NON cviUBr28uM NMacRotco P ComPuex afzsr

NAMJ A-'DJE'C"'NES

NON. EQ WE 'L TAU ALruT OQUT of €
’agmam-'ts

SoNe-t;MeS

QUanTM: Weu ... T'u &0 flom oWUssfcac TO
PuaNTIM  Racu L FonTH
NOT So Mamy Diffenen G<, THovéH
T 'u HE6HSHT THEM

MAcnode : VS. Sl PanTics. Man - 5@’
THenModyAl UMIT  TMPoATANT =
LAW OF eB8N6E NuM DENS

STAT 'Pﬂas,

CoMPEX : Haap, AOT EASJ = MNTeEneEsST/iG




‘Ranl

41_ TANTLORUCTION TO STOCHASTIC
PROCESSES

o [(AnBEMAN EYS.

qusTiFcatioN
ONGAAL — GENENAL
EXTENSINS
APPUcCAT/ONS
18+ tecr.
* Folkkel- PlANCK -
* @en. FuncT.
nd LecT-

od - CoNE TFEAAES ofF MAeRsSc.
SysT.  TuUT of ep.

3d =T



CloseD vS. oPen

sd: T SJ.ST

Sunlovnéd;we S
ENVIROAWMENT - BaTH

Cuass.  NoTATion

= =)
€= H [3>g.,/>,§)ccs'r. E Fwcrvares
Nla = oMER CowSenVeDd ExcranGeT ‘7/
QuanTiTiES , ed MONENTUM, Bat™ Ao N
ANG MoMewTum, ETT. od SoMERHNG ETSE
Micr0CcanonTCAL Cdnnnncac
L W AT 72U G4aN . CANDNYCAL

ABour THege AT
Atso Veny INTe RETTING 2



EPUIL B2fuM MEZ Supes

M/cRocamonfcac -~ CLOSED

Ne
RACAD B RYC LEEALIDY

/&'1

N ¥ o Moriow I/(3§f,§!) Pt Ne dTu _o

I

flf,,[o) THEM fwirid.  VAweS
/

cCanonicat - ofeA A

- T % TOWA)

?[3;..,?})3 4 (4 re




_gam mrcs

CloSed
NEnNTON ~ HAMILTON cease
. E ) ) ol 612 : "
oPenN

LanGerin CNEE OISy TNaJRTORIES
o) J)

MSR -JD EENTNATING FINeT TNAT.

LindBLap &R. masEn €p. Fop §
SCHwWNGEA - kazgl S CloSed nMmEe PaTH WwWim

 Tafuedte  FuneTionate AN GeN. TUNCT
Gen M - Ip

A9 omi'w 4




C))U»Ofb fN
@ WATETL Blown § EXP
. Fous
AUWVE o/ BERTH
- MANJ Ma ColN'svonNs BTW wWATER

MOEWILL & cowsio AN umMT T/ME
C MeagulecMenT cwtk-,ej. 1sec™)

- EHecTs @ TFArToAa X avise



atenuanon :
()

P

Sy
¥ \,

e a0
AU Y dJecTo

TiRT.
THEY SHaNE ST
sUT ( ki

Propen-i

SO0 THAT




m LR _
X F‘W‘V de-'
= - 'zg x o+ S &  pRANooM
A ce

\ FArcriod Coeff

WU SLow DOWAN THE

PART

— Danpom force

S Saussian | WST /vseD TO W

ANEN
2 CORA2 . 4] "n'mg

CHoSenN 80 THAT -




INH)HY —— 0 PN6eT i-C.

mZN2(E)> —o kT EQWPAAT,
L4 2 AT AMBLENT
TeMP
C Sk))=0 E24 e gy

cSHSH)> = 2f ke SH-t)

Avent LoV means oel RePeTition
of ExP.
TMPOATANT:

@ Sepaasrion o TMe Scarss

PATH MuCH FASTER THan ST
o SePdderion oF < 2€v
BATH MUCH  LAGEN THad SYsT

we uUse lanéena =9pC o« v«az‘y F caseg
wiyg 7 ! g



Jusrificariod oOF  NorSe / OSSP. N lLaeéer'N &P,

CLASSICAL  LANGEYA . 2RowWNAN MoOTTON, THEN CENETL.
LMeenn ~ 1900
PEEN L MNORE Genenal

Mobdel of :”:T Hsds'r BuT 40
Moter of BATH & CovPuAdG

‘PHononlS , SMPesT  ‘aea
HAAMemE OSClUA7NS 2 unFAR  COoLUANG-

No
- = _-;r_} . Mz %2) d=1
2} as= 2m, ' "DSIMPH‘\"I
No ‘THE NOTATION
HI = :.: _ﬁo;?a . -P(‘X)
S L

(Covnrenrerm LaTer)

Cq Coolune ConsT O (4)
%ga.‘lﬁg oSc/UATMA 'R PHASE SPack vaniadES
No d acitarons (Wit 6o 0 &)



SotaBE  NEWTON/fHam. YN T2 THe 0IC.

