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IntroductionIntroductionIntroductionIntroduction
The current standard model of cosmology, LCDM, is based on

• The cosmological principle (homogeneity and isotropy)

• General Relativity

• Inflation, baryogenesis and physics in the early universe

The most shocking consequence is that 96% of the matter-energy content of the
universe remains unexplained.

Cosmology requires new physics beyond standard model of particle physics to
understand dark matter and dark energy.

The evidence of dark energy is twofold:

• Accelerated expansion of the universe, measured from SNIa

• The universe is flat (from CMB) and its matter content is around 24% (from LSS, 
BAO), ergo, “something else” must provide the missing mass-energy. Remarkbly, 
the same “dark energy” can also explain the accelerated expansion.



03/03/2008 4

IntroductionIntroductionIntroductionIntroduction

From CMB �ΩTOT ~1 (WMAP 

and others)

From BBN + CMB �ΩM ~ 0.04 �

Most of the universe is non-

baryonic

LSS (galaxy surveys) + 

DYNAMICS (rotation curves of

galaxies, cluster masses, 

gravitational lensing) � DARK DARK DARK DARK DARK DARK DARK DARK 
MATTER!!!!MATTER!!!!MATTER!!!!MATTER!!!!MATTER!!!!MATTER!!!!MATTER!!!!MATTER!!!! ; ΩDM~ 0.22

Supernovae Ia� DARK DARK DARK DARK DARK DARK DARK DARK 
ENERGY!!!ENERGY!!!ENERGY!!!ENERGY!!!ENERGY!!!ENERGY!!!ENERGY!!!ENERGY!!! ; ΩDE ~ 0.76

Universe also contains radiation

(CMB) �ΩR h
2 ~ 2.56 x10-5
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73%73%73%73%

22%22%22%22%
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DarkDarkDarkDark MatterMatterMatterMatter andandandand DarkDarkDarkDark EnergyEnergyEnergyEnergy
There is no direct laboratory evidence of nearly 96% of the matter-energy content of the
universe!!! Since the baryogenesis is not well understood, even ΩB is not understood.

ButButButBut………… WHAT ABOUT DARK ENERGY???WHAT ABOUT DARK ENERGY???WHAT ABOUT DARK ENERGY???WHAT ABOUT DARK ENERGY???

There is a strong experimental effort to look for

dark matter in the laboratory (accelerators: 

LHC, non- accelerator:underground

experiments, astroparticle physics).

There is the hope that particle physics can offer

also some hints on the inflation mechanism.

I I I I willwillwillwill notnotnotnot talktalktalktalk aboutaboutaboutabout thesethesethesethese topicstopicstopicstopics todaytodaytodaytoday

040426150800

  http://dmtools.brown.edu/
           Gaitskell&Mandic
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WHAT DO WE KNOW ABOUT DARK ENERGY?WHAT DO WE KNOW ABOUT DARK ENERGY?WHAT DO WE KNOW ABOUT DARK ENERGY?WHAT DO WE KNOW ABOUT DARK ENERGY?

1) It emits no electromagnetic radiation

2) It has large and negative pressure

3) Its distribution is homogeneous. Dark energy does not cluster significantly with
matter on scales at least as large as galaxy clusters

Dark energy is qualitatively very different from dark matter. Its pressure is comparable in 
magnitude to its energy densisty (it is energy-like) while matter is characterized by a 
negligible pressure

Dark energy is a diffuse, very weakly interacting with matter and very low energy
phenomenon. Therefore, it will be very hard to produce it in accelerators. As it is
not found in galaxies or clusters of galaxies, the whole universe is the natural (and
perhaps the only one) laboratory to study dark energy.

No well-motivated theoretical explanations for dark energy

Very likely, progress will come from improving observational constraints
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ManyManyManyMany proposedproposedproposedproposed ideas ideas ideas ideas aboutaboutaboutabout thethethethe naturenaturenaturenature ofofofof thethethethe darkdarkdarkdark energyenergyenergyenergy

Many theoretical proposals for dark energy. Not all of them independent of each other:

Cosmological Constant

Quintessence and its variants

(spintessence, k-essence…)

Cardassian expansion

Modified gravity

Inhomogeneous cosmologies

Chaplygin gas

…

No No No No oneoneoneone isisisis reallyreallyreallyreally

wellwellwellwell----motivatedmotivatedmotivatedmotivated NY Times
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How How How How totototo describe describe describe describe DarkDarkDarkDark EnergyEnergyEnergyEnergy: : : : TheTheTheThe EquationEquationEquationEquation ofofofof StateStateStateState

A phenomenological way to parametrise the dark energy properties: Use the parameter
w of the equation of state. 

w=p/ρ
Main features to be tested observationally: IsIsIsIs w=w=w=w=----1? 1? 1? 1? IsIsIsIs dwdwdwdw////dzdzdzdz notnotnotnot nullnullnullnull????

