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Outline	  

•  Cosmic	  Rays,	  A.M.H.,	  Pergamon	  Press,	  1972	  
•  1976-‐78:	  Leeds/Bartol	  I	  
•  1981:	  Hillas	  spliLng	  algorithm	  
•  1985-‐1990:	  Leeds/Bartol	  II	  
•  2005:	  Second	  Galac9c	  popula9on	  
•  2016:	  Last	  mee9ng	  with	  AMH	  
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Cosmic	  Rays	  

•  9	  chapters	  in	  132	  pages	  
– A	  concise	  overview	  of	  all	  
aspects	  

•  Includes	  reprints	  of	  16	  
founda9onal	  papers,	  e.g.	  
– Clay,	  E-‐W	  effect	  
– Auger,	  EAS	  
– La[es	  et	  al.,	  π	  discovery	  
– Fermi,	  1949	  accelera9on	  
– Parker,	  solar	  modula9on	  
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Average	  shower	  profile	  from	  cuts	  at	  
constant	  intensity	  (B.F.T.)*	  

*Before	  Fluorescence	  Telescopes	  

A.M.H.	  book,	  pp	  89,	  92.	  	  
Obtain	  energy	  for	  each	  
intensity	  by	  integra9ng	  
energy	  loss	  ×	  N(t)	  	  
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Fit	  assuming	  scaling,	  
and	  primary	  Fe	  
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Working	  (and	  walking)	  	  with	  Michael	  
Leeds,	  Aug-‐Sept	  1976	  

Crinkle	  Crags,	  Cumbria	  
(aeer	  nego9a9ng	  the	  “Bad	  Step”)	  

Heidelberg,	  10-‐Dec-‐18	   Tom	  Gaisser	   6	  



I.	  Problem:	  Understand	  the	  physics	  of	  
EAS	  atmospheric	  cascades	  (1976-‐1981)	  
•  Shower	  development	  is	  too	  fast	  1015–1018	  eV	  
–  Chacaltaya,	  Tien	  Shan,	  Volcano	  Ranch	  
–  Strong	  viola9on	  of	  Feynman	  scaling?	  
– Dominance	  of	  heavy	  primaries?	  

•  Before	  fluorescence	  detectors	  (Auger,	  TA)	  
–  Shower	  profiles	  from	  constant	  intensity	  cuts	  
–  Fluctua9ons,	  including	  mixed	  composi9on,	  obscure	  
the	  analysis	  

– Hillas’	  sugges9on:	  use	  a	  simple	  formula	  to	  analyze	  the	  
procedure	  of	  making	  constant	  intensity	  cuts	  
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The	  G-‐H	  formula	  	  
TG	  &	  Hillas,	  ICRC	  Plovdiv	  vol.	  8,	  373,	  1977	  

Convolve	  this	  formula	  with	  the	  distribu9on	  of	  star9ng	  points	  to	  
study	  the	  method	  of	  constant	  intensity	  cuts:	  
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Abs t rac t .  l t e  p resen t  t he  resu l t s  o f  some  s imp le  mode l  ca l -

1 .  I n t r oduc t i on ,  The  l ong i t ud ina l  deve lopmen t  o f  ex tens i ve  a  j - r
f f i ub ted1yanessen t i a1 fea tu re t t r a t r e f1ecLsbo th
the  compos i t i o , n  o f  t he  p r ima ry  cosm ic  rayg  _and  t he  g ross  f  ea -
Lu res  o f  pa r t i c l e  i n t e rac t i ons  f o r  E
howeve r ,  t h  j - s  c ruc i a l  p rope r t y  o f  showers  has  on l y  been  de te r -
m ined  i nd l r ec tLy  by  t ak i ng  cu t s  o f ,  cons tan t  i n t ens i t y  i n  s i ze
spec t ra  f o r  shov re rs  o f  d i f f e ren t  zen i t h  ang le  b i ns .  The  ques -
t i on  t hus  ä r i ses ,  how  we l l  does  t he  deve lopmen t  cu rve  ob ta i ned
ia  t h i s  way  ( ca11  i t  Ncu t )  r ep resen t  t he  t r ue r  &ve rage  l ong i t ud -
i na l  deve lopmen t  (N )  o f  showers  o f  f i xed  p r ima ry  ene rgy?
Dedenko  has  a rgued  t ha t  t he  me thod  o f  cons tan t  i n t ens i t y  cu t s
se r i ous l y  m i s rep resenLs  t he  t r ue  ave rage  deve iopmen t  o f  showers ;
He  ca l cu la tes  IOeaenko ,  197  5 ]  t ha t  t he  dep th  o f  r nax imum o f  Ncu t
i s  100  gn / cn /  ( o r  mo re )  h i ghe r  i n  t he  a tmosphe re  t han  t he  rnaxL -
mum o f  F ' ,  Th i s  d i sc repancy  i . s  comparab le  t o  t ha t  be tween  N
ca l cu la ted  r r i t h  sca l i ng  and  p ro ton  p r ima r i es  {F i shbane  eL  a1 .

