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Singular Integral and its application to Partial Differential
Equation

Hyun Woo Kwon

Departmant o Mathematlics, Sogang Unhversity

MNovember 21st, 2015

B Introduction

H Calderén-Zygmund Theory of Singular Integral

B Applications of Calderén-Zygmund Theorem
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B Introduction

Introduction

CIST 22 B4R HUNECT S1K},
T e AT dop
CF)(E) j;m Je ;

TE Bt fB ECIE 84 T(/) 2 BUSS 8148 © O R 842 HUss sta'a

& = UCEH
T2 &2 | 52 4 (operator) 0|24 S110, §&6| 771 HED} T e

HO|E|QO P PR A (integral operator) 2t $ECE

S| E2 @ roll cap r 2] 2|0 HME (Fourier transform) 2 CHE X} &H0|
Ho|EC}:

f(g) =f flz)e 4T gy,
R-:f
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Introduction

20 H&2| (HEEQ GEE2 ChESa 2O

Z S| B2 &< 0| OB F2]0] HEE ChED e LEE 7HEICL
B 5L(x) — (2mig)™ f(£).
B —2miz; f(x) —+ 5 f(£).

Theorem (20| YFEHE2A] (Fourier inversion formula))

5| EF2 g+ S0l st CHE0] g S St

Fle) = f FlE)T™ " S .
R

Ri = {{a,¥) : @ € R,y > 00|2} {7}, 0|4 C}EY} T2 MO|BEYXLYE SHRET 515

oy

ulx, 0) = flx)

HZIM fi= O UHASE 87 #Het s B2 Y=C). p 2RISR 0 2H510] B2|0) HEHs
#ak

&% Ay =
{.-"'\:i 7 | 1] I'I'I]-E+

b T
g
8 P a(e,0) = Fi£) 8 Y0 Ol p 0l L8 A0|BRYHASZ Y=

—4n?E2i(g, y) + (£,4) =0
(€, y) = AL)e" 2RIV L By KIr
0|Ck. X5 F212| O|RE B(£) = 00|12t £ y = 00]2} &
ulf, gy} = _f:{,E].. 27 |L|w

ojct.
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01 w Ol E2jol B LS SB5HH
], — r r.—!-"'|-£.|k'r2nl'£::
(2, ) ﬁfﬁ] 1€

£ YOO WMOPEWHA Au =0, u(x,0) = f(x) 2] HE PHHOR PaCt,
017N i, y) A0IM B400 HYS| FS FAC FH EXY BHE I §US 2012t
OflabE & RUCH.

Problem: Newtonian Potential

Au= 50 2w ot g M, ChE PO|EWEA

D= [

2| &=
ulz) =T f(2)= ]f.c [ (x — u) F(v) dy. (1)

Ol2k=A & ¥ MU HIM '

I (z) = {_t—'" log || fd =2

1 | Bt s L.
mlil |I-!'||I;3

2t Fejgict,
& 28 ') = HEUM 327 )X g enh. o 2 A J o' 420X
DEEHE 27 AL
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SOt Ji==eie EIC,

1 = p < ooOll CHEIH 71&ES: 7 : RY — C7F LP(RY) 0| 2UCH= &2

f | Flx)| de < oo.
[ o

= T
82

||f||r, = (j(;.r Iflfu.”:-'r!':r') =

o} 0| Hojgict,

H Calderén-Zygmund Theory of Singular Integral
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Open set in &, B

Every open subset O can be wrilten uniquely as a countable union of disjoint
open intervals.

Every open subset & of BY, d = 1, can be written as a countable union of
almost disjoint closed cubes.

measure 2| #FNHM= EEHS TS SEA BMCHE 2|0] FEQ KR, B2t
TEE AN s ©E 5 Us AR EA @O

Theorem (F. Riesz, 1832)

Suppose (7 is real-valued and contineous on B, Let E be the sel of poirds = such that
Cle 4+ h) = G(x) forsome h = he = 0.

if E = non-empdy, then It must be open, and hence can be written as a countabla
digfoint union of apen ifervals I ow | Jiay, by ). W (g, b ) & a fnie inferval in this
uirriar, then

Giby) = Cag) = 0.

1

'
i
i
\
II
|
‘\/M'
U"-
. - Bl b b
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Calderon-Zygmund covering lemma

Rising sun lemma2] &Y HFE2 195290] Zygmund2} 71 XX} Calderdn 0|

ZoaiCt, 0] FIH= R N2 Singular integral theory®| 01 2 HES &=
EZ 8% Fact

Calderon-Zygmund covering lemma

Theorem (A. P. Calderdn and A. Zygmund, 1952)

Let [ be a non-negative integrable function on R" and let o be a positive
constant. Then there exisis a decomposition of RY so that

BR'=Fufl, FNnil= 2.
H fix) = o almost everywhere on F.

B /s the union of cubes, 02 = ||, @, whose Interiors are disjoint, and so
that for @each .,

1 i
£ < m i fMxde < 27 A.
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Calderon-Zygmund covering lemma: 1st consequences

Corollary
Suppose .o, F, 0, and . have the same meaning as In previous Theoram.
Then there exisls two constants A, B (depending only on the dimension ), so

that
= m(s) < 2|/,

—_

1 .
] m_rq‘ j‘l’f.l. e} -Fil’:l'.

Calderon-Zygmund decomposition

Fix oo = 0, Then by Calderdn-Zygmund covering lemma, we have
mR'=FUQ FN=a.
m|fix)] =a,=xzc F.
m = ;‘;, 2 ;. with the interiors of the ¢; mutually disjoint.

m ()< E\if,. —{im Jo, If ()] = Ca.
m f = g4 b where

() = fl=), forz e F,
.I? I::.
hiiljf_il'i J-{.QJ 1'r I:J:I I, fDI’ L = {E_I':

and b satisfios

biz)=0 forxze F

[ b{x)dr = 0 for each cube &3},
)
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Prototype of Singular integral: Hilbert Transform

For a suitable funciton f, the Hilbert transform /i is defined by

Flz —u)

Hf (z)=p¥. | ——"dy
JE wy
& —wll 7T | ___. o
Here we are in the case of R', with K (x) = L, 2 (x) = lsigne = 1=,

Basic Philosophy: If we found some properties of kernel £, we can talk about

the boundedness of operator.

Prototype of Singular integral: Hilbert Transform

1
m |K{x]] = =i

mf o gsdr+ [ . . —dr=0forany0 <r < R < co.
m For y 3£ 0, we have

1 1

— e . | (1t
frlh'ﬂlul T wir — )
1
Iyl _l-r.l',r'
T Sa| =2y x(x — y) |
2
= Mjf 2 dr
T Jiziz21m =l
1 r
el o
w |ul
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Calderon-Zygmund kernels

Dreafinition

Let K : R? Y {0} — C satisfy, for some constant 13,
B |K({x)] < Bl=|~ for all = € R" Y, {0},
B 'ﬂIIE?IHI |K({x) — K(xr — y)|dx < B forall y # 0,

B '!l’"f-|'|{"' ﬂ"l::.'r.'_]-rf.'r.' =0foralll <« r < 8 < oo.

Then K is called a Calderon-Zygmund kernel.

Example

Define K : R' % {0} =+ R by |
Kiz) = ==

As saw before, It Is a Calderén-Zygmund kernel,

Calderon-Zygmund Theorem

Theorem (A. P. Galderon and A. Zygmund, 1952)
Suppose that K is Calderdn-Zygmund kemel on R™ Y\ {0}. For f € LP(R"),

] < p < oo, lat

TelS)z) = -/I‘ § flz — ) K{y)dy, = =0.

Thern
||T;f.l"}||,,, = Ap ||f||p

with A, independent of [ and =. Also for each f LF[FE“'],
lim. 0 T:{ f) = T(f) existe in L” norm. The operator T so defined also
satizfies the Inequality

17O, < Ap I,
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Calderdn-Zygmund paradigm

The proof of L* estimates is in three stages:
(1) L* theory (via Fourier Transform)

(2) weak [.l-estimate

(2) Marcinkiewicz interpolation theorem for 1 < p < 2 and duality principle.

Calderon-Zygmund paradigm

(1) L2 theory (via Fourier Transform)

By truncating K, that is,

Kg) Wigl =«
0 if |2] = =

K£) =

Then K, € L*{R") for the Fourier transforms, we have
sup | I, (8)] = €B, =0,
£

where O depends only on the dimension .

K.(£) = / Ke(x)e %% e 4+ lim [. e ML e (2)de < CB.
- =lel= R
11

Slol=
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Calderdn-Zygmund paradigm

(1) L* theory (via Fourier Transform)

Then for f & L*(RY), by Plancherel's theorem, we have
o il 3l ool o
NLe (Ll = ||h,_.l’||2 < f.B”_.I"”? =B/l

So T is strong type (2, 2).

Definition
We say a linear operator 7' : LP(R?) — LP(RY) Is of strong type (p, p) If

ITl, < AllSN, . £ € EP(RY)

where A does not depend on f.

Calderon-Zygmund paradigm

(2] weaak [L'-astimata

Fix oo = 03, Then by Calderdn-Zygmund covering lemma, we have
mRf'=FuD Fnit= @,

m|fix) = ex, 5 E F.
m i _-:-;1 ;. with the interlors of the &J; mutually disjoint,
=

m () = £ W ey Ja, I (@) = Ca

F = g -+ b, whene

() Fil=), forwe F.
g m .fqr .-rf-l'::l dr, forze I:"?_,?

and b satislies

ble) =0 forzc F

bir)ds =0 for each cube ©F;.
=¥
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Calderdn-Zygmund paradigm

We will show T Is of weak type (1, 1}). That is, we will show there Is a constant
' = 0 such that

o {{a & R : |TF(x) > n}] < EIIIII]-
Since Tf = Tag + Th, we have
m {:{r eR?: TS (x)] > n}}
= 1m ({.1: e R : |Tg(x)| > n}) =+ 1 {:{1 R :|Th(z)| > o })

With some effort, we easily getl

2y eof - L

d . .o z 2 2 P
e ({r e R™ : |Tg(x)| > = }} S —3 Il."""-; i —3 Co e (1) =

=111l -

Calderon-Zygmund paradigm |

For each cube 2, let o be the center of ¢ and € be a cube which has the same

cantar F, but which is expanded 243 times. We have:
B o cQhifn =@ thenfl © 02, and m (2°) (zrré)“ ra (€2 If
F* = {{1*)°, then F* C F.
B = ¢ Qj, then |z =¥ | = 2|p — o torall y & Q.
Diefire

':'f;;.:.ﬂ:f [K(z =) = K (= =¢")] b; (w) du
¥

where b; () = biz) fx & ¢, otherwise 0. Then
j,r ITb ()] der < Jf S Ty ()] dw
e P
¥

< > /Ir |K (e —w) — K (& — )| by ()] dprdee
3 - s

=¥]:

J’r |f'|.' (e —w) — K {.r e ;,.IJ'::I [y ()] dhgecde.
var Jay
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Calderdn-Zygmund paradigm I

By second observation that discussed before, we have for g © ¢y,
f [ (= ) K (= J_J-’.:I:.rl'.r = f |I'~:'|:.:! wl Klz=—¢ )| d=
rEQ; |=—w# | = 2| w— v
= f [K (=" — ') — K (") |da” = B
' =2]w|
by hypothesis. So

[ m@ia <53 [ peldy < s,
' ey 3 oy

Hence,

T [{.r e F* | Thia)] =

)

}} < < j:' [Tl )| dar < % il -

L2 ]

Since m ((F*)°) = m (1"} < (Jf-l':lf:]d:ul:!l:l < £ |£lly- Hence,

m ({=: @) > 2}) < S,

Calderon-Zygmund paradigm

(3) Marcinkiewicz interpolation theorem for | < p = 2 and duality principle.

Theaorem (Marcinklewicz interpolation theoram)

Suppose 1 < r < oo. If T is a sub-additive mapping from L' (R*) + L™ (RY)

to the space of measurable functions on B® which Is simultanecusly of weak

type (1, 1) and weak-lype (r,r), then T is also of lype (p, p) for all p such that

l-::'_l:r{ -

Since T. is weak type (1,1) and (2.2), by Marcinkiewicz interpolation theorem,
T: I= of strong type (p.p)for 1 < p < 2.
For 2 < p < oo, by duality, we are done.
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H Applications of Calderdn-Zygmund Theorem

The j-th Riesz transform

Definition

For f € L” (RY), 1 < p < oo, the jth Riesz transform of f is defined by

R, (f) () = limce [

lpl==

ﬁi—lfil-y}dy. jouml, ... d

i1 x
FLUA). Thus R, is defined by the kernel K, (x) = “£3), and

2 () = ca I?'II'

The j-th Riesz transform is bounded on LF for 1 < p < oo. I

with £4 =

41
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Priori bound of Laplacian |

Theorem

d oy
F=1 ."ui.rJI &

Suppose f is of class <'* and has compact support. Let Hu — I
Than we have the a priord bound

|| 8%
ha ey, -

< Apllasfll,, 1<p<oo.

Proof. Mote that the Riesz transform s LP-bounded for 1 < p < oo, We will

show =
-

— = M, Ry f.

il il s Rl f

Priori bound of Laplacian Il

Recall that for any f € & (R%), we have (9° f)" (£) = (2mi&)” f (£) since

B*N™E) = Ji, (5% 1) (z) e~ 2 C g
= [—1] |e | Y [ — iV o ﬂr:i.':-.fd-_r
(—1) J’LI{ ) (—2mig)
— (27ig)"” x) e L g
[27iL) -[n-i Fix)e 1
(2mig)™ f(£).
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Priori bound of Laplacian i

Here we used Integration by part and the fact f ¢ 5 (RY). So

( & f ) (£) = (2miky) (2miks) F (£)

g fhay,

= —dm’g;6nf (£).

- (18) (~ ) anie?)
( €] g ) (4 k) 760

={}f_rj‘r:kﬁf:| {-f]'

S0 by applying Fourier inversion formula, we get

a9

N il it

for f ¢ S(R"). By taking molification, this holds for f ¢ 2.

Priori bound of Laplacian IV

So by Calderon-Zygmund theorem, we get

= ||R; Ru5fll, = Apll&fill,, 1<p<oo.

| l'j"!
e iy,
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A priori estimates

So we obtain a prioir bound:

] a2y

i ey,

< ApllAafll,, 1<p<oe,
’.I

If we have a priori estimate, we can discuss aboul the existence of suitably

regular solution to elliptic partial diferential egquation.
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Speces and their functions

ﬂ' Alfine Schemes-dealfly beabyean spaces and rimngs.
]

Some canched Mp e rmeares
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&) Spoces and their functions

Functions on spaces

2 Suppose X s a opolegical spacs, sech as a =smooth mamsiokd,

@ To invasligate this spacs, wa may iry o undarsiand all the “information”
arisen Irom the space — .9, The conlindous {or Srmoadh) real-valued

functions X 5 H.
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Functions on spaces

Suppose X is 4 topological spaca,. sech as a smooth mamilold.

To invaesligate this spacs, wa may iry o undarsiand all the “information”
arisen Irom the space —e.q., The conlinuaus {or Srmoadh) real-ealued

functions X 5 K

The s&t of all continuous real-valued funclions on X farm a commaetative
ring witle 1, namely % X, with respeci io the vales-wise addition and
muliplication,

For continuous X — Y, we have & ring map €[ Y) — ¥ [X)] “pulling back"
qtent (gl = qem Note that tha diraction is reversad|

Functions on spaces

& Hence we have a corrsspondences Top —+ ComBing1. with the reversed

diraction of maps.
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Functions on spaces

1
T
t

.,
.H'-
=" |3 o= '\""'\-q_

ol e

& Hencae we have a corrsspondencs Top

- ComRing 1. with the reversed
diraction of maps.

Cuestion

B Does X carmpleiely determine X7

@ For a given ring A, can we find a topolagical space whose ring of
fumciloms k= A7

Functions on spaces

Recovearing points from the function ring.

@ In ganaral, it is not tres that the ring of functons compéataly detarmine
the underlying topological space (althwugh it is tres for somse good

cREag, @.0., Whean the spaca is GH). Howsavar, st lams! we can recrver
the ooinrs from the ring
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Functions on spaces

Recovering pointe from the function ring.

@ Im ganaral, it is not tree that the ring of funchons compéately detarmine
the underying topological space (altwugh it is tres for some good
crBas, 4., when the space s CH). Howavar, &t less! we Can reciwer
the points from the ring

@ Lat p = X be a point. Then we can associate an cbwious svalvaiion map
ove W [X] — K sending f 1o fip]. As it is surpectve, As kernel should be
a maximal ideal, say m,. For some nice spacas whars two points can be
separaled by functions, thesa mammal ideals are diffsrent whanever
poinis sre difkereni

@ Comeaersely wihen The speece B CH, any rmaxirnsd ideal m should be ol The
farm m

ﬂ Alfine Schemes-dealfly beabyean spaces and rimngs.
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MNaive start fails

S0, suppnsa A commasiative rng with 1 A is givan.

