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Direct dense solvers (square nn X n)

Extra memory (beyond
Method Time (= flops) storing A) When [ Why (short)

Cholesky (A = LLT) = (1/3)-n? = V2-n? (store L) SPD matrices - fastest and stable;

use if A symmetric positive definite.

LU (with partial pivoting) =~ n? (L/U in-place) General square systems; default for

many RHS (factor once).

QR (Householder) = n? (if forming Q) or Numerically stable; use for least-
less (economy) squares or when orthogonality is

needed.

SVD (full) = 4-n® (order-of- =~ 2-n? (UandV) IlI-conditioned or rank-deficient
magnitude) problems; gives

rank/conditioning/pseudoinverse.

Explicit inverse (compute = n? (store A™) Theoretical only — avoid in practice

A (wastes work, less stable).




Rectangular / large [ sparse [ iterative methods

Method

QR (mxn, economy)

SVD (mxn, full)

Truncated SVD (rank k)

Conjugate Gradient (CG)

LSQR /LSMR

Time per op

= O(mn? (m=n)

=~ O(m n?) (constant bigger than
QR)

=~ O(m n k) (or randomized = O(m

n log k))

per iter ~ O(nnz(A))

per iter = O(nnz(A))

per iter ~ O(nnz(A))

C holeg ky

It Ais Positvc definte

A=LLT
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Extra memory

= O(m n) or O(n?) if full
Q

=~ O((m+n)-min(m,n))
(store U,V)

= O(k(m+n))

O(nnz(A)) + O(n) (few

vectors)

O(k-n) (k = iterations

before restart)

O(nnz(A)) + O(n+m)

For ik Lik:@fk - EZ;LESLM)/LkK

for k in range(n):
L[k,k] = sqgrt(A[k,k] — sum(L[k,?:k]*x2))

for i in range(k+1, n):
L[i,k] = (A[i,k] - dot(L[i,0:k], LI[k,0:k]l)) / LIk,kl

When [ Why (short)

Least-squares (overdetermined) with

good stability; avoid forming ATA.

Best for rank detection,
pseudoinverse; expensive for large

dense matrices.

Low-rank approximation /
compression — big space/time

savings for k<n.

Large sparse SPD; scalable; needs

preconditioning.

Large sparse non-symmetric; memory
grows with iterations (use restarted
GMRES).

Sparse least-squares; robust for

large-scale problems.

K(A™) = Kk(A)*Q
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Naive pure-Python/NumPy (education

Using NumPy / SciPy (production):

Z_DL for Symmef/,'( Matrices
Valucs 0n diagonsl D doa’t nees tobe & L=(320) 0=(34)

* Use symmetric pivoting in indefinite cases (Bunch-Kaufman) to maintain numerical stability.

X N(’\A,A") we Can Sample 24“/\][0/1-)

X= M+ L 2 if Ais Covariance [_LT

L U ~ decom pos:"ﬁ'ﬂn

b , L U X = b Or PT[_U;( = l) P( 1S permatation Mqlsfy)

)
X
1

(f a pivet = 0 ~ou nezd to Swap it, thets why Some don't hawe LU but need PLy

(usuoos/ Swap for M/’qf p,'yo£)

LU (with partial pivoting) =~ n? (L/U in-place) General square systems; default for

many RHS (factor once).
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QR (Householder) = (2/3)-n? = n? (if forming Q) or Numerically stable; use fof least-
less (economy) squares or when orthogonality is
needed.

Rectangular [ large | sparse [ iterative methods

Method Time per op Extra memory When [ Why (short)

QR (mxn, econo my) = 0O(mn?) (m=n) = O(m n) or O(n?) if full Least-squares (overdetermined) with

Q good stability; avoid forming ATA.
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SVD (full) =~ 4-n® (order-of- ~2-n?*(Uand V) lll-conditioned or rank-deficient
magnitude) problems; gives

rank/conditioning/pseudoinverse.