From M. Turner

astro-ph/0108103

DETF parametrizes w(z) = w0 + wa (1-a); 
a(t)=scale factor=D(t)/D(0)

TheTheTheThe DETF figureDETF figureDETF figureDETF figure----ofofofof----meritmeritmeritmerit is the reciprocal of the is the reciprocal of the is the reciprocal of the is the reciprocal of the 
area of the error ellipse enclosing the 95% area of the error ellipse enclosing the 95% area of the error ellipse enclosing the 95% area of the error ellipse enclosing the 95% 
confidence limit in the w0confidence limit in the w0confidence limit in the w0confidence limit in the w0----wa plane. Larger wa plane. Larger wa plane. Larger wa plane. Larger 
figurefigurefigurefigure----ofofofof----merit indicates greater accuracy.merit indicates greater accuracy.merit indicates greater accuracy.merit indicates greater accuracy.
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ObservationalObservationalObservationalObservational ProbesProbesProbesProbes ofofofof DarkDarkDarkDark energyenergyenergyenergy

There are several ways of testing observationally the properties of the dark energy. All of
them are integrals of the Hubble constant:

Standard Standard CandlesCandles:: Measure dL=(1+z) r(z)
Standard Standard RulersRulers:: Measure dA=r(z)/(1+z)

NumberNumber CountsCounts:: Measure dV/dz dΩ = r2(z)/√(1-k r2(z))
GrowthGrowth ofof structurestructure:: A more complicated function of H(z)
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ObservationalObservationalObservationalObservational ProbesProbesProbesProbes ofofofof DarkDarkDarkDark energyenergyenergyenergy

Try to identify the nature of the dark
energy measuring the w parameter as a 
function of the redshift.

It is necessary to measure with precision, 
since the differences among different
models are small.

Control systematic errors!!!!
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ObservationalObservationalObservationalObservational ProbesProbesProbesProbes ofofofof DarkDarkDarkDark energyenergyenergyenergy
The practical implementation of those observables can be done in many ways:

DistanceDistanceDistanceDistance probesprobesprobesprobes:::: CMB acoustic peaks, SNIa, BAO, SZ+X-ray+Optical clusters, 
strong lensing statistics, Ly-alpha forest correlations, Alcock-Pazynski test, galaxy
counts…

GrowthGrowthGrowthGrowth ofofofof structurestructurestructurestructure probesprobesprobesprobes:::: CMB, weak lensing, galaxy clusters, Ly-alpha 
forest, ISW effect, …

Many tests to attack the problem of dark energy, with different sensitivities, different
systematics and different levels of practical difficulty.

A full study of all the methods has been done by the DETF. The main conclusions is
that the study of dark energy must be done using multiple techniques.

No single technique is sufficiently powerful to improve the knowledge of dark energy at
the level of one order of magnitude.

Combinations of techniques: substantially more statistical power, much more ability to
discriminate among dark energy models, and more robustness to systematic errors
than any single technique.

Also, the confirmation of results from any single method
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ObservationalObservationalObservationalObservational ProbesProbesProbesProbes ofofofof DarkDarkDarkDark energyenergyenergyenergy
Four methods are identified by the DETF as the most promising:

Supernovae Ia BAO

Cluster 
Counts Weak

Lensing
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SupernovaeSupernovaeSupernovaeSupernovae IaIaIaIa
This is the technique that allowed the discovery of the dark energy.

