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What are cosmic rays?
• Charged nuclei


• Reach extreme energies, more than  
1020 eV = 100 EeV


• Those above 1018 eV =1 EeV are called ultrahigh 
energy (UHE)


• Source(s) unknown, especially at the highest energies


• Of extragalactic origin beyond ~1 EeV


• Dipole detected above 8 EeV


• Observational challenges:


• Magnetic deflections, Galactic & extragalactic


• Extremely low flux at the highest energies,  
< 1 CR/km2/century

Sutherland & Farrar (2014)
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How do we detect UHECRs?

Neutral secondaries

Neutral secondaries

Extensive air showers

IceCube/NASA

ASPERA
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Hybrid (UHE)CR Detectors
• Encompass enormous area to 

overcome low flux


• Telescope Array (US)


• Pierre Auger Observatory 
(Argentina)


• Employ hybrid detection 
method:


• Surface detector array


• Fluorescence detector 
telescopes 

Pierre Auger Observatory

Fluorescence

Telescopes

Ground

Detectors
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• Fluorescence detector measures 
shower Xmax directly and primary 
energy to high precision


• Ground signal estimate of 
primary energy, calibrated to 
fluorescence detection



Marco Muzio (NYU) 6Marco Muzio (NYU)

Why measure Xmax?
Heitler-Matthews model • Ex: Proton initiates shower


• Higher energy primary = more particles in 
shower (more generations to maximum)E0
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Measuring Xmax probes primary particle 
energy & composition

Xmax ⇠ ln (E0/A)
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Hadronic 
component

EM 
component

Uncertainties in 
hadronic interaction Xmax ⇠ lnE0

<latexit sha1_base64="0RBr6dcYBDO7C6Jdfg0bCcPG6Tk=">AAACK3icbVDLSgMxFM34rPVVdekmWARXZUYEXZaK4LKCfUCnDJk0taFJZkjuSMsw/+PGX3GhCx+49T/MtF3U1guBwzn35tx7wlhwA6776aysrq1vbBa2its7u3v7pYPDpokSTVmDRiLS7ZAYJrhiDeAgWDvWjMhQsFY4vM711iPThkfqHsYx60ryoHifUwKWCko1H9gIJv+kVmIKSJa2A18SGGhpqVGWYd9wiX2h0rlmzXpZehO4WRaUym7FnRReBt4MlNGs6kHp1e9FNJHWjApiTMdzY+imRAOngmVFPzEsJnRo1+lYqIhkpptObDN8apke7kfaPgV4ws5PpEQaM5ah7cxvMItaTv6ndRLoX3VTruIEmKJTo34iMEQ4Dw73uGYUxNgCQjW3u2I6IJpQsPEWbQje4snLoHle8dyKd3dRrtZmcRTQMTpBZ8hDl6iKblEdNRBFT+gFvaMP59l5c76c72nrijObOUJ/yvn5Bd1mqng=</latexit><latexit sha1_base64="0RBr6dcYBDO7C6Jdfg0bCcPG6Tk=">AAACK3icbVDLSgMxFM34rPVVdekmWARXZUYEXZaK4LKCfUCnDJk0taFJZkjuSMsw/+PGX3GhCx+49T/MtF3U1guBwzn35tx7wlhwA6776aysrq1vbBa2its7u3v7pYPDpokSTVmDRiLS7ZAYJrhiDeAgWDvWjMhQsFY4vM711iPThkfqHsYx60ryoHifUwKWCko1H9gIJv+kVmIKSJa2A18SGGhpqVGWYd9wiX2h0rlmzXpZehO4WRaUym7FnRReBt4MlNGs6kHp1e9FNJHWjApiTMdzY+imRAOngmVFPzEsJnRo1+lYqIhkpptObDN8apke7kfaPgV4ws5PpEQaM5ah7cxvMItaTv6ndRLoX3VTruIEmKJTo34iMEQ4Dw73uGYUxNgCQjW3u2I6IJpQsPEWbQje4snLoHle8dyKd3dRrtZmcRTQMTpBZ8hDl6iKblEdNRBFT+gFvaMP59l5c76c72nrijObOUJ/yvn5Bd1mqng=</latexit><latexit sha1_base64="0RBr6dcYBDO7C6Jdfg0bCcPG6Tk=">AAACK3icbVDLSgMxFM34rPVVdekmWARXZUYEXZaK4LKCfUCnDJk0taFJZkjuSMsw/+PGX3GhCx+49T/MtF3U1guBwzn35tx7wlhwA6776aysrq1vbBa2its7u3v7pYPDpokSTVmDRiLS7ZAYJrhiDeAgWDvWjMhQsFY4vM711iPThkfqHsYx60ryoHifUwKWCko1H9gIJv+kVmIKSJa2A18SGGhpqVGWYd9wiX2h0rlmzXpZehO4WRaUym7FnRReBt4MlNGs6kHp1e9FNJHWjApiTMdzY+imRAOngmVFPzEsJnRo1+lYqIhkpptObDN8apke7kfaPgV4ws5PpEQaM5ah7cxvMItaTv6ndRLoX3VTruIEmKJTo34iMEQ4Dw73uGYUxNgCQjW3u2I6IJpQsPEWbQje4snLoHle8dyKd3dRrtZmcRTQMTpBZ8hDl6iKblEdNRBFT+gFvaMP59l5c76c72nrijObOUJ/yvn5Bd1mqng=</latexit><latexit sha1_base64="0RBr6dcYBDO7C6Jdfg0bCcPG6Tk=">AAACK3icbVDLSgMxFM34rPVVdekmWARXZUYEXZaK4LKCfUCnDJk0taFJZkjuSMsw/+PGX3GhCx+49T/MtF3U1guBwzn35tx7wlhwA6776aysrq1vbBa2its7u3v7pYPDpokSTVmDRiLS7ZAYJrhiDeAgWDvWjMhQsFY4vM711iPThkfqHsYx60ryoHifUwKWCko1H9gIJv+kVmIKSJa2A18SGGhpqVGWYd9wiX2h0rlmzXpZehO4WRaUym7FnRReBt4MlNGs6kHp1e9FNJHWjApiTMdzY+imRAOngmVFPzEsJnRo1+lYqIhkpptObDN8apke7kfaPgV4ws5PpEQaM5ah7cxvMItaTv6ndRLoX3VTruIEmKJTo34iMEQ4Dw73uGYUxNgCQjW3u2I6IJpQsPEWbQje4snLoHle8dyKd3dRrtZmcRTQMTpBZ8hDl6iKblEdNRBFT+gFvaMP59l5c76c72nrijObOUJ/yvn5Bd1mqng=</latexit>

• Ex: Nucleus A initiates shower


• Superposition approximation: nucleus A ≃ A 
nucleons


• A showers initiated with energy E0/A



Marco Muzio (NYU)

�(Xmax)
<latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit><latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit><latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit><latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit>

7Marco Muzio (NYU)

PDG

hXmaxi
<latexit sha1_base64="GDrEF48MIk4RFIQJzvoQ/dT1EhI=">AAACB3icbVBNS8NAEN34WetX1KMgi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCb178K148KOLVv+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMMaBKuTIrXhVrwBeJP6MVNAM9cj9CroJzQRIQznRuuN7qQlzogyjHMblINOQEjokfehYKokAHebFH2N8YpUu7iXKljS4UH9P5ERoPRKx7Zzcque9ifif18lM7zLMmUwzA5JOF/Uyjk2CJ6HgLlNADR9ZQqhi9lZMB0QRamx0ZRuCP//yImmeVX2v6t+eV2pXszhK6BAdo1PkowtUQzeojhqIokf0jF7Rm/PkvDjvzse0dcmZzRygP3A+fwBQLJmV</latexit><latexit sha1_base64="GDrEF48MIk4RFIQJzvoQ/dT1EhI=">AAACB3icbVBNS8NAEN34WetX1KMgi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCb178K148KOLVv+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMMaBKuTIrXhVrwBeJP6MVNAM9cj9CroJzQRIQznRuuN7qQlzogyjHMblINOQEjokfehYKokAHebFH2N8YpUu7iXKljS4UH9P5ERoPRKx7Zzcque9ifif18lM7zLMmUwzA5JOF/Uyjk2CJ6HgLlNADR9ZQqhi9lZMB0QRamx0ZRuCP//yImmeVX2v6t+eV2pXszhK6BAdo1PkowtUQzeojhqIokf0jF7Rm/PkvDjvzse0dcmZzRygP3A+fwBQLJmV</latexit><latexit sha1_base64="GDrEF48MIk4RFIQJzvoQ/dT1EhI=">AAACB3icbVBNS8NAEN34WetX1KMgi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCb178K148KOLVv+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMMaBKuTIrXhVrwBeJP6MVNAM9cj9CroJzQRIQznRuuN7qQlzogyjHMblINOQEjokfehYKokAHebFH2N8YpUu7iXKljS4UH9P5ERoPRKx7Zzcque9ifif18lM7zLMmUwzA5JOF/Uyjk2CJ6HgLlNADR9ZQqhi9lZMB0QRamx0ZRuCP//yImmeVX2v6t+eV2pXszhK6BAdo1PkowtUQzeojhqIokf0jF7Rm/PkvDjvzse0dcmZzRygP3A+fwBQLJmV</latexit><latexit sha1_base64="GDrEF48MIk4RFIQJzvoQ/dT1EhI=">AAACB3icbVBNS8NAEN34WetX1KMgi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCb178K148KOLVv+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMMaBKuTIrXhVrwBeJP6MVNAM9cj9CroJzQRIQznRuuN7qQlzogyjHMblINOQEjokfehYKokAHebFH2N8YpUu7iXKljS4UH9P5ERoPRKx7Zzcque9ifif18lM7zLMmUwzA5JOF/Uyjk2CJ6HgLlNADR9ZQqhi9lZMB0QRamx0ZRuCP//yImmeVX2v6t+eV2pXszhK6BAdo1PkowtUQzeojhqIokf0jF7Rm/PkvDjvzse0dcmZzRygP3A+fwBQLJmV</latexit>

CR Spectrum

CR Composition



Marco Muzio (NYU)

�(Xmax)
<latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit><latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit><latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit><latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit>

8Marco Muzio (NYU)

PDG

hXmaxi
<latexit sha1_base64="GDrEF48MIk4RFIQJzvoQ/dT1EhI=">AAACB3icbVBNS8NAEN34WetX1KMgi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCb178K148KOLVv+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMMaBKuTIrXhVrwBeJP6MVNAM9cj9CroJzQRIQznRuuN7qQlzogyjHMblINOQEjokfehYKokAHebFH2N8YpUu7iXKljS4UH9P5ERoPRKx7Zzcque9ifif18lM7zLMmUwzA5JOF/Uyjk2CJ6HgLlNADR9ZQqhi9lZMB0QRamx0ZRuCP//yImmeVX2v6t+eV2pXszhK6BAdo1PkowtUQzeojhqIokf0jF7Rm/PkvDjvzse0dcmZzRygP3A+fwBQLJmV</latexit><latexit sha1_base64="GDrEF48MIk4RFIQJzvoQ/dT1EhI=">AAACB3icbVBNS8NAEN34WetX1KMgi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCb178K148KOLVv+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMMaBKuTIrXhVrwBeJP6MVNAM9cj9CroJzQRIQznRuuN7qQlzogyjHMblINOQEjokfehYKokAHebFH2N8YpUu7iXKljS4UH9P5ERoPRKx7Zzcque9ifif18lM7zLMmUwzA5JOF/Uyjk2CJ6HgLlNADR9ZQqhi9lZMB0QRamx0ZRuCP//yImmeVX2v6t+eV2pXszhK6BAdo1PkowtUQzeojhqIokf0jF7Rm/PkvDjvzse0dcmZzRygP3A+fwBQLJmV</latexit><latexit sha1_base64="GDrEF48MIk4RFIQJzvoQ/dT1EhI=">AAACB3icbVBNS8NAEN34WetX1KMgi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCb178K148KOLVv+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMMaBKuTIrXhVrwBeJP6MVNAM9cj9CroJzQRIQznRuuN7qQlzogyjHMblINOQEjokfehYKokAHebFH2N8YpUu7iXKljS4UH9P5ERoPRKx7Zzcque9ifif18lM7zLMmUwzA5JOF/Uyjk2CJ6HgLlNADR9ZQqhi9lZMB0QRamx0ZRuCP//yImmeVX2v6t+eV2pXszhK6BAdo1PkowtUQzeojhqIokf0jF7Rm/PkvDjvzse0dcmZzRygP3A+fwBQLJmV</latexit><latexit sha1_base64="GDrEF48MIk4RFIQJzvoQ/dT1EhI=">AAACB3icbVBNS8NAEN34WetX1KMgi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCb178K148KOLVv+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMMaBKuTIrXhVrwBeJP6MVNAM9cj9CroJzQRIQznRuuN7qQlzogyjHMblINOQEjokfehYKokAHebFH2N8YpUu7iXKljS4UH9P5ERoPRKx7Zzcque9ifif18lM7zLMmUwzA5JOF/Uyjk2CJ6HgLlNADR9ZQqhi9lZMB0QRamx0ZRuCP//yImmeVX2v6t+eV2pXszhK6BAdo1PkowtUQzeojhqIokf0jF7Rm/PkvDjvzse0dcmZzRygP3A+fwBQLJmV</latexit>

CR Spectrum

CR Composition

What can we learn about 
UHECR source populations 

leveraging spectrum & 
composition data?



Marco Muzio (NYU)

• Unger-Farrar-Anchordoqui model (UFA, 
2015 PRD):


1. Inject CRs into source environment


2. CRs processed by photon 
interactions


3. CRs escape source environment


4. CRs propagate to Earth


• Accounts for observed spectrum      
(>1017.5 eV) & composition (>1017.8 eV)
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�(Xmax)
<latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit><latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit><latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit><latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit>

hXmaxi
<latexit sha1_base64="OaM08Twwb/K7l+RHSZmMsoBVsTs=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCT178K148KOLV3+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMA5UoUZuxat6BfAi8WekgmaoR+5X0E1oJkAayonWHd9LTZgTZRjlMC4HmYaU0CHpQ8dSSQToMC/eGOMTq3RxL1G2pMGF+nsiJ0LrkYht5+RUPe9NxP+8TmZ6l2HOZJoZkHS6qJdxbBI8yQR3mQJq+MgSQhWzt2I6IIpQY5Mr2xD8+ZcXSfOs6ntV//a8UruaxVFCh+gYnSIfXaAaukF11EAUPaJn9IrenCfnxXl3PqatS85s5gD9gfP5A/C5mWs=</latexit><latexit sha1_base64="OaM08Twwb/K7l+RHSZmMsoBVsTs=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCT178K148KOLV3+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMA5UoUZuxat6BfAi8WekgmaoR+5X0E1oJkAayonWHd9LTZgTZRjlMC4HmYaU0CHpQ8dSSQToMC/eGOMTq3RxL1G2pMGF+nsiJ0LrkYht5+RUPe9NxP+8TmZ6l2HOZJoZkHS6qJdxbBI8yQR3mQJq+MgSQhWzt2I6IIpQY5Mr2xD8+ZcXSfOs6ntV//a8UruaxVFCh+gYnSIfXaAaukF11EAUPaJn9IrenCfnxXl3PqatS85s5gD9gfP5A/C5mWs=</latexit><latexit sha1_base64="OaM08Twwb/K7l+RHSZmMsoBVsTs=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCT178K148KOLV3+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMA5UoUZuxat6BfAi8WekgmaoR+5X0E1oJkAayonWHd9LTZgTZRjlMC4HmYaU0CHpQ8dSSQToMC/eGOMTq3RxL1G2pMGF+nsiJ0LrkYht5+RUPe9NxP+8TmZ6l2HOZJoZkHS6qJdxbBI8yQR3mQJq+MgSQhWzt2I6IIpQY5Mr2xD8+ZcXSfOs6ntV//a8UruaxVFCh+gYnSIfXaAaukF11EAUPaJn9IrenCfnxXl3PqatS85s5gD9gfP5A/C5mWs=</latexit><latexit sha1_base64="OaM08Twwb/K7l+RHSZmMsoBVsTs=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCT178K148KOLV3+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMA5UoUZuxat6BfAi8WekgmaoR+5X0E1oJkAayonWHd9LTZgTZRjlMC4HmYaU0CHpQ8dSSQToMC/eGOMTq3RxL1G2pMGF+nsiJ0LrkYht5+RUPe9NxP+8TmZ6l2HOZJoZkHS6qJdxbBI8yQR3mQJq+MgSQhWzt2I6IIpQY5Mr2xD8+ZcXSfOs6ntV//a8UruaxVFCh+gYnSIfXaAaukF11EAUPaJn9IrenCfnxXl3PqatS85s5gD9gfP5A/C5mWs=</latexit>

Muzio, Unger, Farrar PRD (2019)
CR Source Model
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Positive source evolutions slightly favored

What does UFA have to say 
about source evolution?

Positive

Negative

Uniform

SFR

Increasing m
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UHECRs produce 
gamma-rays & neutrinos 
through interactions in 

their source environment 
and in propagation

Marco Muzio (NYU)
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UHECRs produce 
gamma-rays & neutrinos 
through interactions in 

their source environment 
and in propagation

Marco Muzio (NYU)

We can also constrain UHECR 
source environments using

 neutrino & gamma-ray data
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Ahlers, Halzen arXiv:1805.11112
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Ahlers, Halzen arXiv:1805.11112

Well-measured 
UHECR spectrum

above ~0.1 EeV
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Ahlers, Halzen arXiv:1805.11112

Well-measured extragalactic 
gamma-ray background


up to ~TeV
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Ahlers, Halzen arXiv:1805.11112

Astrophysical 
neutrino flux


~100 TeV to ~5 PeV
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Ahlers, Halzen arXiv:1805.11112

Astrophysical 
neutrino flux


~100 TeV to ~5 PeV
No neutrinos 
above ~5 PeV
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Exclude model parameters that violate multimessenger 
bounds, constraining UHECR source environments
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Neutrino signal

Gamma-ray signal

Current Fermi-LAT 
gamma-ray data only 
weakly constraining

Neutrino bounds constrain 
source temperature to be


< 4000 K

(BPL < 500 meV)

Increasing 
temperature
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*composition inferred 
using EPOS-LHC

20

Room for Improvement?

