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Introduction to non-linear gauge field dynamics

WHY DO WE WANT TO SIMULATE GAUGE FIELDS IN THE LATTICE?

» Realistic physics models must include gauge fields (e.g. the Standard Model).

» Gauge fields can be significantly excited in the early universe (both during
and after inflation).

e Example 1: Broad parametric resonance of gauge fields coupled to oscillating
complex scalars [TODAY!]

e Example 2: Gauge field production during axion inflation [TOMORROW!]

» When nk>>1, gauge fields behave as classical, and we can capture their
non-linear dynamics with lattice simulations.

» CAVEAT: Gauge theories must be discretized with links and plaquettes in
order to preserve gauge invariance in the lattice (like in lattice QCD).
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Models with gauge fields

Model 1: Gauge fields coupled to charged scalars (SM-like)

5= — |dty=g { (D,0)*D4g) +~F,, 7" + V(| o)) n = O G
— X 8 W9 @ 4 % F/w _ aﬂAy B ayAﬂ

+ self-consistent expansion
e.g.: Figueroa, Garcia-Bellido & FT.: PRD 92 (2015) 8, 083511

Enqgvist, Nurmi, Rusak, Weir.: JCAP 02 (2016) 057

TODAY: Lessons 5 [U(1), by me] and 6 [SU(2), by Adrien]

Model 2: Gauge fields coupled to axions (during inflation)

F,=d,A,-0,A,

1 1 ~
S=- [d4xﬁ {E(aﬂ¢)2 +— /JI/FMU + 4%[-¢F/41/F//w + V(¢)} F

4 v = /waﬂF “

+ self-consistent expansion e.g.: Caravano, Komatsu, Lozanov, Weller: arXiv: 2204.12874

Figueroa, Lizarraga, Urio, Urrestilla: in preparation

X

TOMORROW: Topical lecture by Joanes and Ander
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U(1) gauge-invariant action

» We are going to learn how to simulate in the lattice the following action:  pPOTENTIAL

1
Jd4x\/7 { —0,0"$ + (D} p)*(DXp) + ZF””FW + Vg, lol)

8A Gauge coupling
QA Abelian charge

~ -
e Covariant derivative: D;f’ =0, — 18,044,
e Scalar singlet: P € Re
e Field strength: F, =0,A, —0,A,
e Complex scalar: = —(@y + ip))
\/5 .= F.. i £
Do P € Re i = 1'; Electric field
Scalar sector RB; = EGiijjk Magnetic field

U(1) gauge sector

> Fields: {@, @y, ¢1,A;, Ay, A3}  (we work in the temporal gauge A, = 0)
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Equations of motion (flat spacetime)

1
{d“x\/i{ —0,p0" + (D} )*(D ¢)+ZFWF””+V(¢,|§0|)}

Scalar singlet 0"0 ¢ = ov
calar singlet: P = o0
> EOM (flat spacetime): Complex scalar: D{D, ¢ =~
20|p| ol

oS =0
U(1) gauge field: o, F* =J¥  J¥=2g,0,Imlep*(Die)]

U(1) current

» Action and EOM are invariant under the following gauge transformations:

P(x) — )
P(x) — e W g(x) / Fuy(x) — Fﬂy(x) \
A (x) — A (x) —0d,a(x) field strength is

auge invariant
97 /
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Equations of motion (with expansion)

> FLRW metric:  ds* = — a**(n)dn* + a*(n)5,;dx'dx’/ dn = a™"dt

» Dynamical EOM in an expanding background:

¢// . a—2(1—a)v2¢ + (3 _ a)i¢/ — _ a2av¢
a ,

a a**Vi, ¢
" -2(1- 2 r ,
@' —a a)DA(p_I_(S_a)Zw T2 o U(1) current:
a’ Ho— ey
aOFOi _ a—2(1—a)ajF}i + (1 _ a)_FOi — a2aJlA > JA = 2gAQAJ’m[qﬁ (DAqD)]
a

N

l

A= a™20-OV2A 4+ 99.A + (1 — a)—A] = a4
a

» Gauss constraint: it must be preserved at all times
V = Lattice

- - IR
0;Fy = a’J} weep | V- E =a’J}(X) _>LE.dS=a2JVd3xJ5‘(x)=o

:= Q (electric charge)
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Stress-energy tensor

> Stress-energy tensor:

2 6/82)

