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# Systems of Partial Differential Equations such that:

* There exists a hypersurface in "space" such that:
' Giving “arbitrary datum” on it:

- * There exists a unique solution in some "region".

. These solutions depend continuously on the
_  data (depends on the assumed topology
[Sobolev spaces vs. Gevrey spaces])

k "f,f-Perbohcﬁy Causal Propagatlon‘ .
‘m". DES * -






‘, _’i_ ,. ."'::.:: ) .‘, e 5P L - - '_-. _;v -- - b - D =2 NS . - - - ,- M : S ,v.. 3 j 7 _ - -.1;.__ :A. e e .:?_'. - =) . ST - T =
e - : S TSAGET R T T etk ety 152 4 T e — iy g e T A B e o < S Y e WA e A e s
S s G P R Ly SR 2 e LR =2 : e : 2 - - & R bl O S P i T VoD SR ARSI ITIT T - e b =
: 1 : ‘ C 1 O | t | ‘ AS | - - O - O = t" : e ‘ | b V |
: e~ - < .‘_ I ‘v ‘ - - 0 - :‘ :- | ' - : C : : . 7 - - g : - - : . 3 X . « : e . - : ,‘:. ¢
. s : : = ' =3 = - X = ot e T A A e R e % = :

220 :

+ Why is this important?

* Today we haVe computers and can find general solutions.
$ Theory fully developed when simulations started.
- + Entered very late in GR
.- * ? Most textbooks in physics are older than the advances in PDFE's.

* Are based in a handful of exact solutions (very important also, but
stay in the realm of Cauchy-Kowalevski, convergence of series??)

# Landau / Eckart Theory of relativistic dissipative fluids.
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-+ Why is this important?

+ Today we have computers and can find general solutions.

: Theoryfully‘ déveloped when Simulations started.

- * Entered very late in GR
= * Most textbooks in physics are older than the advances in PDE’s.

* Are based in a handful of exact solutions (very important also, but
stay in the realm of Cauchy-Kowalevski, convergence of series??)
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+ Lecture I

* Examples: Wavé e-quation,» and Electromagnetism, GR.

* Old stuff < 1950. Caﬁchy-Kowalevsld Theorem.

* The quésfion 'of reglon of influence or ﬁhité propagatiénf
* Lecturell; '

* The question of well posedness and predictability.

. _Symmetric éhd Strongly hyperbolic systems.

+ Lecture III:
» | Géneral systems (Constraints)
# Examplesz,:'Forcé—Free in Euier; s Potentials.
4""C.)pen probl?enis..-

* Numerical éi)pii_catidﬂs (Jets aroun_d~Kéff)-ﬁ '_t |







- EXamples: |

. wp=F@

Bip=—5-Vo+F(9) ut=(1,0);

B 0o U Vp ﬂ%







Examples:

= VAB+J
= VAR

- Electromagnetism
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- Electromagnetism

7 = 5 9)- 3 (7-Vp) - Velp)




- EXamples:

V V“cb F(qb)
‘“’V Vyg FUP(gMV7@>\guV)

| Klem—Gordon |
General Relativity
Electromagnetism
~* Yang-Mills
e Huids
.ietC, e







Cauchy problem

Btu AO”’ (u + t)Vzuﬁ —|— Bo‘(u L t)




Cauchy problem

Btu AO”’ (u + t)Vzuﬁ —|— Bo‘(u L t)




Cauchy problem

Btu AO”’ (u + t)Vzuﬁ —|— Bo‘(u L t)

u|i=0 = f°




Cauchy problem .

5tu A‘“ (u Z t)Vzuﬁ 1 B“(u T t)

Faa . (x 0) + 5t Oyu° (x,0) =
f (z) + 6t [A‘“ (fw:' )V 8+ B(f,z, 0)]




- CaUChy problem .

- nCauchy—KOWaleVskiTheorem (existence and uniqueneSs) B




Cauchy problem .

K Cauchy Kowalevsk1 Theorem (ex1stence and umqueness)

- Oyu” —AO" (v, 2,t)Viu? + B*(u,z,t) §




Cauchy problem .