L'nean eps. foncen Qf THe CovfUNG TO %

via 0 Usuauy Hx) =x  smPesT case

GEN, CtATER

SoMe veng tMPE calcunaTionS L usiHE@

Tihe iMPoATANT ASSUM Priod

EpuruBAlum BaATH

P [ 3 9, (0), Tialo) § ) Cawonioae BotreEmann

C covlLiné 70 X/o))

Tp.,‘cua 1SSUE  ABOUT A CouNTERTERLM T? BE DIIWLSED

TokiNe No—> 0 4 84T @ EawAMOUS

GAUSSAN NANDOM TANT/AL CoNdDiTioms =

INSJCE  RANIDOM NeSS / S70 ofid 871 T haT

Frlcrion Y

THE BYN AD (ONGER CoNsSERVE enNEndy oR

oTHEX CoNST  Morfon OF THe SysT

40




GENENAUZED (ANBETIN EPS

i
mx () + f of' TA-4) x&) = Flxm] + SA)
0

o=

No
ELL): = Z Ca Talo) sm Wat +
Noise a=! Ma Wy,

(-?afo') + G xlo) > Coo Wet
Yy W
+fea =%

SrarisT®S of gq,.[o).’na[o)j‘ => THe Vs oF f
USvAe €% Giofce Fa/l osciUATAS:
LSSy = o SSh) SH)S = leT TH-F)

£ ¢S MeanNS AVERAGE WM  ReSSET o
T™He (.C. ofF THE OIC.

WiTH-

No .
Mt)e LT G co[wn 49 ]
Mo as "’az

Sdnma'ﬂc, FLl'erion) Eennel tet

FoNeT FonM  DEPENDS on %G.. m,wfj

PaoPs of oSc. Bamh
1



kdwasa i, 2wan2'6 Gos- Jos

o
Usvsuy Sw) = ;”- T ' Slw-ve)
ast mawa

(]
Fle-¢) = dw .%’“i! oo W li-t')

THE CHARACTERISTICS ©of FHE oSciuaTors
-> NolSe , Enicriod Props. vik [(E-t)

FroM CASSICAL MGCHAMES TOD STOCHASTC AOCESSES

RE DICeD sa STEM

NON - MAn 2o anN— MGMdL}

SPecmnac Roneriov U?Aaws- 70 Powen - tawS

Sw) _ 2(0 lwl) £ ::))

5

12



OSude CASES

as=|
2¥ &) WHE  OHAMIC
f — 1) )
r['['—t', = eXP( T .) exP, %Cl?
—a
“:-l" Pwer Law
-

Sob [suPen- obmiC

Ao THe mfo  ARour BATH is il keT , T(E-t)

NENDAMPen LIMIT™ = uvsvat W STAT PH—V;/S‘.

VAUD Fo caq6E mww/;mss ?'//m 1

ofTeN T/Mc Scace of  MoMEANTUM

Rewax. (S veny SHoAT", GAUSSIAN WITH

V> — Vo N> —  haT

m

™MP M X  From €9 MoTiow

SePAaATION Oof TME- SCAUES D 4A0 X
VEWy BiFFERENT 0,




-f[x) Genvenc H o« 2 % fr=)

mx(t) +-ﬁx(+)) f o' Té-+) —f;xa—')) x &)
0

)]

Flxml + SA) .f?m-))

Muer'Pulcam’ve AviSe

A THIs @eweic 4 K. X
Cor/unG 7 -f{x)
Menrionen CouwTerL-7enM.

TO 6er THE &Q. T W20TE, 4DO N0 CflooSE
N, jNrTiae  DilT oF

- 5 3B o), Pkl f

He 2 aZm' Cq X WMTH  NM) WY

My wq'z

Ncefep T AW A “Rmm-" of 'Hsdrr

Pnaarm CHoiCe 19 20 ™ or Ao

9%



CoNNeeTIoN WI'T#  USude
MULT: Avrle WHITE Avrte lado EP

).< = -?l’x) +3rxl S Foowo AN Urenarils

TauE  fE-t') = 2% SHEAD W )
Do mX : evendamfen UM'T
Ser 'bﬁo =1 Ba 4 nedef. oF TME

(Hxlﬂ) > X )

= Flxm, 3T + S&) £1xlt))

@r 7

-3
Dnoe By (:f '(xn—))> Anp RedeNE THE
DeTeny  ToRGE  Tenm F
AND



MolTi. vaafarsie (ANEEYA &0 .

> CAuSAM‘a_,
mx(t) +.f}x(+;) ﬁ'/rﬂ-—t') ﬁx&-’)) x &)

= Flxm, YT + SA) -]??th')) (1)

T

POSS:&? TMe- Bef PACaM,

A WHICEES o Maus r vAauD P

=4 ..., N
a=1,..., ol
loolk 4T Ufc Abv. PHyS. FeA  Fuu Ge-wamu‘?
. 10 DEPEN DENT
USudL  ADD/TIVE ADOISE CASE , ONE /OEATICAL

& BaH FPEN
mx. + fcty -t') xR = d. o 4.
9

Fr [k, A @ + 560

4 3? (€) Sf[&')) = heT T (E-t') SJ SOL
16



ReEFsS.

denivArion L Disaussioy ofF LR EP

'R#F : 1/ Wtw. PP}Re. J'M:h‘w- (fr' / "’*pevlfcfa /
SenNA4S / Lamae)vfn fdf

W ADY. .
Sk.em-la SUHES a

kitp: // www . (pfRe d’umw.[f [~ letten [
Semrnans / i C"‘f- nwown = Marhoviom - ")v"s : /adf

