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Cosmology with 

Galaxy Photometry Alone





cosmology with one galaxy? trained using CAMELS 

p(⌦ | ✓g )

<latexit sha1_base64="0Lwf9huKkJYvd1aN9tU5bj6sxYo=">AAACA3icbZC7SgNBFIZn4y3G26qdNotBiBDCrkS0sAjY2BnBXCAbwuzkJBkye2HmrBDWgI2vYmOhiK0vYefbOEm20MQfBj7+cw5nzu9Fgiu07W8js7S8srqWXc9tbG5t75i7e3UVxpJBjYUilE2PKhA8gBpyFNCMJFDfE9DwhleTeuMepOJhcIejCNo+7Qe8xxlFbXXMg6jgFt0bH/rULT5oxAEg7fTd4knHzNsleyprEZwU8iRVtWN+ud2QxT4EyARVquXYEbYTKpEzAeOcGyuIKBvSPrQ0BtQH1U6mN4ytY+10rV4o9QvQmrq/JxLqKzXyPd3pUxyo+drE/K/WirF30U54EMUIAZst6sXCwtCaBGJ1uQSGYqSBMsn1Xy02oJIy1LHldAjO/MmLUD8tOeXS2W05X7lM48iSQ3JECsQh56RCrkmV1Agjj+SZvJI348l4Md6Nj1lrxkhn9skfGZ8/IPiWiw==</latexit>

Villaescusa-Navarro et al. (2022)



cosmology with one galaxy? trained using CAMELS 

galaxy properties

Vmax, M*, Mgas, Z*, R* . . .

cosmological parameters

p(⌦ | ✓g )

<latexit sha1_base64="0Lwf9huKkJYvd1aN9tU5bj6sxYo=">AAACA3icbZC7SgNBFIZn4y3G26qdNotBiBDCrkS0sAjY2BnBXCAbwuzkJBkye2HmrBDWgI2vYmOhiK0vYefbOEm20MQfBj7+cw5nzu9Fgiu07W8js7S8srqWXc9tbG5t75i7e3UVxpJBjYUilE2PKhA8gBpyFNCMJFDfE9DwhleTeuMepOJhcIejCNo+7Qe8xxlFbXXMg6jgFt0bH/rULT5oxAEg7fTd4knHzNsleyprEZwU8iRVtWN+ud2QxT4EyARVquXYEbYTKpEzAeOcGyuIKBvSPrQ0BtQH1U6mN4ytY+10rV4o9QvQmrq/JxLqKzXyPd3pUxyo+drE/K/WirF30U54EMUIAZst6sXCwtCaBGJ1uQSGYqSBMsn1Xy02oJIy1LHldAjO/MmLUD8tOeXS2W05X7lM48iSQ3JECsQh56RCrkmV1Agjj+SZvJI348l4Md6Nj1lrxkhn9skfGZ8/IPiWiw==</latexit>

⌦m,�8

<latexit sha1_base64="nOpEJBb3eWxJwZF8wYUCyT5cnys=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFcSEhqSlNwUXDjzgr2AU0Ik+m0HTqThJmJWEJ/xY0LRdz6I+78G6cPQUUPXDiccy/33hOljEpl2x/Gyura+sZmYau4vbO7t28elNoyyQQmLZywRHQjJAmjMWkpqhjppoIgHjHSicaXM79zR4SkSXyrJikJOBrGdEAxUloKzZJ/zckQhfwM+pIOOQq90Czblu3VXdeBtlVxzu2aq4nrVj23Dh3LnqMMlmiG5rvfT3DGSawwQ1L2HDtVQY6EopiRadHPJEkRHqMh6WkaI05kkM9vn8ITrfThIBG6YgXn6veJHHEpJzzSnRypkfztzcS/vF6mBl6Q0zjNFInxYtEgY1AlcBYE7FNBsGITTRAWVN8K8QgJhJWOq6hD+PoU/k/aFctxreqNW25cLOMogCNwDE6BA2qgAa5AE7QABvfgATyBZ2NqPBovxuuidcVYzhyCHzDePgFvKpQP</latexit>

Villaescusa-Navarro et al. (2022)



cosmology with one galaxy? 

Villaescusa-Navarro et al. (2022)



cosmology with one galaxy? 

Villaescusa-Navarro et al. (2022)

some low-dimensional manifold hosting ?θg



cosmology with one galaxy? 

Villaescusa-Navarro et al. (2022)

⌦m

⌦b
⇡ Mtot

Mb

<latexit sha1_base64="R7xkmH6Cz/wgecczwhVDTs34oUo=">AAACInicbVDLSgMxFM3UV62vUZdugqXgqsyIou6KbtyIFewDOmXIpJk2NJkMSUYsw3yLG3/FjQtFXQl+jGk7grYeCJyccy/33hPEjCrtOJ9WYWFxaXmluFpaW9/Y3LK3d5pKJBKTBhZMyHaAFGE0Ig1NNSPtWBLEA0ZawfBi7LfuiFRURLd6FJMuR/2IhhQjbSTfPvNCiXDqXXPSRz7PfliQQQ/FsRT3cFpx5aee5FALnWXmE2S+XXaqzgRwnrg5KYMcdd9+93oCJ5xEGjOkVMd1Yt1NkdQUM5KVvESRGOEh6pOOoRHiRHXTyYkZrBilB0MhzYs0nKi/O1LElRpxs3aFIz1Qs95Y/M/rJDo87aY0ihNNIjwdFCbMHArHecEelQRrNjIEYUnNrhAPkElEm1RLJgR39uR50jysukfV45ujcu08j6MI9sA+OAAuOAE1cAnqoAEweABP4AW8Wo/Ws/VmfUxLC1beswv+wPr6Bl21pW4=</latexit>



cosmology with one galaxy? 

