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W H Y D O  W E  N E E D T E M P L A T E  
S Y N T H E S I S ?

• Microscopic simulations of the radio emission from extensive air 
showers (EAS) are computationally expensive.

– They scale with the “quality” we require

– As well as the number of antenna’s 

• Looking at the future, at LOFAR 2.0 and SKA, this approach becomes 
prohibitively expensive.



T H E  F I R S T  S T E P S  H A V E  A L R E A D Y
B E E N  T A K E N :  F I X E D G E O M E T R I E S

• Last year we published our first result of template synthesis, showing
that the method works for vertical EAS (Arxiv: 2307.02939).

– The synthesised electric fields agreed with CoREAS simulations
within 6%, in amplitude.

• The method could easily be applied to other geometries as well.

– At ICRC, I presented a poster which showed the results for 45 degree zenith.

– By now, I have also tested other zenith angles (20, 30 and 40 degrees).



T H E  
T E M P L A T E  
S Y N T H E S I S  
M E T H O D

“ D I V I D E  A N D  C O N Q U E R ”



T E M P L A T E  S Y N T H E S I S  C O N S I D E R S  
S L I C E S  O F  T H E  A T M O S P H E R E  A S  
P O I N T  S O U R C E S

Instead of parametrizing the total emission, we look at the emission coming from
atmospheric slices with constant atmospheric depth.



T E M P L A T E  S Y N T H E S I S  C O N S I D E R S  
S L I C E S  O F  T H E  A T M O S P H E R E  A S  
P O I N T  S O U R C E S

Instead of parametrizing the total emission, we look at the emission coming from
atmospheric slices with constant atmospheric depth.

 The emission from a slice depends on the number of particles in it, 𝑁𝑁_𝑠𝑠𝑙𝑙𝑖𝑖𝑐𝑐𝑒𝑒, as
well as the age of the shower in that slice.



W E  C H A R A C T E R I S E T H E E M I S S I O N C O M I N G
F R O M E V E R Y S L I C E ,  I N  E A C H A N T E N N A



W E  C O N S I D E R  T H E  G E O M A G N E T I C  A N D  
C H A R G E - E X C E S S  C O M P O N E N T S  S E P A R A T E L Y



W E  C O N S I D E R  T H E  G E O M A G N E T I C  A N D  
C H A R G E - E X C E S S  C O M P O N E N T S  S E P A R A T E L Y



A N D  P A R A M E T R I Z E  T H E  A M P L I T U D E  F R E Q .  
S P E C T R U M  O F  E A C H  C O M P O N E N T

𝐴𝐴 𝑓𝑓 = | DFT 𝑠𝑠 𝑡𝑡  |



A N D  P A R A M E T R I Z E  T H E  A M P L I T U D E  F R E Q .  
S P E C T R U M  O F  E A C H  C O M P O N E N T

[20, 500] MHz

𝐴𝐴𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑎𝑎 ⋅ 𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ⋅ exp(𝑏𝑏 ⋅ 𝑓𝑓 − 𝑓𝑓0 + 𝑐𝑐 ⋅ 𝑓𝑓 − 𝑓𝑓0 2) 𝐴𝐴𝑐𝑐𝑐𝑐 = 𝑎𝑎 ⋅ 𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ⋅ exp(𝑏𝑏 ⋅ 𝑓𝑓 − 𝑓𝑓0 )



T H E  C O E F F I C I E N T S  A R E  T H E  S P E C T R A L  
P A R A M E T E R S

𝐴𝐴𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑎𝑎 ⋅ 𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ⋅ exp(𝑏𝑏 ⋅ 𝑓𝑓 − 𝑓𝑓0 + 𝑐𝑐 ⋅ 𝑓𝑓 − 𝑓𝑓0 2)