B Cauchy Kowalevsk1 Theorem (ex1stence and umqueness)

‘ O - 1 (u,aj,t)Vz > Ba(u,az,t) -._j_

Analytic




';auchy problem

E o Cauchy Kowalevsk1 Theorem (ex1stence and umqueness)

Oyu” :Ao‘zg(u,az,t)vi f Ba(u,az,t)

Analytic

_ Then there exists a unique,.analytic‘solution in a nbh of t=0
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+ Write f(x) in Taylor series, around Xo.
+ Write u(t,x) in Taylor series around (t=0,xo).

| .+ Get all coefficients for the u(t,x) series from
the f(x) series using the equations.

# Show that convergence of Taylor series for f(x)
~ implies convergence of Taylor series for u(t,x).
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" Definition: Given a manifold M, and a set of fields on it, u®, a characteristic
surface of a quasi-linear equation A% 3(u)V, uﬁ =FYulisa hypersurface such &=
that its normal, n, at every point Satlsﬁes

det(A°% gn,) = 0.

For this course forget general relativity, the metric it is not
- fundamental here!
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e propagation




Finite propagation

Planes at Whlch data can

‘not be given (over deter-
~ mined).

Plane wave solutions




High Frequency Limit

_ ) | ¢0(tfl7) + ¢ gbl(t x)e“’i”
M-: U Vo + F(qb) - u® =
G0 YT
T ¢1k0 - '(t, L

- u'k, =0  Local plane waves













 High Frequency Limit

(tfﬁ)_uo(t@JFS%(tf) - e—0

- r‘@tuo‘ = Ao‘ig(u, T, t)Viuﬁ + B%(u, t, x) *
- | uo‘ﬁtf — A% (uo,x,t)ufvif
ko — AO”’ (up, z, )k;u;  Setof plane waves

det(6 Mo—AC”ﬁk) ‘o . b oeo







Characteristic plane =
Domain of dependence limit

Holmgrem’s theorem

‘_SO

\IJ(Z(),t) :Zt c M \IJ(Z(),O) = Vi ¢ C




 Local Cauchy development

D(S0, W)= USi €M

D(on‘l’) D(Z, V') f (20, ¥) C D(X, ¥')

e




' Local Cauchy development

D(So, W) = US €M

D(on‘l’) D(Z, V') f (20, ¥) C D(X, ¥')

e

artially ordered se
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Cauchy—Kowalevski theorem: If A% and BY are analytic, then for each
analytic initial data f¢ there exists a nbh. around >y and an analytic,
unique, solution satisfying the initial conditions, u|s, = f.

Holmgrém’s theorem: Even when f is ﬁQt analytic, if a solution exists, it
is unique in a region bounded by characteristic surfaces.

. Everythingiseemed to be OK




- Example: Wave equation

- e e A

) A e

) i ‘)

'i Q_‘In ,-t_his case 0 = dét(A”_nu) = ni —n3 = n, = (1,£1) so there are

- characteristic surfaces.

e Hyperb()lic equations, characteristics are maximum propagation speeds.

e Concept of domain of dependence.




- Example: Wave equation

Eigenvectors of




- Example: Wave equation

Eigenvectors of

~ el v -Gy
E - - 5 0




- Example: Wave equation

Eigenvectors of

'_ e _v_l_: (1"1)
- ; (17_1)

u(t,z) = c" (t,x)vy +c (t,z)v_




- Example: Wave equation

Eigenvectors of




- Example: Wave equation

Eigenvectors of

e 0 R X o 11000z
c bz ¢ F

. e
S C_|_ (t,il?) :'tez_tezx L - 6@1000:13
L 0000




Question:

. det(WavéECmaiion) = 9"kaky







estion:

.

det(Wave Equation) = g*°k,ky,




- Example: Laplacian

Gattos = ?

=

% %

o In this case 0= det(A“nu)- = n? + n3 — Ny, = 0 so there is no charac-
terlstlc surfaces.

