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Axion-like particles (ALPs) 

Ranjan Laha 

Lint = �ga�
4

aFµ⌫ F̃µ⌫ = ga� aE ·B
<latexit sha1_base64="oml7LBK3Ytv0MbV6R0YJ9EEGvEQ="></latexit><latexit sha1_base64="oml7LBK3Ytv0MbV6R0YJ9EEGvEQ="></latexit><latexit sha1_base64="oml7LBK3Ytv0MbV6R0YJ9EEGvEQ="></latexit><latexit sha1_base64="oml7LBK3Ytv0MbV6R0YJ9EEGvEQ="></latexit>

Courtesy: Hendrik Vogel 

Pa� / (ga� BT `)2
<latexit sha1_base64="vvVHZ7Ny5EHtOQBsBEuY5WZUUkg=">AAACHXicbVDLSgMxFM3UV62vqks3wSJUkDJTCrosdeOyQl/QqcOdNG1Dk5khyQhl6I+48VfcuFDEhRvxb8y0XdjWA5d7OOdeknv8iDOlbfvHymxsbm3vZHdze/sHh0f545OWCmNJaJOEPJQdHxTlLKBNzTSnnUhSED6nbX98m/rtRyoVC4OGnkS0J2AYsAEjoI3k5St1LwHsDkEImGI3kmGkQ1wcLqlXuOY10uZSzi8fyl6+YJfsGfA6cRakgBaoe/kvtx+SWNBAEw5KdR070r0EpGaE02nOjRWNgIxhSLuGBiCo6iWz66b4wih9PAilqUDjmfp3IwGh1ET4ZlKAHqlVLxX/87qxHtz0EhZEsaYBmT80iDk2AaRR4T6TlGg+MQSIZOavmIxAAtEm0JwJwVk9eZ20yiXHLjn3lUK1togji87QOSoiB12jKrpDddREBD2hF/SG3q1n69X6sD7noxlrsXOKlmB9/wJCPKAX</latexit><latexit sha1_base64="vvVHZ7Ny5EHtOQBsBEuY5WZUUkg=">AAACHXicbVDLSgMxFM3UV62vqks3wSJUkDJTCrosdeOyQl/QqcOdNG1Dk5khyQhl6I+48VfcuFDEhRvxb8y0XdjWA5d7OOdeknv8iDOlbfvHymxsbm3vZHdze/sHh0f545OWCmNJaJOEPJQdHxTlLKBNzTSnnUhSED6nbX98m/rtRyoVC4OGnkS0J2AYsAEjoI3k5St1LwHsDkEImGI3kmGkQ1wcLqlXuOY10uZSzi8fyl6+YJfsGfA6cRakgBaoe/kvtx+SWNBAEw5KdR070r0EpGaE02nOjRWNgIxhSLuGBiCo6iWz66b4wih9PAilqUDjmfp3IwGh1ET4ZlKAHqlVLxX/87qxHtz0EhZEsaYBmT80iDk2AaRR4T6TlGg+MQSIZOavmIxAAtEm0JwJwVk9eZ20yiXHLjn3lUK1togji87QOSoiB12jKrpDddREBD2hF/SG3q1n69X6sD7noxlrsXOKlmB9/wJCPKAX</latexit><latexit sha1_base64="vvVHZ7Ny5EHtOQBsBEuY5WZUUkg=">AAACHXicbVDLSgMxFM3UV62vqks3wSJUkDJTCrosdeOyQl/QqcOdNG1Dk5khyQhl6I+48VfcuFDEhRvxb8y0XdjWA5d7OOdeknv8iDOlbfvHymxsbm3vZHdze/sHh0f545OWCmNJaJOEPJQdHxTlLKBNzTSnnUhSED6nbX98m/rtRyoVC4OGnkS0J2AYsAEjoI3k5St1LwHsDkEImGI3kmGkQ1wcLqlXuOY10uZSzi8fyl6+YJfsGfA6cRakgBaoe/kvtx+SWNBAEw5KdR070r0EpGaE02nOjRWNgIxhSLuGBiCo6iWz66b4wih9PAilqUDjmfp3IwGh1ET4ZlKAHqlVLxX/87qxHtz0EhZEsaYBmT80iDk2AaRR4T6TlGg+MQSIZOavmIxAAtEm0JwJwVk9eZ20yiXHLjn3lUK1togji87QOSoiB12jKrpDddREBD2hF/SG3q1n69X6sD7noxlrsXOKlmB9/wJCPKAX</latexit><latexit sha1_base64="vvVHZ7Ny5EHtOQBsBEuY5WZUUkg=">AAACHXicbVDLSgMxFM3UV62vqks3wSJUkDJTCrosdeOyQl/QqcOdNG1Dk5khyQhl6I+48VfcuFDEhRvxb8y0XdjWA5d7OOdeknv8iDOlbfvHymxsbm3vZHdze/sHh0f545OWCmNJaJOEPJQdHxTlLKBNzTSnnUhSED6nbX98m/rtRyoVC4OGnkS0J2AYsAEjoI3k5St1LwHsDkEImGI3kmGkQ1wcLqlXuOY10uZSzi8fyl6+YJfsGfA6cRakgBaoe/kvtx+SWNBAEw5KdR070r0EpGaE02nOjRWNgIxhSLuGBiCo6iWz66b4wih9PAilqUDjmfp3IwGh1ET4ZlKAHqlVLxX/87qxHtz0EhZEsaYBmT80iDk2AaRR4T6TlGg+MQSIZOavmIxAAtEm0JwJwVk9eZ20yiXHLjn3lUK1togji87QOSoiB12jKrpDddREBD2hF/SG3q1n69X6sD7noxlrsXOKlmB9/wJCPKAX</latexit>

Mediates photon – ALP oscillations 

(ALP) 
Oscillation 
probability 

P H O T O N - A X I O N / A L P  M I X I N G  
IN A COHERENT MAGNETIC FIELD

[Raffelt & Stodolsky 1988]2
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Laboratory searches: large       , small  BT
<latexit sha1_base64="aSjgvqjTVsQmVz5wnZ2a8x+AnKc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwVvXis2C9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYNM0nQj+hQ8pAzaqz0eNtv9MsVt+rOQVaJl5MK5Kj3y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVD236j1cVmo3eRxFOIFTOAcPrqAG91CHJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AHsAY2F</latexit><latexit sha1_base64="aSjgvqjTVsQmVz5wnZ2a8x+AnKc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwVvXis2C9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYNM0nQj+hQ8pAzaqz0eNtv9MsVt+rOQVaJl5MK5Kj3y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVD236j1cVmo3eRxFOIFTOAcPrqAG91CHJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AHsAY2F</latexit><latexit sha1_base64="aSjgvqjTVsQmVz5wnZ2a8x+AnKc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwVvXis2C9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYNM0nQj+hQ8pAzaqz0eNtv9MsVt+rOQVaJl5MK5Kj3y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVD236j1cVmo3eRxFOIFTOAcPrqAG91CHJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AHsAY2F</latexit><latexit sha1_base64="aSjgvqjTVsQmVz5wnZ2a8x+AnKc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwVvXis2C9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYNM0nQj+hQ8pAzaqz0eNtv9MsVt+rOQVaJl5MK5Kj3y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVD236j1cVmo3eRxFOIFTOAcPrqAG91CHJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AHsAY2F</latexit>