L  ob ta i ned  i n  t he  Chaca l t aya  expe r imen t  I LaPo i -n te ,
.  I f  t h i s  d i sc repaney  i s  l a rge l y  due  s i r np l y  t o  a
t i seen  Ncu t  and  N ,  t hen  a rgumen ts  aga i . ns t  sca l i ng
ima r i es  based  on  t he  Chaca l t aya  da ta  wou ld  have  t o

t r l e  have  t he re fo re  i nves t i ga ted  i he  re l a t i on  be tween  Ncu t
and  N  f r om seve ra l  po in t s  o f  v i ew  i n  an  e f f ssg  t o  c l a r i f y  bo th
the  mean ing  o f  Ncu t  and  t he  c i r cums tances  unde r  wh i ch  such  a
l a rge  d i sc repancy  as  f ound  by  Dedenko  may  ex i s t .

s r (u, t )  = so

w i rh  tmax  =  . 51  . a ,n ( . 8 /e )  - 1 ,  So  =  0 ,045 . "  and  e

INTENSI .TY  CUTS
OF VERTICAL  SHOWERS

cu la t i ons  t ha t  i nves t i ga te  t he  va
cu t  me thod  o f  r econs t ruc t i ng  t he
We f i nd  t ha t  Ncu t  t u  N rno "

l i d i t y ,  o f  t he  i n tens i t y -
shower  deve lopmen t  cu rve .

- ] - 97  4J  and
e t  a l . ,  19
d i f f e rence
and  p ro ton
be  rev i sed

N 
", ,681
b e
pr

2 ,  Ana l y t i c  Es t ima te  o f  Ncu t . ! üe  f  i r s  t  ca r r y  ou t  a  ca l cu la t  i on
enko  (1975 )  bu t  us i ng  a  s imp le
e  s i ze  o f  a  sho rve r  l n i t i a t ed  by  a
0  ( t  measu red  i n  un i t s  o f

o t  N c u t  a l o n g  t h e  I i n e s  o t
a n a l y t i c  p a r a m e t r i z a L i o n  o f
p r o t o n  o f  e n e r g y  E  a t  d e p t h
i = 7 0  g m / c i n z ) :

Ded
rh
L _

E
L

t
exp Ia ,o . * ]  ( a /a ru . * )  I uax  e - t

=  4 .07  4  GeV .

*  ! t r o r k  suppo r ted  i n  pa r t  by  t he  Na t i ona l  Sc i c j nce  Founda t i on .

(1 )
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The  f i r s t  s t ep  i s  t o  cons t ruc t  t l r e  p robab i l i t y ,  . .
ü  (>N  I  g ,  t o  ,  0  )  t hä t  a  sh -ower  o f  ene rgy  E  

" r r a  
ang le  0 -  w i J - l  p roduee

more  t han  N  p4 . r t i c J -es  aL  s l an t  dep t t r .  t o= Io  sec  0 ,  w f r_e re  y . ,  i s
t he  ve r t i ca l  dep th  o f  obse rva t i on .  f n  t he  s imp le  mode l  dä t i ned
by  Eq .  ( 1 )

ü(>u l t r , to )  =  H(E-  *  e)  I to  *  " - t l t r "  E( t . - t1 )E( tz - t )  (2)' D o  
o  

^ F

NT 
- 

(Ithere s(*) la a stcP.Iunction)
I n  Eq .  ( 2 ) ,  i -  e  i s  t he  m ln i -mum ene rgy  requ i red  t o  p roduce  a
shower  h r i t h  

bo  
N  pa r t i c l es  a t  i t s  max imum o f  deve lopmen t .  To

g i ve  a  shower  w i t h  s i ze  >N  a t  t o  t he  eascade  mus t  be  i n i t i a t ed
a t  s l an t  dep th  t  be tween  t 1  and  t 2  C0
a re  roo t s  o f  t

N  =  s  -B  r -  ' ,  (  t ^ - t ) -max  t -  r \  Y
-o ä exp l . ,o"*t  l j -J .-( to-t ;

max  :
r n  Eq .  ( 2 )  l r  >  i  t o  a l l ow  f o r  t he  f ac r  t ha t  t , he re  a re  o the r
sou rces  o f  f l u c tua t i on  t han  po i - n t  o f  f i r s t  i n t e rac t i on .

'  One  nex t ' ca l cu la tes  t he  sLze  spec t ra  a t  va r i ous  s l an t
dep ths  and  t akes  cons tan t  i n t ens i t y  cu t s  t o  cons t ruc t  N " , r a  ( f  ,  t ) .
t r I e  have  used  an  i n teg ra l  p r ima ry  ene rgy  spec t rum

I  (>n)  =  Io  (E /uo) -V (3 )
t r { e  have  t aken  I o= !Q-9
r ^ re  have  compared  Ncu t
l . p / ) . =1 ,  l p / ) . =1 .43  and
to  be  t he  so lu t i on  o f
1O-9  m-2  sec -1  

" r - 1IF / I  =  L .43  i s  shown

m-2  
" " " - 1  " t - 1 r  -E^=5x107  Gev  and  \=2 ,  and

fo r  I  ( >N ;  =  1o :9  H -z  sec - l  
" r - 1  

r i t r ,  N  f o r
) . p / t r=2 .L4 .  To  compu te  N  we  have  t aken  E
Eq .  ( 3  )  w i t h  I  ( >E )  -=  I  ( >N)  .  Fo r  I  ( >N)  =

th i s  g i ves  E  =  5x10 /  GeV .  The  resu l t  f o r
i n  F i g .  1 .

