


How Do We Get Radio Emission?
e



Step 1: Maxwell’s Equations

v.E=" VxBe o0
s ot
V-B=0 Vsz,anLueaa—?
Step 2: Introduce scalar and vector potentials
B=VxA
5= A g,

Step 3: Choose transverse gauge
V-A=0
Step 4: Equations to solve

1y
Vip=—=
¢ €
%A
V2A — e 557 = —ud |

J. Alvarez-Muniz, A. Romero-Wolf, E. Zas,
Phys.Rev.D81:123009

3 Radio Emission


https://arxiv.org/search/astro-ph?searchtype=author&query=Alvarez-Muniz,+J
https://arxiv.org/search/astro-ph?searchtype=author&query=Romero-Wolf,+A
https://arxiv.org/search/astro-ph?searchtype=author&query=Zas,+E

Step 1: Maxwell’s Equations

v-E=" Vi B 20
s ot
V-B=0 VxB= MJ+;L(-;8£
Step 2: Introduce scalar and vector potentials
B=VxA
5= A g,

Step 3: Choose transverse gauge
V-A=0

Step 4: Equations to solve

0
V3¢ =—=C
¢ 3
%A
V2A — e oy —pd |

J. Alvarez-Muniz, A. Romero-Wolf, E. Zas,
Phys.Rev.D81:123009

4 Radio Emission

General Solutions

gb _ 1 p(X/ t/) dSX/
Adme |x—x’|
(x/, t 3
47r IX 6 (Vpe|x —x'| — (t —t')) d°x"dt’

l
l
l
l
/


https://arxiv.org/search/astro-ph?searchtype=author&query=Alvarez-Muniz,+J
https://arxiv.org/search/astro-ph?searchtype=author&query=Romero-Wolf,+A
https://arxiv.org/search/astro-ph?searchtype=author&query=Zas,+E

Step 1: Maxwell’s Equations General Solutions

E_P? _oB (T i raN T \
V-E=- VxE=-— 6 — 1 ’O(X’t)d3x’ '
OE l dre |X — x| |
V-B=0 VXxB=uJ+ pue—
ot | (x, t 3
Step 2: Introduce scalar and vector potentials 1A = 47T |X 0 (Vpelx — x| — (t —t')) d°x"dt’ l'
B=VxA ~————.——_——————.——_ ——————— -
HA Assume contributions from straight line travel
BE=-Zr—V¢ J (X, t)=evid®(x —xo—vt')[OF —t1) — O — t2)]
étezi%. E)hoose transverse gauge Account for projection
T x —x¢ — vt'| ¥ R—v-ut
Step 4: Equations to solve
v2p =L
E
0*A
V2A — e oy —pd |

J. Alvarez-Muniz, A. Romero-Wolf, E. Zas,
Phys.Rev.D81:123009

5 Radio Emission


https://arxiv.org/search/astro-ph?searchtype=author&query=Alvarez-Muniz,+J
https://arxiv.org/search/astro-ph?searchtype=author&query=Romero-Wolf,+A
https://arxiv.org/search/astro-ph?searchtype=author&query=Zas,+E

Step 1: Maxwell’s Equations General Solutions

E_? __oB e re rey T \
V-E=- VXE= = 6 — 1 /’O(X’t)dZSX’ :
OE l dre |X — x| l
V-B=0 VXxB=ud+ pue—
ot | (x/, t .
Step 2: Introduce scalar and vector potentials 1A = 47T |X 6 (Vielx —x'| — (¢ = 1)) d°x'dt! l'
B=VxA *————.——_——————.——_ ——————— -
HA Assume contributions from straight line travel
E=-2—V¢ J (X, )Y =ev 6 (X' —xo — vt [O —t1) — Ot — t2)]
Step 3: Choose transverse gauge

Account for projection

VoA =0 x —x¢ — vt'| ¥ R— v -ut

Step 4: Equations to solve

quﬁz—g A M Ot — 2 — (1 —nPBcosh)ty) — Ot — 2E — (1 — nBcosh)ts)
; 92A 4TR (1 — nBcosb)
W A—u682t = —ud 1

J. Alvarez-Muniz, A. Romero-Wolf, E. Zas,
Phys.Rev.D81:123009

6 Radio Emission


https://arxiv.org/search/astro-ph?searchtype=author&query=Alvarez-Muniz,+J
https://arxiv.org/search/astro-ph?searchtype=author&query=Romero-Wolf,+A
https://arxiv.org/search/astro-ph?searchtype=author&query=Zas,+E

