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Overview

Central particle accelerator 
(AGN/Black hole jets) 

Accretion Shocks

Intra Cluster medium 
(Hot ionized gas, 

 Turbulent magnetic fields )
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• CR acceleration and 
confinement in GC.  

• Neutrino production via 
charged pion decay. 

• We’re testing the 
contribution to the diffuse 
neutrino flux by stacking a 
catalog of galaxy clusters.
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X-ray: NASA/CXC/SAO/R. van Weeren et al; Optical: NAOJ/Subaru; Radio: NCRA/TIFR/GMRT
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<latexit sha1_base64="OC+J3RtlByiapMrvC2+Pzm46kFM=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4kCEpYttd0Y3LCvYBnbFk0kwbmpkJSUYoQ3/DjQtF3Poz7vwbM20FFT1w4XDOvdx7TyAF1wahD6ewsrq2vlHcLG1t7+zulfcPOjpJFWVtmohE9QKimeAxaxtuBOtJxUgUCNYNJle5371nSvMkvjVTyfyIjGIeckqMlTx5xu4yT0Yz13UH5QpyEUIYY5gTXLtAljQa9SquQ5xbFhWwRGtQfveGCU0jFhsqiNZ9jKTxM6IMp4LNSl6qmSR0Qkasb2lMIqb9bH7zDJ5YZQjDRNmKDZyr3ycyEmk9jQLbGREz1r+9XPzL66cmrPsZj2VqWEwXi8JUQJPAPAA45IpRI6aWEKq4vRXSMVGEGhtTyYbw9Sn8n3SqLkYuvjmvNC+XcRTBETgGpwCDGmiCa9ACbUCBBA/gCTw7qfPovDivi9aCs5w5BD/gvH0CY9iRQg==</latexit><latexit sha1_base64="OC+J3RtlByiapMrvC2+Pzm46kFM=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4kCEpYttd0Y3LCvYBnbFk0kwbmpkJSUYoQ3/DjQtF3Poz7vwbM20FFT1w4XDOvdx7TyAF1wahD6ewsrq2vlHcLG1t7+zulfcPOjpJFWVtmohE9QKimeAxaxtuBOtJxUgUCNYNJle5371nSvMkvjVTyfyIjGIeckqMlTx5xu4yT0Yz13UH5QpyEUIYY5gTXLtAljQa9SquQ5xbFhWwRGtQfveGCU0jFhsqiNZ9jKTxM6IMp4LNSl6qmSR0Qkasb2lMIqb9bH7zDJ5YZQjDRNmKDZyr3ycyEmk9jQLbGREz1r+9XPzL66cmrPsZj2VqWEwXi8JUQJPAPAA45IpRI6aWEKq4vRXSMVGEGhtTyYbw9Sn8n3SqLkYuvjmvNC+XcRTBETgGpwCDGmiCa9ACbUCBBA/gCTw7qfPovDivi9aCs5w5BD/gvH0CY9iRQg==</latexit><latexit sha1_base64="OC+J3RtlByiapMrvC2+Pzm46kFM=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4kCEpYttd0Y3LCvYBnbFk0kwbmpkJSUYoQ3/DjQtF3Poz7vwbM20FFT1w4XDOvdx7TyAF1wahD6ewsrq2vlHcLG1t7+zulfcPOjpJFWVtmohE9QKimeAxaxtuBOtJxUgUCNYNJle5371nSvMkvjVTyfyIjGIeckqMlTx5xu4yT0Yz13UH5QpyEUIYY5gTXLtAljQa9SquQ5xbFhWwRGtQfveGCU0jFhsqiNZ9jKTxM6IMp4LNSl6qmSR0Qkasb2lMIqb9bH7zDJ5YZQjDRNmKDZyr3ycyEmk9jQLbGREz1r+9XPzL66cmrPsZj2VqWEwXi8JUQJPAPAA45IpRI6aWEKq4vRXSMVGEGhtTyYbw9Sn8n3SqLkYuvjmvNC+XcRTBETgGpwCDGmiCa9ACbUCBBA/gCTw7qfPovDivi9aCs5w5BD/gvH0CY9iRQg==</latexit><latexit sha1_base64="OC+J3RtlByiapMrvC2+Pzm46kFM=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4kCEpYttd0Y3LCvYBnbFk0kwbmpkJSUYoQ3/DjQtF3Poz7vwbM20FFT1w4XDOvdx7TyAF1wahD6ewsrq2vlHcLG1t7+zulfcPOjpJFWVtmohE9QKimeAxaxtuBOtJxUgUCNYNJle5371nSvMkvjVTyfyIjGIeckqMlTx5xu4yT0Yz13UH5QpyEUIYY5gTXLtAljQa9SquQ5xbFhWwRGtQfveGCU0jFhsqiNZ9jKTxM6IMp4LNSl6qmSR0Qkasb2lMIqb9bH7zDJ5YZQjDRNmKDZyr3ycyEmk9jQLbGREz1r+9XPzL66cmrPsZj2VqWEwXi8JUQJPAPAA45IpRI6aWEKq4vRXSMVGEGhtTyYbw9Sn8n3SqLkYuvjmvNC+XcRTBETgGpwCDGmiCa9ACbUCBBA/gCTw7qfPovDivi9aCs5w5BD/gvH0CY9iRQg==</latexit>

