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Cosmology Overview: 
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Big Bang Plus
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 Map 

21-cm Tomography: 

The bulk of  the universe’s ordinary matter is
 Hydrogen.  

Redshifted 21-cm observation provides a direct
/powerful probe of the dark ages, first light, and
 reionization. 

a. Primary     Anisotropies:    >= Zrec 

b. Secondary Anisotropies:    <   Zrec 

CMB Properties: 
1. ~3 degrees above absolute zero (-270oC). 
2. CMB has a black-body spectrum. 

3. The temperature is slightly different on  different
 parts of the sky (wrinkled  or anisotropic 1 pt in
 100000). 

The Hot Big Bang Model: 

1. Expansion. 

2. Large-scale homogeneity & isotropy. 

3. Primordial nucleosynthesis. 

4. Cosmic Microwave Background (CMB). 



CMB, a really (really) brief history: 

1934: Tolman shows that in an expanding universe a blackbody retains its thermal distribution (ie, it remains a blackbody).  

1941: McKellar measures that the ``efective temparature of space” is about 2.3K (CN doublet lines).  

1948: Gamov, Alpher & Herman predict that a HBB model will have a blackbody CMB with temparature around 5K.   

1965: CMB is detected by Penzias & Wilson.  

1966: Sachs & Wolf. 

1968: Rees & Sciama. 

1969: Sunyaev & Zel’dovich. 

1983: RELIKIT-1 is launched.   

1990: COBE/FIRAS shows that the CMB is a nearly 
 perfect blackbody.  

1992: COBE/DMR detected anisotropies in the CMB. 

1996: Saskatoon sees a raise in the CMB PowSpec.  

1999: 1st measurement of acoustic oscillations in  
 the CMB PowSpec by TOCO, BOOMERanG

  & MAXIMA. 

2000: BOOMERanG shows that the universe is flat. 

2001: WMAP is launched.  

2002: DASI detects CMB polarization. 

2009: Planck is launched.  

2004: E-mode polarization is detected by CBI.  

20??: POLAR Array.  



Tegmark & Efstathiou (1996) 
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* Better TE & TB & SZ measurements, but no detection of B.  

Dominated by Cosmic Variance
 rather than noise. 

S/N > 1 

The average l=2-7 is
 Cosmic Variance
 limited. 

TE spectra is sitill
 dominated by noise. 

* WMAP7 + BAO (2dFGRS /SDSS7) + Ho: 

* SZ measurement towards Coma at 3.6σ & s 8σ statistical  
  detections of clusters by stacking WMAP data. 

* WMAP7 + BAO + Ho + small scale CMB Temp  (l>1000): 

n = 0.936 +/- 0.012 (excludes HZ by 3σ) 

Ye = 0.326 +/- 0.075 (68% CL)   

0.23 (stars & HII regions) < Ye < 0.33 

* WMAP7 + BAO + Ho + LRGs:  

Σ mν < 0.58 eV (95% CL) & 4 species. 

Better determination of
 3rd peak.. 

* WMAP7 + BAO + Ho + SN Type Ia: 
w = -1.10 +/- 0.07 

consistent with flat universe dominated by a cosmological
 constant. 

WMAP7 Power Spectrum Results (Larson et al. 2010): 

Status of the field: WMAP7 results 



WMAP7 Foreground Results (Gold et al. 2010):  

 They provided an updated map of the CMB using the Internal Linear Combination (ILC) method, updated foreground  masks, and an
 updated point source catalogue (+ 62 new sources). They also cleaned the maps using Maximum Entropy  Method (MEM), Template Cleaning & Markov Chain
 Monte Carlo (MCMC) fitting.  

Dobler et al. (2009) 
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Status of the field: WMAP7 results 

* No evidence for HAZE, the excess is explained as noise.  

* From Hooper et al. (2007): In its lower frequency bands, WMAP observes an excess of  emission above
 what was predicted by scaling the 408MHz data to  higher frequencies. This remainder emission has
 ellipsoidal shape and is  consistent with hard synchrotron emission, possibly from dark matter
  annihilation in the core of the Galaxy.  

* Combining WMAP7 with ARCADE2 (Singal et al. 2009) 
  data sees evidence for spinning dust.  

* No evidence of polarized foregrounds beyond the one from Synchrotron & thermal  dust emissions.
 No evidence of foreground contamination outside their  current KQ85v7 mask.
 Furthermore, the cleaning process requires only 3  simple power-law foregrounds, and leaves no more
 than 15 µK of  residuals in the CMB power spectrum.  



* The Strong quadrupolar asymmetry effect in the direction  of (l,b)
=(96o,30o) at l~2200  is not cosmological.  WMAP team claim that
 this effect is result of  incomplete handling of beam
 asymmetries.  

WMAP7 Anomalies (Bennett et al. 2010): Maps are compared with sky simulations based on the best fit model. 