5
T =- =g P2

SNV PR 5g””

1
—gﬂy< o’ [(D @) (Dyep) + (0 cb)(aﬁqb)] + 4ga5ng sFs; + V>

_ 1 _
- -2 -
* p=aTlu P=352T;
J

e Energy density: p = qu + Kq) + ng + Ggo + KU(I) T GU(l) +V

=+ [2Re( D) DL D) + 0, 0)0,0)| + 8 F,F,

. 1 1
 Pressuredensity: p=K;,+K, - E(G(ﬁ +G,) + E(KU(D +Gyay) -V

1 » 2 | 2
1 1
K, =—-(Doy*Dje) | | G,=— Z (Drey*De) | | Guy =77 FS
i ij<i
(Kinetic-scalar) (Gradient-scalar) (Electric & Magnetic)
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) Friedmann equations

» Friedmann equations:

a’ 2 a2a
(—> (Ky+K,+G;+G,+ Kyy+ Gy, + V)

2
a 3mp

7 2a

a 3m2

((@a=2)(Ky+ K, +a(G,+ G + (a+ DV + (a — D)(Kyq)+ Gyy))
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Discretization of gauge theories

» In Lesson 4, we discretize the EOM of the scalar fields by approximating
the derivatives in the continuum by finite differences in the discrete.

Py, — @
7 Bt = gxu =0T O@x%)
Example: %qo(n)
QY — @_
™~ A =—— ~ = 0,0 + O(5x?)

» CAN WE DO THE SAME FOR GAUGE FIELDS? No.

» WHY? Thisformulation does not preserve gauge invariance in the lattice
(and propagates spurious degrees of freedom).
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Gauge invariance in the discrete

1
> = J x? 7 =@)*@+ 7 Fwt™ + Viore) e = 8404

—iea(x)

p(x) — e @(x)

» Gauge transformation in the continuum: { Aﬂ(x) N Aﬂ(x) _ 0ﬂa(x)

D,p)=0

o —iea(x) . . —iea(x) _
@ —ieA,p —> 0,(e @(x)) — ie(A, — d,a(x))pe =

= ¢ ~iea) (dMgo(x) — 'e(dﬂa)qo(x) —ieA, +1 6ﬂa(x)q0(x)) = e_’e“(x)Dﬂgo

—iea(x)

px) — e P(x)
A(x) = A,x) — Afa(x)

» Gauge transformation in the discrete (naive discretization) {

(Dyp) = Afp —ieA,p — Af(e " Wp(x)) — ie(A, — Afa(x)pe W £ e~*OD ¢

/

[The Leibniz rule (fg)’' = fg’+ f'g¢ does not hold for finite difference operators]
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Links and plaquettes

We must discretize the theory with links and plaquettes
in order to preserve GAUGE INVARIANCE in the lattice.

» Parallel transporter: Connects two points of spacetime  gx# = (dy, dx')

R Gauge transformation:
Vix,y) = Fexp _leJ AL - Vix,y) — V(x,y)e e@®=-a()
X ’ ? )

[A,() = A,(x) —0,a(x)]
» Links: (minimal connectors)

( x(n+6) ) . x
Vo = €Xp 1 —ie[ dn'Ay ¢ ~ e
x(n)

" J

( x(n+f) ) .
Vi, = exp —ie[ dx'A; } el OX

l
. x(n) y

Y,

gauge fields and links live in points n + fi/2

1
» Notation: V, =V, +5ﬂ) V_, =V
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a‘ﬂ Links and plaquettes

» Gauge covariant derivative:

iea(x)

Y —¢€ @ 1 A 1
Dip) ) == —Vop,—@) | 1=hi+—4
A+ I T s ETE o
A, — A, — Ao - 0X 2
Vi — Vo, » Expansion: (D)) = (D,p)(1) + O(6x?)
e Gauge transform.: nga — eiea(ngp)
> Plaquettes: VMV = VMVi+DVD,+”V;" ~ o i€0x,0x,[F,,+O(dX)]

e Expansion:

1
KelV,} — 1- Eéxjéxfesz + O(6x°)

1%

3 11,
Imi{V,, } — —oxox.eF,, + O(0x") l=n+—f+=0

* Gauge transform.: 'V —V
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Compact and non-compact formulations

