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21cm	
  signal:	
  a	
  great	
  (best?)	
  probe	
  of	
  the	
  EoR...

• Full	
  picture	
  of	
  the	
  evolution	
  of	
  
the	
  Universe	
  during	
  galaxy	
  
formation	
  

• Sensitive	
  to:	
  
• IGM	
  Gas	
  density	
  

• IGM	
  temperature	
  

• ionization	
  fraction	
  

• Star	
  formation	
  rate	
  

• Lyman-­‐α	
  flux

In Pritchard & Loeb (2010), using simulations from 
Santos et al., 2008, ApJ, 689, 1

Temperature	
  evolution	
  with	
  redshift



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



The	
  intensity	
  mapping	
  

• How	
  to	
  probe	
  these	
  lines?	
  

• Hard	
  to	
  make	
  a	
  large	
  galaxy	
  
survey	
  at	
  high	
  redshifts	
  

• Give	
  up	
  detecting	
  galaxies	
  

• Look	
  instead	
  at	
  the	
  
integrated	
  line	
  emission	
  
from	
  many	
  galaxies	
  in	
  one	
  
big	
  pixel

Galaxies

Intensity



CO	
  line
• Rotational	
  emission	
  lines	
  from	
  CO	
  molecules	
  

• Tracer	
  of	
  molecular	
  gas	
  in	
  galaxies	
  (fuel	
  for	
  star	
  formation)	
  

• CO	
  (1-­‐0)	
  

• 2.6	
  mm	
  (115.3	
  GHz)	
  

• 14.4	
  GHz	
  at	
  z=7	
  

• CO(2-­‐1)	
  

• 1.3	
  mm	
  (230.5	
  GHz)	
  

• 28.8	
  GHz	
  at	
  z=7	
  

• Works:	
  

• 	
  Righi	
  et	
  al.	
  (2008)	
  -­‐	
  angular	
  power	
  spectrum/CMB	
  

• 	
  Visbal	
  &	
  Loeb	
  (2010)	
  -­‐	
  low	
  redshift	
  

• 	
  Gong	
  et	
  al.	
  (with	
  M.	
  Santos,	
  2011)	
  -­‐	
  3d	
  P(k)	
  during	
  EoR	
  

• 	
  Carilli	
  (2011)	
  

• Lidz	
  et	
  al.	
  (2011)

CO	
  at	
  z~5.3	
  (EVLA)	
  
Riechers	
  et	
  al.	
  2010	
  
ID:	
  Capak	
  et	
  al.	
  2010



CO	
  signal	
  estimation

• Use	
  direct	
  relation	
  between	
  
luminosity	
  and	
  halo	
  mass	
  (not	
  
SFR!)	
  

• Calibrate	
  with	
  simulations	
  from	
  
Obreschkow	
  et	
  al.	
  (2009):	
  

• Millennium	
  simulation	
  

• Galaxy	
  catalog	
  (De	
  Lucia	
  &	
  Blaizot)

z=7

Assume	
  “experimental	
  pixel”	
  is	
  large	
  
enough	
  to	
  include	
  a	
  large	
  number	
  of	
  
galaxies	
  -­‐	
  average:

Parameters	
  depend	
  on	
  redshift

Gong	
  et	
  al.	
  (2011)

?
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CO	
  intensity

Gong	
  et	
  al.	
  (2011)

• Mean	
  CO(1-­‐0)	
  brightness	
  from	
  z=7	
  is	
  about	
  0.1	
  to	
  1	
  micro-­‐Kelvin	
  	
  

• Consistent	
  with	
  Carilli	
  et	
  al.	
  (2011)	
  scaling	
  argument

• Uncertainties…	
  

• Amount	
  of	
  cold	
  gas	
  in	
  galaxies	
  

• Excitation	
  temperature	
  of	
  the	
  gas	
  (local	
  
radiation	
  field:	
  bursty	
  galaxies?	
  IMF?)	
  