* The two cold spots (Vielva et al. 2004) on the maps are normal CMB fluctuations. 

* Amplitude of the quadrupole is within the expected  95%
  confidence range, therefore not anomalously low. 

* l=2 & 3 are remarkably aligned (de Oliveira-Costa et al. 2004), 
 and not a result of map feature.  

* No evidence for hemispherical or dipole power asymmetry across the sky (Eriksen  et
 al. 2004): these effects are not statistically significant.  

Status of the field: WMAP7 results 



The near future of the field: Planck 

May 14, 2009: Planck is launched!  *** 15 months of Life *** 

15o 

Sept 17, 2009: 

Aug 13-27, 2009: First Light survey was carried out to verify the stability  of the
 instrument & the ability to calibrate over long   periods of time.  

March 17, 2010: 

The image is a combination of Planck’s two highest frequency
 channels (557 & 857 GHz) with the IRAS 100 µm. This

 combination shows the dust temperature very effectively: red
 corresponds to temperatures as cold as 10K above absolute

 zero, and white to those of a few tens of degrees. Overall, the
 image shows local dust structures within 500 light-years of the

 Sun.  
(0,0) 

50o 

http://www.esa.int/esaMI/Planck/index.html 

LFI 

HFI 



Future of the field: where are we & where we need to be?  

In the first years of this new decade, an array of experiments will dramatically improve constrains on concordance cosmology through
 observations of temperature anisotropy. Planck will measure the temperature anisotropy over an unprecedented range of angular scales;

 while ground-based experiments such as ACT & SPT will measure temperature anisotropy on subsets of the sky at very large angular
 resolution, exploring the secondary anisotropies such as the SZ effect. However, even considering their polarization capabilities, these
 experiments will shed little light on the key inflationary observable: the amplitude of gravitational waves excited during the inflationary

 epoch. Suborbital experiments may be the first to find a B-mode signal.  

Planck 

ACT 



Future of the field: suborbital experiments?  

Source: Astro2010 Decadal Committee on Astrophysics. 

Suborbital experiments capabilities:  
 1. Frequencies above 250 GHz are not accessible from the ground. 
 2. At angular resolutions smaller than 5’, telescope size becomes prohibitive both for balloon & satellite platform. 	


This list illustrates that a variety of technologies and observing strategies are been used today. Observations over a range of different frequencies
 are useful to separate galactic from cosmic signals. These experiments employ a variety of means to detect polarization. This leads to vastly

 different implementation of control systematic errors which, in turn, provide a crucial cross-check on the results.	




Future of the field: suborbital experiments?  

Source: Astro2010 Decadal Committee on Astrophysics. 

Suborbital experiments capabilities:  
 1. Frequencies above 250 GHz are not accessible from the ground. 
 2. At angular resolutions smaller than 5’, telescope size becomes prohibitive both for balloon & satellite platform. 	


This list illustrates that a variety of technologies and observing strategies are been used today. Observations over a range of different frequencies
 are useful to separate galactic from cosmic signals. These experiments employ a variety of means to detect polarization. This leads to vastly

 different implementation of control systematic errors which, in turn, provide a crucial cross-check on the results.	




BICEP (Background Imaging of Cosmic Extragalactic Polarization):  

* BICEP is a bolometric polarimeter designed to measure the B-mode at degree angular scales, and  operates at 100  and 150 GHz.
 With an instantaneous FOV of 18o and an azimuth-elevation scan strategy, BICEP maps an  800 (o)2 daily. It operated during 3 seasons
 (2006-2008) at the Amundsen-Scott Station in the South Pole.  

BICEP primary CMB field
 lies within the ``Deep
 Hole”, a region of low

 dust emission.  

BICEP scans 64o in azimuth (at a frequency of
 2.8o/s) and in steps of 0.25o hourly in elevation

 (from 55o to 60o).  



BICEP (Background Imaging of Cosmic Extragalactic Polarization):  

* The pixelization of the T, Q & U-maps is 0.23 (nside = 256), and the observation area covers ~ 2% of the sky.  Data from both
 frequency bands are combined to form the temperature, E & B-maps shown on the  right (smoothed to 1o). 



BICEP (Background Imaging of Cosmic Extragalactic Polarization):  

* The power spectra are derivated from the T, Q & U-maps. The TT, TE & EE are detected with high significance and are 
  already sample variance limited, and there is no detection of signal in BB, TB & EB.  

* The BICEP region was chosen to have the lowest dust emission for a field of that size. Nonetheless, it is calculate the 
  dust contamination of that field, and it is  2 orders of magnitude below the 95% CL for the upper limits on the  BB

 amplitude from BICEP.  

Chiang et al. (2010) 

The E-mode was measured
 between 21 < l < 335 and,  for

 the first time, a peak was
 detected at l ~ 140.	


