PRODWCT QF X AVD \/
X M\.’ K (S AN OBSECT Xuye“c (S AN OB3ECT XnYe“c

Q %3\-\6x EQWTFPED WiTH MoRPHLIME | EQUIPPED W(TH MORPHISMS
Y 5. VY ol KXY mIp oby: Y X0y | b X=X min ody: XYY
Arb (X ) SATISFYING: SATISFYING :

K =2 X Ye2y—y

‘F
ORM T 2 o PN
F M V?:\ \E,AAY / Ea!\lm‘

c e Yy —y
AcbX) ,
: Y,
cIRIANERS)
v /
Univ (X) ==X
FORM TC
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T. ANIVERSAL CONSTRUWCTIoMS ¢

CoPRADUCTS AND PRODWCTS

UNIVERIAL '\310?6?\’% GIVEN A QATE:’GGK‘S‘Q £ ORJECTS X,Ye‘c,, :
oy _ COPRODUCT OF X AND Y PRODUCT OF X AND Y
X 5 u“‘,’ (X) (S AN OBR3€ECT XuYe‘c (S AN OR3€ECT XnYe“c
2 Ea\fx EQUIPPED W(TH MORPHISMS | EQUIPPED W(TH MORPHISMS
N By . VY o KXY WD oy YY0Y | X=X md oly: Xy Y
Arb(X) SATlSFZ)II\'G' SATISFYING:
XLJY%—4LJY P
| V X V {
o T Ny e b
X4 XnY———‘/—>Y
ArbX) EXAMRES  Set  Giro Rin Vee
: A e 3 0
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v oo L
Univ(X) ——>X
FORM T I
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T. ANIVERSAL CONSTRUCTIONS ¢ CoPRODUCTS AND PRODWCTS

UNIVERIAL FRO?EK’% GIVEN A QATEGGK'gz £ OBJEQCTS X,Ye‘G :

COPRODWCT QF X AND \/ PRODWCT QF X AYD \/

y :
X/—> (AM\{ (X) (S AN OBJECT XLJYGEc s AN oB3ecT Xnyet

(2 Ea\\&x EQWIPPED W(TH MORPHISMS | EQUIPPED W(TH MORPHIISMS
YEoN, VY o XY D oty SXaY | XY= A 4o Ximy Y
Ar\: (X ) SATISFYING: SATISEYING:

X = Xut Yty

F
oR 1318 2 AN
FORM T VNE%Y /ga&
C /

Xt XYy

Arl;_;()() - ERAMPES  Jek  Growp  Rimg  Vee
AN &)
v o L DSTOINT
Univ(Xx) —=X L
FORM TC I CAR‘éSlNJ
PRODWCT
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. ANWVERSAC CONSTRUCTIONS ¢ CoPRODUCTS AND PRODWUCTS
UNIVERSAL "\D@?Eﬁg GIVEN A QATEGORY G & OBTECTS X,\e, *
oy _ COPRODUCT QF X AND \/ PRODUWCT QF X AVD \/
X 5 u“‘,’ (X) (S AN OR3ECT XuYe‘c (S AN OBSECT XnYe“c
2 lla‘ix EQUIPPED W(TH MORPHISMS | EQUIPPED WITH MORPHISMS
VBN, Yoy sy | Ly X € xny-y
Ar\: (X ) SATISFYING: SATISEYING:
===y F
. ek O\ YH
FORM T \JN jj%Y % a'\xN
c X Xy —hsy
Arl;;(x ) ¥ , EXAMPLES Sek Gro uLS: Ku\a Vec,
TR AT NG X ) @
Y / PFANT  FRe
Univ(X) ==X U ProvweT
X X
FORM T A CARTES(AN  DIRECT
PRODWCT PRoDWCT

