A discrete exact grad-curl-div complex on generic

polyhedral meshes
Part |: Algebraic properties

Daniele A. Di Pietro

joint work with J. Droniou

Institut Montpelliérain Alexander Grothendieck, University of Montpellier

https://imag.umontpellier.fr/~di-pietro

16" U.S. National Congress on Computational Mechanics

1/17


https://imag.umontpellier.fr/~di-pietro

The magnetostatics problem

m Let Q ¢ R3 be an open connected polyhedron and f € curl H(curl; Q)
m We consider the problem: Find (o, u) € H(curl; Q) x H(div; Q) s.t.

/O"T—/H'CUI'ITZO VTEH(CHI'];Q),
Q Q

/curla-v+/divudivv=/f-v Vv € H(div; Q)
Q Q Q

m Well-posedness hinges on properties of the de Rham complex

R~ H1(Q) £ Hiewk0) <% H(div;:Q) 1% 12(9) —25 (0)
m Specifically, we need the following exactness properties:

Im curl = Ker div if by =0, Im div = L%(Q)
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The discrete de Rham (DDR) approach |

Figure: Examples of polytopal meshes supported by the DDR approach
m Key idea: replace spaces and operators by discrete counterparts:

k
Lgrad, h

c D}, 0
—gradh h —h> Xgiv,h —h> Pk(7;l) — {O}

—curl

m Support of general polyhedral meshes and high-order

m Exactness proved at the discrete level (directly usable for stability)
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The discrete de Rham (DDR) approach Il

m The fully discrete spaces are spanned by vectors of polynomials
m Polynomial components attached to geometric objects

m emulate the continuity properties of the corresponding space
m enable the reconstruction of vector calculus operators and potentials

m The key ingredient is the Stokes formula
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The two-dimensional case

Continuous exact complex
m Let F be a mesh face and set, for smooth ¢ : F - R and v : F — R?,
rotr g := 0_a,(gradg q) rotp v = dive (0-xnV)

m We derive a discrete counterpart of the two-dimensional local complex:

gradp, rotp

R — HY(F) £55 H(rot; F) =5 L2(F) — = {0}
m We will need the following decompositions of P*(F)?:

PX(F)? =roty PHY(F) @ (x —xp)P*1(F)

R (F) RK(F)
=grad; P*"1(F) @ (x — xp) P 1(F)

G~ (F) Gor(F)
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The two-dimensional case
A key remark

m Let g € P*(F). For any v € PX(F)?, we have

/Fgl‘adFlI'V=—/Fq divpv + Z ‘UFE‘/I;QV)F(V'”FE)

Ec&EF
ePk-1(F)

=—/F7T]¢<>f;~qdiVFv+ Z wFE/EmaF(V'"FE)

Ec&EF

with ﬂ];;}p L?-orthogonal projector on P*~1(F)

m Hence, grad g can be computed given n’;;}pq and qoF

WFE = 1
tE nRrE
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The two-dimensional case

Discrete H'(F) space

LJ
k=0 k=1 k=2

Figure: Number of degrees of freedom for Ké‘md g for k €{0,1,2}

m Based on this remark, we take as discrete counterpart of H'(F)

Xt =10, = (ar.qor) = ar € PLF) and gor € PE Er)

m The interpolator !{g‘rad‘F :CF) - X{g‘radf is s.t., Vg € C°(F),

Z{g(rad,Fq = (ﬂé'{iq,CIaF) with

”];’jé‘(QOF)\E = ”]f;iq\E VE € Er and gor(xv) = q(xv) YV € Vi
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The two-dimensional case

Reconstructions in Xg]rad F

m For all E € EF, the edge gradient G : Xk — PK(E) is s.t.

—grad,F

GIEQF = (q0F)|,E

m The full face gradient G XgradF

'/FG]frgF'Vz—/F'({FdiVFV+ Z wFE/EQaF(V'nFE)

EES[-‘

m By construction, we have polynomial consistency:
Gk (Ig]rad rq)=gradpq Vg e P(F)

m We reconstruct similarly a face potential (scalar trace) in P*¥*1(F)

— PK(F)?iss.t., Vv € PK(F)?,
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The two-dimensional case
Discrete H(rot; F) space

AN AN
O

k=1

Figure: Number of degrees of freedom for Xfurl g for k €{0,1,2}

m We reason starting from: Vv € N**1(F),

Ll‘ot,,~vq:Lv- rotp g — Z wa/(v 'E) qE quPk(F)