�
<latexit sha1_base64="2CohtFTYabXWJXfIIoEkUD0xnIU=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXJSli213RjcsK9gHtUDJppo3NY0gyQin9BzcuFHHr/7jzb8y0FVT0wIXDOfdy7z1RIrh1CH0EK6tr6xubua389s7u3n7h4LBldWooa1IttOlExDLBFWs67gTrJIYRGQnWjsZXmd++Z8ZyrW7dJGGhJEPFY06J81KrNyRSkn6hiEoIIYwxzAiuXCBParVqGVchziyPIlii0S+89waappIpRwWxtotR4sIpMY5TwWb5XmpZQuiYDFnXU0Uks+F0fu0MnnplAGNtfCkH5+r3iSmR1k5k5DslcSP728vEv7xu6uJqOOUqSR1TdLEoTgV0GmavwwE3jDox8YRQw/2tkI6IIdT5gPI+hK9P4f+kVS5hVMI358X65TKOHDgGJ+AMYFABdXANGqAJKLgDD+AJPAc6eAxegtdF60qwnDkCPxC8fQLT4Y9L</latexit><latexit sha1_base64="2CohtFTYabXWJXfIIoEkUD0xnIU=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXJSli213RjcsK9gHtUDJppo3NY0gyQin9BzcuFHHr/7jzb8y0FVT0wIXDOfdy7z1RIrh1CH0EK6tr6xubua389s7u3n7h4LBldWooa1IttOlExDLBFWs67gTrJIYRGQnWjsZXmd++Z8ZyrW7dJGGhJEPFY06J81KrNyRSkn6hiEoIIYwxzAiuXCBParVqGVchziyPIlii0S+89waappIpRwWxtotR4sIpMY5TwWb5XmpZQuiYDFnXU0Uks+F0fu0MnnplAGNtfCkH5+r3iSmR1k5k5DslcSP728vEv7xu6uJqOOUqSR1TdLEoTgV0GmavwwE3jDox8YRQw/2tkI6IIdT5gPI+hK9P4f+kVS5hVMI358X65TKOHDgGJ+AMYFABdXANGqAJKLgDD+AJPAc6eAxegtdF60qwnDkCPxC8fQLT4Y9L</latexit><latexit sha1_base64="2CohtFTYabXWJXfIIoEkUD0xnIU=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXJSli213RjcsK9gHtUDJppo3NY0gyQin9BzcuFHHr/7jzb8y0FVT0wIXDOfdy7z1RIrh1CH0EK6tr6xubua389s7u3n7h4LBldWooa1IttOlExDLBFWs67gTrJIYRGQnWjsZXmd++Z8ZyrW7dJGGhJEPFY06J81KrNyRSkn6hiEoIIYwxzAiuXCBParVqGVchziyPIlii0S+89waappIpRwWxtotR4sIpMY5TwWb5XmpZQuiYDFnXU0Uks+F0fu0MnnplAGNtfCkH5+r3iSmR1k5k5DslcSP728vEv7xu6uJqOOUqSR1TdLEoTgV0GmavwwE3jDox8YRQw/2tkI6IIdT5gPI+hK9P4f+kVS5hVMI358X65TKOHDgGJ+AMYFABdXANGqAJKLgDD+AJPAc6eAxegtdF60qwnDkCPxC8fQLT4Y9L</latexit><latexit sha1_base64="2CohtFTYabXWJXfIIoEkUD0xnIU=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXJSli213RjcsK9gHtUDJppo3NY0gyQin9BzcuFHHr/7jzb8y0FVT0wIXDOfdy7z1RIrh1CH0EK6tr6xubua389s7u3n7h4LBldWooa1IttOlExDLBFWs67gTrJIYRGQnWjsZXmd++Z8ZyrW7dJGGhJEPFY06J81KrNyRSkn6hiEoIIYwxzAiuXCBParVqGVchziyPIlii0S+89waappIpRwWxtotR4sIpMY5TwWb5XmpZQuiYDFnXU0Uks+F0fu0MnnplAGNtfCkH5+r3iSmR1k5k5DslcSP728vEv7xu6uJqOOUqSR1TdLEoTgV0GmavwwE3jDox8YRQw/2tkI6IIdT5gPI+hK9P4f+kVS5hVMI358X65TKOHDgGJ+AMYFABdXANGqAJKLgDD+AJPAc6eAxegtdF60qwnDkCPxC8fQLT4Y9L</latexit>