The most mature technique to date

SN Ia are GOOD DISTANCE INDICATORS

Search strategy

• Rolling search

• Look systematically to the
same part of the sky

Classification

• Obtain spectra and colors
of all the supernovae

Obtain the light curves

• In many colors
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SupernovaeSupernovaeSupernovaeSupernovae IaIaIaIa

SN Ia are GOOD DISTANCE INDICATORS

Not standard candles, but standarizable

Calibrated using nearby sne, cepheids and phenomenological models

Relate light curve shape to luminosity: Several precise phenomenological models
have been developed, SALT2, MLCS2k2. More precise than the initial corrections

Δm15 or the stretch factor.
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SupernovaeSupernovaeSupernovaeSupernovae IaIaIaIa

Once the luminosities are obtained, build the Hubble diagram

µ=m-M= 5 log10(dL/10 pc)  � distance modulus
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and fit the cosmological parameters using a chi-square
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SupernovaeSupernovaeSupernovaeSupernovae IaIaIaIa: : : : SystematicsSystematicsSystematicsSystematics
• Dust: Normal or grey: Distant sne may be more (or less) dimmed by dust

• EvolutionEvolutionEvolutionEvolution:::: Supernova properties may depend on time. Fit as many hubble diagrams as 
there are types pf galaxies

• SelectionSelectionSelectionSelection biasesbiasesbiasesbiases andandandand kkkk----correctioncorrectioncorrectioncorrection

• CalibrationCalibrationCalibrationCalibration andandandand extinctionextinctionextinctionextinction:::: More nearby supernovae, Dust and intrinsic colors

• ContaminationContaminationContaminationContamination

• GravitationalGravitationalGravitationalGravitational lensinglensinglensinglensing
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BaryonBaryonBaryonBaryon AcousticAcousticAcousticAcoustic OscillationsOscillationsOscillationsOscillations

• Each initial overdensity (in DM & baryons) is an overpressure that launches 
a spherical sound wave (at 57% of the speed of light).

• Photons, that provided the pressure, decouple at recombination.

• Sound speed drops very sharply and waves got frozen at a radius of 150 
Mpc.

• An overdensity in baryons at 150 Mpc and at the origin (DM) both seed the 
formation of galaxies. More galaxies separated by this distance.

• The scale of the acoustic oscillations depends on ΩM and ΩB.

• The CMB anisotropies measure these quantities and fix the oscillation 
scale at a redshift of ~1100.

• In a redshift survey, we can measure this scale both along the line of 
sight and perpendicular to the line of sight. These measurements give H(z) 
and DA(z) respectively!
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BaryonBaryonBaryonBaryon AcousticAcousticAcousticAcoustic OscillationsOscillationsOscillationsOscillations
Measure the position and redshift of galaxies and compute the correlation function (or
the power spectrum).

This is an emerging technique, very recently probed (partially) in SDSS. Less affected by 
systematic errors than the other probes of dark energy.

SDSS
2005

Measured transverse to the
LOS. AtAtAtAt z~0z~0z~0z~0.35, .35, .35, .35, thethethethe measuredmeasuredmeasuredmeasured
BAO BAO BAO BAO scalescalescalescale isisisis 148 148 148 148 MpcMpcMpcMpc, , , , andandandand
thethethethe effecteffecteffecteffect isisisis detecteddetecteddetecteddetected atatatat 3.4 3.4 3.4 3.4 σσσσ

Along LOS this technique
gives H(z)

SYSTEMATIC ERRORSSYSTEMATIC ERRORSSYSTEMATIC ERRORSSYSTEMATIC ERRORS

• Galaxy clustering bias

• Redshift space
distortion

• Nonlinear
gravitational clustering

Z ~ 0.35Z ~ 0.35Z ~ 0.35Z ~ 0.35

Ωmh2=0.12

Ωmh2=0.13

Ωmh2=0.14

No Baryons
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NumberNumberNumberNumber CountsCountsCountsCounts ofofofof Clusters Clusters Clusters Clusters ofofofof GalaxiesGalaxiesGalaxiesGalaxies
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The number of galaxy clusters as a function of angle and redshift is very sensitive
to the cosmological parameters, and in particular to the dark energy

From J. Mohr

Sensitivity comes from the volume
element and from the growth of
structure as a function of the
redshift
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NumberNumberNumberNumber CountsCountsCountsCounts ofofofof Clusters Clusters Clusters Clusters ofofofof GalaxiesGalaxiesGalaxiesGalaxies

To obtain cosmology from clusters of galaxies, first we have to identify them. Several
methods have been proposed:

• Sunyaev Zel’dovich
effect

• X-ray emission from 
cluster gas

• Optical data: red 
sequence richness 

• Weak lensing (future?)

