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Earth-Sun = 150 million km = 8 light minutes
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Earth-galactic centre=  
26,000 light years

Earth-Andromeda=  
2.5 Million light years= 

0.8 Mpc4



Large Scale Structure

Color : distance (yellow: closer to us, purple = further away) 
WidthxHeightxDepth = 6x4.5x0.5 billion light years 
50,000 galaxies shown, 3% of this sample 
6 billion light years in the past (z~0.5)

Data from Sloan Digital Sky Survey, 
Image credit: Daniel Eisentien5



Large Scale Structure

Color : distance (yellow: closer to us, purple = further away) 
WidthxHeightxDepth = 6x4.5x0.5 billion light years 
50,000 galaxies shown, 3% of this sample 
6 billion light years in the past (z~0.5)

Data from Sloan Digital Sky Survey, 
Image credit: Daniel Eisentien120,000 galaxies shown from Sloan Digital Sky Survey, 

Image credit: Jeremy Tinker6



LSS can help 
address some of 
fundamental 
questions

• Is General Relativity 
complete?


• Is dark energy dynamic?


• Role of black-hole in 
Structure formation?


• Sum of Neutrino mass and 
maybe solving Neutrino 
Hierarchy problem?

Big Picture

LSS

CMB

Image: Anand Raichoor

Galaxies with 

super massive black holes

Dark Ages
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We definitely see the peaks: triumph of physics
sub-precent measurements in cosmology Planck 2018

Planck 2018: Overview paper

All the physics we know goes in this prediction
Planck 2018

Why should we still study LSS?
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LSS can perform precision test of gravity, dark energy, subtle 
relativistic effects, physics of black-holes and measure sum of 
neutrino masses

The litrature is vast and I am only citing my own work. This is in no way representation of the field.

• GR can explain all observation and allowed deviations must be below 5% in strength.
a) Pullen, Alam, Ho, MNRAS 449, 4326 (2015) 
b) Alam et. al. MNRAS 453, 1754 (2015)  
c) Alam et. al. MNRAS 456, 3743-3756 (2016) 
d) Pullen, Alam, Ho MNRAS 460, 4098-4109 (2016) 

e) Satpathy, Alam et. al. MNRAS 469, 1369-1382 (2017) 
f) Alam et. al. MNRAS 465, 4853-4865 (2017) 
g) Singh, Alam et. al. MNRAS 482, 785-806 (2019) 
h) Hang, Alam et. al. MNRAS 501, 1481-1498 (2021)

• Black-holes can turn on, why does that happen and how it affects the structure we see around 
us?

• Dark Energy equation of state cannot vary more than 4% at 1 sigma.

• Sum of neutrino masses is below 0.12 eV (at 2 sigma).  
LSS may rule out inverted hierarchy in 5 years.

• LSS measures subtle light propagation effects: new tests of equivalence principle.

a) Alam et. al. MNRAS 470, 617-2652 (2017) 
b) Zhang, Pullen, Alam et. al. MNRAS 501, 1013-1027 (2021) 

c) Hang, Alam et. al. MNRAS 507, 510-523 (2021) 

a) Alam* et. al. MNRAS 470, 617-2652 (2017)  b) Alam* et. al. Phys. Rev. D 103, 083533 (2021)


a) Alam et. al. MNRAS (2017) 470 (3): 2822-2833   
b) Alam et. a.l MNRAS (2017) 471(2): 2077-2087  

c) Zhu, Alam, et. al. MNRAS (2017) 471(2): 2345-2356  

a) Alam et. al. MNRAS 483, 4501-4517 (2019) 
b) Alam et. al. MNRAS 497, 581-595 (2020)  
c) Alam et. al. MNRAS 503, 59-76 (2021) 

d) Alam et. al. MNRAS 504, 857-870 (2021) 
e) Alam et. al. MNRAS 504, 4667-4686 (2021) 

*alphabetical papers
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How to use LSS
Quantifying LSS


•Observations

•Theory

Physical features in LSS

•Baryon Acoustic Oscillations

•Redshift Space Distortions

Using BAO and RSD

•Basic properties of Universe

•Signature of beyond GR physics

•Sum of Neutrino Masses Future outlook and 

summary
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LSS is the  
emergent 
phenomenon  
of the Universe

The intricate 
Structure formed by 
galaxies


Galaxies traces the 
underlying 
distribution of the 
matter
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LSS is the  
emergent 
phenomenon  
of the Universe

Quantifying the LSS 
through two-point 
function

<latexit sha1_base64="Vh4snzxTLNidv8BqX9iF4RbTMbs="></latexit>

⇢(~r) = ⇢̄(1 + �(~r))

<latexit sha1_base64="4HEhpuPWovQYzP725aVEg1gx6bY="></latexit>

⇠(r) = h�(~x)�(~x+ ~r)i
<latexit sha1_base64="A1qkrfcPc/ynH93YyKN190nSl1E="></latexit>

�(~r) =

Z
�(~k)e�i~k·~rd~k

<latexit sha1_base64="MqyyFkClKhrldxatMOUAL0ORpso="></latexit>

P (k) =
D
�(~k)�⇤(~k)

EPower Spectrum

Correlation Function

How would the power spectrum of observed 

distribution of galaxies look like?

Can standard model predict the power spectrum?
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Homogeneous and Isotropic Universe

<latexit sha1_base64="/F5g9Go9z16ChBxDJkM2OWRwUQE=">AAAB63icdVDLSsNAFL3xWeur6tLNYBHqJqS19LErunFZwT6gDWUynbRDZ5IwMxFK6C+4caGIW3/InX/jJK2gogcuHM65l3vv8SLOlHacD2ttfWNzazu3k9/d2z84LBwdd1UYS0I7JOSh7HtYUc4C2tFMc9qPJMXC47Tnza5Tv3dPpWJhcKfnEXUFngTMZwTrVMIlfTEqFB27WW9cOnWUkWrTWZJKrYLKtpOhCCu0R4X34TgksaCBJhwrNSg7kXYTLDUjnC7yw1jRCJMZntCBoQEWVLlJdusCnRtljPxQmgo0ytTvEwkWSs2FZzoF1lP120vFv7xBrP2Gm7AgijUNyHKRH3OkQ5Q+jsZMUqL53BBMJDO3IjLFEhNt4smbEL4+Rf+TbsUu1+zqbbXYulrFkYNTOIMSlKEOLbiBNnSAwBQe4AmeLWE9Wi/W67J1zVrNnMAPWG+f+cqOOg==</latexit>

a(t)

Hubble’s rate

<latexit sha1_base64="KuNIFFpDtLgkzRGfchJ45v0WdnU=">AAACBXicdVDJSgNBEO1xjXGLetRDYxAiYpiMIctBCHrxGMEskExCT08nadKz0F0jhCEXL/6KFw+KePUfvPk3dhZBRR9U8Xiviu56Tii4AtP8MBYWl5ZXVhNryfWNza3t1M5uXQWRpKxGAxHIpkMUE9xnNeAgWDOUjHiOYA1neDnxG7dMKh74NzAKme2Rvs97nBLQUjd14KqOdX5KOxZ2QbcTTDpWBo6x2+xY3VTazJaLpTOziKckXzZnxCpYOJc1p0ijOard1HvbDWjkMR+oIEq1cmYIdkwkcCrYONmOFAsJHZI+a2nqE48pO55eMcZHWnFxL5C6fMBT9ftGTDylRp6jJz0CA/Xbm4h/ea0IeiU75n4YAfPp7KFeJDAEeBIJdrlkFMRIE0Il13/FdEAkoaCDS+oQvi7F/5O6lc0VsvnrfLpyMY8jgfbRIcqgHCqiCrpCVVRDFN2hB/SEno1749F4MV5nowvGfGcP/YDx9gl/c5YO</latexit>

ds2 = �c2dt2 + a2(t)dX2

Einstein Field Equation

FLRW metric

<latexit sha1_base64="6gAHNFSDpXHPB+71wMBqr0HyVf8="></latexit>

⇢ / a�3(w+1)

Density evolution

Today a=1

<latexit sha1_base64="5dXfKi+g8EuBLM6eqfCDJRXcpQw=">AAACCHicdVDLSgMxFM3UV62vqksXBotQN2Wmlj4WQtFNlxXsA9pSMmmmDc08SO4IZejSjb/ixoUibv0Ed/6NmWkFFT2QcDjn3pvcYweCKzDNDyO1srq2vpHezGxt7+zuZfcP2soPJWUt6gtfdm2imOAeawEHwbqBZMS1BevY06vY79wyqbjv3cAsYAOXjD3ucEpAS8PscSMPZ/gC9x1JaIT7Ix8iMtfaPCLxPczmzEKtUj03KzghpZq5IMVyEVsFM0EOLdEcZt/1DBq6zAMqiFI9ywxgEBEJnAo2z/RDxQJCp2TMepp6xGVqECWLzPGpVkbY8aU+HuBE/d4REVepmWvrSpfARP32YvEvrxeCUx1E3AtCYB5dPOSEAoOP41TwiEtGQcw0IVRy/VdMJ0RHAjq7jA7ha1P8P2kXC1a5ULou5eqXyzjS6AidoDyyUAXVUQM1UQtRdIce0BN6Nu6NR+PFeF2UpoxlzyH6AePtEw8dmMw=</latexit>

H(t) =
ȧ(t)

a(t)

<latexit sha1_base64="Xp7BEuR7ieZNo5v5/jgQaD5vuUQ="></latexit>

w = 0(matter), w = 1/3(radiation), w = �1(dark energy)
13

Rμν −
1
2

Rgμν + Λgμν = κTμν



Different phases of the universe

Radiation 

Dominated

Matter 

Dominated

Dark Energy 

Dominated

Initial conditions?
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Initial conditions of the Universe
Standard model of Cosmological Structure formation

10 years later inflationary theories predicted 
that the index is close to one with small tilt 
which is sensitive to inflationary potential

<latexit sha1_base64="Y+g0yWfxl1Eq1Ap1sxI0sTZsiRs=">AAAB/XicdVDLSsNAFJ3UV62v+ti5GVqEihCSWvrYFd24rGAf0NYwmU7aoZNJmJkINRR/wg9w40IRt/6Hu/6N00ZBRQ9cOJxzL/fe44aMSmVZMyO1tLyyupZez2xsbm3vZHf3WjKIBCZNHLBAdFwkCaOcNBVVjHRCQZDvMtJ2x+dzv31DhKQBv1KTkPR9NOTUoxgpLTnZg0ZhfAx7oQhCFcDxdcwdOXWyecusVaqnVgUuSKlmJaRYLkLbtBbI13O9k/tZfdJwsu+9QYAjn3CFGZKya1uh6sdIKIoZmWZ6kSQhwmM0JF1NOfKJ7MeL66fwSCsD6AVCF1dwoX6fiJEv5cR3daeP1Ej+9ubiX143Ul61H1MeRopwnCzyIgb1o/Mo4IAKghWbaIKwoPpWiEdIIKx0YBkdwten8H/SKpp22Sxd6jTOQII0OAQ5UAA2qIA6uAAN0AQY3IIH8ASejTvj0XgxXpPWlPE5sw9+wHj7AGz2mD0=</latexit>

P (k) / kns

https://articles.adsabs.harvard.edu/pdf/1972MNRAS.160P...1Z

Scale-invariant in metric-perturbation
<latexit sha1_base64="FXwE8VXr/qN0dQiqLmULczOu+VA="></latexit>

��(k) = constant

<latexit sha1_base64="ZYakRih1qWp7Yh28DTyOQCna19s="></latexit>

P (k) / �m/k3 / ��k
4/k3 / k

Density-potential relation (Poisson’s equation)

<latexit sha1_base64="fJ2zCgWYe+N+xOSHjKEEnU+44Lg=">AAAB83icdVDLSgMxFM3UV62vqks3oUWoCEOmlj52RTcuK9gHdIaSSdM2NPMgyQjD0L8QNy4UcevPuOvfmM4oqOiBC4dz7uXee9yQM6kQWhq5tfWNza38dmFnd2//oHh41JNBJAjtkoAHYuBiSTnzaVcxxekgFBR7Lqd9d3618vt3VEgW+LcqDqnj4anPJoxgpSXb5sF0lFhoUZmfjYplZLYazQvUgCmptVBGqvUqtEyUotwu2ef3y3bcGRXf7XFAIo/6inAs5dBCoXISLBQjnC4KdiRpiMkcT+lQUx97VDpJevMCnmplDCeB0OUrmKrfJxLsSRl7ru70sJrJ395K/MsbRmrSdBLmh5GiPskWTSIOVQBXAcAxE5QoHmuCiWD6VkhmWGCidEwFHcLXp/B/0quaVt2s3eg0LkGGPDgBJVABFmiANrgGHdAFBITgATyBZyMyHo0X4zVrzRmfM8fgB4y3D8DLlIE=</latexit>

log10(k)

<latexit sha1_base64="paOuw3PKeybWBrAH6yZRQhh/Nn8=">AAAB+HicdVDLSsNAFJ3UV62PVl26GSxCi1CSWvrYFd24rGAf0IQwmU7boZNMmJkINfQv3LlxoYhbP8Vd/8ZpoqCiBy4czrmXe+/xQkalMs2lkVlb39jcym7ndnb39vOFg8Oe5JHApIs542LgIUkYDUhXUcXIIBQE+R4jfW92ufL7t0RIyoMbNQ+J46NJQMcUI6Ult5C3GZ+4sWUuSp3SrFx2C0Wz0mo0z80GTEitZaakWq9Cq2ImKLZP7LP7ZXvecQvv9ojjyCeBwgxJObTMUDkxEopiRhY5O5IkRHiGJmSoaYB8Ip04OXwBT7UygmMudAUKJur3iRj5Us59T3f6SE3lb28l/uUNIzVuOjENwkiRAKeLxhGDisNVCnBEBcGKzTVBWFB9K8RTJBBWOqucDuHrU/g/6VUrVr1Su9ZpXIAUWXAMTkAJWKAB2uAKdEAXYBCBB/AEno0749F4MV7T1ozxOXMEfsB4+wCoXJVx</latexit> lo
g 1

0
(P

(k
))
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Distribution of matter in the Universe
Standard model of Cosmological Structure formation

<latexit sha1_base64="Y+g0yWfxl1Eq1Ap1sxI0sTZsiRs=">AAAB/XicdVDLSsNAFJ3UV62v+ti5GVqEihCSWvrYFd24rGAf0NYwmU7aoZNJmJkINRR/wg9w40IRt/6Hu/6N00ZBRQ9cOJxzL/fe44aMSmVZMyO1tLyyupZez2xsbm3vZHf3WjKIBCZNHLBAdFwkCaOcNBVVjHRCQZDvMtJ2x+dzv31DhKQBv1KTkPR9NOTUoxgpLTnZg0ZhfAx7oQhCFcDxdcwdOXWyecusVaqnVgUuSKlmJaRYLkLbtBbI13O9k/tZfdJwsu+9QYAjn3CFGZKya1uh6sdIKIoZmWZ6kSQhwmM0JF1NOfKJ7MeL66fwSCsD6AVCF1dwoX6fiJEv5cR3daeP1Ej+9ubiX143Ul61H1MeRopwnCzyIgb1o/Mo4IAKghWbaIKwoPpWiEdIIKx0YBkdwten8H/SKpp22Sxd6jTOQII0OAQ5UAA2qIA6uAAN0AQY3IIH8ASejTvj0XgxXpPWlPE5sw9+wHj7AGz2mD0=</latexit>

P (k) / kns

Primordial power spectrum processed 
through the physics of early universe

<latexit sha1_base64="jqGAW8FHq9CzbReg65sICnCD/W0=">AAAB6HicdZDLSsNAFIYn9VbjrerSzWARXIWkll4W0qIbly3YC7ShTKaTduxkEmYmQgl9AjcuFHGrD+Pejfg2ThsFFf1h4OP/z2HOOV7EqFS2/W5klpZXVtey6+bG5tb2Tm53ry3DWGDSwiELRddDkjDKSUtRxUg3EgQFHiMdb3I+zzvXREga8ks1jYgboBGnPsVIaatZG+TytlUtV07sMlxAsWqnUCgVoGPZC+VrL+Zp9PxmNga51/4wxHFAuMIMSdlz7Ei5CRKKYkZmZj+WJEJ4gkakp5GjgEg3WQw6g0faGUI/FPpxBRfu944EBVJOA09XBkiN5e9sbv6V9WLlV9yE8ihWhOP0Iz9mUIVwvjUcUkGwYlMNCAuqZ4V4jATCSt/G1Ef42hT+D+2C5ZSsYtPO189Aqiw4AIfgGDigDOrgAjRAC2BAwA24A/fGlXFrPBiPaWnG+OzZBz9kPH0Aio2Qcg==</latexit>

?
<latexit sha1_base64="fJ2zCgWYe+N+xOSHjKEEnU+44Lg=">AAAB83icdVDLSgMxFM3UV62vqks3oUWoCEOmlj52RTcuK9gHdIaSSdM2NPMgyQjD0L8QNy4UcevPuOvfmM4oqOiBC4dz7uXee9yQM6kQWhq5tfWNza38dmFnd2//oHh41JNBJAjtkoAHYuBiSTnzaVcxxekgFBR7Lqd9d3618vt3VEgW+LcqDqnj4anPJoxgpSXb5sF0lFhoUZmfjYplZLYazQvUgCmptVBGqvUqtEyUotwu2ef3y3bcGRXf7XFAIo/6inAs5dBCoXISLBQjnC4KdiRpiMkcT+lQUx97VDpJevMCnmplDCeB0OUrmKrfJxLsSRl7ru70sJrJ395K/MsbRmrSdBLmh5GiPskWTSIOVQBXAcAxE5QoHmuCiWD6VkhmWGCidEwFHcLXp/B/0quaVt2s3eg0LkGGPDgBJVABFmiANrgGHdAFBITgATyBZyMyHo0X4zVrzRmfM8fgB4y3D8DLlIE=</latexit>

log10(k)

<latexit sha1_base64="paOuw3PKeybWBrAH6yZRQhh/Nn8=">AAAB+HicdVDLSsNAFJ3UV62PVl26GSxCi1CSWvrYFd24rGAf0IQwmU7boZNMmJkINfQv3LlxoYhbP8Vd/8ZpoqCiBy4czrmXe+/xQkalMs2lkVlb39jcym7ndnb39vOFg8Oe5JHApIs542LgIUkYDUhXUcXIIBQE+R4jfW92ufL7t0RIyoMbNQ+J46NJQMcUI6Ult5C3GZ+4sWUuSp3SrFx2C0Wz0mo0z80GTEitZaakWq9Cq2ImKLZP7LP7ZXvecQvv9ojjyCeBwgxJObTMUDkxEopiRhY5O5IkRHiGJmSoaYB8Ip04OXwBT7UygmMudAUKJur3iRj5Us59T3f6SE3lb28l/uUNIzVuOjENwkiRAKeLxhGDisNVCnBEBcGKzTVBWFB9K8RTJBBWOqucDuHrU/g/6VUrVr1Su9ZpXIAUWXAMTkAJWKAB2uAKdEAXYBCBB/AEno0749F4MV7T1ozxOXMEfsB4+wCoXJVx</latexit> lo
g 1

0
(P

(k
))

<latexit sha1_base64="fJ2zCgWYe+N+xOSHjKEEnU+44Lg=">AAAB83icdVDLSgMxFM3UV62vqks3oUWoCEOmlj52RTcuK9gHdIaSSdM2NPMgyQjD0L8QNy4UcevPuOvfmM4oqOiBC4dz7uXee9yQM6kQWhq5tfWNza38dmFnd2//oHh41JNBJAjtkoAHYuBiSTnzaVcxxekgFBR7Lqd9d3618vt3VEgW+LcqDqnj4anPJoxgpSXb5sF0lFhoUZmfjYplZLYazQvUgCmptVBGqvUqtEyUotwu2ef3y3bcGRXf7XFAIo/6inAs5dBCoXISLBQjnC4KdiRpiMkcT+lQUx97VDpJevMCnmplDCeB0OUrmKrfJxLsSRl7ru70sJrJ395K/MsbRmrSdBLmh5GiPskWTSIOVQBXAcAxE5QoHmuCiWD6VkhmWGCidEwFHcLXp/B/0quaVt2s3eg0LkGGPDgBJVABFmiANrgGHdAFBITgATyBZyMyHo0X4zVrzRmfM8fgB4y3D8DLlIE=</latexit>

log10(k)

<latexit sha1_base64="paOuw3PKeybWBrAH6yZRQhh/Nn8=">AAAB+HicdVDLSsNAFJ3UV62PVl26GSxCi1CSWvrYFd24rGAf0IQwmU7boZNMmJkINfQv3LlxoYhbP8Vd/8ZpoqCiBy4czrmXe+/xQkalMs2lkVlb39jcym7ndnb39vOFg8Oe5JHApIs542LgIUkYDUhXUcXIIBQE+R4jfW92ufL7t0RIyoMbNQ+J46NJQMcUI6Ult5C3GZ+4sWUuSp3SrFx2C0Wz0mo0z80GTEitZaakWq9Cq2ImKLZP7LP7ZXvecQvv9ojjyCeBwgxJObTMUDkxEopiRhY5O5IkRHiGJmSoaYB8Ip04OXwBT7UygmMudAUKJur3iRj5Us59T3f6SE3lb28l/uUNIzVuOjENwkiRAKeLxhGDisNVCnBEBcGKzTVBWFB9K8RTJBBWOqucDuHrU/g/6VUrVr1Su9ZpXIAUWXAMTkAJWKAB2uAKdEAXYBCBB/AEno0749F4MV7T1ozxOXMEfsB4+wCoXJVx</latexit> lo
g 1

