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Overview

Ø SPECFEM seismic packages

Ø Seismic wave equations

Ø Spectral-element method

Ø Electromagnetic & seismic wave equations mathematical 
equivalences

Ø GPR examples

Þ Maxwell’s equations implemented in the spectral-element code SPECFEM, 
providing the ability to handle complex geometries and retaining the 
strength of exponential convergence

Morency, C. “Electromagnetic wave propagation based upon spectral-element methodology”, (2018) 
submitted to Geophysical Journal International
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Freely available via

@ www.geodynamics.org 

Ø CUBIT compatible

Ø Modules: (an)elastic, acoustic, poroelastic

Ø Forward & Adjoint wave propagation

Ø Topography & Bathymetry

Ø Parallel computation (SCOTCH for mesh 
partitioning & load balancing) & GPU

SPECFEM Packages – open source, widely used 
by seismology community

LLNL-PRES-774023
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Seismic wave equations in SPECFEM

§ Poroleastic media [Biot, 1962; 
Morency and Tromp, 2008]

§ Acoustic media [Chaljub & Valette, 
2004; Komatitsch et al., 2005]

§ Elastic media [Komatitsch & Tromp, 
1999]

⇢@2
t s = r ·T

T = c : ✏

cijkl = (� 2/3)�ij�kl + µ(�ik�jl + �il�jk)

where

uf = r�

pa = �⇢a@
2
t �

and
fluid displacement is

acoustic pressure is

⇢@2
t us + ⇢f@

2
tw = r ·T

⇢fc

�
@2
tw + ⇢f@

2
t us + b(t)(⇤.)@tw = r ·Tf

⇢ = (1� �)⇢s + �⇢f

w = �(uf � us)

T = (1� �)Ts + �Tf

= (Br · us + Cr ·w)I+ 2µfrDs

Tf = �pfI = (Cr · us +Mr ·w)I

where

(e.g., isotropic case)
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Spectral-Element Method

• Strong form: ⇢@2
t s = r ·T+ f

f = �M ·r�(x� xs)S(t)
• Weak form:
Z

⌦
⇢v · @2

t s d
3x = �

Z

⌦
rv : Td3x+

Z

�
n ·T · vd2x+M : rv(xs)S(t)

Ø Weak form valid for any test vector
Ø Boundary integral naturally unfolds 

v

• Mapping from reference square (cube) to quadrilateral 
(hexahedral) element:

x(⇠) =
MX

a=1

xaNa(⇠)

J =

����
@(x, y, z)

@(⇠, ⌘, ⇣)

����Jacobian

LLNL-PRES-774023



6
LLNL-PRES-xxxxxx

Spectral-Element Method

• Lagrange polynomials to expand field functions 
at Gauss-Lobatto-Legendre (GLL) integration 
points:

degree 4 Lagrange polynomials

degree 4 GLL points

l↵(⇠↵0) = �↵↵0

f(x(⇠, ⌘, ⇣)) ⇠
nlX

↵,�,�

f↵�� l↵(⇠)l�(⌘)l�(⇣)

• GLL quadrature integration rule:
Z

⌦e

f(x)d3x =

Z 1

�1

Z 1

�1

Z 1

�1
f(x(⇠, ⌘, ⇣))J(⇠, ⌘, ⇣)d⇠d⌘d⇣

⇠
nlX

↵,�,�

w↵w�w�J
↵��f↵��

diagonal mass matrix: explicit time marching MS̈ = �KS+ F

(Newmark time scheme) 
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Spectral-Element Method

Resolution & stability criteria
Ø 5 points per shortest wavelength
Ø Courant number < 0.3
[Komatitsch & Vilotte, 1998]

velocity field

Globe partitioning
6 chunks of n*n mesh slices

Regional (S. California) regular 
partitioning of n*m mesh slices

Regional (SEG/EAGE) irregular 
partitioning of mesh slices

LLNL-PRES-774023
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Electromagnetic and seismic wave equivalence
1) Recasting the EM governing equations

H̃ =

2

4
0 �H3 H2

H3 0 �H1

�H2 H1 0

3

5

<latexit sha1_base64="xuvzaz8jk3Jx+IRkn/qj5e57Q6s="></latexit><latexit sha1_base64="xuvzaz8jk3Jx+IRkn/qj5e57Q6s="></latexit><latexit sha1_base64="xuvzaz8jk3Jx+IRkn/qj5e57Q6s="></latexit><latexit sha1_base64="xuvzaz8jk3Jx+IRkn/qj5e57Q6s="></latexit>

B̃ =
1

2

2

4
0 B3 �B2

�B3 0 B1

B2 �B1 0

3

5

<latexit sha1_base64="Vfgkofnq9q0HVUChqt/eRMdlkBU="></latexit><latexit sha1_base64="Vfgkofnq9q0HVUChqt/eRMdlkBU="></latexit>

r⇥E = �@tB
<latexit sha1_base64="LjxZRqxbaLpG2arpU5hXz4KwQl0=">AAACFXicbVBNS8NAEN34bf2qevSyWAQPWhIR9CKUiuBRwWqhKWWy3bSLm03YnQgl5E948a948aCIV8Gb/8ZtzEGrAwuP997M7LwgkcKg6346U9Mzs3PzC4uVpeWV1bXq+sa1iVPNeIvFMtbtAAyXQvEWCpS8nWgOUSD5TXB7OtZv7rg2IlZXOEp4N4KBEqFggJbqVfcyPwipryCQQH0UETf0LKcndJ/6CWgUIHtIC1Mz71Vrbt0tiv4FXglqpKyLXvXD78csjbhCJsGYjucm2M3Gc5nkecVPDU+A3cKAdyxUYNd3s+KqnO5Ypk/DWNunkBbsz44MImNGUWCdEeDQTGpj8j+tk2J43M2ESlLkin0vClNJMabjiGhfaM5QjiwApoX9K2VD0MDQBlmxIXiTJ/8F1wd1z617l4e1RrOMY4FskW2ySzxyRBrknFyQFmHknjySZ/LiPDhPzqvz9m2dcsqeTfKrnPcvFeydgA==</latexit><latexit sha1_base64="LjxZRqxbaLpG2arpU5hXz4KwQl0=">AAACFXicbVBNS8NAEN34bf2qevSyWAQPWhIR9CKUiuBRwWqhKWWy3bSLm03YnQgl5E948a948aCIV8Gb/8ZtzEGrAwuP997M7LwgkcKg6346U9Mzs3PzC4uVpeWV1bXq+sa1iVPNeIvFMtbtAAyXQvEWCpS8nWgOUSD5TXB7OtZv7rg2IlZXOEp4N4KBEqFggJbqVfcyPwipryCQQH0UETf0LKcndJ/6CWgUIHtIC1Mz71Vrbt0tiv4FXglqpKyLXvXD78csjbhCJsGYjucm2M3Gc5nkecVPDU+A3cKAdyxUYNd3s+KqnO5Ypk/DWNunkBbsz44MImNGUWCdEeDQTGpj8j+tk2J43M2ESlLkin0vClNJMabjiGhfaM5QjiwApoX9K2VD0MDQBlmxIXiTJ/8F1wd1z617l4e1RrOMY4FskW2ySzxyRBrknFyQFmHknjySZ/LiPDhPzqvz9m2dcsqeTfKrnPcvFeydgA==</latexit>

r⇥H = J+ @tD
<latexit sha1_base64="vBgc3zonaKNCzCNU1Z5zJZ/7W8A=">AAACHXicbVBNS8NAEN34bf2qevSyWARBKIkU9CKIeiieKlhbaEKZbDe6uNmE3YlQQv6IF/+KFw+KePAi/hu3bQ5+PVh4vDczO/PCVAqDrvvpTE3PzM7NLyxWlpZXVteq6xtXJsk0422WyER3QzBcCsXbKFDybqo5xKHknfD2dOR37rg2IlGXOEx5EMO1EpFggFbqVxu5H0bUVxBKoD6KmBvaLOgRHevnBd2jfgoaBcg+TsSzol+tuXV3DPqXeCWpkRKtfvXdHyQsi7lCJsGYnuemGOSjuUzyouJnhqfAbuGa9yxVYNcI8vF1Bd2xyoBGibZPIR2r3ztyiI0ZxqGtjAFvzG9vJP7n9TKMDoNcqDRDrtjkoyiTFBM6iooOhOYM5dASYFrYXSm7AQ0MbaAVG4L3++S/5Gq/7rl176JROz4p41ggW2Sb7BKPHJBj0iQt0iaM3JNH8kxenAfnyXl13ialU07Zs0l+wPn4Asm3oHk=</latexit><latexit sha1_base64="vBgc3zonaKNCzCNU1Z5zJZ/7W8A=">AAACHXicbVBNS8NAEN34bf2qevSyWARBKIkU9CKIeiieKlhbaEKZbDe6uNmE3YlQQv6IF/+KFw+KePAi/hu3bQ5+PVh4vDczO/PCVAqDrvvpTE3PzM7NLyxWlpZXVteq6xtXJsk0422WyER3QzBcCsXbKFDybqo5xKHknfD2dOR37rg2IlGXOEx5EMO1EpFggFbqVxu5H0bUVxBKoD6KmBvaLOgRHevnBd2jfgoaBcg+TsSzol+tuXV3DPqXeCWpkRKtfvXdHyQsi7lCJsGYnuemGOSjuUzyouJnhqfAbuGa9yxVYNcI8vF1Bd2xyoBGibZPIR2r3ztyiI0ZxqGtjAFvzG9vJP7n9TKMDoNcqDRDrtjkoyiTFBM6iooOhOYM5dASYFrYXSm7AQ0MbaAVG4L3++S/5Gq/7rl176JROz4p41ggW2Sb7BKPHJBj0iQt0iaM3JNH8kxenAfnyXl13ialU07Zs0l+wPn4Asm3oHk=</latexit>

B = µH
<latexit sha1_base64="53Gt51bfDnKDezTSil1nhCig5fI=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCqJCLoRSt10WcFeoAllMp20Q2cmYWYihBBfxY0LRdz6IO58G6dpFtr6w8DHf87hnPmDmFGlHefbqmxsbm3vVHdre/sHh0f28UlfRYnEpIcjFslhgBRhVJCeppqRYSwJ4gEjg2B+t6gPHolUNBIPOo2Jz9FU0JBipI01tuuZF4Swnd96PIEFd/Kx3XCaTiG4Dm4JDVCqO7a/vEmEE06ExgwpNXKdWPsZkppiRvKalygSIzxHUzIyKBAnys+K43N4bpwJDCNpntCwcH9PZIgrlfLAdHKkZ2q1tjD/q40SHd74GRVxoonAy0VhwqCO4CIJOKGSYM1SAwhLam6FeIYkwtrkVTMhuKtfXof+ZdN1mu79VaPVLuOoglNwBi6AC65BC3RAF/QABil4Bq/gzXqyXqx362PZWrHKmTr4I+vzB4TRlAY=</latexit>