`
<latexit sha1_base64="8u+BHw55cb9fq8eFS6yTgL0lVSE=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5EUKwCNpYRTAwkR9jbTJIlu3vH7p4QjvwFGwtFbP1Ddv4b95IrNPHBwOO9GWbmRYngxvr+t1daW9/Y3CpvV3Z29/YPqodHbROnmmGLxSLWnYgaFFxhy3IrsJNopDIS+BhNbnP/8Qm14bF6sNMEQ0lHig85ozaXeihEv1rz6/4cZJUEBalBgWa/+tUbxCyVqCwT1Jhu4Cc2zKi2nAmcVXqpwYSyCR1h11FFJZowm986I2dOGZBhrF0pS+bq74mMSmOmMnKdktqxWfZy8T+vm9rhdZhxlaQWFVssGqaC2Jjkj5MB18ismDpCmebuVsLGVFNmXTwVF0Kw/PIqaV/UA78e3F/WGjdFHGU4gVM4hwCuoAF30IQWMBjDM7zCmye9F+/d+1i0lrxi5hj+wPv8AQr+jjM=</latexit><latexit sha1_base64="8u+BHw55cb9fq8eFS6yTgL0lVSE=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5EUKwCNpYRTAwkR9jbTJIlu3vH7p4QjvwFGwtFbP1Ddv4b95IrNPHBwOO9GWbmRYngxvr+t1daW9/Y3CpvV3Z29/YPqodHbROnmmGLxSLWnYgaFFxhy3IrsJNopDIS+BhNbnP/8Qm14bF6sNMEQ0lHig85ozaXeihEv1rz6/4cZJUEBalBgWa/+tUbxCyVqCwT1Jhu4Cc2zKi2nAmcVXqpwYSyCR1h11FFJZowm986I2dOGZBhrF0pS+bq74mMSmOmMnKdktqxWfZy8T+vm9rhdZhxlaQWFVssGqaC2Jjkj5MB18ismDpCmebuVsLGVFNmXTwVF0Kw/PIqaV/UA78e3F/WGjdFHGU4gVM4hwCuoAF30IQWMBjDM7zCmye9F+/d+1i0lrxi5hj+wPv8AQr+jjM=</latexit><latexit sha1_base64="8u+BHw55cb9fq8eFS6yTgL0lVSE=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5EUKwCNpYRTAwkR9jbTJIlu3vH7p4QjvwFGwtFbP1Ddv4b95IrNPHBwOO9GWbmRYngxvr+t1daW9/Y3CpvV3Z29/YPqodHbROnmmGLxSLWnYgaFFxhy3IrsJNopDIS+BhNbnP/8Qm14bF6sNMEQ0lHig85ozaXeihEv1rz6/4cZJUEBalBgWa/+tUbxCyVqCwT1Jhu4Cc2zKi2nAmcVXqpwYSyCR1h11FFJZowm986I2dOGZBhrF0pS+bq74mMSmOmMnKdktqxWfZy8T+vm9rhdZhxlaQWFVssGqaC2Jjkj5MB18ismDpCmebuVsLGVFNmXTwVF0Kw/PIqaV/UA78e3F/WGjdFHGU4gVM4hwCuoAF30IQWMBjDM7zCmye9F+/d+1i0lrxi5hj+wPv8AQr+jjM=</latexit><latexit sha1_base64="8u+BHw55cb9fq8eFS6yTgL0lVSE=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5EUKwCNpYRTAwkR9jbTJIlu3vH7p4QjvwFGwtFbP1Ddv4b95IrNPHBwOO9GWbmRYngxvr+t1daW9/Y3CpvV3Z29/YPqodHbROnmmGLxSLWnYgaFFxhy3IrsJNopDIS+BhNbnP/8Qm14bF6sNMEQ0lHig85ozaXeihEv1rz6/4cZJUEBalBgWa/+tUbxCyVqCwT1Jhu4Cc2zKi2nAmcVXqpwYSyCR1h11FFJZowm986I2dOGZBhrF0pS+bq74mMSmOmMnKdktqxWfZy8T+vm9rhdZhxlaQWFVssGqaC2Jjkj5MB18ismDpCmebuVsLGVFNmXTwVF0Kw/PIqaV/UA78e3F/WGjdFHGU4gVM4hwCuoAF30IQWMBjDM7zCmye9F+/d+1i0lrxi5hj+wPv8AQr+jjM=</latexit>

Astrophysical searches: 
 

small        , large    BT
<latexit sha1_base64="aSjgvqjTVsQmVz5wnZ2a8x+AnKc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwVvXis2C9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYNM0nQj+hQ8pAzaqz0eNtv9MsVt+rOQVaJl5MK5Kj3y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVD236j1cVmo3eRxFOIFTOAcPrqAG91CHJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AHsAY2F</latexit><latexit sha1_base64="aSjgvqjTVsQmVz5wnZ2a8x+AnKc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwVvXis2C9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYNM0nQj+hQ8pAzaqz0eNtv9MsVt+rOQVaJl5MK5Kj3y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVD236j1cVmo3eRxFOIFTOAcPrqAG91CHJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AHsAY2F</latexit><latexit sha1_base64="aSjgvqjTVsQmVz5wnZ2a8x+AnKc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwVvXis2C9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYNM0nQj+hQ8pAzaqz0eNtv9MsVt+rOQVaJl5MK5Kj3y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVD236j1cVmo3eRxFOIFTOAcPrqAG91CHJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AHsAY2F</latexit><latexit sha1_base64="aSjgvqjTVsQmVz5wnZ2a8x+AnKc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwVvXis2C9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYNM0nQj+hQ8pAzaqz0eNtv9MsVt+rOQVaJl5MK5Kj3y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVD236j1cVmo3eRxFOIFTOAcPrqAG91CHJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AHsAY2F</latexit>

