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Maxwell eigenvalue problem (PEC boundary, homogeneous isotropic material)

Find  # 0, (E,H) # 0 such that

CurlE—jioH=0 & curlH+iwE=0 in Q
Exn=0 & H-n=0 on JQ

)

(Maxwell EVP) {

Variational formulation

Find w #£0, E¢€ ﬁ(curI,Q) \ {0} such that

VE € H(curl,Q) : /curlE-curIE:wz/E-E
Jo Q

Energy space: ﬁ(curI,Q) ={uc?(Q)®|curluc 3(Q)%uxn=0}

Galerkin discretization:
Restriction to finite-dimensional subspace 7y, N — co.

Eigenfrequencies are non-negative, discrete.
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Maxwell eigenvalue problem (PEC boundary, homogeneous isotropic material)

Find  # 0, (E,H) # 0 such that

curlE—ioH=0 & curlH+iwE=0 in

(Maxwell EVP) {Exn—O & H-n=0 on 0N

Variational formulation

Find w #£0, E¢€ ﬁ(curI,Q) \ {0} such that

VE € H(curl,Q) : /curlE-curIE:wz/E-E
Jo Q

Energy space: ﬁ(curI,Q) ={uc?(Q)®|curluc 3(Q)%uxn=0}

Galerkin discretization:
Restriction to finite-dimensional subspace 7y, N — co.

Eigenfrequencies are non-negative, discrete.
Problem: @ = 0 has infinite multiplicity

Kernel: Electrostatic fields: gradients of all ¢ € H (Q2) (+ harmonic forms).
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Approximation on the square Q = (0, 7) x (0, )

Good approximation: Triangular edge elements (15 nodes per side, P¢)

14

12f b

10 o

o
150 160 170 180 190

. .
200 210 220

Eigenvalue @? vs. rank k
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Approximation on the square Q = (0, 7) x (0, )

Bad approximation: Nodal triangular elements (15 nodes per side, P)
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Approximation on the square Q = (0, 7) x (0, )

Bad approximation: Nodal square elements (Q1)
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All eigenvalues converge to O !

Maxwell eigenvalues
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Approximation on the square Q = (0, 7) x (0, )

Yet another bad approximation: One square element (Qg)
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Approximation on the square Q = (0, 7) x (0, )

Yet another bad approximation: One square element (Qg)

14 T T T T T T

12f

10 *®
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Wrong multiplicities !
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Qualities of a good spectral approximation

@ Number the increasing sequence of non-zero eigenfrequencies @ ,

repeated according to multiplicity
0< 0o <o®<. . <ol <

@ Lete c (0,0")). Number the increasing sequence of discrete
eigenfrequencies wy > &, repeated according to multiplicity

e<o)<oP <. <ol <.

Good spectral approximation

@ (SFA) Spurious-Free Approximation
Ja >0, VNeN, on¢&(0,a] forall ay
© (SCA) Spectrally Correct Approximation

Vie N, w,(\;) =o' andthe eigenspaces converge.

lim
N—oo
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Necessary (non-sufficient) conditions for convergence

Completeness of the Approximating Subspaces

vueHleurl Q) lim - inf [|u—un]lpun.a) =0

(CAS) = any eigenvector can be approximated by ¥jy as N — .

But @ = 0 has infinite multiplicity
= All discrete eigenvalues will converge to O !
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Necessary (non-sufficient) conditions for convergence

Completeness of the Approximating Subspaces

vue H(eurl,Q):  lim ot l[u—unllHeur.) =0

(CAS) = any eigenvector can be approximated by ¥jy as N — .
But @ = 0 has infinite multiplicity
= All discrete eigenvalues will converge to O !

We need to handle the kernel. Two different possible directions:

@ Blow up of the kernel
Regularization [old], weighted regularization [Co.-Dauge 2002]

(curlu,curlv) — (curlu, curlv)+s(divu.divv) 2 o)
@ Separation of the kernel

Commuting diagrams (“cochain projections”) + some conditions...
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Necessary (non-sufficient) conditions for convergence

Commuting diagram

H(©Q) ¢ Heeur,Q) 7

rad
4//\(/) g ,7/1 _ ,1/N curl

Separation of the kernel:

Kernel ¢ :=ker(curl |I-Ci ) Discrete kernel Jty = YnNH

(curl, Q)

Completeness of the Discrete Kernels

Vke

A ol =0
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The decisive condition: Discrete Compactness

At the continuous level:

H(curl,Q)n .7 = H(eurl, Q) N H(div0,Q)
is compactly embedded in L2(2).