SVD (mxn, full) =~ O(m n?) (constant bigger than =~ O((m+n)-min(m,n)) Best for rank detection,
QR) (store U,V) pseudoinverse; expensive for large

dense matrices.

mxn x
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~ Column Spuce: Spen 9f first r Columns 1 U
= Row space : Span of €t rcaumas in V

- Nulls'oac.e: Columns of V/ where 6:=10

- LEHﬂnI/.s,hcaf (a’umn, of (/ N//’J/Om/r’n/"t? 6;=

Com pufafion:
l. ATA or AAT (e poading whihis casier )
2. Compyie eigeavoiues of A™A ( det(A"A- 2T )=0)
3, Siagulosr values ( 6; =J7:;, Sorfed ’“’36 to small)
4, Compute fr'th .c.'a”u/ar wctgrs ((ATA-A;Lwi=9 ), Norwalige orihworwabse = Vv

S. Compute Vi wi> Avi

I 0
A': ((2).") »
| 29 ' £ 2
|. ATH-’(O %1 (5,): 2-2,)
2. det(AA-2):0, det (5755) = (s-w2-2)-% = Q-7 +b=0

ﬂ|:6'21:|
3. 6=J6. 6.1 ¢ort by size 6>6>67ﬂ)

s =6 :
(ATA-6Dv=0 (22) =0 v= (1) Yl =7
{
vi= T (7)
Nzl

(ATH'I)V; 0 (L}z ,2)\/20 , \/2:('2‘) "VZH: :l:(:
Vo: 5 (2)
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b) 6=1. v,z (35)

b 56D =5 ()

) because Ac33x2 we need Tmosg U

we need sth ortpegonad 10 u omdu, we can sse gram schmidt of
C10ss product

Cross produce: Uz = U, Kd, ’js" zf,_ ()ﬁ- JTQ(W) ( )
F‘f'ﬂafiuz :%o -% Jéb Jo O T [2 1
(f o ) SV vag (S ,)
\ 2
T & & 0.9

‘Sfa/ve’- Ax=b I
= (J2V'x=b , bz((é\/fx: VTb, x = VZ*UTb, x=Ab

*D\/ﬁlf)i’l S\/D Scri,mf,



Vector Spaces

Column Space: Ostput space IR™ what outputs A com pProde
pow Space: Inpuf Space ”Qn which input directon actually offects oupe
Nu Hs,oace: Inpui Spacelkﬁ which inputs ge4 Killed /¢ avceled ouf

Left Nullspacs: Outpat spuce R which ous puts are impocsible [unobiersutie

N uskaown vasiables W : GQuations
A U=V’

v
mpu.f X ——) Input coording+es —> Scaledmafes —> outpvt b

X vT= [:\\//;J S= IOTO;‘O\X - [ ’ )~
I Wefdhfgf' U

t Ur Uy
-

o 2] = LB =B =) ]
0utpu 3 O} 1z]| —Vr
dtput {ba] L' J Um] [ ] 0. él SRV 27., |

/ LeH Nullspuce Nu|l cpace
(o[umn SPaCe. r=rank (A)

WOW SpPace
0>0 : act've ditectfony

O=0 : Killed /"fc'cf/w.f
Con 4wl .sysfemsi ¥zAx+ Bu, y: Cx
(ontrollable vs uncontrolbse

and how muc ﬁ,
Observable vs Ynobservable



\/ecTor S}Oace 0/5 finition:
Rufes:  wy2€eV VA MER
- X+\/ = YTX
- (xty)+2 = X+(yt2)
- 3"0°¢V o x+0'=X
~ ¥ xey 3"-x"€V 2> x+1xZ0”
~ ,u/',tﬂ) = (u) x
= (,u—fh)x: Ux 2%, prAy) opx #py
- Ix=x
Properdies:
abéV, x€R
- btaza —2ph=o
- o090 €V
— 0-az0 €V
-CDa =-¢q

Norm

ll ” dS.S:'jVIS c on —neaa'f,'ug IPﬂgH’ »f@ A vector in a Vech/Space

”V”.ZO, V[0 eo V=2
o yil = It - VI
v +wll &]vil fllwll

WMeasures yector /enyfh

Cuclidean norm - Ky = mac £1%0=1%,13
x>yl =yxT Uxllp 2 C 15(%+ - 'Kp,P)'/p

Inner Froduct
£, VeV—=2IR



definidion
~ I;ﬂ@‘/;-fy'. <Q~M T BV/\U>: A (U,W> ' R(V,V/?
— Symmedryt Lu,v> = LV, u>

— posiive definitoness: (VD20  LVN)=@ &P Vze

measures how a[iyngd tfwo Vvéctors are /
VD
Lu,vo= flulllivl] cos @ . (o5 B = L‘c(ﬁﬁi 0)
<U~/V7: UT\/ \
Wel'ah‘f(J "
Lu NOw = M‘TW v