`
<latexit sha1_base64="8u+BHw55cb9fq8eFS6yTgL0lVSE=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5EUKwCNpYRTAwkR9jbTJIlu3vH7p4QjvwFGwtFbP1Ddv4b95IrNPHBwOO9GWbmRYngxvr+t1daW9/Y3CpvV3Z29/YPqodHbROnmmGLxSLWnYgaFFxhy3IrsJNopDIS+BhNbnP/8Qm14bF6sNMEQ0lHig85ozaXeihEv1rz6/4cZJUEBalBgWa/+tUbxCyVqCwT1Jhu4Cc2zKi2nAmcVXqpwYSyCR1h11FFJZowm986I2dOGZBhrF0pS+bq74mMSmOmMnKdktqxWfZy8T+vm9rhdZhxlaQWFVssGqaC2Jjkj5MB18ismDpCmebuVsLGVFNmXTwVF0Kw/PIqaV/UA78e3F/WGjdFHGU4gVM4hwCuoAF30IQWMBjDM7zCmye9F+/d+1i0lrxi5hj+wPv8AQr+jjM=</latexit><latexit sha1_base64="8u+BHw55cb9fq8eFS6yTgL0lVSE=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5EUKwCNpYRTAwkR9jbTJIlu3vH7p4QjvwFGwtFbP1Ddv4b95IrNPHBwOO9GWbmRYngxvr+t1daW9/Y3CpvV3Z29/YPqodHbROnmmGLxSLWnYgaFFxhy3IrsJNopDIS+BhNbnP/8Qm14bF6sNMEQ0lHig85ozaXeihEv1rz6/4cZJUEBalBgWa/+tUbxCyVqCwT1Jhu4Cc2zKi2nAmcVXqpwYSyCR1h11FFJZowm986I2dOGZBhrF0pS+bq74mMSmOmMnKdktqxWfZy8T+vm9rhdZhxlaQWFVssGqaC2Jjkj5MB18ismDpCmebuVsLGVFNmXTwVF0Kw/PIqaV/UA78e3F/WGjdFHGU4gVM4hwCuoAF30IQWMBjDM7zCmye9F+/d+1i0lrxi5hj+wPv8AQr+jjM=</latexit><latexit sha1_base64="8u+BHw55cb9fq8eFS6yTgL0lVSE=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5EUKwCNpYRTAwkR9jbTJIlu3vH7p4QjvwFGwtFbP1Ddv4b95IrNPHBwOO9GWbmRYngxvr+t1daW9/Y3CpvV3Z29/YPqodHbROnmmGLxSLWnYgaFFxhy3IrsJNopDIS+BhNbnP/8Qm14bF6sNMEQ0lHig85ozaXeihEv1rz6/4cZJUEBalBgWa/+tUbxCyVqCwT1Jhu4Cc2zKi2nAmcVXqpwYSyCR1h11FFJZowm986I2dOGZBhrF0pS+bq74mMSmOmMnKdktqxWfZy8T+vm9rhdZhxlaQWFVssGqaC2Jjkj5MB18ismDpCmebuVsLGVFNmXTwVF0Kw/PIqaV/UA78e3F/WGjdFHGU4gVM4hwCuoAF30IQWMBjDM7zCmye9F+/d+1i0lrxi5hj+wPv8AQr+jjM=</latexit><latexit sha1_base64="8u+BHw55cb9fq8eFS6yTgL0lVSE=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5EUKwCNpYRTAwkR9jbTJIlu3vH7p4QjvwFGwtFbP1Ddv4b95IrNPHBwOO9GWbmRYngxvr+t1daW9/Y3CpvV3Z29/YPqodHbROnmmGLxSLWnYgaFFxhy3IrsJNopDIS+BhNbnP/8Qm14bF6sNMEQ0lHig85ozaXeihEv1rz6/4cZJUEBalBgWa/+tUbxCyVqCwT1Jhu4Cc2zKi2nAmcVXqpwYSyCR1h11FFJZowm986I2dOGZBhrF0pS+bq74mMSmOmMnKdktqxWfZy8T+vm9rhdZhxlaQWFVssGqaC2Jjkj5MB18ismDpCmebuVsLGVFNmXTwVF0Kw/PIqaV/UA78e3F/WGjdFHGU4gVM4hwCuoAF30IQWMBjDM7zCmye9F+/d+1i0lrxi5hj+wPv8AQr+jjM=</latexit>

Milky Way: 

Galaxy clusters: 

Intergalactic magnetic field:			