We need the corresponding property at the discrete level.

(DCP) [KIKUCHI 1989]

Discrete Compactness Property
Any sequence {uy |, With

uv e N ()" and  [Jun|yeuno) <1

contains a subsequence that converges in L?(<))

-+ . “divergence-free”
(n)*+: “discrete divergence-free”

“The divergence of discrete divergence-free elements has to remain controlled”
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Spurious-free spectrally correct approximation

The holy grail of eigenvalue approximation is to have (SFA) + (SCA): With
0< oM <o®<. . <ol <. .

0< w,(\;)gw,(\,2)<...§w,(\;)<

(1)

,,’ converges to o), together with the eigenspaces.

Theorem [CAORSI et al. 2000]

@ (CAS)+ (DCP) = (SCA)
Q (CDK) + (DCP) = (SFA)

(CAS) + (CDK) + (DCP) = (SFA) + (SCA)

It remains to show (DCP)...
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Two versions of the Finite Element Method

@ The h-version:
Refine the mesh My, keep the polynomial degree fixed,
N =[]

© The p-version:

Keep the mesh 9t fixed, increase the polynomial degree p,
N=p

Spurious Free Spectrally Correct Approximation :
Various situations
@ The h-version:

o (DCP) proved for Maxwell (d = 2, 3) with Nedelec edge elements
o Recent general results for differential forms by ARNOLD, FALK, WINTHER
@ The p-version:
e (DCP) proved for 2d Maxwell with rectangular elements [BCDD 2006]
proved modulo conjecture for triangular elements [BCD 2003]
@ General conditions ensuring (DCP) for differential forms [BCDDH 2009]
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A new tool: Bogovskii and Poincaré integral operators

Motivation

Some puzzles from vector analysis

QCR": bounded Lipschitz domain
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1. Gradient in negative Sobolev spaces

Question: ue H (), gradu € H'(Q) = u € L3(Q)

lullo < C(llgrad uf| 4 +[[u]l 1)
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1. Gradient in negative Sobolev spaces

Question: ue H (), gradu € H'(Q) = u € L3(Q)

lullo < C(llgrad uf| 4 +[[u]l 1)

Application:
Proof: Lions ca. 1958 (2 smooth), Necas 1967 (2 Lipschitz)
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Question: ue H (), gradu € H'(Q) = u € L3(Q)

lullo < C(llgrad uf| 4 +[[u]l 1)

Application:
Proof: Lions ca. 1958 (2 smooth), Necas 1967 (2 Lipschitz)

Question: 2 simply connected,
uc H'(Q), curlu=0in H3(Q) = 3¢ € L3(Q) : u=grad ¢

[#llo < C lull_

Application:

Proof: Ciarlet jr. & Ciarlet 2005
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1. Gradient in negative Sobolev spaces

Question: ue H (), gradu € H'(Q) = u € L3(Q)

lullo < C(llgrad uf| 4 +[[u]l 1)

Application:
Proof: Lions ca. 1958 (2 smooth), Necas 1967 (2 Lipschitz)

Question: 2 simply connected,
uc H'(Q), curlu=0in H3(Q) = 3¢ € L3(Q) : u=grad ¢

[#llo < C lull_

Application:

Proof: Ciarlet jr. & Ciarlet 2005
In their proof, they show...
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2. Curl with Dirichlet conditions

Question: €2 simply connected,
uc H'(Q),divu=0= Jve H*(Q): u=curlv

Ivilp < Cllull;

Application:
Proof: Ciarlet jr. & Ciarlet 2005
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2. Curl with Dirichlet conditions

Question: €2 simply connected,
uc H'(Q),divu=0= Jve H*(Q): u=curlv

Ivilp < Cllull;

Application:
Proof: Ciarlet jr. & Ciarlet 2005

Question: What if 2 is not simply connected?
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2. Curl with Dirichlet conditions

Question: €2 simply connected,
uc H'(Q),divu=0= Jve H*(Q): u=curlv

Ivilp < Cllull;

Application:
Proof: Ciarlet jr. & Ciarlet 2005

Question: What if 2 is not simply connected?
u € H(curl,Q),divu=0
— v e H3(Q),0n,...,0 - u=curlv+ Y, o;h
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2. Curl with Dirichlet conditions

