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the story continues...



the story continues

The radio groups march towards the standard GZK flux predictions.
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the story continues

The radio groups march towards the standard GZK flux predictions.

I. ARA is expanding from 3 to 5
stations, and has new data in
the pipeline.

II. ARIANNA HRA complete, 8
stations, with more data in
the pipeline.

III. ANITA has completed 3
flights, ANITA III data is being
analyzed, ANITA IV is funded.

IV. Balloon-borne sensitivity
improvements from EVA,
(area and flight time).
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the askaryan effect



regathering our knowledge of the askaryan effect

The basic effect:

∆zcoh <
√
R/(k sin2

(θ)) (1)

η = (a/∆zcoh)2 (2)

Consider ”Feynman’s formula”:
radiation in terms of apparent
angular acceleration.

R = ρ2 + z2, (z′, ρ′)
for charge, R(t)
accel.

Fraunhofer regime:
E(ω) has spherical
symmetry (∝ 1/R)

Fresnel regime:
E(ω) cylindrical
symmetry
(∝ 1/√ρ)
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regathering our knowledge of the askaryan effect

Some definitions, with shower system in cylindrical coordinates.

Longitudinal: refers to the z’
coordinate, or shower axis.

Lateral: refers to the ρ′
coordinate (z2 + ρ2 = R2,
ρ/R = sin θ).

θ, the viewing angle

Papers: ZHS - Zas, Halzen,
Stanev (1991), RB - Ralston
and Buniy (2001) ARZ -
Alvarez-Muniz,
Romero-Wolfe, Zas (2010-11)

Greisen parameterization
(Prog. in Cosmic Ray Physics,
1956, ch. 1) E&M shower
model. Leads to Rossi B
appoximation etc.

Shower width: a (m)
∝
√
3/2ln(E)

Excess charged particles:
nmax: ∝ E/

√
ln(E)

Energy-scaling: Product of
nmaxa ∝ E (area under
Gaussian to first order)
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regathering our knowledge of the askaryan effect

J⃗ = v⃗n(z′)f(z′ − ct′, ρ⃗′) (3)

The main result from RB:

RE⃗(ω) = 2.52× 10−7 a
m

nmax
1000

ν

GHzF(q⃗)ψE⃗(θ, η) (4)

ψ = −i exp(ikR) sin θ (5)

E⃗(θ = θC, η) = e⃗θ(1− iη)−1/2 (6)
q⃗ = (ω/c, kρ⃗/R) (7)

Rossi showed that the Greissen solution for n(z′) with depth a
can be approximated as a gaussian with width a

The linear ω dependence comes from acceleration factor in
Lienard-Wiechert fields.
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regathering our knowledge of the askaryan effect

Coherence zones, and other useful approximations. The Fraunhofer
approximation leads to an insight:

R = |x− x′| ≫ ρ (8)
R = |x− x′| ≫ λ (9)
i|k||x− x′| ≈ ikR− ik · ρ(τ) (10)

Beginning with the Lienard-Wiechert retarded potentials for
decelerating charge, and focusing only on the radiation term, one
can show (y = πνδt(1− nβ cos θ)):

E(ω, x) ∝ iω e
ikR

R
sin y
y (11)

Similar to a diffraction pattern of length ≈ a, but requires Fraunhofer
approximation.
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eq. 24 of zhs (discussed yesterday)

Using vrms =
√
4kBTR, with k = 1.4e− 23 J/K, B = 109 Hz, T = 300 K, and

R = 50Ω (usual RF resistance), vrms ≈ 20µV.
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coherence zones

A more subtle approximation, keeping another order...

|x− x′| =
√
(z− z′)2 + (ρ− ρ′)2 (12)

|x− x′| ≈ R(z′)− ρ · ρ′

R +

(
ρ′2

R

)
(13)

R(z′) =
√
(z− z′)2 + ρ2 (14)

Scale of the instantaneous charge excess is small compared to the
longitudinal shower development. Keep the first two terms, drop the
third. Integrals decouple into the form factor, and the
Fresnel-Fraunhofer integrals.

