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Outline

• Overview of gravitational lensing


• Introduction to intrinsic alignments (IA)


• Review of galaxy alignment 2-point functions 


• Review of previous models of IA


• Introduction to a flexible halo-based model of IA


• Phenomenology of alignment correlations in the halo model 
context


• Discussion of future work and applications



Gravitational Lensing

• Light from distant galaxies is deflected by the intervening 
matter distribution.


• Deflections result in galaxy shape distortions and 
magnification.
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Weak Gravitational Lensing

Un-lensed “galaxies” lensed “galaxies” 
(exaggerated)

• Deflections result in galaxy shape distortions and 
magnification.


• Weak lensing results in tangential shear in the direction of 
mass over densities.



Weak Gravitational Lensing
Cosmic Shear Galaxy-Galaxy Lensing

Background galaxies

Foreground galaxies

• Cosmic shear: correlated shapes of 
background galaxies


• Galaxy-galaxy lensing: correlated 
shapes of background and 
foreground galaxies



Strong Gravitational Lensing

• Strong lensing results in multiple 
images or rings of background 
galaxies.


• Strong lensing probes significantly 
smaller scales and larger over 
densities.


• Strong lenses are very rare in 
comparison to weakly lensed 
galaxies.



Weak Gravitational Lensing
Dark Energy

Growth of StructureGalaxy-Halo connection

Why should you be interested in 

weak lensing (systematics)?

Testing of Gravity



Weak Lensing Surveys

Credit: HSC
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Statical power of surveys must be matched by increasing 

control of astrophysical and observational systematics.



• Weak lensing induces 
ellipticities of ~0.001


• Intrinsic shapes of galaxies 
have ellipticities of ~0.1


• Shape noise is overcome by 
measuring shapes of many 
(~1000) galaxies

Galaxy Shapes



Tenneti + 2015

alignment of 

galaxies

Intrinsic Alignments
Hydrodynamic 
simulations of galaxy 
formation show intrinsic 
alignments between 
galaxies and large scale 
structure.

• Any correlated 
ellipticities not caused 
by lensing can 
contaminate lensing 
signals


• Galaxy alignments with 
large scale structure 
and other galaxies are 
seen in both 
simulations and 
observations!



Physics of Intrinsic Alignments

• Elliptical Galaxies (Early Type)

• pressure supported systems

• triaxial collapse of host halo in tidal field

• galaxy follows halo shape


• Disk Galaxies (Late Type)

• angular momentum supported systems

• coupling of halo to quadruple moment of 

tidal field at time of collapse

• galaxy preserves angular momentum 

during formation

• galaxy and halo spin axis align
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<latexit sha1_base64="Y0yJ6uY122l02BYtpV1OMnSa5/g=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtpQ9lsN+3S3STsToQS+iu8eFDx6t/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKWLuo0DJ26nmVIWSt8LRzdRvPXFtRBLf4zjlgaKDWESCUbTSY3dIMeeTHu1Va27dnYEsE68gNSjQ7FW/uv2EZYrHyCQ1puO5KQY51SiY5JNKNzM8pWxEB7xjaUwVN0E+O3hCTqzSJ1GibcVIZurviZwqY8YqtJ2K4tAselPxP6+TYXQZ5CJOM+Qxmy+KMkkwIdPvSV9ozlCOLaFMC3srYUOqKUObUcWG4C2+vEz8s/pV3b07rzWuizTKcATHcAoeXEADbqEJPjBQ8Ayv8OZo58V5dz7mrSWnmDmEP3A+fwBxZ5Bd</latexit><latexit sha1_base64="Y0yJ6uY122l02BYtpV1OMnSa5/g=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtpQ9lsN+3S3STsToQS+iu8eFDx6t/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKWLuo0DJ26nmVIWSt8LRzdRvPXFtRBLf4zjlgaKDWESCUbTSY3dIMeeTHu1Va27dnYEsE68gNSjQ7FW/uv2EZYrHyCQ1puO5KQY51SiY5JNKNzM8pWxEB7xjaUwVN0E+O3hCTqzSJ1GibcVIZurviZwqY8YqtJ2K4tAselPxP6+TYXQZ5CJOM+Qxmy+KMkkwIdPvSV9ozlCOLaFMC3srYUOqKUObUcWG4C2+vEz8s/pV3b07rzWuizTKcATHcAoeXEADbqEJPjBQ8Ayv8OZo58V5dz7mrSWnmDmEP3A+fwBxZ5Bd</latexit><latexit sha1_base64="Y0yJ6uY122l02BYtpV1OMnSa5/g=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtpQ9lsN+3S3STsToQS+iu8eFDx6t/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKWLuo0DJ26nmVIWSt8LRzdRvPXFtRBLf4zjlgaKDWESCUbTSY3dIMeeTHu1Va27dnYEsE68gNSjQ7FW/uv2EZYrHyCQ1puO5KQY51SiY5JNKNzM8pWxEB7xjaUwVN0E+O3hCTqzSJ1GibcVIZurviZwqY8YqtJ2K4tAselPxP6+TYXQZ5CJOM+Qxmy+KMkkwIdPvSV9ozlCOLaFMC3srYUOqKUObUcWG4C2+vEz8s/pV3b07rzWuizTKcATHcAoeXEADbqEJPjBQ8Ayv8OZo58V5dz7mrSWnmDmEP3A+fwBxZ5Bd</latexit>