Villaescusa-Navarro et al. (2022)

star formation efficiency

⌦m

⌦b
⇡ Mtot

Mb

<latexit sha1_base64="R7xkmH6Cz/wgecczwhVDTs34oUo=">AAACInicbVDLSgMxFM3UV62vUZdugqXgqsyIou6KbtyIFewDOmXIpJk2NJkMSUYsw3yLG3/FjQtFXQl+jGk7grYeCJyccy/33hPEjCrtOJ9WYWFxaXmluFpaW9/Y3LK3d5pKJBKTBhZMyHaAFGE0Ig1NNSPtWBLEA0ZawfBi7LfuiFRURLd6FJMuR/2IhhQjbSTfPvNCiXDqXXPSRz7PfliQQQ/FsRT3cFpx5aee5FALnWXmE2S+XXaqzgRwnrg5KYMcdd9+93oCJ5xEGjOkVMd1Yt1NkdQUM5KVvESRGOEh6pOOoRHiRHXTyYkZrBilB0MhzYs0nKi/O1LElRpxs3aFIz1Qs95Y/M/rJDo87aY0ihNNIjwdFCbMHArHecEelQRrNjIEYUnNrhAPkElEm1RLJgR39uR50jysukfV45ujcu08j6MI9sA+OAAuOAE1cAnqoAEweABP4AW8Wo/Ws/VmfUxLC1beswv+wPr6Bl21pW4=</latexit>

Mtot(Vmax...)

M⇤/✏⇤(M⇤,Mgas, Z⇤...)

<latexit sha1_base64="AH8Py6zKjrDhHdPlaJX/2s9Gbp0="></latexit>

=

<latexit sha1_base64="NULZghUWQqgwnPkqe2W3Rk9z3bU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUL+uVUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP49ljMk=</latexit>



cosmology with one galaxy? — similar approach as White et al. (1993) 



 are not observablesθg = {Vmax, M*, Mgas, Z*, R* . . . }

p(⌦ | ✓g )

<latexit sha1_base64="0Lwf9huKkJYvd1aN9tU5bj6sxYo=">AAACA3icbZC7SgNBFIZn4y3G26qdNotBiBDCrkS0sAjY2BnBXCAbwuzkJBkye2HmrBDWgI2vYmOhiK0vYefbOEm20MQfBj7+cw5nzu9Fgiu07W8js7S8srqWXc9tbG5t75i7e3UVxpJBjYUilE2PKhA8gBpyFNCMJFDfE9DwhleTeuMepOJhcIejCNo+7Qe8xxlFbXXMg6jgFt0bH/rULT5oxAEg7fTd4knHzNsleyprEZwU8iRVtWN+ud2QxT4EyARVquXYEbYTKpEzAeOcGyuIKBvSPrQ0BtQH1U6mN4ytY+10rV4o9QvQmrq/JxLqKzXyPd3pUxyo+drE/K/WirF30U54EMUIAZst6sXCwtCaBGJ1uQSGYqSBMsn1Xy02oJIy1LHldAjO/MmLUD8tOeXS2W05X7lM48iSQ3JECsQh56RCrkmV1Agjj+SZvJI348l4Md6Nj1lrxkhn9skfGZ8/IPiWiw==</latexit>



cosmology with the  = observables of one galaxy?Xi

p(⌦m,�8 | ✓g )

<latexit sha1_base64="TbPGqE60kddYy+DSvdR9Dobt4eQ=">AAACD3icbVA9SwNBEN3z2/gVtbRZDIpCCHeiaCna2KlgVMiFY24zuSzu3h27c0KI/gMb/4qNhSK2tnb+GzcxhV8PBh7vzTAzL86VtOT7H97I6Nj4xOTUdGlmdm5+oby4dG6zwgisi0xl5jIGi0qmWCdJCi9zg6BjhRfx1WHfv7hGY2WWnlE3x6aGJJVtKYCcFJXX842wGh5rTCDSVR5amWiI9sLqjZOpgwRRElY3o3LFr/kD8L8kGJIKG+IkKr+HrUwUGlMSCqxtBH5OzR4YkkLhbSksLOYgriDBhqMpaLTN3uCfW77mlBZvZ8ZVSnygfp/ogba2q2PXqYE69rfXF//zGgW195o9meYFYSq+FrULxSnj/XB4SxoUpLqOgDDS3cpFBwwIchGWXAjB75f/kvOtWrBd2zndruwfDOOYYitslW2wgO2yfXbETlidCXbHHtgTe/buvUfvxXv9ah3xhjPL7Ae8t0+dVJsl</latexit>

?Xip(⌦ | ✓g )

<latexit sha1_base64="0Lwf9huKkJYvd1aN9tU5bj6sxYo=">AAACA3icbZC7SgNBFIZn4y3G26qdNotBiBDCrkS0sAjY2BnBXCAbwuzkJBkye2HmrBDWgI2vYmOhiK0vYefbOEm20MQfBj7+cw5nzu9Fgiu07W8js7S8srqWXc9tbG5t75i7e3UVxpJBjYUilE2PKhA8gBpyFNCMJFDfE9DwhleTeuMepOJhcIejCNo+7Qe8xxlFbXXMg6jgFt0bH/rULT5oxAEg7fTd4knHzNsleyprEZwU8iRVtWN+ud2QxT4EyARVquXYEbYTKpEzAeOcGyuIKBvSPrQ0BtQH1U6mN4ytY+10rV4o9QvQmrq/JxLqKzXyPd3pUxyo+drE/K/WirF30U54EMUIAZst6sXCwtCaBGJ1uQSGYqSBMsn1Xy02oJIy1LHldAjO/MmLUD8tOeXS2W05X7lM48iSQ3JECsQh56RCrkmV1Agjj+SZvJI348l4Md6Nj1lrxkhn9skfGZ8/IPiWiw==</latexit>



≠ B

µg
i

X̂i

æX,i

cosmological parameters

⌦m,�8

<latexit sha1_base64="nOpEJBb3eWxJwZF8wYUCyT5cnys=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFcSEhqSlNwUXDjzgr2AU0Ik+m0HTqThJmJWEJ/xY0LRdz6I+78G6cPQUUPXDiccy/33hOljEpl2x/Gyura+sZmYau4vbO7t28elNoyyQQmLZywRHQjJAmjMWkpqhjppoIgHjHSicaXM79zR4SkSXyrJikJOBrGdEAxUloKzZJ/zckQhfwM+pIOOQq90Czblu3VXdeBtlVxzu2aq4nrVj23Dh3LnqMMlmiG5rvfT3DGSawwQ1L2HDtVQY6EopiRadHPJEkRHqMh6WkaI05kkM9vn8ITrfThIBG6YgXn6veJHHEpJzzSnRypkfztzcS/vF6mBl6Q0zjNFInxYtEgY1AlcBYE7FNBsGITTRAWVN8K8QgJhJWOq6hD+PoU/k/aFctxreqNW25cLOMogCNwDE6BA2qgAa5AE7QABvfgATyBZ2NqPBovxuuidcVYzhyCHzDePgFvKpQP</latexit>

hydro parameters

ASN1, ASN2, AAGN1, AAGN2,

<latexit sha1_base64="USqalFNQv4fBX4GMgAhljuyopsY="></latexit>



≠ B

µg
i

X̂i

æX,i

galaxy formation model

galaxy properties

e.g. TNG, SIMBA



≠ B

µg
i

X̂i

æX,iforward modelstellar population synthesis 
dust model 


noise model 

Nelson et al. (2018a), Donnari et al. (2019)

galaxy formation model



≠ B

µg
i

X̂i

æX,iforward model

galaxy formation modelp(✓gi |⌦,B)