Predicted composition is too heavy & too pure above the ankle

hXmaxi
<latexit sha1_base64="OaM08Twwb/K7l+RHSZmMsoBVsTs=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCT178K148KOLV3+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMA5UoUZuxat6BfAi8WekgmaoR+5X0E1oJkAayonWHd9LTZgTZRjlMC4HmYaU0CHpQ8dSSQToMC/eGOMTq3RxL1G2pMGF+nsiJ0LrkYht5+RUPe9NxP+8TmZ6l2HOZJoZkHS6qJdxbBI8yQR3mQJq+MgSQhWzt2I6IIpQY5Mr2xD8+ZcXSfOs6ntV//a8UruaxVFCh+gYnSIfXaAaukF11EAUPaJn9IrenCfnxXl3PqatS85s5gD9gfP5A/C5mWs=</latexit><latexit sha1_base64="OaM08Twwb/K7l+RHSZmMsoBVsTs=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCT178K148KOLV3+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMA5UoUZuxat6BfAi8WekgmaoR+5X0E1oJkAayonWHd9LTZgTZRjlMC4HmYaU0CHpQ8dSSQToMC/eGOMTq3RxL1G2pMGF+nsiJ0LrkYht5+RUPe9NxP+8TmZ6l2HOZJoZkHS6qJdxbBI8yQR3mQJq+MgSQhWzt2I6IIpQY5Mr2xD8+ZcXSfOs6ntV//a8UruaxVFCh+gYnSIfXaAaukF11EAUPaJn9IrenCfnxXl3PqatS85s5gD9gfP5A/C5mWs=</latexit><latexit sha1_base64="OaM08Twwb/K7l+RHSZmMsoBVsTs=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCT178K148KOLV3+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMA5UoUZuxat6BfAi8WekgmaoR+5X0E1oJkAayonWHd9LTZgTZRjlMC4HmYaU0CHpQ8dSSQToMC/eGOMTq3RxL1G2pMGF+nsiJ0LrkYht5+RUPe9NxP+8TmZ6l2HOZJoZkHS6qJdxbBI8yQR3mQJq+MgSQhWzt2I6IIpQY5Mr2xD8+ZcXSfOs6ntV//a8UruaxVFCh+gYnSIfXaAaukF11EAUPaJn9IrenCfnxXl3PqatS85s5gD9gfP5A/C5mWs=</latexit><latexit sha1_base64="OaM08Twwb/K7l+RHSZmMsoBVsTs=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCT178K148KOLV3+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMA5UoUZuxat6BfAi8WekgmaoR+5X0E1oJkAayonWHd9LTZgTZRjlMC4HmYaU0CHpQ8dSSQToMC/eGOMTq3RxL1G2pMGF+nsiJ0LrkYht5+RUPe9NxP+8TmZ6l2HOZJoZkHS6qJdxbBI8yQR3mQJq+MgSQhWzt2I6IIpQY5Mr2xD8+ZcXSfOs6ntV//a8UruaxVFCh+gYnSIfXaAaukF11EAUPaJn9IrenCfnxXl3PqatS85s5gD9gfP5A/C5mWs=</latexit>

�(Xmax)
<latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit><latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit><latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit><latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit>
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Could there be a pure-proton 
component to the spectrum?

• Pure-proton component:


• Spectral index of -1 escaping 
source


• Exponential cutoff in 10-1000 
EeV range


• Can neutrinos and gamma-rays 
constrain this possibility?

�p ⇠ fpE
�1e�E/EUHEp

max
<latexit sha1_base64="wnM2bA80mYzLBvUDQU1isSW94iE=">AAACHHicbZDLSgMxFIYz3q23qks3wSK4sc6ooEtRCl1WsCp06pBJz9hgMjMkZ6RlmAdx46u4caGIGxeCb2N6WXg7EPLx/+eQnD9MpTDoup/OxOTU9Mzs3HxpYXFpeaW8unZhkkxzaPJEJvoqZAakiKGJAiVcpRqYCiVchrenA//yDrQRSXyO/RTait3EIhKcoZWC8r7f6Iogpb4RikYWatf5jldQsFdttxbkivWK69xH6GHerNeKtCiCcsWtusOif8EbQ4WMqxGU3/1OwjMFMXLJjGl5bortnGkUXEJR8jMDKeO37AZaFmOmwLTz4XIF3bJKh0aJtidGOlS/T+RMGdNXoe1UDLvmtzcQ//NaGUZH7VzEaYYQ89FDUSYpJnSQFO0IDRxl3wLjWti/Ut5lmnG0eZZsCN7vlf/CxV7Vc6ve2UHl+GQcxxzZIJtkm3jkkByTOmmQJuHknjySZ/LiPDhPzqvzNmqdcMYz6+RHOR9f3vehRw==</latexit><latexit sha1_base64="wnM2bA80mYzLBvUDQU1isSW94iE=">AAACHHicbZDLSgMxFIYz3q23qks3wSK4sc6ooEtRCl1WsCp06pBJz9hgMjMkZ6RlmAdx46u4caGIGxeCb2N6WXg7EPLx/+eQnD9MpTDoup/OxOTU9Mzs3HxpYXFpeaW8unZhkkxzaPJEJvoqZAakiKGJAiVcpRqYCiVchrenA//yDrQRSXyO/RTait3EIhKcoZWC8r7f6Iogpb4RikYWatf5jldQsFdttxbkivWK69xH6GHerNeKtCiCcsWtusOif8EbQ4WMqxGU3/1OwjMFMXLJjGl5bortnGkUXEJR8jMDKeO37AZaFmOmwLTz4XIF3bJKh0aJtidGOlS/T+RMGdNXoe1UDLvmtzcQ//NaGUZH7VzEaYYQ89FDUSYpJnSQFO0IDRxl3wLjWti/Ut5lmnG0eZZsCN7vlf/CxV7Vc6ve2UHl+GQcxxzZIJtkm3jkkByTOmmQJuHknjySZ/LiPDhPzqvzNmqdcMYz6+RHOR9f3vehRw==</latexit><latexit sha1_base64="wnM2bA80mYzLBvUDQU1isSW94iE=">AAACHHicbZDLSgMxFIYz3q23qks3wSK4sc6ooEtRCl1WsCp06pBJz9hgMjMkZ6RlmAdx46u4caGIGxeCb2N6WXg7EPLx/+eQnD9MpTDoup/OxOTU9Mzs3HxpYXFpeaW8unZhkkxzaPJEJvoqZAakiKGJAiVcpRqYCiVchrenA//yDrQRSXyO/RTait3EIhKcoZWC8r7f6Iogpb4RikYWatf5jldQsFdttxbkivWK69xH6GHerNeKtCiCcsWtusOif8EbQ4WMqxGU3/1OwjMFMXLJjGl5bortnGkUXEJR8jMDKeO37AZaFmOmwLTz4XIF3bJKh0aJtidGOlS/T+RMGdNXoe1UDLvmtzcQ//NaGUZH7VzEaYYQ89FDUSYpJnSQFO0IDRxl3wLjWti/Ut5lmnG0eZZsCN7vlf/CxV7Vc6ve2UHl+GQcxxzZIJtkm3jkkByTOmmQJuHknjySZ/LiPDhPzqvzNmqdcMYz6+RHOR9f3vehRw==</latexit><latexit sha1_base64="wnM2bA80mYzLBvUDQU1isSW94iE=">AAACHHicbZDLSgMxFIYz3q23qks3wSK4sc6ooEtRCl1WsCp06pBJz9hgMjMkZ6RlmAdx46u4caGIGxeCb2N6WXg7EPLx/+eQnD9MpTDoup/OxOTU9Mzs3HxpYXFpeaW8unZhkkxzaPJEJvoqZAakiKGJAiVcpRqYCiVchrenA//yDrQRSXyO/RTait3EIhKcoZWC8r7f6Iogpb4RikYWatf5jldQsFdttxbkivWK69xH6GHerNeKtCiCcsWtusOif8EbQ4WMqxGU3/1OwjMFMXLJjGl5bortnGkUXEJR8jMDKeO37AZaFmOmwLTz4XIF3bJKh0aJtidGOlS/T+RMGdNXoe1UDLvmtzcQ//NaGUZH7VzEaYYQ89FDUSYpJnSQFO0IDRxl3wLjWti/Ut5lmnG0eZZsCN7vlf/CxV7Vc6ve2UHl+GQcxxzZIJtkm3jkkByTOmmQJuHknjySZ/LiPDhPzqvzNmqdcMYz6+RHOR9f3vehRw==</latexit>

fp =

R1
Eref

E�pdER1
Eref

E(�p + �UFA)dE
<latexit sha1_base64="Rd6TMWzfbL6ctUNfsaMOm6lm6D8="></latexit><latexit sha1_base64="Rd6TMWzfbL6ctUNfsaMOm6lm6D8="></latexit><latexit sha1_base64="Rd6TMWzfbL6ctUNfsaMOm6lm6D8="></latexit><latexit sha1_base64="Rd6TMWzfbL6ctUNfsaMOm6lm6D8="></latexit>

Eref = 1019 eV
<latexit sha1_base64="O1rvBx0NuTpelIyFFoJ+ZLUtXPU=">AAACDHicbVDJSgNBFOyJW4xb1KOXxiB4CjMiqAchKILHCGaBZAw9nTdJk56F7jdiGOYDvPgrXjwo4tUP8Obf2FkOmljQUFTVo98rL5ZCo21/W7mFxaXllfxqYW19Y3OruL1T11GiONR4JCPV9JgGKUKooUAJzVgBCzwJDW9wOfIb96C0iMJbHMbgBqwXCl9whkbqFEtXnXbAsK+CVIGf0XPq2Hepc5bRNsIDphTqmUnZZXsMOk+cKSmRKaqd4le7G/EkgBC5ZFq3HDtGN2UKBZeQFdqJhpjxAetBy9CQBaDddHxMRg+M0qV+pMwLkY7V3xMpC7QeBp5JjhbXs95I/M9rJeifuqkI4wQh5JOP/ERSjOioGdoVCjjKoSGMK2F2pbzPFONo+iuYEpzZk+dJ/ajs2GXn5rhUuZjWkSd7ZJ8cEoeckAq5JlVSI5w8kmfySt6sJ+vFerc+JtGcNZ3ZJX9gff4AReeaeQ==</latexit><latexit sha1_base64="O1rvBx0NuTpelIyFFoJ+ZLUtXPU=">AAACDHicbVDJSgNBFOyJW4xb1KOXxiB4CjMiqAchKILHCGaBZAw9nTdJk56F7jdiGOYDvPgrXjwo4tUP8Obf2FkOmljQUFTVo98rL5ZCo21/W7mFxaXllfxqYW19Y3OruL1T11GiONR4JCPV9JgGKUKooUAJzVgBCzwJDW9wOfIb96C0iMJbHMbgBqwXCl9whkbqFEtXnXbAsK+CVIGf0XPq2Hepc5bRNsIDphTqmUnZZXsMOk+cKSmRKaqd4le7G/EkgBC5ZFq3HDtGN2UKBZeQFdqJhpjxAetBy9CQBaDddHxMRg+M0qV+pMwLkY7V3xMpC7QeBp5JjhbXs95I/M9rJeifuqkI4wQh5JOP/ERSjOioGdoVCjjKoSGMK2F2pbzPFONo+iuYEpzZk+dJ/ajs2GXn5rhUuZjWkSd7ZJ8cEoeckAq5JlVSI5w8kmfySt6sJ+vFerc+JtGcNZ3ZJX9gff4AReeaeQ==</latexit><latexit sha1_base64="O1rvBx0NuTpelIyFFoJ+ZLUtXPU=">AAACDHicbVDJSgNBFOyJW4xb1KOXxiB4CjMiqAchKILHCGaBZAw9nTdJk56F7jdiGOYDvPgrXjwo4tUP8Obf2FkOmljQUFTVo98rL5ZCo21/W7mFxaXllfxqYW19Y3OruL1T11GiONR4JCPV9JgGKUKooUAJzVgBCzwJDW9wOfIb96C0iMJbHMbgBqwXCl9whkbqFEtXnXbAsK+CVIGf0XPq2Hepc5bRNsIDphTqmUnZZXsMOk+cKSmRKaqd4le7G/EkgBC5ZFq3HDtGN2UKBZeQFdqJhpjxAetBy9CQBaDddHxMRg+M0qV+pMwLkY7V3xMpC7QeBp5JjhbXs95I/M9rJeifuqkI4wQh5JOP/ERSjOioGdoVCjjKoSGMK2F2pbzPFONo+iuYEpzZk+dJ/ajs2GXn5rhUuZjWkSd7ZJ8cEoeckAq5JlVSI5w8kmfySt6sJ+vFerc+JtGcNZ3ZJX9gff4AReeaeQ==</latexit><latexit sha1_base64="O1rvBx0NuTpelIyFFoJ+ZLUtXPU=">AAACDHicbVDJSgNBFOyJW4xb1KOXxiB4CjMiqAchKILHCGaBZAw9nTdJk56F7jdiGOYDvPgrXjwo4tUP8Obf2FkOmljQUFTVo98rL5ZCo21/W7mFxaXllfxqYW19Y3OruL1T11GiONR4JCPV9JgGKUKooUAJzVgBCzwJDW9wOfIb96C0iMJbHMbgBqwXCl9whkbqFEtXnXbAsK+CVIGf0XPq2Hepc5bRNsIDphTqmUnZZXsMOk+cKSmRKaqd4le7G/EkgBC5ZFq3HDtGN2UKBZeQFdqJhpjxAetBy9CQBaDddHxMRg+M0qV+pMwLkY7V3xMpC7QeBp5JjhbXs95I/M9rJeifuqkI4wQh5JOP/ERSjOioGdoVCjjKoSGMK2F2pbzPFONo+iuYEpzZk+dJ/ajs2GXn5rhUuZjWkSd7ZJ8cEoeckAq5JlVSI5w8kmfySt6sJ+vFerc+JtGcNZ3ZJX9gff4AReeaeQ==</latexit>

Measures strength of pure-
proton component as:
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Could there be a pure-proton 
component to the spectrum?

• Pure-proton component:


• Spectral index of -1 escaping 
source


• Exponential cutoff in 10-1000 
EeV range

�p ⇠ fpE
�1e�E/EUHEp

max
<latexit sha1_base64="wnM2bA80mYzLBvUDQU1isSW94iE=">AAACHHicbZDLSgMxFIYz3q23qks3wSK4sc6ooEtRCl1WsCp06pBJz9hgMjMkZ6RlmAdx46u4caGIGxeCb2N6WXg7EPLx/+eQnD9MpTDoup/OxOTU9Mzs3HxpYXFpeaW8unZhkkxzaPJEJvoqZAakiKGJAiVcpRqYCiVchrenA//yDrQRSXyO/RTait3EIhKcoZWC8r7f6Iogpb4RikYWatf5jldQsFdttxbkivWK69xH6GHerNeKtCiCcsWtusOif8EbQ4WMqxGU3/1OwjMFMXLJjGl5bortnGkUXEJR8jMDKeO37AZaFmOmwLTz4XIF3bJKh0aJtidGOlS/T+RMGdNXoe1UDLvmtzcQ//NaGUZH7VzEaYYQ89FDUSYpJnSQFO0IDRxl3wLjWti/Ut5lmnG0eZZsCN7vlf/CxV7Vc6ve2UHl+GQcxxzZIJtkm3jkkByTOmmQJuHknjySZ/LiPDhPzqvzNmqdcMYz6+RHOR9f3vehRw==</latexit><latexit sha1_base64="wnM2bA80mYzLBvUDQU1isSW94iE=">AAACHHicbZDLSgMxFIYz3q23qks3wSK4sc6ooEtRCl1WsCp06pBJz9hgMjMkZ6RlmAdx46u4caGIGxeCb2N6WXg7EPLx/+eQnD9MpTDoup/OxOTU9Mzs3HxpYXFpeaW8unZhkkxzaPJEJvoqZAakiKGJAiVcpRqYCiVchrenA//yDrQRSXyO/RTait3EIhKcoZWC8r7f6Iogpb4RikYWatf5jldQsFdttxbkivWK69xH6GHerNeKtCiCcsWtusOif8EbQ4WMqxGU3/1OwjMFMXLJjGl5bortnGkUXEJR8jMDKeO37AZaFmOmwLTz4XIF3bJKh0aJtidGOlS/T+RMGdNXoe1UDLvmtzcQ//NaGUZH7VzEaYYQ89FDUSYpJnSQFO0IDRxl3wLjWti/Ut5lmnG0eZZsCN7vlf/CxV7Vc6ve2UHl+GQcxxzZIJtkm3jkkByTOmmQJuHknjySZ/LiPDhPzqvzNmqdcMYz6+RHOR9f3vehRw==</latexit><latexit sha1_base64="wnM2bA80mYzLBvUDQU1isSW94iE=">AAACHHicbZDLSgMxFIYz3q23qks3wSK4sc6ooEtRCl1WsCp06pBJz9hgMjMkZ6RlmAdx46u4caGIGxeCb2N6WXg7EPLx/+eQnD9MpTDoup/OxOTU9Mzs3HxpYXFpeaW8unZhkkxzaPJEJvoqZAakiKGJAiVcpRqYCiVchrenA//yDrQRSXyO/RTait3EIhKcoZWC8r7f6Iogpb4RikYWatf5jldQsFdttxbkivWK69xH6GHerNeKtCiCcsWtusOif8EbQ4WMqxGU3/1OwjMFMXLJjGl5bortnGkUXEJR8jMDKeO37AZaFmOmwLTz4XIF3bJKh0aJtidGOlS/T+RMGdNXoe1UDLvmtzcQ//NaGUZH7VzEaYYQ89FDUSYpJnSQFO0IDRxl3wLjWti/Ut5lmnG0eZZsCN7vlf/CxV7Vc6ve2UHl+GQcxxzZIJtkm3jkkByTOmmQJuHknjySZ/LiPDhPzqvzNmqdcMYz6+RHOR9f3vehRw==</latexit><latexit sha1_base64="wnM2bA80mYzLBvUDQU1isSW94iE=">AAACHHicbZDLSgMxFIYz3q23qks3wSK4sc6ooEtRCl1WsCp06pBJz9hgMjMkZ6RlmAdx46u4caGIGxeCb2N6WXg7EPLx/+eQnD9MpTDoup/OxOTU9Mzs3HxpYXFpeaW8unZhkkxzaPJEJvoqZAakiKGJAiVcpRqYCiVchrenA//yDrQRSXyO/RTait3EIhKcoZWC8r7f6Iogpb4RikYWatf5jldQsFdttxbkivWK69xH6GHerNeKtCiCcsWtusOif8EbQ4WMqxGU3/1OwjMFMXLJjGl5bortnGkUXEJR8jMDKeO37AZaFmOmwLTz4XIF3bJKh0aJtidGOlS/T+RMGdNXoe1UDLvmtzcQ//NaGUZH7VzEaYYQ89FDUSYpJnSQFO0IDRxl3wLjWti/Ut5lmnG0eZZsCN7vlf/CxV7Vc6ve2UHl+GQcxxzZIJtkm3jkkByTOmmQJuHknjySZ/LiPDhPzqvzNmqdcMYz6+RHOR9f3vehRw==</latexit>

fp =

R1
Eref

E�pdER1
Eref

E(�p + �UFA)dE
<latexit sha1_base64="Rd6TMWzfbL6ctUNfsaMOm6lm6D8="></latexit><latexit sha1_base64="Rd6TMWzfbL6ctUNfsaMOm6lm6D8="></latexit><latexit sha1_base64="Rd6TMWzfbL6ctUNfsaMOm6lm6D8="></latexit><latexit sha1_base64="Rd6TMWzfbL6ctUNfsaMOm6lm6D8="></latexit>