0
(P

(k
))
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Summary of Relativistic perturbation theory

<latexit sha1_base64="tiNBZU9YDH6Oi8Qy9jT3pD7tTKo="></latexit>

H
2 =

1

3
a2(8⇡G⇢+ ⇤)

<latexit sha1_base64="IEOO24NBwdQWvCnblHlbaKTGRPI="></latexit>

�Gµ⌫ = 8⇡G�Tµ⌫ + ⇤�gµ⌫

Perturbed Einstein Field Equation

Spatially flat FRW metric

Conformal Friedman equations

<latexit sha1_base64="OP7EGW+2mxVQ4SQPTeUWGFpL0GA="></latexit>

Ḣ =
1

6
a2 [2⇤� 8⇡G(⇢+ 3P )]

• Three components of the universe 
Dark Matter (CDM) 
Radiation 
Baryons (Everything we are made up of)


• Three Phases of the Universe  
Radiation dominated phase 
Matter dominated 
Dark Energy dominated


• Two scales 
Sub-horizon 
Super-horizon 

17

<latexit sha1_base64="WD4VbUPT/1fExADGvqPYJx1617U="></latexit>

ds2 = a2⌘µ⌫dx
µdx⌫



Distribution of matter in the Universe
Standard model of Cosmological Structure formation

<latexit sha1_base64="Y+g0yWfxl1Eq1Ap1sxI0sTZsiRs=">AAAB/XicdVDLSsNAFJ3UV62v+ti5GVqEihCSWvrYFd24rGAf0NYwmU7aoZNJmJkINRR/wg9w40IRt/6Hu/6N00ZBRQ9cOJxzL/fe44aMSmVZMyO1tLyyupZez2xsbm3vZHf3WjKIBCZNHLBAdFwkCaOcNBVVjHRCQZDvMtJ2x+dzv31DhKQBv1KTkPR9NOTUoxgpLTnZg0ZhfAx7oQhCFcDxdcwdOXWyecusVaqnVgUuSKlmJaRYLkLbtBbI13O9k/tZfdJwsu+9QYAjn3CFGZKya1uh6sdIKIoZmWZ6kSQhwmM0JF1NOfKJ7MeL66fwSCsD6AVCF1dwoX6fiJEv5cR3daeP1Ej+9ubiX143Ul61H1MeRopwnCzyIgb1o/Mo4IAKghWbaIKwoPpWiEdIIKx0YBkdwten8H/SKpp22Sxd6jTOQII0OAQ5UAA2qIA6uAAN0AQY3IIH8ASejTvj0XgxXpPWlPE5sw9+wHj7AGz2mD0=</latexit>

P (k) / kns

<latexit sha1_base64="E9VD09kDWAClnhlq37suih+hggo=">AAAB6nicdVDLSsNAFJ34rPVVFdy4GSyCq5DE0seu1I3LFu0D2lAm00k7dDIJMxOhhH6CGxeKuHXrX/gF7tz4LU4TBRU9cOFwzr3ce48XMSqVZb0ZS8srq2vruY385tb2zm5hb78jw1hg0sYhC0XPQ5IwyklbUcVILxIEBR4jXW96vvC710RIGvIrNYuIG6Axpz7FSGnpcjp0hoWiZdYq1TOrAlNSqlkZccoOtE0rRbF+2Hqnz42X5rDwOhiFOA4IV5ghKfu2FSk3QUJRzMg8P4gliRCeojHpa8pRQKSbpKfO4YlWRtAPhS6uYKp+n0hQIOUs8HRngNRE/vYW4l9eP1Z+1U0oj2JFOM4W+TGDKoSLv+GICoIVm2mCsKD6VognSCCsdDp5HcLXp/B/0nFMu2yWWjqNBsiQA0fgGJwCG1RAHVyAJmgDDMbgBtyBe4MZt8aD8Zi1LhmfMwfgB4ynD3MwkaM=</latexit>

k2

<latexit sha1_base64="0jV1QXXmqCNtbsmNgDO+aq6ESjg=">AAAB6nicdVDJSgNBEK1xjXGLCl68NAbB0zATQ5ZbiBePCZoFkiH0dDpJk56F7h4hDPkELx4U8erVv/ALvHnxW+zMKKjog4LHe1VU1XNDzqSyrDdjaXlldW09s5Hd3Nre2c3t7bdlEAlCWyTggei6WFLOfNpSTHHaDQXFnstpx52eL/zONRWSBf6VmoXU8fDYZyNGsNLS5XRgD3J5y6yWK2dWGSWkWLVSUigVkG1aCfK1w+Y7e66/NAa51/4wIJFHfUU4lrJnW6FyYiwUI5zOs/1I0hCTKR7TnqY+9qh04uTUOTrRyhCNAqHLVyhRv0/E2JNy5rm608NqIn97C/EvrxepUcWJmR9GivokXTSKOFIBWvyNhkxQovhME0wE07ciMsECE6XTyeoQvj5F/5N2wbRLZrGp06hDigwcwTGcgg1lqMEFNKAFBMZwA3dwb3Dj1ngwHtPWJeNz5gB+wHj6AHGskaI=</latexit>

k1

<latexit sha1_base64="yjJeFg7BrEd4CFZJxkAuFL0KzXM=">AAAB7nicdVDLSsNAFJ34rPVVFdy4GSyCq5DE0sdGSt24bME+oA1hMp20QyYPZiZCCf0INy4UcevGv/AL3LnxW5wmCip64MLhnHu59x43ZlRIw3jTlpZXVtfWCxvFza3tnd3S3n5PRAnHpIsjFvGBiwRhNCRdSSUjg5gTFLiM9F3/YuH3rwkXNAqv5CwmdoAmIfUoRlJJfd8xz33HckplQ2/U6mdGDWak0jByYlUtaOpGhnLzsPNOn1svbaf0OhpHOAlIKDFDQgxNI5Z2irikmJF5cZQIEiPsowkZKhqigAg7zc6dwxOljKEXcVWhhJn6fSJFgRCzwFWdAZJT8dtbiH95w0R6dTulYZxIEuJ8kZcwKCO4+B2OKSdYspkiCHOqboV4ijjCUiVUVCF8fQr/Jz1LN6t6paPSaIEcBXAEjsEpMEENNMElaIMuwMAHN+AO3Guxdqs9aI9565L2OXMAfkB7+gDnOZME</latexit>

k1 > k2

Radiation-matter equality <latexit sha1_base64="jJ/Awv2Uhx7BeQmSYHew9+OrhWI=">AAAB8XicdVDLSsNAFJ3UV62vqks3Q4sgiDGppY+FUHTTZQX7wDaWyXTSDp1MwsxEKKF/0Y0LRdz6N+76N05TBRU9cOFwzr3ce48bMiqVZc2N1Mrq2vpGejOztb2zu5fdP2jJIBKYNHHAAtFxkSSMctJUVDHSCQVBvstI2x1fL/z2AxGSBvxWTULi+GjIqUcxUlq6Q+fjy/p9fGZP+9m8ZVbLlQurDBNSrFpLUigVoG1aCfK1XO90Nq9NGv3se28Q4MgnXGGGpOzaVqicGAlFMSPTTC+SJER4jIakqylHPpFOnFw8hcdaGUAvELq4gon6fSJGvpQT39WdPlIj+dtbiH953Uh5FSemPIwU4Xi5yIsYVAFcvA8HVBCs2EQThAXVt0I8QgJhpUPK6BC+PoX/k1bBtEtm8UancQWWSIMjkAMnwAZlUAN10ABNgAEHM/AEng1pPBovxuuyNWV8zhyCHzDePgAbwZOP</latexit>

a/k = H
�1

<latexit sha1_base64="Y+g0yWfxl1Eq1Ap1sxI0sTZsiRs=">AAAB/XicdVDLSsNAFJ3UV62v+ti5GVqEihCSWvrYFd24rGAf0NYwmU7aoZNJmJkINRR/wg9w40IRt/6Hu/6N00ZBRQ9cOJxzL/fe44aMSmVZMyO1tLyyupZez2xsbm3vZHf3WjKIBCZNHLBAdFwkCaOcNBVVjHRCQZDvMtJ2x+dzv31DhKQBv1KTkPR9NOTUoxgpLTnZg0ZhfAx7oQhCFcDxdcwdOXWyecusVaqnVgUuSKlmJaRYLkLbtBbI13O9k/tZfdJwsu+9QYAjn3CFGZKya1uh6sdIKIoZmWZ6kSQhwmM0JF1NOfKJ7MeL66fwSCsD6AVCF1dwoX6fiJEv5cR3daeP1Ej+9ubiX143Ul61H1MeRopwnCzyIgb1o/Mo4IAKghWbaIKwoPpWiEdIIKx0YBkdwten8H/SKpp22Sxd6jTOQII0OAQ5UAA2qIA6uAAN0AQY3IIH8ASejTvj0XgxXpPWlPE5sw9+wHj7AGz2mD0=</latexit>

P (k) / kns

<latexit sha1_base64="I0Rq8907vM0OZuL4qoY/Q6Rw1EQ=">AAAB/3icdVDLSgMxFM3UV62vquDGTWgRKmKZPuhjV3TjsoJ9QGcsmTRtQzPJkGSEMnbhP/gFblwo4tbfcNe/MW0VVPTAhcM593LvPV7AqNK2PbViS8srq2vx9cTG5tb2TnJ3r6lEKDFpYMGEbHtIEUY5aWiqGWkHkiDfY6Tljc5nfuuGSEUFv9LjgLg+GnDapxhpI3WTB/XM6Bg6gRSBFnB0HfGuOi1Musm0na2WKwW7DOekWLUXJF/Kw1zWniNdSzkn99PauN5Nvjs9gUOfcI0ZUqqTswPtRkhqihmZJJxQkQDhERqQjqEc+US50fz+CTwySg/2hTTFNZyr3yci5Cs19j3T6SM9VL+9mfiX1wl1v+JGlAehJhwvFvVDBs2rszBgj0qCNRsbgrCk5laIh0girE1kCRPC16fwf9LMZ3OlbPHSpHEGFoiDQ5ACGZADZVADF6AOGgCDW/AAnsCzdWc9Wi/W66I1Zn3O7IMfsN4+AFcGmLE=</latexit>

P (k) / kns�3

<latexit sha1_base64="fJ2zCgWYe+N+xOSHjKEEnU+44Lg=">AAAB83icdVDLSgMxFM3UV62vqks3oUWoCEOmlj52RTcuK9gHdIaSSdM2NPMgyQjD0L8QNy4UcevPuOvfmM4oqOiBC4dz7uXee9yQM6kQWhq5tfWNza38dmFnd2//oHh41JNBJAjtkoAHYuBiSTnzaVcxxekgFBR7Lqd9d3618vt3VEgW+LcqDqnj4anPJoxgpSXb5sF0lFhoUZmfjYplZLYazQvUgCmptVBGqvUqtEyUotwu2ef3y3bcGRXf7XFAIo/6inAs5dBCoXISLBQjnC4KdiRpiMkcT+lQUx97VDpJevMCnmplDCeB0OUrmKrfJxLsSRl7ru70sJrJ395K/MsbRmrSdBLmh5GiPskWTSIOVQBXAcAxE5QoHmuCiWD6VkhmWGCidEwFHcLXp/B/0quaVt2s3eg0LkGGPDgBJVABFmiANrgGHdAFBITgATyBZyMyHo0X4zVrzRmfM8fgB4y3D8DLlIE=</latexit>

log10(k)

<latexit sha1_base64="paOuw3PKeybWBrAH6yZRQhh/Nn8=">AAAB+HicdVDLSsNAFJ3UV62PVl26GSxCi1CSWvrYFd24rGAf0IQwmU7boZNMmJkINfQv3LlxoYhbP8Vd/8ZpoqCiBy4czrmXe+/xQkalMs2lkVlb39jcym7ndnb39vOFg8Oe5JHApIs542LgIUkYDUhXUcXIIBQE+R4jfW92ufL7t0RIyoMbNQ+J46NJQMcUI6Ult5C3GZ+4sWUuSp3SrFx2C0Wz0mo0z80GTEitZaakWq9Cq2ImKLZP7LP7ZXvecQvv9ojjyCeBwgxJObTMUDkxEopiRhY5O5IkRHiGJmSoaYB8Ip04OXwBT7UygmMudAUKJur3iRj5Us59T3f6SE3lb28l/uUNIzVuOjENwkiRAKeLxhGDisNVCnBEBcGKzTVBWFB9K8RTJBBWOqucDuHrU/g/6VUrVr1Su9ZpXIAUWXAMTkAJWKAB2uAKdEAXYBCBB/AEno0749F4MV7T1ozxOXMEfsB4+wCoXJVx</latexit> lo
g 1

0
(P

(k
))

<latexit sha1_base64="fJ2zCgWYe+N+xOSHjKEEnU+44Lg=">AAAB83icdVDLSgMxFM3UV62vqks3oUWoCEOmlj52RTcuK9gHdIaSSdM2NPMgyQjD0L8QNy4UcevPuOvfmM4oqOiBC4dz7uXee9yQM6kQWhq5tfWNza38dmFnd2//oHh41JNBJAjtkoAHYuBiSTnzaVcxxekgFBR7Lqd9d3618vt3VEgW+LcqDqnj4anPJoxgpSXb5sF0lFhoUZmfjYplZLYazQvUgCmptVBGqvUqtEyUotwu2ef3y3bcGRXf7XFAIo/6inAs5dBCoXISLBQjnC4KdiRpiMkcT+lQUx97VDpJevMCnmplDCeB0OUrmKrfJxLsSRl7ru70sJrJ395K/MsbRmrSdBLmh5GiPskWTSIOVQBXAcAxE5QoHmuCiWD6VkhmWGCidEwFHcLXp/B/0quaVt2s3eg0LkGGPDgBJVABFmiANrgGHdAFBITgATyBZyMyHo0X4zVrzRmfM8fgB4y3D8DLlIE=</latexit>

log10(k)

<latexit sha1_base64="paOuw3PKeybWBrAH6yZRQhh/Nn8=">AAAB+HicdVDLSsNAFJ3UV62PVl26GSxCi1CSWvrYFd24rGAf0IQwmU7boZNMmJkINfQv3LlxoYhbP8Vd/8ZpoqCiBy4czrmXe+/xQkalMs2lkVlb39jcym7ndnb39vOFg8Oe5JHApIs542LgIUkYDUhXUcXIIBQE+R4jfW92ufL7t0RIyoMbNQ+J46NJQMcUI6Ult5C3GZ+4sWUuSp3SrFx2C0Wz0mo0z80GTEitZaakWq9Cq2ImKLZP7LP7ZXvecQvv9ojjyCeBwgxJObTMUDkxEopiRhY5O5IkRHiGJmSoaYB8Ip04OXwBT7UygmMudAUKJur3iRj5Us59T3f6SE3lb28l/uUNIzVuOjENwkiRAKeLxhGDisNVCnBEBcGKzTVBWFB9K8RTJBBWOqucDuHrU/g/6VUrVr1Su9ZpXIAUWXAMTkAJWKAB2uAKdEAXYBCBB/AEno0749F4MV7T1ozxOXMEfsB4+wCoXJVx</latexit> lo
g 1

0
(P

(k
))

<latexit sha1_base64="7T/29WgWPvDqnx3bb1714h7errc=">AAAB+nicdVDLSsNAFJ34rPWV6tLN0CJUhJLU0seu6MZlBfuAppTJZNIOnWTCzEQpsX/h1o0LRdz6Je76N04bBRU9cOFwzr3ce48bMSqVZc2NldW19Y3NzFZ2e2d3b9/MHXQkjwUmbcwZFz0XScJoSNqKKkZ6kSAocBnpupOLhd+9IUJSHl6raUQGARqF1KcYKS0NzZzD+GiY2Nas6HiEKXQyNAtWqVGrn1k1uCSVhpWScrUM7ZK1RKGZd07v581pa2i+Ox7HcUBChRmSsm9bkRokSCiKGZllnViSCOEJGpG+piEKiBwky9Nn8FgrHvS50BUquFS/TyQokHIauLozQGosf3sL8S+vHyu/PkhoGMWKhDhd5McMKg4XOUCPCoIVm2qCsKD6VojHSCCsdFpZHcLXp/B/0imX7GqpcqXTOAcpMuAI5EER2KAGmuAStEAbYHALHsATeDbujEfjxXhNW1eMz5lD8APG2wcLs5bf</latexit> lo
g 1

0
(�
)

<latexit sha1_base64="LQOwEzoHb5wy61kXcssUnU6s27o=">AAAB83icdVDLSsNAFJ3UV62vqks3Q4tQEUJSSx+7ohuXFewDmlAm02k7dJIJMxMhhP6FuHGhiFt/xl3/xmmioKIHLhzOuZd77/FCRqWyrKWRW1vf2NzKbxd2dvf2D4qHRz3JI4FJF3PGxcBDkjAakK6iipFBKAjyPUb63vxq5ffviJCUB7cqDonro2lAJxQjpSXHYXw6SmxrUUFno2LZMluN5oXVgCmptayMVOtVaJtWinK75JzfL9txZ1R8d8YcRz4JFGZIyqFthcpNkFAUM7IoOJEkIcJzNCVDTQPkE+km6c0LeKqVMZxwoStQMFW/TyTIlzL2Pd3pIzWTv72V+Jc3jNSk6SY0CCNFApwtmkQMKg5XAcAxFQQrFmuCsKD6VohnSCCsdEwFHcLXp/B/0quadt2s3eg0LkGGPDgBJVABNmiANrgGHdAFGITgATyBZyMyHo0X4zVrzRmfM8fgB4y3D7GZlHc=</latexit>

log10(a)

Primordial power spectrum processed 
through the physics of early universe
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Distribution of matter in the Universe
Standard model of Cosmological Structure formation

<latexit sha1_base64="Y+g0yWfxl1Eq1Ap1sxI0sTZsiRs=">AAAB/XicdVDLSsNAFJ3UV62v+ti5GVqEihCSWvrYFd24rGAf0NYwmU7aoZNJmJkINRR/wg9w40IRt/6Hu/6N00ZBRQ9cOJxzL/fe44aMSmVZMyO1tLyyupZez2xsbm3vZHf3WjKIBCZNHLBAdFwkCaOcNBVVjHRCQZDvMtJ2x+dzv31DhKQBv1KTkPR9NOTUoxgpLTnZg0ZhfAx7oQhCFcDxdcwdOXWyecusVaqnVgUuSKlmJaRYLkLbtBbI13O9k/tZfdJwsu+9QYAjn3CFGZKya1uh6sdIKIoZmWZ6kSQhwmM0JF1NOfKJ7MeL66fwSCsD6AVCF1dwoX6fiJEv5cR3daeP1Ej+9ubiX143Ul61H1MeRopwnCzyIgb1o/Mo4IAKghWbaIKwoPpWiEdIIKx0YBkdwten8H/SKpp22Sxd6jTOQII0OAQ5UAA2qIA6uAAN0AQY3IIH8ASejTvj0XgxXpPWlPE5sw9+wHj7AGz2mD0=</latexit>

P (k) / kns

Baryon-Photon Plasma

<latexit sha1_base64="fJ2zCgWYe+N+xOSHjKEEnU+44Lg=">AAAB83icdVDLSgMxFM3UV62vqks3oUWoCEOmlj52RTcuK9gHdIaSSdM2NPMgyQjD0L8QNy4UcevPuOvfmM4oqOiBC4dz7uXee9yQM6kQWhq5tfWNza38dmFnd2//oHh41JNBJAjtkoAHYuBiSTnzaVcxxekgFBR7Lqd9d3618vt3VEgW+LcqDqnj4anPJoxgpSXb5sF0lFhoUZmfjYplZLYazQvUgCmptVBGqvUqtEyUotwu2ef3y3bcGRXf7XFAIo/6inAs5dBCoXISLBQjnC4KdiRpiMkcT+lQUx97VDpJevMCnmplDCeB0OUrmKrfJxLsSRl7ru70sJrJ395K/MsbRmrSdBLmh5GiPskWTSIOVQBXAcAxE5QoHmuCiWD6VkhmWGCidEwFHcLXp/B/0quaVt2s3eg0LkGGPDgBJVABFmiANrgGHdAFBITgATyBZyMyHo0X4zVrzRmfM8fgB4y3D8DLlIE=</latexit>

log10(k)