• CMB	
  radiative	
  transfer	
  (e.g.	
  excitation	
  
temp.	
  larger	
  than	
  CMB?	
  ~	
  30K)	
  

• Metallicity	
  

• Optical	
  depth	
  of	
  molecular	
  clouds	
  

• Geometry	
  of	
  star-­‐forming	
  gas	
  (discrete	
  
clouds	
  or	
  smooth	
  medium?)	
  

bias



Foregrounds?

• higher	
  CO	
  lines	
  will	
  be	
  weaker	
  
(higher	
  z)	
  

• Stronger	
  contamination	
  from	
  
the	
  galactic	
  synchrotron,	
  free-­‐
free	
  emission,	
  CMB	
  (~	
  100	
  μK)	
  

• No	
  obvious	
  contaminants	
  from	
  
other	
  strong	
  lines	
  (HCN?)	
  

• Use	
  frequency	
  smoothness	
  of	
  
foregrounds	
  to	
  clean	
  the	
  maps



Experiments…

• Experimental	
  setup:	
  

• Interferometer	
  ~	
  15	
  GHz	
  

• FoV	
  ~	
  5	
  deg2	
  

• Atot	
  =	
  385	
  m2	
  

• Bandwidth	
  =	
  1	
  GHz	
  

• Spectral	
  resolution	
  =	
  30	
  MHz	
  

• 1000	
  elements	
  -­‐	
  D=70	
  cm	
  

• T	
  ~	
  20	
  K	
  

• core	
  with	
  25	
  m	
  diameter	
  

• ~	
  2000	
  hours CO(1-­‐0)	
  line	
  detected	
  with	
  S/N	
  
~	
  20	
  σ	
  (optimistic	
  scenario)

Very	
  hard	
  to	
  measure	
  even	
  with	
  SKA1-­‐MID!	
  (too	
  sparse/	
  not	
  sensitive	
  enough…)

Chang	
  et	
  al.,	
  arXiv:1501.04654

SKA1-­‐MID	
  (auto-­‐correlation)	
  
x	
  SKA1-­‐LOW



CII	
  

• Ionisation:	
  11.26	
  eV	
  

• Fine	
  structure	
  line:	
  2P3/2	
  ⟶	
  2P1/2	
  

• 157.7	
  µm	
  (1900	
  GHz)	
  

• 238	
  GHz	
  at	
  z=7	
  (1.3	
  mm)	
  

• ~	
  0.5%	
  of	
  FIR	
  

• Stronger	
  than	
  CO:	
  

• Works:	
  

• Basu	
  et	
  al.	
  2004	
  

• Visbal	
  &	
  Loeb	
  2010	
  

• Gong	
  et	
  al.	
  2012	
  (M	
  Santos)	
  

• Silva	
  et	
  al.	
  2015	
  (M	
  Santos)

Wang	
  et	
  al.	
  2013	
  (ALMA)

Venemans	
  et	
  al.	
  2012	
  (PdBI)

Stacey	
  et	
  al.	
  (2010)	
  
Breuck	
  et	
  al.	
  (2011)

LCII ⇠ 104 LCO(1�0)

LCII ⇠ 1622 LCO(1�0)



CII	
  

• Main	
  contribution	
  from	
  PDRs	
  
(photo-­‐dissociation	
  	
  regions)	
  

• HII	
  regions	
  (hot	
  gas)	
  only	
  
contribute	
  a	
  few	
  percent	
  

• Relate	
  to	
  star	
  formation	
  rate:

DUST 

UV(6-13.6eV) 

CII 

Heating 

FIR(1µm-200µm) 

(Boselli	
  et	
  al.	
  2002)	
  	
  
Local	
  Universe

Kennicutt	
  (1998)	
  +Cardiel	
  et	
  al.	
  (2003)	
  



CII	
  average	
  intensity

HII	
  regions

PDRs

HII	
  regions

PDRs

Silva	
  et	
  al.	
  (M	
  Santos),	
  ApJ,	
  2015

• SFR	
  from	
  simulations	
  (Guo	
  et	
  al.	
  	