Eref = 1019 eV
<latexit sha1_base64="O1rvBx0NuTpelIyFFoJ+ZLUtXPU=">AAACDHicbVDJSgNBFOyJW4xb1KOXxiB4CjMiqAchKILHCGaBZAw9nTdJk56F7jdiGOYDvPgrXjwo4tUP8Obf2FkOmljQUFTVo98rL5ZCo21/W7mFxaXllfxqYW19Y3OruL1T11GiONR4JCPV9JgGKUKooUAJzVgBCzwJDW9wOfIb96C0iMJbHMbgBqwXCl9whkbqFEtXnXbAsK+CVIGf0XPq2Hepc5bRNsIDphTqmUnZZXsMOk+cKSmRKaqd4le7G/EkgBC5ZFq3HDtGN2UKBZeQFdqJhpjxAetBy9CQBaDddHxMRg+M0qV+pMwLkY7V3xMpC7QeBp5JjhbXs95I/M9rJeifuqkI4wQh5JOP/ERSjOioGdoVCjjKoSGMK2F2pbzPFONo+iuYEpzZk+dJ/ajs2GXn5rhUuZjWkSd7ZJ8cEoeckAq5JlVSI5w8kmfySt6sJ+vFerc+JtGcNZ3ZJX9gff4AReeaeQ==</latexit><latexit sha1_base64="O1rvBx0NuTpelIyFFoJ+ZLUtXPU=">AAACDHicbVDJSgNBFOyJW4xb1KOXxiB4CjMiqAchKILHCGaBZAw9nTdJk56F7jdiGOYDvPgrXjwo4tUP8Obf2FkOmljQUFTVo98rL5ZCo21/W7mFxaXllfxqYW19Y3OruL1T11GiONR4JCPV9JgGKUKooUAJzVgBCzwJDW9wOfIb96C0iMJbHMbgBqwXCl9whkbqFEtXnXbAsK+CVIGf0XPq2Hepc5bRNsIDphTqmUnZZXsMOk+cKSmRKaqd4le7G/EkgBC5ZFq3HDtGN2UKBZeQFdqJhpjxAetBy9CQBaDddHxMRg+M0qV+pMwLkY7V3xMpC7QeBp5JjhbXs95I/M9rJeifuqkI4wQh5JOP/ERSjOioGdoVCjjKoSGMK2F2pbzPFONo+iuYEpzZk+dJ/ajs2GXn5rhUuZjWkSd7ZJ8cEoeckAq5JlVSI5w8kmfySt6sJ+vFerc+JtGcNZ3ZJX9gff4AReeaeQ==</latexit><latexit sha1_base64="O1rvBx0NuTpelIyFFoJ+ZLUtXPU=">AAACDHicbVDJSgNBFOyJW4xb1KOXxiB4CjMiqAchKILHCGaBZAw9nTdJk56F7jdiGOYDvPgrXjwo4tUP8Obf2FkOmljQUFTVo98rL5ZCo21/W7mFxaXllfxqYW19Y3OruL1T11GiONR4JCPV9JgGKUKooUAJzVgBCzwJDW9wOfIb96C0iMJbHMbgBqwXCl9whkbqFEtXnXbAsK+CVIGf0XPq2Hepc5bRNsIDphTqmUnZZXsMOk+cKSmRKaqd4le7G/EkgBC5ZFq3HDtGN2UKBZeQFdqJhpjxAetBy9CQBaDddHxMRg+M0qV+pMwLkY7V3xMpC7QeBp5JjhbXs95I/M9rJeifuqkI4wQh5JOP/ERSjOioGdoVCjjKoSGMK2F2pbzPFONo+iuYEpzZk+dJ/ajs2GXn5rhUuZjWkSd7ZJ8cEoeckAq5JlVSI5w8kmfySt6sJ+vFerc+JtGcNZ3ZJX9gff4AReeaeQ==</latexit><latexit sha1_base64="O1rvBx0NuTpelIyFFoJ+ZLUtXPU=">AAACDHicbVDJSgNBFOyJW4xb1KOXxiB4CjMiqAchKILHCGaBZAw9nTdJk56F7jdiGOYDvPgrXjwo4tUP8Obf2FkOmljQUFTVo98rL5ZCo21/W7mFxaXllfxqYW19Y3OruL1T11GiONR4JCPV9JgGKUKooUAJzVgBCzwJDW9wOfIb96C0iMJbHMbgBqwXCl9whkbqFEtXnXbAsK+CVIGf0XPq2Hepc5bRNsIDphTqmUnZZXsMOk+cKSmRKaqd4le7G/EkgBC5ZFq3HDtGN2UKBZeQFdqJhpjxAetBy9CQBaDddHxMRg+M0qV+pMwLkY7V3xMpC7QeBp5JjhbXs95I/M9rJeifuqkI4wQh5JOP/ERSjOioGdoVCjjKoSGMK2F2pbzPFONo+iuYEpzZk+dJ/ajs2GXn5rhUuZjWkSd7ZJ8cEoeckAq5JlVSI5w8kmfySt6sJ+vFerc+JtGcNZ3ZJX9gff4AReeaeQ==</latexit>

Measures strength of pure-
proton component as:

*composition inferred 
using EPOS-LHC
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Could there be a pure-proton 
component to the spectrum?

• Pure-proton component:


• Spectral index of -1 escaping 
source


• Exponential cutoff in 10-1000 
EeV range

�p ⇠ fpE
�1e�E/EUHEp

max
<latexit sha1_base64="wnM2bA80mYzLBvUDQU1isSW94iE=">AAACHHicbZDLSgMxFIYz3q23qks3wSK4sc6ooEtRCl1WsCp06pBJz9hgMjMkZ6RlmAdx46u4caGIGxeCb2N6WXg7EPLx/+eQnD9MpTDoup/OxOTU9Mzs3HxpYXFpeaW8unZhkkxzaPJEJvoqZAakiKGJAiVcpRqYCiVchrenA//yDrQRSXyO/RTait3EIhKcoZWC8r7f6Iogpb4RikYWatf5jldQsFdttxbkivWK69xH6GHerNeKtCiCcsWtusOif8EbQ4WMqxGU3/1OwjMFMXLJjGl5bortnGkUXEJR8jMDKeO37AZaFmOmwLTz4XIF3bJKh0aJtidGOlS/T+RMGdNXoe1UDLvmtzcQ//NaGUZH7VzEaYYQ89FDUSYpJnSQFO0IDRxl3wLjWti/Ut5lmnG0eZZsCN7vlf/CxV7Vc6ve2UHl+GQcxxzZIJtkm3jkkByTOmmQJuHknjySZ/LiPDhPzqvzNmqdcMYz6+RHOR9f3vehRw==</latexit><latexit sha1_base64="wnM2bA80mYzLBvUDQU1isSW94iE=">AAACHHicbZDLSgMxFIYz3q23qks3wSK4sc6ooEtRCl1WsCp06pBJz9hgMjMkZ6RlmAdx46u4caGIGxeCb2N6WXg7EPLx/+eQnD9MpTDoup/OxOTU9Mzs3HxpYXFpeaW8unZhkkxzaPJEJvoqZAakiKGJAiVcpRqYCiVchrenA//yDrQRSXyO/RTait3EIhKcoZWC8r7f6Iogpb4RikYWatf5jldQsFdttxbkivWK69xH6GHerNeKtCiCcsWtusOif8EbQ4WMqxGU3/1OwjMFMXLJjGl5bortnGkUXEJR8jMDKeO37AZaFmOmwLTz4XIF3bJKh0aJtidGOlS/T+RMGdNXoe1UDLvmtzcQ//NaGUZH7VzEaYYQ89FDUSYpJnSQFO0IDRxl3wLjWti/Ut5lmnG0eZZsCN7vlf/CxV7Vc6ve2UHl+GQcxxzZIJtkm3jkkByTOmmQJuHknjySZ/LiPDhPzqvzNmqdcMYz6+RHOR9f3vehRw==</latexit><latexit sha1_base64="wnM2bA80mYzLBvUDQU1isSW94iE=">AAACHHicbZDLSgMxFIYz3q23qks3wSK4sc6ooEtRCl1WsCp06pBJz9hgMjMkZ6RlmAdx46u4caGIGxeCb2N6WXg7EPLx/+eQnD9MpTDoup/OxOTU9Mzs3HxpYXFpeaW8unZhkkxzaPJEJvoqZAakiKGJAiVcpRqYCiVchrenA//yDrQRSXyO/RTait3EIhKcoZWC8r7f6Iogpb4RikYWatf5jldQsFdttxbkivWK69xH6GHerNeKtCiCcsWtusOif8EbQ4WMqxGU3/1OwjMFMXLJjGl5bortnGkUXEJR8jMDKeO37AZaFmOmwLTz4XIF3bJKh0aJtidGOlS/T+RMGdNXoe1UDLvmtzcQ//NaGUZH7VzEaYYQ89FDUSYpJnSQFO0IDRxl3wLjWti/Ut5lmnG0eZZsCN7vlf/CxV7Vc6ve2UHl+GQcxxzZIJtkm3jkkByTOmmQJuHknjySZ/LiPDhPzqvzNmqdcMYz6+RHOR9f3vehRw==</latexit><latexit sha1_base64="wnM2bA80mYzLBvUDQU1isSW94iE=">AAACHHicbZDLSgMxFIYz3q23qks3wSK4sc6ooEtRCl1WsCp06pBJz9hgMjMkZ6RlmAdx46u4caGIGxeCb2N6WXg7EPLx/+eQnD9MpTDoup/OxOTU9Mzs3HxpYXFpeaW8unZhkkxzaPJEJvoqZAakiKGJAiVcpRqYCiVchrenA//yDrQRSXyO/RTait3EIhKcoZWC8r7f6Iogpb4RikYWatf5jldQsFdttxbkivWK69xH6GHerNeKtCiCcsWtusOif8EbQ4WMqxGU3/1OwjMFMXLJjGl5bortnGkUXEJR8jMDKeO37AZaFmOmwLTz4XIF3bJKh0aJtidGOlS/T+RMGdNXoe1UDLvmtzcQ//NaGUZH7VzEaYYQ89FDUSYpJnSQFO0IDRxl3wLjWti/Ut5lmnG0eZZsCN7vlf/CxV7Vc6ve2UHl+GQcxxzZIJtkm3jkkByTOmmQJuHknjySZ/LiPDhPzqvzNmqdcMYz6+RHOR9f3vehRw==</latexit>

fp =

R1
Eref

E�pdER1
Eref

E(�p + �UFA)dE
<latexit sha1_base64="Rd6TMWzfbL6ctUNfsaMOm6lm6D8="></latexit><latexit sha1_base64="Rd6TMWzfbL6ctUNfsaMOm6lm6D8="></latexit><latexit sha1_base64="Rd6TMWzfbL6ctUNfsaMOm6lm6D8="></latexit><latexit sha1_base64="Rd6TMWzfbL6ctUNfsaMOm6lm6D8="></latexit>

Eref = 1019 eV
<latexit sha1_base64="O1rvBx0NuTpelIyFFoJ+ZLUtXPU=">AAACDHicbVDJSgNBFOyJW4xb1KOXxiB4CjMiqAchKILHCGaBZAw9nTdJk56F7jdiGOYDvPgrXjwo4tUP8Obf2FkOmljQUFTVo98rL5ZCo21/W7mFxaXllfxqYW19Y3OruL1T11GiONR4JCPV9JgGKUKooUAJzVgBCzwJDW9wOfIb96C0iMJbHMbgBqwXCl9whkbqFEtXnXbAsK+CVIGf0XPq2Hepc5bRNsIDphTqmUnZZXsMOk+cKSmRKaqd4le7G/EkgBC5ZFq3HDtGN2UKBZeQFdqJhpjxAetBy9CQBaDddHxMRg+M0qV+pMwLkY7V3xMpC7QeBp5JjhbXs95I/M9rJeifuqkI4wQh5JOP/ERSjOioGdoVCjjKoSGMK2F2pbzPFONo+iuYEpzZk+dJ/ajs2GXn5rhUuZjWkSd7ZJ8cEoeckAq5JlVSI5w8kmfySt6sJ+vFerc+JtGcNZ3ZJX9gff4AReeaeQ==</latexit><latexit sha1_base64="O1rvBx0NuTpelIyFFoJ+ZLUtXPU=">AAACDHicbVDJSgNBFOyJW4xb1KOXxiB4CjMiqAchKILHCGaBZAw9nTdJk56F7jdiGOYDvPgrXjwo4tUP8Obf2FkOmljQUFTVo98rL5ZCo21/W7mFxaXllfxqYW19Y3OruL1T11GiONR4JCPV9JgGKUKooUAJzVgBCzwJDW9wOfIb96C0iMJbHMbgBqwXCl9whkbqFEtXnXbAsK+CVIGf0XPq2Hepc5bRNsIDphTqmUnZZXsMOk+cKSmRKaqd4le7G/EkgBC5ZFq3HDtGN2UKBZeQFdqJhpjxAetBy9CQBaDddHxMRg+M0qV+pMwLkY7V3xMpC7QeBp5JjhbXs95I/M9rJeifuqkI4wQh5JOP/ERSjOioGdoVCjjKoSGMK2F2pbzPFONo+iuYEpzZk+dJ/ajs2GXn5rhUuZjWkSd7ZJ8cEoeckAq5JlVSI5w8kmfySt6sJ+vFerc+JtGcNZ3ZJX9gff4AReeaeQ==</latexit><latexit sha1_base64="O1rvBx0NuTpelIyFFoJ+ZLUtXPU=">AAACDHicbVDJSgNBFOyJW4xb1KOXxiB4CjMiqAchKILHCGaBZAw9nTdJk56F7jdiGOYDvPgrXjwo4tUP8Obf2FkOmljQUFTVo98rL5ZCo21/W7mFxaXllfxqYW19Y3OruL1T11GiONR4JCPV9JgGKUKooUAJzVgBCzwJDW9wOfIb96C0iMJbHMbgBqwXCl9whkbqFEtXnXbAsK+CVIGf0XPq2Hepc5bRNsIDphTqmUnZZXsMOk+cKSmRKaqd4le7G/EkgBC5ZFq3HDtGN2UKBZeQFdqJhpjxAetBy9CQBaDddHxMRg+M0qV+pMwLkY7V3xMpC7QeBp5JjhbXs95I/M9rJeifuqkI4wQh5JOP/ERSjOioGdoVCjjKoSGMK2F2pbzPFONo+iuYEpzZk+dJ/ajs2GXn5rhUuZjWkSd7ZJ8cEoeckAq5JlVSI5w8kmfySt6sJ+vFerc+JtGcNZ3ZJX9gff4AReeaeQ==</latexit><latexit sha1_base64="O1rvBx0NuTpelIyFFoJ+ZLUtXPU=">AAACDHicbVDJSgNBFOyJW4xb1KOXxiB4CjMiqAchKILHCGaBZAw9nTdJk56F7jdiGOYDvPgrXjwo4tUP8Obf2FkOmljQUFTVo98rL5ZCo21/W7mFxaXllfxqYW19Y3OruL1T11GiONR4JCPV9JgGKUKooUAJzVgBCzwJDW9wOfIb96C0iMJbHMbgBqwXCl9whkbqFEtXnXbAsK+CVIGf0XPq2Hepc5bRNsIDphTqmUnZZXsMOk+cKSmRKaqd4le7G/EkgBC5ZFq3HDtGN2UKBZeQFdqJhpjxAetBy9CQBaDddHxMRg+M0qV+pMwLkY7V3xMpC7QeBp5JjhbXs95I/M9rJeifuqkI4wQh5JOP/ERSjOioGdoVCjjKoSGMK2F2pbzPFONo+iuYEpzZk+dJ/ajs2GXn5rhUuZjWkSd7ZJ8cEoeckAq5JlVSI5w8kmfySt6sJ+vFerc+JtGcNZ3ZJX9gff4AReeaeQ==</latexit>

Measures strength of pure-
proton component as:

*composition inferred 
using EPOS-LHC
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pure-proton 
component

Fit improved 
compared to no 

pure-proton 
component

*Actual improvement is hadronic 
interaction model dependentCutoff Energy
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Range of neutrino signals in 
allowed parameter space
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Future neutrino detectors 
will constrain/discover 
pure-proton component

Range of neutrino signals in 
allowed parameter space
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All hadronic interaction 
models are compatible with 

> 10% CRs above 50 EeV 
being protons

Observed high energy protons

*Maximum proton signal 
compatible with data
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Summary: Part I
• UFA framework gives excellent fit to all 

UHECR data (spectrum & composition)


• Pure-proton component of 10-1000 EeV CRs 
escaping source improves fit


• Predicts possibility of >10 EV rigidity protons 
& >10% protons above 50 EeV


• Future neutrino & mass sensitive UHECR 
experiments (e.g. AugerPrime & POEMMA) 
can constrain this possibility


• Source temperatures > 4000 K (peak 
energies > 500 meV) excluded by neutrino 
data


• Current gamma-ray data crucial in evidence 
against pure-proton CR models

*best-fit models with 2nd proton component 

MM et al (2019)

arXiv:1906.06233
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Ahlers, Halzen arXiv:1805.11112
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Ahlers, Halzen arXiv:1805.11112

Could astrophysical neutrinos have 
common origin with UHECRS?
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• This work


• Addition of gas in source 
environment (single zone) — 
hadronic interactions


• Calculated interaction matrices 
with CRMC using Sibyll2.3c and 
EPOS-LHC

• Realistic rigidity-dependent 
diffusion coefficient, allowing for 
transition between diffusive, Bohm, 
& ballistic regimes 

31

Magnetized
environment around source

,

characterized by TE & Epcot

t

I
*

E¥mTXnn .

