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“Big Bang ”

Universe starts hot and dense  

-CMB Cosmic Microwave Background
oldest radiation we receive (380,000 
years old)

- Atoms form: Oldest light  we receive

- Inflation seeds imprinted in CMB

Today 13.8  
billion years

Fisrt stars

200 million years

Universe grows with decelerating speed

Universe History

- Inflation ~ 1 sec, 
- Universe grows at an
accelerating rate
- First seeds giving rise to 
small energy anisotoipies
(forming stars and galaxies
at a later stage)

Formation of light nuclei

~ 1st  minute

Universe grows at an
accelerating speed

Dark Energy
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Efecto Dopler

Every Atoms has a specific spectra
Still

In motion
relative to us

How do we know the compostion of stars, galaxies or gas  ?

• Spectra of athoms are displaced due to the relative velocity between the
emitting object and us

• Measuring the wave lenght displacement we obtain the relative velocity given
by the redshift z 

lo/ li =  1+ z

• If z is positive the objects (eg galaxies) are moving away from us (this is what
we see)

• The expansion rate decreases with time due to gravity

• Surprisingly in recent times the universe is expanding in an accelerating way
implying the existence of Dark Energy



Universe contains ~ 100,000 million galaxies

Each galaxy with ~ 100,000 million stars



Two galaxies merging



Dark Matter

Image Abell 370 
Cluster from Hubble
Telesocpe

We notice strange 
elongated bows.

Light from far away
Abell 370 Cluster is 
deformed in its path 
to us by non-visible 
matter:

Dark Matter



Gravitacional	lensing
General	Relativity	predicts		the	light		to	bend		due	to		gravity		
- Far	away	galaxies		appear	deformed	
- The	light	emited	by		these	far	away	galaxies		is	bend	in	its	path	

to	us		due		the	exitence	of	matter		in	its	path	to	us



We show an example on how light is bend due to the presence of
massive object know as gravitational lensing (in this example by
a glass of water) and in the universe by the existence of dark
matter.

“Einstein Ring”



Colision of two clusters of galaxies.
• In “pink” we see light emitted by the galaxies in the clusters
• In “blue” we have distorted light from farther away galaxies

passing trhough a region with large quantity of Dark Matter
• We can therefore determine the position of Dark Matter

Ordinary Matter
(galaxies, stars,

gas)

Dark Matter



Standard Model Matter Dark Matter

Bullet Cluster



Solving the Friedmann Equation

In order to solve it, we also need to define the behavior of 
the mass/energy density r (a) of any given mass/energy 
component.  Recall the basic GR paradigm:

We already saw that:
Each component will lead to a different evolution in redshift

Density determines the expansion
Expansion changes the density

Expansion 
rate

Density 
measures

2

With:  
matter
radiation
cosmological constant

K= 1,0,1



What is Dominant When?
Matter dominated (w = 0):   r ~ a –3
Radiation dominated (w = 1/3):   r ~ a –4
Dark energy (w ~ –1):  r ~ constant

• Radiation density decreases the fastest with time 

– Must increase fastest on going back in time

– Radiation must dominate early in the Universe

• Dark energy with w ~ –1 dominates last; it is the dominant 

component now, and in the (infinite?) future

Radiation 

domination

Matter 

domination

Dark energy 

domination

5Note that w  can be a function of time e.g. dynamical Dark Energy



Examples of Models
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K=-1

K=0 

K= 1



How can we measure cosmological distances?

Standard 
candles

Same luminosity

Standard rulers

Baryon Accoustic
Oscillations “BAO”



Supernovas 

SNIa as Standard Candle



Baryon Acoustic Oscillations



Density	anisotropies:
- In	CMB
- Galaxies	distribution
They	have	same	origin	but	different	size	due	to	the	universe	expansion



Galaxies Spheres  
• We have matter overdensities

(galaxies) at the central 
region and at the radius of 
these spheres 

• These spheres grow due to 
the expansion of the universe 

• We measure these spheres  
at different distances

• Obtain precise information on 
the universe expansion rate

• And the dynamics of  Dark 
Energy  

time

Spheres of  overdensities (galaxies)  grow
due to the universe expantion
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Axel de la Macorra, IF-UNAM 

DESI  measures ~ 40 millions of galaxies and quasars
Mayall Telescope,  Kit Peak,  Arizona (4 mts diameter)