<latexit sha1_base64="KuRSaHiQ+vFPn/DurryM1RyoOLo=">AAACEHicbVA9SwNBEN3z2/gVtbRZDKJCCHeiaGEh2tipYKKQi2FuM0kW9z7YnRPCmZ9g41+xsVDE1tLOf+MmptDEB8s+3pthZl6QKGnIdb+csfGJyanpmdnc3PzC4lJ+eaVi4lQLLItYxfo6AINKRlgmSQqvE40QBgqvgtuTnn91h9rIOLqkToK1EFqRbEoBZKV6fjPZ8qmNBHV50+J+8d4vcv8sxBbYPwRqC1DZcXe7ni+4JbcPPkq8ASmwAc7r+U+/EYs0xIiEAmOqnptQLQNNUijs5vzUYALiFlpYtTSCEE0t6x/U5RtWafBmrO2LiPfV3x0ZhMZ0wsBW9nY0w15P/M+rptQ8qGUySlLCSPwMaqaKU8x76fCG1ChIdSwBoaXdlYs2aBBkM8zZELzhk0dJZafk7Zb2LnYLR4eDOGbYGltnW8xj++yInbJzVmaCPbAn9sJenUfn2Xlz3n9Kx5xBzyr7A+fjG7fJm8A=</latexit>

p(Xi | ✓gi )

<latexit sha1_base64="ifWVfi0ZBPgwJJBLT3vEQ7UB7/Q=">AAAB/nicbVBNS8NAEN34WetXVDx5CRahQimJVPTgoeDFYwX7AU0Mm+2mXbrZhN2JUGLBv+LFgyJe/R3e/Ddu2xy09cHA470ZZuYFCWcKbPvbWFpeWV1bL2wUN7e2d3bNvf2WilNJaJPEPJadACvKmaBNYMBpJ5EURwGn7WB4PfHbD1QqFos7GCXUi3BfsJARDFryzcOk3PGZW3l0Ky4MKGCf3fdPfbNkV+0prEXi5KSEcjR888vtxSSNqADCsVJdx07Ay7AERjgdF91U0QSTIe7TrqYCR1R52fT8sXWilZ4VxlKXAGuq/p7IcKTUKAp0Z4RhoOa9ifif100hvPQyJpIUqCCzRWHKLYitSRZWj0lKgI80wUQyfatFBlhiAjqxog7BmX95kbTOqk6ten5bK9Wv8jgK6AgdozJy0AWqoxvUQE1EUIae0St6M56MF+Pd+Ji1Lhn5zAH6A+PzBxaolOs=</latexit>



≠ B

µg
i

X̂i

æX,iforward model

galaxy formation modelp(✓gi |⌦,B)

<latexit sha1_base64="KuRSaHiQ+vFPn/DurryM1RyoOLo=">AAACEHicbVA9SwNBEN3z2/gVtbRZDKJCCHeiaGEh2tipYKKQi2FuM0kW9z7YnRPCmZ9g41+xsVDE1tLOf+MmptDEB8s+3pthZl6QKGnIdb+csfGJyanpmdnc3PzC4lJ+eaVi4lQLLItYxfo6AINKRlgmSQqvE40QBgqvgtuTnn91h9rIOLqkToK1EFqRbEoBZKV6fjPZ8qmNBHV50+J+8d4vcv8sxBbYPwRqC1DZcXe7ni+4JbcPPkq8ASmwAc7r+U+/EYs0xIiEAmOqnptQLQNNUijs5vzUYALiFlpYtTSCEE0t6x/U5RtWafBmrO2LiPfV3x0ZhMZ0wsBW9nY0w15P/M+rptQ8qGUySlLCSPwMaqaKU8x76fCG1ChIdSwBoaXdlYs2aBBkM8zZELzhk0dJZafk7Zb2LnYLR4eDOGbYGltnW8xj++yInbJzVmaCPbAn9sJenUfn2Xlz3n9Kx5xBzyr7A+fjG7fJm8A=</latexit>

p(Xi | ✓gi )

<latexit sha1_base64="ifWVfi0ZBPgwJJBLT3vEQ7UB7/Q=">AAAB/nicbVBNS8NAEN34WetXVDx5CRahQimJVPTgoeDFYwX7AU0Mm+2mXbrZhN2JUGLBv+LFgyJe/R3e/Ddu2xy09cHA470ZZuYFCWcKbPvbWFpeWV1bL2wUN7e2d3bNvf2WilNJaJPEPJadACvKmaBNYMBpJ5EURwGn7WB4PfHbD1QqFos7GCXUi3BfsJARDFryzcOk3PGZW3l0Ky4MKGCf3fdPfbNkV+0prEXi5KSEcjR888vtxSSNqADCsVJdx07Ay7AERjgdF91U0QSTIe7TrqYCR1R52fT8sXWilZ4VxlKXAGuq/p7IcKTUKAp0Z4RhoOa9ifif100hvPQyJpIUqCCzRWHKLYitSRZWj0lKgI80wUQyfatFBlhiAjqxog7BmX95kbTOqk6ten5bK9Wv8jgK6AgdozJy0AWqoxvUQE1EUIae0St6M56MF+Pd+Ji1Lhn5zAH6A+PzBxaolOs=</latexit>

p(⌦,B |Xi) =

Z
p(⌦,B | ✓gi ) p(✓

g
i |Xi) d✓

g
i

<latexit sha1_base64="0HPhd2G1/dbQsprrXR+h0xiBPu0="></latexit>



≠ B

µg
i

X̂i

æX,iforward model

galaxy formation modelp(✓gi |⌦,B)