Second, we have to measure
the cluster mass and redshift

Mass from SZ, X-ray or lensing

Redshift from optical
astro-ph/0205350
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NumberNumberNumberNumber CountsCountsCountsCounts ofofofof Clusters Clusters Clusters Clusters ofofofof GalaxiesGalaxiesGalaxiesGalaxies
This is an emergent and vdery promising method, but not has been probed yet. Its
final sensitivity will be fixed by the systematic errors

SYSTEMATICS:

Observable-mass relation: X-ray calibration (clusters are not relaxed, 
additional pressure support), weak lensing calibration (scatter, malmquist
bias)

Sample selection

Sources contamination

Photometric redshift

Needs:

Understanding the formation of dark matter halos

Clean way of selecting a large number of clusters

Redshift of each cluster

Observables that can be used as mass estimators
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Observer

Dark matter halos

Measure the distortion of background images by the foreground matter

WeakWeakWeakWeak lensinglensinglensinglensing effectseffectseffectseffects ofofofof thethethethe orderorderorderorder ofofofof 1%1%1%1%

UNLENSED LENSED

WeakWeakWeakWeak GravitationalGravitationalGravitationalGravitational LensingLensingLensingLensing
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WeakWeakWeakWeak GravitationalGravitationalGravitationalGravitational LensingLensingLensingLensing
Magnification and distortion effects due to weak lensing can be used to probe the
statistical properties of the matter distribution between the observer and the
distant sources.

Assume that galaxies are 
intrinsically randomly oriented . 
Then, any coherent alignment of
images signals the presence of
an intervening tidal gravitational
field.

The positions on the sky of
galaxies at different distances
should be independent. A 
statistical association of
foreground galaxies with
background galaxies can indicate
the magnification.

Weak lensing is sensitive to
cosmology through distances
and the growth factor.
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WeakWeakWeakWeak GravitationalGravitationalGravitationalGravitational LensingLensingLensingLensing
TheTheTheThe mostmostmostmost powerfulpowerfulpowerfulpowerful techniquetechniquetechniquetechnique, , , , butbutbutbut alsoalsoalsoalso thethethethe mostmostmostmost difficultdifficultdifficultdifficult totototo implementimplementimplementimplement in in in in 

practicepracticepracticepractice....

Systematics:

• Theory: Small scale power spectrum

• Galaxy shape measurement

� PSF shape leakes into galaxies (additive shear)

� Incorrect calibration (multiplicative effect)

• Wrong redshift

� Random errors in photometric redshift

� Biases in photometric redshift (photometry errors or calculation
method)

• Intrinsic alignment

• False detections shear

• Use self calibration

• Control the PSF very carefully.
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Current Situation: June 2007

Taken from T.M.Davis et al., astro-ph/0701510. It includes:

– SN dataSN dataSN dataSN data

• Near-by from Calan/Tololo and others

• Medium z from SNLS (Astier et al. 2006) and ESSENCE (Wood-Vasey

et al. 2007)

• High z from HST (Riess et al. 2006)

• No systematic errors considered (?)

• Determine H0 dL(z) (independent of h) for 0.1 < z < 1.7 to 3-15%.

– BAO data from SDSS BAO data from SDSS BAO data from SDSS BAO data from SDSS (Eisenstein et al. 2005)(Eisenstein et al. 2005)(Eisenstein et al. 2005)(Eisenstein et al. 2005)

• Determine                                 (independent of h) at z = 0.35 to 3.6%.

– CMB data from WMAP 3 years CMB data from WMAP 3 years CMB data from WMAP 3 years CMB data from WMAP 3 years ((((SpergelSpergelSpergelSpergel et al. 2006)et al. 2006)et al. 2006)et al. 2006)

• Determine                     (independent of h) at z = 1089 to 1.8%.