Copyright © 2024 Chelsea Walton




. WNIWVERSAC CONSTRUCTIONS ¢ COPRADUCTS AND PRODWCTS
UNIVERIAL '\310?6?\’% GIVEN A QATEGGKB“Q £ ORJECTS X,Ye‘c,, :
oy _ COPRODUCT OF X AND Y PRODUCT OF X AND Y
X 5 u“‘,’ (X) (S AN OBR3€ECT XuYe“c (S AN OR3€ECT XnYe“c
2 lﬁ‘-‘x EQUIPPED W(TH MORPHISMS | EQUIPPED W(TH MORPHISMS
YBRONG . Y| | S Koy m ey oy | Sy m efxay-y
Ar\: (X ) SATISFYING: SATISEYING:
===y F
4y SN
C XX Yy
Ac L:Q() g p EXAMPLES Sek Grrou\? K’ma Vec
0¥ Q " X ) ® ®
v / PSFPNT  FReE -
UiV (X) —&9 X ugfw PR(&)CU\CT P\;&)c“eq
X X X
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PRODWCT PRODUCT  PRODUCT
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T. ANIVERSAL CONSTRUWCTIoMS ¢

CoPRADUCTS AND PRODWCTS

UNIVERIAL PROTERTA GIVEN A CATEGORY ¢ & OBTECTS X,\eT
ody ) COPRODWCT QF X AVD \/ PRODWCT QF X AND \/
X u“‘,’ (X) (S AN oB3€ECT XuYe“c (S AN oBgeECT XnYe“c
2 33‘-\6x EQUIPPED WITH MORPHISMS | EQUIPPED WITH MORPHISMS
Yo\, VY o XXOY M Y )L | Xy =K M XYY
Arb(X) SATISFYING: SATISFYING:
X = Xut Yty P
! LN
C XX Y2y
Ar‘ib(x) V’?f EXP:M\)LES Se‘t (-\K(ou? ng\a VQQ
3 VN X ¥ e e e
v / DISJPNT  FReE - T
v ) 5 RS C
X X X
FORM I r_‘ CAR‘?:S(A'J D(ReCT PIRECT DIReCT
PRODWCT PRODWCT  PRopDWCT  PRODUCT
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T. ANIWVERSAL CANSTRUCTIoMS ¢

A COMPWTAT(ON

INITIAL | X X2y P
oBJeCT 2 g2 IR
Vex N Q Y
A4 |
C KX~ Xn\/—4—>y
CoPRODWCT PRODWCT
TERMINAL OF O&SECTS OF OBSECTS

0BJECT
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T. ANIWVERSAL CANSTRUCTIoMS ¢

A COMPWTAT(ON

ExaMPLE: XU T 2 X for Avg Xe 6.
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],: L [INTiad X =X ey . ¢
i 319, [0BJECT 2 iy Y V\‘Y
X ¥ L a Y
\ 4
X C Ke—"— Xn\/—4—>y
Eai x8 T JAL CoPRODWCT PRODWCT
vy ERM| E S
v Shmnn OF OBIJECT OF OBJECTS




T. WNIVERSAL CONSTRUCTIoNS @ A COMPWTAT(ON

EXAMPLE: XU T 2 X For avg xe®

PF/ Have X -5 xu1

x=|d\

¥k = idx STS: oy B= idyyr

Copyright © 2024 Chelsea Walton
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M0, |9BIECT | N\ 2 B2 MLV IINL
;V( fx i V?Y Q 3'8

\'4
X C Ke—"— Xﬂ\/——-Y—)Y
2\ O AL (oPRODUCT PRODWCT
) ERM| OF S
* SBIECT 0BIECT OF OBJECTS




T. WNIVERSAL CONSTRUCTIoNS @ A COMPWTAT(ON

],: L [INTad X =X ey o F /
M0, |9BIECT | N\ 2 B2 MLV IINL
;V( fx i V?Y Q 3'8

\'4
X C Ke—"— Xﬂ\/——-Y—)Y
2\ O AL CoPRODUCT PRODWCT
' ERMI
A4 oBIECT OF OBJECTS OF OBJECTS

X ——ﬂ(ul &1

EXAMPLE: XU T 2 X For avg xe® \ /

PF/ Have X -5 XuT < ) ‘s

Ax ld)(

bx = 'd\ / =P XLL”

