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We know _sinci,e"'19,_2'9*(Hu‘bble) that fheUniverseis expandmg
Models of the Expanding Universe
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We know since 1929 (Hubble) that the Universe is expa’nding;;
' Models of the Expanding Universe

s = = i Photon  Our galaxy ;

o -y . Supernova |
" T/ :
wn e — i < |
- ——— e e ° :
c r 3 . :
D i :
= e\ N =)
E i i
© } :
i | ; ) ;

| Q . ’/
* “Nearby” standard <> |
candles |
0.10 , -
Redshift Declerating, then
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We know since 1929 (Hubble) that the Universe is expa’nding;;
Models of the Expanding Universe

& -
Fainter x / _________________________________________________
> Further | s T = ° - i Photon ~ Our galaxy
" =» Acceleration / / ,
«Q Distant s, @ s, ; -
()] » -

. - | ]
= standard D : - ° !
<) candles: > )
el supernovas A@A Ly - - g |
3 i i
© : !
UE:) ' ' ; i

% * W R s ;
‘\6 . ._/
® “Nearby” standard <

candles

0.10 . T
Redshift . Declerating, then

(scale factor)” accelerating universe
© NASA & ESA

... but we on’ly"'léafr*'hed in 1998 that
this expansion is now accelerating
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WI-IY? WI-IAT? HOW?

-

h,""é’? ngefher .

Large-scale structure  'on
of the Universe

i
g
' -J‘\_,m
So, el’rher > e

1) some. s’rrang e o

its present age, or - i

2) for some reason, gravn’ry itself behaves in a very surprising way



- Einsteins Cosmological Constant (A) is ’r_he SImpl

- and its consistent with all ’rhe data, so far




i Witten




Ems’relns Cosmologlcal Constant (A) is +he sumplesi' explanahon
-~ and I1'S consistent with all the data, so Far v

-

But in terms of any oF the known symme’rry breaklng 'ma?s scales
~sucha vacuum energy A/M* should be 1ncred1bly i |

A =10 g/cm?
A =104 GeV*? =
V= 9 out of 10 physmls’rs reJec’r it oufrl

’" “The most
= @ profound mystery
"\ in basic science”
9y F Wilczek

“The
number one
problem”
E. Witten

(....-' ;

& Theoretical efforts have
not yet produced a clear- cu’r -
“standard model” for the |
cosmic acceleration

Extra

~ dimensions, Quintessence

(scalar fields)

P hofifed prasiiam

Gravity
b < f(R) Chameleons
W y




Ems’relns Cosmologlcal Constant (A) is +he sumplesi' explana’rlon
-~ and I1'S consistent with all the data, so far

-

But in ferms of any of the known symmetry- breakmg_ma?s scales
* such a vacuum energy A/M* should be 1ncred1bly smal -

A =10 g/cm?
A =108 GeVH4 | .
o 9 sut ofF 10 physmls’rs reJec’r It oufrlga__,., .,

/ "The most
W profound mystery
"\ in basic science”
) F Wilczek

“The
number one
problem”
E. Witten

= Theoretical efforts have
not yet produced a clear-cut

“standard model” for the
cosmic acceleration

~ Extra -

£ dlm ensu ons, Quintessence

(scalar fields)

. | Modified —~ ~K-essence
‘@ N\eanwhlle dcrlmeeps Gravity

getting better and better.. ~ f(R) " Chameleons







~ Dark ener |
e G 4:‘87~TGT@V+87TGT£/

 Modified gr‘_aVHy, o
= Modifications to the Friedmann

_;i{Q_egene'ra’re w/
R o9

.

= Acceleration




Dark energy or modified gravufy?

&

4 = 87TGTW . | i GW = 87TGT;§,,

* Modified gravity

| Degenerate w/
= Modifications to the Frledmann

~dark energy

= Accelerahon . v

However modified gravn‘y alsa "changes the Pmsson
equation! In F(R) fheorles

Same matter, diff.
gravit. force

i

i 16 o
VQQ _._ ;T 5,0.

2 Mv,

: o LR R 5
: NNk SRR TN 5
ok

The grdwfh'df structures is modified! .