êa
<latexit sha1_base64="Y0yJ6uY122l02BYtpV1OMnSa5/g=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtpQ9lsN+3S3STsToQS+iu8eFDx6t/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKWLuo0DJ26nmVIWSt8LRzdRvPXFtRBLf4zjlgaKDWESCUbTSY3dIMeeTHu1Va27dnYEsE68gNSjQ7FW/uv2EZYrHyCQ1puO5KQY51SiY5JNKNzM8pWxEB7xjaUwVN0E+O3hCTqzSJ1GibcVIZurviZwqY8YqtJ2K4tAselPxP6+TYXQZ5CJOM+Qxmy+KMkkwIdPvSV9ozlCOLaFMC3srYUOqKUObUcWG4C2+vEz8s/pV3b07rzWuizTKcATHcAoeXEADbqEJPjBQ8Ayv8OZo58V5dz7mrSWnmDmEP3A+fwBxZ5Bd</latexit><latexit sha1_base64="Y0yJ6uY122l02BYtpV1OMnSa5/g=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtpQ9lsN+3S3STsToQS+iu8eFDx6t/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKWLuo0DJ26nmVIWSt8LRzdRvPXFtRBLf4zjlgaKDWESCUbTSY3dIMeeTHu1Va27dnYEsE68gNSjQ7FW/uv2EZYrHyCQ1puO5KQY51SiY5JNKNzM8pWxEB7xjaUwVN0E+O3hCTqzSJ1GibcVIZurviZwqY8YqtJ2K4tAselPxP6+TYXQZ5CJOM+Qxmy+KMkkwIdPvSV9ozlCOLaFMC3srYUOqKUObUcWG4C2+vEz8s/pV3b07rzWuizTKcATHcAoeXEADbqEJPjBQ8Ayv8OZo58V5dz7mrSWnmDmEP3A+fwBxZ5Bd</latexit><latexit sha1_base64="Y0yJ6uY122l02BYtpV1OMnSa5/g=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtpQ9lsN+3S3STsToQS+iu8eFDx6t/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKWLuo0DJ26nmVIWSt8LRzdRvPXFtRBLf4zjlgaKDWESCUbTSY3dIMeeTHu1Va27dnYEsE68gNSjQ7FW/uv2EZYrHyCQ1puO5KQY51SiY5JNKNzM8pWxEB7xjaUwVN0E+O3hCTqzSJ1GibcVIZurviZwqY8YqtJ2K4tAselPxP6+TYXQZ5CJOM+Qxmy+KMkkwIdPvSV9ozlCOLaFMC3srYUOqKUObUcWG4C2+vEz8s/pV3b07rzWuizTKcATHcAoeXEADbqEJPjBQ8Ayv8OZo58V5dz7mrSWnmDmEP3A+fwBxZ5Bd</latexit> êa