  
2011,	
  	
  De	
  Lucia	
  &	
  Blaizot	
  2007)



CII	
  

• Line	
  emission:	
  

• CO(J=2-­‐1),…,CO(J=10-­‐9)	
  

• (from	
  z<2	
  galaxies)	
  

• OI[145μm],	
  NII[122μm],	
  
NII[205μm]	
  and	
  CI[610μm]

• Continuum	
  emission:	
  

• Stellar	
  emission	
  

• Free-­‐free	
  

• Free-­‐bound	
  

• Two	
  photon	
  

• Dust	
  emission	
  ~	
  105	
  Jy/sr	
  

• Emission	
  from	
  the	
  Milky	
  Way

Intensity	
  larger	
  than	
  the	
  CII	
  signal	
  
(~	
  103	
  Jy/sr)

Intensity	
  smaller	
  than	
  the	
  CII	
  signal

Spectrally	
  smooth	
  
components	
  can	
  be	
  

removed	
  along	
  each	
  line	
  
of	
  sight	
  	
  

Yue	
  et	
  al.	
  2015

• Signal	
  CII	
  (200	
  GHz	
  -­‐	
  300	
  GHz)	
  ~	
  300	
  Jy/sr



CII	
  

• Left:	
  CO	
  will	
  dominate	
  CII	
  for	
  most	
  models	
  

• Need	
  to	
  mask	
  the	
  3d	
  pixels	
  which	
  have	
  strong	
  CO	
  contamination	
  -­‐	
  use	
  low	
  z	
  galaxy	
  survey	
  with	
  CO	
  or	
  a	
  CO	
  

tracer	
  such	
  as	
  SFR	
  (or	
  AB	
  magnitudes	
  in	
  the	
  K	
  filter)	
  

• Right:	
  masking	
  pixels	
  with	
  CO	
  fluxes	
  below	
  5x10-­‐22	
  W/m2.	
  Less	
  than	
  10%	
  pixels	
  masked	
  for	
  a	
  typical	
  CII	
  

experiment	
  (resolution:	
  0.5	
  GHz,	
  0.5	
  arcmin)	
  

• Note:	
  tests	
  done	
  using	
  semi-­‐numerical	
  simulations	
  -­‐	
  3d	
  observational	
  cone	
  generated.	
  CII	
  power	
  spectrum	
  

includes	
  effect	
  of	
  masking

CO	
  contaminant	
  
z	
  <	
  2

CII	
  	
  z~7



CII	
  experiment

• This	
  is	
  “microwave”!	
  Use	
  bolometers…
• TIME-­‐Pilot:	
  a	
  first	
  detection	
  machine	
  

• 1840	
  bolometers	
  

• 32	
  spectrometers	
  

• ν	
  =	
  183	
  –	
  326	
  GHz	
  

• ν/Δν	
  =	
  100	
  

• 240	
  hours	
  on	
  the	
  sky	
  at	
  JCMT

PI:	
  Jamie	
  Bock	
  (Caltech/JPL)

Silva	
  et	
  al.	
  2015

-­‐	
  ALMA	
  total	
  power	
  array?	
  (4	
  dishes,	
  not	
  
interferometer)	
  -­‐	
  not	
  sensitive	
  enough…	
  
-­‐	
  Note:	
  power	
  spectrum	
  of	
  “single	
  dish”	
  
survey	
  does	
  not	
  depend	
  on	
  dish	
  size!



CII-­‐21cm	
  cross-­‐correlation

• Transition	
  from	
  negative	
  to	
  positive	
  related	
  to	
  typical	
  bubble	
  size	
  

• The	
  cross-­‐correlation	
  helps	
  to	
  remove	
  contaminants	
  and	
  improve	
  measurements	
  related	
  to	
  the	
  
ionized	
  fraction	
  and	
  the	
  number	
  of	
  CII	
  galaxies	
  in	
  each	
  ionization	
  bubble,	
  all	
  as	
  a	
  function	
  of	
  redshift.

12

Fig. 13.— The cross-correlation coefficient of the CII and 21-cm emission for 1m and 10m aperture at z = 6, z = 7 and z = 8. The error
bars of r are also shown (red solid), and the blue dashed ones are the contribution from the 21-cm emission with the LOFAR (left panel),
and with the SKA (right panel). We find the 21-cm noise dominates the errors at z=6 and 7.