— Ecép ——
eR*(F) ePr(E)

m This leads to the following discrete counterpart of H(rot; F):

k ) .
XewlF = {KF = (VR,F»";Q,F’ (VE)EeEr)

v F € REU(F), v o € ROK(F), v € PR(E) VE € & }
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The two-dimensional case

. . k
Reconstructions in X¢ )

m The face curl operator CK : X* . — P¥(F) is st

‘/CJA&KF q:/VR,ﬁ"POth_ Z wFE/VEq Vg € PX(F)
F F E

EESF

m Define the interpolator I* cHY(F)? - XK LF St Vv e HY(F)?,

—curl, F Z—cur!

k (k=1 _ck k
Lwrv= (”R,FV’”R,FV’ (”P,E(VIE 'tE))EeaF)~

[ C}; is polynomially consistent by construction:
ck (!f L pY) =T0tFV vy € NFHL(F)

ul

m We reconstruct similarly a vector potential (tangent trace) in PK(F)>?
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The two-dimensional case
Exact local complex

Theorem (Exactness of the two-dimensional local DDR complex)

If F is simply connected, the following local complex is exact:

7grad E

,F Cé k 0
R > X gradF : —curlF > P (F) ? {0},

where G : Xk X wL F IS the discrete gradient s.t., Vq e Xk

—grad,F - —grad,F’

Gha, = (mh 1 (Gha, ) 75 (Gha,). (GE4,) pesy )
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The two-dimensional case
Summary

k
LI

3 k QII(’ k CIIS“ k 0
R Xgrad,F 1 Xcurl,F — PHF) — {0}

Space ‘ V (vertex) E (edge) F (face)
Xar | B PE1(E) PEL(F)
X r PEE)  R¥HF) x ROK(F)
PE(F) PE(F)

Table: Polynomial components for the two-dimensional spaces

m Interpolators = component-wise L2-projections

m Discrete operators = L2-projections of full operator reconstructions
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The three-dimensional case |
Exact complex

—grad, T,

Ly k Gr . vk Cr .\ wk DF ok 0
R ? Xorad,T > Xewnl,r > Xyor — PHT) —— {0}

Space | V E F T (element)
Xérad,T R Pk_l(E) Pk_l(F) Pk_l(T)
Xty PEE)  REUE)xROK(F)  REN(T) x ROA(T)
X(ﬁiv,T PE(F) gk—l(T) % gc,k(T)
Pk(T) pk(T)

Table: Polynomial components for the three-dimensional spaces

Theorem (Exactness of the three-dimensional local DDR complex)

If the mesh element T has a trivial topology, this complex is exact.
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The three-dimensional case
Local discrete L2-products

m Emulating integration by part formulas, define the local potentials

k+1 . vk k+1
Pgrad,T . Kgrad,T - P (T)’

Pty XA o PR,

curl,7 * Zcurl,T

P<kliv,T : Lﬁiv,T — PX(T)?

m Based on these potentials, we construct local discrete L2-products

()_CT,}’T).,T = / Perxp -P.,TyT +SeT ()_CT,yT) Ve € {grad, curl, div}
2 - Y b

consistency stability

m The L?-products are polynomially exact
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The three-dimensional case
Global complex

Let 75, be a polyhedral mesh with elements and faces of trivial topology

Global DDR spaces are defined gluing boundary components:

k k k
Xgrad, h’ Xcurl, h’ Xdiv, h

Global operators are obtained collecting local components:

k. vk k k. yk k k. yk k
G Xpaan = Xewrr Cn i Xewrn = Xaivnr Dt Xgop = P (Th)

Global L?-products (-, ). s are obtained assembling element-wise
The global DDR complex (exact if Q has a trivial topology) is

k
Lgrad Lh

Gf ck
s k N k
R Xgrad, h Xcurl,h

Sh ok Dy B 0
Xdiv,h —> P (771) —> {O}
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Discrete problem

m Continuous problem: Find (o,u) € H(curl; Q) x H(div; Q) s.t.
/0’-1‘—/u~curl‘r=() V1 € H(curl; Q),
Q Q
/curla-v+/divudivv=/f-v Vv € H(div; Q)
Q Q Q
m The DDR problem reads: Find (o,,u,) € X urlh X de p St
(gh’zh)curl,h - (Eh’ gzzh)div,h =0 V € lcurl he

k k k, _
(Cho s ¥ )div.n +/QDhEh Dyv, =1ln(v,) Vv, € Xdiv,h

m An inf-sup condition follows as in the continuous case leveraging

Dk 0
Xk —> Xk — PR(T,) —— {0}

—div,h

m See J. Droniou’s talk for convergence
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