Spectral parameters



A N D  T H E Y  C A N  B E  R E L A T E D  T O  X M A X O F  
T H E  S H O W E R ,  F O R  E A C H  A N T E N N A
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I F  W E  D O  T H I S  F O R  M A N Y  S H O W E R S ,  W E  
O B S E R V E  A  C L E A R  P A T T E R N
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T H E  S P E C T R A L  F U N C T I O N S  T E L L  H O W  T H E  
S P E C T R A L  P A R A M E T E R S  V A R Y  W I T H  X M A X
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Spectral functions



W I T H T H E S P E C T R A L F U N C T I O N S ,  
W E  C A N R E S C A L E T H E E M I S S I O N F R O M
A N Y S H O W E R  T O M I M I C A N Y O T H E R

At this point we have the spectral functions, which

• for each simulated antenna,

• in every slice of the atmosphere present in our geometry,

describe how the spectral parameters depend on the Xmax of a 
shower.

Given an input origin shower and a target longitudinal 
profile, we can now use the spectral functions to rescale the 
emission from the origin shower.



S O M E  O F  
T H E  
R E S U L T  S O  
F A R …



𝜃𝜃 = 0°
 𝜙𝜙 = 225°
AUGER
 on 𝑣⃗𝑣 × 𝑣⃗𝑣 ×

𝐵𝐵



𝜃𝜃 = 20°
 𝜙𝜙 = 225°
LOFAR
 on 𝑣⃗𝑣 × 𝑣⃗𝑣 ×

𝐵𝐵



𝜃𝜃 = 45°
 𝜙𝜙 = 225°
LOFAR
 on 𝑣⃗𝑣 × 𝑣⃗𝑣 ×

𝐵𝐵



𝜃𝜃 = 30°
 𝜙𝜙 = 0°
SKA

 off 𝑣⃗𝑣 × 𝑣⃗𝑣 ×
𝐵𝐵



M O V I N G  A C R O S S  
G E O M E T R I E S



A  G E O M E T R Y I N D E P E N D E N T  D E S C R I P T I O N
N E E D S T O C O R R E C T  F O R S O M E E F F E C T S

Some of the important factors influencing the radio 
emission coming from a slice, could be

• The viewing angle

• The number of particles in the slice

• The air density at the slice

• The Cherenkov angle associated to the slice



W E  W A N T  T O C O M P A R E
A N T E N N A E W I T H T H E S A M E
“ C H E R E N K O V V I E W I N G
A N G L E ”

• If we assume two slices with the same 
age (approximated by Δ𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚) emit 
similar radiation, these two antennas 
should see similar electric fields.

• However, the Cherenkov angle changes 
for both slices.

– Consider viewing angle in units of 
Cherenkov angle.



T O F I N D T H E C H E R E N K O V V I E W I N G A N G L E S W E  
L I N E A R L Y I N T E R P O L A T E F O R E V E R Y S L I C E

• We define a fixed Δ𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚 and a list of Cherenkov viewing angles.

• For each simulation, we find the slice that corresponds to our Δ𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚.

• Using the Cherenkov angle of the slice in question, we find the antenna
positions corresponding to the requested viewing angles.

• From simulations we have a set of antennas on the 𝑣⃗𝑣 × 𝑣⃗𝑣 × 𝐵𝐵 axis. These 

we interpolate linearly to the antenna positions.



T H E  S P E C T R A  A L M O S T L I N E  U P



Arxiv: 2305.11668

These authors 
found scaling 
relations with 
density and 

magnetic field 
strength



W E  N E E D T O A P P L Y A  C O R R E C T I O N
T O E A C H C O M P O N E N T



W E  W A N T  T O S I M U L A T E T H E A N T E N N A S
I N S T E A D O F  I N T E R P O L A T I N G T H E M

Interpolation

Analyse shower set with
50 degree zenith, which
is already done

Complete simulation

Run simulations with
different antennas per 
slice, to have the same
Cherenkov viewing
angles for every slice

Spectral functions 
in every slice, 

as a function of 
viewing angle



T U N E  I N  N E X T  
T I M E ,  F O R  A  N E W  
W A V E  O F  U P D A T E S
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