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Homogeneous? and Isotropic? Universe
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ds2 = �c2dt2 + a2(t)dX2

FLRW metric Today a=1

Hubble’s rate
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H(t) =
ȧ(t)

a(t)
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Einstein Field Equation

Rμν −
1
2

Rgμν + Λgμν = κTμν

Friedmann equations

3
·a2

a2
= 8πGρ + Λc2

··a
a

= −
4πG

3 (ρ +
3p
c2 ) +

Λc2
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Different phases of the universe

Radiation  
Dominated

Matter  
Dominated

Dark Energy  
Dominated

Initial conditions?
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⇢ / a�3(w+1)

Density evolution

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

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



Dark Energy

Remarkable properties: 
  * Pressure must be negative to drive cosmic acceleration 
  * Consist of 70% of current energy content of the Universe 
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Equation of state  of dark energy is the key: 

   

wDE

wDE(z) =
pDE(z)
ρDE(z)

Cosmological 
constant?

Modification to 
General Relativity

Extra dimension 
String Theory

Multiple scalar 
fields
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a(t)

Today a=1

The Expanding UniverseToday FuturePast

wDE(z) ≥ − 1 Quintessence (additional 
Scalar field)

wDE(z) ≤ − 1 Phantom: Big Rip, ghost 
(negative kinetic term)

wDE(z) cross − 1
No-Go Theorem with 

single fluid or scalar field. 
Quintom



DESI Y1 sample: wDE(z)
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DESI BAO + CMB + Union3
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redshift z

°1.5

°1.0
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DESI BAO + CMB + DES-SN5YR

w
(z

)

2.6σ

2.5σ

3.5σ

3.9σ

If  crossing 
-1 is confirmed 
then It will rule 

out 
cosmological 

constant, 
quintessence, k-

essenece and 
will require two 

coincidence 
(that is two 
additional 
freedom)

wDE

wDE(z) = w0 + (1 − a)wa



How would you 
measure dark energy 
equation of state?
If we can measure a(t) precisely then that should encode 
information about content of universe including dark energy 
equation of state. (And curvature, neutrino mass, etc.)
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a(t)

Today a=1



Spectroscopy  
can help

Δλ

Δλ
λe

= z ← (redshift)

a(te) =
1

1 + z

If we can also measure 
the time of emission 

then that will give us a 
measurement of a(te)



How about if we can measure proper distance of 
objects as the function of emission time.

dp(t0) = c∫
t0

te

dt
a(t)

Standard Candle

Luminosity (L)

flux =
L

4πd2
L

dL = dp(t0)(1 + z)
↓ Luminosity distance

Supernovae cosmology


Standardizeable candle



Baryon Acoustic Oscillation

Animation Credit: Daniel Eisenstein 

BAO Scale

<latexit sha1_base64="SqoIHvmNmcNBRSlAOgYtBXmGseM="></latexit>

rd =

Z 1

zeq

cs

H(z)
dz

Radi

Matt Dark 
Energy  



How about if we can measure proper distance of 
objects as the function of emission time.

dp(t0) = c∫
t0

te

dt
a(t)

Standard Ruler

δθBAO

dA =
ℓ

δθBAO

(1 + z)dA = dp(t0) → DM(z)
↑ Angular diameter distance

Baryon Acoustic Oscillation (BAO)

ℓ

ΔzBAO =
1

DH(z)

ΔzBAO

DM(z)
rd

,
rd

DH(z)
DV(z) =

[zD2
M(z)DH(z)]1/3

rd



Baryon Acoustic Oscillations (BAO)

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

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

�rBAO = 1.0± 0.018
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For a sample of galaxy measure their position in 
the sky (RA,DEC) and spectra to get redshift (z) 

needed to measure BAO.



BAO in Fourier Space
Standard model of Cosmological Structure Formation
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P (k) =
D
�(~k)�⇤(~k)

E
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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
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log10(k)
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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
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 has great implication on the physics of 
Universe as well as its eventual fate

wDE(z)

 is the physical quantity which we can targeta(t)

 proper distance can be measured*. The 
redshift require spectroscopic measurements.
dp(z)

Supernovae 
dL(z) = (1 + z)dp(z) BAO  

DM(z)
rd

,
rd

DH(z)

Cosmological 
constant?

Modification to 
General Relativity

Extra dimension 
String Theory

Multiple scalar 
fields ?

How to improve the PRECISION of the measurements? 



Precision of BAO
It seems natural to measure lots of galaxies spatial location (RA,DEC,z) precisely to 
make more precise measurement of BAO and hence wDE(z)



DESI Legacy Imaging Survey 

6+ years of taking imaging of night sky

Detected 1.5 Billion galaxies and 1.3 Billion stars (PSF)

But for BAO we need spectra of galaxies. 
DESI can take 5000 spectra at a time.