Ou r  r esu l t  d i f f e r s  f r om tha t  o f  Dedenko  i n  t h ree  s i gn i f i -
can t  r ^ rays :  1 )  We  f  i nd  ä  dep th  o f  mäx imum abou t  20  gn / cn2
h ighe r  i n  t he  a tmosphe re  f o r  N " . r r  t han  f o r  N  ( r a the r  t han  100
g rn / cmz  h ig t . e r ) .  2 )  T , i e  f i nd  N " r r r  ( t r r * )  t  N  ( r _ ,_ ) ,  whe reas
Dedenko  has  Ncu r  ( t * " * )  =  N  ( t r " * ) .  3 )  Ou r  N " - l ^ i s  ' b roade r  t han
N  bu t  t he  two  cu rves  t l o  no t  c ross  r  äs  Dedenko - f  i nds .  To  exp lo re
the  sou rce  o f  t hese  d i f f e rences  r ^ re  l ook  a t  t he  gene ra l  r e l a t i on
be tween  N" , r .  and  N .  t r { e  a l so  mus t  cons ide r  t he  e f f ec t  o f  t he
fac t  t ha t  t he  s i np le  mode l  d i scussed  so  f a r  p robab l y  unde res t i -
ma tes  f l uc tua t i ons  IWa tson ,  1976 ] .

3 ,  Gene ra l  r e l a t i on  be tween  N" r r t  and  N .  I t  can  be  shown  tha t
N" r ra  ( t , u )  ' \ ,  N r .& . " .  ( t ,E )  ( r a the r  t han  N  ( t rE ) )  unde r  r a rhe r
gene ra l  cond i t i ons ,  i nc l ud ing  t ha t  o f  a  m i xed  compos i t l on .

F i . r s t ,  i f  Lhe  shower  deve l -opmen t  cu rve  has  a  shape  wh i ch
f l uc tua tes  f r om one  shower  t o  ano the r ,  bu t  has  no  dependence  on
ene rgy ,  one  can  es tab l i sh  Qh i s  r esu l t  ab , cu ra te l y .  Thus  1e t  Eo
be  t he  t ' ca l o r ime t r i c  ene rBy " ,  wh  j - ch  i s  depos i t ed  i n  i on i  za t i o i
( somewha t  l ess  t t r an  E ,  because  o f  r i eu t r i nos ,  e t c . ,  and  p robab l y
no t  exac t l y  p ropo r t i ona l  t o  E )  .  Then  \ d re  t ake  N  ( t ,  E )=n  ( t )  .  Ec
in  a  pa r t i cu l a r  shower ,  and  aSsume  tha t  t he  p robab i l i t y
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Comparison	  

•  S1:	  	  Single	  profile	  
•  N:	  	  Average	  of	  many	  	  
•  Ncut:	  Result	  of	  constant	  
intensity	  cut	  procedure	  	  

3s5

d is t r i bu t i on  n  (q ,  t )  dn  j . s  i ndependen t  o f  Ec .  Le t
f l ux  o f  p r ima ry ' pa l t i c l es  be  ä *p ressed  as  i n  Eq .
Then  t hö  i n teg ra l  [ 1ux  o f  showers  o f  s i ze  >N  a t

I ( t ,N)  =  
t  p (n , r ) . ro . (N/nEo)-Ydo = r ; (n /_ro) -Y I

=  
o  

r . . r ' r r r / n  r -Y  , . - / * \Y :  
o

r ; ' (u /no) -V <n( t )Y>.

I l ence ,  t he  shower  s i ze  Ncu t  f o r  wh i ch  I ( t rN )  =  I

\
* " , r . \  i  Eo  <n ( t )Y r1 /Y=  <N( r , r o )Y r1 /Y -  * r - . r r ( r ,E

the  i n teg ra l
( 3 )  w i t h  E+E .

dep th  t  i s
@

oYp  (o ,  t )  dn

j - s  g i ven  by

o ) .

./-./
Nrms

AN \ \
. / / \ \

I
Iu

I
I

\

- i l l- l t
- I

il1rL!
I
I

100 200 300 400 s00 600 700 800 soo to00

=  N  ( t ,  Eo )  r .m .  s .  i f  \ =2 .

Thus  N  . ( t r u )  shou ld  a lways  be  l a rge r  t han  f r - ( t r r )  i f  t he re
a re  any  f l üEE" " i i ons r  i r s  t he  exanp le  i n  See t i on  2  i L l us t ra tes .
.Th .  ac tua l  va r i ance  i n  N  a t  dep th  t  cou ld ,  ' i f  known-  be  used  t o
co r rec t  t he  va lue  Ncu t  (  =Nrms  i f  y  =  Z )  t o  ob ta i n  N .  A l t e rna_
t i ve l y ,  one  cao  compare  t he  e i pe r imen ta l  va l ues  Ncu t  ( t ,  E )  w i t h
theo re t i ea l  cu r ves  f o r  N r . s ( t rE ) ,  r a the r  t han  w i t h  f r - ( t r r ) .  A1so ,
i f  one  has  es t ima tes  f o r - t he  d i f f e rence  be tween  N rms  and  Nav  o r re
can  f i nd  t he ,  r a t i o  o f  a reas  unde r  t hese  two  cu rves ,  

- and  
hence

f i nd  t he  e r ro r  i n  t he  ca lo r ime t r i c  ene rgy  wh i ch  i s  deduced  f o r
t hese  shc iwe rs  ,  f  r om th i s  a rea .

c
=
(f
. u
E
oc

(f
L

. = l
-o
o

z.