D = ✏ ⇤E
<latexit sha1_base64="/bAuocU6hsLBbhqtB2mYGAom07w=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBZBXJREBN0IxQe4rGAf0IQymU7aoZOZMDMRSgi48VfcuFDErT/hzr9xmmahrQcuHM65l3vvCWJGlXacb6u0sLi0vFJeraytb2xu2ds7LSUSiUkTCyZkJ0CKMMpJU1PNSCeWBEUBI+1gdDXx2w9EKir4vR7HxI/QgNOQYqSN1LP3Ui8I4XV24ZFYUSY4PIa5dJP17KpTc3LAeeIWpAoKNHr2l9cXOIkI15ghpbquE2s/RVJTzEhW8RJFYoRHaEC6hnIUEeWn+Q8ZPDRKH4ZCmuIa5urviRRFSo2jwHRGSA/VrDcR//O6iQ7P/ZTyONGE4+miMGFQCzgJBPapJFizsSEIS2puhXiIJMLaxFYxIbizL8+T1knNdWru3Wm1flnEUQb74AAcARecgTq4BQ3QBBg8gmfwCt6sJ+vFerc+pq0lq5jZBX9gff4AW7SWrQ==</latexit><latexit sha1_base64="/bAuocU6hsLBbhqtB2mYGAom07w=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBZBXJREBN0IxQe4rGAf0IQymU7aoZOZMDMRSgi48VfcuFDErT/hzr9xmmahrQcuHM65l3vvCWJGlXacb6u0sLi0vFJeraytb2xu2ds7LSUSiUkTCyZkJ0CKMMpJU1PNSCeWBEUBI+1gdDXx2w9EKir4vR7HxI/QgNOQYqSN1LP3Ui8I4XV24ZFYUSY4PIa5dJP17KpTc3LAeeIWpAoKNHr2l9cXOIkI15ghpbquE2s/RVJTzEhW8RJFYoRHaEC6hnIUEeWn+Q8ZPDRKH4ZCmuIa5urviRRFSo2jwHRGSA/VrDcR//O6iQ7P/ZTyONGE4+miMGFQCzgJBPapJFizsSEIS2puhXiIJMLaxFYxIbizL8+T1knNdWru3Wm1flnEUQb74AAcARecgTq4BQ3QBBg8gmfwCt6sJ+vFerc+pq0lq5jZBX9gff4AW7SWrQ==</latexit><latexit sha1_base64="/bAuocU6hsLBbhqtB2mYGAom07w=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBZBXJREBN0IxQe4rGAf0IQymU7aoZOZMDMRSgi48VfcuFDErT/hzr9xmmahrQcuHM65l3vvCWJGlXacb6u0sLi0vFJeraytb2xu2ds7LSUSiUkTCyZkJ0CKMMpJU1PNSCeWBEUBI+1gdDXx2w9EKir4vR7HxI/QgNOQYqSN1LP3Ui8I4XV24ZFYUSY4PIa5dJP17KpTc3LAeeIWpAoKNHr2l9cXOIkI15ghpbquE2s/RVJTzEhW8RJFYoRHaEC6hnIUEeWn+Q8ZPDRKH4ZCmuIa5urviRRFSo2jwHRGSA/VrDcR//O6iQ7P/ZTyONGE4+miMGFQCzgJBPapJFizsSEIS2puhXiIJMLaxFYxIbizL8+T1knNdWru3Wm1flnEUQb74AAcARecgTq4BQ3QBBg8gmfwCt6sJ+vFerc+pq0lq5jZBX9gff4AW7SWrQ==</latexit><latexit sha1_base64="/bAuocU6hsLBbhqtB2mYGAom07w=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBZBXJREBN0IxQe4rGAf0IQymU7aoZOZMDMRSgi48VfcuFDErT/hzr9xmmahrQcuHM65l3vvCWJGlXacb6u0sLi0vFJeraytb2xu2ds7LSUSiUkTCyZkJ0CKMMpJU1PNSCeWBEUBI+1gdDXx2w9EKir4vR7HxI/QgNOQYqSN1LP3Ui8I4XV24ZFYUSY4PIa5dJP17KpTc3LAeeIWpAoKNHr2l9cXOIkI15ghpbquE2s/RVJTzEhW8RJFYoRHaEC6hnIUEeWn+Q8ZPDRKH4ZCmuIa5urviRRFSo2jwHRGSA/VrDcR//O6iQ7P/ZTyONGE4+miMGFQCzgJBPapJFizsSEIS2puhXiIJMLaxFYxIbizL8+T1knNdWru3Wm1flnEUQb74AAcARecgTq4BQ3QBBg8gmfwCt6sJ+vFerc+pq0lq5jZBX9gff4AW7SWrQ==</latexit>

1

2
[rE� (rE)T ] = �@tB̃

<latexit sha1_base64="4UOdsgd6mKAV7Fr/IfDwzSeE5mY="></latexit><latexit sha1_base64="4UOdsgd6mKAV7Fr/IfDwzSeE5mY="></latexit>

r · H̃ = J+ @tD
<latexit sha1_base64="ONXCoXA/367O7eE3ocfadDCyfPg=">AAACJHicbVDLSsNAFJ34tr6qLt0MFkEQSiKCggiiLoqrCrYVmlJuJpM6OJmEmRuhhHyMG3/FjQsfuHDjtzh9LLR64MLhnHtn7j1BKoVB1/10pqZnZufmFxZLS8srq2vl9Y2mSTLNeIMlMtE3ARguheINFCj5Tao5xIHkreDufOC37rk2IlHX2E95J4aeEpFggFbqlo9zP4ioryCQQH0WJkh9FDLkea0o6Akd2pcF3aN+ChoFyC6OxIuiW664VXcI+pd4Y1IhY9S75Tc/TFgWc4VMgjFtz02xkw/eZZIXJT8zPAV2Bz3etlRBzE0nHx5Z0B2rhDRKtC2FdKj+nMghNqYfB7YzBrw1k95A/M9rZxgddXKh0gy5YqOPokxSTOggMRoKzRnKviXAtLC7UnYLGhjaXEs2BG/y5L+kuV/13Kp3dVA5PRvHsUC2yDbZJR45JKekRuqkQRh5IE/khbw6j86z8+58jFqnnPHMJvkF5+sb2LajrQ==</latexit>

B̃ = �µ̃ : H̃
<latexit sha1_base64="7wnHnvhAYzc1sbCz1OH+nnrnM3U=">AAACJHicbZDLSsNAFIYn9VbrLerSzWARXNSSiKAoQqmbLivYCzShTCaTduhMEmYmQgl5GDe+ihsXXnDhxmdx2mZhW38Y+PnOOZw5vxczKpVlfRuFldW19Y3iZmlre2d3z9w/aMsoEZi0cMQi0fWQJIyGpKWoYqQbC4K4x0jHG91N6p1HIiSNwgc1jonL0SCkAcVIadQ3b1LHC6CjKPNJWs8yeAvP4F/m8ERTp3LtVOZ4I8v6ZtmqWlPBZWPnpgxyNfvmh+NHOOEkVJghKXu2FSs3RUJRzEhWchJJYoRHaEB62oaIE+mm0yMzeKKJD4NI6BcqOKV/J1LEpRxzT3dypIZysTaB/9V6iQqu3JSGcaJIiGeLgoRBFcFJYtCngmDFxtogLKj+K8RDJBBWOteSDsFePHnZtM+rtlW17y/KtXoeRxEcgWNwCmxwCWqgAZqgBTB4Ai/gDbwbz8ar8Wl8zVoLRj5zCOZk/PwCSk+j+w==</latexit><latexit sha1_base64="7wnHnvhAYzc1sbCz1OH+nnrnM3U=">AAACJHicbZDLSsNAFIYn9VbrLerSzWARXNSSiKAoQqmbLivYCzShTCaTduhMEmYmQgl5GDe+ihsXXnDhxmdx2mZhW38Y+PnOOZw5vxczKpVlfRuFldW19Y3iZmlre2d3z9w/aMsoEZi0cMQi0fWQJIyGpKWoYqQbC4K4x0jHG91N6p1HIiSNwgc1jonL0SCkAcVIadQ3b1LHC6CjKPNJWs8yeAvP4F/m8ERTp3LtVOZ4I8v6ZtmqWlPBZWPnpgxyNfvmh+NHOOEkVJghKXu2FSs3RUJRzEhWchJJYoRHaEB62oaIE+mm0yMzeKKJD4NI6BcqOKV/J1LEpRxzT3dypIZysTaB/9V6iQqu3JSGcaJIiGeLgoRBFcFJYtCngmDFxtogLKj+K8RDJBBWOteSDsFePHnZtM+rtlW17y/KtXoeRxEcgWNwCmxwCWqgAZqgBTB4Ai/gDbwbz8ar8Wl8zVoLRj5zCOZk/PwCSk+j+w==</latexit><latexit sha1_base64="7wnHnvhAYzc1sbCz1OH+nnrnM3U=">AAACJHicbZDLSsNAFIYn9VbrLerSzWARXNSSiKAoQqmbLivYCzShTCaTduhMEmYmQgl5GDe+ihsXXnDhxmdx2mZhW38Y+PnOOZw5vxczKpVlfRuFldW19Y3iZmlre2d3z9w/aMsoEZi0cMQi0fWQJIyGpKWoYqQbC4K4x0jHG91N6p1HIiSNwgc1jonL0SCkAcVIadQ3b1LHC6CjKPNJWs8yeAvP4F/m8ERTp3LtVOZ4I8v6ZtmqWlPBZWPnpgxyNfvmh+NHOOEkVJghKXu2FSs3RUJRzEhWchJJYoRHaEB62oaIE+mm0yMzeKKJD4NI6BcqOKV/J1LEpRxzT3dypIZysTaB/9V6iQqu3JSGcaJIiGeLgoRBFcFJYtCngmDFxtogLKj+K8RDJBBWOteSDsFePHnZtM+rtlW17y/KtXoeRxEcgWNwCmxwCWqgAZqgBTB4Ai/gDbwbz8ar8Wl8zVoLRj5zCOZk/PwCSk+j+w==</latexit><latexit sha1_base64="7wnHnvhAYzc1sbCz1OH+nnrnM3U=">AAACJHicbZDLSsNAFIYn9VbrLerSzWARXNSSiKAoQqmbLivYCzShTCaTduhMEmYmQgl5GDe+ihsXXnDhxmdx2mZhW38Y+PnOOZw5vxczKpVlfRuFldW19Y3iZmlre2d3z9w/aMsoEZi0cMQi0fWQJIyGpKWoYqQbC4K4x0jHG91N6p1HIiSNwgc1jonL0SCkAcVIadQ3b1LHC6CjKPNJWs8yeAvP4F/m8ERTp3LtVOZ4I8v6ZtmqWlPBZWPnpgxyNfvmh+NHOOEkVJghKXu2FSs3RUJRzEhWchJJYoRHaEB62oaIE+mm0yMzeKKJD4NI6BcqOKV/J1LEpRxzT3dypIZysTaB/9V6iQqu3JSGcaJIiGeLgoRBFcFJYtCngmDFxtogLKj+K8RDJBBWOteSDsFePHnZtM+rtlW17y/KtXoeRxEcgWNwCmxwCWqgAZqgBTB4Ai/gDbwbz8ar8Wl8zVoLRj5zCOZk/PwCSk+j+w==</latexit>