@ H s@ams reasonable to dafine the space associabed with A as
Specrm A c— {m =) A | mois S rmsxdemel] ideal |

Bul his dedinilian erns owl 1o be prablematic

MNaive start fails

S0, supposa a commasative ring with 1 A is given.

@ H seams reasonable to dafine the space associabted with A a5
Specrm A c— {m =) A | mois S rmsxdemel] ideal |

Bul this dedinitian ns owl 1o be problamatic

2 Il are congiders a ring map o 0 B AL The nalural choice
n=m"" :SpecmA — Specm B

doas 2ol make sengss, since in I;|EI'IEIE| the Biwersa Emage ol a maximal
ideal meeed nol be & rmesirmal desl.
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Maive start fails

S0, suppnsa A commustative rng with 1 A is given.

@ H saams reasonahble o dafine the spacae associabed with A as
Specrn A c— {m =) A | mois o rmademel idesal |

Bul ihis dedinitian erng ouwl 1o be problemalic

2 Il arne congsiders a ring mayp 7 0 B A The nalural choice
n—nt" ' Specm A — Specm B

does 2ol make senss, sinca I I;|EI'IEIE| the wersea Emage ol a maximal
ideal meed nol be & maxirnal deal.

@ However, node thal imeerss image ol ordme ideals are prme ideals.

The right definition

@ [For @ ring A, the st of all prime idesls
Spec A =p1A | pisaprime idaal)

is called the spmctrom of A,
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1)

The right definition

@ [For @ rimg A, the sat of all prime idesils
Spec i =p 14 | p s aprimea idaal)

is called the spsctirum of A
@ For a "function’ 1 < A, the ‘evaluation” of § at p should ba defined as

ol

*fipl — Fc Adp (There's no prevailing field for the values,)

The right definition

@ For arimg A, the =2 of all prime idesls
Spec i =p 14 | p s aprimea idaal)

is called the spssctrom of A
@ For a "function’ 1 < A, the ‘evaluation” of § at p should ba defined as

ol

*fipl — Fe A p (There's ne prevailing field for the values, )
@ For each [ < A, we consider the sof

Cafr pc SpecA | T A0c AfSp, e, IE pi
where the funchion does not vanish, This is called the
dislinguished open sel associaied wilh §. 0 s eosy bo sese Thai
THA| Spec A, and for .49 £ A,

ifpr ol = 0D fag)

=0 ey [anm a base bor & bopodogy on Spec A called the Zariskl lopology.
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The right definition

@ [For @ ring A, the st of all prime idesls
Spec A =p1A | pisaprime idaal)

is called the spmctrom of A,
@ For a ‘function” T < A, tha ‘evaluation’” of ¢ at p should be dafined as

i

“*fip] — e ASp, (There's na prevailing field for the values,)
@ For each [ < A, we consider the saf
Cajr ip < SpecA |0 Adp, ie., I & ph

where the funchion does not vanish, This is called ithe
dislinguishesd open st associaied wilth £, 0 = ecesy o e Hhai
TH| Spec A, and tor g £ A,

Rifhm gl = ffgl,

=0 ey lonm a base bor & iopodogy an Speec A, called the Larishki lopalogy.

@ Foranyrimamapn®: B + A, a— "' :SpecA » SpecB is continuaus,
as n-"Digl — Dnflg))

@ Let's return o classical topology for saconds. In general, there arg mora

local funciions than ghobad nclions: e.g,, the fumnction © :_ o R0

cannot be condinuously axrtanded o a global function on B

@ Henca we would get much more information by considaring all the ring of
furmctiomns ¥ (L1 on esrch opeerr Ssodesel L ol X, The resiriclion map
W [U] — W] f i The, (%W LI)is an idenlity when W L1, sured
sucsessive resiriclhan s siill a resiriciion {lbe., (fly |y flsd. Such
infaarmabsn ¥y 15 called a sheal on X
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Affine schemes

@ Let's return to classical topology for seconds. In general, there are more
lacal functions than global functions: e.g., the function x 1 on BYO
cannot be continuously extended to a globkal function on &,

@ Hence we would get much more information by considering all the ring of
functions % (U] on each open subsetf U of X. The restriction map
Tx(U) = (V) = M fly, (V C U) is an identity when Vv = LI, and
succassive rastriction is still a restriction (i.e., [ flvw = flw). Such
information v is called a sheaf on X,

@ On Spec A,

Ospeca(DIf)) = Ar = { S la€A0<TEZ],

f'l'
Ogpee A (D)) = agec 4 (D(g)) is the canonical one

(as T is still invertible on a smaller opan sat).

@ The pair Spec A = (Spec A, Fapac 4 ) I8 called an affine schemea.

Duality

@ Roughly speaking, a map between affine schemes Spec A — SpecB is
a continuous map m and (implicitly) a rule of "pulling back” local and
germ of functions (i.e., a map of sheaves @Fappe s — M. Fapes 4 Of rings)
well. Then we have the following:

Theaoram

The (contravariant) functor
ComRing1 == AfiSch

sanding

B Ato Spec A = SpechB

iz a dual equivalence.

55



Duality

@ Roughly speaking, a map between affine scheames Spec A = Spech is
a continuous map 7 and (implicitly) a rule of "pulling back® local and
germ of functions (i.e., a map of sheaves gpecn — M. apes A 0f rings)
well. Then we hava the following:

Theorem
The (contravariant) functor

ComRing1 —22% AffSch

sending

]
B =+ Atlo Spec A = SpecB

is a dual equivalence.

@ Intuitively, this means thinking about commutative rings (algebraic
things) is the same as thinking about affine schemes [geocmetric things),
with directions baing changed.

Indication of the Proof

Instead of giving a clear proof, wa glimpse of the close relationship betwaan
the ring maps and the map of affine schemes,

@ Suppose Spec A 5 SpecB be a map of locally ringed spaces. We know
by taking a global section, we obtain a ring map

Fopeen(D(1)){= B) ol Torec A (D(1])1[= A). We explain Spec[n?) = m.
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Indication of the Proof

Instead of giving a clear proof, we glimpse of the close relationship between
the ring maps and the map of affine schemeas.

@ Suppose Spec A — Spec B be a map of locally ringed spaces. We know
by taking a global section, we oblain a ring map

Ooecn (D(111[= B) =3 Oopeca(Di{1)](= A). We explain Spec(ni) = m.

2 A point p of Spec A corresponds 1o the prime ideal of the global function
ring A consisting of funclions vanishing at p, and similarly the image
point wip] in Spec B is the point consisting of g € B with g{=i(p])] = 0, i.e.,
q e wip). As winduces a map of local rings

Tk &
FoppeB.ripl —F Fpeeip = Brip * Ap. Mepee Boaip) = 700 lI|'|-"-.=.|au':|-..--'l._|~. and

hence wip) consists of g © B with w°(g) © p. This precisely means
™ = Spec e,

Indication of the Proof

@ It remains to prove Foeeen —+ M. 50ec 4 18 the same as the sheaf map

i ) d . "
obtained from the ring map B — A. Again from the fact that =t iz a map
of locally ringed spaces, one can easily check m 'D(g) = D{n*(g]],

g < B.

b

For each g € B, the map @gpe. p(D(g)) 2 Foeac a (D(m*(g)]) is
completely determined (forced) by the commutative diagram

B Oooeon(D[1)] — e Fapean [D(1)) =—— A
Iﬁci o,
L]
Hru f;h-pl'.‘tﬂ-lljlqll fi‘— fjmr\.|[}|"‘1=gl1 "Iﬂl"l.=|:|"

'.'IJ|-|||

i.e., it should be the localization-induced map. Hence the sheaf map is the

ol :
same as the one obtained from the spectrum of B — A, and the proof is
done.
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a Examples

Classical varieties

@ When solving a polynomial egqualtion
(%1, Xn] = 0,..., T (X1, ..., Xn | = 0 over a field k, we naturally
consider the shape of the zero set in the affine space k™. (For instance,
x? + %2 — 1 = 0 forms a circle in K2.) Roughly, such zero sets are called
varielies,

@ In terms of (affine) schemes, the affine space is represented by
Al = Spec kX, v X ), and the zero set must be represented as a
subset

Vi(fi,. Fm) i= {p € AT | Tip) Otar all i, 1.8, fi,...., Tm & p}
which possesses a natural affine scheme structure, namely
EFE{: I":'l.:":1- 1y :"crl]-':: r-il LT ] 1-1|1 :'

as expected.
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1)

Classical varieties

2 When k = k, Hilbert's Weak Nullstellensalz says maximal ideals of
kixy, ..., x,] are precisely of the form (x) — &y, ..., Xpp = 0y |, (% € k), 30
[closed points of A7] = k.

@ So the affine plane A2 = SpecCls, t] contains
(1) the “classical points” (=closed poaints, i.e., maximal ideals) comaspoanding to

4

S
(2) irreducible curves pis, L) 0, and
(3) the genenc point (0).

Integers

@ For a finite extension K/ and its number ring &, the integral closure of
K/ E, a prime number p of Z may decompose into a product of several
prime fdeals in & as (p] = py -« - pe. (For K = i), & = Eli], and the
prime number 2 splits as 2E[1] = [1 = i)J{1 + i].)
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Integers

@ For a finite extension K,/ and its number ring ¢, the integral closure of
E/Z, a prime number p of Z may decompose inte a product of several
prime idealfs in ¢y as (p) = py - - pr. (For K = (i), & = £[il, and the
prime number 2 splits as 2E[i] (1 —4)(1 4+ 1}.)

@ In terms of affine schemes, we have a natural map Spec 7y — Speac @
corresponding to E <« &, and primes p, that lie over p are precisaly
those in the fibars of the map, i.e., in m ' [pE].

. As both rings are Dedekind domains, the corresponding affine schemes
can be understood as curves (irreducible 1-dimensional). Stalks are regular
local rings of dimension 1, so the theory of valulation, a reminiscence of the
classical notion of poles and zeros of meromorphic functions, can take an
impaortant role.

Contents

ﬂ Some concluding remarks
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Schemes

& COur concept of "spaces” (with a reasonable data of functions)
generalizes to the notion of locally ringed spaces, which is a topological
space X with a sheaf £y of rings whose stalks £y ,, at each point p (=
the set of germs of functions, i.e., functions defined on some open
neighborhood of p) are local rings. (The old motivating example ¥y is
such a one—¥yx , = Kerev,.)

@ A scheme is a locally ringed space X = (X, &%, which is loecally an affine
scheme — 1.e., there is an open cover (Ll ); of X so each (L, &xly, ) 15
isomorphic to Spec A for some ring A

@ A lot of useful functorialigeometric constructions are now valid in Sch, A
very cute example: P, a projective space over A, is one of the most
basic non-affine scheme.

Cohomology

@ Mow in some sense, we are able 1o do a “geometry” under “algebraic”
puUrposas.

@ To understand the geomeatry of schemes (which is already quite vast),
we are required to invent some suitable invarants related to spaces.
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Cohomology

@ MNow in some sense, we are able to do a “geometry™ under “algebraic™
pUrposes,

@ To understand the geometry of schemes (which is already quite vast),
we are required to invent some suitable invarianis related to spaces.

@ Shealf cohomology provides a reasonably powerful invariants H' (X, %)
associated with each (quasicompact separated) schemes X and
quasicoherent sheaves . F on X,

Cohomology

@ MNow in some sense, we are able to do a “geometry™ under “algebraic™
puUrposes,

@ To understand the geometry of schemes (which is already quite vast),
we are required to invent some suitable invariants related to spaces.

@ Sheaf cohomology provides a reasonably powerful invariants H' (X, %)
associated with each (quasicompact separated) schemes X and
quasicoherent sheaveas . F on X,

@ (A side remark for topology-lovers) Where are fundamental groups?
What's an analogue of singular cohemelogy on schemeas?
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Cohomology

2 Mow in some sense, we are able to do a “geometry” under “algebraic”
purposas.

2 To understand the geometry of schemes (which is already quite vast),
we are required to invent some suitable invariants related to spaces.

@ Sheaf cohomology provides a reasonably powerful invariants H' (X, .5 )
associated with each (quasicempact separated) schemes X and
quasicoherent sheaves . % on X,

@ (A side remark for topology-lovers) Where are fundamental groups?
What's an analogue of singular cohomology on schemes?

Schemes have very few open sets, so the classical approach won't give
useful information (indeed, any constant sheaf on an irreducible scheme will
have vanishing higher cohomolagies). One has to give a finer "topology” on
schemes to construct a useful analogue of those concepts,

"Should you just be an algebraist or a geometer?” is like saying “Would you
rather be deaf or blind?" = M. Alivah [quoted in [FOAG], p. 17).
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Open and Closed Intervals

R = the set of all real numbers (4= HH2 ETH

Open Intervals (F8 27H
(a,b) = {x=R : a<x<b}
(-e=,b) = {x=R : x<b}

(a, =) = {XER : a<x}

R-[a,b] = (- ==,a) union (b, o)
R-{- =s,a] = (a, ==}

R-[b, =) = {-==,b)

(-e=,b) Inter (a, =) = (a,b)

Closed Intervals (EH¥l 27H
[a.b] = {x=R : asxsb}

(-e=,b] = {x=R : x=b}

[a, =) = {x=R : asx}

[a,a] = {a}

R-(a,b) = (- ==,a] union [b, ==)
R-(- ®,a) = [a, o)

R-(b, =) = {-==,b]

{-00,b] inter [a, o) = [a,b]
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W2 JZH THE A
Open and Closed Intervals

R = the set of all real numbers (@ X2 ZI=H

N (-1,1/1) (i EN) u[1,2] (i EN)

(-1, 1) [1. 2]
(-1, 1/2) [1/2, 2]
(-1, 1/3) [1/3 2]
(-1, 1/100) [1/100, 2]
(-1, 1/N) [1/N, 2]
(-1,  U(N+1)) [1/(N+1), 2]
(-1,0] {0, 2]

214, aB7Ho| Ho|
Definition of Topology

A Topology on a set X is a collection T of subsets of X having the following
properties:

4+ @and X are inJ.
# Arbitrary union of the elements of any subcollection of I isin .

# The intersection of the elements of any tinite subcollection of Tis in T,
A set X specified with a topology T is called a Topological space.

XE 0|2 s, 7& AT X2| RETUTRE O|RO T 20|23 SHX}L
771 olai2] Ml 7Hx] =& wEA7IE #l2ol2tn FECh

+ (G2 X&= T2 #0ch
« Ol2fg c ram us e T,
+ U vergfdunver
WZ|M 277l Fo{F TE Xg #Ld3o|2ln RACH
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Open and Closed Subsets

Let X be a topological space with a topology T .

# A subset A of the set X is called an open subset of X if U is an element
of .

(We gsay A is open in X if U is an open subset of X)

# A subset A of the set X Is called a closed subset of X If the complement
X=A ig an element of Ir.

(We say A is closed in X If C is an closed subset of X)

HE X8 HET FHE Hesd JE AR X2| RETFEo|2ta Skt
+ QA e 7O|E AE X2| R ST EoICH
(A= Xof chsf E2{2ichH)
s e} AU X-A € 7 0|, AE X2| B RETTO|C)
(A= Xof ciaf B3 2.ich)

2 o B wEg
Open and Closed Subsets

Example
X ={a, b, c}
T ={@, {a}, {a,b}, X}

* e T XerT
* ¢ U {a)} ¢iu{a. b} @ uXx {a} U {a,b) {ajuX {a,b}uX
@ U{a}u{a,b} @ UfajuX @ UfabluX {a} U{a,bjuX

@ ufajufabluX
All of the above = T
* ¢ n{a) @ {ab} @gnx {a} N {a.b} {a}ynX {ab)ynX
@ N {a}nN{ab) dn{ajnx @dnN{ablnXx {a}Nn{ab}nX
dgn{a}n{a.b)nx
All of the above T
ST is a topology on the set X
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Open and Closed Subsets

Example
X ={a, b, c}
T = {0, {a}, {a.b}, X}

All subsets of X are shown In the fﬂ"ﬂWll‘lg:

@ Open Closecd
{a} Open Not Closed
{a.b} Open Mot Closed
{a,c} HNot ODpen Mot Closed
{b} Not Open Not Closed
{b.c} Not Open Closed
{c} Not Open Clased
X Open Closed

@2 HEa 2@ U
Open and Closed Subsets

If A is not open in X, is A always closed in X7

Think about...

+ Suppose that all the eastern Eurcpean countries are under communism.
+ HMorth Kerea is not in the eastern Europe.

# Thus, North Korea is not under communism. (What?)

SE AZF Xofl sl F2IX| EF2ACED SHAM. B Xoi CHel ©S sl

A Ztsl =2
+ 2E BREH S7te S4F2 J7ata P35}
+ HEE BFEH =717 0L CH
¢ 2R RFTE FLUFE2 J[747t OfL|Ch. (F7)
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Diverse Topologies on the Same Set

SUS HetollMel 9l
Diverse Topologies on the Same Set

Example
X ={a, b, c}
T1={\,, X} F2= {0, , X}

{a} open in 71 not open In Iz
{a.b} open in T4 open in T2
{b} not open In T open In T2
{c} not open in T not open in T2
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REXEAML 4
Topology on the Subspace

The definition of the subspace topology is omitted for presentation purpose.
X=R ¥ = [0,1] ¥YcX
# Let A be open in X if A is some union of open intervals.