F  ^ ^

;
U
N
@

400 600 800 tooo t200
DEPTH (  gn r / cme  )

Frg .2
Depth (9m7cm2 )
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Nachleben	  of	  the	  G-‐H	  func9on	  

•  Formula	  in	  terms	  of	  	  
– Slant	  depth	  X	  (g/cm2)	  
– Star9ng	  depth	  X1	  
– A[enua9on	  length	  Λ	  

•  Used	  to	  fit	  profiles	  by	  
Auger,	  TA	  

•  However,	  X1	  is	  a	  free	  
parameter	  	  
– Usually	  nega9ve	  !!!	  

III. EVENT RECONSTRUCTION

The reconstruction of the data is performed within the
off-line framework of the Pierre Auger Observatory [53].
Firstly, all PMT pixels belonging to the shower image on
the camera are identified using a Hough transformation and
subsequently fitted to reconstruct the plane spanned by the
axis of the incoming shower and the telescope position.
Within this plane a three-dimensional reconstruction of the
shower-arrival direction is achieved by determining the
geometry from the arrival times of the shower light as a
function of viewing angle [54] and from the time of arrival
of the shower front at ground level as measured by the
surface-detector station closest to the shower axis. This
leads to a hybrid estimate of the shower geometry with a
precision of typically 0.6° for the arrival direction of the
primary cosmic ray [55–57]. An example of the image of
a shower in an FD camera is shown in Fig. 1(a) and the
reconstructed geometry is shown in Fig. 1(b).
The detected signals in the PMTs of the telescope

cameras as a function of time are then converted to a time
trace of light at the aperture using the calibration of the
absolute and relative response of the optical system. At

each time ti, the signals of all PMTs with pointing
directions within an opening angle ζopt with respect to
the corresponding direction towards the shower are
summed up. ζopt is determined on an event-by-event basis
by maximizing the ratio of the collected signal to the
accumulated noise induced by background light from
the night sky. The average ζopt of the events used in this
analysis is 1.3°, reaching up to 4° for showers detected close
to the telescope. The amount of light outside of ζopt due to
the finite width of the shower image [58,59] and the point
spread function of the optical system [60,61] is corrected
for in later stages of the reconstruction and multiply
scattered light within ζopt is also accounted for [62–64].
With the help of the reconstructed geometry, every time

bin is projected to a piece of path length Δli on the shower
axis centered at height hi and slant depth Xi. The latter is
inferred by integrating the atmospheric density through a
curved atmosphere. Given the distance to the shower, the
light at the aperture can be projected to the shower axis to
estimate the light emitted by the air-shower particles along
Δli, taking into account the attenuation of light due to
Rayleigh scattering on air and Mie scattering on aerosols.

FIG. 1. Reconstruction of event 15346477.

A. AAB et al. PHYSICAL REVIEW D 90, 122005 (2014)

122005-6

Fit	  to	  a	  25	  EeV	  shower	  in	  Auger	  
(Auger	  Collab.,	  PR	  D90	  (2014)	  122005	  	  

16.9 Fluorescence telescopes 355

profile from the observed light intensities. While the highly asymmetric
Cherenkov light has been subtracted from the light profile in the past [589],
new reconstruction methods take advantage of the Cherenkov light as addi-
tional shower signal [595]. This is possible since universality features of air
showers allow the accurate prediction of the emitted and scattered Cherenkov
signal [528, 532].

The fluorescence technique provides a calorimetric measurement of the
ionization energy deposited in the atmosphere. The integral over the energy
deposit profile is a good estimator of the energy of the primary particle. At
high energy, about 90% of the total shower energy is converted to ionization
energy [596, 597]. The remaining 10% of the primary energy, often referred
to as missing energy, is carried away by muons and neutrinos that are not
stopped in the atmosphere or do not interact. The missing energy correction
depends on the primary particle type and energy as well as on details of
how hadronic interactions in air showers are modeled. However, as most of
the shower energy is transferred to em. particles, this model dependence
corresponds to an uncertainty of only a few percent of the total energy. In
case of a gamma-ray primary, about 99% of the energy is deposited in the
atmosphere.

The function proposed by Gaisser and Hillas [598] gives a good phe-
nomenological description of individual as well as averaged longitudinal
shower profiles

NpXq “ Nmax

ˆ
X ´ X1

Xmax ´ X1

˙
pX

max

´X
1

q{⇤

exp

ˆ
´

X ´ Xmax

⇤

˙
. (16.38)

It is often used to extrapolate the measured shower profiles to depth ranges
outside the field of view of the telescopes and to fit for Nmax and Xmax. In
doing so, X1 and ⇤ “ 55 ´ 65 g/cm2 are parameters of the fit. In particular,
X1 can be negative. The same function with X1 ° 0 interpreted as the point
of first interaction is sometimes used as a toy model to illustrate fluctuations
in air shower, as discussed in Appendix A.8.

