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EoR	
  -­‐	
  adding	
  other	
  lines...

• Complementary	
  picture	
  of	
  the	
  EoR	
  
(Galaxies	
  versus	
  IGM)

• Cross-­‐correlation	
  can	
  help	
  to	
  beat	
  21	
  
cm	
  foregrounds	
  and	
  radio	
  calibration	
  
issues!

• Most	
  relevant	
  at	
  z	
  ≲	
  10

• Lines:

•CO

•CII

•Lyman-­‐α



Mário Santos, Nov 2012

} CO(1-0) ~ 115 GHz – 2.6 mm (< 15 GHz during EoR)

CO lines at z>6

• CO: Interferometer with ~ 70 cm dishes, 380 m2 
collecting area, 1 GHz BW, 20 K, FoV ~ 5 deg2

CO(1-0) Power Spectrum

Gong et al., ApJL 2011

Cross-correlation with 
LOFAR
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CII (238 GHz - 1.3 mm at z=7)

CII map CII Power spectrum CII/21 cm cross-correlation

Gong et al., ApJ 2012

} CII galaxies trace the large-scale structure
} Cross-correlation constrains bubble size, number CII galaxies in HII bubbles...
} Experimental setup above: 10m dish; 16 deg2 survey area; 20,000 bolometers
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TIME: Tomographic Ionized-Carbon Mapping Experiment
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cosmological tracer, so the cross-correlation between [CII] and HI is insensitive to uncorrelated Galactic foreground 
emission. 
 
7b. Quantitative Objectives:  
     We will develop an optical design and make key technology demonstrations for TIME, a unique high-throughput 
imaging spectrometer designed to measure spatial fluctuations from redshifted [CII].  The full TIME instrument is 
well beyond the scope of DRDF funding, but a concept for it is given in Table 1.  The experiment consists of a 
modest 3-m telescope outfitted with an array of 64 high-efficiency dispersive mm-wave spectrometers.  The 
spectrometers cover the full 185 – 310 GHz window at a spectral resolution of λ/Δλ ~ 600.  We scan the telescope to 
map 16 sq. degrees, spatially imaging in all frequency channels simultaneously.  The receiver measures [CII] spatial 
variations on the sky with arcminute spatial resolution.  Instead of detecting individual galaxies, the TIME measures 
the emission from many galaxies in a single beam, and the fluctuations are sensitive to the statistical properties of 
the aggregate galaxy population. 
     TIME uses a large array of 20,000 high-sensitivity detectors, with NEP ≤ 5x10-18 W/Hz to realize photon-limited 
sensitivity.  The NEP and array format is within the demonstrated range of TES (Transition-Edge Superconducting) 
bolometer arrays.  SCUBA-2 reads out 20,000 detectors with time-division multiplexed SQUIDs, although the level of 
complexity of the detectors and readout drove much of the project schedule and cost.  MKIDs (Microwave Kinetic 
Inductance Detectors) could provide a significantly simpler implementation.  MKID detector fabrication requires 
fewer lithography layers, and the RF readout both gives a higher multiplexing ratio that avoids the complex 
superconducting electronics associated with SQUID multiplexing. 
 

Table 1.  Nominal TIME Instrument Parameters 
Aperture 3 m Photon NEP 6.7 x 10-18 W/√Hz 
Beam Size 1.5 arcmin FWHM Detector NEP 5.4 x 10-18 W/√Hz 
Survey Area 16 sq. degrees Sensitivity per Detector 2.5 x 106 Jy/sr √s 
Total Observing Time 4000 h Frequency Coverage 185 – 310 GHz 
Number of Spectrometers 64 Frequency Resolution 0.4 GHz 
Number of Detectors 20,000 Optical Efficiency 30 %, dual-pol 