Step 1: Maxwell’s Equations

v.-E=~ VxE=-_8 6
€ ot
OF | 0—0.
V-B=0 VxB=uJ+/L€E %4—
Step 2: Introduce scalar and vector potentials > 3}
B=VxA 2 3 6 >0
0 0 <6~ :
o _8_A Ve — 1t pecBsing
ot S Al Am(1—nfcost)
Step 3: Choose transverse gauge < )| < >
VA =0 ' (1—npBcosh) (t, —t1)
2 ! L ! | ! | ! !
Step 4: Equations to solve R . ? > )
v2 P nRk nRk
¢ = - A=t O — == — (1 —nBcost)ty) — O(t — == — (1 —nBcosb)tz)
92A ArR (1 — npBcosh)
V2A — e 557 = —ud |

e (Constant emission along travel (box function)
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Microscopic Simulations

e \Vector potential A calculated for every electron in the EAS:
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Microscopic Simulations

e \Vector potential A calculated for every electron in the EAS:
e Ot — retf (] — nBcosf)t1) — O(t — nestf (] — nBcosb)ts)
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e For every electron, we require:
o Calculation of R: distance to observer
o Calculation of 0: angle to observer from direction of travel v
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o Calculation of nett: average line of sight integral of (1-n):

L
Negg = 1 + Z / [n(z) — 1] dl < ] Can be approximated analytically (more later, maybe)
0

o Time binning of A at observer Computationally expensive!
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Practical and Accurate Approach
e



4-D Binning

as effective single tracks

7
e Treat e* tracks within 4-D volumes / - /
R

e Reduces number of computations

NN

7

by a factor N, the number of tracks

e

contained in an average volume

e Preliminary cell size based on Fraunhofer limit:

L < L= : \/ME'
F_sinH 2

e Essentially, a thinning oriented towards radio emission

o Standard particle thinning is blind to radio calculations

17 Practical and Accurate Approach




OctTree Binning

e Fraunhofer condition dependent on both frequency and distance to observer
o Less efficiency for precision at higher frequencies/closer observation

e C(Cells are bisected until they pass the Fraunhofer limit

Tk AR L < 2L, /2B

sinf 27 sinf 27

/—/% /—/%
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Effective Treatment

e |et’'sdefine emission from the center
of a track:

Neg R

o t' = +t

C

o At' = At(1 — nfcosb)
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Effective Treatment

e |et’'sdefine emission from the center
of a track:
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Effective Treatment

e |et’'sdefine emission from the center
of a track:

Neg R

o t' = + ¢

C

o At' = At(1 — nfcosh) /l

e Sum current (in X, Yy, z) over tracks: Time

Qi = Z quwB; At
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Effective Treatment
e Let'sdefine emission from the center
of a track:
B A
o e 2ot + £
c p—
o At' = At(1 — nfcosh) /l
e Sumcurrent (in x,y, z) over tracks: Time
Qi =) qupiAt
e Average position, velocity, At over tracks:
Xeff — Bi,eff e
> wAt > wAt
At?
Aty = 2=
> wAt
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Effective Treatment
e |et'sdefine emission from the center
of a track:
B A
o t/ _ Neff EW
c —
o At' = At(1 — nfcosb)
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e Sum current (in X, y, z) over tracks: Time
Qi = Z qu3; At
e Average position, velocity, At over tracks: ® Calculate t'errand At'es
. S wAtX S wAtp; e Project summed current (Vector Potential):
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At?
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Effective Treatment
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Effective Treatment -
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of a track:
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Performance Status

e Basic methodology works well for low
frequencies
o Peak E field within 10%
o Beam pattern captured well
(geomagnetic/Askaryan)

e Significant performance improvements
o Average tracks/cell: ~20

o Maximum tracks/cell: 200,000

e Lower accuracy at high frequencies
o |n particular for large viewing angles
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Performance Status

e Basic methodology works well for low
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Peak E field within 10%
Beam pattern captured well
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e Significant performance improvements
o Average tracks/cell: ~20
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e Lower accuracy at high frequencies

40 Performance

O

In particular for large viewing angles
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Simplest Improvement

e Smaller cells

50km -Z (m)
¥
o
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X (m)
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Simplest Improvement
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Simplest Improvement

e Smaller cells
o Lessspread in vector potential (average
treatment works better)
o Considerable computational resources
m Expect #tracks o< L3, but closer to L
in practice
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Simplest Improvement

e Smaller cells
o Lessspread in vector potential (average
treatment works better)
o Considerable computational resources
m Expect #tracks o< L3, but closer to L
in practice

e To combat this, consider cuts in lateral
distance
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Shape Parameterization

e (Geometric separation of tracks determines
shape of vector potential, NOT time
compression

o Tracku,oof X, Y, Z, T within cell 25 -

20 -

At

15 A

10 A
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Shape Parameterization

Geometric separation of tracks determines
shape of vector potential, NOT time

compression
o Tracku,oof X, Y, Z, T within cell 25 -
. . 20 A
Perturbate arrival time )
t,:neﬁ‘R+t = 55
e
10 -
AP %XAX +Y§Y+ ZNZn o
C
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Shape Parameterization