CR Reservoir

p...
<latexit sha1_base64="zN0H5J1i9bdBoYbtSv3Yu5TfNu0=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4GpIitt0V3bisYB/QDiWTZtrQJDMkGaEM/QU3LhRx6w+582/MtBVU9MCFwzn3cu89YSK4sQh9eIW19Y3NreJ2aWd3b/+gfHjUMXGqKWvTWMS6FxLDBFesbbkVrJdoRmQoWDecXud+955pw2N1Z2cJCyQZKx5xSmwuJb7vD8sV5COEMMYwJ7h2iRxpNOpVXIc4txwqYIXWsPw+GMU0lUxZKogxfYwSG2REW04Fm5cGqWEJoVMyZn1HFZHMBNni1jk8c8oIRrF2pSxcqN8nMiKNmcnQdUpiJ+a3l4t/ef3URvUg4ypJLVN0uShKBbQxzB+HI64ZtWLmCKGau1shnRBNqHXxlFwIX5/C/0mn6mPk49uLSvNqFUcRnIBTcA4wqIEmuAEt0AYUTMADeALPnvQevRfvddla8FYzx+AHvLdPaOGN0g==</latexit><latexit sha1_base64="zN0H5J1i9bdBoYbtSv3Yu5TfNu0=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4GpIitt0V3bisYB/QDiWTZtrQJDMkGaEM/QU3LhRx6w+582/MtBVU9MCFwzn3cu89YSK4sQh9eIW19Y3NreJ2aWd3b/+gfHjUMXGqKWvTWMS6FxLDBFesbbkVrJdoRmQoWDecXud+955pw2N1Z2cJCyQZKx5xSmwuJb7vD8sV5COEMMYwJ7h2iRxpNOpVXIc4txwqYIXWsPw+GMU0lUxZKogxfYwSG2REW04Fm5cGqWEJoVMyZn1HFZHMBNni1jk8c8oIRrF2pSxcqN8nMiKNmcnQdUpiJ+a3l4t/ef3URvUg4ypJLVN0uShKBbQxzB+HI64ZtWLmCKGau1shnRBNqHXxlFwIX5/C/0mn6mPk49uLSvNqFUcRnIBTcA4wqIEmuAEt0AYUTMADeALPnvQevRfvddla8FYzx+AHvLdPaOGN0g==</latexit><latexit sha1_base64="zN0H5J1i9bdBoYbtSv3Yu5TfNu0=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4GpIitt0V3bisYB/QDiWTZtrQJDMkGaEM/QU3LhRx6w+582/MtBVU9MCFwzn3cu89YSK4sQh9eIW19Y3NreJ2aWd3b/+gfHjUMXGqKWvTWMS6FxLDBFesbbkVrJdoRmQoWDecXud+955pw2N1Z2cJCyQZKx5xSmwuJb7vD8sV5COEMMYwJ7h2iRxpNOpVXIc4txwqYIXWsPw+GMU0lUxZKogxfYwSG2REW04Fm5cGqWEJoVMyZn1HFZHMBNni1jk8c8oIRrF2pSxcqN8nMiKNmcnQdUpiJ+a3l4t/ef3URvUg4ypJLVN0uShKBbQxzB+HI64ZtWLmCKGau1shnRBNqHXxlFwIX5/C/0mn6mPk49uLSvNqFUcRnIBTcA4wqIEmuAEt0AYUTMADeALPnvQevRfvddla8FYzx+AHvLdPaOGN0g==</latexit><latexit sha1_base64="zN0H5J1i9bdBoYbtSv3Yu5TfNu0=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4GpIitt0V3bisYB/QDiWTZtrQJDMkGaEM/QU3LhRx6w+582/MtBVU9MCFwzn3cu89YSK4sQh9eIW19Y3NreJ2aWd3b/+gfHjUMXGqKWvTWMS6FxLDBFesbbkVrJdoRmQoWDecXud+955pw2N1Z2cJCyQZKx5xSmwuJb7vD8sV5COEMMYwJ7h2iRxpNOpVXIc4txwqYIXWsPw+GMU0lUxZKogxfYwSG2REW04Fm5cGqWEJoVMyZn1HFZHMBNni1jk8c8oIRrF2pSxcqN8nMiKNmcnQdUpiJ+a3l4t/ef3URvUg4ypJLVN0uShKBbQxzB+HI64ZtWLmCKGau1shnRBNqHXxlFwIX5/C/0mn6mPk49uLSvNqFUcRnIBTcA4wqIEmuAEt0AYUTMADeALPnvQevRfvddla8FYzx+AHvLdPaOGN0g==</latexit>