J = � ⇤E+ js
<latexit sha1_base64="PDgbQcOgISbsCChkXDHH3BuHH3s=">AAACEHicbZDLSsNAFIYn9VbrLerSzWARRaEkIuhGKIogrirYCzQhTKaTduxMEmYmQgl5BDe+ihsXirh16c63cZpmoa0/DHz85xzOnN+PGZXKsr6N0tz8wuJSebmysrq2vmFubrVklAhMmjhikej4SBJGQ9JUVDHSiQVB3Gek7Q8vx/X2AxGSRuGdGsXE5agf0oBipLTlmfup4wfwJjuHOTiS9jmCh/AKZvBo4t17MoOeWbVqVi44C3YBVVCo4ZlfTi/CCSehwgxJ2bWtWLkpEopiRrKKk0gSIzxEfdLVGCJOpJvmB2VwTzs9GERCv1DB3P09kSIu5Yj7upMjNZDTtbH5X62bqODMTWkYJ4qEeLIoSBhUERynA3tUEKzYSAPCguq/QjxAAmGlM6zoEOzpk2ehdVyzrZp9e1KtXxRxlMEO2AUHwAanoA6uQQM0AQaP4Bm8gjfjyXgx3o2PSWvJKGa2wR8Znz/a2pqP</latexit><latexit sha1_base64="PDgbQcOgISbsCChkXDHH3BuHH3s=">AAACEHicbZDLSsNAFIYn9VbrLerSzWARRaEkIuhGKIogrirYCzQhTKaTduxMEmYmQgl5BDe+ihsXirh16c63cZpmoa0/DHz85xzOnN+PGZXKsr6N0tz8wuJSebmysrq2vmFubrVklAhMmjhikej4SBJGQ9JUVDHSiQVB3Gek7Q8vx/X2AxGSRuGdGsXE5agf0oBipLTlmfup4wfwJjuHOTiS9jmCh/AKZvBo4t17MoOeWbVqVi44C3YBVVCo4ZlfTi/CCSehwgxJ2bWtWLkpEopiRrKKk0gSIzxEfdLVGCJOpJvmB2VwTzs9GERCv1DB3P09kSIu5Yj7upMjNZDTtbH5X62bqODMTWkYJ4qEeLIoSBhUERynA3tUEKzYSAPCguq/QjxAAmGlM6zoEOzpk2ehdVyzrZp9e1KtXxRxlMEO2AUHwAanoA6uQQM0AQaP4Bm8gjfjyXgx3o2PSWvJKGa2wR8Znz/a2pqP</latexit><latexit sha1_base64="PDgbQcOgISbsCChkXDHH3BuHH3s=">AAACEHicbZDLSsNAFIYn9VbrLerSzWARRaEkIuhGKIogrirYCzQhTKaTduxMEmYmQgl5BDe+ihsXirh16c63cZpmoa0/DHz85xzOnN+PGZXKsr6N0tz8wuJSebmysrq2vmFubrVklAhMmjhikej4SBJGQ9JUVDHSiQVB3Gek7Q8vx/X2AxGSRuGdGsXE5agf0oBipLTlmfup4wfwJjuHOTiS9jmCh/AKZvBo4t17MoOeWbVqVi44C3YBVVCo4ZlfTi/CCSehwgxJ2bWtWLkpEopiRrKKk0gSIzxEfdLVGCJOpJvmB2VwTzs9GERCv1DB3P09kSIu5Yj7upMjNZDTtbH5X62bqODMTWkYJ4qEeLIoSBhUERynA3tUEKzYSAPCguq/QjxAAmGlM6zoEOzpk2ehdVyzrZp9e1KtXxRxlMEO2AUHwAanoA6uQQM0AQaP4Bm8gjfjyXgx3o2PSWvJKGa2wR8Znz/a2pqP</latexit><latexit sha1_base64="PDgbQcOgISbsCChkXDHH3BuHH3s=">AAACEHicbZDLSsNAFIYn9VbrLerSzWARRaEkIuhGKIogrirYCzQhTKaTduxMEmYmQgl5BDe+ihsXirh16c63cZpmoa0/DHz85xzOnN+PGZXKsr6N0tz8wuJSebmysrq2vmFubrVklAhMmjhikej4SBJGQ9JUVDHSiQVB3Gek7Q8vx/X2AxGSRuGdGsXE5agf0oBipLTlmfup4wfwJjuHOTiS9jmCh/AKZvBo4t17MoOeWbVqVi44C3YBVVCo4ZlfTi/CCSehwgxJ2bWtWLkpEopiRrKKk0gSIzxEfdLVGCJOpJvmB2VwTzs9GERCv1DB3P09kSIu5Yj7upMjNZDTtbH5X62bqODMTWkYJ4qEeLIoSBhUERynA3tUEKzYSAPCguq/QjxAAmGlM6zoEOzpk2ehdVyzrZp9e1KtXxRxlMEO2AUHwAanoA6uQQM0AQaP4Bm8gjfjyXgx3o2PSWvJKGa2wR8Znz/a2pqP</latexit>

D = ✏ ⇤E
<latexit sha1_base64="/bAuocU6hsLBbhqtB2mYGAom07w=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBZBXJREBN0IxQe4rGAf0IQymU7aoZOZMDMRSgi48VfcuFDErT/hzr9xmmahrQcuHM65l3vvCWJGlXacb6u0sLi0vFJeraytb2xu2ds7LSUSiUkTCyZkJ0CKMMpJU1PNSCeWBEUBI+1gdDXx2w9EKir4vR7HxI/QgNOQYqSN1LP3Ui8I4XV24ZFYUSY4PIa5dJP17KpTc3LAeeIWpAoKNHr2l9cXOIkI15ghpbquE2s/RVJTzEhW8RJFYoRHaEC6hnIUEeWn+Q8ZPDRKH4ZCmuIa5urviRRFSo2jwHRGSA/VrDcR//O6iQ7P/ZTyONGE4+miMGFQCzgJBPapJFizsSEIS2puhXiIJMLaxFYxIbizL8+T1knNdWru3Wm1flnEUQb74AAcARecgTq4BQ3QBBg8gmfwCt6sJ+vFerc+pq0lq5jZBX9gff4AW7SWrQ==</latexit><latexit sha1_base64="/bAuocU6hsLBbhqtB2mYGAom07w=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBZBXJREBN0IxQe4rGAf0IQymU7aoZOZMDMRSgi48VfcuFDErT/hzr9xmmahrQcuHM65l3vvCWJGlXacb6u0sLi0vFJeraytb2xu2ds7LSUSiUkTCyZkJ0CKMMpJU1PNSCeWBEUBI+1gdDXx2w9EKir4vR7HxI/QgNOQYqSN1LP3Ui8I4XV24ZFYUSY4PIa5dJP17KpTc3LAeeIWpAoKNHr2l9cXOIkI15ghpbquE2s/RVJTzEhW8RJFYoRHaEC6hnIUEeWn+Q8ZPDRKH4ZCmuIa5urviRRFSo2jwHRGSA/VrDcR//O6iQ7P/ZTyONGE4+miMGFQCzgJBPapJFizsSEIS2puhXiIJMLaxFYxIbizL8+T1knNdWru3Wm1flnEUQb74AAcARecgTq4BQ3QBBg8gmfwCt6sJ+vFerc+pq0lq5jZBX9gff4AW7SWrQ==</latexit><latexit sha1_base64="/bAuocU6hsLBbhqtB2mYGAom07w=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBZBXJREBN0IxQe4rGAf0IQymU7aoZOZMDMRSgi48VfcuFDErT/hzr9xmmahrQcuHM65l3vvCWJGlXacb6u0sLi0vFJeraytb2xu2ds7LSUSiUkTCyZkJ0CKMMpJU1PNSCeWBEUBI+1gdDXx2w9EKir4vR7HxI/QgNOQYqSN1LP3Ui8I4XV24ZFYUSY4PIa5dJP17KpTc3LAeeIWpAoKNHr2l9cXOIkI15ghpbquE2s/RVJTzEhW8RJFYoRHaEC6hnIUEeWn+Q8ZPDRKH4ZCmuIa5urviRRFSo2jwHRGSA/VrDcR//O6iQ7P/ZTyONGE4+miMGFQCzgJBPapJFizsSEIS2puhXiIJMLaxFYxIbizL8+T1knNdWru3Wm1flnEUQb74AAcARecgTq4BQ3QBBg8gmfwCt6sJ+vFerc+pq0lq5jZBX9gff4AW7SWrQ==</latexit><latexit sha1_base64="/bAuocU6hsLBbhqtB2mYGAom07w=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBZBXJREBN0IxQe4rGAf0IQymU7aoZOZMDMRSgi48VfcuFDErT/hzr9xmmahrQcuHM65l3vvCWJGlXacb6u0sLi0vFJeraytb2xu2ds7LSUSiUkTCyZkJ0CKMMpJU1PNSCeWBEUBI+1gdDXx2w9EKir4vR7HxI/QgNOQYqSN1LP3Ui8I4XV24ZFYUSY4PIa5dJP17KpTc3LAeeIWpAoKNHr2l9cXOIkI15ghpbquE2s/RVJTzEhW8RJFYoRHaEC6hnIUEeWn+Q8ZPDRKH4ZCmuIa5urviRRFSo2jwHRGSA/VrDcR//O6iQ7P/ZTyONGE4+miMGFQCzgJBPapJFizsSEIS2puhXiIJMLaxFYxIbizL8+T1knNdWru3Wm1flnEUQb74AAcARecgTq4BQ3QBBg8gmfwCt6sJ+vFerc+pq0lq5jZBX9gff4AW7SWrQ==</latexit>

