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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.
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REGATHERING OUR KNOWLEDGE OF
THE ASKARYAN EFFECT




REGATHERING OUR KNOWLEDGE OF THE ASKARYAN EFFECT

The basic effect:

7 (2P)
2 R:pz +22, (Z/,p')

for charge, R(t)
accel.

—> Fraunhofer regime:
E(w) has spherical
symmetry (o< 1/R)

— Fresnel regime:
Azeon < \/R/(Rsin*(9)) (1) E(w) cylindrical

n = (a/AZen)? (2) symmetry
(< 1/4/P)

Consider "Feynman’s formula™
radiation in terms of apparent
angular acceleration.



Longitudinal: refers to the 7
coordinate, or shower axis.

Lateral: refers to the p/
coordinate (z2 + p* = R?,
p/R=sind).

0, the viewing angle

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

REGATHERING OUR KNOWLEDGE OF THE ASKARYAN EFFECT

Some definitions, with shower system in cylindrical coordinates.

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

Shower width: a (m)
o 4/3/2ln(E)
Excess charged particles:

Nmax: o< E/+/In(E)

Energy-scaling: Product of
Nmax@ o E (area under
Gaussian to first order)



REGATHERING OUR KNOWLEDGE OF THE ASKARYAN EFFECT

J=n(@)(Z —ct', ) (3)

The main result from RB:

== F(@)YE(6,m) (4)

an v
=252 x 1077 =&
RE(w) = 2.52 x 10~ m 1000 GHz

1 = —iexp(ikR) sin 6 (
E(0 = bc,m) = (1 — in)™"/? (
G = (w/c,ki/R) (

)
-

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

The linear w dependence comes from acceleration factor in
Lienard-Wiechert fields.



REGATHERING OUR KNOWLEDGE OF THE ASKARYAN EFFECT

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

R=x—X|>p (8)
R=Ix—X|>\ (9)
ilk||x — x'| ~ ikR — ik - p(7) (10)

Beginning with the Lienard-Wiechert retarded potentials for
decelerating charge, and focusing only on the radiation term, one
can show (y = mvét(1 — nBcosb)):

. efRsiny
E(w,X) o iw 7 T (11)

Similar to a diffraction pattern of length ~ a, but requires Fraunhofer
approximation.
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EQ. 24 OF ZHS (DISCUSSED YESTERDAY)

USINg Vims = V4RBTR, with k = 1.4e — 23 /K, B = 10° Hz, T = 300 K, and
R =509 (usual RF resistance), vms ~ 20uV.

1 kmfromvertex, view ng angle, 58 degrees.
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COHERENCE ZONES

A more subtle approximation, keeping another order...

X=X|=(z=2)+(p—p) (12)
.p/

p p/Z
L (R) (13)
R(Z) = /(2= 2") + p? (14)

X —X'| = R(Z') —

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.
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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’ (x) =1 (15)
(@) = [ & exp(-ia - X)f(x) (1)
w Rk,
~(2.7¢) (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.

13



LANDAU-POMERANCHUK-MIGDAL EFFECT

Simple incorporation: draw the a-parameter from the EM curve
below, rather than Greisen.

1.0e+04 T T
EM Electron (Gerhardt+Klein)
EM Neutrino (Greisen) -------
Had. Electron (Gerhardt+Klein)
Had Neutrino (Gaisser-Hillas)
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[
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ANALYTIC FORMS OF ASKARYAN FIELDS




ANALYTIC FORMS OF ASKARYAN FIELDS

= Ept

- cos §—cos 6, .
- T —in

cos . cos 8—cos BC) . ]
9

sin 6 sin" @ 1—ip

_ ~ cos B cos f—cos 8, ] 17
X\ I 1=3in e — 14y
1 , (cos 6—cos 8,)°
X exp —E[ka} =iz (19)




ANALYTIC FORMS OF ASKARYAN FIELDS

Viewing Angle: 0 degrees
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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