% Elhptlc eqUatlons, if you know the solution on a nbh. of a point you know
it everywhere.

e Something funny...




EXample LaPIaC1an I

ElgeDVeCtOrS Of




EXample LaPIaC1an I

ElgeDVeCtOrS Of




;'Example Laplac1an ‘

. E1genvectors of




;'Example Laplac1an ‘

. E1genvectors of




EXample LaPlaqan \

ElgeDVeCtOrS of

1 e’ilOOOgc
10000

61000t
£$1000z







= | I/']'” Stuff

* Cauchy Kowalevskl gives only ex1stence for analytic
initial data |




“Qld” stuff

* Cauchy Kowalevskl gives only ex1stence for analytic
initial data |

s There are equat1ons which only have solutions if the

data is analytic.
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» Cauchy Kowalevskl gives only ex1stence for analytic
initial data |

» There are equat1ons which only have solutions if the

“data is analytic.

o In many cases if a solution exists it is not a continuos
function with respect to the initial data. (Not well
posed )
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Cauchy Kowalevskl gives only ex1stence for analytic
initial data |

There are equat1ons which only have solutions if the
“data is analytic.

- ~ In many cases if a solution exists it is not a continuos
function with respect to the initial data. (Not well
posed )

0 No good for phys1cs' There is no pred1ctab111ty




~ Summary Lecturel

Old stuff is _Very geometrical and elegant.
- But only for analytic data.

Does not responds questions about existence of non-
analytic solutions (and their data). Recall that generic
quasi-linear equations develop shocks.

Does not address the question of predictability (classical).

It is not enough to incorporate all equatlons in physics
(Constramts e Gauge)
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Lecture Il: Hyperbolicity

+ Continuous Dependence of Solutions to the Cauchy Problem.
Constant Coefficient Systems.
First Order ”Sy—St'ems and Different types of hyperbolicity:
- Symmetric Hyperbolic, Strongly Hyperbolic, Weakly
- Hyperbolic, Leray Hyperbolicity.
 Energy Estimates.
Causality: Filling the cones.

= Covariant«deﬁnitidn of Strong Hyperbdlicity.




- Constant coefficient f system(onatorus)

ur(t, z) = P(O)ult, z) Z AO‘ non—characteristic surface

|a|<m

. / e~k )

a(t, k) = e ty(0, k)

& Z emkeP(Zk)tu(O,k)f(k) '

kl<r

Good fOf finite SériesA(Cauchy-‘Kokh"Walevski)




~ Constant coefficient system

When do sOlutions at a given time have a continuous dependence with
respect to their initial data? Hadamard

o This happens if and only if [e”(**)| < C independent of k. (When consid-
. ering the same norm for initial data and solution at the given time).

IF: [fuft AIP = lac, I < CIFOIP = CIFOIP

ONLY IF: Otherwise there exists a sequence {(k;, f;)} with || fi]| = 1 and
’€P<7’kl)fl| = 0 |




~ Constant coefficient system

When do sOlutions at a given time have a continuous dependence with
respect to their initial data? Hadamard

o This happens if and only if [e”(**)| < C independent of k. (When consid-
. ering the same norm for initial data and solution at the given time).

IF: [fuft AIP = lac, I < CIFOIP = CIFOIP

ONLY IF: Otherwise there exists a sequence {(k;, f;)} with || fi]| = 1 and
’€P<7’kl)fl| = 0 |

Reproduce th1s calcula’uon'




. Constant COefﬁCient SyStem




~ Constant coefficient system

e For Laplacian e»quation it is not bounded, growseprnentially with |k].

o For Wave equatlon it is bounded by one, P(zk) is dlagonahzable and has
1magmary elgenvalues |

~ o For Heat equatlon it is not bounded either [eF(F)| or |e~ P (ik) | grows
; exponentlally with ]k\Q




- Constant coefficient system

e For Laplacian equation it is not bounded, growsexpdnentially with |k].

o For Wave equatlon it is bounded by one, P(zk) is diagonalizable and has
1magmary elgenvalues ‘

o For Heat equation it is not bounded either [eF(F)| or |e~ P (ik) | grOwS
; exponentlally with ]k\Q

~ Without stability we can not compute!