# LetAbe openinY if Ails the intersection of ¥ and some open set in X.
{(Then ¥ has the subspace topology of the topologlcal space X.)

Example
A= [0,1/2)
A s notopen in X . But, A is openin¥

HE XE #l2 7 FHE fldElh YE X2 220|212 SHAL
YE R XS 28 g2 70|2kR 3N, Y| 2|4 Ty & CHE3 W0] He|gct

* Tv={\V: Ve Ve BEJEL V=YNUR UF[E = US Tx 7 ET)

7IMel el
Basis of a Topology

If X Is a set, a basls for a topology on X Is a collection ‘B ofsubsets of X
[called basis element) such that

4+ Foreach x=X, there Is at least one basls element B containing x.

+ If X belongs to the Intersection of two basis elements B1 and B2, then
there is a basgis element B2 containing x such that B2 = B1NB2.

As a consequence, the subset A of X Is copen in X if A ls some union of
elements of B .

XE 0|2 s, 7& AT X2| RETUTRE O|RO T 20|23 SHX}L
771 olai2] Ml 7Hx] =& wEA7IE #l2ol2tn FECh

+ (G2 X&= T2 #0ch
« Ol2fg c ram us e T,
+ QU VeTrgf.unver
WZ|M 277l Fo{F TE Xg #Ld3o|2ln RACH
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Topologies on the Real Space

Example

X =R =the sat of all real numbers

* T1={¥,R)

# T2 =the topology generated by the collectlon of all open rays (- «,b)

# T3 =the topology generated by the collection of all open Intervals (a,b)

# Tai =the topology generated by the collection of all half-open intervals
[a,b)

#» T = P(R) = the Power set of R = collectlon of all subsets of R

The finest = Ts > T4 3 T > Tz 3 T1 = The coarsest

S ste| ojo|
Meaning of Equivalence

5 # 10

5 =10 (Mod 5)

»
- —
i —
o —
i

72



A1g] 2=y JHE fisk@)d staAlnLt

14 4B 7o Ho
Equivalence Relation

A Relation on a set A |z a subset of the cartesian product A=A

An Equivalence Relation on a set A is a relation ~ on A having the following
three properties:

+ (Reflexivity) x~x for every xinA
#+ (Symmetry) If x~y, then y=x
# (Transitivity) If x=y, y=z, then X~z

HE A AO| TN FIEIAQ F AxAS| HEETOICE

HE A ato] E% B ofgiel Ml 7bX| MEE UHESHE B E 20|k
o (SEAE) TE AS] RE 24 x0)| CYSH x-xO|Ck.
o (CHERA) 2FeF x~y0|H, y~xO|Lk,
o (Z30|EA) 2+t x~y0| T y~zO|H, x~z0|L}.

280 Hol
Partition

A Partition on a set A is a collection of disjoint nonempty subsets of A
whose union is all of A.

Studying eguivalence relations on a set & and studying partitions of A are
really the same thing. Given any partition D of A, there Is exactly one
equivalence relation on A from which it is derived.

HE A &2 PE2 2T OIL|THM M2A0, EBAM SIATE FSIT AT
M7t == S 2TUE (of A)E2] 2R0ICH

SXEAE CHREs Z0 2EE CHRE 22 A T2 FHE g%t Za 3

Ch & A2] 28 D7t FO{EF uf, Dol 23 Rkl SXEAHE FR
H £S5 2 olct.
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Equivalence Class on Z

Z = The set of all integers.
#+ Let ~ be an equivalence relation defined by
X~y if and only if 5 devides y-x.
#+ Check that ~ satisfies the three conditions of equivalence relation.

Class 1 Class 1 Class 1 Class 1 Class 1

-9 -8 -7 -6 -5
-4 -3 -2 -1 0

1 2 2 4 5

& 7 8 9 10
11 12 12 14 15
etc etc etc etc etc

co|de =9

Equivalence Class

Lemma Two equivalence classes E and E' are either disjoint or equal.

Proof

Let E be the aquivalence class detarmined by X, and let E’' be the
equivalence class determined by x'. Suppose that ENE’ is not empty:
let y be a point of ENE. We show that E=FE’

By definition, we have y~x and y~x". Symmetry allows us to conclude
that x~y and y~x"; from transitivity it follows that x~x". If now w is any
peoint of E, we have w~x by definition; it follows from another

application of transitivity that w~x". We conclude that ECE".

The symmetry of the situation allows us to conclude that E'CE as well,

so that E=E’".
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Quotient Topology

Let X be a topologlcal space, and let X* be a partition of X into disjoint
subsets whose union is X.

Let p: X— X* be an onto map that carries each point of X to the element
of X* containing it. In the quotient topelegy induced by p, X" is called
a quotient space of X.

w1

J\u/k_ \"‘t:"; Q 1 "f{.
’/’ \\r | Ox ¥
i

E&e| oAl
Quotient Topology

1]
x
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o
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R
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Further Content for Topology

Closure; Interior; Limit Point;

Continuous Function; Metric Space; Quotient Space;
Connectedness; Compacteness,; Completeness;

Haussdort Property; Countability Axioms; Separation Axioms;
Urysohn Lemma; Fixed Point Theorem; Tychonoff Theorem

| = () LH & = e

PHET HEl ik HHAE 1k

E I =® I gl Zk

St~ =2mo #7k s g1k H1 FpitE L H2 et Lk
AH2|E e &1k CHF=; ®TE 81k

FelE sivdal: 27EE "al E|RzZ a2

CH4=2| 42} 0| 294
Algebraic and Differential Topology

The Poincare Conjecture

# Every compact, simply connected, three-dimensional manifold is the
three-dimensional sphere.

# This conjecture was proven by Grigori Prelman, who had rejected to
win the Fields rm:::lﬂl',J

mATI L F5
e DE SETUTOIAAM, The HFTTO|AA, 3D CIUM| = 319 7o}
= ELC}.

¢+ O EHE W=HE =HE HES ME22 FEE 2] HEH
2|5 SSBEIRCH
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Topological Data Analysis

-
o b 3 Tr ". Slgnnture: paersis
= = Build gecomestric Comipuls porsistond dlagran
5 Altered ooengle o L E"Jtl.ll.'!"l:'J. homolagy of the
Metrie data . 1o of ddala nimplicial sl
met B = ccxco complex o ___ s
-climenabonn hormology

o
K
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Introduction to Coding
Theory with Cyclic codes

Ji 500 Doo
Department of Mathematics, Ewha Womans University

Contents

1. Introduction to Coding Theory
2. Basic Idea

3. Cyclic codes
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Coding Theory

Code is a system of rules to convert information into anather form or representation
for communication through a channel or storage in a medium

« Data compression

Error Correction

* Cryptographic coding
* Line coding

_

Error Correcting Code (ECC)
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Usage of ECC

Thermal disturbance

$

+» [In deep space communication

Message source Channel Receiver
outer space with ground station
hardware on Earth
- Compact disc Fingerprints or scratches on the disc
Message source Channel Receiver

data to be place

in disc

“

Basic Idea

Diefinition

A finite field is a field that contains a finite number of elements. A finite field exists when it
contains p* elements, where p is a prime number and k is a positive integer. Denote a finite
field F; when it contains q elaments.

foreg Z,={0.1.2....p= 1} where p is a prime number

Definition

Let F7 be the vector space of all n-tuples over the finite field F .
An (1, M) code C over E, is the subset of F] of the size M.

We usually write the vectors (ay.a;.....ay) € F] in the form aye; ...a, and call the vectors in ¢
codewords.
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Basic Idea

Linear code is an emor-comecting code for which any linear combination of codewords is also a
codeword.

If € is a k- dimensional subspace of F, then C will be called an [n. k] linear code over F,.
— Lingar codes are easier to descnbe, encode, and decode than nonlinear codes,

Delinilinn

Codes aver F; are called binary codes. The [n, 1] binary linear code consisting of the two
codewords 0=00...0, 1=11...1 and is called the binary repetition code of length n.

“

Basic Idea

» A generator matrix for an [n, k] code € is any k x n matrix & whose rows form a basis for C.

+ The code has a unique generator matrix of the form ([, | A] where [, is the k x k identity
matrix is a standard form.

» A parity check matrix for the [n, k] code C is (2 - k) x n matrix H defined

C={zeF3|Hx" =0}

Theorem
If G = I 1 4] is a generater matrix for the [n, k] code C in standard form, then H = [—AT | [;_]
is a parity check matrix for C.
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Basic ldea

Example

The matrix G = [I, | A], where

(5]
n

i a generator matrix in standard form for a |7,4] binary code.

= e
[——1 o —]
=N =k — N —]
[ —E— ]
] =]
-1
=7

By Theorem, a panty check matrix H is

pa
0111100
H=[A"I1Ll=11 01 1|0 1 0f.
11010 01

This code is called the [7.4] Hamming Code.

Basic Idea

Basic Idea

Definilion

= Distance d(x, ¥) between two vectors x, y is defined to be the number of coordinates in
which x and y differ.

= Weight wt(x) of a vector x is the number of nonzero coordinates in x.

= Let 4; be the number of codewords of weight i in C. The list A; for 0 < i < n is called the
weight distribution of C.
* The hugher the minimum distance, the more errors the code can comect

Theorem

If x,y is the vector, then d(x, ¥) = wi(x = ¥).
If € 15 a inear code, the mimimum distance d s the same as the minimum weight of the
nonzero codewords of C.

83



[H©

)38 shEAlnLt

I

A3 2y QWE sk

=

“

Example

Let £ be the binary code with generator matnx

11000 0
a o1 1 0 0

000011
The weight distnbution of 15 4, = A; = 1and A; = 4, = 3.
Motice that only the nanzero A; are usually listed.

G=

“

Advantages of Cyclic Codes

» The enceders and decoders for cyclic codes are simpler compared to noncyclic codes.

* Sinca the Golay Code, Binary Hamming Code, and code which are equivalent with
Reed-Muller are all cyclic code or extended cydic, studying cydlic code is helpful to
understand many other codes.

o If we know some polynomials, then we can get entire codewords.
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Cyclic Codes

Cyclic Codes

A linear code C of length n over F, is cyclic
+ for each vector €= ¢y ..cq_ptn—y in €, the vectar ¢_y&) . ty—p obtained from ¢ by the
cyclic shift of coordinates i — i + 1 (mod n), & alss in £,

= When exarmining cyclic cades over F,, we will most aften represent the codewords in
polynomial form.
the vectars €= g . Cq_3tn—1 <= the polynomials c(x) = ¢ + X vt Cyoy 2™)

+ A cyclic code © is imvariant under a cyclic shift
= If ¢(x) is in £, then so is ro(r) provided we multiply modulo 2™ - 1.

Cyclic Codes

Cyclic Codes

* Thus, the proper context for studying cyclic codes 1s the residue class ring (=factor ring)
Ry = Folx)f(x" - 1)

for eg.

Let € be a nonzero cyclic code of length 4 over F,.
If 1001 € €, then 1100 € £,0110 € €, and D011 £ C.
In polynomial form, let c(x) = 1+ z°.

Thenxe(xl=x+x*=1+x 2e(O)=x+x% Pe)=x+x* ink,
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Basic Theory of Cyclic Codes

Mefinition

Let 5 be an integer with 0 < 5 < n.
The q — cyclotemic coset of s modulon is the set C; = {5,5q.....5¢" ") (mod n),
where r is the smallest positive integer such that sq" = s (mod n).

for eg.

The 2 = cyclotomic cosets medulo 9 are
=0} G={.L24875 G=(3.6

Basic Theory of Cyclic Codes

We are interested in finding the ireducible factors of x" — 1 over F; which has no repeated
imeducible factors,

ged(n,q) = 1, where g is 2 prime number. Let « be a primitive nth root of unity.
My is the monic polynomial in Fylx] of smallest degree which has a as a root
; minimal polynomial of @ over F,
1) For each integer s with 0 < s < n, the minimal polynomial of «* aver E, is
H,ruj=ﬂ[5;(r-ai}. where C, is the g — cylotomic coset of s modulo n.
2] Furthermore, =™ — 1 = []; M +(x) is the factorization of x™ - 1 into imeducible factors over
F;, where s runs through a set of representatives of the ¢ — cylotomic coset modulo n,
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Cyclic Codes

Example

The 2 = cyclotomic cosets modulo9 ane
=0} §={1.24875 (;={3.6}

The imeducible factors of x* — 1 over F; have degrees 1, 6, 2.

These are the polynomials My (x) = x + 1, M. (x), and M.:(x), where @ is a pamitive ninth root
of unity.

Since the only imeduable polynomial of degree 2 over Fs is x® + x ¢ 1, the factonzation of
P -1isx?—1=(x+ 1>+ x+ Dix*+2* +1).

Cyclic Codes

Basic Theory of Cyclic Codes

Definition

Let R be the ring. A nonempty subset | of R is called an ideal if
i) I is & subnng of R.
2r-gelanda-reffor¥reRandVa el

Definition
A principal ideal is an ideal [ in a ring R that is generated by a single element o of R through
multiplication by every element of R.

* We use the notation {g{x)} for the principal ideal of R, generated by g(x).
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Basic Assumption

* The characteristic p of F, does not divide the length n of the cyclic codes being

cansidered.
< gadin,g) =1

Thus =™ = 1 has distinct reots in an extension field of E,, and this enables us to destribe

its roots by § — cyclotomic cosets moduio n.

* When writing a codeword of a cyclic code as c{x). we mean the coset c(x) + (x" = 1) in B,.

“

Basic Theory of Cyclic Codes

Let £ be a nonzero cyclic code and there exists a polynomial g(x) € €.

1. g(x) is the unique monic polynomial of minimum degree in C.

2 C={g(=)

2 glx)| (x"~1)

Let k = n —deggix) and g(x) = -5 gix", where g, 5 = 1.

4. The dimension of € is k and {g(x), xg(x). ... x* 'g(x)} is a basis for C.

5. Every element of € is uniguely expressible as a product g(x)f(x), where [{(x) =10 or
deg f{x) < k.
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Cyclic Codes

Basic Theory of Cyclic Codes
Theorem
G f 8 Gk 0 alx)
6 6=|" %0 | g o e T
N Tn-k = x*tg(x)

7. If a is a primitive nth root of unity in some extension field of F,, then g(x) = [1; Mae(x).
where the product is over a subset of representatives of the g — cyclatomic cosers modulo n.

Cyclic Codes

Basic Theory of Cyclic Codes

The monic polynomial g(x) dividing =™ - 1 which generates  is unique. This polynomial is
called the generator polynomial of the cpelic code.

Corollary

The number of cyclic codes in B, = 2™, where m is the number of
g — cycletomic cosets modulo n. Moreover, the dimensions of cyclic codes in B, are all possible
sums of the sizes of the g - cyclotomic cosets modulo n.
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Example
We showed that x® — 1 = (1 + x)(1 + x+ x*)(1 + x* + x*) over F,.

Thus there are eight binary cyclic codes [ of length 9 with generator polymomial g;(x) given
in the fallowing table.

i | dim gilx)

0| 0| 1+2°

1| 1 [ (+r+x)1 4 +28) =1 4x+r¥4 ot x®
2 2 1+ (423 +x)=1+x+c¥ 4t +2%427
30 3 | 1+x¥+x®

4| 6 | A+ +x+xD)=1+4

5| 7 | 1+ax+x’

6| B | 1l+x

719111

“

Basic Theory of Cyclic Codes

* An element e of a ring satisfying e’ = e is called an idempotent.
* When ged{n, g) = 1, each cyclic code contains a unique idempotent which generates the
ideal. This idempotent is called the generating idempatent of the cydic code.
+ Letx™— 1= fi(x) . fi(x), where f;(x) is imeducible over F, for 1 < i < s and distinct.
Let fi(x) = (x™ — 1)/fi(x) and &;(x) be the generating idempatent of (f(x)).
Then the idempotents & (x), ..., &(x) are called the primitive idempotents.
= The primitive idempotents will produce all the idempotents and therefore all the cyelic
codes.
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Cyclic Codes

Basic Theory of Cyclic Codes

Let € be a cyclic code over F, with generating idempotents e(x). Then the generator
polynamial of C is g(x) = ged(e(x),=" - 1) computed in Fglz].

Let C be a [n,k] cyclic code and e(x) = X' e;x' be a generating idempotent of C.

Then the &k x n matmx

€q -y & Bz Oy
-1 En- L] En=3 .E"'"l

Cn-k+) Fn-k+z fn-ked " Pp-k-| Enok
is a generator matrix for C.