A PPLICATIONS




TANGNSE  PLoBEM

opienve THE MoTioN of 4 TNacem

8}. BRowvianN) MoTTON

CONCWET AROUT THE Pro/L of THe BATH

THE RNCES (T NNCES ON  MACER

LaneerNn Dio T Ths way, enaty AJoos

EX/EL{ MNTS , THEDAY

v |
TNACEN N A CEUV (4L enNvVROANMENT
\, Y
How ro 60 fAOM INFEN oM TNAJec ToRieS

P. Roncengy (Maasefur |
MT 6MAovP  EXPS,

MAﬂa oTHeEnS

1€




INFeNenCe  of- BATH - eNIVIROWMEANT

YANE e AL 0d; M, Luo, CHERAY L, kot X x(E 05

Cxlyt) = 2xh xl+)>

Ly
- 1 E _ kit
A Ea (. 21y




SGYS'WMS SULMIMMsD To TWwv RATHS

EladPakl

Lavgerin e FormMyratiod

Faiciod T4 (%-¥) + T (+-t")

ADiSe - ADISE  Cotl LTy T (6-t) +

gz Tz G-t)

A THE 2emiNG W WHCH excH 3ysT

VALALE Covlled D RoTH LATHS.

AeevanT fol Grassy,  PHyefcs

—> 3d =~ letruee 20




m mm

m
U

G

S N

ReEMS
Fulcer. THeD

/LoDy cTon
ENTNOPY

les
o:za ~nAN)
Y e THenM

STOCH#A2

21




AcTiie ansSTom - URLENBede PartQrs

Of"FWWQ‘(AMo:S
ONenramPet UMIT TAUE
MSo'{YSerNAIL
~6‘;(.: + + 7
R
£ SH’\> =0

28[) sk = keT  Eft")

r N FE GAATING / ‘
¥ Gt
)< )6 e Ve 4 | dte SH)
0 )
<1H)7=0
- M-tk
<Zﬂ)7/4')> — bt T e

22



)R- | H | e TT T

< Sh St

£’ 2 ket § HLAT)

Iy g an 4! at)/

= 2[(61' lvdf" e

o

- G+ 4 't otk
2keT © ot" e

0
£ %%LeMe antth

(L N/

=T
— tta,‘l‘ T €

Yot

EXrovenmiae Cone.

MmN TMmE  of Avite P
S

FENSISTENCE 7WE T




L[xl [F1= ) =Y (]- [het) [+
0 {17 [x From sp. onx (1)

3. [1) _ [$1=> (y2=[31E]
£2 . 2 . o 9 0

[£)- 0
827 « T Fom nowe § coen, w (3):
(+2
3. [t e
= . = &
? [+ 2% (3

At5o ["]] W= Led. (1e™) ionew.
[ (%2 oN R

vsaic (1) 91 = LkeT) W
(2%

B ae) = [t) =(7)% 2y




N& TN () AnO Tk Foictiov

THe

THe LANG e AS MOT of The TonM

Pe7LiveEl ALDYE Fon EPUL DAAIS.

= Oour of ePwl. eNVidoNMENT

Deu ™ BAMALIM

1 =




guml«m.ﬁy 1S+ (eCTVAE
T \

G2 | L

' o~ ERUrL .
Bty

|

-

=5 GeNEnAlUZE) WG EP

W/ mxX , ReTaamen FRicTion,
Colouie® NOISe Tossi = M IP.

<P UAATION S

NENANAMPED /WVC' — Doop
NAAkO -t — 2 &H ")
ADOiTNE  NVISE

26



2e2UNE
Ren m(/s of
S =

SHTVATTONS
Y/ Tete

Mw 64
A
/ A

Men S
RA
PeanCr //c

Fo kKken -

q1-

Gen . Fuwer
- MsSe -gb

w (c7P)
S
Schw nEen -2

F{ynlMA/v \/‘gzﬂ?/«’\r;?;ﬂl N

23



knamens [ Foleren- Peancn € vaTioy

P(xpt) Phol. of PagTiCies
HA VNG ?x,,,_f AT
TME + frowmwe
iINITIAC  Pod.

oJ. qusT x (ovenoamfen) dsi N=i

X

Xlo) &




<P

EAS’en TO VISUAUZE

oVen - Bamfed umiT -L->> ““/b/
0

N f (4+) t.C.

Yoo
'E.‘L

+2

7
x

29



How 20 We BUvVe M . HAT
RUtes ThHe 4- evoL of

J?[F,X;+) D

THiNle 45OWT THe  DiIsQReTi2ep /ol
TiMe PrLoCeETS




Foll A GensfUT  Now-MANRkoy  PAOCGTS
P xr"(""A-E\ =
— d’t.f&‘?{ ‘L’A I ! .WH"NE
Ef’ffx';-l:; W Hole ‘"7'5""’”’&'@?"“’“")
Bur Can'4 Do Muck WiT THS

MdAieey AZumPrion
oYy ke S~onn

ANOEe .I

:{?[P,X : “:‘-\-—A’e) =

Jdﬂ’pk zlﬁx;w\ﬁw"o‘,‘b‘) P (Rx;+)
t 2

iTs UWE 4 J.C.
THAT'S why Tca T X Tlom Now oN

3



Tnantsition FhoB,

I(P/ x: &AL )}%/7%2"7} =
= < g[P-,DEMO g/x—7§/++4i~)>>
TITMlPoHAG

p= Psft+tlt-) = ;§ te+AE)