~ Constant coefficient system




- Constant coefficient system

B .Csder now first order systems P(a)A Aa 5’ e =

e When is T e




- ""Constant coefﬁc1ent system “

- . Consider now first Qrder systems P((‘?) Aaa

e When is Cn e _
e Answer: If and only if, for each ka, A%k, has real

elgenvalues and a complete set of eigenvectors
(dlagonahza,ble)

L o Definition of Strong hyperbolicity for constant
- coefficient systems




Constant coefﬁc1ent Sy Stem o

" % Cosider now first Qrder Systems P(a) Aa 5’

e When is Cn e _
e Answer: If and only if, for each ka, A%k, has real

elgenvalues and a complete set of eigenvectors
| (dlagonahza,ble)

= Definition of Strong hyperbolicity for constant
- coefficient systems

Alternatively: It is SH if there exist H = H(k), positive
definite bilinear form such that H(k)A%k, is symmetric.




'_,f-onstant coefﬁc1ent system .

. Consider now first Qrder systems P (8) A"’a

When is L

Answer: If and only if, for each kq, A%, has real
elgenvalues and a complete set of eigenvectors
> (dlagonahza,ble)

Deﬁnition of Strong hyperbolicity for constant
- coefficient systems

Alternatively: It is SH if there exist H = H(k), positive
-_deﬁmte bllmear form such that H (k)Aaka is symmetric

Symmetrlc hyperbollclty It H does not depend on k
Most physmal systems can be cast in Symmetne Hyp. form.




Strong hyperbohcrty

. H1gh frequency limit.

//ﬁ
. Strong Hyperbol1c1ty <—> Waves can be decomposed

intoa complete set of plane waves, each one of them with purely
- - imaginary frequency |







 Strong hyperbolicity \

o Allows energy estimates:




- Strong hyperbolicity .

e Allows energy estimates:

- eSymmetric Hyperbolic: Usual energies

| ‘ Strongly _H,yPe‘ifbolit: | Pseudo_diff.erential‘ ,"Calculus




SYmmetnc Hypﬂ‘ bOhaty
(,:"ovarlant Vers1on) '

ATl

| Is Symmetrlc Hyperbollc if there exists
i H(u)m and kq such that:

= » HWAO‘% 1S symmetrlc and

° HWAO‘“[;/% 1s pos1t1ve







| * u—%va¢l. = Fl (¢17 ¢27 ¢3)
. Augva¢2 ' = FZ (¢17¢2 7¢3)
& usVads = F3(1,¢2,05)




Fy (¢17 ¢27 ¢3) _
Fy(¢1, b2, d3)
F3(¢17 ¢27 ¢3)

(hlu k >0, s ko > 0, hausk, > 0)













f Stfoﬁg Hyperbolicity (covariant) |

Is Strongly Hyperbollc if there ex1sts
H (u)va(k) and k, such that

¢ Hu ()4, is symmeic, and

- OHm(k)AO‘%lA{a is symmetric and positive.




- General Quasilinear Systems

General quasilinear equation: .
AaAa (U)Vaua = FA(U)
& u” = {.sé_‘t' Of"iiénsars in some manz’fold M}
¢ Fiber bundle over M of dimension m
- Fa(u) = {set of tensors also in M}
Fiber bundle oV'er» M of dimension q

: They can be also maps from manzfolds into mamfolds (The differential among
| "'these bundles i is always well defmed)
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~ Quasilinear systems of equa

R Electromagnetism
=0
E V E = Jp 4

/ Fab
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| Quasilinear systems of eq

B s ety

S NS A S T s L
t .

~ Electromagnetism ' - Wave equation

| Vilig = D - 2

vaFab - Jb _ V[alb] 0
- | N L 5

Fab <¢7 la)
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" Quasilinear systems of equations

Electromagnetism ' - Wave equation
’ V[CLF bel & 4 ' Vo bo
E VE, Jp 4 Vialyy = 0

v - Ve, J

Fab <¢7 la)

There are constraints.