←* w

original

"

UFA 15

"

:
 photon field

only ,

fit CR s

MU F 19 : t V & O 's
j

hi E proton source ; . . .

M F U 20 :
-

gas
and photon

field=mE¥nEfadiffusion
& interactions

• Model doesn’t rely on specific astrophysical model


• Model parameters (10 EeV Fe-56 as the reference)


• Average # interactions


• Ratio of photon-to- 
gas interactions


• Preferred astrophysical properties constrained by 
model parameters

hNinti
<latexit sha1_base64="+wMsnwbUIR74JyJjcnI1hw5m5HQ=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KokIuiy6MaVVLAPaEKYTCft0MkkzNwIpWTjr7hxoYhbP8Odf+M0zUJbDwycOedeZs4JU8E1OM63VVlZXVvfqG7WtrZ3dvfs/YOOTjJFWZsmIlG9kGgmuGRt4CBYL1WMxKFg3XB8M/O7j0xpnsgHmKTMj8lQ8ohTAkYK7CNPEDkUDN8FUy4hx54q7oFddxpOAbxM3JLUUYlWYH95g4RmMZNABdG67zop+FOigFPB8pqXaZYSOiZD1jdUkphpf1oEyPGpUQY4SpQ5EnCh/t6YkljrSRyayZjASC96M/E/r59BdOWbYGkGTNL5Q1EmMCR41gYecMUoiIkhhCpu/orpiChCwXRWMyW4i5GXSee84ToN9/6i3rwu66iiY3SCzpCLLlET3aIWaiOKcvSMXtGb9WS9WO/Wx3y0YpU7h+gPrM8fmMeWZQ==</latexit><latexit sha1_base64="+wMsnwbUIR74JyJjcnI1hw5m5HQ=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KokIuiy6MaVVLAPaEKYTCft0MkkzNwIpWTjr7hxoYhbP8Odf+M0zUJbDwycOedeZs4JU8E1OM63VVlZXVvfqG7WtrZ3dvfs/YOOTjJFWZsmIlG9kGgmuGRt4CBYL1WMxKFg3XB8M/O7j0xpnsgHmKTMj8lQ8ohTAkYK7CNPEDkUDN8FUy4hx54q7oFddxpOAbxM3JLUUYlWYH95g4RmMZNABdG67zop+FOigFPB8pqXaZYSOiZD1jdUkphpf1oEyPGpUQY4SpQ5EnCh/t6YkljrSRyayZjASC96M/E/r59BdOWbYGkGTNL5Q1EmMCR41gYecMUoiIkhhCpu/orpiChCwXRWMyW4i5GXSee84ToN9/6i3rwu66iiY3SCzpCLLlET3aIWaiOKcvSMXtGb9WS9WO/Wx3y0YpU7h+gPrM8fmMeWZQ==</latexit><latexit sha1_base64="+wMsnwbUIR74JyJjcnI1hw5m5HQ=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KokIuiy6MaVVLAPaEKYTCft0MkkzNwIpWTjr7hxoYhbP8Odf+M0zUJbDwycOedeZs4JU8E1OM63VVlZXVvfqG7WtrZ3dvfs/YOOTjJFWZsmIlG9kGgmuGRt4CBYL1WMxKFg3XB8M/O7j0xpnsgHmKTMj8lQ8ohTAkYK7CNPEDkUDN8FUy4hx54q7oFddxpOAbxM3JLUUYlWYH95g4RmMZNABdG67zop+FOigFPB8pqXaZYSOiZD1jdUkphpf1oEyPGpUQY4SpQ5EnCh/t6YkljrSRyayZjASC96M/E/r59BdOWbYGkGTNL5Q1EmMCR41gYecMUoiIkhhCpu/orpiChCwXRWMyW4i5GXSee84ToN9/6i3rwu66iiY3SCzpCLLlET3aIWaiOKcvSMXtGb9WS9WO/Wx3y0YpU7h+gPrM8fmMeWZQ==</latexit><latexit sha1_base64="+wMsnwbUIR74JyJjcnI1hw5m5HQ=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KokIuiy6MaVVLAPaEKYTCft0MkkzNwIpWTjr7hxoYhbP8Odf+M0zUJbDwycOedeZs4JU8E1OM63VVlZXVvfqG7WtrZ3dvfs/YOOTjJFWZsmIlG9kGgmuGRt4CBYL1WMxKFg3XB8M/O7j0xpnsgHmKTMj8lQ8ohTAkYK7CNPEDkUDN8FUy4hx54q7oFddxpOAbxM3JLUUYlWYH95g4RmMZNABdG67zop+FOigFPB8pqXaZYSOiZD1jdUkphpf1oEyPGpUQY4SpQ5EnCh/t6YkljrSRyayZjASC96M/E/r59BdOWbYGkGTNL5Q1EmMCR41gYecMUoiIkhhCpu/orpiChCwXRWMyW4i5GXSee84ToN9/6i3rwu66iiY3SCzpCLLlET3aIWaiOKcvSMXtGb9WS9WO/Wx3y0YpU7h+gPrM8fmMeWZQ==</latexit>

hN�
inti

hNp
inti

<latexit sha1_base64="m9YcjO34oGldFs/rWm3E9duKn+w=">AAACKXicbVDLSgMxFM3UV62vqks3wSK4KjMi6LLoxpVUsA/ojOVOmmlDk8yQZIQy9Hfc+CtuFBR164+YtrOorQcCh3PuTXJOmHCmjet+OYWV1bX1jeJmaWt7Z3evvH/Q1HGqCG2QmMeqHYKmnEnaMMxw2k4UBRFy2gqH1xO/9UiVZrG8N6OEBgL6kkWMgLFSt1zzIwUk8znIPqf49sHvgxDQzZg0Y+yrqTye85MFq1uuuFV3CrxMvJxUUI56t/zm92KSCioN4aB1x3MTE2SgDCP2vpKfapoAGUKfdiyVIKgOsmnSMT6xSg9HsbJHGjxV5zcyEFqPRGgnBZiBXvQm4n9eJzXRZWCTJamhksweilKOTYwnteEeU5QYPrIEiGL2r5gMwFZnbLklW4K3GHmZNM+qnlv17s4rtau8jiI6QsfoFHnoAtXQDaqjBiLoCb2gd/ThPDuvzqfzPRstOPnOIfoD5+cX84ioRg==</latexit><latexit sha1_base64="m9YcjO34oGldFs/rWm3E9duKn+w=">AAACKXicbVDLSgMxFM3UV62vqks3wSK4KjMi6LLoxpVUsA/ojOVOmmlDk8yQZIQy9Hfc+CtuFBR164+YtrOorQcCh3PuTXJOmHCmjet+OYWV1bX1jeJmaWt7Z3evvH/Q1HGqCG2QmMeqHYKmnEnaMMxw2k4UBRFy2gqH1xO/9UiVZrG8N6OEBgL6kkWMgLFSt1zzIwUk8znIPqf49sHvgxDQzZg0Y+yrqTye85MFq1uuuFV3CrxMvJxUUI56t/zm92KSCioN4aB1x3MTE2SgDCP2vpKfapoAGUKfdiyVIKgOsmnSMT6xSg9HsbJHGjxV5zcyEFqPRGgnBZiBXvQm4n9eJzXRZWCTJamhksweilKOTYwnteEeU5QYPrIEiGL2r5gMwFZnbLklW4K3GHmZNM+qnlv17s4rtau8jiI6QsfoFHnoAtXQDaqjBiLoCb2gd/ThPDuvzqfzPRstOPnOIfoD5+cX84ioRg==</latexit><latexit sha1_base64="m9YcjO34oGldFs/rWm3E9duKn+w=">AAACKXicbVDLSgMxFM3UV62vqks3wSK4KjMi6LLoxpVUsA/ojOVOmmlDk8yQZIQy9Hfc+CtuFBR164+YtrOorQcCh3PuTXJOmHCmjet+OYWV1bX1jeJmaWt7Z3evvH/Q1HGqCG2QmMeqHYKmnEnaMMxw2k4UBRFy2gqH1xO/9UiVZrG8N6OEBgL6kkWMgLFSt1zzIwUk8znIPqf49sHvgxDQzZg0Y+yrqTye85MFq1uuuFV3CrxMvJxUUI56t/zm92KSCioN4aB1x3MTE2SgDCP2vpKfapoAGUKfdiyVIKgOsmnSMT6xSg9HsbJHGjxV5zcyEFqPRGgnBZiBXvQm4n9eJzXRZWCTJamhksweilKOTYwnteEeU5QYPrIEiGL2r5gMwFZnbLklW4K3GHmZNM+qnlv17s4rtau8jiI6QsfoFHnoAtXQDaqjBiLoCb2gd/ThPDuvzqfzPRstOPnOIfoD5+cX84ioRg==</latexit><latexit sha1_base64="m9YcjO34oGldFs/rWm3E9duKn+w=">AAACKXicbVDLSgMxFM3UV62vqks3wSK4KjMi6LLoxpVUsA/ojOVOmmlDk8yQZIQy9Hfc+CtuFBR164+YtrOorQcCh3PuTXJOmHCmjet+OYWV1bX1jeJmaWt7Z3evvH/Q1HGqCG2QmMeqHYKmnEnaMMxw2k4UBRFy2gqH1xO/9UiVZrG8N6OEBgL6kkWMgLFSt1zzIwUk8znIPqf49sHvgxDQzZg0Y+yrqTye85MFq1uuuFV3CrxMvJxUUI56t/zm92KSCioN4aB1x3MTE2SgDCP2vpKfapoAGUKfdiyVIKgOsmnSMT6xSg9HsbJHGjxV5zcyEFqPRGgnBZiBXvQm4n9eJzXRZWCTJamhksweilKOTYwnteEeU5QYPrIEiGL2r5gMwFZnbLklW4K3GHmZNM+qnlv17s4rtau8jiI6QsfoFHnoAtXQDaqjBiLoCb2gd/ThPDuvzqfzPRstOPnOIfoD5+cX84ioRg==</latexit>

What about gas in the source 
environment?
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Both gas- and photon-dominated 
sources can give good fits to CR data

�(Xmax)
<latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit><latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit><latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit><latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit>

hXmaxi
<latexit sha1_base64="OaM08Twwb/K7l+RHSZmMsoBVsTs=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCT178K148KOLV3+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMA5UoUZuxat6BfAi8WekgmaoR+5X0E1oJkAayonWHd9LTZgTZRjlMC4HmYaU0CHpQ8dSSQToMC/eGOMTq3RxL1G2pMGF+nsiJ0LrkYht5+RUPe9NxP+8TmZ6l2HOZJoZkHS6qJdxbBI8yQR3mQJq+MgSQhWzt2I6IIpQY5Mr2xD8+ZcXSfOs6ntV//a8UruaxVFCh+gYnSIfXaAaukF11EAUPaJn9IrenCfnxXl3PqatS85s5gD9gfP5A/C5mWs=</latexit><latexit sha1_base64="OaM08Twwb/K7l+RHSZmMsoBVsTs=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCT178K148KOLV3+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMA5UoUZuxat6BfAi8WekgmaoR+5X0E1oJkAayonWHd9LTZgTZRjlMC4HmYaU0CHpQ8dSSQToMC/eGOMTq3RxL1G2pMGF+nsiJ0LrkYht5+RUPe9NxP+8TmZ6l2HOZJoZkHS6qJdxbBI8yQR3mQJq+MgSQhWzt2I6IIpQY5Mr2xD8+ZcXSfOs6ntV//a8UruaxVFCh+gYnSIfXaAaukF11EAUPaJn9IrenCfnxXl3PqatS85s5gD9gfP5A/C5mWs=</latexit><latexit sha1_base64="OaM08Twwb/K7l+RHSZmMsoBVsTs=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCT178K148KOLV3+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMA5UoUZuxat6BfAi8WekgmaoR+5X0E1oJkAayonWHd9LTZgTZRjlMC4HmYaU0CHpQ8dSSQToMC/eGOMTq3RxL1G2pMGF+nsiJ0LrkYht5+RUPe9NxP+8TmZ6l2HOZJoZkHS6qJdxbBI8yQR3mQJq+MgSQhWzt2I6IIpQY5Mr2xD8+ZcXSfOs6ntV//a8UruaxVFCh+gYnSIfXaAaukF11EAUPaJn9IrenCfnxXl3PqatS85s5gD9gfP5A/C5mWs=</latexit><latexit sha1_base64="OaM08Twwb/K7l+RHSZmMsoBVsTs=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCT178K148KOLV3+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMA5UoUZuxat6BfAi8WekgmaoR+5X0E1oJkAayonWHd9LTZgTZRjlMC4HmYaU0CHpQ8dSSQToMC/eGOMTq3RxL1G2pMGF+nsiJ0LrkYht5+RUPe9NxP+8TmZ6l2HOZJoZkHS6qJdxbBI8yQR3mQJq+MgSQhWzt2I6IIpQY5Mr2xD8+ZcXSfOs6ntV//a8UruaxVFCh+gYnSIfXaAaukF11EAUPaJn9IrenCfnxXl3PqatS85s5gD9gfP5A/C5mWs=</latexit>