‘zoomingi"fo the nature of dark energy &

More acceleration

0.4 0.5
Qm Sullivan et al. 2010 &

- "More dark energy
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More acceleration
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Sullivan et al. 2010 B
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'Zooming into the nature of dark energy

More acceleration

0.2 0.3 0.4 0.5
Qm Sullivan et al. 2010 &

~"More dark energy




Aé’rronomers are now Iooking everywhere for Clues of dark e_nergy:i

= Type- Ia Supernovas (mos’r dls’ran’r stgndard
candles) | g |

® Distribution of galaxiesi(sta
rulers - BAOs) =

.;'f%Clus’rers ag’d groups oF galax1es (grow’rh oF

large scafe sfruc’rure)

,,%

& ‘,L‘f w«‘\‘i‘ﬁ

Gravu’rahonal lensing (direct probe of dark

matter)



The dls’rrlbui'lon of galaxies bear the |mpr|n’r oF a prlmordlal era .

“when sound waves (baryon acoustic oscillations - BAOS) W|’rh a ¢

characi'erlshc length scale crlss-crossed the Umverse *%

~A. Kravtsov & A. Klypin - ’“~



The dls’rrlbui'lon of galaxms bear the |mpr|n’r oF a prlmordlal era
when sound waves (baryon acoushc oscullaﬂons - BAOs) wu’rh a

- A. Kravtsov & A. Klypin
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The dls’rrlbui'lon of galames bear the |mpr|n’r oF a prlmordlal era
when sound waves (baryon acoushc oscillations - BAOs) wu’rh a
' ,-charac’rerls’rlc length scale crlss-crossed the Umverse

- A. Kravtsov & A. Klypin



The dls’rrlbui'lon of galaxms bear the |mpr|n’r oF a prlmordlal era
when sound waves (baryon acoushc oscullaﬂons - BAOs) wu’rh a

- A. Kravtsov & A. Klypin
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The dls’rrlbui'lon of galaxies bear the |mpr|n’r oF a prlmordlal era
when sound waves (baryon acoustic oscillations - BAOS) wn‘h a
characi'erlsi'lc length scale crlss-crossed the Unlverse ,,,

£=28.62

2m/k (h~! Mpc,
1000 100

TT rr—rrr 1 1 T ]’T"T”Tﬁ T 1

ACDM (Q_=0.35)

0.005
0, <oo>
0.10

. . | 11 1 iiil

0.01 0.1
k (h Mpc!)

= 100

" D. Eisenstein, spss B

- A. Kravtsov & A. Klypln

> Sfa’nshcal measurement - must map millions oF galaxles in 3D,
over distances of billions of light-years



The 2pt galaxy correlation
function, &), shows the BAOs as

_a slightly larger (~10%)
‘probability of detecting galaxies
- ~150 Mpc from each other




The 2pt galaxy correlation
function, &), shows the BAOs as

_a slightly larger (~10%)
‘probability of detecting galaxies
- ~150 Mpc from each other

The Fourier transform of the

correlation function, the matter

spectrum P(K), shows this:.
feature as oscillations ..




The posmons of galaxles in the radial direction are inferred from fhelr
redshlf’rs - and they are affected by their pecullar velocities!

. . s S ,#
= The observed (z-space) 2pt correlation function is anisotropic:

L E(r) = Eopslry rI))

T. Matsubara, ApJ, 615, 573 (2004)

Redshift distortions in
the linear regime of
structure formation

Re3 |—space

Regime ' turnaround honlinear

.. and in fhe non-lln'eaﬁ_;;;fze%i{fv{

‘regime E - e e B Redshift space

Observer




S0, how can we actually go out an
"' / 001 for physicists



o how can we achually g0 out st Rl



~Lesson #1: Telescopes are not all the




-

Telescopes wu’rh mirrors of the same S|ze can ?Fiave
dlfferem‘ ﬁelds of vuew" *‘

-

Small ﬁeld_ ' o Large field of view
(“classical” Asfronomy) | . - (ideal f/ Cosmology)
< Good spatial resolution f/ objects < Large areas




Imaging V. Spec'rroscopy e
photons)...

Modern CCDs cheap, high quantum efficiency (> 8_0%’_;-._

CCD Spectral Sensitivities
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Figure 1 Black-Thinned
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_ | | Imagmg V. Spec'rroscopy F
Modern CCDs cheap, high quantum efficiency (> 8_0%’.;;-_ photons)...