4000 spectra X 8 hrs x 2 (per hour) = 64,000  spectra per night

64,000 x 365 days x 5 years x 0.5 efficiency ~ 58 Million galaxies

58 million /1.5 Billion~  0.04 Fraction of source possible to observe

How to select the 4% for best cosmological constraint?



Precision of BAO

For Gaussian Random Field

Cij =
(2π)3

V

(Pi + 1
n )2

2πk2
i δk

δij

↑ ≈ σ2
k want to minimize

SNR ≈
Pi

Cii

← 103 − 104 (k ≈ 0.1)

1
n

< Pi ⟹ n >
1
Pi

> 10−3 − 10−4[Mpc/h]−3

To keep sampling (shot) noise sub-dominant



Precision of BAO

1
n

< Pi ⟹ n >
1
Pi

> 10−3 − 10−4

To keep sampling (shot) noise sub-dominant



Dark Energy Spectroscopy Instrument (DESI)
Ongoing from 2021-2026 (5 year program), overall cost~150 M $ (~1300 crore INR)

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 (3 years of data 
collected on-April 2024)


• 40 million Galaxy Spectra by the end of 5 years

3 M in 12+ years
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DESI Focal plane (ideal for unclustered universe)
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4 deg on the sky



Observed ~6 million extra galactic objects in Y1, 
spend 100 times more computing on estimating 
errors and 1000 times more computing on 
tracking non-idealities of Instrument.

22

DESI Legacy Imaging Survey  
6+ years of imaging using 3 telescope covering 18000 deg2 
with 1.5 Billion galaxy

Build DESI Instrument with 5000 optical fibres 
10+ years of designing, 600 crore INR , 700 + team members

Select objects to obtain best cosmology 
Based on n*P~1 and 30 minutes of observing time on DESI 
select objects for spectroscopy
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LCDM
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Dark Energy

25

°1.0 °0.5 0.0

w0

°3

°2

°1

0

1

2

w
a

DESI BAO + CMB + Pantheon+

DESI BAO + CMB + Union3

DESI BAO + CMB + DES-SN5YR

wDE(z) = w0 + (1 − a)wa

°1.0 °0.5 0.0

w0

°3

°2

°1

0

1

2

w
a

DESI BAO

DESI BAO + CMB

w0 = − 0.45+0.34
−0.21, wa = − 1.79+0.48

−1.00

2.6σ



Dark Energy
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Dark Energy
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Beyond Dark Energy
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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)

• Radiation matter equality with neutrino

• 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.

30

<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
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Constraints on Neutrino mass

Normal Hierarchy

Inverted Hierarchy
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Σmν < 0.072
DESI BAO + CMB

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

⌃m⌫ < 0.12 eV

SDSS limit 
(BAO+RSD+CMB+SN1)

Alam +eBOSS, PRD 103, 083533 (2021)
Σmν < 0.12

Before DESI

Σmν < 0.145 for > 0.1 eV

Prior dependent
Σmν < 0.113 for > 0.059 eV

Σmν < 0.195 for w0waCDM
Model dependent

σΣmν
= 0.02 eV

DESI 5 year data (2026)

* ΛCDM
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Beyond BAO science
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Redshift Space Distortions (RSD)
Redshift Space Distortions (RSD)

<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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Actual data from eBOSS



One month of DESI data

Previous surveys took 
years to produce such 
quality measurements

Cosmological Onions
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Analysis of DESI Y1 sample 
for RSD is expected to be 
released soon. Still Blinded!



Supermassive Black hole growth

Luminous Red Galaxy  
(LRG)

Emission Line Galaxy 
 (ELG)

Quasi Stellar Objects 
 (QSOs)

Alam et. al. MNRAS 504(1), 2021



Unprecedented data / space for discovery

• Relativistic effects (such as gravitational redshift, relativistic 
beaming)


• Boundaries of dark matter haloes 


• Constrain models of dark matter interactions


• Life cycle of galaxies


• Beyond gaussian terms in the initial conditions of the Universe



Conclusions

• Results from ~ 6 Million spectra is out and data will be released within a year


• Dark Energy may not be cosmological constant. May even need a second 
coincidence.


• Upper limit on Neutrino mass improved, but need to wait for more interesting 
results with 5 years of DESI data.


• Most of the details in the map created by DESI is not yet studied and hence 
this will serve as a treasure for interesting investigations about the cosmos.

Take away: This map is 
amazing and hold the key to 
huge number of treasures. 
Go explore!
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Sample (numbers and volume)



Posterior



Posterior 
with 
Neutrino