DESI  Timeline
• Proposal: We suscribed “The BigBoss Experiment” 9 Jun 2011 

(arXiv:1106.170) and later changed name from “BigBoss”  
to    “DESI”    (Dark Energy Spectrosopic Instrument)

• DESI was accepted and funded in 2014
• DESI First Light, 19  October 2019
• DESI 1st year observations May 2021- May 2022  

Obtained 12.8 millions galaxies in 242 observation nights 
(Lost nights: 72 for maintenance and 51 due to weather)

• DESI Early Data Release,June 13, 2023: 1.2 million galaxies/quasars
• DESI First Cosmological Results, April 4,  2024
• DESI 1st Year Data Release 2025

Note:
• 12 February 2024 was a spectacular night. DESI broke its own record 

and acquired nearly 200,000 redshifts of galaxies and quasars
(at this rate we would have 1.4 millon observations per week !)



Dark Energy Spectroscopic Instrument
U.S. Department of Energy Office of Science
Lawrence Berkeley National Laboratory

central axis hard 
stop mechanism 

central axis
(θ) bearing

eccentric axis 
gearmotor

local drive electronics

back end of central 
axis gearmotor

upper housing

ferrule holder (on eccentric arm)

eccentric axis (φ) bearing

retaining threads

TOP VIEW
107 μm
fiber

Technical progress:
Fiber positioner mass production is proceeding well

J. Silber - P4
DOE Annual Status Review

Slide 15

• Over 2500 built
• 98% pass precision 

accuracy test and infant 
mortality

• 98% pass inspection of 
physical envelope, 
angular alignment, and 
all other QC

• Our production total is 
within one week of 
baseline

• The main challenge at 
this point is just keeping 
the part kits flowing from 
our suppliers to UM

Fiber

Motor

Mounting 
interface

22

Slide 22

- DESI	has		5000		optical	fibers		directed	by		5000	minirobots
- They	measure	the	light		(spectra)		of		5000	galaxies	at	the	same	time		
- Our	3-dimensional	Map	consists	of		two	angles		and	the	relative	velocity

A.	de	la	Macorra,	IF-UNAM	

Optical	Fibre



DESI   Focal   Plane
- 5000 robotic positioners each holding a fiber-optic cable. 
- Each one is automatically positioned to fix on individual galaxies or
quasars, so that the fibers can collect their light.
-The movements of these positioners must be carefully choreographed
to avoid collisions.

-

Focal Plane

10 Spectrographs



DESI: Fibers and GFA Systems
6 Guide Cameras
r filter

4 Wavefront Cameras
r filter, split thickness

GFA System (10 
mini-cameras) is
the spanish
(Barcelona-Madrid) 
contribution to the
instrument GFA=Guiding, Focus and Alignment



DESI  5000  EYES



DESI First Light  (22 October 2019) 
Galaxy  Triangulum M33 
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Agregar  este video en este recuadro:

https://drive.google.com/file/d/1p_L0ZBckC-
VjkYKe4vCQDpaKGJmVwpC-/view?usp=drive_link

DESI  Fly Through 



Galaxies and Clusters of Galaxies formation 
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DESI (Dark Energy Spectroscopic Instrument)
- Largest and deepest  map of the Universe

• - Will measure over 40 millions  galaxies and quasars
• - Will span over 10 thousand million years

SDSS



• Largest 3D map 
• We have know more than 6  million galaxies and quasars 
• We expect to measure  over 40 millions  galaxies and quasars 



• DESI in its first year of survey operations,  has dwarfed all prior redshifts 
surveys by mapping 12.8 million unique galaxies and quasars.

• Dates:  May  2021 to May 2022
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Flythrough SDSS and DESI data



The BAO standard ruler

19
The same BAO features are also measured in the CMB!



BAO

BAO COMO SSR PARA ESTUDIAR DE

34

• Initial Fluctuations
• The universe expands and
cools down, eventually forming
atoms (mainly hydrogen)

• Once the energy of the photons
do not longer ionize hydrogen
atoms, photons decouple and
stream away

• At this stage gravity prevails
and forms spheres of matte
with a radious given by the
accustic scale

• Matter is mainly distributed at
the center of the spheres and
at the accustic scale radius

• The radius is 150Mpc/h

comóvil

Physics behind the Baryon Accustic Oscilations “BAO”



BAO

• Galaxies form at the 
center of the 
spheres and at the 
accustic scale  
radius 

• Size ~ 150Mpc/h



Observing BAO

• Small overdensities regions grow 
due to gravity 

• Photon pressure inhibits this 
compression

• Obtain an overdensity in central 
region at a characteristic scale
named:
Baryon Accoustic Oscillations

• Multiple overdensities
• Statistical signal seen in 
• matter distribution (excess of 
1%)
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Didascalia

• at z ~ 1100 (age ~ 350 000 yr), 
temperature is low enough (3000 K) 
for the formation of hydrogen.