Cyclic Codes

Example

The fallowing table gives all the cyclic codes C; of the length 7 over F; together with their
generater polynomials g;{x) and their generating idempotents #;(x).

i | dim gilx) glx)

0 0 [1+47 0

1| 1 |1+x+x"+-42* 1+x+a”+o+a®
2 3 (1437 +x +at 141 4 x5+ 28

3| 3 [1+x+2x%+0t 1+r+a®+xt

4 4 | 1+x+x? r4+rtpxt

5| 4 |1+x*+x7 x4 xfeat

6| 6 |1+x x4 xt o g x®

7 T 11 1
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Example (using Magma)

28
[ [7. 4, 3] Cyche Lingar Code over GRZ)
g+ 1 1, ¢ {enerator matie
witd ey + 1 1s, . [Aodoi1l1q
oy e xh2+ 1 1> o @100011]
] Mo10111]
. 001101
[7, B, 2] Cyelic Linear Code omer GHZ) @ x*3enae ]l
Generator matns CoRh e A2t X
[Loooodl] :
0100001] [7, 4, 3] Cychic Linear Code over GFZ)
olo001] Generator matric
woo1001] . [noedo101]
0Oo00101] ! @L00111)
@ooonli] [@o1011q
el ¢ [@aploly)

M5+ K05 # X0 £ 103 4 000+ X S e RN L L
;o RAG e A5+ X3

Example (using Magma)

a

@
| . pocoooa
; . pooiiol
:Lzﬁiﬁllb 010111},
<M+ 382+ 1, 1> 011010,
] e nieo011)
©op1o1110)
ic Li . {p110100)
PAsrw TRRER I giiiany
1000110 - rooolig
0100011 1001011)
0010111 ~ (oiooon,
mooiioi fio1i100
1100101,
(1101000,
11100140,
d111111)

@

92



Als] 2Ed YHE tieh@)d steAtL

Cyclic Codes

Basic Theory of Cyclic Codes

Let £ be a cyclic code with generator polynomial g{x). Then by Theorem,

g(x) = [l: Mas(x) = [I;  [lieg,(x ~ a'), where s runs through some subset of representatives of
the q — cyclotomic cosets.

Let T = L, C; be the union of these g — cyclotomic cosets.

Then the set T is called the defining set of C.

The rocts of unity Z = {a']i € T} are called the zeros of the cyclic code £, where a is a
primitive nth root of unity.

Cyclic Codes

Example

The fallowing table gives all the cyclic codes C; of the length 7 over F; together with their
generater polynomials g;{x) and their generating idempotents #;(x).

i | dim 2il(x) g(x}) Defininig set
0| 0 | 1447 0 {0,1,2,3,4,5,6)
1| 1  14x+x¥+-+2% | 14+x+zi+-+2% | [1,234.56}

2| 3 |[1+2t4x?+2? 1+x%+x%+x® {0.1,2.4}

3 3 [ 1+x+x'+a? 1+x+x*+x* {0,3,5.6}

4| 4 |14x+a? ¥+xt4at (1.2.4}

5 4 | 1+x" 44" 2P+ gt {3.5.6}

& 6 | 1+4x Xhxlg g rt {0}

7 7 |1 1 @
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Basic Theory of Cyclic Codes

Theorem

Let C be an [n,k] cyclic code over F, with zeros £ and a be a primitive nth root of unity. Lat
Z = [allje ¢ v ) where €, U--UC; are distinct g - cyelotomic cosets modulo n.
Let L be the w x n mainx defined by

1 ah oeln . v - s
|t at o[n-1z This theorem implies that the zeros of cyclic code

i A Al can be used to obtain a parity check matrix.
1 alw ... g-Dh
and H be a tw x n matrix oblained by replacing each entry of L
by its coresponding column vector.
ThencisinC = Lef =0
= Hc" =0

Reference

- Fundamentals of Emor-Correcting Codes (W.Cary Huffman and Viera Pless, 2003)

+ Information Coding Techniques ( 15 Chitode, 2009)
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THANK YOU

Ji 500 Doo
Department of Mathematics, Ewha womans University
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Why Math Startups in Korea?
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Characterization of Math Startups
[

+ 200lE, ojdled: 5 A EYY0:
®Etncored l("FI"u’IWAHF
Technologies ®ECMiner
®ECMiner

¢ OrERS: o8t @7 3 AY:
.l{rlf:"'-'“::l:! .MathLDUE’
®BaFul eFeelMath RED
®ClassCube
®Renote
®BEomb Score

@®SpacebEdu
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Selected Startups — ECMiner

o CEO Bl&2|($5),8o] A S gl

ECMiner = Data Mining Software
Company

= Korean & only version of SAS

Found n 2000,
No. of employees @ 40

CEQ Min says "We want to hire mathematicians and statisticians.”
“We need mathematical areas such as Discrete Math, linear and
non-linear dynamics, Bayesian rule, and deep learning.”

Selected Startups — ECMiner (projects)

Gloje{oto|'s EOF %L MF 7|
157} CHUet 2obojM 20001 7] ZRHME 48 AY

33/28 /M2 TS
¥ HCRM = WS SO Diepley W8 ¥
Targat Markating = REANAMUIEE Be ER
) it - &Py
. Tellrg U - BRI AN
= Friad Dabeiteen Syilbes . R R A
- By A 7)Y

- HY B P E0 2y

- BT, BTN Bie & « UG W AW A E
- #8rdn - WA Ry oy
b Maragemen Trablic Ba
- dti Monetary Liundry
Sppoe MEEY Y WY

+ BCMiner™ 28 S/W A"
- EfO R0 W “Fi‘l;ﬂl HE

Bl HE P WEE 28
« CHEFEYY SR

y
104 A e SEE 2UE K™ B8

102



[ TR .I,ﬂ [ -

L LT, .

.ﬂ'[ hymim i,ﬁ:l :

ADEERAE POSCO
i ! S G
H&E~ -

@reana [P HOREA

= ang ey = o s m

=ETETT.. = ey o .
o . = L mamma
- BUPRS:  wismens |y yyana @rams
il A - o AL da
LOTTE t;!.:” TEASE g

S becom w TN e ¥

Selected Startups - CEMWARE

o CEC A&7

Molo| = Mathematical Data Asnlysis Software
Company
= Korean g only version of MATLAB

Started in 1990 from a lab of control and
measurement engineering in Seoul Nat'l
Unirv,

CEQ Kim says "Our vision is to become world's best company to
provide computing software to connect Mathematics and

Engineering.”
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Selected Startups — CEMWARE

==
Target market (Mathematics change the world)

Asrodynamics Financial

. . Milhml cal Data Anahsis Software

| -7

Enhmxi -IIIIIIII‘III S Medical
0&-— = .

Mechamical ' Pq(hﬂngy
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¥ ' T111)
- W
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Selected Startups - CEMWARE:
athFreeO

 Simple 1 use, but cheap solution for many people(Beginnars, Non-IT Data Scisntists)

Easy ta U
y = Mast of beginning Student,
MNon-IT Data Scientist
Py I thFreeOn
- s Ma
Difficult to
Use

= Price
Expensive Cheap
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Selected Startups — BaPul(H}%, Solved

uickly)
-b

BaPul = Platform for Solhing Mathematical
Problems among Students
Founded in 2011 and no. of employees 15

Selected Startups — BaPul: Statistics

14 2

480,000

480,000 downloads from 141 4900 questions/day

counties Math questions 84%, English 8%
Average minutes for answer 15
min.
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Selected Startups — BaPul: Big Data
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4:317|4k AEFE 10| 0|2} W3

==
8l7|4 AELE Y 2 =2 2{0|0{O} St}
A= ot WK 0| T0| 2|24 ULt

& O Cjst 20}, Big Data, loT, 3D printing, weather
prediction, biology, security, etc. 2 S 227} QICt.

4:87|4k AELE Q0| 0|2} HiEk

Pangyo (&) (Korean silicon valley) = =8} AEE 0| &2
71218 M| ZE Z0|Ct.

SPABK @ PANGYD on Oct, 7 2015 wath Hyungju Park and Choongyeop
Choi
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SPARK @ PANGYO highlights Math

_ Startups in November 4 (Wed.)

5P AR -.l'.i. HGY O LR SR BT E L TR D T
qE T " LE
N - 18N Pirzs & Chad Early bards
e o Wkt v BAELLEGE]5 ] HREM, LR U
DS - 198 Spark theme 1{23°) AEHE T NI (W)
R - 195 fpark Thema 2(25) TR Th B S DOP S )
LIk (ECMingr)
TSR B A

« SR E T ol &)
i 2SR T

1A%« PR Firgyhde Chat[43') LERDDS EeE sapsgEy
DG N Startup Tows Hall{45) AEREE EVERN OIW e
1o Spark Hetworking ELETH 'y
o v STARTUP CENTRAL

Thanks you very much for your attention!

Q & A

HLAOE: (HO| &) 178 2212 2H2 TG
www.facebook.com/groups/mathcontents
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In Theoretical Physics

Qverview
Dark, hatter
Supersymmetry
S
Grawitation Sym metr'}(
seneral Relativh ki :
General Hela i e e
Svmmetry Gauge o
Symmetry

special Relatvity. quantum Field Theory
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1. Introduction
2. Noether’'s theorem

3. Spacetime symmetry

4. Internal Symmetry
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d B Transformation:
Flip around vertic
2 symmetry

symmeftric Asymmetric

- &

-l

&1
PN 3d Rotation -
, SO(3) ’
: D ==

114



Als] 2Ed YHE tieh@)d steAtL

| Rotational symmetry in N-dimepsion has ,C, axes.
' |

. Symmetry group: L Number ¢ - £
SO(N)
Independent way of

transformation

N-dim rotational symmetry group SO(N) has ,C, generators

Translational symmetlric
‘ T[E} in two direction

Translational symmetric
in one direction

T(1)

Translational symmetry group T(N) has N generators
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| S0(2)
; Potential of the system
LA :
b, V =1°+ _r,rle
\ : ; : .
Rotational transtormation around z-axis
T sl =il I
\"‘a ) 1 | —siné cosd if
;+\‘ A V' is invariant under the transform
% ™ s
r . . '\-.I
Hotational symmetry around z-axis L
= Angular momentum around z-axis is con erved
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—— 10 Ppotential of the system

e |

V=ut-gt

Translation along y—axis
I = '.'I.T, y = y £

V is invariant under the transform

Translation symmelry along y—axis
= Linear momentum along y-axis is congerved

Potential of the system
an—ﬁ+w

Translation along time
t—=t+a

V is invariant under the transform

Translation symmetry along|time
= Energy is conserved
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3.1. 3-dimensional Galilean Symmetry

Euclidean space: 3 dimensional space + 1 dimensional lime

Galilean transformation: spacetime translation + space rotation

{ [+ a " T
L pt y| = Rixs | | ¥
y+c - »
z+d 5 |

=

«q
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e
[

Consider a single particle in 3 dimensional Euclidean

Space Rotation: SO3}—— Angular momentum: 3

Spacetime translation: ¥4} Energy-momentum: 4

Total 7 number of conserved quantities are possible

[Gmraa-sr::{aa X T[4‘J]

Gal(3) has 7 generatdrs

Minkowski space: 4 dimensional spacetime

1S

=

Ill"

g\ e N

Larentz transformation: spacetime translation + spacetime rotation

t t+a t t

x r+b T ¥
_'b.

] X y+c ] (Rm) ]

z z+d ® *
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Consider a single particle in 4 dimensional Minkowski space

Spacetime Rotation: SOt4P Angular momentum: 6

Spacetime translation: H4» Energy-momentum: 4

Total 10 number of conserved quantities are possible

Poin(4)=S0(4) X T(4)
Poin(4) has 10 generatprs

Spatial rotation
Space Rotation: SO3}— Angular momentum: 3

Spacetime rotation
Spacetime Rotation: SG{4# Angular momentum: 6

Additional three angular momenta associated wi
U/\‘*\U = Spin angular momentum
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opacetime symmetry: Transformation of coordinates

Zn = (215 2N, )

Internal symmetry: Transformation of fields

Un = fla,t,1)
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MNon-relativistic quantum field: Schroedinger field

a2 Py f+m 2z =1
Ihaf_"ﬂﬂfz'l-iﬁb 4% M’I

Let us find the internal symmetry of Schroedinger field
1) Constant shift =+ ¢ +a < does not hold due to V
2) Constant scale—+ At = requiregA|® =1

Af=1=sA=¢" (0eR)

Internal symmetry of Schroedinger field:
Global phase rotation: U(1)=5U(2)

mfélg 0y,
Wb — el Y

>
Refy]

Conserved quantity for global U(1) symmetry
= Probability / Particle number
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In local phase rotation, angle is no more constant,
but a function of spacetime.

b oely 0=zt

Then Schroedinger equation does not hold anymore.
L

ot T T omore

+Vy

We introduce gauge fields: 1 scalar and 1 vector

0, AeR :ﬁ(%-zq’:) g = -%(%—MI)E@&

L L O P 8 M

= ey change{ma"H Lt

canceled laye— . EE.I'ICE"E{] by

Gauge fields lurns oul to be electromagnelic polentials.
E = -vqb E AT -'il

| Local U(1) symmetry & Electromagnetic|force
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» I- J A& 21. e
o] T
| @

Vibration of the 1d sfing -}Fial'ﬂé'”hing on the 2d wordd sheet
oanz) O ¥la,2) A2y, )

IEJ L

Conformal transform ation;
Coordinate transformation that
presenves local angles.

1
L1

> -'__Triemv'ﬁ'uuld be invariant
f( _ il under the conformal transformation.

Y

2 / Z, (Spacetime dmension should)be
0=26 for a bosonic sting thdory
| 0=10 for a super stiing theory.—
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i 1+1 dimension, vacuum is ful of electron-antielection pairs

Photon acquires nﬁsﬂ:'frcm{'l:.!_mntum ﬂmlualiim
5 N
S Classically massless, \ :

but emergent property at Quantum H’H’El

Proen oo (4~ ) o g (=)

Emergent properties at Quanturm evel may break classical symmetry,

f[ﬂﬂ-.ﬁ{m Tﬁm lef S54¥) = f[ﬁ],-.mm-us:.

s,m;-;-‘ﬁm’l-ﬂﬂ Elmkumhﬁmswm (aindépendert)
yﬂﬂm;pﬂg% Path irfesral measure broaks ouge Symmetry (o decendent)

§S =2n f dﬂx@ Fp

.........

Anomaly should be 0 for & consistent theory.
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5.3. Anomaly

(sreen=Schwarz mechanism

< I G InETsformamon ; S T
f:rh'.: it : - > f.d-:-r_r L f[ﬂ'-! o=
= g = g gt

Sl = 5}[1_" Sdw)= o3 Classical action don't have gauge symmetry (o dependent)

ik

] =[] = jde]e

Gauge non-invariant classical action + Gauge breaking quanium effect
= Gauge nvariant theory

10 dmerrsional H=l Sunersedihalm{G408 = GeS00RY ar By X Ey

s

05 = f._-J-":'-.*‘u.r-:‘---'-'1;,,“'11n'nn-' (e i) ReRiccl tensor

. L F=(3arge field cirength tersoe
wron TeFe) | srfir'+ L (P P |+ e TEF e = ey T F

| My THE by

L8

Thank \-nu'

SVGEIES
in Theoretical Physics
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Equation of Motion for the Top

with Numerical Analysis

Yoongu Kang

Hanyarng University Department of Phaysics
PICEA} PP 7|2 YU

A CHER ST VI (KURA)Y
Haryang University £ actlon & inesfio

3

vk !'l:"-n-l ﬂ:.. ':'

P Y] e—
P L
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et [ ] =7 BT

Evuler-Logronge Equotion

s A% 2222 odd}
Hel(F)oll ar=t ko) Principle of Least Action
LaER! 2HEA

e _. - | o] .E. ﬂ:]- uH "i

Evler-Logronge Equotion

!=j1Ldt L=T-V=1(tqq)
L

q() : Hde) LW AT
qiL) + en(i) : W8] < HIL
n(t) nity) =nitz) =0 2 A=

oL _d (9L\ _
aq dt\ag)

qit) + enlt)h
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ples of Sharion fe

I:.l.:.. N T— ﬂ]ix-] uHT*
. | o

2. XF§ $4ozZ o3 AW

x'&e) }4T : 9
y'%2) 245 : &sind
2 20) 2HAE : Ut Pcosd
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oldo) gl A%

"
-

DAHZA 213 :
XS PARE
A% PMQONE : 1 o b
A gEoldz)
24 F42] Xo)
2)2lofldz) @ v= Tmahcoss

H‘-EZJ %%Dﬂ""‘;‘ £ him ::i, mh’ 5 sin’@

we
ey
-
- |
]
=1
-I-

T = 5 B+ 5 B8 sin0+ 3 L (deost + O

i

3
Th-:‘n:aﬂ'

LN ]

* #

(N

okl 91t Arg

M S X)) 17, = L+ L pi? sinto+ X [ (dheosd + ¢)*

e A D 2 2 2
s 9 5§ 2 ¥
Hﬂn:ﬂ 2 E.n ol =) : 7. — g5 Mh’ 07 sin’0

3
it
2
L
2

2 V= _":m,e;-h.rus.ii

87 oluiz)

E= S ((£+ S mh® sin®0)6*+ & sin®0 + £ (dcosd + 1)) + - mgh coso

Nl

133



A1s] 2Ed YHE tish@)d steMlnut

Farales of Saies fe

i Wi il el il ﬂl%!ﬂl HHTi

Srmd T

v}2lo) o) M—%Iﬂ

= AR o

al i T e g
E}rui o "'V_u:':p{ "L

(

S %h F(5in0.0.0) — (£, W+ peosd) — Ipeosd)(psingd.— 6.0)
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Faanles of Malos. fa |
P T w o P b I _F'.% Hn]‘.ﬂi ﬁl

owrd gt

vldo) gl AYZ

EEF

z'&0) 22 E=2F : I (cosbotv)= L.

z22) V2 E2F : josin’d + L,ocosl = L,

vlde) Q= A%

mugl cosd

] |
£ 3 (( 4+

i i, S, ey 5 b -
llii mhe sin* @+ F8 sin“0 + 7 (doos@+4)F )+ :-

Eﬂ‘_: : fhsin®O 4 L.cosl = L,

x
L=
E2F : 4, (cos@ o+ °) = L

et £ o o minie iy =EscosgyY EF . &
FO s [ [ o e - = o S S - e e s | e
3 (L 16 mh” sin“8 Mg Toin? T '3 mighcos &

135



rALY

{ol
o)y

Azl 2By YHE sk

ohgo) o)t AMY

K17¥oll oi# v)¥ghc},

(L, — £ _cosf)® i

1 0 b a
FE= {1+ —mh"sin"g 8"+ e
@ Fsin=d

ey hcoad
16 T TR e

(Lo — Ly cos@ WL, — L, cosd)

3 (¥ aln
— L h e .--.mh'ﬂ ml_;:ﬂ— er e TR
T 16 fsin’*@
= sind o
I+ o mhsin®o

136



A1zl 2ty YHE tish)d steAuut

127 why

2ol 213 £2 : [ixdmi=0 [#am=0

o
H

#,TI'.'I‘B‘-;I-E_? r F=mlg i.z ( f?-

I heos@)) =m (g ih {cos 66°+ sin a6))
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. 3 n :'r.i.g' 4 _ 3 : .
Vo = Jhe0s8d . sy mpv— phainfo|

}'r-.-ﬂ

Y, =T, +x,c05¢— Yy, Sing

Y, = Urper + Ty SiNQG + Yy COS P

E

g = = - \K 2o
P \'f!’-fn.-: gk Ll U t L
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Cylindrica)l Coordinote

)

TSN
Rectongulor Coordinate : f=— i/l ,—=.,0)

i !