1T &)
GiVEN %1 A TATeCTOlY

WiTH THe f-C-{P(‘E)=Fo

x[‘t’) = Xo

ANO THe evoWTion G\en e{«; e
lanG eq. with morse Sk
Ar TmMe ¢

32



S on  A2piTNE  ApILE  CaSE .
cenen. 1O MUT M?AE XS
PSS ALE

TAlE oven Bamfed UMT [encier)
GeN T ONOoef- DAMfen Adtto ol

THe UlPBATING & ToA ? (xt) S :
2[7‘ ; ‘(.—-\—A’%) =
/d)@ P (=, 4+t | %o, t) L (%)

WiTH

l[x’,++A,L_ ) 7<o;+> =< g/’<—>§/+4-44')>>

(er8 WhAT‘?HeEH&?

33



VSE THE (ANBEVIA  EQ.
( x@)= F beol+ St)

AND ‘Pixperize /T :

XG&rAt) = XD + Ax = % + Ax
wiTh (T8 isceerizariov )

Ax= 2 F (%] At + At S &)
v ¥

T2Ywa.  ExPanD  THe &
§ e oth) = S r0m 4

~ §lx-¥o) — SI/X—&) AXx

+ 24 §'e%) | Ax? + B /&x%)
2 33



ANO TAUE THE AVEA. oVel ADISE

£ &(x- Xordt)> a
& Six-%) - gffx-wo) ZAX 7
+ 1 §te-n) <ACS

Wi TH o,

CAXS = 4 Fl%] At + Av‘;(ﬁ{—))
v 3

LAxES L Fz(ro] l'A+2 I

v o
+ §2F[,¢,,]A+2 < 5B

+ _ﬁ{r<%?l£—)> oyl e

O/lat)
W e oy




iy <SSO oo /oy ?

Discoe i 2ATioN  of
< Sh)S /+‘)> = Q‘X'lte,"r S /-I--—‘f.")

Lue THS gA{(-E')OC_L-—po“
At At ~o

(7]
‘/d-égm.[-&) = L, At =1

Plofs of & : ok



AW N AW R
— . NEEU6/AE

<AP>= L Flel] AR 4 />
Y 405

MY owleT 1,
v* 4 '

= 24t kT 4+ ©(s)
Y

4

NoWw, BAcu W THE THANSTToN  Flabs

ZCX;"L-#A:LL ) )fa:+> =< g/X—-><§/++M-)>>

= g[X—Xo)— g',[)(-k') 4AX>

+ 3 S om0y <A D

%



= gfx-')‘a) — g?&-"o) ’7} F[’GJ At

+ 4 §"x-%) At kT +OULF
PR 4 ber )

AND INSENTIG N Te UvPDarmG Egp
o P (keetne O (%))

?/x,—l:-l—kl:)zfo‘x:: %rﬁ’) f/xorf)
RepLaCE

= /;!xo [g{X'-x:)'- g,{X‘-K:) Fl) A4
X'
+ §"6e-%) T At :)f (% t)
| Y
ANITEG/ATE ( >
_ _ 4 A(Ft>IDixt) ) At
= Pxt) <

2 P
r ety ST O 4 _




AALLANBE oA [~ AN - STOFE

f L (xt+tt) — Plxt) Y APG

p 3%
0 (Fm Pl t) ) 4 e 2T
" -

Fokkel - PanClc E9.

N Paase sPace
kﬂAMa'S G’P_ o7+ MoMenTUM & Posimon

ODENDAMPED
)4 = - 12 2: + _g = :E)
ot ™ o op _ b
+ f 22 + Thet VB
op op*
S S

bissiparNe  PALT 38



BOH CASeT

I ColDued NS =

MAka N loode - N TIME
DiF &p Uus THege

CAAN T Beni/ed.

ST  usehUL  Smlce MAAY CAcet
Haye WHTE - ONCORAELATED NDILE

MO Memoly
\J

ExTenSiol T MU MoiIle =D Ok.
BUT Diseleri24Tion HAS To 85 DPoNE Csacfuly

CWHAT s T usefuL %2 7

<oMe G Ale eASiEr).

fe' 39




PRoofs o aAMNoiCH TO SPUL

Fe o V() Siehs - Borsiand
S - X =)

Plxp) =

HSJST = ka:') + V(x)

o l6 ‘Hsa:ranpi)
0

IS A S-mn‘o/\mJy SowTion (QE ( K,£_+) =0
e

PuT i WE donM- HavE knamee /FP 2

IT's Haapet 10 ProvE THAT THE
Lan6eriN PnoCeiS JAUel Td &BES-BolT2.

e Conf-vINE PoT  VIx) dwpo
roide N epuiL =D T 20e€, even M
Co LovleD NIt

I MU WH7E AMoISE =D SoME (SSUES,

\(;ap Frore  OuT coves 88 | Lo (W)

4o




LNBBLAD e — @uanTuM

TAKkE & QuanTin 2!35771#4 N A MxeD

=L pMsel of
" HLen T

TS AN ofenaree. =D  Folowl HerSenBeEns

A
J8W _ i [ f4
7 , 14

e sysr‘rs isolaTed  FRoM REIT of
The woflltn

“TAhe 834’7‘-}— enwV + ConPuweé

A ; A A
H= Hyprs Hoarm + H covrune



CoueS SYSTS oPenama, sdy % 7

BATH ofensrns say ‘? g\ f

INTEAATE AWAY THe 31,““.fs —> REDUCE

¥ A §m= ‘Tr §
Y L Ve
N
I NESNATE Awdy ofenamoas From BAR-.