<latexit sha1_base64="KuRSaHiQ+vFPn/DurryM1RyoOLo=">AAACEHicbVA9SwNBEN3z2/gVtbRZDKJCCHeiaGEh2tipYKKQi2FuM0kW9z7YnRPCmZ9g41+xsVDE1tLOf+MmptDEB8s+3pthZl6QKGnIdb+csfGJyanpmdnc3PzC4lJ+eaVi4lQLLItYxfo6AINKRlgmSQqvE40QBgqvgtuTnn91h9rIOLqkToK1EFqRbEoBZKV6fjPZ8qmNBHV50+J+8d4vcv8sxBbYPwRqC1DZcXe7ni+4JbcPPkq8ASmwAc7r+U+/EYs0xIiEAmOqnptQLQNNUijs5vzUYALiFlpYtTSCEE0t6x/U5RtWafBmrO2LiPfV3x0ZhMZ0wsBW9nY0w15P/M+rptQ8qGUySlLCSPwMaqaKU8x76fCG1ChIdSwBoaXdlYs2aBBkM8zZELzhk0dJZafk7Zb2LnYLR4eDOGbYGltnW8xj++yInbJzVmaCPbAn9sJenUfn2Xlz3n9Kx5xBzyr7A+fjG7fJm8A=</latexit>

p(Xi | ✓gi )

<latexit sha1_base64="ifWVfi0ZBPgwJJBLT3vEQ7UB7/Q=">AAAB/nicbVBNS8NAEN34WetXVDx5CRahQimJVPTgoeDFYwX7AU0Mm+2mXbrZhN2JUGLBv+LFgyJe/R3e/Ddu2xy09cHA470ZZuYFCWcKbPvbWFpeWV1bL2wUN7e2d3bNvf2WilNJaJPEPJadACvKmaBNYMBpJ5EURwGn7WB4PfHbD1QqFos7GCXUi3BfsJARDFryzcOk3PGZW3l0Ky4MKGCf3fdPfbNkV+0prEXi5KSEcjR888vtxSSNqADCsVJdx07Ay7AERjgdF91U0QSTIe7TrqYCR1R52fT8sXWilZ4VxlKXAGuq/p7IcKTUKAp0Z4RhoOa9ifif100hvPQyJpIUqCCzRWHKLYitSRZWj0lKgI80wUQyfatFBlhiAjqxog7BmX95kbTOqk6ten5bK9Wv8jgK6AgdozJy0AWqoxvUQE1EUIae0St6M56MF+Pd+Ji1Lhn5zAH6A+PzBxaolOs=</latexit>

p(⌦,B |Xi) =

Z
p(⌦,B | ✓gi ) p(✓

g
i |Xi) d✓

g
i

<latexit sha1_base64="0HPhd2G1/dbQsprrXR+h0xiBPu0="></latexit>



p(⌦,B |Xi) =

Z
p(⌦,B | ✓gi ) p(✓

g
i |Xi) d✓

g
i

<latexit sha1_base64="0HPhd2G1/dbQsprrXR+h0xiBPu0="></latexit>

cosmology with one galaxy SED modeling



p(⌦,B |Xi) =

Z
p(⌦,B | ✓gi ) p(✓

g
i |Xi) d✓

g
i

<latexit sha1_base64="0HPhd2G1/dbQsprrXR+h0xiBPu0="></latexit>

⇡ q�(⌦,B |Xi)

<latexit sha1_base64="v4uUuFqyrqNhfTAFwv7a45Cct+8=">AAACFHicbVC7SgNBFJ31GeMramkzGISIIexKRAuLoI2dEcwDsmG5O5kkQ2Z3x5lZMaz5CBt/xcZCEVsLO//GyaPQxAMXDufcy733+IIzpW3725qbX1hcWk6tpFfX1jc2M1vbVRXFktAKiXgk6z4oyllIK5ppTutCUgh8Tmt+72Lo1+6oVCwKb3Rf0GYAnZC1GQFtJC9z6IIQMrrHt54ruiznXgW0A3nsBqC7BHhyPnDzD26+7rEDL5O1C/YIeJY4E5JFE5S9zJfbikgc0FATDko1HFvoZgJSM8LpIO3GigogPejQhqEhBFQ1k9FTA7xvlBZuR9JUqPFI/T2RQKBUP/BN5/BWNe0Nxf+8Rqzbp82EhSLWNCTjRe2YYx3hYUK4xSQlmvcNASKZuRWTLkgg2uSYNiE40y/PkupRwSkWjq+L2dLZJI4U2kV7KIccdIJK6BKVUQUR9Iie0St6s56sF+vd+hi3zlmTmR30B9bnD5ECndw=</latexit>

with CAMELS and neural density estimation, we can directly 
estimate flexible model  with hyperparameters q ϕ



p(⌦,B |Xi) =

Z
p(⌦,B | ✓gi ) p(✓

g
i |Xi) d✓

g
i

<latexit sha1_base64="0HPhd2G1/dbQsprrXR+h0xiBPu0="></latexit>

⇡ q�(⌦,B |Xi)

<latexit sha1_base64="v4uUuFqyrqNhfTAFwv7a45Cct+8=">AAACFHicbVC7SgNBFJ31GeMramkzGISIIexKRAuLoI2dEcwDsmG5O5kkQ2Z3x5lZMaz5CBt/xcZCEVsLO//GyaPQxAMXDufcy733+IIzpW3725qbX1hcWk6tpFfX1jc2M1vbVRXFktAKiXgk6z4oyllIK5ppTutCUgh8Tmt+72Lo1+6oVCwKb3Rf0GYAnZC1GQFtJC9z6IIQMrrHt54ruiznXgW0A3nsBqC7BHhyPnDzD26+7rEDL5O1C/YIeJY4E5JFE5S9zJfbikgc0FATDko1HFvoZgJSM8LpIO3GigogPejQhqEhBFQ1k9FTA7xvlBZuR9JUqPFI/T2RQKBUP/BN5/BWNe0Nxf+8Rqzbp82EhSLWNCTjRe2YYx3hYUK4xSQlmvcNASKZuRWTLkgg2uSYNiE40y/PkupRwSkWjq+L2dLZJI4U2kV7KIccdIJK6BKVUQUR9Iie0St6s56sF+vd+hi3zlmTmR30B9bnD5ECndw=</latexit>

with CAMELS and neural density estimation, we can directly 
estimate flexible model  with hyperparameters q ϕ

min
ϕ

DKL( p ∥ qϕ ) = min
ϕ ∫ p log ( p

qϕ )



p(⌦,B |Xi) =

Z
p(⌦,B | ✓gi ) p(✓

g
i |Xi) d✓

g
i

<latexit sha1_base64="0HPhd2G1/dbQsprrXR+h0xiBPu0="></latexit>

⇡ q�(⌦,B |Xi)