J = � ⇤E+ js
<latexit sha1_base64="PDgbQcOgISbsCChkXDHH3BuHH3s=">AAACEHicbZDLSsNAFIYn9VbrLerSzWARRaEkIuhGKIogrirYCzQhTKaTduxMEmYmQgl5BDe+ihsXirh16c63cZpmoa0/DHz85xzOnN+PGZXKsr6N0tz8wuJSebmysrq2vmFubrVklAhMmjhikej4SBJGQ9JUVDHSiQVB3Gek7Q8vx/X2AxGSRuGdGsXE5agf0oBipLTlmfup4wfwJjuHOTiS9jmCh/AKZvBo4t17MoOeWbVqVi44C3YBVVCo4ZlfTi/CCSehwgxJ2bWtWLkpEopiRrKKk0gSIzxEfdLVGCJOpJvmB2VwTzs9GERCv1DB3P09kSIu5Yj7upMjNZDTtbH5X62bqODMTWkYJ4qEeLIoSBhUERynA3tUEKzYSAPCguq/QjxAAmGlM6zoEOzpk2ehdVyzrZp9e1KtXxRxlMEO2AUHwAanoA6uQQM0AQaP4Bm8gjfjyXgx3o2PSWvJKGa2wR8Znz/a2pqP</latexit><latexit sha1_base64="PDgbQcOgISbsCChkXDHH3BuHH3s=">AAACEHicbZDLSsNAFIYn9VbrLerSzWARRaEkIuhGKIogrirYCzQhTKaTduxMEmYmQgl5BDe+ihsXirh16c63cZpmoa0/DHz85xzOnN+PGZXKsr6N0tz8wuJSebmysrq2vmFubrVklAhMmjhikej4SBJGQ9JUVDHSiQVB3Gek7Q8vx/X2AxGSRuGdGsXE5agf0oBipLTlmfup4wfwJjuHOTiS9jmCh/AKZvBo4t17MoOeWbVqVi44C3YBVVCo4ZlfTi/CCSehwgxJ2bWtWLkpEopiRrKKk0gSIzxEfdLVGCJOpJvmB2VwTzs9GERCv1DB3P09kSIu5Yj7upMjNZDTtbH5X62bqODMTWkYJ4qEeLIoSBhUERynA3tUEKzYSAPCguq/QjxAAmGlM6zoEOzpk2ehdVyzrZp9e1KtXxRxlMEO2AUHwAanoA6uQQM0AQaP4Bm8gjfjyXgx3o2PSWvJKGa2wR8Znz/a2pqP</latexit><latexit sha1_base64="PDgbQcOgISbsCChkXDHH3BuHH3s=">AAACEHicbZDLSsNAFIYn9VbrLerSzWARRaEkIuhGKIogrirYCzQhTKaTduxMEmYmQgl5BDe+ihsXirh16c63cZpmoa0/DHz85xzOnN+PGZXKsr6N0tz8wuJSebmysrq2vmFubrVklAhMmjhikej4SBJGQ9JUVDHSiQVB3Gek7Q8vx/X2AxGSRuGdGsXE5agf0oBipLTlmfup4wfwJjuHOTiS9jmCh/AKZvBo4t17MoOeWbVqVi44C3YBVVCo4ZlfTi/CCSehwgxJ2bWtWLkpEopiRrKKk0gSIzxEfdLVGCJOpJvmB2VwTzs9GERCv1DB3P09kSIu5Yj7upMjNZDTtbH5X62bqODMTWkYJ4qEeLIoSBhUERynA3tUEKzYSAPCguq/QjxAAmGlM6zoEOzpk2ehdVyzrZp9e1KtXxRxlMEO2AUHwAanoA6uQQM0AQaP4Bm8gjfjyXgx3o2PSWvJKGa2wR8Znz/a2pqP</latexit><latexit sha1_base64="PDgbQcOgISbsCChkXDHH3BuHH3s=">AAACEHicbZDLSsNAFIYn9VbrLerSzWARRaEkIuhGKIogrirYCzQhTKaTduxMEmYmQgl5BDe+ihsXirh16c63cZpmoa0/DHz85xzOnN+PGZXKsr6N0tz8wuJSebmysrq2vmFubrVklAhMmjhikej4SBJGQ9JUVDHSiQVB3Gek7Q8vx/X2AxGSRuGdGsXE5agf0oBipLTlmfup4wfwJjuHOTiS9jmCh/AKZvBo4t17MoOeWbVqVi44C3YBVVCo4ZlfTi/CCSehwgxJ2bWtWLkpEopiRrKKk0gSIzxEfdLVGCJOpJvmB2VwTzs9GERCv1DB3P09kSIu5Yj7upMjNZDTtbH5X62bqODMTWkYJ4qEeLIoSBhUERynA3tUEKzYSAPCguq/QjxAAmGlM6zoEOzpk2ehdVyzrZp9e1KtXxRxlMEO2AUHwAanoA6uQQM0AQaP4Bm8gjfjyXgx3o2PSWvJKGa2wR8Znz/a2pqP</latexit>

µ̃
<latexit sha1_base64="jDbtgf5WcxNPhCOqhCa3z3vVq/U=">AAAB+3icbVBNS8NAEN34WetXrUcvi0XwVBIR9Fj04rGC/YAmlM1m0y7d3YTdiVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXpoIbcN1vZ219Y3Nru7JT3d3bPzisHdW7Jsk0ZR2aiET3Q2KY4Ip1gINg/VQzIkPBeuHkdub3Hpk2PFEPME1ZIMlI8ZhTAlYa1uq5H8bYBy4ilvsyKwo8rDXcpjsHXiVeSRqoRHtY+/KjhGaSKaCCGDPw3BSCnGjgVLCi6meGpYROyIgNLFVEMhPk89sLfGaVCMeJtqUAz9XfEzmRxkxlaDslgbFZ9mbif94gg/g6yLlKM2CKLhbFmcCQ4FkQOOKaURBTSwjV3N6K6ZhoQsHGVbUheMsvr5LuRdNzm979ZaN1U8ZRQSfoFJ0jD12hFrpDbdRBFD2hZ/SK3pzCeXHenY9F65pTzhyjP3A+fwD0jJRf</latexit><latexit sha1_base64="jDbtgf5WcxNPhCOqhCa3z3vVq/U=">AAAB+3icbVBNS8NAEN34WetXrUcvi0XwVBIR9Fj04rGC/YAmlM1m0y7d3YTdiVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXpoIbcN1vZ219Y3Nru7JT3d3bPzisHdW7Jsk0ZR2aiET3Q2KY4Ip1gINg/VQzIkPBeuHkdub3Hpk2PFEPME1ZIMlI8ZhTAlYa1uq5H8bYBy4ilvsyKwo8rDXcpjsHXiVeSRqoRHtY+/KjhGaSKaCCGDPw3BSCnGjgVLCi6meGpYROyIgNLFVEMhPk89sLfGaVCMeJtqUAz9XfEzmRxkxlaDslgbFZ9mbif94gg/g6yLlKM2CKLhbFmcCQ4FkQOOKaURBTSwjV3N6K6ZhoQsHGVbUheMsvr5LuRdNzm979ZaN1U8ZRQSfoFJ0jD12hFrpDbdRBFD2hZ/SK3pzCeXHenY9F65pTzhyjP3A+fwD0jJRf</latexit>

is a fourth order magnetic          
permeability

Faraday’s law:

Ampère – Maxwell’s law:

Constitutive equation 1:

Constitutive equation 2:

Current density:

[Ikelle, 2012; Morency, 2018]

[funded under LDRD 17-LW-029]
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Electromagnetic and seismic wave equivalence
2) Mathematical equivalence EM/Seismic wave 
equations
✏ ⇤ @2

tE = r · (@tH̃)� @tJ
<latexit sha1_base64="B0zRWQDYgCdLZxj85cZfcpCCgcA="></latexit><latexit sha1_base64="B0zRWQDYgCdLZxj85cZfcpCCgcA="></latexit><latexit sha1_base64="B0zRWQDYgCdLZxj85cZfcpCCgcA="></latexit><latexit sha1_base64="B0zRWQDYgCdLZxj85cZfcpCCgcA="></latexit>