<latexit sha1_base64="Y0yJ6uY122l02BYtpV1OMnSa5/g=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtpQ9lsN+3S3STsToQS+iu8eFDx6t/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKWLuo0DJ26nmVIWSt8LRzdRvPXFtRBLf4zjlgaKDWESCUbTSY3dIMeeTHu1Va27dnYEsE68gNSjQ7FW/uv2EZYrHyCQ1puO5KQY51SiY5JNKNzM8pWxEB7xjaUwVN0E+O3hCTqzSJ1GibcVIZurviZwqY8YqtJ2K4tAselPxP6+TYXQZ5CJOM+Qxmy+KMkkwIdPvSV9ozlCOLaFMC3srYUOqKUObUcWG4C2+vEz8s/pV3b07rzWuizTKcATHcAoeXEADbqEJPjBQ8Ayv8OZo58V5dz7mrSWnmDmEP3A+fwBxZ5Bd</latexit><latexit sha1_base64="Y0yJ6uY122l02BYtpV1OMnSa5/g=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtpQ9lsN+3S3STsToQS+iu8eFDx6t/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKWLuo0DJ26nmVIWSt8LRzdRvPXFtRBLf4zjlgaKDWESCUbTSY3dIMeeTHu1Va27dnYEsE68gNSjQ7FW/uv2EZYrHyCQ1puO5KQY51SiY5JNKNzM8pWxEB7xjaUwVN0E+O3hCTqzSJ1GibcVIZurviZwqY8YqtJ2K4tAselPxP6+TYXQZ5CJOM+Qxmy+KMkkwIdPvSV9ozlCOLaFMC3srYUOqKUObUcWG4C2+vEz8s/pV3b07rzWuizTKcATHcAoeXEADbqEJPjBQ8Ayv8OZo58V5dz7mrSWnmDmEP3A+fwBxZ5Bd</latexit><latexit sha1_base64="Y0yJ6uY122l02BYtpV1OMnSa5/g=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtpQ9lsN+3S3STsToQS+iu8eFDx6t/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88mCTTjPsskYluh9RwKWLuo0DJ26nmVIWSt8LRzdRvPXFtRBLf4zjlgaKDWESCUbTSY3dIMeeTHu1Va27dnYEsE68gNSjQ7FW/uv2EZYrHyCQ1puO5KQY51SiY5JNKNzM8pWxEB7xjaUwVN0E+O3hCTqzSJ1GibcVIZurviZwqY8YqtJ2K4tAselPxP6+TYXQZ5CJOM+Qxmy+KMkkwIdPvSV9ozlCOLaFMC3srYUOqKUObUcWG4C2+vEz8s/pV3b07rzWuizTKcATHcAoeXEADbqEJPjBQ8Ayv8OZo58V5dz7mrSWnmDmEP3A+fwBxZ5Bd</latexit>



Alignment Correlations
Gravitational shear-Intrinsic

ellipticity correlation (GI)

Intrinsic-Intrinsic

ellipticity correlation (II)

�
<latexit sha1_base64="tkC7rSvQ03NlJqM5ibSvuNVDpp8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDdKYDesNt+nOgVaJV5IGlOgM61+DUUIyQaUhHGvd99zUBDlWhhFOZ7VBpmmKyQSPad9SiQXVQT6/dYbOrDJCUaJsSYPm6u+JHAutpyK0nQKbWC97hfif189MdBXkTKaZoZIsFkUZRyZBxeNoxBQlhk8twUQxeysiMVaYGBtPzYbgLb+8SvyL5nXTvb9stG/KNKpwAqdwDh60oA130AEfCMTwDK/w5gjnxXl3PhatFaecOYY/cD5/AIBljhI=</latexit><latexit sha1_base64="tkC7rSvQ03NlJqM5ibSvuNVDpp8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDdKYDesNt+nOgVaJV5IGlOgM61+DUUIyQaUhHGvd99zUBDlWhhFOZ7VBpmmKyQSPad9SiQXVQT6/dYbOrDJCUaJsSYPm6u+JHAutpyK0nQKbWC97hfif189MdBXkTKaZoZIsFkUZRyZBxeNoxBQlhk8twUQxeysiMVaYGBtPzYbgLb+8SvyL5nXTvb9stG/KNKpwAqdwDh60oA130AEfCMTwDK/w5gjnxXl3PhatFaecOYY/cD5/AIBljhI=</latexit><latexit sha1_base64="tkC7rSvQ03NlJqM5ibSvuNVDpp8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbpqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8MOVMG9f9dipr6xubW9Xt2s7u3v5B/fDoUSeZItQnCU9UL8Saciapb5jhtJcqikXIaTec3BZ+94kqzRL5YKYpDQQeSxYxgk0hDdKYDesNt+nOgVaJV5IGlOgM61+DUUIyQaUhHGvd99zUBDlWhhFOZ7VBpmmKyQSPad9SiQXVQT6/dYbOrDJCUaJsSYPm6u+JHAutpyK0nQKbWC97hfif189MdBXkTKaZoZIsFkUZRyZBxeNoxBQlhk8twUQxeysiMVaYGBtPzYbgLb+8SvyL5nXTvb9stG/KNKpwAqdwDh60oA130AEfCMTwDK/w5gjnxXl3PhatFaecOYY/cD5/AIBljhI=</latexit>