– No clustersNo clustersNo clustersNo clusters

– No weak No weak No weak No weak lensinglensinglensinglensing
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T.M.Davis et al., astro-ph/0701510

• Some constraint in w-ΩM plane

• Almost no sensitivity in w0-wa plane

• FoM ~ 1

Current Situation: June 2007Current Situation: June 2007Current Situation: June 2007Current Situation: June 2007



03/03/2008 29

CurrentCurrentCurrentCurrent SituationSituationSituationSituation: : : : SupernovaeSupernovaeSupernovaeSupernovae

From arXiv:0802.4154 [astro-ph]

Empty Universe
ΛCDM
Einstein-de Sitter

ΛCDM describes the supernovae data. It is important to notice that both the recenty
acceleration epoch and the previous decceleration epoch are seen. The transition is

around z~0.8
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CurrentCurrentCurrentCurrent SituationSituationSituationSituation: CMB: CMB: CMB: CMB

WMAP3+ACBAR: 5 peaks of the power spectrum already detected
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New expected results mostly from SNe and CMB:

– SN dataSN dataSN dataSN data

• SN Factory should add about 300 near-by SNe

• Full SNLS and ESSENCE data sample: about 500 medium-z SNe.

• SDSS-II/SNe sample of about 300 SNe with 0.1 < z < 0.3

• Systematic errors guessed as 0.02 mag in each bin with ∆z = 0.1.

• Determine H0 dL(z) (independent of h) for 0.1 < z < 1.7 to 2-15%.

– BAO data from SDSS (Eisenstein et al. 2005)BAO data from SDSS (Eisenstein et al. 2005)BAO data from SDSS (Eisenstein et al. 2005)BAO data from SDSS (Eisenstein et al. 2005)

• Determine                                  (independent of h) at z = 0.35 to 3.6%.

– CMB data from Planck (probably slightly later than 2010)CMB data from Planck (probably slightly later than 2010)CMB data from Planck (probably slightly later than 2010)CMB data from Planck (probably slightly later than 2010)

• Determine                       (independent of h) at z = 1089 to 0.7%.

– No clustersNo clustersNo clustersNo clusters

– No weak No weak No weak No weak lensinglensinglensinglensing
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NearNearNearNear FutureFutureFutureFuture SituationSituationSituationSituation: 2010: 2010: 2010: 2010
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DETF DETF DETF DETF ProjectionsProjectionsProjectionsProjections
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Many new surveys in all four techniques:

– DESDESDESDES : 5000 deg2 in grizY (plus VISTA’s JHK) to i = 24 (z < 1.3)

• BAO with photo-z with 300 M galaxies.

• WL with photo-z with 300 M galaxies.

• Cluster photo-z for O(10,000) SPT clusters.

• O(1000) SNe with z<1

– PanSTARRSPanSTARRSPanSTARRSPanSTARRS----1111

• Can do a program similar to DES (except for clusters, probably), but 
it’s not so well defined at this point

– Many BAO spectroscopic projectsMany BAO spectroscopic projectsMany BAO spectroscopic projectsMany BAO spectroscopic projects

• BOSS, Wiggle-Z, WFMOS, HETDEX

– Will not cover LSST, PanSTARRSWill not cover LSST, PanSTARRSWill not cover LSST, PanSTARRSWill not cover LSST, PanSTARRS----4444
• Most probably on a longer time scale

– Will not cover space missionsWill not cover space missionsWill not cover space missionsWill not cover space missions (ADEPT, DUNE, SNAP, SPACE)
• Surely on a longer time scale

FarFarFarFar FutureFutureFutureFuture SituationSituationSituationSituation: 2015: 2015: 2015: 2015



03/03/2008 34Complete1.20.77000z<0.3SDSS main 2dF

Complete2.20.04738000.16<z<0.47SDSS LRG

P4.712001.8<z<3.8HETDEX

F, running4.40.09476000.16<z<0.47SDSSII 8Yr LRG

P3.50.63002.3<z<3.3WFMOS++
Subaru

P12220000.5<z<1.3WFMOS
Subaru

P(2009 - 13)
Spectra

211.5100000.2<z<0.8APO-LSS SDSS-
III (BOSS)

P2.90.410000.5<z<1.0Wiggle-Z AAT

P(2010 P(2010 P(2010 P(2010 ---- 14)14)14)14)24242424434343438000 (4 yr)8000 (4 yr)8000 (4 yr)8000 (4 yr)0.1<z<1PAUPAUPAUPAU----BAOBAOBAOBAO

Funded(F) or
Proposed(P)

Vol.
(Gpc3)

Million 
Galaxies

Sky area 
(deg2)

