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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

Bouwens	  et	  al.	  2014	  
Includes	  UDS,	  
COSMOS	  EGS	  
CANDELS	  

L=1e10	  Lsun	  

•  Faint	  galaxies	  more	  important	  as	  we	  look	  back	  through	  reionizaUon.	  	  	  
•  	  The	  highest	  redshiVs	  have	  divergent	  total	  light	  integrals.	  
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asymptotes to linear relations at early and late times and can be
fit by a rotated hyperbola. But for computational convenience, we
can fit the behaviour with

log〈Mvir〉L(z) = 7.0 + (0.25 + 2.96 × 10−4z3.16)−1. (18)

Both fits are good to within 3 per cent at z > 5.8, where our fesc(z) fit
reaches a minimum. These fits encapsulate the effects of suppres-
sion of the lowest mass dwarf galaxies that have high escape frac-
tions. Coupled with our mass-dependent dwarf galaxy properties
presented in Section 3, this resulting reionization history demon-
strates the role of high-redshift, photosuppressible dwarf galaxies
during reionization.

5 D ISCUSSION

We have demonstrated that low-luminosity galaxies play a key role
during the early phases of reionization. The exact properties of a
particular high-redshift dwarf galaxy most critically depend on the
star formation history and the ionization and thermal properties
of its local environment. For instance, the magnitude of radiative
and SN feedback in their progenitors will regulate the gas and metal
content of the galaxy, thus affecting the strength of radiative cooling
and star formation in the dwarf galaxy.

As previous studies have shown (e.g. Clarke & Oey 2002; Wise
& Cen 2009; Fernandez & Shull 2011; Benson et al. 2013), ion-
izing radiation mainly escapes through low-density channels that
are created by ionization fronts or SNe. The location and strength
of star formation and galaxy morphology can both influence the
UV escape fraction. Thus, resolving star-forming clouds and the
multiphase ISM are necessary requirements for any simulation that
aims to measure the escape fraction. Furthermore, environmental
properties, in particular, the incident radiation can affect the for-
mation of the first galaxies and their escape fractions. First, any
LW radiation will suppress H2 formation and thus Pop III stars in
the progenitors. If Pop III star formation is delayed until haloes
have M ! 107 M%, the H II region and SN blast wave may fail to
breakout of the halo, possibly leading to prompt metal-enriched star
formation (Whalen et al. 2008; Ritter et al. 2012). Secondly, any
external ionizing radiation will photoevaporate the gas in low-mass
haloes over a sound-crossing time. However, photoevaporation may
boost the escape fraction for a short period if the halo is already
hosting active star-forming regions. If the outer layers of gas are
photoevaporated by an external source, the neutral hydrogen col-
umn density between the halo centre and the IGM will decrease,
causing an increase in escape fraction in principle. On the other
hand, this reduces the amount of gas available for future star for-
mation in small galaxies. If the halo does not accrete additional gas
from smooth accretion or a merger within a sound-crossing time, the
SFR and escape fraction will steadily decrease, where we showed
a similar case of a correlation between SFR and escape fraction in
Fig. 10.

Although the SFRs in the lowest mass galaxies are small, their
roles in reionization are not insignificant. Now we turn our attention
to the implications of our results on reionization, their observational
prospects, differences with previous work, and caveats of our study.

5.1 Implications for reionization

The idea of the faintest galaxies providing the majority of the ion-
izing photon budget of reionization is not a new one. However, our
work provides convincing evidence that stars form in these galaxies
before becoming photosuppressed by internal stellar feedback and

external radiative feedback. Their star formation efficiencies are not
significantly lower than atomic cooling haloes, but their low masses
lead to low SFRs of 10−3–10−4 M% yr−1 with about half of the ion-
izing radiation escaping into the IGM. Combined with a high num-
ber density of their host haloes, their contribution to reionization
should not be neglected, especially at very high redshift (z ! 10).
Some of these galaxies are initially embedded in a cool and neu-
tral ISM, most likely in a relic H II region from Pop III stars, but
as global reionization proceeds, they are likely embedded in larger
H II regions, slowly being photoevaporated over a sound-crossing
time. Then larger galaxies that are hosted by atomic cooling haloes
provide the majority of ionizing radiation, as shown in Fig. 14. In
a statistical sense, there will probably be no detectable transition
in the reionization or SFR history between these two source types
because they form coeval. A significant fraction of galaxies that
are initially photosuppressed will likely host star formation shortly
afterward because rapid mass accretion rates at high redshift will
allow for efficient cooling and star formation even in the presence
of a UV radiation field.