<latexit sha1_base64="paOuw3PKeybWBrAH6yZRQhh/Nn8=">AAAB+HicdVDLSsNAFJ3UV62PVl26GSxCi1CSWvrYFd24rGAf0IQwmU7boZNMmJkINfQv3LlxoYhbP8Vd/8ZpoqCiBy4czrmXe+/xQkalMs2lkVlb39jcym7ndnb39vOFg8Oe5JHApIs542LgIUkYDUhXUcXIIBQE+R4jfW92ufL7t0RIyoMbNQ+J46NJQMcUI6Ult5C3GZ+4sWUuSp3SrFx2C0Wz0mo0z80GTEitZaakWq9Cq2ImKLZP7LP7ZXvecQvv9ojjyCeBwgxJObTMUDkxEopiRhY5O5IkRHiGJmSoaYB8Ip04OXwBT7UygmMudAUKJur3iRj5Us59T3f6SE3lb28l/uUNIzVuOjENwkiRAKeLxhGDisNVCnBEBcGKzTVBWFB9K8RTJBBWOqucDuHrU/g/6VUrVr1Su9ZpXIAUWXAMTkAJWKAB2uAKdEAXYBCBB/AEno0749F4MV7T1ozxOXMEfsB4+wCoXJVx</latexit> lo
g 1

0
(P

(k
))

<latexit sha1_base64="vLyw47x90V9skjDYgfp/LEOPb5k="></latexit>

�̈ + 2
ȧ

a
�̇ = �

�
4⇡G⇢o � c2sk

2/a2
�

<latexit sha1_base64="9JhCYuyrLlFnzaVAeYGG2Zv9qI8=">AAAB/3icdVDLSsNAFJ3UV62vqODGzVARBCEmbeljV3TjsoJ9QBPKZDpth04ezkzEErvwH/wCNy4UcetvuOvfOE0UVPTAhcM593LvPW7IqJCmOdMyC4tLyyvZ1dza+sbmlr690xJBxDFp4oAFvOMiQRj1SVNSyUgn5AR5LiNtd3w299vXhAsa+JdyEhLHQ0OfDihGUkk9fQ/3BLRRGPLgBuITW1xxGRenPf3ANGqVatGswISUamZKCuUCtAwzwUE9bx/fz+qTRk9/t/sBjjziS8yQEF3LDKUTIy4pZmSasyNBQoTHaEi6ivrII8KJk/un8FApfTgIuCpfwkT9PhEjT4iJ56pOD8mR+O3Nxb+8biQHVSemfhhJ4uN00SBiUAZwHgbsU06wZBNFEOZU3QrxCHGEpYosp0L4+hT+T1oFwyobpQuVxilIkQX7IA+OgAUqoA7OQQM0AQa34AE8gWftTnvUXrTXtDWjfc7sgh/Q3j4AU4KZUg==</latexit>

cs ⇡ c/
p
3

<latexit sha1_base64="Y+g0yWfxl1Eq1Ap1sxI0sTZsiRs=">AAAB/XicdVDLSsNAFJ3UV62v+ti5GVqEihCSWvrYFd24rGAf0NYwmU7aoZNJmJkINRR/wg9w40IRt/6Hu/6N00ZBRQ9cOJxzL/fe44aMSmVZMyO1tLyyupZez2xsbm3vZHf3WjKIBCZNHLBAdFwkCaOcNBVVjHRCQZDvMtJ2x+dzv31DhKQBv1KTkPR9NOTUoxgpLTnZg0ZhfAx7oQhCFcDxdcwdOXWyecusVaqnVgUuSKlmJaRYLkLbtBbI13O9k/tZfdJwsu+9QYAjn3CFGZKya1uh6sdIKIoZmWZ6kSQhwmM0JF1NOfKJ7MeL66fwSCsD6AVCF1dwoX6fiJEv5cR3daeP1Ej+9ubiX143Ul61H1MeRopwnCzyIgb1o/Mo4IAKghWbaIKwoPpWiEdIIKx0YBkdwten8H/SKpp22Sxd6jTOQII0OAQ5UAA2qIA6uAAN0AQY3IIH8ASejTvj0XgxXpPWlPE5sw9+wHj7AGz2mD0=</latexit>

P (k) / kns
<latexit sha1_base64="I0Rq8907vM0OZuL4qoY/Q6Rw1EQ=">AAAB/3icdVDLSgMxFM3UV62vquDGTWgRKmKZPuhjV3TjsoJ9QGcsmTRtQzPJkGSEMnbhP/gFblwo4tbfcNe/MW0VVPTAhcM593LvPV7AqNK2PbViS8srq2vx9cTG5tb2TnJ3r6lEKDFpYMGEbHtIEUY5aWiqGWkHkiDfY6Tljc5nfuuGSEUFv9LjgLg+GnDapxhpI3WTB/XM6Bg6gRSBFnB0HfGuOi1Musm0na2WKwW7DOekWLUXJF/Kw1zWniNdSzkn99PauN5Nvjs9gUOfcI0ZUqqTswPtRkhqihmZJJxQkQDhERqQjqEc+US50fz+CTwySg/2hTTFNZyr3yci5Cs19j3T6SM9VL+9mfiX1wl1v+JGlAehJhwvFvVDBs2rszBgj0qCNRsbgrCk5laIh0girE1kCRPC16fwf9LMZ3OlbPHSpHEGFoiDQ5ACGZADZVADF6AOGgCDW/AAnsCzdWc9Wi/W66I1Zn3O7IMfsN4+AFcGmLE=</latexit>

P (k) / kns�3

<latexit sha1_base64="fJ2zCgWYe+N+xOSHjKEEnU+44Lg=">AAAB83icdVDLSgMxFM3UV62vqks3oUWoCEOmlj52RTcuK9gHdIaSSdM2NPMgyQjD0L8QNy4UcevPuOvfmM4oqOiBC4dz7uXee9yQM6kQWhq5tfWNza38dmFnd2//oHh41JNBJAjtkoAHYuBiSTnzaVcxxekgFBR7Lqd9d3618vt3VEgW+LcqDqnj4anPJoxgpSXb5sF0lFhoUZmfjYplZLYazQvUgCmptVBGqvUqtEyUotwu2ef3y3bcGRXf7XFAIo/6inAs5dBCoXISLBQjnC4KdiRpiMkcT+lQUx97VDpJevMCnmplDCeB0OUrmKrfJxLsSRl7ru70sJrJ395K/MsbRmrSdBLmh5GiPskWTSIOVQBXAcAxE5QoHmuCiWD6VkhmWGCidEwFHcLXp/B/0quaVt2s3eg0LkGGPDgBJVABFmiANrgGHdAFBITgATyBZyMyHo0X4zVrzRmfM8fgB4y3D8DLlIE=</latexit>

log10(k)

<latexit sha1_base64="paOuw3PKeybWBrAH6yZRQhh/Nn8=">AAAB+HicdVDLSsNAFJ3UV62PVl26GSxCi1CSWvrYFd24rGAf0IQwmU7boZNMmJkINfQv3LlxoYhbP8Vd/8ZpoqCiBy4czrmXe+/xQkalMs2lkVlb39jcym7ndnb39vOFg8Oe5JHApIs542LgIUkYDUhXUcXIIBQE+R4jfW92ufL7t0RIyoMbNQ+J46NJQMcUI6Ult5C3GZ+4sWUuSp3SrFx2C0Wz0mo0z80GTEitZaakWq9Cq2ImKLZP7LP7ZXvecQvv9ojjyCeBwgxJObTMUDkxEopiRhY5O5IkRHiGJmSoaYB8Ip04OXwBT7UygmMudAUKJur3iRj5Us59T3f6SE3lb28l/uUNIzVuOjENwkiRAKeLxhGDisNVCnBEBcGKzTVBWFB9K8RTJBBWOqucDuHrU/g/6VUrVr1Su9ZpXIAUWXAMTkAJWKAB2uAKdEAXYBCBB/AEno0749F4MV7T1ozxOXMEfsB4+wCoXJVx</latexit> lo
g 1

0
(P

(k
))

Baryon Acoustic Oscillation (BAO)

Photon-Baryon

Gravity Only

Primordial power spectrum processed 
through the physics of early universe
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Current LSS experiment
Standard model of Cosmological Structure Formation

<latexit sha1_base64="MqyyFkClKhrldxatMOUAL0ORpso="></latexit>

P (k) =
D
�(~k)�⇤(~k)

E

<latexit sha1_base64="Y+g0yWfxl1Eq1Ap1sxI0sTZsiRs=">AAAB/XicdVDLSsNAFJ3UV62v+ti5GVqEihCSWvrYFd24rGAf0NYwmU7aoZNJmJkINRR/wg9w40IRt/6Hu/6N00ZBRQ9cOJxzL/fe44aMSmVZMyO1tLyyupZez2xsbm3vZHf3WjKIBCZNHLBAdFwkCaOcNBVVjHRCQZDvMtJ2x+dzv31DhKQBv1KTkPR9NOTUoxgpLTnZg0ZhfAx7oQhCFcDxdcwdOXWyecusVaqnVgUuSKlmJaRYLkLbtBbI13O9k/tZfdJwsu+9QYAjn3CFGZKya1uh6sdIKIoZmWZ6kSQhwmM0JF1NOfKJ7MeL66fwSCsD6AVCF1dwoX6fiJEv5cR3daeP1Ej+9ubiX143Ul61H1MeRopwnCzyIgb1o/Mo4IAKghWbaIKwoPpWiEdIIKx0YBkdwten8H/SKpp22Sxd6jTOQII0OAQ5UAA2qIA6uAAN0AQY3IIH8ASejTvj0XgxXpPWlPE5sw9+wHj7AGz2mD0=</latexit>

P (k) / kns
<latexit sha1_base64="I0Rq8907vM0OZuL4qoY/Q6Rw1EQ=">AAAB/3icdVDLSgMxFM3UV62vquDGTWgRKmKZPuhjV3TjsoJ9QGcsmTRtQzPJkGSEMnbhP/gFblwo4tbfcNe/MW0VVPTAhcM593LvPV7AqNK2PbViS8srq2vx9cTG5tb2TnJ3r6lEKDFpYMGEbHtIEUY5aWiqGWkHkiDfY6Tljc5nfuuGSEUFv9LjgLg+GnDapxhpI3WTB/XM6Bg6gRSBFnB0HfGuOi1Musm0na2WKwW7DOekWLUXJF/Kw1zWniNdSzkn99PauN5Nvjs9gUOfcI0ZUqqTswPtRkhqihmZJJxQkQDhERqQjqEc+US50fz+CTwySg/2hTTFNZyr3yci5Cs19j3T6SM9VL+9mfiX1wl1v+JGlAehJhwvFvVDBs2rszBgj0qCNRsbgrCk5laIh0girE1kCRPC16fwf9LMZ3OlbPHSpHEGFoiDQ5ACGZADZVADF6AOGgCDW/AAnsCzdWc9Wi/W66I1Zn3O7IMfsN4+AFcGmLE=</latexit>

P (k) / kns�3

<latexit sha1_base64="fJ2zCgWYe+N+xOSHjKEEnU+44Lg=">AAAB83icdVDLSgMxFM3UV62vqks3oUWoCEOmlj52RTcuK9gHdIaSSdM2NPMgyQjD0L8QNy4UcevPuOvfmM4oqOiBC4dz7uXee9yQM6kQWhq5tfWNza38dmFnd2//oHh41JNBJAjtkoAHYuBiSTnzaVcxxekgFBR7Lqd9d3618vt3VEgW+LcqDqnj4anPJoxgpSXb5sF0lFhoUZmfjYplZLYazQvUgCmptVBGqvUqtEyUotwu2ef3y3bcGRXf7XFAIo/6inAs5dBCoXISLBQjnC4KdiRpiMkcT+lQUx97VDpJevMCnmplDCeB0OUrmKrfJxLsSRl7ru70sJrJ395K/MsbRmrSdBLmh5GiPskWTSIOVQBXAcAxE5QoHmuCiWD6VkhmWGCidEwFHcLXp/B/0quaVt2s3eg0LkGGPDgBJVABFmiANrgGHdAFBITgATyBZyMyHo0X4zVrzRmfM8fgB4y3D8DLlIE=</latexit>

log10(k)

<latexit sha1_base64="paOuw3PKeybWBrAH6yZRQhh/Nn8=">AAAB+HicdVDLSsNAFJ3UV62PVl26GSxCi1CSWvrYFd24rGAf0IQwmU7boZNMmJkINfQv3LlxoYhbP8Vd/8ZpoqCiBy4czrmXe+/xQkalMs2lkVlb39jcym7ndnb39vOFg8Oe5JHApIs542LgIUkYDUhXUcXIIBQE+R4jfW92ufL7t0RIyoMbNQ+J46NJQMcUI6Ult5C3GZ+4sWUuSp3SrFx2C0Wz0mo0z80GTEitZaakWq9Cq2ImKLZP7LP7ZXvecQvv9ojjyCeBwgxJObTMUDkxEopiRhY5O5IkRHiGJmSoaYB8Ip04OXwBT7UygmMudAUKJur3iRj5Us59T3f6SE3lb28l/uUNIzVuOjENwkiRAKeLxhGDisNVCnBEBcGKzTVBWFB9K8RTJBBWOqucDuHrU/g/6VUrVr1Su9ZpXIAUWXAMTkAJWKAB2uAKdEAXYBCBB/AEno0749F4MV7T1ozxOXMEfsB4+wCoXJVx</latexit> lo
g 1

0
(P

(k
))

Baryon Acoustic Oscillation (BAO)

Non linear Physics 
Hard to model

Limited Volume of the survey 
Sensitive to primordial features

Based on data from eBOSS 
Alam +eBOSS, PRD 103, 083533 (2021) 
Gil-Marin, .., Alam +eBOSS, MNRAS 498(2), 2492-2531 (2020)

Tiny errors

<latexit sha1_base64="oZ6ETKDc7605pKhrCfv+7FST3oc=">AAAB9XicdVDLSsNAFL2pr7a+qi7dDBbBVUlEWt0V3bisYB/YxDKZTtqhk0mYmagl9D904UIRt/0Xd36NTluFKnrgwuGcezmX48ecKW3b71ZmYXFpeSWby6+urW9sFra2GypKJKF1EvFItnysKGeC1jXTnLZiSXHoc9r0B2cTv3lDpWKRuNTDmHoh7gkWMIK1ka5T1w+Qq1lIFToadQpFp2RPgew54pQrJ2X0bRWrufjhanz3UesU3txuRJKQCk04Vqrt2LH2Uiw1I5yO8m6iaIzJAPdo21CBTY6XTr8eoX2jdFEQSTNCo6k6f5HiUKlh6JvNEOu++u1NxL+8dqKDYy9lIk40FWQWFCQc6QhNKkBdJinRfGgIJpKZXxHpY4mJNkXl50v4nzQOS065dHRh2jiFGbKwC3twAA5UoArnUIM6EJBwD0/wbN1aj9aL9TpbzVhfNzvwA9b4Eyi1lgk=</latexit>⇥4
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Simplifying the unknown physics of galaxies

The Dark Matter Halos

• The DM halos are the sites of galaxy formation.


• They form at the peak of density fluctuation in 
the early universe


• The knowledge of peak statistics of Gaussian 
Random Field (GRF) applies (BBKS).

<latexit sha1_base64="+OL/YMp3YjSiQA7+xIFkAma//Jc="></latexit>

�peak(k) = b(M)�m(k)

Deviation from GRF will induce higher 
order terms

<latexit sha1_base64="cQJCf5OqU8a2DrWO49spzXsn8Bg="></latexit>

�peak(k) = b(M,k)�m(k)

Critical to understand when is this necessary.

Degenerate with cosmology (shape of P(k)) which can be broken by weak lensing.21



Current LSS experiment
Standard model of Cosmological Structure Formation

<latexit sha1_base64="MqyyFkClKhrldxatMOUAL0ORpso="></latexit>

P (k) =
D
�(~k)�⇤(~k)

E

Non linear Physics 
Hard to model

Limited Volume of the survey 
Sensitive to primordial features

BAO

<latexit sha1_base64="4HEhpuPWovQYzP725aVEg1gx6bY="></latexit>

⇠(r) = h�(~x)�(~x+ ~r)i
Fourier Conjugates

Based on data from eBOSS 
Alam +eBOSS, PRD 103, 083533 (2021) 
Gil-Marin, .., Alam +eBOSS, MNRAS 498(2), 2492-2531 (2020)

Correlation function

Tiny errors
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Current LSS experiment
Standard model of Cosmological Structure Formation

<latexit sha1_base64="MqyyFkClKhrldxatMOUAL0ORpso="></latexit>

P (k) =
D
�(~k)�⇤(~k)

E

Non linear Physics 
Hard to model

Limited Volume of the survey 
Sensitive to primordial features

BAO

<latexit sha1_base64="4HEhpuPWovQYzP725aVEg1gx6bY="></latexit>

⇠(r) = h�(~x)�(~x+ ~r)i
Fourier Conjugates

Based on data from eBOSS 
Alam +eBOSS, PRD 103, 083533 (2021) 
Gil-Marin, .., Alam +eBOSS, MNRAS 498(2), 2492-2531 (2020)

Correlation function

Tiny errors
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Correlation Function

<latexit sha1_base64="MqyyFkClKhrldxatMOUAL0ORpso="></latexit>

P (k) =
D
�(~k)�⇤(~k)

E

BAO

<latexit sha1_base64="4HEhpuPWovQYzP725aVEg1gx6bY="></latexit>

⇠(r) = h�(~x)�(~x+ ~r)i
Fourier Conjugates

Based on data from eBOSS 
Alam +eBOSS, PRD 103, 083533 (2021) 
Gil-Marin, .., Alam +eBOSS, MNRAS 498(2), 2492-2531 (2020)

Correlation function

R

dR

Measure Correlation Function

<latexit sha1_base64="AuJdKV+wQLt6s6RLh+oCjWKE1tc="></latexit>

⇠(R) =
npairgalaxy(R)

npairrandoms(R)
� 1 ⌘

D
�(~x)�(~x+ ~R)

E
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Correlation Function

R

dR

Measure Correlation Function

<latexit sha1_base64="AuJdKV+wQLt6s6RLh+oCjWKE1tc="></latexit>

⇠(R) =
npairgalaxy(R)

npairrandoms(R)
� 1 ⌘

D
�(~x)�(~x+ ~R)

E

BAO

Standard Ruler: 
provides best constraint on curvature of the 
universe

How about isotropy?  
Is the galaxy clustering consistent with isotropic universe?

<latexit sha1_base64="vSQCbrWx3r1q53hCUgK9G6ZTAvw=">AAACC3icdVDLSgMxFM34rPU16tJNaBFcDZla+lgItbpwZwX7gE4pmTRtQ5OZIckIZejejb/ixoUibv0Bd/6N6UNQ0QOBwznncnOPH3GmNEIf1tLyyuraemojvbm1vbNr7+03VBhLQusk5KFs+VhRzgJa10xz2ookxcLntOmPzqd+85ZKxcLgRo8j2hF4ELA+I1gbqWtnvAvKNYaym3hSwOrZ1QSeQtdB0IsERA5yS107i5xysXSCinBG8mU0J7lCbhqdIQsWqHXtd68XkljQQBOOlWq7KNKdBEvNCKeTtBcrGmEywgPaNjTAgqpOMrtlAo+M0oP9UJoXaDhTv08kWCg1Fr5JCqyH6rc3Ff/y2rHulzoJC6JY04DMF/VjDnUIp8XAHpOUaD42BBPJzF8hGWKJiTb1pU0JX5fC/0kj57gFJ3+dz1aqizpS4BBkwDFwQRFUwCWogTog4A48gCfwbN1bj9aL9TqPLlmLmQPwA9bbJ617mEk=</latexit>

�rBAO = 1.0± 0.018

25



Isotropic? Correlation Function

Observer

lin
e-

of
-s

ig
ht

<latexit sha1_base64="u5HxviWJo6TUy0bTNkDJf2oYWjw=">AAAB9XicdVDLSgMxFM34rPVVdekmWARXw0wtfeyKblxWsA9ox5JJM21oJjMkd5Qy9D/cuFDErf/izr8xnVZQ0QOXezjnXnJz/FhwDY7zYa2srq1vbOa28ts7u3v7hYPDto4SRVmLRiJSXZ9oJrhkLeAgWDdWjIS+YB1/cjn3O3dMaR7JG5jGzAvJSPKAUwJGuk37foD1wLQIZrNBoejY9Wrt3KnijJTrzoKUKiXs2k6GIlqiOSi894cRTUImgQqidc91YvBSooBTwWb5fqJZTOiEjFjPUElCpr00u3qGT40yxEGkTEnAmfp9IyWh1tPQN5MhgbH+7c3Fv7xeAkHNS7mME2CSLh4KEoEhwvMI8JArRkFMDSFUcXMrpmOiCAUTVN6E8PVT/D9pl2y3Ypevy8XGxTKOHDpGJ+gMuaiKGugKNVELUaTQA3pCz9a99Wi9WK+L0RVruXOEfsB6+wRgZpMf</latexit>s?