Question: €2 simply connected,
uc H'(Q),divu=0= Jve H*(Q): u=curlv

Ivilp < Cllull;

Application:
Proof: Ciarlet jr. & Ciarlet 2005

Question: What if 2 is not simply connected?
u € H(curl,Q),divu=0
— v e H3(Q),0n,...,0 - u=curlv+ Y, o;h

Regularity of the cohomology forms h;? h; € C*(Q)
Application:

Proof: New
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3. Divergence with Dirichlet conditions

Question: u € L?(Q), [qu=0,= v e H'(Q): u=divv

Ivlly < Cllully

Application:
Proof: Old
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3. Divergence with Dirichlet conditions

Question: u € L?(Q), [qu=0,= v e H'(Q): u=divv

Ivlly < Cllully

Application:
Proof: Old

Question: m> 0,1 < p < oo,
ue WgP(Q), fqu=0,= Ive W P(Q) : u=divv

IVl < Cllully

Application:
Proof: Bogovskii 1979, book by G.P. Galdi 1994,
but still conjectured in 2002...
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4. Divergence in polynomial spaces, L2 - H~'! estimate

Question: K reference element, p e N,
uePP(K),= 3JveRTP(K) :u=divv

llvllo < Cllull_y, C independent of p

Application: Uniform hp-efficiency of residual-based error estimator
Proof: Braess, Pillwein, Schdberl 2009 for rectangles K
For simplex K, general polyhedral K: New
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5. Curl in polynomial spaces

Question: K simplex, p € N, WP(K) edge elements of degree p, 0 < € < 1
u € H%(K), curlu € curl WP(K)
= Jve WP(K),¢ € H*E(K):

curlu=curlv, u=v+grad¢

011, < C(llull¢ + |lcurlu|.),  Cindependent of p

Application:

Proof: New
Boffi, Costabel, Dauge, Demkowicz, Hiptmair 2009
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The Integral Operators

[ M. COSTABEL, A. MCINTOSH

On Bogovskil and regularized Poincaré integral operators
for de Rham complexes on Lipschitz domains

Math. Z., to appear (2009).

DOI 10.1007/s00209-009-0517-8.

[d M. E. Bogovskii (1979)
@ G.P GaLDI (1994)

@ M. MITREA, D. MITREA, S. MONNIAUX (2004—2009)
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The Poincaré operators: Definition

Let D C R® be star-shaped with respect to a € D
X

RI¥y(x) = (x—a)~/01 u(a—i—t(x—a))dt:/ u-ds

a
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The Poincaré operators: Definition

Let D C R® be star-shaped with respect to a € D

RIu(x) = (x—a)./o1 u(a+t(x—a))dt= /Xu.ds
RMMu(x) = —(x—a)x /01 tu(a+t(x—a))dt
RVu(x) = (x—a) /01 u(a+t(x—a))dt
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The Poincaré operators: Definition

Let D C R® be star-shaped with respect to a € D

RIu(x) = (x—a)./o1 u(a+t(x—a))dt= /Xu.ds
RMMu(x) = —(x—a)x /01 tu(a+t(x—a))dt
RVu(x) = (x—a) /01 u(a+t(x—a))dt

Known: 1. Polynomials are mapped to polynomials:

ERd‘V %curl %grad
PP2,  RTP (AL CEN
Raviart-Thomas Nedelec

IPPH
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The Poincaré operators: Definition

Let D C R® be star-shaped with respect to a € D

RIu(x) = (x—a)./o1 u(a+t(x—a))dt= /Xu.ds
RMMu(x) = —(x—a)x /01 tu(a+t(x—a))dt
RVu(x) = (x—a) /01 u(a+t(x—a))dt

Known: 2. Homotopy relations:

R gradu = u— u(a)
R curlu + grad R9*u =u
RIVdivu + curl Ry =u

divir®u=u
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The Poincaré operators: Definition

Let D C R® be star-shaped with respect to a € D

RIu(x) = (x—a)./o1 u(a+t(x—a))dt= /Xu.ds
RMMu(x) = —(x—a)x /01 tu(a+t(x—a))dt
RVu(x) = (x—a) /01 u(a+t(x—a))dt

Known: 3. Continuity [Gopalakrishnan, Demkowicz 2004]:

R MY« L3(D) — L*(D)
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The Poincaré operators: Definition