7. OUTLINE OF A CII INTENSITY MAPPING
EXPERIMENT

We now discuss the requirements on an instrument de-
signed to measure the CII line intensity variations and
the power spectrum at z > 6. Here we provide a sketch
of a possible instrument design including calculated noise
requirements based on current technology; a detailed de-
sign study will be left to future work as our concept is
further developed.

An experiment designed to statistically measure the
CII transition at high redshift requires a combination of
a large survey area and low spectral resolution; because
of this, the use of an interferometer array such as the one
suggested in Gong et al. (2011) for CO seems impractical.
Instead we opt for a single aperture scanning experiment
employing a diffraction grating and bolometer array in
order to provide large throughput.

For proper sampling of the CII signal on cosmologi-
cal scales and cross-correlation with 21-cm experiments,
we would require at minimum a survey area of 16 deg2

and a free spectral range (FSR) of 20 GHz. At a red-
shift of z = 7, a box 4 degrees on a side and 20 GHz
deep corresponds to a rectangular box with a comoving
angular width of 443 Mpc/h and a depth along the line
of sight of 175 Mpc/h. However, since larger FSRs are
easily achieved with diffraction grating architectures and
would allow for better measurement of the reionization
signal and separation of its foregrounds, the instrumental
concept presented here covers the 220GHz atmospheric
window with an FSR of 125GHz. Concretely, covering
from 185 to 310 GHz with a spectral resolution of 0.4GHz
allows measurement of CII in the range 5.1 ≤ z ≤ 9.3
with a smallest redshift interval ∆z of 0.01.

The integration time per beam on the sky required to
survey a fixed area depends on a number of parameters
including the size of the aperture, the number of inde-

pendent spatial pixels in the spectrometer, and the band-
width of each spectral element. Changing the survey area
or bandwidth will affect the minimum k values probed in
the 3-d power spectrum as well as the number of modes
used in the error calculation. To generate concrete exam-
ples in this discussion, we concentrate on calculating the
CII power spectrum at z = 6, 7 and 8 and assume that
we will make use of 20 GHz effective bandwidths at fre-
quencies centered at these redshfits; such effective bands
are readily achieved by summing neighbouring high res-
olution spectral bins. At z = 7, for example, a 20 GHz
bandwidth corresponds to a ∆z = 0.62. Averaging over
a larger spectral window to reduce noise will make the
cosmological evolution along the observational window
non-negligible.

To understand the effect of spatial resolution on this
measurement we consider three possible primary aper-
ture sizes of 1, 3 and 10 m; the resulting instrumental
parameters are listed in Table 1. These apertures cor-
respond yield beams of 4.4, 1.5, and 0.4 arcmin and co-
moving spatial resolutions of 8.3, 2.8, 0.8 Mpc/h at an
observing frequency of 238 GHz (z = 7), respectively.
These apertures probe the linear scales (k < 1.0 h/Mpc)
and are well matched to 21-cm experiments. In this ex-
perimental setup light from the aperture is coupled to a
imaging grating dispersive element illuminating a focal
plane of bolometers, similar to the Z-Spec spectrometer
but with an imaging axis (Naylor et al. 2003; Bradford
et al. 2009).

We assume a fixed spectral resolution of ∼ 500 km/s
(= 0.4GHz as discussed above) in each of the three cases
giving a spatial resolution of 3.5 Mpc/h and a maximum
k mode of k ≈ 0.91 h/Mpc. Current technology can al-
low fabrication of ∼ 20, 000 bolometers in a single focal
plane; for the instrument concept we freeze the number
of detectors at this value. The spectrometric sensitivity



Intensity	
  mapping	
  with	
  the	
  Ly-­‐

• Line:	
  1215.7	
  Å	
  

• 0.97	
  μm	
  at	
  z=7	
  (NIR)	
  

• Galaxy	
  contributions:	
  

• Recombinations	
  

• Excitations/decays	
  

• gas	
  cooling	
  (gravitational	
  collapse)	
  