R VL VB
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- Quasilinear systems of equations

2 -“.i"-‘;-" - ’.:f':‘_'f-', A LA

Electromagnetism ' - Wave equation
’ V[CLF bel & 4 ' Vo bo
E VE, Jp 4 Vialyy = 0

v - Ve, J

Fab <¢7 la)

There are constraints.

oL vl -0




- 'Symm’fetric hyperbolic systems (a la Geroch)

- eGeroch paper on-SHsystems - |
‘.a > . =
- A Aoy (u)Vau‘ = FA (u)
= I symmetriéhyperbolic or admits a hyperbolization if there
exists H B'A such that: |
, . Hy" Ao = Hp" Afpja)
~ 1s symmetric and there exists n, such that
‘HBAA?{anCL :

~is positive definite.




 Strong hyperbolicity \

e Allows energy estimates:




~ Symmetric hyperbolic systems

- HA s
P gta, P N HAR P

A mathematical energy is defined by,

| | HﬁAAa’Aauﬁuo‘na dV
58 Zt_.

o i) = 21200)




~ Symmetric hyperbolic systems

- HA s
P gta, P N HAR P

A mathematical energy is defined by,

| | HﬁAAa’Aauﬁuo‘na dV
58 Zt_.

o i) = 21200)




- Symmetric hyperbolic systems
/ Va J“dV /Z t JnedsS — /E JnqdS
/ H, AJ Au

< e+ [ 1t / [ s0ua

- Linea-rcfase,.‘quasﬂmear case more comphcated (Sobolev)




* Symmetric hyperbolic systems

/v JadV / J“nadS / JdnadS
zt v S

En /‘na » |

Yo

< e+ [ 1t / [ s0ua

- Linea-rcfase,.‘quasﬂmear case more comphcated (Sobolev)

/ H AJAu : 1




 Energy norm: examples

' U u=0 [°— e |




oo

PN v 0 P ] i U

o /Quut = / 2, dr = /
t Et e | 5 D¢ 3




oo

PN v 0 P ] i U

B o)
| g():/QUUt dx:/ 2u2u$ dx:/
dt ’:..Etx"-_" = »Et'.~ D¢




Energy norm: examples




Energy norm: examples

U — uuaz _)umt:(ux)Q - Ul o




Energy norm: examples

U — uuaz _)umt:(ux)Q - Ul o

. = > |




Energy norm: examples

Ut = U, sy _ e = () + il

s G / Yyl
: Et

S (1) :/ Wit 0F — / Qe [(Uz)? + Utlyy] dT
. I ¥ |




Energy norm: examples

- :3(%’0)2“9”3 T Ulggy




Energy norm: examples

- :3(%”)2“9”3 T Ulzzy

/2umumt g / ~2um [S(ux)Qum—l—uumx] dr &
SO AR | 2t =

4(ug)? (ugs)? dz < max (ux)Q/ (U )? dz < max (ug)2Es(t)

2t




Energy norm: examples

/2umumt g / ~2um [S(ux)Qum—l—uumx] dr B
S | 204 =

= /E 4(up)? (tye)? dor < max (ux)Q/ (tee)? dr < max (ug)*Es(t)

- max (ux) < C’SQ( )

- SobOlév-inq. .




Energy norm: examples

/2umumt g / ~2um [S(ux)Qum—l—uumx] dr ©
S | 204 =

= /E 4(up)? (tye)? dor < max (ux)Q/ (tee)? dr < max (ug)*Es(t)

20t

max (ux) < 052( ) %82 (t) < C&s (t)z

- Sobolévinq. .
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- Symmetric hyperbolic systems

Hie o -0 = T, 5 )

. B AR n,tyn,) >0V 29> 0
| The set of all co-vectors for which the above expression is

~ positive is a cone. The cone of Cauchy planes. Its boundary is
called the characteristic cone. |

- Causality is derived from this cone structure.
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- Symmetric hyperbolic systems

Hie o -0 = T, 5 )

 HgR A 4 (zne +yhe) >0 Y 7,9 > 0

The set of all co-vectors for which the above expression is
positive is a cone. The cone of Cauchy planes. Its boundary is

called the characteristic cone.