<latexit sha1_base64="v4uUuFqyrqNhfTAFwv7a45Cct+8=">AAACFHicbVC7SgNBFJ31GeMramkzGISIIexKRAuLoI2dEcwDsmG5O5kkQ2Z3x5lZMaz5CBt/xcZCEVsLO//GyaPQxAMXDufcy733+IIzpW3725qbX1hcWk6tpFfX1jc2M1vbVRXFktAKiXgk6z4oyllIK5ppTutCUgh8Tmt+72Lo1+6oVCwKb3Rf0GYAnZC1GQFtJC9z6IIQMrrHt54ruiznXgW0A3nsBqC7BHhyPnDzD26+7rEDL5O1C/YIeJY4E5JFE5S9zJfbikgc0FATDko1HFvoZgJSM8LpIO3GigogPejQhqEhBFQ1k9FTA7xvlBZuR9JUqPFI/T2RQKBUP/BN5/BWNe0Nxf+8Rqzbp82EhSLWNCTjRe2YYx3hYUK4xSQlmvcNASKZuRWTLkgg2uSYNiE40y/PkupRwSkWjq+L2dLZJI4U2kV7KIccdIJK6BKVUQUR9Iie0St6s56sF+vd+hi3zlmTmR30B9bnD5ECndw=</latexit>

with CAMELS and neural density estimation, we can directly 
estimate flexible model  with hyperparameters q ϕ

⇡ max
�

X

i

log q�(⌦i,Bi |Xi)

<latexit sha1_base64="uuC48IEOnMZgIKC/NRIHBKRmetA="></latexit>

min
ϕ

DKL( p ∥ qϕ ) = min
ϕ ∫ p log ( p

qϕ )
galaxies in CAMELS forward model


{(⌦0,B0, X 0)} ⇠ p(⌦,B, X)

<latexit sha1_base64="QMxGqpG5zV5Uwt/y6exxujvZ9pM="></latexit>



p(zi) = p(zi−1) det ( ∂f −1
i

∂zi )

 are invertible and differentiable transformationszi = fi(zi−1)

 — normalizing flows are easy to evaluate and flexibly expressive qϕ



 — normalizing flows are easy to evaluate and flexibly expressive qϕ

e.g. PointFlow (Yang et al. 2019)



Xi

⌦,B

<latexit sha1_base64="3XHosCkU01G+6Qf78qUxs0GSUKc=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgQsqMVHRZ6sadFewDOkPJpJk2NMkMSUYYhvorblwo4tYPceffmGlnoa0HAodz7uWenCBmVGnH+bZKa+sbm1vl7crO7t7+gX141FVRIjHp4IhFsh8gRRgVpKOpZqQfS4J4wEgvmN7kfu+RSEUj8aDTmPgcjQUNKUbaSEO76t1xMkbn0ONITzBiWWs2tGtO3ZkDrhK3IDVQoD20v7xRhBNOhMYMKTVwnVj7GZKaYkZmFS9RJEZ4isZkYKhAnCg/m4efwVOjjGAYSfOEhnP190aGuFIpD8xkHlEte7n4nzdIdHjtZ1TEiSYCLw6FCYM6gnkTcEQlwZqlhiAsqckK8QRJhLXpq2JKcJe/vEq6F3W3Ub+8b9SaraKOMjgGJ+AMuOAKNMEtaIMOwCAFz+AVvFlP1ov1bn0sRktWsVMFf2B9/gAfI5Ry</latexit>

…

{(⌦0,B0, X 0)} ⇠ p(⌦,B, X)

<latexit sha1_base64="AMl9KEawifub4KDUL/eq/gzRCb0=">AAACJ3icbVDLSsNAFJ34rPUVdelmsEhbkJJIRVdS6sadFewDmlAm02k7dCYJMxOhhPyNG3/FjaAiuvRPnLRZ2NYDA2fOPZd77/FCRqWyrG9jZXVtfWMzt5Xf3tnd2zcPDlsyiAQmTRywQHQ8JAmjPmkqqhjphIIg7jHS9sY3ab39SISkgf+gJiFxORr6dEAxUlrqmddOXHLuOBmi4hl0OFIjjFhcT/SvUyw7CXQk5TDMPHMW7Sj3zIJVsaaAy8TOSAFkaPTMN6cf4IgTX2GGpOzaVqjcGAlFMSNJ3okkCREeoyHpauojTqQbT+9M4KlW+nAQCP18Bafq344YcSkn3NPOdE25WEvF/2rdSA2u3Jj6YaSIj2eDBhGDKoBpaLBPBcGKTTRBWFC9K8QjJBBWOtq8DsFePHmZtM4rdrVycV8t1OpZHDlwDE5ACdjgEtTALWiAJsDgCbyAd/BhPBuvxqfxNbOuGFnPEZiD8fML5zyjhQ==</latexit>

…



training

normalizing flow 

q�(⌦,B |X)

<latexit sha1_base64="st1Cu+HY+5dc+Z357aDuZLqvF3Y=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0WoUEoiFV2WunFnBfuAJoTJdNoOnUzizEQosWs3/oobF4q49Qvc+TdO2iy09cCFwzn3cu89fsSoVJb1beSWlldW1/LrhY3Nre0dc3evJcNYYNLEIQtFx0eSMMpJU1HFSCcSBAU+I21/dJn67XsiJA35rRpHxA3QgNM+xUhpyTMP7zwnGtKScx2QASpDJ0BqiBFL6hOn/OCUOyeeWbQq1hRwkdgZKYIMDc/8cnohjgPCFWZIyq5tRcpNkFAUMzIpOLEkEcIjNCBdTTkKiHST6SsTeKyVHuyHQhdXcKr+nkhQIOU48HVneqmc91LxP68bq/6Fm1AexYpwPFvUjxlUIUxzgT0qCFZsrAnCgupbIR4igbDS6RV0CPb8y4ukdVqxq5Wzm2qxVs/iyIMDcARKwAbnoAauQAM0AQaP4Bm8gjfjyXgx3o2PWWvOyGb2wR8Ynz+xZZmg</latexit>