�+ =
1� q2

1 + q2
cos(2�)

<latexit sha1_base64="Z/s2+J/kXz9xw3iccV08YyV6ZZw=">AAACEXicbVDLSsNAFJ34rPUVdelmsAgtxZIUQV0IRTcuKxhbaGKYTCft0JkkzkyEEvoNbvwVNy5U3Lpz5984abvQ1gOXezjnXmbuCRJGpbKsb2NhcWl5ZbWwVlzf2NzaNnd2b2WcCkwcHLNYtAMkCaMRcRRVjLQTQRAPGGkFg8vcbz0QIWkc3ahhQjyOehENKUZKS75ZcXuIc+RX4Tl0Q4FwZh/d39VHmV3Nm4tjWa67SZ9WfLNk1awx4Dyxp6QEpmj65pfbjXHKSaQwQ1J2bCtRXoaEopiRUdFNJUkQHqAe6WgaIU6kl41PGsFDrXRhGAtdkYJj9fdGhriUQx7oSY5UX856ufif10lVeOplNEpSRSI8eShMGVQxzPOBXSoIVmyoCcKC6r9C3Ec6GKVTLOoQ7NmT54lTr53VrOvjUuNimkYB7IMDUAY2OAENcAWawAEYPIJn8ArejCfjxXg3PiajC8Z0Zw/8gfH5A9LJm+M=</latexit><latexit sha1_base64="Z/s2+J/kXz9xw3iccV08YyV6ZZw=">AAACEXicbVDLSsNAFJ34rPUVdelmsAgtxZIUQV0IRTcuKxhbaGKYTCft0JkkzkyEEvoNbvwVNy5U3Lpz5984abvQ1gOXezjnXmbuCRJGpbKsb2NhcWl5ZbWwVlzf2NzaNnd2b2WcCkwcHLNYtAMkCaMRcRRVjLQTQRAPGGkFg8vcbz0QIWkc3ahhQjyOehENKUZKS75ZcXuIc+RX4Tl0Q4FwZh/d39VHmV3Nm4tjWa67SZ9WfLNk1awx4Dyxp6QEpmj65pfbjXHKSaQwQ1J2bCtRXoaEopiRUdFNJUkQHqAe6WgaIU6kl41PGsFDrXRhGAtdkYJj9fdGhriUQx7oSY5UX856ufif10lVeOplNEpSRSI8eShMGVQxzPOBXSoIVmyoCcKC6r9C3Ec6GKVTLOoQ7NmT54lTr53VrOvjUuNimkYB7IMDUAY2OAENcAWawAEYPIJn8ArejCfjxXg3PiajC8Z0Zw/8gfH5A9LJm+M=</latexit><latexit sha1_base64="Z/s2+J/kXz9xw3iccV08YyV6ZZw=">AAACEXicbVDLSsNAFJ34rPUVdelmsAgtxZIUQV0IRTcuKxhbaGKYTCft0JkkzkyEEvoNbvwVNy5U3Lpz5984abvQ1gOXezjnXmbuCRJGpbKsb2NhcWl5ZbWwVlzf2NzaNnd2b2WcCkwcHLNYtAMkCaMRcRRVjLQTQRAPGGkFg8vcbz0QIWkc3ahhQjyOehENKUZKS75ZcXuIc+RX4Tl0Q4FwZh/d39VHmV3Nm4tjWa67SZ9WfLNk1awx4Dyxp6QEpmj65pfbjXHKSaQwQ1J2bCtRXoaEopiRUdFNJUkQHqAe6WgaIU6kl41PGsFDrXRhGAtdkYJj9fdGhriUQx7oSY5UX856ufif10lVeOplNEpSRSI8eShMGVQxzPOBXSoIVmyoCcKC6r9C3Ec6GKVTLOoQ7NmT54lTr53VrOvjUuNimkYB7IMDUAY2OAENcAWawAEYPIJn8ArejCfjxXg3PiajC8Z0Zw/8gfH5A9LJm+M=</latexit>