• Photons decouple and propagate
freely (CMB,  13.7 billions years ago) 

• Acoustic waves freeze at a distance 
given by the acoustic horizon:

𝒓𝒅 ≈ 𝟏𝟏𝟎 Mpc 𝒉'𝟏or 150 Mpc

Baryon Accoustic Oscillations “BAO"

Early Universe (z >> 1000): hot plasma with tightly coupled baryons and 
photons

Overdensities make overpressures and a sound wave in the gas,   wich
propagates with velocity 𝑐) = 𝑐/ 3�
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Baryon Accoustic Oscillations “BAO"

Early Universe (z >> 1000): hot plasma with tightly coupled baryons and 
photons

Overdensities make overpressures and a sound wave in the gas,   wich
propagates with velocity 𝑐) = 𝑐/ 3�

Didascalia

• Galaxies form in the overdense
central regions. Mostly, where the 
initial overdensities were. 

• There is a 1% enhancement in 
spheres at 150 Mpc away from the 
initial overdensities. 

• There should be a small excess of 
galaxies 150 Mpc away from other 
galaxies 

• DESI measures this spheres ~ 150 
Mpc

• This corresponds to a single acoustic 
peak in the correlation function of 
galaxies. 



The BAO standard ruler
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θBAO = rd /DM(z)

δzBAO = rdH(z)/c

 and  encode expansion history of the UniverseDM(z) H(z)

z

z

Slide courtesy of DESI collaboration



The BAO standard ruler
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 and  encode expansion history of the UniverseDM(z) H(z)

z

z1 z2 z3 z4 …

DESI measures BAO rulers at many times/redshifts

Slide courtesy of DESI collaboration



Scaling parameters
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α⊥ = DM
rd

rfid
d

Dfid
M

α|| = DH
rd

rfid
d

Dfid
H

and

OR

αiso = (α2
⊥α||)

1/3
and αAP = DH

DM

Dfid
M

Dfid
H

perpendicular ruler size line-of-sight ruler size

overall scale of BAO anisotropy of BAO

DH = c/H(z)



Correlation function: Baryon Acoustic Oscillations (BAO) for different tracers and redshits “z”
BGS= Bright Galaxy Survery, ELG = Emission Line Galaxy, LRG = Luminous Red Glaxies, QSO = Quasars,
- Redshifts “z”:  BGS=0.1-0.4;   ELG=0.8-1.1;  LRG= 0.4-0.6,  0.6-0.8,  0.8-1.1, LRG+ELG=0.8-1.1, ELG = 1. -1.6
- BAO bump at ~ 100/h Mpc





DESI Y1 BAO
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DH = c/H(z)c



DESI Y1 BAO
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c DH = c/H(z)
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c DH = c/H(z)
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c DH = c/H(z)
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DESI BAO + CMB + Pantheon+

DESI BAO + CMB + Union3

DESI BAO + CMB + DES-SN5YR
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DESI + CMB + DES-SN5YR ⟹ 3.9σ
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Sum of neutrino Mass
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Internal CMB degeneracies limiting precision on the sum of neutrino masses

Broken by BAO, especially through H0 
constraint 
Low preferred value of H0 yields

 (95%, DESI+CMB)

Limit relaxed for extensions to ΛCDM 
 for CDM

∑ mν < 0.072eV

∑ mν < 0.195eV w0wa

Slide courtesy of DESI collaboration
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NH = normal hierachy



Light Dark World International Forum 2024, KAIST, Daejeon

Neutrino mass hierarchies
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Slide courtesy of DESI collaboration

NH = normal hierarchy
IH =  inverse hierarchy



Slide courtesy of DESI collaboration
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⌦m = 0.293± 0.015
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Constant EoS parameter w

Slide courtesy of DESI membersSlide courtesy of DESI collaboration
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Consistent with w = -1

with constant  w 
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SNe:
• Pantheon+ Brout, Scolnic, Popovic et al., 2022  