B ⇡ 1� 3µG
<latexit sha1_base64="LBhkPtQpzyRFvUtW3EAJeYMcU1o=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBhZYZFRRXRRe6rGAf0BlKJk3b0CQTkoxYhm7c+CtuXCji1n9w59+YtrPQ1gMXDufcy733RJJRbTzv28nNzS8sLuWXCyura+sb7uZWTceJwqSKYxarRoQ0YVSQqqGGkYZUBPGIkXrUvxr59XuiNI3FnRlIEnLUFbRDMTJWarm7lzBAUqr4AfrwCJ7A4DDgSRooDq+HLbfolbwx4CzxM1IEGSot9ytoxzjhRBjMkNZN35MmTJEyFDMyLASJJhLhPuqSpqUCcaLDdPzFEO5bpQ07sbIlDByrvydSxLUe8Mh2cmR6etobif95zcR0zsOUCpkYIvBkUSdh0MRwFAlsU0WwYQNLEFbU3gpxDymEjQ2uYEPwp1+eJbXjku+V/NvTYvkiiyMPdsAeOAA+OANlcAMqoAoweATP4BW8OU/Oi/PufExac042sw3+wPn8AVJfloQ=</latexit><latexit sha1_base64="LBhkPtQpzyRFvUtW3EAJeYMcU1o=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBhZYZFRRXRRe6rGAf0BlKJk3b0CQTkoxYhm7c+CtuXCji1n9w59+YtrPQ1gMXDufcy733RJJRbTzv28nNzS8sLuWXCyura+sb7uZWTceJwqSKYxarRoQ0YVSQqqGGkYZUBPGIkXrUvxr59XuiNI3FnRlIEnLUFbRDMTJWarm7lzBAUqr4AfrwCJ7A4DDgSRooDq+HLbfolbwx4CzxM1IEGSot9ytoxzjhRBjMkNZN35MmTJEyFDMyLASJJhLhPuqSpqUCcaLDdPzFEO5bpQ07sbIlDByrvydSxLUe8Mh2cmR6etobif95zcR0zsOUCpkYIvBkUSdh0MRwFAlsU0WwYQNLEFbU3gpxDymEjQ2uYEPwp1+eJbXjku+V/NvTYvkiiyMPdsAeOAA+OANlcAMqoAoweATP4BW8OU/Oi/PufExac042sw3+wPn8AVJfloQ=</latexit><latexit sha1_base64="LBhkPtQpzyRFvUtW3EAJeYMcU1o=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBhZYZFRRXRRe6rGAf0BlKJk3b0CQTkoxYhm7c+CtuXCji1n9w59+YtrPQ1gMXDufcy733RJJRbTzv28nNzS8sLuWXCyura+sb7uZWTceJwqSKYxarRoQ0YVSQqqGGkYZUBPGIkXrUvxr59XuiNI3FnRlIEnLUFbRDMTJWarm7lzBAUqr4AfrwCJ7A4DDgSRooDq+HLbfolbwx4CzxM1IEGSot9ytoxzjhRBjMkNZN35MmTJEyFDMyLASJJhLhPuqSpqUCcaLDdPzFEO5bpQ07sbIlDByrvydSxLUe8Mh2cmR6etobif95zcR0zsOUCpkYIvBkUSdh0MRwFAlsU0WwYQNLEFbU3gpxDymEjQ2uYEPwp1+eJbXjku+V/NvTYvkiiyMPdsAeOAA+OANlcAMqoAoweATP4BW8OU/Oi/PufExac042sw3+wPn8AVJfloQ=</latexit><latexit sha1_base64="LBhkPtQpzyRFvUtW3EAJeYMcU1o=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBhZYZFRRXRRe6rGAf0BlKJk3b0CQTkoxYhm7c+CtuXCji1n9w59+YtrPQ1gMXDufcy733RJJRbTzv28nNzS8sLuWXCyura+sb7uZWTceJwqSKYxarRoQ0YVSQqqGGkYZUBPGIkXrUvxr59XuiNI3FnRlIEnLUFbRDMTJWarm7lzBAUqr4AfrwCJ7A4DDgSRooDq+HLbfolbwx4CzxM1IEGSot9ytoxzjhRBjMkNZN35MmTJEyFDMyLASJJhLhPuqSpqUCcaLDdPzFEO5bpQ07sbIlDByrvydSxLUe8Mh2cmR6etobif95zcR0zsOUCpkYIvBkUSdh0MRwFAlsU0WwYQNLEFbU3gpxDymEjQ2uYEPwp1+eJbXjku+V/NvTYvkiiyMPdsAeOAA+OANlcAMqoAoweATP4BW8OU/Oi/PufExac042sw3+wPn8AVJfloQ=</latexit>

B ⇡ 1µG
<latexit sha1_base64="9mUvjUU/ePclm95aRIFdltacm4Y=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJRFBcFV3osoJ9QBPKZDpph84jzEzEEurGX3HjQhG3/oU7/8Zpm4W2HrhwOOde7r0nShjVxvO+ncLC4tLySnG1tLa+sbnlbu80tEwVJnUsmVStCGnCqCB1Qw0jrUQRxCNGmtHgauw374nSVIo7M0xIyFFP0JhiZKzUcfcuYYCSRMkH6MPgOOBpFigOr0cdt+xVvAngPPFzUgY5ah33K+hKnHIiDGZI67bvJSbMkDIUMzIqBakmCcID1CNtSwXiRIfZ5IMRPLRKF8ZS2RIGTtTfExniWg95ZDs5Mn09643F/7x2auLzMKMiSQ0ReLooThk0Eo7jgF2qCDZsaAnCitpbIe4jhbCxoZVsCP7sy/OkcVLxvYp/e1quXuRxFME+OABHwAdnoApuQA3UAQaP4Bm8gjfnyXlx3p2PaWvByWd2wR84nz+zU5W8</latexit><latexit sha1_base64="9mUvjUU/ePclm95aRIFdltacm4Y=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJRFBcFV3osoJ9QBPKZDpph84jzEzEEurGX3HjQhG3/oU7/8Zpm4W2HrhwOOde7r0nShjVxvO+ncLC4tLySnG1tLa+sbnlbu80tEwVJnUsmVStCGnCqCB1Qw0jrUQRxCNGmtHgauw374nSVIo7M0xIyFFP0JhiZKzUcfcuYYCSRMkH6MPgOOBpFigOr0cdt+xVvAngPPFzUgY5ah33K+hKnHIiDGZI67bvJSbMkDIUMzIqBakmCcID1CNtSwXiRIfZ5IMRPLRKF8ZS2RIGTtTfExniWg95ZDs5Mn09643F/7x2auLzMKMiSQ0ReLooThk0Eo7jgF2qCDZsaAnCitpbIe4jhbCxoZVsCP7sy/OkcVLxvYp/e1quXuRxFME+OABHwAdnoApuQA3UAQaP4Bm8gjfnyXlx3p2PaWvByWd2wR84nz+zU5W8</latexit><latexit sha1_base64="9mUvjUU/ePclm95aRIFdltacm4Y=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJRFBcFV3osoJ9QBPKZDpph84jzEzEEurGX3HjQhG3/oU7/8Zpm4W2HrhwOOde7r0nShjVxvO+ncLC4tLySnG1tLa+sbnlbu80tEwVJnUsmVStCGnCqCB1Qw0jrUQRxCNGmtHgauw374nSVIo7M0xIyFFP0JhiZKzUcfcuYYCSRMkH6MPgOOBpFigOr0cdt+xVvAngPPFzUgY5ah33K+hKnHIiDGZI67bvJSbMkDIUMzIqBakmCcID1CNtSwXiRIfZ5IMRPLRKF8ZS2RIGTtTfExniWg95ZDs5Mn09643F/7x2auLzMKMiSQ0ReLooThk0Eo7jgF2qCDZsaAnCitpbIe4jhbCxoZVsCP7sy/OkcVLxvYp/e1quXuRxFME+OABHwAdnoApuQA3UAQaP4Bm8gjfnyXlx3p2PaWvByWd2wR84nz+zU5W8</latexit><latexit sha1_base64="9mUvjUU/ePclm95aRIFdltacm4Y=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJRFBcFV3osoJ9QBPKZDpph84jzEzEEurGX3HjQhG3/oU7/8Zpm4W2HrhwOOde7r0nShjVxvO+ncLC4tLySnG1tLa+sbnlbu80tEwVJnUsmVStCGnCqCB1Qw0jrUQRxCNGmtHgauw374nSVIo7M0xIyFFP0JhiZKzUcfcuYYCSRMkH6MPgOOBpFigOr0cdt+xVvAngPPFzUgY5ah33K+hKnHIiDGZI67bvJSbMkDIUMzIqBakmCcID1CNtSwXiRIfZ5IMRPLRKF8ZS2RIGTtTfExniWg95ZDs5Mn09643F/7x2auLzMKMiSQ0ReLooThk0Eo7jgF2qCDZsaAnCitpbIe4jhbCxoZVsCP7sy/OkcVLxvYp/e1quXuRxFME+OABHwAdnoApuQA3UAQaP4Bm8gjfnyXlx3p2PaWvByWd2wR84nz+zU5W8</latexit>