T o
Cylindrical Coordinate : f=— jur(— = —"*,0)

it
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Paaralen of Sofes Ao

P How m i Py
Srmal e

Rectangular Coordinote : v, — f—df

SN ; dl, 3
Cylindrica) Coordinote : S —h;zF

- sinf#

Pirdlen o Mares 4
T o w0 O Pharr

Semd | S
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f=— ‘”'HT‘T cosé,— sind)
. 5
F+ F=—ulkF1{ = cosf ‘;“— sind )+ A0, sind, cosd )
e
.-a-"'-’f-
-
tﬁ’_’f’fe

F)12 Tk Wl
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dt

aq

)_fn:ed — ( 7
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= o= ] L
f+ F=—puFl—, t_" cosd, :I“ sind )+ F10,sing. cosd )

1

M B " u 5 r"'-'-j E it : e
N=rx(f+F)= _“:h;;ﬁ‘( el e J0)- jhﬁfmn&,n.n]
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i
ol
O

w=(8,»sinb, Hcosd)
L= (18, I} sind, I (P+ pcosh))

w = L= (1, (i+ pcos) — Ipcos0 ) (gsind, — (.0

—_— @k

o L
(F eV P

v,

SO (F(—2 cos8,— Crew ﬂ]+ihﬂ‘%il19 0,0)
PRE v o v’ - NN N

o= (F,; {'e;fJ—F {.I}IL:U.E:'H} = I{Eﬁ‘ﬂﬂﬁg}({;ﬁ'ﬁi'?fﬂﬁ_ 6, 0)
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Uy

' . B g ;
: 3 cosd - %h.ﬁfﬁnﬁ — (L (o ovos? ) — fdoosd hosind

:t' -} & .L; .n"u;J' = il oo de
5 ; S 11 i : :
v 2 1 Lo=luw, Fhal= (L, (t+ dhoos@ ) — facasi) )6

z' & : I::-': f,-t;::-ru

E ;{.ﬁui- + Jury + w3 ) ? Ltl" | r.;: f 2:' =

dE g : AT AT AV
— =R e A T angr - Tede e e ——— -

ot Jiet g ety oy oy + Fwyr w, dt T i

dE 3 SN g b e, : s
g\ g = cos@ + —hFsing — (1, (0 goosd) — Jocosd)osingd )9

: Ve - S . e
{ {j-’i " 4;“‘ i [ (gt deos@ )~ focos0 )@ )dsind?

9 g w a e TR - ; ] :r;"'!'
4+ iR mh” sinf cosfi == sindd) 7 mgh sind 8- .
daF’ 3 Y g e dT,,
LR I T o (T Ry, b 4
o 1 2 gt = onsd o = hainl) )+ .
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ool € 2%

&) ol 2)E vl ¥c}

o 9 i (L., — L -cosl)? . L3 3 iy B .
B ((f+ g Mh” sin e ST R e ¥+ o Mmahcos@+ I,
daE _ @ g gaaz B g i
T (f4 T il sintH e mmh sinf cosH i#

I I 2l dar,
} (L, — L cos® WL, — L cosd) Y e, (£, — Ly cosf) dt 4T,
i riph i = i
Fsin'p e fsin~@ el

(£, — L cos8) L, — L, cos8)
Isin®g

%mhisinﬂ— T :" cosl ) g — %h&"’msﬂ} ~

fi=—
-l_l-
B i_m.hi!iinﬂ(ﬁ.iﬂﬂ_jl .

16 3 cosd )
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HArE 218 ) A3 B2 ) 200
MM A ) Fowles / CENGAGELEARNING / 20N

(Ar2 = 2 2 20)
INE / Microsoft Visual Studie 2010

OpenGL glut / www opengl org
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[An Investigation into Vaccination’ Effectiveness and
Their Contribution to Future World Health]
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Vaccines

$e0 Eun Jin
Department of Chemistry

Hanyang University

Vaccinations = Vaccines
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1-1. Claim
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2-2. Research Results/Findings

=5 » 3. Conclusion

1-1. Claim

Vaccines are NECCESARY for the prevention and

eradicafion of diseases and for the promofion of world
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1-2. (1) What is a Vaccine?

« Vaccine =

(noun) any preparation used as a preventive inoculafion fo

confer immunity against a specific disease,

wsually employing an innocucusformof the disease agent. as killed or weakened bacteria or

viruses, fo stimulate anfibody production. [diﬂﬁﬂnﬂl"‘y’. cCQ I'I"'I]I

1-2. (2) How does a vaccine work?

Adaptive Defenses

(activated by exposure to specific pathegens)

« Lymphocytes

-ﬁﬁ%

~{
» Anfibodies

AYPAYArYrAY ArAyY
AY 2Ny AN AY ~Y

,&n
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1-2. (2) How does a vaccine work?

Anfioody

1-2. (2) How does a vaccine work?

- Antigens
Bcells
with
different [
antigen Antigen
specificity 1 Fecaptor
e, ¥ >
- & 5
o
\ )
q ]
;\fﬁ:
Anfibodies
,.,r‘l'
Clone of memory cells Clong of plasma

~alls

— ;‘ﬂ"”“gan
)}
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]
=

1-2. (3) What makes a vaccine so
effective?

i Vaccination

.

Antibody concentration

1-2. (4) Types of vacc

Primary immune
response

Exposure to real antigen

}

Secondary
immune
response

» Time (days)

L

Nnes

Live, attenvated vaccines

+ Maasles, mumps, rbella
v Naricella (chickenpox)

Killed, inactivated vaccines

* Hepatiliz &
¥ Polio [IPY)

Toxoids
* Diphtheng
« Tetanus

Subunit and conjugate vaccines
+ Hepatihis B

o Perfussis
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1-2. (5) Why is it needed?

FRLVMOHE [RE “:II:I:“
BELALE mwmuu_.l. :?LE::'H
Dghcheria Filiih] o
H, ifleprgar (irvearem, <5 o of age) feluts FEL
Hepatitin A QA LR LA
Hepatith B [xwe) B 1400
Mpgiley sar an =~
Mgmpn LRt L] i =,
e 0. 1REXY ]
Prpurnacised] didboid i, S phin el apH  D6060 1 a0n e
Pl [paradps) ¥, L =
Rstarvirys (heipalizations, <) prars o age) B LS00 i
Ruinel s 47,05 : 5
Cornpenital Rubeila Sprdrome 152 i "L
Smallz ki Lotk [ s
THafug o] Fl s
Vel 4 085,120 1674008 e
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)S HE

How can we improvee DNA
vaccines!

il

COMETIHMETED
PLASMID

i %} é?

MBER 2015
2-1. Research Me’rhadﬁloc

« Survey :

Movember 3@ ~4h

7 questions { 3 multiple choice, 3 likert scale, 1 open-ended])

Collected guantitative and qualitative data
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2-1. Research Methodology

» Survey Respondents

30 participants (15 female, 15 male, Hanyang University)

Strafified random sampling (different departments, age

groups) ﬁ & a

Slur\

SURVEY RESPONDENTS

E Male = Female

o i
|
FEER 1 F LS =
== N 1 e | O
Eng miEng Nataral  Cbdenatiorald Muse Wediong wena Scheel ol Humanites
Zciances Lbadies Ziences Business
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2-2. Research Results/Findings

» Q1. Have you ever received vaccinatfions in your life
(including vaccines from birth) 2

HYes ENO

2-2. Research Results/Findings

« Q2. How many times in the last five years have you
received vaccinations?
le.g. flu shots, encephalitis{=|g) vaccines, cervical cancer(f2d %

%) vaccines)

16.7%

B Mone m1~7 times 3~4 times @5 or more times = Don't know/not sure
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2-2. Research Results/

-INdings

Guestion 1 F 3 4 a Averag
| 1=
13, Motat all | Ineffectly | Neuiral | Effective Very
How effectivels a vaccinein i effective ] effective 3.9
praventing a disease? i
0 3 24 2
1
. Very Unlikely | Neulral Likely Very likely
How likelyisa vaccinelo unlikety
irigger side effects? 2.5
2 13 13 | 1 1
Qs Mot at all Low Neulral High Extremety
How Importantis it for Important | importan Impartanc | Important
hurmankind to receive ce @ 4.0
vaccinations? 0 5 &
1 18

2-2. Research Results/FIndings

« Q6. Males and females aged 9-26 are recommended to

get HPV vaccinalions.

Have you received this vaccination®

® Yes/1 have plans to raceive in the future ® Mo/l don't have plans to receive in the future
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3. Conclusion

Vaccines don't come without risk.

MNothing does.

Whatever the potential risks of vaccines are, 4
they pale in comparison to /

the risk posed by deadly infectious diseas

3. Conclusion

Therefore,

despite oppositions caused by rare side effects,
the drawbacks of vaccines
cannot be compared fo

the significant benefits they provide.
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3. Conclusion

In light of these conclusions,

nations should work together

to secure sufficient supplies of vacci
that can be distributed globally

to improve world health.

r e

"Humans have always used
intelligence and creativity to improve

our existence.

After all, we invented the wheael,
discovered how to make fire, invented
~the prinfing press, and found a s

vaccine for polio.”
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Like always,

we will find new, innovative ways to improve existing

vaccines.

We will strive to make them safer and befter.

Then all members of society will bene
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Kt<HO| A 2| self-healing Of £t? g
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Q| H (Extrinsic) Self-healing; =¥ 52 et

Lt L T T

H0] O3 |9 5 Selfhealing AUE  T20| HAIZ BHE capsuled T

CHy H  CHy
- CHs {'_-}E Free radical wirm :_'=:_‘:
-['='D palymerization " =0 ..i""l =

! * 0 .f" 5 'f
q e Nt
R Y BIE (benzoin isobutyl ether) KAIST
Y. Sang, et al., Aopl Matar Ierfaces, 2013, 5. 1378-1384 Bua-ine2irec Maromareeiais L abermiony

Q| & (Extrinsic) Self-healing; & e

ey ey o | g g

Suryanarayana, et 3, Srop Ovg Cost, 2008 83, 72-78

OO 5 (linseed oil) =+ Healingagent

v BE:EY SE dal 2
polymerization|f EHEHSH A 28
v S PERIWLAHE
Hof 2igt 2o § A0S

KAIST
Biiacing ivaad Mluromarariats L absea oy

RESU=0U2+20¢
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Q| ™ (extrinsic) Self-healing; =2+ 357 e

AHEto| © S 2 ALEE self-healing A| A&

"HEYE M2

Fpiip ot

R
R

) i o gt T A
- B dcapai
# v u kP
E | Ty
3|
B _
£
E I
1 | Al 1 1 KAIST
i 4 F BT & F WM |-I i M N HOW S HENNDEDNBEBENIDTREBD R
€. ). Hansen, ef al, Adw. Mater, 2009, 21, 4143-4347  Heaing e Bie-rupiras Manemateriais Laneeanory

L A (Intrinsic) Self-healing 87 et

Intrinsic self- % -
healing materials L Redical R EF R \\ ( [2+4] eycloaddition
’ (71 tE)
. = * Dieh-Alder reaction
s "-__I‘_ ’
=0, L T B = G 7T e
ZmeulignaFY T O U LAT5 - | (BRFEor
N CEEY S o I L E-
anodulin] Ceclonddition 2. ETO| EA
| (7FEEEE) )l\ EEELT: ‘/
E 1 022y pH
S RET) 227 A E
FZ g8
MELET KAIST

1Bz et et W amavararia iy L anzeaiory
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L} & (Intrinsic) Self-healing; 5! (UV) B2

1. Radical Ht& S & Bt self-healing

KAIST

Biea-img miraat Mlamamansriaie L aberaroay

L} & (Intrinsic) Self-healing; % (UV) ¥57 M

*Ligand:
poly[ethylene-co-
butylene) cone
with 2,6-bis(13-
methylbenzimidaz
alyl) pyridine
{kiebip] ligand

*Metal: Zn®

)

- .I
i
i !
.'-\.-"a.l--"'E' a L
A Ca
I

KAIST

Biiacing ivaad Mluromarariats L absea oy
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dsufide metathesis  KORAIST
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S. Hong et al., Ady. Mater, 2014, 25, 7581.7587
KAIST
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57|88 Etaot 408 TR SAEEE OfF 32X 43 UES
Erdks g2

CiRE SEES EHASIEEH0 OlL 2} &4, He B 2L §2H &2 ¥
48 TRV C 80, M R SSEEE Holgs HEENE EEA
Chg 2 2lauc

AR oo O BEE R X, BE, el § A ?1E] 20 82

L|c}, !

}ﬁ’}‘"

The main theme of our ressarch is development of sustainable synthetic mathods

Development of new catahytic and tandem reactions, new support materials, and new
immobilization methods

Understanding molecular level interactions Between catalysts and support material,
Understanding reaction mechanism
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[ﬂtm »  Supported Multi-Function Catalyst (SMFC)
D, . O,
B C
1. Environmentally benign

2. Energy effective

Multi-steps in a one-pot operation A e .
ok '_I. by 3. Minimize waste generation
. JURE" L Wl i
Single-workup & purfcation
L 3 Aeacheal inberrrsecl el
Catalyst recowery 8 reuss

arein SOPenEHACL samad Liguids

Catalyses i the increase in the rate of a chemical reaction
With a catalyst, reactions occur faster and require less activation energy.

Because catalysts are not consurned in the catalyzed reaction, they can confinue to
catalyze the reaction of further quantities of reactant

Dften only tiny amounts ane requined,
Heterogeneous Catalysts, Homogeneous Catalysts, Enzymes.
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The Heck reaction is the chemical reaction of an unsaturated halide with an alkene m

I.Ek the presence of a base and a palladium catalyst to form a substituted alkene,
= Hedk was awarded the 2010 Nobel Prize in Chemistry for the discovery and

[
M‘m development of this reaction.
+  Carbon-carbon bond-formang resction that followed a PAOVRRIN catabtic cycle

(2§
B=X + gy ——b= o R
=10 F e

Richard F. Heck Bl e 7
{awvardied the 2080 hiokel Bre in {Bematy) "'. / d

Mﬁ] + C-H activation depending on other type of solvent in Palladium-
Catalyzed Intramolecular Heck-Type Reactions

o A
T M mhot o
§ Lttt b '.
/ ¢ = N
k: _—
- et
An g e A b i
- pa T v ¥iabis in polar aprotic sobe (DMSD)
P T Py T Ed’ﬁ)(L_ Gyt

w L

..1""
C
y¥4,
Y&
' S| os | v o WK
8 A -H,_H P a,,..r-l} W m e #*11.
. L
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« ZOEELd N
- Prof Sang-gi, Lee —
= Dr. Zi-sheng, Chen
- D Young Ok, Ko
-  Dr U-bin, Kim

&, Xuan

- Da Jung, Jung
~  Hyun Ji, Jeon
= Jae Sung, Lee
= Joo Hyun, Lee
- Mi 500, Kwak
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Taeghwan HYEON (& & &; & 2 i)

Center for Nanoparticle Research, Institute for Basic Science (IBS),
and School of Chemical and Biological Engineering,
Seoul National University (SNU), Seoul 151-742, Korea

®
JbS 71z 2eraze
Institute for Basic Science

Hyeon Research

) il L il
i
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R e
R composits

Why is Size Uniformity of Nanoparticles Important?