• CR acceleration and 
confinement in GC.  

• Neutrino production via 
charged pion decay. 

• We’re testing the 
contribution to the diffuse 
neutrino flux by stacking a 
catalog of galaxy clusters.
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X-ray: NASA/CXC/SAO/R. van Weeren et al; Optical: NAOJ/Subaru; Radio: NCRA/TIFR/GMRT

Source: Juan Aguilar 



Neutrinos from Galaxy clusters

Fang & Murase Nature Phys. 14 (2018) 396



The Planck SZ Catalog of Galaxy Clusters
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• The ICM can be robustly detected either in X rays or, by CMB telescopes via the 

Sunyaev–Zel’dovich (SZ) effect 
• We use the 2015 Planck survey (PSZ2): 1094 clusters up to a redshift of 0.97  
• 83% Sky coverage



Stacking Analysis
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<latexit sha1_base64="lNP/lgLIEtC/jVIM1fcu36MxBDE=">AAACjHicbZHva9QwGMfTzh/bqfM2X+5N8BDuUG+tDNwYB2Oi+ELGRG8bXM7yNE17YUlbkqfCUfrX+B/5bv+N6a2i3nwg4cP3+ZHkm7hU0mIQ3Hj+xr37Dx5ubvUePX6y/bS/s3thi8pwMeWFKsxVDFYomYspSlTiqjQCdKzEZXz9rs1ffhfGyiL/istSzDVkuUwlB3RS1P/BVJHVTAMuOKj6U9PQCWW20lEtJ2Hz7Yy2BW4TKQ 4pSw3wOo9sU581lPGkQPplyBKhECL5ioEqFyuwMtMtvI/kMctAaxhR+rIbE9LX65OMzBY4Ov0zyjWOfstRfxCMg1XQuxB2MCBdnEf9nywpeKVFjlyBtbMwKHFeg0HJlWh6rLKiBH4NmZg5zEELO69XZjb0hVMSmhbGrRzpSv27owZt7VLHrrJ1za7nWvF/uVmF6eG8lnlZocj57UFppSgWtP0ZmkgjOKqlA+BGurtSvgBnE7r/6zkTwvUn34WLN+MwGIefDwYnp50dm2SPPCdDEpK35IR8JOdkSri35e17h96Rv+0f+Mf+5LbU97qeZ+Sf8D/8Ak0Fw70=</latexit><latexit sha1_base64="lNP/lgLIEtC/jVIM1fcu36MxBDE=">AAACjHicbZHva9QwGMfTzh/bqfM2X+5N8BDuUG+tDNwYB2Oi+ELGRG8bXM7yNE17YUlbkqfCUfrX+B/5bv+N6a2i3nwg4cP3+ZHkm7hU0mIQ3Hj+xr37Dx5ubvUePX6y/bS/s3thi8pwMeWFKsxVDFYomYspSlTiqjQCdKzEZXz9rs1ffhfGyiL/istSzDVkuUwlB3RS1P/BVJHVTAMuOKj6U9PQCWW20lEtJ2Hz7Yy2BW4TKQ 