Photon dominated

Gas dominated hNinti = 8.9
<latexit sha1_base64="kKUSD/8p90PtcZh29UxeSsJzG7o=">AAACBnicdVBLSwMxGMzWV62vqkcRgkXwtGSrttuDUPTiSSrYB3SXkk3TNjSbXZKsUEpPXvwrXjwo4tXf4M1/Y7atoKIDgcnM95HMBDFnSiP0YWUWFpeWV7KrubX1jc2t/PZOQ0WJJLROIh7JVoAV5UzQumaa01YsKQ4DTpvB8CL1m7dUKhaJGz2KqR/ivmA9RrA2Uie/73Es+pzCq86YCT2Bnpzdz6BrVzr5ArJLbqlYPoXIRo5TLqWkVHHRcQU6NpqiAOaodfLvXjciSUiFJhwr1XZQrP0xlpoRTic5L1E0xmSI+7RtqMAhVf54GmMCD43Shb1ImiM0nKrfN8Y4VGoUBmYyxHqgfnup+JfXTnTP9U28ONFUkNlDvYRDHcG0E9hlkhLNR4ZgIpn5KyQDLDHRprmcKeErKfyfNIq2g2zn+qRQPZ/XkQV74AAcAQeUQRVcghqoAwLuwAN4As/WvfVovVivs9GMNd/ZBT9gvX0C3uCYFg==</latexit><latexit sha1_base64="kKUSD/8p90PtcZh29UxeSsJzG7o=">AAACBnicdVBLSwMxGMzWV62vqkcRgkXwtGSrttuDUPTiSSrYB3SXkk3TNjSbXZKsUEpPXvwrXjwo4tXf4M1/Y7atoKIDgcnM95HMBDFnSiP0YWUWFpeWV7KrubX1jc2t/PZOQ0WJJLROIh7JVoAV5UzQumaa01YsKQ4DTpvB8CL1m7dUKhaJGz2KqR/ivmA9RrA2Uie/73Es+pzCq86YCT2Bnpzdz6BrVzr5ArJLbqlYPoXIRo5TLqWkVHHRcQU6NpqiAOaodfLvXjciSUiFJhwr1XZQrP0xlpoRTic5L1E0xmSI+7RtqMAhVf54GmMCD43Shb1ImiM0nKrfN8Y4VGoUBmYyxHqgfnup+JfXTnTP9U28ONFUkNlDvYRDHcG0E9hlkhLNR4ZgIpn5KyQDLDHRprmcKeErKfyfNIq2g2zn+qRQPZ/XkQV74AAcAQeUQRVcghqoAwLuwAN4As/WvfVovVivs9GMNd/ZBT9gvX0C3uCYFg==</latexit><latexit sha1_base64="kKUSD/8p90PtcZh29UxeSsJzG7o=">AAACBnicdVBLSwMxGMzWV62vqkcRgkXwtGSrttuDUPTiSSrYB3SXkk3TNjSbXZKsUEpPXvwrXjwo4tXf4M1/Y7atoKIDgcnM95HMBDFnSiP0YWUWFpeWV7KrubX1jc2t/PZOQ0WJJLROIh7JVoAV5UzQumaa01YsKQ4DTpvB8CL1m7dUKhaJGz2KqR/ivmA9RrA2Uie/73Es+pzCq86YCT2Bnpzdz6BrVzr5ArJLbqlYPoXIRo5TLqWkVHHRcQU6NpqiAOaodfLvXjciSUiFJhwr1XZQrP0xlpoRTic5L1E0xmSI+7RtqMAhVf54GmMCD43Shb1ImiM0nKrfN8Y4VGoUBmYyxHqgfnup+JfXTnTP9U28ONFUkNlDvYRDHcG0E9hlkhLNR4ZgIpn5KyQDLDHRprmcKeErKfyfNIq2g2zn+qRQPZ/XkQV74AAcAQeUQRVcghqoAwLuwAN4As/WvfVovVivs9GMNd/ZBT9gvX0C3uCYFg==</latexit><latexit sha1_base64="kKUSD/8p90PtcZh29UxeSsJzG7o=">AAACBnicdVBLSwMxGMzWV62vqkcRgkXwtGSrttuDUPTiSSrYB3SXkk3TNjSbXZKsUEpPXvwrXjwo4tXf4M1/Y7atoKIDgcnM95HMBDFnSiP0YWUWFpeWV7KrubX1jc2t/PZOQ0WJJLROIh7JVoAV5UzQumaa01YsKQ4DTpvB8CL1m7dUKhaJGz2KqR/ivmA9RrA2Uie/73Es+pzCq86YCT2Bnpzdz6BrVzr5ArJLbqlYPoXIRo5TLqWkVHHRcQU6NpqiAOaodfLvXjciSUiFJhwr1XZQrP0xlpoRTic5L1E0xmSI+7RtqMAhVf54GmMCD43Shb1ImiM0nKrfN8Y4VGoUBmYyxHqgfnup+JfXTnTP9U28ONFUkNlDvYRDHcG0E9hlkhLNR4ZgIpn5KyQDLDHRprmcKeErKfyfNIq2g2zn+qRQPZ/XkQV74AAcAQeUQRVcghqoAwLuwAN4As/WvfVovVivs9GMNd/ZBT9gvX0C3uCYFg==</latexit>

hNinti = 44.7
<latexit sha1_base64="8Z3A2tqGRA9KyMzIjobp/3tZbvU=">AAACB3icdVBLSwMxGMzWV62vVY+CBIvgacmWtd0ehKIXT1LBPqAtJZumbWg2uyRZoSy9efGvePGgiFf/gjf/jelDUNGBwGTm+0hmgpgzpRH6sDJLyyura9n13Mbm1vaOvbtXV1EiCa2RiEeyGWBFORO0ppnmtBlLisOA00Ywupj6jVsqFYvEjR7HtBPigWB9RrA2Utc+bHMsBpzCq27KhJ7Atpzfz6DnOaWunUcOKiO3XITIKaFT3y8YUix7rutD10Ez5MEC1a793u5FJAmp0IRjpVouinUnxVIzwukk104UjTEZ4QFtGSpwSFUnneWYwGOj9GA/kuYIDWfq940Uh0qNw8BMhlgP1W9vKv7ltRLd9zsmX5xoKsj8oX7CoY7gtBTYY5ISzceGYCKZ+SskQywx0aa6nCnhKyn8n9QLjosc99rLV84XdWTBATgCJ8AFJVABl6AKaoCAO/AAnsCzdW89Wi/W63w0Yy129sEPWG+fTHOYSQ==</latexit><latexit sha1_base64="8Z3A2tqGRA9KyMzIjobp/3tZbvU=">AAACB3icdVBLSwMxGMzWV62vVY+CBIvgacmWtd0ehKIXT1LBPqAtJZumbWg2uyRZoSy9efGvePGgiFf/gjf/jelDUNGBwGTm+0hmgpgzpRH6sDJLyyura9n13Mbm1vaOvbtXV1EiCa2RiEeyGWBFORO0ppnmtBlLisOA00Ywupj6jVsqFYvEjR7HtBPigWB9RrA2Utc+bHMsBpzCq27KhJ7Atpzfz6DnOaWunUcOKiO3XITIKaFT3y8YUix7rutD10Ez5MEC1a793u5FJAmp0IRjpVouinUnxVIzwukk104UjTEZ4QFtGSpwSFUnneWYwGOj9GA/kuYIDWfq940Uh0qNw8BMhlgP1W9vKv7ltRLd9zsmX5xoKsj8oX7CoY7gtBTYY5ISzceGYCKZ+SskQywx0aa6nCnhKyn8n9QLjosc99rLV84XdWTBATgCJ8AFJVABl6AKaoCAO/AAnsCzdW89Wi/W63w0Yy129sEPWG+fTHOYSQ==</latexit><latexit sha1_base64="8Z3A2tqGRA9KyMzIjobp/3tZbvU=">AAACB3icdVBLSwMxGMzWV62vVY+CBIvgacmWtd0ehKIXT1LBPqAtJZumbWg2uyRZoSy9efGvePGgiFf/gjf/jelDUNGBwGTm+0hmgpgzpRH6sDJLyyura9n13Mbm1vaOvbtXV1EiCa2RiEeyGWBFORO0ppnmtBlLisOA00Ywupj6jVsqFYvEjR7HtBPigWB9RrA2Utc+bHMsBpzCq27KhJ7Atpzfz6DnOaWunUcOKiO3XITIKaFT3y8YUix7rutD10Ez5MEC1a793u5FJAmp0IRjpVouinUnxVIzwukk104UjTEZ4QFtGSpwSFUnneWYwGOj9GA/kuYIDWfq940Uh0qNw8BMhlgP1W9vKv7ltRLd9zsmX5xoKsj8oX7CoY7gtBTYY5ISzceGYCKZ+SskQywx0aa6nCnhKyn8n9QLjosc99rLV84XdWTBATgCJ8AFJVABl6AKaoCAO/AAnsCzdW89Wi/W63w0Yy129sEPWG+fTHOYSQ==</latexit><latexit sha1_base64="8Z3A2tqGRA9KyMzIjobp/3tZbvU=">AAACB3icdVBLSwMxGMzWV62vVY+CBIvgacmWtd0ehKIXT1LBPqAtJZumbWg2uyRZoSy9efGvePGgiFf/gjf/jelDUNGBwGTm+0hmgpgzpRH6sDJLyyura9n13Mbm1vaOvbtXV1EiCa2RiEeyGWBFORO0ppnmtBlLisOA00Ywupj6jVsqFYvEjR7HtBPigWB9RrA2Utc+bHMsBpzCq27KhJ7Atpzfz6DnOaWunUcOKiO3XITIKaFT3y8YUix7rutD10Ez5MEC1a793u5FJAmp0IRjpVouinUnxVIzwukk104UjTEZ4QFtGSpwSFUnneWYwGOj9GA/kuYIDWfq940Uh0qNw8BMhlgP1W9vKv7ltRLd9zsmX5xoKsj8oX7CoY7gtBTYY5ISzceGYCKZ+SskQywx0aa6nCnhKyn8n9QLjosc99rLV84XdWTBATgCJ8AFJVABl6AKaoCAO/AAnsCzdW89Wi/W63w0Yy129sEPWG+fTHOYSQ==</latexit>
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Average number of interactions

Gas dominated

Photon-dominated 
sources less 
constrained

Photon dominated

CRs: No clear preference between 
gas- and photon-dominated sources

N� =

s

Ndof
(�2 � �2

min)

�2
min

<latexit sha1_base64="oaaOO/bjY5R5NVrVP8NWDEKVP8E="></latexit><latexit sha1_base64="oaaOO/bjY5R5NVrVP8NWDEKVP8E="></latexit><latexit sha1_base64="oaaOO/bjY5R5NVrVP8NWDEKVP8E="></latexit><latexit sha1_base64="oaaOO/bjY5R5NVrVP8NWDEKVP8E="></latexit>
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Multimessenger Constraints
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N� > 2.58
<latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit><latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit><latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit><latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit>

UHECR Constraint

Multimessenger Constraints
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N� > 2.58
<latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit><latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit><latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit><latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit>

N⌫ > 4.77
<latexit sha1_base64="pW3B3yEeJCLe4imey3+rgN/tC9s=">AAAB83icdVDJSgNBFHwTtxi3qEcvjUHwNMxIIJ4k6MWTRDALZIbQ0+lJmvT0DL0IYchvePGgiFd/xpt/Y2cR4lbwoKh6j1dUlHGmtOd9OIWV1bX1jeJmaWt7Z3evvH/QUqmRhDZJylPZibCinAna1Exz2skkxUnEaTsaXU399j2ViqXiTo8zGiZ4IFjMCNZWCm56gTDoAlXdWq1XrviuNwPyfpEvqwILNHrl96CfEpNQoQnHSnV9L9NhjqVmhNNJKTCKZpiM8IB2LRU4oSrMZ5kn6MQqfRSn0o7QaKYuX+Q4UWqcRHYzwXqofnpT8S+va3R8HuZMZEZTQeaPYsORTtG0ANRnkhLNx5ZgIpnNisgQS0y0ram0XML/pHXm+p7r31Yr9ctFHUU4gmM4BR9qUIdraEATCGTwAE/w7Bjn0XlxXuerBWdxcwjf4Lx9AsDpkC0=</latexit><latexit sha1_base64="pW3B3yEeJCLe4imey3+rgN/tC9s=">AAAB83icdVDJSgNBFHwTtxi3qEcvjUHwNMxIIJ4k6MWTRDALZIbQ0+lJmvT0DL0IYchvePGgiFd/xpt/Y2cR4lbwoKh6j1dUlHGmtOd9OIWV1bX1jeJmaWt7Z3evvH/QUqmRhDZJylPZibCinAna1Exz2skkxUnEaTsaXU399j2ViqXiTo8zGiZ4IFjMCNZWCm56gTDoAlXdWq1XrviuNwPyfpEvqwILNHrl96CfEpNQoQnHSnV9L9NhjqVmhNNJKTCKZpiM8IB2LRU4oSrMZ5kn6MQqfRSn0o7QaKYuX+Q4UWqcRHYzwXqofnpT8S+va3R8HuZMZEZTQeaPYsORTtG0ANRnkhLNx5ZgIpnNisgQS0y0ram0XML/pHXm+p7r31Yr9ctFHUU4gmM4BR9qUIdraEATCGTwAE/w7Bjn0XlxXuerBWdxcwjf4Lx9AsDpkC0=</latexit><latexit sha1_base64="pW3B3yEeJCLe4imey3+rgN/tC9s=">AAAB83icdVDJSgNBFHwTtxi3qEcvjUHwNMxIIJ4k6MWTRDALZIbQ0+lJmvT0DL0IYchvePGgiFd/xpt/Y2cR4lbwoKh6j1dUlHGmtOd9OIWV1bX1jeJmaWt7Z3evvH/QUqmRhDZJylPZibCinAna1Exz2skkxUnEaTsaXU399j2ViqXiTo8zGiZ4IFjMCNZWCm56gTDoAlXdWq1XrviuNwPyfpEvqwILNHrl96CfEpNQoQnHSnV9L9NhjqVmhNNJKTCKZpiM8IB2LRU4oSrMZ5kn6MQqfRSn0o7QaKYuX+Q4UWqcRHYzwXqofnpT8S+va3R8HuZMZEZTQeaPYsORTtG0ANRnkhLNx5ZgIpnNisgQS0y0ram0XML/pHXm+p7r31Yr9ctFHUU4gmM4BR9qUIdraEATCGTwAE/w7Bjn0XlxXuerBWdxcwjf4Lx9AsDpkC0=</latexit><latexit sha1_base64="pW3B3yEeJCLe4imey3+rgN/tC9s=">AAAB83icdVDJSgNBFHwTtxi3qEcvjUHwNMxIIJ4k6MWTRDALZIbQ0+lJmvT0DL0IYchvePGgiFd/xpt/Y2cR4lbwoKh6j1dUlHGmtOd9OIWV1bX1jeJmaWt7Z3evvH/QUqmRhDZJylPZibCinAna1Exz2skkxUnEaTsaXU399j2ViqXiTo8zGiZ4IFjMCNZWCm56gTDoAlXdWq1XrviuNwPyfpEvqwILNHrl96CfEpNQoQnHSnV9L9NhjqVmhNNJKTCKZpiM8IB2LRU4oSrMZ5kn6MQqfRSn0o7QaKYuX+Q4UWqcRHYzwXqofnpT8S+va3R8HuZMZEZTQeaPYsORTtG0ANRnkhLNx5ZgIpnNisgQS0y0ram0XML/pHXm+p7r31Yr9ctFHUU4gmM4BR9qUIdraEATCGTwAE/w7Bjn0XlxXuerBWdxcwjf4Lx9AsDpkC0=</latexit>

UHECR Constraint

UHE 𝜈 Constraint

Multimessenger Constraints
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N� > 2.58
<latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit><latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit><latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit><latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit>

N⌫ > 4.77
<latexit sha1_base64="pW3B3yEeJCLe4imey3+rgN/tC9s=">AAAB83icdVDJSgNBFHwTtxi3qEcvjUHwNMxIIJ4k6MWTRDALZIbQ0+lJmvT0DL0IYchvePGgiFd/xpt/Y2cR4lbwoKh6j1dUlHGmtOd9OIWV1bX1jeJmaWt7Z3evvH/QUqmRhDZJylPZibCinAna1Exz2skkxUnEaTsaXU399j2ViqXiTo8zGiZ4IFjMCNZWCm56gTDoAlXdWq1XrviuNwPyfpEvqwILNHrl96CfEpNQoQnHSnV9L9NhjqVmhNNJKTCKZpiM8IB2LRU4oSrMZ5kn6MQqfRSn0o7QaKYuX+Q4UWqcRHYzwXqofnpT8S+va3R8HuZMZEZTQeaPYsORTtG0ANRnkhLNx5ZgIpnNisgQS0y0ram0XML/pHXm+p7r31Yr9ctFHUU4gmM4BR9qUIdraEATCGTwAE/w7Bjn0XlxXuerBWdxcwjf4Lx9AsDpkC0=</latexit><latexit sha1_base64="pW3B3yEeJCLe4imey3+rgN/tC9s=">AAAB83icdVDJSgNBFHwTtxi3qEcvjUHwNMxIIJ4k6MWTRDALZIbQ0+lJmvT0DL0IYchvePGgiFd/xpt/Y2cR4lbwoKh6j1dUlHGmtOd9OIWV1bX1jeJmaWt7Z3evvH/QUqmRhDZJylPZibCinAna1Exz2skkxUnEaTsaXU399j2ViqXiTo8zGiZ4IFjMCNZWCm56gTDoAlXdWq1XrviuNwPyfpEvqwILNHrl96CfEpNQoQnHSnV9L9NhjqVmhNNJKTCKZpiM8IB2LRU4oSrMZ5kn6MQqfRSn0o7QaKYuX+Q4UWqcRHYzwXqofnpT8S+va3R8HuZMZEZTQeaPYsORTtG0ANRnkhLNx5ZgIpnNisgQS0y0ram0XML/pHXm+p7r31Yr9ctFHUU4gmM4BR9qUIdraEATCGTwAE/w7Bjn0XlxXuerBWdxcwjf4Lx9AsDpkC0=</latexit><latexit sha1_base64="pW3B3yEeJCLe4imey3+rgN/tC9s=">AAAB83icdVDJSgNBFHwTtxi3qEcvjUHwNMxIIJ4k6MWTRDALZIbQ0+lJmvT0DL0IYchvePGgiFd/xpt/Y2cR4lbwoKh6j1dUlHGmtOd9OIWV1bX1jeJmaWt7Z3evvH/QUqmRhDZJylPZibCinAna1Exz2skkxUnEaTsaXU399j2ViqXiTo8zGiZ4IFjMCNZWCm56gTDoAlXdWq1XrviuNwPyfpEvqwILNHrl96CfEpNQoQnHSnV9L9NhjqVmhNNJKTCKZpiM8IB2LRU4oSrMZ5kn6MQqfRSn0o7QaKYuX+Q4UWqcRHYzwXqofnpT8S+va3R8HuZMZEZTQeaPYsORTtG0ANRnkhLNx5ZgIpnNisgQS0y0ram0XML/pHXm+p7r31Yr9ctFHUU4gmM4BR9qUIdraEATCGTwAE/w7Bjn0XlxXuerBWdxcwjf4Lx9AsDpkC0=</latexit><latexit sha1_base64="pW3B3yEeJCLe4imey3+rgN/tC9s=">AAAB83icdVDJSgNBFHwTtxi3qEcvjUHwNMxIIJ4k6MWTRDALZIbQ0+lJmvT0DL0IYchvePGgiFd/xpt/Y2cR4lbwoKh6j1dUlHGmtOd9OIWV1bX1jeJmaWt7Z3evvH/QUqmRhDZJylPZibCinAna1Exz2skkxUnEaTsaXU399j2ViqXiTo8zGiZ4IFjMCNZWCm56gTDoAlXdWq1XrviuNwPyfpEvqwILNHrl96CfEpNQoQnHSnV9L9NhjqVmhNNJKTCKZpiM8IB2LRU4oSrMZ5kn6MQqfRSn0o7QaKYuX+Q4UWqcRHYzwXqofnpT8S+va3R8HuZMZEZTQeaPYsORTtG0ANRnkhLNx5ZgIpnNisgQS0y0ram0XML/pHXm+p7r31Yr9ctFHUU4gmM4BR9qUIdraEATCGTwAE/w7Bjn0XlxXuerBWdxcwjf4Lx9AsDpkC0=</latexit>