- Causality is derived from this cone structure. L




- Symmetric hyperbolic systems

C—{kac T | H, A% 4pk, > 0F CausalCone
The boundéry of it is called the “characteristic cone”.

Co-cone of propagation vectors

. C ={p" €T, |pke 20V k, €C}
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- _chre il: 5ummary |

The first order evolution equations which have continuous
dependence with respect to initial data (in normed spaces) and
are stable under lower order perturbatlon are the strongly
hyperbohc systems.

Most physical system are symmetric hyperbolic, including some
relativistic dissipative fluids
- Symmetrizers give a extremely good tool for causality (filled

(real) cones and co-cones)

* But thosé--cories_might not be identical to the true causality
~ properties of the complete physical system




cture III Examples and Tec‘ "mques
. Open Problems some s1mu1at1ons

= . Wave equation: The hard Way
.+ Wave equation: The easy way

- An example of a weakly hyperbolic system:
- Force-Free in Euler Potentials.

- Some simulations of Force-Free: Jets

~' Openprdblems .



- Example: Wave equation

'EX'mI:WV | ~-tin | V‘
- 5 ]

ViVag = J | - Vialyy = 0
- v, - J

© Symmetrizer: map from the space of equations to the space of unknowns.

AAnavngpa = JA




- Example: Wave e "

EXample: Wave equation . ¢ = la =
vavq¢ e J _) V[alb] - 0
. el - U

© Symmetrizer: map from the space of equations to the space of unknowns.

AAnavngpa = JA

e




- Example: Wave equation

2 ;When does there ex1sts a k such that the above bilinear form
'IS p081t1ve7

It exists'if and only if u® is time-like and positive deﬁnite.

In this case the cone of positive k, 1s the set of all covectors
~ coming frem Vectors In the p081t1ve hght cone (full).
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 Example: Wave equation

Ha-: va’ Hcab S QQC[aub], =

; _When does there exists a k such that the above bilinear form
__ '1S p081t1ve7

It exists'if and only if u® is time-like and positive deﬁnite.

In this case the eone of positive k, 1s the set of all covectors
~ coming frem Vectors in the p081t1ve hght cone (full)
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~ Example: Wave equation

H.a,-: [U‘a, Hcab S zgc[aub]jH(I :ua
H FAmul u = —u"P1dy — u gabzlaz% + uczlczn o

; When does there exists a k such that the above bilinear form
__ '1S p081t1ve7

It e,xists'if and only if u® is time-like and positive deﬁnite.

In this case the cone of positive k, 1s the set of all covectors
~ coming from Vectors in the p081t1ve hght cone (full)




- Ex‘ample - Wave equatin .

He - [Ua’ Hcab = zgc[aub]7 CHY — 8
H FAmul u = —u"P1dy — u gabzlaz% Ll it

i _When does there exists a k. such that the above bilinear form
spositive? - Proye this!

It exists‘if and only if u® is time-like and positive definite.

In this case the cone of positive k, is the set of all covectors
- coming from vectors in the posmve hght cone (full).
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 Wave Equatibn ‘
924 '

8t2 :—k2¢ - UZ:“atﬁ, = U=

o
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" | SYétem strongly hyperbbl_ic!



f Stfoﬁg Hyperbolicity (covariant) |

Is Strongly Hyperbollc if there ex1sts
H (u)va(k) and k, such that

¢ Hu ()4, is symmeic, and

- OHm(k)AO‘%lA{a is symmetric and positive.
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- Strong Hyperbolicity (covariant)

L(t)q = tng + k, such that n, # ok,

- Hya(R)A™L(0)

On each intersection the
dimension of the kernel is
maximal

L(t) is not simply connected




B 1' ce-Free e quations .