q =
a

b
<latexit sha1_base64="WOrOfeHnHXDL5/lRkFSludK2TXM=">AAAB93icbVBNS8NAEJ3Ur1o/GvXoZbEInkoiQvUgFL14rGBsoQ1ls920SzebuLsRasgv8eJBxat/xZv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZKK6tr6xvlzcrW9s5u1d7bv1dxKgn1SMxj2QmwopwJ6mmmOe0kkuIo4LQdjK+nfvuRSsVicacnCfUjPBQsZARrI/Xt6gO6RL1QYpLhPAvyvl1z6s4MaJm4BalBgVbf/uoNYpJGVGjCsVJd10m0n2GpGeE0r/RSRRNMxnhIu4YKHFHlZ7PDc3RslAEKY2lKaDRTf09kOFJqEgWmM8J6pBa9qfif1011eO5nTCSppoLMF4UpRzpG0xTQgElKNJ8Ygolk5lZERtikoE1WFROCu/jyMvFO6xd15/as1rwq0ijDIRzBCbjQgCbcQAs8IJDCM7zCm/VkvVjv1se8tWQVMwfwB9bnD7T3kq0=</latexit><latexit sha1_base64="WOrOfeHnHXDL5/lRkFSludK2TXM=">AAAB93icbVBNS8NAEJ3Ur1o/GvXoZbEInkoiQvUgFL14rGBsoQ1ls920SzebuLsRasgv8eJBxat/xZv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZKK6tr6xvlzcrW9s5u1d7bv1dxKgn1SMxj2QmwopwJ6mmmOe0kkuIo4LQdjK+nfvuRSsVicacnCfUjPBQsZARrI/Xt6gO6RL1QYpLhPAvyvl1z6s4MaJm4BalBgVbf/uoNYpJGVGjCsVJd10m0n2GpGeE0r/RSRRNMxnhIu4YKHFHlZ7PDc3RslAEKY2lKaDRTf09kOFJqEgWmM8J6pBa9qfif1011eO5nTCSppoLMF4UpRzpG0xTQgElKNJ8Ygolk5lZERtikoE1WFROCu/jyMvFO6xd15/as1rwq0ijDIRzBCbjQgCbcQAs8IJDCM7zCm/VkvVjv1se8tWQVMwfwB9bnD7T3kq0=</latexit><latexit sha1_base64="WOrOfeHnHXDL5/lRkFSludK2TXM=">AAAB93icbVBNS8NAEJ3Ur1o/GvXoZbEInkoiQvUgFL14rGBsoQ1ls920SzebuLsRasgv8eJBxat/xZv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZKK6tr6xvlzcrW9s5u1d7bv1dxKgn1SMxj2QmwopwJ6mmmOe0kkuIo4LQdjK+nfvuRSsVicacnCfUjPBQsZARrI/Xt6gO6RL1QYpLhPAvyvl1z6s4MaJm4BalBgVbf/uoNYpJGVGjCsVJd10m0n2GpGeE0r/RSRRNMxnhIu4YKHFHlZ7PDc3RslAEKY2lKaDRTf09kOFJqEgWmM8J6pBa9qfif1011eO5nTCSppoLMF4UpRzpG0xTQgElKNJ8Ygolk5lZERtikoE1WFROCu/jyMvFO6xd15/as1rwq0ijDIRzBCbjQgCbcQAs8IJDCM7zCm/VkvVjv1se8tWQVMwfwB9bnD7T3kq0=</latexit>

a
<latexit sha1_base64="/eNgHOBkgjdP3A/Sj+g7zVZ46Xg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWatFepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuuc2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifPzGIjLg=</latexit><latexit sha1_base64="/eNgHOBkgjdP3A/Sj+g7zVZ46Xg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWatFepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuuc2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifPzGIjLg=</latexit><latexit sha1_base64="/eNgHOBkgjdP3A/Sj+g7zVZ46Xg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWatFepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuuc2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifPzGIjLg=</latexit>

b
<latexit sha1_base64="20qMvT9WatP8OL0B9SH225Yo6pg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaYa9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8lbEgVZcZmU7YheIsvLxP/vHZdc5sX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z1hWnmDmCP3A+fwAzC4y5</latexit><latexit sha1_base64="20qMvT9WatP8OL0B9SH225Yo6pg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaYa9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8lbEgVZcZmU7YheIsvLxP/vHZdc5sX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z1hWnmDmCP3A+fwAzC4y5</latexit><latexit sha1_base64="20qMvT9WatP8OL0B9SH225Yo6pg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaYa9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8lbEgVZcZmU7YheIsvLxP/vHZdc5sX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z1hWnmDmCP3A+fwAzC4y5</latexit>