• Union3 Rubin, Aldering, Betoule et al. 2023 

• DES-SN5YR DES Collaboration et al. 2024 
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Slide courtesy of DESI collaboration

With different supernovae data sets 

with constant w 
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DESI + CMB + Pantheon+

Assuming a constant EoS, DESI BAO fully compatible with a cosmological constant...
Slide courtesy of DESI collaboration

with constant w 
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<latexit sha1_base64="tFx9Im2vBaj+UK8ys/ltXyfRje8=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQEsSwKxK9CEEvHiOYByTL0juZTYbMPpiZNYQl4K948aCIV7/Dm3/jJNmDRgsaiqpuuru8mDOpLOvLyC0tr6yu5dcLG5tb2zvm7l5TRokgtEEiHom2B5JyFtKGYorTdiwoBB6nLW94M/VbD1RIFoX3ahxTJ4B+yHxGQGnJNQ9GJSjjKzxyLXyCS/YplEcuuGbRqlgz4L/EzkgRZai75me3F5EkoKEiHKTs2FasnBSEYoTTSaGbSBoDGUKfdjQNIaDSSWfnT/CxVnrYj4SuUOGZ+nMihUDKceDpzgDUQC56U/E/r5Mo/9JJWRgnioZkvshPOFYRnmaBe0xQovhYEyCC6VsxGYAAonRiBR2CvfjyX9I8q9jVSvXuvFi7zuLIo0N0hErIRheohm5RHTUQQSl6Qi/o1Xg0no03433emjOymX30C8bHN+aikuY=</latexit>

w(a) = w0 + (1� a)wa

Λ<latexit sha1_base64="bRyPIr6tNbKrLnnMW9zxBYY8ltQ=">AAACEnicbVDLSgMxFM3UV62vqks3wSIo0mGmtVVBoejGZQX7gLYOmTTThmYeJBlLGeovuPFX3LhQxK0rd/6NmXYWWj1w4eSce8m9xw4YFdIwvrTU3PzC4lJ6ObOyura+kd3cqgs/5JjUsM983rSRIIx6pCapZKQZcIJcm5GGPbiM/cYd4YL63o0cBaTjop5HHYqRVJKVPRhaxnne0Eul2+jQ0IunYytSz4I5vo8xtBA8g3lTLxasbM7QjQngX2ImJAcSVK3sZ7vr49AlnsQMCdEyjUB2IsQlxYyMM+1QkADhAeqRlqIeconoRJOTxnBPKV3o+FyVJ+FE/TkRIVeIkWurThfJvpj1YvE/rxVK56QTUS8IJfHw9CMnZFD6MM4HdiknWLKRIghzqnaFuI84wlKlmFEhmLMn/yX1gm6W9fL1Ua5ykcSRBjtgF+wDExyDCrgCVVADGDyAJ/ACXrVH7Vl7096nrSktmdkGv6B9fANpfJoy</latexit>

w0 = �0.55+0.39
�0.21 wa < �1.32

Slide courtesy of DESI collaboration

( CPL  EoS ) 
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<latexit sha1_base64="tFx9Im2vBaj+UK8ys/ltXyfRje8=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQEsSwKxK9CEEvHiOYByTL0juZTYbMPpiZNYQl4K948aCIV7/Dm3/jJNmDRgsaiqpuuru8mDOpLOvLyC0tr6yu5dcLG5tb2zvm7l5TRokgtEEiHom2B5JyFtKGYorTdiwoBB6nLW94M/VbD1RIFoX3ahxTJ4B+yHxGQGnJNQ9GJSjjKzxyLXyCS/YplEcuuGbRqlgz4L/EzkgRZai75me3F5EkoKEiHKTs2FasnBSEYoTTSaGbSBoDGUKfdjQNIaDSSWfnT/CxVnrYj4SuUOGZ+nMihUDKceDpzgDUQC56U/E/r5Mo/9JJWRgnioZkvshPOFYRnmaBe0xQovhYEyCC6VsxGYAAonRiBR2CvfjyX9I8q9jVSvXuvFi7zuLIo0N0hErIRheohm5RHTUQQSl6Qi/o1Xg0no03433emjOymX30C8bHN+aikuY=</latexit>