Two formulations @n-compact: ased on gauge field amplitudes A,

for U(1) gauge fields: Compact: based on links V,

Links : V, = e 19AQATu AL — cos(gaQ A0, r,Ay) —isin(gaQadx,AyL) Vo, =V, o ViV, =1;

! [Ty T HTH
2]. wWhog » F =1/ + 7 1gAQ Adxpbxy [Frw+O(dx)]. TR
Plaquettes : 'V, = V,,V,, ., V] V) >~¢ F ;o Vi = Vi
Covariant Derivs. : (D, )(1) = W" pPip — @), l=nx i

( (D)) (D)) + O(62%) 1=n =+ 5/

Expansions : { Re{V,.} » 1 %<5.r;'){<5.r;‘_),g:‘)1(2ﬂF FO(6z%), 1=mn+ .i['l { %f)

2
e

| Im{V,. ) » 0x,0x,g4AQAF,, + O(dz?), 1=n —/1 l 11/

it: ( Re{V, (Viw+Via)
U(1) toolkit: 172 ~ 1 Re{Virl  _ 1 =) e 2
( ) Zn : F‘I” - 2 Z” by 0z 93 Q% 4 Zn dx ‘\z 92Q% +O(0r7) .
2V} (Vi —V* )2 (Compact)
- P l s Ay l Lm~ S — l \ Y plf»- ’) P
Expressions : 4 ZH : Fl“ Zu 40228x295Q% Z“ 16x201295 Q% +O(0z7)
| 2 | } A4 A4 \2 e ,
\ Zu Tfrlw 1 Zn A l Ap ".1[1) 1 (-)| 01 ] ] ( Non Compact)
( (‘) :, ( ' “}.\(2.‘(1 » i - )
D/: O y e9aQac ( D To)
Gauge Trans. : ¢ A, r A, —Ala — -
L | Vi » Vi (gauge inv.)
| ‘.': " > ‘_.': /‘(,,1_(;,‘(3..“(\ g = X) |

NOTE: SU(2) theories can only be formulated with a compact formulation [see Lesson 6]
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Gauge EOM in program variables

» Program variables:
Program potential:
dit = a “w.dt d¥ = w.dx’' L 1
{ * * Link: V(§1)=—V(£]ol)
& = 1@ T 1 A = V. = e iox AN _ —id%, A J i
Z Z
()2 =
f* Iiﬁgv = Fﬂy/a)f
D,=D,/ o
= 28,0, I mIp*(D"P)]

» Field equations (in the continuum):
Conjugate momenta:

, —, —_— 7, i X
( 3—az ) 1+a D 2§0 — _ aa+3 V,I@lm TL'GO _ a3_a¢/

~ —~ —~ - %), = l_aF-Z l—aA(

ao(al_aFol') — Cla_laj Fji = al+a]‘,-4 (Zp)i = a 0i = ¢ i
~ \/ ~ —~~ (p — »
7)) = % Ja.0. K K g, )= =V s a D %

(ﬁ'A)z, = %Ai[a, gb, AJ] %Ai[a’ @7 ’Z;] = a1+alefl + aa—laj'}?}i
Q' = a“‘Sﬁ(p

1/~
Al =a"(7y),
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Gauge EOM in program variables

2a+1 f2

K. [a EY. E’ E’ Ef, FA] = — [(a DEC+aE’+(a+DE,+(a—1)(Eq+ ’E‘g>]
14

» First Friedmann equation (constraint):

. —~ ] B 1 60* )
with: E%=g<ﬂfo> E% = 24f22<( A7)
o _ i NA Ny TNA A 1 603 =) —_— —
. _a2<;(Di¢) (D)) EGzz_Cﬁf%Z(Fij EV=<V((,5,...)>
ij<i
.(Co.mp lex scalzfrr: (Electric and magnetic) (Potential)
Kinetic and gradient)
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Discretization of gauge field equations

» We can discretize the field equations by using the U(1) toolkit (non-compact):

CONTINUOUS DISCRETE
e Kernels:
F [a.@ X] — a+37 % + 1+a§2~ ~ T4 a3 V,|(ﬁ| 7 l4a T~
ol @, Al =—a ’|¢|2|~| a ¢ —» FE,la,p,Al=-a > — +a ZDiDl.qo
@ 12 l.
~ ~. — l+a =%(T) /7 —_— 2 3 l
%Ai[d, Q, A]] 2a ngjm[gﬂ (Dl(p)] ‘%/A [(l, @, A]] — 1+a< gng 22 fm[@*e‘”gm (p])
+a*"'0,F ; '
+a“‘12 ( TAYA - ].—AjAJ)
e Energies: j
<Z (DA)*(D¥§)) — = —Z (D p)*(D}p))
TA _ I w? ~+Z’ A+~ 2
b= > 6= s LG -8 AR)
1,j<I ¥ I,j<i