4pSw3wOo9sU581lPGkQPplyBKhECL5ioEqFyuwMtMtvI/kMctAaxhR+rIbE9LX65OMzBY4Ov0zyjWOfstRfxCMg1XQuxB2MCBdnEf9nywpeKVFjlyBtbMwKHFeg0HJlWh6rLKiBH4NmZg5zEELO69XZjb0hVMSmhbGrRzpSv27owZt7VLHrrJ1za7nWvF/uVmF6eG8lnlZocj57UFppSgWtP0ZmkgjOKqlA+BGurtSvgBnE7r/6zkTwvUn34WLN+MwGIefDwYnp50dm2SPPCdDEpK35IR8JOdkSri35e17h96Rv+0f+Mf+5LbU97qeZ+Sf8D/8Ak0Fw70=</latexit><latexit sha1_base64="lNP/lgLIEtC/jVIM1fcu36MxBDE=">AAACjHicbZHva9QwGMfTzh/bqfM2X+5N8BDuUG+tDNwYB2Oi+ELGRG8bXM7yNE17YUlbkqfCUfrX+B/5bv+N6a2i3nwg4cP3+ZHkm7hU0mIQ3Hj+xr37Dx5ubvUePX6y/bS/s3thi8pwMeWFKsxVDFYomYspSlTiqjQCdKzEZXz9rs1ffhfGyiL/istSzDVkuUwlB3RS1P/BVJHVTAMuOKj6U9PQCWW20lEtJ2Hz7Yy2BW4TKQ 4pSw3wOo9sU581lPGkQPplyBKhECL5ioEqFyuwMtMtvI/kMctAaxhR+rIbE9LX65OMzBY4Ov0zyjWOfstRfxCMg1XQuxB2MCBdnEf9nywpeKVFjlyBtbMwKHFeg0HJlWh6rLKiBH4NmZg5zEELO69XZjb0hVMSmhbGrRzpSv27owZt7VLHrrJ1za7nWvF/uVmF6eG8lnlZocj57UFppSgWtP0ZmkgjOKqlA+BGurtSvgBnE7r/6zkTwvUn34WLN+MwGIefDwYnp50dm2SPPCdDEpK35IR8JOdkSri35e17h96Rv+0f+Mf+5LbU97qeZ+Sf8D/8Ak0Fw70=</latexit><latexit sha1_base64="lNP/lgLIEtC/jVIM1fcu36MxBDE=">AAACjHicbZHva9QwGMfTzh/bqfM2X+5N8BDuUG+tDNwYB2Oi+ELGRG8bXM7yNE17YUlbkqfCUfrX+B/5bv+N6a2i3nwg4cP3+ZHkm7hU0mIQ3Hj+xr37Dx5ubvUePX6y/bS/s3thi8pwMeWFKsxVDFYomYspSlTiqjQCdKzEZXz9rs1ffhfGyiL/istSzDVkuUwlB3RS1P/BVJHVTAMuOKj6U9PQCWW20lEtJ2Hz7Yy2BW4TKQ 4pSw3wOo9sU581lPGkQPplyBKhECL5ioEqFyuwMtMtvI/kMctAaxhR+rIbE9LX65OMzBY4Ov0zyjWOfstRfxCMg1XQuxB2MCBdnEf9nywpeKVFjlyBtbMwKHFeg0HJlWh6rLKiBH4NmZg5zEELO69XZjb0hVMSmhbGrRzpSv27owZt7VLHrrJ1za7nWvF/uVmF6eG8lnlZocj57UFppSgWtP0ZmkgjOKqlA+BGurtSvgBnE7r/6zkTwvUn34WLN+MwGIefDwYnp50dm2SPPCdDEpK35IR8JOdkSri35e17h96Rv+0f+Mf+5LbU97qeZ+Sf8D/8Ak0Fw70=</latexit>