w(a) = w0 + (1� a)wa

DESI + CMB ⟾ 2.6σ
<latexit sha1_base64="oCLUHl2OBPnS0lltPB7q58XDKms="></latexit>

w0 = �0.45+0.34
�0.21 wa = �1.79+0.48

�1.0

Slide courtesy of DESI collaboration

( CPL  EoS ) 
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<latexit sha1_base64="tFx9Im2vBaj+UK8ys/ltXyfRje8=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQEsSwKxK9CEEvHiOYByTL0juZTYbMPpiZNYQl4K948aCIV7/Dm3/jJNmDRgsaiqpuuru8mDOpLOvLyC0tr6yu5dcLG5tb2zvm7l5TRokgtEEiHom2B5JyFtKGYorTdiwoBB6nLW94M/VbD1RIFoX3ahxTJ4B+yHxGQGnJNQ9GJSjjKzxyLXyCS/YplEcuuGbRqlgz4L/EzkgRZai75me3F5EkoKEiHKTs2FasnBSEYoTTSaGbSBoDGUKfdjQNIaDSSWfnT/CxVnrYj4SuUOGZ+nMihUDKceDpzgDUQC56U/E/r5Mo/9JJWRgnioZkvshPOFYRnmaBe0xQovhYEyCC6VsxGYAAonRiBR2CvfjyX9I8q9jVSvXuvFi7zuLIo0N0hErIRheohm5RHTUQQSl6Qi/o1Xg0no03433emjOymX30C8bHN+aikuY=</latexit>

w(a) = w0 + (1� a)wa

DESI + CMB ⟾ 2.6σ
<latexit sha1_base64="oCLUHl2OBPnS0lltPB7q58XDKms="></latexit>

w0 = �0.45+0.34
�0.21 wa = �1.79+0.48

�1.0

Slide courtesy of DESI collaboration

( CPL  EoS ) 
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DESI + CMB ⟾ 2.6σ
<latexit sha1_base64="oCLUHl2OBPnS0lltPB7q58XDKms="></latexit>

w0 = �0.45+0.34
�0.21 wa = �1.79+0.48

�1.0

Varying EoS
  

<latexit sha1_base64="tFx9Im2vBaj+UK8ys/ltXyfRje8=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQEsSwKxK9CEEvHiOYByTL0juZTYbMPpiZNYQl4K948aCIV7/Dm3/jJNmDRgsaiqpuuru8mDOpLOvLyC0tr6yu5dcLG5tb2zvm7l5TRokgtEEiHom2B5JyFtKGYorTdiwoBB6nLW94M/VbD1RIFoX3ahxTJ4B+yHxGQGnJNQ9GJSjjKzxyLXyCS/YplEcuuGbRqlgz4L/EzkgRZai75me3F5EkoKEiHKTs2FasnBSEYoTTSaGbSBoDGUKfdjQNIaDSSWfnT/CxVnrYj4SuUOGZ+nMihUDKceDpzgDUQC56U/E/r5Mo/9JJWRgnioZkvshPOFYRnmaBe0xQovhYEyCC6VsxGYAAonRiBR2CvfjyX9I8q9jVSvXuvFi7zuLIo0N0hErIRheohm5RHTUQQSl6Qi/o1Xg0no03433emjOymX30C8bHN+aikuY=</latexit>

w(a) = w0 + (1� a)wa

Slide courtesy of DESI collaboration

( CPL  EoS ) 
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DESI  
“First Cosmological Results” 2024 

Slide courtesy of DESI collaboration



April	2020	APS:	Advances	in	Spectroscopic	Cosmology,	A.	Einstein

• DESI has	gathered	the	largest	and	deepest	map	of	galaxies	and	
quasars	as	well	as	Lyman-Alpha	Forest	in	our	Universe,	spanning	
11	billion		years	

• DESI	is	measuring	a	record	high	of	millions	galaxies/quasars	of	1.2	
million	in		week			(weather	dependent)

• Lymann-Alpha data allow as to determine the clustering of 
matter even before galaxies have been formed

• DESI		year-one	results	suggest	that	Dark	Energy	is	NOT	a	
Cosmological	Constant	(at	95%	confidence	level)		implying	a	
dynamical	Dark	Energy		

• In	the	next	years	DESI,	together	with	other	cosmological	data,	will	
be	able	to	rule	out	a	cosmological	constant	as	Dark	Energy

Summary and	Conclusions



April	2020	APS:	Advances	in	Spectroscopic	Cosmology,	A.	Einstein
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Evolution of  our Universe
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