UHECR Constraint

UHE 𝜈 Constraint

𝛾-ray flux > EGB + 1𝜎
(always weaker than 𝜈-bound) 

Multimessenger Constraints
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N� > 2.58
<latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit><latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit><latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit><latexit sha1_base64="jAwjTX1Rc4JQifOVbaKF0vnoaVU=">AAAB+HicjVDLSgMxFL3js9ZHR126CRbB1TBTFLuSohtXUsE+oB2GTJppQ5PMkGSEWvolblwo4tZPceffmD4WKgoeuHA4517u4cQZZ9r4/oeztLyyurZe2Chubm3vlNzdvaZOc0Vog6Q8Ve0Ya8qZpA3DDKftTFEsYk5b8fBy6rfuqNIslbdmlNFQ4L5kCSPYWClyS9dRV7O+wOgcVbzTauSWA8+fAf1NyrBAPXLfu72U5IJKQzjWuhP4mQnHWBlGOJ0Uu7mmGSZD3KcdSyUWVIfjWfAJOrJKDyWpsiMNmqlfL8ZYaD0Ssd0U2Az0T28q/uZ1cpNUwzGTWW6oJPNHSc6RSdG0BdRjihLDR5ZgopjNisgAK0yM7ar4vxKaFS/wveDmpFy7WNRRgAM4hGMI4AxqcAV1aACBHB7gCZ6de+fReXFe56tLzuJmH77BefsEfvmRqQ==</latexit>

N⌫ > 4.77
<latexit sha1_base64="pW3B3yEeJCLe4imey3+rgN/tC9s=">AAAB83icdVDJSgNBFHwTtxi3qEcvjUHwNMxIIJ4k6MWTRDALZIbQ0+lJmvT0DL0IYchvePGgiFd/xpt/Y2cR4lbwoKh6j1dUlHGmtOd9OIWV1bX1jeJmaWt7Z3evvH/QUqmRhDZJylPZibCinAna1Exz2skkxUnEaTsaXU399j2ViqXiTo8zGiZ4IFjMCNZWCm56gTDoAlXdWq1XrviuNwPyfpEvqwILNHrl96CfEpNQoQnHSnV9L9NhjqVmhNNJKTCKZpiM8IB2LRU4oSrMZ5kn6MQqfRSn0o7QaKYuX+Q4UWqcRHYzwXqofnpT8S+va3R8HuZMZEZTQeaPYsORTtG0ANRnkhLNx5ZgIpnNisgQS0y0ram0XML/pHXm+p7r31Yr9ctFHUU4gmM4BR9qUIdraEATCGTwAE/w7Bjn0XlxXuerBWdxcwjf4Lx9AsDpkC0=</latexit><latexit sha1_base64="pW3B3yEeJCLe4imey3+rgN/tC9s=">AAAB83icdVDJSgNBFHwTtxi3qEcvjUHwNMxIIJ4k6MWTRDALZIbQ0+lJmvT0DL0IYchvePGgiFd/xpt/Y2cR4lbwoKh6j1dUlHGmtOd9OIWV1bX1jeJmaWt7Z3evvH/QUqmRhDZJylPZibCinAna1Exz2skkxUnEaTsaXU399j2ViqXiTo8zGiZ4IFjMCNZWCm56gTDoAlXdWq1XrviuNwPyfpEvqwILNHrl96CfEpNQoQnHSnV9L9NhjqVmhNNJKTCKZpiM8IB2LRU4oSrMZ5kn6MQqfRSn0o7QaKYuX+Q4UWqcRHYzwXqofnpT8S+va3R8HuZMZEZTQeaPYsORTtG0ANRnkhLNx5ZgIpnNisgQS0y0ram0XML/pHXm+p7r31Yr9ctFHUU4gmM4BR9qUIdraEATCGTwAE/w7Bjn0XlxXuerBWdxcwjf4Lx9AsDpkC0=</latexit><latexit sha1_base64="pW3B3yEeJCLe4imey3+rgN/tC9s=">AAAB83icdVDJSgNBFHwTtxi3qEcvjUHwNMxIIJ4k6MWTRDALZIbQ0+lJmvT0DL0IYchvePGgiFd/xpt/Y2cR4lbwoKh6j1dUlHGmtOd9OIWV1bX1jeJmaWt7Z3evvH/QUqmRhDZJylPZibCinAna1Exz2skkxUnEaTsaXU399j2ViqXiTo8zGiZ4IFjMCNZWCm56gTDoAlXdWq1XrviuNwPyfpEvqwILNHrl96CfEpNQoQnHSnV9L9NhjqVmhNNJKTCKZpiM8IB2LRU4oSrMZ5kn6MQqfRSn0o7QaKYuX+Q4UWqcRHYzwXqofnpT8S+va3R8HuZMZEZTQeaPYsORTtG0ANRnkhLNx5ZgIpnNisgQS0y0ram0XML/pHXm+p7r31Yr9ctFHUU4gmM4BR9qUIdraEATCGTwAE/w7Bjn0XlxXuerBWdxcwjf4Lx9AsDpkC0=</latexit><latexit sha1_base64="pW3B3yEeJCLe4imey3+rgN/tC9s=">AAAB83icdVDJSgNBFHwTtxi3qEcvjUHwNMxIIJ4k6MWTRDALZIbQ0+lJmvT0DL0IYchvePGgiFd/xpt/Y2cR4lbwoKh6j1dUlHGmtOd9OIWV1bX1jeJmaWt7Z3evvH/QUqmRhDZJylPZibCinAna1Exz2skkxUnEaTsaXU399j2ViqXiTo8zGiZ4IFjMCNZWCm56gTDoAlXdWq1XrviuNwPyfpEvqwILNHrl96CfEpNQoQnHSnV9L9NhjqVmhNNJKTCKZpiM8IB2LRU4oSrMZ5kn6MQqfRSn0o7QaKYuX+Q4UWqcRHYzwXqofnpT8S+va3R8HuZMZEZTQeaPYsORTtG0ANRnkhLNx5ZgIpnNisgQS0y0ram0XML/pHXm+p7r31Yr9ctFHUU4gmM4BR9qUIdraEATCGTwAE/w7Bjn0XlxXuerBWdxcwjf4Lx9AsDpkC0=</latexit>

UHECR Constraint

UHE 𝜈 Constraint

𝛾-ray flux > EGB + 1𝜎
(always weaker than 𝜈-bound) 

Multimessenger Constraints

What about the astrophysical 
neutrino flux description?
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<latexit sha1_base64="H1SGIwOc4fOkfMn2hGFu5qC9sA8=">AAACJnicbVDLSsNAFJ34rPUVdelmsAiCWJIi6KZQdOOygn1AE8NkOm2HziPMTIQS+jVu/BU3Lioi7vwUJ20X2nrgwuGce7n3njhhVBvP+3JWVtfWNzYLW8Xtnd29fffgsKllqjBpYMmkasdIE0YFaRhqGGkniiAeM9KKh7e533oiSlMpHswoISFHfUF7FCNjpcitBnhAHytRwJEZKJ4hbZS8CEQ6hlW44DHZH8NzGOiURxRWREQjt+SVvSngMvHnpATmqEfuJOhKnHIiDGZI647vJSbMkDIUMzIuBqkmCcJD1CcdSwXiRIfZ9M0xPLVKF/aksiUMnKq/JzLEtR7x2HbmF+tFLxf/8zqp6V2HGRVJaojAs0W9lEEjYZ4Z7FJFsGEjSxBW1N4K8QAphI1NtmhD8BdfXibNStn3yv79Zal2M4+jAI7BCTgDPrgCNXAH6qABMHgGr2AC3p0X5835cD5nrSvOfOYI/IHz/QMhoqWF</latexit><latexit sha1_base64="H1SGIwOc4fOkfMn2hGFu5qC9sA8=">AAACJnicbVDLSsNAFJ34rPUVdelmsAiCWJIi6KZQdOOygn1AE8NkOm2HziPMTIQS+jVu/BU3Lioi7vwUJ20X2nrgwuGce7n3njhhVBvP+3JWVtfWNzYLW8Xtnd29fffgsKllqjBpYMmkasdIE0YFaRhqGGkniiAeM9KKh7e533oiSlMpHswoISFHfUF7FCNjpcitBnhAHytRwJEZKJ4hbZS8CEQ6hlW44DHZH8NzGOiURxRWREQjt+SVvSngMvHnpATmqEfuJOhKnHIiDGZI647vJSbMkDIUMzIuBqkmCcJD1CcdSwXiRIfZ9M0xPLVKF/aksiUMnKq/JzLEtR7x2HbmF+tFLxf/8zqp6V2HGRVJaojAs0W9lEEjYZ4Z7FJFsGEjSxBW1N4K8QAphI1NtmhD8BdfXibNStn3yv79Zal2M4+jAI7BCTgDPrgCNXAH6qABMHgGr2AC3p0X5835cD5nrSvOfOYI/IHz/QMhoqWF</latexit><latexit sha1_base64="H1SGIwOc4fOkfMn2hGFu5qC9sA8=">AAACJnicbVDLSsNAFJ34rPUVdelmsAiCWJIi6KZQdOOygn1AE8NkOm2HziPMTIQS+jVu/BU3Lioi7vwUJ20X2nrgwuGce7n3njhhVBvP+3JWVtfWNzYLW8Xtnd29fffgsKllqjBpYMmkasdIE0YFaRhqGGkniiAeM9KKh7e533oiSlMpHswoISFHfUF7FCNjpcitBnhAHytRwJEZKJ4hbZS8CEQ6hlW44DHZH8NzGOiURxRWREQjt+SVvSngMvHnpATmqEfuJOhKnHIiDGZI647vJSbMkDIUMzIuBqkmCcJD1CcdSwXiRIfZ9M0xPLVKF/aksiUMnKq/JzLEtR7x2HbmF+tFLxf/8zqp6V2HGRVJaojAs0W9lEEjYZ4Z7FJFsGEjSxBW1N4K8QAphI1NtmhD8BdfXibNStn3yv79Zal2M4+jAI7BCTgDPrgCNXAH6qABMHgGr2AC3p0X5835cD5nrSvOfOYI/IHz/QMhoqWF</latexit><latexit sha1_base64="H1SGIwOc4fOkfMn2hGFu5qC9sA8=">AAACJnicbVDLSsNAFJ34rPUVdelmsAiCWJIi6KZQdOOygn1AE8NkOm2HziPMTIQS+jVu/BU3Lioi7vwUJ20X2nrgwuGce7n3njhhVBvP+3JWVtfWNzYLW8Xtnd29fffgsKllqjBpYMmkasdIE0YFaRhqGGkniiAeM9KKh7e533oiSlMpHswoISFHfUF7FCNjpcitBnhAHytRwJEZKJ4hbZS8CEQ6hlW44DHZH8NzGOiURxRWREQjt+SVvSngMvHnpATmqEfuJOhKnHIiDGZI647vJSbMkDIUMzIuBqkmCcJD1CcdSwXiRIfZ9M0xPLVKF/aksiUMnKq/JzLEtR7x2HbmF+tFLxf/8zqp6V2HGRVJaojAs0W9lEEjYZ4Z7FJFsGEjSxBW1N4K8QAphI1NtmhD8BdfXibNStn3yv79Zal2M4+jAI7BCTgDPrgCNXAH6qABMHgGr2AC3p0X5835cD5nrSvOfOYI/IHz/QMhoqWF</latexit>

�2
log =

X

i

✓
log10(yi)� log10(mi)

log10(yi + �up
i )� log10(yi � �lo

i )

◆2

<latexit sha1_base64="j2KbYRaojQ3UwwLCtkMfGwU4spQ="></latexit><latexit sha1_base64="j2KbYRaojQ3UwwLCtkMfGwU4spQ="></latexit><latexit sha1_base64="j2KbYRaojQ3UwwLCtkMfGwU4spQ="></latexit><latexit sha1_base64="j2KbYRaojQ3UwwLCtkMfGwU4spQ="></latexit>

ni = predicted number of events in

bins with zero observed events
<latexit sha1_base64="ZzDJAaYMYAX2szheIijarICESrw="></latexit><latexit sha1_base64="ZzDJAaYMYAX2szheIijarICESrw="></latexit><latexit sha1_base64="ZzDJAaYMYAX2szheIijarICESrw="></latexit><latexit sha1_base64="ZzDJAaYMYAX2szheIijarICESrw="></latexit>

*not a fit
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�inj
<latexit sha1_base64="p5jZUxmzqBf/DnoJkSF9PZDCXA8=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+wFNKJPtpl27uwm7G6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvSjnTxvO+ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVjVBTziRtGWY47aaKoog47UTj25nfeaJKs0Q+mElKQ4FDyWJG0FgpCIYoBPZzJh+n/WrNq3tzuKvEL0gNCjT71a9gkJBMUGkIR617vpeaMEdlGOF0WgkyTVMkYxzSnqUSBdVhPr956p5ZZeDGibIljTtXf0/kKLSeiMh2CjQjvezNxP+8Xmbi69A+lGaGSrJYFGfcNYk7C8AdMEWJ4RNLkChmb3XJCBUSY2Oq2BD85ZdXSfui7nt1//6y1rgp4ijDCZzCOfhwBQ24gya0gEAKz/AKb07mvDjvzseiteQUM8fwB87nD2fKkek=</latexit><latexit sha1_base64="p5jZUxmzqBf/DnoJkSF9PZDCXA8=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+wFNKJPtpl27uwm7G6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvSjnTxvO+ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVjVBTziRtGWY47aaKoog47UTj25nfeaJKs0Q+mElKQ4FDyWJG0FgpCIYoBPZzJh+n/WrNq3tzuKvEL0gNCjT71a9gkJBMUGkIR617vpeaMEdlGOF0WgkyTVMkYxzSnqUSBdVhPr956p5ZZeDGibIljTtXf0/kKLSeiMh2CjQjvezNxP+8Xmbi69A+lGaGSrJYFGfcNYk7C8AdMEWJ4RNLkChmb3XJCBUSY2Oq2BD85ZdXSfui7nt1//6y1rgp4ijDCZzCOfhwBQ24gya0gEAKz/AKb07mvDjvzseiteQUM8fwB87nD2fKkek=</latexit><latexit sha1_base64="p5jZUxmzqBf/DnoJkSF9PZDCXA8=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+wFNKJPtpl27uwm7G6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvSjnTxvO+ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVjVBTziRtGWY47aaKoog47UTj25nfeaJKs0Q+mElKQ4FDyWJG0FgpCIYoBPZzJh+n/WrNq3tzuKvEL0gNCjT71a9gkJBMUGkIR617vpeaMEdlGOF0WgkyTVMkYxzSnqUSBdVhPr956p5ZZeDGibIljTtXf0/kKLSeiMh2CjQjvezNxP+8Xmbi69A+lGaGSrJYFGfcNYk7C8AdMEWJ4RNLkChmb3XJCBUSY2Oq2BD85ZdXSfui7nt1//6y1rgp4ijDCZzCOfhwBQ24gya0gEAKz/AKb07mvDjvzseiteQUM8fwB87nD2fKkek=</latexit><latexit sha1_base64="p5jZUxmzqBf/DnoJkSF9PZDCXA8=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+wFNKJPtpl27uwm7G6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvSjnTxvO+ndLa+sbmVnm7srO7t39QPTxq6yRThLZIwhPVjVBTziRtGWY47aaKoog47UTj25nfeaJKs0Q+mElKQ4FDyWJG0FgpCIYoBPZzJh+n/WrNq3tzuKvEL0gNCjT71a9gkJBMUGkIR617vpeaMEdlGOF0WgkyTVMkYxzSnqUSBdVhPr956p5ZZeDGibIljTtXf0/kKLSeiMh2CjQjvezNxP+8Xmbi69A+lGaGSrJYFGfcNYk7C8AdMEWJ4RNLkChmb3XJCBUSY2Oq2BD85ZdXSfui7nt1//6y1rgp4ijDCZzCOfhwBQ24gya0gEAKz/AKb07mvDjvzseiteQUM8fwB87nD2fKkek=</latexit>