A typical shower profile reconstructed with the fluorescence telescopes
of the Auger Observatory [599] is compared to simulated showers in Fig-
ure 16.9. Both the mean depth of shower maximum and the shower-by-
shower fluctuations of the depth of maximum carry important composition
information.

The fact that the fluorescence light is emitted isotropically makes it pos-
sible to cover large phase space regions with telescopes in a very e�cient
way. The typical distance at which a shower can be detected varies from 5
to 35 km, depending on shower geometry and energy. On the other hand,
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Cosmic	  Rays	  and	  Par6cle	  Physics	  -‐	  1978	  

One	  year	  aeer	  Bartol	  moved	  from	  Swarthmore	  to	  Delaware	  

Heidelberg,	  10-‐Dec-‐18	   Tom	  Gaisser	   11	  



The	  Bartol	  Conference	  1978	  

•  October	  1978	  
– Hillas	  gave	  a	  major	  presenta9on,	  “High	  energy	  
cosmic	  rays,	  par9cle	  physics	  and	  astrophysics”	  

– Maintain	  scaling	  with	  
•  Increasing	  σ	  
•  Nuclear	  primaries	  

– Addresses	  other	  data	  
•  Direct	  measurements	  at	  lower	  energy	  
•  Inclusive	  lepton	  spectra	  for	  intermediate	  energies	  
•  Muons	  in	  EAS	  
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LETTER TO THE EDITOR 

Does Feynman scaling remain valid at ultra-high energies? 

M Ouldridget and A M Hillas 
Physics Department, University of Leeds, Leeds LS2 9JT, UK 

Received 22 November 1977 

Abstract. The properties of extensive air showers are not inconsistent, as is often claimed, 
with the assumption that the products of collisions above 1014 eV may be obtained by 
simple scaling from accelerator energies, provided that hadronic cross sections rise rapidly 
with energy, and a normal mixture of cosmic-ray nuclei is present. 

Experiments at accelerators have shown that the main features of particle production 
in high-energy collisions change little over a collision energy range 10'o-10'2 eV, when 
described in a suitable scale-a situation described by the limiting fragmentation 
of the projectile, and by Feynman scaling (Feynman 1969). Many cosmic-ray workers 
have claimed that the nature of hadronic collisions must change drastically at higher 
energies, - 10'5-1018 eV, and there has been agreement amongst many recent authors 
that Feynman scaling is ruled out by the observations (e.g. Kalmykov and Khris- 
tiansen 1975, Vernov et a1 1977, Popova and Wdowczyk 1977, Olejniczak et a1 
1977, Bourdeau et al 1977, Grieder 1977). The most favourable results were obtained 
if the primary particles were assumed to be very heavy, when many but not all 
features of large air showers might be explained (Gaisser 1974, Turver 1975). We 
find, however, that scaling is not inconsistent with the observations if one assumes 
a normal mixture of primary particle masses, provided that inelastic collision cross 
sections are assumed to rise with increasing energy (mean free paths being halved 
at 1017 eV), and care is taken with details of the calculation. Our assumptions are 
very similar to those made by the Utah group in explaining their observations of 
muons underground (Elbert et a1 1975). 

One of the strongest cases against scaling was made by Kalmykov and Khris- 
tiansen (1975) and expanded by Vernov et a1 (1977), who focused attention particularly 
on the number of muons in showers, the number of high-energy hadrons, and the 
rate of longitudinal development of showers in the atmosphere. Figure 1 shows results 
obtained by the Moscow (MSU) group for the numbers of muons (N,) above 10 GeV 
observed in showers selected according to number of electrons (NJ, and the broken 
curve shows the predictions obtained by Kalmykov and Khristiansen from their scaling 
model. (This range of shower sizes corresponds to primary energies of to 
1017 eV per nucleon.) The dotted curve shows the results obtained from our calcula- 
tions, based on scaling from accelerator data, but with constant cross sections for 

t Now at the Meteorological Office, Bracknell. 
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Shower	  profiles	  
to	  be	  fi[ed	  

•  Solid	  lines	  in	  Fig.	  2:	  
–  “scaling”	  with	  
–  Energy-‐dependent	  σ	  
– Mixed	  composi9on	  
–  Energy-‐loss	  integrals	  give	  
primary	  energy	  for	  each	  
point	  of	  a	  spectrum	  

•  Dashed	  lines	  
–  Pure	  scaling	  
–  Constant	  cross	  sec9ons	  
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Composite	  spectrum	  	  
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Rising	  cross	  sec9on	  
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Rising	  cross	  sec9on	  
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Muons	  in	  EAS	  

•  Measurements	  of	  
Vernov	  et	  al	  
– Factor	  10	  above	  their	  
calcula9on	  with	  p	  
and	  pure	  scaling	  

•  Hillas	  uses	  	  
– Mixed	  composi9on	  
– “scaling”	  with	  
increasing	  σ	  
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Calcula9on	  of	  energy	  deposi9on	  

•  Analogous	  to	  the	  Ma[hews-‐Heitler	  model	  	  
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Hillas’	  spliLng	  for	  hadronic	  
interac9ons:	  (Paris	  ICRC	  1981)	  

422

The comoving distance is related to the luminosity and angular-diameter
distances by DCpzq “ p1 ` zq DApzq “ DLpzq{p1 ` zq.