Let D C R® be star-shaped with respect to a € D

RIu(x) = (x—a)./o1 u(a+t(x—a))dt= /Xu.ds
RMMu(x) = —(x—a)x /01 tu(a+t(x—a))dt
RVu(x) = (x—a) /01 u(a+t(x—a))dt

Known: 3. Continuity [Gopalakrishnan, Demkowicz 2004]:

R MY« L3(D) — L*(D)

This is Not Good Enough
(g% 12(0)— H'(D) )
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The Poincaré operators: Definition

Regularized Poincaré operator:
6 € C3(B), D star-shaped with respect to B, [ 6(a)da =1

R u(x) = —/Be(a)(x—a) X /01 tu(a+t(x—a))dtda
RVu(x) = /Be(a)(x—a)-/o1 t?u(a+t(x—a))dtda

and for differential /-forms u

Rou(x) = /Be(a)(x—a)J/o1 t""u(a+t(x—a))dtda
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Differential forms for dummies

Q bounded domain in RY, d > 2.

Q@ rc{o1,....d}
Q C~(Q,\") space of smooth differential (-forms on Q.
Fiber dimension = ()

@ Scalar product on ¢-forms (u,v)q and associated space L?(Q,A)
Q Exterior derivative dg: C°(Q,A") — C=(Q,AF1).

Co-chain complex

@ Domain of dy
H(d/7Q) = {V S L2(Q7/\K) : dév c L2(Q7A€+1)}

Closure of Cf in H(d;,2) denoted by I-Ol(dg,Q).
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De Rham complex in dimensions d =2 and d =3

d = 2: The De Rham complex

H(do, Q) —2 Fay, Q) =% FH(ds,0) —%2

coincides with

° grad

H'(Q) 2% Feur,) —u.

d = 3: The De Rham complex

F(do, Q) —2 K(dy, Q) —H Fi(ds,0) —%2,

coincides with

1) 229, feun,0) —S, aiv,0)

Martin Costabel (Rennes) Maxwell eigenvalues
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Lo

0

— 0

fem09

24/45



The Poincaré operators: Definition

Regularized Poincaré operator:
6 € C3(B), D star-shaped with respect to B, [ 6(a)da =1

R u(x) = —/Be(a)(x—a) X /01 tu(a+t(x—a))dtda
RVu(x) = /Be(a)(x—a)-/o1 t?u(a+t(x—a))dtda

and for differential /-forms u

Rou(x) = /Be(a)(x—a)J/o1 t""u(a+t(x—a))dtda
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The Poincaré operators: Definition

Regularized Poincaré operator:
6 € C3(B), D star-shaped with respect to B, [ 6(a)da =1

R u(x) = —/Be(a)(x— a) x /01 tu(a+t(x—a))dtda
RVu(x) = /Be(a)(x— a)- /01 t?u(a+t(x—a))dtda
and for differential ¢-forms u

Rou(x) = /Be(a)(x—a)J/o1 t""u(a+t(x—a))dtda

Change of variables... Weakly singular kernel
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The Poincaré operators: Definition

Regularized Poincaré operator:
6 € C3(B), D star-shaped with respect to B, [ 6(a)da =1

R u(x) = —/Be(a)(x— a) x /01 tu(a+t(x—a))dtda
RVu(x) = /Be(a)(x— a)- /01 t?u(a+t(x—a))dtda
and for differential ¢-forms u

Rou(x) = /Be(a)(x—a)J/o1 t""u(a+t(x—a))dtda

Change of variables... Weakly singular kernel

R y(x) = // 2X Y Y Vo(y—r X Varxu(y)d
) B ) O T s
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Bogovskil and Poincaré operators. Support properties

Regularized Poincaré operator:

Rou(x) = /BG(a)(xfa)J/; ¢V u(a+ t(x— a)) dtda

Bogovskil integral operator:

Tou(x) = —/Be(az)(x—a)J/:Ot“1 u(a+t(x—a))dtda

Duality: To=x(Rpr11)'*

Bogovskii

Support properties: S

e For x € D, ®,u(x) depends only on |, Pomeare
e fu=00nR"\D,then T,u=00nR"\D. ."Aa
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Bogovskil and Poincaré operators. Main properties

xRy, Ty are pseudodifferential operators
of order -1 on R”
xRy maps polynomials to polynomials
* dp_1Reu+Rpp1dpu=u
* dp_1Tpu+Tpdpu=u
x Ry HS(D,NY) — HSTY(D,AN')  VseR
« Ty HS(D,AY) — HSTY(D,A1) VseR