Viewing Angle: 0 degrees
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ACCOUNTING FOR THE LPM EFFECT - SCALING

Viewing Angle: 1 degrees

1.0e-03 : : T
ZHS
—_ RE (no LBM)
a RE (with LEM)
= l.0e-04 | 1
= /'—_-“‘\
E
B
= \
—  1.0e-05 | ]
E
Aot
= 1l.0e-06 | . 1
- /
=5
1]
pr 1.0e-07 | 1
[£H
1
[£1)
1.0e-08 L L L
1.0e+00 1.0e+01 1.0e+02 1.0e+03 1.0e+04

Fregquency [MHz]

23



ACCOUNTING FOR THE LPM EFFECT - SCALING

Viewing Angle: 2 degrees
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ACCOUNTING FOR THE LPM EFFECT - SCALING

Viewing Angle: 3 degrees

1.0e-03 : : .
ZHS ———
—_ RE (no LBM)
a RE (with LEM)
= l.0e-04 | 1
=2
E
B
=
—  1.0e-05 | ]
E
Aot
= 1l.0e-06 | . J
- /
=5
1]
pr 1.0e-07 | 1
[£H
1
[£1)
1.0e-08 L L L
1.0e+00 1.0e+01 1.0e+02 1.0e+03 1.0e+04

Fregquency [MHz]

25



ACCOUNTING FOR THE LPM EFFECT - SCALING

Viewing Angle: 4 degrees
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ACCOUNTING FOR THE LPM EFFECT - VIEWING ANGLE
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ACCOUNTING FOR THE LPM EFFECT - VIEWING ANGLE

2

10

f——— 1 pe
—_— 3.2 PeV
1 —_ 10 PeV|
~ 10" LPM Ef f ect on. _ 32 PeV
> e 100 PeV
N _ 320 PeV
- 100 L 1, 000 PeV |
g 3,200 PeV
52— 10, 000 PeV
-1 | //’ \ i
—10 7/ -\
. L\
2102+ 1
X
Wyo3 ]
10 4 é/‘ | ! \\ 1
45 50 55 60 65 70 75

Vi ewi ng Angl e (deg) 58



ACCOUNTING FOR THE LPM EFFECT - VIEWING ANGLE

EM Showers, E, = 10%® ev, RB Model
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ACCOUNTING FOR THE LPM EFFECT - VIEWING ANGLE

EM Showers, E, = 10'7 eV, RB Model
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ACCOUNTING FOR THE LPM EFFECT - VIEWING ANGLE

EM Showers, E, = 10'® ev, RB Model
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ACCOUNTING FOR THE LPM EFFECT - VIEWING ANGLE

Frequency < 0.3 GHz, no LPM RB nodel
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ACCOUNTING FOR THE LPM EFFECT - VIEWING ANGLE

Frequency < 0.3 GHz, w LPM RB nodel
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ACCOUNTING FOR THE LPM EFFECT - VIEWING ANGLE

Frequency = 0.3 GHz, no LPM RB nodel
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ACCOUNTING FOR THE LPM EFFECT - VIEWING ANGLE

Frequency = 0.3 GHz, w LPM RB nodel
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ASIDE: SUPERCOMPUTING AT OHIO
STATE, AND THE STATE OF OHIO




SUPERCOMPUTING AT OHIO STATE, AND THE

®

The OH-TECH Consortium

@ Ohio Supercomputer Center OH-TECH | 5o

Ohio Supercomputer Center provides high performance computing,
software, storage and support services for Ohio's scientists, faculty, students,
businesses and their research partners.

OARnRet connects Ohio’s universities, colleges, K-12, health care and state
and local governments to its high-speed fiber optic network backbone. OARnet
services include co-location, support desk, federated identity and virtualization.

