
  

Savvas Nesseris

  IFT/UAM-CSIC, Madrid, Spain 



  

• Why do we need surveys (history & motivation)

• How to design a survey (requirements and steps)

• CMB surveys (COBE, WMAP, Planck, Litebird)

• LSS surveys (2dF, 6dF, SDSS/BOSS, Wigglez, DES,  
Euclid, LSST)

• Summary



1) A survey is a systematic observation and cataloging of a set of objects (stars etc). 
First star catalog in history by Hipparchus (190-120BC) in 129BC.

2) Hipparchus measured the right ascension, declination 
    (equatorial), longitude (ecliptical) of 850 stars. Catalog 
    lost, but Roman copy (150AD) of statue showing survived!

       

He also :
i) Determined distances and sizes of Moon and Sun!
ii) Discovered the precession of equinoxes.
iii) Measured the length of year to ~6 mins.



3) Due to Weber’s law we measure magnitudes: all (most?) senses are logarithmic! 

i) Sight → magnitudes (mag) →

ii) Sound → Decibels  (dB) → 

iii) Taste → Scoville scale (pungency) →

iv) Sense of weight  (S=sense, I=intensity of stimulus):

● m=100gr, δm=100gr → δS~1

● m=2kg, δm=100gr → δS~0.05!
 

LP=10 log10(
P
P0

)dB

Sc∼log10(ρcapsaicin)

S∼ln (I )→δS∼ δI
I

I∼mg→δI∼δmg→δS∼δm
m



4) Curse of Hipparchus: catalog was in terms of magnitudes:
   
   
Brightest was first magnitude (m=1)
Faintest were sixth magnitude (m=6)
Definition Δm=5→ 100 Δ (brightness)
       

Weber’s law

Match with Hipparchus: 100^(1/5)~2.5



5) Ptolemy (90-186AD) published his own catalog in Almagest with 1022 stars! 
Golden standard for more than 8 centuries. 

       

https://www.johnpratt.com/items/astronomy/ptolemy_stars.html
http://www.ianridpath.com/startales/almagest.htm

First printed edition ca 1515. 
Downloadable on the web, google for it!

https://www.johnpratt.com/items/astronomy/ptolemy_stars.html


6) Tycho Brahe (1598AD) ~1000 stars in unprecedented precision (few arcmins).

7) Created very accurate instruments (sextant+quadrant)!

       



8) Messier and Hubble:
i) Messier published (1774AD) list of 110 nebulae and star clusters, eg 

M31=Andromeda galaxy

ii) Hubble (1922) measured distances to nebulae (eg M31) and found were too 
distant. Also found redshift increases with distance (Hubble’s law)

       

Typo!

Linear relationship between 
distance+velocity (redshift)



9) Discovery of Large Scale Structure (LSS) by Shapley & Zwicky (1930’s)

10) First redshift surveys by de Vaucouleurs, then CfA and Arecibo
       

Overdensity (left) galaxy 
counts and density map (right)

The Local supercluster 
(~60Mpc structure)

The Coma supercluster 
(~100Mpc structure)



1) Identify science goals & objectives

2) Define survey strategy 

3) Quantify performance of the survey

4) Publish proposal making scientific case

5) Request for funding (aka where most proposals fail)

6) Construction phase

7) Data acquisition (the fun begins!)

8) Pipelines and analysis (theory+data)

9) Publish data products and papers
 
       



1) Define science goals/objectives, eg
     i) Understanding Dark Energy → measure cosmological parameters w (=-1?), γ (=6/11?).
    ii) Testing homogeneity of LSS → measure fractal index D2(r) and correlation function ξ(r).
    iii) Assessing accelerating expansion of Universe → measure Hubble parameter H0 and deceleration 

parameter q0.
    iv) Is the Universe flat? → Measure location of 1st peak of CMB.

2) What survey strategy can we take?
    i) What kinds of objects (galaxies, supernovae, CMB) should we target?
    ii) At which redshift should we go? (this affects the instrument design)
    iii) Should we survey a wide area at low z or a small area to greater depth (m)? 

3) How to quantify the performance of the survey?

i) Fisher matrix
   Errors ~Fij^-1

ii) Figure of Merit 
   (=1/Area of contour)

   The higher the better

 
       

1210.7652



4) Publish proposal making scientific case, eg Euclid Definition Study Report. 
   arXiv: 1110.3193

   

   Goals: Map the dark Universe!

