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Homogeneous? and Isotropic? Universe

Einstein Field Equation

|
R/,w — ERg/’”“ + Ag/w = KT,MI/

FLRW metric Todaya=1
a(t)

ds® = —c*dt® + a’(t)d X"

Hubble’s rate

Friedmann equations
%)
a 2
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Different phases of the universe
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Density evolution 4

0 X a—B(w—l—l)

w = O(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

Equation of state w of dark energy is the key:
PpE(2)

PpE(2)

Cosmological Modification to Extra dimension Multiple scalar
constant? General Relativity String Theory fields

Wpg(2) =
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DESI Y1 sample: wy.(2)

DESI BAO + CMB

If wpg crossing

-1 is confirmed
then It will rule
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cosmological

constant,
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essenece and
will require two
coincidence
(that is two —H0
additional ~1.5 -

freedom) 0.0 | 1?0 115
redshift z

wpg(2) = wy+ (1 —a)w,

\

—1.5 1

—0.5




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.)

Today a=1
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a(t)




Spectroscopy
can help

A/ ,

€

(t)—1
ae—l

If we can also measure
the time of emission
then that will give us a

measurement of a(?,)

Light waves oscillate ot different rates
based on their wavelength/colour.
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As Light traverses the expanding
uhiverse, its wavelength gets stretched,
shifting colours towards the red end,

Gralaxies emit Light over a range of
wavelengths, creating a wnique spectral
fingerprint with peaks and dips.
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By measuring how much these sFectraL
peaks have redshifted, we can
determine how much the Light's
wavelength stretched.



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

d(t)_ I’t0£
L R

e

Standard Candle fAux = L
Amd?

J Luminosity distance
d; = d(1p)(1 + 2)
Supernovae cosmology
A
Luminosity (L) Standardizeable candle




Barvon Acoustic Oscillation

' Radiation - Matter
s equality

Dark Matter, Gas, Photon,
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How about if we can measure proper distance of
objects as the function of emission time.

o dt
g . a(t)
Standard Ruler ,
d. =
A 8080

(1 +2)dy =d (1)) — Dy(2)
1 Angular diameter distance

AZgao =

Dy (2) Baryon Acoustic Oscillation (BAO)
Dy(z) 1, [2D2(2)D ()]
’ Dv(Z) =
rg  Dy(2) 'd
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Baryon Acoustic Oscillations (BAO)

Measure Correlation

= - : Function

o 00T Argao = 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.
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BAO in Fourier Space

Standard model of Cosmological Structure Formation
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Limited Volume of the
survey

Sensitive to primordial
features

Non linear
Physics
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errors
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Cosmological Modification to Extra dimension Multiple scalar
constant? General Relativity String Theory fields

wpg(z) has great implication on the physics of |

d,(z) proper distance can be measured*. The |
_redshift require spectroscopic measurements. _ |

‘ How to improve the PRECISION of the measurements?

Supernovae




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 wpg(z)



'DESI .Legacy°lmaging Survey 24
6+ years of taking imaging-of night sky i
Detected 1.5 Eillion galaxies and 1.5 =71lion stars (PSF)

v - .
- - » | ——
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But for BAO we n‘e'e:d spectra of galaxies. e e |
DESI can take 5000 spectra at atime. -, = ol ' 0% L —

400(¥spéCtra X8 hr‘s.,_xﬁ-z (pe‘k_hdu_r)*j—-'64;.00(_') Sbéétra.p.ejr;;n'fqht |
- 64,000 x-365 days x 5 years x 0.5 efficiency ~ 58 Million galaxies

58 million /1.5 Billion~.- . () Fraction of source possible to observe

“-How to select.the </ for best cosmological constraint2



Precision of BAO
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Precision of BAO

% error in BAO
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Dark Energy Spectroscopy Instrument (DESI)
Ongoing from 2021-2026 (5 year program), overall cost~150 M $ (~1300 crore INR)
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DESI focal plane: 5000 ROBOTS

T o « 2021-2026 (5 years, Ongoing since May 2021)

« Instrument performs excellently (3 years of data
Y : collected on-April 2024)

* 40 million Galaxy Spectra by the end of 5 years

' 40Min5 years'



DESI Focal plane (ideal for unclustered universe)
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DESI Legacy Imaging Survey
years of imaging using covering
with galaxy

Build DESI Instrument with 5000 optical fibres
of designing, INR team members

Select objects to obtain best cosmology
Based on and of observing time on DESI
select objects for spectroscopy

Observed extra galactic objects in Y1,
spend 100 times more computing on
and 1000 times more computing on
of Instrument.
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lookback time |Gyr]
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redshift z




BGS
LRG1+LRG2

100 120
Hyrq [100 kms™!]