- Physical properties of nanoparticles

are directly dependent on the particle size.

- For various applications,

uniform-sized nanoparticles are critical.

J. Park et al. Angew. Chem. Int. Ed. | ' S. Kwon and T. Hyeon,
finvited Review) 2007, 46, 4630, | Ace. Chem, Res. 2008, 41, 1696,
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CdSs
Lir s &
b] = —_— Conduction
I E—— band
Wavelength 480
of emission : 640
/ nm |
Y .- Y Valence
c)
Particle . .
size 2.5 3.1 3.4 4.0 5.2 6.3
f nm

H. Goesmann, C. Feldmann, Angew. Cham., Int. Ed. 20700, 49, 1362-1395. -
0. V. Talapin, J.-5. Lee, M. V. Kovalenko. E. V. Shevchenko, Chem. Rev 2070, 110, 389,

Synthesis of Monodisperse Nanocrystals
Using Hot-injection methods

MIT UC-Berkeley IBM Watson
5.1 nm CdSe | 8.5 nm CdSe 5 nm Fe-Pt allq_g__

Burray, Morris and Bawendi, Pemng and Alvisatos, Surm and Mueray,
J. Am. Chem, Soc. 1993, 115, BT06 A Am. Chem. 5oc. 1998, 120, 5343 Scipnce 2000, 287, 19B0.
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Conventional Synthesis of Monodisperse Nanocrystals

. Monodisperse nanoparticles:
M‘ﬂ size distribution of < o 5%
Precursor

J. Park, ef al, Angew, Chem, I, Ed, 2007, 46, 4630; 5, Kwon & T, Hyeon Acc, Chem, Res, 2008,
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Heat-up Process to produce Uniform Fe;0, Nanocrystals
by slowing heating Fe-oleate complex to 320 °C

11 nm Iron oxide

11 nm Fe nanoparticles Nanocrystals

Main problem: expensive & toxic precursor
Fe(CO); ($ 2000 LISDIKE_]}

T. Hyeon et al. J. Am. Chem, Soc.
2007, 123, 12798

=

Thermolysis of
Fe-oleate complex

Controlled
Oxidation

LIt
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40 gram of Monodisperse Magnetite Nanocrystals
are produced using FeCl;6H,0

Fe-Oleate
FeCl;6H,0 + Na-Oleate — Complex |+ NaCl

Fe-Oleate Heating from RT to E'Pi-
Complex Followed by Aging

J. Park et al. Nature Mater. 2004, 3, 891.

> 1 kg of 11 nm Fe;O, Nanocrystals

£
i C&E N hilp:Hpubes.8cs.org/cen/news/B734/87 34news 10.mMm

| CHEMICAL E ENGINEERING NEWS ks

HAMNOCRYSTALS BY
THE KILOGRAM
Relongrasm  sacale banclerd of unddorm-sized
muapCryaeels cun be propared vie s simple

wymlllesis prooedure, Sooording 1o re-
scarchers in South Borea. The svallabiliny

o i horwr=Caoat ERe o oo i i Baall o R -1 &
e o] B speTae (xingde suwed | TR o e s
s niryataly ey sgeed up developrment .- R
of rnetechnology applicalsns. Sevetal o sl et Bhase P { p——
mcthud o proparing moscsdisperss i gt tw%m

et typriecally theiss mcthosds vickd gram
gainticis of prodect amd requine sise
wrisy i opre. Tacgtnecan Hyeo, & jriee ¢ Femical, alsoim Sl haee

e of c hembcal engineering at Seuul ktlogram-scale batchoy of wafurmly seed
siaticmal Univeeity, soporicd Uhat ko 11-fum-dbametes sugrstae (Fe O s
rencaich proup, B collaboratlon with Wah- i via i procedure they developed: The
bar Mprvee and comrkers at Hanadks | rser hond, whibch ad s beas 1hain seven hours

O N NPT O

Hanwha Che 0.

- P"ﬂt Plnnt Eiim?hn.mk.lhn::&a
* Robab R

T g dariierry —
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New non-toxic T1 MRI contrast agent using
paramagnetic 3 nm Iron Oxide Nanoparticles

Jugular Viein Carotid Artery

Subclavian Yo
Axillary Vein Subclawvian Yoeam

p E faortic Arch
SeErior Vona Cavd

Was able to image
blood vessel of < 200 um

fErior Werna Cava
L L
el e i, i i .

ici icle 3nm Feloa
i Cytotoxicity of lron Dde“m :nﬂﬂul

_ioa

Eao

%‘uu

=2 40 Mon-Toxic up to very high
20 concantration of 100 pg Fe/mi !
|:| Lo __ 1} — —

000 1.56 313 625 1250 2500 50000100.00
Concantration of Iron Oxide (ug Feiml)

B. Kim er al 1 Am. Chem. Soc. 2011, 133, 12624,
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Magnetic Resonance Imaging (MRI)

« Anatomical details in noninvasive & real-time
» High resolution (vs. PET)
- High sensitivity (vs. CT)

-

T1 MRI Contrast Agents using
Paramagnetic Gd-complexes

L R
o DOTAREM [Y1=¥:\:T:T h
e giograpny

Toxic Gd?**: Nephrogenic systemic fibrosis (NSF)

- New Non-toxic MRI contrast should be developed !
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r, relaxivity

3 nm

Size (nm)

Felaxvity (/5 mM)

r, relaxivity

3 nm | 2 nm

Size (nmi)

Small (< 3 nm)
Iron oxide nanoparticles

High I’y & Low /I

Excellent 11 agent
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Jugular Vein Carntld Artery

\f

Axillary "d’ein_.________________ . J_________________._._.—-—-Suhc:lawan Vein
X =

- ’ﬁﬂﬁr\—\ﬂﬂﬂic Arch

Superior Vena Cava ¢

e ( ‘_\\Anrta

Inferior Vena Cava

B. Kim ef al. ). Am. Chem. S5oc. 2011, 133, 12624

Paramagnetic T1 MRI contrast agents

IMDHCATHON S AND USAGE

MlultHahc® 18 mdicaled Tod indrmens & i FAGHehE redonance imEging (R of the cantral s witam (CHS) i sdults &nd
Tl WHE 1B Ll T AR b Lo T 2 S{THILEL TESAHRAIHCE SHJIH] |5 | OF Kl L o NETVoU S B 1 | SOUILE SN
Cheldingn owar T yedds of 309 10 WauahDe ledons wilh abncimal blosd bisen Dhamed of abnormal vasculamy of the bean, spne, and
ASE0CIAI B NISEUEE

IMPORTANT SAFETY INFORMATION

WAHNING: NEPHRUEE ENIC SY5STERMIC FIBRUSS
Gadolinlum-based contrast agents (GBCAs) mcrease 1he risk for HS5F among patients with impaired elimination of the drugs. Awoid
use of GBCAs in these patiems unless the diagnostic information is essential and not available with non-contrasted MBI or other

modalfties. HSF may result in fatal or debiltating systemic fibrosis affecting the skin, muscle and int —
M M
« The niak Tor NSE appears Peghesl among patiens wilh w 'f S 1 -Ib
+ chronic, severs kidney disease (GFR <30 mL/min'1._T3m™). or llI o l] ,
" . ™ ] o
I B b renal funclicn. For pd
rJJ..”. - . %, .+ [ate the glomaeular St
Viltisafety.com ~
ET {ance dose and allow a suffickent paniod of tims fior

s and Precautions [1)]1

www, mrisafety.comfsalfety_article -
MRI Contrast Agents and wlar, respiratory, andior culaneous mandesiations
Naphrogenic Systemic Fibrosis gied. aspacially i those patiants with & hestory of &

(NSF)* http:/iusa.braccoimaging.com/
TETImrT Do=n UWAHNING contained within this wabsie

Free Gd?* is toxic!!! High dose of Gd ions can cause
nephrogenic systemic fibrosis (NSF) in impaired kidney.
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Toxicity Eualh

- — 71-AAD Assay
Cantrol 3 nm, 50 pgimL 12 nm, 50 pgiml
| |
s | WP | el o
- I’ - L | b= s .-.'I | 1 r"'-. T _':':.'
& B : .
# Calcein/Pl Assay ==

3 nm, 50 pgimi 12 nim, 50 pg'mi

R Dot Lol areen B Ol

'-.'-inl:. |*-.:

Development of Hepatocellular Carcinoma
Targeted Nanomedicine

Taeghwan Kam Man
Hyeon Hul
Hongping
Daishun Xia
Ling

Collaboration of SNU/IBS and National Cancer Center Singapore
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Liver Cancer (Hepatocellular Carcinoma, HCC)
Is Extremely Nasty!!!

Development of New Targeted Therapy
for Liver Cancer (HCC)
using Nanotechnology

= Maximizing therapeutic efficiency
= Minimizing side-effect

htipeifwmns hoplansmedicine. ong/l e _iumoy_center/condiispas/ cancerous_|ver_iumorsinepatoceliular_carcincma. hitmi

We screened > 1000 candidates
including anti-cancer drug & natural product library

Diferent | QS e, -
time | | SESSEETEEES
paints [ ' -

Cancer cells Compounds MTS Measured with
plated added added plated reader

Triptolide showed the best therapeutic effect!

o Triptolice

the thunder god vine; Tripterygium wilfordii; Lei gong teng
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Nanoparticle equipped with Grenade & Missile

- r_'l' Sall- kit
w ® 2,-_1' E (7':"'7 _:..MFn ;

Triptolide PH-sensitive Folic acid-
peplide plurcnic F127

conjugate

Normal Cells Tumor Cells Normal Cells

Missile Targeting is working!!!
=» Selective Targeting to Liver Cancer
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Nf-Trip suppresses tumor growth of HCC orthotopic model

B r o

1 &;dfd?’d — 2

2
. 2 |
= 00 E‘H o ____-i_
5-.5: E;ﬁﬁﬁr"ﬂi 2 E‘Eﬁ [ 1
SR E o 4 &
s 113 g, L T
E i:i s 3 W h‘;-_--mrm
80 & £ il _;_Fmtm - B
g o - o
7 14 21 28 38 42 I EE
Drarys of treatment Davs

Advanced Batteries Thermoelectrics

Solar Cells & Fuel Cells  Catalytic applications
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Lithium-ion battery
Advantages of Li-lon Batteries

| '
Cathoda [ &
= I,fﬁ_‘;L - POWER: High energy density

. sey means greater power in a smaller
}: .""’ }: LY ﬁ-‘ package. .
. “!: - 160% greater than NiMH
N 220% greater than NiCd
e 3 ‘ ' = L
.!..J{ =*1T'2e*  + HIGHER VOLTAGE: a strong
7 ﬁﬂ current enables to power complex
. mechanical devices.
e « LONG SHELF-LIFE: only 5%

discharge loss per month.
10% for NiMH, 20% for NiCd

Kang Xu et al., Chem. Rev., 2004, 104 , 4303. 28

Metal oxides as anode materials for Li ion battery

Transition metal oxidesMyO,+ 2yLi — yLi,O + xM

Advantages Limitations
* High theoretical specific capacity * Limited lithium
ex. graphite : 372 mAh g diffusion Kinetics
magnetite : 928 mAh g * Poor cycling performance
* Abundance and low price due to severe aggregation
« Environmental affinity and volume changes

M. Armand and J.-M. Tarascon Nature 2008, 451, 652 "
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Yuanzhe Piao
Now SNU
Y. Piao et al., Nature Mater. 2008, 7,°242.
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Wrap/Bake/Peel Process for Nanostructural Transformation
from FeOOH Nanorods to Iron Oxide Nanocapsules

’ LIB Anode

Multifunctional
nanomedicine

33

Hollow Hematite Nanocapsules
for LIB Anodes

* High surface area: Enhanced
Capacity

* Very thin shell thickness = Short
& lithium diffusion length; Fast
¢ charge/discharge

' + Hollow nanostructure -2
"¢ increased stability during
“ charge/discharge cycles

H. 5. Kim, et al., Efectrochem, Comm. 20010, 12, 382, 54
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Cycling Performance of Hematite Nanocapsules

% 1400
—_> a I ®  Fe, O nanocapsules
ﬂ-ﬁ 1200 - A— Fe O aggegates
E 1000 -

Capacity (mA
g

0 5 10 15 20 25 30 35 40 45 50
Cycle number

High capacity of 888 mAh/g in 1% cycle; 740 mAh/g after 30 cycles
H. 5. Kim. et al., Electrochemn. Cormm, 2010, 12, 382, 35

Galvanic Repacement Reactions
in Metal Oxide Nanocrystals

Galvanic comosion

Manganese Oxide Iron Oxide

B

In collaboration with
Prof. Yung-Eun Sung@Chem/SNUBioEng

= Myoung Hwan Oh, et al., Science 2013, 340, 964.
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o]
=

Galvanic Corrosion

= Galvanic Cell = Galvanic Corrosion

e N i N gy e i) + Cut™ e —= I (sl + Cedlel

 Corroded Coin: copper+zinc
o lonization Tendency of Metals '

02000 OORLODODOD
A———  e——
Active Noble

Galvanic Replacement Reactions in Metal Nanocrystals <

3Ag(s) + Au*(aq) — 3AgT(aq) + Au(s) Mechanism in mophologial change

s
EEEQ

B, ¥, of i Science 2002, 208, 2176

L Mo ol Nano, Leds 2007, 7, 1764,

K Jcalbaluol Al LznTre ] ta TsndrolH Jculhe Lagle Lo
A—— ——
Active Noble
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The First Galvanic Transformation Reaction in Metal Oxide Nanocrystals
. |

Mn, 0, Nanocrystals v-Fe,0, Nanocages

Radutive F i 3]
Dissolution el Standard Multivalent
M £ i risduction N pairs

r 3 J i : atertial

Mn(in)

Fe{lll)

Oxidative
Precipitation

Kyoung Hwan Oh, & al, Serence 2003, 340, Ded.

LIB Anode Performance of Hollow Fe-Mn-Ox Nanoparticles

Current density of 100 mA g

. ey ] B
= MF1.8
a0 | *— MF1.0 o
= MF0.B
R € + MFOS b
= 1300 L = M Fa 0, = 1300
= =
‘E VO e g PETEEIT I I L] E 1000
— - | e - Ll T — OO
= = 1 2
'5- 200 | '-.,_-. §. B0
L]
5 400 - 13 400
20 fu Pl ]
@ i i i i &

D 5 10 15 20 =25 30 35 40 45 80
Cycle number Cycle numbar

Good capacity retention High rate capability

hMyoundg Hwan Oh, &f al, Scrence 2003, 340, 964,
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Self-assembled
Ferrite/Carbon Hybrid Nanosheets
for High Performance LIB Anodes

Metal-Oleate Thermal Decomposition
Complex

L |

On Salt

D

In collaboration with
Prof. Yuanzhe Piao@CovergenceS&T/SNU

Byunqgchul Jang, et al., /. Am. Chem. 5oc. 2012, 134, 15010.

Mix/Bake/Wash Process for Synthesis of Self-assembled
Ferrite/Carbon Hybrid Nanosheets

Mlx Bake
Salt

Met.al oleate
complex Ferrite/carbon hybrid
nanosheets
coated salt

Wash

o
\Io

Ferrite/carbon hybrid nanosheets
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(a) Cycle and (b) Rate Performance of Ferrite/carbon
Hybrid Nanosheets

a) "= 1000

3 # 1o ! ! ; :

i Pl T

| - {1 T

- FERERE.

i : ' " ' y g 0 """"l'i*l'—l'iﬂ-r:-ﬂm"!—--‘!l—#-g
] " ::-ﬂ““:' &0 L2 L] L] mcﬁ;:umh:: 2% 15

At a very high rate of 5000 mA g', 81.5% of original capacity
was retained for the manganese-ferrite/carbon nanosheets

Byungchul Jang, et al, J. Am. Chem. Soc. 2012, 134, 15010, a4
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Using Ferrite/carbon Hybrid Nanosheets, the carbon
nanofoams were easily obtained

Lk
—_—

20 nm 8

Metal Oxide/Carbon Hybrid Nanosheets
for High-Performance LIB anodes

Removal of MnFe,O, Introduction of SnO,

S.-H, Yu, et ai., J. Am, Chem. Soc. 2015, 137, 11954, "
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Hollow Structure + Assembled Structure

= Fast electron transport

= Efficient ion transport

» Facile strain relaxation

a7

Characterization and Electrochemical Properties of
SnO,/Carbon Hybrid Nanosheets
TEM image 0

STEM image #an
i _.-._‘- -‘ _.:" -____.' b - ) ; .
- .‘1 i -- _:.- ._.-.- . E " i r -..__
: S e By Ew %
) - R T o
. T > .