CCD Spectral Sensitivities

—_
(=]
o

Figure 1 Black-Thinned
CCD

[+
o

Blue Plus
cCD

= D
o

N
o

Quantum Efficiency (Percent)

0 =3
300 400 500 600 700 800 S00 1000

Wavelength (Nanometers)

However, they canno’r measure ’rhe
whvelengfhs' e % < .
.)\obs == (1 _|_Z))\em

No colors, no redshifts!



Strategy #1.: imaging with filters

poor

4000 6000 8000
Wavelength (&)




Strategy #2: specfroscopy

Requires:

1. Previous imaging (targets)

2. Multiplexing (to obtain many
spectra per pointing)

k Excellent redshifts .
Limited # of objects per field
SDSS: 650 / 6 deg?
BOSS: 1000 / 6 deg®
PFS: 2400 / 1.8 deg?
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A new generq’r:i.On.of -Smari" telescopes ‘and instruments is be

designed fo map the 3D distribution of matter in the Univer
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A new generahon oF smart felescopes and instruments is bemg
| desngned ’ro map the 3D distribution of ma’r’rer in ’rhe Umverse

= BOSS - Baryon Osc1lla’r|ons Spec’rroscoplc Survey
(SDSS-III) 2010~2014

SDSS: highest-impact project in the
history of Astronomy




A new generahon oF smart felescopes and instruments is bemg
, desngned ’ro map the 3D distribution of mah‘er in fhe Umverse | '

= BOSS Baryon Oscﬂlahons Spec‘rroscoplc Survey

(SDSS—III) 2010~2014
| Brazul (since 2010) saence/IT
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DES Dark Energy Survey ~2012~2016
~ U$ 45M total - -
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A new generahon oF smart felescopes and instruments is bemg
| desngned ’ro map the 3D distribution of ma’r’rer in ’rhe Umverse

= BOSS - Baryon Osc1lla’r|ons Spec’rroscoplc Survey

(SDSS-III) 2010~2014 B
Brazul (since 2010) sc1ence/IT j__;

= DES - Dark Energy Survey ~2012~2016
~ ~U$ 45M total Cooa
- o Brazil: ~2M. = C

Survey ~2013~2018
~«U$ 35M Jro’ral |




A new generahon oF smart felescopes and instruments is bemg
| desngned to map the 3D distribution of ma’r’rer in ’rhe Umverse

®BOSS - Baryon Osc1lla’r|ons Spec’rroscoplc Survey

(SDSS-III) 2010~2014
Brazul (since 2010) scnence/ITw b

= DES - Dark Energy Survey ~2012~2016
e U$ 45M fotal | s
-l . Brc12|l ~2N\ S

Survey ~2013~2018
~«U$ 35M Jrm‘al |

Images & Redsth’rs""'~'2’Ol7~2020
~U$ 50M (PFS) + U$ 200M (HSC)
Brazil: U$ 5M - instrument., science, IT F/PFS



A new generahon oF smart felescopes and instruments is belng
| desngned to map the 3D distribution of ma’r’rer in ’rhe Umvers .3 | ;"..;-._.

®BOSS - Baryon Osc1lla’r|ons Spec’rroscoplc Survey '. 0” ;~ ,;
' (SDSS-III) 2010~2014 |
Brazul (since 2010) scnence/IT - \q

. 09%. - ILO >

= DES - Dark Energy Survey ~2012~2016 T\
~ ~U$ 45M fotal _—
e ~ Brazil "ZM.:

Survey ~2013~2018
-U$ 35M Jrm‘al |

Images & Redsth’rs'~'2017~2020
~ U$ 50M (PFS) + U$ 200M (HSC) % | 2
Brazil: U$ 5M - instrument., science, IT F/PFS Z




Lafesf observations: BOSS

(264k galames 3275 deg ) Gpc3)

120 | 1
XK X X CMASS
100} x | —  Best-fit|]
80 |
P 60— ]
S 40}
. 7 ) Y
~ 20 i
X
Ot X | XK K| X
—20— (1—1 016 +0.017 x| [%
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0.05
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e Wiggle-Z _
~ (200k redshifts, 800 deg? ~2.2 Gpc®)