Q =0.295+0.015 (5.1%)
Hyr, = 101.8 + 1.3[100kms™']




Dark Energy - DESI BAO

DESI BAO + CMB

_ +0.34 — +0.48
W() - 0'45_0.21a Wa — 1.79_1.00

2.60
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Dark Energy BB DESI BAO + CMB + Pantheon-+
DESI BAO + CMB + Union3

S DESI BAO 4+ CMB + DES-SN5YR

wy = —0.827 £ —-0.063, w, = — 0.75702?

256

wy = —0.827 £ -0.063, w, = — 0.75+0-29

3.5¢

26



Dark Energy EEE DESI BAO

forecast Yb BAO
I forecast Y5 BAO + 6, + BBN
forecast Yo BAO + CMB + SN

Data by 2026 and
analysis soon after

Wwpg(2) = wo+ (1 —a)w,

27



Beyond Dark Energy



LSS can provide precise measurements of the

sum of neutrino masses

Normal
Hierarchy
Neutrino Oscillation Sim, > 0.06 6V
experiments 2
Gonzalez-Garcia JHEP 1411:052, 2014 m§ n w3 T
Am3, = (0.0086 & 0.0011eV)? S m?
Am3z, = (0.05 4 0.0005eV)*  Atmosehere
ms [ D)
m% I mg

29

Inverted
Hierarchy

Ym, = 0.10eV

I o

I 1]



Neutrinos and Cosmology : Geometry

e Radiation matter equality with neutrino

Pb(Aeq) + Peleq) = py(aeq) + pu(deq)

e Changing sound horizon

oo

C
_ S d
)L HRT
H 2
(—) = Qpa " + (2, +Q)a "t + Q)
Hy

 This will affect BAO measurements
Dy /rq Dy /rg

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

Matter : Radiation+
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Constraints on Neutrino mass

B CMB (no lensing) %
CMB Cj
B DESI BAO + CMB o
_I_
100? .. =
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B T o E S SEm

10—° 104 103 102 101
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¥m, < 0.113for > 0.059ev ~ [DESISNEARCaE(2026)

>m, < 0.145for > 0.1eV oy, = 0.02eV

Model dependent ’ * ACDM
xm, < 0.195 for wyw, CDM
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Beyond BAO science



Space Distortions (RSD)

Redshift Space Distortions (RSD)

PY(k, p) = Prn(k)(b + fu*)°

dln(d(a,k)) Test of
Oln(a)  gravity

fgravity (CL, k) —

far(a) =~ Q,,(a)’*®> ACDM

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



Previous surveys took
years to produce such
quality measurements

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




Luminous Red Galaxy
(LRG)

»

Emission Line Galaxy .
0 e L

Supermassive Black hole gronh

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



Unprecedented data / space for discovery

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

e 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

Take away: This map Is
amazing and hold the key to
huge number of treasures.
Go explore!

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.
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Sample (humbers and volume)

tracer

BGS

LRG1

LRG2
LRG3+ELG1
ELG2

QSO

Lya QSO

redshift

0.1 -04
0.4 — 0.6
0.6 —0.8
0.8 —1.1
1.1 —-1.6
0.8 —2.1

1.77 — 4.16

N
*'\' tracoer

300,017
506,905
771,875
1,876,164
1,415,687
856,652
709,565

Zoff

0.295
0.510
0.706
0.930
1.317
1.491
2.330

D /g

13.62 4+ 0.25
16.85 £ 0.32
21.71 + 0.28
27.79 £+ 0.69

39.71 4+ 0.94

Dy /ra

20.98 = 0.61
20.08 = 0.60
17.88 £0.35
13.82 = 0.42

8.92 = 0.17

r or Dy /rg

7.93 £0.15
—0.445
—0.420
—0.389
—(.444

26.07 £+ 0.67
—0.477

Table 1. Statistics for the DESI samples used for the DESI DR1 BAO measurements used in this
paper. For each tracer and redshift range we quote the number of objects (Niyacer); the effective
redshift (z.q) and effective volume (V.gz). Note that for each sample we measure either both Dy /7y
and Dy /rq, which are correlated with a coefficient r, or Dy /rq. Redshift bins are non-overlapping,
except for the shot-noise-dominated measurements that use QSO (both as tracers and for Ly« forest).