And now we solve them with an appropriate evolution algorithm!
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Evolution algorithms for gauge theories

(Non-compact) Staggered leapfrog algorithm

- e L~ i 5 i on
> Initial condlitions: {Ga '99:14,'} at 7o, {1)—1/2: (Tp) 125 (W.'-'x).g,_l/z} at 1o — 77
» Evolution: . ~ 1 (= A
( l.¢)+l/2 = (7@)_1/2 + 0Ky la, @, Ail
(7,.-'1)1,:+1/2 - (7?:1) —1/2 T 0k a,la, ¢ 4 il
bijg = b_yjs+ 07K, [a.. EY. E%, B¢, EL, E;-‘}] |
arg = a-+ 5‘771)+1/r2 :
Ay1/2 = (@40 + (l)/9
. (3—a)
©+0 = Y +O’](1+1/2 (T¢)+1/2 3
1 (1-a)
Aito = 4 T (5'}(1+1/> (T4); +1/2
2 _— —~ —~ r—~ ~
» Hubble constraint: b’ = % ( s ) a*@th) [-’3}1 + Ef. + Ev + Ef + E¢
my :
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Evolution algorithms for gauge theories

(Non-compact) Velocity-Verlet algorithm

» [Initial conditions: {a, b, @, T, A (ﬁ,l)i} at 1.
: . . . on .
» Evolution: (Fg) i1y = Tpt ?’Cv la, 3, 4],
_ ~ 07) .7
(77.--’1)5,“/2 = (7a); + 7’9--“\,- la, ¢, 4],

51 [ mo = me mA =
bije = b+ SKaa, B, B, EY, B B

ayo = a+0nbii,
a+o +a
(1,+1/2 = 5 s o °
. (7.) Generalization to VV4 - VV10
- - e~ VP 412 . . .
Y+0 = @+ m;”gT, —» |mp|emented in Cosmolattice
“+1/2 . .
(Fa)on (and explained in the “Art")
"4,‘,,+() — A, -+- (577—-1:;1/2
@yyy2
_ ~ 07 . 7
(Wt,s);+() = (Wp)ﬂ/g + 7’Cp[ﬂ+(h Y40 «4-.,',+0] ;
- - 01] . T
(W‘-‘l),j_‘;+() — (7‘—;‘1)1.4_1/2 + 7K:.»’l., [a,H), Y+0; Aj,+()] )
, on . -~ - -~ A A
byo = b+1/2 + Eka a+0, EA',+0= E(}',+()f E\--=',+ov E1\',+oa E(;',+0 )
. 2 1 f* ? 2(a+1) | ¥ Y B A A
» Hubble constraint: o= | =) T [E,\' +EfL+ Ev + Eg + Ee:]
. b
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Initial conditions for complex scalars

» Initial condition for complex scalars:

1 . Pu(X, 1) = | @« | + 6, (X)
P=—(@+ i) —fp , . T n=0,1
V2 (X, 1) = | @] + 60,4(X)

7* Y

Homogeneous .
Fluctuations
mode

» For complex scalars we try to set the same spectrum of initial fluctuations as for
scalar singlets (see Lesson 2):

= 1 ~() (s l ~(")(+ I
5¢,(0) = —=(|6¢\) (1) [ W+ | 5p (1) [ e )
V2

. 1 ia~)k¢pﬂ _ » . (P~ ) ~ B -
30, = —— [ 7 (1650 | =65 | )] — H50,(0)
| 545([,1*)(13) | : Rayleigh distribution with expected (*) J)k,% = \/7(2 + a2(62‘7/a¢%) \
: Random phase in range [0,2n] % = 4"Hlw (|n principle)

8 random functions
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Initial conditions for gauge fields

A =0 Initially we have
» For gauge fields we only set (X, 1) = p some electric field,
fluctuations to the time-derivative: Ai(x, t) = 5Ai*(x) but Zer: Tdagnetlc
e