` . few kpc
<latexit sha1_base64="VkOoUlWeIZpR/0JHCxkIdQwyCJw=">AAACCnicbZDLSsNAFIYn9VbrLerSzWgRXEhJRNBl0Y3LCvYCTSiT6Uk7dCYJMxOlhK7d+CpuXCji1idw59s4abPQ1h8GPv5zDmfOHyScKe0431ZpaXllda28XtnY3NresXf3WipOJYUmjXksOwFRwFkETc00h04igYiAQzsYXef19j1IxeLoTo8T8AUZRCxklGhj9exDDzjHHgelFBPYO8WZJwUO4SHnUUInPbvq1Jyp8CK4BVRRoUbP/vL6MU0FRJpyolTXdRLtZ0RqRjlMKl6qICF0RAbQNRgRAcrPpqdM8LFx+jiMpXmRxlP390RGhFJjEZhOQfRQzddy879aN9XhpZ+xKEk1RHS2KEw51jHOc8F9JoFqPjZAqGTmr5gOiSRUm/QqJgR3/uRFaJ3VXKfm3p5X61dFHGV0gI7QCXLRBaqjG9RATUTRI3pGr+jNerJerHfrY9ZasoqZffRH1ucPaQ2ZbQ==</latexit><latexit sha1_base64="VkOoUlWeIZpR/0JHCxkIdQwyCJw=">AAACCnicbZDLSsNAFIYn9VbrLerSzWgRXEhJRNBl0Y3LCvYCTSiT6Uk7dCYJMxOlhK7d+CpuXCji1idw59s4abPQ1h8GPv5zDmfOHyScKe0431ZpaXllda28XtnY3NresXf3WipOJYUmjXksOwFRwFkETc00h04igYiAQzsYXef19j1IxeLoTo8T8AUZRCxklGhj9exDDzjHHgelFBPYO8WZJwUO4SHnUUInPbvq1Jyp8CK4BVRRoUbP/vL6MU0FRJpyolTXdRLtZ0RqRjlMKl6qICF0RAbQNRgRAcrPpqdM8LFx+jiMpXmRxlP390RGhFJjEZhOQfRQzddy879aN9XhpZ+xKEk1RHS2KEw51jHOc8F9JoFqPjZAqGTmr5gOiSRUm/QqJgR3/uRFaJ3VXKfm3p5X61dFHGV0gI7QCXLRBaqjG9RATUTRI3pGr+jNerJerHfrY9ZasoqZffRH1ucPaQ2ZbQ==</latexit><latexit sha1_base64="VkOoUlWeIZpR/0JHCxkIdQwyCJw=">AAACCnicbZDLSsNAFIYn9VbrLerSzWgRXEhJRNBl0Y3LCvYCTSiT6Uk7dCYJMxOlhK7d+CpuXCji1idw59s4abPQ1h8GPv5zDmfOHyScKe0431ZpaXllda28XtnY3NresXf3WipOJYUmjXksOwFRwFkETc00h04igYiAQzsYXef19j1IxeLoTo8T8AUZRCxklGhj9exDDzjHHgelFBPYO8WZJwUO4SHnUUInPbvq1Jyp8CK4BVRRoUbP/vL6MU0FRJpyolTXdRLtZ0RqRjlMKl6qICF0RAbQNRgRAcrPpqdM8LFx+jiMpXmRxlP390RGhFJjEZhOQfRQzddy879aN9XhpZ+xKEk1RHS2KEw51jHOc8F9JoFqPjZAqGTmr5gOiSRUm/QqJgR3/uRFaJ3VXKfm3p5X61dFHGV0gI7QCXLRBaqjG9RATUTRI3pGr+jNerJerHfrY9ZasoqZffRH1ucPaQ2ZbQ==</latexit><latexit sha1_base64="VkOoUlWeIZpR/0JHCxkIdQwyCJw=">AAACCnicbZDLSsNAFIYn9VbrLerSzWgRXEhJRNBl0Y3LCvYCTSiT6Uk7dCYJMxOlhK7d+CpuXCji1idw59s4abPQ1h8GPv5zDmfOHyScKe0431ZpaXllda28XtnY3NresXf3WipOJYUmjXksOwFRwFkETc00h04igYiAQzsYXef19j1IxeLoTo8T8AUZRCxklGhj9exDDzjHHgelFBPYO8WZJwUO4SHnUUInPbvq1Jyp8CK4BVRRoUbP/vL6MU0FRJpyolTXdRLtZ0RqRjlMKl6qICF0RAbQNRgRAcrPpqdM8LFx+jiMpXmRxlP390RGhFJjEZhOQfRQzddy879aN9XhpZ+xKEk1RHS2KEw51jHOc8F9JoFqPjZAqGTmr5gOiSRUm/QqJgR3/uRFaJ3VXKfm3p5X61dFHGV0gI7QCXLRBaqjG9RATUTRI3pGr+jNerJerHfrY9ZasoqZffRH1ucPaQ2ZbQ==</latexit>