 
     TIME is based on mm-wave planar on-chip spectrometers developed from low-loss superconducting RF circuitry 
(see Fig. 3a).  The current design uses a cascaded sequence of resonators coupled to a main feed line that 
propagates the mm-wave signal from the sky from an input antenna.  Each resonator uses a tuned length of 
microstrip that is coupled inductively both to the main feed line and a resistive detector element.  This arrangement 
is analogous to a free-space Fabry-Perot filter, a resonant gap between two partially reflecting mirrors, with an 
absorbing detector behind the cavity.  The cascaded resonators are entirely lithographed and compact.  The entire 
spectrometer area is conservatively < 1 cm2 for the MKID arrangement shown in Fig. 3b. 
     The [CII] line mapping experiment concept has just emerged over the last year, and currently does not have 
direct competition.  The Astro2010 NWNH decadal review recommended the epoch of reionization as one of the five 
key discovery areas ripe for exploitation this decade.  The [CII] fluctuation measurement captures the aggregate 
star formation, including the low-luminosity galaxies that will escape detection by JWST, and complements existing 
21 cm experiments that study the neutral gas in the IGM during reionization but not the statistics of galaxies. 
     The 1-0 rotational transition of carbon monoxide (CO) has also been proposed as a tomographic tracer of 
reionization (Lidz et al. 2011, Carilli 2011, Visbal & Loeb 2010).  CO arises from colder and denser gas in molecular 
regions, sufficiently shielded to stop UV radiation from dissociating CO molecules.  The KISS 1BY 2011 workshop 
compared [CII] and CO tomography concepts and the consensus was that both approaches were promising, and 
delivered different astrophysical information.  However [CII] offers some distinct advantages compared with CO.  CO 
and [CII] line intensities have been measured for a wide range of local galaxies, and typically the [CII] line is 6300 
times more luminous than CO (Stacey et al. 1991); however the [CII]/CO ratio tends to be higher in low-metalicity 
systems.  A higher ratio is predicted in low-metalicity photo-dissociation region models due to the larger column 
density of C+ vs. CO, and thus [CII] may be favored in low-metalicity galaxies during reionization.  Stacey et al. 
2010 extended this survey to higher redshifts (z=1-2) and found the line ratio was somewhat higher in 7 star-
forming galaxies, L[CII]/LCO ~ 104.  With 16 times shorter rest wavelength than CO 1-0, [CII] observations do not 
require a large telescope.  [CII] measurements must contend with low-redshift CO line confusion, although 
estimates are that such confusion is small (Gong et al. 2011). 
     Technically, related spectrometer concepts are being proposed by other groups.  The resonator approach is more 
compact than earlier concepts using a parallel-plate microstrip spectrometer (analogous to a free-space grating 
spectrometer) being developed at GSFC, which scales with resolution as D ~ λR/n ~ 200 mm. 

8. Approach 
     Our plan is to address the main scientific and technical components that are needed for a successful full 
instrument proposal to NSF.  Specific tasks, to be led by Prof. Cooray’s group at UC Irvine, are as follows: 
• Determine if TIME should have a higher frequency band to map CII at lower redshift (z ~ 3-5) where the line 

signal is brighter, and if so what is the frequency distribution and weighting. 
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Figures, Graphics, Tables, etc. 
 

 
Fig. 1.  The predicted mean intensity of the [CII] line as a function of redshift (blue line) derived from Gong et al. 
2011.  The surface brightness sensitivity in 1000 h of observation time with 64 focal plane spectrometers operating 
near the background limit is shown in black for a single λ/Δλ ~ 600 spectral channel.  Measurements of the spatial 
power spectrum of [CII] fluctuations shown in Fig. 2 below are binned into Δν/ν = Δz/(z+1) wide frequency bins, 
where Δz = 1.  Observations of the line in windows at ν > 300 GHz can make measurements at significantly higher 
S/N to trace out the 3-d structure and aggregate luminosity function of star-forming galaxies at 3 < z < 5 after 
reionization. 
 

 
 
Fig. 2.  (Left) The calculated 3-dimensional power spectrum for [CII] fluctuations at redshifts of z= 6, 7 and 8.  
The spectrum contains a Poisson term, the dotted red line prominent at high spatial frequencies, and a clustering 
term, the dashed red line prominent at low spatial frequencies.  The error bars are shown for the experiment given 
in Table 1 in section 7b (solid red line).  We estimate the 1σ error in the CII power spectrum from the assumed 
metalicity with halo mass relation (green dashed lines).  The [CII] variation can be independently estimated using 
Visbal & Loeb (2010, magenta dashed line) and LCII/LCO ~ 104 (blue dash-dotted line).  (Right) The cross-correlation 
between 21 cm and CII.  These are anti-correlated on large spatial scales, since CII comes from star forming 
regions that have ionized the surrounding medium.  The scale where the correlation crosses from negative to 
positive depends on the characteristic bubble size of ionized regions during the epoch of reionization.  Errors are 
shown for a fiducial [CII] tomography instrument combined with a deep HI 21 cm survey. 

TIME team:
Jamie Bock (JPL: PI)
Matt Bradford (JPL)
Asantha Cooray (UCI)
Mike Zemcov (Caltech)
Mario Santos (IST - CENTRA)

Proposal stage; ground-based, 3 
to 5m aperture. 
Looking for an existing mm-wave 
telescope to host an instrument 
(Beijing Group has expressed 
interest in Dome-C TerraHertz 
Telescope)

1000 hr
64 spectrometers
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What about the Lyα line?