=D UnNDEl SM'can. ASSUMPTianS TO
THE ONT ofF tANGEYIN EDX DERV

—  ASSUNME CotPunG SWITIHEDd ow AT L=

— AssuNe Samt NucH  FacTER
Anp Muck et Npspg  Twan s <7

— Manroy ApPpox.

Yz



danive L'ndBad’' s &R
5 2D : A A NTP
Sy ol [ g $gr ]

A ARSY J\+

+ Z hmn Lo fgdsr Lm

mm

L Lu, f'ij

——
FooM THe covlue T BdH.

(\
iN PnAcrice :  CHoose fL,mﬁ

WEISS 2000 , BAven FerlucisAns



Sebo A FAlo SciPosT 202S

J. MaAn &4l 2025

— PlokeMg
- T 20etl ANOT HanE e‘#s AS 4:;411-
z Soluron f

Sol. 3SrL =D ew foz @ oPries, .

AND CA GNe SoMe fOeAS

=D NJ SeEMNVARA o @UANTIM AcTiNe

1h Uy




FoNcTioNae TFoPMau gM

MsS/A -3T0 cuassicAL

S Alxle)) ) We WanT TO CALO.
8 SUCH Aven. W/ Al x)
A BNcTiov - o&sSenV.

oF R

%ml'u'f—a AnND USE ovendaMpeDd

4__)A-I:
— } r
oF a 2 3 4

XE (+) SowTow 70 lane. Ew.
sess § eP.

so < A("‘g({'\)>
S iy



SkeTCH ofF GANLTRUCTion

< A[é(ﬂ)z =
\’:?NW
——
= [ Q8 2BSt) A (x8)
(Y __—Vv J

s ANENAE oNEn 4u G

/ Rean! 2atfons WTH  THeEIN

// WeicH

\V 4

) - <,
i T 'gﬂ ) c )c.g,"l’ -Q%g'e ' ¢
~ \ ’Bvscﬂevf&en

INT MensSulle Wel 64T

Fol Coloweed Mvite r Mdes Sp

AT Diff TIMEE THAO/ER kenveL |




X(o0)

4 >
¢ ¢+

f{df' A xg")
deu()\) = < ¢© ?S
MEANS A Sum oVen AW ReAu2 of S
WTH THEn

Pl3swt’]

ANo X§&) Sol. oF tanG €7q.

4¥



The T2ick

WHICH T AoT ExPuaml Fol
[LACle of TivE

TnansborMm THS P+ nreenal

INTD ONE WHEE e TATEQRATRS

overL

A
iR ()
K o RH)

O/LGNAL VAN. AUXIL. VAA.

ANOG OLTAIN A GeNERATING fUNCT.

- S [x,f:?]
- fﬁ)‘f%l;(\ e
ﬁ+ \E) A (xtt)
e N—



HinTS oN How 12 oRT—RN THE AcTiod S

At
| e
e DSCAETI2ZE °TIMNE —t—+—t >
o A 2 S --- £k.

0 DiSCRETIZE (AN6evIA E.

e i mMENTA PneteNT on ColovRED IIE
% PAECRIPTIONS ME ERWIVALENT For
At =0

® IF ovendamben £ wHTE noite

canefn |
SPEUAUQ WHeEN CONSTIMCTING THE 6eN.

FoncT.

o TIN/ote THe Dic. LG .ew Y/ §
o ExPon. & ~ Fowrien mansF.

o TATEBAATE ovel NVISE

Aoux De Pingy , LFc , LEROMTE, van wigum 22 49




THe IJIAFveNCE FNofoval

THE SWiN 26— kAwWASAK WITRN PR INT.

t
i"if‘“[;\jzb/'ﬁd%‘:’dm fdx /“P e‘Lo‘l M )

op J-S[3%psam]]  Asowce
JNTECAATE Awif  THE 37Eo4a_f
i‘a,* Lol - fdx fdp exp ?- S [Ixp}; ke 7']]

S = SS)'s'r [?&Plj +  OTAf [3X,P} ;"4'7', r

—

Bam effecT => MNFWEICE fineT:

Ris S A FonMaAUSM  wiHCh AW B  GenNERLU 26D
QUANTVM Mea-i-AMotuQ.

feyvMan - Venmd 60s



Fon Examliz, RN A SINGE VANAGIE B:uwmzﬁ
Coulien 7 AN sSCIUATOL BATH

Crassics
J

S [X, cx (= /&L Rl ;C(O')
S NITIAL CoND .

€ t
- [,u,' PR E) ;m;:((')-p {'c“" FU-t") xb") - F[xlf')]Z
y e =

— P
¢ Laws €. (aranT Pom mi.se‘)
" ¢
+ ker [ (" R#) rae) i%a0)
< v v
N\ e o ~ - J

INTEENATTON OVEnl NDISE

"':&\ J[x:L

JacoRia ~ HAS ™ Do WITHR DS AETiSaron

OSeEn T DEANE THE STOCH PNoCEIS AnNO

SN'LD THE PATH WNTEBRNAL

wHy is s —fonmausm usefn ? ExaerT Ao AML

-  PEnTong. ™.