<latexit sha1_base64="BlJ+uWdOPSgdGMJVbLoVm6kVvhY=">AAAB/HicdVDLSsNAFJ34rPUV7dLNYBFchaSWPnZFNy4r2Ac0IUymk3boZBJmJkII9VfcuFDErR/izr9xmlZQ0QMXDufcy733BAmjUtn2h7G2vrG5tV3aKe/u7R8cmkfHfRmnApMejlkshgGShFFOeooqRoaJICgKGBkEs6uFP7gjQtKY36osIV6EJpyGFCOlJd+s5G4QQunnboIEYoyw+dw3q7bVbrYu7CYsSL1tL0mtUYOOZReoghW6vvnujmOcRoQrzJCUI8dOlJcjoShmZF52U0kShGdoQkaachQR6eXF8XN4ppUxDGOhiytYqN8nchRJmUWB7oyQmsrf3kL8yxulKmx5OeVJqgjHy0VhyqCK4SIJOKaCYMUyTRAWVN8K8VSHgJXOq6xD+PoU/k/6NctpWPWberVzuYqjBE7AKTgHDmiCDrgGXdADGGTgATyBZ+PeeDRejNdl65qxmqmAHzDePgHFd5WK</latexit>sk
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Anisotropic? Correlation Function
Redshift Space Distortions (RSD)

Based on data from eBOSS 
Alam +eBOSS, PRD 103, 083533 (2021) 
Bautista, .., Alam +eBOSS, MNRAS 500(1), 736-762 (2021)

Actual data from eBOSS
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Quick Intro to Galaxy Redshift experiments

Need to point optical fibres to individual galaxies!!

<latexit sha1_base64="CZaS8+bcCnBaIXsqTwSh8Qbe+9Y="></latexit>

�obs =
anow
aemit

�emit

<latexit sha1_base64="S2ikrYVwxrUo2E6qjjTK7iA7JMo="></latexit>

z =
�obs

�emit
� 1 =

anow
aemit

� 1
<latexit sha1_base64="derRbD3XjbnBLXSLoZvhtKZ+il0="></latexit>

Distance =
c

H0

Z z

0

dzp
⌦m(1 + z)3 + ⌦⇤

• Sloan Digital Sky Survey (SDSS/eBOSS) 
current state of the art result (data public) 
2000-2020 (20 years of data) 
2.5 million Galaxy Spectra
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Let us think about Redshift
<latexit sha1_base64="CZaS8+bcCnBaIXsqTwSh8Qbe+9Y="></latexit>

�obs =
anow
aemit

�emit

<latexit sha1_base64="S2ikrYVwxrUo2E6qjjTK7iA7JMo="></latexit>

z =
�obs

�emit
� 1 =

anow
aemit

� 1
<latexit sha1_base64="derRbD3XjbnBLXSLoZvhtKZ+il0="></latexit>

Distance =
c

H0

Z z

0

dzp
⌦m(1 + z)3 + ⌦⇤

v1

v2

v3

<latexit sha1_base64="tZDUO05KWZJ2bjWl2gbmuC60BA4="></latexit>

zobs = zcosmo +�v/c+ zg
<latexit sha1_base64="Mieaxd411IJ2SpFoAB6VbALCkkI=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBItQN8NMLX3sim7cWcE+oB1LJk3b0MyDJKOUof/hxoUibv0Xd/6NmWkFFT0QOJxzL/fkuCFnUlnWh5FZWV1b38hu5ra2d3b38vsHbRlEgtAWCXggui6WlDOfthRTnHZDQbHnctpxpxeJ37mjQrLAv1GzkDoeHvtsxAhWWrrte1hNCObx1bxonw7yBcusV2tnVhWlpFy3FqRUKSHbtFIUYInmIP/eHwYk8qivCMdS9mwrVE6MhWKE03muH0kaYjLFY9rT1McelU6cpp6jE60M0SgQ+vkKper3jRh7Us48V08mKeVvLxH/8nqRGtWcmPlhpKhPFodGEUcqQEkFaMgEJYrPNMFEMJ0VkQkWmChdVE6X8PVT9D9pl0y7Ypavy4XG+bKOLBzBMRTBhio04BKa0AICAh7gCZ6Ne+PReDFeF6MZY7lzCD9gvH0CYsKSdw==</latexit>

O(1)
<latexit sha1_base64="c0909OcheOsdW7YRtDycv1NS/uY=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyxCXTjMtKWPXdGNOyvYB7RjyaRpG5p5kGSEOgz+ihsXirj1P9z5N2amFVT0QOBwzr3ck+MEjAppmh9aZml5ZXUtu57b2Nza3tF399rCDzkmLewzn3cdJAijHmlJKhnpBpwg12Gk40zPE79zS7igvnctZwGxXTT26IhiJJU00A/6LpITjFh0GRcs8yY6LcUnAz1vGvVqrWRWYUrKdXNOipUitAwzRR4s0Bzo7/2hj0OXeBIzJETPMgNpR4hLihmJc/1QkADhKRqTnqIecomwozR9DI+VMoQjn6vnSZiq3zci5Aoxcx01mWQVv71E/MvrhXJUsyPqBaEkHp4fGoUMSh8mVcAh5QRLNlMEYU5VVogniCMsVWE5VcLXT+H/pF00rIpRvirnG2eLOrLgEByBArBAFTTABWiCFsDgDjyAJ/Cs3WuP2ov2Oh/NaIudffAD2tsnvUiUyg==</latexit>

O(10�3)
<latexit sha1_base64="/gbHJGwSmSUOAeb3u6uegapL2VU=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSxCXRiSGvrYFd24s4KthTaWyXTaDp08mJkINQR/xY0LRdz6H+78GydpBRU9MHA4517umeOGjAppmh9abmFxaXklv1pYW9/Y3NK3d9oiiDgmLRywgHdcJAijPmlJKhnphJwgz2Xk2p2cpf71LeGCBv6VnIbE8dDIp0OKkVRSX9/reUiOMWLxRVKyzJv42E6O+nrRNOrV2olZhRmx6+aMlCtlaBlmhiKYo9nX33uDAEce8SVmSIiuZYbSiRGXFDOSFHqRICHCEzQiXUV95BHhxFn6BB4qZQCHAVfPlzBTv2/EyBNi6rlqMs0qfnup+JfXjeSw5sTUDyNJfDw7NIwYlAFMq4ADygmWbKoIwpyqrBCPEUdYqsIKqoSvn8L/SbtsWBXDvrSLjdN5HXmwDw5ACVigChrgHDRBC2BwBx7AE3jW7rVH7UV7nY3mtPnOLvgB7e0Tvs6Uyw==</latexit>

O(10�4)

2dFGRS2dFGRS
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Let us think about Redshift
<latexit sha1_base64="CZaS8+bcCnBaIXsqTwSh8Qbe+9Y="></latexit>

�obs =
anow
aemit

�emit

<latexit sha1_base64="S2ikrYVwxrUo2E6qjjTK7iA7JMo="></latexit>

z =
�obs

�emit
� 1 =

anow
aemit

� 1
<latexit sha1_base64="derRbD3XjbnBLXSLoZvhtKZ+il0="></latexit>

Distance =
c

H0

Z z

0

dzp
⌦m(1 + z)3 + ⌦⇤

v1

v2

v3

<latexit sha1_base64="tZDUO05KWZJ2bjWl2gbmuC60BA4="></latexit>

zobs = zcosmo +�v/c+ zg
<latexit sha1_base64="Mieaxd411IJ2SpFoAB6VbALCkkI=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBItQN8NMLX3sim7cWcE+oB1LJk3b0MyDJKOUof/hxoUibv0Xd/6NmWkFFT0QOJxzL/fkuCFnUlnWh5FZWV1b38hu5ra2d3b38vsHbRlEgtAWCXggui6WlDOfthRTnHZDQbHnctpxpxeJ37mjQrLAv1GzkDoeHvtsxAhWWrrte1hNCObx1bxonw7yBcusV2tnVhWlpFy3FqRUKSHbtFIUYInmIP/eHwYk8qivCMdS9mwrVE6MhWKE03muH0kaYjLFY9rT1McelU6cpp6jE60M0SgQ+vkKper3jRh7Us48V08mKeVvLxH/8nqRGtWcmPlhpKhPFodGEUcqQEkFaMgEJYrPNMFEMJ0VkQkWmChdVE6X8PVT9D9pl0y7Ypavy4XG+bKOLBzBMRTBhio04BKa0AICAh7gCZ6Ne+PReDFeF6MZY7lzCD9gvH0CYsKSdw==</latexit>

O(1)
<latexit sha1_base64="c0909OcheOsdW7YRtDycv1NS/uY=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyxCXTjMtKWPXdGNOyvYB7RjyaRpG5p5kGSEOgz+ihsXirj1P9z5N2amFVT0QOBwzr3ck+MEjAppmh9aZml5ZXUtu57b2Nza3tF399rCDzkmLewzn3cdJAijHmlJKhnpBpwg12Gk40zPE79zS7igvnctZwGxXTT26IhiJJU00A/6LpITjFh0GRcs8yY6LcUnAz1vGvVqrWRWYUrKdXNOipUitAwzRR4s0Bzo7/2hj0OXeBIzJETPMgNpR4hLihmJc/1QkADhKRqTnqIecomwozR9DI+VMoQjn6vnSZiq3zci5Aoxcx01mWQVv71E/MvrhXJUsyPqBaEkHp4fGoUMSh8mVcAh5QRLNlMEYU5VVogniCMsVWE5VcLXT+H/pF00rIpRvirnG2eLOrLgEByBArBAFTTABWiCFsDgDjyAJ/Cs3WuP2ov2Oh/NaIudffAD2tsnvUiUyg==</latexit>

O(10�3)
<latexit sha1_base64="/gbHJGwSmSUOAeb3u6uegapL2VU=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSxCXRiSGvrYFd24s4KthTaWyXTaDp08mJkINQR/xY0LRdz6H+78GydpBRU9MHA4517umeOGjAppmh9abmFxaXklv1pYW9/Y3NK3d9oiiDgmLRywgHdcJAijPmlJKhnphJwgz2Xk2p2cpf71LeGCBv6VnIbE8dDIp0OKkVRSX9/reUiOMWLxRVKyzJv42E6O+nrRNOrV2olZhRmx6+aMlCtlaBlmhiKYo9nX33uDAEce8SVmSIiuZYbSiRGXFDOSFHqRICHCEzQiXUV95BHhxFn6BB4qZQCHAVfPlzBTv2/EyBNi6rlqMs0qfnup+JfXjeSw5sTUDyNJfDw7NIwYlAFMq4ADygmWbKoIwpyqrBCPEUdYqsIKqoSvn8L/SbtsWBXDvrSLjdN5HXmwDw5ACVigChrgHDRBC2BwBx7AE3jW7rVH7UV7nY3mtPnOLvgB7e0Tvs6Uyw==</latexit>

O(10�4)

2dFGRS2dFGRS
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Redshift Space Distortions (RSD)
Redshift Space Distortions (RSD)

Based on data from eBOSS 
Alam +eBOSS, PRD 103, 083533 (2021) 
Bautista, .., Alam +eBOSS, MNRAS 500(1), 736-762 (2021)

Actual data from eBOSS
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Redshift Space Distortion linearised
A co-ordinate transformation

<latexit sha1_base64="PSbTGOehCul2OWZ10qbUoutWHv4="></latexit>

s = r +
~v · r̂
aH

<latexit sha1_base64="PXAdzULJmEImyP7man1/W1u0c30=">AAACA3icdVDLSsNAFJ34rPUVdaebwSK4Cklb+lgIRTcuK9gHtDFMJpN26OTBzEQooeDGX3HjQhG3/oQ7/8ZJWkFFDwyce8693LnHjRkV0jQ/tKXlldW19cJGcXNre2dX39vviijhmHRwxCLed5EgjIakI6lkpB9zggKXkZ47ucj83i3hgkbhtZzGxA7QKKQ+xUgqydEPh3wcOQJ6NxUBz2Be8ayC3NFLptGsNypmHeak2jTnpFwrQ8swc5TAAm1Hfx96EU4CEkrMkBADy4ylnSIuKWZkVhwmgsQIT9CIDBQNUUCEneY3zOCJUjzoR1y9UMJc/T6RokCIaeCqzgDJsfjtZeJf3iCRfsNOaRgnkoR4vshPGJQRzAKBHuUESzZVBGFO1V8hHiOOsFSxFVUIX5fC/0m3bFg1o3pVLbXOF3EUwBE4BqfAAnXQApegDToAgzvwAJ7As3avPWov2uu8dUlbzByAH9DePgFZ8Za6</latexit>

⇢sd
3s = ⇢rd

3r

Conservation of galaxy number density

Alam et. a.l MNRAS (2017) 471(2): 2077-2087 

Relativistic beaming changes the galaxy 
we see in real space vs redshift space.  

In real survey not strictly true. 

But effect is tiny, of order 0.1%  or smaller
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Redshift Space Distortion linearised
A co-ordinate transformation

<latexit sha1_base64="PSbTGOehCul2OWZ10qbUoutWHv4="></latexit>

s = r +
~v · r̂
aH

<latexit sha1_base64="PXAdzULJmEImyP7man1/W1u0c30=">AAACA3icdVDLSsNAFJ34rPUVdaebwSK4Cklb+lgIRTcuK9gHtDFMJpN26OTBzEQooeDGX3HjQhG3/oQ7/8ZJWkFFDwyce8693LnHjRkV0jQ/tKXlldW19cJGcXNre2dX39vviijhmHRwxCLed5EgjIakI6lkpB9zggKXkZ47ucj83i3hgkbhtZzGxA7QKKQ+xUgqydEPh3wcOQJ6NxUBz2Be8ayC3NFLptGsNypmHeak2jTnpFwrQ8swc5TAAm1Hfx96EU4CEkrMkBADy4ylnSIuKWZkVhwmgsQIT9CIDBQNUUCEneY3zOCJUjzoR1y9UMJc/T6RokCIaeCqzgDJsfjtZeJf3iCRfsNOaRgnkoR4vshPGJQRzAKBHuUESzZVBGFO1V8hHiOOsFSxFVUIX5fC/0m3bFg1o3pVLbXOF3EUwBE4BqfAAnXQApegDToAgzvwAJ7As3avPWov2uu8dUlbzByAH9DePgFZ8Za6</latexit>

⇢sd
3s = ⇢rd

3r

Conservation of galaxy number 

Over-density field
<latexit sha1_base64="uYReI53KO1ZjaeR7DHoN++e/I5k="></latexit>

�s = [b+ fD(r)] �m(r)
<latexit sha1_base64="T1MVmJZj7q61beA8A9B3/5xnbrA="></latexit>

D(r) = @2
rr�2 +


2 +

@ log n̄(r)

@ log r

�
@r
r
r�2RSD operator

Consider Fourier modes
<latexit sha1_base64="O7HNYT8wdjHj8tC3k1iUZuhdRZ0="></latexit>

�s(k) = (b+ f(k̂ · r̂)2)�m(k)

Relativistic beaming changes the galaxy 
we see in real space vs redshift space.  

In real survey not strictly true. 

But effect is tiny, of order 0.1%  or smaller

<latexit sha1_base64="a5DzfkO30vmGeKlbE/tmnvhreAE="></latexit>

P g
s (k, µ) = Pm(k)(b+ fµ2)2

Alam et. a.l MNRAS (2017) 471(2): 2077-2087 
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Redshift Space Distortions (RSD)
Redshift Space Distortions (RSD)

Actual data from eBOSS

<latexit sha1_base64="BTxB2bMSf6EHWdTsZE/n2kkYeWc="></latexit>

µ =
sk
s

=
kk
k

<latexit sha1_base64="fNqp9aMo3aoCWmZ23cn5H0NzKDA="></latexit>

fgravity(a, k) =
@ ln(�(a, k))

@ ln(a)

<latexit sha1_base64="tqnGd3ZexGkdYk9SmfjMrws4+6M="></latexit>

fGR(a) ⇡ ⌦m(a)0.55

Test of gravity

*Full equations are much more involved and cannot be written in such simple closed form

*<latexit sha1_base64="a5DzfkO30vmGeKlbE/tmnvhreAE="></latexit>

P g
s (k, µ) = Pm(k)(b+ fµ2)2

<latexit sha1_base64="NDSzCvk/4az2DxYJqF3IHmedvYs=">AAAB73icdVDLSsNAFL2pr1pfVZduBovgKiS19LErunFZwT6gDWUynbRDJ5M4MxFK6E+4caGIW3/HnX/jNK2gogcuHM65l3vv8WPOlHacDyu3tr6xuZXfLuzs7u0fFA+POipKJKFtEvFI9nysKGeCtjXTnPZiSXHoc9r1p1cLv3tPpWKRuNWzmHohHgsWMIK1kXoDxcYhHtaHxZJjN2r1C6eGMlJpOEtSrpaRazsZSrBCa1h8H4wikoRUaMKxUn3XibWXYqkZ4XReGCSKxphM8Zj2DRU4pMpLs3vn6MwoIxRE0pTQKFO/T6Q4VGoW+qYzxHqifnsL8S+vn+ig7qVMxImmgiwXBQlHOkKL59GISUo0nxmCiWTmVkQmWGKiTUQFE8LXp+h/0inbbtWu3FRKzctVHHk4gVM4Bxdq0IRraEEbCHB4gCd4tu6sR+vFel225qzVzDH8gPX2CWuSkEA=</latexit>�8

Wang L., Steinhardt P. J., 1998, AJ, 508, 483 

<latexit sha1_base64="mj6fcBKVtdtOz8/kkLZ1xfhkCo8=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXw0wtfeyKdeFCoYJ9wHQomUzahmaSIckIZehnuHGhiFu/xp1/YzqtoKIHAodzziX3niBmVGnH+bBWVtfWNzZzW/ntnd29/cLBYUeJRGLSxoIJ2QuQIoxy0tZUM9KLJUFRwEg3mDTnfveeSEUFv9PTmPgRGnE6pBhpI3n9axMNEWxe3gwKRceuV2vnThVmpFx3FqRUKUHXdjIUwRKtQeG9HwqcRIRrzJBSnuvE2k+R1BQzMsv3E0VihCdoRDxDOYqI8tNs5Rk8NUoIh0KaxzXM1O8TKYqUmkaBSUZIj9Vvby7+5XmJHtb8lPI40YTjxUfDhEEt4Px+GFJJsGZTQxCW1OwK8RhJhLVpKW9K+LoU/k86Jdut2OXbcrFxsawjB47BCTgDLqiCBrgCLdAGGAjwAJ7As6WtR+vFel1EV6zlzBH4AevtE7gfkOs=</latexit>

⇤CDM
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Current Status of 3d clustering measurements

LRG 0.6<z<1.0 ELG 0.6<z<1.1 QSO 0.8<z<2.2

MGS 0.07<z<0.2 LRG 0.2<z<0.4 LRG 0.4<z<0.6

Based on data from SDSS 
Alam +eBOSS, PRD 103, 083533 (2021)35



BAO constrains Geometry and RSD Growth of the Universe

<latexit sha1_base64="qTJi1XxuBWh1G7iyvfOYMBLhiyM=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSxC3YS0lj4WQlEXXVawD2hDmEwn7dDJg5mJ0Ibgr7hxoYhb/8Odf+M0raCiBy4czrmXe+9xQkaFNM0PLbOyura+kd3MbW3v7O7p+wcdEUQckzYOWMB7DhKEUZ+0JZWM9EJOkOcw0nUmV3O/e0e4oIF/K6chsTw08qlLMZJKsvWja7sJL+DA5QjHOImbhdlZYut506hXa+dmFaakXDcXpFQpwaJhpsiDJVq2/j4YBjjyiC8xQ0L0i2YorRhxSTEjSW4QCRIiPEEj0lfURx4RVpxen8BTpQyhG3BVvoSp+n0iRp4QU89RnR6SY/Hbm4t/ef1IujUrpn4YSeLjxSI3YlAGcB4FHFJOsGRTRRDmVN0K8RipIKQKLKdC+PoU/k86JaNYMco35XzjchlHFhyDE1AARVAFDdAELdAGGMzAA3gCz9q99qi9aK+L1oy2nDkEP6C9fQKDApSr</latexit>

DH =
c

H(z)

<latexit sha1_base64="ea8ipE9yySIDTonhEVdCNtBTgoc="></latexit>

DM =
c

H0
Sk

✓
DC(z)

c/H0

◆

<latexit sha1_base64="Ru8RVp+i7SVtzOGEeznKzBZ8ZQM="></latexit>

DC(z) =
c

H0

Z z

0
dz

0 H0

H(z0)

<latexit sha1_base64="6plAXqIJHZ0VfHXY0XNBtpqUKDw="></latexit>

Sk(x) = sin(
p

�⌦kx)/
p

�⌦k, ⌦k < 0

<latexit sha1_base64="5MBcnsxRHoGUKKPlEcgJAaoGku4="></latexit>

Sk(x) = sin(
p
⌦kx)/

p
⌦k, ⌦k > 0

<latexit sha1_base64="KANTUQR+66tn/Dy1lUEE8HAtMHo=">AAACAnicdVDLSgMxFM3UV62vUVfiJliECqXM1NLHolB0486K9gFtGTJp2obJPEgy0jIUN/6KGxeKuPUr3Pk3ptMKKnouFw7n3Etyjx0wKqRhfGiJpeWV1bXkempjc2t7R9/dawo/5Jg0sM983raRIIx6pCGpZKQdcIJcm5GW7ZzP/NYt4YL63o2cBKTnoqFHBxQjqSRLP7i2nMz4pDqGWdjNqrp0yRBZTtWw9LSRq5TKp0YJxqRQMeYkX8xDM2fESIMF6pb+3u37OHSJJzFDQnRMI5C9CHFJMSPTVDcUJEDYQUPSUdRDLhG9KD5hCo+V0ocDn6v2JIzV7xsRcoWYuLaadJEcid/eTPzL64RyUO5F1AtCSTw8f2gQMih9OMsD9iknWLKJIghzqv4K8QhxhKVKLaVC+LoU/k+a+ZxZzBWuCuna2SKOJDgERyADTFACNXAB6qABMLgDD+AJPGv32qP2or3ORxPaYmcf/ID29gmQopWq</latexit>