12



definition of the form factor

The 3D Fourier transform of the charge distribution, f, the normalized
charge excess distribution. (Dropping bold font for vectors).∫

d3x′f(x′) = 1 (15)

F(q) =
∫

d3x′ exp (−iq · x′)f(x′) (16)

q =

(
ω

c ,
k
Rρ

′
)

(17)

The structure of the Askaryan electric field is derived in RB,
parameterized in ZHS, and fit in the time domain by ARVZ. In addition
to the LPM effect, the main thrust of this work is to analytically
derive F(q), and match to Monte Carlo simulations from Geant4.
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landau-pomeranchuk-migdal effect

Simple incorporation: draw the a-parameter from the EM curve
below, rather than Greisen.
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analytic forms of askaryan fields



analytic forms of askaryan fields
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analytic forms of askaryan fields
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analytic forms of askaryan fields
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analytic forms of askaryan fields
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analytic forms of askaryan fields
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analytic forms of askaryan fields
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accounting for the lpm effect - scaling
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accounting for the lpm effect - scaling
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accounting for the lpm effect - scaling
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accounting for the lpm effect - scaling
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accounting for the lpm effect - viewing angle
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accounting for the lpm effect - viewing angle
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accounting for the lpm effect - viewing angle
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accounting for the lpm effect - viewing angle
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accounting for the lpm effect - viewing angle
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accounting for the lpm effect - viewing angle
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accounting for the lpm effect - viewing angle
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accounting for the lpm effect - viewing angle
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accounting for the lpm effect - viewing angle
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aside: supercomputing at ohio
state, and the state of ohio



supercomputing at ohio state, and the state of ohio
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supercomputing at ohio state, and the state of ohio
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supercomputing at ohio state, and the state of ohio
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supercomputing at ohio state, and the state of ohio
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numerical work



geant4 simulations

Limitations:

We may only submit a few hundred jobs at once.

Charged RUs from finite account, 1 RU = 10 CPU-hours

Memory use < 8 GB, 16 GB special nodes (Monte Carlo
thresholds)

Strategy: Implement pre-shower sub-shower strategy, with Geant4.

Utilizes back-fill (each sub-shower is 10 cpu-minutes).

Memory is less than 16 GB, typically less than 10 GB per
sub-shower

All of this work: a few hundred RUs, courtesy of Dr. Amy
Connolly, @ OSU

Goal: F(q) using Geant4 pre-showers and sub-showers.
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geant4 simulations

Shower Longitudinal Axis (mm)
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Definition: a track is a particle in Geant4 alive during a given step in
the calculations.
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geant4 simulations

Fractional negative charge excess, ∆q. A value of 1.0 means pure e−,
-1.0 means pure e+.
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geant4 simulations

(Results from ZHS, for comparison)
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geant4 simulations - z’-form factor dependence?

All tracks in 10 ps window @ 5 ns after primary interaction:

Shower Axis, z (mm)
1480 1490 1500 1510 1520
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geant4 simulations - z’-form factor dependence?

All tracks in 10 ps window @ 10 ns after primary interaction:

Shower Axis, z (mm)
2980 2990 3000 3010 3020
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geant4 simulations - z’-form factor dependence?

All tracks in 10 ps window @ 15 ns after primary interaction:

Shower Axis, z (mm)
4470 4480 4490 4500 4510 4520
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geant4 simulations - z’-form factor dependence?

All tracks in 10 ps window @ 20 ns after primary interaction:

Shower Axis, z (mm)
5970 5980 5990 6000 6010 6020
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geant4 simulations - z’-form factor dependence?

All tracks in 10 ps window @ 25 ns after primary interaction:

Shower Axis, z (mm)
7470 7480 7490 7500 7510 7520
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geant4 simulations - z’-form factor dependence?