OhioLINK serves nearly 600,000 higher education students and faculty by
providing a statewide system for sharing 50 million books and library
materials, while aggregating costs among its 90 member institutions.

eStudent Services provides students increased access to higher
education through e-learning and technology-enhanced educational
opportunities, including virtual tutoring.

Research & Innovation Center will operate, when opened, as the
proving grounds for next-generation technology infrastructure innovations and
a catalyst for cutting-edge research and collaboration.
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SUPERCOMPUTING AT OHIO STATE, AND THE STATE OF OHIO

—— NSF IRNC-sponsored connections
— Other international connections

Ohio Supercomputer Center

U.S.Exchange Points

StarLight

AtlanticWave
MANLAN
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SUPERCOMPUTING AT OHIO STATE, AND THE STATE OF OHIO

Supercomputers at OSC

+ Ruby cluster (small cluster, limited access)
— Online March 2015

— Named for Ruby Dee, actress, poet, plagwright, screenwriter,
journalist and activist. She was born in Cleveland.

— HP system, Intel Xeon processors, 4800 cores
« Oakley cluster
— Online March 2012
— Named for Annie Oakley, famous Ohio sharpshooter
— HP system, Intel Xeon processors, 8280 cores
* Glenn cluster
— “Glenn phase II” online July 2009
— Named for John Glenn, Ohio astronaut and senator
— IBM 1350, AMD Opteron processors, 3500 cores

@ Ohio Supercomputer Center Slide 18 OH - TECH | Screroisay consorium 19




SUPERCOMPUTING AT OHIO STATE, AND THE STATE OF OHIO

Compute Nodes — Oakley

» 684 standard nodes
— 12 cores per node
— 48 GB memory (4GB/core)
— 812 GB local disk space
» 8 large memory nodes
— 12 cores per node
— 192 GB memory (16GB/core)
— 812 GB local disk space
* Network
— Nodes connected by 40Gbit/sec Infiniband network (QDR)

@ Ohio Supercomputer Center Slide 23 OH - TECH | Shicfecners
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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

o
17 S O = o s s o s s e B
° E —— Greisen, 0.1 EeV
o E
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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, Ag. 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:

Electron Tracks in z
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GEANT4 SIMULATIONS - Z'-FORM FACTOR DEPENDENCE?

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

Electron Tracks in z
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GEANT4 SIMULATIONS - Z'-FORM FACTOR DEPENDENCE?

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

Electron Tracks in z
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GEANT4 SIMULATIONS - Z'-FORM FACTOR DEPENDENCE?

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

Electron Tracks in z

10*
+e.

10

10°

10

=

5970 5980 5990 6000 6010 6020

Shower Axis, z (mm)
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GEANT4 SIMULATIONS - Z'-FORM FACTOR DEPENDENCE?

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

Electron Tracks in z
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GEANT4 SIMULATIONS - Z'-FORM FACTOR DEPENDENCE?

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

Electron Tracks in z
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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

¢/A0z27m{l§ §sin HC} (18)
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GEANT4 SIMULATIONS - p/-FORM FACTOR DEPENDENCE

F —— OSC Results
Greisen, 5 rad. lengths
Greisen, 10 rad. lengths
===== Greisen, 20 rad. lengths
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GEANT4 SIMULATIONS - p/-FORM FACTOR DEPENDENCE

Excess Charged Tracks in p
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ZHS FORM FACTOR

Necessary to explain why deccelerating charge doesn't radiate up to
optical frequencies: E(R) ~ k.