Sk(x) = x, ⌦k = 0 Alam +eBOSS, PRD 103, 083533 (2021)

<latexit sha1_base64="ilugYo/s1haIEJImg7G2D17F3bE=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgKeyKJHoL6sGLENE8IFnC7GQ2GTI7u8z0CiHkE7x4UMSrX+TNv3HyEKJoQUNR1U13V5BIYdB1P53M0vLK6lp2PbexubW9k9/dq5s41YzXWCxj3Qyo4VIoXkOBkjcTzWkUSN4IBpcTv/HAtRGxusdhwv2I9pQIBaNopburzk0nX/CK7hTEXSBeqXxeIt9WAeaodvIf7W7M0ogrZJIa0/LcBP0R1SiY5ONcOzU8oWxAe7xlqaIRN/5oeuqYHFmlS8JY21JIpurixIhGxgyjwHZGFPvmtzcR//JaKYZn/kioJEWu2GxRmEqCMZn8TbpCc4ZyaAllWthbCetTTRnadHKLIfxP6idFr1Q8vT0tVC7mcWThAA7hGDwoQwWuoQo1YNCDR3iGF0c6T86r8zZrzTjzmX34Aef9CxQuja8=</latexit>

DM

<latexit sha1_base64="OlI2yZ1QlYoXVHwB3HpMNS7dR1Q=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgKeyKJHoL6iHHiOYByRJmJ73JkNnZZWZWCCGf4MWDIl79Im/+jZOHEEULGoqqbrq7gkRwbVz308msrK6tb2Q3c1vbO7t7+f2Dho5TxbDOYhGrVkA1Ci6xbrgR2EoU0igQ2AyG11O/+YBK81jem1GCfkT7koecUWOlu5tutZsveEV3BuIuEa9UviyRb6sAC9S6+Y9OL2ZphNIwQbVue25i/DFVhjOBk1wn1ZhQNqR9bFsqaYTaH89OnZATq/RIGCtb0pCZujwxppHWoyiwnRE1A/3bm4p/ee3UhBf+mMskNSjZfFGYCmJiMv2b9LhCZsTIEsoUt7cSNqCKMmPTyS2H8D9pnBW9UvH89rxQuVrEkYUjOIZT8KAMFahCDerAoA+P8AwvjnCenFfnbd6acRYzh/ADzvsXDJqNqg==</latexit>

DH
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What Have we learned?
Matter density, expansion rate, amplitude of fluctuation

<latexit sha1_base64="YesrsNugaC0caPib0umQ220xMt4=">AAACBHicdVDLSgMxFM3UV62vUZfdBIvgakjboY+FUHTjzgq2FTqlZNJMG5rMDElGKEMXbvwVNy4UcetHuPNvTB+Cih4IHM45l5t7/JgzpRH6sDIrq2vrG9nN3Nb2zu6evX/QVlEiCW2RiEfyxseKchbSlmaa05tYUix8Tjv++Hzmd26pVCwKr/Ukpj2BhyELGMHaSH07710KOsR9AU8hcsrIhV4sDEOoBPt2ATn1aq2MqnBO3DpakFKlBIsmM0MBLNHs2+/eICKJoKEmHCvVLaJY91IsNSOcTnNeomiMyRgPadfQEAuqeun8iCk8NsoABpE0L9Rwrn6fSLFQaiJ8kxRYj9Rvbyb+5XUTHdR6KQvjRNOQLBYFCYc6grNG4IBJSjSfGIKJZOavkIywxESb3nKmhK9L4f+kXXKKFce9cguNs2UdWZAHR+AEFEEVNMAFaIIWIOAOPIAn8GzdW4/Wi/W6iGas5cwh+AHr7RMdV5U3</latexit>

⌦m = 0.304± 0.002
<latexit sha1_base64="q3K6ltK47BTVhsWqxy4C04ChIyA="></latexit>

H0 = 68.19± 0.36 km/s/Mpc
<latexit sha1_base64="KqN1b/XeLRzYkYGJunpXUBi68Rc=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbB1ZCppY+FUHTjsoJthXYYMmmmDU1mhiQjlKHgxl9x40IRt/6EO//G9CGo6IHA4ZxzubknSDhTGqEPK7e0vLK6ll8vbGxube/Yu3ttFaeS0BaJeSxvAqwoZxFtaaY5vUkkxSLgtBOMLqZ+55ZKxeLoWo8T6gk8iFjICNZG8u2DnmIDgf0aPIPIqaEq7CXCMIQqvl1ETr1aOzXijJTraE5KlRJ0TWSKIlig6dvvvX5MUkEjTThWquuiRHsZlpoRTieFXqpogskID2jX0AgLqrxsdsMEHhulD8NYmhdpOFO/T2RYKDUWgUkKrIfqtzcV//K6qQ5rXsaiJNU0IvNFYcqhjuG0ENhnkhLNx4ZgIpn5KyRDLDHRpraCKeHrUvg/aZcct+KUr8rFxvmijjw4BEfgBLigChrgEjRBCxBwBx7AE3i27q1H68V6nUdz1mJmH/yA9fYJv3GVDA==</latexit>

�8 = 0.807± 0.006

*Includes observations of CMB, SN1 and WL

*

Matter density

Expansion rate of the Universe

Current amplitude of matter power spectrum

<latexit sha1_base64="pPCmfQu8KTww24cRFPj9vkTtDDk=">AAAB+nicdVDLSsNAFJ3UV62vVJduBovgKiS19LEr1oULhQr2AU0ok8mkHTp5MDNRSuynuHGhiFu/xJ1/4zStoKIHBg7nnMu9c9yYUSFN80PLrayurW/kNwtb2zu7e3pxvyuihGPSwRGLeN9FgjAako6kkpF+zAkKXEZ67qQ193u3hAsahTdyGhMnQKOQ+hQjqaShXoT2pUp7KLV5AFvnV7OhXjKNRq1+atZgRioNc0HK1TK0DDNDCSzRHurvthfhJCChxAwJMbDMWDop4pJiRmYFOxEkRniCRmSgaIgCIpw0O30Gj5XiQT/i6oUSZur3iRQFQkwDVyUDJMfitzcX//IGifTrTkrDOJEkxItFfsKgjOC8B+hRTrBkU0UQ5lTdCvEYcYSlaqugSvj6KfyfdMuGVTUq15VS82xZRx4cgiNwAixQA01wAdqgAzC4Aw/gCTxr99qj9qK9LqI5bTlzAH5Ae/sEr0WTqw==</latexit>

⇤CDM

Alam +eBOSS, PRD 103, 083533 (2021)
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What Have we learned?
Matter density, expansion rate, amplitude of fluctuation

<latexit sha1_base64="YesrsNugaC0caPib0umQ220xMt4=">AAACBHicdVDLSgMxFM3UV62vUZfdBIvgakjboY+FUHTjzgq2FTqlZNJMG5rMDElGKEMXbvwVNy4UcetHuPNvTB+Cih4IHM45l5t7/JgzpRH6sDIrq2vrG9nN3Nb2zu6evX/QVlEiCW2RiEfyxseKchbSlmaa05tYUix8Tjv++Hzmd26pVCwKr/Ukpj2BhyELGMHaSH07710KOsR9AU8hcsrIhV4sDEOoBPt2ATn1aq2MqnBO3DpakFKlBIsmM0MBLNHs2+/eICKJoKEmHCvVLaJY91IsNSOcTnNeomiMyRgPadfQEAuqeun8iCk8NsoABpE0L9Rwrn6fSLFQaiJ8kxRYj9Rvbyb+5XUTHdR6KQvjRNOQLBYFCYc6grNG4IBJSjSfGIKJZOavkIywxESb3nKmhK9L4f+kXXKKFce9cguNs2UdWZAHR+AEFEEVNMAFaIIWIOAOPIAn8GzdW4/Wi/W6iGas5cwh+AHr7RMdV5U3</latexit>

⌦m = 0.304± 0.002
<latexit sha1_base64="q3K6ltK47BTVhsWqxy4C04ChIyA="></latexit>

H0 = 68.19± 0.36 km/s/Mpc
<latexit sha1_base64="KqN1b/XeLRzYkYGJunpXUBi68Rc=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbB1ZCppY+FUHTjsoJthXYYMmmmDU1mhiQjlKHgxl9x40IRt/6EO//G9CGo6IHA4ZxzubknSDhTGqEPK7e0vLK6ll8vbGxube/Yu3ttFaeS0BaJeSxvAqwoZxFtaaY5vUkkxSLgtBOMLqZ+55ZKxeLoWo8T6gk8iFjICNZG8u2DnmIDgf0aPIPIqaEq7CXCMIQqvl1ETr1aOzXijJTraE5KlRJ0TWSKIlig6dvvvX5MUkEjTThWquuiRHsZlpoRTieFXqpogskID2jX0AgLqrxsdsMEHhulD8NYmhdpOFO/T2RYKDUWgUkKrIfqtzcV//K6qQ5rXsaiJNU0IvNFYcqhjuG0ENhnkhLNx4ZgIpn5KyRDLDHRpraCKeHrUvg/aZcct+KUr8rFxvmijjw4BEfgBLigChrgEjRBCxBwBx7AE3i27q1H68V6nUdz1mJmH/yA9fYJv3GVDA==</latexit>

�8 = 0.807± 0.006

*Includes observations of CMB, SN1 and WL

*

Matter density

Expansion rate of the Universe

Current amplitude of matter power spectrum

Curvature of the Universe
<latexit sha1_base64="OcPxvxCkg/0mZHSFQJYdKSuMJw0=">AAACBXicdVDLSgMxFM3UV62vUZe6CBbB1ZCppY+FUHTjzgr2Ae0wZNK0DU1mhiQjlKEbN/6KGxeKuPUf3Pk3pg9BRQ8EDuecy809QcyZ0gh9WJml5ZXVtex6bmNza3vH3t1rqiiRhDZIxCPZDrCinIW0oZnmtB1LikXAaSsYXUz91i2VikXhjR7H1BN4ELI+I1gbybcPu1eCDrA/gmcQOQghF3ZjMaNu2bfzyKmWK6eoDGekWEVzUigVoDuNG+TBAnXffu/2IpIIGmrCsVIdF8XaS7HUjHA6yXUTRWNMRnhAO4aGWFDlpbMrJvDYKD3Yj6R5oYYz9ftEioVSYxGYpMB6qH57U/Evr5PofsVLWRgnmoZkvqifcKgjOK0E9pikRPOxIZhIZv4KyRBLTLQpLmdK+LoU/k+aBcctOcXrYr52vqgjCw7AETgBLiiDGrgEddAABNyBB/AEnq1769F6sV7n0Yy1mNkHP2C9fQKmoZV/</latexit>

⌦k = 0.0001± 0.0017 *

<latexit sha1_base64="pPCmfQu8KTww24cRFPj9vkTtDDk=">AAAB+nicdVDLSsNAFJ3UV62vVJduBovgKiS19LEr1oULhQr2AU0ok8mkHTp5MDNRSuynuHGhiFu/xJ1/4zStoKIHBg7nnMu9c9yYUSFN80PLrayurW/kNwtb2zu7e3pxvyuihGPSwRGLeN9FgjAako6kkpF+zAkKXEZ67qQ193u3hAsahTdyGhMnQKOQ+hQjqaShXoT2pUp7KLV5AFvnV7OhXjKNRq1+atZgRioNc0HK1TK0DDNDCSzRHurvthfhJCChxAwJMbDMWDop4pJiRmYFOxEkRniCRmSgaIgCIpw0O30Gj5XiQT/i6oUSZur3iRQFQkwDVyUDJMfitzcX//IGifTrTkrDOJEkxItFfsKgjOC8B+hRTrBkU0UQ5lTdCvEYcYSlaqugSvj6KfyfdMuGVTUq15VS82xZRx4cgiNwAixQA01wAdqgAzC4Aw/gCTxr99qj9qK9LqI5bTlzAH5Ae/sEr0WTqw==</latexit>

⇤CDM

<latexit sha1_base64="BOgkI1T7Z7vXvwaStEpkGyuRlAg=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFchaSWPnbFunChUME+oAllMpm0QycPZiZiCfkVNy4UceuPuPNvnKYVVPTAwOGcc7l3jhszKqRpfmgrq2vrG5uFreL2zu7evn5Q6oko4Zh0ccQiPnCRIIyGpCupZGQQc4ICl5G+O23P/f4d4YJG4a2cxcQJ0DikPsVIKmmklyJoX6m4h1KbB7B9cZ2N9LJpNOuNM7MOc1JtmgtSqVWgZZg5ymCJzkh/t70IJwEJJWZIiKFlxtJJEZcUM5IV7USQGOEpGpOhoiEKiHDS/PYMnijFg37E1QslzNXvEykKhJgFrkoGSE7Eb28u/uUNE+k3nJSGcSJJiBeL/IRBGcF5EdCjnGDJZoogzKm6FeIJ4ghLVVdRlfD1U/g/6VUMq2ZUb6rl1vmyjgI4AsfgFFigDlrgEnRAF2BwDx7AE3jWMu1Re9FeF9EVbTlzCH5Ae/sEhBKUJA==</latexit>

o⇤CDM

Alam +eBOSS, PRD 103, 083533 (2021)
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What Have we learned?
Matter density, expansion rate, amplitude of fluctuation

<latexit sha1_base64="YesrsNugaC0caPib0umQ220xMt4=">AAACBHicdVDLSgMxFM3UV62vUZfdBIvgakjboY+FUHTjzgq2FTqlZNJMG5rMDElGKEMXbvwVNy4UcetHuPNvTB+Cih4IHM45l5t7/JgzpRH6sDIrq2vrG9nN3Nb2zu6evX/QVlEiCW2RiEfyxseKchbSlmaa05tYUix8Tjv++Hzmd26pVCwKr/Ukpj2BhyELGMHaSH07710KOsR9AU8hcsrIhV4sDEOoBPt2ATn1aq2MqnBO3DpakFKlBIsmM0MBLNHs2+/eICKJoKEmHCvVLaJY91IsNSOcTnNeomiMyRgPadfQEAuqeun8iCk8NsoABpE0L9Rwrn6fSLFQaiJ8kxRYj9Rvbyb+5XUTHdR6KQvjRNOQLBYFCYc6grNG4IBJSjSfGIKJZOavkIywxESb3nKmhK9L4f+kXXKKFce9cguNs2UdWZAHR+AEFEEVNMAFaIIWIOAOPIAn8GzdW4/Wi/W6iGas5cwh+AHr7RMdV5U3</latexit>

⌦m = 0.304± 0.002
<latexit sha1_base64="q3K6ltK47BTVhsWqxy4C04ChIyA="></latexit>

H0 = 68.19± 0.36 km/s/Mpc
<latexit sha1_base64="KqN1b/XeLRzYkYGJunpXUBi68Rc=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbB1ZCppY+FUHTjsoJthXYYMmmmDU1mhiQjlKHgxl9x40IRt/6EO//G9CGo6IHA4ZxzubknSDhTGqEPK7e0vLK6ll8vbGxube/Yu3ttFaeS0BaJeSxvAqwoZxFtaaY5vUkkxSLgtBOMLqZ+55ZKxeLoWo8T6gk8iFjICNZG8u2DnmIDgf0aPIPIqaEq7CXCMIQqvl1ETr1aOzXijJTraE5KlRJ0TWSKIlig6dvvvX5MUkEjTThWquuiRHsZlpoRTieFXqpogskID2jX0AgLqrxsdsMEHhulD8NYmhdpOFO/T2RYKDUWgUkKrIfqtzcV//K6qQ5rXsaiJNU0IvNFYcqhjuG0ENhnkhLNx4ZgIpn5KyRDLDHRpraCKeHrUvg/aZcct+KUr8rFxvmijjw4BEfgBLigChrgEjRBCxBwBx7AE3i27q1H68V6nUdz1mJmH/yA9fYJv3GVDA==</latexit>

�8 = 0.807± 0.006

*Includes observations of CMB, SN1 and WL

*

Matter density

Expansion rate of the Universe

Current amplitude of matter power spectrum

Curvature of the Universe
<latexit sha1_base64="OcPxvxCkg/0mZHSFQJYdKSuMJw0=">AAACBXicdVDLSgMxFM3UV62vUZe6CBbB1ZCppY+FUHTjzgr2Ae0wZNK0DU1mhiQjlKEbN/6KGxeKuPUf3Pk3pg9BRQ8EDuecy809QcyZ0gh9WJml5ZXVtex6bmNza3vH3t1rqiiRhDZIxCPZDrCinIW0oZnmtB1LikXAaSsYXUz91i2VikXhjR7H1BN4ELI+I1gbybcPu1eCDrA/gmcQOQghF3ZjMaNu2bfzyKmWK6eoDGekWEVzUigVoDuNG+TBAnXffu/2IpIIGmrCsVIdF8XaS7HUjHA6yXUTRWNMRnhAO4aGWFDlpbMrJvDYKD3Yj6R5oYYz9ftEioVSYxGYpMB6qH57U/Evr5PofsVLWRgnmoZkvqifcKgjOK0E9pikRPOxIZhIZv4KyRBLTLQpLmdK+LoU/k+aBcctOcXrYr52vqgjCw7AETgBLiiDGrgEddAABNyBB/AEnq1769F6sV7n0Yy1mNkHP2C9fQKmoZV/</latexit>

⌦k = 0.0001± 0.0017 *

• Is dark energy cosmological constant? 
<latexit sha1_base64="6gAHNFSDpXHPB+71wMBqr0HyVf8="></latexit>

⇢ / a�3(w+1)

<latexit sha1_base64="uX3lWEOksa46s5OxVYilVyzuHxM=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVw45CZlj4WQtGNywr2Ae1QMmmmDc08SDKVMvRP3LhQxK1/4s6/MZ1WUNEDgcM553JvjhdzJhVCH0ZubX1jcyu/XdjZ3ds/MA+P2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47TjTa4XfmdKhWRReKdmMXUDPAqZzwhWWhqY5v3lhW0hB/bjACILlQZmEVn1aq2EqjAj5TpaEqfiQB3NUAQrNAfme38YkSSgoSIcS9mzUazcFAvFCKfzQj+RNMZkgke0p2mIAyrdNLt8Ds+0MoR+JPQLFczU7xMpDqScBZ5OBliN5W9vIf7l9RLl19yUhXGiaEiWi/yEQxXBRQ1wyAQlis80wUQwfSskYywwUbqsgi7h66fwf9J2LLtilW/LxcbVqo48OAGn4BzYoAoa4AY0QQsQMAUP4Ak8G6nxaLwYr8tozljNHIMfMN4+AWXVkZk=</latexit>

w = �1.02± 0.03
<latexit sha1_base64="wnS/puZ+2b3ZO1DArxVmH+Hs5i0=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GmZq6WNXrAs3QgX7wHYomTTThiaZIckoZehfuHGhiFv/xp1/YzqtoKIHLhzOuZd77/EjRpV2nA8rs7K6tr6R3cxtbe/s7uX3D9oqjCUmLRyyUHZ9pAijgrQ01Yx0I0kQ9xnp+JPG3O/cEaloKG70NCIeRyNBA4qRNtLtfdKXHDYurmaDfMGxa5XqmVOBKSnVnAUplovQtZ0UBbBEc5B/7w9DHHMiNGZIqZ7rRNpLkNQUMzLL9WNFIoQnaER6hgrEifKS9OIZPDHKEAahNCU0TNXvEwniSk25bzo50mP125uLf3m9WAdVL6EiijUReLEoiBnUIZy/D4dUEqzZ1BCEJTW3QjxGEmFtQsqZEL4+hf+TdtF2y3bpulSony/jyIIjcAxOgQsqoA4uQRO0AAYCPIAn8Gwp69F6sV4XrRlrOXMIfsB6+wSlHpDu</latexit>

wCDM

<latexit sha1_base64="pPCmfQu8KTww24cRFPj9vkTtDDk=">AAAB+nicdVDLSsNAFJ3UV62vVJduBovgKiS19LEr1oULhQr2AU0ok8mkHTp5MDNRSuynuHGhiFu/xJ1/4zStoKIHBg7nnMu9c9yYUSFN80PLrayurW/kNwtb2zu7e3pxvyuihGPSwRGLeN9FgjAako6kkpF+zAkKXEZ67qQ193u3hAsahTdyGhMnQKOQ+hQjqaShXoT2pUp7KLV5AFvnV7OhXjKNRq1+atZgRioNc0HK1TK0DDNDCSzRHurvthfhJCChxAwJMbDMWDop4pJiRmYFOxEkRniCRmSgaIgCIpw0O30Gj5XiQT/i6oUSZur3iRQFQkwDVyUDJMfitzcX//IGifTrTkrDOJEkxItFfsKgjOC8B+hRTrBkU0UQ5lTdCvEYcYSlaqugSvj6KfyfdMuGVTUq15VS82xZRx4cgiNwAixQA01wAdqgAzC4Aw/gCTxr99qj9qK9LqI5bTlzAH5Ae/sEr0WTqw==</latexit>