Fe(D) = Hy(R")
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vs general bounded

On a star-shaped domain D:

di—1Reu+ R deu=u
a1 Zu+ T dpu=u

and Ry, %, have support properties with respect to D.

dqu=0 — u=d_{Ru=d_1%u
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vs general bounded

On a star-shaped domain D:

di—1Reu+ R deu=u
a1 Zu+ T dpu=u

and Ry, %, have support properties with respect to D.

dqu=0 — u=d_{Ru=d_1%u

For any s € R:

ue H(D,A)and dju=0 = 3IveHH' (DAY u=dy qv
ue HS(D,AYand dju=0 = 3JveH (DAY u=d_qv
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vs general bounded

On a bounded Lipschitz domain Q with star-shaped hull D: Q

di—1ReU+Rep1deu=u
dr—1Zu+ T pdeu=u

D
/3
.

and Ry, %, have support properties with respect to D.

qu=0 — u=d {Ru=d,_1%u

Martin Costabel (Rennes) Maxwell eigenvalues fem09 29/ 45



vs general bounded

On a bounded Lipschitz domain 2 with star-shaped hull D: Q

di—1ReU+Rep1deu=u
dr—1Zu+ T pdeu=u

D
/3
.

and Ry, %, have support properties with respect to D.

qu=0 — u=d {Ru=d,_1%u
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vs general bounded

New result: On a bounded Lipschitz domain Q:
There exist infinitely smoothing integral operators R/, £,

dr—1Reu~+Rpp10eu = U+ Ryu
dr—1Zou+ T 1dpu=u+Lyu

and R/, Ky and T, £, have support properties with respect to 2.

du=0 = (1+RK)u=d_1Rwu

u=a1wv = u=d_1(Reu—HK1v)
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vs general bounded

New result: On a bounded Lipschitz domain Q:
There exist infinitely smoothing integral operators R/, £,

dr—1Reu~+Rpp10eu = U+ Ryu
dr—1Zou+ T 1dpu=u+Lyu

and R/, Ky and T, £, have support properties with respect to 2.

du=0 = (1+RK)u=d_1Rwu

u=day_1v = U=dg_1(9‘tgu—ﬁ[,1v)
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Regularity of dv = u

Corollary 1

For any s € R we have:
@) ue€ H(QA), u=dy_yv,ve H(QAN "), anyteR

— JweH T QAT u=d_w

IWllgst1(q) < C (lull s + Vi) -
(b) ue H(Q,A), u=dy_yv,ve H(QA "), anyte R

— JweH QAT u=dw

Wl g1 mmy < C (l[ull sy + 1V | (rrny) -
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Regularity of the kernel

For any s € R we have:
(@ ueH(QUA),du=0inQ = u=d_Ru+Ku inQ

Rou e HHY(Q AT, Rue c(QN)
(b) ueFlS(Q,/\[), du=0inR" —= u=d_1Su+Lyu inR"

Toue HT(Q,AY),  Lue Co(Q,AY)

4

Corollary 3, Regularity of cohnomology spaces

ker(dy ) /im(dp_

) /im(dp-1

HS(Q.AL) Hs+1 (Q’/\l—W))

ker ( dy

FIS(Q,N) Hs+1 (A )

are of finite dimension independent of s and
can be represented by C™ functions.

v
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Back to the eigenvalue problem...
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The conditions

Completeness of the Approximating Subspaces

Vuel—ol(d,g,Q), I|m inf ||u Un |l pyg,.0) =0

N—oo uyev,

Completeness of the Discrete Kernels

Vk € Ker(dg, ), ,\Ilim ) injﬂ [k —knl 20 = 0.
— kyE i

Discrete Compactness Property Any sequence {u N} yen With

uy € NN () and  [lunlyg,q) <1

contains a subsequence that converges in L>(Q,\")
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Sub-complexes and co-chain projections

We assume:
@ Two compatible families of approximations at levels £ and £ — 1

dg—+
—_

no 2y

@ Projection operators n,’\‘, with domain S(Q, A¥) & commuting diagram

do_ ,

SN ==L (9,1

n,{f% lnf\,
7/,6;,1 dé—1 //I\[I

= dy_4 7/,6*1 subspace of discrete kernel Ji/,\f = V,{, NKer(dg, Q)
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The h-version by ARNOLD, FALK, WINTHER

Co-chain projection defined on S(Q,A") = L?(Q,A’) and satisfying

Uniformly [?>-Bounded Projections 3B >0, Yh

Hﬂll;uHLZ(Q’/\k) < ﬁ ||u||L2(Q,/\k) uc LZ(Q7Ak)7 k= 6_176

Theorem [AFW 2009]
(CAS) + (CDK) + (UBP) = (SFA) + (SCA)

Proof uses a “regularized” mixed formulation and Hodge decomposition.