Posterior

H,

mode. /dataset dro 103k w or Wy Wa

' (kims—' Mpc—!|
Flat ACDM
DESI 0.205 + 0015
DESI+BBN 0.295 L 0.015 58.53 L 0.80
DESI+BBN+8, 0.2948 £ 00074 68.52 % 0.52
DESI+CME 0.3069 £ 0.0050 67.97 £ 0.38
ACDM 4+ 0y
DESI 0.284 + 0,020 6558
DESI+BBN+6, 0.296 + 0.014 $8.52 + 0.59 03%53
DESI+CME 0.3049 + 0.0051 68.51 £ 0.52 24+1.6
wCDM
DESI 0.293 £ 0.015 -0.99'313
DESI+BBN+46, 0.295 + 0.014 68.674% —1.0027092
DESI+CME 0.281 + 0,013 713218 112240062
DESI+CME+Panth.  0.3095 £ 0.0069 67.74 £ 0.71 0997 £0.025
DESI+CME+Unicn3  0.3095 £ 00083  $7.76 £ 0.90 0.997 £ 0.032
DESI+CME+DESY5 (.3169 + 0.0065  66.92 + 0.64 —0.967 £0.024
wow,CDM
NESI 0.344+0-2117 —0.5512-39 < -1.32
DESI+BBN+0, 0.33810 330 65.0°3¢% -0.53%393 < —1.08
DESI+CME 0.34473 753 64.7- jj (L45i;§; 1791057

0.

DESI+CME+FPanth.
DESI4+CME+Unicn3

DESI+CME+DESY5

(.3085 £ 0.0068
(1.3230 £ 0.0095
(.3160 £ 0.0065

H8.03 +
H6.53 £+ 0.94

67.24 £ 0.66

-0.827 £ 0.053
—1.65 £0.1)
—0.727 £ 0.057

e ()29
”[)"') -0.25
. «)-,--‘-ll 10

1.2775 34

~1.051037

wow . CDM+482k
DESI
DESI+BBN+-6,
DESI+CME
DESI+ CMB
DESI+CME+Unicn3

i Panth.

DESI4+CME+DESY5

0.313 + 0.049
0.3461033
0.3477032;

0.3084 £ 0.0067

0.3233* 0010

(1.3163 £ 0.0065

65.87%%0
64.372°2
653.06 £ 0.74
6H6.45 £+ 0.98
67.19 £ 0.69

Ri

-+ lll(l

03+%18

-04+1.9

-02 +

1.9

-0.7075:32
-0.52%744
-0.41%5:5%
0.831 £0.056
~0.64 £0.11
—0.725 £0.071

< -1.21
< -1.44
< —1.61
0.73+032

+0.45

—1.307¢ 39
~1.06253]




model / dataset Qn Iy ' kms™ ! Mpe™t| Xm, eV N
ACDM+) m,

DESI+CMB 0.3037 4+ 0.0053 68.27 4+ 0.42 < 0.072 -
ACD.[\r1+ N(,(]‘

DLESI+CNDB 0.3058 £ 0.0060 6.3+ 1.1 — 3.10 = 0.17
wCDM+ ) m,,

DLSIHCNMDB 0.282 £+ 0.013 Tl.l_ll.g < (.123 -
DESIHCMB-4Panth. 0.3081 4 0.0067 67.81 + 0.69 < 0.079

DESI | CMDB 4 Union3d  0.3090 4 0.0082 67.72 £ 0.88 < (LOTS

DIESIHCMB+DIESYS

67.01 + 0.64

< (L.073

wCDM+N.g

DESI+CMB 0.281 4 0.013 71.0_1% - 2.97 +0.18
DESI| CMB - Panth.  0.3090 & 0.0068 67.9+ 1.1 3.07 £ 0.18
DESI+CMB+Union3  0.3097 £ 0.0084 67.8+ 1.2 — 3.06 = 0.18
DESI+CMB+DESY5  0.3163 & 0.0067 67.2+ 1.1 — 3.09 £ 0.18
wowa CDM+5 " m,,

DESI+CMB 0.3447 3 0aa 64.7 55 < 0.195
DESI+CMB-{Panth.  0.3081 + 0.0069 68.07 4+ 0.72 < 0.155
DESI+CMB+Union3  0.3240 + 0.0098 66.48 + 0.94 < 0.185 —

DESI+CMB+DESYH

0.3165 + 0.0069

67.22 + 0.66

< 0177

wow, CDM+N.s
DLSIH+CMDB
DESI4+CMB+Panth.
DISI CNB - Union3
DLESI+CMB+DESY5

0.34675 032
0.3003 + 0.0069
0.3245 =+ 0.0098
0.3172 & 0.0067

63.97%2
67.5+ 1.1
65.0 +1.3
66.6 & 1.1

2.80 = 0.17

2.93 = 0.18
2.91 =0.18
2.92 =0.18