Cycle performances 10| — ="
i - :‘*=-*‘_"“*‘“'°'*"”_""f“"“’:“":f“"‘“h ng
d"]'iﬂg gjﬂ ‘:ﬂjﬁ! § ﬁl..:m—:l:l_': : : Pl sebon sasolman OGN 102 2
E:,_.\_-""-I— : | Terimanscons S, rarimin teren (30Tt :-‘:I

[ S8 T

Two-dimensional SnO,/carbon hybrid nanostructures exhibit <&
high cyclic stability during 300 cycles (~ 6 months data collections!).

SeH Y, o il S Am, Chemn, 5o, 2005, 137, 11954
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KAIST NEST

O|XIHx|2| ix{} Of2H

2015¢ 118 21

s A
Flo|AE, EEWS CH&HH

1. Battery Basics
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What is the battery?

A battery is a device that converts chemical energy into electrical energy.

= AW
slecirode
| ;

External power

What is the Li-ion battery (LIB)?

Fundamental Mechanism: Intercalation Chemistry
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= T

]
Ho
0=

ShEATILE

Cell Configuration

Disc e

Ehectrolyts  Sfsaraiod

@ EhaCpron i Li-ah e finaktfbly 88 Chieging

*Energy, Power, Cycle Life, Safety
Material for each Component & Relations between Components

Various secondary batteries vs. Li-ion battery

Eretgy demsiy W h 1Y)

400 .
30
Toward Lighter or Longer Use...
200 = [rreversible Technelogy Trend
100 At the same time, Cost and Safety Issues
L Lightor waskght.  —— J
o 50 100 150 200 250
Energy density (W h kg ') { Matowe, 20a1)
Mickel metal hydride Lithium-ion
Advantage “-" “._..rm"m: Hiph smeagy densily (High vollage, 5.7V
Lorey o (8 v mal clim haages rate | I Smiaaih |
ﬂllld'-rmhg- Hig®i Sl didi g Pubrged Fmts | DL Amaenth | Lioys mafety
Lo eycling afc ey at Figh e g ratus Higih ot
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Secondary Battery History

= garly 1970s : First lithium metal primary battery (LINCF), . 2.8 V vs. LILI)

= 1876 ; First lithium metal secondary battery demonstration{Li'TiS,, 2.1 WV vs, LVLi*)
= 1980 : Discovery of LICoD, (3.8 V vs. LilLi%)

= 1981 : Application of graphite to anode (SONY): intercalation compounds

= 1991 | Commercialization of lithium ion secondary battery (Hard CiLICoO,) (SONY)

Optimization of Intercalation-based Materials

Future direction of battery technology

- "‘!hl'l.'lnlllrm | ;
JUMP! A = Higher power capability f __Lenum, Lisnir

= Enhanced safety ' }

E = Mew chamistry
Fack-based : S00~T00 Whikg (Expacted) |
p— T— reak-through
—— [MmmﬂUmMnhnﬂm
] I Pack-basad: ~175 Wihikg lg-'lnﬂlmmﬂllhhllld tﬂhnﬂi
e ncremental L
* BillconCverihiated cathade: 238 Wivkg

Living in the LIE era, rumm state (2012) 1

Pack-based: =120 Whikg [graphite/LCO)
However... =430 Wik | graphitafbiiis

KAIST 8 NEST
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Current Anode Materials

* Commercialized carbonaceous materials
— Major anode materials for LIBs (Soft / Hard 7 graphite)

Graphite

= Low crystallinity
= Facile Li-icn diffusicn
= High rabe capability

= The specific capacity of carbonaceous anode: ~ 370 mahlg

= However, For xEV applications,
the specific capacity should be improved !

= NEST
= c = T
Future Anode Materials: New Chemistry
Si is the very next material!
& %000 F
§. i Lig 058 j Liy 4Si ‘
E 1 i 0 ;
u — m h!fll-l‘hE L L] LRl LLELLLERAL LR LI LRLLLE: ll-'fll-!fI!-!fl!-!'!'ll!l-.!!l!-Tfl!-'!ll-!f'
£8 Limetal .~
s
2 E 000
=
» % 100 2000 a0 4000
Specific gravimetric capacity (mAh/g)
NEST
=50 =

KAIST 10
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Current and Future Cathode Materials

High waltag

Mot dogsd
LEO High capacity
(M = Mg, Al)
LiNiy5CO
ber ) EEEEEEEREEE i EEEE
LiCo0; Low Lost (NMC) High capacity
ik High capacity High Voltage
LiNiy :Mn; ;0
Low Cost LIMngQy ~--=---=c==s==== ;5 'nei.s -
High Safety High capacity (S ..ll
High Valtage
Lo Cost
H'ﬂh 53[1.” LJFIFﬂ. -----
High ‘Valtage
- (=4¥)
-.-""'l'--|-l'l'-l...._._I..Illll.‘I LI?J"’ES;G;
High Safety ¥ M= Fe,Co)
KAIST 11

New electrochemistry of batteries

KAIST

12

intercalation chemis
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2. History: Legendary Scientists

World Map of Battery Researchers (Cathode Area)

HarsflWialedon
| 5
o gaAT LI b T T e
l X ——
= &
£ = E S .
- ’
i I |
E *

& Eannodl Toseen

Great Intuition
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What We Learned from History: Importance of Basic Research

v

Original Patents

| Anode: 2D Graphite ]
Irsrrioen sorrgeu=d ol graphsle md b orge ed
= amd aiaa 1 o rmasa
In 1984 _‘_'_"""'_ --.'
Yazami R . —
CHRS, France -'l"_r'::'r'“' S ——— - _-_ e

{from University to Industnyg)

All commercialized after ~10 years

L¥ Ml n

| Cathode 1: LICoO, 2D Layered

T RN HEAMC AL LWL WITH SR
In 1980, FasT "
Goodencugh
Oxlord Univ., UK

1 lrrmbes debm B b
e e

[ TS PR
Nl sl 11 %, ol W 1T

EF. Ehgiaay

I Cathode 2: LiMn O, 3D Spinel

TE O ELII NTATE COLL WWHIEEETS sl okl

In 1983, T A Satiie
Goodenough L R

v Sediriee] Bl Thalierwy . Fresaes,

Bt A E i et B Loemlmemgh,
Thndiemsl, Bngiandd

Cathode 3: LiFePO,; 1D Olivine

LATHHE WMLUTTHLALS I SELITSBEHY

Oxford Univ., UK

l“ 13“. ENL A SRR LITHN Y RAITILER S
Gmnwgh R P S R R S ——
UT Austin, US ;t:"...;.&_'.._'“ t":'._ v e

Summary of Cathode Development

Main stream in battery research

v Importance of original patents

v

v

One genius can change the field

Hope that ‘next Goodenough’ comes out from Korea

Other technologies are also critical (separator, electrolyte,

etc.)

16
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Better Batteries

Higher energy density: longer use per each charge
Higher power density: better acceleration (for EVs)
Longer cycle life: longer life time (1 year vs. 5 year)

Eﬂfﬂw: never catch a fire!

Form factor: towards flexible and wearable

LIF

3. Wearable Rechargeable Batteries
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Wearable Electronics

Google Floss.

ﬁ § o v
= Biustasth

(g1 ik 2

oart rl:mllwf
O O Cietst flloj2iE 7171 EA

O

QLS M3 7|g M7

O
ﬂ O S2HAE & ojux] 2= (Mgt 51])

I-wakch

Google ehoes

Gialaxy gear

- Available

Basic Structure of Li-ion Battery

Cu Current Collector

s Anode Layer

~___ Cathode Layers

) \ n____&l Current Collector

Basic Structure of Commercial Li-iomn Battery
= Metal current collectors transport electrons to the outlet.
. '[:'ﬂl'_gl' Li ions can pass through separator (Electric insulator).
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Available Approaches for Wearable LIBs

Current Approach 1. Thin Film Batteries

Bendable Inorganic Thin-Film Battery: Vacuum-based Sputtering Process

k. r
- Limitations
= Small Bending Tolerance
= Low Energy Density
= High Cost Process
= Li Metal Counter Electrode

=== Machsanical nautral plans

Neerver Levr. 2002, 12, 48104816
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Current Approach 2. Cable-type Batteries

Cable-Type Battery Based on Hollow Multi-helix Electrodes

Packaging Insulatar

-~ ",
o N 3
oy
L
T
= ¥
. =
. ™ o
. -
N v
. .
® .
. "
& *
. .
", .-
- .
w, "

Vv,
Limitations

= Limited Enargy Density

= Complex Fabrication Steps

=  Cyclability

Flaxible Cable-type Battary

LG Cheme. Adve Maver: 2012, 24, 5192-5197

Current Approach 3. Free Standing Electrodes

Flexible Free Standing Graphene-based Electrodes

m-

S50

bout -
120
I
L2
an
R i,
Limitations
= Low Energy Density
= Complex & Expensive Process

= |imited Mechanmical Toleranca

PNAS 2002, M3 L3, 17360-17365
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Current Approaches 4. Stretchable Battery

Stretchable Battery Integrated with Wireless Recharging System

- e i - e

vLin'lit=3.tin::rrus

» Limited Energy Density
= Complex & Expensive Process
* Hard to Scale-up

Martrere  ewvrnererr, 2013, 4, 1543

Vulnerable to mechanical stress
LOow ane rgy densit ¥

Cyclability

[__l"ll'r'lr'li icated fabrication sts ] £}

Complicated & expensive process
Electrolyte leakage
Lithium metal counter electrode

7360-17365

Fature Commun., 2013, 4, 1543
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Current Limitation of Li-ion Battery

« Low Mechanical Stability of Metal Foil
= Loss of Electrical Contact / Ripping, etc.

Vs -

Al Faoil = When crumplod

VTha Right Strategy Should be....

« To switch the current collector with flexible materials

» To switch other battery components to support flexible motions

Research at KAIST
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Required Properties of Wearable Battery Components

/—\ (1) Substrates Should ...
r " + Be Highly Electric Conductive & Flexible,

Stretchability

+ Have Mechanical & Electiothemical Stabilities,
g

(2} Binder Should ...
= Hawve Good Wattability & Adhesion

Flexibility g:;ll-l:; « Be Electrochemically Stable.

b

Mﬂ} Separator Should ...
- Have Good Wettability & lonic Conductivity.
- Have Thermal & Elecirochemical Stabilities

(Short.cireuit free)

First Target Applications of Wearable Textile Battery

The First Target Applications

The Textile Battory is...
= Applicable to Various Porable Electronic Devices
= Adaptable to Existing Cell Assembly Line

Newnes Ferr, 2003, 13, 8753-57681
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Conductive Textile based Electrodes

Basic Cell Configurations

= Mickel Electroless Deposition (~0.35 [i/sq)

= Conformal Coating of MNi
Yarn

W = Textile substrate gives outstanding mechanical strength

composite  with high surface area.

Nano Lere, 2003, 13, 5T53-57h1

Mechanical Tests for Textile Substrates

* Folding Test
o Conventional Battery

Flat foil Teatile

[

Eld&irads

EEHTIpHERIER
LErcken

—

Lol Componants after Folding Test

= Electrochemical Stability Tests for Textile Substrates

o = oy
‘! & Sl b e | P g | L Pl -r .: o bl P e L
= = 4 .
i: B v

[ ] ‘_:

= o “'_': s The Ni-coated textlle substrate can...
.E = T 5 "1 i + Releass the stress dus to its 30 strocture

B et e B+ ™ - Stay stable in Li-ion electrochemical environments
- Anods Ragion - Cathods Ragion

Nerne Ferr, 2013, 13, 8753-5761
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Polyurethane as Binder & Separator

- Superior Adhesion & Wattability
compared 1o PVDF

After 100 =

PU as an Electrodes Binder

= PVWDF = Comrmarcial LIB
Binder

Contactange/*

5868833

Peel strenggh | Nem!

RAAR AR

100 AT &d 4% X8 OM0
PR ratio /5% PVDFFU ratlo | %

. Superlor Thermal Stabllity & Wettability
comparad to PE

PU as a Separator Material

E PE = Commercial LIB Separator

Newme Pedr, 2013, 13, 5753-5761

Electrochemical Performance (LTO // LFP Full-Cells)

= 1% Charge-Discharge Profiles under Folding Motions

Poberstial ! ¥

R poiobdbing om —Hﬁhﬂ
B 20 40 80 80 0 1m0 & I 40 60 B0 100 LM 0 W0
Specic capcty | mdlg | Eipocific Capacity | mAhg |,
- Taxtiie Based Battory - Foll Basad Baigery

= Rate and Cycling Tests of the Wearable Textile Battery

Newnes Ferr, 2003, 13, 8753-57681
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Solar Charging Capability

= Wearable Textile Battery Charged by Solar Cell

KAIST

Wearable textile battery

T e e Ll 1]

- Toxtile Bathery with Solar Lharging

Battery discharging v
¥ Textile Battery is...

* [miegrated with flexible solar cell

« Wall charged by solar enargy
» Rechargeable anywhene

Mo Lere 2003 13, §753-5761 Collaboration w' Prol Jumg-Yong Lee

Wearable Textile Battery Embedded in Clothes

Front side
LED

KAIST

Single 65 ~ 260 mAh
1.85V
6 x 15= 90 cm?®
5 -~ 20 mglcm?

Nerne Ferr, 2013, 13, 8753-5761
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Wearable Textile Battery Strap for Wrist Watch

Single 20 ~ 30 mAh
185V
1.5x7=105cm?
15~20 magfem?

Newme Pedr, 2013, 13, 5753-5761
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Target Applications of Multi-Stacked Wearable Battery

V The Multi-Stacked Textile Battery is...
' = Applicable to large scale applications (tent, blind, military, ete.)

= Improved energy density & output vollage,

S Marer, Chew, A 2004, 2, 10862 - 10868
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Basic Concept of Multi-Stacked Wearable Battery

From Single-Cell to Module

T Entire modula
. A3 N - e, Tiatks Balleny

=

M The Multi-Stacked Textile Battery ...
- Congists of 2 sheets of cathade & 1 sheel of anode for high energy density.
+ Additional degrees of freedom in module design (Violtage, Capacity, etc.).

o Meter Chene. A 2004, 2, 10862-10868

The Effect of Woven Method on Electrode Stability

Structural Changes during Tensile Motions

- Leosaly - Wowen Taxtile substrate - Firmiy-¥Wavan Toxtile aubskrata
e Phrimirar LE el o1

F.

Ay
g ra

—~ |
o 7 3 1 -
Elarggtion (%)

Loosely-Waoven Finely-Woven

B
Loossly -wowven textlle subsiraie can

riabicage the atreas more afficiantly Sormgan
S & 1o finely-woven textile substrate

o Mg, Chere, A 2004, 2, 10862-1 0868
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Far Future: Integration onto Skin

Inspiration

Gesture command: Iron Mamn
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Background

What is a structure of the skin??

/—/"

Background

What is properties of the skin??

——
o =
-

& i

i race carfinm viaw

_Hrq&%% Epidermis (&HI]) Dermis (FI15])

Table 1.1: Summary of in vive measured Young s moduli of the entire skin.

method Modulus [MPa] | test region reference
tensile Ej = 20 leg Manschot (1985)
E, = 4.6 leg Manschot (1985)
torsion E = 0.42 dorsal forearm (<30 yr) | Agache et al. (1980)
E = 0.85 dorsal forearm {}'m }rr] Agache et al. i:l’ElEl]:J
E=1.12 ventral forearm Escoffier et al. (1989)
suction E = 0.13-0.26 various anatomical sites | Barel ot al. (1995)

indentation | E = 1.99.1072

male thigh Bader and Bowker (1983)
E = 1.51-10"° male forearm Bader and Bowker (1983)
E =1.09-10"% female forearm Bader and Bowker (1953)

Nylon: 3,000,000 kPa
Rubber: 10,000 kFa
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' i
R T e

(MR

urWW

a3 46 @ 1215

DOR)  OED MM

s T

® Ly
- — 1.4
Zag r' = 42
[=E) =K 2
thend mmaskiing o &8 16 24 33 02 4 8 B 10
[, i e Tirnar (8] Tiena (8]
[ n | [0 | i |
| |
I 1 I i
i [ S P L
nidke-Lemsicke {magh moticn
= “.I:ﬂl i ||1-|;1 B |'|.|Ib 3 |l_i;\
Timsiis)
Material Search
Starting materials for a skin battery case
Before Intermediate After

Epidermis (&L]) Dermis (ZII])

Modulus: 140 — 600 kPa Modulus: 2 - 80 kPa
Thickness: 0.05 = 1.5 mm  Thickness: 0.3 -3 mm

Ecoflex(Z|&E&E 12):10- 100 kPa
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Material Search

Making smaller thickness - Why?