` ⇡ 10 kpc
<latexit sha1_base64="wNjrqETuTMNB2Opgl/wHWeXoVfw=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgQsqMCLosunFZwT6gM5RMmraheZFkxDJ058ZfceNCEbf+gjv/xrSdhbYeuJfDOfeS3JMoRo0Ngm+vsLS8srpWXC9tbG5t7/i7ew0jU41JHUsmdStBhjAqSN1Sy0hLaYJ4wkgzGV5P/OY90YZKcWdHisQc9QXtUYyskzr+YUQYgxFSSssHGJ3CMHA9izSHQ4XHHb8cVIIp4CIJc1IGOWod/yvqSpxyIixmyJh2GCgbZ0hbihkZl6LUEIXwEPVJ21GBODFxNr1jDI+d0oU9qV0JC6fq740McWNGPHGTHNmBmfcm4n9eO7W9yzijQqWWCDx7qJcyaCWchAK7VBNs2cgRhDV1f4V4gDTC1kVXciGE8ycvksZZJQwq4e15uXqVx1EEB+AInIAQXIAquAE1UAcYPIJn8ArevCfvxXv3PmajBS/f2Qd/4H3+ALAhl+g=</latexit><latexit sha1_base64="wNjrqETuTMNB2Opgl/wHWeXoVfw=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgQsqMCLosunFZwT6gM5RMmraheZFkxDJ058ZfceNCEbf+gjv/xrSdhbYeuJfDOfeS3JMoRo0Ngm+vsLS8srpWXC9tbG5t7/i7ew0jU41JHUsmdStBhjAqSN1Sy0hLaYJ4wkgzGV5P/OY90YZKcWdHisQc9QXtUYyskzr+YUQYgxFSSssHGJ3CMHA9izSHQ4XHHb8cVIIp4CIJc1IGOWod/yvqSpxyIixmyJh2GCgbZ0hbihkZl6LUEIXwEPVJ21GBODFxNr1jDI+d0oU9qV0JC6fq740McWNGPHGTHNmBmfcm4n9eO7W9yzijQqWWCDx7qJcyaCWchAK7VBNs2cgRhDV1f4V4gDTC1kVXciGE8ycvksZZJQwq4e15uXqVx1EEB+AInIAQXIAquAE1UAcYPIJn8ArevCfvxXv3PmajBS/f2Qd/4H3+ALAhl+g=</latexit><latexit sha1_base64="wNjrqETuTMNB2Opgl/wHWeXoVfw=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgQsqMCLosunFZwT6gM5RMmraheZFkxDJ058ZfceNCEbf+gjv/xrSdhbYeuJfDOfeS3JMoRo0Ngm+vsLS8srpWXC9tbG5t7/i7ew0jU41JHUsmdStBhjAqSN1Sy0hLaYJ4wkgzGV5P/OY90YZKcWdHisQc9QXtUYyskzr+YUQYgxFSSssHGJ3CMHA9izSHQ4XHHb8cVIIp4CIJc1IGOWod/yvqSpxyIixmyJh2GCgbZ0hbihkZl6LUEIXwEPVJ21GBODFxNr1jDI+d0oU9qV0JC6fq740McWNGPHGTHNmBmfcm4n9eO7W9yzijQqWWCDx7qJcyaCWchAK7VBNs2cgRhDV1f4V4gDTC1kVXciGE8ycvksZZJQwq4e15uXqVx1EEB+AInIAQXIAquAE1UAcYPIJn8ArevCfvxXv3PmajBS/f2Qd/4H3+ALAhl+g=</latexit><latexit sha1_base64="wNjrqETuTMNB2Opgl/wHWeXoVfw=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgQsqMCLosunFZwT6gM5RMmraheZFkxDJ058ZfceNCEbf+gjv/xrSdhbYeuJfDOfeS3JMoRo0Ngm+vsLS8srpWXC9tbG5t7/i7ew0jU41JHUsmdStBhjAqSN1Sy0hLaYJ4wkgzGV5P/OY90YZKcWdHisQc9QXtUYyskzr+YUQYgxFSSssHGJ3CMHA9izSHQ4XHHb8cVIIp4CIJc1IGOWod/yvqSpxyIixmyJh2GCgbZ0hbihkZl6LUEIXwEPVJ21GBODFxNr1jDI+d0oU9qV0JC6fq740McWNGPHGTHNmBmfcm4n9eO7W9yzijQqWWCDx7qJcyaCWchAK7VBNs2cgRhDV1f4V4gDTC1kVXciGE8ycvksZZJQwq4e15uXqVx1EEB+AInIAQXIAquAE1UAcYPIJn8ArevCfvxXv3PmajBS/f2Qd/4H3+ALAhl+g=</latexit>

B < 1 nG
<latexit sha1_base64="IzDjQDcsVYOtcTMeshKEhssa+nI=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBhZREBF24KHWhywr2AU0ok+mkHTqZhJmJUELBX3HjQhG3foc7/8ZJm4W2HriXwzn3MndOkHCmtON8W0vLK6tr66WN8ubW9s6uvbffUnEqCW2SmMeyE2BFORO0qZnmtJNIiqOA03Ywusn99iOVisXiQY8T6kd4IFjICNZG6tmHdXSNvDPk5i3zZITE7QT17IpTdaZAi8QtSAUKNHr2l9ePSRpRoQnHSnVdJ9F+hqVmhNNJ2UsVTTAZ4QHtGipwRJWfTc+foBOj9FEYS1NCo6n6eyPDkVLjKDCTEdZDNe/l4n9eN9XhlZ8xkaSaCjJ7KEw50jHKs0B9JinRfGwIJpKZWxEZYomJNomVTQju/JcXSeu86jpV9/6iUqsXcZTgCI7hFFy4hBrcQQOaQCCDZ3iFN+vJerHerY/Z6JJV7BzAH1ifPx4fkwQ=</latexit><latexit sha1_base64="IzDjQDcsVYOtcTMeshKEhssa+nI=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBhZREBF24KHWhywr2AU0ok+mkHTqZhJmJUELBX3HjQhG3foc7/8ZJm4W2HriXwzn3MndOkHCmtON8W0vLK6tr66WN8ubW9s6uvbffUnEqCW2SmMeyE2BFORO0qZnmtJNIiqOA03Ywusn99iOVisXiQY8T6kd4IFjICNZG6tmHdXSNvDPk5i3zZITE7QT17IpTdaZAi8QtSAUKNHr2l9ePSRpRoQnHSnVdJ9F+hqVmhNNJ2UsVTTAZ4QHtGipwRJWfTc+foBOj9FEYS1NCo6n6eyPDkVLjKDCTEdZDNe/l4n9eN9XhlZ8xkaSaCjJ7KEw50jHKs0B9JinRfGwIJpKZWxEZYomJNomVTQju/JcXSeu86jpV9/6iUqsXcZTgCI7hFFy4hBrcQQOaQCCDZ3iFN+vJerHerY/Z6JJV7BzAH1ifPx4fkwQ=</latexit><latexit sha1_base64="IzDjQDcsVYOtcTMeshKEhssa+nI=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBhZREBF24KHWhywr2AU0ok+mkHTqZhJmJUELBX3HjQhG3foc7/8ZJm4W2HriXwzn3MndOkHCmtON8W0vLK6tr66WN8ubW9s6uvbffUnEqCW2SmMeyE2BFORO0qZnmtJNIiqOA03Ywusn99iOVisXiQY8T6kd4IFjICNZG6tmHdXSNvDPk5i3zZITE7QT17IpTdaZAi8QtSAUKNHr2l9ePSRpRoQnHSnVdJ9F+hqVmhNNJ2UsVTTAZ4QHtGipwRJWfTc+foBOj9FEYS1NCo6n6eyPDkVLjKDCTEdZDNe/l4n9eN9XhlZ8xkaSaCjJ7KEw50jHKs0B9JinRfGwIJpKZWxEZYomJNomVTQju/JcXSeu86jpV9/6iUqsXcZTgCI7hFFy4hBrcQQOaQCCDZ3iFN+vJerHerY/Z6JJV7BzAH1ifPx4fkwQ=</latexit><latexit sha1_base64="IzDjQDcsVYOtcTMeshKEhssa+nI=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBhZREBF24KHWhywr2AU0ok+mkHTqZhJmJUELBX3HjQhG3foc7/8ZJm4W2HriXwzn3MndOkHCmtON8W0vLK6tr66WN8ubW9s6uvbffUnEqCW2SmMeyE2BFORO0qZnmtJNIiqOA03Ywusn99iOVisXiQY8T6kd4IFjICNZG6tmHdXSNvDPk5i3zZITE7QT17IpTdaZAi8QtSAUKNHr2l9ePSRpRoQnHSnVdJ9F+hqVmhNNJ2UsVTTAZ4QHtGipwRJWfTc+foBOj9FEYS1NCo6n6eyPDkVLjKDCTEdZDNe/l4n9eN9XhlZ8xkaSaCjJ7KEw50jHKs0B9JinRfGwIJpKZWxEZYomJNomVTQju/JcXSeu86jpV9/6iUqsXcZTgCI7hFFy4hBrcQQOaQCCDZ3iFN+vJerHerY/Z6JJV7BzAH1ifPx4fkwQ=</latexit>
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Existing searches with gamma-rays 
(a) Search for spectral features: 