Xi

⌦,B

<latexit sha1_base64="3XHosCkU01G+6Qf78qUxs0GSUKc=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgQsqMVHRZ6sadFewDOkPJpJk2NMkMSUYYhvorblwo4tYPceffmGlnoa0HAodz7uWenCBmVGnH+bZKa+sbm1vl7crO7t7+gX141FVRIjHp4IhFsh8gRRgVpKOpZqQfS4J4wEgvmN7kfu+RSEUj8aDTmPgcjQUNKUbaSEO76t1xMkbn0ONITzBiWWs2tGtO3ZkDrhK3IDVQoD20v7xRhBNOhMYMKTVwnVj7GZKaYkZmFS9RJEZ4isZkYKhAnCg/m4efwVOjjGAYSfOEhnP190aGuFIpD8xkHlEte7n4nzdIdHjtZ1TEiSYCLw6FCYM6gnkTcEQlwZqlhiAsqckK8QRJhLXpq2JKcJe/vEq6F3W3Ub+8b9SaraKOMjgGJ+AMuOAKNMEtaIMOwCAFz+AVvFlP1ov1bn0sRktWsVMFf2B9/gAfI5Ry</latexit>

…

{(⌦0,B0, X 0)} ⇠ p(⌦,B, X)

<latexit sha1_base64="AMl9KEawifub4KDUL/eq/gzRCb0=">AAACJ3icbVDLSsNAFJ34rPUVdelmsEhbkJJIRVdS6sadFewDmlAm02k7dCYJMxOhhPyNG3/FjaAiuvRPnLRZ2NYDA2fOPZd77/FCRqWyrG9jZXVtfWMzt5Xf3tnd2zcPDlsyiAQmTRywQHQ8JAmjPmkqqhjphIIg7jHS9sY3ab39SISkgf+gJiFxORr6dEAxUlrqmddOXHLuOBmi4hl0OFIjjFhcT/SvUyw7CXQk5TDMPHMW7Sj3zIJVsaaAy8TOSAFkaPTMN6cf4IgTX2GGpOzaVqjcGAlFMSNJ3okkCREeoyHpauojTqQbT+9M4KlW+nAQCP18Bafq344YcSkn3NPOdE25WEvF/2rdSA2u3Jj6YaSIj2eDBhGDKoBpaLBPBcGKTTRBWFC9K8QjJBBWOtq8DsFePHmZtM4rdrVycV8t1OpZHDlwDE5ACdjgEtTALWiAJsDgCbyAd/BhPBuvxqfxNbOuGFnPEZiD8fML5zyjhQ==</latexit>

…



trained

normalizing flow qϕ

Xi

⌦,B

<latexit sha1_base64="3XHosCkU01G+6Qf78qUxs0GSUKc=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgQsqMVHRZ6sadFewDOkPJpJk2NMkMSUYYhvorblwo4tYPceffmGlnoa0HAodz7uWenCBmVGnH+bZKa+sbm1vl7crO7t7+gX141FVRIjHp4IhFsh8gRRgVpKOpZqQfS4J4wEgvmN7kfu+RSEUj8aDTmPgcjQUNKUbaSEO76t1xMkbn0ONITzBiWWs2tGtO3ZkDrhK3IDVQoD20v7xRhBNOhMYMKTVwnVj7GZKaYkZmFS9RJEZ4isZkYKhAnCg/m4efwVOjjGAYSfOEhnP190aGuFIpD8xkHlEte7n4nzdIdHjtZ1TEiSYCLw6FCYM6gnkTcEQlwZqlhiAsqckK8QRJhLXpq2JKcJe/vEq6F3W3Ub+8b9SaraKOMjgGJ+AMuOAKNMEtaIMOwCAFz+AVvFlP1ov1bn0sRktWsVMFf2B9/gAfI5Ry</latexit>

…

{(⌦0,B0, X 0)} ⇠ p(⌦,B, X)

<latexit sha1_base64="AMl9KEawifub4KDUL/eq/gzRCb0=">AAACJ3icbVDLSsNAFJ34rPUVdelmsEhbkJJIRVdS6sadFewDmlAm02k7dCYJMxOhhPyNG3/FjaAiuvRPnLRZ2NYDA2fOPZd77/FCRqWyrG9jZXVtfWMzt5Xf3tnd2zcPDlsyiAQmTRywQHQ8JAmjPmkqqhjphIIg7jHS9sY3ab39SISkgf+gJiFxORr6dEAxUlrqmddOXHLuOBmi4hl0OFIjjFhcT/SvUyw7CXQk5TDMPHMW7Sj3zIJVsaaAy8TOSAFkaPTMN6cf4IgTX2GGpOzaVqjcGAlFMSNJ3okkCREeoyHpauojTqQbT+9M4KlW+nAQCP18Bafq344YcSkn3NPOdE25WEvF/2rdSA2u3Jj6YaSIj2eDBhGDKoBpaLBPBcGKTTRBWFC9K8QjJBBWOtq8DsFePHmZtM4rdrVycV8t1OpZHDlwDE5ACdjgEtTALWiAJsDgCbyAd/BhPBuvxqfxNbOuGFnPEZiD8fML5zyjhQ==</latexit>



  validation p(⌦ |Xi) ⇡ q�(⌦ |Xi)

<latexit sha1_base64="nPztRw50YvqVsd26clcN7VE1L6Y=">AAACGXicbVDLSgMxFM34rPU16tJNsAgVSpmRii6LbtxZwT6gMwyZNG1Dk5mYZMQy9jfc+CtuXCjiUlf+jWk7C209cOFwzr3ce08oGFXacb6thcWl5ZXV3Fp+fWNza9ve2W2oOJGY1HHMYtkKkSKMRqSuqWakJSRBPGSkGQ4uxn7zjkhF4+hGDwXxOepFtEsx0kYKbEcUvStOesgrPXilVkCPoIeEkPE9vA080aezdmAXnLIzAZwnbkYKIEMtsD+9TowTTiKNGVKq7TpC+ymSmmJGRnkvUUQgPEA90jY0QpwoP518NoKHRunAbixNRRpO1N8TKeJKDXloOjnSfTXrjcX/vHaiu2d+SiORaBLh6aJuwqCO4Tgm2KGSYM2GhiAsqbkV4j6SCGsTZt6E4M6+PE8ax2W3Uj65rhSq51kcObAPDkARuOAUVMElqIE6wOARPINX8GY9WS/Wu/UxbV2wspk98AfW1w8rGp8q</latexit>
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p(⌦ |Xi) ⇡ q�(⌦ |Xi)