Fzus(R) ! ko (19)
ZHS\K) = 77 B2 2
14 (%) kg + R
What does the corresponding charge distribution (inverse Fourier
transform) resemble? Must treat the poles carefully.
, k% ~00 eifez’
)= 5 /,OC (R o) (R —Thg) R € C 20)
N 1 e (R +iRy)7
&)k = 50 k= 7o) Z)
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ZHS FORM FACTOR

w1 i€ (R+ ko)
f2) = K (ie" (k+ ko)), (23)
fiz) = %e*’w’ (24)

Exponential (interesting), normalized to 1. Using the oppositely
oriented contour, we get a different distribution:

4 . k ’
AN, ikz o —1 _ 0 JRoz
fZ) = —k2 (/e (k — iko) )k:—iko e (25)
So poles in upper and lower planes lead to different effects (don't
agree? - check this with Cauchy’s theorem). Fzys(R) o< 72, so it just
cuts off the spectrum of |E(v)|, 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:

1

Relative Charge
=
o )

>
o

of
|
&
of
o

Shower Axis

f(Z') = ko exp(koZ'),z < 0 (26)

f(Z)=0,z>0 (27)
Charge can't travel faster than ¢, 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:

Fien(R / dz'e=" Ryefo feol? = (28)
Only one pole, at k = —iRy.
The Cauchy integral theorem states:
f(z0) = fe)dz (29)

i ) 72— 2o

Taking the inverse Fourier transform of Fjcy requires Cauchy integral
formula.
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CAUCHY INTEGRAL THEOREM

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

, B l [e ] eiK’Z/
f(Z)/ ko = ] feo—ifedk (30)
,‘eil?z e(l?z
fZ)/ko = 27rl feo = i ?{ kR — /ko 3
f(Z) = Roe? (32)

Notice that R(Ficy) = Fzns, and |Ficx| = v/Fzns (for same ko). 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(Fjcy) & R/Ro, SO kg should
be large, to avoid adding extraneous phases.
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RESULT

E, = 10*” eV, RB EM shower (1 km), no LPM

10'4 r Form factor - f(z) = b exp(bz), z<0 4

bl=1cm

E-field [V/ i ME]

-9
10 ! ! !
10° 10t 102 108
Frequency [ MHz]
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/)/-FORM FACTOR DEPENDENCE

| propose a normalized charge excess for p’ as follows:

f(x') = fo8(2') exp(—V 2 pop’) (33)
/ dZ XY =1, fo=p} (34)
/_ ] / / 47 p'dp'def e f(x') (35)
=ksing ( (36)

= \/Epo (37)

(39)

Perform Z'-integration and substitute:

F@)=ob [ s [ aoexpi~(ivcosp+a/olp}  (39)
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/)/-FORM FACTOR DEPENDENCE

Shift ¢ — ¢ — m/2 (cylindrical symmetry), and perform ¢-integration:
Fa) =74 [ s [ ol expl~(iycoso /) (40)

F@) = b | " do exp —%/} | " d exp{—ingsing} (&)

= 27%/ dp'p’ eXp —*p }/o(w) (42)

= 0_2/0 du'u’ exp{—u’/c})o(u") (43)

Table of integrals..and finally:

0= gy = 1+ (2) () 7|
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COMBINED RESULTS




/)/-FORM FACTOR DEPENDENCE - MONTE CARLO FIT PARAMETERS

Fits are for E&M HEP option 1, in the Geant4 framework. All parameters are negative

Time (ns) Event (#) Fit parameter (mm~-1) Fit parameter (m#-1) Rho_0 {m#-1)
5 1 1.99e-1 199 79.4

5 2 2.24e-2 224 8.94

5 3 1.09e-1 109 43.5

5 4 4.60e-1 460 184

5 5 9.94e-2 99.4 387
10 1 5.41e-2 54.1 216
10 2 5.16e-2 51.6 20.6
10 3 5.02e-2 50.2 20.0
10 4 1.42e-2 14.2 5.67
10 5 4.67e-2 48.7 18.6
18 1 1.51e-2 15.1 6.03
15 2 1.07e-2 10.7 427
15 3 3.85e-2 8.5 15.4
15 4 1.60e-2 16.0 6.38
15 5 2.92e-2 29.2 1.7
20 1 2.81e-2 281 11.2
20 2 7.12e-3 T2 2.84*
20 3 8.87e-3 8.87 3.54
20 4 2.73e-2 27.2 109
20 5 2.02e-2 20.2 8.06
25 1 2.29e-2 229 9.14
25 2 2.75e-2 27.5 11.0
25 3 2.29e-2 229 9.14
25 4 214e-2 21.4 8.54
25 5 1.51e-2 15.1 6.03 64