This scenario leads to an extended period of reionization, where
the Universe has an ionized mass fraction of 10 and 50 per cent by
z ∼ 17 and z ∼ 10, respectively, eventually becoming completely
reionized by z ∼ 6.5 (see Fig. 12). Such an extended ionization
history produces a Thomson scattering optical depth τ e = 0.093
and an ionizing emissivity that are consistent with Planck and Lyα

forest observations, respectively. We stress that the faintest galaxies
should not be overlooked in reionization models and provide the key
to matching the latest ionization constraints, resolving any tension
between CMB observations and Lyα forest observations at z ∼ 6.

5.2 Observational prospects

Fig. 15 shows the absolute magnitude at 1500 Å of a typical
dwarf galaxy that contributes to reionization as a function of

Figure 15. Absolute UV magnitude at 1500 Å for the typical dwarf galaxy
contributing to reionization. The solid line uses the mean M∗–Mvir relation
shown in Table 1 to convert the luminosity-weighted average halo mass
in Fig. 14, where the shaded areas show the 1σ deviations. The dashed
lines extrapolate to halo masses M ≥ 108.5 M%. The thin dotted lines
show the apparent magnitude that are denoted above the lines, where we
have assumed a constant K-correction of −2. The solid green lines delin-
eate the detection limits for the HUDF12 (Mlim = 30.1), Frontier Fields
(Mlim = 28.7 + 2.5log µ), and JWST ultradeep (Mlim = 31.4) campaigns,
where µ is the magnification factor. Lastly, the magenta squares show the
galaxies observed in the HUDF12 campaign from the McLure et al. (2013)
z ≥ 6.5 robust sample.
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Blue	  shows	  typical	  (~photon-‐weighted	  
median)	  galaxy	  contribuUng	  to	  
reionizaUon	  
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Up	  is	  lower	  
luminosity!	  

Example	  Reioniza.on	  Galaxy	  Model	  –	  Wise	  et	  al.,	  2014	  

Green	  shows	  detectability.	  	  FF	  =	  Hubble	  fronUer	  
fields	  (using	  gravitaUonal	  lensing	  to	  boost	  
sensiUvity).	  	  Boost	  factors	  >	  10	  very	  rare.	  
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How	  to	  access	  the	  full	  populaUon?	  
Measure	  clustering	  via	  maps,	  instead	  of	  discrete	  sources.	  
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3.6° 

Intensity Mapping 
HerMES Lockman Survey Field with Herschel SPIRE: 

250, 350, 500 microns 

Cooray	  &	  
Sheth	  2002	  
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1-‐halo	  clustering	  

2-‐D	  SpaUal	  Power	  Spectrum	  of	  Hershel	  SPIRE	  Maps	  

Viero	  et	  al.	  2013,	  
ApJ	  722,	  77	  	  
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2-‐D	  SpaUal	  Power	  Spectrum	  of	  Hershel	  SPIRE	  Maps	  

Viero	  et	  al.	  2013,	  ApJ	  722,	  77	  	  

The Astrophysical Journal, 772:77 (27pp), 2013 July 20 Viero et al.

Table 4
Model 1: Best-fit Parameters and Corresponding Correlation Matrix

Parameter log(Mmin) log(Mpeak) T β σ 2
L/m log(L0) η

log(Mmin) 9.8 ± 0.5 0.16 −0.09 0.06 −0.15 −0.23 0.23
log(Mpeak) . . . 12.2 ± 0.5 −0.11 0.16 −1.00 −0.42 0.49
T . . . . . . 23.1 ± 1.3 −0.97 0.10 0.74 −0.29
β . . . . . . . . . 1.4 ± 0.1 −0.16 −0.62 0.25
σ 2

L/m . . . . . . . . . . . . 0.4 ± 0.0 0.41 −0.50
log(L0) . . . . . . . . . . . . . . . −1.7 ± 0.1 −0.74
η . . . . . . . . . . . . . . . . . . 2.0 ± 0.1

Notes. Best-fit parameters and correlations between them in Model 1. Off-diagonal values of +1 or −1 mean that the parameters are
highly correlated or anti-correlated, respectively, while values near 0 mean that they are independent of one another.