150




. 3-PAS - hitp://i-pas.org

--,New ’relescope (Spaln) & camera (Brazul)
- with an innovative approach: |mag|ng in. LA As
54 narrow-band filters T AR

<~ BAOs
# < Clusters
& Supernovas
= Lensing


http://j-pas.org
http://j-pas.org

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

New observa’rory (OAJ) and new Institute of Asfrophysncs & Cosmology (CEFCA)-
Investment (Spain): approx. € 35 il

median = 0.71
average = 0.78_
108527 data points
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median = 0.74
average = 0.81
59050 data points

Frecuency
o
(o)}

©
»
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median = 0.68
average = 0.74
49477 data points
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-

Main Telescope: T2 50 (2. sm)jj ' .

- M1 = 2 5m

FoV = 3 deg = 476 mm at FP
Effective coll. area = 3.89 m?
Etendue = 27.5 m? deg? ~
Plate scale = 22.67"/mm = 0.22' /plx
Focal length = 9098 mm (F#3.5)

Type = Ritchey Chréfien-liké
Mount = Alt-azimuthal
Focus = Cassegrain
Field corrector = 3 lenses

- Mass = 4.5.000 Kg |

Opto- mechamcs by AM;__‘_.
FDR accepted; on sn‘e in Q3 2012
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Cosmol'ogy/Exfragalac’ric goals
~ 13 million red galast to z<1.1 - 6.~ 0. 003(1+z)
~ 100 million ELGs to z<1.3 - 0,~0. 0025(1+z)

~ 2- 3 mllllon quasars to z<5 - Oz ,:. I+z) :
- Hundreds (thousands?) of superno ',.no need of spec’rr') ‘-

= Tens of thousands of galaxy clfers anﬁ groups
== Serendipitous discoveries .

A '.—5_‘ 5 .-(xfe :

Science apps @ # .
w LSS, BAOs, P(k), non gaussmnl’rles - |
m- Dark energy, dar_{f_{ma’r’rer cosmography
> 10° Clusfers & groups i

= Weak lensmg '
o Evoluhon%f our galaxy’
w Stellar p'opula’rion in the local Universe

' [ X X J
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Even without spectroscopy, contamination will be minimal .

Residual on u

Type la Supernovas _
Hundreds or thousands of objects may be detected e
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Black holes and dark energy:
usmg quasars to map the Universe with J-PAS

Accretion
disk

Supermassive
black hole
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4000

Restframe A




Black holes and dark energy:
usmg quasars to map the Universe with J-PAS

Accretion How J-PAS sees quasars at all redshifts

disk , BS0 at z=0.0000
o 5000 5000 7000 2000
LA I B B B S N B B R B E BN B B B B B

Supermassive
black hole
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~ Millions of quasars with J-PAS =

 Abramo et al., 1108.2657 (MNRAS 2012)




Millions of quasars with J-PAS = BAOs & LSS
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Abramo et al., 1108.2657 (MNRAS 2012)




0.10

0.05 |

0.00

o(H)/H

—0.05 -

—0.10

*The excelent photometric redshifts of J-PAS allow us to measure
radial distances (H), as well as distances in the angular

direction (Dg) with high precision

o(D,)/D,

004}
002?
0005
—002:

—0.04 |-




"ACDM & RG. (y=0.55)

d Log(G)/d Log(a)

f=

0.5 7 | | | I I I I | I | | | |

0.5 10 15 20

Dark energy v. modified gravity with J-PAS

Growth of structures in
the Universe:

IO p A=)
din GG
— :Q'Y

*J-PAS will be able to measure the matter growth function using redshift-space

distortions, and test General Relativity



= With PFS/HSC we ‘will also measure the growth of s’rruc’rure -
~even better than J-PAS . | .
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= With PFS/HSC we ‘will also measure the growth of structure -
~even better than J-PAS . | .
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New light on dark energy. =

” e’ory? are drlvmg
| ’3‘&“‘ i

..

Amazmg new instruments for ne,’%_fl 10
immense progress

~»F Great oppor’rumhes for §’ruden’rs fhaf would like to make real
dlscoverues' £ :
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