In calculations of particles fluxes from astrophysical sources, it is reason-
able to assume that the number of sources is constant per comoving volume,
up to a possible source-specific evolution. The comoving volume element
dVC can be expressed in terms of redshift z and solid angle d⌦ as

dVC “ DH
p1 ` zq

2

Epzq

D2
Apzq d⌦ dz. (A.105)

A.12 The Hillas splitting algorithm

For many purposes it is useful to have a fast and simple event generator that
approximately reproduces the main features of hadronic interactions, and
that can be tuned to explore the e↵ects on shower development of di↵erent
physical assumptions. Hillas [770] has invented a splitting algorithm that
accomplishes these goals in an elegant way, closely related to the underlying
physics.

The original statement of Hillas’ splitting algorithm for a nucleon projec-
tile on a target nucleon is

1) Split the total available energy randomly into two parts, A and B
2) Assign A as the energy of the leading nucleon;
3) Further subdivide the remaining energy B randomly into J “ 2N parts, with
N “ 2;
4) Split each of the J “ 4 pieces of energy randomly into two parts, A1 and B1;
5) Assign A1 as the energy of a pion;
6) Subdivide B1 again and assign one piece as another pion;
7) Continue in this way until the energy remaining is less than some preassigned
threshold value. The energy threshold can depend on the problem at hand, but
must be at least as large as m

⇡

.

Two advantages are obvious immediately: first, energy is automatically con-
served to the accuracy required for the problem; second, no time is wasted
calculating particles below the threshold for the problem of interest. For a
calculation of deep underground multiple muons, for example, the threshold
could be set as high as the minimum energy of a muon that can reach the
depth of the detector; i.e. in the TeV range.

To understand how Hillas’ splitting algorithm can be adapted to describe
interactions even better than in its original statement, it is useful to consider
the analytic representations of the distributions obtained from the original

dn
⇡

dx
⇡

= 2N
(
1

x

⇡

�
NX

n=0

(ln 1
x⇡

)n

n!

)
The	  analy9c	  form	  for	  the	  pion	  energy	  frac9on	  is	  
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Hillas	  spliLng	  algorithm-‐extended	  	  
5

�10.0 �7.5 �5.0 �2.5 0.0 2.5 5.0 7.5
Pseudorapidity h

0

2

4

6

8

C
ha

rg
ed

ps
eu

do
ra

pi
di

ty
de

ns
ity

dN
ch

/
dh

13TeV INEL
7TeV
1.8TeV
900GeV
200GeV

Sibyll 2.3c
Sibyll 2.1

FIG. 2.3. Distribution of charged particles in pseudorapidity.
Data are from CMS, CDF and UA5 [46–49]. The 13TeV data
are shifted by one unit to increase readability. 13TeV mea-
surement is inelastic events, the rest are non-single di↵ractive.
Note how, as the interaction energy increases large parts of
forward phase space fall outside the coverage of the detectors.
The central region, that is sensitive to the number of inter-
actions, is always covered and can be used to constrain the
model for multiple interactions.

derestimation of the particle density of 30 � 40 % [42].
For EAS the more important quantity than the particle
density is the energy flow. Measurements are available in
the very forward region by LHCf [43] and at the edge of
the central region by CMS/CASTOR [44, 45]. The for-
mer is described reasonably well by the new model (see
Fig. 2.14), whereas the CASTOR measurement indicates
a deficit [44]. However, the largest part of the energy is
taken by the particles in-between these regions and hence
remains unobserved. It is, therefore, not evident that the
omission of semi-hard processes in the model has an im-
pact on the EAS predictions.

B. Interaction cross section

The parameters of the amplitude in Sibyll are deter-
mined by fitting the interaction cross section to measure-
ments. For Sibyll 2.1 the highest energy data points
were obtained at the TeVatron [50–52] (see Tab. I).
Those contained an unresolved ambiguity between the
CDF and the other measurements (Fig. 2.5). The higher
one was supported by the cosmic ray measurements (see
�

air

) in Fig. 3.1). Recent measurements at the LHC [53]
suggest a lower cross section and the di↵erent LHC mea-
surements agree well with each other. These higher en-
ergy data constrain the extrapolation to UHECR energies
much stronger and are a crucial input in Sibyll 2.3c.

As previously mentioned, Sibyll 2.1 gave a remark-
ably good description of the general features of hadronic
interactions, despite the overestimation of the cross sec-
tion. Therefore, we aim for an evolutionary extension
of the previous model. One of the goal is to decrease
the hard interaction cross section to decrease the overall

FIG. 2.4. Number of soft and hard parton-parton interactions
in the model. The decrease in the average number of hard
interactions in Sibyll 2.3c is due to the more narrow proton
profile. The change of slope at high energy for Sibyll 2.1 is
due to technical limitations.

TABLE I. Cross-section measurements at the TeVatron and
LHC and predictions by Sibyll.

Exp.
p
s �

tot

(mb) Sibyll 2.1 Sibyll 2.3c Ref.