= SAn0(e- PoiNT / Meaw- (E) .

J
- Sranneﬂb‘es —> wa«gp foentitisl, Fucr @s. &)




CoRNELATIONE

< X %)Y .-.J/ngif e- i) xit')
Liner. ResSPoNse
n . (. .. =8C1]
x> | - & |RQxRixe *  xp)
k) | &) 0
#=0 Iiﬂ: ‘a‘-O
Fe\[xmj = Flxi)] + Réd) xW)
. /
l'-b ‘
Recaw | dt” x#") E [x#Y)]  w Pame
Q5 * P—
. =S
=> &H—)}&l = [RPVixe x ) i X #)
SAW) g, ¢
CAUSAY
= ZxWixH)y Fo 347/

R AeslonsE Ferd 52




_SMMETRIEE  prove BT iR

B, (xro), ixe))  MAaxweu- Botrzm.

Flxle — V'[X] Porenriac Force
WTH THE SAME
\/[t:l UsSed To DNAW i-C.

FlLt') The Same W TRictiow anp Awile
ConlL.

Pnook. T'S BASED ON THe INVAR. oF Actiov
UNDEL Sy (T Tnansé of )\ X+, iiH—)}

S [xw), ()] = S[xtd), in-tH/bj%xl—t)]
o E
TIME REVENSAL TNANSL .

AlSo THE MEASUNE RIx VIR e INVAMANT
)Y iNTEENAT'ON  TANTEANVAL “ToO

CoNsc@ueNce OA
CORNELATTONS B Unean Resf 4



NerTA iN PWeNCE
nore THaT Syt 2 Spiss A sePAATEY

+ JAC iN VA ANT
¢Xl=8) X)) =

AU THE 2+ > oPenAmow s inY. SiNG
S D meawnE Ane

£ xlt) [ei‘&') _@ﬁ?xw)__b —

ZX)WE)S = 4% iR(-t)>
+ @ <xie) x(t) >

wT

RItX) = R(-%-¢) + (% gag CHt')

THefcfore , IF AT =D eRuiL 4L
MARWEW O LTZMANN

THEN THESE PNOCeTSEE Do TAUE SP3T

To EQPuUIL. UNDS AHBOVE CoNDITIOANS

5y



\'ﬂw M LANL .'
Cohex Rane
1 — + +
e Time
e~ a = e
o "P‘k \40 MMMAA"S /k ”’S,’u.
T meck. | =t — —p
+=—l"l'
N aonpen To CAIlCULATE  Conld. ULKE — (gk

A A A A
< AK)BH) + BH) AH) S

NO TIME oNdeENnEp , TRCk 6o FoR2TH L Back.

XYHE) + )CH) o xH)
& + o
* « ]
X"H- x~H) . iR
*h %o



0o
Tl-t) = J dw Siw) colucgm_n) e w (-t')
o 2

coll x Lion e re 2 = 1
K=0 peKk_e~% ﬂﬁ_x_/q.x y 4
o "
L'mt r -——Sdus Sw)y 2 comwlb-t')
(b‘h =30 2 Fhu)
00
= kot g dw S cmnwl-t)
N N
% e F
-t
Sdiss

THS kenneL APeans As A Tenm N e"‘

.Sa.ss (-'{/cbt jdf(‘x - %)) T W4 () -x-()
(X (R &

Cusicat ¥ g fou/df“ (R ) Tar) iR @)

’h-ao 7 5%



THENE IS ANOTHEA TEWM THAT Dposy NOT
DeP. onN  TEMP. AmD P‘AJS T™ME PRole OF
THE ReTAv0ED Ficrton  (CResponSe of BaTH)
REATED QY QUMATUM  FNT" TO THIE OWNE

00
A w) = - Ott-¢) j du Slka)  Sva 0 (& -t1)
o

= 1 L.‘ml_ jdw' 4 4 hw' z‘k"l!/w')
4% $ oot ? W-w'HE Lz.

APPLICATION S

—  ANDIle —INDUCED PH. TIAAS
Hor TOPT N QuanTUM



SCHWMAN6EN - leeL ) SH-
+ Fe,:’N ManN JVERNoA

MSR-JD

ComfieTe FOLMAUSM THAT (*TS US TneaT
AN) WiNg OF RBATH — roT oYy ohMic

Sa MMET €8

TNANSFoRMATTON of TPATHS rA THE
ComPex  Puarte

c. 4lon, & Bitou 2 Fe 4F

o8



SUMMAJI/Z 1st £ 2ud (ecTules

- T gustiFed THE GEeNTNAUZED WABEYIN ED.
bea—a/u@ Blownan Mom'on
GEeNENIC MeMody LexAe & MviSe -Copr
pcATED RY T F wp BATH

—  SkETeHED
THe CLASSIOAL Genv. FMWCT.  coAsTRucTioN

—  DiSCHSSED TS TIME - REV. SYMN. =D FoT
Q THeM EQUIL. T Haven'd Doale iT
e \NoTes 1 Iner. .
— QueTien THe OWSTUCT of @uantom
Gen FTr - ScHWNGER - keu:/sH

W/ GeNenic RATH - Feynman - VEmaew
AT DoNE & THE

—_ THe kenwels fon A QuantTuM
otc pans Cdaw B CaycaTezn 4s
Wew
59



TMnPolTAn T

Fe=V' anp

Aw THeswe FoRMau'sMS  Stouws demiT (F Bae wew.)