Young's modulus (E)
tensile stress
E= —

extensional strain

- T () rﬂ.,
 ALfLg =(AcDL (AoDL
Eis the Young's modulus (modulus of elasticity)

Fis the force exerted on an object under tension

A, is the original cross-sectional area through which the force is applied
AL is the amount by which the length of the object changes
L, is the original length of the object.

Meatal
I === T 2 T e

M"’:‘;‘F’,‘; 140-600 2-80 6Ox10° 117x10F 130-185x10° 14-103x10° 10-100

Smaller Thickness == Smaller Force

r1|:]

Skin-adaplable batteries still require new materials for all battery components including
Casas.

Thin Flexible Batteries: before Stretchable Batteries

First Target Applications

Health care Small IT device
FX0 U] T - F =l W rinkde smoothing patch . ME

.ﬁ.ddltlnnﬂ
b.uttnﬁun

"‘\-J.l
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Thin Flexible Batteries: before Stretchable Batteries

How can we make thinner? Beyond Co-facial Structure

Co-facial geometry batteries

Upper pouch - Cross-section > .Cu foil scaia
Wacuum sealed m;.mrﬁ e GOy
Lowsinr psisch Eulhndi composite
1 . e . R . .

Cumpmnh-- 'l‘l.l'ﬂl

|

TInliIu ll:l'l’ll

Maotion i
= by Irietienal Terce -

by frictional force -

Compressive stross :. -

Co-planar Structure (Thickness < 0.5 mm)

Anode/Cathode on the same plane

Interconnact

3.7V 3.7V

Co-planar == Thinner &Better for Bending Motions
Pouch Inter-electrode Barriers

Noree Levt, 2015, 15, 2350-2357
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Bending Tests

Name Lett, 2005, 15, 2350-2357

A §
| : ’ -
|

Mechanical Stability

k &
Medical Patch

Nane Lett. 2005, 15, 2350-2357
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Wireless Recharging Demonstration

Hxt7 |8 24| & Solar Charging

i

Moo Lewr, 2015, 15, 2350-2357

Bevond Watches

Simple & Versatile Battery Technology

=] Hq - =

outdoor clothes Smart watch =3
health band EEE outdoor

building

2 ,-:. " i display, etc,
4 | g : | P w
beats — :

solo P—
military
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Thank You for Your Attention!!!
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| ‘r:"a-f r.u::um
[ZI=2HE 2 SHEH 3H =38 F£38 211
1990l CHH| 25 27} world GDP ®#}

| 2°C 0|5} CHCl== 7t 2% S Ul &
(2 8 Mosk 27 M E)
2°C 04+ 3°C 0| b S A FEE AE ST

| 3°C 0| HeE| WeE G947 SHE & ol

(Smith et al, 2001)

2L}, 0|2{E FIEES X SHEIE st ST 7S el & A
CHE chgx| =s3in 28

$1  Previous studies Sern Rewiew
o
Stern(2006)2 T3l U= 24 E HHY o [
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Now (AD 2015) we are officizlly in the “Holocene” (Epoch)
C Quatemnary (Period) < Cenozoic (Era) = Phanerozoic (Eon)
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lar Brrkinle

Welcome to the Anthropocene
“Humans have changed the way the world works. Now they have to change the way they think about it, too.”

= The Economist, May 26 B0

Anthropo, meaning “Human”
~cene, the standard suffix for “epoch” in geologic time
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The Earth s geological conditions are profoundly
altered by human activities

Becoming a popular scientific term used by
Scientists, Public, and Media
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“The Holocene has terminated”
= the "Anthropocene’ Working Group
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Defining the Anthropocene:
“Mternatives” to the current geclogical time scale !
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igure 1 Lewis aad Miglin (2015
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Scientific justification: B guren 0 cucm pwes 13 i
"GSSP, Global (Boundary) Stratotype Section and Point” eg. ( . o nr::'l Py

Formal definition for the base of the Holocene
“1492.45 m depth with in the NGRIP ice core”

Fiure & Walker et 3L Q00T
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Tor T turm 0

An early start date? It may ‘normalize’
global envirenmental change.

W0 G000 RO 1000 G000 SO0 4000 1000 ZOK 10X 0

ei—

Figure 28 and £ Lewis and Magtin (0130

A later start date? Historical ‘responsibility’
for C0; emissions to particular countries.

4 caq

p 63
e

-

]

Bl IGO0 1600 1gd0 B0 G0 006 S0
Caloreisr S
Figure 2 dnd 25 Lewisand Mashs [2013)
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Anyway, the formal establishment of
an Anthropocene epoch means .

The human epoch
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Soil, vegetation,
biodiversity

THE EARTH
SYSTEM

Cryosphere

ice & snow

Atmosphere

chemistry

Volcanoes |

I

The human epoch

Official recognition for the Anthroporene
weteld focts minds on the challenges fo come.
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passive observers of
Earth's functioning.”
- Lewis and Maslin (2015)
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Figure 112525 IPCE C2013)

(rganic carbon stored in permafrost
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Unknown mechanism?
e, Permafrost Carbon Feedback
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Northern high latitudes

ocserved D iribetion of permerosd hpes

Permafrost (Y1EE)

"ground that remains at or below 0°C
for at least 2 years continuously”

High mountains

Active layer (&52)

“near surface layer above permafrost
which thaws during summer”

Cepliruce [ [l Sporadc
Terrdvcal]  soakd

Antarctica
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Time series of mean annual ground
temperatures at depths between 10
and 20 m for boreholes throughout
the circumpolar northern permafrost
regions.
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Atmospheric

GHGs

GoU

Global warming

‘ Permafrost thaw

and GHG emission

Atmospheric
temperature rising

More permafrost
thawing

More GHG from
" permafrost!

=

More warming
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Permafrost carbon ~1700 Pg

Two times larger than that in the atmosphere

Who knows how it will happen?
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Why do we study history?

Histur',.l is important because it helps us to understand the
present. It we will listen to what history has to say, we can
come 1o a sound understanding of the past that will tell us

much about the problems we now face.
= Dawid Crablbree

Paleoclimatology: pales-, “old-" ar “ancient-"

climatology, “the scientific study of climate”

Understand Change: studying history al.ows us a lock into
what causes change. The events leading up to beth Werld
Wars help us understand how a small event can set off 2

large series of changes.
= Kby Marcus

meEre &'%0
(™

Hyrd OO, Byrd 5 "
| ppni ]

Gpal Fx
W

R (i)
Figure & Andiersen et al. 00T
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“Two billion years ago, cyanobacteria oxygenated
the atmosphere and powerfully disrupted life on
) . earth, but they didn't know it. We're the first
Eﬂrth SC|EHCE r) species that's become a planet-scale influence
and is aware of that reality. That's what

distinguishes us."

= Joseph Stromberg
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<+ Ocean circulation is in reality a very complex system. as the flows are
not steady in time or space to redistribute heat energy.
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| hey are turbulent flows that show variability on largest scale of the
ocean basins to smallest scales (1.e. ENSO, PDO. NAO, AO...)
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ENSO (El Nino and Southern Oscillation]

<+ ENSO iz an irregularly periodical climate variations in sea surface temperatures
over the tropical eastern Pacific Ocean.
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Global temperature anomaly withco, &
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Radiative forcing?

I. Long rerm : Solar & Anthropogenic forcings

2. Short term : Volcanic forcing

r-~~Lr=s r =y 8§

Section 1

I. Contribufions of selar and greenhonuse gases forcing during the present
warm period [Lim et al. 2014]

2. Threshold eof the velcanic forcing that leads the El Nifto-like warming in the
last millenninm: results from the ERIK simudation (Lim ef al. 2015

r-=f y=& r r="§ 4
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Result

ERIK forcings : Period 1000-1990 AD

: L . S, e N iV
T ]-"] T T TN 1'”' I ]
3 | ==
: =.:'!'|_f4'||-|l""“““"'"",\"‘,b‘~""||l - - — = A '.'ﬁ
g € T“ oy "yﬁ'"fwr'mﬁ,w-ntﬂ#““"w“r v
T S " POsSTECH

Result

MWP vs PWP Linear regression (excluded volcanic event
Prezent Warm Period
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Result

Pre-industrial vs PWP Linear re
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Conclusion

+ Bwvanalvzing a millennium simulation of a global climate model and global climate
proxy network dataset
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Section 2

I. Conrributions of selar and grecnlionse gases forcing during the present

warm period fLim et al. 2014f
L™

2. Thresholdof the volcanic forcing that feads the BT Niqo=-like warniing on th
fast millennium: results from the ERIK simulation [Lim et al. 200 5]
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Result

ERIK forcings : Period 1000-1990 AD
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Volcanism

Robock and Mao, 1995
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Result

SST Cooling and EP warming with volcanic events
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Seasonal composite at volcanic event over 15W/m?
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Volcanic response over -I13W:sm-<(15 cases)
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Discussion

External Radiative forcing?

I. Long term : Solar & Anthropogenic forcings
» The important contribution of selar forcing forcing induce the GMST

2. Short term : Volcanic forcing

s Disterbance possibility of natural variabdity like NS0
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ERIK simulation? (Min

et al 200

5a, b)
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Mechanism

V. Loon et al., 2007 & Meehl et al., 2009
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ERIK uncertainty
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Future work : Multi decadal time scale
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H13| 223 AYE cf=H=)d S MH0|LE HO2E 83, 201508 118 218 (E)

Air chemistry is a branch of atmospheric sciences in
which the chemistry of the carth’s atmosphere
(chemical composition of air) is studied

(http:/ | en.wikipedia.org/ wiki/ )
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WHY DO WE STUDY CHEMICAL COMPOSITION OF AIR?

© LOWG.RANGE TRANSROAT OF AEAOSOLS AND GASES
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N,+O->NO+N
N+O,NO+0O
at T>1500°C

CHt1250,...(+47N,) —» 8CO,+9H,0..(+47N,)
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Graund Level

Uzone Formation NGE + hu — ND 4 U{?P}
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Pollutants "bake" together in
direct sunlight foerming czone.
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LHCRL SEcELROY AND WARG: EMISSIONS OF o0 AkD N0, FROM ORGANIC WASTE I
(a) Period: 1000 - 1850 {b) Pariod: 1850 - 2001
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Oi7|=tetol =2 F Ty

Air chemical composition change

Chemistry
Anthropogenic/ Microphysics/ «Energy .
natural Tlu'm-.:rt -Transportation
g «Food
emissions 0
«Land Use

= Climate Engineering
= Governance/Policy

I A+0H— XD +B

1 Climate
S0, MO, NH, VOCs ﬁ
Hurman health

e R i ‘_.Immml

H I I ﬁ Wet/dry deposition

,@ . Atmospheric Chemistry Modeling Group

Sustainability Connections
Individual 'Societal Choices

Intermational Global Atmas pheric Chemistry (IGAC)

7 % School of Earth and Environmental sciences at SNU
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Waterloo Bridge, Cloudy Weather {1300) by Claude Monet
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the tipping point

it gets easier from here, and
if you hit another hill you've
a lot of hard work got some momentum behind you
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Pathway to limiting global warming to 2°C

A4 T L L T L T L] L] T T 1 L] T
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110 =
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200 =
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1.5 e

1.0 |—
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M LTS —

Tempersiure (C) relative o 168901910

|
I
0.5 i
[
i

L]
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5 b -

1500 1930 FiLLH S50

* Reduce CO, by at least 50% before 2050.
= Reducing BC (Black Carbon) may be fastest way to slow glebal warming.

Components of the Climate Change Process

Natural Human
Influences Activities
(&g, Solar, Volcanoces) &g, fossil fuel, iIndusury

Climate Change Drivers ]

(GHGs, Aerosol, Cloud, Sclar Irradiance)

Mitigation
Process

Radiative

Biogeochemical A
feedback process Forci ng

Climate Perturbation and
Response

[Globhal surface temperature, Extreme
wiaather events, Pracipltation, ...)
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Components of the Climate Change Process

>| Human Activities

Land Use & Cover Greenhouse Gases Alr Pollution

=g Irll'..ql'.l.l.qllnn:i L g LA jm g, HisrE Caabhem, L)

Radiative Forcing ™ Science-based information
Mitigation {Local, Region, Glabai) from : n-hsan:iuti-.?n and
::P modeling studies is a must
for
Adaptation Impact Assessment S Chirarkerich ey Do
(Ermt s S el Mt 4 +*Narrowing the uncertainties

= Quantifying the climate impacts
* Developing nowvel metrics for

"'I policy-making

Decision Making <

HolLg

Z2 D3 35 &3 Al

- ol

Where did that Palace go? X& Ll

Chinanews.com
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Ol Ml ™ X| (Particulate Matter, PM)

€PM25s
Combustion particles, organic
HUMAN HAIR compounds, metals, etc.
S0-70um < 2.5 UM {microns) in diarmeter

(microns) in diameter

& PMig
Dust, pollen, mold, elc.,
10 UM frrvicrons) in diamester

90 UM fmicrons) in diameter

FINE BEACH SAND
image of e U.5. EPA
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Mumbser of Vehicles {10°)
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HIILESE2 JIF B

Direct and Semi-direct Effects Indirect Effects

More Reflection -~ More Absorption
Column
Effects '
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Less Radiation Less Radiation | Less Radiation
i i heatin ' ' . Radiation &

Circulation £ | L - |:l‘> o
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“Less Convective General Circulation Change

Activities Mansoon circ. change
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Atmospheric Brown Clouds (ABC):
A Climate Mitigation Journey that began in 2000

u
ﬂ {Eﬂ Integrated Assessmient
of Black Carbon
and Trogrespheric Orane

Sairvaiany” W et hlalosrs

ATMOSPHERIC
@ BROWN CLOUDS

Preliminary Assessment The First Impact Integrated Assessment of
Report (Aug 2002) Assessment Report Black Carbon and
(Nov 2008) Tropospheric Ozone
(Feb 2011)

http Jlwerwccacoalition.org

W TER L &S G ©

Trama L F et o [ ! Cociwiowss Ageruluns e Fraws asypmsnty  Likboan ldepss

- Short-Lived Climate Pollutants?

Shart- . SCP
l:linﬂ:wdmm +m-ru-tn-un b . 0O @ IMPACTS

Mixar torrm miporm b matgpton IPICTT | MTIEATON ﬁ

Long-lived Climate Pollutants

Lowrigaer Bartr res e | et
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Hit 3 powmyriul climate forcer and dangerour 3o polatast

* Recently identified as #2 most important climate furcinganent-
* Associated with asthma and other respiratory problems, heart attacks and lung cancer.

HIIL2Eo=ZEE) JVIF 21t

Componants of Fodiative Forcing

oo ! Non-CO, climate warmers
i =
O - Contribution to 2005 forcing
3 |mo — relative to CO, (1.66 Wm-?)
MFC—PTCs—5F, [ St )
g R R R b e MR E A il Greenhouse Gases
E Ozone (troposphere} 200
_E Methane » 30%
R et e Halocarbons 1 20%
i i Particles (aerosols)
3 et . + Wack Carbon Black Carbon : 27% to 55%*
_E - | Drgonic Carbon [(Soot/fsmoke)
-E | Einarol [t
3 : e Total Non-CO, :97% to 125%
| oy | L]
J, ': R ST A - Al pumbers cxcept the red are IPLCC values.
r-E. i : - Long lived M40 not included.
by i o e M. * Famnvamnathan sl Codmbchael, Natuee Geosolesce, 2008,

= o j & n

% = b -
Flafstive Fescing [W o™ [domce: IPCE-A03)
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Global distribution of BC sources and radiative forcing

Park et al. (2010)
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Unmanned Aerial Vehicles

AL Y
Research T -

Aprocol Concentration and Distributlon
Incoming & Reflected Solar Radiation

& Conceniration

« Wingspan = 2.7 meters
= Cruise velocity - 35 m/s
= Scientific Payload - 5 kg
Flight duration - 5 hours
Ceiling altitude - 4.5 km Aeroso] Concentration and Distrifeuticen
« Autonomous (Manual) Launch and flight with DGPS e iy Backacion

= RadiofSatellite communication link

Courtasy of WV, Ramanathan
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Ultra-light Miniaturized
UAYV Instruments

Op tival Particls Cownter (00 gf <

Condensabon Partiche Cowter @70 gl
Mosc; 03 < By < B mm

P Mg B> 3 nm

Asrosal inlet & mpliter (150 g)

=¥ unipiased aerosol sampling Clowd Droplet Spectremeter (1.4 by

=¥ dirtr. 1 < D < 30 mm

T/RH probe (30 g)
=¥ Temperatura & RH

-— .

Gt probe (00 g) B wdes comers
[ZE0 g = vurbulente & oloud
tangeting

Pyvoncmeter (150 gl PAR rediometer [45 g) LW probe [450 g
= jrradisncs 0.8 = LB mm & prradisnca 430 = TOI Am = Clowd westnr g m'")

Cheju ABC Plume Monsoon Experiment (CAPMEX)

ey

td;i-ﬁpul-: Airport
i:"'l'lasat-‘.l.: Aug. 9 -
. i

The campaign was in part motivated by the mitigation of pollution from
Beijing and surrounding areas during the 2008 summer Olympics.
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Atmospheric Radiative
Heating/Cooling Rates
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