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An Introduction to Intensity Mapping
• What is the large scale 

structure of the universe? 

• To find out, we could identify 
individual sources of 
emission.

Artist’s Conception
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An Introduction to Intensity Mapping
• What is the large scale 

structure of the universe? 

• To find out, we could identify 
individual sources of 
emission. 

• Alternatively, we could sum 
all the emission in large areas 
and measure fluctuations. 

• This is called Intensity 
Mapping.

Artist’s Conception
 



The Reionization Epoch 
Aspen Winter Meeting M. Zemcov, Mar. 9 2016

Salvaterra et al. (2010)

• Galaxy counts miss faint sources that may 
dominate the reionization budget. 

• Estimates of the SFRD at high redshift require 
huge extrapolations of UV luminosity function to 
explain reionization. 

• IM studies are sensitive to the total luminosity 
emitted by all galaxies -> Intensity Mapping 
offers an advantage.Courtesy T. Abel

Bouwens et al. (2014)
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Fig. 6.— UV LFs at z ∼ 4, z ∼ 5, z ∼ 6, z ∼ 7, and z ∼ 8 renormalized to have approximately the same volume density at ∼ −21.1
mag (§4.2). There is strong evidence for an evolution in the effective slope of the UV LFs with redshift. The effective slope of the LF is
considerably steeper at z ∼ 7 and z ∼ 8 than it is at z ∼ 3-5.

likelihood LFs.
We elected to use a 0.5-mag binning scheme for the LFs

at z ∼ 4-8, consistent with past practice. To cope with
the noise in our SWML LF determinations that result
from deconvolving the transfer function (implicit in the
Vj,k term in Eq. 4) from the number counts nobserved,j ,
we have adopted a wider binning scheme at the faint-end
of the LF.
In deriving the LF from such a diverse data set, it

is essential to ensure that our LF determinations across
this data set are generally self consistent. We therefore
derived the UV LFs at z ∼ 5, z ∼ 6, z ∼ 7, and z ∼
8 separately from the wide-area UDS+COSMOS+EGS
CANDELS observations, from the CANDELS-DEEP re-
gion within the CANDELS-North and South, from the
CANDELS-WIDE region within the CANDELS-North
and South, and from the BORG/HIPPIES observations.
As we demonstrate in Figure 22 from Appendix F, we
find good agreement between our LF determinations for
all four data sets, suggesting that the impact of system-
atics on our LF results will be quite limited in general.
After considering the LF results from each of our fields

separately, we combine our search results from all fields
under consideration to arrive at stepwise LFs at z ∼ 4-
8 for our overall sample. The results are presented in
Figure 4 and in Table 3. Broadly speaking, the LF de-
terminations over the range z ∼ 4-8 show clear evidence
for a steady build-up in the volume density and luminos-
ity of galaxies with cosmic time.

4.2. Schechter Function-Fit Results

We next attempt to represent the UV LFs at z ∼
4, z ∼ 5, z ∼ 6, z ∼ 7, z ∼ 8, and z ∼ 10
using a Schechter-like parameterization (φ∗(ln(10)/2.5)

10−0.4(M−M∗)α e−10−0.4(M−M∗)
). Schechter functions ex-

hibit a power-law-like slope α at the faint end, with an ex-
ponential cut-off brightward of some characteristic lumi-
nosity M∗. The Schechter parameterization has proven

to be remarkably effective in fitting the luminosity func-
tion of galaxies at both low and high redshifts.
The procedure we use to determine the best-fit

Schechter parameters is that of Sandage, Tammann, &
Yahil (1979) and has long been the method of choice in
the literature. Like the SWML procedure of Efstathiou
et al. (1988), this approach determines the LF shape that
would most likely reproduces the observed surface den-
sity of galaxies in our many search fields. The approach
is therefore highly robust against large-scale structure
variations across the survey fields. As with the SWML
approach, one must normalize the LF derived using this
method in some way, and for this we require that the
total number of sources observed across our search fields
match the expected numbers.
We can make use of essentially the same procedure to

derive the maximum likelihood Schechter parameters as
we used for the stepwise LF in the previous section, after
we convert model Schechter parameters to the equiva-
lent stepwise LF. For this calculation, we adopt a 0.1-
mag binning scheme in comparing the stepwise LF to
the surface density of sources in our search fields. A 0.1-
mag binning scheme is sufficiently high resolution that it
will yield essentially the same results as estimates made
without binning the observations at all (e.g., Su et al.
2011).
Our maximum likelihood results for the Schechter