» But the fluctuations must preserve the Gauss constraint:

0AX) =J)(x) = A(K) = JN(K)  —)p Ai(k)=i%J6‘(k)

Fourier
transform

Initial spectrum for
electric field

J(x) = 28,0 Imlp*¢']

» |In the discrete:

kLat,i

(kIjat,i)2

Z ATAYA(D) = Ji(M)  m—fp  ATA(R) = i JA(#)

sin(2zi;/N) .1 —cos(Qznii;/N)
— 1

Lat,i =
: OX OX
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Initial conditions for gauge fields

» We want zero electric charge in the lattice, so we require:

0=Jl(k=0) = Jd&fé‘(x) o Jd3k9§fe[(p6‘<(k)go{(k) — py(K)gF(K)] —0

160 (k) | = | 5¢p"(K) |
16 "(k) | = [ 6¢" (k)|

3 constraints:
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Example: Abelian-Higgs model

» As an example, we are going to simulate an Abelian gauge model:

s=-|axymz { @por@to s gEm VoD b | V(0D = Aol = S+ o)
4
/
+ self-consistent expansion @ = L(% +ip)
V2
» We chose program variables analogously to scalar model:
¢ = @lf
J = | -] f
= /2| x| PROGRAM 711 = V(F, z
- — TENTIAL (1¢]) = T (fleD=1]*

» Initial conditions: We distribute the complex scalar amplitude equally between

its components: , ) .
P ¢o=€01=¢*/\/§ ¢0=€01=€b*/\/§

\ _—

amplitude for the end of
inflation in A¢p# potential
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Example: Abelian-Higgs model

This model is implemented in the file 1phi4U1.h of Cosmolattice.

» In the model file (1phi4U1.h):

struct ModelPars : public TempLat::DefaultModelPars{
static constexpr size_t NScalars = 0;
static constexpr size_t NCScalars = 1; ) .
static constexpr size t NU1Flds = 1; » Number of fields for each species
static constexpr size_t NSU2Doublet = 0;

static constexpr size_t NSU2Flds = 0;

static constexpr size_t NPotTerms = 1;

// Coupling managers: they deal with the different couplings between
// the gauge fields and complex scalars/SU2 doublets

// —> If a type of interaction 1s not present, commeif the corresponding line

typedef TempLat::CouplingsManager<NCScalars, NU1Flds CsUlCouplings;
// typedef TemplLat::CouplingsManager<NSU2Doublet, NU1lFlds, true> SU2DoubletUlCouplings;
// typedef TempLat::CouplingsManager<NSU2Doublet, NSU2Flds, true> SU2DoubletSU2Couplings;

\ Coupling managers (sets which complex scalars
are coupled to the U(1) gauge sector)
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Example: Abelian-Higgs model

> In the parameter file (1phi4U1.in):

#IC

KCutOff = 6

initial_amplitudes = 0

initial_momenta = 0

cmplx_field_initial_norm = 5.25151el8 # homogeneous amplitudes in GeV .
cmplx_momentum_initial_norm = -4.45258e30 # homogeneous amplitudes in GeV2 _>| P+ | ’ |§0*|

#Gauge couplings and effectiveCharges

CSU1Charges =1
gUls = 1.11037e-05 ~ * Oy 8A

#Model Parameters
lambda = 9e-14 —> /I

> In the model file (1phi4U1.h):

// COMPLEX SCALAR NORM: initial homogeneous amplitude and derivative
double normCmplx@ = parser.get<double>("cmplx_field_initial_norm"); —p
double normPiCmp1lx@ = parser.get<double>("cmplx_momentum_initial_norm");

Reads initial homogeneous
modes from input file

// We distribute the norm equally between the two components using the "Complexify" function
f1dCS0(0_c) = Complexify(normCmplx@ / sqrt(2.0), normCmplx® / sqrt(2.0));
piCSO(0_c) = Complexify(normPiCmplx@ / sqrt(2.0), normPiCmp1x@® / sqrt(2.0));

~a

. e, @ k ES . | ‘)>l<| | ‘)>;:|
Sets the initial values for complex scalars: ¢ = < VW Ul ) ¢ = < ! :

V2 W2 V22
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Example: Abelian-Higgs model