Geometric separation of tracks determines
shape of vector potential, NOT time
compression

o Tracku,oof X, Y, Z, T within cell 25 -

20 -

Perturbate arrival time

At

P Bt =
c
10 A
e %XAXJrYgYJrZAZﬁiAT
C

Consider maximum and minimum observer

times
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Shape Parameterization

e Assume the following shape
parameterization:

VP(t)

49 |mprovements
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Shape Parameterization

e Assume the following shape .
parameterization: .|
rO t S tmin -
VP(t) = { At — tmin)/(f — tmin)  tmin <t <E 270
Ae~(t=t)/o: t<t o
: - = 301
e Seems to model the vector potential S
shape well, capturing particularly well the - ?
rising edge 0| = FeE 12
...... P&A :
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Shape Parameterization

e Assume the following shape
parameterization:

rO t S tmin
VP(t) = 4 A(t - tmin)/(f_ tmin) tmin S t S t_
\Ae_(t_t_)/“t t= 1

e Seems to model the vector potential
shape well, capturing particularly well the
rising edge
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Shape Parameterization

. 0.00175 -
e Assume the following shape i ://;
0.00150 11N\, —

parameterization:

ZHAireS
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0 t S tmin :
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\Ae_(t—f)/dt {St § N .:_
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Shape Parameterization

e Assume the following shape 0 /
parameterization: "
2=
rO t S tmin -
VP(t) = A(t o tmin)/(f_ tmin) tmin S < t g i
Ae—(t=D /0 E<t g
\ - | . _6_
S
e Seems to model the vector potential = |
shape well, capturing particularly well the
rising edge ~104(—— ZAires
...... P&A
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Shape Parameterization

— ZHAireS

e Assume the following shape s+ % | PEA

parameterization:

. B el

’

0 t S tmin
VP(t) — < A(t - tmin)/(f_ tmin) tmln <1 S { 3
\Ae_(t_f)/"‘t =1

Vector Potential

e Seems to model the vector potential
shape well, capturing particularly well the
rising edge
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Shape Parameterization

e Assume the following shape
parameterization:

rO t S tmin
VP(t) = 4 A(t - tmin)/(t__ tmin) tmln <1 S {
\Ae_(t_f)/"‘t t= 1

e Seems to model the vector potential
shape well, capturing particularly well the
rising edge

e Breaks down when the number of tracks
decreases
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Summary

e The practical and accurate methodology
calculates averaged vector potentials in 4-D cells
by summing currents

o Reproduces expected beam patterns
o Peak E field within 10% for low frequencies
o Expected performance gain factor >20

e High frequency behavior is largely not right
o Can be fixed by decreasing cell size and
increasing computational demand

e Profile shaping seems to be prbmising, but needs

to be applied properly across the shower
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Analytical ne calculation S

1 (R
R (h) = Rsexp(—K,h) Repr = E/ R (h)dl
0
u? =g+ Rg + 2sR.cosb.,

3 0.3
h (s) =~ scosf, + s sin’0, + O (s°)

20
-~ - ---=----=-=-=-=-=-=-=-""=-=""="="="==-""==-7==-"= \
,' R TR, K, R.cos?0. k
\ Regr = exp — |
| R 2K, sinf, 2sin“6, :
: ¢ s Kol 0 ssin’f., |R :
er cosf,
: 25inf, R, 0o |
\ /
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Analytical ne calculation

1 [R
R (h) = Rsexp(—K,h) Repr = E/ R (h)dl
0
u? = s + Rg + 2sR.cos0,,

3 0.3
h (s) =~ scosf, + s sin’0, + O (s°)

2Re
-~ - ---=----=-=-=-=-=-=-=-""=-=""="="="==-""==-7==-"= \
,’ o R V7R, = (KrRecos29z) k
| /77 "R /2K, sinb, 2sin®6), |
: orf 5/ Bt 0. 4+ ssin’f., |R :
r cost.,
: 25inf, R, 0o |
\ /
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Analytical ne calculation

i R
R (h) = Reexp(— K, h) Reffzﬁfo R (k) dl

u? = g% + Rg + 2sR.cos0.,
2

s2sin?6,
h(s) =~ scosf, + 2R, + O (s%)

QS EIN mEEE S S S S S S B B B D B B B B B B B B B B D e B Eae e e .y

! Rs VTR, K, R.cos?0,

| Repp = ——€Xp e

| R /2K, sind, 2sin“6,

: ¢ zf Koo 6. 4+ ssin?6, 'R
r R

: : 2sin0, - it 0

\
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