Ortho goral

Uly & 4u,v>=9
(Ur'fho normal bass > (e;,€;> = 0i; (konecker deltq é:i})

Functions :

{£,97° jf(tj g(t)/ﬁ

PfD per fies -
Orth @gona /

Mmean s "p?/pen dicalasr" or i n /?/enJM/"’ from cach Other
- dUu-vo>= 9
- Sfooyc;f)dx =0
- uncorelate]

— QT Q =T  Corthonormal) = ({f' E QT



=[[@x|l = lIxll (perserves length and anj/e_f)

Dc*e/mina” T

VO[(Ame SCa[f")] 'facfor of the L'/l@ac/ WIaF

Pmpe/f/es \

det(AB) = det(A)- det(B)

det (A7) = det(A )

- det ()=, it Aorthogons detld)=1]

- det(« A)= «" det (A)

- few Swoep > det -1

- A inwctible > det(A)F0, det (A )z dee(B)”
- A" = deJE?A) adj(A) |

~ Eigenvalues: de t (A) = 17,-71; !

-~ Singula/ values ld’@ﬁCA)/ = EGi

tr (A)
~ Exposential : det (CA) = @ i
— 103 ) /oJ det (A) = 'h’[[oj A) (A is postive deflate)

- Mult /I'ﬂ@d/lf’fy .
'AJJ;'ﬁ'w'-h/_' dct (l/,, ath--Va) = det [V,'ar-- V,,) +det (V,,b,-Va)

. H°V”99(’I'"f‘/1 d("ﬁ(V,, kV,-,'-Vn) :-kva/et[v,, Vi Vi)
- linear depender’ row . det =o

Calculations
~ Crauss /LU

( s.'," of fow swaps) n o Swaps

det (A) = dee (P) U-Ui; (C") - all the voues on Jx’djona/)



+ Eiﬂen decomposition for Symmé’*ﬂ' ¢ (diogonfzable) matrices :

it Az AR et (A= detlh) = T A;

- B[o&k "7;a47u/ar

A = (g" Ata) , det(A) = deﬁ(A./)"{éfCAzz)

— Matvic  deferminant lommq
det (A + uyDedet(A) (| +vA's)

- Block determinant (cihrar complement)
M= (2 D) i Alnersble

det (M) = det(A)- dee()-CAB)
- P/obabi/ify CxwN(p(R), - (2; ) covlxalx)> 23;'%.2:2,1)

— 2X 2 matrix

As[ég 3], det(h)= ad—ch

— Lctpldc@
1
+ -+ d bl Cq C
Ul s b, C2 b & b, C
[-{- -~ -F} dd[az b, CZ’B = 4, b§C3 T bs (_3) +a31bz Cz’

[l =1




El.gen Va/ue_f gE;J@n Vectors

DC’ ‘F N ;o‘fl.ﬂﬂ '

- Av= Av
- (A-2T)v=0 -5 ais Ewl iff det (A-AT)=0

Eigenvectors qre ditections that A Simply scales by A ( Eigenvalues)
- det (A) =TT, A,
_tr (A): 25, A
— iff f/ionqular A. EVals are ’/"4‘70"“’ entric s
- B_—; S"A S  hauw seme ec'gen veiluss
—if A is real and has compler Cuale . 7 ¢S dlse an € Vol
= jx/mmefr,'c: A=AT , A=A Q'
— Normal matsie: AA*z A'/\
- SVD: 6 =)y iff Anermal and diagonizabe

C@M 0 utation:

~ Characteristic P@/\/ nom.a |

o (@)= det (A-AT)
0(@'(:(/]‘7(.:[):0



0o 6 -2 0 b
A= ( 1 0 "!) A-AL =(|R—'7z 6—"%) det (A1) = -A- (A 6D) ¢

o] 6 0
=V I R TD I e R RISy &Y Y T WUR & 2
+w(A)=6=2 %

LR+ 1A-6 = (A-D(A-2) (A D
EVal- 2, =1, 24,22, 72,23

Algcbfw‘c mul “P"'C"'fyl arc all | in ths Cxample.
of 1l how many fimes A dppearss as a root.