   Euclid Definition Study (aka Red book) 
   contains info on:

     i) Science objectives
     ii) Scientific requirements
     iii) Payload (instruments) 
     iv) Mission design
     v) Performance
     vi) Data handling
     vii) Management

 

 
       

More on Euclid later!



5) Request for funding: Very difficult step, most proposals fail at this step :( 

     Proposal for Euclid was submitted to  “ESA Cosmic Vision program selection” and approved for funding 
(2012). Funding also comes from national agencies etc.

     NASA has “Decadal Survey” to “...identify and prioritize leading-edge scientific questions and the 
observations required to answer them.” Funding from NSF etc.

6) Construction phase
 

 
       

Bicep in South Pole. 
Summer (!) of 2006 

LSST telescope



7) Data acquisition (the fun begins!)

i) First light for DES telescope!

Serves as a test to make sure 
everything is working ok.

ii) Planck satellite taking full sky map

 

 
       

 Star cluster 47 Tucanae

Planck satellite



8) Pipelines and analysis (theory+data)

i) Store and analyze data 
ii) Make likelihoods (the χ²) to fit data
iii) Other data products and codes

9) Finally, publish papers

i) Provide key results
ii) Communicate science
iii) Credit authors
iv) Scientific Legacy
v) Data product description

 

 
       

pla.esac.esa.int/pla/

https://www.cosmos.esa.int/web/planck/publications



1) COBE:
Cosmic Background explorer (1989-1993)

Instruments:

i) Differential Microwave Radiometer
For differential measurements of the CMB

ii) Far-InfraRed Absolute Spectrophotometer
To measure the CMB spectrum

iii) Diffuse Infrared Background Experiment
To measure dust emission in Galaxy

lambda.gsfc.nasa.gov/product/cobe



Key findings:
i) Black-body spectrum of the CMB

ii) Infrared background and galactic disk (effect of dust important!)

Errors x 400!!!



iii) CMB anisotropies (3 channels at 31.5GHz, 53GHz and 90 GHz) 
→ T~2.7K and ΔΤ/Τ~10^-5

First anisotropy map!

Nobel 2006!



2) WMAP (specifications, run, data, results)
Wilkinson Microwave Anisotropy Probe (2001-2010)

Instruments/probe components
i) Passive coolers (~90K)
ii) 5m Solar panel array
iii) Differential radiometers
iv) Low noise amplifiers
v) 5 frequency bands 
(23, 33, 41, 61, 94 GHz)
vi) Reaction wheels, gyroscopes



Key findings:
i) Most accurate CMB map up to that point

ii) Foreground spectra and CMB anisotropies



iii) Constraints on cosmological parameters 

arXiv:1212.5225, 1212.5226 



iii) Constraints on cosmological parameters
 (continued) arXiv:1212.5225, 1212.5226 



3) Planck satellite (specifications, run, data, results) 
(2009-2013)

Instruments/probe components (30-857GHz)
i) Low Frequency Instrument (LFI). 
ii) High Frequency Instrument (HFI).
iii) Passive & active (liquid He) cooling (0.1K!).

Objectives (both astro & cosmo!):
i) High resolution TT, TE and EE maps/spectra.
ii) Galaxy cluster catalog.
iii) Observations of Milky Way emission.
iv) Gravitational lensing and ISW effect.
v) Stringent constrains on cosmological parameters.

       



Key findings:
i) Most accurate CMB up to now arXiv:1807.06205, 1807.06209, 1807.06211



ii) Constraints on cosmological parameters 

MCMC

Healpix

arXiv:1807.06205, 1807.06209, 1807.06211



iii) Frequency dependence of temperature

iv) Lensing power spectrum 

arXiv:1807.06205, 1807.06209, 1807.06211



Comparison of COBE, WMAP & Planck:

       



4) LiteBird (specifications, run, data, results)
    Light satellite for the studies of B-mode polarization and Inflation from cosmic background Radiation 

Detection (2020s)

Instruments/probe components (40-400GHz)
i) Superconducting polarimeter.
ii) Low frequency telescope (40-235GHz).
iii) High frequency telescope (280-400GHz).
iv) Passive and active cooling (5K).