Softer injection indices, 
-2.0 to -2.5,  lead to most 

similar HE neutrino spectra 

Shape of HE neutrinos driven 
by spectral index of injected 

CRs & number of 
interactions

� ⇠ E�inje�E/Emax
<latexit sha1_base64="0s/pTDpXpWnO7qsB/5h8Nrv00Oc=">AAACEnicbVDLSgMxFM3UV62vqks3wSLowjojgi6LUnBZwT6g0w530rSNTWaGJCOWYb7Bjb/ixoUibl25829MHwttPRA4nHMvN+f4EWdK2/a3lVlYXFpeya7m1tY3Nrfy2zs1FcaS0CoJeSgbPijKWUCrmmlOG5GkIHxO6/7gauTX76lULAxu9TCiLQG9gHUZAW0kL3/kRn2GXcUELrcTtwdCgJew4C5NMW0nx+WTspcIeEhTL1+wi/YYeJ44U1JAU1S8/JfbCUksaKAJB6Wajh3pVgJSM8JpmnNjRSMgA+jRpqEBCKpayThSig+M0sHdUJoXaDxWf28kIJQaCt9MCtB9NeuNxP+8Zqy7Fy0TMIo1DcjkUDfmWId41A/uMEmJ5kNDgEhm/opJHyQQbVrMmRKc2cjzpHZadOyic3NWKF1O68iiPbSPDpGDzlEJXaMKqiKCHtEzekVv1pP1Yr1bH5PRjDXd2UV/YH3+AA89nbc=</latexit><latexit sha1_base64="0s/pTDpXpWnO7qsB/5h8Nrv00Oc=">AAACEnicbVDLSgMxFM3UV62vqks3wSLowjojgi6LUnBZwT6g0w530rSNTWaGJCOWYb7Bjb/ixoUibl25829MHwttPRA4nHMvN+f4EWdK2/a3lVlYXFpeya7m1tY3Nrfy2zs1FcaS0CoJeSgbPijKWUCrmmlOG5GkIHxO6/7gauTX76lULAxu9TCiLQG9gHUZAW0kL3/kRn2GXcUELrcTtwdCgJew4C5NMW0nx+WTspcIeEhTL1+wi/YYeJ44U1JAU1S8/JfbCUksaKAJB6Wajh3pVgJSM8JpmnNjRSMgA+jRpqEBCKpayThSig+M0sHdUJoXaDxWf28kIJQaCt9MCtB9NeuNxP+8Zqy7Fy0TMIo1DcjkUDfmWId41A/uMEmJ5kNDgEhm/opJHyQQbVrMmRKc2cjzpHZadOyic3NWKF1O68iiPbSPDpGDzlEJXaMKqiKCHtEzekVv1pP1Yr1bH5PRjDXd2UV/YH3+AA89nbc=</latexit><latexit sha1_base64="0s/pTDpXpWnO7qsB/5h8Nrv00Oc=">AAACEnicbVDLSgMxFM3UV62vqks3wSLowjojgi6LUnBZwT6g0w530rSNTWaGJCOWYb7Bjb/ixoUibl25829MHwttPRA4nHMvN+f4EWdK2/a3lVlYXFpeya7m1tY3Nrfy2zs1FcaS0CoJeSgbPijKWUCrmmlOG5GkIHxO6/7gauTX76lULAxu9TCiLQG9gHUZAW0kL3/kRn2GXcUELrcTtwdCgJew4C5NMW0nx+WTspcIeEhTL1+wi/YYeJ44U1JAU1S8/JfbCUksaKAJB6Wajh3pVgJSM8JpmnNjRSMgA+jRpqEBCKpayThSig+M0sHdUJoXaDxWf28kIJQaCt9MCtB9NeuNxP+8Zqy7Fy0TMIo1DcjkUDfmWId41A/uMEmJ5kNDgEhm/opJHyQQbVrMmRKc2cjzpHZadOyic3NWKF1O68iiPbSPDpGDzlEJXaMKqiKCHtEzekVv1pP1Yr1bH5PRjDXd2UV/YH3+AA89nbc=</latexit><latexit sha1_base64="0s/pTDpXpWnO7qsB/5h8Nrv00Oc=">AAACEnicbVDLSgMxFM3UV62vqks3wSLowjojgi6LUnBZwT6g0w530rSNTWaGJCOWYb7Bjb/ixoUibl25829MHwttPRA4nHMvN+f4EWdK2/a3lVlYXFpeya7m1tY3Nrfy2zs1FcaS0CoJeSgbPijKWUCrmmlOG5GkIHxO6/7gauTX76lULAxu9TCiLQG9gHUZAW0kL3/kRn2GXcUELrcTtwdCgJew4C5NMW0nx+WTspcIeEhTL1+wi/YYeJ44U1JAU1S8/JfbCUksaKAJB6Wajh3pVgJSM8JpmnNjRSMgA+jRpqEBCKpayThSig+M0sHdUJoXaDxWf28kIJQaCt9MCtB9NeuNxP+8Zqy7Fy0TMIo1DcjkUDfmWId41A/uMEmJ5kNDgEhm/opJHyQQbVrMmRKc2cjzpHZadOyic3NWKF1O68iiPbSPDpGDzlEJXaMKqiKCHtEzekVv1pP1Yr1bH5PRjDXd2UV/YH3+AA89nbc=</latexit>

40Marco Muzio (NYU)
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Best description of 
astrophysical neutrino 

flux compatible with 
UHECR & neutrino data, 

highly constrained



Marco Muzio (NYU)

Rdi↵ = 1016.3 V
<latexit sha1_base64="5cGJdzo24QTILw4C3wpGYgeWP/8=">AAACDXicbVC7TsNAEDyHVwgvAyXNiYBEZdmAgAYpgoYyIPKQkhCdz+fklPNDd2tEZPkHaPgVGgoQoqWn4284JykgYaSVRjO72t1xY8EV2Pa3UZibX1hcKi6XVlbX1jfMza26ihJJWY1GIpJNlygmeMhqwEGwZiwZCVzBGu7gMvcb90wqHoW3MIxZJyC9kPucEtBS19y76bYDAn0ZpB73/QyfY8e+S50T6yhrA3uAFNezrlm2LXsEPEucCSmjCapd86vtRTQJWAhUEKVajh1DJyUSOBUsK7UTxWJCB6THWpqGJGCqk46+yfC+VjzsR1JXCHik/p5ISaDUMHB1Z365mvZy8T+vlYB/1kl5GCfAQjpe5CcCQ4TzaLDHJaMghpoQKrm+FdM+kYSCDrCkQ3CmX54l9UPLsS3n+rhcuZjEUUQ7aBcdIAedogq6QlVUQxQ9omf0it6MJ+PFeDc+xq0FYzKzjf7A+PwB3BiaxQ==</latexit><latexit sha1_base64="5cGJdzo24QTILw4C3wpGYgeWP/8=">AAACDXicbVC7TsNAEDyHVwgvAyXNiYBEZdmAgAYpgoYyIPKQkhCdz+fklPNDd2tEZPkHaPgVGgoQoqWn4284JykgYaSVRjO72t1xY8EV2Pa3UZibX1hcKi6XVlbX1jfMza26ihJJWY1GIpJNlygmeMhqwEGwZiwZCVzBGu7gMvcb90wqHoW3MIxZJyC9kPucEtBS19y76bYDAn0ZpB73/QyfY8e+S50T6yhrA3uAFNezrlm2LXsEPEucCSmjCapd86vtRTQJWAhUEKVajh1DJyUSOBUsK7UTxWJCB6THWpqGJGCqk46+yfC+VjzsR1JXCHik/p5ISaDUMHB1Z365mvZy8T+vlYB/1kl5GCfAQjpe5CcCQ4TzaLDHJaMghpoQKrm+FdM+kYSCDrCkQ3CmX54l9UPLsS3n+rhcuZjEUUQ7aBcdIAedogq6QlVUQxQ9omf0it6MJ+PFeDc+xq0FYzKzjf7A+PwB3BiaxQ==</latexit><latexit sha1_base64="5cGJdzo24QTILw4C3wpGYgeWP/8=">AAACDXicbVC7TsNAEDyHVwgvAyXNiYBEZdmAgAYpgoYyIPKQkhCdz+fklPNDd2tEZPkHaPgVGgoQoqWn4284JykgYaSVRjO72t1xY8EV2Pa3UZibX1hcKi6XVlbX1jfMza26ihJJWY1GIpJNlygmeMhqwEGwZiwZCVzBGu7gMvcb90wqHoW3MIxZJyC9kPucEtBS19y76bYDAn0ZpB73/QyfY8e+S50T6yhrA3uAFNezrlm2LXsEPEucCSmjCapd86vtRTQJWAhUEKVajh1DJyUSOBUsK7UTxWJCB6THWpqGJGCqk46+yfC+VjzsR1JXCHik/p5ISaDUMHB1Z365mvZy8T+vlYB/1kl5GCfAQjpe5CcCQ4TzaLDHJaMghpoQKrm+FdM+kYSCDrCkQ3CmX54l9UPLsS3n+rhcuZjEUUQ7aBcdIAedogq6QlVUQxQ9omf0it6MJ+PFeDc+xq0FYzKzjf7A+PwB3BiaxQ==</latexit><latexit sha1_base64="5cGJdzo24QTILw4C3wpGYgeWP/8=">AAACDXicbVC7TsNAEDyHVwgvAyXNiYBEZdmAgAYpgoYyIPKQkhCdz+fklPNDd2tEZPkHaPgVGgoQoqWn4284JykgYaSVRjO72t1xY8EV2Pa3UZibX1hcKi6XVlbX1jfMza26ihJJWY1GIpJNlygmeMhqwEGwZiwZCVzBGu7gMvcb90wqHoW3MIxZJyC9kPucEtBS19y76bYDAn0ZpB73/QyfY8e+S50T6yhrA3uAFNezrlm2LXsEPEucCSmjCapd86vtRTQJWAhUEKVajh1DJyUSOBUsK7UTxWJCB6THWpqGJGCqk46+yfC+VjzsR1JXCHik/p5ISaDUMHB1Z365mvZy8T+vlYB/1kl5GCfAQjpe5CcCQ4TzaLDHJaMghpoQKrm+FdM+kYSCDrCkQ3CmX54l9UPLsS3n+rhcuZjEUUQ7aBcdIAedogq6QlVUQxQ9omf0it6MJ+PFeDc+xq0FYzKzjf7A+PwB3BiaxQ==</latexit>

TBB = 718 K

�inj = �2.2
<latexit sha1_base64="9QZ7rJHlu9aSruy3xv6zfaltpY4=">AAACHnicbVDLSgMxFM3UV62vqks3waK4scwUpd0IpW4ENxX6gk4ZMmnaxiYzQ3JHLEO/xI2/4saFIoIr/RvTx0KrBwKHc+7l5hw/ElyDbX9ZqaXlldW19HpmY3Nreye7u9fQYawoq9NQhKrlE80ED1gdOAjWihQj0hes6Q8vJ37zjinNw6AGo4h1JOkHvMcpASN52fOa50oCAyWTSmWMjy9w0Sm5wO4hwddj7LoZt0+kJF7Cg9upf1rIF7xszs7bU+C/xJmTHJqj6mU/3G5IY8kCoIJo3XbsCDoJUcCpYOOMG2sWETokfdY2NCCS6U4yjTfGR0bp4l6ozAsAT9WfGwmRWo+kbyYnUfSiNxH/89ox9EodEyyKgQV0dqgXCwwhnnSFu1wxCmJkCKGKm79iOiCKUDCNZkwJzmLkv6RRyDt23rk5y5Ur8zrS6AAdohPkoCIqoytURXVE0QN6Qi/o1Xq0nq036302mrLmO/voF6zPb+/Mn9M=</latexit><latexit sha1_base64="9QZ7rJHlu9aSruy3xv6zfaltpY4=">AAACHnicbVDLSgMxFM3UV62vqks3waK4scwUpd0IpW4ENxX6gk4ZMmnaxiYzQ3JHLEO/xI2/4saFIoIr/RvTx0KrBwKHc+7l5hw/ElyDbX9ZqaXlldW19HpmY3Nreye7u9fQYawoq9NQhKrlE80ED1gdOAjWihQj0hes6Q8vJ37zjinNw6AGo4h1JOkHvMcpASN52fOa50oCAyWTSmWMjy9w0Sm5wO4hwddj7LoZt0+kJF7Cg9upf1rIF7xszs7bU+C/xJmTHJqj6mU/3G5IY8kCoIJo3XbsCDoJUcCpYOOMG2sWETokfdY2NCCS6U4yjTfGR0bp4l6ozAsAT9WfGwmRWo+kbyYnUfSiNxH/89ox9EodEyyKgQV0dqgXCwwhnnSFu1wxCmJkCKGKm79iOiCKUDCNZkwJzmLkv6RRyDt23rk5y5Ur8zrS6AAdohPkoCIqoytURXVE0QN6Qi/o1Xq0nq036302mrLmO/voF6zPb+/Mn9M=</latexit><latexit sha1_base64="9QZ7rJHlu9aSruy3xv6zfaltpY4=">AAACHnicbVDLSgMxFM3UV62vqks3waK4scwUpd0IpW4ENxX6gk4ZMmnaxiYzQ3JHLEO/xI2/4saFIoIr/RvTx0KrBwKHc+7l5hw/ElyDbX9ZqaXlldW19HpmY3Nreye7u9fQYawoq9NQhKrlE80ED1gdOAjWihQj0hes6Q8vJ37zjinNw6AGo4h1JOkHvMcpASN52fOa50oCAyWTSmWMjy9w0Sm5wO4hwddj7LoZt0+kJF7Cg9upf1rIF7xszs7bU+C/xJmTHJqj6mU/3G5IY8kCoIJo3XbsCDoJUcCpYOOMG2sWETokfdY2NCCS6U4yjTfGR0bp4l6ozAsAT9WfGwmRWo+kbyYnUfSiNxH/89ox9EodEyyKgQV0dqgXCwwhnnSFu1wxCmJkCKGKm79iOiCKUDCNZkwJzmLkv6RRyDt23rk5y5Ur8zrS6AAdohPkoCIqoytURXVE0QN6Qi/o1Xq0nq036302mrLmO/voF6zPb+/Mn9M=</latexit><latexit sha1_base64="9QZ7rJHlu9aSruy3xv6zfaltpY4=">AAACHnicbVDLSgMxFM3UV62vqks3waK4scwUpd0IpW4ENxX6gk4ZMmnaxiYzQ3JHLEO/xI2/4saFIoIr/RvTx0KrBwKHc+7l5hw/ElyDbX9ZqaXlldW19HpmY3Nreye7u9fQYawoq9NQhKrlE80ED1gdOAjWihQj0hes6Q8vJ37zjinNw6AGo4h1JOkHvMcpASN52fOa50oCAyWTSmWMjy9w0Sm5wO4hwddj7LoZt0+kJF7Cg9upf1rIF7xszs7bU+C/xJmTHJqj6mU/3G5IY8kCoIJo3XbsCDoJUcCpYOOMG2sWETokfdY2NCCS6U4yjTfGR0bp4l6ozAsAT9WfGwmRWo+kbyYnUfSiNxH/89ox9EodEyyKgQV0dqgXCwwhnnSFu1wxCmJkCKGKm79iOiCKUDCNZkwJzmLkv6RRyDt23rk5y5Ur8zrS6AAdohPkoCIqoytURXVE0QN6Qi/o1Xq0nq036302mrLmO/voF6zPb+/Mn9M=</latexit>

hNinti = 1413

hN�
inti

hNp
inti

= 1413
<latexit sha1_base64="gDUnqBMkq3+djjyG/MGLVuqxTxI=">AAACUXicbVFNSwMxFHxdv+tX1aOXYBE8lV0t6EUQvXiSCrYK3Vreptk2mGSXJCuUpX/Rg578H148KKbtIlp9EJjMzHtJJlEquLG+/1ry5uYXFpeWV8qra+sbm5Wt7ZZJMk1ZkyYi0XcRGia4Yk3LrWB3qWYoI8Fuo4eLsX77yLThibqxw5R1JPYVjzlF66huZRAKVH3ByFU358qOSKin+1MS1IOjMCyHsUaaf9vuwz5Kib/dox96OiMVk7qVql/zJ0X+gqAAVSiq0a08h72EZpIpSwUa0w781HZy1JZTN7YcZoalSB+wz9oOKpTMdPJJIiOy75geiRPtlrJkwv7syFEaM5SRc0q0AzOrjcn/tHZm45OOe2CaWabo9KA4E8QmZBwv6XHNqBVDB5Bq7u5K6ABdgtZ9QtmFEMw++S9oHdYCvxZc16tn50Ucy7ALe3AAARzDGVxCA5pA4Qne4AM+Sy+ldw88b2r1SkXPDvwqb/ULbYCy+w==</latexit><latexit sha1_base64="gDUnqBMkq3+djjyG/MGLVuqxTxI=">AAACUXicbVFNSwMxFHxdv+tX1aOXYBE8lV0t6EUQvXiSCrYK3Vreptk2mGSXJCuUpX/Rg578H148KKbtIlp9EJjMzHtJJlEquLG+/1ry5uYXFpeWV8qra+sbm5Wt7ZZJMk1ZkyYi0XcRGia4Yk3LrWB3qWYoI8Fuo4eLsX77yLThibqxw5R1JPYVjzlF66huZRAKVH3ByFU358qOSKin+1MS1IOjMCyHsUaaf9vuwz5Kib/dox96OiMVk7qVql/zJ0X+gqAAVSiq0a08h72EZpIpSwUa0w781HZy1JZTN7YcZoalSB+wz9oOKpTMdPJJIiOy75geiRPtlrJkwv7syFEaM5SRc0q0AzOrjcn/tHZm45OOe2CaWabo9KA4E8QmZBwv6XHNqBVDB5Bq7u5K6ABdgtZ9QtmFEMw++S9oHdYCvxZc16tn50Ucy7ALe3AAARzDGVxCA5pA4Qne4AM+Sy+ldw88b2r1SkXPDvwqb/ULbYCy+w==</latexit><latexit sha1_base64="gDUnqBMkq3+djjyG/MGLVuqxTxI=">AAACUXicbVFNSwMxFHxdv+tX1aOXYBE8lV0t6EUQvXiSCrYK3Vreptk2mGSXJCuUpX/Rg578H148KKbtIlp9EJjMzHtJJlEquLG+/1ry5uYXFpeWV8qra+sbm5Wt7ZZJMk1ZkyYi0XcRGia4Yk3LrWB3qWYoI8Fuo4eLsX77yLThibqxw5R1JPYVjzlF66huZRAKVH3ByFU358qOSKin+1MS1IOjMCyHsUaaf9vuwz5Kib/dox96OiMVk7qVql/zJ0X+gqAAVSiq0a08h72EZpIpSwUa0w781HZy1JZTN7YcZoalSB+wz9oOKpTMdPJJIiOy75geiRPtlrJkwv7syFEaM5SRc0q0AzOrjcn/tHZm45OOe2CaWabo9KA4E8QmZBwv6XHNqBVDB5Bq7u5K6ABdgtZ9QtmFEMw++S9oHdYCvxZc16tn50Ucy7ALe3AAARzDGVxCA5pA4Qne4AM+Sy+ldw88b2r1SkXPDvwqb/ULbYCy+w==</latexit><latexit sha1_base64="gDUnqBMkq3+djjyG/MGLVuqxTxI=">AAACUXicbVFNSwMxFHxdv+tX1aOXYBE8lV0t6EUQvXiSCrYK3Vreptk2mGSXJCuUpX/Rg578H148KKbtIlp9EJjMzHtJJlEquLG+/1ry5uYXFpeWV8qra+sbm5Wt7ZZJMk1ZkyYi0XcRGia4Yk3LrWB3qWYoI8Fuo4eLsX77yLThibqxw5R1JPYVjzlF66huZRAKVH3ByFU358qOSKin+1MS1IOjMCyHsUaaf9vuwz5Kib/dox96OiMVk7qVql/zJ0X+gqAAVSiq0a08h72EZpIpSwUa0w781HZy1JZTN7YcZoalSB+wz9oOKpTMdPJJIiOy75geiRPtlrJkwv7syFEaM5SRc0q0AzOrjcn/tHZm45OOe2CaWabo9KA4E8QmZBwv6XHNqBVDB5Bq7u5K6ABdgtZ9QtmFEMw++S9oHdYCvxZc16tn50Ucy7ALe3AAARzDGVxCA5pA4Qne4AM+Sy+ldw88b2r1SkXPDvwqb/ULbYCy+w==</latexit>