All tracks in 10 ps window @ 30 ns after primary interaction:

Shower Axis, z (mm)
8970 8980 8990 9000 9010 9020
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geant4 simulations - conclusions

The ”instantaneous” form factor in z’ is so small, it doesn’t limit
the Askaryan radiation...

Unless the time-scale that matters is actually the Nyquist
frequency of the RF detectors (1 GHz or 1 ns).

If that were true, then the z-shape could matter (long tail, flat
top is limited by time-window).

One can show that the phase shift due to any z-dependence in form
factors goes like

ϕ/∆θ ≈ 2πn
{
ν∆t
∆θ

− R
λ
sin θC

}
(18)
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geant4 simulations - ρ′-form factor dependence

)-2 (Moliere units = 10.4, g cmρ
1−10 1 10

)
-2

C
ha

rg
ed

 P
ar

tic
le

 D
en

si
ty

 (
cm

2−10

1−10

1

10

210

310

410
OSC Results

Greisen, 5 rad. lengths

Greisen, 10 rad. lengths

Greisen, 20 rad. lengths

53



geant4 simulations - ρ′-form factor dependence
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zhs form factor

Necessary to explain why deccelerating charge doesn’t radiate up to
optical frequencies: E(k) ≈ k.

FZHS(k) =
1

1+
(

k
k0

)2 =
k20

k20 + k2
(19)

What does the corresponding charge distribution (inverse Fourier
transform) resemble? Must treat the poles carefully.

f(z′) = k20
2π

∫ ∞

−∞

eikz′

(k+ ik0)(k− ik0)
dk, k ∈ C (20)

f(z′)/k20 =
1
2πi

∮ ieikz′(k+ ik0)−1

(k− ik0)
(21)
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zhs form factor

f(z′)/k20 =
1
2πi

∮ ieikz′(k+ ik0)−1

(k− ik0)
(22)

f(z′) = k20
(
ieikz

′
(k+ ik0)−1

)
k=ik0

(23)

f(z′) = k0
2 e−k0z′ (24)

Exponential (interesting), normalized to 1
2 . Using the oppositely

oriented contour, we get a different distribution:

f(z′) = −k20
(
ieikz

′
(k− ik0)−1

)
k=−ik0

=
k0
2 ek0z

′
(25)

So poles in upper and lower planes lead to different effects (don’t
agree? - check this with Cauchy’s theorem). FZHS(k) ∝ ν−2, so it just
cuts off the spectrum of |E(ν)|, which is the purpose.
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cauchy integral theorem

Poles in the upper and lower complex plane create causality
violation, different charge distributions, etc. Exponential is useful:

f(z′) = k0 exp(k0z′), z < 0 (26)
f(z′) = 0, z > 0 (27)

Charge can’t travel faster than c, normalized to 1, and charge doesn’t
fall infinitely behind the shower front.
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cauchy integral theorem

Fourier transform gives the form factor:

FJCH(k) =
∫ ∞

−∞
dz′e−ikz′k0ek0z

′
=

k0
k0 − ik (28)

Only one pole, at k = −ik0.

The Cauchy integral theorem states:

f(z0) =
1
2πi

∮ f(z)dz
z− z0

(29)

Taking the inverse Fourier transform of FJCH requires Cauchy integral
formula.
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cauchy integral theorem

Taking the inverse Fourier transform of FJCH requires closing the
contour around the one pole, and using Cauchy’s formula.

f(z′)/k0 =
1
2π

∫ ∞

−∞

eikz′

k0 − ikdk (30)

f(z′)/k0 =
1
2πi

∮ ieikz′

k0 − ikdk =
1
2πi

∮ eikz′

k− ik0
dk (31)

f(z′) = k0ek0z
′

(32)

Notice that ℜ(FJCH) = FZHS, and |FJCH| =
√
FZHS (for same k0). This

means that my form factor also cuts off the spectrum at high
frequencies, and reduces to ZHS if we ignore imaginary E before
taking the magnitude. Interesting that arg(FJCH) ≈ k/k0, so k0 should
be large, to avoid adding extraneous phases.
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result
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ρ′-form factor dependence