<latexit sha1_base64="nPztRw50YvqVsd26clcN7VE1L6Y=">AAACGXicbVDLSgMxFM34rPU16tJNsAgVSpmRii6LbtxZwT6gMwyZNG1Dk5mYZMQy9jfc+CtuXCjiUlf+jWk7C209cOFwzr3ce08oGFXacb6thcWl5ZXV3Fp+fWNza9ve2W2oOJGY1HHMYtkKkSKMRqSuqWakJSRBPGSkGQ4uxn7zjkhF4+hGDwXxOepFtEsx0kYKbEcUvStOesgrPXilVkCPoIeEkPE9vA080aezdmAXnLIzAZwnbkYKIEMtsD+9TowTTiKNGVKq7TpC+ymSmmJGRnkvUUQgPEA90jY0QpwoP518NoKHRunAbixNRRpO1N8TKeJKDXloOjnSfTXrjcX/vHaiu2d+SiORaBLh6aJuwqCO4Tgm2KGSYM2GhiAsqbkV4j6SCGsTZt6E4M6+PE8ax2W3Uj65rhSq51kcObAPDkARuOAUVMElqIE6wOARPINX8GY9WS/Wu/UxbV2wspk98AfW1w8rGp8q</latexit>
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  validation p(⌦ |Xi) ⇡ q�(⌦ |Xi)

<latexit sha1_base64="nPztRw50YvqVsd26clcN7VE1L6Y=">AAACGXicbVDLSgMxFM34rPU16tJNsAgVSpmRii6LbtxZwT6gMwyZNG1Dk5mYZMQy9jfc+CtuXCjiUlf+jWk7C209cOFwzr3ce08oGFXacb6thcWl5ZXV3Fp+fWNza9ve2W2oOJGY1HHMYtkKkSKMRqSuqWakJSRBPGSkGQ4uxn7zjkhF4+hGDwXxOepFtEsx0kYKbEcUvStOesgrPXilVkCPoIeEkPE9vA080aezdmAXnLIzAZwnbkYKIEMtsD+9TowTTiKNGVKq7TpC+ymSmmJGRnkvUUQgPEA90jY0QpwoP518NoKHRunAbixNRRpO1N8TKeJKDXloOjnSfTXrjcX/vHaiu2d+SiORaBLh6aJuwqCO4Tgm2KGSYM2GhiAsqbkV4j6SCGsTZt6E4M6+PE8ax2W3Uj65rhSq51kcObAPDkARuOAUVMElqIE6wOARPINX8GY9WS/Wu/UxbV2wspk98AfW1w8rGp8q</latexit>

p(⌦ |Xi) ⇡ q�(⌦ |Xi)

<latexit sha1_base64="nPztRw50YvqVsd26clcN7VE1L6Y=">AAACGXicbVDLSgMxFM34rPU16tJNsAgVSpmRii6LbtxZwT6gMwyZNG1Dk5mYZMQy9jfc+CtuXCjiUlf+jWk7C209cOFwzr3ce08oGFXacb6thcWl5ZXV3Fp+fWNza9ve2W2oOJGY1HHMYtkKkSKMRqSuqWakJSRBPGSkGQ4uxn7zjkhF4+hGDwXxOepFtEsx0kYKbEcUvStOesgrPXilVkCPoIeEkPE9vA080aezdmAXnLIzAZwnbkYKIEMtsD+9TowTTiKNGVKq7TpC+ymSmmJGRnkvUUQgPEA90jY0QpwoP518NoKHRunAbixNRRpO1N8TKeJKDXloOjnSfTXrjcX/vHaiu2d+SiORaBLh6aJuwqCO4Tgm2KGSYM2GhiAsqbkV4j6SCGsTZt6E4M6+PE8ax2W3Uj65rhSq51kcObAPDkARuOAUVMElqIE6wOARPINX8GY9WS/Wu/UxbV2wspk98AfW1w8rGp8q</latexit>
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  validation p(⌦ |Xi) ⇡ q�(⌦ |Xi)

<latexit sha1_base64="nPztRw50YvqVsd26clcN7VE1L6Y=">AAACGXicbVDLSgMxFM34rPU16tJNsAgVSpmRii6LbtxZwT6gMwyZNG1Dk5mYZMQy9jfc+CtuXCjiUlf+jWk7C209cOFwzr3ce08oGFXacb6thcWl5ZXV3Fp+fWNza9ve2W2oOJGY1HHMYtkKkSKMRqSuqWakJSRBPGSkGQ4uxn7zjkhF4+hGDwXxOepFtEsx0kYKbEcUvStOesgrPXilVkCPoIeEkPE9vA080aezdmAXnLIzAZwnbkYKIEMtsD+9TowTTiKNGVKq7TpC+ymSmmJGRnkvUUQgPEA90jY0QpwoP518NoKHRunAbixNRRpO1N8TKeJKDXloOjnSfTXrjcX/vHaiu2d+SiORaBLh6aJuwqCO4Tgm2KGSYM2GhiAsqbkV4j6SCGsTZt6E4M6+PE8ax2W3Uj65rhSq51kcObAPDkARuOAUVMElqIE6wOARPINX8GY9WS/Wu/UxbV2wspk98AfW1w8rGp8q</latexit>

p(⌦ |Xi) ⇡ q�(⌦ |Xi)

<latexit sha1_base64="nPztRw50YvqVsd26clcN7VE1L6Y=">AAACGXicbVDLSgMxFM34rPU16tJNsAgVSpmRii6LbtxZwT6gMwyZNG1Dk5mYZMQy9jfc+CtuXCjiUlf+jWk7C209cOFwzr3ce08oGFXacb6thcWl5ZXV3Fp+fWNza9ve2W2oOJGY1HHMYtkKkSKMRqSuqWakJSRBPGSkGQ4uxn7zjkhF4+hGDwXxOepFtEsx0kYKbEcUvStOesgrPXilVkCPoIeEkPE9vA080aezdmAXnLIzAZwnbkYKIEMtsD+9TowTTiKNGVKq7TpC+ymSmmJGRnkvUUQgPEA90jY0QpwoP518NoKHRunAbixNRRpO1N8TKeJKDXloOjnSfTXrjcX/vHaiu2d+SiORaBLh6aJuwqCO4Tgm2KGSYM2GhiAsqbkV4j6SCGsTZt6E4M6+PE8ax2W3Uj65rhSq51kcObAPDkARuOAUVMElqIE6wOARPINX8GY9WS/Wu/UxbV2wspk98AfW1w8rGp8q</latexit>



 validation: coverage tests p(⌦ |Xi) ⇡ q�(⌦ |Xi)