¥k = idx STS: oy B= idyyt
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T. WNIVERSAL CONSTRUCTIoNS @ A COMPWTAT(ON

T [nTiaL | X Xu ety , b
i 313, [oBJECT MNCREE Vex /| “‘\‘Y
X NP Y 0 3%
\'4
X C Ke—>— Xﬂ\/——-Y—)Y
53‘. = CoPRODUCT PRODWCT
w B TERMINAL OF OBJECTS OF OBJECTS
0RJECT 3 Becm
o p

IN\TIA-

ExaMPLE: XU T 2 X fravgxe®h. | 5

PF/ Have X -5 XuT <

«
FX = ‘d\ / - FT- Xut " BeC anye
N IQUue NESS

2
oF 0*

¥k = idx STS: oy B= idyyt
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T. WNIVERSAL CONSTRUCTIoNS @ A COMPWTAT(ON

EXAMPLE: XU T 2 X For avg xe®

PF/ Have X -5 XuT <

x"d\ /zh

¥k = idx STS: oy B= idyyt

],: L o(nmac | K== —X 5 Xt Y2y o F /
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\'4
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XxuT
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T. WNIVERSAL CONSTRUCTIoNS @ A COMPWTAT(ON

EXAMPLE: XU T 2 X For avg xe®

PF/ Have X -5 XuT <

Px = 'd\ /= Pr

¥k = idx STS: oy B= idyyt

"}: L o(nmac | K== —X 5 Xt Y2y o F
M0, |9BIECT | N\ 2 B2 ¥§x V\‘Y
\*/ ?X E V?Y ’l -3‘
\'4
X C Ke—>— Xn\/—-Y—)Y
2\ O AL (oPRODUCT PRODWCT
) ERM| F S
W SBIECT OF OBJECT OF OBJECTS
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°\ ld)( / xox
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ALCSO HAVE ")
|

\ wiq
Xul
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T. WNIVERSAL CONSTRUCTIoNS @ A COMPWTAT(ON

],: L [INTad X =X ey o F
i AL, [oBJECT EER ¥§x *f\w
\*/ \d?x E V?Y ’l -3‘
\'4
X C Ke—— Xﬂ\/——-Y—)Y
2\ O AL CoPRODUCT PRODWCT
' ERMI OF CTS
v e OBIECT OF OBJECTS

OU‘.L
X ——ﬂ(ul eﬁ—t

EXAMPLE: XU T 2 X Rr avg xe®
P/ HAvE X —5 xu1 \ /
o loz,( xox
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T. ANIWVERSAL CANSTRUCTIoMS ¢

A COMPWTAT(ON

LIKEWSE XuT 2 X =TuX

AND
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T. WNIVERSAL CONSTRUCTIoNS @ A COMPWTAT(ON

¥ S ‘N\T‘AL X XUYe——Y—Y / F /
i AlY, |OBJECT W\ 2 32 MY INL
\)V( fx i NPy Q 3'8
\*4
X C Ke—~=— Xﬂ\/——-Y—)Y
2\ O AL (oPRODUCT PRODWCT
' ERMI OF S
* SBIECT OBJECT OF OBJECTS

LEWSE XuT 2 X =2TuxX AD XnT=X=Tnrx

For ANY Ke G
THINK ABORT THIS (N THE C(oNTEXT OF:
EXAMPES Sek Grrou? K’ma Vece, EXAMPLES Sekt Grrou? K’mg Vec
RS 52{ {el A Qus L) ) ® ® ®
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T i .<1 ief& 0mc\— Oue UNLeN PRODUCT  PRoDUCT Sum
X X X
0 N ( A (ef& N A Qus M C ARZ: SIN)  PIREST  DReCT  DIREQT

PRODWCT PRODWCT  PRODWCT  PRODUCT
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