I propose a normalized charge excess for ρ′ as follows:

f(x′) = f0δ(z′) exp(−
√
2πρ0ρ′) (33)∫

dz′d2ρ′f(x′) = 1, f0 = ρ20 (34)

F(q) =
∫ π

−π

∫ ∞

0

∫ ∞

∞
dz′ρ′dρ′dϕ′e−iq·x′ f(x′) (35)

γ = k sin θ (m−1) (36)

σ =
γ√
2πρ0

(37)

(38)

Perform z’-integration and substitute:

F(q) = ρ20

∫ ∞

0
ρ′dρ′

∫ π

−π

dϕ′ exp{−(iγ cosϕ+ γ/σ)ρ′} (39)
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ρ′-form factor dependence

Shift ϕ→ ϕ− π/2 (cylindrical symmetry), and perform ϕ-integration:

F(q) = ρ20

∫ ∞

0
ρ′dρ′

∫ π

−π

dϕ′ exp{−(iγ cosϕ+ γ/σ)ρ′} (40)

F(q) = ρ20

∫ ∞

0
ρ′dρ′ exp

{
−γ
σ
ρ′
}∫ π

−π

dϕ′ exp{−iγρ′ sinϕ} (41)

F(q) = 2πρ20
∫ ∞

0
dρ′ρ′ exp

{
−γ
σ
ρ′
}
J0(γρ′) (42)

F(q) = σ−2
∫ ∞

0
du′u′ exp{−u′/σ}J0(u′) (43)

Table of integrals...and finally:

F(k, θ) = 1
(1+ σ2)3/2

=

(
1+

(
k
ρ0

)2(sin θ
2π

)2
)−3/2

(44)
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combined results



ρ′-form factor dependence - monte carlo fit parameters
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spectra - ρ′-form factor dependence
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spectra - ρ′-form factor dependence
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spectra - ρ′-form factor dependence
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spectra - ρ′-form factor dependence
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spectra - ρ′-form factor dependence
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spectra - ρ′-form factor dependence, w/ lpm suppression
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spectra - ρ′-form factor dependence, w/ lpm suppression
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spectra - ρ′-form factor dependence, w/ lpm suppression
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spectra - ρ′-form factor dependence, w/ lpm suppression
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the complete e-field
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the complete e-field
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the complete e-field

50

55

60

65

-15 -10 -5 0 5 10 15

V
i
e
w
i
n
g
 
A
n
g
l
e
 
(
d
e
g
)

Time (ns)

Eν = 10
17 eV, ρ0 = 8.0 m

-1

-1

-0.5

0

0.5

1

76



the complete e-field
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the complete e-field
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the complete e-field
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the complete e-field
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the complete e-field
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the complete e-field
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the complete e-field
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conclusions



conclusions

I. The Continuing Story of GZK neutrinos and Radio - ARIANNA and
ARA continue to acquire data

II. Regathering our knowledge of the Askaryan effect - ZHS (1991)

III. RB (2001), ARVZ (2010-11): Towards analytic expressions
A. We are making the code available on Github:

https://github.com/918particle/AraSim2
B. A few hundred lines, and decreasing

IV. Numerical Work, and The Ohio Supercomputing Cluster (OSC)
A. UHE EM showers in minutes
B. Fits for the lateral charge distribution

V. Results, with the LPM effect and Form Factor

VI. Future Work
A. Varying the primary particle from e, to µ and τ , flavor

investigations
B. Numerical LPM, shower fluctuations
C. Coherence, and timing parabola vs. viewing angle

i. Given an quality signal, does this happen?
ii. Or, given this effect a priori, use it for timing variable

VII. Connection from shower form factor to shower front - UHECR
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uhecr-like spectra



uhecr-like shower fronts - idea from steve barwick (uci)
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uhecr-like shower fronts
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uhecr-like shower fronts (1-pole high-pass filter added)
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