O TAUE SYyaT R4 £ -Le_,?, (Panam.) 1O cCidmn, QUi

o =[PP

Z(p)

Ko Easy W éenerAl
—> o For Tormen Mcn/zumazs

—>  syMm. mZ.,ur,m colwuten NoLE

Livos ey ... UM .. —
'Lag?? Couts BE VEY (LoMS 4D SysT SiBE -
' DePevlenT

=) [oN6 ouT o ER. RELAXATION

3rd Lecrves éo




Ler's <Discuss SoMe Pf-iy?lou PAOBEMS AoW.
4= Sef of TIME ScALeS P VS. X = ex.

A= DroP TWNenmd, HST X . ScPanariod oF
TIME ScAleS AN /TS oV LERdaviauA .
ROT $O SUNAPA SING . THNu A8BouT LW
AGAINn, Foll

£< 4.:;’ =D BAUISTC  xE) ~ ;E’ +

IP‘)
> {e? =D DIHUSIVE wWhen AvisE

CoNTWolS I+ \[=o0

LeT's look AT AnoTHEL. SiMPE Bx AN
THe ovenLoamPed UMIT

/.,.,‘To MeASullE
%= -kx+8 + & UnNsAl ResP.

A PANTICE W A FAAM  WrEU UANDeL 4ADD.
WHITE NOISe &



V(x)

< >
X
t*_ o
'3) ez
_ by & =
X)) = %o=0
@ (4-+7)
+ _L f " e [S(—P’) + RH"):(
¢ . G-th

— n, ¥ ;
<7<16>J)L = ;}— Lo& e A A

Bineran Pecfonile TO AN INSTANT Jeth

=l @)
RIGH) = &<xM S8 \; L e T 6(+_t')
Shi) v

'ﬁ;o CAMSAL

62



We NOTe  THAT

Ri44') = R (@t

Abusc ot NoTaTion  RA_t')

Smﬁwz.wa. NMC-TRANSL. /NVARAAST

t—v%a—é £ 5t -f—é

(9,4
JLLE% TME SCAE Poll REUAX.

‘téé‘v o
NS egr k=20




ol decheasiNG k  THe -L%)

INCAEA SES




B R VL Y W O
{xf) xle)> = _g[[e uﬂ.e.1r J
=0 le. ——t
swriovasd X L
SAME ’E:_’&_ e [4,="—O
% ke
ko
Clt) — _[t{[ e 5 ht
X~ ke
F— = CH-t)
YAKE 4 1- 2eniv.
_k (rp
0L xH)> kT ) e o (44 L ¢
o £HY v
-k (+-t')
Vur Cliat') = _"%".' e V



cfr Ri) = L pchi) | Yo
ke
T
X +
W) = f k" Riht")
X(-I:'o); 4/k "'._c\-" 4"!
X4 - s ol S-I(J;T [CNv'H-C .f:)]
(OZVN -
CsNST
L& wneARWNG
—AéT \ ST
0
Clt-t' =) C(£t) C>
= ks

BT s ACVAUY A Mober TNDEP
Retoer, vVauo ¥ 2YsT EVoLNWANG- W EPUIL.

Mbﬁ ColovNeD NOISE
és



EXeENCISE

STIRY WHAT HaAPPeAs F Jou TRUE
k =0

M  CoNeM NG PoTenTiac
RaAOOM Wale —>  Diffysion
Clht) = 2%¥MBS —p 2t
S MT A CoNSTANT

—> Clht) F ChH-t) =Clo)

NO STAT., AP T => Av =puiL

AT D/2ecTionsS In THeE PorewriAL
Mawe e
EPWL. Me  DjUENGE

6%



WHAT HAPPeAS IR You CovPe THE SAmME
POT in A HAM Wl T Two = Bam ?

CihvfCe
I (b-¥) = 2% S (H-+) T
, A
EY) =Y e 41/ T

J: o’ [‘;n-e) N z'&&’lt.f‘)] % @) =

)

~kxtt) + SH) + 9H) + AH)

Qi A UveAL Ask onven BDFF  ep.
SoLVALLE MA&}(”TIGU\“{.



CHoole P4aaM wD GeT Sef. oF TTME
SCarel

t
%‘C(h\:‘\ ALY = J ' R,Cht")
a— ST Decoy t




® NTHE EPUIL. CASE (X(C)-—_ Cl)-C )
Tzﬂ(c):—‘T

o in The ™o Scate case N(C) Pisce wisE

ey - b R c*3
@H(C) g—rs Csyg



FI‘NAUé CoMpPuex ?%v'sms, &qw SINGLE
VANMALE .

DM FM WHAT is T ?
METHODS T Dedl WTH ’aa.mwn'cs mw
Mean - Ae..

Ghosso MODO. SWGLE ouT oVE VARAAE
of Jour WHOE SYTeM amo rnawff—g
SELF- co:os—lsrew'rky wHCH 1S THe
icrion R DIt - ADISE le€NEL. THAT
MouLd 60 N THE @en. lane. EQ.