30 1 1.82e-2 18.1 T.22



SPECTRA - /)/-FORM FACTOR DEPENDENCE

Viewing Angle: 0 degrees
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SPECTRA - /)/-FORM FACTOR DEPENDENCE

Viewing Angle: 1 degrees
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SPECTRA - /)/-FORM FACTOR DEPENDENCE

Viewing Angle: 2 degrees
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SPECTRA - /)/-FORM FACTOR DEPENDENCE

Viewing Angle: 3 degrees

1.0e-03 T T T
IHE ————
— RE (no form factor)
g RE (with form factor)
= l.0e-04 |
=
E
Rl
=
= l.0e-05 | .
E
e
':" l.0e-06 | 2 i
- /
—
/]
- 1.0e-07 | .
=N
1
[£]
l.0e-08 L L L
l.0e+00 l1.0e+01 l.0e+02 1.0e+03 l.0e+04

Frequency [MH=z]

68



SPECTRA - /)/-FORM FACTOR DEPENDENCE

Viewing Angle: 4 degrees
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SPECTRA - p/-FORM FACTOR DEPENDENCE, W/ LPM SUPPRESSION

[V/m/MHz]
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SPECTRA - p/-FORM FACTOR DEPENDENCE, W/ LPM SUPPRESSION
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SPECTRA - p/-FORM FACTOR DEPENDENCE, W/ LPM SUPPRESSION
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SPECTRA - p/-FORM FACTOR DEPENDENCE, W/ LPM SUPPRESSION
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THE COMPLETE E-FIELD

E, = 10" eV, py = 10.0 m?
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THE COMPLETE E-FIELD

E, = 107 eV, py = 9.0 m'’
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THE COMPLETE E-FIELD

E, = 107 eV, py = 8.0 m’
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THE COMPLETE E-FIELD

E, = 107 eV, py = 7.0 m’
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THE COMPLETE E-FIELD

E, = 107 eV, py = 6.0 m’
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THE COMPLETE E-FIELD

E, = 107 eV, py = 5.0 m"’
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THE COMPLETE E-FIELD

E, = 107 eV, py = 4.0 m’
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THE COMPLETE E-FIELD

E, = 10" eV, py = 3.0 ni

1

65

(o2}
o

Vi ewi ng Angl e (deg)
(&)1
(63}

a1
o

W )
5.2 VRS
B~

-15

-10

-5 0 5

Ti me (ns)

10

15

-0.5

81



THE COMPLETE E-FIELD

E, = 107 eV, py = 2.0 m'’
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CONCLUSIONS




CONCLUSIONS

VI.

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

. Regathering our knowledge of the Askaryan effect - ZHS (1991)
1.

RB (2001), ARVZ (2010-11): Towards analytic expressions

A. We are making the code available on Github:
https://github.com/918particle/AraSim2
B. Afew hundred lines, and decreasing

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

Results, with the LPM effect and Form Factor

Future Work

A. Varying the primary particle from e, to u and 7, flavor
investigations

. . 85
B. Numerical LPM, shower fluctuations



UHECR-LIKE SPECTRA




UHECR-LIKE SHOWER FRONTS - IDEA FROM STEVE BARWICK (ucCl)

Charge Density, f(x), FFT -> F(w)
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UHECR-LIKE SHOWER FRONTS

E, = 107

v eV, R EM shower (1 km), no LPM
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UHECR-LIKE SHOWER FRONTS (1-POLE HIGH-PASS FILTER ADDED)

E, = 10'” eV, R EM shower (1 km), no LPM
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