Majumdar, Calore, and Horns 
JCAP 1804 (2018) no.04, 048 

Oscillations in the photon spectrum of 
astrophysical objects 
No conclusive evidence of spectral 
distortion due to ALPs has been found 
See also Wouters and Brun, Liang etal., Xia etal.,  Malyshev 
etal., Fermi-LAT, H.E.S.S., and many others  

(c) Search from a supernova: 

Meyer etal., 
Phys.Rev.Lett. 118 (2017) no.1, 011103 

Strong limits from SN 1987A 
 

Next Galactic supernova holds great  
promise 

See talk by Majumdar 

See talk by Mirizzi 

(b) Search for anomalous transparency: 
Galanti and Roncadelli 
1805.12055 

See talk  
by Galanti 

See also Payez etal., Brockway etal., Grifols etal.,  
and many others  

Excess photons 
from a source 
above standard 
expectations 
 
Most sensitive to 
energies above  
~ 500 GeV 

See also Meyer and Conrad, H.E.S.S., and many others  



Parameter space for ALPs 

Ranjan Laha 

Many different ways to search for ALPs in astrophysical systems 
 

Can we make progress in the unconstrained regions? 

CAST 1705.02290 
 
Meyer 1611.07784 

Can we devise a new search strategy?  Can we search for ALPs in the energy range 
where photons are maximally absorbed?   



Motivation from IceCube:  
a new source of high-energy photons 

Ranjan Laha 



IceCube neutrino telescope 
designed to detect astrophysical neutrinos 

Ranjan Laha 

Gigaton effective volume 
neutrino detector at  
South Pole 
 

5160 Digital Optical 
Modules distributed over 
86 strings 
 

Completed in Dec 2010; 
data in full configuration 
from May 2011 
 

Data acquired during 
construction phase is 
analyzed 
 

Neutrino detected  
through  Cherenkov light 
emission from charged 
particles produced due to 
neutrino CC/NC 
interactions 

Credit: Carsten Rott 



IceCube data 

Ranjan Laha 

Diffuse and isotropic spectrum of neutrinos 
 
Time-independent 
 
Clear evidence of the astrophysical nature of these neutrinos 
 
None of them point to a specific source 

1510.05223 

Courtesy: IceCube 
Latest update in the 
Neutrino 2018 conference 

Strong evidence of these 
neutrinos being extra-
galactic 



Photons corresponding to IceCube excess 
neutrinos produced in astrophysical sources 

Ranjan Laha 

Kistler 1511.01530 

Ahlers and Murase 1309.4077 

IceCube excess neutrinos imply a guaranteed 
high energy gamma-ray background 
 
Can one use these photons to do physics? 
 
We use these photons for the first time to 
search for new physics 

p+ � ! p+ ⇡0 ! � + ...
p+ � ! n+ ⇡+ ! ⌫ + ...

p+ p ! ...+ ⇡± ! ...+ ⌫ + ⌫̄

p+ p ! ...+ ⇡0 ! ...+ �



Very high-energy gamma-rays 

Ranjan Laha 

•  Search for very high energy (VHE) gamma-rays (> 100 TeV) are 
useful in this context: CASA-MIA, KASCADE 

exp

✓
� ⌧CMB

��

◆

•  Attenuation of VHE gamma-rays important �
VHE

�
CMB/EBL

! e+e�

•  Inverse Compton of the background photons by the electron – positron 
pair produce gamma-rays with energy in the Fermi-LAT band  

Vernetto & 
Lipari 
1608.01587 

Esmaili & Serpcio 1505.06486 



ALPs help us observe these very high-energy 
gamma-rays 

Ranjan Laha 

High energy 
astrophysical source 

Milky Way 
Galaxy 

�

Photon converted 
to ALP in the 
magnetic field of 
the source galaxy 

ALP converted 
back to photon in 
the magnetic field 
of the Milky Way 

⌫

ALP propagates freely 
in space 

 propagates freely in space 

ON – OFF search technique:  
✓ in the presence of ALPs, we will observe these 
photons 
✗ otherwise we will not observe these photons 
 
 

VHE photons get 
attenuated in space 

Our technique is sensitive to a new ALP parameter space 
 

Present and near-future gamma-ray instruments like 
HAWC, CTA, LHAASO can detect these photons and 
put a new bound on the ALP parameter space 

Our proposal is sensitive to the energy range where 
photons are maximally attenuated 



Methodology 

Ranjan Laha 



Astrophysical neutrino spectrum 
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Observation of Astrophysical Neutrinos in Six Years of IceCube Data
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Figure 1: Arrival angles and electromagnetic-equivalent deposited energies of the events. Track-
like events are indicated with crosses whereas shower-like events are shown as filled circles. The
error bars show 68% confidence intervals including statistical and systematic errors. Deposited
energy as shown here is always a lower limit on the primary neutrino energy.