CL X  Tiée CHossn VARARAF

+
X+ Yx = [dtt T, xtt) + €+

e - aw
EXt BATH MTERMNAL  EXT BATH
EHer

ﬂ



(SN &)Y = 2Y heT Slit)

<YW )Y = D (ht')
N8 I is Uue dl’ﬂ;'t‘) s Vnesponce !
D s Uk CH4t) A opa

2]

WHo ALE L amp D °?

W

iN " MeEan- AELD Mo PELS THeY ANE feas of

jery

C = <xMxH)S e f- onl

R = SA’X"H>

‘ Liwern ReSP.
Shit) «e-:.o

oF THe ST I TSELF

J2



%. P—Sffl‘ DSondeEN. Mol T?B

H%JSr - -1 Ji-- i

'ﬂ_é LIP

L %" =N Spy oonsT

=1

Jﬁ--" @VFNCHGZ) LANDOM CJOMPMG—S
4 GANCSIAN DPRT  Convemen
ARNMAU 2ED

DhE) = J _‘ﬁ C (-l-r(:)

T (#t) = szPf’I;'l cPmt) RItY)

C‘Ff J- keNT- ZoR7AS TRl

73



oF Counge, THS S A MmucH Paden
Porem T Soure!
- TMLan  SmwcT CLassicAu) 2 Quantum

- CAN RE PuT N A COMPUTER.

- CAN B USep TO WiTE CluwSep €9
B Jc R { —o somwidGen - Dyso egs.
BeGk) HEwaicky c\otep e MF mopers

'?H*d gics ? Gussa_ Mo2eLS .



THese Mobeals /E@S. Hove A
QYN . Phase TnaAs.

o T>Td

Rerax. AS M THenMaL e

+ > ',;e% (N —>20) : FiNiITE
STk, Stow Raax. Fea 7%75(+

AN LikE CRITIcAL SWOWANG Zown
/f USUAL PH. TAANS.

> Holns.



Two
Scare Pelan. =D Saf ADVCeD.

T>Td

FAST- CONTNOUED 5(7 exT BATH

C

¥y [ ma TN
TOWAADS ToL

DiFFeNenT cues Fo F T
Xlc) = —lct"l' (C[o)—C) T

Quanmv  Vensiod Holos T00.
76



dow DoeT
o ONE ONDESNSTAAD
. ©F TME SCAlES 2 e

N L ]
&5 C 18 A 6EWAEAAL N

OO O
S OO SHonT TIME
GOQO DIEF .
t-¢' £ T (
OMS/ AUCT. K

W'THIN — CAGES

Bur AU
TAKESS Pacs m sl
T



o T4 TL

Retax. ouT of EpulUBRIVM
PuerCH 4
& Warw@ TiMe 'Y ’ > e
FAST- CONTNOUED BJ exT BATH

C

AND STAT C(f'zf'):f'
C&-t'
Stow MNTENWN.




Aow Dol ONE OANDenSTRAAND THE
SP. oF TMe ScAlEeT ?

NE C 18 A 6EWZAL O,

OO O SHonT TIME

O OOO DIFF .
GOO .’:__)c' Z fv&l)
OMSI AFUCT.

W'THIN — CAGES



FUWCET- D7ss. ReszaTmoN

TNTEGNATED NREFP. NS,
cone. fFCT.

Wit Two

nN FoT
MeA W leM .



Qudssical cog

-?\_,
— d':lcéc) <C‘q 4
Teft ()

TEM P
THens 18 AN effective

T v T

SelF- 6GenNendATso W THe Sfrr
t' -

TFST 2 ]
NH’d— ) A QuencH FreM T; STy
THs 1S

W ofF
Y Memo

o onN
k'gl? r AL ¥ ]

&1



HeatWNG FRem T; 27Td

oNe ofsenlelk T Fe T

CD’NS*[S"I'E—‘I\I‘H# " y
wird THe fbeA- OF MeM,oﬂ#

Foom I.c.

RELATON TO PHASE SPAE STNUICT.

Thene ie | ContF- wnn Aol
’ /r OO'MPuana
 _ L
b T* ‘31:1;9 AP
:h\xrcslwu
N - SpiA.  MOBELS M{CR0CaA -
p-°F TEMP

JAloN's TAUc
BAVO'S  teouAr
g2



\xe- z-:-wmsa {dappsSed e PernsrecTiVE

_fg'nP o GNAUNG - LA TT<L T4,
%-WW‘DE'\/So




ole A4S To IMAGINT THe THALSHOWD

AS A NeTwoflle ofF SU'B"PI'LéL
Hirenn CHAMNEIS

TAST Rerarc.
AS v A "Maamone wenr "

VEﬂgQMA«(’AG

TxE- a!atc% LANODS edPE
view



PuanrvM

PUeAcHes FHRoM Dison2efleD AHSE
Pown) 0 Witthn THe onkensO oNE

C>3 =D Quwmwm For AT T

C¢3 =D Cudssfear T 4T T*

4 We- eNens)y tanoscal e
‘bezcmﬁrro,(, s Mso TossiBur



Summand

A- TNTNO T 0K TFoccsses

LANGE A
ForReEN - RAnCr /Idzu\nevrc
‘PATH- TNTECQALS

- A B of PHenom. of GLAS?L

Da—mu'\f c&.

Some ReFS
Lhc  apv PHyS. A pan— 2024

LcE  4Amwvar Rev. Comn MaTm 2024
LES MoucHes 2002

ALSO AMTET fA Mo' wed FAGe