⇤CDM

<latexit sha1_base64="BOgkI1T7Z7vXvwaStEpkGyuRlAg=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFchaSWPnbFunChUME+oAllMpm0QycPZiZiCfkVNy4UceuPuPNvnKYVVPTAwOGcc7l3jhszKqRpfmgrq2vrG5uFreL2zu7evn5Q6oko4Zh0ccQiPnCRIIyGpCupZGQQc4ICl5G+O23P/f4d4YJG4a2cxcQJ0DikPsVIKmmklyJoX6m4h1KbB7B9cZ2N9LJpNOuNM7MOc1JtmgtSqVWgZZg5ymCJzkh/t70IJwEJJWZIiKFlxtJJEZcUM5IV7USQGOEpGpOhoiEKiHDS/PYMnijFg37E1QslzNXvEykKhJgFrkoGSE7Eb28u/uUNE+k3nJSGcSJJiBeL/IRBGcF5EdCjnGDJZoogzKm6FeIJ4ghLVVdRlfD1U/g/6VUMq2ZUb6rl1vmyjgI4AsfgFFigDlrgEnRAF2BwDx7AE3jWMu1Re9FeF9EVbTlzCH5Ae/sEhBKUJA==</latexit>

o⇤CDM

*

Dark Energy equation of state
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Testing Gravity

40



<latexit sha1_base64="nHWuo1qgMw1gXzNWdoGcQhgG8L0=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSyCq5jW0seu6MaNUME+IAllMp20Q2eSMDMRaij+ihsXirj1P9z5N07TCip64MLhnHu59x4/ZlQq2/4wckvLK6tr+fXCxubW9o65u9eRUSIwaeOIRaLnI0kYDUlbUcVILxYEcZ+Rrj++mPndWyIkjcIbNYmJx9EwpAHFSGmpbx6kruDQ9QM4hs7o9CrGHpz2zaJtNWr1M7sGM1Jp2HNSrpZhybIzFMECrb757g4inHASKsyQlE7JjpWXIqEoZmRacBNJYoTHaEgcTUPEifTS7PopPNbKAAaR0BUqmKnfJ1LEpZxwX3dypEbytzcT//KcRAV1L6VhnCgS4vmiIGFQRXAWBRxQQbBiE00QFlTfCvEICYSVDqygQ/j6FP5POmWrVLUq15Vi83wRRx4cgiNwAkqgBprgErRAG2BwBx7AE3g27o1H48V4nbfmjMXMPvgB4+0TaISUlg==</latexit> k
[h
/M

p
c]

<latexit sha1_base64="G91Hq96Vpbu6TOE7DsHEfQtyRuk=">AAACBXicdVDLSsNAFJ34rPUVdamLwSLUTUlq6WNXdOOygn1AE8pkMmmHTh7MTIQasnHjr7hxoYhb/8Gdf+MkraCiBy6cOede5t7jRIwKaRgf2tLyyuraemGjuLm1vbOr7+33RBhzTLo4ZCEfOEgQRgPSlVQyMog4Qb7DSN+ZXmR+/4ZwQcPgWs4iYvtoHFCPYiSVNNKPEov70HI8yIkrJtSTKUyyZ/n2NB3pJaPSajTPjAbMSa1lzEm1XoVmxchRAgt0Rvq75YY49kkgMUNCDE0jknaCuKSYkbRoxYJECE/RmAwVDZBPhJ3kV6TwRCku9EKuKpAwV79PJMgXYuY7qtNHciJ+e5n4lzeMpde0ExpEsSQBnn/kxQzKEGaRQJdygiWbKYIwp2pXiCeIIyxVcEUVwtel8H/Sq1bMeqV2VSu1zxdxFMAhOAZlYIIGaINL0AFdgMEdeABP4Fm71x61F+113rqkLWYOwA9ob58DtZhM</latexit>

redshift(z)

<latexit sha1_base64="/tCNgI1+BMGp4sgmcpwqfkKSiaM=">AAAB7nicdVBNS8NAEJ3Ur1q/qh69LBbBiyGppR+3ohePFWwrtLFstpt26WYTdjdCCf0RXjwo4tXf481/4zatoKIPBh7vzTAzz485U9pxPqzcyura+kZ+s7C1vbO7V9w/6KgokYS2ScQjeetjRTkTtK2Z5vQ2lhSHPqddf3I597v3VCoWiRs9jakX4pFgASNYG6nrOnfpWXk2KJYcu1Grnzs1lJFKw1mQcrWMXNvJUIIlWoPie38YkSSkQhOOleq5Tqy9FEvNCKezQj9RNMZkgke0Z6jAIVVemp07QydGGaIgkqaERpn6fSLFoVLT0DedIdZj9dubi395vUQHdS9lIk40FWSxKEg40hGa/46GTFKi+dQQTCQztyIyxhITbRIqmBC+PkX/k07Zdqt25bpSal4s48jDERzDKbhQgyZcQQvaQGACD/AEz1ZsPVov1uuiNWctZw7hB6y3T9gQj0g=</latexit>

10�2

<latexit sha1_base64="hYCyFL5gTZU9c7v4a9k76IiSx1U=">AAAB7nicdVBNS8NAEJ3Ur1q/qh69LBbBiyGppR+3ohePFWwrtLFstpt26WYTdjdCCf0RXjwo4tXf481/4zatoKIPBh7vzTAzz485U9pxPqzcyura+kZ+s7C1vbO7V9w/6KgokYS2ScQjeetjRTkTtK2Z5vQ2lhSHPqddf3I597v3VCoWiRs9jakX4pFgASNYG6nrOnfpmTsbFEuO3ajVz50aykil4SxIuVpGru1kKMESrUHxvT+MSBJSoQnHSvVcJ9ZeiqVmhNNZoZ8oGmMywSPaM1TgkCovzc6doROjDFEQSVNCo0z9PpHiUKlp6JvOEOux+u3Nxb+8XqKDupcyESeaCrJYFCQc6QjNf0dDJinRfGoIJpKZWxEZY4mJNgkVTAhfn6L/Sadsu1W7cl0pNS+WceThCI7hFFyoQROuoAVtIDCBB3iCZyu2Hq0X63XRmrOWM4fwA9bbJ9aLj0c=</latexit>

10�1

<latexit sha1_base64="cKT6O7oXCIOGHRQdChyI/gSIpDc=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjK19LErunFZwT6gHUsmzbTRTDIkGaEM/Qc3LhRx6/+4829MpxVU9MCFwzn3cu89QcyZNgh9OLmV1bX1jfxmYWt7Z3evuH/Q0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g3uLuZ+954qzaS4NtOY+hEeCxYygo2VOh66SdFsWCwht1Grn6EazEilgRakXC1Dz0UZSmCJ1rD4PhhJkkRUGMKx1n0PxcZPsTKMcDorDBJNY0zu8Jj2LRU4otpPs2tn8MQqIxhKZUsYmKnfJ1IcaT2NAtsZYTPRv725+JfXT0xY91Mm4sRQQRaLwoRDI+H8dThiihLDp5Zgopi9FZIJVpgYG1DBhvD1KfyfdMquV3UrV5VS83wZRx4cgWNwCjxQA01wCVqgDQi4BQ/gCTw70nl0XpzXRWvOWc4cgh9w3j4BalCPDw==</latexit>

100

<latexit sha1_base64="DmZGf7L3ekzpAR6RIHFP0OJAQZk=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPQ08MWW5BLx4TMAskQ+jp9CRteha6e4Qw5Au8eFDEq5/kzb+xM4mgog8KHu9VUVXPiwVXGuMPa219Y3NrO7eT393bPzgsHB13VJRIyto0EpHseUQxwUPW1lwL1oslI4EnWNebXi/87j2TikfhrZ7FzA3IOOQ+p0QbqYWHhSK269XaJa6ijJTreElKlRJybJyhCCs0h4X3wSiiScBCTQVRqu/gWLspkZpTweb5QaJYTOiUjFnf0JAETLlpdugcnRtlhPxImgo1ytTvEykJlJoFnukMiJ6o395C/MvrJ9qvuSkP40SzkC4X+YlAOkKLr9GIS0a1mBlCqOTmVkQnRBKqTTZ5E8LXp+h/0inZTsUut8rFxtUqjhycwhlcgANVaMANNKENFBg8wBM8W3fWo/VivS5b16zVzAn8gPX2CRRKjSY=</latexit>

0
<latexit sha1_base64="Ap6LatL2Urf4xGn19Sj20H0Fago=">AAAB6nicdVDLSgMxFL1TX7W+qi7dBIvgapippY9d0Y3LivYB7VAyaaYNzWSGJCOUoZ/gxoUibv0id/6N6bSCih4IHM45l9x7/JgzpR3nw8qtrW9sbuW3Czu7e/sHxcOjjooSSWibRDySPR8rypmgbc00p71YUhz6nHb96dXC795TqVgk7vQspl6Ix4IFjGBtpFvXdobFkmM3avULp4YyUmk4S1KulpEJZCjBCq1h8X0wikgSUqEJx0r1XSfWXoqlZoTTeWGQKBpjMsVj2jdU4JAqL81WnaMzo4xQEEnzhEaZ+n0ixaFSs9A3yRDrifrtLcS/vH6ig7qXMhEnmgqy/ChIONIRWtyNRkxSovnMEEwkM7siMsESE23aKZgSvi5F/5NO2XarduWmUmperurIwwmcwjm4UIMmXEML2kBgDA/wBM8Wtx6tF+t1Gc1Zq5lj+AHr7RPuoI2Z</latexit>

1.0
<latexit sha1_base64="FW2xK5N0mRQXjusF5BHkqECXecw=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GnpiyHILevEY0SyQDKGn05M06Vno7hHCkE/w4kERr36RN//GziSCij4oeLxXRVU9LxZcaYw/rNza+sbmVn67sLO7t39QPDzqqCiRlLVpJCLZ84higoesrbkWrBdLRgJPsK43vVr43XsmFY/COz2LmRuQcch9Tok20m3ZxsNiCduNWv0C11BGKg28JOVqGTk2zlCCFVrD4vtgFNEkYKGmgijVd3Cs3ZRIzalg88IgUSwmdErGrG9oSAKm3DQ7dY7OjDJCfiRNhRpl6veJlARKzQLPdAZET9RvbyH+5fUT7dfdlIdxollIl4v8RCAdocXfaMQlo1rMDCFUcnMrohMiCdUmnYIJ4etT9D/plG2nalduKqXm5SqOPJzAKZyDAzVowjW0oA0UxvAAT/BsCevRerFel605azVzDD9gvX0C8CaNmg==</latexit>

2.0
<latexit sha1_base64="Vc6xnBMCXm9QNnDvfXiKKpxR0zU=">AAAB6nicdVDLSsNAFL3xWeur6tLNYBFchaQtfeyKblxWtA9oQ5lMJ+3QySTMTIQS+gluXCji1i9y5984TSuo6IELh3Pu5d57/JgzpR3nw1pb39jc2s7t5Hf39g8OC0fHHRUlktA2iXgkez5WlDNB25ppTnuxpDj0Oe3606uF372nUrFI3OlZTL0QjwULGMHaSLdl2xkWio7dqNXLTg1lpNJwlqRULSHXdjIUYYXWsPA+GEUkCanQhGOl+q4Tay/FUjPC6Tw/SBSNMZniMe0bKnBIlZdmp87RuVFGKIikKaFRpn6fSHGo1Cz0TWeI9UT99hbiX14/0UHdS5mIE00FWS4KEo50hBZ/oxGTlGg+MwQTycytiEywxESbdPImhK9P0f+kU7Ldql25qRSbl6s4cnAKZ3ABLtSgCdfQgjYQGMMDPMGzxa1H68V6XbauWauZE/gB6+0T8ayNmw==</latexit>

3.0
<latexit sha1_base64="G91Hq96Vpbu6TOE7DsHEfQtyRuk=">AAACBXicdVDLSsNAFJ34rPUVdamLwSLUTUlq6WNXdOOygn1AE8pkMmmHTh7MTIQasnHjr7hxoYhb/8Gdf+MkraCiBy6cOede5t7jRIwKaRgf2tLyyuraemGjuLm1vbOr7+33RBhzTLo4ZCEfOEgQRgPSlVQyMog4Qb7DSN+ZXmR+/4ZwQcPgWs4iYvtoHFCPYiSVNNKPEov70HI8yIkrJtSTKUyyZ/n2NB3pJaPSajTPjAbMSa1lzEm1XoVmxchRAgt0Rvq75YY49kkgMUNCDE0jknaCuKSYkbRoxYJECE/RmAwVDZBPhJ3kV6TwRCku9EKuKpAwV79PJMgXYuY7qtNHciJ+e5n4lzeMpde0ExpEsSQBnn/kxQzKEGaRQJdygiWbKYIwp2pXiCeIIyxVcEUVwtel8H/Sq1bMeqV2VSu1zxdxFMAhOAZlYIIGaINL0AFdgMEdeABP4Fm71x61F+113rqkLWYOwA9ob58DtZhM</latexit>

redshift(z)
<latexit sha1_base64="DmZGf7L3ekzpAR6RIHFP0OJAQZk=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPQ08MWW5BLx4TMAskQ+jp9CRteha6e4Qw5Au8eFDEq5/kzb+xM4mgog8KHu9VUVXPiwVXGuMPa219Y3NrO7eT393bPzgsHB13VJRIyto0EpHseUQxwUPW1lwL1oslI4EnWNebXi/87j2TikfhrZ7FzA3IOOQ+p0QbqYWHhSK269XaJa6ijJTreElKlRJybJyhCCs0h4X3wSiiScBCTQVRqu/gWLspkZpTweb5QaJYTOiUjFnf0JAETLlpdugcnRtlhPxImgo1ytTvEykJlJoFnukMiJ6o395C/MvrJ9qvuSkP40SzkC4X+YlAOkKLr9GIS0a1mBlCqOTmVkQnRBKqTTZ5E8LXp+h/0inZTsUut8rFxtUqjhycwhlcgANVaMANNKENFBg8wBM8W3fWo/VivS5b16zVzAn8gPX2CRRKjSY=</latexit>

0
<latexit sha1_base64="Ap6LatL2Urf4xGn19Sj20H0Fago=">AAAB6nicdVDLSgMxFL1TX7W+qi7dBIvgapippY9d0Y3LivYB7VAyaaYNzWSGJCOUoZ/gxoUibv0id/6N6bSCih4IHM45l9x7/JgzpR3nw8qtrW9sbuW3Czu7e/sHxcOjjooSSWibRDySPR8rypmgbc00p71YUhz6nHb96dXC795TqVgk7vQspl6Ix4IFjGBtpFvXdobFkmM3avULp4YyUmk4S1KulpEJZCjBCq1h8X0wikgSUqEJx0r1XSfWXoqlZoTTeWGQKBpjMsVj2jdU4JAqL81WnaMzo4xQEEnzhEaZ+n0ixaFSs9A3yRDrifrtLcS/vH6ig7qXMhEnmgqy/ChIONIRWtyNRkxSovnMEEwkM7siMsESE23aKZgSvi5F/5NO2XarduWmUmperurIwwmcwjm4UIMmXEML2kBgDA/wBM8Wtx6tF+t1Gc1Zq5lj+AHr7RPuoI2Z</latexit>

1.0
<latexit sha1_base64="FW2xK5N0mRQXjusF5BHkqECXecw=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GnpiyHILevEY0SyQDKGn05M06Vno7hHCkE/w4kERr36RN//GziSCij4oeLxXRVU9LxZcaYw/rNza+sbmVn67sLO7t39QPDzqqCiRlLVpJCLZ84higoesrbkWrBdLRgJPsK43vVr43XsmFY/COz2LmRuQcch9Tok20m3ZxsNiCduNWv0C11BGKg28JOVqGTk2zlCCFVrD4vtgFNEkYKGmgijVd3Cs3ZRIzalg88IgUSwmdErGrG9oSAKm3DQ7dY7OjDJCfiRNhRpl6veJlARKzQLPdAZET9RvbyH+5fUT7dfdlIdxollIl4v8RCAdocXfaMQlo1rMDCFUcnMrohMiCdUmnYIJ4etT9D/plG2nalduKqXm5SqOPJzAKZyDAzVowjW0oA0UxvAAT/BsCevRerFel605azVzDD9gvX0C8CaNmg==</latexit>

2.0
<latexit sha1_base64="Vc6xnBMCXm9QNnDvfXiKKpxR0zU=">AAAB6nicdVDLSsNAFL3xWeur6tLNYBFchaQtfeyKblxWtA9oQ5lMJ+3QySTMTIQS+gluXCji1i9y5984TSuo6IELh3Pu5d57/JgzpR3nw1pb39jc2s7t5Hf39g8OC0fHHRUlktA2iXgkez5WlDNB25ppTnuxpDj0Oe3606uF372nUrFI3OlZTL0QjwULGMHaSLdl2xkWio7dqNXLTg1lpNJwlqRULSHXdjIUYYXWsPA+GEUkCanQhGOl+q4Tay/FUjPC6Tw/SBSNMZniMe0bKnBIlZdmp87RuVFGKIikKaFRpn6fSHGo1Cz0TWeI9UT99hbiX14/0UHdS5mIE00FWS4KEo50hBZ/oxGTlGg+MwQTycytiEywxESbdPImhK9P0f+kU7Ldql25qRSbl6s4cnAKZ3ABLtSgCdfQgjYQGMMDPMGzxa1H68V6XbauWauZE/gB6+0T8ayNmw==</latexit>

3.0
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0.6

0.7
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Redshift Space Distortions as a probe of gravity
General Relativity f(R) gravity

<latexit sha1_base64="fNqp9aMo3aoCWmZ23cn5H0NzKDA="></latexit>

fgravity(a, k) =
@ ln(�(a, k))

@ ln(a)

Alam et. al. MNRAS 456, 3743-3756 (2016) 41



But the theory space is pretty large
Scalar perturbation

• General scalar degree of freedom in Modified 
gravity generically modifies these equations

Ezquiaga & Zumalacarregui, FASS 5 (2018) 44 

<latexit sha1_base64="S71+wZT5w/9ERMYNo5UF2rqsBvM="></latexit>

ds2 = �a2(⌧)
⇥
(1 + 2 (⌧, ~x))d⌧2 � (1� 2�(⌧, ~x))d~x2

⇤

<latexit sha1_base64="PtDP7omPu6muBGGCpGz80ChWcn4="></latexit>

k2 = �4⇡Ga2⇢�

Einstein equations

Poisson equation (Growth of structure)

<latexit sha1_base64="WbJhsTd+qYRF29rbK8Apbs+FjdE="></latexit>

k2( + �) = �8⇡Ga2⇢� Anisotropy (Propagation of light)

42



Phenomenological approach

In the future we will be able to constrain the full functional forms of the modifications

Alam +eBOSS, PRD 103, 083533 (2021)

<latexit sha1_base64="ADIrPtRuV49+vIJlsJ0lJI75JuI="></latexit>

k2 = �4⇡Ga2⇢�(1 + µ(a, k))
<latexit sha1_base64="g1ByrzqBlZTq53B+iae4d+juEsM="></latexit>

k2( + �) = �8⇡Ga2⇢�(1 + ⌃(a, k))

Modified Einstein equations

<latexit sha1_base64="QH5Nf5VL8sNZYF7f9/tsXFzJIik="></latexit>

µ(a, k) = µ0
⌦⇤(a)

⌦⇤(z = 0)
<latexit sha1_base64="s3m5Zrz2j38mcJJnu0e+Qsy2bQE="></latexit>

⌃(a, k) = ⌃0
⌦⇤(a)

⌦⇤(z = 0)