From the CMB B-mode:  
r < 0.72 at 95%. 



POLAR-1 Array:  

POLAR-1 (now funded for deployment)  

 it is a 1.5m aperture telescope with a 6’ beam at 150 GHz. It will map a 20o x 20o

  (400 sq.deg)  field up 2 µK depth.  

POLAR-1 Array (future proposal)   

 it will be as up to 10 telescopes with 2m apertures, 4’ beams, designed to achieve 
  1µK-arcmin depth on a 300 sq.deg deep field. 



Mao et al. (2008)	


The 21-cm Tomography: a new probe for cosmology 

21-cm tomography:  

 is likely to be a goldmine of cosmological
 information, providing the largest data set on the initial conditions of
 the universe. These results will improve the measurements of many
 cosmological parameters and numerous important cross-checks
 and tests of the underlying theory.   



The 21-cm Tomography: 

Mao et al. (2008)	


Assumed Value:   0.7  0.14  0.046  0.95        0.83        0.1    1.0           0.0          0.0175    0.0 

    ΔΩΛ          Δln(Ωmh2)      Δln(Ωbh2)         Δns         Δln As         Δτ        ΔxH(z=7.0)    ΔΩk         Δmν[eV]       Δα 

LOFAR     0.13         0.083       0.15         0.36        0.80                                       0.35      12.            0.17      
MWA     0.22         0.017       0.029       0.097      0.76                                       0.13        9.6          0.074   
SKA     0.014       0.0049     0.0081     0.012      0.037                                     0.043      0.36        0.0060  
FFTT     0.00041   0.00038   0.00062   0.00036  0.0013                    0.0037    0.0078    0.00017  

Planck     0.0070     0.0081     0.0059     0.0033    0.0088    0.0043                     0.025      0.23       0.0026 
Planck+LOFAR   0.0070     0.0081     0.0059     0.0032    0.0088    0.0043     0.18         0.018      0.22       0.0026 
Planck+MWA     0.0061     0.0070     0.0056     0.0030    0.0087    0.0043     0.32         0.021      0.19       0.0026 
Planck+SKA     0.0036     0.0040     0.0044     0.0025    0.0087    0.0043     0.0094     0.0039    0.056     0.0022  
Planck+FFTT     0.00038   0.00034   0.00059   0.00033  0.0086    0.0042     0.0013     0.00023  0.0066   0.00017 

21-cm data alone (except for FFTT) cannot place constrains comparable with those from Planck
 data. However, 21-cm data when combined with CMB can provide stringent constrains on ΔΩk, mν

 and α.  

The improved measurements in ΔΩk, and α enables further precision tests for inflation. For instance,   

 ΔΩk is predicted to vanish down to the 10-5 level. 

	
φ2-potential:  α =-0.0007  &   φ4-potential:  α =-0.008 



Dark Ages is defined by 3 distinct temperatures:  

 Ts  (spin temperature) = a measure of the ralative abundance of atoms with different spin states,  

   Tk  (kinetic temperature) = a measure of the motion of the atoms, & 

   Tr   (radiation temperature) = a measure of the energy of the background photons, or CMB. 

Ts  = Tk  = Tr 

Physics of the 21-cm Line: 

z ~ 400 
No 21-cm 

z = 0 

z ~ 1,000 

Collisional Coupling Lyα Coupling 

Emission Absorption 

X-ray
 Heating 

Adiabatic
 Cooling 

Pritchard (2008) 
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Dark Ages is defined by 3 distinct temperatures:  

 Ts  (spin temperature) = a measure of the ralative abundance of atoms with different spin states,  
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Dark Ages is defined by 3 distinct temperatures:  

 Ts  (spin temperature) = a measure of the ralative abundance of atoms with different spin states,  

   Tk  (kinetic temperature) = a measure of the motion of the atoms, & 

   Tr   (radiation temperature) = a measure of the energy of the background photons, or CMB. 

Ts  = Tk 

Physics of the 21-cm Line: 

Collisional Coupling 

Emission Absorption 

Adiabatic
 Cooling 

Pritchard (2008) 

Thermal
 Coupling 

z ~ 20 
Absorption 

z = 0 

z ~ 1,000 

Lyα Coupling 

X-ray
 Heating 



Dark Ages is defined by 3 distinct temperatures:  

 Ts  (spin temperature) = a measure of the ralative abundance of atoms with different spin states,  

   Tk  (kinetic temperature) = a measure of the motion of the atoms, & 

   Tr   (radiation temperature) = a measure of the energy of the background photons, or CMB. 