J = � ⇤E+ js
<latexit sha1_base64="PDgbQcOgISbsCChkXDHH3BuHH3s=">AAACEHicbZDLSsNAFIYn9VbrLerSzWARRaEkIuhGKIogrirYCzQhTKaTduxMEmYmQgl5BDe+ihsXirh16c63cZpmoa0/DHz85xzOnN+PGZXKsr6N0tz8wuJSebmysrq2vmFubrVklAhMmjhikej4SBJGQ9JUVDHSiQVB3Gek7Q8vx/X2AxGSRuGdGsXE5agf0oBipLTlmfup4wfwJjuHOTiS9jmCh/AKZvBo4t17MoOeWbVqVi44C3YBVVCo4ZlfTi/CCSehwgxJ2bWtWLkpEopiRrKKk0gSIzxEfdLVGCJOpJvmB2VwTzs9GERCv1DB3P09kSIu5Yj7upMjNZDTtbH5X62bqODMTWkYJ4qEeLIoSBhUERynA3tUEKzYSAPCguq/QjxAAmGlM6zoEOzpk2ehdVyzrZp9e1KtXxRxlMEO2AUHwAanoA6uQQM0AQaP4Bm8gjfjyXgx3o2PSWvJKGa2wR8Znz/a2pqP</latexit><latexit sha1_base64="PDgbQcOgISbsCChkXDHH3BuHH3s=">AAACEHicbZDLSsNAFIYn9VbrLerSzWARRaEkIuhGKIogrirYCzQhTKaTduxMEmYmQgl5BDe+ihsXirh16c63cZpmoa0/DHz85xzOnN+PGZXKsr6N0tz8wuJSebmysrq2vmFubrVklAhMmjhikej4SBJGQ9JUVDHSiQVB3Gek7Q8vx/X2AxGSRuGdGsXE5agf0oBipLTlmfup4wfwJjuHOTiS9jmCh/AKZvBo4t17MoOeWbVqVi44C3YBVVCo4ZlfTi/CCSehwgxJ2bWtWLkpEopiRrKKk0gSIzxEfdLVGCJOpJvmB2VwTzs9GERCv1DB3P09kSIu5Yj7upMjNZDTtbH5X62bqODMTWkYJ4qEeLIoSBhUERynA3tUEKzYSAPCguq/QjxAAmGlM6zoEOzpk2ehdVyzrZp9e1KtXxRxlMEO2AUHwAanoA6uQQM0AQaP4Bm8gjfjyXgx3o2PSWvJKGa2wR8Znz/a2pqP</latexit><latexit sha1_base64="PDgbQcOgISbsCChkXDHH3BuHH3s=">AAACEHicbZDLSsNAFIYn9VbrLerSzWARRaEkIuhGKIogrirYCzQhTKaTduxMEmYmQgl5BDe+ihsXirh16c63cZpmoa0/DHz85xzOnN+PGZXKsr6N0tz8wuJSebmysrq2vmFubrVklAhMmjhikej4SBJGQ9JUVDHSiQVB3Gek7Q8vx/X2AxGSRuGdGsXE5agf0oBipLTlmfup4wfwJjuHOTiS9jmCh/AKZvBo4t17MoOeWbVqVi44C3YBVVCo4ZlfTi/CCSehwgxJ2bWtWLkpEopiRrKKk0gSIzxEfdLVGCJOpJvmB2VwTzs9GERCv1DB3P09kSIu5Yj7upMjNZDTtbH5X62bqODMTWkYJ4qEeLIoSBhUERynA3tUEKzYSAPCguq/QjxAAmGlM6zoEOzpk2ehdVyzrZp9e1KtXxRxlMEO2AUHwAanoA6uQQM0AQaP4Bm8gjfjyXgx3o2PSWvJKGa2wR8Znz/a2pqP</latexit><latexit sha1_base64="PDgbQcOgISbsCChkXDHH3BuHH3s=">AAACEHicbZDLSsNAFIYn9VbrLerSzWARRaEkIuhGKIogrirYCzQhTKaTduxMEmYmQgl5BDe+ihsXirh16c63cZpmoa0/DHz85xzOnN+PGZXKsr6N0tz8wuJSebmysrq2vmFubrVklAhMmjhikej4SBJGQ9JUVDHSiQVB3Gek7Q8vx/X2AxGSRuGdGsXE5agf0oBipLTlmfup4wfwJjuHOTiS9jmCh/AKZvBo4t17MoOeWbVqVi44C3YBVVCo4ZlfTi/CCSehwgxJ2bWtWLkpEopiRrKKk0gSIzxEfdLVGCJOpJvmB2VwTzs9GERCv1DB3P09kSIu5Yj7upMjNZDTtbH5X62bqODMTWkYJ4qEeLIoSBhUERynA3tUEKzYSAPCguq/QjxAAmGlM6zoEOzpk2ehdVyzrZp9e1KtXxRxlMEO2AUHwAanoA6uQQM0AQaP4Bm8gjfjyXgx3o2PSWvJKGa2wR8Znz/a2pqP</latexit>

⇢@2
t s = r ·T+ f

f = �M ·r�(x� xs)S(t)

T = c : ✏

Attenuation and dispersion processes included:
• dielectric permittivity relaxation function using a Zener model
• conductivity relaxation function using a Kelvin-Voigt model

✏ =
1

2
[rs+ (rs)T ]

<latexit sha1_base64="Cy+4Q2fXCeVZU60HAVeikOqA1H0=">AAACIHicbZDLSsNAFIYn9VbrLerSzWARKkJJilA3QtGNywq9QRLLZDpph04mYWYilJBHceOruHGhiO70aZy2EbT1h4GP/5zDmfP7MaNSWdanUVhZXVvfKG6WtrZ3dvfM/YOOjBKBSRtHLBI9H0nCKCdtRRUjvVgQFPqMdP3x9bTevSdC0oi31CQmXoiGnAYUI6WtvllPXT+ALoklZRHP4CV0A4FwamdpLYOOy5HPEJTwDFZ++BTetby+Wbaq1kxwGewcyiBXs29+uIMIJyHhCjMkpWNbsfJSJBTFjGQlN5EkRniMhsTRyFFIpJfODszgiXYGMIiEflzBmft7IkWhlJPQ150hUiO5WJua/9WcRAUXXkp5nCjC8XxRkDCoIjhNCw6oIFixiQaEBdV/hXiEdEBKZ1rSIdiLJy9Dp1a1rap9e15uXOVxFMEROAYVYIM6aIAb0ARtgMEDeAIv4NV4NJ6NN+N93low8plD8EfG1zfDdKFr</latexit><latexit sha1_base64="Cy+4Q2fXCeVZU60HAVeikOqA1H0=">AAACIHicbZDLSsNAFIYn9VbrLerSzWARKkJJilA3QtGNywq9QRLLZDpph04mYWYilJBHceOruHGhiO70aZy2EbT1h4GP/5zDmfP7MaNSWdanUVhZXVvfKG6WtrZ3dvfM/YOOjBKBSRtHLBI9H0nCKCdtRRUjvVgQFPqMdP3x9bTevSdC0oi31CQmXoiGnAYUI6WtvllPXT+ALoklZRHP4CV0A4FwamdpLYOOy5HPEJTwDFZ++BTetby+Wbaq1kxwGewcyiBXs29+uIMIJyHhCjMkpWNbsfJSJBTFjGQlN5EkRniMhsTRyFFIpJfODszgiXYGMIiEflzBmft7IkWhlJPQ150hUiO5WJua/9WcRAUXXkp5nCjC8XxRkDCoIjhNCw6oIFixiQaEBdV/hXiEdEBKZ1rSIdiLJy9Dp1a1rap9e15uXOVxFMEROAYVYIM6aIAb0ARtgMEDeAIv4NV4NJ6NN+N93low8plD8EfG1zfDdKFr</latexit><latexit sha1_base64="Cy+4Q2fXCeVZU60HAVeikOqA1H0=">AAACIHicbZDLSsNAFIYn9VbrLerSzWARKkJJilA3QtGNywq9QRLLZDpph04mYWYilJBHceOruHGhiO70aZy2EbT1h4GP/5zDmfP7MaNSWdanUVhZXVvfKG6WtrZ3dvfM/YOOjBKBSRtHLBI9H0nCKCdtRRUjvVgQFPqMdP3x9bTevSdC0oi31CQmXoiGnAYUI6WtvllPXT+ALoklZRHP4CV0A4FwamdpLYOOy5HPEJTwDFZ++BTetby+Wbaq1kxwGewcyiBXs29+uIMIJyHhCjMkpWNbsfJSJBTFjGQlN5EkRniMhsTRyFFIpJfODszgiXYGMIiEflzBmft7IkWhlJPQ150hUiO5WJua/9WcRAUXXkp5nCjC8XxRkDCoIjhNCw6oIFixiQaEBdV/hXiEdEBKZ1rSIdiLJy9Dp1a1rap9e15uXOVxFMEROAYVYIM6aIAb0ARtgMEDeAIv4NV4NJ6NN+N93low8plD8EfG1zfDdKFr</latexit><latexit sha1_base64="Cy+4Q2fXCeVZU60HAVeikOqA1H0=">AAACIHicbZDLSsNAFIYn9VbrLerSzWARKkJJilA3QtGNywq9QRLLZDpph04mYWYilJBHceOruHGhiO70aZy2EbT1h4GP/5zDmfP7MaNSWdanUVhZXVvfKG6WtrZ3dvfM/YOOjBKBSRtHLBI9H0nCKCdtRRUjvVgQFPqMdP3x9bTevSdC0oi31CQmXoiGnAYUI6WtvllPXT+ALoklZRHP4CV0A4FwamdpLYOOy5HPEJTwDFZ++BTetby+Wbaq1kxwGewcyiBXs29+uIMIJyHhCjMkpWNbsfJSJBTFjGQlN5EkRniMhsTRyFFIpJfODszgiXYGMIiEflzBmft7IkWhlJPQ150hUiO5WJua/9WcRAUXXkp5nCjC8XxRkDCoIjhNCw6oIFixiQaEBdV/hXiEdEBKZ1rSIdiLJy9Dp1a1rap9e15uXOVxFMEROAYVYIM6aIAb0ARtgMEDeAIv4NV4NJ6NN+N93low8plD8EfG1zfDdKFr</latexit>

Leverage the advantages of open source seismic software SPECFEM:
Ø Same architecture as seismic wave solution
Ø Handles complex geometry (finite element approach)
Ø Retains exponential convergence and accuracy (high-order polynomials interpolation)

@tH̃ = µ̃�1 : �@tB̃
<latexit sha1_base64="o4k8ri5CRrJRp7mFlFjN5Ew6gd0="></latexit><latexit sha1_base64="o4k8ri5CRrJRp7mFlFjN5Ew6gd0="></latexit><latexit sha1_base64="o4k8ri5CRrJRp7mFlFjN5Ew6gd0="></latexit><latexit sha1_base64="o4k8ri5CRrJRp7mFlFjN5Ew6gd0="></latexit>

�@tB̃ =
1

2
[rE � (rE)T ]