E Vec:
A=l
[40 ¢ -Xt62:z 0 X=62
A- 1T = n) = 7§-*/-n:u__;’a bz-llz =Y, ~S2=)
g1 S | Nall y=-£2
6
we choose z - V, =(-—S’)
l
A= 2
20 6 ~1xtb2 = © k=32
A-21=1 —H) = é r-2y-le =0 | Y=~ 42
o & Y+42 =0 y=-82
3
we choose Z c| VZ_-'-'(-4>
|
=3
A _ -30 ¢ _3x tbZ -0 X<22
A-31 = 1-3 2 é x-3y-lz=0 | y=-32
O y+32:=90 ys-3z2J

choose 221 v32(3)
I



(eometi; mul ﬁ}a’ich}/ of 7

dimension of € ensp) ace ker (A 'ZT)
(How many Evec we have )

4=(g-gf> A,z2 8,22 A=3
003 AM(Z):Z , AM(3)|

-] =f00 ¢ |
A-1T (85:)3-’) 23;3 =) We can feely choose X,,Kz

/)
¥3 E>) (é)[z) C/,/I/]::’Z
W( 600 >=7 ag =y Y| chopia,
oo X3 =0
>(3) am=]
Eval= (3,2, ')

Elel ‘:(:l)'g ._Bq, ,i—>
| I

it AM= G thes A rs disgoniabt  p=VpU”

and 45 called casy.

SC&?(/(/ DC’(OM,Q@§/'7$'0WS
For squore matrices there exists 0/'fha;oﬂa/ Q and a quasi-

wppes - 'Hc'ang@ T Such thaf 2 = QTQT
— Eiﬂt"” values on d/agoﬂ al
—if A is normal (S/mmev‘/}c) Haen T 1’ dr’dyorla/

—> easler Watir e,cponm-h'a// madsix Farnction, ,)'“P“"W' [0\7 et

> f(A) =U v



Ak = Ok Ry
Akﬂ = Rk QK

Q:Qo@@z
A= QTR"

See fD\/ Thon Scf,',g—ﬁ C hardacteristic }Oﬂ/yﬂom/'a/

SPe cial Matrices

- S q wdre: Nxn ., f.ﬂpuf oufpa'f Afe 1 Same SPutc

- Sy mmC "'/ I‘C . ATS A, dia goniaab/e, real Evals Ql'gm/(rﬂ"'ﬂa‘ﬁ"ﬂll

Can do L—IOL

- reaql Er’gen value

T O/fhojondl E:‘g@mlecfﬂr.s with Df'agana/ Elﬂ(/]VaIu{}
Az QANAQ

- pe cdral wdep om posiflon
A= %' a; U;d,-r

- SvD = E?Jendeconpos,’flbﬂ wifh  6;= 17|

— FuacHions -

£0Ay = B EAIQT
- Inevse = A" = Q@ N7
= low vank 4/)p/or:aMa.-fian: AK-‘—' 2“: ;07

- & )'} vesters law of inerfia: STAS Pvlv"f"ve/ﬂqaﬁve/aem Eva| invariant



Povers: AX =0 NG
- PsD

Can de clholes /«/ décom 051 Yon (LL )

~ (o Vasiance wmadsices qraph legacan | Hession in opimization
- SV = Efyﬂﬂ /e(aoypcy'-f/on

I/ -
— Square voof ! /)25 G?AVZC?’

= NO rm al: ATA = AAT: O/'/‘hoyena/ Cigen bay/s

[ - *x 0s7T
- Cases. - Hermitian. A = A Ql‘gfnwz/ws real

+ Unih/7: U'U =] Eiaenvafaej on ua.f Circe

skew Hermifan:  AY = -A E,'gm Values purt  imaginary

= diagond
- rofation Matsx, Compler ditgonals
- A=uaV’
- SvD 6= Il

- Ak IS nor mal
- AT yAuv”r
- Gchur = diagoml

_ Or-l'hogaaa/ / vV m"l‘dry 4 Complek)

QT@ =] ) @T: Qy'f Nom,—'op/xe/m’nj, det 21, EVals 0n wuait cirde
— Condifion numbes =1