Best Description of Astrophysical Neutrino Flux
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�(Xmax)
<latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit><latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit><latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit><latexit sha1_base64="PqYpaxKam9P71LtlWjZme3U211I=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJCLosunFZwT6gDWEynbRDZ5IwMxFL7MJfceNCEbf+hjv/xkmbhbYeGDiccy/3zAkSzpR2nG9raXlldW29tFHe3Nre2bX39lsqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXud++p1KxOLrT44R6Ag8iFjKCtZF8+7Cn2EDgasfvCayHUmQCP0xOfbvi1Jwp0CJxC1KBAg3f/ur1Y5IKGmnCsVJd10m0l2GpGeF0Uu6liiaYjPCAdg2NsKDKy6b5J+jEKH0UxtK8SKOp+nsjw0KpsQjMZB5SzXu5+J/XTXV46WUsSlJNIzI7FKYc6RjlZaA+k5RoPjYEE8lMVkSGWGKiTWVlU4I7/+VF0jqruU7NvT2v1K+KOkpwBMdQBRcuoA430IAmEHiEZ3iFN+vJerHerY/Z6JJV7BzAH1ifPxHrlh8=</latexit>

hXmaxi
<latexit sha1_base64="OaM08Twwb/K7l+RHSZmMsoBVsTs=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCT178K148KOLV3+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMA5UoUZuxat6BfAi8WekgmaoR+5X0E1oJkAayonWHd9LTZgTZRjlMC4HmYaU0CHpQ8dSSQToMC/eGOMTq3RxL1G2pMGF+nsiJ0LrkYht5+RUPe9NxP+8TmZ6l2HOZJoZkHS6qJdxbBI8yQR3mQJq+MgSQhWzt2I6IIpQY5Mr2xD8+ZcXSfOs6ntV//a8UruaxVFCh+gYnSIfXaAaukF11EAUPaJn9IrenCfnxXl3PqatS85s5gD9gfP5A/C5mWs=</latexit><latexit sha1_base64="OaM08Twwb/K7l+RHSZmMsoBVsTs=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCT178K148KOLV3+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMA5UoUZuxat6BfAi8WekgmaoR+5X0E1oJkAayonWHd9LTZgTZRjlMC4HmYaU0CHpQ8dSSQToMC/eGOMTq3RxL1G2pMGF+nsiJ0LrkYht5+RUPe9NxP+8TmZ6l2HOZJoZkHS6qJdxbBI8yQR3mQJq+MgSQhWzt2I6IIpQY5Mr2xD8+ZcXSfOs6ntV//a8UruaxVFCh+gYnSIfXaAaukF11EAUPaJn9IrenCfnxXl3PqatS85s5gD9gfP5A/C5mWs=</latexit><latexit sha1_base64="OaM08Twwb/K7l+RHSZmMsoBVsTs=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCT178K148KOLV3+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMA5UoUZuxat6BfAi8WekgmaoR+5X0E1oJkAayonWHd9LTZgTZRjlMC4HmYaU0CHpQ8dSSQToMC/eGOMTq3RxL1G2pMGF+nsiJ0LrkYht5+RUPe9NxP+8TmZ6l2HOZJoZkHS6qJdxbBI8yQR3mQJq+MgSQhWzt2I6IIpQY5Mr2xD8+ZcXSfOs6ntV//a8UruaxVFCh+gYnSIfXaAaukF11EAUPaJn9IrenCfnxXl3PqatS85s5gD9gfP5A/C5mWs=</latexit><latexit sha1_base64="OaM08Twwb/K7l+RHSZmMsoBVsTs=">AAACBnicbVBNS8NAEN34WetX1KMIi0XwVBIR9Fj04rGC/YAmhM122i7d3YTdjVhCT178K148KOLV3+DNf+M27UFbHww83pthZl6ccqaN5307S8srq2vrpY3y5tb2zq67t9/USaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98Vv3oDRL5J0ZpRAK0pesxygxVorco4AT2eeA21EgiBkokQvyMA5UoUZuxat6BfAi8WekgmaoR+5X0E1oJkAayonWHd9LTZgTZRjlMC4HmYaU0CHpQ8dSSQToMC/eGOMTq3RxL1G2pMGF+nsiJ0LrkYht5+RUPe9NxP+8TmZ6l2HOZJoZkHS6qJdxbBI8yQR3mQJq+MgSQhWzt2I6IIpQY5Mr2xD8+ZcXSfOs6ntV//a8UruaxVFCh+gYnSIfXaAaukF11EAUPaJn9IrenCfnxXl3PqatS85s5gD9gfP5A/C5mWs=</latexit>

Inferred Source Parameters:
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Next Steps: Narrowing in on Possible Sources

44

Favored Region

Effective Source Size
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Under the assumption of 
blackbody photon field:

L2B = f({✓i})
<latexit sha1_base64="28WvCuwWTm+zeRmC0R5WAySbzqo=">AAACAXicbVC7SgNBFJ2NrxhfqzaCzWBQYhN2g6CNEGJjYRHBPCC7htnJbDJk9sHMXSEssfFXbCwUsfUv7PwbJ8kWmnjgwuGce7n3Hi8WXIFlfRu5peWV1bX8emFjc2t7x9zda6ookZQ1aCQi2faIYoKHrAEcBGvHkpHAE6zlDa8mfuuBScWj8A5GMXMD0g+5zykBLXXNg5v7Cq7hk0vsl5zUgQED0uXO+LRrFq2yNQVeJHZGiihDvWt+Ob2IJgELgQqiVMe2YnBTIoFTwcYFJ1EsJnRI+qyjaUgCptx0+sEYH2ulh/1I6goBT9XfEykJlBoFnu4MCAzUvDcR//M6CfgXbsrDOAEW0tkiPxEYIjyJA/e4ZBTESBNCJde3YjogklDQoRV0CPb8y4ukWSnbVtm+PStWa1kceXSIjlAJ2egcVdE1qqMGougRPaNX9GY8GS/Gu/Exa80Z2cw++gPj8wepz5Ud</latexit><latexit sha1_base64="28WvCuwWTm+zeRmC0R5WAySbzqo=">AAACAXicbVC7SgNBFJ2NrxhfqzaCzWBQYhN2g6CNEGJjYRHBPCC7htnJbDJk9sHMXSEssfFXbCwUsfUv7PwbJ8kWmnjgwuGce7n3Hi8WXIFlfRu5peWV1bX8emFjc2t7x9zda6ookZQ1aCQi2faIYoKHrAEcBGvHkpHAE6zlDa8mfuuBScWj8A5GMXMD0g+5zykBLXXNg5v7Cq7hk0vsl5zUgQED0uXO+LRrFq2yNQVeJHZGiihDvWt+Ob2IJgELgQqiVMe2YnBTIoFTwcYFJ1EsJnRI+qyjaUgCptx0+sEYH2ulh/1I6goBT9XfEykJlBoFnu4MCAzUvDcR//M6CfgXbsrDOAEW0tkiPxEYIjyJA/e4ZBTESBNCJde3YjogklDQoRV0CPb8y4ukWSnbVtm+PStWa1kceXSIjlAJ2egcVdE1qqMGougRPaNX9GY8GS/Gu/Exa80Z2cw++gPj8wepz5Ud</latexit><latexit sha1_base64="28WvCuwWTm+zeRmC0R5WAySbzqo=">AAACAXicbVC7SgNBFJ2NrxhfqzaCzWBQYhN2g6CNEGJjYRHBPCC7htnJbDJk9sHMXSEssfFXbCwUsfUv7PwbJ8kWmnjgwuGce7n3Hi8WXIFlfRu5peWV1bX8emFjc2t7x9zda6ookZQ1aCQi2faIYoKHrAEcBGvHkpHAE6zlDa8mfuuBScWj8A5GMXMD0g+5zykBLXXNg5v7Cq7hk0vsl5zUgQED0uXO+LRrFq2yNQVeJHZGiihDvWt+Ob2IJgELgQqiVMe2YnBTIoFTwcYFJ1EsJnRI+qyjaUgCptx0+sEYH2ulh/1I6goBT9XfEykJlBoFnu4MCAzUvDcR//M6CfgXbsrDOAEW0tkiPxEYIjyJA/e4ZBTESBNCJde3YjogklDQoRV0CPb8y4ukWSnbVtm+PStWa1kceXSIjlAJ2egcVdE1qqMGougRPaNX9GY8GS/Gu/Exa80Z2cw++gPj8wepz5Ud</latexit><latexit sha1_base64="28WvCuwWTm+zeRmC0R5WAySbzqo=">AAACAXicbVC7SgNBFJ2NrxhfqzaCzWBQYhN2g6CNEGJjYRHBPCC7htnJbDJk9sHMXSEssfFXbCwUsfUv7PwbJ8kWmnjgwuGce7n3Hi8WXIFlfRu5peWV1bX8emFjc2t7x9zda6ookZQ1aCQi2faIYoKHrAEcBGvHkpHAE6zlDa8mfuuBScWj8A5GMXMD0g+5zykBLXXNg5v7Cq7hk0vsl5zUgQED0uXO+LRrFq2yNQVeJHZGiihDvWt+Ob2IJgELgQqiVMe2YnBTIoFTwcYFJ1EsJnRI+qyjaUgCptx0+sEYH2ulh/1I6goBT9XfEykJlBoFnu4MCAzUvDcR//M6CfgXbsrDOAEW0tkiPxEYIjyJA/e4ZBTESBNCJde3YjogklDQoRV0CPb8y4ukWSnbVtm+PStWa1kceXSIjlAJ2egcVdE1qqMGougRPaNX9GY8GS/Gu/Exa80Z2cw++gPj8wepz5Ud</latexit>

B�c = 2.2⇡
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<latexit sha1_base64="oAH1RdNcARph4l3di27HUe2vhr0=">AAACRnicbVDPaxNBGP02/mrjj0Y9ehlMlHoJu0HQi1BaRI9tMWkhsyyzs98mQ2Z2l5lvxbDsX+fFc2/+CV48KKXXTtII2vpg4M1772Pme2mllaMw/B50bt2+c/fe1nb3/oOHj3Z6j59MXFlbiWNZ6tKepsKhVgWOSZHG08qiMKnGk3RxsPJPPqN1qiw+0bLC2IhZoXIlBXkp6cX7XPt0JhLJXr5jo+GIV4pxjTnt8twK2Rwn3AiaW9NkKs/btvlzfT9pW27VbE6vOOE XatiAm3rwYcBlVtJgUck26fXDYbgGu0miDenDBodJ74xnpawNFiS1cG4ahRXFjbCkpMa2y2uHlZALMcOpp4Uw6OJmXUPLXnglY3lp/SmIrdW/JxphnFua1CdXK7jr3kr8nzetKX8bN6qoasJCXj2U15pRyVadskxZlKSXnghplf8rk3PhyyPffNeXEF1f+SaZjIZROIyOXvf39jd1bMEzeA67EMEb2IOPcAhjkPAVfsAv+B18C34G58HFVbQTbGaewj/owCXwDLGE</latexit><latexit sha1_base64="oAH1RdNcARph4l3di27HUe2vhr0=">AAACRnicbVDPaxNBGP02/mrjj0Y9ehlMlHoJu0HQi1BaRI9tMWkhsyyzs98mQ2Z2l5lvxbDsX+fFc2/+CV48KKXXTtII2vpg4M1772Pme2mllaMw/B50bt2+c/fe1nb3/oOHj3Z6j59MXFlbiWNZ6tKepsKhVgWOSZHG08qiMKnGk3RxsPJPPqN1qiw+0bLC2IhZoXIlBXkp6cX7XPt0JhLJXr5jo+GIV4pxjTnt8twK2Rwn3AiaW9NkKs/btvlzfT9pW27VbE6vOOE XatiAm3rwYcBlVtJgUck26fXDYbgGu0miDenDBodJ74xnpawNFiS1cG4ahRXFjbCkpMa2y2uHlZALMcOpp4Uw6OJmXUPLXnglY3lp/SmIrdW/JxphnFua1CdXK7jr3kr8nzetKX8bN6qoasJCXj2U15pRyVadskxZlKSXnghplf8rk3PhyyPffNeXEF1f+SaZjIZROIyOXvf39jd1bMEzeA67EMEb2IOPcAhjkPAVfsAv+B18C34G58HFVbQTbGaewj/owCXwDLGE</latexit><latexit sha1_base64="oAH1RdNcARph4l3di27HUe2vhr0=">AAACRnicbVDPaxNBGP02/mrjj0Y9ehlMlHoJu0HQi1BaRI9tMWkhsyyzs98mQ2Z2l5lvxbDsX+fFc2/+CV48KKXXTtII2vpg4M1772Pme2mllaMw/B50bt2+c/fe1nb3/oOHj3Z6j59MXFlbiWNZ6tKepsKhVgWOSZHG08qiMKnGk3RxsPJPPqN1qiw+0bLC2IhZoXIlBXkp6cX7XPt0JhLJXr5jo+GIV4pxjTnt8twK2Rwn3AiaW9NkKs/btvlzfT9pW27VbE6vOOE XatiAm3rwYcBlVtJgUck26fXDYbgGu0miDenDBodJ74xnpawNFiS1cG4ahRXFjbCkpMa2y2uHlZALMcOpp4Uw6OJmXUPLXnglY3lp/SmIrdW/JxphnFua1CdXK7jr3kr8nzetKX8bN6qoasJCXj2U15pRyVadskxZlKSXnghplf8rk3PhyyPffNeXEF1f+SaZjIZROIyOXvf39jd1bMEzeA67EMEb2IOPcAhjkPAVfsAv+B18C34G58HFVbQTbGaewj/owCXwDLGE</latexit><latexit sha1_base64="oAH1RdNcARph4l3di27HUe2vhr0=">AAACRnicbVDPaxNBGP02/mrjj0Y9ehlMlHoJu0HQi1BaRI9tMWkhsyyzs98mQ2Z2l5lvxbDsX+fFc2/+CV48KKXXTtII2vpg4M1772Pme2mllaMw/B50bt2+c/fe1nb3/oOHj3Z6j59MXFlbiWNZ6tKepsKhVgWOSZHG08qiMKnGk3RxsPJPPqN1qiw+0bLC2IhZoXIlBXkp6cX7XPt0JhLJXr5jo+GIV4pxjTnt8twK2Rwn3AiaW9NkKs/btvlzfT9pW27VbE6vOOE XatiAm3rwYcBlVtJgUck26fXDYbgGu0miDenDBodJ74xnpawNFiS1cG4ahRXFjbCkpMa2y2uHlZALMcOpp4Uw6OJmXUPLXnglY3lp/SmIrdW/JxphnFua1CdXK7jr3kr8nzetKX8bN6qoasJCXj2U15pRyVadskxZlKSXnghplf8rk3PhyyPffNeXEF1f+SaZjIZROIyOXvf39jd1bMEzeA67EMEb2IOPcAhjkPAVfsAv+B18C34G58HFVbQTbGaewj/owCXwDLGE</latexit>

Performed MCMC to find spread of 
parameter values compatible with 

data and constraints

What known 
astrophysical sources lie 

in the favored region?
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Summary: Part II
• Current UHECR data compatible with gas- and photon-

dominated source environments


• Common origin of UHECRs & astro. 𝜈’s possible, but 
tightly constrained


• Leveraging multimessenger data we can determine 
preferred astrophysical sources for common origin or 
UHECRs alone 

Favored Region

PRELIM
INARY
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Thank you!
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Backup
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Constraining Injected Composition?

48

Milky Way-like compositions produce 
overshoot of the spectrum at the cutoff

Characterizing injected composition:

narrow mass range


or

extended, Milky Way-like 

composition?
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⇠(z) =

(
0 z < z0(Dmin)

SFR z � z0(Dmin)
<latexit sha1_base64="c5zpEPomk/M9nBNyge0OdoOwj7M="></latexit><latexit sha1_base64="c5zpEPomk/M9nBNyge0OdoOwj7M="></latexit><latexit sha1_base64="c5zpEPomk/M9nBNyge0OdoOwj7M="></latexit><latexit sha1_base64="c5zpEPomk/M9nBNyge0OdoOwj7M="></latexit>

Best-fit nearest 
source distance is 

constrained:


Dmin ~ 30-50 Mpc

for Milky Way-like 

composition,


Dmin ≲ 5 Mpc

for narrow composition*

*dependent on systematic uncertainties

Increasing 
source distance
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Constraints on UHECR sources
PRELIMINARY
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Gas interactions always 
dominate at low-energies

Break in power-law for 
escape length is sensitive 

to turbulent magnetic 
field properties

1
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<latexit sha1_base64="M59tRRonX9GqU30BCTYHCuXkPug="></latexit><latexit sha1_base64="M59tRRonX9GqU30BCTYHCuXkPug="></latexit><latexit sha1_base64="M59tRRonX9GqU30BCTYHCuXkPug="></latexit><latexit sha1_base64="M59tRRonX9GqU30BCTYHCuXkPug="></latexit>