<latexit sha1_base64="nPztRw50YvqVsd26clcN7VE1L6Y=">AAACGXicbVDLSgMxFM34rPU16tJNsAgVSpmRii6LbtxZwT6gMwyZNG1Dk5mYZMQy9jfc+CtuXCjiUlf+jWk7C209cOFwzr3ce08oGFXacb6thcWl5ZXV3Fp+fWNza9ve2W2oOJGY1HHMYtkKkSKMRqSuqWakJSRBPGSkGQ4uxn7zjkhF4+hGDwXxOepFtEsx0kYKbEcUvStOesgrPXilVkCPoIeEkPE9vA080aezdmAXnLIzAZwnbkYKIEMtsD+9TowTTiKNGVKq7TpC+ymSmmJGRnkvUUQgPEA90jY0QpwoP518NoKHRunAbixNRRpO1N8TKeJKDXloOjnSfTXrjcX/vHaiu2d+SiORaBLh6aJuwqCO4Tgm2KGSYM2GhiAsqbkV4j6SCGsTZt6E4M6+PE8ax2W3Uj65rhSq51kcObAPDkARuOAUVMElqIE6wOARPINX8GY9WS/Wu/UxbV2wspk98AfW1w8rGp8q</latexit>

Talts et al. (2020)



Lemos et al. (2023)

 validation: coverage tests p(⌦ |Xi) ⇡ q�(⌦ |Xi)

<latexit sha1_base64="nPztRw50YvqVsd26clcN7VE1L6Y=">AAACGXicbVDLSgMxFM34rPU16tJNsAgVSpmRii6LbtxZwT6gMwyZNG1Dk5mYZMQy9jfc+CtuXCjiUlf+jWk7C209cOFwzr3ce08oGFXacb6thcWl5ZXV3Fp+fWNza9ve2W2oOJGY1HHMYtkKkSKMRqSuqWakJSRBPGSkGQ4uxn7zjkhF4+hGDwXxOepFtEsx0kYKbEcUvStOesgrPXilVkCPoIeEkPE9vA080aezdmAXnLIzAZwnbkYKIEMtsD+9TowTTiKNGVKq7TpC+ymSmmJGRnkvUUQgPEA90jY0QpwoP518NoKHRunAbixNRRpO1N8TKeJKDXloOjnSfTXrjcX/vHaiu2d+SiORaBLh6aJuwqCO4Tgm2KGSYM2GhiAsqbkV4j6SCGsTZt6E4M6+PE8ax2W3Uj65rhSq51kcObAPDkARuOAUVMElqIE6wOARPINX8GY9WS/Wu/UxbV2wspk98AfW1w8rGp8q</latexit>



Xi

⌦,B
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…
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normalizing flow qϕ
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…

{(⌦0,B0, X 0)} ⇠ p(⌦,B, X)
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observed photometry 
Xobs

i

validated

normalizing flow qϕ

…



observed photometry 
Xobs
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p(⌦ |Xobs
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…

{(⌦0,B0, X 0)} ⇠ p(⌦,B, X)
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cosmological posterior
validated

normalizing flow qϕ

…



                                            from griz optical photometry of a single 
SDSS galaxy
p(⌦,B |Xi) ⇡ q�(⌦,B |Xi)
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                                            from griz optical photometry of a single 
SDSS galaxy
p(⌦,B |Xi) ⇡ q�(⌦,B |Xi)
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photometry of a single galaxy contains limited cosmological information



                                            from griz optical photometry of a single 
SDSS galaxy
p(⌦,B |Xi) ⇡ q�(⌦,B |Xi)
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photometry of a single galaxy contains limited cosmological information

but not zero…



≠ B

µg
i

X̂i

æX,i

but we can combine the constraining power of many galaxies using 
hierarchical population inference



galaxies i = 1, ..., N

≠ B

µg
i

X̂i

æX,i

p(⌦,B | {Xi}) = p(⌦,B)�(N�1)
NY

i=1

p(⌦,B |Xi)

<latexit sha1_base64="a2zmU9Z40Sp4WEIux/1DqAuQr6M="></latexit>
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NASA-Sloan Atlas

CAMELS

N = 22,338 galaxies from the NASA-Sloan Atlas 

Hahn et al. (2023h)
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cosmological constraints from only the observed photometry of 

22,338 NASA-Sloan Atlas galaxies

Hahn et al. (2023h)



caveat: we assume a galaxy formation model (TNG) and an SED 
model

Hahn et al. (2019a)



control regions: we can choose galaxy populations most robust to galaxy 
formation models — e.g. star-forming galaxy with M* ∼ 109.5M⊙

p(≠ | µg, TNG)

p(≠ | µg, SIMBA)
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caveat: we assume a galaxy formation model (TNG) and an SED 
model

fλ =
t′￼=t

∫
t′￼=0

SFR(t′￼) fSSP(t′￼, Z(t′￼) ) e−τdust(t′￼) dt′￼



control regions: we can choose galaxy populations most robust to SED 
models

fλ =
t′￼=t

∫
t′￼=0

SFR(t′￼) fSSP(t′￼, Z(t′￼) ) e−τdust(t′￼) dt′￼

stellar evolution theory + 
stellar spectral libraries + 
initial mass function

focus on galaxies with well-established IMF



fλ =
t′￼=t

∫
t′￼=0

SFR(t′￼) fSSP(t′￼, Z(t′￼) ) e−τdust(t′￼) dt′￼

dust attenuation curve,

star-to-dust geometry

focus on galaxies with well-established IMF, with low WISE IR emission

control regions: we can choose galaxy populations most robust to SED 
models



DESI Bright Galaxy Survey (Hahn et al. 2023c): 

a  magnitude-limited sample of >10 million galaxiesr < 19.5

we can be picky! — DESI and PFS will observe >40 million galaxies 



the photometry of a single galaxy contains some cosmological information

with neural density estimation, hierarchical population inference, and CAMELS 
we can exploit this information from thousands of galaxies

ChangHoon Hahn

changhoon.hahn@princeton.edu

summary

DESI Bright Galaxy Survey will soon observe a diverse magnitude-limited 
sample of >10 million galaxies to choose from

control regions: we can target galaxy populations most robust to galaxy and SED 
modeling