Ts    Tk 

Physics of the 21-cm Line: 

Collisional Coupling 

Absorption 

Adiabatic
 Cooling 

Pritchard (2008) 
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 Heating 

Emission 

Emission 

z ~ 10 

z = 0 

z ~ 1,000 



The 21-cm Tomography: 

MWA, PAPER-WA 
Image: FORTE satellite 

PAST/21CMA LOFAR GM
RT 

PAPER-GB,
 FFTT 

SKA 

In order to detect such signal, we will need to solve the following problems:  

1. Terrestrial Radio Frequency Interference. Solution: RFI mitigation. 

Radio
 Interference: 

z ~ 13 

z ~ 6 



The 21-cm Tomography: 

2. New detector technologies to develop. 

3. Analysis challenges: large data sets, instrumental noise & systematics modeling, parameter  degeneracies. 

In order to detect such signal, we will need to solve the following problems:  

1. Terrestrial Radio Frequency Interference. Solution: RFI mitigation. 



Murchison Widefield Array (MWA): 

A tile contains 16 bowtie dipole antennas in a 4 x 4 grid with 1.10 m
 spacing between the antennas.  A 5 x 5 m wire mesh is laid directly

 on the ground and the dipoles are clipped onto the mesh. 

Aerial photo of the MWA prototype at Boolardy station,
 Western Australia. The full deployment will cover an
 area 5 times larger and comprises 16 times as many

 antenna elements as shown here.  

July 2009: 32 tiles installed.  

End-2010: full array (512 tiles) start to be put in place.  

The left panel shows the entire array configuration with a grid spacing of 500 m. Red squares represent tiles, and thin
 blue and thick black lines represent co-axial cables connecting the tiles to beamformers and fiber optic cable network,
 respectively. The right panel shows a zoomed view of the central part of the configuration with a grid spacing of 50 m.  

A pseudo-random distribution in a heavly centrally condensed matter.  

All shown photos & info can be found in
 Lonsdale et al. (2009)  

MWA beam. The brighter
 features in the sidelobe
 structure seen close the
 cental peak are ~ 3-4%

 level and the ones far out
 are ~ 0.3% level.   



Square Kilometer Array (SKA): 

The array configuration will include a compact core with about 50% of the collecting area within 15 km, an extended array (arranged in a log-spiral
 pattern) containing about 75% of the collecting area within 150 km, and the rest in various distant stations out to at least 3,000 km.  

http://www.skatelescope.org/	


The final design of SKA will be determined from the outcome of extensive prototyping and costing exercise that is currently underway.  



Dark Ages Lunar Interferometer (DALI):  

Lower right: individual stations
 contains ~ 1,500 eletrically-short
 dipoles. ~300 stations are
 planned.  

The arms are made from a thin
 polyimide film on which
 antennas & transmission lines
 are deposited. Arms are stored
 as a 25 cm x 1 m rolls (with
 0.025 mm tickness). 

Upper left: possible location in the
 Tsiolkovsky crater. 

Upper right: artist’s concept of a lander
 (DALI would have pallets of rovers

 instead of an astronaut habitat
 module). 

Lunar Array for Radio Cosmology (LARC):  

Three helical antennas are combined into a single
 array element. ~ 10,000 arrays will be needed. Each

 array will be self-deployable and will not require
 assembly.  

Joseph Lazio, P.I. Pictures are courtesy of Jack Burns 

Lunar Radio Array (LRA): 



The 21-cm Tomography: 

2. New detector technologies to develop. 

3. Analysis challenges: large data sets, instrumental noise & systematics modeling, parameter  degeneracies. 

In order to detect such signal, we will need to solve the following problems:  

1. Terrestrial Radio Frequency Interference. Solution: RFI mitigation. 

4. Foreground contamination. 



0.010 
Movies: 

Movies, MWA range : 

logT spectral index, β	
 Running of β, γ	


logT spectral index, β	
 Running of β, γ	


Modeling the diffuse emission from 10 MHz to 100 GHz:   

http://www.space.mit.edu/home/angelica/gsm 



The clustering of astronomical sources is quantified using the angular 2-point correlation function, ω(θ): 

ω(θ) = DD(θ) * RR(θ)  / DR2(θ) - 1 

The distribution of radio sources is found to obey Poisson statistics with an observed angular clustering (see, e.g., Black et al. 2004;
 Cress et al. 1996).  

(Hamilton 1993) 

Clustering of Extragalactic Sources:   



Conclusions/Discussion: 

21-cm tomography:  
 is likely to be a goldmine of cosmological information, providing the largest data set on the initial conditions of the universe. These

 results will improve the measurements of many cosmological parameters and numerous important cross-checks and tests of the underlying
 theory.   

2. New detector technologies to develop. 

3. Analysis challenges: large data sets, instrumental noise & systematics modeling, parameter  degeneracies. 

In order to detect such signal, we will need to solve the following problems:  

1. Terrestrial Radio Frequency Interference. Solution: RFI mitigation. 

4. Foreground contamination. 

Lots yet to be done!     

CMB:  suborbital experiments may be the first to find a B-mode signal. 