Table 5
Model 2: Best-fit Parameters and Corresponding Correlation Matrix

Parameter log(Mmin) log(Mpeak) T Tz β σ 2
L/m log(L0) η

log(Mmin) 10.1 ± 0.5 −0.02 0.20 −0.27 −0.10 0.02 0.26 −0.25
log(Mpeak) . . . 12.3 ± 0.5 0.21 −0.01 −0.23 −1.00 −0.18 0.20
T . . . . . . 20.7 ± 1.2 −0.66 −0.92 −0.21 0.76 −0.56
Tz . . . . . . . . . 0.2 ± 0.0 0.38 0.01 −0.81 0.89
β . . . . . . . . . . . . 1.6 ± 0.1 0.23 −0.53 0.31
σ 2

L/m . . . . . . . . . . . . . . . 0.3 ± 0.0 0.18 −0.20
log(L0) . . . . . . . . . . . . . . . . . . −1.8 ± 0.1 −0.90
η . . . . . . . . . . . . . . . . . . . . . 2.4 ± 0.1

Notes. Best-fit parameters and correlations between them in Model 2. Off-diagonal values of +1 or −1 mean that the parameters are
highly correlated or anti-correlated, respectively, while values near 0 mean that they are independent of one another.

Table 6
Model 3: Best-fit Parameters and Corresponding Correlation Matrix

Parameter log(Mmin) log(Mpeak) Twarm Tcold ξ Tz σ 2
L/m log(L0) η

log(Mmin) 10.1 ± 0.6 −0.39 0.40 0.40 −0.23 −0.43 0.39 0.42 −0.41
log(Mpeak) . . . 12.1 ± 0.5 −0.75 −0.91 0.02 0.89 −1.00 −0.79 0.90
Twarm . . . . . . 26.6 ± 2.8 0.80 −0.05 −0.90 0.75 0.94 −0.90
Tcold . . . . . . . . . 14.2 ± 1.0 0.05 −0.93 0.90 0.80 −0.92
ξ . . . . . . . . . . . . 1.8 ± 0.1 0.18 −0.02 −0.27 0.19
Tz . . . . . . . . . . . . . . . 0.4 ± 0.1 −0.88 −0.95 0.99
σ 2

L/m . . . . . . . . . . . . . . . . . . 0.4 ± 0.0 0.79 −0.89
log(L0) . . . . . . . . . . . . . . . . . . . . . −1.9 ± 0.1 −0.96
η . . . . . . . . . . . . . . . . . . . . . . . . 2.7 ± 0.2

Notes. Best-fit parameters and correlations between them in Model 3. Here ξ is the ratio of the masses of the cold and warm
components. Off-diagonal values of +1 or −1 mean that the parameters are highly correlated or anti-correlated, respectively, while
values near 0 mean that they are independent of one another.

and Twarm in Model 3), the luminosity parameters η and L0, and
the mass parameters σ 2

L/m.
We find that star formation is most efficient in halos ranging

from log(M") = 11.7 to 12.5, peaking at log(M") ∼ 12.1,
which is consistent with several recent results from observations
and simulations (e.g., Moster et al. 2010; Wang et al. 2012;
Behroozi et al. 2013). In Cooray et al. (2010), where a halo
model is developed to fit the angular correlation functions of
galaxies brighter than 30 mJy, the minimum halo mass scale is
log(Mmin/M") = 12.6, 12.9, and 13.5 at 250, 350, and 500 µm,
respectively. These values are much higher than our best-fit
log(Mmin/M") = 10.1 ± 0.6, which is due to the fact that faint
galaxies (around 5 mJy) dominate the power spectrum of the
intensity fluctuations (see Figure 1). In Amblard et al. (2011),
the minimum halo mass scale is log(Mmin/M") = 11.1, 11.5,
and 11.8 at 250, 350, and 500 µm, respectively, which are higher

than our best-fit value. Furthermore, the evolution of the dust
temperature, characterized by Tz, is in very good agreement with
stacking measurements found by, e.g., Pascale et al. (2009) and
Viero et al. (2013).