Force-Free equations

They represent very diluted plasmas where only its high
' Conductwlty is important

e, IV




- F I'Cé' Free cqu ations . _ L %_

 Force-Free equations

Fvaa,Fab -— | 0 = = FabFCdgabcd — 0
V[anc] e S - F — FabFab <0




- Force-Free equations .

~ Force-Free equations

FvaaFab: = ‘ 0 G e -FabFCdgabcd —
VB -0 P PR o

R

*Fab e —%5abchCd = 2u[abb]




- Force-Free equations .

 Force-Free equations

FvaaFab: = ‘ 0 G e -FabFCdgabcd —
VB -0 P PR o

R

- Lb = 0 - T} = "%5abchCd = Qu[abb]




Force-Free equations

 Force-Free equations

FvaaFab: = ‘ 0 G e -FabFCdgabcd —
VB -0 P PR o

R

. . .

Magnetic sheets




Force-Free equations

 Force-Free equations

FvaaFab: = ‘ 0 G e -FabFCdgabcd —
VB -0 P PR o

R

. . .

Magnetic sheets




- F I'Cé' Free cqu ations . _ L %_

 Force-Free equations

Fvaa,Fab -— | 0 = = FabFCdgabcd — 0
V[anc] e S - F — FabFab <0




- Force-Free equations .

~ Force-Free equations

FcbvaFab e | | = -FabFCdgabcd =
e U N PPl <)




- Force-Free equations .

Force—Freeequation
FcbvaFab e | ' | _ -‘ FabFCdgabcd —hH
- Va0 ‘ '

det(F“b) — G2

- Symmetric Hyperbolic




- Force-Free

Wi e - V_‘.’“@': ENS O — Extended System

alb c 1 ambc 1% c am am

Aa N {(F [bg] = 56 : 7F b g > ) (O » g 9

| 5&;% AAme(SCI) e [XemchJrXcmch—%(X-X)(S”z}]

2

1 A
skt wa(F" - X)(F* - X)

1 -
L F [Xbm(F* X)) + X (E* X)}

- iPte {X*magb +.X*ma5g£} (P, w,n) 5600

::.Pab = [ba bb b “aub] ¢ Carrasco and OR




Pseudo-d1fferent1a1 Way :

Force Free in Euler Potentlals

va Fab
. v[ Fbc] S

- FabFCdgabcd =0
. o = e*”VagbiVbqu = §€ZJ¢iva¢j
. VeV (Ve =0, k=12

| z=<b? o ' Along the magrie’_c_ic sheets




 Pseudo-differential way

 Force-Free in Euler Potentials

. . an
~at U :A U, = U ( -2

—kz—kz _ (01 k) (U3
k| 1k|Gao
(£ k)(ez k) —k2—k2
k| G1a k|
0 0

0 . 0

~ System s Il Posed!




 Pseudo-differential Way 0

= Force Free in Euler Potent1als

<gébkakb><[ - G5t kuka) =0

ko= kg =0 '

N System is Ill Posed!
= 'OR and MarceloE Rub10
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~ Touching grids
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: -*‘-‘Ihcoming\-Ou‘tg()ing modedecdmposition '
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 Constraints

4 AAnavnSOOz = JA

O ewhithat O00R A g
e o — 1

Naw = n,0:0+ D,
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The abblve linear combination'o_f 4equationsonly' have derivatives atS




Find a proof of constraint propagation (strongly hjfperbolic) in a covariant
setting. Enlarged systems hyperbolicity. |

Find criteria to decide when a general first order syStem admits a symmetrizer

* There is already a criteria which ensures in certain cases there is no
~ symmetrizer (F. Abalos) is it the other way around?

~+ There is a conjecture on a formula relating the dimension of certain
kernels, there is a symmetrize if and only if it is satisfied.

Which are the most general well posed systems in normed spaces? There are
weakly hyperbolic systems which are trivially well posed, can we characterize
them? | | |

# Relation between L_éray’s and Fridrich’s hyperbolicity







Gracias por su atencion!