» In the model file (1phi4U1.h):

alpha 1;
fStar = normCmp1x0; —> f>x< — |§0>x< | ) Wy = \/Zlqﬂ* | , a=1
omegaStar = sqrt(lambda) * normCmplx0;

auto potentialTerms(Tag<0>) // Term 0: Qual

{ ~
return pow<4>(norm(f1dCS(0_c))); —> V(lébl) — |§b|4

}

auto potDerivNormCS(Tag<@>) // Derivative
{

. ¥ ~ 1N ~ 13
} return 4 x pow<3>(norm(fldCS(0_c))); —p V,|qb|(|§0|) =4|@|

auto potDeriv2NormCS(Tag<0>) // 2nd derivati

{

} return 12 x pow<2>(norm(fldCS(0_c))); —Pp V,|g~o||qb|(|<b|) — 12|@|2
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Generic model with multiple fields

» Consider a model with Np potential terms, Ns scalar singlets and Nc complex
scalars:

V=V o | Pl oo [y ) = VO + 4 V(L)

your model file must have:

- Np potentialTerms functions: (VO . Vv
« Ns potDeriv functions: {V,d;o, s Vg }

- Ns potDeriv2 functions:

» Nc potDerivNormCS functions: {V,|¢O|,...,V,|¢ b
Ne

~

%

- Nc potDerivNorm2CS functions: {V, o ||@ '}
NN,

|@oll@ol 2 = **>

Cosmo Lattice school, IFIC Valencia - 5th-8th September 2022 Francisco Torrenti 33



Output from Cosmolattice

), (|&]), (18], (|€'|*), rms(|¢

e average_[Re/Im]_cmplx_scalar_[nfld].txt: 7, (@,), (&), (B2), ($2), rms(P,), rms(F.,)

e average norm_cmplx_scalar_[nfld].txt: 7, (/@

), rms(|¢'])

= — —
—~

e average norm_[U1]_[nfld].txt: 7, (\5|) (|B]), (|€|> <|g\2>,1ms(|5|) 11115(]B'|)

e average._energies.txt:

,7 1(0()) E(o()) . E}\()\—l) b(o\ s—1) E}\ )1 L( ()) ,E‘gf’j\r("—l), "sgp,f\f@—l)’
E(‘I’ ()) b}:l’ U), . EX’I),:\'d 1) b(‘I’ Ng— 1) E(~1 ()} E(4 U)' - E};:’-l,:\'ul—l)’ 1};'—1,1\'“1—1)’
ES()) E( P 1) </3>
(y/(LHS—RHS)?) — v v
e average gauss_[U1/SU2] _[nfld].txt: 7, /IS TRIS)) (v/(LHS — RHS)?) , (1/(LHS + RHS)?).

?
!

e spectra norm_cmplx scalar_[nfld].txt: k, A

asYi

!
!

e spectra norm_[U1/SU2]_[nfld].txt: k, Ag(/},) £~(/:) Anpin,
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Example: Abelian-Higgs model

Source term
3 Cl, ,—/‘\
Aj—a?"OV2A + 00A + (1 — )—A] = a*J}

/
= 28,0, Im@p*(0,p — igs Q4 Ap)]
l contains

Similar to the source term 2
e GOl
of the analogous scalar equation

Gauge fields coupled to charged scalars with a monomial potential
experience parametric resonance
(similar to the scalar case seen in Lesson 2)

Explicit comparison between scalar and gauge simulations:
D.G. Figueroa, J. Garcia-Bellido and F.T.: PRD 92 (2015) 8, 083511
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Example: Abelian-Higgs model

10

Q. 107

10719

1074+

107

- SRR R NN RN AR R R AR AN AR RN RN O N R NOOON -

[

Gauss law conservation:

ATATA; = a*J}
LHS RHS

<\/ (LHS — RHS)?)

A, =
(v/(LHS + RHS)?)

8

10—12

1074

Energy density:

—~—

+ E4+

")

Conserved

up to machine
precision

Francisco Torrenti
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Example: Abelian-Higgs model

103} 1 10" ]
10107 N 10107 )
ST o0 *
quLu I lqlm |
10* L= 1 10%F |
101 | 1 10+ .
001 X 001 — 7 . = DA\ \ U
5 10 50 100 - 5 10 50 100
: A .
Electric K .
e Magnetic
spectra f
spectra
1077 T
10710+ T
<
I 1071 :
1016 1 | Complex
scalar
10-19 1 ] spectra
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Thank you!