<latexit sha1_base64="3QRx5kw6telJp8pecYlqi8cscLY=">AAACLnicbZBNixNBEIZ7dl2NWVejHr0UBmE9JMwsC3pZWCIBjxHyBZnZUNPpSZr09AzdNQthmF/kZf/K7kFQEa/+DDsfgm58oeHhrSq66o1zJS35/lfv4PDB0cNHtcf14ycnT581nr8Y2qwwXAx4pjIzjtEKJbUYkCQlxrkRmMZKjOLlh3V9dC2MlZnu0yoXUYpzLRPJkZw1bXRbZRgnEOZoSKKaE oQk1UyUnQoquIAwMcjLoCrPKpiEGmOF0IUWnP7ht3DVj6aNpt/2N4J9CHbQZDv1po27cJbxIhWauEJrJ4GfU1Sul+BKVPWwsCJHvsS5mDjUmAoblZtzK3jjnBkkmXFPE2zcvydKTK1dpbHrTJEW9n5tbf6vNikoeR+VUucFCc23HyWFAspgnR3MpBGc1MoBciPdrsAX6AIil3DdhRDcP3kfhmftwG8Hn86bl51dHDX2ir1mpyxg79gl+8h6bMA4+8xu2Tf23bvxvng/vJ/b1gNvN/OS/SPv12/PVaZ4</latexit><latexit sha1_base64="3QRx5kw6telJp8pecYlqi8cscLY=">AAACLnicbZBNixNBEIZ7dl2NWVejHr0UBmE9JMwsC3pZWCIBjxHyBZnZUNPpSZr09AzdNQthmF/kZf/K7kFQEa/+DDsfgm58oeHhrSq66o1zJS35/lfv4PDB0cNHtcf14ycnT581nr8Y2qwwXAx4pjIzjtEKJbUYkCQlxrkRmMZKjOLlh3V9dC2MlZnu0yoXUYpzLRPJkZw1bXRbZRgnEOZoSKKaE oQk1UyUnQoquIAwMcjLoCrPKpiEGmOF0IUWnP7ht3DVj6aNpt/2N4J9CHbQZDv1po27cJbxIhWauEJrJ4GfU1Sul+BKVPWwsCJHvsS5mDjUmAoblZtzK3jjnBkkmXFPE2zcvydKTK1dpbHrTJEW9n5tbf6vNikoeR+VUucFCc23HyWFAspgnR3MpBGc1MoBciPdrsAX6AIil3DdhRDcP3kfhmftwG8Hn86bl51dHDX2ir1mpyxg79gl+8h6bMA4+8xu2Tf23bvxvng/vJ/b1gNvN/OS/SPv12/PVaZ4</latexit><latexit sha1_base64="3QRx5kw6telJp8pecYlqi8cscLY=">AAACLnicbZBNixNBEIZ7dl2NWVejHr0UBmE9JMwsC3pZWCIBjxHyBZnZUNPpSZr09AzdNQthmF/kZf/K7kFQEa/+DDsfgm58oeHhrSq66o1zJS35/lfv4PDB0cNHtcf14ycnT581nr8Y2qwwXAx4pjIzjtEKJbUYkCQlxrkRmMZKjOLlh3V9dC2MlZnu0yoXUYpzLRPJkZw1bXRbZRgnEOZoSKKaE oQk1UyUnQoquIAwMcjLoCrPKpiEGmOF0IUWnP7ht3DVj6aNpt/2N4J9CHbQZDv1po27cJbxIhWauEJrJ4GfU1Sul+BKVPWwsCJHvsS5mDjUmAoblZtzK3jjnBkkmXFPE2zcvydKTK1dpbHrTJEW9n5tbf6vNikoeR+VUucFCc23HyWFAspgnR3MpBGc1MoBciPdrsAX6AIil3DdhRDcP3kfhmftwG8Hn86bl51dHDX2ir1mpyxg79gl+8h6bMA4+8xu2Tf23bvxvng/vJ/b1gNvN/OS/SPv12/PVaZ4</latexit><latexit sha1_base64="3QRx5kw6telJp8pecYlqi8cscLY=">AAACLnicbZBNixNBEIZ7dl2NWVejHr0UBmE9JMwsC3pZWCIBjxHyBZnZUNPpSZr09AzdNQthmF/kZf/K7kFQEa/+DDsfgm58oeHhrSq66o1zJS35/lfv4PDB0cNHtcf14ycnT581nr8Y2qwwXAx4pjIzjtEKJbUYkCQlxrkRmMZKjOLlh3V9dC2MlZnu0yoXUYpzLRPJkZw1bXRbZRgnEOZoSKKaE oQk1UyUnQoquIAwMcjLoCrPKpiEGmOF0IUWnP7ht3DVj6aNpt/2N4J9CHbQZDv1po27cJbxIhWauEJrJ4GfU1Sul+BKVPWwsCJHvsS5mDjUmAoblZtzK3jjnBkkmXFPE2zcvydKTK1dpbHrTJEW9n5tbf6vNikoeR+VUucFCc23HyWFAspgnR3MpBGc1MoBciPdrsAX6AIil3DdhRDcP3kfhmftwG8Hn86bl51dHDX2ir1mpyxg79gl+8h6bMA4+8xu2Tf23bvxvng/vJ/b1gNvN/OS/SPv12/PVaZ4</latexit>

[Morency, 2018]
LLNL-PRES-774023
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Electromagnetic and seismic wave equivalence
3) Summary

EM parameters Seismic parameters
Electric field Displacement

Magnetic field Stress tensor

Fourth order 
magnetic 
permeability

Fourth order elastic 
tensor 

Current density Source force

Magnetic induction Strain

@tH̃
<latexit sha1_base64="LcDP0oBDArgLt/8/BYSDKzP+2SE=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5KIoMuimy4r2Ac0IUymk3boZBJmboQS6sZfceNCEbf+hTv/xkmbhbYeuHA4596Ze0+YCq7Bcb6tldW19Y3NylZ1e2d3b98+OOzoJFOUtWkiEtULiWaCS9YGDoL1UsVIHArWDce3hd99YErzRN7DJGV+TIaSR5wSMFJgH3spUcCJCAB7YYQ94GLA8uY0sGtO3ZkBLxO3JDVUohXYX94goVnMJFBBtO67Tgp+XrxOBZtWvUyzlNAxGbK+oZLETPv57IIpPjPKAEeJMiUBz9TfEzmJtZ7EoemMCYz0oleI/3n9DKJrP+cyzYBJOv8oygSGBBdx4AFXjIKYGEKo4mZXTEdEEQomtKoJwV08eZl0LuquU3fvLmuNmzKOCjpBp+gcuegKNVATtVAbUfSIntErerOerBfr3fqYt65Y5cwR+gPr8wdQF5bJ</latexit><latexit sha1_base64="LcDP0oBDArgLt/8/BYSDKzP+2SE=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5KIoMuimy4r2Ac0IUymk3boZBJmboQS6sZfceNCEbf+hTv/xkmbhbYeuHA4596Ze0+YCq7Bcb6tldW19Y3NylZ1e2d3b98+OOzoJFOUtWkiEtULiWaCS9YGDoL1UsVIHArWDce3hd99YErzRN7DJGV+TIaSR5wSMFJgH3spUcCJCAB7YYQ94GLA8uY0sGtO3ZkBLxO3JDVUohXYX94goVnMJFBBtO67Tgp+XrxOBZtWvUyzlNAxGbK+oZLETPv57IIpPjPKAEeJMiUBz9TfEzmJtZ7EoemMCYz0oleI/3n9DKJrP+cyzYBJOv8oygSGBBdx4AFXjIKYGEKo4mZXTEdEEQomtKoJwV08eZl0LuquU3fvLmuNmzKOCjpBp+gcuegKNVATtVAbUfSIntErerOerBfr3fqYt65Y5cwR+gPr8wdQF5bJ</latexit><latexit sha1_base64="LcDP0oBDArgLt/8/BYSDKzP+2SE=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5KIoMuimy4r2Ac0IUymk3boZBJmboQS6sZfceNCEbf+hTv/xkmbhbYeuHA4596Ze0+YCq7Bcb6tldW19Y3NylZ1e2d3b98+OOzoJFOUtWkiEtULiWaCS9YGDoL1UsVIHArWDce3hd99YErzRN7DJGV+TIaSR5wSMFJgH3spUcCJCAB7YYQ94GLA8uY0sGtO3ZkBLxO3JDVUohXYX94goVnMJFBBtO67Tgp+XrxOBZtWvUyzlNAxGbK+oZLETPv57IIpPjPKAEeJMiUBz9TfEzmJtZ7EoemMCYz0oleI/3n9DKJrP+cyzYBJOv8oygSGBBdx4AFXjIKYGEKo4mZXTEdEEQomtKoJwV08eZl0LuquU3fvLmuNmzKOCjpBp+gcuegKNVATtVAbUfSIntErerOerBfr3fqYt65Y5cwR+gPr8wdQF5bJ</latexit><latexit sha1_base64="LcDP0oBDArgLt/8/BYSDKzP+2SE=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5KIoMuimy4r2Ac0IUymk3boZBJmboQS6sZfceNCEbf+hTv/xkmbhbYeuHA4596Ze0+YCq7Bcb6tldW19Y3NylZ1e2d3b98+OOzoJFOUtWkiEtULiWaCS9YGDoL1UsVIHArWDce3hd99YErzRN7DJGV+TIaSR5wSMFJgH3spUcCJCAB7YYQ94GLA8uY0sGtO3ZkBLxO3JDVUohXYX94goVnMJFBBtO67Tgp+XrxOBZtWvUyzlNAxGbK+oZLETPv57IIpPjPKAEeJMiUBz9TfEzmJtZ7EoemMCYz0oleI/3n9DKJrP+cyzYBJOv8oygSGBBdx4AFXjIKYGEKo4mZXTEdEEQomtKoJwV08eZl0LuquU3fvLmuNmzKOCjpBp+gcuegKNVATtVAbUfSIntErerOerBfr3fqYt65Y5cwR+gPr8wdQF5bJ</latexit>

E
<latexit sha1_base64="1y2mh5+JeSAib4604E3EZvy1FVQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRBI8VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkpr6xubW+Xtys7u3v5B9fCopZNMMfRZIhLVCalGwSX6hhuBnVQhjUOB7XB8O/PbT6g0T+SjmaQYxHQoecQZNVbye2FE7vrVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuNmyKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx8bSI41</latexit><latexit sha1_base64="1y2mh5+JeSAib4604E3EZvy1FVQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRBI8VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkpr6xubW+Xtys7u3v5B9fCopZNMMfRZIhLVCalGwSX6hhuBnVQhjUOB7XB8O/PbT6g0T+SjmaQYxHQoecQZNVbye2FE7vrVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuNmyKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx8bSI41</latexit><latexit sha1_base64="1y2mh5+JeSAib4604E3EZvy1FVQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRBI8VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkpr6xubW+Xtys7u3v5B9fCopZNMMfRZIhLVCalGwSX6hhuBnVQhjUOB7XB8O/PbT6g0T+SjmaQYxHQoecQZNVbye2FE7vrVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuNmyKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx8bSI41</latexit><latexit sha1_base64="1y2mh5+JeSAib4604E3EZvy1FVQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRBI8VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkpr6xubW+Xtys7u3v5B9fCopZNMMfRZIhLVCalGwSX6hhuBnVQhjUOB7XB8O/PbT6g0T+SjmaQYxHQoecQZNVbye2FE7vrVmlt35yCrxCtIDQo0+9Wv3iBhWYzSMEG17npuaoKcKsOZwGmll2lMKRvTIXYtlTRGHeTzY6fkzCoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg6yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n4oNwVt+eZW0LuqeW/ceLmuNmyKOMpzAKZyDB1fQgHtogg8MODzDK7w50nlx3p2PRWvJKWaO4Q+czx8bSI41</latexit>