The redshift distribution of the emissivity—which in previous
halo models has been either parameterized or adopted from
galaxy population models—is here an output of the L–M
relation, and shown compared to a selection of models (Valiante
et al. 2009; Béthermin et al. 2011, 2012a) and previous estimates
(Amblard et al. 2011) in Figure 13.

Lastly, we plot the absolute CIB in each band output by our
model, along with several measurements from the literature,
in Figure 14. We find that our models are consistent with
the fiducial FIRAS values (Fixsen et al. 1998; Lagache et al.
2000), though we note that the uncertainties in the fiducial
measurements are of order 30%.

17

Fihng	  2-‐D	  auto-‐	  and	  cross-‐spectra	  (under	  various	  depth	  flux	  cuts)	  to	  halo	  models	  

Find:	  	  
Minimum	  halo	  mass	  to	  support	  star	  formaUon:	  	  Log	  ~	  10.1	  
Halo	  mass	  of	  peak	  star	  formaUon	  efficiency:	  	  Log	  ~	  12.3	  	  
Some	  constraints	  on	  redshiV	  evoluUon.	  
	  
BUT:	  	  
2-‐D	  broad-‐band	  dataset	  averages	  over	  all	  redshiHs:	  	  EOR	  signal	  buried	  by	  ‘foregrounds’	  

SED	  parameters	  

L-‐M	  relaUon	   z-‐evol.	  
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3-‐D	  Intensity	  Mapping	  of	  Spectral	  Lines	  
	  •  Provides	  automaUc	  redshiV	  informaUon.	  

•  3rd	  dimension	  adds	  addiUonal	  modes	  to	  the	  dataset.	  
•  SUll	  carries	  sensiUvity	  to	  the	  full	  populaUon.	  
•  Measurement	  is	  with	  a	  moderate-‐R,	  high-‐throughput	  spectrometer	  
•  CII	  158-‐micron	  fine-‐structure	  especially	  useful.	  

Why do we care about redshifts?
• One needs a redshift to do spectroscopy. All of our knowledge of astrophysics and evolution of the universe 

comes from spectroscopy. (astrophysics≡spectroscopy) 
• We are just entering the era of blind spectroscopic redshifts from the radio. ~100 (mostly lensed) sources in the 

last 5 years. This field is starting to take off.  
• FIR and mm spectroscopy allows unprecedented views of the conditions of the ISM and the obscured universe 

and may be necessary to study the epoch of reionization. 

What does the future hold?
• New detector technologies will soon enable dedicated MOS and IFU spectrometers for the mm-band.  
• Redshifts from [CII]158!m will become increasingly important. 
• This will enable redshift surveys and intensity mapping.  
• We will need new telescopes, with a large aperture, wide FOV, at a good site. 

14

Submillimeter Survey Telescope

ConUnuum-‐subtracted	  far-‐IR	  to	  mm-‐
wave	  spectrum	  of	  M82	  –	  J.	  Vieira	  



C+	  and	  fine-‐structure	  lines	  in	  galaxies	  

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

–  Easily	  thermalized	  with	  a	  criUcal	  density	  of	  3e3	  H2	  cm-‐3	  or	  ~50	  e-‐	  cm-‐3	  	  
–  Dense	  photo-‐dissociaUon	  regions:	  regions,	  C-‐ionizing	  photon	  density	  is	  set	  by	  dust	  exUncUon	  

•  C+	  carries	  a	  large	  fracUon	  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.	  

PhotodissociaUon	  region	  

Circinus	  ISO	  LWS+SWS	  

February	  20,	  2014	   M.	  Bradford,	  obscos	  lunch	   9	  
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Figure 2. Intensity of fine-structure line emission as a function of observed wavelength for the empirical model based on the B11 luminosity function. Intensities of
CO lines, which are not included in the IR luminosity relations from Spinoglio et al. (2012), were estimated using a luminosity scaling provided by Carilli (2011) for
CO(1–0) and the relative intensities of the higher-J lines in Bothwell et al. (2013).
(A color version of this figure is available in the online journal.)

shape of the IR luminosity function and consider an alternative
line-to-IR luminosity ratio (depicted as the dotted curves in
Figure 1).

