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UHECRs:  Essential Facts
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• Mixed composition, evolves with energy

•  Upper limit on energy mainly from accelerator(s)

• Sources apparently abundant rather than few & 
powerful
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Energy Spectrum
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  Upper limit on energy comes mainly from accelerator(s)

 Rigidity cutoff R = (E/Z) ≈ 5 EV  (70 EeV Si, 35 EeV N)

• Distinct features emerging in spectrum

• Auger and TA agree within uncertainties (Auger has ~5x 
statistics and direct energy calibration; less reliance on 
modeling)

• Highest energy Galactic CRs overlap the lowest energy 
extragalactic UHECRs
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V. Versi, UHECR22
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Low energy discrepancy resolved by common 
fluorescence yield & invisible energy

➜ spectrum discrepancy ≿30EeV;  
cannot mostly be astrophysical

V. Versi, UHECR22



Composition
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• Composition becomes heavier with energy 

•  TA & Auger observations agree 

• Interpreting data to infer actual composition requires UHE 
air shower modeling
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Xmax σXmax
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R. Engel, CRMME22

• Roughly consistent with “Peters cycle”:  rigidity dependent acceleration 
• Note relatively narrow range for each mass:  rises and falls quickly 

Pure Extragalactic

Mixed Gal-EG Pure Extragalactic
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TA measurement of composition is consistent with Auger’s

Earlier differences due to: 
• TA reliance on simulations 
• low statistics 
• sensitivity to shower modeling



UHECR air shower modeling
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• Leading models:  Sibyll23.d and EPOS-LHC [also QGSJET]

• Tuned to LHC-data

• Discrepancies describing UHE air showers (10x greater CM 
energy; not p-p: UHECR + air nucleus, then pi’s,etc + air)

• ~30% more muons observed than models predict

• predicted <Xmax> ~ 1σ too deep

• muon production depth,… 

➜ Composition may be somewhat heavier than current models



17
G. Farrar, CDY lecture, June 14, 2023

What do we know 
about UHECR sources? 
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Magnetic deflections make source ID difficult

Larmor radius = 
1.1 kpc (REV / B𝜇G)

Deflections in JF12 field model; GF+M.Sutherland, JCAP19
(de)Magnification too!
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Magnetic deflections are large and  
uncertain at low rigidity

Unger-Farrar 2023 Model Suite

Source direction at E/Z = 20 EV

M. Unger, CRA23  & MU+GF to appear soon 

Deflection  
magnitude Larmor radius : 

1.1 kpc (REV / B𝜇G)
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Indirect constraints on sources

• Detailed fit to spectrum & composition ➜ processing in 
source environment  [M. Muzio+GF, ApJL23]

•  Large scale anisotropy   [T. Bister+GF,  in prep]

• [Hotspots]



Cosmic Rays are Accelerated, 
then fragmented   

Unger, GF & Anchordoqui 2015

• Excellent fit to 
spectrum & 
composition

• Explains light population 
between between GCR 
& UHECR
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UFA 2015 model proposed to explain light population below ankle



Cosmic Rays are Accelerated, 
then fragmented   

Unger, GF & Anchordoqui 2015

• Excellent fit to 
spectrum & 
composition

• Explains light population 
between between GCR 
& UHECR

• Smoking gun for UFA 
mechanism:  

    Ep ~ Emax / Amax not Emax / Zmax 
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Constrains the source environment (T, B,…)!  
Muzio+GF ApJL23



Constrain the Surroundings of UHECR 
Accelerators (M. Muzio+GF, ApJL2032)
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btw:  𝛄inj = -1.45+1.25-1.15   ➜  Diffusive Shock Accel. OK (accelerator ≠ source)

  Tsurround = 60 - 2000 K     

 {Brms , L} of source (not accelerator as in Hillas) is constrained

Muzio&GF arXiv:2209.08068

NOT Hillas plot!

Hillas for accelerator

G. Farrar, ICRR, Jan. 17, 2023
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Tsurround = 60 - 2000 K excludes many 
candidate acceleration regions

Massive Galaxy Clusters  (2 x disfavored:  T = 107-8 K;  n0 = 1)
AGN:
• radio lobes (T ≈ few keV)
• ?internal shocks in jet?  may be problematic; must also account for boost  
• inner AGN disk:  maybe ok (T=60-1000 K)

•  but nearby dangerous regions & must account boost

Massive Galaxy Clusters:
poor fit to UHECRs

G. Farrar, ICRR, Jan. 17, 2023
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Source Density Constraint from Anisotropy
Teresa Bister + GF, to appear soon

• Ansatz:  UHECR sources ~ large scale structure
    ➜ approximate illumination map 
    + GMF deflections:

     Good accounting of dipole magnitude,
     direction & energy dependence.  
      [Ding, Globus, GF ApJL 2021]

• New: [T. Bister+GF,  in prep]

•  Self-consistent spectrum & composition

• “Bias” of sources relative to LSS?  (none seen)

•  Place constraints on source density
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Modeling Anisotropy above 8 EeV
Teresa Bister + GF, in prep, 

• LSS ➜ Illumination map

• propagate thru GMF

• good fit to dipole
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Source density < 10-3 Mpc-3  strongly disfavored
Teresa Bister + GF, to appear soon

Continuum model gives good fit to
dipole.  Create 1000 “source catalogs”,
source densities 10-3, 10-4, 10-5, 10-6 Mpc-3

Expect intermediate multipoles if source  
density < 10-3 Mpc-3.   
Unlikely to see observed dipole direction 
and magnitude for density < 10-3 Mpc-3.



Data take-aways
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• Auger & TA in agreement on both spectrum and composition

• Spectrum now very well measured; multiple breaks.   Rigidity cuts 
off at ~ 5 EV.  

• Lowest energy extragalactic CRs are protons and He.

• Composition becomes heavier with E, possibly reaching Fe



Interpretations
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• Processing in region surrounding sources (UFA, MUF, …)

• naturally explains sub-ankle extragalactic population

• ➜ Spectral index can be consistent with DSA: escape from 
source environment hardens intrinsic spectrum of 
accelerator

  Sources appear to be abundant and relatively weak 

 Tidal disruption?  (GF+Gruzinov, ApJ2009)



Puzzle
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• Why is there so little (≾ factor-3) variation in composition 
and Rmax of sources? Ehlert, Oikonomou, Unger 2023



Thanks
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