s
<latexit sha1_base64="CklYf7VFCEdAiJ4RBYcP0NIbBpM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVby+2FE9KBac+vuAmSdeAWpQYHWoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx7IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90EOZdpZlCy5aIoE8QkZP45GXKFzIipJZQpbm8lbEwVZcbmU7EheKsvr5P2Vd1z697Dda15W8RRhjM4h0vwoAFNuIcW+MCAwzO8wpsjnRfn3flYtpacYuYU/sD5/AFhAI5j</latexit><latexit sha1_base64="CklYf7VFCEdAiJ4RBYcP0NIbBpM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVby+2FE9KBac+vuAmSdeAWpQYHWoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx7IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90EOZdpZlCy5aIoE8QkZP45GXKFzIipJZQpbm8lbEwVZcbmU7EheKsvr5P2Vd1z697Dda15W8RRhjM4h0vwoAFNuIcW+MCAwzO8wpsjnRfn3flYtpacYuYU/sD5/AFhAI5j</latexit><latexit sha1_base64="CklYf7VFCEdAiJ4RBYcP0NIbBpM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVby+2FE9KBac+vuAmSdeAWpQYHWoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx7IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90EOZdpZlCy5aIoE8QkZP45GXKFzIipJZQpbm8lbEwVZcbmU7EheKsvr5P2Vd1z697Dda15W8RRhjM4h0vwoAFNuIcW+MCAwzO8wpsjnRfn3flYtpacYuYU/sD5/AFhAI5j</latexit><latexit sha1_base64="CklYf7VFCEdAiJ4RBYcP0NIbBpM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVby+2FE9KBac+vuAmSdeAWpQYHWoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx7IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90EOZdpZlCy5aIoE8QkZP45GXKFzIipJZQpbm8lbEwVZcbmU7EheKsvr5P2Vd1z697Dda15W8RRhjM4h0vwoAFNuIcW+MCAwzO8wpsjnRfn3flYtpacYuYU/sD5/AFhAI5j</latexit>

T
<latexit sha1_base64="SH3INsi6Rt7zF/ZDE5P0tvKkOI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKTVtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiES1cJryIKYjJSLBKFrJ74cRaQ2qNbfuLkDWiVeQGhRoDqpf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+g2yIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r3H61rjroijDGdwDpfgwQ004AGa4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wcyBI5E</latexit><latexit sha1_base64="SH3INsi6Rt7zF/ZDE5P0tvKkOI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKTVtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiES1cJryIKYjJSLBKFrJ74cRaQ2qNbfuLkDWiVeQGhRoDqpf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+g2yIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r3H61rjroijDGdwDpfgwQ004AGa4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wcyBI5E</latexit><latexit sha1_base64="SH3INsi6Rt7zF/ZDE5P0tvKkOI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKTVtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiES1cJryIKYjJSLBKFrJ74cRaQ2qNbfuLkDWiVeQGhRoDqpf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+g2yIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r3H61rjroijDGdwDpfgwQ004AGa4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wcyBI5E</latexit><latexit sha1_base64="SH3INsi6Rt7zF/ZDE5P0tvKkOI0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKTVtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiES1cJryIKYjJSLBKFrJ74cRaQ2qNbfuLkDWiVeQGhRoDqpf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+g2yIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r3H61rjroijDGdwDpfgwQ004AGa4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wcyBI5E</latexit>

f
<latexit sha1_base64="HxvXP+8/kU8ORSwvwq7e6AU4LrI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS3w8jEg2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QNNTI5W</latexit><latexit sha1_base64="HxvXP+8/kU8ORSwvwq7e6AU4LrI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS3w8jEg2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QNNTI5W</latexit><latexit sha1_base64="HxvXP+8/kU8ORSwvwq7e6AU4LrI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS3w8jEg2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QNNTI5W</latexit><latexit sha1_base64="HxvXP+8/kU8ORSwvwq7e6AU4LrI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS3w8jEg2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QNNTI5W</latexit>@tJ

<latexit sha1_base64="ZvL5JgnRMfql0pguUERlRgo6kk4=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi6LLoRlxVsA9oQphMJ+3QyYOZm0IJ/RM3LhRx65+482+ctllo9cCFwzn3ztx7wkwKjY7zZVXW1jc2t6rbtZ3dvf0D+/Coo9NcMd5mqUxVL6SaS5HwNgqUvJcpTuNQ8m44vp373QlXWqTJI04z7sd0mIhIMIpGCmzby6hCQWWAxAsjch/YdafhLED+ErckdSjRCuxPb5CyPOYJMkm17rtOhn4xf5VJPqt5ueYZZWM65H1DExpz7ReLzWfkzCgDEqXKVIJkof6cKGis9TQOTWdMcaRXvbn4n9fPMbr2C5FkOfKELT+KckkwJfMYyEAozlBODaFMCbMrYSOqKEMTVs2E4K6e/Jd0Lhqu03AfLuvNmzKOKpzAKZyDC1fQhDtoQRsYTOAJXuDVKqxn6816X7ZWrHLmGH7B+vgGyEOTFQ==</latexit><latexit sha1_base64="ZvL5JgnRMfql0pguUERlRgo6kk4=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi6LLoRlxVsA9oQphMJ+3QyYOZm0IJ/RM3LhRx65+482+ctllo9cCFwzn3ztx7wkwKjY7zZVXW1jc2t6rbtZ3dvf0D+/Coo9NcMd5mqUxVL6SaS5HwNgqUvJcpTuNQ8m44vp373QlXWqTJI04z7sd0mIhIMIpGCmzby6hCQWWAxAsjch/YdafhLED+ErckdSjRCuxPb5CyPOYJMkm17rtOhn4xf5VJPqt5ueYZZWM65H1DExpz7ReLzWfkzCgDEqXKVIJkof6cKGis9TQOTWdMcaRXvbn4n9fPMbr2C5FkOfKELT+KckkwJfMYyEAozlBODaFMCbMrYSOqKEMTVs2E4K6e/Jd0Lhqu03AfLuvNmzKOKpzAKZyDC1fQhDtoQRsYTOAJXuDVKqxn6816X7ZWrHLmGH7B+vgGyEOTFQ==</latexit><latexit sha1_base64="ZvL5JgnRMfql0pguUERlRgo6kk4=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi6LLoRlxVsA9oQphMJ+3QyYOZm0IJ/RM3LhRx65+482+ctllo9cCFwzn3ztx7wkwKjY7zZVXW1jc2t6rbtZ3dvf0D+/Coo9NcMd5mqUxVL6SaS5HwNgqUvJcpTuNQ8m44vp373QlXWqTJI04z7sd0mIhIMIpGCmzby6hCQWWAxAsjch/YdafhLED+ErckdSjRCuxPb5CyPOYJMkm17rtOhn4xf5VJPqt5ueYZZWM65H1DExpz7ReLzWfkzCgDEqXKVIJkof6cKGis9TQOTWdMcaRXvbn4n9fPMbr2C5FkOfKELT+KckkwJfMYyEAozlBODaFMCbMrYSOqKEMTVs2E4K6e/Jd0Lhqu03AfLuvNmzKOKpzAKZyDC1fQhDtoQRsYTOAJXuDVKqxn6816X7ZWrHLmGH7B+vgGyEOTFQ==</latexit><latexit sha1_base64="ZvL5JgnRMfql0pguUERlRgo6kk4=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi6LLoRlxVsA9oQphMJ+3QyYOZm0IJ/RM3LhRx65+482+ctllo9cCFwzn3ztx7wkwKjY7zZVXW1jc2t6rbtZ3dvf0D+/Coo9NcMd5mqUxVL6SaS5HwNgqUvJcpTuNQ8m44vp373QlXWqTJI04z7sd0mIhIMIpGCmzby6hCQWWAxAsjch/YdafhLED+ErckdSjRCuxPb5CyPOYJMkm17rtOhn4xf5VJPqt5ueYZZWM65H1DExpz7ReLzWfkzCgDEqXKVIJkof6cKGis9TQOTWdMcaRXvbn4n9fPMbr2C5FkOfKELT+KckkwJfMYyEAozlBODaFMCbMrYSOqKEMTVs2E4K6e/Jd0Lhqu03AfLuvNmzKOKpzAKZyDC1fQhDtoQRsYTOAJXuDVKqxn6816X7ZWrHLmGH7B+vgGyEOTFQ==</latexit>

c
<latexit sha1_base64="9LgZgtK/nR0GQrsggjT258r1MWk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVby+2FE2KBac+vuAmSdeAWpQYHWoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx7IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90EOZdpZlCy5aIoE8QkZP45GXKFzIipJZQpbm8lbEwVZcbmU7EheKsvr5P2Vd1z697Dda15W8RRhjM4h0vwoAFNuIcW+MCAwzO8wpsjnRfn3flYtpacYuYU/sD5/AFIwI5T</latexit><latexit sha1_base64="9LgZgtK/nR0GQrsggjT258r1MWk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVby+2FE2KBac+vuAmSdeAWpQYHWoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx7IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90EOZdpZlCy5aIoE8QkZP45GXKFzIipJZQpbm8lbEwVZcbmU7EheKsvr5P2Vd1z697Dda15W8RRhjM4h0vwoAFNuIcW+MCAwzO8wpsjnRfn3flYtpacYuYU/sD5/AFIwI5T</latexit><latexit sha1_base64="9LgZgtK/nR0GQrsggjT258r1MWk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVby+2FE2KBac+vuAmSdeAWpQYHWoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx7IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90EOZdpZlCy5aIoE8QkZP45GXKFzIipJZQpbm8lbEwVZcbmU7EheKsvr5P2Vd1z697Dda15W8RRhjM4h0vwoAFNuIcW+MCAwzO8wpsjnRfn3flYtpacYuYU/sD5/AFIwI5T</latexit><latexit sha1_base64="9LgZgtK/nR0GQrsggjT258r1MWk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVby+2FE2KBac+vuAmSdeAWpQYHWoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx7IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90EOZdpZlCy5aIoE8QkZP45GXKFzIipJZQpbm8lbEwVZcbmU7EheKsvr5P2Vd1z697Dda15W8RRhjM4h0vwoAFNuIcW+MCAwzO8wpsjnRfn3flYtpacYuYU/sD5/AFIwI5T</latexit>µ̃�1