RedshiftSurvey

BAO BAO BAO BAO spectroscopicspectroscopicspectroscopicspectroscopic surveyssurveyssurveyssurveys by 2015by 2015by 2015by 2015
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ImagingImagingImagingImaging surveyssurveyssurveyssurveys

Proposed4+55000?ModerateVST/VISTA

Proposed2+1?20000ModerateDUNE

Proposed91000+DeepJDEM

Proposed520000DeepLSST

Proposed5?~10000?ModeratePan-Starrs

Proposed45000ModerateDES

50% approved4+51700ModerateVST/KIDS/VISTA

Approved3830ShallowRCS2 (CFH)

Observing5170ModerateCFH Legacy

Observing111130303030DeepSubaruSubaruSubaruSubaru

StatusFiltersSky area 
(deg2)

DepthSurvey
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Etendue = Area x Solid Angle

ComparisonComparisonComparisonComparison ofofofof surveysurveysurveysurvey powerspowerspowerspowers
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ExpectationsExpectationsExpectationsExpectations ofofofof DETF DETF DETF DETF forforforfor StageStageStageStage IVIVIVIV
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• Approved project in the spanish plan “consolider-ingenio” 2010. 
The goal is to develop a competitive project to study the existence
and nature of the dark energy

• Use the BAO signature as main line

• Build a CCD camera of large field of view and able to measure
photometric redshifts with high precision using a new technique: 
A large number of very narrow optical filters

• Install the camera in a telescope of 2.5 m class to perform a 
survey of 8000 sq-deg with redshifts between 0.1 and 1.0

• The team is formed by particle physicists (both

experimentalists and theorists), astronomers and

astrophysicists. 

TheTheTheThe PAU PAU PAU PAU ((((PhysicsPhysicsPhysicsPhysics ofofofof thethethethe AcceleratingAcceleratingAcceleratingAccelerating UniverseUniverseUniverseUniverse)))) ProjectProjectProjectProject
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Photometric redshift. vs. Spectroscopic redshift

PhotoPhotoPhotoPhoto----z:z:z:z: Robust and complete, but not very precise. It can be measured for every

object in the field of view..

Spec-z : Extremely precise, but incomplete. Limited by the number of fibers to ~1000 

objects in the field of view.

NEW IDEA OF PAU: NEW IDEA OF PAU: NEW IDEA OF PAU: NEW IDEA OF PAU: Combine Combine Combine Combine thethethethe advantagesadvantagesadvantagesadvantages ofofofof bothbothbothboth techniquestechniquestechniquestechniques

Typical photo-z (5 filters)
PAU photo-z (~50 filters)

Using many

fnarrow

filters it is

possible to

measure

precise 

redshift for

a large

amount of

objects

TheTheTheThe PAU  ProjectPAU  ProjectPAU  ProjectPAU  Project
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• Use early type galaxies (LRG) con L > L*

• ∆∆∆∆z/(1+z) < 0.003

The narrow
filters technique, 
a low resolution
spectrum is
measured. It
allows to
determine the
redshift with
high precision
and to study BAO 
both along the
line of sight and
perpendicular to
the line of sight

TheTheTheThe PAU  ProjectPAU  ProjectPAU  ProjectPAU  Project
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General requirements for PAUCam (still in design phase):

• FoV ~ 6 sq-deg
• Filter width ~ 100 Å
• N. Filters ~ 44
• Wavelengths in 350-1000 nm
• 0.4´´/pixel
• Pixel size : 15 µm
• Intrinsic PSF ~ 0.4´´ FWHM
• 50-80 CCDs (very likely similar to DES)

A A A A dedicateddedicateddedicateddedicated 2.5m2.5m2.5m2.5m----classclassclassclass telescopetelescopetelescopetelescope willwillwillwill be be be be usedusedusedused....

Expected date for the starting of the survey is 2011

Expected precision in the determination of w using BAO is 2%

TheTheTheThe PAU  ProjectPAU  ProjectPAU  ProjectPAU  Project
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ConclusionsConclusionsConclusionsConclusions

The ambitious goal of determining the nature of dark energy will
have in the near future an important boost

Four techniques are identified as the most sensitive: SNeIa, BAO, 
galaxy clusters counts and weak gravitational lensing, allthough
there are some other techniques to study dark energy

The final sensitivity will be limited by the systematic uncertainties

This is an exciting and probably very important question, both for
astrophysics and for fundamental physics