Simplification due to Limited 
precision of data

GR

43



Neutrinos in Cosmology

44



LSS can provide precise measurements of the 
sum of neutrino masses

<latexit sha1_base64="8vmTKrOP9EpsuJ7jf63OrzCBJlU=">AAAB7HicdVDLSsNAFJ3UV62vqks3g0VwFZJY+tgV3bisYNpCG8tkOmmHzkzCzEQood/gxoUibv0gd/6N07SCih64cDjnXu69J0wYVdpxPqzC2vrG5lZxu7Szu7d/UD486qg4lZj4OGax7IVIEUYF8TXVjPQSSRAPGemG06uF370nUtFY3OpZQgKOxoJGFCNtJJ8P3TtvWK44drPeuHDqMCfVprMkXs2Dru3kqIAV2sPy+2AU45QToTFDSvVdJ9FBhqSmmJF5aZAqkiA8RWPSN1QgTlSQ5cfO4ZlRRjCKpSmhYa5+n8gQV2rGQ9PJkZ6o395C/MvrpzpqBBkVSaqJwMtFUcqgjuHicziikmDNZoYgLKm5FeIJkghrk0/JhPD1KfyfdDzbrdnVm2qldbmKowhOwCk4By6ogxa4Bm3gAwwoeABP4NkS1qP1Yr0uWwvWauYY/ID19gm8iY6r</latexit>

m2
1

<latexit sha1_base64="57KMF3Tztqyv7v0aSN3xGPuQEMc=">AAAB7HicdVDLSsNAFJ3UV62vqks3g0VwFZJY+tgV3bisYNpCG8tkOmmHzkzCzEQood/gxoUibv0gd/6N07SCih64cDjnXu69J0wYVdpxPqzC2vrG5lZxu7Szu7d/UD486qg4lZj4OGax7IVIEUYF8TXVjPQSSRAPGemG06uF370nUtFY3OpZQgKOxoJGFCNtJJ8PvTtvWK44drPeuHDqMCfVprMkXs2Dru3kqIAV2sPy+2AU45QToTFDSvVdJ9FBhqSmmJF5aZAqkiA8RWPSN1QgTlSQ5cfO4ZlRRjCKpSmhYa5+n8gQV2rGQ9PJkZ6o395C/MvrpzpqBBkVSaqJwMtFUcqgjuHicziikmDNZoYgLKm5FeIJkghrk0/JhPD1KfyfdDzbrdnVm2qldbmKowhOwCk4By6ogxa4Bm3gAwwoeABP4NkS1qP1Yr0uWwvWauYY/ID19gm+D46s</latexit>

m2
2

<latexit sha1_base64="AqmJ/XqNDLDRGwOtekvX3Lre0bg=">AAAB7HicdVDLSsNAFJ34rPVVdelmsAiuQpKWPnZFNy4rmLbQxjKZTtqhM5MwMxFK6De4caGIWz/InX/jNK2gogcuHM65l3vvCRNGlXacD2ttfWNza7uwU9zd2z84LB0dd1ScSkx8HLNY9kKkCKOC+JpqRnqJJIiHjHTD6dXC794TqWgsbvUsIQFHY0EjipE2ks+HlTtvWCo7drPeqDh1mJNq01kSr+ZB13ZylMEK7WHpfTCKccqJ0Jghpfquk+ggQ1JTzMi8OEgVSRCeojHpGyoQJyrI8mPn8NwoIxjF0pTQMFe/T2SIKzXjoenkSE/Ub28h/uX1Ux01goyKJNVE4OWiKGVQx3DxORxRSbBmM0MQltTcCvEESYS1yadoQvj6FP5POp7t1uzqTbXculzFUQCn4AxcABfUQQtcgzbwAQYUPIAn8GwJ69F6sV6XrWvWauYE/ID19gm/lY6t</latexit>

m2
3

<latexit sha1_base64="gBOhy8v57cKzs+xXrAwB6iRt3Nk=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hq6cet6MVjBWMLbSib7aZdutmE3Y1QQn+DFw+KePUHefPfuE0rqOiDgcd7M8zMCxLOlHacD6uwtr6xuVXcLu3s7u0flA+P7lScSkI9EvNY9gKsKGeCepppTnuJpDgKOO0G06uF372nUrFY3OpZQv0IjwULGcHaSN5ApEN3WK44dqvRvHAaKCe1lrMk1XoVubaTowIrdIbl98EoJmlEhSYcK9V3nUT7GZaaEU7npUGqaILJFI9p31CBI6r8LD92js6MMkJhLE0JjXL1+0SGI6VmUWA6I6wn6re3EP/y+qkOm37GRJJqKshyUZhypGO0+ByNmKRE85khmEhmbkVkgiUm2uRTMiF8fYr+J3dV263btZtapX25iqMIJ3AK5+BCA9pwDR3wgACDB3iCZ0tYj9aL9bpsLVirmWP4AevtEyESju0=</latexit>⌫1

<latexit sha1_base64="tZkm5uSXRW+OjSY9T+5aQWuLk3Q=">AAAB7HicdVDLSsNAFL2pr1pfVZduBovgKiSx9LErunFZwdhCG8pkOmmHTiZhZiKU0G9w40IRt36QO//G6UNQ0QMXDufcy733hClnSjvOh1VYW9/Y3Cpul3Z29/YPyodHdyrJJKE+SXgiuyFWlDNBfc00p91UUhyHnHbCydXc79xTqVgibvU0pUGMR4JFjGBtJL8vsoE3KFccu1lvXDh1tCDVprMkXs1Dru0sUIEV2oPye3+YkCymQhOOleq5TqqDHEvNCKezUj9TNMVkgke0Z6jAMVVBvjh2hs6MMkRRIk0JjRbq94kcx0pN49B0xliP1W9vLv7l9TIdNYKciTTTVJDloijjSCdo/jkaMkmJ5lNDMJHM3IrIGEtMtMmnZEL4+hT9T+48263Z1ZtqpXW5iqMIJ3AK5+BCHVpwDW3wgQCDB3iCZ0tYj9aL9bpsLVirmWP4AevtEyKWju4=</latexit>⌫2

<latexit sha1_base64="xUwm203BdhwkDRcBWjMf9pr5+lI=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0ja0o9b0YvHCqYttKFstpt26WYTdjdCKf0NXjwo4tUf5M1/4zatoKIPBh7vzTAzL0g4U9pxPqzcxubW9k5+t7C3f3B4VDw+6ag4lYR6JOax7AVYUc4E9TTTnPYSSXEUcNoNptdLv3tPpWKxuNOzhPoRHgsWMoK1kbyBSIeVYbHk2M16o+LUUUaqTWdFyrUycm0nQwnWaA+L74NRTNKICk04VqrvOon251hqRjhdFAapogkmUzymfUMFjqjy59mxC3RhlBEKY2lKaJSp3yfmOFJqFgWmM8J6on57S/Evr5/qsOHPmUhSTQVZLQpTjnSMlp+jEZOUaD4zBBPJzK2ITLDERJt8CiaEr0/R/6RTtt2aXb2tllpX6zjycAbncAku1KEFN9AGDwgweIAneLaE9Wi9WK+r1py1njmFH7DePgEkGo7v</latexit>⌫3

Inverted Hierarchy

<latexit sha1_base64="8vmTKrOP9EpsuJ7jf63OrzCBJlU=">AAAB7HicdVDLSsNAFJ3UV62vqks3g0VwFZJY+tgV3bisYNpCG8tkOmmHzkzCzEQood/gxoUibv0gd/6N07SCih64cDjnXu69J0wYVdpxPqzC2vrG5lZxu7Szu7d/UD486qg4lZj4OGax7IVIEUYF8TXVjPQSSRAPGemG06uF370nUtFY3OpZQgKOxoJGFCNtJJ8P3TtvWK44drPeuHDqMCfVprMkXs2Dru3kqIAV2sPy+2AU45QToTFDSvVdJ9FBhqSmmJF5aZAqkiA8RWPSN1QgTlSQ5cfO4ZlRRjCKpSmhYa5+n8gQV2rGQ9PJkZ6o395C/MvrpzpqBBkVSaqJwMtFUcqgjuHicziikmDNZoYgLKm5FeIJkghrk0/JhPD1KfyfdDzbrdnVm2qldbmKowhOwCk4By6ogxa4Bm3gAwwoeABP4NkS1qP1Yr0uWwvWauYY/ID19gm8iY6r</latexit>

m2
1

<latexit sha1_base64="57KMF3Tztqyv7v0aSN3xGPuQEMc=">AAAB7HicdVDLSsNAFJ3UV62vqks3g0VwFZJY+tgV3bisYNpCG8tkOmmHzkzCzEQood/gxoUibv0gd/6N07SCih64cDjnXu69J0wYVdpxPqzC2vrG5lZxu7Szu7d/UD486qg4lZj4OGax7IVIEUYF8TXVjPQSSRAPGemG06uF370nUtFY3OpZQgKOxoJGFCNtJJ8PvTtvWK44drPeuHDqMCfVprMkXs2Dru3kqIAV2sPy+2AU45QToTFDSvVdJ9FBhqSmmJF5aZAqkiA8RWPSN1QgTlSQ5cfO4ZlRRjCKpSmhYa5+n8gQV2rGQ9PJkZ6o395C/MvrpzpqBBkVSaqJwMtFUcqgjuHicziikmDNZoYgLKm5FeIJkghrk0/JhPD1KfyfdDzbrdnVm2qldbmKowhOwCk4By6ogxa4Bm3gAwwoeABP4NkS1qP1Yr0uWwvWauYY/ID19gm+D46s</latexit>

m2
2

<latexit sha1_base64="AqmJ/XqNDLDRGwOtekvX3Lre0bg=">AAAB7HicdVDLSsNAFJ34rPVVdelmsAiuQpKWPnZFNy4rmLbQxjKZTtqhM5MwMxFK6De4caGIWz/InX/jNK2gogcuHM65l3vvCRNGlXacD2ttfWNza7uwU9zd2z84LB0dd1ScSkx8HLNY9kKkCKOC+JpqRnqJJIiHjHTD6dXC794TqWgsbvUsIQFHY0EjipE2ks+HlTtvWCo7drPeqDh1mJNq01kSr+ZB13ZylMEK7WHpfTCKccqJ0Jghpfquk+ggQ1JTzMi8OEgVSRCeojHpGyoQJyrI8mPn8NwoIxjF0pTQMFe/T2SIKzXjoenkSE/Ub28h/uX1Ux01goyKJNVE4OWiKGVQx3DxORxRSbBmM0MQltTcCvEESYS1yadoQvj6FP5POp7t1uzqTbXculzFUQCn4AxcABfUQQtcgzbwAQYUPIAn8GwJ69F6sV6XrWvWauYE/ID19gm/lY6t</latexit>

m2
3

<latexit sha1_base64="gBOhy8v57cKzs+xXrAwB6iRt3Nk=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hq6cet6MVjBWMLbSib7aZdutmE3Y1QQn+DFw+KePUHefPfuE0rqOiDgcd7M8zMCxLOlHacD6uwtr6xuVXcLu3s7u0flA+P7lScSkI9EvNY9gKsKGeCepppTnuJpDgKOO0G06uF372nUrFY3OpZQv0IjwULGcHaSN5ApEN3WK44dqvRvHAaKCe1lrMk1XoVubaTowIrdIbl98EoJmlEhSYcK9V3nUT7GZaaEU7npUGqaILJFI9p31CBI6r8LD92js6MMkJhLE0JjXL1+0SGI6VmUWA6I6wn6re3EP/y+qkOm37GRJJqKshyUZhypGO0+ByNmKRE85khmEhmbkVkgiUm2uRTMiF8fYr+J3dV263btZtapX25iqMIJ3AK5+BCA9pwDR3wgACDB3iCZ0tYj9aL9bpsLVirmWP4AevtEyESju0=</latexit>⌫1

<latexit sha1_base64="tZkm5uSXRW+OjSY9T+5aQWuLk3Q=">AAAB7HicdVDLSsNAFL2pr1pfVZduBovgKiSx9LErunFZwdhCG8pkOmmHTiZhZiKU0G9w40IRt36QO//G6UNQ0QMXDufcy733hClnSjvOh1VYW9/Y3Cpul3Z29/YPyodHdyrJJKE+SXgiuyFWlDNBfc00p91UUhyHnHbCydXc79xTqVgibvU0pUGMR4JFjGBtJL8vsoE3KFccu1lvXDh1tCDVprMkXs1Dru0sUIEV2oPye3+YkCymQhOOleq5TqqDHEvNCKezUj9TNMVkgke0Z6jAMVVBvjh2hs6MMkRRIk0JjRbq94kcx0pN49B0xliP1W9vLv7l9TIdNYKciTTTVJDloijjSCdo/jkaMkmJ5lNDMJHM3IrIGEtMtMmnZEL4+hT9T+48263Z1ZtqpXW5iqMIJ3AK5+BCHVpwDW3wgQCDB3iCZ0tYj9aL9bpsLVirmWP4AevtEyKWju4=</latexit>⌫2

<latexit sha1_base64="xUwm203BdhwkDRcBWjMf9pr5+lI=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0ja0o9b0YvHCqYttKFstpt26WYTdjdCKf0NXjwo4tUf5M1/4zatoKIPBh7vzTAzL0g4U9pxPqzcxubW9k5+t7C3f3B4VDw+6ag4lYR6JOax7AVYUc4E9TTTnPYSSXEUcNoNptdLv3tPpWKxuNOzhPoRHgsWMoK1kbyBSIeVYbHk2M16o+LUUUaqTWdFyrUycm0nQwnWaA+L74NRTNKICk04VqrvOon251hqRjhdFAapogkmUzymfUMFjqjy59mxC3RhlBEKY2lKaJSp3yfmOFJqFgWmM8J6on57S/Evr5/qsOHPmUhSTQVZLQpTjnSMlp+jEZOUaD4zBBPJzK2ITLDERJt8CiaEr0/R/6RTtt2aXb2tllpX6zjycAbncAku1KEFN9AGDwgweIAneLaE9Wi9WK+r1py1njmFH7DePgEkGo7v</latexit>⌫3
Solar

Atmospheric

<latexit sha1_base64="ZRsHFkYojskKqVoSwNdLy6Q51oI="></latexit>

⌃m⌫ & 0.06 eV

Normal Hierarchy
<latexit sha1_base64="zOEbgMLaVvxaleE0TTHtbSC5tvo="></latexit>

⌃m⌫ & 0.10 eV

<latexit sha1_base64="yL47upFAZM8Pn0Z9xGYU+/d4fsk="></latexit>

�m2
21 = (0.0086± 0.0011eV)2

<latexit sha1_base64="2cEbnKwqrqJAofeUB5x/J0/iX1Q="></latexit>

�m2
3` = (0.05± 0.0005eV)2

Neutrino Oscillation experiments 
Gonzalez-Garcia JHEP 1411:052, 2014

<latexit sha1_base64="KBGWTfnwYorQpZHxm4ltjBhH1Js=">AAAB7HicdVDLSsNAFJ3UV62vquDGzWARXIWklj52pW5ctmDaQhvKZDpph04mYWYilNBvcONCEbfu/Au/wJ0bv8VpoqCiBy4czrmXe+/xIkalsqw3I7eyura+kd8sbG3v7O4V9w+6MowFJg4OWSj6HpKEUU4cRRUj/UgQFHiM9LzZxdLvXRMhaciv1DwiboAmnPoUI6UlZ8jjERkVS5bZqNXPrRpMSaVhZaRcLUPbtFKUmkedd/rcemmPiq/DcYjjgHCFGZJyYFuRchMkFMWMLArDWJII4RmakIGmHAVEukl67AKeamUM/VDo4gqm6veJBAVSzgNPdwZITeVvbyn+5Q1i5dfdhPIoVoTjbJEfM6hCuPwcjqkgWLG5JggLqm+FeIoEwkrnU9AhfH0K/yfdsmlXzUpHp9ECGfLgGJyAM2CDGmiCS9AGDsCAghtwB+4NbtwaD8Zj1pozPmcOwQ8YTx9OipK+</latexit>⌫e
<latexit sha1_base64="5owonBIvSxNn8StqPJpsUhVb7SA=">AAAB7nicdVDLSsNAFJ34rK2Pqks3g1VwFZJa+tgV3bisYB/QhDKZTtqhk0mYmRRK6Ee4caGIW7/AH/AP3PkhunaaKKjogQuHc+7l3nu8iFGpLOvVWFpeWV1bz23kC5tb2zvF3b2ODGOBSRuHLBQ9D0nCKCdtRRUjvUgQFHiMdL3J+cLvTomQNORXahYRN0AjTn2KkdJS1+HxwAniQbFkmY1a/dSqwZRUGlZGytUytE0rRal59Pb0PC28twbFF2cY4jggXGGGpOzbVqTcBAlFMSPzvBNLEiE8QSPS15SjgEg3Sc+dw2OtDKEfCl1cwVT9PpGgQMpZ4OnOAKmx/O0txL+8fqz8uptQHsWKcJwt8mMGVQgXv8MhFQQrNtMEYUH1rRCPkUBY6YTyOoSvT+H/pFM27apZudRpnIEMOXAADsEJsEENNMEFaIE2wGACrsEtuDMi48a4Nx6y1iXjc2Yf/IDx+AHI4JRT</latexit>⌫µ

<latexit sha1_base64="ARORuyjlIUUVzQB6qTJ1Y3IM3Jc=">AAAB73icdVDLSsNAFJ34rPVVFdy4GSyCq5DU0seu1I3LFuwDmlAm00k7dDKJMxOhhP6EGxeKuHXhX/gF7tz4LU4TBRU9cOFwzr3ce48XMSqVZb0ZS8srq2vruY385tb2zm5hb78rw1hg0sEhC0XfQ5IwyklHUcVIPxIEBR4jPW96vvB710RIGvJLNYuIG6Axpz7FSGmp7/B46CgUDwtFy6xXa2dWFaakXLcyUqqUoG1aKYqNw/Y7fW6+tIaFV2cU4jggXGGGpBzYVqTcBAlFMSPzvBNLEiE8RWMy0JSjgEg3Se+dwxOtjKAfCl1cwVT9PpGgQMpZ4OnOAKmJ/O0txL+8Qaz8mptQHsWKcJwt8mMGVQgXz8MRFQQrNtMEYUH1rRBPkEBY6YjyOoSvT+H/pFsy7YpZbus0miBDDhyBY3AKbFAFDXABWqADMGDgBtyBe+PKuDUejMesdcn4nDkAP2A8fQCrLZQd</latexit>⌫⌧
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Neutrinos and Cosmology : Geometry

<latexit sha1_base64="eES6GsqCzTfkDFrdONrdq57qqZs="></latexit>

⇢b(aeq) + ⇢c(aeq) = ⇢�(aeq) + ⇢⌫(aeq)

• Neutrino becomes relativistic to non-relativistic 
as their temperature and hence thermal velocity 
drops.

<latexit sha1_base64="r465E/d4B+ndOLLSJyUOcYDuMIM="></latexit>

knr ⇡ 0.018⌦1/2
m

r
m⌫

1eV
hMpc�1

• Free-streaming scale when non-relativistic

• Radiation matter equality with neutrino

<latexit sha1_base64="yI4rmB+OEo0DMH9SKR3ZRdcOxIw="></latexit>

⌦⌫ =
⌃m⌫

93.14h2eV

<latexit sha1_base64="TAa3B2hOILOCEpxWk2QoPGNt9Dc=">AAACDHicdVDLSgMxFM3UV62vqks3wSK4KtNa+lgIRTfurGAf0BlKJs20oUlmSDJCGfoBbvwVNy4UcesHuPNvzExbUNEDgcM553JzjxcyqrRtf1qZldW19Y3sZm5re2d3L79/0FFBJDFp44AFsuchRRgVpK2pZqQXSoK4x0jXm1wmfveOSEUDcaunIXE5GgnqU4y0kQb5gj+IHRHNzh1fIhw715yM0CBRlpzPTMouNmr1M7sGU1Jp2HNSrpZhqWinKIAFWoP8hzMMcMSJ0JghpfolO9RujKSmmJFZzokUCRGeoBHpGyoQJ8qN02Nm8MQoQ+gH0jyhYap+n4gRV2rKPZPkSI/Vby8R//L6kfbrbkxFGGki8HyRHzGoA5g0A4dUEqzZ1BCEJTV/hXiMTCva9JczJSwvhf+TTrlYqhYrN5VC82JRRxYcgWNwCkqgBprgCrRAG2BwDx7BM3ixHqwn69V6m0cz1mLmEPyA9f4Fd+KckA==</latexit>

f⌫ =
⌦⌫

⌦m

• Changing sound horizon
<latexit sha1_base64="SqoIHvmNmcNBRSlAOgYtBXmGseM="></latexit>

rd =

Z 1

zeq

cs

H(z)
dz

<latexit sha1_base64="n2DCRGHZyOwpl/BIYolA2sxnDK8="></latexit>✓
H

H0

◆2

= ⌦ma
�3 + (⌦� + ⌦⌫)a

�4 + ⌦⇤

• This will affect BAO measurements
<latexit sha1_base64="9AP4TdwybzUBA4fppKFDCAJyTBI=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GmdiyHIL6sGLEMEskAxDT09P0qRnobtHCCEf4cWDIl79Hm/+jZ1JBBV9UPB4r4qqel7CmVSW9WHkVlbX1jfym4Wt7Z3dveL+QUfGqSC0TWIei56HJeUsom3FFKe9RFAcepx2vfHl3O/eUyFZHN2pSUKdEA8jFjCClZa6V+7NmXB9t1iyzEatfm7VUEYqDWtBytUysk0rQwmWaLnF94EfkzSkkSIcS9m3rUQ5UywUI5zOCoNU0gSTMR7SvqYRDql0ptm5M3SiFR8FsdAVKZSp3yemOJRyEnq6M8RqJH97c/Evr5+qoO5MWZSkikZksShIOVIxmv+OfCYoUXyiCSaC6VsRGWGBidIJFXQIX5+i/0mnbNpVs3JbKTUvlnHk4QiO4RRsqEETrqEFbSAwhgd4gmcjMR6NF+N10ZozljOH8APG2yc3A4+G</latexit>