• Ly-­‐α	
  emission	
  from	
  stars	
  

• IGM	
  contributions:	
  

• Recombinations	
  

• Excitations/decays	
  

• Scattering	
  of	
  Ly-­‐n	
  photons	
  from	
  
galaxies Total	
  Ly-­‐α	
  intensity	
  from	
  galaxies	
  and	
  

the	
  IGM	
  in	
  erg	
  s-­‐1	
  cm-­‐2	
  sr-­‐1	
  at	
  redshift	
  7

M.	
  B.	
  Silva	
  et	
  al.	
  (M.	
  Santos,	
  2013)	
  
Gong	
  et	
  al.	
  (M.	
  Santos,	
  2014)

α SFR

TK, xi

(see	
  also	
  Pullen	
  et	
  al.	
  2014)



Lya	
  signal

• Galaxy	
  emmission	
  dominates	
  over	
  IGM	
  

• Recombinations	
  are	
  the	
  main	
  contribution	
  

• Calculations	
  using	
  fully	
  consistent	
  semi-­‐
numerical	
  simulations

Gal

IGM

• Large	
  uncertainty	
  in	
  the	
  relation	
  (SFR,	
  UV	
  
escape	
  fraction,	
  Lya	
  escape	
  fraction)	
  

• Dominated	
  by	
  1010	
  -­‐	
  1011	
  Msun	
  halos!!



Signal	
  calculated	
  using	
  fully	
  consistent	
  
EoR	
  simulations

• SFR	
  needs	
  to	
  produce	
  right	
  optical	
  depth	
  and	
  also	
  the	
  right	
  luminosity	
  function	
  

• Lower	
  SFR	
  model	
  (left	
  dot-­‐dashed)	
  fits	
  better	
  the	
  luminosity	
  functions	
  (right,	
  
solid)	
  from	
  Shimasaku	
  et	
  al.	
  (2006)	
  and	
  Kashikawa	
  et	
  al.	
  (2006)	
  

• 21cm	
  simulation	
  gives	
  optical	
  depth	
  of	
  ~0.066

Code:	
  Simfast21	
  (https://github.com/
mariogrs/Simfast21)

https://github.com/mariogrs/Simfast21


Lya	
  observations

• Observations	
  in	
  the	
  near	
  infrared	
  (~	
  1	
  μm)	
  -­‐	
  need	
  to	
  go	
  to	
  space:	
  20	
  cm	
  aperture;	
  R	
  ~200	
  -­‐	
  300	
  
(about	
  50	
  channels)	
  ;	
  2048x2048	
  HgCdTe	
  detector	
  array	
  (10	
  arcsec);	
  Survey	
  area	
  ~	
  20	
  deg2	
  

• Main	
  contaminants:	
  Ha,	
  OIII	
  and	
  OII	
  lines	
  at	
  low	
  z	
  

• Need	
  to	
  mask	
  pixels	
  with	
  fluxes	
  above	
  1.4x10−20	
  	
  W/	
  m2	
  (about	
  3%	
  of	
  pixels)

M.	
  B.	
  Silva	
  et	
  al.	
  (2013)
Gong	
  et	
  al.	
  (2014)

Ha

Ha	
  after	
  masking

z=0.5 z=1.6z=0.9



Conclusions

• Intensity mapping of molecular and atomic lines other than 21 cm, such as CO, CII 
and Ly-α can provide new insights into the epoch of reionization.

• Cross-correlation with the 21 cm signal will help remove contaminants (and 
confirm the detection!) and improve our understanding of the connection 
between galaxy properties and the IGM

• CO line: Probe of cold gas. Low foreground contamination but hard to measure.

• CII line: Connected to SFR during reionization. Contaminated by CO but possible 
to measure with small instrument (< 10% masking). Possibly our best bet from 
the ground. 

• Lya line: Dominated by recombinations in galaxies. Connect directly to UV 
emission budget during reionisation. Contaminated by Ha, OII, OIII. Possible to 
measure with small NIR space mission (~ 3% masking) - see SPHEREx…