~ persesve lea 7+h and or-fho'?onalify
- Q" = q Lij
- (ase -

- Heuse holder



— (r:vens rotaton
-~ Product of ref [ectors [ voTfations T_

- A
- Cdy’£7f trarsform ( gkew.—.?fmm,,o-ﬁr/c A) Q= (I-A) (T -f—,q)
-eA(T- ‘LA)(I‘rzA) if EVal % =
-1
N A(1-8A (T 15A)
- app rocimates @z T+A+5 P33 h - to T+A+] 8 +00F)
- Padi (1,1) AT ximation (£(xy & -&%’%)
r v . . - K
T Trf.dﬂ gular ‘ [or {} . E Vel on diagonsl, dst=T2, Eay A

- EWul are (fs ﬂ/f&jﬂ/la/ endres

—

- D@'f = ,’ Tt’f

—

Mvp/-h'b;/n'fy: i all ”{"“J‘M/ are Nonge® , inverse s alse a 1‘/,'40‘7«/41/
- closed yndesr multiplcation! additon : THeT = T

—

T
T SwTeches ‘f'y,oe Uppor // Ouey

0/117 weed tvrward/ hack wasd Substfuton Lor Lx=h Sa/ve O(n?)
- loj dee (T) = &. {oj (T

— Expineats .

T .
- b @T’ TE =ET E=§ kY Fa/l@’l'fifecq//ew(&r

d b ea' E.tz E.] g' Ea E,] A b
3 C oemEy | = P& Ez;) 03¢
02 'h: 97 e V) 99 A

a N e -
TE!Z: 77,5(,,+ac” = A€ tEaM, .6256(_7/’_/—'7—
&K
Ti¢
Ei=C" L
- T al‘ — ) 3 il
(2; W Ei =Tk (e =€) ";“2“0 . E;’,,T,,") ;= ble”-€") oy cks

1

)




.

- Pe co mpos,tlon Trick

— D + N (D,'a onal + Nl.lm‘f(n f)
|
Kk

it ON=ND > o= 2 (07N best when N:o

Aw A= (%;)l A-= (%3)" o0l) = 211N

’

AK"" (21+ N)k= (:)Zka (f)(ll)k.'N + (f)(le’V/z/ as Nz:': 0

0 fod¢ Sio
A =2° 'o°.) + 1027(%0) = (g ,m)

- Jordan Normal Eorm

J5<ﬂ'hs > Jk I (t‘) ak—(\i—i)
73' s al

5 D " d-ﬂ Ona l '. only 0("4]0"0/ enta'rs easy pawress. e/ cxfuemf,'a[_;

e )7 = dig (5o 5)

- Pwer, P5- a{,'dg Cd"- d.°)

- Erpupent i 1!

-pk-p Okp-l

- Josdar Form: if nod J/agwa/baé/e J= DN

- N; ,Pﬂ'fEn += Ak;a ! EiJenva/a{s are all O Ffinite (?At

—runk (’\/) Ln vank(N*) decreases

4

- \]e/c/an bloc k (0;61)

— N@/c’/ inwvestble bu‘ﬁ (I’N)— =| I-I'N?‘/\/z ‘f‘Nk-,l Nkzo



_ ErPGMPnﬁd/S eN = é; —’:’T s I+N‘i‘% +'3—3
eV alw\ﬂ inertble () = eV

- Jordan-Chevelley Az S+ N (S diagenatzatl)

- A=pNP' if N¥z0 > pF=9

- X'z Nk, xteJ=€" (0) = gawin is polynomia, wagtaly b

- Df'/ec‘h”/ day elic qfa Ph Cbahaues li&e ;'t, move fpom Stote [ DL but wewes bacd
P\/ '['h”/’ c Nimation

- Skew- Symm etc: pT=-A

P/Op(-’/'f-'es ‘
- diagonal = Q0
- rank is engn

- 0dd dImenson =D Sl'“ju/a/
= Er'am velues ase imadinary or O
- Normall ATA=/M1
- 7e? =T e"6 Dy (0/ihogonsl n-dn) If dot (c7)s1 ¢"¢ Sow)
— Exponant > 0r "h"gﬂmd mady 'y e
- Qo‘ta‘h'm: A Iepﬂjcnfj Axis of rotation, em' I's actual rotationy

2k .
- A ‘s srmmc‘f/,c and Neq ative Sem!detiaite

_ Azkﬂ

is skew —57,.:»-0{',"

~ invesdible 0nl7' (¢ Nis even a+d r(ank(h)=n

- X'Axz0 For oll x

= Plaffian: dec(A) > Pf(A)2

0/-:‘14010"41’ decompsstion ( Frobenius lave, Product)
M= z(M+m) + 5 (m-m7)