Next, it becomes possible to write the cosmic mean intensity
and shot noise of the line, in units of Jy sr−1, as a function of
redshift based on the B11 luminosity function and Spinoglio
et al. (2012) Li–LIR relation as

S̄i(z) =
∫

dlogLIRΦ(LIR, z)
fiLIR

4πD2
L

yD2
A,co (7)

P shot
i,i (z) =

∫
dlogLIRΦ(LIR, z)

(
fiLIR

4πD2
L

yD2
A,co

)2

, (8)

where the limits of integration are over the full range of expected
IR luminosities, i.e., 108 to 1013 L", and fi, i.e., Li(LIR)/LIR, is
the fraction of IR luminosity emitted in line i, as computed from
Equation (3). In other words, we have written S̄i and P shot

i,i (z) as
the first and the second moments of the luminosity function.

The resulting mean intensities for a variety of far-IR lines
are plotted in Figure 2 as a function of redshift and observed
wavelength. S̄i versus λobs can be interpreted as identifying the
dominant source of fluctuations, according to our model, of a
given wavelength. As a specific example, if the target line of an
observation is [O i] 63 µm at z = 1, it is necessary to distinguish
between the target line and interlopers like [O iii] 88 µm from
z = 0.4 and [O iii] 52 µm from z = 1.4, which contribute power
at the observed wavelength. Visbal & Loeb (2010) showed how
the cross spectra can be used to differentiate between a target
line and a contaminating line (or “bad line,” in their words),
since emitters at different redshifts will be spatially uncorrelated.
For the observed wavelengths of [C ii], however, it is apparent
from Figure 2 that with the exception of contributions from
[O iii] 88 µm and CO(8–7) near [C ii] at z ∼ 0.01 and z > 2,
respectively, the [C ii] line is relatively unaffected by interloper
lines—a result of its luminosity and spectral isolation. It is for
this practical reason and for the astrophysical significance of
[C ii] mentioned in the Introduction that we focus the remainder
of this paper largely on [C ii] emission.

Figure 3. Fraction of total [C ii] mean intensity as a function of lower limit in
the luminosity function. Different color curves represent different redshifts, as
labeled on the plot.
(A color version of this figure is available in the online journal.)

2.3. [C ii] Luminosity Functions and Expected Power Spectra

As laid out in Equations (1) and (2), P clust
[C ii],[C ii] is sensitive

to intensity fluctuations from the full range of normal (LIR <
1011 L") to ULIRG-class (LIR > 1012 L") systems because its
amplitude is proportional to the mean line intensity, squared.
The information contained in a power spectrum of individually
detected galaxies is, in contrast to the line intensity mapping
approach, necessarily limited to galaxies which are above a
certain detection threshold, or LIR,min. Figure 3 shows the
integrated luminosity functions for [C ii] in our model, which
gives a sense of the depth that a galaxy survey must reach in
order to completely probe the full integrated [C ii] emission,
i.e., all of S̄i . In this section, we examine the role of the various
luminosity ranges on the amplitude of the observed [C ii] power.

4

Line	  IntensiUes	  at	  intermediate	  redshiV.	  	  CII	  
relaUvely	  isolated	  and	  bright	  for	  a	  given	  
galaxy	  luminosity.	  	  Uzgil	  et	  al.	  
	  

But	  CO	  from	  intermediate	  redshiV	  galaxies	  
an	  important	  source	  of	  variance	  because	  
luminosity	  density	  is	  higher.	  

Spectral	  lines	  accessible	  for	  intensity	  mapping	  
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•  Want	  to	  maximize	  per-‐pixel	  sensiUvity	  –	  go	  deep	  
with	  small	  area.	  	  	  But	  need	  to	  sample	  small	  k,	  
drives	  to	  large	  size	  (don’t	  want	  to	  rely	  on	  
spectral	  direcUon	  solely).	  	  	  	  

•  Our	  approach:	  156-‐beams	  wide	  x	  1	  beam-‐thick	  
rectangle	  on	  the	  sky	  (140	  Mpc	  x	  0.9	  Mpc	  on	  the	  
CSO).	  	  

•  Spectral	  coverage	  mapped	  into	  comoving	  
coordinates	  gives	  large	  z	  direcUon:	  195	  to	  318	  
GHz	  is	  z=5.0	  to	  8.7,	  a	  total	  of	  1440	  Mpc.	  