CDF 1.8TeV 80.03± 2.24 [50]

E-710 72.8± 3.1 78.8 75.9 [51]

E-811 71.71± 2.02 [52]

TOTEM 7TeV 98.3± 2.9 108.6 98.8 [53]

ALFA 95.35± 1.36 [54]

total and inelastic cross sections in the TeV range and
above, since this change is unlikely to a↵ect lower en-
ergies according to Fig. 2.4. Hard parton scattering is
calculated in perturbative QCD generally leaving little
room for alterations. One possibility would be a modi-
fication of the transverse momentum cuto↵ p

min

T

(s) that
defines the transition between soft and hard interactions
and strongly a↵ects particle production. Its energy de-
pendence is derived from a geometrical saturation condi-
tion Eq. (4) and is, therefore, fixed.

A di↵erent possibility is the modification of the opacity
profile A

hard

(~b ). The overlap integral for two protons
Eq. (3) in the model is given by

A(⌫
h

,

~

b ) =
⌫

2

h

12⇡

1

8
(⌫

h

b)3 K

3

(⌫
h

b) , (12)

where K

3

(x) is a modified Bessel function of the second
kind. The parameter ⌫

h

determines the width of the pro-
file, controlling the share between more peripheral and
central collisions, i.e. narrow profiles lead to a reduction
of peripheral collisions. Since most collisions are periph-
eral, decreasing the profile width reduces the interaction
cross section. Fig. 2.5 shows the new and old fits of the to-

Use	  Hillas’	  spliLng	  algorithm	  to	  fit	  the	  data	  
from	  colliders	  by	  allowing	  N	  >	  2	  

E0	  (GeV)	   <N>	  

100	   2.55	  

450	   2.6	  

900	   2.93	  

3500	   3.28	  

6500	   3.28	  
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Plateau	  saturates	  
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Rising	  plateau	  +	  energy	  conserva9on	  
imply	  soeening	  of	  pion	  spectrum	  for	  

x	  >	  0.1	  as	  energy	  increases	  
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II.	  Problem:	  Observe	  the	  sources	  of	  
Galac9c	  cosmic	  radia9on	  (1985-‐1990)	  

At	  La	  Jolla,	  discussions	  ini9ated	  by	  Hillas	  with	  Alan	  
Watson	  and	  Mar9n	  Pomerantz	  led	  to	  the	  proposal	  
to	  build	  SPASE	  (South	  Pole	  Air	  Shower	  Experiment)	  
to	  detect	  PeV	  photons	  from	  Galac9c	  accelerators	  
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Hillas	  proposes	  
SPASE	  at	  

Vulcano	  1986	  
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A.M.H.	  at	  Vulcano,	  1986-‐1990	  

•  Vulcano	  1986:	  
– He	  proposes	  
SPASE	  

•  Vulcano	  1988:	  
– He	  reports	  on	  
SPASE	  	  

•  Vulcano	  1990:	  
– He	  itemizes	  the	  
problems	  with	  
Her	  X-‐1,	  Cyg	  X-‐3	  
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1989	  
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Vulcano	  1990:	  Problems	  with	  PeV	  
point	  sources	  
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Hillas,	  ICRC	  21,	  Adelaide	  1990	  
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1990	  



	  from	  
presenta9on	  by	  
Hillas	  at	  ICRC	  21,	  
Adelaide	  1990	  
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	  from	  
presenta9on	  by	  
Hillas	  at	  ICRC	  21,	  
Adelaide	  1990	  

Hillas,	  ICRC	  14,	  Munich,	  1975	  
T-‐volume,	  p.	  3439:	  Explains	  
why	  5	  σ	  is	  necessary	  to	  claim	  a	  
pt	  src	  discovery	  in	  a	  binned,	  
all-‐sky	  search	  (with	  formulas!)	  
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Results	  from	  SPASE,	  1989-‐1993	  
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SPASE	  at	  the	  South	  Pole,	  1987-‐1997	  

NIM	  A276	  (1989)	  622-‐627	  
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SPASE	  at	  the	  South	  Pole,	  1987-‐1997	  

NIM	  A276	  (1989)	  622-‐627	  
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SPASE	  at	  the	  South	  Pole,	  1987-‐1997	  

NIM	  A276	  (1989)	  622-‐627	  

Dec.	  1997,	  SPASE	  removal	  
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SPASE–2	  	  	  AMANDA	  (1995	  –	  2005)	  
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Photo:	  TG,	  December	  1995	  



SPASE–2	  	  	  AMANDA	  (1995	  –	  2005)	  

Heidelberg,	  10-‐Dec-‐18	   Tom	  Gaisser	   37	  

Photo:	  Glenn	  Spiczak,	  
January,	  1997	  

From	  TG	  talk	  at	  Hillas	  
re9rement	  symposium,	  
Leeds,	  1998	  



Jim	  Hinton’s	  thesis	  
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SPASE-‐2	  	  +	  	  VULCAN	  
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1995	  

Photo:	  TG,	  December	  1995	  



Xmax	  with	  
VULCAN	  +	  
SPASE-‐2	  

•  Simula9ons	  relate	  
–  E	  to	  S30	  measured	  
by	  SPASE-‐2	  
scin9llators	  