IceCube Preliminary

Figure 2: Best-fit per-flavor neutrino flux results (combined neutrino and anti-neutrino) as a func-
tion of energy. The black points with 1s uncertainties are extracted from a combined likelihood fit
of all background components together with an astrophysical flux component with an independent
normalization in each energy band (assuming an E�2 spectrum within each band). The atmospheric
neutrino and muon fluxes are already subtracted. The best-fit conventional flux and the best-fit up-
per limit on “prompt” neutrinos are shown separately, not taking into account the effect of the
atmospheric self-veto, which will significantly reduce their contribution. The blue band shows the
1s uncertainties on the result of a single power-law fit to the HESE data. The pink band shows
the n

µ,up best fit [10] with 1s uncertainties. Its length indicates the approximate sensitive energy
range of the n

µ,up analysis.
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IceCube ICRC2017 
Kopper etal. 

We use two different fits to the 
astrophysical neutrino spectrum 
 
 �(E⌫) /
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Neutrino 
energy 

Niederhausen etal. 

Kopper etal. 
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          40       2.92 

      2.48 

p+ � ! n+ ⇡+ ! ⌫ + ...
p+ � ! p+ ⇡0 ! � + ...

E� ⇡ 2E⌫

2 photons for 3 neutrinos 
 
Many models which reproduce the 
spectrum of these neutrinos 

IceCube ICRC2017 
Niederhausen etal. 

IceCube ICRC2017 
Niederhausen etal. 



Astrophysical parameters 
•  There are various models (~ 100+) in the literature which postulate the 

astrophysical sources producing the IceCube observations 

•  Astrophysical parameters (like magnetic field, photon density, plasma 
density) vary between them 

•  We try to follow a model-independent and conservative approach where 
we only take the magnetic field of the galaxy in which the neutrino 
source is embedded 

Ranjan Laha 

Fletcher 1104.2427 Typical values for the  total and regular  
equipartition magnetic field strengths for 21  
galaxies 
 
We use the variations             at 
zero redshift 
 
Coherence length at zero redshift = 1 kpc 

B? = 3, 5, and 10µG



Astrophysical parameters 

Ranjan  Laha 
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Star formation rate 
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Model for interstellar 
photon density in progenitor 
galaxies 

Schober etal., 1404.2578 

uISRF,⌫ d⌫ =

X

i

fi
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c3
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exp(h⌫/kTi)� 1

d⌫

Schober etal., 1404.2578 

spectral energy density 



High-energy gamma-ray production in the Milky Way 
•  The photons that we are concerned with have an energy    20 TeV 
•  An important source of photons at these energies is cosmic-ray interaction with the 

interstellar medium 

&

Ahlers and Murase 1309.4077 

p+ p ! ...+ ⇡0 ! ...+ �
Photons at these energies have not been  
detected 
 
ALPs can induce spectral distortions in this 
gamma-ray spectrum 
 
These photons are strongly correlated with the 
Galactic plane 

Fermi-LAT 1702.00476 

Galactic plane in 10 GeV – 2 TeV 



Gamma-ray detectors (HAWC) 

Ranjan Laha 

DuVernois “HAWC and HAWC-South: TeV all-sky gamma-ray experiments for the Northern and Southern hemispheres” Gamma-rays and  
cosmic-rays 
between  
100 GeV and  
100 TeV 
 

Angular 
resolution varies 
from ~ 0.20 to 
20 
 

Above 10 TeV 
the energy 
resolution is 
below 50% 
 

Reject > 99% of 
cosmic-ray 
showers at 
energies above  
roughly 3 TeV 
 
hawc-observatory.org 



Gamma-ray detectors (LHAASO) 

Ranjan Laha 

The Large High Altitude Air Shower Observatory (LHAASO) project 
 
All-sky instrument  
 
Detect cosmic Rays and Gamma-Rays in the wide energy range ~1011 eV – 1017 eV 
 
Uses different detection techniques: 
 
(1)   LHAASO-KM2A: 1 km2 array of 5635 scintillator detectors for 

electromagnetic particle detection 

(2)  LHAASO-MD: 1 km2 array of underground water Cherenkov tanks for muon 
detection 

(3)  LHAASO-WCDA: Surface water Cherenkov detector facility ~90000 m2 

(4)  LHAASO-WFCTA: 24 wide field-of-view air Cherenkov and fluorescence 
telescopes 

 Sciascio “The LHAASO project: a new generation cosmic-ray experiment” 



Signal morphology 

Ranjan Laha 

The incident ALP flux is isotropic and homogenous 
 
Due to the Galactic magnetic field, the signal on Earth is highly anisotropic: “ALP 
bubble”  for Jansson & Farrar magnetic field 
 
Useful for signal v/s background discrimination 

Vogel, Laha, and Meyer  
1712.01839 

�90�

90�

180� �180�

0.0 0.2 0.4 0.6 0.8 1.0
normalized

p
��2

Galactic



Results 

Ranjan Laha 

LHAASO and HAWC will probe new 
parameter space 
 
These are the farthest source of 
high-energy photons that we know 
 
Very difficult to mimic these 
photons by astrophysical spectrum 
modifications 
 
Astrophysical uncertainties will 
decrease in the near future 
 
New physics result with these 
guaranteed photon sources 
 
Promising probe 
  Vogel, Laha, and Meyer 
1712.01839 
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Conclusions 
•  Searching for axion–like particles is one of the 

major frontiers of physics 
 
•  Many of the well motivated parameter space can be 

probed by astrophysical systems 

•  We show that searching for the very high-energy 
photon flux corresponding to the IceCube neutrinos 
will probe new ALP parameter space 

•  This is a new search technique in ALP physics 

Ranjan Laha 

Questions and comments: 
ranjalah@uni-mainz.de 



Puzzling questions about the high 
energy astrophysical universe 

Ranjan Laha 

Fermi-
LAT 

Gamma-ray sky: what process produces 
them? 
	
Leptonic:   
	
Hadronic:  
	

e� + � ! e� + �

p + p ! ⇡0 ! � + �

p + p ! ⇡/K + ... ! ⌫/⌫̄

Gaisser 1605.03073 

The key difference are the neutrinos 

Cosmic rays observed over a huge 
energy range 
 
Neutrinos are inevitably produced in 
cosmic ray interactions 
 