Regularized eigenvalue problem: s > 0

Find u € H(dy, Q) withu #£ 0, ¢ € H(d,_.Q) and @ > 0 such that

) { (deu,dev) +(dr 1 9,v), = @3(u,v), W e H(d;,Q)

o

(u,de—1 y)g +[s](.y), =0 Yy € H(dr—1,Q)
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Issues

@ Like in any regularized formulation, must sort eigenvalues:
For s =1 (fR) gives all eigenvalues of the Hodge Laplacian

Opy10de+dp_106y

© More serious: The proof of (UBP).
In h-version, done in [AFW 2006, Th.5.6] for simplicial meshes by an
extension-regularization process.

Now the question is

‘ Is it possible to prove (UBP) for p-version?

In absence of positive answer, we prove (DCP) in a quite general
framework.
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Discrete compactness

Proof of discrete compactness under
general hypotheses




We assume that all objects in the co-chain projection exist elementwise:

KeMm
S(K,AT) G, S(K,\')
”ﬁ?l l”ﬁ,K
,7/p£71(K) h “Vp((K)
and

SN ) = {y € H(dr1,Q) : v, € S(K,AT) VK € M)

Convergence at level £ — 1

3 function € : N — R* with lim &(p) = 0 so that VK € I

pP—o

<e(P)19llska-1y Y9 € SK,AT)

|de-1(0 — 75 9)

L2(K,AE)
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For each K € 91, there exists an intermediate space X(K,A’)
S(K,AY) c X(K,\') C H(d, K)
and ifting operators Ry x and R4+ k satisfying

Lifting operators
They are bounded

Rg+17K RZ,K ,
LKA ——  X(KAN) —— S(K,AN)

ds dy—1
such that
(%) Vx € X(K,AY),  dr_1oRpkX+Rey1kodiXx=x
and

VupE’Vlf(K), R£+1.Kodé;‘up€7/pé(K)
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We set
X(QN) = {v e H(d,,Q): v|, € X(K,A") VK e M},

with norm

2
2 2
u = ||u u .
Il = 19l B 9l

Lemma 1

Under hypotheses and

Yue X(Q,A") suchthat doued 7,

we have the estimate

0
Hu—npu

2@ < Ce(p) llull xo.nt)

with C independent of p and u.
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From formula (), we deduce that
xe X(K,A)NIm(d,_1,K) = 3JoeS(QA"), x=d, 40
(we simply take 6 = Ry k X)

We need this property globally

Maximal image

X(Q,A)NIm(dy_1,Q) = dp_1 S(Q,ACT)
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Hypotheses and

We need further properties for the intermediate global space X(QJ\Z)

Compact embedding

comp

X(QNA) S 2(Q,A)

Regularity

X(,AY) > H(dg, Q) NIm(ds1,Q)*

NB: Recall that [Picard 1984]

H(de, Q) Nim(d,_1,9)" 257 12(Q,A")
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The main theorem

Theorem of Discrete Compactness [BCDDH 2009]

Under hypotheses | H1 || H2|| H3|| H4 | and | H5

, the (DCP) holds.

Tools used in the proof of the hypotheses:
@ Demkowicz’s projection-based interpolation operators
@ The regularized Poincaré operators
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The main theorem

Theorem of Discrete Compactness [BCDDH 2009]

Under hypotheses | H1 || H2|| H3|| H4 | and | H5

, the (DCP) holds.

Tools used in the proof of the hypotheses:
@ Demkowicz’s projection-based interpolation operators
@ The regularized Poincaré operators

Corollary
Using the p-version of Nédélec’s elements on
* triangles or tetrahedra (first or second family) or on
* quadrilaterals or affine hexahedra (first family)

we obtain a spurious free spectrally correct approximation
of Maxwell eigenpairs.

Martin Costabel (Rennes) Maxwell eigenvalues fem09 44/ 45



Thank you for your attention!
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