Correlations weighted by 
density and ellipticity
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Singh + 2015

Observations of Intrinsic Alignments

BOSS LRGs

• Elliptical Galaxies (Early Type)

• Consensus is that there are 

significant alignments 

• GI alignments are strong

• II alignments are weak


• Disk Galaxies (Late Type)

• most measurements are 

consistent with no alignments

• How much alignment does the 

noisy data allow?

• Satellite Galaxies (Both)

• Inconsistent results

• Mounting indications for radial 

alignment within host halo
Mandelbaum + 2006

SDSS Main Sample

GI correlations



Impact on Cosmological Surveys
• Ignoring intrinsic alignments can bias 

parameters by ~10%

• The goal is to subtract and 

marginalize over uncertainty in IA


• physically motivated models for IA

• priors to go along with those models!

• the ability to create mock data sets in 

order to test cosmological parameter 
extraction from surveys


• model and therefore use small scale 
data


• learn about galaxy formation 
mechanisms

We would like:

Krause & Eifler (2016)

constraining dark energy



Bridle & King + 2007
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Mitigating Intrinsic Alignments

• Linear Alignment Model

• Alignments set at formation time

• Scaling of the linear power spectrum 


• Nonlinear Alignment Model

• Uses nonlinear power spectrum

• No physical motivation beyond linear 

model

• Schneider & Bridle Halo Model

• Radial satellite alignments

• Fitting function for 1-halo term

Schneider & Bridle+ 2010

Central
Satellite

II

GI



Halo Model for IA

• Hydrodynamic simulations are too expensive for cosmological 
volumes


• (Non-)linear alignment models are crude, limited to >10 Mpc 
scales


• Fitting functions provide no physical insight, no obvious way to 
scale for different galaxy samples


• No current model accounts for all small scale terms.

• A halo model can be used to build mocks, 
e.g. HOD, by populating large dark matter 
simulations


• A halo model naturally extends from small 
to large scales


• A halo model provides physical context for 
understanding IA



The Halo Model



The Halo Model

halo

subhalo

satellite

central • Quasi-spherical haloes form in 
the large scale structure


• Haloes form hierarchically

• Previously distinct haloes 

become substructure in more 
massive haloes


• Galaxies form in haloes

• Massive central galaxies 

occupy the central regions of 
haloes


• Satellites live in sub-haloes 
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• define halo alignment vector

• Halo major axis for elliptical galaxies

• Halo spin axis for disk galaxies


• define galaxy alignment vector

• major/minor axis 

• spin axis


• specify distribution of misalignments

Dark Matter Halo

Alignment Halo Model: Centrals
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Dark Matter Halo
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With sub-haloes Without sub-haloes

Alignment Halo Model: Satellites

• use sub-halo orientations

• limited to use in ‘high 

resolution’ simulations

• use host-satellite radial 
vector


• can be scaled up to large 
simulations
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Misalignment Model
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Parameterize the 

alignment strength



Subhalo Alignments
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Bolshoi

Model

• Sub-haloes display strong radial alignment.

• Distribution of misalignment angles is fit well by a 

Watson distribution.

• Some radial dependence is seen in alignment strength 

within haloes.
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Subhalo Alignments
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A radial alignment model can reproduce 

1-halo alignment correlations down to ~100 kpc! 
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Sub-halo Anisotropy

Isotropic Distribution Anisotropic Distribution

• Spatial distribution of satellites has a 
significant effect on IA correlations 


• EE correlation function is especially 
sensitive to anisotropy


• EE will go to zero for an isotropic  
radial model 


• Large scale correlations show effect 
of ~10% due to satellite anisotropy
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Scale Dependence: Central IA
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Scale Dependence: Satellite IA
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Future Work and Applications

• add model for galaxy shapes


• explore alternate alignment models, e.g. tidal field, spin axis, etc


• compare predictions to (non-)linear alignment models


• constrain alignment parameters in SDSS


• add alignments into cosmology mocks to test mitigation schemes
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Extra: alignment decomposition



Extra: Anisotropic NFW



Extra: Satellite Alignment Models