Sy mmedric Skew— Syy one ric



- CSymdn‘c) Pos.“i:'ve De tinite : xiae >0 wxto

,,0
xAx 20 ¥Yxto | AT=8 (becuve A*itaa'ticady )

<
Pro per 4ies

- javerdible . A" also PO
-det(a) >0
- t(P) ek DD
- all EBWls >0
- O/fhap‘,n] /:’aﬂoml;g,{,'c A: RN QT
- Can deo chole sy LT
- A%: @q diag (77) Q"
— lavesse (
~  Gxponential [Log [tyoction 11

- Op'[:'ml',za')}'oﬂ, iff Hessian is PO 2 0[0501 monimer

- lo‘empo tfent ! )*: /]

A=A > A(A-I):=0
P/e pe/'fiu

- every eigenvaluc  satisfes A=) - NE ¢o, 13

- chacacter istic poly 7(,‘(7'):2””(71")'

- diayOna’éablp

- fank(A§ = nr of Eval=[, (A)=rerk

- detCAJz0 unlegs A=1

-(1-AJis also indlt m potea t

- %= Axt (I-A)x , Ax€lmCa)  (I-A)xE ker(A)



- P (A) =ptod (I- A) + PC') A (P/o[oab"w}’)
- Ak':A'

- Rz e%UT-A) te'A = Tt(e-VA

- E[(R)z EcO)I-A) ¢ £y A

C Ovarsiance I (O f/é’/a'ﬁ'on, 57.'0611 ast’c

Var (0zCov (X¥) = EL(X-p(x-p)" ]

N:Vlean

O = Warxy Oz Vasanc
COU(Y,Y): E(XY) - ECX]LCY] ) a e

U = Stardard Aeviaton

% = ELOGp)Cxi-p)]

S = Var (%) Vas(2x+Y)  2° [’T‘] 2 “:[?n—]

) ca"Sa cayle%¥]) s Lacs
[D,'a'op/fi:.s: - 8
- Symm&ﬁ’:’é

— Positve semidefnte

Correlation :
(ov ( XI\L

~% -% i 3
pO&de e R= D 7| 2=0%7]
ar(X) . D J

T4
P % \w °

42 p£l D ia; “.r?]

d’ayoﬂals = R; D%Z "4

C’laass.'am 0’54/:bu*/0n ZXV‘ N(/u,é)
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C/. P owers and E xpronenfia/s

Powess Definition

Ak: AAA On7 rr Sqaafe Motr'cie s
K

A= T
A—k = @jk
Propef ties:

m+n

-A"A" = A
(A" =m™
-—(cA)n = c A

- AkBk =% (A B)k unless AR =8A Cnon-CoMnnfaﬁm'fy)

Diagonals:

-D= [3%:] , D¥= f’o‘k;k]

- A:Ppe’, ATz P DRP”
Eiﬂenvqlues

- if A is an e?rnvafue of A, thea X is Eval of AK
JO/a{on Ft)/m
-If AzPIP, where ) = [2;,7]
k=l roe) o K2 2
k ;\" Kk (3
-)J = le 2 kA*
o 90 A
Nl”pot‘eﬂ'f
N":O for Some m
|derf:'fy.‘ 1°=1
Projection: P*p = P*=p



Involuton: A*=1 => A" 3 Azlm A

E xpw@/) tra ls :

C A’wayj (anveryz;, onky €or SQuare Matrices )

Propesties
- %=  e'fel

- 3
ftl Z (t A)

- (Y

- 1f A- PBP", "z Pe”P"

- Non Commufain'ty. e -‘-\-'eq o
except AB=BA € =e’c’

—Dagtmal e -dmj(e‘ M)

~ i A=ppp”. e”= PP

( Skala, multphcatsa)

.ttX

- Jordan: €= e [3'0? I
- — S
Nslr.w‘f?ﬂf- Nk'o, C’N:I‘f,\l‘i’%'"' (x-1)!

- foft’/m‘ffdl :

dﬁt

At At
a; -—AG - A



- Skew
Symme‘f/'
- e ATz
S)’me-blol T SRuAn i
- P*=p ﬁ;A = " -
— : | @90
e =I4+ Cc-1)F’s i i

— Padé - A
pf/or <
eOt :;(T sn) (I'f A)
w(l'_ ]
54 J(T+% L pY

8 :
e 4