Objectives:
i) B mode detection.
ii) Constraints on primordial GWs and inflation.
iii) Determination of scalar to tensor ratio r=At/As.

litebird.jp/



Masashi Hazumi talk



Masashi Hazumi talk



6) Bicep/Keck array (specifications, run, data, results)
CMB experiments in South Pole (2010-now)

Instruments/probe components (various phases)
i) BICEP1 → 98 sensors (100-150GHz)
ii) BICEP2 → 512 @150GHz
iii) Keck: 5 polarimeters w/ liquid He
iv) BICEP3 → 2560 sensors at 95 GHz

Objectives:
i) Measurements of polarization
ii) Emphasis on B mode
iii) Stringent constrains on tensor to scalar ratio (r<0.07)
       



Bicep results (until 2015):
i) Maps of E modes 

ii) Constraints on ns & r 
       

 arXiv:1810.05216



1) LSS surveys can be: 

i) Spectroscopic (BOSS, Euclid)
   Split light into frequency bands and match absorption/emission lines → more 

accurate redshifts but harder to get (need fiber for every object!)

ii) Photometric (DES, Euclid, LSST)
   Uses the total light received by telescope. Easier/faster to get, worse redshift 

determination

2) Main probes:

i) Gravitational lensing
ii) Type Ia Supernovae
iii) Galaxy cluster mass function and number counts
iv) Baryon Acoustic Oscillations
v) Lya quasars

       



1) 2dF:
Two degree field Galaxy Redshift Survey (1997-2002)

Instruments and components:
i) 4m telescope at Anglo-Australian Observatory.
ii) 2 degree field of view.
iii) 400 fibers!

Objectives:
i) Obtain spectra for 245,591 objects
ii) Cover an area of approximately 1500 degrees^2 
iii) Determine LSS up to 600Mpc
iv) Determine cosmological params and galaxy bias b

       

http://www.2dfgrs.net/
http://www.2dfgrs.net/Public/Survey/

http://www.2dfgrs.net/


Survey strategy: 
i) Choose the targets a priori
ii) Point and shoot at 2degrees  

Cosmo results:

i) LSS up to 600Mpc/h
ii) Ωm=0.30±0.06
iii) Ωb/Ωm=0.17±0.06  (Pl18:0.156)
iv) Bias b=0.96±0.08

       

http://www.2dfgrs.net/

http://www.2dfgrs.net/


2) 6dF:
Six degree field Galaxy Redshift Survey (2001-2009)

Instruments and components 
i) 1.2m Schmidt telescope at  UK
ii) 6 degree field of view
iii) Spectrograph with 150 fibers

Objectives:
i) Obtain spectra for 136,304 objects.
ii) Map nearby Universe over half the sky .
iii) Detect BAO.
iv) Determine peculiar velocity field (8885 gals).

http://www.6dfgs.net



Survey strategy: 
i) Choose the targets a priori
ii) Point and shoot at 6 degrees  

Cosmo results:

i) BAO detection (2.4σ)
    at ~105Mpc/h
ii) Ωm=0.296±0.028
iii) H0=67±3.2 km/s/Mpc
iv) Peculiar velocities for 
    8885 galaxies at z<0.055

       

http://www.6dfgs.net

arXiv: 1106.3366



3) SDSS/BOSS: Sloan Digital Sky Survey
SDSS-I 2000-2005
SDSS-II 2005-2008
SDSS-III (BOSS) 2008-2014
SDSS-IV 2014-2020

Instruments components
i) 2.5m telescope at New Mexico (USA).
ii) 120Mpixel camera!!!
iii) Spectrograph with 1000 fibers.
iv) Liquid Nitrogen cooling to reduce noise (190K).

Objectives:
i) Obtain spectra for 4,355,200 objects!
ii) Both photometry and spectroscopy.
iii) High significance detection of BAO.
iv) Determine peculiar velocity field (8885 gals).

       

http://www.sdss3.org



Observations/results:
i) Distribution of local galaxies
ii) Millions of objects and spectra
iii) Frequent data releases

Cosmo results:
i) BAO detection (4.5σ)
    at ~105Mpc/h
ii) Ωm=0.310±0.006
iii) H0=67.6±0.5 km/s/Mpc
iv) Detection of most distant quasars
    (160,000 objects at 2.2<z<3)

       

http://www.sdss3.org

arXiv: 1607.03155, 1607.06097



4) WiggleZ
WiggleZ Dark Energy Survey (2006-2011)

Instruments and components
i) 4m telescope at Anglo-Australian 
    Observatory
ii) 2 degree field of view
iii) Spectrograph with 150 fibers

Objectives:
i) Improve understanding of DE. 
ii) Measure the BAO (hence the wiggle!)
iii) Attempt to determine z 1/4*10^6 galaxies
iv) Cover 1000 square degrees.
v) Synergy with n-body sims (GiggleZ!).