140	  Mpc	  

1230	  Mpc	  0.9	  

z=5.2	  

z=8.5	  
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TIME-‐Pilot	  instrument	  concept	  
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•  32	  waveguide	  graUng	  spectrometers	  	  
–  As	  used	  in	  Z-‐Spec	  
–  R=100,	  60	  detectors	  each	  covering	  186-‐324	  GHz.	  
– At	  least	  42	  channels	  each	  for	  science,	  up	  to	  18	  can	  be	  
atmospheric	  monitors.	  

•  1800	  absorber-‐coupled	  TES	  bolometers	  	  
–  Ume-‐domain	  (NIST)	  SQUID	  MUX,	  as	  per	  SCUBA-‐2,	  BICEP-‐2.	  
–  NEP	  of	  3e-‐18	  well	  in	  hand	  aVer	  BLISS	  /	  SPICA	  development.	  

•  Novel	  ‘slab’	  survey	  geometry	  with	  most	  of	  low-‐k	  informaUon	  coming	  from	  spectral	  
dimension.	  
–  Requires	  careful	  deconvoluUon	  between	  instrument	  modes	  and	  astrophysical	  k	  bins.	  
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N2 

Proposed Time-Pilot Mounting Scheme: 
    1) Replace current N1 with a larger version (same optical prescription) 
    2) Rapidly switch M2 in/out of place for Time-Pilot/SCUBA-2 

C2 

C3 C1 

TMU 

N1 

M2 

TIME-Pilot 
cryostat 

SCUBA-2 
cryostat 

FTS 

Figure 1: Schematic view of the TIME-Pilot mounting scheme showing the current left Nasmyth optical
system (TMU, C1-3, N1-2), and the proposed instrument position and optical layout of the TIME-Pilot
interface.

which combines the telescope primary and secondary mirrors, a subset of the SCUBA-2 reimaging mirrors,
and the TIME-Pilot M2 picko↵ mirror and cold optics.

1.3 Synergy with SCUBA-2

We have designed the TIME-Pilot mechanical interface to have minimal impact on normal SCUBA-2 oper-
ation. We highlight below a few issues requiring feedback from JCMT engineering and management:

1. Upgrade N1. The current N1 mirror is sized to accomodate the ⇡80 square FOV utilized by SCUBA-
2, but is too small to pass the full 110 circular FOV we require for TIME-PilotẆe propose to replace
N1 with a new mirror that has the same optical prescription and surface finish, but a moderately larger
aperture. This new N1 will have no impact on the SCUBA-2 optical performance.

2. Rerouting SCUBA-2 gas lines. The picko↵ mirror M2 must be stowed out of the beam for SCUBA-
2 observations. An attractive solution is to slide M2 underneath N1, into a position at the outer edge
of the Nasmyth platform behind N1. However, the path under N1 is currently blocked by the gas lines
suppling the SCUBA-2 dilution fridge. We propose to reroute these lines so as to clear the space below
N1. Translating these lines 1�2 feet from their current position as they pass behind N1 should provide
su�cient clearance.

3. Deflection of N1. The total weight of the cryostat, mount, and M2 added to the Nasmyth platform
may reach 2000 lbs. As a consequence, there may be some deflection of N1 and a corresponding
modification to the SCUBA-2 optical path. A JCMT engineer is currently studying the amount and
degree of deflection to be expected, and may require a realignment of N1.

2
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Halo-‐halo	  clustering	  	  (linear	  term,	  
encodes	  total	  CII	  emission	  )	  

Inter-‐halo	  
clustering	   Shot	  noise	  

•  [CII]	  autocorrelaUon	  spectra	  over	  
the	  full	  TP	  band.	  	  	  

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

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

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

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



Masking	  of	  low-‐z	  CO	  Galaxies	  
Amplitude	  of	  linear	  term:	  	  
CO	  dominates	  raw	  variance	  
in	  slab	  
	  
But	  can	  remove	  CO	  signal	  by	  
selecUng	  based	  on	  total	  IR	  
luminosity.	  
-‐  Includes	  sca<er	  in	  IR	  /	  

CO	  luminosiUes)	  
-‐  Reaches	  down	  to	  about	  

1e9	  Lsun	  galaxy.	  	  
	  