<latexit sha1_base64="pQgptrld9wC5C5F6GEy4Vu/oYwk=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCG0sigi6LblxWsA9oYplMJu3QySTM3Ag1BH/FjQtF3Pof7vwbp4+Fth64cDjnXu69J0gF1+A431ZpaXllda28XtnY3NresXf3WjrJFGVNmohEdQKimeCSNYGDYJ1UMRIHgrWD4fXYbz8wpXki72CUMj8mfckjTgkYqWcfeEGEPeAiZLkXZ8V9fuoWPbvq1JwJ8CJxZ6SKZmj07C8vTGgWMwlUEK27rpOCnxMFnApWVLxMs5TQIemzrqGSxEz7+eT6Ah8bJcRRokxJwBP190ROYq1HcWA6YwIDPe+Nxf+8bgbRpZ9zmWbAJJ0uijKBIcHjKHDIFaMgRoYQqri5FdMBUYSCCaxiQnDnX14krbOa69Tc2/Nq/WoWRxkdoiN0glx0geroBjVQE1H0iJ7RK3qznqwX6936mLaWrNnMPvoD6/MHN+qVDw==</latexit><latexit sha1_base64="pQgptrld9wC5C5F6GEy4Vu/oYwk=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCG0sigi6LblxWsA9oYplMJu3QySTM3Ag1BH/FjQtF3Pof7vwbp4+Fth64cDjnXu69J0gF1+A431ZpaXllda28XtnY3NresXf3WjrJFGVNmohEdQKimeCSNYGDYJ1UMRIHgrWD4fXYbz8wpXki72CUMj8mfckjTgkYqWcfeEGEPeAiZLkXZ8V9fuoWPbvq1JwJ8CJxZ6SKZmj07C8vTGgWMwlUEK27rpOCnxMFnApWVLxMs5TQIemzrqGSxEz7+eT6Ah8bJcRRokxJwBP190ROYq1HcWA6YwIDPe+Nxf+8bgbRpZ9zmWbAJJ0uijKBIcHjKHDIFaMgRoYQqri5FdMBUYSCCaxiQnDnX14krbOa69Tc2/Nq/WoWRxkdoiN0glx0geroBjVQE1H0iJ7RK3qznqwX6936mLaWrNnMPvoD6/MHN+qVDw==</latexit><latexit sha1_base64="pQgptrld9wC5C5F6GEy4Vu/oYwk=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCG0sigi6LblxWsA9oYplMJu3QySTM3Ag1BH/FjQtF3Pof7vwbp4+Fth64cDjnXu69J0gF1+A431ZpaXllda28XtnY3NresXf3WjrJFGVNmohEdQKimeCSNYGDYJ1UMRIHgrWD4fXYbz8wpXki72CUMj8mfckjTgkYqWcfeEGEPeAiZLkXZ8V9fuoWPbvq1JwJ8CJxZ6SKZmj07C8vTGgWMwlUEK27rpOCnxMFnApWVLxMs5TQIemzrqGSxEz7+eT6Ah8bJcRRokxJwBP190ROYq1HcWA6YwIDPe+Nxf+8bgbRpZ9zmWbAJJ0uijKBIcHjKHDIFaMgRoYQqri5FdMBUYSCCaxiQnDnX14krbOa69Tc2/Nq/WoWRxkdoiN0glx0geroBjVQE1H0iJ7RK3qznqwX6936mLaWrNnMPvoD6/MHN+qVDw==</latexit><latexit sha1_base64="pQgptrld9wC5C5F6GEy4Vu/oYwk=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCG0sigi6LblxWsA9oYplMJu3QySTM3Ag1BH/FjQtF3Pof7vwbp4+Fth64cDjnXu69J0gF1+A431ZpaXllda28XtnY3NresXf3WjrJFGVNmohEdQKimeCSNYGDYJ1UMRIHgrWD4fXYbz8wpXki72CUMj8mfckjTgkYqWcfeEGEPeAiZLkXZ8V9fuoWPbvq1JwJ8CJxZ6SKZmj07C8vTGgWMwlUEK27rpOCnxMFnApWVLxMs5TQIemzrqGSxEz7+eT6Ah8bJcRRokxJwBP190ROYq1HcWA6YwIDPe+Nxf+8bgbRpZ9zmWbAJJ0uijKBIcHjKHDIFaMgRoYQqri5FdMBUYSCCaxiQnDnX14krbOa69Tc2/Nq/WoWRxkdoiN0glx0geroBjVQE1H0iJ7RK3qznqwX6936mLaWrNnMPvoD6/MHN+qVDw==</latexit>

✏ =
1

2
[rs+ (rs)T ]

<latexit sha1_base64="Cy+4Q2fXCeVZU60HAVeikOqA1H0=">AAACIHicbZDLSsNAFIYn9VbrLerSzWARKkJJilA3QtGNywq9QRLLZDpph04mYWYilJBHceOruHGhiO70aZy2EbT1h4GP/5zDmfP7MaNSWdanUVhZXVvfKG6WtrZ3dvfM/YOOjBKBSRtHLBI9H0nCKCdtRRUjvVgQFPqMdP3x9bTevSdC0oi31CQmXoiGnAYUI6WtvllPXT+ALoklZRHP4CV0A4FwamdpLYOOy5HPEJTwDFZ++BTetby+Wbaq1kxwGewcyiBXs29+uIMIJyHhCjMkpWNbsfJSJBTFjGQlN5EkRniMhsTRyFFIpJfODszgiXYGMIiEflzBmft7IkWhlJPQ150hUiO5WJua/9WcRAUXXkp5nCjC8XxRkDCoIjhNCw6oIFixiQaEBdV/hXiEdEBKZ1rSIdiLJy9Dp1a1rap9e15uXOVxFMEROAYVYIM6aIAb0ARtgMEDeAIv4NV4NJ6NN+N93low8plD8EfG1zfDdKFr</latexit><latexit sha1_base64="Cy+4Q2fXCeVZU60HAVeikOqA1H0=">AAACIHicbZDLSsNAFIYn9VbrLerSzWARKkJJilA3QtGNywq9QRLLZDpph04mYWYilJBHceOruHGhiO70aZy2EbT1h4GP/5zDmfP7MaNSWdanUVhZXVvfKG6WtrZ3dvfM/YOOjBKBSRtHLBI9H0nCKCdtRRUjvVgQFPqMdP3x9bTevSdC0oi31CQmXoiGnAYUI6WtvllPXT+ALoklZRHP4CV0A4FwamdpLYOOy5HPEJTwDFZ++BTetby+Wbaq1kxwGewcyiBXs29+uIMIJyHhCjMkpWNbsfJSJBTFjGQlN5EkRniMhsTRyFFIpJfODszgiXYGMIiEflzBmft7IkWhlJPQ150hUiO5WJua/9WcRAUXXkp5nCjC8XxRkDCoIjhNCw6oIFixiQaEBdV/hXiEdEBKZ1rSIdiLJy9Dp1a1rap9e15uXOVxFMEROAYVYIM6aIAb0ARtgMEDeAIv4NV4NJ6NN+N93low8plD8EfG1zfDdKFr</latexit><latexit sha1_base64="Cy+4Q2fXCeVZU60HAVeikOqA1H0=">AAACIHicbZDLSsNAFIYn9VbrLerSzWARKkJJilA3QtGNywq9QRLLZDpph04mYWYilJBHceOruHGhiO70aZy2EbT1h4GP/5zDmfP7MaNSWdanUVhZXVvfKG6WtrZ3dvfM/YOOjBKBSRtHLBI9H0nCKCdtRRUjvVgQFPqMdP3x9bTevSdC0oi31CQmXoiGnAYUI6WtvllPXT+ALoklZRHP4CV0A4FwamdpLYOOy5HPEJTwDFZ++BTetby+Wbaq1kxwGewcyiBXs29+uIMIJyHhCjMkpWNbsfJSJBTFjGQlN5EkRniMhsTRyFFIpJfODszgiXYGMIiEflzBmft7IkWhlJPQ150hUiO5WJua/9WcRAUXXkp5nCjC8XxRkDCoIjhNCw6oIFixiQaEBdV/hXiEdEBKZ1rSIdiLJy9Dp1a1rap9e15uXOVxFMEROAYVYIM6aIAb0ARtgMEDeAIv4NV4NJ6NN+N93low8plD8EfG1zfDdKFr</latexit><latexit sha1_base64="Cy+4Q2fXCeVZU60HAVeikOqA1H0=">AAACIHicbZDLSsNAFIYn9VbrLerSzWARKkJJilA3QtGNywq9QRLLZDpph04mYWYilJBHceOruHGhiO70aZy2EbT1h4GP/5zDmfP7MaNSWdanUVhZXVvfKG6WtrZ3dvfM/YOOjBKBSRtHLBI9H0nCKCdtRRUjvVgQFPqMdP3x9bTevSdC0oi31CQmXoiGnAYUI6WtvllPXT+ALoklZRHP4CV0A4FwamdpLYOOy5HPEJTwDFZ++BTetby+Wbaq1kxwGewcyiBXs29+uIMIJyHhCjMkpWNbsfJSJBTFjGQlN5EkRniMhsTRyFFIpJfODszgiXYGMIiEflzBmft7IkWhlJPQ150hUiO5WJua/9WcRAUXXkp5nCjC8XxRkDCoIjhNCw6oIFixiQaEBdV/hXiEdEBKZ1rSIdiLJy9Dp1a1rap9e15uXOVxFMEROAYVYIM6aIAb0ARtgMEDeAIv4NV4NJ6NN+N93low8plD8EfG1zfDdKFr</latexit>

�@tB̃ =
1

2
[rE � (rE)T ]

<latexit sha1_base64="3QRx5kw6telJp8pecYlqi8cscLY="></latexit><latexit sha1_base64="3QRx5kw6telJp8pecYlqi8cscLY="></latexit><latexit sha1_base64="3QRx5kw6telJp8pecYlqi8cscLY="></latexit><latexit sha1_base64="3QRx5kw6telJp8pecYlqi8cscLY="></latexit>
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Frequency dependence
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Validation of EM module
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Ø Ricker wavelet 2 GHz source
Ø Source-Receiver distance = 2.8 m

Black = numerical model
Red = analytical solution after Carcione & Cavallini (1995)
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2D TE solution
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Freely available via

@ www.geodynamics.org 

Ø CUBIT compatible

Ø Modules: forward (an)elastic, acoustic, 
poroelastic seismic, and electromagnetic

Ø Adjoint seismic wave propagation
and adjoint electromagnetic  

=> S. Mukherjee’s presentation

Ø Topography & Bathymetry

Ø Parallel computation (SCOTCH for mesh 
partitioning & load balancing) & GPU

Conclusion

Seismic and EM forward & adjoint softwares for imaging and 
tomography