Stacking M sources with weights

S(�i,↵i,�i, Ei; �) =
MX

k=1

wkSk(�i,↵i,�i, Ei; �)
<latexit sha1_base64="py44E1J+fgDB1nyIgPvgggFJCKU="></latexit><latexit sha1_base64="py44E1J+fgDB1nyIgPvgggFJCKU="></latexit><latexit sha1_base64="py44E1J+fgDB1nyIgPvgggFJCKU="></latexit><latexit sha1_base64="py44E1J+fgDB1nyIgPvgggFJCKU="></latexit>

Weighting Schemes

1. wk = 1 
2. wk proportional to inverse distance-squared 
3. wk proportional to mass/distance-squared (Proxy for X-ray flux obtained from 

the MCXC catalog of X-ray clusters)
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Weighting Schemes

1. wk = 1 
2. wk proportional to inverse distance-squared 
3. wk proportional to mass/distance-squared (Proxy for X-ray flux obtained from 

the MCXC catalog of X-ray clusters)
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Estimating the Completeness of the Catalog

https://arxiv.org/pdf/1502.01598.pdf6

• Completeness is a function of cluster mass and redshift.
• Need to compare with the distribution of clusters in nature.

• Use the Tinker 2010 halo-mass function for the theoretical distribution of clusters.

20% completeness line

50% completeness

https://arxiv.org/pdf/1502.01598.pdf


Effective Completeness
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• Sampled O(106) clusters from the halo mass 
function in the M-z plane. 

• Take product with the completeness function, 
and with the stacking weights in each M-z bin, 
sum over all M-z bins and divide by the total 
number of simulated clusters. 

• Gives an overall completeness fraction of 17% 
for equal weights. 

• 1/d2 weights: 53%
• M/d2 weights: 66%



Stacking Fits Results
• Perform likelihood fits for three weighting schemes: Unweighted, inverse distance-

squared weighting, and mass/distance-squared. 

• No significant emission observed: ns = TS = 0 for all three weighting schemes 

• Report 90% CL upper limits on the flux assuming spectral indices of 2.0, 2.5 and 
3.0 

• Report 90% CL upper limits on in one-decade differential energy bins assuming an 
index of 2.0. 

• Scale by effective completeness of the catalog and report 90% CL contribution to 
the diffuse neutrino flux at 100 TeV assuming the three spectral indices mentioned 
above. 
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Integrated  Results: 𝛾 = 2.0
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32% of the 
diffuse flux

~4% of the 
diffuse flux

⌫µ⌫̄µ



Integrated  Results: 𝛾 = 2.5
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67 % of the diffuse flux

5% of diffuse flux

4% of diffuse flux

⌫µ⌫̄µ



Integrated  Results: 𝛾 = 3.0
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28% of diffuse flux

~1% of diffuse flux

⌫µ⌫̄µ



Differential Results
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Summary
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• No significant emission observed from a stacked analysis of over 1000 galaxy 
clusters from the Planck survey. 

• We can constrain the contribution of GC’s with masses above 1014 solar masses 
(0.01 < z < 2.0)  to the diffuse nu-mu flux down to ~4% for an index of 2.5 assuming 
the flux is proportional to cluster mass (proxy for X-ray luminosity).  

• We can constrain the contribution of the aforementioned GC’s to the diffuse nu-mu 
flux down to 67% in the most conservative (equal weights) scenario. 

• In the distance weighted scenario, we can also exclude the Fang-Murase model 
above 10 TeV. 

Thanks!