fits at z ∼ 4, z ∼ 5, z ∼ 6, z ∼ 7, and
z ∼ 8 are presented in Figure 5. Meanwhile, our
best-fit Schechter parameters are presented in Table 4
both using the XDF+HUDF09-Ps+ERS+CANDELS-
North+CANDELS-South data set alone and using the
full data set considered here. In Table 7 from Appendix
F, we also present determinations of the Schechter pa-
rameters from the CANDELS-North+XDF+HUDF09-
Ps fields and CANDELS-South+ERS+XDF+HUDF09-
Ps fields separately.
These results suggest that a good fraction of the evo-

lution in the UV LF at z > 4 may involve an evolution

HST JWST

An Application: Searching for the 
Sources Responsible for Reionization
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Line Intensity Mapping

We can also map fluctuations in line emission vs z 
(analogy with dropout technique).

Some proposed line tracers: 
• Radio: 21 cm, CO 
• Sub-mm: [CII] 
• Optical: Hα, Hβ, [OII], [OIII] 
• UV: Lyα 
+ cross correlations between any of them.



The Reionization Epoch 
Aspen Winter Meeting M. Zemcov, Mar. 9 2016

C+ ionization potential  11.6 eV, so it exists in 
neutral gas where much of the energy is input 
into the interstellar medium. 

Easily thermalized with a critical density of 3x103 H2 cm-3 or 
~50 e- cm-3  

C+ carries a large fraction of the gas cooling (30-50%, (of the 
1% of the total)) 

Among the most luminous spectral line in the spectra of 
galaxies. 

➡less dust to gas means more C+ to far-IR 

Also traces diffuse ionized gas. 

[CII]: Tracing the Emplacement of 
Metals in the IGM
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• 32 waveguide grating spectrometers 
(based on Z-Spec technology). 

• λ/Δλ=100, 60 detectors per 
spectrometer covering 186-324 GHz. 

• 16 independent dual-pol spectrometers 
arranged in a line to maximize 
sensitivity to modes of interest. 

• 1800 absorber-coupled TES bolometers  
• time-domain (NIST) SQUID MUX, as 

per SCUBA-2, BICEP-2 heritage. 
• NEP of 3x10-18 well in hand.

TIME-Pilot
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TIME-Pilot	Dataset	– Expected	Sensitivity
• [CII]	autocorrelation	spectra	over	

the	full	TP	band.	 	

• [CII]	EoR signal	strength	not	
known,	 consider	various	models.
Constant	SFR
Gas	physics	calculation
Millennium	sim x	3e-3

• Error	bars	correspond	to	240	
hours	on	sky	w/	JCMT.

• CO	from	z	~	0.5	to	3	(multiple	
lines)	is	dominant	signal	in	raw	
map	(shown	 referred	to	CII	survey	
geometry),	but	can	be	masked	
using	galaxy	catalogs.

• Cross	correlations	at	CO	
frequencies	with	galaxy	surveys	
can	provide	a	CO	census	

Time-Pilot Expected Sensitivity



The Reionization Epoch 
Aspen Winter Meeting M. Zemcov, Mar. 9 2016

An Optical-IR imaging spectrometer
λ= 0.75-4.1 μm  R=41.5
λ= 4.1-4.8 μm  R=150

20cm telescope
Passively cooled
6.2”x6.2” pixels

2x(3.5x7) sq. deg. FOV
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SPHEREx: An All Sky Spectral Survey
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SPHEREx Collaboration (2014)

SPHEREx is an intensity 
mapping machine.

1 Week 3 Months 7 Months 13 Months 25 Months

SPHEREx: An All Sky Spectral Survey
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See Dore et al. (2014)  
astro-ph/1412.4872

Probing Inflation with SPHEREx
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z-accuracy requirement supported by e.g. 
the Prism Multi-object Survey (PRIMUS; 
Cool et al 2013)

Probing Inflation with SPHEREx
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SPHEREx Produces a High- 
Legacy Catalog
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Summary
• Line intensity mapping has great promise for helping to 
understand the history of star formation in the universe. 

• Naturally sensitive to faint and diffuse emission, as we 
would expect from reionizing sources. 

• TIME is tuned to [CII] 158 micron line, sensitive to the 
ionization state and metallicity of the IGM. 

• SPHEREx will map the history of star formation using 
Lyα, Hα, Hβ, [OII] and [OIII]. 

• Come chat with me for more information!