–  Xmax	  to	  lateral	  
distribu9on	  of	  
Cherenkov	  light	  
measured	  by	  
VULCAN	  
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2002:	  proposal	  
2003-‐04	  staging	  
2004-‐05	  	  	  	  1	  	  	  	  	  4	  
2005-‐06	  	  	  	  9	  	  	  16	  
2006-‐07	  	  22	  	  	  26	  
2007-‐08	  	  40	  	  	  40	  
2008-‐09	  	  59	  	  	  59	  
2009-‐10	  	  79	  	  	  73	  
2010-‐11	  	  	  86	  	  	  81	  

Deep	  strings	  

Surface	  sta9ons	  

Deployment	  history	  

>	  5400	  Digital	  Op9cal	  Modules	  

IceTop	  /	  IceCube	  	  



III.	  Problem:	  Where	  is	  the	  transi9on	  
from	  Galac9c	  to	  extra-‐galac9c	  CR?	  	  

•  If	  the	  ankle	  at	  3	  EeV	  marks	  the	  transi9on,	  how	  
to	  explain	  the	  smooth	  spectrum	  from	  3	  PeV?	  

•  If	  the	  knee	  at	  3	  PeV	  marks	  the	  beginning	  of	  
the	  end	  of	  CR	  accelerated	  by	  SNR,	  what	  fills	  in	  
the	  gap?	  
– Hillas	  suggests	  a	  Galac9c	  popula9on	  B	  
– 3	  popula9on	  model:	  Gal-‐1,	  Gal-‐2,	  extra-‐galac9c	  
– Assume	  Gal-‐1	  and	  Gal-‐2	  depend	  on	  rigidity	  and	  
consider	  implica9ons	  for	  composi9on	  
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Hillas’	  Galac9c	  popula9on	  B	  
Review: Diffusive shock acceleration in supernova remnants R101

Figure 2. The cosmic ray spectrum as the sum of galactic H, He, CNO, Ne–S and Fe components
with the same rigidity dependence, and extragalactic H + He (total EGT) having a spectrum ∝E−2.3

before suffering losses by CMBR and starlight interactions. The galactic components were given
a turn-down shape based on KAS CADE knee shape as far as the point marked x. The dashed line
Q is the total if the extended tail B of the galactic flux is omitted.

produced a sharp drop in flux from early radiogalaxies (or gamma ray bursts) above about
4 × 1017 eV (which, encouragingly, matches the position of what is sometimes referred
to as the ‘second knee’). This absorption nearly levels off above 3 × 1018 eV, where the
flux is normalized to agree with the observed cosmic ray flux. (Around 1017 eV one may
receive the unabsorbed source spectrum E−2.3, though, below this, the diffusion efficiency
is uncertain.) This cannot be a unique analysis of the cosmic-ray spectrum, but it shows
that another component is needed between the KASCADE knee ‘A’ and the extragalactic
part just discussed, since so far, parts (i) and (ii) would only add up to give the dashed
curve ‘Q’, falling below the observed total flux.

(iii) ‘B’: Something still has to be added to the ‘KASCADE’ component ‘A’, in order to
make up the well-measured total cosmic-ray flux at several times 1017 eV. The lines (B)
plotted here result from the assumption that the additional galactic component still has
the normal relative numbers of different nuclei (as expected in simple diffusive shock
acceleration models), with a common rigidity spectrum, and everything adds up to the
observed total flux of all particles. The KASCADE-like rigidity spectrum has been
accepted up to 7 × 1015 V, near the experiment’s sensitivity limit. If the rigidity spectrum
extending beyond this point is to make up the observed total flux (when added to the
EG component), the resulting form is shown as ‘B’ in figure 2. (One does seem to need
the light-nucleus dominated extragalactic flux as part of the mixture: one does not get a
good fit to the observations with any overall spectrum which is purely a function of
rigidity with normal composition. One problem in such a case is that where the total
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I	  first	  saw	  this	  plot	  
and	  analysis	  at	  the	  
2004	  Auger	  mee9ng	  	  
at	  Leeds	  in	  honor	  of	  
Alan	  Watson	  

2005	  



Peters	  cycles	  and	  par9cle	  popula9ons	  

•  Rigidity	  dependence	  
– R	  =	  Ptot	  c	  /	  Z	  e	  
–  Implies	  sequence:	  	  	  	  	  
p,	  He,	  C,	  …	  Fe	  

•  Spectral	  hardening	  
– Suggests	  new	  par9cle	  
popula9on	  

•  Galac9c	  and	  extra-‐
galac9c	  popula9ons	  

B.	  Peters,	  Il	  Nuovo	  Cimento	  22	  (1961)	  800	  
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2	  components	  is	  not	  enough	  
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Plots	  of	  H3a	  model	  	  (TKG,	  Astropart.	  Phys.	  35	  (2012)	  801	  )	  
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July	  2016	  

•  Michael	  Hillas	  influenced	  my	  career	  
–  In	  several	  important	  ways	  

•  My	  last	  mee9ng	  with	  Michael	  
–  I	  visited	  him	  at	  home	  in	  Guiseley	  
– He	  told	  me	  of	  his	  work	  with	  Andrew	  Taylor	  
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