Only	  ~10%	  of	  survey	  voxels	  
need	  to	  be	  removed.	  	  	  ~700	  
galaxies.	  
	  
Need	  to	  Ue	  opUcal	  /	  near-‐IR	  
fluxes	  to	  total	  IR	  luminosity.	  
	  
Also	  will	  need	  the	  700	  
redshiVs.	  
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Far-‐IR	  Intensity	  Mapping	  from	  Space	  

Why do we care about redshifts?
• One needs a redshift to do spectroscopy. All of our knowledge of astrophysics and evolution of the universe 

comes from spectroscopy. (astrophysics≡spectroscopy) 
• We are just entering the era of blind spectroscopic redshifts from the radio. ~100 (mostly lensed) sources in the 

last 5 years. This field is starting to take off.  
• FIR and mm spectroscopy allows unprecedented views of the conditions of the ISM and the obscured universe 

and may be necessary to study the epoch of reionization. 

What does the future hold?
• New detector technologies will soon enable dedicated MOS and IFU spectrometers for the mm-band.  
• Redshifts from [CII]158!m will become increasingly important. 
• This will enable redshift surveys and intensity mapping.  
• We will need new telescopes, with a large aperture, wide FOV, at a good site. 

14

Submillimeter Survey Telescope

§  Far-IR lines of O++, N++, and N+ measure the ionization state and metallicity of the gas. 

§ SPICA and FIR Surveyor (single-dish) can measure these lines galaxies in the Universe’s first billion years, comparable to 
JWST and ALMA in sensitivity.   Will have ~100 moderate-R spectrometer ‘pixels’, all at background limit.  Excellent for 
intensity mapping.  Single-dish system the community choice for Surveyor in June meeting.  (FIR session this evening.) 

§  SPICA currently under development for Cosmic Visions M5 proposal.  2.5 meter aperture, SAFARI R=300 grating 
spectrometer with R=3000 etalon mode.  SPICA poster Friday. 

 

 

3.4 CALISTO Confusion Limits 

Particularly for broadband observations, an effective limit to the depth to which one can integrate is set by the variations 
in the astronomical background, which are due to numerous, largely distant extragalactic sources.  While there has been 
considerable effort devoted to understanding the nature of the “IR Background” which has had significant success, it 
nevertheless sets limits for deep integrations.  The exact value of the “confusion limit” depends on the observing 
wavelength and telescope diameter in a fairly complex manner. To give one example, a model for the distribution of 
extragalactic sources as a function of flux density has been developed by D. Frayer, based largely on the 70 µm 
observations by Spitzer.  It predicts a 5ı confusion limit with 8 beams per source (meaning 7 out of each 8 beams 
observed on the sky would be free of any background source) equal to 5 µJy at 70 µm.  For a broadband observation 
(dȣ/ȣ = 1.0) with the NEP given above, CALISTO reaches this confusion limit in approximately 100 s of integration 
time.  This integration time is proportional to the NEP and inversely proportional to the observing bandwidth, so for 
background limited systems, the overall variation is as dȣ-0.5, so that for narrowband observations, much longer 
observations are productive, not to mention the fact that any confusing source is likely to have a redshift different than 
one for a particular source being studied.  All such numbers are somewhat uncertain, but the implication is that for 
broadband surveys with CALISTO, the confusion limit is low, and is reached relatively rapidly.  This is good news in 
that it means that large areas of the sky can be covered in a reasonable time.  It also indicates that relatively rapid 
spacecraft motion is required to take advantage of CALISTO’s extraordinary sensitivity.   

4. CALISTO MECHANICAL DESIGN 
4.1 Overall Telescope Mechanical Concept  

To minimize complexity, the CALISTO telescope has only a single simple, hinged deployment of the secondary support 
structure.  The secondary reflector itself is also mounted on a 6 degree-of-freedom actuator mechanism that can be used 
to correct for initial deployment errors and quasi-static changes in telescope shape.  Figure 14 shows CALISTO in 
deployed configuration. 

 

Figure 14.  CALISTO in deployed configuration highlighting offset optics and the multilayer sunshield. The direction to the 
sun would be approximately towards the bottom of this page. 
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