DM/rd
<latexit sha1_base64="zTdMHTOxzxjsvameu/uwafMJeOY=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GmdiyHIL6iHHCGaBJAw9PT1Jk56F7h4hDPkILx4U8er3ePNv7EwiqOiDgsd7VVTVc2POpLKsDyO3tr6xuZXfLuzs7u0fFA+PujJKBKEdEvFI9F0sKWch7SimOO3HguLA5bTnTq8Xfu+eCsmi8E7NYjoK8DhkPiNYaal347QuhOM5xZJlNmr1S6uGMlJpWEtSrpaRbVoZSrBC2ym+D72IJAENFeFYyoFtxWqUYqEY4XReGCaSxphM8ZgONA1xQOUozc6dozOteMiPhK5QoUz9PpHiQMpZ4OrOAKuJ/O0txL+8QaL8+ihlYZwoGpLlIj/hSEVo8TvymKBE8ZkmmAimb0VkggUmSidU0CF8fYr+J92yaVfNym2l1LxaxZGHEziFc7ChBk1oQRs6QGAKD/AEz0ZsPBovxuuyNWesZo7hB4y3Ty9bj4E=</latexit>

DH/rd

*Neutrinos also affect He abundance (BBN) in the universe. But I will not discuss it in this talk for brevity. 46



Neutrinos and Cosmology : Growth
<latexit sha1_base64="yI4rmB+OEo0DMH9SKR3ZRdcOxIw="></latexit>

⌦⌫ =
⌃m⌫

93.14h2eV

<latexit sha1_base64="TAa3B2hOILOCEpxWk2QoPGNt9Dc=">AAACDHicdVDLSgMxFM3UV62vqks3wSK4KtNa+lgIRTfurGAf0BlKJs20oUlmSDJCGfoBbvwVNy4UcesHuPNvzExbUNEDgcM553JzjxcyqrRtf1qZldW19Y3sZm5re2d3L79/0FFBJDFp44AFsuchRRgVpK2pZqQXSoK4x0jXm1wmfveOSEUDcaunIXE5GgnqU4y0kQb5gj+IHRHNzh1fIhw715yM0CBRlpzPTMouNmr1M7sGU1Jp2HNSrpZhqWinKIAFWoP8hzMMcMSJ0JghpfolO9RujKSmmJFZzokUCRGeoBHpGyoQJ8qN02Nm8MQoQ+gH0jyhYap+n4gRV2rKPZPkSI/Vby8R//L6kfbrbkxFGGki8HyRHzGoA5g0A4dUEqzZ1BCEJTV/hXiMTCva9JczJSwvhf+TTrlYqhYrN5VC82JRRxYcgWNwCkqgBprgCrRAG2BwDx7BM3ixHqwn69V6m0cz1mLmEPyA9f4Fd+KckA==</latexit>

f⌫ =
⌦⌫

⌦m

• CDM growth with neutrino
<latexit sha1_base64="7twywqe5x/pDMzxVSFn3kwaCQ/U="></latexit>

�̈m + 2
ȧ

a
�̇m = 4⇡G⇢0(1� f⌫)�m

<latexit sha1_base64="CxCTgzbGyH4wbG3Mrv97ItJN8DI="></latexit>

�m / a1�
3
5 f⌫

<latexit sha1_base64="CujjDUiK1lEYasjnk60RDpLz900="></latexit>

P (k) = h�⇤c �ci , k < knr

• Effect in matter power spectrum

<latexit sha1_base64="XOTex0j6ER5w+XMQNHRlCfFkQSA="></latexit>

P (k) = (1� f⌫)
2 h�⇤c �ci , k � knr

• Redshift Space Distortions
<latexit sha1_base64="SWhtZm+4JK6BrgkzPm4hs4Xw7h4="></latexit>

f = ((1� f⌫)⌦m)0.55
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Current limit on Neutrino mass

Alam +eBOSS, PRD 103, 083533 (2021)

Normal Hierarchy

Inverted Hierarchy

Cosmology is fortunate?

Model dependent?
<latexit sha1_base64="WwveriEaBfrocHvqDNCZdh0rFTk="></latexit>

⌃m⌫ < 0.16 eV for ⌫w⇤CDM

Inverted vs Normal?
<latexit sha1_base64="b8Nj4xFiH/MntyzV/ZrF26fqrFs="></latexit>

⌃mtrue
⌫ < 0.07 eV ?

<latexit sha1_base64="DAeaxgxEy3snpchzCTKND43sjD0=">AAACCXicdVDLSgMxFM3UV62vqks3wSK4kGGmlj7ARdGNy4r2AZ1hyKRpG5pkhiQjlKFbN/6KGxeKuPUP3Pk3pg9BRQ9cOJxzL/feE8aMKu04H1ZmaXlldS27ntvY3Nreye/utVSUSEyaOGKR7IRIEUYFaWqqGenEkiAeMtIORxdTv31LpKKRuNHjmPgcDQTtU4y0kYI89K7pgCPIg9QTyeQMOrZbhN5J6kkOSWsCg3zBsWuV6qlTgTNSqjlzUiwXoWs7MxTAAo0g/+71IpxwIjRmSKmu68TaT5HUFDMyyXmJIjHCIzQgXUMF4kT56eyTCTwySg/2I2lKaDhTv0+kiCs15qHp5EgP1W9vKv7ldRPdr/opFXGiicDzRf2EQR3BaSywRyXBmo0NQVhScyvEQyQR1ia8nAnh61P4P2kVbbdsl65Khfr5Io4sOACH4Bi4oALq4BI0QBNgcAcewBN4tu6tR+vFep23ZqzFzD74AevtEyftmMA=</latexit>

⌃m⌫ < 0.12 eV

Current limit 
(BAO+RSD+CMB+SN1)
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Inconsistencies and Large Scale Structure

Hubble tension

Alam +eBOSS, PRD 103, 083533 (2021)
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Inconsistencies and Large Scale Structure

Hang, Alam et. al. MNRAS 501, 1481-1498 (2021)

New Physics?  
Systematics?

Sigma 8 tension
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Future of LSS  
(Major progress in Next 5 years)

51



Dark Energy Spectroscopy Instrument (DESI)
Ongoing from 2021-2026 (5 year program), overall cost~150 M $

SDSS focal plane: HUMAN DESI focal plane: 5000 ROBOTS

40 M in 5 years

• 2021-2026 (5 years, Ongoing since May 2021)


• Instrument performs excellently (Survey 
Validation Completed-April 2021)


• 40 million Galaxy Spectra by the end of 5 
years

2.5 M in 20 years
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A spectroscopic 
redshift survey 
targeting z<0.15 
galaxies covering 
20,000 sq deg of sky. 

Part of 4MOST, 
starting by late 2024

• Establish the local benchmark for galaxy/AGN demographic in the era of LSST/EUCLID/
SKA.


• Test gravity in the local Universe


• Provides an excellent resource for gravitational wave counter-part studies.


• Many more science case of interest. Potentially shed light on aspects of Hubble tension.
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LSST: Photometric survey PFS: Subaru 8m EUCLID: 1.2m 
Space mission4MOST: VISTA 4m

Many more LSS surveys in next 10 years
The precision of measurements is certain to improve dramatically. 
Theoretical models needs to improve equally to be able to use the 
statistical power of experiments.
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Some Possibilities in Next 5 years
• We might find that Dark Energy is not constant. 

Ongoing experiment:               (Next 5 years, Alam+DESI; arXiv:1611.00036 ) σw = 1 %
New angle in the dark energy understanding.

Neutrino experiments will be able to achieve more with the help of LSS.

• We will know sum of neutrino mass and possibly Hierarchy. 
Ongoing experiment:              (Next 5 years, Alam+DESI; arXiv:1611.00036 )σΣmν

= 0.02 eV

• We may find signature of Beyond GR effects. 
Ongoing experiment:             (Next 5 years, Alam+DESI; arXiv:1611.00036 )σG /G = 0.6 %

May provide a puzzle for theorist to ponder upon for decades.

• All of the above only using redshift but we will have full optical spectra for 40 
Millions galaxies and QSOs.

Hidden physics beyond imagination?
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End thoughts
• LSS plays an important role in shaping our 

understanding of the Universe


• Next 10 years optical galaxy surveys will 
dominate the field.


• In 20 year time scale, radio surveys such 
as Square Kilometre Array (SKA) will be 
the frontier.


• Robust Interpretation of these experiments 
will be a challenge for Cosmologist.


• We might be at a critical time where 
multiple signatures of new hidden physics 
will be revealed.
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Thank You
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Current limit on Neutrino mass

• Measurement of BAO 
scale as the function of 
redshift give geometrical 
probe of Neutrino mass 
along with CMB


• Measurement of RSD 
constrain neutrino mass by 
its impact on growth of 
structure

<latexit sha1_base64="BovQQ+P8ANm5mxh5fuDmtBfkuOw="></latexit>

⌃m⌫ < 0.12 ev
Alam +eBOSS, PRD 103, 083533 (2021)
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Tests of Gravity theories
Ezquiaga & Zumalacarregui, FASS 5 (2018) 44 

<latexit sha1_base64="Fu3++Ay0cFiihnTo707Fu6CgNHA="></latexit>

S =
1

16⇡G

Z
d4x

p
�gR

Einstein-Hilbert action

a) Pullen, Alam, Ho, MNRAS 449, 4326 (2015) 
b) Alam et. al. MNRAS 453, 1754 (2015)  
c) Alam et. al. MNRAS 456, 3743-3756 (2016) 
d) Pullen, Alam, Ho MNRAS 460, 4098-4109 (2016) 
e) Satpathy, Alam et. al. MNRAS 469, 1369-1382 (2017) 
f) Alam et. al. MNRAS 465, 4853-4865 (2017) 
g) Singh, Alam et. al. MNRAS 482, 785-806 (2019) 
h) Hang, Alam et. al. MNRAS 501, 1481-1498 (2021)
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General Relativistic effects
Gravitational Redshift: Test of equivalence principle

Gravitational Redshift  

��1

��2

zg / ��2 ���1

a) Alam et. al. MNRAS (2017) 470 (3): 2822-2833   
b) Alam et. a.l MNRAS (2017) 471(2): 2077-2087  
c) Zhu, Alam, et. al. MNRAS (2017) 471(2): 2345-2356  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Constraining Physics of galaxies and the role of 
Black-Holes in shaping the Universe

a) Alam et. al. MNRAS 483, 4501-4517 (2019) 
b) Alam et. al. MNRAS 497, 581-595 (2020)  
c) Alam et. al. MNRAS 503, 59-76 (2021) 
d) Alam et. al. MNRAS 504, 857-870 (2021) 
e) Alam et. al. MNRAS 504, 4667-4686 (2021) 

Emission Line Galaxies 
Young with active star formation


Luminous Red Galaxies 
Massive with low star formation


Active Galactic Nuclei 
Active supermassive black-holes
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Summary of Relativistic perturbation theory

<latexit sha1_base64="tiNBZU9YDH6Oi8Qy9jT3pD7tTKo="></latexit>

H
2 =

1

3
a2(8⇡G⇢+ ⇤)

<latexit sha1_base64="IEOO24NBwdQWvCnblHlbaKTGRPI="></latexit>

�Gµ⌫ = 8⇡G�Tµ⌫ + ⇤�gµ⌫

Perturbed Einstein Field Equation

Spatially flat FRW metric
<latexit sha1_base64="+7r2kSE19TI93Lt715t85NQyeYc="></latexit>

ds2 = a2⌘µ⌫dxµdx
⌫

Conformal Friedman equations

<latexit sha1_base64="OP7EGW+2mxVQ4SQPTeUWGFpL0GA="></latexit>

Ḣ =
1

6
a2 [2⇤� 8⇡G(⇢+ 3P )]

• Evolution is adiabatic for super-horizon scale


• CDM (only interact gravitationally) perturbation 
grows logarithmically until matter-radiation 
equality. After grows with scale factor (a).


• Baryons and Radiation undergo acoustic 
oscillations for modes that enter the sound 
horizon till decoupling.


• Baryons fall into CDM potential wells after 
decoupling.


• Dark Energy domination slows down growth of 
density perturbations.
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What Have we learned?
Matter density, expansion rate, amplitude of fluctuation
• Precision measurements of the three main quantities governing the evolution 

of the universe is the very first step in reducing the theory landscape.
<latexit sha1_base64="YesrsNugaC0caPib0umQ220xMt4=">AAACBHicdVDLSgMxFM3UV62vUZfdBIvgakjboY+FUHTjzgq2FTqlZNJMG5rMDElGKEMXbvwVNy4UcetHuPNvTB+Cih4IHM45l5t7/JgzpRH6sDIrq2vrG9nN3Nb2zu6evX/QVlEiCW2RiEfyxseKchbSlmaa05tYUix8Tjv++Hzmd26pVCwKr/Ukpj2BhyELGMHaSH07710KOsR9AU8hcsrIhV4sDEOoBPt2ATn1aq2MqnBO3DpakFKlBIsmM0MBLNHs2+/eICKJoKEmHCvVLaJY91IsNSOcTnNeomiMyRgPadfQEAuqeun8iCk8NsoABpE0L9Rwrn6fSLFQaiJ8kxRYj9Rvbyb+5XUTHdR6KQvjRNOQLBYFCYc6grNG4IBJSjSfGIKJZOavkIywxESb3nKmhK9L4f+kXXKKFce9cguNs2UdWZAHR+AEFEEVNMAFaIIWIOAOPIAn8GzdW4/Wi/W6iGas5cwh+AHr7RMdV5U3</latexit>

⌦m = 0.304± 0.002
<latexit sha1_base64="q3K6ltK47BTVhsWqxy4C04ChIyA="></latexit>

H0 = 68.19± 0.36 km/s/Mpc
<latexit sha1_base64="KqN1b/XeLRzYkYGJunpXUBi68Rc=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbB1ZCppY+FUHTjsoJthXYYMmmmDU1mhiQjlKHgxl9x40IRt/6EO//G9CGo6IHA4ZxzubknSDhTGqEPK7e0vLK6ll8vbGxube/Yu3ttFaeS0BaJeSxvAqwoZxFtaaY5vUkkxSLgtBOMLqZ+55ZKxeLoWo8T6gk8iFjICNZG8u2DnmIDgf0aPIPIqaEq7CXCMIQqvl1ETr1aOzXijJTraE5KlRJ0TWSKIlig6dvvvX5MUkEjTThWquuiRHsZlpoRTieFXqpogskID2jX0AgLqrxsdsMEHhulD8NYmhdpOFO/T2RYKDUWgUkKrIfqtzcV//K6qQ5rXsaiJNU0IvNFYcqhjuG0ENhnkhLNx4ZgIpn5KyRDLDHRpraCKeHrUvg/aZcct+KUr8rFxvmijjw4BEfgBLigChrgEjRBCxBwBx7AE3i27q1H68V6nUdz1mJmH/yA9fYJv3GVDA==</latexit>

�8 = 0.807± 0.006

*Includes observations of CMB, SN1 and WL

*

Fraction of energy density in matter Expansion rate of the Universe Current amplitude of matter power spectrum

Curvature of the Universe
• Geometry of the universe fundamental importance. Also most inflationary 

models predicts geometry close to zero.
<latexit sha1_base64="OcPxvxCkg/0mZHSFQJYdKSuMJw0=">AAACBXicdVDLSgMxFM3UV62vUZe6CBbB1ZCppY+FUHTjzgr2Ae0wZNK0DU1mhiQjlKEbN/6KGxeKuPUf3Pk3pg9BRQ8EDuecy809QcyZ0gh9WJml5ZXVtex6bmNza3vH3t1rqiiRhDZIxCPZDrCinIW0oZnmtB1LikXAaSsYXUz91i2VikXhjR7H1BN4ELI+I1gbybcPu1eCDrA/gmcQOQghF3ZjMaNu2bfzyKmWK6eoDGekWEVzUigVoDuNG+TBAnXffu/2IpIIGmrCsVIdF8XaS7HUjHA6yXUTRWNMRnhAO4aGWFDlpbMrJvDYKD3Yj6R5oYYz9ftEioVSYxGYpMB6qH57U/Evr5PofsVLWRgnmoZkvqifcKgjOK0E9pikRPOxIZhIZv4KyRBLTLQpLmdK+LoU/k+aBcctOcXrYr52vqgjCw7AETgBLiiDGrgEddAABNyBB/AEnq1769F6sV7n0Yy1mNkHP2C9fQKmoZV/</latexit>

⌦k = 0.0001± 0.0017 *

• Is dark energy cosmological constant? 
<latexit sha1_base64="6gAHNFSDpXHPB+71wMBqr0HyVf8="></latexit>

⇢ / a�3(w+1)

<latexit sha1_base64="uX3lWEOksa46s5OxVYilVyzuHxM=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVw45CZlj4WQtGNywr2Ae1QMmmmDc08SDKVMvRP3LhQxK1/4s6/MZ1WUNEDgcM553JvjhdzJhVCH0ZubX1jcyu/XdjZ3ds/MA+P2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47TjTa4XfmdKhWRReKdmMXUDPAqZzwhWWhqY5v3lhW0hB/bjACILlQZmEVn1aq2EqjAj5TpaEqfiQB3NUAQrNAfme38YkSSgoSIcS9mzUazcFAvFCKfzQj+RNMZkgke0p2mIAyrdNLt8Ds+0MoR+JPQLFczU7xMpDqScBZ5OBliN5W9vIf7l9RLl19yUhXGiaEiWi/yEQxXBRQ1wyAQlis80wUQwfSskYywwUbqsgi7h66fwf9J2LLtilW/LxcbVqo48OAGn4BzYoAoa4AY0QQsQMAUP4Ak8G6nxaLwYr8tozljNHIMfMN4+AWXVkZk=</latexit>

w = �1.02± 0.03
<latexit sha1_base64="wnS/puZ+2b3ZO1DArxVmH+Hs5i0=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GmZq6WNXrAs3QgX7wHYomTTThiaZIckoZehfuHGhiFv/xp1/YzqtoKIHLhzOuZd77/EjRpV2nA8rs7K6tr6R3cxtbe/s7uX3D9oqjCUmLRyyUHZ9pAijgrQ01Yx0I0kQ9xnp+JPG3O/cEaloKG70NCIeRyNBA4qRNtLtfdKXHDYurmaDfMGxa5XqmVOBKSnVnAUplovQtZ0UBbBEc5B/7w9DHHMiNGZIqZ7rRNpLkNQUMzLL9WNFIoQnaER6hgrEifKS9OIZPDHKEAahNCU0TNXvEwniSk25bzo50mP125uLf3m9WAdVL6EiijUReLEoiBnUIZy/D4dUEqzZ1BCEJTW3QjxGEmFtQsqZEL4+hf+TdtF2y3bpulSony/jyIIjcAxOgQsqoA4uQRO0AAYCPIAn8Gwp69F6sV4XrRlrOXMIfsB6+wSlHpDu</latexit>

wCDM

<latexit sha1_base64="pPCmfQu8KTww24cRFPj9vkTtDDk=">AAAB+nicdVDLSsNAFJ3UV62vVJduBovgKiS19LEr1oULhQr2AU0ok8mkHTp5MDNRSuynuHGhiFu/xJ1/4zStoKIHBg7nnMu9c9yYUSFN80PLrayurW/kNwtb2zu7e3pxvyuihGPSwRGLeN9FgjAako6kkpF+zAkKXEZ67qQ193u3hAsahTdyGhMnQKOQ+hQjqaShXoT2pUp7KLV5AFvnV7OhXjKNRq1+atZgRioNc0HK1TK0DDNDCSzRHurvthfhJCChxAwJMbDMWDop4pJiRmYFOxEkRniCRmSgaIgCIpw0O30Gj5XiQT/i6oUSZur3iRQFQkwDVyUDJMfitzcX//IGifTrTkrDOJEkxItFfsKgjOC8B+hRTrBkU0UQ5lTdCvEYcYSlaqugSvj6KfyfdMuGVTUq15VS82xZRx4cgiNwAixQA01wAdqgAzC4Aw/gCTxr99qj9qK9LqI5bTlzAH5Ae/sEr0WTqw==</latexit>

⇤CDM

<latexit sha1_base64="BOgkI1T7Z7vXvwaStEpkGyuRlAg=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFchaSWPnbFunChUME+oAllMpm0QycPZiZiCfkVNy4UceuPuPNvnKYVVPTAwOGcc7l3jhszKqRpfmgrq2vrG5uFreL2zu7evn5Q6oko4Zh0ccQiPnCRIIyGpCupZGQQc4ICl5G+O23P/f4d4YJG4a2cxcQJ0DikPsVIKmmklyJoX6m4h1KbB7B9cZ2N9LJpNOuNM7MOc1JtmgtSqVWgZZg5ymCJzkh/t70IJwEJJWZIiKFlxtJJEZcUM5IV7USQGOEpGpOhoiEKiHDS/PYMnijFg37E1QslzNXvEykKhJgFrkoGSE7Eb28u/uUNE+k3nJSGcSJJiBeL/IRBGcF5EdCjnGDJZoogzKm6FeIJ4ghLVVdRlfD1U/g/6VUMq2ZUb6rl1vmyjgI4AsfgFFigDlrgEnRAF2BwDx7AE3jWMu1Re9FeF9EVbTlzCH5Ae/sEhBKUJA==</latexit>

o⇤CDM

*

Dark Energy equation of state

Alam +eBOSS, PRD 103, 083533 (2021)
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