} 0.97 µm at z=7 (NIR)
} Emission from galaxies and IGM 

(recombinations, collisions...)
} νI ~ 2x10-8 ergs/s/cm2/sr
} Simulations include full reionization 

history
} Using Modifications to Simfast21 

(Simfast21.org)
} Depends on:
◦ UV escape fraction
◦ Lyman-alpha Luminosity functions

From top left, clockwise: dark matter, dark 
matter halos, HII bubles, Lyα emission

M. B. Silva et al. (2012)
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Lyα intensity mapping observations

} Need to go to space? 
(contamination from 
atmospheric lines)

} Proposal for a low orbit 
satellite /telescope in 
preparation

Lyα 3d Power spectrum
z=7

(Silva et al., ApJ 2012)

•Experiment:
•Space-borne 
(observations ~ 1 µm)
•20 cm aperture
•Spectrometer, R=200

•2048x2048 pixel array
•FoV=45x45 deg2
•10’’ pixels
•20 deg2 survey area

•Solid lines: Lya power spectrum (different models)
•Open circles: Ha contamination (z=0.5)
•Crosses: Ha after masking
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} Measure integrated flux in each pixel 
instead of galaxies

} 0<z<2 – dark energy

} 2<z<6 – curvature of the Universe

} 0<z<6 – Primordial non-Gaussianity…

} Cosmology on extremely large scales!

Cosmology with HI Intensity Mapping 
after Reionization

HI intensity map at z=1.3
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} Assume all HI in galaxies

} Assume: MHI(Mhalo) at z 

} Remember: large pixels! (low resolution)

} ~ (888, 1228, 1067) µK at z=(1,2,3)

}  ΩΗΙ ~ 10-3

} Consistent with Chang et al. measurements, etc

} Bias ~ 1 at z=1

HI intensity: expected signal

Gong et al, ApJL 2012

Using Obreschkow et al., 2010 + Millennium Simulation

⇢HI(z) =

Z M
max

M
min

dM
dn

dM
MHI(M)

T 21(z) ⇡
900µK

(1 + z)

H(z)

120.7Km/s/Mpc

⌦HI(z)

0.004
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HI intensity: Power spectrum
} Flat sky (small patch)
} No cosmic evolution... (BW < 100 MHz)
} Proportional to dark matter
} Linear approximation:
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BAO observations wish list

} Scales of interest (z=1):
◦ Min. BAO scale ~ 15.7 Mpc/h

◦ kmax ~ 0.2 h/Mpc

◦ Angular resol ~ 22.8 arcmin (D ~ 60m)
◦ dz ~ 0.009
◦ Freq. resol ~ 3.14 MHz

◦ Max. BAO scale ~ 628 Mpc/h 

◦ kmin ~ 0.01 h/Mpc

◦ Maximum angular scale  ~ 15 deg
◦ dz ~ 0.35
◦ BW ~ 123 MHz

Dark matter power spectrum
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Constraints 101: Dish

} Ready to make forecasts...
} Example:
◦ 2m dish (beam ~ 215 deg2)
◦ Tinst ~ 40 K
◦ 1000 deg2 survey
◦ BW ~ 100 MHz
◦ ~ 10,000 hours

12

Tsys = Tinst + Tsky Tsky = 60

✓
300MHz

⌫

◆2.55

PN = �2

N V
pix

V
pix

/ beam⇥ �⌫�N =
T
sysp

�⌫ t
total

r
S
area

beam

�P
21

(k) /
T 2

sys

t
total

r
S
area

BW
k�3/2

Instrument	
  
noise

pixel	
  volume

Error
Noise	
  dominated	
  

regime

Sky

Survey	
  area

Bandwidth

�P21(k) /
P21(k) + PNp
Sarea ⇥ BW

k�3/2



Mário Santos - IST/CENTRA

Constraints 101: Interferometers

} Note: we cannot probe scales larger than ~ 

} Noise power spectrum for 1 pointing:

} Take a survey with area Sarea=NpxFoV
} Error (noise dominated):
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} Assume:
◦ A=2000 m2

◦ 14 stations
◦ Tsys~45K
◦ FoV=78 deg2

EMMA BAO constraints

◦ time=2000 hours
◦ Maximum baseline=300m
◦ Minimum baseline=10m ?
◦ Frequency resolution=0.3 MHz

z=1 – 710.25 MHz
dz ~ 0.2 (0.3 MHz)
Note: with 500 MHz BW can measure 7 bins in 
one go! 
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Medicina - Northern Cross

} (Using BEST-2)
} Obs. freq: 407 MHz
} Observation time: 2000 hours;  Syst. temp: 86 K
} Collecting area: 964 m2

} Bandwidth: 16 MHz
} FoV: 37.65 deg2

} Angular resolution: 57 arcmin
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(info from Kristian Zarb Adami)