       

http://wigglez.swin.edu.au/site/



Results:
i) Stringent constraints on ΛCDM
ii) Redshift of 240,000 gals
Iii) Constraints on ξ(r) & P(k) 
iv) Constraints or r=At/As

v) Systematic test of ΛCDM 
    extensions. 

Cosmo results in detail:

i) Measurement of growth 
   @ z=(0.22, 0.41, 0.60, 0.78) 
ii) Ωm=0.280±0.016
iii) σ8=0.825±0.017
iv) Σmν=0.58 eV
v) r<0.18

       

http://wigglez.swin.edu.au/site/

ArXiv: 1210.2130



5) DES:
Dark Energy Survey  (2012-)

Instruments and components
i) Visible and infrared 4m telescope 
    at Cerro Tololo in Chile
ii) 2.2 degree field of view
iii) 5 photometric bands  (g, r, i, z, Y)

Objectives:
i) Obtain spectra SnIa (~10,000).
ii) Find galaxy clusters.
iii) Sample 300*10^6 galaxies for BAO.
iv) Weak lensing constraints.
v) Find deviations from GR.

       

https://www.darkenergysurvey.org/



https://www.darkenergysurvey.org/



https://www.darkenergysurvey.org/



https://www.darkenergysurvey.org/



https://www.darkenergysurvey.org/



1) Resolved tension between 
    low-z probes and Planck

2) New improved constraints on ΛCDM and neutrinos

       

https://www.darkenergysurvey.org/

arXiv: 1708.01530



3) Joint DES-Planck results are astounding!

4) Constraints on wCDM as well!

       

https://www.darkenergysurvey.org/

arXiv: 1708.01530



6) Euclid survey by ESA (2020?)

Characteristics
i) Satellite at L2 Sun-Earth position.
ii) 1.2m telescope by Airbus.
iii) Wide survey 15,000 sq degrees.
iv) Deep survey 40 sq degrees.
v) Wavelengths 550-2000nm.
vi) Shapes of 1.5*10^9 galaxies!!
vii) Redshifts of 5*10^7 galaxies!
viii) Cost 1.25 billion €.

Objectives:
i) Weak lensing.
ii) Determine the BAO.
iii) Galaxy clustering.
iv) Goal: constrain deviations of GR.  

https://www.euclid-ec.org/

Red book: arXiv:1110.3193



General expectations on parameters:

https://www.euclid-ec.org/

Red book: arXiv:1110.3193

f=d ln δ
d ln a

=Ωm(z)
γ γ≈ 6

11



Expectations on growth and equation of state w:

https://www.euclid-ec.org/

Red book: arXiv:1110.3193



7) LSST: The Large Synoptic Telescope (2020??)
 Now the Vera C. Rubin Observatory

Instruments and components
i) Telescope at Cerro Pachon, Chile
ii) 9.6 sq degrees field of view
iii) 3.2 Gigapixels

Objectives:
i) Supernovae, GRBs
ii) Asteroids, Comets and motions of stars!
iii) Mapping the Milky Way (tidal streams and Galactic structure)
iv) DE and DM: Lensing, DE properties (w, γ) etc
v) Overall ~37 billion objects

       

https://www.lsst.org/
ArXiv: 0912.0201



https://www.lsst.org/
arXiv: 0912.0201



https://www.lsst.org/
ArXiv: 0912.0201

Comparison of LSST with other surveys:
 
Left: SDSS          Right: LSST (simulation)



https://www.lsst.org/
ArXiv: 0912.0201



1) History and motivation for surveys in astro/cosmo.

2) Hitchhikers guide to designing a survey!

3) Synopsis of CMB surveys (COBE, WMAP, Planck, Bicep, Litebird).

4) Synopsis of LSS surveys (2dF, 6dF, SDSS, WiggleZ).

5) The future is bright, lots of activity happening (DES, Euclid, LSST).
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